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The last decade has witnessed a substantial expansion in the field of microRNA (miRNA) biology, providing crucial in-
sights into the role ofmiRNAs in disease pathology, predominantly in cancer progression and itsmetastatic spread. The
discovery of tumor-suppressingmiRNAs represents a potential approach for developing novel therapeutics. In this con-
text, through miRNA microarray analysis, we examined the consequences of Prostate apoptosis response-4 (Par-4), a
well-established tumor-suppressor, stimulation on expression of different miRNAs in Panc-1 cells. The results strik-
ingly indicated elevatedmiR-200c levels in these cells upon Par-4 overexpression. Intriguingly, the Reverse Phase Pro-
tein Array (RPPA) analysis revealed differentially expressed proteins (DEPs), which overlap between miR200c- and
Par-4-transfected cells, highlighting the cross-talks between these pathways. Notably, Phospho-p44/42 MAPK; Bim;
Bcl-xL; Rb Phospho-Ser807, Ser811; Akt Phospho-Ser473; Smad1/5 Phospho-Ser463/Ser465 and Zyxin scored the
most significant DEPs among the two data sets. Furthermore, the GFP-Par-4-transfected cells depicted an impeded ex-
pression of critical mesenchymalmarkers viz. TGF-β1, TGF-β2, ZEB-1, and Twist-1, concomitantwith augmentedmiR-
200c and E-cadherin levels. Strikingly, while Par-4 overexpression halted ZEB-1 at the transcriptional level; contrarily,
silencing of endogenous Par-4 by siRNA robustly augmented the Epithelial-mesenchymal transition (EMT) markers,
along with declining miR-200c levels. The pharmacological Par-4-inducer, NGD16, triggered Par-4 expression
which corresponded with increased miR-200c resulting in the ZEB-1 downregulation. Noteworthily, tumor samples
obtained from the syngenic mouse pancreatic cancer model revealed elevated miR-200c levels in the NGD16-
treated mice that positively correlated with the Par-4 and E-cadherin levels in vivo; while a negative correlation was
evident with ZEB-1 and Vimentin.
© 2020 Published by Elsevier Inc. on behalf of Neoplasia Press, Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

microRNAs are non-coding single-stranded RNAs that are 20–22 nucle-
otide long. They are predominantly synthesized as long primary transcripts
by RNA polymerase II, subsequently capped and polyadenylated as pri-
miRNAs. Drosha later cleaves these pri-miRNAs into pre-miRNAs that,
with the help of exportin-5, are exported outside nucleus. Once in the cyto-
plasm, Dicer fabricates the pre-miRNAs accordingly to yield mature
miRNAs. miRNAs negatively control post-transcriptional gene expression,
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to degrade multiple mRNAs and execute translation suppression, by base
pairing with the 3′ untranslated region (3′UTR) of mRNA, [1–3]. miRNA
dysregulation has been implicated in the etiology, pathogenesis, diagnosis
and treatment of cancer [4–6]. Functionally, the miRNAs can be classified
as oncomirs as well as tumor-suppressors depending upon their role during
cancer progression [7]. A plethora of reports have demonstrated tempered
levels of the miRNA-200 family members in the cells undergoing EMT [8].
One of the first miRNAs documented to have altered expression among var-
ious cancer cell lines was miR-200c [9]. Being a positive regulator of E-
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cadherin, miR-200c restricts the E-cadherin repressor, ZEB-1, to maintain
the epithelial morphology in the cells, thus attenuating the EMT [10]. Con-
sequently, extensive investigation has validated the role of miR-200c in cell
proliferation, apoptosis, EMT, invasion, therapy-induced resistance, and
metastasis in different cancer types [11–14].

A critical event during EMT cascade is the loss of adhesion molecules
that maintain the epithelial integrity of the cells, an important example
being E-cadherin [15]. Several reports suggested that attenuated expression
of E-cadherin directly correlates, both in vitro and in vivo,with tumor cell in-
vasion and migration [16,17]. Various transcription factors like Snail, ZEB-
1, ZEB-2, and Slug regulate E-cadherin expression and result in repressed E-
cadherin protein levels specifically by binding the promoter of E-cadherin
at the E-boxes domain, ultimately augmenting the EMT cascade [18–20].
Aberrant ZEB-1 protein expression is reported to repress E-cadherin in var-
ious cancers types, including breast, lung, prostate, colorectal, and pancre-
atic cancer [21–24]. miR-200c and ZEB-1 are well-established to have a
reciprocal relationship and control the EMT phenomenon in various can-
cers; miR-200c directly targets and impedes ZEB-1 and ZEB-2 expression
[25,26]. The aberrant miR-200c loss, with a simultaneous increase in
ZEB-1 expression, has been observed to promote EMT by downregulating
E-cadherin in different cancers [27–29].

Prostate apoptosis response-4 (Par-4), well-established for its tumor-
suppressing activities, is mostly inactivated or down-regulated in cancers
[30,31]. In hormone-independent manner, Par-4 can augment the interac-
tion of FAS receptor and FAS Ligand with FADD and initiate the assembly
of the death-inducing signaling complex (DISC) to induce apoptosis [7].
The central core, SAC (Selective for Apoptosis of Cancer Cells) domain, of
Par-4 protein is responsible for its proapoptotic function [32]. Although
the SAC domain can translocate to the nucleus in both normal and cancer
cells, only the excessive protein kinase A (PKA) levels found in cancer
cells can activate the SAC domain [33] enabling SAC to selectively enhance
apoptotic process in malignant cells. Our group previously described mod-
ulation of beta-catenin protein by Par-4 and its consequences on EMT [34].
One of our studies also implied the consistent modulation of EMT markers
upon Par-4 stimulation in cancer cells by its pharmacological modulator,
NGD16 [35]. Therefore, we were curious to investigate whether Par-4 up-
regulation could abrogate the ZEB-1-mediated EMT by enhancing the
miR-200c levels in cancer cells. Notably, we studied the global proteome
changes in Panc-1 cells upon ectopic stimulation with miR-200c and Par-
4. We identified the common protein targets of miR-200c and Par-4 signal-
ing that could explain how they regulate the expression of the EMTmarkers
in a similar manner. The present work throws light upon the tumor-
suppressive role of Par-4 that involves modulation of the miR-200c, in a
tumor-promoting network. Current study suggests a novel role of Par-4 as
a regulator of miR-200c expression.

Material and methods

Cell lines and cell culture

HCT-116, A549, and Panc-1 cell lines used in this study were purchased
from the European Collection of Cell Culture (ECACC). RPMI-1640 media
was used for culturing HCT-116 and A549 cells, DMEM for culturing
Panc-1 cells; both RPMI-1640 and DMEM were added with streptomycin,
penicillin G and 10% FBS. Sub-culturing of cells was done at about 70%
confluence, and the cells were incubated in a 5% CO2 humidified incubator
(Galaxy170R, New Brunswick, Germany) at 37 °C. DMSO concentration in
the experiments never exceeded 0.1%. Panc-1-GR10 (Panc-1 cells resistant
to 10 μM Gemcitabine) cells were generated employing constant exposure
to Gemcitabine. The initial concentration of Gemcitabine used was
200 nM,whichwas gradually increased until we achieved the cells that pro-
created under continuous presence of 10 μM Gemcitabine. Dr. S. K. Batra
(University of Nebraska Medical Center, USA) gifted the mouse pancreatic
cancer cell line, UN-KC-6141, to Dr. S. Senapati at the [Institute of Life Sci-
ences (ILS), Bhubaneswar, India] through a material transfer agreement.
[31]. HRas stably expressing Panc-1 (HRas-Panc-1) cells were generated
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with mEGFP-HRas plasmid gifted by Dr. Karel Svoboda (Addgene plasmid
# 18662).

Reagents and constructs

DMEM, RPMI-1640, Trypsin-EDTA and Fetal bovine serum (FBS) were
acquired from Invitrogen. Penicillin G, Streptomycin, Paraformaldehyde,
Sodium Orthovanadate, Protease inhibitor cocktail, Phosphate buffer sa-
line, Phenylmethylsulfonyl fluoride (PMSF), Bradford reagent,
Dimethylsulphoxide (DMSO), Triton X-100; anti-Beta-actin, anti-Mouse
and anti-Rabbit antibodies were from Sigma Chemicals (St. Louis, MO).
Anti-E-cadherin from CST, Inc. (Danvers, MA, USA) was used in the
study. Antibodies against Par-4, ZEB-1, Vimentin, and Twist-1; UltraCruz
DAPI mounting medium were procured from Santa Cruz Biotechnologies
(Santa Cruz, CA). Dr. Vivek Rangnekar (University of Kentucky, Lexington,
KY) generously gifted the GFP and GFP-Par-4 constructs. The miR-200c
construct was a kind gift from Dr. Giovanni Scambia (Catholic University
of the Sacred Heart, Rome, Italy).

Cell lysate preparation and western blotting

Our previously standardized protocol for cell lysis and western blotting
was followed [31]. Briefly, the cell from the respective experiments were
collected and centrifuged. To the pellet, lysis buffer was added followed
by centrifugation. The supernatantwas collected and protein quantification
was carried out. For immunoblot analysis, equivalent amount of protein
was taken from each sample for SDS-PAGE. Using the enhanced chemilumi-
nescence reagent (Millipore), the protein bands were visualized and the sig-
nals were captured onto Biomax light film (Eastman Kodak Co., Rochester,
NY).

Real-time PCR

RT-PCR was performed following our previously published protocol
[36]. Panc-1, A549, and HCT-116 cells were subjected to the respective
treatments, following which the cell pellets were collected. Similarly, the
treated/untreated tumor samples were homogenized and the suspensions
were preserved. Isolation of total RNA was carried out from cell pellets as
well as the tumor suspensions using TRIzol® from Invitrogen, Life Technol-
ogies, USA. RNA purity and RNA quality were determined using the
NanoDrop spectrophotometer and agarose gel electrophoresis (2%), re-
spectively. To avoid any DNA contamination, the RNA mixture was sub-
jected to DNase treatment. miRNA qPCR assays were performed as
reported earlier [37]. For qPCR of miRNA and mRNA, we employed the
miScript II RT Kit (Qiagen, The Netherlands) to synthesize cDNA, using 1
μg of DNase-treated RNA. Respective primers used for miRNA and mRNA
expression analysis are given in Supplementary Table 1. qPCR analysis
was carried out in the LightCycler® 96 Real-Time PCR System (Hoff-
mann-La Roche, Switzerland). Each PCR reaction (10 μL) contained appro-
priately diluted cDNA, 1 μM primers and 2× LightCycler® 480 SYBR
Green I Master mix (Hoffmann-La Roche, Switzerland). Thermal cycling
conditions for the qPCR: preincubation at 95 °C for 10 min, followed by
45–55 cycles of 3 step amplification (95 °C for 10 s, 60 °C for 10 s and 72
°C for 10 s). Dissociation curve analysis (heating to 95 °C for10 s at normal
ramping, cooling to 65 °C for 60 s at normal ramping followed by slow
heating to 97 °C for 1 s at a reduced ramping rate of 0.2 °C/s) was carried
out after the PCR, to test qPCR reaction specificity. All the assays were car-
ried out in triplicates. For the calculations, the threshold cycle (Ct) of the
amplification curve was applied. Ct values were normalized to the 5.8S
gene and Beta-actin (BAC) for miRNA and mRNA, respectively. Using the
2−ΔΔct method, the relative expressional level was analyzed [31,36].

Reverse phase protein array

Following transient transfection with Mock/miR-200c/GFP/GFP-Par-
4/GFP-Par-4/155A construct, Panc-1 cells were lysed and protein
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concentration was calculated. The expression of 119 proteins was then ex-
amined using the RPPA analysis as per the standard published protocol
[38]. Proteins, as well as phosphoproteins, selection for analysis was done
based on their involvement in crucial cellular functions, including (1) Prolif-
eration, (2) EMT, (3) Apoptosis, and (4) Migration.

Scratch motility assay

Our previously published protocol was followed to perform the scratch
motility assay [3]. Briefly, 5 × 105 Panc-1 cells/well were seeded in a six-
well plate and incubated until a confluent monolayer was formed. Using a
sterile pipette tip, the monolayers were scratched. Any detached or floating
cells were removed by washing the wells with serum-free medium and im-
ages were captured (time = 0 h). Respective treatments were given to the
cells in the presence of DMEMmedium supplementedwith 1% serum. After
48 h, wound closure was assessed and the images were captured using a
Nikon D3100 inverted microscope camera (20× magnification).

Knockdown and overexpression studies

Small interfering RNA (siRNA) oligonucleotide duplexes against human
Par-4 mRNA (siPar-4) from Sigma chemicals were used in the study. Fol-
lowing the manufacturer's protocol, Lipofectamine 3000 transfection kit
(Invitrogen) was used for the Scramble/siPar-4, Mock/miR-200c and
GFP/GFP-Par-4 transfections. Panc-1/A549 cells were seeded in an eight-
well chamber slide (for immunocytochemistry) or 6-well plate (forWestern
blotting and RT-PCR) and transiently transfected with GFP/GFP-Par-4,
Scramble/siPar-4 or Mock/miR-200c. After 48 h, the cells were respec-
tively subjected to immunocytochemistry, western blotting or RT-PCR.

Cell scattering assay

For cell scattering assay, the previously published protocol was
followed [35]. Briefly, HRas-Panc-1 cells were seeded in a six-well plate
at a density of 1000 cells/well and incubated to form small, discrete colo-
nies for 3–4 days. Respective treatments with Vehicle/NGD16 or transfec-
tions with GFP/GFP-Par-4/Mock/miR-200c were given. 48 h Post-
treatment, colonies were fixed, stained and the photographs were captured
using Nikon D3100 inverted microscope camera (20× magnification).

Immunocytochemistry

Previously published protocol for immunocytochemistry was carried
out, with somemodifications [35]. Post-treatment, the cells were incubated
with anti-Cytokeratin-18, anti-FAS and anti-ZEB-1 antibodies at a dilution
of 1: 100 at 4 °C overnight. After thorough washing with PBST (PBS +
0.1% Tween-20), the samples were accordingly probed with anti-rabbit
Alexa Fluor-647 (anti-Cytokeratin-18) or anti-rabbit Alexa Fluor-488
(anti-FAS) or anti-mouse Alexa Fluor-488 (anti-ZEB-1) conjugated second-
ary antibody (1:500 dilution) for 1 h at room temperature, in the dark.
After thorough washing with PBST, the cells were counterstained with
DAPI containing mounting medium. Post-mounting, the slide was sealed,
dried and images were capturedwith Floid Cell Imaging Station (Life Tech-
nologies) at 20× magnification.

Scanning electron microscopy (SEM)

The previously published procedure was followed for SEM microscopy
of the GFP/GFP-Par-4-transfected Panc-1-GR10 cells [38].

Cell viability assay

The experiment was performed using the previously published protocol
[3]. Panc-1-GR10 cells transfectedwith GFP/GFP-Par-4were proceeded for
the MTT dye uptake assay to evaluate their cell viability.
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In vivo studies for miR-200c and Par-4 expression

The experimental guidelines approved by the Institutional Animal
Ethics Committee were strictly adhered to for the in vivo experiments. The
tumor tissue samples collected from the previous study [35], were stored
at−20 °C and later processed for RT-PCR and immunoblotting.

Bioinformatics analysis

The online database String 11.0 (https://string-db.org/) was used for
the analysis of the RPPA data and identifies the differentially expressed pro-
teins and their protein network.

Statistical analysis

Data represented, were expressed as mean± S.D. of at least three inde-
pendent experiments performed and analyzed using Student's t-test and. A
two-sided value of *P < 0.05 was considered significant.

Results

The miR-200c expression is positively correlated with Par-4 protein levels in can-
cer cells

Over last few decades, various reports have highlighted the importance
of miRNAs, particularly the miR-200 family members, for the abrogation of
EMT [8,27,39]. Repressed expression of miR-200 family members, espe-
cially miR-200c, is a frequently noted event in various human cancers,
which is well-documented to be associated with EMT [10,25]. Contrarily,
Prostate apoptosis response 4 (Par-4) is a pro-apoptotic protein that pos-
sesses tumor-suppressing activities and is generally inactivated or down-
regulated in cancers [31]. Restoration of Par-4 (therapy-induced) in many
cancers offers superior anti-tumor effects of the test drug. Recently, the
role of Par-4 in the suppression of EMT and its markers in pancreatic cancer
cells has been established by our group [35]. Further, in continuation, we
were curious to examine whether Par-4 restoration in pancreatic cancer
cells could have any effect on the miR-200c. Heatmap of microarray analy-
sis for a series of miRNAs was generated following transient transfection
withGFP-Par-4 in Panc-1 cells. The data revealed that themiR-200c expres-
sion was significantly augmented in the GFP-Par-4-transfected cells com-
pared to the GFP-transfected control (Fig. 1A). Fig. 1B shows the relative
fold increase in the miR-200c levels upon Par-4 overexpression in Panc-1
cells. To examine any correlation between the basal Par-4 and miR-200c
levels in different cancer cell lines, the cell lysates obtained from Panc-1,
A549, and HCT-116 cells were analyzed by western blotting and qRT-
PCR for the expression of Par-4 and miR-200c, respectively, along with
other EMT markers. HCT-116 cell lysate showed the highest Par-4 basal
level, followed by A549 and Panc-1 (Fig. 1C & D). The RT-PCR results
were consistent with the western blotting results, wherein, HCT-116 cells
with peaked Par-4 levels displayed the highest miR-200c expression
followed by A549 and Panc-1 cells (Fig. 1E). Together, these results suggest
a positive correlation between the Par-4 and miR-200c in the cancer cells.

Par-4-induction by the pharmacological inducer, NGD16, positively regulates
miR-200c levels leading to inhibition of cell motility

NGD16, a semi-synthetic derivative of 3,3′-Diindolylmethane (DIM), has
been reported to inhibit the growth and migration of cancer cells [35].
Since we recently reported the Par-4-dependent EMT-inhibiting ability of
NGD16, we were curious to investigate the outcomes of NGD16-mediated
Par-4 induction on the endogenous miR-200c levels. As shown in Fig. 2A &
B, Panc-1 cells treated with increasing concentrations of NGD-16 for 48 h,
depicted a marked increase in the Par-4 levels concomitant with the aug-
mented E-cadherin expression. Given that ZEB-1 is a crucial suppressor of
E-cadherin and miR-200c in cancer cells, we sought whether the NGD16-
mediated Par-4 induction could have any effect on the ZEB-1 level as well

https://string-db.org/


Fig. 1. Par-4-mediated induction ofmiR-200c expression in cancer cell lines. (A)Heatmap showing results of miRNAmicroarray analysis upon GFP/GFP-Par-4 transfection in
Panc-1 cells. The dendrogram shows different expression levels of miRNAs among the samples. Orange indicates the highest expression of miRNA, while blue indicates the
lowest expression. (B) The graph shows the fold increase in the expression level ofmiR-200c uponGFP/GFP-Par-4-overexpression in Panc-1 cells. (C)Western blot data of the
basal protein levels of Par-4, E-cadherin, Cytokeratin-18, and Vimentin in HCT-116, Panc-1, and A549 cells. Beta-actin was used as a loading control. (D) The bar graph
represents the relative protein expression levels of Par-4, E-cadherin, Cytokeratin-18, and Vimentin in HCT-116, Panc-1, and A549 cell lines. (E) The bar graph depicts the
differential miR-200c expression levels in HCT-116, Panc-1, and A549, as monitored by qRT-PCR. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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[21–24]. Surprisingly, we found altered ZEB-1 level in the NGD16-treated
Panc-1 cells, and the pattern was as similar as Par-4 induced lane (Fig. 2A
& B). Panc-1 cells were similarly treated with Vehicle/NGD16 and employed
for the qRT PCR analysis to examine miR-200c levels. As shown in Fig. 2C,
there was a marked increase in the miR-200c expression of the NGD16-
treated Panc-1 cells. Further, we were interested in examining the effects of
NGD16 on another epithelial marker, Cytokeratin-18 [40,41]. Accordingly,
Panc-1 cells were treated with Vehicle/NGD16 and subjected to immuno-
chemistry. As depicted in Fig. 2D, the NGD16-treated Panc-1 cells displayed
augmented expression of Cytokeratin-18 as compared to the respective con-
trol. Since miR-200c has been demonstrated to prevent migration of the can-
cer cells [42], the scratch wound healing assay was carried out to assess the
effects of NGD16-mediated miR-200c upregulation on the motility of Panc-
1 cells. The results unveiled a pronounced inhibition in the migration ability
of NGD16-treated Panc-1 cells, similar to the miR-200c-transfected cells
(Fig. 2E). The above results strongly suggest that the amplification of endog-
enous Par-4 levels can restore themir-200c levels in the cancer cells, resulting
in inhibition of EMT and migration.

Inverse relationship of Par-4/miR-200c with ZEB-1 in pancreatic cancer cells

miR-200 family (miR-200s) members function as tumor-suppressors via
directly targeting ZEB-1 in various cancers [25]. To study whether the Par-
4-mediated miR-200c induction could modulate the ZEB-1 expression, we
transfected the Panc-1 and A549 cells with GFP/GFP-Par-4/Mock/miR-
4

200c and examined various EMT markers through immunoblotting. The re-
sults demonstrated that ectopic Par-4 attenuated the ZEB-1 protein levels
along with another pro-EMT marker, Twist-1, with consistent amplification
of the E-cadherin levels in both the cell lines (Fig. 3A & B). Nevertheless,
miR-200c transfection had negligible effects on endogenous Par-4 levels.
However, as expected, miR-200c downregulated the EMT markers and en-
hanced the E-cadherin protein levels in a similar way as good as Par-4
(Fig. 3C & D). TGF-beta signaling is altered in most of the cancers and aids
in tumor progression. Moreover, Par-4 has been found to restore the apopto-
tic arm of the TGF-beta signaling pathway by rescuing Smad4 [43]. The
maintenance of a stable mesenchymal phenotype requires the establishment
of autocrine transforming growth factor-β (TGF-β) signaling to drive
sustained ZEB-1 expression that suppresses the miR-200c expression [40].
We, therefore, investigated the effects of Par-4 overexpression on the
mRNA levels of TGF- β1 and TGF- β2 in Panc-1 and A549 cells (Fig. 3E &
F). Intriguingly, a clear downregulation in the mRNA levels of TGF-β1 and
TGF-β2 was achieved in GFP-Par-4-transfected cells, followed by the
downmodulation of ZEB-1 and robust escalation of E-cadherin mRNA levels.
SincemiR-200c is known to induce E-cadherin levels by inhibiting ZEB-1, we
wanted to confirm whether the above E-cadherin amplification was attrib-
uted to restored miR-200c levels upon GFP-Par-4 transfection. We evaluated
the miR-200c levels in a similar set of conditions wherein a drastic elevation
in the miR-200c level was noted in the GFP-Par-4-transfected Panc-1/A549
cells compared to GFP-transfected cells (Fig. 3E& F). Rationally, we were in-
terested in investigating the effects of silencing of endogenous Par-4 on ZEB-1



Fig. 2.NGD16-mediated Par-4 induction resulted in elevated levels of miR-200c. (A)Western blot data of Par-4, E-cadherin, and ZEB-1 expression levels in Panc-1 cells treatedwith indicated concentrations of NGD16 for 48 h. Beta-
actin was used as a loading control. (B) The bar graph represents the relative protein expression levels of Par-4, E-cadherin, and ZEB-1 in NGD16-treated Panc-1 cells. (C) The bar graph shows the fold increase in the expression level
of miR-200c upon treatment with the indicated concentration of NGD16 for 48 h. (D) Immunocytochemistry analysis for the Cytokeratin-18 (magenta) expression in the NGD16-treated Panc-1 cells along with DAPI (blue).
Photographs were taken at 60× magnification. Scale bar 20 μm. (E) The anti-migratory effect of NGD16 and miR-200c in Panc-1 cells evaluated by the wound healing assay. The images were taken at 10× magnification.
Scale bar, 50 μm. For the statistical analysis, the experiments were performed at least thrice. Data were compared with untreated control. Error bars represent standard deviations (S.D.) of three independent experiments. *P <
0.05, **P < 0.01. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Par-4 and miR-200c show a similar effect on the EMTmarkers. (A) Western blot analysis GFP/GFP-Par-4-transfected Panc-1 and A549 cells for Par-4, ZEB-1, E-cadherin,
and Twist-1 protein levels. Beta-actin was taken as the loading control. (B) The bar-graph represents the relative protein expression as quantified by the densiometric analysis.
(C) Par-4, E-cadherin, Twist-1, Vimentin, and ZEB-1 expression levels in Mock/miR-200c-transfected Panc-1 and A549 cells as depicted by western blot, along with Beta-actin.
(D) The bar-graph represents the relative protein expression as quantified by the densiometric analysis. (E) The bar graph depicts the relative mRNA expression levels of TGF-
β1, TGF-β2, ZEB-1, and E-cadherin along with miR-200c levels in GFP/GFP-Par-4-transfected Panc-1 cells, as monitored by qRT-PCR analysis. (F) The bar-graph depicts the
relative mRNA expression levels of TGF-β1, TGF-β2, ZEB-1, and E-cadherin along with miR-200c levels in GFP/GFP-Par-4-transfected A549 cells, as monitored by qRT-PCR
analysis. (G) Western blot analysis of the whole-cell lysates of scramble (control) siRNA/siRNA Par-4 (siPar-4)-transfected Panc-1 and A549 cells to check the expression of
Par-4, E-cadherin, Twist-1, Vimentin, and ZEB-1 along with Beta-actin. (H) The bar-graph represents the relative protein expression as quantified by the densiometric analysis.
(I) The bar graph depicts the miR-200c levels in the Panc-1 and A549 cells transfected with scramble (control) siRNA/siRNA Par-4 (siPar-4). The data shown are
representative of at least three independent experiments. Error bars represent standard deviations (S.D.) of three independent experiments. *P< 0.05, **P< 0.01.
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andmiR-200c expression, along with other EMTmarkers. Remarkably, Par-4
silencing attributed to alter E-cadherin expression concomitant with an in-
crease in the EMT markers- ZEB-1 and Twist-1 (Fig. 3G &H). The enhanced
expression of EMT-markers upon Par-4 silencing corresponded with the im-
peded miR-200c levels in both Panc-1 and A549 cells, highlighting that the
ZEB-1 suppression in the above conditionsmay be attributed to the increased
miR-200c levels induced by Par-4 (Fig. 3I). The above results validate that
Par-4 blocks EMT by downregulating TGF-β1, TGF-β2, and ZEB-1 and restor-
ing the miR-200c and E-cadherin levels.

Par-4 and miR-200c induction reverse the effects of H-Ras-mediated oncogenic
transformation

HRas is an oncogene known to be overexpressed in diverse cancers and its
expression drastically promotes mesenchymal phenotype of cancer cells
6

[44,45]. Rationally, we sought to investigate whether Par-4 stimulation, ei-
ther by ectopic Par-4 or NGD-16, could abrogate themotility of HRas express-
ing Panc-1 cells (stable HRas-Panc-1). When these cells were subjected to
Vehicle/NGD16 or transfected with GFP/GFP-Par-4/Mock/miR-200c for
scattering assay, it was observed that NGD16, GFP-Par-4, and miR-200c hin-
dered the scattering phenomena compared to the Vehicle, GFP and Mock
control, respectively (Fig. 4A). Since ZEB-1 is one of the major transcription
factors that drive the oncogene-mediated transformation in cancer cells, we
were curious to examine whether Par-4 overexpression could alter the ZEB-
1 protein levels in HRas-transformed Panc-1 cells. Indeed, the western blot
data demonstrated that the HRas-Panc-1 cells subjected to NGD16/GFP-
Par-4/miR-200c treatment depicted impeded ZEB-1 levels compared to
their respective controls (Fig. 4B & C). Next, HRas-Panc-1 cells were
transfected with GFP/GFP-Par-4 for immunocytochemistry for ZEB-1 analy-
sis. The results showed a significant reduction in the ZEB-1 signal (red) in
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the GFP-Par-4-transfected cells as compared to GFP-transfected cells
(Fig. 4D). Since oncogenic transformation in cancer cells makes them more
resistant to apoptosis, we ought to study whether Par-4 induction in such
cells could sensitize them towards apoptosis. Consequently, we treated the
HRas-Panc-1cells with Vehicle/NGD16 and assessed the effect on FAS ligand
7

trafficking. Remarkably, the data illustrated a fair increase in FAS trafficking
in cells treatedwith NGD16 compared to the control. However, the ZEB-1 ex-
pressionwas appreciably downregulated in theNGD16-treated cells (Fig. 4E).
The above results were also confirmed by assessing the activation of Caspase-
3 in NGD16-treated HRas-Panc-1 cells. As demonstrated in Fig. 4F, the
(caption on next page)
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protein levels of cleaved Caspase-3 were significantly up in the NGD16-
treated HRas-Panc-1 cells compared to the control, validating the activation
of apoptosis cascade in these cells (Fig. 4F). Since ZEB-1 is an important
EMT activator and is convincingly associated with the therapy-resistant phe-
notype [40], we wanted to confirm whether Par-4 restoration in the
Gemcitabine resistant Panc-1-GR10 cells could augment the sensitivity of
such cells to Gemcitabine. As demonstrated in Fig. 4G, the percent cell viabil-
ity was decreased in the GFP-Par-4-transfected Panc-1-GR10 cells compared
to the respective GFP control, indicating the re-sensitization to Gemcitabine
in these cells. When the above sets of conditions were replicated for SEM
analysis, we noticed the reversal of the mesenchymal phenotype in the
GFP-Par-4-transfected Panc-1-GR10 cells, highlighting the role of Par-4-medi-
ated ZEB-1 suppression in the reversal of EMT (Fig. 4H). Further, to validate
our in vitro results, tumor samples collected from the control and NGD16-
treated mice were analyzed for the miR-200c levels through RT-PCR. The
data revealed a sharp augmentation in the miR-200c levels in the NGD-16-
treated tumor sample compared to the control-treated sample (Fig. 4I). Of
note, the immunoblots analysis revealed increased Par-4 expression in the
tumor tissue lysates obtained from NGD16-injected mice as compared
to the control. The augmented Par-4 levels were directly correlated
with E-cadherin expression and inversely related to the ZEB-1 and
Vimentin protein levels (Fig. 4J). The above results demonstrate that
Par-4 negatively regulated the oncogene-mediated transformation,
and its stimulation, either by ectopically or with its inducer (NGD16),
impeded tumor progression by restoring the miR-200c levels to modu-
late the ZEB-1/E-cadherin axis (Fig. 4K).

Ectopic miR-200c and Par-4 triggers a coherent change in the expression of EMT
and apoptosis-associated genes in pancreatic cancer cells

The above results validated that Par-4 restoration could amplify the ex-
pression of miR-200c in cancer cells and consequently suppress the EMT-
markers like that of miR-200c. Therefore, we strongly hypothesized that
Par-4 and miR-200c could indulge in adequate cross-talks that allow them
to modulate the expression of various EMT markers in a similar manner.
Phosphorylation of Par-4 at T155 residue is essential for nuclear transloca-
tion of Par-4 and apoptosis [33].Moreover, nuclear translocation of Par-4 is
essential for inhibition of cell survival NF-κB activity [32]. Therefore, we
also employed the GFP-Par-4/155A construct, a point mutant of Par-4
made by site-directed mutagenesis to change the sequence at T155 from
AGC to GCC, that unlike GFP-Par-4 could not translocate to the nucleus
and inhibit the NF-κB activity. We aimed to draw a comparison between
the differentially expressed proteins in the GFP-Par-4 and GFP-Par-4/
155A-transfected Panc-1 cells and reveal some novel players that are cru-
cial to inhibit NF-κB activity. To identify the proteome changes common
to both Par-4, GFP-Par-4/155A and mir-200c-transfected cells, the RPPA
experiment was carried out using Mock/miR-200c/GFP/GFP-Par-4/GFP-
Par-4/155A-transfected Panc-1 cells. The RPPA analysis revealedmany dif-
ferentially expressed proteins (DEPs) between miR-200c and GFP-Par-4-
transfected Panc-1 cells, as depicted by the heatmap in Fig. 5A. In total,
119 proteins were analyzed using validated antibodies. Compared to the
control, Increased expression of 61 proteins was observedwhile 58 proteins
Fig. 4. Par-4 and miR-200c upregulation reverse the HRas-mediated transformation in
NGD16 treatment or transfected with GFP/GFP-Par-4/Mock/miR-200c is depicted. (B)
or transfected with GFP/GFP-Par-4/Mock/miR-200c, for the ZEB-1 protein levels. (C) T
densiometric analysis. (D) Immunocytochemistry analysis for the ZEB-1 (red) express
along with DAPI (blue). Photographs were taken at 20× magnification. Scale bar 10 μ
ZEB-1 (20× magnification) expression in HRas-Panc-1 cells treated with Vehicle/NG
Panc-1 cells, subjected to Vehicle/NGD16 treatment for the Cleaved Caspase-3 protei
cells stimulated with different concentrations of Gemcitabine (0, 1, 10, and 100 μM)
magnification. Scale bar 10 μm. (I) The bar graph represents the relative fold increase i
(J) Western blotting of the tissue lysates obtained from NGD16-treated and control-trea
Beta-actin was used as a loading control. (K) The schematic diagram depicts the me
represented as means ± S.D. of at least three independent experiments. *P < 0.05, *
reader is referred to the web version of this article.)
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were down-regulated in the miR-200c-transfected Panc-1 cells. In the GFP-
Par-4-transfected Panc-1 cells, the expression of 41 proteinswas found to be
amplified while the levels of 78 proteins were revealed to have receded
(Fig. 5B). As depicted by the Venn diagram analysis, 32 DEPs were com-
monly up-regulated while 50 DEPs were commonly down-regulated in
the miR-200c and GFP-Par-4-transfected Panc-1 cells. However, 8 DEPs
that were up-regulated in GFP-Par-4- transfected Panc-1 cells were down-
regulated in miR-200c-transfected Panc-1 cells while 29 DEPs that
were up-regulated in miR-200c-transfected Panc-1 cells were down-
regulated GFP-Par-4-transfected Panc-1 cells. Next, we identified the
most significant differentially expressed proteins that were common to
both the miR-200c and GFP-Par-4-transfected Panc-1 cells. As shown
in bar graphs (Fig. 5C), ectopic expression of both miR-200c and GFP-
Par-4 led to the reduction in the levels of Phospho-p44/42 MAPK; Bcl-
xl; Bim; Rb P Ser807, Ser811; Akt P Ser473; Smad1/5 P Ser463/
Ser465 and Zyxin. Both GFP-Par-4 and GFP-Par-4/155A-transfected
cells displayed a decrease in the NF-KB p65 Ser536 protein levels, but
the effect was more significant with GFP-Par-4; However, miR-200c
did not alter the NF-KB p65 Ser536 protein levels at all. Further analysis
of the deduced differentially expressed proteins was performed using
the String 11.0 database to identify their protein network (Fig. 5D).
These results provide evidence that there could be multiple cross-talks
between mir-200c and GFP-Par-4 signaling.

Discussion

miR-200c belongs to the miR-200 family which is closely linked with
metastasis of diverse tumors, particularly by abrogating EMT cascades
through negative correlation with ZEB-1 protein [10,27]. In breast cancer,
melanoma, and pancreatic cancer, miR-200c has been found to stall tumor
promotion/invasion [29,46,47], but there is no report about any functional
consequences between a vital tumor suppressor Par-4 and miRNA 200c.
From that aspect, this study probably, for the first time, unearthed a novel
link of Par-4 in the modulation of evolutionarily significant ZEB-1/E-
cadherin axis viamiR-200c.

Decelerated Par-4 levels have been reported in several types of cancers;
various strategies have been suggested and tested to restore its apoptosis-
inducing levels in cancer cells. In in vivo settings, Par-4 levels have been
augmented using the adenoviral Par-4 constructs as well as by nano-
liposomal delivery of Par-4 constructs [48]. Diverse natural/semi-
synthetic pharmacophores have been explored for their Par-4-inducing
properties. Our group recently unveiled two such natural product deriva-
tives, viz. NGD16 and 3-AWA, which augmented endogenous Par-4 in
multiple cancer cells [34,35]. In this study, the results clearly showed a di-
rect correlation between NGD16-mediated Par-4 upregulation that
corresponded to a miR-200c elevation in vitro and in vivo. Nevertheless,
by transient knockdown of endogenous Par-4 with the siPar-4, we not
only noticed a marked decrease in the epithelial marker, E-cadherin, with
a concomitant upregulation of the mesenchymal markers, viz. Twist-1,
Vimentin, and ZEB-1, but also a sharp drop in the miR-200c levels. Accord-
ing to previous research, increased expression ofmiR-200c confers negative
regulation on its gene target ZEB-1, consequently upregulating E-cadherin
Panc-1 cells. (A) Cell scattering ability of HRas-Panc-1 cells subjected to Vehicle/
Western blot analysis of HRas-Panc-1 cells, subjected to Vehicle/NGD16 treatment
he bar-graph represents the relative ZEB-1 protein expression as quantified by the
ion in the HRas-Panc-1 cells transiently transfected with GFP/GFP-Par-4 (green),
m. (E) Immunocytochemistry analysis for FAS trafficking (20× magnification) and
D16. Scale bar, 50 μm and 20 μm respectively. (F) Western blot analysis of HRas-
n levels. (G) Percent Cell viability of the GFP/GFP-Par-4-transfected Panc-1-GR10
. (H) SEM images of Panc-1-GR10 cells transfected with GFP/GFP-Par-4, 1000×
n the miR-200c level in the NGD16-treated tumor sample compared to the control.
ted tumor samples for Par-4, E-cadherin, ZEB-1, and Vimentin expression analysis.
chanism of miR-200c induction by Par-4 resulting in EMT suppression. Data is
*P < 0.01. (For interpretation of the references to color in this figure legend, the



Fig. 5.Whole proteome changes upon transfectionwith Par-4 andmiR-200c. (A) Heatmap of the differentially expressed proteins (DEPs) inMock, miR-200c, GFP, GFP-Par-4
and GFP-Par-4/155A-transfected Panc-1 cells, as identified by RPPA analysis. (B) Venn diagram of DEPs in miR-200c and GFP-Par-4-transfected Panc-1 cells. (C) The bar
graph depicts the protein targets that were significantly altered in the miR-200c, GFP-Par-4, and GFP-Par-4/155A-transfected Panc-1 cells. (D) Protein interaction
network of the significant DEPs common to miR-200c, GFP-Par-4, and GFP-Par-4/155A-overexpressed samples. The network was built using a String program (http://
www.string-db.org/), with confidence greater than 0.5. Every node represents a protein, and the line color indicates the type of interaction evidence. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
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expression to impede EMT [42]. Recent findings also implied that ZEB-1
could control the microRNA expression by interfering with the microRNA
promoter activity and facilitating a reciprocal feedback loop in managing
EMT [49]. It was found that ZEB-1 expression was inversely correlated
with miR-200c/GFP-Par-4 expression in pancreatic/lung cancer cells. The
above results underscore that Par-4 might be modulating the ZEB-1/miR-
200c stoichiometric balance, by augmenting the miR-200c expression and
abrogating the ZEB-1 protein, simultaneously at mRNA as well as protein
levels, as hypothesized in Fig. 4K. RPPA analysis for the whole proteome
of miR-200c and GFP-Par-4-transfected Panc-1 cells revealed proteins that
were overlapping in both the sample sets. 7 of these proteins, Phospho-
9

p44/42 MAPK; Bcl-xl; Bim; Rb P Ser807, Ser811; Akt P Ser473; Smad1/5
P Ser463/Ser465 and Zyxin were most significant DEPs in the two data
sets. The expressional changes in these distinct proteins might be exerted
independently by different arms of the miR-200c and Par-4 signaling path-
ways. Aberrant levels of Phospho-Akt (Ser473) are reported in many cancer
types and are known to aid tumor growth and progression. Phosphorylated
AKT has been reported to upregulate the anti-apoptotic protein, Bcl-xL,
while downregulating the pro-apoptotic protein, Bim [33,36,43,50]. Our
RPPA results show that both miR-200c and Par-4 decrease Phospho-Akt
(Ser473), which could explain the upregulated Bim and downregulated
Bcl-xL levels, activating the apoptotic signaling in these cells. ERK1/2 is a

http://www.string-db.org/
http://www.string-db.org/
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major component of MAPK pathway that controls the proliferative
signaling (TGF, EGF) in the cancer cells [51,52]. The Downregulation of
Phospho-p44/42 MAPK (ERK1/2) Thr202/Thr185, Tyr204/Tyr187 levels
could be responsible for the anti-proliferative effects of both Par-4 and
mir-200c in Panc-1 cells. RB1 is a tumor-suppressor that controls the G1/
S phase progression by binding to E2F family of transcription factors.
However, phosphorylation of RB1, catalyzed by cyclin-dependent protein
kinases, inhibits its protein-binding abilities [53]. Moreover, RB phosphor-
ylation on serine-807 is reported to be essential for its association with the
anti-apoptotic protein, Bax [54]. Our results demonstrated a decline in the
phosphorylated RB levels upon miR-200c and Par-4 overexpression, which
could adequately contribute to their pro-apoptotic effects. Zyxin is a crucial
focal adhesion protein, and its involvement is reported in many cancers
[55]. Recently, it has been demonstrated to promote cell migration and in-
vasion [38,56]. From our RPPA results, it is evident that the anti-migratory
and anti-invasive effects of miR-200c and Par-4 could be considered for the
reduced Zyxin level. Phosphorylated Smad1/5 (Ser463/Ser465), a down-
stream of TGF-Beta signaling, was also significantly downregulated upon
miR-200c and Par-4 induction. Of note, the protein network analysis
using the String 11.0 database displayed an intense cross-talk between all
the significant DEPs (Fig. 5D).Since these proteins are involved majorly in
cell proliferation, migration, and apoptosis, their downregulation by Par-4
unveils novel mechanisms exerted by Par-4 to accomplish its anti-
proliferative as well as anti-invasive functions. Although Par-4 is univer-
sally accepted for its apoptosis-inducing properties, an EMT inhibitory
perspective of this tumor-suppressor is emerging. We have demon-
strated that extracellular Par-4, secreted by a classical BFA-sensitive
pathway, inhibits tumor growth, and metastasis by modulating MMP-
2 [57]. A study in a tail vein metastatic model revealed that Recombi-
nant Par-4 (TRX-Par-4) and SAC (TRX-SAC) proteins are efficient in in-
hibit the formation of lung nodules [58]. Amin et al. showed EMT
abrogation and invasion by Par-4 through modulation of beta-catenin.
All these reports unveil the anti-metastatic role of Par-4, and similarly,
the current finding elicits a novel link of Par-4 activation leading to
augmentation of miR-200c levels, which might have immense thera-
peutic potential.
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