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Abstract. cis-diamminedichloroplatinum(II) or cis- volves the tumour-suppressor protein p53, the other is
platin is a DNA-damaging agent that is widely used in mediated by the p53-related protein p73. Coupling cis-

platin damage to apoptosis requires mismatch repaircancer chemotherapy. Cisplatin cross-links to DNA,
activity, and recent observations further suggest in-forming intra- and interstrand adducts, which bend and
volvement of the homologous recombinatorial repairunwind the duplex and attract high-mobility-group do-

main and other proteins. Presumably due to a shielding system. At present it is generally accepted that abortive
attempts to repair the DNA lesions play a key role ineffect caused by these proteins, the cisplatin-modified
the cytotoxicity of the drug, and loss of the mismatchDNA is poorly repaired. The resulting DNA damage

triggers cell-cycle arrest and apoptosis. Although it is repair activity is known to cause cisplatin resistance, a
major problem in antineoplastic therapy. Clearly, astill debatable whether the clinical success of cisplatin
better understanding of the signalling networks in-relies primarily on its ability to trigger apoptosis, at

least two distinct pathways have been proposed to con- volved in cisplatin toxicity should provide a rational
tribute to cisplatin-induced apoptosis in vitro. One in- basis for the development of new therapeutic strategies.
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Introduction

In 1965 Rosenberg and co-workers described the inhibi-
tion of Escherichia coli cell division by an electric cur-
rent applied to the growth medium. Responsible for this
effect was not the electric field in itself but the forma-
tion of tetravalent platinum complexes as the reaction
product of platinum derived from the electrodes with
ammonium chloride from the bacterial growth medium
[1]. Subsequently, the study of diamminedichloroplat-
inum (II) compounds attracted much attention, and two
isomers were identified, cis-diamminedichloroplatinu-

m(II) (cis-DDP or cisplatin) and trans-di-
amminedichloroplatinum(II) (trans-DDP or trans-
platin). The compound active in inhibiting cell division
was later shown to be cisplatin. In addition, it exhibited
marked antitumour activity. Transplatin, in contrast,
was poorly effective in both cases [2–4].
At present cisplatin is an important chemotherapeutic
agent used widely in the treatment of many tumours,
particularly testicular and ovarian [3, 5–7]. The related
compounds carboplatin and oxaliplatin have also been
used increasingly in recent years. This review aims to
summarise and discuss current views on the cellular and
molecular mechanisms of cisplatin action.
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Cisplatin makes DNA adducts

The reactivity of cisplatin is influenced by the surround-
ing chloride concentration. In blood and extracellular
body fluids the physiological chloride concentration is
about 100 mM, and cisplatin is relatively less reactive.
Inside cells the chloride concentrations drop to a few
millimolar, thus increasing cisplatin reactivity (see [8]).
In aqueous solution, chloride ions in cisplatin are dis-
placed to allow the formation of aquated species, which
represent the reactive forms of the compound (fig. 1a).
Nucleophilic groups containing oxygen, nitrogen or sul-
fur atoms with unpaired electrons can bind to platinum
in substitution for chlorine ions. These groups are
present in many amino acid side chains as well as the
purine bases of DNA or RNA. However, the most
relevant interactions are those involving DNA, and the
formation of the monoaqua complex is likely to repre-
sent the rate-limiting step for cisplatin-DNA cross-link-
ing. The aqua group is a good leaving group, and the
positively charged complex is thought to be electrostati-
cally attracted to the negatively charged DNA helix.

Cisplatin-induced DNA adducts include protein-DNA
cross-links, DNA monoadducts, and interstrand as well
as intrastrand cross-links [6, 7]. Among these adducts,
the vast majority consists of 1,2-d(GpG) and -d(ApG)
cross-links formed between neighbouring purine bases
(fig. 1b). Carboplatin has two amine groups in a cis
configuration and forms DNA adducts similar to those
of cisplatin. However, carboplatin is more stable and
less reactive than cisplatin because the 1,1-cyclobu-
tanedicarboxylato group in carboplatin is much less
labile than the chloride in cis-DDP. As a result, the
aquation reactions proceed more slowly in carboplatin
than in cisplatin [8].
Formation of the 1,2 intrastrand cis-[Pt(NH3)2-d(GpG)]
cross-link (G�G) in a double-stranded DNA helix has
important structural consequences. The modified DNA
fragments are bent, as was shown in solution by nuclear
magnetic resonance (NMR) [9] and by X-ray crystallog-
raphy [10]. The DNA is strongly kinked at a hydropho-
bic notch created at the platinum-DNA cross-link (fig.
1c).
Another potent nucleophile that reacts with cisplatin is
glutathione. The reaction of glutathione with cisplatin
forms a complex that is eliminated from the cell by an
adenosine triphosphate (ATP)-dependent export pump.
Thus, glutathione may contribute to cisplatin resistance
by intercepting reactive platinum compounds before
they reach the DNA. In the organism, cisplatin is addi-
tionally bound by metallothionein, a small protein in-
volved in the detoxification of heavy metal ions.
Whether binding to metallothionein plays any role in
cisplatin resistance is not yet known, but certain cell
lines resistant to heavy metals showed increases in
metallothionein and became resistant to cisplatin (re-
viewed in [8]).

Cisplatin adducts are poorly repaired

In human cells, cisplatin adducts in DNA are repaired
mainly by the nucleotide excision repair (NER) path-
way, the system responsible for removal of ultraviolet
(UV)-induced pyrimidine dimers [11–14]. Surprisingly,
cisplatin adducts are repaired with very poor efficiency
in cells, whereas in vitro they can be efficiently corrected
[13]. In contrast, adducts generated by the less cytotoxic
trans-DDP are much more efficiently repaired in vivo
[12, 15]. This suggests that the cell’s inability to repair
the DNA lesions is important for the success of cis-
platin as an anticancer drug. This view is further sup-
ported by the following observations. First, cell lines
cultured from patients with xeroderma pigmentosum (a
disease caused by genetic deficiencies in the NER path-
way) are highly sensitive to cisplatin [16, 17]. Second,
cancer tissues from patients whose tumours were clini-

Figure 1. The platinum-DNA cross-link and HMG-DNA interac-
tions. (a) In the cells, cisplatin is converted into a charged
electrophilic compound that reacts with DNA. (b) The major
adducts formed are intrastrand d(GpG) and d(ApG) cross-links.
(c) These cross-links bend and unwind the DNA helix, and the
altered structure attracts HMG-domain proteins.
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cally resistant to cisplatin expressed enhanced levels of
NER factors ERCC1 and XPA [18–20]. And finally,
tumour cells hypersensitive to cisplatin were found defi-
cient for these proteins [21].
Why are cisplatin adducts poorly repaired? The answer
to this question apparently relies on a class of cellular
proteins that bind to the cisplatin-induced 1,2 in-
trastrand cross-links due to an apparently fortuitous
structural similarity with their natural binding sites [22].
These are the high-mobility-group (HMG) proteins, a
class of abundant chromosome constituents defined by
the presence of a common structural motif. The HMG
domain consists of an L-shaped arrangement of three a

helices with two independent DNA binding surfaces.
Binding of a single HMG domain to DNA results in a
distortion of the path of DNA through as much as 130°
[23] (fig. 1c). Binding of HMG proteins to cisplatin
adducts was shown to inhibit their repair [13, 24, 25].
Thus, a simple interpretation is that binding of cellular
proteins to cisplatin-modified DNA prevents recogni-
tion of the lesion by the repair factors. Consistent with
this ‘repair shielding hypothesis’, a yeast strain express-
ing the G�G-binding HMG-domain protein Ixr1 was
twofold more sensitive to cisplatin and accumulated
one-third more platinum-DNA lesions than a mutant
strain lacking Ixr1 [26].
Although binding of HMG proteins to cisplatin-induced
DNA lesions may inhibit nucleotide excision repair of
the adducts, shielding of the G�G adduct from repair
within the cell nucleus appears to be incomplete. This is
suggested by the finding that whole-cell extracts con-
taining endogenous HMG1 are able to repair G�G
adducts, whereas addition of excess HMG1 protein
inhibits repair [14, 24, 27]. Also, cells exposed to low
doses of cisplatin and then transferred to drug-free
medium can survive the treatment, most probably be-
cause the DNA lesions are successfully repaired.

Cisplatin adducts inhibit transcription

It is a long-standing observation that overall RNA
synthesis is reduced in cells after treatment with DNA-
damaging agents. In particular, the cisplatin-induced
1,2-G�G intrastrand cross-link was shown to block
elongation of transcribing RNA polymerase II in vitro
when it encountered the lesion [28–30]. Inhibition of
transcription was further demonstrated in vivo. A two
to threefold decrease in transcription level was observed
when a cisplatin-modified b-galactosidase reporter gene
was transfected into human or hamster cells [30]. Cis-
platin was also shown to substantially reduce transcrip-
tion from the mouse mammary tumour virus promotor
stably transfected into mouse cells [31]. In addition,
transcription of the glutathione S-transferase, studied

by quantitative reverse transcription-polymerase chain
reaction (RT-PCR), was inhibited to about 75% by
cisplatin treatment of human glioblastoma cells [32].
Since NER occurs preferentially in actively transcribed
genes and requires TFIIH, a general transcription factor
for RNA polymerase II, it has been suggested that an
RNA polymerase complex stalled on a DNA lesion
triggers the assembly of the repair machinery leading to
a faster correction of the damage when compared with
the global genome repair [33, 34].
The coupling between transcription and NER was re-
cently investigated in vitro using a competition assay in
which transcriptionally active DNA was incubated with
whole-cell extracts in the presence of cisplatin- or UV-
damaged competitor DNA [35]. Under these conditions
transcription from the viable template was inhibited.
The factor responsible for mediating this inhibition was
not TFIIH but, surprisingly, the TATA-binding protein
TBP, a general transcription factor for all three RNA
polymerases. TBP was shown to bind to the 1,2-in-
trastrand cisplatin adducts [35]. Drugs that cannot form
these cross-links, such as transplatin or Dien [diethylen-
etriaminedichloroplatinum(II)], are neither recognised
by TBP nor do they inhibit transcription [36]. Addition-
ally, the minor 1,3-d(GpXpG) cisplatin-DNA cross-link
that does not bend DNA is not recognised by TBP.
Computer-assisted three-dimensional (3D)-structural
analysis revealed a remarkable similarity between the
crystal structure of the TATA-box/TBP complex, the
structure of the 1,2-intrastrand cis-[Pt(NH3)2-d(GpG)]
cross-link (G�G) and the structure of a UV-induced
cyclobutane thymine dimer [35, 37]. Footprinting pat-
terns then demonstrated that TBP protects equally four
nucleotides upstream and six nucleotides downstream of
either the TATA element or the G�G-cross-linked
DNA [36]. Thus, similarly to HMG-domain proteins,
TBP binds to the G�G-lesion due to shape complemen-
tarity with the damaged DNA structure.
Unexpectedly, the affinity of TBP for the 1,2-G�G
adduct was shown to be about 200-fold stronger than
for the TATA box. Furthermore, microinjection of ad-
ditional TBP in living cells alleviates the reduction in
RNA synthesis, suggesting that TBP is sequestered to
the damaged DNA sites and consequently is unable to
support transcription [35]. The idea that cisplatin-in-
duced DNA lesions may hijack transcription factors
and therefore inhibit transcription had been previously
proposed following the discovery that G�G-lesion-
binding HMG-domain proteins included the transcrip-
tion factors UBF [38], SRY [39], LEF-1 [40] and Ixr1
[41]. In the case of SRY, kinetic data revealed that
binding to the 1,2-G�G cross-link or to a putative
target promotor sequence occurred with comparable
affinity [42], further supporting the view that cisplatinin-
duced lesions compete with the natural SRY binding
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sites. However, it remains questionable whether titra-
tion of transcription factors away from promoters is
significant in vivo given the very high abundance of
HMG proteins in the nucleus [22]. In this regard it is
noteworthy that in yeast, cisplatin failed to affect the
level of transcription of Cox5b, a gene regulated by the
G�G-binding protein Ixr1 [41].
One of the HMG-domain proteins that binds 1,2-G�G-
modified DNA, but not transplatin-DNA adducts, is
the RNA polymerase I transcription factor ‘upstream
binding factor’, UBF [38]. UBF binds to an upstream
ribosomal DNA (rDNA) promotor control element and
recruits the promotor selectivity factor (SL1) that ap-
pears to mediate communication with RNA polymerase
I. Thus, if UBF fails to bind to the promotor, RNA
polymerase I cannot initiate transcription.
The affinity of human UBF for the rDNA promotor is
similar to that measured for the 1,2-G�G-intrastrand
adduct, suggesting that UBF may be sequestered or
hijacked by cisplatin-induced DNA-damaged sites [38].
A direct prediction from this model is that synthesis of
rRNA should be inhibited in the presence of cisplatin.
This was in fact recently confirmed using both in vivo
and in vitro experimental approaches [43, 44].
Interestingly, cells treated with cisplatin and devoid of
rRNA synthesis continue to incorporate RNA precur-
sors throughout the nucleoplasm, indicating that the
overall activity of RNA polymerase II is not signifi-
cantly affected [43]. This immediately raises the ques-
tion of whether rDNA is a preferential target for
cisplatin action in vivo. In this regard it is important to
note that in mammalian cells, repair of lesions induced
by cisplatin or UV irradiation is significantly less effi-
cient in rDNA than in RNA polymerase II-transcribed
genes [45–47]. Moreover, cisplatin-induced G�G ad-
ducts compete with rDNA promoters for both UBF
and TBP, two factors required for initiation of tran-
scription by RNA polymerase I. Thus, if repair is ineffi-
cient, rDNA is expected to accumulate more lesions
than genes transcribed by RNA polymerase II, and
these abundant damaged sites will sequester two major
RNA polymerase I transcription factors, therefore fur-
ther contributing to inhibit transcription. This implies
that disruption of rRNA synthesis may represent an
important cellular consequence of cisplatin action. In
fact, since rRNA synthesis is higher in proliferating and
metabolically active cells [48], by blocking transcription
of rDNA genes, cisplatin may be preferentially cyto-
toxic to rapidly dividing cancer cells and cells with very
high rates of protein synthesis such as neurons. In this
regard, it is noteworthy that in humans a major side
effect of cisplatin treatment is a peripheral sensory
neuropathy secondary to dorsal root ganglion involve-
ment and that the affected neurons show significant
nucleolar alterations [49].

Cisplatin adducts trigger apoptosis

Inhibition of DNA synthesis by cisplatin was initially
claimed to be responsible for its antitumour activity
[50]. However, subsequent studies showed that inhibi-
tion of DNA synthesis did not correlate with the sensi-
tivity of different cell lines to the drug [51]. More
recently it has been proposed that cisplatin kills cancer
cells by triggering G2 cell-cycle arrest and apoptosis [8,
52]. Although it remains to be established whether the
clinical success of cisplatin relies primarily on its ability
to trigger apoptosis, two cellular proteins, p53 and p73,
are known to induce cell-cycle arrest/apoptosis in re-
sponse to DNA damage, and very recent results suggest
that cisplatin can induce two parallel death-response
pathways, one dependent on p53 and the other on p73
[53]. The tumor-suppressor protein p53 is a potent
activator of apoptosis, and p53-deficient cancer cells are
less responsive to cisplatin therapy [54, 55]. However,
there is evidence that cells can be killed by cisplatin in a
p53-independent manner [56], implying the presence of
other apoptotic pathways. One such alternative path-
way may involve the product of a p53-related gene, p73.
The p73 gene encodes a family of proteins with the
ability to induce apoptosis [57]. Cisplatin induces an
activation of the c-Abl tyrosine kinase, an essential
mediator of cell-cycle arrest in response to DNA dam-
age [58, 59], and c-Abl potentiates the proapoptotic
activity of p73 [53, 60, 61]. These results suggest that
DNA damage signals are channelled through c-Abl to
p73.
Other likely regulators of the cisplatin-induced death
response include expression of the Bcl-2 family of
proteins [62], activation of stress-kinase cascades [63,
64] and telomere loss [65].
In particular, a direct role of mismatch repair proteins
in coupling cisplatin damage to an apoptotic response is
currently well established [66]. The main experimental
support to this model can be summarised as follows.
First, the mismatch repair protein complex can recog-
nise and bind to the 1,2-G�G adducts [67–69]. Second,
cells defective for mismatch repair function become
more resistant to G2 arrest and apoptosis in the pres-
ence of cisplatin [70–73]. Lastly, the activation of p73 in
response to cisplatin is not seen in cells unable to carry
out mismatch repair [53].
Recently, it was reported that inactivation of mismatch
repair genes in yeast led to increased resistance to
cisplatin [74]. However, no change in drug resistance
was observed after inactivation of these genes on rad52
or rad1 mutant strains, which are defective in mitotic
recombination and removal of unpaired DNA single
strands. Interestingly, the human Ku protein (involved
in double-stranded break repair and recombination)
also recognises the 1,2-G�G adducts [75]. Taken to-
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gether, these data suggest that proteins of the ho-
mologous recombinatorial repair pathway (i.e. the sys-
tem that repairs double-strand breaks arising on
chromosomes during DNA replication) also participate
in the recognition of cisplatin-induced DNA lesions.
Although DNA replication tends to be inhibited in the
presence of cisplatin, some G�G intrastrand cross-links
may be bypassed by DNA polymerase before replica-
tion comes to a complete stop [14, 76–78]. As a result
of this so-called translesion DNA synthesis, random
nucleotides will be incorporated opposite to the lesion
[79]. Consequently, the new helix will contain a mis-
match, and this will be recognised by the DNA mis-
match repair machinery. Binding of the mismatch
repair proteins to the DNA would prevent the NER
system from becoming active by simple physical compe-
tition and thus would inhibit repair of the lesion [80]. In
contrast with NER, which is likely to act independently
of the cell cycle, the mismatch repair system probably
acts mainly during the postreplicative phase, when the
highest concentration of mispairs is expected to be
present in the newly synthesised DNA. Thus, rapidly
proliferating cells are more prone to have futile repair
attempts which could eventually trigger cell death. One
prediction from this model is that inactivation of mis-
match repair proteins should allow, first, a more effi-
cient repair of the adducts by the NER system (with
consequent resistance to cisplatin) and, second, a hyper-
mutability phenotype due to inability to detect mis-
match mutations that occur either spontaneously or
during translesion synthesis. Consistent with this view,
cisplatin-resistant ovarian cell lines were shown to be
defective in strand-specific mismatch repair and to ac-
quire a greatly increased rate of mutation at microsatel-
lite sequences [70]. Moreover, resistant cell lines which
acquire a microsatellite instability phenotype also loose
p53 function, thus contributing to the inability to un-
dergo cisplatin-induced apoptosis [54, 70].

Conclusions and prospects

In summary, cisplatin induces DNA adducts that are
poorly repaired by the NER system. Abortive repair
attempts are recognised by mismatch repair proteins
and activate a programmed cell death response. Interac-
tion of cisplatin with DNA alters its architecture in a
way that mimics the natural recognition motif of several
nuclear DNA-binding proteins, including HMG
proteins and TBP. These proteins compete with the
NER machinery for binding to cisplatin adducts, there-
fore contributing to their inefficient repair. Ribosomal
DNA appears to be a major target for cisplatin action,
and this may be explained by the fact that in mam-
malian cells RNA polymerase II-transcribed genes are

preferentially repaired by NER. This observation im-
plies that the nucleolus may be involved in triggering
apoptosis, but future studies are needed to address the
coupling between cisplatin induced DNA damage and
cell death response.
A further issue that will still attract much attention is
the problem of resistance to cisplatin. In the case of
ovarian cancer, 20–30% of tumours are intrinsically
resistant to cisplatin, and relapses of initially responsive
tumours may acquire resistance [81]. The challenge here
is to develop new platinum-based cytostatic drugs able
to circumvent resistance. Promising, but still prelimi-
nary results have been obtained with oxaliplatin [1,2-di-
aminocyclohexane platinum (II) oxalate], a drug that
produces DNA adducts similar to cisplatin but effi-
ciently kills cells with deficiencies in mismatch repair
and increases in replicative bypass [82]. In this light,
recent developments in determining how cellular
proteins bind to cisplatin-modified DNA [83, 84] are
likely to help the rational design of novel classes of
platinum anticancer drugs.
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