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Background: PARC sequesters p53 in the cytoplasm; dysregulation of p53 localization/function contributes to chemore-
sistance in OVCA.
Results: Cisplatin promotes calpain-mediated PARC down-regulation, mitochondrial and nuclear p53 accumulation, and
apoptosis in chemosensitive but not resistant OVCA cells.
Conclusion: Dysregulation of calpain-mediated PARC processing promotes chemoresistance in OVCA cells.
Significance: PARC down-regulation represents a novel strategy to prevent/reverse resistance to cisplatin-based
chemotherapy.

Resistance to cisplatin (CDDP)-based therapy is a major hur-
dle to the successful treatment of human ovarian cancer
(OVCA), and the chemoresistant phenotype in OVCA cells is
associated with Akt-attenuated p53-mediated apoptosis. Pro-
apoptotic functions of p53 involve both transcription-depen-
dent and -independent signaling pathways, and dysfunctional
localization and/or inactivation of p53 contribute to the devel-
opment of chemoresistance. PARC is a cytoplasmic protein reg-
ulating p53 subcellular localization and subsequent function.
Little is known about the molecular mechanisms regulating
PARC. Although PARC contains putative caspase-3 cleavage
sites, and CDDP is known to induce the activation of caspases
and calpains and induce proteasomal degradation of anti-apo-
ptotic proteins, if and how PARC is regulated by CDDP in
OVCAare unknown.Here, we present evidence that CDDPpro-
motes calpain-mediated PARC down-regulation, mitochon-
drial and nuclear p53 accumulation, and apoptosis in chemo-
sensitive but not resistant OVCA cells. Inhibition of Akt is
required to sensitize chemoresistant cells to CDDP in a p53-de-
pendentmanner, an effect enhanced byPARCdown-regulation.
CDDP-induced PARC down-regulation is reversible by inhibi-
tion of calpain but not of caspases or the 26 S proteasome. Fur-
thermore, in vitro experiments confirm the ability of calpain in
mediating Ca2�-dependent PARC down-regulation. The role of

Ca2� in PARC down-regulation was further confirmed as iono-
mycin-induced PARC down-regulation in both chemosensitive
and chemoresistant ovarian cancer cells. The data presented
here implicate the regulation of p53 subcellular localization and
apoptosis by PARC as a contributing factor in CDDP resistance
in OVCA cells and Ca2�/calpain in PARC post-translational
processing and chemosensitivity.

Ovarian cancer (OVCA)3 is themost lethal of the gynecolog-
ical cancers. Although cisplatin (CDDP) and its derivatives are
effective chemotherapeutic agents forOVCA,CDDP resistance
remains a major hurdle for long term treatment success. The
PI3K/Akt signaling pathway is frequently activated/overex-
pressed in human OVCA and is a determinant of chemoresis-
tance. Down-regulation of Akt activity can sensitize resistant
OVCA cells to CDDP in a p53-dependent manner. Conversely,
Akt activation inhibits mitochondrial p53 accumulation and
attenuates p53 phosphorylation and nuclear function inOVCA
cells, conferring resistance to CDDP (1–4). Phosphorylation
of p53 (Ser-15) is necessary for CDDP-induced apoptosis,
although the mechanism(s) by which Akt regulates p53 phos-
phorylation is unclear. OVCAcells expressing activatedAkt are
characterized by increased p53 content, suggesting that Akt
attenuates p53 function rather than its content (5).
p53 mediates CDDP-induced apoptosis in both a transcrip-

tion-dependent (6) and -independent manner (7–9). Although
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the loss of p53 function by inactivating mutations has been
widely demonstrated (10), evidence suggest that the control of
intracellular localization of p53 is also important in the regula-
tion of apoptosis and chemosensitivity (5, 9).
The p53-associated, Parkin-like cytoplasmic protein (PARC,

Cul9) is a cytoplasmic protein that regulates p53 subcellular
localization and function. Described as an atypical cullins pro-
tein and a putative E3 ubiquitin ligase, the endogenous sub-
strates of PARC and mediators of PARC regulation are
unknown (11, 12). PARC forms a multiprotein complex of �1
million kDa in size, with its N terminus binding to the C termi-
nus of p53 (11). The anti-apoptotic role of PARC is demon-
strated in cellular models where cytoplasmic p53 content is
high and is characterized by poor response to drug therapy (11,
13). Themajority of cytoplasmic p53 is bound to PARC in these
models as determined by immunodepletion assays (11). PARC
down-regulation in these cells promotes nuclear p53 accumu-
lation, transcriptional activation, and apoptosis. In contrast,
overexpression of PARC prevents nuclear p53 accumulation
and apoptosis (11, 13). The role of PARC in the regulation of
mitochondrial p53 accumulation and transcription-indepen-
dent apoptosis has not been examined.
Calpains comprise a family of calcium-dependent cysteine

proteases that are activated in apoptosis and are also prominent
in necrosis. The two major isoforms, named �-calpain (calpain
I) and m-calpain (calpain II), are activated by micromolar and
millimolar amounts of Ca2�, respectively. Their importance in
apoptosis is reflected in the growing list of calpain substrates,
including p53 (14), Bax, Bid (15), apoptosis-inducing factor,
and several cytoskeletal proteins (16). Although CDDP can
induce calpain activation, whether calpain plays a role in the
regulation of PARC in OVCA cells is not known.
In this study, we have demonstrated for the first time the

control of p53 subcellular localization and CDDP sensitivity by
PARC in OVCA cells, and the possible involvement of Akt in
this regulation. We have also presented evidence for the Ca2�-
activated, calpain-mediated PARC processing in CDDP-in-
duced apoptosis and that CDDP resistance is associated with
PARC stabilization and up-regulation.

EXPERIMENTAL PROCEDURES

Reagents—CDDP, DMSO, Hoechst 33258, phenylmethylsul-
fonyl fluoride (PMSF), sodium orthovanadate (Na3VO4), apro-
tinin, EGTA, 5�-aza-2�-deoxycytidine, calcium chloride dehy-
drate (CaCl2-2H2O), lactacystin and calpain 1, and ionomycin
calcium salt were purchased from Sigma. Rabbit polyclonal
�-fodrin, p-p53 (Ser-15), p-Akt (Ser-473), p-GSK-3� (Ser-9),
andPARPantibodieswere fromCell SignalingTechnology, Inc.
(Beverly,MA).Mousemonoclonal GAPDHand active and pro-
caspase-3 were from Abcam (Cambridge, MA). Mouse mono-
clonal p53 (Western blot, DO-1; immunofluorescence,
pAb1801), goat polyclonal calpain 1 antibody, and peroxidase-
conjugated donkey anti-goat immunoglobulin were obtained
from Santa Cruz Biotechnology (Santa Cruz, CA). Rabbit poly-
clonal PARC was obtained from Bethyl Laboratories Inc.
(Montgomery, TX). Peroxidase-conjugated goat anti-mouse
and goat anti-rabbit immunoglobulin were purchased from
Bio-Rad. Calpeptin and epoxomicin were obtained from EMD

Chemicals (Gibbstown, NJ). API-2, Z-DEVD-FMK and
Z-VAD-FMK were from Tocris Bioscience (Ellisville, MO).
Cell Lines and Cell Culture—CDDP-sensitive OV2008 (17)

and A2780s (18, 19) and CDDP-resistant C13* (20), OVCA420
(21), OVCA433 (22, 23), and HEY (24) human ovarian cancer
cell lines were derived from serous cystadenocarcinomas of the
ovary. The C13* cell line is the isogenic resistant counterpart to
OV2008, selected by chronic exposure of increasing concentra-
tions of CDDP. IOSE397 (25) is a human ovarian surface epi-
thelial cell line immortalized by transfection of the SV40 largeT
antigen. All cells lines are p53 wild-type, as reported previously
(9, 21, 26–28), and were gifts from Drs. Rakesh Goel and Bar-
bara Vanderhyden (Ottawa Regional Cancer Centre, Ottawa,
Ontario, Canada).
Cells were maintained in RPMI 1640 medium (chemosensi-

tive OV2008 and chemoresistant C13* and HEY) and DMEM/
F-12 medium (chemosensitive A2780s and chemoresistant
OVCA420 and OVCA433), and the immortalized ovarian sur-
face epithelial cell line IOSE397 was cultured in MCDB/M199.
RPMI 1640 andDMEM/F-12media contained heat-inactivated
FBS (10%), streptomycin (50,000 �g/liter), penicillin (50,000
units/liter), and Fungizone (625 �g/liter; Invitrogen) (29).
MCDB/M199 media (1:1) contained heat-inactivated FBS
(15%). Cells were plated in 60-mm culture dishes at 40% con-
fluency unless stated otherwise and cultured at 37 °C with 5%
CO2, 95% O2.
Assessment of Apoptosis—Apoptotic cells were identified

morphologically using Hoechst 33258 nuclear stain (1, 30, 31).
At least 300 cells per treatment group were assessed in ran-
domly selected fields with the investigator blinded to the sam-
ple group to avoid experimental bias. Apoptosis was further
confirmed by detecting PARP cleavage from a full-length 116-
kDa peptide into its cleaved forms (89- and 24-kDa polypep-
tides) by Western blot (32).
Protein Extraction and Western Blot Detection—Protein

extraction and Western blot analysis was performed as
reported previously (29).Membraneswere incubated overnight
at 4 °C in primary antibody (PARC (1:10,000), p53 (1:10,000),
p-p53 (Ser-15) (1:2,000), p-Akt (Ser-473) (1:1,000), �-fodrin
(1:2,500), PARP (1:2,000), active- and pro-caspase-3 (1:1,000),
calpain 1 (1:1,100), V5 (1:5,000), and GAPDH (1:20,000)), fol-
lowed by incubation with horseradish peroxidase-conjugated
secondary antibodies (1:1,000 RT, 1 h; 1:10,000 forGAPDHand
p53). Signal intensity (enhanced chemiluminescence kit
(Amersham Biosciences)) was assessed densitometrically
(Scion Image software, version 4.02; Scion Corp., Frederick,
MD).
Reverse Transcriptase-Polymerase Chain Reaction—Reverse

transcriptase-polymerase chain reaction was carried out as
described previously (5). PCR primers (Invitrogen) were as fol-
lows: PARC (sense 5�-TGTACCCTTTGCCGTACCTC-3� and
antisense 5�-AGACGAGCTGCTTGGTTCAT-3�); GAPDH
(sense 5�-ACAGTCAGCCGCATCTTCTT-3� and antisense
5�-GACAAGCTTCCCGTTCTCAG-3�). PCRs were per-
formed using HotStarTaq polymerase (Qiagen) after activation
(15min; 95 °C) as follows: denaturation, 30 s at 94 °C; annealing,
(30 at 60 °C); extension, 1 min at 72 °C; 34 and 21 cycles for
PARC and GAPDH, respectively.
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Fluorescence Microscopy—Cells were plated on poly-D-ly-
sine-coated (0.05% w/v; Sigma) 8-well glass culture slides (BD
Biosciences) and cultured in growth media (48 h) prior to
CDDP treatment. For immunostaining, cells were fixed in para-
formaldehyde (4%, 1 h, RT), washed in PBS, and blocked with
1% BSA and 1% goat serum. p53 was detected using an anti-p53
mouse monoclonal antibody (1:50; Santa Cruz Biotechnology)
and Alexa Fluor 488 goat anti-mouse secondary antibody
(1:500; Invitrogen). TOM20 was detected with an anti-TOM20
rabbit polyclonal antibody (1:200; Santa Cruz Biotechnology)
and Texas Red goat anti-rabbit secondary antibody (1:500;
Invitrogen). Confocal images were obtained (�100 objective
NA1.4) on an Olympus IX81 inverted microscope with appro-
priate argon lasers (DAPI, 405 nm; Alexa Fluor 488; 488 nm;
Texas Red, 543 nm).
Determination of p53 Subcellular Localization—Cells on cul-

ture slides were incubated with antibodies against p53, TOM20
(mitochondria marker), and DAPI (nuclear stain). At least 400
cells were analyzed per treatment group for co-localization of
p53 signal with TOM20 and/or DAPI.
Immunoprecipitation—The cell lysate was incubated (4 °C,

1 h) in Pierce immunoprecipitation cell lysis buffer (Thermo
Fisher Scientific Inc., Rockford, IL) supplementedwith 1� Pro-
tease Inhibitor Mixture I (Sigma) and 1� PhoSTOP phospha-
tase inhibitor (Roche Applied Science) and centrifuged
(14,000� g, 10min, 4 °C). Onemg of protein of the supernatant
(200 �l) was incubated with protein A Dynabeads (Invitrogen)
coated with rabbit polyclonal anti-PARC antibody (2 �g/200
�l; 1 h, RT) and immunoprecipitated (4 °C, 2 h). The beadswere
pelleted, resuspended in Laemmli sample buffer (2�; 40 �l;
Bio-Rad), boiled (10min), and loaded onto 9% SDS-PAGE. Fol-
lowing protein transfer to nitrocellulose, PARC and p53 were
detected by Western blotting.
RNA Interference—According to manufacturer’s instruc-

tions, cells were transfected (48 h) with PARC (Santa Cruz Bio-
technology) and p53 siRNA (Dharmacon) and scrambled
sequence control (Dharmacon), using Lipofectamine 2000
(Invitrogen).
Adenovirus Infection—Cells were infected with an

HA-tagged “triple-A” (K179A, T308A, and S473A) dominant-
negative Akt (DN-Akt) or LacZ cDNA control (9). Infection
efficiency at multiplicities of infection of 40, as determined by
X-gal staining, was �90%. DN-Akt expression was confirmed
by Western blot against the HA epitope.
Construction of PARCOverexpressionPlasmid—Theplasmid

pcDNA3-HA2-PARC and primers for PCRwere fromAddgene
(Cambridge, MA) and Invitrogen, respectively. Primers for
cloning were as follows: PARC forward 5�-AAGGTACCATG-
GTGGGGGAAC-3� and PARC-reverse 5�-GGTCTAGAC-
CGTCATAGGCCTCA-3�. The human coding sequence of
PARC was amplified from the pcDNA3-HA2-PARC plasmid
using the primers above. The PARC-V5-His fusion was con-
structed by cloning the human coding sequence of PARC into a
pEF6/V5-His-TOPO/LacZ expression vector (Invitrogen)
through Kpn� and Xba� sites.
Transient Transfection—Transfections with pEF6-derived

vectors (0–1 �g; 1ml serum-freemedium) used Lipofectamine
and PLUS reagent (Invitrogen). Media were removed (24 h

post-transfection), and cells were harvested or treated as
required.
InVitroDegradation of PARCProtein byPurifiedCalpain—Pu-

rified calpain (�-calpain; human plasma, 1 unit/6.25 �g of pro-
tein) was incubated with whole cell lysate (30 �g protein; 1 h,
30 °C) as described previously (33). Calpain was inactivated by
boiling (10 min) and/or addition of EGTA (10 mM) and CaCl2
(0–1 mM). The samples were boiled (10 min) and centrifuged,
and supernatant proteins were resolved on 9% SDS-PAGE.
In Vitro Caspase-3 Treatment—Whole cell lysates (50 �g)

were incubated (30 °C, 2 h) in Pipes assay buffer (Pipes (20mM),
NaCl (100 mM), dithiothreitol (DDT, 10 mM), EDTA (1 mM),
Chaps (0.1%, w/v), sucrose (10%, w/v), pH 7.2) containing
recombinant active caspase-3 (0–15 �g/ml). The samples were
boiled in Laemmli sample buffer (10 min) and centrifuged, and
supernatant proteins were resolved on 9% SDS-PAGE.
Statistical Analysis—Results are presented as mean � S.E. of

at least three independent experiments. Data were analyzed by
one-, two-, and three-way ANOVA and subsequently by post
hoc test (PRISM software version 3.0, GraphPad, San Diego).
Statistical significance was inferred at p � 0.05.

RESULTS

CDDP Induces p53 Mitochondrial and Nuclear Accumula-
tion in Chemosensitive but Not Chemoresistant OVCA Cells,
Regulation by PARC—CDDP-induced apoptosis inOVCA cells
is p53-dependent, and p53-loss-of-function at the nucleus and
mitochondria is a determinant of chemoresistance (5, 9). To
determine the influence of CDDP on p53 subcellular localiza-
tion in chemosensitive (OV2008) and chemoresistant (C13*)
OVCA cells, cells were treated with CDDP, and p53 subcellular
localization was assessed by immunofluorescence/confocal
microscopy (Fig. 1A). TOM20 and DAPI served as mitochon-
drial and nuclear markers, respectively. Differential subcellular
p53 accumulation in a time-dependent manner was evident in
the chemosensitive cells treatedwithCDDP (i.e. cytoplasmic3
mitochondrial3 nuclear). However, chemoresistant cells dis-
played only cytoplasmic p53 at all time points (Fig. 1A). One-
wayANOVA indicates that therewas a significant time effect in
all subcellular fractions examined in OV2008 cells (p � 0.01)
but notC13* cells. PARCoverexpression inOV2008 cells atten-
uated CDDP-induced mitochondrial and nuclear p53 accumu-
lation and increased cytoplasmic p53 retention at 6 h, suggest-
ing that PARC is involved in the regulation of p53 subcellular
localization (Fig. 1B; two-way ANOVA, PEF6-PARC (p �
0.001), fraction (p � 0.001), and interaction between the two
factors (p � 0.001)).
Inhibition of Akt Is Required to Sensitize Chemoresistant

OVCA Cells to CDDP in a p53-dependent Manner, an Effect
Enhanced by PARC Down-regulation, and PARC Overexpres-
sion Attenuates CDDP-induced Apoptosis in Chemosensitive
OVCA Cells—To assess the regulatory role of Akt in the anti-
apoptotic role of PARC, we first determine the role of PARC in
the regulation of CDDP sensitivity following PARC down-reg-
ulation in chemosensitive (OV2008) and chemoresistant
(C13*) OVCA cells prior to CDDP treatment. As expected,
CDDP alone induced apoptosis in OV2008 but not C13* cells.
PARC down-regulation enhanced CDDP-induced apoptosis in
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the chemosensitive but not the resistant OVCA cells (Fig. 2A;
two-way ANOVA, OV2008, PARC siRNA (p � 0.001), CDDP
(p� 0.001), and PARC siRNA�CDDP (p� 0.01); C13*, PARC
siRNA CDDP effect, and PARC siRNA � CDDP (p � 0.05 for
all)).
Because Akt attenuates CDDP-induced mitochondrial p53

accumulation and apoptosis and confers resistance in chemo-
sensitive OVCA cells (5), we then examined if p53 function and
CDDP sensitivity in OVCA cells is dependent on both PARC
and Akt-mediated regulation. Akt down-regulation by DN-Akt
expression had no effect on CDDP-induced apoptosis in
OV2008 cells, irrespective of PARC silencing. In contrast,
down-regulation of Akt activity significantly induced apoptosis
in C13* cells, an effect enhanced by PARC down-regulation
(Fig. 2B; three-way ANOVA-OV2008, PARC siRNA (p� 0.01),
DN-Akt (p � 0.01), CDDP (p � 0.001), with no interaction
between these factors; C13*, PARC siRNA (p� 0.001), DN-Akt
(p � 0.001), CDDP (p � 0.01), with interaction between PARC
siRNA and DN-Akt (p � 0.05)). To further investigate the role
of Akt, a second inhibitor was used. Pretreatment of C13* cells
with API-2, an Akt inhibitor (34), attenuated the activation and
phosphorylation of Akt and its downstream target GSK-3� and
induced p53 phosphorylation (Ser-15) and apoptosis irrespec-
tive of the presence of CDDP (Fig. 2C; two-way ANOVA-API-2
dose response, API-2 (p � 0.01)).

We then examined the role of PARC in Akt-mediated CDDP
resistance in OVCA cells and examined whether the enhance-
ment of CDDP sensitivity as a result of PARC down-regulation
was p53-dependent. Down-regulation of Akt activity with
API-2 facilitated CDDP-induced apoptosis in chemoresistant
cells (C13*), a response further enhanced by PARC down-reg-
ulation (Fig. 2D). These responses were p53-dependent and
were attenuated by p53 silencing (Fig. 2D; three-way ANOVA-
API-2 (25�M), CDDP (p� 0.01), PARC siRNA (p� 0.001), p53
siRNA (p� 0.001), PARC siRNA� p53 siRNA interaction (p�
0.05)). Taken together, these findings suggest that PARCdown-
regulation can enhance p53-dependent CDDP sensitivity once
Akt activity is inhibited.
PARC overexpression in PARC-null A2780s cells (chemo-

sensitive) decreased CDDP-induced apoptosis without affect-
ing p53 content (Fig. 2E). Two-way ANOVA indicates a signif-
icant effect of PARC expression (p � 0.001) and CDDP (p �
0.001) and interaction between these two factors (p � 0.01).
The fusion PARCprotein produced from this expression vector
interacted with p53 (data not shown).
CDDP Has No Effect on PARC and p53 Interaction in

Chemoresistant OVCACells—Basal PARC and p53 content are
abundant and stably expressed in C13* cells and could be co-
immunoprecipitated, a phenomenon unaffected by CDDP
treatment. CDDP had no effect on PARC and p53 content and
did not induce apoptosis, as expected (Fig. 3).

CDDP Effect on PARC, p53, p-p53 (Ser-15), and Akt in Che-
mosensitive and Resistant OVCA Cells—Chemoresistance in
OVCA is associated with high Akt expression and activity and
decreased p53 phosphorylation and function (5, 9). Because
PARC regulates p53 localization and nuclear function (11, 35),
we compared the influence of CDDP on PARC, p53, and Akt in
chemosensitive and chemoresistant OVCA cells. CDDP
decreased PARC content and Akt activity, increased caspase
and calpain activity and p53 and p-p53 (Ser-15) content, and
induced apoptosis in OV2008 but not C13* cells. Basal PARC
and p53 content was higher in C13* cells compared with
OV2008 cells (Fig. 4A). Two-way ANOVA indicates that there
was a significant effect of CDDP treatment (p � 0.001) and cell
line (p � 0.001) and interaction between both factors (p �
0.001). CDDP-induced phosphorylation of p53 (Ser-15) in
OV2008 cellswas an early event, occurring before an increase in
total p53 content was detectable (Fig. 4B; two-way ANOVA,
CDDP (p � 0.001), time (p � 0.001), and CDDP � time inter-
action (p � 0.001)). CDDP decreased PARC content and
induced apoptosis in the chemosensitive (IOSE397 and
OV2008) but not the chemoresistant (C13*, HEY, OV420,
andOV433) cells, and basal PARC contentwas generally higher
in the chemoresistant compared with the chemosensitive cells
(Fig. 4C; two-way ANOVA, cell line (p � 0.001), CDDP (p �
0.001), and cell line � CDDP interaction (p � 0.001)). CDDP-
induced PARC down-regulation in chemosensitive cells was
not associated with changes in PARC mRNA content (Fig. 4D)
but rather with caspase and calpain activation and apoptosis
(Fig. 4E; two-wayANOVA, time (p� 0.001), CDDP (p� 0.001),
and time � CDDP interaction (p � 0.001)).
CDDP-induced, Calpain-mediated PARC Down-regula-

tion—Based on reports that calpain is involved in CDDP-in-
duced apoptosis (15, 36), we then examined whether PARC is a
substrate for calpain. In vitro experiments confirm that PARC is
a calpain substrate (Fig. 5A) and that calpain-mediated PARC
down-regulation is Ca2�-dependent (Fig. 5B). The simultane-
ous incubation ofOV2008whole cell lysatewith calpain and the
calcium chelator EGTA prevented the degradation of PARC
and �-fodrin, a known calpain substrate (37–39). Calpain inac-
tivation (by boiling) also prevented the calpain-induced loss of
PARC and �-fodrin (Fig. 5A). Furthermore, the concurrent
degradation of both PARC and �-fodrin by calpain in a Ca2�-
dependent manner was independent of caspase activity as
PARP content was unchanged (Fig. 5B). These results suggest
that calpain is the primary mediator of PARC processing.
To determine the effects of the calpain system on CDDP-

induced PARC processing, OV2008 cells were pretreated with
the cell-permeable calpain inhibitor calpeptin followed by
CDDP. Pretreatment with calpeptin prevented CDDP-induced
PARC down-regulation, �-fodrin cleavage, and apoptosis.
Maximal effects were seen at 25 �M calpeptin, with cytotoxic

FIGURE 1. CDDP induces p53 mitochondrial and nuclear accumulation in chemosensitive but not chemoresistant OVCA cells, regulation by PARC.
A, chemosensitive (OV2008) and resistant (C13*) OVCA cells were cultured with CDDP (10 �M; DMSO as vehicle control). Arrows indicate exact locations across
fields and serve to highlight the presence or absence of p53 co-localization with TOM20 and DAPI, mitochondrial and nuclear markers, respectively, by
immunofluorescence/confocal microscopy. Quantification of the confocal images shows the population of cells exhibiting p53 accumulation in the cytoplasm
(Cyto), mitochondria (Mito), both mitochondria and nucleus (Nuc), and only the nucleus. At least 200 cells were counted for each time point in each replicate.
B, PARC was overexpressed in OV2008 cells (PEF6-PARC; PEF6-LacZ as control; 0.5 �g, 24 h) and treated with CDDP (10 �M, 6 h). Subcellular p53 accumulation
was assessed as above. Results are expressed as mean � S.E. (n 	 3 replicate experiments); ***, p � 0.001.
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effects becoming apparent at higher concentrations (Fig. 5C).
Two-way ANOVA indicates that there was a significant effect
of calpeptin (p � 0.001) and CDDP (p � 0.001) and the calpep-
tin � CDDP interaction (p � 0.001).

Calpain activation is Ca2�-dependent, and CDDP increases
intracellular Ca2� levels in chemosensitive OV2008 cells but
not in its resistant variant (C13*) (40). Because calpain content
is the same in both chemosensitive and resistant OVCA cells
(Fig. 4A), we examined if ionomycin-induced Ca2� influx in
chemosensitive and resistantOVCAcells would result in PARC
down-regulation and apoptosis. As demonstrated in Fig. 5D,
ionomycin decreased PARC content in both chemosensitive
(OV2008) and chemoresistant (C13*, HEY, and OVCA420)
OVCA cells and induced apoptosis in all cell types examined.
Two-way ANOVA indicates that there was a significant effect

of ionomycin (p � 0.001) and cell line (p � 0.001) and interac-
tion between both factors (p � 0.001). Ionomycin did not
induce PARC down-regulation in the chemosensitive IOSE397
and chemoresistant OVCA433 OVCA cells, which may reflect
alternativemechanisms of Ca2� regulation in these cells. These
data implicate Ca2�/calpain in CDDP-induced PARC process-
ing and chemosensitivity.
In addition, CDDP-induced PARC down-regulation was not

prevented by the caspase-3-specific and the pan-caspase inhib-
itors Z-DEVD-FMK and Z-VAD-FMK, respectively (Fig. 6, A
and B; two-way ANOVA, Z-DEVD-FMK (p � 0.001), Z-VAD-
FMK (p � 0.001), CDDP (p � 0.001), and interaction between
each caspase inhibitors with CDDP (p � 0.001)), nor by lacta-
cystin and epoxomicin, two specific inhibitors of the 26 S pro-
teasome (Fig. 6C; two-way ANOVA; epoxomicin (p � 0.01),
CDDP (p � 0.01), interaction (p � 0.001); lactacystin (p �
0.001), CDDP (p � 0.001), interaction (p � 0.001)). Further-
more, in vitro experiments indicate that caspase-3 is not the
primary mediator of PARC processing (Fig. 6D).

DISCUSSION

Confinement of p53 to the cytoplasm decreases responsive-
ness of cancer cells to genotoxic stress induced by radiotherapy
and chemotherapy (9, 11, 41). Therefore, it is important to
understand the molecular mechanisms by which p53 subcellu-
lar localization is regulated. In this study, we have shown for the
first time that PARC regulates p53 subcellular localization and
CDDP sensitivity, two responses dependent onAkt status of the
cells (5, 9). We have also demonstrated for the first time the
post-translational processing of PARC by the Ca2�-dependent
cysteine protease calpain.
Translocation of p53 to the mitochondria is an early event in

p53-dependent apoptosis (8, 9, 42) and is thought to initiate and
amplify the slower transcription-based response. Due to the
pleiotropic role of p53 in apoptosis, it is possible that cytoplas-
mic sequestration of p53 by PARC represents the most basic
form of regulation. Indeed, PARC content is present in both
chemosensitive and resistant OVCA cells, and with higher lev-
els present in resistant ones. CDDP decreased PARC content in
the sensitive but not resistant cells, suggesting that higher levels
of PARC may be important in conferring CDDP resistance.
This idea is further supported by the identification of a PARC-
null, p53-WT, chemosensitive OVCA cell line (A2780s),
whereas PARC is highly expressed in the chemoresistant
A2780cp counterpart (data not shown). The PARC-null pheno-
type in the A2780s cells is dependent on DNA methylation, as
5-aza-2�-deoxycytidine induced PARC expression (data not
shown). This represents, to our knowledge, the first demonstra-

FIGURE 2. Inhibition of Akt is required to sensitize chemoresistant OVCA cells to CDDP in a p53-dependent manner, an effect enhanced by PARC
down-regulation. PARC overexpression attenuates CDDP-induced apoptosis in chemosensitive OVCA cells. Chemosensitive (OV2008) and/or chemoresistant
(C13*) OVCA cells were subjected to the following manipulations in the presence or absence of CDDP (10 �M; 24 h). A, PARC siRNA (scrambled sequence (S. Seq.)
as control; 100 nM, 48 h; **, p � 0.01; ***, p � 0.001 (versus scrambled sequence)). B, DN-Akt (LacZ as control (CTL); 48 h) with and without PARC siRNA (scrambled
sequence control, 100 nM, 48 h; ***, p � 0.001 (versus scrambled sequence); ��, p � 0.01; ���, p � 0.001 (versus respective DN-Akt (multiplicity of infection
(MOI), 0)); #, p � 0.05; ##, p � 0.01; ###, p � 0.001 (versus respective CDDP CTL)). C, API-2 (1 h of pretreatment) (*, p � 0.05; **, p � 0.01 (versus no API-2)). D, PARC
siRNA (scrambled sequence as control; 100 nM, 48 h) in combination with p53 siRNA (100 nM, 48 h) followed by API-2 (25 �M; 1 h pretreatment prior to CDDP)
(**, p � 0.01; ***, p � 0.001 (versus no PARC siRNA and no p53 siRNA); ��, p � 0.01; ���, p � 0.001 (versus PARC siRNA); ##, p � 0.01; ###, p � 0.001 (versus
respective CDDP control)). E, PARC was overexpressed (PEF6-PARC; PEF6-LacZ as control; 1 �g, 24 h) in PARC-null chemosensitive (A2780s) OVCA cells and
treated with CDDP (10 �M; 24 h) (**, p � 0.01; ***, p � 0.001). Results are expressed as mean � S.E. (n 	 3–5 replicate experiments).

FIGURE 3. CDDP has no effect on PARC and p53 interaction in chemore-
sistant OVCA cells. Protein A Dynabeads were incubated with PARC anti-
body (Bethyl, A300-096A; 2 �g/mg lysate; 1 h) and subsequently incubated
for 1 h with C13* whole cell lysate (1,000 �g; lysis buffer control (LB)) obtained
from CDDP treated (0 –10 �M) cells for various durations. PARC pulldown and
p53 content resulting from co-immunoprecipitation is unaffected by time or
CDDP treatment (lanes 3–10). Also shown are controls (CTL) for potential non-
specific bands involving antibody IgG (lanes 1 and 2) and from the lysis buffer
(lanes 1 and 11). To confirm the effectiveness of the CDDP treatment, PARC,
p53 and GAPDH content and apoptosis counts of the above samples were
examined. Results are expressed as mean � S.E. (n 	 3 replicate experiments).
IP, immunoprecipitation; WB, Western blot.
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FIGURE 4. CDDP down-regulates PARC and Akt activity and increases p-p53 (Ser-15) content and apoptosis in chemosensitive but not chemoresistant
OVCA cells. A, CDDP treatment (24 h) increased p53 content in both chemosensitive (OV2008) and resistant (C13*) cells, with increased p-p53 (Ser-15) content,
caspase, and calpain activation (represented by PARP and �-fodrin cleavage, respectively) in the sensitive cells only. CDDP decreased PARC content and Akt
activity (represented by p-Akt (Ser-473) and p-GSK-3� (Ser-9)) in the sensitive cells only. A dose-dependent increase in apoptosis was seen only with CDDP-
treated OV2008 cells (***, p � 0.001 (versus no CDDP)). B, CDDP decreased PARC content and increased p-p53 (Ser-15) and total p53 content and apoptosis in
a time-dependent manner in OV2008 cells (***, p � 0.001 (versus control (CTL))). C, CDDP induced PARC down-regulation and apoptosis in chemosensitive
(IOSE397 and OV2008) but not chemoresistant (C13*, HEY, OVCA420, and OVCA433) OVCA cells. Cells were treated with CDDP (10 �M, 24 h; DMSO control), and
PARC content and apoptosis were assessed. Basal PARC content was lower in the chemosensitive cells compared with the resistant cells, except in the OVCA420
cell, where both PARC and GAPDH (loading control) content were consistently low (***, p � 0.001). D, CDDP (10 �M; DMSO control) does not affect PARC mRNA
content in chemosensitive (OV2008) OVCA cells. E, CDDP (10 �M) decreased PARC content and increased calpain and caspase-3 activity (represented by
�-fodrin and PARP cleavage) and apoptosis in a time-dependent manner. (**, p � 0.01; ***, p � 0.001 (versus no CDDP); ��, p � 0.01; ���, p � 0.001 (versus
time 	 0)). Results are expressed as mean � S.E. (n 	 3– 4 replicate experiments).
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tion of a physiological condition where PARC content is
altered.
A major determinant of chemoresistance in OVCA cells is

the activation of the PI3K/Akt pathway. Although no modified
or mutated Akt genes have been reported in humans, Akt gene
amplification is common in high grade aggressive ovarian
tumors, corresponding with elevated protein content and high
kinase activity in various OVCA cell lines. We have previously
demonstrated that CDDP promotes Akt cleavage in a caspase-
3-dependent fashion in chemosensitive but not resistant
OVCA cells (1).
Akt activation attenuates CDDP-induced p53 phosphoryla-

tion, localization, and apoptosis (5, 9). Here, we demonstrated
for the first time that CDDP decreased Akt activity which cor-
responded with an increase in p53 phosphorylation (Ser-15)
and apoptosis in OV2008 cells but not in the resistant C13*
counterparts. Inhibition of Akt activity with the Akt-specific
inhibitor API-2 increased p-p53 (Ser-15) content and apoptosis
in chemoresistant C13* cells. These results are consistent with
reports implicatingAkt activation as an important determinant
in chemoresistance in OVCA (1, 9, 34, 43).

In chemoresistant OVCA cells, CDDP failed to induce
p53-mediated apoptosis, and this is partially attributed to
the inability of p53 to accumulate to the mitochondria
and/or nucleus as a result of high Akt activity (5, 9). We
demonstrate that PARC and p53 interact in OVCA cells and
that this interaction is unaffected by CDDP in chemoresis-
tant OVCA cells. The use of chemoresistant C13* cells for
future studies involving PARC/p53 interaction is attractive
as it would not require ectopic expression of mutated p53 to
avoid WT-p53-dependent apoptosis, as C13* cells express
high basal WT-p53 and PARC levels and are resistant to
CDDP. In contrast, investigation of PARC/p53 interaction in
chemosensitive OV2008 cells revealed various complica-
tions as basal p53 content is maintained at a low level, and
CDDP is required to induce p53 up-regulation and would
subsequently result in PARC down-regulation, p53 translo-
cation, and apoptosis. The cellular mechanisms regulating
PARC/p53 interaction is unclear and may involve modifica-
tions to PARC, p53, or both. Possible modifications would
include site-specific phosphorylation and monoubiquitina-
tion as both have been reported to influence p53 transloca-

FIGURE 5. CDDP-induced PARC processing and chemosensitivity is mediated in part by the Ca2�-dependent activation of calpains. A, OV2008 whole
cell lysates (WCL) (30 �g) were incubated with purified calpain I from human plasma (1 h; 30 °C). Calpain activity was inhibited by boiling, EGTA treatment, and
absence of CaCl2 during the incubation process. PARC cleavage occurs when native calpain is activated by CaCl2 (8th lane). �-Fodrin cleavage is indicative of
calpain activity. B, PARC processing as a result of calpain activity is Ca2�-dependent. OV2008 cell lysates were incubated as above with increasing CaCl2
concentrations. Calpain-mediated PARC processing was complete at 250 �M CaCl2. �-Fodrin cleavage occurred at lower CaCl2 concentrations and was used as
an indicator of calpain activity. C, chemosensitive OVCA cells (OV2008) pretreated with the cell-permeable calpain inhibitor calpeptin (1 h; DMSO control)
attenuated PARC down-regulation, �-fodrin cleavage, and apoptosis induced by CDDP (24 h) (*, p � 0.05; ***, p � 0.001 (versus no calpeptin); ���, p � 0.001
(versus no CDDP)). CTL, control. D, ionomycin induced PARC down-regulation in both chemosensitive (OV2008) and chemoresistant (C13*, HEY and OVCA420)
OVCA cells, with increases in apoptosis in all cell types. Ionomycin did not induce PARC down-regulation in the chemosensitive IOSE397 and chemoresistant
OVCA433 cells (*, p � 0.05; ***, p � 0.001). Results are expressed as mean � S.E. (n 	 3 replicate experiments).
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tion (9, 44). The role of Akt in these processes also requires
further investigation.
PARC down-regulation enhanced CDDP-induced apoptosis

in chemosensitive but not resistant OVCA cells. Interestingly,
inhibition of Akt is required to sensitize chemoresistant cells to
CDDP in a p53-dependent manner, an effect enhanced by
PARC down-regulation. Although p53 is free to move to the
various subcellular compartments, we propose that elevated
Akt activity in the chemoresistant cells inhibits p53 phos-
phorylation and function (5). Phosphorylation of p53 on Ser-15
and/or Ser-20 is required for p53-induced apoptosis (45).
CDDP-induced phosphorylation of Ser-15 in OVCA cells
appears to be a critical residue for apoptosis asmutations at this
site attenuate CDDP-induced apoptosis (5). The mechanisms

by which Ser-15 phosphorylation affects the apoptotic capacity
of p53 is unclear; however, evidence suggest it is not mediated
by p53-dependent transactivation (5). The possibility that
phosphorylation of p53 may affect PARC/p53 interaction
requires further investigation.
It has recently been reported that PARC functions as a tumor

suppressor and promotes p53-dependent apoptosis in mice
(46). These results are contrary to our data and those of others
(11, 13, 35). Pei et al. (46) examined the effect of PARC knock-
out in �-irradiated murine thymus and thymocytes, although
PARC expression is very low in human thymus (11). Further-
more, although it is interesting that their PARCknock-outmice
exhibited decreased survival times and developed spontaneous
tumors, previous PARC-null mice demonstrated no physical

FIGURE 6. Caspases and ubiquitin proteasome pathway are not the primary mediators of CDDP-induced PARC processing. CDDP-induced PARC
down-regulation is caspase-independent. OV2008 cells were pretreated for 2 h with the caspase-3 specific inhibitor Z-DEVD-FMK (A) and the pan-caspase
inhibitor Z-VAD-FMK (B), followed by CDDP (24 h; DMSO as control). Pretreatment with both drugs prevented CDDP-induced caspase activity (indicated by
PARP cleavage) and apoptosis in a concentration-dependent manner (*, p � 0.05; **, p � 0.01; ***, p � 0.001 (versus no CDDP); ���, p � 0.001 (versus no
caspases inhibitor); A and B), but failed to inhibit CDDP-induced PARC down-regulation compared with control (CTL). Results are expressed as mean � S.E. (n 	
6 replicate experiments). C, CDDP-induced PARC down-regulation is not mediated by the ubiquitin proteasome pathway. OV2008 cells pretreated with the
proteasome inhibitors epoxomicin (30 min; DMSO as control) and lactacystin (30 min; DMSO as control) did not prevent CDDP-induced (24 h) PARC down-
regulation but attenuated apoptosis (**, p � 0.01; ***, p � 0.001 (versus no CDDP); ���, p � 0.001 (versus no proteasome inhibitor)). D, purified active caspase-3
incubated with OV2008 whole cell lysate (WCL; 2 h, 30 °C) resulted in complete PARP cleavage at 5 �g/ml with no significant effect on PARC content even at the
highest caspase-3 concentration tested (15 �g/ml); p � 0.05. Results are expressed as mean � S.E. (n 	 3 replicate experiments; C and D).
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deformities, growth defects, or health problems (47). Although
the reasons for these discrepancies are not immediately appar-
ent, whether it is related to the stress signal and/or species/cell
type used remains to be determined.
We have shown that the CDDP-induced PARC down-regu-

lation was not a result of decreased mRNA content. Although
PARC contains three Asp-Xaa-Xaa-Asp (DXXD)motifs, indic-
ative of potential caspase-3 cleavage sites, PARC processing
was caspase-independent. Importantly, our results demon-
strated that CDDP-induced PARC down-regulation is not
merely a consequence of apoptosis, as caspase inhibition signif-
icantly attenuated cell death but was unable to reverse PARC
down-regulation. In addition, PARC has been shown to self-
ubiquitylate in vitro, and highly ubiquitylated species of PARC
have been detected in human cells with overexpression of
PARC and ubiquitin (11, 12). In this study we show that CDDP-
induced PARC down-regulation is not mediated by the ubiqui-
tin proteasome pathway. Substrates modified by Lys-48-linked
polyubiquitin chains are best characterized as being targeted to
the proteasome (48), whereas monoubiquitylation or chains
conjugated to other lysine residues, such as Lys-63 and Lys-29,
provide nonproteolytic signals (48–50). It is possible that the
previously reported ubiquitylated PARC species were not of the
Lys-48-type but weremodifications controlling PARC function
or localization. Those studies did not examine the ubiquitin
chain configurations modifying PARC, as well as the corre-
sponding functional outcomes. PARC regulation by post-trans-
lational modification has been proposed and may involve the
covalent modification by NEDD8 (12, 49) (related to ubiquitin;
also known as Rub1), which is a regulatory modification con-
trolling ligase activity (51). Interestingly, althoughPARC fails to
ubiquitylate p53, p53 activity can be inhibited by neddylation
(52). If and how PARC is modified by ubiquitylation or neddy-
lation inOVCA and its significance in CDDP sensitivity remain
to be determined.
In this study, we provided evidence that implicate calpain as

the primary mediator of CDDP-induced PARC down-regula-
tion. This represents, to our knowledge, the first demonstration
of a signaling pathway that regulates PARC processing and
function. The role of calpains in apoptosis is reflected in a grow-
ing list of substrates, including p53, Bcl-2, Bax, apoptosis-in-
ducing factor, caspases, and cytoskeletal proteins (14, 36,
53–55). Calpain activity is Ca2�-dependent, and calpain activa-
tion in response to Ca2� signaling is an early event in CDDP-
induced apoptosis (56), mediating Bid cleavage (15) and pre-
ceding apoptosis-inducing factor release and caspase-9/-3
activation (36). Furthermore, a decrease in Ca2� signaling
could prevent PARCprocessing and promote chemoresistance.
This agrees with recent reports that CDDP induces an increase
in intracellular calcium concentration in chemosensitive but
not resistant OVCA cells (40).
In addition to regulating calpain activation, Ca2� is shown to

inhibit Akt activity (57) and therefore presents itself as an
important regulator of apoptosis and CDDP sensitivity. Due to
the fact that calpain is expressed at the same levels in both
chemosensitive and resistant cells, our results suggest that this
difference to CDDP sensitivity involves the Ca2� response (40).
By inducing a Ca2� influx in chemosensitive and chemoresis-

tantOVCA cells with ionomycin, PARC cleavage and apoptosis
were induced in both cell types. Ionomycin treatment did not
induce PARC processing in the IOSE397-sensitive immortal-
ized ovarian surface epithelial cells nor in the chemoresistant
OVCA433 cells, possibly because of different Ca2� regulatory
mechanisms (56, 58).
In summary, we have demonstrated that CDDP-induced

PARC processing and apoptosis is regulated differently in che-
mosensitive and chemoresistant human OVCA cells. Process-
ing of PARC is mediated by the Ca2�-dependent cysteine pro-
tease calpain, although CDDP-induced apoptosis may involve
the interaction of different proteolytic pathways. Determining
the molecular mechanisms controlling PARC processing may
contribute to the current understanding of p53 function and
apoptosis and ultimately of the underlying mechanisms of
chemoresistance in human ovarian cancer.
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