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 investigating of the mechanisms by which 
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improve their use in the management 
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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/II 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(II) complexes and platinum compounds with 
multiple metal centers against human ovarian cancer cell lines. Planaramineplatinum 
complexes code named YH12 and CH1 are found to be significantly more active 
than cisplatin in the resistant ovarian cancer cell lines A2780 cisR and A2780 ZD0473R. 
The compound code-named CH3 contains three 3-hydroxypyridine ligands bound 
to platinum(II) 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, DH6Cl 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(II) 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(II) complexes 
of the forms: Pt(L)(NH

3
)Cl

2
, PtL

2
X

2
 and PtL

3
X (where L = a planaramine ligand 

and X = Cl− 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 cisR and A2780 ZD0473R. The cell uptake and level of binding with 
nuclear DNA have also been determined. Table 1 gives the IC

50
 values of YH9, 

YH10, YH11, YH12, CH1, CH2, CH3 and CH4 against the human ovarian cancer 
cell lines A2780, A2780 cisR and A2780 ZD0473R.

Although cis-planaramineplatinum(II) complexes (with the exception of the 
totally inactive compound AH8 that has two iodide leaving groups) are found to 
be more active than the corresponding trans-planaramineplatinum(II) complexes, 
their resistance factors are generally larger. For example, AH5 is more active than 
YH12 against the A2780 cell line but less so against the A2780 cisR cell line. The 
results indicate that cis-planaramineplatinum(II) complexes have greater cross-
resistance with cisplatin than the corresponding trans 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(II) 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(II) complexes, namely YH12, was found to be more 
active against the resistant cell line A2780cisR, 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-α)
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pyridine act as activating ligands whereas 4-hydroxypyridine acts as a deactivating 
ligand. DH4 that has two 2-methylimidazole ligands in a trans-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, A2780cisR and A2780ZD0473R. Table 2 gives the 
IC

50
 values of DH4Cl, DH5Cl, DH6Cl, DH7Cl, TH1 and TH8 against the human 

ovarian cancer cell lines A2780, A2780cisR and A2780ZD0473R. DH6Cl and TH1 are 
found to be significantly more active than cisplatin against the ovarian cancer cell 
lines A2780, A2780cisR and A2780ZD0473R. Although DH6Cl is more active than 
TH1, the former has larger resistance factors than the latter; these may be the result 
of noncovalent interactions involving 3-hydroxypyridine ligands. Among DH4Cl, 
DH5Cl, DH6Cl and DH7Cl, it was found that DH7Cl has the highest cellular level 
but DH6Cl 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, DH6Cl and TH1 have the 
potential for development as novel platinum-based anticancer drugs with a spec-
trum of activity different from that of cisplatin.

Table 1 IC
50

 values of YH9, YH10, YH11, YH12, AH3, AH5, AH6, AH7 and AH8 against the 
human ovarian cancer cell lines A2780, A2780cisR and A2780ZD0473R

Compound

IC
50

 values (μM) RF (A2780 vs. 
A2780cisR)

RF (A2780 vs. 
A2780ZD0473R)A2780 A2780cisR A2780ZD0473R

Cisplatin 0.45 ± 0.1 4.4 ± 0.6 1.2 ± 0.2 9.8 4.8
YH9 15.0 ± 9 18.5 ± 13.5 11.0 ± 1 1.2 0.8
YH10 13.2 ± 1.5 16.5 ± 3.4 17.9 ± 3.5 1.4 1.4
YH11 11.7 ± 1.9 15.0 ± 1.9 16.2 ± 1.6 1.4 1.4
YH12 4.4 ± 1.6 2.3 ± 0.5 4.9 ± 0.3 0.5 1.1
CH1 1.5 ± 0.8 2.7 ± 0.6 1.2 ± 0.8 1.8 0.8
CH2 3.4 ± 1.2 10.2 ± 1.0 5.7 ± 0.6 3.0 1.7
CH3 3.3 ± 1.2 6.1 ± 0.7 3.4 ± 0.7 1.8 1.0
CH4 0.9 ± 0.6 7.2 ± 0.7 4.3 ± 1.0 8.0 4.8
AH3 0.8 ± 1.0 7.1 ± 1.0 2.7 ± 1.0 8.9 3.4
AH4 1.8 ± 0.6 20.6 ± 0.7 8.0 ± 0.6 11.4 2.8
AH5 0.9 ± 0.1 6.5 ± 0.7 3.3 ± 0.6 7.2 2.8
AH6 2.0 ± 0.1 8.0 ± 0.5 3.6 ± 0.6 4.0 3.0
AH7 3.1 ± 0.3 9.9 ± 1.3 4.5 ± 1.0 3.2 3.8
AH8 N/A N/A N/A N/A N/A
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n=4, 5, 6, 7 for DH4Cl, DH5Cl, DH6Cl and DH7Cl respectively 
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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

3
NH

3
]− (PtA). The resulting adduct (PtA-ZN2), at the estimated maximum 

tolerated dose (MTD) of 25 mg Pt/kg/day for 5 consecutive days was significantly 
more effective than cisplatin, also at the MTD of 3.25 mg Pt/kg/day ×5, 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

50
 values 

at 5 days: 1.78 ± 0.79 μg Pt/ml for PtA-ZN2 and 10.47 μg 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 ([PtCl

3
NH

3
]−, 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 ± 40 nm; hydrodynamic radius, evaluated by dynamic light scatter-
ing (DLS), 188 ± 1 nm; ζ-potential, +69.0 ± 2 mV; charge density 347 ± 33 μmol/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 μmol 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 (106 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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maximum-tolerated i.p. dose (MTD) which was 25 mg Pt/kg/day for PtA-ZN2 and 
3.25 mg 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., 
3.25 mg 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.

Fig. 1 Mechanism of platinum release from PtA-ZN2
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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 2 h 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 NaCl, 
about 50% of PtA is released from PtA-ZN2 in 2 h, 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 5 mM NaCl within 2 h; at this 
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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 (3.25 mg Pt/kg/day, Pt equivalent); filled inverted triangle 
PtA (3.25 mg Pt/kg/day); filled circle Pt-ZN2 (25 mg Pt/kg/day). (c) 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 t test)
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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

50
 values (based on Pt content) were estimated: 0.41 ± 0.14 μg Pt/ml 

for CDDP, 10.47 μg Pt/ml for PtA and 1.78 ± 0.79 μg 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 24 h. With both techniques, a significant increase in intracellular fluorescence 
was observed at 2 h; this was enhanced at 6 h 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 2 h, 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

50
 

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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M2: 54.25

24 h

M2: 51.40

Fig. 3 Uptake of fluorescent ZN2 nanospheres in B16 cells. Cells were exposed to ZN2 nano-
spheres (30 μg/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 104 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

50
) 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 t 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 μm 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 110 nm (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 5 mM 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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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 15N-labeled cisplatin (10). 15N- and 2H-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. 31P-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.

Fig. 1 Negative stain electron micrograph of a typical cisplatin nanocapsule
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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 carbo platin 
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 carbo platin, 

µM)

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
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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 carbo platin 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.
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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 25 kDa. 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 
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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 24 h. 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 5 mg Pt/kg and the 
maximum tolerated dose of AP5346 was 100 mg 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

max
 was 25-fold higher for AP5346. The terminal 

half-life was 23.2 h for AP5346 and 15 h 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

(0–∞)
 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 2 h 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 2 h 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 220 h. The ratio of the AUC

(0–168)
 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 8 h 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

(1–168 h)
 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 1h 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)/m2 (1 patient); 80 (1 patient); 160 (3 patients); 
320 (3 patients); 640 (6 patients); 850 (6 patients); and, 1,280 (6 patients) mg Pt/
m2. 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/m2. There was one dose-limiting 
toxicity in the 6 patients treated at 640 mg Pt/m2 (renal insufficiency) and two such 
toxicities in the 6 patients treated at 850 mg Pt/m2 (vomiting; fatigue). There were a 
total of five, dose-limiting toxicities in the 6 patients treated at the 1,280 mg Pt/m2 
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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/m2 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 850 mg/m2 dose level was considered the maximum 
tolerated dose. The myelosuppressive effect of AP5346 was moderate with no neu-
tropenia observed below 850 mg Pt/m2, 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 160–640 mg Pt/m2, 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/m2 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

max
 and AUC

0–1 wk
 for total 

plasma platinum increased linearly with dose over the entire range of doses studied 
for total plasma platinum; the correlation coefficients for C

max
 and AUC

0–162
 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

max
 and AUC

0–162
, 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

0–1 wk
 averaged only 

0.6% of the total platinum AUC. Mean terminal half-life was 72.3 ± 16.9 h for total 
platinum and 56.7 ± 14.7 h for ultrafiltrate platinum at doses ≥320 mg/m2 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, Aïda Ghoul, Keyvan Rezaï, François 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 120 μM ProLindac (300 ng/mL Pt) led to incorporation of ∼0.1 μg Pt per mg of 
DNA. Similar to that of oxaliplatin, ProLindac induced p21 expression and 48-h 
exposure to IC

50
 concentrations of ProLindac led to the accumulation of cells in the 

G2/M phase of cell cycle and apoptosis induction in p53-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

50s
 ranging 3–85 μM for 48 h exposure. The cytotoxicity 

profile of ProLindac was similar to that of oxaliplatin. In addition ProLindac was 
active against several cisplatin resistant cell lines. After 48 h exposure to IC

50
 

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 48 h 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 24 h compared to 
neutral pH conditions. At pH 3.0, about 70% of the total platinum in ProLindac 
was released over 4 h. 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 
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Fig. 2 DNA platinum  content 
after pre-incubation of ProLindac 
at different pHs

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

Drug Total cell lysate (μg/mL) DNA (ng/μg)

ProLindac      1   0.1
Oxaliplatin      4.1   0.8
Cisplatin      4.6   2.6

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

50s
). We have shown a 

clear correlation between ProLindac sensitivity and low expression level of MLH1, 
MDR1 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 Rb1 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 

Fig. 3 The effects of ProLindac, oxaliplatin and cisplatin on gene expression
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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.

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

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).
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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-[PtCl

2
(NCR)

2
] (R = Me, Ph, CH

2
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 trans isomers are more effective than the cis 
species, and in particular the benzamidine complex trans-[PtCl

2
{E-N(H)=C(NMe

2
)

Ph}
2
] 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

2
{E-

N(H)=C(OMe)CH
2
Ph}

2
] were also prepared by addition of MeOH to cis- and 

trans-[PtCl
2
(NCCH

2
Ph)

2
] 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

2
{E-N(H)=C(OMe)CH

2
Ph}

2
] 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

2
{E-N(H)=C(OMe)CH

2
Ph}

2
] 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(II) complexes; Iminoether platinum(II) 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(II)-based drugs has been 
prepared from the synthetically useful organonitrile Pt(II) complexes cis- and trans-
[PtCl

2
(NCR)

2
] (R = Me, Ph, CH

2
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

2
Ph) and amidine 

(amidine = (H)N=C(NHR′)R and (H)N=C(NR'
2
)R, where R = Me, Ph, CH

2
Ph; R′ 

= Me, Et, Pri) 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
2
 (R′ = Me, Et, Pri) to cis- and 

trans-[PtCl
2
(NCR)

2
] (R = Me, Ph, CH

2
Ph) leads to the formation of the amidine 

complexes cis- and trans-[PtCl
2
{N(H)=C(NHR′)R}

2
], 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

2
{Z-N(H)=C(NHMe)Me}

2
] (Fig. 1a) (5). 

The reactions of cis- and trans-[PtCl
2
(NCR)

2
] (R = Me, Ph, CH

2
Ph) with second-

ary aliphatic amines R
2
NH (R = Me, Et) afford the corresponding bis-amidine 

Fig. 1 Schematic representation of 
the addition reactions of amines and 
alcohols to coordinated nitrile 
ligands in cis- or trans-
[PtCl

2
(NCR)

2
] complexes (I) to give 

amidine (II) and iminoether (III) 
derivatives, respectively. The metal 
fragment represents a cis- or 
trans-[PtCl

2
(ligand)] unit, where 

ligand = RCN (I), amidine (II), 
iminoether (III). (a) +R′NH

2(5-fold exc)
 

(R′ = Me, Et, Pri), CH
2
Cl

2
, −10°C, 

5 h, R = Me, Ph, CH
2
Ph; (b) 

+R′
2
NH

(5-fold exc)
 (R′ = Me, Et), 

CH
2
Cl

2
, −10°C, 5 h, R = Me, Ph, 

CH
2
Ph; (c) +MeOH, KOH

(cat)
, 

CH
2
Cl

2
, RT, 1 h, R = CH

2
–C

6
H

4
-p-X, 

X = H, Me, OMe, F; (d) +MeOH, 
KOH

(cat)
, CH

2
Cl

2
, RT, 1 day, R = 

CH
2
–C

6
H

4
-p-X, X = H, Me, OMe, F
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 derivatives cis- and trans-[PtCl
2
{N(H)=C(NR′

2
)R}

2
], in which both amidine 

 ligands have preferentially the E configuration as confirmed by the X-ray diffrac-
tion analysis of trans-[PtCl

2
{E-N(H)=C(NMe

2
)Me}

2
] (Fig. 1b) (6).

The benzyl di-nitrile complexes cis- and trans-[PtCl
2
(NCCH

2
-p-C

6
H

4
-X)

2
] (where 

X = H, CH
3
, OCH

3
, 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

2
{N(H)=C(OMe)CH

2
-p-C

6
H

4
-

X}
2
] (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

50
 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. It is observed that the benzamidine derivatives of the type [PtCl

2
{N(H)=C(NR′R′′)

Ph}
2
] (R′ = H, Me; R′′ = Me) show a growth inhibitory potency markedly higher 

Table 1 Evaluation of in vitro cytotoxic activity of the platinum(II) 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

Compound

IC
50

a(μM) ± SDb

HL60 A549 A375

cis-[PtCl
2
{Z-N(H)=C(NHMe)Ph}

2
]c >100 >100 >100

trans-[PtCl
2
{Z-N(H)=C(NHMe)Ph}

2
]c 6.10 ± 0.99 32.9 ± 1.66 62.88 ± 2.04

cis-[PtCl
2
{E-N(H)=C(NMe

2
)Ph}

2
]c >100 >100 >100

trans-[PtCl
2
{E-N(H)=C(NMe

2
)Ph}

2
]c 4.75 ± 0.44 13.07 ± 1.16 24.05 ± 1.42

cis-[PtCl
2
{E-N(H)=C(OMe)CH

2
Ph}

2
]d 8.59 ± 2.7 2.33 ± 1.7 9.15 ± 1.2

trans-[PtCl
2
{E-N(H)=C(OMe)CH

2
Ph}

2
]d 89.98 ± 1.2 87.90 ± 2.6 77.55 ± 1.8

cis-[PtCl
2
{E-N(H)=C(OMe)CH

2
-p-C

6
H

4
–

CH
3
}

2
]d

8.0 ± 1.2 6.2 ± 1.1 10.3 ± 0.9

trans-[PtCl
2
{E-N(H) = C(OMe)CH

2
-p-C

6
H

4
–

CH
3
}

2
]d

58.4 ± 2.1 61.1 ± 0.8 65.5 ± 2.5

cis-[PtCl
2
{E-N(H)=C(OMe)CH

2
-p-C

6
H

4
–

OCH
3
}

2
]d

21.1 ± 0.6 35.0 ± 1.2 28.4 ± 1.9

trans-[PtCl
2
{E-N(H)=C(OMe)CH

2
-p-C

6
H

4
–

OCH
3
}

2
]d

66.0 ± 2.0 79.5 ± 2.5 71.3 ± 1.4

cis-[PtCl
2
{E-N(H)=C(OMe)CH

2
-p-C

6
H

4
-F}

2
]d 6.7 ± 1.8 12.7 ± 1.1 13.5 ± 0.9

trans-[PtCl
2
{E-N(H)=(OMe)CH

2
-p-C

6
H

4
-F}

2
]d 27.3 ± 1.2 39.5 ± 1.6 57.2 ± 0.5

Cisplatinc 19.55 ± 0.26 38.37 ± 1.79 50.05 ± 2.03
Cisplatind 15.91 ± 1.55 29.21 ± 1.92 20.28 ± 1.3
aIC

50
 values were calculated by probit analysis (p < 0.05, c2 test)

bSD standard deviation
cCells ( (3–8) × 104 ml−1) were treated for 24 h with increasing concentrations of the tested compound
dCells ( (3–8) × 104 ml−1) 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
2
{N(H)=C(NR′R′′)

Me}
2
] (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 trans geometry, 
and within them the complex trans-[PtCl

2
{E-N(H)=C(NMe

2
)Ph}

2
] 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 U2OS/U2OS-Pt cell lines) (11). The results obtained by 
cellular uptake indicate that trans-[PtCl

2
{E-N(H)=C(NMe

2
)Ph}

2
] enters the cells 

more easily than cisplatin, possibly owing to the marked lipophylicity of the ben-
zamidine ligands. Moreover, trans-[PtCl

2
{E-N(H)=C(NMe

2
)Ph}

2
] 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

2
{E-N(H)=C(NMe

2
)Ph}

2
] 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-[PtCl

2
{E-N(H)=C(NMe

2
)Ph}

2
] 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 trans-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).

In the case of the benzyliminoether derivatives of the type [PtCl
2
{E-N(H)=C(OMe)

CH
2
-p-C

6
H

4
-X}

2
] (X = H, CH

3
, OCH

3
, 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

2
{E-N(H)=C(OMe)CH

2
Ph}

2
] 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 U2OS/U2OS-Pt cell lines; 1.4 toward L1210/L1210-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

2
{E-N(H)=C(OMe)CH

2
Ph}

2
] 

exhibits a strong dose-dependent decrease of 3H-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

2
{E-N(H)=C(OMe)CH

2
Ph}

2
] 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

2
{E-N(H)=C(OMe)CH

2
Ph}

2
] was selected 

for in vivo studies. The toxicity was assessed from the lethality in BALB/c mice 
within 30 days; the median lethal dose (55 mg kg−1) attests a noticeably lower 
systemic toxicity than that of cisplatin (11.4 mg kg−1). The anti-tumour activity of 
cis-[PtCl

2
{E-N(H)=C(OMe)CH

2
Ph}

2
] was evaluated at four dose levels (i.e., 2.5, 

5, 7.5, and 10 mg kg−1) 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

2
{E-N(H)=C(OMe)CH

2
Ph}

2
], at the highest 

dose, significantly prolonged the life span of the treated animals, demonstrating 
an anti-tumour effect about 1.5-fold higher (%T/C = 245.6) than that of cisplatin 
(%T/C = 159.9) with a body weight loss significantly lower (Fig. 2). In L1210/R, 

Fig. 2 In vivo anti-tumour activity of the complex cis-[PtCl
2
{E-N(H)=C(OMe)CH

2
Ph}

2
] square 

and cisplatin filled square in murine L1210 leukaemiaa
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the %T/C values (248.7) obtained in mice treated with cis-[PtCl
2
{E-N(H)=C(OMe)

CH
2
Ph}

2
] were similar to those obtained in mice implanted with L1210, confirming 

the cisplatin resistance overcoming effect (Fig. 3). Chemotherapy performed on 
Lewis lung carcinoma demonstrated that complex cis-[PtCl

2
{E-N(H)=C(OMe)

CH
2
Ph}

2
] has, at 5 mg kg−1 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 trans 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

2

{E-N(H)=C(OMe)CH
2
Ph}

2
] represent a very interesting candidate for the 

development of a new class of Pt-based anti-tumour drugs.

Fig. 3 In vivo anti-tumour activity of the complex cis-[PtCl
2
{E-N(H)=C(OMe)CH

2
Ph}

2
] square 

and cisplatin filled square in murine L1210/R leukaemiaa
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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(III) 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(III) (relatively inert) compounds 
to ruthenium(II) reactive species is supposed to occur in the tumour masses much 
better than in normally oxidising healthy tissues. Reduction of Ruthenium(III) 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

1
 and G

2
 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(II)-
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

2
[Ru(N,N-dimethylglycine)Cl

4
]·2H

2
O, 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(II) 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(II) 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 [(η6-C

6
H

5
C

6
H

5
)RuCl (H

2
NCH

2
CH

2
NH

2
-N,N')]+PF

6
−, 

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/WAF1 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

1
 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 72 h 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 3β, 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

2
-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/m2/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

max
 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(II) 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(III)Cl(6–n)(ind)n](3–n)- (n = 0–4; ind = 
indazole; counterions = Hind+ or Cl−) 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 Frühauf and Zeller who suggested that in 
hypoxic tumour tissue the Ru(III)-ion of trans-indazolium-tetrachlorobisindazole-
ruthenate(III) (IndCR, KP1019, FFC14A) might be reduced to Ru(II), 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(NH3)2-
(Pyridine)}2+ Bound to Deoxyguanosine 
in a Dodecamer Duplex

Ryan C. Todd and Stephen J. Lippard

Abstract Features of the 2.17 Å resolution X-ray crystal structure of cis-diammine-
(pyridine)chloroplatinum(II) (cDPCP) bound in a monofunctional manner to 
 deoxyguanosine in a DNA duplex are discussed and compared to those of a 
cisplatin–1,2-d(GpG) 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(II), (cis-[Pt(NH
3
)

2
Cl

2
] 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(II) (cis-[Pt(NH

3
)

2
(pyridine)Cl]+, 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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 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 Å 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 
orthorhombic space group C222

1
 with unit cell dimensions a = 46.4 Å, b = 66.0 Å, 

and c = 56.1 Å, 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.

Fig. 1 Chemical structures of 
cisplatin, cDPCP, and 
[Pt(dien)Cl]+
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The aromatic ligand of the cis-{Pt(NH
3
)

2
(py)}2+−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

3
 ligand trans to pyridine and O6 on 

the guanosine residue (N–O distance, 2.8 Å). 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 inter actions 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.

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
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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 Å, causing 
additional strain (Fig. 2d). These distortions are hypothesized to inhibit transcription 
and, if the DNA damage persists, trigger cellular apoptosis (12). The monofunctional 
cDPCP 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 Å for the cDPCP–dG adduct, respectively, and 1.5 and 1.9 Å 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 II 
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 II 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

3
)

2
–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 α-helix (8). This transformed conformation would prevent matching 
of the incoming ribonucleotide and inhibit RNA elongation. The trans isomer of 
cDPCP 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(II) 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 
[(η6-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,O-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(III) compounds, [ImH][trans-RuCl

4
(DMSO)Im] 

(NAMI-A) (1) and [InH][trans-RuCl
4
In

2
] (KP1019) (2), where Im = imidazole, 

In = indazole. This use has stimulated much interest in the medical properties of 
ruthenium, and in particular in ruthenium(II) arene anti-cancer complexes (3). 
Certain RuII 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(II) arene complex 
(i.e., [(η6-arene)Os(X)(Y)(Z)]n+) 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,O) (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(II) 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 

Fig. 1 Typical structure of osmium(II) half-sandwich complexes and selected examples of chelating 
ligands, XY



Osmium Arenes: A New Class of Potential Anti-cancer Agents  75

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 [(η6-biphenyl)Os(en)Cl]+, hydrolysis occurs with a half-life of 6.4 h at 
298 K, which is ca. 40 times slower than that of the RuII analogue. This highlights 
the lower reactivity of OsII (5). Interestingly, despite its slow hydrolysis rate, 
[(η6-biphenyl)Os(en)Cl]+ still exhibited promising activity against the human ovar-
ian cancer A2780 cell line (IC

50
 = 9 μM, where IC

50
 is the concentration that inhib-

its cell growth by 50%). The rate of hydrolysis was slowed down even further by 
incorporating a π-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,O-chelator acetylacetonate (acac) has a marked effect on the 
extent and rate of hydrolysis. The hydrolysis rate of [(η6-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 OsII–arene 
complexes compared to analogues containing the N,N-chelator en. The calculated 
hydrolysis barrier of the OsII acac compound is significantly lower than that of the 
en complex, by nearly 30 kJ mol−1 (8). However, hydrolysis of the acac compounds 
is complicated by the formation of the hydroxo-bridged dimer, [(η6-arene)Os(μ2-
OH)

3
Os(η6-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,O 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 OsII 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

50
 = 4.5 μM, a value similar to that of carboplatin (IC

50
 = 6 μM) which is 

currently used in clinics. This enhanced stability probably results from the π-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, ΔS‡ being negative (6, 9). The pK

a
 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, [(η6-arene)Os(N,N-chelate)
(OH)]+. This is not the case for OsII arene aqua compounds containing the anionic 
acac O,O-chelating ligand, for which the pK

a
 values range from 7.3 to 7.8 (depending 

on the arene) (5). For the N,O-chelators, pK
a
 values are intermediate between those 

of the N,N- and O,O-chelators (pK
a
 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, [(η6-p-cym)Os(NCCH

3
-N)Cl

2
], is largely 

deactivated in water to form the inert hydroxo-bridged dimer (6). Such bridge 
formation was, however, not reported for a related OsII arene complex containing 
a monodentate pta ligand (where pta is 1,3,5-triaza-7-phosphatricyclo[3.3.1.1]-
decane), [(η6-p-cym)Os(pta)Cl

2
] (11). OsII arene compounds containing bidentate-

bound paullone-based ligands have a different type of instability in aqueous 
solution, with p-cymene arene loss occurring after 72 h. 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(II) 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 RuII analogue (i.e., [(η6-bip)Ru(en)Cl]+) (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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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 OsII arene adduct containing the O,O-chelator acac or maltolate, 
[(η6-arene)Os(O,O-chelate)H

2
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 OsII adducts in solution by loss of the chelating O,O-
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 OsII arene complexes containing O,O-chelates. The active anti-cancer com-
pound containing picolinate (pico) as the N,O-chelate, i.e., ([(η6-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 OsII nucleobase adducts 
[(η6-p-cym)Os(pico)(9EtG)]+ and [(η6-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

2
 for A) lying on the opposite side of the chelate for 

the G and A bases, respectively (Fig. 2b).
These confi gurations make short-range interactions possible between the func-

tional groups on the nucleobases and the picolinate ligand, stabilizing nucleobase 
binding. As for the OsII acac compounds, there is little or no binding of the OsII 
pico compounds to the pyrimidine bases cytosine and thymine (9). In contrast to 
the base specificity observed for these OsII arene complexes containing bidentate 

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 
[(η6-p-cym)Os(pico)(9EtG)]+ (top) and [(η6-p-cym)Os(pico)(9EtA)]+ (bottom)
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chelating ligands, non-specific binding of osmium bifunctional compounds [(η6-p-
cym)Os(pta)Cl

2
] and [(η6-p-cym)Os (pta-Me)Cl

2
]+ 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 [(η6-arene)

Os(XY)Cl]n+, 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 OsII arene compounds tested bind to calf thymus DNA, but unlike cisplatin 
this binding resulted in no DNA bending. However, DNA adducts of the OsII 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 OsII 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 
(GluT1), 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 

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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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

1
 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.

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

Cisplatina Multiple, including copper transporter (CTR1)  (3)
  and organic cation transporter (OCT2)

[14C]-carboplatin Copper transporter (CTR1) (10)
[3H]-methotrexate Folate-binding protein (FBP) and (8)

  reduced folate carrier (RFC)
[3H]-folic acid Folate-binding protein (FBP) and (11)

  reduced folate carrier (RFC)
Arsenite, 73As(III) Aquaporin (AQP) (11)
Arsenate, 73As(V) Aquaporin (AQP) (11)
[125I]-epidermal growth EGF receptor (EGFR) (11)

factor (EGF)
Iron, 59Fe(III) Divalent metal transporter (DMT1) (11)
[3H]-glucose GluT family (11)
Pseudomonas endotoxin Endocytosis (8)
[3H]-L-proline Sodium/iminoacid transporter 1 (SIT1) (11)
aAccumulation measured using AAS or ICP-OES
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The intracellular proteins that platinum drugs associate with were examined using 
photoaffinity labeling of [14C]-carboplatin and the two major [14C]- 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 β-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 β-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 rac1 (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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such as the folate binding protein (FBP) and partially recovered the accumulation 
defect for [14C]-carboplatin, [3H]-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 CTR1 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 CTR1, 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 
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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 ATOX1 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 cysteine189 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).

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
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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 CTR1 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 
2 μM of each drug for 1 h (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 72 h 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 
10 μM for 1 h, 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 64Cu when measured at various time points between 
5 min and 24 h. The hCTR1-overexpressing A2780 cells accumulated substantially 
higher levels of DDP than controls after just an incubation involving 5 min with 
2 μM DDP. Interestingly, the over-expression of hCTR1 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 (0.5–2 μM) 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 (100–300 μM) (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 ~15 min. These studies also showed that 
endocytosis of CTR1 was required for the DDP- and Cu-induced down regulation of 
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CTR1; 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 CTR1 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(II) (10). A study of 
the membrane structure of the CTR1 trimer suggests that the pore through which 
Cu(I) might pass is only 9 Å 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 CTR1-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 CTR1 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 
me diate in the presence of DDP. ATP7B-mediated transport of DDP into Sf9 vesi-
cles was similar to that for 64Cu, 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 

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(I) 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 65Cu 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

m
 of 3.4 ± 0.4 

(SEM) μM and a V
max

 of 0.8 ± 0.5 (SEM) nmol Cu/mg protein/min was recorded for 
ATP-dependent translocation of 64Cu 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-μM 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.E.M.) – 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

m
 for ATP-dependent transport of DDP by WT-expressing vesicles at pH 4.6 was 

1.2 ± 0.5 (SEM) μM and the V
max

 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

max
 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 [γ-32P] 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 0.5 nM, 
was capable of significantly reducing ATP-dependent accumulation of 2 μM 64Cu 
in WT-expressing Sf9 vesicles. Similarly, Cu, at concentrations as low as 100 nM 
inhibited ATP-dependent transport of 800 nM 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

Despite the 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 immunohisto chemical 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-C

6
-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 1 h 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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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 

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, 10 μm (see color Plates)



104 G.V. Kalayda and U. Jaehde

Fig. 2 Immunofluorescence localization of ATP7A and ATP7B (both green) in A2780 cells after 
cisplatin exposure for 1 h (images on the left) and subsequent incubation of the cells in the drug-
free medium for 1 h (images on the right). Cell nuclei were stained with propidium iodide (red). 
Scale bar, 10 μm (see Color Plates)

Fig. 3 Chemical structures 
of CFDA-Pt and the 
 platinum-free fluorescein 
derivative CFDA-Boc
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Table 1 Sensitivity of A2780 and A2780cis cells to CFDA-Pt and cisplatin. The pEC
50

 values are 
means ±SE of four experiments

Pt compounds

A2780 A2780cis

ppEC
50

EC
50

 (μM) pEC
50

EC
50

 (μM)

Cisplatin 5.455 ± 0.0941  3.5 4.631 ± 0.0095  23.4 <0.001
CFDA-Pt 4.445 ± 0.1524 35.9 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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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 and 
lysosomal pH and vacuolar-ATPase (V-ATPase) expression,  distribution, and activity 
in PPI-pretreated cells by using western  immunocytochemistry and  bioluminescence 
assays. Finally, we evaluated human melanoma and osteosarcoma growth and 
 cisplatin sensitivity in xenografted SCID/SCID mice.

PPI pretreatment sensitized tumor cell lines to the effects of cisplatin and 5-fluorou-
racil, with an IC

50
 value reduction up to two logs. PPI pretreatment was associated 

with the inhibition of V-ATPase activity and increases in both  extracellular pH and 
the pH of lysosomal organelles. In in vivo experiments, oral pretreatment with PPI 
was able to induce/increase sensitivity of human solid tumors to cisplatin.

Keywords Drug-resistance; Acidity; V-ATPase; PPI

Introduction

In classical multidrug resistance, cells exhibit resistance to a wide range of struc-
turally and functionally unrelated compounds, including anticancer drugs such as 
vinca alkaloids, anthracyclines, taxoids, and other antimitotics (1, 2). The  multidrug 
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resistance (MDR) cells over-express a variety of transmembrane drug efflux pumps, 
belonging to the ATP binding cassette (ABC) transporters family (1). These proteins 
extrude against concentration gradient drug molecules from the cell to the 
extra cellular environment and this phenomenon causes a significant decrease in 
intra cellular drug retention. Although the increase in the expression and activity of 
these proteins is directly related to the in vitro generated MDR, the same relation-
ship was not shown in the in vivo resistance of solid tumors to the various cytotoxic 
drugs, seriously opening severe doubts on the clinical relevance of this phenom-
enon (3). Another mechanism of resistance is the altered pH gradient between the 
extracellular environment and the cell cytoplasm and/or the pH gradient between 
the cell  cytoplasm and lysosomal compartments observed in tumors (4). Since the 
mechanisms of entry of drugs into the cell are dependent on both concentration 
gradients and pH gradients, the reversed pH gradients of tumors may severely affect 
drugs entry (5). It is well known that low pH reduces the uptake of weak basic 
chemo therapeutic drugs and, hence, reduces their cytotoxicity preventing these weak 
basic drugs to reach their intracellular target (6). Agents that disrupt or normalize 
the pH gradient in tumors may reverse MDR and/or directly inhibit tumor growth. 
Lysosomotropic agents that induce pH gradient modification and alkalinization of 
acidic vesicles may reverse anthracycline resistance in multidrug-resistance cells (7).

Recent data suggest that vacuolar-type (V-type) H+-ATPases, that pump  protons 
across the plasma membrane, may have a key role in the acidification of the tumor 
microenvironment. Some human tumor cells are characterized by an increased 
V-ATPase expression and activity, and pretreatment with proton pump inhibitors – a 
class of H+-ATPase inhibitors – sensitized tumor cell lines to the effects of a variety 
of anticancer drugs. Proton pump inhibitor pretreatment has been associated with 
inhibition of V-type H+-ATPase activity and increases both in extracellular pH and 
pH of lysosomal organelles (10). In vivo experiments in human/mouse xenografts 
have shown that oral pretreatment with proton pump inhibitors is able to sensitize 
human solid tumors to anticancer drugs. These data suggest that tumor alkaliniza-
tion may represent a key target of the future  antitumor strategies.

Methods

Drugs. Omeprazole and esomeprazole (Astra-Zeneca, Sweden) sodium salts were resus-
pended in normal saline immediately before use. Cisplatin (Aventis) and 5-Fluorouracil 
(Teva Pharma) were used according to the instructions.

Cell culture. Human drug-resistant tumor cell lines, supplied by Istituto Nazionale 
dei Tumori, (Milan, Italy) were obtained from primary lesions. All cells were cultured 
in RPMI-1640 supplemented with 10% FCS and antibiotics.

Cytotoxicity Assay. The Live/Dead Viability/Cytotoxicity Assay kit (Molecular 
Probes, OR) was used to measure cell viability and plasma membrane integrity. The 
cells were run and analyzed with a FACScan cytometer. Trypan blue exclusion test 
was also used to assess viability.
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Determination of intracellular ATP. We measured the amount of  available 
intra cellular ATP in melanoma cell lines as an indirect parameter of the activity 
of V-H+-ATPases. Cells were cultured for 24 h in 24-well plates at a density of 
0.05 × 106 cells/well in the presence of a PPI (1 μg/mL). ATP determination was 
 performed with an ATP Determination Kit (Molecular Probes).

Staining of acidic vesicles with a pH indicator. LysoSensor Green DND-189 
(Molecular Probes) is a probe that accumulates in acidic vesicles and exhibits a 
pH-dependent increase in fluorescence intensity on acidification. The probe was 
used according to the manufacturer’s indications to measure the effects of omepra-
zole treatment on acidic vesicles. Briefly, 5 × 105 MelM6 cells were collected after 
24 h omeprazole treatment (1 μg/mL) and washed twice in PBS. Cells were then 
incubated for 5 min at 37°C with 500 μL previously warmed PBS containing 1 μM 
LysoSensor probe and analyzed by flow cytometry collecting FL1 fluorescence.

In vivo tumor growth analysis. CB.17 SCID/SCID female mice (Harlan, Italy) 
were used at 4–5 weeks of age and were kept under specific pathogen-free condi-
tions. Each mouse was injected subcutaneously in the right flank with 3 × 106 human 
melanoma and osteosarcoma cells. Once tumors became evident, PPI (omeprazole or 
esomeprazole) were orally administered, by gavage, at a dose of 75 mg/kg. Cisplatin 
was administered by intraperitoneal injection at a dose of 5 mg/kg. Tumor weight was 
estimated with the formula: Tumor weight (mg) = length (mm) × width2 (mm)/2.

Results

Effect of PPI Pretreatment on Drug-Resistant 
Human Tumor Cells

We examined whether PPI could reverse intrinsic resistance of human tumor cells 
to cytotoxic drugs. We treated human tumor cell lines of different histologies with 
cisplatin, 5-FU and vinblastine after a 24-h pretreatment with PPI. The results 
showed that PPI-pretreatment reverted the resistance of all cell lines tested to 
chemotherapeutics (Fig. 1). A fact to note is that PPI did not induce any change in 
the responsiveness of the same cells to drugs when administered simultaneously 
with the anti-cancer drug (not shown).

Effects of Omeprazole on Human Tumor Cells

PPI pretreatment was effective in rendering human tumor cells sensitive to the 
effects of basic anti-cancer drugs. We next measured the pH of the medium of 
human tumor cells whether treated or not with PPI and found that PPI induced an 
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increase of medium pH of 0.20 units (not shown). Consistent with inhibition of 
V-ATPase activity, PPI caused an increase in lysosomal pH observed by FACS and 
an increase in intracellular content of ATP (not shown).

PPI Effects on Sensitivity of Human Tumors to Cisplatin In vivo

To assess the potential clinical relevance of the in vitro results, we performed in 
vivo experiments in a xenograft model of tumor growth represented by SCID mice 
injected subcutaneously with human melanoma or osteosarcoma cells (MelM6 and 
SaOS2). Mice engrafted with human tumor cells were pretreated in groups of ten 
with PPI administered by gavage; 24 h later they were injected intraperitoneally 
with cisplatin. PPI-pretreatment induced sensitization of melanoma cells to cispla-
tin and increased the sensitivity of osteosarcoma cells to cisplatin (Fig. 2).

Discussion

Despite major efforts of the scientific community in finding efficacious  treatments 
for cancer, human tumors responsive to chemotherapy did not change in the last 
three decades (e.g., lymphomas, leukemias and some pediatric tumors), while 

Fig. 1 The dose of cisplatin (μM) and 5-FU (μg/mL) inducing cell death in 50% of cells is shown 
for all tumor cells pretreated or not with PPI
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 others such melanomas and many carcinomas have remained unresponsive or 
poorly responsive. After the failure of many alternative approaches, the issue of 
resistance or refractoriness to chemotherapeutics has become a key problem in 
 therapy of tumor patients. Tumor acidity being a major mechanism of tumor 
 resistance to drugs, we tried to circumvent the problem by targeting mechanisms 

Fig. 2 The effect of PPI pretreatment on cisplatin sensitivity of melanoma (a) and osteosarcoma 
(b) cells is shown. The arrows indicate the time of treatment
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of pH  regulation of tumor cells. To this end, we identify PPI as drugs able to 
“ normalize” the pHi and pHe of human tumors, thus rendering tumor cells  sensitive 
to the action of several cytotoxic drugs to which they are normally refractory. PPI 
are also able to increase the effect of anti-tumor drugs in sensitive cells, suggest-
ing that PPI pretreatment may be useful in increasing the efficacy of antitumor 
drugs even in drug-sensitive tumors. We believe that studies aimed at investigating 
the major mechanisms involved in tumor acidification will provide new and use-
ful tools in allowing an extensive, more effective and hopefully less toxic use of 
 cytotoxic drugs. Moreover, new insights in the mechanism of tumor acidification 
may also provide new strategies in the treatment of human tumors based on the 
inhibition of their ability to live in acidic condition (8, 9).
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Cellular Resistance to Oxaliplatin 
and Drug Accumulation Defects

Laura Gatti and Paola Perego

Abstract Platinum drugs are employed in a wide range of solid tumors, and  represent 
the mainstay of the first-line therapy of ovarian carcinoma. Although cisplatin has 
shown efficacy in the treatment of different types of tumors including ovarian 
 carcinoma, resistance to treatment is a major limitation. At present, one of the most 
clinically relevant cisplatin analogues is the mononuclear compound oxaliplatin, 
which has shown activity and a favorable pharmacological profile in clinical  therapy. 
In cellular models, oxaliplatin exhibits activity in some cell lines with acquired 
resistance to cisplatin, whereas in other models cross-resistance with cisplatin is 
observed. In general, oxaliplatin and cisplatin exhibit different pattern of cytotox-
icity, indicating differences in drug-DNA interaction and/or cellular response or 
detoxification. Thus, differences in the influx or efflux mechanisms for these drugs 
could contribute to their unique patterns of clinical activity and at least in part to 
sensitivity profiles. Impaired drug accumulation has been recognized over the years 
as a frequent feature of cells resistant to cisplatin and more recently as an alter ation 
of oxaliplatin-resistant models. The present chapter reviews recent studies on the 
molecular alterations of cells resistant to oxaliplatin, with particular reference to 
accumulation defects and will revisit recent literature in an attempt to describe a 
tentative picture of why resistant cells may display impaired accumulation.

Keywords Cisplatin; Cross-resistance; Cytotoxicity; Oxaliplatin

Introduction

Reasons for the clinical failure of chemotherapy are multiple and, although  resistance 
of tumor cells represents a crucial determinant of the variable efficacy of antitumor 
therapy based on platinum drugs, additional factors such as tumor  micro-environment 
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interactions (e.g., hypoxia, microvesicles release), characteristics of the drug used 
for the treatment (e.g., pharmacokinetics) and specific features of the patients 
(i.e., genetic polymorphisms affecting drug effects) are likely to play a critical 
role (Table 1) (1). In fact hypoxia, that is known to induce radio-resistance, has 
been  implicated also in chemoresistance through HIF1-mediated  transcriptional 
 activation of  survival pathways (2). Sequestration of drugs in intracellular organelles 
and  extrusion from the cells through the secretory pathway has been linked to 
chemoresistance and, in this context, microvesicle release could also  contribute to the 
limited efficacy of chemotherapy (3).

Pharmacokinetics is another aspect that could contribute to the variable  efficacy of 
antitumor treatment. In principle, as for all cytotoxic agents, inadequate intratumor 
concentration of platinum drugs could explain at least in part the “ pharmacological” 
resistance to treatment, because the fraction of cells that will be reached by the drug 
is dependent on the total drug exposure. Several metabolism aspects will influence 
the drug effects i.e., conversion of pro-drugs into active metabolite, renal clearance, 
hepatic metabolism and tumor vascularization. Such issues have been quite widely 
explored for the clinically available platinum compounds, but it is conceivable that 
an analysis of the genetic variance among patients could provide insights to clarify 
the significance of specific aspects in cellular metabolism.

Due to the poor therapeutic index of antitumor drugs including Pt  compounds, 
large variance between individuals is observed in both tumor response and  toxicity 
after treatment (4, 5). Thus, the genetic variants associated with  different responses 
and toxicities need to be established through genome-wide approaches as well 
through hypothesis-driven mechanistic studies. In this context, also a better char-
acterization of experimental models in terms of single nucleotide  polymorphisms 
that are likely to affect cell response to the drug could provide the rational basis for 
optimizing treatment and overcoming resistance.

The cellular alterations contributing to resistance to platinum compounds have 
been studied for several years but, in spite of the large efforts, they have not been 
conclusively defined. In the eighties, major attention has been paid to the study 
of mechanisms of drug accumulation of platinum drugs, probably because at that 
time the discovery of the role of P-glycoprotein (ABCB1, MDR1) in the multi-
drug resistant phenotype (that however, does not involve cisplatin) lead to the idea 
that increased efflux and decreased accumulation were major components of the 
defense pathways activated by tumor cells to limit damage.

Studies of such a kind have been restricted at least for platinum compounds by 
difficulties in detection of Pt due to the poor availability of sensitive techniques 

Table 1 Putative determinants of the variable efficacy of antitumor therapy

Players Refs

Tumor cells Genetic and epigenetic changes (1)
Tumor-microenvironment interaction Hypoxia, microvesicles (3)
Drug characteristics Pharmacokinetics (1)
Patient features Single nucleotide polymorphisms (4)
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and by the limited synthesis of radiolabeled cisplatin containing 195Pt,  characterized 
by a quite brief half-life. The advent of more sensitive analytical methods such 
as inductively coupled plasma-mass spectrometry has allowed researchers to 
address the role of accumulation defects in the cisplatin-resistant phenotype of 
tumor cells better.

This chapter will focus on recent studies about the molecular alterations of cells 
resistant to oxaliplatin, with particular reference to accumulation defects and will 
revisit recent literature in an attempt to describe a picture of why resistant cells may 
display impaired influx or efflux.

Cellular Resistance to Oxaliplatin 
as a Multifactorial Phenomenon

Drug resistance can be regarded as a multifactorial phenomenon involving several 
alterations. Thus, at a cellular level, we can recognize and classify at least three 
major groups of alterations implicated in platinum drug resistance regarding (a) defense 
factors which prevent the interaction of the drug with the cellular target, (b) drug-
target interaction and (c) cell response to DNA damage (Fig. 1). The first group 
includes influx and efflux transporters as well as factors that prevent the active 
form of the drug from reaching the target DNA. Indeed, cisplatin, by virtue of its 
electrophylic nature, can be detoxified by conjugation with glutathione through the 
action of glutathione-S-transferase.

Although cisplatin has been employed in the treatment of different types of 
tumors including ovarian carcinoma, its efficacy may be limited as a consequence 
of cellular resistance which is a major limitation. In an attempt to overcome resist-
ance mechanisms, large efforts have been made over the years to generate 
compounds with a different mode of DNA interaction as compared with cisplatin 
and carboplatin. Such work has led also to the synthesis of multinuclear platinum 
complexes that are still an active area of research (6, 7). However, at present, the 
most clinically relevant cisplatin analogue appears to be the mononuclear compound 
oxaliplatin, which has been developed based on its activity in colorectal cancer 
and, more recently, has also shown activity and a favorable pharmacological 
profile in epithelial ovarian cancer (8, 9). The interest in understanding the cellular 
pharmacology of oxaliplatin has grown based on the clinical relevance of the drug, 
approved for clinical use in advanced colorectal cancer in 1999 in Europe and in 
2004 in USA. In preclinical studies, oxaliplatin has shown activity in cell lines with 
acquired resistance to cisplatin and in inherently cisplatin-resistant colon cancer 
cell lines (10). Indeed, the differential sensitivity profile of cisplatin and oxaliplatin 
has been documented in a number of cisplatin-resistant models (11). In general, 
oxaliplatin has shown the capability to bypass cisplatin resistance in spite of the 
lower cytotoxic potency. This feature can be at least in part due to the fact that 
oxaliplatin produces fewer DNA adducts than cisplatin (12). In addition, oxaliplatin 
can overcome resistance to cisplatin associated with loss of DNA  mismatch repair, 
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a phenomenon documented by the work of different groups in several cell systems, 
including isogenic cell lines deficient and proficient in specific DNA mismatch 
repair proteins (13–16). In cellular models, oxaliplatin exhibits activity in some 
cisplatin-resistant cell lines with acquired resistance, whereas in other models 
cross-resistance with cisplatin is observed (11). In general,  oxaliplatin and  cisplatin 

Fig. 1 Major alterations associated with cellular resistance to platinum compounds. The three 
groups of alterations are indicated. In the top group, thin arrows refer to passive diffusion. In the 
middle and bottom group, the interaction of the Pt compound with DNA is shown
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exhibit different  pattern of cytotoxicity indicating  differences in  drug-DNA  interaction 
and/or  cellular response or detoxification (12).

Cross-Resistance Between Cisplatin and Oxaliplatin 
and Cellular Accumulation

The mechanism of accumulation of platinum drugs may contribute to the  pattern of 
cytotoxicity of cisplatin and oxaliplatin. Influx and efflux of the drug can in fact regu-
late drug accessibility to its cellular target. Impaired drug accumulation is a  frequent 
feature of cells with acquired resistance to platinum drugs. In fact, cells with acquired 
resistance to cisplatin often display reduced drug accumulation that has been linked 
to altered expression of genes controlling copper metabolism such as the copper 
transporter gene 1 (CTR1) and the ATPases ATP7A and ATP7B (17–21).

Members of the ATP binding cassette (ABC) family of transporters have been 
implicated in accumulation defects found in cisplatin-resistant cells. Thus, resist-
ance to cisplatin appears at least in part related to alterations at the level of both 
influx transporters and efflux transporters, including transporters that are ATP-
dependent (i.e., ABC family) or ATP-independent (i.e., CTR1).

The precise role of such factors in resistance to oxaliplatin is less known. Holzer 
et al. (22) have suggested that oxaliplatin accumulation is regulated by CTR1 when 
cells are exposed to low concentrations (2 μM), but not to higher concentrations. 
Therefore, oxaliplatin appears less dependent on CTR1 than cisplatin and carbo-
platin. In addition, although it has been established that cisplatin is a substrate 
for ATP7B, at the moment there is no evidence of transport of oxaliplatin by this 
ATPase. We have recently found that selected ABC transporters (i.e., ABCC1 and 
ABCC4) display increased levels in ovarian carcinoma cells exhibiting acquired 
resistance to oxaliplatin (23). Thus, it is conceivable that cisplatin and oxaliplatin 
share some of the influx/efflux transporters, but the molecular determinants of 
uptake and efflux are only in part overlapping. Indeed, several evidences have 
shown that cisplatin can enter the cells through passive and facilitated diffusion 
(24). According to this concept, platinum drugs exhibiting increased lipophilicity 
are expected to accumulate in the cells better than cisplatin. Indeed, platinum drug 
accumulation has been shown to be dependent on the physico-chemical features 
of the drug in the cisplatin-resistant squamous cell carcinoma subline A431/Pt, in 
which Pt accumulation after exposure to cisplatin, oxaliplatin or satraplatin appears 
correlated with drug hydrophobicity, the most lipophilic compound (satraplatin) 
displaying the most marked accumulation (25). In this model, oxaliplatin, endowed 
with intermediate hydrophobicity as compared with cisplatin and satraplatin, is 
capable of overcoming cisplatin resistance and to bypass the accumulation defect 
observed for cisplatin. Such results support the prevalent occurrence of a passive 
diffusion mechanism of accumulation in resistant cells and suggest that changes in 
the physical state of membrane lipids could participate in drug resistance as shown 
in cells selected for resistance to cisplatin (26).
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ABC Transporters and the Platinum 
Drug-Resistant Phenotype

Some lines of evidence support the involvement of specific ABC transporters in 
resistance to platinum drugs. Whole genome approaches have documented the 
existence of a wide family of ABC transporters including 50 different members 
that can be grouped into seven distinct classes (A-G) based on sequence similarities 
(27). Among them, the best known transporters mediating multidrug resistance 
phenotypes are ABCB1, the Multidrug resistance related proteins MRPs 
(ABCC1-13) and BCRP (ABCG2). Whereas it has been clearly established that 
ABCB1 and ABCG2 do not confer resistance to platinum compounds, selected 
members of the MRP family have been implicated in resistance to cisplatin.

Some components of the MRP subfamily, which include 13 members, have an 
established role in transporting multiple drugs, particularly glutathione (GSH)-
conjugated derivatives of toxic compounds so that some members have been defined 
as “GS-X pumps” (28). Increased expression of MRPs may play a role in the devel-
opment of drug resistance, as selected MRP transporters are induced by cytotoxic 
drugs (29, 30). MRPs are organic anion pumps that transport anionic drugs (i.e., 
methotrexate) and neutral drugs conjugated to acidic ligands, such as GSH, glucuro-
nate, or sulfate, and in such features differ from ABCB1 which has a low affinity for 
such negatively charged compounds. However, ABCC1, ABCC2 and ABCC3 can 
also cause resistance to neutral organic drugs that are not known to be conjugated to 
acidic ligands by transporting these drugs together with free GSH (31).

Taken together, the available evidences do not support a precise involvement 
of MRPs in cisplatin resistance (32). In fact ABCC1 levels have been shown to be 
increased in some cisplatin-resistant sublines, but transfection of ABCC1 cDNA 
does not result in cisplatin resistance (33). Also, Mrp1 knock out mice are not 
hypersensitive to cisplatin (34). Thus, it appears that ABCC1 per se cannot confer 
resistance to cisplatin and this phenomenon is expected to be reproduced also in 
oxaliplatin-resistant cells in which we recently found increased levels of ABCC1 
(23). In this context, GSH seems to be a crucial player and increased synthesis as 
well as conjugation to the platinum drug would be required to obtain resistance. In 
addition, the cisplatin-sensitive phenotype of cells transfected with ABCC1 cDNA 
may be due to incorrect localization of the transporter, whereas knocking out of 
Mrp1 in mice may produce compensatory changes in the levels of other trans-
porters of the ABC family, thus giving a “dirty” phenotype. In fact, it has been 
recently shown that knocking out ABCC4 results in the up-regulation of ABCG2 
in specific organs (35).

Also increased expression of ABCC2 has been related to cellular resistance to 
platinum drugs as a result of enhanced efflux of the glutathione-drug conjugates 
(32, 36, 37). A relationship between ABCC2 expression and cisplatin resistance 
has been documented in model systems using hammerhead ribozymes and in 
tumor specimens, suggesting that ABCC2 may be relevant for clinical resistance to 
 cisplatin treatment (36, 38).
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In general, altered levels of ABC transporters have been associated with reduced 
drug accumulation, a major feature of cellular resistance to platinum  compounds 
(20, 39), whereas increased efflux has not always been proved. In this regard, 
drug  sequestration in endocellular vesicles may play a role in cells in which 
 mislocalization of ABCC1 has been implicated in reducing the uptake of  cisplatin 
(40). Thus, although approaches of loss and gain of function have been  undertaken 
to prove the contribution of ABC transporters to  accumulation of Pt drugs, a clear 
 correlation between anyone of the studied transporters and  cellular  pharmaco-
kinetics of  platinum drugs as well as sensitivity to such  compounds remains to be 
established.

Role for Organic Cation Transporters (OCTs) 
as Determinants of Response to Oxaliplatin

Since the OCTs are known to mediate the cellular uptake of a broad range of 
structurally different organic cations with molecular weight lower than 400 Da, 
mononuclear platinum compounds are putative substrates. OCTs are involved in 
the absorption, distribution and elimination of endogenous compounds and of drugs 
that are positively charged at the physiological pH (41). Three human genes have 
been described, but although they could act as influx transporters, their specific 
role in relation to resistance to Pt drugs still needs to be addressed. In fact, on one 
hand OCTs have been recently proposed as exclusive determinants of oxaliplatin 
accumulation and cytotoxicity (42) – and in this perspective cisplatin should not be 
a substrate – whereas, on the other hand, studies in isolated human proximal tubules 
support that, in that experimental model, the uptake of cisplatin by renal proximal 
tubules is mediated by OCT2, thereby providing an interpretation of drug-induced 
nephrotoxicity (43).

Conclusion

Several studies have addressed the mechanisms of influx, efflux and  accumulation 
of platinum compounds. Such studies have led to a model described by Gately 
and Howell (24) in the nineties, which was consistent with the concept that the 
 accumulation of platinum drugs follows a facilitated diffusion  mechanism in which 
the entrance of the drug into the cells occurs through diffusion as well as through 
a channel. After more than a decade, that model can still be  considered valid 
because strong evidences that cisplatin influx undergoes  saturation or  competition 
by  structural analogs are lacking.

Evidences relating ABC transporters to platinum drug accumulation are  available, 
but multiple aspects are still unclear (Fig. 2). In this regard, a difficult point is the 
fact the ABC transporters are supposed to efflux the adduct between the drug and 
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GSH and conjugation of GSH to platinum compounds may require some time to 
be formed. This aspect cannot fit with the observation of a quite early reduced 
accumulation in resistant cells exposed to Pt compounds. According to the model 
of action proposed for ABCB1 and ABCG2, ABC transporters should act very 
rapidly by removing toxins from the lipid bi-layer of the plasma membrane. Thus, 
apparently there would be no chance for platinum drugs to interact with GSH in the 
cell and be pumped out. However, it has been suggested that cisplatin and GSH can 
form adducts in the extracellular medium (44), thus providing a possible explana-
tion for the observed accumulation defects.

In spite of the intensive efforts of scientists, several questions remain to be 
answered. In this context, the major goals of the future will be to understand how 
general some mechanisms described in specific cell systems are and to define the 
clinical relevance of the alterations described at a cellular level. In particular, 
the design of large prospective clinical trials will be required in an attempt to 
correlate levels of specific molecular markers in tumor samples at diagnosis with 
the subsequent outcome/response to treatment.
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Possible Incorporation of Free N7-Platinated 
Guanines in DNA by DNA Polymerases, 
Relevance for the Cisplatin Mechanism 
of Action

Michele Benedetti, Cosimo Ducani, Danilo Migoni, Daniela Antonucci, 
Vita M. Vecchio, Alessandro Romano, Tiziano Verri, and Francesco P. Fanizzi

Abstract Cisplatin, cis-diamminedichloroplatinum (II), is one of the most widely 
used anticancer drugs. The main cellular target of cisplatin is DNA, where the plati-
num atom is able to form covalent bonds with the N7 of purines. It is commonly 
accepted that there is a direct attack of cisplatin on DNA. But it should be noted 
that, inside cells, free purine bases, which can react with cisplatin, are also avail-
able. Free bases have many functional roles, not least the constitution of building 
blocks for the synthesis of new DNA and RNA molecules. For this reason, under 
physiological conditions, the erroneous insertion of platinated bases in the synthe-
sized nucleic acids could compete with direct DNA/RNA platination. Moreover, 
due to the lower sterical hindrance offered by single nucleobases with respect to 
nucleic acids, platination is expected to be even easier for free purines with respect 
to DNA and RNA. We have recently shown, for the first time, that platinated DNA 
can be formed in vitro by Taq DNA polymerase promoted incorporation of plati-
nated purines. Cytotoxicity tests with [Pt(dien)(N7-G)], dien = diethylenetriamine, 
G = 5'-dGTP, 5'-dGDP, 5'-GMP, 5'-dGMP, GUO, dGUO, complexes on HeLa 
cancer cells support this hypothesis of the relative cytotoxicity of [Pt(dien)(N7-G)] 
derivatives being clearly related to their bioavailability. In vivo platination of free 
purines before their incorporation in nucleic acids therefore opens new perspectives 
in platinum based antitumour drugs, for a better understanding of both the action 
mechanism and the new molecular design.

Keywords Cisplatin; Platinum; Purine base; DNA; RNA; Cancer; Antitumor drug

Cisplatin and other platinum-based drugs have a central role in cancer chemotherapy 
(1–9), especially for testicular and ovarian cancer (9, 10). However, the cisplatin 
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Fig. 1 Schematic representation of cisplatin, 
 carboplatin and oxaliplatin molecular structures

Fig. 2 Schematic representation of the mechanism of action of the cisplatin antitumor drug. Both, 
the mechanism of direct platination of DNA by cisplatin aquated species cis-[Pt(NH

3
)

2
Cl(H

2
O)]+ 

and the newly proposed mechanism of DNA platination, mediated by platinated nucleotides and 
DNA polymerases, are schematized
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chemotherapic use is strongly limited by serious side effects, e.g., nephrotoxicity, 
emetogenesis and neurotoxicity and/or acquired or intrinsic tumor resistance. In order 
to overcome these problems, research activity has pointed, in the last decades, to the 
synthesis of thousands of novel platinum compounds as potential antitumor drugs 
alternative to cisplatin. Unfortunately, only a few were approved for clinical use 
and just one, oxaliplatin, [(R,R)-1,2-diaminocyclohexane(oxalato-O,O')platinum(II)] 
(Fig. 1), was found able to overcome resistance of some tumors to cisplatin (11).

Since the beginning of cisplatin related research, strong efforts have been made 
to rationalize the mechanism of action and the drug design. Early studies suggested 
that cisplatin crosses the cell membrane mainly by passive diffusion (12) and that 
once inside the cell, it undergoes aquation to form cis-[Pt(NH

3
)

2
Cl(H

2
O)]+ because 

of the low (∼3 mM) intracellular chloride concentration. The reactive aquated spe-
cies could interact with DNA, which was recognized to be the primary biological 
target for the drug (6–8, 10, 13–22). Adducts formed with DNA are considered to 
be responsible for the pharmacological activity of the drug (Fig. 2).

It is known that inside the cell there are free purine bases with disparate functions, 
not least the constitution of building blocks for the synthesis of new DNA and RNA 
molecules (23). Our present working hypothesis is that there could be a mecha-
nism of action for cisplatin, according to which free purines can be targeted by the 
platinum drug as well as nucleic acids. In agreement with this hypothesis, aquated 
cisplatin, cis-[Pt(NH

3
)

2
Cl(H

2
O)]+, could form a covalent bond with the N7 of free 

nucleosides or nucleotides, with the formation of mono-adducts of the type cis-
[Pt(NH

3
)

2
Cl(N7-Purine)]. Because of the lower sterical hindrance around N7, free 

purines platination is expected to be even easier than platination of DNA and RNA. 
According to this hypothesis we thought that N7 platinated purines could be used 
as a substrate for nucleic acids synthesis by DNA polymerases. If this occurs under 
physiological conditions, the erroneous insertion of platinated bases in the synthe-
sized nucleic acids should compete with the direct platination process (24). Recently 
we demonstrated (25), for the first time, that platinated purines can be inserted into 
DNA, by DNA polymerases, using an in vitro synthetic process (Fig. 3).

Our experimental system was constituted by a model DNA polymerase, i.e., 
Taq DNA polymerase and a model platinated purine, i.e., the complex [Pt(dien)
(N7-dGTP)] (1), dien = diethylenetriamine; dGTP = 5'-dGTP = 5'-(2'-deoxy)-
guanosine triphosphate, (Fig. 4). Because of the lack of labile chloride ligands, 
complex 1 is unable to bind other vicinal purine nucleotides.

The competition between dGTP and [Pt(dien)(N7-dGTP)] (1) for incorporation 
into a plasmidic DNA (pUC19), by Taq DNA polymerase, was evaluated by stand-
ard PCR-based assays (25, 26). As a result we observed a lower Taq DNA polymer-
ase efficiency in the presence of increasing amounts of complex 1, in agreement 
with the reported insertion of other types of N7 modified nucleobases (26). In fact 
we observed that when only complex 1 is available, the Taq DNA polymerase 
activity is strongly reduced but not completely quenched. Our results were also 
consistent with the well-known concept that platinated DNA templates are able to 
severely repress DNA polymerase activity (27–29). The limits for the extension of 
our findings to other polymerases (including eukaryotic polymerases) and various 
platinum complexes, bearing purine bases, have still to be defined.
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We focused on the insertion of single platinated dGTP’s in the  newly-synthesized 
complementary DNA chains operated by the enzymatic activity of DNA polymer-
ases. In this particular case, the overall yield of platination observed in in vitro 
experiments was of about 60%, showing that the insertion rate of dGTP by Taq 
DNA polymerase, with respect to the corresponding platinated derivative 1, is about 
15 times faster. Considering that the reported minimum amount of DNA platination 
in human cells necessary to induce apoptosis with cisplatin, is of about 9–10 plati-
nated nucleobases/DNA (10), even the misinsertion of very few platinated guanines 
could in principle, promote apoptotic pathways.

The previous findings suggested to look for a possible apoptotic pathway 
related to the presence of metallated primers as complex 1, in living model cells. 
Therefore we preliminarily evaluated the toxicological consequences of the pos-
sible incorporation of platinated purines. For this purpose, we evaluated the in 
vitro cytotoxicity (30), on HeLa human tumor cells, of [Pt(dien)(N7-5′-dGTP)] (1), 
[Pt(dien)(N7-5′-dGDP)] (2), [Pt(dien)(N7-5′-GMP)] (3), [Pt(dien)(N7-5′-dGMP)] 
(4), [Pt(dien)(N7-Guo)] (5) and [Pt(dien)(N7-dGuo)] (6) coordination compounds. 
Complexes 1–6 were prepared with a method similar to that previously reported 
(25). HeLa cells were grown in DMEM (Euroclone). The culture medium was sup-
plemented with 10% heat-inactivated fetal bovine serum (Euroclone), 0.1 mg/mL 
streptomycin, 200 IU/mL penicillin. Cells were cultured routinely at 37°C and 5% 

Fig. 3 Schematic representation of the insertion mechanism of platinated nucleotides operated by 
DNA polymerases, during the synthesis of the complementary DNA chain, in the presence of 
metallated guanines
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CO
2
 in a humidified incubator. Platinum containing compounds were administered 

to each well in appropriate concentrations ranging from 1 to 1,000 μM. The toxicity 
of these compounds was tested for 48 h of incubation. It should be pointed out that 
due to the lack of labile chlorides, all tested compounds (1–6), were not expected 
to exhibit high cisplatin cytotoxicity. Indeed the mono-adducts formed with DNA, 
after the insertion by DNA polymerases of a platinated guanine (complex 1), are 
unable to give bis-adducts lesions (including the well known 1, 2-intrastrand) gen-
erated by cisplatin, due to a lack of cis coordinating sites. For the latter reasons we 
focused on the evaluation of the relative toxicity of complexes 1–6 since differences 
among them could give new useful hints, although they were expected to behave 
differently than cisplatin. Results of the in vitro cytotoxicity tests are reported 
in Fig. 5. As expected, all tested complexes were less cytotoxic with respect to 
cisplatin. However their cytotoxicity, which could be observed only at the highest 
tested concentrations (500–1,000 μM), seems to be strongly related to the expected 
relative bioavailability. In particular, the transport across cell membranes (31, 32) 
of the possible GUO and dGUO derivatives and the direct incorporation of the 
dGTP derivatives into synthesized DNA could account for the higher cytotoxicity 
of complexes 1, 5 and 6 with respect to 2, 3 and 4.

In perspective, our results suggest a possible alternative mechanism for DNA plati-
nation in living cells, which may parallel the direct DNA platination process operated 
by cisplatin and its derivatives. Such a novel approach might open the possibility of 

Fig. 4 Structure of antitumor and antiviral drugs or pro-drugs: S-(guanin-6-yl)-l-cysteine (GC), 
5-fluoro-1H-pyrimidine-2,4-dione (5-fluorouracil, 5-FU), 3'-azido-2',3'-dideoxitimidine (Azidotimidine, 
AZT) and the complexes tested here, [Pt(dien)(N7-G)], G = 5'-dGTP, 5'-dGDP, 5'-GMP, 5'-dGMP, 
GUO, dGUO
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designing and developing, on a different rationale, a new generation of metal based 
drugs. Finally our hypothesis for the cisplatin (and analogues) mechanism of action 
allows the conceptual merging of these compounds (as pro-drugs) in the general drug/
pro-drug class of modified DNA and RNA nucleobases ( 5-fluoro-uracil, 5-FU; azidot-
imidine, AZT; S-(guanin-6-yl)-l-cysteine, GC; ganciclovir, etc.) (23, 33) (see Fig. 4).
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Structural and Mechanistic Studies 
of Anticancer Platinum Drugs: Uptake, 
Activation, and the Cellular Response 
to DNA Binding

Shanta Dhar and Stephen J. Lippard

Abstract The action of platinum anticancer drugs is a multistep process 
 involving uptake, activation, DNA binding, and cellular responses. Our research 
investigates these early stages of action of platinum complexes. We demonstrated 
that the effectiveness of oxaliplatin and cis-diammine(pyridine)chloroplatinum(II) 
(cDPCP) is a consequence of their selective delivery to cells containing organic 
cation transporters OCT1 and OCT2. This work inspired us to devise strategies for 
novel cell-targeting modalities, which include tethering receptor-binding moieties 
like estrogen or conjugated peptide motifs to a cis-diammineplatinum(II) unit, 
and the use of single walled carbon nanotubes as “longboat” delivery systems. 
Structural studies of DNA containing bound platinum complexes resulted in two 
significant findings. First, an X-ray structure of a site-specific monofunctional 
platinum-DNA dodecamer duplex containing a guanosine modified by cis-
{Pt(NH

3
)

2
(py)}2+ resembles that of B-DNA, differing from structures containing 

a 1,2- or 1,3- intrastrand cross-link. Nevertheless, certain features resemble that 
of the 1,2-cross-link. Second, 1,3-GTG-intrastrand cis-diammineplatinum(II) 
cross-links determine and override the natural positioning of DNA on the nucleo-
some core particle. Close examination of cellular responses associated with 
cis-[Pt(NH

3
)

2
(py)Cl]Cl, cDPCP, revealed the potency of this compound to be a 

consequence of a competition between transcription inhibition and excision repair. 
Photo-cross-linking studies of platinated DNA to proteins in cancer cell nuclear 
extracts reveal the panoply of factors that process the platinum adducts at the early 
stage of recognition.
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Introduction

Platinum complexes are broadly applied in cancer therapy (1, 2). The widespread 
clinical applications of cis-diamminedichloroplatinum(II) or cisplatin, carboplatin, and 
oxaliplatin (depicted in Fig. 1) have inspired the synthesis and investigation of numer-
ous platinum compounds as potential drug candidates (3). In particular, there is much 
interest in expanding the tumors that can be treated, limiting side effects, and target-
ing the cancer cell population. The mode of action of cisplatin is a multi-step process 
which includes: (i) cell entry or uptake, (ii) drug activation, (iii) DNA binding, and (iv) 
cellular responses to the DNA damage (see Fig. 2). A better understanding of these 
processes would guide the choice of new compounds for more effective therapies. Our 
research activities embrace all four steps of cisplatin action and the results have inspired 
the synthesis and evaluation of new compounds based on the insights provided.

Uptake

The mechanisms by which cisplatin is transported across the plasma membrane 
have not been established. Studies have implicated both passive diffusion and 
carrier-mediated active transport (4), but no specific membrane transporter for 

Fig. 1 FDA-approved anticancer drugs of the cisplatin family

Fig. 2 Four early stages in the cisplatin mechanism of action
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cisplatin has been identified that clearly leads to the formation of DNA cross-links 
in the nucleus. An improvement upon the current limitations of platinum-based 
therapy would be to deliver a biologically effective concentration of the compound 
to the tumor tissues with high specificity. In order to achieve this ultimate goal, new 
compounds can be devised that are conjugated to molecules which target plasma 
membrane receptors overexpressed on cancer cells.

The success of oxaliplatin for treating colorectal cancer has recently been linked 
to targeted uptake of the drug as mediated by organic cation transporters (OCTs) (5). 
This work identified the organic cation transporters OCT1 and OCT2 as mediators 
of oxaliplatin entry into cells. Subsequently, in evaluating a broad range of cationic 
platinum complexes, we discovered that cis-diammine(pyridine)chloroplatinum(II), 
cDPCP, is a strong candidate for treating colorectal cancer (6). The anticancer 
activity of cDPCP has been known for years (7), but unlike cisplatin it forms mono-
functional rather than bifunctional cross-links with nuclear DNA. We discovered the 
cellular growth inhibition of cDPCP to be significantly better than that of oxaliplatin 
(see Fig. 3) in colon cancer cells bearing the OCT1/OCT2 receptors.

Breast cancer, the most common malignancy in women, is associated with the 
steroid hormone estrogen (8). The discovery of the estrogen receptor (ER) pro-
vided an efficient target for the treatment of hormone-dependent breast cancer. 
Our recent work showed that estrogen receptor positive or ER(+) cells treated 
with estrogen are sensitized towards cisplatin. Estrogen also induces overexpres-
sion of HMGB1 (Fig. 4), a protein that shields cisplatin DNA lesions from nucle-
otide excision repair (NER) (9). Recently, we were able to synthesize a series of 
 17β-estradiol-platinum(IV) complexes by connecting the 17-hydroxyl group to 
the terminal  carboxylates of c,c,t-diamminedichlorodisuccinatoplatinum(IV) using 
polymethylene chains of varying lengths (10). Intracellular reduction of these 
estrogen-tethered Pt(IV) complexes delivers one molecule of cisplatin and two 
molecules of linker-modified estrogen derivative (Fig. 4).

Tumor cell survival, growth, and metastasis are driven by unregulated angiogen-
esis, the process by which new blood vessels are formed (11). Tumor blood vessels 

Fig. 3 Cell growth inhibition by MTT assays for cDPCP (left) and oxaliplatin (right) in MDCK 
cells with and without hOCT1. Modified based on Fig. 2 of (6)



138 S. Dhar and S.J. Lippard

are a major target for cancer treatment because they can be selectively recognized 
without affecting normal tissue. Integrins are heterodimeric cell-adhesion receptors 
that facilitate communication between a cell and its surroundings. Phage library 
screening experiments have identified three peptide motifs, RGD (Arg-Gly-Asp), 
NGR (Asn-Gly-Arg), and GSL (Gly-Ser-Leu), that are capable of homing into the 
tumor vasculature (12). We recently developed a strategy to prepare platinum(IV) 
anticancer drug candidates (see Fig. 5) in which the conjugated peptide motif, 
containing either RGD or NGR, would serve as a “tumor-targeting device” and 
selectively kill angiogenic tumor endothelial cells (13). As targeting moieties, we 
used the RGD and NGR linear tripeptides; an RGD-containing disulfide-bridged 
cyclic pentapeptide, (CRGDC)c; and the cyclic pentapeptide, and (RGDfK)c. The 
latter were chosen because cyclic peptides target angiogenic endothelial cells more 
efficiently compared to their linear counterparts. We discovered that RGD-tethered 
Pt(IV) complexes are efficient inhibitors of cellular proliferation when compared 
to both non-targeting platinum(IV) compounds and to the unconjugated targeting 
RGD tri- and pentapeptide moieties.

Recently, single-walled carbon nanotubes (SWNTs) have been investigated for 
their ability to interact with living systems (14). SWNTs internalize various cargoes 

Fig. 4 Activation of estrogen-tethered Pt(IV) complexes in the reducing environment of the cell

Fig. 5 Structure of Pt(IV) complexes containing tethered RGD or NGR peptides
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into cells, including fluoresceins, plasmid DNA, proteins and other materials that 
would not have been able to be taken into a cell by themselves, with no apparent 
side effects (15, 16). The low solubility of SWNTs can be overcome by surface 
functionalization through the attachment of solubilizing side-chains for dispersing 
the SWNTs in solution. Once solubilized, the SWNTs can efficiently cross the 
cell membrane via endocytosis (17). We are currently using SWNTs as “longboat” 
delivery vehicles, named by analogy to the Viking longboats, for the intracellular 
delivery of platinum complexes. We recently described an asymmetrical Pt(IV) 
compound containing alkoxy and succinate ligands at the axial positions (Fig. 6), 
which was successfully delivered to human testicular NTera-2 cancer cells (18). The 
activity of the SWNT tethered compound was much greater than that of the unteth-
ered Pt(IV) compound. We developed a method to track the intracellular location 
of the SWNTs and platinum by following the movement of fluorescently labeled 
SWNTs and measuring the platinum content in nuclear and the cytosolic extracts. 
The construct employed in this study had a fluoroscein derivative  co-tethered to the 
SWNT-Pt(IV) conjugates. With the use of fluorescence microscopy, the fluorescent 
SWNTs were readily detected in small vesicles within the cell, confirming the 
expectation that SWNTs enter through endocytosis.

Knowledge of the mechanism of platinum uptake, the role of various receptors 
overexpressed on cancer cell surfaces, and the use of new delivery systems signifi-
cantly expands the horizon of platinum anticancer drug candidates having improved 
efficacy and diminished toxic side effects.

Activation

Once in the body, the high chloride ion concentrations in blood and the extracel-
lular fluid (>100 mM) maintain the integrity of electroneutral platinum complexes 
like cisplatin and retard premature activation or undesired direct ligand substitution 

Fig. 6 An unsymmetrial Pt(IV) compound tethered to a SWNT. Modified based on Fig. 1 of (18)
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reactions. Once cisplatin enters cancer cells, the relatively low chloride ion con-
centration of the cytosol favors the formation of activated aqua species that react 
further with intracellular nucleophiles like the DNA bases.

In the case of Pt(IV) complexes, activation is significantly different. Platinum(IV) 
compounds are substitutionally more inert and less likely to be deactivated in vivo 
prior to crossing the cancer cell membrane. These tetravalent platinum complexes 
are prodrugs, because the first step of their activation involves in vivo reduction 
with concomitant loss of the axial ligands, generating platinum(II) center that binds 
to DNA (see Fig. 7). The axial ligands are ideal for altering properties such as 
lipophilicity, reduction potential, stability, and biological targeting without chang-
ing the activity of the reduced, biologically active complex generated in the cancer 
cell (19). Recently, we directed a significant portion of our research efforts toward 
the design, synthesis, and evaluation of new Pt(IV) complexes for the conjugation 
to delivery systems like SWNTs (18) and for incorporation of targeting moieties 
like estrogen (10) or cancer cell-specific peptides (13), as mentioned above.

DNA Binding

The potency of cisplatin is directly related to its ability to form bifunctional intras-
trand cross-links on DNA (20, 21). The platinum-DNA lesions disrupt such cellular 
processes as transcription and replication, leading to apoptosis. In order to generate 
1,2-intrastrand cross-links responsible for the activity of cisplatin, most platinum(II) 
complexes have been based on square-planar coordination and the presence of two 
labile leaving groups in a cis configuration. However, the discovery of many poly-
nuclear and trans-platinum complexes that violate this classical rule has opened up a 
new arena of non-classical platinum complexes with considerable potential for use in 
clinical medicine (22). Studying the interaction of platinum compounds with DNA 
is one of the most important aspects in biological investigations aimed at discover-
ing and developing such molecules. As an example, we recently focused our efforts 
on the non-classical, cationic, monofunctional platinum(II) complex, cDPCP (6). 
This compound has only one leaving group and is expected to form a DNA adduct 
fundamentally different from that of cisplatin. This expectation was confirmed by a 
2.17 Å resolution X-ray crystal structure of cDPCP bound in a monofunctional fash-
ion to deoxyguanosine in a DNA dodecamer duplex (see Fig. 8) (6). A comparison 
of the geometry of cDPCP-damaged DNA with that of DNA containing a cisplatin 
1,2-d(GpG) intrastrand cross-link revealed the structures to be quite different. Rather 

Fig. 7 Generation of active Pt(II) 
species from Pt(IV) compounds
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than the duplex bent by ∼40° toward the major groove at the site of cisplatin adduct, 
the monofunctional cDPCP adduct causes no significant bending of the double helix. 
However, both cisplatin and cDPCP cause a distorted base pair step to the 5′ side of 
the platinum site that may be correlated to its ability to destroy cancer cells.

Until recently, our knowledge about the structure of platinated DNA was limited 
to synthetic duplexes. Since DNA is packaged in the nucleus of cancer cells as 
highly condensed chromatin, the building block of which is the nucleosome core 
particle (23), a better understanding of the interaction of cisplatin with DNA at the 
level of the nucleosome is desired to assist in the development of chemotherapeutic 
drugs with improved efficacy. Cisplatin reacts with nucleosomal DNA as well as 
with free DNA (24). We therefore devised an experimental system involving chro-
matin reconstituted from chemically synthesized (24) DNA bearing a site-specific 
cisplatin adduct (25, 26). We constructed two site-specifically modified nucleo-
somes containing intrastrand cis-{Pt(NH

3
)

2
}2+ 1,3-d(GpTpG) cross-links positioned 

half a helical turn apart. Histones from HeLa-S3 cancer cells were transferred onto 
these synthetic DNA duplexes, which had nucleosome positioning sequences. The 
structures of these complexes were studied by using hydroxyl radical footprinting. 
Employing nucleosome positioning sequences allowed us to quantify the structural 

Fig. 8 The structure of cDPCP-damaged DNA duplex (see Color Plates)
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deviations induced by the cisplatin adduct. Our studies showed that a platinum cross-
link locally overrides the rotational setting in the nucleosome positioning sequence 
(Fig. 9) such that the lesion faces toward the histone core (Fig. 10). We were also 
able to use the quantitative data to determine that cisplatin unwinds nucleosomal 
DNA by ∼24°. The intrastrand cis-{Pt(NH

3
)

2
}2+ 1,3-d(GpTpG) crosslinks are located 

in an area of the nucleosome that contains locally overwound DNA in undamaged 
reference nucleosomes. The changes in nucleosomal organization upon platinum 
binding could play a significant role in the disruption of transcription by cisplatin.

Cellular Responses

The anticancer drug cisplatin provokes a complex series of cellular responses. 
A lethal dose of platinum drugs can kill cells primarily by forming DNA 
adducts, causing arrest at the G2 phase of the cell cycle, and triggering apoptosis. 
 Cisplatin–DNA adducts are recognized by several cellular proteins, including some 
that enhance the survival of the cell by mediating DNA repair and others that hasten 
death by conferring sensitivity to the drug. We have been actively studying these 
different cellular processes with several types of platinum complexes.

Fig. 9 Cisplatin damage overrides the predefined rotational setting pattern of nucleosomes. Blue/
green – unplatinated nucleosomes, nS1 (blue) and nS2 (green) are identical sequences, but 
d(GpTpG) is shifted by 5 bp; the corresponding cleavage curves are out of phase by 1–2 bp. Red/
orange-platinated nucleosomes, nS1-Pt (red) and nS2-Pt (orange) have identical sequences except 
for the fact that the 1,3-d(GpTpG) cisplatin adduct (black rectangle) is shifted by 5 bp. The cor-
responding cleavage curves are out of phase by 3–5 bp. The phasing difference is ∼180° in the 
vicinity of the cisplatin adduct. Modified based on Fig. 3 of (25) (see Color Plates)
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We discovered two notable cellular responses to cDPCP that were not 
anticipated based on earlier work with other monofunctional compounds such 
as [Pt(dien)Cl]+ (27). This compound blocks transcription, a mechanistic feature 
shared by cisplatin, while largely evading repair by the mammalian excinuclease.

Among the proteins and protein complexes that encounter cisplatin–DNA 
adducts, RNA polymerases are greatly affected by the lesions. The progression 
of human RNA polymerase II (Pol II) along the DNA strand is almost completely 

Fig. 10 Cisplatin adduct faces toward histone core. Gray bars represent areas in which the minor 
grove is exposed to the solvent (and the major grove faces inwards to the nucleosome). (a) The 
major grove of the unplatinated d(GpTpG) site of S1 trinucleotide faces inwards, (b) the major grove 
of the unplatinated d(GpTpG) site of S2 faces to the side, (c, d), the major grove of the platinated 
d(GpTpG) sites face in both cases inwards. Modified based on Fig. 4 of (25) (see Color Plates)
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blocked by cisplatin–DNA adducts, and the arrest and subsequent ubiquitylation 
of Pol II initiate transcription-coupled repair as well as programmed cell death, or 
apoptosis. Our study showed that, like cisplatin, transcription is strongly inhibited 
by cDPCP both in cell extracts and in live cells (6).

Nucleotide excision repair (NER) is the pathway by which the major cisplatin-
induced DNA lesion, the 1,2-intrastrand d(GpG) cross-link, is removed. An 
increased efficiency of excision repair leads to the removal of cisplatin adducts 
and upregulation of ERCC1, a key protein in the pathway (28, 29). We considered 
the possibility that the excellent cell-killing properties of the monofunctional OCT 
substrate cDPCP may derive from the formation of less recognizable DNA adducts, 
compared to cross-links, and that this compound might therefore evade identifica-
tion by the excision repair machinery. Such a possibility would suggest the util-
ity of this complex for the treatment of cisplatin-resistant tumors. We applied a 
 well-developed in vitro excision repair assay to determine the rate of removal of 
cDPCP-DNA adducts by the mammalian excinuclease. We used three different 
platinum probes for this study. A repair yield of ∼1% was observed with the DNA-
cDPCP adduct after 1 h (Fig. 11) (6). The repair product signal was highest after 
60–90 min and declined thereafter due to exonucleolytic degradation of primary 
excision products by exonucleases in the rodent cell extracts employed in the assay. 
The cisplatin 1,3-intrastrand cross-link, by comparison, displays 3.5% repair in this 
assay after 60 min, and the [Pt(dien)Cl]Cl monofunctional adduct showed 0.3% 
repair. The observed repair rate of 3.5% for cisplatin adducts is significantly higher 
than that observed for our cDPCP compound.

Fig. 11 Kinetics of repair for the cDPCP-DNA lesion, reported as % repair relative to the 156-
mer band (CHO extracts) see ref. (6)
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Platinum DNA intrastrand cross-links introduce a bend in duplex DNA and also 
result in unwinding. These events create recognition sites for nuclear proteins. By 
using a photoactive benzophenone-modified cisplatin analogue (Fig. 12) (30), 25-bp 
DNA duplexes containing either a 1,2-d(GpG) or a 1,3-d(GpTpG) intrastrand cross-
link were synthesized. Proteins having affinity for these platinated DNAs were 
photo-cross-linked and identified in the nuclear extracts of several cancer cells. By 
using the methodology depicted in Fig. 12, a number of proteins involved in DNA 
repair were identified, namely RPA1, Ku70, Ku80, Msh2, DNA ligase III, PARP-1, 
DNA-PKcs, as well as the HMG-domain proteins HMGB1, HMGB2, HMGB3, and 
UBF1(31). Our studies also explored the differences in protein  binding to platinated 
DNA for cell lines with different sensitivities to cisplatin.

Conclusions

These advances in knowledge about the chemistry of platinum anticancer drugs 
demonstrate significant progress in understanding their mechanism of action. They 
unveil a flourishing arena for future synthetic work on rationally designed platinum 

Fig. 12 Structure of the photoactive benzophenone-modified cisplatin analogue and the methodology 
used to identify proteins that interact with cisplatin–DNA adducts see ref. (31) (see Color Plates)



146 S. Dhar and S.J. Lippard

anticancer drug candidates. Significant progress in the development of non- classical 
platinum complexes, most notably monofunctional and Pt(IV) compounds, has 
been achieved. Systems containing new delivery vehicles, high specificity, and 
reduced toxicity have been developed.
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Platinum Drugs and DNA Repair: 
Lessons from the NCI Panel 
and Clinical Correlates

Jacques Robert, Armelle Laurand, Delphine Meynard, 
and Valérie Le Morvan

Abstract To study the cellular and molecular determinants of sensitivity and resistance 
to the classical platinum compounds, we have mined the database of the National 
Cancer Institute, looking for associations between the expression of given proteins 
belonging to pathways involved in platinum drug processing, and in vitro sensitivity 
to platinum drugs. Such observations may shed light on the relative importance of 
different processes involved in platinum drug – induced cell death. For instance, the 
expression of HMGB1, which targets platinum-DNA adducts and prevents DNA 
repair, appears to be positively correlated with the cytotoxicity of all the platinum 
drugs tested. We also determined the effect of several gene polymorphisms of the 
DNA repair pathways on the in vitro cytotoxicity of platinum compounds. For 
instance, the asn118asn polymorphism in the ERCC1 gene appears involved in the 
cytotoxicity of cisplatin and carboplatin, the variant cell lines being significantly less 
sensitive to these drugs than the wild-type cell lines or the heterozygous ones. In 
order to achieve better individualisation of platinum drugs prescriptions, the tracks 
provided by the NCI-60 panel could select the appropriate genes to be explored, at 
the level of either gene expression or polymorphisms. For instance, the exploration 
of HMGB1 expression as a predictor of drug response would be warranted.

Keywords Platinum drugs; NCI-60 panel; Gene expression profiles; Gene poly-
morphisms; DNA damage and repair

Introduction

The cellular processing of platinum drugs involves a great number of events, all 
of which may play a role in the ultimate efficiency of these drugs (1): uptake 
and efflux, formation of DNA adducts, recognition and repair of these adducts, 
transduction of DNA damage signals through various pathways, induction of cell 
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death. All these steps involve a large number of proteins, and the expression and/or 
intrinsic activity of these proteins may determine the level of sensitivity of a given 
cell line or tumour.

One of the possible models for studying the relative importance of different steps 
of drug processing in cell sensitivity is the NCI-60 panel, consisting of a panel of 60 
human tumour cell lines that have been characterised both in terms of sensitivity to 
a large number of drugs and molecular characteristics such as gene expression pro-
files and gene polymorphisms. Data mining from the NCI-60 may lead to significant 
observations which can provide tracks for clinical evaluation of potential predictors 
of platinum drug efficacy. We have already shown that the molecular determinants 
of the in vitro cytotoxicity of cisplatin and oxaliplatin were considerably different, 
suggesting the existence of a particular mechanism of action for oxaliplatin (2). 
Recently, several studies have shown that differences in site-selectivity of platinum 
compounds could explain differences in pharmaco logical properties (3, 4).

In this study, we wanted to explore some of the pathways involved in recognition 
and repair of platinum drug-induced DNA damage, using the database of the NCI 
as well as personal results of single nucleotide polymorphisms (SNP) obtained on 
this model, combining the pharmacogenomic (gene expression profiles) to pharma-
cogenetic (polymorphisms) approaches.

Materials and Methods

The freely accessible database of the Developmental Therapeutic Program of the 
National Cancer Institute (http://dtp.nci.nih.gov) was explored at two levels: (1) for 
the data on cytotoxicity of five platinum compounds towards the 60-cell line panel 
(cisplatin, carboplatin, diaminocyclohexylplatin II, oxaliplatin, tetraplatin and 
 iproplatin); (2) for the gene expression data of 32 genes involved in platinum trans-
port and detoxification, DNA adduct formation, DNA repair by nucleotide excision 
repair and mismatch repair, and cell-cycle control.

In addition, a series of gene polymorphisms occurring in DNA repair were 
 determined in DNA extracts of the NCI panel according to standard  techniques 
involving PCR and restriction-fragment length polymorphisms (RFLP), as described 
previously (5).

The existence of correlations between platinum drug in vitro cytotoxicity and 
selected molecular features on gene polymorphisms and expression was sought and 
the results are presented below.

Results

Relationships Between Gene Expression 
and Platinum Cytotoxicity

Regarding platinum transport and detoxification, we have shown that, among 
ABC transporters, only the expression of the ABCC1 gene (MRP1), as studied 
by semi-quantitative RT-PCR, was significantly negatively correlated with the 

http://dtp.nci.nih.gov
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cytotoxicity of the DACH platinum compounds (p = 0.002) but not with that of cis-
platin and carboplatin. Among the copper transporters, ATP7A and ATP7B expres-
sions did not correlate consistently with platinum drug cytotoxicity, but SLC31A1 
and SLC31A2 gene expressions were significantly negatively correlated with the 
 cytotoxicity of platinum drugs (Table 1).

The expressions of the glutathione-synthesising enzymes GCLC (glutamate-
cysteine ligase) and GSS (glutamate-cysteine ligase) as well as those of glutathione 
S-transferases did not appear to be consistently related to platinum drug cytotoxic-
ity, with the exception of GSTT2. In contrast, several metallothioneins, especially 
MT2A, had their expression significantly negatively correlated with the cytotoxic-
ity of DACH platinum drugs, but not with that of cisplatin or carboplatin.

With regard to DNA adduct formation and repair, number of genes appeared to 
have their expression correlated with the toxicity of platinum drugs. This was the 
case for HMGB1, a protein targeting the platinum-DNA adducts and thereby 
preventing DNA repair, whose expression is positively correlated with the 
cytotoxicity of all the platinum drugs tested against the NCI-60 panel (Fig. 1). The 
same was the case for HGMB2, but only for the diaminocyclohexane-containing 
(DACH) platinum drugs, oxaliplatin and tetraplatin (Fig. 1).

At the level of nucleotide excision repair, the expression of ERCC1 was 
positively correlated with the cytotoxicity of cisplatin and carboplatin, but not the 
DACH platinum drugs (Fig. 2); while the expression of ERCC2 was negatively 
correlated with the cytotoxicity of oxaliplatin and tetraplatin, but not of cisplatin 
or carboplatin (Fig. 2). Expression of other proteins involved in NER (XPA, XPC, 
ERCC3, ERCC4, ERCC5) did not appear to play a major role in platinum drugs 
cytotoxicity in the NCI-60 model.

Regarding the proteins involved in mismatch repair (MMR), the expression of 
MSH2, and to a lesser extent MSH6, was correlated with the cytotoxicity of DACH 
platinum drugs, which may be related to the futile and inefficient mobilisation of 
these proteins to repair platinum-DNA adducts. In contrast, MLH1 expression did not 
present consistent significant correlations with the cytotoxicity of platinum drugs.

At the level of cell-cycle control, which has been shown to be involved in the 
response to platinum-induced DNA damage, it is remarkable that the expression 
of a number of proteins is positively correlated with platinum drug cytotoxicity, 
especially that of the DACH-platins. This is the case for ATR, CHK1, CHK2, 
RAD9A and CDC25A. This would mean that the efficiency in cell-cycle arrest 
could facilitate DNA repair and, therefore, enhance platinum-induced cell death.

Relationships Between Some Gene Polymorphisms 
and Platinum Cytotoxicity

Three polymorphisms occurring in the coding sequence of important NER genes 
were determined in the NCI panel: the synonymous SNP asn118asn of ERCC1, the 
non-synonymous SNPs asp312asn and lys751gln of ERCC2 and the  non- synonymous 
SNP asp1104his of ERCC5. Although there was no significant association between 



Table 1 Summary of the relationships observed between the expression of genes related to plati-
num drug processing and the in vitro cytotoxicity of these drugs

Gene Cisplatin carboplatin DACH platins

ABCC1 No Negative
ABCC2 No No
ATPA7 No No
ATPB7 No No
ATOX1 No No
SLC31A1 Negative No
SLC31A2 Negative Negative
SLC22A1 No No
SLC22A2 No No
GCLC No No
GSS No No
MT1M, MT1G No No
MT1H, MT1X No Negative
MT2A Negative Negative
MT3 No No
GSTA1-A4 No No
GSTM1-M5 No No
GSTP1 No No
GSTT1 No No
GSTT2 No Negative
GSTO1 No No
GSTK1 No No
GSTZ1 No No
HMGB1 Positive Positive
HMGB2 No Positive
ERCC1 Positive No
ERCC2 No Negative
ERCC3 No No
ERCC4 No No

ERCC5 No No
XPA No No
XPC No No
MLH1 No No
MSH2 No Positive
MSH6 No Positive
RAG1 No Positive
RAG2 No No
ATR Positive Positive
ATM No No
PRKCD No No
CHK1 No Positive
CHK2 No Positive
RAD9A No Positive
CDC25A Positive Positive
CDC25B No No
CDC25C No No

No no significant expression was found between gene expression and platinum drug cytotoxicity
Positive gene expression was significantly correlated with drug sensitivity
Negative gene expression was significantly correlated with drug resistance
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Fig. 1 Examples of relationship between cytotoxicity of platinum drugs vis-à-vis cell lines of the 
NCI-60 panel and expression of HMGB1 (upper panel) and HMGB2 (lower panel)
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Fig. 2 Examples of relationship between cytotoxicity of platinum drugs vis-à-vis cell lines of the 
NCI-60 panel and expression of ERCC1 (upper panel) and ERCC2 (lower panel)
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ERCC1 polymorphism and gene expression, cytotoxicity of cisplatin and carboplatin 
appeared higher in the homozygous variant cell lines (T/T genotype) than in the 
homozygous wild-type cell lines (C/C cell lines), and the heterozygous cell lines 
(T/C genotype) having an intermediate behaviour (Fig. 3). In the case for the DACH 
platinum drugs , cytotoxicity showed no association with ERCC1 genotypes.

While the asp312asn SNP of ERCC2 was associated with neither ERCC2 gene 
expression nor platinum drugs cytotoxicity, the lys751gln SNP was associated with 
both ERCC2 gene expression and platinum sensitivity: the homozygous variant 
cell lines (A/A genotype) presented lower gene expression and higher sensitivity to 
cisplatin and carboplatin than the homozygous wild-type cell lines (C/C genotype) 
or the heterozygous cell lines (A/C genotype). There again, the cytotoxicity of the 
DACH platinum drugs, in contrast, was not associated to ERCC2 genotype. Finally, 
the ERCC5 asp1104his SNP was related neither to ERCC5 gene expression, nor to 
platinum drug sensitivity in the NCI-60 panel.

Discussion

Independent of the correlations that can be established in vitro between gene 
expression or polymorphisms and drug cytotoxicity, clinical studies have shown 
that several genes involved in NER played a role in patients’ drug response 
to platinum compounds and post-treatment survival. It has been shown that the 

Fig. 3 Examples of relationships between cytotoxicity of platinum drugs vis-à-vis cell lines of 
the NCI-60 panel and polymorphims of ERCC1 (upper panel) and ERCC2 (lower panel). CH 
common homozygous cell lines; HT heterozygous cell lines; VH variant homozygous cell lines
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expression of ERCC1 was associated with resistance to cisplatin in non-small 
cell lung cancer patients (6), the asn118asn SNP of ERCC1 could be associated 
to oxaliplatin  efficiency in colorectal cancer patients (7) to cisplatin resistance in 
non-small cell lung cancer patients (8), and that the lys751gln SNP of ERCC2 was 
associated to the survival of colorectal patients treated with oxaliplatin (9).

Such studies are still preliminary and should be extended to larger number 
of patients, in a prospective setting thus firmly establishing the clinical correla-
tions that exist between gene expression or polymorphism and drug sensitivity. 
In order to achieve better individualisation of prescriptions of platinum drugs, 
tracks provided by the NCI-60 panel could be used to select the appropriate genes 
to be explored, either at the level of expression or at the level of polymorphisms. 
For instance, the exploration of HMGB1 and HMGB2 expressions as predictors of 
drug response is warranted.

Differences between the processing of cisplatin- and oxaliplatin-induced DNA 
lesions are now considered of utmost interest for the understanding of the phar-
macological and clinical differences between these two drugs, which do not share 
the same indications in cancer therapeutics. This is clearly corroborated in our 
analysis of the determinants of in vitro cytotoxicity of the two drugs. Analysis of 
the tumour tissue expression of the determinants of platinum drugs activity may be 
useful for the selection of cancer types which would be the most appropriate for 
clinical development.
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Differences in Conformation 
and Conformational Dynamics Between 
Cisplatin and Oxaliplatin DNA Adducts

Stephen G. Chaney, Srinivas Ramachandran, Shantanu Sharma, 
Nikolay V. Dokholyan, Brenda Temple, Debadeep Bhattacharyya, 
Yibing Wu, and Sharon Campbell

Abstract Some DNA damage-recognition proteins, transcription factors, mismatch 
repair proteins and DNA polymerases discriminate between cisplatin (CP)- and 
oxaliplatin (OX)-GG DNA adducts, and this is thought to help explain differences 
in efficacy, toxicity and mutagenicity of CP and OX. In addition, differential recog-
nition of CP- and OX-GG adducts by some proteins has been shown to be highly 
dependent on the sequence context of the Pt-GG adduct. We have postulated that 
CP- and OX-GG adducts cause differences in the conformation and/or conforma-
tional dynamics of the DNA that provide the basis for differential protein recogni-
tion of the adducts. We have determined the NMR solution structure of CP-GG 
adducts, OX-GG adducts and undamaged DNA in the AGGC sequence context, 
and of OX-GG adducts and undamaged DNA in the TGGT sequence context. We 
have also employed molecular dynamics (MD) simulations to investigate the con-
formational dynamics of CP-GG adducts, OX-GG adducts and undamaged DNA in 
the AGGC and TGGA sequence contexts. These studies showed clear differences 
in the conformation dynamics between CP- and OX-GG adducts which correlated 
with the average conformational differences observed in the NMR solution struc-
tures and with conformations previously reported for the CP-GG DNA·HMG1a 
complex. When the conformational dynamics in both sequence contexts were com-
pared it became evident that: (a) the patterns of hydrogen bond formation between 
Pt-amine-hydrogens and surrounding bases of the DNA were different for CP- and 
OX-GG adducts; (b) patterns of hydrogen bond formation were also influenced by 
the DNA sequence context of the Pt-GG adducts, and (c) differences in patterns of 
hydrogen bond formation were highly correlated with differences in the conforma-
tional dynamics of the adduct. Thus, we postulate that patterns of hydrogen bond 
formation between Pt-amine hydrogens and surrounding DNA bases are different 
for CP- and OX-GG adducts, and that those differences in hydrogen bond patterns 
result in DNA conformational differences that allow selective recognition of CP- and 

S.G. Chaney (�), S. Ramachandran, S. Sharma, N.V. Dokholyan, 
B.Temple, D. Bhattacharyya, Y. Wu, and S. Campbell
Department of Biochemistry and Biophysics, School of Medicine,
University of North Carolina, Chapel Hill, NC, USA
e-mail : stephen_chaney@med.unc.edu

in Cancer Chemotherapy, DOI: 10.1007/978-1-60327-459-3_20,



158 S.G. Chaney et al.

OX-GG adducts by a number of proteins that determine the relative cytotoxicity and 
mutagenicity of those adducts.

Keywords Cisplatin; Oxaliplatin; DNA adducts; Conformational dynamics; DNA 
damage and repair

Introduction

Cisplatin [CP, cis-diamminedichloroplatinum(II)] and carboplatin [CBDCA,  
cis-diammine-1,1-cyclobutanedicarboxylatoplatinum(II)] are widely used in treat-
ing several types of cancers such as ovarian, testicular, head and neck tumors. 
However, many tumors show resistance or develop acquired resistance towards 
CP or CBDCA. Tumors that are resistant to these drugs are usually cross- resistant 
to the other drug. CP also exhibits mutagenic properties in vivo (1) which have 
been associated with secondary malignancies (2). Oxaliplatin [OX, trans-(R,R)-
1,2-diaminocyclohexaneoxalatoplatinum(II)] is a third-generation platinum 
anticancer agent and has been approved for treatment of colorectal cancer and 
cisplatin-resistant tumors. While OX does exhibit some mutagenicity (3), it is 
less mutagenic than CP (4). Although the reasons for differences in tumor range 
and mutagenicity of OX compared to those of CP and CBDCA are not known, 
these differences are thought to be determined by the discriminating ability of 
proteins that are involved in damage recognition, damage repair, and/or damage 
tolerance. For example, hMSH2 and MutS bind with greater affinity to CP-GG 
adducts than to OX-GG adducts (5, 6), and defects in mismatch repair result 
in resistance to CP and CBDCA, but not to OX (5, 7–10). In addition, several
transcription factors and damage recognition proteins have been shown to discrimi-
nate between CP- and OX-GG adducts (11, 12). The binding specificity has been 
determined for only a few of these proteins, but where it has been studied, they bind 
to CP-GG adducts with higher affinity than to OX-GG adducts (11–13). Moreover, 
translesion DNA polymerases such as pol β and pol η have been shown to bypass 
OX-GG adducts with higher efficiency than CP-GG adducts (14–16), which might, 
at least partially, explain the difference in mutagenicity of CP and OX.

We have obtained high-resolution solution NMR structures of the OX-GG adduct 
(17), the CP-GG adduct and undamaged DNA (18) in the AGGC sequence context and 
the OX-GG adduct and undamaged DNA duplex (manuscript in preparation) in the 
TGGT sequence context. These were the first NMR solution structures of the OX-GG 
adduct and the first structures of any Pt-GG adduct in a DNA sequence context with 
a purine on the 5′ side of the adduct. While NMR structures were useful in assessing 
differences in the average conformation of Pt-DNA adducts in solution, molecular 
dynamic (MD) simulations are needed to assess differences in the conformational 
dynamics of these Pt-DNA adducts. Consequently, MD simulations were performed 
on Pt-DNA adducts in the AGGC and TGGA sequence contexts. Data obtained from 
these studies permit clear distinction between the effects of the Pt-GG intrastrand 
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adduct, the carrier ligand of the Pt-GG adduct (cis-diammine vs. diaminocyclohexane), 
and the sequence context of the adduct (AGGC vs TGGT (NMR) or TGGA (MD) ) on 
both DNA conformation and conformational dynamics in the vicinity of the adducts.

NMR Solution Structures

Conformational Flexibility on the 5′ Side of the Adduct

Previous studies in our laboratory (17, 18) (manuscript in preparation) and other 
laboratories (17–20) have shown that imino proton resonance of the 5′G of a Pt-GG 
adduct is more solvent accessible than that of the 3′G. This data suggests that the 
DNA may be more distorted and/or flexible on the 5′ side of the adduct.

In addition to the higher solvent exchange rate exhibited by the G6 and G7 
imino protons, the T5 imino proton in the TGGT sequence context also possesses 
a fast exchange rate, which is comparable to that shown by the G6 imino proton 
(manuscript in preparation). We hypothesize that the distortion and flexibility 
observed on the 5′-side of the Pt-GG adduct is extended to the 5′-flanking residue 
base pair, corresponding to the T5·A20 base pair for the OX-GG adduct in the 
TGGT sequence context. This feature was not observed for undamaged DNA or 
reported previously for CP-GG adducts in the CGGC sequence context (20) 
or for either CP- and OX-GG adducts in the AGGC sequence context (17). While 
those 5′ flanking bases do not possess imino proton signals, their complementary 
bases (G and T) in the opposing strand do possess imino signals; and no solvent 
 accessibility was observed for those imino protons. This data suggests that the 
5′-flanking  residue of Pt-GG adducts in the TGGT sequence context may exhibit 
greater flexibility than that of the CGGC or AGGC sequence contexts. This is best 
understood in terms of the molecular dynamics studies reported below.

DNA Helical Parameters Common to All Pt-GG Adducts

The CP-GG and OX-GG adducts that we have studied (17, 18) (manuscript in 
 preparation) are similar to all other Pt-GG structures reported to date in that they 
display an increase in roll at the G6-G7 base-pair step, G6-G7 dihedral angle and 
overall bend angle compared to undamaged DNA (19–23). We hypothesize that these 
common conformational features of Pt-GG adducts, which are centered around the 
G6-G7 base-pair step, are important for recognition of both CP- and OX-GG adducts 
by DNA-binding proteins. It is logical that the G6-G7 base-pair step would be  crucial 
for the recognition of Pt-GG adducts by DNA-binding proteins. Both mismatch-
 repair proteins and HMG-domain proteins bend the DNA in the direction of the 
major groove in part, by inserting an amino acid residue between the base pairs at the 
center of the bend (which in this case would be the G6-G7 base-pair step) (24–27).



160 S.G. Chaney et al.

Marzilli et al. (20) reported that all structures of Pt-GG adducts available at that 
time were characterized by a large positive slide and shift for the base-pair step on 
the 5′ side of the adduct (which would correspond to the A5-G6 base-pair step for the 
AGGC sequence and the T5-G6 base-pair step for the TGGT sequence) and concluded 
that should also be considered as a characteristic of all Pt-GG adducts. Our structures 
of the CP- and OX-GG adducts in the AGGC sequence context (17, 18) were the first 
of Pt-GG adducts with a purine on the 5′ side of the adduct, and we did not observe a 
large positive slide and shift at the A5-G6 base-pair step of those adducts. Furthermore, 
for the T5-G6 base-pair step of the OX-TGGT adduct we observed a large positive 
slide, but a slightly negative shift. Thus, while all Pt-GG adducts appear to have sig-
nificant distortions on the 5′ side of the adduct, the exact nature of these distortions is 
dependent on both sequence context and the nature of the carrier ligand.

DNA Helical Parameters that Distinguish Between
CP and OX-GG Adducts

Comparison of DNA helical parameters of the CP-GG adduct in the AGGC sequence 
context with the DNA helical parameters of the OX-GG adducts in both the AGGC 
and TGGT sequenced contexts has also allowed us to identify conformational dif-
ferences between CP-GG and OX-GG adducts that may be relatively independent 
of sequence context. Specifically, the CP-GG adduct in the AGGC sequence context 
differs from both OX-GG adducts in slide, twist, and roll at the G6·C19-G7·C18 base-
pair step, shift and slide at the G7·C18-C8·G17 base-pair step, opening for the G7·C18 
base pair and G6G7 dihedral angle (Table 1). While structures of Pt-GG adducts in 
more sequence contexts will need to be examined under the same experimental con-
ditions to confirm that these conformational  differences of CP- and OX-GG adducts 
are  independent of sequence contexts, we hypothesize that these differences are 
important for the sequence-independent, differential recognition of CP- and OX-GG 

Table 1 Comparison of DNA helical parameters for CP-DNA and OX-DNA 
in the AGGC and TGGT sequence contexts

Parameters CP-AGGC OX-AGGC OX-TGGT

G6·C19-G7·C18
Slide (Å) −0.55 ± 0.10 −1.36 ± 0.30 −0.95 ± 0.07
Twist (°)  18.4 ± 1.4  25.2 ± 2.0 24.99 ± 2.78
Roll (°)  36.3 ± 3.2  28.3 ± 3.2  46.6 ± 2.3
G7·C18-C/T8·G/A17
Shift (Å) −0.99 ± 0.17 −1.24 ± 0.10 −0.44 ± 0.25
Slide (Å) −0.33 ± 0.13  0.93 ± 0.10 −1.02 ± 0.76
G7·C18
Opening (°) −1.24 ± 0.93  5.73 ± 0.53  5.91 ± 1.86
G6-G7
Dihedral Angle (°)  42.7 ± 3.1  35.6 ± 2.8  38.2 ± 3.1
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adducts by DNA-binding proteins. Most of these conformational differences lie on 
the 3′ side of the adduct, which is consistent with the observation that the damage-
recognition protein HMG1a binds primarily to the 3′ side of the adduct (24).

Finally, comparison of DNA helical parameters between OX-GG adducts in the 
TGGT and AGGC (17) sequence contexts has allowed us to identify some of the 
conformational features of the OX-GG adduct that are affected by sequence  context. 
This comparison showed significant differences in the shift, slide, and twist at the 
A/T5·T/A20-G6·C19 base-pair step, roll at the G6·C19-G7·C18 base-pair step, shift 
and slide at the G7·C18-C/T8·G/A17 base-pair step, and buckle of the G6·C19 base 
pair (Table 2). We hypothesize that some of these conformational distortions, which 
are found on both the 5′ and 3′ side of CP- and OX-GG adducts, influence the affin-
ity of DNA-binding for the Pt-GG adducts and are likely to explain the influence 
of sequence context on the ability of the DNA-binding proteins to discriminate 
between CP-GG and OX-GG adducts.

MD Simulations and Differences in Conformational 
Dynamics

The Effect of the Diaminocyclohexane Ring 
on N–Pt–N Bond Angles

We then used molecular dynamics simulations to explore differences in the con-
formational dynamics between OX-GG, CP-GG and undamaged DNA in the 
AGGC (28) and TGGA sequence contexts. In theoretical terms, the most obvious 
effects of the diaminocyclohexane ring of oxaliplatin are to constrain the bond 
angle between the Pt and the two amines of diaminocyclohexane. This can be 
clearly seen when one compares the conformational range of the four possible 
N–Pt–N bond angles of CP-GG and OX-GG adducts (Fig. 1). The conformational 

Parameters OX-AGGC OX-TGGT

A/T5·T/A20-G6·C19
Shift (Å)  0.17 ± 0.04 −0.31 ± 0.36
Slide (Å) −0.89 ± 0.10  1.67 ± 0.31
Twist (°)  22.1 ± 1.3  36.7 ± 4.5
G6·C19-G7·C18
Roll (°)  28.3 ± 3.2  46.6 ± 2.3
G7·C18-C/T8·G/A17
Shift (Å) −1.24 ± 0.10 −0.44 ± 0.25
Slide (Å)  0.93 ± 0.10 −1.02 ± 0.08
G6·C19
Buckle (°)  12.6 ± 2.4   6.8 ± 1.0

Table 2 Comparison of DNA helical parameters for 
OX-DNA in the AGGC and TGGT sequence contexts
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Fig. 1 Frequency distribution of platinum bond angles in the AGGC and TGGA sequence con-
texts. The upper panel shows frequency distribution of platinum bond angles in the AGGC 
sequence contexts. Table compares mean ± standard deviation for the same bond angles in the 
AGGC and TGGA sequence contexts
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 dynamics of the NB1(G6N7)–Pt–NB2(G7N7) bond angles are essentially identical 
for CP- and OX-GG adducts because that bond angle is primarily constrained by 
the DNA backbone. However, the cyclohexane ring of the OX-GG adduct strongly 
restricts the conformational range of N31–Pt–N32 bond angle and places modest 
constraints on the NB1–Pt–N32 and NB2–Pt–N31 bond angles compared to the 
CP-GG adduct. While the figure only shows bond angles for CP-GG and OX-GG 
adducts in the AGGC sequence context, these effects were essentially independent 
of sequence context.

The Effect of N–Pt–N Bond Flexibility and Sequence 
Context on Hydrogen Bond Occupancy

We next looked at hydrogen bond occupancy (the percentage of time that various 
hydrogen bonds formed during the simulation). As might be expected, we observed 
close to 100% occupancy for most of the Watson-Crick hydrogen bonds except for 
the ones involving the G•C base pairs containing the Pt-GG adduct (G6 and G7). 
However, we also observed significant formation of hydrogen bonds between the 
Pt-amines and the surrounding bases. The pattern of hydrogen bond formation 
was highly dependent on the sequence context of the Pt-GG adduct, and the occu-
pancy of those hydrogen bonds was different for CP-GG and OX-GG adducts. For 
example, in the AGGC sequence context, the CP-GG adduct preferentially formed 
hydrogen bonds between the 5′ Pt-amine and A5N7, while the OX-GG adduct 
preferentially formed hydrogen bonds between the 3′ Pt-amine and G7O6 (Fig. 2). 
In the TGGA sequence context, the CP-GG adduct preferentially formed hydrogen 
bonds with A8N7 and the OX-GG adduct with G7O6 and T17O4 (Fig. 3). This 
data suggests that the greater conformational flexibility of the CP-GG adduct 
allows it to form hydrogen bonds with the adjacent bases on the same strand of 
the DNA, while conformation of the OX-GG adduct allows hydrogen bond forma-
tion with a 3′ base on the opposite strand of DNA. The obvious question then is 
how these differences in the pattern of hydrogen bond formation influence DNA 
conformation.

The Effect of Hydrogen Bond Occupancy on Flexibility 
on the 5¢ side of Pt-GG Adducts

While this difference in conformational flexibility of a 5′ flanking T residue relative 
to a 5′ flanking A residue in the NMR experiments described earlier is difficult to 
explain in terms of standard Watson-Crick hydrogen bonds, it is fully consistent 
with the hydrogen bond occupancy between Pt-amines and the adjacent base pairs 
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Fig. 2 Hydrogen bonds between Pt-amine hydrogens and surrounding bases in the AGGC 
sequence context. Structures illustrating observed hydrogen bond formation are shown in the 
upper panel. Table indicates the percent hydrogen bond occupancy (the % of time that the hydro-
gen bond is observed during the trajectory) for each of those hydrogen bonds (see Color Plates)

observed in molecular dynamic simulations. In the Pt-AGGC simulations, hydrogen 
bond formation between the Pt-amine hydrogens on the 5′ side of the adduct and 
the N7 of the 5′A residue was observed between 58% (OX-AGGC adduct) and 74% 
(CP-AGGC adduct) of the time (28). The formation of this hydrogen bond might 
be expected to significantly decrease the conformational flexibility of the 5′ A. 
In contrast, almost no hydrogen bond formation was seen between the 5′ Pt-amine 
hydrogens and the 5′ T residue for either CP-GG or OX-GG adducts in the TGGA 
sequence context.
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The Effect of Patterns of Hydrogen Bond Occupancy 
on DNA Conformation

When we examined the conformational dynamics of DNA helical parameters in 
the vicinity of the Pt-GG adducts, it was evident that there were some significant 
differences between CP-GG and OX-GG adducts. For example, in the AGGC 
sequence context, CP-GG adducts differed from OX-GG adducts in terms of 
G6·C19 buckle, G6·C19 propeller twist, G7·C18 propeller twist, C8·G17 buckle, 
A5·T20-G6·C19 slide, G6·C19-G7·C18 slide and G7·C16-C8·G17 slide and 
shift (28).

To determine whether the conformational dynamics of CP- and OX-DNA 
adducts might be influenced by the formation of the hydrogen bonds between the 
Pt-amines and surrounding bases, the trajectory data for DNA helical parameters 
for the central four base pairs were separated according to patterns of hydrogen 
bond formation. When this was done, there was clear association between the pat-
tern of hydrogen bond formation for each Pt-GG adduct and the conformational 
dynamics of the DNA in the vicinity of the adduct. For example, the conformational 
dynamics of G6·C19 and G7·C18 propeller twist are shown in Fig. 4. When the 
overall frequency distributions of these parameters are compared (Fig. 4a), one 
observes subtle differences in the conformational dynamics for CP- and OX-GG 
adducts. When the frequency distributions of these DNA helical parameters are 
segregated according to hydrogen bond pattern for the CP-GG adduct (Fig. 4b), the 
conformation range is clearly different for the A5N7 hydrogen bond on the 5′ side 
of the adduct compared to the G7O6 hydrogen bond on the 3′ side of the adduct. 
Similar segregation according to hydrogen bond pattern is observed for the OX-GG 
adduct (Fig. 4c). Finally, the frequency distributions associated with the most 
abundant hydrogen bond patterns (A5N7 plus both 5′ and 3′ account for 74.2% of 

Fig. 3 Hydrogen bonds 
between Pt-amine hydrogens 
and surrounding bases in the 
TGGA sequence context. 
Structures illustrating 
observed hydrogen bond 
formation are shown in the 
upper panel. Table indicates 
the percent hydrogen bond 
occupancy (the % of time that 
the hydrogen bond is 
observed during the 
trajectory) for each of those 
hydrogen bonds (see Color 
Plates)
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hydrogen bond occupancy for CP-GG, and G7O6 plus both 5′ and 3′ account for 
78.7% of hydrogen bond occupancy for OX-GG) are closely correlated with the 
overall differences observed in those DNA helical parameters for CP- and OX-GG 
adducts (Fig. 5).

Fig. 4 Effect of patterns of hydrogen bond formation on the frequency distribution of G6·C19 and 
G7·C18 propeller twist for CP- and OX-GG adducts in the AGGC sequence context. (a) Overall 
frequency distribution for CP-GG (green), OX-GG (red) and undamaged DNA (blue). (b) Effect 
of hydrogen bond pattern on the frequency distribution for CP-GG adducts (5′ A5N7 = blue, 
3′ G7O6 = red & both 5′ and 3′ = purple). (c) Effect of hydrogen bond pattern on the frequency 
distribution for OX-GG adducts (5′ axial A5N7 = blue, 5′ equatorial A5N7 = cyan, 3′ equatorial 
G7O6 = red & both 5′ equatorial and 3′ equatorial = purple) (see Color Plates)
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Fig. 5 Correlation between patterns of hydrogen bond formation and differences in the frequency 
distribution of G6·C19 and G7·C18 propeller twist for CP- and OX-GG adducts in the AGGC 
sequence context. (a) Effect of hydrogen bond pattern on the frequency distribution for OX-GG 
adducts (5′ axial A5N7 = blue, 5′ equatorial A5N7 = cyan, 3′ equatorial G7O6 = red & both 
5′ equatorial and 3′ equatorial = green). (b) Overall frequency distribution for CP-GG (green), 
OX-GG (red) and undamaged DNA (blue). (c) Effect of hydrogen bond pattern on the frequency 
distribution for CP-GG adducts (5′ A5N7 = blue, 3′ G7O6 = red & both 5′ and 3′ = purple). Blue 
rectangle indicates correlation between the frequency distribution associated with the most fre-
quently formed hydrogen bonds for OX-GG (total hydrogen bond occupancy for 3′ equatorial plus 
3′ and 5′ = 78.7%) and the overall frequency distribution for OX-GG adducts. Green rectangle 
indicates correlation between the frequency distribution associated with the most frequently 
formed hydrogen bonds for CP-GG (total hydrogen bond occupancy for 5′ A5N7 plus 5′ and 3′ = 
74.2%) and the overall frequency distribution for CP-GG adducts (see Color Plates)
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Conformational Dynamics and the Differential 
Recognition of CP- and OX-GG Adducts by Damage 
Recognition Proteins

Data from molecular dynamics simulations suggest a hypothetical model for the 
differential recognition of CP- and OX-GG adducts by damage recognition proteins 
and the effect of DNA sequence context on that recognition. We propose that:

1. CP-GG adducts have a greater flexibility with respect to both Pt-amine bond 
angles and Pt-amine dihedral angles than OX-GG adducts because of constraints 
imposed by the diaminocyclohexane ring of the OX-GG adduct.

2. This greater flexibility allows the CP-GG adduct to more readily form Pt-amine 
hydrogen bonds with adjacent bases on the same strand of DNA than OX-GG 
adducts. At the same time the OX-GG adducts have some unique conformational 
features that allow them to form Pt-amine hydrogen bonds with bases on the 
opposite strand than CP-GG adducts.

3. These differences in the patterns of hydrogen bond formation correlate with dif-
ferences in conformational dynamics that may be important for Pt-DNA adduct 
recognition by damage recognition proteins.
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Regrowth Resistance: Low-Level Platinum 
Resistance Mediated by Rapid Recovery 
from Platinum-Induced Cell-Cycle Arrest

Britta Stordal and Ross Davey

Abstract The H69CIS200 and H69OX400 cell lines are novel models of low-level 
platinum drug resistance developed from H69 human small-cell lung cancer cells with 
eight 4-day treatments of 200 ng/ml cisplatin and 400 ng/ml oxaliplatin, respectively. 
A recovery period was given between treatments to emulate the cycles of chemotherapy 
given in the clinic. The resistant cell lines were approximately twofold resistant to 
cisplatin and oxaliplatin, and were cross-resistant to both drugs. Platinum resistance 
was not associated with increased cellular glutathione, decreased accumulation of 
platinum or increased DNA repair capacity. The H69 platinum sensitive cells entered 
a lengthy 3-week growth arrest in response to low-level cisplatin or oxaliplatin 
treatment. This is an example of the coordinated response between the cell cycle and 
DNA repair. In contrast, the H69CIS200 and H69OX400 cells have an alteration in the 
cell cycle allowing them to rapidly proliferate post drug treatment. The resistant cell 
lines also have many chromosomal rearrangements most of which are not associated 
with the resistant phenotype, suggesting an increase in the genomic instability in the 
resistant cell lines. We hypothesized that there was a lack of coordination between 
the cell cycle and DNA repair in the resistant cell lines allowing proliferation in
the presence of DNA damage which has created an increase in genomic instability. 
The H69 cells and resistant cell lines have mutant p53 and consequently decrease the 
expression of p21 in response to platinum drug treatment; promoting progression of 
the cell cycle instead of increasing p21 to maintain the arrest. A decrease in ERCC1 
protein expression and an increase in RAD51B foci activity were observed with the 
platinum-induced cell-cycle arrest and did not correlate with resistance or altered 
DNA repair capacity. These changes may, in part, be mediating and maintaining the 
cell-cycle arrest in place of p21.The rapidly proliferating resistant cells have restored 
the levels of both these proteins to their levels in untreated cells. We use the term 
“regrowth resistance” to describe this low-level platinum resistance where cells survive 
treatment through increased proliferation. Regrowth resistance may play a role in the 
onset of clinical resistance.
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The H69CIS200 cisplatin-resistant and H69OX400 oxaliplatin-resistant small-cell 
lung cancer cell lines are novel models of low-level platinum resistance (1). The 
H69CIS200 and H69OX400 cell lines were developed from parental H69 small-cell 
lung cancer cells with eight 4-day treatments of 200 ng/ml cisplatin and 400 ng/ml 
oxaliplatin, respectively with a recovery period between treatments to emulate the 
cycles of chemotherapy given in the clinic. These cell lines are approximately two-
fold resistant to cisplatin and oxaliplatin and are cross-resistant to both the drugs. 
The resistance is not associated with increased cellular glutathione or decreased 
accumulation of platinum which are common mechanisms of platinum resistance. 
The H69 platinum sensitive cells enter a lengthy 3 week growth arrest in response 
to low-level cisplatin and oxaliplatin treatment (Fig. 1a). This is an example of 
the coordinated response between the cell cycle and DNA repair. In contrast, the 
H69CIS200 and H69OX400 cells have an alteration in the cell cycle allowing them 
to rapidly proliferate post drug treatment (Fig. 1b). We use the term “regrowth 
resistance” to describe this low-level platinum resistance where cells survive treat-
ment through increased proliferation. Regrowth resistance may play a role in the 
onset of clinical resistance.

Fig. 1 Effect of acute drug treatment on cell growth and cell cycle. Cells were treated with either 
1,000 ng/ml cisplatin or 2,000 ng/ml oxaliplatin for 2 h as indicated. (a) The number of cells that 
exclude trypan blue were counted and the fold change in the growth was plotted. (b) The proportion of 
cells in each phase of the cell cycle was determined by the propidium iodide/flow cyto metry (1)
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The resistant cell lines also have many chromosomal rearrangements most of 
which are not associated with the resistant phenotype, suggesting an increase in 
genomic instability in the resistant cell lines (2). The H69 cells and resistant cell 
lines have mutant p53 and consequently decrease the expression of p21 in response 
to platinum drug treatment, promoting progression of the cell cycle instead of 
increasing p21 to maintain the arrest (3). We hypothesized that there was a lack of 
coordination between the cell cycle and DNA repair in the resistant cell lines allow-
ing proliferation in the presence of DNA damage which has created an increase in 
genomic instability. Increased DNA repair is a common mechanism of platinum 
resistance. However, H69CIS200 and H69OX400 cells showed no change in DNA 
repair capacity as measured by a repair of a platinated plasmid and expression of 
DNA repair marker γH2AX (3).

Despite no change in DNA repair capacity in the resistant cell lines, we found 
alterations in the expression and activity of two DNA repair proteins. ERCC1 is 
involved in the nucleotide excision repair removal of platinum adducts from DNA; 
increased ERCC1 mRNA and protein expression has been associated with cisplatin 
resistance (3). In contrast, we observed decreases in ERCC1 protein expression 
(Fig. 2a), which were associated with the formation of a lower molecular weight 
band of ∼26 kDa (marked with arrow in Fig. 2a). We believe this to be an alterna-
tive spliced variant of ERCC1 associated with decreased repair activity (4). The 
samples in cell-cycle arrest (grey background) had a significant decrease in ERCC1 
protein expression compared to the untreated control cells (Fig. 2b). This suggests 
that ERCC1 expression is more related to the cell-cycle state than to the resistance. 
The samples in the recovery from cell-cycle arrest were not significantly different 
from the untreated control cells, but had lower levels of mRNA and protein suggest-
ing that part of restoring normal cell-cycle activity was associated with restoring 
normal ERCC1 levels.

Homologous recombination repair is mediated, in part, by the RAD51 proteins (5). 
An increase in homologous recombineation could mediate platinum resistance by 
increasing the repair of platinum-induced double-strand DNA breaks. We chose 
to examine RAD51B as it is linked to both cell-cycle control and DNA repair (6). 
We observed no change in the RAD51B protein expression. However, activity, as 
measured by the presence of nuclear RAD51 foci, did change. RAD51B foci were 
examined by immunocytochemistry in the H69, H69CIS200 and H69OX400 cell 
lines (Fig. 2c). The parental H69 cells had higher levels of RAD51B foci in response 
to oxaliplatin drug treatment than the H69OX400 cells. This is just the opposite of 
what would be expected, since the resistant cells would be expected to have a higher 
level of repair than the sensitive parental cells. RAD51B activity was increased 
significantly in the arrested cells compared to the nonarrested controls, suggesting 
that its expression and activity are related more to the cell cycle than to platinum 
resistance. The samples in cell-cycle recovery had no change in RAD51B foci from 
the untreated cells suggesting that part of the  restoring normal cell cycle activity was 
restoring the normal RAD51B foci activity.

The changes in ERCC1 and RAD51B are associated with cell-cycle arrest rather 
than resistance, suggesting that they are being modulated for reasons other than 



174 B. Stordal and R. Davey

DNA repair and are potentially participating in the regrowth resistance mechanism 
of cell-cycle arrest and recovery. There is some evidence to suggest that ERCC1 
and RAD51B could mediate a cell-cycle arrest (7). Hepatocytes from ERCC1 
knockout mice are arrested in the G

2
 phase of the cell cycle (8). The expression 

of full-length ERCC1 decreases in association with the cell-cycle arrest; however, 

Fig. 2 Analysis of ERCC1 protein expression and RAD51B activity in H69, H69CIS200 and 
H69OX400 cells after a 4-day exposure to either 200 ng/ml cisplatin or 400 ng/ml oxaliplatin. Samples 
in cell-cycle arrest are indicated with a gray background. (a) ERCC1 protein expression determined 
by Western Blot and (b) analysis in reference to the cell cycle. (c) RAD51B activity determined by 
immunocytochemistry and (d) analysis in reference to the cell cycle. Means and standard deviations 
are presented from pooled data from parts (a) and (c). Untreated is the control cells, cell-cycle arrest 
is the drug-treated samples in cell arrest indicated with gray background shading, and cell-cycle 
recovery is the drug-treated cells not in the cell-cycle arrest. # indicates a significant difference 
compared to the untreated samples
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this is associated with the formation of an ERCC1 splice variant which has been 
 previously reported to have reduced DNA repair activity (4). It is possible that 
this splice variant may have an increased role in the process of cell-cycle arrest. 
Fibroblasts from ERCC1 knockout mice also show a decreased rate of cell growth 
and disruptions in cell cycle (9), suggesting that the decrease in ERCC1 may contribute 
to the lengthy growth arrest in the sensitive cells. Transfection of RAD51B into 
CHO cells induces a cell cycle G

1
 delay similar to what was observed in the H69 

cells in response to platinum treatment (10). Transfection of RAD51 into human 
and rat fibroblasts also induces a G

1
 arrest (7).

Resistance in the H69CIS200 and H69OX400 cells is dependent on a rapid 
 cell-cycle progression after drug treatment (Fig. 1b). The regrowth resistance arrest 
is the same in all the cells; however, the resistant cell lines quickly exit this cell-
cycle arrest and continue to cycle despite the presence of DNA damage. Therefore, 
the resistant cells have a decrease in DNA repair in response to platinum drug treat-
ment, not because of a downregulation of a DNA repair pathway but because of the 
reduced time in cell-cycle arrest where the repair occurs. Decreases in ERCC1 (11) 
and increases in RAD51 (12) have also been associated with increased genomic 
instability which correlate with the large amount of chromosomal aberrations found 
in the resistant cell lines (2).

The normal exit from the cell-cycle arrest after the successful completion of 
DNA repair is termed checkpoint recovery. Normal checkpoint recovery in the 
H69 parental cells is the 3-week growth arrest (Fig. 1a). Checkpoint adaptation is 
related to checkpoint recovery and promotes cell-cycle reentry even when unrepair-
able DNA damage is present (13). The H69CIS200 and H69OX400 cells appear 
to have the checkpoint adaptation phenotype, the cell cycle continuing despite the 
presence of DNA damage. The H69OX400 cells exit the cell-cycle arrest faster than 
the H69CIS200 cells and this correlates with the greater amount of chromosomal 
aberrations in the H69OX400 cell line (2).

Conclusions

Resistance in the H69CIS200 and H69OX400 cells is associated with the speed of 
the recovery from the cell-cycle arrest, termed “regrowth resistance”, which may 
involve modulation of ERCC1 and RAD51B.
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Targeting Nucleotide Excision Repair 
as a Mechanism to Increase Cisplatin Efficacy

John J. Turchi, Sarah C. Shuck, Emily A. Short, and Brooke J. Andrews

Abstract Tumor resistance to chemotherapeutic DNA damaging agents, such as 
cisplatin, is an obstacle in the treatment of many cancers, including lung and ovarian. 
Resistance is influenced by nucleotide excision repair (NER) catalyzed removal of 
cisplatin-DNA lesions. NER is the primary pathway used by the cells in the repair 
of helix-distorting cisplatin lesions; therefore, inhibition of NER may increase the 
efficacy of cisplatin treatment. More specifically, the recognition and verification 
of DNA damage by NER is a critical step in the pathway, making it an ideal target 
for inhibition. Recognition of DNA damage occurs primarily through two proteins, 
Xeroderma Pigmentosum Group A (XPA) and replication protein A (RPA). XPA 
has been shown to have a role exclusively in NER, thus making it a highly specific 
target for inhibition that will lead to a decrease in NER and an increase in sensitiv-
ity to cisplatin treatment. RPA is a single-stranded DNA-binding protein that has 
roles in NER as well as in other metabolic pathways, including DNA replication 
and recombination. We have developed a high-throughput (HT) assay for XPA/RPA 
binding to DNA and screened libraries of small molecules to identify compounds 
capable of interrupting the protein/DNA interaction, an effort that has lead to the 
identification of small molecule inhibitors of both RPA and XPA. These inhibitors 
have been validated in secondary in vitro screens and structure–activity relationships 
were determined for one class of inhibitors. Further development of this class of 
compounds is anticipated to display cytostatic/cytotoxic activity and sensitize cells 
to cisplatin therapy.
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Background

The nucleotide excision repair pathway (NER) removes bulky DNA adducts caused 
by UV irradiation and chemical mutagens. The repair of DNA damage begins 
with a damage recognition step and assembly of a preincision complex, followed 
by excision of the damaged strand and gap-filling DNA synthesis. NER uses two 
mechanisms for recognition of DNA damage. One mechanism is global genomic 
NER (GG-NER), which relies on proteins that have a greater affinity for damaged 
DNA compared to undamaged DNA. These proteins include XPC/RAD23B, RPA, 
XPA, and the damaged DNA-binding protein, DDB (1). We have extensively charac-
terized the interaction of RPA and XPA with cisplatin-damaged DNA (2–6). Based 
on these studies and studies of others, we proposed a model for the interaction of 
RPA and XPA with cisplatin-damaged DNA that we more recently expanded to 
include XPC-RAD23B (5, 7).

RPA, a heterotrimer composed of 70-, 34-, and 14-kDa subunits, is a  single-stranded 
DNA-binding protein that has several roles in the cell; including DNA replication, 
recombination, and repair. RPA is required early in the NER process, specifically 
for DNA binding and complex formation with XPA (8). Furthermore, RPA forms a 
high-affinity interaction with the undamaged strand of a cisplatin-damaged duplex 
DNA (4, 6). XPA, a 40-kDa zinc metalloprotein, is another protein involved in the 
recognition step. However, unlike RPA, XPA’s only known role in the cell is its 
involvement in NER. XPA interacts with several of the core repair factors in NER 
and without XPA no stable preincision complex can form, therefore, NER cannot 
occur. We have demonstrated that XPA contacts both strands of a duplex-damaged 
DNA, which positions XPA at the single-strand/double-strand DNA junction (5). 
This is also consistent with other data from our laboratory demonstrating that XPA 
inhibits the strand separation activity of RPA to stabilize the RPA–XPA complex 
on duplex-damaged DNA (4). XPC-RAD23B and DDB also contribute to damage 
recognition in the GG-NER pathway, though their interactions are subpathway and 
damage-specific in many cases (7).

The second pathway for DNA damage recognition by NER,  transcription- coupled 
repair (TC-NER), involves coupling the recognition process to transcription (9). In 
this process, a transcribing RNA polymerase II encounters damage on the tem-
plate strand and stalls. The stalled polymerase, along with transcription factor IIH 
(TFIIH), initiates the repair process. TFIIH is an essential factor for both TC-NER 
and GG-NER and is a complex of at least nine polypeptides (10). TC- NER-
mediated recognition of cisplatin-DNA damage requires RPA and XPA while the 
XPC/RAD23B protein complex is not required in this pathway. Interestingly, recent 
evidence measuring the response of a series of matched cell lines deficient or 
proficient for the NER subpathways to cisplatin treatment revealed that TC-NER is 
a major determinant of sensitivity (11). Our collaborative analysis of TC-NER 
 recognition of cisplatin-DNA damage was the first report describing how the 
eukaryotic TC-NER machinery responds to cisplatin lesions (12). Importantly, RPA 
and XPA are required for both pathways of NER.
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RPA and XPA are attractive targets for cancer chemotherapy because of their 
roles in DNA metabolism (Fig. 1). The vital role of both RPA and XPA in NER 
coupled with clear data demonstrating that there is an up-regulation of NER in 
cisplatin-resistant ovarian cancers provides the rationale for  targeting NER as a 
mechanism to increase cisplatin efficacy. Activation of the Jun kinase pathway, 
which is involved in repair signaling, has been shown to up-regulate NER and 
contribute to cisplatin resistance in recurrent cancers (13–15). Therefore, targeting 
RPA and XPA in this capacity holds the potential to reverse cisplatin resistance. 
Increased cisplatin  efficacy has been observed by targeting other NER proteins with 
antisense techn ology (16, 17). In addition to its role in NER, RPA is also required 
for DNA replication and S-phase progression, which suggests that RPA inhibitors 
may display cytostatic or antiproliferative activity as single agents. While RPA has 
been observed to be overexpressed in a limited number of cancers, its activity is 
upregulated in rapidly dividing cells, including cancer cells. This differential may 
allow for an increased therapeutic window in which cancer cells can be targeted 
more specifically. XPA’s exclusive role in NER presents it as an interesting target 
for inhibition due to an increase in cisplatin efficacy that coincides with NER 
inhibition. The role of XPA in cisplatin efficacy has been shown when examining 
testicular cancer cells. Testicular cancer, which after the inclusion of cisplatin into 
a multidrug regimen, has a cure rate of 95% (18). This extreme chemosensitivity 
has been attributed to decreased DNA repair capacity and specifically decreased 
levels of XPA (19–21). The abundance of structural and biochemical characterization 
coupled with an essential role in relevant DNA metabolic pathways suggests that 
RPA and XPA are valid targets for cancer chemotherapy.

Fig. 1 Central role of RPA in 
repair of Pt-DNA lesions and 
in chromosomal DNA 
replication. RPA is depicted 
as the green heterotrimer. 
In the NER complex, the 
nucleases are shaded yellow, 
TFIIH orange, XPA red, and 
the Pt-lesion as the white 
circle. The DNA polymerase 
and helicase are shaded 
purple and blue in the 
replication complex (see 
Color Plates)
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Results

Structure–Activity Relationships for RPA Inhibitors

Our previous results revealed a molecule containing a heterobicyclic structure 
was effective as an inhibitor of RPA DNA binding activity in both fluorescence 
polarization and electrophoretic mobility shift assays (EMSA) (22). In addition, this 
compound was able to inhibit in vitro NER-catalyzed repair of a cisplatin lesion. 
We therefore selected this molecule for the analysis of structure–activity relation-
ships of heterobicyclics. Analogs of the original heterobicyclic were purchased and 
additional analogs were synthesized. These analogs were then analyzed in EMSAs 
(Fig. 2a) to assess RPA binding. A representative binding curve is presented in 
Fig. 2b and demonstrates inhibition of the DNA binding activity of RPA with an 
IC50 value of 15 μM. The results presented in Fig. 3 reveal the IC50 values for RPA 

Fig. 2 CheSS6 inhibits RPA’s DNA binding activity. (a) RPA binding to a 44-base-pair duplex 
cisplatin-damaged DNA was assessed in an EMSA in the presence of increasing concentrations of 
CheSS6. (b) Quantification of RPA binding as a function of CheSS6 concentration. (c) Structure 
of CheSS6



Targeting Nucleotide Excision Repair as a Mechanism to Increase Cisplatin Efficacy 181

inhibition for a series of analogs and identifies the anhydride functional group as a 
key determinant of RPA inhibition. The dicarboxylic acid analogs were considerably 
less active, displaying IC50 values greater than 1 mM. Chloro derivatives, R1 and 
R2, were also less active, partially as a result of limited solubility (data not shown). 
The data also demonstrate that methyl group additions to the anhydride reduce 
inhibitory activity.

Considering the reactive nature of the anhydride, we designed an experiment 
to determine if this compound was acting as an irreversible inhibitor. To test this, 
RPA was either incubated with an active inhibitor, or mock-treated. RPA was then 
dialyzed overnight to remove unreacted inhibitor. If binding of the inhibitor to RPA 
was reversible, dialysis would decrease the concentration of the inhibitor to a level 
that would not inhibit RPA binding. Analysis of the inhibitor and mock-treated RPA 
in an EMSA confirms that the anhydride is binding irreversibly to RPA (Fig. 4). 
Experiments are underway to determine the exact sites of modification by these 
inhibitors (named as CheSS compounds). Unfortunately, while displaying excellent 
in vitro activity against RPA, none of the analogs tested resulted in cellular activity 
as measured by cytotoxic cell-cycle perturbation or sensitization to cisplatin (data 
not shown).

Fluorescence Screening for RPA Inhibitors

In order to identify compounds that have the potential for in vitro and in vivo 
activity, we screened an additional 10,000 compounds from the NCI DTP library 
of pure and synthetic compounds using our previously published HT assay (22). 
Hits were identified and then validated in a secondary EMSA assay (Table 1). One 
of the validated hits was comprised of a heterobicyclic structure with a modified 
ester functional group. Analysis of this compound revealed weaker RPA inhibitory 
activity than the heterobicyclic with the anhydride functional group but significant 
cellular activity (data not shown). Further analyses of this compound in vitro as 
well as in cell-based and animal studies are underway.

Fig. 3 CheSS Structure–Activity Relationships. Analogs to the previously identified heterobicyclic 
RPA inhibitor were either purchased or synthesized. These analogs were analyzed for RPA DNA 
binding activity via EMSA and IC50 values for each analog were determined. Analysis revealed 
that the anhydride functional group was fundamental to inhibition while dicarboxylic acids, chloro 
derivatives (R1 and R2), and methyl group additions resulted in less inhibition
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  Compounds  No. 
  screened of hits Percent

Diversity set HTS 2,000 79 3.95
  EMSA 79 9 11.39
Large scale HTS 10,000 415 4.15
  EMSA 338 135 39.94

Screening was performed using our published assay for RPA 
DNA binding activity (22). Hits were identified, validated and 
confirmed in EMSA experiments

Table 1 RPA screen of the NCI library of pure and 
synthetic compounds

High-Throughput Fluorescence Polarization Assays

To further expand these analyses to include the XPA protein and to obtain a more 
robust assay, we established a fluorescence polarization (FP) assay for DNA 
binding and converted this to a high-throughput format. The basis for this assay 
is that the fluorescently labelled DNA exhibits a low polarization as a free DNA 
molecule. Upon binding to a protein, increased polarization is observed (Fig. 5a,c). 

Fig. 4 Irreversible inactivation of RPA via CheSS 19. (a) EMSA analysis of mock- or CheSS 19 
treated RPA binding cisplatin-damaged duplex DNA. (b) Mock-treated or Chess 19 treated RPA 
were mixed as indicated in the figure and DNA binding activity determined by EMSA
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Independent FP assays have been established for RPA and XPA DNA binding activ-
ity and the results of these assay development efforts are presented in Fig. 5. The 
data demonstrate that in a 384-well format in 50 μL reactions, an excellent dynamic 
range is observed for both XPA and RPA. Titration of heparin to inhibit the binding 
and hence the polarization was used to simulate the effect of an inhibitor. These 
results demonstrate efficient inhibition in binding and reduction in FP (Fig. 5b, d). 
Analysis of the RPA assay yielded a Z-score of 0.80 indicating an “excellent assay” 
according to the criteria established by Zhang et al. (23) for analysis of HTS. This 
Z-score is significantly better than that obtained from our original assay (~0.4), 
which is largely a result of a greater dynamic range compared to the initial fluo-
rescence stimulation assay (22). Analysis of the XPA screening assay yielded a 
Z-score of 0.60, again indicating an “excellent assay”.

FP-Based HTS for RPA and XPA Inhibitors

We have screened nearly 38,000 compounds from the ChemDiv library for RPA 
and XPA independently. The results of this screen are presented in Table 2. Hits 

Fig. 5 FP-assay for DNA binding. (a) 5 nM F-DNA was mixed in 50 μL reactions with the indi-
cated concentration of XPA and polarization determined as described previously (2). (b) 5 nM 
DNA and 60 nM XPA were incubated with the indicated concentration of heparin inhibitor and 
polarization was determined as in (a). (c) 5 nM F-DNA was mixed in 50 μL reactions with the 
indicated concentration of RPA and polarization was determined. (d) 5 nM DNA and 30 nM RPA 
were incubated with the indicated concentration of heparin inhibitor and polarization was  determined 
as described in (a)
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that were identified in both the screens were not pursued as they could represent 
molecules that bind DNA or have characteristics that are not compatible with the 
optical fluorescence based screen. RPA hits segregated into a few different classes. 
The most active class contained a 4,5-dihydro-1H-pyrazole scaffold with substitu-
tions at position 1, 3 and 5. This class of compounds, along with hits from previous 
screens, is currently being investigated for in vitro and in vivo activity. XPA inhibi-
tors are also being validated and confirmed in secondary screens.

Discussion

The ability to inhibit NER via disrupting RPA- and XPA-catalyzed recognition of 
damaged DNA has significant implications for cancer therapy, as many chemo-
therapeutics impart their efficacy via inducing DNA damage. Thus, inhibiting the 
repair of these lesions, including cisplatin–DNA adducts, holds the potential to 
increase the steady-state level of DNA damage without increasing the treatment 
doses. In addition, targeting RPA’s role in DNA replication could prove useful in 
treating various types of cancer.

The two mechanisms of the NER pathway, GG-NER and TC-NER, have 
been shown to affect cisplatin sensitivity differently. Cells that are deficient in 
TC-NER show increased sensitivity to cisplatin treatment compared to cells defi-
cient in GG-NER (24). Therefore, TC-NER must play a larger role in the repair 
of cisplatin-induced DNA lesions compared to GG-NER, which limits the role 
of  XPC-RAD23B as it is involved exclusively in GG-NER. By targeting RPA 
and XPA, both GG-NER and TC-NER can be inhibited, which is anticipated to 
completely abrogate NER-catalyzed repair of cisplatin lesions. While inhibition of 
XPA’s DNA binding activity is likely to impact only NER, inhibition of the single-
stranded DNA binding activity of RPA has broader implications for cancer therapy 
because of the many roles that RPA plays in the cell, including DNA replication, 
recombination and numerous repair pathways.

The DNA-binding domains of XPA and RPA are very distinct and allow for iden-
tification of small molecules that are able to interact with one or the other, but not 
both. RPA contains six oligosaccharide/oligonucleotide (OB) folds, four of which 
are used to bind DNA (25–29). RPA is one of several proteins that contain OB folds 

 Compounds 
Target protein screened No. of hits Percent

RPA 42,400 54 0.13
XPA 35,200 58 0.16

Screening of the ChemDiv library of drug-like  molecules 
was performed using the methods developed in Fig. 5. 
Screening was performed in collaboration with the 
IUSM Chemical Genetic core facility

Table 2 RPA and XPA screen of the ChemDiv library
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that are used to bind DNA; however, there is a lack of sequence similarity among 
the members of the OB-fold-containing family. This may prove to be beneficial 
in that the lack of similarity between these domains can be exploited to identify 
small-molecule inhibitors specific to the RPA OB-folds, thus limiting off-target 
effects. RPA has also been observed to undergo a conformational change upon bind-
ing to DNA with reorientation of the two main OB-folds in the p70 central DNA-
binding domain (30). These changes may allow targeting of distinct regions of the 
RPA protein that influence DNA binding, resulting in greater specificity for RPA.

Though less is known regarding the role of the other OB-fold domains in RPA, 
RPA employs the main p70 central OB-folds for binding single-stranded DNA 
regardless of the pathway it is involved in. However, the potential exists that the other 
OB-fold domains are pathway-specific. Thus one could envision using small-molecule 
inhibitors to specific RPA-OB folds to discern the roles each plays in the numerous 
metabolic pathways in which RPA participates. This would then translate to pathway-
specific inhibition which could be of clinical utility.

Considering RPA’s role as the major eukaryotic single-strand DNA-binding 
protein, inhibiting this global activity would have widespread cellular implica-
tions. The outcome of inhibiting global RPA single-strand DNA binding activity is 
likely to depend on the state of the cell at any given time. A rapidly dividing cell 
would be expected to undergo S-Phase cell-cycle arrest when RPA’s DNA binding 
activity is inhibited. Additionally, towing to RPA’s role in repair, a cell that has 
undergone cisplatin treatment would be unable to repair the damage and potentially 
induce apoptosis as a result of abrogation of RPA’s DNA binding activity. RPA is, 
therefore, an attractive target for inhibition because of the versatile role it plays in 
numerous DNA metabolic pathways. Beyond targeting RPA’s DNA binding activ-
ity, the potential exists to target RPA with a small molecule to make it specific for 
one metabolic process. For example, binding the XPA-binding domain of RPA 
with a small molecule would prevent association of the two proteins and, therefore, 
would result in an inhibition of NER. While an inhibitor of this type would not be 
identified in our HTS, this would specifically target the cell to increased cisplatin 
sensitivity while not affecting the role of RPA in other DNA metabolic processes.

XPA binds DNA using a zinc-containing domain that is distinct from zinc-finger 
domains found in other DNA-binding proteins such as transcription factors (31, 32). 
This atypical zinc-binding domain holds the potential for increased specificity and 
minimal off-target effects that one would anticipate for targeting such a large class 
of proteins. Whether this potential is realized depends on extensive analysis of the 
molecules identified in our XPA screen.

Conclusion

The ability to inhibit the activity of proteins in the NER pathway, specifically XPA 
and RPA, represents a novel chemotherapeutic treatment to increase the efficacy of 
cisplatin therapy. The inhibition of RPA single-stranded DNA binding activity will 
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also affect other DNA metabolic pathways in the cell, including replication and 
recombination. Therefore, inhibition of RPA affects cancer therapy both as a novel 
chemotherapeutic target and, like XPA, as a means of increasing cisplatin efficacy. 
Our laboratory has developed a high-throughput screening assay for identification 
of SMIs of RPA and XPA. Using this assay, we have identified small-molecule 
inhibitors of RPA and have confirmed this inhibition with secondary in vitro assays 
showing inhibition of both DNA binding and NER activity. We are also currently 
investigating small-molecule inhibitors of XPA and determining the effects of these 
compounds in both lung and ovarian cancer cell systems.
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CHK2 and ERCC1 in the DNA Adduct 
Repair Pathway that Mediates Acquired 
Cisplatin Resistance

Jing Jie Yu, Xiaobing Liang, Qing-Wu Yan, Eddie Reed*, Antonio Tito Fojo#, 
Ying Guo, Qi He, and Michael D. Mueller

Abstract Increased DNA-adduct repair is a leading mechanism of acquired 
 cisplatin resistance. Our previous studies show that overexpression of ERCC1, 
the essential component of nucleotide excision repair, is associated with 
enhanced repair of cisplatin-induced DNA-adduct and with clinical resistance 
to platinum chemotherapy. Current investigations provide extensive data on 
the mechanism of cisplatin resistance via the DNA-adduct repair pathway. In a 
study of cisplatin-induced molecular signature in human ovarian cancer A2780 
cells, activation of ATM, p53, Chk2, P48, and P21 were observed, with Chk2 
identified as an upstream regulator of the ERCC1 recognition/repair pathway. 
Our data demonstrate that Chk2 is activated and regulated by p53 in wild-type 
p53-replete cells. We also found that activated Chk2 can be dephosphorylated 
by PP2A. In other words, PP2A negatively regulates Chk2 by dephosphorylat-
ing phosphorylated Chk2. Previous findings by our group suggested that ovarian 
cancer A2780/CP70 cells, in response to cisplatin exposure, showed an increase 
of ERCC1 mRNA, with increased transcription and prolonged ERCC1 mRNA 
half-life. Functional analysis of the ERCC1 promoter by CAT assay indicates 
that the region from −220 to −110 appears essential to constitutive expression of 
ERCC1 gene and a more forward upstream region is responsible for cisplatin-
induced ERCC1 overexpression. Identification of a functional cis-element in 
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the drug-responsive region by EMSA revealed that activator AP1 and repressor 
MZF1 responded to cisplatin stimulation. Overexpression of MZF1 repressed 
the ERCC1 promoter activity in cisplatin treated cells, indicating that MZF1 is 
a repressor in regulation of ERCC1 transcription. After cisplatin exposure, the 
mRNA level of MZF1 decreased and mRNA levels of c-jun and c-fos increased, 
suggesting that MZF1 and AP1 coordinately mediate cisplatin-invoked gene 
expression in these cells. Taken together, in response to cisplatin treatment, 
decreased MZF1 and increased AP1 binding activities within the drug-respon-
sive region of the ERCC1 promoter appear to be the leading mechanism of 
up-regulation of ERCC1 expression. In conclusion, our investigations reveal 
two key factors—Chk2 and ERCC1—that participate in the DNA-adduct repair 
pathway that  mediates acquired cisplatin resistance. Down-regulation of these 
two critical genes may antagonize cisplatin resistance in the treatment of human 
ovarian cancer.

Keywords Chk2; PP2A; ERCC1; MZF1; Cisplatin resistance

Introduction

Platinum-compounds, the core treatment for a wide variety of cancers, continue to 
play a key role in cancer chemotherapy. However, platinum chemotherapy often 
results in the development of drug resistance, the main cause of treatment failure 
(1). Therefore, overcoming drug resistance is the key to successful treatment of 
cancers.

Platinum-resistance is multifactorial in nature. Increased DNA-adduct repair 
is one of the leading mechanisms of acquired platinum resistance (2, 3). ERCC1, 
the essential component of nucleotide excision repair (NER), the only known 
 mechanism for the removal of intrastrand bulky DNA adducts, is highly conserved 
in nature (4). The expression of ERCC1 is elevated in tumor tissue from patients 
refractory to cisplatin therapy. ERCC1 expression reflects DNA repair capacity 
and clinical resistance (5, 6). In vitro studies suggest that overexpression of the 
ERCC1 gene is associated with a platinum-resistant phenotype in ovarian cancer 
cells (7, 8).

Chk2, the mammalian homolog of the checkpoint kinases Cds1 (Schizosaccharo-
myces pombe) and Rad53 (Saccharomyces cerevisiae), is a key factor among 
cisplatin- activated protein kinases (9). Activated Chk2 plays a pivotal role in 
checkpoint control activities and phosphorylates downstream substrates of cell 
cycle control (10–12).

Our current investigations demonstrate that cisplatin activates the DNA-adduct 
repair pathway, with marked Chk2 phosphorylation and ERCC1 overexpression, 
resulting in cell cycle arrest and increase in cisplatin resistance (Fig. 1). We have 
identified modulators and transcriptional factors that can downregulate and control 
these two critical genes.
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Results

Cisplatin-activated Chk2 can be Negatively Regulated 
by PP2A Through Dephosphorylation

Exposure of A2780 (p53 wild type) cells to cisplatin for 1 hr at the IC
50

  concentration 
resulted in an increase in the amount of phosphorylated Chk2 at Thr-68 in a time-de-
pendent manner (Fig. 2a). Quantitative analysis of phosphorylated Chk2 expression 
revealed that the amount of cisplatin-induced phosphothreonine Chk2 was doubled at 
48 h compared to the control (9). The protein phosphatase 2A (PP2A) can dephospho-
rylate phospho-Chk2 as shown in Fig. 2b. At concentration 0.5 nM, PP2A completely 
depleted phospho-Chk2 (a); addition of okadaic acid (OA) prevented dephosphoryla-
tion of phospho-Chk2 (b). Treatment of cells with OA at 20 nM resulted in an aug-
mentation of the phospho-Chk2 induced by cisplatin (Fig. 2c) indicating that PP2A 
is a negative regulator of phospho-Chk2. This was further demonstrated by knocking 
down Chk2 using an siRNA. Cells transfected with specific siRNA to PP2A and 

Fig. 1 Cisplatin activates DNA-adduct repair pathways. Chk2, the upstream regulator of ERCC1 
is  activated by p53 and dephosphorylated by PP2A. Cisplatin-induced ERCC1 overexpression 
contributes to an increase in cisplatin resistance. Transcriptional factors AP1 and MZF1 can 
modulate ERCC1 expression
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treated with cisplatin resulted in a blockage of PP2A effects on phospho-Chk2, indi-
cating that inhibition of PP2A promoted Chk2 phosphorylation (Fig. 2d).

Cis-element MZF1 Acts as Repressor of ERCC1 
Transcription upon Cisplatin Exposure

Functional analysis of ERCC1 promoter region revealed that the region from −220 to −110 
appears essential to constitutive expression of the ERCC1 gene (13). A more upstream 
region containing AP1 and MZF1 binding sites is  responsible for  cisplatin-induced 
ERCC1 up-regulation (13). Identification of a functional cis-element in the drug-
responsive region by EMSA revealed that activator AP1 and repressor MZF1 responded 
to cisplatin treatment. In response to cisplatin exposure, the AP1 and MZF1 sites formed 
DNA-protein complexes (Fig. 3a), and the binding activities of AP1 increased and bind-
ing activities of MZF1 decreased during the time course of the response. Overexpression 
of MZF1 by cDNA transfection repressed ERCC1 promoter activity in cisplatin treated 
cells (Fig. 3b). MZF1 mRNA level was affected by cisplatin and decreased nearly 75% 
at 48 h compared to the untreated control (Fig. 3c). These data suggest that MZF1 acts as 
repressor of ERCC1 transcription upon cisplatin exposure.

Fig. 2 PP2A effects on cisplatin-activated Chk2 Phosphorylation. (a) Cisplatin-induced Chk2 
phosphorylation at Thr-68 determined by Western blotting. (b) Direct dephosphorylation of 
phospho-Chk2 by PP2A in vitro. (c). Inhibition of PP2A by okadaic acid (OA) restored phospho-
Chk2. (d) PP2A affects on phospho-Chk2 are blocked by siRNA to PP2A
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Discussion

Investigation of the cisplatin-induced molecular signature in human ovarian cancer 
A2780 cells revealed that several kinases of the DNA damage-repair pathway become 
activated after 1 h of cisplatin exposure. This activation includes phosphorylation of p53 
at serines 15 and 20, phosphorylation of Chk2 at threonine 68, and increased levels of 
ATM, p53, p48 and p21 (data not shown). Among the activated signals, we observed that 
Chk2 is activated and regulated by p53 in a wild-type p53 cell model. Overexpression 
of p53 through cDNA transfection doubled the amount of  phospho-Chk2; siRNA to 
p53 greatly reduced Chk2 phosphorylation (data not shown).

Fig. 3 MZF1 acts as repressor of ERCC1 transcription upon cisplatin exposure. (a) Cisplatin-
induced binding activities of AP1 and MZF1 elements within the ERCC1 promoter during time 
course of the response as demonstrated by EMSA. (b) The effects of MZF1 overexpression on 
ERCC1 transcription activity analyzed by co-transfection CAT assay. (c) MZF1 mRNA expres-
sion affected by cisplatin measured by real-time quantitative PCR
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Our previous data from A2780/CP70 cells showed a sixfold increase in ERCC1 
mRNA level in response to cisplatin exposure. This increase is caused by increased 
transcription and by prolonged mRNA half-life (14). These cells also showed incre-
ased up-regulation of c-jun and c-fos mRNA after cisplatin treatment (14). In contrast, 
MZF1 mRNA decreased nearly 75% at 48 h after cisplatin exposure, suggesting 
that MZF1 and AP1 coordinately mediate cisplatin-invoked over expression of ERCC1 
(13). Taken together, in response to cisplatin treatment, decreased MZF1 and increased 
AP1 binding activities within the drug-responsive region of the ERCC1  promoter 
appear to be the leading mechanism of up-regulation of ERCC1 expression.

In conclusion, our investigations reveal two key factors—Chk2 and ERCC1—in 
the DNA-adduct repair pathway known to modulate sensitivity to cisplatin. Down-
regulation of these two critical genes may antagonize cisplatin resistance during the 
treatment of human ovarian cancer.
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Modulation of Survival Pathways 
in Ovarian Carcinoma Cells Resistant 
to Platinum Compounds

Paola Perego, Valentina Benedetti, Cinzia Lanzi, and Franco Zunino

Abstract Alterations of various signaling pathways implicated in cell survival 
or cell death may have relevance in cancer cell drug resistance. In particular, the 
EGF-R pathway may affect cellular response to platinum compounds, because 
these drugs are capable of modulating the signaling occurring through activation 
of EGF-R or EGF-R-mediated activation of downstream events. Recent evidence 
indicates that ovarian carcinoma cells selected for resistance to cisplatin and oxali-
platin exhibits decreased sensitivity to gefitinib. The effect appears not dependent 
on failure to inhibit the target receptor, but is associated with increased phospho-
ERK1/2 levels in the resistant variants. Cells resistant to gefitinib also exhibit 
reduced sensitivity to MEK1/2 inhibitors. The concomitant activation of distinct 
mitogen-activated protein kinases, i.e., ERK1/2 and p38 appears a relevant feature 
of cell resistance to cisplatin.

Thus, the development of resistance to platinum drugs is associated with mul-
tiple alterations including deregulation of survival pathways activated by EGF-R 
resulting in a reduced cellular response to gefitinib.

Keywords Platinum drug resistance; Ovarian cancer cell lines; Epidermal growth 
factor receptor

Recently, the focus of cancer research in the field of therapeutics has moved from 
conventional cytotoxic agents to target specific agents designed to selectively hit a 
molecular target (1). In spite of this, conventional cytotoxic agents still represent the 
mainstay of antitumor treatment in most tumor types. The molecular characterization 
of the alterations of different tumor types is expected to provide the rationale for using 
tailored drugs in several settings. Thus, it will be critical to establish whether targeted 
therapy can provide advantages in the treatment of tumor resistance to conventional 
cytotoxic drugs, including platinum compounds. Activation of survival pathways is a 
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common feature of cancer cells and may thus play a role in tumor drug resistance (2). 
In fact, protective signaling pathways are involved in the cellular stress response, 
including the DNA damage response. It is conceivable that alterations contributing 
to the platinum-drug resistant phenotype can result also in reduced sensitivity to 
small molecules targeting signaling pathways implicated in cell survival. Indeed, the 
mitogen activated protein kinase (MAPK) pathway which couples signals from cell-
surface receptors to transcription factors, is frequently aberrantly expressed in many 
tumors. Also in ovarian carcinoma cell systems, alterations in signaling pathways 
mediated by the ErbB family of receptors have been documented (3, 4). Increased 
defence mechanisms, augmentation of DNA repair, inhibition of apoptosis (5) could 
influence the outcome of the cellular response after treatment with platinum com-
pounds, which represent the first-line therapy for ovarian cancer.

In this chapter, we will briefly discuss the results that we recently obtained in 
ovarian carcinoma cell systems characterized by acquired resistance to cisplatin 
and oxaliplatin, where we found reduced sensitivity to gefitinib. Particular atten-
tion will be paid to the possible impact of alterations of such pathways on cellular 
sensitivity to target specific agents tailored to growth factor receptors.

Ovarian Cancer and Signaling Pathways

During tumorigenesis, multiple signaling pathways are deregulated through accu-
mulation of genetic and epigenetic alterations. Mutation of KRAS have been found 
in mucinous and serous ovarian tumors, and activation of the RAS/RAF signaling 
pathway in the absence of RAS mutation appears a common feature of high grade 
ovarian cancer (6). This behavior has been linked to deregulation of upstream sig-
nalling molecules of the erbB family (7) Available evidence also supports that the 
epidermal growth factor receptor (EGF-R) expression is implicated in the progres-
sion of disease (8). Patients with alterations in tyrosine kinase receptors tend to 
have a more aggressive disease and poor prognosis (9).

Survival Pathways and Cell Response to Platinum Compounds

Although the resistant phenotype is probably the result of multiple changes acquired 
during tumor progression, deregulation of EGF-R signaling has been associated 
with the development of resistance to cisplatin in different cell lines (3). Proteins of 
the MAPK family are important mediators of signal transduction processes, which 
are involved in both growth factor and stress response, and play a complex and con-
troversial role in determining the ultimate fate of the cells depending on cell type 
and molecular background (10, 11). Three major mammalian MAPK subfamilies 
have been described including the extracellular signal-regulated kinases (ERK), 
the c-Jun N-terminal kinases (JNK) and the p38 kinases. The ERK pathway plays a 
major role in regulating cell growth and differentiation and in ovarian cancer it has 
been implicated in regulation of proliferation, differentiation and survival (12).
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Survival pathways, involving the MAPK or PI3-kinase/Akt cascade, activated 
in response to cytotoxic stresses appear to be largely shared by signaling pathways 
mediated by growth factor receptors, including EGF-R. The family of erbB recep-
tors (i.e., EGF-R, erb2, erb3) has been shown to promote cell growth and invasion 
in ovarian cancer (13, 14). Such concepts have provided a rational basis to the use 
of selective inhibitors of receptor tyrosine kinases in antitumor therapy. For exam-
ple, preclinical studies have documented marked antitumor activity as well as oral 
bioavailability and tolerability of gefitinib (15, 16), which has reached the clinical 
setting and has been approved for non-small cell lung cancer patients showing 
 disease progression following one or two lines of chemotherapy.

Activation of Survival Pathways in Ovarian Carcinoma 
Cells with Acquired Resistance to Platinum Drugs

We have recently observed that ovarian cancer cell lines characterized by acquired 
resistance to cisplatin or oxaliplatin exhibit reduced sensitivity to the EGF-R inhibi-
tor gefitinib (4). In such cell lines, the development of resistance to platinum drugs 
has been associated with multiple alterations including increased DNA damage 
tolerance and resistance to apoptosis.

In our study, we found that the observed reduced sensitivity to gefitinib was not 
associated with the occurrence of EGF-R gene mutations in the receptor kinase 
domain, quite differently from what is described in other cellular models, in which 
specific mutations have been related to sensitivity/resistance to treatment with the 
agent (17–20). The reduced sensitivity was not due to failure of the EGF-R inihibi-
tor to interfere with the target, but was related to ERK activation (4). In fact, we 
found an increase in phospho-ERK1/2 levels in the platinum drug resistant variants. 
Such a phenotype was reminiscent of that described in another cisplatin-resistant 
ovarian carcinoma cell system in which increased ERK activity was documented in 
the absence of changes in the expression of erbB receptors (3).

The role of ERK in cisplatin response appears controversial, because ERK acti-
vation has been associated both with enhanced survival and increased cell death 
after cisplatin treatment (21–23). In keeping with a pro-apoptotic role of these MAP 
kinases, recent studies indicate that pharmacological inhibition of ERK1/2 attenu-
ates the cytotoxicity of cisplatin in some cell types (24). However, we and others 
have documented that, at least in ovarian carcinoma cell lines with acquired resist-
ance to platinum drugs, the ERK pathway provides a survival advantage (3, 4).

Thus, in different model systems diverse effects can be found. Such discrepancies 
may be due to the different cellular genetic background, but could also be depend-
ent on the experimental conditions (i.e., concentrations of platinum drug used and 
exposure times). In this context, the duration and intensity of ERK signaling may 
be a crucial issue. In our platinum drug resistant sublines, we could exclude that 
increased levels of phospho-ERK were due to decreased expression of protein 
phosphatases such as MKP-1 and MKP-3, differently from what was observed in 
other reports (25, 26), but since MKPs are a large family (27), other dual specificity 
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 phosphatase may be implicated. Moreover, in principle, activation of ERK could 
be the result of high levels of activated Ras or Raf as well as of other alterations 
acquired during the development of resistance.

The cisplatin-resistant variant was characterized by a higher degree of resist-
ance to gefitinib as compared to the oxaliplatin resistant one. Such phenotypes 
appeared dependent on a different pattern of cell response to the EGF-R inhibitor. 
In fact, whereas gefitinib was less effective in inhibiting ERK1/2 phosphorylation 
in both resistant sublines as compared with what was observed in IGROV-1, in the 
IGROV-1/Pt1 cells the drug produced only a marginal down-regulation of phospho-
Akt levels. Such a behavior, supports that deregulation of both ERK1/2 and Akt are 
implicated in providing survival advantages.

The multifactorial nature of the alterations of survival pathways in drug resist-
ant cells is further supported by the evidence of a high constitutive activation of 
p38. Such a feature may account for the peculiar localization of EGF-R, which is 
mainly internalized in the resistant sublines, and for the marginal down-regulation 
of phospho-Akt observed in oxaliplatin- and cisplatin-resistant cells treated with 
gefitinib. It has been reported, in fact, that p38 may mediate EGF-R internalization 
and that Akt activation is induced by cisplatin (28). The persistent activity of Akt 
and ERK1/2 pathways has been related to lack of sensitivity to EGF-R inhibitors 
also in non-small cell lung cancer (29).

Overall, our results indicate that the development of resistance to platinum drugs 
is associated with multiple alterations including deregulation of survival pathways 
activated by EGF-R resulting in a reduced cellular response to gefitinib (Fig. 1).
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representation of survival 
pathways activated in 
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receptors (EGF-R) is shown. 
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Conclusions

The development of cell systems characterized by acquired resistance to platinum 
compounds has allowed the identification of several factors that contribute to the 
drug-resistant phenotype. Such factors include survival pathways, whose deregula-
tion can lead to reduced sensitivity to target-specific agents such as gefitinib. The 
available results support the view that deregulation of signaling pathways activated 
by EGF-R, which account for reduced response to gefitinib, may be implicated in 
the platinum drug-resistant phenotype of ovarian carcinoma cell lines, thereby con-
tributing to cross-resistance between platinum compounds and gefitinib. Therefore, 
the therapeutic potential of approaches targeting EGF-R could be limited by 
expression or activation of protective pro-survival pathways. More generally, these 
observations may be relevant in the development of therapeutic approaches com-
bining cytotoxic agents and targeted signaling inhibitors. A better understanding of 
the molecular defects leading to the inappropriate activation of the ERK pathway in 
drug-resistant cells could be useful to define novel therapeutic strategies.

It is now evident that targeting a single alteration may be not sufficient to treat solid 
tumors efficiently. In addition to this conceptual problem, the available evidences 
indicate that the development of resistance may involve not only mechanisms of cel-
lular defence, but also alterations resulting in lack of sensitivity to targeted therapies.
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Paraptotic Cell Death Induced by the 
Thioxotriazole Copper Complex A0: 
A New Tool to Kill Apoptosis-Resistant 
Cancer Cells

Saverio Tardito, Claudio Isella, Enzo Medico, Luciano Marchiò, 
Maurizio Lanfranchi, Ovidio Bussolati, and Renata Franchi-Gazzola*

Abstract The copper(II) complex A0 induces non-apoptotic programmed cell death 
in human HT1080 fibrosarcoma cells but not in normal fibroblasts (J Med Chem, 
50(8):1916–1924, 2007). While typical apoptotic features, such as caspase-3 activa-
tion or nuclear fragmentation, are evident in cisplatin-treated cells, they are absent in 
A0-dependent cell death. In contrast, the latter process is hallmarked by the develop-
ment of huge vacuoles originating from endoplasmic reticulum (Histochem Cell Biol 
126(4):473–482, 2006), a feature consistent with the newly described type of cell 
death named paraptosis (PNAS 97(26):14376–14381, 2000). Consistently, in a panel 
of human cancer cells there is no correlation between the sensitivities to A0 and cis-
platin. In the same panel, paraptosis-like cell death is observed in all the A0-sensitive 
cell lines. Moreover, the copper complex kills cisplatin-sensitive cells (HT1080 and 
ovarian carcinoma 2008) as well as their cisplatin-resistant counterparts (C13* cells 
and the newly established HT1080PTR line) with comparable potencies. The different 
activity spectrum between A0 and cisplatin suggests distinct mechanisms of action 
for the two drugs. In agreement with this hypothesis, a whole-genome expression 
analysis, performed in HT1080 cells, showed that the transcriptional response evoked 
by the two drugs is poorly overlapping. A0 induces genes involved in oxidative- and 
endoplasmic reticulum-stress (ER stress), while cisplatin increases the expression of 
typical p53 targets. Moreover, A0 strongly induces metal responsive genes, as well as 
HSPs, chaperones and other genes involved in the Unfolded Protein Response (UPR). 
The validation of the microarray results by qRT PCR and Western Blot confirms that 
A0, but not cisplatin, activates two pathways of the UPR. In particular, IRE1 mRNA is 
 up-regulated, resulting in the increased abundance of the spliced form of XBP1 mRNA 
that encodes for the active transcription factor. Moreover, the translation initiator com-
plex subunit eIF2alpha is rapidly phosphorylated, with the consequent attenuation of 
protein synthesis and the concomitant preferential translation of the pro-death ER stress 
responsive proteins ATF4, CHOP and GADD34. In conclusion, A0 kills sensitive cancer 
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cells through the triggering of ER stress, inducing a paraptotic process. Therefore, the 
copper complex may constitute a novel device to overcome apoptosis resistance.

Keywords Copper complex; Non-apoptotic cell death; Paraptosis; Vacuolization; 
Endoplasmic reticulum stress

In recent years, experimental oncology has moved towards the design of anticancer 
compounds based on metals other than platinum. The goal of these new metal based 
anticancer compounds is to achieve a specific anticancer activity, with a particular 
focus for those complexes exhibiting a strong selectivity for a particular type of 
 cancer. Thus, non-platinum complexes that do not mimic cisplatin in their mechanism 
of action (MOA) are being increasingly developed and some of these compounds 
have even reached clinical trials. Examples of these are ruthenium (1–2) gadolinium 
(3) and gallium (4) complexes. The need of new antineoplastic compounds endowed 
with a specific MOA and lower toxicity, has stimulated the research on potentially 
therapeutic agents based on endogenous metals, such as copper (5–6).

Indeed, due to its capacity to move between transition states, copper, together with 
iron, is the most abundant metal within redox enzymes and is an essential cofactor for 
approximately a dozen of cuproenzymes (7). The redox potential of copper provides 
the enzymes with their electron transfer capabilities. Paradoxically, it is the same 
redox potential of copper that makes it potentially toxic for the cell. Under condi-
tions where copper is allowed to accumulate freely, the redox active metals contrib-
ute directly to cell oxidative damage. Cells have, therefore, developed sophisticated 
regulations and transfer systems to ensure a tight control of copper concentrations 
according to a “no free metal” principle (8). The two disorders of copper metabolism 
(Menkes and Wilson diseases) are a proof of the essential need of a tight homeo-
static control of the intracellular levels of the metal. Such precise control is mediated 
through the coordinated action of several proteins, including the transporter CTR1, 
cytosolic carriers called metallochaperones, and Cu-ATPases (9). The modulation 
of copper reactivity by proteins with metal-chaperone activity could be considered 
a natural lesson to design copper complexes endowed with a biologically relevant 
activity. For this purpose, the ligand structure becomes crucial since through the 
metal coordination it modifies the reactivity of copper for biological macro molecules, 
modifies metal bioavailability and enhances its uptake or extrusion.

Thiosemicarbazone ligands emerged in the sixties for their antitumoral activity 
in vitro and in vivo through copper complexation (10–11). The peripheral parts of 
thiosemicarbazone ligands have been opportunely modified and Cu(II) complexes 
synthesized. Some of them were able to inhibit growth or to induce death of human 
cancer cells in vitro (12–14) and in vivo (15–17) although they never reached the 
standards required for an anticancer drug.

Assuming the N-S coordination of thiosemicarbazones as a model for the modula-
tion of the copper reactivity, a new class of thioxotriazole complexes that retain the 
rich chemistry of N-Cu-S moieties have been designed and screened. Only a few cop-
per complexes emerged from the screening exhibiting a significant cytotoxic effect 
specific for tumor cells when compared with the normal counterparts (18). In addition, 
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neither the ligand nor the metal alone produced effects compared to those complexes, 
demonstrating a great synergism between the two components.

We performed an in-depth characterization of the chemical and biological pro-
perties of the most active complex, called A0 (the copper(II) complex of 4-amino-
1,4-dihydro-3-(2-pyridyl)-5-thioxo 1,2,4-triazole). Its chelating capability involves the 
thioxo and amino groups, as documented by the X-ray crystal structure (18). A0 and 
cisplatin showed a comparable cytotoxic activity in the human fibrosarcoma HT1080 
cell line, where the concentrations of the two drugs needed to produce a 50% decrease 
in cell viability after 48 h, IC50, were 12 and 9 μM, respectively. The cytotoxicity 
showed by these complexes resulted significantly specific for tumor cells when com-
pared with the normal counterparts (cultured human fibroblasts).

The primary characterization of the biological properties of A0 was the study of the 
cell death process induced by this compound. In contrast to the literature data, which 
attributed the cytotoxicity of copper complexes to apoptosis induction, the typical 
apoptotic-markers were not increased by A0. The difference in the morphology of cells 
treated with cisplatin or with copper complexes was dramatic. While cisplatin induced 
all the typical apoptotic features, A0-treated cells were well distinguishable for the 
appearance of a massive cytoplasmic vacuolization (19). The absence of an apoptotic 
morphology showed by A0-treated cells was consistent with cytofluorimetric analysis 
(lack of nuclear fragmentation), confocal microscopy (lack of phosphatidylserine 
exposure) and biochemical assays (no increase in caspase-3 activity), demonstrating 
that A0 did not trigger typical apoptosis (19). In contrast, cisplatin completely fulfilled 
its pro-apoptotic fame thus becoming an optimal term of comparison. Unexpectedly, 
A0 was able to inhibit completely the activation of caspase-3 stimulated by cisplatin. 
We think that the inhibition of caspase-3 activity could favor the switch of the cell 
death pathway triggered by A0 from apoptosis to an alternative process.

In parallel, the nature of A0-induced vacuoles was also investigated. Vacuoles 
were neither autophagic nor referable to a massive accumulation of proteins and 
 lipids, and were independent from endocytosis. Electron microscopy yielded an 
accurate analysis of the progression of the vacuolization process, confirmed the 
scarcity of material inside the vacuoles and, more importantly, demonstrated their 
origin from the endoplasmic reticulum. As a whole, these results led us to conclude 
that A0 caused the induction of Type IIIB cell death (20), more recently named 
“paraptosis” (21). The first molecular approach for the elucidation of the processes 
involved in paraptosis appeared in 2000 in a paper by Sperandio et al. In that study, 
paraptosis was definitively distinguished from apoptosis, not only from a morpho-
logical point of view, but also through the identification of a few molecular parap-
totic “players”. This type of cell death could be induced following the deregulated 
expression of insulin-like growth factor I receptor (IGF-IR) in several mammalian 
cell lines, as well as in primary fibroblasts. In recent years, an  increasing number of 
paraptotic death processes were identified in diverse fields, including development, 
cancer therapeutics and neurodegenerative disorders (22–24).

Our study was the first identification of an anticancer compound able to induce a 
paraptotic type of programmed cell death. For this reason, the comprehension of MOA 
and structure-activity relationship of A0 appeared to be of interest. The  spontaneous 
desulfuration of the complex suggested that the reactivity of Cu-thioamido group was 
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a determinant for the activity of A0. To test this hypothesis further, the thioxo group 
of A0 was methylated transforming the strong nucleophilic thione functionality into 
a less coordinative thioether form. In this way, previously unfavored nitrogen coordi-
nation sites become more accessible to metals. All the various groups attached to the 
sulphur atom lower both the coordination capability of the ligands and the potency of 
A0. On the other hand, all the newly synthesized complexes induced, at high concen-
trations, the same paraptotic morphology caused by A0 (25).

New synthetic procedures were applied to obtain ligands with an aminomethyl 
function attached to the heterocyclic ring in place of the pyridyl residue present 
in the ligands of A0 (26). The copper complexes obtained demonstrated a higher 
water solubility compared with their counterparts but, despite their good  stability, 
they were scarcely effective in inhibiting proliferation of the cancer cells. The 
decrease in biological activity probably reflects the loss of hydrophobic segments 
important for the interaction with lipophilic sites of the cell, like plasma and intrac-
ellular membranes. Nevertheless, the dislocation of the nitrogen atom of the pyridil 
ring from meta to para position, rendered the complex completely ineffective, sug-
gesting that this atom also participates in the coordination of copper (unpublished 
results). These results point to the triazole copper complex as a new class of com-
pounds in which the N,S coordination enhance the cytotoxic activity.

As far as the mechanism of action of A0 is concerned, we obtained a clear 
cut evidence of the A0 ability to increase both the cell content of copper and the 
oxidized form of glutathione (25). The copper accumulation, and the consequent 
oxidative stress, demonstrated in HT1080 cells, provided a solid basis to link the 
chemical properties of the metal compound with some aspects of the cell response 
detailed below. We also demonstrated that the spectrum of activity of the A0 is 
determined by the different ability to accumulate copper upon incubation with the 
drug. This criterion of selectivity could be exploited to link specifically the toxicity 
of A0 to cancer cells with alterations in copper metabolism.

Our previous observation that in HT1080 cells the copper complex A0 induces 
paraptotic-like cell death and cisplatin induces apoptosis, (19) has been recently 
extended to the study of the sensitivity pattern of a panel of 25 human tumor cell 
lines to the two agents. The results obtained clearly indicate that the responses 
to the two drugs are independent, thus supporting the hypothesis of two distinct 
MOAs. Moreover, no cross resistance between A0 and cisplatin was found in two 
pairs of cisplatin-resistant/sensitive cell lines, C13*/2008 (ovarian carcinoma) and 
the newly established HT1080PTR/HT1080.

Various methods have been used to elucidate the intracellular effects of A0 and 
the consequent cell responses to the incubation in the presence of the complex. The 
genome-wide analysis of the transcriptional response induced by A0 allowed to find 
out some answers to these issues. The microarray results yielded a molecular fin-
gerprint of the cell response to A0 and definitively demonstrated that A0 MOA was 
unrelated to that of cisplatin. Not only A0 elicited an integrated genetic program to 
face copper accumulation and oxidative stress, but it also turned on a strong response 
to endoplasmic reticulum (ER) stress. Indeed, A0 increased the expression of proteins 
involved in polypeptide folding, such as GRP78 and DNAJB9, known components of 
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the unfolded protein response (UPR), and in the elimination of misfolded proteins by 
the ER-associated protein degradation (ERAD) system. Moreover A0 induced also 
ER stress-related pro-death genes like GADD34, CHOP and its target TRB-3, thus 
identifying new players of the paraptotic process.

In A0-treated cells the inhibition of translation that prevents further accumula-
tion of unfolded proteins was associated to the phosphorylation of the translation 
initiation factor eIF2 subunit alpha (eIF2α), which controls the first regulated 
step of protein synthesis. The relevance of this event in the A0-induced cell death 
process was investigated comparing the response of Mouse Embryonic Fibroblasts 
(MEFs) homozygous for the mutation which eliminates the phosphorylation site of 
eIF2α (A/A), with the wild type counterpart (S/S). The results demonstrated that 
phospho-eIF2α enhanced the death of A0-treated cells, likely through the induction 
of its pro-death targets (i.e. GADD34 and CHOP).

A model that sketches the responses of a tumor cell population to conventional 
chemotherapeutic drugs is reported in Fig. 1. According to the model, cells can die 

Fig. 1 A0, an alternative to classical pro-apoptotic drugs? A0 induces intracellular copper 
 accumulation. Cu, represented free in the cytoplasm for simplicity, interacts with various cell 
components causing the loss of function of caspase-3 and proteasome as well as oxidative damage 
to other proteins. The consequent accumulation of damaged/misfolded unbiquitinylated proteins, 
determines ER stress and dilatation, massive vacuolization and, eventually, paraptosis
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or, alternatively, can survive, if they are apoptosis-resistant. It is known, indeed, 
that impaired apoptosis contributes to a multidrug resistant phenotype and leads 
to chemotherapy failure. Under these conditions, the prosecution of treatment with 
pro apoptotic drugs is scarcely effective while compounds that trigger an alterna-
tive type of programmed cell death may still work. Since the copper complex A0 
causes copper overload in cancer cells, ER stress and, eventually, paraptotic-like 
cell death it could be the starting point for the identification of innovative apoptosis-
independent therapeutic strategies.
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Platinum Compounds and Radiation

Lea Baer, Franco M. Muggia, and Silvia C. Formenti

Abstract Combining concurrent radiation with platinum compounds has been the 
subject of both preclinical and clinical cancer research for over two decades. The 
property of platinum to enhance the effect of radiation on a variety of tumors has 
been successfully translated to the treatment of head and neck, non-small cell lung 
(NSCLC), and cervical cancer.

Several molecular pathways accounting for the mechanisms of radiation potentia-
tion and sensitization have been described. Platinums create DNA adducts causing 
cross links which eventually lead to double strand DNA breaks. Such damage to the 
DNA triggers the cellular mismatch repair (MMR) apparatus, leading to cell cycle 
arrest and apoptosis. This pathway can be harnessed to enhance radiotherapy by target-
ing the subset of hypoxic tumor cells, resistant to the traditional effects of radiation.

Noticeably, in tumors with either a genetic defect or a gene rendered nonfunc-
tional due to promoter hyper-methylation in the MMR pathway, resistance to both 
chemotherapies and ionizing radiation occurs. Concurrent administration of both 
modalities though, has shown to overcome this form of resistance. The mechanism 
underlying the combined effects includes platinum interference with repair mecha-
nisms of sub lethal radiation damage to DNA and radiation potentiation of the 
effects of platinum by enhancing uptake and binding to DNA.

Experience from the clinic suggests that many variables govern the success 
of the combination. Specifically, the kind of platinum compound chosen and its 
 dosing and scheduling during radiotherapy varies among tumor sites. The more 
manageable toxicity profile of carboplatin makes it a particularly attractive candi-
date for combined modality treatments. In a phase III CALBG and ECOG study, 
283 patients with unresectable stage III NSCLC received radiosensitization with 
carboplatin. Complete Response (CR) rate was 18% in the chemo-radiation arm vs. 
10% in the radiation-only arm, without significant difference detected in the 4-year 
survival rates (13% vs. 10%). Conversely, in cervical cancer the combination of 
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carboplatin and radiotherapy resulted in a survival improvement compared to other 
chemoradiation regimes.

A better insight of the genomics and biology of cancer will soon provide  clinicians 
with the necessary rationale to devise multimodality protocols that target individual 
tumor pathways of resistance. Combinations of platinum agents with ionizing radia-
tion could then be selectively offered to carriers of cancers with genetic and pheno-
typic characteristics that make them more likely to be vulnerable to this approach.

Keywords Radiotherapy; Platinum Compounds

Introduction

This review highlights some of the mechanisms mediating damage shared by plati-
num compounds and radiation, as well as some of the areas of demonstrated synergy 
when the two modalities are combined. While there is not an exhaustive report on 
the subject, this chapter offers an opportunity to reflect on the advantages of a multi-
disciplinary approach, which is also likely to reflect on improved local control in 
locally advanced and unresectable tumors. Moreover, while DNA repair pathways 
are rapidly being elucidated and their relevance to human tumors is more understood, 
interest in harnessing both platinum compounds and ionizing radiation is revived.

Platinum compounds create DNA adducts forming covalent bonds with specific 
purine bases, resulting in DNA intra- and inter-strand cross links and changes in 
DNA conformation. Such damage to the DNA not only inhibits DNA synthesis and 
causes delay in the S phase, but also triggers the cellular mismatch repair (MMR) 
apparatus leading to cell cycle arrest and apoptosis.

Resistance to platinum compounds may be an inherent trait of the particular tumor 
type or cells (possibly related to progenitor or “stem cells”), or may be acquired by 
some cells following exposure to a platinum. Such resistance has been attributed 
to mutations in various genes resulting in either limited uptake of the drug (1–3), 
increased intracellular levels of glutathione (GSH) (4), absence of  damage induced 
apoptosis (5, 6) or by enhanced repair of the DNA damage (7, 8).

Noticeably, the same pathways governing response to platinum are relevant to 
radio response. Perego et al. tested platinum compounds against a panel of yeast 
mutants based on hypersensitivity to ionizing radiation due to mutations in genes 
involved in DNA repair and cell cycle control (9). This testing enabled the researchers 
to characterize a corresponding hypersensitivity to specific platinum compounds.

Combining Platinum with Radiation: Rationale 
and Preclinical Data

The concomitant use of radiation and the systemic delivery of chemotherapy have the 
potential to enhance local tumor control, decrease risk of distant relapse and conse-
quently improve survival. Ideally this is to be achieved without increased toxicity to 
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normal tissue. The enhancement of cell kill can be achieved with the combination of 
chemotherapy agents targeting the same sites as radiation, e.g. the DNA, or a different 
site altogether, thus resulting in a cumulative damage-triggering cell death.

Platinum analogues given concurrently with ionizing radiation enhance cell kill 
by several mechanisms. These mechanisms include enhanced formation of toxic 
platinum intermediates in the presence of radiation-induced free radicals, inhibi-
tion of DNA repair, radiation induced increase in cellular platinum uptake, and cell 
cycle arrest (10–13).

Radiosensitization is defined as an enhancement of radiation effect obtainable 
when the sensitizing drug is completely non-toxic at the dose level at which it 
is used (14). Such enhancement is particularly important in the treatment of the 
hypoxic cell fraction found in solid tumors. Such cells are undertreated by ionizing 
radiation due to lack or limited formation of free radicals, leading to sub lethal 
and potentially lethal DNA damage. The combined modality treatment inhibits 
the recovery of the hypoxic cells from the sub lethal damage, therefore causing 
sensitization and enhancing cell kill. The potential formation of toxic platinum 
compounds in the presence of radiation further targeting intra and extracellular sites 
in the field of radiation, accounts for the radiopotentiating effect.

The radiosensitizing and potentiating effects have been demonstrated in solid 
tumors not necessarily sensitive to platinum by itself (15). The administration of 
platinum to a platinum-sensitive tumor on the other hand, has the added benefit 
of addressing systemic disease as well, in the presence of adequate dose delivery.

The combination of platinum analogues and radiation has been investigated since 
the early seventies with work done on animal models and in vitro. The documented 
synergy in these early studies was later, further investigated in an effort to elucidate 
the underlying radiobiologic mechanisms. The seminal work by Wodinsky et al., 
published in 1974, has shown improved survival in mice bearing P388 lymphocytic 
leukemia when treated with combination cisplatin and radiation (16). Soon after 
studies by Richmond et al. (17, 18) have demonstrated enhanced DNA damage and 
lethality induction by the same combination in bacterial spores and E. coli.

The underlying mechanisms of this apparent synergy are yet to be fully under-
stood but the inhibition of repair of potentially lethal damage (19) and the radiosen-
sitization of hypoxic tumor cells (20) emerged as the most likely explanations. The 
sensitization of hypoxic cells by cisplatin was found to operate through reactive 
free radicals, in part through the interactions of radiation-induced reactive Pt(I) 
intermediates, and in part through the involvement of thermodynamic and kinetic 
aspects of Pt(II)-DNA binding during irradiation (10). The putative mechanism of 
PLD was further supported by preclinical studies showing greater benefit in com-
bining chemotherapy and fractionated radiation (21). While the combined approach 
yielded the most benefit at the G1 phase of mammalian cell cycle, the difference 
when compared to other cell cycle phases was small and probably not clinically 
significant (22). The optimal sequencing of the two modalities was explored by 
Douple and Richmond in their work with the mouse mammary tumor MTG-B 
model (23). Tumor regression was maximized when cisplatin was given an hour 
before radiation when compared to post irradiation injection of cisplatin.
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Combining Platinum and Radiation: Clinical Examples

At present concomitant chemoradiation is used in treatment of a variety of solid 
tumors warranting radiation for loco-regional control. These tumors include head 
and neck, small and non-small cell lung cancer, esophageal, rectal and anal  cancers, 
gastric and pancreatic cancers, cervical and bladder cancers, glioblastoma and 
locally advanced breast cancer. The treatment of these tumors may be pre- operative, 
adjuvant or definitive with different scheduling and dosing schemes utilized 
accordingly.

Head and Neck Cancer

Platinum compounds were first introduced to the treatment of patients with advanced 
head and neck squamous cell carcinoma (HNSCC) with response rates (RR) of 
30% (24) and with subsequent higher RR achieved in induction therapy (25).

Single agent carboplatin was also explored with similar, although somewhat 
inferior, results (26).

In 2000, Pignon et al., published a meta-analysis of 63 trials comparing chemora-
diation to radiation alone, with a total of 10,741 patients enrolled in these  trials (27). 
The addition of chemotherapy has resulted in a pooled hazard ratio of death of 0.90 
(p < 0.0001), corresponding to an absolute survival benefit of 4% at 2 and 5 years 
in favor of chemotherapy. A meta-analysis of the six trials comparing concomitant 
or alternating chemoradiation versus the sequential treatment with chemotherapy 
and radiation, demonstrated the superiority of the former. A hazard ratio of 0.91 in 
favor of the concomitant or alternating approach was observed. The publication of 
two phase two trials combining 5-fluorouracil (5FU) and cisplatin with radiation 
and reporting RR of 67 and 70% and complete response rates (CR) of 19 and 27%, 
made this combination a common practice (28, 29). Two large  trials comparing 
multi-drug chemoradiation to radiation alone, with either standard fractionation 
or twice daily radiation, have demonstrated improved loco-regional control and 
improved survival (30, 31). Wendt et al. reported on 298 patients randomized to 
5FU and cisplatin with concurrent radiation twice daily or radiation alone (30). The 
3-year loco regional was improved from 17 to 36% with the combined treatment 
and overall survival was improved from 24 to 48%, both results statistically sig-
nificant. The GORTEC trial reported on 222 patients with oropharyngeal cancers 
treated with carboplatin and 5FU and radiation compared to radiation alone (31). 
Similar improvements were reported in 3-year loco regional control (66% vs. 42%, 
in favor of chemoradiation) and an overall survival (51% vs. 31%, respectively). 
When combination chemotherapy was compared to chemoradiation with a single 
agent, the combinations achieved higher response rates, but with added toxicity and 
no statistically significant survival benefit (32, 33).

The taxanes were introduced to the treatment of HNSCC during the previous 
 decade. Both paclitaxel and docetaxel demonstrated significant activity as a single 
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agent (34) and were incorporated into chemoradiation regimens. Taxanes were com-
bined with either cisplatin or carboplatin, with acceptable toxicity profile and an 
encouraging RR showed organ preservation rates in advanced disease stages (35–38).

Non-Small Cell Lung Cancer (NSCLC)

As platinum based chemoradiation was studied in a multitude of clinical trials 
with a variety of dosing schemes and scheduling, the optimal treatment approach 
is yet to be defined. In a recent systematic review, El-Sharouni et al., compared 
the clinical results of radiotherapy alone versus concurrent or sequential chemora-
diation, for inoperable NSCLC stage III (39). The mean median survival duration 
for radiotherapy only was 10.4 months. For sequential chemo- and radiotherapy 
it was increased to 13.0 months. When radiotherapy in the sequential regimen 
was accompanied by chemotherapy, the mean median duration was 15.8. For 
concurrent radiochemotherapy it was further increased to 16.4 months. The mean 
2- and 3-year overall survivals for radiotherapy alone, sequential and concurrent 
radiochemo therapy were 17.1 and 10, 23.8 and 18.5, and 32.5 and 25.7%, respec-
tively. Concurrent chemoradiotherapy is superior to the sequential treatment with 
both, and should be the treatment of choice.

Cancer of the Cervix

In 1998, the National Cancer Institute published a clinical alert, regarding the role 
of concurrent cisplatin based chemotherapy and radiation treatment of cervical 
cancer patients. The clinical alert was prompted by the maturation of data from five 
randomized trials conducted in the US in the 1990s (40–44). Collectively, these 
five trials, the GOG 85, RTOG-9001, GOG 120, SWOG-8797/GOG-109 and GOG-
123, enrolled a total of 1,894 women in various disease stages. The superiority of 
concurrent chemoradiation to radiation alone was evident in all of the trials. The 
concurrent administration of cisplatin-based chemotherapy led to improvement in 
both local and distant control, therefore improving survival.

Following the clinical alert a sixth randomized trial was reported by the NCI of 
Canada (45). This multi institutional trial failed to demonstrate an added benefit 
of a similar concurrent cisplatin based chemotherapy regimen when compared to 
radiation alone in the treatment of locally advanced cervical cancer. It is important 
to note the small trial size and the higher prevalence of untreated severe anemia in 
the chemoradiation arm.

A pooled analysis of all six trials maintained the survival and local control 
advantage of the concurrent approach.

While carboplatin seems to be an attractive radiosensitizing agent due to its 
milder toxicity profile, several phase II trials evaluating its performance in advanced 
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 cervical cancer have reported lower response rates than seen with cisplatin (46, 47). 
The feasibility of concurrent carboplatin and radiation given continuously (48), 
weekly (49, 50), twice weekly (51) or once every three weeks (52) has been reported.

At present the platinum compound of choice remains cisplatin but a clearer 
definition of scheduling and dosing is still pending.

Oxaliplatin – Radiation: Potential Therapeutic Gains

While cisplatin and carboplatin have been both studied extensively in a variety 
of solid tumors, there is paucity of information regarding the incorporation of 
the newer compound, oxaliplatin, in chemoradiation regimens. The established role 
for oxaliplatin in the treatment of colorectal cancer (53, 54), made it an attract ive 
candidate for radiosensitization studies in the treatment of locally advanced rectal 
cancer. The efficacy and feasibility of such an approach was demonstrated in pre-
clinical (55, 56) and phase I-II trials (57–61). NSABP R-04, a randomized phase III 
trial of >1,600 patients, has begun to accrue patients and will compare neoadjuvant 
radiation with either infusion 5-FU with or without oxaliplatin versus capecitabine 
with or without oxaliplatin (62).

A pioneer phase III study from China published in 2005, compared standard 
radio therapy with or without weekly oxaliplatin in the treatment of locally advanced 
nasopharyngeal carcinoma (NPC) (63): 115 patients were randomly assigned to 
either radiotherapy (RT) alone or concurrent chemoradiotherapy (CCRT). CCRT 
with oxaliplatin 70 mg/m2 weekly was administered for six doses from the first 
day of RT. 97% of the patients completed all planned doses of oxaliplatin, and no 
grade 3–4 toxicities were observed. After a median follow-up time of 24 months, 
significant differences in overall survival (100% vs. 77%, p = 0.01), relapse-free 
survival (96% vs. 83%, p = 0.02), and metastasis-free survival (92% vs. 80%, p = 
0.02) were observed, all in favor of the CCRT arm.

Novel Compounds and Targeted Therapy

The incorporation of novel platinum compounds in chemoradiation studies 
may possibly offer improved toxicity profile with an equal or superior clinical 
benefit. Satraplatin (BMS-182751, JM-216), a novel oral cisplatin analog, has 
demonstrated a synergistic effect when combined with radiation in preclinical 
studies of various tumor models (64–66) and with a single agent phase I study 
reporting myelotoxicity as the dose limiting toxicity (67). A seminal phase I 
study evaluated the feasibility and toxicity of escalating doses of Satraplatin 
and concomitant radiation in the treatment of patients with advanced malignan-
cies of the chest (68). Myelotoxicity was again the dose limiting toxicity, with 
30 mg/m2/day for five days, the recommended dose for future chemoradiation 
studies. Phase II studies are needed to evaluate the possible clinical value of this 
combination.
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The altered pharmacokinetics and toxicity profiles described, with the advent 
of liposomal encapsulated dosage forms of cisplatin (69, 70) may have important 
implications on the synergy targeted by the combined approach. Seminal work 
done with such slow-release vehicles combined with radiation have shown superior 
responses and improved survival in canines bearing nasal cavity tumor (71).

The combination of a platinum compound with targeted therapy is currently 
investigated in the treatment of various solid tumors. Cetuximab is a chimeric 
human- mouse monoclonal antibody that targets the epidermal growth factor receptor 
(EGFR), which is frequently overexpressed in non-small cell lung cancer (NSCLC). 
A phase II trial testing cetuximab in combination with a carboplatin and paclitaxel 
doublet as first-line chemotherapy in NSCLC, showed a 1 year survival rate of 45% 
and median survival of 11 months, with another phase II trial exploring cetuximab in 
combination with carboplatin and gemcitabine, reporting similar results (72). A phase 
II randomized trial tested cisplatin/vinorelbine with or without cetuximab as first-line 
therapy in 86 patients with advanced non-small cell lung cancer. The overall efficacy 
was slightly superior in the cetuximab arm and a phase III trial is currently ongoing 
to definitively determine the role of cetuximab in this setting.

In a phase III trial, Bonner et al. reported a significant survival benefit in patients 
with locally advanced HNSCC treated with a high-dose radiotherapy and weekly 
cetuximab when compared with radiotherapy alone (73). As chemoradiation with 
platinum is currently the standard of care for these patients, the combination of cis-
platin (given every 3 weeks) and cetuximab with concurrent radiation was explored 
in a Phase II study as a definitive treatment of locally advanced HNSCC (74). The 
encouraging 3 year loco-regional control rate of 71%, progression-free survival 
rate of 56% and overall survival of 76%, will hopefully be validated in an ongoing 
phase III trial – RTOG 2303 – comparing cetuximab and concurrent radiation with 
and without cisplatin (q3w) (75).

Bevacizumab (Avastin) is a humanized monoclonal antibody directed against 
vascular endothelial growth factor (VEGF). In preclinical models, the  administration 
of anti-angiogenesis therapies improves tumor oxygenation by normalizing tumor 
vasculature and interstitial pressure (76–78) and improves response to radia-
tion  (79–81). A phase I trial evaluated the combination of bevacizumab, capecit-
abine, oxaliplatin, and radiation therapy in patients with rectal cancer. Eleven 
patients were enrolled with six documented clinical responses: two patients had 
a pathologic complete response, and 3 had microscopic disease only. One patient 
experienced a postoperative abscess, another a syncope episode, and one a subclini-
cal myocardial infarction during adjuvant chemotherapy (82).

Pharmaco and Radiation Genomics: The DNA 
Repair Crossroad

Pharmacogenomics and radiation genomics are emerging fields that may predict 
individual response to treatment (83). Germline mutations of the DNA repair path-
way, relevant to both platinum and radiation sensitivity, result in impaired response 
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to DNA damage and increased cancer susceptibility. Alternatively the promoter of 
these genes can be methylated. In either case, sensitivity to these treatments can 
be exploited. Figure 1 summarizes the complex interaction between DNA repair 
signal transduction pathways (84). The Fanconi anemia/BRCA pathway plays a 
major role in these signaling and FANCD

2
 protein functions at the intersection of 

two signaling pathways. In response to ionizing radiation mediated double-strand 
(DBS), ATM phosphorylates the NBS

1
 protein. Phosphorylation of the NSB

1
 is 

required for FANCD
2
 phosphorylation at serine 222 (S222), leading to activation of 

an S phase checkpoint, and the FA complex mediates the UB of FANCD
2
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 is translocated to chromatin and DNA repair foci, which 
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1
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2
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 and to DNA, promoting a DNA repair response. The Ub-FANCD
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also co-localizes with NSB-MRE
11

-RAD
50

 complex in DNA damage nuclear foci.
Thus inactivation of BRCA

1
 or BRCA

2
 leads to hypersensitivity to DNA dam-

aging agents utilized in the treatment of breast/ovarian cancers arising in mutation 
carriers.

The co-localization of poly-ADP-ribose-polymerase-1 (PARP
1
) has been noted 

in platinum-damaged DNA pointing to the importance of base-excision repair 
(BER) during platinum treatment. Cancers arising in a BRCA1 or BRCA2 defi-
cient background are deficient in homology-directed DNA repair (or homologous 
recombination, HR) that is required for error-free repair of the duplex breaks 
caused by excision of platinum-DNA adducts. Conditional mouse models with 
breast tissue-specific mutation of BRCA1 are reminiscent of human basal-like 
(triple-negative) breast cancer (85). These cancers respond well to cisplatin and 

Fig. 1 The Fanconi anemia/BRCA pathway and inactivation of BRCA1 in breast/ovarian cancer. 
Modified from Olopade and Wei (84)
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do not become resistant, highlighting the importance of irreversible inactivation of 
HR in platinum sensitivity (86). In fact, a newly described mechanism of resistance 
in these tumors appears to be the emergence of additional mutations that restore 
a functional BRCA protein (87, 88). Cells defective in HR are hypersensitive to 
PARP inhibitors that have recently undergone clinical development (89, 90). Trials 
with the PARP-1 inhibitors in ovarian, breast and lung cancers arising in mutation 
carriers are currently accruing (91). In addition, PARP inhibition is associated with 
increased cytotoxicity to DNA methylating drugs, topoisomerase 1 inhibitors (90) 
and ionizing radiation, thus logically leading to a search for enhanced anti-tumor 
activity through combining of the modalities.

In conclusion, the partnership between ionizing radiation and platinum com-
pounds is sustained by the rapidly emerging scientific evidence. A more rational 
use of the combination requires acceptance of its superiority when in concurrence 
as well as in integration with the targeted therapy.
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Treating Cisplatin-Resistant Cancer: 
A Systematic Analysis of Oxaliplatin 
or Paclitaxel Salvage Chemotherapy

Britta Stordal, Nick Pavlakis, and Ross Davey

Abstract The objective of this study was to examine the preclinical and clinical 
evidence for the use of oxaliplatin or paclitaxel salvage chemotherapy in patients 
with cisplatin-resistant cancer.

Medline was searched for (a) cell models of acquired resistance, reporting 
 cisplatin, oxaliplatin, and paclitaxel sensitivities; and (b) clinical trials of single-agent 
oxaliplatin or paclitaxel salvage therapy for cisplatin/carboplatin-resistant ovarian 
cancer. Oxaliplatin is widely regarded as being active in cisplatin-resistant cancer. 
In contrast, data in cell models suggests that there is cross-resistance between cis-
platin and oxaliplatin in cellular models with resistance levels that reflect clinical 
resistance (less than tenfold). Oxaliplatin, as a single agent, had a poor response rate 
in patients with cisplatin-resistant ovarian cancer (8%, n = 91). In the treatment of 
platinum-resistant cancer, oxaliplatin performed better in combination with other 
agents, suggesting that the benefit of oxaliplatin may lie in its more favorable toxicity 
and its ability to be combined with other drugs, rather than an underlying activity in 
cisplatin resistance. Oxaliplatin, therefore, should not be considered broadly active in 
cisplatin-resistant cancer.

Cellular data suggest that paclitaxel is active in cisplatin-resistant cancer. 
68.1% of cisplatin-resistant cells were sensitive to paclitaxel. As a single agent, 
paclitaxel had a response rate of 22% in patients with platinum-resistant ovarian 
cancer (n = 1,918), a significant increase from the response of oxaliplatin (p < 0.01). 
Paclitaxel-resistant cells were also sensitive to cisplatin, suggesting that alternating 
between agents may be beneficial. Studies of single-agent paclitaxel in platinum-
resistant ovarian cancers where patients had previously received paclitaxel had an 
improved response rate of 35.3% n = 232 (p < 0.01), suggesting that pretreatment 
with paclitaxel improves the response of salvage paclitaxel therapy.

Cellular models reflect the resistance observed in the clinical treatment of ovarian 
cancer, as the cross-resistant agent oxaliplatin has a lower response rate compared to 
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the non-cross-resistant agent paclitaxel. Alternating therapy with cisplatin and paclit-
axel may therefore lead to an improved response rate in ovarian cancer.

Keywords Cisplatin; Oxaliplatin; Paclitaxel; Resistance; Ovarian cancer; Salvage 
chemotherapy

Oxaliplatin has been widely regarded as potentially useful for the treatment of 
cisplatin-resistant cancer. The evidence cited for oxaliplatin activity in cisplatin-
resistant cancer comes, in general, from studies of highly cisplatin-resistant cell 
lines with low-level oxaliplatin resistance, or from review articles summarizing 
these findings and oxaliplatin in general. While highly resistant models are useful 
to understand the possible mechanisms of resistance, drug resistance in the clini-
cal setting typically occurs at lower levels of resistance (1, 2), and may therefore 
involve different mechanisms of resistance.

Cisplatin and oxaliplatin target the DNA, whereas paclitaxel, a taxane, causes 
toxicity by stabilizing polymerized microtubules. Due to their differing mecha-
nisms of action, platinums and taxanes are often combined in cancer therapy. 
Our laboratory has found that when cells become resistant to platinum, they often 
become sensitive to taxanes (3, 4). Preliminary reading of the literature suggested 
that the reverse is also true, i.e., that taxane-resistant cell lines can be sensitive to 
platinum. We undertook this systematic review to identify, describe, and critique 
the clinical and cellular evidence for the use of oxaliplatin or paclitaxel in patients 
with cisplatin-resistant cancer.

Resistant cell models are developed in the laboratory by repeatedly exposing 
cancer cells in culture to chemotherapy. The surviving resistant cells are then com-
pared to the parental sensitive cells using a cell viability assay such as the MTT 
assay or the clonogenic assay. The IC

50
 (drug concentration causing 50% growth 

inhibition) for these paired cell lines can be used to determine the increase in resist-
ance (known as fold resistance) by the following equation:

Fold resistance = IC
50

 of platinum resistant cell line/IC
50

 of parental cell line

The literature search for models of acquired platinum resistance that report 
 cross-resistance data for both cisplatin and oxaliplatin identified 27 cell lines (5). 
For each cell line, the fold oxaliplatin resistance was plotted against the fold cispla-
tin resistance, allowing an analysis of the pattern of cross-resistance (Fig. 1a). The 
definition of cross-resistance is a matter of debate in the literature. Some studies 
consider two drugs cross-resistant only if a similar level of resistance is observed. 
For the purposes of this review, we have defined cross-resistance between cisplatin 
and oxaliplatin as greater than or equal to twofold resistance to both drugs. This def-
inition is therefore based on what would be clinically observed as cross-resistance.

Figure 1a shows that the majority of models of acquired platinum resistance are 
cross-resistant to both cisplatin and oxaliplatin, having at least twofold resistance 
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to both drugs. The lower-level resistant models, below tenfold, tend to be cross-
resistant at a similar level to both drugs. However, the higher-level resistant mod-
els, above tenfold, are highly resistant to their selecting drug, and then exhibit a 
lower level of resistance to the other drug. This suggests that a common mechanism 
of low-level resistance to both cisplatin and oxaliplatin develops at clinical levels 
of drug treatment, whereas the resistance mechanisms that develop at higher drug 
concentrations are likely to be more specific for the selecting drug. This is in con-
trast to the cross-resistance relationship between cisplatin and carboplatin, which 
shows cross-resistance at low- and high-level resistance, indicated by grey shading 
(6) (Fig. 1b).

The literature search for models of acquired resistance that report  cross-resistance 
data for both cisplatin and paclitaxel identified 137 cell lines (6). For each cell 
line, the fold paclitaxel resistance was plotted against the fold cisplatin resistance, 
allowing an analysis of the pattern of cross-resistance between the two compounds 
(Fig. 2a). 13.9% of cell lines found in the literature review were below twofold 
resistance to both compounds, and therefore classed as non-resistant, indicated 
with black stars in Fig. 2a. It is the minority of cell models of acquired resistance 
that are cross-resistant (open circles) to both cisplatin and paclitaxel (16.8%). The 
majority of cells are either non-cross-resistant (grey circles; 40.9%), with no gain of 
resistance to the other compound, or hypersensitive (black circles; 28.5%), becom-
ing more sensitive than the parental cancer cell line they were derived from. 71 cell 
lines were resistant to cisplatin; 48 of these were non-cross-resistant or hypersensi-
tive to paclitaxel (67.6%). 69 cell lines were resistant to paclitaxel; 46 of these were 
non-cross-resistant or hypersensitive to cisplatin (66.6%). This suggests an inverse 
relationship between cisplatin and paclitaxel resistance in resistant cell models 
where resistance to one leads to sensitivity to the other. A similar inverse relation-
ship was observed between cisplatin and docetaxel, carboplatin and paclitaxel, and 

Fig. 1 Cross-resistance between (a) cisplatin and oxaliplatin, and (b) cisplatin and carboplatin, 
in cell models of acquired platinum resistance. The dotted line at 1 indicates the fold resistance of 
the parental cell lines. The solid line at 2 indicates the level of clinical platinum resistance. Cross-
resistant models are indicated with open circles, non-cross-resistant with grey cirles, hypersensi-
tive with black circles, non-resistance is indicated with black stars
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carboplatin and docetaxel, suggesting that an inverse resistance relationship exists 
between platinum and taxane chemotherapy (6).

The resistant cell lines found in the cisplatin/paclitaxel systematic review were 
diverse in the type of carcinoma (Fig. 2b). Ovarian (45.3%) and SCLC (21.2%) 
were the most common carcinomas used to develop cell lines. However, the other 
16 types of carcinoma suggest that the inverse relationship between cisplatin and 
paclitaxel resistance is not cell-type-specific, and could apply to all cancers. The 
chemotherapeutics used to develop the resistant models were also diverse; the 
most common were cisplatin (37.2%) and paclitaxel (20.4%) (Fig. 2c). The other 
31 agents are diverse mechanistically, suggesting that when cells become resistant 
to any agent, there are two distinct paths available: one that leads to cross-resistance 
to cisplatin, and the other that leads to cross-resistance to paclitaxel.

Cisplatin combination chemotherapy is the cornerstone of treatment of ovarian 
carcinomas. Initial platinum responsiveness in ovarian cancer is high, but up to 
80% of patients will eventually relapse and become platinum resistant (7). Clinical 
platinum resistance is variably defined in the clinic and, as such, it is difficult to 
make comparisons of treatment activity between trials. However, many second-line 

Fig. 2 Cross-resistance between cisplatin and paclitaxel in (a) cell models of acquired resistance. 
The dotted line at 1 indicates the fold resistance of the parental cell lines. The solid line at 2 
 indicates the level of clinical platinum resistance. Cross-Resistant modles are indicated with open 
circles, Non-Cross Resistant with grey cirles, Hypersensitive with black circles, Non-Resistance 
is indicated with black stars. Characteristics of the resistant models in the cisplatin/paclitaxel 
systematic review: (b) types of carcinoma and (c) chemotherapeutics used to develop the resistant 
models (6)



Treating Cisplatin-Resistant Cancer 229

ovarian carcinoma studies use Markman’s criteria (8), where disease progression 
with a platinum-free interval of less than 6 months is considered platinum-resistant. 
Our search of the literature for single-agent oxaliplatin salvage therapy in platinum-
resistant ovarian carcinoma identified four studies. The response rate (RR) of 
the platinum-resistant cohort was a very low RR of 8%, n = 91, compared to the 
 platinum-sensitive cohort RR of 42%, n = 50 (p < 0.05, χ2 test) (5). This  suggests 
that there is no special activity of oxaliplatin in cisplatin-resistant cancer, and 
 correlates with the in vitro data suggesting that there is cross-resistance between 
cisplatin and oxaliplatin at clinically relevant levels of resistance. Oxaliplatin 
performed better in combination with other agents for the treatment of cisplatin-
 resistant cancer, suggesting that the benefit of oxaliplatin may lie in its more 
favorable toxicity and its ability to be combined with other drugs, rather than an 
underlying activity in cisplatin resistance (5). Oxaliplatin, therefore, should not be 
considered broadly active in cisplatin-resistant cancer.

Our search of the literature for single-agent paclitaxel salvage therapy in 
 platinum-resistant ovarian carcinoma identified 56 studies. In order to analyze 
whether the inverse relationship between cisplatin and paclitaxel resistance observed 
in resistant cell models is apparent in clinical trials, the studies were divided into 
two groups: paclitaxel naïve ovarian cancer or paclitaxel pretreated ovarian can-
cer. The paclitaxel naïve cisplatin-resistant patients had a higher response rate of 
22%, n = 1,918, compared to the 8% response rate to oxaliplatin (p < 0.01). This 
again correlates with the in vitro data, there is a better response to the non-cross-
resistant agent paclitaxel than to the cross- resistant agent oxaliplatin (Fig. 3). What 
was unexpected was that platinum-resistant patients who had previously received 

Fig. 3 Summary of response rates to oxaliplatin and paclitaxel salvage chemotherapy in cisplatin-
resistant ovarian cancer. Significant differences were determined by the χ2 test
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paclitaxel therapy responded better to single-agent paclitaxel (RR 35.3%, n = 232) 
than the paclitaxel naïve patients (RR 22.7%, n = 1,918) (p < 0.01, χ2 test) (Fig. 3) 
(6). Both cohorts of patients presented very similar age status, performance status, 
FIGO stage, and number of cycles of prior chemotherapy, and although there was a 
difference in histology, this did not account for this difference in response rates (6). 
Usually, if patients have received a drug and experienced disease progression, they 
are less likely to respond to therapy with a subsequent exposure to the same drug. 
Although one must be cautious in interpreting these summary findings due to the 
potential for biases in pooling of patients across studies, if the findings do reflect 
the true clinical response to these agents, they suggest that initial co-treatment with 
platinum and paclitaxel may improve the outcome of paclitaxel salvage therapy.

Conclusions

Oxaliplatin is not highly active in cisplatin-resistant cancer, and this appears to be 
due to cross-resistance between cisplatin and oxaliplatin at clinically relevant levels 
of resistance. This provides some insight into the mechanisms of resistance to these 
agents; low-level resistance provides cross-resistance to both, but, at higher levels 
of resistance, the mechanisms diverge. Paclitaxel has higher activity in cisplatin-
resistant ovarian cancer, supporting the inverse resistance phenotype observed in 
cell models. Paclitaxel salvage chemotherapy has higher activity in ovarian cancer 
patients who have received prior paclitaxel therapy, suggesting that alternating 
between agents could improve response rates.
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Platinum Compounds in Lung Cancer: 
Current Status

Kevin Tay, Martin Gutierrez, and Giuseppe Giaccone

Abstract Randomized clinical studies and meta-analyses of the literature have 
confirmed the improved survival of platinum-based chemotherapy doublets, that 
are considered standard therapy in patients with advanced non–small cell lung 
cancer (NSCLC) with a good performance status. The use of platinum compounds 
have also demonstrated a slight survival advantage over nonplatinum-based 
chemotherapy. Cisplatin remains the platinum agent of choice in the management 
of patients with NSCLC in both the advanced and adjuvant setting based on the 
results from recent meta-analyses. However, carboplatin may be offered to patients 
in advanced stages of the disease due to its more favorable toxicity profile. To 
date, four targeted agents (bevacizumab, cetuximab, erlotinib and gefitinib) have 
been studied in combination with platinum-based chemotherapy in the treatment 
of advanced NSCLC. Only bevacizumab has been shown to significantly prolong 
survival when added to carboplatin/paclitaxel as demonstrated in a large phase 
III study. However, issues of toxicity limit this treatment regimen to selected 
patients. The combination of bevacizumab with cisplatin and gemcitabine appears 
promising but is still awaiting the final results of the unpublished survival data. 
Preliminary studies indicate that molecular tumor markers may be able to identify 
tumors that are more likely to respond to chemotherapy. Excision repair cross-
 complementation group 1 (ERCC1) and Ribonucleotide Reductase M1 (RRM1) 
are two such genes critical to DNA synthesis and DNA damage repair pathways 
that have been studied. The results from the first prospective phase III randomized 
trial suggest that customizing chemotherapy based on ERCC1 expression in 
patients with advanced NSCLC is a feasible approach. In the future, selection of 
patients based on pharmacogenetics may help identify patients who will optimally 
benefit from specific therapies.
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Introduction

Lung cancer remains the leading cause of cancer death in the United States. An 
estimated 21,300 new diagnoses of lung cancer and 160,000 deaths are expected to 
occur in 2007 (1). Although surgery may be curative in the early-stage of the dis-
ease, an excess of 70% of patients with non–small cell lung cancer (NSCLC) are at 
an advanced stage of the disease at diagnosis and are not candidates for surgery. For 
many years, the treatment options for this group of patients were limited to the best 
supportive care. However, over the last two decades, several randomized trials and 
meta-analyses provided evidence that patients with NSCLC who receive chemo-
therapy demonstrated a moderate survival advantage, improvement in symptom 
control and quality of life when compared to the best supportive care alone (2, 3). 
The meta-analysis of 52 Randomized Controlled Trials (RCTs) in 1995 by the 
Non–Small Cell Lung Cancer Collaborative Group, when comparing cisplatin-
based chemotherapy with the best supportive care alone showed that chemotherapy 
was associated with a 27% reduction in risk of death and a 10% absolute improve-
ment in the 1 year survival (4).

Platinum compounds constitute the mainstay of therapy for a wide range of 
malignancies including NSCLC. Platinum compounds exert their cytotoxic effects 
by covalently binding to purine DNA bases at the N7 positions of guanine and ade-
nine. The main DNA lesions produced by both cisplatin and its analogs, accounting 
for over 90% of platinum-DNA adducts, are at the G–G, A–G and G–X–G intras-
trand cross-links. These adducts disrupt the normal functions of cellular DNA via 
nucleotide substitution, deletions, chromosomal rearrangements or activation of 
cell-signalling pathways that result in apoptosis (5). A number of randomized tri-
als have demonstrated that platinum-based combinations resulted in an improved 
outcome when compared with a single-agent in patients with advanced NSCLC. 
Further support from a 2004 meta-analysis that included 13,601 patients in 65 trials 
showed that the two-drug regimens were associated with a significant increase in 
both response rate and survival (26 vs. 13% objective response rate with a single 
agent therapy, and 35 vs. 30% 1-year survival) (6).

During the 1990s, the introduction of third-generation (3G) drugs such as gem-
citabine, taxanes and vinorelbine emerged as active agents as monotherapy. That 
quickly led to the use of 3G agents in combination with platinum compounds. 
Since then, several trials with 3G platinum-based regimens have shown superior 
response and survival rates over second-generation (2G) platinum-based combina-
tions (7, 8). The issue of whether three drug combinations are superior to two drugs 
have also been evaluated in several trials. A 2004 meta-analysis that identified 28 
trials comparing the three-drug with two-drug combinations concluded that by 
adding a third drug, the response rate did significantly increase but no difference in 
the overall survival was shown and three-drug regimens were associated with more 
toxicities (6). Two multicenter trials using 3G platinum-based regimens published 
after this meta-analysis also showed similar findings (9, 10).

The use of platinum compounds, particularly cisplatin, in the elderly have 
always been of concern with respect to the tolerability of therapy. Despite these 
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concerns, no studies to date have shown that patients who are older/elderly patients 
are associated with a significantly worse outcome compared to younger patients 
on chemotherapy. The recently published Multicenter Italian Lung Cancer in the 
Elderly Study-2P (MILES-2P) trial further validates that cisplatin-based com-
bination therapy are feasible and active in the treatment of elderly patients with 
advanced NSCLC (11).

Performance status (PS) is an important prognostic factor and experiences from 
earlier trials have shown that patients with advanced NSCLC with poor perform-
ance status fared poorly, with more adverse results and worse survival outcomes. 
However with the advent of improved supportive therapy, a recent Phase II PS-2 
specific study was able to show that platinum-based combination chemotherapy 
may be a feasible treatment option with acceptable toxicity, even though survival 
in these patients remains inferior to that of PS-0 to PS-1 patients (12). On the basis 
of these data, current international guidelines recommend the use of platinum-
based third-generation chemotherapy doublets as standard of care for first-line 
treatment for patients with good performance status.

Nonplatinum Regimens

Third-generation (3G) agents are, in general, better tolerated than their predeces-
sors, and some of them have been reported to produce a significant survival advan-
tage as a single-agent over best supportive care alone in patients with advanced 
NSCLC (13–16). In the meta-analysis by Hotta et al. (17) comparing these 3G 
agents alone vs. a combination with platinum compounds demonstrated a higher 
objective response rate and a 13% improvement in survival in favor of the com-
bination regimens, which reaffirms the evidence that single drug therapy is not 
recommended as the standard treatment. However, this survival benefit comes at the 
expense of higher toxicities in the combination regimens. Consequently, the activity 
and tolerability of these 3G agents led many investigators to evaluate the efficacy of 
doublet combination of third generation agents so as to avoid the use of platinum 
compounds in the treatment of advanced NSCLC.

Several randomized trials have been carried out to address the question whether 
nonplatinum combinations are as effective and can be used as an alternative therapy 
to the classical platinum-based combinations. The results were conflicting with at 
least two phase III trials yielding inferior overall survival rates in the nonplatinum 
regimens (18, 19). A large literature-based meta-analysis by D’Addario et al. (20) 
of 37 randomized phase II and III trials that included a total of 7,633 patients 
demonstrated that the use of platinum-based doublet regimens were associated 
with a 62% increase in the odds ratio (OR) for response (OR 1.62, 95% confidence 
interval (CI), 1.46–1.8; p < 0.0001). The 1-year survival rate was increased by 5% 
with platinum-based regimens (34 vs. 29%; OR 1.21; p = 0.0003). However when 
single-agent trials were excluded, the survival benefit disappeared when platinum-
based combinations were compared with nonplatinum-based combinations only 
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(OR = 1.11; p = 0.17). Furthermore, the platinum-based regimens were associated 
with higher toxicities, particularly hematological toxicity, nephrotoxicity and nau-
sea/vomiting but no difference in febrile neutropenia rate or in toxic death rate.

Another recent meta-analysis assessed 11/eleven phase III trials comprising 
a total of 4,602 patients, and randomizing platinum-based doublets vs. nonplati-
num combinations. The results were similar with the earlier meta-analysis,the 
platinum-based regimens were associated with a decreased risk of death at 1 year 
(OR 0.88, 95% CI, 0.78–0.99; p = 0.044). There was a non statistically signifi-
cant increase in toxic-related death in the platinum-based regimens. Again, the 
nonplatinum-based combinations showed a more favorable toxicity profile than 
platinum-based ones (21).

Both these two meta-analysis showed a small survival advantage with platinum-
based chemotherapy without a significant increase in risk of toxic related death. 
This benefit was however counterbalanced, by an increase in nonfatal toxicity in 
the platinum-based regimens. From current data, platinum-based doublet chemo-
therapy should still remain the standard of care in patients with advanced NSCLC, 
but nonplatinum-based doublet may be an acceptable option in some patients, par-
ticularly in those who have concerns about toxic effects.

Cisplatin vs. Carboplatin

Carboplatin has often been substituted for cisplatin in combination regimens due 
to its more favorable toxicity profile. However, cisplatin is superior to carboplatin 
in several solid tumors, such as germ cell tumors, bladder cancer, head and neck 
cancer and potentially others. Schiller et al. (2002) compared cisplatin plus paclit-
axel with three other combination regimens of cisplatin plus gemcitabine, cisplatin 
plus docetaxel and paclitaxel plus carboplatin in advanced NSCLC. No major 
differences were observed in objective response rate, survival and toxicity (22). 
Similar findings were reported in a trial comparing paclitaxel plus carboplatin with 
vinorelbine plus cisplatin (23).

The therapeutic equivalence of these two drugs have come into question in recent 
years. The first meta-analysis that looked at this issue, included eight trials with a 
total of 2,948 patients comparing carboplatin-based regimens with cisplatin-based 
regimens. It did reveal a higher rate of objective response but no statistically signifi-
cant survival advantage was found in the cisplatin-based regimens when all trials were 
included in the analysis. However, a subgroup analysis revealed that combinations of 
cisplatin plus a new agent yielded an 11% longer survival than carboplatin plus the 
same new agent (Hazard ratio (HR) = 1.106; 95% CI, 1.005–1.218; p = 0.039) (24). 
The validity of the results from this meta-analysis was called into question because 
of the use of abstracted data instead of individual patient’s data.

The cisplatin vs. carboplatin (CISCA) meta-analysis by Ardizzoni et al. (25) 
based on individual patient data from 2,968 patients in nine trials that compared a 
cisplatin with a carboplatin-based regimen in advanced NSCLC essentially revealed 
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similar findings as the earlier meta-analysis. Carboplatin-based regimens appeared 
slightly less effective in prolonging survival with a median survival of 8.4 months and 
1-year survival probability of 34%, compared with a median survival of 9.1 months 
and a 1-year survival probability of 37% in the cisplatin-treated patients. Although 
the risk of death was higher with carboplatin-treated patients, the difference was 
not statistically significant. (HR of mortality = 1.07, 95% CI, 0.99–1.15; p = 0.10). 
Similarly, when the analysis was restricted to more recent trials with third-generation 
platinum-based regimens, a statistically significant improvement was observed in the 
cisplatin-based regimens (HR of mortality 1.11, 95% CI, 1.01–1.21).

Further theory supports that the cisplatin-based third generation regimen 
should remain the standard therapy came from another recent meta-analysis which 
included only trials with platinum-based combinations with a newer agent vs. 
nonplatinum-based combinations. In line with the result from the two previous 
meta-analysis, the use of cisplatin-based doublet regimens is associated with a 
slightly higher 1-year survival rate (Relative risk (RR) = 1.16, 95% CI, 1.06–1.27; 
p = 0.001), while carboplatin-based doublet regimens have little or no effect on 
1-year survival when compared to nonplatinum-based combinations (RR = 0.95, 
95% CI, 0.85–1.07; p = 0.43) (26).

The equivalence of carboplatin and cisplatin in the adjuvant setting is even less 
certain. All of the phase III studies performed (27–29), which affirmed the benefit 
of adjuvant chemotherapy after resection of NSCLC incorporated cisplatin-based 
combinations except for one. The Lung Adjuvant Cisplatin Evaluation meta-analysis 
was conducted on the five largest, cisplatin-based studies (ALPI, BLT, IALT, JBR.10 
and ANITA). It found a 5.3% absolute survival advantage at 5 years (HR 0.89, 95% 
CI, 0.82–0.96; p = 0.004) for overall adjuvant cisplatin therapy. (30). CALGB 9633 
was the only adjuvant trial to use carboplatin and was also the only trial to evaluate 
patients with stage 1B disease, which did not demonstrate a survival benefit from 
chemotherapy in this subset of patients (31). The ongoing E1505 trial which is 
being performed to investigate the role of bevacizumab in addition to adjuvant 
chemotherapy also excluded carboplatin from its treatment arms. Therefore the use 
of carboplatin in the adjuvant setting cannot be recommended. Overall, the evidence 
to date indicates that cisplatin may be the platinum agent of choice for patients with 
advanced NSCLC although, due to a lower toxicity and the poor life expectancy of 
the advanced disease, carboplatin can also be offered (32). However, in the adjuvant 
setting cisplatin should still be used instead.

Targeted Therapy with Platinum Compounds

Advances in the knowledge of tumor biology have led to the development of  several 
targeted therapies in the management of NSCLC. Based on promising results from 
phase II trials both as monotherapy and in combination with platinum agents in 
patients with advanced NSCLC, several randomized phase III trials have been 
published in the last few years addressing this issue. Bevacizumab in combination 
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with carboplatin-paclitaxel as first-line therapy, is the only targeted agent to have 
demonstrated improved survival outcomes compared with chemotherapy alone in 
patients with advanced NSCLC.

The Eastern Cooperative Oncology Group (ECOG) conducted a randomized 
study (E4599) in which 878 patients with locally advanced, metastatic or recurrent 
nonsquamous NSCLC were assigned to receive paclitaxel plus carboplatin with or 
without bevacizumab (15 mg/kg). The addition of bevacizumab to chemotherapy 
reduced the risk of death by 21% (HR 0.79, 95% CI, 0.67–0.92; p = 0.003) with a 
median survival time of 12.3 months in the bevacizumab arm and 10.3 months in the 
control arm. An improvement in the median progression-free survival was also seen 
in the bevacizumab arm, 6.2 months vs. 4.5 months in the control arm (HR 0.66, 
p < 0.001). A major concern in this study was the significantly increased toxicities 
in the bevacizumab arm, in particular, the rates of clinically significant bleeding 
were 4.4 and 0.7% in the bevacizumab and chemotherapy only arms, respectively 
(p < 0.001). Furthermore, there were two treatment-related deaths in the chemother-
apy group and 15 treatment-related deaths in the bevacizumab group, of which five 
deaths were attributed to pulmonary hemorrhage (33). The results of this study sug-
gest that addition of bevacizumab can improve survival in patients with advanced 
NSCLC with the risk of increased adverse results and treatment-related deaths. 
A subset analysis of ECOG 4599 to evaluate the outcomes for elderly patients was 
recently published. The addition of bevacizumab did not demonstrate any survival 
advantage compared with chemotherapy alone and was associated with a higher 
degree of toxicity and treatment-related deaths (34).

Another randomized phase III study (the Avastin in Lung [AVAiL] trial) involving 
over 1,000 patients was done with the same objectives in mind but with bevaci-
zumab added in combination with cisplatin and gemcitabine instead. Two doses of 
bevacizumab were being investigated: 7.5 and 15 mg/kg. Progression-free survival 
and response rates were significantly increased in the bevacizumab arm. The median 
progression-free survival times were 6.1, 6.7 and 6.5 months, respectively, for 
chemotherapy alone, chemotherapy plus bevacizumab 7.5 mg/kg (HR 0.75, 95% CI, 
0.62–0.90; p = 0.002) and chemotherapy plus bevacizumab 15 mg/kg (HR 0.82, 95% 
CI, 0.68–0.98; p = 0.03). The survival data have so far not been disclosed (35).

The results of both ECOG 4599 and AVAiL trials suggest that the addition of beva-
cizumab to platinum agents have better efficacy outcomes than chemotherapy alone. 
However, there were disparities in the progression-free survival time between the 
two control chemotherapy arms in the trials. The progression-free survival time was 
4.5 months in patients with carboplatin-based control arm in the ECOG 4599 study 
compared with 6.1 months in patients with cisplatin-based control arm in the AVAiL 
trial. This raises the question if the addition of bevacizumab in the ECOG 4599 trial 
conferred a survival advantage simply because carboplatin is inferior to cisplatin.

To date, there have been four other randomized phase III trials conducted with 
two epidermal growth factor receptor (EGFR) tyrosine kinase inhibitors – Gefitinib 
and Erlotinib, as first-line therapy in combination with platinum-based regimens 
in patients with advanced NSCLC. Two of the randomized phase III trials using 
 erlotinib, each including over 1,000 patients, did not demonstrate a benefit in 
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response rate, time to progression, or survival with the addition of erlotinib to either 
 carboplatin and paclitaxel (TRIBUTE) (36) or cisplatin and gemcitabine (TALENT) 
(37) compared to the same platinum-based regimens alone. Similar results were 
reported from both INTACT 1 and 2 trials (38, 39), when gefitinib was added to 
either cisplatin and gemcitabine or carboplatin and paclitaxel respectively. Both trials 
failed to show any improvement in survival compared with chemotherapy alone.

The benefit of adding cetuximab to chemotherapy as first-line therapy for 
patients with advanced NSCLC has been investigated in two randomized phase 
II study. Rosell et al. (LUCAS) (40) compared 86 patients with EGFR-expressing 
advanced NSCLC using cisplatin and vinorelbine with or without cetuximab. The 
addition of cetuximab increased the response rate from 28 to 35%, prolonged 
median progression-free survival time (4.6 vs. 5.0 months) and improved the 
median survival time (7.3 vs. 8.3 months). A recently published randomized phase 
II trial confirms the feasibility of adding cetuximab to platinum-based chemo-
therapy as first-line treatment of advanced NSCLC (41). In this study, 65 patients 
were randomized to receive either cisplatin or carboplatin and gemcitabine with or 
without cetuximab. Patients receiving cetuximab had a higher response rate (27.7 
vs. 18.2%; 95% CI 17.3–40.2 vs. 9.8–29.6%), median progression-free survival 
(5.09 vs. 4.21 months; 95% CI 3.81–5.49 vs. 4.17–5.98) and median overall sur-
vival (11.99 vs. 9.26 months; 95% CI 8.8–15.18 vs. 7.43–11.79).

However, it is unclear whether this level of benefit would be seen in a phase 
III study despite these encouraging results. To validate these results, two large 
randomized phase III trials that evaluate the role of cetuximab in combination with 
chemotherapy as first-line treatment in advanced NSCLC have recently closed to 
accrual (BMS 099 and EMR 62202-046 FLEX). A press release indicated that sur-
vival was increased by the addition of cetuximab to cisplatin-vinorelbine. However, 
the final data have as yet not been disclosed.

Future Strategies to Guide Therapy

Several gene markers that are linked to drug resistance have been discovered in 
recent years. The excision repair cross-complementation group 1 (ERCC1) is one 
such critical gene in the nucleotide excision repair pathway. It is the primary DNA 
repair mechanism that recognizes and removes platinum-induced DNA adducts. 
In-vitro studies have shown that high levels of ERCC1 messenger RNA (mRNA) 
in cell lines of ovarian, cervical, testicular, bladder, and non–small cell lung can-
cers is associated with cisplatin resistance (42). These data have been corroborated 
by small, retrospective clinical studies in several solid tumors including advanced 
NSCLC. One study examined the expression of ERCC1 mRNA from paraffin-
embedded tumor specimens in stage IV. NSCLC patients treated with cisplatin and 
gemcitabine. Patients with low levels of ERCC1 mRNA were reported to have better 
survival and response rate than those with high levels, although the only difference 
between survival and response was statistically significant (43). On the other hand, 
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a high expression of ERCC1 as determined by quantitative, real-time RT-PCR, has 
been associated with improved survival in patients with NSCLC (44).

Olaussen et al. analyzed ERCC1 expression in operative samples obtained from 
patients that had been enrolled in the International Adjuvant Cancer Trial (IALT). 
Patients with ERCC1-negative tumors, as determined by immunohistochemical 
analysis, appeared to have a survival benefit from adjuvant cisplatin-based chemo-
therapy (adjusted HR for death, 0.65; 95% CI, 0.50–0.86; p = 0.002), whereas 
patients with ERCC1-positive tumors did not. However, among patients who did 
not receive adjuvant chemotherapy, the presence of ERCC1 protein in tumors 
was associated with a survival advantage (adjusted HR for death, 0.66; 95% CI, 
0.49–0.90; p = 0.009) (45).

On the basis of these encouraging results, Cobo et al. conducted the first pro-
spective phase III randomized trial testing the concept of customized chemotherapy 
based on ERCC1 expression in patients with advanced NSCLC. Patients were 
randomized in a 1:2 ratio to either the control arm (cisplatin/docetaxel) or to the 
genotypic arm where chemotherapy was tailored according to the levels of ERCC1. 
Patients with low ERCC1 levels received the same platinum-based combination 
as the control arm, whereas those with high ERCC1 levels were treated with a 
nonplatinum-based combination (docetaxel/gemcitabine). Patients in the genotypic 
arm achieved a higher response rate than those in the control arm (51.2 vs. 39.3%; 
p = 0.02). The improved response remained statistically significant when the two 
sub-groups were compared to the control arm. However, there were no differences 
in progression-free survival and overall survival between the two arms. This study 
underscores the feasibility of utilizing such an approach in selecting the appropriate 
chemotherapy regimen in patients with advanced NSCLC (46).

Another gene critical to DNA synthesis and DNA damage repair pathways is 
the ribonucleotide reductase M1 (RRM1). The RRM1 gene encodes the regulatory 
subunit of ribonucleotide reductase, the rate limiting enzyme involved in DNA 
synthesis (47–49). RRM1 plays a role in tumor invasion and metastasis. Its effects 
are thought to be mediated by the actions of a bifunctional phosphatase, phos-
phatase and tensin homologue (PTEN). PTEN is an inhibitor of cell proliferation 
and decreases cell migration and invasiveness via the reduction of phosphorylation 
of focal adhesion kinases (50). RRM1 is also the molecular target of gemcitabine 
(2',2'-difluorodeoxycytidine) (51–53).

Earlier work from smaller studies had suggested that NSCLC patients with high 
levels of RRM1 expression as compared with low levels demonstrated improved 
disease-free and overall survival (54). A larger study done by Zheng et al. further 
validated RRM1 as a marker of clinical outcome in patients with NSCLC. In that 
study of 187 patients with completely resected stage I NSCLC, the group of patients 
with tumors that had high expression of RRM1 as compared with low expression 
correlated with an improved median disease-free survival (>120 vs. 54.5 months, 
HR 0.46; p = 0.004) and overall survival (120 vs. 60.2 months, HR 0.61; p = 0.02). 
The study also demonstrated that high levels of expression of both RRM1 and 
ERCC1 were associated with an excellent outcome as seen in the subgroup of 
patients, comprising 30% of the study cohort (55).
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On the contrary, high levels of expression of these genes have been linked 
to poorer survival outcomes in NSCLC patients treated with gemcitabine and 
platinum-based regimens in retrospective analyses (43, 56). A prospective phase II 
clinical trial in patients with advanced NSCLC treated with two cycles of gemcitab-
ine and carboplatin demonstrated that high levels of both ERCC1 and RRM1 were 
inversely correlated with tumor response (53). On the basis of these results from 
earlier studies, Simon et al. conducted a prospective phase II clinical trial to assess 
the efficacy of selecting chemotherapy based on RRM1 and ERCC1 expression 
in patients with advanced NSCLC. Patients with high expression of RRM1 were 
treated without gemcitabine and those with high expression of ERCC1 were treated 
without carboplatin. The results of the study compared favorably to other studies in 
similar patient population, with a response rate of 44%, a 1-year survival of 59% 
and median overall survival of 13.3 months (57).

The development of genomic-derived signatures to predict sensitivity to cisplatin 
is another approach that has the potential to customize chemotherapy to individual 
patients with NSCLC and perhaps in other cancers where cisplatin-based therapy is 
considered the standard of care (58). These preliminary results are promising and 
have demonstrated the feasibility of utilizing a biomarker-based therapeutic strat-
egy in the management of patients with NSCLC. This has paved the way for future 
research in this area of individualizing therapy by identifying patients who will 
respond to treatment, thereby increasing the overall effectiveness of chemotherapy.

Conclusion

Advanced NSCLC remains a fatal disease with low response rates and short 
survival outcomes. Despite the introduction of newer and less toxic chemothera-
peutic agents, platinum compounds remain the backbone of systemic treatment of 
NSCLC. Nonetheless, therapeutic choices should be tailored to individual patients, 
taking into account age, performance status, co-morbidities and toxicity profile of 
therapy. Platinum combinations with bevacizumab have shown to be of benefit over 
chemotherapy alone and targeted therapies will potentially be introduced. Selection 
of patients based on genomic approaches may well come into play in the near future 
and help identify patients who will optimally benefit from specific therapies.
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Abstract Lipoplatin is a liposome encapsulated form of cisplatin. Phase I studies 
on Lipoplatin showed an excellent toxicity profile of the compound. Therefore we 
performed a phase II trial in heavily pre-treated patients with advanced non–small 
cell lung cancer (NSCLC).

This was an open label single-arm trial in patients with NSCLC with stage IV 
disease already pre-treated with first line chemotherapy. 63% of these patients 
were pre-treated with platinum containing regimens. Statistical analysis was per-
formed with the SPSS statistical program (version 11.0). Survival curves were 
estimated by the Kaplan Meyer method. We administered Lipoplatin at the dose of 
100 mg/m2 every 14 days as second line chemotherapy. The primary endpoint was 
the response rate. The secondary endpoints were safety, time to progression and 
overall survival.

Nineteen patients with stage IV NSCLC, the median age being 64 were treated. 
Fifteen patients completed at least six cycles and were evaluated for response and 
toxicity. Four patients completed one cycle of therapy and were evaluated only 
for toxicity. We obtained one partial response (5.2%) and three stable diseases 
(15.9%). Median time to progression was 4 months and median survival time was 
7.2 months.

In this study lipoplatin as second line treatment showed a lower activity in 
comparison to other drugs, but the same overall survival. New phase II studies with 
escalation of the dosage should be considered.
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Introduction

Non–small cell lung cancer (NSCLC) currently represents almost 85% of all lung 
cancers with many patients presenting an advanced stage of the disease at the time 
of diagnosis. Chemotherapeutic agents are important in the therapy of this aggres-
sive disease, and there are data supporting the advantage of regimens contain-
ing platinum drugs in terms of clinical benefit, palliation and increase in overall 
survival.

Cisplatin plays a central role in lung cancer chemotherapy in spite of its toxicity
(1, 2). The response rate ranges between 25 and 30% for chemonaive patients 
treated with cisplatin in combination with gemcitabine or taxanes. The efficacy of 
cisplatin is dose dependent, but the dose is limited by the significant risk of renal 
and gastrointestinal toxicity, ototoxicity and toxic neuropathy (3–6). Therefore one 
of the major aims for medical oncologists is to find new more effective therapeutic 
agents with lower toxicity (7).

Some new interesting platinum compounds, administered either orally or by 
i.v. infusion, are under clinical evaluation: satraplatin (JM216; bis-acetatoammine-
dichlorocyclohexylamine platinum) is a platinum complex developed in an attempt 
to circumvent tumour resistance which can be administered by the oral route; 
ZD-0473 (formerly JM-473 and AMD-473) is a sterically hindered platinum com-
plex designed and synthesized by Johnson Matthey Technology and the Cancer 
Research Campaign (CRC) and under development as a potential treatment for 
cisplatin-resistant cancers; and, the antitumor polynuclear platinum drug BBR3464 
which forms stronger intra- and interstrand cross-links (CLs) on DNA, the typical 
target of platinum drugs. Extensive scientific efforts are directed towards finding 
new and improved platinum anticancer agents. A promising approach is the encap-
sulation of cisplatin in sterically stabilized, long circulating PEGylated 100 nm 
liposomes. A liposomal cisplatin formulation known as SPI-77 showed excellent 
stability in plasma and had a longer circulation time, greater efficacy and lower 
toxicity than cisplatin (8) but failed in clinical trials due to inadequate release of 
the drug in the tumour.

In this paper we describe our experience with Lipoplatin™, another liposomal 
platinum drug recently developed by Regulon (California), in a phase II trial of 
patients with advanced NSCLC.

This liposome measures 110 nm in diameter and is composed by a lipid shell 
made of dipalmitoyl phosphatidyl glycerol, soy phosphatidyl-choline, cholesterol, 
and methoxy-polyethylene glycol-distearoyl phosphatidylethanolamine lipid con-
jugate, containing a central core of cisplatin, with a ratio of cisplatin to lipids of 
8.9% cisplatin and 91.1% total lipids (Regulon, 715 North Shoreline Boulevard 
Mountain View, California 94043, Regulon, AE, 7 Grigoriou Afxentiou, Alimos 
17455, Greece) (8). It does not appear to be readily detected by the macrophages and 
immune cells, it remains in circulation for a longer period and it accumulates pref-
erentially in the tumour sites and metastases through their hyperpermeable tumour 
vasculature. It was developed in order to reduce the systemic toxicity of cisplatin and 
enhance targeting tumour (8–13).
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Lipoplatin showed low toxicity and good anti-tumour activity in mouse xeno-
grafts (12). In a Phase I study Lipoplatin™ demonstrated very few adverse effects 
and a very low toxicity. Peak levels were reached in the blood in 8 h at a concentra-
tion up to 50 times higher in malignant tissue compared to normal tissue (10, 11). 
Within the first 24 h 23–40% of cisplatin is excreted in urine (14, 15); in contrast, the 
half life of Lipoplatin™ was 117.46 h in plasma with a 40.7% of the drug excreted 
in the urine in about 3 days (9, 14, 15). Clinical trials were performed in advanced 
stages of head and neck, pancreatic and lung cancers (8, 16, 17). These studies 
demonstrated a favourable toxicity profile for the drug, some partial remissions and 
cases of stable disease (PR 8.3%, SD 33.3% in pancreatic cancer patients), with 
higher targeting properties and longer half-life compared to  cisplatin. Currently, 
various clinical phase II and III trials are ongoing in lung cancer patients and pre-
liminary results suggest that the drug is relatively safe and capable of producing 
some partial responses. The results from these trials have yet to be published. As 
there was insufficient data available, our group undertook additional preclinical and 
clinical studies of Lipoplatin™.

Methods

We tested the in vitro activity of Lipoplatin™ in four established NSCLC cell 
lines, including three sensitive lines (ChaGo-K1 broncogenic cell line, CAEP and 
RAL derived from epidermoid human carcinoma) and one cisplatin-resistant line 
(ChaGo-CPL, isolated in IRSTWZ laboratory). We also tested the toxicity on periph-
eral blood stem cells obtained by leukaphereses from four lymphoma patients 
treated with chemotherapy. Cells were used in the exponential growth phase in all 
the experiments. The drugs used, cisplatin and Lipoplatin™, were solubilized in 
dimethylsulfoxide (DMSO, Sigma Aldrich) with the final DMSO concentration not 
exceeding 0.5%. In vitro chemosensivity assays were performed; the dose response 
curves were created with Excel software, Inhibition Growth 50 (IG

50
), Lethal 

Growth 50 (LG
50

) and Inhibitory Concentration 50 (IC
50

) values were determined 
graphically from the plots. The toxicity to hematopoietic precursors was studied 
in liquid cultures incubated with different concentrations (cisplatin 2.2 μM for 6 h 
and Lipoplatin 20 μM for 72 h) with flow cytometric analysis (FACS Vantage flow 
cytometric, Becton Dickinson, San Diego California).

In the clinical setting we undertook a phase II study of second line treatment 
in advanced NSCLC to study the drug’s efficacy in a subset of heavily pre-treated 
patients with stage IV NSCLC. The dose used for Lipoplatin™ was 100 mg/m2 i.v. 
every 2 weeks, diluted in 500 ml of 5% dextrose and infused over 8 h. No pre or 
post-hydratation was used. The toxicity was graded using modified NCI Common 
Toxicity Criteria (version 5/12/95). Toxicity was evaluated on a 1–4 grade scale. 
According to the grade of toxicity (grade 3 and 4) the investigator could reduce 
or interrupt the treatment. Disease progression was a cause for discontinuation of 
treatment in this study.
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Day 1 of each cycle could be delayed up to 14 day in case of toxicity. The patient 
could receive a maximum of 12 cycles; treatment was stopped earlier if there was 
evidence of progressive disease, unacceptable toxicity or due to the patient’s wish. 
No other treatments other than contraceptives, replacement steroids and radiation 
therapy to single lesions were allowed during the study.

This was an open label single-arm trial. Statistical analysis was performed with 
the SPSS (version 11.0) statistical program. Survival curves were estimated by the 
Kaplan-Meier method. The Simon two-stage phase II design was used, providing 
80% power and a 0.05 level of overall significance to distinguish between the null 
and alternative hypotheses. Planned maximum sample size was 33 subjects. The 
sample size in the first stage was of 19 subjects and in the second stage it was of 15. 
A stopping rule was established at the first step if two or less of the first 19 subjects 
responded. This provided 95% confidence that the response rate was less that 10% 
for the regimen. Our primary end point objective was objective disease response. 
Subjects who experienced CR or PR were classified as responders. Secondary 
endpoints were the evaluation of time to progression and overall survival. The inter-
national index for dose adjustment was used. Evaluation of the response was per-
formed by two reviewers independently. The discordant evaluations were reviewed 
by the authors with an attending radiologist.

Results

From in vitro experiments we proved that cisplatin has the same cytotoxic activity 
as Lipolatin™. Cisplatin has a stronger activity in one cell line (ChaGo-K1). On the 
contrary the bone marrow toxicity of Lipoplatin™ was milder than that of cisplatin 
the liposomal compound never reaching an IC

50
 (<0.02 μM) (Fig. 1).

In our phase II protocol we enrolled 19 patients from December 2003 to 2004. 
The base-line characteristics of patients are presented in Table 1. Fourteen males 

Fig. 1 Cytotoxic activity of Lipoplatin and cisplatin on bone marrow stem cells. Filled triangle 
lipoplatin; filled square cisplatin
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and five females with stage IV NSCLC were enrolled. The average age was 64 years 
(range 42–78 years). The ECOG performance status was 0–2 in all patients. The 
histology of the disease was adenocarcinoma in 12 patients, squamous cell in 
4 patients, mixed adeno-squamous in 2 patients and anaplastic in 1 patient. Three 
patients underwent surgery before relapse and sixteen did not. Nine patients had 
received prior radiation therapy. The first line of medical treatment was gemcitabine 
and taxotere in 6 patients, cisplatin and gemcitabine in 6, carboplatin and gemci-
tabine in 6 and gemcitabine alone in 1 patient.

Fifteen patients completed at least six cycles and were evaluated for response 
and toxicity. Four patients completed one cycle of therapy and were evaluated only 
for toxicity. Among the 15 patients with at least six cycles of therapy we observed 
one partial response (5.2%) and three cases of stable disease (15.9%). Median time 
to progression was 4 months (range 1–21) and median survival time was 7.2 months 
(219 days, 31.2 weeks) (Table 2). The 1 year survival rate was 16.6%. Very little 
toxicity was observed. The most frequent adverse events included: anaemia G1–2 
(4 patients; 21%); mucositis G1–2 (2 patients; 10.5%); nausea and vomiting 
G1–2 (4 patients; 21%); and, asthenia G1–2 (3 patients; 15.7%). No grade 3–4 
adverse events were observed.

Table 1 Patient characteristics

Number Percent Range Median

Age 42–78 64

Sex Males 14 73.7 – –
Females  5 26.3

Histology subtype Adenocarcinoma 12 63.3
Squamous cell  4 21 – –
Mixed adenosquamosus  2 10.5
Anaplastic  1  5.2
Prior surgery  3 15.8 – –
Prior radiotherapy  9 47.3 – –

First line 
chemotherapy

Gemcitabine–taxotere  6 31.5 – –

Gemcitabine–cisplatin  6 31.5 – –
Gemcitabine–carboplatin  6 31 – –
Gemcitabine  1  5.5 – –

Table 2 Response rate, time to progression and survival

CR PR SD PD

Response rate – 1 (5.2%) 3 (15.9) 15 (78.9)
Median (months) Range (months) – –

Time to 
progression

4 1–21 – –

Survival time 7.2 1–12 – –
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Discussion

In the management of NSCLC patients treated with second line therapy clinicians 
must evaluate the benefit relative to the toxicities of an agent. Docetaxel (18–20), 
pemetrexed (21) and erlotinib (22, 23) have been reported to produce response rates 
between 7.1 and 9.1% with a survival time of nearly 7 months and an acceptable 
safety profile. These results leave a great deal of room for improvement. On the one 
hand they are only marginally effective and on the other hand the economic costs 
of these treatments is very high. For these two reasons (scientific and economic) 
many researchers and pharmaceutical companies are trying to find new compounds 
with more clinical efficacy. Many of these drugs are under evaluation in phase II 
and III clinical trials.

Lipoplatin™ is one of these drugs. This molecule at the dosage used has a very 
low toxicity and a clinical efficacy not so different from the more established 
agents. On the basis of our experience, however, we think that Lipoplatin™, at 
the dosage used in this trial, has unsatisfactory activity although it has a very low 
toxicity. Furthermore, we think that the drug is inadequately studied at the dosage 
chosen in phase II trials (100 mg/m2 every 2 weeks). In our opinion this formula-
tion should be further evaluated to identify the optimal dose in single agent phase 
II trials and would propose a dose of 125 mg/m2 every 2 weeks.

Acknowledgment This work was supported by Istituto Oncologico Romagnolo; project number 
IOR RN 2003.
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Combining Platinums in Gastric Cancer

Florian Lordick and Dirk Jäger

Abstract The role for systemic treatment in gastric cancer has become more 
evident over the past years. Perioperative chemotherapy increases the cure rates in 
localized stages. At the same time, palliative chemotherapy has shown to prolong 
survival and maintain the patients’ quality of life in advanced disease.

Cisplatin in combination with 5-fluorouracil with or without an anthracycline 
now has a definite role in the treatment of patients with advanced disease. Newer 
studies support the addition of docetaxel to cisplatin plus 5-fluorouracil-based 
chemotherapy. The DCF regimen (docetaxel, cisplatin and 5-fluorouracil) is now a 
new reference regimen for the treatment of advanced stomach cancer. Recent stud-
ies suggest that oxaliplatin is as effective as cisplatin. Oxaliplatin was shown to 
be associated with slightly less toxicity, except sensory neuropathy which is more 
common with oxaliplatin. Therefore, oxaliplatin can replace cisplatin in combina-
tion chemotherapy regimens given in advanced disease.

The role of cisplatin for the preoperative (neoadjuvant) treatment of gastric 
cancer in locally advanced stages has now been established. Two randomized 
trials have been published recently. Patients with stage II and stage III stomach 
cancer and carcinoma of the gastroesophageal junction who received 8–9 weeks of 
preoperative cisplatin-5-fluorouracil-based chemotherapy had a significantly better 
overall survival chances compared to surgery alone.

The effectiveness and feasibility of chemotherapy in the postoperative (adjuvant) 
phase is less clear. There is no proven role for the use of cisplatin-containing com-
bination chemotherapy in the postoperative setting. Studies employing platinum 
combinations in the adjuvant setting failed to show an improvement in survival.
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Epidemiology of Stomach Cancer

In the early nineteenth century, adenocarcinoma of the stomach was the most com-
mon malignancy in the US and Europe, but its incidence declined throughout the 
twentieth century and has now reached a plateau. From a world wide perspective, 
stomach cancer incidence still ranks number three in men and number four in 
women. Across continents, incidence rates vary from 3.4 per 100,000 patients per 
year among females in North America to 26.9 per 100,000 patients per year among 
males in Asia (1). Overall 5-year relative survival rates of ∼20% (2, 3) in most 
areas of the world, except in Japan where mass screening programs, and treatment 
may contribute to superior 5-year survival rates of ~60% (4). With nearly 700,000 
deaths, stomach cancer follows lung cancer as the second most common cancer 
leading to death worldwide (1).

Stomach cancers are anatomically classified as non-cardia and cardia cancers. 
Because non-cardia cancers constitute the majority of stomach cancer cases world-
wide, overall stomach cancer incidence rates are predominated by this disease 
entity. The decrease of non-cardia cancer in the Western world probably reflects a 
diminishing prevalence of Helicobacter pylori infection due to improved sanitation, 
increasing availability of fresh fruits and vegetables, and decreasing use of salt- and 
smoke-based food preservation methods (1). However, non-cardia stomach cancer 
remains common in many geographic regions, including China, Japan, Eastern 
Europe, and Central/South America.

In contrast to non-cardia cancers, incidence rates of gastric cardia cancers 
have either increased or remained constant in Western countries (5, 6). While 
Helicobacter pylori is a strong risk factor for non-cardia gastric cancer it is 
inversely associated with the risk of gastric cardia cancer. These findings bolster 
the hypothesis that the decreasing prevalence of Helicobater pylori during the past 
century may have contributed to lower rates of non-cardia cancer and higher rates 
of cardia cancer in Western countries (7).

Activity of Cisplatin and Other Cytotoxic Drugs 
in Stomach Cancer

Cisplatin was found to be among the drugs with the highest in vitro activity against 
stomach cancer in preclinical studies (8).

Due to methodological flaws in many studies the real activity of many cyto-
toxic drugs given as monotherapy for stomach cancer remains relatively unknown. 
5-fluorouracil (5-FU), doxorubicin, epirubicin, cisplatin, etoposide, and mitomycin C 
have led to responses in 15–20% of chemo-naïve tumours and were therefore con-
sidered to be active drugs (Table 1).

Cisplatin is one of the most active drugs in the treatment of gastroesophageal 
cancer. Response rates up to 25% were reported in chemo-naïve patients (9). While 
it was not profoundly studied in gastric cancers, oxaliplatin has shown in several 
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phase II and two phase III combination chemotherapy studies that its activity is 
comparable to that of cisplatin.

5-FU is considered to be one cornerstone of chemotherapy for stomach can-
cer. It was given as an intravenous bolus on five consecutive days or once every 
week. 5-fluorouracil displays its anti-proliferative activity above all on cells in the 
S-phase of the cell cycle and it has a plasma half-life of only 10–20 min. Therefore, 
continuous infusion is potentially superior to bolus infusion. 5-FU was infused in 
considerably different schedules, e.g. at a dose of 1,000 mg/m2/day on 5 consecutive 
days (usually in combination with cisplatin every 3–4 weeks), as weekly high-dose 
infusion (with up to 3 g/m2/for 24 h) or as a low-dose protracted infusion (300 mg/
m2/day continuous infusion over a couple of weeks). Until now, the optimal dosing 
and scheduling of 5-FU is unknown. Moynihan et al. observed responses in 31% of 
patients treated with protracted infusional 5-fluorouracil (10).

Different 5-fluorouracil prodrugs that allow for oral administration were devel-
oped in the recent years. Despite augmented intratumoural 5-fluorouracil concen-
trations that can be reached with these drugs, no increased gastrointestinal toxicity 
was observed. The most extensive experience, particularly in East Asia, does exist 
with uracil-tegafur (UFT) and S-1. S-1 (tegafur plus gimeracil and oteracil) showed 
considerable activity given as a monotherapy with response rates up to 48% in 
phase II studies (11, 12). Capecitabine has also shown activity as a monotherapy in 
advanced stomach cancer (13).

Class/Compound No. of patients CR/PR [%]

Platinum compounds
 Cisplatin 139 19
 Carboplatin  41  5

Anti-metabolites
 5-Fluorouracil 416 21
 UFT 188 28
 Capecitabine  44 28
 S-1 106 31
 Pemetrexed  38 21
 Gemcitabine  26  4

Anthracyclines
 Doxorubicin 141 17
 4-Epirubicin  80 19

Taxanes
 Paclitaxel  98 17
 Docetaxel 123 21

Other classes
 Irinotecan  66 23
 Mitomycin C 211 30
 Vinorelbin  29  7
 BCNU  55 18

CR complete response; PR partial response

Table 1 Different cytotoxic drug activities when given as 
monotherapy in advanced stomach cancer (literature excerpt)
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Novel classes of cytotoxic drugs have been investigated in stomach cancer. 
Topoisomerase-I-inhibitors, particularly irinotecan (14), the taxanes paclitaxel 
(15, 16) and docetaxel (17) and the multi-target anti-folate pemetrexed (18) have 
proven activity. In contrast, gemcitabine and vinorelbine, were only marginally 
active in stomach cancer (19, 20).

In conclusion, a number of older and newer cytotoxic drugs are active in gastro-
esophageal cancer. With the newer compounds a considerable expansion of treatment 
options has occurred. But complete remissions are rarely achieved with monotherapy 
alone and response durations are relatively short with a median between 2 and 
6 months. While in Japan monotherapy has been considered to be a standard of care 
until recently (21), many oncologists in the Western hemisphere favour combina-
tion regimens against the background of a suggested correlation between tumour 
response to first-line chemotherapy and the prognosis in stomach cancer (22) and on 
the basis of randomized trials that have been published during the past decade.

The Clinical Rationale for Platinum Combinations 
in Stomach Cancer

A recently published meta-analysis of 7 randomized trials including a total 
of 508 patients (23) showed that the addition of cisplatin to an anthracycline-
5-fluorouracil based combination regimen does lead to a significant improvement in 
the overall survival in patients with advanced stomach cancer (Hazard ratio [HR] = 
0.83; 95% confidence interval [CI] = 0.76–0.91; p < 0.001). Although some of the 
randomized trials did not meet their primary endpoint and did not show a significant 
improvement in overall survival by the addition of cisplatin, the cisplatin- containing 
regimens showed a consistently 10–20% higher tumour response rate compared 
with the non-cisplatin containing regimens (24, 25). The lack of an improvement 
in overall survival was probably due to the small sample size of the trials that were 
statistically underpowered and could therefore not prove smaller increments in 
survival. The largest of these trials, that randomized 274 patients to receive ECF 
(epirubicin, cisplatin, 5-fluorouracil) or FAMTX (5-fluorouracil, adriamycin, meth-
otrexate) showed a significant improvement in the tumour response rate (46% [95% 
CI, 37–55%] with ECF, and 21% [95% CI, 13–28%] with FAMTX; P = 0.00003). 
The median survival was 8.7 months with ECF and 6.1 months with FAMTX 
(P = 0.0005). The 2-year survival rates were 14% (95% CI, 8–20%) for the ECF 
arm, and 5% (95% CI, 2–10%) for the FAMTX arm (P = 0.03). Histopathologically 
complete surgical resection following chemotherapy was achieved in ten patients 
in the ECF arm (three pathological complete responses to chemotherapy) and three 
patients in the FAMTX arm (no pathological complete responses). The authors 
concluded that the ECF regimen resulted in a response and survival advantage com-
pared with FAMTX chemotherapy. The probability of long-term survival following 
surgical resection of residual disease was increased by this treatment and the high 
response rates seen with ECF supported its use in the neoadjuvant setting (26, 27).
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After publication of these randomized trials in the end-nineties, cisplatin-based 
combination chemotherapy became an empiric standard of care for the treatment 
of advanced gastric cancer in the Western hemisphere countries. Since then, the 
most widely used regimes were ECF (epirubicin, cisplatin, 5-fluorouracil) and CF 
(cisplatin, 5-fluorouracil).

Combining Cisplatin with 5-Fluorouracil 
or Oral Fluoropyrimidines

5-fluorouracil and cisplatin in combination have been shown to possess synergistic 
cytotoxicity against human neoplasms (28, 29). It is thought that cisplatin enhances 
the anti-tumour effect of 5-fluorouracil by increasing the availability of the reduced 
folate necessary for tight binding of fluorodeoxyuridylate, a 5-fluorouracil metabo-
lite, to deoxythymidylic acid synthase (30, 31).

In the clinical setting, the synergy of cisplatin and 5-fluororacil given as con-
tinuous infusion either for 24 h (2,600 mg/m2) weekly or for 120 h (800 mg/m2/day) 
every 4 weeks was demonstrated in two randomized trials. Both studies showed a 
more than 20% increase of tumour responses with the combination of cisplatin and 
5-fluorouracil compared with 5-fluorouracil as a single agent. Also, an increase in 
progression-free survival was seen (21, 32).

The promising tumour response rates of oral fluoropyrimidines (Table 1), their 
ease of application and their favourable toxicity profile prompted the design and 
conduct of randomized controlled trials.

S-1 is an orally active combination of tegafur (a prodrug that is converted to 
fluorouracil on a cytochrome CYP2A6-dependent mechanism), gimeracil (an 
inhibitor of dihydropyrimidine dehydrogenase, which degrades fluorouracil), and 
oteracil (which inhibits the phosphorylation of fluorouracil in the gastrointestinal 
tract, thereby reducing the gastrointestinal toxic effects of fluorouracil) in a molar 
ratio of 1:0.4:1 (33, 34). S-1 showed a considerable activity given as a monotherapy 
with response rates up to 48% in phase II studies (11, 12, 35). Experiences outside 
of Japan are limited. But as a combination partner with cisplatin, first experiences 
in the Western hemisphere are also encouraging (36). A recently presented Japanese 
trial randomized 298 patients with advanced and previously untreated stomach cancer 
to receive either S-1 alone (40–60 mg twice daily for 28 days of a 6-week cycle) or 
S-1 (40–60 mg twice daily for 21 days of a 5-week cycle) plus cisplatin (60 mg/m2 
on day 8) (37). The combination led to a > 20% increased tumour response rate 
(54% for cisplatin/S-1 vs. 31% for S-1; p = 0.0018) and a significant increase 
in progression-free survival (6.0 months vs. 4.0 months; HR = 0.567; p < 0.001) 
and in overall survival (13.0 months vs. 11.0 months; HR = 0.774; p = 0.0366). 
This study represents a mile stone in the treatment of advanced stomach cancer in 
Japan, as for the first time a better overall survival with a  cisplatin-fluoropyridine 
combination treatment compared with single-agent fluoropyrimidine was demon-
strated. The authors concluded that these results define a new standard of care for 
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the treatment of advanced stomach cancer in Japan. However, the value of cisplatin 
plus S-1 remains to be determined in a non-Japanese population. For this reason, the 
first-line advanced gastric cancer study (FLAGS) was performed which recruited 
more than 1,000 patients from April 2005 to February 2007 in the United States 
and Europe to receive either cisplatin and 5-fluoruracil or cisplatin (100 mg/m2 on 
day 1) and S-1 (24 mg/m2 twice daily on days 1–21) repeated every four weeks. The 
primary endpoint of the FLAGS study is overall survival (superiority of cisplatin/
S-1). The results are expected in 2009.

Capecitabine is an oral fluoropyrimidine that is activated in tumour tissue by 
a three-step enzymatic conversion culminating with thymidine phosphorylase (38). 
Capecitabine is an established oral alternative to fluorouracil for the treatment of 
localized and advanced colorectal cancer (39, 40) and it has been safely combined 
with oxaliplatin without loss of efficacy (41–43). Phase 1 evaluation in esoph-
agogastric cancer supports the safety of capecitabine when administered twice 
daily (44) and in combination with epirubicin and cisplatin, with indications of 
efficacy (45). Cisplatin 80 mg/m2 on day 1 plus capecitabine 2,000 mg/m2/day 
on days 1–14 every three weeks (XP) was compared with cisplatin 80 mg/m2 on 
day 1 plus 5-fluorouracil 1,000 mg/m2/day on days 1–4 every three weeks (FP) in a 
recently presented randomized multicenter trial performed in Asia, Eastern Europe 
and South America (46). The primary endpoint of this study was to demonstrate 
non-inferiority in progression-free survival (PFS) of XP vs. FP. XP led to a sig-
nificantly higher tumour response rate (41%, 95% CI 33–47%) compared with FP 
(29%, 95% CI 22–37%; p = 0.030). The primary endpoint of this study was met 
with the PFS being 5.6 months (median) with XP vs. 5.0 with FP (HR = 0.81, 95% 
CI = 0.63–1.04). Also overall survival was clearly not inferior being 10.5 months 
(median) with XP vs. 9.3 with FP (HR = 0.85, 95% CI = 0.64–1.13). Toxicities 
tended to be slightly less common and/or less severe with XP compared with FP 
except hand-foot-syndromes that occurred more frequently in patients randomized 
to receive XP. An even larger randomized trial that was recently published (47) 
confirmed the finding that capecitabine 1,250 mg/m2/day orally can replace 
5-fluorouracil 200 mg/m2/day as a continuous infusion in a regimen containing 
epirubicine 50 mg/m2 on day 1 repeated every three weeks plus either cisplatin 
60 mg/m2 or oxaliplatin 130 mg/m2 both given on day 1 and repeated every three 
weeks. Again, response rates were slightly higher with the platin-capecitabine com-
bination regimens compared with the platin-5-fluorouracil combinations, without 
reaching statistical significance. Overall survival, which was the primary endpoint 
of this trial, was 10.9 months with platin-capecitabine-epirubicin vs. 9.6 months 
with platin-5-fluorouracil-epirubicine (HR = 0.86, 95% CI = 0.80–0.99) giving 
proof to the study hypothesis that combining platin-epirubicin with capecitabine 
is not inferior to combining platin-epirubicine with 5-fluorouracil. Based on these 
trials and on the known preference of patients in favour of the use of oral agents 
compared to intravenously administered chemotherapeutic drugs (48) oncologists 
should consider substituting capecitabine for 5-fluorouracil in platin-combination 
chemotherapy regimens given for the treatment of advanced stomach cancer (49). 
Currently used chemotherapy regimens combining platin compounds with capecit-
abine are included in Table 2.



Table 2 Currently used platinum-based chemotherapy combination regimens for the treatment of 
stomach cancer (investigated in randomized controlled phase III trials)

Drugs Dose and route [mg/m2]

Three-drug combinations

ECF (26)
 Epirubicine   50 i.v. (30 min) day 1
 Cisplatin   60 i.v (60 min) day 1
 5-Fluorouracil  200 i.v. (continous infusion) days 1–21
 Repeated day 22

ECX (47)
 Epirubicin   50 i.v. (30 min) day 1
 Cisplatin   60 i.v (60 min) day 1
 Capecitabine 1,250 p.o. days 1–21
 Repeated day 22

EOF (47)
 Epirubicin   50 i.v. (30 min) day 1
 Oxaliplatin  130 i.v (120 min) day 1
 5-Fluorouracil  200 i.v. (continous infusion) days 1–21
 Repeated day 22

EOX (47)
 Epirubicin   50 i.v. (30 min) day 1
 Oxaliplatin  130 i.v (120 min) day 1
 Capecitabine 1,250 p.o. days 1–21
 Repeated day 22

DCF (57)
 Docetaxel   75 i.v. (60 min) day 1
 Cisplatin   75 i.v. (60 min) day 1
 5-Fluorouracil  750 i.v. (24 h) days 1–5

Prophylactic use of granulocyte-stimulating growth factors (G-CSF) recommended
 Repeated day 22

Two-drug combinations
Cisplatin-5-Fluorouracil (46)
 Cisplatin   80 i.v. (60 min) day 1
 5-Fluorouracil 1,000 i.v. (24 h) days 1–4
 repeated day 22

Cisplatin–Capecitabine (46)
 Cisplatin   80 i.v. (60 min) day 1
 Capecitabine 2,000 p.o. days 1–14
 Repeated day 22

Cisplatin-S1 (Japan) (37)
 Cisplatin   60 i.v. (60 min) day 8
 S-1 40–60 twice daily p.o. days 1–21
 Repeated day 22

FLO (74)
 Oxaliplatin   85 i.v. (120 min) day 1
 Folinic acid  200 i.v. (120 min) day 1
 5-Fluorouracil 2,600 i.v. (48 h) day 1
 Repeated day 22
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Combining Cisplatin with Taxanes

There are limited phase II data available for paclitaxel-platinum combinations in 
advanced gastric cancer. Paclitaxel 175 mg/m2 over 3 h on day 1 combined with 
5-FU 750 mg/m2 over 24 h on days 1–5 and cisplatin 20 mg/m2 over 2 h on days 1–5, 
every 28 days, achieved an overall response rate of 51% and a median survival dura-
tion of 6 months in a study of 41 patients with metastatic, unresectable advanced, 
or relapsed stomach cancer (50). The main toxicity was myelosuppression, with 
grade 3–4 neutropenia reported in 34% of patients. Another study of 45 patients 
(51) with previously untreated unresectable, locally advanced or metastatic gastric 
cancer assessed 8-week cycles (6 weeks with therapy followed by 2-week rest) with 
paclitaxel 175 mg/m2 as a 3-h infusion on days 1 and 22, cisplatin 50 mg/m2 as a 
1-h infusion on days 8 and 29, and 5-fluorouracil 2 g/m2 given over 24 h, weekly, 
preceded by folinic acid 500 mg/m2 for over 2 h. The overall response rate was 51%, 
median PFS 9 months and OS 14 months. Grade 3–4 neutropenia was reported in 
7 patients (15%); other grade 3–4 toxicities included nausea/vomiting in 5 patients 
(11%), alopecia in 22 patients (49%), and diarrhoea in 1 patient (2%).

Multiple phase II studies have investigated the efficacy of docetaxel as a single 
agent in patients with advanced stomach cancer. Overall response rates ranged from 
16 to 24% when docetaxel was used as front-line therapy and from 0 to 21% when 
given to pre-treated patients. In both settings, a significant proportion of patients 
(close to 30%) achieved disease stabilisation (52). A phase II study was undertaken 
by the Swiss Group for Clinical Cancer Research (SAKK) and European Institute for 
Oncology (EIO) to investigate the efficacy and tolerability of docetaxel (85 mg/ m2) 
in combination with cisplatin (75 mg/m2) (DC) administered every 3 weeks for up to 
eight cycles in 48 patients with advanced stomach cancer (53). In terms of efficacy, 
DC was associated with a favourable overall response rate (ORR) of 56% (including 
two complete responses), a median time to progression (TTP) of 6.6 months and a 
median overall survival (OS) of 9 months. In addition, DC was well tolerated with a 
predictable and manageable toxicity profile. As expected, the vast majority of grade 
3–4 toxicities were haematological (neutropenia 81%, anaemia 32%, thrombocyto-
penia 4%). While there were nine episodes of febrile neutropenia, none was fatal. 
A phase I–II dose-finding study (54) was subsequently conducted by the same study 
group to establish the feasibility of adding a protracted continuous infusion of 5-FU 
300 mg/m2/day for 2 weeks to first-line DC (DCF) in patients with measurable, unre-
sectable and/or metastatic gastric carcinoma. A  similar overall response rate (51%; 
n = 41), median overall survival (9.3 months) and safety profile were observed with 
this DCF regimen. Consequently, a randomized, three-arm phase II study (SAKK 
42/99) (55) was conducted in first line treatment of advanced stomach cancer. 
Patients were randomized to receive up to eight cycles every 3 weeks of either DC 
(docetaxel 85 mg/m2, cisplatin 75 mg/m2), DCF (like DC + continuous infusion of 
5-fluorouracil 300 mg/m2/day for 14 days) or ECF (epirubicin 50 mg/m2, cisplatin 
60 mg/m2, continuous infusion 5-fluorouracil CI 200 mg/m2/day for 21 days). The pri-
mary endpoint was overall response rate. Due to febrile neutropenia (ten occurrences 
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in the first 21 included patients), the dose of docetaxel was decreased from 85 mg/m2 
to 75 mg/m2, resulting in lesser febrile neutropenia occurrence. In all, grade 3–4 non-
haematological toxicity was  infrequent (less than 10% of patients) except alopecia 
(ranging from 20 to 47% in the three arms), nausea (18% in DC and DCF arms) 
and diarrhoea (15% in DCF arm). Preliminary results on 119 patients (40 in ECF, 
38 in DC and 41 in DCF) showed the highest overall response rate in the DCF arm 
(36.6%) then the ECF (25.0%) and the DC (18.5%) and median time to progression 
of 7.8 months, 5.4 months and 4.4 months, respectively. Overall survival was higher 
in docetaxel-based regimens (median survival: 10.4 months and 11.0 months in DCF 
and DC, respectively) than in ECF arm (8.2 months).

The TAX 325 Study Group had undertaken a multinational, randomized phase 
II/III study in order to determine the most efficient docetaxel-containing regimen 
(DC or DCF) to be tested in a phase III trial against CF (cisplatin 100 mg/m2 on 
day 1, and 5-fluorouracil 1,000 mg/m2/day as a continuous infusion on days 1–5 
every 4 weeks), chosen as reference arm before the onset of phase II trial. CF was 
chosen as it was an accepted standard reference therapy for regulatory purposes, 
used worldwide and studied in advanced gastric cancer as well as the reference arm 
in two ongoing large phase III trials (21, 24). In the phase II study (56) 158 previ-
ously untreated patients with metastatic (accounting for 95% of patients) or locally 
advanced/recurrent stomach or gastro-esophageal adenocarcinoma received either 
DCF (docetaxel 75 mg/m2 on day 1, cisplatin 75 mg/m2 on day 1, and 5-fluorouracil 
750 mg/m2/day as a continuous infusion on days 1–5) or DC (docetaxel 85 mg/m2 
and cisplatin 75 mg/m2 on day 1), administered every 3 weeks until disease progres-
sion, unacceptable toxicity or consent withdrawal. The aim of the study was overall 
response rate and safety comparisons between the regimens. DCF was superior 
to DC for confirmed responses (43% vs. 26%, respectively) and median time to 
tumour progression (5.9 vs. 5.0 months, respectively, equating to a 20% reduction 
in the risk of progression), while median overall survival was slightly longer in the 
DC group (10.5 months) than in the DCF group (9.6 months) with similar 1-year 
survival (41.7% vs. 35.4%, respectively). The most frequent grade 3–4 toxicities 
were neutropenia (86% vs. 87%) and gastrointestinal events (56% vs. 30%); they 
were considered as manageable. In the phase III stage of the TAX 325 study (57) 
DCF was selected for further investigation by an independent data monitoring 
committee. The primary endpoint of the TAX 325 study was time to tumour pro-
gression. Unlike most previous trials in this setting, almost all patients (97%) had 
metastatic disease (81% with at least two metastatic sites), indicating that patients 
had a high tumour burden. In all, 227 patients were randomized to the DCF arm 
and 230 to the CF arm. Patients received a median of six cycles of DCF and four 
cycles of CF. DCF (n = 221) were significantly superior to CF (n = 224) for time 
to tumour progression (p = 0.0004) with a risk reduction of 32% (HR 1.46; 95% 
CI 1.19–1.82; median: 5.6 months vs. 3.7 months), for overall survival (p = 0.02) 
with a risk reduction of 23% (median: 9.2 months vs. 8.6 months; 1-year survival: 
40% vs. 32%; 2-year survival: 18% vs. 9%), confirmed response rate (37% vs. 
25%, p = 0.01) and median time to treatment failure (4.0 months vs 3.4 months, 
p = 0.03). Even though DCF was the more intense regimen, the difference between 
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treatments was statistically significantly in favour of the DCF regimen for quality 
of life assessments (time to 5% definitive deterioration of Global Health Status 
vs. baseline: 6.5 months vs. 4.2 months, p = 0.0121) and clinical benefit (time to 
definitive deterioration of Karnofsky Performance Status by one category vs. base-
line: 6.1 months vs. 4.8 months, p = 0.088) endpoints. DCF was also statistically 
significantly superior to CF for nearly all secondary quality of life analyses (time 
to definitive deterioration in social functioning, nausea/vomiting, appetite loss, pain 
and EuroQoL EQ-5D thermometer), with a trend for time to definitive deterioration 
in physical functioning (p = 0.1349), time to definitive 5% weight loss (p = 0.0776) 
and time to definitive worsening of appetite (p = 0.1143). No difference between 
treatments was observed for pain-free survival and time to first cancer pain requir-
ing opioids (57–59). DCF was associated with increased toxicity compared with 
CF especially grade 3–4 neutropenia (82.3% vs. 56.8%) and febrile neutropenia/
neutropenic infection (30% vs. 13.5%), diarrhoea (20.4% vs. 8.0%) and neurosen-
sory toxicity (7.7% vs. 3.1%). In contrast, grade 3–4 stomatitis (20.8% vs. 27.2%) 
and anaemia (18.2% vs. 25.6%) occurred less frequently than with CF. The main 
cause of toxic deaths in both arms was infection (7 of 8 in DCF and 8 of 12 in CF), 
and they mainly occurred during the first cycle of chemotherapy. In all, 19% of 
patients in the DCF arm received secondary prophylaxis with granulocyte colony-
 stimulating factor (G-CSF) and 9% in the CF arm: among them the incidence of 
febrile neutropenia/neutropenic infection was only 12% vs. 15%, respectively. 
In patients aged at least 65 years, grade 3–4 infection (related to treatment) was 
more frequent with DCF (20%) than with CF (9%) (57). Primary prophylaxis with 
G-CSF would dramatically reduce the rate of complicated neutropenia associated 
with DCF. This treatment strategy is consistent with new European and North 
American guidelines that recommend the routine use of primary G-CSF prophy-
laxis when using a chemotherapy regimen that is associated with a high (>20%) 
risk of febrile neutropenia, such as DCF (60, 61).

The TAX 325 study has demonstrated that the addition of docetaxel to CF 
resulted in improved efficacy suggesting that it should now be incorporated in 
front-line strategies used for the treatment of patients with advanced stomach or 
gastro-esophageal cancer. Although DCF is associated with a high risk of febrile 
neutropenia, this complication may be prevented by primary G-CSF prophylaxis, 
a treatment strategy advocated in current practice guidelines. Other haematologi-
cal and non-haematological toxicities are predictable, acceptable and manageable. 
Moreover, overall toxicity management can be improved further through proper 
patient selection, early intervention, improved awareness of the treatment compli-
cations and better patient education involving close management by cancer nurses 
and general practitioners.

Following the results of TAX 325 and docetaxel approvals by the authori-
ties in the USA and Europe, the docetaxel-cisplatin-5-fluorouracil (DCF) triplet 
has become a new reference regimen in advanced gastric cancer. Numerous 
studies are ongoing to try to optimize both the efficacy and safety of existing 
regimens and to investigate the potential of new drug combinations in gastric 
cancer. Potential modifications of the DCF regimen include variations in the 
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DCF  schedule, the substitution of cisplatin with oxaliplatin, the substitution of 
5-fluorouracil with oral fluoropyrimidines, and the addition of biological agents. 
The modified DCF  regimen was tested in a randomized phase II study (62) con-
ducted in 106 patients with previously untreated metastatic stomach or oesopha-
geal carcinoma who received either modified(m) DCF (docetaxel 30 mg/m2 on 
days 1 and 8, cisplatin 60 mg/m2 on day 1, and 5-FU 200 mg/m2/day continu-
ous infusion) every 3 weeks or mDX (docetaxel 30 mg/m2 on days 1 and 8 and 
capecitabine 1,600 mg/m2/day on days 1–14) every 3 weeks. The study showed a 
confirmed overall response rate (primary endpoint) of 47% for mDCF and 26% 
for mDX, median progression-free-survival 5.8 months vs. 4.6 months for mDCF 
and mDX, respectively. Safety and tolerability were satisfactory in both treatment 
arms, with diarrhoea, hand foot syndrome and febrile neutropenia each reported 
in less than 10% of patients in each arm. To reduce the haematological toxicity 
while maintaining the efficacy of DCF, split doses of docetaxel, cisplatin, leu-
covorin, and 5-fluorouracil were investigated (63). Chemotherapy-naive patients 
with advanced stomach or gastroesophageal adenocarcinomas received docetaxel 
50 mg/m2 and cisplatin 50 mg/m2 on days 1, 15 and 29 and folinic acid 500 mg/m2 
plus 5-FU 2,000 mg/m2 on days 1, 8, 15, 22, 29 and 36, every 8 weeks. Because 
significant dose reductions to <80% became necessary in most of patients, the 
regimen was amended after the first 15 patients to docetaxel 40 mg/m2, cisplatin 
40 mg/m2, folinic acid 200 mg/m2, and 5-FU 2,000 mg/m2. Sixty patients were 
enrolled: 24 had locally advanced tumours and 36 had metastatic disease. The 
overall response rate was 47%. Twenty-three patients with locally advanced dis-
ease underwent secondary surgical resection (96%); complete resection (R0) was 
achieved in 87%. Overall, median time to progression and overall survival were 
9.4 and 17.9 months, respectively (8.1 and 15.1 months, respectively, for patients 
with metastatic disease).

DCF and modifications (Table 3) are increasingly used in clinical routine. Other 
modifications of the DCF are under investigation in order to maintain the activity 
and to improve the tolerance of the original DCF regimen: e.g. replacing cisplatin 
by oxaliplatin and 5-FU by capecitabine (64, 65).

Substituting Oxaliplatin for Cisplatin

Oxaliplatin is a platinum compound that is complexed to a diaminocyclohexane 
carrier ligand. Like other platinum compounds, oxaliplatin stimulates apoptosis 
and ultimately cell death by inhibition of DNA replication and repair by means of 
adducts between pair bases. Oxaliplatin has demonstrated activity in tumours with 
intrinsic or acquired resistance to cisplatin (66–68). Whereas cisplatin is associated 
with dose-limiting renal toxicity, peripheral neuropathy and cumulative ototoxicity (69) 
the principal dose-limiting toxicity of oxaliplatin is cumulative sensory peripheral 
neuropathy, which may resolve over time. Other oxaliplatin-associated toxicities 
include neutropenia, diarrhoea and vomiting, which can be managed with appropriate 
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Table 3 The original DCF (docetaxel, cisplatin, 5-FU) chemotherapy regimen and recently pub-
lished modifications

Regimen No. of patients CR/PR [%]
Febrile 
neutropenia (%)

DCF (57), every three weeks 221 37 29
 Docetaxel 75 mg/m2 on day 1
 Cisplatin 75 mg/m2 on day 1
 5-Fluorouracil 

1,000 mg/m2 on days 1–5

GASTRO-TAX (63), 
every seven weeks

 60 47  5

 Docetaxel 40 mg/m2 
on days1, 15, 29

 Cisplatin 40 mh/m2 
on days 1, 15, 29

 Folinic acid 200 mg/m2 
on days 1, 8, 15, 21, 29, 36

 5-Fluorouracil 2,000 mg/m2 
on days 1, 8, 15, 21, 29, 36

ATTAX (62), every three weeks  50 49  4
 Docetaxel 30 mg/m2 on days 1, 8
 Cisplatin 60 mg/m2 on day1
 5-Fluorouracil 

200 mg/m2/day continously

D-FOX (64), every two weeks  36 43  0
 Docetaxel 50 mg/m2 on day 1
 Oxaliplatin 85 mg/m2 on day 1
 5-Fluorouracil 

2,200 mg/m2on day 1 (48 h)

FLOT (65), every two weeks  59 53  2
 Docetaxel 50 mg/m2 on day 1
 Oxaliplatin 85 mg/m2 on day 1
 Folinic acid 200 mg/m2 on day 1
 5-Fluorouracil 

2,600 mh/m2 on day 1 (24 h)

CR complete remission; PR partial remission

prophylaxis and treatment. Oxaliplatin has demonstrated in vitro anti-tumour activ-
ity in human gastric cancer cell lines (70).

Results of several phase II studies using the FOLFOX regimen as first-line 
 treatment in advanced gastric cancer were previously published and recorded a 45% 
and 43% response rate, respectively, a median time to progression of 6.2 months 
and median overall survival of 8.6 months in a French study (71) and a median 
overall survival of 9.6 months in a German study (72). In another German phase II 
study conducted in 48 patients with previously untreated metastatic stomach cancer 
(73) weekly 5-fluorouracil-oxaliplatin (FUFOX) demonstrated a favourable  toxicity 
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profile and achieved an overall response rate of 54%, median time to progression of 
6.5 months and a median overall survival duration of 11.4 months. All these phase 
2 studies showed relatively high and consistent degrees of activity.

Using ECF as a reference regimen, the UK National Cancer Research Institute’s 
phase III REAL-2 study (47) was conducted in 1002 patients with previously 
untreated metastatic adeno-, squamous or undifferentiated carcinoma of the oesopha-
gus, gastro-oesophageal junction or stomach. The study used a 2 × 2 factorial study 
design, in which patients were randomised to one of four treatment arms: ECF 
(epirubicin, cisplatin, 5-fluorouracil), ECX (epirubicin, cisplatin,  capecitabine); 
EOF (epirubicin, oxaliplatin, 5-fluorouracil), EOX (epirubicin, oxaliplatin, capecit-
abine) with epirubicin given at a dose of 50 mg/m2, cisplatin 60 mg/m2, oxaliplatin 
130 mg/m2, protracted venous infusion of 5-fluorouracil at 200 mg/m2/day and 
oral capecitabine 625 mg/m2 twice daily, for a total of eight 3-week cycles. 
Characteristics were well-balanced between treatment arms, 89% patients had 
Eastern Cooperative Oncology Group (ECOG) performance status 0–1 and 77% 
had metastatic disease. Primary endpoints were overall survival comparison for 
capecitabine vs. 5-fluorouracil and oxaliplatin vs. cisplatin (non-inferiority margin 
of 1.23) and between all four regimens (superiority) using stratification by centre, 
locally advanced/metastatic cancer, Performance Status (PS) 0–1/2. In the intent-
to-treat population, median survival was 9.9 months for ECF, 9.3 months for EOF, 
9.9 months for ECX and 11.2 months for EOX. The non-inferiority primary end-
point (overall survival) was met for both the fluoropyrimidine (HR = 0.92, 95% CI: 
0.80–1.10) and platinum (HR = 0.86, 95% CI: 0.8–0.89) comparisons of the respec-
tive per-protocol populations. The survival benefit for EOX compared to ECF was 
statistically significant (p = 0.020), with a HR of 0.80 (95% CI = 0.66–0.97). The 
overall response (complete/partial response) rates were consistently high at 40.7%, 
46.4%, 42.4% and 47.9% for the ECF, ECX, EOF and EOX regimens, respec-
tively, with no significant difference between groups. Grade 3–4 neutropenia was 
more commonly associated with cisplatin (ECF, 41.7%; ECX, 51.1%) than with 
oxaliplatin (EOF, 29.9%; EOX, 27.6%). Grade 3–4 non-hematological toxicity 
was reported for 36%, 33%, 42% and 45% of patients in the ECF, ECX, EOF and 
EOX groups, respectively. The authors concluded that oxaliplatin may substitute 
for cisplatin and capecitabine for 5-FU without decreasing efficacy, with improved 
convenience and favourable safety; EOX seems to be associated with significantly 
improved efficacy compared to ECF.

In the German study FLO/FLP (5-fluorouracil, leucovorin, cisliplatin) (74), 
112 patients were randomized to receive FLO (5-FU 2,600 mg/m2 24-h infusion, 
folinic acid 200 mg/m2, and oxaliplatin 85 mg/m2, every 2 weeks) and 110 patients to 
FLP (5-FU 2,000 mg/m2 24-h infusion, folinic acid 200 mg/m2 weekly, and cisplatin 
50 mg/m2, every 2 weeks). The primary endpoint was time to tumour progression. 
In all, 162 patients (FLO, 80; FLP, 81) had disease progression with a median time 
to progression of 5.7 months for FLO and 3.8 months for FLP (p = 0.081). Response 
to FLO (34%) was superior to FLP (27%), with 15% and 30% of patients having 
disease progression as best response to FLO and FLP, respectively (p = 0.012). 
Median treatment duration was 4.3 months with FLO and 3 months with FLP. 
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FLO was associated with significantly less NCI-CTC grade 1–4 leucopenia, nausea, 
alopecia, fatigue, and renal toxicity and FLP was associated with significantly less 
peripheral neuropathy (p < 0.05). Severe adverse events related to treatment were 
less frequent with FLO (8.9%) as compared to FLP (18.6%) (p = 0.046).

In conclusion, oxaliplatin seems to be at least as active and less toxic compared 
to cisplatin in combination regimens in gastric cancer and can therefore replace 
cisplatin. Currently used regimens incorporating oxaliplatin are integrated into 
Table 2.

Platinum Combinations in the Multimodality Treatment 
of Stomach Cancer

The value of adjuvant chemotherapy has generated controversial debates for years. 
But recent results from two randomized European trials have demonstrated a con-
sistent survival advantage for perioperative chemotherapy in patients presenting 
with locally advanced stomach cancer and cancer at the gastroesophageal junction 
deemed to be resectable (clinical stages II and III according to Union International 
Contre le Cancer [UICC]). Perioperative treatment consisted of 8–9 weeks of 
preoperative platinum-5-fluorouracil-based chemotherapy and another 9–12 weeks 
of the same chemotherapy for those who were able to tolerate postoperative treat-
ment (75, 76). Results are shown in Table 4. As overall survival was shown to be 
increased with perioperative chemotherapy, cisplatin-5-fluorouracil-based regi-
mens have become a standard of care for the treatment of stage II and III stomach 
cancer in many institutions in the Western hemisphere.

A couple of randomized trials have also been performed to investigate the 
value of postoperative adjuvant treatment. European studies mostly focused on 

Table 4 Perioperative chemotherapy in stage II and stage III stomach cancer. Phase III studies

Author
No. of 
patients

Stages 
(UICC) CTx

R0 
(%)

HR PFS 
(95% CI)

HR OS 
(95% CI)

5-year 
survival 
(%)

Cunningham 
et al. (75)

250 II and III ECF × 3 
preop., ×3 
postop., ×3

69% 0.66 
(0.53–
0.81)

0.75 (0.60–
0.93)

36

253 none 66% 23
Boige 

et al. (76)
113 II and III CF × 2 preop., 

× 4 postop.
87% 0.65 (0.48–

0.89)
0.69 

(0.50–
0.95)

38

111 none 74% 24

CT computed tomography; CTx chemotherapy; (E)CF (epirubicin), cisplatin, 5-fluorouracil; HR 
hazard ratio; OS overall survival; PFS progression-free survival; UICC Union International Contre 
le Cancer
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intensive combination chemotherapy regimens, usually associated with consider-
able toxicities. These trials have never demonstrated any significant improvement 
in survival by adjuvant chemotherapy. Meanwhile, several meta-analyses on the 
effect of adjuvant chemotherapy in gastric cancer have been published (77). In the 
largest meta-analysis from a Scandinavian group of investigators it was shown that 
smaller survival advantages were seen in those studies performed in Asia. The 
cause of this difference is not apparent, but interestingly platinum-based combina-
tion chemotherapies were not used in Asia in the postoperative (adjuvant) setting 
and toxicities were reported to be much less compared with the European trials. In 
a recently published trial, Japanese investigators have shown that S-1 (80 mg/m2 
day 1–28, repeated day 43) given for one year after curative resection including 
a D2 lymphadenectomy did significantly improve the overall survival (78). 90% 
of the patients included had nodal positive disease. A similar survival advantage 
over surgery alone, investigated in a smaller and prematurely terminated study, has 
been published with the use of adjuvant uracil-tegafur (UFT) for 16 months (79). 
Postoperative S-1 is now a new standard of care for node positive R0 D2 resected 
patients in Japan. The oral 5-FU prodrugs, above all S-1, should clearly be studied 
in the adjuvant setting outside of Japan.

In the US, adjuvant chemoradiation has been adopted as a standard of care. 
This recommendation was based on the results of the Intergroup study 0116 that 
compared 5-fluorouracil-based chemoradiation with no adjuvant treatment after 
curative resection of locally advanced stomach cancer. Survival was significantly 
better with adjuvant chemoradiation. Again, platinum compounds were not applied 
in this trial (80). Italian investigators asked the question of the additional value of 
cisplatin in the adjuvant chemotherapy of gastric cancer. They recently published 
results of a study that showed no benefit at all when cisplatin and epirubicin were 
added to adjuvant 5-fluorouracil/folinic acid in patients with serosa negative but 
nodal positive disease (81). A point to note is that only 9% of the patients were 
able to finish adjuvant cisplatin-containing combination chemotherapy as planned. 
This clearly shows that tolerable and feasible regimens should be preferred when 
adjuvant chemotherapy in stomach cancer is used. At present, no data support the 
preferred use of more toxic (cisplatin-) based combination chemotherapy regimens 
compared to 5-fluorouracil alone in the adjuvant setting.

Platinum Compounds in Newer Combination Regimens 
with Biologically Targeted Agents

Currently, some promising data arise from studies investigating monoclonal 
antibodies directed against epidermal growth factor receptors EGFR (Her-1) and 
ErbB2/Her2 as well as against vascular endothelial growth factor (VEGF). In the 
majority of these phase II trials the antibodies are combined with platinum-based 
regimens (82–84).
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Oxaliplatin-Based Chemotherapy 
for Colon Cancer
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Abstract For more than 40 years the treatment of colorectal cancer was based upon 
the use of 5-fluoruracil (5-FU) administered according to a variety of schedules, 
either alone or with several modulators. The response rate ranged between 10% 
and 20% with progression-free survival (PFS) of 6 months and overall survival of 
around 1 year. The introduction into the clinic of oxaliplatin, a diaminocyclohexane 
platinum analogue, and the demonstrated synergistic activity when combined with 
5-FU, led to the popular scheme FOLFOX 4 and its simplified forms, including 
more recent evolutions with capecitabine as a substitute for leucovorin-modulated 
5-FU. We learned from several randomised phase III trials that in the advanced set-
ting these combinations could produce a response rate ranging from 37 to 50% with 
a progression-free survival of around 8–9 months. Furthermore, a small percent-
age of unselected patients initially considered inoperable may become resectable 
 following chemotherapy. Oxaliplatin-based regimens can be further strengthened 
by the addition of a third component, either a traditional drug such as CPT11 or 
a targeted agent such as the anti VEGF antibody bevacizumab and the  anti-EGFR 
receptor cetuximab. The sequential administration of all these active agents sig-
nificantly improved the outcome of advanced colorectal cancer patients with 
several studies reporting median survivals exceeding 20 months. Two large phase 
III  studies (the MOSAIC trial and the NSABP C07) enrolling patients with stage 
II and III colon cancer have consistently demonstrated a 5% absolute improvement 
in a 3-year DFS favouring the oxaliplatin-containing arms. In the MOSAIC trial the 
improved 3-year DFS translates in a statistically significant better 6-year survival 
only for stage III patients (73% vs. 68.6%).
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Introduction

Since its introduction into the clinic fifty years ago and up to the mid-1990s, 
5- fluorouracil (5-FU) was the only effective agent for the treatment of colorectal 
 cancer (1). During this period of time an extensive knowledge regarding the 
 mechanisms of actions of the drug was gained (2). In particular it was learned 
that when given by prolonged venous infusion (PVI) the drug was associated with 
improved thimidylate syntase (TS) inhibition and less interference with DNA and 
RNA synthesis, as compared with the bolus schedules. 5-FU toxicity was also 
schedule-dependent, skin toxicity and diarrhoea being prevalent with PVI 5-FU, while 
neutropenia was more often observed with the bolus schedules. These observations 
provided the theoretical basis for the combination of the two modalities of 5-FU 
administration (bolus and PVI), along with the modulator leucovorin (LV) into the 
same schema, known as LV5FU2, developed in France by Aimery de Gramont at the 
end of the 1980s (3). In a randomised study, the program combining 5-FU bolus and 
continuous infusion nearly doubled response rate compared with bolus administration 
but without meaningful improvement of survival (4). When the cisplatin analogue 
oxaliplatin was introduced into the clinic, LV5FU2 seemed a good partner to combine 
with, bringing about the regimen known as “FOLFOX 3” and its evolutions (5).

The main clinical achievements in the treatment of stage IV (advanced)  colorectal 
cancer and of stage II and III (radically resected, node negative and node positive, 
respectively) colon cancer during the 5-FU era can be summarised as follows:

1. Stage IV colorectal cancer patients derive a sizable benefit from the treatment 
with 5-FU, as compared with patients left untreated: increased overall survival 
from 6 months to around 1 year, better quality of life (6, 7)

2. Compared to 5-FU alone, 5-FU modulated by LV or methotrexate is associated 
with the doubling of the response rate (from 10 to 20%), which translates into a 
marginal improvement of overall survival (8, 9)

3. Compared to observation, six months of LV modulated bolus 5-FU chemo-
therapy given according to different schedules (Mayo clinic, Roswell Park, 
Machover) following radical resection of stage III colon cancer improved 
patient’s overall survival and disease-free survival (10–12).

In this paper we will briefly review the main results obtained following the addition 
of oxaliplatin to the armamentarium of drugs available for the treatment of advanced 
colorectal cancer and radically resected (Stage II and III) colon  cancer. The role of 
oxaliplatin in the multimodality treatment of rectal cancer and to improve resecta-
bility with curative intent in metastatic colorectal cancer is  discussed elsewhere in 
this book.

Advanced Colorectal Cancer

As a single agent, oxaliplatin displays only a marginal activity in the clinic (13). 
However, when administered with 5-FU, the combination is highly synergistic. 
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The best example of this synergism comes from the 3-arm phase III trial by 
Rothenberg et al. (14) in which advanced colorectal cancer patients progressing 
following treatment with irinotecan, 5-FU and LV were randomised to receive 5-FU 
alone, oxaliplatin alone or the “FOLFOX 4” combination of the two drugs. Overall 
Response Rate (ORR) and Time to Progression (TTP) were similarly low in patients 
allocated to receive either 5-FU alone (0% ORR; 2.7 months TTP) or oxaliplatin 
alone (1.3% ORR; 1.6 months TTP) while better results were observed in the combi-
nation arm (9.9% ORR; 4.6 months TTP). In vitro data implies the down- regulation 
of TS protein expression by oxaliplatin as a possible molecular mechanism for the 
observed synergy (15). As front line treatment the “FOLFOX 4” regimen was tested 
against LV5FU2 in a randomised study which involved 420 patients, published in 
the year 2000 (16). Although patients randomised to receive up front the combina-
tion including oxaliplatin showed a better ORR (50.7% vs. 22.3%) and a longer 
TTP (9.2 months vs. 6 months), OS was not significantly improved (16.2 vs. 14.7 
months). However, median OS observed in the LV5FU2 arm is about 3 months 
longer than that reported in the pre-oxaliplatin era, probably as a result of the intro-
duction of oxaliplatin (or irinotecan) as a second line treatment.

In that same year 2000 the results of two trials in which patients were  randomised 
to receive a combination of irinotecan and 5-FU or 5-FU alone were published. 
5-FU was given according to different schedules: the weekly bolus infusion accord-
ing to Roswell Park in the USA (17), weekly PVI (the “German schedule”) or 
biweekly combination of bolus and PVI as in the LV5FU2 in Europe (18). The 
irinotecan-containing arms performed statistically better regarding all the investigated 
para meters (ORR, TTP and OS). Overall, these data prompted the head to head 
comparison of oxaliplatin- or irinotecan-containing regimens in five trials (Table 1). 
Looking at the most important parameter, OS, in 3 studies the two drugs tied while 
in the remaining oxaliplatin arms were the winners. However, the bigger of these two 
trials (20) deserves two comments: (1) oxaliplatin was combined with 5-FU given as 
bolus and PVI while irinotecan was administered in combination with bolus 5-FU, 

Table 1 Published trials comparing oxaliplatin- and irinotecan-containing regimens

Reference
No. of 
Patients Treatment

OR/CR 
(%)

Resection 
rate (%)

TTP 
(months)

OS 
(months) p value

Tournigand (19) 226 FOLFOX 6 54/4.6 22 8.5 20.6 n.s.
FOLFIRI 45/2.8 9 21.5

Goldberg (20) 795 FOLFOX 4 45/8.6 4.1 8.7 19.5
IFLa 31/3 0.7 6.9 15 0.0001
IROX 35/4 4.2 6.5 17.4 0.04

Comella (21) 274 OXAFAFU 44/14 4.3 7b 18.9 0.032
IRIFAFU 31/12 2.2 5.8b 15.6

Kalofonos (22) 295 OXA/LV/FU 33/ n.r. 7.6 17.4 n.s.
IRI/LV/FU 32/5 8.9 17.6

Colucci (23) 360 FOLFOX 4 34/5.2 n.r. 7 15 n.s.
FOLFIRI 31/4.8 7 14

aBolus 5-FU
bTime to Treatment failure
n.r. not reported; n.s. not significant
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in a regimen, the IFL, which lately emerged as too toxic (24); (2) when this trial was 
conducted oxaliplatin was not marketed in the USA and therefore only a minority of 
patients randomised to IFL could receive oxaliplatin upon progression. Overall, the 
main conclusions that can be drawn from these comparisons are the equivalence of the 
two drugs in terms of efficacy and the importance of exposing the majority of patients 
to both. The last concept was later strengthened by Grothey et al. (25). They collected 
data from seven published phase 3 trials and were able to demonstrate a correlation 
between the percentage of patients exposed to all active drugs (5-FU, Oxaliplatin, 
CPT11) and OS. In particular, when the percentage of patients receiving both doublets 
(5-FU oxaliplatin, 5-FU irinotecan) is close to 60%, OS is around 20 months, and it 
is irrespective of the sequence.

Further developments upon the 5-FU/oxaliplatin cornerstone were the com-
binations initially with irinotecan and more recently with the biological drugs 
 bevacizumab and cetuximab. Triplets including irinotecan (5-FU/oxaliplatin/ 
irinotecan) have been investigated in eleven phase I-II studies (26–36). Table 2 
summarises the main results of these studies. Although the different schedules make 
any comparison difficult, it is easy to see that, as expected, dose limiting toxicities 
observed in all the trials were diarrhoea and neutropenia. A response rate ranging 
from 50 to 72% was observed in advanced colorectal cancer patients when triplets 
were administered as first line treatment, and from 24 to 27% in the studies evaluat-
ing triplets in 5-FU-refractory patients (27, 36). The front-line administration of a 
triplet, compared to a doublet including 5-FU and irinotecan, has been investigated 
in two randomised phase 3 trials. In the trial by the Hellenic Cooperative Group 
which involved 283 patients, although all the investigated parameters of efficacy 
were in favour of the triplet arm (ORR 43% vs. 34%; TTP 9.4 vs. 6.9 months; OS 
21.5 vs. 19.5 months), no one reached statistical significance (37). The second trial 
included 244 patients and was performed by the Italian GONO Cooperative Group 
(38). In this paper the administration of the triplet was associated with improved 
ORR (60% vs. 34%, p < 0.001) longer OS (22.6 vs.16.7 months, p = 0.032) and 
an increased resectability rate (15% vs. 6%, p = 0.033). While the 5-FU-irinotecan 
regimen is the same in both trials, the schedule and the doses of the drugs in the 
triplet arms are different. This fact, along with differences in the treated populations 
may account for the discrepant results observed.

Bevacizumab is a monoclonal antibody which blocks the Vascular Endothelial 
Growth Factor, a critical mediator of angiogenesis (39, 40). It has been shown 
in randomised studies in previously untreated patients that the addition of beva-
cizumab to 5-FU alone (41) or to the combination of 5-FU and irinotecan (42) 
improves the efficacy of chemotherapy. In patients previously treated with 5-FU 
and  irinotecan, the inclusion of bevacizumab into the FOLFOX 4 regimen signifi-
cantly improves ORR (22.7% vs. 8.6%), TTP (7.3 vs. 4.7 months) and OS (12.9 
vs. 10.8 months), when compared to the FOLFOX only arm (43). The results 
obtained when bevacizumab is given as a front-line treatment along with an 
 oxaliplatin-containing  regimen were presented last year. This study (NO 16966) 
(44, 45) began as a front line study in which patients were randomised to receive 
either FOLFOX 4 or XELOX ( oxaliplatin 130 mg/m2 as an intravenous injection 
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on day 1 and  capecitabine 1,000 mg/m2 orally b.i.d on days 1–14 every 3 weeks). 
In August 2003 after the phase III bevacizumab data became available the protocol 
was amended to a 2 × 2 partially blinded study by adding 7.5 mg/kg of  bevacizumab 
i.v. or placebo on day 1 every 3 weeks to XELOX and bevacizumab 5 mg/kg i.v. 
or placebo every two weeks to FOLOFOX 4; overall 2,034 patients were included. 
Main objectives of the study were twofold: (1) non inferiority of XELOX vs. 
FOLFOX 4; (2) bevacizumab plus chemotherapy (FOLFOX 4 or XELOX) is 
superior to chemotherapy plus placebo. The primary parameter of efficacy was 
progression-free survival (PFS) which resulted identical in both arms (8.5 months 
in the FOLFOX 4 plus placebo or bevacizumab arms, 8 months in the XELOX 
plus placebo or bevacizumab arms). OS was also very close (19.6 months in the 
FOLFOX 4 arms, 19.8 months in the XELOX arms). Capecitabine is therefore non-
inferior to bolus and continuous infusion 5-FU. Regarding the second main objec-
tive, the superiority of bevacizumab to placebo, although the primary objective was 
met since a longer PFS was observed in the bevacizumab arms (9.4 vs. 8 months, 
p = 0.023), the results were inferior to that observed when bevacizumab was added 
to 5-FU/LV alone (41) (8.8 months in the FU/LV/bevacizumab group, 5.6 months 
in the FU/LV group; p ≤ 0.001), to IFL (42) (10.6 months in the IFL/bevacizumab 
arm, 6.2 months in the IFL arm; p < 0.001) or when combined to FOLFOX in 
patients progressing following treatment with IFL (see above). Finally, ORR was 
identical (38%) in patients who received bevacizumab or placebo while OS was 
only marginally improved in patients treated with chemotherapy plus bevacizumab 
(21.3 vs. 19.9 months p = 0.07).

Cetuximab, a monoclonal antibody against the epidermal growth factor 
receptor, is indicated for the treatment of patients progressing after treatment 
with irinotecan and oxaliplatin (46). The drug is able to restore the sensitiv-
ity to irinotecan in about 20% of irinotecan-resistant patients and it is with 
irinotecan-containing regimens that this compound has been mostly investigated. 
Data with oxaliplatin-containing regimens is less abundant. In a phase II study 
in 43 patients, the combination of cetuximab with FOLFOX as a front-line 
treatment was associated with a dramatic 72% ORR, including a 9% complete 
remission rate (47). However, when the investigation was replicated under the 
more controlled rules of a randomised phase II study (The OPUS study), ORR 
was lower (45.6% in the cetuximab-FOLFOX arm, 35.7% in the FOLFOX only 
arm) (48). The addition of cetuximab to the FOLFOX or FOLFIRI regimens 
was also attempted in the CALGB-80203 trial. The study had planned to enrol 
2,300 patients, but closed prematurely when only 224 patients were randomised 
because of slow accrual. In patients who received FOLFOX (n = 58) or FOLFOX 
plus cetuximab (n = 53) response rates were 40% and 60%, respectively (49). 
The concept of combining both antibodies with FOLFOX or FOLFIRI is being 
investigated in the CALGB Intergroup study C80405 (50). This is a 3-arm study 
powered for survival. The physician selects either FOLFOX or FOLFIRI, and 
then patients are randomly assigned to bevacizumab alone, cetuximab alone or 
the combination of the two. This is an important study which, if completed, will 
show the merits of using an anti-VEGF antibody, an anti-EGFR antibody or the 
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combination of the two. However, a study with an identical design known with the 
acronym PACCE (51), sponsored by Amgen, in which cetuximab was substituted 
with the fully humanised monoclonal antibody panitumumab, had to be closed 
prematurely because the pre-planned interim analysis showed negative effect on 
progression-free survival.

In conclusion, in the past few years the pharmacological treatment of advanced 
colorectal cancer has witnessed substantial changes, with the addition to 5-FU 
modulated by LV of new effective drugs such as Oxaliplatin and Irinotecan and 
more recently with the introduction of targeted therapies such as anti-vascular and 
anti Epidermal Growth Factor receptor agents. As a result of the extensive clinical 
research in this field and of the widespread availability of new drugs for patients, 
the outlook of advanced colorectal cancer has improved: patients live longer and 
also enjoy a better quality of life. However, with five active agents, we still have to 
learn how best to use them.

The Adjuvant Setting

The results obtained with the addition of oxaliplatin (or irinotecan) to the 5-FU 
backbone in the advanced stages, prompted the launch of a series of randomised 
phase III studies in stage II and III colon cancer patients. In these studies patients 
were randomised to receive either a combination of 5-FU and LV or the same 
combination plus oxaliplatin (or irinotecan). The role of oxaliplatin was inves-
tigated in two studies (52, 53) while the impact of irinotecan was investigated 
in three (54–56). From the data summarised in Table 3 it is fair to conclude that 
while the addition of oxaliplatin to the regimens including 5-FU and LV is asso-
ciated with a better outcome for patients, the introduction of irinotecan is either 
marginally effective or detrimental. Furthermore, the activity of oxaliplatin is 
independent from the 5-FU-LV schedule since the results initially observed in the 
MOSAIC trial in which oxaliplatin is given biweekly with bolus and continuous 
infusion 5-FU are confirmed in the NSABP C07 trial in which biweekly oxalipla-
tin is combined with weekly 5-FU and LV. However, the schedule issue matters 
in terms of toxicity, especially neurotoxicity, enteropathy and toxic deaths. The 
lower incidence of grade III neurotoxicity reported in the NSABP C07 trial (8%) 
compared to the MOSAIC trial (12.4%) is easily explained by the lower cumula-
tive doses of oxaliplatin in the former study (765 mg/m2 vs. 1,025 mg/m2). The GI 
toxicity in the NSABP C07 was recently described in detail (57). A syndrome of 
bowel wall injury characterised by hospitalisation for the management of severe 
diarrhoea or dehydration and radiographic or endoscopic evidence of bowel wall 
thickening or ulceration happened in 79 out of 1,857 patients (4.3%). The major-
ity of these patients (65%) had received bolus 5-FU-LV and oxaliplatin. Besides 
this syndrome, not observed in the MOSAIC trial, the incidence of grade III and 
IV diarrhoea was also higher in the oxaliplatin containing arm of the NSABP 
C07 trial (38% vs. 10.8%). Finally treatment related deaths were 0.5% in the 
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MOSAIC trial and 1.2% in the NSABP C07. In conclusion, FOLFOX should 
be the preferred regimen in the adjuvant setting although the lower incidence 
of grade III neurotoxicity, the ease of administration of bolus delivery and the 
avoidance of the central catheter, could make FLOX preferable in some cases, 
with the warning that enteric toxicity should be carefully managed.

The positive results of the MOSAIC trial, which enrolled 40% of stage II patients, 
led the regulatory Authorities Food and Drug Administration in the USA and the 
European Medicine Agency to approve this protocol for the adjuvant  treatment of 
only stage III patients. These decisions were criticised in a  commentary by Grothey 
and Sargent (58) published in the Journal of Clinical Oncology, for the main rea-
sons that were based upon a sub group analysis. The recently reported improved 
OS observed only in stage III patients (59), with an absolute difference of 4.4% 
(p = 0.029) in favour of the oxaliplatin-containing arm could, however, lend support 
to the conservative approach applied by the Regulatory Agencies.

The role of both bevacizumab and cetuximab is being actively investigated in 
the adjuvant setting. The AVANT (AVastin adjuvANT) trial is a 3-arm European 
trial in which 3,451 stage III and high risk stage II patients were randomised to 
receive: (1) FOLFOX 4 alone for 12 cycles, (2) FOLFOX 4 plus bevacizumab 
5 mg/kg for 12 cycles followed by bevacizumab alone at the dose of 7.5 mg/kg 

Table 3 Randomised studies evaluating oxaliplatin-based and irinotecan-based combinations as 
adjuvant treatment for colon cancer

Drug Reference
No. of 
patients

Disease 
stage

Treatment 
arms

3-year 
 disease-free, 
relapse-free 
survival (%) Δ (%) p value

Oxaliplatin MOSAIC 
(52)

1,123 II-III LV5-FU2 72.9

FOLFOX 78.2 5.3 0.002
NSABP 

C07 (53)
1,207 II-III Roswell Park 71.8

Roswell Park + 
Oxaliplatin

76.1 4.3 <0.004

Irinotecan FNCLCC 
ACCORD
02 (54)

400 III high 
risk

LV5-FU2 60

FOLFIRI 51 −9
CALGB 

89803 
(55)

1,264 III Roswell Park 69

Roswell Park + 
Irinotecan 
(IFL)

66 −3

PETACC 
3 (56)

2,111 III LV5-FU2 60.3

FOLFIRI 63.3 3
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every 3 weeks for eight additional cycles or (3) XELOX (capecitabine oxaliplatin) 
plus  bevacizumab 7.5 mg/kg every 3 weeks for 8 cycles followed by bevacizumab 
alone at the same dose and interval for eight additional cycles. The accrual of this 
study was completed in 30 months (from December 2004 to June 2007). This 
study addresses not only the value of bevacizumab in this population but also 
the  possibility of substituting capecitabine to bolus and PVI 5-FU, thus  avoiding 
the need of the central catheter. In the NSABP C08 study conducted in the USA 
stage II and III colon cancer patients were randomised to either FOLFOX6 alone 
(an evolution of FOLFOX4 in which the bolus of 5-FU on day 2 is taken off 
while 5-FU PVI is given at the dose of 2,400 mg/m2 over 46 h starting on day 1) 
or to the same combination plus bevacizumab 5 mg/kg for 12 cycles followed 
by bevacizumab alone at the same dose for 12 additional cycles. The addition of 
cetuximab to FOLFOX4 is being investigated in a randomised study performed 
by the Pan European Trials in Adjuvant Colon Cancer (PETACC 8) in stage III 
patients (60).

The results of all these studies are eagerly awaited with the hope that a further 
improvement in the cure rate of colon cancer will be shown. In this case the search 
for the best regimen to propose to radically resected stage II and III colon cancer 
patients will have to continue performing direct comparisons between the best 
bevacizumab-containing or cetuximab-containing regimens. Furthermore, it will be 
interesting to evaluate the results of the CALGB Intergroup study C80405, since 
positive findings from the strategy of blocking VEGF along with EGFR will open 
the way to their evaluation in the adjuvant setting.

To summarise, in less than two decades the 3-year disease-free survival for stage 
III colon cancer patients increased from 44% with surgery alone in 1990, to 62% 
with the 6 months combination of 5-FU and LV in 1995, to the 65% observed in 
the LV5-FU2 arm in the MOSAIC trial and finally to the 72% obtained in both 
oxaliplatin-containing arms of the MOSAIC and NSABP C07 trials. For sure, 
improvements in the imaging which allowed a better selection of patients contrib-
uted to these results but in this success story the majority of merits is attributable 
to adjuvant chemotherapy.
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First-Line Systemic Chemotherapy with 
Folfoxiri Followed by Radical Surgical 
Resection of Metastases for the Treatment 
of Unresectable Metastatic Colorectal 
Cancer Patients

Enrico Vasile, Gianluca Masi, Fotios Loupakis, Samanta Cupini, 
Giacomo Giulio Baldi, Lorenzo Fornaro, Irene Stasi, Lisa Salvatore, 
and Alfredo Falcone

Abstract Prognosis of patients with initially unresectable metastatic colorectal 
cancer (MCRC) can be improved if chemotherapy induces a significant  down-sizing 
of metastatic disease thus allowing a radical (R0) surgical resection of metastases 
(mts). Moreover, it has been demonstrated that there is a clear correlation between 
the activity of the regimen used and the rate of secondary R0 resections.

We studied the triple drug combination FOLFOXIRI (irinotecan 165 mg/m2 on 
day 1, oxaliplatin 85 mg/m2 on day 1, 1-leucovorin 200 mg/m2 on day 1, 5-fluorou-
racil 3,200 mg/m2 48-h flat  continuous infusion starting on day 1, repeated every 
2 weeks) in phase II and III  trials. Overall 196 patients with initially unresectable 
MCRC not selected for a  neoadjuvant  strategy were treated. This regimen was asso-
ciated with a good activity (response rate ranging from 60 to 72%) and 37 patients 
(19%) underwent to a secondary R0 surgery on metastases after chemotherapy.

Characteristics of the 37 radically resected patients were: median age 64 years 
(45–73), ECOG PS ≥ 1 in 11 patients (30%), median CEA 10 ng/ml (1–288), 
liver involvement ≥25% in 18 patients (49%). Sites of disease were: liver only 25 
patients (68%), lung only 4 patients (11%), liver + lymphnodes 5 patients (13%), 
liver + peritoneum 1 patient (3%), liver + lung 2 patients (5%). Mts were synchro-
nous in 24 patients (65%) and metachronous in 13 patients (35%). There was no 
perioperative mortality. After a median follow up of 61 months, median OS is 40.8 
months. The actuarial 5-year survival from the onset of chemotherapy is 45%. In 
11 patients who showed progression of disease after surgery, a surgical re-resection 
and/or radiofrequency ablation was performed.

These data indicate that FOLFOXIRI allows an R0 surgical resection in about 
1 out of 5 patients with initially unresectable MCRC not selected for a  neoadjuvant 
approach. Long term survival of resected patients is significant and  comparable with 
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the survival of patients resectable up-front. This FOLFOXIRI regimen should be 
considered as neoadjuvant treatment in initially unresectable metastatic  colorectal 
cancer patients.

Keywords Metastatic colorectal cancer; Neoadjuvant chemotherapy; FOLFOXIRI; 
Surgical resection of metastases

Colorectal cancer represents the second most frequent cause of cancer-related 
deaths in Western countries (1).

Approximately 25% of colorectal cancer patients have metastases at diagnosis, 
and an additional 25–35% of patients will develop metastases during the course 
of their disease. Significantly, between 20 and 30% of patients with metastatic 
 colorectal cancer (MCRC) have liver only disease, and ~50% of recurrences fol-
lowing resection of the primary tumour are confined to the liver (2, 3).

The treatment of MCRC has achieved considerable progresses in the last decade 
with the median survival of patients reaching almost 2 years thanks to the use of 
novel cytotoxic and biological agents coupled with an increased use of surgery of 
metastases (4).

Chemotherapy remains the cornerstone for the treatment of almost all MCRC 
patients. For decades 5-fluorouracil (5FU) has been the only available agent (5). In 
the last years, irinotecan (CPT-11) and oxaliplatin (LOHP) have demonstrated good 
anti-tumour activity in MCRC. The combinations of CPT-11 + 5FU/leucovorin 
(LV) (FOLFIRI) and LOHP + 5FU/LV (FOLFOX) have shown increased activity 
and efficacy compared with 5FU/LV alone in several phase III randomized studies 
(6–10). A randomized study conducted by GERCOR have demonstrated that a treat-
ment with two sequential doublets (first-line FOLFIRI followed by FOLFOX-6 at 
progression or the reverse sequence) achieved considerable activity and efficacy with 
an interesting median survival of ~21 months (11). It also suggests the importance 
for MCRC patients of receiving all the three active cytotoxic drugs available (5FU, 
LOHP and CPT-11). These results are strengthened by a pooled analysis of seven 
phase III trials demonstrating that MCRC patients receiving all the three active drugs 
in the course of their disease have better survival (12). Moreover this analysis showed 
that 20–50% of patients who progress after first-line chemotherapy are not able to 
receive second-line treatment, mainly because of deterioration of their performance 
status and liver function, and therefore cannot be exposed to the three agents.

Despite recent advances in first-line chemotherapy strategies for the treatment of 
MCRC patients, the resection of metastases offers the only chance of cure for these 
patients; in fact, 5-year survival rate following surgical resection ranges between 
25 and 40% and is superior to the only 0–5% reported for patients who did not 
undergo resection of metastases at the same institutions (13–19). Moreover, surgi-
cal resection can offer good opportunities for long-term survival also for patients 
with pulmonary metastases or limited extra-hepatic disease (20, 21). However, 
~85% of patients with MCRC, referred to specialist centres, have metastatic disease 
considered as unresectable at presentation (22).
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Following the first retrospective trial published by Bismuth in 1996 (23), indi-
cating that patients who were initially unresectable could be treated with systemic 
chemotherapy and, in case of a good response, radically resected in about 16% 
of cases, the role of pre-operative, neoadjuvant, chemotherapy for the treatment 
of MCRC was largely studied. In fact, the availability of more active first-line 
 chemotherapy regimens that can increase the response rate could facilitate the 
downsizing of metastases from colorectal cancer contributing to render resectable 
some initially unresectable patient (22–24). Moreover, the prognosis of patients 
who become resectable and are radically resected after response to chemotherapy 
could be  similar to that of patients resected at the onset (25).

In the last years, some prospective studies conducted with combination chemo-
therapy such as the FOLFOX or FOLFIRI regimens (24–26) confirmed that an 
active first-line chemotherapy in initially unresectable patients can allow, in case 
of response, a radical resection of metastatic disease in a subgroup of patients and 
that 20–40% of these patients can achieve long-term survival. The resection rates 
largely range from 10 to 40% among these different studies mainly because of the 
various selection criteria used for unresectability more than for the chemotherapy 
regimen. However, Folprecht et al. confirmed in a pooled analysis that there is a 
strong correlation between the response rate to first-line chemotherapy and the 
post-chemotherapy radical resection rate of metastatic disease and indicated that 
patients with metastases that might become resectable following chemotherapy 
should preferably be treated with a regimen that induces high response rates (27).

On these bases, of a higher rate of complete surgical removal of metastases with a 
more active first-line regimen and of a better outcome with the exposure to all the three 
cytotoxic drugs, the Italian collaborative group G.O.N.O. (namely Gruppo Oncologico 
del Nord-Ovest) developed from phase I to phase III a first-line regimen of combina-
tion of infusional 5FU/LV, CPT-11 and LOHP (FOLFOXIRI) with a biweekly  schedule 
(Table 1) with the aim of improving the activity of the treatment and potentially to 
achieve an increased rate of secondary resection of metastases in MCRC patients.

Table 1 Schedules used and results of the FOLFOXIRI trials by G.O.N.O

FOLFOXIRI S-FOLFOXIRI S-FOLFOXIRI

Phase I–II (N = 42) Phase II (N = 32) Phase III (N = 122)

CPT-11 mg/m2 in 1-h, d1 175 165 165
L-OHP mg/m2 in 2-h, d1 100 85 85
l-LV mg/m2 in 2-h, d1 200 200 200
5-FU mg/m2 in 48-h, d1 → 3 3,800 

chronomodulated
3,200 

continuous
3,200 

continuous
Overall response rate 71% 72% 60%
Complete response rate 12% 13% 7%
Radical surgery rate 26% 25% 15%
Median PFS 10.4 months 10.8 months 9.9 months
Median OS 26.5 months 28.4 months 23.6 months

CPT-11 irinotecan; LOHP oxaliplatin; LV leucovorin; 5FU 5-fluorouracile; d day; PFS  progression 
free survival; OS overall survival; S-FOLFOXIRI simplified FOLFOXIRI
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In the initial phase I–II study (28), 42 MCRC patients were treated with CPT-11 
125–175 mg/m2 1-h infusion on day 1, LOHP 100 mg/m2 2-h infusion on day 1, 
LV 200 mg/m2 2-h infusion on day 1, 5FU 3,800 mg/m2 48-h chronomodulated 
 continuous infusion starting on day 1, obtaining a response rate of 71% and a 
 complete response rate of 12%; median progression-free and overall survival 
resulted in 10.4 and 26.5 months, respectively.

In the subsequent phase II study performed in 32 MCRC patients (29) the 
FOLFOXIRI regimen was modified to become more feasible in clinical practice, by 
using a flat continuous, not chronomodulated, 48-h infusion of 5FU (3,200 mg/m2 
starting on day 1 with LV 200 mg/m2 2-h infusion on day 1) with slightly reduced 
doses of CPT-11 (165 mg/m2 1-h infusion on day 1) and LOHP (85 mg/m2 2-h 
 infusion on day 1). This regimen produced a lower incidence of both haemato-
logical and non-haematological toxicities, maintaining an elevated activity with an 
overall response rate of 72% and a median progression free survival of 10.8 months; 
median overall survival was 28.4 months.

On the basis of these results, a multicentre randomized phase III trial comparing 
the simplified FOLFOXIRI regimen to a standard doublet combination as FOLFIRI 
was performed (30, 31); a total of 244 patients were enrolled, 122 in each arm, 
demonstrating that the triple drug combination was associated with an improved 
activity and efficacy and, in particular, with a gain in the rate of radical surgery of 
metastases (15 vs.6%, p = 0.03 in the overall population and 36 vs.12%, p = 0.01 
in patients with isolated liver disease).

A total of 196 unresectable MCRC patients not selected for a neoadjuvant  strategy 
were treated with the FOLFOXIRI regimen in these three studies; in 72 of these 
patients (36%) a surgical resection of metastases was evaluated after  chemotherapy: 
25 patients were considered already unresectable, 5 patients  underwent an explora-
tive surgery alone, 5 patients were operated but the resection was not radical. The 
remaining 37 patients (19% of the total) underwent a radical  surgical resection 
of all metastatic sites or a resection of metastases combined with intraoperative 
 radiofrequency ablation of small residual hepatic nodules (in 8 patients).

The characteristics of these 37 patients are reported in Table 2; 65% of patients had 
synchronous metastases, with multiple sites of disease in 22% of patients; only 68% 
of patients had metastases confined to the liver. Main reasons of initial unresectabil-
ity classified according to the OncoSurge criteria were extensive liver involvement 
(51% of cases) and unresectable extra-hepatic disease (16%) (Table 3).

The median number of cycles of pre-operative FOLFOXIRI administered to the 
37 resected patients was 11, obtaining 5 complete and 28 partial responses (overall 
response rate: 85%); 4 patients remained stable during the treatment. The median 
time from the end of chemotherapy to the operation was 1.9 months. Post-operative 
chemotherapy was not planned but was allowed and received by 10 patients.

The local treatments performed in the 37 patients were: a major hepatectomy in 
19 patients (52%), a minor hepatectomy in 14 patients (38%), a multiple segmental 
lung resection in 4 patients (10%); surgical removal of circumscribed extrahepatic 
disease was also performed in 8 patients with liver metastases (abdominal lymph 
nodes in 4 patients, peritoneum in 1 and lung in 2 patients).
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There was no intraoperative/post-operative mortality within 3 months of surgery. 
The post-operative complications were: transient liver failure (3 patients), biliary 
fistula (2 patients), wound infection (2 patients), bilioma (1 patient) and pneumonia 
(1 patient), all resolved without sequelae.

After a median follow up of 61 months, 31 patients have progressed after  surgery; 
in 11 of these patients a surgical re-resection and/or radiofrequency ablation of 
metastases was performed. Twenty-seven progressed patients received a second-
line chemotherapy with FOLFOXIRI in 9 cases, FOLFIRI in 12, FOLFOX in 5 
and Cetuximab in 1 case.

Median age (range) 64 (45–73) years

ECOG Performance status
0 70%
1 30%

Timing of metastases
Synchronous 65%
Metachronous 35%
Sites of disease
Single 78%
Multiple 22%

Sites of disease
Liver only 68%
Liver + lymphnodes 14%
Liver + peritoneum 3%
Liver + lung 5%
Lung only 10%
Median number of metastases 5 (1–12)
Liver involvement ≥25% 49%
Median CEA (range) 10 (1–288) ng/ml

Table 2 Patients’ characteristics

Extensive liver involvement 51 (%)
 6 segments involved 19
 70% liver parenchyma involved 27
 All three hepatic veins involved  5
Unresectable extra-hepatic disease 16
Patient unfit for surgery  3
Immediate resection not appropriate 30
 Inadequate radiological margins 11
 Portal lymph nodes involvement  8
 Number of mts >4 or ≤4 but bilobar 11

Table 3 Main reasons of initial unresectability
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The median time to progression after first resection of metastases was 17.8 months 
with 16% of patients free of progression at 5 years; considering also those patients 
who underwent a second complete re-resection or ablation of metastases after the 
progression of disease, 29% of the patients remained free of the disease at 5 years 
(Fig. 1).

The median overall survival was 40.8 months with an actuarial 5- and 8-year 
survival rate from the onset of chemotherapy of 45 and 33%, respectively (Fig. 2).

These data indicate that FOLFOXIRI allows a radical surgical resection of 
metastases in about 1 out of 5 patients with initially unresectable MCRC not selected 
for a neoadjuvant approach. Long-term survival of resected patients is significant 
and comparable with the survival of patients resectable up-front; although the 
5-year survival is not dissimilar to those reported in other trials conducted with 
oxaliplatin or irinotecan/fluoropyrimidine doublets (24–26, 32–33), the results 
obtained with FOLFOXIRI seem particularly interesting because in the studies with 
doublets patients were usually selected for having a limited liver-only disease.

Moreover, these data support the importance of achieving a complete resection 
of metastases by combining chemotherapy and surgery even if the disease is 
initially unresectable and a minimal extra-hepatic disease is present.

This FOLFOXIRI regimen seems of particular interest in the neoadjuvant 
treatment of initially unresectable MCRC patients due to its elevated activity coupled 
with a manageable toxicity profile.

Fig. 1 Kaplan-Meier estimates of progression free survival (PFS) of radically resected and 
 re-resected MCRC patients treated with FOLFOXIRI before surgery
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Abstract The standard pre-operative treatment of rectal cancer consists of 
radiotherapy combined with continuous infusion of fluorouracil (FU) at a dose 
of 200 mg/m2/day. Platinum compounds can increase the anti-tumour activity of 
radiotherapy and are suitable agents to be combined with FU. We report our expe-
rience with the addition of oxaliplatin to radiotherapy and FU in the pre-operative 
treatment of patients with rectal cancer.

Patients with locally advanced rectal cancer (cT3-T4 and/or N+) were treated 
with pre-operative 5-FU (200 mg/m2/day, continuous infusion) and external beam 
radiation (45 Gy given to large fields plus a booster dose of 5.4 Gy, making a total 
of 50.4 Gy delivered in 28 daily fractions of 1.8 Gy). Oxaliplatin was given at a 
dose of 50 mg/m2 in 2 h once weekly. Inclusion and exclusion criteria for patients 
were standard and written informed consent was obtained before treatment. 
Surgery was planned 5 weeks after radiotherapy. Toxicity was graded using the 
NCI-CTC version 3. Oxaliplatin was suspended in cases of G3 haematological 
toxicity or G2 neurotoxicity; both oxaliplatin and FU were suspended for G3 non-
haematological toxicity.

From November 2006 to January 2008, 21 patients were treated. All completed 
radiation treatment, and 16 received full dose chemotherapy. Chemotherapy was 
suspended due to G3 diarrhoea in 3 patients. We observed G2–3 proctitis in 11 
patients (particularly painful in three), G1 allergic reactions in 3 of them and G1 
neurotoxicity in 12. Fifteen patients were operated on. Of these, eight had a com-
plete pathological response. The histological examination was negative in 3 patients 
despite the persistence of a palpable mass.

Oxaliplatin can be added to standard chemoradiation in the pre-operative treatment 
of rectal cancer. Toxicity is increased and requires careful monitoring. The present 
report and literature data indicate that the anti-tumour efficacy is promising and we 
look forward to the results of large randomised trials currently in progress.
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Introduction

The treatment of locally advanced rectal cancer has improved dramatically over 
the last few years. Surgical resection plays a major role (1), but pre-operative 
radiotherapy (with or without chemotherapy) is replacing post-operative regimens, 
which were considered standard in past decades, especially in the USA.

Pre-operative treatment of rectal cancer has several advantages when compared 
with the post-operative setting. From a biological point of view, poorly oxygenated 
neoplastic cells that remain after surgical resection are less sensitive to radiation. 
In terms of clinical results, the volume of bowel exposed to radiation is increased 
in post-operative treatments, resulting in more toxic effects. Furthermore, neoad-
juvant treatments can achieve downsizing and downstaging of tumours, enhancing 
sphincter preservation for low-lying cancers and reducing the risk of local failure 
by ensuring a complete (R0) resection. Downstaging of tumours after pre-operative 
chemoradiation, moreover, is considered an important predictor of improved out-
come in terms of better 5-year survival and local control (2).

Sauer et al. (3) showed that pre-operative treatment was associated with fewer 
G3–4 late complications (19 vs. 39%) and a lower rate of local recurrence (6 vs. 13%) 
compared with post-operative chemoradiotherapy.

Radiotherapy is generally combined with 5-fluorouracil (FU) given as a daily 
bolus or as a continuous infusion at a dose of 200–225 mg/m2/day. At present there 
are several ongoing studies aimed at testing the role of adding different anti-cancer 
drugs (oxaliplatin, irinotecan) or biological agents (EGF-receptor antagonists, anti-
VEGF antibodies) (4).

Platinum compounds can increase the anti-tumour activity of radiotherapy and 
are suitable agents for use in combination with FU. Oxaliplatin, for instance, has 
demonstrated high radiosensitising activity in pre-clinical observations (5) and is 
widely used in combination with FU in the treatment of advanced colorectal cancer 
and in the adjuvant treatment of colon cancer.

In this paper, we report our experience of the addition of oxaliplatin to radio-
therapy and FU in the pre-operative treatment of patients with rectal cancer. The 
objectives of this study were the following:

To demonstrate the feasibility of the combination of oxaliplatin, 5-FU and radio-• 
therapy in terms of toxicity.
To evaluate the level of downstaging of the tumours.• 
To evaluate the percentage of sphincter-saving surgery for low-lying cancers.• 
To evaluate the rate of pathological complete responses (pCR) after neoadjuvant • 
treatment.

Disease-free survival (DFS) and overall survival (OS) require a longer follow-up: 
these are being evaluated and the results will be reported in future.
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Patients and Methods

Patients with locally advanced rectal cancer (T3-T4 and/or N+) or low-lying  cancers 
at risk for a definitive stoma were included in the study. Criteria for selection of 
patients for neoadjuvant treatment included: biopsy-proven adenocarcinoma located 
less than 12 cm from the anal verge; age ≥18 years; ECOG performance status ≤2; 
neutrophil count ≥1,500/mm3; platelet count ≥100,000/mm3; Hgb ≥10 g/dl; total 
bilirubin ≤1.5 mg/dl; creatinine ≤1.5 mg/dl.

Written informed consent was obtained before treatment. In the presence of 
previous pelvic radiotherapy, synchronous tumours, peripheral neuropathy, ischae-
mic heart disease, pregnancy and psychiatric disorders, patients were considered 
ineligible for the study. Patients treated with induction chemotherapy before con-
comitant RT-chemotherapy were excluded from the study, as were patients treated 
with other anti-neoplastic drugs in addition to 5-FU and oxaliplatin.

The pre-treatment work-up consisted in a complete medical examination, 
pancolonoscopy, pelvic CT/MRI scans, transrectal ultrasonography (TRUS) and 
abdomen-chest CT scans. ‘Clinical staging’ refers to the evaluation based on pre-
clinical imaging studies.

Chemotherapy consisted in FU, administered as a continuous infusion at the 
dose of 200 mg/m2/day for the entire duration of radiotherapy, and oxaliplatin, 
which was given at a dose of 50 mg/m2 in 2 h once weekly for 5–6 weeks. The 
choice of administering oxaliplatin 5 or 6 times was made according to the patient’s 
age, performance status and tumour characteristics (clinical stage and localization). 
Pre-medication with antiemetic drugs and corticosteroids was given to all patients.

Toxicity was graded using the NCI-CTC version 3 (6). Oxaliplatin was sus-
pended in cases of G3 haematological toxicity or G2 neurotoxicity; both oxaliplatin 
and FU were suspended for G3 non-haematological toxicity.

Chemotherapy was resumed at full doses if toxicity resolved within 7 days. 
Otherwise, it was suspended definitively. No reduction of doses was planned.

Radiation treatment was given using high energy photons (6 MV), generated by 
a linear accelerator with the patient in the prone position. An immobilisation device 
(i.e., bellyboard) was used in all patients to reduce the radiation dose to the small 
bowel. A dose of 45 Gy in 25 daily fractions of 1.8 Gy each was delivered to the 
whole pelvis using five fields (one posterior, two oblique posterior and two lateral 
fields). The planned target volume included the tumour mass, all the mesorectum, 
the internal iliac nodes and the presacral nodes in all cases. External iliac nodes were 
irradiated if clinically positive and in the case of cT4 cancers. When the neoplastic 
mass extended into the anal canal, inguinal nodes were also included in the target 
volume. The L5-S1 junction was the upper border of the treatment volume, while 
the lower border was localised at a minimum distance of 5 cm from the lowest extent 
of the tumour. Lateral margins for the posterior field were 2 cm lateral to the wid-
est extent of the bony pelvis. The posterior margin for the lateral fields was <1 cm 
posterior to the entire sacrum. The anterior limit for the lateral fields as the posterior 
margin of the symphysis for cT3 lesions and the anterior margin for cT4 tumours.
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A three-field boost encompassing the tumour mass plus a 2-cm margin was 
given in 3 daily fractions of 1.8 Gy each, making a total dose of 50.4 Gy. In the case 
of cT4 tumours, two more daily fractions were added for a total dose of 54 Gy. The 
isodose distribution was calculated by means of a 3D treatment planning system.

Surgery was performed within 10 weeks of the end of neoadjuvant treat-
ment. No restrictions were imposed on the technique used by the surgeons. 
Downstaging was defined as any reduction of stage between the clinical and 
pathological stage. Pathological complete response (pCR) was defined as the 
absence of identifiable cancer cells in the specimen after surgical resection of 
the tumour. In patients treated with transanal endoscopic microsurgery, where no 
nodes were evaluable, downstaging of the tumour and pCR rate were calculated 
only on T stage tumours.

Patients with pathological residual disease were encouraged to receive post-
operative chemotherapy. In the case of patients with pCR, post-operative chemo-
therapy was administered at the discretion of the treating oncologist.

Results

From November 2006 to January 2008, 21 patients (13 men and 8 women) were 
enrolled into the study. Patient characteristics are described in Table 1. The median 
age was 63 years (range 44–76). Most of the tumours (76%) were localised in the 
middle-low rectum. At clinical staging, the majority of patients (57%) were 
classified as T3N+.

Patient characteristics No (%)

Male 13 (61.9)
Female 8 (38.1)
Age, median (range) 63.2 (44–76)

ECOG P. Status
0 8 (38.1)
1 8 (38.1)
2 5 (23.8)

Tumour location
Upper rectum (≥8 cm from a.v.) 5 (23.8)
Mid rectum (>5 < 8 cm from a.v.) 5 (23.8)
Low rectum (≤5 cm from a.v.) 11 (52.4)

TN clinical stage
T2N+ 1 (4.8)
T3N0 5 (23.8)
T3N+ 12 (57.1)
T4N+ 3 (14.3)

Table 1 Patient characteristics
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Compliance with radiotherapy was excellent. All patients were able to receive 
the full-planned dose (50.4–54 Gy). Radiation treatment was delayed in 4 patients 
(19%). Delay time varied from 4 to 21 days. Chemotherapy was delivered at full 
doses (5–6 courses) in 16 patients (76%). Two patients (9%) completed only two 
cycles of chemotherapy, another two patients completed 3 cycles of chemotherapy, 
and in one patient chemotherapy was stopped after four courses. Chemotherapy 
cycles were delayed in 6 patients (28%).

The incidence of acute toxicity is shown in Table 2. No G2 haematological tox-
icity occurred. We observed G2–3 proctitis (particularly painful in 3 patients) in 
11 patients (52%). G3 diarrhoea occurred in 6 patients (28%). Seven patients with 
low-lying tumours (33%) experienced G2-G3 radiation dermatitis requiring appro-
priate medication. One patient developed a herpes infection associated with ≥G2 

Table 2 Acute toxicity according to NCI CTC version 3.0. Number of patients (n = 21) and 
 percentage in brackets

Acute toxicity G1 G2 G3 G4 G5

Blood – bone marrow
Neutrophils – granulocytes 2 (9.5%)
Haemoglobin
Platelets
Allergy – immunology
All reaction – hypersensitivity 3 (14.3%) 1 (4.8%)
Constitutional symptoms
Fatigue 4 (19.0%) 1 (4.8%)
Fever 1 (4.8%)
Dermatology – skin
Pruritus – itching 1 (4.8%)
Rash – desquamation 4 (19.0%)
Radiation dermatitis 3 (14.3%) 3 (14.3%) 4 (19.0%)
Infection
Opp. infection associated 

with ≥G2 lymphopenia
1 (4.8%)

Gastrointestinal
Enteritis – colitis 1 (4.8%)
Constipation 2 (9.5%)
Diarrhoea 4 (19.0%) 3 (14.3%) 6 (28.6%)
Proctitis 1 (4.8%) 5 (23.8%) 6 (28.6%)
Neurology
Neuropathy – sensory 12 (57.1%)
Pain
Pelvic pain 1 (4.8%) 6 (28.6%) 6 (28.6%)
Abdominal pain or cramping 3 (14.3%)
Chest pain 1 (4.8%)
Renal – genitourinary
Dysuria – painful urination 4 (19.0%)
Urinary frequency 4 (19.0%)
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lymphopenia; neoadjuvant treatment was immediately discontinued and resumed at 
full doses after complete recovery. Another patient experienced G2 allergic reaction-
hypersensitivity after the first administration of chemotherapy. Chemotherapy was 
discontinued and resumed after 1 week. During the second administration G2 allergic 
reaction occurred again and chemotherapy was suspended definitively. Reversible G1 
neurotoxicity related to oxaliplatin was observed in 12 (57%) patients. One patient 
experienced G2 chest pain at the end of neoadjuvant treatment; cardiological exami-
nations were negative. Two weeks later he had a myocardial infarction and died.

As on February 2008, 15 of 21 patients had undergone surgery. The median time 
to surgery was 8 weeks. R0 resection was achieved in all patients (100%).

A sphincter-saving surgical procedure was feasible in 14 of 15 patients (93%): 
11 patients underwent anterior resection; total mesorectal excision (TME) was 
performed in 8 (46%) patients, in the case of cancers located in the mid and distal 
rectum. One patient received laparoscopic TME, other 2 patients were treated with 
transanal endoscopic microsurgery, and in only one case did abdominoperineal 
resection with a permanent stoma (Miles surgery) prove necessary.

Surgical complications occurred in 4 patients (26%, consisting in one anasto-
motic leak, one post-operative fever, one retrorectal abscess and one case of post-
operative fistula.

Tumour downstaging occurred in 13 patients (87%). One patient with a clinical 
T3N1 tumour completed only 2 cycles of chemotherapy owing to G3 diarrhoea and 
did not achieve any downstaging at surgery (pT3pN1). The other patient with no 
downstaging suspended chemotherapy after 3 cycles for pelvic pain–proctitis G3; 
he underwent abdominoperineal resection for a very low-lying cancer and examina-
tion of the pathological specimen revealed a pT3pN0 tumour.

A pathological complete response (pCR) was observed in 8 of 15 patients (53%). 
The two patients treated with TEM experienced a pCR and a pT2 disease, respec-
tively, at surgery. When detected, nodes proved negative in 11 of 13 cases (85%).

Comparison of T and N stages before neoadjuvant treatment and after surgery 
is reported in Tables 3 and 4.

Table 4 N stage comparison before neoadjuvant treatment 
and after surgery (n = 13a)

 After surgery

Pre-treatment pN0 pN+

N0 (n = 3) 3 
N+ (n = 10) 8 2
aIn two patients nodes were not detected because of TEM surgery

 After surgery

Pre-treatment pT0 pT1 pT2 pT3 pT4

T2 (n = 1) 1    
T3 (n = 13) 7 2 2 2 
T4 (n = 1)  1   

Table 3 T stage comparison before neoadjuvant treatment 
and after surgery (n = 15)
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Discussion

The standard treatment for locally advanced rectal cancer consists in surgery and 
radiotherapy. Whether radiation treatment should be given before or after tumour 
removal, and the dose and scheduling to be used, are still a matter of debate. 
Pre-operative external beam radiotherapy is generally given in 5–6 weeks, and is 
combined with continuous infusion of 5-FU.

The CAO/ARO/AIO-94 trial compared pre- and post-operative radiotherapy, 
demonstrating that neoadjuvant treatment is associated with fewer G3–G4 compli-
cations. There was, however, no significant difference in overall survival (76 vs. 
74% at 5 years) and the rates of distant metastases in the two groups were similar 
(36 vs. 38%). These data suggest the need for intensified neoadjuvant radiochemo-
therapy in order to improve the prognosis of patients affected by rectal cancer.

The rationale for intensifying neoadjuvant treatment is based on the following 
factors:

Potential micrometastases can be better controlled• 
Improved downstaging of tumours, which the results of a number of studies • 
(7, 8) have shown to be a good predictor of outcome and survival
Improved local control. In the German rectal cancer study the rates of local • 
recurrence for advanced stages of disease even in the neoadjuvant group are still 
high (9)
The rate of sphincter-saving surgery for low-lying cancers can be increased• 
Finally, by intensifying neoadjuvant radiochemotherapy the pCR rate can be • 
improved. According to some studies (10), complete responders after chemora-
diation have a better prognosis in terms of local recurrence and survival com-
pared with incomplete responders

Some anti-neoplastic drugs such as irinotecan, oxaliplatin, EGF receptor antago-
nists and vascular EGF antibodies are being studied in various neoadjuvant proto-
cols (11–13) to identify the best combination of drugs to be administered in new 
intensified neoadjuvant treatments for advanced rectal cancer.

Oxaliplatin, a third-generation platinum analogue, is a good radiosensitising 
agent, which has also been shown to have a synergistic anti-tumour activity with 
5-FU (14).

In our study, we evaluated the addition of oxaliplatin to the standard neoadjuvant 
treatment for locally advanced rectal cancer. The main aim of our study was to 
test the feasibility of the combination of oxaliplatin and 5-FU plus radiotherapy in 
terms of toxicity and compliance with treatment.

Since radiation treatment combined with the continuous infusion of FU is the 
standard pre-operative regimen, we considered the addition of oxaliplatin acceptable 
only if it would not require any reduction in the dose of FU and/or of radiotherapy.

The toxic side-effects that we observed are similar to those reported in other 
studies in which oxaliplatin was administered once a week (15, 16). In other tri-
als where oxaliplatin was given in different schedules (monthly, twice a month or 
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once every 3 weeks) the rates of neurotoxicity observed were significatively higher 
(17). This difference seems to indicate that dose fractionation in weekly regimens 
might result in lower toxicity.

The toxicity rates experienced by patients enrolled in our study are slightly higher 
than those observed with conventional neoadjuvant treatment regimens (18), but with 
careful monitoring and proper medical therapy the majority of patients were able to 
complete the full pre-operative treatment. Radiotherapy, in particular, was delivered 
at full doses to all patients, and radiation treatment was delayed in only four cases 
(19%). Compliance with chemotherapy was also high: 16 of 21 patients (76%), in fact, 
were able to receive full doses of chemotherapy. A delay in the administration of anti-
neoplastic drugs occurred in 6 patients (28%). These compliance rates with chemo-
therapy are higher than those of other studies: Ryan et al. (15) reported that only 56% 
of patients completed all cycles of oxaliplatin, but in their study oxaliplatin was given 
once weekly 6 times at doses of 60 mg/m2, making a total dose of 360 mg/m2, which 
is higher than the total dose in our study (250–300 mg/m2). In contrast, in the study 
by Rodel et al. (19), 89% of patients received full doses of chemotherapy, but in their 
case the total dose of oxaliplatin administered was only 200 mg/m2. Aschele et al. (16), 
in their original article published in 2005, recommended a dose of oxaliplatin that 
was the same as that indicated by Ryan (60 mg/m2 for 6 cycles), but compliance with 
chemotherapy was greater (84 vs. 56%).

Another aim of our present study was to evaluate the level of downstaging 
induced by the combination of oxaliplatin, 5-FU and external radiotherapy. Our 
preliminary results are encouraging: 15 patients underwent surgery, and downstag-
ing occurred in 13 cases (87%). It is interesting to observe that two patients with 
no evidence of downstaging at pathological examination had not completed the full 
course of chemotherapy.

The prognostic relevance of downstaging after neoadjuvant treatment in terms 
of local control and survival is demonstrated by several studies. Janjan et al. 
(8) observed that any grade of downstaging after pre-operative treatment can 
improve the rates of disease-free survival and the incidence of distant recurrences. 
Valentini et al. (20), in a retrospective study of 165 patients affected by locally 
advanced rectal cancer (LARC), found that patients with a pathological response 
after pre-operative radiochemotherapy had a uniformly favourable long-term out-
come, irrespective of their initial stage. The authors conclude that the behaviour 
of downstaged cancers can be comparable to that of T1-T2 tumours treated with 
surgery only. In Kaminsky-Forrett et al.’s experience (2), patients with downstag-
ing had significantly higher cancer-specific 5-year survival rates than the group 
without downstaging (100 vs. 45%, respectively). These findings justify the 
efforts to improve tumour response before surgery, and intensifying radiochemo-
therapy with the addition of weekly oxaliplatin would appear to be a step in the 
right direction.

We also evaluated the rate of sphincter preservation for low-lying cancer after 
radiochemotherapy. The preliminary results indicate that this neoadjuvant treatment 
is effective in allowing sphincter-saving surgery at this time. Only one of 8 patients 
(12.5%) at risk for a permanent stoma underwent Miles surgery after neoadjuvant 
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therapy. In this case, chemotherapy was suspended after only 3 cycles for G3 anorectal 
pain and no downstaging was found in this patient at the pathological examination.

A pCR after neoadjuvant treatment is a crucial objective of radiochemotherapy 
even if the role of pCR in predicting a better outcome in terms of lower recurrence 
and survival is still debatable. In a study by Onaitis et al. (21), no difference was 
found in local recurrence, and disease-free survival between the pCR group and 
the non-pCR group. In other studies, opinions are different: in the study by Garcia-
Aguilar et al. (22) based on 168 patients treated by neoadjuvant chemoradiation 
followed by total mesorectal excision, a pCR was associated with improved local 
control and survival. In another study, the recurrence rate and the 5-year disease-
free survival rate significantly improved in patients with pCR compared with 
patients with residual disease in the specimen (23).

In patients treated with standard neoadjuvant treatment for LARC, the range of pCR 
varies from 8 to 10%. In studies which include oxaliplatin in pre-operative treatment 
(24–27), summarised in Table 5, the pCR rate is higher and varies from 12 to 28%.

The preliminary data of our study are quite surprising: 8 of 15 patients (53%) 
undergoing surgery at this time experienced a pCR. Obviously, the number of 
patients who underwent surgery is still small and the complete results of the entire 
study population must be awaited before we can consider this pCR rate as the 
definitive rate for our work.

However, a number of considerations are necessary. First of all, in our study the 
median interval between the end of chemoradiotherapy and surgery was 8.6 weeks 
(range 5–10) in the group of pathological complete responders. In standard neo-
adjuvant treatment for LARC, resection is typically performed within 5–8 weeks 
of the end of radiotherapy. Increasing the RT-surgery interval can improve rates of 
downstaging and pathological responses, as demonstrated by recent work on this 
aspect (28). In this study, operative difficulty and morbidity were not increased by 
prolonging the RT-surgery  interval and the rate of post-operative complications was 
26%. Delaying surgery after pre-operative treatment appears safe, with morbidity 
and mortality similar to those observed in surgery performed less than 8 weeks after 
chemoradiotherapy (29).

Table 5 Selected phase II trials with oxaliplatin as part of pre-operative chemoradiation therapy 
for locally advanced rectal cancer

 Oxaliplatin  Schedule  Grade III/IV Path
Trial (ref) dose (mg/m2) (days) N diarrhoea (%) CR (%)

CALGB-89901 (15) 60 1, 8, 15, 22, 29, 36  32 33 25
Aschele et al. (16) 60 1, 8, 15, 22, 29, 36  25 16 28
Pinto et al. (12) 60 1, 8, 15, 22, 29, 36  26 14 12
Alonso et al. (24) 60 1, 8, 15, 22, 29, 36  52 7.5 23
Machielis et al. (25) 50 1, 8, 15, 22, 29  40 30 14
Rödel et al. (26) 50 1, 8, 22, 29 104 12 16
Rödel et al. (19) 50–60 1, 8, 22, 29  32 12.5 19
Glynne-Jones  130 1, 29  94 9 17

et al. (11)
Carraro et al. (28) 25 1–4, 29–32 22 27 25
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Another element of bias in our work could be that not all complete responders 
could be evaluated in terms of the pathological nodal stage: one patient, in fact, 
underwent transanal endoscopic microsurgery (TEM), and with this technique no 
nodes were detected. This patient experienced a complete response only in terms of
T stage. The TEM procedure, introduced by Buess in 1983, is a conservative technique 
that allows the surgeon to perform a precise excision of a rectal tumour via a transanal 
approach. According to some authors (30), this procedure is justified in neoadjuvated 
T2 tumours without evidence of nodal spread, because rates of local recurrences and 
survival are similar to those of patients undergoing less conservative surgery.

Other authors are going even further, following the positive long-term results of 
the landmark study by Habr-Gama et al. (31) on avoidance of surgery for selected 
patients with radiological and clinical evidence of a complete response after radio-
chemotherapy. A prospective trial (32) at the Royal Mardsen Hospital and Pelican 
Cancer Foundation is currently being conducted to investigate a non-operative 
approach for complete responders. Patients with locally advanced rectal cancer 
with a complete response (as evidenced by MRI 4 weeks after completion of pre-
operative CRT and confirmed by MRI at 8 weeks) will avoid surgery and enter a 
strict programme of MRI, clinical, and endoscopic follow up.

In our opinion, surgery still remains the cornerstone in the treatment of LARC. 
At present there is no completely reliable imaging technique capable of diagnosing 
a complete response after neoadjuvant treatment. In our experience, patients were 
evaluated 4–6 weeks after the end of neoadjuvant treatment by means of CT scan 
and MRI. In patients with a pCR at surgery, MRI often registered a focal area of 
low signal intensity at the site of disease, but whether that residual scar actually 
represented absence of tumour cells could not be determined with certainty by 
the radiologists. A combination of PET and MRI could improve the accuracy in 
predicting complete response to radiochemotherapy (33). The rising pCR rates 
with intensified neoadjuvant radiochemotherapy and the development of modern 
imaging techniques could lead in future to more conservative approaches or even 
to ‘wait and see’ protocols for very selected cases.

In summary, the preliminary results of our study show that the addition of weekly 
oxaliplatin to the standard neoadjuvant treatment for LARC is feasible. Toxicity is 
increased and requires careful monitoring. The early data on downstaging and pCR 
rate are encouraging and we look forward to the results of two large randomised 
trials currently in progress, namely, the USA NSABP R-04 and the Italian STAR 
trials investigating the role of oxaliplatin in pre-operative treatment of rectal cancer. 
In the STAR study, patients are randomised to continuous 5-FU infusion concomi-
tantly with radiotherapy up to the dose of 50.4 Gy or to the same combination plus 
oxaliplatin at the dose of 60 mg/m2 administered once weekly 6 times.

The initial purpose of the NSABP R-04 study was to compare pre-operative radia-
tion therapy and the oral fluoropyrimidine capecitabine with pre-operative radiation 
therapy and continuous iv infusion (CVI) of 5-FU in the treatment of patients with 
operable carcinoma of the rectum. As the study was about to be launched, the whole 
oxaliplatin issue came to head and the design of the study was changed. Patients 
are now randomised to four groups (5-FU-RT, 5-FU-RT and OHP, capecitabine-RT, 
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capecitabine-RT and OHP), and the final results of the study should clarify the role 
of capecitabine and that of oxaliplatin.

Conclusions

The role of neoadjuvant treatment of rectal cancer is still debated, mostly because 
few studies have shown it to have a positive effect on overall survival. It is impor-
tant to note, however, that local relapse of rectal cancer generally has a tremendous 
effect on the quality of life of patients and local-disease-free survival might there-
fore be considered a relevant endpoint. Our data, though preliminary, suggest that 
adding oxaliplatin to the standard treatment is feasible and results in an improve-
ment in pCR. Longer follow-up will tell us whether this more intensive chemo-
therapy will also have an impact on distant metastases and survival. This would 
then need to be confirmed in a phase III trial.
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The Role of Platins in Newly Diagnosed 
Endometrial Cancer

Paul J. Hoskins

Abstract Twenty percent of women with endometrial cancer will die from it, 
 predominantly from systemic spread. Chemotherapy is, therefore, needed both for “high 
risk” women at diagnosis (stages III and IV – all histologies; stage II Clear Cell or grade 
3; Papillary Serous or MMMT, irrespective of stage) and for relapsers, unless grade 1, 
when hormones are a preferable initial option. The most active single agents are: the 
anthracyclines, taxanes and platins; response rates 17–37, 21–67 and 13–14%, respec-
tively. Combinations have proven to be superior in terms of relapse but not  survival. 
Taxane-/platin-containing regimens are the phase III proven best combinations.

The GOG is currently comparing the two “winning combinations”, doxorubicin/
cisplatin + paclitaxel + GCSF and carboplatin-paclitaxel. As carboplatin-paclitaxel 
is a more convenient and less toxic regimen, it would be preferable if equally effica-
cious. It is likely that other platinum doublets are equally good. Platin/vinorelbine 
or carboplatin-pegylated liposomal doxorubicin have similar RRs to platin/taxane 
in phase II studies.

Chemotherapy, predominantly cisplatin–doxorubicin, has improved survival in 3 
of the 4 phase III studies conducted, in comparison to irradiation.

Progression still was seen in up to 50% (dependant upon stage). Using “platin/
taxane” should improve this somewhat, but adding agents directed at molecular 
targets, e.g., EGFR, VEGF, AKt will be required.

Keywords Endometrial cancer; Taxanes; Combination regimens; Anthracyclines; 
Platins

Introduction

The role of chemotherapy in endometrial cancer, in comparison to breast and 
 ovarian cancers, has been under appreciated by the oncology community. Reasons 
for this include: (1) its high curability, 80% or so, with purely local measures; 
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(2) an older, less chemotherapy-tolerant population –33% are over 70 at diagnosis 
and (3) less pharmaceutical industry sponsorship/cooperative group interest – fewer 
women need chemotherapy compared to those with breast and ovary cancer and so 
it is of lower priority.

Despite this high cure rate, 20% of women still die from endometrial cancer: 
10,000/year in the USA, 12,000/year in Europe and the survival outcomes have 
altered minimally over the years, a 0.2% average improvement per year from 1994 
to 2003. Disseminated disease due to hematogenous, lymphatic or transcoloemic 
spread is the reason for this. To improve upon this outcome, effective adjuvant 
chemotherapy is mandatory for those with disseminated disease, be it macroscopic 
or microscopic.

Ideally, chemotherapy would only be given to those “high tissue” patients 
with disseminated disease and thus avoid the toxicity/costs in those already cured 
by surgery. In the future, hopefully, genomic profiling of an individual’s cancer 
will accurately identify those whose cancer is purely localized. Until then, the 
less accurate standbys of stage, grade and histopathology will have to suffice for 
risk assessment with the resultant, inevitable over-treatment of some women. At 
the British Columbia Cancer Agency, we have arbitrarily chosen a risk of death 
of 25% or greater as mandating the use of chemotherapy. Surgical stage is the 
single most important predictor (Table 1). All women with spread outside the 
body of the uterus, i.e., stages II, III or IV, fulfill the 25% or more risk criterion 
(1). Grade and histopathology can further help by identifying the “at risk” within 
those with apparent stage I (uterine confined) disease. Then, stage Ic, grade 3 
patients will be included, as their survival is 68% at 5 years. Grade also helps 
us to exclude stage II, grade 1 patients (survival 81–91%). Except for stage Ia, 
all stage I patients with papillary serous or malignant mixed Mullerian tumors 
(MMMTs) need chemotherapy, as their survival is 50% or less. MMMTs were 
earlier regarded as sarcomas but are now recognized as high grade, metaplastic 
adenocarcinomas (2).

Table 1 Surgical stage and outcomes (1)

Stage Definition Pts (%) 5-year OS (%)

IA Endometrium only 17 90
IB Inner 50% 36 90
IC Outer 50% 17 81
IIA Cervix glands  6 71
IIB Cervix stroma  7 67
IIIA Uterine serosa, cytology (+), adnexa  8 60
IIIB Vagina  2 41
IIIC Pelvic or para-aortic nodes  4 32
IVA Bladder, bowel mucosa  1 20
IVB Distant  3  5

OS overall survival
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Single-Agent Activity

The most active drugs (response rates 20–40%) are the platin analogues, anthracy-
clines, taxanes and 5-fluorouracil (Table 2). Topotecan, ifosfamide and etoposide 
have a lower degree of activity (3, 4). There is no data with regard to some of the 
newer agents such as gemcitabine, capecitabine or vinorelbine.

Combination Chemotherapy

A central tenet of medical oncology is that combinations are better than single 
agents. Historically, drugs were combined if they had different mechanisms of 
action and no significant additive toxicity; more latterly if they had different 
mechanisms of resistance. Platin-taxane-based combinations have thus become the 
 current regimen of choice as the result of phase III comparisons. Tables 3 and 4 
outline the results of all the phase III comparisons (5–12). As with the single agent 
data in Table 2, these studies contained both newly diagnosed, advanced patients 
and those with relapsed disease, with relapsed disease predominant. Only in the 
taxane era, has improved survival occurred as well as improved response rates.

The current gold standard, for those physicians whose treatment decisions 
require phase III evidence, is: cisplatin (50 mg/m2); paclitaxel (160 mg/m2 over 3 h); 

Table 2 Single-agent activity in endometrial cancer (3, 4)

 Response  Response
Drug rate (%) Drug rate (%)

Cisplatin  4–42 Aminothiadiazole 0
Carboplatin 13–38 Methotrexate 6
Doxorubicin 17–27 Echinomycin 5
Epirubicin 26 Irofulven 4
Pegylated liposomal 10–21 Piroxantrone 7

doxorubicin
Paclitaxel 36–77 Cyclophosphamide 0–25
Docetaxel 21–31 Esorubicin 0
5FU 20–23 Idarubicin 10
Topotecan 10–20 Pirarubicin 7
Ifosfamide 15–24 6 mercaptopurine 6
VP16  0–14 Amonafide 8
Hexamethylmelamine  9–30 AMSA 5–25
AZQ  8 Fludarabine 0
Methyl GAG 14 Vincristine 0–18
Piperazinedione  5 Vinblastine 0–12
Galactitol  6 Razoxane 0
Mitoxantrone  0–9  
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doxorubicin (45 mg/m2) and G-CSF (days 3–12). This is both a toxic and expen-
sive regimen to deliver. 24% discontinued treatment because of toxicity, 12% 
had grade 3 or 4 vomiting, and grade 3 or 4 thrombocytopenia occurred in 
22% (8). This parallels the experience with carboplatin/paclitaxel/epirubicin in 
ovarian cancer except that the rate of febrile neutropenia was then 12.5%, as 
routine G-CSF was not used (13). There is an alternative regimen that can be 
used instead: carboplatin (AUC 5–6) plus paclitaxel (175 mg/m2 over 3 h) (14). 
Its efficacy seems equivalent, as it is in ovarian cancer, it is easy to deliver, and 
most physicians are highly experienced in its use for ovarian cancer. The GOG 
is comparing its use to their triplet plus GCSF but the results are a long way off. 
Until then, one has to make do with the comparative, but not randomized, efficacy 
data which are given in Table 5.

Other platin-based doublets, namely, carboplatin plus pegylated liposomal 
doxorubicin, and cisplatin or carboplatin plus vinorelbine have been tested in small 
phase II studies (Table 6). The results seem to be similar to platin-taxanes (15–19). 
Personally, I would stay with carboplatin-paclitaxel unless either particular side 

Table 3 Phase III studies – the winners

Reference Regimens
No. of 
Patients

RR 
(%)

PFS 
(months)

OS 
(months)

Thigpen (5) Doxorubicin/cyclophosphamide 144 30 4  7
Doxorubicin 132 23 3  7

Aapro (6) Doxorubicin/cisplatin  90 43 8  9
Doxorubicin  87 17 7  7

Thigpen (7) Doxorubicin/cisplatin 131 42 6  9
Doxorubicin 150 25 4  9

Fleming (8) Doxorubicin/cisplatin/
paclitaxel/GCSF

134 57 8* 15*

Doxorubicin/cisplatin 129 34 5 12
Weber (9) Carboplatin/paclitaxel

Doxorubicin/cisplatin
 36
 34

35
28

8
7

40(at 15)
27%

RR response rate; PFS progression-free survival; OS overall survival
* statistically significant

Table 4 Phase III studies: equivalent regimens

Reference Regimens
No. of
Patients

RR
(%)

PFS
(months)

OS
(months)

Gallion (10)
Doxorubicin/cisplatin 169 46 6 11
Doxorubicin/cisplatin (circadian) 173 49 6 13

Fleming (11)
Doxorubicin/cisplatin 157 40 7 13
Doxorubicin/paclitaxel/GCSF 160 43 6 14

Long (12) Doxorubicin/cisplatin  15 20 4 13
(D/C Toxic +++) MVAC  13 46 7 17

RR response rate; PFS progression-free survival; OS overall survival
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effects need to be avoided or uncontrollable or dangerous side effects develop 
 during carboplatin-paclitaxel treatment.

Does Combination Chemotherapy Improve Survival?

Four randomized studies have been carried out in newly diagnosed women looking 
at the question of “is survival improved by chemotherapy compared to irradia-
tion” (20–23). The chemotherapy used was the less effective cisplatin–doxorubicin 
combination, except in the case of the Scandinavian trial in which some patients 

Table 5 Comparative efficacy: carboplatin/paclitaxel vs. cisplatin/doxorubicin/paclitaxel/GCSF, 
modified from the references (8, 14)

Regimens Reference
No. of 
Patients

RR 
(%)

PFS 
(months)

OS 
(months)

Cisplatin/doxorubicin/
paclitaxel/GCSF

Fleming (8) 134 57  8 15

Carboplatin/paclitaxel Weber (9)  36 35  8
Scudder(29)  47 40  7 14
Sovak (30)  85 43  5 13
Akram (31)  18 63 24 27
Hoskins (14)  21 (A) 78 23 36

 18 (R) 56  6 15
Price (32)   8 63
Nakamura (33)  11 72
Trudeau (34)   8 75

RR response rate; PFS progression-free survival; OS overall survival; (A) advanced disease; 
(R) recurrent disease

Table 6 Other possible platinum doublets (15–19)

Carboplatin-Pegylated liposomal doxorubicin (PLD)

Reference
Carboplatin 
target AUC

PLD dose 
(mg/m2)

No. of 
Patients

RR 
(%)

PFS 
(months)

OS 
(months)

Le (15) AUC = 5 35 31 32 5 11
Pignata (16) AUC = 5 30 50 68
Hilpert (17) AUC = 5 40 31 44

Cisplatin/Carboplatin–Vinorelbine

Reference
Platin dose 
(mg/m2)

Vinorelbine 
dose (mg/m2)

No. of
Patients

RR 
(%)

PFS 
(months)

OS 
(months)

Gebbia (18) 80 (cisplatin) 25 (day 1 + 8) 35 57 9
Santoro (19) 300 (carboplatin) 25 (day 1 + 8) 13 69

RR response rate; PFS progression-free survival; OS overall survival
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received platin-taxane. Three of the four trials showed an absolute improvement 
in five year progression survival of 7–20%, with a similar improvement in overall 
 survival (Table 7). The Italian study (22), in contrast, showed equivalence. The 
 reasons for this are not clear but include; less total chemotherapy was delivered, it 
took longer, and the patients in the Italian trial were of somewhat lower risk and so 
a true benefit would be harder to demonstrate.

Malignant Mixed Mullerian Tumors (MMMTs)

MMMTs, otherwise known as carcinosarcomas, were traditionally recognized as 
sarcomas and as such treated with ifosfamide or ifosfamide combinations. Now, 
they are regarded as true carcinomas, albeit metaplastic and high grade (2). The 
experience with these tumors is essentially the same as with standard endometrial 
cancers, i.e., platinum doublets are amongst the best chemotherapies and their use 
in the newly diagnosed leads to an improvement in survival (24). The two combi-
nation regimens that are superior to ifosfamide alone are cisplatin–ifosfamide and 
ifosfamide-paclitaxel-GCSF (25, 26): response rates improved to 56% and 45%, 
respectively (versus 29–34% with ifosfamide); progression-free survival increased 
to six months from four months in both the studies, and with an improved survival in 
the ifosfamide-paclitaxel study (14 vs. 8 months). As with “standard” endometrial 
cancers, carboplatin-paclitaxel is another option. Ifosfamide-containing regimens 
are more costly, inconvenient (3–5 days in patient care) and toxic; especially, the 
cisplatin–ifosfamide combination. Ifosfamide-paclitaxel plus GCSF is not overly 
toxic, in fact, similar to carboplatin–paclitaxel, and so would be the better choice 
of the ifosfamide regimens. Our experience, albeit with limited numbers, was a 
response rate of 60% in the newly diagnosed, 55% in the recurrent and a median 
progression-free survival of 12–16 months with carboplatin-paclitaxel, certainly 
not inferior to the ifosfamide doublets (27).

Table 7 Survival outcomes with chemotherapy compared to irradiation in the newly diagnosed 
patients

Reference
FIGO Stage 
(grading) Treatment

5-year 
PFS (%)

5-year 
OS (%)

Maggi (22) I (G3); II (G3), III Pelvic XRT 67 69
Cisplatin/doxorubicin/

cyclophosphamide
62 66

Susumu (23) Ic (G3), II, III Pelvic XRT 66 74
Cisplatin/doxorubicin/

cyclophosphamide
84 90

Randall (21) III/IV Whole abdomen XRT 38 42
Cisplatin/doxorubicin 50 55

Hogberg (20) I, II, IIIa, IIIc Pelvic XRT
Pelvic XRT + platin combinations

75
82

PFS progression-free survival; OS overall survival
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The GOG compared whole abdominal irradiation to cisplatin–ifosfamide in 
the newly diagnosed, optimally debulked women. The relapse rate was lower 
with chemotherapy (52% vs. 58% at 5 years, p = 0.2) with a borderline increased 
 survival (45% vs. 35% at 5 years, p = 0.08) (24).

Future Directions

Chemotherapy using platin-based combinations has improved the outcome for high-
risk, newly diagnosed women. However, many still relapse and merely adding more 
chemotherapeutic agents is unlikely to improve upon this, as has already been proven 
in ovarian and lung cancer. Different approaches are mandatory. Chemotherapy 
remains the cornerstone to which other approaches should be added. Modulating 
platinum resistance is one obvious additional route to be tried. Targeting pathways, 
involved in endometrial cancer, is another. Examples of pathways/ targets of interest 
are the PTEN-P13k-AkT-mTOR axis, EGFR/Her2-neu, and Bcr-Abl (28).
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Platinum Compounds: Key Ingredients 
in Ovarian Cancer Treatment and Strategies

Franco M. Muggia

Abstract Epithelial ovarian cancer and other cancer of Mullerian epithelial 
origin are adenocarcinomas with remarkable sensitivity to platinum drugs: the 
 introduction of cisplatin revolutionized treatment approaches to this disease, and 
the development of carboplatin markedly enhanced the acceptance of these drugs 
by patients. In spite of this initial sensitivity, the majority of patients treated recur, 
and it may be most useful to understand reasons for the emergence of drug resist-
ance. Clues may emerge from preclinical models and from studies in hereditary 
cancers, where defects in DNA repair likely predict for enhanced sensitivity to 
platinums. Future steps in improving the outcome from this disease, in addition 
to developing better methods for screening and detection, should involve under-
standing mechanisms of platinum cytotoxicity and resistance.

Keywords Cisplatin; Carboplatin; Drug resistance; Intraperitoneal therapy; BRCA 
mutations; Stem cells

Introduction and Overview of Ovarian Cancer Treatment

Data from the Princess Margaret Hospital from 1970 to 1980 estimated that 95% of 
patients diagnosed with ovarian cancer were candidates for adjuvant  chemotherapy 
(1). After the studies of Wiltshaw and colleagues at the Royal Marsden (2, 3) 
established the activity of platinum compounds (first cisplatin and then the better 
tolerated carboplatin) against this most lethal gynecologic cancer of women, the 
exposure to systemic chemotherapy has risen and the survival of patients present-
ing with this advanced stage of the disease has slowly improved (4). However, 
a continued  challenge that these patients face is our inability to fully eradicate 
the disease through surgery and platinum-based chemotherapy. While other 
 cytotoxic drug classes such as anthracyclines, taxanes, topoisomerase I inhibitors, 
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and antimetabolites ( gemcitabine) (5) have anti-tumor activity with a reasonable 
therapeutic index, their contribution is confined to prolongation of remission and 
only exceptionally  leading to tumor eradication. Notwithstanding these ultimately 
unsatisfactory results, one should not lose sight of the remarkable activity of cispla-
tin and carboplatin even in the most advanced presentations, with the development 
of intraperitoneal (IP) local dose-intensification, and the possibility that insight 
into the mechanisms of  resistance to these drugs will lead to other substantial 
advances. Diagnosing the disease at lower tumor burden will undoubtedly lead to 
more dramatic alterations in vital statistics.

Epithelial ovarian cancer is not one disease, and there is evidence that the high 
grade papillary serous cancer may originate in the Fallopian tube fimbriae, possibly 
contributing to its late discovery. These papillary serous cancers typically carry 
mutations in p53, and coupled with abnormalities in BRCA1 and BRCA2 genes 
(seen in hereditary forms) have been associated with pre-malignant lesions in the 
fimbriae of patients undergoing risk-reducing surgery (6). Endometrioid cancers 
are also associated with the hereditary forms, and both these histologic subtypes 
make up about 80% of these cancers, with the remainder being mucinous, clear-
cell and mixed types. Clinical trials have lumped all of these together in reporting 
results for the most advanced presentations, i.e. when surgery is unable to achieve 
a “favorable” less than one centimeter residuum (Table 1) (7–10). Analysis by the 

Table 1 Paclitaxel/platinum combinations in randomized first-line advanced ovarian cancer 
trials. Adapted from Physician Data Query - NCI’s Comprehensive Cancer Database (http://www.
cancer.gov/cancertopics/pdq)

Trial (ref) Treatment regimens
No. of 
patients

Early 
crossover 
(%)

Progression-
free survival 
(mo)

Overall 
survival 
(mo)

GOG-132 (7) Paclitaxel (135 mg/m2, 24 h) 
and cisplatin (75 mg/m2)

201 22 14.2 26.6

Cisplatin (100 mg/m2) 200 40 16.4 30.2
Paclitaxel (200 mg/m2, 24 h) 213 23 11.2* 26

MRC-ICON3 
(8)

Paclitaxel (175 mg/m2, 3 h) 
and carboplatin AUC 6

478 23 17.3 36.1

Carboplatin AUC 6 943 25 16.1 35.4
Paclitaxel (175 mg/m2, 3 h) 

and carboplatin AUC 6
232 23 17 40

Cyclophosphamide (750 mg/m2) 
and doxorubicin (75 mg/m2) 
and cisplatin (75 mg/m2)

421 20 17 40

GOG-111 (9) Paclitaxel (135 mg/m2, 24 h) 
and cisplatin (75 mg/m2)

184 None 18 38

Cyclophosphamide (750 mg/m2) 
and cisplatin (75 mg/m2)

202 None 13* 24*

OV-10 (10) Paclitaxel (175 mg/m2, 3 h) 
and cisplatin (75 mg/m2)

Cyclophosphamide (750 mg/m2) 
and cisplatin (75 mg/m2)

162

161

None

4

15.5

11.5*

35.6

25.8*

* statistically significant inferior result
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Gynecologic Oncology Group (GOG) indicates that the outcome is more favorable 
for the papillary serous and endometrioid types (11), presumably as a result of the 
sensitivity to platinums. Curiously, in patients diagnosed in stages I and II, the 
histologic subtype distribution is considerably different with low grade papillary 
and endometrioid cancers, mucinous, and clear cell cancers making up the majority 
of the histologies (12). Molecular features point towards a different  etiology than 
the high grade papillary serous cancer, and different treatment strategies may be 
required (13).

First-Line Treatment of Ovarian Cancer

Early Stage Disease

When ovarian cancer is diagnosed in its early stages (mostly as a coincidental 
occurrence), as noted above,the histologic subtypes play a role in determining the 
need for treatment and its outcome. After excluding subtypes and a stage I with 
low probability of relapse, studies randomizing chemotherapy versus observation 
have strongly pointed to the efficacy of cisplatin, and by pooling data, European 
studies have provided indications that survival is improved (14–16). A disputed 
point is whether the chemotherapy is in part making up for inadequate surgical 
staging.

Chemotherapy for the Advanced Stages

The GOG and groups from Europe and Canada through a series of studies have 
established the standard “platinum-based” ovarian cancer treatment. GOG-111 
proved that the prior combination with cyclophosphamide yielded inferior results 
to a taxane-containing regime, and OV-10 confirmed this finding. However, the 
GOG-132 and ICON-3 trials (that were started before a mature data from these two 
studies was available) pointed to a relatively minor, if any, effect of taxanes in the 
progression-free survival (PFS) and responses achieved by either cisplatin or carbo-
platin as single agents. This finding, and the subsequent lack of effect on the outcome 
by other drugs given up front in the 5-arm, 2,000 patient trial, GOG-182, point to 
the dominant effect of the platinum drugs, in determining the initial outcome. While 
other drugs may contribute to the overall survival (OS), it may make little difference 
if they are added up-front in combination or sequentially. Once there is some plati-
num resistance, such as in the recurrent setting, the trial ICON-4 indicates that the 
addition of paclitaxel to carboplatin is superior to carboplatin as a single agent (17). 
A focus on determinants of platinum sensitivity of recently diagnosed ovarian cancer 
would seem amply justified by these data.
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Intraperitoneal (IP) Cisplatin Studies

The pharmacologic basis for the delivery of anticancer drugs by the IP route was 
established in the late 1970s and early 1980s, and is covered elsewhere in this 
 volume/chapter. Of the many drugs studied, mostly, in the setting of minimal 
residual disease at reassessment after patients had received their initial chemo-
therapy, cisplatin alone and in combination received the most attention. Favorable 
outcomes from IP cisplatin were most often seen when tumors had shown respon-
siveness to platinums and with small-volume tumors (usually defined as tumors 
< 1 cm) (18). The use of IP cisplatin as part of the initial up-front approach in 
patients with stage III optimally debulked ovarian cancer, is now supported prin-
cipally by the results of three randomized clinical trials (GOG-104, GOG-14, and 
GOG-172) (19–21). These studies tested the role of IP drugs (IP cisplatin in all 
three studies and IP paclitaxel in the last study) against the standard IV regimen. 
In the three studies, superior progression-free survival (PFS) and overall survival 
(OS) favoring the IP arm was documented. A Cochrane-sponsored meta-analysis 
of all randomized IP versus IV trials shows a hazard ratio of 0.79 for disease-free 
survival and 0.79 for OS, favoring the IP arms (22). In another meta-analysis 
of seven IP versus IV randomized trials that were conducted by Cancer Care of 
Ontario, the relative ratio (RR) of progression at 5 years based on the three trials 
that reported this endpoint was 0.91 (95% confidence interval [CI], 0.85–0.98) 
and the RR of death at 5 years based on six trials was 0.88 (95% CI, 0.81–0.95) 
(23). Recent Consensus Statements by the National Cancer Institute making IP 
therapy the standard treatment following initial “optimal” or “favorable” debulk-
ing have met with resistance (24). However, the studies provide another signal that 
maneuvers to enhance platinum drug delivery may play a key role in the outcome 
of ovarian cancer.

“Biological” or “Targeted” Agents

Contrasting it with breast, lung, and colon cancers, a role for “targeted” drugs in 
the first-line of ovarian cancer has not been established. Although this may seem 
surprising based on the molecular pathways that are known to be deranged in epi-
thelial ovarian cancer, plausible explanations include the relative rarity of ovarian 
cancer compared to the others, and the dominant role of the platinums obscuring 
other interventions when the disease is far-advanced. The mouse model developed 
by Dinulescu and co-workers (25) supports the remarkable effects of cisplatin in 
nearly the end-stage of the disease, and the lesser effects through the targeting of 
various deranged pathways. Current clinical trials are seeking to study the effect 
of adding bevacizumab to the carboplatin + paclitaxel first-line regimen, based 
on the known activity of this antibody to the vascular endothelial growth factor 
(VEGF) in patients with recurrent disease (26–29).
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Recurrent Ovarian Cancer

The majority of patients (likely as high as 85% over 5 years) with advanced-stage 
ovarian cancer recur with serum marker (CA125), or imaging (PET/CT) evidence 
of the disease after a variable period after completion of first-line chemotherapy 
(5). Within a few months of such detection, if untreated, the women go on to mani-
fest signs and symptoms of the disease. The time to recurrence after platinum-based 
chemotherapy is close to one-and-a-half years for patients who have had “subop-
timal” or “unfavorable” debulking (see PFS duration in Table 1) and in excess of 
two years in patients with “optimal” debulking. The treatment of recurrent disease 
is based on how effective the platinums were on first-line, leading to operational 
definitions of “platinum resistant” (evidence of recurrence within 6 months), or of 
“platinum sensitive” if the interval was 6 months or more.

Treatment Options for “Platinum Sensitive” Recurrences

Carboplatin was approved in 1987 for the treatment of patients with ovarian cancer 
whose disease recurred after treatment with cisplatin, based on improved survival 
when compared with etoposide or 5-fluorouracil (30). In a randomized phase II 
of a currently used second-line drug, paclitaxel, the cisplatin-containing combina-
tion CAP yielded a superior survival outcome (31). These, and subsequent studies 
(32–35) (see Table 2) have reinforced using carboplatin as the treatment core for 
patients with “platinum-sensitive” recurrences. Cisplatin is occasionally used, par-
ticularly in combination, because of its lesser myelosuppression, but this advantage 
over carboplatin is counterbalanced by its greater intolerance (34). Oxaliplatin, 
initially introduced with the hope that it would overcome platinum resistance, has 

Table 2 Trials in “platinum-sensitive” ovarian cancer recurrence

Eligibility Platinum regimen
No. of 
Patients Comparator

Comments on 
outcome (ref)

Platinum 
sensitive

Cisplatin + 
doxorubicin + 
cyclophosphamide

97 Paclitaxel Randomized phase II;
CAP superior PFS,
OS (31)

Platinum 
sensitive

Carboplatin + 
epirubicin

190 Carboplatin Powered for response
differences; OS 17
vs. 15 m (32)

Platinum 
sensitive

Carboplatin + 
gemcitabine

356 Carboplatin PFS 8.6 m vs. 5.8 m OS
18 m vs. 17 m (33)

Platinum 
sensitive

Cisplatin or 
carboplatin + 
paclitaxel

802 Single or non-
taxane + 
platinums

PFS 11 m vs. 9 m OS
24 m vs. 19 m (34)

Platinum 
sensitive

Carboplatin + 
pegylated liposomal 
doxorubicin

104 None PFS 9 m, median OS
32 m (35)
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activity mostly in “platinum-sensitive” patients (36) but has not been compared with 
carboplatin alone or in  combinations. The outcome is generally better with all plati-
nums the longer is the initial interval without recurrence from the initial platinum-
containing  regimens (33). Therefore, on occasions, patients with platinum-sensitive 
recurrences  relapsing within one year have been included in trials of non-platinum 
drugs. In one such trial, comparing the pegylated liposomal doxorubicin (PLD) to 
topotecan, the subset of patients who were platinum-sensitive had better outcomes 
with both drugs (and in particular with PLD) relative to the platinum-resistant 
cohort (37).

Second-Line Drugs for “Platinum-Resistant” Disease

The long list of studies (26–29, 38–47) in Table 3 underscores both, the  reasonable 
therapeutic index for those drugs in common use, as well as the often transient or 
marginal benefit from drug regiments used. Patients with platinum-resistant disease 
should be encouraged to enter clinical trials. Treatment with paclitaxel  historically 
provided the first agent with consistent activity in patients with platinum- refractory or 
platinum-resistant recurrences (39). Subsequently, randomized  studies have indicated 
that the use of topotecan achieved results that were comparable to those achieved 
with paclitaxel (40). More recently, topotecan was compared with pegylated lipo-
somal doxorubicin in a randomized trial of 474 patients, and  demonstrated  similar 
response rates, PFS and OS with no differences in the “platinum resistant” subset (37). 
Lengthening the “platinum-free” may restore sensitivity, but this hypothesis has not 
been formally tested.

The Rationale for Maintenance

Following a clinical complete response to the initial induction treatment, 9 addi-
tional monthly paclitaxel doses over the 3 additional ones for the control group, 
led to highly significant lengthening of PFS in a GOG/Southwest Oncology Group 
study (48). Although other trials, yet to be published beyond abstract form, may 
not fully confirm this result, it suggests that maintenance with a non-platinum drug 
may be an even more reasonable strategy to test where responses are likely to be 
shorter (i.e., for treatment at recurrence).

When platinums cease to lead to dramatic reductions in tumor burden in the 
majority of patients as they do at the initial induction, the more obvious becomes 
the need for some “maintenance” chemotherapy. Although the term has been 
denigrated as denying patients the chance for aggressive treatment alternating with 
“treatment holidays”, it may be the most realistic strategy to date given the late 
presentations and the reasonable therapeutic index of some of the drugs used.
In fact, our experience with the pegylated liposomal doxorubicin indicates that very 
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long term maintenance (in excess of 4 years) is acceptable to patients (49). Other 
non-platinum drugs may be suitable for maintenance, but are less practical because 
of requiring dosing at shorter intervals or having some less acceptable toxicities, 
even if non-cumulative. Platinums are not suitable for long-term maintenance 
because of cumulative effects primarily on the bone marrow, but also because of 
their high emetic potential. Anti-angiogenesis strategies have been recently built 
on this concept.

Table 3 Drugs for platinum-resistant ovarian cancer

Drugs Drug class/target Major toxicities Comments (ref)

Paclitaxel Mitotic inhibitor Alopecia, neuropathy (39)
Docetaxel Mitotic inhibitor Alopecia, fatigue, 

myelosuppression
(41)

Topotecan Topoisomerase I Myelosuppression (40)
Pegylated liposome 

doxorubicin
Topoisomerase II Skin and mucosal 

toxicities
(42)

Gemcitabine Antimetabolite Myelosuppression, 
short “flu” 
symptoms

(43)

Bevacizumab Antibody to VEGF Hypertension, 
proteinuria

(26–29)

Etoposide Topoisomerase II 
inhibitor

Myelosuppression; 
alopecia

Oral; rare leukemia 
dampens interest 
(38)

Cyclophosphamide, 
ifosfamide and 
other alkylating 
agents

Alkylating agents Myelosuppression; 
alopecia (only the
oxazaphos-
phorines)

Leukemia and cystitis; 
uncertain activity 
after platinums 
(38)

Hexamethylmelamine
(Altretamine)

Unknown but 
probably alkylating
prodrugs

Emesis and 
neurotoxicity

Oral; uncertain 
activity after 
platinums (44)

Irinotecan Topoisomerase I 
inhibitor

Diarrhea and other 
gastrointestinal 
symptoms

Cross-resistant to 
topotecan (45)

Oxaliplatin Platinum Neuropathy, emesis, 
myelosuppression

Cross resistant to usual 
platinums, but less 
so (36)

Vinorelbine Mitotic inhibitor Myelosuppression Erratic activity (46)
Fluorouracil and 

capecitabine
Fluoropyrimidine 

antimetabolites
Gastrointestinal 

symptoms and 
myelosuppression

Capecitabine is oral; 
may be useful in 
mucinous tumors 
(38)

Pemetrexed Folic acid antagonist Myelosuppression, 
rash

Under study in 
combinations with 
carboplatin (47)

Tamoxifen Antiestrogen Thromboembolism Oral; minimal activity, 
perhaps more in 
subsets (38)

bolded are those in common use
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The other factor encouraging the use of maintenance relates to the shorter 
 remissions that one encounters upon retreatment. Two different groups have shown 
that a second remission from the same regimen is likely to be shorter and is only 
exceptionally longer – even though the second treatment is often applied at a time 
when the tumor burden is less. Such an experience is best explained by the emer-
gence of a platinum-resistant population; lesser tolerance by the host the second 
time around may contribute to this in some instances.

Future Steps

This overview has highlighted reasons for devoting more research towards opti-
mizing the role of platinum compounds: (1) cisplatin and/or carboplatin are the 
key drugs in the induction of long-lasting remissions (an observation that became 
obvious in the 1970s when cisplatin joined a cluttered pharmacopeia, in retrospect, 
of marginally active combinations; (2) intraperitoneal platinums have provided 
a signal in three randomized trials of improved survival when given as first-line 
treatment; (3) upon recurrence there is clear evidence that these drugs are again 
the most useful, but in this instance are best used in combination with other drugs 
such as taxanes leading to survival; and (4) lengthening the platinum-free interval 
by the use of the many drugs used for recurrence may restore sensitivity to the 
platinum (but its value is limited by subsequent development of resistance, possi-
bly by selecting out further a resistant “stem cell” population). Integration of such 
strategies may continue to improve the outcome.

Preclinical Models

The model by Dinulescu et al, mentioned earlier (25), provides some indications of 
questions that may be addressed from their experimental observations. For exam-
ple, one may begin to characterize a platinum-resistant subset not only as a popula-
tion that currently defeats our treatment, but also perhaps to define a “tumor stem 
cell”. In any event, these studies could lead to testing novel therapeutic strategies 
for their elimination. Another consequence of work on this animal model has been 
the identification of serum markers of platinum resistance.

Models incorporating p53 and BRCA1 conditional knockouts in breast tissue, 
have given rise to breast tumors that are exquisitively sensitive to cisplatin (50). 
Here, as in the preceding model, eventually, if not cured, the animals succumb to 
platinum-resistant disease. Anthracyclines are also effective, although somewhat 
less than cisplatin in this model. Strategies to improve therapeutic results include 
the use of PARP-1 inhibitors that were shown to be more cytotoxic to cells that 
had mutations in BRCA1 and BRCA2. A combination of cisplatin with a PARP-1 
inhibitor appeared encouraging in this animal model.
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Clinical Clues from Hereditary Ovarian Cancer

Most patients with hereditary ovarian cancers carry deleterious germ-line mutations 
in either BRCA1 or BRCA2. The tumors arising in this background of mutations 
may be hypersensitive to platinums (51, 52). Conversely, a recent report in Nature 
2008 has linked platinum resistance to the restoration of function of BRCA2 in 
patients where additional mutations bypass the message for an inactive protein from 
the original mutation (53). Accumulating evidence supports the premise that ovarian 
cancers arising in BRCA mutation carriers have longer responses to platinum-based 
chemotherapy; in addition, some studies support a better outcome to pegylated lipo-
somal doxorubicin therapy. Studies with PARP-1 inhibitors alone and in  combination 
are ongoing and the results are eagerly awaited.

These clinical clues are prompting a greater study of DNA repair pathways in 
ovarian cancer, and the role of epigenetic changes in silencing BRCA genes. The 
occurrence of DNA repair defects among sporadic cases of ovarian cancer may 
provide an explanation for the efficacy of platinums in this disease. Identifying 
how these occur has both etiologic and therapeutic significance and represents an 
important path for future clinical investigations seeking to improve the outcome of 
patients with ovarian cancer.
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Intraperitoneal Chemotherapy: An Important 
Strategy in Ovarian Cancer Treatment

Franco M. Muggia

Abstract Three trials by the Gynecologic Oncology Group (GOG), adequately 
powered, utilizing an intraperitoneal (IP) platinum-based regimen versus a standard 
intravenous (IV) regimen yielded results favorable to the IP regimen, with the last 
two trials having median survivals exceeding five years. However, only the first 
trial was a direct comparison of IP vs. IV cisplatin at the same dose (both combined 
with cyclophosphamide); the tolerances of the two regimens were quite similar. The 
conclusion that IP administration of cisplatin yields superior results to IV should 
not be discounted solely on the asymmetry of the two subsequent regimens, and on 
the tolerance issues that differ substantially among the 3 IP regimens used.

Keywords Intraperitoneal chemotherapy; Cisplatin; Paclitxel; Neurotoxicity

In 2005, the National Cancer Institute (NCI) issued a clinical alert to call attention 
to the latest trial by the Gynecologic Oncology Group (GOG) showing a significant 
impact of an intraperitoneal (IP) arm of the study over IV cisplatin + paclitaxel. These 
alerts are issued by the governmental agency when thoroughly analyzed scientific 
findings could have an impact on the care of U.S. citizens. In contrast to the adop-
tion of a particular new regimen, lack of familiarity with an IP strategy has resulted 
in an intense focus on all aspects of the last study (GOG 172). After an overview 
of the randomized IP vs. IV studies in ovarian cancer, various components of the IP 
strategy are reviewed and the rationale for adopting an IP strategy is discussed.

The pharmacologic basis for the delivery of anticancer drugs by the IP route was 
established in the late 1970s and early 1980s (and is reviewed by Howell in this 
book). When several drugs were studied, mostly in the setting of minimal residual 
disease at reassessment after patients had received their initial chemotherapy, cis-
platin alone and in combination received the most attention. Favorable outcomes 

F.M. Muggia
Division of Medical Oncology, New York University School of Medicine and NYU 
Cancer Institute, NY, USA
e-mail: Franco.Muggia@nyumc.org

in Cancer Chemotherapy, DOI: 10.1007/978-1-60327-459-3_36,



330 F.M. Muggia

from IP cisplatin were most often seen when tumors had shown responsiveness to 
platinums and with small-volume tumors (usually defined as tumors < 1 cm) (1). 
Accordingly, in the 1990s, randomized trials were conducted to evaluate whether 
the IP route would prove superior to the IV route in such an optimally debulked 
population, and prior to exposure to any platinum. IP cisplatin was the common 
denominator of the IP arm in these randomized trials. The IV arm evolved over 
various trials since the standard has evolved from cisplatin + cyclophosphamide, to 
cisplatin + paclitaxel and eventually to carboplatin + paclitaxel.

The use of IP cisplatin as part of the initial up-front approach in patients, with 
stage III optimally debulked ovarian cancer, is supported principally by the results 
of three randomized clinical trials by the GOG (GOG-104, GOG-14, and GOG-
172), that are also the largest studies (546, 523, and 429 patients, respectively) 
(2–4). These studies tested the role of IP drugs (IP cisplatin in all the three studies 
and IP paclitaxel in the last study) against the standard IV regimen. In the three 
studies, superior progression-free survival (PFS) and overall survival (OS) favor-
ing the IP arm was documented. Specifically, the most recent study, GOG-172, 
resulted in a median survival rate of 66 months for patients on the IP arm vs. 
50 months for patients who received IV administration of cisplatin and paclitaxel 
(P = .03) (4). Toxic effects were greater in the IP arm, contributed in large part 
by the cisplatin dose per cycle (100 mg/m2) and by sensory neuropathy from the 
additional IP as well as from the IV administration of paclitaxel. The rate of com-
pletion of six cycles of treatment was also less frequent in the IP arm (42% vs. 
83%) because of the toxic effects and catheter-related problems (5). Efforts are 
under way by the GOG and individual institutions to examine some modifications 
of the IP regimen used in GOG-172 to improve its tolerability (e.g., to reduce the 
total 3-hour amount of cisplatin given by at least 25%; and to shift from the less 
practical 24-hour IV administration of paclitaxel to a 3-hour IV administration). 
A Cochrane-sponsored meta-analysis of all randomized IP vs. IV trials shows a haz-
ard ratio of 0.79 for disease-free survival and 0.79 for OS, favoring the IP arms (6). 
These studies mostly reflect the GOG, since three other studies randomized studies 
from Taiwan, Greece, and Italy entered 132, 90, and 113 patients, respectively. In 
another meta-analysis of seven IP (seventh trial is a California study closed early) 
vs. IV randomized trials conducted by Cancer Care of Ontario, the relative risk 
(RR) of progression at 5 years based on the three trials that reported this endpoint 
was 0.91 [95% confidence interval (CI), 0.85–0.98] and the RR of death at 5 years 
based on six trials was 0.88 (95% CI, 0.81–0.95) (7).

GOG-104: A Direct Comparison of IV vs. IP Cisplatin

This study, run by the Southwest Oncology Group and later joined by GOG 
is remarkable because it represents the “pure” direct comparison of the route 
of administration of cisplatin utilizing in both arms the same dose: 100 mg/m2 
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every 3 weeks, both in combination with IV cyclophosphamide. The RR for 
the IP arm in PFS and OS were both significant with median survivals of 
49 and 41 m,  respectively, for the IP and IV arms. The completion of 6 cycles 
was the same in the two groups (58%), the discontinuation rate for toxic effects 
being greater in the IV arm. A total of 297 patients with no clinical evidence of 
disease at the end of chemotherapy underwent adequate second-look surgery. 
The rate of complete pathological responses was 36% in the IV group (complete 
responses in 57 of 158 patients) and 47% in the IP group (complete responses 
in 66 of 139) (2).

Since paclitaxel had by then made an impact on GOG trials, the IP arm was not 
adopted, but another IP vs. IV had begun (GOG-114). Moreover, skepticism had 
arisen because the study was modified to include more patients with small volume 
disease; yet this subset did not appear to benefit any more than the other patients 
with volumes up to 2 cm (no longer considered “minimal residual disease”).

GOG-114: A Complex Design Including 
an IV vs. IP Cisplatin Randomization

Because of the complexity in design, the study results favoring IP cisplatin 
were not promulgated for adoption and a third study was planned by the GOG. 
Initially, this study included a randomization to an IV cisplatin + cyclophos-
phamide comparator but it closed early when the IV cisplatin + 24 h paclitaxel 
was declared superior in the suboptimally debulked trial GOG-111 in PFS (8). 
However, two major confounders were added to these comparisons: (1) the IV 
arm by now was using 75 mg/m2 of cisplatin, a reasonable extrapolation from 
other trial data, but the IP arm persisted with 100 mg/m2, and (2) the IP arm was 
preceded by a strategy of “chemical debulking” (advanced by the Memorial 
Sloan-Kettering group) for two cycles – carboplatin AUC 9 was adopted for 
such pre-treatment. Although 96% of the patients completed those two cycles, 
IV carboplatin exposure likely contributed to the high rate of hematologic toxici-
ties in the IP arm, and a completion rate of only 71% (compared to 86% for the 
control). Pathologic responses were not assessed but 22.6% in the IP arm refused 
reassessment, compared to 15% in the IV. If one considers the numbers com-
pleting to be eligible for second-look these would represent only 129 patients 
eligible for such reassessment in the IP arm vs. 176 in the IV arm; because any 
results from such large difference in the denominators were deemed subject to 
bias, the analysis was not carried out.

The results in PFS significantly favored the IP regimen: a median of 27.9 m 
compared to 22.2 m for the IV regimen. It should be noted that the long PFS median 
associated with the IP regimen is an outlier relative to other trials in optimally 
debulked stage III. OS of 63.2 m vs. 52.2 m gave a one-tail p value of 0.05 and has 
been regarded by critics as “non-significant.”
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GOG-172: Adding IP Paclitaxel in the IP Comparator

GOG-172 gave a clear survival superiority signal in favor of the IP regimen: 65.6 m 
compared to 49.7 m to the cisplatin + 24 h paclitaxel IV control. The toxicity 
problems in GOG-114 should have alerted the investigators to seek at least a dose 
equivalence of cisplatin in the IV vs. IP comparison. However, based on a pilot 
study by the Southwest Oncology Group, not only was the dose not reduced but the 
addition of IV paclitaxel on day 8 was certain to add further to toxicity differences, 
particularly in the neurotoxicity. In fact, thrombocytopenia grade 3 and 4 were 
lower in this protocol than in GOG-114 (12 vs. 49%) because of the absence of the 
pretreatment with carboplatin AUC 9. The completion rate of the IV regimen was 
maintained at 83%, but it fell drastically in this protocol (as compared to GOG-114) 
to 42%. The PFS in the IP arm was 23.8 m, while in the IV arm it was 18.3, and the 
rates of pathologic complete responses were 46 of 81 patients (57%) following the 
IP regimen and 35 of 85 patients (41%) following the IV regimen. In addition to 
neurologic and gastrointestinal toxicities, the IP arm was associated with a number 
of catheter complications. As in the other studies, treatment-related deaths were 
similarly distributed (4 in IV and 5 in IP arms), but were twice the number relative 
to the preceding studies.

Discussion

The sequential GOG studies are very informative in several aspects: (1) once 
gynecologic oncologists are trained in IP port placement, treatment may be accom-
plished safely and accrual has not been a major problem; (2) except for the first 
study (GOG-104), the comparison of IP vs. IV is confounded by dose difference in 
cisplatin. The adoption of 75 mg/m2 of cisplatin in both arms could have resolved 
this problem (IV carboplatin is now the standard, but the dose reduction would still 
be reasonable); and (3) the IP paclitaxel on day 8 of each cycle has added greatly to 
the complexity and it is not clear that it adds to the therapeutic effects. In particular, 
it should be noted that the PFS was the longest in the second trial.

Going forward, it is important that the controversial aspects of the trials do 
not negate the consistent signals observed from IP administration of platinum 
compounds. Additional trials urgently needed are: (1) toxicity reduction including 
substitution of IP carboplatin for IP cisplatin; (2) strong consideration of omitting 
IP paclitaxel until a reasonable regimen is adopted with greater tolerance, less 
neurotoxicity, and fewer catheter complications; (3) studies comparing a variable 
number of cycles (do we need 6 cycles? The poor record of completion but con-
tinued advantage would not suggest); (4) studies following chemical debulking in 
suboptimal or neoadjuvant situations; and (5) studies with the addition of biological 
agents such as bevacizumab.

In spite of the problems raised by the studies, one should not loose sight of the 
variable nature of the studies that reinforces the most likely biological principle 
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leading to this therapeutic advantage: IP administration of cisplatin or carbo-
platin has the potential of more efficiently eliminating large number of tumor 
cells on the peritoneal surfaces than IV administration. My interpretation of the 
findings is that this better efficiency leads to slower development of peritoneal 
recurrences that are life-threatening because of the small-bowel dysfunction they 
precipitate.
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Novel Strategies for Enhancing the 
Efficacy of Intraperitoneal Chemotherapy 
for Patients with Ovarian Cancer

Stephen B. Howell

Abstract Intraperitoneal chemotherapy with cisplatin and paclitaxel-based 
 programs improves survival of women with small volume ovarian cancer. The 
challenge now is to further improve efficacy and reduce toxicity of this approach. 
Limited penetration of drug from the surface of tumor nodules is a major challenge. 
Drug gradients, tumor nodule blood flow, capillary permeability and drug reactiv-
ity all play important roles in determining depth of penetration. Several different 
approaches to pharmacologically manipulating these parameters have demon-
strated increased efficacy in pre-clinical animal models. Additional strategies for 
directing drugs to the surface of tumor nodules are also under development. There 
is now a firm basis for the expectation that efficacy and safety of IP therapy can be 
substantially improved in the future.

Keywords Intraperitoneal chemotherapy; Cisplatin; Paclitaxel; Ovarian cancer

Introduction

Intraperitoneal (IP) chemotherapy has now been shown to improve survival of ovarian 
cancer patients with small volumes of disease in multiple randomized clinical  trials (1). 
These trials have established that the basic pharmacologic principles of intraperitoneal 
therapy developed by Dedrick and his colleagues based on work in animal models 
(2) can improve therapeutic outcomes when applied in women. However, incremen-
tal benefit of IP therapy is not great. In addition, IP therapy is associated with new 
kinds of adverse events including abdominal pain and catheter complications, and this 
treatment is technically demanding to administer. The challenge now is to determine 
whether these basic pharmacologic principles can inform the development of new 
strategies that will further enhance efficacy and safety of IP therapy.
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The therapeutic promise of IP therapy is based on the concept that if one can 
deliver more drug to tumor cells without delivering more drug to dose-limiting 
normal tissues, one can kill more of the tumor for the same amount of systemic 
toxicity. This principle is well-established for cytotoxic drugs acting against tumor 
cells in vitro where the amount of drug getting access to the tumor cell is propor-
tional to drug concentration. However, in vivo incremental increases in drug expo-
sure do no always result in equivalent increases in the amount of drug reaching all 
tumor cells. In part, this is related to the heterogeneity of vascular supply to tumors 
which almost always contain regions into which the drug does not penetrate well. 
However, it is now clear that there is also great heterogeneity in the sensitivity 
of individual malignant cells within the tumor. The dose-response curves may be 
quite steep for many tumor cells but very flat for cells that make up the progenitor 
compartment of the tumor. Nevertheless, large increases in selective delivery of 
drug to the tumor are generally associated with significant improvements in tumor 
response rate in experimental models of malignancy. This concept underlies the 
practice of high-dose chemotherapy followed by hematologic stem cell transplant 
that has been successfully utilized in patients with acute leukemias and some types 
of lymphoma and myeloma.

Pharmacologic Principles of Intraperitoneal Therapy

To identify additional strategies for improving the efficacy of IP therapy it is useful 
to review the basic pharmacologic principles that determine how much drug reaches 
the tumor relative to the amount delivered to sensitive normal tissues. As IP therapy 
is currently practiced, drugs are typically diluted in 1–2 liters of saline solution and 
instilled rapidly into the peritoneal cavity. The exposure for the peritoneal cavity 
relative to that of the blood is determined by measuring drug concentrations in the 
two compartments and determining the area under the concentration times time 
curves (AUC). The ratio of the AUC in the two compartments provides a measure 
of the pharmacologic advantage of the IP approach. The major route of absorption 
of chemotherapeutic agents from the peritoneal cavity is via the visceral perito-
neum that drains into the portal circulation. The ideal drug of IP therapy would be 
one that is very slowly absorbed from the peritoneal cavity, is extensively inacti-
vated in the liver before it gets to the systemic circulation and that is immediately 
removed once it reaches the blood. Drugs that have extensive first-pass metabolism 
in the liver, such as cytarabine, 5-fluorouracil, 6-thioguanine and floxuridine have 
very much higher AUC ratios than drugs with little or relatively slow hepatic 
metabolism such as cisplatin and carboplatin. A basic principle of IP therapy is 
to give enough drug by the IP route so that exposure to the systemic circulation is 
equivalent to that which could be produced if the drug was given IV. This requires 
that the drug not cause a lot of peritoneal toxicity and eliminates drugs such as the 
anthracyclines and mitoxantrone that produce peritoneal sclerosis.

Clinical trials that have demonstrated a survival advantage in women with  ovarian 
cancer have utilized various combinations of IP cisplatin and paclitaxel. Table 1 
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summarizes the pharmacokinetic parameters for intraperitoneally administered 
cisplatin, carboplatin and paclitaxel as reported by representative studies drawn 
from among the many that have been done (3–6). While not all parameters are 
available for carboplatin, the AUC ratio appears to be similar for cisplatin and 
carboplatin. Paclitaxel is of particular interest because its AUC ratio is ∼60-fold 
greater than that of cisplatin or carboplatin.

While it is clear that IP administration of several classes of chemotherapeutic 
agents can produce very high peritoneal/plasma AUC ratios, effective killing of the 
tumor requires that the drug be able to penetrate deeply into tumor nodules growing 
on the peritoneal surface. Inadequate penetration is a major problem for both IP and 
IV therapy (7). Although drug is driven into the nodule by very steep concentration 
gradient between the nodule surface and the blood, it faces a number of obstacles 
as it diffuses inward. First, the interstitial pressure of tumor nodules is generally 
greater than the pressure in the peritoneal cavity and there is substantial convective 
flow of fluid from the center of the nodule outward that thwarts the inward diffu-
sion of drug. Second, since the drug concentration in the plasma is much lower than 
that at the nodule surface, tumor capillaries can function like a heat sink sweeping 
drug out of the tumor. The greater the permeability of the capillaries, and greater 
the tumor blood flow, the more will be the limitation of further penetration of the 
drug. Third, as the drug penetrates the nodule, some of it is taken up into the tumor 
cells, and becomes irreversibly bound to extracellular matrix or is inactivated by 
metabolism in the extracellular fluid. This serves to reduce concentration of free 
drug available to penetrate into the next layer of cells. As a result of these fac-
tors, even if the peritoneal concentration is maintained at a steady level, one can 
anticipate that there will be a gradient of drug concentration with the tumor nodule 
such that the tumor cells near the surface will be exposed to substantially higher 
concentrations than those deep within the nodule.

Current studies suggest that key determinants of drug penetration are the area 
of the capillaries within the tumor, permeability of these capillaries and blood flow 
within the nodule, and diffusion coefficient of the drug (8). It is now clear that 
there is substantial variation in each of the first three of these determinants, not 
only between different patients, but also between different nodules within the same 
patient and even within a single nodule. The interaction of these determinants leads 
to some counter-intuitive predictions regarding tumor penetration. For example, 
one would predict that drug penetration would be better; (1) in poorly vascularized 

Table 1 Pharmacokinetic parameters of intraperitoneally administered 
cisplatin, carboplatin and paclitaxel

Cisplatin Carboplatin Paclitaxel

T
1/2peritoneum,

 h 0.88 73.4
Cl

peritoneum
 (L/m2/h) 1.4 0.0175

V
d
 (L/m2) NRa NR 1.9

AUC ratio 15b 17b 996
Bioavailability 100% 100% 46–53%
aNot reported; bFiltrable Pt
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nodules; (2) for large drugs that have difficulty getting into capillaries and thus will 
not be swept out of the nodule as readily; (3) for non-reactive drugs that do not bind 
extensively to extracellular matrix; (4) for drugs that are not rapidly transported into 
tumor cells; and, (5) drugs that are not metabolized to inactive forms either in the 
extracellular matrix or inside tumor cells. It is manipulation of these determinants 
that hold the greatest promise for improving the efficacy of IP therapy.

The importance of inadequate penetration as a factor that limits efficacy of IP 
therapy is borne out by clinical observations and experimental measurements. 
IP therapy can produce significant increases in survival for a patient whose largest 
tumor nodule is less than 2 cm, but is less effective in patients with larger amount of 
residual tumor following primary surgery (9). There are very few studies in which 
cisplatin levels in tumor nodules have been measured, and none in ovarian cancer 
models. A study done in a rat colon carcinoma model suggested that the advantage 
of an intraperitoneal over an intravenous injection was limited to the first ∼1.5 mm 
depth into the tumor, that a peritoneal to plasma AUC ratio of 12–15 was associated 
with a 1.7-fold increase in drug delivery in millimeter sized tumors and there was 
marked heterogeneity of drug levels in different parts of the same nodule (10).

Strategies for Improving Drug Penetration

Several groups have undertaken studies in model systems exploring whether 
 manipulations of the key determinants of concentration gradients within a tumor 
nodule actually enhanced drug penetration. Esquis et al. (11) reported that increas-
ing the intra-abdominal pressure to 22 mgHg during a 1 h exposure to IP cisplatin 
increased Pt levels in colon carcinoma serosal 0.5–3 mm nodules by a factor of 
∼1.6-fold. This approach may be difficult to implement in patients due to the effect 
of increased abdominal pressure on venous return to the right heart. In principle, 
tumor nodule blood flow might be reduced by administering IP epinephrine. 
Studies to date of this approach in a colon carcinomatosis model have demonstrated 
that IP epinephrine can increase the levels of Pt in small tumor nodules (2–5 mm) 
in a concentration-dependent manner up to 3.7-fold (12). In a subsequent phase 
1 trial,100 gm of cisplatin was given IP over 2 h in fluid containing increasing con-
centrations of epinephrine (13). An epinephrine concentration of even 5 mg/L was 
well tolerated in terms of cardiovascular adverse events, and produced a peritoneal/
plasma concentration ratio of >3,000 at the end of the instillation. Further rand-
omized trials are now needed to assess the efficacy of this approach. Bevacizumab 
can markedly alter the permeability of tumor capillaries and tumor blood flow; it 
will be particularly interesting to determine whether this antibody can enhance drug 
penetration into ovarian cancer tumor nodules.

Another approach to enhancing drug penetration is to maintain extremely high 
concentrations of the chemotherapeutic agent in the peritoneal cavity for very pro-
longed periods of time. This can only be done with drugs that have extensive hepatic 
metabolism and/or very high rates of plasma clearance such that levels in the blood 
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never reach intolerable levels. Phase 1 and 2 trials of this strategy utilizing cytarabine 
and fluordeoxyuridine were reported a number of years ago and produced promis-
ing results that have not been adequately investigated further (14–16). Recent early 
stage clinical trials have shown gemcitabine also has very high peritoneal/plasma 
AUC ratio (791–847) (17, 18), making it a candidate for use in this strategy.

Instead of flooding the peritoneal cavity with free drug, several groups are 
attempting to increase drug penetration by producing particles that slowly release a 
chemotherapeutic agent that might get randomly distributed to the surface of tumor 
nodules by the same diaphragmatic motion that distributes tumor cells throughout 
the peritoneal cavity. The first of these paclitaxel-loaded particle formulations to 
reach clinical testing failed in phase 1 due to a foreign body reaction to the particle 
(19). However, two other paclitaxel-loaded particles (20, 21) and a cisplatin-loaded 
particle (22) have shown promise in pre-clinical tumor models.

An even more sophisticated approach would be to produce extremely high drug 
concentrations at the surface of the tumor nodule but not elsewhere in the peritoneal 
cavity or systemic circulation. A number of peptides have now been identified that 
bind quite selectively to ovarian cancer cells (23) or to integrins expressed on these 
cells. Despite the fact that these have limited affinity as free molecules, promising 
results have been reported for an RGD peptide that binds to integrins conjugated to 
a chelating group capable of carrying 111In to the tumor in an experimental model 
of ovarian cancer (24). Since the avidity of such peptides to tumor cells can be 
increased when they are multimerized on the surface of particles (25), truly tumor 
selective peptides hold substantial promise for the development of tumor targeting 
toxins for intraperitoneal use.

Recent studies of transporters that mediate the uptake of cisplatin and carbopla-
tin into ovarian cancer cells have identified another potential strategy for enhancing 
the tumor cell uptake of these drugs. The major copper influx transporter, CTR1, 
plays an important role in the initial influx of cisplatin and carboplatin (26, 27). It 
has been know for some time that high levels of Cu trigger degradation of CTR1, 
thus limiting further influx of this toxin. It has now been shown that even very 
low concentrations of cisplatin initiate very rapid down-regulation of CTR1 which 
limits the amount of cisplatin that can enter the cells (28). Degradation of CTR1 
occurs through action of the proteosome, and drugs that inhibit proteosome activ-
ity can prevent this from occurring (29). Thus, there is now substantial interest in 
determining whether, by maintaining CTR1 on the plasma membrane for longer 
periods of time, proteosome inhibitors can increase the uptake of cisplatin and 
enhance ovarian cell kill.

Summary

Intraperitoneal chemotherapy with cisplatin and paclitaxel-based programs can 
improve survival in women with small volume ovarian cancer. The challenge now 
is to build on these achievements to further improve efficacy and reduce toxicity. 
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Strategies based around manipulation of the basic determinants of drug penetration 
into tumor nodules are of particular interest because pharmacologic agents that 
can influence parameters such as capillary permeability and tumor nodule blood 
flow are readily available. In addition, several new drug delivery technologies offer 
promise of maintaining extremely high drug concentrations at the surface of tumor 
nodules in a highly selective manner.
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Laparoscopically Assisted Heated 
Intra-Operative Intraperitoneal 
Chemotherapy (HIPEC): Technical 
Aspect and Pharmacokinetics Data

Gwenaël Ferron, Amélie Gesson-Paute, Laurence Gladieff, 
Fabienne Thomas, Etienne Chatelut, and Denis Querleu

Abstract Hyperthermic intraperitoneal chemotherapy (HIPEC) is being evaluated 
for patients with minimal residual or no residual disease after complete cytoreductive 
surgery. An experimental study on the porcine model was carried out to demonstrate 
the feasibility of the laparoscopic approach and to compare oxaliplatin pharmacoki-
netics during a laparoscopic assisted vs. the “coliseum” technique for HIPEC.

In the first step, feasibility of the peritonectomy procedure followed by HIPEC 
was evaluated in five adult pigs. In the second step, ten adult pigs were selected 
to receive laparoscopic assisted HIPEC procedure and ten pigs were selected for 
standard HIPEC in laparotomy. The HIPEC procedure was based on 460 mg/m2 
of oxaliplatin for 30 min with a heated perfusate at 41–43 °C. HIPEC drains were 
placed in the upper and lower quadrants of the abdomen. Peritoneal fluid and blood 
samples were collected every 10 min during the procedure and the pharmacokinetics 
of oxaliplatin was studied.

For the first step, the procedure was successfully completed with an adequate 
intrabdominal temperature and distribution. For the second step, no major technical 
problems were encountered. At the end of the HIPEC, 41.5% of the chemotherapy 
was absorbed in the laparoscopic group compared to 33.4% in the laparotomy group 
(p = 0.0543). The peritoneal oxaliplatin half-life (T

1/2
) was significantly shorter in 

the laparoscopic procedure (median value of 37.5 min vs. 59.3 min, p = 0.02). The 
area under the curve ratio for peritoneal/plasma reflects a faster oxaliplatin absorp-
tion through the peritoneal barrier in the laparoscopic procedure (ratio: 16.4 in the 
laparoscopic group vs. 28.1 in the laparotomy group, p = 0.03).

This study confirms the technical feasibility and reliability of the laparoscopic 
approach for HIPEC, and improves understanding of peritoneal drug absorption. 
Oxaliplatin absorption is significantly higher with laparoscopy, regarding time course 
in the peritoneal perfusion. Clinical application in selected patients may be expected 
after further experimental investigation designed to define adequate drug dosage.
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Introduction

Hyperthermic intraperitoneal chemotherapy (HIPEC) based on platinum compounds 
administration is being evaluated in patients with peritoneal carcinomatosis and 
sometimes in patients with previous intravenous chemotherapy. HIPEC has been 
proposed following advantage of IP vs. IV in randomized trials in patients with 
colorectal, gastric, peritoneal and ovarian cancer (1). We assume that HIPEC can 
be applied without performing a laparotomy, particularly when no bulky disease is 
present especially as a consolidation treatment after standard adjuvant chemotherapy 
or in cases of high risk of peritoneal recurrence. This may be  applicable during a 
second look laparoscopy in high risk cases. In addition, laparoscopic surgery is 
adapted for adhesiolysis and comprehensive examination of the peritoneal cavity 
with acceptable accuracy and morbidity (2, 3).

To reinforce this approach, we performed a two step experimental study on the 
porcine model. The first step demonstrates the feasibility of laparoscopic peritonec-
tomy and heated intraperitoneal chemohyperthermia (HIPEC) (4). The second step 
compares the pharmacokinetics of oxaliplatin between an open vs. a laparoscopi-
cally assisted intraperitoneal hyperthermic chemotherapy (5).

Materials and Methods

A total of twenty five adult pigs were used. During the first step we performed 
five laparoscopic procedures to evalue the feasibility of peritonectomy followed 
by HIPEC. A 12 mm trocar was placed in the umbilical area to accommodate 
the endoscope. Four additional 12 mm Versastep® (Tyco Healthcare Group LP, 
Norwalk, Connecticut USA) trocars were placed in each quadrant of the abdomen 
(Fig. 1). The positioning of trocars in the four quadrants was planned to perform a 
complete peritonectomy and later to place the HIPEC drains. The umbilical trocar 
was then replaced by a Lapdisc® (Ethicon Endo Surgery Inc, Cincinnati, USA) 
allowing placement of the hand and forearm in the abdomen without any gas or 
liquid leakage. Four drains were placed under laparoscopic guidance: in the right 
and left upper quadrants with an inflow and an outflow circuit respectively. For 
the lower abdomen, the outflow drain was placed in the pelvis. The hand of the 
surgeon manipulated the inflow drain in order to evenly distribute the flow within 
the abdominal cavity. For the first step, no anticancer drug was used. At the end of 
the procedure, methylene blue was injected in order to check the completeness of 
peritoneal exposure to the heated fluid.

Twenty adult pigs were used for the second step. Half of the group under-
went HIPEC via laparotomy as previously described by Elias et al. (6) using the 
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“coliseum” technique. The other group of pigs underwent laparoscopically assisted 
HIPEC featuring the same dosage and physical parameters. Oxaliplatin was deliv-
ered at a dose of 460 mg/m2 filled heated (43 °C) in the abdominal cavity with a fixed 
volume (dextrose 5%–2L/m2) during 30 min (7). Knowing that the therapeutic index is 
optimal at 41–43 °C, the goal for achieving the adequate intraabdominal temperature 
was fullfilled using a perfusate heated at 46–52 °C, with a 1,360 mL/min flow that 
resulted in outflow temperature at 41–43 °C.

Blood and Peritoneal Fluid Sampling

Nine blood samples were collected from each animal at different times: before 
HIPEC, at time zero (T0) when the peritoneal fluid reached 43 °C, and every 
10 min during the procedure. Blood samples were then collected after the HIPEC 
at 45 min, 1 h, 1.5 h and 2 h after T0. Samples were immediately centrifuged at 
+4 °C, for 10 min at 1,500 g. For samples collected at the end of the procedure 
(i.e. 30 min after T0), at 1 and 2 h after the HIPEC beginning, an aliquot of plasma 
was ultrafiltered by centrifugation at +4 °C for 20 min at 2,000 × g through a 
Amicon MPS1 micropartition system with YMT membranes (cut-off 30,000 Da).

Five 5 ml samples of peritoneal fluid were collected from each animal at different 
time points: before the temperature reached 43 °C, at the beginning of the HIPEC and 
then every 10 min during the procedure. All samples were frozen at –20 °C until assay.

Fig. 1 Positioning of HIPEC drains with the surgeon’s right hand through the Lapdisc®
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Platinum Determination

Platinum levels in the plasma and in the plasma ultrafiltrate were measured by 
means of flameless atomic absorption spectrophotometric analysis according to 
a previously described method. Nominal values of platinum controls were 21, 
105 and 210 ng/mL for plasma ultrafiltrate and 20.9, 104.7 and 209.3 ng/mL for 
plasma samples. Platinum determination in samples was validated when measured 
control values were comprised within 10% for the medium and high level control 
and 20% for the low level control.

Results

In the first step, the peritonectomy procedure was successfully completed in all 
five animals. Active permanent manipulation of the bowel and viscera, and manual 
adaptation of the direction of the inflow by the surgeon’s hand, allowed us to obtain 
a homogeneous intraabdominal temperature. The distribution of blue dye was even 
in the abdominal cavity in all the pigs. Exposure of all peritoneal surfaces to heated 
perfusate, including the root of the mesentery and the omental bursa, was achieved.

In the second step, no noticeable technical problems were encountered in the 
laparotomy group as a result of our experience in human clinical practice. The 
most frequently encountered complication during laparoscopic procedures was 
circuit obstruction by the contact of small bowel and omentum with the tips of the 
drains in three procedures. As a result, target temperature was reached after 8 min 
(median value) in the laparotomy group vs. 12.5 min in the laparoscopic group 
(p = 0.03) (Fig. 2).

Pharmacokinetics of Heated Intraoperative 
Intraperitoneal Oxaliplatin

A decrease in platinum concentration was observed in the peritoneal perfusion during 
HIPEC in both groups (Fig. 3). Analysis of T

1/2
 of the drug showed a significantly 

faster tissue absorption of oxaliplatin in the laparoscopic group (median value: 
37.5 min vs. 59.3 min, p = 0.02), giving evidence that the “closed” technique seemed 
to influence and raise platinum absorption through the peritoneal barrier. At the time 
of completion of HIPEC, 41.5% of the chemotherapy was absorbed in the laparo-
scopic group, compared to 33.4% in the laparatomy group (p = 0.05).

Time Course of Oxaliplatin in the Peripheral Blood

Peak plasma concentration of platinum was observed on average 30 min after 
starting HIPEC in the laparotomy group whereas peak plasma concentration was 
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obtained after 46.4 min (p = 0.87) in the laparoscopic group (Fig. 4). Platinum 
concentration then dropped rapidly in both groups, resulting in a limited systemic 
area under the curve (AUC). The AUC

2h
 was higher for the laparoscopic procedure, 

as was C
2h

 in ultrafiltrat (Table 1). The AUC ratio peritoneal/plasma (at 30 min) 
was larger in the laparotomy group (28.1 vs. 16.4, p = 0.03), reflecting the fact 
that oxaliplatin was kept in the abdominal cavity with less penetration through the 
peritoneal barrier to the blood compartment compared to the laparoscopic group. 
During HIPEC, oxaliplatin was more rapidly absorbed in the laparoscopic group: 
41.5% of oxaliplatin was absorbed in the laparoscopic group, compared to 33.4% 
in the laparotomy group at the end of the HIPEC procedure (p = 0.0543).

Discussion

Development of intraperitoneal drug therapy is one of the main areas of research 
to improve the long-term survival for patients with peritoneal carcinomatosis. 
Encouraging results of a randomized controlled study of HIPEC in the manage-
ment of peritoneal carcinomatosis in colorectal cancer patients have been published 
(8). HIPEC has also been proposed in ovarian cancers, mesothelioma and pseu-
domyxoma peritonei (9, 10). Laparoscopic techniques may prove to be an optimal route 

Fig. 2 Temperature curve of optimal procedure in each group (see Color Plates)
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Fig. 3 Decrease in oxaliplatin concentrations in heated peritoneal instillation (460 mg/m2). First 
point (t = 0 min) corresponds to concentration in the peritoneal fluid before the HIPEC (i.e. before 
the temperature of 43 °C was reached) (see Color Plates)
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to administer intraperitoneal chemotherapy especially after complete cytoreductive 
surgery and adjuvant chemotherapy as a consolidation treatment. This approach can 
also be utilised in cases at high risk of peritoneal recurrence in patients with color-
ectal cancer or gastric cancer. HIPEC administered in only one session, under direct 
surgical monitoring, might be more applicable in clinical practice than sequential 
intraperitoneal chemotherapy using permanent catheters.

The possibility of using a closed technique, while manipulating the viscera using 
the hand-assisted technique and/or laparoscopic instruments, combines advantages 
of both laparotomy techniques.

In this study, we developed techniques to overcome the limitations of a “closed” 
HIPEC procedure in terms of intraabdominal temperature homogeneity and complete 
exposure of all peritoneal surfaces, including the root of the mesentery and the omen-
tal bursa, to heated perfusate. Considering that manual mobilisation of the bowel by 
the surgeon’s hand is an essential component of even distribution of the drug and 
complete exposure of the bowel (6), the use of hand-assisted technique has proved to 
be useful. Xiphopubic laparotomy is no longer required. In this regard, the laparoscopic 
hand-assisted HIPEC is superior to standard “closed” HIPEC procedure that has been 

Table 1 Oxaliplatin concentrations after heated intraperitoneal chemotherapy (460 mg/m2)

Laparotomy Laparoscopy p

Mean ultrafiltrate C
2h

 (ng/ml) 2295.26 2994.17 0.04
Mean plasma AUC

2h
 (ng/ml × min) 1102.01 1292.65 0.23

Median peritoneal T1/2 (min)  59.3  37.5 0.02

AUC Area under the plasma concentration-time curve; T
1/2

 Half life elimination

Fig. 4 Oxaliplatin pharmacokinetics in plasma after heated intraperitoneal chemotherapy (460 mg/m2) 
(see Color Plates)
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proposed for palliation of debilitating malignant ascites in a series of 14 patients 
(11). Hand-assisted surgery mimicks the Sugarbaker modification of the “coliseum” 
technique using an impermeable disposable drape covering the entire operative field 
with a cruciate cut in its central portion to open the access site to the surgeon’s arm 
(12). In addition, the laparoscopic technique avoids exposure of the operative room 
staff from droplets of chemotherapy and aerosols that may escape into the environ-
ment (13). This study provides evidence that laparoscopic HIPEC is feasible, and was 
successfully completed in all animals after resolution of minor technical problems 
(15 cases with a laparoscopic approach). The minimal additional time to reach target 
temperature is likely to disappear with experience.

From the pharmacokinetic point of view we demonstrated that laparoscopic 
HIPEC provides equivalent exposure of the peritoneum compared to an open one. 
Evidence is given that high intraabdominal pressure facilitates drug penetration into 
the blood compartment. A massive crossing of the molecule through the peritoneal 
barrier has been observed, but these results must be interpreted with caution, as they 
are significant only for ultrafiltrat values. Further experimental studies are required, 
to investigate tissue concentrations of platinum in the peritoneum, liver and omentum, 
assess the role of peritoneal pressure, and define appropriate dosage of drug, taking 
into account higher blood concentrations of drug during laparoscopic procedures.

Conclusions

This experimental study provides further evidence of the feasibility and reliability 
of HIPEC laparoscopic approach. We obtained optimal conditions in terms of tem-
perature and agent distribution in the laparoscopy group as well as the laparotomy 
group. The hand-assisted concept is revolutionary compared to classic “closed” 
techniques and matched the requirements of the open approach from the technical 
point of view. In addition, the “closed” procedure avoids drug exposure to the staff 
present in the operative room. The results of this study favours further investiga-
tion of the role of laparoscopic HIPEC as an innovative application of laparoscopic 
surgery in surgical oncology, with the aim of reducing surgical morbidity and hope-
fully improving the quality of life of patients.
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Organic Cation Transporters 2 as 
Mediators of Cisplatin Nephrotoxicity

Giuliano Ciarimboli

Abstract Cisplatin is an effective but highly nephrotoxic antineoplastic agent. 
Though many aspects of cisplatin interactions with DNA and cellular proteins are 
well described, specific systems for cisplatin transport across the cell membrane 
have only recently been identified. In this paper our findings on this topic are illus-
trated and reviewed in relation to studies conducted by other groups. The human 
organic cation transporter 2 (hOCT2) would appear to be a critical transporter for 
cisplatin nephrotoxicity, since it mediates the accumulation of cisplatin in renal 
tubular cells. However, the less nephrotoxic platin derivative oxaliplatin shares 
the same transporter to enter renal proximal tubule cells. Its lower nephrotoxicity 
could be due to its substantial excretion in urine mediated by the apical hMATE1 
and hMATE2-K transporters. Conversely, cisplatin is not a good substrate for these 
apical transporters and accumulates at a higher level in renal cells. Cisplatin trans-
port competition at hOCT2 offers a potential mechanism to reduce nephrotoxicity 
in clinical practice. However, the feasibility of such an approach needs to be tested 
in an in-vivo model and the expression of hOCT2 in cisplatin-sensitive tumour cells 
needs to be investigated. Screening of hOCT2 polymorphisms and their association 
with resistance to cisplatin nephrotoxicity should also be investigated.

Keywords Cisplatin; Organic cation transporters; Nephrotoxicity; Proximal tubules

Cisplatin is one of the most effective and potent anticancer drugs for the treatment of 
epithelial malignancies such as lung, head and neck, ovarian and bladder cancer (1). 
When combined with bleomycin and etoposide, cisplatin is considered to be a curative 
treatment for testicular cancer (2). However, its use is limited by serious side effects 
such as nephrotoxicity, emetogenesis, ototoxicity and peripheral neuropathy (1). 
Though the antineoplastic effect of cisplatin is dose-dependent, nephrotoxic risks 
preclude the use of higher doses to maximise the therapeutic effect (3).
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Many aspects of cisplatin’s interaction with DNA and cellular proteins have 
been described in detail (4). However, the uptake route of cisplatin across the 
plasma membrane is not yet completely understood. This topic is of great impor-
tance, because an exact knowledge of cisplatin transport systems in tumour and 
normal cells would contribute, on the one hand, to the design of platin derivatives 
with better uptake in, or slower release from, tumour cells and, on the other hand, 
to establishing suitable therapeutic protocols to protect renal cells against cisplatin 
toxicity. This paper describes our findings on cisplatin transport systems in renal 
cells and discusses them in relation to those reported by other groups.

The existence of a specific renal transport system for cisplatin has been suggested 
by studies demonstrating its active secretion in renal tubules (5). A vectorial polarised 
transport of cisplatin has been demonstrated in epithelial cells derived from proximal 
tubules of the opossum (OK cell line), where basolateral-to-apical transport of cisplatin 
is higher than apical-to-basolateral transport (6). In these cells, co-incubation of 
cisplatin with tetraethylammonium (TEA, a model substrate for organic cation trans-
porters [OCT]) significantly decreased the accumulation and transport of cisplatin 
from the basolateral medium (6), in a manner similar to that observed in rabbit isolated 
proximal tubules (7). Moreover, TEA uptake by NIH3T3 cells (a mouse embryonic 
fibroblast cell line) stably transfected with rat OCT2 was competitively inhibited by 
cisplatin (8). Other indications for the importance of OCTs in the uptake of cisplatin 
by proximal tubule cells are provided by studies with the C7 clone of Madin-Darby 
canine kidney (MDCK) cells. These cells have been shown to express the isoform 2 
of OCT and to be more sensitive to cisplatin toxicity when cisplatin is added to the 
basolateral vs. luminal side (3). This toxicity could be decreased by incubation with 
cimetidine, a substrate of OCT (3). Taken together, these results suggest that OCT 
could be a specific renal transport system for cisplatin that mediates its accumulation 
in renal cells.

OCTs are classified as uniporters (transporters where a single species is trans-
ported by facilitated diffusion) belonging to the Major Facilitator Superfamily (MFS) 
and have been assigned to the SLC22A transporter family. In addition to OCTs, this 
family also includes electroneutral organic cation transporters (OCTNs, OCTN1–3) 
and a large group of transporters involved in organic anion transport (OATs, OAT1–5 
and urate transporters, URAT1) (9). Since many of these proteins are expressed in the 
intestines, liver and kidney, transporters of the SLC22A family play a pivotal role in 
drug absorption and excretion (9). Transport mediated by OCTs has been character-
ised as polyspecific, electrogenic, voltage-dependent and bidirectional, but pH- and 
Na+-independent (10). Three isoforms of OCTs have been identified in the rat, mouse 
and man: OCT1, OCT2 and OCT3 (10). The different isoforms of these transporters 
have a species- and tissue-specific distribution: for example, OCT2 is the main OCT 
of the human kidney, while in rat kidney the principal OCT is OCT1; in man, OCT1 
is the main hepatic isoform (11). Interaction of a substance with a particular iso-
form of OCT does not necessarily predict interaction with other OCTs, because the 
affinity of these transporters for different substrates is species- and isoform-specific 
(for a review see (12) ). In humans, hOCT2 has been shown to be expressed on the 
basolateral side in all three segments of the proximal tubule (13).
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In a previous study, we showed for the first time that cisplatin directly interacts 
with hOCT2, the renal OCT isoform in humans (14). Cisplatin inhibited, in a 
concentration-dependent manner, the uptake of the fluorescent organic cation 
4-(4-(dimethyl-amino) styril)-methylpyridinium (ASP) in HEK293 cells stably trans-
fected with hOCT2 with an IC

50
 of 1.5 μM. A cisplatin concentration of 100 μM, which 

gave rise to significant inhibition of ASP-uptake by hOCT2, failed to inhibit ASP-uptake 
by hOCT1, the human hepatic OCT isoform. The less nephrotoxic platin derivatives 
carboplatin and oxaliplatin at a concentration of 100 μM, showed no significant effect 
on ASP-uptake by hOCT2. These experiments demonstrated for the first time that 
cisplatin interacts with hOCT2, but not with hOCT1. Since hOCT2 is the renal isoform 
of OCTs and hOCT1 is the hepatic one in humans (11), these results could explain the 
high kidney-specific toxicity of cisplatin. Carboplatin and oxaliplatin, which are less 
nephrotoxic analogues of cisplatin, presented no interaction with hOCT2 in this work. 
It is important to note that cisplatin inhibited ASP-uptake in a concentration- dependent 
manner via hOCT2 with 40% maximal inhibition. This result can be explained by 
taking into account the recently proposed structure-function properties of OCTs. 
These transporters appear to have a large binding pocket with overlapping interac-
tion domains for different substrates (15, 16). For example, it has been suggested that 
rOCT1 contains a large substrate binding region within a large cleft capable of binding 
several substrates and/or inhibitors simultaneously (16). Transport of ASP or cisplatin 
may therefore require simultaneous or successive substrate binding to two or more 
binding sites within this large cleft. In this way, even though both cisplatin and ASP 
are transported by hOCT2, they are capable of binding slightly different domains 
of the transporter with different affinities and maximal inhibition of ASP uptake by 
cisplatin cannot be achieved. This structure of the binding site with overlapping inter-
action domains for different substrates may also explain the contradictory observa-
tions regarding the interaction of platin derivatives with OCT-mediated transport of 
tracer substances (see below). For the first time, we have investigated these transport 
processes also in freshly isolated human proximal tubules and hepatocyte couplets. 
The results of these experiments confirm what was observed with hOCT1 and 
hOCT2, namely that cisplatin interacts with the transport system of the fluorescent 
organic cation ASP in proximal tubules, but not in hepatocyte couplets (14). The pla-
tin accumulation of hOCT2-HEK293 expressing cells after a 10 min incubation with 
100 μM cisplatin at 37 °C was greater than that observed in HEK293 cells at 37 °C 
or in hOCT2-HEK293 cells at 4 °C, again confirming the importance of hOCT2 for 
cisplatin uptake. Only HEK293 cells expressing hOCT2 responded to cisplatin incu-
bation with increased apoptosis. Apoptosis was suppressed by simultaneous incuba-
tion with cisplatin and cimetidine, a typical organic cation, suggesting competition for 
transport at the transporter and hence a reduction of cellular cisplatin toxicity (14).

Isoform-specific cisplatin transport has also been demonstrated in rat OCTs: in this 
model, too, the isoform 2 of OCT mediates cisplatin uptake, while rOCT1 seems not 
to be involved in this process (17). In an in-vivo model, the same authors showed that 
the renal uptake clearance of cisplatin was greater in male than in female rats, while the 
hepatic uptake clearance was similar in males and females. Furthermore, N-acetyl-b-D-
glucosaminidase activity in bladder urine and urine volume were markedly increased 
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two days after the administration of 2 mg/kg of cisplatin in male rats. Cisplatin did not 
induce any elevation of urinary N-acetyl-b-D-glucosaminidase activity in castrated 
male rats. These findings are explained by the higher, hormone-dependent expression 
of rOCT2 in male animals (18).

Other investigations have shown a significantly higher sensitivity of hOCT2-trans-
fected cells for cisplatin toxicity compared to non-transfected cells (19). However, 
hOCT2-expressing cells were found to be much more sensitive to oxaliplatin than 
to cisplatin toxicity (19). After a two-hour incubation, accumulation of oxaliplatin 
but not of cisplatin was markedly increased in both hOCT1- and hOCT2-expressing 
cells. All these effects were competed for by the organic cation cimetidine. These 
transporters were identified at mRNA level also in colon cancer cell lines (hOCT1 
in LS180, DLD, SW620, HCT116, HT29, and RKO cell lines) and tumour samples 
(hOCT1 in 20/20 and hOCT2 in 11/20 samples), opening up new prospects for the 
expression of OCT as markers for selecting specific oxaliplatin-based therapies in 
individual patients (19).

However, another study investigating the influence of cisplatin, oxaliplatin and 
carboplatin on the uptake of the organic cation TEA by hOCT1, hOCT2 and hOCT3 
transiently transfected HEK cells, demonstrated that cisplatin, but not oxaliplatin 
markedly decreased TEA uptake by hOCT1 and hOCT2 (20). Both the cytotoxicity 
and accumulation of cisplatin were enhanced by the expression of hOCT2 and 
weakly by hOCT1, while those of oxaliplatin were enhanced by the expression of 
hOCT2 and weakly by hOCT3. These results again suggested that the basolateral 
hOCTs are important for the renal tissue distribution of cisplatin and oxaliplatin 
from the circulation. Since kidney cells are polarised and, in order to guarantee 
a vectorial transport of substances, possess a characteristic transporter distribu-
tion between the basolateral (the interstitium-facing side) and apical (urine-facing 
side) membrane, the contribution of a number of apical organic cation transporters 
(hMATE1, hMATE2-K, hOCTN1 and hOCTN2) to the accumulation of platin 
derivatives in proximal tubule cells was also investigated (20). The membrane 
apical transporters hMATE1 and hMATE2-K mediated the transport of cisplatin 
and oxaliplatin. Taken together, these data indicate that cisplatin was transported 
by hOCT1, hOCT2, hMATE1 and hMATE2-K, and oxaliplatin by hOCT2, hOCT3, 
hMATE1, and hMATE2-K (20). In this way, cisplatin and oxaliplatin appear to 
have very similar transport pathways in the kidney. In a further study by the same 
group, the cellular accumulation of both cisplatin and oxaliplatin induced by the 
expression of hMATE1 and hMATE2-K was investigated, applying an artificial 
H+-gradient to activate the MATE transporters (these are stimulated by oppositely 
generated H+-gradients across the plasma membrane). On ammonium chloride-
generated intracellular acidification, remarkable transport of oxaliplatin by hMATE2-K 
and significant transport by hMATE1 were observed, while no significant stimulation 
of the accumulation of platinum was found after treatment with cisplatin, carboplatin 
and nedaplatin (21). It was suggested that the lower nephrotoxicity of oxaliplatin as 
compared with cisplatin, is related to the low renal accumulation of oxaliplatin because 
of its transport by MATE out of proximal tubule cells.

In conclusion, these data show that hOCT2 plays an important role in the uptake 
of cisplatin and oxaliplatin from the blood in renal tubular cells. hMATE1 and 
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hMATE2-K seem to be important for the secretion of oxaliplatin but not of cisplatin 
into the urine and consequently are implied in the lower renal toxicity of oxaliplatin. 
The interplay of these renal transport systems in cisplatin and oxaliplatin transport is 
illustrated in Fig. 1. Since hOCT2 also seems to be expressed in colon cancer cells, 
it could be a target for a more efficient therapy of these tumours.

In future, we need to investigate whether competition for cisplatin uptake by 
hOCT2 with another organic cation can effectively reduce cisplatin nephrotoxicity 
in vivo without compromising its anticancer action. Moreover, we should also 
investigate whether patients who are less sensitive to cisplatin nephrotoxicity express 
polymorph hOCT2.

Grant support: Innovative Medizinische Forschung IMF CI 120437 and Else 
Kröner- Fresenius-Stiftung (P56/06//A57/06).

Fig. 1 Transport systems for cisplatin and oxaliplatin in human renal proximal tubules. OCs = organic 
cations
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Peripheral Neurotoxicity of Platinum 
Compounds

Alessandra Gilardini and Guido Cavaletti

Abstract The peripheral neuropathies induced by antineoplastic drugs are an 
important side effect of cancer treatment having a relevant impact on the field of 
research at the present time. Platinum compounds are the most widely used anti-
cancer drugs and their neurotoxicity on the peripheral nervous system seems to be 
defined, using both in vitro and in vivo experimental models, by specific molecular 
pathways that involve programmed cell death. The goal of research is the under-
standing of the neurotoxic mechanisms of platinum compounds in order to develop 
neuroprotective agents that can ameliorate the quality of life of cancer patients.

Keywords Peripheral neuropathies; Chemotherapy; Platinum compounds

Introduction

Among the several neurotoxic drugs, antineoplastic agents represent a major  clinical 
problem given their widespread use and the potential severity of their toxicity. On 
clinical grounds, several classes of very effective drugs induce sensory and/or motor 
impairment during chemotherapy or even after treatment withdrawal, depending on 
the target and site of the neurotoxic action.

Platinum drugs are among the most neurotoxic antineoplastic agents. The 
lead platinum compounds in cancer chemotherapy are cisplatin, carboplatin, and 
 oxaliplatin, although several other compounds are under active development and 
investigation. These platinum drugs share some structural similarities and, prob-
ably, mechanisms of action although they have marked differences in their thera-
peutic use, pharmacokinetics, and adverse effect profiles (1).

Cisplatin, carboplatin, and oxaliplatin are virtually unable to cross the blood-
brain barrier which protects the central nervous system, while they have easy access 
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to the peripheral nervous system. Besides this common feature, there are several 
pharmacokinetic differences among cisplatin, carboplatin, and oxaliplatin, and these 
differences are probably responsible for the different clinical features of their periph-
eral neurotoxicity. Cisplatin is the most highly protein bound (>90%),  followed by 
oxaliplatin (85%) and carboplatin (24–50%) (1). Moreover, after intravenous admin-
istration, about 33% of the dose of oxaliplatin is bound to erythrocytes. Oxaliplatin 
undergoes rapid non-enzymatic biotransformation to form a variety of reactive 
platinum intermediates which bind rapidly and extensively to plasma proteins and 
erythrocytes. The antineoplastic and toxic properties appear to reside in the non-
protein bound fraction, whereas oxaliplatin bound to plasma proteins or erythrocytes 
has been considered to be pharmacologically inactive (1).

Mechanisms of Neurotoxicity

The precise mechanism of the cytotoxic and neurotoxic actions of the platinum 
compounds has not yet been fully elucidated. However, some points have been 
clearly established regarding their mechanisms of action, particularly as far as cyto-
toxicity is concerned. Several interstrand and intrastrand cross-links in DNA, 
 particularly including two adjacent guanine or two adjacent guanine–adenine bases, 
can be observed following cisplatin exposure. In comparison with cisplatin- or 
carboplatin-induced DNA lesions, diaminocyclohexane (DACH) platinum DNA 
adduct formation has been associated with greater cytotoxicity and inhibition of 
DNA synthesis. In addition, there appears to be a significant lack of cross-resistance 
between oxaliplatin and cisplatin, which may be related to the bulky DACH carrier 
ligand of oxaliplatin, hindering DNA repair mechanisms within tumor cells (1).

Our knowledge on the mechanisms of action of platinum drugs is largely based 
on experimental models, and most of them are focused on cisplatin. It is clear that 
the antineoplastic activity of platinum drugs is primarily due to platinum-DNA inter-
action, and platinum-DNA adducts have been searched and reported also in dorsal 
root ganglia (DRG) neurons in experimental models (1). It is generally accepted 
that the morphological counterpart of the occurrence of these DNA-adducts is rep-
resented by the well-known “segregation” of the nuclear components consistently 
reported in different experimental models (Fig. 1). However, it is very likely that 
other mechanisms are involved in the neurotoxicity of platinum drugs, including 
intracytoplasmatic protein binding, ion channel interaction and  interference with 
intracellular signaling pathways. Regarding the intracellular events  elicited by 
platinum drugs in neurons, particular interest is raised by the demonstration that 
DRG neuron apoptosis can be obtained in in vitro and in vivo models, although 
rather high doses of cisplatin are required to achieve this result (1). In the search 
for the mechanism underlying neuronal apoptosis upregulation of cyclin D1, a 
 cell-cycle associated proteins expression is a significant observation which suggests 
two distinct hypotheses. One possibility is that stressed neurons express cell-cycle 
related proteins as a part of the death pathway. However, cell-cycle related proteins 
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have also been shown to be expressed in neurons, without contributing to the death 
pathway. Moreover, in non neuronal cells, cell-cycle related proteins are expressed 
in response to DNA damage, but they are involved in the repair program and not 
the death program. In ischemic models, upregulation of cyclins has been observed 
in neurons that do not undergo apoptosis. Therefore, cyclin D1 expression might 
simply be a response to a cisplatin-induced insult, but is not directly responsible 
for neuronal apoptosis (2).

A more recent hypothesis to explain cisplatin-induced apoptosis in neurons 
points to an alternative pathway, involving mitochondria. In fact, it has been 
demonstrated that the mitochondrial-cytochrome c pathway is activated and the 
fas death receptor pathway is not necessary for cisplatin-mediated death. This 
observation is intriguing, since the fas system has been implicated in the chemo-
therapeutic effect of cisplatin at drug concentrations similar to those found in 
patient sera (3).

Another interesting field of investigation is represented by the interaction of 
platinum drugs with the Mitogen-Activated Protein Kinases (MAPK) family. Using 
cortical neurons treated with cisplatin as an experimental model, the activation 

Fig. 1 Electron micrographs of dorsal root ganglia neurons of control and cisplatin-treated rats. 
The nucleolus (nc) of healthy rats has a central position (a) and a heterogeneous distribution of 
both the fibrillar (arrows) and granular (asterisks) components of the chromatin (c). In cisplatin-
treated neurons most of the nucleolus are smaller and assume an eccentric position, while the 
cytoplasm (c) and nucleoplasm (n) are normal (b). In (d) and (e) different stages of segregation of 
the two different components of the chromatin are observed
Bars: A-B,1 mm; C-D-E 500 nm
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of ERK1/2 was observed after cisplatin treatment, and this was interpreted as a 
 protective response by neurons to injury (4). The effect of cisplatin and oxaliplatin 
on MAPK activation has also been studied using the human neuroblastoma cell line 
SH-SY5Y (5). Preliminary results demonstrate that platinum derivatives are able 
to affect neuronal survival and to modulate the MAPK family members, activat-
ing p38 and reducing the activation of JNK/SAPK and ERK1/2, suggesting that 
the stress signaling pathway induced in neuronal cells by platinum derivatives is 
the same as that reported by many authors in cancer cell lines (6, 7).

Clinical Highlights

From the clinical standpoint, cisplatin-induced neuropathy is sensory,  predominantly 
characterized by symptoms of large myelinated fiber damage, such as numbness 
and tingling, paresthesias of the upper and lower extremities, reduced vibration 
and position sense perception, reduced deep tendon reflexes, and incoordination 
with gait disturbance. Risk factors for more severe neurotoxicity include diabetes 
mellitus, alcohol consumption or inherited neuropathies; all conditions which by 
themselves induce peripheral nerve damage. Advanced age has not been identified 
as an independent risk factor when there is no co-morbidity.

After completion of cisplatin chemotherapy only a part of the patients have 
significant neurotoxic symptoms, whereas 3–4 months later, the proportion is defi-
nitely higher. This phenomenon (called “coasting”) is clinically very relevant, since 
it makes it difficult to assess the real severity of the DRG neuron damage during 
cisplatin administration. Resolution or amelioration of symptoms occurs in most 
of the patients over the next 12 months (despite the fact that abnormal neurological 
examination is frequently permanent) and, in patients with mild signs of cisplatin-
related neuropathy, re-treatment with platinum drugs is generally feasible after 
several months.

Conventional dosages of carboplatin rather than cisplatin have been associated 
with a lower risk of peripheral neuropathy (e.g. mild paresthesias). Although they 
are generally less severe, qualitatively, the symptoms of carboplatin peripheral 
neuropathy are exactly the same as those observed with cisplatin.

The features of oxaliplatin neurotoxicity are rather different from those of cis platin 
and carboplatin. In fact, besides chronic sensory neurotoxicity, in about 90% of patients 
oxaliplatin treatment has been associated with acute neurosensory toxicity, including 
dysesthesia and paresthesia. This peculiar type of neurosensory  toxicity predominantly 
affects the fingers, toes, the pharyngolaryngeal tract, the perioral and oral regions, 
and it is generally induced or aggravated by exposure to cold. Such symptoms, 
which can be effectively treated with different antiepileptic agents (1), may occur 
within 30–60 min from the beginning or shortly after each course of oxaliplatin. 
Acute neurotoxicity is generally mild in severity; it disappears within a few hours 
or days and does not require oxaliplatin treatment withdrawal. Some patients may 
also develop muscle cramps or spasms. The acute neurotoxic effects of oxaliplatin 
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result from drug-related inhibition of voltage-gated sodium currents (1). It has been 
suggested that oxalate ions, which are released during oxaliplatin metabolism, 
might be responsible for the inhibitory effects on the voltage-gated sodium channels 
because of their calcium chelating activity.

In addition to the acute neurotoxic symptoms caused by oxaliplatin, about 
10–15% of patients treated with this agent develop a moderate neuropathy. The 
symptoms of chronic neuropathy include non-cold-related dysesthesia, paresthesias, 
superficial and deep sensory loss, and eventually sensory ataxia and functional 
impairment which persist between treatment cycles. Most of these symptoms usually 
disappear a few months after oxaliplatin withdrawal.

Neurophysiological studies in platinum drug-treated patients evidence reduc-
tion in the amplitude of the sensory potentials with minimal changes in the sensory 
nerve conduction velocity. Pathological examination of sural nerve biopsies has 
evidenced axonal degeneration, without any evidence of primary demyelination.

Models to Study Interventions

Several in vitro models have been used to study the neurotoxicity of platinum 
drugs and to investigate the possibility of protecting neurons from their toxic-
ity (1). Moreover, animal models of the peripheral neurotoxicity of platinum drugs, 
which reliably reproduce most of the clinical and pathological changes observed 
in humans, have been developed in different laboratories and fully characterized 
neurophysiologically, biochemicaly, pathologicaly and analyticaly (1). The use of 
these models has led to increased knowledge regarding the mechanism of platinum 
drug peripheral neurotoxicity after chronic administration and biotransformation 
and, moreover, has permitted in vivo testing of the effect of putative neuroprotective 
agents (e.g. Org2766, reduced glutathione, nerve growth factor, vitamin E, acetyl-
L-carnitine, erythropoietin,…) which have been subsequently evaluated in clinical 
trials or which are currently undergoing clinical investigation.
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Platinum Drugs in Children with Cancer

Antonio Ruggiero and Riccardo Riccardi

Abstract Platinum compounds are very effective drugs for the treatment of 
 childhood malignancies and their use has contributed to an increase in the long-
term survival of children with cancer. Unfortunately the risk of severe disabling 
effects such as nephro- and ototoxicity is well known among children receiving 
platinum-based chemotherapy as part of their treatment. Data from literature sug-
gest that very young children are more prone to develop cochlear damage especially 
when cranial radiotherapy or high cumulative doses are administered.

In view of the increasing number of children safely cured of their tumors it is 
fundamental that children treated with platinum drugs receive careful, continued, 
long-term followup.

Keywords Cisplatin; Carboplatin; Oxaliplatin; BBR3464; Ototoxicity; Children

Introduction

Chemotherapy has greatly contributed to the treatment of childhood malignan-
cies and has led to a marked increase in the cure rate of most pediatric tumors. 
Platinum compounds, such as cisplatin and carboplatin, are essential components 
in the chemotherapeutic treatment of several pediatric tumors (Fig. 1). The use of 
platinum compounds has contributed to an increase in the long-term survival of 
children affected by cancer.

Cisplatin is an antineoplastic agent that is highly effective in the treatment of 
tumors in children suffering from germ cell tumors, osteosarcoma, neuroblastoma, 
and hepatoblastoma. However, the full clinical use of cisplatin is limited by its 
major toxic effects, namely, nephro- and ototoxicity. While nephrotoxicity may 
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be significantly reduced by vigorous hydration regimens and mannitol treatment, 
 cisplatin-related ototoxicity and associated permanent hearing loss still cause 
concerns. The incidence and severity of cisplatin ototoxicity appear to be greater 
in children than in adults. Hearing loss usually begins in the high frequency range 
and tends to increase in severity, spreading to the lower frequencies as ototoxicity 
progresses due to repeated administration and increasing cumulative doses (1).

Carboplatin is a second-generation platinum compound which was developed 
to obtain a less-toxic analogue which retained anticancer activity. Compared with 
cisplatin, carboplatin is essentially devoid of nephrotoxicity, and is less neurotoxic 
(Fig. 2). By contrast, haematological toxicity, principally thrombocytopenia, is the 
dose-limiting toxicity for carboplatin. At present carboplatin is a first-line drug 
for a variety of pediatric malignancies, including brain tumors, medulloblastoma, 
low grade gliomas, neuroblastoma, malignant mesenchymal tumors, and retino-
blastoma (2). It is also active in germ cell tumors; however clinical studies have 
shown a lower anti-tumor effect as compared to cisplatin.

Oxaliplatin is a third-generation platinum compound which was selected for 
further investigation in view of its lack of cross-resistance with cisplatin and its 
promising antineoplastic activity in tumors with intrinsic or acquired resistance to 
cisplatin and carboplatin in adults. Based on preclinical reports showing synergistic 
effects with several anticancer agents, including irinotecan and gemcitabine, oxali-
platin is undergoing clinical evaluation in phase II trials also in children with solid 
tumors. Acute toxicity of oxaliplatin is relatively mild and has a transient cumula-
tive peripheral sensory neuropathy as its dose-limiting toxicity (3, 4). However, its 
widespread clinical use in children will be suggested by results of ongoing phase II 
studies in combination with other antineoplastic compounds.

Fig. 1 Incidence of solid tumors in children less than 15 years old. Tumors sensitive to platinum 
compounds are indicated in bold
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Fig. 2 Hearing loss in a child treated with cisplatin. In panel (a), a severe high-frequency hearing 
loss is noted following 8 cycles of cisplatin. In panel (b) no further ototoxicity following 
6  additional courses of carboplatin
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Pharmacodynamics and Pharmacokinetics

Platinum compounds exert their cytotoxic action by DNA platination. Reactive 
aquated intermediates are formed in solution after the spontaneous elimination 
of chloride. These cisplatin and carboplatin intermediates are rapidly bound to 
plasma proteins and tissues that react with nucleophilic groups to form covalent 
bands. After binding, the platinum intermediates are inactivated and only the free 
platinum products (including the parent drug) exert cytotoxic effects. Like cisplatin, 
carboplatin targets DNA, with the formation of DNA-interstrand crosslinks and 
protein-DNA crosslinks being the major toxic pathways (5).

Interestingly the adducts formed by carboplatin on DNA are essentially the same 
as formed by cisplatin but 20- to 40-fold higher concentrations of carboplatin are 
required, and the rate of adduct formation is about ten times slower (6).

The pharmacokinetic profile of bound and unbound forms of platinum differ 
appreciably. After administration of cisplatin, the protein-bound platinum persists in 
the plasma and can be detected in urine for many hours, even up to 4 days (7, 8).

By contrast, the unbound active platinum has a more rapid decline with a half-
life of less than 1 h. In children, the half-lives of total and unbound cisplatin are 44 
and 1.3 h, respectively (9).

The pharmacokinetic profile of carboplatin is characterized by a lower rate and 
degree of protein binding than cisplatin. As a consequence, the terminal half-life of 
unbound carboplatin is longer, ranging from 2 to 4 h. Compared with adults, phar-
macokinetic parameters of carboplatin in children are similar.

Cisplatin is reported to cross the blood–brain barrier only in limited amounts. 
However, it can achieve significant intratumoral concentrations as a consequence 
of the marked blood–brain barrier disruption occurring in the vasculature of 
intracerebral tumors, whereas the intact blood–brain barrier in the remaining 
areas of the brain tissue limits protein-bound cisplatin penetration into the central 
nervous system. By contrast, carboplatin can achieve higher cerebrospinal fluid 
concentration following systemic administration as a much smaller fraction of 
carboplatin binds to plasma proteins due to the slower protein binding process. In 
our study on cerebrospinal fluid (CSF) pharmacokinetics of carboplatin in chil-
dren with brain tumors, the mean AUC ratio of CSF to plasma was 0.28 (range, 
0.17–0.46) suggesting a good penetration of the drug into the central nervous 
system (10) (Fig. 3).

Toxicity

In children, several factors have been identified as potential risk factors for cispla-
tin-related toxicity.

Age. A young age at the time of platinum treatment seems to increase the 
risk of ototoxicity. Children younger than 5 years of age have a 21-fold higher 
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risk of developing moderate/severe high-frequency hearing loss compared with 
patients aged 15–20 years (11). This could be due to the age-related immatu-
rity of cochlea cells or to the peculiar pharmacokinetics of cisplatin in young 
children.

Radiation. Hearing loss due to platinum compounds may be enhanced by prior 
or concomitant craniospinal radiotherapy such as in children with medulloblas-
toma. This deleterious effect may be present also at low cumulative doses (12).

Cumulative dose. The risk of developing ototoxicity increases with the cumula-
tive cisplatin dose. A cumulative dose >400 mg/m2 is associated with moderate to 
severe risk of ototoxicity (11).

Ototoxic drugs. Aminoglycosides, bleomycin, and loop-inhibiting diuretics can 
negatively influence the ototoxicity of cisplatin (13).

Interpatient variability. This variability may be influenced by cisplatin’s 
degree of renal excretion and protein binding. Compared with adults, this vari-
ability is amplified in very young children due to the age-related maturation of 
the physiological processes responsible for drug metabolism, thus producing a 
large distribution volume and a slower elimination, especially in the younger 
age group (14–16). Recently, polymorphisms of the megalin gene have been 
evocated as a patient’s inter-individual susceptibility factor against cisplatin-
related ototoxicity (17). Megalin is a multiligand endocytotic receptor linked to 
the transport of cisplatin or cisplatin adducts highly expressed in renal proximal 
tubular cells and marginal cells of the stria vascularis of the inner ear. These 
studies may improve our ability to identify patients at higher risk to develop 
cisplatin-induced toxicity.

Fig. 3 Carboplatin (CBDCA) concentration vs. time curve in ventricular cerebrospinal fluid and 
plasma (total and ultrafiltrate) following administration (1h-infusion) of CBDCA 600 mg/m2 in a 
patient with totally resected medulloblastoma
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In addition, other factors such as renal insufficiency or intravenous bolus admin-
istration appear to enhance the cumulative risk of developing ototoxicity.

Conclusions

Platinum compounds continue to play a major role in the treatment of children with 
cancer. Due to its toxicity profile, carboplatin can replace cisplatin when severe cis-
platin-related toxicity occurs or combined treatment with radiotherapy is planned, 
especially in very young children.

Children are in any case more prone to develop severe defects such as ototox-
icity that have negative impact on speech, language acquisition, and educational 
achievement. Therefore, follow-up should focus on nephro- and ototoxicity to pro-
tect young patients from these disabling effects of potentially curative treatments.
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Optimising Carboplatin Dose using Patient 
Characteristics and Therapeutic Drug 
Monitoring

Aurélie Pétain, Antonin Schmitt, Fabienne Thomas, Christine Chevreau, 
and Etienne Chatelut

Abstract As the pharmacokinetics of carboplatin is mainly determined by renal 
function, AUC dosing of this drug is routinely performed. This method consists in 
predicting the individual carboplatin clearance and calculating the dose according 
to a target value of area under the plasma concentration time curve (AUC). All the 
equations proposed for predicting carboplatin clearance are based on body weight, 
age, gender, and serum creatinine level. In this way, carboplatin, which was initially 
contraindicated in patients with renal insufficiency, can now be administered to 
such patients. However, several of the assays used for serum creatinine determina-
tion are not consistent with one another. Substantial differences in carboplatin doses 
(even in the same patient) may be the consequence of these analytical discrepan-
cies. A new biological parameter, cystatin C plasma level, could be an additional 
or even an alternative covariable for predicting carboplatin clearance. For some 
carboplatin regimens, such as in high-dose chemotherapy, drug monitoring of car-
boplatin plasma concentrations followed by Bayesian pharmacokinetically guided 
dosing can be implemented. In conclusion, carboplatin AUC dosing still needs to 
be improved in order to standardise its use in clinical practice.

Keywords Population pharmacokinetics; individual dosing; glomerular filtration rate

Introduction

Carboplatin is mainly eliminated by glomerular filtration. Initially, the drug was 
contraindicated in patients with poor renal function. Several formulae have been 
developed for individual carboplatin dosing. Calvert et al. showed a strong cor-
relation between carboplatin clearance (CL) and glomerular filtration rate (GFR) 
determined by an isotopic method (1). For a decade, this methodology allowed 
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physicians to prescribe carboplatin for patients with poor renal function. All the 
equations commonly used to predict individual carboplatin CL are based on body 
weight, age, gender, and serum creatinine level (Scr). However, several  factors, 
 particularly Scr, contribute to the heterogeneity observed among patients and cen-
tres. Scr levels are affected by both the muscle mass and inter-method variability of 
the assays. Scr can be determined by either enzymatic assay or the non-compensated 
Jaffé method. In order to illustrate the heterogeneity in terms of carboplatin dosing, 
the case of a real patient can be considered: a 63-year-old woman (82 kg, 1.8 m2) 
treated with carboplatin for ovarian cancer. Her Scr, determined both by the non-
compensated Jaffé method and enzymatic assay, was 126 and 91 μM, respectively. 
Using the first Scr value (126 μM) and the Calvert equation (with the Cockcroft-
Gault formula (2) to estimate the GFR), her predicted CL would be 87 ml/min 
associated with a dose of 310 mg for a target area under the plasma concentration 
time curve (AUC) of 4 mg/ml × min. For the same patient, the second Scr value 
(91 μM) used in the Chatelut equation (3) (without correction for obese patients as 
would be required) led to a predicted CL of 108 ml/min and a dose of 540 mg for 
a target AUC of 5. The contributions of (1) Scr assay, (2) the equation for predict-
ing carboplatin CL, and (3) the choice of target AUC to the overall 74%-difference 
in terms of dosage were 38, 10, and 25, respectively, showing the predominant 
impact of Scr assay. There are two possible approaches for minimizing the impact 
of Scr bias on carboplatin dosing. The first is to improve the method of predicting 
carboplatin CL by using other biological markers (a priori dosing method). Plasma 
cystatin C levels are a promising parameter. The second is to determine the actual 
carboplatin CL in the case of regimens based on multiple carboplatin infusion 
(a posteriori method).

Cystatin C as a New Covariate for Predicting 
Carboplatin Clearance

Cystatin C (CysC) is a member of the cystatin superfamily of cysteine proteinase 
inhibitors. It is a 120-amino-acid basic protein with a molecular weight of 13 kDa 
described as the product of a “housekeeping gene” that is expressed in all nucle-
ated cells. Thus, unlike creatinine, its production is not dependent on muscle 
mass. Cystatin C undergoes extensive glomerular filtration and is reabsorbed by 
tubular epithelial cells but subsequently catabolised so that it does not return to 
the circulation (4). The reciprocal of CysC (1/CysC) correlates closely with the 
comparative GFR reference standard. Cystatin C seems to meet the criteria for an 
ideal GFR marker, but conflicting results have been published concerning its use 
in nephrology (5–7). CysC has also been studied as a marker to predict renal drug 
clearance and has proved superior to Scr with cefuroxime (8) and digoxin (9). Our 
substantial experience with carboplatin prompted us to study CysC as a marker of 
carboplatin elimination, which is known to be a glomerular filtration phenomenon. 
In a previous study (10), we showed that the best equation for predicting carbopla-
tin  clearance includes both Scr and CysC:
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 CL (mL /min) = 110 · (Scr / 75) − 0.512 · (CysC /1.0) − 0.327 · (BW/65) 0.474 · (AGE /56) −0.387 · 0.854SEX 

(with Scr in μM, CysC in mg/l, body weight in kg, age in years, and SEX = 0 if 
male and = 1 if female).

The correlation between observed clearance and clearance calculated with this 
model is shown in Fig. 1. The bias and the precision associated with the equation 
were 4 and 12% respectively. The deletion of either CysC or Scr from the model 
decreases the precision and correlation between predicted and observed clearances. 
We conclude that CysC as marker is at least as good as Scr in predicting carboplatin 
clearance. Moreover, one advantage of CysC over SCr is its low inter-laboratory 
variability. Two automated assays are used for most of the clinical evaluations 
of CysC, namely, the immunoturbidimetric (PETIA, Dako) and immunonephel-
emetric (PENIA, Dade-Behring) assays. When the same calibrators are used, the 
 correlation between the two assays is extremely close (11).

Drug Monitoring of High-Dose Carboplatin

Motzer et al. (12) proposed a high-dose paclitaxel, ifosfamide, carboplatin (target 
AUC of 24 mg/ml × minute per cycle), and etoposide regimen (TICE) plus periph-
eral blood stem-cell rescue for cisplatin-resistant germ cell tumours. This treatment 

Fig. 1 Correlation between observed clearance and value calculated according to the final equa-
tion with CysC
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is used for patients who fail to respond completely to first-line chemotherapy or 
who present an extragonadal primary site. Three cycles of high-dose carboplatin 
and etoposide (400 mg/m2/day) were administered at 14- to 21-day intervals with 
reinfusion of peripheral blood derived stem-cells. Each cycle consisted in three daily 
infusions. First, Motzer et al. determined the optimal overall AUC (3-day AUC) of 
carboplatin in a phase I study. The recommended AUC value was 24 mg/ml × min. 
The carboplatin dose was calculated according to the Calvert formula (dose = target 
AUC × [GFR + 25]) where GFR was initially determined by isotopic (99MTc-DTPA) 
determination and more recently by the Jelliffe equation. Whatever the method used 
to estimate GFR, the AUC values observed (for a target AUC of 24) varied consider-
ably among patients, ranging from 12 to 48, and from 10.9 to 36.7, respectively (13). 
At the Institut Claudius-Regaud, we treat poor prognosis patients according to the 
TICE regimen, but using daily (i.e. day 1, day 2) therapeutic drug monitoring (TDM) 
of carboplatin ultrafiltrable plasma concentrations in order to determine the actual 
individual carboplatin CL. The dose is adjusted daily to effectively achieve the overall 
AUC of 24. Three blood samples (i.e. at the end of infusion, 1 h and 4 h after the end of 
infusion) are taken daily. These concentrations are analysed with a Bayesian approach 
using the NONMEM program and a database comprising 109 other patients. The 
pharmacokinetic and toxicity results of the first five patients are reported in a previ-
ous study (14). The therapeutic drug monitoring allowed us to reach the target AUC 
(Table 1). We retrospectively calculated the AUC that would have been obtained in 
these patients if we had used the Jelliffe formula: the AUC would have ranged from 
15 to 41 mg/ml × min. The intra-patient variability within each cycle was very limited, 

Table 1 Patients’ characteristics, carboplatin pharmacokinetic parameters, and treatment

Patient

Previous 
cisplatin 
dose 
(mg/m2) Cycle

Target total 
AUC (mg/
ml × min)

Predicted
CL (ml/
min)

Mean 
observed 
CL ml/min 
(CV%)

Observed
total AUC
(mg/ml × 
min)

Total 
dose 
(mg)

Neuro-otic 
common 
toxicity 
criteria

1 400 1 24 181 150 (6%) 25.0 3,750 2
2 24 162 121 (8%) 26.5 3,210
3 16 130 111 NE 1,805

2 400 1 24 226 142 (5%) 24.8 3,500 NE
2 24 174 121 (2%) 24.1 2,940

3 400 1 24 126 66 (26%) 24.0 1,595 3
2 24 116 84 (15%) 25.1 2,145

4 700 1 24 188 127 (9%) 25.0 3,230 3
2 24 162 126 (12%) 25.7 3,180
3 8 179 139 7.1 990

5 200 1 24 238 191 (3%) 24.2 4,620 3
2 24 255 193 (8%) 24.4 4,650
3 16 246 174 (3%) 16.0 2,780

CL carboplatin clearance predicted according to the Chatelut formula; CV coefficient of variation 
for interday variability; NE not evaluable
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indicating that TDM only at day 1 would enable the overall AUC target of 24 to be 
achieved.

Our experience confirms the favourable clinical results (4/8 patients are in com-
plete remission; follow-up from 1 to 7 years) in this group of patients. Besides the 
expected haematological toxicity, ototoxicity was the main toxic effect.

For patients treated with high-dose carboplatin, therapeutic drug monitoring is 
justified by the dose modifications it imposed, especially since no method of pre-
dicting carboplatin clearance appears to be good enough.

Conclusions

In addition to the prediction of carboplatin CL, physicians have to choose a tar-
get AUC for carboplatin dosing. This choice remains largely empirical. Clinical 
studies aimed at determining the pharmacodynamic covariates of carboplatin are 
required. We may suppose that demographic, biological or pharmacogenomic 
parameters determine carboplatin haematotoxicity. These characteristics need to 
be assessed and taken into account in order to achieve better individual carboplatin 
dosing.
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