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About the Editors

Astrid Sigel (University of Basel) has studied languages; she was an editor of
the Metal Ions in Biological Systems series (until Volume 44) and also of the
“Handbook on Toxicity of Inorganic Compounds” (1988), the “Handbook on
Metals in Clinical and Analytical Chemistry” (1994; both with H. G. Seiler), and
on the “Handbook on Metalloproteins” (2001; with Ivano Bertini). She is also
an editor of the MILS series from Volume 1 on and she co-authored about 40
papers on topics in Bioinorganic Chemistry.

Helmut Sigel is Emeritus Professor (2003) of Inorganic Chemistry at the Uni-
versity of Basel, Switzerland, and a previous editor of the MIBS series until
Volume 44. He served on various editorial and advisory boards, published over
350 articles on metal ion complexes of nucleotides, coenzymes, and other ligands
of biological relevance, and lectured worldwide. He was named Protagonist in
Chemistry (2002) by ICA (issue 339); among further honors are the P. Ray
Award (Indian Chemical Society, of which he is also an Honorary Fellow), the
Alfred Werner Prize (Swiss Chemical Society), a Doctor of Science honoris cau-
sa degree (Kalyani University, India), appointments as Visiting Professor (e.g.,
Austria, China, Japan, Kuwait, UK) and Endowed Lectureships; he is also a
Honorary Member of SBIC (Society of Biological Inorganic Chemistry).

After participating in the edition of three Handbooks (see above at A.S.) and
44 volumes in the previous series Metal lons in Biological Systems as well as in
the first 18 volumes (including this one) of our new series Metal lons in Life
Sciences, it is time to step down as an Editor. However, I am very pleased to
hand over the burden to Eva Freisinger, my daughter-in-law. I am very fortunate
that a most competent bioinorganic colleague is replacing myself. Hence, I wel-
come Eva as an Editor of the MILS series and wish her much success and satis-
faction in her new editorial job.

H.S.

Eva Freisinger is an independent group leader at the Department of Chemistry
at the University of Ziirich, Switzerland. She obtained her doctoral degree (2000)
from the University of Dortmund, Germany, working with Bernhard Lippert.
Thereafter she spent three years as a postdoc at SUNY Stony Brook, USA, with
Caroline Kisker. Since 2003 she performs independent research at the University
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of Ziirich where she held a Forderungsprofessur of the Swiss National Science
Foundation from 2008 to 2014. In 2014 she received her Habilitation in Bioinor-
ganic Chemistry. Her research is focused on the study of plant metallothioneins
and the sequence-specific modification of nucleic acids. She serves on a number
of Advisory Boards for international conference series; since 2014 she is the
Secretary of the European Bioinorganic Chemistry Conferences (EuroBICs).
She is one of the Editors of the Bioinorganic Chemistry section of the Interna-
tional Journal of Molecular Sciences (IIMS) and now also of the MILS series
from Volumes 18 on.

Roland K. O. Sigel is Full Professor (2016) of Chemistry at the University of
Ziirich, Switzerland. In the same year he became Vice Dean of Studies (BSc/
MSc) and in 2017 Dean of the Faculty of Science. From 2003 to 2008 he was
endowed with a Forderungsprofessur of the Swiss National Science Foundation
and he is the recipient of an ERC Starting Grant 2010. He received his doctoral
degree summa cum laude (1999) from the University of Dortmund, Germany,
working with Bernhard Lippert. Thereafter he spent nearly three years at Co-
lumbia University, New York, USA, with Anna Marie Pyle (now Yale Universi-
ty). During the six years abroad he received several prestigious fellowships from
various sources, and he was awarded the EuroBIC Medal in 2008 and the Alfred
Werner Prize (SCS) in 2009. His research focuses on the structural and functional
role of metal ions in ribozymes, especially group II introns, regulatory RNAs,
and on related topics. He was also an editor of Volumes 43 and 44 of the MIBS
series and of the MILS series from Volume 1 on.
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Historical Development and Perspectives
of the Series
Metal Ions in Life Sciences’

It is an old wisdom that metals are indispensable for life. Indeed, several of
them, like sodium, potassium, and calcium, are easily discovered in living matter.
However, the role of metals and their impact on life remained largely hidden
until inorganic chemistry and coordination chemistry experienced a pronounced
revival in the 1950s. The experimental and theoretical tools created in this period
and their application to biochemical problems led to the development of the
field or discipline now known as Bioinorganic Chemistry, Inorganic Biochemistry,
or more recently also often addressed as Biological Inorganic Chemistry.

By 1970 Bioinorganic Chemistry was established and further promoted by the
book series Metal Ions in Biological Systems founded in 1973 (edited by H. S.,
who was soon joined by A. S.) and published by Marcel Dekker, Inc., New York,
for more than 30 years. After this company ceased to be a family endeavor and
its acquisition by another company, we decided, after having edited 44 volumes
of the MIBS series (the last two together with R. K. O. S.) to launch a new and
broader minded series to cover today’s needs in the Life Sciences. Therefore, the
Sigels new series is entitled

Metal Ions in Life Sciences.

After publication of 16 volumes (since 2006) with various publishers during the
past 10 years, we are happy to join forces (from Volume 17 on) in this still
growing endeavor with Walter de Gruyter GmbH, Berlin, Germany, a most ex-
perienced Publisher in the Sciences.

The development of Biological Inorganic Chemistry during the past 40 years
was and still is driven by several factors; among these are (i) attempts to reveal
the interplay between metal ions and hormones or vitamins, etc., (ii) efforts
regarding the understanding of accumulation, transport, metabolism and toxic-
ity of metal ions, (iii) the development and application of metal-based drugs,

* Reproduced with some alterations by permission of John Wiley & Sons, Ltd., Chiches-
ter, UK (copyright 2006) from pages v and vi of Volume 1 of the series Metal lons in Life
Sciences (MILS-1).
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(iv) biomimetic syntheses with the aim to understand biological processes as well
as to create efficient catalysts, (v) the determination of high-resolution structures
of proteins, nucleic acids, and other biomolecules, (vi) the utilization of powerful
spectroscopic tools allowing studies of structures and dynamics, and (vii), more
recently, the widespread use of macromolecular engineering to create new bio-
logically relevant structures at will. All this and more is reflected in the volumes
of the series Metal lons in Life Sciences.

The importance of metal ions to the vital functions of living organisms, hence,
to their health and well-being, is nowadays well accepted. However, in spite of all
the progress made, we are still only at the brink of understanding these processes.
Therefore, the series Metal Ions in Life Sciences links coordination chemistry
and biochemistry in their widest sense. Despite the evident expectation that a
great deal of future outstanding discoveries will be made in the interdisciplinary
areas of science, there are still “language” barriers between the historically sepa-
rate spheres of chemistry, biology, medicine, and physics. Thus, it is one of the
aims of this series to catalyze mutual “understanding”.

It is our hope that Metal Ions in Life Sciences continues to prove a stimulus
for new activities in the fascinating “field” of Biological Inorganic Chemistry. If
so, it will well serve its purpose and be a rewarding result for the efforts spent
by the authors.

Astrid Sigel and Helmut Sigel
Department of Chemistry, Inorganic Chemistry
University of Basel, CH-4056 Basel, Switzerland

Roland K. O. Sigel
Department of Chemistry
University of Ziirich, CH-8057 Ziirich, Switzerland

October 2005
and September 2016
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Preface to Volume 18

Metallo-Drugs: Development and Action
of Anticancer Agents

Platinum-based anticancer drugs are among the most widely used of all chemo-
therapeutic cancer treatments. Three FDA-approved platinum(II) anticancer
drugs, i.e., cisplatin, carboplatin, and oxaliplatin, have been in the clinic for many
years to treat testicular, ovarian, cervical, head and neck, colorectal, and other
cancers. These breakthroughs are the result of the serendipitous discovery of the
anticancer activity of cisplatin, cis-diamminodichloroplatinum(II), more than 50
years ago. Meanwhile an understanding of its medicinal properties has devel-
oped, allowing for improved treatment regimens reducing somewhat the side
effects, including nephrotoxicity, myelosuppression, peripheral neuropathy, oto-
toxicity, and nausea. All this and more is covered in Chapter I which focuses on
Cisplatin and Oxaliplatin.

Polynuclear Platinum Complexes (PPCs) were developed to combat cisplatin-
resistant cancers. PPCs represent a discrete structural class of DNA-binding
agents: The use of at least two platinum-coordinating units makes multifunc-
tional binding modes possible. Proof of principle of this hypothesis was achieved
by the advance to the clinic (Phase II trials) of triplatin, a charged trinuclear,
bifunctional, DNA-binding agent with two terminal arms, —-NH,-Pt(NH3),CL
Chapter 2 emphasizes the structural diversity and reactivity of PPCs.

Another approach to avoid resistance and side effects centers on octahedral
and kinetically inert Pt(1V) Prodrugs (Chapter 3) They can be reduced in cancer
cells to active square-planar Pt(II) complexes, e.g., by intracellular reducing
agents such as glutathione or by photoexcitation. The additional axial ligands in
Pt(IV) complexes, which are released on reduction, allow bioactive molecules to
be delivered, which can act synergistically with the Pt(II) species in killing the
cancer cells. Pt(IV) complexes are likely to be stable under the highly acidic
conditions in the stomach and therefore suitable for oral administration.

Metal Ions in Life Sciences, Volume 18 Edited by Astrid Sigel, Helmut Sigel, Eva Freisinger, and Roland K. O. Sigel
© Walter de Gruyter GmbH, Berlin, Germany 2018, www.mils-WdG.com
https://doi.org/10.1515/9783110470734-202
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Chapter 4 introduces the concept of Metalloglycomics, that is, the interaction
of metal ions with biologically relevant oligosaccharides, in particular glycosami-
noglycans (GAGs) such as heparin and heparan sulfate. Their structure and con-
formation and the role of various metal ions during their interaction with pro-
teins and enzymes are reviewed. Cleavage of heparan sulfate proteoglycans by
heparanase modulates tumor-related events. Heparan sulfate is identified as a
ligand receptor for polynuclear platinum complexes defining a new mechanism
of cellular accumulation.

The structure of the ruthenium(IIl) drug candidates KP1019 and NAMI-A is
deceptively similar, i.e., trans-RuCly(X,Y)", as discussed in Chapter 5, yet, surpris-
ingly they have markedly different macroscopic pharmacological activities:
KP1019 behaves rather as a classical antitumor compound (with the advantage of
being active also against platinum(II)-resistant tumors), whereas NAMI-A has a
more unconventional activity that affects metastases and not the primary tumor.
The complicated in vivo chemistry (no clearly identified target) is affecting nega-
tively their further clinical development after initial progress (Phase II).

Organometallic ruthenium-arene complexes (Chapter 6) have risen to promi-
nence as a pharmacophore due to the success of other ruthenium drug candi-
dates in clinical trials. Ru(arene) complexes are almost exclusively octahedral,
low-spin d® Ru(II) species. Mononuclear Ru(arene) complexes have therapeutic
properties against cancer in vitro and in vivo, therefore researchers began ex-
ploiting these potentially therapeutic entities for higher-order multinuclear
Ru(arene) complexes.

The Medicinal Chemistry of Gold Anticancer Metallodrugs is described in
Chapter 7. Since ancient times gold and its complexes have been used as thera-
peutics against different diseases. In modern medicine gold drugs are applied for
the treatment of rheumatoid arthritis, but recently they also serve as antiparasit-
ic, antibacterial, and antiviral agents. The exciting findings on gold(I) and
gold(III) complexes as antitumor agents are summarized and warrant the discus-
sion of the relevant aspects of their modes of action.

Titanium(IV) complexes represent attractive alternatives to Pt(II)-based anti-
cancer drugs because of their low toxicity (Chapter 8). The pioneering com-
pounds titanocene dichloride and budotitane were the first to enter clinical trials.
Yet, despite the high efficacy and low toxicity observed in vivo, they failed, main-
ly because of formulation complications, their rapid hydrolysis, the difficulty of
isolating and identifying the particular active species and the precise cellular
target. The following generation of phenolato-based complexes came three de-
cades later and exhibited high activity and improved stability, with no signs of
toxicity to the treated animals. The mechanistic insights gained so far include
the interaction with DNA and the induction of apoptosis; hence, these Ti(IV)
complexes are highly promising for future clinical development.

Vanadium compounds have been known for long to have beneficial therapeu-
tic properties (Chapter 9), but it was not until 1965 when it was discovered that
these effects could be extended to treating cancer due to the similarities in some
metabolic pathways that are utilized by both diabetes and cancer. The links
between these diseases emerged through epidemiological investigations which
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suggest that the incidence of pancreatic, liver, and endometrial cancers are asso-
ciated with diabetes though the links are not yet fully understood.

The antineoplastic activity of gallium nitrate, Ga(NO3),, was recognized over
three decades ago and several clinical trials (Phase I and II) have confirmed
this in patients with lymphoma and bladder cancer (Chapter 10). Ga(III) shares
chemical characteristics with Fe(IIT) and these enable it to interact with iron-
binding proteins and to disrupt iron-dependent tumor cell growth. Beyond the
first generation of gallium(III) salts (parenterally administered) a new genera-
tion of complexes such as tris(8-quinolinato)gallium(IIT) with oral bioavailability,
has emerged and is now evaluated in the clinic while other ligands for Ga(11I)
are in preclinical development.

Non-covalent Metallo-Drugs: Using Shape to Target DNA and RNA Junctions
and Other Nucleic Acid Structures is the title of Chapter 11. This shape specificity
contrasts with the most effective class of anticancer drugs in clinical use, the
Pt(II) agents, which act by binding to duplex B-DNA in a sequence-specific man-
ner, but duplex B-DNA is not DNA in its active form. The chapter describes
how large cationic metallo-supramolecular structures can be used to bind to less
common, yet active, nucleic acid structures like Y-shaped forks and 4-way junc-
tions, and thus, possibly display high cytotoxicity and inhibit cancer.

Chapter 12 deals with Nucleic Acid Quadruplexes and Metallo-Drugs. Guanine-
rich sequences of DNA can readily fold into tetra-stranded helical assemblies,
known as G-quadruplexes (G4). It has been proposed that these structures play
important roles in transcription, translation, replication, and telomere mainte-
nance. Therefore they receive attention as potential drug targets for small mole-
cules including metal complexes. Indeed, G4s have been identified as potential
drug targets, in particular for cancer.

Anticancer platinum-based drugs are widely used in the treatment of a variety
of tumoric diseases. They target DNA and thereby induce apoptosis in cancer
cells. Their reactivities with other biomolecules have often been associated with
side effects during chemotherapy. The development of metal compounds that
target proteins rather than DNA has the potential to overcome or to reduce
these disadvantages. New compounds on track toward clinical application are
highlighted in Chapter 13, Antitumor Metallodrugs that Target Proteins.

Chapter 14, entitled Metallointercalators and Metalloinsertors deals with their
structural requirements for DNA recognition and anticancer activity. The focus
is on the non-covalent recognition of the highly structured DNA surface by sub-
stitutionally inert metal complexes (mostly of Ru(Il) and Rh(III) with low-spin
4d°) capable of either sliding in between the normal base pairs (metallointercala-
tors) or flipping out thermodynamically destabilized mispaired nucleobases
(metalloinsertors). New structural insights enable the development of novel
DNA binding modes and thus, new anticancer drug candidates.

The last three chapters of this volume deal with essential metal ions. First, Iron
and Its Role in Cancer Defence: A Double-Edged Sword is discussed (Chapter
15). Iron is vital for many biological functions including electron transport, DNA
synthesis, detoxification, and erythropoiesis. Interactions between Fe(II/III) and
O, can result in the generation of reactive oxygen species. Excess iron may cause
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oxidative damage resulting in cell death, but DNA damage may also lead to
permanent mutations. Hence, iron is carcinogenic and may initiate tumor forma-
tion and growth; however, Fe(II/III) can also contribute to cancer defence by
initiating specific forms of cell death, which will benefit cancer treatment. Fur-
thermore, Fe-binding and Fe-regulatory proteins, such as heme oxygenase-1, fer-
ritin, and iron-sulfur clusters can display antitumor properties in certain cancer
types. Consequently, very specific and selective drugs that target Fe metabolism
in tumors are promising candidates for the prevention and therapy of cancer.

Copper is another essential micronutrient required for fundamental biological
processes in all organisms (Chapter 16). It is a redox-active metal able to shift
between reduced (Cu™) and oxidized (Cu?™) states. Free copper ions can gener-
ate highly reactive oxygen species (ROS) and damage lipids, proteins, nucleic
acids, and other biomolecules. Hence, copper homeostasis is tightly regulated to
ensure sufficient copper for cuproprotein biosynthesis, while limiting oxidative
stress and toxicity. Over the last century copper complexes have been developed
as antimicrobials and for treating special diseases which now also include cancer
because copper has been recognized as a limiting factor for multiple aspects of
cancer progression including growth, angiogenesis, and metastasis. Consequently,
‘old copper complexes’ (e.g., tetrathiomolybdate and clioquinol) have been re-
purposed for cancer therapy and have demonstrated anticancer activity in vitro
and in preclinical models. Likewise, with tailer-made copper complexes consider-
able progress has been made in understanding their pharmacological require-
ments and human clinical trials continue.

Zinc(II) is gaining momentum as a potential target for cancer therapy since it
has been recognized as a second messenger (Chapter 17). It is able to activate
many signalling pathways within a few minutes by an extracellular stimulus which
leads to the release of zinc(II) from intracellular stores.This zinc(II) release in-
hibits tyrosine phosphatases preventing the inactivation of tyrosine kinases, etc.
These signalling pathways are commonly considered the main driving force in
aberrant cancer growth. These insights position zinc(II) signalling as a particular-
ly important new target to prevent aggressive cancer growth.

To conclude, this volume, devoted to Metallo-Drugs: Development and Action
of Anticancer Agents, is rich on specific information. MILS-18 updates our
knowledge not only on platinum(II) and related platinum complexes, but it pro-
vides also deep insights on the new research frontiers dealing with the next
generation of anticancer drugs. It is a must for all researchers working in medici-
nal chemistry and beyond as well as for teachers giving courses on this topic.

Astrid Sigel
Helmut Sigel

Eva Freisinger
Roland K. O. Sigel
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Abstract: Following the serendipitous discovery of the anticancer activity of cisplatin over
50 years ago, a deep understanding of the chemical and biochemical transformations giving
rise to its medicinal properties has developed allowing for improved treatment regimens and
rational design of second and third generation drugs. This chapter begins with a brief historical
review detailing initial results that led to the worldwide clinical approval of cisplatin and
development of the field of metal anticancer agents. Later sections summarize our understand-
ing of key mechanistic features including drug uptake, formation of covalent adducts with
DNA, recognition and repair of Pt-DNA adducts, and the DNA damage response, with respect
to cisplatin and oxaliplatin. The final section highlights known shortcomings of classical plati-
num anticancer agents, including problems with toxicity and mutagenicity, and the develop-
ment of resistance and enrichment of cancer stem cells brought about through treatment.
Instances where specific differences in the response or mechanism of action of cisplatin versus
oxaliplatin have been demonstrated are discussed in the text. In this manner the chapter
provides a broad overview of our current understanding of the mechanism of action of plati-
num anticancer agents, providing a framework for improving the rational design of better
Pt-based anticancer agents.

Keywords: anticancer - DNA damage response - DNA repair - mechanistic understanding -
platinum

1. INTRODUCTION

Following Barnett (Barney) Rosenberg’s appointment to Michigan State Univer-
sity in 1961 he began to investigate the possibility that cell division might be
affected by electric fields having noted that the arrangement of the mitotic spin-
dle in dividing cells resembled that of iron filings within a magnetic field [1, 2].
Initial experiments performed with Escherichia coli (E. coli) bacterial cells grown
in ammonium chloride-buffered solutions stimulated with platinum electrodes
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showed distinctive changes in morphology [3]. Elongation of the bacterial cells
was ultimately determined to arise from inhibition of cellular division while cell
growth was maintained, allowing filamentous strands to grow up to 300 times
their normal length. Further studies determined that it was not the electric field,
but platinum compounds generated at 1-10 ppm concentrations under the ex-
perimental conditions, that brought about the morphological changes [4, 5]. Sub-
sequent experiments probing the effect of cis-dichlorodiammineplatinum(II)
(cisplatin or CDDP) and cis-tetrachlorodiammineplatinum(IV) on sarcoma 180
and leukemia L1210 mouse models confirmed the potent anticancer activity of
cisplatin and led to a collaboration with the National Cancer Institute (NCI)
[6]. The NCI had over the previous 15 years screened approximately 140,000
compounds to assess their anticancer activity [5], however, inorganic compounds
had ceased to be of interest to the community and only a handful of the com-
pounds evaluated contained metals.

Despite the predisposition against metal compounds as chemotherapeutic
agents at the time, cisplatin displayed broad-spectrum activity against transplant-
able, carcinogenically-induced, and virally-generated tumors. In addition, experi-
ments revealed that even highly advanced stage tumors could be treated success-
fully with cisplatin [5] and, appropriately, the clinical development of cisplatin
was fast-tracked with initial clinical trials being run in 1971 [7, 8] and Platinol,
the trade name for cisplatin, was brought to the market by Bristol Laboratories
(later Bristol-Myers Squibb) in 1978. Initially, Food and Drug Administration
(FDA) approval was given for the treatment of advanced testicular, ovarian, and
bladder cancers. Since then, however, the spectrum of cancers for which cisplatin
has received approval was significantly extended to include cervix, head and
neck, esophageal, and small cell lung cancers as well as some pediatric malignan-
cies among many others.

Although it was clear from preclinical studies [9] onwards that cisplatin was a
very potent anticancer agent with broad-spectrum activity, it suffered from cer-
tain toxic side effects. Preclinical studies indicted platinum concentration in the
excretory organs and that it could persist in the body for up to four months
after treatment. Nephrotoxicity reported in beagle dogs continued to be a major
concern throughout Phase I studies. However, the discovery that high-volume
fluid hydration [10] and forced diuresis could prevent renal damage combined
with unprecedented cures of testicular germ cell tumors ensured continued de-
velopment of the drug candidate [2]. Similarly potent antiemetics including the
SHTS3 antagonists [11-13] were developed to overcome acute and delayed emesis
as a result of cisplatin treatment.

In addition to research for the development of protective compounds able to
ameliorate the undesired side effects of cisplatin, another key area of research
was the discovery of less toxic cisplatin analogs. Several second-generation com-
pounds containing dicarboxylate leaving groups in place of the more labile chlo-
ride ions of the parent compound cisplatin were investigated in the 1980s based
on the hypothesis that platinum(II) diammine compounds containing more sta-
ble leaving groups would retain the desired anticancer properties while imparting
lower toxicity and more predictable pharmokinetics [2, 14]. This hypothesis
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turned out to be correct for carboplatin, which was granted FDA approval in
1989, and is now widely used in clinics primarily in the treatment of ovarian
cancer and where patients have recurrent, platinum-resistant disease. Research
indicated that the adducts formed by carboplatin are identical to those of cisplat-
in, but the rate of adduct formation is 10-fold slower, which necessitates 20- to
40-fold higher concentrations of carboplatin to produce the same number of
adducts [15]. Four other analogs, namely, enloplatin (1,1-cyclobutane dicarboxyl-
ato-O’,0’ tetrahydro-4H pyran-4,4-dimethylamine-N’,N’ platinum(II)), zeniplat-
in (2,2-bis aminomethyl-1,3-propandiol-N-N’ 1,1-cyclobutane dicarboxylate-
0,0’ platinum(II)), NK-121/C1-973 (cis-1,1-cyclobutane dicarboxylato(2R)-2-
methyl-1,4-butanediamine platinum(II)), and miboplatin (R-2-amino methyl
pyrrolidine 1,1-cyclobutane dicarboxylate platinum(II)) also entered clinical
trials in the 1980s [12, 16], but with the exception of miboplatin they all suffered
from loss of anticancer activity and/or dose-limiting toxicity. In contrast, mibo-
platin performed well, and reached Phase III clinical trials in Japan. Ultimately,
however, miboplatin was abandoned despite its good anticancer activity, for it
showed no clear advantage over cisplatin [12].

In addition to lowering toxicity, significant research has been invested into
improving the spectrum of activity of platinum anticancer agents, with oxaliplatin
(trans-L-diaminocyclohexane oxalate platinum(Il)) emerging as the prominent
third-generation drug. Oxaliplatin was originally proposed as a potential antican-
cer agent in the late 1970s [17] but did not receive FDA approval until 2002 [18].
Early murine leukemia studies indicated that oxaliplatin performed better than
cisplatin while showing reduced side effects [12]. Moreover, in vitro screening of
oxaliplatin against the NCI-60 human cancer cell panel [19] indicated that oxali-
platin might provide a suitable treatment for cancers including colon cancer that
do not respond to cisplatin treatment. Following four large Phase III trials in the
early 2000s that demonstrated the potential of oxaliplatin treatment in combina-
tion with 5-fluorouracil and leucovorin for the treatment of metastatic colon
cancer [14], oxaliplatin was given FDA approval. Prior to oxaliplatin approval it
was widely accepted that colon cancer did not respond to treatment with plati-
num agents, with response rates reported as low as 19 % [20] and 22 % [21],
respectively, following cisplatin treatment. In contrast, colorectal cancer response
rates were significantly improved, with oxaliplatin-based chemotherapy raising
this value to 50 % [22].

In addition to cisplatin, carboplatin, and oxaliplatin, which have received world-
wide approval, nedaplatin (diammine[hydroxyacetato-O,0 ]platinum(II)) was ap-
proved for treatment in Japan, lobaplatin ([2-hydroxypropanoato-O1,02][1,2-
cyclobutanedimethanamine-N,N'[platinum(II)) for treatment in China, and
heptaplatin ([propanedioato-O,0’][2-(1-methylethyl)-1,3-dioxolane-4,5-dimethan-
amine-N,N']platinum(II)) for treatment in the Republic of Korea (Figure 1).

With the advent of platinum drugs and altered behavioral patterns, cancer
prognosis improved significantly over the last fifty years. Approval of cisplatin
and subsequent optimization in treatment regimes for platinum drugs, combined
with an increased understanding of the factors that promote cancer, have ulti-
mately reduced cancer incidence and provided cures. In particular, successes in
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Figure 1. Platinum drugs that have received clinical approval for cancer treatment in at
least one country. Cisplatin, carboplatin, and oxaliplatin have all received worldwide ap-
proval, while nedaplatin is approved in Japan, heptaplatin in the Republic of Korea, and
lobaplatin in China.

treatment of testicular cancer and lung cancer across this period are clearly iden-
tified from cancer statistics [23]. Prior to approval of cisplatin, testicular cancer
was only curable in its earliest stages through a combination of aggressive sur-
gery and radiation, but for patients in the later stage of the disease a diagnosis
was almost always fatal [8]. In stark contrast, cisplatin treatment offers an overall
90 % cure rate, which, when coupled with public education campaigns highlight-
ing the importance of early detection, has resulted in a sharp decline in cancer-
related deaths in men. Similarly, public education campaigns and governmental
policies restricting the sale of tobacco have significantly lessened the incidence
of lung cancer. The American Cancer Institute reports cancer-related deaths in
the US have decreased by 23 % since 1991, a value that corresponds to 1.7 mil-
lions deaths being averted since 2012 [23]. Continued research to identify im-
proved anticancer agents able to target resistant cancer cell lines, or combat
recurrent disease in combination with increased understanding of the mechanis-
tic actions of platinum agents offers the possibility to further improve these
statistics. In particular, as we move into the era of personalized medicine, de-
tailed mechanistic studies are expected to be invaluable in guiding clinicians
to the best treatment regimens, optimized to take advantage of an individual’s
biochemistry and/or genetics.

The present chapter provides a broad summary of our current knowledge of
the mechanisms of action of cisplatin and oxaliplatin, detailing mechanisms by
which platinum agents pass through cell membranes (Section 2), form covalent
adducts with biological nucleophiles (Section 3), and are processed by cellular
machinery (Sections 4 and 5). Finally, we conclude by highlighting specific chal-
lenges that the medicinal inorganic community is yet to overcome. For many of
these challenges non-classical anticancer agents, including monofunctional, mul-
ti-nuclear, or non-platinum based anticancer agents that are discussed in later
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chapters of this book have been postulated to further exceed the potency of the
approved platinum drugs.

2. CELLULAR UPTAKE AND EFFLUX/MEMBRANE
TRANSPORT

2.1. Overview of Platinum Transport Processes

The anticancer activity of both cisplatin and oxaliplatin arises from the ability of
these complexes to generate covalent adducts with nuclear DNA, which ulti-
mately triggers cell death [24]. In order to generate platinum-DNA adducts, the
platinum agents must avoid deactivation in the bloodstream and be internalized
by the cell. Once inside the cell platinum agents will undergo aquation due to
the reduced concentration of chloride ions in the cytosol compared with the
extracellular chloride concentration, and then, following localization in the nu-
cleus, bind covalently at the most nucleophilic sites on DNA. Cellular uptake
thus serves as a critical step in the mechanism of action of platinum anticancer
agents. Of equal importance is the ability of cells to effectively export platinum
agents, with platinum efflux being a demonstrated mechanism by which cells can
become resistant to platinum-based chemotherapy [25]; export also mediates
toxic side effects associated with platinum-based chemotherapy [26].

Both active and passive processes have been implicated in platinum agent
membrane transport [27] (Figure 2), the difference being that active transport
employs a receptor that utilizes energy to convey the platinum agent, whereas
passive transport occurs without the need for energy input. Passive diffusion
refers to processes by which platinum agents diffuse through the lipid membrane
to enter cells and requires neither energy input nor a transporter for platinum
uptake [28].

Passive diffusion Transporter mediated
o =
£

0CT1/0CT2
MATE

Extracellular : ™\, ATP7A/ATP7B
[CI] ~100 mM -

Figure 2. Summary of the proposed platinum transport processes including passive diffu-
sion driven by reduced intracellular chloride concentration, and the postulated transport-
er-mediated processes including uptake by copper transporters Ctrl and Ctr2 and the
polyspecific organic cation transporters OCT1, OCT2, and MATE, and export via P-type
ATPases ATP7A and ATP7B.
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Early research examining the cellular accumulation of cisplatin and its analogs
concluded that passive diffusion was the main route by which cisplatin accumu-
lates in cells [29]. Support for passive uptake of cisplatin was provided by the
observations that (i) cellular uptake depended linearly on cisplatin concentration
and (ii) that structural analogs of cisplatin did not inhibit uptake, as expected if
active transport were implicated. More recently the possibility that passive diffu-
sion might be operative for cisplatin uptake was reinvestigated, providing compel-
ling evidence that protein-mediated uptake is not an absolute requirement for
cisplatin accumulation [30]. These observations, combined with the growing skepti-
cism surrounding mechanisms of active transport, call into question whether pas-
sive transport is the dominant mechanism for cellular uptake of cisplatin.

To test the hypothesis that cisplatin is internalized through passive diffusion,
the permeability coefficient, Py, of cisplatin was monitored as a function of the
chloride concentration of the medium using unilamellar DOPC vesicles. Here,
P4 is defined by Equation (1):

kobsr

Py==%

1)

where kg, is the rate of cisplatin uptake, measured by stopped-flow spectroscopy,
and r is the average vesicle radius, as measured by dynamic light scattering. These
studies showed a gradual increase in Py as a function of chloride concentration up
to approximately 100 uM, at which point the system was saturated, consistent
with passive diffusion of cisplatin into the vesicles. The authors argue that the
internalization and accumulation of cisplatin in cells through passive diffusion is
not surprising given the speciation of cisplatin intra- and extracellularly. Outside
of the cell cisplatin has an overall neutral charge and is therefore not subjected to
the large Born energy barrier that prevents many small, hydrophilic ions from
crossing the plasma membrane. However, once internalized, cisplatin will form a
mixture of mono- and dicationic species that will have to pay a large energy pen-
alty (100-300 kJmol ™) to passively diffuse out of the cell. These differential energy
requirements for passive diffusion of cisplatin into and out of the cell are believed
to account for the cellular accumulation observed for cisplatin [30].

Extensive research into active transporters expressed on the cell surface has
also been undertaken and a detailed discussion of the role of the copper trans-
porters, organic cation transporters, and multidrug and toxin extrusion protein
is given below. Unlike passive diffusion, utilizing membrane transporters for
drug uptake offers opportunities for selective targeting of tumor cells and re-
duced toxic side effects in instances where the transporter is preferentially ex-
pressed in specific tissues.

2.2. Copper Transporters

The copper transporters Ctrl, Ctr2, ATP7A, and ATP7B as well as the copper
chaperone ATOX1 have all been implicated in the regulation of cisplatin in
mammalian cells [31, 32]; however, the mechanism by which these transporters
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interact with cisplatin remains unknown. Therefore, speculation as to which of
the transporters is the most influential and indeed, whether or not these trans-
porters actually play a critical role in import and export of cisplatin and its
analogs, remains unknown [33]. Furthermore, recent findings support the hy-
pothesis that reduction of cellular copper sensitizes cells to cisplatin treatment
[34], adding to the debate around whether copper transporters facilitate cisplatin
transport across the membrane.

2.2.1. Copper Import Transporters 1 and 2

The copper transporter proteins 1 and 2, (Ctrl; SLC31AI and Ctr2; SLC31A2,
respectively), share considerable structure homology while varying in their amino
acid sequences, with only 41 % conserved residues [32]. They are surface receptors
generated from homotrimers of the monomer unit. Their primary function is cop-
per homeostasis, providing a mechanism by which copper can enter cells, but in
recent years they have received attention as a transporter for cisplatin.

Initial studies in yeast correlated intracellular platinum concentrations with
yCtrl expression levels [35, 36]. Subsequent work confirmed an equivalent corre-
lation between human Ctrl expression and cisplatin uptake, when hCtrl was
forcibly overexpressed [37]. Several research groups have also reported reduced
Ctrl expression in cisplatin resistant cell lines [38, 39] and downregulation of
Ctrl in response to cisplatin treatment [40]. Reports that the Ctrl transporter is
internalized in response to cisplatin treatment [41] led to the suggestion that
resistance may arise from reduced cisplatin uptake by Ctrl transporters. A recent
clinical study also identified two single nucleotide polymorphisms present in the
Ctrl genes of patients with non-small cell lung cancer who did not respond well
to platinum chemotherapy [42].

However, as Ivy and Kaplin [33] point out, all of these data are ‘correlative and
not causative’ and there is a growing body of evidence that supports Ctrl being
unable to import cisplatin into a cell. Recently [33], experiments that were initially
put forward as evidence of passive diffusion of cisplatin into cells confirmed that
uptake does not saturate at biologically relevant concentrations. This result indi-
cates that cisplatin uptake is most likely not protein-mediated. In the same publi-
cation the authors also evaluated cisplatin and copper uptake in HEK cells ex-
pressing hCtrl under the influence of a tetracycline-sensitive promotor. There was
growth in the presence of tetracycline that increased the copper uptake by 8- to
10-fold, but cisplatin uptake was unchanged irrespective of whether or not tetracy-
cline was present. Similarly, by comparing Ctrl (+/+) and Ctrl(-/~) mouse em-
bryonic fibroblasts (MEFs), the authors saw no difference in the rate of cisplatin
uptake and no difference in uptake in Ctrl(+/+) MEFs when copper was added,
indicating that copper does not compete with cisplatin for the mechanism of up-
take. Recently, work using the CRISPR-Cas9 genome editing system to systemati-
cally knockout CTR1, CTR2, ATOX1 or CCS from HEK-293T cells [43] revealed
that, following knockdown, none of the cell lines exhibited greater cisplatin sensi-
tivity than the variance in the parental populations. The results indicate that nei-
ther Ctrl nor Ctr2 is implicated in the mechanism of cisplatin uptake.
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Structural modification of Ctrl has also provided insight into the potential
mechanism by which the copper transporter may interact with cisplatin. Deletion
of the N-terminal extracellular domain of hCTR1 reduced cisplatin uptake while
completely eliminating copper uptake [44]. Modification of Met150, Met154 or
His139, the three residues involved in the transchelation mechanism invoked for
copper uptake, disabled copper uptake but increased cisplatin accumulation [45].
These results together with the limited pore size of Ctrl (estimated to be 8 A),
smaller than the estimated radius of cisplatin (9.57 A), suggest that if Ctrl is
involved in cisplatin uptake the mechanism by which cisplatin is internalized by
Ctrl must be significantly different from that of copper [33].

Less is known about the function of mammalian Ctr2 than Ctrl, but due to
structural similarity between the transporters the effect of Ctr2 on cisplatin up-
take was evaluated [46, 47]. Ctr2 binds copper albeit with a lower affinity than
Ctrl (K, ~1.7 uM versus ~6-10 uM, respectively), but the differential localiza-
tion of Ctrl and Ctr2 indicates that they may play different roles in copper
homeostasis and interact differentially with cisplatin [32]. Ctr1 is localized exclu-
sively to the membrane, whereas Ctr2 is found in late endosomes, lysomes, and
the nucleus. Initial studies indicated that, unlike Ctrl, knockdown of Ctr2 en-
hances platinum uptake and the platinum sensitivity of cells [46]. Following Ctr2
knockdown in MEFs, cisplatin and carboplatin uptake increased by 2- to 3-fold,
independent of Ctrl expression levels. The increased platinum concentration was
attributed to an initial influx of platinum and not from decreased efflux of plati-
num agents from the cells or increased concentration of platinum in intracellular
vesicles. Similar results were observed in mouse xenograft models. When Ctr2
was knocked down, there was a 9.1-fold increase in platinum at the tumor site
relative to the parent cell line [48]. However, in the most recent paper where
Ctr2 was knocked out by using CRISPR-Cas9, the same authors acknowledge
that the 2- to 5-fold changes in cisplatin sensitivity do not exceed the variance
observed in the parental populations, thereby negating a role for Ctr2 in cisplatin
uptake [43]. Further work is required to establish a relevance of Ctrl and Ctr2
expression in cancer treatment, either as a prognostic marker or as a harbinger
of successful treatment.

2.2.2. P-Type Export Transporters

The p-type proteins, ATP7A and ATP7B, function primarily to sequester and
extrude excess copper. These transporters share 65 % amino acid sequence and
homologous structures comprising eight transmembrane domains [27] and a con-
served CxxC domain [49], but are differentiated by their tissue expression and
interaction with platinum agents. ATP7A is expressed preferentially in the intes-
tine, choroid plexus in smooth muscle cells, vascular endothelial cells, aorta, and
cerebrovascular endothelial cells, whereas ATP7B is primarily expressed in liver
and brain [26].

Both p-type proteins have been linked with cisplatin resistance, although the
mechanism by which resistance occurs appears to differ subtly. Both transporters
mediate platinum sequestration in intracellular vesicles, but cells expressing
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ATP7B appear to promote trafficking and extracellular efflux of the platinum to
a far greater extent than those expressing ATP7A. Cells expressing ATP7A typi-
cally show increased intracellular platinum accumulation despite having high
cisplatin and oxaliplatin resistance [50]. In contrast, overexpression of ATP7B
has been correlated with reduced cisplatin uptake and an increased rate of plat-
inum efflux [51]. Employing fluorescently tagged ATP7B and a fluorescein-
labeled cisplatin analog, it was observed that intracellular platinum and ATP7B
colocalize within vesicles that subsequently move toward the cell surface [50].
In particular, ATP7B has been more closely linked with cisplatin resistance than
either Ctrl or ATP7A [52]. Therapeutically, a strong correlation exists between
patients having a poor outcome for oxaliplatin treatment of colorectal cancer and
those displaying increased levels of ATP7B [53]. Recent studies evaluating co-
delivery of an ATP7B silencing siRNA alongside cisplatin [53] have shown great
promise, increasing the human oral squamous cell line OSC-19-R sensitivity by
10.6-fold over cells not transfected with siRNA [52]. The dual therapy reduces
cancer cell proliferation and angiogenesis while increasing tumor cell apoptosis.

2.3. Polyspecific Organic Cation Transporters

The organic cation transporters (OCT1-3; SLC22A1-3) and multidrug and toxin
extrusion antiporters (MATE; SLC47) are termed polyspecific because they trans-
port a broad range of compounds, both endogenous and exogenous, having differ-
ent sizes and molecular structures. By contrast, the majority of membrane trans-
porters are metabolite- or nutrient-specific and are termed oligospecific [54-56].

Urine/Bile Polarized epithelial cell Blood

©
o © cisplatin

@® oxaliplatin

Apical plasma Basolateral plasma
membrane membrane

Figure 3. Vectorial movement of platinum agents from the blood to urine or bile,
through the basolateral then apical membrane of a polarized epithelial cell. The differen-
tial uptake of cisplatin and oxaliplatin by OCTs and MATEs is highlighted.
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Both OCTs and MATEs are highly expressed in excretory organs where they
work sequentially to move organic cations from the blood to either the bile in
the liver or to urine in the kidneys [54]. In the initial step, OCTs transfer sub-
strates through the basolateral membrane of polarized epithelial cells before
they interact with MATE:s localized in the apical plasma membrane (Figure 3).

Given the wide variety of substrates transported by polyspecific transporters,
large variations in the binding affinity and rate of transport for different species
are expected and, critically, not all substrates transported by OCTs are good
substrates for MATEs. This differential binding (Figure 3) is intimately linked
with drug toxicity and provides a strong rationale for why some platinum agents
and not others are nephrotoxic [26, 54].

23.1. SLC22AI1-3 Transporters

The organic cation transporters, OCT1-3, are expressed in different locations
and it is important to note for translational purposes that variations in distribu-
tion between human and rodent orthologs have been reported [57]. hOCT1 is
preferentially expressed in the liver, hOCT2 in the kidney and brain, specifically
in dopamine-rich regions of the pyramidal cells of the cerebral cortex and the
hippocampus, and hOCT3 in a broad range of tissues including brain, heart,
liver, skeletal muscle, placenta, and kidney [56]. Despite their differential expres-
sion, all OCTs function as bidirectional transporters for small hydrophobic com-
pounds ~60-350 Da in size [55]. Research indicates that both cisplatin and oxali-
platin are substrates for hOCTs, and because the mechanism of transport relies
on both an electrical and concentration gradient [54], the intracellular platinum
concentration may exceed the extracellular platinum concentration.

Renal tubular epithelial cell toxicity was linked with cisplatin nephrotoxicity for
many years; however, the molecular mechanisms of action giving rise to this toxici-
ty did not become apparent until the discovery of OCT1 in 1994 [58]. Subsequent
studies with OCT1/2 knockout mice confirmed the role of OCTs in excretion of
organic cations [59]. Direct evidence for the role of OCTs in cisplatin uptake came
in 2005 when two groups [60, 61] transfected HEK293 cells with rat and human
orthologs of OCT2, respectively, and observed increased cellular uptake of plati-
num, correlating with increased cell death. Subsequent studies employing inhibi-
tors of OCT2 [62] and OCT2 knockout mice [63] confirmed the initial observa-
tions that OCT2 is a key determinant of cisplatin-induced nephrotoxicity. Clinical
data also support use of cimetidine, a known OCT2 substrate, as a protective agent
for the kidneys of patients undergoing cisplatin treatment [64, 65].

Following the observation that OCT2 is expressed in the outer hair cells and
the stria vascularis cells of the cochlea [66], the role of OCTs in ototoxicity
has also been investigated. Reduced or completely eliminated ototoxicity was
observed following genetic deletion of OCT1 and OCT2 [63], and co-treatment
of cisplatin with cimetidine in mice [66] confirmed the conclusion that cisplatin
uptake by OCTs is linked with both nephro- and ototoxicity.

In contrast to cisplatin, oxaliplatin exhibits low nephrotoxicity. Therefore,
based on the hypothesis above it might be expected that oxaliplatin is not trans-
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ported by OCTs. Indeed, when carboplatin and nedaplatin, widely regarded to
have low nephrotoxicity, were evaluated for uptake in OCTs, no evidence for
their transport was recorded [67]. Oxaliplatin, however, interacts strongly with
hOCT2 as demonstrated through cell studies [67, 68] and visual inspection of
renal slices having collapsed non-perfused lumens [69]. The nephrotoxic patterns
of these slices resemble those of cisplatin and, therefore, the hypothesis was
drawn that platinum uptake via OCTs is non-toxic when coupled with an effec-
tive efflux transporter [67]; this transporter was later identified as the hMATE
transporter (see below, Section 2.3.2).

Variations in OCT substrate specificity and the implications thereof are high-
lighted by uptake data for hOCT3. The observation that oxaliplatin but not
cisplatin is a substrate for hOCT3, which is expressed among other locations in
the intestine, led researchers to postulate that the cytotoxicity of oxaliplatin
against colon cancer cells arises at least in part from the expression of hOCT3 in
this location [67]. Moreover, recent studies have indicated a correlation between
hOCT3 expression in cancerous versus non-cancerous colon and rectal tissues,
with a 9.7-fold higher mRNA level being reported for patient-derived colon can-
cer tissues over their non-cancerous counterparts [70].

2.3.2. Multidrug and Toxin Extrusion Antiporters

As noted above hMATEs including hMATE1 and hMATE2-K are widely ac-
cepted to be efflux transporters that protect cells by transferring organic cations
to the bile and urine. Experiments in mice with genetic deletion of hMATE
support this postulate through increased incidence of nephrotoxicity [71]. As
with the OCTs, MATE tissue distribution varies between species with hMATE1
being highly expressed in the kidney, liver, heart, skeletal muscle, and other
locations, whereas hMATE2-K is kidney-specific [56].

Contradictory results have been reported for the uptake of cisplatin by
hMATE], in part due to the H*/organic cation antiporter nature of the trans-
porter, which requires pretreatment of cells with ammonium chloride to activate
the H* gradient across the plasma membrane [26]. However, good substrate
specificity has been demonstrated for MATE2-K, with oxaliplatin being readily
taken up by this transporter while cisplatin is not [67]. This specificity, combined
with hMATE2-K localization in the kidneys, has led to the hypothesis that the
differential nephrotoxicity of oxaliplatin and cisplatin arises from their interac-
tion with hOCT2 and hMATE2-K, facilitating their passage into the waste
stream. If, like cisplatin, a platinum complex interacts with only the import trans-
porter hOCT?2 it will most likely exhibit toxic side effects due to renal accumula-
tion [72] (Figure 3).
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3. COVALENT ADDUCTS GENERATED WITH
PLATINUM AGENTS

3.1.  Cytosolic Transformations of Platinum Drugs

It is widely accepted that when platinum agents pass into a cell they readily
undergo aquation in response to the significant decrease in chloride concentra-
tion between the extracellular blood plasma (~100 mM) and the intracellular
cytosol [24, 25, 30]. The chloride ion concentration within a cell is typically re-
ported at 4 mM based on application of the Nernst equation to passive diffusion
of chloride across the plasma membrane in muscle and nerve cells [73], however,
direct measurements within a range of cells including cancer cells reveal actual
intracellular chloride concentrations in the 12-55 mM range [73]. Diffusion of
aquated, cationic platinum complexes out of the cell is unfavorable, and instead
they react with a variety of cellular components, including DNA, RNA, proteins,
phospholipids, and thiol complexes, via competing pathways [74-77]. The ther-
modynamics and kinetics of many of these pathways have been extensively stud-
ied as platinum speciation is intimately linked with the efficacy and toxicity of
platinum agents.

For cisplatin it has been shown that the neutral parent complex cis-
[Pt(NH;),Cl,] (1; Figure 4) fails to react directly with typical nitrogen and oxy-
gen donor biological nucleophiles; however, complexes activated by replacement
of chloride ligands with labile water ligands (t;,, ~2 h) are 10-70 X more reactive
than their parent starting material and react indiscriminately with biological nu-
cleophiles [73, 77]. The rate of reaction for complex 2 with biological nucleo-
philes (t;» ~0.1 h) occurs on a sufficiently fast timeframe that 4 is not observed
in appreciable concentrations in vivo [74].

In addition to aquation, deprotonation of coordinated water molecules may
occur to generate the hydroxo complexes cis-[Pt(NH;),CI(OH)] (3) and cis-
[Pt(NH3),(OH),] (6) that are considerably less reactive than their correspond-
ing aqua species 2 and 4 owing to the relative inertness of the Pt—-OH bond.
Furthermore, formation of hydroxide-bridged oligomers [74] of the form
[{Pt(NH3),(u-OH)},]"** have been reported under specific conditions. The ex-
tent of deprotonation of the aqua ligands (K,) is governed by its pK, and the pH
of the aqueous solution. Recent studies employing *N-edited "H and ['H,"°N]
heteronuclear multiple quantum interference NMR spectroscopy [78] provide
the most accurate measurements of the pK, values for cisplatin. In particular,
this methodology overcomes complications associated with fitting potentiometric
curves comprising multiple overlapping events and reduction in signal due to
formation of hydroxo bridged dimers. pK, values of 6.41 for cis-
[PtCI(H,O)(NH3),]* and 5.37 and 7.21 for cis-[Pt(H,0),(NHj3),]*, were report-
ed, in agreement with previous reports.

Single crystal X-ray diffraction [79, 80] and Pt NMR spectroscopic studies
[81] support the formation of the dimers, trimers, and higher oligomers when the
pH of the solution is within two pK, units of the Pt-OH, bond (pK, + 2).
Formation of hydroxide-bridged dimers is undesired because they remove active
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Figure 4. Structures and equilibria of species derived from cisplatin in aqueous solution.

drug from solution and may modulate toxicity [82]. Detailed studies indicate
that, if the mononuclear diammineplatinum(II) complex is injected into a pa-
tient, the platinum concentration in vivo will be sufficiently low to prevent oli-
gomer formation. However, should a hydroxo-bridged oligomer be injected it
would most likely persist [74, 83, 84], highlighting the importance of properly
storing and administering the drug.

Cisplatin may also react with other biological nucleophiles including sulfur
atom donor species [76] and carbonate [85]. The high affinity of thiolate anions
for platinum complexes has been cited as a major cause of platinum drug resist-
ance [25], with increased intracellular glutathione and overexpression of glutathi-
one S-transferase [86, 87] being correlated strongly with resistance. Experimental
evidence indicates that sulfur nucleophiles react directly with cisplatin without
the need for activation via aquation [88]. Furthermore, recent research has indi-
cated that Pt-guanosine adducts may be generated more rapidly in the presence
of sulfur nucleophiles [89], but the importance of this reaction pathway in plati-
num treatment regimens has yet to be determined.

Like cisplatin, oxaliplatin forms adducts with a variety of biological nucleo-
philes following aquation. In vivo, biotransformation studies were performed
where the plasma ultrafiltrate of five patients who received oxaliplatin by infu-
sion at 130 mg/m? for 2 h was analyzed, and the [Pt(DACH)(CI)(OH,)]*
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(DACH = trans-R,R-1,2-diaminocyclohexane) derivative was identified as the
major species (31-100 %) by HPLC. Methionine (8-24 %), diaqua (2-26 %),
monochlorocreatinine (2-11 %), and glutathione (1 %) adducts were also tenta-
tively identified [90].

3.2. Speciation of DNA-Platinum Adducts

Within the cell, cisplatin forms adducts with both nuclear and mitochondrial
DNA [91]. Aside from its localization, mitochondrial DNA differs from nuclear
DNA in its lack of histones and slower kinetics of cisplatin intrastrand cross-link
repair [92] (discussed below). A larger percentage of Pt-DNA adducts [93] (4-
to 6-fold [94]) have been reported for mitochondrial DNA over nuclear DNA,
and this difference has been attributed to higher initial binding rates and ineffi-
cient removal of the major adducts by repair processes [95].

Most research has focused on the ability of cisplatin to modify nuclear DNA,
and it is widely accepted that platinum reaching the nucleus without being deac-
tivated primarily forms covalent adducts at the N7 position of the purine bases
[91, 96]. The monoaqua adduct of cisplatin (t;, = ~2 hours) reacts rapidly to
generate covalent adducts with the N7 positions on adenine and guanine bases
(ti2 = 0.1 h), after which the second chloride ligand is aquated to facilitate for-
mation of a bifunctional cross-link [24, 77]. Cross-links are designated as 1,2-
or 1,3-intra- or interstrand cross-links, where the numeric designation specifies
whether two modified nucleotides are adjacent to each other (1,2-d(GpG)) or
separated by an unmodified nucleotide N (1,3-d(GpNpG)). For intrastrand
cross-links both modified nucleotides are on the same strand of the DNA, where-
as interstrand cross-links have one modified nucleotide on each strand of duplex
DNA. Numerous enzymatic degradation and acid hydrolysis experiments have
been performed to elucidate the distribution of Pt-DNA adducts with nuclear
DNA. The consensus is that approximately 60-65 % of Pt-DNA adducts are 1,2-
intrastrand d(GpG) links, 25-30 % are 1,2-intrastrand d(ApG) links, 5-10 % are
1,3-intrastrand d(GpNpG) linkages, and 1-3 % of Pt-DNA adducts are inter-
strand cross-links (ICLs) [97, 98]. Comparable Pt-DNA adduct profiles are re-
ported for oxaliplatin [99].

Each platinum adduct distorts and unwinds the structure of double-stranded
DNA to which it is bound in a unique manner [100]. Single crystal X-ray struc-
tures (Figure 5) of platinum adducts of double-stranded DNA have provided
insight into the structural basis of DNA processing events that are influenced by
platinum binding. Analysis of the solid state structure of the major cisplatin 1,2-
d(GpG) intrastrand cross-link [101] (Figure SA) reveals that the Pt adduct forms
hydrogen bonds with the DNA backbone on the 5’ side of the lesion and unwinds
the duplex DNA by ~25°. In the solid state, a global bend of 35-40° in the DNA
occurs, whereas NMR data [102, 103] suggest that, in solution, this bend angle
may be significantly increased, up to 60-70°. The 1,3-d(GpNpG) minor adduct
[104] (Figure 5B) is globally bent by about 30°, but the region around the plati-
nated nucleotide is more severely distorted. In contrast to both the intrastrand
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Figure 5. X-ray crystal structures of platinum lesions on duplex DNA. (A) 1,2-d(GpG)
cisplatin lesion (1AIO [101]); (B) 1,3-d(GpG) cisplatin lesion (1DA4 [104]); (C) inter-
strand cisplatin lesion (1A2E [105]); (D) 1,2-d(GpG) oxaliplatin lesion (1IHH [106]).
Cisplatin and oxaliplatin are shown in space-filling representation; platinum(grey), nitro-
gen(blue), and carbon (beige).

cross-links, crystal structures of a cisplatin interstrand cross-link [105] (Fig-
ure 5C) reveal that the duplex is bent at a 47° angle toward the minor instead
of the major groove, and that the duplex is unwound by 110° overall. Finally,
analysis of the crystal structure of the oxaliplatin adduct on duplex DNA [106]
(Figure 5D) highlights the effects of exchanging a cis-diammine(II) [80] moiety
for a cis-{Pt(DACH)}** group, mainly involving a change in hydrogen bonding
around the lesions. In contrast to cisplatin, structural characterization of oxaliplat-
in DNA adducts supports hydrogen bond formation between the platinum adduct
and the DNA backbone on the 3’ side of the cross-link [107]. Only the biologically
active R,R-isomer, and not the §,S-isomer, can generate 3’ hydrogen bonds. This
conformational difference between cisplatin and oxaliplatin adducts is proposed
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to interfere with the recognition of the damaged DNA by cellular components,
contributing to the differential properties of the two drug molecules [100].

3.3. Effects on Chromatin

DNA in the nucleus is packaged as nucleosomes, which consist of a core of eight
histone proteins (H,,H,,H3Hy), around which genomic DNA (146 bp duplex)
is wrapped in a shallow, left-handed helix. The nucleosomes are separated by
strings of linker DNA (typically 10-50 bp [108]) that are not tightly bound to
proteins. Because the positioning of the genome on the nucleosome influences
gene expression [109], and it has been proposed that platination of nucleosomal
DNA may alter its positioning [110], several groups have investigated chromatin
modification by cisplatin and related platinum agents.

Early studies [111] confirmed that the formation of cisplatin adducts with DNA
occurred to a similar extent in the presence and absence of core proteins, with
an average of ~45 platinum atoms per core particle being reported upon satura-
tion after 40 hours. Additionally, in contrast to the trans isomer (trans-dichlorodi-
ammineplatinum(II)), no significant histone-histone or histone-DNA cross-links
were observed. Later studies sought to evaluate whether cisplatin preferentially
formed covalent adducts with linker versus nucleosomal DNA [112-114], and it
was concluded that platinum adducts preferentially form in the linker region
[113]. Measurement of the rate of platinum adduct formation with chromatin,
core particle, and DNA as a function of platinum concentration indicated that
the platinum/chromatin ratio was equivalent to the platinum/free DNA ratio and
differed significantly from the platinum/core particle ratio, which was signifi-
cantly less. Subsequent experiments with chromatin extracted from human cells
[115] and reconstituted chromatin [114] confirmed that DNA within the core
particles was protected from cisplatin damage through direct visualization of the
platination sites using a polymerase stop assay. Experiments also showed that
direct platination of histones prevents nucleosome core particle formation, but
platination of nuclear DNA prior to nucleosome formation does not affect core
formation [114].

Given that most (75-90 %) nuclear DNA is wrapped around nucleosomes
[116], significant research has been performed to elucidate the effect of platina-
tion on the translational and rotational settings of the nucleosome core particles.
Experiments [108] in which nucleosome core particles were directly treated with
cisplatin and oxaliplatin indicate that lesions formed on assembled core particles
do not significantly affect their positioning but instead are generated at intrinsi-
cally preferred sites. Complementary experiments [117, 118] in which site-specifi-
cally platinated DNA was assembled with histone proteins indicate that platina-
tion overrides the predefined rotational setting of the nucleosomes. In both cases
[108, 117, 118] the platinum lesions were directed inward, facing the histone
octamer core, thus shielding their recognition and repair by DNA damage recog-
nition proteins [119] (see Section 4.3.1). Additionally, platination of nucleosomal
DNA reduces the dynamic nature of the nucleosome [108].
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4. CELLULAR PROCESSING OF PLATINUM DNA ADDUCTS
4.1. Inhibition of DNA Synthesis

Based on prior observations that the organic anticancer agent hydroxyurea causes
E.coli to elongate and inhibits division of mammalian cells and DNA synthesis, it
was postulated that cisplatin might also block DNA synthesis [96]. Quantitation
of the rate of incorporation of *H-thymidine, *H-uridine, and *H-L-leucine in the
presence of cisplatin confirmed that, at concentrations of <5 uM, DNA synthesis
was selectively inhibited by cisplatin in AVj cells, whereas at concentrations of
>25 uM, DNA, RNA, and protein synthesis were all blocked [96]. Subsequent
experiments evaluated the roles of purified, individual DNA polymerases in pro-
cessing both intra- and interstrand cross-links, revealing that DNA replication po-
lymerases are inhibited by bifunctional lesions ~90 % of the time [24, 98, 120]. In
contrast to these results, several studies indicated that DNA synthesis continues
to occur in cells that fail to divide following treatment with cisplatin [121], suggest-
ing that a cellular mechanism for bypassing Pt-DNA lesions may be operative.
This mechanism is now known to be translesion synthesis (TLS), and the efficiency
and fidelity with which cells are able to bypass DNA-platinum lesions is linked
with drug sensitivity, resistance, and mutagenicity.

Specialized TLS polymerases [122] have evolved in mammalian cells to incor-
porate nucleotides opposite damaged nucleotides on the template strand, includ-
ing members of the Y family of polymerases (1, \, k, and Revl) and DNA polym-
erase { [123, 124]. For TLS, polymerase switching must occur, where the
replication polymerase is displaced by the TLS polymerase. This process is sig-
naled by mono-ubiquitination of proliferating cell nuclear antigen (PCNA) at
Lys-164. Once ubiquitinated, PCNA has a higher affinity for the Y-family polym-
erases, all of which share a novel ubiquitin binding motif that localizes TLS
polymerases at the site of the blocked replication machinery. Following recruit-
ment of the TLS polymerase three distinct steps occur to bypass a bifunctional
lesion such as a 1,2-d(GpG) adduct, namely, (i) insertion of a nucleotide opposite
the 3'-G, (ii) insertion of a nucleotide opposite the 5’-G, and (iii) extension
onward from the 5’-G. Each of these steps has distinct kinetics that depend on
the specific polymerase and the nature of the lesion [123, 125]. Differences in
the solution geometry of cisplatin- and oxaliplatin-DNA adducts account for
the differential TLS efficiency and fidelity observed for these two species, with
polymerase 1 and § bypassing oxaliplatin lesions more readily than cisplatin
lesions [99, 126]. In vivo studies subsequently revealed that Pol 1 or k incorporate
the correct or incorrect nucleotide, respectively, opposite a 1,2-d(GpG) cisplatin
intrastrand cross-link, while the extension step is performed by Pol C. Pol € is an
error-prone polymerase that, in the absence of other polymerases, performs TLS
past cisplatin adducts with low efficiency [99, 127].

Recent studies have also discovered a role for TLS polymerases in the repair
of ICLs. In general, ICL bypass consists of three steps. The first is an unhooking
step where incisions are made at either side of the damaged nucleotide on one
strand of the DNA. This process is followed by TLS past the unhooked ICL,
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which restores one of two strands and provides an intact template to complete
the repair process [128]. Difficulties studying this process at a mechanistic level
persist, however, owing to the combined effects of multiple ICL repair pathways,
potential redundancy between polymerases, and the limited options currently
available to study these pathways [129].

4.2. Transcription Inhibition

As for DNA polymerases, RNA polymerases that transcribe mRNA encoded
on DNA are efficiently blocked by bifunctional platinum adducts. Early studies
exploring the mechanism of action of cisplatin revealed that cell death was pro-
ceeded by G2/M arrest [121], indicating that, under physiologically relevant con-
ditions, sufficient DNA synthesis occurred to satisfy progression of the cell cycle
through the S phase. More detailed studies correlated the cellular sensitivity of
Chinese hamster ovary cells both proficient and deficient in DNA repair with G2
arrest following cisplatin treatment. These experiments confirmed that cisplatin
affected the extent of DNA synthesis but importantly was not linked to the
sensitivity of the cell line [130].

Taken together, the results are consistent with the hypothesis that transcription
inhibition is the main mechanism by which cisplatin exerts its action, arresting the
cell cycle at G2/M, resulting in cellular failure to transcribe the genes necessary to
enter mitosis. More detailed experiments performed with site-specifically modified
Pt-DNA adducts indicate transcription by RNA polymerase 11 (Pol II) and E. coli
polymerase (RNAP) to be blocked by 1,2-d(GpG) and 1,2-d(ApG) adducts on
the template strand but only slightly inhibited when the adduct is on the non-
template strand [131]. To date a vast body of research into transcription inhibition
has been reported with Pol II, the mammalian polymerase involved in transcrip-
tion of the majority of eukaryotic genes. Inhibition of RNA polymerase I (Pol I),
which is involved in transcription of rRNA, has received considerably less atten-
tion but is speculated to be operative via a comparable mechanism [24, 132]. Pol
I transcribes far more DNA overall than Pol II and its inhibition may be respon-
sible for ribosome biogenesis stress (see below, Section 5.5), the mechanism to
which the anticancer properties of oxaliplatin were recently attributed [133].

In addition to failing to transcribe the requisite genes, once stalled, the poly-
merases act as damage recognition sentinals that may either instigate repair
pathways or mediate cell death, as discussed in the following sections. Normal
cells have multiple different repair pathways, and often more than one pathway
is operative in the removal of a lesion.

4.3. Repair of Platinum Lesions

4.3.1. Nucleotide Excision Repair

Nucleotide excision repair (NER) is a programmed cellular repair mechanism for
removal of DNA lesions and the primary mechanism by which cisplatin-DNA
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Figure 6. Schematic representation of the NER pathway and the multiple proteins in-
volved in recognition and excision of the platinum lesion followed by regeneration of the
double-stranded DNA.

1,2-intrastrand cross-links are removed [24]. In vitro experiments indicate that
intrastrand adducts of oxaliplatin are repaired in a similar manner [134], revealing
that the carrier ligand does not influence the repair mechanism. However, inter-
strand cross-links generated by cisplatin are not substrates for NER [135].

NER is a complex, multistep process [136] (Figure 6) that requires six repair
factors: RPA, XPA, XPC, TFIIH, XPG, and XPF-ERCCI. The initial step is an
ATP-independent recognition process that is believed to involve indirect read-
out of the damage through sensing abnormal DNA backbone conformations. In
this step RPA, XPA, and XPC-TFIIH bind cooperatively in a random order at
the site of the damage-generating pre-incision complex 1 (PIC1). The DNA is
then unwound by up to 20 base pairs and a kinetic proofreading step takes place,
ensuring that only damaged DNA undergoes NER. Once DNA is unwound,
XPG binds the damaged site with high affinity displacing XPC to generate PIC2.
Finally, XPF-ERCC1 is recruited to the damage site and generates dual incisions
around the damaged nucleotide (PIC3) liberating a 24-32 nucleotide oligomer
containing the damaged site. The excised platinum oligomer is expected to un-
dergo degradation in the nucleus, like other small oligomers, but the fate of the
platinum remains unknown [24]. DNA polymerases 0 and ¢ fill the gapped re-
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gion left following excision of the damaged strand before ligation of the ends
regenerates double-stranded DNA.

Xeroderma pigmentosum (XP) cells lacking one of more components of the
NER pathway are 5- to 10-fold more sensitive to cisplatin treatment than normal
cells [24, 137], confirming the role of NER in processing platinum lesions. Com-
plementary data indicate a correlation between increased expression of NER
genes and cisplatin resistance.

As discussed in Section 3.3, platinum lesions on nuclear DNA effect the posi-
tioning of genomic DNA in nucleosomes, with lesions being preferentially oriented
toward the histone core proteins, thus shielding damage recognition and repair
by NER proteins [119]. In vivo, NER is further modulated by post-translational
modification of the histones [119].

4.3.2.  Recombination Repair

Recombination repair (RR) operates by two pathways, homologous recombina-
tion (HR) and non-homologous end joining (NHEJ) [24, 136]. Like NER-defi-
cient cells, cells deficient in RR are sensitive to cisplatin treatment. Furthermore,
cells deficient in both NER and RR are more sensitive to cisplatin than either
deficient cell line alone [138]. DNA recombination is most commonly implicated
in the repair of interstrand cross-links [139].

As with all repair mechanisms the first stage is damage recognition. Following
double-stranded break recognition, nucleolytic processing generates single-
stranded DNA with free 3’-ends facilitating Rad51-mediated strand invasion
forming a Holliday junction. Subsequent DNA synthesis, ligation, and resolution
of the Holliday junction regenerates double-stranded DNA with high fidelity,
with information lost from the broken double-stranded DNA being regenerated
from the homologous duplex. In contrast, NHEJ is an error-prone repair path-
way that ligates the two duplex termini regardless of whether they come from
the same or a different chromosome [136, 139]. Experiments support HR as an
important repair mechanism for cisplatin lesions, whereas knockout of the NHEJ
pathway does not significantly affect the cisplatin sensitivity of cells [140].

4.3.3 Fanconi’s Anemia

Fanconi’s Anemia (FA) is a rare autosomal disease arising from deregulation
of replication-dependent removal of interstrand cross-links [141]. It is generally
believed that the FA pathway has evolved in eukaryotes to deal with the difficul-
ties associated with repairing ICLs where both strands of a DNA duplex are
damaged. Patients with Fanconi’s Anemia are thus unable to efficiently remove
ICLs and are therefore hypersensitive to cisplatin and other anticancer agents
operative through formation of ICLs [142].

The FA pathway utilizes elements of the HR, NER, and TLS pathways in the
repair processes and its activity is closely regulated. The pathway is only opera-
tive in the S phase of the cell cycle and is turned off following repair of DNA
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damage [141, 143]. The current mechanism for DNA repair by FA proteins is
incomplete but is believed to be instigated by ATR activation and ubiquitination
of FANCD?2, which then co-localizes with repair proteins at the site of DNA
damage. Subsequently, endonucleases generate double-strand breaks that uncou-
ple the two sister chromatids. The structure-specific nucleases ERCC1-XPF and
MUSS81-EME1 have been linked with ICL repair, and cells lacking these proteins
are sensitive to cross-linking agents. Following formation of the double-strand
break it is speculated that the cross-link is unhooked to generate a single nucleo-
tide lesion that can be processed like a monofunctional adduct by NER and TLS
proteins. Finally, following replication through the site of DNA damage, HR
proteins are implicated in regeneration of the replication fork [141].

4.3.4. Mismatch Repair

The mismatch repair (MMR) pathway is involved in recognition and repair of
base-base mismatches and insertion and deletion loops generated where one
partnerless nucleotide in double-stranded DNA is partially extrahelical [144].
MMR has been linked with repair of both intra- and interstrand platinum cross-
links, but mismatch repair proteins do not recognize oxaliplatin cross-links [145].
Furthermore, several studies have demonstrated correlations between cisplatin-
resistant cell lines and MMR defects, having both intrinsic and acquired resist-
ance [24, 144, 146, 147].

Current research indicates that hMSH?2, which forms heterodimers hMutSa
and - with MSH6 and MSH3, respectively, binds with high affinity (K; ~67
nM [148]) to 1,2-d(GpG) intrastrand cross-links but poorly with 1,3-d(GpTpG)
cisplatin adducts [149]. MutSf also binds ICLs generated with cisplatin [150].
Preferential recognition of cisplatin over oxaliplatin, trans-diamminedichloro-
platinum(II), and [Pt(dien)Cl]*" adducts has also been reported [148, 149]. Fol-
lowing damage recognition, MutLa, a heterodimer of MSH1 and postmeiotic
segregation increased 2 (PMS2), is recruited to the site of action and a relatively
stable ATP-dependent ternary complex is generated with the damaged DNA.
Additionally, the PCNA sliding clamp, DNA polymerase 6, exonuclease 1, and
DNA ligase are required to complete the MMR process [24]. MMR proteins
also play an important role in signaling DNA-damage induced apoptosis [151],
effecting phosphorylation of p53, and activating the stress-activated kinase, JNK,
as discussed in Section 5 in greater detail.

4.3.5. Base Excision Repair

Base excision repair (BER) has evolved to repair damaged bases that result in
minimal distortion of the DNA duplex [152], and recent evidence supports an
additional role for BER in cross-link repair [153]. Data supporting dysregulation
of BER proteins in cisplatin-resistant cancers [154] has led researchers to investi-
gate its role in the development of cisplatin resistance. Results [153] obtained
with BER-defective MEFs in the presence and absence of a small molecule
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inhibitor of APEI, a critical enzyme in the BER pathway, support the involve-
ment of BER in ICL repair while showing that BER does not affect intrastrand
cross-link processing. In contrast, minimal changes in sensitivity of the BER-
deficient/inhibited cells compared with wild-type cells occurs when they were
treated with oxaliplatin, indicating a specific role for cisplatin.

Two BER pathways have been reported — short and long patch pathways [136].
Damage recognition and excision are initiated in each pathway by DNA glyco-
sylases that bind the damaged DNA, compressing it and flipping the damaged
base out of the helix into the active site of the enzyme. Cleavage of the damaged
base generates an abasic site on the DNA, and subsequent removal of the abasic
sugar generates a one-nucleotide gap, which is filled by DNA Pol , APE1, and
DNA ligase III-XRCC1 in mammalian cells. Alternatively, the long patch path-
way requires APE1 to make an incision on the 5’-side of the abasic site, followed
by a 3’-incision made by FEN1 endonuclease. This cut liberates a 2—-10 nucleotide
long excision product and DNA Pol &/e and PCNA then synthesize a new patch
that is ligated by DNA ligase I to regenerate the double-stranded DNA.

4.4. Protein Binding to Platinated DNA

In addition to specific repair proteins highlighted in the preceding sections sever-
al other mammalian proteins recognize and bind to platinated DNA [24, 100,
155]. The best studied of these are the high-mobility group (HMG) domain pro-
teins (Figure 7). High mobility group box (HMGB) proteins 1-4 share consider-
able structural homology, and all contain two tandem HMG domains, capable of
recognizing and binding with high affinity to bent and distorted duplex DNA.
HMGBI1 is a 30 kDa protein comprising two HMG domains appended with an
acidic tail that is not essential for DNA binding. Owing to its high intercellular
concentration, short residence time on DNA, and affinity for bent DNA, HMGB1
has a high probability of encountering platinum adducts; it has therefore long
been postulated to be involved in cisplatin sensitization [24, 156, 157]. However,
experimental results aiming to correlate HMGB1 expression levels with cisplatin
sensitivity [158], or to introduce foreign HMGB1 to modulate cisplatin sensitivity,
have proved inconclusive [24]. Recent results from our laboratory [159, 160] sup-
port the initial hypothesis that HMGB binding to cisplatin-damaged DNA pre-
vents NER via a repair shielding mechanism, thereby sensitizing cells to cisplatin
treatment. Critically, however, formation of a disulfide bond between Cys22 and
Cys44 in the second HMG domain must be prevented if cisplatin sensitization is
to be achieved. Experiments performed with HMGB4, a variant of the HMG box
protein that contains a tyrosine residue in place of Cys22 and therefore is not
affected by the intracellular redox potential, unambiguously allowed correlation of
HMGB4 expression with cisplatin sensitivity. Supporting these results are clinical
observations that link the exceptionally high cure rates of testicular germ cell
tumors (TGCTs) with the preferential expression of HMGB4 in testes. Finally, a
two-fold increase in cisplatin sensitivity was demonstrated for cisplatin-resistant
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Figure 7. X-ray structure of HMGB1 bound to duplex DNA containing a cisplatin 1,2-
d(GpG) intrastrand cross-link (1CKT [224]; see also [159]). Cisplatin is shown as a space-
filling model with platinum in gray and nitrogen in blue, and HMGBI is represented as
cyan ribbon.

breast cancer cells MDA-MB-231 following transfection of HMGB4 cDNA and
subsequent HMGB4 expression in the cell line.

Several non-HMGB proteins contain one or more HMG domains, including the
structure-specific recognition protein SSRP1 and the ribosomal RNA transcription
factor hUBF (human upstream binding factor). SSRP1 is an 81 kDa protein con-
taining one HMG domain that forms a heterodimer with Spt16/Cdc68 [24]. The
heterodimer FACT (facilitates chromatin transcription) is a chromatin modulator
that binds cisplatin DNA adducts. The isolated HMG domain of SSRP1 also binds
damaged DNA, whereas the full SSRP1 complex alone does not [161]. hUBF
contains six HMG domains [100] and binds cisplatin-damaged DNA with high
specificity and the strongest reported affinity (Kgq=60 pM [162]). The binding
affinity of hUBF for its natural substrate, the rRNA promotor, and cisplatin-dam-
aged DNA are comparable, leading the authors to propose transcription hijacking
[100, 162] as an alternative means by which protein binding to cisplatin-damaged
DNA may sensitize cells to treatment. At saturated levels of hUBF and platinum
concentrations below those reported in cancer patients, complexation of hUBF
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with the rRNA promotor was completely inhibited. Such dysregulation of rRNA
synthesis is likely to have a negative effect on a cell’s welfare.

The TATA-binding protein (TBP) also binds cisplatin-damaged DNA with a
preference for 1,2-d(GpG) intrastrand over 1,3-d(GpG) cross-links [163]. The
binding affinity and kinetics of TBP to the TATA box are similar to that ob-
served for TBP binding to cisplatin-damaged DNA and increased by 20-fold in
the presence of HMGBI, leading to speculation that a TBP-HMGB1 complex
interacts with platinated DNA. TBP binding to damaged DNA results in tran-
scription inhibition through reduced interaction of the TBP with the TATA box
and to reduced transcription factor recruitment [24].

YB-1 is a transcription factor that binds to an inverted CCAAT box sequence
called the Y-box [164]. It also binds preferentially to platinated DNA sequences
including 1,2-d(GpG), 1,2-d(ApG), and 1,3-d(GpTpG). YB-1 also physically in-
teracts with many cellular proteins including PCNA, MSH2, and DNA polymer-
ase O, many of which are elements of various repair pathways suggesting a pos-
sible role for YB-1 in modulation of DNA damage repair [24].

The 104 amino acid protein poly(ADP-ribose)polymerase 1 (PARP-1) is a
platinum damage response protein that binds to cisplatin 1,2-d(GpG) and 1,3-
d(GpTpG) modified DNA in both its activated and unactivated forms [165].
PARP-1 also binds DNA adducts generated with oxaliplatin and the monofunc-
tional platinum agent pyriplatin ([Pt(NHj),(pyridine)Cl] ") indicating that the
protein binding event occurs in response to the presence of a foreign substance
on DNA rather than a specific structural distortion [165]. PARP-1 has been
associated with BER [166] and induces apoptosis through formation of
poly(ADP-ribose) polymers that signal release of apoptosis-inducing factors
from mitochondria [167]. In response to DNA damage PARP is heavily upregu-
lated [165], resulting in NAD™ depletion and ultimately cell death via necrosis
as a result of glycolysis shutdown. Recently, the concept of synthetic lethality
has given rise to the development of PARP inhibitors for treatment of patients
with defective BRCA genes [166, 168].

Tumor suppressor protein p53 contains two DNA-binding domains, both of
which are required for binding to platinated DNA [169]. However, the C-termi-
nal domain is more critical for preferential binding of damaged over undamaged
DNA [24, 170]. Purified, active pS3 binds 1,2-d(GpG) intrastrand cross-links
(K4 = 150 nM) but has no affinity for 1,3-d(GpG) cross-links, ICLs, or monofunc-
tional adducts [171]. Like PARP, p53 interacts with damage recognition elements
in DNA repair pathways and also enhances HMGB1 binding [172], thereby mod-
ulating repair of adducts.

5. SIGNAL TRANSDUCTION PATHWAYS ACTIVATED
BY PLATINUM DNA DAMAGE

5.1. Overview of Signal Transduction

Before DNA damage can be repaired it must first be identified and the informa-
tion communicated to damage response proteins within the cell. Once the DNA
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damage response (DDR) has been initiated the cell cycle check points, Chkl
and Chk2, become activated, halting cell cycle progression and providing the
opportunity for the cell to repair the damage before cell cycle re-entry (check-
point recovery) [136, 173, 174]. Cell cycle check points are thus implicated in
control and activation of DNA repair pathways, in addition to composition of
telomeric chromatin, localization of DNA repair proteins, and in some cells
induction of apoptosis [173]. Cell cycle arrest may occur at the G1, intra-S, or
G2 phase of the cell cycle [136]. If the cell is unable to efficiently repair the
damage it will remain arrested or undergo apoptosis, preventing genetically un-
stable cells from progressing through replication. The cytotoxicity of classical
platinum agents thus relies not only on their ability to inhibit DNA and RNA
synthesis but also on the inability of cells to sense and signal repair of platinum
lesions.

5.1.1. DNA Damage Sensors

Until recently little was known about proteins involved in detecting DNA dam-
age [173], but a growing body of evidence supports the role of the so-called
9-1-1 complex [175] in combination with Rad17 and the proximal kinases ataxia-
telangiectasia mutated (ATM) and ATM- and Rad3-related kinases (ATR) [176].
The 9-1-1 complex is a heterotrimeric, toroidal clamp, comprising Rad9, Hus1,
and Rad1 proteins, that shares structural and mechanistic features with the better
known PCNA [177]. Following genotoxic stress induced through replication inhi-
bition as well as other mechanisms the 9-1-1 complex is loaded onto the chroma-
tin by the clamp loader Rad17-replication factor C (RFC) [178, 179]. Independ-
ently but simultaneously, ATM-Rad3 related kinases-ATR-interacting protein
(ATR-ATRIP) binds to the damaged DNA. Finally recruitment of TopBP1,
which bridges between the 9-1-1 complex and ATRIP-ATR, facilitates ATR-
mediated Chk1 phosphorylation and activation [180]. Whereas ATR can phos-
phorylate some substrates in the absence of Rad9, TopBP1 localization depends
on the Rad9 tail and is therefore essential for Chk1 phosphorylation.

5.1.2.  Signal Transducers

Following recognition of damage by the cell, information is transferred via a
series of signal transducers to effectors that instigate repair of damaged DNA
or halt cell cycle progression [173]. Several sequential steps are therefore re-
quired to execute the function of the DNA damage response pathway, and these
steps must occur within a timeframe fast enough to prevent transition of dam-
aged cells into the next phase of the cell cycle [181]. Additionally, the damage
signal must be durable enough to persist as long as the damage. Distinct mecha-
nisms are therefore implicated in the induction and maintenance of checkpoint
responses.
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5.2. Checkpoint Kinases

In addition to regulating cell cycle, checkpoint kinases Chk1 and Chk2 are DNA
damage kinases activated by ATR and ATM, respectively [182]. ATR and ATM
are protein kinases structurally related to the phosphatidylinositol-3-OH kinases
(PI(3)K) family. Broadly, ATM is activated in response to double-strand breaks
whereas ATR responds to breaks created by a variety of agents including stalled
replication forks caused by bulky base adducts. Secondary activation of ATR is
also observed during the processing of double-strand breaks, which generates
single-stranded lesions [181].

The role of Chk1, which is expressed in the S and G2 phases of the cell cycle,
is conserved from yeast to humans [181] and involves ATR-mediated phosphor-
ylation of claspin complexed Chkl at Ser317 and Ser345 [182, 183]. Chkl1 is
encoded on the CHEKI1 gene and is essential for genome integrity, with early
studies confirming the embryonic lethality of Chkl knockout mice [184, 185].
Following the initial ATR-promoted phosphorylation steps, Chkl dissociates
from chromatin and autophosphorylation of Chk1l Ser296 generates a docking
site for 14-3-3y that in turn promotes Chk1 phosphorylation of Cdc25A at Ser76,
which in turn signals proteasomal degradation [181-183]. Transitions between
different phases of the cell cycle are governed by the cyclin-dependent kinases
(Cdks) in combination with a variety of cyclins. Negative regulation of Cdks is
achieved through phosphorylation at Thr14 and Tyrl5 by the Weel and Mytl
kinases, while dephosphorylation by Cdc25 kinases activates Cdks. Cell cycle
arrest thus occurs as a result of unregulated phosphorylation of Cdk2 or Cdkl1
[181], bringing about G1 or G2 checkpoint arrest, respectively.

In contrast to Chkl, studies with Chk2-knockout mice have confirmed that
Chk2 is redundant in higher eukaryotic systems [183], leading to the hypothesis
that Chkl1 is the main checkpoint inhibitor and Chk2 may be a supportive kinase.
Chk?2 functions in a similar manner to Chk1, inhibiting Cdc25 phosphatases fol-
lowing ATM-mediated Chk2 Thr68 phosphorylation and subsequent autophos-
phorylation events [181].

5.3. MAPK Proteins (ERK/JNK/p38)

The mitogen-activated protein kinase (MAPK) cascade has also been implicated
in signal transduction following recognition of cisplatin-induced DNA lesions
[186]. The major MAPK family members [187] include the extracellular signal-
regulating kinases (ERK), the c-Jun N-terminal kinases (JNKs, also known as
the stress-activated protein kinases), and the p38 kinases [28, 174]. In healthy
cells MAPKSs are responsible for signal transduction from the cell surface to the
nucleus, thereby modulating gene expression and controlling cell proliferation,
differentiation, and death [186]. Activation of MAPK in response to cisplatin is
cell-dependent and may induce, suppress, or have no role in apoptosis [186].
MAPK cascades will be activated not only in response to platinum-DNA lesions
but also to platinum adducts generated with other biological nucleophiles [186].
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MAPKSs have thus been implicated in both induction of apoptosis and the devel-
opment of resistance to platinum agents, but the exact role of each of these
kinases is controversial owing to complex, cell-specific responses.

In addition to activation by endogenous growth factors and mitogens, ERK is
activated in response to cisplatin treatment [188, 189]. Following dual phosphor-
ylation by MAPK kinase (MAPKK) and MAPKK kinase (MAPKKK), ERK
phosphorylates p53, thereby upregulating p21, GADDA45, and Mdm?2 and effect-
ing cell cycle regulation [28]. Data supporting ERK activation both contributing
to and preventing cisplatin-induced apoptosis [190] have been reported for a
variety of cell lines.

Like ERK, p38 proteins respond to a wide variety of stimuli including inflam-
matory cytokines and environmental stress, and they have been implicated in
cisplatin-induced apoptosis [191]. Activation of p38 sensitizes cells to cisplatin
whereas inactivation of p38 makes cells cisplatin-resistant [28, 191]. As with
Chk1, ATM, and ATR may under certain circumstances activate p38. Once acti-
vated, p38 can then go on to phosphorylate the downstream MAP kinase-activat-
ed protein kinase 2 (MAPKAP kinase 2; MK2), which can induce a checkpoint
response through phosphorylation of Cdc25 in an analogous manner to Chkl.
Checkpoint maintenance is regulated through stabilization of Gadd45a mRNA
that further potentiates MK2 activation [182]. Additionally, p38 kinases and the
downstream kinase, mitogen- and stress-activated protein kinase 1 (MSK1), are
involved in cisplatin-induced phosphorylation of histones [192].

JNKSs have been implicated in both cell proliferation and apoptosis, as deter-
mined by the duration of JNK activation [174, 193]. Sustained activation of JNK
correlates with apoptosis induction, whereas acute and transient activation of
JNK signals cell survival. Most of the factors that activate p38 also activate JNK
and, like p38, JNK is activated through phosphorylation of Thr and Tyr residues
by MKK. Apoptosis is then controlled by modulating the activity of pro-apoptot-
ic proteins via phosphorylation and increased expression of pro-apoptotic genes
such as TNF-alpha, Bak, and Fas-L [193]. Initial observations for the role of
JNK in cisplatin induced apoptosis found that JNK-defective cells are cisplatin-
resistant[194]. Since then others have provided evidence to support the hypoth-
esis that the JNK pathway is involved in cisplatin-induced apoptosis [174].

A considerable amount of research has thus been performed to determine the
role of the MAP kinases, but much remains to be done if their complex roles in
cisplatin-induced apoptosis and resistance are to be fully elucidated. As noted
above, in many instances activation of the MAPKs may be triggered by different
events and cause multiple different cellular responses, sometimes in parallel.
More recently the role of ras oncogenes, which are upstream regulators of ERK
and JNK, has received attention [195]. The ras superfamily consists of H-, K-,
and N-ras G proteins that function as molecular switches [196]. When bound to
GTP ras activates ERK, and the upstream kinases MEK and raf, which ultimate-
ly signal p53 phosphorylation following signal transduction. However, when in
the GDP-bound state, ras is unable to induce signal transduction [196]. Ras over-
expression and mutation has been implicated in cisplatin resistance.
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5.4. Tumor Suppressor Protein p53

The status of p53 is closely linked with the ability of a cell to tolerate DNA
damage and hence a patient’s prognosis and likelihood of developing resistance
[197, 198]. Roughly half of all human cancers exhibit a mutation in the 7P53
gene [195], approximately 75 % of which are missense mutations that prevent
p53-induced apoptosis and often result in aggressive tumor growth [199].

In normal cells, p53 is regulated by the E3 ubiquitin ligase Mdm2, which both
tags p53 for ubiquitin proteasomal degradation and binds directly to p53 trans-
activation domains 1 and 2 (TAD1 and 2) [199]. Thus the concentration of p53
is maintained at a low steady state around 10°-10* molecules per cell [200].
Following activation in response to diverse stress signals including DNA damage,
pS53 undergoes ATM and/or ATR phosphorylation, leading to its stabilization
[28]. A growing body of evidence supports p53 having both a potent transcrip-
tional activation domain and the ability to indirectly modify gene transcription
[199]. Wild-type and several mutants of pS3 can directly bind cisplatin-modified
DNA [169, 170, 201].

Cisplatin-induced cell death is regulated by p53 via several pathways including
degradation of the FLICE-like inhibitory protein (FLIP), overexpression of the
phosphatase and tension homolog (PTEN), and inhibition of AMP-kinase. Addi-
tionally, binding of p53 to Bcl-xL counteracts the antiapoptotic function of this
protein [28].

5.5. Oxaliplatin Does Not Induce a DNA Damage Response

Recent experimental evidence has identified key differences in the way cisplatin
and oxaliplatin induce cell death [133]. Oxaliplatin, unlike cisplatin, does not
induce a DNA damage response but instead kills cells by ribosomal biogenesis
stress, providing a fundamental explanation for the differential side-effects and
spectrum of activity reported for these classical platinum anticancer agents. Ini-
tial observations, made using an RNAI platform [202] indicated that, unlike cis-
platin and carboplatin that classify as DNA cross-linkers, oxaliplatin exhibits a
distinctive mechanism of action consistent with that of the monofunctional agent,
phenanthriplatin. Oxaliplatin and phenanthriplatin are mechanistically closer to
the transcription/translation inhibitors rapamycin and actinomycin D. Further
studies indicated that oxaliplatin treatment results in fewer double strand breaks
on DNA than formed by other platinum agents and confirmed a relative lack of
sensitivity to the silencing of genes involved in HR and those implicated in repair
of ICLs within DT40 cells, by comparison to the properties of cisplatin. In sup-
port of the conclusion that oxaliplatin induces cell death through ribosome bio-
genesis stress is the fact that pre-rRNA was upregulated following treatment
with this agent when measured at time points greater than thirty minutes, while
RNA Pol II transcripts remained stable. Moreover, knock down of Rplll, an
essential component of the ribosome, rendered Eu-Myc p19Arf-/- lymphoma and
A549 human lung adenocarcinoma cells oxaliplatin-resistant. Ribosome biogene-
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sis stress induces overexpression of Rplll subunits that bind to Mdm?2 and pre-
vent it from interacting with p53. Western blot analysis of p53 expression sup-
ported diminution of pS3 upon oxaliplatin treatment.

Finally, using The Cancer Genome Atlas the authors compared gene expres-
sion for colorectal cancer, which responds well to oxaliplatin treatment, to that
for ovarian cancer, for which cisplatin and carboplatin are the preferred treat-
ment. The greatest differences in expression levels between colorectal and ovari-
an cancers were observed for ribosomal genes. Notably, expression of ribosomal
genes in colorectal cancer was significantly upregulated by comparison to equiva-
lent ovarian cancer genes, thus establishing clinical relevance for the different
mechanisms of cisplatin and oxaliplatin cell killing [133].

6. UNDESIRED CONSEQUENCES OF
PLATINUM-BASED CHEMOTHERAPY

6.1. Toxicity

One of the limitations associated with platinum based-chemotherapy is the de-
velopment of dose-limiting toxicities that prevent continuation of treatment. Sev-
eral systematic toxicities are commonly encountered including gastrointestinal,
oto-, nephro-, hepato-, and neurotoxicities as well as myelosuppression [203,
204]. Broadly, toxicity occurs as a result of drug accumulation at non-cancerous
sites. Typically, the sites involve rapidly growing cells such as those found in the
lining of the gasterointestinal tract, bone marrow, and hair cells [203], although
it is unclear whether this classification applies to platinum drugs. Research is
ongoing into the precise origin of each of these toxicities in the hope that a
better understanding of the mechanism by which each drug becomes toxic will
allow development of treatment regimens or next generation drugs specifically
designed to minimize toxic side effects. Our laboratory has made significant con-
tributions to this effort, in recent years elucidating the role and thus potential
clinical implications for HMGB4 in improving the efficacy of cisplatin [159], and
initiating development of novel platinum drug delivery constructs, one of which,
BTP-114, is currently undergoing clinical trials. Preclinical trials with BTP-114,
a cisplatin derivative, have demonstrated reduced toxicity in addition to a 13-
fold increase in platinum loading in lung and ovarian cancer tumor models com-
pared to cisplatin.

Neurotoxicity commonly referred to as peripheral neuropathy is dose-limiting
in both cisplatin and oxaliplatin treatment, but there is evidence for dissimilar
mechanisms of action for the two platinum-induced neuropathies [205]. Periph-
eral neuropathy is reported to occur in around 85 % of patients [206] receiving
cisplatin at a cumulative dose greater than 300 mg/m? and, whereas oxaliplatin is
generally less toxic than cisplatin, it still generates a high incidence of peripheral
neuropathy that is further classified as either acute or chronic in nature depend-
ing on its presentation immediately following treatment or after high cumulative
doses, respectively. Clinically, peripheral neuropathy is characterized by the ini-
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tial development of paraesthesia (tingling) and dysaesthesias of the toes and
fingers, which extends with time to a ‘glove and stocking’ distribution [26, 207].
The pain induced is severe and may affect a patient’s functional abilities as well
as lowering the quality of life. Factors that affect the onset of peripheral neuropa-
thy in response to chemotherapy include a patient’s age and pre-existing medical
conditions as well as the drug-dose intensity, cuamulative dose, and therapy dura-
tion [207]. Strategies to limit neurotoxicity include the co-administration of thi-
ols, particular glutathione (GSH) [207], or vitamin E together with the platinum
agent [207]. Contradictory reports of the success of glutathione treatment for
peripheral neuropathy have been reported, and there are concerns at the obser-
vation that GSH expression correlates with platinum resistance [195] that have
diminished the interest in this approach in recent years. In contrast, clinical data
support alleviation of peripheral neuropathy for patients treated with a calcium
and magnesium infusion on the day of oxaliplatin treatment, without loss of
oxaliplatin anticancer activity [204]. The non-pharmacological approach of ‘stop
and go’ treatment has also demonstrated similar response rates and progression-
free survival compared to the classical oxaliplatin continuous treatment model.
In ’stop and go’ treatment a patient is treated with oxaliplatin up to the point
where they exhibit peripheral neuropathy. The treatment is then discontinued,
and only when the effects of peripheral neuropathy have worn off is the patient
again treated with oxaliplatin. In this manner the long term and accumulating
effects of oxaliplatin are managed [204]. Recently, research has linked acute
oxaliplatin-induced neuropathy with impairment of voltage-gated sodium chan-
nels [205, 208]. In particular, increased sodium influx due to prolonged opening
of the sodium channels is implicated in the presentation of unwanted neuropath-
ological side effects.

Nephrotoxicity is commonly encountered in cisplatin treatment and it has been
estimated that 28-36 % of patients who receive an initial dose of 50-100 mg/m?
develop acute renal failure [203], from which most patients fail to fully recover.
Similarly, ototoxicity, which includes hearing loss, ear pain, and tinnitus is a com-
mon dose-dependent side effect of cisplatin [26, 209]. In contrast, reports of
nephrotoxicity and ototoxocity are rare following oxaliplatin treatment [210].
The origins of oto- and nephrotoxicity have been briefly highlighted in Section
2.3 and involve the differential transport of platinum agents by membrane trans-
porters [26, 72]. Early studies indicated that hydration with saline or saline in-
fused with mannitol- or furosemide induces diuresis effectively reducing the
nephrotoxicity of cisplatin to the point where it is no longer dose-limiting [203,
211]. More recently exogenous thiol treatment, particularly with the pro-drug
amifostine (S-2(3-amino-propylamino)ethylphosphorothioic acid), has been pro-
posed as a means to further reduce nephro- and ototoxicity in addition to previ-
ously mentioned neurotoxicity [203, 206].

Gastrointestinal symptoms including vomiting and hepatotoxicity [212] are
also observed with both cisplatin and oxaliplatin treatment. Neither is considered
limiting as gastrointestinal conditions are effectively treated with SHT3 antago-
nists [13] and hepatotoxicity remains a secondary concern to nephrotoxicity.
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6.2. Multifactorial Resistance

In addition to dose-limiting toxicities, acquired and intrinsic cellular resistance
to platinum agents limits their efficacy as anticancer agents. The multistep mech-
anism of action required for platinum anticancer agents to bring about a desired
therapeutic response is matched at each stage by multiple resistance mechanisms.
Intracellular accumulation of platinum is modulated by membrane transporters
that alter both influx and efflux, and the number of platinum-DNA lesions is
minimized by deactivation of platinum agents in the cytoplasm and increased
repair of the adducts [25]. In general, cellular resistance arises when several
mechanisms are operative simultaneously, a phenomenon termed multifactorial
resistance [195].

Reduced cisplatin accumulation has been reported for several cisplatin resist-
ant cell lines in comparison to the parental line [213]. However, resistance is
often mediated by more than one mechanism, and a direct correlation between
reduced cisplatin accumulation and resistance is rarely observed [195]. More-
over, continuing controversy surrounding the mechanism of transport for plati-
num agents further confounds attempts to determine whether reduced accumula-
tion is due to reduced cellular uptake, increased efflux, or both [195, 213].

In contrast, more consistent data are available for identifying the role of thiols
in resistance, with the concentration of several biological thiols being correlated
with resistance both in vitro and in the clinic [195, 213]. In particular, several
cisplatin-resistant cell lines have elevated concentrations of GSH, including a
testicular tumor cell line that is normally cisplatin-sensitive but which acquired
cisplatin resistance in vitro [214]. Similarly, increased concentrations of cysteine-
containing metallothioneins have been identified in cisplatin-resistant tumor
models [25, 215].

Another factor operative in platinum resistance is the ability of cells to tolerate
or repair platinum lesions on DNA. Downregulation or mutation of the MMR
proteins hMLH1 or hMSHS6 increases replicative bypass by 3- to 6-fold past
cisplatin lesions, but the same defects have little effect on the extent of bypass
across oxaliplatin lesions [25], indicating that cisplatin lesions are better tolerated
by MMR-deficient cell lines. Moreover, cisplatin-resistant cells deficient in MMR
often have abrogated p53 function, which is implicated in the downregulation of
hMSH?2 [195]. When operative, the contribution of increased repair is low, but
nonetheless clinically significant, and typically gives rise to 1.5- to 2-fold resist-
ance [25]. Increased repair of platinum-DNA lesions is linked with increased
NER protein expression, specifically, increased mRNA levels of ERCC1 and
XPA have been reported for samples taken from patients exhibiting acquired
resistance to cisplatin [195]. This result correlates with data supporting low levels
of these proteins in testicular tumor cells known to be sensitive to cisplatin [195].

6.3. Cancer Stem Cell Enrichment

Some researchers now believe that cancer stem cells (CSC), which make up as
little as 1 % of the tumor population [216], may be responsible for the develop-
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ment of resistance and tumor recurrence following chemotherapy [217-219]. It
is postulated that conventional chemotherapeutic agents, which are targeted to
bulk tumor cells, spare CSCs, thereby enriching the population of resistant CSCs.
Research into CSC treatment is still in its infancy, and much work has yet to be
done to fully understand the properties of CSCs, develop tools required to study
this distinct subpopulation of cancer cells [218], and ultimately discover new
anticancer agents capable of effectively targeting CSC, specifically without
affecting normal stem cells.

6.4. Mutagenicity

In addition, to concerns related to resistance, toxicity, and cancer stem cell en-
richment, the mutagenic potential of platinum anticancer agents must also be
noted. Early mouse models indicated that, at therapeutic doses, cisplatin was
carcinogenic and that treatment may induce secondary tumor formation [220].
Subsequent research has investigated the mutagenicity of cisplatin and other
platinum agents in a variety of cell types, and assessed the relative mutagenicity
of different cisplatin lesions [221]. It is known [222, 223] that the major 1,2-
d(GpG) cisplatin intrastrand cross-link was the most lethal among 1,2-d(GpGQG),
1,2-d(ApG), and 1,3-d(GpTpG) adducts investigated and therefore could ac-
count for most of the cytotoxicity displayed by cisplatin. The 1,2-d(GpG) link is
also considerably less mutagenic than the 1,2-d(ApG) link, with relative muta-
tion frequencies of 1.4 % for 1,2-d(GpG) and 6 % for 1,2-d(ApG). No specific
mutations were reported for the 1,3-d(GpTpG) cross-links.

7. CONCLUDING REMARKS AND FUTURE DIRECTIONS

The value of metallo-drugs as anticancer agents has been firmly established in
the half century that has passed since the seminal discovery of cisplatin as a
potent anticancer agent. The mechanism of action that governs the activity of
the classical bifunctional platinum agents, including cisplatin and oxaliplatin, has
been extensively studied during this time, allowing scientists to appreciate the
many factors that dictate the efficacy of new drug candidates.

More recently, non-classical anticancer agents that differ from the traditional
classical agents in their metal identity or coordination preference have been
developed in a bid to overcome some of the remaining limitations with the cur-
rently approved platinum drugs. In particular, non-classical anticancer agents,
including pro-drugs such as BTP-114 discussed above, polynuclear metal com-
plexes, and drugs based on non-platinum metals including gold and ruthenium,
discussed in detail in later chapters of this book, may have improved efficacy
and cellular uptake over classical platinum(II) agents, while at the same time
showing reduced incidence of drug resistance, tumor recurrence, and toxic side-
effects.
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ABBREVIATIONS AND DEFINITIONS

9-1-1

ATM

ATOX1

ATP
ATR(ATRIP)
BER

bp

Cdks

chk1/2
cisplatin/CDDP
CSC

Ctrl/2

DACH

DDR

dien

E. coli
enloplatin

ERCC
ERK

FA
FACT
FDA
FLIP
GSH
HMG(B)
HPLC
HR

ICL

JINK
lobaplatin

MAP(K)
MAPKAP kinase 2
(h)MATE

MMR

heptaplatin

Rad9, Husl, and Rad1l

ataxia-telangiectasia mutated

copper chaperone

adenosine 5'-triphosphate

ATM-Rad3 related kinases-ATR-interacting protein
base excision repair

base pair

cyclin-dependent kinases

cell cycle checkpoint 1/2
cis-dichlorodiammineplatinum(IT)

cancer stem cell

copper transporter 1/2
trans-R,R-1,2-diaminocyclohexane

DNA damage response

diethylenetriamine = 1.4.7-triazaheptane

Escherichia coli

1,1-cyclobutane dicarboxylato-O’,0’ tetrahydro-4H pyran-
4 4-dimethylamine-N’,N’ platinum(II)

excision repair cross complementing

extracellular signal regulating kinases

Fanconi’s Anemia

facilitates chromatin transcription

US Food and Drug Administration

FLICE-like inhibitory protein

glutathione

high mobility group (box)

high performance liquid chromatography
homologous recombination

interstrand cross-link

c-Jun N-terminal kinases
[2-hydroxypropanoato-O1,02][1,2-cyclobutanedimethan-
amine-N,N']platinum(II)

mitogen activated protein (kinase)

MAP kinase-activated protein kinase 2

(human) multidrug and toxin extrusion antiporters
mismatch repair
[propanedioato-O,0’][2-(1-methylethyl)-1,3-dioxolane-
4,5-dimethanamine-N,N']platinum(II)
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miboplatin R-2-amino methyl pyrrolidine 1,1-cyclobutane dicarbox-
ylate platinum(II)

MEF mouse embryonic fibroblasts

MSK1 mitogen- and stress-activated protein kinase 1

NCI National Cancer Institute

nedaplatin diammine[hydroxyacetato-O,0]platinum(II)

NER nucleotide excision repair

NHEJ non-homologous end joining

NK-121/CI-973 cis-1,1-cyclobutane dicarboxylato(2R)-2-methyl-1,4-
butanediamine platinum(II)

OCT organic cation transporter

(h/y)OCT1/2/3 (human/yeast) organic cation transporter 1/2/3

oxaliplatin trans-L-diaminocyclohexane oxalate platinum(IT)

PARP poly(ADP-ribose)polymerase 1

PCNA proliferating cell nuclear antigen

PIC1/2/3 preincision complex 1/2/3

PI(3)K phosphatidylinositol-3-OH kinases

PMS2 postmeiotic segregation increased 2

Pol polymerase

PTEN phosphatase and tension homolog

RR recombination repair

(r/m)RNA (ribosomal/messenger) ribonucleic acid

siRNA small interfering RNA

SSRP1 structure specific recognition protein

ti half-life

TAD1/2 transactivation domains 1/2

TBP TATA-binding protein

TLS translesion synthesis

(h)UBF (human)upstream binding factor

XP xeroderma pigmentosum

zeniplatin 2,2-bis aminomethyl-1,3-propandiol-N-N" 1,1-cyclo-

butane dicarboxylate-O’,0’platinum(II)
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Abstract: Polynuclear platinum complexes (PPCs) represent a discrete structural class of
DNA-binding agents with excellent antitumor properties. The use of at least two platinum
coordinating units automatically means that multifunctional DNA binding modes are possible.
The structural variability inherent in a polynuclear platinum structure can be harnessed to
produce discrete modes of DNA binding, with conformational changes distinct from and in-
deed inaccessible to, the mononuclear agents such as cisplatin. Since our original contributions
in this field a wide variety of dinuclear complexes especially have been prepared, their DNA
binding studied, and potential relevance to cytotoxicity examined. This chapter focuses on
how DNA structure and reactivity is modulated through interactions with PPCs with emphasis
on novel aspects of such structure and reactivity. How these major changes are further reflect-
ed in damaged DNA-protein binding and cellular effects are reviewed. We further review, for
the first time, the great structural diversity achieved in PPC complex design and summarize
their major DNA binding effects.

Keywords: DNA conformations - DNA-protein crosslinking - polynuclear platinums - structural
diversity

1. INTRODUCTION

The acceptance of DNA as cellular target of cisplatin (cis-[PtCl,(NH;),]; cis-
DDP) and its congeners has led to significant understanding on the factors af-
fecting platinum complex-DNA adduct structure and how these can be modulat-
ed by suitable complex design. DNA as a cellular target for platinum metal-
based anticancer drugs remains an active area of research including the search
for (i) new, more specific or more potent analogs of existing drugs; (ii) agents to
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Figure 1. Structures of principal alkanediamine-linked polynuclear platinum complexes
(PPCs). Triplatin is BBR3464; 1,1/t,t is BBR3005; 1,1/t,t refers to two monofunctional Pt
units where the Pt-Cl is trans to the diamine bridge, etc.

induce, interfere with, or preferentially interact with, unusual or “non-B DNA”
structures such as Z-DNA, Holliday junctions, and G-quadruplexes; and (iii)
agents capable of interacting at the level of DNA-protein complexes, such as
telomerase and topoisomerase.

Polynuclear platinum complexes (PPCs) represent a discrete class of platinum-
based anticancer agents whose development was based on the concepts that altera-
tion of DNA adduct structure in comparison to those formed by cisplatin and
congeners would induce differential downstream effects with respect to protein
recognition and cellular signaling pathways (Figure 1). Tolerance of DNA adducts,
a property linked in part to the development of cellular resistance to cisplatin,
may be considered to be altered through formation of different adduct structures
by circumventing the cellular processes associated with cisplatin-DNA adduct rec-
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ognition and repair [1-3]. In this way logical approaches to design drugs effective
against cisplatin-resistant cancers can be envisaged. Proof of principle for this
hypothesis was achieved by the advance to the clinic of Triplatin (BBR3464,
[{trans-PtCI(NH3), },u-{trans-Pt(NH3),(H,N(CH,)sNH,),}]*), a charged trinucle-
ar bifunctional DNA-binding agent (Figure 1). The pharmacology and antitumor
activity of Triplatin and dinuclear analogs have been reviewed [4-6].

The polynuclear platinum structure as shown in Figure 1 inherently leads to
a very diverse array of complexes by varying the nature and geometry of the
coordination sphere as well as the nature of the linker. The major studies have
been on alkanediamine-linked dinuclear and trinuclear complexes but many re-
searchers have now modified this basic structure. DNA represents a rich tem-
plate for coordination chemistry and, in this review, we will emphasise how re-
search in the polynuclear field has delineated specific DNA modifications,
structures and reactivity patterns not readily available to mononuclear complex-
es. The majority of complexes have good cytotoxicity and in general are collater-
ally sensitive to cisplatin — these aspects will not be covered in detail, but Refer-
ences are provided.

2. DINUCLEAR BIFUNCTIONAL PLATINUM(II)
COMPLEXES WITH ALKANEDIAMINE LINKERS

The predominant DNA adducts in all cases of dinuclear bifunctional
Pt(II) complexes are long-range {Pt,Pt} inter- and intrastrand crosslinks (CLs)
and DNA-protein crosslinks may also be formed (Figure 2). In
[{PtCI(NH;),},(H,N(CH,),NH,)]>** the leaving chloride ligands are either cis
(1,1/c,c) or trans (1,1/t,t) to the diamine bridge (Figure 1). Both geometries dis-
play in vivo antitumor activity comparable with that of cisplatin but importantly
they retain activity in acquired cisplatin-resistant cell lines [1, 4, 5]. This situation
represents a fundamental difference between mononuclear and dinuclear plati-
num chemistry and biology — in the mononuclear case cisplatin is antitumor-
active, while transplatin is not.

2.1. {Pt,Pt} Interstrand Crosslinks

{Pt,Pt} interstrand CLs are preferentially formed between N7-platinated G resi-
dues and are oriented in the 5'—5’ direction. Besides 1,2 interstrand CLs (be-
tween G residues in neighboring base pairs), 1,3 or 1,4 CLs are also possible
where the platination sites are separated by one or 2 base pairs, respectively.
Geometry affects the relative proportion of interstrand CLs with the efficiency
of formation being much higher for the 1,1/c,c over the 1,1/t,t isomer [7-9]. The
1,1/t,t complex preferentially forms interstrand CLs even when the specific se-
quence contains the possibility to form a 1,2-intrastrand adduct [10]. The 1,2 CLs
are formed with a pronouncedly slower rate than the longer-range 1,3 or 1,4 CLs
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Dinuclear Bifunctional Monofunctio_nal
DNA-Protein crosslinks DNA-Protein
Pt crosslinks

{Pt,Pt} Intrastrand
crosslinks

Interduplex
crosslinks

Figure 2. Schematic of major DNA and DNA-protein adducts accessible to PPCs. The
{Pt,Pt} crosslinks may be long-range where the platinating sites are separated by up to 4
intervening base pairs (see text).

[11]. The conformational distortions induced in DNA by the 1,3- or 1,4-inter-
strand CLs of 1,1/t,t show that these lesions result only in a very small directional
bending of the helix axis (~10°) and duplex unwinding (9°) and are thus confor-
mationally flexible [11].

The structure of the alkanediamine linker in the dinuclear Pt(I) complexes
can control the substitution process with small nucleophiles [12]. DNA reactions
proceed primarily via formation of the monoaqua monochloro species in the
rate-limiting step [13]. Aquation and subsequent formation of the monofunction-
al adducts of 1,1/t,t is preceded by preassociation with the polyanionic DNA
surface through electrostatic interactions and hydrogen bonding [9, 13]. Transfor-
mation of monofunctional to bifunctional adducts proceeds via the aquated in-
termediate and this closure is markedly faster than that found for the major 1,2-
intrastrand CL formed from the diaqua form of cisplatin [9]. The rate of aquation
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of 1,1/t,t is enhanced in the presence of single-stranded over double-stranded
DNA showing that the nature of template DNA may affect substrate specificity
[14]. Notably, 1,1/c,c is hydrolyzed less readily than 1,1/t,t and there is no evi-
dence for the preassociation of 1,1/c,c [15].

2.2. {Pt,Pt} Intrastrand Crosslinks

The 1,1/t,t isomer forms minor 1,2-GG intrastrand CLs producing a flexible, non-
directional bend in DNA [16] which noticeably reduces thermal and thermody-
namic stability of the duplex more than the equivalent mononuclear cisplatin
adduct [17]. {Pt,Pt} intrastrand CLs have not been observed in DNA modified
by 1,1/cc [7, 8]. NMR studies have shown restricted rotation around the Pt-3'-G
bond in single-stranded r(GpG), d(GpG), and d(TGGT) adducts and this steric
hindrance may be responsible for the inability to form the 1,2-GG intrastrand
CLs with sterically more demanding double-helical DNA [18].

2.3. Conformational Changes in DNA

On a global level, both dinuclear platinums induce the B—Z transition in
poly(dG-dC) - poly(dG-dC) and Pt-DNA bond formation is not an absolute neces-
sity for the Z-DNA induction, but the {Pt,Pt} interstrand crosslink may be impor-
tant in ‘locking’ the Z-conformation [8, 19]. This is a general property and the
polyamine-linked dinuclear complexes (Section 3) are also very effective in induc-
ing irreversible conformational changes including the B— A transition [20].

The structural changes on site-specific oligonucleotides have been summarized
[21]. The {Pt,Pt} 1,4-interstrand crosslink of 1,1/t,t-modified (5'-ATGTACAT),
shows that both A and G purine residues adopt a syn conformation of the nucle-
oside unit — a pre-requisite for induction of the left-handed conformation [22].
The structure of this adduct closely resembles that formed by the trinuclear
compound Triplatin (BBR3464) (see below, Section 7). The combined biophysi-
cal features — bifunctional DNA binding through two monofunctional Pt units
and changes to the sugar residues in an extended sequence — may explain the
conformational flexibility noted, significantly different to the rigid bending of
cisplatin [11, 21].

2.4. Protein Recognition

DNA interstrand crosslinks pose a special challenge to repair enzymes because
they involve both strands of DNA and therefore cannot be repaired using the
information in the complementary strand for resynthesis [23]. High-mobility-
group (HMG)-domain proteins play a role in sensitizing cells to cisplatin [23, 24].
An important structural motif recognized by HMG-domain proteins on DNA
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modified by cisplatin is a stable, directional bend of the helix axis. One possible
consequence of binding of HMG-domain proteins to cisplatin-modified DNA is
the shielding of damaged DNA from intracellular nucleotide excision repair
(NER) [25]. The conformational flexibility of the major {Pt,Pt} crosslinks results
in very weak or no recognition of their DNA adducts by HMGB1 proteins [11].
The {Pt,Pt} interstrand adducts may, however, present a block to DNA or RNA
polymerase [9, 26].

With respect to intrastrand crosslinks, the affinity of HMG-domain proteins to
the duplex containing 1,2-GG intrastrand CL of cisplatin is sequence-dependent
and is reduced with increasing thermodynamic destabilization of the duplex [27].
The weak affinity of the minor 1,2-GG intrastrand CL of 1,1/t,t to HMG-domain
proteins is consistent with the observation that this lesion reduces the thermal
and thermodynamic stability of DNA markedly more than the same lesion of
cisplatin [16, 17]. Consistent with the weak recognition by HMGBI1 proteins,
effective removal of {Pt,Pt} intrastrand adducts by NER has been observed [28].

The major {Pt,Pt} interstrand CLs are repaired much less easily than the {Pt,Pt}
intrastrand CLs and are not removed in an in vitro assay using mammalian and
rodent cell-free extracts capable of removing the intrastrand CLs [11, 29]. Hence,
the {Pt,Pt} interstrand adducts do not have to be shielded by damaged DNA
recognition proteins, such as those containing HMG domains, to prevent their
repair. Clearly, the mechanism of antitumor activity of bifunctional dinuclear
Pt(II) complexes does not involve recognition by HMG-domain proteins as a
crucial step, in contrast to the proposals for cisplatin and its direct analogs. This
critical ability to dictate a biological effect is reasonably attributed to the design
and formation of a structurally unique set of Pt-DNA adducts accessible only to
the dinuclear structure.

3. POLYAMINE-LINKED BIFUNCTIONAL DINUCLEAR
PLATINUM(Il) COMPLEXES

An important subset of bifunctional dinuclear platinum complexes are those
where the platinum units are linked through natural and synthetic polyamines,
adding extra charge to the overall structure (Figure 1) [30]. Their promising
preclinical activity has been summarized [5, 6, 31, 32]. The design of BBR3610
mimics the charge and the distances between platinating centers in the trinuclear
Triplatin (BBR3464). The BBR3610-DACH (DACH = 1,2-diaminocyclohexane)
compound is the first dinuclear analog of oxaliplatin. The DNA binding mode
of these dinuclear Pt(II) complexes, including sequence preference, type of the
major adducts, and resulting conformational alterations, is not very different
from that of the alkanediamine-linked analogs. The kinetics of binding of the
spermine and spermidine compounds corresponds to their relatively high charge
(2+ to 4+). The preference for the formation of {Pt,Pt} interstrand CLs, how-
ever, does not follow a charge-based pattern nor the length of the polyamine
chain (Table 1) [33, 34]. The presence of the central positively-charged moiety
reduces the interstrand crosslinking efficiency — synthesis of the central

EBSCChost - printed on 2/13/2023 2:44 AMvia . All use subject to https://ww. ebsco.confterms-of-use



EBSCChost -

50 BRABEC, KASPARKOVA, MENON, and FARRELL

N-blocked spermidine derivative (BBR3571) such as in [{trans-PtCI(NH3),},{u-
BOC-spermidine}]?* (BOC = t-BuOCO), [35], results in markedly less crosslink-
ing than the parent protonated compound [33]. Both the spermidine and sper-
mine-linked compounds are very effective inducers of irreversible B—Z and
B — A transitions in DNA [20].

Table 1. Summary of the DNA-binding characteristics of selected polynuclear platinum
compounds.”

unwinding angle/adduct (°) interstrand CL/adduct (%)

1,1/ttn=6 10-14 70-90
BBR3571 12.3 40
BBR3535 15.4 57
Triplatin (BBR3464) 14 20
BBR3610 14 23
BBR3610-DACH 13 26
Cisplatin 13 6

“ See [33, 34]. All compounds have frans-oriented platinating groups (Figure 1).

3.1. Consequences of DNA Binding of Dinuclear
Polyamine-Linked Complexes

The major adducts of BBR3610 and BBR3610-DACH are removed from DNA
by DNA repair systems with a markedly lower efficiency than the adducts of
cisplatin [34]. The increased length of the linker allows for formation of longer-
range {Pt,Pt} intrastrand CLs in comparison to the 1,2-adducts formed by 1,1/
t,t. The ability of {Pt,Pt} intrastrand CLs of BBR3610 and BBR3610-DACH to
thermodynamically destabilize DNA depends on the number of base pairs sepa-
rating the platinated bases and the greatest destabilization is observed for the
long-range CL in which the platinated sites are separated by four base pairs
[36]. The extent of destabilization correlates with the extent of conformational
distortions induced. The efficiency of excinucleases to remove these CLs from
DNA also depends on their length; the trend is identical to that observed for
the ability to thermodynamically destabilize the duplex.

A second example of how DNA downstream effects may be “fine-controlled”
by the nature of the linking diamine/polyamine chain is seen in the inhibition of
DNA replication by the site-specific {Pt,Pt} 12-intrastrand crosslinks of
BBR3571 [37]. The interaction of DNA polymerases with a Pt-DNA adduct is
an important determinant of the propensity of a given adduct to be cytotoxic,
mutagenic, or ultimately, of no long-term consequence. The 1,2-GG intrastrand
CL of BBR3571 inhibits DNA translesion synthesis markedly more efficiently
than the equivalent adduct of cisplatin [37]. This result has been explained by
the bulkier adduct of the dinuclear complex and by the flexibility induced in
DNA which can make the productive binding of this adduct at the polymerase
site more difficult.

printed on 2/13/2023 2:44 AMvia . All use subject to https://wmv. ebsco. conlterns-of -use



STRUCTURAL DIVERSITY OF POLYNUCLEAR PLATINUM COMPLEXES 51

3.2. Interduplex Crosslinking

The properties of DNA globally modified by polynuclear complexes are high-
lighted by markedly enhanced intraduplex {Pt,Pt} interstrand crosslinking (Fig-
ure 2). In general, DNA interstrand crosslinking requires close proximity of
binding sites in the two DNA strands. This requirement may be easily fulfilled
in the case of formation of the intraduplex DNA interstrand CLs by bifunctional
Pt(II) complexes because binding via one leaving group inevitably leaves the
other close to other binding sites in the same duplex. However, if the reactive
sites of the bifunctional crosslinking agents are sufficiently distant, then binding
to adjacent duplexes may occur. Thus, bifunctional Pt(I) compounds might also
be effective interduplex crosslinkers in cases when two fragments of double-
helical DNA molecules are forced to lie together, for instance, during recombina-
tion, at replication forks or sites of topoisomerase action, or more generally in
cellular environmental conditions. Under molecular crowding conditions mim-
icking environmental conditions in the cellular nucleus the spermine-linked
BBR3535 fulfills the requirements placed on interduplex DNA crosslinkers con-
siderably better than mononuclear cisplatin or transplatin [38]. Platinating sites
in 1,1/t,t-spermine are markedly more distant (2.7 nm) than those in cisplatin
(0.28 nm) and moreover, the trans geometry of leaving ligands in the dinuclear
complex may allow the spermine linker to direct the reactive sites in opposite
directions, which may facilitate binding to adjacent duplexes.

The structural features promoting interduplex CLs may, in fact, be quite varied
when we consider polynuclear platinum complexes. The trinuclear tridentate
[Pt;Cls(hptab)]>* (hptab = N,N,N',N',N”,N"-hexakis(2-pyridylmethyl)-1,3,5-tris-
(aminomethyl)benzene) forms mainly trifunctional {Pt,Pt,Pt} intrastrand CLs
in the absence of proteins and molecular crowding agents, where all Pt(II) cen-
ters are coordinated to G residues [39-41]. In the presence of a molecular
crowding agent two DNA duplexes are bound in high yield [41]. The increased
functionality of the complex also allows for observation of DNA-protein cross-
links in high yield (see Section 4). These examples suggest concepts for the
systematic design of polynuclear agents capable of forming interduplex DNA-
DNA crosslinks.

3.3. Susceptibility to Metabolic Decomposition and
Structural Variations

Decomposition of the PPC structure occurs when the substitution-labile ligand
is trans to the linker because replacement of the Pt—Cl bond by a trans-labilizing
sulfur donor results in breaking the Pt-amine (linker) bond [42, 43]. The kinetic
data for these reactions indicate that aquation is not a rate-limiting step for
reactions with sulfur nucleophiles. This metabolic effect is deactivating and also
diminishes the capacity to form long-range CLs. On the other hand, the cis geom-
etry as in [{cis-PtCI(NHj3),},-u-Y]"* should preserve the main features of antitu-
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Figure 3. Structures of various dinuclear platinum(IT) complexes discussed in the text
for their DNA binding properties.

mor polynuclear Pt(IT) complexes but with enhanced stability to metabolic deac-
tivation [44, 45].

A unique 11-member chelate ring contains a glutathione-bridged Pt-u-GS-Pt
structure [44]. The BBR3610-DACH compound was synthesized for this reason
and shows enhanced metabolic stability over BBR3610 [46]. A second example
of enhanced stability to metabolic deactivation is afforded by use of a semi-rigid
linker in the compound [{cis-Pt(NH;),Cl}],(u-4,4'-methylenedianiline)]>* (I,
Figure 3), [47-49]. The DNA adducts of I demonstrated for the first time for
PPCs a strong specific recognition and binding of HMG-domain proteins to mod-
ified DNA [49]. Dinuclear trans-oriented Pt(II) complexes may remain stable in
the presence of sulfur-containing compounds as observed for long chain [{trans-
PtCl(dien)},-u-(CH,),J>** (n=7,10,12, dien = diethylenetriamine) (II, Figure 3)
[50]. DNA conformational changes are also dependent on the linking chain
length [50].

3.4. Macrocyclic Polyamine-Linked Complexes

The compound [Pt,(DTBPA)Cl,] (DTBPA =2,2'-(4,11-dimethyl-1,4,8,11-tetra-
aza-cyclotetradecane-1,8-diyl)bis-(N-(2-(pyridin-2-yl)ethyl )acetamide)), which
combines a modified macrocyclic polyamine (cyclam) and two pyridine moieties,
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shows only moderate affinity to DNA possibly due to the steric hindrance of the
cyclam ring which affects the DNA-binding of the two Pt(II) centers but it does
unwind the DNA double helix [51, 52]. The analogue [Pt,(TPXA)CI,]Cl,
(TPXA = N,N,N’,N’-tetra(2-pyridylmethyl )-m-xylylene diamine), in which the
Pt(II) centers are now bridged by a bulky aromatic linker, forms 1,4-{Pt,Pt} intra-
strand rather than 1,3-intra- and interstrand CLs which exert more perturbation
on the tertiary structure of negatively supercoiled DNA than cisplatin [52, 53].

4. DNA-PROTEIN CROSSLINKING

The presence of two or more Pt centers automatically leads to the possibility of
“higher-order® tri- and tetrafunctional DNA binding when cis-[PtCl,(amine),]
units are used as in the canonical 2,2/c,c (Figure 1). Dinuclear tri- and tetrafunc-
tional platinum complexes form very efficient coordinative ternary DNA-protein
CLs to a range of proteins including components of the UVrABC repair system
and the Klenow fragment [54-56]. The protein binding is effected from a first
formed {Pt,Pt} interstrand CL, thus significantly differentiating the structures
from mononuclear DNA-protein adducts, where by definition only monofunc-
tional Pt-DNA binding is possible. The bulky DNA-protein CLs represent a
more distinct and persisting structural motif recognized by the components of
downstream cellular systems processing DNA damage in a considerably different
manner than the DNA adducts of mononuclear platinum drugs.

An interesting implication is that the formation of DNA-protein crosslinks by
tri- or tetrafunctional dinuclear Pt(II) complexes is related to their different
cytotoxicity profile in comparison with the dinuclear bifunctional analogues [4,
5]. Use of a rigid linker in the tetrafunctional [{trans-PtCl,(NH;)},(u-pipera-
zine)], (III, Figure 3), also allows for observation of DNA-protein CLs while
{Pt,Pt} interstrand crosslinking is diminished relative to the alkanediamine-
linked 1,1/c,c or 1,1/t,t [57].

5. DINUCLEAR PLATINUM(Il) COMPLEXES STABILIZING
G-DNA QUADRUPLEXES

Certain guanine (G)-rich nucleic acid sequences can form four-stranded struc-
tures which can adopt a wide diversity of structures and topologies (Figure 4)
[58]. These structures have many interesting biological roles including roles in
telomeres, DNA replication, gene regulation, transcription, and translation.
These properties make them appealing therapeutic targets so that the identifica-
tion of small molecules that demonstrate selectivity for biologically relevant
G-quadruplexes is an active area in drug discovery.

G-quadruplexes have been shown to be a target for several dinuclear Pt(II)
complexes as exemplified by [{trans-PtCI(NH;),},-u-Ho,N(CH,),NH,]?>* (n =2
or 6) [59]. The folding of AG3(T,AG3;); in either Na* (antiparallel) or K* (par-
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G2-Gl14

G2-G10

= \G10{G22

Anti-parallel structure Parallel structure

Figure 4. The parallel and antiparallel structures of the G-quadruplex AG;(T>AG3)s.
Note the bifunctional platination sites in the same quadruplex. Adapted with permission
from [59]; copyright 2005 American Chemical Society.

allel) forms and the complexes showed that the parallel structure exists whatever
the cation and confirmed the existence of the antiparallel structure in the pres-
ence of both cations. The unique {Pt,Pt} CLs are formed between Gs belonging
to the same quartet (Figure 4). Molecular dynamics rationalized these findings,
where it was shown that the guanines were flexible allowing reversible migration
to form the top G-quartet, thereby making the N7 atoms accessible to platination
[59]. Many planar ligands have been used to stack with the G-quartets.

The dinuclear terpyridine-based Pt(II) complex (IV, Figure 3) interacts via
n-nt stacking and with the DNA phosphate backbone via direct coordination or
electrostatic interactions [60]. The complex induces the formation of quadruplex
DNA (largely the antiparallel conformation) even in the absence of potassium
ions and with good selectivity (up to 100-fold) over duplex DNA. Another type
of Pt(II) complex stabilizing DNA quadruplexes is represented by symmetric
dinuclear terpyridine-Pt(I1) units — in general [{Pt(terpy}ou-Y]** where Y is a
flexible thiol bridging ligand or 4,4’-trimethylene-dipyridine ligand [61]. These
substitution-inert complexes markedly increase the melting temperature of vari-
ous G-DNA quadruplex motifs and maintain this binding in up to a 600-fold
excess of double-helical DNA. The isomeric dinuclear cations, [{Pt(2,2’-
bpy)}2(tppz)]** (tppz = tetrakis(pyridine-2-yl)pyrazine), differ in their overall
shape and display different affinities toward duplex DNA and human telomeric
quadruplex DNA [62].

Trinuclear Pt(II) complexes are also effective and selective G-quadruplex bind-
ers and good telomerase inhibitors. Two propeller-shaped, trigeminal-ligand-
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containing, flexible trinuclear Pt(I) cations, [{Pt(dien)}s(ptp)]®" and
[{Pt(dpa)}s(ptp)]°* (dpa = bis-(2-pyridylmethyl)amine; ptp = 6'-(pyridin-3-yl)-
32" 4' 3"-terpyridine), exhibit higher affinity for human telomeric and c-myc
promoter G4 sequences than duplex DNA [63]. Both complexes are good telo-
merase inhibitors, with ICs, values in the micromolar range.

6. STRUCTURAL VARIATION IN DINUCLEAR
PLATINUM(Il) COMPLEXES

6.1. Azole- and Azine-Bridged Dinuclear Bifunctional
Pt(Il) Complexes

A consistent theme in platinum complex drug development is the design of agents
capable of pharmacological inhibition of DNA repair [1, 2, 24, 64]. An interesting
series in this respect is the set of dinuclear Pt(II) complexes where two cis-
{Pt(NH3),} units are bridged by various azole-based bridging ligands such as [{cis-
Pt(NH3),},(n-OH)(u-pyrazolato) (NOs), (1,1/c,c-prz), [{cis-Pt(NH;)z}2(1-OH)(u-
tri- or tetraazolato)](NOs), (V and VI, Figure 3) [65-68]. The u-hydroxo acts as
a leaving group in these complexes, and the rigid bridging azolates keep the appro-
priate distance between the two Pt atoms to enable binding of two neighboring G
residues in double-helical DNA. Complex V forms in DNA duplexes major 1,2-
GG intrastrand CLs but the distortion induced is significantly less pronounced
than that induced by similar CLs from cisplatin and concomitantly, the thermody-
namic stability of the modified DNA duplex is lessened considerably [69, 70]. As
a corollary, the dinuclear adducts, although formally similar to those formed by
cisplatin, are weak substrates for HMGBI1 protein recognition and represent poor
substrates for DNA repair through a “cisplatin-like” mechanism [70]. Notably, V
and VI cause irreversible compaction of DNA through an intermediate state in
which coil and compact parts coexist in a single DNA molecule, a feature different
from that of typical condensing agents [71, 72].

In contrast to the azole-bridged dinuclear bifunctional Pt(II) complexes, the
benzotriazolate (Btaz)-bridged one, [{cis-PtCI(NHj3),},(1-Btaz-H)]Cl, utilizes the
rigid aromatic ring as a linker with non-bridging chloride ions as leaving groups
[73]. Monofunctional DNA adducts of this dinuclear complex are converted to
more toxic bifunctional CLs considerably more slowly in comparison with cis-
platin, or the 1,1/t,t or 1,1/c,c [73]. The compound is weakly antitumor-active but
susceptible to metabolic deactivation. Use of the rigid aromatic rings of azines
as bridging ligands affords compounds such as ([{cis-PtCI(NH3),},(u-Y)J** (Y =
pyrazine, pyrimidine or pyridazine) [74, 75]. The complexes with the least steric
hindrance and those with more delocalized ligands capable of additional DNA
intercalations such as base stacking are the most cytotoxic. Finally, a series of
pyrazine-bridged dinuclear Pt(II) complexes with general formulas
[{PtCI(L)}2(u-prz)]?* (L = chelating diamines such as ethylenediamine, en; (+)-
1,2-propylenediamine; isobutylenediamine; trans-(+ )-1,2-diaminocyclohexane;
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1,3-propylenediamine; 2,2-dimethyl-1,3-propylenediamine) and one pyridazine
(pydz)-bridged complex, [{PtCl(en)}],(u-pydz)]?>*, effectively interact with DNA
in cell-free media [76].

6.2. Miscellaneous Dinuclear Platinum(ll) Complexes

Additional DNA-binding modes may be incorporated into dinuclear Pt(IT) com-
plexes by use of intercalating moieties such as acridines and anthraquinones in
the linker [77, 78]. Another group of antitumor dinuclear Pt(I) compounds that
bind DNA and also interact via intercalation comprise the complexes
[{PtCl(bpy)}2(u-L-H),] and [{PtCl(phen)},(u-L-H),] (bpy = 2,2'-bipyridine, phen =
1,10-phenanthroline, and L = 2,2’-azanediyldibenzoic dianion or 1,3-benzothiazol-
2-amine) dibridged by H,L ligands [79, 80]. The results performed in cell-free
media have shown that the DNA binding mode of the complexes involve their
intercalative DNA interaction and that these complexes can cleave DNA.

A series of organometallic dinuclear Pt(I) complexes was synthesized with
the aim to tune the electronic and steric properties of the Pt centers so that
the bifunctional dinuclear Pt(II) compounds could act by different mechanistic
pathways in comparison with classical 1,1/c,c [81, 82]. Modifications of DNA
by [{Pt(CH3)CI((CHj3),SO)},(u-H,N(CH,)6NH,)] (VIL, Figure 3), show a DNA
binding mode different from that of the formally equivalent 1,1/c,c, with mostly
monofunctional adducts. The minor {Pt,Pt} interstrand CLs (2 %) are capable of
terminating RNA synthesis in vitro while the major monofunctional adducts are
not.

The dinuclear [{trans-PtCI(NH;),},u-dpzm]** (dzpm = 4,4'-dipyrazolylmethane)
(VIII, Figure 3) forms {Pt,Pt} intrastrand and interstrand crosslinks in double-
stranded DNA, but with a distinct preference for AA or AG sites [83, 84]. Use of
modified pyridine groups such as isonicotinamide or substituted isonicotinamide
as linker results in dinuclear compounds formally similar to picoplatin (cis-
[PtCl,(NH;)(2-mepyridine)] [85, 86].

Finally, dinuclear boron-containing bifunctional and tetrafunctional Pt(II)-amine
complexes, in which two Pt(II) moieties are bridged by 1,7-carborane [carborane =
dicarba-closo-dodecaborane(12)], [{trans-PtCl(NH;),},u-1,7-NH,(CH;);CBoH o
C(CH,)sNH,J>*  (1,l/tt-carborane) and [{cis-PtCl,(NH;3)},u-1,7-NH,(CH,)s-
CBoH;(C(CH,);NH,] (2,2/c,c-carborane), were synthesized as potential DNA
targeting agents in boron neutron capture therapy (BNCT) [87].

7. TRINUCLEAR PLATINUM(Il) COMPLEXES

7.1.  The Trinuclear Bifunctional Platinum(ll) Complex Triplatin
(BBR3464)

The synthetic pathways developed for alkanediamine-linked dinuclear com-
pounds automatically lead the way to trinuclear compounds and a cisplatin
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synthon can be developed using three sequential cis-[PtCl,(amine), units [88].
The most studied compound is Triplatin (BBR3464) [{trans-PtCI(NH;),},u-
{trans-Pt(NH;),(H,N(CH,)sNH,),}]* ", a trinuclear, bifunctional DNA binding
agent with an overall 4+ charge where the bridging between the two platinat-
ing units is formally made by the [{trans-Pt(NH;),}u-{H,N(CH,)sNH,}, | unit
(Figure 1). The drug advanced to Phase 1I clinical trials where durable respons-
es in cisplatin-resistant ovarian cancer were noted. The drug did not advance
further due to a combination of pharmacokinetics involving loss of the trinucle-
ar structure (albeit with overall reactivity similar to cisplatin if we consider that
<5 % of administered cisplatin is considered to get to DNA) and pharmaceuti-
cal company takeovers.

The trinuclear compound and the dinuclear polyamine-linked species are for-
mally equivalent with both linking units containing a charged moiety capable of
hydrogen-bonding and electrostatic interactions with DNA, and both series can
be seen as logical extensions of the “original” alkanediamine-linked series. It
may be noted that the polyamine-linked dinuclear compounds are as similarly
potent as Triplatin. Several reviews on various aspects of the pre-clinical and
clinical studies on Triplatin, including DNA binding studies, have been published
[1, 2,5, 6,21, 89]. It is the purpose in this chapter to highlight the contributions
that Triplatin-DNA studies have made to delineation of novel DNA structure
and reactivity.

The high charge on Triplatin facilitates rapid binding to DNA with a #,,, of
~40 min, significantly faster than the neutral cisplatin [90]. Triplatin forms {Pt,Pt}
long-range interstrand CLs in natural DNA in a considerably higher amount
(~20 %) than cisplatin (Table 1) [90]. Changing the geometry of the central unit
from trans to cis, as in [{trans-PtCI(NH3),},u-cis-Pt(NH3),{H,N(CH,)sNH,},]* *
(BBR3499, 1,0,1/t,c,t) results in enhanced {Pt,Pt} interstrand crosslinks with re-
duced sequence specificity and slower binding to DNA [91]. The BBR3499-DNA
adducts distort DNA conformation and are repaired by cell-free extracts consid-
erably better than the adducts of BBR3464 [91]. DNA molecules aggregate and
compact upon treatment with Triplatin, as revealed by high-resolution atomic
force microscopy, reasonably attributed the combination of charge and forma-
tion of the long-range CLs [92].

7.2. Directional Isomers

The {Pt,Pt} interstrand crosslinks of Triplatin occur in both the 5’-5' and 3'-3’
sense, forming “directional isomers” (Figure 5) [93, 94]. The directionality is
dependent on the nature of the crosslink. The 1,2-interstrand CL forms preferen-
tially the 3’-3’ direction (in an antiparallel manner), the 1,4-interstrand CL forms
in both directions in approximately equal proportions, whereas the 1,6-inter-
strand CL forms in preferentially the 5’-5' direction [89, 93]. The kinetics of
formation of 1,2- and 1,4-interstrand CLs were found to be similar and faster
than that for the analogous 1,6-interstrand CL [93, 94]. The kinetics of binding
follows the trend seen for the dinuclear alkanediamine-bridged 1,1/t,t compound
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Figure 5. A. A scheme for the formation of novel 5’-5" and 3'-3’ directional isomers on
DNA. B. The “walking” of {Pt,Pt} DNA adducts is induced by different thermodynamic
destabilization of the double helix by structurally different adducts.

with aquation followed by monofunctional binding and then closure to the bi-
functional crosslink [95].

In examining the factors affecting the formation of directional isomers by
{'H,’N} HSQC NMR spectroscopy, differences occur at the monofunctional
binding step. In the 5'-5' case, pre-association with initial hydrogen-bonding and
electrostatic interactions with DNA are observed in the minor grove [96]. Two
distinct pathways for the terminal {PtN;Cl} groups to approach and bind the
guanine N7 in the major groove with the central linker anchored in the minor
groove were inferred. To achieve platination of the guanine residues the central
linker remains in the minor groove but triplatin must diffuse off the DNA for
covalent binding to occur. Unlike the 5’-5" case a number of 3'-3’ crosslinked
adducts are observed [97].

Molecular dynamics simulations showed a highly distorted structure with con-
siderable base fraying and widening of the minor groove [96]. In contrast to the
1,4-situation the 3’-3’ 1,2-interstrand crosslink is formed preferentially in the
sequence d(ACGTATACGT), where two simultaneous adducts are formed be-
tween the adjacent guanines, the first examples of a structurally characterized
3'-3’ adduct [98]. The structure is quite distinct from the analogous cisplatin 1,2-
interstrand (GC), adduct and from the 5'-5' 12-Cl formed by [{trans-
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(PtCI(NH3),},u-Ho(CH,)4NH, ]2 [89, 98, 99]. The ability to form directional
isomers is a property shared with BBR3571, but not 1,1/t,t, suggesting that the
presence of charge in the central moiety, implying pre-association, is a key factor
in dictating this property.

Both directional {Pt,Pt} 1,4-interstrand CLs formed by Triplatin exist as two
distinct non-interconvertible conformers [100]. Analysis of the conformers by
differential scanning calorimetry, chemical probes of DNA conformation, and
minor groove binder Hoechst 33258 have demonstrated that each of the four
conformers affects DNA in a distinctly different way and adopts a different con-
formation and are distinct from those of the short-range adducts of cisplatin
[100]. The properties of these site-specific adducts of Triplatin, such as conforma-
tional distortions, are also distinctly different from those of the short-range ad-
ducts of mononuclear cisplatin [93, 101]. The structural distortions on site-specif-
ic {Pt,Pt} CLs of Triplatin have been summarized [21].

7.3. Walking on Double-Helical DNA
and Linkage Isomerization

In studying the properties of site-specific long-range CLs of Triplatin, some CLs
of this platinum compound were found unstable [102]. The inherent steric effects
around the Pt center of the mononuclear bifunctional adduct are replaced by
the steric constraints of the conformational change as a whole. Since specific
Triplatin adducts distort DNA conformation differently, it is reasonable to expect
that the energetic signatures of these dissimilar adducts are different. Under
physiological conditions the Pt-G(N7) bonds are reactive leading to linkage
isomerization reactions on the double-helical DNA substrate. Upon incubation
of DNA duplexes containing a single, site-specific intrastrand CL between G
residues the coordination bonds between Pt and the N7 of one of the G residues
within the intrastrand adduct are cleaved leading to the formation of interstrand
CLs (linking both strands of DNA). These interstrand CLs react further to form
intrastrand CL in the strand complementary to that in which original intrastrand
CL was formed. This successive rearrangement may proceed in the way that the
molecule of Triplatin originally coordinated to one strand of DNA can spontane-
ously translocate from this strand to its complementary counterpart via interme-
diate interstrand CL (Figure 5), which may evoke walking of this platinum com-
plex on DNA molecules.

Differential scanning calorimetry of duplexes containing single, site-specific
CLs of Triplatin revealed that one of the driving forces that leads to the lability
of DNA CLs of Triplatin is a difference between the thermodynamic destabiliza-
tion induced by the CL and by the adduct into which it could isomerize [102].
Thus, one of the driving forces that leads to the lability of DNA CLs of Triplatin
is a difference between the thermodynamic destabilization induced by the CL
and by the adduct into which it could isomerize.
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7.4. Interactions of DNA Modified by Triplatin
by Damaged-DNA Binding Proteins

Binding of cellular damaged DNA-binding proteins to DNA modified by plati-
num complexes plays an important role in initial phases of the mechanism of
cytotoxic action of platinum drugs [23-25]. Thus, due to its ability to modify
DNA in a unique manner, Triplatin could distinctly evoke different pathways of
cellular response to DNA damage such as triggering of the apoptotic pathway.

7.4.1. Recognition by HMG-Domain Proteins and DNA Repair

In contrast to distortions induced by major CLs of cisplatin, the CLs of Triplatin
do not extensively unwind and rigidly bend DNA so that they are not substrates
for damaged DNA-binding proteins, such as HMG-domain proteins [93, 94].
Thus, the antitumor effects of BBR3464 do not involve a shielding or hijacking
mechanism as the effects of cisplatin (vide supra). On the other hand, while
intrastrand adducts of Triplatin are readily removed from DNA by the NER
systems, the interstrand CLs are not.

7.4.2.  Recognition by the Tumor Suppressor Protein p53

The DNA binding activity of the p53 protein is crucial for its tumor suppressor
function. The active protein p53 is a nuclear phosphoprotein that consists of 393
amino acids and contains four major functional domains [102]. Active p53 binds
as a tetramer to ~50 different response elements that occur naturally in the
human genome and shows functionality [103]. Free DNA in the segments corre-
sponding to the consensus sequence is already intrinsically bent toward the major
groove [104, 105]. The interactions of active and latent p53 proteins with DNA
fragments and oligodeoxyribonucleotide duplexes modified by Triplatin in a cell-
free medium has been examined and the results have been compared with those
describing interactions of these proteins with DNA modified by cisplatin [106].

The results indicate that structurally different DNA adducts of Triplatin and
cisplatin exhibit a different efficiency to affect the binding affinity of the modi-
fied DNA to p53 protein. It has been suggested that different structural pertur-
bations induced in DNA by the adducts of Triplatin and cisplatin produce differ-
ential response to p5S3 protein activation and recognition. Triplatin retains
significant activity in human tumor cell lines and xenografts refractory or poorly
responsive to cisplatin and displays high activity in human tumor cell lines char-
acterized by both wild-type and mutant p53 gene. In contrast, on average, cells
with mutant p53 are more resistant to the effect of cisplatin. The results support
the hypothesis that the mechanism of antitumor activity of Triplatin may also be
associated with its efficiency to affect the binding affinity of platinated DNA to
active p53 protein. Thus, a “molecular approach” to control downstream effects
such as protein recognition and pathways of apoptosis induction may consist in
design of structurally unique DNA adducts as cell signals.
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7.4.3.  Recognition by the Nuclear Transcription Factor kB

Multiple signaling pathways have been linked to tumor resistance to mononucle-
ar cisplatin, among them also activation of nuclear transcription factor kappaB
(NF-«xB) [107]. Interestingly, suppression of apoptosis or necrosis is an important
NF-kB function [108, 109]. Binding of NF-kB proteins to their consensus sequen-
ces in DNA (kB sites) is the key biochemical activity responsible for the biologi-
cal functions of NF-«B [110, 111].

Structurally different DNA adducts of Triplatin, cisplatin, and transplatin ex-
hibit a different efficiency to affect the affinity of the platinated DNA (kB sites)
to NF-kB proteins [112]. Triplatin-DNA adducts exhibited the highest efficiency
to inhibit binding of NF-kB protein to its kB very likely connected with the
enhanced extent of the conformational perturbations induced in DNA.

7.4.4. DNA Structural Conformational Changes, Protein Recognition,
and Cell Cycle Effects

A major question for all this work is to ask how are the structural modifications
and modulations of DNA adduct-protein recognition reflected in changes in cell
cycle and signaling pathways. Real changes could affect signaling pathways and
thus be truly complementary to other clinically used anticancer drugs, beyond
the cisplatin class. An interesting example comes from the PPC work (Figure 6).

Mismatch repair is an important determinant in the efficacy of cisplatin treat-
ment [113]. HCT116 cells deficient in the mismatch repair protein, MLH1, which
was shown earlier to be resistant to cisplatin, were not resistant to Triplatin,
indicating that Triplatin overrides one of the main factors contributing toward
cisplatin resistance, in this case the mismatch repair status of the cells [114]. In
both melphalan-sensitive and resistant OAW42 ovarian cancer cells, Triplatin
induced a persistent G2/M phase cell cycle arrest as compared to cisplatin, which
caused an initial S phase accumulation followed by a G2/M arrest that was later
resolved [115].

In another study, A431 cells (human cervix squamous carcinoma) and its cis-
platin-resistant counterpart, A431/Pt on treatment with Triplatin showed a vary-
ing degree of cellular effects which mainly included upregulation of genes like
E2F1 (A431/Pt), antimetastatic factors (Nm23-H2 in A431 cells, Nm23-H1 and
SAP102 in A431/Pt cells, and CD9 in both A431 and A431/Pt cells) and downreg-
ulation of pro-metastatic factors (e.g., Axl and VEGF in A431 cells and 1L0-1b
in A431/Pt cells) [116]. Further, Triplatin treatment showed a G2/M phase arrest
in both A431 and A431/Pt cells although it was a much stronger effect in the
former. Cytoflow analysis indicated a high proportion of sub-G1 cells in Triplat-
in-treated A431/Pt cells. In this context, a comparative study of U20S cells
showed a persistent increase in S phase cells following cisplatin treatment where-
as Triplatin treatment showed a persistent accumulation of cells in the G2/M
phase with some cells still retained in the G1 phase [117].

BBR3610 exhibits low-dose toxicity in colon cancer cells that harbored either
wild-type p53 (HCT116) or mutant pS3 (DLD1) suggesting that the cellular ef-
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Figure 6. Differential cell-cycle effects caused by Triplatin, BBr3610, and BBR3610-
DACH showing different downstream consequences of {Pt,Pt} interstrand crosslinking.

fects of BBR3610 were pS3-independent [32]. BBR3610 induces G2/M arrest,
early autophagy, and late apoptosis in glioma cells [118]. One of the hallmarks
of cancer development is a deregulated cell cycle progression. Cells exposed to
DNA-damaging agents trigger various cell cycle checkpoints, subsequently lead-
ing to G1/S or G2/M cell cycle arrest. Similar to cisplatin, BBR3464 and
BBR3610 block DNA synthesis, cause S phase accumulation, and eventually
this leads to G2/M arrest. However, BBR3610-DACH showed a paradigm shift,
causing both a G1/S and G2/M arrest with complete depletion of S phase [119].
Both BBR3610 and BBR3610-DACH formed approximately the same number
of interstrand CLs but their downstream cell cycle effects are different. This
aspect of Pt-DNA conformational changes, by structurally distinct complexes, in
general, requires further exploration.

8. CONCLUSIONS AND OUTLOOK

The major structural alterations in DNA such as irreversible conformational
changes, stabilization of G-quadruplexes, high efficiency of DNA-protein adduct
formation, the observation of directional isomers and the ‘walking’ of adducts
on DNA are all effected by the design and structure of polynuclear platinum
complexes. Many of these features are not accessible to mononuclear complexes.
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The high charge of many of the PPCs suggests that pre-association plays impor-
tant roles in dictating many of these properties. Substitution-inert or “non-cova-
lent” complexes, which have also a wide variety of effects on DNA, are beyond
the scope of this chapter but have been reviewed recently [89, 120]. Since the
early publications on the straight chain alkanediamine-linked dinuclear complexes,
various researchers have adapted the basic structure to obtain a wide variety of
complexes and DNA binding modes and, eventually, antitumor activity equivalent
to the original series. Triplatin remains the only “non-classical” platinum complex
to enter human clinical trials. This chapter shows the rich diversity of PPCs and
the potential for further clinical development, based on the strategy to produce
DNA adducts structurally dissimilar to those of cisplatin and oxaliplatin.
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ABBREVIATIONS AND DEFINITIONS

BOC -BuOCO

bpy 2,2'-bipyridine

Btaz benzotriazolate

cisplatin cis-PtCl,(NHs),, cis-DDP

CLs crosslinks

DACH 1,2-diaminocyclohexane

dien diethylenetriamine = bis-(2-aminoethyl Jamine

dpa bis-(2-pyridylmethyl Jamine

DTBPA 2,2'-(4,11-dimethyl-1,4,8,11-tetraaza-cyclotetradecane-1,8-
diyl)bis-(N-(2-(pyridin-2-yl)ethyl )acetamide

dzpm 4 4'-dipyrazolylmethane

GS glutathione

HMG high-mobility-group

hptab N,N,N',N',N" ,N"-hexakis(2-pyridylmethyl)-1,3,5-
tris(aminomethyl)benzene)

HSQC heteronuclear single quantum coherence

1Cso half maximal inhibitory concentration

L 2,2'-azanediyldibenzoic dianion or 1,3-benzothiazol-2-amine

NER nucleotide excision repair

phen 1,10-phenanthroline

PPCs polynuclear platinum complexes
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prz pyrazine
ptp 6'-(pyridin-3-y1)-3,2":4’ 3"-terpyridine
pydz pyridazine
tppz tetrakis(pyridine-2-yl)pyrazine
TPXA N,N,N’,N’-tetra(2-pyridylmethyl)-m-xylylene diamine
Triplatin BBR3464, [{trans-PtCI(NH3),},u-{trans-
Pt(NH3),(HoN(CH,)sNH, )} ]**
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Abstract: This chapter is an overview of recent progress in the design of Pt(IV) prodrugs.
These kinetically-inert octahedral prodrugs can be reduced in cancer cells to active square-
planar Pt(II) complexes, for example by intracellular reducing agents such as glutathione or
by photoexcitation. The additional axial ligands in Pt(IV) complexes which are released on
reduction, allow bioactive molecules to be delivered which can act synergistically with Pt(II)
in killing cancer cells, or act as targeting vectors, allow attachment to polymer and nanoparticle
delivery systems, or labelling with fluorescent probes. Pt(IV) prodrugs have yet to be approved
for clinical use, although some offer the promise of increased efficacy and reduced side effects.

Keywords: nanoparticles - photoactivation - Pt(IV) prodrugs - targeted delivery - upconversion
nanoparticles

1. INTRODUCTION

The serendipitous discovery of the antitumor activity of cis-diamminedichlorido-
platinum(II) (cisplatin) by Barnett Rosenberg in the 1960s is a milestone in the
area of medicinal inorganic chemistry [1]. Two more platinum compounds (car-
boplatin and oxaliplatin) have since been approved by the FDA for clinical use
world-wide, and three (nedaplatin, lobaplatin, and heptaplatin), for regional use
in Japan, China, and Korea, respectively [2].

The mode of action of cisplatin is mainly due to targeting nuclear DNA after
entering cells either by active (via the copper transporter Ctrl) or passive trans-
port [3, 4]. The chloride concentration drops from about 104 mM outside cells
to 23 mM in the cytoplasm, and even lower, ca. 4 mM, in the nucleus, resulting
in hydrolysis and formation of more reactive platinum(II) aqua complexes. These
aqua species react readily with biomolecules in cells, including the nucleophilic
N7 nitrogen of purine nucleobases (G and A). Intrastrand GG DNA cross-links
especially can inhibit transcription [5]. Binding of cisplatin to other cellular tar-
gets especially cysteine and methionine sulfur in peptides (glutathione) and pro-
teins, also occurs [6], and although less widely studied than nucleobase adducts,
may be important for understanding the systemic toxicity of cisplatin and resist-
ance to the drug.

One approach to reducing the toxic side-effects of cisplatin is the use of plati-
num(IV) complexes as prodrugs [7, 8]. Octahedral low-spin 5d° platinum(IV)
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complexes are much more kinetically inert than square-planar 5d® platinum(ITI)
complexes. This difference can allow delivery of the intact drug (‘prodrug’) with
fewer side reactions before the target site is reached. Platinum(IV) complexes
are likely to be stable under the highly acidic conditions in the stomach and
therefore suitable for oral administration [9]. Also with 6 ligands, there are more
possibilities for structural variations with Pt(IV) compared to Pt(II). For exam-
ple, the axial ligands (so-called, although more than one axis could be defined
as such depending on the symmetry) present in Pt(IV) complexes can be modi-
fied to improve the pharmacokinetics of the drug by tuning the reduction poten-
tial, lipophilicity, bioactivity [10], and targeting ability [11, 12]. In this chapter
we describe recent progress on the rational design of platinum(IV) complexes
as prodrugs for cancer therapy.

1.1. Design Strategy

As shown in Figure 1, Pt(IV) complexes often contain a non-leaving ligand L, a
nitrogen donor ligand (am(m)ine, pyridine), which does not undergo any intra-
cellular transformation and is retained in the final Pt(IT)-DNA adduct. L is also
crucial for determining the biological activity of the complex [13-15]. The leaving
ligand X (CI, I) can undergo aquation/activation allowing reaction with purine
bases in DNA.

The axial ligands are typically hydroxide or chloride, which are lost on reaction
of the complexes with biological reductants (e.g., glutathione, ascorbic acid) or
external reductants. The axial hydroxido ligands can be carboxylated to attach
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Figure 1. Design strategy for platinum(IV) prodrugs (L = non-leaving ligand, X = leav-
ing ligand, Y = OH, Cl, RCO,).
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targeting groups, bioactive ligands (e.g. drugs and enzyme inhibitors), or both.
This approach has been used to attach Pt complexes to the surface of nanoparti-
cles for selective internalization using the enhanced permeability and retention
(EPR) effect and further stimuli-responsive delivery to the target site [16].

1.2. Synthesis

Examples of oxidants used for the synthesis of trans Pt(IV) complexes are shown
in Figure 2. Typically the synthesis involves reaction of Pt(II) complexes with
hydrogen peroxide or chlorine [17, 18] in a 2-electron oxidative-addition reaction.

Mechanistic studies with H,O,, carried out in the presence of '®O-labelled
water, have revealed that only one hydroxido ligand comes from H,0O,. The
second comes from solvent water [19]. This finding is important if Pt(IV) com-
pounds are synthesized in coordinating solvents, for example if H,O, is used as
the oxidant in methanol, trans hydroxido-methoxido Pt(IV) complexes can be
formed [20]. When such oxidations are carried out in the presence of carboxylic
acids, the product formed (mono- or dicarboxylato complex) is determined by
the pK, of the acid [21]. Hypervalent iodine species are known to be as strong
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Figure 2. Synthesis of Pt(IV) complexes from Pt(II) precursors.
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oxidizing agents in organic synthesis. The oxidation of Pt(II) complexes with
PhICI, results in trans dichlorido Pt(IV) complexes [22, 23]. Pt(IV) complexes
with axial carboxylato ligands have been prepared by reacting dihydroxido
Pt(IV) complexes with corresponding anhydrides or acyl chlorides in various
solvents (e.g., DMF, DMSO, acetonitrile) at 50-80 °C for 6-24 h. Axial carboxyla-
to ligands in the axial positions can be used for conjugation to bioactive molecu-
les and targeting groups [24].

1.3. Characterization

Platinum(IV) complexes can be characterized by various analytical techniques,
including NMR, mass spectrometry, FTIR, UV/Vis spectroscopy, and X-ray crys-
tallography. Often a combination of techniques is used depending on whether
samples are solutions or solids. Care has to be taken to check that Pt(IV) is not
reduced by the solvent, and especially with Pt(II) that ligands are not substituted
by solvent (e.g., DMSO). Platinum complexes may also be photoactive and expo-
sure to light can also be a problem.

195pt (33.7 % natural abundance) is an NMR-active I = 1/2 nucleus with similar
sensitivity to '*C, but a much wider chemical shift range of ca. 15,000 ppm.
Pt(IV) resonances tend to have low-field shifts relative to Pt(II). In view of its
high stability, [PtCl¢]*~ is a common 3Pt chemical shift reference (& =0 ppm).
195pt NMR resonances usually broaden as complexes increase in MW and also
broaden at higher observation frequencies [25]. The presence of Pt in complexes
is often evident from studies of 'H, *C, N or 3!'P (I = 1/2) nuclei in ligands.
They can give rise to one- to four-bond ' Pt couplings, resulting in the appear-
ance of 1:4:1 peak intensity patterns with the outer lines being the %3Pt satel-
lites. These satellites are sharper for Pt(IV) complexes compared to Pt(II) due
to less broadening by chemical shift anisotropy relaxation [25].

Recent studies have illustrated the potential of FTIR for characterizing Pt
anticancer complexes and their derivatives [26]. UV/Vis spectroscopy provides
valuable information about the charge-transfer and other transitions in Pt(IV)
complexes [27]. Fluorescent probes designed recently can distinguish Pt(IV) and
Pt(II) species inside cancer cells, particularly useful for understanding the reduc-
tion of Pt(IV) complexes [28, 29].

1.4. Redox Reactions

The anticancer activity of Pt(IV) complexes is usually attributed to their reduc-
tion to Pt(II) products which bind to DNA. The ease of reduction is therefore
important for the biological activity of the complex, and usually assumed to
involve intracellular or extracellular reductants such as glutathione, thiol groups
of proteins, and ascorbic acid. Reduction of Pt(IV) to Pt(Il) is an irreversible
two-electron process with loss of two ligands (often referred to as the axial li-
gands, but in practice various combinations can be lost). The rate of reduction
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Table 1. Reduction (half-wave) potentials and reduction rates for Pt(IV) complexes
(1 mM in 0.1 M KCI, pH = 7) with various axial ligands reported by Choi et al. [30].

Complexes Reduction potential Rate of reduction k
(Ep in mV) M)

[Pt(en)(OH),CL] -884 0

[Pt(en)(OCOCHs;),Cl,] -546 0.54

[Pt(en)Cly] -160 164

[Pt(en)(OCOCF;),Cl,] 0 209

of Pt(IV) complexes depends upon both the axial and equatorial ligands [30].
Strongly electron-withdrawing axial groups increase the reduction rate, in the
order: OH < OCOCHj3; < Cl < OCOCF; (Table 1).

Bulkier axial and equatorial ligands also enhance the reduction rate. For exam-
ple, ascorbic acid does not reduce [Pt(en)(OH),Cl,], but readily reduces
[Pt(ipa),(OH),Cl,] (en = ethylenediamine, ipa = isopropylamine) due to the
presence of the bulky isopropylamine ligands. Faster reduction rates for com-
plexes with similar equatorial ligands appear to correlate with higher cytotoxic
activity [30]. The reduction of trans,cis-[Pt(en)(OH),I,] by glutathione results in
a chelate ring-opened Pt(IT) complex, the reaction proceeding through the re-
moval of an iodide ligand by glutathione (GSH) as the sulfenyl iodide. The
sulfenyl iodide may react with another molecule of GSH to produce GSSG and
free I~. Free GSH or 1~ further react with ring-opened Pt(II) species to form
[{Pt(en)(u-SR)LJ* and [Pt(en)L,] [31].

Gibson et al. [32] have studied the reduction of cistrans,cis-
[PtClL,(OCOCH3),(NH3),] in the presence of three different cancer cell lines.
The rate of reduction follows the order: A2780cisR (cisplatin-resistant ovarian)
> A2780 (ovarian) > HT29 (colon). Interestingly small molecule reductants are
not involved in the reduction, rather cellular components with MW >3000 [32].
They showed that 4 products are formed from the reduction of cis,cis trans-
[PtCLy(1°NH3)(NH,R)(OOC"CHj3),] (R = H, cyclohexyl or isopropyl) with po-
tential intracellular reductants such as glutathione, ascorbate, cytochrome ¢, and
NADH involving loss of two axial ligands (acetate), one axial (acetate) and one
equatorial (chloride) ligand, or two equatorial (chloride) ligands [33].

1.5. Biological Activity

Low-spin 5d® Pt(IV) complexes are relatively inert to substitution reactions
hence their reactions with biological nucleophiles are very slow. This increases
the circulation lifetime of the Pt(IV) complexes in the blood stream. The reduc-
tion of Pt(IV) complexes to biologically active square-planar Pt(II) complexes
provides a strategy for release and delivery of biologically-active ligands. Exam-
ples of Pt(IV) complexes that have entered clinical trials are tetraplatin, satra-
platin, and iproplatin (Figure 3).
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Figure 3. Platinum(IV) complexes that have undergone clinical trials.

The preclinical studies of tetraplatin were encouraging, but in phase I it
showed severe neurotoxicity [34]. Kelland et al. reported that satraplatin was
840-fold more active than cisplatin in vitro [35]. Phase III trials did not reflect
this activity. The higher activity in vitro could be due to high cellular uptake of
the active drug. The complex may be reduced in vivo before reaching its target.
Similarly, iproplatin also showed disappointing activity in phase II and III trials.
However, Pt(IV) complexes still possess potential as anticancer agents. Some
maintain potency against spheroids indicating effectiveness against multicellular
resistance (MCR) and additionally, the hypoxic environment in cancer cells pro-
vides a reducing environment which improves the efficacy of such prodrugs [36,
37]. The pharmacological activity of Pt(IV) complexes can also be improved by
appropriate choice of the axial ligands, which can be vectors for specific cell
receptors, e.g., folate or integrin receptors, used for attachment to nanoparticle
delivery vehicles, or for delivery of bioactive ligands such as drugs or enzyme
inhibitors.

1.6. Molecular Pharmacology and Toxicology

Platinum drugs can enter cells by passive diffusion, and as recently discovered
for cisplatin, by active transport via the copper transporter hCtrl [38]. Two cop-
per exporter proteins ATP7A and ATP7B may be involved in efflux of platinum
drugs, and over-expression of these proteins in ovarian cancer cells results in
resistance to cisplatin [39]. Other transporters include the organic cationic trans-
porter (OCT), and multidrug and toxin extrusion (MATE) protein. In cells, cis-
platin readily aquates to form mono- and bis-aqua and less reactive hydroxido
adducts. The aqua adducts are particularly active towards many biological nu-
cleophiles. Sulfur groups of Cys and Met residues in amino acids, peptides (espe-
cially glutathione), and proteins are targets for Pt(II) drugs. Strong Pt-S bonds
are usually thought to inactivate the drugs. Figure 4 depicts some biological
transformations of Pt(II) and Pt(IV) drugs in cells.

The final adducts of cisplatin, carboplatin, and oxaliplatin with DNA are simi-
lar, but the lower reactivity of the chelated complexes leads to fewer DNA ad-
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Figure 4. Biotransformations of Pt(II) and Pt(IV) drugs.

ducts compared to cisplatin. Also the presence of the bulky diaminocyclohexyl
ligand in oxaliplatin leads to differences in the conformational change induced
in DNA and subsequent protein recognition of platinated cross-links [40]. The
Pt(IV) complex satraplatin exhibits activity by a slightly different mechanistic
pathway. It is believed to enter cells through passive diffusion and undergo acti-
vation first by reduction to Pt(II), followed by binding to DNA, and secondly
by metabolism to different Pt(IV) complexes as shown in Figure 4, which can
then bind to DNA. In vitro studies suggest that satraplatin is not only very active,
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but also reacts with DNA much faster than cisplatin, the increased activity in
vitro is mainly due to the formation of reactive oxygen species which further
induce necrosis in cancer cells [41].

2. INTERACTIONS WITH BIOMOLECULES

2.1. Serum Proteins
2.1.1. Human Serum Albumin

The interaction of Pt anticancer drugs with serum proteins plays an important
role in drug accumulation, transportation, distribution, metabolism, activity, and
toxicity. Human serum albumin (HSA; 66.5 kDa) is the most abundant protein in
blood serum (ca. 0.6 mM) and consists of three similar domains (I, II, and III),
each of which has two subdomains. Under physiological conditions it adopts a
largely helical conformation. Albumin contains 585 amino acids, with 17 disulfide
bonds, one free Cys (Cys-34), 6 Met, and 16 His residues that are all potentially
strong Pt binding sites, although not all readily accessible (e.g., Cys-34 is in a
crevice) [42].

Monofunctional adducts of cisplatin with Met and Cys-34 and the S,N-chelation
of surface-exposed Met-298 have been proposed based on 'H and >N NMR data
[43]. Reactions of the photoactivatable complex trans,cis-[Ptl,(OH),(en)] with hu-
man serum albumin have been monitored by UV-Vis and NMR spectroscopy.
The Pt(IV)-I ligand-to-metal charge transfer (LMCT) band drastically reduced in
intensity after 24 h reaction with albumin, but there was no reaction when Cys-34
was blocked indicating involvement of the thiol group. The mechanism of reaction
appears to involve attack of an iodido ligand on the sulfur of Cys-34 resulting in
a sulfenyl iodide Cys-SI which further undergoes hydrolysis to form the sulfenic
acid Cys-SOH. The Pt(II) complex formed further reacts with albumin, but with
chlorido instead of iodido ligands such a reaction was not observed [44].

Kowol et al. have synthesized a maleimide-functionalized Pt(IV) complex to
target HSA [45], known to accumulate in tumor tissues by endocytosis and the
EPR effect [46, 47]. Recently, Lippard et al. [48] designed Pt(IV)-prodrugs con-
taining axial ligands with different aliphatic chain lengths (C2 to C16) to mimic
fatty acids and studied their interaction with human serum albumin. They utilized
the advantage of non-covalent association between the aliphatic chain of the Pt(IV)
prodrug with HSA for transporting the prodrug in the blood stream. Quenching of
the fluorescence of Trp-214 showed that the Pt prodrug with C16 aliphatic chains
has the highest binding affinity (K, = 1.04 X 10°M™!) towards HSA. Computational
studies suggested that the prodrug is buried inside the protein [48].

Shi et al. [49] reported the synthesis of a Pt(IV)-HSA conjugate that avoids
premature reduction of Pt(IV) in the extracellular environment. They suggested
that the specific anticancer activity of the Pt(IV)-HSA conjugate towards cancer
cells was due to release of the active Pt(II) analogue in the acidic and hypoxic
tumor environment [49].
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2.2. DNA

Platinum(IV) complexes are thought to bind strongly to DNA only after forming
Pt(II) by reaction with biological reductants. Platinum(II) preferentially binds to
guanine over adenine in DNA, and binding to guanine is stabilized by H-bonding
interactions between the exocyclic 6-oxo group of guanine and the ammine
group of cisplatin, but adenine forms weaker H-bonds [50].

Binding of Pt(II) to DNA results in a number of structurally different adducts,
including intrastrand cross-links, interstrand cross-links, N,O chelation of gua-
nine and DNA-Pt-protein cross-links (DPCLs) [51]. Cisplatin forms ca. 65 % 1,2-
d(GpG), 25 % 1,2-d(ApG) intrastrand cross-links and nearly 1-3 % interstrand
cross-links and monofunctional adducts [52]. In contrast, transplatin does not
form 1,2 intrastrand cross-links due to steric constraints. These results suggest the
importance of 1,2 intrastrand cross-links for the anticancer activity of cisplatin.
However, the [Pt(hmp)Cl,] complex (hmp =homopiperazine) preferentially
forms interstrand cross-links and yet exhibits potent cytotoxicity against cancer
cells [53]. Iproplatin initially appeared to induce strand breakage of closed circu-
lar PM2-DNA [54]. However, Dabrowiak et al. observed the presence of one
molecule of H,O, per iproplatin molecule in the crystal lattice. It appears that
this H,O, caused the DNA cleavage, and not iproplatin itself [55]. Brabec et al.
reported that DNA binding of iproplatin and oxoplatin requires high concentra-
tions of Pt(IV) and long reaction times (10 % of Pt bound after 12 d) [56, 57].
The in vitro binding studies carried out by Blatter et al. clearly showed that
neither iproplatin nor oxoplatin bind to PM2-DNA until a reducing agent is
added and Pt(II) is formed [58].

2.3. Small Biomolecules

2.3.1. Glutathione

Glutathione (y-L-glutamyl-L-cysteinyl-glycine, GSH) is an antioxidant tripeptide
present in cells at millimolar concentrations. The presence of the thiol group of
cysteine allows it to act as an antioxidant by directly reacting with reactive oxy-
gen species or xenobiotic electrophiles. The thiol group of GSH is readily oxi-
dized (Ep =-240 mV) to the disulfide (GSSG) under biological conditions. The
reduction of Pt(IV) complexes can proceed via halide-bridged electron transfer
with no observable intermediate [59]. The presence of GSH (10 uM to 100 uM)
increased the anticancer activity of tetraplatin (10 uM) against cisplatin-resistant
L1210 leukemia cells, due to the reduction of Pt(IV) to Pt(II) and binding to
DNA [60]. The concentration of GSH is crucial for its cytotoxicity, an increase
in GSH concentration (100 uM) resulted in lower cytotoxicity. At high GSH
concentrations, GSH binds to the Pt(IT) product thereby interfering with its bind-
ing to DNA [60]. In the absence of GSH, the Pt(II)- (salmon sperm) DNA
adducts were minimal, but after the addition of GSH (10 uM-1 mM), substantial
amounts of Pt(II)-DNA adducts formed. The reduction of tetraplatin by GSH is
a prerequisite for the anticancer activity.

printed on 2/13/2023 2:44 AMvia . All use subject to https://ww.ebsco.confterms-of-use



EBSCChost -

PLATINUM(IV) PRODRUGS 79

Often cancer cells that are resistant to Pt(IT) and Pt(IV) complexes have elevat-
ed levels of GSH [61], therefore it appears that GSH plays a crucial role in enhanc-
ing the cellular resistance to Pt(II) and Pt(IV) complexes. Pendyala et al. [62]
investigated the relationship between intracellular GSH concentration and cyto-
toxicity of both Pt(II) (cisplatin, carboplatin, and oxaliplatin) and Pt(IV) (iproplat-
in and tetraplatin) complexes. The correlation is significant for iproplatin and tet-
raplatin, but not for Pt(Il) [62]. Satraplatin (JM216) was administered to cell lines
with varying intracellular GSH concentrations. Cell lines that expressed higher
concentrations of GSH produced JM118, a Pt(II) biotransformation product of
IM216, whereas cell lines that expressed lower levels of GSH gave rise to Pt(IV)
biotransformation products [63]. Transtrans,trans-[PtCl,(OH),(c-CsH;{NH,)-
(NH3)] (JM335) is reduced by GSH to trans,trans-[Pt(OH),(c-C¢H;{NH,)(NH;)],
but no trace of trans,trans-[PtCly(c-CsH ;NH,)(NH3)] is observed. Under similar
reaction conditions, the isomer of JM335, cis,trans,cis-[PtCl,(OH),(c-CsH,{NH,)
(NH3)] (JM149) did not undergo reduction. Thus, the presence of chlorido ligands
in trans positions appears to favor the reduction of the Pt(IV) complexes by gluta-
thione [64].

2.3.2. L-Methionine

The thioether L-methionine is an essential amino acid present in human blood,
and in many peptides, proteins, and in S-adenosyl methionine (SAM). Ribosomal
protein synthesis is usually initiated with an N-terminal Met residue. The interac-
tion of methionine with Pt(IV) complexes in water can result in the formation
of Pt(IT) analogues and methionine sulfoxide [MeS(O)R]. The reduction is be-
lieved to take place via halide-bridged one-electron reduction. The short-lived
intermediate, [MeS(X)R], hydrolyzes immediately to give [MeS(O)R] [65]. The
reduction of IM216 (cis,trans,cis-[PtCL,(OCOCH3),(NHs),]) with methionine re-
sults in the formation of cis-[PtCl,(NHjs),]. Reduction proceeds through an ace-
tate ligand, but when methionine is in excess it can replace the labile chlorido
ligands to form methionine-Pt(II) adducts [66].

2.3.3. Ascorbic Acid

Ascorbic acid (vitamin C) is a small-molecule antioxidant present in mammalian
cells at micromolar (or higher) concentration, often taken as a dietary supple-
ment. It acts as a reductant and is involved in many important biological process-
es such as collagen formation and enzyme cycling. At physiological pH it is
present as the ascorbate monoanion (pK, ca. 3.8). Its reaction with Pt(IV) com-
plex is a two-electron reduction process resulting in the formation of Pt(II) com-
plexes.

The reduction of Pt(IV) complexes by ascorbate can take place by either inner-
sphere or outer-sphere mechanisms. Elding and coworkers [67] reported that
the reduction of trans,trans,trans-[Pt(cha)(OCOCH;),NH;(Cl),] (JM576) is 3 X
faster than its isomer trans,cis,cis-[Pt(cha)(OCOCH;3),NH3(Cl),] (JM216). The
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Figure 5. Reduction of trans,trans,trans-[Pt(cha)(OCOCH;),NH;3(Cl),] and trans,cis, cis-
[Pt(cha)(OCOCH;),NH;(Cl),] by ascorbate; the upper chloride-bridged mechanism is
described as inner-sphere [67].

faster reduction of JM576 is due to inner-sphere electron transfer between trans
chlorido ligands and ascorbate, whereas JM216 forms outer-sphere adducts with
ascorbate resulting in slower reduction (Figure 5).

3. DESIGN FEATURES FOR ANTICANCER COMPLEXES
3.1. Targeted Delivery

3.1.1. Integrin-Targeting Pt(IV) Complexes

The aim of targeted chemotherapy is to increase the amount of drug reaching
the tumor site, thereby reducing side reactions with normal healthy cells. This
can be achieved by selectively targeting molecules that are over-expressed by
cancer cells. Angiogenesis is an important biological process required for the
development of new blood vessels, which is also crucial for tumor cell growth,
survival, and metastasis. In case of tumor-induced angiogenesis, transmembrane
receptors such as integrins (a3 and a,f35) and the surface protein aminopepti-
dase (APN) are highly expressed. Both integrins and APN recognize peptides
containing RGD (Arg-Gly-Asp) and NGR (Asn-Gly-Arg) sequences with very
high affinity. In this regard, Lippard et al. have synthesized Pt(IV) complexes
conjugated with RGD and NGR motifs [68]. A series of mono- and difunctional
Pt(IV) complexes appended with RGD, NGR, cyclic-CRGDC, and cyclic-
RGDfK have been prepared (Figure 6) and their activity studied towards cancer
cell lines known to express a,fs/a,ps integrins.
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Figure 6. Pt(IV) complexes of cisplatin with conjugated peptides attached to the axial
positions.

In vitro studies on endothelial and human cancer cell lines show that RGD-
conjugated Pt(IV) complexes exhibit potent cytotoxicity when compared with
non-targeted Pt(IV) complexes. NGR-conjugated Pt(IV) complexes are less tox-
ic than RGD-conjugated Pt(IV) complexes, but show better activity when com-
pared with non-specific Pt(IV)-peptide conjugates.

Marchan et al. designed Pt(IV) complexes of picoplatin containing monomer-
ic [Pt-c(RGDfK)] and tetrameric [Pt-RAFT-c¢(RGDfK),;] RGD peptides [69]
(Figure 7). The activities of these complexes were determined against SK-MEL-
28 melanoma cells that express high levels of a,f; and a,f5 integrins. To probe
the selectivity of these complexes, CAPAN-1 pancreatic cancer cells and fibro-
blast 1IBR3G cells were tested as negative controls. The uptake directly correlat-
ed with integrin expression and RGD-containing Pt(IV) complex. The accumula-
tion of Pt in SK-MEL-28 cell lines was higher than in CAPAN-1. Importantly
the tetrameric [Pt-RAFT-c(RGDfK),4] complex displayed higher uptake when
compared with monomeric [Pt-c(RGDfK)].

The monomeric complex [Pt-c(RGDfK)] is 2.4-fold more cytotoxic than pico-
platin, whereas the tetrameric complex [Pt-RAFT-c(RGDfK),] exhibits a 20-fold
increase in cytotoxicity. These studies illustrate the effectiveness of targeting pep-
tide conjugates for selective internalization, uptake, and cytotoxicity. The same
strategy has been used for photoactivatable diazido Pt(IV) complexes having an
integrin-recognizing peptide ¢(RGDfK) appended in an axial position [70].

The RGD peptide targets cancer cells selectively, and the complex is then
activated only when irradiated with particular wavelengths of light (Figure 8).
This strategy should minimize the systemic toxicity of the complex. The photocy-
totoxicity of the complex was determined for SK-MEL-28 cell lines that express
both a5 and a,fs integrins in high levels and the DU-145 human prostate
carcinoma cell line which expresses a5 to a similar level, but expresses consid-
erably low levels of a,f; integrin. The photocytotoxicity against DU-145 was
4-fold lower than for SK-MEL-28 cells, which suggests a significant role for the
a3 integrin receptor in complex internalization. Uptake studies further sup-
ported this observation.
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Figure 7. Molecular structures of monomeric [Pt-c(RGDfK)] and tetrameric [Pt-RAFT-
¢(RGDfK),4] complexes.
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Figure 8. Photo-reaction of c(RGDfK)-appended diazido Pt(IV) complex with 5'-GMP.
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3.1.2. Pt(IV) Complexes Targeting Glucose Transporters

Glucose-platinum conjugates are an interesting class of prodrugs for targeting
glucose transporters that are over-expressed in cancer cells. Glucose transporters
such as GLUT1, GLUT2, GLUT3, GLUT12, SGLT1-2 are over-expressed in
different types of cancer cells, especially GLUT1 (ovarian, esophageal, pancreat-
ic, breast, brain, renal, lung, cutaneous, colorectal, endometrial, and cervical).
Recently, Lippard et al. [71, 72] synthesized a series of positional isomers of
glucose-Pt conjugates and studied their binding specificity with GLUT1, cell up-
take, and cytotoxicity. Cla and C2-substituted conjugates showed potent cyto-
toxicity against DU145 cells; other conjugates were less cytotoxic. Uptake studies
in the presence and absence of the GLUT1 inhibitor cytochalasin B showed that
the C2 glucose-Pt conjugate is specifically taken up by the GLUT1 transporter
and exhibits potent cytotoxicity against a breast cancer mouse model that over-
expresses GLUT1 [71, 72].

Figure 9. Pt(IV)-mannose conjugates active against prostate cancer cells (LNCaP) re-
ported by Wang et al. [73]
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Pt(IV) conjugates of glucose, mannose (Figure 9), and rhamnose exhibit sig-
nificant activity against prostate cancer cells [73]. Pt(II)-GMP adducts were ob-
served only in the presence of ascorbic acid, indicating the importance of intra-
cellular reductants for the activity of the Pt(IV)-mannose conjugate. The
platinated DNA content was much higher for mannose-Pt(IV) conjugate in
HelLa cells, when compared with cisplatin and oxaliplatin. This result signifies
high cellular uptake of the mannose-Pt(IV) conjugate (Figure 9) followed by
intracellular reduction and the increased anticancer activity [73].

3.2. Synergistic Action

Synergistic action is one way of increasing the pharmacological activity of Pt(IV)
complexes by designing the axial ligands appropriately. The axial ligands can be
antiproliferative agents or bioactive molecules that enhance the activity of plati-
num drugs. Kelland et al. found that increasing the number of carbon atoms in
the axial position increases cell accumulation and enhances the cytotoxic activity
in vitro [74]. Tolan et al. reported that Pt(IV) complexes with mono- and bis-
indole derivatives in axial positions have increased uptake of Pt and higher reac-
tive oxygen species levels resulting in loss of mitochondrial membrane potential
and apoptosis [75].

Bioactive ligands such as small molecule inhibitors have been appended in
the axial position to target different DNA repair proteins and enzymes. Anti-
inflammatory drugs such as ibuprofen and indomethacin appended to the axial

Figure 10. Pt(IV) complexes with bioactive axial ligands: (a) ibuprofen, (b) valproate,
(¢) mitaplatin, and (d) ethacraplatin.
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position of cisplatin (Figure 10) increase the anticancer efficacy by inhibiting the
COX-2 enzyme known to be involved in tumorigenesis and drug resistance [76,
77]. Dyson et al. designed Pt(IV) complexes with axial ethacrynic acid to target
selectively cytosolic glutathione S-transferase (GST) that catalyzes the conjuga-
tion of glutathione to xenobiotic substrates [78, 79].

A similar strategy was followed by Dhar and Lippard who incorporated dichlo-
roacetate ligands in the axial positions of cisplatin (mitaplatin) to target the
mitochondrial membrane potential that triggers release of cytochrome ¢ and
induces signalling pathways leading to apoptosis [80]. Barnes, Kutikov, and Lip-
pard also designed a Pt(IV) complex based on cisplatin with two axial estrogens.
The estrogens induce the overexpression of HMGB1 proteins which bind to the
minor grove of bent platinated-DNA adducts and protects them from nucleotide
repair proteins. This improves the anticancer activity of the compound [81].

Shen et al. and Alessio et al. reported Pt(IV) complexes with axial valproato
ligands that exhibit histone deacetylase (HDAC) inhibitory activity and are 50-
fold more potent than cisplatin in various cancer cell lines [82, 83]. However,
there is a debate whether the activity is due to higher cellular uptake or HDAC
inhibitory activity, because the ICsy value of valproate is in the millimolar range.

3.3. Fluorescent Probes

Hambley and coworkers designed cisplatin analogues containing coumarin
(C120 and C151) fluorophores in their non-leaving position (Figure 11a,b) [84].
They observed that the fluorescence emission was quenched after complexation;
when the Pt(II) complex was oxidized to its corresponding Pt(IV) analogue, this
further diminished its fluorescence intensity. They followed the reduction of
Pt(IV) inside A2780 cells by confocal microscopy. Strong fluorescence signified
the reduction of Pt(IV) to Pt(II) in cells, but the distribution of Pt was different
for the Pt(IT) and Pt(IV) complexes. This indicates that the reduction takes place
after the uptake of Pt(IV).

Later Wilson and Lippard designed the dansyl Pt(II) and Pt(IV) complexes
shown in Figure 11c,d. The quantum yield of Pt(I) decreased from 27 % to
1.6 % after oxidation to Pt(IV). They proposed that this drastic change in the
fluorescence intensity will be useful for understanding the reduction of platinum
prodrugs in live cells [22]. Recently, a targeted theranostic Pt(IV) prodrug was
reported by Yuan et al. [86], a Pt(IV) complex containing cRGD for targeting
and luminogen for aggregation-induced emission (AIE) in its axial positions. The
prodrug is highly emissive after entering cells due to intracellular reduction [85].
Ang et al. reported a post-labelling strategy to study the intracellular distribution
of platinum complexes [29]. They designed a non-fluorescent probe by coupling
rhodamine B with diethyldithiocarbamate (Rho-DDTC) (Figure 12). This probe
selectively binds to Pt(II) species via diethyldithiocarbamate. Labilization of the
trans ligand facilitates reaction with the spirolactam motif and concomitant turn-
on fluorescence. The turn-on fluorescence of this probe is useful for detecting
Pt(II) species with cis-[PtA,X,] analogues. Pt(IV) complexes do not appear to
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Figure 11. Fluorescent tags appended to Pt(II) and Pt(IV) complexes.

Figure 12. Rhodamine B and fluorescein-appended dithiocarbamate and dithocarbamic
acid probes for detection of Pt(II) species in live cells.

turn-on Rho-DDTC fluorescence. This probe can be utilized to study further the
reduction of Pt(IV) complexes after cell internalization.

Recently, New et al. designed a fluorescent probe that selectively senses mono-
functional Pt(IT) complexes [28] by coupling fluorescein with dithiocarbamic acid
(Figure 12b). In the case of the bi-functional adduct, 7- stacking with the fluo-
rescein moiety leads to fluorescence quenching.
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4. PHOTOACTIVATABLE COMPLEXES

Platinum(IV) complexes have potential as prodrugs for photoactivatable chemo-
therapy (PACT). This strategy is attractive due to its spatial and temporal control
over the drug activation and specific targeting ability. An advantage of PACT is
that it leaves normal cells unaffected, so it is a potentially safer form of treatment
compared with radiotherapy, surgery, and other conventional chemotherapy. The
advantage of using PACT in cancer therapy over photodynamic therapy (PDT)
is that PDT requires oxygen for its activity (converts ground state triplet oxygen
to excited state singlet oxygen which Kkills cells), whereas cancer cells are often
deprived of oxygen (hypoxic). Two classes of photoactivatable Pt(IV) complexes
have been widely studied: diiodido-Pt(IV) complexes and diazido-Pt(IV) com-
plexes.

4.1. Diiodido Platinum(lV) Complexes

Bednarski et al. designed the photoactivatable diiodido-Pt(IV) anticancer com-
plex trans,cis-[PtCl,1(en)] containing ethylenediamine as a non-leaving ligand
to avoid photodimerization [86]. The photoreduction of trans,cis-[PtCl,1,(en)]
was monitored by the decrease in intensity of the iodide-to-Pt(IV) LMCT band.
However, unexpectedly this complex showed similar DNA binding ability in the
dark as in the light, which could be due to facile intracellular reduction by GSH

Figure 13. Proposed mechanism for the formation of the chelate-ring-opened Pt(II)
complex when glutathione reacts with the photoactive complex trans,cis-[Pt(OH),I,(en)].
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(Figure 13). Replacement of the chloride ligands by acetates improved the dark
stability of the complex [87].

Irradiation of trans,cis-[Pt(OAc),I,(en)] and calf thymus DNA with UVA at
375 nm gave rise to substantial DNA platination, but under similar conditions
trans,cis-[Pt(OH),l,(en)] did not. Hence, reduction of Pt(IV) to Pt(Il) is impor-
tant for platinated DNA adduct formation. The in vitro cytotoxicity of diiodido-
Pt(IV) complexes against TCCSUP bladder cancer cells increased after irradia-
tion, but the ICsy values were similar in the dark and in the light. In order to
understand the dark cytotoxicities of diiodido-Pt(IV) complexes, reactions of
trans,cis-[Pt(OH),I,(en)] with glutathione were studied [88]; unexpectedly they
form chelate ring-opened Pt(II) complexes at physiological pH. The complex
also forms Pt-DNA adducts in the presence of GSH much faster than [Ptl,(en)].
Diiodido-Pt(IV) complexes form >90 % Pt-DNA adducts in the presence GSH
(2 mol equiv) after 24 h at 37°C, whereas the dichlorido-Pt(IV) complex does
not react with DNA in the presence of GSH [89].

4.2. Diazido Platinum(lVV) Complexes

The first photochemical reductive elimination reaction for trans-[Pt(CN),(N3),]*
was reported by Vogler et al. in 1978 [90]. Irradiation of this complex with UVA
results in the formation of azidyl radicals with concomitant two-electron reduction
to [Pt(CN)4]>~. They proposed that unstable azidyl radicals react readily with sol-
vent molecules to produce N,. Diazido-Pt(IV) complexes have interesting antican-
cer activity. The X-ray crystal structures of diazido-Pt(IV) cisplatin analogues of
cis,cis,trans-[Pt(NH3),(N3),(OH),] and cistrans-[Pt(en)(N;),(OH),] have been re-
ported [91] (Figure 14). Unlike diiodido-Pt(IV) complexes, diazido-Pt(IV) com-
plexes show very good dark stability. They do not react with 5'-GMP or d(GpG)
in the dark over a period of one week at 25 °C. Irradiation with UVA or visible
light (A;; = 457.9 nm) results in formation of Pt(II) species that readily react with
N7 of 5'-GMP and d(GpG). The photodecomposition pathways can be monitored
by NMR. “N NMR is more useful than >N NMR since azide ligands have no
coupled protons and so the intensities of their >N resonances cannot be enhanced
by polarization transfer. However, the strongly-shielded *N resonance from the
coordinated azide (N,,) is very broad and difficult to detect, whereas Ng is remark-
ably sharp [92, 93]. Photolysis of cis,cis,trans-[Pt(NH3),(N3),(OH),] [94] gives rise

Figure 14. Photoactivatable cis diazido-Pt(IV) complexes.
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Figure 15. Photoactivatable trans diazido-Pt(IV) complexes with different non-leaving
ligands.

to azide in phosphate buffer, N, under acidic aqueous conditions, and ammonia
and O, at higher pH. These photodecomposition products along with Pt(II) spe-
cies could contribute to the different mechanism of action of cis diazido-Pt(IV)
complexes.

On irridiation with visible light, cis,trans-[Pt(en)(N3),(OH),] forms cross-links
with d(GpG) much faster than cisplatin [95]. Thus the interaction of diazido-
Pt(IV) complexes with DNA is different from cisplatin. Under dark conditions
these complexes are non-toxic, but after irradiation they are equally toxic to
cisplatin-resistant 5637 human bladder cancer cells. After light irradiation the
morphology of bladder cancer cells changed drastically; disintegration of cell
nuclei was observed [96].

Diazido-Pt(IV) complexes having trans diazido ligands exhibit different elec-
tronic properties compared with their cis isomers. The N;— Pt LMCT band of
trans,trans,trans-[Pt(N3),(OH),(NHj3),] shifts towards the visible region com-
pared with its cis isomer [97].

Excitation with longer wavelength light can allow deeper penetration into tis-
sues. Current clinical use of photodynamic therapy uses red light, although shorter
wavelength yellow, green, and blue light might be useful for surface cancers such
as bladder and esophageal. The photocytotoxicity of diazido-Pt(IV) complexes can
also be varied by changing the non-leaving ligands (Figure 15). When mixed amine
ligands such as pyridine, piperidine, piperazine, 4-picoline, isopropylamine, methyl-
amine, and thiazole are used, the photocytotoxicites increase drastically [98].
TDDFT calculations have revealed that the non-leaving ligands can play impor-
tant roles in increasing absorption at higher wavelengths, for example hydroquino-
line ligands form hydrogen bonds with axial -OH ligands and shift the absorption
towards the red region [99]. The anticancer activity of transtrans,trans-
[Pt(N3),(OH),(py)(NH3)] towards various cell lines has been studied (HL60,
OE19, A2780, and A2780cis). There is potent photocytotoxicity against HL60
cells, but no apoptosis, indicating a different mechanism compared to cisplatin
[100]. In general these diazido-Pt(IV) complexes do not undergo hydrolysis and
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Figure 16. Photoactivatable trans diazido-Pt(IV) complexes with bioactive axial ligands.

reduction in the dark [101], but in the presence of UVA readily form cytotoxic
photolysis products and do not show cross resistance with cisplatin.

The photo-induced reaction of trans,trans,trans-[Pt(N3),(OH),(MA)(py)] with
5’-GMP involves formation of azidyl radicals, free azide, N,, and singlet oxygen
[102]. The cytotoxic action of diazido-Pt(IV) complexes may result not only from
Pt(IT) but also from these additional reactive species produced during photolysis.
An interesting finding is the ability of the natural amino acid L-tryptophan (L-
Trp) to quench the azidyl radicals formed on photolysis of trans,trans,trans-
[Pt(N3)>(OH),(py),]. L-Trp (at 0.5 mM) can even protect A2780 ovarian cancer
cells from the cytotoxic effects of this complex [103]. This quenching may be the
result of electron transfer from tryptophan to azidyl radicals, and such effects
might be used to modulate the activity of the photochemotherapeutic diazido-
Pt(IV) complexes in cells.

The axial ligands can be used for targeting trans diazido-Pt(IV) complexes. For
example, guanidinoneomycin has been appended in the axial position of
trans,trans,trans-[Pt(N3),(OH)(OR)(py),] as a carboxylate derivative (Figure 16a)
to target RNA selectively [104]. This conjugate exhibits similar photocytotoxicity
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to that of its parent compound against SK-MEL-28 melanoma cells, but is less
photocytoxic to DU-145 human prostate cells.

Similarly, a stable free radical TEMPO (2,2,6,6-tetramethylpiperidine 1-oxyl)
has been tethered in the axial position (Figure 16b). The photocytotoxicity of
the conjugate increased by 1.2 X against A2780 ovarian cancer cells compared
with its parent analogue, probably due to the antioxidant properties of TEMPO
[105].

5. NANO MATERIALS FOR DRUG DELIVERY
5.1. Metallic Nanoparticles

Gold nanoparticles (AuNPs) are attractive drug delivery vehicles because of their
high biocompatibility, low toxicity, non-immunogenicity, and high tissue permea-
bility. Lippard et al. [106] have designed a Pt(IV) analogue of cisplatin with a
tethered succinate group in an axial position. They functionalized AuNPs with
thiolated 28-mer oligonucleotides having a terminal dodecyl amine and conjugated
to the Pt(IV) prodrug cis,cis,trans-[Pt(NH;),Cl,(OH)(OOCCH,CH,CO,H] using
amide coupling [109]. Pt-DNA-AuNP constructs are internalized in cells and re-
duced by intracellular reductants resulting in the release of an active Pt(II) ana-
logue that forms 1,2-d(GpG) intrastrand cross-links with DNA. Most importantly
the construct showed high antiproliferative activity against different cancer cell
lines and was more effective than cisplatin. In another study, Shi et al. designed a
Pt(IV) complex with an axial adamantyl unit and attached it to f3-cyclodextrin-
modified gold nanoparticles using B-cyclodextrin and adamantane host-guest inter-
actions [107] (Figure 17). Clustering of the prodrug-loaded AuNP nanoparticles
was observed in the nuclear region of SK-N-SH neuroblastoma cells. The in vitro
toxicity of this compound was low compared with cisplatin, suggesting that the
Pt(IV) prodrug is not completely reduced to the cytotoxic Pt(Il) analogue.

Liu and coworkers have engineered gold nanorods (GNRs) for delivery of
platinum anticancer drugs [108] by PEGylation to increase the drug circulation
time in the blood stream, and conjugated to Pt(IV) prodrugs using EDC cou-
pling. Pt(IV) functionalized GNRs display high cellular uptake and exhibit po-
tent cytotoxicity against cancer cell lines. Most notably Pt-PEG-GNRs are not
affected by cellular resistance which is a commonly encountered problem with
platinum-based drugs. The uptake of Pt-PEG-GNRs is not affected by low-level
expression of the copper transporter Ctrl, nor higher concentrations of glutathi-
one and metallothionein.

Quantum dots (QDs) are semiconductor nanomaterials which possess interest-
ing electronic properties that vary with the size of the particles. Mareque-Rivas
and coworkers have reported the reduction of the Pt(IV) complex [PtCly(bpy)]
(bpy = 2,2'-bipyridine) to Pt(II) by CdSe-ZnS QDs in the presence of visible
light [109] (Figure 18). Even in the absence of covalent attachment, the reduction
of the Pt(IV) complex was efficient. They believe that this strategy can be uti-
lized to activate other photoactivatable anticancer complexes as well. Later they
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Figure 17. (a) Pt-DNA-AuNP construct, (b) Pt(IV) prodrug attached to AuNPs using
host-guest interaction between p-cyclodextrin and adamantane units.

Figure 18. Visible light-induced electron transfer from CdSe-ZnS QDs to [PtCly(bpy)].
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designed micelles filled with QDs that react with fac-[**™Tc(OH,);(CO)s]™ to
give a bimodal single photon-emission-computed tomography (SPECT) optical
probe, which, on irradiation with visible light, generates cytotoxic Pt(II) com-
plexes from inert Pt(IV) complexes [110].

Encapsulation of iron oxide nanoparticles (IONPs) with FITC-modified gela-
tin using hydrophobic-hydrophobic interactions has been reported by Cheng et
al. [111]. The presence of a free amine group on gelatin was utilized to conjugate
a Pt(IV) prodrug covalently. The construct shows good anticancer activity
against MCF-7 cells, mainly due to the reduction of Pt(IV) prodrug to cytotoxic
Pt(IT) analogues intracellularly, and are potential candidates for drug delivery,
MRI contrast, and fluorescence-sensing in cancer therapy.

5.2. Polymeric Nanoparticles

Polymeric nanoparticles have been extensively explored as drug carriers for
Pt(IV) prodrugs. They are often formed from amphiphilic block co-polymers
which contain a hydrophobic head and a hydrophilic tail. In water, the hydropho-
bic regions cluster to form a core with the hydrophilic portion exposed to water.
Pt(IV) prodrugs can be loaded into polymeric nanoparticles either by encapsula-
tion in the hydrophobic core or covalent conjugation on the backbone of the
polymeric chain.

5.2.1. Non-covalent Encapsulation of Pt(IV) Prodrugs

The co-polymer poly(lactic-co-glycolic acid)-block-poly(ethylene glycol)
(PLGA-PEG) has been extensively studied as a drug carrier, where PLGA and
PEG act as hydrophobic and hydrophilic parts, respectively. The properties and
assembly of these nanoparticles can be tuned by changing the lactic acid/glycolic
acid ratio which leads to different PLGA block sizes. Both PLGA and PEG have
been declared by the FDA as safe delivery vehicles.

PLGA-PEG-COOH nanoparticles have been used to encapsulate the
hydrophobic hexanoate-bearing Pt(IV) prodrug cis,cis,trans-[Pt(NHj3),-
Cl,(OOCCH,CH,CH,CH,CHj),]. The free carboxylic acid group on the poly-
mer has been conjugated to a targeting RNA aptamer that specifically recognizes
prostate-specific membrane antigen (PSMA) [112]. PSMA is highly expressed in
prostate cancer cells, so this construct can be used to treat prostate cancer mainly
in the metastatic and hormone-refractory forms. The Pt(IV) prodrug-loaded con-
struct gave rise to substantial reduction in tumor size in mice injected with
LNCaP cells to form a subcutaneous xenograft. Prolonged blood circulation
time, PSMA targeting ability, and the enhanced permeability and retention effect
all appear to contribute to the observed high activity of this construct. Increasing
the length of the polymethylene chain of the axial alkyl carboxylate ligand in
cis, cis,trans-[ Pt(NH;3),Cl,(OOC(CH,),CH3),] increases the loading of the Pt(IV)
prodrug and leads to aggregation of these particles [113]. Different functionaliza-
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Figure 19. Polymers and Pt(IV) prodrugs which have been used for nanoencapsulation
[118].

tion of the Pt(IV) complex can be achieved using azide-alkyne click reactions.
Copper-free click chemistry has the advantage of not requiring ascorbate which
might reduce Pt(IV) prodrugs readily. The Pt(IV) prodrug was tethered with an
axial azide and reacted with azadibenzocyclooctyne (ADIBO) [114, 115]. The
increased lipophilicity of the clicked conjugate allowed encapsulation in nano-
particles with a very high loading of the Pt(IV) prodrug (Figure 19). The polymer
backbone was modified with positively-charged lipophilic triphenylphosphonium
groups that can target mitochondria. This construct was 17 times more potent
towards neuroblastoma cells than cisplatin.

Instead of synthetic polymers, natural polymers such as silk fibroin can be used
as carriers for Pt(IV) prodrugs [116]. The axial ligands in Pt(IV) complexes not
only control the hydrophobicity of the complexes, but also possess biological
activity when released. The Pt(IV) complex with, for example, axial valproate
(VAAP, an antiepileptic drug) ligands has increased hydrophobicity, facilitates
encapsulation inside polymeric nanoparticles, and at the same time it acts as a
histone deacetylase inhibitor when released. This dual-thread complex potenti-
ates the anticancer activity [117].

5.2.2.  Covalent Functionalization with Pt(IV) Prodrugs

Zhang et al. have reported the covalent functionalization of a Pt(IV) prodrug
containing axial levulinate ligands with hydrazine-terminated poly(ethylene gly-
col)-block-poly(L-lactic acid) (PLA-PEG) [118]. The delivery of the platinum
complex from this conjugate can be tuned under acidic conditions due to the
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acid lability of the hydrazone linkage. This conjugate was more active towards
ovarian cancer cells than cisplatin. Commonly Pt(IV) complexes with succinate
axial ligands are coupled with hydroxyl or ammine terminated polymer chains
via amide or ester bond formation. mPEG-PLA-OH was conjugated with succi-
nate ligands of cis,cis trans-[Pt(NH;),Cl,(OOCCH,CH,COOH),] which forms
micelles in aqueous solution and undergoes thermo-reversible hydrogel forma-
tion at 37 °C [119]. This conjugate releases cisplatin in a controlled manner and
is more active than cisplatin itself.

In another strategy, two different polymer chains have been covalently func-
tionalized with two different anticancer drugs to make composite nanoparticles.
Jing and coworkers conjugated daunorubicin with the pendant carboxyl group
of biodegradable methoxyl-poly-(ethylene glycol)-block-poly(lactide-co-2-meth-
yl-2-carboxyl-propylene carbonate) (P1). P1 was treated with ethanolamine to
convert the carboxylic acid to a terminal alcohol (P2). Then this was conjugated
with the axial carboxylate of the succinato derivative of oxidized dihydroxido-
oxaliplatin. These two polymers having similar polymer backbones co-assemble
to micelles. This conjugate releases oxaliplatin in reducing environments and
daunorubicin during hydrolysis [120]. It reduces the systemic toxicity and in-
creases the efficacy due to synergetic effects when compared with the combina-
tion of these two drugs without polymer functionalization in vitro and in vivo.
They further conjugated a cisplatin prodrug and paclitaxel to polymeric chains
by using a similar strategy to make composite nanoparticles [121].

A Pt(IV) prodrug of cisplatin with axial dichloroacetate (DCA) and succinate
ligands has been prepared. The succinate arm was used to conjugate with me-
thoxyl-poly(ethylene  glycol)-block-poly(g-caprolactone)-block-poly(L-lysine)
(MPEG-b-PCL-b-PLL) and the DCA ligand targets mitochondria. This multi-
functional Pt(IV) hybrid is highly active against SKOV-3 human ovarian cancer
cells when compared with its Pt(IV) precursors [122].

Photoactivatable Pt(IV) complexes containing cis azide ligands conjugated
with polymers are stable in the dark, but after irradiation with UVA release
cytotoxic Pt(I) species. A polymer nanoparticle conjugate with cis trans-
[Pt(DACH)(N3),(OH)(OOCCH,CH,CO,H)] injected intratumorally in a xeno-
graft model of murine hepatocarcinoma and irradiated with UVA for 1 h result-
ed in reduction in tumor growth [123].

In the aforementioned strategies, Pt(IV) prodrugs are buried inside polymer
nanoparticles. Polymeric nanoparticles with free succinate arms on the surface
conjugated with cis,cis,trans-[Pt(NH;3),Cl,(OH),] show an initial burst and then
a slow sustained release of the platinum drug [124].

5.3. Carbon-Based Materials

Carbon nanotubes have been extensively studied as drug carriers. Lippard and
coworkers attached SWCNTs to the Pt(IV) prodrug cis,cis trans-[Pt(NH;),-
Cl,(OEt)(OOCCH,CH,COOH)] [125]. The SWCNTs were functionalized with
phospholipid-PEG-NH, through non-covalent interaction between SWCNTs and
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Figure 20. (a) Non-covalent attachment of SWCNT with the Pt(IV) prodrug, (b) folate
and Pt(IV) prodrug functionalized carbon dots (CD).

phospholipid. A PEG spacer containing a free amine was covalently conjugated
with the carboxylic acid group of the Pt(IV) prodrug. Co-tethered fluorescein-
based fluorophores revealed that this conjugate was highly localized in the nucleus
and cytosol when compared with the Pt(IV) prodrug and cisplatin. The conjugate
exhibited potent toxicity against the testicular carcinoma cell line NTera-2. Incor-
poration of an axial folate derivative in the Pt(IV) prodrug ciscis trans-
[Pt(NH3),Cl,(OOCCH,CH,COOH)(OOCCH,CH,CONH-PEG-FA)] functional-
ized with SWCNT-PL-PEG-NH, provides specific targeting to cancer cells that over-
express folate receptors (FR+). Fluorescence microscopy imaging using a fluores-
cein isothiocyanate (FITC)-labelled folate derivative (Figure 20) on the surface of
the SWCNTSs showed high accumulation of this conjugate on FR(+) KB cells when
compared with FR(-) NTera-2 cells [126].
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In addition to surface functionalization, the internal cavity of nanotubes has
been investigated for drug loading and delivery applications. MWCNTSs have larg-
er inner diameters than SWCNTs and are preferred for loading the hydrophobic
cisplatin prodrug cis,cis,trans-[Pt(NH;3),Cl,(OOCC4Hs),] by nanoextraction.

This construct releases Pt in the presence of a reducing agent. The activity is
improved when the surface is functionalized with a rhodamine dye that targets
mitochondria. In vivo studies in mice showed that this construct releases lower
levels of platinum to the liver and kidney compared to cisplatin, but accumula-
tion in the lungs increased [127]. A dual threat Pt(IV) complex was prepared
by coupling the amine group of doxorubicin with cis,cis trans-[Pt(NHj3),-
Cl,(OOCCgH;5)(OOCCH,CH,COOH)]. The conjugate is highly hydrophobic
and readily encapsulated in MWCNTSs. The surface of the nanotubes has been
conjugated with integrin-targeting c(RGDfK) peptide to target cancer cells. Dur-
ing the reduction, this conjugate releases the two chemotherapeutic drugs doxo-
rubicin and cisplatin simultaneously [128].

Carbon nanoparticles are attracting interest due to their striking photophysical
properties and ease of preparation [129,130]. Liu and coworkers [131] have syn-
thesized carboxylic acid functionalized carbon nanoparticles conjugated with
cis,trans, cis-[Pt(N3),(OH),(NH3)(3-NH,py)] for targeting; folic acid was also
conjugated to the nanoparticles via an ethylenediamine linker. Microscopy
showed that functionalization does not change the shape of the particles. Irradia-
tion of this construct resulted in formation of Pt(II) species, not only via excita-
tion of the platinum center, but also via excitation of carbon nanoparticles
through photo-induced electron transfer [131].

5.4. Supramolecular Motifs

Nanoscale coordination polymers (NCPs) have been prepared from Pt(IV) pro-
drugs containing two succinate pendant arms. The reaction of Tb(III) with
cis, cis,trans-[ Pt(NH;3),Cl,(OOCCH,CH,COOH),] results in a cross-linked coor-
dination polymer which can be coated with silyl-derivatized c¢(RGDfK) to target
cancer cells that overexpress integrin. Microscopy shows that this construct self-
assembles into nanoparticles with cytotoxicity selective towards HT-29 colon
cancer cells which overexpress a,[33 integrin compared to MCF-7 breast cancer
cells which do not [132]. Platinum(IV) prodrugs with pendant phosphonate li-
gands treated with Zn(II) ions also give rise to coordination polymers. PEGyla-
tion (phospholipids, cholesterol, and PEGylated phospholipids) avoids prema-
ture drug release before the NCPs reach the target by the EPR effect.
Fluorescently-labelled analogues of this construct allow the internalization pro-
cess to be studied by fluorescence microscopy. In vitro studies carried out with
different inhibitors showed that cell internalization proceeds via endocytosis.
Pharmacokinetic studies show a 40-fold increase in blood circulation time of this
construct compared with parent drugs [133] (Figure 21).

Post-synthetic modification has also been used to design iron-carboxylate metal
organic frameworks (MOF) for imaging and delivery of platinum complexes.
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Figure 21. Axial functionalized Pt(IV) complexes for designing polymeric coordination
frameworks.

2-Aminoterephthalic acid attached to BODIPY and the Pt(IV) prodrug
cis, cis,trans-[ Pt(NH3),Cl,(OEt)(OOCCH,CH,COOH)] yields a MOF on treat-
ment with an iron salt, which after coating with SiO,, yields a core-shell nanostruc-
ture. The potency of this construct is slightly less than cisplatin towards HT-29 cells,
but is increased on functionalization of the silica surface with c((RGDfK) [134].

Supramolecular cages have been investigated for the delivery of platinum anti-
cancer drugs. Reaction of dichloro(ethylenediamine)Pt(II) with 2,4,6-tris(2-pyri-
dyl)-s-triazine results in the formation of a supramolecular cage, in which Pt
occupies the vertices of an octahedron and triazine ligands are present in four
faces of the polyhedron. The remaining four faces can encapsulate cis,cis,trans-
[PtCl,(NH3),(OCONHC,oH,5)(OOCCH,CH,COOH)] via the axial adamantyl
unit. The free succinate arm is exposed to solvent, which increases water solubili-
ty and acts as a handle for further functionalization with bioactive molecules or
targeting groups [135].

5.5. Upconversion Nanoparticles

Upconversion nanoparticles (UCNPs) are an interesting class of nanomaterials
for converting low energy into high-energy photons. They are generally made
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Figure 22. Pt(IV)-functionalized upconversion nanoparticles for applications in NIR-
triggered drug delivery.

up of an inorganic host material such as YF; doped with Ln®* ions. Several
mechanisms have been proposed to explain the upconversion processes such as
excited state absorbance (ESA), energy transfer upconversion (ETU), photon
avalanche (PA), cooperative sensitization upconversion (CSU), and cross relaxa-
tion (CR) [136]. Upconversion nanoparticles have advantages such as easy sur-
face functionalization, multi-color luminescence, low cytotoxicity, and an ability
to convert deep-penetrating NIR radiation into high energy UV/Vis light for
drug release with spatial and temporal control. UCNPs therefore have potential
applications in light-activated drug delivery systems (PDT and PACT).

Min et al. [137] have reported the NIR-mediated delivery of antitumor
platinum complexes from the surface of silica-coated UCNPs. They functional-
ized the surface of UCNPs@SiO, with a photoactivatable Pt(IV) prodrug and
an apoptosis-sensing peptide. The synthesis was carried out by reacting
amine-functionalized UCNPs@SiO, with transtrans,trans-[Pt(N3),(OH)-
(OCOCH,CH,COONHS)(Py),]. Prior to this, the surface of the UCNPs was
modified with an oligo(ethyl glycol) (APEGg) linker containing a maleimide
group which facilitates the reaction with a thiol group present in the sensing
peptide. After irradiating the Pt(IV) prodrug-functionalized UCNPs with a 980
nm infrared laser the cytotoxic platinum(II) complex was released. The anti-
cancer activity of the Pt(IV) probe UCNPs@SiO, was tested against cisplatin-
sensitive A2780 and resistant A2780cis human ovarian cancer cells using the
MTT assay. The Pt(IV) probe UCNPs@SiO, is not cytotoxic but becomes cyto-
toxic after irradiation, which increases with increasing light exposure time.
Pt(IV) probe UCNPs@SiO, nanoparticles are significantly active against cis-
platin-resistant A2780 cell lines. The sensing peptide probe, Cy5-acp-CGDEV-
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DAK-Qsy21 on the surface of Pt-UCNPs@SiO, showed weak fluorescence be-
cause of FRET, but after irradiation, Pt(IV) species are reduced to cytotoxic
Pt(IT) species which induce apoptosis, further activate caspase-3 and disrupt the
FRET process by moving the Qsy21 non-fluorescent diarylrhodamine quencher
chromophore away from Cy5 leading to significant fluorescence emission from
CyS5. This system has potential as a real-time tumor marker to evaluate the
anticancer activity at the cellular level [137].

In an another example, Ruggiero et al. reported the synthesis and photoactiva-
tion of Pt(IV)-conjugated Tm-doped UCNPs [138]. They coupled cis,cis, trans-
[Pt(NH3),(Cl),(O,CCH,CH,CO,H),] to the surface of NaYF,:Yb3>*/Tm*" na-
nocrystals. To improve the biocompatibility, it was further functionalized with
PEGylated phospholipid DSPE-PEG(2000). They followed the photoactivation
of Pt(IV) functionalized NaYF,:Yb*+/Tm3* particles by 'H NMR spectroscopy,
and subsequent photo-reduction of Pt(IV) to Pt(II) was monitored by XPS (X-
ray photoelectron spectroscopy).

Perfahl et al. have reported the synthesis and photoactivation of diiodido-
Pt(IV) complexes coupled to UCNPs [139]. They used two strategies to attach
diiodido-Pt(IV) complexes to UCNPs (Yb, Er- and Yb,Tm-doped (-NaGdF,).
The first involved covalent conjugation of succinate appended diiodido-Pt(IV)
complexes to amine-functionalized UCNPs. The second involved the exchange
of oleate by the carboxylate of diiodido-Pt(IV) carboxylato complexes. When
980 nm NIR laser radiation of was used to activate the diiodido-Pt(IV) complex-
es, the stability of the complexes was little affected. In contrast, irradiation of
diiodido-Pt(IV) complexes attached to UCNPs with 980 nm laser irradiation
resulted in the loss of the ligand-to-metal charge-transfer band and release of
Pt(IT) complexes which then bind strongly to calf-thymus DNA (ct-DNA). The
release of platinum was faster in the case of covalently conjugated UCNPs
compared with carboxylate-attached UCNPs. After irradiation with NIR, the
UCNPs-Pt conjugates and constructs showed significant toxicity towards human
leukemia HL60 cells.

6. CONCLUDING REMARKS

This chapter summarizes recent studies on the synthesis, characterization, redox
properties and biological activity of Pt(IV) prodrugs. The ease of synthesis by
oxidative addition to Pt(II) precursors and incorporation of functional groups,
targeting groups, and bioactive ligands into one or both axial positions, gives rise
to many families of complexes both as small molecules, polymers and larger
nanoparticles, with a wealth of potential applications. In particular the use of
relatively inert Pt(IV) prodrugs which are activated near target sites either by
chemical reduction, by light, or heat, might avoid systemic toxicity and unwanted
side effects commonly seen for Pt(II) drugs. Some Pt(IV) pro-drugs have been
on clinical trials, but, so far, have not been demonstrated to have advantages
over Pt(IT) drugs. However, we can expect more Pt(IV) produgs to enter clinical
trials in the future.
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This field is stimulating fundamental studies on the mechanisms of ligand sub-
stitution and reduction of Pt(IV) complexes, both chemical and photophysical.
The challenge of understanding the activation and targeting of Pt(IV) prodrugs
in biological cells in the complicated network of dynamic intracellular pathways
and feedback loops, which often operate far from thermodynamic equilibrium,
is a major one for the future.
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ABBREVIATIONS

AuNP gold nanoparticles

BODIPY 4 4-difluoro-4-bora-3a,4a-diaza-s-indacene
bpy 2,2'-bipyridine

cha cyclohexylamine

CSuU cooperative sensitization upconversion

Cy5 cyanine 5

DMF dimethylformamide

DMSO dimethylsulfoxide

EDC 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
en ethylenediamine = ethane-1,2-diamine

EPR enhanced permeability and retention effect
FA folic acid

FDA US Food and Drug Administration

FITC fluoroscein isothiocyanate

FR folate receptor

FRET Forster resonance energy transfer

FTIR Fourier transform-infrared

GSH glutathione

5'-GMP guanosine 5’-monophosphate

GNR gold nanorod

HSA human serum albumin

1Cs half maximal inhibitory concentration
LMCT ligand-to-metal charge-transfer

MA methylamine

MRI magnetic resonance imaging

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

MW molecular weight
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MWCNT multiwall carbon nanotubes
NADH nicotinamide adenine dinucleotide reduced
NCP nanoscale coordination polymer

NIR

near infrared

NMR nuclear magnetic resonance

PA

photon avalanche

PACT photoactivatable chemotherapy
PDT photodynamic therapy
PEG poly(ethylene glycol)

PL

polylysine

PLA poly(L-lactic acid)
PLGA poly(lactic-co-glycolic acid)
PSMA prostate-specific membrane antigen

py

QDb

It

pyridine
quantum dot
room temperature

SWCNT single-walled carbon nanotubes

TDDFT time-dependent density functional theory
TEMPO 2,2,6,6-tetramethylpiperidine 1-oxyl
UCNP upconversion nanoparticle
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Abstract: Glycosaminoglycans (GAGs) such as heparin and heparan sulfate (HS) are large
complex carbohydrate molecules that bind to a wide variety of proteins and exercise important
physiological and pathological processes. This chapter focuses on the concept of metallogly-
comics and reviews the structure and conformation of GAGs and the role of various metal
ions during the interaction of GAGs with their biological partners such as proteins and en-
zymes. The use of metal complexes in heparin analysis is discussed. Cleavage of heparan
sulfate proteoglycans (HSPGs) by the enzyme heparanase modulates tumor-related events
including angiogenesis, cell invasion, metastasis, and inflammation. HS is identified as a ligand
receptor for polynuclear platinum complexes (PPCs) defining a new mechanism of cellular
accumulation for platinum drugs with implications for tumor selectivity. The covalent and non-
covalent interaction of PPCs with GAGs and the functional consequences of strong binding
with HS are explained in detail. Sulfate cluster anchoring shields the sulfates from recognition
by charged protein residues preventing the exercise of the HS-enzyme/protein function, such
as growth factor recognition and the activity of heparanase on HS. The cellular consequences
are inhibition of invasion and angiogenesis. Metalloglycomics is a potentially rich new area of
endeavor for bioinorganic chemists to study the relevance of intrinsic metal ions in heparin/
HS-protein interactions and for development of new compounds for therapeutic, analytical,
and imaging applications.

Keywords: heparan sulfate - heparin - proteoglycans - metal ions - platinum anticancer drugs

1. INTRODUCTION. METALLOGLYCOMICS, HEPARIN,
AND HEPARAN SULFATE

This chapter introduces the concept of metalloglycomics — the study of the inter-
action of metal ions and coordination compounds with biologically relevant oli-
gosaccharides and, in particular, glycosaminoglycans and proteoglycans. Glycom-
ics itself is a very broad scientific discipline elucidating the diverse array of
structure and function of glycans in biological systems [1-3]. Sugars are consid-
ered the most abundant class of organic molecules on earth and, taking the
varying complexity into consideration, are the third major class of biomolecules
after proteins and nucleic acids. Glycans are unbranched anionic polysaccharides
found as large structural units or protein and lipid conjugates of varying size. The
glycosaminoglycans (GAGs) are linear polysaccharides composed of repeating
disaccharide units of alternating uronic acid and hexosamine residues. When
conjugated with proteins, the proteoglycans are found in connective tissue with
critical functions in cellular adhesion and migration. In the extracellular matrix
proteoglycans form large complexes, both to other proteoglycans, to hyaluronan
(an unsulfated GAG), and to fibrous matrix proteins such as collagen, affecting
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the activity and stability of proteins and signaling molecules within the matrix.
Individual functions of proteoglycans can be attributed to either the protein core
or the attached GAG chain.

Heparin is a sulfated glycosaminoglycan with numerous important biological
activities associated with its interaction with diverse proteins, including growth
factors, proteases, lipid-binding proteins, and adhesion proteins [4, 5]. Heparin
is widely used as an anticoagulant drug based on its ability to accelerate the rate
at which antithrombin inhibits serine proteases in the blood coagulation cascade.
The discovery and use of heparin for treatment of thrombosis in humans has
been an iconic and important medical discovery with a lasting impact on health
as well as being a billion-dollar industry [3, 4]. Endogenous human heparin is
found exclusively in a subset of mast cells where it may function as a means of
immunological protection [4, 6]. During their biosynthesis, heparin chains are
attached to a unique core protein, serglycin, found only in mast cells and some
hematopoietic cells. Sequential processing eventually produces small (ca. 15—
20 kDa) polysaccharide chains of GAG heparin. The vast majority of the chemi-
cal and physical properties of heparin are related to GAG structure or sequence
and conformation as well as molecular weight and charge density. Heparin has
the highest negative charge density of any known biological macromolecule be-
cause of its high content of negatively charged sulfate and carboxylate groups —
the average heparin disaccharide contains 2.7 sulfate groups.

Heparan sulfate (HS) (or heparan sulfate glycosaminoglycans (HSGAGsS)) is
ubiquitously expressed on the surfaces of animal cells and as a component of
extracellular matrices and basement membranes [4, 7]. HS is structurally related
to heparin but has a more varied structure with overall less sulfate substitution
but with sequences of low or high sulfation. Heparin, which is widely available
due to its anti-coagulant use, is often used as a model compound for HS. Present
at the cell-tissue—organ interface, HSGAGs exert crucial regulatory roles in nor-
mal physiological processes such as embryogenesis, as well as in pathophysiologi-
cal conditions, including the processes of tumor onset and progression [7]. HS
is found in vivo attached to various core protein conjugates, heparan sulfate
proteoglycans (HSPGs). The principal cell surface HSPGs are the syndecans
(integral membrane proteins) and glypicans (GPI-anchored proteins). Basement
membrane proteoglycans include perlecans, agrin, and collagen Type XVIII [7].
HS, as with heparin, interacts with many important proteins regulating a range
of biological activities including cell proliferation, inflammation, angiogenesis,
viral infectivity, and development [4, 7]. Other structurally discrete oligosaccha-
rides include chondroitin, dermatan and keratan sulfates which each have their
own distinct biological activities [8-10]. The intriguing heterogeneity of these
biomolecules may be realistically related to the exercise of specific biological
functions and requires a full understanding of their interactions at the molecular
level to elucidate their importance.
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2. STRUCTURE AND CONFORMATION OF HEPARIN AND
HEPARAN SULFATE

Both HS and heparin are alternating copolymers of glucosamine with both idu-
ronic and glucoronate-containing sequences which may be variably substituted
at the O-sulfate, N-sulfate, and N-acetyl positions. The primary receptors for
many heparin/HS-protein interactions are the sulfate groups and protein recog-
nition is affected by substitution pattern, molecular shape, and internal mobility
[11, 12]. A combination of solution-state NMR, fiber diffraction and crystallo-
graphic data, as well as molecular modelling, has defined the standard single-
stranded helical nature of heparin (Figure 1).

Figure 1. NMR-derived solution structure of the heparin dodecamer (PDB 1HPN)
where all IdoA(2S) residues are either in 2S, conformation (a) or in 'C4 conformation (b)
[11, 12]. Sulfate groups in both the conformers are indicated by asterisks.
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Figure 2. (a) Major repeating disaccharide unit of (i) heparan sulfate; (ii) heparin; and
(iii) variable repeating disaccharide unit of heparin and heparan sulfate. @ and 3 denote
glycosidic torsion angles. (b) Equilibrium between the two major conformations found in
IdoA(2S) residues of heparin and heparan sulfate.

In detail, HS sequences consist of repeating 1 — 4 linked disaccharide units
of uronic acid and D-glucosamine, where uronic acid is either D-glucouronate
(GlcA) or its C5 epimer, L-iduronate (IdoA), and D-glucosamine is either N-
sulfoglucosamine (GIcNS) or N-acetylglucosamine (GlcNAc). The HS sequences
are modified by O-sulfation at the 2-O position of uronic acid and the 6-O and
3-0 positions of D-glucosamine residues (Figure 2a).

The extreme structural diversity of HS is a result of variable distribution of the
above residues and presence/absence of sulfate groups along the polysaccharide
chains. HS sequences are structurally related to heparin polysaccharides and the
main structural differences between heparin and HS are: (i) the major uronic
acid residues in heparin are mainly IdoA units, whereas in HS they are mainly
GlcA residues with a substantial amount of IdoA residues; (ii) The D-glucosam-
ine residues in heparin are mainly N-sulfated (GIcNS) whereas in HS they are
N-acetylated (GlcNAc); (iii) 70-80 % repeating disaccharide units of heparin are
IdoA(2S)-GIcNS(6S), whereas in HS 40-60 % of disaccharide units are GIcA-
GIcNS/NAc. These structural differences make heparin more sulfated and more
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negatively charged than HS [4, 13]. The HS backbone typically contains 50—
400 monosaccharide units and has a much higher average molecular weight
(ca. 50 kDa) than that of heparin (ca. 20 kDa) [4, 11, 14].

Much information on heparin and HS structure has been obtained from studies
on small site-specifically modified polysaccharides. Analysis of the conforma-
tions of monosaccharide units of free heparin/HS indicates that glucosamine resi-
dues irrespective of substitution at the N and O positions prefer “C; chair confor-
mation [15, 16]. Much attention has been focused on the conformationally
flexible iduronic acid residue (IdoA(2S)) of HS/heparin which can potentially
adopt both the 'C, chair and 2S, skew boat conformations (Figure 2b) [17-19].
This type of conformational flexibility is not common in oligosaccharide struc-
tures, where flexibility is generally associated with the rotational freedom around
the glycosidic linkages. Extensive NMR and molecular mechanic studies on hep-
arin show that the equilibrium between the !C, and %S, forms and the contribu-
tion of the conformers to the equilibrium is dependent on the sulfation substitu-
tion and structures of the adjacent monosaccharide units [16]. For example, the
ratio of 'C, and 2S, conformers of IdoA(2S) in heparin is 60:40 whereas in the
antithrombin-binding sequence, Fondaparinux (FPX, see Figure 3), which contains
a trisulfated glucosamine adjacent to IdoA(2S), the ratio of 'C,4 and 2S, conform-
ers is 40:60 [17]. Importantly, when HS fragments bind to their biological recep-
tors, IdoA(2S) adopts the most favorable conformation depending on the receptor.

NMR and density functional theory (DFT) on a trisaccharide from heparin re-
peating sequence has been studied where the central iduronic acid residue is again
in either the 'C,4 or 2S, conformation [20]. These studies report detailed analysis
of coupling constants and the optimized structures obtained showed differences
in geometry at the glycosidic linkages, and in the formation of intramolecular
hydrogen bonds for the conformers. Combined with circular dichroism, NMR
spectroscopy, and molecular modeling, as well as DFT, are increasingly useful in
interpreting the mechanism of action of GAGs and in drug design [21-23].

2.1. Heparin and Heparan Sulfate Binding to Proteins

HS sequences bind to a wide range of proteins, growth factors, and enzymes and
influence their cellular processes [4, 6, 14, 24]. A full description of these interac-
tions is simply beyond the scope of this review but two well-studied examples of
specific interest are interactions with the plasma protein antithrombin-III (AT)
and growth factors such as fibroblast growth factor (FGF) and its receptor
(FGFR). Conformational and chemical factors such as torsion angles around
glycosidic linkages and the conformation of the critical IdoA(2S) residues, the
presence and distribution of sulfate groups and associated cation effects, are all
parameters intimately involved in protein recognition.

The anticoagulant effect of heparin is manifested through its interaction with
the plasma protein antithrombin-III. The structural requirements for heparin
binding to AT, as shown in Figure 3, have been elucidated based on the crystal
structures of FPX with AT [25]. The crystal structure of FPX bound to thrombo-
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Figure 3. Structure of Fondaparinux (FPX), a highly-sulfated heparin mimetic used as an
antithrombotic agent. The pentasaccharide incorporates the essential structural features
required for heparin binding to the plasma protein antithrombin-III. Cleavage patterns of
FPX by human (heparanase) and bacterial (heparinase I or II) enzymes are illustrated (see
Section 2.2).
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spondin-1 (TSPN-1) also delineated similar binding features [26]. Fondaparinux
(Arixtra) (Figure 3) is the highly sulfated synthetic glycosaminoglycan-based
fragment GIcNS(6S)-GlcA-GIcNS(3S)(6S)-1doA(2S)-GlecNS(6S) that has been
used clinically as an antithrombotic agent since the 1940s [27].

Structure-activity relationships for a series of related pentasaccharides varying
the number and positions of the carboxylate and sulfate residues have also con-
firmed these essential features and the importance of a pentasaccharide se-
quence for binding [28]. Removal of the 3-O-sulfate in the central ring (C) of
FPX decreases binding affinity to AT by approximately four orders of magni-
tude.

The solution structure of FPX, combined with DFT calculations, has been re-
solved [29]. NMR studies on FPX bound to AT showed that the protein drives
the conformation of IdoA(2S) to a skew boat (*Sy) form and also induces a
conformational change in the geometry around the glycosidic linkages [30]. The
examination of NOEs in the NMR structure confirmed that FPX-AT interaction
is also mediated through strong arginine-sulfate interactions [31-33]. Studies in-
volving heparin oligosaccharides differing in length and sulfation pattern have
also revealed similar behavior of IdoA residues. NMR and simulation studies on
a heparin octasaccharide in the presence and absence of AT showed that non-
sulfated IdoA residues of heparin exist in the 2S, conformation in the absence
of AT and in the 'C, conformation when bound to AT [34].

The prototypical example of HSGAG-protein interactions is the family of fi-
broblast growth factors (FGFs) [35, 36]. FGFs are intimately involved in devel-
opment processes including cell proliferation, differentiation, and angiogenesis
[35, 36], and bind with high affinity to four distinct but related transmembrane
tyrosine kinase receptors (FGFR1 — FGFR4). Cell membrane HS protects FGFs
from denaturation and proteolytic degradation and the presence of HS stabilizes
binding of FGF to its cognate tyrosine kinase signaling receptors (FGFRs). A
wealth of evidence supports a critical role of aberrant growth factor receptor
signaling in cancer, including overexpression, activating mutations and ampli-
fications of both the growth factors and receptors [35-37]. The basic structure
of the FGF-FGFR complex comprises two receptor molecules, two FGFs and
one heparan sulfate proteoglycan (HSPG) chain. Trans-autophosphorylation of
FGFRs at intracellular tyrosine residues results in the activation of the Ras/
mitogen-activated protein kinase and/or phosphoinositide 3-kinases (PI3K)/Akt
signaling networks [38]. In general, increased stimulation of receptor tyrosine
kinases (RTKs) by growth factors is associated with the development and meta-
static spread of cancerous cells [39].

The crystal structure of heparin-derived tetra- and hexasaccharides bound to
the basic fibroblast growth factor (bFGF or FGF-2) showed that the heparin
structure could be approximated as a helical polymer [40]. The binding of both
molecules was similar with contacts on the FGF-2 surfaces including asparagine,
arginine, lysine, and glutamine residues. Both substrates overlap in the tetrasac-
charide-binding region, identified therefore as a high-affinity binding site occu-
pied by a sulfate group [40, 41] (Figure 4).

No significant conformational changes occur in the peptide suggesting that
heparin primarily serves to situate components of the FGF signal transduction
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Figure 4. Crystal structure of heparin hexasaccharide bound with basic fibroblast growth
factor (bFGF), PDB code 1BFC [40]. Interactions between the sulfate groups of heparin
hexasaccharide (shown in ball and stick) and the basic residues (shown in sticks) of bFGF
(shown in ribbons) are highlighted. The figure was prepared using Discovery Studio Visu-
alizer 2016.

pathway. In the hexasaccharide, one of the two IdoA(2S) residues of the hexa-
saccharide adopts the 'C, conformation and the other is in %S, conformation
[40]. The requirement for sulfate binding is of great interest and varies amongst
growth factors — FGF-2 requires the 2-O-sulfate but not the 6-O-sulfate for hepa-
rin binding, whereas FGF-1 requires both [41]. There is significant diversity in
the structural features so far elucidated for heparin/HS-growth factor structures
including in some cases the absence of sulfate groups [41]. The different require-
ments and responses of the FGF family to HS are central to understanding the
details of signal transduction pathways and effects of chain length, sulfation pat-
tern and HS conformation are all important and have been documented [42].
The minimal structural requirements for FGF-2 binding to heparin and HS oligo-
saccharides have been studied by NMR spectroscopy [43, 44]. The non-6-O-
sulfated tetrasaccharide GIcNS-IdoA(2S)-GIcNS-IdoA(2S)(OPr) (where Pr=
propyl) is the shortest HSGAG sequence that binds to FGF-2 and, in contrast
to the crystal structure, both IdoA(2S) residues adopt chair 'C, conformation
upon FGF-2 binding to obtain the best molecular fit [43]. Overall, for our pur-
poses in discussing how metal ions and metal complexes affect these interactions,
the conformational plurality of IdoA(2S) and the accommodation of ensuing
sulfation patterns are critical to providing binding specificity. Finally, the crystal
structure of the fibroblast growth factor receptor ectodomain bound to a heparin
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decasaccharide shows the importance of sulfate groups in stabilizing the ternary
FGF1-FGFR2-heparin complex [45].

2.2. Heparin and Heparan Sulfate as Enzyme Substrates

The biosynthesis of GAG chains mostly takes place in the Golgi apparatus [4]. A
series of sulfotransferases using mainly 3’-phosphoadenosine-5’-phosphosulfate
(PAPS) as sulfate donor are responsible for the sulfation of the oligosaccharide
moieties. The structural variability of the heparin/HS chain is due in part to the
incomplete nature of the biosynthetic modifications. The human sulfatases Sulf
1 and Sulf 2 are two closely related cell surface-associated enzymes which selec-
tively remove the 6-O-sulfate group from glucosamine residues, affecting the
composition and function of the glycosoaminoglycans [46, 47]. These enzymes
are readily detectable in normal tissues, but undetectable in a large number of
breast and other cancer cell lines [46, 47].

Heparin and HSPGs are cleaved at glycosidic bonds by mammalian and bacteri-
al enzymes. There are three major bacterial heparinases which are enzymatically
lyases and act by an eliminative mechanism. Degradation in bacteria is important
as a carbon source and in vitro also leads to biologically active oligosaccharides
with significant clinical and pharmaceutical implications. The mammalian hepara-
nase is an endo-B-glucoronidase which cleaves heparan sulfate [48]. The hydrolase
activity is thus formally distinct from the lyases. The cleavage patterns are illustrat-
ed in Figure 3, using Fondaparinux as an example. In the mammalian case, degra-
dation releases angiogenic and growth factors leading to tumor cell migration,
growth, and angiogenesis. Heparanase overexpression is associated with tumor
progression in many human cancers and there is significant correlation between
metastatic potential and heparanase activity [46, 47, 49, 50].

3. INTERACTION OF METAL IONS WITH
GLYCOSAMINOGLYCANS

The highly anionic nature of heparin and HS means they are associated in vivo
with physiologically relevant cations, in much the same way as nucleic acids.
Biological functions involve binding and release of cations, whether as small ions
or basic peptides and proteins, affecting the biomolecule conformation. Using
atomic absorption and spectrophotometry, an overall trend for heparin-metal
affinity and number of binding sites was deduced as Mn?>* > Cu?* > Ca®* >
Zn?* > Co?* > Na*t > Mg?™ > Fe3™ > Ni* > A" > Sr?* with the trend in
number of binding sites being opposite compared to K, [51]. The conformation
of uronic acid IdoA(2S) residues is sensitive to the identity of adjacent residues
and their substitution patterns in heparin and heparin fragments [52]. The glyco-
sidic linkage geometry is also influenced by altered substitution pattern. Synchro-
tron radiation circular dichroism (SRCD) spectroscopy, which is sensitive to
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uronic acid conformation, has been applied to examine the effect of metal ions
on conformation of modified disaccharides containing one IdoA(2S) unit and a
linked modified monosaccharide. Almost all disaccharide/cation combinations
resulted in unique spectra suggesting that, in considering conformation and flex-
ibility of the disaccharide, the contribution of the metal ion must be consid-
ered — the sequence alone does not define conformation or flexibility for this
class of molecule [52]. Coupled with NMR studies, the conformations of the Na*
and Cu?* forms differed. The K* and Cu’?* forms of the modified heparin
derivative, which contains 2-de-O-sulfated iduronate linked with glucosamine
(IdoA(20H)-GIcNS(6S)) as the predominant structure, supported FGF2-FGFR
tyrosine kinase signaling, a result not attributable to the free cations themselves.
Possible explanations are that the bound ion is involved in formation of the
signaling complex when intimately involved with the heparin fragment, or that
an active conformation is formed in this manner. In contrast, altering the cation
from Na* to Cu?* with an N-acetyl-enriched heparin resulted in inhibition of
the FGF1-FGFR signaling pathway in a cell-based BaF3 assay [53].

Cu?* ions show a strong selectivity for specific sequences in heparin binding
with initial coordination including the carboxylic acid group, the ring oxygen of
the iduronate-2-O-sulfate, the glycosidic oxygen between this residue and its
neighboring glucosamine and the 6-O-sulfate group. Titration of Cu(II) ions into
a solution of heparin indicated that the initial binding phase was complete by
15-20 Cu(II) ions per chain; thereafter the ions bound in a non-specific mode
[54, 55]. Electron paramagnetic resonance studies suggested a tetragonal ar-
rangement of the binding site in heparin and an octahedral coordination sphere
in the N-acetylated heparin [54]. The strong binding of Cu?* has been used to
detect GAGs by capillary electrophoresis in an analytical application [56].

Angiogenesis is promoted by Cu?™ although its full role still needs to be eluci-
dated [57, 58]. Relevant to this understanding is that growth factors are copper-
dependent, with a slightly higher affinity for FGF-1 compared to FGF-2 [54, 59].
The vascular endothelial growth factor VEGF-A has its activity modulated by
Cu’* and spectroscopic studies of VEGF fragments (VEGF73-101 and
VEGF84-101) indicated binding of the metal to three histidine residues with
high affinity. These sequences represent specific recognition sites within the
VEGTF receptor and the conformational changes on the longer fragment inter-
fered with the VEGFR recognition [60]. Certainly, the interplay between heparin
binding, growth factors, and angiogenesis could be exploited to develop copper-
based therapies specifically affecting signaling pathways [61].

The subtle changes in conformation resulting from M"* binding and its effects
on protein recognition is also seen with Zn?*, where a Zn?"-HS complex desta-
bilizes lysozyme with alteration of conformation [62]. Hen lysozyme is a model
amyloid-forming protein and it has been suggested that M-HS complexes such
as Zn?*, which is abundant in brain, may provide alternative folding routes for
proteins.

Surface plasmon resonance (SPR) has also been utilized in defining the role of
metal-heparin binding and its effects on growth factor and growth factor receptor
recognition [63]. When studying heparin—protein interactions by SPR, heparin is
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preferentially immobilized onto the sensor chip rather than the protein because
this more closely mimics natural biological systems where HS is found at the cell
surface as a proteoglycan and binds to target proteins [64, 65]. Metal ions showed
a greater effect on HS-FGF1 interaction than on heparin-FGF1 and most of the
effects were considered concentration-dependent. FGF1 binding to HS/heparin
was reduced at 10 uM of Ca?>* and Mg?* and also Fe3* [63]. FGF1 binding was
unaffected by Zn?* at 10 uM, but was dramatically reduced at higher concentra-
tions. At physiological lower/upper limit concentrations the effects of most indi-
vidual metal ions with the exception of Cu?" and to some extent Fe3* were
minimal [63].

NMR Spectroscopy. The diversity in molecular arrangements and dynamics
displayed by glycans renders traditional NMR strategies, employed for proteins
and nucleic acids, insufficient [23]. Because of the unique properties of glycans,
structural studies often require the adoption of a different repertoire of tailor-
made experiments and protocols. Experiments using isotopic labeling may over-
come spectral overlap and raise sensitivity. Multinuclear NMR studies have also
been useful in studying metal ion-heparin interactions. 'H and 2>Na NMR spec-
troscopy indicated that Na™, Ca?*, and Mg?™" interacted at low pH with the
carboxylic acid form of heparin by long-range electrostatic interactions [66]. At
higher pH and consequent deprotonation of the carboxylic acid there is a site-
specific contribution to the binding of Ca?*, Zn?*, and La3*. The release of
heparin-associated Na™ in the presence of competing cations can be studied by
23Na NMR spectroscopy and the results also suggested site-specific binding for
Ca?" and Zn?™, but not Mg?™*.

Measurements of NMR relaxation rates of 2>Na, *’K, >>Mg, and 4*Ca ions with
bovine nasal cartilage proteoglycans and hog mucosal heparin suggested that
relaxation rates were determined predominantly by polymer concentration and
charge density — heparin bound the monovalent and divalent cations to a much
greater extent than the proteoglycans [67].

Mass Spectrometry. Defined sequence heparin oligomers provide a level of
simplification suitable for electrophoresis in conjunction with electrospray ioni-
zation mass spectrometry (ESI-MS) and tandem mass spectrometry and is in-
creasingly being deployed in sequencing studies [68]. The formation of glycosidic
bond cleavages from GAG ions is balanced against that of competing processes,
both for low and high charge states. For low charge states, losses of SO5 result
in the most abundant product ions in the tandem mass spectra [68]. For higher
charge states, losses of equivalents of H,SO, from the precursor ion and from
product ions derived from scission of glycosidic bonds represent unproductive
fragmentation channels with respect to the useful information available from the
tandem mass spectra. on mobility mass spectrometry has shown that various
metal ions such as Nat and Ca’?* induce a conformational contraction in a
heparin octasaccharide structure [69]. The number of metal ion adducts, the ionic
radii, and the ionic valence of metal ions all contribute to the contraction and
conformational change. There was little difference in the measurements of con-
formational change measured in the gas phase with those from solution measure-
ments [52, 66]. The binding of successive metal ions to the octasaccharide results
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in a decreased collisional cross-section (CCS) of the metal ion coordinated octa-
saccharide. There are no general differences observed in the calculated CCSs of
sodium ion-adducted versus potassium ion-adducted octasaccharide when more
than one metal ion is present. An increased number of metal ion adducts may
bind more free sulfate groups or carboxylates that would otherwise experience
charge—charge repulsion, thus generating a more compact conformational
change compared to fewer metal ion adducts. The effects of transition metal ions
(Mn?*, Fe?*> Co?*, and Ni?™) on CCSs of heparin octasaccharide showed simi-
lar trends with decreased CCSs upon successive additions of metal ions. How-
ever, the greatest difference observed for transition metal ions occurred at the
singly metal ion bound form, i.e., the cobalt adduct differed from one nickel
adduct by 13 A2 [69)].

The case of Ca?™" as a physiologically relevant cation is also an interesting one.
The binding preferences in solution for Ca?* have been delineated and show
similarities to those found crystallographically in heparin-Ca-protein complexes
such as annexin proteins [70-72]. The carboxylate groups of the idouronate resi-
due and the N-sulfate and 6-O-sulfate of GIcNS are essential for Ca?™ binding.
Conformation and sulfate selectivity are affected — the sulfate at position 2 of
IdoA(2S) in a synthetic hexasaccharide is not essential for binding but specific
binding is similar to heparin, whereas Ca®>* binds more weakly when the sub-
strates lack the 6-O-sulfate of glucosamine [70, 71]. The iduronate residues adopt
the 'C4 conformation upon coordination.

The negative charge arising from GAG sulfation will be modified by counter-
ion condensation, strictly analogous to other natural polyelectrolytes such as
DNA. Counter-ion condensation and release may also play a role in GAG-pro-
tein binding [73-75]. Electrophoretic mobility measurements have confirmed
counter-ion condensation but electropherograms of native heparin are naturally
quite complex due to the heterogeneity of heparin and the corresponding lack
of uniformity of sulfation patterns. The truncated electropherogram for native
heparin is best explained by a limiting effective charged density arising from
counter-ion condensation. A theoretical treatment for polyelectrolyte end effects
shows the reduced counter-ion condensation, i.e., larger effective charges for
short chains. In addition to the end segments, junctions separating regions of
different charge densities could lead to diminishing counter-ion condensation,
and this effect could be more pronounced for heparin due to its higher degree
of heterogeneity [74].

In sum, M-heparin binding plays diverse roles in affecting conformational
change, sulfate binding, and condensation. These structural changes are intimate-
ly related to the exercise of biological function of heparin and HS and these
consequences are worthy of further detailed study.

4. INTERACTION OF COORDINATION COMPOUNDS
WITH GLYCOSAMINOGLYCANS

The role of endogenous metal ions in heparin and HS structure and modulation
of their function, allied to analogies with nucleic acids, suggests that the oligosac-
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Figure 5. Structures of cisplatin and glycan-interacting polynuclear platinum complexes
(PPCs). Where X = Cl, covalent bond-forming interactions are possible. AH44 and Triplat-
inNC bind in “non-covalent” manner. The total charge on the molecule is dictated by X.

charides are obvious templates for study with coordination compounds. As sug-
gested first by us with respect to polynuclear platinum complexes (PPCs, Figure
5) [75], the study of defined coordination compounds with oligosaccharides has
rich and multiple applications in this new area of endeavor in the field of bioinor-
ganic chemistry distinct from protein and DNA/RNA interactions. Extending
from aquated metal ions as discussed above, the inherent ability to alter oxida-
tion state, coordination number and geometry, as well as substitution lability of
coordinated ligands allows study of a wide variety of structural types to examine
effects of structure and function on the “heparin/HS interactome” [37]. The gly-
can-coordinating moieties available are the oxygen donor atoms of the hard
carboxylate and sulfate bases. Binding preferences therefore will not be the same
for the donor atoms most commonly considered in DNA and proteins — the N-
heterocycle purine and pyrimidine atoms and the N-histidine donors and thio-
ether and thiol/thiolate S-donors of proteins. The interplay and application of
hard and soft acid-base concepts can be expected to produce new patterns of
metal ion binding with respect to selectivity and kinetic and thermodynamic
stability. Further, electrostatic and hydrogen-bonding interactions should provide
opportunities for “non-covalent” interactions as has also been formalized on
DNA and proteins.

4.1. Platinum Anticancer Agents. Covalent Bond Formation

The binding of cis-[PtCl,(NHs),], cisplatin, to heparin has been reported with a
decrease in pH accompanying binding; however, the source and integrity of the
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coordination compound is not clear [76]. A formulation for polyethylene glycol
(PEG)-coated liposomes containing a cationic lipid, 3,5-dipentadecyloxybenzam-
idine hydrochloride (TRX-20), preferentially bind certain chrondroitin sulfate
(CS) chains which are expressed on the surface of highly metastatic tumor cells
[77]. When TRX-20 liposomes were loaded with cisplatin, they effectively killed
the CS-expressing cells in vitro, and also markedly suppressed the liver metasta-
sis of a high CS-expressing tumor, LM8GS, in vivo, increasing the survival time
of the tumor-bearing mice [77]. Sustained release of active platinum species has
also been observed from nanocomplexes of aquated cisplatin and pluronic-conju-
gated heparin [78]. The nanoconjugate showed good loading capacity and slower
profile release whilst maintaining good cytotoxicity in NCI-H460 lung cancer
cells [78]. Some glycoproteins can participate in DNA-protein cross-links in-
duced by the action of cisplatin [79]. The nephrotoxicity of cisplatin is diminished
upon conjugation with chondroitin sulfates [80, 81]. NMR and UV-visible spec-
troscopic studies indicated the necessity for aquation of the cisplatin prior to
binding and 'Pt NMR spectroscopy showed the presence of intact cisplatin
even after 19 h — the chemical shifts of new products were consistent with O-
donors suggesting binding through the carboxylate or sulfate moieties [82].

These latter results raise the question of the nature and strength of covalent
binding given that the proposed carboxylate and sulfate oxygen binding sites are
considered weak ligands for platinum. The seminal early >N and Pt NMR
studies of Appleton and coworkers characterized the binding of plati-
num(IT)aqua complexes with simple anions such as phosphate, acetate, and sul-
fate [83]. More recently, {'H,">N} HSQC NMR studies have been used to investi-
gate the aquation reactions of platinum drugs in the presence of simple anions
[84]. For cisplatin, only the reaction with phosphate has been studied in detail
and the reactions that ensue with the various aquated forms of cisplatin are
complex [85]. In a reaction of '“N-cisplatin with a 4.5-fold excess of phosphate
(pH 5.9) more than seven aquated and phosphate-bound species were observed
at equilibrium [85].

For the dinuclear platinum complex [{trans-PtCI(NHj3),},u-H,N(CH,)¢NH,]>*
(1,1/t,t, Figure 5) aquation reactions have been carried out in the presence of
15 mM acetate, phosphate, and sulfate under identical conditions (298 K, pH
5.4), allowing for a direct comparison of the binding of these weak ligands [86,
87]. Figure 6 shows a representative {'H,'>N} HSQC NMR spectrum from the
reaction with sulfate and the derived rate and equilibrium constants for the dif-
ferent reactions are summarized in Table 1.

While there is some variation in the aquation rates of the Pt-Cl bond in the
presence of the various anions, the rate constant for sulfate displacement of the
aqua ligand (k) is approximately three times higher than that of acetate and
phosphate, while for the reverse ligation reaction (k_p) the rate constant for
sulfate is more than an order of magnitude higher. The differences in k; may
reflect the higher negative charge of the sulfate. These results also suggest that
a sulfate-bound platinum species is kinetically labile due to the high rate constant
for the reverse reaction. The results are relevant for two reasons — firstly, inor-
ganic sulfate (SO%) is the fourth most abundant anion in human plasma with
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Figure 6. {'H,'>N} HSQC NMR spectrum of '*N-1,1/z,¢ in 15 mM sulfate (pH 5.4, 298K)
at equilibrium (40 h). The plot shows the time dependence of the species observed and
the rate constants derived from the kinetic model are shown in Table 1. Adapted with
permission from [87]; copyright 2010 American Chemical Society.

Table 1. Rate and equilibrium constants for the aquation of 1,1/t (Figure 5) in 15mM
phosphate, acetate, and sulfate.* The kinetic model is shown in Figure 6.

1,1/t,t Phosphate Acetate Sulfate

ki (10 s71) 249 +0.04 1.83 £ 0.03 385 + 0.05
kg (M1 s 040 £ 0.01 0.262 =+ 0.009 0229 £ 0.04
kp M1 s 0.0086 + 0.0002 0.0086 4+ 0.0001 0.025 + 0.004
ko (M 1sh 3.9 + 0.1 056 =+ 0.02 70 + 10
pKi 421 £+ 0.02 416 4+ 0.02 377 £ 0.01
pK> 234 £ 0.02 =319 £ 0.02 -1.6 £ 0.1

2 Adapted with permission from [87]; copyright 2010 American Chemical Society.
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concentrations reported to be 0.3 to 0.4 mM and is itself involved in a wide
variety of metabolic and cellular processes [88, 89]. A full description of plati-
num cellular chemistry should include reactions with apparently “weak” anions
such as sulfate and carbonate because of their high concentration [90, 91]. Sec-
ondly, the specific interactions with sulfate are relevant to the role of HS as
receptor for cellular accumulation of polynuclear platinum complexes (see Sec-
tion 5.2).

4.2. Platinum Anticancer Agents. Non-Covalent Interactions
and Sulfate Cluster Binding

It is clear from studies on Pt-DNA interactions that “pre-association” or non-
covalent interactions on the biomolecule is an important feature of the mecha-
nism prior to occurrence of Pt-DNA covalent bond formation and may be visual-
ized by NMR and other spectroscopic methods. In broad terms, the intercalation
of a wide class of Ru(polypyridyl) complexes on DNA and stabilization of Z-
form DNA by [Co(NH;3)g]** are mediated purely by electrostatic and H-bonding
contributions. A further relevant example is that of polynuclear platinum com-
plexes (Figure 5), a discrete set of platinum-based anticancer agents whose de-
sign and development was predicated on the hypothesis that altering modes of
DNA binding and producing structurally distinct Pt-DNA adducts would over-

0
—0,  0---HN oHNC NHy—
A VRN I
— \o------uzn/ J; i Wy
A

Figure 7. Structure of TriplatinNC complexed to the Dickerson-Drew dodecamer (NDB
2DYW) showing backbone tracking and groove spanning. Comparison of arginine fork
(left) and phosphate clamp (right). Adapted with permission from [94]; copyright 2006
American Chemical Society.
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come DNA repair-related resistance to the clinical drug. Proof of the success of
this approach is given by the entry of Triplatin (BBR3464) to Phase II clinical
trials, the only non-cisplatin analog to be introduced to humans. The clinical
studies and mechanistic work on DNA has been extensively reviewed [92, 93].
A companion ctehapter discusses the properties of the Pt-DNA adducts formed
by PPCs (see Chapter 2).

Replacement of Pt-Cl by substitution-inert ligands such as NH; or the “dan-
gling” amine, -H,N(CH,),NH}, gives substitution-inert analogs which are unre-
active toward sulfur nucleophiles, thus enhancing metabolic stability, and also
allows study of “non-covalent’ contributions in the absence of Pt-biomolecule
bond formation. The X-ray crystal structure of the Dickerson-Drew dodecamer
(DDD, [d(CGCGAATTCGCG)],) with the non-covalent TriplatinNC showed a
new mode of ligand-DNA recognition distinct from the conventional modes of
intercalation and groove binding (PDB entry 2DYW). Hydrogen bonding with
phosphate oxygens results in either backbone tracking or groove spanning
through formation of “phosphate clamps” where the square-planar tetra-
am(m)ine Pt(II) coordination units all form bidentate N-O-N complexes with
phosphate oxygen (OP) atoms (Figure 7) [94].

The generality of the motif was confirmed by a second crystal and molecular
structure with AH44, that is with L =NH; (6+) instead of -NH,(CH,)sNH%
(8+) (see Figure 5) [95]. The phosphate clamp is analogous to that of the guani-
dino group of arginine which shows an analogous, but attenuated clamping abil-
ity in which two OP atoms form a clamp-like structure, the arginine fork (Fig-
ure 7) [94]. 2D and {!H, ">’N} HSQC NMR studies also confirmed the presence
of the phosphate clamp in solution [96].

4.2.1. Non-Covalent Heparan Sulfate Interactions. Sulfate Cluster Binding
and Metalloshielding

The discovery of the phosphate clamp as a biologically relevant binding motif
immediately suggested analogies with the isostructural sulfate. Using a model
compound trans-[Pt(NH3),(NH,CH3),]?>*, the free energy of interaction (Ej,)
for isolated sulfate and phosphate interactions were compared [97]. The interac-
tion in water with an isolated sulfate monoester is not significantly favorable and
indeed inherently weaker than that of phosphate. These results can be explained
by the fact that the negative charge is more dispersed on a sulfate monoester
because of delocalization involving three non-ester oxygen atoms compared to
the phosphate diester with only two non-ester oxygen atoms. In both cases, the
interactions were not significantly different from a model methylguanidinium
interaction, used as a model for the arginine fork.

The identity and conformation of the sugar and the number and positions of
sulfation make GAGs highly complex systems, with significantly more variability
than DNA, also with respect to non-bond-forming interactions. To examine the
strength of sulfate binding in heparin and heparan sulfate, the binding of a simple
coordination unit [Pt(NH;3)4]?>" to a [GIcNS(6S)-1doA(2S)-GleNS(6S)] trisac-
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Figure 8. Sulfate cluster anchoring as a model for PPC-HS interactions. (a) Structure of
the heparin dodecamer comprising dimers of IdoA(2S) and GIcNS(6S) where the iduronic
acid residues are in the 2S, conformation (IHPN). The green circles represent areas of
negatively charged sulfate and carboxylate clustering. (b) The optimized structure of the
trimer cluster [GIcNS(6S)-IdoA(2S)-GlcNS(6S)] modeled with the simple Pt-tetrammine
[Pt(NH;),]?*. (¢) Optimized structure of TriplatinNC with a heparin hexamer [IdoA(2S)-
GIcNS(6S)];. Sections 1, 3, and 4 show regions of sulfate clamp interactions while Section
2 shows van der Waals contacts between sugar and diamine backbones. (d) Surface maps
(two views) showing the relationship of TriplatinNC (magenta) to the heparin hexamer
(green). Adapted from [97] with permission from the Royal Society of Chemistry.
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charide heparin fragment was examined (Figure 8) [97]. The fragment, which
has also been used for NMR and DFT applications [20, 21], was derived from the
NMR-derived structure of heparin. The structure of heparin is approximated
by a ribbon with a cluster of sulfates and carboxylates on the edges and hydrox-
yl and sugar ring oxygens positioned on the surfaces between these negatively
charged groups. The optimized structure now shows regions of clustering with
interactions of the [Pt(NH3)4]>" units with multiple sulfate and carboxylate
moieties (Figure 8b). This binding produces a more extended hydrogen-
bonding network along the face of the cluster. Superimposition of the opti-
mized structure of the association complex with the optimized structure of the
free heparin trimer, shows no major conformational changes and the E;, is
—53 kcal mol™! [97].

Extension of these results to TriplatinNC, using now a derived heparin hexa-
mer to account for the larger charge and longer length of the trinuclear species,
again shows a similar pattern of sulfate clustering but with an even greater E;
of -250 kcal/mol (Figure 8c and d). These results help explain some of our earlier
observations on PPC-HS interactions (see below, Section 5.2) and also allow us
to predict the consequences of strong PPC-HS binding on the function of the
biomolecule. Sulfate cluster binding is by its nature delocalized but will result in
neutralization of the sulfate charge and further physically protect the sulfate
groups from their receptors. The biological consequences of masking or metallo-
shielding of the essential sulfate residues will, a priori, affect protein recognition
in strict analogy to inhibition of protein-DNA interactions upon formation of
Pt(M)-DNA adducts.

5. CONSEQUENCES OF HIGH-AFFINITY HEPARAN
SULFATE BINDING

5.1. Sulfate Group Protection

The sulfated moieties on octasaccharides are quite labile and the mass spectrum
of free octasaccharide shows a series of peaks corresponding to SO; (commonly
denominated as sulfate) loss [68, 69]. The mass spectrum under the same condi-
tions of the 1:1 adducts formed with representative PPCs show little loss com-
pared to free polymer and protection from sulfate loss is also seen at increasing
energies. The interaction is by its nature non-covalent and the stabilization is
dependent on the charge of the PPC with TriplatinNC especially effective with
a difference of up to 7 of a total of 10 sulfate groups protected versus free
oligosaccharide (Figure 9). No, or very little, cleavage of the glycosidic backbone
was apparent even at high voltages and the results are entirely consistent with
PPC binding introducing a large charge in a localized area and, with the in-
creased stability toward dissociation, verify the complexation with sulfate moie-
ties in preference to elsewhere on the glycosidic backbone [75].
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Fogure 9. TriplatinNC protects against sulfate elimination in an octasaccharide (dp8).
An is the difference in sulfate loss between free and adducted dp8. Adapted from [75]
with permission from the Royal Society of Chemistry.

5.2. Heparan Sulfate as Receptor for Cellular Accumulation
of Polynuclear Platinum

PPCs, especially those containing a central charged/H-bonding capacity, are ac-
cumulated to a significantly greater extent than neutral compounds [98, 99]. The
cellular accumulation is higher than for cisplatin and actually increases with
charge, a perhaps paradoxical situation for Pt. Natural and synthetic polycationic
peptides, especially containing the poly(arginine) motif, are efficiently taken up
by cells and also facilitate cellular accumulation of a host of molecules [100].
HSPGs were confirmed as the cellular receptors for polyarginines using TAM-
RA-Ry, (a nonaarginine peptide (Ro) coupled to the TAMRA fluorescent label
5-(6)-carboxytetramethylrhodamine) in wild-type (wt) and mutant (lacking HS
or HS/chondroitin sulfate) Chinese hamster ovary (CHO) cells [101, 102]. Fluo-
rescence microscopy and flow cytometry showed that PPCs, but not neutral cis-
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Table 2. Enhancement of TriplatinNC cytotoxicity in transformed mast cells.?

Mast Cell Line (ICs9, uM)

Triplatin TriplatinNC Cisplatin
BMMC(primary) 0.004 1.79 0.27
P815(transformed) 0.27 0.41 0.82
PDMC(transformed) 0.04 0.3 0.96

2 ICso (M) is the concentration required to kill 50 % of cells by apoptosis as measured
by propidium iodide staining. BMMC: bone marrow mast cell. PDMC: peritoneal derived
mast cells. Adapted with permission from [98]: A. L. Harris, J. J. Ryan, N. P. Farrell (2006)
Biological Consequences of Trinuclear Platinum Complexes: Comparison of [{trans-
PtCI(NHs),},u-(trans-Pt(NH;),(H,N(CH,)6NH, ),) |4+ (BBR3464) with Its Noncovalent
Congeners, Mol. Pharmacol. 69:666-672.

platin or oxaliplatin, blocked the cellular entry of TAMRA-Ry in CHO cells
[103]. Accumulation of TriplatinNC in mutant CHO-pgsD-677 (lacking HS), and
CHO-pgsA (lacking HS and chondroitin sulfate) cells decreased relative to wt
CHO. Apoptosis and growth inhibition assays paralleled the effect of mutant
cells on accumulation, as shown for TriplatinNC. We conclude that PPCs inhibit
the polyarginine binding and that HSPG-receptor mediated interactions are an
important mechanism for their internalization.

Tumor Selectivity. This is a completely new mechanism of cellular accumulation
for platinum drugs with important implications for tumor selectivity, since pro-
teoglycans are expressed 2 to 3 times more in many tumor cells lines [104]. Strict
comparisons are hard to find but it is relevant that transformed P815 mast cells
were more selective for PPC uptake than their bone marrow progenitor-derived
mast cells (BMMCs) [98, 99]. Cytotoxicity, especially for TriplatinNC, was also
enhanced in the tumor cells [98] (see Table 2).

Scanning the literature confirmed that P815 mastocytoma cells produced sig-
nificant amounts of chondroitin-4-sulfate rather than the normal heparin, sug-
gesting the possibility of a role for glycans in this “promotion” of the cytotoxicity
[105]. Thus, the cellular accumulation can be analyzed now in a new context, i.e.,
extracellular HS receptors. A recent study showed polyarginine-R8, with a
charge similar to TriplatinNC, accumulates to high levels in wt CHO-K1 tumors
compared to GAG-deficient pgsA-745 tumors in vivo [106].

5.3. Inhibition of Function of Heparan Sulfate

Interactions between HS and enzymes and extracellular proteins mediate the
patho-physiological processes of tumor growth and metastasis. Metalloshielding
could act on many of these processes, and two relevant examples with the chemi-
cal features and their biological consequences are as outlined in Figure 10.
Again, these concepts are in complete analogy to inhibition of protein binding
on metal-modified DNA.
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Figure 10. Potential chemical approaches to inhibition of HS-associated enzyme and
protein recognition and activation through sulfate masking.

5.3.1. Heparanase Cleavage Inhibition

Glycans are acted upon by two related enzymes, the bacterial heparinase and
the mammalian heparanase. The relevance of heparanase cleavage of substrate
HS to tumor growth and metastasis has been outlined in Section 2.2. To examine
the efficacy of metalloshielding in blocking heparinase and heparanase action on
HS-containing proteoglycans we used the sulfated pentasaccharide, Fondaparin-
ux as a model HS-like substrate. FPX is a substrate for both bacterial heparinases
and human heparanase and has been used in assay development for screening
the efficiency and kinetics of potential heparanase inhibitors [48, 107, 108]. FPX
is an ideal substrate for mechanistic studies because it is homogeneous, has low
molecular weight and, with a single point of cleavage either by heparinase or
heparanase, leads to the formation of only two products (see Figure 3). The
course of FPX hydrolysis can conveniently be determined by '"H NMR spectro-
scopy as the anomeric protons are sensitive reporters of the cleavage reaction
by both heparanase and the bacterial heparinases [48, 97, 107, 109]. Figure 11a
shows that 1:1 stoichiometric ratios of TriplatinNC:FPX very effectively inhibit
enzymatic cleavage [97]. Modifying a colorimetric assay, pre-incubation of FPX
with PPCs effectively inhibited its cleavage by bacterial heparinase (Figure 11b).
The inhibition was as effective as a polyarginine control whereas cisplatin had
little or no effect [75]. In both cases, Triplatin itself is also effective suggesting
a contribution to the binding by the expected weak interactions of Pt-sulfate
bonds.

5.3.2.  Growth Factor Binding Inhibition

HS-binding protects growth factors and cytokines from denaturation and proteo-
lytic degradation, provides a matrix-bound or cell-surface reservoir for cells and
is essential for the activation of cell signaling receptors (see Section 2.1 and Figure
12). Incubation of varying concentrations of Triplatin and TriplatinNC with biotin-
ylated HS directly inhibited FGF-2 binding, whereas cisplatin is completely inef-
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Figure 11. Blockage of heparinase and heparanase activity by PPCs. (a) "H NMR assay:
Incubation of FPX with human heparanase (HPSE) confirmed the expected cleavage of
FPX (i — iii — iv; see Figure 3 for assignment of anomeric protons). In the presence of
one equivalent of TriplatinNC FPX cleavage by the enzyme was completely inhibited and
significant shifts are immediately seen in the anomeric protons of FPX (i — ii). (b)
Colorimetric assay: Inhibition of heparinase I FPX cleavage (3 h incubation) by polynucle-
ar platinum complexes and the arginine-rich Ry protein (1:3 stoichiometry). Adapted
from (a) [97] and (b) [75] with permission from the Royal Society of Chemistry.
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Figure 12. Inhibition of HS-protein interactions. (a) Growth signaling occurs when a
growth factor (GF) binds and activates a cell surface receptor tyrosine kinase (FGFR).
This interaction is facilitated by growth factor binding to heparan sulfate proteoglycans
(HSPGs) forming stable high-affinity ternary complexes with FGFRs. (b) PPCs inhibit
FGF-2 binding to heparan sulfate. (¢) PPCs at sub-cytotoxic concentrations but not cis-
platin inhibit FGF-2-induced migration of human umbilical vein epithelial cells (HU-
VECs). Adapted from [97] with permission from the Royal Society of Chemistry.

fective (Figure 12b). The biological consequence of this inhibition may be meas-
ured in many ways and is exemplified by the wound healing assay, which measures
directional migration of cells in a monolayer after a scratch or ‘wound’ is inflicted
[110]. Upon addition of 2 uM cisplatin, Triplatin, or TriplatinNC to monolayers of
scratched confluent human umbilical vein epithelial cells (HUVECs), only the
PPCs inhibited growth factor induced migration (Figure 12c¢). The drug concentra-
tion used was well below the cytotoxic level for this short exposure time [97].

The systematic extension of this proof-of-concept work was extended to inhibi-
tion of kinase signaling pathways where TriplatinNC can inhibit FGF-2 -induced
accumulation of phospho-S6 ribosomal protein (pS6) in HCT116 colon cancer
cells.

Finally, the end-point of heparanase and growth factor inhibition will be inhibi-
tion of cell invasion, angiogenesis, and metastasis. Proof-of-principle that Triplat-
in and TriplatinNC are effective antiangiogenic compounds has been obtained
using the rat aortic ring assay [97].
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6. USE OF METAL COMPLEXES IN HEPARIN ANALYSIS

The formation of a Cu?*-heparin complex is sufficiently strong to allow detec-
tion of heparin as low as 10 ng by capillary electrophoresis [56]. Ruthenium red
is a polycationic stain used to visualize acid polysaccharides on the outer surface
of cells. Ruthenium red staining followed by electron microscopic analysis was
used to demonstrate the presence of an external glycoprotein layer surrounding
the spore of both Bacillus anthracis and Bacillus subtilis [111]. An early study
used the fluorescent properties of [Ru(bipy);]** to detect heparin and HS [112].
Accurate measurements of heparin concentration is important in health-related
applications. The minimum content of heparin detected by fluorescence was 25—
50 ng. Two to six disaccharide units are bound by each [Ru(bipy);]*>* and Scatch-
ard analysis gave K4 = 8.56 X 10> M for one Ru complex binding site. The assay
was further used to detect heparinase activity and determine its substrate speci-
ficity [113]. Modification of the Ru fluorophore to [Ru(phen),(dppz-idzo)]**
(dppz-idzo = dipyrido-[3,2-a:2’,3’-c] phenazine-imidazolone) allowed develop-
ment of a “switch-on” assay for heparin, with a significant fluorescence enhance-
ment of the Ru complex upon binding, which can be used in biological media
such as fetal bovine serum [114]. Molecular modelling combined with fluores-
cence and UV absorption studies showed good fluorescence selectivity towards
heparin over analogs, such as chondroitin 4-sulfate or hyaluronic acid, which
have lower charge density [78]. Quantification of heparin is in the range 0.01-
4.87 U mL™'. Notably, due to high DNA affinity, the assay should be used in
DNA-free biological systems.

The fluorescent and photo-activating properties of Ru-polypyridyl complexes
has found novel use in analyzing the abundance and degree of sulfation of HS in
the development of hepatocellular carcinoma and to evaluate HS-growth factor
interactions [115]. Use of [Ru(bipy),(dppz)]?* in this case is used as a photocata-
lyst to induce radical depolymerization of HS, analogous to observed radical
photo-cleavage of DNA [115, 116]. This allows for more sensitive read-out and
applications in hepatocellular carcinoma (HCC) HepG2 cells, changes between
the activity of sulfatase 2 (HSulf 2) in regulating FGF2-induced cell proliferation,
and the abundance, degree of sulfation and growth factor binding of HS can be
observed. This method has also been applied to analyze clinical tissue samples
of HCC.

A biferroceylene thiol conjugate assembled on a gold surface has been used
to detect and quantify heparin and chondroitin sulfate in aqueous buffer by
cyclic voltammetry and was also shown to function in a blood plasma sample.
Controlled binding and release of heparin could be achieved by switching the
BFD-SAM (= biferrocenylene thiol conjugate self-assembled monolayer) be-
tween the monocationic and neutral state [117]. An early paper used the binding
of [Co(NH3)e]** to chondroitin sulfate to calculate the amount of anionic sulfate
[118].
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7. CONCLUSIONS AND OUTLOOK

In this contribution, we summarize for the first time the relevance of metal ion
binding to oligosaccharides and especially glycosoaminoglycans. As befits a high-
ly anionic biomolecule, intrinsic [M(aqua)]"* interactions play an important part
in stabilization and conformation of the sugar backbone. Extension to defined
coordination compounds with the inherent ability to alter oxidation state, coordi-
nation number, and geometry, as well as substitution lability of coordinated li-
gands allows for the study of a wide variety of structural types to examine effects
of structure and function on the heparin/HS interactome. As exemplified by the
polynuclear platinum example, these studies lead to new targets and new pat-
terns of biological activity, including the potential for selectivity in tumor uptake.
The comparison with double-stranded DNA is relevant given the helical nature
of both biomolecules.

Glycoscience is generally considered to be less developed than that of nucleic
acids and proteins, in part due to the heterogeneity and variability in glycan
structure. Metalloglycomics is a potentially rich area of endeavor for bioinorgan-
ic chemists to study the relevance of intrinsic metal ions in heparin/heparan
sulfate-protein interactions and for development of new compounds for thera-
peutic, analytical, and imaging applications. Bioinorganic chemistry can play an
important role as the science and understanding of glycomics advances, and in-
vestment of research effort into this hitherto little developed area is likely to be
rewarding in a truly interdisciplinary manner.
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ABBREVIATIONS AND DEFINITIONS

AT antithrombin-III

BMMC bone marrow-derived mast cells
CCS collisional cross sections

CHO Chinese hamster ovary cells

CS chondroitin sulfate

DFT density functional theory

FGF fibroblast growth factors

FGFR fibroblast growth factor receptor

FPX Fondaparinux (Arixtra)
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GAGs glycosaminoglycans
GIcA D-glucuronate
GIcNAc N-acetylated D-glucosamine
GIcNS N-sulfated D-glucosamine
GIcNS(6S) 6-O-sulfated, N-sulfated D-glucosamine
GIcNS(3S)(6S) 3-O-sulfated, 6-O-sulfated, N-sulfated pD-glucosamine
GPI glycosylphosphatidylinositol
HS heparan sulfate
HSPG heparan sulfate proteoglycan
HSQC heteronuclear single quantum correlation
IdoA L-iduronate
IdoA(2S) 2-O-sulfated L-iduronate
NMR nuclear magnetic resonance
NOE nuclear Overhauser effect
phen 1,10-phenanthroline
PPCs polynuclear platinum complexes
SPR surface plasmon resonance
uv ultraviolet
VEGF vascular endothelial growth factor
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Abstract: The general interest in anticancer metal-based drugs and some encouraging pharma-
cological results obtained at the beginning of the investigations on innovative Ru-based drugs
triggered a lot of attention on NAMI-A and KP1019, the two Ru(III) coordination compounds
that are the subject of this review. This great attention led to a considerable amount of scientific
results and, more importantly, to their eventual admission into clinical trials. Both complexes
share a relatively low systemic toxicity that allows reaching rather high dosages, comparable to
those of carboplatin. Soon it became evident that NAMI-A and KP1019, in spite of their struc-
tural similarity, manifest very distinct chemical and biological properties. The pharmacological
performances qualified KP1019 mainly as a cytotoxic drug for the treatment of platinum-resist-
ant colorectal cancers, whereas NAMI-A gained the reputation of a potential anticancer drug
with negligible effects on the primary tumor but a pronounced ability to affect metastases. We
believe that a strictly comparative exam of NAMI-A and KP1019, based on the substantial body
of studies accomplished since their discovery almost 30 years ago, might be an useful exercise,
both for assessing the state of the art in terms of biological and clinical profiles, and of the
inherent mechanisms, and for envisaging possible future developments in the light of past
achievements.

Keywords: anticancer - antimetastatic - clinical study - protein binding - ruthenium - uptake

1. INTRODUCTION

As demonstrated by the graph reported in Figure 1, the number of studies on
ruthenium anticancer compounds has been increasing constantly since the early
80’s of last century. At that time the focus was almost exclusively on Pt drugs. The
fact that two structurally similar Ru(III) coordination compounds, known as
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Figure 1. Number of publications per year (according to Scopus®, Jan. 2017) that contain
either in the title, abstract or keywords at least one of the following terms ruthenium &
anticancer, or ruthenium & antitumor, or ruthenium & cytotoxic, or ruthenium & cytotoxicity.

Figure 2. Schematic structures of the Ru(III) anticancer drug candidates subject of this
work. KP1019 is sometimes also called FFC14, or FFCl14a, or FFC14A. The sodium salt
of KP1019, besides KP1339, is also called KP-1339, or NKP1339, or — more recently —
IT-139. In the early days, the imidazole complex KP418 was called ICR.
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NAMI-A and KP1019 [NAMI-A = (ImH)[trans-RuCly(dmso-S)(Im)], Im = imid-
azole; KP1019 = (IndH)[trans-RuCly(Ind),], Ind = indazole, Figure 2], reached the
stage of clinical investigation on human beings, thus opening the way to new ex-
pectations, greatly contributed to the growth of interest on this topic.

This chapter aims to summarize and compare the main features of these two
ruthenium drug candidates almost 30 years after their discovery, highlighting the
similarities as well as the — often unexpected — differences, ending up with the
current understanding of their mechanisms of action. Several previous review
articles focused on KP1019 [1-3] or NAMI-A [4-10] or dealing with both [11-
19] (and other Ru compounds) can be found in the literature.

1.1. History

Soon after the discovery by Barnett Rosenberg and coworkers that some simple
Pt(II) coordination compounds are endowed with a potent anticancer activity,
compounds based on different metals started to be investigated in this respect
as well. Pioneering work on Ru complexes was performed by Clarke and co-
workers who investigated simple Ru(III) chloro-ammine compounds, such as
fac-[RuCl3(NHj3);3] and cis-[RuCl,(NH3)4]Cl [20], in which the influence of cis-
platin is quite evident. With similar motivations, as early as 1977, Mestroni, Sava
et al. investigated the anticancer properties of cis-RuCl,(dmso), (dmso = dimeth-
ylsulfoxide) [21]: similarly to cisplatin, this complex is neutral and has two cis
chlorides (the presumed leaving ligands); in addition, dmso was expected to facil-
itate the diffusion of the complex through the cell membrane.

However, the real break-through in ruthenium anticancer compounds occurred
in 1986 when Keppler et al. reported for the first time the antitumor activity
of the water-soluble anionic Ru(IIl) complex imidazolium trans-bis-imidazole
tetrachlororuthenate(IIl), (ImH)[trans-RuCly(Im),] (Im =imidazole), later la-
beled KP418 (Figure 2), against P388 leukemia and the B16 melanoma in BDF,
mice [22]. The tumor-inhibiting effect was comparable or better than that of
cyclophosphamide, cisplatin, or 5-fluorouracil used as positive reference com-
pounds. Most importantly, one year later, Keppler and coworkers reported that
KP418 is considerably effective, in a dose-dependent manner, against the growth
of AMMN:-induced colorectal adenocarcinoma in SD rats [23]. Comparable re-
sults, with a tumor growth inhibition exceeding 90 %, were later obtained with
the less toxic indazole (Ind) analogue, HInd[trans-RuCly(Ind),] (KP1019, Figure
2) [24]. Notably, this tumor model — that mimics very closely the human situa-
tion — is not sensitive to clinically established antineoplastic agents, including
cisplatin, with the exception of the 5-fluorouracil/leucovorin combination thera-
py, which shows moderate activity. For example, whereas KP1019 at the optimum
dose of 13 mg/kg reached a T/C value of 27 % (T/C = ratio of increases in mean
tumor volume of treated and control groups) combined with 0 % mortality, the
standard therapy of 5-fluorouracil and leucovorin resulted in a moderate antitu-
mor activity (T/C =45 %) accompanied by a very high mortality (33 %) [25].
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The exciting results reported by Keppler and coworkers eventually led to the
development, in the early 90’s, of the compound known as NAMI-A. Mestroni
and Alessio first prepared the Ru(IIT)-dmso intermediate X[trans-RuCly(dmso-
S),] (X* =(dmso),H", Na*t, NH;") that has an obvious structural similarity
with the anticancer active trans-azole Ru(IIl) complexes (KP-type compounds)
described above [26]. Even though itself unsuited for biological tests owing to
its high lability, Na[trans-RuCl,(dmso-S),] turned out to be an excellent precur-
sor for compounds of the general formula Na[trans-RuCly(dmso-S)(L)] (where
L = NHj3, azole or pyridine) that showed improved stability in aqueous solution
[27, 28]. Tests performed by Sava and coworkers on solid metastasizing tumors
in mice evidenced that these compounds (as well as the less soluble neutral
derivatives of formula mer-RuCls(dmso),(L)) induced a remarkable reduction
of lung metastasis formation, significantly greater than the unimpressive reduc-
tion of primary tumor growth [29, 30]. The antimetastatic effect was more pro-
nounced with low doses given daily than with large doses given with drug-free
intervals. From these early studies the well water-soluble imidazole complex
Na|[trans-RuCly(dmso-S)(Im)] (NAMI, Figure 2) was selected for further investi-
gations. NAMI was later replaced by the corresponding imidazolium salt,
(ImH)[trans-RuCly(dmso-S)(Im)], called NAMI-A, that has improved prepara-
tion, stability in the solid state and analytical profile, while maintaining a good
solubility in water [31].

Quite remarkably, both the KP-type and the NAMI-A-type compounds did not
go through the usual pre-screening of in vitro cytotoxicity against cancer cell lines,
but were investigated immediately on animal models. This unusual procedure was
instrumental to their further developments: in fact, neither one of these structural-
ly similar Ru(III) complexes is particularly cytotoxic (see also below) [32].

2. COMPARISON OF NAMI-A AND KP1019
2.1. Clinical Investigations

We decided to start this comparative report from the end of the story because
we believe that the results of a clinical investigation are “the real thing”. The
clinical study, besides being the aim and the justification of all the work previous-
ly done on the drug candidate, provides a wealth of precious information, often
unpredictable and unrelated to the preclinical studies, and — most importantly —
determines the fate of the compound. A phase I is a dose-escalation (i.e., dose-
finding) and pharmacokinetic study performed on tumor patients without further
established therapeutic options. Conversely, a phase II study is aimed to establish
the efficacy of the drug candidate against selected tumors.

2.1.1. NAMI-A

NAMI-A was the first ruthenium drug candidate to be tested on humans [33]. In
1999, after extensive preclinical studies, a phase I study was performed at the
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National Cancer Institute of Amsterdam (NKI). Twenty-four adult patients, with
different types of solid tumors, were treated at 12 dose levels (2.4-500 mg/m?/
day). NAMI-A, was given as an intravenous (i. v.) infusion (3 h) for 5 consecutive
days every 3 weeks. Hematological toxicity was negligible. Mild and completely
reversible renal toxicity was observed at the highest doses. Nausea, vomiting, and
diarrhea were significant but treatable. At 400 mg/m?/day painful blisters started
to develop on fingers and toes, and became very persistent at higher doses. Owing
to this unprecedented and dose-limiting form of toxicity, the advised dose for
further testing of NAMI-A according to this schedule was 300 mg/m?/day. At this
dose level the toxicity, mainly in the form of general malaise and mild nausea and
vomiting, was mild to moderate. Overall, the toxicity profile of NAMI-A was quite
different from that of the platinum anticancer drugs. In blood, ruthenium was
found to be largely bound to proteins. As a consequence, the total body retention
of Ru was longer than expected from the preclinical studies [34].

Even though partial or complete responses were not obtained, disease stabili-
zation was observed in heavily pretreated patients with advanced non-small cell
lung cancer (NSCLC) and one of them had stable disease for 21 weeks. This
result, together with the excellent activity shown by NAMI-A against lung metas-
tases in mice models (see above Section 1.1), suggested NSCLC as the target
disease for a phase II study. In addition, since gemcitabine + cisplatin regimens
are widely used for first-line treatment of NSCLC [35], it was decided to use a
similar combination with NAMI-A replacing cisplatin.

Thus, after very promising preclinical tests, in 2008-2011 a phase I/II combina-
tion study of NAMI-A + gemcitabine was carried out at NKI on 32 patients with
advanced NSCLC [36]. In the phase I of the study dose-escalation of NAMI-A
was initially performed in a 28 day cycle (3 h i.v. infusion on days 1, 8, and 15),
later amended into a 21 day cycle (days 1 and 8) due to frequent neutropenic
dose interruptions in the third week when the NAMI-A dose was increased.
Gemcitabine was given at the typical dose of 1 g/m? on each day subsequent to
the administration of NAMI-A. The maximal tolerable dose (MTD) of NAMI-
A was found to be 300 mg/m? in the 28 day cycle and 450 mg/m? in the 21 day
cycle. A further increase to 600 mg/m? induced dose-limiting toxicity (DLT) in
the form of the already mentioned blisters. In addition to the common terminolo-
gy criteria (CTC) grade 2-4 neutropenia and anemia, at the highest doses, the
main non-hematological adverse events were elevated liver enzymes, transient
creatinine elevation, renal toxicity, constipation, and fatigue.

In the phase II of the study, 15 patients were treated with the previously estab-
lished MTD of NAMI-A (450 mg/m? in the 21 day cycle) for assessing the antitu-
mor activity according to the response evaluation criteria in solid tumors (RE-
CIST) [37]. Since the efficacy of the treatment (1 case of partial remission and
10 patients with stable disease for at least 6-8 weeks) was lower than expected
for gemcitabine alone, the further expansion of the phase II cohort with addi-
tional patients was not pursued. Overall, the combination of NAMI-A with gem-
citabine was only moderately tolerated by patients and experienced as very ex-
hausting mainly because of the quite severe nausea, vomiting, and diarrhea. The
treatment was declared to be “insufficiently effective for further use” [36].
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2.1.2. KPI019 and KP1339

A small-scale phase I investigation was performed with KP1019 on eight patients
with advanced solid tumors [2, 38]. The complex, that was actually reconstituted
from the sodium salt and Ind-HCI in a 1:1.1 ratio for stabilizing the infusion
solution, was given i.v. twice weekly over 3 weeks. It was overall very well toler-
ated in the investigated dose range (total doses from 25 to 600 mg) and only
mild toxicity was observed [39]. Disease stabilization for 8-10 weeks, unrelated
to the dose, was observed for five out of six evaluable patients. Even though the
DLT was not reached, the relatively low solubility of KP1019 did not allow fur-
ther dose escalation (too large volume of infusion solution required). For this
reason, an additional full-scale phase I study was performed with the ca. 35-
fold more soluble sodium derivative Na[trans-RuCly(Ind),] (KP1339, Figure 2),
obtained from KP1019 in a two-step cation exchange via the tetramethylammo-
nium salt [40]. In this investigation 34 patients were treated at 9 dose levels (20—
780 mg/m?/day) in a 28 day cycle (i.v. infusion on days 1, 8, and 15) [3]. In
general, only minor side effects were observed. Grade 2-3 nausea, accompanied
by increased creatinine levels, was found to be DLT at the highest dose. No
MTD was reported. Seven patients, with different types of tumors (including 2
cases of NSCLC), experienced stable disease (SD) up to 88 weeks, and partial
response (PR) was observed in one patient with a neuroendocrine tumor.

Very recently, the outcome of a new phase I clinical study performed in the
US with KP1339 (now called IT-139) was published [41]. The study, that em-
ployed the same dose levels and treatment schedule as the previous one (see
above), concerned 46 patients. The MTD was established to be 625 mg/m?2. Also
the tolerability and safety profile were similar to those already established. In
particular, no significant neurotoxicity and dose-limiting hematological toxicity
were found, thus making KP1339 suitable for combination therapies. Overall,
the complex showed a modest antitumor activity; however, 3 of the 5 patients
with carcinoid neuroendocrine tumors had disease control (two SDs and one
PR). The authors, also on the basis of independent in vitro studies [42, 43], state
that the mechanism of action of KP1339 involves the targeting of the endoplas-
mic reticulum chaperone protein GRP78, whose levels are highly increased in
several cancers in response to stress (see also below Section 2.9.2). The decrease
of GRP78 levels leads to increased vulnerability and apoptosis of tumor cells.

2.2. Chemical Features and Chemical Behavior in Solution

2.2.1. NAMI-A

NAMI-A is perfectly stable in the solid state, whereas in aqueous solution it
undergoes strongly pH-dependent hydrolytic processes [5, 6, 44, 45]. At 37°C
and physiological conditions (phosphate buffer, pH 7.4, NaCl 0.9 %), the parent
complex disappears from the solution within ca. 15 min due to rapid chloride
and dmso hydrolysis, leading to the formation of dark-green uncharacterized
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poly-oxo species and eventually to a black precipitate. A similar behavior was
observed for NAMI-A-type complexes [46], and for [dmtpH][trans-RuCly
(dmso-S)(dmtp)]  (dmtp = 5,7-dimethyl[1,2,4]triazolo[1,5-a]pyrimidine). The
first hydrolysis product of this latter complex, the neutral species [mer-
RuCl3(H,0)(dmso-S)(dmtp)], was isolated and characterized [47]. On the con-
trary, NAMI-A is remarkably more stable at mildly acidic pH (3.0-6.0) and in
pure water (pH ca. 5.5), where only slow dmso hydrolysis occurs. For this reason,
NAMI-A was administered to patients dissolved in physiological saline made
slightly acidic by the citric acid contained in the formulation of the drug [33].
Interestingly, NAMI-A-type complexes bearing azole ligands that are less basic
than imidazole, such as pyrazole and thiazole, are more stable than NAMI-A in
slightly acidic aqueous solution [48].

The presence in the coordination sphere of the moderate m-acceptor dmso-S
gives to NAMI-A-type complexes a relatively high reduction potential [28, 49,
50]. For example, NAMI-A (E° +235 mV versus NHE) at pH 7.4 and 25°C is
quantitatively and instantaneously reduced to the corresponding dianionic
Ru(I1) species [trans-RuCly(dmso-S)(Im)]>~ by the addition of stoichiometric
amounts of biologically relevant reducing agents, such as ascorbic acid (AsH,
11-79 uM in blood plasma) and glutathione (GSH, 0.5-10 mM inside the cell)
[49, 51].

2.2.2. KPI019 and KP1339

KP1019 is stable in the solid state and has a rather moderate solubility in water
where, however, it is sufficiently stable for administration by infusion. In fact, in
aqueous solution at 25°C, slow exchange of one chloride ligand for water (ca. 2 %
per hour) occurs [52], generating the corresponding neutral complex mer,trans-
RuCl;(Ind),(OH,) that has been isolated and structurally characterized [53].
Similarly to NAMI-A, KP1019 hydrolyzes much faster upon increasing the pH:
at 37°C the half-life of the complex is 5.4 h in phosphate buffer at pH 6.0, where-
as it is less than 0.5 h at pH 7.4, where release of the indazole ligands also
occurs [52]. The formation of a precipitate within minutes from fresh solutions
of KP1019, dependent on concentration, pH, and temperature, is often reported
[52, 54].

In phosphate buffer, at pH 7, KP1019 has a lower redox potential compared
to NAMI-A (E° = +30 mV versus NHE, measured on the more soluble sodium
salt KP1339) [50]. Keppler and coworkers demonstrated that both ascorbic acid
and glutathione are capable of reducing the trans-[RuCly(Ind),]~ anion even
though at a slower rate compared to NAMI-A: in phosphate-buffered solution,
complete reduction of KP1019 required from minutes (AsH) to hours (GSH),
even at KP1019:GSH or AsH = 1:2 [55]. In parallel, the precipitation of unchar-
acterized species was observed.
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2.3. In Vivo Results: Animal Tests and Biodistribution

2.31. NAMI-A

As mentioned already, NAMI-A was firstly tested on mice [29, 30] and was found
to prevent the development and growth of metastases generated by several solid
tumor models, both in the lungs (Lewis lung carcinoma, MCa mammary carcino-
ma, TS/A mammary carcinoma, B16 melanoma, and H460M2, a human NSCLC
xenotransplanted into nude mice) and in the brain (P388 leukemia) [46, 56-60].
The reduction of the number (from 40 to 100 %) and weight (from 70 to 100 %)
of metastases led to a significant prolongation of the survival time of the treated
mice, and even to cures when combined with the surgical removal of the primary
neoplasm [6, 61]. The activity of NAMI-A was peculiarly selective towards me-
tastasis, as no significant inhibition of primary tumor growth was observed. This
difference cannot be ascribed to the pharmacokinetics of the complex. In fact,
when mice bearing MCa mammary carcinoma were given NAMI-A through intra-
peritoneal (i.p.) injection, ruthenium concentration in the lungs (comparable to
that in the liver and kidneys) was ca. 2-3 times higher than in the solid tumor
[49].

A similar ruthenium uptake by primary tumor and host tissues was found in
mice bearing Lewis lung carcinoma and treated i.p. with NAMI-A [62]. However,
when NAMI-A was injected directly into the tumor mass, the reduction of the
primary tumor growth was still modest compared to that of lung metastases even
though ruthenium concentration in the solid tumor was ca. one order of magnitude
higher than in the lungs (where the concentration was similar to that obtained
with i.p. treatment) [61, 63]. It was also found that the decrease of ruthenium level
from the lungs, liver, and kidneys is remarkably slower than from the primary
tumor, suggesting a stronger binding and persistence in those tissues [63].

2.3.2. KPI019 and KP1339

KP1019 was originally found to be highly active, with a tumor volume reduction
up to 95 %, in an autochthonous colorectal carcinoma of the rat that is platinum-
resistant and resembles colon cancer of humans (comparable histological appear-
ance and behavior toward chemotherapeutics) [1, 24, 25, 64]. In addition,
KP1019 was tested in vitro against more than 50 primary tumors explanted from
humans: in this highly predictive model, the complex afforded a positive re-
sponse rate higher than 80 % [65].

The time-dependent tissue distribution of KP1339 (given i.v.) in non-tumor
bearing BALB/c nude mice was recently determined [66]. The highest (and com-
parable) Ru concentrations were found in the liver, lungs, kidneys, and — surpris-
ingly — in the thymus, followed by spleen and colon (ca. 50 % less). Consistent
with the trend of total Ru in blood plasma, the peak levels in the mentioned
tissues were found 1-6 h after administration and decreased slowly with time,
with the exception of the spleen where the highest amount was found 24 h post
injection.
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The antimetastatic ability of KP1019 was also assessed. Treatment of mice
bearing the MCa mammary carcinoma with KP1019 at two dose levels was mod-
erately active in reducing the primary tumor but ineffective in reducing the de-
velopment of lung metastases [67].

2.4. In Vitro Results: Cytotoxicity
241 NAMI-A

Since the beginning of their development, Sava and coworkers demonstrated
that NAMI- and NAMI-A-type complexes have — in general — a negligible cyto-
toxicity, that is unrelated to their antimetastatic activity [68]. More lipophilic
complexes, such as Na[trans-RuCl,(TMSO)(Iq)] (TMSO = tetramethylene-
sulfoxide; Iq = isoquinoline), showed significant cytotoxicity in vitro but negligi-
ble antimetastatic activity in vivo [68]. The substantial lack of cytotoxicity for
NAMI-A was later confirmed by other studies [57]. For example, it was shown
that NAMI-A is, on average, more than 1000 times less cytotoxic than cisplatin
against several tumor cell lines [69], and when tested in the 60-cell line panel of
NCI for in vitro anticancer drug screening it showed no activity [9]. However, in
an indirect test performed on mice bearing Lewis lung carcinoma, NAMI-A was
found to target primarily tumor cells endowed with metastatic ability within the
primary tumor (see also below Section 2.10.1) [70]. Finally, we and others recent-
ly found that — unexpectedly — NAMI-A is strongly cytotoxic (even at low uM
concentrations) against several leukemia cell lines, both myeloid and lymphoid,
an activity apparently related to the selective inhibition of KCa 3.1 channels (see
below) [71].

2.4.2. KPI1019 and KP1339

KP1019 is moderately cytotoxic in vitro. For example, when tested against a
panel of chemo-sensitive cell lines and their chemo-resistant sublines 1Csq in the
range 50-180 uM were found [72]. When compared in several cancer cell lines
with its sodium salt KP1339, KP1019 tended to be moderately more cytotoxic
(mean ICsj 93.1 uM for KP1019 versus 115.1 uM for KP1319) [73]. Nevertheless,
the significant correlation of the cytotoxicity profiles suggests that they share
similar modes of action. Interestingly, for both compounds no correlation be-
tween total cellular drug uptake and cytotoxicity was found [73]. Both KP1019
and KP1339 were moderately cytotoxic (30-95 uM) — but more than cisplatin
and etoposide — in colorectal carcinoma cells (SW480 and HT29) upon short-
term exposure (24 h) and induced apoptosis predominantly by the intrinsic mito-
chondrial pathway. However, upon long-term exposure (72 h), cisplatin and eto-
poside became much more effective than the two Ru compounds [74]. Of partic-
ular interest, in view of the results described above for NAMI-A, is the recently
reported NCI screening against a 60-cell line panel in which KP1019 showed
high response rates in the leukemia cell subpanel [66].
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More recently, KP1339 was investigated in more realistic three-dimensional
cell culture systems (cancer cell spheroids), where it resulted less cytotoxic com-
pared to conventional two-dimensional cultures (e.g., for HCT116 cells, the ICs
was 136 + 27 in the 2D model versus 244 + 14 in the 3D model) [75]. Similar
ICsp values were obtained in hypoxic as well as non-hypoxic spheroids, in con-
trast with the often invoked “activation-by-reduction” hypothesis, according to
which Ru(IIT) compounds serve as pro-drugs and are activated in the hypoxic
environment of the solid tumors [3, 10].

2.5. Transport Mechanisms in the Blood
and Binding to Serum Proteins

Transport of anticancer ruthenium drugs in the blood stream is an issue that has
attracted a lot of attention in the scientific community since the very first studies.
Interest in serum proteins, in particular transferrin, was primarily dictated by the
consideration that Ru(III) is believed to mimic quite closely the chemical behav-
ior of Fe(III), leading to the concept that the physiological transport mechanisms
of iron (the so called “transferrin route”) might be exploited by non-physiologi-
cal ruthenium species as a smart way to enter cells, according to a “Trojan horse”
strategy [76-78]. In addition, this kind of uptake mechanism seemed particularly
attractive for a prospective anticancer drug as cancer cells usually require a far
larger amount of iron than healthy cells to fulfil their increased metabolic needs
and express — accordingly — a greater number of transferrin receptors [76-78].
Thus, if proved true [10], the transferrin-mediated uptake could impart some
degree of selectivity to ruthenium drugs for the high iron demanding cancer
cells. The studies, initially focused on the interactions with serum transferrin,
were subsequently extended to the major serum protein, i.e., serum albumin. A
critical description of the main achievements in this area is given below. It should
be noted that the meaningful translation of the in vitro findings into mechanistic
hypotheses is hampered by remarkable difficulties: (i) it is hard to know the
precise nature of the ruthenium species, derived from either complex, that serum
proteins will meet in vivo, not to mention their concentration; (ii) in the case of
transferrin it is similarly difficult to establish the role of naturally abundant
Fe(III); (iii) the competition with other biological components is usually not
considered; (iv) the release step has been much less investigated.

25.1. KPI019

A pioneering study by Kratz et al., published in 1994 [79], first explored the
interactions of KP1019 and its imidazole counterpart KP418 with human serum
transferrin, in the iron-free apo form (apoTf). Clear evidence for adduct forma-
tion was gained, mainly through a joint spectroscopic and chromatographic ap-
proach. KP1019 was found to react with apoTf much faster than KP418. Protein
binding completely prevented the formation of its insoluble degradation prod-
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Figure 3. Difference electron density map for KP1019 in the N-terminal site of human
apolactoferrin showing that the two indazole ligands are likely retained. The Ru atom
binds to His253 and the nearby side chain of Lys301 may help stabilize the binding.
Reproduced from [80] with permission; copyright 1994 Hindawi.

ucts that build up in a physiological environment as a consequence of aquation
and oligomerization processes (see above Section 2.2.2). This study was quickly
supported by structural results describing the nature of the formed metallodrug/
protein adducts. Crystallographic investigations were conducted on apo-lactofer-
rin, a protein that is very similar — both structurally and functionally — to transfer-
rin, for its greater tendency to form crystals suitable for X-ray diffraction meas-
urements. The structure of the adduct of KP1019 with apo-lactoferrin, though
solved at relatively low resolution, contributed to elucidate the nature of the
occurring interactions [80, 81]. Indeed, a Ru fragment coordinated to a His resi-
due in the iron-binding site of lactoferrin, i.e., His253, was unambiguously detect-
ed. Notably, the ruthenium center seems to conserve its two axial indazole li-
gands whereas losing the chloride ligands (Figure 3).

In the following years, the group of Keppler performed several additional stud-
ies on the KP1019/apoTf system and, more in general, on KP1019 binding to
serum proteins in the blood but no conclusive evidence was obtained on the
actual relevance of the proposed “Tf-shuttle mechanism” [82-87].

Conversely, in substantial agreement with the pharmacokinetic results of the
clinical investigations, it was found that a large amount of KP1019 binds rapidly
to human serum albumin (HSA), by far the most abundant protein in the plasma
(ca. 600 uM, whereas the concentration of transferrin (HSTT) is ca. 15-20 times
lower); as a consequence, the percentage of KP1019 associated to transferrin
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Figure 4. Overall structure of HSA-Myr-KP1339 (PDB ID 5IFO) (Myr = Myrystate).
The structure is shown as a cartoon with every domain/subdomain being differently col-
ored and labeled (domain I, blue; domain II, green; domain III, red). The bound metal
centers are represented as deep teal spheres and labeled as Rul and Ru2, respectively.
The seven FAs (fatty acids) bound to HSA are labeled as FA1-7 with bound FAs being
displayed as sphere chains (aliphatic chain, grey spheres; carboxylate oxygens, red spheres).
Reproduced from [88] with permission; copyright 2016 American Chemical Society.

turned out to be — at best — only a very small fraction of total administered
KP1019. This finding further renders the mechanism centered on transferrin less
probable and/or less relevant [85-87].

As a corollary to these controversial and sometimes conflicting results, the
recent perspective paper by Keppler and coworkers, published in Chemical Sci-
ence, states that the hypothesis of an uptake mechanism based on transferrin for
KP1019/KP1339 remains problematic, much debated, and yet not validated [3].
Very recently, the group of Keppler also reported the crystal structure of the
adduct formed between KP1019 and HSA [88]. Unambiguous evidence was
gained for the binding of two naked Ru ions to histidine residues 146 and 242,
which are both located within the well-known hydrophobic binding pockets of
albumin (Figure 4). In this case evidence is offered for the dissociation of both
indazole ligands from the ruthenium center. By virtue of these findings it was
also suggested that HSA, rather than HSTY, could truly serve as a transporter
for ruthenium drugs; some selectivity for solid tumor masses might be the conse-
quence of the so-called enhanced permeability and retention (EPR) effect [89].
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2.52. NAMI-A

Fewer investigations were carried out on the reactions of NAMI-A with serum
proteins [90-92]. Studies conducted on the purified proteins indicated that
NAMI-A, upon aquation, is able to bind tightly both HSTf and HSA, forming a
number of stable adducts at various Ru/protein molar ratios [92]. Similarly to
KP1019, it was also shown that binding to serum proteins prevents the aggrega-
tion phenomena of NAMI-A typically observed in test-tube experiments. Con-
sistently, in vivo studies revealed that a large amount of injected NAMI-A binds
rapidly to serum proteins, in particular serum albumin [93]. Yet, poor evidence
has been obtained on the hypothesis that these adducts may retain the biological
and pharmacological properties of the parent metal complex; this issue is still
highly debated. Indeed, whereas the first indications favored the view that
NAMI-A upon binding to albumin loses, to a large extent or even completely,
its biological and pharmacological properties [92], more recently evidence has
been gathered that the adducts formed between NAMI-A and HSA are still able
to produce important pharmacological effects at the cellular level potentially
linked to its antimetastatic activity, such as increased cell adhesion to the sub-
strate, reduced cell motility and decreased ability of cells to penetrate into colla-
gen gels [94, 95].

Further relevant contributions to the understanding of the interactions of
KP1019 and NAMI-A with serum proteins have come from the groups of Lay,
Walsby, and Harris, using a variety of spectroscopic methods, in particular XAS,
ESR, and ENDOR [96-100]. Both Ru compounds were shown to bind very
rapidly to HSA in a noncovalent manner, followed by coordination to protein
side chains after ligand exchange. In addition, and again in contrast with the
so-called “activation-by-reduction” hypothesis [10], independent ESR and XAS
measurements could establish that ruthenium in the adducts predominantly re-
mains in the oxidation state +3.

2.6. Cellular Uptake and Intracellular Distribution

Recently, research has moved to consider more extensively and more in depth
the effects that putative anticancer ruthenium drugs produce on treated cancer
cells, beyond the mere determination of their cytotoxic actions. In this frame Ru
cellular uptake and intracellular distribution are topics with relevant mechanistic
implications. Indeed, it is reasonable to assume that ruthenium drugs will pro-
duce their biological and cytotoxic effects maximally in those cellular compart-
ments where the local concentration of Ru is highest. At the same time, it is
important to establish whether the intracellular distribution of Ru is roughly
uniform or specific sites are instead present, with a high local Ru concentration.
The availability of metal-selective analytical techniques of continuously increas-
ing sensitivity and spatial resolution, such as AAS, ICP-MS, XAS, or X-ray fluo-
rescence, allows today a precise quantitative determination of the metal content
in the cells and in the various sub-cellular compartments. These bioanalytical
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approaches have been applied in several occasions to both NAMI-A and KP1019
during the past 15 years, through a number of studies [101-103]. The numerous
bioanalytical reports that are now available on the uptake and distribution of
Ru drugs in cellular models are on the whole rather fragmentary and sometimes
conflicting, often dependent on the applied experimental settings; yet, from a
careful and critical analysis of the available results, some general trends may be
drawn with notable mechanistic implications as illustrated below.

In general, it should be taken into account that the results — in particular the
early ones — might be biased by the fact that less attention was paid to separate
intracellular ruthenium from ruthenium attached on the cell membrane making
the term ”intracellular” at least questionable. In addition, as evidenced by
Keppler and coworkers [104], protocols using cell lysis in the culture plate that
do not include corrections of adsorption effects can produce artefacts to an ex-
tent comparable with the actual cellular content. Finally, when biological samples
are submitted to relatively harsh extraction/analytical procedures, including
chemical/enzymatic treatments (developed for the more robust Pt adducts) prior
to performing the metal detection, it should not be forgotten that loss of Ru
may occur, leading to an underestimate of ruthenium amounts.

2.6.1. NAMI-A versus KP1019/1339

Several analytical determinations of ruthenium uptake in cancer cells treated
with NAMI-A were first performed in the group of Sava in Trieste already in
the late 90’s. They were mainly based on GFAAS measurements and comprehen-
sively described in a paper which appeared in 2002 [101]. In that paper, the
uptake of NAMI-A by KB cells in vitro was compared with the effects on the
cell cycle phase distribution. It was found that the uptake of ruthenium is propor-
tional to the concentration of NAMI-A in the medium but is significant only for
concentrations larger than 100 uM; in addition, the Ru uptake turned out to be
higher when cells were incubated in PBS (phosphate-buffered saline) compared
to MEM (minimum essential media), stressing the importance of the applied
solution conditions [105]. The effect of temperature on Ru uptake was consistent
with an active transport mechanism. In turn, the effects of NAMI-A on cell cycle
distribution were strictly correlated to ruthenium uptake by tumor cells but not
to its extracellular concentration.

Subsequently, a paper by Schellens and coworkers confirmed the relatively low
uptake of NAMI-A in four human tumor cell lines (see also below Section 2.7.1)
[69].

Similarly, the uptake of KP1019 and KP1339 was analyzed in depth in the
group of Keppler [74]. It was shown that both complexes are efficiently taken
up into cancer cells: notably a 100 uM ruthenium(III) complex concentration in
the growth medium led to the uptake of 120-160 ng ruthenium per 10° cells
within 30 min. Both KP1019 and KP1339 induced apoptosis in SW480 and HT29
cells predominantly by the intrinsic mitochondrial pathway as indicated by loss
of mitochondrial membrane potential.
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More recently, the cellular uptake of NAMI-A was investigated in direct com-
parison to KP1019 in human liver cancer cells by Ru K-edge X-ray absorption
spectroscopy. Very remarkably, the cellular uptake of KP1019 was approximately
20-fold higher than that of NAMI-A under the same solution conditions; how-
ever, it was also observed that the uptake of the former complex is drastically
reduced after aging in cell-culture media, suggesting that the parent complex
KP1019 is taken up by cells mostly through passive diffusion [96].

In another, nearly simultaneous, study by Harris and coworkers [102], X-ray
fluorescence imaging was exploited to reveal the intracellular distribution of Ru
in single human cells treated with KP1019; evidence was obtained that Ru is
localized both in the cytosol and in the nuclear region. In stark contrast, Ru
could not be visualized in cells treated with NAMI-A under the same conditions,
indicating that NAMI-A is not internalized and supporting the concept that its
activity is mainly exerted through a membrane-interaction mechanism. These
findings are in substantial agreement with independent results obtained by
Groessl et al. [103].

On the whole, the above described results highlight a striking difference in the
cellular uptake and intracellular distribution behavior for NAMI-A compared to
KP1019: NAMI-A, at variance with KP1019, has a poor ability to enter the cyto-
sol; as a consequence, ruthenium associated to cells is mostly located at the
membrane level. In any case, the amount of Ru capable of reaching the cell
nucleus and binding to DNA is small even for KP1019, and far smaller than for
classical Pt drugs.

2.7. Interactions with DNA

As the field of anticancer metal based drugs has been largely dominated by the
success of Pt drugs and by the so called “DNA paradigm” to explain their mode
of action, subsequent studies on other non-Pt anticancer metal drugs invariantly
started from the assumption that DNA might similarly represent the primary
biomolecular target. So, even in the case of ruthenium drugs, several investiga-
tions were directed at analyzing their interactions with a variety of DNA [73, 74,
106, 107] — and also RNA [108] — molecules, even in the absence of solid evidence
proving their importance as targets. The main studies in the field are summarized
below.

2.71. NAMI-A versus KP1019

An important and comprehensive study analyzing the interactions of NAMI-A
and KP1019 with DNA molecules in a cell free medium was contributed by the
group of Brabec in 2001 [106]. The modifications of natural DNA produced by
these ruthenium(III) compounds were characterized by a battery of biophysical
methods including DNA binding studies by atomic absorption spectroscopy, inhi-
bition of restriction endonucleases, mapping of DNA adducts by transcription
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assay, interstrand cross-linking quantitation employing gel electrophoresis under
denaturing conditions, DNA unwinding studied by gel electrophoresis, circular
dichroism analysis of the B—Z transition in DNA, and DNA melting curves
measured by absorption spectrophotometry. Overall, results indicated that the
two Ru compounds are able to coordinate irreversibly to DNA; however, their
DNA binding mode appears to be profoundly different from that of cisplatin.

NAMI-A binds to DNA in vitro considerably faster than KP1019 and also
cisplatin, in accord with its greater kinetic reactivity; it also forms bifunctional
intrastrand adducts on double-helical DNA that are capable of terminating RNA
synthesis in vitro, while the capability of KP1019 to form such adducts is marked-
ly lower. Even though the binding of both NAMI-A and KP1019 affects the
DNA structure, the conformational changes induced by ruthenium drugs are
usually smaller than those of platinum drugs, resulting in a less severe DNA
damage. It was proposed that the altered DNA binding mode of ruthenium drugs
in comparison with cisplatin might be an important factor responsible for their
lower cytostatic activity in tumor cells.

A subsequent paper by Schellens et al. [69] explored the cytotoxicity, intracel-
lular accumulation, and DNA adduct formation of NAMI-A in vitro in compari-
son to cisplatin in four distinct human tumor cell lines: IGROV-1, 2008, MCF-7,
and T47D. The cytotoxicity of cisplatin correlated well to both intracellular plati-
num accumulation and DNA binding, whereas that of NAMI-A (on average ca.
1000 times lower than cisplatin) was only related to DNA binding and not to
intracellular ruthenium accumulation. Ruthenium intracellular accumulation and
DNA binding were about 4.8 and 42 times smaller than those of cisplatin. The
low binding of NAMI-A to cellular DNA could not simply be explained by a
lower capacity to bind DNA because the absolute level of binding in vitro to calf
thymus DNA was the same for NAMI-A and cisplatin. The lower cytotoxicity
of NAMI-A versus cisplatin may be explained, at least in part, by its reduced
reactivity to DNA in intact cells.

A more recent study has appeared on the same topics based on the use of
advanced mass spectrometry methods [107]. Specifically, the binding of KP1019
and NAMI-A towards different double-stranded oligonucleotides was probed by
electrospray ionization mass spectrometry and compared with that of the plati-
num drugs cisplatin, carboplatin, and oxaliplatin. Notably, the extent of adduct
formation decreased in the following order: cisplatin > oxaliplatin > NAMI-A >
KP1019. The binding sites of these metallodrugs on the oligonucleotides were
elucidated using top-down tandem mass spectrometry, highlighting in all cases a
strong preference for guanine residues.

Further insight into the interactions of Ru drugs with DNA and their relevance
comes from the above-mentioned clinical study on NAMI-A [33]. It is worth
reminding that no Ru-GG and -AG adduct could be detected in DNA extracted
from white blood cells (WBCs) of treated patients, even at the highest applied
doses (see above Section 2.1.1); this offers a further indication that DNA is a
unlikely target for Ru drugs; however, the lack of detectable Ru-GG and -AG
adducts might arise from the fact that such adducts, being less robust than the
Pt-DNA adducts, do not survive the extraction/analytical procedures.
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2.8. Interactions with Proteins

The interactions of NAMI-A and KP1019 with proteins have been investigated
intensely and repeatedly for various reasons. As already pointed out, early stud-
ies showed that both ruthenium drugs interact tightly with serum proteins (see
above Section 2.5); in addition, the growing evidence that DNA is an unlikely
target for Ru drugs (compared to Pt drugs) further prompted researchers to
characterize their interactions with a variety of cellular proteins as targets.

A few recent studies were specifically aimed to model, at the atomic level, the
interactions of a few putative Ru drugs with standard proteins. These studies,
mainly based on a combined X-ray diffraction and ESI-MS approach, elucidated
the nature of the occurring interactions and the general mode of Ru binding
(so called “protein ruthenation™). These aspects are treated exhaustively and
competently in a recent structural review by Merlino [109], to which the reader
is referred; we will consider here just a few key aspects emerging from those
investigations.

2.81. NAMI-A

The interactions of NAMI-A with the model proteins lysozyme [110] and car-
bonic anhydrase [111] have been analyzed in depth and now there is sufficient
evidence to illustrate the underlying modes of interaction.

In the case of lysozyme, the X-ray structure shows that NAMI-A behaves as
an “ultimate prodrug” [10], losing all its original ligands during the soaking pro-
cess: the resulting naked ruthenium ions interact with the protein through forma-
tion of coordinative bonds to the carboxylate groups of two distinct aspartate
residues, i.e., Asp101 and Asp119 (Figure 5).

Similar results were obtained upon solving the crystal structure of the adduct
formed between NAMI-A and carbonic anhydrase. Again, a naked ruthenium
ion was detected coordinatively bound to the protein; however, in this latter
case, the ruthenium ion coordinates to the imidazole group of a solvent-exposed
histidine, i.e., His64 (Figure 6).

Also the NAMI-A-type complex having pyridine instead of imidazole, nick-
named AziRu, manifests a similar mode of interaction with model proteins [112].
These aspects are comparatively examined in a recent review paper by Montes-
archio et al. [113].

Based on the results illustrated above, we can state that the mechanism of
protein ruthenation induced by NAMI-A type compounds has been satisfactorily
clarified at the molecular level in various proteins, and seems to be largely con-
served. Typically, degradation of the Ru(III) complex anion proceeds completely
so that a naked ruthenium ion is eventually bound to the protein at selected side
chains, mainly the imidazole group of histidine or the carboxylate group of Asp
or Glu.
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Figure 5. The adduct of NAMI-A with HEWL (= hen egg white lysozyme). 2F,—F,
electron density maps contoured at 0.5 o level (gray) and 2.0 o level (red) showing the
Ru ions bound to HEWL. The red peak shows the electron-rich Ru atom. The lack of
definition of the axial ligand is probably due to rotational disorder. (A) Ru binding site
close to Asp101. (B) Ru binding site close to Asp119. Reproduced from [110] with permis-
sion of the Royal Society of Chemistry.
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Figure 6. The adduct of NAMI-A with hCAII (= human carbonic anhydrase II). 2F,—
F, electron density map contoured at 1o level showing the ruthenium ion bound to the
hCAII residue His64. Reproduced from [109] with permission; copyright 2016 Elsevier.

2.8.2. KPI019

Unfortunately, recent work devoted at investigating the interactions of KP1019
with model proteins failed to afford good quality crystals and the respective high-
resolution crystal structures. Therefore, the best structural models for protein
metalation by KP1019 are still those deriving from the relatively low resolution
crystal structure of the apo-lactoferrin adduct and from the more recent crystal
structure of the HSA adducts, previously commented. However, these structural
studies have been corroborated and partially validated by a few spectroscopic
studies in solution mainly carried out by the groups of Walsby and Harris [54,
97-100]. Notably KP1019 - at variance with NAMI-A and in accordance with its
greater inertness — seems capable to retain, at least in part, its heterocyclic li-
gands upon protein binding [114].

2.9. Cellular Effects and Cellular Death Mechanisms

During the last two decades several studies explored, on a larger scale but still
through targeted approaches, the effects that either NAMI-A or KP1019 produce

printed on 2/13/2023 2:44 AMvia . All use subject to https://ww.ebsco.confterms-of-use



EBSCChost -

THE RUTHENIUM(IIl) DRUG CANIDATES KP1019 and NAMI-A 161

at the cellular level in treated cancer cells trying to highlight the most meaningful
and relevant alterations. As pointed out above, these two Ru drugs show a quite
distinct biological profile; accordingly, the mentioned studies were generally fo-
cused on specific cellular processes in dependence on the investigated drug. In
other words, as KP1019 possesses the frank profile of a cytotoxic drug, the re-
spective cellular studies were mainly devoted to characterize the induction of
apoptosis and the inherent mechanisms of cell death; at variance, being NAMI-
A - predominantly — a non-cytotoxic agent, studies mainly examined its effects
on other cellular aspects such as the interactions with typical membrane proteins,
e.g., integrins, the effects on cell motility and cell adhesion, on ion channels, on
the cytoskeleton, and so on.

Only very recently the cellular effects produced by these Ru drugs were ana-
lyzed through untargeted approaches — either on a genome-wide or a proteome-
wide level — with the help of the emerging “omics” technologies. While not
entering here into the details, the multiple facets and the intrinsic complexity of
these cellular investigations, we try to describe a few aspects that seem to us
particularly relevant.

2.9.1. NAMI-A

As stated above, NAMI-A shows in most cases a non-cytotoxic profile with ICs,
values usually greater than 500 uM. This implies that cells treated with NAMI-
A — at the concentrations usually applied for the in vivo and in vitro studies —
do not manifest evident signs of sufferance or damage and remain viable. This
is the reason why studies on cell death and apoptosis induced by this compound
are virtually missing as those processes only occur at unrealistically high drug
concentrations, except for a few leukemia cell lines [71]. Accordingly, other strat-
egies need to be exploited to reveal the cellular alterations induced by NAMI-
A with an emphasis on those that are mediated by membrane interactions. Most
of these studies mainly concerned the analysis on the effects produced on cell
adhesion and migration, on the cytoskeleton, on cell motility and so on. Particu-
larly relevant is a recent study by Sava and coworkers where the effects of
NAMI-A on adhesion and migration are described in depth [115]; in particular
this study reports that NAMI-A affects two important steps of the tumor meta-
static progression of colorectal cancer, i.e., adhesion and migration of the tumor
cells on the extracellular matrix proteins. The fibronectin receptor a5p1 integrin
is likely involved in mediating these actions.

“Omics” technologies started to be exploited to characterize the cellular ef-
fects of NAMI-A. In 2013 a study appeared, which described the proteomic
alterations produced by NAMI-A in A2780 human ovarian cancer cells [116]; it
was found that the compound, at a concentration of 50 uM over 24 h exposure,
induced on the whole relatively few proteomic alterations. Omega-amidase
(NIT2), thymidylate kinase (TMK), histidine triad nucleotide-binding protein 1
(HINT1), serine threonine protein phosphatase subunit b (PP2A), peptidyl-pro-
lyl cis-trans isomerase D (PPID), elongation factor 1-delta (EF1D), cathepsin D
(CATD), peroxiredoxin-1 (PRDX1), protein S100-A4 (S10A4), and prefoldin
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subunit 3 (PFD3) were the proteins that showed an appreciable upregulation
upon NAMI-A treatment while DNA polymerase epsilon subunit 3 (POLE3)
was markedly downregulated [116].

More recently, the group of Sava analyzed the transcriptomic changes caused
by NAMI-A [117]. The genes differentially expressed upon treatment with
NAMI-A were identified through whole-transcriptome analysis and RNA-se-
quencing in the metastatic MDA-MB-231 mammary carcinoma cells, in compari-
son to the non-tumorigenic HBL-100 mammary gland cells. NAMI-A treatment
rapidly induced a relevant but transient up-regulation of a few genes. The ob-
served changes in gene expression profoundly differ between MDA-MB-231 and
HBL-100 cells, highlighting the large selectivity of the NAMI-A induced tran-
scriptional perturbations in the invasive rather than in the non-tumorigenic phe-
notype. The transcriptional response, in the invasive MDA-MB-231 cells, com-
prises a set of early-response transcription factors and reveals a pharmacological
signature in substantial agreement with the NAMI-A behavior as a metastasis
inhibitor involving cell cycle regulation and ECM (extra-cellular matrix) remod-
eling. Globally, the results of this study underscore the role of some transcription
factors that crucially affect the expression and activity of many downstream
genes and proteins fundamentally involved in the functional effects of NAMI-A
[117].

2.9.2. KPI1019 and KP1339

Cellular studies carried out on KP1019 have followed a more classical course as
they primarily concerned the detailed description of cancer cell death and the
investigation of the underlying mechanisms. Those studies were mainly contrib-
uted by the group of Keppler ([3] and refs therein). It emerges that KP1019 is
able to induce apoptotic death of cancer cells. The most credited mechanisms
are summarized in a recent paper [118]. It is proposed that the biological activity
of KP1339 is mostly mediated by overproduction of reactive oxygen species
(ROS). ROS lead to Nrf2 activation, which in turn triggers antioxidant response
gene transcription. GRP78 down-regulation on the protein level suggests endo-
plasmic reticulum (ER) associated protein degradation (ERAD) as a mode of
action [42, 43]. Another important part for the mode of action is ER stress, as
different factors are highly upregulated on the protein level. For example PERK,
a transmembrane receptor which is released by GRP78 when the ER is dis-
turbed, is upregulated and phosphorylated. EIF2a is phosphorylated, which
leads to an inhibition of CAP-dependent translation and other stress responses.
The transcription factor CHOP (DDIT3), which promotes ER stress-dependent
apoptosis, is time- and concentration-dependently upregulated. Finally, cytotox-
icity tests revealed that inhibition of ER stress leads to decreased cytotoxic ef-
fects of KP1339, which highlights the involvement of this mechanism in the mode
of action [118].

At variance with NAMI-A, to the best of our knowledge, no complete pro-
teomic or transcriptomic studies have been carried out on KP1019/1339 and re-
lated KP-type compounds.
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2.10. Hypotheses on the Mechanisms of Action

It is somehow frustrating to admit that, despite the numerous investigations car-
ried out so far, the precise mechanisms of action of NAMI-A and KP1019 are
still largely unknown. The striking difference compared to Pt anticancer drugs,
for which the (main) mechanism of action could be drafted — at least broadly —
since the early studies, has to be found in the greater lability of the two Ru
coordination compounds. The relatively fast aquation processes and ligand-ex-
change reactions generate several species that, while diffusing through the differ-
ent biological compartments (blood serum, extracellular matrix, cell surface, cell
interior ...) can react with a variety of biological components leading to a mani-
fold of effects.

Nevertheless, even within this rather uncertain framework, on the ground of
the conspicuous number of available mechanistic studies, we may formulate
some reasonable hypotheses concerning their likely modes of action.

2.10.1. NAMI-A

The activity of NAMI-A seems to be the result of concurrent mechanisms that,
contrary to the original expectations, apparently do not involve nuclear DNA [9,
14]. Sava and coworkers demonstrated years ago, through an indirect experi-
ment, that NAMI-A selectively affects tumor cells with metastatic ability within
the primary tumor (Lewis lung carcinoma) [59]. Cells harvested from the prima-
ry tumor of mice treated with NAMI-A at the normal dose active on metastases,
when transplanted into healthy mice, showed no change in primary tumor devel-
opment, but a significant reduction in the formation of spontaneous lung metas-
tases. This finding suggested that the treatment with NAMI-A had depleted the
primary tumor of the clone of cells endowed with metastasizing ability. Several
in vitro investigations on different cancer cell lines by the groups of Sava [58,
59, 115, 119, 120] and Lay [94] confirmed the capability of NAMI-A to affect
significantly tumor cells with metastatic ability by interfering — at sub-cytotoxic
and physiologically relevant Ru concentrations — with important steps of the
tumor metastatic progression. In fact, by virtue of its fast ligand-exchange kinet-
ics, NAMI-A is not significantly internalized by cells but rather binds to collagens
of the extracellular matrix and to cell surface integrins, thus leading to increased
adhesion and reduced invasiveness of cancer cells.

If these results are consistent with the capability of NAMI-A of inhibiting the
growth of new metastases, its activity against already grown metastases is per-
haps more reasonably attributable to its anti-angiogenic properties, confirmed in
the chick chorioallantoic membrane and in the rabbit eye cornea model [121,
122].

2.10.2. KPI1019 and KP1339

The overall experimental evidence collected for KP1019 suggests a different
mechanism of action. First of all, the relatively slower extracellular degradation
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and higher lipophilicity of KP1019 compared to NAMI-A allow enhanced cellu-
lar uptake, most likely by passive diffusion. Accordingly, the in vivo activity of
KP1019 on primary tumor growth is predominantly due to direct cytotoxic ef-
fects on tumor cells. In other words, KP1019 seems to behave as a classical
cytotoxic drug, even though the mechanism leading to cell damage and death is
unclear. The most recent and credited interpretations on the molecular mecha-
nism of KP1339 tend to rule out a direct DNA damage as the main determinant
of its cytotoxic action. In contrast, the mechanism appears to be centered on
strong interactions with cytosol proteins leading to ROS overproduction, oxida-
tive and ER stress. Eventually, this cellular damage triggers apoptosis through a
mitochondrial pathway [118].

On the other hand, there are controversial findings on the anti-metastatic abil-
ity of KP1019. Despite the inactivity found in vivo in the MCa tumor model,
KP1019 revealed some anti-invasive activity in monolayer cultures of breast can-
cer cell lines, causing significant reduction of cell migration and invasion [67].
However, KP1339 was later found to have no anti-invasive activity, neither in
the spheroid model nor in the trans-well assay in the cell line HT1080 [75].

3. CONCLUSIONS AND OUTLOOK

The most surprising aspect of NAMI-A and KP1019 is that, despite their obvious
structural similarity, they have so markedly different macroscopic pharmacologi-
cal activities: KP1019 behaves rather as a classical anticancer compound (with
the great advantage of being active also against platinum-resistant tumors),
whereas NAMI-A has a more unconventional activity that affects the metastases
and not the primary tumor.

A question spontaneously arises: is such difference in activity caused by an
intrinsic chemical feature, i.e., the different axial ligands in the two Ru(III) an-
ions, or is it mainly ascribable to the distinct kinetics that such different ligands
entail? Both complexes have relatively fast ligand-exchange Kkinetics, with
NAMI-A being more labile than KP1019. Since a great deal of experimental
evidence indicates that, under in vivo conditions, both compounds are very likely
to lose also the axial ligands, generating eventually the naked Ru ion, the culprit
seems to be found mainly in the complex intertwining of chemical and diffusional
kinetics (see above).

A recent comparative study performed by the group of Harris [100] in multi-
cellular spheroids of SH-SY5Y human neuroblastoma cells of various diameters
(50-800 wm) supported this vision showing that, also in this in vitro model of
a solid tumor, NAMI-A and KP1019 behave differently. A detailed XANES
investigation (performed 24 h after treatment of the spheroids with the com-
pounds) indicated that the speciation of NAMI-A did not change significantly
as hypoxia levels of the spheroids increased, whereas the fate of Ru from KP1019
was greatly affected by the level of hypoxia. Given that NAMI-A is more labile
and more easily reduced than KP1019, this result suggests that the chemical
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transformation (i.e., speciation) of NAMI-A had already come to an end before
the collection of the Ru K-edge data started [100].

The complex in vivo chemistry of these two simple Ru(Ill) compounds is a
two-edged sword. On the one hand, the absence of clear identified target(s) (e.g.,
DNA) and activity markers — not surprising given their very complex speciation
processes — is affecting negatively their development [9]. Indeed, even though
NAMI-A and KP1019 are relatively safe, their clinical development, after the
initial progress, is now apparently lagging behind. On the other hand, in the 30
years after their discovery, the scientific community has acquired a good general
knowledge of the behaviors and features of both KP-type and NAMI-A-type
complexes. We learned that relatively small changes in the axial ligands of these
anionic species lead, in a complex series of cascade events, to remarkably differ-
ent pharmacological effects. Thus, it might be rewarding to re-examine these two
classes of complexes: perhaps — in the light of our current knowledge — novel
and different drug candidates might emerge.

Finally, it is worth noting that the exploration of nanoparticle formulations of
both NAMI-A and KP1019 just started [123, 124]. This approach, through a
careful optimization of a few physico-chemical parameters, offers the chance to
improve the stability of the resulting nano constructs and optimize their ability
to target cancer tissues, thus opening a new and truly exciting frontier for the
development of these Ru drugs.
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ABBREVIATIONS AND DEFINITIONS

AAS atomic absorption spectroscopy

AMMN acetoxymethylmethylnitrosamine

apoTf apo-transferrin

AsH ascorbic acid

DLT dose limiting toxicity

dmso dimethylsulfoxide

dmtp 5,7-dimethyl[1,2,4]triazolo[1,5a]pyrimidine
ENDOR electron nuclear double resonance spectroscopy
ER endoplasmic reticulum

ESI-MS electrospray ionization mass spectrometry
ESR electron spin resonance

GFAAS graphite furnace atomic absorption spectroscopy
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GSH glutathione

HSA human serum albumin

HSTf human serum transferrin

ICP-MS inductively coupled plasma mass spectrometry

Im imidazole

Ind indazole

L.p. intraperitoneal

LV. intravenous

MTD maximal tolerable dose

NAMI sodium frans-[tetrachloro(dimethylsulfoxide)(imidazole)
ruthenate(I11)]

NAMI-A imidazolium trans-[tetrachloro(dimethylsulfoxide)(imidazole)
ruthenate(I11)]

NKI National Cancer Institute of Amsterdam

NSCLC non-small cell lung cancer

KP418 imidazolium trans-[tetrachlorobis(imidazole)ruthenate(I11)]

KP1019 indazolium trans-[tetrachlorobis(indazole)ruthenate(III)]

KP1339 sodium trans-[tetrachlorobis(indazole)ruthenate(I11)]

PR partial response

ROS reactive oxygen species

SD stable disease

XAS X-ray absorption spectroscopy
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Abstract: There has been much recent interest in the development of therapeutic transition
metal-based complexes in part fueled by the clinical success of the platinum(II) anticancer drug,
cisplatin. Yet known platinum drugs are limited by their high toxicity, severe side-effects, and
incidences of drug resistance. Organometallic ruthenium-arene complexes have risen to promi-
nence as a pharmacophore due to the success of other ruthenium drug candidates in clinical
trials. In this chapter, we highlight higher order multinuclear ruthenium-arene complexes and
their respective investigations as chemotherapeutic agents. We discuss their unique structural
properties and the associated biochemical evaluation in the context of anticancer drug design.
We also review the structural considerations for the design of these scaffolds and new therapeu-
tic applications that are uncovered for this class of complexes.

Keywords: arene ligands - cancer therapy - heterometallic complexes - multinuclear complexes -
ruthenium

1. INTRODUCTION

The current paradigm of drug discovery research is largely driven by the devel-
opment of organic molecules as pharmacophores. Because these are constructed
from carbon-based backbones, there is a limit to the structural complexity of
scaffolds that can be produced from essentially sp? and sp® carbon atoms and
other low valent main group elements. Indeed, out of the 24 million organic
molecules registered under the Chemical Abstract Service registry, half could be
classified into only 143 unique motifs [1]. Analysis of the 5000 compounds in
the Comprehensive Medicine Chemistry database for their topological diversity
revealed that half belong to only 32 shape classifications [2]. New molecular
entities are needed to fill this broad and potentially valuable unexplored chemi-
cal space.

Inorganic molecules can fill this gap by enabling new structural topologies and
reactivities [3]. A classic example is the Pt!! drug cisplatin (Figure 1) which is
structurally distinct from organic scaffolds and capable of covalent DNA-Pt
bonding, resulting in anticancer efficacies [4, 5]. Inorganic scaffolds based on
transition metals can have tunable electrochemical and photophysical properties
for targeted interactions with specific biomolecules. Following the clinical success
of cisplatin since the discovery of its antitumoral activities in 1965, there has
been intensive research to discover inorganic molecules that can interfere with
the development, progression, and metastasis of cancer [6-10]. Buoyed by prom-
ising results of Ru' drug candidates in clinical trials, an interest arose in half-
sandwiched Ru'-arene complexes for cancer therapy.

Ru(arene) complexes are valuable structural scaffolds for the development of
anticancer agents because of their stability, accessibility by conventional synthet-
ic routes, and well-established pharmacological parameters including solubility
and lipophilicity. Ru(arene) complexes are almost exclusively low spin d® Ru!!
species, preferentially with an octahedral geometry. The arene ligand is facially-
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Figure 1. Molecular structures of cisplatin and multinuclear Pt complexes in clinical
trials.
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Figure 2. Ru(arene) as building blocks for multinuclear complexes.

bound onto 3 of these coordination sites, leaving the other 3 sites for ligand
binding, giving thus rise to the characteristic 3-legged piano-stool structure (Fig-
ure 2). Mononuclear Ru(arene) complexes have therapeutic properties against
cancer in vitro and in vivo [11-17], therefore research groups began exploiting
these potentially therapeutic entities for higher-order multinuclear Ru(arene)
complexes.

The strategy to modify the action modes and enhance the therapeutic proper-
ties of complexes by engineering multinuclear and heteronuclear scaffolds is
well-proven. It is based on the hypothesis that new modes of anticancer activity
may arise from synergistic interactions of the different metal-based moieties with
the intended target. These interactions can be fine-tuned through design and
variation of the linker length between the fragments. Metal-based fragments in
polynuclear complexes give rise to long-range rather than short-range interac-
tions typical of their mononuclear congeners. The interest in multinuclear metal-
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based anticancer compounds is motivated in part by the trinuclear Pt!! complex
BBR3464, and subsequently by TriplatinNC, which both entered Phase II clinical
trials but were eventually abandoned (Figure 1) [18, 19]. BBR3464 acted via
DNA interstrand crosslinking through electrostatic and covalent binding, and
these crosslinks inhibited the intracellular repair machinery, demonstrating also
a remarkable in vitro activity against cisplatin-resistant cell lines [18, 19]. Triplat-
inNC cannot bind covalently to DNA, since the chloride ligands were replaced
with “dangling amine arms”. However, it could H-bond efficiently with the phos-
phate backbone giving a “phosphate clamp” and it was highly efficacious against
various cancer cell lines [20]. These highly-active polynuclear Pt species suggest-
ed that charge neutrality and direct Pt-DNA bond formation were not necessari-
ly prerequisites for anticancer activity. This observation led to a shift in thinking
on the principles governing the design of metal-based anticancer complexes. We
review the application of this multinuclearity concept regarding the development
of anticancer Ru(arene) complexes.

2. HOMOLEPTIC DINUCLEAR COMPLEXES

2.1. Direct Conjugation via Linkers

One strategy is to directly link mononuclear Ru(arene) complexes with established
anticancer modalities within a homonuclear dileptic platform. Dyson et al. and
Sadler et al. developed such homonuclear dileptic complexes based on (n°-
arene)Ru(pta)Cl, (RAPTA) and [(n®-arene)Ru(en)CI|PFs (RAED) scaffolds, re-
spectively (Figure 2) [14, 21, 22]. RAPTA fragments were connected by short and
inflexible 1,2-diphenylethylenediamine (DPEN) linkers through functionalized
arene ligands, resulting in the formation of rigid structures 1 that resisted racemi-
zation (Figure 2). The stereochemical configuration of the linkers affected the
conformations of resulting binuclear RAPTA complexes. The use of (R,R)- or
(5,S)-DPEN resulted in dileptic complexes with “closed” conformations, while
(R,S)-DPEN yielded an “open-form” complex with RAPTA components directed
away from each other. Dinuclear complexes with the “closed” conformation, in-
corporating (R,R)- or (S,S)-DPEN linkers, demonstrated improved cytotoxicities
compared to the “open-form”. The authors hypothesized that these conformation-
dependent activities may be attributed to the ability of “closed” dinuclear com-
plexes to more readily form cross-links with their biological targets [23]. In con-
trast, two RAED units were conjugated together by a relatively long and flexible
1,6-diaminohexane linker between two ethylenediamine (en) ligands to allow for
the facile epimerization of Ru and N stereocenters (complex 2, Figure 2). The
stereoconfigurations at the Ru'! center were not rigidly fixed and could be changed
dynamically upon binding to DNA, its intended target. DNA cross-linking experi-
ments showed that the dinuclear RAED complex formed both inter- and intra-
strand crosslinks [22] due to its ability to conformationally adapt to the flexible
DNA structure, thereby achieving improved DNA recognition.
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Figure 3. Homonuclear dinuclear Ru(arene) complexes investigated for cancer therapy.

Keppler et al. developed a class of homodinuclear Ru(arene) compounds 3
using maltol-derived ligands connected by the alkyl chains of various lengths
(Figure 3a) [24-27]. The choice of the maltol-derived ligands was based on their
versatile synthetic chemistry and the possibility of tuning pharmacological pa-
rameters by modifying the structure of the pyridinone moiety. All dinuclear
Ru(arene) complexes were considerably more cytotoxic than their mononuclear
analogues indicating a synergistic effect of the two Ru'! units. Cytotoxicities of
the complexes were strongly dependent on the length of the aliphatic spacer
and the lipophilicity of the metal complexes, as reflected by their octanol-water
partition coefficient (LogP) values, with complexes with short and inflexible link-
ers exhibiting only moderate cytotoxicities in a micromolar range. Intriguingly,
with the dodecane spacer (n = 6), the Ru(arene) complex demonstrated nanomo-
lar activity with a distinctly different mode of DNA binding, as evidenced by
circular dichroism and plasmid DNA unwinding experiments. The authors sug-
gested that the complex mediated the formation of DNA-protein ternary com-
plexes, leading to the development of irreparable “suicide” lesions [28].

Maltolato-bridged complexes were only moderately active when the Ru(arene)
units were tightly bound and not spatially separated. Similarly, dinuclear Ru(ar-
ene) complexes with dithiosemicarbazone bridges 4 revealed marginal effects on
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the esophageal cancer cell line WHCOL1 and significant decrease in activities
compared to the free uncoordinated thiosemicarbazone ligand (Figure 3a) [29].
Dinuclear arene(Ru) complexes with the o,a,0’,0'-tetra(pyrazol-1-yl)-2,6-luti-
dine ligand 5 [30] and doubly-cyclometallated Ru(arene) complexes 6 [31] also
exhibited moderate cytotoxicities with ICsy values in the range of 5-60 uM in
various cancer cell lines (Figure 3a). However, their activities were markedly
higher than the activity of corresponding phenylbenzimidazole-based ligands.
The most active complex 6 in the doubly-cyclometallated series was subjected to
gene expression analyses and demonstrated a reduction of RPS21 expression,
known to play a role in tumor progression. Furthermore, treated THP-1 mono-
cytes secreted 7 cytokines (IFNy, IL-1a, EGF, Eotaxin-3, IL-10, TGF-3 and IL-
170 in 3-fold excess compared to untreated control indicative of an immunogen-
ic response, as well as release of angiogenic vascular endothelial growth factor
(VEGF) at 8.2-fold excess versus control. The authors theorized that 6 could act
directly on the cancer growth via RPS21 reduction as well as promoting secretion
of cytotoxic cytokines from immune cells.

2.2. Bridging via Chalcogenato-Donor Ligands

Stable [(n°-arene)Ru(u-SR),_(u-Cl),Ru(n’-arene)] (x=0, 1) or [(n’-arene)-
Ru(u-SR);Ru(n’-arene)] ™ complexes (where R = alkyl, aryl) with thiolate and
halide ligands bridging 2 Ru(arene) moieties have been extensively investigated
as potential anticancer complexes (Figure 3b) [32]. This is primarily because the
syntheses and chemical transformations of thiolate-bridged dinuclear Ru(arene)
compounds are well-established and it is possible to control the reaction condi-
tions to access mixed thiolate/halide complexes with different thiol bridges. This
class of dinuclear Ru(arene) complexes is typically less reactive toward substitu-
tion reactions and resists hydrolysis. In particular, triply-bridged dinuclear
Ru(arene)-thiolate complexes, by virtue of their inert Ru-S bonding framework
and the absence of potential coordination sites on both Ru centers, would yield
modes of action distinct from classical alkylating agents such as cisplatin that
involved direct covalent bonding.

Furrer, Suess-Fink, et al. synthesized a library of thiolato-bridged Ru(arene)
complexes and investigated their anticancer properties [32]. The novel com-
pounds demonstrated high cytotoxicities in cancer cell lines and the activity of
the complexes was shown to be dependent on the nature and lipophilicity of the
arene and thiol ligands, as well as the electronic influence of their substituents.
The Ru!! centers did not have a considerable impact on the activity of the com-
plexes. In contrast, the nature and number of chalcogenato bridges was an im-
portant determinant in cytotoxicities and complexes with thiol bridges were
more active when compared to those containing selenolato and tellurolato bridg-
es [33]. Whereas the activity of the mono- and dithiolato complexes was compa-
rable, trithiolato complexes were considerably more cytotoxic, which was related
to the differences in the cellular uptake, stability, and reactivity towards biomole-
cules. Ru(arene)-trithiolate complexes were stable towards hydrolysis and reac-
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tions with DNA and amino acids (except for cysteine), while mono- and dithio-
late complexes were markedly more reactive, indicating inverse correlation
between reactivity and cytotoxicity.

One notable ftrithiolato compound, diruthenium-1 [(n°-cymene),Ru,(u-S-p-
CgH4-'Bu);]Cl (Figure 3b) demonstrated remarkable cytotoxicity in both A2780
and A2780cisR cell lines (ICsy < 30 nM) and is amongst the most cytotoxic
Ru(arene) complexes ever reported [34-36]. Because thiolato-bridged complexes
were originally designed as catalysts [35], their catalytic properties could be at
least partially involved in their mode of action. Cell-free experiments showed
that Ru(arene)-trithiolate complexes were capable of efficient catalytic oxidation
of the major intracellular reducing agent glutathione (GSH) to GSSG and the
cause of intracellular increase of reactive oxygen species (ROS), since glutathio-
ne was an effective ROS scavenger.

Diruthenium-1 generated a burst of ROS in MCF-7 cells only after 30 min of
treatment. ROS formation might be related to the mitochondrial dysfunction
since it inhibited mitochondrial respiration and caused the disruption of mito-
chondrial membrane. It was suggested that the complex affected aerobic metabo-
lism in cancer cells, which was supported by the increase in lactate production
accompanied by a decrease in ATP levels. Unexpectedly, during the incubation
of MCF-7 cells with diruthenium-1, intracellular levels of both reduced (GSH)
and oxidized (GSSG) glutathione decreased, indicating that catalytic oxidation
of glutathione might not be causal of the ROS burst. Further studies also estab-
lished that its cytotoxic effects could be related to its ability to arrest cell cycle
at the G2/M checkpoint which could cause the accumulation of unrepaired DNA
lesions [36]. In vivo using a classical mouse model, the complex significantly
prolonged the survival rate of tumor-bearing mice and inhibition of tumor re-
growth. Despite the encouraging results, its maximum tolerated dose was signifi-
cantly lower than that of cisplatin due to its low solubility and high toxicity [35].

To address these limitations, mixed Ru(arene)-thiolate complexes with function-
alized peptide ligands were designed to improve targeting and uptake [37]. The
peptides were conjugated onto the Ru(arene)-thiolate scaffold in 2 steps: firstly,
thiophenol and a-chloroacetyl functional groups were installed onto the scaffold
and peptide, respectively, then the thioether linkage was formed using the thiophe-
nol nucleophilic group. Three peptides were evaluated: cyclo[Lys(ClAc)-Arg-Gly-
Asp-D-Phe] to target o,f; integrin receptors typically overexpressed in cancer
cells and, octaarginine and octalysine as self-penetrating peptides for enhanced
cell penetration (Figure 3b). The conjugates were highly water-soluble but exhibit-
ed lower levels of anticancer efficacies, common for metal-peptide conjugates.
Several Ru(arene)-thiolate complexes were also conjugated to the nitrogen mus-
tard chlorambucil, which acted via interstrand DNA cross-linking, to realise a
two-pronged bifunctional drug strategy. While these chlorambucil conjugates were
cytotoxic in A2780 and A2780cisR cells at nanomolar concentration ranges and
inhibited tumor growth in vivo, there was also a significant increase in systemic
toxicities. Furthermore, their low catalytic activities and DNA binding potentials
did not corroborate the expected cooperative mode of actions. Thus far, dirutheni-
um-1 remained the most promising and efficacious anticancer candidate amongst
thiolato-bridged Ru(arene) complexes studied.
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2.3. Functional Bridging Ligands

Biologically-active compounds have been coordinated to mononuclear Ru(ar-
ene) scaffolds in order to tune, modify, and modulate their modes of action or
to improve pharmacological properties such as cellular uptake. There are few
dinuclear Ru(arene) examples because such ligands are comparatively rare.
Navarro and Barrea et al. reported a dinuclear Ru(cymene) complex 7 bridged
by a known cytotoxic chemotherapeutic agent mitoxantrone (Figure 3c) [38].
The Ru(arene)-mitoxantrone complex was active against ovarian cancer cell
lines A2780 and A2780cisR but not to the levels of uncoordinated mitoxantrone.
Attachment of Ru(cymene) fragments did not alter considerably the ability of
mitoxantrone to intercalate DNA which is its primary target. However, 'H NMR
experiments suggested that the conjugate was capable of other modes of reactivi-
ty through its Ru(arene) fragments, particularly with both S- (cysteine, glutathi-
one) and N-donor (histidine) biomolecules. Intriguingly, the Ru(arene)-mitoxan-
trone complex inhibited the protease activities of cathepsin B and D, unlike
mitoxantrone, and could be construed as a dual-target complex with new modes
of activities.

Several authors investigated the dinuclear Ru complexes with luminescent
properties, which could be used either as a visualization tool or photoactivation.
Bodio and Casini et al. explored antiproliferative properties of the dinuclear Ru
compound 8, where a Ru(arene) fragment was linked to different luminescent
Ru!(polypyridine) entities; however, both complexes showed poor or no activity
in A2780, A2780cisR, and A549 cell lines [39].

Several authors investigated the dinuclear Ru complexes with luminescent
properties, which could be used either as a visualization tool or photoactivation.
Bodio and Casini et al. explored the antiproliferative properties of a dinuclear
Ru compound, where a Ru(arene) fragment was linked to different luminescent
Ru'!(polypyridine) entities; however, both complexes showed poor or no activity
in A2780, A2780cisR, and A549 cell lines [39].

Sadler et al. prepared the dinuclear Ru(arene) complex 8 with bischelating
pyrazine as the bridge which form monofunctional Ru-DNA adducts that slightly
block RNA polymerase activities (Figure 3c) [40]. The pyrazine ligand acted to
modulate the luminescent properties of the dinuclear complex which could re-
lease the indane ligand to form highly reactive Ru intermediates upon UV irradi-
ation at 360 nm. DNA crosslinking was significantly enhanced upon irradiation
and the subsequent RuUDNA adducts formed were potent transcription inhibi-
tors. The authors noted that photoactivation of metal-based complexes could
produce types of metal-DNA crosslinks not possible with direct covalent binding.

3. HOMOLEPTIC TRINUCLEAR AND TETRANUCLEAR
COMPLEXES

Trinuclear Ru(arene) anticancer compounds are considerably less developed as
compared to their dinuclear counterparts. Three Ru(arene) fragments can be
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conjugated by small and inflexible linkers, giving rise to robust cyclic or cluster
compounds, where three moieties are forced to act in close proximity. Alterna-
tively, they can be connected by branched and flexible linkers, enabling flexibility
and conformational adjustment of each Ru unit.

3.1. Rigid Metallacrowns and Clusters

One of the earlier trinuclear Ru(arene) metallacycles was developed by Severin
et al. who investigated the self-assembly reaction of Ru(arene) complexes con-
taining 3-hydroxy-2-pyridone ligands (Figure 4a). Addition of a weak base trig-
gered a diastereoselective reaction that resulted in the formation of the stable
[12]-metallacrown-3 complex 9 with each 3-hydroxy-2-pyridone ligands bridging
2 Ru(arene) moieties in a trimeric arrangement [41]. These complexes also ex-
hibit pH-dependent reactivity and convert from trimeric at pH = 7 to monomeric
form at pH <4. The authors hypothesized that such metallacycles may dissociate
into mononuclear Ru(arene) complexes within an acidic tumor microenviron-
ment while staying intact in healthy tissue, and that this pH-dependent dissocia-
tion phenomena could be harnessed for therapy [42]. While these trinuclear
Ru(arene) complexes showed selectivity toward cancer cells (A2780 and
A2780cisR ovarian carcinoma) compared to normal tissue (VS79 and GS78 vagi-
nal myofibroblasts primary culture), further investigations were not warranted
due to the marginal efficacies.

A different approach was taken by Therrien et al. who developed several trinu-
clear and tetranuclear Ru(arene) clusters with improved stability for prolonged
blood circulation (Figure 4a) [43]. Whereas tetranuclear Ru(arene) clusters 11

Figure 4. Examples of tri- and tetranuclear Ru(arene) complexes.
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lacked efficacies against A2780 and A2780cisR cancer cell lines, the trinuclear
derivatives 10 exhibited activities in the low micromolar ranges. Such differences
were explained by the formation of a hydrophobic pocket within trinuclear clus-
ters, which could be involved in supramolecular recognition processes with bio-
molecular aryl functional groups.

3.2. Trinuclear and Tetranuclear Complexes
with Flexible Linkers

Increased nuclearity can also be achieved using flexible multitopic ligands with
several coordination sites in a classical linker strategy. A novel tetranuclear
Ru(arene) complex was prepared using 1,2-bis(di-N-methylimidazol-2-ylphos-
phino)ethane with the objective of increasing hydrophilicity and improving aque-
ous solubility [44]. The ditopic ligand coordinated Ru(arene) monovalently via
the P-atom and divalently on the imidazole motif via a N,N’-chelate in 2 distinct
coordination modes, giving rise to the tetranuclear Ru(arene) structure (Fig-
ure 4b). This compound exhibited marginal cytotoxicities (>100 uM) in HCT116,
Huh7, H4IIE, and A2780 cell lines and was not further pursued.

The effects of the flexible linker ligands on the anticancer activity of polynucle-
ar Ru(arene) compounds have been extensively investigated by Smith et al. using
mono-, di- and trinuclear Ru(arene) complexes with polyester ligands (Figure 4c)
[45, 46]. The highly lipophilic and flexible polyester bridges enhanced the cellular
uptake of the complexes and allowed the investigated Ru(arene) construct to
structurally adapt to the target biomolecules. This class of complexes demon-
strated cytotoxicity in micromolar concentration ranges with selectivity towards
A2780 and A2780cisR cancer cells over human fibroblast skin cell line KMST-6
and human embryonic kidney cell line HEK293. In particular trinuclear Ru(ar-
ene) compounds were significantly more active than their corresponding ligands
and precursors, even after accounting for the presence of 3 Ru(arene) motifs,
suggesting synergism between the Ru(arene) fragments. A series with Ru(arene)
complexes 12 bridged by a tritopic ligand containing 3 alkylated pta ligands
was subsequently investigated but they only exhibited moderate antiproliferative
activity in the WHCO1 esophageal cancer cell line [47].

Besides flexible linking ligands, Ru(arene) motifs have also been coordinated
to rigid porphyrin scaffolds with the objective of modulating the solubilities and
lipophilicities of the ligands, and consequently changing cellular uptake param-
eters. For example, the coordination of 4 Ru(cymene) units significantly im-
proved the water solubility of the tetrapyridylporphyrin ligand (Figure 4d). The
resultant tetranuclear Ru(arene) complex showed only moderate cytotoxicity
(>50 uM) in human melanoma Me300 cells [48], but its activity was markedly
enhanced upon exposure to light (A.,: 652 nm). This enhancement of cytotoxicity
can be explained by photosensitizing properties of porphyrins, which produce
cytotoxic 'O, species upon irradiation. In this strategy, conjugation of porphyrins
with Ru(arene) increased the hydrophilicity of the resulting compounds and fa-
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cilitated the internalization of the complexes into cancer cells, while leaving the
luminescence properties of the porphyrin ligand intact.

4. POLYNUCLEAR RUTHENIUM-ARENE CAGES

Ru(arene) moieties can be linked using multitopic ligands to generate three-
dimensional structures and networks. These macromolecular 3D-architectures
could be designed to penetrate and be taken up by “leaky” cancer cells that are
permeable to large and non-natural molecules. Supramolecular structures can be
engineered using a combination of Ru(arene) scaffolds with organic spacers. The
general strategy is to employ the Ru(arene) fragments as corner building blocks,
with organic spacers constituting the more complex structural elements, by taking
advantage of their pseudo-tetrahedral geometry. In addition, by using a ditopic
bridging ligand with bis-chelating donor ligands to bind 2 Ru(arene) fragments,
it is also possible to generate syn-coordinating dinuclear Ru(arene) “molecular
clips” as synthons for more complex supramolecular architectures. The arene can
also serve as a handle to tune the lipophilicities of the supramolecular complex.

4.1. Tetranuclear Metallarectangles

Tetranuclear Ru(arene) metallorectangles can be prepared from a combination
of dinuclear Ru(arene) clips with linear polypyridyl connectors. These dinuclear
Ru(arene) clips are constituted by 2 Ru(arene) moieties bridged by ditopic bis-
chelating OON OO, NNNNN and NONNO ligands (Figure 5) [49, 50]. The
Ru(arene)-thiolate compounds described earlier can also serve as molecular clips
[51]. A supramolecular assembly between the Ru(arene) clips and linear poly-
pyridyl spacers is usually initiated by vacating the remaining coordination site
on Ru, e.g., through halide extraction by silver salts, to form the stable and robust
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Figure 5. Examples of tetranuclear Ru(arene) metallarectangles.
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metallarectangles. The size of the final tetranuclear Ru(arene) metallarectangle
assembly is defined by the spacer length as well as the size of the bridging ligand
[49]. Incorporation of longer linkers into metallacages have been correlated with
higher anticancer activity although it has not been established why [52]. With a
few exceptions, these Ru(arene) metallacages demonstrated higher cytotoxicities
than their molecular clips and ditopic ligands [53].

Barea and Navarro et al. [53, 54] investigated the DNA-binding properties of
several tetranuclear Ru(arene) metallarectangles and demonstrated their excep-
tional stabilities in aqueous media, even in the presence of mononucleotides and
S-donor ligands. In contrast, the constituent Ru(arene) molecular clips were
highly reactive towards nucleophiles such as AMP and GMP. DNA binding as-
says and atomic force microscopy indicated that the investigated metallarectan-
gles induced significant conformational changes in the double strand DNA, pre-
sumably from supramolecular interactions. The authors hypothesized that the
metallarectangles were interacting at the major groove of the DNA giving rise
to the observed DNA distortion [53, 54].

Kang and Chi et al. [55] prepared asymmetric metallarectangles, where dinu-
clear Ru(arene) clips were connected by pyridyl-carboxylate ligands in a “head-
to-tail” manner, and investigated their ability to induce apoptotic cell death.
Amongst the complexes found to induce apoptotic cell death in vitro, metallarec-
tangle 13 (Figure 5) was subjected to the hollow-fiber assay in vivo using fibers
loaded with AGS gastric cancer cells that were implanted into nude mice at
intraperitoneal and subcutaneous sites. After a treatment period of 5 days, can-
cer cell growth was inhibited by 33 % and 8 % at the intraperitoneal and subcuta-
neous sites, respectively [55]. Similarly, symmetric metallarectangles with naph-
thalene [56], tetrazine- and furan-derived [57] dipyridyl linkers inhibited up to
23 % and 8.5 % of HCT15 colon cancer cells grown in hollow fibers implanted
at intraperitoneal and subcutaneous sites, respectively. In comparison, cisplatin
inhibited cancer cell growth up to 38 % and 10 % under similar conditions. The
low inhibitory activity at subcutaneous sites was related to the oral application
of compounds and inefficient drug delivery. Metallarectangle 14 (Figure 5) was
further investigated compared against HCT15 cell line and its multidrug-resistant
HCT15/CL02 variant, and found to be equipotent against both cell lines, suggest-
ing that it can bypass multidrug resistance. In comparison, the topoisomerase II
inhibitor (Topo II) doxorubicin was 20 times less effective in HCT15/CLO02 cells.
Lastly, complexes 15 and 16 (Figure 5) were shown to significantly increase the
number of autophagic vacuoles at low concentrations (0-5 uM), suggesting that
their anticancer activity was directly related to the induction of autophagic cell
death [57]. Taken together, these evidences point to a structural dependency of
metallarectangles on its anticancer profile which cannot be readily controlled via
ligand tuning and coordination.

In a separate approach, long organic spacers, e.g., 2,6-bis(N-(4-pyridyl )carba-
moyl)-pyridine or 3,6-bis(pyridin-3-ylethynyl)phenanthrene yielded large and
highly stable tetranuclear Ru(arene) complexes with bowl-shaped structures.
These “metallabowls” did not lead to improved cytotoxic activity as compared
to the earlier metallarectangles but gene expression analysis indicated that they
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were able to increase expression of colorectal cancer suppressors, namely APC
and p53 genes [58]. These complexes also induced autophagic vacuoles formation
in AGS cells, as well as concentration-dependent apoptotic cell death. This was
consistent with p62 upregulation as well as LC3-I to LC3-III conversion, indica-
tive of autophagic flux. To conclude, tetranuclear metallacages exerted high anti-
cancer activities via different mechanisms of actions but the structure-mechanism
relationships remained unclear. However, the ability of metallacages of different
structures to induce both autophagy and apoptotic cell death maybe be a distinc-
tive mechanistic feature for further investigations [59].

4.2. Hexanuclear Metallaprisms

Hexanuclear Ru(arene) metallaprisms can be constituted from 3 Ru(arene) mo-
lecular clips and 2 triazine-pyridinyl organic spacers with 3 pyridinyl groups posi-
tioned in a trigonal planar arrangement (Figure 6). These metallaprisms are char-
acterized by an accessible hydrophobic cavity, sandwiched between the two
organic spacers, whose size could be adjusted by changing the size of the Ru(ar-
ene) molecular clips. Ru(arene) metallaprisms can interact directly with protein
biomolecules via electrostatic interactions and induce structural changes to the
bound protein or cause their precipitation. They can also initiate catalytic oxida-
tion of ascorbic acid, cysteine, and glutathione, which might at least partially
explain their cytotoxicity. Stang and Chi et al. have shown that hexanuclear
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Figure 6. General strategy for polynuclear Ru(arene) constructs.
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Ru(arene) metallaprisms can directly induce apoptotic cell death through Gl
phase cell cycle arrest [60].

Intriguingly, the anticancer activity of metallaprisms may be further enhanced
by the encapsulation of other molecules inside the cavity in a host-guest arrange-
ment. These stable carceplex complexes can release their payload upon cell entry
or remain intact, acting as a drug delivery agent, by tuning the coordination chem-
istry of the Ru(arene) motif [61]. Therrien et al. developed cationic and water-
soluble hexanuclear Ru(arene) metallaprisms, which were large enough to encap-
sulate different guests, including planar aromatic molecules [50, 62], porphyrins
[63], and pyrenyl derivatives [62, 64-66]. The encapsulation significantly improved
the cytotoxicity of the host-guest system compared to empty metallaprisms. At-
tempts were made to encapsulate biologically-relevant compounds such as the
anticancer drug cisplatin into the cavity of the metallaprisms [64, 67, 68]. However,
the highly hydrophilic cisplatin could not be contained stably within the hydropho-
bic cavity. As a proof-of-concept, the authors showed that hydrophobic square-
planar Pt and Pd acetylacetonate (acac) complexes could be stably entrapped and
delivered intracellularly to cancer cells using the metallaprisms as a carrier.

More recently, Kang and Chi et al. [69] showed that the natural phenol antioxi-
dant ellagic acid can also be directly encapsulated into the Ru(arene) metalla-
prism using this approach. Ellagic acid is poorly taken up by cells due to its
hydrophilic character but it can be readily encapsulated into Ru(arene) metalla-
prisms due to its extended planar ring structure. Encapsulation of the ellagic
acid into hexanuclear Ru(arene) metallaprisms resulted in improved uptake and
increased cytotoxicities in vitro, but altered mechanisms of action at the molecu-
lar level which may limit its future applications [69].

As an extension to this strategy, Therrien et al. [70] conjugated hydrophilic
payloads to pyrenyl functionalized groups for encapsulation by the Ru(arene)
metallaprisms. By virtue of the strong s-t interactions between the pyrenyl func-
tional groups and the triazine ligand in the hydrophobic cavity, the hydrophilic
payloads could be readily tethered to the metallaprisms. Furthermore, when en-
capsulated, fluorescence arising from the pyrenyl functional group was signifi-
cantly quenched; thus the payload release could be investigated by monitoring
fluorescence turn-on of the pyrenyl group [70]. Thus far, the authors have inves-
tigated several potential compounds, including RAPTA, floxuridine, and cyclo-
metallated Pt complex A, as drug payload using this strategy (Figure 6) [66]. For
RAPTA and floxuridine, the metallaprism conjugate containing the tethered
drug motifs led to significant enhancement in cytotoxicity and the improved
activities were corroborated by increased uptake of the payloads monitored by
fluorescence turn-on [65]. The fluorescence turn-on property was further exploit-
ed to determine the cellular localization of A. Using this strategy, the authors
were able to establish the intracellular release of A, its localization to the nucleus
as well as to investigate possible interactions with various DNA topologies [68].

This strategy was further extended using large dendrimers containing terminal
pyrenyl moieties. Pitto-Barry et al. employed hydrophobic poly(arylester)cyano-
biphenyl and poly(benzylether) dendrimers conjugated to pyrene as the scaffold
and assembled hexanuclear Ru(arene) metallaprisms around the pyrenyl groups
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[71-73]. Consequently, the pyrene moieties were effectively encapsulated within
the metallaprisms thereby forming a highly stable amphiphilic macromolecular
[dendrimer C prism]®* complex [71, 72]. With increased incorporation of the py-
renyl moiety in the higher dendrimer generations, a marked reduction in solubili-
ty as well as metallaprism encapsulation was observed, due to increased steric
encumbrance and diminished access for encapsulation. The macromolecular
complex exhibited improved solubility and micromolar-submicromolar activity
against A2780 and A2780cisR cell lines, compared to free Ru(arene) metalla-
prisms. Subsequently, the authors also prepared a series of water-soluble pyrenyl-
functionalized bis-MPA dendrimers with different end groups and carried out
encapsulation by the Ru(arene) metallaprisms [73]. This allowed the comparison
of the cytotoxicities between free and encapsulated dendrimers. In keeping with
the earlier systems, the combined macromolecular complex was more efficacious
compared to both the free dendrimers and metallaprisms, indicating the impor-
tant role of the cationic cages.

4.3. Octanuclear Metallacubes

Release of the guest molecules from the cavity of Ru(arene) metallaprisms is
not necessarily predicated on the rupture of the carceplex. The unobstructed
passage of the guest molecule through the cavity aperture is preferred because it
enables the most efficient release of the cargo. Therefore, octanuclear Ru(arene)
metallacubes with larger cavities are developed to provide room to encapsulate
larger photosensitizing agents, namely porphyrins and phtalocyanins, as guest
molecules (Figure 6). Photosensitizers are important components of photody-
namic therapy (PDT) and have been successfully applied for the treatment of
melanomas. Despite the high therapeutic efficacies of PDT, arising from their
high selectivities and precise photo-delivery, PDT photosensitizers are generally
poorly soluble in water and can produce painful skin lesions arising from off-
target phototoxicity on healthy tissue.

Therrien et al. encapsulated porphyrin into hexanuclear metallaprisms with
different portal sizes, as well as larger octanuclear metallacubes (Figure 6) [50,
63]. The phototoxicity of loaded metallacages was strongly dependent on the
efficiency of payload release, which can be monitored by fluorescence turn-on
measurements. The authors discovered that phototoxicity was minimized when
the photosensitizer was encapsulated, and phototoxicity was activated only upon
release from encapsulation. Therefore, the metallacages served as an effective
shield against adventitious photoactivation. More recently, the strategy was ex-
tended to phtalocyanins encapsulated in octanuclear Ru(arene) metallacubes
since phtalocyanins could be activated in the red or near-infrared region, which
would have better tissue-penetrating properties [63].

printed on 2/13/2023 2:44 AMvia . All use subject to https://ww.ebsco.confterms-of-use



EBSCChost -

186 BABAK and ANG

5. HETERONUCLEAR RUTHENIUM-ARENE COMPLEXES

An emerging approach entails the combination of Ru(arene) with other thera-
peutic metal fragments to produce multifunctional heterometallic complexes that
can harness the therapeutic properties of both metallic entities. Instead of admin-
istering a mixture of the two individual mononuclear complexes, a rationally-
designed heteronuclear complex would benefit from the synchronous delivery
of both therapeutic entities at the target site and may display more favorable
pharmacological profiles since their biological fate can be controlled. Conjuga-
tion of Pt and Au anticancer drugs with other metallic fragments have resulted
in improved stability, solubility, and lower toxicity in vivo [74-80]. Examples of
heteronuclear Ru(arene) complexes are still scarce (Figure 7).
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Figure 7. Examples of heteronuclear Ru(arene) complexes.

5.1. Dinuclear Ru(arene)-Ti Complexes

One of the first examples of heterometallic Ru(arene) complexes with anticancer
properties was reported by Casini and Picquet et al. [81]. The authors prepared
a series of titanocene-Ru(arene) complexes and investigated their structure-ac-
tivity relationships. The choice of titanocene as a building block for heterometal-
lic complexes was based on the appealing biological properties of Ti-based com-
pounds [82, 83]. Budotitane was the first non-Pt compound that was clinically
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evaluated but was prematurely terminated due to formulation issues [84, 85].
Titanocene dichloride exhibited excellent anticancer properties both in vitro and
in vivo, but its development was hindered by its high nephrotoxicity [86, 87].
The authors explored the combination of a lowly toxic Ru(arene) fragment con-
jugated to titanocene dichloride 17 (Figure 7) [81]. While most Ru(arene) com-
plexes interacted preferentially with protein biomolecules, titanocene dichloride
was expected to act via DNA-binding; thus, the separate biological targets could
give rise to synergistic effects. The resultant heteronuclear Ru(arene)-titanocene
conjugate was highly cytotoxic in vitro, more than 20-fold more active than its
constituent titanocene and Ru(arene) fragments, even in cisplatin-resistant cell
lines. The authors hypothesized that the lack of cross-resistance arose from its
ability to efficiently inhibit cathepsin B, associated with chemoresistance and
metastases, since both Ti and Ru centers can compete for cysteine-binding at
the active site of cathepsin B. In keeping with dinuclear Ru(arene) complexes,
incorporation of longer spacers resulted in an increased cytotoxicity and im-
proved cathepsin B inhibition.

5.2. Dinuclear Ru(arene)-Pt Complexes

The FDA-approved Pt-based anticancer drugs cisplatin and its analogues exert
their cytotoxic effects via DNA damage, which can give rise to Pt-DNA adducts
that efficiently inhibit replication and transcription. Failure to reverse stalled
transcription through repair pathways triggers cellular apoptosis which forms the
basis for the anticancer activity for Pt drugs [88-93]. Development of “ruthpla-
tins” is therefore an interesting proposition as it combines Ru with a proven
therapeutic entity and may lead to new modes of activity. One of the earlier
attempts was reported by Darkwa and Elmroth et al. and involved a cis-plati-
num(II) chloride fragment with substituted bis(diphenylphosphino)-rutheno-
cenes 18 (Figure 7) but the resultant complexes were not sufficiently stable to
be tested in vitro [94]. Recently, Zhu et al. developed a novel series of multifunc-
tional Ru(arene)-Pt(IV) complexes which employed the cis,cis,trans-diammine-
dichloridobiscarboxylatoplatinum(IV) complex 19 (Figure 7) as a cisplatin-pro-
drug [95]. The Ru(arene) moiety was conjugated via 3-pyridinepropionate to the
axial position of the Pt(IV) fragment, and the ligand would be released from
Pt(IV) by intracellular chemical reduction with the concomitant formation of
cisplatin. The evaluated heteronuclear Ru(arene)-Pt(IV) complex was stable in
aqueous solutions and exhibited remarkable cytotoxicities in the low micromolar
to nanomolar range against a panel of cancer cell lines, including the highly
resistant triple-negative breast cancer. They also exhibited high selectivity to-
wards cancerous cells over healthy fibroblast cells. The heteronuclear complex 19
induced apoptosis in vitro and inhibited DNA synthesis, in keeping with cisplatin.
However, the authors also found that by incorporating a Ru(arene) fragment,
the complex exhibited increased antimigratory properties as it inhibited wound
closure in a wound-healing assay to comparable levels of the known antimeta-
static agent sunitinib [95]. In contrast, the mononuclear Ru(arene) analogue and
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its 1:1 mixture with cisplatin demonstrated only weak inhibition of the wound
closure.

Dinuclear Ru(arene) clips can be conjugated with Pt'l-diethynyldipyridyl li-
gands to form Ru(arene)-Pt metallarectangles via the self-assembly coordination
process [96]. The novel heteronuclear Ru(arene)-Pt metallarectangles demon-
strated a distinctly different electrochemical behavior from homonuclear Ru(ar-
ene) metallarectangles. Ru-Pt rectangles displayed two reversible reduction
waves, one of which was attributed to Ru reduction and another wave was arising
from Pt. The heteronuclear metallarectangles exhibited low micromolar activity
against SK-hep-1, HeLa, HCT-15, and AGS cancer cell lines and were more
cytotoxic than structurally-similar homonuclear Ru(arene) metallarectangles.
The increased cytotoxicity was ascribed to their larger cavity size and metal-
ligand interactions but the role of Pt was not investigated.

5.3. Ru(arene)-Au Complexes

Gold-based drugs have been widely used for the treatment of rheumatoid arthri-
tis but also demonstrated promising anticancer properties in vitro and in vivo
[97, 98]. In particular, the Au'-phosphine antiarthritis drug auranofin has been
extensively investigated and displays reproducibly high levels of anticancer activ-
ity in vivo [99]. The antitumor effects of Au'-phosphine compounds is not entire-
ly understood, but there is evidence that they occur via direct cytotoxic action,
involving mitochondria targeting and induction of apoptotic cell death. As with
most Ru(arene) complexes, DNA is not their primary target [100-102]. Further-
more, cisplatin-resistant cell lines are hypersensitive to Au'-phosphine com-
pounds and heteronuclear Ru(arene)-Au complexes can be employed to over-
come cisplatin-based drug resistance.

The general approach for this class of complexes is to introduce a linker ligand
which can bind both Au' and Ru(arene) as a o-donor/m-acceptor. While Au! is
limited by the availability of coordination sites, binding to Ru(arene) can be fur-
ther stabilized via chelation. Messori et al. prepared a range of heteronuclear
Ru(arene)-Au complexes 20 (Figure 7), where the (n°-cymene)RuCl, fragment
was linked to various Au!' moieties via 1,1-bis(diphenyl-phosphino)methane
(dppm) [103, 104]. Notably, the heterobimetallic complexes with Au'-NHC
(N-heterocyclic carbenes) were significantly more cytotoxic than their monometal-
lic analogues and their mixtures. The authors reported that the heteronuclear
Ru(arene)-Au complexes did not bind DNA but were highly reactive toward pro-
tein models, particularly RNAse. Protein-binding was achieved through the disrup-
tion of the heteronuclear complex with the release of naked metals and their
subsequent coordination to the biomolecules. The Ru(arene)-Au complexes also
inhibited cathepsin B and thioredoxin reductase (TrxR) enzymatic activity, known
targets of their Ru(arene) and Au! fragments, respectively. Notably, the heteronu-
clear complex was markedly more active in the inhibition of capthesin B and TrxR
than either their constituent mononuclear Ru(arene) and Au(I) complexes.
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Casini and Bodio et al. extended this approach by linking Au-NHC to Ru(ar-
ene) using a sterically-encumbered bipyridyl-benzoate ligand to yield 21 to intro-
duce sufficient spatial separation between the fragments [105]. The antiprolif-
erative activities were too low to warrant further investigations. Darkwa and
Elmroth et al. also prepared trinuclear Au!-Ru'l-Au! complex 22 using 1,1'-
bis(diphenylphosphino)ruthenocene to bridge 2 Au'-Cl fragments [94]. While
these trinuclear complexes displayed cytotoxicities in the micromolar concentra-
tion range against the HeLa cell line in vitro, their mechanism of action was not
investigated.

5.4. Ru(arene)-Fe and Ru(arene)-Co Complexes

Ferrocene (Fc) is an excellent building block for heterometallic complexes due
to its specific geometry and high stability in the nonoxidant media [106]. It is
also well-known that ferrocene undergoes reversible one-electron oxidation to
form the cytotoxic ferricenium radical cation (Cp,Fe™), which readily interacts
with a variety of free radicals, biologically important electron donors and other
nucleophiles. The reverse reaction, where the ferricenium radical cation is re-
duced back to metallocene, can be also carried out in cells by NADH™ or various
metalloproteins. The conjugation of ferrocene derivatives with Ru(arene) frag-
ments can result in efficacious heteronuclear complexes capable of inducing re-
active oxygen species in cancer cells.

Ferrocene can be easily derivatized and various functional groups can be added
to either or both cyclopentadienyl groups [107]. This strategy has been widely
employed to access various Ru(arene)-ferrocene compounds via diphenylphos-
phino (23) [108, 109], imidazole (24) [110], and pyridinyl-functionalized ligands
(25) (Figure 7) [110-112]. Coordination of ferrocene-pyridinyl ligands to Ru(ar-
ene) did not affect the one-electron reversible oxidation of ferrocene [109, 111],
but Ru redox potential was affected by the number of alkyl substituents attached
to the arene ring. The authors concluded that there was no clear correlation
between the cytotoxicity of Ru(arene)-Fc complexes and their electrochemical
behavior. All complexes demonstrated marginal to moderate antiproliferative
activity in the micromolar concentration range in vitro and the trinuclear com-
pounds Fc-Ru(arene)-Fc were slightly more cytotoxic than their dinuclear ana-
logues [110, 111]. First- and second-generation dendrimers containing heteronu-
clear Ru(arene)-Fc pendants had been prepared and studied but results were
not encouraging [112, 113].

Cobalt-based compounds hold great promise as anticancer agents, mainly due
to the ability of Co'™" and Co" to induce ROS in cancer cells [114]. Co™ com-
plexes can be used as prodrugs for bioreduction and selective targeting of malig-
nant tissues [115]. Co sandwich complexes are similar to ferrocene in terms of
stability and solubility and they can be readily derivatized [116-118]. However,
there are very few examples of anticancer cobalt sandwich complexes in the
literature [119]. Kim, Kang, Chi, et al. utilized a coordination-driven self-assem-
bly to prepare heteronuclear Ru(arene) metallacages with cobalt sandwich do-
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nors [120]. While the monometallic Co™ sandwich complex did not show any
activity on HCT-15, SK-hep-1 and AGS cell lines (>100 uM), insertion of the
Co'! sandwich unit into Ru(arene) metallarectangles resulted in drastic im-
provement of cytotoxicities (up to 5 uM). Intriguingly, depending on the struc-
ture of the Ru(arene)-Co metallarectangles, different types of cell death were
induced in AGS cells. For Ru(arene)-Co metallarectangles containing short link-
er motifs, such as oxalato- and napthaquinone-derived bridges, autophagic cell
death was induced. This was evidenced by the upregulation of LC3-I and LC3-
IIT in Western blot experiments, common markers of autophagy, as well as by
the formation of autophagic acidic vacuoles observed via fluorescent bioimaging.
In contrast, metallarectangles with larger naphtacenedione-derived linkers did
not cause a marked induction of autophagy, but significantly reduced induction
of the main apoptotic marker caspase-3/7 suggesting decreased apoptotic activi-
ties. It should also be noted that homonuclear Ru(arene) metallarectangles were
demonstrated to induce autophagic and apoptotic cell death but the role of co-
balt fragments was not well understood.

5.5. Dinuclear Ru(arene)-Sn Complexes

Tin-based anticancer compounds are not widely studied but organotin com-
pounds have been shown to be highly cytotoxic in vitro, but to lower levels
compared to Pt complexes [121-123]. In addition, Sn-based compounds do not
typically exhibit cross-resistance with Pt drugs. Heteronuclear Ru(arene)-Sn'!
complexes 26 (Figure 7) containing formal Ru"-Sn'" bonds were prepared from
Ru(arene) complexes containing the pyTz ligand via the insertion of SnCl, into
the Ru-Cl bond [124]. These complexes showed only moderate cytotoxicity in
A2780 and A2780cisR cell lines in vitro and were markedly less toxic than cis-
platin, but their resistance factors were lower than that of cisplatin.

Tabassum et al. prepared Ru(arene)-Sn'Y complex 27 (Figure 7) with the 3,5-
dimethylpyrazole ligand and bridging chlorido ligands between Ru and Sn frag-
ments, which was cytotoxic in the low micromolar concentration range in HelLa
and HepG?2 cancer cells [125]. The heteronuclear complex interacted with DNA
not via covalent binding or intercalation, but via binding at the minor groove
through electrostatic interactions between the phosphate backbone and the Sn'Y
fragment. The complex was able to induce single-strand cleavage of plasmid
DNA, leading to relaxation and unwinding of the supercoiled DNA. This cleav-
age activity was demonstrated to be related to the formation of 'O,, OH’, and
O3 species, supportive of the oxidative cleavage pathway. The authors further
examined the interactions of the Ru(arene)-Sn!'Y complex against the DNA re-
modeling enzyme topoisomerase I (Topo I), an established biological target for
cancer chemotherapy, since minor groove binders such as the clinical drug camp-
tothecin are known Topo I inhibitors. Encouragingly, the Ru(arene)-Sn!'V com-
plex was a potent Topo I inhibitor and the authors postulated that the complex
acts by preventing Topo I from binding to target DNA strand [126, 127].
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5.6. Ru(arene) Complexes Conjugated to Carboranes

Polyhedral boron compounds are widely known for their use in boron neutron
capture therapy (BNCT) for cancer [128]. This therapy is based on the nuclear
reaction that occurs between two non-toxic species, low energy thermal neutrons,
and the non-radioactive stable isotope '°B. The neutron capture reaction gives
rise to energetic (*He) alpha-particles and “Li nuclei, which dissipate their kinetic
energy in malignant tissues, thereby killing cancer cells with precision. The ad-
vantages of using polyhedral boron compounds for BNCT are related to their
stability, low toxicity, and high nuclearity [129]. Yan et al. developed Ru(arene)-
complexes with 1,2-dicarba-closo-dodecaborane ligands 28 (Figure 7) that were
cytotoxic to HCC827 human lung cancer, SMMC-7721 hepatocellular carcinoma,
and non-cancerous HELF cell embryonic lung fibroblasts at low micromolar
concentration [130-132]. Intriguingly, when the Fc moiety was substituted with
a carboxylic group, cytotoxicity against the non-cancerous HELF cells was abro-
gated while efficacies against the cancer cells were retained. The heteronuclear
Ru(arene)-carborane complex 29 (Figure 7) induced apoptosis in HCC827 cells
in vitro [131]. When the complex was tested against nude mice bearing HCC827
xenograft in vivo at a dose of 100 umol/kg administered every two days for 20
days, the tumor size decreased 10 times compared to the control mice group
[131]. Biopsy of the treated xenografts was in agreement with the results of the
in vitro experiments, showing upregulated cleaved caspases 8, 9, and 3, as well as
cleaved PARP, indicating the ability of Ru(arene)-carborane complex to induce
apoptosis both in vitro and in vivo.

Barry and Sadler et al. reported the encapsulation of a highly hydrophobic 16-
electron Ru(cymene)-carborane complex in water-soluble Pluronuic® core-shell
micelles [133, 134]. The cytotoxicity of the micelles with the encapsulated Ru
complex was assessed by a MTT assay in A2780 and A2780cisR cell lines [134]
and healthy fibroblasts MRC5 [133] and were compared to the cytotoxicity of
the free complex and micelles. Whereas Pluronic® micelles were devoid of any
cytotoxicity, the encapsulated Ru(arene)-carborane complex showed a remark-
able cytotoxicity in A2780 and A2780cisR cells in a submicromolar concentration
range. Upon encapsulation, its activity decreased by 40-fold; however the select-
ivity towards cancer cells over normal healthy cells and cellular accumulation
increased, ensuring high '°B uptake. Unfortunately, boron neutron capture ther-
apy (BNCT) experiments indicated that there was only a slight increase of cyto-
toxicities between the free and the encapsulated Ru complex in A2780 cells
bombarded by thermal neutrons [134]. Therefore, while physical encapsulation
improved solubility and cellular accumulation, the Ru(arene) macromolecules
did not increase its sensitivity to BNCT conditions.

5.7. Ru(arene) Complexes Conjugated to Other Metals

Organoiridium compounds are commonly used for photocatalysis and in materi-
al chemistry [135]. Catalytically-active organometallic Ir'' complexes can con-
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vert NADH to NAD™ via hydride transfer, thereby interfering with NADH-
mediated cell signaling pathways [135]. Cyclometalated Ir''! complexes are effec-
tive photosensitizers for photodynamic therapy due to the production of singlet
oxygen. Kim and Patra et al. combined Ru(arene) with cyclometalated Ir'™" frag-
ments 30 (Figure 7) via the polypyridyl-based ligand 2,3-di(pyridin-2-yl)pyraz-
ino[2,3-f][1,10] phenanthroline. The resulting complex exhibited cytotoxicity in
the low micromolar concentration range in a number of cancer cell lines [136].
The heteronuclear complex induced autophagy via the formation of acidic vacu-
oles which was validated by the upregulation of LC3-III, beclin-1, and atg5 pro-
tein markers in Western blot experiments. Biological properties of the mononu-
clear fragments were not assessed and therefore, the advantages of bridging
monometallic moieties into a heterobimetallic complex cannot be identified.

Romerosa et al. developed a series of heteronuclear complexes
[CpRuCl(PPhs)(u-dmoPTA-1xP:2x>N,N'-M(acac-x*0,0"),)]" 31 (Figure 7)
where M = Co, Ni, and Zn [137]. The dmoPTA is structurally-related to the
PTA ligand used in RAPTA complexes but with terminal N,N’-methyl groups
instead of the N,N’-methylene bridge that would complete the adamantane-
like scaffold. In keeping with PTA, dmoPTA is stable, imparts good aqueous
solubility, and binds Ru(arene) via the P-atom. However, dmoPTA is also capa-
ble of N,N’-chelation — a property that the authors utilized to bind the M(acac),
fragment. The heteronuclear complexes exhibited micromolar and submicrom-
olar cytotoxicity in HBL-100, T-47D, SW1573, HeLa, and WiDr cancer cells
lines and are amongst the most cytotoxic heterobimetallic complexes reported
so far. However, the monometallic Ru-HdmoPTA analogue displayed similar
cytotoxicities, indicating the defining role of this fragment in the biological
activity of the complexes.

Ru(arene) complexes can also be linked to radionuclides, giving rise to theran-
ostic compounds. Campello and Bodio et al. used a 1,4,7,10-tetraaza-cyclododec-
ane-1,4,7,10-tetraacetic acid (DOTA)-derived ligand for coordination with the
Ru(cymene) fragment and subsequent complexation with 33Sm!!! within the
DOTA cage [138]. The resultant Ru(cymene)-'>3Sm complex 32 (Figure 7) was
highly water-soluble and efficacious against A2780cisR cell lines in vitro for at
least two times. The complex did not cause acute toxicity in CD-1 mice in vivo,
was not taken up by soft tissues, such as muscle, spleen, heart, lung, and stomach,
and was quickly excreted to kidney and liver.

6. CONCLUSIONS

In this chapter, we discussed the use of the Ru(arene) scaffold as a building
block for multinuclear structures and scaffolds. By leveraging on its stability,
synthetic accessibility, and unique structural characteristics, it is possible to ra-
tionally develop a diversity of complex Ru(arene) frameworks with tailored at-
tributes that can be exploited for cancer therapy. Many of these structures are
not possible via conventional organic building blocks. This review has also un-
covered the wide spectrum of unusual therapeutic applications of multinuclear
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Ru(arene) structures including their promising use as delivery agents with a pro-
tective shield for photodynamic therapy agents. In this continuing quest to fight
cancer, particularly against highly resistant ones, that cannot be treated with
classical drugs such as cisplatin, we can expect even more focus and research
toward uncovering new Ru(arene) structures to fill the chemical space as chemo-
therapeutic agents.
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ABBREVIATIONS

acac acetylacetonate

AMP adenosine 5’-monophosphate
bis-MPA 2,2-bis(hydroxymethyl )propionic acid
Cp cyclopentadienyl

cymene 1-methyl-4-(propan-2-yl)benzene
EGF epidermal growth factor

EPR enhanced permeability and retention
Fc ferrocene

FDA Food and Drug Administration
GMP guanosine 5’-monophosphate

GSH glutathione

GSSG oxidized glutathione

1Cs, half-maximal inhibitory concentration
IFNy interferon gamma

IL interleukin

LC3-I, LC3-IIT light chain subunits

NADH nicotinamide adenine dinucleotide reduced
NHC N-heterocyclic carbenes

PARP poly-ADP ribose polymerase

PEMA polyethylmetacrylate

pta 1,3,5-triaza-7-phosphaadamantane
pyTz 2-(pyridine-2-yl)thiazole

RAED [(nS-arene)Ru(en)CI]PF

RAPTA (n%-arene)Ru(pta)Cl,

RPS2 ribosomal protein S2

TGF-p transforming growth factor beta

Topo topoisomerase
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Abstract: Since ancient times gold and its complexes have been used as therapeutics against
different diseases. In modern medicine gold drugs have been applied for the treatment of
rheumatoid arthritis, however, recently other medical applications have come into the focus
of inorganic medicinal chemistry. This chapter provides a non-comprehensive overview of key
developments in the field of gold anticancer drugs. Exciting findings on gold(I) and gold(11I)
complexes as antitumor agents are summarized together with a discussion of relevant aspects
of their modes of action.

Keywords: aquaporins - carbenes - dithiocarbamates - gold - metallodrugs - phosphanes - por-
phyrins - thioredoxin reductase

1. INTRODUCTION

Medicinal applications of gold and its complexes have a long history dating back
thousands of years [1, 2]. For example, in ancient China the use of gold was
related to the desire for longevity and has been found in very old recorded
prescriptions [3]. The element was also important for medieval alchemy in Eu-
rope as exemplified by so called “Aurum potabile” medicines, which contained
gold in potable form [4]. In 1890 the famous bacteriologist Robert Koch reported
about antibacterial properties of gold salts against tuberculosis strains [5]. This
finding has probably paved the way of gold-based drugs into modern medicine.
In the 1920s the physician Jacques Forestier hypothesized that gold compounds
could be used to treat rheumatoid arthritis since the manifestations of this dis-
ease were similar to those of tuberculosis [6]. His studies have led to application
of the first gold-based drugs, such as aurothioglucose and gold sodium thiomal-
ate, for the treatment of rheumatoid arthritis.

In 1972 Sutton and colleagues reported about the antiinflammatory properties
of orally administrable gold complexes and from these studies the gold phos-
phane compound auranofin emerged, which is nowadays considered as the lead
compound of gold metallodrugs [7]. For auranofin and many other gold complex-
es also strong effects against cancer cells have been reported. These findings
have triggered major efforts in the inorganic medicinal chemistry community to
develop new gold-based anticancer drugs. Although so far no new gold metallo-
drug has reached the drug market, a rich knowledge on the medicinal chemistry
of such complexes has been established and current clinical trials with some of
the existing gold drugs emphasize the feasibility of the drug design approach.

2. CURRENT STATUS OF REGISTERED GOLD DRUGS
2.1. Gold Complexes in the Therapy of Rheumatoid Arthritis

Rheumatoid arthritis is the most common inflammatory disease of the joints and
can be characterized as a chronic autoimmune disorder. It primarily affects the

printed on 2/13/2023 2:44 AMvia . All use subject to https://ww.ebsco.confterms-of-use



EBSCChost -

GOLD ANTICANCER METALLODRUGS 201

Figure 1. Examples of gold drugs. Sodium thiomalate and aurothioglucose are polymeric
compounds.

joints but also other organs can be involved. There is currently no cure available
and therapy focuses on the management of the disease and its symptoms, which
can significantly affect the quality of life of the patients.

Several gold complexes have been applied to treat rheumatoid arthritis, the
most frequently used are: aurothiomalate, aurothioglucose, and auranofin (see
Figure 1). Whereas auranofin can be taken orally, the other gold complexes are
adminstered by injection and are more effective [2, 8]. Gold drugs belong to the
group of so called disease-modifiying antirheumatic drugs (DMARDs), which is
a category of otherwise rather unrelated agents including the purine metabolism
inhibitor methotrexate. The main purpose of DMARDs is to slow-down the
progression of the chronic disease and to achieve a remission of the symptoms.
Although gold-based therapy is effective, its relevance is decreasing based on
the the fear of side effects, the requirement of strict patient monitoring, the lack
of experience of physicians regarding the administration of the more complicated
treatment procedure, and finally due to marketing strategies of pharmaceutical
companies [8].

2.2. New Therapeutic Applications for Gold Drugs

Despite the decline in the application for the treatment of rheumatoid arthritis,
there is a high interest in the development of gold metallodrugs for other indica-
tions. Certainly, this has been stimulated by the increasing knowledge on the
modes of action of gold complexes as well as the global interest of the pharma-
ceutical industry in drug repurposing strategies. The cytotoxicity and in vivo
antitumoral effects of auranofin had been noted in early reports [9, 10]. Besides
this important medicinal application, gold complexes have also been studied suc-
cessfully as antiinfective agents (antiparasitic, antibacterial, antiviral) [11].

A search for current clinical trials (www.clinicaltrials.gov) in March 2017 yield-
ed several ongoing or recent studies for auranofin and aurothiomalate not relat-
ed to rheumatoid arthritis. The conditions included several cancers or leukemia
(e.g., lung cancer, recurrent ovarian epithelial cancer, chronic lymphocytic leuke-
mia) and infectious diseases (e.g., amoebiasis, giardiasis, HIV).
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3. GOLD(l) ANTICANCER DRUGS

Starting from the established gold(I) drugs, there have been substantial efforts
in developing gold-based anticancer agents. In this section gold(I) phosphane
complexes and gold(I) organometallics are reviewed as relevant types represent-
ing gold in the oxidation state +1.

3.1. Gold(l) Phosphane Complexes

The lead compound auranofin represents a neutral, linear two-coordinate gold
phosphane complex with a thioglucose ligand. Phosphanes are good donor li-
gands and as such they are readily attached to gold(I). The successful develop-
ment and the therapeutic efficacy of auranofin were most likely the deciding
factors that have triggered ongoing efforts in developing metallodrugs based on
a gold(I)(phosphane) partial structure. A structure-activity relationship study by
Mirabelli and coworkers on a series of 63 complexes of the general type L-
Au-X highlighted the importance of both the phosphane and thiosugar partial
structures in vitro as well as in vivo [12]. Simple chlorido gold phosphane com-
plexes such as ClAu(I)(triethylphosphane) (1) or ClAu(I)(triphenylphosphane)
(2) (Figure 2) have demonstrated similar key features like auranofin, including
strong cytotoxicity, antimitochondrial activity or thioredoxin reductase inhibi-
tion. The residues at the phosphorus atom likely affect gold bioavailability re-
flecting differences in lipophilicity. For example, complexes with the triphenyl-
phosphane moiety showed a higher cellular uptake into cancer cells compared
to the trialkyl analogues [13].

The gold phosphole complex GoPI (3) was found to be a highly efficient inhibi-
tor of both glutathione reductase and thioredoxin reductase (TrxR). X-ray crys-
tallography of glutathione reductase exposed to 3 confirmed that its ligands were
replaced by cysteine residues of the enzyme [14]. Bischelating phosphanes such
as 4 (Figure 2) are lipophilic cations, which have a long history in anticancer
drug research. For 4 and related complexes lipophilicity was a crucial factor
affecting cellular uptake, binding to plasma proteins and in vivo toxicity [15].
The higher kinetic stability of complexes with bischelating phosphanes is an im-
portant advantage. For 4 stability in the presence of serum and thiols was con-

Figure 2. Selected examples of anticancer gold(I) phosphane complexes.
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firmed and serum did not reduce the cytotoxicity of the complex. The compound
also displayed promising activity in vivo [16]. Interestingly, for 4 and related
complexes the presence of the phenyl groups at the phosphorus was of high
relevance, and the biological activity was reduced or lost upon replacement with
alkyl residues [17]. The lipophilic cationic character of bischelating phosphane
gold(I) complexes can cause an accumulation inside mitochondria as a conse-
quence of the higher membrane potential of these organelles. However, unspe-
cific accumulation in mitochondria also might have caused toxic effects of 4 that
prevented its further development [18].

The indicated problem could be solved by further structural optimization lead-
ing to the cationic 5 (Figure 2), which was reported to be selectively toxic in
breast cancer cells and effectively inhibited TrxR activity. The gold(I) phosphane
moiety has also been applied with (bio)conjugates and for the purpose of target-
ing. The underlying strategy is to link the cytotoxic gold partial structure with a
component that itself carries biological activity and/or can be used to increase
bioavailability. For example this can be achieved with peptide conjugates [19].

In conclusion, gold(I) phosphanes represent important anticancer-active moie-
ties. Gold phosphane partial structures can also be found in many other types of
gold drugs (e.g., gold alkynyl phosphane complexes, see below).

3.2. Oganometallic Gold(l) Complexes

In recent years organometallic gold complexes have attracted a high attention.
This was certainly motivated by the increased stability of the metal-carbon bond
that can be achieved, e.g., by using N-heterocyclic carbene (NHC) or alkynyl
ligands, which are reviewed in this section. NHCs are strong o-donor ligands that
can be stably coordinated to a number of transition metals, including gold [20].
In the first essential reports on the exciting biological potential of gold(I) NHC
complexes by Berner-Price and colleagues, cationic linear complexes with two
NHC ligands (biscarbene complexes), such as 6 (Figure 3), were described to
trigger strong antimitochondrial effects and to target protein selenols in prefer-
ence to thiols [21, 22]. Importantly, 6 was able to inhibit TrxR activity in cells
whereas no inhibition of glutathione reductase was noted [22]. Both TrxR inhibi-
tion and antimitochondrial effects, which have been identified in the early key
reports, have been observed with many new gold(I) NHC complexes and can be
considered as important contributors to their biological pattern. Taking these
and the results from the protein crystallography studies with 3 [14] into account,
gold(I) NHC chlorido complexes with a benzimidazole-derived NHC ligand
were prepared by Ott et al. (see 7 in Figure 3 for an example) [23]. In these
compounds the chlorido secondary ligand should be easily replaceable by thiol
or selenol groups in the active site of TrxR and with this enable the design of
very efficient inhibitors. In fact, a series of strong TrxR inhibitors could be ob-
tained with this strategy and, importantly, the inhibition was selective if com-
pared to glutathione reductase.
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Figure 3. Selected examples of organometallic anticancer gold(I) complexes.

Complexes 8 and 9 represent derivatives of 7 (Figure 3), in which the anionic
chloride ligand was replaced by triphenyl-phosphane or a second NHC ligand,
respectively, leading to cationic species [24]. The calculated bond dissociation
energies indicated a lower reactivity of the cationic complexes, and in fact they
were less active TrxR inhibitors. However, the cellular uptake and trafficking
into the mitochondria were increased for the cationic 8 and 9 and this resulted
in higher overall cytotoxicity. Besides TrxR inhibition and antimitochondrial ef-
fects, also other cellular pathways were reported to be of high importance for
the biological activity of gold(I) NHC complexes (see Section 5.1.1 for more
details). Another very interesting example is the cationic biscarbene complex 10
reported by Casini et al. [25, 26]. Complex 10 contains two caffeine-derived NHC
ligands and was found to be an efficient and selective G-quadruplex stabilizing
agent. Importantly, 10 was shown to bind non-covalently to three distinct binding
sites of a G-quadruplex structure [26].

The preference of gold(I) for a linear geometry together with the linearity of
alkynes, which are good ligands due to their m-unsaturated nature, have made
gold(I) alkynyl complexes useful organometallic tools with possible applications
in material chemistry, supramolecular chemistry or luminescence [27]. Complex
11 (Figure 3) was one of the most active TrxR inhibitors out of a series of cyto-
toxic gold(I) triphenylphosphane complexes with structurally diverse alkynyl li-
gands reported by Ott et al. [28]. Interestingly, 11 triggered effective antiangio-
genic effects in zebrafish embryos. Closer evaluation of the effects of 11 on
cellular phosphorylation signaling showed an activation of the mitogen-activated
protein kinases (MAPK) ERK1 and ERK2 (ERK: extracellular signal related
kinase) as well as the chaperone HSP27 (heat shock protein 27) [29]. Administra-
tion of 11 in vivo, however, was problematic due to solubility issues, required
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the development of a suitable formulation, and provided no tumor growth reduc-
tion so far. Further structural optimization of 11 was focused on an optimization
of the phosphane ligands and led to its triethylphosphane anaologue as a proba-
bly better alternative for in vivo studies [29].

In this context the propargylthiol derivative 12 (Figure 3) with a solubility-
enhancing phosphane ligand represents a very interesting development [30]. The
complex led to an increase in the mean survival time and life expectancy in an
athymic nude mice xenograft model. The tumor growth reduction was moderate
and there was no acute toxicity. Another example, which showed good activity
in vivo is 13 [31]. It was identified in a screening of various gold complexes, is
an efficient TrxR inhibitor, and displayed highly promising results in vivo.

4. GOLD(llIl) ANTICANCER DRUGS

Due to the structural similarity to various platinum(II)-based anticancer drugs,
gold(IIT) complexes have long been regarded as a class of effective anticancer
therapeutics [32]. Nevertheless, the gold(IIT) ion under physiological condition
is easily reduced to gold(I) or gold(0) (metallic gold). Thus, one major challenge
for their medical development is the stability issue. By employing various tetra-,
tri-, and bidentate ligands, numerous stable gold(I1I) complexes possessing anti-
cancer properties have been identified in the last decade.

4.1. Gold(lll) Complexes with Tetradentate Ligands

A stable gold(ITI) complex system, [Au!(porphyrin)]™, with a net cationic
charge can be achieved by using the robust tetradentate porphyrinato ligand
scaffold [33]. Che and coworkers have first reported in 2003 the anticancer prop-
erties of a gold(IIl) meso-tetraphenylporphyrin complex (gold-1a, 14, Figure 4)
[34]. In vitro and in vivo studies revealed that 14 is highly effective towards
nasopharyngeal carcinoma (NPC) metastasis, and inhibits tumor growth of nude
mice bearing colon cancer, neuroblastoma, melanoma, and cisplatin-resistant
ovarian cancer [33]. Moreover, in 2013 Che, Sun, and coworkers have first identi-
fied its anticancer stem cells property [35].

The LDsq value (median lethal dose) of 14 was determined to be 6.8 mg/kg
(effective anticancer dosage: ~3.0 mg/kg). One approach to reduce its toxicity is
to employ drug carriers. Enhanced anticancer activities of 14 have been demon-
strated by using polymeric encapsulating materials such as a mixture of gelatin
and acacia [36], polyethylene glycol [37], and a type of organogold(III) supramo-
lecular polymers [38]. Also, mesoporous silica nanoparticles for delivery of 14
with enhanced selectivity and apoptosis-inducing efficacy were employed [39].

An additional advantage for the medicinal development of the
[Au(porphyrin)]* system is the ease in its structural modification. The antican-
cer studies of 25 gold(IIl) porphyrin complexes including some water-soluble
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Figure 4. Selected examples of anticancer gold(III) complexes.

and asymmetrical analogs with a dynamic range of lipophilicity were reported
[40]. Recently, Isab and coworkers reported the in vitro anticancer activities of
gold(IIT) complexes of meso-1,2-di(1-naphthyl)-1,2-diaminoethane [41]. Sessler
and coworkers have identified a series of new water-soluble gold(III) porphyrin
complexes with cytotoxic ICsy values down to 9 uM toward a human ovarian
cancer cell line in 2015 [42].

Other types of anticancer gold(IIT) complexes with tetradentate ligands have
also been reported. A water-soluble gold(III) corrole complex (1-Au, 15, Fig-
ure 4) was found to display promising cytostatic activity [43]. Cytotoxicity of
gold(IIT) complexes with Schiff bases and bis(pyridyl )carboxamide ligands have
previously been reported to exhibit comparable cytotoxicity to cisplatin [44]. Yet,
a gold(III) complex containing cyclam (= 1,4,8,11-tetraazacyclotetradecane) was
found to display a low cytotoxic activity towards a series of cancer cells, having
ICsq values >100 uM [45].

4.2. Gold(lll) Complexes with Tridentate Ligands

2,2’ 2"-Terpyridine (terpy) is a typical tridentate ligand to stabilize a highly oxi-
dizing metal center. The gold(III) complex of terpy 16 (Figure 4) has first been
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reported by Lippard et al. in 1983 [46]. Che and coworkers in 1995 demonstrated
its high binding affinity to calf thymus DNA [47], and in 2000, its promising in
vitro anticancer activities have first been demonstrated by Messori and cowork-
ers [45]. This gold(IIT) complex exhibited similar anticancer potency compared
to that of the terpy ligand itself, suggestive of its ligand-mediated cytotoxic activ-
ity. Some other gold(IIT) complexes having tridentate terpy or aminoquinoline
ligands have been reported [48] and four gold(III) complexes with terpy ligands
showed higher cytotoxicity than cisplatin against various cancer cell lines [49].

An organogold(III) complex of 6-(1,1-dimethylbenzyl)-2,2’-bipyridine) (Au-
bipy©, 17; Figure 4) showed potent anticancer activities in vitro [50]. A proteomic
approach including the use of 2D gel electrophoresis separation and subsequent
mass spectrometry identification has been launched in order to elucidate its ac-
tion mechanisms in A2780 human ovarian cancer cells [51].

The anticancer activities of various gold(III) cyclometalated gold(III) complexes
[Au'(CANAC)L]+ (wherein HCAN”CH = 2,6-diphenylpyridine; L = an auxiliary
ligand) was reported [52]. These complexes are stable in aqueous solutions con-
taining glutathione. With triphenylphosphane as the auxiliary ligand,
[Au™(CANAC)L]* was found to display cytotoxic activity towards different can-
cer cell lines with ICs, values down to ~4 uM. By using different bidentate bis(di-
phenylphosphane)C,, ligands (wherein C,, = saturated hydrocarbon linker with n =
1 to 6), gold(IIT) complexes of [Au,!(CAN*C),(u-bis(diphenylphosphane)C,,)]*
could be obtained. Notably, a dinuclear gold(II) phosphane complex [(C"-
N2C),Au,(u-dppp)](CF3S0O3), [Au3, 18 wherein dppp = bis(diphenylphosphi-
no)propane] displayed a promising inhibition on tumor growth in vivo, and exert-
ed low sub-chronic toxicities in beagle dogs [53].

Since 2006, Messori and coworkers have reported that various binuclear
gold(I1T)-oxo complexes (e.g., Auoxo-6, 19) were anticancer active and display a
high cancer cell selectivity [54]. Another binuclear gold(III)-oxo complex (name-
ly Auoxo3) has been studied for the interaction with the protein lysozyme [55].
The gold(III) metal center would undergo reduction and produce reactive
gold(I) species, which are capable to bind with the protein and hence, form
relatively stable derivatives.

4.3. Gold(lll) Complexes with Bidentate Ligands

Since the first identification of the anticancer properties in 2005 [56], various
gold(I1T) dithiocarbamato derivatives have been developed during the past ten
years [57]. Some dithiocarbamate complexes containing amino acids or oligopep-
tides have been reported to display promising anticancer properties. Several
gold(IIT) dithiocarbamato peptidomimetics were developed as promising anti-
cancer agents against human breast neoplasia (e.g., 20; Figure 4) [58]. These
complexes show an improved chemotherapeutic index and therapeutic spectrum,
and some of them are highly active towards human MDA-MB-231 xenografts.
Very recently, various gold(III) pyrrolidinedithiocarbamato complexes have
been reported as promising anticancer agents [59]. It was found that the bromido
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derivative was more effective than the chlorido one in terms of ICs, values to
the cancer cells.

Target-selective micelles for bombesin receptors to encapsulate the gold(III)
dithiocarbamato complexes were prepared by developing some sterically-stabi-
lized micelles having phospholipids as delivery systems [60]. Incorporation in
micelle composition of a low amount of the peptide derivative containing a
bombesin peptide does not change the size of the micelles. Their cancer-targeting
properties were confirmed by using PC-3 cells overexpressing the GRP/bombe-
sin receptors.

Casini and coworkers have reported the use of some anticancer gold(IIT) com-
plexes to achieve inhibition of membrane water/glycerol channels of aquaporin
proteins [61]. Various gold(III) complexes bearing nitrogen donor ligands includ-
ing 1,10-phenanthroline, 2,2'-bipyridine, 4,4’-dimethyl-2,2'-bipyridine, and 4,4'-
diamino-2,2'-bipyridine have been evaluated in human red blood cells expressing
AQP1 and AQP3, which are responsible for water and glycerol movement, re-
spectively.

Che and coworkers have developed various gold(III) complexes containing
NHC ligands to be used as effective thiol “switch-on” fluorescent probes [62].
Some of them displayed promising in vivo anticancer properties. Another new
class of gold(III) carbene complexes containing various bidentate C-deprotonated
C”N and cis-chelating bis-NHC ligands has been synthesized [63]. These complex-
es displayed an inhibition on deubiquitinase UCHL3 with an ICsy value of 0.15
uM. Gold(III) complexes with dithiocarbamate ligands, [Au™(C*N)(R,NCS,)]*
(where HC~N = 2-phenylpyridine), were found to display significant inhibition on
deubiquitinases, and high selective cytotoxicity towards breast cancer cells [64].
Also various gold(I1I) allenylidene compounds with phosphorescence properties
were developed [65]. These complexes are readily self-assembled to form nano-
structures in solution and display cytotoxicity towards cancer cells.

5. BIOLOGICAL FUNCTIONS OF GOLD COMPLEXES
5.1. Interactions with Biological Targets

Numerous research efforts have been directed to the understanding of the cyto-
toxic activity and related mode of action of cytotoxic gold-based complexes, as
well as to the identification of their preferential “protein targets”, as it is increas-
ingly evident that, at variance with cisplatin [66], DNA is not the unique or major
target for such compounds [67, 68]. In fact, although some gold(I) phosphane
complexes were documented to interact with DNA or DNA polymerases, several
subsequent studies strongly suggested that mitochondria and pathways of oxida-
tive phosphorylation are the primary intracellular targets [69]. As an example,
auranofin was reported to inhibit mitochondrial functions, to stimulate the re-
lease of cytochrome c¢ and to induce apoptosis. In general, since their discovery
as antiproliferative agents, various experiments on cancer cells revealed a variety
of effects of gold compounds on cellular metabolism, including a high increase
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of ROS formation and reduced mitochondrial activity, finally resulting in apop-
totic cell death.

Notably, in the case of Au(I) complexes, most of these effects could be attribut-
ed to the strong and selective inhibition of the seleno-enzyme TrxR [70] as dis-
cussed in previous sections. In the case of Au(IIl) complexes, other proteins have
emerged as putative pharmacological targets, including zinc-finger proteins [71-
74], membrane water and glycerol channels (aquaporins), protein deubiquitinas-
es [64], the proteasome [75], as well as other cancer-related enzymes. In this
context, this section focuses only on the widely investigated TrxRs and on the
most novel aquaporin targets, and includes a summary of representative studies
on such systems. The reader is referred to other relevant literature for a more
comprehensive overview on the topic [33, 76, 77].

5.1.1. Thioredoxin Reductases

TrxRs are homodimeric flavoproteins of the cellular antioxidant system which
maintain a reducing environment by transmitting the electron flux from nicotin-
amide adenine dinucleotide phosphate (reduced) generated by the pentose phos-
phate pathway to thioredoxins (Trxs). The latter are a group of small (10- to 12-
kD) and widely distributed redox active peptides that have a conserved -Trp-
Cys-Gly-Pro-Cys-Lys- catalytic site that undergoes reversible oxidation and re-
duction of the two Cys residues [78]. The thioredoxin system is involved in the
redox control of different signaling pathways and regulates crucial cell functions
such as viability and proliferation [79]. Moreover, Trx expression is increased in
several human primary cancers [80]. Accordingly, both Trx and TrxR might be
considered as suitable targets for the development of new anticancer agents,
since their inhibition leads to accumulation of H,O, and reduces the capacity of
one of the most important antioxidant systems in cancer cells to counteract ROS-
mediated damage [81].

Belonging to the pyridine nucleotide-disulfide oxidoreductase family such as
glutathione reductase, lipoamide dehydrogenase, and trypanothione reductase,
TrxRs form homodimers and each subunit contains a redox-active catalytic active
site containing a selenocysteine and a bound flavin adenine dinucleotide mole-
cule. The selenocysteine redox center is located on a flexible arm, solvent-
exposed and reactive towards electrophilic agents [82], where it constitutes an
optimal target for the development of selective enzyme inhibitors, including
gold-based complexes [83] with high affinity for selenol groups.

Within this framework, in the last years, a number of Au(I) complexes, both
coordination and organometallics, have been reported for their TrxR inhibition
properties, including auranofin [84]. Interestingly, recent studies have demon-
strated a strong and selective TrxR inhibition by different families of Au(I) NHC
complexes [85, 86], as initially reported by Berners-Price et al. in 2008 [22]. In
cancer cells, this effect resulted in a general imbalance of the metabolism, includ-
ing mitochondrial activity, leading to apoptotic cell death [87].

Notably, in 2014 Ott, Wolfl, and coworkers performed a detailed investigation
of the biological activity of the selected Au(I) NHC complex 8 (see Figure 3)

printed on 2/13/2023 2:44 AMvia . All use subject to https://ww.ebsco.confterms-of-use



EBSCChost -

210 CASINI, SUN, and OTT

«» Up-regulated
Apop*os's Down-regulated

Figure 5. Signaling model underlying cell death pathways induced by a gold(I) NHC
complex. Partly adapted from [88].
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with a strong cytotoxic potential [88]. In summary, the reported results showed
that the compound induces apoptosis in cancer cells targeting at least three dif-
ferent pathways, namely (i) inhibition of TrxR, (ii) direct inhibition of the mito-
chondrial respiratory chain, and (iii) indirect DNA damage. The ensemble of
such alterations resulted in potent programmed cell death.

Specifically, the study made use of ELISA microarray analysis of signal trans-
duction pathways combined to immunoblot assays, which revealed time-depend-
ent up-regulation of pro-apoptotic signaling proteins, including p38 and JNK,
whereas pro-survival signals directly linked to the Trx system were down-regulat-
ed [88]. Moreover, the analysis of cellular metabolism and morphological
changes in cancer cells were investigated by a real-time biosensor chip, measur-
ing pH changes and oxygen consumption, as well as cellular impedance. The
obtained results pointed towards mitochondria as key targets for the gold com-
pound, due to immediate inhibition of oxygen consumption in cancer cells upon
drug treatment, as well as to cell shifts in the energy metabolism leading to
switching to glycolysis from oxidative phosphorylation, mirrored by an increase
in acidification rates [88]. Furthermore, the gold compound markedly increased
ROS production, most likely due to TrxR inhibition. The overall cellular effects
induced by the Au(I) NHC complex are summarized in Figure 5. Notably, similar
effects were observed in the case of cancer cells treated with auranofin [88].

5.1.2. Agquaporins

Aquaporins (AQPs), members of a superfamily of transmembrane channel pro-
teins, are ubiquitous in all domains of life, and can be functionally categorized
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Figure 6. Predicted structure of a human AQP3 monomer. (A) Ribbon representation
and (B) surface representation. Amino acid side chains are shown in stick representation
the amino acids of the ar/R selectivity filter are in cyan; green represents the residues
in the NPA region (ribbon representation is green for the whole NPA region and only
representative Asn residues are displayed); Cys40, crucial for inhibition by gold complex-
es, is in pink (yellow for the S atom). (C) AQP3 tetramer, top view. The figures were
generated with the Molecular Operating Environment (MOE), 2012.10, Chemical Com-
puting Group Inc. (Montreal, QC, Canada).

into two major subgroups: (i) orthodox aquaporins, which are water-selective
channels, and (ii) aquaglyceroporins, allowing permeation of water but also of
non-polar solutes, such as glycerol and other polyols, urea, the reactive oxygen
species hydrogen peroxide, as well as ammonia, gases, and metalloids. In mam-
mals, the 13 aquaporin isoforms identified so far (AQP0-12) are expressed in a
wide range of tissues and are involved in different biological functions [89].

AQPs share a common protein fold, with the typical six membrane-spanning
helices surrounding the 20-A-long and 3- to 4-A-wide amphipathic channel, plus
two half-helices with their positive, N-terminal ends located at the center of the
protein and their C-terminal ends pointing towards the intracellular side of the
membrane [90]. The selectivity of AQPs’ transport of specific solutes is guaran-
teed by the presence of two constriction sites (Figure 6): (i) an aromatic/arginine
selectivity filter (ar/R SF) near the periplasmic/extracellular entrance, that deter-
mines the size of molecules allowed to pass through and provides distinguishing
features that identify the subfamilies, and (ii) a second constriction site com-
posed of two conserved asparagine-proline-alanine (NPA) sequence motifs, lo-
cated at the N-terminal ends of the two half-helices, at the center of the channel.
In humans, functional aquaporins are organized in a tetrameric structure.

Due to their numerous roles in physiology, these proteins are essential mem-
brane transporters involved in crucial metabolic processes and expressed in al-
most all tissues. Specifically, the ‘aquaglyceroporins’ regulate glycerol content in
epidermal, fat, and other tissues, and appear to be involved in skin hydration,
cell proliferation, carcinogenesis, and fat metabolism [91]. The functional signifi-

printed on 2/13/2023 2:44 AMvia . All use subject to https://ww.ebsco.confterms-of-use



EBSCChost -

212 CASINI, SUN, and OTT

cance of glycerol transport by aquaglyceroporins has been the subject of several
studies. For example, the relationship between aquaglyceroporin expression and
cancer development has been reported, as well as a correlation with obesity.

With the aim to validate the hypotheses on the various roles of AQPs in health
and disease, in addition to genetic approaches, the use of inhibitors to unravel
aquaporin function and to develop new therapies holds great promise. However,
so far no reported AQP inhibitors are good candidates for clinical development
due to insufficient isoform selectivity and toxicity [92]. Within this context, Casi-
ni, Soveral, et al. have reported on the potent and selective inhibition of human
AQP3 by a series of square planar gold(III) coordination compounds with nitro-
gen-donor ligands in human red blood cells (hnRBC), using a stopped-flow tech-
nique [61, 93]. Interestingly, the compounds were able to potently inhibit glycerol
transport in hRBC through hAQP3, while not having a significant effect on water
transport, through the orthodox water channel human AQP1. The most effective
inhibitor of the series, Auphen ([Au(phen)CL,]Cl, phen = 1,10-phenanthroline),
was observed to have an ICs, in the low micromolar range (0.8 + 0.08 uM).
Notably, Auphen was far more potent than the mercurial benchmark inhibitor
HgCl,. It is also worth mentioning that coordination compounds with gold in a
different oxidation state, namely Au(I), such as aurothioglucose and auranofin,
were not able to inhibit either AQP1 or AQP3.

In order to gain insight into the mechanism of AQP3 inhibition by gold com-
pounds, molecular modelling studies were undertaken and a homology model of
hAQP3 was built, and used to further disclose the possible gold binding sites
inside of the hAQP3 channel [93]. Since gold has a high affinity for binding to
sulfur, the mechanism of inhibition of Auphen and analogues in hAQP3 is possi-
bly based on the ability of Au(III) to interact with sulfur-donor groups of pro-
teins such as the thiolate of cysteine or the thioether of methionine residues. In
human AQP3, only the thiol group of Cys40 located just above the ar/R SF
(see Figure 6) inside the protein channel is accessible for gold binding from the
extracellular side. Therefore, this residue was proposed as a likely candidate for
binding to gold(III) complexes via a direct Au-thiol bond [93]. According to the
hypothesized mechanism of inhibition, the bound metal complex causes steric
blockage of the pore, hindering the passage of glycerol and water through
hAQP3. Notably, such a mechanism was supported by further site-directed muta-
genesis studies, where mutation of Cys40 to Ser40 significantly decreased the
inhibitory effects of Auphen [94].

Noteworthy, molecular dynamics (MD) approaches have recently been used
to investigate the binding of Hg?>" ions to human AQP3 in order to gain further
insight concerning the mechanisms of AQP inhibition by mercurial compounds
[95]. Overall, such in silico approach suggests that the coordination environment
of Hg?™ ions is determinant for the inhibition of the AQP3 water/glycerol flux,
since it may induce major conformational changes in the protein structure lead-
ing to pore closure [95]. These findings were relevant also in the case of AQP3
inhibition by gold complexes studied by MD [96], supporting a mechanism
whereby the closure of the pore is not due to steric blockage, but by conforma-
tional changes in the protein structure upon metal binding.
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Interestingly, as human AQP3 has been shown to have a role in cell prolifera-
tion and migration and to be overexpressed in different cancer types [91], its
possible role in cancer progression has been speculated. However, so far no clear
mechanism unravelling the interplay between AQPs and cell proliferation has
emerged, and new experiments designed specifically to address these challenging
research questions are necessary. Thus, to investigate this hypothesis, the capaci-
ty of the Au(III) compounds of inhibiting selected AQP isoforms in cancer cells
may be certainly exploited [94]. Notably, preliminary data showed that the anti-
proliferative effects exerted by Auphen in various cancerous and non-tumorigen-
ic cells were proportional to the expression levels of AQP3 [94].

6. GENERAL CONCLUSIONS

The medical use of gold and its complexes has a long tradition and currently
some gold(I) complexes are used as antirheumatic agents. The potential of the
known gold drugs as anticancer agents has also been known for several decades
and there have been substantial efforts in the development of gold-based antitu-
mor drugs. Regarding gold(I) complexes, compounds with phosphane ligands
and organometallics have been most frequently investigated.

Very promising effects, which can be modulated by optimization of the coordi-
nated ligand structures, have been observed in vitro and in vivo. For gold(111)
complexes, reduction to gold(0/I) under physiological conditions has to be con-
sidered. Stable complexes can be generated using different types of bi-, tri-, and
tetradentate ligand systems and their high efficacy has been demonstrated in
vitro and in vivo. Various mechanisms of action have been identified for gold
drugs. Although some complexes were reported to interact with DNA, this bio-
molecule does not appear to be a general molecular target for gold species.
Pathways and targets related to mitochondria and the Trx/TrxR system are more
likely the key players in gold pharmacology. Furthermore, various other relevant
targets have been identified. Among those are the membrane transporters aqua-
porins, which are very likely anticancer drug targets.

Current clinical trials evaluate the potential of approved gold drugs for cancer
chemotherapy. Whereas these trials are additionally motivated by aspects of drug
repurposing, the outcome of the studies might facilitate the translation of new
gold metallodrugs into therapeutic application.
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ABBREVIATIONS AND DEFINITIONS

AQPs aquaporins
hRBC human red blood cells
ICsq half maximal inhibitory concentration
LDsq median lethal dose
MD molecular dynamics
NHC N-heterocyclic carbene
ROS reactive oxygen species
Trx thioredoxin
TrxR thioredoxin reductase
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Abstract: Titanium(IV) coordination complexes represent attractive alternatives to platinum-
based anticancer drugs. The advantage of the titanium metal lies in its low toxicity, and the
hydrolysis of titanium(IV) coordination complexes in biological water-based environment to the
safe and inert titanium dioxide is an enormous benefit. On the other hand, the rapid hydrolysis
of titanium(IV) complexes in biological environment and their rich aquatic chemistry hampered
the exploration and the development of effective compounds.

Titanium(IV) complexes were the first to enter clinical trials for cancer treatment following
the success of platinum-based chemotherapy, with the pioneering compounds titanocene di-
chloride and budotitane. Despite the high efficacy and low toxicity observed in vivo, the com-
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pounds failed the trials due to insufficient efficacy to toxicity ratio and formulation complica-
tions. The rapid hydrolysis of the complexes led to formation of multiple undefined aggregates
and difficulties in isolating and identifying the particular active species and its precise cellular
target. Numerous derivatives with different labile ligands or substitutions on the inert ones
contributed to improve the complex anticancer features, and the best ones were comparable
with, and occasionally better than cisplatin. Hydrolytic stability was improved in some cases
but remained challenging. The following generation of phenolato-based complexes that came
three decades later exhibited high activity and markedly improved stability, where no dissocia-
tion was observed for weeks in biological solutions. Complexes of no labile ligands whatsoever
that remain intact in solution demonstrated in vitro and in vivo efficacy, with no signs of
toxicity to the treated animals. Mechanistic insights gained for the different complexes ana-
lyzed include, among others, possible interaction with DNA and induction of apoptosis. Such
complexes are highly promising for future exploration and clinical development.

Keywords: anticancer - cytotoxicity - metallodrugs - non-platinum - titanium(I'V)

1. INTRODUCTION

Cancer diseases of more than 100 different kinds represent a major cause of hu-
man deaths worldwide, with more than 10 million new cases diagnosed each year.
Cancer research spans across numerous directions and fields, from diagnosis to
unique approaches to therapy and drug delivery. Much progress was achieved in
recent years with novel therapeutic methodologies, such as immunotherapy [1]
and precision (personalized) medicine [2]. Nevertheless, such approaches, al-
though considered relatively selective and effective, may be applied only for spe-
cific cases and are very limited to particular cancer types and populations. The
vast majority of cancer cases thus still relies on chemotherapy for attempted treat-
ment, and will surely continue to do so for many years to come. As the main
limitations of classical chemotherapy are the severe side effects accompanying the
drug efficacy, developing highly potent chemotherapeutics of reduced side effects,
effective toward a relatively wide range of cancer types, is of essence.

Cisplatin [3], as a landmark of metallodrugs-based chemotherapy for cancer,
is discussed elsewhere in this book, along with its closely related Pt-based deriva-
tives. The success of cisplatin in the clinic, along with its drawbacks relating
mainly to resistance development and severe toxicity, opened a new research
direction that explores complexes of other transition metals as potential antican-
cer therapeutics [4-22]. Complexes of Ru, Cu, Au, V, Ga, and others were inves-
tigated, some showing promising results, as discussed in other chapters. The first
metal reaching clinical trials following the platinum compounds is Ti, with the
two pioneering derivatives titanocene dichloride [23, 24] and budotitane [25, 26]
(Figure 1) [27-31].

Titanium is relatively abundant in the earth crust in the oxidation state +IV
and as a first row transition element it is relatively labile. Still, identified natural
roles of titanium in biological organisms are lacking [32]. A reasonable explana-
tion relies on the complex aquatic chemistry of titanium. Titanium(IV) coordina-
tion complexes in water solutions mostly readily hydrolyze due to the high affinity
of the electron-poor d° hard metal to hard O-based ligands. Formation of O-
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Figure 1. Titanocene dichloride (left) and budotitane (right).

bridged aggregates normally leads to the final thermodynamic product titanium
dioxide. Nevertheless, titanium is considered a bio-friendly non-toxic metal, with
some historical mentioning of therapeutic activity, including toward tumors [8].
Titanium dioxide often appears in food products, as well as various cosmetic prod-
ucts and drugs, and thus Ti is often detected in the human body and can reach
various organs [8]. It is thus reasonable to base the design of new therapeutics on
metal coordination complexes that after hydrolysis in the human body should
yield a non-toxic product that can hopefully leave the body through normal func-
tion. And still, the rich hydrolytic chemistry of titanium(IV) coordination com-
plexes remains an issue to resolve, as the formation of unidentified aggregates in
the biological environment is disadvantageous for controllable transport of the
active species and mechanistic elucidation. In this review we will discuss the main
classes of titanium(IV) coordination complexes studied for anticancer therapy,
their advantages and disadvantages, and future perspectives. The anticancer relat-
ed reactivity and drug delivery of Ti-based nano-materials is discussed elsewhere
and will not be covered herein [33].

2. CYCLOPENTADIENYL-BASED COMPLEXES
2.1. Titanocene Dichloride — Pros and Cons

Titanocene dichloride is one of several metallocenes that have shown promising
anticancer features [34-40], as firstly reported by Kopf-Mayer and coworkers in
1979 [41]. Efficacy was detected in mice models toward Ehrlich ascites tumors
[41-47], colon carcinoma [48, 49], lung adenocarcinoma, and small cell lung carci-
noma [50], gastrointestinal carcinomas [51], leukemia [52], ovarian carcinoma
[53, 54], renal carcinoma [55], and more [49, 56-58]. Tumor size often decreased
by more than 50 %, with up to 100 % survival of the treated animals. Titanocene
dichloride was also effective on cells resistant to cisplatin [59-63], establishing
an advantage over the platinum parent complex. Importantly, the biggest advan-
tage of the titanium metal was manifested by the relatively mild toxicity ob-
served in vivo [42, 59, 64-68]. Some indications of liver damage were detected
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following a single injection through concentration increase of related enzymes,
along with decrease in glucose levels, but return to normal values after several
days implied a reversible condition [64]. No renal impairment was observed after
administration of LDs, doses [68], and some postperiotonic symptoms were also
manageable through pH control [42]. Some teratogenic effects on embryos were
also noted [69, 70]. Most notably, nephro- and gastrotoxicity were markedly re-
duced relative to those of cisplatin detected in control animals [64, 65]. Pharma-
cokinetic studies pointed to titanium build-up in the liver and intestine, with no
changes of titanium level in the brain relative to untreated control animals [71].

The promising results obtained with titanocene dichloride encouraged its entry
to clinical trials. Phase I trials with patients suffering from various cancer types
revealed limited efficiency, with dose-limiting toxicities being reversible high levels
of creatinine and bilirubin, nephrotoxicity or liver toxicity [72-75]. Additional tox-
icities detected included hepatic toxicity, emetic toxicity, with side effects of fa-
tigue, hypokalemia, diarrhea, nausea, and metallic taste. Phase II trials were con-
ducted at 270 mg/m? every three weeks with patients suffering from advanced
renal cell carcinoma [76] and metastatic breast cancers [77]. Although the former
showed mild side effects, the latter suffered from various gastrointestinal, neuro-
logical, haptic and renal-related side effects. Nevertheless, the effectiveness of the
treatment was limited in both cases, implying no real advantage for the use of
titanocene dichloride as drug for these cancer conditions. The compound thus
failed the trials due to an overall insufficient activity/toxicity ratio.

The contrast between the promising results obtained for titanocene dichloride
in vivo and the disappointing ones obtained in clinical trials, on one hand demon-
strates the enormous potential of the highly potent titanium complexes, but on
the other, reflect the differences among biological systems. Although these dif-
ferences may be associated to numerous biological parameters, one distinct fea-
ture of the titanium complexes stands out as a possible contributor to failure
in clinical trials, especially when compared to the clinically effective platinum
complexes: The rapid hydrolysis of the titanium complexes under physiological
conditions to multiple species, which surely occurs more extensively in a bigger
biological system, is likely to produce many products that are not all active,
leading to an unfavorable activity-to-toxicity ratio. Studies on the hydrolysis of
titanocene dichloride [78-83] indeed pointed to rapid loss of the labile chloride
ligands, within seconds to minutes (more rapid and extensive than that observed
for cisplatin) [78], followed by hydrolysis of the cyclopentadienyl (Cp) ligands
as well to give multiple species. Some solubility difficulties also affected the
hydrolysis rate [84]. It thus became clear that hydrolysis of titanium complexes
for anticancer application is an obstacle to overcome, which encouraged the
investigation of related compounds of various substitutions.

2.2. Leading Cyclopentadienyl-Based Derivatives

Derivatives of titanocene dichloride were studied extensively for anticancer ap-
plications. Both substitution of the labile chloride ligands and substituted Cp
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rings were investigated [85]. Most substitutions of the labile ligands with other
monoanionic groups such as CO, Br, F, and more, did not significantly improve
the complex anticancer features [50, 57, 86-88], although some higher activity
was reported specifically for fluorinated compounds [89, 90], and carboxylate
[50, 86, 87, 91, 92] and oximato [93] complexes, which also often presented en-
hanced solubility. Some derivatives, including ionic ones with improved solubili-
ty, also exhibited in vivo efficacy [57, 58, 94-98]. An additional schisandrol-
bound complex showed improved stability and solubility [99]. Moreover, substi-
tution of the labile ligands with chelating agents were also investigated [95, 97,
100-103], which often contributed to improved cytotoxicity and stability. It is
noteworthy that ICs, values obtained for these titanocene derivatives were most-
ly higher than those of cisplatin studied as control. Nevertheless, improved activ-
ity in vitro was achieved relative to the titanocene dichloride parent compound,
which had been more effective in vivo than in vitro [55, 104, 105].

More significant influence of the complex anticancer features was obtained
through substitutions on the more inert Cp rings [106]. Numerous substitutions
were investigated, from simple alkylations to complex cyclic derivatizations. Im-
pact was achieved on cytotoxic activity in vitro and efficacy in vivo, and on
solubility and stability in water and other relevant solutions. The different substi-
tutions often affected the complex symmetry, and hence the chirality, which was
relevant to the number of stereoisomers present in solution.

Methylation on the Cp had a minor influence on the complex performance.
Although slightly improving the hydrolytic stability, no significant change in cy-
totoxicity was observed [79, 82]. In contrast, more hydrophilic units such as car-
boxy or charged amino units contributed to somewhat improved cytotoxicity on
particular lines, with activity also toward cisplatin-resistant lines, although the
activity was generally lower than that of cisplatin toward cisplatin-sensitive lines
[87, 107-113]. Increasing further the steric bulk of the Cp substituent in a series
of chiral (racemic) ansa-titanocene complexes mostly affected solubility, depend-
ing on the total hydrophilicity of the entire group [114-119]. Nevertheless, im-
proved ICsq values relative to titanocene dichloride could be obtained, although
still generally worse than those obtained for cisplatin [115-118, 120-126]. Repre-
sentative examples are presented in Figure 2. For instance, the ansa-titanocene
complex known as “titanocene X” was particularly effective, also in vivo, increas-
ing the survival of treated mice inoculated with Ehrlich ascites tumor [127].

Another large series of complexes investigated included substituted benzyl or
related aromatic moieties on one or two of the Cp rings, to give achiral complex-
es, lacking the disadvantage of two enantiomers present in solution [110, 118,
122, 128-148]. Representative examples are presented in Figure 3a. Improve-
ments in the complex potency were certainly noticeable. One leading derivative
is titanocene Y, which showed activity comparable to that of cisplatin as well as
in vivo efficacy [129, 130, 149-157]. Its oxali derivative also presented high effica-
cy in vitro and in vivo [158, 159]. Additionally, a recent study compared among
two enantiomers of a complex with chiral substituted rings, showing some
enantioselectivity, supporting a chiral target/s along the cytotoxicity pathway
(Figure 3a, bottom right) [160].
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Figure 2. Representative bridged titanocene dichloride derivatives analyzed for cytotox-
icity.

Opverall, although solubility improvement was achieved for some derivatives,
most did not exhibit significant improvement in hydrolytic stability [118, 132,
148]. Another set of compounds aimed at improving this character includes de-
rivatives with an additional coordinating amino arm; the added donor was pro-
posed to improve stability of the presumed active species and also enhanced
solubility [136, 161-164]. Such compounds showed good cytotoxicities also on
cisplatin-resistant cell lines [113]. The best compounds of this advanced series
have demonstrated activities comparable to those of cisplatin. An example of a
leading soluble complex of this series with activity in the micromolar range is
presented in Figure 3b [165]. Notably, attempts to add separate coordinating
ligands, such as amino acids, although often improving solubility, did not afford
particularly stable complexes as such ligands dissociated fairly rapidly [166]. An-
other approach to enhance hydrolytic stability involved linking a Cp substituent
to one of the labile groups, thus affording a chelating ligand [103, 148, 167]. An
example is presented in Figure 3c.

A marked improvement of cytotoxicity was interestingly achieved through the
covalent combination with a second metal center in heterodinuclear Ti/Au, Ru,
Pd, or Pt complexes (or heterotrinuclear ones with two added metal centers,
Figure 4) [168-173]. These complexes showed an activity comparable with, and
even higher than, that of cisplatin, also toward cells that are cisplatin-resistant,
with notable improvement relative to the mononuclear analogues. In vivo effica-
cy was also detected. The stability of these complexes was often greater as well.

Another approach to improve solubility and often also stability involves incor-
poration of the titanocene compound into polymeric material for controlled de-
livery [174-180]. For example, grafting functionalized titanocene into nano-
structured-silica enabled high activity toward several cell lines, while inhibiting
hydrolysis processes. The activity varied among the different derivatives, in good
correlation with their reactivity when administered directly, implying little influ-
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Figure 3. Representative aryl-substituted titanocene dichloride derivatives analyzed for
cytotoxicity (a) with various substitutions; (b) with added amino coordination for added
stability; (¢) with aryl substitution bridged to a labile ligand for added stability.
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Figure 4. Representative heterodi- or trinuclear complexes of titanocene dichloride
derivatives covalently linked to a different metal center(s), analyzed for cytotoxicity.

ence of the polymer on the activity pattern. Another interesting study aimed at
improving selective delivery involved functionalizing the titanocenes with steroidal
esters, to enable recognition by specific receptors on the cell membrane surface
[181]. High activities were recorded especially on hormone-dependent cell types.

It is thus evident that a massive amount of work has been conducted with this
family of Cp-based anticancer complexes. Interestingly, it is difficult to draw a
clear correlation between specific structural parameters and particular impacts,
as these were variable among the series tested. Some obvious conclusions are
that hydrophilicity improves water solubility, chelation increases hydrolytic sta-
bility, and steric bulk impact depends on the particular group and its location.
Nevertheless, among the many derivatives investigated, improvements in antitu-
mor features were certainly achieved relative to the parent compound titanocene
dichloride, mostly in in vitro activity and solubility, and lesser with hydrolytic
stability. Activity is generally observed also for cells resistant to cisplatin, and in
vivo studies do not point to significant toxicity, exemplifying the advantage of
the titanium metal. Nonetheless, it appears that perhaps due to the remaining
hydrolytic instability issue, and lack of substantial mechanistic knowledge, no
additional clinical trials took place for titanocene derivatives.

2.3. Mechanistic Insights

Several mechanistic studies were conducted for titanocene dichloride as well as
some Cp-substituted derivatives, to shed light on their mode of operation. A
detailed tutorial review on the topic, gathering mechanistic information of vari-
ous titanium(IV) complexes was recently reported [182], and thus the mechanis-
tic insights gained will be described here in brief. As naturally all first compari-
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sons were to the parent compound cisplatin, binding to DNA was considered.
Early sub-cellular distribution analyses indeed pointed to the entry of the Ti to
the cell and therein to the nuclei [183-187]. It was also found that titanocene
dichloride can interfere with the metabolism of nucleic acids [188, 189]. Follow-
up work by different methodologies also for additional derivatives supported the
interaction of the titanium(IV) complex with nucleotides and DNA, where sta-
bility plays an important role [52, 60, 81, 87, 91, 148, 149, 190-206].

Related studies implied on interruption to cell cycle and induction of apoptotic
pathways, often along with upregulation of related proteins such as p53 and
activation of caspases [60, 89, 114, 154, 171, 174, 192, 207, 208]; this was also
supported by gene expression analyses [193, 209], although some newer deriva-
tives studied recently pointed to an alternative mechanism not involving cell
cycle arrest or DNA breaks [160]. Alternative mechanisms suggested influence
of kinase proteins [160, 172, 210], inhibition to topoisomerase I and II [145, 211],
and other possible enzymes [8, 172, 212]. Accordingly, antiangiogeneic activity
was recorded for some specific derivatives [128, 150, 159, 212, 215]. An enhance-
ment of antiproliferative activity was also observed in estrogen receptor positive
cells [216], suggesting a “hormone-like” behavior. Altogether, the different pos-
sible pathways identified and variation among derivatives imply that more than
a single mode of action is possible for titanium(IV) complexes, which themselves
may also operate differently [182].

Additional mechanistic investigations addressed the issue of delivery into cells.
Accessibility is obviously an important issue for any synthetic drug, and the
change of administrating solvent alone had a marked impact on reactivity [84].
Several studies pointed to binding of Ti to the human serum protein transferrin,
as a competitor of the natural substrate Fe [217-229]; the protein thus may deliv-
er the metal into cells, predominantly to cancer cells due to enhanced levels of
transferrin receptors on the cell surface. Interaction with albumin has also been
proposed when considering the role of serum proteins [157, 230-233]. It is thus
obvious that drug delivery and targeting is a critical issue to address in any future
studies of anticancer metallodrugs, as for any designed therapeutics.

3. BUDOTITANE AND RELATED DIKETONATO
COMPLEXES

The anticancer activity of diketonato complexes (Figure 5a) was discovered
shortly after that of titanocene dichloride [234-240]. The halogenated com-
pounds (Figure 5a, X = Cl, Br, F) were tested first and showed efficacy on leuke-
mia and other mice models. Consequently, the related ethoxylated derivatives
showed somewhat enhanced efficacy on colon tumors, more significantly de-
creasing tumor size and animal mortality. The activity reported was greater than
that of fluorouracil, commonly applied for treatment of colon cancer conditions.
Interestingly, here as well, the reported toxicity was relatively minor, with the
only toxological observation being abscess-forming bronchopneumonia, and mi-
nor liver and nephrotoxicity. Binding to DNA was also observed [241].
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Figure 5. Budotitane and related diketonato Ti(IV) complexes analyzed for cytotoxicity;
(a) with different labile ligands; (b) with different/altered diketonato systems; (¢) malto-
lato-based derivatives.
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The positive results observed in vivo with budotitane led to phase I clinical
trials [239, 240, 242]. The tolerated dose was determined as 230 mg/m? and the
limiting toxicity was identified as cardiac arrhythmia with mild hepatoxicity.
Nevertheless, as observed with titanocene dichloride, tumor response was minor.

Structure-activity relationship studies included derivatives with not only differ-
ent labile groups (Figure 5a), but also different substitutions on the aromatic
rings and on the diketonato skeleton, as well as monodiketonato Ti(III) com-
plexes (Figure 5b) [238, 243-247]. The labile ligands mostly did not impact
strongly the antitumor features, asymmetry in the diketonato was favourable for
increasing activity, and the larger planarity afforded by the phenyl substitution
improved efficacy, presumably by enhancing DNA intercalating interactions
[238, 244, 248].

One marked challenge encountered with this family of compounds relates to
their aqueous chemistry and speciation. The variety of possible isomers and their
relevance to the antitumor features of the compounds were investigated [238,
249-251]. Most active compounds adopt the cis configuration in solution, for
which different isomers may exist in equilibrium. Interestingly, some of the iso-
mers are chiral, rendering two enantiomers in solution. The hydrolytic instability
of these compounds leads to relatively rapid loss of the labile ligands to form
oxo-bridged products and increase further the number of species present in solu-
tion [238, 249, 250, 252].

Moving from CI to OEt as the labile group enhances somewhat the stability,
as well as replacing both with a chelating agent [251], but nonetheless, stability
and accessibility of the active species remain a challenge. Interestingly, some
polynuclear oxo-bridged partial hydrolysis products of these compounds showed
themselves a degree of cytotoxicity and in vivo efficacy when encapsulated in
liposome [253, 254]. Related complexes of maltolato ligands (Figure 5¢) [111,
255] were also investigated, which featured enhanced stability but also yielded
polynuclear oxo-bridged products at physiological pH. This product itself
showed high stability as manifested by its reluctance to transfer Ti(IV) to apo-
transferrin unlike related titanocene derivatives (see above), and still featured
cytotoxic activity.

It is thus obvious that the diketonato complexes join the titanocene com-
pounds in establishing the high potency of titanium complexes for cancer treat-
ment. The strong points remain the high efficacy in vivo and mild side effects in
treated animals, where the weakness lies in the hydrolytic instability and formu-
lation difficulties and multiple possible isomeric species. Additional titanium(IV)
complexes of different amino and alkoxo ligands presented in recent years were
tested for anticancer applications, some showed cytotoxicity features, but mostly
without marked enhancement of hydrolytic stability [256-264]. On the other
hand, slight activity was reported for triazine complexes of high stability [265].
The following generation of compounds therefore had to address the hydrolytic
stability issue for highly active complexes and provide more water resistant and
controllable anticancer titanium agents.
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4. COMPLEXES OF PHENOLATO LIGANDS

In 2007 a new generation of titanium complexes was introduced [266], based on
phenolato chelating polydentate ligands. As the main remaining drawback of the
previously known titanium(IV) complexes was their hydrolytic instability and
undefined chemistry in aqueous biological environment, the main aim was to
design ligand systems with higher denticity and strong Ti—-O coordination. The
strong titanium(IV) phenolato binding offers increased resistance toward forma-
tion of O-bridged species upon interaction with water. The first group of com-
pounds tested was of the type LTiX,, L being a tetradentate dianionic chelating
ligand and X being a labile monoanionic monodentate group, to resemble the
structural motif of both titanocene dichloride and budotitane, as well as that of
cisplatin. Later studies evinced, in accordance with the reactivity of polynuclear
diketonato complexes (see above), that such labile ligands are not essential for
the cellular operation of the complexes, thus governing a new ligand design as
described below.

4.1. LTiX,-Type Complexes

The first group of phenolato titanium(IV) complexes for cancer treatment in-
cluded “salan” type ligands and two cis labile alkoxo ligands (Figure 6). The C,
symmetrical complexes were each obtained as a single (racemic) geometrical
isomer. Complexes of this type demonstrated in vitro activity toward various
cancer cell lines, including those resistant to cisplatin and MDR (multi-drug re-
sistant), with ICs, values in the low micromolar range [266-270]. In some in
vitro studies, synergism with cisplatin was observed [271]. Importantly, negligible
activity was detected on non-cancerous primary murine cells [269]. Consequent-
ly, in vivo efficacy was also established [272, 273], with consistently no signs of
toxicity to treated animals, as also demonstrated on zebrafish embryos showing
no reduction in viability following treatment [274]. Interestingly, the activity of
some derivatives was comparable with, and occasionally higher than that of cis-
platin, and higher than those of previously known parent titanium complexes
such as titanocene dichloride [274]. Notably, the hydrolytic stability of such com-
plexes was markedly higher than those of the previously known compounds of
Cp and diketonato ligands. The higher stability is probably a result of strong

Figure 6. “Salan” type diaminobis(phenolato) LTiX,-type complexes analyzed for cyto-
toxicity.
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chelating binding of the bis(phenolato) ligand. Additionally, the choice of alkoxy
labile groups versus halides contributed to enhanced stability. In the presence of
water, these complexes undergo hydrolysis of the labile X groups within a few
hours/days, to give defined polynuclear oxo-bridged clusters, which are them-
selves stable for weeks in water [267, 275].

Structure-activity investigations of cytotoxic salan-type complexes included nu-
merous derivatives, showing a strong influence of ligand structure on the com-
plex performance [267, 275-280]. When analyzing the impact of substitution on
the main inert salan ligands, the following insights were gained: (a) ortho halo-
genation generally increased hydrolytic stability; (b) N-methylation versus NH
increased stability; (c) steric bulk reduced cytotoxicity. Asymmetrical complexes
enabled fine-tuning of ligand properties to often obtain higher activity than that
of both symmetrical analogues [278]. Replacing the ethylenediamino bridge with
homo/piperazine had little effect [276], while the phenylenediamine moiety dra-
matically decreased the hydrolytic stability [281]. When looking into the effect
of the labile ligands, as observed with previous complexes, no great impact on
cytotoxicity was observed when analyzing different monoanionic alkoxo ligands,
except for their influence on the overall steric bulk [279] and solubility of the
complex [282]. Nonetheless, replacing the two labile ligands with a chelating
group increased the hydrolytic stability of the complex as expected, often main-
taining cytotoxicity features (see below in Section 4.2) [267, 276, 283-285].

A profound stereochemical study was performed on the chiral LTiX,-type phe-
nolato anticancer complexes (Figure 7a) [286-289]. Having a symmetry of C,,
these complexes are present in solution as a mixture of enantiomers, similarly to
budotitane and some ansa-titanocene derivatives (see above). Ligand-to-metal
chiral induction enabled isolation of pure enantiomers in high chemical and en-
antiomeric purity. The activity of the two enantiomers was therefore compared,
and analyzed with respect to the racemic mixture. Specific derivatives showed
different activity of the two enantiomers, while for others the activity of the two
enantiomers was similar. Interestingly, for most compounds analyzed, the activity
of the pure enantiomers was markedly different from that of the racemic mix-
ture, which could not be explained as an additive effect of both enantiomers
operating in an unrelated fashion, nor by a competitive mechanism. It was thus
proposed that different active diastereomers form when starting from an optical-
ly pure compound or from a racemate. Indeed, the dinuclear hydrolysis products
forming from the optically pure compound and its racemate were crystallograph-
ically characterized as different diastereomers (Figure 7b), supporting their pos-
sible participation as active species. This observation questioned the necessity of
the labile ligands, especially as the stereochemistry of chiral (sec-butoxide) labile
ligands did not influence the complex performance.

Another group of LTiX,-type complexes of a different geometrical structure
analyzed for antitumor applications is based on “salen” ligands [290, 291]. Unlike
the salan derivatives, featuring cis labile ligands that may enable chelate binding
to a biological target, salen complexes possess trans labile ligands due to the
planarity of the tetradentate ligand, wrapping around the metal center equatori-
ally (Figure 8a). Bulky labile ligands further contributed to the pure isolation
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Figure 7. Chiral “salan”-type phenolato complexes; (a) complexes analyzed as pure en-
antiomers; (b) the homo chiral dimeric hydrolysis product of an optically pure “salan”-
titanium(IV) complex (top) and the corresponding hetero-chiral product of the racemate
(bottom). This figure was prepared from the CCDC data base (856889 and 856888, see
[289]).

of the trans complexes. Interestingly, these trans complexes demonstrated high
cytotoxicity and hydrolytic stability comparable to that of the corresponding sa-
lan counterparts. This provides another clue to the insignificance of the labile
ligands and their specific orientation. A follow-up study with “salalen"-type com-
plexes that are half salan-half salen hybrids (Figure 8b) of a third geometrical
structure (cis labile ligands and cis phenolato donors) provided complexes with
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Figure 8. Other LTiX,-type phenolato complexes; (a) “salen”; (b) “salalen”; (¢) com-
plexes with branched connectivity.

high cytotoxicity, yet low hydrolytic stability, probably due to their rigid structure
[292].

A related ligand system that was explored included the donor atoms in a
branched rather than sequential connectivity, where one amine donor is located
on a side arm (Figure 8c) [293, 294]. Complexes of this type exhibited marked
cytotoxicity but reduced stability, probably due to weaker coordination of the
side arm amine donor.

The observations with the LTiX,-type phenolato complexes discussed above
suggested that the labile ligands are not essential for reactivity, and being the
first to hydrolyze, they reduce the overall hydrolytic stability of the complexes.
This was consistent with the activity observed earlier for the hydrolysis products
of diketonato complexes (see above). This conclusion prompt the analysis of
various more inert titanium(IV) complexes lacking particularly labile groups for
anticancer applications.

4.2. Complexes of Reduced Lability

As described above, the LTiX,-type complexes undergo hydrolysis of the labile
ligands to give inert oxo-bridged clusters within a few hours; and yet they show
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Figure 9. Oxo-bridged polynuclear hydrolysis products of LTiX,-type Ti(IV) phenolato
complexes analyzed for cytotoxicity.

cytotoxicity following incubation in cells for up to three days. Therefore, the
hydrolysis products were suspected as the active species, as is also supported by
the studies on diketonato-based clusters (see above).

Although some early studies with defined bulky trimers and dimers showed
no activity [267, 275, 277], later studies with smaller dimers and other clusters
formulated into nano-particles showed marked cytotoxicity (Figure 9) [261, 293,
295-297]. This observation confirmed that large steric bulk has a negative effect
on cytotoxicity, and thus formulations improve solubility and facilitate cellular
penetration [295], emphasizing the importance of biological accessibility. It thus
became obvious that labile groups are not required of active titanium(IV) com-
plexes, giving rise to a new structural design of octahedral inert complexes.

One group of more inert compounds consists of complexes of one bis(phenola-
to) tetradentate ligand and an additional chelating ligand (Figure 10a) [267, 276,
283-285, 292]. Such complexes demonstrated higher hydrolytic stability, and
some also possessed efficacy both in vitro and in vivo. Substitution on this chelat-
ing ligand had some impact on hydrolytic stability depending on its electronic
character. Switching the phenolato to softer thiophenolato donors hampered the
stability as expected. Other complexes reported included a pentacoordinate li-
gand and one added labile group (Figure 10b); these bulky complexes again
demonstrated enhanced stability relative to their bis(isopropoxo) counterparts,
and mild cytotoxicity often depending on formulations [292, 297].
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Figure 10. LTiX-type phenolato complexes analyzed for cytotoxicity: (a) diamino-
bis(phenolato) bis-chelate complexes (X is a chelating ligand); (b) diaminotris(phenolato)
complexes (X is a monodentate labile ligand).

Another set of octahedral complexes includes a single chelating hexadentate
ligand and no other groups of reduced lability whatsoever. Tetrakis(phenolato)
complexes showed very high hydrolytic stability along with high activity in vitro
and in vivo, but again only when formulated (Figure 11a) [295, 297, 298]. No
reactivity was mostly observed when the complexes were administered directly,
reflecting their large steric bulk and inaccessibility. A related complex investigat-
ed includes in the hexadentate ligand system with two phenolato and two carbox-
ylato covalent donors in addition to the two coordinative amines (Figure 11b)
[262, 299]. As the carboxylato ligand binds more weakly to the titanium(IV)
center relative to the phenolato donors, such complexes may release the ligand
more readily, often forming oxo compounds [257]. Nevertheless, in this chelating
system, the anionic complex obtained after only partial hydrolysis at neutral pH
exhibited marked cytotoxicity toward some cell lines. It was suggested that being
a transferrin mimic, Fe(III) binding by the free ligand contributes to the activity
by depleting iron concentration. Negligible activity was recorded for the related
Fe(I1T) and Ga(III) complexes [299], emphasizing the importance of the titani-
um(IV) metal.

printed on 2/13/2023 2:44 AMvia . All use subject to https://ww.ebsco.confterms-of-use



EBSCChost -

236 TSHUVA and MILLER

Figure 11. Phenolato complexes of hexadentate ligands analyzed for cytotoxicity:
(a) diaminotetrakis(phenolato) LTi-type complexes, (b) an oxo diaminophenolatobis(car-
boxylato) LTiO-type complex, and (¢) diaminobis(phenolato)-bis(alkoxo) LTi-type com-
plexes.

A combination of high activity, stability, and accessibility was recently achieved
with a new family of complexes based on the bis(phenolato)-bis(alkoxo) hexa-
dentate ligand system (Figure 11c) [300]. These complexes exhibited in vitro
activity toward many cell lines, as also established by the NCI-60 program with
average Glsg of 4.7 £ 2 uM. Activity was obtained also toward lines resistant to
cisplatin and MDR. In vivo studies on murine models showed good efficacy and
no signs of toxicity to the treated animals, as also supported by a degree of
selectivity to cancer lines versus fibroblast cells. These complexes were active
without formulations, and are stable for weeks in biological environments.

4.3. Mechanistic Insights

Mechanistic studies on various phenolato titanium(I'V) complexes was consistent
with cancer selectivity and induction of apoptotic pathways accompanied by cell
cycle arrest [269, 273, 300-302]. Additionally, build-up of proteins relevant to
apoptosis such as p53 was observed, along with activation of caspases. Bio-distri-
bution studies were conducted in comparison to Cp-based complexes, and more
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effective cellular accumulation was detected, as well as gradual accumulation in
both the nuclei and mitochondria [274, 303]. Reduced binding to macromolecu-
les such as DNA and albumin compared with those recorded for the Cp-based
derivatives supported the notion that not all titanium complexes necessarily op-
erate by identical mechanisms. The involvement of serum proteins in titani-
um(IV) transfer from this group of compounds remains enigmatic [262, 274, 303,
304]. Additional mechanistic information can be found on a recently published
detailed tutorial review [182].

5. CONLUSIONS AND OUTLOOK

Clearly, titanium(IV) complexes bear an enormous potential for cancer treat-
ment. The numerous complexes investigated throughout more than thirty years
of research enabled fine-tuning of complex properties to produce complexes
often even more potent than cisplatin toward many cell lines. The activity range
of the complexes is wide, as is also established by the NCI-60 program screening
close to sixty lines (with average activity higher for Ti than for Pt, Figure 12)
with activity also towards lines resistant to cisplatin or MDR. In fact, no reports
on titanium resistance exist to date. The titanium complexes have also been
consistently active in vivo against many different murine models. Most impor-
tantly, the advantage in using the bio-friendly metal titanium over platinum or
other heavy metals have been confirmed: no signs of toxicity to the treated
animals is mostly recorded in in vivo studies, as was also supported by selectivity
to cancer cells over primary murine healthy cells, zebrafish embryos, or human
fibroblasts. This of course could potentially represent another major break-
through in anticancer chemotherapy, which is normally heavily toxic.
Nevertheless, the early complexes, which indeed had shown reduced toxicity
in vivo, have failed the clinical trials due to limiting toxicity in human subjects.
The rapid undefined hydrolysis processes to give multiple species, not all neces-
sarily active, required increasing unfavorably the doses for treatment. The ad-
vanced titanium complexes have resolved this issue; they are not only highly
active, generally as high as any previously reported titanium or other metal (in-
cluding platinum) complex, but they also demonstrate tremendous stability in
water and biological environments, without any signs of decomposition for days
and weeks. It is thus now confirmed: highly effective AND hydrolytically stable
complexes can be produced based on the generally SAFE metal titanium(IV).
After achieving what appears to be all the desired qualities in the advanced
titanium(IV) complexes to produce potentially effective, selective, and stable
titanium-based drugs, the one main thing missing is understanding their mode of
action [182], and the source of the unique and enigmatic combination of wide
effectiveness — and yet — cancer selectivity and safety. The high stability and
inertness of the advanced highly active compounds raises new dilemmas on pos-
sible modes of action and binding to the biological target — if not through labile
ligand hydrolysis as occurs for cisplatin. When gathering the mechanistic insights
gained throughout the years on different titanium(IV) complexes, many different
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possible pathways were suggested; possible binding to DNA as well as possible
binding to proteins and enzymes; possible interruption of cell cycle and induction
of apoptosis by different pathways; possible antiangiogenetic effects in addition
to cellular cytotoxicity; these various observations may infect more than a single
mode of operation, as well as possible varieties of modes occurring among the
different derivatives studied.

Nevertheless, one conclusion stands out — the mechanism of titanium complex-
es is probably different from that of cisplatin. This can also be deduced by the
different resistance patterns, as well as the different cell relative sensitivity as
reflected in the NCI-60 results (Figure 12) [300, 305]. For instance, some particu-
lar lines of non-small-lung, melanoma, and renal cancers are relatively sensitive
to an advanced titanium(IV) complex while being relatively resistant to cisplatin.
These differences provide an enormous opportunity to extend treatments to ad-
ditional cancer conditions. Moreover, the different mechanism implied by these
differences, as also established by the COMPARE analysis, is highly advanta-
geous for combination therapies, as confirmed by early combination studies in
vitro. Moreover, looking at the different sensitivity pattern (Figure 12), it appears
that the difference in cell response among the different lines is wider for Ti than
for Pt, implying involvement of specific cellular pathways that may vary among
different cells. All of the above raise even further the great promise of the titani-
um complexes for use in the clinic, and the leading ones will hopefully enter
clinical trials sooner rather than later.

To conclude, the future holds great promise for titanium(I'V) anticancer coordi-
nation complexes. Greater efforts should be placed on full elucidation of the mech-
anism of action, and identification of the exact cellular target/s, which should also
accelerate clinical development. Additional combinations with known drugs with
the lines identified as most sensitive should be explored, both in vitro and in vivo.
Moreover, combinations with other types of treatment such as immunotherapy
should also offer many benefits. And last, specific targeting of the active titani-
um(IV) compounds to the cancer cell by various methodologies, known and yet
unknown, should expand ever more the merit of the titanium(IV) anticancer coor-
dination complexes. Finally, if one dares to dream even farther, after obtaining a
complex of the oxophilic titanium(I'V) metal stable for weeks in water, and given
the positive results observed for TiO,-based nanoparticles [33], perhaps the utopia
of an oral administration of a safe and effective titanium(I'V) anticancer coordina-
tion drug is not beyond reach.

Figure 12. Comparison of the relative sensitivity of ca. 60 human cancer cell lines of the
NCI-60 panel to cisplatin (red) vs. an advanced titanium(IV) complex (blue). The average
GlIs, of each compound (higher average activity of titanium 4.7 versus 5.5 uM) was cali-
brated as zero; AGIs, (x-axis) for each line equals to [Glsy for the particular line] minus
[average Glsp]; thus, positive values indicate sensitivity lower than the average for each
compound and negative values indicate particularly high sensitivity; the variation in activi-
ties obtained for the titanium relative to platinum among the lines implies added selectivi-
ty of titanium to specific lines. This figure was prepared from the NIH data base (NSC-
783837, see also [300]).
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ABBREVIATIONS AND DEFINITIONS

Cp 1°-CsHs; cyclopentadienyl = cyclopentadienide
Gl;sg growth inhibition of 50 % cells
1Cs inhibition concentration of 50 % cells
LDsq lethal dose of 50 % sample tested
MDR multi drug resistance / multi drug resistant
NCI-60 national cancer institute screen of 60 cell lines
OEt ethoxy
OR alkoxy
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Abstract: Vanadium compounds have been known to have beneficial therapeutic properties
since the turn of the century, but it was not until 1965 when it was discovered that those
effects could be extended to treating cancer. Some vanadium compounds can combat common
markers of cancer, which include metabolic processes that are important to initiating and
developing the phenotypes of cancer. It is appropriate to consider vanadium as a treatment
option due to the similarities in some of the metabolic pathways utilized by both diabetes and
cancer and therefore is among the few drugs that are effective against more than one disease.
The development of vanadium compounds as protein phosphatase inhibitors for the treatment
of diabetes may be useful for potential applications as an anticancer agent. Furthermore, the
ability of vanadium to redox cycle is also important for biological properties and is involved
in the pathways of reactive oxygen species. Early agents including vanadocene and peroxova-
nadium compounds have been investigated in detail, and the results can be used to gain a
better understanding of how some vanadium compounds are modifying the metabolic path-
ways potentially developing cancer. Considering the importance of coordination chemistry to
biological responses, it is likely that proper consideration of compound formulation will im-
prove the efficacy of the drug. Future development of vanadium-based drugs should include
consideration of drug formulation at earlier stages of drug development.

Keywords: anticancer agents - formulation - nutritional additives - protein phosphatase inhibi-
tor - vanadate - vanadium - vanadyl sulfate

1. INTRODUCTION: VANADIUM-CONTAINING
COMPOUNDS INDUCE BIOLOGICAL ACTIONS

Vanadium compounds have been known to have desirable biological properties
such as normalizing elevated blood glucose levels for more than a century [1-4],
and for many years, several sources of vanadium have been available as nutritional
supplements as single additives or as a component of vitamin supplements such
as Centrum® [5]. Recently, a large human study involving approximately 1,500
human patients has shown that low levels of vanadium in their diet are protective
against the development of a metabolic disease such as diabetes [6]. The biological
properties reported include a range of effects on signal transduction, and redox
states in the cell. Specifically, vanadium compounds are inhibitors of numerous
important biological processes such as phosphorylation processes [7-16], and some
cell cycling events [17, 18] which carry the markers of cancer [19-22]. These benefi-
cial properties have led to the suggested therapeutic use of vanadium compounds
against several diseases, the most prominently investigated being diabetes [7, 23—
32], cancer [20-22, 33, 34], and other infectious diseases [5, 11, 2, 22, 35-44]. Here
in this review, we selected studies carried out with vanadium compounds with the
objective of evaluating their potential uses as anticancer agents.

The beneficial properties of vanadium salts have been explored by chemists
and life scientists for several decades [45-49]. Early studies focused on develop-
ing potent compounds that surpass the effects of simple vanadium salts, such as
sodium, potassium, and ammonium vanadate and vanadyl sulfate [36, 48, 50-56].
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Figure 1. Bis(ethylmaltolato)oxovanadium(IV) (BEOV) is the compound that under-
went clinical trial Phase 1 and 2 [23, 24]. The negatively charged anion vanadate forms in
solutions from NaVO; and NazVO,. A cationic form, formed from VOSO,, contains
vanadium(IV). Finally, bismaltolatooxovanadium(IV) (BMOV) is now a standard vanadi-
um compound used for comparison of other compounds. All these forms are available to
the public.

There are seven simple vanadium salts, three of which are historically used in
medicine. Two of these compounds are in oxidation state five — sodium orthova-
nadate (Na3VO,) and sodium metavanadate (NaVOs;) — while vanadyl sulfate
(VOSO,) is in oxidation state IV [10, 41, 44, 57-69]. In Figure 1 we show vana-
date (H,VOy3) that forms upon dissolution of both Na;VO, and NaVOs; at physi-
ological pH. However, an additional vanadium compound containing an organic
ligand, bis(ethylmaltolato)oxovanadium(IV) (BEOV, Figure 1), was also subject-
ed to clinical trials as an antidiabetic agent [24, 24, 55]. This compound is still
being considered for use as a weight loss compound and its analog bismalto-
latooxovanadium(IV) (BMOV, Figure 1) is already available to the public as a
nutritional additive. Although it may appear that access to these compounds as
nutritional additives is irrelevant with regard to cancer, the fact that the public
can access these compounds means that they can take these compounds to po-
tentially prevent disease.

Over the past few decades, hundreds of new vanadium compounds have been
prepared and tested for their biological effects. Most of them have only been
tested in a variety of different cell assays [68, 70] or for their inhibition of some
specifically isolated enzyme preparations [11, 12, 68, 71-73]. However, many
promising compounds were selected for animal studies, where the ultimate ob-
jective was to demonstrate that the compounds have sufficiently low toxicity
with suitable efficacy so that the compounds may be safely and effectively used
for therapeutic purposes [25]. One disease of interest for which vanadium com-
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pounds have been found to be effective against is diabetes. Since diabetes is
sometimes characterized as an autoimmune or metabolic disease with which the
patients live for many years, the low toxicity of potential drugs is a particularly
stringent requirement. Furthermore, the therapeutic index of vanadium com-
pounds is small, partially contributing to the fact that the vanadium compounds
in clinical trials have not made it to the clinic [23, 55, 72, 83]. In the case of life-
threatening diseases such as cancer, a higher level of toxicity can be tolerated if
there are no better treatment options.

In the past, drug discovery has generally been focused on a single disease by a
hypothesis-driven targeted screening or by a target-agnostic phenotypic screening.
However, links between diseases have been emerging through increasing evidence
that commonalities in etiology or pathology exist. Specifically, reported epidemio-
logical investigations suggest that incidence of pancreatic, liver, and endometrial
cancers are associated with diabetes even though the molecular mechanisms and
links have not yet been fully understood [74, 75]. Recent studies have shown
much potential and new insight into the mechanistic aspects of how the vanadium
compounds act and some of these studies will be summarized below.

2. APPLICATIONS OF VANADIUM COMPOUNDS
IN HUMAN STUDIES

2.1. Vanadium-Based Compounds
in Clinical Trials

Before drugs can be administered to the public, many studies are required to
assure the safety and non-toxicity of the compound to human beings [20-25].
Research often starts with studies in cell culture, although some scientists prefer
to advance to animal studies as rapidly as possible, as in the case of vanadium
compounds [55]. For these compounds the cell studies are not as informative as
with other drugs because these drugs appear to be sensitive to as of yet unidenti-
fied organismic responses and the regulatory mechanisms of the cell. Due to space
limitations we refer the readers to other reviews and original literature with regard
to studies of vanadium compounds in cell and animal model systems [20-25, 76].

Studies in human beings are referred to as clinical trials, and there are 3 such
studies required before the data obtained ensure the guarantee for safety of the
compound to be sold to the public [23-25, 77, 80]. The first clinical trial, also
known as Phase 1, involves studies with normal human beings to show that the
drug under investigation is not toxic.

The second trial is a study in which humans suffering from a disease such as
diabetes or cancer are tested for compound efficacy and whether there are unde-
sirable side-effects at the doses needed to observe beneficial effects. It is at this
stage that appropriate concentrations of the drug are established on a small group
of human beings (see Table 1). Successful completion of Phase 2 clinical trials
brings the study to Phase 3, which is the main study with a larger number of

printed on 2/13/2023 2:44 AMvia . All use subject to https://ww.ebsco.confterms-of-use



255

VANADIUM ANTICANCER DRUGS

=N
Trown /0 + LT :3een ‘ooudniepy ‘durero Gy / wy) suewny
[¥9] U 81 ayM-JIeH duLmp 'ouod poo[q  'wopqe ‘eAYLEId  WAAIN #1018 WAAIN "OSOA
uononpal
oH Pue qH sym ¢ 1033e /31 7
‘y3drom Apoq sm ¢ 9eon Juump (32 / wiy) suewny
28] e10 ‘pAw o1 /3 ¢¢L euwserd ur A wysom dpog  NAAIN 1019  WNAAIN "OSOA
POIO[0DSIP [001S
SM ¢ ‘eosneu ‘sdurerd J1 / w9 suewny
(18] [eIO ‘p/3w 001 ‘wopqe ‘eoylelq  INAAIN [elo} L, INAJIN YOSOA
suewny
NAJIN NAJIN
SYM 7 UOIJBAI[ES pue ¥/ wy pue
[6S] 1810 ‘p/3w 6z1 ‘ByLIRIp [FUNIWOA  NAAI 18101 01 wadt FOAEN
djenie}
skep §9—G IS/ wy suewny [Apeuea
[08] ®I0 ‘p/3w 00TST Surdwrexd feoyrrer(q Kyorxoy, 18101 9 Ayj[ed WNIUOWUIY
sniduireyd
‘onduo) usaId
¢$SO[ JYySToMm ‘easneu
syjuow 9 ‘erxoroue ‘ured (3¢ / wg) suewny (1e3)
[s¥] [BIO0  p/Sw GTI-GL [eutwopqe roddny  AypIxof, o1zl AyesH  -OAY("HN)
M T Urg 9)9I0X9 dULIN 9%, )6 UOIJRAI[ES (wy) sorewr
[r] AT M/BW T ‘]T pue [299 % (0]  ‘BOYLIBIp ‘FUNIWOA SId o1z AqiesH YOA®eN
P Tl  919I0Xd oulIn % 7T sofewt
[6L] [e10 ‘pAw gTY pu® [893] % 9'/8 Md AqresH fOAEN
ojuy YO uoneInp BJEp dpIUD] $199J39 asodind wdy / dfeux
PEMN | pue Jnoy ] ¥soq -odeuLIeyJ apis {ypIxo], Apmy§  1dqunu O], spalqng punodwod A

yunipeuea Jo sadA) JuaIajjIp 0} sasuodsal pue Jo A)JI01X0]1 JUT)BFIISOAUT SAIpNIS [ROIUT]) T JqBL

Al use subject to https://ww.ebsco.conlterns-of-use

- printed on 2/13/2023 2:44 AMvia .

EBSCChost



CRANS, YANG, HAASE, and YANG

256

[ood-A
asuodsax [epow uado EIN b1 (35 / wry) suewny
[L9] Jequl[uoN Juaunredwos auQ Sunyjeog [e100 9T  INAJIN "OSOA
yzes
-JIeY 409 3d suewny
[vel [e10 3ur g Xeur[, sajeqeI( [e10) 0F  Apjesy YOSOA
YSeo-I'sy
SH-HeY 3w 06 qse=80 Sd suewuny
vl 10 ‘09 “S€ ‘ST 01 Xew[, saRqeIq 1010y Apeoq Aodd
p Ol pue
L /AL AN uon
JI-JTeY P1I -910X9 Areurin 9 7¢ (wg) so[ewt
[¥8] AT 31 91y *p T¢ UOO dwm 010Z], SId o1 Apeoy  urwmqre A
POIOOISIP
[001S ‘BaYLIBIP
PS8 ‘eosneu ‘dwerd (32 / wg) suewny
[99] IO ‘p/ Sw 00T ‘WopQe 20us[nIe[] Koxoy, €103 L Apresy "OSOA
SYM 9 110JWOISIP (3¢ / wy) suewmny
[er] [e10 ‘p/3uw OgT ‘wopqe ‘edyLel]  sAJRqeI( 101 [T INAJIN "OSOA
sym9 ‘p/swr OOg dureo (35 / wry) suewny
(e8] IO ‘0ST ‘SL q9°S ‘wopqe ‘eaylreld  NAAIN [e100 9T  INAJIN "OSOA
SIm 71 soI9[YIE ()8 1 wgy)  sanqyIe
[s9] [eI0  p/8y/Bw g0 SUON IM [e301 [¢ IM "OSOA
oyuy YO uoneinp BJEp dpIUD] NRE)IE] asodind wdy / dpeux
REY! | pue noy ] ¥so(q -odeuriey g apis fypixog, Apmg  1dqUINU [e)O], spalqng punodwiod A

Al use subject to https://ww.ebsco.conlterns-of-use

- printed on 2/13/2023 2:44 AMvia .

EBSCChost



257

VANADIUM ANTICANCER DRUGS

"K)IOIUY}O UBH 9SUIy)) ) WOIJ dIam sjuaned ,

"UONAIOXd ATRULIN 9, T Y 7/ TW/3w (L80) T (ST'0)08T°0 (S0°0)+60°0 ‘A dutm yead :quy/3u (¢9p1)S+8T “(0++)9°€8 (1°6)0°9T A ewseld yeod 4
‘[s€] ma1aa1 101[I€Q U PUEB 9INJBIDII[ [BUISLIO Y] O} SIOPEAI Y] I9JOI OM UONBULIOJUI PI[IBIP IOW 10 ,

Iouren) Jysom

= LM Soom = m ‘o1ejns [Apeuea = FOSOA ‘s1oqeip g 2dA) = qzL ‘soneurjooeurreyd = 3[4 ‘so1oqeip g 2d4} 1o snjjowr sojoqelp juopuadop
-UInsSuI-uou = WIN ‘o[ewoj/orewr = J/ur ‘sajoqeip T adA} 10 smypawr sejoqerp juspuadop-urmsul = ] I1I100jeWway = 9 ‘uIqo[doway = qH

sa1oqeIp
M pajeld daclL
-0SSe A[9SIoA 1/8M 0T pUe S[9A9] (JZI, posouseIp
-UI S[OA9] s309[qns ur A euserd MU 708 sueumny
[9] ewse[d A [9A9] eWISR[d ouoN oredwo) 8101 86S‘T JneqeIq J9Ip WOoIg
S91oQeIp YIM acL
PoIRIOOSSE A] 18 71 pue S[9AJ]
-9SIOAUT [OAJ] s309lqns ur A euwserd Ayireoy 96 sueuwny
[9] ewsed A [9A9] rUISBIJ ouoN oredwo) ,[®101 86S°‘T Aypreoy JoIp WoIg

Al use subject to https://ww.ebsco.conlterns-of-use

- printed on 2/13/2023 2:44 AMvia .

EBSCChost



EBSCChost -

258 CRANS, YANG, HAASE, and YANG

patients with either diabetes or cancer to test the concentrations determined in
Phase 1 and 2. Various vanadium compounds have been investigated in many
trials, and a summary of human studies done are given in Table 1 [4, 6, 24, 42,
45, 59, 65-67, 78-84].

A set of Phase 1 and Phase 2 clinical trials that were carried out in the early
2000’s and reported in 2006 involved the bis(ethylmaltolato)oxovanadium(IV)
compound (BEOV) which is the ethyl derivative of bismaltolatooxovanadi-
um(IV) (BMOV) that is commonly used as a standard to compare biological
activity [24]. Unfortunately, these compounds (Figure 1) went off patent at Sep-
tember 30, 2011, and thus, future studies being carried out with BEOV were
terminated due to lack of financial incentive [23, 24, 77]. However, in reviewing
the literature, it is surprising that most of these human studies with vanadium
have focused on diabetes because there are reports of the anticancer properties
of vanadium compounds dating back to the 1950’s.

2.2. Vanadium Compounds as Nutritional Additives

Although no vanadium compound has been approved for therapeutic use against
diabetes, cancer or any other disease, several of them are available as nutritional
supplements. These agents are used to control blood glucose levels and are taken
by diabetics and bodybuilders. The forms of vanadium commercially available
include vanadate and bismaltolatooxovanadium(IV), however, the most com-
mon vanadium-based material sold by far is VOSO,, vanadyl sulfate. Further
details are given in Section 6, where we list a number of different sources for
VOSO,. These nutritional supplements must adhere to the regulations by the
Food and Drug Administration. Generally, the compounds need to appear on a
“food safety list” and are not considered to be harmful before they can be sold
as nutritional additives [85, 86].

As shown in Figure 1, there are several sources of vanadium compounds to
supplement ones diet. Public access to these compounds allows people to treat
themselves, and recognition of this fact was responsible for funding by the Na-
tional Institutes of Health as mandated by Congress, to investigate the impact
of vanadium salts in humans (see Table 1) [59, 67, 78, 81]. However, it was not
tested for its effectiveness against cancer, presumably because the link between
cancer and diabetes was not established at the time [18, 74].

3. BIOLOGICAL CHEMISTRY OF VANADIUM

Multiple reviews of the chemistry of vanadium, its salts, and organic vanadium
compounds exist [7, 20, 26, 29, 44, 47, 57, 76, 87-91], in which a range of proper-
ties are generally described. The differences between vanadium compounds are
highlighted based on the solution chemistry of vanadium in different oxidation
states. Furthermore, biological studies generally involve vanadium in oxidation
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states III, IV, and V that have been reported in biological systems, although
vanadium can exist in 8 different oxidation states. These studies are limited by
the stability of vanadium and generally focus on the properties of vanadium in
solution [92-94].

Vanadium salts available as nutritional additives are usually in tablet form,
regardless of the active ingredient. Upon digestion of these tablets, the active
form of vanadium will be solubilized as the tablet travels from the mouth to the
stomach and through the digestive tract. Animal studies are often carried out by
administration of the vanadium compounds in drinking water or in food, and
the forms of vanadium are dependent upon the method of administration [25].
The effects of the vehicle material that carries the vanadium compounds is usual-
ly not investigated [70].

3.1. Vanadium Salts and Their Speciation

The three most common forms of vanadium listed in the Introduction are
Na;VO,, NaVO3;, and VOSO,. There are four additional commercially available
sources of vanadium, including sodium decavanadate (NagV,9O,g), vanadium
pentoxide (V,0s), vanadyl dichloride (VOCI,) and vanadium(III) chloride
(VCl3). NagV90y5 and V,05 contain V(V), VOCl, V(IV), and VCl; V(II).
V,0s is different than the others in that this material is a powder and any contact
of this material with water will convert it to vanadate [95]. Because it is produced
and used industrially, a chronic inhalation bioassay of V,0s and its hydrolysis
products by the National Toxicology Program produced evidence of treatment-
related lung tumors in both male and female B6C3F1 mice [96]. The Environ-
mental Protection Agency (EPA) has carried out a risk assessment and toxico-
logical review of the material [96-100]. In contrast, VOCIl, and VCl; are used
much less frequently, mostly in research studies. The oxometallate decavanadate
(NagV190;,g) has been used more frequently in research studies, and animal stud-
ies with the sodium derivative and other salts of decavanadate have been report-
ed to have antidiabetic effects [101-104].

The properties of vanadium in solution are often described by the Pourbaix
diagram shown in Figure 2 [29, 91]. This figure shows what the nature of a
solution of a vanadium salt is when placed under the conditions of a particular
pH and redox environment. Because the figure is based on an aqueous solution,
the stability of water is indicated by broken lines. Because the speciation is of
most interest when water is stable, we are most interested in the speciation in the
region between those broken lines. If the focus is on the properties of vanadium
compounds under normal biological conditions and the conditions of the blood
stream, the pH would be near 7.4 and the redox potential near —0.3 V, which is
very different compared to the conditions of the stomach where the pH ranges
from 2 to 4. Because the dissolution of a tablet is very different depending on
its environment, one should consider the spectrum of reactivity, and the likely
interconversion between oxidation states IV and V [29, 76].
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Figure 2. A Pourbaix diagram of vanadium in dependence on pH and potential is shown.
Reproduced with permission from [91]; copyright 1976 John Wiley & Sons.

Each oxidation state exhibits interconversions that are strongly linked to the
pH of the system [29, 76]. Vanadium(V) is the form of vanadium where the
speciation is best understood, in part because it can readily be observed by
51V NMR spectroscopy. Vanadate (H,VO3) is a structural and electronic analog
of phosphate (H,POj3). Spectroscopic studies of vanadate have demonstrated
that the specific form of vanadium(V) includes mono-, di-, tetra-, penta-, and
decanuclear oxovanadate species [93, 94, 105]. These studies, in combination
with biological studies, have documented that certain vanadium species are re-
sponsible for the observed biological effects. Under physiological conditions and
at the low concentrations, the mononuclear species (H,VOz/HVOy) is likely to
predominate unless the vanadium compound is associated with a protein or an-
other ligand system that will support an oligomeric form [58]. However, oligo-
meric species can also exist without coordination if the vanadium is compartmen-
talized so that the effective concentration will be higher, thus supporting
vanadium species of higher nuclearity [106].

Vanadium(IV) is the form of vanadium that is directly compatible with the
reducing environment in the blood and in cells. The fundamental unit is the
V=027 cation and Figure 1 shows the hydrated species likely to form in aqueous
solution [47, 107]. This form readily dimerizes or polymerizes and is known to
be able to replace cations such as Zn?*. This species is the form that exists in
dissolved VOSO,. Vanadium in oxidation state III was until recently believed to
rarely form in biological systems other than in tunicates (sea squirts) [108-110].
However, it was recognized that vanadium(III) can form by oxidation of ascor-
bate which may only be observable using high field EPR spectroscopy [111, 112]
and not the X-band EPR spectroscopy that is commonly used.
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3.2. Organic Vanadium Compounds

The term ‘organic vanadium compounds’ is generally used for compounds that
contains both vanadium and organic ligands. Thus, this class of species includes
both organometallic compounds and coordination complexes. The former group
includes compounds containing cyclopentadienyl ligands, and the simple analog,
vanadocene dichloride (Figure 3), was one of the first vanadium compounds that
was reported having anticancer properties [13, 20, 113, 114].

The second class of species, the coordination complexes, do not contain a cova-
lent V-C bond, but only ionic bonds instead. Examples of both complexes are
also shown in Figure 3 [13, 20, 114-116]. Coordination complexes form readily
in aqueous solution between a ligand (such as HMHCPE) and a vanadium ion,

Figure 3. A range of different vanadium compounds and some active ligands, which
when mixed with a vanadium salt resulted in a material containing ligand and vanadium
with favorable anticarcinogenic properties.
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however, most of these complexes also undergo ligand exchange which some-
times results in the formation of more than one species. Although this lability
may give the impression that the compounds are difficult to work with, such
lability is in fact a general property of many transition metal ions and their
complexes. More importantly, it has been suggested that this lability may be key
to the biological effects reported for some of the vanadium compounds [23-29,
76, 77, 117].

4. THE ANTICANCER EFFECTS OF
VANADIUM COMPOUNDS

The “hallmarks” of cancer include sustaining proliferative signaling, resisting
cell death, evading growth suppressors, evading immune destruction, enabling
replicative immortality, inducing angiogenesis, activating invasion and metastasis,
and reprogramming of energy metabolism [20, 118]. These important targets
include inducing metabolic aberrations and disturbances in energy production,
disorders in the structure and function of the mitochondria [119, 120] and
changes in the reactive oxygen species (ROS) levels, production, and metabolism
[8, 121]. The keen ability of vanadium compounds to become involved in cellular
processes linked to molecular events in cancer makes them particularly able to
suppress growth and decrease the spread of tumors. In a general sense, this is
done via the vanadium compound by (a) inhibiting tumor cell proliferation and
inducing apoptosis and (b) limiting invasion and the metastatic potential of neo-
plastic cells [20]. In the following section, the mechanistic studies carried out
recently with VO(acac), will be summarized to illustrate how advanced the area
has become [18]. But, due to space limitations, this area cannot be reviewed
comprehensively, the reader should refer to the original literature and other
reviews [19-22, 48, 97-100].

Vanadate and VO(acac), have shown promise, exhibiting an antiproliferative
effect through inducing G2/M cell cycle arrest and elevating the levels of ROS
in a human pancreatic cancer cell line (AsPC-1) [18]. Both these vanadium com-
pounds activated the PI3K/AKT and MAPK/ERK signaling pathways in a dose-
and time-dependent manner and their proposed mode of action is depicted in
Figure 4. These mechanistic studies explored the nature of the ROS effects and
were found to sustain the MAPK/ERK activation and be responsible for the
G2/M cell cycle arrest. The ROS level plateaued after activation and was consis-
tent with an intracellular feedback loop controlling the elevated ROS level in-
duced by vanadate or VO(acac),. While the ROS level plateaued, the glutathione
content increased and expression level of the antioxidant enzymes remained un-
changed. Therefore, it was concluded that the vanadium compounds can be re-
garded as a novel class of anticancer drugs acting through the activation of the
MAPK/ERK pathway. The present results provided a proof-of-concept that va-
nadium compounds have the potential as both antidiabetic and antipancreatic
cancer agents to prevent or treat patients suffering from both diabetes and can-
cer [18, 122].
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Figure 4. Scheme summarizing the possible mechanisms underlying VO(acac), and
vanadate-induced G2/M cell cycle arrest in AsPC-1 cells. The two vanadium compounds
exhibited an antiproliferative effect through inducing G2/M cell cycle arrest. Both vanadi-
um compounds increase the ROS levels in the cells. Simultaneously, the induced activation
of both PI3K/AKT and MAPK/ERK signaling pathways in a dose- and time-dependent
manner, which could be counteracted with the antioxidant N-acetylcysteine. Reproduced
with permission from [18]; copyright 2016 Springer Publishing Company.

When the insulin-like properties of vanadium compounds were initially discov-
ered, it was surprising that a small oxometallate could have the same effects as
the 51-amino acid insulin peptide [123-125]. The mode of action of vanadium
compounds is often described as poorly defined, although it is commonly accept-
ed that some of the biological effects of vanadium compounds are due to the
inhibition of phosphatases [77, 123, 126, 127]. Interaction of phosphatases with
vanadate are generally very potent [77, 123, 126, 128, 129]. Most organic ligands
coordinated to vanadium dissociate once the complex interacts with protein tyro-
sine phosphatases, but the affinity will change with the type of phosphatase, and
in one report a vanadate peptide bound to protein tyrosine phosphatase 1B has
been crystallographically characterized [126, 130, 131].

Vanadium compounds are also generally believed to lose the organic ligand
before binding to transferrin [132] and other proteins [133] at the low concentra-
tions found under physiological conditions. Interactions with transferrin are se-
lective but vary with oxidation states which, when combined with the ability of
vanadium compounds to undergo redox chemistry, provide several alternative
avenues to also exert their action in addition to phosphatase inhibition [128, 129,
132, 133]. The alternative modes of action generally include modification of the
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cellular redox state, vanadium recycling, and ROS formation [124, 134] as well
as interactions with transferrin and other proteins [34, 132, 133].

Compounds with promising antitumor properties are shown in Figure 3 and
include intact vanadium compounds as well as ligands that have been reported
to form complexes with vanadium exhibiting promising antitumor properties in
solution. In addition to the simple salts and other species two vanadocenes are
seen in Figure 3 which represent the first-class vanadium compounds that were
reported to have anticancer properties [13, 36, 113, 135-137]. These organome-
tallic compounds have limited stability in aqueous environment. Titananocene
[114] was investigated in Phase 1 clinical trial, but it was not continued to
Phase 2, therefore vanadocene remains the most promising metallocene [138].
Mechanistic studies are important because they demonstrate that these com-
pounds have a mode of action distinct from the Pt-based anticancer agents, and
thus have effects on cells resistant to Pt-based drugs [13, 114, 136].

Peroxovanadium compounds, also shown in Figure 3, are reactive vanadium
compounds which were found to have anticarcinogenic effects in cell culture
studies [36, 48]. This class of compounds has unique chemical properties in sever-
al aspects, which affect its biological and medicinal applications [88]. First, the
peroxo group is unique among vanadium compounds because of the three-mem-
bered peroxo ring, the structure of which is different than anything else in chem-
istry and biology [52, 88, 139-141]. Second, the three-membered peroxovanadi-
um species supports reactivity involving ROS radical formation, and as such is
tied to ROS-types of metabolic processing in the cell [15, 43, 52, 88, 139-144].
This is particularly important because these vanadium compounds undergo reac-
tions with H,O, or with superoxide, both of which can form in small amounts
under some biological conditions, and thus, this class of compounds could form
in cells. Third, the stability of most of these complexes is limited, which is a
serious problem, because if they are to be used for oral administration, strategies
must be developed to stabilize them [52, 88, 139-141]. To date, there are no
reports of studies with these compounds in animals, presumably because such
studies would show extensive oxidative damage of the digestive tract when the
vanadium compound is administered orally. Fourth, this compound belongs to
the first class of compounds that showed a dramatic enhancement of the effects
of vanadium on activation of insulin receptors [124, 141]. This report document-
ed that it was the complex that yielded the response because it surpassed the
effects of the salts alone. These findings caused a surge in applications of this
class of compounds, and the early results obtained with it fueled studies for
several decades including a focus on applications for the treatment of cancer [17,
19-22, 33, 34, 145]. Creative compound designs of many different types have
been reported, including a class of binary and ternary V-peroxide-betaine com-
pounds with a built-in transporter peptide as part of the complex [146, 147].

Simple coordination complexes have also been investigated and found to have
anticarcinogenic potential; representative examples are shown in Figure 3 as
VO(oda)(bipy), VO(oda), VO(oda)(phen), and Metvan [17, 33, 148]. These com-
plexes are formed in situ, and their stoichiometry can vary. However, for com-
plexes formed from ligands with these types of functionalities, mainly 1:1 or
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1:2 complexes are anticipated (although other forms are possible). Most of these
results are based on cell culture and in vitro studies, although some have been
carried out in animal studies. Often the interactions of these compounds were
investigated with isolated DNA and the results can be found in other reviews
and the original literature [17, 33, 148]. Recent studies with flavonoids and their
vanadium complexes have demonstrated much potential as anticancer agents
[33, 145, 149-151]. These species are less readily characterized because they do
not form simple complexes that can be isolated in crystalline form. However, the
activity of the compounds is promising with the best candidates being vanadium
complexes with silibinin and quercetin, and the effects are supported by the
flavonoid ligands that often have activity by themselves.

Finally, there have been many studies with simple salts. The salts may seem to
be the simplest class of vanadium materials to study. However, the fact that
vanadium salts readily undergo both hydrolytic and redox processes under the
conditions of the biological studies makes studies with the simple salts some of
the most complex studies to interpret. Specifically [67], VOSOy, is the most com-
monly used control, but it is not innocuous in the many different biological
systems investigated (cells, animals or human beings). However, because VOSO,
undergoes several reactions under biological conditions, it becomes difficult to
assign specific effects to the salt. Therefore, meaningful interpretations of studies
with VOSO, must be subject to consider the method of delivery. Although con-
siderations are made in some studies, the effect of the biological system on the
chemistry is often not analyzed or discussed [24, 67].

A novel effect of vanadium compounds has been reported on oncolytic viruses,
that is, viruses that prefer to attack cancer cells, and has much potential in cancer
treatment. Oncolytic viruses are an emerging class of anticancer bio-therapeutics
that induce antitumor immunity through selective replication in tumor cells
[152]. Recently it was reported that a synergetic strategy, which boosts the thera-
peutic efficacy of oncolytic viruses, is combining their activity with immuno-
modulating small molecules, i.e., protein tyrosine-phosphatase inhibitors such as
vanadium compounds [153]. We found that vanadium compounds could enhance
oncolytic viruses’ infection in vitro and ex vivo in resistant tumor cell lines. Fur-
thermore, vanadium compounds increased the anticarcinogenic efficacy when
being administrated in combination with oncolytic viruses in several syngeneic
tumor models. This new combination of treatment with both the oncovirus and
the vanadium compound offers new avenues for the development of improved
immunotherapy strategies to combat cancer [152, 153].

5. VANADIUM-CONTAINING DRUGS IN CONTEXT
OF OTHER DISEASES

5.1. Comparison of Anticancer Vanadium and Other
Anticancer Compounds

Cisplatin and other Pt-based drugs are among the most successful anticancer
drugs and are still a major part of the anticancer drugs administered in the clinic
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[60, 154-162]. The further development of Pt-drugs was done to change the mode
of administration to oral, which lowers toxicity and can reduce drug resistance.
To evaluate the effectiveness of vanadium compounds, their effects are often
compared to cisplatin, and the fact that the vanadium compounds are effective
toward cell lines that are Pt-resistant is important. The differences between the
anticancer activities of vanadium and platinum compounds are related to their
fundamental chemical differences. Pt compounds can hydrolyze when entering
cells, the degree to which this occurs is much less than vanadium compounds
that are generally believed to dissociate while entering cells or organelles [60,
154-162]. Although Pt(IV) compounds are known to be reduced in cellular envi-
ronments, the Pt(IT) compounds less readily undergo redox processes [60, 154—
162], whereas vanadium in oxidation states IV and V readily go through a redox
cycle [1, 29, 47]. These facts support the possibility that the vanadium compounds
are more likely to be involved in ROS processes than the Pt-compounds.

There are many other reports of metal-containing compounds with anticancer
properties [9, 43, 114, 163-165]. These compounds range from ruthenium-based
systems that already have been in clinical trials [166, 167] to titanium compounds
that are potent phosphatase inhibitors [168], and to the controversies revolving
around the chromium-based additives that have been Ames test-positive [33,
169-172].

5.2. Linking Treatments of Cancer to Treatments of Diabetes

Antidiabetic drugs have been reported to both increase and decrease cancer
risks, although the role of hyperglycemia and the effects of diabetic medications
on cancer risks remain controversial [122]. Insulin and insulin-like growth factor-
1 may exert both metabolic and mitogenic effects on cancer initiation and/or
progression at both the receptor and post-receptor levels [74, 173]. In addition,
adding insulin to mediums containing high concentrations of glucose can activate
the PI3K-AKT-mTOR pathway leading to the increased proliferation of cancer
cells [174]. Furthermore, cancer risk is increased by insulin, insulin analogues,
and secretagogues that cause hyperinsulinemia through an increase of insulin
secretion [175]. In contrast, metformin, a biguanide, is known to reduce cancer
risk by stimulation of AMPK and its upstream tumor suppressor protein regula-
tor LKB1, in addition to reducing glucose and insulin levels [176]. The PI3K-
AKT signaling pathway is well-known for its central role in survival, cell prolifer-
ation, growth, protein synthesis, and glucose metabolism. Inhibiting these vital
components will cause side effects including hyperglycemia and glucose intoler-
ance [177]. Development of AKT and PI3K inhibitors that are iso-form specific
and do not perturb the metabolic function or pathway would represent a new
approach to inhibitors [122]. Another possibility is to develop a drug inhibiting
tumor proliferation without affecting metabolic function.

Vanadium compounds are known to have a range of effects on cellular and
animal systems and as such have potential as a new type of therapeutic agent
[19-22]. Generally they exhibit insulin-like effects including lowering blood glu-

printed on 2/13/2023 2:44 AMvia . All use subject to https://ww.ebsco.confterms-of-use



EBSCChost -

VANADIUM ANTICANCER DRUGS 267

cose levels, stimulation of glucose uptake, and activation of glycogen synthase as
well as inhibition of lipolysis in diabetic rats or adipocytes [23, 25, 178-180].
Several studies also indicated that they enhance neurogenesis or exert neuropro-
tective effects in several animal models [181]. The multi-pathway effects of vana-
dium compounds may make them unique among current available treatments,
and as a class these compounds have great potential to exert both preventive
and therapeutic effects on patients with more than one disease. Further studies
are needed to capitalize on the therapeutic potential of such drugs with the
possibility to act on several diseases and to minimize potential side effects.

More studies are necessary before vanadium-based anticancer agents will be
ready for use in the clinic. However, it is important to recognize that many
vanadium-containing nutritional additives are already used by the public, and
thus permission for clinical trials studies should be more readily obtained. Based
on the current knowledge of the coordination chemistry of vanadium, it seems
appropriate that a holistic approach to future drug development should include
drug formulation strategies and that such an approach would significantly im-
prove the chances of success of future drug candidates.

6. VANADIUM-BASED DRUGS AND ADDITIVES
AND THEIR FORMULATION

Many different forms of vanadyl sulfate are commercially available as shown in
Figure 5, created from various images of the VOSO, supplements found online.
The bottles shown reflect the number of different preparations and formulations
of vanadyl sulfate-containing supplements. It is interesting to note that, as shown
in Table 2, the formulations of VOSOy vary significantly depending on the brand
and the company selling the compound. Regardless of the amounts of VOSO,
per tablet, the recommended dose of administration is generally 1-2 tablets and
implies that the different formulations provide different efficacy of the vanadium
(see Table 2 below for a more detailed description).

It will be difficult to keep the vanadium compounds from interacting with the
metabolites occurring under physiological conditions once the compound has
been administered. It is therefore to be expected that the compounds co-admin-
istered with VOSO, will play a key role for the distribution and processing of
vanadium. The different formulations of VOSO, shown in Figure 5 will deliver
the vanadium(IV) cation in a different manner. This means that vanadium(IV)
will have different abilities to redox cycle, form vanadium(V) and the vanadate
anion as well as to react with other metabolites and form coordination com-
pounds. In other words, the fundamental coordination chemistry of vanadi-
um(IV) will be important for the efficacy of VOSO,. It has been recognized for
some time now that the ligands are likely to be important to the delivery of
vanadium to its target [182, 183].

The number of different formulations listed in Table 2 underline the wide variety
of materials used for administration of VOSO,. The different additives include
nutrients, metabolites, traditional formulation compounds and thus undoubtedly
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Figure 5. Different bottles of vanadyl sulfate supplements obtained from the internet.
Each bottle is prepared using different formulations, commercially available diet supple-
ments and their vanadium content. Reproduced with permission from [163]; copyright
2016 Elsevier.

there is a large difference in how vanadium is being delivered. Considering that
these nutritional additives are used, and many of them sold in food stores, there
are many options available for the public to access these compounds. We conclude
that how these different vanadium complexes form and are processed is likely to
be important for the efficacy of these nutritional additives and we expect that
some of these supplements work much better than others.

Considering that the importance of the delivery of VOSOy is not generally
investigated in the literature [23, 24, 67], there is a need for data showing the
effects of coordination chemistry for its biological activities. An understanding
of the mode of processing and action of vanadium compounds as well as of other
metal-containing nutritional additives would facilitate further drug development.

7. CONCLUSIONS AND OUTLOOK

The studies of vanadium compounds with anticancer properties have come a
long way since the first studies with vanadocene dichloride and the discovery
of its anticancer properties in 1965 [184]. Many different classes of vanadium
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compounds have been investigated since these first studies and many different
biological systems have been used. Recently, there has been an effort to develop
new model systems that avoid using animal cancer models [33, 185]. Considering
the problems associated with animal studies such model studies could be helpful
at the initial stages of compound testing, however, it is critical that the data
obtained before a compound is being considered for clinical trials include consid-
eration of the formulation, as it can make a dramatic difference.

Links between diseases have been emerging through increasing evidence that
commonalities exist in etiology or pathology [74]. Therefore, we no longer rec-
ommend an exclusive focus on single disease treatments, as is supported by re-
ports of epidemiological investigations suggesting that incidence of pancreatic,
liver, and endometrial cancers are associated with diabetes [75]. Searching for
multi-disease targeting drugs provides a unique approach for the discovery of
new medicines to treat, prevent or delay the onset of more than one type of
disease, or take advantage of the advances developed for one disease in the
treatment of a second one [74]. Vanadium compounds with their specific
(sub)cellular biomolecular interactions emerge with an outstanding potential in
the quest for identifying selective and specific interactions leading to vanadium
compound-induced demise of cancer cells [20].

Finally, we suggest a new promising effect of vanadium compounds involving
oncolytic viruses and their potential for treating cancer [153]. The strategy is
based on the boost of therapeutic efficacy of oncolytic viruses by combining their
activity with immuno-modulating small molecules, protein tyrosine phosphatase
inhibitors, such as vanadium compounds. The infection of oncolytic viruses in
vitro and ex vivo in resistant tumor cell lines was enhanced by vanadium com-
pounds. This newly discovered tumor-reducing effect of vanadium-based com-
pounds offers new avenues for the development of improved immunotherapeutic
strategies to combat cancer.
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ABBREVIATIONS
acac acetylacetonato
bipy 2,2'-bipyridine

HMHCPE 2-methyl-3H-5-hydroxy-6-carboxy-4-pyrimidinone ethyl ester
IDA iminodiacetic acid

Metvan bis(4,7-dimethyl-1,10-phenanthroline)sulfatooxovanadium(IV)
oda oxydiacetate
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phen 1,10-phenenthroline
ROS reactive oxygen species

tar

tartrate
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Abstract: Clinical trials have shown gallium nitrate, a group 13 (formerly IIla) metal salt, to
have antineoplastic activity against non-Hodgkin’s lymphoma and urothelial cancers. Interest
in gallium as a metal with anticancer properties emerged when it was discovered that ’Ga(I1I)
citrate injected in tumor-bearing animals localized to sites of tumor. Animal studies showed
non-radioactive gallium nitrate to inhibit the growth of implanted solid tumors. Following
further evaluation of its efficacy and toxicity in animals, gallium nitrate, Ga(NOs3)3, was desig-
nated an investigational drug by the National Cancer Institute (USA) and advanced to Phase
1 and 2 clinical trials.

Gallium(III) shares certain chemical characteristics with iron(I1T) which enable it to interact
with iron-binding proteins and disrupt iron-dependent tumor cell growth. Gallium’s mecha-
nisms of action include the inhibition of cellular iron uptake and disruption of intracellular iron
homeostasis, these effects result in inhibition of ribonucleotide reductase and mitochondrial
function, and changes in the expression in proteins of iron transport and storage. Whereas the
growth-inhibitory effects of gallium become apparent after 24 to 48 hours of incubation of
cells, an increase in intracellular reactive oxygen species (ROS) is seen with 1 to 4 hours of
incubation. Gallium-induced ROS consequently triggers the upregulation of metallothionein
and hemoxygenase-1 genes.

Beyond the first generation of gallium salts such as gallium nitrate and gallium chloride, a
new generation of gallium-ligand complexes such as tris(8-quinolinolato)gallium(IIT) (KP46)
and gallium maltolate has emerged. These agents are being evaluated in the clinic while other
ligands for gallium are in preclinical development. These newer agents appear to possess
greater antitumor efficacy and a broader spectrum of antineoplastic activity than the earlier
generation of gallium compounds.

Keywords: cancer therapeutics - gallium - iron - mitochondria - ribonucleotide reductase

1. HISTORY

Gallium exists in the earth’s crust at a concentration of 5-15 mg/kg and is ob-
tained as a byproduct of extraction of aluminum and zinc ores. It was discovered
in 1875 by the French chemist Paul-Emile Lecoq de Boisbaudran who noted
gallium as a new element with two distinct violet bands on spectroscopy. Prior
to its discovery, however, gallium’s existence had been predicted by the Russian
chemist Dimitri Mendeleev who termed it eka-aluminum, as he felt it would be
located on the periodic table below aluminum. However, it was found as a trace
element in zinc sulfide rather than aluminum. Although the origin of the name
gallium appears to have been in honor of France (Gallia), it is possible that the
name originated from “gallus”, Latin for Lecoq (meaning rooster), the name of
its discoverer.
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2. CHEMISTRY

Gallium is a group 13 (formerly IITA) metal with the atomic number 31 in the
periodic table of elements. It possesses a silvery white color and has a melting
point of 28.7646° (85.5763 °F). As a result, it can attain a near liquid state at
room temperature and can transition from solid to liquid when held in the hand.
Certain chemical properties of gallium are shared with iron(IIT). For example,
the octahedral ionic radius for Ga®>* is 0.620 A while that for high spin Fe?* is
0.645 A and the tetrahedral ionic radius is 0.47 A and 0.49 A for Ga’>* and
Fe3™, respectively. The electron affinity and ionization potential values for Ga3™
are 30.71 eV and 64 eV, respectively, while for high spin Fe3* they are 30.65 eV
and 54.8 eV, respectively [1]. Gallium undergoes hydrolysis to yield a mixture of
gallium hydroxides of Ga(OH)$7) and Ga(OH); at pH ~4 , and a mixture of
Ga(OH); and Ga(OH)j; at the physiologic pH 7.4 [2].

3. GALLIUM-BASED AGENTS IN CLINICAL USE.
PHARMACOLOGY AND EFFICACY

3.1. Background

The potential of gallium as a therapeutic agent was suggested in 1931 by Levaditi
et al. who reported the eradication of syphilis in rabbits and trypanosoma evansi
in mice by gallium tartrate [3]. Years later, the discovery that radiogallium (°’Ga)
injected intravenously would localize in tumors in animals sparked interest in
developing ®’Ga citrate as a tumor imaging agent in patients. For several decades
to follow, ’Ga scanning was used as a diagnostic tool in the clinic to detect
occult tumors or residual viable tumors following treatment [4]. Although more
contemporary imaging approaches such as positron emission tomography (PET)
scans have largely replaced the 7Ga scan, °®Ga-labeled pharmaceuticals are in
development as advanced tools for tumor imaging [5, 6].

Not surprisingly, the ability of ®’Ga to concentrate in certain cancers in vivo
stimulated interest in the effects of non-radioactive gallium on malignant cells. To
investigate this, Hart and Adamson compared the antitumor activities of the
group 13 metal salts of aluminum, gallium, indium, and thallium in a rodent tumor-
bearing model [7]. Their results showed gallium nitrate to be the most effective
of these metal salts in inhibiting the growth of three of the four malignant rodent
tumors inoculated in animals. Following further preclinical studies to define the
antineoplastic activity and toxicity in different animal models, gallium nitrate was
designated an investigation drug (NSC 15200) by the National Cancer Institute
(NCI, USA) and entered clinical trials. During the same period, Collery et al. in
France explored the activity of oral gallium chloride in solid tumors and demon-
strated its antineoplastic potential [8, 9]. However, the amount of gallium that
could be absorbed from oral gallium chloride was found to be therapeutically
insufficient. In contrast, gallium nitrate, administered intravenously displayed
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Figure 1. Chemical structures of gallium compounds that have been evaluated in the
clinic for cancer treatment.

meaningful antineoplastic activity in Phase 1 and Phase 2 trials [10, 11]; it thus
remains the standard against which newer gallium-based agents must be com-
pared. This section will focus on gallium nitrate, gallium maltolate, and tris(8-
quinolinolato)gallium(IIT) (KP46) as these gallium compounds have advanced to
the clinic. Their chemical structures are shown in Figure 1.

3.2. Gallium Nitrate

As the first gallium compound to gain approval for clinical use by the Food and
Drug Administration (FDA), gallium nitrate has been extensively studied for its
antineoplastic efficacy and toxicity in humans [10]. Interestingly, the drug was
approved in the early 1990s not as an anticancer agent, but for the treatment of
cancer-associated hypercalcemia [12]. During its evaluation as an antineoplastic
agent, gallium nitrate was found to interact with bone metabolism and lower
calcium levels in the blood [12]. This prompted several trials of gallium nitrate
in patients with cancer and metabolic bone disease which confirmed its ability
to inhibit bone resorption and lower pathologically elevated blood calcium levels
[12]. These trials led to the FDA approval of gallium nitrate as a drug for the
treatment of malignancy-associated hypercalcemia. With regard to its activity as
an anticancer drug, extensive Phase 2 clinical trials were conducted to explore
the antineoplastic activity of gallium nitrate in chronic lymphocytic leukemia,
Hodgkin’s lymphoma, and non-Hodgkin’s lymphoma, and in sarcoma, breast,
bladder, renal, melanoma, prostate, lung, ovarian, and cervical cancers. Of these
malignancies, gallium nitrate was found to have antineoplastic activity primarily
against advanced bladder cancer and non-Hodgkin’s lymphoma [11, 13, 14], and
hence, subsequent clinical trials of this drug focused on these latter malignancies.

In Phase 2 trials of gallium nitrate in lymphoma and bladder cancer, significant
responses to treatment were reported in patients whose tumors had relapsed or
failed to respond to conventional chemotherapy (reviewed in references [13-15])].
In these studies, patients treated with gallium nitrate had cancers that progressed
or failed to respond to conventional chemotherapeutic drugs. Complete and par-
tial responses to gallium nitrate were seen in approximately 35-40 % of patients
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with non-Hodgkin’s lymphoma. In other studies, 18-22 % of patients with ad-
vanced bladder cancer responded to treatment with gallium nitrate.

A limited number of clinical trials investigated combinations of gallium nitrate
with other chemotherapeutic agents in patients with bladder cancer or non-
Hodgkin’s lymphoma and confirmed that gallium nitrate could be safely com-
bined with other drugs with a good clinical outcome [11, 13, 14]. An important
consideration in the use of gallium nitrate is that it does not suppress the produc-
tion of white blood cells or platelets. It can therefore be used to treat patients
with low blood counts or can be combined with other antineoplastic agents with-
out exacerbating their myelosuppressive effects. This is a major advantage of
gallium nitrate since the majority of cytotoxic chemotherapeutic agents can sup-
press hematopoiesis.

Gallium nitrate must be administered intravenously to patients as its bioavaila-
bility is poor when taken orally. Pharmacokinetic studies of gallium nitrate given
as an intravenous infusion over 30 minutes demonstrated that it is excreted pri-
marily through the kidney, with a biphasic excretion pattern showing a T% a of
8.3-26 minutes and a T% B of 6.3-196 hours [16]. The latter slower excretion
phase likely reflects gallium bound to transferrin (Tf) in the circulation. By 24
and 48 hours following its intravenous administration, 69 % and 91 % of the
administered gallium dose was excreted in the urine [16]. In another study, the
pharmacokinetics of gallium nitrate following its brief intravenous administra-
tion at 3 dose levels (500, 750, and 900 mg/m?) showed biphasic serum gallium
disappearance curves with a T o of 87 minutes and T% P of 24.5 hours. Here,
approximately 65 % of the infused gallium was recovered in the urine during the
first 24 hours; half of this amount appeared in the urine within the first 4 hours
after injection [17].

Due to dose-limiting renal toxicity encountered with high-dose gallium nitrate
infusions, subsequent studies were conducted using a lower dose of gallium ni-
trate (200-300 mg/m?/day) administered by intravenous infusion continuously
over 24 hours for 5-7 days. Under these conditions, at a dose of 200 mg/m?/day,
mean steady-state plasma levels of gallium were achieved by 2-3 days with uri-
nary excretion approximately matching the daily dose of the drug [18]. Plasma
gallium concentration during steady state infusion at this dose level ranged from
0.9-1.9 ug/mL. Four days after cessation of treatment, it was 0.45-0.7 pug/mL.
The advantage of administering gallium nitrate by continuous infusion is that
the drug is better tolerated and patients receive a greater amount of gallium over
time when compared with the brief infusion schedule [18]. Moreover, continuous
infusion of gallium nitrate appears to be more efficacious than a brief infusion
and, for this reason, continuous infusion of gallium nitrate for 5-7 days has been
the recommended method of drug administration. However, the continuous in-
travenous gallium nitrate is cumbersome as it requires that the drug be adminis-
tered in the hospital or as an outpatient through a pump device. Alternative
treatment schedules that are more acceptable to patients should be explored.

At this time, gallium nitrate is no longer being marketed because the company
manufacturing the drug closed for reasons unrelated to the drug. However, con-
siderable information on the potential antineoplastic activity of gallium has been
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generated through preclinical and clinical investigations of gallium nitrate. As a
result, a number of new compounds have emerged that consist of gallium bound
to more complex ligands. In preclinical studies, these agents appear to be more
effective than gallium nitrate in inhibiting the proliferation of cancer cells at
lower gallium concentrations; however, their superiority to gallium nitrate in the
clinic remains to be determined. Two of the new generation gallium formulations
that have advanced to clinical evaluation are tris(3-hydroxy-2-methyl-4 H-pyran-
4 onato)gallium(III) (gallium maltolate) and tris(8-quinolinolato)gallium(I1T)
(KP46) (Figure 1).

3.3. Gallium Maltolate

This compound contains a central gallium atom bound to three maltol [tris(3-
hydroxy-2methyl-pyrone)] ligands in a propeller-like arrangement (Figure 1)
[19]; it is fashioned after ferric maltol, an oral iron formulation used to treat iron
deficiency anemia [20, 21]. Indeed, gallium maltolate has shown good bioavaila-
bility in animal and human studies [19] where serum gallium levels of 0.115 and
0.569 pg/mL have been reported following a single oral dose of 100-500 mg of
gallium maltolate. This is comparable to gallium blood levels reported with galli-
um nitrate administered by continuous intravenous infusion. The mechanism of
gastrointestinal uptake of gallium maltolate is not well understood. While galli-
um maltolate may bear semblance to ferric maltolate, the absorption of the latter
compound requires the initial reduction of ferric iron to ferrous iron in the gut
[22]. Since gallium(I1I) is not reduced to gallium(II), it appears unlikely that the
mechanism of gastrointestinal uptake of gallium maltolate is similar to that of
ferric maltol. While the process by which gallium crosses the gastrointestinal
mucosa remains to be elucidated, it is known that the majority of gallium appear-
ing in the blood following oral administration of gallium maltolate is bound to
Tf, the transport protein for iron in the circulation [23]. A better understanding
of the gastrointestinal uptake of gallium maltolate is relevant as it may suggest
strategies to enhance the oral bioavailability and antineoplastic activity of this
drug.

As an antitumor agent, gallium maltolate has been shown to inhibit the prolif-
eration of lymphoma and hepatocellular cancer cell lines in vitro at gallium con-
centrations that are significantly lower than that of gallium nitrate, thus indicat-
ing that it may have greater efficacy as a therapeutic agent [24, 25]. An additional
important distinction between gallium nitrate and gallium maltolate is that lym-
phoma cell lines with acquired or intrinsic resistance to the growth-inhibitory
effects of gallium nitrate remain sensitive to growth inhibition by gallium malto-
late [24]. The development of drug resistance to chemotherapeutic agents re-
mains one of the major obstacles to the successful treatment of cancer. There-
fore, the lack of tumor cross-resistance between gallium nitrate and gallium
maltolate has important therapeutic implications.

In vivo studies to explore the antitumor activity of gallium maltolate have been
conducted in a mouse tumor model of cutaneous T-cell lymphoma and in an
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animal model of human glioblastoma xenografts inoculated into a rat brain [26,
27]. In both these animal models, gallium maltolate displayed significant anti-
neoplastic activity. Regarding glioblastoma, it is known that most conventional
chemotherapeutic drugs lack efficacy against brain tumors mainly due to their
inability to cross the blood brain barrier. Therefore, the ability of gallium malto-
late to inhibit the growth of glioblastoma in an animal brain tumor model has
important implications for its advancement to clinical trials for the treatment of
brain tumors.

Although clinical trials of gallium maltolate in cancer have yet to be devel-
oped, Bernstein, et al. reported a patient with advanced hepatocellular cancer
who experienced a significant response to treatment with oral gallium maltolate;
here, the treatment for 2 months resulted in a marked reduction in tumor-related
pain, improvement in abnormal liver function, blood tests, and a shrinkage in
the size of viable tumor as measured by computerized axial tomography imaging
[28]. A %7Ga scan prior to treatment demonstrated uptake of radiogallium by
the patient’s liver cancer, indicating that the tumor was very likely to take up
gallium maltolate. No adverse side-effects were experienced by the patient with
this treatment [28]. Such case reports are important to note as they form the
basis for advancing gallium maltolate to more comprehensive clinical trials.

Although not within the scope of this chapter, it should be noted that gallium
maltolate has also been shown to be effective against certain microorganisms in
animal models of infection. Its mechanism of antimicrobial action relates to galli-
um’s interference with iron utilization by pathogenic microorganisms. The appli-
cation of gallium compounds as antibiotics has been reviewed elsewhere [29, 30].

3.4 Tris(8-quinolinolato)gallium(lll) (KP46, FFC11)

This compound was developed by virtue of the strong metal chelating properties
of 8-quinolinol to form tris(8-quinolinolato)gallium(III) [31]. The drug is an oral
compound with a high thermodynamic stability (log 33 40.7). Based on its aque-
ous solubility of 3.5 x 107> M, KP46 is thought to cross the gastrointestinal epithe-
lium and enter the bloodstream intact [32]. Kinetic studies of KP46 solution in
water or in physiologic buffers show that 50 % of the drug is chemically stable
for several hours. Calculations based on a plasma model suggest that KP46 may
remain intact in the circulation for a while even in the presence of physiologic
concentrations of Tf [32]. This is in contrast to gallium maltolate where gallium
is found in the circulation bound to Tf after the drug has been absorbed through
the gastrointestinal tract [23]. Preclinical studies have shown that the in vitro
ICs0 of KP46 is <5 uM in cancer cell lines representative of lung, ovarian, breast,
and colon cancers and melanoma [32]. Pharmacokinetic studies of KP46 adminis-
tered to healthy Swiss mice as a single oral dose established LDs values of KP46
as 2870 mg/kg (410 mg Ga3*) and 2370 mg/kg (339 mg Ga3*/kg) for male and
female animals, respectively. A KP46 dose of 62.5 mg/kg/day administered orally
for two weeks was established as a well-tolerated dose for animal studies [33].
Gallium distribution in tissues was shown to be highest in bone, followed by the
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liver, spleen, and kidneys, respectively [33]. These studies led to further evalua-
tion of KP46 in vivo where its antineoplastic activity was demonstrated in a rat
tumor model inoculated with Walker carcinosarcoma 256 cells.

The pharmacokinetics and side effects of KP46 were examined in a small Phase
1 study of 7 patients. Single oral dosing schedules of 30 mg/m? to 480 mg/m?
produced peak serum gallium concentrations of 15.3 ug/mL and 62.7 ug/mL,
respectively, with corresponding T% of 53.5 and 121.5 hours, respectively [34].
In this study, 3 of 4 patients with renal cancer who had progressive disease at
the time of entry into the study attained stabilization of their tumors. One patient
achieved a partial response after the second cycle of treatment. The authors
concluded that further Phase 2 studies of KP46 were warranted in renal cancer
[34]. However, further clinical trials of KP46 in cancer patients have not been
reported to date. Studies are in progress to enhance the oral bioavailability of
KP46 using lipiodol emulsions [35]. This approach may improve the gastrointes-
tinal uptake of KP46 and enhance its clinical antitumor activity.

4. CELLULAR HANDLING OF GALLIUM
4.1. Transport and Cellular Uptake

Gallium has no known physiological function in the human body; however, some
of its chemical similarities with iron enable it to interact with proteins that trans-
port, store, and utilize iron for a variety of important cellular functions. Hence,
an appreciation of iron metabolism is relevant to understanding some of the
mechanisms of gallium’s antineoplastic activity. Iron in the blood circulates
bound to Tf, an 80 kD protein with two iron-binding sites each located at the
amino and carboxyl terminals of the molecule. Physiologically, approximately
one-third of Tf in the blood is occupied by iron. Thus, Tf may exist in forms that
are referred to as apoTf (devoid of iron), monoferric Tf, or diferric Tf. Iron is
taken up by cells by the binding of Tf-iron to Tf receptors (TfRs) present on
cell surfaces. This receptor-ligand interaction triggers endocytosis of the iron-Tf-
TfR complex and its translocation to an acidic endosome in the cytoplasm where
ferric iron is released from Tf. ApoTf-TfR cycles back to the cell surface where
apoTf is released from the receptor and becomes available to bind iron. Iron
exits the endosome through divalent metal transporterl (DMT1) after it is re-
duced to iron(II) by a ferrireductase. In the cytoplasm, iron can be found in a
putative “pool” from where it travels (presumably bound to low-molecular-
weight molecules) to cellular compartments to support the function of a number
of iron-containing proteins.

The initial entry of gallium into malignant cells follows steps that are similar
to iron. Early studies demonstrated that similar to >°Fe, ’Ga uptake by myeloma
cell lines in vitro could be enhanced by the addition of exogenous Tf to the
culture medium [36]. These similarities between >°Fe and ©’Ga uptake suggested
that there was a shared transport system for both metals. In support of this was
the finding that over 99 % of radiogallium injected into the blood was bound to
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Tf while being transported to target sites in the body [37]. Subsequent studies
showed that the uptake of ’Ga by HL60 cells in vitro and by athymic mice
bearing a human malignant melanoma could be inhibited by monoclonal anti-
bodies to the Tf receptor antibody [38, 39]. Thus, the role of Tf and the TfR in
%’Ga uptake by malignant cells in vitro and in vivo is supported by these and a
number of other studies. Beyond this though, it should be noted that both iron
and gallium may also be taken up by certain cells through mechanisms that are
independent of the TfR and that each metal may stimulate the Tf-independent
uptake of the other metal. While this may suggest that both metals share the
same Tf-independent transport system, it is difficult to reconcile. Tf-independent
iron uptake involves the initial reduction of Fe(III) to Fe(II) by a ferrireductase
[40]. In contrast, Ga(III) is not readily reduced to Ga(II), suggesting that a dif-
ferent mechanism is involved in its Tf-independent uptake.

The relevance of the Tf-TfR iron transport system to the therapeutic applica-
tion of non-radioactive gallium compounds becomes obvious when it is consid-
ered that approximately one-third of Tf in the blood is physiologically bound to
iron. Hence, two thirds of Tf not occupied by iron are available to bind other
metals. Harris and Pecoraro have shown that gallium binds with high avidity to
Tf, albeit with a binding constant lower than that of iron [41]. These studies
indicate that akin to iron, stable, non-radioactive gallium in the blood should
bind to Tf and be taken up by cancer cells that express high levels of TfR.
However, the extent of gallium binding to Tf is influenced by its aqueous chemis-
try. Studies by Hacht showed that gallium undergoes hydrolysis to the hydroxides
Ga(OH); and Ga(OH); at pH 4, and Ga(OH); and Ga(OH)§; at physiologic
pH [2]. At concentrations up to 50 uM, 95 % of gallium in the blood is bound
to Tf; however, at higher gallium concentrations in the blood, it’s binding to Tf
decreases resulting in the formation of [Ga(OH)z] [1]. These Tf and gallium
interactions are relevant to the therapeutic application of gallium where the
primary objective is to target Tf-Ga complexes to TfRs that are highly expressed
on lymphoma, bladder cancer, and other malignancies [42-44]. Thus, the phar-
macokinetics of gallium and its antitumor activity and toxicities following a short
intravenous administration at high concentrations (as was used in the Phase 1
clinical trials of gallium nitrate) are likely to be different from when it is adminis-
tered by continuous infusion at a lower dose or by daily oral intake. Though not
proven, it is possible that gallium hydroxides rather than Tf-Ga are the primary
gallium species in the circulation responsible for some of the toxicities, such as
renal dysfunction, encountered with gallium nitrate.

It is relevant to note that cancer cells may be surrounded by areas of inflamma-
tion and infection and that ’Ga may concentrate in such non-tumorous sites
[45]. In these situations, ’Ga may be found bound to lactoferrin [46], an iron-
binding protein present in neutrophils, or be taken up by microorganisms via
siderophores secreted by them to acquire iron from the extracellular environ-
ment [47]. In addition, malignant cells may produce Tf as an autocrine factor in
an attempt to acquire iron for their growth [48, 49]. Tf secreted by such tumors
could bind extracellular gallium and further enhance its cellular uptake.
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4.2. Intracellular Trafficking

The targeting of Tf-Ga to TfR-bearing cancers and its uptake by TfR-mediated
endocytosis is the first step in gallium’s antitumor action. Subsequent steps in
the intracellular trafficking of gallium are less well understood. Gallium taken
up by TfRs appears to locate initially in an acidic endosomal compartment. This
is suggested by the observation that blockade of endosomal acidification results
in a decrease in the cellular incorporation of ®’Ga [50]. Whereas Tf-Fe and Tf-
Ga appear to collocate in the same endosome, studies by Illing et al. suggest that
in contrast to iron, DMTT1 is unlikely to facilitate the transport of gallium out of
the endosome [51]. This raises the question as to how gallium transits from the
endosome to the cytoplasm. A role for involvement of the lysosome in this pro-
cess is suggested by early studies which showed that following its injection into
rats bearing hepatoma, ’Ga concentrated in microsomes and lysosomes in the
tumor cells [52-54].

Other studies demonstrated that ’Ga concentrated in metabolically active tu-
mors and identified a 45 kD gallium-binding protein in rat hepatoma cells [55,
56]. It is possible therefore, that Tf-Ga in the acidic endosome is routed to the
lysosome and released from there to the cytoplasm. Further studies will be need-
ed to clarify this matter. Within the cell, gallium can be found in a “pool” pre-
sumably bound to low-molecular-weight complexes that transport it to various
compartments [57]. The nature of these gallium-binding molecules is not known,
but since gallium can form complexes with citrate, nucleotides, and other com-
pounds in vitro [58, 59], such molecules are candidates for being intracellular
gallium transporters. In an equilibrium dialysis chamber in vitro, ATP can trans-
fer ’Ga across membranes from Tf to ferritin, a shell-shaped iron storage pro-
tein in cells. This finding lends support to the notion that nucleotides may trans-
port gallium in cells [58]. With regard to ferritin, however, iron entry into the
ferritin shell requires reduction of Fe(III) to Fe(1l); since gallium is not reduced
to Ga(Il), it is likely that gallium binds to the external surface of the molecule
rather than entering it.

5. ANTINEOPLASTIC MECHANISM OF CLINICALLY USED
GALLIUM COMPOUNDS

While many of the mechanisms of antineoplastic activity of the early generation
of gallium compounds relate to its interaction with iron-dependent processes,
the mechanisms of action of the newer gallium compounds, especially those with
more complex ligands, are only partly understood. Early studies showed that
gallium nitrate inhibited DNA polymerases, but this effect was insufficient to
explain its antitumor activity [60]. Berggren et al. reported that gallium nitrate
inhibited tyrosine phosphatase; however, as this could not be linked to its cyto-
toxicity, it was not considered to be relevant to its mechanism of antitumor activ-
ity [61]. These studies were conducted prior to our present knowledge of the

printed on 2/13/2023 2:44 AMvia . All use subject to https://ww.ebsco.confterms-of-use



EBSCChost -

GALLIUM COMPLEXES AS ANTICANCER DRUGS 291

myriad of cell signaling pathways that exist; further studies of the action of galli-
um on signaling pathways may yield new information. Gallium(III) was also
shown to inhibit magnesium-dependent ATPase by competing with Mg(II) [62]
and block tubulin polymerization in a cell-free assay [63]; both these actions
could contribute to its cytotoxicity.

5.1. Inhibition of Cellular Iron Uptake and Cell Proliferation

Early studies showed that the cellular uptake of >°Fe-Tf and the proliferation of
leukemic and other malignant cells in vitro could be inhibited by Tf-Ga or galli-
um nitrate in a dose-dependent manner [64]. This effect of gallium on cellular
iron uptake results from competitive inhibition of Tf-Fe binding to TfRs by Tf-
Ga and interference with endosomal acidification by Ga; the latter impairs the
dissociation of Fe from Tf-Fe [64]. In this way, Tf-Ga produces a state of cellular
iron deprivation, which, in turn, diminishes the activity of iron-dependent pro-
teins involved in cell proliferation and viability. In addition, inhibition of cellular
iron uptake by Tf-Ga blocks hemoglobin production in murine erythroleukemia
cells, an effect that is independent of gallium’s action on cell proliferation [65].

The inhibitory effects of Tf-Ga on cellular proliferation and hemoglobin pro-
duction can be reversed by the addition of Tf-Fe, iron salts, or hemin thus indi-
cating that cellular iron deprivation plays an important role in gallium’s mecha-
nisms of action. Consistent with a gallium-induced decrease in cellular iron,
HL60 cells incubated with Tf-Ga display an increase in TfR mRNA and protein
[66]. Gallium’s disruption of cellular iron homeostasis in vitro is relevant to its
mechanisms of action in vivo. Patients treated with gallium nitrate often develop
a microcytic hypochromic anemia associated with elevated free erythrocyte pro-
toporphyrin levels; these findings are characteristic of iron-deficiency anemia
[67].

5.2. Inhibition of Iron-Dependent Ribonucleotide Reductase

The synthesis for deoxyribonucleoside diphosphates (ANDPs) from ribonucleo-
side disphosphates (NDPs) depends on the activity of ribonucleotide reductase
(RR), a rate-limiting enzyme for DNA synthesis [68-70]. RR is a heterodimer
that consists of M1 and M2 subunits that are products of different genes and are
expressed during different phases of the cell cycle. The RRM2 subunit increases
as cells enter the S-phase [71, 72]; it contains a binuclear iron center and a tyrosyl
free radical, both of which are essential for its activity [73]. Since the RRM2
protein has a relatively rapid turn-over with a half-life of 3 hours [72], proliferat-
ing cells require a steady supply of iron to maintain the activity of newly synthe-
sized RRM2 and DNA synthesis [74]. The need for iron for RR activity is reflect-
ed by the increase in TfRs seen as cells increase their rate of proliferation [75].

Tf-Ga and gallium nitrate have been shown to inhibit the iron-dependent activ-
ity of RR through two distinct mechanisms. The first involves inhibition of cellu-

printed on 2/13/2023 2:44 AMvia . All use subject to https://ww.ebsco.confterms-of-use



EBSCChost -

292 CHITAMBAR

lar iron uptake resulting in insufficient intracellular iron to support RRM2 activ-
ity while the second is a direct inhibitory effect of gallium on enzyme activity.
In support of the first mechanism are studies that show that human HL60 leuke-
mia cells incubated with Tf-Ga for 6-24 hours displayed a diminution in the
RRM2 tyrosyl radical signal on EPR spectroscopy; this was accompanied by a
decrease in ANTP pools [76]. These findings are consistent with a loss in RRM2
activity. Gallium-induced loss of the tyrosyl radical signal was abrogated by coin-
cubation of cells with hemin as the source of iron [76]. In other studies, lysates
of L1210 leukemia cells incubated with gallium nitrate for 18 hours showed a
complete loss of the tyrosyl radical signal on EPR spectroscopy [77]. However,
this signal was regenerated to normal levels within 10 minutes by the addition
of ferrous ammonium sulfate to the cell lysate [77]. These findings indicate that
the loss of RRM2 activity in gallium-treated cells is not due to a decrease in
RRM?2 protein but rather to the presence of an RRM2 protein that has been
rendered functionally inactive by the lack of an iron center (apoR2).

The second mechanism by which gallium inhibits RR is unrelated to its action
on cellular iron uptake and involves a direct action of the metal on RR. The
direct inhibition of gallium nitrate to the cell-free enzyme assay, inhibited the
enzymatic activity of CDP and ADP reductase [78]. Enzyme kinetic analysis
indicated that gallium blocked CDP and ADP reductase activity by competitive
inhibition of substrate-enzyme interaction [78]. Since nucleosides can bind to
gallium [79], the inhibition of RR activity by gallium can likely be explained by
the formation of Ga-nucleotides which compete with endogenous ADP or CDP
for binding to RR.

5.3. Action on the Mitochondria and Induction of Apoptosis

The ability of gallium to target iron-containing proteins has important implica-
tions for its potential to act on iron-sulfur (Fe-S)-containing proteins in the mito-
chondria. These proteins include aconitase in the citric acid cycle and Fe-S pro-
teins in the mitochondrial electron transport chain (ETC). In lymphoma cells,
gallium maltolate was shown to reduce mitochondrial oxygen consumption rate
in a dose-dependent manner [26]. Incubation of human leukemic CCRF-CEM
with gallium maltolate for 2 hours resulted in an increase in intracellular reactive
oxygen species (ROS) which was blocked by mitoquinone, a mitochondria-tar-
geted antioxidant [24]. The latter indicates that ROS produced in gallium-treated
cells originates from the mitochondria. Cellular glutathione (GSH) levels de-
creased within 1 hour of incubation of cells with gallium nitrate, consistent with
an increase in oxidative stress [80]. As it is known that chemical inhibition of
ETC complexes I, I1, or III result in increased production of superoxide in cells,
it is reasonable to speculate that the Fe-S-containing proteins of one or more of
ETC complexes are likewise disrupted by gallium. However, further research
will be needed to define gallium’s precise site of action on the mitochondria.
ROS generated by cells exposed to gallium nitrate were shown to trigger an
increase in the synthesis of metallothionein-2A and heme oxygenase-1, felt to be

printed on 2/13/2023 2:44 AMvia . All use subject to https://ww.ebsco.confterms-of-use



EBSCChost -

GALLIUM COMPLEXES AS ANTICANCER DRUGS 293

an early cytoprotective response [80]. That this was secondary to ROS was sup-
ported by the demonstration that the addition of the antioxidant N-acetyl cysteine
(NAC) to cells blocked gallium-induced ROS production and the rise in MT-2A
and HO-1 levels. Further evidence that this was a cytoprotective response to galli-
um was that abrogation of ROS by NAC blocked the increase in MT-2A and
HO-1 and enhanced the cytotoxicity of gallium nitrate [80]. MT-2A upregulation
secondary to gallium-induced ROS production was associated with a shift in the
intracellular zinc pool and an increase of metal transcription factor-1 binding to
metal response elements on the promoter region of the metallothionein gene [80,
81]. HO-1 upregulation following gallium-induced ROS production occurred
through an increase in phosphorylation of p38 mitogen-activated protein kinase
and activation of Nrf-2, a regulator of HO-1 gene transcription [80].

Given that the initial biologic response to gallium nitrate exposure is one of
cytoprotection, a model of gallium’s mechanism of action emerges in which cell
death is triggered only after these cytoprotective responses have been overcome.
According to this model, cells with a low capacity to generate a cytoprotective
response might be more sensitive to the cytotoxicity of gallium than cells capable
of generating a strong protective response. Apoptosis is triggered with the activa-
tion of Bax and its translocation to the mitochondria resulting in a loss of mito-
chondrial membrane potential and the release of cytochrome ¢ from the mito-
chondria to the cytoplasm. The latter step leads to downstream activation of
executioner caspases and apoptotic cell death.

With regard to KP46, recent studies have broadened our understanding of the
antineoplastic mechanisms of this gallium compound. Using a panel of cell lines
with wild-type, null, or mutant p53, Gogna et al. showed that KP46 induced
intracellular calcium release; this generated ROS and triggered both p53-de-
pendent apoptosis through the intrinsic mitochondrial pathway and p53-depend-
ent apoptosis through the extrinsic FAS-mediated pathway [82]. KP-46 induced
calcium release stabilized the p53-p300 complex resulting in increased p53 gene
expression with downstream activation of pro-apoptotic genes. In their studies,
MCF-7 and HepG?2 cell lines with wild-type p53 were more sensitive to KP46
than cell lines with mutant or null p53 (PC3 and H1299 cells, respectively) [82].
The impact of p53 on the cytotoxicity of KP46 can be contrasted with other
studies which showed that the p53 mutant WTK1 lymphoma cell line was resist-
ant to growth inhibition by gallium nitrate but was not resistant to growth inhibi-
tion by gallium maltolate [24]. This illustrates that gallium compounds differ in
their spectrum and mechanisms of antineoplastic activity. Whereas KP46-
induced Bax activation results from changes in calcium signaling, it needs to be
determined whether a similar sequence of events occurs with the activation of
Bax by gallium nitrate and gallium maltolate.

5.4. Action of Tris(8-quinolinolato)gallium(lll)
on the Cytoskeleton

Recent studies by Jungwirth et al. showed that the mechanisms of KP46-induced
cell death in colon and lung cancer cells included alterations in cytoskeletal pro-

printed on 2/13/2023 2:44 AMvia . All use subject to https://ww.ebsco.confterms-of-use



EBSCChost -

294 CHITAMBAR

teins involved in cell adhesion and contraction [83]. These changes in cells oc-
curred within 24 hours of incubation with KP46 and were different from classic
p53-dependent, caspase-mediated cell death. The investigators showed that with-
in 6 hours of exposure to KP46, cells displayed a downregulation of integrin-f1
and its focal adhesion-specific binding partner talin. It was suggested that the
non-lysosomal protease calpain played a role in mediating these effects since the
calpain inhibitor PD150606 diminished KP46-mediated integrin destabilization
and the induction of cell death [83]. These in vitro findings were confirmed in a
human colon cancer xenograft model in SCID mice, where KP46 reduced tumor
growth and membrane localization of integrin-f1 was shown to be reduced in
the viable tumor remaining after KP46 treatment [83].

6. GALLIUM COMPOUNDS IN PRECLINICAL
DEVELOPMENT

In addition to the gallium compounds described above, a number of gallium
complexes with preclinical antitumor activity have been reported. These agents
remain to be further investigated to determine whether they have potential for
evaluation in clinic trials.

6.1. Gallium Pyridine and Gallium Phenolate

Gallium complexes with 2-methyl-pyridine and 2-methyl-phenolate groups at-
tached to a secondary amine are of particular interest as some of them have
displayed in vivo antitumor activity in a rodent model. Shakya et al. [84] synthe-
sized 5 novel gallium(I1I) complexes described as [Ga'((Lx)*"]ClO,, where Lx is
a negatively-charged ligand containing 2-methylpyridine and 2-methylphenolate
groups attached to a secondary amine [84]. The phenol moiety of these complex-
es has substituents (X) that encompass the electron-withdrawing and electron-
donating methoxy (complex 1), nitro (complex 2), chloro (complex 3), bromo
(complex 4), and iodo (complex 5) groups [84]. Whereas complex 1 displayed an
ICsq of 245.4 uM in BE(2)-C neuroblastoma cells in vitro, complexes 2-5 dis-
played the greatest apoptosis-inducing activity (ICsy 13.3-23.8 uM) [84]. Chen et
al. demonstrated that these complexes had antineoplastic activity in prostate
cancer cell lines in vitro and in human prostate cancer xenografts in a rodent
tumor model in vivo [85]. The greatest level of apoptosis in PC-3 prostate cell
lines in vitro was induced by complex 5 which also inhibited the growth of
PC-3 prostate cancer cell xenografts in nude mice by 66 % [85]. Tumor extracts
from mice treated with complex 5 showed an increase in ubiquitinated proteins,
an accumulation of p27 (a proteasomal target protein), a decrease in proteasom-
al chymotrypsin activity, and an induction of apoptosis [85]. Thus, these gallium
complexes displayed a novel mechanism of action that has potential clinical ap-
plication since other proteasome inhibitor drugs are being used in the clinic for
the treatment of hematologic malignancies.
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6.2. Gallium Thiosemicarbazones

Early studies demonstrated that many o-(N)-heterocyclic carboxaldehyde thio-
semicarbazones are capable of chelating metals and have significant antitumor
activity [86]. The iron complexes of these thiosemicarbazones are 3- to 6-fold
more potent than the free ligand in inhibiting ribonucleotide reductase [87]. The
synthesis of gallium(IIT) complexes of different 2-acetylpyridine thiosemicarba-
zones was reported by Kratz et al. [88]; while others demonstrated the antitumor
activity of gallium complexes with 2-acetylpyridine *N-dimethylthiosemicarba-
zone in SW480 (colon adenocarcinoma), SK-B-3 (breast adenocarcinoma), and
41-M (ovarian cancer) cell lines in vitro [89]. The coordination of gallium to 2-
pyridineformamide thiosemicarbazones greatly increased their ability to induce
apoptosis in glioblastoma cell lines in vitro [90]. In these studies, the coordination
of gallium to these thiosemicarbazones increased their cytotoxicity by 15- to 37-
fold in RT2 glioblastoma cells with wild-type p53 and by 7- to 36-fold in T98
glioblastoma cells with mutant p53.

The thiosemicarbazone 3-aminopyridine-2-carboxyaldehyde thiosemicarba-
zone (3-AP, Triapine) has been in Phase 1 and 2 clinical trials [91]; it has been
shown to enhance the response to radiation therapy in cervical cancer [92]. The
ability of gallium to potentiate the anti-proliferative action of 3-AP was shown
in studies that compared the effects of iron and gallium complexes of 3-AP on
ribonucleotide reductase and tumor cell proliferation in vitro and demonstrated
that the cytotoxicity of this thiosemicarbazone was enhanced by gallium but
weakened by iron [93].

6.3. Gallium-Pyridoxal Isonicotinyl Hydrazone

Pyridoxal isonicotinyl hydrazone (PIH) and its analogues are lipophilic iron che-
lators that can inhibit the proliferation of a variety of malignant cells in vitro
[94, 95]. Importantly, PIH can also deliver iron to cells to support cell growth
and function [96] and can thus bind and transport gallium into cells. Ga-PIH
enters cells by a transferrin-independent route and displays greater cytotoxicity
than PIH alone [94, 97, 98].

6.4. Gallium Complexes with Azole Ligands

The synthesis of gallium complexes of 2,1,3-benzothiadiazole, 1,2,3-benzotria-
zole, and 1-methyl-4,5-diphenylimidazole has been described by Zanias et al.
[99]. These compounds inhibit the proliferation of breast, ovarian, cervical, and
colon tumor cell lines in vitro [99].
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6.5. Bi- and Tetranuclear Gallium(lll) Complexes with
Heterocyclic Thiolato Ligands and Dinuclear Gallium
Carboxylate Complexes

A variety of these complexes have been reported to display cytotoxicity against
solid tumor cell lines in vitro [100, 101]. The gallium thiolato ligand complexes
were shown to bind to fish sperm DNA and display greater cytotoxicity in malig-
nant cell lines than in fibroblast cells [101].

6.6. Gallium-Corroles

Gallium forms complexes with corroles; the latter are macrocyclic molecules
related to porphyrins and other aromatic macrocycles [102]. The derivatives of
gallium(I1I) tris(pentafluorophenyl)corrole, 1{Gatpfc)], with sulfonic or carbox-
ylic acids have shown high cytotoxicity in the NCI60 panel of solid tumor cell
lines which include melanoma, breast, ovarian, and prostate cancers [103]. Galli-
um-corroles are taken up rapidly by cells and emit intense fluorescence which
enables them to be tracked in cells by confocal microscopy [103]. In vitro studies
with these gallium-containing agents show promise and further evaluation of
their antineoplastic activity in relevant animal tumor models is awaited.

7. SUMMARY AND OUTLOOK

The antineoplastic activity of gallium nitrate was recognized over 3 decades ago
and several clinical trials have confirmed its activity in patients with lymphoma
and bladder cancer. Since then, new generations of gallium-containing agents
have emerged that show promise in preclinical studies. The ability of gallium
to disrupt critical iron-dependent processes in malignant cells distinguishes its
mechanisms of action from that of other drugs. This makes gallium-based agents
effective against tumors that have developed resistance to conventional thera-
pies.

The newer gallium agents display greater efficacy and a broader spectrum of
antitumor activity than the older gallium nitrate. Importantly, the development
of gallium formulations such as gallium maltolate and KP46 that have oral bio-
availability has been an important advance in gallium therapeutics; these prepa-
rations are more acceptable to patients than formulations that must be adminis-
tered by the parenteral route. Several other novel gallium-ligands in early
preclinical development have been reported. For these agents to be advanced to
the clinic, they need further evaluation of their antitumor efficacy and toxicity
in animal tumor models.

Future directions in this field should also focus on understanding the intracel-
lular pathways targeted by gallium compounds. Knowledge of tumor markers
(proteins or genetic mutations) that predict tumor sensitivity or resistance to
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gallium compounds would have important clinical application since it would help
to identify patients likely to respond to treatment with these drugs.
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ADP adenosine 5'-diphosphate

ATP adenosine 5'-triphosphate

CDP cytidine 5’'-diphosphate

DMT-1 divalent metal transporter 1
dNTP 2-deoxynucleoside 5'-triphosphate
ETC electron transport chain

FAS apoptosis stimulating fragment
HO-1 heme oxygenase 1

1Csg half maximal inhibitory concentration
KP46/FFC11  tris(8-quinolinato)gallium(I1T)
MT-2A metallothionein-2A

ROS reactive oxygen species

RR ribonucleotide reductase

Tf transferrin

TfR transferrin receptor
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Abstract: The most effective class of anticancer drugs in clinical use are the platins which act
by binding to duplex B-DNA. Yet duplex DNA is not DNA in its active form, and many other
structures are formed in cells; for example, Y-shaped fork structures are involved in DNA
replication and transcription and 4-way junctions with DNA repair. In this chapter we explore
how large, cationic metallo-supramolecular structures can be used to bind to these less com-
mon, yet active, nucleic acid structures.

Keywords: DNA/RNA non-covalent recognition - helicates - metallo-supramolecular chemis-
try - nucleic acid junctions - unusual nucleic acids

1. INTRODUCTION

In the 1960s three important modes of binding to duplex DNA were character-
ized: metal coordination to heteroatoms in the DNA bases; intercalation of pla-
nar aromatics between the base pairs; and minor groove binding by crescent
shaped molecules [1-4]. These gave rise to the potent anticancer drugs cisplatin
[2] and doxorubicin [5], which have been crucial in curing patients since the
1970s. Minor groove DNA binders are used as antiviral, antiparasitic, and anti-
cancer agents [4].

The Watson-Crick DNA duplex, which is the target of these drugs, is the most
common form of DNA inside humans, but many other structures are present in-
cluding 3- and 4-way junctions, tetraplexes, left-handed Z-DNA, i-motifs, and
forks. These structures are often found during DNA processing or modification, in
small amounts but with very different structures from B-DNA. Binding them could
achieve DNA specificity through structure recognition as opposed to the tradition-
al approach of seeking sequence specificity. In this review we explore binding to
such less common DNA structures, in particular by metallo-supramolecular com-
pounds.

2. METALLO-CYLINDERS

2.1. Design and Binding to Polymeric DNAs

At the center of investigations into DNA recognition by supramolecular drugs
have been the cylinder compounds developed in our laboratory. The cylinders
are dinuclear triple-helical compounds which are prepared in a single pot from
commercial reagents; a pyridyl-aldehyde, a diamine, and an octahedral metal
(usually iron(IT)) (Figure 1) [6]. Three ligand strands wrap around two metals,
resulting in a roughly cylindrical tetracation approximately 2 nm in length and
1 nm in diameter. As a triple helical metal complex it follows on from the innova-
tive work of early supramolecular chemists Lehn [7, 8] and Sauvage [9], Consta-
ble [10], and Williams [11]. The cylinders can be prepared quickly (compared to
previous designs), and thus attention can turn to their properties, not just their
preparation.
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Figure 1. Preparation of a triple-helical metallo-supramolecular cylinder [6], obtained as
a racemic mixture of M (left handed, CSD JETVIO) and P (right handed, CSD NITBIB)
enantiomers.

The cylinders also differ from earlier helicates in another way. The Lehn and
Sauvage helicate systems comprise bipyridine ligands linked by flexible alkyl or
alkylether chains and these introduce flexibility (or floppiness) into the helical
structure. By contrast in the cylinder, the rings of the diphenylmethane ‘spacer’
are face-edge m-stacked onto the rings in the other strands (two groups of three
rings) and this imparts a stiffness right along the length of the structure. The
term ‘cylinder’ serves to highlight this feature though the compounds are also
formally ‘triple-helicates’.

As a tetracation, some interaction with DNA (even just an electrostatic charge
quenching) is anticipated and indeed Schoentjes and Lehn [12], had explored
their copper(I) double-helicates (created from bipyridines linked by alkylethers)
and shown an interaction with plasmid DNA in gel electrophoresis and inhibition
of some restriction enzymes. What was intriguing about the cylinder was that the
size and shape is similar to a peptide alpha-helix and that structure is frequently
used by proteins to bind the DNA major groove (e.g., zinc fingers). While many
zinc fingers span 3—4 base pairs, the cylinder is slightly longer and should stretch
across 5 base pairs.

The ‘parent’ iron(IT) cylinder has excellent water solubility and binds strongly
to calf thymus DNA, displacing other DNA binders such as ethidium bromide
and Hoechst [13, 14]. Its binding constant is greater than 10’ M~! at 20 mM
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sodium chloride. The circular dichroism spectrum shows that a B-DNA confor-
mation is retained. Flow linear dichroism and AFM show that the cylinder causes
dramatic intramolecular coiling, winding the DNA into ball-like structures [14].
The AFM images imply that the coiling seems to start at an end of DNA [14].
By contrast, traditional polyamine condensation of DNA creates very different
looped structures. The linear dichroism also reveals that the cylinder is orientat-
ed on the DNA, with insertion or intercalation precluded and groove binding
most likely.

Helicates are inherently chiral because of their twisting: the M enantiomer
(AA at the metal centers) is a left-handed helix and the P enantiomer (AA) is
right handed. The two enantiomers are separated on cellulose columns eluting
with aqueous sodium chloride solution [15, 16]. The surface of cellulose is known
to have chiral grooves, where the M enantiomer binds less strongly and elutes
first. Both enantiomers bind strongly and coil DNA, and are oriented similarly
on the DNA, however, the M enantiomer coils more aggressively [17]. Both
enantiomers also unwind DNA, with the M enantiomer again having a greater
effect [18, 19] and footprinting studies imply some preference for alternating
purine-pyrimidine sequences [18].

The cylinder structure can be readily modified. Methyl groups at the ends of
the cylinder (at the 5-pyridyl position) have only minor effects on the DNA
binding and coiling, but if they point out of the cylinder (from the 3-pyridyl
position) they reduce the DNA coiling [20]. This implies that the cylinder binds
DNA through its body and sides not its ends. Molecular dynamics simulations
also show this with the cylinder lying in the major groove and then partially
pushed out when methyls are added at the 3-pyridyl position [21, 22]. Replacing
the central CH, group with an S or O atom does not change the cylinder struc-
ture, DNA affinity or coiling ability [23]. Similarly, changing the central metal
has little effect and the iron(II), nickel(II), and ruthenium(II) cylinders have
analogous DNA binding [24, 25]. The ruthenium cylinders can photo-cleave
DNA by a singlet oxygen mechanism (UV or visible light). The single strand
breaks are formed within alternating purine-pyrimidine tracts reflecting observa-
tions that the iron cylinder binds at such tracts [25]. These changes show that
the external shape and size of the cylinder is key to its binding.

Introducing three Gly-Gly-Ser tripeptides to each end of the cylinder makes
it a longer structure and this reduces the DNA coiling [26]. Introducing arginines
at the ends increases the charge but also controls the cylinder helicity: the L-
arginine induces P helicity while D-arginine induces M [27]. The p-arg (M) cylin-
der is the more aggressive coiling agent but despite its higher charge, does not
coil more aggressively than the unsubstituted cylinder [28].

2.2. Three-Way Junction DNA Binding

Crystallization of the cylinder with a DNA hexamer revealed an unexpected bind-
ing mode. The cylinder is not in the groove of a duplex DNA but rather is bound
to the heart of a DNA 3-way junction [29]. The 6 DNA bases (3 pairs) at the
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Figure 2. (A) End and side views of the cylinder bound at the heart of a DNA 3-way
junction, together with a view showing how the DNA bases (A and T) stack onto the
phenylene rings (PDB 2ETO0) [29]. (B) Views of M (left) and P (right) cylinder stacking
onto the ends of duplexes, highlighting how the DNA bases (G and C) stack onto the
phenylene rings (PDB 311D) [30].

junction point are m-stacked onto the 6 phenylene rings of the central core of the
cylinder (Figure 2). In the different crystal structures obtained, the M enantiomer
is always the one in this junction [29, 30]. The cylinder’s structure is the same as
that when it is crystallized in the absence of DNA [6, 16, 29] and the DNA struc-
ture closely resembles the structure of a DNA 3-way junction (3WJ) in complex
with a protein. They seem to be perfectly complementary structures.

The self-complementary palindromic DNA used can potentially form any ‘n’-
way junction structure (duplex, 3-way, 4-way, 5-way, etc). In this case the cylinder
has selected the 3-way junction demonstrating a preference for the 3-way junc-
tion over a duplex DNA. Given the excellent fit this is unsurprising. The same
result is seen also in solution by NMR [31] and gel electrophoresis [32], which
demonstrated binding to a wider range of DNA 3-way junctions too. Both M
and P cylinders bind DNA 3-way junctions, with the M enantiomer binding more
strongly. The M and P arginine cylinders also both stabilize the 3WJ with the M
helix stabilizing more [27].

This binding is remarkable and unprecedented. The cylinder inserts into the
heart of the DNA and forms m-stacking interactions with the bases. It could be

printed on 2/13/2023 2:44 AMvia . All use subject to https://ww.ebsco.confterms-of-use



EBSCChost -

308 CARDO and HANNON

classed as a new form of intercalation but it does not involve the DNA having
to open up as the cavity is inherent in the 3WJ and it is the recognition of that
cavity. A second DNA binding mode is also observed, in which two cylinder
phenylene rings stack onto the surface of the two bases at the end of the DNA
duplex [29, 30]. Each of these cylinders binds to three duplexes forming a ‘non-
covalent’ DNA 3-way junction and linking the DNA into a 3-dimensional mesh.

3-way junctions are rare in genomic DNA (being mainly associated with triplet
repeat expansion diseases such as Huntington’s) [33]. It seems likely therefore
that on genomic DNA, in the absence of available 3WJs, most cylinders are in
the major groove of the duplex.

2.3. Recognition of RNA Structures

The cylinder can also bind to RNA 3-way junctions in a similar fashion (Figure 3)
[34]. The M enantiomer is again in the heart of the junction with extensive -
stacking between the 6 central phenylene rings from the cylinder and the 6 RNA
bases at the junction point. As in the DNA 3WI crystal structure, further cylin-
ders stack onto the ends of the A-duplex RNA arms, forming non-covalent 3-
way junctions. Gel studies indicate that both M and P enantiomers have a similar
stabilizing effect on the RNA 3WJ [34]. Competition experiments indicate that
the binding constant to both DNA and RNA 3WIJs is similar.

Figure 3. End and side views of the cylinder bound at the heart of a RNA 3-way junc-
tion, together with a view showing how the DNA bases (A and U) stack onto the phenyl-
ene rings. Cylinder can enter and leave the 3WJ structure to exchange between DNA and
RNA 3WIJs (PDB 4J1Y) [34].

2.4. Binding to Forks and Bulges

DNA 3WIJs are part of a broader group of Y-shaped DNA structures and some
of these are much more common than 3WlJs, for example replication and tran-
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scription forks which have a Y-shape and 4 DNA bases at their junction point
available to stack onto the surface of the cylinder. Gel electrophoresis studies
have shown that the cylinder can also bind to forks. DNA bulges are formed
when one strand in a duplex has extra unpaired bases and this causes a kink in
the DNA axis [35]. The result is a Y-shape like structure that also has the poten-
tial to bind the cylinder.

Gel studies have confirmed that the cylinder can bind to different bulge struc-
tures, with 3-base bulges preferred [36]. DNA and RNA bulges are often a site
of protein binding. As a relevant example, the HIV RNA genome contains a 3-
base bulge in its trans activation response (TAR) region which needs to be recog-
nized by a transactivator (TAT) protein for viral replication to proceed [37]. The
cylinder can bind to this bulge and prevent the formation of a TAR-TAT adduct
[38]. Excitingly, we have recently demonstrated that this can be used to switch
off HIV viral replication in viable mammalian cells [39].

2.5. Binding to Tetraplex DNAs

It has been reported that the P enantiomer of the nickel(II) cylinder can interact
with tetra-stranded DNA [40] binding to quadruplexes in which a loop of un-
paired bases is located above the tetra-guanine surface. There appears to be
some preference for TTA over TTT in the loops [41-43], which is perhaps consis-
tent with the bases stacking onto the cylinder. While the P enantiomer stabilizes
this quadruplex sequence, the M enantiomer does not. The structure of the quad-
ruplexes varies with conditions and hybrid structures are possible to which both
M and P appear to bind [40]. As with duplex DNA, introduction of methyl
groups at the ends of the cylinder has little effect on the DNA binding. Adding
methyl groups to the sides of the cylinder increases the DNA binding to the M
enantiomer [44]. Most recently the M enantiomer has been proposed to bind to
a left-handed quadruplex DNA [45]. There have been no structures of these
cylinder-quadruplex complexes so the precise molecular recognition remains un-
clear. Elongated cylinders with an extra phenyl ring in the spacer have a higher
quadruplex binding constant (around 10° M™!) [46].

2.6. Biological Effects of Cylinders

The cylinders enter cells quickly and enter the nucleus as demonstrated by their
ability to displace Hoechst 33258 from nuclear DNA in live cells [47]. The
iron(II) cylinder inhibits cancer cell growth in culture and is a powerful cytostatic
in breast T47D, ovarian SKOV-3, and leukemia HL60 cancer cells at low mi-
cromolar concentrations [47]. The cells arrest in the G0/G1 phase of the cell
cycle, and at higher doses they enter apoptosis. Although it reaches the nuclear
DNA, the cylinder does not cause mutagenicity or strand breaks. This contrasts
with cisplatin that damages DNA, and it highlights the potential of this different
binding mode.
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In cell cultures the amount of cylinder present, rather than the concentration
defines its activity [48] and this suggests that cells take up and concentrate the
cylinder within them. The cylinder is active in MDA-MB231 breast and SKOV-
3 ovarian cancer cell lines over 72 h, but its activity declines at longer time
points: incubation times of 96, 120, and 144 h did not increase cytotoxicity. The
arginine cylinders show similar cytotoxicity to the parent cylinder [27] while the
ruthenium cylinder (as its hexafluorophosphate salt) is active against breast can-
cer cell lines, but not in ovarian SKOV-3 cells [24].

To assess the impact of cylinders on DNA processing we used the polymerase
chain reaction (PCR) as an in vitro model DNA replication process [49]. PCR
has similarities to mammalian DNA replication but involves elevated tempera-
tures. The ruthenium cylinder prevented the Taq polymerase from binding to
DNA and inhibited PCR at low micromolar concentrations (<2 uM). Transcrip-
tion of plasmids by RNA polymerase is also inhibited in vitro by both M and P
iron(IT) cylinders at low micromolar concentrations [19]. The cylinders also in-
hibit the action of topoisomerase I at low micromolar concentrations apparently
by inhibiting the re-ligation step of the nicked structure. The nicked structure
provides a potential fork-like structure for the cylinder to bind. The iron(II)
cylinder is 10-fold less effective at inhibiting DNase I and restriction endonucle-
ases which bind and cleave double-stranded DNA.

Bacterial cells also represent a potential target for the cylinder. The cylinder
acts as a bactericidal (rather than bacteriostatic) agent against Gram-positive B.
subtilis and Gram-negative E. coli [50]. It stains bacterial DNA purple (the color
of iron(II) cylinder) and kills the bacteria within 2 minutes. The cylinder’s activ-
ity against cancer cells, bacteria, and viruses shows the potential of using a supra-
molecular compound to bind nucleic acid structures.

3. OTHER SUPRAMOLECULAR DESIGNS
AND THEIR TARGETS

3.1. Mononuclear Agents

Monchaud has explored different compounds, both with and without metals, as
possible DNA 3-way junction binders. A 1,4,7-triazacyclononane ligand bearing
quinoline side arms (TACN-Q, Figure 4A) binds the DNA 3W1J but not duplex
DNA [51, 52]. The experiments are conducted in the presence of lithium cations
(90 mM) and the binding species may be a lithium complex. However, when
transition metals are coordinated, the complexes bind less strongly to the 3WJ.
The coordination of the transition metals causes the ligand to fold up reducing
the m-surfaces available to bind the junction. Telaude-Fichou, Monchaud, and
coworkers also explored the 3WJ binding of some azacryptands (Figure 4B)
[53]. The compounds have a cylinder-like structure, with three aromatic s-surfa-
ces, to interact with the base pairs of nucleic acids. They bind triplet repeat
expansion DNA [53, 54], and some bind G quadruplex DNA [53, 55] though
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Figure 4. Developed by Monchaud and coworkers [51, 52]: (A) The mono-nuclear
TACN-Q compound (CSD IQIWOW) [51]; (B) cylinder-like azacryptands with DNA 3WJ
binding properties [53]. (C) The rhodium chrysi compound of Barton [56]. At the right:
insertion of the chrysi ligand (blue) into a DNA bulge with two flipped out adenines
(pink) (PDB 2011).

the 3WJ is preferred. The cryptands and TACN-Q show low micromolar cyto-
toxicity in B16 cells.

The mononuclear rhodium(IIT) compound A-[Rh(bpy),(chrysi)]** of Barton
et al. [56] target mismatches where two opposing bases are expelled from the
DNA core. The ‘chrysi’ ligand is wider than traditional intercalators and thus
favors larger sites (Figure 4C). The crystal structure of this compound binding
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to DNA (shown in blue in Figure 4C) shows the chrysi ligand inserted from the
minor groove. The compound can also bind to duplex DNA though the mismatch
is the preferred site [56].

3.2. Flexicates

The control of chirality of metal-based helicates is a significant aspect for their
use as nucleic acid binders and a variety of different strategies have been used
to separate the enantiomers: chiral chromatography [16, 57], crystallization [§],
chiral counter anions [58, 59], placing stereo centers in the ligand backbone [60,
61] or periphery [27], and light-induced isomerization [62].

Scott and coworkers have explored diastereoisomerically pure di-Fe(II) and
di-Zn(II) triple stranded helicates based on bidentate pyridylimine ligands incor-
porating chiral centers in the spacer or periphery (Figure 5) [63]. Ligand L1 is
related to the bis-pyridylimine ligand employed for cylinders, while in ligand L2
the chirality is attached to the ends. The stereo-centers induce the handedness
of the resultant helicates (structure in Figure 5) just as the arginines did for the
cylinders. Although the design is related to the cylinders, these helicates contain
aliphatic linkers and in that sense have similarity to the original Lehn helicates
with their more flexible structure. Scott calls them ‘flexicates’.

The flexicates bind to long B-DNAs (ct-DNA, poly(dA-dT),, poly(dG-dC),
and plasmids), preferring AT-rich regions [63, 64]. A and Ala bind twice as
strongly as A and A2a/b, which themselves do not stabilize DNA enough to
affect its melting temperature. It is proposed that la flexicates (Figure 5) bind
to B-DNA, presumably in a groove, whilst the interaction with other flexicates
is mainly electrostatic ion pairing. This was further confirmed by atomic force
microscopy studies where 2a flexicates did not promote any DNA coiling effect
but only some strand aggregation. The 1a flexicate induces intramolecular coiling
and aggregations at high loading. This suggests that phenyl groups in the linker
are key components in DNA binding helicates, perhaps because they provide
opportunity for face-face and edge-face m-stacking interactions with nucleobases.
In all the spectroscopic experiments, A (M) flexicates exhibit higher affinity for
B-DNA than A (P), reflecting the same trend as the cylinders [17].

The affinity of flexicates for non-conventional DNA structures was also ex-
plored. Variation of DNA melting temperatures (AT,,) of Y and T-shaped three
way junctions (3WJ), four way junctions (4WJ), and bulge motifs were measured
in the presence of la, 2a, and 2b [64, 65]. The highest AT,, values were again
observed when employing 1a flexicates, and Y-shaped 3WJ were the motifs bet-
ter stabilized by these complexes (AT, 20 and 18 °C with Ala and Ala, respec-
tively) with the M flexicate exerting the greater effect. Also in this case there is
a general trend of Ala stabilizing non-canonical nucleic acid structures better
than Ala and this was further confirmed by electrophoretic mobility shift assay.
Flexicates 2a/b also stabilized Y-shaped 3W]J, although AT, values were lower
than those measured with 1la. Compounds 2a/b did not stabilize other motifs
tested; the only exception was observed by electrophoretic mobility shift assays
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Flexicate employed for DNA binding and biological activity studies:

A and A-[Fejl1a3]Cly (Ala and Ala)
A and A-[Feol2a3]Cl; (A2a and A2a)
A and A-[Fe,L2b;3]Cl; (A2b and A2b)

Figure 5. The ‘one pot’ synthesis of two sets of di-Fe(II) flexicates employing two differ-
ent optically pure ligands L1 (above) and L2 (below). ClOz and CI~ were both employed
as counter anions. The water soluble A and A-[Fe,L1a3]Cly, A and A-[Fe,L.2a;]Cly, A and
A-[Fe,L2b5]Cly flexicates (indicated in the legend on the right) were investigated for their
nucleic acid binding and biological activity. Bottom: a side and end view of L1-based
flexicate (CSD PAHTID) [63].
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Table 1. Antimicrobial activity (minimum inhibitory concentration, MIC) and cytotoxici-
ty in cancer cell lines (ICsg) of flexicates.

Antimicrobial activity Cytotoxicity in cancer cell lines
MIC (ug/mL) ICs9 (uM (esd))
S. aureus E. coli MCF7 A2780 A2780cis HCT116
(Gram +) (Gram -) p53++
Ala 8 4 37(0.1) 4.8(0.1) 22(01) 1.7(1.0)
Ala 8 8 29(0.8) 3.7(0.1) 24(0.1) 0.6(03)
A2a 64 32 55(0.5) 3.3(0.1) 7.3(0.3) 0.6 (0.1)
A2a 64 >128 102 (0.2) 3.5(0.1) 144 (0.4) 09 (0.1)
A2b >128 >128 6.1 (0.2) 4.3(0.0) 12.7 (0.0) 0.6 (0.1)
A2a >128 >128 83(02) 3.1(0.1) 182 (0.1) 0.6 (0.1)

esd = estimated standard deviations
Data collected from [63, 64].

(run at lower temperatures compared to AT,, measurements), where a preferred
binding of A2a/b to T-shaped 3WJs was observed, whilst A2a/b do not form any
adduct with these nucleic acids.

The 1a flexicates also exhibited a stabilizing effect on 4WJ and bulge motifs,
although 2- to 4-fold lower than their effect on Y-shaped 3WJ [64]. The interac-
tion affinity for DNA bulges depends on bulge size: 3 nucleotides bulges are
better stabilized than 2 or 1 nucleotide bulges; handedness does not appear to
play a role. With smaller bulges, 1a forms 2:1 adducts with Ala more effective
than Ala [65]. Binding of flexicate 1a to the TAR RNA sequence was also inves-
tigated. Melting temperature and gel experiments suggest that both diastereo-
isomers stabilizes TAR and Ala is more efficient than Ala [65]. The AT,, values
(4-6°C) indicate that they stabilize TAR RNA less than the Fe(II) cylinders (11—
12°C) [38].

Both A and A diastereoisomers of la flexicate displayed both antimicrobial
activity and cytotoxicity against several cancer cell lines, including the cisplatin-
resistant A2780cis and most of the assays in cellulo display a minor trend where
A is more effective than A ([63-64], data summarized in Table 1). Flexicates 2a/b
were also included in the same biological assays, showing definitely less potential
as antimicrobial compounds, but still cytotoxicity in cancer cell lines.

Further derivatives of 2a have been prepared and also show poor or absent B-
DNA-binding and low antimicrobial activity but good cytotoxicity [66]. The fact
that both 1a and 2a flexicates show cytotoxic properties in cell lines, but only 1a
binds well to nucleic acids suggests that there must be other biological targets
for these compounds: 2a and derivatives most probably affect different cellular
events. Indeed Scott et al. [64] have recently proposed that DNA is not the
target of helicates, and this is certainly true of his flexicates which lack the large
accessible oriented aromatic surfaces on their external surfaces that are seen in
the cylinders and azacryptands and which are crucial to their unique forms of
DNA recognition. It does however raise the question of what other targets or
processes flexicates might be interfering with.
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3.3. Other Helicates and Dinuclear Supramolecular Complexes

Other helical dinuclear supramolecular architectures have also been used to tar-
get DNA. Crowley and coworkers created libraries of helicates, using copper(I)-
catalyzed ‘click’ reactions to prepare bidentate 2-pyridyl-1,2,3-triazole ligands
(Lisiaz) (Figure 6A) [67-69]. They obtained several [Fe,(Lyiaz)3]* ™ racemic heli-
cates with spacers (a) or (f), and achiral AA-mesocates architectures with spacers
(b) to (d) [67]. Molecular docking studies suggest that [Fe,(Ljaz)3]*" com-
pounds can bind in the B-DNA major groove. However, poor complex sta-

A
SPACER:

3 ”“:"’“”“
o/‘\o‘\w@/

tri Py

hextrz

Figure 6. Crowley’s compounds: (A) Fe(II) triple-stranded helicates employing 2-pyridyl-
1,2,3-triazole ligands (Lgia,) [67] and (B) ligands employed for [Pd,L,]** complexes [70,
71]. (C) Tetra-cationic di-Ru(II) triple-stranded helicate [Ru,Lq3]** by Lindoy and co-
workers [72] (molecular structure on the right) (CSD TOMROD)).

EBSCChost - printed on 2/13/2023 2:44 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

316 CARDO and HANNON

Figure 7. (A) Tetra-cationic di-Ru(IT) assemblies [{Ru(Me,bpy),},(u-bpm)]** (left) and
[{Ru(phen),},(u-bpm)]*+ (right) as bulge binders investigated by Keene, Collins et al. [78,
79]. (B) The threading intercalators of Lincoln, Nordén et al. [85].

bility prevented extended biological studies. The analogous Co(III) compounds
([Cor(Liriaz)3]° ) [68], have improved stability, but do not have antimicrobial
activity perhaps because the high charge of these complexes (6 + ) does not allow
bacterial membrane penetration. Related ligands (Figure 6B) were used to
achieve di-Pd(II) tetra-stranded helicates [70, 71] which have high cytotoxicity
against cancer cell lines. [Pdy(Lpextrz)4]*™ is the most active (ICsy values below
8 uM) although the biological target of these complexes is uncertain.

Lindoy’s [Ru,Lqs]** triple-stranded helicate uses three 3,5”-dimethyl-2,6";3
5"2"6"-quaterpyridine ligands (Lq) to coordinate two octahedral ruthenium
centers (Figure 6C) [72]. The M and P enantiomers were separated by C-25
Sephadex chromatography using (-)-O,0’-dibenzoyl-L-tartaric acid. The helicate
is different from the cylinders because all the aryl rings (coordinated pyridines)
present their edges (not faces) to the outside of the structure. DNA affinity
chromatography showed the P enantiomer to have the highest DNA binding.
Dinuclear double-stranded helicates are formed when copper(I) or silver(I) co-
ordinate to 6,6”-dimethyl-2,2";6",2";6"2""-quaterpyridine and also present their
ring edges to the outside of the structure [73]. Docking studies suggested that
these helicates could bind in a B-DNA groove, but likely via the aromatic faces
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exposed at their ends. The complexes bind only weakly to DNA, competing
poorly with ethidium bromide. They are active against T-47D, HaCat, and HelLa
cell lines, and the silver complexes are the more cytotoxic. The counterions affect
the cytotoxicity having an up to 3-fold effect.

Keene, Collins, and coworkers have studied a range of di-ruthenium supramo-
lecular assemblies as nucleic acid binders and antimicrobial agents [74-78]. For
example, [{Ru(Me,bpy),},(u-bpm)]** (Figure 7A, left) binds the self-compli-
mentary tridecanucleotide d(CCGAGAATTCCGG), containing a one-nucleo-
tide bulge motif (the adenine in bold) [79, 80]. The AA enantiomer of the com-
plex strongly binds to the bulge, whilst meso-AA binds only weakly. The complex
also binds to the analogous RNA bulged sequence [81, 82]. When the Me,bpy
ligands are replaced with phen (Figure 7A, right) the meso isomer AA becomes
the better binder [83]. Similar di-ruthenium compounds, where the internal link-
er is a larger poly-aromatic tetrapyrido-phenazine unit (tpphz), have been inves-
tigated by Thomas, Williamson, Félix, and coworkers as possible G4 binders ([77,
84] and references therein), indicating the versatility of this class of supramolecu-
lar assemblies.

Lincoln, Nordén et al. have also explored di-ruthenium bis-diimine complexes
linked by an intercalating system (Figure 7B) [85]. These agents intercalate and
thread through the DNA placing one metal center in the major groove and the
other in the minor groove. Coll, Lincoln, and coworkers obtained a crystal struc-
ture of the AA enantiomer of this molecule bound to the hexameric oligonucleo-
tide used in the 3WIJ cylinder studies [86]. The bridging ligand threads through
the DNA duplex pushing out an AT pair giving a binding similar to the mismatch
binders. The other end of the bridging ligand binds to a second duplex. This
brings two different duplexes together forming a type of non-covalent 4-way
junction.

3.4. Squares, Boxes, and Cubes Targeting G-Quadruplex

G-quadruplex (G4) motifs are very important and widely studied targets for
anticancer drug development because of their key role in inhibiting the telomer-
ase enzyme (overexpressed in cancer cells) and affecting the transcription of
some oncogenes. A large number of synthetic compounds, including metal-based
complexes, have been synthesized and screened for G4 binding. These have been
described in several excellent reviews (including Chapter 12 by Vilar in this
book) [87-89]. Herein we only highlight representative examples in which metal-
lo-supramolecular chemistry was employed as a tool to design new compounds
aiming to improve selectivity toward G4 motifs over duplex DNA [90].
Porphyrin-based compounds are known to have strong affinity for G4 struc-
tures, although low selectivity as they also bind to duplex DNA. Therrien and
coworkers employed arene ruthenium complexes as bridging blocks able to con-
nect two porphyrin units and create octa-ruthenium supramolecular cubes (Fig-
ure 8A) [91]. The concept is that these cubes are too large to insert into DNA
[92-94]. The G4 binding of these compounds was investigated by thiazole orange
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Figure 8. (A) Examples of porphyrin-based octa-ruthenium metallo-supramolecular
cubes, by Therrien and coworkers [92]. (B) Fujita’s compounds [96] employed by Sleiman
and coworkers [95] (left) and Moreno’s compound [99] with improved solubility (right).
(C) Mao’s compounds with improved selectivity [100].
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(TO) fluorescence intercalation displacement (FID) and by surface plasmon res-
onance. The supramolecular cubes have high quadruplex affinity (DCs, between
0.1 and 0.7 uM) with two types of G4 motifs (htelo and c-myc), however the
selectivity over duplex DNA was rather modest (between 2- and 4-fold), proba-
bly because of the high charge of these supramolecular cubes.

Sleiman and coworkers [95] have studied the G4 binding of multi-nuclear su-
pramolecular square architectures, previously developed by Fujita [96, 97] and
Stang [98]. Quadruplex stabilization was tested by FRET melting assays, reveal-
ing a high binding affinity (AT, 34.5 °C) comparable with that displayed by other
known G4 binders [95]. Again the selectivity is not remarkable (about 3-fold
higher affinity for G4 over DNA duplex). Nevertheless, telomeric repeat amplifi-
cation protocol (TRAP) assays indicated that this tetra-Pt square is among the
strongest telomerase inhibitors (ICsqy of 0.2 uM). In an earlier work Moreno and
coworkers improved the solubility of this class of supramolecular squares by
introducing a 1,4-bis(4-pyridyl)tetrafluorobenzene linker (Figure 8B, right) [99]
and demonstrated that both the new complex and parent Fujita square [96, 97]
displayed high cytotoxicity in HL-60 cell lines (ICsy around 3-5 uM).

Recognizing the potential of tetra-platinum squares as G4 binders, Mao and
coworkers explored different derivatives and whether changing the organic link-
er between the Pt centers could influence binding selectivity [87]. For example,
[Pt(en)(quinoxaline)]4(NOs3)g and [Pt(NHjz),(quinoxaline)]4(NO3)g (Figure 8C,
left and right, respectively) display binding affinity with stelo G4 similar to that
observed by Sleiman when employing Fujita’s [Pt(en)(4,4'-dipyridyl)]§* (AT,
32-33°C by FRET melting assay), but their selectivity over other G4 motifs and
duplex DNA is remarkably improved (AT, is 3-6°C and 1°C with ¢-myc and
dsDNA, respectively) [100]. Mao’s compounds show high inhibition of human
telomerase (ICso 1.1 uM) and antiproliferative activity in A546/cisR cells (ICsq
6.5 uM). This study suggests that the selectivity of tetra-Pt squares can be im-
proved by changing the organic linker and consequently the spatial configuration
of the square and the set of n-m-stacking interactions.

Recently, Terenzi and coworkers reported further examples of how Pt(II)-
directed self-assembly of supramolecular boxes allows the development of li-
braries of compounds where sizes, electrostatic charge, and set of non-covalent
interactions can be tuned in order to improve selectivity toward G4 motifs and
biological activity [101, 102].

4. CONCLUDING REMARKS AND FUTURE DIRECTIONS

The compounds described herein show the potential ability of metallo-supramo-
lecular compounds to bind unusual nucleic acid structures in a shape-specific
fashion. As our understanding improves of how and when different DNA and
RNA structures inside cells, so will the potential of such agents as unique drugs
become more apparent. Size, charge, and precise shape are the key to recognize
different motifs and thus their activity. There are many possible directions that
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this field could take but it is already clear that this new area of nucleic acid
shape recognition is one of enormous potential.
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ABBREVIATIONS AND DEFINITIONS

A adenine residue in DNA/RNA

AFM atomic force microscopy

bntrz 4.4'-benzene-1,3-diylbis(1-benzyl-1H-1,2,3-triazole)

bpm 2,2'-bipyrimidine

bpy 2,2'-bipyridine

chrysi 5,6-chrysenequinone diimine

dA 2’-deoxyadenosine residue

dC 2’'-deoxycytidine residue

DCs concentration required to decrease fluorescence by 50 %

dG 2’-deoxyguanosine residue

dT 2’-deoxythymidine residue

en ethylenediamine = 1,4-diazabutane

FID fluorescence intercalation displacement

FRET Forster resonance energy transfer

G4 guanosine quadruplex

hextrz 4,4'-benzene-1,3-diylbis(1-hexyl-1H-1,2,3-triazole)

Hoechst family of bis-benzimide-based fluorescent dyes to stain
DNA

1Cs half maximal inhibitory concentration

Lq quaterpyridine ligand

M enantiomer (AA) left-handed helix of a helicate

Me,bpy 4,4'-dimethyl-2,2’-bipyridine

P enantiomer (AA)  right-handed helix of a helicate

PCR polymerase chain reaction

pegtrz (1,3-bis(1-(2-(2-methoxyethoxy)ethyl)-1H-1,2,3-triazol-4-
yl)benzene)

phen 1,10-phenanthroline

T thymine residue in DNA/RNA

TACN 1,4,7-triazacyclononane ligand

TACN-Q TACN with a quinoline side arm
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Abstract: Guanine-rich sequences of DNA can readily fold into tetra-stranded helical assem-
blies known as G-quadruplexes (G4s). It has been proposed that these structures play im-
portant biological roles in transcription, translation, replication, and telomere maintenance.
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Therefore, over the past 20 years they have been investigated as potential drug targets for
small molecules including metal complexes. This chapter provides an overview of the different
classes of metal complexes as G4-binders and discusses the application of these species as
optical probes for G-quadruplexes as well as metallo-drugs.

Keywords: cancer - DNA - metallo-drugs - oncogene - optical probes - quadruplex - RNA -
telomere

1. INTRODUCTION

It has been known for several decades that guanines (G) can self-assemble into
molecular squares (known as G-tetrads) via hydrogen-bonding interactions be-
tween the Watson-Crick edge of each guanine and the Hoogsteen edge of its
neighbor (Figure 1a). Similarly, guanine-rich oligonucleotides can follow an analo-
gous hydrogen-bonding pattern to assemble under physiological conditions into
tetra-stranded helical structures known as G-quadruplexes (G4). These assemblies
can be intermolecular, where either two or four G-rich oligonucleotide strands
assemble, or intramolecular, where a single strand with several G-runs folds into
a stable G-quadruplex structure [1] (Figure 1).

Spectroscopic and structural studies have shown that these G-quadruplexes
are stabilized by physiological concentrations of alkali metal cations (such as
Na* and K™), which display electrostatic interactions with the carbonyl groups
of the guanines. In recent years, several studies have provided substantial evi-
dence showing that G4 DNA and RNA structures form in vivo and may play
important biological roles in replication, transcription, translation, and telomere
maintenance [2, 3]. Because of their proposed biological relevance, G4s have
been identified as potential drug targets, in particular for cancer [4, 5]. Conse-
quently, a large number of molecules have been developed with the aim of bind-
ing and stabilizing G4s and in doing so display some pharmacological effect.

(@) M % (b)

Figure 1. G-quadruplex DNA. (a) Schematic representation of the G-tetrad formed by
hydrogen-bonding interactions between the Watson-Crick edge of each guanine and the
Hoogsteen edge of its neighbor; (b) and (¢) two views of the X-ray crystal structure of an
intramolecular G-quadruplex DNA formed from a single oligonucleotide strand (PDB
1KF1) [1]. Figure generated with PyMol.
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2. G-QUADRUPLEXES AND THEIR BIOLOGICAL ROLES

2.1. G-Quadruplex DNA and RNA and Their Proposed
Biological Roles

Several excellent reviews discussing in detail the proposed biological roles and
evidence for G4 formation in vivo have been previously published [2, 3, 6].
Therefore, herein only a brief description will be provided. Direct evidence that
G-quadruplexes could form in cells was provided in 2001 by Pliickthun et al.
who reported a high-affinity antibody against the telomeric G4 DNA structure
and showed that these structures are present in the nucleus of the ciliate Stylony-
chia lemmae [7]. More recently, Balasubramanian et al. engineered high-affinity
antibodies that detected foci of G4 DNA in mammalian cells using immunofluo-
rescent staining [8]. On the other hand, a number of small-molecule optical
probes (some based on metal complexes as discussed below) have been used to
study G4 structures in living cells [9-11].

The highest abundance of G4s is in telomeric DNA at the ends of chromo-
somes. In humans, the telomere is composed of hundreds of TTAGGG repeats
that end in a single-stranded overhang of around 100-200 nucleobases [12]. Un-
der physiological conditions this single-stranded sequence can readily fold into
G-quadruplex structures since it is not constrained by the complementary DNA
strand. The proposed biological roles of telomeric G4s include tethering chroma-
tids together during meiosis as well as facilitating the alignment of strand ends
during recombination.

In addition to the human telomere, bioinformatic studies based on the assump-
tion that G4 structures could fold from sequences of the type G;_sX, Gs3_5X,
G3.5X;, G35 (with loops X,,, X,, X,, being between 1 and 7 bases long) showed
that in the human genome there are ca. 350,000 putative G4-forming sequences
[13, 14]. More recent bioinformatics studies (allowing for longer loops) have
predicted an even higher number of putative G4-forming sequences [15]. In addi-
tion to these bioinformatic predictions, a recent experimental high-throughput
G4-sequencing identified over 700,000 distinct G4 structures in the human ge-
nome [16]. Interestingly, the G4 structures predicted by both bioinformatics and
sequencing studies are not randomly distributed, but rather are concentrated in
gene promoters (ca. in 50 %). Therefore, it has been hypothesized that the for-
mation of G4 structures in these promoters may be a biological mechanism of
regulating transcription. In 2016 Balasubramanian et al. reported a study show-
ing the prevalence of G4s in human chromatin using an immunoprecipitation
technique. This, combined with RNA sequencing, revealed ca. 10,000 sequences
that form G4s under cellular conditions — which interestingly are mainly located
in promoters and 5’-untranslated regions (5’-UTR) of genes [17].

RNA can also fold into G4 structures in vitro. Interestingly, bioinformatic stud-
ies have shown that putative quadruplex structures are significantly conserved
and enriched in various regulatory elements including the 5’-UTR regions of
mRNAs [18]. A computational search of all annotated 5’-UTRs of the human
transcriptome, identified approximately 3000 5’-UTRs that contained putative
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G4 structures, including several proto-oncogenes [19]. Therefore, it has been
proposed that the G4 RNA structures may play a regulatory role in translation
[20]. However, a recent study using reverse transcriptase stop assays and chemi-
cal footprinting showed that, while G4 RNA structures form readily in vitro and
are stable, in mammalian cells they are unfolded by helicases and therefore the
number of G4 RNAs in vivo is significantly less than initially predicted [21].

2.2. G-Quadruplexes as Drug Targets

Since G-quadruplexes have been implicated in several essential biological roles,
they have been proposed as drug targets. Consequently, there has been great
interest in developing small molecules that can bind, template and/or stabilize
G-quadruplexes. Several excellent reviews have been published in this area and
the reader is directed to these publications [3, 4, 22, 23].

Initially, most molecules designed to interact with G-quadruplexes where
based on purely organic compounds, more specifically on polyaromatic systems
featuring positive charges — e.g., with protonatable amine substituents — to in-
crease their water solubility and DNA affinity. In 1997 Hurley, Neidle, and co-
workers published a landmark study in which they demonstrated that a di-substi-
tuted 2,6-diamidoanthraquinone could bind to G-quadruplex DNA from the
human telomeric sequence [TTAGGG], in preference to other DNA topologies
[24]. They also showed that the compound was able to inhibit the activity of
telomerase, a reverse transcriptase overexpressed in most human cancer cells
but not in normal somatic cells. This study set the basis for the development of
several other polyaromatic molecules designed to target G-quadruplex DNA.
While initial studies mainly focused on G4-mediated telomerase inhibition, re-
cent investigations have shown that the effects caused by G4 binders are more
complex. In particular, it has become increasingly evident that targeting G4s
with small molecules can cause DNA damage to susceptible cancer cells [23].

Bioinformatic and experimental studies have identified that a large proportion
of G4-forming sequences are located in promoters of oncogenes. Consequently,
it has been proposed that G4 formation in these regions can regulate gene tran-
scription and therefore G4s in oncogene (e.g., c-myc, KRAS, kit, BCL2) promot-
ers have been proposed as drug targets [4, 5].

3. METAL COMPLEXES AS G-QUADRUPLEX BINDERS

Metal complexes have a number of features that make them particularly suitable
as G4 DNA binders and therefore as potential drugs [25]. A metal ion coordinat-
ed to planar aromatic ligands withdraws electron density from the organic frame-
work increasing its ability to display m-m stacking interactions with the guanine
tetrad. Furthermore, coordinated metals can provide a positive charge to the
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Figure 2. Chemical structures of the first classes of metal complexes to be reported as
G-quadruplex binders (a) metal porphyrins; (b) metal salphens; (¢) metal terpyridines;
(d) di-ruthenium complex.

entire complex and take the position that would normally be occupied by K™ at
the external G-tetrad of a G4 structure. While the metal plays largely a structural
role in most G4 binders, there are also examples where it interacts directly with
Gd4s by electrostatic interactions or direct coordination with nucleobases [25, 26].
The first examples of G-quadruplex binders based on metal complexes were
reported in the 2000s. These included square planar or square-based pyramidal
metal complexes with porphyrins [27-30], salphens [31, 32], and terpyridines [33],
as well as octahedral Ru-polypyridyl complexes [34] (Figure 2). Since these
pioneering studies, there have been hundreds of reports of metal complexes as
G4 binders [25, 26, 35].

3.1. Metal Complexes that Bind via Non-covalent Interactions
3.1.1. Planar Complexes Based on Macrocycles

Porphyrins and other poly-aromatic macrocycles have been widely studied as G4
DNA binders due to their well-matched size and symmetry with the G-tetrad.
Indeed, metalloporphyrins were the first reported examples of metal-based G4
DNA binders (see Figure 3) [27, 29]. They predominantly bind via m-7t stacking
interactions on top of the G-tetrads at the termini of the quadruplexes. While
the interaction of unsubstituted hemin porphyrins with G4 DNA structures has
been reported, metalloporphyrins featuring cationic meso substituents have
shown to be better G4 DNA binders since they can display electrostatic interac-
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Figure 3. Representative examples of G4 binders based on metal-porphyrin complexes.

tions with the negatively charged phosphate backbone of DNA. In addition,
the presence of the metal ion in the corresponding metalloporphyrins has been
proposed to engage in further electrostatic interactions with G4 DNA. The na-
ture of both the metal center and the meso substituents on the porphyrin are
key parameters in determining the affinity and selectivity of the resulting metal
complexes.

Many of the metalloporphyrins studied as G4 DNA binders (e.g., 1-9) are
based on the well-known tetra-(N-methyl-4-pyridyl)porphyrin (TMPyP4) ligand
(Figure 3). Complexes with a square planar geometry (e.g. with Cu'") or square-
based pyramidal geometry (e.g., with Zn') [27, 36] have high affinities towards
G4 DNA structures. This is due to the ability of the planar face(s) to stack on
top of the G-tetrad. On the other hand, complexes with an octahedral geometry
would not be expected to be good G-quadruplex binders. Interestingly, some
octahedral complexes such as Mn-TMPyP4 with two axial water ligands coordi-
nated to Mn'" also have high affinity toward G4 DNA. Indeed, the manga-
nese(I1I)-porphyrin 10 reported by Meunier, Pratviel et al. has been shown to
have a 1000-fold selectivity for G4 over duplex DNA [37].

Another class of macrocycles that have been reported to be good G4 binders
are phthalocyanines (Figure 4) [38-40] that have a large planar ; system well
suited to interact with the G-tetrad. Amongst the best examples of this family
are the guanidinium-substituted phtalocyanine zinc(II) complexes (15-17) report-
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Figure 4. Representative examples of G4 binders based on metal-phthalocyanine com-
plexes.

ed by Luedtke et al., which have a very high affinity for a range of G-quadruplex-
es including human telomeric (HTelo) and c-myc DNA [38].

3.1.2.  Planar Complexes with Acyclic Polydentate Ligands

The first examples of metal salphen complexes as G4 binders were reported by
Vilar et al. in 2006 [31]. The relative ease of synthesis and structural flexibility
of these compounds makes them an ideal scaffold to generate libraries of com-
pounds (Figure 5) and study their DNA binding properties. The geometry, size,
and electronic properties of these complexes can be readily modified by changing
the metal center (e.g., square-planar with Ni'!, Cu", and Pt", square-base pyram-
idal with V=0 or distorted trigonal bipyramidal with Zn'), or the nature and
position of the substituents on the salphen ligand. This has led to a large number
of compounds being reported with affinities towards G4-DNA (mainly HTelo
and c-myc) ranging between 103 and 107 M ! and with various levels of selectivi-
ty over duplex DNA [32, 41-47]. More recently, di-nuclear complexes where two
nickel-salphen units are linked via polyethylene glycol spacers have been shown
to have higher selectivity for dimeric G4 over monomeric G4 structures [48].

The end-stacking binding mode of this type of binders was confirmed by two
X-ray crystal structures of metal-salphens (23 and 24) bound to a parallel bimo-
lecular quadruplex (Figure 6) [41]. The corresponding metal center (either Nil
or Cu") is positioned almost in line with the channel formed by the K* ions
bound to the G4 structure. This confirmed the initial design principle that a
metal complex would be better suited to interact with G4s than purely organic
species.
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Figure 5. Representative examples of G4 binders based on metal-salphen complexes.

Figure 6. Two views of the X-ray crystal structure of Ni-salphen bound to G4 DNA.
Figure generated from PDB 3QSC [42] using PyMol.

Another important family of G4 binders are metal complexes coordinated to
tripyridyl ligands. Metal terpyridines were first reported as G4 binders in 2007
by Teulade-Fichou et al. in a study showing that the geometry of the resulting
complex dictated its affinity and selectivity for G4 DNA [33]. It was shown that
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Figure 7. Examples of G4 binders based on metal complexes with tripyridyl ligands.

G4 binding of terpyridine complexes with Cu'!, Pt"", Zn"! and Ru'" (Figure 7)
differed greatly, and only those complexes with at least one accessible planar
surface to engage in effective m-mv stacking with the G-tetrad, bind well to G-
quadruplexes. Analogous observations have been reported by other groups using
different terpyridines (Figure 7) [49, 50] that have confirmed that the best G4
DNA binders are those with a square-planar geometry and therefore most subse-
quent studies have focused on complexes with Pt'L.

While metal-terpyridines interact with the G-tetrad via m-r stacking interactions,
over time they can also display direct coordination of the metal center with bases
present in the loops of the G4 structure (e.g., adenines present in the loop of HTelo
G4). Interestingly, extending the aromatic surface of the terpyridine (54) retains the
complex’s high affinity for G4 but prevents metalation [51]. More recently, a
combined NMR and gel electrophoresis analysis has provided further evidence
that 45 binds to c-myc G4 DNA via a combination of m-i stacking and direct
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coordination [52]. It has also been shown that Pd" complexes with terpyridines
and analogous tridentate ligands (Figure 7) often have higher affinities for G4
DNA than the Pt!! counterparts [53]. This is due to the Pd" center having a higher
propensity to coordinate to bases in the G4 loops than Pt

Several other metal complexes with substituted terpyridines have been studied
as G-quadruplex DNA binders. This includes photoactivatable Pt"!-terpyridines
with the ability to bind to G4 DNA via non-covalent interactions, platination
and photo-crosslinking [54] as well as Pt"- and Cu'-terpyridine complexes with
an anthracene moiety added to the terpyridine ligand [55]. There have also been
reports of Pt!-terpyridine complexes where the fourth coordination position on
the metal center is occupied by an alkynyl ligand yielding compounds with high
affinity for HTelo and c-myc G4-DNA [56]. Che et al. have reported a series of
luminescent Pt'' complexes coordinated to tridentate ligands (e.g., 55-57) as
good c-myc G4 binders (see Section 4) [57].

Metal-terpyridines have been functionalized with a second coordinating ligand
to yield bi-metallic complexes with very high affinity towards G4 DNA [58, 59].
In addition to these bi-metallic complexes, di-Pt'" complexes have also been re-
ported where two Pt'-terpyridine units are linked via alkyl spacers [60]. Some
of these complexes displayed high affinity for c-myc G4 DNA that is retained
even in the presence of a 600-fold excess of competing duplex DNA.

Figure 8. Examples of G4 binders based on square planar complexes with phenanthro-
line derivatives.
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Several other complexes with polypyridyl ligands — mainly based on phenan-
throline derivatives — have been studied as G4 DNA binders (Figure 8). Vilar et
al. reported that Pt'T complexes 61 and 62 had good affinity and selectivity for
G4 HTelo DNA; 61 displayed telomerase inhibition activity [61] while 62 was
used for cellular imaging [62] (see Sections 4 and 5). Sleiman et al. reported a
series of Pt!! phenylphenanthroimidazole complexes (63-65) with high affinity
for G4 DNA [63, 64]. Molecular modelling studies showed that the complexes
can efficiently interact with the G-tetrad via m-; stacking interactions. Che and
coworkers reported a series of Pt complexes containing dipyridophenazine
(dppz) and C-deprotonated 2-phenylpyridine ligands (66-70); complex 66
showed to have high affinity (ca. 107 M™!) for G4 HTelo DNA and displayed a
large increase in emission intensity (293-fold) upon binding [65]. On the other
hand, Sissi et al. reported that the —S or -NR bridged phenanthroline complexes
71-74 can stabilize the melting temperature of G4 DNA by up to 30°C — while
the free ligand did not show significant binding affinity to G4 [66].

3.1.3.  Octahedral Complexes and Supramolecular Metallo-Assemblies

The complexes discussed in the previous section are square planar (or square-
based pyramidal) and therefore in most cases the metal is located within the
unit that stacks on top of the G-tetrads. In this section we will discuss G4 binders
with octahedral geometries containing ligands that have a large planar aromatic
surface for efficient m-m stacking interactions with the G-tetrad. In these cases
the metal center is normally located on the side of the G-tetrad rather than
forming part of the m-r stacking unit — which is similar to what is observed when
octahedral metal complexes intercalate into duplex DNA. Thomas et al. reported
in 2006 that the di-ruthenium complexes 75 and 76 (Figure 9) interact with both
calf thymus (CT) DNA and with HTelo G-quadruplex DNA [34]. These com-
plexes displayed an increase in emission intensity upon binding to DNA (2.5
higher when interacting with G4 than with CT-DNA), a blue-shift and different
emission lifetimes when bound to each of the two topologies (with longer life-
times when bound to G4 DNA). A subsequent study with 75 showed that its AA
isomer has a ca. 40-times higher affinity for HTelo G4 DNA than the AA isomer.
In this study, the binding mode of the compound to G4 DNA was also investigat-
ed by NMR spectroscopy and molecular dynamics calculations [67]. These stud-
ies established that 75 binds to both ends of the G4 structure and that the AA
isomer (but not the AA isomer) fits well under the diagonal loop (Figure 10)
providing a structural rational for the differences in G4 DNA affinity between
the two stereoisomers.

Following these first reports, several octahedral ruthenium complexes have
been reported as good G4 binders (Figure 9) [68-72]. In most cases, they also
exhibit a fluorescence ‘switch-on’ effect making them attractive scaffolds for the
development of DNA optical probes (see below).

Although the vast majority of octahedral G4 binders are based on Ru!! com-
plexes, some examples with Ir'!! have also been reported (Figure 9) [73-75].
Sleiman et al. showed that complexes with the general formula [Ir(ppy),(N*N)]*
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Figure 9. Representative examples of G4 binders based on octahedral mono- and di-
metal complexes.

Figure 10. Structure of the di-Ru complex AA-75 bound to G4 DNA. The structure (top
view, (a) and side view (b)) shows how the AA isomer of complex 75 threads through the
loop and the G-tetrad. Figure generated from PDB 2MCO [67] using PyMol.

(where ppy = 2-phenylpyridinato and N*N = derivatives of phenylimidazole phen-
anthrolines — e.g., complexes 84-87) bind to HTelo G4 DNA with low micromolar
affinities [73]. Several other octahedral iridium(III) complexes such as 88 and 89
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Figure 11. Examples of poly-nuclear assemblies that have been studied as G4 DNA
binders.

(Figure 9) have been reported by Ma, Leung, and coworkers as G-quadruplex DNA
binders [74, 76].

Another class of non-planar systems that can display excellent G-quadruplex
binding properties, are supramolecular metallo-assemblies. In 2008 Sleiman et
al. reported the first example of this type of systems as G4 DNA binder [77]. It
was shown that the Pt'-square 90 has a high binding affinity towards the HTelo
G4 DNA. Molecular modelling studies suggested that this metallo-assembly in-
teracts with G4 DNA thanks to the square arrangement of the bipyridyl bridging
ligands, the high electrostatic charge of the assembly and the hydrogen bonding
interactions between the ethylendiamine ligands (coordinated to each Pt!! cen-
ter) and the phosphate backbone of DNA. Following this study, several other
supramolecular metallo-assemblies including cubes [78], helicates [79], rectangles
[80], and other squares [81-83] have been reported as good G4 DNA binders.

In a different approach, Mao et al. have reported that the tri-platinum(II)
complexes 92 and 93 (as well as di-Pt'" analogues) have high affinity for HTelo
G4 DNA over duplex DNA and, more interestingly, over other G4 structures
such as c-myc and BCL2 [84-86].
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Figure 12. Examples of complexes that interact with G4 DNA via a combined mt-stacking
and coordination binding mode.

3.2. Direct Coordination of the Metal to G-Quadruplexes

It is also possible for metal complexes to interact with G4 structures via direct
coordination between the metal center and nucleobases. As has already been men-
tioned above, some Pt and Pd" terpyridine complexes interact with G4 DNA,
not only via m-7t stacking, but also by direct coordination [51, 53]. Other examples
of complexes that metallate G4 DNA are based on a dual binding mode, namely
a polyaromatic unit designed to interact with the G-tetrad via m-t stacking linked
to a platinum(II) complex able to coordinate to nucleobases (Figure 12).

Bierbach and coworkers have reported a series of complexes (94-97) using this
approach and showed that they have higher kinetic preference for platination at
adenine (N7 site) over guanine [87-89]. Bombard et al. have reported other
complexes that platinate G4 DNA [90, 91], for example 99 which binds preferen-
tially and irreversibly to G4 HTelo DNA. Interestingly, this complex also showed
a different binding profile than the unsubstitued Pt-NHC unit indicating that the
pyridodicarboxamide is important in directing the complex to the G4 structure
[91].

4. METAL-BASED OPTICAL PROBES
FOR G-QUADRUPLEXES

The luminescence of several metal complexes (mainly with Pt and Ru'") has
been exploited to develop optical probes to detect and visualize G4s. This con-
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tributes significantly to the development of potential metallo-drugs since it al-
lows the study of G4 binding in vitro, and establishes cellular uptake and localiza-
tion of the complexes. The general area of optical probes for G-quadruplexes
has been previously reviewed by Luedtke et al. [92] and Teulade-Fichou et al.
[93].

Most G4 optical probes based on metal complexes, are switch-on probes,
namely compounds that have low or no emission under physiological conditions
and upon interaction with DNA their emission intensity increases. The Ru!! com-
pounds 75 and 76 were the first examples of metal complexes used as in vitro
switch-on probes for G-quadruplexes [34]. In addition to displaying an increase
in emission intensity upon DNA binding, these complexes also showed a blue-
shift and a different emission lifetime when bound to G4 as compared to dsDNA.
A confocal microscopy study using breast cancer MCF-7 cells, showed that com-
plex 76 is cell-permeable, localizes in the nucleus, and binds to DNA [10]. Fur-
thermore, lambda stacking experiments (i.e., measuring emission intensity across
a range of wavelengths with a single excitation wavelength) showed two different
emission maxima at ca. 680 and 630 nm in cells corresponding to approximately
the same values observed in vitro for duplex DNA and G4 DNA. Following
these initial studies by Thomas [10, 34], most Ru'' complexes reported to date
as G4 DNA binders have been shown to be switch-on probes displaying a range
of selectivities for G4 versus duplex DNA. While most studies have only focussed
on in vitro studies [69, 94, 95], the cellular uptake and localization of some of
these Ru'" complexes have also been investigated [68, 72, 96]. For example, Mon-
chaud et al. have reported that complexes 82 and 83 display up to 330-fold
luminescence enhancement upon interaction with G4 DNA [72]. This study also
showed that complex 82 is cell-permeable (using melanoma B16F10 cell line)
staining the nucleoli and perinuclear cytoplasmic foci.

More recently, octahedral Ir™" cyclometallated complexes have also been
shown to act as switch-on probes for G4 DNA. For example, upon binding to
HTelo G4 DNA, complexes 84-89 displayed enhanced luminescence with the
best complex displaying a 53-fold increase as well as a 42 nm blue-shift. Interest-
ingly, this switch-on effect was not observed with duplex or single-stranded DNA
[73]. The switch-on effect displayed by 88 when bound to G4 DNA has been
successfully employed as a luminescent test for hepatitis C virus NS3 helicase
activity [74].

Pt complexes are the other large class of compounds that have been studied
as switch-on optical probes for G4 DNA. Examples of this type of probes include
Pt complexes 66-69 coordinated to dipyridophenazine ligands [65], 62 coordi-
nated to a substituted phenanthroline [62] and several Pt!-salphen complexes
(e.g., 27 and 32-35) [42, 46]. The platinum-dipyridophenazine derivatives show
significant increase in their photoluminescence upon G4 DNA binding (ca. 290-
fold for 66) as well as telomerase inhibition activity (see below). Although most
Pt'l-based optical probes for G4 DNA have been studied in vitro via emission
spectroscopy, a number of complexes have also been investigated in cells. For
example, 62, which has a 1000-fold higher affinity for c-myc and HTelo G4 than
for duplex DNA, was investigated both in vitro and in cells [62]. Although the

printed on 2/13/2023 2:44 AMvia . All use subject to https://ww.ebsco.confterms-of-use



EBSCChost -

340 VILAR

complex is not taken up by cells (osteosarcoma U20S) on its own, when encap-
sulated inside a ruthenium supramolecular cage known to act as ‘transporter’, it
is readily internalized and a significant proportion of 62 stains the cell nucleus
as shown by confocal microscopy. Interestingly, while this probe interacts with
DNA it does not co-localize with DAPI (a duplex DNA minor groove binder)
suggesting that it might be preferentially binding to alternative DNA topologies.

Two studies have shown that metal-salphen complexes are cell permeable and
localize in the nucleus. The first of these studies showed that 27 has higher affini-
ty for G4 DNA than for duplex DNA and upon binding its emission is switched
on [42]. Confocal microscopy studies with HeLa cells incubated with 27 showed
that the complex is cell-permeable and localizes in the nucleus (with some dis-
tinct nucleoli staining). In the second study, Ni' and Pd" salphen complexes (41
and 42) were made emissive by introducing fluorescein as part of the ligand’s
backbone [43]. These complexes were incubated with cancer cells HEK 293T
and A549 and confocal microscopy studies showed that they are cell-permeable
and accumulate in the nucleus and mitochondria.

Luedtke et al. reported that the Zn'-phthalocyanine 16 is an excellent G4
binder and can be used as optical probe [38]. This complex displays a ca. 200-
fold increase in its photoluminescence upon interaction with G4 structures and a
selectivity of ca. 5000-fold higher for G4 (c-myc) than for CT-DNA. In addition,
confocal microscopy also showed that 16 is taken up by a wide range of live
cells including HeLa, MCF7, B16F10, SH-SYSY, E. coli BL-21, and SK-Mel-28.
Interestingly, the cellular localization of this probe was significantly different to
that of well-established duplex DNA probes suggesting that its cellular target
could be non-canonical DNA structures.

5. BIOLOGICAL ACTIVITY OF METAL-BASED
G-QUADRUPLEX BINDERS

As has been discussed in the preceding sections there are now many metal com-
plexes that display excellent in vitro affinity for G-quadruplexes as well as good
selectivity over duplex DNA. In some cases, cellular studies with the correspond-
ing complexes have been performed to establish their biological activity. How-
ever, to date there is still very little direct evidence linking the targeting of G4s
by metal complexes with their observed cellular effects (e.g., cytotoxicity against
cancer cell lines). The following two sections discuss a selection of complexes
that have been shown to bind either HTelo DNA or oncogene promoters in vitro
and for which biological studies have shown the potential of these complexes as
metallo-drugs.

5.1. Metallo-Binders that Target Telomeric G4

As explained in Section 2.2, the stabilization of G4 structures in telomeric DNA
has been shown to inhibit the activity of telomerase (which is overexpressed in

printed on 2/13/2023 2:44 AMvia . All use subject to https://ww.ebsco.confterms-of-use



EBSCChost -

NUCLEIC ACID QUADRUPLEXES AND METALLO-DRUGS 341

more than 85 % of cancer cells). The telomerase repeat amplification protocol
(TRAP) assay is a cell-free method that is extensively used to assess the inhibi-
tion of telomerase by G4 binders. However, it is important to note that the
original TRAP assay often overestimates the activity of compounds as telomer-
ase inhibitors since it does not account for the possible inhibition of the polymer-
ase used in the assay by the compounds under study. Some protocols such as the
TRAP-LIG [97] and TRAP-G4 [98] assays have been subsequently reported
which overcome some of the problems of the original method.

Several of the studies reporting ECs, values for telomerase, have been aimed at
establishing a structure activity relation (SAR) for the complexes under investiga-
tion and correlate the G4 binding properties of the compounds with their ability
to inhibit telomerase. Some of the parameters that have been investigated are
metal geometry, overall charge of the complex and the number and nature of the
ligand substituents. For example, in 2001 Hurley et al. studied a wide range of
substituted porphyrins including TMPyP4 complexes with Ni'!, Pd", Pt", Co!,
Cull, Mn""", Fe"!, and Mg"" [27]. Using a cell-free primer extension assay, the study
suggested that those complexes with an unhindered face for stacking were better
inhibitors. Thus, the square planar Cu'! and square-based pyramidal Zn'' complex-
es displayed 75 % and 88 % inhibition, respectively, at 25 uM, while octahedral
complexes such as those with Mg and Mn'! showed lower activity (42 and 37 %,
respectively). However, the SAR with some of the other metal complexes was
not as straightforward since the octahedral Fe™! complex showed reasonably high
inhibition at 67 %. Three subsequent studies by Pratviel et al. showed that Mn™"
and Ni'l complexes with substituted TMPyP4 porphyrins, such as 10 and 12, also
had telomerase inhibitory activity at low uM concentrations (ECsy = 0.6 for 10
using the TRAP assay) [28, 30, 37]. Similarly, metallo-phthalocyanines were shown
to inhibit telomerase with ECsy of 2.1 uM [99].

The other large family of complexes for which telomerase inhibition data has
been reported are metal-salphens. The Ni'l and Cu' complexes 20, 23 and 24
have ECsy values of 11.7, 19.2, and 3.6 uM, respectively (with the modified
TRAP-LIG assay), however, there was no clear correlation between these values
and the affinity of the complexes for G4 HTelo DNA [41]. In this work, it was
also shown that 20, 23, and 24 are significantly cytotoxic (ICs, values between
0.8 and 6.4 uM) against several cancer cell lines including MCS7, A549, RCC4,
and Mia-PaCa-2, although they also showed to be active against the non-cancer
cell line WI38. On the other hand, 41 (with a much larger m-aromatic system)
displayed high telomerase inhibition activity with an ECsq of 0.9 uM using the
TRAP-LIG assay [43]. Interestingly, this complex showed to have poor cytotox-
icity on HEK 293T and HeLa in the short-term (72 h), however, a long-term
viability assay (15 day) showed the complex to be cytotoxic. Similarly, the imida-
zolium-substituted nickel-salphen complexes 36-39 have good affinity for G4
Htelo DNA and display high telomerase inhibition; in particular, 39 with the
imidazolium substituents in ortho position displays excellent inhibition towards
telomerase with an ECs, value of 70 nM (using the TRAP-G4) [44].

Telomerase inhibition studies with several Pt complexes coordinated to deriv-
atives of phenanthrolines have also been reported. 61 was the first of this series

printed on 2/13/2023 2:44 AMvia . All use subject to https://ww.ebsco.confterms-of-use



EBSCChost -

342 VILAR

of compounds to be investigated as telomerase inhibitor showing a modest ECs
of 49.5 uM (using the TRAP-LIG assay); in contrast, the uncoordinated ligand
did not show significant activity (ECso > 200 uM) highlighting the importance of
the metal center in the telomerase-inhibition activity [61]. On the other hand,
the Pt'f complex 63 is a potent inhibitor of telomerase in vitro (100 % inhibition
at 50 uM using the TRAP-LIG assay) [64], it inhibits the seeding capacity of
A549 lung cancer cells and decreases the average telomere length of A549 cells
over time [100].

Octahedral complexes have also been shown to be telomerase inhibitors. For
example, the enantiomerically pure A-77 complex (with much higher G4 DNA
affinity than the A-77 isomer) inhibits telomerase in a dose-response fashion
(with concentrations between 1 and 32 uM) while the A-77 enantiomer is a poor
telomerase inhibitor [68]. The antiproliferative properties of both A- and A-77
were investigated using the MTT assay against various cancer cell lines (i.e.,
HepG2, A549, HeLa, and SW62) and mouse fibroblast (NIH/3T3), showing that
A-T77 is generally more cytotoxic than A-77, and particularly against cancer cells
(ICsg between 4.4 and 32 uM). On the other hand, the molecular square 90
showed to be very active as telomerase inhibitor with ECsq=0.2 uM (using a
modified version of the original TRAP assay) [77].

While significant telomerase inhibition data has now been reported for many
G4 binders, no clear SAR has emerged encompassing all the complexes. As
indicated above, part of the problem is the differences in how the TRAP assay
is performed as well as the fact that potentially more than one effect — not only
telomerase inhibition — is being measured in this assay. It has also become evi-
dent that the interplay between telomerase, telomeric DNA, and telomere-bind-
ing proteins (such as POT1 and TRF2) in cells is very complex. Therefore, the
effects of G4-binding compounds in telomere biology is expected to be far more
complex than what the cell-free TRAP assay unveils. Some studies with metal
complexes have already been carried out towards this aim. For example Pratviel
et al. have shown that a Ni'l-porphyrin with four phenyl guanidinium substitu-
ents, has high in vitro affinity for telomeric G4 DNA, is able to displace hPOT1
from telomeres, and has a moderate antiproliferative effect on A549 cells [101].
On the other hand, Bombard et al. reported detailed cellular studies with the
platinating complex 99 using the ovarian cancer A2780 and A2780cis cell lines,
which are sensitive and resistant to the antitumor drug cisplatin, respectively
[91]. The complex was shown to have good cellular permeability and ICsq values
of 8 and 15 uM for these cell lines, respectively. One of the key findings of this
study was that 99 induces a significant loss of TRF2 (a protein that is essential
for telomere maintenance) from telomeres. Interestingly, the displacement of
TREF?2 by this compound was significantly higher than any of its individual com-
ponents suggesting an important synergistic effect between the coordinating Pt
moiety and the G4-DNA binding group of the conjugate.

One of the observed consequences of G4 stabilization by small molecules is
an increase in DNA damage and some studies with metal complexes have ex-
plored this approach. For example, the Pt-terpyridine complex 48, which has
high affinity for G4 HTelo DNA, has been shown to enhance the sensitivity to
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ionizing radiation of human glioblastoma (SF763 and SF767) and non-small cell
lung cancer (A549 and H1299) cells [102]. This complex displayed sub-uM anti-
proliferative properties against these cancer cell lines and, when non-toxic con-
centrations of the complex were used, radiosensensitization of all cell lines was
observed. It was proposed that this effect might by due to DNA damage induced
by 48, especially in the telomeric region — although it cannot be excluded that
the observed effects are due to the interaction of the compound with other G4-
forming regions such as those found in promoters of oncogenes. In a different
study, Mao et al. have shown that the tri-Pt complexes 92 and 93 have a high
affinity and selectivity for G4 HTelo DNA in vitro and inhibit telomerase (using
the TRAP assay) [86]. The effects of these complexes on cells were investigated
showing that they have comparable cytotoxicity to cisplatin not only in telomer-
ase-positive cancer cells (HeLa, A549, and HTC75) but also in telomerase-nega-
tive ALT cells (SAOS2, U20S, and VA13). While these observations would not
be consistent with the inhibition of telomerase in cells, the complexes display
a strong telomeric DNA damage response in HeLa cells resulting in telomere
dysfunction and cell senescence.

The selective cleavage of telomeric DNA is another potential approach for
anticancer agents. Recently, Yu, Han, and Cowan showed that a Cu'! complex
attached to acridine, binds selectively to HTelo G4 DNA structures (over duplex
DNA) and cleaves it irreversibly — in preference to HTelo DNA folded in differ-
ent structures [103]. The complex also showed to induce senescence and apopto-
sis in breast cancer cells (MCF7), as well as shortening of the telomere after 7
days treatment.

5.2. Metallo-Binders that Target Gene Promoters

As discussed in Section 2.2, stabilizing G4s in oncogene promoters could lead to
downregulation of the corresponding gene and therefore provide a new target
for the development of anticancer agents [4]. Luedtke et al. showed that the
Zn"-phthalocyanine 16 localizes in the cell nucleus (see Section 4) and also
downregulates c-myc expression [38]. Addition of a non-cytotoxic concentration
(1 uM) of this complex to neuroblastoma cells (SH-SY5Y) followed by a quanti-
tative reverse transcription-polymerase chain reaction (qRT-PCR) analysis,
showed a time-dependent decrease in c-myc expression (up to threefold).

Two other studies reported that the Pt'-salphen and Pt"-benzimidazole com-
plexes 32-35 and 55-57, respectively [46, 57], have a high affinity for c-myc G4
structures. The levels of c-myc mRNA from hepatocarcinoma cells (HepG2)
were determined after they had been incubated with different doses of the com-
pounds under study. It was shown that some of these complexes induced a signifi-
cant decrease in the levels of c-myc mRNA (determined by RT-PCR rather than
the more accurate qRT-PCR), with 55 being one of the most potent complexes
(ICsq of ca. 17 uM).

The Pt'" assembly 91 has high affinity towards c-kit and BCL2 G4 structures
(although it also has high affinity towards dsDNA) [82]. mRNA levels of c-
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kit and BCL2 were determined by qRT-PCR after treating cancer cells (VM-1
melanoma cells for c-kit and MCF-7 breast cancer cells for BCL2) with 91. For
both these genes, a significant reduction on mRNA levels was observed after 24-
hour incubation with 91.

An unusual metal-mediated upregulation of c-myc has been recently reported
by Vdazquez, Mascareiias et al. [104]. When the complex [Ru(terpy)(bpy)Cl]*
was added to the c-myc sequence d[TTGAG;TG3TAG3;TG;TAjz] in 100 mM KCI
(to form the G4) and irradiated (A =455 nm), the clean formation of a mono-
adduct between [Ru(terpy)(bpy)]** and c-myc was observed. It was also deter-
mined that the metallation occurs exclusively in the first guanine of the sequence,
which is not involved in the G4 structure. Prompted by this observation, they
investigated whether the complex could regulate the expression of c-myc when
added to cells (HeLa and Vero). Surprisingly, they observed an increase in the
amount of c-myc mRNA (measured by qRT-PCR) rather than a downregulation
as has been observed in most cases when small molecules interact with the c-myc
promoter.

6. CONCLUDING REMARKS AND FUTURE DIRECTIONS

Since the first reports in the early 2000s that metal complexes can be effective
G-quadruplex binders, the field has expanded rapidly. Several families of com-
pounds ranging from planar mono-metallic complexes to multi-metallic supra-
molecular assemblies have been successfully developed as G4 binders. Some of
them have been used as optical probes (both in vitro and in cells) while others
have shown to be cytotoxic.

Unveiling the exact biomolecular target(s) of metal complexes and therefore
establishing whether they indeed bind to G4s in cells, is a challenging and excit-
ing problem that will likely be the main focus of future research in this area. This
will require the development of metal complexes with much higher selectivity
for G4 DNA, better biocompatibility, and useful functionalities (such as optical
properties).
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ABBREVIATIONS
ALT alternative lengthening of telomeres
bpy bipyridine

BCL2 B-cell lymphoma-2
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CI-DNA calf thymus DNA

DAPI 4’,6-diamidino-2-phenylindole

dppz dipyridophenazine

ECs, half maximal effective concentration

G4 guanine quadruplex

HTelo human telomeric

1Cs, half maximal inhibitory concentration

KRAS Kirsten rat sarcoma

MTT 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide
NHC N-heterocyclic carbene

POT1 protection of telomeres protein 1

190% 2-phenylpyridinato

qRT-PCR quantitative reverse transcription-polymerase chain reaction
SAR structure-activity relationship

terpy terpyridine

TMPyP4 tetra-(N-methyl-4-pyridyl)porphyrin

TRAP telomerase repeat amplification protocol

TRAP-LIG a modified telomerase repeat amplification protocol (TRAP)

that accounts for possible inhibition of polymerase by the ligand
being tested

TRF2 telomeric repeat-binding factor 2
5-UTR 5’-untranslated region

REFERENCES

1
2
3

4.

[o)}

10.

11.

12.

13

EBSCChost - printed on

. G. N. Parkinson, M. P. H. Lee, S. Neidle, Nature 2002, 417, 876-880.

. D. Rhodes, H. J. Lipps, Nucleic Acids Res. 2015, 43, 8627-8637.

. R. Hansel-Hertsch, M. Di Antonio, S. Balasubramanian, Nat. Rev. Mol. Cell Biol.

2017, 18, 279-284.

S. Balasubramanian, L. H. Hurley, S. Neidle, Nat. Rev. Drug Discovery 2011, 10, 261—

275.

. S. Neidle, J. Med. Chem. 2016, 59, 5987-6011.

. P. Murat, S. Balasubramanian, Curr. Opin. Genet. Dev. 2014, 25, 22-29.

. C. Schaffitzel, I. Berger, J. Postberg, J. Hanes, H. J. Lipps, A. Pliickthun, Proc. Natl.
Acad. Sci. USA 2001, 98, 8572-85717.

. G. Biffi, D. Tannabhill, J. McCafferty, S. Balasubramanian, Nat. Chem. 2013, 5, 182—
186.

. A. Shivalingam, M. A. Izquierdo, A. L. Marois, A. Vysniauskas, K. Suhling, M. K.

Kuimova, R. Vilar, Nat. Commun. 2015, 6, 8178.

M. R. Gill, J. Garcia-Lara, S. J. Foster, C. Smythe, G. Battaglia, J. A. Thomas, Nat.

Chem. 2009, 1, 662-667.

W.-C. Huang, T.-Y. Tseng, Y.-T. Chen, C.-C. Chang, Z.-F. Wang, C.-L. Wang, T.-N.

Hsu, P-T. Li, C.-T. Chen, J.-J. Lin, P-J. Lou, T.-C. Chang, Nucleic Acids Res. 2015,

43,10102-10113.

W. E. Wright, V. M. Tesmer, K. E. Huffman, S. D. Levene, J. W. Shay, Genes Dev.

1997, 11, 2801-2809.

. A. K. Todd, M. Johnston, S. Neidle, Nucleic Acids Res. 2005, 33, 2901-2907.

2/13/2023 2:44 AMvia . All use subject to https://wm. ebsco.coniterns-of -use



EBSCChost -

346

14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.

29.
30.

31.
32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

VILAR

J. L. Huppert, S. Balasubramanian, Nucleic Acids Res. 2005, 33, 2908-2916.

A. Bedrat, J.-L. Mergny, L. Lacroix, Nucleic Acids Res. 2016, 44, 1746-1759.

S. Chambers Vicki, G. Marsico, M. Boutell Jonathan, P. Smith Geoffrey, M. Di
Antonio, S. Balasubramanian, Nat. Biotechnol. 2015, 33, 877-881.

R. Hansel-Hertsch, D. Beraldi, S. V. Lensing, G. Marsico, K. Zyner, A. Parry, M. Di
Antonio, J. Pike, H. Kimura, M. Narita, D. Tannahill, S. Balasubramanian, Nat.
Genet. 2016, 48, 1267-1272.

J.-D. Beaudoin, J.-P. Perreault, Nucleic Acids Res. 2010, 38, 7022-7036.

J. L. Huppert, A. Bugaut, S. Kumari, S. Balasubramanian, Nucleic Acids Res. 2008,
36, 6260-6268.

S. Kumari, A. Bugaut, J. L. Huppert, S. Balasubramanian, Nat. Chem. Biol. 2007, 3,
218-221.

J. U. Guo, D. P. Bartel, Science 2016, 353, 1382.

S. A. Ohnmacht, S. Neidle, Bioorg. Med. Chem. Lett. 2014, 24, 2602-2612.

S. Neidle, Nature Reviews Chemistry 2017, 1, 10.

D. Sun, B. Thompson, B. E. Cathers, M. Salazar, S. M. Kerwin, J. O. Trent, T. C.
Jenkins, S. Neidle, L. H. Hurley, J. Med. Chem. 1997, 40, 2113-2116.

N. Georgiades Savvas, H. Abd Karim Nurul, K. Suntharalingam, R. Vilar, Angew.
Chem. Int. Ed. Engl. 2010, 49, 4020-4034.

Q. Cao, Y. Li, E. Freisinger, P. Z. Qin, R. K. O. Sigel, Z.-W. Mao, Inorg. Chem.
Front. 2017, 4, 10-32.

D.-F. Shi, R. T. Wheelhouse, D. Sun, L. H. Hurley, J. Med. Chem. 2001, 44, 4509—
4523.

A. Maraval, S. Franco, C. Vialas, G. Pratviel, M. A. Blasco, B. Meunier, Org. Biomol.
Chem. 2003, 1, 921-927.

L. R. Keating, V. A. Szalai, Biochemistry 2004, 43, 15891-15900.

I. M. Dixon, F. Lopez, J.-P. Esteve, A. M. Tejera, M. A. Blasco, G. Pratviel, B.
Meunier, ChemBioChem 2005, 6, 123-132.

J. E. Reed, A. A. Arnal, S. Neidle, R. Vilar, J. Am. Chem. Soc. 2006, 128, 5992-5993.
A. Arola-Arnal, J. Benet-Buchholz, S. Neidle, R. Vilar, Inorg. Chem. 2008, 47, 11910-
11919.

H. Bertrand, D. Monchaud, A. De Cian, R. Guillot, J.-L. Mergny, M.-P. Teulade-
Fichou, Org. Biomol. Chem. 2007, 5, 2555-2559.

C. Rajput, R. Rutkaite, L. Swanson, I. Haq, J. A. Thomas, Chem. Eur. J. 2006, 12,
4611-4619.

S. F. Ralph, Curr. Top. Med. Chem. 2011, 11, 572-590.

A. J. Bhattacharjee, K. Ahluwalia, S. Taylor, O. Jin, J. M. Nicoludis, R. Buscaglia, J.
Brad Chaires, D. J. P. Kornfilt, D. G. S. Marquardt, L. A. Yatsunyk, Biochimie 2011,
93, 1297-1309.

I. M. Dixon, F. Lopez, A. M. Tejera, J.-P. Esteve, M. A. Blasco, G. Pratviel, B.
Meunier, J. Am. Chem. Soc. 2007, 129, 1502-1503.

J. Alzeer, B. R. Vummidi, P. J. C. Roth, N. W. Luedtke, Angew. Chem., Int. Ed. 2009,
48, 9362-9365.

J. Alzeer, N. W. Luedtke, Biochemistry 2010, 49, 4339-4348.

L. Ren, A. Zhang, J. Huang, P. Wang, X. Weng, L. Zhang, F. Liang, Z. Tan, X. Zhou,
ChemBioChem 2007, 8, 775-780.

N. H. Campbell, N. H. A. Karim, G. N. Parkinson, M. Gunaratnam, V. Petrucci, A.
K. Todd, R. Vilar, S. Neidle, J. Med. Chem. 2012, 55, 209-222.

N. H. Abd Karim, O. Mendoza, A. Shivalingam, A. J. Thompson, S. Ghosh, M. K.
Kuimova, R. Vilar, RSC Adv. 2014, 4, 3355-3363.

A. Ali, M. Kamra, S. Roy, K. Muniyappa, S. Bhattacharya, Bioconjugate Chem. 2017,
28, 341-352.

printed on 2/13/2023 2:44 AMvia . All use subject to https://ww.ebsco.confterms-of-use



EBSCChost -

NUCLEIC ACID QUADRUPLEXES AND METALLO-DRUGS 347

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.
60.

61.
62.

63.
64.
65.
66.
67.
68.
69.

70.
71.

L. Lecarme, E. Prado, A. De Rache, M.-L. Nicolau-Travers, G. Gellon, J. Dejeu, T.
Lavergne, H. Jamet, D. Gomez, J.-L. Mergny, E. Defrancq, O. Jarjayes, F. Thomas,
ChemMedChem 2016, 11, 1133-1136.

K. J. Davis, C. Richardson, J. L. Beck, B. M. Knowles, A. Guedin, J.—L. Mergny, A.
C. Willis, S. F. Ralph, Dalton Trans. 2015, 44, 3136-3150.

P. Wu, D.-L. Ma, C.-H. Leung, S.-C. Yan, N. Zhu, R. Abagyan, C.-M. Che, Chem.
Eur. J. 2009, 15, 13008-13021.

A. Ali, M. Kamra, S. Roy, K. Muniyappa, S. Bhattacharya, Chem. Asian J. 2016, 11,
2542-2554.

C.-Q. Zhou, T.-C. Liao, Z.-Q. Li, J. Gonzalez-Garcia, M. Reynolds, M. Zou, R. Vilar,
Chem. Eur. J. 2017, 23, 4713-4722.

K. Suntharalingam, A. J. P. White, R. Vilar, Inorg. Chem. 2009, 48, 9427-9435.

J-T. Wang, Y. Li, J.-H. Tan, L.-N. Ji, Z.-W. Mao, Dalton Trans. 2011, 40, 564-566.
H. Bertrand, S. Bombard, D. Monchaud, E. Talbot, A. Guedin, J.-L. Mergny, R.
Grunert, P. J. Bednarski, M.-P. Teulade-Fichou, Org. Biomol. Chem. 2009, 7, 2864—
2871.

M. Trajkovski, E. Morel, F. Hamon, S. Bombard, M.-P. Teulade-Fichou, J. Plavec,
Chem. Eur. J. 2015, 21, 7798-7807.

E. Largy, F. Hamon, F. Rosu, V. Gabelica, E. De Pauw, A. Guedin, J.-L. Mergny, M.-
P. Teulade-Fichou, Chem. Eur. J. 2011, 17, 13274-13283.

E. Morel, F. Poyer, L. Vaslin, S. Bombard, M.-P. Teulade-Fichou, Inorg. Chim. Acta
2016, 452, 152-158.

S. Gama, I. Rodrigues, F. Mendes, I. C. Santos, E. Gabano, B. Klejevskaja, J.
Gonzalez-Garcia, M. Ravera, R. Vilar, A. Paulo, J. Inorg. Biochem. 2016, 160, 275-
286.

Z. Ou, Z. Feng, G. Liu, Y. Chen, Y. Gao, Y. Li, X. Wang, Chem. Lett. 2015, 44, 425-
4217.

P. Wang, C.-H. Leung, D.-L. Ma, S.-C. Yan, C.-M. Che, Chem. Eur. J. 2010, 16, 6900—
6911.

V. S. Stafford, K. Suntharalingam, A. Shivalingam, A. J. P. White, D. J. Mann, R.
Vilar, Dalton Trans. 2015, 44, 3686-3700.

K. Suntharalingam, A. J. P. White, R. Vilar, Inorg. Chem. 2010, 49, 8371-8380.

D. L. Ang, B. W. J. Harper, L. Cubo, O. Mendoza, R. Vilar, J. Aldrich-Wright, Chem.
Eur. J. 2016, 22, 2317-2325.

J. E. Reed, S. Neidle, R. Vilar, Chem. Commun. 2007, 4366-4368.

K. Suntharalingam, A. Leczkowska, M. A. Furrer, Y. Wu, M. K. Kuimova, B.
Therrien, A. J. P. White, R. Vilar, Chem. Eur. J. 2012, 18, 16277-16282.

R. Kieltyka, J. Fakhoury, N. Moitessier, H. F. Sleiman, Chem. Eur. J. 2008, 14, 1145—
1154.

K. J. Castor, J. Mancini, J. Fakhoury, N. Weill, R. Kieltyka, P. Englebienne, N.
Avakyan, A. Mittermaier, C. Autexier, N. Moitessier, H. F. Sleiman, ChemMedChem
2012, 7, 85-94.

D.-L. Ma, C.-M. Che, S.-C. Yan, J. Am. Chem. Soc. 2009, 131, 1835-1846.

S. Bianco, C. Musetti, A. Waldeck, S. Sparapani, J. D. Seitz, A. P. Krapcho, M.
Palumbo, C. Sissi, Dalton Trans. 2010, 39, 5833-5841.

T. Wilson, P. J. Costa, V. Felix, M. P. Williamson, J. A. Thomas, J. Med. Chem. 2013,
56, 8674-8683.

D. Sun, Y. Liu, D. Liu, R. Zhang, X. Yang, J. Liu, Chem. Eur. J. 2012, 18, 4285-4295.
G.-L. Liao, X. Chen, L.-N. Ji, H. Chao, Chem. Commun. 2012, 48, 10781-10783.

E. Wachter, D. Moya, E. C. Glazer, ACS Comb. Sci. 2017, 19, 85-95.

L. He, X. Chen, Z. Meng, J. Wang, K. Tian, T. Li, F. Shao, Chem. Commun. 2016,
52, 8095-8098.

printed on 2/13/2023 2:44 AMvia . All use subject to https://ww.ebsco.confterms-of-use



EBSCChost -

348

72.

73.

74.

75.

76.

71.

78.

79.
80.

81.

82.

83.

84.

85.

86.

87.
88.

89.
90.
91.
92.
93.
94.
95.
96.
97.

98.
99.

VILAR

D. Saadallah, M. Bellakhal, S. Amor, J.-F. Lefebvre, M. Chavarot-Kerlidou, I.
Baussanne, C. Moucheron, M. Demeunynck, D. Monchaud, Chem. Eur. J. 2017, 23,
4967-4972.

K. J. Castor, K. L. Metera, U. M. Tefashe, C. J. Serpell, J. Mauzeroll, H. F. Sleiman,
Inorg. Chem. 2015, 54, 6958-6967.

K.-H. Leung, H.-Z. He, B. He, H.-J. Zhong, S. Lin, Y.-T. Wang, D.-L. Ma, C.-H.
Leung, Chem. Sci. 2015, 6, 2166-2171.

M. Wang, Z. Mao, T.-S. Kang, C.-Y. Wong, J.-L. Mergny, C.-H. Leung, D.-L. Ma,
Chem. Sci. 2016, 7, 2516-2523.

S. Lin, L. Lu, T.-S. Kang, J.-L. Mergny, C.-H. Leung, D.-L. Ma, Anal. Chem. 2016,
88, 10290-10295.

R. Kieltyka, P. Englebienne, J. Fakhoury, C. Autexier, N. Moitessier, H. F. Sleiman,
J. Am. Chem. Soc. 2008, 130, 10040-10041.

N. P. E. Barry, N. H. Abd Karim, R. Vilar, B. Therrien, Dalton Trans. 2009, 10717-
10719.

H. Yu, X. Wang, M. Fu, J. Ren, X. Qu, Nucleic Acids Res. 2008, 36, 5695-5703.

S. Ghosh, O. Mendoza, L. Cubo, F. Rosu, V. Gabelica, A. J. P. White, R. Vilar, Chem.
Eur. J. 2014, 20, 4772-4779.

X.-H. Zheng, H.-Y. Chen, M.-L. Tong, L.-N. Ji, Z.-W. Mao, Chem. Commun. 2012,
48, 7607-7609.

O. Domarco, D. Lotsch, J. Schreiber, C. Dinhof, S. Van Schoonhoven, M. D. Garcia,
C. Peinador, B. K. Keppler, W. Berger, A. Terenzi, Dalton Trans. 2017, 46, 329-332.
X.-H. Zheng, Y.-F. Zhong, C.-P. Tan, L.-N. Ji, Z.-W. Mao, Dalton Trans. 2012, 41,
11807-11812.

C.-X. Xu, Y.-X. Zheng, X.-H. Zheng, Q. Hu, Y. Zhao, L.-N. Ji, Z.-W. Mao, Sci. Rep.
2013, 3, 2060.

C.-X. Xu, Y. Shen, Q. Hu, Y.-X. Zheng, Q. Cao, P. Z. Qin, Y. Zhao, L.-N. Ji, Z.-W.
Mao, Chem. Asian J. 2014, 9, 2519-2526.

X.-H. Zheng, G. Mu, Y.-F. Zhong, T.-P. Zhang, Q. Cao, L.-N. Ji, Y. Zhao, Z.-W. Mao,
Chem. Commun. 2016, 52, 14101-14104.

L. Rao, U. Bierbach, J. Am. Chem. Soc. 2007, 129, 15764-15765.

L. Rao, J. D. Dworkin, W. E. Nell, U. Bierbach, J. Phys. Chem. B 2011, 115, 13701-
13712.

A. J. Pickard, F. Liu, T. F. Bartenstein, L. G. Haines, K. E. Levine, G. L. Kucera, U.
Bierbach, Chem. Eur. J. 2014, 20, 16174-16187.

E. Gabano, S. Gama, F. Mendes, M. B. Gariboldi, E. Monti, S. Bombard, S. Bianco,
M. Ravera, J. Biol. Inorg. Chem. 2013, 18, 791-801.

J.-F. Betzer, F. Nuter, M. Chtchigrovsky, F. Hamon, G. Kellermann, S. Ali, M.-A.
Calmejane, S. Roque, J. Poupon, T. Cresteil, M.-P. Teulade-Fichou, A. Marinetti, S.
Bombard, Bioconjugate Chem. 2016, 27, 1456-1470.

B. R. Vummidi, J. Alzeer, N. W. Luedtke, ChemBioChem 2013, 14, 540-558.

E. Largy, A. Granzhan, F. Hamon, D. Verga, M.-P. Teulade-Fichou, Top. Curr. Chem.
2013, 330, 111-178.

S. Shi, J. Zhao, X. Geng, T. Yao, H. Huang, T. Liu, L. Zheng, Z. Li, D. Yang, L. Ji,
Dalton Trans. 2010, 39, 2490-2493.

E. Wachter, D. Moya, S. Parkin, E. C. Glazer, Chem. Eur. J. 2016, 22, 550-559.

Q. Yu, Y. Liu, C. Wang, D. Sun, X. Yang, Y. Liu, J. Liu, PLoS One 2012, 7, €50902.
J. Reed, M. Gunaratnam, M. Beltran, A. P. Reszka, R. Vilar, S. Neidle, Anal
Biochem. 2008, 380, 99-105.

D. Gomez, J.-L. Mergny, J.-F. Riou, Cancer Res. 2002, 62, 3365-3368.

H. Yaku, T. Murashima, D. Miyoshi, N. Sugimoto, J. Phys. Chem. B 2014, 118, 2605—
2614.

printed on 2/13/2023 2:44 AMvia . All use subject to https://ww.ebsco.confterms-of-use



NUCLEIC ACID QUADRUPLEXES AND METALLO-DRUGS 349

100. J. Mancini, P. Rousseau, K. J. Castor, H. F. Sleiman, C. Autexier, Biochimie 2016,
121, 287-297.

101. L. Sabater, M.-L. Nicolau-Travers, A. De Rache, E. Prado, J. Dejeu, O. Bombarde,
J. Lacroix, P. Calsou, E. Defrancq, J.-L. Mergny, D. Gomez, G. Pratviel, J. Biol. Inorg.
Chem. 2015, 20, 729-738.

102. P. Merle, M. Gueugneau, M.-P. Teulade-Fichou, M. Muller-Barthelemy, S. Amiard,
E. Chautard, C. Guetta, V. Dedieu, Y. Communal, J.-L. Mergny, M. Gallego, C.
White, P. Verrelle, A. Tchirkov, Sci. Rep. 2015, 5, 16255.

103. Z. Yu, M. Han, J. A. Cowan, Angew. Chem., Int. Ed. 2015, 54, 1901-1905.

104. J. Rodriguez, J. Mosquera, J. R. Couceiro, M. E. Véazquez, J. L. Mascarefias, Angew.
Chem., Int. Ed. 2016, 55, 15615-15618.

EBSCChost - printed on 2/13/2023 2:44 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



EBSCChost - printed on 2/13/2023 2:44 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



13

Antitumor Metallodrugs that Target Proteins

Matthew P. Sullivan,” Hannah U. Holtkamp,” and
Christian G. Hartinger
“these authors contributed equally to this work

School of Chemical Sciences, University of Auckland,
Private Bag 92019, 1142 Auckland, New Zealand
<c.hartinger@auckland.ac.nz>

ABSTRACT 352
1. INTRODUCTION 352
2. ANTICANCER METALLODRUGS THAT TARGET CARRIER
PROTEINS 354
2.1. Transferrin. Metallodrugs Targeting the Iron Binding Site 355
2.2. Albumin. Exploiting the Enhanced Permeability and
Retention Effect 356
2.2.1. Metallodrugs Reacting at the Metal Center with Human
Serum Albumin after Administration 357
2.2.2. Covalent Modification of Human Serum Albumin with
Pharmacophores 358
2.2.3. Non-covalent Human Serum Albumin-Targeting
Metallodrugs 360
2.3. Proteins and the Cellular Accumulation of Metallodrugs 360
2.3.1. Copper-Binding Proteins and Cisplatin Transport 360
2.3.2. Conjugation of Metallodrugs with Sugar Ligands 361
2.3.3. Other Carrier Proteins as Targets 362
3. SELECTED CANCER-RELATED PROTEINS AS TARGETS 362
3.1. Kinase Inhibitors 362
3.2. Estrogen Receptor Targeting Metallodrugs 364
3.3. The (Seleno)cysteine-Containing Proteins Thioredoxin
Reductase and Cathepsin B 365

Metal Ions in Life Sciences, Volume 18 Edited by Astrid Sigel, Helmut Sigel, Eva Freisinger, and Roland K. O. Sigel
© Walter de Gruyter GmbH, Berlin, Germany 2018, www.mils-WdG.com
https:/doi.org/10.1515/9783110470734-013

Met. lons Life Sci. 2018, 18, 351-386

EBSCChost - printed on 2/13/2023 2:44 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

352 SULLIVAN, HOLTKAMP, and HARTINGER

3.4. Topoisomerase. Metal-Based Inhibitors and Poisons 367
3.5. Matrix Metalloproteinases as Targets for Metallodrugs 368
3.6. Glutathione S-Transferase. Targeting the Defense Mechanism of

Tumor Cells 368
3.7. Anti-inflammatory Drug-Inspired Anticancer Agents to Target

Cyclooxygenases 369
3.8. Histone Deacetylase Inhibitors 370
3.9. Ribonucleotide Reductase as a Drug Target. Substitution of the

Iron Center and Ligand Development 371

3.10. Other Proteins Targeted with Metal-Based Anticancer Agents 372
4. NON-CONVENTIONAL PROTEIN TARGETS FOR

ANTICANCER METALLODRUGS 373
4.1. Protein versus DNA Binding. The Nucleosome Core Particle 373
4.2. At the Interface of Proteins: Disrupting Protein—Protein
Interactions 374
5. MODERN BIOANALYTICAL METHODS 375
6. CONCLUDING REMARKS AND FUTURE DIRECTIONS 376
ACKNOWLEDGMENTS 377
ABBREVIATIONS 377
REFERENCES 379

Abstract: Anticancer platinum-based drugs are widely used in the treatment of a variety of
tumorigenic diseases. They have been identified to target DNA and thereby induce apoptosis
in cancer cells. Their reactivity to biomolecules other than DNA has often been associated
with side effects that many cancer patients experience during chemotherapy. The development
of metal compounds that target proteins rather than DNA has the potential to overcome or
at least reduce the disadvantages of commonly used chemotherapeutics. Many exciting new
metal complexes with novel modes of action have been reported and their anticancer activity
was linked to selective protein interaction that may lead to improved accumulation in the
tumor,