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Prostate apoptosis response-4 mediates
TGF-b-induced epithelial-to-mesenchymal transition

P Chaudhry1,2, F Fabi1,2, M Singh1, S Parent1, V Leblanc1 and E Asselin*,1

A growing body of evidence supports that the epithelial-to-mesenchymal transition (EMT), which occurs during cancer
development and progression, has a crucial role in metastasis by enhancing the motility of tumor cells. Transforming growth
factor-b (TGF-b) is known to induce EMT in a number of cancer cell types; however, the mechanism underlying this transition
process is not fully understood. In this study we have demonstrated that TGF-b upregulates the expression of tumor suppressor
protein Par-4 (prostate apoptosis response-4) concomitant with the induction of EMT. Mechanistic investigations revealed that
exogenous treatment with each TGF-b isoform upregulates Par-4 mRNA and protein levels in parallel levels of phosphorylated
Smad2 and IjB-a increase. Disruption of TGF-b signaling by using ALK5 inhibitor, neutralizing TGF-b antibody or
phosphoinositide 3-kinase inhibitor reduces endogenous Par-4 levels, suggesting that both Smad and NF-jB pathways are
involved in TGF-b-mediated Par-4 upregulation. NF-jB-binding sites in Par-4 promoter have previously been reported; however,
using chromatin immunoprecipitation assay we showed that Par-4 promoter region also contains Smad4-binding site.
Furthermore, TGF-b promotes nuclear localization of Par-4. Prolonged TGF-b3 treatment disrupts epithelial cell morphology,
promotes cell motility and induces upregulation of Snail, vimentin, zinc-finger E-box binding homeobox 1 and N-Cadherin and
downregulation of Claudin-1 and E-Cadherin. Forced expression of Par-4, results in the upregulation of vimentin and Snail
expression together with increase in cell migration. In contrast, small interfering RNA-mediated silencing of Par-4 expression
results in decrease of vimentin and Snail expression and prevents TGF-b-induced EMT. We have also uncovered a role of
X-linked inhibitor of apoptosis protein in the regulation of endogenous Par-4 levels through inhibition of caspase-mediated
cleavage. In conclusion, our findings suggest that Par-4 is a novel and essential downstream target of TGF-b signaling and acts
as an important factor during TGF-b-induced EMT.
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In humans, majority of the solid tumors originate from
epithelial cells. The invasive nature of each tumor depends
on the migration capacity of epithelial cells, which they acquire
via a process known as the epithelial-to-mesenchymal
transition (EMT).1 EMT is a complex process in which
epithelial cells acquire mesenchymal cell-like properties
through changes in cell morphology, cell–cell and cell–
matrix adhesion, transcriptional regulation and migration
capacity.2,3 Members of the transforming growth factor-b
(TGF-b) family have been identified as important inducers of
EMT during development as well as carcinogenesis.4,5

TGF-b is secreted by many cells types6–8 and directly
stimulates the cellular production of extracellular matrix and
microenvironment molecules in both normal and cancer
cells.9–11 The growth inhibitory properties of TGF-b have
been appreciated for a long time. Indeed, several studies have
shown that during early stages of carcinogenesis, TGF-b acts

as a tumor suppressor principally through its ability to promote
cell cycle arrest or apoptosis.12 However, when the tumor
progresses, TGF-b shifts its role from tumor suppressor to
tumor promoter, inducing neoplastic cell invasiveness and
metastasis through EMT and via its reprogramming of cell
microenvironments.13,14 EMT is characterized by the down-
regulation of the expression of epithelial markers such as
E-cadherin, which is critical in mediating epithelial cell integrity
and cell–cell adhesion15 and the upregulation of mesenchy-
mal markers N-cadherin, which has been linked to elevated
cell motility and invasive phenotype.1,3 TGF-b stimulation of
EMT is mostly achieved through its ability to induce the
expression of the Snail/ZEB family of basic helix–loop–helix
transcription factors, including that of Snail1, zinc-finger
E-box binding homeobox 1 (ZEB1), Snail2/Slug, Twist and
ZEB2/SIP1.2,4,15,16 In light of its role as a master regulator
of EMT, TGF-b stimulus also upregulates the expression
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of intermediate filament protein vimentin, which is known
to be expressed in all primitive cell types, but not in
their differentiated counterparts.17 In spite of all these
studies, much remains to be determined regarding the
molecular and genetic events involving TGF-b in the induction
of EMT.

The effects of TGF-b are mediated by three TGF-b ligands,
TGF-b1, -b2 and -b3. On ligand binding, TGF-b type I and II
receptor form tight complexes leading to the recruitment and
phosphorylation of Smad2 and Smad3.18 Phosphorylated
Smads associate with cytoplasmic Smad4 and the complex
then translocates to the nucleus to control transcription of
target genes.19 In addition to Smads, TGF-b also signals
through a variety of Smad-independent signaling systems,
including (a) the MAP kinases (ERK1/ERK2, p38 MAPK and
JNK) and (b) the survival kinases phosphoinositide 3-kinase
(PI3K)/Akt. In a process to delineate the role of TGF-b
signaling in cancer progression and invasion, we have
identified novel targets of TGF-b signaling in normal and
cancer cells17,20 and the list is still expanding. In the present
study, we have found prostate apoptosis response-4 (Par-4)
as a novel target of TGF-b signaling.

Par-4 is a pro-apoptotic, tumor suppressor protein, which is
expressed ubiquitously in various tissue types, and resides
in both the cytoplasm and the nucleus.21 Consistent with its
tumor suppressor role, Par-4 is shown to be downregulated in
many cancers.22–24 Overexpression of Par-4 selectively
induces apoptosis in cancer cells but not in normal or
immortalized cells.21,25Low expression of Par-4 has been
reported in terminally differentiated cells suggesting that Par-4
is downregulated during differentiation (reviewed in Zhao
et al.26). However, beyond these suggestive lines of evidence,
the involvement of Par-4 in EMT remains to be explored. We
have previously reported that Par-4 is a direct substrate of
caspase-3, which cleaves it at the EEPD131kG non-canonical
cleavage site; the resulting fragment retains its apoptosis
inductive capabilities. One of the most potent caspases
activity inhibitor is the X-linked inhibitor of apoptosis protein
(XIAP). XIAP is a member of the IAP family, which is
composed of intracellular pro-survival proteins that share
structural and functional similarities. The pro-survival role of
XIAP has been well established and amply characterized. Its
activation leads to the inhibition of caspases 3, 7 and 9,
severely impairing cells ability to enter apoptosis.

Here we report for the first time a novel role of Par-4 during
TGF-b-induced EMT in endometrial and cervical cancer cells.
In the first part of the study, we unraveled that Par-4 is a
transcriptional target of TGF-b and is upregulated during
EMT. A novel Smad4-binding site has been identified in the
Par-4 promoter region. Furthermore, overexpression of Par-4
results in the upregulation of Snail and vimentin expression,
change in cell morphology and increase in cell migration. In
contrast, small interfering RNA (siRNA)-mediated silencing of
Par-4 decreases the expression of Snail and vimentin.
We also demonstrated that XIAP has a pivotal role
in the regulation of Par-4 protein levels and activity
through the control of its caspase-mediated cleavage.
Our findings suggest that TGF-b targets Par-4, which
has a crucial regulatory role during cellular differentiation
and EMT.

Results

TGF-b signaling upregulates Par-4 expression. As for
other tumor types, TGF-b is also a key component of the
endometrial tumor microenvironment, which regulates
autocrine and paracrine signaling pathways between a tumor
and its microenvironment. Endometrial cancer cell lines, KLE
and Hec-1-A and cervical cancer cell line, HeLa, are
commonly used as a model to study cancer cell signaling
and EMT; we also used human immortalized endometrial
stromal cells (Hiesc) to assess whether the observed
mechanisms were applicable to normal cells in addition to
the malignant context. Furthermore, we used SKOV-3 cells,
an ovarian adenocarcinoma, as well as MCF7, a breast
adenocarcinoma of luminal origin. This allowed us to broaden
the conclusions of the study as the results we would obtain
would be widely applicable to a number of gynecological
cancers. As the cells used in the present study constitu-
tively produce the precursor protein of TGF-b isoforms
and express abundant levels of TGF-b receptors27–29

(Supplementary Figure S1C), they are a valuable model for
studying autocrine and paracrine TGF-b signaling. It has
been demonstrated that TGF-b acts as a tumor suppressor
during the early stages of tumor; the mechanisms involved in
these pro-apoptotic responses are diverse and cell type
dependent. In the present study, we tested whether
these actions of TGF-b occur through the regulation of pro-
apoptotic protein Par-4. The results showed that exogenous
TGF-b treatment upregulated Par-4 protein content in all the
cell lines (Figure 1a, Supplementary Figure S1A) suggesting
that the regulation of Par-4 by TGF-b is not tissue specific.
In addition, TGF-b also regulates Par-4 expression at the
transcript level as shown by our qRT-PCR analysis
(Figure 1b, Supplementary Figure S1B) strongly supporting
that Par-4 could be a novel target of TGF-b signaling.

TGF-b-mediated Par-4 upregulation occurs through both
Smad-dependent and Smad-independent pathways.
TGF-b signaling occurs through canonical (Smad-depen-
dent) and/or non-canonical (Smad-independent) pathways.
Therefore, we further investigated whether TGF-b signal is
predominantly delivered via Smad-dependent and/or
Smad-independent pathways. Western blot analysis
revealed that TGF-b treatment increased Smad2 phosphor-
ylation (Figure 2a). Previously, we have shown that TGF-b
upregulates XIAP through the activation of NF-kB.17 As the
phosphorylation of IkB-a leads to the activation and
nuclear translocation of NF-kB, we thus tested whether
TGF-b treatment increase IkB-a phosphorylation. The results
showed that IkB-a is rapidly phosphorylated following TGF-b
treatment (Figure 2b). MCF7 cells did not display increased
Smad nor IkB-a phosphorylation, suggesting that TGF-b
signals through alternative pathways in these cells; this is
supported by the fact that we observed increased Par-4
protein levels as well as mRNA independently from both
cascade activation. These results suggest that TGF-b signals
through both Smad-dependent and Smad-independent
pathways.

Because paracrine TGF-b upregulates Par-4 expression,
next we sought to determine whether autocrine TGF-b
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Figure 1 TGF-b signaling upregulates Par-4 expression. (a) Cells were treated with different isoforms of TGF-b (10 ng/ml) for 24 h. Total proteins were extracted for
western blot analysis using Par-4 antibody. GAPDH was used as a loading control. Densitometric analyses of Par-4 protein levels are presented as mean±S.D. *Po0.05
compared with vehicle-treated cells. (b) qRT-PCR analysis of transcript levels of Par-4 after TGF-b treatment; 18s rRNA was used as the reference gene. Densitometric
analyses of Par-4 transcript levels are presented as mean±S.D. *Po0.05, **Po0.01 compared with vehicle-treated cells
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Figure 2 TGF-b regulates Par-4 expression by activating Smad and/or NF-kB pathways. (a) Cells were treated with different isoforms of TGF-b (10 ng/ml) for 24 h.
Activation of Smad2 was analyzed using P-Smad2 antibody. GAPDH was used as a loading control. (b) Cells were treated with different isoforms of TGF-b (10 ng/ml) for 24 h.
Activation of NF-kB pathway was analyzed by IkB-a phosphorylatin. b-actin was used as a loading control
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signaling has the same effect on Par-4 levels. HeLa cells were
transiently transfected with empty (pcDNA3.1) and TGF-b3
(pcDNA3.1-TGF-b3) plasmids and protein levels were ana-
lyzed by western blotting. As shown in Figure 3a, Par-4 was
found to be significantly upregulated in TGF-b3 transfected
cells compared with empty vector transfected cells. Autocrine
TGF-b signaling occurs in endometrial and cervical cancer
cells;17 therefore, we tested whether blockade of autocrine
TGF-b signaling affects endogenous Par-4 levels. First we
used SB431542 (Alk5 inhibitor) that was identified as an
inhibitor of the TGF-b type I receptor (activin receptor-like
kinase, Alk530 to block autocrine TGF-b signaling. Treatment
with Alk5 inhibitor in HeLa cells blocked constitutive TGF-b
signaling as shown by decreased levels of phosphorylated

Smad2, in parallel it also decreased Par-4 protein levels
(Figure 3b). Identical results were also observed in Hec-1-A
cells (Supplementary Material Supplementary Figure S2A).
Similarly, blocking TGF-b receptor signaling using neutraliz-
ing TGF-b antibody reduced endogenous Par-4 protein levels
in HeLa cells (Figure 3c). These results demonstrate
that autocrine TGF-b signaling constitutively regulates endo-
genous Par-4. In addition to Smads, we have previously
shown that TGF-b also signals through PI3K/Akt and ERK. In
light of the above results shown in Figure 2b that each TGF-b
isoform induces IkB-a phosphorylation and the fact that
IkB-a is a substrate of PI3K/Akt, and activation of PI3K/Akt
therefore stimulates NF-kB activity, we verified whether blocking
PI3K/Akt pathway is sufficient to block Par-4 upregulation.
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Figure 3 Blocking TGF-b signaling prevents Par-4 upregulation. (a) HeLa cells were transiently transfected with 2mg of empty or TGF-b3 expression vector. After 48 h of
transfection, proteins were analyzed by immunoblotting using antibodies against TGF-b3, Par-4, P-Smad2, total Smad2 and GAPDH. Densitometric analyses of Par-4 and
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were treated with 40mM MEK1/2 inhibitor U0126 for 1 h. Par-4 protein levels were determined using western blotting. Levels of phosphorylated ERK1/2 were determined to
monitor the efficiency of MEK inhibitor. GAPDH was used as a loading control
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We used PI3K inhibitor, LY294002, to inhibit PI3K/Akt
signaling. The results demonstrate that treatment with
LY294002 decreased Par-4 levels, suggesting that Par-4 is
indeed regulated by the activation of NF-kB signaling cascade
in HeLa cells (Figure 3d). Using the same model, we then
reduced p65 levels through siRNA to confirm this observation.
The results corroborated those obtained through the inhibition
of PI3K/Akt pathway by LY294002, demonstrating that the
NF-kB pathway was indeed involved in Par-4 regulation
(Figure 3e). We used a similar approach to demonstrate the
involvement of Smad signaling in Par-4 expression. We used
a Smad4 siRNA to reduce its expression and found
endogenous levels of Par-4 to be reduced (Figure 3f). In
contrast, treatment with U0126 (a highly selective inhibitor of
both MEK1 and MEK2) did not have any effect on Par-4 levels
(Figure 3g). Taken together, these results implied that TGF-b
regulates Par-4 levels through Smad and NF-kB activation.

Par-4 promoter region contains Smad-binding elements
(SBE). NF-kB responsive elements in the Par-4 promoter
region have previously been reported.31 Therefore, NF-kB
activation mediated by IkB-a phosphorylation in the present
study could arbitrate the transcriptional upregulation of Par-4
by TGF-b. With the knowledge that Smads are also known
to interact directly with SBE in the promoter regions of the
target genes, we searched for the presence of SBE in the
promoter of Par-4 using a chromatin immunoprecipitation
(ChIP)-PCR approach. Chromatin from the TGF-b-treated
and -untreated HeLa cells was immunoprecipitated using
specific antibody against Smad4. Genomic DNA fragments
bound to Smad4 were analyzed by PCR using random
primers (P1 and P2) designed to include conserved SBE
(P1: 50-GTCT-30 at � 1742 to � 1739) or (P2: 50-AGAC-30 at
� 1510 to � 1507) in Par-4 promoter region (Figure 4a).
Analysis of genomic DNA immunoprecipitated with Smad4
and RNAPolII antibody efficiently recovered Par-4 promoter
from both TGF-b-treated and -untreated HeLa cells
(Figure4b, lane 2 and 3) suggesting paracrine and autocrine
TGF-b signaling occurs in these cells. Interestingly, Smad4
was found to bind at both the predicted SBE using primer
P1 and P2. No genomic DNA was pulled out in immunopre-
cipitates from rabbit or mouse IgGs (Figure 4b lane 1 and 5).
These results demonstrate that Smads indeed interact with
the Par-4 promoter. All together, these findings strongly
support the idea that Par-4 is upregulated by TGF-b through
both the NF-kB pathway and Smad pathway.

Par-4 expression is increased during TGF-b-induced
EMT. Previous studies hinted at the ability of TGF-b to
induce EMT in endometrial cells.32 However, a deeper
analysis seemed necessary to confirm TGF-b role in the
enactment of this mechanism. We treated various endome-
trial cells with all three isoforms of TGF-b and examined the
regulation of classical EMT markers. As shown in Figure 5a,
HeLa cells displayed an upregulation of the N-Cadherin, an
important marker of EMT; both the Snail and vimentin levels
were also increased. Similar results were observed in Hiesc,
KLE and SKOV-3 cell lines. They displayed a pronounced
shift in cadherins expression, one of the hallmarks of EMT as
well as an upregulation of Snail. MCF7 cells did not show

enhanced Snail expression or changes in their cadherin
profile. However, they exhibited drastically reduced claudin-1
expression, which is an indicator of metastatic potential and
poor prognosis33–36 (Supplementary Figure S2B). Taken
together, these results suggest that TGF-b induces EMT in
both uterine and ovarian cells as well as promote metastatis
and tumor progression through the loss of claudin-1 in
luminal breast cancer cells. These results were also
confirmed by autocrine TGF-b3 signaling by transfecting
HeLa and KLE cells with TGF-b3 plasmid. The results
demonstrate that overexpression of TGF-b3 induces expre-
ssion of vimentin and transcriptional factors, Snail and ZEB1.
In addition, there was a decrease in the expression of
claudin-1. In parallel, Par-4 was found to be upregulated
(Figure 5b). To support these observations, we further
analyzed TGF-b’s ability to induce morphological changes
characteristic of EMT. As shown in Figure 5c, confocal
microscopy examination revealed that treatments with each
TGF-b isoforms induces a drastic alteration in HeLa cell
shape; whereas, untreated cells display the typical cobble-
stone-like epithelial characteristics phenotype, a 24-h treat-
ment with all three TGF-b isoforms induced an elongated and
spindle shaped phenotypic characteristics of fibroblasts. This
effect was most evident in TGF-b3-treated cells. Similar
changes in cell morphology were observed in both KLE and
SKOV-3 cells using TGF-b3 (Supplementary Material
Supplementary Figure S2C). Besides inducing the morpho-
logical characteristics of EMT, TGF-b treatment also resulted
in behavioral changes that are associated with EMT, such as
an increase in cell motility and invasion. We have observed
that the cell migration ability of HeLa cells was increased
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following TGF-b stimulation with each isoforms (Figure 5d).
Prolonged exposure of the cells to TGF-b3 induced
upregulation of various EMT markers as well as a progres-
sive increase of Par-4 in a similar fashion (Supplementary
Figures S2D and E). Together, these suggest that TGF-b
induces EMT in multiple cell lines, a process in which
Par-4 has a potential role.

Par-4 directly upregulates other EMT inducers. To
address the potential relationship between Par-4 and other
transcription factors and signaling molecules implicated in
EMT, we tested whether Par-4 itself induces the expression
of known EMT markers. HeLa cells were transiently
transfected with Myc-tagged Par-4 plasmid followed by
immunoblotting. The results showed that Par-4 increased
endogenous protein levels of N-cadherin, vimentin and Snail
(Figure 6a). Similar results were found in SKOV-3 cells.
Interestingly, Par-4 reduced claudin-1 protein levels,

similar to the results obtained with TGF-b treatments
(Supplementary Figure S3A). This suggests that Par-4 alone
is sufficient to reduce claudin expression in MCF7 cells.
Observations made in HeLa cells were further validated
using immunofluorescence microscopy. It is evident from
Figure 6b that Par-4 overexpression induced vimentin
expression and the cells acquired elongated shape, which
is a characteristic feature of EMT. In contrast, knockdown of
Par-4 using siRNA downregulated vimentin and Snail protein
levels (Figure 6c). Using transwell migration assay, we
observed that Par-4 overexpression also enhances cell
migration (Figure 6d). We then proceeded to assess the
effect of Par-4 knockdown concurrent with exogenous TGF-b
treatments to determine whether Par-4 was necessary for
TGF-b to induce EMT characteristics. Both HeLa and SKOV-
3 cells were subjected to Par-4 knockdown using siRNA as
well as TGF-b3 treatments. We observed that TGF-b3 was
unable to induce enhanced Snail expression in the absence
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of Par-4, further confirming its crucial role in TGF-b-mediated
EMT (Figure 6e). Taken together, the data suggest that
upregulation of Par-4 in response to TGF-b has an essential
role in the inducement of EMT.

XIAP regulates Par-4 cleavage in normal and malignant
cells. We have previously established that TGF-b upregu-
lates XIAP and recently we have also evidenced that
cleavage of Par-4 by caspase-3 is required to potentiate its
pro-apoptotic activity.37 Present study also evidenced that
TGF-b was a crucial regulator of Par-4 levels. We thus
sought to understand the relationship between Par-4 and
XIAP. We first used primary mouse embryonic fibroblasts
(MEFs) derived from genetically engineered XIAP knockout
(XIAP� /� ) mice or from control (XIAPþ /þ ) mice to
investigate whether XIAP regulates Par-4 protein in vivo.
High levels of Par-4 were found in XIAPþ /þ cells compared
with XIAP� /� cells (Figure 7a) suggesting that XIAP
constitutively regulates Par-4 levels in resting cells. Further,
we endeavored to understand the process by which
XIAP regulates Par-4 levels. We thus investigated whether
XIAP regulatesPar-4 through the control of its cleavage. Wild
type (WT) and XIAP knockout MEF cells were treated with

cisplatin to induce apoptosis and thus Par-4 cleavage.
We found that XIAPþ /þ cells failed to cleave Par-4 when
treated with cisplatin; however, the knockout of XIAP
restored the ability of MEF cells to cleave Par-4. We also
observed an increased level of cleaved caspase-3 as well as
a lowered level of full length Par-4 (Figure 7b). To further
understand the mechanism by which XIAP controls Par-4
cleavage, we used HeLa cells transfected with XIAP
constructs (Myc6-XIAP (WT), Myc6-XIAP-H467A (inactive
mutant), or empty vector. These transfections were followed
by cisplatin treatment to induce apoptosis. Using this
approach, we found that caspase-3-mediated Par-4 cleavage
was completely abrogated in WT XIAP overexpressing cells
and not in mutant XIAP expressing cells, suggesting that
XIAP RING domain is necessary for the control of Par-4
cleavage (Figure 7c). The obtained results validated XIAP as
a key regulator of Par-4 protein levels, in both normal and
malignant cells, through the control of its cleavage.

Par-4 cleavage inhibits its ability to induce increased
cell motility and EMT-like characteristics. TGF-b induces
apoptosis in a variety of cell types; in contrast, we have
previously reported that TGF-b is unable to trigger apoptosis
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in endometrial cancer cells under similar conditions.27 Given
that TGF-b upregulates Par-4, which is a known pro-
apoptotic protein, it was surprising that the cells did not
undergo apoptosis. Previous experiments demonstrated that
XIAP regulated Par-4 levels through the regulation of its
caspase-3-mediated cleavage. We sought to understand
whether this mechanism could explain the change in Par-4
effect from tumor suppressor to EMT inducer. We hypothe-
sized that the inhibition of Par-4 cleavage would limit its
ability to induce apoptosis and increase its EMT inducing
capabilities. We transfected both HeLa (Figure 8a) and Hiesc
(Figure 8b) cells with XIAP siRNA, followed by a transfection
of either full length Par-4 or empty vector. The Par-4
transfected cells demonstrated highly enhanced motility
and acquired morphological characteristics typical of cells
undergoing EMT such as elongation, spindle-like appen-
dages and general fibroblastic morphology. This correlated
with previous observations. However, cells transfected with
both Par-4 expression plasmid and XIAP siRNA did not
display EMT-like morphology (Figure 8c) and did not acquire
heightened motility. Altogether, these results support the
idea that Par-4 is a pivotal effector of EMT whose effect
is regulated by its cleavage, a mechanism on which XIAP
exerts a control through caspases inhibition.

Discussion

The TGF-b signaling pathway governs multiple biological
processes through the regulation of various target genes.
However, alterations or genetic mutations in TGF-b signaling
often lose its growth inhibitory properties and thus making
room for cancer cells to proliferate, invade and metastasize
during tumor progression. EMT is an important event in tumor
progression, which leads to cell invasion and metastasis.
By activating both Smad-dependent and Smad-independent

pathways, TGF-b acts as a potent inducer of EMT.4,5 Despite
the greater understanding and identification of TGF-b
responsive genes, knowledge gap remains as to what controls
the switching of roles from tumor suppressor to a tumor
promoter. In the present study we have identified Par-4 as a
target of TGF-b signaling and demonstrated its role during
TGF-b-induced EMT (Supplementary Figure S4).

Previous studies have demonstrated an induction of
Par-4 expression in response to diverse apoptotic
stimuli. Although endogenous Par-4 itself does not induce
apoptosis, yet it is important for apoptosis induced by
exogenous cytotoxic insults. Currently, what regulates Par-4
expression is still under investigation. The present study
provides the first evidence that TGF-b can induce Par-4 at
both transcript and translational level. Both Smad and NF-kB
signaling pathways were found to be involved in
TGF-b-mediated Par-4 upregulation. Previously, NF-kB
responsive elements have been evidenced in the Par-4
promoter region, which leads to the NF-kB-dependent
transactivation of Par-4.31 Herein, we confirm that Par-4
expression is regulated by NF-kB, but most importantly, using
a ChIP-PCR approach, we uncovered Smad4-binding
elements in Par-4 promoter region.

Identification of the target genes of Smad4 has been
reported in both normal epithelial and cancer cells.38

Originally, Zawel et al.39 identified an 8-bp palindromic
sequence 50-GTCTAGAC-30 as the SBE particularly in case
of Smad3 and Smad4 and later it was shown that 50-GTCT-30

or its complement 50-AGAC-30 alone can also act as SBE.
Interestingly, CAGA is also recognized to mediate binding to
Smad3 and Smad4, and are required for TGF-b-induced
transcriptional activation of the plasminogen activator
inhibitor-1 promoter.40 Later studies have suggested that in
addition to the GTCT and AGAC elements, Smad4 is also able
to recognize a GC-rich sequence.41,42 It is important to note
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that Par-4 promoter sequence is extremely GC-rich. A careful
examination of the Par-4 promoter region revealed many
potentially important SBE or SBE-like sequence motifs.
We have identified that Par-4 contains two SBE located at
� 1742 to � 1739 (50-GTCT-30) and � 1510 to � 1507
(50-AGAC-30). One of these sites (� 1742 to � 1739) contains
a perfect Smad box (GTCT). Interestingly, the other
consensus sequence: � 1510 to � 1507 (50-AGAC-30) is
similar to the SBE found in the promoter region of TGF-b
target genes, such as a2(I) collagen, and germline Iga
constant region.43 In addition to the two SBE we have
identified here, Par-4 promoter contains many regions that
can mediate TGF-b responses through Smad binding.
Previously it has been suggested that one or more SBE could
be present in many Smad-responsive promoter regions.43

Surprisingly, while Par-4 was being upregulated by TGF-b,
cells were not undergoing apoptosis.27 In a previous study, we
have reported that XIAP is also a transcriptional target of
TGF-b signaling.17 As caspase-3-mediated cleavage of Par-4
potentiates its apoptotic activity, we found that XIAP prevents
cleavage of Par-4 by caspase-3 thus promoting the accumu-
lation of the uncleaved form of the protein. Furthermore, a low
level of Par-4 in XIAP KO MEFs implies that XIAP also
regulates endogenous levels of Par-4. Solid evidence is
available in literature regarding Par-4 as a negative regulator
of XIAP through inhibition of zPKC–NF-kB pathway.44

All together this implies that a negative feedback loop exists
between the regulation of Par-4 and XIAP.

Tumor suppressor role of Par-4 is well established based on
the fact that Par-4 is downregulated in various types of
tumors. Our data demonstrating a novel role of Par-4 during
EMT suggest that Par-4 could also function as a tumor
promoter thus contradicting its reported tumor suppressor
activity. However, it is possible that similar to TGF-b, Par-4
has a dual role during tumorigenesis. The possible mechan-
ism by which Par-4 mediates TGF-b-induced EMT likely
involves an association with WT1 and/or aPKC. Par-4 has
previously been shown to physically interact with WT1 and
aPKC in the nucleus. In the present study, Par-4 was found to
accumulate in the nuclear extracts following TGF-b treatment
(Supplementary Figures S3B and C) suggesting that, on TGF-
b stimulation, Par-4 readily translocates to the nucleus.
Interestingly, WT1 was shown to regulate EMT by upregulat-
ing Snail and downregulating E-cadherin by binding to their
promoters.45 Thus our results herein demonstrating that Par-4
accumulates in the nucleus and upregulates Snail led us to
speculate that Par-4, which is a binding partner for WT1, may
act as a transcriptional activator of WT1 and thus could
promote EMT. The absence of enhanced Snail expression
following TGF-b treatments or Par-4 transfection in MCF7
cells could explain the lack of changes in these cells cadherin
expression profile. Multiple articles report MCF7 as
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Snail-negative cells;46,47 the exogenous expression of this
gene generally induced EMT characteristics in MCF7.
However, our study demonstrates that Par-4 upregulation
could be directly responsible for TGF-b-mediated claudin-1
downregulation; this loss of expression is of critical importance
in the establishment of metastatic tumorigenesis, as widely
reported by the literature.33,35,36 It is also the hallmark of the
claudin-low breast cancer subtype.48 Because of the pre-
sence of leucine zipper domain at the C terminus, it will be
interesting to determine if Par-4 can itself act as a transcription
factor to exert a specific function during EMT. Concerning the
involvement of aPKC, recently Gunaratne et al. have
specifically shown that inhibition of aPKC isoforms delays
TGF-b receptor degradation and extends TGF-b-induced
Smad2 signaling. Given that Par-4 inhibits aPKC, it is possible
that upregulation of Par-4 following TGF-b stimulation could
inhibit aPKC in the cells, which further leads to prolonged
TGF-b signaling for EMT induction. Collectively, these
findings highlight a broad role for Par-4 in TGF-b-induced
EMT. Further studies are warranted to dissect the unraveled
roles of Par-4 in tumor progression. This study establishes for
the first time that Par-4 regulates EMT, the first process
attributed to Par-4 that is uninvolved with apoptosis.

Materials and Methods
Cell lines and reagents. Human endometrial carcinoma cell lines, KLE and
Hec-1-A, human cervical cancer cell line, HeLa, human ovarian adenocarcinoma
cells, SKOV-3 and human breast luminal adenocarcinoma, MCF7, were
purchased from ATCC (Manassas, VA, USA). Hiesc cells were obtained from
Michel A Fortier, Université Laval.49 Primary MEFs derived from XIAPþ /þ and
XIAP� /� mice. All the antibodies were obtained from Cell Signaling technology
(Danvers, MA, USA) except for anti-TGF-b neutralizing antibodies (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) and anti-rabbit secondary antibody (Bio-Rad
Laboratories, Hercules, CA, USA). Recombinant TGF-b1, TGF-b2 and TGF-b3
were purchased from Calbiochem (San Diego, CA, USA). PI3K inhibitor,
LY294002 and MEK inhibitor, U0126 were obtained from Cell Signaling
Technology. Cisplatin and Alk5 inhibitor, SB431542 were purchased from
Sigma-Aldrich (St. Louis, MO, USA).

Treatments and transfections with constructs and siRNA. Cells
were seeded in 6-well plates and after 24 h, medium was replaced with fresh
media containing appropriate treatment (TGF-bs, neutralizing TGF-b antibody,
PI3k inhibitor, MEK inhibitor and/or Alk5 inhibitor).

Par-4 (pCMV entry-Par-4-Myc-DDK) and empty vector (pCMV entry-Myc-DDK)
plasmids encoding a Myc tag at the C terminus were purchased from Origene
(Rockville, MD, USA). XIAP constructs WT (Myc6-XIAP WT) and mutant
(Myc6-XIAP-H467A, E3 ligase inactive mutant) were a kind gift from Dr. Herman H
Cheung (Children’s Hopital of Eastern Ontario Research Institute, Ottawa, Ontario,
Canada). TGF-b3 plasmid was cloned in our lab in pcDNA3.1/V5-His TOPO-TA
(Invitrogen, Carlsbad, CA, USA). One day before transfection, cells were plated at
3� 105 per well in 6-well plates to achieve a confluency of B70% after 24 h. Cells
were transfected with 1–2mg of expression vector using Fugene 6 (Roche,
Indianapolis, IN, USA) according to the manufacturer’s instructions. Plates were
incubated for 48 h at 37 1C before cells were collected and subjected to further analysis.

For silencing of Par-4, XIAP, p65 and Smad4 expression, cells were seeded in
6-well plates (B3� 105 cells per well) and after 24 h cells were transiently
transfected with 50 nM (100 nM for XIAP and Smad4) Par-4/XIAP/p65-specific/
Smad4 siRNA or control nonsilencing siRNA (Santa Cruz Biotechnology) using
TransIT-TKO transfection reagent (Mirus, Madison, WI, USA) in accordance with
the manufacturer’s instructions. Plates were incubated for 48 h before cells were
collected for further analysis.

Reverse transcriptase PCR (RT-PCR). Following TGF-b treatment, total
RNA was isolated from the cells using TRIzol reagent (Invitrogen) according to the
manufacturer’s instructions. One microgram of RNA was reverse transcribed using

Moloney murine leukemia virus reverse transcriptase (Invitrogen) and oligo (dT)
primers. The reverse-transcribed RNA was then amplified by PCR using specific
primers against Par-4 and GAPDH as described previously.37 The PCR products
obtained were electrophoresed on a 1% agarose gel and visualized using SYBR-
Safe (Invitrogen) staining.

Western blot analysis. After the end of the treatment period or transfection
time, both floating and attached cells were collected and cell lysate was done
using cold radioimmunoprecipitation assay lysis buffer containing protease
inhibitors (Complete; Roche Applied Science, Indianapolis, IN, USA), followed
by three freeze–thaw cycles. Nuclear and cytoplasmic extracts were prepared from
the cells using NE-PER reagent (Pierce, Rockford, IL, USA). Proteins were
measured using the Bio-Rad DC protein assay. Western blotting was performed
as described.37 Appropriate peroxidase-conjugated secondary antibodies were
used, and the blot was developed using SuperSignal West Femto substrate
(Thermo Scientific, Rockford, IL, USA), as described by the manufacturer.

Immunofluorescence microscopy analysis. Cells treated with growth
factors or transfected with appropriate plasmids as described above were grown in
6-well plates containing sterile coverslips. On the day of analysis, cells were fixed
with 4% paraformaldehyde for 10 min, and permeabilized for 10 min using 0.1%
Triton X-100 in 0.1% sodium citrate at room temperature. After being blocked with
Dako blocking serum for 1 h, cells were incubated with primary antibody (1 : 100
dilution) or isotypic control antibody for 1 h. After incubation with primary antibody,
cells on the coverslips were washed three times with PBS and then incubated with
fluorescent-tag-conjugated secondary antibodies (1 : 200 dilution) for 30 min in
dark. In some experiments, Rhodamine–phalloidin, which stains the actin
cytoskeleton, is used to visualize the shape and integrity of the cells. Cells were
counterstained with Hoechst 33248 (0.25mg/ml) for 5 min, and slides were
mounted using Slowfade gold antifading reagent (Invitrogen) and viewed under a
Carl Zeiss Axio observer Z1 microscope.

Cell migration and wound healing assay. The motility and invasive
ability was evaluated using 8-mm pore size transwell inserts, which were coated
with 2 mg/ml matrigel. Cells were transfected with 2 mg of empty or Par-4
plasmids. After 48 h, cells were trypsinized, resuspended in respective basal
medium without serum and 2� 105 cells were seeded in the upper chamber
inserts. The lower chambers were filled with 600ml of respective culture medium
with 10% FBS. After 24 h, migration assay was terminated by removing the cells
from the upper chamber of the filter. Cells that had invaded through the matrigel
and adhered to the lower surface of the filter were fixed, and the nuclei were
stained with Hoechst 33258 (as described above) and analyzed by fluorescence
microscopy. Nuclei were counted from five different fields in each experiment.

For wound healing assay, equal numbers of cells were seeded in 6-well plates
and were allowed to grow for 24 h. Cell monolayer was wounded with a plastic tip
and TGF-b treatment was initiated. The migration was followed for 48 h and
photomicrographs were taken with the Carl Zeiss Axio observer Z1 microscope at 0,
24 and 48 h.

ChIP assay. ChIP assays were done using an EZ CHIP kit (Upstate
Biotechnology, Lake Placid, NY, USA) according to the manufacturer’s
instructions. Follwing TGF-b treatement, cell lysates were made. Chromatin was
sonicated to obtain fragmented DNA (100–200 bp) and immunoprecipitated with
control IgG (mouse and rabbit), anti-Smad4 (Cell Signaling) or anti- RNA
Polymerase II (RNAPolII) (Upstate Biotechnology). The primer pairs used for ChIP
assays are P1 (Fwd 50-GAGAGGCAGAGACAGGGT-30; Rev 50-AAGAAAAC
TGCGGTGCCCT-30) and P2 (Fwd 50-ATCATGTGCTACCTGGGC-30; Rev 50-CG
CACCTAAGACTGACCT-30). PCR was done as described previously.37

Statistical Analysis. Statistical analysis was done by one-way analysis of
variance with Tukey’s post hoc test or Student’s t-test where appropriate.
Statistical significance was accepted when Po0.05. *Po0.05; **Po0.01;
***Po0.001. All analysis was performed using GraphPad PRISM software,
version 3.03 (GraphPad Software, Inc., La Jolla, CA, USA).
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