
Expression Proteomics Predicts Loss of RXR-c during
Progression of Epithelial Ovarian Cancer
Rajkumar S. Kalra, Sharmila A. Bapat*

National Centre for Cell Science, NCCS Complex, Pune University Campus, Ganeshkhind, Pune, Maharashtra, India

Abstract

The process of cellular transformation involves cascades of molecular changes that are modulated through altered
epigenetic, transcription, post-translational and protein regulatory networks. Thus, identification of transformation-
associated protein alterations can provide an insight into major regulatory pathways activated during disease progression.
In the present protein expression profiling approach, we identified differential sets of proteins in a two-dimensional gel
electrophoresis screen of a serous ovarian adenocarcinoma progression model. Function-based categorization of the
proteins exclusively associated with pre-transformed cells identified four cellular processes of which RXR-c is known to
modulate cellular differentiation and apoptosis. We thus probed the functional relevance of RXR-c expression and signaling
in these two pathways during tumor progression. RXR-c expression was observed to modulate cellular differentiation and
apoptosis in steady-state pre-transformed cells. Interestingly, retinoid treatment was found to enhance RXR-c expression in
transformed cells and sensitize them towards apoptosis in vitro, and also reduce growth of xenografts derived from
transformed cells. Our findings emphasize that loss of RXR-c levels appears to provide mechanistic benefits to transformed
cells towards the acquisition of resistance to apoptosis hallmark of cancer, while effective retinoid treatment may present a
viable approach towards sensitization of tumor cells to apoptosis through induction of RXR-c expression.
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Introduction

A contemporary view of tumorigenesis is that transformation

results as a multi-step process involving genetic, epigenetic, cellular

and tissue-associated changes [1,2,3]. These effect alterations in

several regulatory and functional networks within the cell that lead

to a progressive acquisition of capabilities of self-sufficiency in

growth signals, insensitivity to anti-growth signals, unlimited

replicative potential, evasion of apoptotic signals, tissue invasion

and metastasis, and sustained angiogenesis [4]. More lately, energy

metabolism reprogramming and evading immune destruction

have received recognition as additional hallmarks of transforma-

tion [5].

Epithelial Ovarian Cancer (EOC) is recognized as the fifth most

common cancer and the highest cause of cancer-related deaths

among woman [6,7]. A limitation in EOC studies is the lack of

identification of pre-neoplastic lesions that lead to rapid and

aggressive metastasis, at which stage the disease is most frequently

diagnosed. This is further made more complex from recent

findings that suggest high-grade EOC to originate in the fallopian

tube epithelia, in contrast to the classical opinion of the ovarian

surface epithelia being the cell of origin [8,9]. Though contem-

porary proteome analyses provide a dynamic and efficient source

of identification of tumor suppressors, oncogenes, cancer diagnos-

tics and therapeutics [10,11,12,13], an extended understanding of

the multi-step transformation events in EOC vis-a-vis altered

molecular expressions among transformed and pre-transformed

cells remains to be resolved.

The present study is based on proteomic profiling of an in vitro

model of serous ovarian adenocarcinoma (SeOvCa) established

earlier in our lab [14]. Briefly, we had established several single-

cell clone derived cultures from the malignant ascites of a Grade

IV serous ovarian adenocarcinoma patient. Nineteen of these

underwent spontaneous immortalization and were established as

continuous lines. The A4 clone was one of these clones. In its

initial passages, it was seen to be slow-cycling and non-

tumorigenic; however, around passage 20–25 it transformed into

an aggressively tumorigenic clone with metastatic capabilities. This

data suggests that early A4 cells, although lacking tumorigenecity

had already acquired some of the features of transformation.

Hence we referred to these as being pre-transformed (A4-P), while

the transformed cells derived from A4-P cells were termed as A4-

T. This provided us a suitable progression model of two

functionally discrete cell groups derived from a single clone in

the tumor. Proteome profiles of this A4 progression model resolved

through 2-Dimension Gel Electrophoresis (2DE) followed by MS

(MALDI-TOF/TOF) led to the derivation of specific protein

groups based on their exclusive and differential expression

patterns.

Characterization of the functional networks defined by such

proteins provided a clear insight into altered cellular functionality

and major pathways involved in ovarian cell transformation. Of

these, RXR-c modulated cellular differentiation and apoptosis

were exclusive to the pre-transformed cells. Modulation of retinol

metabolism has been suggested in association with EOC
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progression [15,16] in which decreased levels of CRBP1 (cellular

retinol-binding protein-1) are considered a crucial step in

progression of the transformation process [17]. However, the

precise relevance of RXR-c signaling remains largely unchar-

acterized. We resolved its functional role in the transformed cells

of our progression model through induction of expression by

treatment with selective retinoids including 9Cis-Retinoic acid

(CRA), Adapalane (ADA) and 4-[(E)-2-(5,6,7,8-Tetrahydro-

5,5,8,8-tetramethyl-2-naphthalenyl)-1-propenyl] benzoic acid

(TTNPB). Such modulation of cellular differentiation and

apoptosis by RXR-c in SeOvCa further extends our current

understanding of cellular transformation.

Results

Comparative protein expression analysis of A4-P and A4-
T epithelial ovarian cancer progression model

The functionally different A4-P and A4-T epithelial ovarian

cancer cells exhibit a distinct phenotype, with the former being

spindle-shaped while the latter appear epithelial-like in morphol-

ogy (Fig. 1A). 2-DE gels were prepared using proteome samples of

A4-P and A4-T cells. Two technical sets of 2-DE analytical gels

were prepared from each phenotype in each experiment, which

was carried out in triplicate (total 6 replicates) and silver-stained.

Scanned images were processed using PDQuest and proteins with

differential expression were annotated. An average, 400–500

differential protein spots were thus demarcated. Annotation of

spots led to the derivation of protein sets based on their expression

patterns in each cell type. Towards identification of differential

protein expression, selected protein spots were digested and mass

spectra was generated in MS/MS analyses. GPS Explorer software

(v.3.6) was used to submit the combined MS and MS/MS data

from MALDI-TOF/TOF to Mascot against SwissProt database.

For all proteins thus analysed, reasonable sequence coverage, low

index of mass errors and high confidence interval (CI $95%) were

obtained.

Derivation of the protein groups based on expression
pattern

MS/MS based protein identification led to derivation of two

groups of differentially expressed proteins (Fig. 1B). Group I

comprised of proteins that were expressed qualitatively (exclusive-

Figure 1. Expression profiling of the proteome of serous ovarian adenocarcinoma progression model. A. Morphological differences
between A4 pre-transformed (A4-P) and A4 transformed (A4-T) cells (Bar 100m). B, Analytical pipeline; Lower Panel-Representative gel images
showing exclusively expressed proteins in A4-P cells (left – EEx) and A4-T cells (right – LEx). C, Venn diagram showing proteins categorized under all 4
sub-groups. D.i-ii, Pie diagram showing molecular functionality and pathways associated with identified A4-P and A4-T proteins respectively. E,
Quantitative protein expression of Vimentin, Cytokeratin-8 and Cytokeratin-18; data shown are representative of 3 separate experiments depicted as
mean 6 SEM *p,0.05, **p,0.01, ***p,0.00.
doi:10.1371/journal.pone.0070398.g001
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ly) in either A4-P or A4-T (termed as EEx and LEx proteins

respectively), while Group II includes proteins expressed at

quantitatively different levels (minimum two-fold differential

expression between the two cell types). Both groups were further

divided into two sub-groups based on their expressions in

respective cell types. Annotation of qualitative and quantitative

expressions was performed within each replicative set of A4-P and

A4-T cells. A total of 10 and 34 Group I proteins and, 31 and 48

Group II proteins were identified as being expressed in A4-P and

A4-T cells respectively (Fig. 1C; Table S1). Tables 1 & 2 lists the

identified Group I and Group II proteins with specific spot numbers,

molecular and functional description along with the details of

match peptides, protein score, sequence coverage (%) and relative

expression fold-change.

Categorization of functional pathways based on reported
ontologies and expression validation

Gene ontology analyses further identified distinct molecular

functionalities and pathways associated with the identified protein

profiles in the two cell types (Fig. 1D.i). Thus, several cellular

regulatory mechanisms including protein biosynthesis, cytoskele-

ton organization, signal transduction, regulation of apoptosis and

protein degradation were largely enriched in and contributed to

the functionality of A4-P cells. These were suggested to have a

cross-talk with other pathways such as protein and energy

metabolism, RNA metabolism, cellular differentiation and redox

reactions.

Conversely, functional grouping of the proteins in A4-T cells

comprised pathways associated with the classical hallmarks of

cancer cells viz. resistance to apoptosis, energy metabolism, cell

proliferation, angiogenesis and invasion and metastases (Fig. 1D.ii).

Thus, molecules involved in associated with protein biosynthesis,

folding and transport control the dynamic process of protein

metabolism in transformed cells towards matching its proliferative

activities.

Towards confirming levels of some of the identified proteins,

their expressions were validated between A4-P and A4-T cells

through immunoblotting (Fig. 1E; Fig. 2A,B,C,D). SeOvCa is

unique in that, transformation is associated with expression of

epithelial markers [21]. Enhanced vimentin expression in A4-P

cells suggest mesenchymal while elevated levels of Cytokeratin 8

and 18 in A4-T cells correlate with epithelial features respectively

(Fig. 1E), besides being in concordance with their cell morphology

and the prevalent hypothesis.

Functional characterization of RXR-c an exclusive Group I
protein

Ten Group I proteins were expressed exclusively in the A4-P

cells (EEx proteins). Literature-based functional annotation led to

their categorizat ion into four functional groups viz.

i. Cell differentiation and apoptosis – RXR-c, PRDX4;

ii. Cell proliferation – GNA11, PIBF-1, ANXA5, Cathepsin D

(CTSD);

iii. Mitosis and cytokinesis – KLH9;

iv. Epithelial-mesenchymal transition (EMT) – TPM1, ANXA5.

While all the above functions are relevant in the process of

transformation, we focused on studying the functionality of cellular

differentiation and apoptosis that is critical in maintaining tissue

homeostasis and known to be regulated by RXR-c at the

transcriptional level by dimerizing with retinoic acid or retinoic

acid X receptors (RAR or RXR respectively) or other permissive
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heterodimer partners like PPAR-c [22,23,24]. We thus decided to

investigate the role of RXR-c in our epithelial ovarian cancer

progression model.

RXR-c interactions with nuclear receptors and
modulation of cellular differentiation in A4-P cells upon
retinoids treatment

Retinoid treatment enhanced RXR-c levels in A4-P cells; and

interestingly, resumed significant expression in A4-T cells as well

(Fig. 2E,F). CRA and ADA individual treatment elevated RXR-c
levels in both cell types, though this induction was less effective in

combination with TTNPB. Towards validation of RXR-c
interactions with other nuclear receptors, co-immunoprecipitation

and immunoblotting affirmed interactions with PPAR-c, RAR-c,

RXR-a and RAR-a in pre-transformed cells (Fig. 3A,B). Evalu-

ation of RXR-c involvement in cellular differentiation was

achieved through profiling epithelial markers E-cadherin (E-cad),

Cytokeratin 18 (CK-18) and Mucin-1 (Muc-1) at gene expression

and protein levels, in steady state and on exposure to natural viz.

CRA and synthetic retinoids (ADA and TTNPB) (Fig. 3C). At

steady state, lower expression of E-Cad was observed in A4-P cells.

Expression of E-Cad further increased with CRA and also with

ADA; CRA was given alone or in combination with ADA and

TTNPB. Levels of E-Cad, CK18 and Muc-1 were endogenously

higher in A4-T cells. Synthetic retinoid ADA alone or in

combination with CRA upregulated CK18 expression in both

cell types. Although, specific role of TTNPB in cellular differen-

tiation is unknown, TTNPB treatment resulted in minor

upregulation of differentiation markers. All three markers were

enhanced in response to retinoid exposure in A4-P cells thereby

affirming the involvement of RXR-c in modulation of cellular

differentiation. Retinoid treatment in the A4-T cells resulted in

induction of RXR-c without any significant alterations in the

levels of these epithelial differentiation marker at gene expression

and protein levels (Figs. 3D,3E).

Retinoid induced RXR-c levels sensitize transformed cells
towards apoptosis via intrinsic pathway

Role of RXR-c in mediating apoptosis in response to natural

and synthetic retinoids was evaluated (Fig. 4A). At steady state,

apoptosis was significantly lower in A4-T cells as compared to A4-

P cells indicating acquisition of resistance to apoptosis during the

transformation process. Apoptosis was enhanced in both cell types

on exposure to CRA and ADA – either alone or in combination

(Fig.4B). While TTNPB by itself failed to induce cell death, in

combination with ADA and CRA it sensitized A4-T cells to

Figure 2. Validation of differentially expressed proteins and induction of RXR-c levels on retinoid treatments. Quantitative validation
of the expression and fold change of some proteins, identified in both groups; Group I proteins, A, exclusively expressed in A4-P and B, in A4-T cell
respectively; whereas D, group-II proteins quantitatively up-regulated in A4-P cells and E, in A4-T. E. Relative expression of RXR-c and b-actin in CRA,
ADA or TTNPB retinoids treated A4-P (P) and A4-T (T) cells validated through immunoblotting. F. Quantitation of relative RXR-c expression in A4-P and
A4-T cells. Statistical analysis showing test of significance (*-control A4-P and retinoids treated cells; $- control A4-P and retinoids treated cells).The
data shown are representative of three separate experiments and depicted as mean 6 SEM *p,0.05, **p,0.01, ***p,0.001.
doi:10.1371/journal.pone.0070398.g002
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apoptosis. Retinoid mediated activation of RXR-c expression was

also found to correlate directly with higher levels of apoptosis

(Fig. 2E,F). We profiled expression of the transcription factor Snail

(that antagonizes p53-mediated pro-survival signaling through

active repression of the pro-apoptotic molecules PUMA/BBC3,

ATM and PTEN in ovarian cancer cells under stress; [19]) to

evaluate the effect of RXR-c led apoptosis on it. Caspase 9, a

marker of intrinsic apoptosis pathway, upregulated during RXR-c
and PPAR-c induction and Bcl-2 as markers of apoptosis [25].

Snail and Bcl-2 expression were reduced, while significantly

elevated expression of RXR-c, PPAR-c and Caspase 9 were

evident on retinoid treatment (Fig. 4C, 4D, 4E). The expression of

these molecules was further enhanced on combinatorial retinoid

treatment. We further probed the effects of retinoids on cell cycle

profiles (Fig. S1A,1B). As expected, steady state A4-T cells possess

higher S & G2/M populations than A4-P cells indicating active

proliferation. CRA treatment enhances apoptosis along with G2/

M arrest in A4-P cells while ADA and TTNPB induce only G2/M

arrest. In the combinatorial treatments, CRA with ADA or

presence of all three retinoids induced a G1/S arrest in

transformed cells.

In vivo retinoid treatment significantly reduce xenograft
growth in NOD-SCID mice through RXR-c mediated
sensitization of transformed cells towards apoptosis

We further extended the above re-sensitization of RXR-c levels

in A4-T cells effects obtained in vitro to experimental tumors

(Fig. 5A). Mean tumor volume (Figs. 5B,5C) at each treatment

point along with mean tumor volume and weight at 7th week

(Figs. S1C, S1D) showed significant reduction in retinoid treated

mice tumors vs. those in DMSO treated controls. Overall, the

combinatorial retinoid treatment was most effective. The distinctly

upregulated RXR-c expressions in the retinoid-treated tumors

strongly suggest sensitization of transformed A4 cells to apoptosis.

Combined effect of retinoids was found to be most lethal for tumor

growth through resumed RXR-c mediated apoptosis of tumor

cells in vivo. RXR-c levels were found significantly higher in all 5

sets including CRA, CRA & TTNPB, ADA, ADA & TTNPB and

CRA, ADA & TTNPB; in comparison to DMSO vehicle control.

This is a definitive correlation with RXR-c stimulation and

induction of apoptosis in these cells in vitro (Fig.5D).

Figure 3. RXR-c interacts with a number of nuclear receptors and modulates cellular differentiation. A. Co-Immunoprecipitation (Co-IP)
with RXR-c showing eluted Immunocomplex by silver staining. B. Validation of RXR-c indicating interaction in Co-IP with RXR-c with PPAR-c, RAR-c,
RXR-a and RAR-a in A4-P cells validated through immunoblotting. C. Expression profiling of CK-18, Muc-1 and E-Cadherin at transcriptional (Tr) and
protein (Pr) performed by semi-quantitative RT-PCR and immunoblotting in CRA, ADA or TTNPB retinoids treated A4-P (P) and A4-T (T) cells. D.
Quantitation of mRNA expression of E-Cad, CK18 and MUC1 epithelial differentiation markers in A4-P (P; line) and A4-T cells (T; dashed line) upon
retinoids treatment validated through RT-PCR. E. Quantitation of protein expression of E-Cad, CK18 and MUC1 makers in A4-P (P; line) and A4-T cells
(T; dashed line) upon retinoids treatment validated through immunoblotting. Data shown are representative of three separate experiments depicted
as mean 6 SEM *p,0.05, **p,0.01, ***p,0.001.
doi:10.1371/journal.pone.0070398.g003
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Figure 4. RXR-c levels sensitize cellular apoptosis in A4-T cells upon retinoid treatment. A. Annexin V-FITC assay data showing apoptosis
in A4-P and A4-T cells on different retinoids treatment regimes; where i. having no retinoid treatment, ii. treated with CRA, iii. with ADA and iv. with
both having alternative treatment of another synthetic retinoid i.e. TTNPB. B. Statistical analysis of apoptosis assay showing significant apoptosis
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Discussion

The existence of several histological sub-types that correlate

with different cell(s)-of-origin in ovarian cancer [26] remains a

hurdle in the establishment of representative progression models in

this disease. This is in contrast to other malignancies such as

prostate cancer in which such models have been applied over the

last two decades in elucidating molecular mechanisms of disease

[1,27,28,29]. In the present study, detailed exclusive and

differential protein profiling of a progression model established

earlier in our lab provided novel insights into altered molecular

patterns during SeOvCa progression. A4-P cells with replicative

immortality represent a pre-neoplastic stage while A4-T cells with

aggressive and metastatic characteristics are representative of

transformation and disease progression.

Our data affirms that the two functional states of the model are

associated with distinct protein profiles. Within the group of

proteins exclusive to the A4-P cells, characterization of the role of

RXR-c revealed a sensitivity of the pre-transformed cells to

apoptosis and differentiation as described earlier [30]. Compro-

mised RXR-c levels are also reported in several malignancies

including non-small cell lung cancer [31]; where it also has been

reported that epigenetic silencing of RXR-c correlated with

decreased overall survival of patients [32]. In our pre-transformed

cells, RXR-c cooperates with PPAR-c, RAR-c, RAR-a and

RXR-a to form functional heterodimeric complexes, where RXR-

c with PPAR-c coordinates cellular apoptosis through the intrinsic

pathway confirmed with elevated Caspase-9 levels. Further, we

observed that RXRc activation in transformed cells re-sensitizes

them to apoptosis as a synergistic effect of agonists that mediate

cytotoxic effects in vitro as well as in experimental tumors (Fig. 6).

This is an important identification towards application of retinoid-

based therapies. In this study, we characterized the pleotropic

nature of RXR-c signaling in our SeOvCa-progression model

system. Loss of RXR-c levels indicated to facilitate mechanistic

benefits to transformed cells towards acquisition of resistance to

apoptosis; consequently, retinoid-sensitized tumor cells upregulate

RXR-c levels leading to significant cell death.

The present proteomics approach is a first account of changes in

SeOvCa that reflect on various transformation–associated func-

tional pathways. Significantly, RXR-c signaling could be a

potential gateway in preventing disease progression. The elucida-

tion of RXR-c signaling extends contemporary approaches of

cellular transformation in SeOvCa that can now be exploited

further in development and evaluation of new therapeutic

modalities.

Material and Methods

Ethics statement
All animal work was conducted with the National Centre for

Cell Science (NCCS) Institutional Animal Ethics Committee

(IAEC) approval of experiments in the NCCS Experimental

among both cell types in different sets of retinoid treatment. C. Expression analyses of RXR-c, PPAR-c, Bcl-2, Caspase 9 and snail at transcriptional (Tr.)
and protein level (Pr.) through RT-PCR and immunoblotting respectively. D. Quantitation of mRNA expression, i. expression of RXR-c, PPAR-c, Caspase
9, Bcl-2 and snail upon retinoids treatment in A4-P cells whereas, ii. shows their levels in A4-T cells on validation through RT-PCR. E. Quantitation of
protein expression, i. expressions of RXR-c, PPAR-c, Caspase 9, Bcl-2 and snail in A4-P cells whereas, ii. shows their levels in A4-T cells upon retinoids
treatment validated through immunoblotting.
doi:10.1371/journal.pone.0070398.g004

Figure 5. In vivo retinoid treatment resumes RXR-c levels and reduces xenograft growth. A. Experimental procedure illustrating retinoids
treatment regime in NOD-SCID mice. Mice were observed upto 3 week until tumor size grows 25–30 mm3, treatment of DMSO, CRA, CRA+TTNPB,
ADA, ADA+TTNBP and CRA+ADA+TTNBP started on 4th week and proceeded upto 7th week. B. Graphical representation showing tumor volumes of
control and retinoids treated NOD-SCID mice at different time points. C. Comparative tumor sizes of control and retinoids treated tumors. D.
Quantitative expression of RXR-c in control and retinoids treated tumors validated through immunoblotting. Data shown are representative of three
separate experiments (n = 6 for in vivo experiments) and depicted as mean 6 SEM *p,0.05, **p,0.01, ***p,0.001.
doi:10.1371/journal.pone.0070398.g005
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Animal House (EAH) Facility, and was performed as per the

norms, laws and policies laid down by the committee.

Cell culture, treatments and transfections
Derivation of the A4 progression model of pre-transformed and

transformed SeOvCa cells (A4-P and A4-T cells) is described

earlier [14,18]. Retinoid (RXR-c ligand) treatment was carried out

using either natural retinoid viz. 9 Cis Retinoic acid (CRA;10 mM)

or synthetic retinoids Adapalene (ADA; 2 mM; RAR agonist) or 4-

[(E)-2-(5,6,7,8 –Tetrahydro - 5,5,8,8 –tetramethyl – 2 naphthale-

nyl) – 1 -propenyl] benzoic acid Arotinoid acid (TTBPB; 10mM;

RXR and RAR agonist) for 48h.

Sample preparation, 2-Dimensional gel electrophoresis
(2DE) and image analyses

Cell pellets (107) of A4-P and A4-T were suspended in 500 ml ml

of urea lysis buffer containing 8 M Urea, 2 M Thiourea,100 mM

DTT, 2% CHAPS and 0.2% ampholytes with protease-inhibitor

cocktail (Amersham USB Guideline). Cell extract was allowed to

be mixed for at least 15 minutes and incubated for 30 minutes at

room temperature to facilitate proper protein solublisation.

Protein samples were further centrifuged (110,000g for 1 hour at

4uC) and suspension was collected. Protein concentration was

estimated with 2DE quant kit (GE healthcare) at 480 nm (Bekman

Coulter). Prepared samples were run on first dimension (pI)

followed by of second dimension in denaturing SDS-PAGE (Mw).

A total of 350 mg whole cell protein lysate was taken on 18 cm

immobilized pH gradient (IPG) strip (pH 4–7) and rehydrated

overnight. A three step IEF voltage program was prepared to the

strips on a Protean IEF cell (Bio-Rad): 50 V for 20 mins, 10,000 V

for 2 hours minutes and 10,000 V for 45,000 V-hr. Strips were

further reduced by incubation in the equilibration/reduction

buffer (6 M Urea, 0.375 M Tris pH 8.8, 2% SDS, 20% glycerol,

2% (w/v) DTT (Sigma)) and then alkylated the same buffer but

containing 2.5% (w/v) Iodoacetamide (Sigma) instead of DTT.

The second dimension was accomplished by running the IPG

strips on 1.0 mm-thick of 10%-(w/v)- SDS-PAGE. Gels were

stained with mass spectrometry compatible modified coomassie

blue (Pierce, Thermo-Fisher) and silver stain. Image acquisition of

protein gel was accomplished using Quantity OneH software of

VersaDocTM system (Bio-Rad Laboratories, USA) with equal

parametric values. Image analysis and spot detection were

performed on PDQuest 2-DE analysis software advanced version

8.0 (Bio-Rad). For quantitative and qualitative spot comparison

across both gels, match-sets (Master set) of six replicates of A4-P

and A4-T 2DE-gels were prepared and analysed. Software

facilitates annotation of each and individual spot, unique identities

were provided to every protein spots of replicate gel. An analysis

set of proteins have been prepared to identify spots that are

significantly different. Analysis set were made based on identified

proteins spots unique to A4-P and A4-T and common spots

among two replicate groups with a 2.0 fold quantity variation

threshold. A total estimate of matched and unmatched spots was

prepared to final images and differential proteins were identified

in-between two cell types representative gels.

In-gel digestion and protein identification using MALDI-
TOF/TOF

Protein spots in 2DE showing differential expression and

satisfying the statistical criteria were selected and excised for in-

gel digestion and further MS analyses. Spot excision was

performed manually with the help of sterile sharp spot cutter.

Briefly, the gel slices were destained in 25 mM ammonium

bicarbonate, subsequent dehydrated with a 2:1 mixture of 50 mM

ammonium bicarbonate:100% acetonitrile (ACN) for repeated

3 times each 5 minutes. Gel slices were reduced with 10 mM

Figure 6. Schematic model showing modulation of cellular differentiation and apoptosis by RXR-c during the progression of
epithelial ovarian cancer. A. RXR-c modulation at steady state in pre-transformed cells; retinoids treatment enhances RXR-c levels and scale up
apoptosis (upon RXR-c interaction with PPAR-c) and expression of epithelial differentiation specific markers (upon RXR-c interactions with RAR-c,
RXR-a and RAR-a). B. Deficiency of RXR-c providing benefits of resistance to apoptosis to transformed cells; retinoid treatment induced RXR-c levels
sensitize these cells towards significant apoptosis.
doi:10.1371/journal.pone.0070398.g006
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DTT at 60uC for 1 hour. After cooling, gel slices were incubated

for 15 min at room temperature with 50 mM iodoacetic acid.

After washing and dehydrating the gel slices with 25 mM

ammonium bicarbonate and ACN for 10 min, they were vacuum

dried and tryptic digestion performed with 50 mM ammonium

bicarbonate containing 20 ug/mL modified proteomic grade

trypsin (Sigma-Aldrich) according to the manufacturer’s instruc-

tions and kept on ice for 30 min. Additional 25 mM ammonium

bicarbonate was added and digestion was continued overnight at

37uC. Extracted peptides were completely dried using a speedvac

and re-suspended in 10 ml of 20% Ammonium Bicarbonate and

1% formic acid solution.

After processing through the Zip-Tip pipette tips (Millipore,

USA), peptide mixtures were dissolved with matrix solution. The

matrix used for MALDI analysis was a-cyano-4-hydroxycinnamic

acid (Sigma) at 20 mg/ml in 50% acetonitrile, 0.1% trifluoroacetic

acid. Equal volumes of peptide and matrix solution were mixed,

and 1 ml of the resulting solution was spotted on a stainless steel

MALDI sample plate. Spectra of digested peptides were acquired

on a 4800 MALDI-TOF/ TOF mass spectrometer (AB Sciex,

Framingham, MA) linked to 4000 series explorer software (version

3.5.3). Produced mass spectra were recorded in a reflector mode

within a mass range from 800 to 4000 Da, using a Nd:YAG

355nm laser. The acceleration voltage and extraction voltage were

set on 20 kV and 18 kV respectively. Six point calibration of the

instrument was performed with peptide standard kit (AB Sciex).

All of the MS spectra were obtained from accumulation of 900

shots. MS/MS spectra were acquired with a total accumulation of

1500 laser shots and collision energy of 1Kv. At completion of MS

survey scans, the data was processed to generate a list of precursor

ions for interrogation by MS/MS. The combined MS and MS/

MS peak lists were explored using the GPSTM Explorer software

version 3.6 (AB Sciex). Protein identification was performed by

MS/MS ion search using MASCOT (version 2.1) (http://www.

martixscience.com) search engine against the SwissProt database.

The search parameters were set as follows: all entries and human

taxonomy, trypsin digestion and one missed cleavage, fixed

modifications: carbamidomethylation of cysteine residues, mass

tolerance: 150 ppm for MS and 0.4 Da for MS/MS. Identified

proteins having at least two unique matched peptides were selected

with an identification confidence interval threshold of $95%.

Co-immunoprecipitation and Immunoblotting
1mg cellular protein extracted in RIPA buffer (1M Tris pH 7.4,

4M NaCl, 0.5M EDTA, NP-40, 10% SDS) was incubated with

5 mg RXR-c antibody for 2 h at 4uC. This was followed with

overnight incubation with 20 ml protein-A agarose (Amersham,

GE Healthcare). Complex-bound bead were collected through

centrifugation at 12,000 g for 1 min, was washed with TBS

(50 mM Tris–HCl, 150 mM NaCl, PMSF), resuspended in

26SDS buffer and heated at 95uC for 5 min. Eluted proteins

were resolved on 2–4% denaturing SDS-PAGE at 80 V followed

by immunoblotting, that was performed as described earlier [19].

Details of antibodies used in the study will be made available on

request.

Semi-quantitative reverse transcription-PCR
Semi-quantitative reverse transcription-PCR was performed

under standard conditions as described earlier [19] and amplified

products resolved on a 1.5% agarose gel; b-actin was used as

internal control.

Cell cycle and apoptosis assay
Cell cycle analysis of transfected and retinoid-treated cells was

done with PI (Propidium-Iodide) staining using standard protocols

[20]. Data acquisition and analysis was performed on FACSCa-

libur (Becton Dickinson, San Diego, CA, http:// www.

bdbiosciences.com) using ModFit analytical software. Annexin

V–FITC apoptosis assay was performed as described earlier [20]

using FACSCanto II (Becton Dickinson); DiVa software (Becton

Dickinson) was used for data analysis.

In vivo studies
In vivo experimentation was performed in NOD/ SCID mice

bred and maintained at Experimental Animal Facility, NCCS; and

carried out as per the norms, laws and policies of the institutional

ethical committee. A4-T cells (2.56106) were injected subcutane-

ously (SC) in thighs of 4–6 week-old male mice and observed every

48 h till 3 weeks for tumor formation. Injections of retinoids i.e.

9Cis RA, ADA and TTNPB as well in combination started while

tumor size reaches 25–30 mm3 in volume, where DMSO given to

vehicle control mice. Treatments of DMSO, 25 mM 9Cis RA,

25 mM 9Cis RA+10 mM TTNPB, 5 mM ADA, 5 mM ADA

+10 mM TTNPB and 25 mM 9Cis RA+5 mM ADA +10 mM

TTNPB retinoids injections were given twice per week into the

tumor of each mouse. Tumor size was monitored in two

perpendicular directions using Vernier’s calliper; individual tumor

weights and sizes were more precisely quantified in the seventh

week after sacrificing mice to harvest tumors.

Statistical analysis
All experiments were carried out at least in triplicate; data are

expressed as mean 6 SEM of three independent experiments. The

significance of difference in the mean values was determined using

two–tailed Student’s t test; p,0.05 was considered significant.

ANOVA test was performed to compare gene and protein

expression and tumor volume over time between treatment

groups at a significance level of ,0.05. Student-Bonferroni test

was used to evaluate sub-comparisons to control the test-wise error

rate.

Supporting Information

Figure S1 A. PI based FACS analysis of cell cycle in A4-P
and A4-T cells on different treatment regime of no
retinoid treatment, treatment with CRA, ADA and with
both having alternative treatment of another synthetic
retinoid i.e. TTNPB, showing percentage of relative
populations in different cell cycle phases. B. Quantitation

of different cell cycle phases of A4-P and A4-T cells on different

retinoid treatments. C. Graphical representation showing tumor

volumes of retinoids treated NOD-SCID mice. D. Graphical

representation showing tumor weight of retinoids treated NOD-

SCID mice. The data shown are representative of three separate

experiments and depicted as mean 6 SEM *p,0.05, **p,0.01,

***p,0.001.

(DOC)

Table S1 Summary of total numbers of proteins
identified between A4-P and A4-T cells through 2DE
analyses followed by MALDI-TOF-TOF (MS/MS) iden-
tification.

(DOC)
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