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This book is dedicated to the memory
of Lloyd R. Kelland, Ph.D., a generous
and thoughtful colleague whose careful

investigating of the mechanisms by which
the platinum-containing drugs kill tumor
cells provided valuable insights into how to
improve their use in the management

of cancer.



Preface

Cisplatin, the first member of the family of platinum-containing chemotherapeutic
agents, was discovered by Barnett Rosenberg in 1965 and approved by the FDA for
marketing in 1978. After 30 years of use in the clinic, cisplatin remains a central
element of many treatment regimens. Cisplatin is still an irreplaceable component
of a regimen that produces high cure rates in even advanced nonseminomatous
germ-cell cancers, and is widely used in the treatment of ovarian cancers and
other gynecologic cancers, head and neck, and numerous other tumor types. The
development of carboplatin has reduced some of the adverse events associated
with cisplatin treatment, and the introduction of the DACH platinum compound
oxaliplatin has broadened the spectrum of activity of the platinums to include
gastro-intestinal cancers, especially colorectal cancer. The clinical importance of
this family of drugs continues to drive investigation into how these drugs work and
how to improve their efficacy and reduce their toxicity.

The papers in this volume were presented in Verona, Italy, during the tenth
International Symposium on Platinum Coordination Compounds in Cancer
Chemotherapy. The symposium was jointly organized by the Department of
Oncology of the Mater Salutis Hospital — Azienda Sanitaria Locale 21 of the
Veneto Region — and by the Department of Medicine and Public Health, Section of
Pharmacology, the University of Verona. They reflect the vitality of this field and
the increasing use of new molecular and cell biologic, genetic, and biochemical
tools to identify approaches to further improve their use.

Legnago, Italy Andrea Bonetti
La Jolla, California, USA Stephen B. Howell
Verona, Italy Roberto Leone

New York, New York, USA Franco M. Muggia
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Platinum Compounds: The Culmination
of the Era of Cancer Chemotherapy

Franco M. Muggia

Abstract The history of cancer chemotherapy is considered part of a chapter of
empiricism that is coming to a close. However, the effect of cisplatin on germ cell
tumors and, to a lesser extent, on epithelial ovarian cancer has captivated scientists
and oncologists, and continues to expand its therapeutic horizons as more is
learned. This is the Tenth Symposium on Platinum and Other Metal Coordination
Compounds in Cancer Chemotherapy, and its highlights provide further confirma-
tion of the value of scientific investment in this area of therapeutic research.

Keywords Chemotherapy; Cisplatin; Carboplatin; Germ cell and testicular tumors;
Ovarian cancer

Various reviews have recounted the history of cancer chemotherapy, and its dawn at
the beginning of the twentieth century with the introduction of “the magic bullet”
concept against infectious pathogens and tumors by the brilliant German patholo-
gist, Paul Ehrlich. The introduction of sulfonamides against bacteria and the effects
of hormones against certain tumors constituted early validation of this concept.
Modern chemotherapy, however, is usually traced to the sensational 2 December
1943 incident (1, 2) that occurred at the harbor of Bari, Italy. An air raid destroyed
17 allied ships, including one containing mustard “bombs” (being stored as pos-
sible retaliation to the threat of chemical warfare); exposed personnel experienced
the marrow hypoplasia and involution of lymphoid tissue previously reported with
sulfur mustard gas during World War I (3-5). In fact, the medicinal studies of the
related nitrogen mustard by the U.S. governmental agencies, in concert with bio-
medical researchers at academic institutions such as Yale, had already started in
1942 (6). Fleming’s unique discovery of penicillin in 1928 — a powerful stimulus
for drug development — was followed by the search for drugs effective against
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tuberculosis. This constellation of events led to the creation of the U.S. National
Institutes of Health and the National Cancer Institute (NCI), which were to play
a pivotal role in launching the era of anticancer chemotherapy. These government
entities had the ability to sponsor scientific exchanges with other national and
international institutions functioning largely unencumbered by profit motives. They
succeeded as a clearing house of ideas to combat cancer, despite the rather primitive
understanding of neoplastic cell and molecular biology.

The Initial Phases of Systematic Anticancer Drug Discovery

With the support of Congress and as a part of the U.S. government’s Public Health
Service, the NCI organized itself to utilize evolving knowledge of tumor biol-
ogy for the bold idea of identifying drugs for cancer treatment. Activity against
carcinogen-induced L1210 and P388 leukemias in mice became a criterion for
selectivity of a drug against these rapidly dividing tumor cells, without irreparably
harming the host (7). A number of drugs related to nitrogen mustard and biochemi-
cally designed antimetabolites were established to have clinical activity and, in spite
of the shortcomings of random screening, successes could be claimed against some
human malignancies (8). Collaboration with other governmental agencies (e.g., the
Department of Agriculture) and the pharmaceutical industry also led to the selec-
tion of useful natural products such as the vincas, camptothecins, and taxanes — the
vincas mostly developed by industry, and camptothecins, and taxanes through
the perseverance of NCI-sponsored investigations. Another landmark achievement
was the identification, by Heidelberger and colleagues, of 5-fluorouracil and its
eventual potential in the treatment of breast and gastrointestinal cancers (9).

Clinical Investigators

It was important to link such therapeutic drug discovery efforts with physicians
skilled in diagnosis, and eventually with experience in dealing with supportive care
and management of complications of malignancies and drug treatments. It is not a
coincidence that early pioneers in cancer treatment focused either on hematologic
diseases (following their training in internal medicine), or on certain solid tumors
(following their training in surgery and its specialties). In either case, these physi-
cians considered clinical investigation the final common pathway for anticancer drug
development and, in the course of patient care, began to apply them systematically
in situations that, until that time, had been considered hopeless. Documentation
of their success in clinical trials became a major important step in these efforts
(reviewed by DeVita and Chu) (10).

Often unrecognized is one such pioneer: Ezra Greenspan (1919-2004), best
known for developing the foundations of combination chemotherapy against
advanced breast and ovarian cancers (11, 12). His optimistic outlook — as stated
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in the autobiographical notes he left to his colleagues — derived from having
survived pneumonia while attending college at Cornell, because his physician
opted to treat him with the recently obtained Prontosyl (a classmate who had
preceded him in the hospital died without such intervention). Subsequently,
upon finishing his medical studies at NYU, he was exposed to his first clini-
cal trial under the mentorship of Isidore Snapper: the use of urethane (ethyl
carbamate) in multiple myeloma (5) that included attempts to correlate clinical
benefit with serial bone marrow examinations. When recruited into the Army
in 1947, he became a physician at the Tumor Service at Walter Reed, where he
describes adding the first available drugs (nitrogen mustard, triethylene mela-
mine, and methotrexate) to radiation therapy for the treatment of testicular can-
cers and Hodgkin’s disease. As the NCI opened its first clinical unit, Greenspan
became the first clinical investigator in this fledgling program, and teamed up
with the preclinical scientist, Abraham Goldin, who was to develop many of the
principles of chemotherapy based on optimizing dose-scheduling of a drug in
mouse leukemia models (13, 14). This experience with new therapeutic agents
provided Greenspan with the unwavering optimism he demonstrated in facing
the challenges of his long career as a clinical oncologist at Mount Sinai Hospital
in New York.

Greenspan was the first to exploit the antitumor effects of methotrexate for
the treatment of solid tumors, and document positive results in combination with
alkylating agents (11, 12). In the 1950s and 1960s, a number of other physicians in
academic centers began to develop clinical units devoted to the treatment of cancer,
but met with resistance and disdain, particularly from Departments of Medicine
that were skeptical of investing human resources in coupling the semi-empirical
identification of anticancer drugs with the science of clinical trials (10). Despite
this, clinical oncology began to flourish in the 1950s under the leadership of Alfred
Gellhorn at Columbia and David Karnofsky at Memorial Sloan-Kettering, to be
followed in the 1960s by a number of prominent specialists in hematology, general
internal medicine, and surgery that were to become the key developers of Medical
Oncology, followed by other oncologic specialties (10).

In the meantime, the NCI with its Chemotherapy Program led by C. Gordon
Zubrod (himself a product of pharmacology research first devoted to antituberculous
drugs), and its Medicine Branch staffed with clinical investigators such as Emil Frei
and Emil (Jay) Freireich, concentrated its efforts on finding therapeutic regimens
useful against leukemias (15). These efforts were later expanded to the treatment of
Hodgkin’s and other lymphomas, and subsequently to breast and ovarian cancers,
with investigators such as Vincent DeVita, Paul Carbone, George Canellos, Robert
Young, Philip Schein, and Bruce Chabner (10, 16—19). The success of the NCI
intramural programs, coupled with a dramatic extramural expansion via coopera-
tive groups (initially under the leadership of James Holland, Bernard Fisher, and
John Durant, among others) and its phase I/Il working groups, led to widening
of the clinical testing of anticancer drugs, thereby accelerating changes in cancer
treatment worldwide. The investment of the pharmaceutical industries in this area,
long considered a risky proposition, grew rapidly in the 1970s, with substantial
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programs being developed in the U.S. by Bristol Myers, in Europe by Burroughs
Welcome, Farmitalia, Rhone Poulenc, Roche, and Sandoz, and in Japan.

Curable Tumors as the “Stalking Horse’” of Drug Discovery

Joseph Burchenal, who headed Developmental Therapeutics at Memorial Sloan-
Kettering for approximately 40 years, starting from the 1950s (pairing up with
David Karnofsky, who ran the Chemotherapy service), used the imagery of a “stalk-
ing horse” to describe Burkitt’s lymphoma as an identifier of strategies applicable
to leukemia in his 1966 presidential address to the American Association for Cancer
Research. Early experience in testicular cancer has similarly served to validate
treatment strategies: “prophylactic” radiation to the retroperitoneal space (20), and
Greenspan’s addition of alkylating agents to men he treated in 1947-1949 at Walter
Reed’s tumor service. Twenty-five years after the Walter Reed experience, complete
responses to cisplatin in advanced testicular cancer were documented by Higby
et al. (21) in Holland’s group at Roswell Park, convincing initially skeptical investi-
gators that it was worthy of further development. Shortly thereafter, trials performed
at Memorial Sloan-Kettering (22) and at Indiana University with collaborators from
the Southeastern Cancer Study Group (23) defined cisplatin-based treatments as
curative. In the setting of recurrence, Einhorn and his group established the useful-
ness of certain anticancer drugs (e.g., etoposide and ifosfamide) (24), and also tested
whether cisplatin dose-intensification would be a reasonable strategy. If such inten-
sification did not prove useful in testicular cancer, it certainly would not be useful
against cancers that are much less sensitive to platinums (25).

The impressive activity of cisplatin against germ-cell tumors, leading to cures
in advanced disease conditions (exemplified by Lance Armstrong’s extraordinary
saga), should continue to influence our notions on how to succeed in drug develop-
ment. Although it has been fashionable to speak about “personalized therapy,” such
a concept belies the fact that unparalleled successes can take place without individ-
ualized knowledge on the deranged pathways involved in tumorigenesis. Platinum
contributions are not confined to this most impressive example; the extraordinary
sensitivity of ovarian cancer to cisplatin and carboplatin is nothing short of remark-
able, if one considers the very advanced presentations that are commonplace in this
disease. In addition, the strides achieved during the past decade in the treatment of
colorectal cancer owe as much to the introduction of oxaliplatin-based combina-
tions as to the monoclonal antibodies against VEGF and EGFR (26). Emphasizing
such contributions is not designed to shift the focus back to cytotoxic drug devel-
opment, but to reiterate that research into mechanisms of platinum resistance and
their manipulation may lead to therapeutic developments of the magnitude now
preferentially expected from “targeted therapies.” In fact, in an animal model of
ovarian cancer from Dinulescu’s laboratory (27), cisplatin is able to achieve cures
that are beyond the reach of targeted agents directed against the targets that were
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implicated in the model. Similar observations have been made in the engineered
mouse model of triple negative breast cancer (28).

Platinums in the Era of “Targeted Agents”

One might ask: What is it that continues to bring together chemists, basic scientists,
and oncologists to hold meetings on platinums? For those of us who have attended
a number of these events, the answer appears to be that platinums represent the
culmination of anticancer drug development to date, and their achievements have
continued to expand over the years (see Table 1). As an example, the 2007 meet-
ing showcased a new generation of “targeted” drugs, such as poly (ADP-ribose)
polymerase-1 (PARP-1) inhibitors and the proteasome inhibitor bortezomib, which
are reversing important mechanisms that mediate resistance to platinums, such as
DNA-repair and intracellular transport, respectively. The involvement of chemists
and experimental biologists gleaned from these publications stimulates clinical
investigations, and vice versa.

For an oncologist, the overview of these meetings epitomizes the satisfaction
of being part of scientific advances that have the potential of bringing about major
improvements in outcomes where inexorable progression of a cancerous tumor was
once the rule. The pioneers that led the field of cancer chemotherapy in the early
days were undoubtedly similarly inspired. Learning more about platinum drugs
continues to provide us with an expanding number of patients that can attain the
most successful outcome: a cure.

Table 1 Highlights of the ten international symposia on platinum coordination compounds in
cancer chemotherapy (ISPCC), from 1971 to 2007

Year  Site Chair(s) Highlights and/or (ref)

1971  Prague Barnett Rosenberg Cisplatin: discovery and
preclinical activity (29)

1973  Oxford Tom Connors and John Roberts (30)

1976  Dallas Joseph Hill Phase II studies by NCI and
the Wadley Institute (31, 32)

1983  Burlington Irwin Krakoff Carboplatin introduced (33)

1987  Padova Mario Nicolini (34)

1991  San Diego Stephen Howell (35)

1995  Amsterdam Herbert Pinedo and Jan Schornagel — (36)

1999  Oxford Lloyd Kelland and IR Judson Oxaliplatin highlighted (37)

2003  New York Nicholas Farrell and Franco Muggia  Copper transporters; clinical
results in gynecologic and
colorectal cancers

2007  Verona Andrea Bonetti and Roberto Leone ~ Current publication
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Studies on New Platinum Compounds

Fazlul Huq, Jun Qing Yu, and Philip Beale

Abstract This chapter provides a review of the activities of a number of recently
synthesized planaramineplatinum(Il) complexes and platinum compounds with
multiple metal centers against human ovarian cancer cell lines. Planaramineplatinum
complexes code named YH12 and CHI are found to be significantly more active
than cisplatin in the resistant ovarian cancer cell lines A2780°*R and A2780ZP%473R,
The compound code-named CH3 contains three 3-hydroxypyridine ligands bound
to platinum(Il) and therefore can only form a monofunctional Pt(G) adduct and is
found to be significantly active, thus indicating that the formation of bifunctional
adducts with DNA may not be an essential requirement for activity. Among
compounds containing multiple metal centers, DH6CI and TH1 are much more
active than cisplatin.

Keywords Planaramineplatinum complexes; Ovarian cancer cell lines

Introduction

Widespread use in clinics and increasing volume of sales indicate that even
in the postgenomic age there is a need for the type of shotgun chemotherapy
provided by platinum drugs. Although thousands of cisplatin analogues have been
prepared by changing the nature of the leaving groups and carrier ligands, resulting
in much reduced toxicity, only a limited change in the spectrum of activity has
been achieved. Therefore attention is currently being given to rule-breaker platinum
compounds, with the aim of widening the spectrum of activity and reducing the
side effects associated with platinum-based chemotherapy (1-4). Two such classes
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of compounds are trans-planaramineplatinum(Il) complexes and compounds
containing two or more platinum centers. One of the main reasons for the limited
spectrum of activity of platinum drugs is the drug resistance that may be intrinsic
and/or acquired. This paper provides a review of the work on new mononuclear
and multinuclear platinum complexes carried out in our laboratory. Some of the
complexes were found to be significantly more active than cisplatin against ovarian
cancer cell lines (5-18).

Planaramineplatinum(II) Complexes

Figure 1 gives the structures of a number of planaramineplatinum(Il) complexes
of the forms: Pt(L)(NH,)CL,, PtL,X, and PtL,X (where L = a planaramine ligand
and X = CI- except in the case of AH8 where X = I") that have been synthesized,
characterized, and investigated for activity against human ovarian cancer cell lines
A2780, A2780°*R and A2780%P%R The cell uptake and level of binding with
nuclear DNA have also been determined. Table 1 gives the ICSO values of YHO,
YHI10, YH11, YH12, CHI, CH2, CH3 and CH4 against the human ovarian cancer
cell lines A2780, A2780<*R and A2780#P¥7R,

Although cis-planaramineplatinum(II) complexes (with the exception of the
totally inactive compound AHS that has two iodide leaving groups) are found to
be more active than the corresponding trans-planaramineplatinum(Il) complexes,
their resistance factors are generally larger. For example, AHS is more active than
YHI12 against the A2780 cell line but less so against the A2780<® cell line. The
results indicate that cis-planaramineplatinum(II) complexes have greater cross-
resistance with cisplatin than the corresponding frans compounds. The results
may also be seen to provide support to the idea that the increased DNA repair is
a dominant mechanism of resistance operating in the ovarian cancer cell lines.
As cis-planaramineplatinum(Il) complexes, like cisplatin, are expected to form
mainly bifunctional intrastrand Pt(GG) adducts and trans-planaramineplatinum(II)
complexes are more likely to form interstrand Pt(GG) adducts, it follows that
the DNA repair in cis-planaramineplatinum(II) complexes may involve the
removal of intrastrand Pt(GG) adducts. Absence of any activity in TH8 (even
though the compound is found to have a high level of binding with nuclear DNA)
indicates that the compound may not form any significant amount of the critical
bifunctional intrastrand Pt(GG) adduct, possibly because of the greater covalent
character of Pt-I bond. It should, however, be noted that the formation of a
bifunctional adduct is not an essential requirement for activity since CH3 (that has
three 3-hydroxypyridine ligands bound to platinum and therefore can only form
monofunctional adduct with DNA) is also found to be significantly active. One of
the trans-planaramineplatinum(IT) complexes, namely YH12, was found to be more
active against the resistant cell line A2780*R_ indicating its lack of cross-resistance
with cisplatin. When the activities of compounds with different planaramine
ligands are compared, it was found that 3-hydroxypyridine and imidazo(1,2-o)
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Table 1 IC,, values of YH9, YH10, YH11, YH12, AH3, AHS, AH6, AH7 and AHS8 against the
human ovarian cancer cell lines A2780, A2780R and A278(%P*73R

IC,, values (LM) RF (A2780 vs.  RF (A2780 vs.

Compound  A2780 A2780¢% A2780PHTR  ADT80FR) A2780700473R)
Cisplatin 045+0.1 44+06 12+02 9.8 48

YH9 1509 185+135 11.0=%1 12 0.8

YH10 132+15 165+34  17.9+35 14 14

YHI1 117£19 150+19 16216 1.4 14

YHI2 44£16 23205 49+03 0.5 1.1

CHI 15£08  27+06 12+0.8 1.8 0.8

CH2 34+12 102+10  57+06 3.0 1.7

CH3 3312 6.1+07 34207 1.8 1.0

CH4 09+06  72+07 43+ 1.0 8.0 48

AH3 08+10  7.1x10 27+ 1.0 8.9 34

AH4 18+06  206+07  8.0x06 114 2.8

AH5 09+0.1  65=07 33206 72 2.8

AH6 20+0.1 8005 3.6+ 0.6 40 3.0

AH7 31+03 9913 45+ 1.0 32 3.8

AHS N/A N/A N/A N/A N/A

pyridine act as activating ligands whereas 4-hydroxypyridine acts as a deactivating
ligand. DH4 that has two 2-methylimidazole ligands in a frans-geometry is found
to be significantly more active than cisplatin against all the three ovarian cancer
cell lines.

Platinum Complexes with Multiple Metal Centers

Figure 2 gives the structures of a number of trinuclear Pt—Pd—Pt and Pt—Pt-Pt
complexes that have been synthesized and investigated for activity against human
ovarian cancer cell lines A2780, A2780°*R and A27807P*"R, Table 2 gives the
IC,, values of DH4CI, DH5CI, DH6CI, DH7CI, TH1 and THS against the human
ovarian cancer cell lines A2780, A2780%R and A2780%°*73R, DH6CI and TH1 are
found to be significantly more active than cisplatin against the ovarian cancer cell
lines A2780, A2780¢? and A27807P%3R - Although DH6CI is more active than
THI1, the former has larger resistance factors than the latter; these may be the result
of noncovalent interactions involving 3-hydroxypyridine ligands. Among DH4Cl,
DHS5CI, DH6CI and DH7CI, it was found that DH7CI has the highest cellular level
but DH6CI has the highest level of nuclear binding in line with its highest activity
in all the three ovarian cancer cell lines.

Finally, it should be noted that YH12, CH3, DH4, DH6CI and TH1 have the
potential for development as novel platinum-based anticancer drugs with a spec-
trum of activity different from that of cisplatin.
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Table 2 ICSU values of DH4Cl, DH5CI, DH6CI, DH7CI, TH1 and THS against the human ovarian
cancer cell lines A2780, A2780¢*R and A278(0%P0473R

IC,, values (LM) RF (A2780 vs.  RF (A2780 vs.
Compound ~ A2780 A2780°%  AQT80PDUTR  ADT80%R) A278070473R)
Cisplatin ~ 045+0.1  4.4+06 12+0.2 9.8 48
DH4CI 324+02  3.66+03  531+04 1.1 0.7
DH5CI 34204 39903 44907 12 1.3
DH6CI 005+001 025+001 023+001 52 1.4
DH7CI 1.03£0.10 291+05  491+02 2.8 1.1
THI1 026+020 050020 027+0.10 19 0.4
THS 23+040 32020 9.1=x1.1 1.39 2.1
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Assessment of the In Vivo Antiproliferative
Activity of a Novel Platinum Particulate
Pharmacophore

Elena Monti, Marzia B. Gariboldi, Raffaella Ravizza, Roberta Molteni,
Elisabetta Gabano, Katia Sparnacci, Michele Laus, and Domenico Osella

Abstract The development of synthetic polymer drug-delivery systems is a
promising strategy to improve the therapeutic index of effective but highly toxic anti-
cancer agents, such as cisplatin, by taking advantage of the peculiar characteristics
of tumor blood and lymphatic circulation, often referred to as the enhanced perme-
ability and retention (EPR) effect. In the present study, water-soluble, biocompatible
core—shell nanospheres (ZN2) obtained from polymethylmethacrylate (PMMA),
with a shell featuring positively charged quaternary ammonium groups, were used
as noncovalently linked pharmacophores for the anionic platinum-containing moi-
ety, [PtCL,NH,]~ (PtA). The resulting adduct (PtA-ZN2), at the estimated maximum
tolerated dose (MTD) of 25mg Pt/kg/day for 5 consecutive days was significantly
more effective than cisplatin, also at the MTD of 3.25mg Pt/kg/day X5, in inhibit-
ing the growth of B16 murine melanoma in mice, in the absence of signs of general
toxicity. In contrast, treatment with free PtA did not significantly affect tumor
growth as compared to control mice. In vivo efficacy of the three Pt-containing
species was found to correlate with Pt intratumor accumulation, as evaluated by
ICP-MS following tumor tissue mineralization. PtA-ZN2 was also found to be
superior to PtA in the in vitro cytotoxicity assays on cultured B16 cells (IC values
at 5 days: 1.78 £0.79 ug Pt/ml for PtA-ZN2 and 10.47 ug Pt/ml for PtA), where the
EPR effect is not an issue. This suggests that polymer conjugation can also enhance
Pt efficacy at the single-cell level, possibly by facilitating Pt uptake; determinations
of intracellular Pt levels following in vitro incubation of B16 cells with PtA and
PtAZN2 and of internalization of fluorescent ZN2 nanospheres seem to support
this hypothesis.

Keywords Platinum complexes; Drug targeting and delivery; B16 melanoma
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Introduction

Synthetic polymer-drug systems hold promise as passive tumor-targeting and
delivery vehicles for improving the therapeutic index of effective but highly toxic
anticancer agents such as cisplatin (1). Attachment of drugs to polymeric carriers
significantly modifies cellular uptake with respect to the free drug, prolongs its
plasma half-life and enhances the drug tumor/healthy tissue ratio by taking advan-
tage of the peculiar characteristics of tumor blood flow and lymphatic circulation
that allow the leakage and subsequent accumulation of relatively high molecular
weight species into the tumor interstitium (Enhanced Permeability and Retention, or
EPR, effect) (2). So far, only polymers covalently linked to cytotoxic Pt-containing
drugs have been tested in the clinic. Some of the resulting polymer-drug conjugates,
including AP5346, a N-(2-hydroxypropyl)methacrylamide (HPMA)-conjugate of a
diaminocyclohexane-platinum derivative, have shown enhanced tumor/healthy tis-
sue ratios and favorable toxicity profiles as compared to the parent drugs (3).

In the present study, we explored the potential viability of a novel concept
in conjugate design, namely, the attachment of a negatively charged cisplatin
derivative ([PtCI,NH,]", henceforth abbreviated as PtA) to positively charged
polymethylmethacrylate core-shell nanoparticles (ZN2) by means of ionic interac-
tions. The activity of the resulting drug conjugate, named PtA-ZN2, was tested in
B16 murine melanoma cells, grown as monolayer cultures and as subcutaneous
tumors in mice, and compared with the activity of cisplatin (CDDP) and that of
free (unconjugated) PtA.

Results and Discussion

Polymethylmethacrylate core—shell nanospheres (ZN2) were synthesized as
detailed elsewhere (4) which exhibited the following characteristics: average SEM
diameter, 145+40nm; hydrodynamic radius, evaluated by dynamic light scatter-
ing (DLS), 188+ 1nm; {-potential, +69.0+2mV; charge density 347 +33 umol/g.
The negatively charged species PtA was synthesized according to the procedure
described by Giandomenico et al. (5). The presence of positively charged ammo-
nium groups in ZN2 allows multiple electrostatic interactions with the negatively
charged PtA units, thus yielding the drug-loaded polymer PtA-ZN2 (Fig. 1). The
estimated Pt content was 344 + 18 umol Pt/g PtA-ZN2, indicating an almost com-
plete loading of the polymer.

The antitumor activity of PtA-ZN2 was assessed in C57BL mice inoculated
subcutaneously with B16 murine melanoma cells (10° cells/mouse). Drug treat-
ment was initiated as soon as the tumors became palpable and was repeated once
daily for 5 consecutive days; the animals were then monitored daily for tumor
growth, body weight gain and general toxicity for one additional week at the end
of which they were euthanized. Preliminary experiments allowed definition of the
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Fig. 1 Mechanism of platinum release from PtA-ZN2

maximum-tolerated i.p. dose (MTD) which was 25 mg Pt/kg/day for PtA-ZN2 and
3.25mg Pt/kg/day for CDDP. Accordingly, two of the four experimental groups
received PtA-ZN2 and CDDP at their respective MTDs, whereas one of the two
remaining groups received unconjugated PtA (at the same dose as CDDP, i.e.,
3.25mg Pt/kg/day for 5 days) and the other served as control and was treated with
vehicle (saline) only on the same schedule.

The results of this in vivo experiment are shown in Fig. 2 Tumor growth was
significantly impaired in mice receiving CDDP or PtA-ZN2 as compared to control
mice, whereas unconjugated PtA was inactive (Fig. 2a). This last observation
was not unexpected, based on the SAR rules defined by Cleare-Hoeschele (6),
predicting that, in principle, neutral CDDP is the most active among Pt(II)
chloroamine derivatives. Interestingly, at the end of the observation period, the
tumor mass was slightly but significantly smaller in PtA-ZN2-treated mice than
in those treated with CDDP. Determination of Pt, performed by inductively
coupled plasma mass spectrometry (ICP-MS) on mineralized tumor tissues at the
end of the, indicated that some degree of correlation exists between Pt intratumor
accumulation and antitumor activity (Fig. 2c). Body weight gain was transiently
impaired in PtA-ZN2-treated animals during the 5 days of drug administration,
but promptly resumed after the last dose (Fig. 2b); none of the four experimental
groups displayed signs of general toxicity at necropsy at the end of the experiment.
Thus, the results of this preliminary experiment suggest that, in principle, tumor
growth inhibition can be achieved in the absence of significant side-toxicity using
a Pt-polymer conjugate involving electrostatic rather than covalent interactions
between the cytotoxic moiety and the polymeric matrix, and that this effect is likely
due to increased Pt accumulation in tumor tissue.
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Fig. 2 In vivo effects in C57BL/6 mice; treatment consisted of five i.p. injections on 5 consecu-
tive days (arrows). (a) Time course of tumor growth; (b) time course of body weight. filled square
control (saline) filled triangle CDDP (3.25mg Pt/kg/day, Pt equivalent); filled inverted triangle
PtA (3.25mg Pt/kg/day); filled circle Pt-ZN2 (25 mg Pt/kg/day). (¢) Intratumor Pt content at the
end of the experiment, assessed by ICP-MS; each value is the mean+SEM of 4 replications.
* p<0.05 vs. CDDP; ** p<0.05 vs. CDDP and PtA (statistical analysis performed by two-way
analysis of variance for repeated measures and Bonferroni’s ¢ test)

To investigate the stability of PtA-ZN2, the rate of release of PtA from the
nanospheres was evaluated in solutions containing 100 and 5 mM NaCl, mimicking
chloride concentrations in plasma and in the cytosol, respectively. The residual Pt
content in the nanospheres recovered at different time points up to 2h was assessed
by thermogravimetric analysis (TGA) and ICP-MS, whereas the hydrolysis of PtA
was monitored by means of UV-vis spectroscopy and RP-HPLC. In 100 mM NacCl,
about 50% of PtA is released from PtA-ZN2 in 2h, likely because of replacement
of PtA by chlorides as counter-ions for the ammonium groups on the nanospheres
(Fig. 1). In contrast, only 10% of PtA is released in 5SmM NaCl within 2 h; at this
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low chloride concentration, aquation reactions are likely to prevail, leading first to
the loss of the negative charge of PtA and then to its dissociation from the polymer,
and subsequently to the formation of DNA-interacting species (Fig. 1).

Two possible scenarios may follow the systemic administration of PtA-ZN2:
(a) the conjugate is distributed quickly and preferentially to the tumor site (because
of EPR effect), where most of the PtA is released and enters the cell in an uncon-
jugated form. If this were the case, cytotoxicity assays should yield similar results,
whether PtA is used as free or as conjugated species; (b) the rate of nanosphere
uptake by tumor cells is of the same order of magnitude as the rate of PtA release,
and thus part of the compound enters the cells still attached to the nanospheres. In
this latter case, the in vitro cytotoxicities of PtA and PtA-ZN2 would not neces-
sarily be similar; namely, if the cellular uptake of the Pt-containing moiety were
somehow facilitated by its conjugation to the polymer, a more potent cytotoxic
effect would be expected of PtA-ZN2.

To determine which of the two hypotheses is more likely to apply to our deliv-
ery system, we proceeded to assess the comparative cytotoxicities of PtA and
PtA-ZN2 in vitro, using CDDP as a reference compound. Dose/response curves
were obtained from the results of MTT assays performed on B16 cells grown as
monolayers after a 5-day exposure to the different Pt-containing species and the
following IC,, values (based on Pt content) were estimated: 0.41+0.14 g Pt/ml
for CDDP, 10.47 ug Pt/ml for PtA and 1.78 £0.79 ug Pt/ml for PtA-ZN2. One-way
analysis of variance of these data indicates that PtA is significantly less potent than
both CDDP and PtA-ZN2 (p<0.01); this strongly suggests that, in spite of the fast
rate of PtA dissociation at high chloride concentrations, such as those present in
the culture medium, PtA released extracellularly from PtA-ZN2 cannot be the only
causative agent of cytotoxicity.

To test hypothesis (b), we evaluated the rate of uptake of ZN2 nanospheres
labeled with a FITC-derived fluorophore by B16 cells, by assessing intracellular
fluorescence both qualitatively by confocal microscopy and quantitatively by
flow cytometry (see Fig. 3), following incubation for different time, from 30 min
to 24h. With both techniques, a significant increase in intracellular fluorescence
was observed at 2h; this was enhanced at 6h but no further significant increase
occurred up to 24 h. These observations suggest that ZN2 uptake achieves a steady
state within 6 h. The fact that at 2h, when only 50% of PtA had been released from
the polymer (see above) a non-negligible amount of nanoparticles was detected
intracellularly suggests that PtA may be partially internalized together with the
polymer.

To conclude our preliminary study on PtA-ZN2, we assessed the intracellular
Pt content of B16 cells, following in vitro exposure for 5 days to equitoxic con-
centrations of CDDP, PtA and PtA-ZN2 (corresponding to their respective IC,,
values). The results of these measures, shown in Fig. 4a, indicate that to achieve
half-maximal inhibition of cell growth, similar amounts of intracellular Pt have
to be present in cells exposed to PtA and PtA-ZN2, which suggests that for both
compounds the same species, i.e., PtA, is probably involved in the observed anti-
proliferative effect. However, a significantly higher concentration of extracellular
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Fig. 3 Uptake of fluorescent ZN2 nanospheres in B16 cells. Cells were exposed to ZN2 nano-
spheres (30g/ml) labeled with a FITC-derived fluorophore; at the indicated times, they were
collected, washed with ice-cold PBS and analyzed with a FACScalibur flow cytometer (Becton
Dickinson) equipped with a 15-mW, 488-nm, air-cooled argon ion laser. Fluorescent emissions
from 10* events/sample were collected through a 530-nm band-pass filter for fluorescein; M1
indicates the median fluorescence for grey peaks (control cells), while M2 indicates the corre-
sponding value for white peaks (cells exposed to fluorescent ZN2)
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Fig.4 (a) Intracellular Pt levels following in vitro incubation for 5 days with equitoxic concentra-
tions (corresponding to the IC,)) of CDDP, PtA and PtA-ZN2. Each value is the mean+SEM
of 6-7 replications. (b) Accumulation ratio (AR), i.e., the ratio between intra- and extracellular
Pt concentration (7). * p<0.01 vs. CDDP; ** p<0.05 vs. CDDP and PtA (statistical analysis
performed by one-way analysis of variance for repeated measures and Bonferroni’s ¢ test)
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Pt must be present in the case of PtA than in the case of PtA-ZN2 to obtain similar
intracellular Pt levels (and similar cytotoxic effects). This observation is reflected
by their respective AR values, reported in Fig. 4b [AR: accumulation ratio, i.e.,
the ratio between intra- and extracellular Pt concentration (7)], which seems to
support the hypothesis that when cells are exposed to PtA-ZN2, Pt uptake may
occur at least in part by endocytotosis of the conjugated form, and that this proc-
ess is quantitatively more efficient than the uptake of the negatively charged PtA.
In contrast, CDDP has a lower AR value than PtA-ZN2, but is slightly more potent
in inhibiting cell growth. This suggests that the electrophilic species generated from
CDDP hydrolysis interact more efficiently with their intracellular targets (mainly
DNA) than the corresponding species generated from PtA (Fig. 1b). Further inves-
tigations are required, especially to determine the DNA platination; however, the
behavior of PtA-ZN2 in vitro is in good agreement with its observed effects in vitro
and supports the potential antitumor efficacy of Pt-conjugates based on electrostatic
interactions.
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Nanocapsules of Platinum-Based
Anticancer Drugs

Irene H.L. Hamelers and Anton I.P.M. de Kroon

Abstract One of the strategies to reduce the side effects of platinum anticancer
drugs is encapsulation of the drug in a lipid formulation. Nanocapsules represent
a novel lipid-based drug delivery system, with high encapsulation efficiencies of
cisplatin and carboplatin. The encapsulation in nanocapsules, dramatically improves
the in vitro cytotoxicity of the platinum drugs towards carcinoma cell lines. The
nanocapsule technology may generally be applicable to platinum drugs with limited
water solubility and low lipophilicity, and improve the therapeutic index and profile
of these drugs.

Keywords Cisplatin; Carboplatin; Nanocapsule; Liposome; Drug delivery;
Phospholipids

Lipid-Based Delivery Vehicles for Platinum Anticancer Drugs

One of the strategies to reduce the systemic toxicity of platinum anticancer drugs is to
encapsulate the drug in a carrier that selectively targets the tumor. Currently, research
focuses on the bioactive platinum complexes linked to biocompatible water-soluble
macromolecular carriers (described elsewhere in this volume), and on the lipid
formulations of platinum drugs. The potential of the latter is demonstrated by Doxil
(ALZA Corp.), the clinically applied liposomal formulation of doxorubicin. The
carrier should protect the platinum drug from inactivation in the plasma, and should
have a circulation half-life that permits it to accumulate in the tumor by the enhanced
permeability and retention (EPR) effect. The leaky vasculature of neoplastic tissues
allows for extravasation of the carrier, while the limited lymphatic drainage in most
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tumors ensures its retention (1). In the tumor, the carrier should release its content
either in the interstitial space or intracellular space after endocytosis. As an additional
advantage, the drug delivery vehicle could overcome the mechanisms of intrinsic and
acquired platinum resistance by delivering a high dose of the drug in the tumor.

Liposomes have been extensively investigated as a potential delivery vehicle
for platinum drugs. Liposomes are micro-particulate or colloidal carriers, typically
0.05-0.5 um in diameter, which form spontaneously when certain lipids are hydrated.
They are made of nontoxic, biodegradable material, and consist of an aqueous
volume entrapped by one or more bilayers of natural and/or synthetic lipids. In
the liposomal formulation SPI-077, cisplatin is enclosed as a solute in the aqueous
core of sterically stabilized polyethylene glycol-coated (PEGylated or “stealth™)
liposomes, with an average particle size of 110nm (2). PEG is a physiologically
stable water-soluble polymer that prevents the access of plasma proteins to the
membrane-surface by steric hindrance, thus prolonging the liposomes’ circulation
time. Preclinical studies show that SPI-077 exhibits an extended circulation time,
increased antitumor efficacy, and reduced toxicity compared to the free drug (2).
However, in phase I and II studies, SPI-077 exhibited essentially no antitumor
activity (3), which was attributed to the limited bioavailability of cisplatin in the
tumor. Due to cisplatin’s poor solubility in water, the encapsulation efficiency of
cisplatin in SPI-077 is low. Moreover, drug release in the tumor is very slow (4).

Lipoplatin, another liposomal formulation of cisplatin, did exhibit antitumor
efficacy in phase I and II studies, with reduced side effects compared to the free
drug (5), and is currently being tested in phase III studies. Liposomal encapsulation
of oxaliplatin by similar technology yielded Lipoxal, which was found to greatly
reduce the side effects of oxaliplatin in a phase I trial, without losing efficacy (6).

Aroplatin represents a promising liposomal formulation of the oxaliplatin analogue
cis-bis-neodecanoato-trans-R, R-1,2-diaminocyclohexane platinum (II) (NDDP) (7),
that was recently tested in a phase II clinical trial (8). Due to its lipophilic character,
NDDP partitions in the membrane resulted in improved efficiency of encapsulation
as compared to that of the parent drug.

Cisplatin Nanocapsules

While preparing liposomes enclosing cisplatin for the purpose of studying the
dependence of cisplatin membrane permeation on lipid composition, Koert
Burger and Rutger Staffhorst serendipitously discovered a new method for encap-
sulating cisplatin in a lipid bilayer coat with superior efficiency (9). During the
freeze—thaw cycles that are part of the procedure, they observed the appearance
of rapidly precipitating yellow particles, when it was applied to an equimolar
mixture of zwitterionic phosphatidylcholine (PC) and anionic phosphatidylserine
(PS) hydrated in 5mM cisplatin in water. Analysis of the phospholipid and plati-
num content of the yellow particles yielded an unprecedented cisplatin-to-lipid
molar ratio of around ten. An examination by the electron microscopy revealed
bean-shaped, electron-dense particles, containing nanoprecipitates of cisplatin
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Fig. 1 Negative stain electron micrograph of a typical cisplatin nanocapsule

coated with a lipid bilayer (Fig. 1), which were named cisplatin nanocapsules (9).
Nanocapsule formation requires the presence of negatively charged phospholipids,
and is incompatible with high chloride concentration and alkaline pH, indicating
that electrostatic interaction between the positively charged species of cisplatin
and the negatively charged lipids is crucial.

The molecular architecture of the cisplatin nanocapsules was solved by NMR
techniques using '"N-labeled cisplatin (10). 'N- and H-NMR demonstrated the
solid nature of the cisplatin core that is essentially devoid of free water. The magic
angle spinning NMR and mass spectrometry revealed the chemical composition of
the nanocapsules’ solid core: 90% consists of the dichlorido species of cisplatin
with the remainder contributed by a newly identified positively charged chloride-
bridged dinuclear species (10). The physical properties of the surrounding lipid
bilayer of nanocapsules are distinctly different from those of liposomes with a
corresponding lipid composition. *'P-NMR showed that the phospholipid head
groups in the bilayer coat of cisplatin nanocapsules are motionally restricted
compared to liposomal lipids, with part of the lipids fully immobilized (10). This
is most likely due to the strong electrostatic interaction between the negatively
charged PS head group and the positively charged solid core.
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Fig. 2 In vitro cytotoxicity towards IGROV-1 human ovarian carcinoma cells of cisplatin and
carboplatin nanocapsules compared to that of the free drugs. The IC50 values are indicated

Based on the data summarized above a model for the formation of nanocapsules
was proposed (9-11). During freezing, cisplatin is concentrated in the residual
fluid, giving rise to nanoprecipitates of dichloro-cisplatin that are covered by
positively charged chloride-bridged dinuclear species of cisplatin. The latter most
likely originates from a reaction between dichlorido and aquated species, facilitated
by the increasing concentrations during freezing (10). The negatively charged PC/
PS vesicles interact with the positively charged nanoprecipitates and reorganize to
wrap them. Nanoprecipitates of cisplatin that are completely wrapped in a phos-
pholipid bilayer do not redissolve upon thawing.

The cytotoxicity of the cisplatin nanocapsules towards human ovarian carcinoma
cells was tested and compared to that of free cisplatin (9). As shown in Fig. 2, the
IC50 value of cisplatin administered as nanocapsules, is two orders of magnitude
smaller than that of the free drug. The bilayer coat protecting cisplatin from
inactivation by components of the extracellular environment, contributes to the
enhanced cytotoxicity of the nanocapsules. The increased intracellular accumulation
of cisplatin resulting from endocytic uptake of the nanocapsules (Hamelers et al.,
2008, Clin. Cancer Res., in press) is probably the main cause.

Carboplatin Nanocapsules

The applicability of the nanocapsule technology to other platinum anticancer drugs
was first tested on carboplatin. Compared to cisplatin, carboplatin has different
chemical properties: the molecule is more hydrophobic due to the substitution of the
chloride leaving groups by cyclobutanedicarboxylate, the solubility of carboplatin
in water is fivefold higher (12), and the rate of hydrolysis of carboplatin is much
slower (13). Application of this protocol, developed for cisplatin, to carboplatin,
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with minor modifications, yielded a lipid formulation enriched in carboplatin (14).
Similar to cisplatin nanocapsules, the formation of carboplatin nanocapsules
depends strictly on the freeze—thaw steps and the presence of negatively charged
lipids, suggesting a common mechanism of formation. However, interestingly, the
drug-to-lipid molar ratio of the carboplatin nanocapsules is lower (0.7:1; (14))
than that of the cisplatin nanocapsules (11:1; (9)), which is reflected by a different
particle structure (our unpublished results).

The encapsulation in nanocapsules strongly improves the cytotoxicity
of carboplatin towards ovarian (Fig. 2), renal, and nonsmall cell lung carcinoma
cells in vitro (14). The increased cytotoxicity of the carboplatin nanocapsules,
compared to that of free carboplatin, results from enhanced cellular uptake by
endocytosis (14).

Concluding Remarks

With their unsurpassed encapsulation efficiency and favorable antitumor cell
efficacy in vitro, nanocapsules present a promising formulation platform for
platinum drugs. The ability of the nanocapsules to dump a high concentration of
the platinum drug intracellularly may circumvent mechanism(s) of intrinsic and
acquired drug resistance (15).

For future clinical application, the stability, particle size, and surface charge of the
nanocapsule formulations require optimization. PEGylation as used in liposomes was
shown to prolong the life-time of cisplatin nanocapsules in serum, without affecting
encapsulation efficiency and in vitro cytotoxicity (16). Compared to cisplatin
nanocapsules, the carboplatin nanocapsules are more stable (our unpublished results).
Moreover, the content of negatively charged lipids in the formulation of carboplatin
could be lowered to 20% without a loss of yield or cytotoxicity (14), which should
reduce the rate of clearance from circulation by the reticulo-endothelial system.
Testing the pharmacological behavior of the nanocapsule formulations in vivo in
appropriate animal models will be the next step.

Acknowledgments The authors thank Drs. Koert Burger, Ben de Kruijff, Vladimir Chupin, Maria
Velinova and Mr. Rutger Staffhorst for their contributions to the research on nanocapsules, and
acknowledge the financial support by the Dutch Cancer Society (KWF Kankerbestrijding) and by
NanoNed, a national nanotechnology program coordinated by the Dutch Ministry of Economic
Affairs.

References

1. Gabizon AA, Shmeeda H, Zalipsky S. Pros and cons of the liposome platform in cancer drug
targeting. J Liposome Res 2006;16:175-83.

2. Newman MS, Colbern GT, Working PK, Engbers C, Amantea MA. Comparative pharma-
cokinetics, tissue distribution, and therapeutic effectiveness of cisplatin encapsulated in



32

10.

11.

I.LH.L. Hamelers and A.I.P.M. de Kroon

long-circulating, pegylated liposomes (SPI-077) in tumor-bearing mice. Cancer Chemother
Pharmacol 1999;43:1-7.

. Meerum Terwogt JM, Groenewegen G, Pluim D, et al. Phase I and pharmacokinetic study

of SPI-77, a liposomal encapsulated dosage form of cisplatin. Cancer Chemother Pharmacol
2002;49:201-10.

. Zamboni WC, Gervais AC, Egorin MJ, et al. Systemic and tumor disposition of platinum

after administration of cisplatin or STEALTH liposomal-cisplatin formulations (SPI-077 and
SPI-077 B103) in a preclinical tumor model of melanoma. Cancer Chemother Pharmacol
2004;53:329-36.

. Stathopoulos GP, Boulikas T, Vougiouka M, et al. Pharmacokinetics and adverse reactions of

a new liposomal cisplatin (lipoplatin): phase I study. Oncol Rep 2005;13:589-95.

. Stathopoulos GP, Boulikas T, Kourvetaris A, Stathopoulos J. Liposomal oxaliplatin in the

treatment of advanced cancer: a phase I study. Anticancer Res 2006;26:1489-93.

. Abra RM, Bankert RB, Chen F, et al. The next generation of liposome delivery systems:

recent experience with tumor-targeted, sterically-stabilized immunoliposomes and active-
loading gradients. J Liposome Res 2002;12:1-3.

. Dragovich T, Mendelson D, Kurtin S, Richardson K, Von Hoff D, Hoos A. A phase 2 trial of

the liposomal DACH platinum L-NDDP in patients with therapy-refractory advanced color-
ectal cancer. Cancer Chemother Pharmacol 2006;58:759-64.

. Burger KN, Staffhorst RW, de Vijlder HC, et al. Nanocapsules: lipid-coated aggregates of

cisplatin with high cytotoxicity. Nat Med 2002;8:81-4.

Chupin V, de Kroon AIl, de Kruijff B. Molecular architecture of nanocapsules, bilayer-
enclosed solid particles of cisplatin. ] Am Chem Soc 2004;126:13816-21.

Hamelers IH, de Kroon Al. Nanocapsules: a novel formulation technology for platinum-based
anticancer drugs. Future Lipidol 2007;2:445-53.

. Riley CM, Sternson LA Cisplatin. In: Florey K, ed. Analytical Profiles of Drug Substances,

vol. 14. New York: Academic Press, 1985:78-105.

. Knox RJ, Friedlos F, Lydall DA, Roberts JJ. Mechanism of cytotoxicity of anticancer

platinum drugs: evidence that cis-diamminedichloroplatinum(II) and cis-diammine-(1,1-
cyclobutanedicarboxylato)platinum(Il) differ only in the kinetics of their interaction with
DNA. Cancer Res 1986;46:1972-9.

. Hamelers IH, van Loenen E, Staffhorst RW, de Kruijff B, de Kroon Al. Carboplatin nanocap-

sules: a highly cytotoxic, phospholipid-based formulation of carboplatin. Mol Cancer Ther
2006;5:2007-12.

. Helleman J, Burger H, Hamelers IH, et al. Impaired cisplatin influx in an A2780 mutant cell

line: evidence for a putative, cis-configuration-specific, platinum influx transporter. Cancer
Biol Ther 2006;5:943-9.

. Velinova MJ, Staffhorst RW, Mulder WIJ, et al. Preparation and stability of lipid-coated

nanocapsules of cisplatin: anionic phospholipid specificity. Biochim Biophys Acta 2004;
1663:135-42.



The Design and Development
of the Tumor-Targeting Nanopolymer
Dach Platinum Conjugate AP5346 (Prolindac™)

Stephen B. Howell

Abstract AP5346 (Prolindac™) is a macromolecule consisting of a biocompatible
and water soluble polymer to which a DACH-Pt is bound via a pH-sensitive chelat-
ing group. It was rationally designed to increase delivery of the DACH Pt moiety
to tumors by taking advantage of the increased permeability of tumor capillaries.
Studies in murine and human tumor xenograft models demonstrated that the design
goals were achieved. AP5436 was shown to have activity superior to oxaliplatin
in most models and be capable of increasing Pt delivery to the tumor by 16-fold
and to the tumor DNA by 14-fold in the B16 murine melanoma model. A phase 1
trial of AP5346 demonstrated activity in patients with far advanced cancers and
documented a favorable toxicity and pharmacokinetic profile. AP5346 is now being
tested in patients with Pt-sensitive ovarian cancers in a phase 2 trial.

Keywords AP5346 (Prolindac™); DACH platinum; Oxaliplatin

Introduction

The diaminocyclohexane (DACH) platinum drugs are of interest because they have
antitumor activity in some diseases that are resistant to cisplatin and carboplatin.
Oxaliplatin, the only DACH platinum drug with marketing approval in the USA and
EU countries, has emerged as a key component of modern treatment programs for
colorectal carcinoma. It has activity against some cell lines with intrinsic or acquired
cisplatin or carboplatin resistance (1), and against cell lines with mismatch repair
deficiency, which confers resistance to cisplatin and carboplatin (2, 3). Oxaliplatin
also has a different pattern of toxicity; the major toxicity associated with multiple
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cycles of treatment with oxaliplatin is the development of acral paraesthesias and
dysesthesias that are exacerbated by cold.

In order to further improve the therapeutic index of a DACH platinum, a project
was initiated to develop a drug delivery system capable of increasing the amount
of the drug reaching the tumor while at the same time reducing systemic exposure
and toxicity. The aim of this project was to increase DACH platinum delivery to the
DNA of the tumor by at least tenfold, employing a platform that could be used to
deliver other drugs if the DACH platinum was successful. Success in this endeavor
would result in a drug that would be expected to have better activity in diseases
for which oxaliplatin is currently used, and possibly in diseases with intrinsic or
acquired resistance to the platinum drugs.

AP5346 was designed as a nanopolymer to take advantage of the “enhanced
permeability and retention” (EPR) effect (4). Tumors have abnormal capillaries
that are hyper-permeable to a variety of macromolecules. This, in combination with
the very poor development of lymphatics in the central part of tumors, results in
a situation where a macromolecule is trapped and concentrated in the tumor once
it escapes from vascular circulation into the tumor extracellular fluid (5). Drugs
conjugated to such polymers can reach concentrations that are 10-100 times higher
in a tumor tissue than those attained following administration of a free drug (6).
In addition, the polymer can be chemically engineered so that it both protects the
attached drug while in the systemic circulation and renders it inactive until it arrives
in the tumor, resulting in reduced toxicity to normal tissues in the body (6).

There were four design objectives for AP5346. The first was to keep the drug
largely confined to the systemic circulation, until it encountered a highly abnormal
and permeable capillary such as those found in tumors (4, 5). The second was to
achieve a very prolonged plasma half-life, so that the drug would continue to be
delivered to the extracellular fluid of the tumor for a long period of time. The third
was to keep the drug in an inactive state while in systemic circulation and allow it
to become activated when it entered the tumor. Finally, the fourth objective was to
allow the polymer-based drug to eventually be excreted from the body.

AP5346 Structure and Characteristics

AP5346 was rationally designed as a nanopolymer to which a DACH-platinum
is bound via a pH-sensitive chelating group (Fig. 1). The water-soluble biocom-
patible polymer backbone is a 90:10 random copolymer of: N-(2-hydroxypropyl)
methacrylamide (HPMA) and a methacrylamide monomer, substituted with a
triglycine aminomalonate group that provides the primary binding site for the
DACH-platinum moiety (7). The conjugate contains ~10% platinum by weight and
has an average molecular weight of 25kDa. This molecular weight was selected
to be small enough to allow renal excretion while being large enough to benefit
from EPR.

The release of the DACH-platinum moiety in neutral solutions is very slow but
is increased at the lower pH found in the extracellular space of hypoxic tumors and



The Design and Development of the Tumor-Targeting Nanopolymer 35

CHj CHs CH,
CH, -CO- CH, -CO- CH,

HN q HN HN

A

ey

O ” O
HN N-Pt—NH
Hy |
0] Hy [OFS H,
o) N o] INIE
HN\ f HN\ '
Pt Pt
*Na O / TN *Na™0 / N
o M o He
O (0]
AP5346
0 Ho
O\ /N/I,
/Pt\
O N
o} Ha
Oxaliplatin

Fig. 1 Chemical structure of AP5346 and oxaliplatin

the intracellular lysosomal compartment (8). When AP5346 was dissolved with
5% dextrose in water, there was very little release of free Pt-containing species even
after 24 h (9). Chloride displaces both oxygen and nitrogen from the Pt complex and
the rate at which the leaving group is displaced from the Pt complex is a direct func-
tion of the chloride concentration. Thus, as expected, when AP5346 was dissolved
in phosphate buffered saline containing a physiologic concentration of chloride at
pH 7.4, there was a slow release of the DACH Pt species that reached 3.5 + 0.1
(SD, N = 3)% by 24h. However, when AP5346 was dissolved in phosphate/citrate
buffered saline at pH 5.4 23.6 = 0.1 (SD, N = 3)% was released within 24 h. Thus,
the aminomalonate-Pt chelate was found to function as a pH-sensitive linker with
the result that AP5346 is expected to be mostly inert in the systemic circulation and
in the extracellular fluid of normal tissues because of the stability of the DACH Pt
linkage at pH 7.4, and to release the DACH Pt at a more rapid rate in malignant
tissues where extracellular fluid pH is often very much lower. In the tumor some
fraction of the DACH platinum may be released in the extracellular fluid, follow-
ing which the free DACH enters the cell on one or more transporters. In addition,
AP5346 may be endocytosed and the bulk of the DACH platinum released as the
resulting endosomes are acidified as part of normal cellular metabolism (10). No
data is currently available as to the relative contributions of the two mechanisms.
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Nonclinical Studies of AP5346

The antitumor activity of AP5346 was evaluated in both syngeneic murine and
human tumor xenograft models (9). In C57BL/6 mice bearing subcutaneously
implanted B16F10 tumors, the maximum tolerated dose (~10% weight loss at
the nadir) of oxaliplatin, given as a single IP injection, was 5mg Pt/kg and the
maximum tolerated dose of AP5346 was 100mg Pt/kg, indicating that AP5346
was ~20-fold less toxic to normal mouse tissues. AP5346 was tested in a total of 11
tumor models. It produced markedly greater tumor growth inhibition and prolonged
growth delay compared to equitoxic doses of oxaliplatin and/or carboplatin in B16
melanoma, 2008 human ovarian, and the cisplatin-resistant form of the M5076
tumors. It was also superior in three human colon xenograft models including Colo-
26, HT-29, and HCT116 human colon, as well as in the L1210 murine leukemia
and 0157 hybridoma models. AP5346 had similar activity in the cisplatin-sensitive
M5076, Lewis lung, and P815 mastocytoma models. Thus, it was not less effective
than oxaliplatin in any model.

Detailed pharmacokinetic studies of the ability of AP5346 to enhance delivery
of platinum to the tumor and tumor DNA were carried out in the B16 melanoma
model using IP injection of equitoxic doses of AP5346 (100 mg Pt/kg) and oxali-
platin (5 mg Pt/kg) (9). AP5346 produced higher and more sustained plasma levels
of total Pt than oxaliplatin. The C,__was 25-fold higher for AP5346. The terminal
half-life was 23.2h for AP5346 and 15h for oxaliplatin. In the case of AP5346,
this long terminal excretion phase appears to reflect the kinetics of the intact drug
whereas in the case of oxaliplatin it probably reflects the kinetics of inactive drug
bound to plasma proteins (11). The AUC, | was 93 times higher for AP5346 than
for oxaliplatin. The volume of distribution of AP5346 was only 33%, and the clear-
ance only 21%, of that for oxaliplatin consistent with the much greater molecular
weight of AP5346. No Pt was detected in the plasma ultrafiltrates generated using
a 3-kDa MW cut-off filter, suggesting that the DACH Pt moiety remained on the
polymer while in the blood.

The delivery of Pt to the tumor and to tumor DNA was determined by measuring
the time course of the appearance and disappearance of Pt from SC implanted
B16F10 melanomas (9). Following IP injection of oxaliplatin, Pt appeared in the
tumor rapidly and peaked at 2h at 8.8 + 8.2 (SEM) ng Pt/mg tumor wet weight. The
Pt level then declined rapidly in parallel with the initial rapid decline in the total
plasma Pt concentration. The estimated half-life was 73 h. Following injection of
AP5346 the Pt content of the tumor also increased rapidly and peaked at 2h at 28.2
+ 12.1 (SEM) ng Pt/mg, a level 3.2 times higher than that produced by oxaliplatin.
In contrast to the rapid decline in the tumor, the Pt level observed following
injection of oxaliplatin, and the Pt content of the tumor following injection of
AP5346 remained elevated for a much longer period of time, and both the initial
and terminal rates of loss of Pt from the tumor were lower. The estimated terminal
half-life was 220h. The ratio of the AUC . for the tumor Pt content following
AP5346 to that for oxaliplatin was 16.3. Thus, when both drugs were injected at
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their respective maximum tolerated doses, AP5346 markedly increased delivery of
the DACH Pt to the tumor.

The time course of the appearance of Pt in DNA isolated from the same tumors for
which the total tumor Pt was measured was also determined (9). Following the injec-
tion of oxaliplatin, tumor DNA Pt content initially peaked at 8h at 3.1 = 2.6 (SEM)
pg Pt/mg DNA but declined by 90.1% within 24 h. In contrast, following injection of
AP5346 the Pt content of tumor DNA continued to increase for at least 6 days, peak-
ing at 71.1 £ 16.4 (SEM) pg Pt/mg DNA and remaining near this value even until
day 7. The ratio of the tumor DNA content AUC ..~ for AP5346 to that of oxali-
platin was 14.3. Thus, the ability of AP5346 to maintain a high plasma concentration
for a prolonged period of time and the slow loss of AP5346 from the tumor resulted
in a very large increase in the amount of Pt delivered to the DNA of the tumor.

In the in vivo preclinical models, elevated doses of AP5346 exhibited a toxic-
ity profile typical of platinum compounds, with the dose-limiting toxicity being
impairment of renal function and myelosuppression (9). No adverse events outside
those already identified for platinum cytotoxic agents were observed.

Phase 1 Trial

Based on the success of AP5346 in increasing the delivery of Pt to the tumor and
tumor DNA in the B16 melanoma model, and its favorable activity in other tumor
models, AP5346 was advanced into clinical development. For the first phase 1
trial, AP5346 was given as a lh infusion administered weekly for 3 out of every 4
weeks. This schedule was selected, based on the observation that efficacy and drug
delivery to the tumor and tumor DNA improved with the more prolonged exposure
attainable with weekly dosing of this long-half drug, and prior clinical experience
with AP5280, a polymer carrying cisplatin rather than a DACH platinum (12). The
primary objective was to determine the pattern of adverse events and the maximum
tolerated dose (MTD) in patients with advanced solid tumors. The secondary objec-
tives were to determine the recommended dose for subsequent Phase II studies,
characterize the pharmacokinetic profile and undertake a preliminary assessment
of the antitumor activity.

This trial was open to patients with advanced solid tumors that had failed all ther-
apy of established merit, who were age >18 years with a performance status < 2 a life
expectancy = 3 months who were not receiving any other anticancer treatments, and
who had adequate bone marrow, hepatic and renal function (13). Seven dose levels
were explored: 40-mg platinum (Pt)/m? (1 patient); 80 (1 patient); 160 (3 patients);
320 (3 patients); 640 (6 patients); 850 (6 patients); and, 1,280 (6 patients) mg Pt/
mZ. A total of 26 patients received 41 cycles (median 1/patient, range 1-4). No dose-
limiting toxicities occurred at doses up to 320 mg Pt/m?. There was one dose-limiting
toxicity in the 6 patients treated at 640 mg Pt/m? (renal insufficiency) and two such
toxicities in the 6 patients treated at 850 mg Pt/m? (vomiting; fatigue). There were a
total of five, dose-limiting toxicities in the 6 patients treated at the 1,280mg Pt/m?
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dose level (neutropenic infection with diarrhea; neutropenia with vomiting; vomiting
with fatigue; renal insufficiency; fatigue). Two deaths occurred due to renal insuf-
ficiency at the 640 mg Pt/m? dose level; in both cases patients had disease in or sur-
rounding genitourinary tract whose contribution to the renal insufficiency could not
be accurately discerned. Grade 1-2 creatinine abnormalities occurred in 7 patients.
Nausea/emesis was frequent (92%), reaching grade 3-4 (23%), but adequately
controlled by antiemetics. The 850mg/m? dose level was considered the maximum
tolerated dose. The myelosuppressive effect of AP5346 was moderate with no neu-
tropenia observed below 850mg Pt/m?, and thrombocytopenia grade 1-2 occurring
in only 4 patients (20%) below that dose level. Allergic reactions occurred during
infusion in 4 patients (15%) in dose levels 160-640mg Pt/m?, reaching grade 3-4
in 2 cases, with one episode of anaphylactic shock and respiratory arrest in a patient
with a history of allergy to carboplatin. No ototoxicity was reported, and there was
no significant development of persistent peripheral neuropathy although the total
number of cycles received by any patient was too limited to adequately assess the
potential of AP5346 to produce the neurotoxicity typical of oxaliplatin.

Sixteen of the patients in this trial were evaluated for response to this treatment.
Evidence of antitumor activity was observed at doses of 320 mg Pt/m? and above.
Two patients obtained a partial response as defined by the RECIST guidelines, one
with far advanced ovarian cancer and one with metastatic melanoma. In addition,
a patient with adenocarcinoma of unknown primary, suspected to be of ovarian
origin, had normalization of CA-125 3 weeks after her last AP5346 infusion, with
an attained 5-month clinical and biological response to the follow-up treatment
with a single-agent oxaliplatin.

Pharmacokinetics was assessed in 26 patients following the first infusion. The
total plasma Pt exhibited biphasic elimination, while ultrafiltrate Pt concentra-
tions displayed a secondary peak at 24 h post-infusion. C,__and AUC_ . for total
plasma platinum increased linearly with dose over the entire range of doses studied
for total plasma platinum; the correlation coefficients for C_and AUC_, were
0.903 and 0.870, respectively, indicating excellent correlation of the parameters for
total platinum with dose. For the ultrafiltrate Pt the correlation coefficients were
0.346 and 0.511 for C___and AUC_ |, respectively, indicating moderate correlation
of the pharmacokinetic parameters with dose. Only a very small fraction of the total
platinum was present free in the plasma; the ultrafiltrate Pt AUC | averaged only
0.6% of the total platinum AUC. Mean terminal half-life was 72.3 = 16.9h for total
platinum and 56.7 + 14.7h for ultrafiltrate platinum at doses 2320 mg/m? and the
terminal half-life did not vary with dose.

Discussion

AP5346 was rationally designed to increase the delivery of a DACH Pt moiety to
tumors. The drug was designed to take advantage of the ability of the flexible water
soluble HPMA polymer to become trapped and accumulate in the extracellular
compartment of tumors, and to include a chelator for the DACH Pt that released the
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drug only very slowly at the pH of plasma but more rapidly at the lower pH values
typically found in tumors and lysosomes. The aim of markedly increasing Pt deliv-
ery to the tumor and tumor DNA was achieved by this strategy as evidenced by the
results of studies in the B16 murine melanoma model, and that the drug has shown
activity in a phase 1 trial in patients with far advanced disease. AP5436 has now
entered a phase 2 trial in patients with Pt-sensitive ovarian cancer; the design of this
trial allows exploration of changes in both schedule and dose, to further define both
the safety and efficacy of this new entity.

Whether AP5346 can increase Pt delivery to tumors in patients to the extent
that it did in the B16 model, and whether such an increase will translate into an
improved response rate, is yet to be established. It is reasonable to expect that there
will be large differences between tumors in the extent of AP5346 accumulation,
based on current information, on the variability of tumor capillary permeability
and the fluid dynamics of the extracellular space in human tumors. Nevertheless,
AP5346 represents an innovative approach to the challenge of targeting drug to
tumors, and one of a very small number of drugs in development that utilize the
polymer strategy to take advantage of the EPR effect.
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In vitro Anti-proliferative Effects

of ProLindac™, a Novel Dach-Platinum-Linked
Polymer Compound, as a Single Agent

and in Combination with Other Anti-cancer Drugs

Maria Serova, Aida Ghoul, Keyvan Rezai, Francois Lokiec, Esteban
Cvitkovic, David Nowotnik, Sandrine Faivre, and Eric Raymond

Abstract ProLindac (AP5346) is a novel hydrophilic biocompatible co-polymer
acting as a macromolecular carrier of bioactive DACH-platinum (Pt) complexes
and has recently entered clinical trials. The pH-dependent polymer delivery system
is intended to improve the safety profile of the DACH-Pt by exploiting the “leaky”
nature of tumour angiogenesis, allowing for the possibility of high drug concentra-
tions at the acidic hypoxic sites of the tumour. In our study, ProLindac displayed
concentration- and time-dependent cytotoxic effects against a broad range of human
cancer cell lines. The cytotoxicity profile, along with a number of preclinical experi-
ments, showed cellular and molecular effects of ProLindac closely related to oxalipla-
tin, but different from cisplatin. We observed that expression of several genes of the
DNA repair mechanism and the drug metabolism (MLH1, MDR1, GSTP1) seem to
correlate with ProLindac cytotoxicity in a panel of human cancer cell lines. Exposure
to 120uM ProLindac (300ng/mL Pt) led to incorporation of ~0.1g Pt per mg of
DNA. Similar to that of oxaliplatin, ProLindac induced p21 expression and 48-h
exposure to IC, concentrations of ProLindac led to the accumulation of cells in the
G2/M phase of cell cycle and apoptosis induction in pS3-mutated HT29, as well as
in wild-type p53 HCT116. In summary, ProLindac displayed molecular and cellular
effects similar to that of oxaliplatin in most cancer cell lines.

Keywords DACH-platinum; ProLindac; Cytotoxicity

Introduction

Four platinum compounds (cisplatin, carboplatin, tetraplatin and oxaliplatin) have
been extensively studied against in vitro and in vivo models, with a special empha-
sis on the 60-cell-line panel of the National Cancer Institute (NCI) (1). Rixe et al.
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have established the comparative in vitro cytotoxicity profiles of these agents, and
have shown strong similarities between cisplatin and carboplatin (first and second
generation platinums), and between oxaliplatin and tetraplatin, and, both the latter
with the diaminocyelohexane (DACH) non-leaving chemical moiety.

This clear-cut distinction between the two groups of platinum compounds
can be interpreted as a consequence of the existence of different mechanisms of
action of those compounds, or at least a difference in their respective mechanisms
of resistance. This prompted us to explore the molecular determinants of the
activity of these compounds by establishing relationships between gene expression
profiles and sensitivity to platinum compounds of tumour models (2). Several
markers identified as significantly correlated to the cytotoxicity of platinum
compounds were previously known as determinants of drug activity (2). This is the
case for the functionality of the p53 pathway or for the expression of ERB-B2 or
BCL-XL proteins. For instance, highly significant correlation between tetraplatin
sensitivity and topoisomerase II expression has been observed. Furthermore, DNA
mismatch repair (MMR) proteins MLH1 and MSH2, which have been found to be
deficient in cisplatin-resistant cell lines, positively correlated with cytotoxicity of
tetraplatin and oxaliplatin (2).

Oxaliplatin became the lead compound for a third generation platinum anti-
tumour analogue in which 1,2-diaminocyclohexane (DACH) ligand substitutes for
the amine groups of cisplatin (3). Oxaliplatin has demonstrated a broad spectrum
of activity in a wide range of human tumours in vitro and in vivo. The toxicity
profile of oxaliplatin differs from that of cisplatin and carboplatin, and in various
clinical situations was preferred to cisplatin by virtue of a superior therapeutic
index coupled with activity against cisplatin-resistant tumours (4). Oxaliplatin
shares several properties with that of cisplatin. Both drugs react with the same
GC-rich sites in naked DNA and similarly prefer GC-enriched regions of cellular
DNA. Like cisplatin, oxaliplatin not only induces intrastrand crosslinks but also
forms interstrand crosslinks (ISC) and DNA-protein crosslinks (DPC) in cellular
DNA (5). All these oxaliplatin-induced DNA lesions are likely to play a role in cell
growth inhibition. Several studies repeatedly showed that oxaliplatin was markedly
less reactive with naked DNA and forms fewer adducts with cellular DNA than
equimolar cisplatin (6). It was shown that DNA fragmentation produced by DACH-
platinum compounds determines their cytotoxicity (6).

ProLindac (AP5346)

ProLindac appears as a further improvement of DACH-platinum drugs, compris-
ing a novel hydrophilic biocompatible co-polymer to which a DACH-platinum
compound is attached by an amidomalonato chelating group and triglycine spacer.
The pH-dependent polymer prodrug has been designed to improve the specificity of
platinum delivery to acidic tumour sites. The low pH of hypoxic regions of tumours
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enables sustained release of the active DACH-platinum compound, thus increasing
its concentration preferentially within the tumour (7). This higher concentration of
platinum may improve the therapeutic index of ProLindac as compared to that of
oxaliplatin and cisplatin. ProLindac is currently undergoing phase I/II clinical eval-
uation (8). The aim of our study was to determine the ProLindac anti-proliferative
effects in our panel of cancer cell lines, to study its molecular mechanisms of action.
To improve the clinical use of ProLindac we tried to identify the predictive factors
of sensitivity as well as the effects of ProLindac on gene expression as a molecular
signature of drug action.

Cytotoxicity of ProLindac in a Panel of Cancer Cell Lines

The cytotoxicity of ProLindac was compared to that of cisplatin and oxaliplatin
in a panel of cancer cell lines including colon, breast, lung, ovarian, prostate and
leukaemic cell lines (Fig. 1). ProLindac displayed time- and concentration-dependent
cytotoxicity with IC, ~ranging 3-85uM for 48h exposure. The cytotoxicity
profile of ProLindac was similar to that of oxaliplatin. In addition ProLindac was
active against several cisplatin resistant cell lines. After 48h exposure to IC,,
concentrations, ProLindac induced apoptosis and gave rise to an increased number
of cells in the G2/M phase in colon and ovarian cancer cells. While less pronounced,
these effects were similar to those for cisplatin or oxaliplatin, which also normally
block the cells in G2/M phase.
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Fig. 1 The cytotoxicity of ProLindac, oxaliplatin and cisplatin given for 48h to a panel of cancer
cell lines
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Molecular Mechanisms of Action of ProLindac

To study the role of pH on platinum release from ProLindac, the drug was incubated
for 1, 4 and 24 h in cell-free media adjusted to different pH levels. The amount of
platinum released was quantified by atomic absorption spectroscopy (Fig. 2).
An acidic pH 5.4 caused an increase of platinum release by 24h compared to
neutral pH conditions. At pH 3.0, about 70% of the total platinum in ProLindac
was released over 4h. We have demonstrated that this increase of platinum release
at acidic pH was associated with an increase of the Pt-DNA content. ProLindac was
pre-incubated for 4h at pH 7, 5.4, and 3 and then exposed to the cells. Concentration
levels of platinum in DNA was slightly higher when pre-incubated in pH 5.4, than
at pH 7.0. When ProLindac was pre-incubated at pH 3.0; the platinum DNA level
was about 20-fold greater. This result indicates that pre-incubation of ProLindac in
acidic conditions favours platinum release and associated Pt incorporation in DNA
that determines the cytotoxic effects.

We then studied the intracellular distribution of platinum after a 4h ProLindac
treatment, compared to oxaliplatin and cisplatin at equiplatinum concentrations
(Table 1). Despite the fact that the high molecular weight of ProLindac might be

Fig. 2 DNA platinum content DNA (ng Pt/ug DNA)
after pre-incubation of ProLindac 7
at different pHs

Pt content

0 i
pH 7.0 pH 5.4 pH 3

Table 1 Intracellular platinum distribution after 4-h exposure
to equiplatinum ProLindac, oxaliplatin and cisplatin

Pt content after 4h incubation with 300 pg/mL Pt

Drug Total cell lysate (ug/mL) DNA (ng/ng)
ProLindac 1 0.1
Oxaliplatin 4.1 0.8

Cisplatin 4.6 2.6
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expected to inhibit DACH-platinum entering the cell, the percentage of platinum
adducts formed with ProLindac is similar to that induced by oxaliplatin that is
already known to be inferior to that of cisplatin (5). On the other hand the 4h-
exposure may be a too short period of time to obtain maximum platinum release,
platinum-D incorporation for longer exposures being currently investigated.

Predictive Factors and Biomarkers of ProLindac Activity

We have further assessed the expression level of potential factors implicated in
drug transport, metabolism and repair in a panel of ten cancer cell lines and cor-
related the expression level with ProLindac cytotoxicity (IC,,). We have shown a
clear correlation between ProLindac sensitivity and low expression level of MLH1,
MDRI1 and MRP genes. We have also demonstrated a slight correlation between
low GSTP1, XPA and high KI67 gene expression levels and ProLindac sensitivity.
Expression levels of ERCC1, hMSH2, and Rbl genes were not correlated with
sensitivity to ProLindac.

It was recently shown (9) that exposure to oxaliplatin in colon cancer cells
induced significant changes in expression of many genes implicated in drug
transport, DNA repair and cell cycle regulation. We compared the genetic
effects induced by ProLindac with those induced by oxaliplatin and cisplatin
in HCT116 cell line. We have shown that 48-h exposure to ProLindac induces
p21 and XPA expression and decreases expression of Ki67 and TOP2A
significantly (Fig. 3).

To determine more precisely the role of MMR genes on these effects, we
compared the isogenic cell line HCT116-CH3 (which carries an additional
chromosome 3) with several MMR genes (10). The effects of ProLindac were
retained in the HCT116-CH3 cell line. When we used another isogenic cell line
HCT116-p53 with 53 inactivation, the effects of ProLindac on gene expression were
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Fig. 3 The effects of ProLindac, oxaliplatin and cisplatin on gene expression
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completely abolished in p53 defective cells. This allows us to consider a role for p53
in ProLindac’s anti-tumour activity.

ProLindac in Combination with Gemcitabine,
5-FU, Docetaxel and SN38

As platinum agents are generally used in combination with other anti-cancer
compounds, we explored the anti-proliferative potential of ProLindac in combination
with gemcitabine, 5-FU, docetaxel and SN38 in colon and ovarian cancer cell lines.
Effects of sequential and simultaneous schedules of exposure were determined
by median effect plot analysis (Chou & Talalay test) (Table 2). When combined
with other cytotoxics such as 5-FU, gemcitabine, and SN-38, ProLindac showed
synergistic effects for several administration schedules. When ProLindac was given
after gemcitabine and 5-FU, the resulting cytotoxic effects were higher than those
of other dosing sequences. The effects of several schedules of administration were
in general similar to those of oxaliplatin combinations in colon and ovarian cancer
cell lines (11).

Table 2 Summary table of ProLindac (PLD)-based combination effects

Combination Optimal schedules HCT116 HT29

PLD - 5FU 5-FU prior PLD Synergy Synergy

PLD - Gemcitabine ~ Gem prior PLD Additive/synergy Synergy

PLD — Docetaxel Doc prior PLD Additive/synergy Additive Additive/synergy
Simultaneous Additive/synergy

PLD - SN38 PLD prior SN38, Synergy Additive/ Additive/synergy Synergy
SN38 prior PLD Synergy

Conclusions

The novel DACH-platinum compound ProLindac demonstrated superior cytotox-
icity to that of cisplatin, and similar cytotoxicity to that of oxaliplatin in a panel
of human cancer cell lines associated with apoptosis and an increase of G2/M
phase. Anti-proliferative effects of ProLindac were associated with induction
of p21 expression and with a decrease of Ki67 and TOP2A mRNA. The rate of
Pt release from the ProLindac polymer is a function of the pH, with increasing
amounts of Pt per mg of DNA being observed with decreasing pH. Some proteins
implicated in DNA-repair and metabolism may be considered as predictive factors
of ProLindac cytotoxicity. ProLindac may display synergistic effects with other
cytotoxic drugs, including 5-FU, gemcitabine and SN38. These results provide
an early indication that ProLindac can effectively substitute for oxaliplatin in
combination therapies.
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Synthesis of Cisplatin Analogues:

Cytotoxic Efficacy and Anti-tumour
Activity of Bis-Amidine and Bis-Iminoether
Pt(II) Complexes

Roberta Bertani, Silvia Mazzega Sbovata, Valentina Gandin,
Rino A. Michelin, and Cristina Marzano

Abstract A series of new platinum(II) bis-amidine derivatives were prepared by
addition of primary and secondary aliphatic amines to coordinated nitrile ligands
in cis- and trans-[PtC1 (NCR),] (R = Me, Ph, CH,Ph). The bis-amidine complexes
were tested for their in vitro cytotoxicity on a panel of various human cancer cell
lines. The results indicated that the frans isomers are more effective than the cis
species, and in particular the benzamidine complex trans-[PtCL,{ E-N(H)=C(NMe,)
Ph},] was the most active derivative and was able to circumvent acquired cispla-
tin resistance, thus suggesting a different mechanism of action compared to that
exhibited by cisplatin. New benzyliminoether derivatives cis- and trans-[PtCl { E-
N(H)=C(OMe)CH,Ph},] were also prepared by addition of MeOH to cis- and
trans-[PtCL(NCCH,Ph),] and the cytotoxic properties were evaluated in terms
of cell growth inhibition against a panel of different types of human cancer cell
lines. The complex cis-[PtCL { E-N(H)=C(OMe)CH,Ph},] was significantly more
potent than cisplatin against all tumour cell lines, including cisplatin-resistant ones.
Moreover, the in vivo studies, performed on two transplantable tumour models,
showed that cis-[PtCL{E-N(H)=C(OMe)CH,Ph} ] exhibited a marked activity
against murine L1210 leukaemia and Lewis lung carcinoma in terms of survival
prolongation and tumour growth inhibition, respectively.

Keywords Amidine platinum(Il) complexes; Iminoether platinum(Il) complexes;
Anti-tumour activity; Drug resistance

The investigation of the relationship between the chemical properties and the phar-
macological activity of cisplatin analogues has guided the development of several
hundreds of compounds designed to optimize their anti-tumour potential. Within
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this research area, a relevant class of biologically active Pt(Il)-based drugs has been
prepared from the synthetically useful organonitrile Pt(II) complexes cis- and trans-
[PtCL,(NCR),] (R = Me, Ph, CH,Ph) by taking advantage of their ability to undergo
nucleophilic addition (1, 2) of alcohols (3, 4) and amines (5-8) at the C=N triple
bond to achieve iminoether (iminoether = (H)N=C(OMe)CH,Ph) and amidine
(amidine = (H)N=C(NHR")R and (H)]N=C(NR'))R, where R = Me, Ph, CH,Ph; R’
= Me, Et, Pr') derivatives, respectively. The interest in these classes of compounds
arises from their ready synthetic availability and from the possibility to modify the
following parameters: (a) the cis or trans stereogeometry of the metal complexes;
(b) the E or Z conformation of the ligands; (c) the chemical nature of R and R’
groups able to modify the lipophylicity of the metal drug.

The addition of primary aliphatic amines R’'NH, (R” = Me, Et, Pr') to cis- and
trans-[PtCL(NCR),] (R = Me, Ph, CH,Ph) leads to the formation of the amidine
complexes cis- and trans-[PtCL{N(H)=C(NHR")R},], where both amidine ligands
are preferentially in the Z configuration and are characterized by the presence
of strong intramolecular hydrogen bonds between each chlorine atom and the
imino proton of the NHR” moiety forming a six-member ring as confirmed by
the X-ray diffraction analysis of trans-[PtCl,{Z-N(H)=C(NHMe)Me},] (Fig. 1a) (5).
The reactions of cis- and trans-[PtC1 (NCR),] (R = Me, Ph, CH,Ph) with second-
ary aliphatic amines RNH (R = Me, Et) afford the corresponding bis-amidine

[T.
H—N R’
A R\ _ /
AN/} AN R
-—Pt—N\ —Pt—N\
N H H
] I

Fig. 1 Schematic representation of Z-amidine E-amidine
the addition reactions of amines and
alcohols to coordinated nitrile a) b)
ligands in cis- or trans-
[PtCL,(NCR),] complexes (I) to give
amidine (II) and iminoether (III) >Pt——NEC—R

derivatives, respectively. The metal
fragment represents a cis- or
trans-[PtCl (ligand)] unit, where

ligand = RCN (I), amidine (II),
iminoether (III). (a) +R'NH2(5M dexo c) d)
(R =Me, Et, Pr)), CH,CL,, -10°C,

5h, R = Me, Ph, CH,Ph; (b)

+R,2NH(5—foId o) R =Me, Ep), MeO\ R\
CH,CL,, -10°C, 5h, R = Me, Ph, /C—R /C—OMe
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X =H, Me, OMe, F; (d) +MeOH,
KOH,,, CH,CL, RT, 1 day, R = n ]

CH,-CH,-p-X, X = H, Me, OMe, F Z-iminoether E-iminoether
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derivatives cis- and trans-[PtCL {N(H)=C(NR’,)R},], in which both amidine
ligands have preferentially the E configuration as confirmed by the X-ray diffrac-
tion analysis of trans-[PtCl,{ E-N(H)=C(NMe,)Me},] (Fig. 1b) (6).

The benzyl di-nitrile complexes cis- and trans-[PtCL(NCCH,-p-C H,-X),] (where
X=H, CHB, OCH3, F) dissolved in a mixture of dichloromethane/methanol and in the
presence of a catalytic amount of KOH undergo the formation at room temperature
of the bis-iminoether derivatives cis- and trans-[PtCL{N(H)=C(OMe)CH -p-C H -
X1},1(9, 10) with a similar procedure previously reported by Natile et al. (3). Detailed
nuclear magnetic resonance (NMR) studies demonstrated that the iminoether ligands
are initially formed in the kinetically favoured Z configuration (Fig. 1c), which can
be converted, in the presence of OH™ ions, into the more thermodynamically stable
E form, which is also obtained under prolonged reaction times (Fig. 1d) (4).

The biological activity of the bis-amidine and bis-iminoether complexes has been
evaluated against a panel of human tumour cell lines. IC, values, calculated from the
dose—survival curves obtained after a 24- or 48-h drug treatment by 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (11, 12), are reported in Table
1. Itis observed that the benzamidine derivatives of the type [PtCl {N(H)=C(NR'R")
Ph},] (R” = H, Me; R” = Me) show a growth inhibitory potency markedly higher

Table 1 Evaluation of in vitro cytotoxic activity of the platinum(Il) amidine and iminoether
complexes towards some established human tumour cell lines by the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) test

IC_*(uM) + SD°

Compound HL60 A549 A375

cis-[PtCL{Z-N(H)=C(NHMe)Ph}, ]¢ >100 >100 >100

trans-[PtC1,{Z-N(H)=C(NHMe)Ph} | 6.10 = 0.99 32.9 + 1.66 62.88 +2.04

cis-[PtCL { E-N(H)=C(NMe,)Ph}, ] >100 >100 >100

trans-[PtCl { E-N(H)=C(NMe,)Ph}, ] 475 £0.44 13.07 £ 1.16 24.05+1.42

cis-[PtCL { E-N(H)=C(OMe)CH Ph} ]* 8.59 2.7 233+ 1.7 9.15+1.2

trans-[PtCl { E-N(H)=C(OMe)CH,Ph} ] 8998 + 1.2 87.90 £2.6 77.55+1.8

cis-[PtCL{ E-N(H)=C(OMe)CH,-p-C H - 8.0x1.2 6.2+ 1.1 103+0.9
CH,},I

trans-[PtCl,{ E-N(H) = C(OMe)CH,-p-C H,~ 584 +2.1 61.1 £0.8 65.5+2.5
CH,},I

cis-[PtCL{ E-N(H)=C(OMe)CH,-p-C H - 21.1 0.6 350+1.2 284+ 1.9
OCH,},]*

trans-[PtCl,{ E-N(H)=C(OMe)CH,-p-C H - 66.0 = 2.0 79525 T71.3+14
OCH,}, ]

cis-[PtCL,{ E-N(H)=C(OMe)CH,-p-C H -F} ] 6.7+ 1.8 127+ 1.1 13.5+0.9

trans-[PtCl,{ E-N(H)=(OMe)CH,-p-C H -F},]* 273 +1.2 395+ 1.6 572 +0.5

Cisplatin® 19.55+0.26 3837179  50.05+2.03

Cisplatin? 1591155 2921+1.92 20.28=+1.3

“IC,, values were calculated by probit analysis (p < 0.05, x° test)

SD standard deviation

Cells ((3-8) x 10* ml™") were treated for 24 h with increasing concentrations of the tested compound
dCells ((3-8) x 10* ml™") were treated for 48 h with increasing concentrations of the tested compound
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than the corresponding acetamidine derivatives of the type [PtCl {N(H)=C(NR'R")
Me}.] (R” = H, Me; R” = Me), possibly owing to the more lipophylic properties of
the phenyl ring. Moreover, the benzamidine complexes derived from the addition
reactions of secondary amines are more effective than those obtained from pri-
mary amines. In these latter, the presence of strong intramolecular hydrogen bonds
between the chlorine atom and the imino proton of the NHR’ moiety likely prevents
further hydrogen interactions involving the Pt-NH moiety. Among the benzamidine
derivatives, those endowed with higher cytotoxicity are those with frans geometry,
and within them the complex trans-[PtCL{E-N(H)=C(NMe,)Ph},] appeared the
most effective derivative. It shows a growth inhibitory potency markedly higher than
that of cisplatin and exhibits a different cross-resistance profile from that of cisplatin,
being able to circumvent acquired resistance as suggested by resistance factors (RFs)
calculated on three different cell line pairs that have been selected for their resistance
to cisplatin (RF = 0.53 towards 2008/C13" cell lines; 0.96 towards A431/A431-Pt
cell lines; 1.25 towards U20S/U20S-Pt cell lines) (11). The results obtained by
cellular uptake indicate that trans-[PtCl{ E-N(H)=C(NMe,)Ph} ] enters the cells
more easily than cisplatin, possibly owing to the marked lipophylicity of the ben-
zamidine ligands. Moreover, trans-[PtCl,{ E-N(H)=C(NMe,)Ph},] shows a marked
inhibitory effect on DNA and RNA synthesis, whereas it is unable to directly affect
protein synthesis. Studies performed in vitro on pBR322 DNA treated with trans-
[PtCL{ E-N(H)=C(NMe,)Ph},] and digested by different restriction endonucleases
indicate that it shows a marked preference for GG-rich DNA sequences, which are
the preferred DNA binding sequences of cisplatin. In contrast, DNA alkaline elution
experiments demonstrate that trans-[PtClL,{ E-N(H)=C(NMe,)Ph},] does not form
detectable interstrand DNA cross-link (ISC) amounts on cellular DNA but induces
a frequency of DNA—protein cross-link (DPC) significantly higher than that of cis-
platin, suggesting a different anti-proliferative action with respect to cisplatin, but
similar to that previously reported for trans-iminoether complexes for which the for-
mation of DPC is involved in the termination of DNA polymerization (13). It is also
important to observe that this new amidine frans-Pt(II) complex could represent the
lead compound of a new class of platinum anti-tumour drugs in which activation of
the trans geometry is associated with an increased efficiency to form DPC, thereby
acting by a different mechanism from cisplatin. NMR and electrospray ionization
(ESI) mass spectrometric studies demonstrated the formation of a new cationic spe-
cies in which the substitution by dimethyl sulfoxide (DMSO) of one chlorine atom
in the platinum coordination sphere takes place. Reasonably, this species is involved
in the ligand exchange processes occurring in the biological medium (11).

Inthe case of the benzyliminoether derivatives of the type [PtCl, { E-N(H)=C(OMe)
CHz-p-CﬁH 4-X}2] (X=H, CHS, OCH3, F), the data reported in Table 1 show that the
cis isomers are significantly more cytotoxic than the corresponding trans derivatives
(9, 13). In particular, the complex cis-[PtCl,{ E-N(H)=C(OMe)CH,Ph},] appears to
be much more cytotoxic than cisplatin on both cisplatin-sensitive and -resistant
sublines, exhibiting RF values significantly lower than those calculated for cisplatin
(RF = 2.1 toward 2008/C13" cell lines; 0.9 toward A431/A431-Pt cell lines;
1.9 toward U20S/U20S-Pt cell lines; 1.4 toward L1210/L.1210-Pt cell lines). The
overcoming of cross-resistance in all cisplatin phenotypes supports the hypothesis
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of a different pathway of action of this benzyliminoether platinum complex with
respect to cisplatin, through the occurrence of different types of DNA lesions or less
efficiently repaired by DNA mismatch repair systems (14). Moreover, regarding the
inhibition of the macromolecular synthesis, cis-[PtCl,{ E-N(H)=C(OMe)CH,Ph},]
exhibits a strong dose-dependent decrease of *H-thymine incorporation, reducing
DNA synthesis by about 60% even at the lowest concentration, while RNA and
protein syntheses are less inhibited, showing a trend very similar to that exhibited
by cisplatin. Finally, the investigation of cell death mechanism on 2008 cells treated
with cis-[PtCL { E-N(H)=C(OMe)CH,Ph} ] showed that it induces apoptosis in a
dose-dependent manner accompanied by the activation of caspase-3 (15). On the
basis of the in vitro studies, cis-[PtCL {E-N(H)=C(OMe)CH,Ph},] was selected
for in vivo studies. The toxicity was assessed from the lethality in BALB/c mice
within 30 days; the median lethal dose (55mg kg™') attests a noticeably lower
systemic toxicity than that of cisplatin (11.4mg kg™). The anti-tumour activity of
cis-[PtCL{ E-N(H)=C(OMe)CH,Ph},] was evaluated at four dose levels (i.e., 2.5,
5,7.5, and 10mg kg™') in two murine tumour models, L1210 leukaemia and Lewis
lung carcinoma, and compared with that of cisplatin (9). Against murine leukaemia
L1210, it was found that cis-[PtCl { E-N(H)=C(OMe)CH,Ph},], at the highest
dose, significantly prolonged the life span of the treated animals, demonstrating
an anti-tumour effect about 1.5-fold higher (%7/C = 245.6) than that of cisplatin
(%T/C = 159.9) with a body weight loss significantly lower (Fig. 2). In L1210/R,

300

250 -

200

150 -

% T/C°

100 -

50 -

0 T T T T
25 5 75 10 1

dose” (mg/kg)

Fig. 2 In vivo anti-tumour activity of the complex cis-[PtCl,{ E-N(H)=C(OMe)CH,Ph},] square
and cisplatin filled square in murine L1210 leukaemia®
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Fig. 3 In vivo anti-tumour activity of the complex cis-[PtCl,{ E-N(H)=C(OMe)CH,Ph},] square
and cisplatin filled square in murine L1210/R leukaemia®

the %T/C values (248.7) obtained in mice treated with cis-[PtCL, { E-N(H)=C(OMe)
CH,Ph},] were similar to those obtained in mice implanted with 1.1210, confirming
the cisplatin resistance overcoming effect (Fig. 3). Chemotherapy performed on
Lewis lung carcinoma demonstrated that complex cis-[PtCL { E-N(H)=C(OMe)
CH,Ph},] has, at 5mg kg™' dose, a significant tumour growth inhibition (64.88%)
in comparison to untreated controls, and this anti-tumour effect appears similar
to that showed by cisplatin. At the highest dose, the anti-tumour activity (87.9%
of tumour growth inhibition) is about 1.3 times higher than that of the reference
drug (65.65%) (Fig. 4). This data reveals for the first time that an iminoether of cis
geometry shows higher biological activity than the corresponding frans species.
In terms of high cytotoxic activity, overcoming of acquired and intrinsic cisplatin
resistance, delineation of an apoptotic cell-death mechanism and noticeable
in vivo anti-tumour activity against transplantable tumour models, cis-[PtCl,
{E-N(H)=C(OMe)CH,Ph},] represent a very interesting candidate for the
development of a new class of Pt-based anti-tumour drugs.
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Ruthenium Drugs for Cancer
Chemotherapy: An Ongoing Challenge
to Treat Solid Tumours

Gianni Sava and Alberta Bergamo

Abstract Ruthenium-based pharmaceuticals have brought some important insights
in the chemotherapy of cancer. The knowledge acquired about the chemistry and
biological interactions of these inorganic chemicals has allowed us to understand
the limits of targeting DNA to achieve selective and innovative drugs. After a
number of attempts to copy platinum drugs with a system claimed to be selective
because of transferrin transportation and activation to cytotoxic species in tumour
cells by a reduction mechanism, new innovative ideas are emerging such as those of
using Ruthenium to structure organic ligands to enzyme or receptor targets respon-
sible for tumour cell pathways associated to cell survival. Besides the staurosporine
mimetics capable of inhibiting GSKbeta and inducing p53-mediated apoptosis,
one example of this new wave is NAMI-A, a compound capable of controlling
solid tumour metastases through the modulation of integrins and cell cytoskeleton.
These data open up the interesting perspective of achieving potent agents to control
tumour malignancy by selectively targeting tumour cells.

Keywords Ruthenium; Chemotherapy; Metastasis

From Metal-Coordinated to Organometallic Drugs

The most important studies on ruthenium anticancer compounds are those
performed at the University of Vienna and at Trieste (University and Callerio
Foundation), leading to the identification of indazolium bis-indazoletetrachloro
ruthenate (KP1019, FFC14A) and imidazolium trans-imidazoledimethylsulfox
idetetrachlororuthenate (NAMI-A), respectively (1, 2). In spite of the structural
and chemical similarities, these two ruthenium(III) complexes show a consistently
different anti-tumour behaviour. KP1019 is cytotoxic in vitro, causing apoptosis in
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the treated cells, particularly on colorectal tumours (3, 4). NAMI-A is completely
free of direct cell cytotoxicity (in conventional in vitro experiments where cells are
typically exposed to the test drug) but it selectively kills metastasis in almost all the
solid tumours metastasising to the lungs, including human xenografts, on which it
had been tested so far (5, 6).

Today, NAMI-A benefits from an extensive literature, particularly on drug protein
interactions and on the chemical reactivity in biological fluids, extended also to
analogues with other metals, and also from studies on theoretical physics, giving
the reader quite a clear picture of its fate upon intravenous administration to living
beings, including humans (7-13). Binding to serum albumin and serum transferrin
appears to be an important step of the pharmacological behaviour in vivo of NAMI-A
(11, 14) and also of KP1019 (15, 16). Binding to albumin explains the persistence of
the drug in the body, renal elimination being the most important way to reduce blood
concentrations (11, 16). Binding to transferrin permits discussions on a large part of
the selectivity claimed for ruthenium compounds, i.e., the capacity of these compounds
to be transported with this carrier to cells greedy for iron such as fast growing tumour
cells. Conversely, the chemical reactivity of the ruthenium centre at +3 oxidation state
allows for the discussion of the other part of the selectivity claimed for ruthenium-
based drugs, i.e., the capacity to undergo activation by a reduction mechanism.
It is commonly accepted that ruthenium(IIl) compounds are rather inert while their
ruthenium(II) counterparts are much more reactive towards biological targets, a theory
developed and exhaustively explained by Michael Clarke with some ruthenium-chloro
tetra- or penta-ammine derivatives (17, 18). Given that solid tumours are accredited
of an hypoxic environment, activation of ruthenium(IIl) (relatively inert) compounds
to ruthenium(Il) reactive species is supposed to occur in the tumour masses much
better than in normally oxidising healthy tissues. Reduction of Ruthenium(IIl) to
Ruthenium(II) also governs the solution chemistry of these compounds as shown by
experimental and theoretical studies (9, 10, 19, 20).

Besides KP1019 and NAMI-A, a plethora of compounds were prepared and tested
for anti-tumour activity in cultured tumour cells in vitro worldwide, some with the
metal at +3, as expected for the reasons given above, and some others, with different
reasons, at +2 oxidation state. Examples are those with the bidentate beta-diketonato
ligands, such as acetylacetonate and trifluoroacetylacetonate which showed good
cytotoxicity on cisplatin sensitive and resistant osteosarcoma (U2-OS and U2-OS/Pt)
and A2780 cells with a significant apoptosis induction on these latter, leading to cell
accumulation in S phase and decrease of the percent of G, and G, cells (21). Gonzalez-
Vilchez et al. showed the DNA binding of cis-dichloro-1,2-propylenediamine-
N,N,N',N-tetraacetato ruthenium (III) was persisting after removal of the compound
from the culture medium, suggesting a strong cytotoxicity for the target cells (22).
Also, bis(1,10-phenanthroline-2,2"-bipyridine) ruthenium(II) complexes containing
ligands such as 1-thiocarbamoyl-3,5-diphenyl-2-pyrazoline, 2-(3,5-diphenyl-4,5-
dihydropyrazol-1-yl)-4-phenylthiazole, 2-hydroxyphenyl benzimidazole or benzoin
thiosemicarbazone, coordinate throughout nitrogen, sulphur and oxygen atoms
to DNA and showed significant activity in mice with Ehrlich ascites carcinoma,
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prolonging the life expectancy of the tumour bearing hosts and reducing tumour burden
while sparing RBC and WBC in the same animals (23). The use of 2,2"-bipyridine
and aryl-beta-diketonato ligands has also brought a series of complexes of Ru(Il)-
2,2"-bipyridyl with substituted diazopentane-2,4-diones, showing the compound
with naphtyldiazopentane-2,4-dione as a co-ligand endowed with an interesting
cytotoxicity on a discrete panel of tumour cells in vitro (24). Djinovic” et al. have
conversely pursued the goal to treat astrocytomas with a new ruthenium(III) complex,
K,[Ru(N,N-dimethylglycine)Cl,]-2H,0, a compound equally effective in confluent
and non confluent C6 cells but not on rat astrocytes or macrophages, suggesting
selectivity for tumour cells in vivo (25). In 2002, Anna Hotze, in the group of Reedijk,
at the Leiden Institute of Chemistry, explored the chemical and biological activity of
water-soluble bis(2-phenylazopyridine) ruthenium(Il) complexes, a group of isomers
endowed with an interesting cytotoxicity on ovarian tumour cells in vitro (A2780 and
A2780cisR). With the exception of the beta isomers, all the other compounds showed
a similar activity on sensitive and platinum-resistant cells, comparable to that showed
by cisplatin and superior to that of carboplatin in the sensitive cells (26).

In 2001, the group of Peter Sadler developed a new group of organometallic
arene ruthenium(Il) diamine compounds which showed a strong cytotoxicity on
cancer cells in vitro associated to a parallel DNA interaction, as determined in cell
free media (27-30). A detailed study aimed at evaluating the effects of one of these
complexes, namely RM175 [(m°-CH.C . H)RuCl (H,NCH,CH,NH-N,N")]*PF,",
on the apoptosis controlling machinery in HCT116 colorectal cancer cells, showed
that the generation of a p53-dependent early growth arrest and apoptotic response
via p21/WAF]1 and Bax induces a long-term loss of clonogenicity; nevertheless this
latter effect was observed also in HCT116 p53 null cells, underlining the difficulty
of understanding the primary cytotoxic lesion (31). In this respect it is interesting to
study the work by Gaiddon et al., who used some new organometallic ruthenium(II)
compounds to show the p53-dependent and p53-independent mechanism of cyto-
toxicity to glioblastoma and neuroblastoma cell lines with G, arrest and apoptosis
induction. Accumulation of p53 and p73 proteins correlated with an increase in p21
and Bax expression (32).

Conversely, Paul Dyson at EPFL developed in 2004 a new series of organo-
metallics characterized by the presence of the phosphoadamantane moiety (PTA),
called RAPTA compounds (33-35). These compounds, unlike the previous series,
are only weakly cytotoxic on tumour cells in vitro and often completely free of
cytotoxicity on healthy cells up to millimolar concentrations and 72h exposure.
Interestingly, when challenged with a solid tumour in vivo, they showed some
capacity to reduce metastasis formation without affecting the growth of the primary
tumour. This activity, in some way similar to that of NAMI-A, gives this family
of organometallics some interest and a detailed study of the effects of this group
in vitro shows an important inhibition of the steps of invasion and metastasis
(Bergamo et al., manuscript in preparation).

The approach of Eric Meggers who synthesised a class of organometallic
ruthenium(II) complexes with the characteristics of mimicking staurosporine
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analogues but showing a stronger selectivity for enzyme inhibition than staurosporine
appears to be much more interesting. One of these compounds, nicknamed DW1/2,
is selective for glycogen synthase kinase 3f, and shows the capacity to reactivate
p53 in otherwise highly chemoresistant human melanoma cells, leading to the
induction of apoptosis with a mechanism involving the down-regulation of Mdm2
and Mdm4 (36). This is the first demonstration of the possibility to use metal-based
drugs to target tumour cell pathways and to get innovative drugs directed to tumour
cell targets different than DNA. The fact that neither DW1/2 nor other compounds
of this group had ever been reported to be active in vivo probably highlights the
need for a more complete chemical work to allow the molecule to have a pharma-
cokinetics suitable for drug administration.

Also the selective metastasis inhibition of NAMI-A appears to be due to an
interaction with a cellular target different than DNA. Although no univocal proof
has been given yet, the results of several experiments support the hypothesis that
metastasis reduction is due to the modulation of cell cytoskeleton, leading to inhibi-
tion of the invasion processes. This effect is also associated in vitro and in vivo to
the activation of a checkpoint responsible for the control of cell cycle, thus leading
to the widely described arrest at the G,-M pre-mitotic phase, a step of cell division
at which cells are particularly prone to undergo apoptotic death (Bergamo et al.,
unpublished data).

Phase-I Studies Completed

There are two studies of ruthenium complexes in humans and these studies concern
the two most important drugs that have been developed in preclinical studies,
NAMI-A and KP1019.

NAMI-A underwent a phase I clinical trial with an i.v. infusion over 3 h, daily
for 5 days every 3 weeks in 24 patients with solid tumours. The drug was in
general well tolerated. The disabling effects of nausea and vomiting, particularly
severe at the highest dosages tested, were fully controlled with granisentron, and
dexamethasone controlled the hypersensitivity reactions observed. Of particular
attention is that renal toxicity was completely reversed 3 weeks after the end of
drug administration and did not result in drug administration delay. The maximum
tolerated dose was established at 300 mg/m*day on this schedule, and the main
dose-limiting toxicity was blister formation, lasting for some weeks, on the hands
and feet. Ruthenium concentration in these blisters was below the limit of detec-
tion. Pharmacokinetic analysis revealed a weak linear relationship between dose
and AUC, with accumulation of the drug as protein bound in plasma. Ruthenium
revealed linear elimination based on the linear relationship between NAMI-A dose,
AUC and C. . of total and unbound drug, and the half-life time of elimination
was shorter after the first dose than after the fifth dose. Disease stabilization was
observed in heavily pre-treated patients with advanced NSCLC, a finding that may
have a relevant clinical meaning in choosing this tumour for a Phase II study (37).
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Also KP1019 underwent a clinical trial and the most relevant findings are that
the pharmacokinetic profile looks very close to that of NAMI-A, although this
compound could not reach a true maximum tolerated dose because of problems of
solubility and the dose-escalation had to be stopped at 600 mg/patient (starting dose
was 25 mg/patient), given intravenously twice a week over 3 weeks (1). Interestingly,
some patients with colorectal cancer had stabilization of the disease, confirming the
observations of the preclinical work (3, 4).

Perspectives for Ruthenium Drugs in Cancer Chemotherapy

Apparently, ruthenium complexes are important as a basis for drugs active in cancer
chemotherapy mainly because they represent an attractive alternative to platinum
drugs, not because of a better specified lower toxicity but showing the same lig-
and-exchange kinetics to those of platinum(Il) anti-tumour drugs. The two ‘plus’
attributed to ruthenium complexes are the facility to mimic the binding of iron to
biologically relevant molecules, allowing their transportation across the body, and the
capacity to interact with the biological changes occurring on solid tumours leading
to a more hypoxic environment that may activate ‘inert’ prodrugs to highly reactive
and cytotoxic species. Due to their ligand geometries, ruthenium complexes bind to
DNA affecting its conformation differently than cisplatin and its analogues. Thus
ruthenium complexes may offer the potential of a non-cross resistance with platinum
drugs and a different spectrum of activity, an activity that is anyhow correlated, in
many instances, to their ability to bind DNA (38). This aspect is viewed as a funda-
mental ground to stress the potential role of ruthenium complexes to replace platinum
drugs in clinical practice (39).

The role of the redox potential in the anti-tumour activity of ruthenium com-
plexes has been shown, among others, by the group of Keppler who, in a series
of complexes of the general formula [Ru(IIl)Cl(6—n)(ind)n](3—n)- (n = 0—4; ind =
indazole; counterions = Hind+ or CI") proved that with colorectal cancer (SW480)
and ovarian cancer (CH1) there is a strict correlation of the cell cytotoxicity with
the reduction potential of these compounds (40). In this respect, an elegant work
was done by Reisner et al., to demonstrate the possibility to tune the redox poten-
tial of ruthenium drugs to get compounds more suitable to the selective activa-
tion in the hypoxic environment of solid tumours (41). A pioneering suggestion
in that direction comes from the work of Frithauf and Zeller who suggested that in
hypoxic tumour tissue the Ru(Ill)-ion of trans-indazolium-tetrachlorobisindazole-
ruthenate(IIT) (IndCR, KP1019, FFC14A) might be reduced to Ru(Il), which is
shown to be more reactive to DNA (42).

Besides the scientific interest raised by the aspects of transferrin transportation
and activation by reduction, none of the ruthenium compounds being used up today
to treat tumours in laboratory or in the clinics may be accredited of an activity
clearly involving these mechanisms. Also, these ruthenium drugs suffer from at
least two important biases. From the one side, they are being developed with the
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rules written with the experience accumulated with some thousands of platinum
drugs, and from the other side, they are conceived with the principle to give strong
bonding with the target. The similarities with platinum analogues led research-
ers to restrict their scientific fantasy to compounds that have to bind DNA and
possibly to cause some kind of distortions, preferably different than those of cisplatin
to circumvent platinum resistance (43). Conversely, the search for drugs capable
of strong bonding with their targets does not fulfil the key requirements for agents
that need to cross a number of biologically relevant structures prior to interacting
specifically with the selected target.

Yet, the occupation of the relevant biological space with metals offers
opportunities that none of the classical organic compounds can ever reach. If
Barbara Kirchner et al. try to focus attention on the astonishing array of intricate
electronic structures of metal radical systems that may lead to molecular level
insights into reaction mechanisms that were hardly conceivable only few years ago
(44), Ott and Gust on one side, and Zhang and Lippard on the other, limit their
attention to an aseptic analysis of the existent compounds and of what have been
shown by those who have described their activity (45, 46). Conversely, interesting
aspects are raised by Bertini and Rosato who highlighted the ‘extremely exciting
and challenging’ possibility to develop areas of medical, environmental and
nanotechnology sciences, concluding that metal-binding to proteins might help to
unravel the metabolic pathways and the mechanisms of life (47). These aspects
appear to be of great importance, giving the challenges of the so called ‘second
golden era’ of cancer chemotherapy focused on cancer genomics and particularly
to targeting molecules selectively expressed or overexpressed by the disregulation
of cell genome during cancer differentiation and growth, to achieve a kind of
personalized therapy (48), provided that every cancer might represent a unique
biological situation (49). In fact, targeting the disorganized tissue architecture at the
primary site, and the restoration of the cell death program in cancer cells appears
to create new opportunities in drug design. Also the cytoskeleton, which represents
a dynamic set due to its plasticity and multiplicity, seems to be a promising target
in anticancer therapy. Moreover, the evolving knowledge of the role of metastasis
suppressor genes in regulating cancer cell growth at the secondary site suggests
that they could serve as new targets for therapeutic interventions (50). Metal-
organic compounds have the ability to form structures with unique and defined
shapes for the design of small molecule drugs where the metal can organize and
orient the organic ligands in a three-dimensional space leading to the discovery
of drugs with superior biological activities (51). These aspects are stressed
also by Finney and O’Halloran who suggested that the different coordination
numbers, types of coordinating residues and solvent accessibilities of proteins
essential to cell functioning are providing insights into inorganic chemistry (52).
The examples of the ruthenium organometallics mimicking staurosporine and
revealing a unique inhibitory activity of kinases leading to switches of cellular
pathways (53-55), and that of NAMI-A targeting integrins in their active site and
leading to the alteration of the cell cytoskeleton (56, Bergamo et al., unpublished
data), are emblematic and represent examples of the feasibility of this approach.
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One important aspect concerning the type of bonding metal-based compounds
(organometallics included) is to do with their biological targets. Typically, metal-
based drugs are conceived to give strong bonding with their target (this is one of
the assiomas contained in the relevant literature of inorganic chemistry and of
chemotherapy of platinum drugs). Weak bonds with targets are one of the main
aspects at which frontier research is looking, for simply copying nature. Nature
makes the differences between cells throughout the explosion of the number of
‘receptors’ involved in cell recognition and the number of bonding with ubiquitary
ligands to these receptors. If these bondings were hard, then cells would be
inhibited in many of their activities independently on the number of receptors.
Then we should reassess the use of ruthenium compounds and the use of ligands
to get structures for target interactions aimed at occupying the active site and to
induce (or prevent) the activities consequent to this occupancy rather than getting
an irreversible metal-target bonding after dissociation of one or more of these
ligands. Inorganic chemistry has acquired an enormous bulk of expertise and will
certainly accept this challenge and give rise to a fundamental development of new
innovative drugs to cure cancer.
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X-ray Crystal Structure of a Monofunctional
Platinum-DNA Adduct, cis-{Pt(NH,),-
(Pyridine)}** Bound to Deoxyguanosine

in a Dodecamer Duplex

Ryan C. Todd and Stephen J. Lippard

Abstract Features of the 2.17 A resolution X-ray crystal structure of cis-diammine-
(pyridine)chloroplatinum(Il) (cDPCP) bound in a monofunctional manner to
deoxyguanosine in a DNA duplex are discussed and compared to those of a
cisplatin—1,2-d(GpQ) intrastrand cross-link in double-stranded DNA. The global
geometry of cDPCP-damaged DNA is quite different from that of DNA contain-
ing a cisplatin 1,2-d(GpG) cross-link. The latter platinated duplex is bent by ~40°
toward the major groove at the site of the adduct; however, the monofunctional
Pt—dG lesion causes no significant bending of the double helix. Like the cisplatin
intrastrand adduct, however, the cDPCP moiety creates a distorted base pair step to
the 5’ side of the platinum site, which may be correlated with its ability to destroy
cancer cells. Structural features of monofunctional platinum adducts are analyzed,
the results of which suggest that such adducts may provide a new platform for the
design and synthesis of Pt anticancer drug candidates.

Keywords cDPCP; X-ray crystallography; Monofunctional platinum compounds

The propensity of cis-diamminedichloroplatinum(Il), (cis-[Pt(NH,),CL,] or cisplatin)
to form bifunctional intrastrand cross-links on DNA has been linked to its efficacy
as an anticancer drug (1). In contrast, the cationic complex cis-diammine(pyridine)-
chloroplatinum(I) (cis-[Pt(NH,),(pyridine)CI]*, cDPCP) (see Fig. 1) displays antine-
oplastic activity in murine tumor models despite violating the classical structure—
activity relationships established for platinum antitumor agents (2). cDPCP binds
DNA at the N7 position of guanine residues like other Pt compounds; however,
cDPCP contains only one chloride-leaving group, so it forms exclusively mono-
functional adducts with nucleic acids. Several biochemical experiments have
demonstrated that cDPCP adducts are fundamentally different from those of
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Fig. 1 Chemical structures of \
cisplatin, cDPCP, and / + — +
(Prdiemcli H C NH HoN NH
N | N
N/ =N 2N/
/Pt\ /Pt\ /Pt\
HsN Cl Cl NH3 Cl N
Ha
cisplatin cDPCP [Pt(dien)CI]*

cisplatin; no bifunctional cross-links arise from loss of the N-donor ligands (3, 4).
Thus cDPCP represents one member of a growing class of “rule breakers”, platinum
complexes with antitumor activity that are incapable of forming the 1,2-intrastrand
or any other cross-link.

We were interested to determine the characteristics of cDPCP that confer its
cytotoxicity in tumor cells, given that most other monofunctional platinum(II)
complexes, including [Pt(dien)Cl]* (dien =diethylenetriamine, Fig. 1) and the trans
isomer of cDPCP, are inactive (2). To investigate the structure of cDPCP-modified
DNA and compare it with that of DNA damaged by cisplatin, we synthesized a DNA
dodecamer duplex with site-specific placement of cDPCP at the N7 position of the
central deoxyguanosine residue and characterized it by X-ray crystallography. The
sequence of the DNA was similar to that used in previous studies of platinum—-DNA
duplexes (5-7) but modified to contain only one platinum binding site.

A site-specifically platinated DNA duplex having the platinated strand
5-CCTCTCG*TCTCC-3" (where G” indicates the Pt site) was synthesized and
crystallized and its X-ray structure determined at 2.17 A resolution as described (8).
Phases for the structure (depicted in Fig. 2a) were obtained by single-wavelength
anomalous diffraction data arising from the platinum atom. Crystals belonged to the
orthorhombig space group €222, with unit cell dimensions a=46.4A, b= 66.0A,
and ¢=56.1 A, one molecule in the asymmetric unit, and a solvent content of 56%.

Two predominant packing interactions organize the platinated DNA molecules
within the unit cell (see Fig. 3). End-to-end packing, which is commonly encountered
in B-DNA structures, is facilitated by hydrogen bonding of deoxyribose moieties
of C1 and C12, and similarly of G13 with G24, in neighboring duplexes, creating
a pseudo-continuous double helix throughout the crystal. Groove-to-groove pack-
ing also occurs between molecules, aided in part by hydrogen-bonding interactions
between an ammine ligand on platinum of one duplex and the phosphate backbone
on G16 of an adjacent molecule. Sixteen water molecules were located, with the most
ordered ones being located in the major groove between two adjacent duplexes.

The duplex maintains linear, B-form DNA conformation despite the coordi-
nation of platinum to the central dG residue (see Fig. 2), and all Watson—Crick
hydrogen-bond base pairing throughout the dodecamer is conserved. The double
helix is unwound by ~8° in the vicinity of the platination site, in agreement with
previous NMR spectroscopic results of a DNA duplex modified with the 4-Me-
pyridine analog of cDPCP (9), but no other distortion of the global nucleic acid
structure is observed.
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Fig. 2 The structures of (a) cDPCP- and (b) cDDP-damaged DNA duplexes. Close-up views of
the platinum binding sites for cDPCP and cDDP are shown in (c) and (d), respectively. Asterisks
indicate platinum binding sites. (a) and (c), PDB accession code 3CO3; (b) and (d), 1AIO

Fig. 3 End-to-end (a) and groove-to-groove (b) binding interactions between DNA molecules
that contribute to crystal packing in the unit cell. Asterisks indicate platinum binding sites

The aromatic ligand of the cis-{Pt(NH,),(py)}**~dG adduct is directed toward
the 5" end of the platinated strand, also in accord with previous NMR data on a DNA
duplex with a bound para-substituted cDPCP analog (9). This orientation facilitates
hydrogen-bond formation between the NH, ligand trans to pyridine and O6 on
the guanosine residue (N-O distance, 2.8 A). Interestingly, this hydrogen bond
also occurs in the Pt—~DNA adducts formed by oxaliplatin, (R,R)-diaminocyclo-
hexaneoxalatoplatinum(II), but not in adducts formed by the inactive S,S-(DACH)
stereoisomer (6, 10). Hydrogen-bonding interactions in cisplatin—-DNA and oxalipl-
atin—-DNA adducts have been thoroughly studied by using NMR spectroscopy and
molecular dynamics simulations (10, 11), suggesting that they may be involved in
differential recognition of these DNA damage sites by nuclear proteins. The precise
role of these interactions in cellular processing of Pt—~DNA adducts has not yet been
elucidated; however, current data indicate that these hydrogen bonds are important
in the mechanism of action of platinum antitumor compounds.



70 R.C. Todd and S.J. Lippard

Compared to cisplatin, cDPCP binding only moderately distorts the structure of
double helical DNA (Fig. 2a, b). Characteristics of the cisplatin 1,2-intrastrand cross-
link include a roll angle of 27° between the bound guanines, global bending of 40°
towards the major groove, and local unwinding of the duplex by ~25° (5). Furthermore,
the platinum atom is displaced from the planes of the guanine bases by ~1 A, causing
additional strain (Fig. 2d). These distortions are hypothesized to inhibit transcription
and, if the DNA damage persists, trigger cellular apoptosis (12). The monofunctional
c¢DPCP adduct does not effect the roll or global bend angle of the DNA duplex, and
it unwinds the helix by only 8°. The Pt atom of cDPCP lies within the guanine plane,
as shown in Fig. 2c. DNA geometric parameters for the cDPCP-DNA and cisplatin—
DNA adducts were calculated with 3DNA (13) and are compared in Table 1.

Although cDPCP and cisplatin modify nucleic acids in mono- and bifunctional
manners, respectively, the resulting adducts share one common feature. Pt—DNA
damage causes distortion of the base pair step on the 5' side of the lesion, regard-
less of the nature of binding. This base pair step, first identified by Marzilli (14),
is marked by large shift and slide values; i.e., the base pair containing the platinum
adduct is translocated out towards the major groove. The shift and slide values are
1.2 and 0.8 A for the cDPCP-dG adduct, respectively, and 1.5 and 1.9A for the
cisplatin 1,2-intrastrand cross-link, respectively. The effect, if any, of this perturba-
tion towards cellular recognition and cytotoxicity has not yet been determined, but
it is compelling to note that cDPCP and cisplatin cause a similar alteration in DNA
geometry while forming fundamentally different adducts.

Both cisplatin and cDPCP bind the N7 atom of guanine bases to form stable
DNA adducts, but the structural consequences to the nucleic acid double helix
are significantly different. These results suggest that the two platinum antitumor
compounds may destroy cancer cells through different mechanisms. We have
postulated that cisplatin and cDPCP each block transcription by RNA polymerase 11
through unique interactions (8). It was reported from the X-ray crystal structure of
the transcriptional elongation complex containing a cisplatin intrastrand adduct in
the template strand that cisplatin may inhibit pol IT when the Pt cross-link initially
enters the active site of the enzyme because translocation and rotation of the strand
are blocked by the covalently linked Pt(NH,),-d(GpG) dinucleotide (15). We
hypothesize that cDPCP would inhibit transcription via a different pathway. The
mono adduct would not offer a barrier to DNA rotation because the Pt atom binds
only a single base, but modeling studies suggest that the pyridine ligand may alter
the position of the modified dG residue in the pol II active site by steric interactions
with a nearby o-helix (8). This transformed conformation would prevent matching
of the incoming ribonucleotide and inhibit RNA elongation. The trans isomer of
c¢DPCP and [Pt(dien)Cl]*, neither of which are active antitumor agents, would not
provide this steric hindrance, which we take as biochemical evidence to support
our hypothesis. Pol II inhibition would presumably lead to apoptosis in each case
through common pathways initiated by attempted transcription-coupled repair.

Monofunctional complexes represent a class of platinum(Il) compounds with
known antineoplastic properties that could potentially offer a lower toxicity profile
or differential tumor specificity compared to more conventional cisplatin analogs.
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Here we describe the X-ray structural characterization of cis-diammine(pyridine)-
chloroplatinum(II), a potent member of this group, bound to duplex DNA, and
propose how this compound may act differently from cisplatin to destroy tumor
cells. The information obtained from this structure can be utilized to design new
monofunctional Pt compounds and provide a paradigm to expand the platform of
“rule breakers” in the platinum antitumor compound family.
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Osmium Arenes: A New Class
of Potential Anti-cancer Agents

Sabine H. van Rijt, Anna F.A. Peacock, and Peter J. Sadler

Abstract Our studies of half-sandwich osmium(II) arene complexes of the type
[(m®-arene)Os(XY)Z] show that hydrolysis of the Os—Z (Z = Cl) bond and degree
of formation of biologically inactive hydroxo-bridged dimers can be controlled by
the choice of the chelated ligand XY. The chemistry and cancer-cell cytotoxicity
of complexes containing N,N-, N,O-, or O,0-chelating ligands are compared and
contrasted. The wide kinetic timescales of the reactions of these osmium complexes
are notable and promising for the design of novel anti-cancer agents.

Keywords Organometallic; Osmium; Arene; Anti-cancer; Hydrolysis

The only non-platinum anti-cancer transition-metal compounds currently in
clinical trials are two ruthenium(Ill) compounds, [ImH][trans-RuCl,(DMSO)Im]
(NAMI-A) (1) and [InH][trans-RuCl,In,] (KP1019) (2), where Im = imidazole,
In = indazole. This use has stimulated much interest in the medical properties of
ruthenium, and in particular in ruthenium(Il) arene anti-cancer complexes (3).
Certain Ru" arene complexes exhibit both in vitro and in vivo activity, in some
cases with activity comparable to that of cisplatin and carboplatin (4). Yet the
pharmacological potential of the heavier congener osmium has been little explored.
In general, as a third-row transition metal, osmium is considered to be relatively
inert compared to the second-row transition metal ruthenium. The advantages in
using transition metals other than platinum, such as ruthenium and osmium, include
the availability of additional coordination sites, alterations in ligand affinity and
substitution kinetics, but also changes in redox potentials.
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Structure of Osmium(II) Arene Compounds

A typical structure of a half-sandwich “piano-stool” osmium(Il) arene complex
(i.e., [(mS-arene)Os(X)(Y)(Z)]**) allows variation of the three main building blocks
to optimize drug design: the arene, the X and Y ligands and the monodentate
leaving group Z. The nature of the arene can influence cell uptake of the complex,
as well as interact with potential biological targets. The lability of the leaving group
Z, typically a chloride, can be important in controlled activation. The X and Y
ligands can be linked together to form a bidentate chelating ligand (XY) and may
help to control the stability and the ligand exchange rates of these complexes. Most
research has focused on the effects of the bidentate ligand XY on the overall reac-
tivity of osmium(II) arene complexes. Recent studies include a series of complexes
with bidentate nitrogen (N,N) (5-7), oxygen (O,0) (5, 8) and nitrogen—oxygen
(N,O) chelators (9), but bifunctional compounds with monodentate nitrogen (6) and
phosphine ligands (10) have also been explored. Figure 1 shows the general struc-
ture of osmium(Il) arene complexes with selected examples of bidentate chelators
used in recent studies.

Aqueous Reactivity and Cytotoxic Activity

The lack of understanding of the aqueous chemistry of organometallic complexes
under biologically relevant conditions poses an obstacle in current attempts to
design anti-cancer drugs. Knowledge of the aqueous chemistry of these types of
complexes may eventually lead to the control of their pharmacological properties,
including cell uptake, distribution, DNA binding, metabolism and toxic side effects.
It is hypothesized that one route for the activation of these types of complexes
in vivo involves aquation of the chlorido complexes. This may be followed by DNA
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n+ 2 2 N, N-chelat
R N\ \ / L M-chelators
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0 0
1 e S \
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Il acac alt
/O 5,,,0/”/ 0 malto
Z l X N N
Y, [T 9 0 W, 0-chelat
P ' P ' O-chelators
pico oxinate

Fig. 1 Typical structure of osmium(II) half-sandwich complexes and selected examples of chelating
ligands, XY
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binding, resulting in the formation of monofunctional adducts with high affinity for
the N7 of guanine (G) bases in the case of chelators bound by NH groups.

Studies of the rate of hydrolysis, i.e., exchange of the chlorido ligand for water,
for osmium(II) arene complexes have revealed that their aqueous reactivity is greatly
dependent on the nature of the chelating ligand (XY). For the ethylenediamine (en)
complex [(MS-biphenyl)Os(en)Cl]*, hydrolysis occurs with a half-life of 6.4h at
298 K, which is ca. 40 times slower than that of the Ru" analogue. This highlights
the lower reactivity of Os" (5). Interestingly, despite its slow hydrolysis rate,
[(MmS-biphenyl)Os(en)CI]* still exhibited promising activity against the human ovar-
ian cancer A2780 cell line (IC50 =9uM, where IC50 is the concentration that inhib-
its cell growth by 50%). The rate of hydrolysis was slowed down even further by
incorporating a t-acceptor chelating ligand, such as 2,2"-bipyridine or 1,10-phenan-
throline, by a factor of ca. 7 (6). Changing the ligand from the neutral N,N-chelator
en to the anionic O,0-chelator acetylacetonate (acac) has a marked effect on the
extent and rate of hydrolysis. The hydrolysis rate of [(n%-arene)Os(acac)Cl] is too
fast to monitor by NMR at 298 K. Density functional theory (DFT) calculations
support the experimental observation of faster hydrolysis of the acac Os"-arene
complexes compared to analogues containing the N,N-chelator en. The calculated
hydrolysis barrier of the Os" acac compound is significantly lower than that of the
en complex, by nearly 30kJ mol™! (8). However, hydrolysis of the acac compounds
is complicated by the formation of the hydroxo-bridged dimer, [(n%-arene)Os(u>-
OH),Os(n°%arene)]*, with loss of the acac ligand. This hydroxo-bridged dimer is
the only observed species at micromolar concentrations in solutions similar to those
used in biological cell culture tests (5). The introduction of the five-membered
maltolate chelate ring provides stabilisation towards hydroxo-bridged dimer forma-
tion compared to the six-membered acac complexes; however, the hydroxo-bridged
dimer remained the dominant species present under biologically relevant conditions
(8). On account of the formation of these hydroxo-bridged adducts, compounds
containing O,0O chelators are inactive towards the human ovarian (A2780) and
human lung (A549) cancer cell lines.

Intermediate behaviour to that of the complexes containing N,N- and O,O-
chelators is observed in aqueous solutions for complexes containing some anionic
N,O-chelators. Although Os" arene complexes containing aminoacidate ligands such
as glycinate or L-alanine hydrolyse rapidly, are unstable towards hydroxo-bridged
dimer formation and are non-toxic towards A2780 cells, complexes containing a
pyridine derivative as the N-donor atom hydrolyse at an intermediate rate, are stable
in aqueous solution at micromolar concentrations and are active towards both A549
and A2780 cell lines (9). Notably, complexes containing picolinate (pico) as the
N,O-chelate display promising activity towards the human ovarian cancer cell line
with IC,, = 4.5uM, a value similar to that of carboplatin (IC,; = 6uM) which is
currently used in clinics. This enhanced stability probably results from the w-acceptor
properties of the pyridine ring. This factor, in combination with the use of a more
acidic chelating oxygen (carboxylate for pico), can minimize chelate ring-opening
reactions through strengthening of the Os—N and Os—O bonds. The activation
parameters show that aquation in these types of osmium(II) compounds occurs via
an associative pathway, AS* being negative (6, 9). The pK_ values of the resulting
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aqua adducts range from 5.8 to 6.3 for N,N-coordinated compounds (with the more
acidic complexes containing pyridine ligands) (6). Therefore, at physiological pH
(7.4) almost all of the hydrolyzed osmium complexes containing N,N chelators
would be present as the less reactive hydroxo species, [(n®-arene)Os(N, N-chelate)
(OH)]*. This is not the case for Os" arene aqua compounds containing the anionic
acac O,0-chelating ligand, for which the pK| values range from 7.3 to 7.8 (depending
on the arene) (5). For the N,O-chelators, pK, values are intermediate between those
of the N,N- and O,0O-chelators (pK values of 7.1-7.5) (9).

The incorporation of a chelating ligand appears to be crucial for maintaining the
stability of the complexes. The bifunctional osmium(II) arene complex containing
the monodentate acetonitrile ligand, [(M°-p-cym)Os(NCCH,-N)CL,], is largely
deactivated in water to form the inert hydroxo-bridged dimer (6). Such bridge
formation was, however, not reported for a related Os" arene complex containing
a monodentate pta ligand (where pta is 1,3,5-triaza-7-phosphatricyclo[3.3.1.1]-
decane), [(n°p-cym)Os(pta)CL] (11). Os" arene compounds containing bidentate-
bound paullone-based ligands have a different type of instability in aqueous
solution, with p-cymene arene loss occurring after 72h. Even though arene loss
was observed in aqueous solution, the compounds still exhibited low micromolar
cytotoxicity in three human cancer cell lines (7).

Far less research has been dedicated to the effect of the arene on the overall
reactivity of these types of osmium(Il) complexes, although it has been shown
that changing the arene from the electron-rich tetrahydroanthracene (THA) or
p-cymene to the more electron-deficient biphenyl slows down the rate of hydrolysis
significantly (6, 9). Such behaviour is also observed for the ruthenium analogues
(12). In general, these studies demonstrate that the kinetics and thermodynamics of
these types of complexes are important for their biological activity and, importantly,
that these factors can be controlled by appropriate ligand design.

Interaction with Biologically Relevant Targets

Binding studies of osmium(II) arene complexes with nucleobases are of special
interest since DNA is considered to be the main target for classical metal anti-
cancer drugs (13) and distortions of DNA structure often correlate with anti-cancer
activity (14). To gain insight into the reactivity of these types of complexes with
DNA, nucleobase derivatives have been used as models (Fig. 2a). The osmium(II)
biphenyl complex containing the N,N-chelator ethylenediamine (en) as chelat-
ing ligand reacts only slowly with 9-ethylguanine (9-EtG) and only to a limited
extent with adenosine (Ado). In addition, no reaction is observed with the pyri-
midine bases cytidine (Cyt) or thymidine (Thy) (5). The same base specificity
is observed for the Ru" analogue (i.e., [(N®-bip)Ru(en)CI]*) (15). In general, the
lack of reactivity towards the pyrimidine bases is likely to be caused by steric
interactions adjacent to the N3 position, making it an unfavourable binding
site. The high discrimination for guanine over adenine binding in these types of
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Fig. 2 (a) Structures of nucleobase derivatives 9-ethylguanine and mononucleosides adenosine,
cytidine and thymidine (where R is deoxyribose). (b) X-ray structures of nucleobase adducts
[(M®-p-cym)Os(pico)(9ELG)]* (top) and [(n°-p-cym)Os(pico)(9ELA)]* (bottom)

complexes can be rationalized in terms of favourable H-bonding for guanine and
non-bonding repulsive interactions for adenine between the chelating ligand en
and nucleobase substituents, in addition to the electronic properties of the various
nucleobase coordination sites.

The aqua Os" arene adduct containing the O,0-chelator acac or maltolate,
[(n®-arene)Os(0, O-chelate)H,O]*, reacts rapidly with purine bases (9-EtG and
Ado) but not with pyrimidine bases (Cyt or Thy) (5). However, the hydroxo-bridged
dimer, formed from the aqua Os" adducts in solution by loss of the chelating O,0-
ligand for both acac and maltolato complexes, is unreactive towards both purine
and pyrimidine bases (5). This appears to be the key to understanding the inactivity
of Os™ arene complexes containing O,0O-chelates. The active anti-cancer com-
pound containing picolinate (pico) as the N,O-chelate, i.e., ([(n%-arene)Os(pico)
Cl], exhibits binding to both 9-EtG and 9-EtA, although a strong preference for
9-EtG exists when in competition. X-ray structures of the Os" nucleobase adducts
[(M®-p-cym)Os(pico)(9ELG)]* and [(M°-p-cym)Os(pico)(9EtA)]* show binding of
osmium to the electronegative sterically non-hindered N7 site with the nucleobase
functionality (CO for G, NH, for A) lying on the opposite side of the chelate for
the G and A bases, respectively (Fig. 2b).

These configurations make short-range interactions possible between the func-
tional groups on the nucleobases and the picolinate ligand, stabilizing nucleobase
binding. As for the Os™" acac compounds, there is little or no binding of the Os"
pico compounds to the pyrimidine bases cytosine and thymine (9). In contrast to
the base specificity observed for these Os™" arene complexes containing bidentate
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chelating ligands, non-specific binding of osmium bifunctional compounds [(M°-p-
cym)Os(pta)Cl,] and [(n°-p-cym)Os (pta-Me)CL]* has been reported in a reactivity
study towards a 14-mer oligonucleotide (11).

The first in-depth study of osmium(II) arene complexes of the type [(n°-arene)
Os(XY)CI]™, where XY = N,O-chelating ligands picolinate, oxinate or N,N-chelate
ethylenediamine, towards their interaction with biological target DNA in an effort
to understand their mechanism of interaction has revealed some interesting results
(16). All Os™" arene compounds tested bind to calf thymus DNA, but unlike cisplatin
this binding resulted in no DNA bending. However, DNA adducts of the Os" arene
complexes that exhibit cancer cell cytotoxicity in the ovarian tumour cell lines show
large unwinding of double-helical DNA. These data suggest that DNA binding occurs
through coordination to guanine residues in addition to noncovalent interactions
between the arene ligand and DNA. It is interesting to note that Os" arene compounds
containing en or pico ligands show similar activity in cells both sensitive and resistant
to cisplatin, indicating a different mechanism of action for this class of complexes.

In conclusion, these studies show that the choice of types of ligands and coor-
dination geometry in this novel class of anti-cancer compounds provides an ability
to activate and “fine tune” the chemical reactivity of these types of compounds to
obtain aqueous stability, biologically favourable ligand exchange rates and finally
cytotoxic activity.
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Resistance to Cisplatin Results
from Multiple Mechanisms in Cancer Cells

Michael M. Gottesman, Matthew D. Hall, Xing-Jie Liang,
and Ding-Wu Shen

Abstract We have studied the development of resistance to cisplatin in cultured
KB-3-1 human cervical adenocarcinoma (HeLa) cells and BEL-7404 human
hepatoma cells. In a single-step selection, it is possible to develop a pleiotropic phe-
notype consisting of the following: (a) cross-resistance to other platinum compounds,
arsenite, cadmium, methotrexate and nucleoside analogs; (b) corresponding reduced
accumulation of these agents; (c) reduced receptor-mediated and fluid phase mediated
endocytosis; (d) altered cytoskeleton, including disruption of actin microfilaments,
filament structures, and microtubules; (e) a defect in membrane protein traffick-
ing consisting of relocalization to intracellular vesicles of several transmembrane
proteins such as the ABBC1 transporter (MRP1, GS-X pump), glucose transporter
(GIuT1), and folate binding protein (FBP); and (f) altered mitochondrial morphology
and function. We hypothesize that this pleiotropic phenotype reflects a basic cellular
defense mechanism against cytotoxic materials that are not hydrophobic enough to
enter the cell by simple diffusion, but have multiple other mechanisms of cell entry
including piggybacking on existing receptors and endocytosis, and speculate that a
relatively simple cellular switch can actuate this pleiotropic response.

Keywords Cisplatin; Resistance; Uptake; Reduced accumulation; Pleiotropic
mechanism

The development of clinical resistance to cisplatin, and subsequent analogs such as
carboplatin and oxaliplatin, has prompted an extensive body of in vitro research into
the cellular mechanisms by which this resistance is conferred. The commonly accepted
cellular processes that contribute to resistance against the platinums are: (a) increased
expression of glutathione and metallothionein, which chelate Pt drugs and deactivate
them (1); (b) improved nuclear repair mechanisms (mismatch repair, nucleotide exci-
sion repair), and tolerance of platination through lowered apoptosis signaling (2); and
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(c) reduced cellular accumulation of drug by a variety of proposed mechanisms (3).
In vivo, a range of multicellular and physiological phenomena further contribute to
poor clinical response (4). Understanding clinical resistance to cisplatin is further
complicated since chemotherapeutic regimes usually employ a platinum drug in
combination with other cytotoxic drugs such as 5-fluorouracil or paclitaxel (5), which
is associated with P-glycoprotein-mediated multidrug resistance (6).

The least understood of the unicellular resistance mechanisms is the diminished
cellular accumulation observed in cisplatin-resistant cell lines; most platinum-
resistant tissue-culture cell lines accumulate less drug than their parental lines.
Platinum drugs enter cells by a variety of mechanisms — recently reviewed by us
(3) — including passive diffusion, fluid-phase endocytosis, and facilitated transport
by solute carriers (SLCs) such as the organic cation transporters 1-3 (OCT1-3) and
the copper transporter (CTR1). The diminished accumulation in resistant cells can
be attributed to a reduction in energy-dependent drug uptake (7), while the small
residual passive entry component is relatively unaffected (3). Given the multiple
mechanisms of uptake available to platinum drugs, how is it possible that single-
step mutants substantially reduce this uptake?

To identify cellular mechanisms of resistance, we have developed a set of
cisplatin-resistant cell lines derived from the BEL-7404 human hepatoma and
KB-3-1 human cervical adenocarcinoma cell lines by single-step selection by
increasing concentrations of cisplatin (Fig. 1).

Characterization of these cell lines revealed increasing resistance not only to
cisplatin, but to agents such as carboplatin, methotrexate, arsenite, arsenate, and
Pseudomonas endotoxin (8); however, cross-resistance was not observed with
more hydrophobic organic compounds such as doxorubicin, paclitaxel, etoposide
or mitomycin C, which are substrates of the multidrug resistance efflux pump

BEL -7404 (Hepatoma) KB -3-1 (Cervical adenocarcinoma)
l . " Colonies selected in 0.3 ug/mL
. Cells grown in KB-CP.3  “0OONi
7404-CP3 o' /mL cisplatin l cisplatin
Colonies selected in 1 ug/ml
7404-CP1  Cells grown in KB-CP1 cisplatin with two steps of
1 ug/mL cisplatin increasing concentration of
cisplatin
L KB-CP.5 Colonies selected in 0.5 ug/mil
cisplatin
Cells grown in 20 ng/mL Cells grown in 20 ug/mi
7404-CP 20 cisplatin (after multiple —»KB-CP 20 cisplatin (after multiple steps
steps of increasing of increasing
concentration of concentration of cisplatin)

cisplatin)

Fig. 1 Schematic showing resistant cell lines generated by stepwise exposure of BEL-7404 and
KB-3-1 parental cell lines to cisplatin. Reprinted from (8) with permission from Elsevier
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Table 1 Compounds that demonstrate lowered accumulation in cisplatin-resistant cells, and their
known pathways of active cell entry, demonstrating the diverse array of membrane-associated
transporters, and transport processes affected in the development of cisplatin resistance

Lowered accumulation Proposed mechanism(s) of entry Reference

Cisplatin® Multiple, including copper transporter (CTR1) 3)
and organic cation transporter (OCT?2)

["*C]-carboplatin Copper transporter (CTR1) (10)

[*H]-methotrexate Folate-binding protein (FBP) and ()
reduced folate carrier (RFC)

[*H]-folic acid Folate-binding protein (FBP) and (11)
reduced folate carrier (RFC)

Arsenite, *As(III) Aquaporin (AQP) (11)

Arsenate, *As(V) Aquaporin (AQP) (11)

['*I]-epidermal growth EGF receptor (EGFR) (11)

factor (EGF)

Iron, *Fe(III) Divalent metal transporter (DMT1) (11)

[*H]-glucose GluT family (11)

Pseudomonas endotoxin Endocytosis ()

[*H]-L-proline Sodium/iminoacid transporter 1 (SIT1) (11

*Accumulation measured using AAS or ICP-OES

P-glycoprotein (9). Each of the compounds demonstrating cross-resistance is known
to enter the cell via either transporters: e.g., reduced folate carrier (methotrexate),
aquaporins (As compounds); or endocytosis (Pseudomonas endotoxin), rather than
passive diffusion, suggesting that a down-regulation of importers, or mislocaliza-
tion away from the plasma membrane, is occurring.

Furthermore, the increasing resistance in the selected cell lines shown in Fig. 1
is associated in each case with diminished accumulation of both cross-resistant
compounds and nutrients known to enter the cell via active transport systems.
Agents known to display reduced accumulation in cisplatin-resistant cells are shown
in Table 1, along with their known uptake systems (3, 8, 10, 11). This reduced
accumulation is not caused by P-gp, as rhodamine 123 accumulation is unaffected
in cisplatin-resistant cell lines (7).

The decrease in accumulation, mediated by a broad range of transporters, takes
place along with higher level cisplatin-resistant (KB-CP20) cells showing diminished
uptake and altered distribution of the fluid-phase endocytosis markers horseradish
peroxidase (HRPO) and Texas Red dextran-10 (12). Receptor-mediated endocy-
tosis has also been examined using epidermal growth factor (EGF); while fewer
EGF receptors were present at the cell surface (analogous to the diminished active
transport described above), this was due to lowered EGF receptor expression, and
the rate of internalization was unaffected, indicating that receptor-mediated endo-
cytosis may not be directly affected. EGF degradation was observed to be slower in
resistant cells, and a pH-sensitive fluorescent dye indicated increased lysosomal pH
(12). When parental cells were treated with bafilomycin A, to increase lysosomal
pH, the reduced cisplatin-uptake phenotype was induced (12). Taken together, these
results suggest that the endosomal/lysosomal pathway is critical for platinum drug
accumulation, either directly or through trafficking of membrane proteins.
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The intracellular proteins that platinum drugs associate with were examined using
photoaffinity labeling of [*“C]-carboplatin and the two major ['*C]-carboplatin-
binding proteins were identified as filamin and actin, both of which are known to
be involved in endocytosis and protein trafficking (13). Decreased expression of
filamin and B-actin was found in the resistant KB-CP20 and 7404-CP20 compared
to their respective parental cell lines, and subsequent analysis revealed that
resistant lines are also deficient in other microfilament proteins such as dynamin
2 and B-tubulin. Transfection of cells with an expression vector for actin fused to
enhanced green fluorescent protein (EGFP) revealed a non-filamentous actin-EGFP
distribution compared with parental cells, suggesting that cytoskeletal organization
is disturbed in cisplatin-resistant cells (13). In mammalian cells, an intact actin
cytoskeleton is necessary for all forms of endocytosis (including endocytic
recycling of membrane transporters), and the observation that cisplatin-resistant
cells have lowered expression, and disrupted organization of the cytoskeleton, may
provide an underpinning for the broad nature of platinum drug cross-resistance.

After endocytosis, most membrane proteins and lipids return to the cell
surface, a process known as endocytic recycling. Given the defective endocytosis
and disrupted cytoskeletion observed in resistant cells, it is possible that the lack
of carrier-mediated accumulation described above is due to faulty endocytic
recycling. Analysis of the multidrug resistance protein MRP1 in cisplatin-resistant
cell lines revealed a loss of protein at the plasma membrane, but increased levels
in the cytosolic fraction, and confocal imaging reveals that MRP1 and folate
binding protein (FBP) are expressed mainly in the cytosol, unlike in parental
lines where expression is observed at the plasma membrane (14). Biotinylation
of membrane surface proteins, including MRP1, enabled tracking of MRP1 in
cisplatin-sensitive and -resistant cells providing direct evidence that MRP1 gets
to the cell surface in the resistant cells, but fails to recycle back once internalized
(14). The transferrin receptor and its ligand transferrin are a model for endosomal
recycling — after transferrin binding, the transferrin receptor is internalized to early
endosomes, the iron released, and the transferrin receptor-transferrin complex
returns to the cell surface via the endocytic recycling compartments (ERCs).
Using fluorescently labeled transferrin, it was shown that the ERCs in cisplatin-
resistant cells were abnormally distributed throughout the cell cytoplasm, and,
conversely, that cell lines with defective ERCs were cross-resistant to cisplatin
(15). These results confirm that it is not so much a loss of uptake transporters,
as a lack of them at the plasma membrane due to faulty endocytic recycling, that
contributes to lowered drug accumulation and cisplatin resistance.

The likely cause of this pleiotropic resistance is the alteration of a cellular switch
that results in the disruption of membrane protein trafficking, possibly by a primary
defect in cytoskeletal organization (Fig. 2). Consistent with this, it has been shown
in both KB-CP20 and 7404-CP20 cells that several small GTPases that regulate
crucial cellular processes such as cell cycle, gene transcription, and endocytosis are
downregulated, including RhoA, rab5 and racl (11). It is possible that the lowered
expression of genes in more highly resistant cells is due to hypermethylation, as the
DNA demethylating agent 2-deoxy-5-aza-cytidine (DAC) reversed silenced genes
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Cytoskeletal Disruption
Vv
Membrane protein mislocalization with reduced uptake
of cisplatin, other agents, and glucose
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Reduced accumulation of drugs and nutrients crucial
to cell signaling

Fig. 2 The hypothetical pathway responsible for pleiotropic drug resistance in cisplatin-selected
cell culture lines. Hypermethylation is associated with repression of small GTPases such as RhoA
that are responsible for the regulation of crucial cell processes. The cytoskeletal disruption
prevents effective endocytic recycling and the correct localization of membrane proteins, resulting
in reduced drug accumulation, and disrupted cell signaling, possibly through altered mitochondrial
metabolism, due to the deprivation of nutrients such as glucose

such as the folate binding protein (FBP) and partially recovered the accumulation
defect for [“C]-carboplatin, [*H]-folic acid and [3]-methotrexate, while parental
KB-3-1 lines were unaffected (11). We are currently seeking a specific molecular
basis, such as altered transcription factors, to account for all or most of the down-
stream steps involved in this complex pleiotropic phenotype.

The robust cross-resistance of cisplatin-resistant cell lines manifests itself as
diminished drug accumulation; however, the cause does not appear simply to be
an alteration in the expression of specific uptake transporters. Rather, it is caused
by alterations in gene methylation and expression that disrupt crucial endocytic
processes and mislocalize a great many different membrane proteins. It has been
demonstrated that demethylating agents can partially reverse the resistance pheno-
type, and demonstration of the specific molecular alterations in cisplatin-resistant
cells should facilitate the development of more specific agents to overcome clinical
resistance to platinum-based anti-cancer compounds.
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CTR1 as a Determinant of Platinum
Drug Transport

Stephen B. Howell and Roohangiz Safaei

Abstract The copper transporter 1 (CTR1) is the major copper (Cu) influx
transporter and also mediates the initial uptake of cisplatin (DDP), carboplatin
(CBDCA) and oxaliplatin (L-OHP). Deletion of the gene coding for CTR1 in yeast
or mouse embryonic fibroblasts substantially reduces the initial influx of all three
Pt-containing drugs and renders them resistant to their cytotoxic effects. Forced
over-expression of human CTRI1 in the human A2780 ovarian carcinoma cells
increases the uptake of DDP but appears to misdirect its distribution within the cell.
DDP triggers rapid degradation of CTRI, thus reducing the level of its own influx
transporter. This effect is reduced by drugs that block endocytosis or the proteosome.
While CTR1 transports Cu through a pore that it forms in the plasma membrane, it
transports DDP via quite a different mechanism that depends on endocytosis.

Keywords Copper homeostasis; Cisplatin; Carboplatin; Oxaliplatin; CTR1

Introduction

The three most commonly used Pt-containing drugs, cisplatin (DDP), carboplatin
(CBDCA) and oxaliplatin (L-OHP) are quite polar and do not diffuse easily across
the plasma membrane. Recent studies have provided evidence that the copper (Cu)
transporters CTR1, ATP7A and ATP7B play a direct role in the transport of these
three drugs into and out of tumor cells (1). CTR1 (SLC31A1) is an important Cu
influx transporter in a wide range of species spanning yeast to humans (2). The
structure and function of CTR1 is highly conserved across the species as shown
by complementation studies documenting that hCTR1, yCTR1 and mCTR1

S.B. Howell (<)) and R. Safaei

Department of Medicine and the Moores Cancer Center, University of California,
San Diego, La Jolla, CA, USA

e-mail: showell@ucsd.edu

A. Bonetti et al. (eds.), Platinum and Other Heavy Metal Compounds 89
in Cancer Chemotherapy, DOI: 10.1007/978-1-60327-459-3_12,
© Humana Press, a part of Springer Science + Business Media, LLC 2009



90 S.B. Howell and R. Safaei

Histidine and methionine rich N-

terminal domain \

Extracellular

Intracellular

Fig. 1 Schematic representation of the topology of a human CTR1 trimer in the plasma membrane.
Monomers are shown in black, white and gray. Each monomer has three membrane spanning
domains, a histidine and methionine rich N-terminal extracellular domain, a cytosolic loop and a
short C terminal tail

can rescue the phenotype produced by loss of CTR1 function in another species
(3). The homology is not limited to the coding sequence but is also found in the
exon—intron boundaries (4-6). CTR1 transporter Cu(I) moves across the plasma
membrane following which it is chelated onto pathway-specific chaperones includ-
ing the COX17, CCS and ATOXI1 for transfer to mitochondria, cytosol and the
secretory vesicles, respectively (7).

Deletion of both copies of the gene coding for CTR1 in mice produces embry-
onic lethality and developmental defects (8, 9). Human CTR1 has 190 amino
acids and is rich in methionines and histidines in its extracellular N-terminal
domain. Several conserved methionine residues, including the Met-Xaa-Xaa-
Xaa-Met motif, methionines 150 and 154, are important to the ability of CTR1
to import Cu (10). CTR1 exists as an integral membrane trimer forming a pore
that allows the transport of Cu (11, 12). The CxxxG (G4) motif in the third trans-
membrane domain (12) and the cysteinel89 in the C terminal cytosolic domain
are thought to mediate the oligomerization and stability of CTR1 respectively.
(13). Figure 1 shows a schematic representation of the membrane topology of a
CTR1 trimer. Like ATP7A and ATP7B, CTR1 has a large effect on the cellular
pharmacology of the Pt-containing drugs (1).
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Effects of Loss of CTR1 on the Regulation of Cellular
Pharmacology of DDP, CBDCA, L-OHP

Studies performed in yeast, mouse and human cells demonstrate that CTR1 regulates
sensitivity to DDP, CBDCA and L-OHP by controlling the influx of these drugs
(14, 15). Knockout of CTRI in yeast deficient other Cu transporters markedly
reduced DDP uptake (15, 16). Accumulation of all three drugs was reduced by
~65% when embryonic fibroblasts derived from mice, in which both alleles of the
gene coding for CTR1 had been knocked out, were exposed to a concentration of
2uM of each drug for 1h (17). In the case of DDP and CBDCA this reduction in
uptake was associated with reduced sensitivity of knockout cells to the cytotoxic
effect of the drug producing resistance factors of 3.2 for DDP and 2.0 for CBDCA
in an assay utilizing a 72h exposure. Loss of CTR1 had a smaller effect on sensitivity
to L-OHP, producing a resistance factor of only 1.7 in this assay. When exposed to
10uM for 1h, the uptake of DDP and CBDCA was still reduced in the knockout
cells but that of L-OHP did not suggest that L-OHP may have additional transporters
that become dominant at higher drug concentrations.

Our group has examined the effect of over-expressing CTR1 on the cellular
pharmacology of DDP. Ovarian carcinoma A2780 cells were stably transfected
with a full length human CTR1 (hCTR1). As expected, over-expression of hCTR1
resulted in a 6.5-fold increase in the basal level of Cu in A2780 cells and enhanced
their ability to accumulate %Cu when measured at various time points between
Smin and 24 h. The hCTR1-overexpressing A2780 cells accumulated substantially
higher levels of DDP than controls after just an incubation involving 5min with
2uM DDP. Interestingly, the over-expression of hCTRI1 in the A2780 cells had only
a very small effect on the sensitivity of cells to Cu or DDP, suggesting that, when
forcibly over-expressed, CTR1 misdirected both molecules within the cell (14).

DDP- and Cu-Induced Down Regulation of CTR1

Studies in the mouse fibroblasts (18) and human A2780 (19) and 2008 (20) ovarian
carcinoma cells with digital deconvolution microscopy and western blot analysis
using antibodies directed at both ends of the hCTR1 molecule, have demonstrated
that exposure to clinically relevant levels of DDP (0.5-2uM) causes down regulation
of CTR1. This somewhat remarkable discovery indicates that DDP down-regulates its
own major influx transporter — an observation that has important clinical implications
for the use of this drug. Cu also produced this effect but only at much higher concen-
trations (100-300uM) (19, 21, 22). Further studies showed that DDP-induced down
regulation of CTR1 occurred very rapidly and was detectable in cell lines after just
1 min of drug exposure, and was complete by ~15min. These studies also showed that
endocytosis of CTR1 was required for the DDP- and Cu-induced down regulation of
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CTRI; the endocytosis inhibitors amilioride and cytochalasin D were found to abolish
the DDP- and Cu-induced down regulation of CTR1 in 2008 cells (20).

Down Regulation of CTR1 Requires Proteosomal Activity

Further studies of the mechanism by which CTR1 is degraded, documented that it
was not just plasma membrane CTRI1 that was disappearing but all of the detectable
CTR1 — much of which was located in intracellular membranous structures (17).
DDP-induced down regulation of CTR1 was shown to be mediated primarily by
proteosomal rather than lysosomal digestion. The DDP-induced down-regulation
of CTR1 was blocked by pre-treatment of ovarian carcinoma 2008 cells with the
proteosome inhibitors lactacystin, proteosome inhibitor 1 and MG132. Western
blot analysis and confocal fluorescent microscopy showed that the CTR1 has a
relatively high turn over rate as indicated by rapid reappearance of CTR1 following
the removal of DDP from the culture medium. The levels of hCTR1 had returned
to their normal levels in 2008 cells by 30 min following the removal of DDP (17).
A recent study in yeast has demonstrated that yCTR1 becomes ubiquintylated upon
exposure to Cu (23); no data on ubiquintylation is yet available for hCTR1.

Conclusions

Presently available data indicates that CTR1 mediates influx of three of the most
commonly used Pt-containing drugs when they are present at clinically relevant
concentrations. The specificity of CTR1 for the transport of Cu is very high;
it does not transport other common metal ions nor even Cu(Il) (10). A study of
the membrane structure of the CTR1 trimer suggests that the pore through which
Cu(T) might pass is only 9 A wide. Thus, the much larger Pt-containing drugs are
unlikely to enter cells via this pore. Indeed, evidence from the study of human
ovarian carcinoma and mouse fibroblast cells suggests that CTRI1-mediated
uptake of DDP, CBDCA and L-OHP occurs via endocytosis. This has recently
been corroborated by an elegant analysis of fluorescence energy transfer (FRET)
between yeast CTR1 monomers engineered to contain ECFP or EYFP domains
(24). This study showed that Cu triggered a closer association between two
CTR1 monomers whereas DDP did not. A mutant CTR1 defective in Cu trans-
port retained the ability to mediate the uptake of DDP. Thus, while Cu and the
Pt-containing drugs both utilize CTR1 for cell entry, the mechanism of transport
appears to be quite different. The same protein functions to bring different metal-
loids into cells through both its ability to form a pore and its ability to undergo
metalloid-induced endocytosis. It will be of interest to investigate the extent to
which CTRI1 serves as a sensor of toxic metalloids via their ability to trigger the
endocytotic and degradative processes.
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Regulation of the Export
of Platinum-Containing Drugs by the Copper
Efflux Transporters ATP7A and ATP7B

Roohangiz Safaei and Stephen B. Howell

Abstract ATP7A and ATP7B are P-type ATPases that detoxifie copper (Cu)
through sequestration into the secretory pathway. While ATP7A is ubiquitously
expressed, the expression of ATP7B is mainly specific to the liver tissue. These
transporters are up-regulated in many types of tumors refractory, to the platinum-
(Pt) containing drugs. Studies on cell lines indicate that ATP7A and ATP7B mediate
sequestration and efflux of cisplatin (DDP), carboplatin (CBDCA) and oxaliplatin
(L-OHP). An in vitro transport assay system consisting of vesicles isolated from Sf9
cells that expressed either a wild type ATP7B (WT) or a mutant form of this protein
(MT) was used to determine whether ATP7B plays a direct role in the transport of
DDP. While both forms of ATP7B significantly enhanced the capacity of Sf9 vesi-
cles to bind DDP in the absence of ATP, only the WT form was capable of mediating
ATP-dependent accumulation of DDP and forming a transient acylphosphate inter
mediate in the presence of DDP. ATP7B-mediated transport of DDP into Sf9 vesi-
cles was similar to that for **Cu, but had a slower rate. DDP and Cu also inhibited
each other’s transport into the WT-expressing vesicles. These studies demonstrated
that, although less effective than Cu, DDP serves as a substrate of ATP7B.

Keywords ATP7A; ATP7B; P-type ATPase; Copper homeostasis; Cisplatin

Introduction

The efflux of Pt containing drugs is an energy-requiring process and can be modu-
lated by a number of disparate transporters and physiological conditions (1). Recent
studies have identified the copper (Cu) exporters ATP7A and ATP7B as potential
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efflux transporters of cisplatin (DDP), carboplatin (CBDCA) and oxaliplatin
(L-OHP) in a variety of cell culture model systems (2). While the exact mechanism
by which ATP7A and ATP7B mediate the efflux of the Pt-containing drugs remains
to be determined, preliminary data is consistent with a direct role of these cupro-
proteins in this process.

ATP7A and ATP7B are essential constituents of the Cu homeostasis system and
function in coordination with several proteins, including the Cu importer CTR1
and the metallochaperones ATOX1, CCS and COX17, to deliver Cu to various
cuproproteins and detoxify the excess harmful metal (3). ATP7A and ATP7B are
localized to the membranes of the trans-Golgi network (TGN). They receive Cu(I)
from the metallochaperone ATOX1 and translocate it across the vesicle membrane
by hydrolyzing ATP. Similar to other P-type ATPases, ATP7A and ATP7B form
transient acylphosphate intermediates in the process of Cu translocation (4). ATP7A
is ubiquitously expressed in almost all tissues and is required for the synthesis of
secretory cuproporteins such as tyrosinase, lysine oxidase and monoamine oxidase.
The absence of ATP7A expression leads to severe disturbances in Cu homeostasis
as evidenced by the fact that mutations that disable its function cause Menkes
disease (5). ATP7B is expressed mainly in liver, and its mutations are the cause of
Wilson’s disease (5). Although ATP7B and ATP7A are highly similar in structure
(Fig. 1) and can complement each other’s function in some cases (6, 7), each serve
unique roles in Cu homeostasis (8) as evidenced by the fact that they have different
enzymatic activities and subcellular trafficking patterns (9). Recent data suggests
that while ATP7A participates mainly in the synthesis of cuproproteins, the role of

MBS 1 ATP binding domain

Cytosol

TGN
v vesde

Fig. 1 Schematic drawing of the topology of ATP7A and ATP7B in the TGN. N-terminal metal
binding domains are indicated by MBS1-MBS6. ATPase domain includes: TGEA, the phos-
phatase site; DKTGT, the phosphorylation site, with D forming the acylphosphate intermediate;
and TGDN, the nucleotide binding domain
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ATP7B is likely to be in the detoxification of excess Cu as well as the synthesis
of holoceruloplasmin (9).

Figure 1 shows a schematic drawing of ATP7A and ATP7B structure in the TGN
vesicle. These proteins interact with ATOX1 via their N-terminal domains. They
receive Cu(l) from ATOX1, which they chelate to their six CxxC metal binding
sequences and then transport through a pore formed by their eight transmembrane
domains into the TGN utilizing the energy of the ATP hydrolysis. The conserved
CPC motif in the sixth transmembrane domain is essential for translocation of Cu
across the TGN membrane (4).

The increased expression of ATP7A (10-12) and ATP7B (10, 13—-16) has been
associated in cell culture systems with the development of resistance to DDP,
CBDCA and L-OHP and an increase in intracellular sequestration or efflux of these
drugs. Studies in many tumor samples have also demonstrated a correlation between
the expression of ATP7B and ATP7A (12) and the outcome of therapy with Pt
containing drugs (17). Together these studies have suggested that the role of ATP7A
and ATP7B in the regulation of cellular pharmacology of Pt containing drugs is direct,
and lies in the ability of these proteins to chelate and transport these drugs (2).

Several lines of evidence indicate that, similar to the situation for Cu, ATP7A
and ATP7B have different roles in the transport of Pt-containing drugs (2). For
example, while forced over-expression of ATP7B was associated with increases in
the efflux of DDP (13) and CBDCA (14), the over-expression of ATP7A resulted
only in increased vesicular sequestration of DDP, CBDCA, and L-OHP (10). In
addition, results of studies with confocal digital microscopy also indicated distinct
functions for the two proteins; it was demonstrated that DDP, like Cu, was able to
stimulate trafficking of ATP7B from TGN in human ovarian carcinoma 2008 cells
(15) but failed to change the TGN localization of ATP7A (10).

Analysis of the Role of ATP7B in the Transport of DDP
Using ATP7B-Expressing Vesicles

The role of ATP7B in the transport of DDP was studied using vesicles isolated
from Sf9 cells that were infected with baculovirus encoding, either a wild type
human ATP7B (WT) or a mutant of this protein (MT), in which the sixth trans-
membrane CPC motif was converted into CPA (18). This mutation eliminated the
ability of ATP7B to transport Cu but did not interfere with its ability to bind Cu
to its N-terminal metal binding domains. Calibration of this assay system for the
transport of “Cu was carried out and a pH- and ATP-dependent mode of transport
was demonstrated only for the WT form of ATP7B. At pH 4.6, a K_of 3.4 + 0.4
(SEM)uM andaV__of 0.8 +0.5 (SEM) nmol Cu/mg protein/min was recorded for
ATP-dependent translocation of ®Cu for the WT form which also showed a rapid
formation of a transient acylphosphate intermediate in the presence of Cu (18).
Incubation of WT- or MT-expressing vesicles with 2-uM DDP for 10 min in the
absence of ATP yielded Pt-accumulation values that were respectively 2.0 + 0.02
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(S.EM.) — and 1.8 + 0.01 (S.E.M.)-fold higher than the values recorded for the
control vesicles that did not express any exogenous ATP7B (p < 0.0002 for both).
Furthermore, ATP-dependent and pH-dependent transport of DDP were demonstra-
ble only for the vesicles that expressed the WT form of the protein. The estimated
K for ATP-dependent transport of DDP by WT-expressing vesicles at pH 4.6 was
1.2 £ 0.5 (SEM) uM and the V. was 0.03 = 0.002 (SEM) nmol/mg protein/min
demonstrating that, like Cu, DDP was also a substrate of ATP7B. However, as
indicated by the 28-fold lower V__for the transport of DDP compared to Cu, DDP
proved to be a much poorer substrate for this enzyme than Cu (18).

Since a hallmark of Cu transport by ATP7A and ATP7B is the formation of a
transient acylphosphate intermediate in the presence of Cu and [y-?P] ATP, we
sought to determine whether DDP could also stimulate the formation of this inter-
mediate form of ATP7B. Using WT-expressing vesicles, DDP was found to induce
the formation of an acylphosphate form of ATP7B but in a much slower rate than Cu
indicating once again that DDP is a much poorer substrate for ATP7B than Cu (18).

Effects of Cu on the Transport of DDP and Vice Versa

Previous studies in yeast (19) and human cells (20) have demonstrated that DDP
and Cu can inhibit each other’s uptake and efflux. Using the WT-expressing vesi-
cles, experiments were undertaken to determine whether Cu and DDP can influence
each other’s transport by ATP7B. These studies showed that DDP, even at 0.5nM,
was capable of significantly reducing ATP-dependent accumulation of 2uM ®Cu
in WT-expressing Sf9 vesicles. Similarly, Cu, at concentrations as low as 100nM
inhibited ATP-dependent transport of 800nM DDP in these vesicles, indicating that
both agents reduced each other’s transport (18).

Conclusions

Current data is consistent with a direct role of Cu transporters ATP7A and ATP7B
in the efflux or sequestration of the three most commonly used Pt-containing drugs.
Evidence is also emerging that, for Cu, the two enzymes may play different roles in
the transport and intracellular sequestration of these agents. Furthermore, differences
in Cu- and DDP-induced trafficking patterns, particularly in the case of ATP7A, and
the inhibitory effects of these two agents on each other’s transport, suggest important
differences in the mechanism of transport of Cu and the Pt-containing drugs.
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Altered Localization of Transport Proteins
Associated with Cisplatin Resistance

Ganna V. Kalayda and Ulrich Jaehde

Abstract Subcellular localization of the copper homeostasis proteins ATP7A and
ATP7B, which are assumed to be involved in the intracellular transport of cispla-
tin, has been investigated in the A2780 human ovarian carcinoma cell line and its
cisplatin-resistant variant A2780cis cell line. In the sensitive cells, both proteins are
localized in the trans-Golgi network, whereas they are sequestrated in more periph-
erally located vesicles in the resistant cells. Changes in subcellular localization of
ATP7A and ATP7B may facilitate sequestration of cisplatin in vesicular structures,
which may in turn prevent drug binding to genomic DNA and thereby contribute
to cisplatin resistance.

Keywords Cisplatin resistance; ATP7A; ATP7B; Sequestration

Despitethe success of cisplatin-based anticancer chemotherapy, its clinical application
is limited because tumors often develop resistance during the treatment (1). Acquired
cisplatin resistance is a net result of several resistance mechanisms operating
simultaneously in a given cell. Furthermore, resistance profiles vary significantly
between different cancer cell models. Due to their complexity and versatility, tumor
resistance phenomena remain a challenge for scientists despite years of intensive
research in this area. Much attention in investigation of cisplatin resistance has
been given to the transport of the drug, because defects in cisplatin accumulation
are a frequently reported feature of the cells selected for cisplatin resistance (2). Up
to now, the mechanisms mediating cellular uptake, intracellular trafficking and
efflux of cisplatin are not well elucidated. In the past decade, evidence that copper
homeostasis proteins are involved has been accumulating. The P-type ATPases
ATP7A and ATP7B, which regulate efflux of excess copper out of the cell, have
been suggested to either sequester cisplatin away from its pharmacological target,
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the nuclear DNA, or to mediate efflux of the drug (3). Increased expression of
ATP7A and ATP7B has been associated with acquired cisplatin resistance (3, 4).
However, the subcellular localization of these proteins in cisplatin-resistant cells
has not been investigated so far.

Previously, we studied the relevance of copper transporters for cisplatin sensitivity
in the A2780 human ovarian carcinoma cell line and its cisplatin-resistant
variant A2780cis cell line (5). For this purpose, the cell lines were characterized
regarding cisplatin uptake and efflux, DNA platination as well as expression of
ATP7A and ATP7B. Cisplatin accumulation was found to be 2.5-fold reduced in
the resistant cells as compared to their sensitive counterparts, while no difference
in the rate of drug efflux between the sensitive and resistant cell line was observed.
Interestingly, the level of DNA platination was only 5.4-fold lower in A2780cis
cells than in A2780 cells. ATP7A was found overexpressed in the resistant cells,
which, however, did not result in increased cisplatin efflux. Expression of ATP7B
was not significantly higher in A2780cis cells compared to the parent sensi-
tive cell line. This matched well with the similar efflux rate in both cell lines
but disagreed with the results of other groups, which linked cisplatin resistance
with increased levels of ATP7B expression (3, 6). In order to resolve these
contradictions, we investigated the intracellular localization of ATP7A and
ATP7B in A2780 and A2780cis cells using confocal fluorescence microscopy
after immunohistochemical staining. We aimed to assess possible relevance of
subcellular localization of these transporters for acquired cisplatin resistance in
ovarian carcinoma cells.

In A2780 cells, both ATP7A and ATP7B are localized in the perinuclear region
as shown in Fig. 1. Both transporters were previously reported to localize in the
trans-Golgi network in other cell lines (7, 8). Co-localization experiments using
NBD-CG-ceramide, a fluorescent marker for the Golgi complex, confirmed locali-
zation of the proteins in the trans-Golgi network of A2780 cells (images not
shown). In contrast, in the cisplatin-resistant A2780cis cells ATP7A and ATP7B are
distributed away from the trans-Golgi to more peripherally located vesicles in the
cytosol (Fig. 1).

In the next step, we investigated the effect of cisplatin exposure on subcellular
localization of ATP7A and ATP7B in the sensitive A2780 cells. Treatment of
the cells with the drug for 1h triggered relocalization of the proteins from
the trans-Golgi network to the more peripherally located sites in the cytosol.
Interestingly, perinuclear localization of both transporters was fully restored 1 h
after removal of cisplatin from the culture medium (Fig. 2). Fast distribution of
the proteins to the cell periphery following cisplatin exposure and their rapid
relocalization back to the trans-Golgi upon drug withdrawal in the A2780 cell
line suggests that cisplatin-induced trafficking of ATP7A and ATP7B may
represent the way of drug efflux in these cells: cisplatin binding to the protein
results in protein trafficking to (secretory) vesicles, followed by drug excretion
and relocalization of the protein back to the trans-Golgi. In fact, both ATP7A and
ATP7B undergo copper-regulated trafficking between the trans-Golgi network
and the plasma membrane (ATP7A) or vesicles on the cell periphery (ATP7B)
as a way to maintain copper homeostasis (7, 8). Cisplatin-triggered trafficking
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A2780 A2780cis

ATP7A

A2780 A2780cis

ATP7B

Fig.1 Immunofluorescence localization of ATP7A and ATP7B (both green) in A2780 and A2780cis
cells. Cell nuclei were stained with propidium iodide (red). Scale bar, 10um (see color Plates)

of ATP7A and ATP7B appears to be blocked in the A2780cis cell line, as the
proteins are localized in peripherally located vesicular structures and not in the
trans-Golgi network.

In order to investigate the role of ATP7A and ATP7B in the intracellular transport
of cisplatin in A2780 and A2780cis cells, colocalization experiments using a fluo-
rescent cisplatin analogue labeled with carboxyfluorescein-diacetate, CFDA-Pt
(Fig. 3), were performed. CFDA-Pt was previously shown to be a suitable model
complex for the investigation of intracellular trafficking of cisplatin. First,
cellular distribution of CFDA-Pt in U2-OS human osteosarcoma cells was found
to be different from that of the platinum-free fluorophore CFDA-Boc (the chemical
structure is presented in Fig. 3) (9). Second, cellular accumulation of CFDA-Pt in
cisplatin-resistant U2-OS/Pt osteosarcoma cells was reduced as compared to the
sensitive U2-OS cells, which was in agreement with decreased cisplatin accumula-
tion in the U2-OS/Pt cell line (10). In order to validate CFDA-Pt as a suitable model
complex for cisplatin in our cell system, we compared the antitumor activity of
CFDA-Pt and cisplatin against A2780 and A2780cis cells. The results are presented
in Table 1. Although the cytotoxicity of the labeled complex in both cell lines was
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ATPTA

ATP7B

Fig. 2 Immunofluorescence localization of ATP7A and ATP7B (both green) in A2780 cells after
cisplatin exposure for 1h (images on the leff) and subsequent incubation of the cells in the drug-
free medium for 1h (images on the right). Cell nuclei were stained with propidium iodide (red).
Scale bar, 10um (see Color Plates)
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Table 1 Sensitivity of A2780 and A2780cis cells to CFDA-Pt and cisplatin. The pEC, values are
means +SE of four experiments

A2780 A2780cis
Pt compounds pEC,, EC,, (LM) pEC,, EC,, (LM) p
Cisplatin 5.455 £0.0941 3.5 4.631 = 0.0095 23.4 <0.001
CFDA-Pt 4.445 +0.1524 359 3.856 £ 0.0711 139.3 <0.05

lower as compared to cisplatin, it retained substantial activity. CFDA-Pt was found
cross-resistant with cisplatin in A2780cis cells indicating that the labeled complex
is susceptible to the resistance mechanisms in this cell line. Taken together, these
results suggest that CFDA-Pt represents a suitable model complex to study the
intracellular trafficking of cisplatin. In A2780 cells, positive colocalization between
both ATP7A and ATP7B and CFDA-Pt was observed. In the cisplatin-resistant
cells, only ATP7A (and not ATP7B) colocalized with CFDA-Pt (Fig. 4).

Thus, the results presented above indicate that both ATP7A and ATP7B mediate
cisplatin efflux in A2780 cells. Previous reports from the literature, however, sug-
gested that ATP7A is involved in intracellular sequestration of the drug, whereas
ATP7B indeed participates in cisplatin efflux (3, 11, 12). On the other hand, it
should be noted that these studies were performed using clonal cell lines engineered
to overexpress one of the ATPases, which is not the case in the A2780 cell line (11,
12). Moreover, the cell lines transfected with either ATP7A or ATP7B showed a
biologically relevant degree of cisplatin resistance (11, 12) and cannot be directly
compared with a drug-sensitive cell line.

In the cisplatin-resistant A2780cis cells, ATP7A appears to mediate either
intracellular sequestration of cisplatin or efflux of the drug. Sequestration is more
likely taking into account increased expression of the transporter in the A2780cis
cell line and nonetheless similar efflux rate compared to the parent A2780 cell
line (5). Given the peripheral localization of ATP7A in A2780cis cells, cisplatin
may encounter this transporter immediately after it enters the cell and may get seques-
trated away from its pharmacological target, nuclear DNA. This is in agreement
with the previously reported results showing that cellular accumulation of cis-
platin is 2.5-fold lower in the resistant cell line as compared to the sensitive cell
line, whereas DNA platination is on average 5.4-fold reduced (5). Due to altered
localization, ATP7B seems not to be involved in cisplatin transport. According to
the previously reported data, expression of ATP7B in the resistant cell line is not
significantly higher than in the sensitive cell line (5). Thus, ATP7A may dominate
over ATP7B regarding cisplatin trafficking in A2780cis cells. In that way, the
A2780cis cell line is similar to the clonal cell lines transfected with the ATP7A-
expressing vector, in which the protein was suggested to sequester cisplatin (12).

In conclusion, the results presented here indicate that subcellular localization of
transport proteins may serve as a predictive marker for the detection of clinically
relevant cisplatin resistance. Early detection of resistant tumors in patients might
enable individualization of the chemotherapy and thereby the achievement of the
best therapeutic response.
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transporter CFDA-Pt merge

ATP7A

A2780

A2780cis

Fig. 4 Co-localization of CFDA-Pt (green) and fluorescent markers for ATP7A and ATP7B (both
red) in A2780 and A2780cis cells. Yellow, the structure is positive for both CFDA-Pt and protein
markers. Scale bar, 5um (see Color Plates)
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How to Overcome Cisplatin Resistance
Through Proton Pump Inhibitors

Angelo De Milito, Francesca Luciani and Stefano Fais

Abstract Resistance to antitumor agents is a major cause of treatment failure in
patients with cancer. Some mechanisms of tumor resistance to cytotoxic drugs may
involve increased acidification of extracellular compartments. We investigated
whether proton pump inhibitors (PPI), currently used in the anti-acid treatment of
peptic disease, could inhibit the acidification of the tumor microenvironment and
increase the sensitivity of tumor cells to cytotoxic agents.

We pretreated cell lines derived from human melanomas, adenocarcinomas, and
lymphomas with the PPIs omeprazole, esomeprazole, or pantoprazole and tested their
response to cytotoxic drugs in cell death assays. We also evaluated extracellular an