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Cisplatin is the first-line chemotherapy for the treatment of
several cancers. However, the development of cisplatin resis-
tance represents amajor clinical problem, and themechanisms of
acquired resistance are not fully understood. Here we show that
degradation of the Bcl-2 homology 3-only proapoptotic protein
Bim plays an important role in cisplatin resistance in ovarian
cancer. Specifically, we show that treatment of ovarian cancer
cells with cisplatin causedBimphosphorylation and subsequent
degradation and that its degradation is associated with cisplatin
resistance. We also show that cisplatin treatment caused the
activation of ERK, which correlated with Bim phosphorylation
and degradation. By inhibiting ERK phosphorylation with the
MEK inhibitor and knocking down ERK expressionwith siRNA,
we show that Bim phosphorylation and degradation were
blocked, which suggests that Bim is phosphorylated by ERK
and that such phosphorylation is responsible for cisplatin-
induced Bim degradation. We show that ERK was activated
in cisplatin-resistant OV433 cells as compared with their
counterpart parental OV433 cells.We also show that Bimwas
phosphorylated and degraded in cisplatin-resistantOV433 cells
but not in the parental OV433 cells. Importantly, we show that
inhibition of Bim degradation by the proteasome inhibitor
MG132 sensitized resistant OV433 cells to cisplatin-induced
death. Taken together, our data indicate that degradation of
Bim via ERK-mediated phosphorylation can lead to cisplatin
resistance. Therefore, these findings suggest that cisplatin
resistance can be overcome by the combination of cisplatin and
the proteasome inhibitors in ovarian cancer cells.

Ovarian cancer is the fifth leading cause of cancer-related
deaths in women in the United States. Currently available ther-
apeutic options include tumor debulking surgery and chemo-
therapy. Standard first-line chemotherapy is cisplatin-based
treatment. However, the majority of ovarian cancer patients
who are initially sensitive to cisplatin will eventually relapse,
and in many cases acquired resistance will leave no curative
treatments (1). The exact mechanisms of cisplatin resistance
are not fully understood.
There are many molecules and pathways that have been

shown to contribute to cisplatin resistance (2–10). Deregula-
tion of these proteins results in a variety of consequences,

including insufficientDNAbinding, increasedDNA repair, and
altered expression of genes involved in the cell death and sur-
vival pathways (9, 11). Among survival pathways, activation of
ERK contributes to cisplatin resistance (12). ERK is a member
of theMAPK family that can be activated by growth signals (13).
ERK is activated byMEK through a cascade of upstreamkinases
involving ras and raf (14). Once it is activated, ERK translocates
into the nucleus to influence cellular responses via phosphory-
lation, leading to a number of cell processes, including cell prolif-
eration and cell survival (14). There are many substrates that
can be phosphorylated by ERK, including transcription factors
and proteins that regulate apoptosis. One of its substrates is
Bim (Bcl-2-interacting mediator of cell death)2 (15–17).
Bim is a member of the Bcl-2 homology 3 (BH3)-only sub-

group of the Bcl-2 family that also includes Bid, Bad, Bik, Noxa,
and Puma (18). Bim was previously identified as a BH3-only
protein that induces apoptosis by interacting with and inhibit-
ing the anti-apoptotic members of the Bcl-2 family (19). There
are three splice forms of Bim: Bim-S, Bim-L, and Bim-EL (19,
20). Bim expression can be regulated through multiple mecha-
nisms involving both transcriptional and posttranslational
pathways. One of the mechanisms is phosphorylation (21). Bim
phosphorylation can decrease its stability or alter its interaction
with other proteins to regulate apoptosis (21, 22). A number of
studies have shown that Bimcanbe phosphorylated byERKand
that such phosphorylation leads to ubiquitination and subse-
quent degradation in the proteasome (16, 17, 21). Importantly,
ERK-mediated Bim phosphorylation increases resistance to
some anticancer drugs, including paclitaxel (23, 24). Although
cisplatin can induce ERK (25, 26) and ERK can phosphorylate
Bim to target it for degradation, it is unclear thus far whether
Bim degradation via cisplatin-induced ERK-mediated phos-
phorylation plays a role in cisplatin resistance, which is the
focus of this study.
In this study, we showed that cisplatin induces ERK activa-

tion, and ERK in turn phosphorylates Bim. Phosphorylation
targets Bim to the proteasome for degradation. Inhibition of
ERK activation by a MEK inhibitor or down-regulation of ERK
expression by siRNA inhibits Bim phosphorylation and degra-
dation, which sensitizes ovarian cancer cells to cisplatin-in-
duced apoptosis. Further, blockage of Bim degradation with a
proteasome inhibitor sensitizes ovarian cancer cells to cispla-
tin. Importantly, we show that ovarian cancer cells with
acquired cisplatin resistance express a lower level of Bim as
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compared with their parental counterparts. In addition, we
show that proteasome inhibitor treatment increases the levels
of Bim protein and renders cisplatin-resistant cells sensitive to
cisplatin, further highlighting the importance of Bim degrada-
tion in cisplatin resistance. Taken together, our results suggest
that ERK-mediated Bim degradation plays an important role in
cisplatin resistance, which can be overcomeby the combination
treatment of cisplatin with proteasome inhibitors in ovarian
cancer cells.

EXPERIMENTAL PROCEDURES

Reagents—Cisplatin and anti-actin antibody were purchased
from Sigma. The MEK inhibitor U0126 and p38 inhibitor
SB203580 were purchased from Promega (Madison, WI). The
JNK inhibitor SP600125was purchased fromCalbiochem. Rab-
bit antibodies against ERK, phospho-ERK, p38, phospho-p38,
JNK, phospho-JNK, CREB, phospho-CREB, c-Jun, phospho-c-
Jun, Bim, and PARP were purchased from Cell Signaling Tech-
nology (Beverly, MA). MG132 was purchased from Enzo Life
Sciences (Plymouth Meeting, PA). � protein phosphatase was
purchased from New England Biolabs (Ipswich, MA).
Cell Lines, Culture Conditions and Treatment—The human

ovarian cancer cell lines RMG-1, OV433, OVCA432,
OVCA420, and TOV112D were described previously (25). Cis-
platin-resistant ovarian cancer cell line OV433-CR was estab-
lished by chronically exposing the parental OV433 (OV433-P)
cells to gradually increased concentrations of cisplatin starting
from0.1�g/ml to 0.8�g/ml for over 6months (26). All cell lines
were maintained in 1:1MCDB105:M199 (Sigma) medium sup-
plemented with 10% FBS and antibiotics at 37 °C in a humidi-
fied atmosphere consisting of 5% CO2 and 95% air. Cells were
treated with various concentrations of cisplatin and/or inhibi-
tors for different intervals of time as indicated in each figure
legend.
siRNA Transfection for Knockdown of ERK and Bim—On-

TARGETplus SMARTpool siRNAs for ERK, Bim, and corre-
sponding control siRNA were purchased from Dharmacon
Research (Lafayette, CO). Transfections were performed as
suggested by Dharmacon with slight modifications, as
described previously (27). Briefly, RMG-1 cells were plated at
8 � 105 cells/well in 6-well plates. The next day, cells were
transfected with ERK or Bim siRNA oligonucleotides or non-
target control oligonucleotides using Lipofectamine 2000 or
LipofectamineRNAiMax (Invitrogen). After 3 days, transfected
cells were left untreated or treated with cisplatin (10 �M) for
48 h and then harvested for examining the expression of ERK
and Bim protein byWestern blot analysis. To determine cispla-
tin sensitivity, transfected cells were plated at 5000 cells/well in
96-well plates and then treated with or without cisplatin (10 or
20 �M) for 48 or 72 h, and cell growth inhibition was deter-
mined by MTT assays.
MTTAssays—TheMTT assay was described previously (26).

Briefly, cells were left untreated or pretreated with 10 �M

U0126, 10 �M SB203580, 10 �M SP600125, or 250 nM MG132
for 30 min and then treated or untreated with 10 �M or 20 �M

cisplatin for 48 or 72 h. After incubation with MTT solution,
isopropanol was added to dissolve the formazan crystals.
Absorbance was measured using a Vmax microplate reader

(Molecular Devices, Sunnyvale, CA) at 590 nm. The survival
was calculated from the mean of pooled data from three sepa-
rate experiments with five wells each (26).
Western Blot Analysis—Cell lysates were prepared as

described previously (28), and protein concentrationwas deter-
mined using the protein assay kit (Bio-Rad). Cell lysates were
electrophoresed through 12 or 15% denaturing polyacrylamide
gels and transferred to a PVDFmembrane (Millipore, Bedford,
MA). The blots were probed or reprobed with the antibodies,
and bound antibody was detected using ECL or the Odyssey
infrared imaging system according to the manufacturer’s
protocol.
Clonogenic Assays—The clonogenic assay was described pre-

viously (29). Briefly, cells were plated (2 � 105 cells/well) in
6-well plates. The next day, cells were treated with vehicle,
inhibitors, or cisplatin. After 3 h of incubation with drugs, cells
were trypsinized, counted, and seeded (400 cells/well) in new
6-well plates. After 12 days, colonies were stained with 0.25%
crystal violet in 10% formalin and 80% methanol for 30 min,
washed with water, and counted. Plating efficiency was deter-
mined as the fraction of cells that attached to the support and
grew into colonies larger than 1 mm in diameter. The results
represented at least three independent experiments.
Statistical Analysis—Statistical analyses were performed

using Student’s t test. The data were presented as the mean �
S.D., and a p value of less than 0.001 was considered very
significant.

RESULTS

Cisplatin Treatment Causes Bim Phosphorylation—It has
been shown that Bim phosphorylation and subsequent degra-
dation plays an important role in chemoresistance in several
types of cancer cells. However, the role of Bim phosphorylation
in cisplatin resistance has not been determined thus far. To this
end, a panel of ovarian cancer cell lines including RMG-1,
OV433, OVCA420, OVCA432, and TOV112D were treated
with 10 �M cisplatin for 24, 48, and 72 h, and the levels of Bim
protein were assessed by Western blot analysis. As shown in
Fig. 1A, cisplatin treatment caused a Bim protein mobility shift
in all cell lines tested with different kinetics even though these
cell lines exhibited differential cisplatin sensitivity (Fig. 1B). It is
known that phosphorylation can cause mobility shifts. To
determine whether the observed Bim mobility shift is due to
phosphorylation, cell lysates from cisplatin-treated RMG-1
cells were incubated with and without � phosphatase in the
presence and absence of the phosphatase inhibitor vanadate.
Fig. 1C shows that treatment of cell lysates with � protein phos-
phatase inhibited the Bim mobility shift and that the phospha-
tase inhibitor vanadate abolished the effect of � phosphatase on
the mobility of the shift Bim band. These data suggest that the
Bim mobility shift in cells treated with cisplatin is due to phos-
phorylation (Fig. 1C).We showed that different exposure times
in RMG-1 cells clearly indicate three isoforms of Bim proteins
(Fig. 1A) and that only Bim-EL is phosphorylated, which is con-
sistent with previous reports (16, 17). Thus, these data suggest
that an increase in Bim-EL (hereafter referred to as Bim) phos-
phorylation is a general event in cisplatin-treated human ovar-
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ian cancer cells and that this event may play an important role
in cisplatin resistance.
Cisplatin Treatment Activates MAPKs and Induces Bim

Phosphorylation andDegradation—It has been shown that Bim
can be phosphorylated byMAPKs, including ERK and JNK (16,
22, 30). Our previous study showed that cisplatin treatment can
activate ERK, p38, and JNK (25). To determine whether cispla-
tin-induced ERK activation is responsible for Bim phosphory-
lation, we first determined the status of MAPK activation.

RMG-1 cells were treated with cisplatin for 0, 24, 48, and 72 h,
and activation of MAPK pathways was then determined. We
chose RMG-1 cells because this cell line is already somewhat
resistant to cisplatin. As shown in Fig. 2A, cisplatin treatment
caused phosphorylation of ERK, p38, and JNK and their down-
stream targets including ATF-1, CREB, and c-Jun, indicating
that cisplatin activates all three major MAPK pathways. To
determine which pathway acts as survival signaling to counter-
act cisplatin-induced cell death, RMG-1 cells were left un-

FIGURE 1. Cisplatin treatment causes Bim phosphorylation, leading to Bim-EL degradation in several ovarian cancer cell lines. A, Western blot analyses
of Bim-EL expression in several ovarian cancer cell lines treated with 10 �M cisplatin for the indicated time periods. Actin was used as a loading control. In RMG-1
cells, two different exposures times were shown. B, MTT analyses of cell growth inhibition after 48 h of cisplatin treatment at the indicated concentrations.
C, Western blot analyses of Bim-EL phosphorylation. RMG-1 cells were left untreated or treated with 10 �M cisplatin for 72 h. The whole cell lysates were
collected and incubated with or without � phosphatase in the presence (�) or absence (�) of the phosphatase inhibitor vanadate. The slower-migrating forms
of Bim-EL are the result of phosphorylation. Actin was used as a loading control.

FIGURE 2. Activation of the ERK pathway confers cisplatin resistance in RMG-1 cells. A, Western blot analyses of the levels of total and phosphorylated ERK,
JNK, p38, c-Jun, and CREB protein levels in RMG-1 cells treated with 10 �M cisplatin for the indicated time periods. Phosphorylated ATF-1 is also shown. Actin
was used as a loading control. B, MTT analyses of growth inhibition. RMG-1 cells left untreated or treated with 10 �M cisplatin (Cis) in the presence (�) or absence
(�) of 10 �M U0126 (U), 10 �M SB203580 (SB), or 10 �M SP600125 (SP) for 48 or 72 h, respectively, as indicated. C, colony formation analyses. RMG-1 cells were
left untreated or treated with 10 �M cisplatin in the presence or absence of 10 �M U0126 for 3 h. 400 cells/well were seeded in 6-well plates and grown for 12
days, followed by crystal violet staining. The lower panel shows quantification of survival colonies. The plating efficiencies of drug-treated wells were normal-
ized to those of control wells. The plating efficiency of control wells was arbitrarily established as 100%.
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treated or treated with the MEK1/2 inhibitor U0126 (10 �M),
the p38 inhibitor SB203580 (10 �M), or the JNK inhibitor
SP600125 (10 �M) for 30 min and then treated with 10 �M

cisplatin for 48 and 72 h, and growth inhibitionwas determined
by MTT assays. As shown in Fig. 2B, cisplatin alone slightly
inhibited growth of RMG-1 cells, and U0126 alone had a min-
imal effect on cell growth. In contrast, inhibition of ERK signal-
ing by U0126 enhanced cisplatin-induced inhibition, whereas
such effects were minimal in combinations of cisplatin with
SB203580 or SP600125. Similar results were obtained with sev-
eral other ovarian cancer cell lines (data not shown). To further
confirm the role of ERK signaling in counteracting cisplatin-
induced killing, we performed colony formation assays to
determine the role of ERK inhibition in cell survival. As shown
in Fig. 2C, the combination of U0126 and cisplatin significantly
inhibited colony formation, whereas a single agent alone had
little effect. Thus, these data indicate that ERK but not JNK or
p38 signaling contributes to cisplatin resistance inRMG-1 cells.
Blockade of ERK Activation by U0126 Abrogates Bim

Phosphorylation—It has been shown that ERK and JNK can
phosphorylate Bim (21). We have shown that cisplatin treat-
ment leads to the activation of MAPKs and Bim phosphoryla-
tion. To determine which MAPK is responsible for Bim phos-
phorylation, RMG-1 cells were treated with cisplatin in the
absence and presence of U0126, SB203580, or SP600125, and
Bim phosphorylation and the activation of MAPK pathways
were determined. Fig. 3A shows that cisplatin causedBimphos-
phorylation and activation of ERK, c-Jun, ATF-1, and CREB,
which is consistent with the results obtained in Fig. 2A. Impor-
tantly, U0126 abolished cisplatin-induced Bim phosphoryla-
tion (Fig. 3A). Treatment with SB203580 followed by cisplatin
was able to block CREB and ATF-1 phosphorylation, whereas
SP600125 followed by cisplatin abolished c-Jun phosphoryla-
tion. SB203580 slightly blocked Bim phosphorylation, whereas
SP600125 did not have any effect. Furthermore, blockage of
Bim phosphorylation by U0126 but not SB203580 and
SP600125 were also observed in the other two ovarian cancer
cell lines, OVCA432 and OVCA420 (Fig. 3B). Taken together,
these results strongly suggest that ERK is responsible for cispla-
tin-induced Bim phosphorylation.

Knockdown of ERK by siRNA Increases Cisplatin-induced
Death,WhereasKnockdownof BimConfersCisplatinResistance—
To address the direct role of ERK in Bim phosphorylation,
RMG-1 cells were transfected with either non-target or ERK
siRNAs, and the effect of ERK knockdown on Bim phosphory-
lation and PARP cleavage were determined. Fig. 4A shows that
total ERK in cells transfected with ERK siRNA was decreased
significantly as compared with cells transfected with control
siRNA. As expected, upon cisplatin treatment, Bim was rapidly
phosphorylated and then degraded in cells transfected with
control siRNA. By contrast, knockdown of ERK led to a signif-
icant decrease in Bim phosphorylation and degradation. Con-
sistently, knockdownof ERK increased cisplatin-induced PARP
cleavage, confirming a role for ERK in counteracting cisplatin-
induced apoptosis.
We have shown a correlation between ERK activation and

Bim phosphorylation/degradation (Figs. 3A and 4A). To
address a direct role for Bim in cisplatin-induced cell death, we
used siRNA to knock down Bim expression and then deter-
mined the effect of Bim knockdown on PARP cleavage. As
shown in Fig. 4B, the levels of Bim were significantly decreased
in cells transfected with Bim siRNA as compared with cells
transfected with control siRNA in the absence and presence of
cisplatin treatment. PARP cleavage was decreased in cells
transfected with Bim siRNA as compared with cells transfected
with control siRNA in response to cisplatin treatment. These
data suggest that Bim is directly involved in cisplatin-induced
apoptosis.
To determine the effect of knockdown of ERK and Bim on

cisplatin sensitivity, RMG-1 cells transfected with ERK, Bim, or
control siRNAs were treated with cisplatin, and growth inhibi-

FIGURE 3. Activation of ERK by cisplatin phosphorylates Bim-EL, leading
to Bim-EL degradation and cisplatin resistance in ovarian cancer cells.
A, Western blot analyses of Bim-EL, ERK, c-Jun, and CREB phosphorylation.
RMG-1 cells were left untreated or treated with 10 �M cisplatin in the presence
(�) or absence (�) of 10 �M U0126, 10 �M SB203580, or 10 �M SP600125 for
48 h. Actin was used as a loading control. B, Western blot analyses of Bim-EL
expression. OVCA432 and OVCA420 cells were left untreated or treated with
10 �M cisplatin in the presence or absence of 10 �M U0126, 10 �M SB203580,
or 10 �M SP600125 for 48 h. Actin was used as a loading control.

FIGURE 4. Knockdown of Bim decreases cisplatin sensitivity, whereas
knockdown of ERK decreases Bim-EL phosphorylation and degradation
and increases cisplatin sensitivity. A, Western blot analyses of ERK, Bim-EL,
and PARP expression. RMG-1 cells were transfected with control non-target
siRNA or ERK siRNA. After 48 h, transfected cells were left untreated (�) or
treated (�) with 10 �M cisplatin for 48 h. Actin was used as a loading control.
B, Western blot analyses of Bim-EL and PARP levels. RMG-1 cells were trans-
fected with control non-target siRNA or Bim siRNA. After 48 h, cells were left
untreated (�) or treated (�) with 10 �M cisplatin for 48 h. Actin was used as a
loading control. C, MTT analyses of growth inhibition. RMG-1 cells were trans-
fected with control non-target siRNA, ERK siRNA, or Bim siRNA. 48 h later, cells
were treated with cisplatin for 48 h.
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tion was determined by MTT assays. Fig. 4C shows that 20 �M

cisplatin treatment caused �5% growth inhibition, whereas 10
�M cisplatin had a minimal effect (�2%) in cells transfected
with Bim siRNA as compared with cells transfected with con-
trol siRNA (�20 and �10%, respectively). In contrast, growth
inhibition was �20 and �40% in cells transfected with ERK
siRNA treated with 10 and 20 �M cisplatin, respectively (Fig.
4C). These data suggest that ERK contributes to cisplatin resis-
tance in RMG-1 cells. Importantly, knockdown of Bim rendered
cells resistant to cisplatin treatments at both concentrations
(Fig. 4C). Thus, these data suggest that Bim plays a critical role
in cisplatin-induced apoptosis and that ERK contributes to cis-
platin resistance in ovarian cancer cells.
Bim Degradation by a Proteasome Pathway Plays a Critical

Role inCisplatinResistance inOvarianCancerCells—Todeter-
mine whether cisplatin treatment affects the half-life of Bim
protein, RMG-1 cells were left untreated or treated with cispla-
tin in the presence of the protein synthesis inhibitor cyclohex-
imide, and the levels of Bimproteinwere determined.As shown

in Fig. 5A, cycloheximide alone caused slight Bim degradation.
In contrast, Bim was phosphorylated following cisplatin treat-
ment, and the phosphorylated Bim protein was rapidly
degraded in the presence of cycloheximide (Fig. 5A). It has been
shown that ERK-mediated phosphorylation can target Bim for
degradation (16). It is likely that cisplatin-induced Bim phos-
phorylation/degradation ismediated by a proteasome pathway.
To this end, RMG-1 cells were left untreated or treated with
cisplatin, and the effects of the treatment onBimubiquitination
were determined. Cisplatin treatment led toBimubiquitination
(Fig. 5B, upper panel) and subsequent degradation. Further,
MG132 blocked Bim degradation, although it was phosphory-
lated (Fig. 5B, lower panel). Correspondingly, PARP cleavage
was significantly increased in cells treated with both agents as
compared with cells treated with either cisplatin or MG132
alone. These data suggest that inhibition of Bim degradation
sensitizes ovarian cancer cells to cisplatin-induced apoptosis.
To determine whether blocking Bim degradation affects

growth, RMG-1 cells were treated with cisplatin, MG132, or

FIGURE 5. Effects of cisplatin and proteasome inhibitors on Bim-EL degradation and cell death. A, Western blot analyses of Bim-EL expression. RMG-1 cells
were treated with 2 �g/ml cycloheximide (CHX) for the indicated time periods in the presence and absence of 10 �M cisplatin for 48 h. Actin was used as a
loading control. B, RMG-1 cells were left untreated or treated with 10 �M cisplatin (Cis) for 24 h (upper panel). Bim was immunoprecipitated, and Western blot
analyses with anti-Bim and ubiquitin (Ub) antibodies were performed. The asterisk indicates ubiquitinated Bim appearing as a smear of bands with a higher
molecular weight. RMG-1 cells were left untreated or treated with 10 �M cisplatin in the presence (�) or absence (�) of the proteasome inhibitor MG132 (250
nM) for 48 h (lower panel). Actin was used as a loading control (Con). IB, immunoblotting. C, MTT analyses of growth inhibition. RMG-1 cells were left untreated
or treated with 10 �M cisplatin in the presence or absence of 250 nM MG132 for 48 or 72 h. D, colony formation analyses of cell growth. RMG-1 cells were left
untreated or treated with 10 �M cisplatin in the presence or absence of 250 nM MG132 (MG) for 3 h. 400 cells/well were seeded in 6-well plates and grown for
12 days, followed by crystal violet staining. Quantification of survival colonies is shown (lower panel). The plating efficiencies of drug-treated wells were
normalized to those of control wells. The plating efficiency of the control wells was arbitrarily established as 100%.
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their combination, and growth inhibition was determined by
MTTassays. As shown in Fig. 5C, cisplatin orMG132 alone had
minimal effects on cell growth. In contrast, the combination
treatments significantly inhibited growth. To further validate
the effects of the combination on cell growth, a long-term col-
ony formation assaywas performed. Consistent with the results
obtained with MTT assays, combination treatments signifi-
cantly inhibited colony formation, whereas single treatment
alone had a minimal effect. Collectively, these data strongly
suggest that the combination of cisplatin and proteasome
inhibitors can effectively kill cisplatin-resistant ovarian cancer
cells.
Bim Is Required for Proteasome Inhibitor-mediated Sensiti-

zation of Ovarian Cancer Cells to Cisplatin—We have shown
that ERK-mediated Bim phosphorylation and subsequent deg-
radation can be blocked byMG132. To determine the extent to
which ERK plays a role in Bim-mediated cisplatin sensitivity,
RMG-1 cells were transfected with either ERK or control
siRNA, and the expression of ERKwas then determined. Fig. 6A
shows that ERK protein was effectively knocked down in cells
transfectedwith ERK siRNA as comparedwith cells transfected
with control siRNA. Cisplatin slightly caused growth inhibition
(15%) in cells transfected with control siRNA as compared with
cells transfected with ERK siRNA in which cisplatin caused
about 30% growth inhibition (Fig. 6B), suggesting that the acti-
vation of ERK plays a role, but not a critical role, in cisplatin
resistance. We also found that MG132 had a minimal effect on
growth inhibition and that ERK knockdown did not increase
the effect of MG132 on growth inhibition in ERK knockdown
cells, indicating that ERK acts upstream of the Bim degradation
pathway. Importantly, the combination of cisplatin andMG132
significantly inhibited growth (50%) as compared with un-

treated cells or cells treated with single agent alone, whereas
ERK knockdown did not increase such effects. These results
suggest that MG132 can sensitize resistant cells to cisplatin.
To determine whether MG132-induced sensitization is

mediated by Bim, we first knocked down Bim in RMG-1 cells
(Fig. 6A) and then treated these cells with cisplatin. As shown in
Fig. 6B, knockdown of Bim led to cisplatin resistance, whereas a
modest effect was observed in non-target siRNA-transfected
cells. Importantly, although the combination treatments effec-
tively inhibited growth in non-target siRNA transfected cells,
knockdown of Bim conferred cells resistant to the combination
treatment. Taken together, these data strongly suggest that Bim
plays a critical role in cisplatin sensitivity, whereas ERK con-
tributes to cisplatin resistance. Thus, the combination of cispla-
tin and proteasome inhibitor may effectively kill cisplatin
resistant ovarian cancer cells.
The Combination Treatments Effectively Inhibit Growth of

Ovarian Cancer Cells with Acquired Cisplatin Resistance—The
major problem with the use of cisplatin is that cancer cells ini-
tially sensitive to cisplatin acquire resistance (12). Thus,
acquired resistance is an urgent issue that is clinically relevant.
To determine whether ERK-mediated Bim phosphorylation
and subsequent degradation plays a role in acquired cisplatin
resistance in ovarian cancer cells, we tested thismechanism in a
pair of ovarian cancer cells: parental OV433 (OV433-P) cells
and their derivative cisplatin-resistant OV433 cells (OV433-
CR). OV433-CR cells were generated by chronically exposing
cisplatin to parental OV433 cells for over 6 months (26). As
shown in Fig. 7A, OV433-CR cells were much more resistant
than OV433-P to cisplatin. As expected, cisplatin treatment
caused PARP cleavage in OV433-P cells but not in OV433-CR
cells. Importantly, OV433-CR had much higher levels of the
basal and cisplatin-induced phosphorylated ERK as compared
with OV433-P cells under the same treatment conditions (Fig.
7B). We found that Bim was phosphorylated and that cisplatin
treatment increased its phosphorylation and degradation in
OV433-CR cells, whereas such changes were not detected in
OV433-P cells under the same treatment conditions. Further,
the levels of Bim protein were much lower in OV433-CR cells
thanOV433-P cells (Fig. 7B). These results clearly show that the
higher levels of phosphorylated ERK protein and Bim phosphor-
ylation inversely correlated with the basal levels of Bim protein
in both cell lines.
To determine whether increased ERK-mediated Bim phos-

phorylation is in fact directly associated with acquired cisplatin
resistance, we treated both cell lines withMG132 to inhibit Bim
degradation and then tested the effect of such treatments on
cisplatin sensitivity. As shown in Fig. 7B, cisplatin treatment
caused Bim phosphorylation in OV433-CR cells, whereas such
change was not obvious in OV433-P cells. MG132 treatment
increased the total and phosphorylated levels of Bim protein in
OV433-CR cells but not in OV433-P cells (Fig. 7C). Further-
more, we found that the combination of cisplatin and
MG132 significantly increased Bim phosphorylation in
OV433-CR but not in OV433-P cells (Fig. 7C). Further,
OV433-CR cells were more resistant than OV433-P cells to
cisplatin, whereas both cell lines were resistant to MG132
despite the fact that OV433-P cells were slightly more sen-

FIGURE 6. The Effects of ERK and Bim knockdown on proteasome inhibi-
tor, cisplatin, and their combination-induced growth inhibition. A, West-
ern blot analyses of Bim-EL and ERK expression. RMG-1 cells were transfected
with control non-target siRNA, ERK siRNA, or Bim siRNA. After 48 h, cells were
left untreated or treated with 10 �M cisplatin in the presence (�) or absence
(�) of 250 nM MG132 for 48 h. Actin was used as a loading control. B, MTT
analyses of growth inhibition. RMG-1 cells were transfected with control non-
target siRNA, ERK siRNA, or Bim siRNA. 48 h later, cells were left untreated or
treated with 10 �M cisplatin in the presence or absence of 250 nM MG132 for
48 h.
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sitive than OV433-CR cells to MG132. Importantly, the
combination of cisplatin with MG132 significantly inhibited
growth of OV433-P cells, and such synergistic effects were
also observed in OV433-CR cells, although its effect was not
as prominent as that in OV433-P cells (Fig. 7D). Considering
the fact that OV433-CR cells are very resistant to cisplatin,
our data strongly suggest that degradation of Bim plays a
critical role in cisplatin resistance and that the combination
of cisplatin with MG132 may be a new strategy to reverse
cisplatin resistance in ovarian cancer cells.

DISCUSSION

Our previous studies showed that cisplatin treatment led to
the activation of MAPKs, including ERK (25, 26). It is generally
accepted that activation of ERK can lead to cell survival and
apoptosis resistance, but themechanism by which activation of
ERK contributes to cisplatin resistance is not understood. In
this study, we showed that cisplatin treatment not only caused
ERK activation but also increased Bim phosphorylation.
Because Bim phosphorylation was observed in all cells treated
with cisplatin regardless of their cisplatin sensitivities (Fig. 1B),
this consideration suggests that Bim phosphorylation may be a
general event in cisplatin-treated ovarian cancer cells.
It has been shown that ERK is an important player in medi-

ating Bim phosphorylation to confer cell survival and apoptosis
resistance. However, the role of ERK-mediated Bim phosphor-
ylation and degradation in cisplatin resistance was not previ-
ously recognized. In this study, we observed a correlation
between ERK activation and Bim phosphorylation, which sug-
gests that cisplatin-induced ERK activation may be responsible
for Bim phosphorylation and subsequent degradation, leading

to cisplatin resistance. It has been shown that ERK-mediated
Bim phosphorylation plays an important role in growth factor-
induced cell survival (15). Subsequent studies showed that ERK
phosphorylates Bim at Ser-65 and Ser-69 and that such phos-
phorylation targets Bim to the proteasome for degradation (17,
31). Because binding of Bim to Bcl-Xl and MCl-1 inhibits their
anti-apoptotic function, degradation of Bim by ERK-mediated
phosphorylation can release Bcl-Xl andMCL-1, allowing them
to block apoptosis (31). Furthermore, it has been shown that the
Bcr-ABL inhibitor imatinib can inhibit MEK-mediated Bim
phosphorylation, leading to apoptosis in K562 leukemia cells
(17). Importantly, accumulation of Bimprotein has been shown
to play a critical role for paclitaxel-induced chemosensitivity,
and activation of theH-ras/MAPKpathway decreases the levels
of Bim protein via a phosphorylation/degradation mechanism,
leading to chemoresistance (23). In agreement, this study
showed that cisplatin treatment led to ERK activation and Bim
phosphorylation.
We showed that cisplatin not only induced the activation of

ERK but also activated p38 and JNK (Fig. 2). Several kinases,
including ERK and JNK, have been shown to phosphorylate
Bim (16, 22, 32, 33). It is possible that Bim can be phosphory-
lated by other kinases rather than ERK.However, we found that
U0126, but not SP600125 or SB203580, blocked Bim phosphor-
ylation (Fig. 3). Furthermore, we showed that knockdown of
ERK by siRNA inhibited cisplatin-induced Bim phosphoryla-
tion, whereas Bim phosphorylation by cisplatin treatment is
intact in cells transfected with control siRNA (Fig. 4). There-
fore, these data strongly suggest that ERK is responsible for Bim
phosphorylation in response to cisplatin treatment.

FIGURE 7. The role of ERK and Bim in acquired cisplatin resistance. A, MTT analyses of growth inhibition. Parental OV433 cells (OV433-P) and their derivative
cisplatin-resistant OV433 cells (OV433-CR) were treated with cisplatin for 48 h. B, Western blot analyses of the levels of ERK, Bim-EL, and PARP proteins. OV433-P
and OV433-CR cells were left untreated (�) or treated (�) with 10 �M cisplatin for 24 h. Actin was used as a loading control. C, Western blot analyses of the levels
of Bim-EL protein. OV433-P and OV433-CR cells left untreated or treated with 10 �M cisplatin in the presence (�) or absence (�) of 250 nM MG132 for 24 h. Actin
was used as a loading control. D, MTT analyses of growth inhibition. OV433-P and OV433-CR cells left untreated or treated with 10 �M cisplatin (Cis) in the
presence or absence of 250 nM MG132 for 48 h.
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It is known that cisplatin treatment can activate a number of
pathways, including both cell death and survival pathways.
Although we showed that ERK is activated by cisplatin, it is
possible that the activation of ERKmay have nothing to dowith
cisplatin-induced apoptosis. To exclude this possibility, we
treated cells with cisplatin in the presence and absence of
U0126, SP600125, and SB203580. Our data clearly showed that
neither SP600125 nor SB203580 increased cisplatin-induced
growth inhibition (Fig. 2B). By contrast, U0126 was not only
able to block Bim phosphorylation but also sensitized cells to
cisplatin-induced growth inhibition (Figs. 2B and 3). Impor-
tantly, we showed that the combination of cisplatin with U0126
significantly inhibited colony formation as compared with
either U0126 or cisplatin alone (Fig. 2C). Taken together, these
data clearly suggest that the activation of ERK plays a role in
counteracting cisplatin-induced cell death, leading to cell
survival.
We showed that ERK plays a critical role in Bim phosphory-

lation because inhibition of ERK activation by U0126 blocked
Bim phosphorylation (Fig. 3). Importantly, we showed that
knockdown of ERK by siRNA significantly increases the basal
level of Bimprotein in the absence of cisplatin treatment, which
is consistent with a role for ERK in Bim phosphorylation and
degradation (Fig. 4A). However, although the total level of Bim
protein was increased in ERK siRNA-transfected cells as com-
pared with cells transfected with control siRNA, a small
amount of Bimwas still phosphorylated in response to cisplatin
treatment (Fig. 4A). This result suggests that cisplatin treat-
ment may activate other kinases that are involved in Bim phos-
phorylation. It has been shown that JNKcanphosphorylate Bim
(22). It has also been shown that there is interaction among
MAPKs. Although inhibition of JNK by its pharmacological
inhibitor SP600125 did not affect cisplatin-induced Bim phos-
phorylation, it is possible that when ERK is inhibited, JNK may
compensate for ERK knockdown to phosphorylate Bim (21). As
a result, Bim can be phosphorylated in ERK knockdown (Fig. 4).
We speculate that inhibition of both ERK and JNK may com-
pletely block cisplatin-induced Bim phosphorylation. This pos-
sibility is under investigation. Furthermore, it has been shown
that Akt can phosphorylate Bim (33). We showed previously
that cisplatin treatment can activate Akt to counteract cispla-
tin-induced cell death (34). It is possible that Akt may be also
involved in Bim phosphorylation in cells when ERK is knocked
down. We are currently testing whether inhibition of ERK and
Akt can completely block Bimphosphorylation and subsequent

degradation. Because Bim plays an important role in regulating
cell death, as expected, blocking ERK-mediated Bim phosphor-
ylation and degradation can increase cisplatin-induced apopto-
sis. Consistent with this, we showed that knockdown of ERK
increased cisplatin-induced PARP cleavage and growth inhibi-
tion (Fig. 4, A and C). Conversely, we showed that knockdown
of Bim increased cell survival (Fig. 4B). Collectively, these data
suggest that ERK activation plays an important role in Bim deg-
radation and cell survival.
It has been shown that Bim degradation is required for pacli-

taxel resistance and that inhibition of Bim degradation by Vel-
cade can restore Bim expression and thereby abrogate ras-de-
pendent paclitaxel resistance (23). Consistent with this, we
showed that MG132 can inhibit Bim degradation (Figs. 5B, 6A,
and 7C). We also showed that although Bim is phosphorylated
by cisplatin treatment, MG132 is still able to sensitize cells
to cisplatin-induced apoptosis (Fig. 5). Despite the fact that
MG132 can increase Bim protein accumulation in the absence
of cisplatin treatment, MG132 alone did not significantly affect
apoptosis and cell survival (Fig. 5). These data suggest two pos-
sibilities. The first one is that RMG-1 cells are very resistant to
proteasome inhibitors at the concentration used in this exper-
iment and that blockage of Bim degradation alone is not suffi-
cient to cause apoptosis and inhibit cell growth and colony
formation. Another one is that simultaneous activation of apo-
ptotic pathways and inhibition of Bim degradation can signifi-
cantly increase the cisplatin-induced killing effect. Consistent
with this, we showed that knockdown of Bim did not increase
the effects of combination of cisplatin and MG132 on growth
inhibition, whereas knockdown of ERKmodestly increased cis-
platin-induced growth inhibition (Fig. 6B), which is consistent
with our previous study showing that ERK plays a role in cispla-
tin resistance in ovarian cancer (25). Our data also showed that
in Bim knockdown cells, the combination of cisplatin with
MG132 still caused about 20% growth inhibition as compared
with cisplatin or MG132 alone (Fig. 6B), further confirming
that inhibition of Bim degradation does not solely account for
cisplatin-induced growth inhibition.
Although we showed that ERK-mediated Bim phosphoryla-

tion and subsequent degradation is important for cisplatin
resistance, the question becomes whether this mechanism is
clinically relevant. Because the majority of ovarian cancer
patients who are initially sensitive to cisplatin will eventually
relapse and in many cases acquire cisplatin resistance (1), we
asked if Bim degradation via ERK-mediated phosphorylation

FIGURE 8. A model for the possible mechanism of cisplatin resistance involving ERK and Bim-EL in ovarian cancer cells. Activation of JNK can lead to
apoptosis as shown previously (35).
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plays a role in acquired cisplatin resistance. We showed that
OV433-CR cells express higher levels of phosphorylated ERK
and lower levels of Bim as compared with their counterpart
OV433-P cells (Fig. 7). As expected, cisplatin treatment caused
apoptosis inOV433-P cells but not inOV433-CR cells (Fig. 7B).
Thus, we conclude that combination of cisplatin with MG132
can effectively inhibit growth inhibition in cisplatin-resistant
OV433-CR cells.
In conclusion, we demonstrate that Bim degradation plays a

critical role in cisplatin resistance.We show that cisplatin treat-
ment activates the ERK survival pathway and in turn phosphor-
ylates Bim, leading to Bim degradation and cisplatin resistance
(Fig. 8). We also show that inhibition of Bim degradation by
MG132 increases Bim expression, leading to Bim-mediated
apoptotic cell death. In addition, we believe that cisplatin can
also activate apoptotic pathways, including JNK (35), leading to
cell death. Blockage of Bim degradation and activation of cis-
platin-induced apoptosis pathways simultaneously (e.g. JNK)
can effectively induce ovarian cancer cell death. Thus, this
study suggests that the combination of the proteasome inhibi-
tors (e.g. Velcade) with cisplatin may overcome cisplatin resis-
tance in ovarian cancer.
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