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Figure 8. PD-L1 depletion prevents tumor progression and prolongs mouse survival. A, mouse body weight gain is plotted after intraperitoneal injection of
HM1-control (left), HM1-pdi1 {middle), or HM1-MirpdI1 (right). Weight is a reliable marker of tumor growth. Body weight decreased in 4 of 8 mice

in HM1-Mirpdl1 group (). B, survival of HM 1-pdi1-injected mice (thick line) and HM1-control-injected mice (thin line); *, P = 0.039 (n = 5; top), and survival of
HM1-control-injected mice (thin line) and HM1-Mirpdi1-injected mice (dotted line); **, P = 0.0029 (n = 10; bottom). C, survival of ID8-pdi1~injected

mice (thick line), ID8-control-injected mice (thin line), and ID8-Mirpdi1-injected mice (dotted line). ID8-control versus 1D8-Mirpdit; *, P < 0.001 (n = 10).

D, survival of SCID mice intraperitoneally injected with HM1-pdl1 (thick line), HM1-control {thin line), and HM1-Mirpdl1 (dotted line). Differences between the

groups are not significant (n = 10).

mouse peritoneal cavity, whereas IFN-y concentration in
ascites supernatant was too low to induce PD-L1 expression.
However, flow cytometric analysis of ascites cells indicated
that there are numerous T lymphocytes positive for intra-
cellular IFN-y, and coincubation with ascites cells, ascites
CD8" lymphocytes, or in vitro activated spleen-derived
lymphocytes induced PD-L1 on ovarian cancer cells, where-
as hypoxic condition or floating culture did not. Notably,
HM-1 cells did not express PD-L1 in SCID mouse ascites,
suggesting that the copresence of lymphocytes is required
for the induction of PD-L1. Taken together, our study
indicates that type B cancer cells begin to express PD-L1
when they encounter activated lymphocytes in ascites.
Although precise mechanism to explain the difference in

PD-L1 expression is not fully understood, there are several
reports showing that PD-L1 is overexpressed under influ-
ence of oncogenic mutation such as PTEN loss (37) or
NPM/ALK (38), which might be the case in type A tumors.
On the other hand, type C tumors, which do notrespond to
IFN-y, may have some impairment in IFN-receptors or its
downstream signals. Namely, tumor cells express PD-L1
depending on both the cell nature (types A, B, or C) and its
immune microenvironment. Therefore, in selecting the
patients for PD-L1-targeted therapy in ovarian cancer, it
might be necessary to assess not only the PD-L1 status of the
primary tumor butalso the PD-L1 and immune status in the
ascites, to predict whether the case will be sensitive to the
therapy or not.
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Next, we generated PD-L1-overexpressing and PD-L1-
depleted cell lines, which are representative of types A and C
tumor cells, respectively. PD-L1 manipulation did not affect
cell proliferation in vitro. In contrast, the in vivo proliferation
of both the rapid- and slow-growing mouse ovarian cancer
cell lines, HM-1 and ID8, was markedly affected, suggesting
that PD-L1 has an important role in cancer spreading into
the peritoneal cavity. There are several reports about
immune responses in ascites and peritoneal dissemination
(4, 39). In malignant ascites, abundant activated lympho-
cytes are found. These lymphocytes can easily attack tumor
cells, so surviving in ascites should be difficult for tumor
cells (9). In our mouse model, there were numerous IFEN-
Y-producing activated lymphocytes in the ascites. None-
theless, the PD-L1-expressing tumor cells progressed. In
contrast, the progression of PD-L1-depleted tumor cells
was inhibited in this environment. The difference between
the 2 groups was observed 10 days after inoculating with
tumor cells, indicating that the difference is not due to
tumor proliferation itself or an innate immune response but
rather is due to an adapted immune response. Survival of
SCID mouse was not affected by tumor PD-L1, indicating
that the difference is due to interaction between PD-L1 and
lymphocytes.

There is some controversy about how and in which phase
PD-L1 works in tumor immunity. Dong and colleagues
reported that tumor-associated PD-L1 promotes T-cell apo-
ptosis but does not alter CTL cytolysis (31). Hirano and
colleagues reported that PD-L1 on tumor cells forms a
molecular shield to prevent destruction by CTLs without
impairing CTL function (40). In contrast, Blank and col-
leagues reported that PD-L1 inhibits the effector phase of
tumor rejection and alters target cell lysis by CD8™ T cells
(41). To further elucidate these possibilities, we conducted
several in vitro assays to evaluate CTL activity against ovarian
cancer cells with varying PD-L1 status. A cytotoxicity assay
revealed that PD-L1 expression on ID8 cells inhibits the
antigen-specific cytolysis by CTLs. The assessment of
CD107a expression on CTL surface indicated that CTL
degranulation following encounter with PD-L1-overex-
pressing 1D8 cells is significantly suppressed. These data
clearly suggest that PD-L1 attenuate CTL activity in effector
phase. A time-lapse analysis revealed that gathering of the
CTLs to the target tumor cells was markedly inhibited and
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INTRODUCTION

Epithelial-mesenchymal transition (EMT) is a transcriptional
process that has a key role in regulating embryonic morphogen-
esis and cancer metastasis. During EMT, epithelial cells lose their
polarization and homotypic cell adhesion, resulting in a more
motile, spindle-like morphology with increased invasiveness.” At
the molecular level, EMT occurs as a result of the activity of several
transcriptional factors, such as ZEB1/2, Twist, BMI-1, Snail, and
Slug, which suppress expression of the epithelial marker
E-cadherin and induce the mesenchymal genes N-cadherin and
Vimentin.! However, the mechanisms and pathways that drive
EMT programs are not fully understood.

Non-coding microRNAs (miRNAs), including miR-200 and miR-
194/192 family members, have been identified as negative
regulators of EMT and metastasis by repressing the expression
of ZEB1/22? The overexpression of miR-200 and let-7b in
gemcitabine-resistant pancreatic cancer cells induces the
mesenchymal-epithelial transition, which is the reverse process
of EMT.2 Moreover, miR-194 is critical for maintaining the hepatic
epithelial cell phenotype and inhibits metastasis by targeting
several EMT activator genes.

Recently, a regulatory connection between p53 signaling and
miRNA-mediated EMT has been demonstrated. Wild-type (WT)
p53 directly activates the transcription of miR-200c and miR-192
family members, which leads to ZEB1/2 downregulation and
repression of EMT.® Furthermore, mutation of p53 can promote
EMT and the aggressive potential of tumor cells by inhibiting WT
p53-miR-200c pathways through dominant-negative effects on

WT p53.% However, besides the dominant-negative effects upon
WT p53, increasing evidence suggests that p53 mutations acquire
additional oncogenic functions, such as a gain-of-function (GOF),
which actively drive cells toward invasion and metastasis’ through
transactivation or transrepression of a large set of genes involved
in regulation of cell adhesion, migration and proliferation.? in
agreement with these findings, previous studies have found that
overexpression of miRNAs (miR-181b and miR-200c) is associated
with either p53 mutations or shorter patient survival in human
colon cancer,” indicating that mutant p53 may exert GOF activities
and promote EMT by modulating miRNAs.

Here, we identified a novel mechanism by which mutant p53
demonstrates GOF effects to facilitate EMT and cancer cell
invasion by repressing miR-130b, an inhibitor of ZEB1. We further
demonstrated that the expression of miR-130 was significantly
reduced in endometrial cancer (EC) tissues, and patients with
higher expression levels of miR-130b survived longer. Thus, these
data suggest that restoration of miR-130b may have therapeutic
value in tumors expressing mutant p53.

RESULTS

Mutant p53 GOF contributes to EMT in EC cells

Although mutant p53 GOF has been shown to promote EMT by
upregulating Twist in prostate cancer cells,'® to date, the role of
mutant p53 GOF in initiating EMT during EC progression remains
unknown. To explore this issue, we used p53-null HEC-50 cells'
stably transduced with vectors encoding p53 mutations R273H,
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N

R175H or C135Y, as well as an empty vector. Polyclonal cell lines
were generated to omit clonal variation. The p53 protein level was
verified using the anti-p53 (DO-7) antibody, which recognizes
both WT and mutant p53.

Enforced expression of these p53 mutants induce a shift in cell
morphology from a paved stone epithelial appearance to more
mesenchymal phenotypes, with loss of cell-to-cell contact and
increased cell spreading (Figure 1a). These morphological
changes were accompanied by the upregulation of mesenchy-
mal genes, including Twist, ZEB1, BMI-1, Snail, N-cadherin and
Vimentin, and decreased expression of the epithelial marker
E-cadherin (Figure 1b). To examine whether overexpression
of mutant p53 can promote cell invasion, we next performed a
cell invasion assay and observed a significant increase in the
invasive capacity of mutant p53-expressing cells compared
with empty vector-transfected control cells (Figure 1c).
These findings were supported by concomitantly enhanced
expression of metastatic-associated genes osteopontin, MMP-2
and MMP-9 in HEC-50 cells containing the p53 mutants
(Supplementary Figure S1A).

Recently, EMT has been shown to have critical roles in
modulating the cancer stem-like cell phenotype and conferring
increased drug resistance of cancer cells.'? To test the roles of
mutant p53 GOF in acquiring stemness and drug-resistant
properties in EC cells, we investigated the effects of stable
expression of mutant p53 R175H on the self-renewal potential of
cells using a sphere formation assay. We also assessed the

a HEC-50

chemosensitizing properties of this cell line after treatment with
paclitaxel using the Cell Counting Kit-8. We found that transfection
of this mutant, but not empty vector, enabled HEC-50 cells to form
floating spheres in a serum-free medium (Figure 1d) and became
more resistant to paclitaxel treatment (Figure 1e). To further
explore the mechanisms of mutant p53 GOF-mediated cancer
stemness and drug resistance, Quantitative reverse transcription
(gRT-PCR) was performed to show that the mRNA levels of well-
characterized stem cell markers (CD733, KLF4 and NANOG) and
chemoresistance-related genes (MDR-1 and MRP-1) was highly
enhanced in R175H-expressing cells (Figure 1f).

Similar to the findings obtained from stable transfection
experiments, transient transfection of a vector encoding mutant
p53 R248Q, but not empty vector, promoted cell invasion
(Supplementary Figure S2C). In addition, this mutant also
promoted EMT-like changes, including enhanced expression of
ZEB1, BMI-1, N-cadherin and Vimentin, as well as repression of
E-cadherin in HEC-50 cells (Supplementary Figure S2A). Taken
together, these observations suggested a crucial role of mutant
p53 GOF in driving EMT and invasive phenotypes of EC cells.

Knockdown of mutant p53 in EC cells causes a reversal of EMT and
inhibition of cell invasion ability

To further examine whether loss of endogenous mutant p53 can
inhibit EMT features, we performed shRNA-mediated knockdown
of mutant p53 in HEC-1 cells, which express endogenous mutant

d HEC-50
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Figure 1.

Mutant p53 GOF contributes to EMT in EC cells. (a) Morphology of endometrial cancer HEC-50 cells containing a control vector or

mutant p53 R175H. Scale bars represent 100 um. (b) Protein expression of p53 and EMT markers as analyzed by immunoblot. (¢) Invasion of
HEC-50 cells following overexpression of mutant p53s (mean £s.d; n=3; ¥P<0.01). Representative images of invaded cells are shown.
(d) Images indicate mammosphere formation in HEC-50 cells expressing the indicated constructs. The number of spheres obtained from 1000
cells at 12 days after plating (scale bar =50 um; mean * s.d.; n=3; *P<0.01). (¢) Mutant R175H- or empty vector-transfected HEC-50 cells were
treated with paclitaxel (0, 25, 50 and 75 nmol/l) for 48 h. Cell viability were determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide assay (meants.d; n=3; *P<0.01). {f) Relative mRNA expression of stemness markers (normalized to GAPDH) in HEC-50 cells
transfected with control or R175H vector, determined by gRT-PCR (mean % s.d,; n=4; *P<0.01).
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p53 R248Q. Silencing of mutant p53 resulted in significant
changes in cell morphology, and the scattered, mesenchymal-like
HEC-1 cells began to exhibit a more epithelial-like cobblestone
appearance (Figure 2a). Downregulation of this p53 mutant
increased the expression of epithelial marker E-cadherin and
repressed the expression of mesenchymal markers Twist, ZEB1,
BMI-1, Snail, N-cadherin and Vimentin (Figure 2b). In agreement
with these findings, knockdown of mutant p53 markedly reduced
cell invasion (Figure 2¢) and reduced the expression of
osteopontin, MMP-2 and MMP-9 (Supplementary Figure S1B). To
investigate if reduction of mutant p53 expression can suppress
cancer stem-like and drug resistance properties, a sphere
formation assay and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyitetra-
zolium bromide assay were used. We found that HEC-1 cells
transfected with p53 shRNA displayed decreased sphere formation
(Figure 2d) and were more sensitive to paclitaxel (Figure 2e).
These results were supported by gRT-PCR experiments in which
the mRNA expression of CD133, KLF4, NANOG, MDR-1 and MRP-1
were significantly attenuated following knockdown of endogen-
ous p53 using shRNA (Figure 2f). Collectively, these results
demonstrate that knockdown of mutant p53 can reverse the
EMT phenotype and rescue cell invasion of EC cells.

ZEB1 is a key downstream mediator in p53 GOF mutant-induced EMT

Previous studies have shown that ZEB1 has a crucial role in the
promotion of EMT and cancer stem cell properties in human
cancer cells.'”® Overexpression of ZEB1 has been detected in

a HEC-1
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aggressive EC."* Therefore, induction of ZEB1 expression by a p53
GOF mutant and reduction of its expression after mutant p53
silencing allowed us to postulate that ZEB1 may be essential for
p53 GOF mutant-induced EMT in EC cells. Transfection of HEC-50
cells with ZEBT siRNA inhibited mutant p53 R175H-induced BMI-1
and Snail expression, restored E-cadherin expression (Supple-
mentary Figure S3A) and greatly impaired p53 R175H-mediated
cell invasion (Supplementary Figure S3B). However, this treatment
did not significantly affect the protein level of Twist. Following
transfection with ZEBT siRNA in HEC-1 cells, the mRNA expression
of BMI-1 and Snail was suppressed and E-cadherin was elevated
(Supplementary Figure S3C). These data indicate that ZEB1 acts as
an important downstream effector of these p53 mutants to
mediate the EMT process in EC cells.

The p53 GOF mutants contribute to global repression of miRNA
expression

To identify miRNAs mediated by the p53 GOF mutants, we
performed array-based miRNA profiling of HEC-50 cells transduced
with either p53 mutants or empty vector. Of 188 human miRNAs
assayed, 23 miRNAs were expressed above background levels.
Ectopic overexpression of mutant p53 R273H, R175H and C135Y in
HEC-50 cells led to a global downregulation of all these miRNAs
(Supplementary Figure S4A). We further validated the microarray
results using qRT-PCR (Figure 3b). Notably, the expression of
several miRNAs with known tumor suppressor activity, including
let-7b,> miR-143,"® miR-194,'® miR-424,"" miR-451,'"® and miR-
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cancer HEC-1 cells transfected with control shRNA vector or p53 shRNA vector (scale bar= 100 um). (b) Protein levels of p53 and EMT markers
as analyzed by western blot. (c) Invasion of HEC-1 cells after p53 shRNA transfection (mean * s.d.; n=3; ¥*P<0.01). Representative images of
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treated with paclitaxel (0, 15, and 30 nmol/l) for 48 h. Cell viability was determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide assay (mean + s.d.; n = 3; *P <0.01). (f) Relative mRNA expression of stemness markers (normalized to GAPDH) in HEC-1 cells after p53
silencing, determined by qRT-PCR (mean % s.d.; n=4; *P<0.01).
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146" were significantly reduced in p53-mutant-expressing cells
(Supplementary Figure S4B). Thus, these results suggest that
global repression of miRNA expression is likely to be a critical
mechanism for p53 GOF mutant-enhanced EC tumorigenesis.

Mutant p53 binds to and transrepresses the promoter of miR-130b

Considering the important roles of ZEB1 in regulating EMT, we
next sought to determine whether any of the 23 miRNAs may
target ZEB1, and if repression of these miRNAs by mutant p53 may
contribute to increased ZEB1 expression in EC cells. We first
searched for all predicted miRNA-ZEBT interactions by using two
target-prediction algorithms: TargetScan (http://www.targetscan.
org) and microRNA.org (http://www.microrna.org), and detected
four miRNAs that potentially bind to the 3’ untranslated regions
(3’-UTR) of ZEBT mRNA. We then cross-referenced these four
miRNAs with the 23 miRNAs identified by miRNA microarray.
We found three miRNAs (miR-130b, miR-307a and miR-301b)
that were downregulated in p53-mutant-expressing cells and
predicted to bind to ZEBT 3-UTR (Figure 3a). We selected
miR-130b to investigate its effects on EMT and EC cell invasion
because transfection of miR-301a and miR-301b did not substan-
tially alter the protein expression of ZEB1 in EC cells (data
not shown).

To evaluate whether the p53 mutants (R273H, R175H and
C135Y) control the expression of miR-130b, we examined the
effects of overexpression of mutant p53 on the expression of miR-
130b in HEC-50 cells. The qRT-PCR analysis confirmed a significant
decrease in mature miR-130b levels following transfection with
the p53 mutants (Figure 3b). Similarly, the p53 mutation R248Q,
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but not the empty vector, inhibited the expression of miR-130b
when expressed transiently (Supplementary Figure S2B). On the
other hand, HEC-1 cells transfected with p53 shRNA exhibited a
marked elevation in the level of miR-130b (Figure 3c). These
results suggest that the endogenous expression of miR-130b is
negatively regulated by p53 mutants.

Recent evidence has established an association between p53
and several miRNAs, such as miR-34,2° miR-192%" and miR-200c.”
Transcription of these miRNAs is directly regulated by p53. In
particular, several studies have suggested that miR-200c is
downregulated in EC tissues,”® and restoration of miR-200c
expression in HEC-50 cells decreases cell invasion.?® Using qRT-
PCRs to compare miRNA levels in HEC-50 cells, we found that
overexpression of mutant p53 R175H and C135Y decrease the
expression of miR-200c by 30-20%, whereas mutant R273H has no
effects on its expression (Supplementary Figure S5), indicating
that downregulation of miR-200c is involved in mutant p53 GOF-
induced EC cell invasion.

However, it remains unknown whether p53 mutants function as
a transcription regulator of miR-130b. Therefore, we searched for
p53~binding sites in the miR-130b promoter using a bioinformatics
approach.?* Importantly, we found a conserved p53-binding site
(5'-GGGCATGGTGGCTCATGCCT-3') with a ranking score of 83
(Figure 3d). To determine whether an endogenous p53 mutant
can bind this site, chromatin immunoprecipitation (ChIP)-gPCR
analysis was performed on HEC-1 cells. The human telomerase
(hTERT) promoter served as a positive control, as it has been
previously shown that p53 mutants can bind this promoter.?> Both
miR-130b (sixfold) and hTERT (eightfold) promoter sequences
were specifically enriched by anti-p53 antibodies, but not by
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non-specific antibodies (Figure 3e). These data suggest that miR-
130b is a direct target of mutant p53 in EC cells.

To assess if the downregulation of miR-130b expression is
mediated by transrepression of the p53 mutants, we cloned the
p53-binding sequence of the miR-130b promoter upstream of
firefly luciferase to yield a WT plasmid pGL3-130b, and further
generated mutant pGL3-130b luciferase vectors containing muta-
tions in the candidate p53-binding site. The WT pGL3-130b or
mutant pGL3-130b vector was transfected into HEC-50 cells with
either a control vector, mutant p53 R175H or WT p53. Interest-
ingly, the luciferase activity of WT pGL3-130b was significantly
repressed by R175H, but was transactivated by WT p53. However,
expression of mutant p53 or WT p53 did not affect the luciferase
activity of mutant pGL3-130b (Figure 3f). Therefore, our observa-
tions by gRT-PCR, ChIP-qPCR and the luciferase assay collectively
demonstrate that a GOF p53 mutant binds to and transrepresses
the miR-130b promoter.

Our results showing a fivefold increase in the ability of WT p53
to transactivate the promoter of miR-130b (Figure 3f, lane 2) raised
an interesting possibility that WT p53 controls metastasis through
modulation of miR-130b. Therefore, we transiently transfected the
WT p53 expression vector into HEC-50 cells (Figure 4a). A qRT-PCR
analysis revealed that expression of WT p53 protein significantly
induced the levels of miR-130b and also slightly increased the
expression of miR-200c (Figure 4b), which is a known target of WT
p53.° In WT p53-expressing HHUA cells, activation of p53 in
response to the Mdmz2 antagonist Nutlin-3 (Figure 4c) enhanced
the level of miR-130b, but this was abolished by the shRNA-
mediated knockdown of p53 (Figure 4d). Consistent with an earlier
report,® the knockdown of WT p53 in HHUA cells induced changes
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associated with EMT, such as a mesenchymal morphology
(Figure 4e), low expression of E-cadherin, upregulation of ZEBT
and BMI-1 (Figure 4f), and increased cell invasion (Figure 4g). We
also observed an enrichment of WT p53 binding to both the miR-
130b and p21 promoters using a ChIP-PCR analysis -(Figure 4h).
In addition, WT p53 was able to transactivate a pGL-3-miR-130b
luciferase reporter gene (Figure 4i). Silencing of p53 by shRNA
abrogated Nutlin-3-stimulated luciferase activities of the miR-130b
promoter (Figure 4i, compare lane 5 to lanes 7 and 8). These data
indicated that mutant and WT p53 exert opposite effects on miR-
130b expression, which supports the hypothesis that a p53 GOF
mutant contributes to EC carcinogenesis by altering the expres-
sion of miR-130b.

Despite direct transcriptional regulation by mutant p53, some
GOF effects of the p53 mutants may depend on their ability to
inactivate p53 family members p63 or p73.2° Furthermore, p63
has been shown to inhibit metastasis through transactivation of
miR-130b.2” Therefore, we determined whether p63 inhibition by
the p53 mutants is involved in the p53 GOF mutant-induced
suppression of miR-130b in HEC-50 cells. We found that
downregulation of p63 protein expression by p63 siRNA
(Supplementary Figure S6A) resulted in a dose-dependent
decrease in p21 luciferase activity (Supplementary Figure S6C).
As expected, transient transfection of the WT p53 expression
vector markedly transactivated the p27 promoter (Supple-
mentary Figure S6C). However, the mRNA expression of miR-
130b did not substantially change after p63 knockdown
(Supplementary Figure S6B). Thus, p63 inhibition is not likely
to be responsible for p53 GOF mutant-induced suppression of
miR-130b in EC cells.
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miR-130b impairs cell invasion by targeting ZEB1

To investigate whether miR-130b can control EC cell invasion
through the modulation of ZEB1 expression, we used TargetScan
and miRviewer to search for miRNA-binding sites in the 3'-UTR of
ZEB1. The miR-130b was found to possess five evolutionary-
conserved binding sites, suggesting that a potential interaction
between miR-130b seed region and ZEBT mRNA 3'-UTR
(Figure 5a). To test if miR-130b binds directly to ZEB1 transcript,
we transfected biotin-labeled miR-130b into HEC-50 cells, pulled
down mRNAs bound to miR-130b and quantified ZEB1 transcript
using gRT-PCRs. We found that the levels of ZEB1T mRNA were
highly enriched by miR-130b pull-down, as compared with control
transcripts of housekeeping genes 5S rRNA and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH; Supplementary Figure S7).
Real-time PCR and western blot analysis demonstrated that,
in HEC-50 cells with high levels of ZEB1, restoration of miR-130b
reduced ZEBT mRNA and protein expression (Figures 5b and c). In
contrast, in HEC-1 cells, which express low levels of ZEB1, miR-
130b inhibition by transfection with anti-miR-130b increased ZEB1
mRNA and protein levels (Figures 5b and c). These results
demonstrate that miR-130b directly interacts with ZEBT mRNA
and represses its expression.

To assess if miR-130b targets ZEBT 3/-UTR, reporter constructs
containing either the WT ZEB1 3'-UTR or ZEBT 3/-UTR with
mutation at the predicted miR-130b target sequence were co-
transfected into HEC-50 cells together with miR-130b, control
miRNA, anti-miR-130b or control anti-miRNA. Transduction of miR-
130b caused marked inhibition of the WT ZEBT 3’-UTR, but had no
effect on mutant ZEB1 3/-UTR (Figure 5d, compare lane 1 to lanes
2 and 3). In addition, miR-130b inhibition by anti-miR-130b
substantially increased luciferase activities of WT ZEBT 3/-UTR
compared with control anti-miRNA (Figure 5d, compare lane 4 to
lane 5). These data together suggest that miR-130b downregulates
ZEB1 expression in EC cells by destabilizing the ZEBT mRNA as
well as translational suppression.

To determine the functional effects of miR-130b-mediated ZEB1
suppression on cell invasion, a cell invasion assay was performed.
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We found that elevated expression of miR-130b in HEC-50 cells
decreased cell invasion, and knockdown of miR-130b by anti-miR-
130b in HEC-1 cells enhanced cell invasion (Figure 5e). In
agreement with these findings, transfection of miR-130b, but
not control miRNA, significantly reduced the mRNA levels of BMI-1,
Snail, KLF4, NANOG and MDR-1, and increased mRNA expression of
E-cadherin in HEC-50 cells (Figure 5f). Taken together, these results
suggest that miR-130b directly targets ZEBT, and as a result
reverses EMT-associated EC cell invasion.

The p53 GOF mutants stimulate EMT features through
downregulation of miR-130b

To further define the involvement of miR-130b in mutant p53-
stimulated ZEB1 expression and EMT characteristics, miR-130b was
transfected into mutant p53 R175H-expressing HEC-50 cells.
Reintroduction of miR-130b abolished the mRNA expression of
ZEB1, Snail, BMI-1, KLF4 and NANOG, restored E-cadherin expres-
sion and markedly diminished p53R175H-induced cell invasion
(Figures 6a and b). To further confirm these results, we used HEC-1
cells expressing shRNA against p53 or control cells to show
that transfection with anti-miR-130b was capable of restoring
the mRNA levels of ZEBT, Snail, BMI-1, KLF4 and NANOG, as well as
decrease the expression of E-cadherin and initiate sphere
formation (Figures 6¢ and d). These data demonstrate that a
p53 GOF mutant downregulates miR-130b expression, which
results in activation of ZEB1, and its downstream pathway
and contributes to the induction of EMT and increased EC cell
invasion.

Clinical association of miR-130b expression with prognosis of EC
patients

The expression of miR-130 was significantly reduced (P=0.02) in
EC tissues (Figure 7a). Moreover, patients with higher expression
levels of miR-130b survived longer (P=0.05) than patients with
lower expression levels (Figure 7b).
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miR-130b impairs cell invasion by targeting ZEB1. (a) Schematic representation of the 3’-UTR of ZEBT with the predicted target site

for miR-130b. Sequence of mature miR-130b reveals the evolutionary conservation of the target site across five species (below). (b, ¢, e) gRT-
PCR (b, mean *s.d,; n=3; *P<0.05), western blotting (c) and cell invasion assay {e, mean +s.d; n=3; ¥*P<0.01) of HEC-50 or HEC-1 cells
transfected with pre-miR-130b or anti-miR-130b, respectively. (d) Reporter constructs containing either wild-type ZEBT 3'-UTR or ZEBT 3'-UTR
with mutation at the predicted miR-130b target sequence were co-transfected into HEC-50 cells, along with miR-130b, control miRNA, anti-
miR-130b or control anti-miRNA. Relative luciferase activity was assayed (mean *s.d.; n=3; *P<0.01). (f) Expression of EMT and stemness
markers in HEC-50 cells transfected with pre-130b or control miRNA were analyzed by gRT-PCR (mean *s.d.; n=4; *P<0.01). All gPCR or
luciferase values were normalized to GAPDH or Renilla activity, respectively.
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DISCUSSION

In this study, we have demonstrated that a GOF p53 mutant can
induce EMT and increase invasive properties in EC cells by regulating
a large set of EMT-associated genes. More importantly, we provide
an underlying mechanism for p53 GOF-enhanced metastasis:
mutant p53 can bind directly and transrepress the promoter of
miR-130b, which is a specific inhibitor of ZEB1, leading to the
upregulation of ZEB1 and subsequent activation of the E-cadherin
suppressors BMI-1 and Snail (Figure 8). Notably, the effects of
mutant p53 on EMT features and cell invasion can be partly
abolished by restoration of miR-130b expression. Therefore,
re-expression of miR-130b may inhibit tumor metastasis and
progression, providing a potential therapeutic use in patients with EC.

Although upregulation of some miRNAs is reported in different
tumors,?® the widespread reduction of miRNA expression has
been observed in a range of tumor types and is associated with
increased metastatic activity.?**® Our findings suggest that the
principal consequence of a p53 GOF mutant on miRNA expression
is global repression. Thus, the correlation between a p53 GOF
mutant and general repression of miRNAs suggests that the
overall repression of miRNAs, especially those miRNAs with tumor
suppressor function, is involved in p53 GOF mutant-stimulated EC
metastasis and progression.

Several reports showed that p53 mutations not only target a set
of genes that are different from those controlled by WT p53 such
as cmyc? but also differently modulate WT p53-target
genes33* Mechanistically, the transcriptional effects of mutant
p53 on WT p53-dependent promoters are mediated by at least
four types of molecular interactions: (1) mutant p53 binds to WT
p53-target gene promoters in the region distinct from WT p53
response elements>® (2) However, ChiP analysis reveals that
mutant p53 physically associates with several promoters, such as
EGR1*® and MSP/MST-1,*” which also interact with WT p53.
(3) There is increasing evidence that both WT and mutant p53 can
form a complex with sequence-specific transcription factors
(Sp1,%3° NF-Y,***" or other factors), and be recruited to binding
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sites of those factors on chromatin, and modulate their
transcriptional activities. (4) In addition, p53 mutants can display
the WT p53 conformation due to a shift in the conformational
equilibrium,*? and thereby bind to the consensus sequence.*® Qur
data indicate that both mutant p53 and WT p53 are present on
the miR-130b promoter to regulate its expression, which is
consistent with the reported finding of mutant p53. Future studies
will be required to identify the transcriptional factors that
specifically interact with mutant p53 and clarify the biological
significance of their physical interaction.

Previous studies have shown that miR-130b is downregulated in
hepatocellular carcinoma®* and aggressive papillary thyroid
carcinoma.** Furthermore, downregulation of miR-130b confers
a multidrug-resistant phenotype in ovarian cancer cells.*®
However, other reports also suggest that overexpression of miR-
130b in CD133 (+) liver tumor-initiating cells increased their self-
renewal capacity and chemoresistance.” We found that the
transcriptional inactivation of miR-130b by mutant p53 is required
for p53 GOF mutant-mediated EMT and invasive phenotypes in EC
cells. These results suggest that miR-130b may have a dual
function as both a tumor suppressor and oncogene, depending on
the cancer type and cellular context.

The HEC-50 cell line (p53 null) was derived from a patient with
invasive grade 3 EC. Thus, the inverse relationship between miR-
130b and mutant p53 expression observed in these cells, which is
a genetic alteration frequently found in aggressive EC, suggests
that miR-130b expression is likely reduced in later stages of tumor
progression when mutant p53 becomes the main driver of
invasion and metastasis.

Some evidence has suggested that miR-194 is a WT p53-
responsive miRNA with potent anti-proliferative activity.*® Interest-
ingly, we have recently shown that miR-194 is able to inhibit EMT
and cell invasion of EC cells by targeting oncogene BMI-1."® Our
present study suggests that the expression of miR-194 is negatively
regulated by mutant p53 in EC cells. The significance and clinical
relevance of miR-130b were further demonstrated in EC patients
(Figure 7). Therefore, we postulate that p53 mutations induce EMT
and promote EC metastasis, at least in part, through regulating both
miR-130b/ZEB1 and miR-194/BMI-1 signaling pathways (Figure 8).
Our results open a possibility that multiple molecular mechanisms
with different miRNAs are involved in p53 GOF mutant-dependent
EMT programming. Further research is clearly needed to understand
the mechanisms of p53 mutant-mediated EMT induction and the
functional cross-talk between p53 signal pathways and miRNA-
modulated gene expression profiles.

MATERIALS AND METHODS

Cell culture

The EC cell lines HEC-50 and HEC-1 were cultured in Eagle’s MEM medium
(Sigma-Aldrich, Poole, UK) supplemented with 15% fetal bovine serum. The
EC cell line HHUA was maintained in Ham’s F12 medium containing 15%
fetal bovine serum. All cell lines used were cbtained from the RIKEN cell
bank (Tsukuba, Japan).

Generation of cells overexpressing mutant p53 and knockdown of
WT p53

HEC-50 cells at 80% confluency were transfected with vectors containing
WT p53, mutant p53 (R273H, R175H, C135Y) or control vector as previously
described.* The selection of stably transfected clones was achieved using
a medium containing 400 ng/ml of G418 (Sigma-Aldrich) in the media. We
knocked down p53 expression in HEC-1 and HHUA cells using a pSUPER-
p53 vector or pSUPER control vector performed as previously described,*
and selected cells with 1 pg/ml puromycin (Sigma-Aldrich).

Western blot analysis

Whole-cell lysates were obtained using the M-Per Mammalian Protein
Extraction Reagent (Pierce Biotechnology, Rockford, IL, USA). Proteins
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Figure 8. Schematic model indicating proposed mechanisms by
which mutant p53 GOF induces EMT. Mutant p53 GOF induces EMT,
through direct transrepression of miR-130b, an inhibitor of ZEB1,
and subsequent activation of ZEB1-dependent signaling pathway.

Stemness

(40 ng) were separated on 10% SDS-PAGE and transferred to nitrocellulose
membranes. Antigen-antibody complexes were detected using the
electrochemiluminesence blotting analysis system (Amersham Pharmacia
Biotech, London, UK). The following antibodies were used: mouse
monoclonal anti-p53 (DO-7), goat polyclonal anti-ZEB1 (C-20), rabbit
polyclonal anti-Twist (sc-81417), goat polyclonal anti-Snail (sc-10432),
mouse monoclonal anti-p63 (sc-8431) and mouse monoclonal anti-GAPDH
(sc-47724) (Santa Cruz, Santa Cruz, CA, USA). Rabbit polyclonal anti-BMI-1
(ab38295) (Abcam, Cambridge, MA, USA), rabbit polyclonal anti-E-cadherin
(A01589), rabbit polyclonal anti-Vimentin antibody (A01189) (GenScript,
Edison, NJ, USA) and mouse monoclonal anti-N-cadherin (BD Transduction,
San Jose, CA, USA) antibodies were also used. Primary and secondary
antibodies were used at 1:1000 and 1:5000 dilutions, respectively.

Molecular cloning of miR-130b promoter

The genomic region overlapping the p53-binding site was synthesized
with forward primer (5'-ATACGCGTGGGTAAGGGACTCCTGAAGC-3/, Miub)
and reverse primer (5-CGAGATCTGAGACAAGGTTTCACCACGTT-3/, Bglll),
and sub-cloned into Miul/Bgll sites of the pGL3-basic plasmid (Promega,
Madison, WI, USA) to produce pGL3-miR-130b (WT pGL3-miR-130b). (The
underlined primer sequence indicates the sites for enzyme Mlul.) Correct
insertion was confirmed by gel electrophoresis and DNA sequencing.

ChIP assay and gPCR analysis

The ChIP assay was performed using the Pierce Agarose ChiP kit (Pierce;
Thermo Scientific, Rockford, IL, USA) according to the manufacturer’s
protocol. Immunoprecipitation was carried out using mouse monoclonal
p53 antibody (DO-7) or unrelated rabbit IgG as a negative control. To
amplify the potential p53-binding site from nucleotides — 3540 to — 3520
in the promoter of miR-130b, real-time PCR was performed using the
forward primer 5-TTCATCCGTTCTCACACTGC-3' and the reverse primer
5'-CAGGCTGGTCTCGAACTCC-3'. The human telomerase (hTERT) and p21
genes were used as positive controls for mutant p53 and WT p53 binding,
respectively.2'#

Patients and samples

The clinical sample cohort used for this study was approved by the
Institutional Review Board of Stony Brook Medicine. Written informed
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Table 1. Clinical features of 32 endometrial cancer patients used for
microRNA analysis
Characteristics Frequency  Percentage (%)
Mean age in years (range) 67 (49-86)
Histology
Endometrioid carcinoma 15 48.6
Serous carcinoma 8 257
Clear cell carcinoma 5 14.3
Malignant mixed mullerian tumor 3 8.6
Undifferentiated carcinoma 1 2.8
TNM stage
| 18 60
Il 1 2.8
1] 5 14.3
v 8 229
Survival (months)
Mean (range) 52 (1-127)
0-40 13 441
40-80 10 294
>80 9 26.5

consent was obtained from all participants involved in the study. Paraffin
blocks containing formalin-fixed paraffin-embedded tissue samples were
acquired from the archived collections of the Department of Pathology
and used for subsequent analyses. The specimens were selected from
samples obtained between 1995 and 2010, and each case had up to 15
years of clinical follow-up information. For RNA extraction, tumor samples
and the adjacent normal tissues were obtained from 32 EC patients who
underwent hysterectomy at Stony Brook Medicine, Stony Brook, New York.
The characteristics of these patients are shown in Table 1.

RNA isolation

Using archived containing formalin-fixed paraffin-embedded tissues,
separate areas of tumor and normal endometrium were identified from
the corresponding hematoxylin and eosin-stained sections, and cores
measuring 1.5mm in diameter and 2mm in length (~0.005g) were
extracted. The samples were then deparaffinized, hydrated and digested
with proteinase K. Subsequently, total RNA was isolated using TRIZOL
reagent (Invitrogen, Carlsbad, CA, USA).

Real-time gRT-PCR analysis of miRNA expression

The miR-130b-specific primers and the internal control RNU44 gene were
purchased from Ambion (Applied Biosystems, Foster City, CA, USA). cDNA
synthesis was performed using the High Capacity ¢cDNA Synthesis Kit
(Applied Biosystems). gRT-PCR was carried out on an Applied Biosystems
7500 Real time system (ABI 7500HT instrument) using the TagMan Gene
Expression Assay.

Statistical analysis

All experiments were performed in triplicate. All statistical analyses were
performed using GraphPad Prism software 5.0 (GraphPad Software, Inc,,
San Diego, CA, USA) and SPSS statistical software (SPSS Japan Inc., Tokyo,
Japan). A Student’s t-test was used for analysis, and statistical significance
was defined as P<0.05. Gene expression AC; values of miR-130b from each
sample were calculated by normalizing them to the expression of the
RNU44 internal control, and relative quantification values were plotted.
The differences between tumor and normal tissues were analyzed using
the Wilcoxon matched pairs test. Kaplan-Meier survival curves were
generated to evaluate the correlation of miR-130b expression levels
with survival rate.
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PRIMA-1 increases cisplatin sensitivity in
chemoresistant ovarian cancer cells with p53
mutation: a requirement for Akt down-regulation

Noriko Kobayashi'?, Mohammadreza Abedini'?, Noriaki Sakuragi® and Benjamin K Tsang'*"

Abstract

Background: Since ovarian cancer is associated with high frequency of p53 mutation, the availability of p53
reactivation and induction of massive apoptosis (PRIMA-1) offers a possible new therapeutic strategy for
overcoming this devastating disease. Although Akt activation is believed to be a determinant in chemoresistance in
ovarian cancer, whether Akt plays a role in regulating the effectiveness of PRIMA-1 in sensitizing chemoresistant
ovarian cancer cells with p53 mutation to cisplatin (CDDP), remains to be determined.

Methods: In the present studies, we examined the influence of Akt down-regulation following dominant-negative
(DN-Akt) expression on the ability of PRIMA-1 (0-10 uM) to facilitate CDDP (0-10 uM)-induced apoptosis in
p53-mutated chemoresistant ovarian cancer cells (A2780cp).

Results: Apoptosis rate was significantly higher at the combined treatment of low PRIMA-1 concentrations

(0.156 - 0.938 uM) plus CDDP (10 uM) in the DN-Akt groups than control (p<0.001). Apoptosis in cells treated with
PRIMA-1 (0.156 pM) and CDDP treatment (10 uM) was significantly suppressed by p53-siRNA. PRIMA-1 increased
phospho-p53 (Ser15) content in Akt down-regulated cells treated with CDDP.

Conclusions: These results demonstrate that PRIMA-1 can sensitize chemoresistant ovarian cancer cells with p53
mutation to CDDP when Akt is down-regulated, and the action of PRIMA-1 is associated with p53 activation. Our
findings raise the possibility that PRIMA-1 may be useful candidate for adjuvant therapy with CDDP in
chemoresistant ovarian cancer with p53 mutation when Akt is down-regulated.

Keywords: PRIMA-1, Chemoresistance, Ovarian cancer, Akt, p53, Cisplatin

Introduction

Ovarian cancer is the most lethal gynecological malig-
nancies. Currently, the preferred treatment for ovarian
cancer is combination chemotherapy, usually with a
platinum based drug (e.g. CDDP or carboplatin), together
with surgical debulking. The effectiveness of many of
the chemotherapeutic agents in human cancer is
highly dependent on the ability of the cancer cells to
undergo drug-induced apoptosis. The development of
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chemoresistance is a major clinical problem for successful
treatment in human ovarian cancer.

The tumor suppressor p53 inhibits tumor growth
primarily by induction of apoptosis through mechanisms
which are transcription-dependent [1,2] and —independent
[3-5]. p53 binds to a specific DNA sequence and transacti-
vates target genes leading to cell cycle arrest and/or apop-
tosis. p53 dependent apoptosis is an important determining
factor on the efficacy of chemotherapy, as tumors with p53
mutation are often more resistant to chemotherapeutic
agents compared to those harboring wild-type p53 (wt-p53)
[6,7]. Mutations in p53 occur in nearly half of human
ovarian tumors. A majority being missense mutations in
the DNA-binding core domain, thus resulting in deficient
DNA binding [8].

© 2013 Kobayashi et al, licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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Akt is a serine/threonine kinase activated by growth
factors and cytokines in a phosphatidylinositol-3-OH-kinase
(PI3K)-dependent manner [9,10]. Akt is implicated in cell
proliferation and survival and is a key determinant of
CDDP resistance in ovarian cancer cells which are
p53 dependent [5]. We have previously demonstrated that
Xiap, Akt and p53 interact in the regulation of chemosensi-
tivity in ovarian cancer cells [2]. The PI3K-Akt pathway is
over-expressed or activated in chemoresistant ovarian can-
cer cells and Akt down-regulation sensitizes chemoresistant
wt-p53 cells to CDDP-induced apoptosis [2,11]. The latter
response, however, is not evident in mutant-p53 cells unless
reconstituted with wt-p53.

PRIMA-1, a low molecular weight compound, is more
effective in inducing apoptosis in mutant-p53 cells than
the wt-p53 cells and has noticeable anti-tumor activity
in vitro and in vivo [12]. The sensitivity of PRIMA-1 was
related to mutant p53 expression levels [13]. It is capable
to induce apoptosis in human tumor cells through
restoring the transcriptional function to mutant-p53
[14]. PRIMA-1 and the structural analog PRIMA-1
MET, also named APR-246, reactivate mutant p53
through covalent binding to the core domain and induce
apoptosis in tumor cells. Its anti-tumor effect does not
appear to be due to general toxicity [14]. Although
PRIMA-1 is capable of restoring chemosensitivity in
mutant-p53 cells, whether it acts synergistically with
CDDP to inhibit proliferation of mutant-p53 ovarian
cancer cells is unclear. Moreover, whether Akt plays a role
in regulating the effectiveness of PRIMA-1 in sensitizing
chemoresistant mutant-p53 ovarian cancer cells to CDDP,
remains to be determined.

In the present studies, we have investigated the role of
Akt in this regards and demonstrated that Akt down-
regulation induce significant apoptosis in combination
treatment of PRIMA-1 and CDDP in chemoresistant
ovarian cancer cells carrying p53 mutation.

Materials and methods

Reagents

Cells were cultured at 37°C with 5% CO2 in DMEM
(Dulbecco’s modified Eagle’s medium)/F12 (Invitrogen Inc.,
Burlington, ON, Canada). Medium was supplemented with
10% fetal bovine serum (FBS), streptomycin (100 pg/mL),
penicillin (100U/mL), and fungizone (0.625 pg/mlL).
PRIMA-1 was purchased from Calbiochem, Inc. (San
Diego, CA, USA). Cis-diaminedichloroplatinum (CDDP)
and Hoechst 33258 were supplied by Sigma (Oakville, ON,
Canada). Adenoviral dominant-negative Akt (DN-Akt) was
a gemerous gift from Dr. Kenneth Walsh (Cardiovascular
Research, St. Elizabeth’s Medical Centre, Boston, MA).
Adenoviral LacZ was synthesized at the Neuroscience
Research Institute, University of Ottawa (Ottawa, ON,
Canada). Small inhibitory RNA (siRNA) to p53, scrambled

Page 2 of 6

sequence siRNA (control) and Mouse monoclonal
anti-phospho-p53 (Ser1l5) were from Cell Signaling
Technology Inc. (Beverly, MA, USA). Mouse monoclonal
anti-glyceraldehyde phosphate dehydrogenase (GAPDH)
was from Abcam (Cambridge, MA, USA).

Cell culture, adenoviral infection and treatment of PRIMA-1
and CDDP

Chemoresistant ovarian cancer cells (A2780cp: p53-mutant
cell line) were cultured and treated as reported previously
[2]. Cells were plated into 60 mm dishes in DMEM/F12
and infected with adenoviral DN-Akt construct (MOI = 40)
for 48 h. Infection with adenoviral LacZ served as control
and was used to normalize the total dose of adenovirus be
same in each treatment group. Cells were treated with
PRIMA-1 (0-10 pM) for 8 hours, and then harvested at
24 hours following CDDP treatment (0—-10 uM). All CDDP
treatment was performed in serum-free media.

Assessment of apoptosis

At the end of treatment period, cells attached to the growth
surface were harvested by trypsin treatment. Floating and
attached cells were then pooled and centrifuged, and the
pellet were resuspended in phosphate buffered formalin
(10%) containing Hoechst 33258 (12.5 ng/ml). Cells were
spotted onto slides and changes in nuclear morphology
were observed using a Zeiss fluorescence microscope
(magnification 400X), as previously reported [15,16]. A
minimum of 200 cells with typical apoptotic nuclear
morphology (nuclear shrinkage, condensation and frag-
mentation) were counted in each treatment group from
randomly selected fields and expressed as the percentage
of total cells [3,17]. The counter was “blinded” to sample
identity to avoid experimental bias.

Transfection with p53-siRNA

After 12~18 hours of plating, cells were infected with
adenoviral DN-Akt (MOI = 40; 48 h). To determine if the
action of PRIMA-1 was mediated by p53, the cells were,
transfected with p53-specific or control siRNA (50 nM)
24 h after the infection and then treated with PRIMA-1
(0.156 pM) for 8 h. The cells were harvested at 24 h after
CDDP treatment (10 pM). p53 down-regulation was
confirmed by Western blot analysis [3,4,15,17].

Protein extraction and Western blotting

Protein extraction and Western blotting were performed as
described previously [2]. Membranes were incubated over-
night at 4°C with primary anti-p53 (1:1000), anti-GAPDH
(1:2,000), and subsequently detected with horseradish
peroxidase-conjugated goat IgG raised against the
corresponding species. Peroxidase activity was visua-
lized with an enhanced chemiluminescence (ECL) kit
(Amersham Biosciences, Piscataway, NJ). Signal intensity
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was determined densitometrically using Scion Image
software, version 4.02, from Scion Corporation (Frederick,
MD, USA).

Statistical analyses

All results are expressed as mean +SEM of at least three
independent experiments. Data were analyzed by two-way
ANOVA and the differences between multiple experimental
groups determined by Bonferoni post-hoc tests (PRISM
software version 3.0, GrahPad, San Diego, CA). Statistical
significance was inferred at P<0.05.

Results
PRIMA-1 together with Akt down-regulation sensitizes
chemoresistant ovarian cancer cells with mutant-p53 to
CDDP in vitro
Tumor suppressive p53 is required for CDDP sensisitivity
[1,2]. P53 mutation is often associated with chemoresistance
in ovarian cancer [18]. We have previously demonstrated
that CDDP is unable to induce apoptosis in p53-mutated
ovarian cancer cells unless reconstituted with wt-p53
and Akt function down-regulated. To investigate whether
PRIMA-1 increases CDDP sensitivity in mutant-p53
chemoresistant ovarian cancer cells and if its action is
depending on Akt down-regulation, A2780cp cells were
infected with adenoviral DN-Akt (MOI = 40; LacZ as
control) for 48 h, treated with PRIMA-1 (0-10 uM; 8 h),
and then harvested after CDDP treatment (0—10 pM;
24 h). As shown in Figure 1, in the presence of CDDP
and DN-Akt, apoptosis rate was significantly higher in
PRIMA-1 (0.156 - 10 pM; p<0.01) than LacZ control.
While PRIMA-1 alone was ineffective in the LacZ control
groups, it significantly induced apoptosis in the DN-Akt
groups in a concentration-dependent manner (0.938 -
10 uM; p<0.01). Apoptosis was significantly induced in the
low concentration of PRIMA-1 (0.156 - 0.938 pM: p<0.01)
plus CDDP groups compared to PRIMA-1 alone group
with DN-Akt (p<0.001), this response was not evident at
higher concentrations (1.25 — 10 uM; p > 0.05). There was
no difference in apoptosis rate between PRIMA-1 alone
groups and PRIMA-1 plus CDDP groups without DN-Akt.
To further examine the role of PRIMA-1 in the regulation
of CDDP sensitivity, the above experiment carried out with
different concentration of CDDP (0-10 pM) and PRIMA-1
(0.625 pM) which was strong enough to induce apoptosis
in the combined treatment of CDDP in the absence and
presence of DN-Akt. While CDDP was unable to induce
apoptosis with LacZ control, PRIMA-1 and/or DN-Akt
groups, it induces cell death in the presence of both
PRIMA-1 and DN-Akt group in a concentration dependent
manner (Figure 2). Apoptosis was significantly higher in the
DN-Akt groups in a CDDP concentration (5-10 pM) with
maximal response observable at 0.625 pM PRIMA-1 and
10 uM CDDP.
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Figure 1 The effect of different concentration of PRIMA-1 on
CDDP-induced apoptosis in chemoresistant p53-mutant ovarian
cancer cells with/without Akt down-regulation. Apoptosis rate
was evaluated with difference concentration of PRIMA-1 (0-10 uM)
plus CDDP (0 or 10 uM) using adenoviral DN-Akt (—) or LacZ

(" as control). ** P<0.001; PRIMA-1+CDDP & DN-Akt vs. PRIMA-1
& DN-Akt; ¥ P<0.001, ** P<0,01 ; PRIMA-1+CDDP & DN-Akt vs.
PRIMA-1+CDDP & CTL; #* P<0.001, ¥ P<0.01 ; PRIMA-1+CDDP &
DN-Akt vs. PRIMA-T & CTL. Results are expressed as mean + SEM of
three independent experiments.

p53 - specific action of PRIMA-1

We next elucidated whether p53 is involved in the
synergistic effect of PRIMA-1 and CDDP with DN-Akt
(Figure 3). A2780cp cells were infected with adenovirus
containing DN-Akt (MOI = 40; 48 h), transfected with
p53 or control siRNA, treated with least concentration of
PRIMA-1 (0-0.156 uM; able to induce significant
apoptosis in above experiments; 8 h), and harvested at 24 h
following CDDP treatment (10 yM; 24 h). As demonstrated

] PRIMA-1 + CDDP
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Figure 2 The influence of different CDDP concentration on the
PRIMA-induced apoptosis following Akt down-regulation.
Apoptosis rate was analyzed with different concentration of CDDP
(0-10 pM) plus PRIMA-1 (0 or 0.625 uM) which was strong enough
to induce apoptosis in the combined treatment of CDDP in the
absence (="~ and presence (—) of DN-Akt. ¥ P<0.001, #
P<0.01; PRIMA-1+CDDP & DN-Akt vs. PRIMA-1 & CTL. Results are

expressed as mean + SEM of three independent experiments.
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Figure 3 PRIMA-1-facilitated CDDP-induced apoptosis in Akt
down-regulated chemoresistant p53-mutant ovarian cancer
cells is mediated by p53. Akt function was down-regulated by
adenoviral DN-Akt infection (MOI = 40). Apoptotic rate was
evaluated to determione whether p53 is involved in the synergistic
effect of PRIMA-1 and CDDP following transfection with p53 or
control siRNA. *** p<0.001 vs CDDP & DN-Akt; Results are expressed

as mean + SEM of three independent experiments.

in Figure 3, PRIMA-1 and CDDP were unable to sensitize
the cells neither in the presence of p53 nor control siRNA.
However, the combination groups of PRIMA-1 and CDDP
with DN-Akt dramatically induces apoptosis in the cells
transfected with control siRNA, a response which was
significantly suppressed in the group with p53-siRNA.

The action of PRIMA-1 is associated with p53 activation

in vitro

PRIMA-1 sensitizes the effect of CDDP when Akt function
is down-regulated in p53-mutant ovarian cancer cells.
Although our data suggests that p53 is required for this
effect, the mechanism involved is unclear. To determine
whether the action of PRIMA-1 is mediated through p53
phosphorylation and thus its activation, phospho-p53
(Ser15) content in A2780cp cell extracts from the above
experiments were determined by Western blot. As shown
in Figure 4, p53 phosphorylation was not evident in LacZ
group in the absence and presence of CDDP, although this
response was detected with PRIMA-1 and DN-Akt alone
and in the presence of CDDP. Down-regulation of Akt
markedly enhanced this response, activated p53 and
sensitized the cells in the induction of apoptosis by the
combined treatment with PRIMA-1 and CDDP. PRIMA-1
increased phospho-p53 (Serl5) content in Akt down-
regulated cells treated with CDDP, suggesting that the
action of PRIMA-1 in facilitating CDDP-induced apoptosis

~

LacZ (MOI = 40) DN-Akt (MOI = 40)

p-p53 (Ser15)
GAPDH |

p-p53 (Ser15)/GAPDH
(Normalized to CTL)

0 -
PRIMA-1 (0.625 M) = =

+ + - -
CODP(10pM) = + = + = + = +

+ +

Figure 4 PRIMA-1 increases p-p53 content in chemoresistant
p53-mutant ovarian cancer cells treated with CDDP when Akt
was down-regulated. Changes in p-p53 (Ser15) content following
PRIMA-1 and/or CDDP treatment with/without Akt down-regulation
were assessed by Westemn blot. Results are normalized against GAPDH
and expressed as fold of control. * p<0.05 vs CDDP & DN-Akt; Values
are mean + SEM of three independent experiments.

J/

in p53 mutant chemoresistant ovarian cancer cells may in
part be mediated through increased p53 phosphorylation at
Ser15 (Figure 4).

Discussion

In the present study, we have shown that PRIMA-1 can
sensitize chemoresistant ovarian cancer cells with p53
mutation to CDDP when Akt function is down-regulated.
Our data also suggest that the action of PRIMA-1 is
associated with p53 phosphorylation and activation. The
mechanism by which PRIMA-1 sensitizes mutant p53 and
induces apoptosis has not been well elucidated. Whether
PRIMA-1 binds directly to mutant p53 or it acts through
indirect mechanisms remains an opened question. p53
binds to a specific DNA sequence and transactivates target
genes involved in the regulation of cell cycle arrest and
apoptosis. Tumor cells containing wt-p53 are usually
more chemosensitive than those bearing mutant p53. We
have previously shown that while CDDP up-regulates p53
in CDDP-sensitive wt-p53 cells (OV2008), but not its
resistant wt-p53 variant (C13*) in vitro, suggesting that
regulation of p53 content/function by CDDP may be an
important determinant of sensitivity [2].

PRIMA-1 synergizes with chemotherapeutic drugs to
induce tumor cell apoptosis [12,19-21]. PRIMA-1 restores
wild-type confirmation to mutant p53 by binding to the
core and induces apoptosis in human tumor -cells.
Whereas wt-p53 is rapidly degraded by MDM2 in normal
cells, the mutant p53 protein fails to undergo degradation
in tumor cells and accumulates extensively [22]. Several
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studies have demonstrated that PRIMA-1 is able to restore
the sequence-specific DNA-binding and to transactivate
some mutant p53 proteins in vitro and to induce apop-
tosis in vivo [12,23-25]. p53 activates many genes involved
in cell cycle arrest and apoptosis, mainly through its
transcription-dependent activity [26,27]. It is essential that
p53 reactivation in tumor cells trigger apoptosis rather
than cell arrest, as the therapeutic goal is to kill the tumor
cells. Heat shock protein 90 is a candidate target for p53
mutation reactivation by PRIMA-1 in breast cancer cells
[28]. Some data have indicated that treatment with
PRIMA-1 leads to upregulation of at least some of p53
target genes; for example, Bax and Noxa but not c-Jun-
NH2-kinase (JNK) signaling [29,30]. On the other hand,
Li et al. reported that JNK pathway plays an important
role on PRIMA-1-induced apoptosis [31]. Others have
shown that PRIMA-1 is capable of inducing apoptosis in a
transcription independent manner [32] or even mutant
p53-independent [33]. It has also been reported that
PRIMA-1 induces activation of caspase-2, caspase-3 and
caspase-9, consistent with induction of apoptosis via the
mitochondrial pathway [25]. Microarray analysis revealed
that PRIMA-1 induces a limited set of genes in a mutant
p53-dependent manner, followed by ER stress [34].

Akt activation promotes cell survival, suppresses
apoptotic death and confers resistance of ovarian cancer
cells to CDDP-induced apoptosis [2,11,35]. Over-expres-
sion/activation of the PI3K-Akt pathway is commonly
observed in ovarian cancer [36,37]. However, precisely how
Akt controls p53 activation is still unclear. Activation of
Akt promotes the entry of MDM2 into the nucleus and its
interaction with the tumor suppressor protein p53. Binding
of MDM2 to p53 inhibits the transcriptional activity of
p53 and targets it for proteasomal degradation [38]. We
previously demonstrated that activated Akt is an important
regulator of both X-linked inhibitor of apoptosis protein
(Xiap) and p53 levels after CDDP challenge and that
p53 mutational status is a determinant of Akt-mediated
chemoresistance [2,11]. Inhibition of Akt activity facilitated
the CDDP-induced mitochondrial release and nuclear
accumulation of apoptosis-inducing factor (AIF)-dependent,
CDDP-induced apoptosis [39]. Activation of Akt confers
resistance by blocking p53-mediated transactivation and

- p53 phosphorylation [1]. In the present study, suppression
of Akt sensitized chemoresistant cells to CDDP in a p53-
dependent manner, suggesting a functional link between
Akt-mediated chemoresistance and p53.

Recent data demonstrated that p53 is essential for
CDDP-induced apoptosis in human ovarian cancer cells,
and that p53-mediated apoptosis is dependent on the
phosphorylation of several N-terminal residues, including
Serl5, Ser20 and Ser37 [40-42]. Our previous data
suggested that this is mediated, at least in part, through the
phosphorylation of p53 on Serl5 and Ser20 [1]. As Serl5
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phosphorylation affects p53 stability [43], phosphorylation
of p53 at serinel5 by PRIMA-1 seems to be involved in
the reactivation of p53 transcriptional function. Mutation
of Serl5 to Ala significantly attenuates p53-mediated
apoptosis [42]. Our data show that down-regulation of
Akt sensitizes the cells to CDDP-induced apoptosis and
p-p53 at Serl5 is associated in the PRIMA-1-CDDP
interaction, suggesting that Serl5 phosphorylation is
needed for its function and apoptosis. This also suggests
that CDDP induces p53 phosphorylation on Serl5
residue, which absent in chemoresistant cells and is
required for CDDP-induced apoptosis. Akt efficiently
blocks this processes, thereby conferring resistance to
CDDP-induced apoptosis. In addition, while Akt modulates
other p53-dependent cellular events, including the down-
regulation of FLIP, our evidence suggests that effective
p53 phosphorylation and activation is essential for CDDP-
induced apoptosis. Thus, it will be of interest to study the
effects of chemotherapy on total and phospho-p53 in
human ovarian tumors. Moreover, since Akt attenuates
both processes, it is important to study the relationship
between activation/overexpression of Akt in ovarian
tumors and sensitivity to CDDP.

In summary, inhibition of Akt activity may represent a
novel therapeutic approach to the combined treatment
of PRIMA-1 and CDDP. Further examination of the role
and regulation of Akt in the PRIMA-1-CDDP interaction
in the ovarian tumour xenograft might provide novel
insights into a possible new therapy for chemoresistant
ovarian cancer.
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Abstract

Purpose The aim of the present study was to investigate, in
ovarian carcinoma cases, the predictive association between
the treatment-free interval (TFI) after an initial paclitaxel
plus carboplatin (TC) therapy and the subsequent effec-
tiveness of a second-line taxane-containing chemotherapy.
Methods Patients with a TFI < 6 months from the first-
line TC therapy were treated with a combination chemo-
therapy using docetaxel and irinotecan; patients with a
TFI > 6 months were retreated with the same regimen as
the initial TC therapy. The clinical data of these patients
were retrospectively analyzed for this study.

Results The response rate of those with a TFI equal to
6-12 months was greater than that of those with a
TFI < 6 months (p = 0.014) and less than that of those
with a TFI > 12 months (p = 0.012). The progression-free
survival of the cases with TFI equal to 6-12 months was
longer than that of those with TFI < 6 months (p = 0.012)
and shorter than that of those with TFI > 12 months
(p = 0.0011). Overall survival of cases with a TFI equal to
6-12 months was longer than that of those with
TFI < 6 months (p = 0.012) and shorter than that of those
with TFI > 12 months (p = 0.0005).

Conclusions The effectiveness of using a second-line
taxane-containing chemotherapy was shown to be predict-
able by the TFI after the first-line taxane-containing che-
motherapy, implying that the theory of ‘taxane-sensitivity’
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may be applied for second-line chemotherapy in the same
way as that of ‘platinum-sensitivity’.

Keywords Ovarian cancer - Taxane - Platinum -
Treatment-free interval - Second-line chemotherapy

Abbreviations

CR  Complete response

OS  Overall survival

PD  Progressive disease

PFS  Progression-free survival
PR Partial response

RR  Responsive rate

SD  Stable disease

TFI  Treatment-free interval
TC  Paclitaxel and carboplatin

Introduction

Ovarian cancer is the ninth most common cancer in US
women, yet causes more deaths than any other cancer of
the female reproductive system. The preferred primary
management of ovarian carcinoma is surgical debulking
followed by adjuvant TC (paclitaxel and carboplatin)
therapy. Ovarian carcinomas respond well to first-line TC
therapy. However, even though the initial response rate to
platinum-based chemotherapy can be 70-80 %, most of
those patients with advanced disease will eventually
relapse and die of a chemo-resistant disease [1-3].

For a relapsed disease, a second-line chemotherapy is
usually attempted. The probability of a response to the
second-line chemotherapy can be estimated by the treat-
ment-free interval (TFI) after the initial platinum-based
chemotherapy. The second-line platinum chemotherapy
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