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Abstract
Platinating agents, including cisplatin, carboplatin, and oxaliplatin, have been used clinically for
nearly thirty years as part of the treatment of many types of cancers, including head and neck,
testicular, ovarian, cervical, lung, colorectal and relapsed lymphoma. The cytotoxic lesion of
platinating agents is thought to be the platinum intrastrand crosslink that forms on DNA, although
treatment activates a number of signal transduction pathways. Treatment with these agents is
characterized by resistance, both acquired and intrinsic. This resistance can be caused by a number
of cellular adaptations, including reduced uptake, inactivation by glutathione and other anti-oxidants,
and increased levels of DNA repair or DNA tolerance. Here we investigate the pathways that
treatment with platinating agents activate, the mechanisms of resistance, potential candidate genes
involved in the development of resistance, and associated clinical toxicities. Although the purpose
of this review is to provide an overview of cisplatin, carboplatin, and oxaliplatin, we have focused
primarily on preclinical data that has clinical relevance generated over the past five years.
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Background
Cisplatin [cis-diammine-dichloroplatinum (II)]4 (Figure 1) is a commonly used
chemotherapeutic agent that was discovered in 1970 as an inhibitor of growth in Eschericia
coli [1]. The clinical benefits of cisplatin as an anti-cancer agent have been recognized for over
30 years. Cisplatin is considered to be curative treatment for testicular cancer, when combined
with bleomycin and etoposide. It is closely related to its second generation analog carboplatin;
the two compounds share a mechanism of action, are fully cross-resistant, and form identical
lesions on DNA. Both agents are used for many other types of cancer, including ovarian,
cervical, head and neck, non-small cell lung, and lymphoma. However, for many, particularly
head and neck, lung, and relapsed lymphomas, cisplatin treatment is plagued by problems -
including toxicities and resistance, both intrinsic and acquired [2]. Oxalate (trans-l-1,2-
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diamminocyclohexane) platinum (II) (oxaliplatin) is an analog which does not share the same
mechanism as cisplatin, and likewise does not share in cross-resistance (reviewed in [3]).

In this review, we will focus on the most commonly used platinating agents - cisplatin,
carboplatin, and oxaliplatin. It is worth mentioning, however, that a fourth platinating agent,
satraplatin (bis(aceto)amminedichloro(cyclohexylamine) platinum (IV)), is available, and is
currently the only orally available platinating agent. Satraplatin does not share cross-resistance
with cisplatin, which is thought to be due to a different detoxification mechanism, and it shows
activity in advanced hormone-refractory prostate cancer [4,5].

Mechanism of Action
DNA Lesions

Upon entering a cell, all platinating agents become aquated, losing chloride or oxalate ions,
and gaining two water molecules. This positively charged molecule is then able to interact with
nucleophilic molecules within the cell, including DNA, RNA, and proteins. It is generally
agreed that DNA is the preferential and cytotoxic target for cisplatin and other platinating
agents (reviewed in [6]).When binding to DNA, platinating agents favor the N7 atoms of the
imidazole rings of guanosine and adenosine. Three different types of lesions can form on purine
bases of DNA: monoadducts, intrastrand crosslinks, and interstrand crosslinks (Figure 2).
Monoadducts are first formed as one molecule of water is lost from aquated platinating agents;
however, greater than 90% of monoadducts then react to form crosslinks. Almost all of these
crosslinks are intrastrand, with the majority being 1,2-d(GpG) crosslinks. Additional DNA
lesions include interstrand crosslinks. Oxaliplatin forms fewer crosslinks than cisplatin at
equimolar concentrations; however, it is equally as potent at these concentrations [7,8] and is
able to induce similar numbers of single-strand and double-strand breaks on DNA [9].

All crosslinks result in contortion of the DNA (reviewed in [10]). Cisplatin and carboplatin
intrastrand crosslinks bend the double helix by 32-35° toward the major groove, whereas
oxaliplatin treatment bends the helix even further [11]. Both 1,2-d(GpG) and 1,2-d(ApG)
intrastrand crosslinks unwind DNA by 13°, while the 1,3-d(GpXpG) intrastrand lesion unwinds
DNA by 34°. Interstrand lesions induce even more steric changes in DNA, with extrusion of
the cytosines at the crosslinked d(GpC)d(GpC) sites, bending of the double helix toward the
minor groove by 20-40°, and extensive DNA unwinding of up to 80°. Oxaliplatin adducts are
bulkier and more hydrophobic than those formed from cisplatin or carboplatin, leading to
different effects in the cell (reviewed in [12]).

HMG Involvement
There are different theories as to which lesion is responsible for cytotoxicity. Some believe
that the interstrand crosslink is cytotoxic because of the level of distortion in the DNA;
however, most believe that the predominant 1,2-intrastrand crosslinks are the cytotoxic lesion
because of comparisons with the biologically inactive trans isomer of cisplatin, trans-diamine-
dichloroplatinum (II) (trans-DDP) (Figure 1). trans-DDP is unable to form 1,2-intrastrand
crosslinks, but is able to form 1,3-intra- and inter-strand linkages [13]. Additionally, high
mobility group (HMG) proteins are able to recognize and bind to DNA at the 1,2-d(GpG)
intrastrand crosslinks. HMG domains are basic domains of 80 amino acids which contain three
α-helical domains. They are intimately associated with the curvature of chromatin. Their
presence is thought to be crucial for sensitivity to cisplatin and carboplatin, partly because the
testis, which is exquisitely sensitive to cisplatin, expresses several HMG domain proteins.
Members of the HMGB family, including HMGB1 (HMG-1), have been shown to bind to 1,2-
d(GpG) crosslinks induced by cisplatin, but not to DNA treated with trans-DDP. The binding
of HMGB1 to cisplatin aids in preventing replicative bypass (translesion synthesis) [14].
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Additionally, HMGB proteins such as SRY, UBF, and LEF-1 have been shown to block
nucleotide excision repair (NER) components from repairing the lesion via a “shielding
mechanism” (reviewed in [15]). The cisplatin-DNA-HMGB1 ternary complex is also able to
block transcription factors, thus preventing both transcription and replication. This block in
cellular processes may be responsible for sending out DNA damage signals that result in
initiation of apoptosis [16]. In support of this theory, He, et al., found that overexpression of
HMGB1 caused by estrogen exposure sensitized breast tumor cells to cisplatin [17]. HMGB1
generally functions to facilitate binding steroid hormone receptors to their promoter sites on
DNA. In the MCF-7 breast cancer line, priming the cells with estrogen or progesterone resulted
in increased transcription of HMGB1 by approximately two-fold. This increased HMGB1
expression is associated with a concomitant increase in sensitivity to cisplatin in this cell line.
HMG has a much lower affinity for oxaliplatin crosslinks on DNA than it does for cisplatin or
carboplatin adducts [14]. The molecular geometry of the oxaliplatin adduct, with a narrower
major groove and correspondingly wider minor groove, is thought to be responsible for this
observation.

Endoplasmic Reticulum Stress
Although cisplatin is known to induce apoptosis following DNA damage, it has also been
shown to cause activation of apoptotic caspases through activation of the endoplasmic
reticulum (ER) stress pathway (Figure 3) [18]. The ER stress pathway is based on the cellular
unfolded protein response (UPR). When the ER experiences stress such as starvation or
treatment with inhibitors of N-glycosylation (e.g. tunicamycin), it cannot fold or transport
proteins correctly, and the UPR is activated. The first step of the UPR is phosphorylation of
eIF2α at Ser51, halting new protein synthesis, then regulatory components of the ER stress
pathway, including ATF4, ATF6, XBP1, and BiP (Grp78), are upregulated [19]. In some cases,
these regulatory proteins are able to restore normal ER function. In other circumstances, the
UPR initiates apoptosis. This ER stress-induced apoptosis is dependent upon the activation of
caspase-12 [19]. Caspase 12 is located at the cytosolic face of the ER and is cleaved by the
calpain protease [20]. Inhibition of calpain by calpeptin prevents cisplatin-induced caspase-12
cleavage [18].

Treatment of enucleated melanoma 224 and colon carcinoma HCT 116 cell lines with cisplatin
resulted in activation of caspase 12, followed by caspase 3 activation. Grp78 (BiP) was also
upregulated in 224 cells [18]. Additionally, it has been observed in a pancreatic cancer cell line
that cisplatin is capable of activating ER stress pathways, including upregulation of chaperone
proteins and caspase 12 cleavage [21]. The stimulation of pro-apoptotic pathways in enucleated
cells by cisplatin-induced ER stress was a novel finding and one that other groups are beginning
to evaluate further as a secondary mechanism of cisplatin cytotoxicity. ER stress activation has
not been shown as yet for either carboplatin or oxaliplatin.

Signaling Cascades and Transcription Factors
Treatment with cisplatin or carboplatin results in the activation of complex signaling cascades
in the cell [2]. Transcription factors activated by these cascades serve to vary the gene
expression pattern after treatment with cisplatin or carboplatin. Oxaliplatin induces notably
different cascades from either cisplatin or carboplatin. Here, we highlight some of the most
important transcription factors and signaling cascades.

The transcription factor c-Fos has been implicated in cisplatin resistance. c-Fos transcription
is induced upon cisplatin treatment in cisplatin-resistant human ovarian cells [22]. In fact,
transfection of a sensitive ovarian carcinoma cell line with a c-fos vector generates cisplatin-
resistant cells [23]. Decreasing c-Fos expression restores some cisplatin sensitivity [22]. In rat
fibroblasts, c-fos expression induces resistance to cisplatin by 2-to-3 fold [24]. c-Fos is part of
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the transcription factor activator protein 1 (AP-1), which can interact with the Ets-1
transcription factor. In C13* cells, Ets-1 is upregulated as compared to 2008 cells, and 2008
cells designed to overexpress Ets-1 show similar or greater resistance to cisplatin than C13*

cells [25]. Similarly, HT-29 colon carcinoma cells transfected with ets-1 are more resistant to
cisplatin than non-transfected cells [25]. Ets-1 is a transcription factor for metallothioneins,
which are involved in detoxification of cisplatin, and a microarray experiment in 2008 cells
identified these, in addition to several genes involved in DNA repair, as potential targets of
Ets-1 [25].

Most cisplatin-mediated cell death is through an apoptotic pathway. Inhibition of this pathway
by genes such as bcl-2 can lead to drug resistance [26]. Other proteins, known as inhibitor of
apoptosis proteins (IAPs), have been identified in mammals, and at least one protein, Xiap, has
a potential role in cisplatin resistance in ovarian cancer [27]. Treatment of ovarian cancer lines
with antisense Xiap induced apoptosis in both cisplatin-sensitive and cisplatin-resistant cell
lines, with sensitive lines being more susceptible to apoptosis. In fact, cisplatin treatment itself
downregulated Xiap expression in cisplatin sensitive cells, but not in resistant cells, indicating
a different signaling cascade is activated in sensitive cells [27].

Oxaliplatin is involved in the inhibition of survivin, an inhibitor of apoptosis. Upon treatment
with oxaliplatin, expression of both survivin and the cell cycle protein cdc2 decreased
immediately after treatment [28]. In p53 mutant cells, which represents the majority of
colorectal cancers, oxaliplatin also decreased the phosphorylation of Bcl-2 and Bax, thereby
further promoting cellular apoptosis [28].

Using diploid deletion strains of Saccharomyces, Huang, et al., identified genes that potentially
contribute to cisplatin resistance [29]. In addition to genes that have already been characterized
as leading to resistance when deleted-MMR genes, CTR1, MAC1, NPR2, and SKY1, there were
twenty other genes characterized [30-33]. These genes had a wide range of activities in the cell
- including nucleotide metabolism, mRNA catabolism, RNA Pol II-dependent gene regulation,
and transport [29]. Several of the genes encode proteins involved in transcription factor
networks, including NOT3, STP1, SNF6, and the uncharacterized open reading frame (ORF)
YJL175W (overlaps the SWI3 transcription factor). Further studies in human cells, including
the use of siRNA, will decipher the role of these gene products in development of resistance
to cisplatin.

DNA methyltransferase is involved in methylating DNA, thus repressing gene transcription.
In murine neuroblastoma (MNB) cells, methyltransferase activity, specifically of DNA
methyltransferase-3b (Dnmt3b), was shown to correlate with cisplatin resistance [34]. In
cisplatin-sensitive MNB cells, transfection of Dnmt3a or 3b resulted in increased resistance to
cisplatin. Cisplatin sensitivity could be regained by treating these Dnmt3-expressing cells with
5′-azacytidine, an inhibitor of methyltransferase [34]. DNA methylation appears to be a global
effect; the role of gene specific methylation in cisplatin resistance still remains to be elucidated.

Dihydrodiol dehydrogenase was identified as a differentially expressed gene in microarray
analysis between the ovarian carcinoma sensitive-resistant pair 2008 and C13*, with higher
expression in the resistant C13* line [35]. This upregulation was confirmed using real-time
PCR. Overexpression of dihydrodiol dehydrogenase in the sensitive 2008 cell line conferred
cisplatin resistance to the cell line. This resistance did correspond to an increase in enzyme
activity, indicating that expression of the dihydrodiol dehydrogenase gene is involved in
resistance to cisplatin, most likely as a result of an as yet unknown signaling cascade [35].
Clearly, resistance to cisplatin is multigenic and some resistance mechanisms are likely to be
tissue specific.
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Repair of DNA Lesions
DNA damage recognition of cisplatin and carboplatin adducts may be due to a conformational
change induced by the intra- or inter-strand crosslink on DNA. In order to address this question,
synthetic oligonucleotides were generated which contained one putative intrastrand binding
site for cisplatin (GTG) [36]. Nucleotides were either exposed to cisplatin or not before being
incubated with histones to generate nucleosomes. DNA that had been platinated generated a
very different pattern of exonuclease III cleavage than untreated DNA. It is thought that this
specific cleavage pattern occurs because the platinum crosslink locks the nucleosome in place
[36], similar to those observed in UV-induced thymidine dimers [37,38].

Nucleotide Excision Repair
Platinating agent adduct repair occurs primarily through nucleotide excision repair (NER)
(Figure 3, Table 1) [39]. While all three types of intrastrand crosslinks (1,2-d(ApG), 1,2-d
(GpG), and 1,3-d(GpNpG)) are recognized by the NER mechanism, the 1,2 intrastrand
crosslinks are repaired less efficiently than the 1,3 intrastrand crosslinks, supporting the
hypothesis that the 1,2 intrastrand crosslinks are the cytotoxic lesion [39,40]. Increased
expression of several NER genes has been correlated with cisplatin resistance. In ovarian
cancer, XPA and ERCC1-XPF were shown to have increased expression in tumors of patients
resistant to platinum treatment [41,42]. In primary ovarian tumors, levels of XPB transcripts
were significantly higher in tumors resistant to cisplatin than in tumor samples from patients
who responded well to platinum treatment [43]. Similarly, gastric cancer showed a correlation
between cisplatin resistance and ERCC1-XPF mRNA levels [44]. Testicular cancer, generally
very responsive to cisplatin, has low levels of XPA and ERCC1-XPF, providing further
correlative evidence for the importance of NER in cisplatin resistance [45,46]. Oxaliplatin
treatment also induces expression of NER proteins, including XPA and ERCC-1 [47], and the
rate and kinetics of NER are similar between cisplatin and oxaliplatin [48].

NER may be inhibited by the presence of nucleosomes along DNA. Previous studies have
indicated that the presence of nucleosomes on DNA is able to inhibit NER in cells treated with
DNA damaging agents, including cisplatin and UV rays [49-51]. In synthetically generated
platinated oligonucleotides, the presence of nucleosomes disrupted NER to ∼10% of the levels
observed in platinated oligonucleotides without nucleosomes [36]. Nucleosome induced NER
inhibition may be overcome by the activity of the SWI/SNF chromatin remodeling complex,
which is activated upon damage recognition by the NER factors XPA and SPC [52]. SWI/SNF
has not been shown to be a necessary component for repair of cisplatin lesions; however,
inhibition of this pathway may lead to a targeted therapy for sensitization of tumors to cisplatin
and other DNA damaging agents.

Mismatch Repair
The mismatch repair pathway (MMR) has also been proposed to be involved in development
of cisplatin and carboplatin resistance (Figure 3, Table 1) [53]. The presence of MMR is thought
to mediate cisplatin- and carboplatin-induced apoptosis [54-56]. Tumor cells deficient in MMR
are 2-3 fold more resistant to cisplatin treatment compared to cells proficient in MMR [57].
Similarly, restoration of hMLH1 expression in a resistant derivative of the A2780 ovarian cell
line which lacked hMLH1 restored cisplatin sensitivity to the level of the parent line [58].
While MMR proteins appear to recognize cisplatin and carboplatin adducts on DNA, they are
not involved in the repair of the damage [40]. For example, the presence of the MSH2 protein
is required for sensitivity to cisplatin in S. cerevisiae; however, loss of function of either the
ATP binding or ATP hydrolysis domain of MSH2 does not affect cisplatin sensitivity [59],
indicating that the repair activity of MSH2 is not required to prevent cisplatin resistance. This
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is significantly different from repair of DNA mismatch lesions by MMR, which is dependent
on the ATP processing activity of MSH2.

Alteration of the ability of MSH2 to sense DNA damage is thought to be necessary for cisplatin
sensitivity, based on the results from genetic variations in yeast [60]. Identification of genetic
polymorphisms, in addition to tumor-induced mutations, in MSH2 and other mismatch repair
proteins may be valuable as physicians try to predict not only which patients are most likely
to respond to cisplatin treatment, but also in predicting patients at risk for cisplatin-induced
toxicities.

One measure of MMR deficiency has been microsatellite instability (MSI) [61]. There have
been reports of a correlation between cisplatin resistance and MSI in colon carcinoma and in
ovarian adenocarcinoma, serous carcinoma, and clear cell carcinoma [53,62-70]. However, an
additional study using quasimonomorphic markers did not identify significant levels of MSI
in 34 ovarian carcinomas [61].

A notable difference between the mechanisms of cisplatin/carboplatin and oxaliplatin is the
mismatch repair system. Deficiency of MMR does not affect cytotoxicity of oxaliplatin, and
different cellular cascades are activated for the two different types of platinating agents [53,
71]. This is particularly important in the usage of oxaliplatin to treat colorectal cancer, as
mismatch repair is frequently deficient in these tumors.

Homologous Recombination
Homologous recombination has been proposed to play a role in repairing double strand breaks
(DSB) resulting from cisplatin-induced interstrand DNA adducts (Table 1) [72]. The NER
components XPF and ERCC1 are also thought to be important for homologous recombination
[73-76]. When Chinese hamster ovary (CHO) cells deficient in NER genes were examined for
induction of DSB from interstrand crosslinks, CHO cells deficient in ERCC1 or XPF were
extremely sensitive to cisplatin, but DSB as measured by pulsed field gel electrophoresis were
not observed in these lines [77]. Similarly, in small cell lung cancer lines, cisplatin-resistant
and cisplatin-sensitive lines did not differ significantly in their formation of DSB [78]. This
provides anecdotal evidence supporting intrastrand crosslinks as the cytotoxic lesion, as DSBs
are thought to be formed only during the repair of interstrand crosslinks.

Replicative Bypass
In some cell lines, platinum tolerance can be achieved without the need for DNA repair. In
order for platinated DNA to be replicated and tolerance to form, DNA polymerase must skip
the platinum adduct, which is most commonly an intrastrand lesion (Table 1) (reviewed in
[6]). The classic DNA replication polymerases - α, θ, and ε - cannot bypass the lesion; however,
several polymerases have been shown to bypass intrastrand crosslinks by translesion synthesis
- namely, β, η, ζ, and ι [79-83]. Overexpression of DNA pol β has been shown to lead to cisplatin
resistance, while downregulation using anti-sense RNA leads to sensitivity [84-87]. Pol ζ has
been shown in MMR deficient cells to play a role in DNA tolerance and bypass of lesions
[88].

Recent experiments with pol η null and expressing XP-variant human fibroblasts have shown
that the absence of pol η results in a statistically significant enhancement in cisplatin sensitivity
[89]. This enhancement is also observed when the cells were treated with carboplatin and
oxaliplatin, but not with transplatin, which only forms interstrand crosslinks [89]. Pol η is a
potential target for future therapy, as inhibiting it may prevent tolerance and increase sensitivity
to cisplatin. Pol ζ, pol γ, and low concentrations of pol β have a preference for bypassing
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oxaliplatin adducts over cisplatin or carboplatin adducts, thus providing an additional clue for
the difference between these mechanisms [14].

Clinical Utility of Platinating Agents
Cisplatin, carboplatin, and oxaliplatin are all commonly used intravenous platinating agents.
Cisplatin is still used regularly for head and neck and germ cell tumors, while carboplatin has
supplanted the use of cisplatin for most ovarian tumors and for the treatment of non-small cell
lung carcinoma [90]. Oxaliplatin is currently approved for treatment in colorectal cancer, but
has also been shown to have activity against breast and endometrial cancers and malignant
melanoma in Phase I studies (reviewed in [12]). Additional Phase II trials show oxaliplatin to
be active against non-small cell lung cancer, prostate cancer, germ-cell malignancies, ovarian
carcinoma, non-Hodgkin’s lymphoma, and malignant mesothelioma; minimal or no activity
was observed in head and neck carcinoma and in malignant astrocytoma (reviewed in [12]).

Toxicities
Toxicities associated with cisplatin range from mild to severe, with nephrotoxicity and
peripheral neurotoxicity being the most serious (Figure 4) [91,92]. Nephrotoxicity is primarily
due to uptake by the proximal tubule cells of the nephron, with uptake by other cells having a
lesser effect [92]. Nephrotoxicity has largely been controlled by diuretics and pre-hydration of
patients, such that neurotoxicity has now become the dose-limiting effect. Cisplatin is thought
to act on the dorsal root ganglion to generate both transient and chronic neuropathies [91].

One notable distinction between cisplatin and carboplatin is a difference in the spectrum of
toxicities. Carboplatin rarely results in nephrotoxicity and peripheral neuropathy, with its major
toxicity being myelosuppression [93]. The most common toxicity associated with oxaliplatin
treatment is peripheral neuropathy, which ranges from acute and transient to a cumulative
neuropathy. Oxaliplatin is generally free of ototoxicity and nephrotoxicity, with only moderate
isolated cases of neutropenia and thrombocytopenia (reviewed in [12]).

Ototoxicity—Ototoxicity occurs in approximately 23-54% of patients receiving cisplatin
treatment, and in greater than half of pediatric patients receiving cisplatin (Figure 4) [94]. Bolus
higher doses of cisplatin have been shown to be more ototoxic and nephrotoxic than repeated
infusions at lower doses in adults [95]. In children, however, prolonged infusions are less
nephrotoxic than bolus doses but still result in considerable ototoxicity [96].

Platinum-based chemotherapeutic agents damage the outer hair cells of the cochlea (inner ear),
resulting in functional deficits (reviewed in [94]). The mechanisms underlying these
troublesome side effects most likely involve the production of reactive oxygen species (ROS)
in the cochlea, which can trigger cell-death pathways. This is thought to be due to activation
of the NADPH oxidase isoform NOX3, which is expressed only in the inner ear, as kidney
cells transfected with the nox3 gene exhibit enhanced superoxide formation upon treatment
with cisplatin [97]. The superoxide radical can then be transformed by cellular enzymes into
hydrogen peroxide and the hydroxyl radical, which has been hypothesized to play a major role
in cisplatin-induced ototoxicity [98]. In the outer hair cells of the cochlea, cell death pathways
are triggered by the release of cytochrome c and activation of caspases 9 and 3 [99].

One strategy to protect the inner ear from ototoxicity is pretreatment with thiol-containing
drugs that act as antioxidants, including sodium thiosulfate (STS), methionine, glutathione
ester, and amifostine (reviewed in [94]). α-Tocopherol (Vitamin E) was shown to reduce
cisplatin-induced ototoxicity in male rats as measured both by hearing threshold differences
and cochlear morphology [100]. In Hartley albino guinea pigs, treatment with α-tocopherol
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alone was less effective, but when given in conjunction with the thiol-containing compound
tiopronin, cisplatin-induced hearing loss was significantly slowed [101].

High serum concentrations of carboplatin have also been linked to oxotoxicity, although this
phenomenon is relatively rare, occurring in ∼1% of patients. Oxaliplatin has not been linked
to ototoxicity (reviewed in [90]).

Nephrotoxicity—Nephrotoxicity is associated with cisplatin treatment, but is rare with
therapies involving its later generation analogs carboplatin or oxaliplatin (Figure 4) [102,
103]. Due to the renal excretion of cisplatin, the kidney accumulates a higher effective
concentration of cisplatin than any other organ [104]. This accumulation preferentially affects
the terminal proximal tubule and the distal nephron and can cause either apoptosis or necrosis,
depending on exposure time and concentration [104]. Low, prolonged doses of cisplatin
typically induce apoptosis, whereas necrosis is caused by short exposures to higher
concentrations of cisplatin [105]. Similar to cisplatin-induced ototoxicity, nephrotoxicity
related to cisplatin treatment is due to the production of ROS. Notably, ROS are only thought
to mediate the apoptosis pathway, and are not involved in the necrotic death pathway [105].

ROS damage is thought to be mitigated by hypoxia-inducible factor 1α (HIF1α). Immortalized
rat renal tubular cells expressing dominant negative HIF1α were more susceptible to apoptosis
following cisplatin treatment in hypoxic conditions than cells expressing wild-type HIF1α
[106]. Future studies hope to use activation of HIF-1 as a target for further protecting patients
from nephrotoxicity, possibly with siRNA or gene therapy.

The human organic cation transpoter (hOCT) has been proposed to be involved in potentiating
cisplatin-induced nephrotoxicity in the proximal tubule. This transporter is expressed primarily
in the kidney [107]. After treatment with a concentration of cisplatin known to induce
apoptosis, the hOCT2 substrate cimetidine was able to suppress cisplatin-induced apoptosis
[108]. Cotreatment of cisplatin with a hOCT2 inhibitor could lead to reduction in
nephrotoxicity [108]. More evidence in favor of the OCT2 transporter as a target for cisplatin-
induced nephrotoxicity was uncovered using HEK293 cells transfected with the rat OCT2
transporter. In these cells, cisplatin-induced cytotoxicity was increased by the presence of the
rOCT2 transporter, as a direct result of increased platinum uptake. This indicates that rOCT2
expression was a definitive marker of cisplatin-induced nephrotoxicity [109].

Many antioxidant treatments, including tiopronin, N-acetylcysteine pre-treatment and sodium
thiosulfate post-treatment. STS post-treatment was time-sensitive, with a 2h delay being
protective against nephrotoxicity, and up to 4 h giving otoprotection [110,111].

Irregular kidney function can result in toxicities in rare cases of carboplatin treatment, usually
in patients with renal dysfunction; in contrast, patients with a high glomerular filtration rate
can have subtherapeutic systemic concentrations of carboplatin [90].

Neurotoxicity—The dorsal root ganglia of the spinal cord are the primary location of cisplatin
damage in the central nervous system (Figure 4) [112]. This explains the primary sensory
neuropathy commonly observed in patients treated with cisplatin [112]. Cisplatin-induced
neuropathy is characterized by decreased sensory nerve conduction velocity, possibly by acting
as a calcium channel blocker [[90]]. Co-treatment of rats with acetyl-L-carnitine was able to
protect animals from neurotoxicity while having no effect on the anti-neoplastic activity of
cisplatin [113].

Vitamin E has been shown to be decreased in patients treated with cisplatin [114], and vitamin
E deficiency causes a sensory neuropathy very similar to that observed with cisplatin treatment
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[115]. Therefore, vitamin E was tested as a means to protect against cisplatin-induced
neuropathy in a controlled clinical trial. One group of patients received vitamin E
concomitantly with cisplatin, and for three months following the last cisplatin treatment; the
other group received cisplatin as prescribed by dosing recommendations [116]. Neurotoxicity,
as measured by a peripheral neuropathy score, was significantly decreased in patients treated
with cisplatin plus vitamin E as compared with those treated with cisplatin alone.

Erythropoietin has also been associated with neuroprotection in vivo. In preclinical experiments
in rats, erythropoietin was protective against cisplatin-induced neuropathy [117, Bianchi, 2006
#232]118]. A carbamylated derivative of erythropoietin was also tested, to avoid the
erythropoietic effects of the parent drug, and it was also shown to be effective as a
neuroprotectant for cisplatin neurotoxicity in rats [118]. Carbamylated erythropoietin is
currently undergoing further experimentation for long-term side effects, with future clinical
trials planned.

Carboplatin is notably less neurotoxic than cisplatin at conventional doses, with a similar
sensory neuropathy occurring in approximately 6% of patients [119]. In rare cases, high doses
of carboplatin have been shown to result in a sensory ataxia soon after treatment. These patients
had all received cisplatin prior to carboplatin, and experienced a mild neuropathy from the first
platinating agent [120]. Among gynecologic carcinoma patients treated with a combination of
carboplatin and paclitaxel, 25% of patients developed peripheral neurotoxicity [121].

Oxaliplatin neuropathy has a wide spectrum, ranging from an acute sensory neuropathy
immediately following treatment to a chronic, dose-limiting neuropathy that usually takes
several weeks of treatment to appear. Acute neurotoxicity causes numbness and pain in the
distal extremities, and worsens upon exposure to cold temperatures; this is thought to be due
to inhibition of voltage-gated sodium currents by oxaliplatin, and may also be due to the
presence of free oxalate ions acting as calcium chelators (reviewed in [90]). This neurotoxicity
occurs in greater than 95% of patients and can be managed by treatment of calcium gluconate
or magnesium sulfate preceding and following treatment [122-124].

The cumulative neuropathy caused by oxaliplatin occurs in approximately 15% of patients,
and its reversible symptoms include non-cold-related numbness and pain, sensory loss, and
sensory ataxia. Amifostine and glutathione have been used to reduce the severity of this
neuropathy, as have the anti-epileptic agents gabapentin and carbamazepine (reviewed in
[90,125]. Chronomodulating the delivery of oxaliplatin also helps to prevent this toxicity
(reviewed in [90]).

Myelosuppression—The dose-limiting side effect of carboplatin is myelosuppression,
specifically neutropenia and thrombocytopenia (Figure 4). While conventional carboplatin
doses result in thrombocytopenia in 20-40% of patients and severe neutropenia in less than
20%, high doses can result in life-threatening toxicity, made more manageable by addition of
granulocyte colony stimulating factor (GM-CSF). In the majority of cases, neither cisplatin
nor oxaliplatin is associated with severe myelosuppression.

Resistance to Platinating Agents
In ovarian cancers, greater than 70% of patients initially respond to therapy with platinating
agents; however, this reprieve is short-lived, as the five-year survival rate for ovarian carcinoma
is less than 25% [126]. Similarly, the relapse rate for small cell lung carcinomas after cisplatin
or carboplatin treatment is 95% [16]. Head and neck cancers, for which cisplatin is first-line
therapy, have only a 20-30% response rate to platinating agents [127]. Resistance can develop
as a result of decreased influx or increased efflux of drug, glutathione or metallothionein
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conjugation, drug detoxification, DNA repair, or skipping lesions during DNA replication (see
above) (Figure 3). While it is possible that only one of these mechanisms may lead to resistance
to cisplatin, it is more likely that a combination of these mechanisms results in a cisplatin-
resistant tumor (Table 1).

Influx/Efflux
A major mechanism of resistance to cisplatin is a decreased effective concentration of drug in
the cell (Figure 3, Table 2). Reduction in cisplatin concentration of 20-70% has been observed
in cell lines resistant to cisplatin (reviewed in [16]). This can be due either to decreased influx
or increased efflux. It has long been presumed that cisplatin and carboplatin are taken up
passively by the cell, as uptake is not saturable, nor is it inhibited by structural analogs
(reviewed in [2]). Oxaliplatin uptake is most likely passive, as a correlation between
hydrophobicity and uptake has been shown (reviewed in [11]). Interestingly, however, ouabain,
a small molecule which inhibits the membrane sodium/potassium ATPase pump, blocks
cisplatin import, indicating that cisplatin uptake may be dependent on the membrane potential
of the cell [128]. Additionally, benzaldehyde and similar aldehyde molecules have been shown
to decrease intracellular accumulation of cisplatin by inhibiting uptake. This is thought to occur
through formation of Schiff bases with integral membrane transport proteins [129-132].

Cisplatin, at plasma concentrations, not only prevents copper from being transported by the
high-affinity copper transporter Ctr1, but also downregulates protein expression of Ctr1 in
human ovarian carcinoma cell lines [133]. In comparing sensitive and resistant cell line pairs,
the resistant small cell lung carcinoma (SCLC) line SR2 expresses less than half of Ctr1 protein
than its sensitive counterpart SCLC [134]. As expected, SR2 cells take up much less cisplatin
and carboplatin than SCLC cells [134]. Expression of transfected Ctr1 protein in SR2 cells
results in an increase in the uptake rate of cisplatin or copper, but neither is rescued to SCLC
levels of uptake, thus indicating that Ctr1 expression alone is not enough to maintain copper
(or cisplatin) homeostasis in the cell [134]. More evidence for the role of copper transport in
cisplatin sensitivity is based on the observation that cisplatin and copper are competitive
inhibitors for the transport of the other molecule into the cell [31,135] Mouse embryonic
fibroblasts (MEF) null for CTR1 provide 3.2-fold increased resistance as compared with
transfected cells. Carboplatin resistance is also mediated by CTR1, providing 2-fold resistance
in CTR1-/- cells as compared with wildtype. Oxaliplatin is thought to be dependent upon an
alternate entry mechanism [136].

Two other copper transporters have also been implicated in resistance to cisplatin - ATP7A
and ATP7B are responsible for the export of copper from the cell. ATP7A/B shuttle copper
between the Golgi and the plasma membrane. ATP7B was first proposed to be involved in
cisplatin resistance when Komatsu, et al., overexpressed this transporter in human epidermoid
carcinoma cells and observed that these cells gained resistance to cisplatin as a result of ATP7B
expression [137]. Cisplatin accumulation in ATP7B-transfected cells was approximately 60%
that observed in cells transfected with empty vector. In human ovarian tumors, SKOV3, OMC6,
and PA1 cells exhibited high ATP7B expression levels. SKOV3 cells, which exhibited the
highest level of ATP7B expression, also showed the highest resistance to cisplatin [138]. In
these cell lines, association of cisplatin with other known drug transporters, including MDR1,
MRP1, LRP, and BCRP, was not found.

Additionally, eighty-two primary ovarian carcinomas were profiled for expression of several
known resistance genes - including ATP7B, MDR1, MRP1, MRP2, LRP, and BCRP [139].
With the exception of ATP7B, none were indicators for resistance of ovarian cancer to cisplatin.
Patients whose carcinomas expressed high levels of ATP7B had a significantly poorer
prognosis than patients with tumors that expressed low levels of ATP7B [138]. Additionally,
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it has been shown that at least one additional resistant ovarian cell line, IGROV-1/CP exhibited
increased expression of ATP7B [140].

ATP7A is able to sequester into vesicles not only cisplatin, but also both carboplatin and
oxaliplatin. Increased expression of ATP7A in the 2008 line (2008/MNK) leads to increased
resistance to all three of these agents; interestingly, overexpression leads to increased
sequestration of platinating agents and not to decreased total accumulation [141]. ATP7A is
overexpressed as measured by protein levels in some cisplatin-resistant ovarian carcinoma cell
lines [140]. In two cell lines, A2780/CP and 2008/C13*5.25 overexpression of ATP7A was
shown to be causative for resistance to cisplatin; however, these lines were generated from
growth in cisplatin-containing media. Patients whose ovarian tumors exhibited increased or
new ATP7A histochemical staining post-platinum treatment were found to have a lower
survival rate than patients without increased ATP7A staining post-treatment [140].

Fibroblasts (cell line Me32a, established from a patient with Menkes’ disease) that express
neither ATP7A nor ATP7B exhibited much higher accumulation of copper than the same
fibroblasts transfected with vectors containing either ATP7A (MeMNK) or ATP7B (MeWND)
[142]. Me32a cells were also more sensitive to both cisplatin and carboplatin than lines
expressing either ATP7A or ATP7B. Interestingly, however, Me32a cells accumulated less
total cellular platinum than either MeMNK or MeWMD cells, indicating that cisplatin in Me32a
cells is likely sequestered in cellular vesicles. No difference between the transfected lines and
Me32a was observed, however, in total platinum DNA adducts [142]. This suggests that
sensitivity to cisplatin-induced cytotoxicity in the cell may involve pathways unrelated to DNA
damage, such as ER stress induction.

In addition to the copper transporters, the multi-drug resistance protein (MRP) is thought to
function as an ATP-dependent pump for many drugs, including cisplatin [143,144]. In rat
hepatocyte cell lines treated with cisplatin, MRP-2 protein and mRNA levels increased
approximately 3-fold upon treatment with cisplatin [145]. Cisplatin also slightly increased the
mRNA expression of MRP3, but did not affect MRP1 expression [143,145]. Using sensitive
and resistant melanoma cell lines, MRP2 expression was shown to be upregulated in the
cisplatin-resistant cell lines as compared to the sensitive line [146]. The resistant cells also
show a decreased level of platinum intrastrand crosslinks on DNA [146]. However, additional
studies on liver carcinoma cell lines showed conflicting results. Using cell lines sensitive and
resistant to cisplatin, it was observed that expression of both MRP1 and MRP2 were
downregulated in the resistant cell lines [147]. While MRP expression may play a role in
cisplatin resistance in some tissue types, it does not appear to be a global mechanism by which
resistance to cisplatin occurs.

Increased levels of MRP2, ATP7A, and ATP7B have also been associated with decreased
lysosomal cellular compartment in the cisplatin-resistant C13*5.25 ovarian carcinoma cell line
[148]. This cell line also has decreased protein levels of the lysosome associated proteins
(LAMP) 1 and 2. It is obvious that the transport story for platinating agents has yet to be clearly
elucidated; however, some transporters may be cell type dependent, and each cell type may
have multiple transporters, further complicating the situation.

Glutathione, Metallothioneins, and Anti-oxidants
In the cytoplasm, platinating agents becomes aquated, which then enables them to react with
thiol-containing molecules, including glutathione (GSH) and metallothioneins. Increased
concentrations of these compounds are known to induce resistance against cisplatin (Figure 3,
Table 2) (reviewed in [16]). Glutathione itself acts as an antioxidant of the cell; it helps to
maintain the redox environment while maintaining reduced sulfhydryl groups. Cisplatin is
detoxified by glutathione through adduct formation [149]. Several ovarian cell lines known to
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be resistant to cisplatin showed a correlation between the degree of resistance and the levels
of GSH, likely due to increased d-glutamylcysteine synthetase [150].

In bladder carcinoma cell lines that are known to be resistant to cisplatin, exposure to
buthiomine sulfoximine (BSO), which significantly depleted cellular glutathione
concentration, resulted in a significant enhancement in cisplatin cytotoxicity [151].
Additionally, the NSAID (non-steroidal anti-inflammatory drug) indomethacin significantly
decreases cellular concentrations of GSH and sensitizes bladder carcinoma cells to cisplatin
treatment [151]. However, neither of these treatments sensitizes these cells to the level of their
parent sensitive strain, indicating either that glutathione levels are only one component of
cisplatin resistance [151], or that the NSAID may have other effects in the cell that prevent
complete sensitization.

There have not been consistent observations in attempts to correlate glutathione-S-transferase-
π (GST-π) expression and resistance to cisplatin between and among cell lines and clinical
tumors. Colon, lung adenocarcinoma, and glioblastoma tumor cell lines [152]; and ovarian
[153-155] and head and neck clinical samples [156] do exhibit a correlation between high GST-
π levels and cisplatin resistance. However, in other studies of ovarian, cervical, and lung
carcinoma, no relationship was evident [157-160]. Another study has shown that ovarian
cancers with high expression of GST-π typically have lower survival and a less favorable
response to cisplatin. Much like the MRP data, much of the GSH/GST data is conflicting,
leading to questions about its importance. While it may have some role in certain types of
cancers, it does not appear to be a global indicator of cisplatin resistance.

An additional member of the antioxidant defense system is thioredoxin (Trx), which, similar
to glutathione, regulates the oxidation reduction environment of the cell [161]. Thioredoxin is
involved in the regulation of transcription factors, apoptosis, and DNA synthesis, among others.
Trx is reduced by thioredoxin reductase (TrxR), which involves the oxidation of NADPH
[162]. In clinical samples, a correlation has been observed between Trx levels and cisplatin
resistance in bladder, prostate, liver, gastic, and colon cancer cells [161]. Both cisplatin and
transplatin show this inhibition of TxrR1 [161], as does oxaliplatin but not carboplatin [162].
No study has shown that glutaredoxin (Grx), the analogous enzyme to TrxR in the glutathione
system, is inhibited by cisplatin or oxaliplatin; however, the glutathione-cisplatin adduct (GS-
Pt) is also able to inhibit both mammalian TrxR1 and Grx [161]. As transplatin is not cytotoxic
to cells, inhibition of TxR1 and Grx may be evidence against the importance of Txr in cisplatin
resistance.

Metallothioneins (MT) are very low molecular weight proteins comprised of several cysteine
and aromatic amino acid residues [163]. Interestingly, metallothioneins are thought to be
involved in controlling levels of copper and zinc, as well as protecting cells from oxidative
stress and toxicities associated with heavy metals, including copper, cadmium, and zinc
[163,164]. Elevated levels of metallothionein II have been described in cisplatin-resistant cell
lines, and cisplatin-resistant bladder cancer lines exhibit cross resistance to the heavy metal
cadmium, further implicating MTII in cisplatin resistance [163]. Human bladder cancer
xenografts [164] and esophageal [165] and transitional cell primary carcinomas [166] that
express high levels of MT exhibit less of a clinical response to cisplatin. In head and neck
cancers, cisplatin induces metallothionein expression [167], while in germ cell and testicular
tumors, no relationship between MT and cisplatin was observed [168]. The association of MT
levels with cisplatin resistance may be tissue specific and may play a minor role depending on
the cellular environment.
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Summary
The platinating agents remain an important class of anti-cancer agents, with cisplatin and
carboplatin used extensively in treating testicular, gynecologic, head and neck, and lung
carcinomas, and oxaliplatin becoming a mainstay of colorectal cancer treatment. These agents
are characterized by the ability to generate platinum lesions on DNA as their proposed major
mode of cytotoxicity. However, clinical problems of tumor resistance and a number of
associated toxicities limit these agents from reaching their full potential. Increased DNA repair,
either through activation of NER, MMR, and/or HR pathways, in addition to cytoplasmic
detoxification of cisplatin are all known mechanisms by which resistance occurs. Newer
observations have pointed toward transporters as a mechanism for cisplatin resistance,
including the copper transporters CTR1, ATP7A, and ATP7B. Toxicities associated with
cisplatin include nephrotoxicity, neurotoxicity, and ototoxicity, any or all of which can be dose-
limiting. Ototoxicity is particularly prevalent among pediatric patients treated with platinating
agents. Anti-oxidant compounds are being developed to prevent these toxic side effects.
Carboplatin and oxaliplatin produce fewer side effects than the parent cisplatin, with
myelosuppression and neurotoxicity, respectively, being dose-limiting. The ability to
overcome platinating agent resistance in tumors and decrease toxic side effects in patients and/
or identifying patients at risk for nonresponse or toxicity will be beneficial to the large numbers
of cancer patients who receive these drugs.

4. Abbreviations
Cisplatin, cis-platinum(II) diammine dichloride
carboplatin, cyclobutane-1,1-dicarboxylic acid platinum (II)
oxaliplatin, oxalate (trans-l-1,2-diamminocyclohexane) platinum (II)
satraplatin, bis(aceto)amminedichloro(cyclohexylamine) platinum (IV)
trans-DDP, trans-platinum (II) diammine dichloride
HMG, high mobility group
NER, nucleotide excision repair
ER, endoplasmic reticulum
UPR, unfolded protein response
AP-1, activator protein 1
IAP, inhibitor of apoptosis proteins
MNB, murine neuroblastoma
Dnmt3b, DNA methyltransferase 3b
MMR, mismatch repair
MSI, microsatellite instability
DSB, double-strand breaks
CHO, Chinese hamster ovary
SCLC, small cell lung carcinoma
ROS, reactive oxygen species
STS, sodium thiosulfate
HIF1α, hypoxia inducible factor 1α
hOCT2, human organic cation transporter 2
GSH, glutathione
BSO, buthiomine sulfoximine
GST, glutathione-S-transferase
Trx, thioredoxin
TrxR, thioredoxin reductase
Grx, glutaredoxin
MT, metallothionein
UCN-01, 7-hydroxystaurosporine
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RAR, retinoic acid receptors
RXR, retinoid-X receptors
AGT, O6-alkylguanine DNA alkyltransferase
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Figure 1.
The chemical structures of cisplatin, transplatin, carboplatin, oxaliplatin, and satraplatin.
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Figure 2.
Platinating agent adducts on DNA. Platinating agents are able to interact with DNA to form
monoadducts, intrastrand crosslinks (1,2-d(GpG), 1,2-d(ApG), 1,3-d(GpXpGp)), interstrand
crosslinks (G-G), and DNA-protein crosslinks.
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Figure 3.
Mechanism of cisplatin activity and mechanisms of resistance to platinating agents, as
exemplified here by cisplatin. Cisplatin can act in the cell either by causing DNA damage, or
by activating the ER stress pathway, both of which can lead to cellular apoptosis. In addition,
many mechanisms of resistance (italics) are present, including transport, cellular antioxidants,
increased DNA damage repair, and DNA tolerance.
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Figure 4.
Toxicities associated with treatment with platinating agents. A. The most common side effects
associated with cisplatin treatment are ototoxicity, peripheral neuropathy, myelosuppression,
and nephrotoxicity. Ototoxicity is notably higher in pediatric patients, while neuropathy is
relatively more common in adult patients. B. The most common toxicity associated with
carboplatin is myelosuppression, with rare cases of neurotoxicity and nephrotoxicity.
Oxaliplatin most commonly causes neurotoxicity.
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Table 1
Molecular Mechanisms of Platinating Agent Repair and Resistance.

Molecular Mechanism Preclinical Evidence Clinical Evidence

HMG Proteins ▷ HMGB1 binds to 1,2-d(GpG) crosslinks induced by cisplatin
[15]

▷ Testis expresses several HMG domain
proteins [15]

▷ HMGB proteins block NER and transcription factors [15, 16]
▷ In breast cancer cells, HMGB1 overexpression correlates with
cisplatin sensitivity [17]

Nucleotide Excision Repair ▷ SWI/SNF chromatin remodeling may be necessary for NER
to occur around nucleosomes [36, 49, 51, 52]

▷ Ovarian cancer patients resistant to
cisplatin have higher levels of XPA,
XPB, and ERCC1-XPF [41-43]
▷ Testicular carcinomas have low levels
of XPA and ERCC1-XPF [45, 46]

Mismatch Repair ▷ Tumor cells deficient in MMR are resistant to cisplatin;
restoration of MMR restores sensitivity [57, 58]

▷ Correlation between cisplatin
resistance and microsatellite instability in
colon carcinoma, and in ovarian adeno-,
serous, and clear cell carcinomas [53,
62-70]

Homologous Recombination ▷ Double-strand DNA breaks not observed in NER-deficient
lines, nor in small cell lung carcinoma lines [77, 78]

Replicative Bypass ▷ The error-prone polymerases β, η, ζ, and ι can bypass cisplatin
lesions [79-83]
▷ Overexpression of Pol β leads to resistance [86]
▷ Pol ζ plays a role in bypass in MMR-deficient cells [88]
▷ Absence of pol η results in enhancement to cisplatin,
carboplatin, and oxaliplatin [89]

Copper Transport ▷ Cisplatin inhibits copper transport [133] ▷ Eighty-two primary ovarian
carcinomas were examined; those that
express ATP7B (43%) had a significantly
poorer prognosis [139]

▷ SR2 expresses half of Ctr1 protein as SCLC, take up less
cisplatin and carboplatin [134]

▷ Primary tumors with ATP7A
histochemical staining had a lower
response rate [140]

▷ In ovarian tumor cell lines, high ATP7B expression correlates
with resistance to cisplatin [136, 138]
▷ ATP7A can sequester cisplatin, carboplatin, and oxaliplatin
[142]

MRP2 ▷ MRP2 levels increase upon cisplatin treatment [145]
▷ Upregulated in cisplatin-resistant melanoma cell lines, but
downregulated in cisplatin-resistant liver carcinoma cell lines
[146, 147]
▷ No link between MRP2 and resistance in ovarian clear cell
carcinomas [169]

Glutathione and Thioredoxin ▷ Depletion of glutathione in bladder carcinoma cells sensitizes
cells to cisplatin [151]

▷ Head and neck and ovarian primary
tumors show a correlation between GST-
π and cisplatin resistance [153-156]

▷ TrxR1 inhibited by cisplatin, oxaliplatin, and transplatin [161,
162]

Metallothioneins ▷ Elevated levels of MT in cisplatin-resistant cell lines [163] ▷ In ovarian cancer, higher MT level
corresponds with shorter survival [155]

▷ Bladder cancer xenograft levels of MT correlate with increased
cisplatin dosage [163]

▷ Correlation found in esophageal,
transitional cell, and head and neck
carcinomas [165-167]

▷ Cells transfected with MT are more resistant to cisplatin [164] ▷ No correlation between MT and
cisplatin in testicular or germ cell tumors
[168]
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