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Table 3). Further, the Western blot analysis of 
tumor xenograft lysate treated with shRNA3 
confirmed the qPCR findings and revealed that 
E-cadherin, cytokeratin 18 and EMA were up- 
regulated whereas downregulation of N-cad- 
herin, SNAIL, SLUG, VIMENTIN, SMA, MMP2, 
MMP3, MMP9 and TWIST was observed (Fig- 
ure 7C). Validation for qPCR and Western blot-
ting results were further confirmed by IHC whi- 
ch showed that immuno-reactivity of E-cadh- 
erin and cytokeratin 18 was increased, while 
decreased immuno-reactivity of N-cadherin, 
SNAIL, SLUG, VIMENTIN, SMA, MMP2, MMP3, 
MMP9 and TWIST was observed in shRNA3 
treated tumor as compared to NC shRNA treat-
ed tumor (Figure 7D).

Discussion

Ovarian cancer is one of the most common can-
cer amongst gynecological cancers [1]. 
Especially serous ovarian carcinoma is the 
most prevalent subtype of epithelial ovarian 
cancer (EOC) and accounts for about 80-90% 
of all ovarian cancers [3]. Early-stage ovarian 
cancers are normally asymptomatic and hence 
are diagnosed at an advanced disease stage, 
when treatment modalities are limited [15].  
Till date few cancer testis (CT) antigens expres-
sion have been shown to be associated with 
ovarian cancer [16-19] however, none of these 
CT antigens are in clinical practice yet. In this 
study, we investigated the role of HSP70-2 in 
EOC and found its expression in all the EOC cell 
lines. Small interfering RNA-mediated (shRNA) 
knockdown of HSP70-2 expression in EOC cells 
resulted in reduced cellular proliferation, cell 
viability, colony forming ability, cellular motility, 
invasion ability and retarded tumor growth in 
in-vivo ovarian cancer xenograft mouse model. 
Our recent studies also demonstrated that 
ectopic expression HSP70-2 does promote cel-
lular proliferation, migration and invasion in in 
vitro and tumor growth in in vivo in bladder can-
cer [7], cervix cancer [8], breast cancer [9] and 

colorectal cancer [10]. Recently, it has been 
reported [20] that employing shRNA approach 
to silence genes involved in disease progres-
sion may be a novel approach for development 
of a new class of therapeutics.

In an attempt for developing a novel therapeu-
tic target for ovarian cancer, our study demon-
strated that HSP70-2 depleted cells showed 
downregulation of anti-apoptotic proteins and 
increased expression of pro-apoptotic genes. 
This in turn further led to upregulation of cyto-
chrome-C, caspase 3, caspase 7 and caspase 
9. Also, Apoptotic protease activating factor 1 
(APAF1) was found to be upregulated resulting 
in reduced cellular growth and hence the cell 
death. Similarly, recent studies also showed 
that anti-apoptotic gene BCL-2 along with other 
members, Bcl-xL and MCL-1 suppress the activ-
ity of pro-apoptotic proteins BAX and BAK [21]. 
In the absence of anti-apoptotic genes, BAX 
and BAK disrupt the integrity of the outer mito-
chondrial membrane, causing the release of 
pro-apoptotic signaling protein, cytochrome-C, 
which in turn activates the cascade of caspas-
es leading to multiple cellular changes associ-
ated with apoptosis [21]. Further in support  
of our data, yet another study has shown that 
gene silencing of c-myc (proto-oncogene) led to 
upregulation of apoptotic-related molecules 
caspase 3, caspase 9 and PARP1 in ovarian 
cancer cells [22]. Our investigation distinctly 
show that HSP70-2 promotes cellular growth 
and thus, depletion of HSP70-2 seems to pro-
mote apoptosis in ovarian cancer cells.

Cell cycle dysregulation is a common molecular 
finding with upregulation of cyclin D1 or E1, 
E2F1 or cyclin dependent kinases (CDK2), and 
downregulation of CDK inhibitors (p16, p21 and 
p27) have been observed in ovarian cancer 
[23]. Interestingly, our findings revealed that 
HSP70-2 depleted cells had increased expres-
sion of cell cycle inhibitors (p16, p21) which in 
turn downregulated the expression of cyclin D, 

Figure 7. HSP70-2 shRNA treatment initiates the onset of apoptosis and inhibits EMT in tumor cells. A. Western blot 
data show upregulation of pro-apoptotic molecules and downregulation of anti-apoptotic molecules. B. Represen-
tative images of IHC of serial sections exhibit increased immuno-reactivity of pro-apoptotic molecules in shRNA3 
treated mice as compared to NC shRNA treated mice. However, decreased immuno-reactivity is observed in case 
of anti-apoptotic molecules. C. Western blotting in tumor lysates shows upregulation of epithelial markers and 
downregulation of mesenchymal markers in tumor cells treated with shRNA3 as compared to NC shRNA. D. Rep-
resentative micrographs of IHC analysis on serial tumor sections shows increased immuno-reactivity of epithelial 
markers and reduced immuno-reactivity of mesenchymal markers in shRNA3 treated mice as compared to NC 
shRNA treated mice. Original magnification ×400, objective ×40.
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cyclin E thus resulting in cell growth arrest 
(Figure 4). As a result, downregulation of 
CDK4/6-cyclin D or CDK2-cyclin E, decreased 
phosphorylation of Rb was found which further 
lead to increased expression of E2F1 and 
hence, arrest of cancer cells at G0-G1 phase of 
cell cycle. These findings were similar to earlier 
studies carried out on salt-inducible kinase 3 
[24] and COX-1 [25] in ovarian cancer cells. 
Hence, ablation of HSP70-2 arrests the cell 
cycle and inhibited cellular growth of ovarian 
cancer cells.

EOC cells display an aggressive characteristic 
feature which has the ability to migrate and 
invade into the peritoneal cavity and metasta-
size to local organs [26]. Our study revealed 
that HSP70-2 depleted cells had reduced 
migratory and invasive ability indicating that 
HSP70-2 plays an important role in cellular 
motility. E-cadherin helps to assemble epitheli-
al cells and maintain structural integrity and 
loss of E-cadherin is considered to be the main 
alteration in the cancer cells. Moreover, reduc-
tion of E-cadherin expression has been shown 
to be associated with invasion and metasta- 
sis [23]. Contrary to this, adhesion molecule, 
N-cadherin is often upregulated and is ass- 
ociated with the cell migration and invasion in 
cancer cells [21]. Transcriptional factors, 
including SNAIL, SLUG and TWIST involved in 
EMT have been found to be expressed in vari-
ous malignancies [23]. These studies suggest-
ed that expression of transcription factors lead 
to loss of adherent junctions, associated con-
version from epithelial to spindle morphology, 
expression of matrix degrading enzymes 
(MMP’s) and increased motility [21]. Inter- 
estingly, our data also showed similar finding  
at molecular level, wherein, HSP70-2 ablated 
cells had increased expression of epithelial 
markers including, E-cadherin, while downregu-
lation of mesenchymal markers, N-cadherin, 
VIMENTIN, SMA, MMP2, MMP3 and MMP9. 
Transcription factors such as SNAIL, SLUG and 
TWIST which promotes EMT were also down-
regulated (Figure 5). Other studies have also 
shown in ovarian cancer cells that COX-1 
depleted cells show reduced expression of 
genes promoting cell invasion or migration [23]. 
We are the first to report that CT antigen, 
HSP70-2 depleted ovarian cancer cells have 
reduced cellular motility as a result of low 
expression of EMT molecules.

Encouraged by our observations in cell culture, 
we confirmed these findings in in-vivo mouse 
model. Animals treated with HSP70-2 shRNA 
exhibited retarded tumor growth which was 
consistent with our previous findings in bladder 
and cervix cancer xenograft mouse model [7, 
8]. Our data further showed that HSP70-2 
shRNA treatment altered various genes of cell 
cycle in G0-G1 stage which resulted in cell cycle 
arrest and caused senescence. Other studies 
on COX-2 selective inhibitor [27] and metfor- 
min (antidiabetic drug [28]) supported our data 
and showed that these inhibitors led to down-
regulation of cyclin D1 as assessed by IHC in 
in-vivo ovarian cancer system. So far no CT anti-
gen has been explored for its involvement at 
molecular level in various pathways contribut-
ing towards tumor growth and cellular motility 
in ovarian cancer cells. Apparently, this seems 
to be the first report showing role of HSP70-2 in 
cellular growth in the ovarian cancer cells. 
Apoptosis is one such physiological process by 
which tumor growth can be retarded. We 
showed the effect of HSP70-2 knockdown on 
tumor regression in in-vivo mouse model and 
found that HSP70-2 depleted tumor had in- 
creased expression of cytochrome-C, caspas-
es, pro-apoptotic molecules, while decreased 
expression of anti-apoptotic molecules at both 
mRNA as well as protein levels. Some earlier 
studies have also shown similar trend in tumor 
regression treated with NCX-4016, a nitro-
derivative of aspirin [29] and RY-2f, an isofla-
vone analog [30] in human ovarian cancer 
xenograft model. Thus, HSP70-2 seems to be a 
key molecule involved in growth and motility of 
ovarian cancer cells. 

HSP70-2 is member of HSP70 family of pro-
teins [6]. HSP70 proteins can be thought of as 
a potent buffering system for cellular stress, 
either from extrinsic (physiological, viral and 
environmental) or intrinsic (replicative or onco-
genic) stimuli. HSP70-2 protein may have a 
buffering system in ovarian cancer cells and 
may utilize this property to stabilize the pro-
teins that are required for ovarian cancer cell 
survival. Therefore, future studies are warrant-
ed to target the HSP70-2 as combination thera-
py to treat the ovarian cancer patients. Recently 
it was documented that gene silencing of 
CDK11 increased the cytotoxic effect of che-
motherapeutic agent paclitaxel in ovarian can-
cer cells [31]. The antitumor effect of HSP70-2 
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knockdown has paved a way for exploring 
shRNA based novel cancer treatment. In this 
context, as monotherapy, recent clinical trials 
employing siRNAs against VEGF and kinesin 
spindle protein (KSP) have shown promising 
results to treat metastatic endometrial and 
hepatocellular carcinoma [20] as a new thera-
peutic treatment modality for cancer.

Collectively, our study shows that HSP70-2 
plays an important role in ovarian cancer. Gene 
silencing studies clearly indicate that HSP70-2 
promotes cellular growth and multistep pro-
cess including migration and invasion of ovari-
an cancer cells. Hence, our study suggests that 
HSP70-2 may be a putative therapeutic target 
in combination with other chemotherapeutic 
agents against ovarian cancer for future treat-
ment strategies and warrants future studies.
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Supplementary Information

List of antibodies

1. Primary antibodies: Western blotting, FACS, IIF, IHC studies: Rabbit anti-HSP70-2 antibody;

2. Co-localization studies [Calnexin, endoplasmic reticulum marker, sc-70481; GM130, Golgibodies 
marker, sc-55591; MTCO2, mitochondrial marker, ab3298; Lamin A/C, nuclear envelope marker, 
sc-7292 and Pan-cadherin, plasma membrane marker, ab6528)]; 

3. Apoptosis studies [cytochrome-C (sc-13560), Caspase 3 (sc-56052), Caspase 7 (sc-81654), Caspase 
9 (sc-56077), PARP1 (CST9532-Full length protein), APAF1 (ab2000), BCL-2 (B3170), Bcl-xL (B9429), 
MCL-1 (ab32087), Survivin (ab24479), XIAP (ab2541), cIAP2 (sc-7944), BAX (B8554), BIM (sc-11425), 
BAK (sc-7873), BAD (sc-8044), BID (sc-11423), PUMA (ab54288) and NOXA (sc-56169)]; 

4. Cell cycle studies [Cyclin A2 (ab137769), Cyclin B1 (sc-7393), Cyclin D1 (sc-8396), Cyclin E (sc-
56310), p16 (sc-9968), p21 (sc-817), p27 (sc-53906), CDK1 (ab18), CDK2 (ab7954), CDK4 (sc-23896), 
CDK6 (sc-7961), Rb (ab24), p-Rb (ab76298), E2F1 (ab179445)]; 

5. EMT studies [E-cadherin (ab1416), Cytokeratin 18 (ab668), EMA (ab156947), N-cadherin (ab 76011), 
SNAIL (ab85931), SLUG (ab51772), VIMENTIN (ab92547), SMA (ab7817), MMP2 (ab92536), MMP3 
(ab52915), MMP9 (ab119906), TWIST (ab50887)]; 

6. Senescence studies: DcR2 (ab2019);

7. Cellular proliferation studies: PCNA (sc-25280);

8. Secondary antibodies: anti-mouse IgG HRP, anti-rabbit IgG HRP, anti-mouse texas red, anti-rabbit IgG 
FITC (Jacksons ImmunoResearch Laboratories, PA, USA).
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Supplementary Table 1. List of primers of various molecules involved in apoptosis 
and cell cycle
S. No Gene Forward Reverse
1 HSP70-2 CCACAGTGCAGTCGGATATG GCGATCTCCTTCATCTTCGT
2 β-actin GTTGTCGACGACGAGCG GCACAGAGCCTCGCCTT

Apoptosis studies
1 Cytochrome-C GGCGTGTCCTTGGACTTAGA TGCCTTTCTCAACATCACCC
2 Caspase 3 CTGCCTCTTCCCCCATTCT TCGCTTCCATGTATGATCTTTG
3 Caspase 7 GGTTGAGGATTCAGCAAATGA GGATCGCATGGTGACATTTT
4 Caspase 9 AGGTTCTCAGACCGGAAACA CTGCATTTCCCCTCAAACTC
5 PARP1 TCTGCCTTGCTACCAATTCC GATGGGTTCTCTGAGCTTCG
6 APAF1 TCACTGCAGATTTTCACCAGA CCTCTCATTTGCTGATGTCG
7 BCL-2 CTGAGTACCTGAACCGGCA GAGAAATCAAACAGAGGCCG
8 Bcl-xL TTCAGTGACCTGACATCCCA CTGCTGCATTGTTCCCATAG
9 MCL-1 TCGTAAGGACAAAACGGGAC CATTCCTGATGCCACCTTCT
10 Survivin TTGGTGAATTTTTGAAACTGGA CTTTCTCCGCAGTTTCCTCA
11 XIAP GACCCTCCCCTTGGACC CTGTTAAAAGTCATCTTCTCTTGAAA
12 CIAP2 GTCAAATGTTGAAAAAGTGCCA GGGAAGAGGAGAGAGAAAGAGC
13 BAX GGGTTGTCGCCCTTTTCTAC CAGCCCATGATGGTTCTGAT
14 BIM CCTCCCTACAGACAGAGCCA GATAGTGGTTGAAGGCCTGG
15 BAK CCGAAGCCATTTTTCAGGT GACCTCCATCTCCACCCTG
16 BAD CAGGCCTCCTGTGGGAC GGTAGGAGCTGTGGCGACT
17 BID GAGGAGCACAGTGCGGAT GGAACCGTTGTTGACCTCAC
18 PUMA GACGACCTCAACGCACAGTA GTAAGGGCAGGAGTCCCAT
19 NOXA AAGTTTCTGCCGGAAGTTCA GCAAGAACGCTCAACCGAG

Cell cycle studies
1 Cyclin A2 GGAAGGCATTTTCTGATCCA GCTAGGGCTGCTAACTGCAA
2 Cyclin B1 CAGATGTTTCCATTGGGCTT GAACCTGAGCCAGAACCTGA
3 Cyclin D1 GGCGGATTGGAAATGAACTT TCCTCTCCAAAATGCCAGAG
4 Cyclin E TCTTTGTCAGGTGTGGGGA GAAATGGCCAAAATCGACAG
5 p16 GTTACGGTCGGAGGCCG GTGAGAGTGGCGGGGTC
6 p21 AGTCAGTTCCTTGTGGAGCC CATGGGTTCTGACGGACAT
7 p27 TTCATCAAGCAGTGATGTATCTGA AAGAAGCCTGGCCTCAGAAG
8 CDK1 GCGGAATAATAAGCCGGGAT CAACTCCATAGGTACCTTCTCCA
9 CDK2 GAATCTCCAGGGAATAGGGC CTGAAATCCTCCTGGGCTG
10 CDK4 TGCAGTCCACATATGCAACA GTCGGCTTCAGAGTTTCCAC
11 CDK6 TGTCTGTTCGTGACACTGTGC ATGCCGCTCTCCACCAT
12 Rb TCAGTTGGTCCTTCTCGGTC TGTGAACATCGAATCATGGAA
13 E2F1 GGCCAGGTACTGATGGTCA GACCCTGACCTGCTGCTCT

Supplementary Table 2. List of primers of various molecules involved in EMT 
studies

EMT studies
1 E-cadherin GACCGGTGCAATCTTCAAA TTGACGCCGAGAGCTACAC
2 Cytokeratin 18 GTCAATCTGCAGAACGATGC GAGCACTTGGAGAAGAAGGG
3 EMA TGGATGGCTCCAGATATTCC TGTTGATGCTGGCTTTGTTC
4 N-cadherin CCACCTTAAAATCTGCAGGC GTGCATGAAGGACAGCCTCT
5 SNAIL AGGTTGGAGCGGTCAGC CCTTCTCTAGGCCCTGGCT
6 SLUG TGACCTGTCTGCAAATGCTC CAGACCCTGGTTGCTTCAA
7 VIMENTIN ATTCCACTTTGCGTTCAAGG CTTCAGAGAGAGGAAGCCGA
8 SMA CCAGAGCCATTGTCACACAC CAGCCAAGCACTGTCAGG
9 MMP2 ATGCCGCCTTTAACTGGAG GGAAAGCCAGGATCCATTTT
10 MMP3 AGGGATTAATGGAGATGCCC CAATTTCATGAGCAGCAACG
11 MMP9 ACGACGTCTTCCAGTACCGA TTGGTCCACCTGGTTCAACT
12 TWIST TCCATTTTCTCCTTCTCTGGAA GTCCGCGTCCCACTAGC
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Supplementary Figure 1. HSP70-2 gene silencing changes the phenotypic characteristics of ovarian cancer cell, 
A10. Representative SEM images show no phenotypic changes in cells treated with lipofectamine (negative control). 
Intense membrane blebbing and apoptotic bodies formation is observed in cells treated with DMSO and Paclitaxel 
for 6 hours till 48 hours. SEM: Magnification: ×6000, WD = 6 mm, EHT = 20.00 kV.
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Supplementary Figure 2. Quantitative-PCR analysis of various genes involved in apoptosis, cell cycle and EMT. A. 
Histogram depicts the upregulation of caspase 3, caspase 7, caspase 9, APAF1, BAX, NOXA while, downregulation 
of PARP1, BCL-2, Bcl-xL, MCL-1, Survivin, XIAP and cIAP2 in HSP70-2 shRNA3 and shRNA4 transfected cells com-
pared to NC shRNA transfected ovarian cancer cells. B. Histogram demonstrates fold changes in expression level of 
genes of cell cycle, cyclin A2, cyclin B1, cyclin D1, cyclin E, p21, p27, CDK1, CDK2, CDK4 and CDK6 in NC shRNA, 
HSP70-2 shRNA3 and shRNA4 transfected ovarian cancer cells. C. Histogram depicts downregulation of mesenchy-
mal markers, N-cadherin, SNAIL, SLUG, VIMENTIN, SMA, MMP2, MMP3, MMP9 and TWIST in HSP70-2 shRNA3 and 
shRNA4 transfected cells as compared to NC shRNA transfected cells. The three independent experiments were 
performed in triplicates. Data is represented as mean ± SEM (standard error of the mean).

Supplementary Table 3. Relative quantifica-
tion of various genes in HSP70-2 depleted 
A10 ovarian cancer cells

Target gene NC shRNA HSP70-2
shRNA3

HSP70-2
shRNA4

Apoptosis studies
    Caspase 3 1 1.14 1.02
    Caspase 7 1 1.46 1.39
    Caspase 9 1 1.23 1.08
    PARP1 1 0.12 0.08
    APAF1 1 1.68 1.58
    Bcl-2 1 0.05 0.08
    Bcl-xL 1 0.48 0.54
    MCL1 1 0.41 0.52
    Survivin 1 0.50 0.77
    XIAP1 1 0.46 0.65
    cIAP2 1 0.35 0.58
    BAX 1 1.35 1.31
    NOXA 1 1.64 1.26
Cell cycle studies
    Cyclin A2 1 0.031 0.079
    Cyclin B1 1 0.175 0.151
    Cyclin D1 1 0.191 0.352
    Cyclin E 1 0.288 0.186
    p21 1 1.272 1.153
    p27 1 1.436 1.720
    CDK1 1 0.373 0.555
    CDK2 1 0.131 0.292
    CDK4 1 0.369 0.379
    CDK6 1 0.088 0.172
EMT studies
    N-cadherin 1 0.030 0.060
    SNAIL 1 0.331 0409
    SLUG 1 0.068 0.090
    VIMENTIN 1 0.098 0.231
    SMA 1 0.009 0.0176
    MMP2 1 0.167 0.406
    MMP3 1 0.187 0.345
    MMP9 1 0.267 0.526
    TWIST 1 0.019 0.054
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Supplementary Table 4. Relative quantifica-
tion of various genes in HSP70-2 depleted 
A10 ovarian human xenograft

Target gene NC shRNA HSP70-2
shRNA3

Cell cycle studies
    Cyclin A2 1 0.14
    p21 1 1.66
    p27 1 1.48
    CDK1 1 0.69
    CDK2 1 0.74
    CDK4 1 0.36
    CDK6 1 0.38
    Rb 1 2.44
    E2F1 1 0.46
Apoptosis Studies
    Cytochrome-C 1 3.09
    Caspase 3 1 4.38
    Caspase 7 1 2.99
    Caspase 9 1 1.15
    APAF1 1 3.26
    Bcl-2 1 0.18
    Bcl-xL 1 0.68
    MCL-1 1 0.78
    XIAP1 1 0.92
    BAX 1 1.93
    NOXA 1 3.26
EMT studies
    E-Cadherin 1 1.37
    Cytokeratin 18 1 2.52
    EMA 1 4.63
    N-Cadherin 1 0.10
    SNAIL 1 0.30
    SLUG 1 0.66
    VIMENTIN 1 0.83
    SMA 1 0.24
    MMP2 1 0.37
    MMP3 1 0.17
    MMP9 1 0.75
    TWIST 1 0.85
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Supplementary Figure 3. Quantitative-PCR analysis of various genes involved in cell cycle, apoptosis and EMT in 
xenograft tumor cells. A. Histogram demonstrates difference in expression level of genes of cell cycle, cyclin A2, 
p21, p27, CDK1, CDK2, CDK4, CDK6, Rb and E2F1 in NC shRNA and HSP70-2 shRNA3 treated tumor. B. Histogram 
depicts upregulation of cytochrome-C, caspase 3, caspase 7, caspase 9, APAF1, BAX and NOXA; and downregula-
tion of PARP1, BCL-2, Bcl-xL, MCL-1 and XIAP in HSP70-2 shRNA3 treated tumor as compared to NC shRNA treated 
tumor. C. Histogram depicts upregulation of epithelial markers like E-cadherin, cytokeratin 18 and EMA and down-
regulation of mesenchymal markers, N-cadherin, SNAIL, SLUG, VIMENTIN, SMA, MMP2, MMP3, MMP9 and TWIST 
in HSP70-2 shRNA3 as compared to NC shRNA treated tumor. The three independent experiments were performed 
in triplicates. Data is represented as mean ± SEM (standard error of the mean).


