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Abstract
Objective—Cisplatin is a DNA-damaging antitumor agent that is highly effective in treating
ovarian cancer. It activates the p53/p21 pathway for its cytotoxic mode of action, but it does not
induce p21-dependent cell cycle arrest in G1. Therefore, we investigated this paradox, and used
the model analog DAP as a positive control for p21-dependent G1-arrest.

Methods—Studies were conducted in p53-proficient ovarian A2780 tumor cells to examine Cdk
activity, cell cycle distribution and DNA damage signaling after cisplatin or DAP in combination
with the mitotic inhibitor nocodazole.

Results—Cisplatin consistently induced transient S-phase arrest by inhibiting Cdk2/cyclin A
complex in S-phase at 12 h and then a durable G2/M-arrest by inhibiting Cdc2/cyclin B complex
at 12–18 h. These inhibitions were associated with Chk1 and Chk2 activation and resultant
increase in inhibitory tyrosine phosphorylation of Cdk2 and Cdc2. Cisplatin also potently inhibited
G1-phase Cdk4/cyclin D1 and Cdk2/cyclin E activities at ~18 h. In agreement, exposure of
cisplatin-treated A2780, HCT-116p53−/− and HCT-116p21−/− tumor cells to nocodazole revealed
limited G1-arrest that was dependent on p53 and p21. In contrast, the durable G1-arrest by DAP,
which failed to activate Chk1 and Chk2, was unaffected by nocodazole.

Conclusions—Cisplatin induced G1-arrest, but at an attenuated level. This was primarily due to
orchestration of Cdk inhibition in S-phase first, then in G2, and finally in G1 that effectively
blocked cells in G2 and prevented cells from progressing and arresting in G1. These studies
demonstrate that cisplatin unequivocally activates G1-checkpoint response, but the fidelity of G1-
arrest is compromised by Chk1/2 activation and checkpoint response in S- and G2/M-phase.
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Introduction
Cisplatin is highly effective in the treatment of ovarian cancer. Its mechanism of action is
ascribed to intrastrand binding to DNA, with potent cellular signaling events that eventually
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lead to apoptosis. A general critical event associated with DNA damage is activation of cell
cycle checkpoints, which ultimately result in inhibition of cyclin-dependent kinase (Cdk)
complexes. Upstream events in checkpoint response involve activation of ATR and ATM
kinases, with resultant increase in Chk1 and/or Chk2 phosphorylation to regulate cell cycle
progression [1,2]. More specifically, S- and G2-phase checkpoint responses are manifested
by Chk1/2-dependent downregulation of Cdc25 phosphatase, with the consequence that Cdk
within the Cdk2/cyclin A and Cdc2/cyclin B complexes remain in the inhibitory tyrosine
phosphorylated state. Although all three isoforms of Cdc25 (Cdc25A, Cdc25B and Cdc25C)
may dephosphorylate Cdk2 and Cdc2, recent knock-out studies indicate that Cdc25A is the
more critical [3]. G1-checkpoint response is also dependent on upstream kinases, which
stabilize p53 to transactivate p21 and inhibit G1-phase Cdk4/cyclin D and Cdk2/cyclin E
complexes [1,2].

Cdk inhibition in G1, S and/or G2 phases normally leads to cell cycle retardation or arrest,
which allows DNA repair and prevents DNA replication or mitosis in the presence of
genomic damage. When repair fails, DNA damage leads to apoptosis. Therefore, cell cycle
arrest and cell fate are intimately linked, and understanding their inter-relationship has the
potential for clinical benefits [1,4,5]. In this regard, platinum-based agents demonstrate
potent activity only against tumor cells proficient in G1-arrest [6], which is consistent with
the development of cisplatin resistance when p21 cannot be upregulated [7,8]. Since the
experimental non-cross-resistant analog 1R,2R-diaminocyclohexane (trans-diacetato)
(dichloro)platinum(IV) (DAP) is a potent inducer of G1-arrest, and largely devoid of S- and
G2/M-arrest [9], it supports the notion that activation of G1-checkpoint response is
important for platinum-mediated antitumor effects.

Although G1-checkpoint response or arrest correlates with platinum drug activity, it is
paradoxical that cisplatin is not associated with G1-arrest; instead, it predominantly induces
a transient S-phase arrest that is followed by a robust G2/M-arrest, irrespective of the p53
status [7,10–14]. Indeed, there has been no definitive study to examine the effect of cisplatin
on G1-phase Cdk complexes, particularly in parallel with S- and G2/M-checkpoint
responses. Where G1-arrest by cisplatin has been reported, these are largely observed in
p53-defective cells (e.g., HeLa cells [15]) and/or at high cisplatin concentrations (e.g., N5
μM [13,15]), the mechanism for which is not understood. Therefore, to examine the
potential of G1-checkpoint response with cisplatin, we have undertaken a systematic
biochemical and molecular analysis in ovarian p53-proficient A2780 cells, and used DAP as
a positive control for G1-arrest and a negative control for S- and G2/M-arrest in this tumor
model system [9,16].

Materials and methods
Cell culture and drug treatment

A2780, wild-type HCT-116wt, p53-deficient HCT-116p53−/− and p21-deficient
HCT-116p21−/− cells were maintained as previously described [16]. Cells were plated in 100
mm dishes and incubated for at least 24 h before being exposed to freshly prepared cisplatin
or DAP. The cells were further cultured and collected at selected times. Drug-treated
cultures also received nocodazole, where required. Fluorescence activated cell sorting
(FACS) and extraction of total proteins for biochemical assays were conducted as previously
described, utilizing cells at <40% confluence to avoid contact inhibition [9].

Immunoblotting, Cdk immunoprecipitation and kinase assays
These experiments were performed as previously described [9,16]. The description and
source of antibodies for immunoblotting and immunoprecipitation are provided in Table S1.
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The kinase activities of Cdk immunoprecipitates were assayed using as substrate the Rb
fusion protein (Santa Cruz; for Cdk4 activity) or histone H1 (Boehringer Mannheim; for
Cdk2 or Cdc2 activity). To specifically assess S-phase Cdk2/cyclin A activity, G1-phase
Cdk2/cyclin E was first removed by cyclin E immunodepletion before the Cdk2 was
immunoprecipitated.

RNA interference
siRNA duplexes for ATM (cat. ID: 214707; sense,
5′GCAACAUUUGCCUAUAUCAdTdT3′; antisense,
5′UGAUAUAGGCAAAUGUUGCdTdT3′), ATR (cat. ID: P-002090-01-05; sense,
5′CCUCCGUGAUGUUGCUUGA3′; antisense,
5′UCAAGCAACAUCACGGAGGdTdT3′), Chk1 (cat. ID: P-002076-01-05; sense,
5′GCGUGCCGUAGACUGUCCAdTdT3′; antisense,
5′UGGACAGUCUACGGCACGCdTdT3′), Chk2 (cat. ID: 118299; sense,
5′GAACAGAUAAAUACCGAACdTdT3′; antisense
5′GUUCGGUAUUUAUCUGUUCdTdT3′), and control siRNA against luciferase GL3
(cat. ID: 4611; sense, 5′CUUACGCUGAGUACUUCGAdTdT3′; antisense,
5′UCGAAGUACUCAGCGUAAGdTdT3′) were purchased from either Ambion (Austin,
TX) or Dharmacon (Lafayette, CO). A2780 cells were transfected at 37 °C with 100 nM
siRNA for 5 h using LipofectAMINE 2000 (LF2000), as described previously [17]. Cells
were then washed, re-incubated with fresh RPMI 1640 complete media for the next 19 h,
treated with cisplatin or DAP, and finally collected after 24-h drug exposure to process for
immunoblot analysis.

DNA damage recognition by HMGB proteins
Recognition of DNA adducts by HMGB was determined by the damaged-DNA affinity
precipitation assay [18–20]. However, to compensate for the lower reaction rate of DAP
than cisplatin with DNA in a cell-free system [21], DNA-cellulose (7 mg DNA/g cellulose)
was reacted with the platinum complex at an rf molar drug:DNA ratio of 0.03 for cisplatin
(30 μM) and 0.3 for DAP (300 μM). After 24 h, the DNA-cellulose was washed and re-
incubated for a further 24 h to maximize formation of bifunctional adducts. The targeted rb
molar ratio for Pt:DNA of ~0.02 for each drug was confirmed by flameless atomic
absorption spectrophotometry. For damage recognition, protein (20 μg) from nuclear
extracts, prepared as described previously [22,23], was used with platinated or control DNA-
cellulose to pull down HMGB1 and HMGB2, which were released and resolved on 12.5%
SDS-polyacrylamide gels, and then visualized by silver staining.

Results
Dose-response and temporal effects of cisplatin on cell cycle progression

A2780 cells exposed to cisplatin accumulated in G2/M, and this was initially seen at 1.0 μM
drug concentration, and becoming maximal at 2.0 μM (Fig. 1A). Concomitant decreases in
S- and G1-phase populations were observed, but higher concentrations increased relative
distribution of cells in S-phase and decreased it in G2/M. G1 Accumulation was not
observed at any concentration. Based on these data, a cisplatin concentration of 1.0 μM
(~5×IC50 in this model [24]) was selected for all remaining studies.

Accumulation of A2780 cells exposed to cisplatin was initially observed at 6 h in S-phase,
became prominent by 12 h (Fig. 1B) and, thereafter, declined progressively. Cell distribution
in G1- and G2/M-phase, on the other hand, concomitantly decreased at 12 h and then
subsequently increased, beginning at 18 h in G2/M and 30 h in G1. In the case of G1,
distribution of cells never exceeded control levels. It is noteworthy that changes in cell cycle
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distribution were not due to loss of cells from apoptosis since sub-G1 population remained
minimal (≤2% at 36 h) by FACS analysis (Fig. 1B) or trypan blue dye exclusion (data not
shown).

Inhibition of Cdk activities in S and G2/M phase
We examined inhibition of Cdk2/cyclin A and Cdc2/cyclin B activities for congruence with
cisplatin-induced S- and G2/M-arrests in our specific tumor model. Since Cdk2/cyclin E
would confound conclusions, it was first removed from lysates by cyclin E
immunodepletion. In Cdk2 immunoprecipitates, levels of cyclin A were not grossly changed
(Fig. 2A). However, Cdk2/cyclin A activity was reduced ~80% by 12 h compared to initial
levels (Fig. 2A and D) and correlated with the onset of S-phase arrest (see Fig. 1B). This
activity declined further to about 1% of initial level by 36 h that coincided with significant
p21 accumulation. Interestingly, cells did not remain arrested in S-phase; instead, cell
population in S-phase decreased progressively beginning at 18 h (Figs. 1B and 2D).

In Cdc2 immunoprecipitates from cisplatin-treated cells, levels of cyclin B fluctuated
slightly during the 36-h period, and p21 was undetectable (Fig. 2B). Nevertheless, the Cdc2
kinase activity decreased to ~50% of initial levels by 12 h and declined further to ~40%
during 18–36 h. However, it is noteworthy that cells in G2/M first decreased at 12 h, and
then increased at ~18 h (Fig. 1B). This is likely due to inhibition of Cdc2/cyclin B activity
lagging behind Cdk2/cyclin A activity, which at the earlier time points prevented cells from
progressing through S-phase and enter G2, but allowed cells to exit G2.

Tyrosine phosphorylation of Cdk by cisplatin
The lack of involvement of p21 in the early onset of cisplatin-dependent Cdk2 inhibition in
S-phase and of Cdc2 inhibition in G2/M-phase necessitated examination of tyrosine
phosphorylation in Cdk2 and Cdc2 immunoprecipitates as the mechanism for kinase
inhibition. As shown in Fig. 2C, phosphotyrosine-Cdk2 levels increased transiently by
cisplatin, peaking at 12–18 h. It is notable that the temporal profile of S-phase arrest
correlated with inhibitory tyrosine phosphorylation of Cdk2, but not with inhibition of Cdk2/
cyclin A activity (Fig. 2D).

Phosphotyrosine-Cdc2 was also increased by cisplatin, but this was not observed until 30–36
h (Fig. 2C), which occurs much later than the inhibition of Cdc2 activity (see Fig. 2B).
However, this inconsistency is not unexpected since most of the Cdc2 in the Cdc2/cyclin B
complex exists in the inhibited phosphotyrosine form, and its activation by
dephosphorylation occurs within a very narrow window of time to allow cells to enter
mitosis [25,26]. Therefore, G2/M-arrest by cisplatin (Fig. 1C) is due to a mechanism that
inhibits Cdc2 dephosphorylation, as previously suggested [27], and accumulation of cells in
G2/M is likely responsible for the increase in phosphotyrosine-Cdc2 levels.

Inhibition of Cdk4 and Cdk2 activities in G1 phase
G1 arrest by DNA-damaging agents requires p21 to efficiently bind to and inhibit Cdk4/
cyclin D and Cdk2/cyclin E complexes [28], and this has been observed with DAP [16].
Since cisplatin potently activates the p53/p21 pathway in A2780 cells [8], the lack of G1-
arrest could be due to absence of p21 in the G1-phase Cdk complex. However, p21 was
demonstrated to be present in immunoprecipitates of these Cdk complexes, beginning at 12
h and then increasing over the next 24 h (Fig. 3A and B). No p21 was immunoprecipitated
with control IgG antibody (data not shown). Cyclin D1 bound to Cdk4 and cyclin E bound
to Cdk2 also increased (Fig. 3A and B), and this may relate to the additional role of p21 as
an assembly factor for the Cdk complex [29]. Both Cdk4 and Cdk2 activity declined to
below initial levels by 18 h as p21 levels in the complex increased. As a result, Rb as the
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downstream target was hypophosphorylated at Ser795 and Ser807/811, beginning at 12–18
h; this is better appreciated in immunoblots of total Rb, which demonstrates both hyper-
(upper band) and hypo-phosphorylated form (lower band) (Fig. 3C). It is notable that the
temporal profiles for inhibition of G1-phase Cdk4 and Cdk2 activity with cisplatin are
essentially similar to those obtained with DAP [16].

Demonstration of G1-arrest by cisplatin
We have previously observed that the platinum analog DAP induces G1-arrest, but not S- or
G2/M-arrest [9]. Since cisplatin inhibits G1-phase Cdk but does not induce G1-arrest, it was
possible that S- and G2/M-arrests restrict accumulation of cells in G1, and that some of the
cells present in low numbers in G1 may actually be in an arrested state. To examine this, we
used nocodazole to allow unarrested cells in G1 and S to progress and arrest in M-phase.
Thus, N90% of A2780 tumor cells treated with nocodazole alone accumulated in M-phase
(Fig. 4A). In contrast, DAP-treated cells as positive control remain in G1 when exposed to
nocodazole and, thereby, verify the strong G1-arrest. Following cisplatin exposure, cells
accumulated in G2/M in a concentration-dependent manner, with concomitant
concentration-dependent decreases in G1 cells. Exposure to nocodazole unequivocally
demonstrated that over a half of these G1 cells do not progress and were indeed arrested in
this phase (Fig. 4A and B). Similar treatment of wild-type and p53- or p21-deficient
HCT-116 cells with cisplatin and nocodazole confirmed G1-arrest in wild-type cells that
was p53- and p21-dependent (Fig. 4C).

Differential effects of cisplatin and DAP on the Chk/Cdc25 pathway
To provide an explanation for differential profile of cell cycle arrest by cisplatin and DAP,
we examined activation of Chk1 and Chk2. Control A2780 cells demonstrated no significant
change in any protein levels over 0–30 h (Fig. 5A). Similarly, total Chk2 levels were not
altered following treatment with either drug at the 5×IC50 drug concentrations. On the other
hand, cisplatin significantly increased phosphorylation of Chk1 and Chk2 during the 6–30 h
period, with Chk1 phosphorylation preceding decreases in total Chk1 levels at 24–30 h. In
contrast, DAP only marginally increased phosphorylation of Chk2 at the 24 and 36 h time
points, and actually decreased phosphorylation of Chk1, which may be due to depletion of
total Chk1 by DAP at 24–30 h. Both cisplatin and DAP reduced levels of the downstream
Chk1 target Cdc25A, with cisplatin reducing levels as early as 6 h, whereas the effect of
DAP was not observed until 12 h. At 24–30 h, Cdc25A levels were further reduced, with
DAP demonstrating a substantially greater effect than cisplatin. These results highlight
seminal differences between cisplatin and DAP in the activation of Chk1 and Chk2.

Relative dependence of cisplatin and DAP on upstream DNA damage kinases
To consolidate evidence for differential dependence of cisplatin and DAP on Chk1 and
Chk2 for DNA damage signaling, and expand the investigation to include ATM and ATR,
we employed siRNA to knockdown each kinase and used p53 and p21 expression as
readout. A2780 tumor cells transfected with control siRNA did not prevent induction of p53
and p21 by either cisplatin (Fig. 5B) or DAP (Fig. 5C). On the other hand, gene-specific
siRNA oligos were highly effective in reducing levels of targeted ATR, ATM, Chk1 and
Chk2 proteins, but induction of p53 and/or p21 by cisplatin was substantially inhibited in
cells depleted of ATR, Chk1 or Chk2, but not in cells following ATM knockdown. In
contrast, knockdown of any of the four genes by siRNA did not prevent activation of the
p53/p21 pathway by DAP.
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Independent recognition of DNA adducts of cisplatin and DAP by HMG proteins
To reconcile with independent DNA damage signaling transduced by cisplatin and DAP, we
examined the possibility of differential recognition of their DNA adducts. HMGB1 and
HMGB2 proteins are reported to recognize cisplatin-induced DNA adducts [19], and this
was confirmed in the present study, with band intensities of these proteins dependent on the
level of damaged DNA in the reaction mix (lanes 2–4) (Fig. 5D). In contrast, HMGB1 and
HMGB2 did not interact with undamaged control DNA (lane 1) or DNA adducts of DAP
(lanes 5–7), and this clearly demonstrates that adducts of cisplatin and DAP are recognized
independently.

Discussion
Cell cycle arrest in a given phase of the cell cycle is indicated when cell numbers in that
phase increase above control levels. Based on this limited criterion, G1-arrest is not
observed with cisplatin. However, cisplatin in our detailed investigation induced not only
the expected S- and G2/M-arrests, but also G1-arrest, which was consistent with inhibition
of G1-phase Cdk4/cyclin D1 and Cdk2/cyclin E complexes and the dependence on p53 and
p21. The low level of G1-arrest by cisplatin was due to attenuated progression of cells in S-
phase and subsequent robust retention of cells at G2/M, and this was supported with DAP as
a positive control for G1-arrest by virtue of its inability to activate S- and G2/M-checkpoint
responses.

Several reports have previously described that cisplatin induces S- and G2/M-phase arrests
in a sequential manner [10,30]. As with cisplatin, a predominant G2/M-phase arrest has also
been noted with a variety of antitumor agents, such as nitrogen mustard, and in congruence
with cisplatin, G2/M-arrest is always preceded by transient S-phase arrest [31–33]. These
events in S- and G2/M-phase are associated with Chk1 and Chk2 activation and resultant
phosphorylation and proteosomal degradation of Cdc25A [1,2,34–36], and our data from the
present study are consistent with these literature observations. On the other hand, some
antitumor agents, such as ionizing radiation and adriamycin, have a stronger propensity for
G1-phase arrest [37]. Interestingly, G1-arrest is the predominant cell cycle effect of DAP,
and this is most likely associated with its DNA damage signaling being independent of Chk1
and Chk2. At the same time, it was surprising that Chk1 and Cdc25A levels were decreased
by DAP, but such reductions have also been observed in other systems and ascribed to p53/
p21-dependent gene repression [38–41]. Nevertheless, it is apparent that the phase in which
cells arrest is strongly dependent on which pathways are activated by the individual DNA
damaging agent. However, the underlying mechanisms inducing the specific signal
transduction pathways have not been clearly defined in the literature, but it appears logical
that this is related to recognition of distinct DNA damage elicited by each agent. This
premise is supported by our finding that DNA damage recognition proteins HMGB1/2 can
distinguish between cisplatin- and DAP-DNA adducts, which are distinct by virtue of
structural differences between the two platinum compounds [24].

Cell cycle arrest in the specific phase of the cell cycle is expected to reflect inhibition of the
corresponding Cdk activity, and this holds true for cisplatin in G1, S and G2/M. Moreover,
our systematic study indicates that the mechanisms for Cdk inhibition are orchestrated so
that the onset of inhibition in each phase occurs in a sequential manner. In addition, these
mechanisms are not identical. Two of the major mechanisms involve inhibitory binding of
p21 to the Cdk via the p53/p21 pathway and the increase in inhibitory phosphotyrosine
levels of Cdk [1,2,42]. Our study has demonstrated that the p53/p21 pathway is critical for
cisplatin-induced G1-arrest, whereas both tyrosine phosphorylation (early event) and p21
(late event) are involved in S-arrest. This mechanism of S-phase arrest, however, appears to
be more complex than previously recognized since our data indicate that the transient profile
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of cell accumulation in this phase correlates directly with inhibitory phosphotyrosine-Cdk2
levels, and not with actual kinase inhibition. Thus, it was unexpected that S-phase
progression resumed in the face of robust inhibition of Cdk2/cyclin A activity. The exact
mechanism underlying this seminal observation and the role of phosphotyrosine in the
process are presently unknown. In contrast to G1- and S-phase Cdk, p21 did not bind to
Cdc2, which was inhibited primarily by mechanisms inducing the increase in
phosphotyrosine levels. This was surprising since p21 has been reported to inhibit Cdc2
kinase [43]. On the other hand, Cdc2 inhibition by p21 requires supraphysiological levels of
the inhibitor, which may not be possible in cells following DNA damage [2]. The absence of
S- and G2/M-arrests with DAP as a potent activator of the p53/p21 pathway [9] confirms
that p21 has a minimal role in G2/M-arrest, and perhaps also in S-phase arrest.

Based on signaling pathways activated and temporal relationships established for Cdk
inhibitions in our study, we can begin to appreciate underlying mechanisms that lead to
divergent cell cycle arrests by cisplatin and DAP, and this is schematically presented in Fig.
6. Essentially, differential recognition of DNA adducts of cisplatin and DAP and resultant
downstream effects on independent DNA damage pathways induce only G1-arrest with
DAP, but the orchestrated early S- and G2/M-arrest with cisplatin impact the fidelity of G1-
arrest even though G1 Cdks are inhibited. These results provide a seminal understanding
that inhibition of G1-phase Cdk is a more reliable index of cisplatin-induced G1-checkpoint
and cytotoxic response in ovarian cancer that is now fully consistent with the reported
correlation between the cellular integrity of G1-arresting machinery and platinum sensitivity
in the NCI 60-cell line tumor panel [6].

Our investigations in this study have focused on cisplatin, but it is important to note that
conclusions on cell cycle checkpoint response will also apply to carboplatin, particular since
this analog, like cisplatin, forms identical DNA adducts [44,45], activates similar cytotoxic
response pathways, including phosphorylation of Chk1 and upregulation of p21 in a p53-
dependent manner [6,46,47], and produces a similar cell cycle arrest profile [47]. This is
important since carboplatin is a critical drug in the treatment of ovarian cancer, and it is
clear that its DNA damage response characteristics are consistent with the findings from our
present and previously reported study[7,24] and those of Vekris et al. [6] that an intact p53-
dependent checkpoint response or cell cycle arrest in G1 is essential for greater
chemosensitivity of tumor cells to platinum drugs. Since platinum drug-induced G1-
checkpoint response is fundamentally dependent on p21 and, therefore, on an intact p53-p21
pathway, failure of platinum-based therapy to upregulate p21 will likely result in
chemoresistance. Indeed, about 50% of patients with ovarian cancers harboring wild-type
p53 fail to respond to cisplatin or carboplatin therapy [48,49], and this is associated with loss
of p21 expression [7,8]. In such cases, restoration of the p53-p21 pathway, through
independent upstream DNA damage signaling activated by novel agents represented by
DAP [8,24], provides a rational option to reverse chemoresistance and, thereby, increase
therapeutic response.

Supplementary materials related to this article can be found online at doi:10.1016/j.ygyno.
2011.04.034.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

DAP 1R,2R-diaminocyclohexane(trans-diacetato)(dichloro) platinum(IV)

Cdk cyclin-dependent kinase

IC50 inhibitory concentration reducing tumor cell growth by 50%

HMGB high mobility group box

ATM ataxia telangiectasia mutated

ATR ataxia telangiectasia and rad3-related
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Fig. 1.
Variation in cell cycle distribution and kinetics with cisplatin. A, A2780 cells were treated
with the indicated concentrations of the drug, and analyzed 36 h later. B, Cells were exposed
to 1.0 μM cisplatin and analyzed at 6 h intervals for up to 36 h. In each case, analysis was
by FACS, with the results presented as percent distribution of cells in different phases of the
cell cycle. The data in the bar graphs are shown as mean±SD of 3–4 independent studies.
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Fig. 2.
Effects of cisplatin on Cdk2/cyclin A and Cdc2/cyclin B kinases. A, A2780 cells were
treated with 1.0 μM cisplatin for up to 36 h and lysates prepared at timed intervals. Lysates
were immunodepleted with cyclin E antibodies to remove Cdk2/cyclin E complex and then
Cdk2 immunoprecipitates isolated and immunoblotted for the indicated proteins and
assessed for Cdk2 activity using histone H1 as substrate. B, Cdc2 immunoprecipitates from
cells treated with cisplatin as in A were immunoblotted for proteins and assessed for Cdc2
kinase activity using histone H1 as substrate. C, Immunoprecipitates of Cdk2 and Cdc2
isolated from cells treated as in A were immunoblotted with the PY99 antibody to assess
tyrosine-15 phosphorylation of Cdk2, or with antibodies that specifically recognize Cdc2
phosphorylated at tyrosine-15. D, Phosphotyrosine-Cdk2 bands in immunoblots from C
were quantified by densitometry and plotted against time to show kinetic relationships with
Cdk2/cyclin A activity from A and percentage of cells in S-phase from Fig. 1B.
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Fig. 3.
Effects of cisplatin on the composition, activities and downstream effects of Cdk4/cyclin D1
and Cdk2/cyclin E complexes. A and B, A2780 cells were treated with 1.0 μM cisplatin for
up to 36 h and cell lysates from timed samples were immunoprecipitated with either anti-
Cdk4 (A) or anti-Cdk2 (B) antibodies. The immunoprecipitates were examined by
immunoblot for the indicated proteins and assessed for kinase activity using either Rb (A) or
H1 (B) protein as substrate. C, Cells were treated with 1.0 μM cisplatin for up to 36 h and
cell lysates from timed samples were immunoblotted for total and phospho-specific Rb
antibodies. The total Rb antibody recognizes both hyper- (upper band) and
hypophosphorylated (lower band) forms.
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Fig. 4.
G1-arrest by cisplatin and its dependence on p53 and p21. A and B, A2780 cells were
incubated with the indicated concentrations of cisplatin or DAP for 30–36 h and then
nocodazole was added 8–10 h later. Cells were collected and the cell cycle distribution
quantified by FACS (A) and percentage of cells in different phases of the cell cycle was
plotted against cisplatin concentration (B). The data in B are shown as mean±SD of 3–4
independent studies. C, Wild-type, p53−/− and p21−/− HCT-116 cells were treated with
cisplatin±nocodazole and processed for cell cycle distribution by FACS as described for
A2780 cells in A.
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Fig. 5.
Differential activation of checkpoint kinase pathways by cisplatin and DAP, and recognition
of their DNA adducts by HMG proteins. A, A2780 cells were exposed to 1.0 μM cisplatin
or 0.6 μM DAP and harvested at timed intervals over a 30 h period to assess cell lysates for
levels of total Chk1, Chk2 and Cdc25A, and phospho-Ser345-Chk1 and phospho-Thr68-
Chk2. β-Actin is shown as loading control. B, Cells were transfected with control siRNA
oligos or gene-specific duplex siRNA oligos targeting ATR, Chk1, ATM and Chk2 for 5 h
and then treated 19 h later with 1.0 μM cisplatin. After a 24-h drug exposure, cell lysates
were prepared and immunoblotted to examine the specified proteins. Note that in the ATR
immunoblot, the upper band is ATR and the lower bands are non-specific. C, Experiments in
B were repeated, but using 0.6 μM DAP. D, Nuclear proteins binding to DNA-cellulose
adducts of cisplatin or DAP were separated by SDS-PAGE and silver-stained to visualize
HMGB1 and HMGB2 proteins. Lane 1, nuclear proteins bound to 40 μg control (cont)
untreated DNA-cellulose; lanes 2–7, nuclear proteins bound to 4–40 μg of DNA-cellulose
following treatment with either cisplatin (lanes 2–4) or DAP (lanes 5–7); lane 8, total
nuclear proteins (prot).
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Fig. 6.
A proposed model for primary cell cycle effects of cisplatin and DAP. Based on their
chemical structures, cisplatin and DAP form qualitatively different intrastrand adducts,
which are shown in the Pt(II) form although the Pt(IV) state for the DAP adduct is possible
[50]. The damaged DNA after cisplatin and DAP is differentially recognized by independent
proteins to activate downstream kinases that subsequently induce p53, which then
transactivates p21 to inhibit G1-phase Cdk. In addition, the ATR, Chk1 and/or Chk2
activated by only cisplatin downregulate Cdc25, which then inhibits both Cdk2 in S-phase
and Cdc2 in G2/M by increasing phosphorylation at Y-15. The approximate times at which
cell cycle arrest is observed in each of the specific phases are shown to explain how the
sequence of S- and G2/M-arrests by cisplatin obscures G1-arrest.
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