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Synopsis
Re-expression of E2 in human papillomavirus (HPV) transformed tumour cells can induce apoptosis; however, some
evidences also attribute an important role to E2 in sustaining tumorigenesis. In the present paper, we studied the ef-
fects of tumour necrosis factor (TNF)-α-mediated NF-κB (nuclear factor kappa-light-chain-enhancer of activated B-cells)
activation on E2-induced senescence in HPV16-integrated SiHa cells. The results show that E2 inhibits endogenous
E6 gene expression and sensitizes SiHa cells to TNF-α-induced NF-κB activation. Under this condition there was
an increase in the expression of senescent proteins p53, p21, p27 and p16 and senescence-associated (SA)-β -
galactosidase activity indicating that TNF-α augments E2-mediated senescence. Re-expression of E2 expression with
TNF-α treatment resulted in an increase in the expression of anti-apoptotic Bcl2 (B-cell lymphoma 2) protein and
other pro-survival genes like cyclin D1 (cyc D1), survivin and hTERT (human telomerase reverse transcriptase). Con-
comitantly, E2 + TNF-α combination increased the survival of SiHa cells by positive changes in viability, proliferation
and colony formation. E2-induced apoptotic tendency shifted towards senescence in presence of TNF-α by arresting
the cells at both G0/G1 and G2/M phases, thus enhancing cell survival. Another observation in the present study is
the significant up-regulation of key senescence messaging factors regulated by NF-κB namely interleukin (IL)-6, IL-8,
high-mobility group protein A (HMGA)1 and B (HMGB)1 in E2-transfected cells treated with TNF-α. Our data provide a
mechanistic basis and a new insight for the role of TNF-α and E2 in linking cellular senescence, tumorigenesis and
HPV re-infection.
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INTRODUCTION

Cervical neoplastic progression is characterized by high-risk hu-
man papillomavirus (HR-HPV) infection followed by viral in-
tegration and episome clearance [1]. Early viral gene expression
(E1, E2, E4, E5, E6 and E7) plays an important role in host cell
survival irrespective of the viral genome being episomal or in-
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tegrated [2]. HPV E2 is one of the early genes known to repress
the expression of E6 with a consequent increase in p53 levels
[3]. Loss of E2 expression during HR-HPV integration into the
host genome results in the constitutive activation of the viral on-
cogenes, E6 and E7 [4]. Besides, E2 induces growth arrest in
the G1-phase of the cell cycle [5] and induces apoptosis through
the activation of caspase 8 [6]. In contrast, sustained p53 activa-
tion subsequent to E2-mediated DNA damage can also promote
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pro-tumorigenic inflammation and senescence [7]. Interestingly,
depletion of viral early genes including E2, up-regulates genes
involved in autophagy and exhibits senescence-associated secret-
ory phenotype (SASP) [2] implicating a possible dichotomous
role for E2 as an oncogene and a tumour suppressor in HPV-
induced carcinogenesis. Re-infection with HR-HPV [8] together
with the presence of other cofactors of cervical carcinogenesis
like tobacco smoking, oral contraceptives, multiparity and other
sexually transmitted infections together with chronic inflamma-
tion, can provide a conducive environment for extended DNA
damage [9]. Such changes could confer a selective advantage
for an individual cell and ultimately contribute to carcinogenic
progression. Apart from these, cell-mediated immune responses
greatly influence the development of neoplasia by HR-HPV. Sub-
sequent events and their associated cellular changes result in
chronic inflammation by converging at the level of an important
transcription factor, NF-κB (nuclear factor kappa-light-chain-
enhancer of activated B-cells) [10]. For instance, expression of
tumour necrosis factor (TNF)-α is enhanced in response to viral
infection and it acts as a key mediator for the regression of HPV-
induced lesions [11] by exerting a cytostatic effect on normal and
HPV16 immortalized keratinocytes [12,13].

A previous study has shown that HPV E2 can potentiate NF-
κB activation by TNF-α [14] and results from our laboratory
show that HPV16 E2-mediated potentiation of NF-κB activation
induced by TNF-α involves parallel activation of STAT3 (sig-
nal transducer and activator of transcription 3) with a reduction
in E2-induced apoptosis in epithelial cells [15]. Hence, in the
present study, it was of interest to know about the functional
outcome of the re-expression of E2 and TNF-α treatment in
SiHa (human cervical cancer) cells, considering the role of NF-
κB, a major regulator of inflammation, proliferation/survival and
DNA damage-induced senescence [16]. Re-introduction of E2
into HPV-associated cervical carcinoma cells, resulting in react-
ivation of p53 and pRB (phosphorylated retinoblastoma protein)
pathways, has been shown to suppress cellular growth, because
of cell cycle arrest in G1, apoptosis and senescence [17–20]. The
present study provided an insight into the effects of HPV16 E2
re-expression in presence of an inflammatory factor, TNF- α, in
cervical cells with specific cellular consequences that led to cell
survival.

EXPERIMENTAL

Cells, plasmids, transfection and antibodies
The human cervical cancer cell line SiHa was cultured in Dul-
becco’s modified Eagle’s medium (DMEM), supplemented with
10 % FBS, 100 mg/ml streptomycin, 100 units/ml penicillin at
37 ◦C with 5 % CO2. pCMV–E2 (E2 expression plasmid contain-
ing cytomegalovirus promoter) (Dr Lawrence Banks, ICGEB,
Italy) and pGL4.32–NF-κB–Luc (Promega) plasmids were used.
SiHa cells were transfected using Lipofectamine 2000 (Invit-
rogen) as per manufacturer’s protocol. Antibodies to phospho-
RelA (p-RelA) (phosphorylated Rel-like domain-containing pro-

tein A), p21, Bcl2, p27Kip1 (cyclin-dependent kinase inhibitor
p27) and high-mobility group protein A (HMGA)1 (93H1, 2941,
2774, D69C12 and D6A4 respectively, from Cell Signaling),
RelA, HPV16 E2, p53 and HMG-1 (9E10, TVG261, 126 and W-
18, respectively, from Santa Cruz), p16INK4a (cyclin-dependent
kinase inhibitor 2A) (1963, Epitomics), β-actin (A2228, Sigma–
Aldrich) and horseradish peroxidase (HRP)-conjugated second-
ary antibodies (Jackson ImmunoResearch Laboratories) were
procured. Human recombinant-TNF-α (PeproTech), resazurin
(Himedia) and PI (propidium iodide) (Invitrogen) were also used
in the present study.

Reporter luciferase assays
SiHa cells were seeded in 96-well plates (2.5 × 104) and transi-
ently transfected and treated appropriately. As per manufacturer’s
protocol, the cell lysates were used to assess the firefly and Renilla
luciferase activities using specific substrates (Promega dual lu-
ciferase kit) and then the luminescence was measured using the
SpectraMax L Luminometer.

Quantitative real-time PCR
Gene specific quantitative SYBR green quantitative real-time
PCR (qPCR) assays were performed to monitor expression levels
of different genes in Mastercycler® ep realplex4 thermal cycler
(Eppendorf software version 2.2) using 2× Sensimix low Rox
(Roche) by using cDNA reverse-transcribed from RNAs isolated
from the SiHa cells transfected and treated appropriately as men-
tioned. The primers used are listed in the Supplementary Table
S1. The quantification was assessed by calculating the 2( − ��C

T
)

(�CT = CT target − CT reference and CT is the threshold cycle
value for each of them). ��CT = �CT gene transfected sample
− �CT control transfected sample. The relative quantification
of gene expression (target) using β-actin as an internal control
(reference) was calculated.

Immunoblotting
SiHa cells were seeded (1.6 × 106) in 60 mm dishes, transfected
with appropriate treatment with or without TNF-α (20 ng/ml) for
24 h. Total lysates using radioimmunoprecipitation assay (RIPA)
buffer were prepared and immunoblotted for protein expression
studies using specific primary antibodies and appropriate second-
ary antibodies. Immunoblots were developed by ECL (enhanced
chemiluminescence) kit (Amersham).

SA-β-galactosidase assay
Senescence-associated (SA)-β-galactosidase activity at pH 6.0
was estimated using its substrate, 4-methylumbelliferyl-β-D-
galactopyranoside (4-MUG) that does not fluoresce until cleaved
by the enzyme to generate the fluorophore 4-methylumbelliferone
(4-MU). Cells were processed as described elsewhere [21]
without the other modifications.

Resazurin reduction assay
SiHa cells transfected for 24 h with control or E2 plasmids
and treated with TNF-α (20 ng/ml for 24 h) were re-seeded in
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96-well plates (0.1 × 105 cells) and incubated for different time
durations till assayed. Resazurin dye was added at 10 % volume
(10 μl of 1 mg/ml) to each well and incubated till a purple col-
our developed. The supernatant from each well was then diluted
20 times and the amount of resazurin reduced by the cells was
determined by measuring its absorbance at 570 nm with 595 nm
as background reference using a plate reader (Bio-Rad laborator-
ies) along with a blank control (medium alone). The cell viability
was calculated against the untreated control and represented as
percentage viability.

BrdU cell proliferation assay
Cells 24 h, post transfection and treatment with TNF-α (24 h)
were reseeded in 96-wells at a density of 15000 cells/well in
100 μl culture medium. The cells were pulsed with bromodeoxy-
uridine (BrdU) 12 h before the end point of the assay and controls
that did not receive the BrdU label. Then cells were assayed for
BrdU incorporation using Abcam assay kit as per manufacturer’s
protocol. The absorbance was read at 450/550 nm, which is dir-
ectly proportional to the amount of BrdU incorporated into the
actively proliferating cells, calculated as percentage against those
cells that did not receive BrdU for each sample.

Annexin V/PI staining for apoptosis detection
After appropriate experimental conditions, around 105 cells were
used for analysis. Cells were suspended in 300 μl of 1× binding
buffer and incubated with 5 μl of Annexin V–FITC and 5 μl of
PI (1 μg/ml) at room temperature (RT) for 5 min as per manufac-
turer’s protocol (Invitrogen). A minimum of 10000 events was
analysed by flow cytometer (Beckman Coulter) using the Quanta
SC–MPL software program. Annexin V and PI positive cells
were counted by using appropriate controls and after compensa-
tion of the voltage gating. Data are represented as percentage of
cells positive for Annexin V or PI along with the live population
for every 10000 cells counted.

Cell cycle analysis
SiHa cells (1.0 × 106) seeded in six-well plates and appropriately
transfected and treated were further trypsinized, washed with ice-
cold 1× PBS and fixed overnight in 70 % ethanol in PBS–EDTA
at − 20◦C. Cells were then washed with PBS–EDTA containing
1 % FBS, suspended in PBS–EDTA and incubated with RNase
A (0.2 mg/ml) for 30–45 min at 37 ◦C. DNA staining was done
with PI (1 mg/ml) for 15 min. Cells (∼1 × 104) were run on a flow
cytometer (excitation: 488 nm laser, emission: 610BP filter) and
analysed by the Quanta SC-MPL software (Beckman Coulter) to
determine the percentage of cells in G0/G1, S or G2/M phases of
the cell cycle.

Clonogenic cell survival in vitro
Cells were transfected and treated appropriately and reseeded in
six-well plates (100 cells/well). After 15 days of incubation, the

colonies were stained with 0.5 % crystal violet made in methanol,
washed in running water, air-dried and then counted manually.
The number of colonies was counted on an inverted-stage micro-
scope at 40× magnification.

Statistical analysis
Statistical tests were carried out by unpaired Student’s t test using
GraphPad Prism version 6 software.

RESULTS

Re-expression of E2 potentiates TNF-α-induced
NF-κB activation and inhibits E6 gene expression in
SiHa cells
To understand the effect of E2 on TNF-α-mediated NF-κB ac-
tivation, pCMV vector or E2-transfected SiHa cells were treated
with different concentrations of TNF-α (1, 2.5, 5, 10, 15 and
20 ng/ml for 6 h) and analysed for NF-κB luciferase activity. E2-
transfected SiHa cells showed a significant induction of around
3-fold in NF-κB transcriptional activity whereas a progressive
and significant increase was observed in E2-transfected cells
treated with 5 to 20 ng/ml of TNF-α (Figure 1A). Since more
than 20 ng/ml of TNF-α caused cell death (result not shown)
20 ng/ml was chosen as an optimal concentration for further
studies to elicit maximum response in these cells. To confirm
the re-expression of E2, a known regulator of E6 transcription,
E6 transcript levels were analysed by qPCR in SiHa cells and as
indicated in Figure 1(B), endogenous E6 mRNA levels in SiHa
cells were reduced to ∼0.5-fold upon E2 transfection compared
with pCMV vector-transfected cells without E2 expression. TNF-
α treatment enhanced the endogenous E6 level by ∼0.5-fold as
was previously reported [22] and this increase by TNF-α was
found to be reduced to ∼0.5-fold by re-expression of E2. These
results suggest that re-expression of E2 in SiHa cells inhibited en-
dogenous E6 gene expression, activated NF-κB and interestingly
sensitized the cells towards TNF-α-induced NF-κB activation
even at sub-optimal doses.

Potentiation of TNF-α-induced NF-κB activation by
E2 up-regulates E2-induced senescence
Since E2 re-expression in SiHa cells is known to induce senes-
cence [19] it was of interest to analyse the expression of senes-
cent markers in the presence of TNF-α in E2-transfected cells.
We transfected SiHa cells with pCMV or E2 expression plasmid
followed by treatment with TNF-α (20 ng/ml for 6 h) and the
immunoblots in Figure 2A show that E2-transfected cells (E2 ex-
pression confirmed by immunoblot) had higher levels of p53 (∼6-
fold) and p27 (10-fold) due to down-regulation of E6 [23] and E7
transcription [24] respectively. As expected, p53-regulated p21
(3-fold) and p27-regulated p16 (2-fold) expression levels were
increased in E2-transfected cells though the increase in p16 was
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Figure 1 Ectopic expression of E2 potentiated TNF-α-induced NF-κB activation
(A) SiHa cells were transfected with NF-κB-Luc and pRL–TK (Renilla luciferase vector containing the herpes simplex virus
thymidine kinase promoter) plasmids, control (pCMV) or expression plasmids (pCMV–E2) in a combination (expression
vector: NF-κB–luciferase construct–Renilla luciferase construct = 4:1:1) for 24 h, after which, different concentrations (as
indicated) of TNF-α treatment was given for 6 h. Then cells were lysed and analysed for firefly luciferase activity that
was normalized to Renilla luciferase activity in the cell lysates (n = 3, mean +− S.E.M.). (B) From cells transfected and
treated with TNF-α (20 ng/ml for 6 h) as mentioned above, total RNA was isolated and then subjected to qPCR, for
relative quantification of E6 mRNA expression which was normalized against β -actin (n = 3, mean +− S.E.M.). Significance
is denoted by P � 0.05.

not significant when compared with the increase in p27 levels. In
addition, the increase in p-RelA (Ser536) levels was (Figure 2A)
consistent with E2-mediated increase in NF-κB transcriptional
activity (Figure 1A). Cells treated with TNF-α also increased p-
RelA expression though not compared with its increase induced
by a combination of E2 and TNF-α (Figure 2A). TNF-α treat-
ment could enhance p53 (∼5-fold), p21 (13-fold), p27 (3-fold)
and p16 (∼2-fold) protein levels compared with untreated pCMV
vector-transfected cells (Figure 2A). An interesting observation
is that E2-transfected cells treated with TNF-α exhibited a tre-
mendous increase in p21 expression (35-fold) with a marginal
increase in p27 (7-fold) and p16 (∼3-fold) (Figure 2A). The ef-
fect on cellular senescence was further confirmed by assessing
SA-β-galactosidase activity. On day 3, post transfection, SA-β-
galactosidase activity was higher in TNF-α treated cells (∼0.8-
fold increase) and E2-transfected cells (∼1.4-fold increase) and
the E2-transfected cells treated with TNF-α, enhanced it further
by ∼0.5-fold (∼2-fold) as compared with control (Figure 2B).
On day 4, there was a huge dip in the β-galactosidase activity of
E2-transfected cells that may be due to loss of expression of E2
known to happen under the conditions of transient transfection.
Together these results indicate that E2 augmented the TNF-α-
induced NF-κB activation concurrent with a reinforced effect on
E2-induced senescence.

E2-mediated potentiation of TNF-α-induced NF-κB
activation increases viability and survival
To study the influence of E2-mediated NF-κB activation on cell
viability and survival, several experiments were carried out. TNF-
α treatment or E2-transfection decreased the viability of SiHa
cells by 20 % to 40 % compared with control when assessed by the

resazurin reduction assay (Figure 3A). In contrast, E2-transfected
cells treated with TNF-α showed no such decrease in viability
but for a significant increase in viability (40 %) compared with
control on day 3 (Figure 3A). A concomitant analysis on act-
ive DNA synthesis in terms of BrdU incorporation was done at
day 3 post transfection and E2-transfected cells showed around
30 % decrease whereas TNF-α treatment showed 12 % decrease
in proliferation compared with control but E2 + TNF-α com-
bination showed ∼20 % recovery in proliferation (Figure 3B) in-
dicating that this proliferative/survival ability might be due to E2
+ TNF-α-mediated NF-κB activation. Hence, the expressions
of pro-survival genes (downstream targets of NF-κB) were ana-
lysed. The expression of cyc D1 and c-Myc in cells treated with
TNF-α showed around 1.4-fold and 3-fold increase respectively,
whereas both were increased by ∼2-fold in E2-transfected cells
(Figure 3C). The increase in pro-survival gene expression was
correlated with the extent of decrease in cell viability observed
in cells treated with TNF-α in the present study (Figures 3A and
3B). TNF-α-mediated STAT3 activation could have contributed
for the expression of survival factors like Bcl2 [25] and we have
recently shown that STAT3 activation by TNF-α is also potenti-
ated by E2 [15]. Either with E2 transfection or TNF-α treatment,
survivin and hTERT mRNA expression rather showed a decrease
(Figure 3C) whereas E2 expression together with TNF-α treat-
ment increased the survivin and hTERT transcript levels (2-fold)
in addition to cyc D1 and c-Myc (Figure 3C), further supporting
the enhanced survival in presence of E2 + TNF-α combination
in SiHa cells.

To understand the NF-κB-mediated survival of E2-transfected
cells in presence of TNF-α, the expression of an important anti-
apoptotic protein Bcl2, was analysed by immunoblotting under
such conditions. Although TNF-α treatment could enhance Bcl2
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Figure 2 TNF-α-induced NF-κB activation enhanced E2-induced expression of senescent markers
(A) Whole cell lysates extracted from SiHa cells transfected with pCMV or E2 plasmids (24 h) followed by treatment with
TNF-α (20 ng/ml for 24 h) were subjected to immunoblotting studies for the detection of HPV16 E2, p-RelA (Ser536),
RelA, p53, p21, p27, p16 and β -actin. Similar results were obtained in another independent experiment. (B) Transfected
cells (24 h) as mentioned above were treated with TNF-α for 24 h and after another 24 h (3 days) or 48 h (4 days), lysates
were analysed for SA β -galactosidase activity using its substrate (4-MUG) in a fluorimeter with an excitation 360 nm and
emission wavelength of 465 nm respectively. The enzyme activity was calculated after normalization against total protein
of the lysates and expressed as percentage activity relative to the control-transfected cells. Significance is denoted by
P � 0.05.

expression by 3.6-fold, E2 expression showed an increase up
to 8-fold and their combination further augmented this increase
to ∼10-fold in SiHa cells (Figure 3D) indicating that increased
Bcl2 expression may be due to NF-κB activation induced by
either TNF-α, E2 or their combination as Bcl2 is a well-known
downstream target of NF-κB [26]. Clonogenicity assays showed
that 95 % fraction of cells treated with TNF-α survived though
this increase was not greater to the extent as expected based on
the increase in the expression of pro-survival genes (Figure 3C).
E2-transfected cells showed only 60 % of surviving fraction but
it increased in presence of TNF-α (75 %; Figure 3E) further con-
firming the survival abilities of E2-expressing cells in presence
of TNF-α. The respective plating efficiency is given for each
condition and E2 + TNF-α treated cells showed a higher plat-
ing efficiency than E2 alone (Figure 3E). Taken together, these
results suggest that E2 + TNF-α combination increased the sur-
vival of SiHa cells by positive changes in viability, proliferation,
expression of pro-survival genes and colony formation.

TNF-α regulates E2-induced apoptosis by arresting
the cells in G0/G1 and G2/M phases
To see if the changes in survival could be reflected in the ex-
tent of apoptosis induced by TNF-α and E2 individually or in

combination, Annexin V/PI staining at day 2 post-transfection
and treatment was done. TNF-α treatment alone showed an early
apoptotic population of 30 % and E2-transfected cells with the
highest of about 38 % whereas their combination reduced the
E2-induced effect to 29 % (Figure 4B) with no significant dif-
ference seen in both live and late apoptotic population among
them in cells (both pCMV and E2-transfected) without TNF-α
treatment. E2 is known to cause G2/M arrest followed by ap-
optosis [27] and hence, to understand if cell cycle is affected at
later time point by the E2 + TNF-α combination, studies on
cell cycle were carried out at day 3 of the experiment. Cell cycle
analysis showed that TNF-α and E2 increased sub-G1 population
to 22 % and 28 %, respectively compared with control (10 %)
along with the G2/M population of 16 % and 20 % respectively
(Figure 4B). In SiHa cells, rather the E2 + TNF-α combin-
ation significantly brought down the apoptosis induced by E2
(28 %) or TNF-α (22 %) to 18 % but with a noticeable increase
in G0/G1 population (53 %) compared with either E2 (45 %) or
TNF-α (48 %) alone (Figure 4B). Further, G2/M arrest was rel-
atively more in E2-transfected cells treated with TNF-α (20 %)
than E2-transfected (15 %) or TNF-α treated (16 %) or control
cells (13 %) alone (Figure 4B). These observations are expected
regarding G2/M arrest but for the prominent G0/G1 accumulation
shown by E2 + TNF-α combination. G0/G1 arrest is one of the
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Figure 3 Re-expression of E2 and TNF-α induction increased cell viability and expression of pro-survival genes
(A) SiHa cells transfected with pCMV or E2 plasmids were assessed for viability using resazurin reduction method and was
expressed as percentage against control at indicated days and normalized to seeding density (n = 3, mean +− S.E.M.). (B)
Cells, transfected and after appropriate treatment, as mentioned above, were assayed for the amount of BrdU incorporation
after pulsing for 12 h with BrdU at day 3. The values are expressed as percentage of control (n = 3, mean +− S.E.M.). (C)
Total RNA was isolated from SiHa cells, 2 days after transfection with pCMV or E2 plasmids and were subjected to qPCR,
for relative quantification of expression of cyc D1, c-Myc, survivin and hTERT and expressed in folds relative to control after
normalization against β -actin (n = 3, mean +− S.E.M.). Significance denotes P � 0.05. (D) Cells, transfected and/or treated
with TNF-α, as indicated, were subjected to immunoblotting for the expression of Bcl2 protein using the total lysates that
were used in Figure 2(A). Similar result was obtained from another independent experiment. (E) Transfected and/or TNF-α
treated SiHa cells were trypsinized and re-seeded (2000 cells/well) in six-well plates for 15 days. The colonies stained with
crystal violet were counted and the plating efficiency (PE, percentage of cells able to form colonies) and survival fractions
were calculated (refer Materials and Methods) and mentioned with S.D.. Colony magnifications were photographed at 20×.
Plating efficiency was calculated by taking the ratio of the number of colonies formed in the gene transfected plate to
that counted in the control whereas survival fraction in percentage indicates the ratio of the plating efficiency in the gene
transfected to that of the number of cell seeded.
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Figure 4 E2 and TNF-α combination reduced apoptosis and increased G0/G1 arrest
pCMV or E2 transfected SiHa cells (24 h) were either given TNF-α treatment for another 24 h (day 2) or left without
treatment. (A) Transfected and appropriately treated cells were analysed for Annexin V or PI staining to mark the early or
late apoptotic populations (mean percentage population respectively, n = 3. Gating was done using appropriate controls
and 10000 cells were considered for each run. Lower-most left quadrant shows the live population whereas the upper
right quadrant shows the late apoptotic (PI positive) and the lower right quadrant shows the early apoptotic population
(Annexin V positive). (B) Under similar experimental conditions, changes in cell cycle phases were studied at a later time,
on day 3, by PI staining of the fixed cells and the representative histogram depicts different phases of cell cycle (panel
below shows the mean percentage population of different phases, n = 3).

marked cell cycle features of senescent cells and thus our results
indicate that E2 + TNF-α combination resulted in enhanced
survival by forcing cells towards senescence. The extended ob-
servation at day 4 showed that cell populations in either G2/M
or sub-G1 phases in E2-transfected cells with or without TNF-α
treatment found doubled with a stressed morphology indicating
the experimental limitation. However, overall results support that
E2-induced apoptotic tendency was shifted towards senescence
in presence of TNF-α by arresting cells at both G0/G1 and G2/M
phases, thus enhancing cell survival.

Augmentation of E2-induced senescence by
TNF-α-induced NF-κB activation leads to the
survival of SiHa cells
To further investigate survival/protumoural factors, we analysed
the expression of factors functionally associated with NF-κB and
demonstrated to be crucial to senescence messaging. The mRNA
expression of interleukin (IL)-6 and IL-8 in TNF-α-induced cells
or E2-transfected cells did not show any great difference as com-
pared with control cells (both showed a decrease between ∼0.1-
to 0.4-fold compared with 1; Figure 5A) whereas E2-transfected

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

c© 2015 The Author(s) This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC-BY) (http://creativecommons.org/licenses/by/3.0/)
which permits unrestricted use, distribution and reproduction in any medium, provided the original work is properly cited.

7

http://creativecommons.org/licenses/by/3.0/


D. Prabhavathy, C.K. Subramanian and D. Karunagaran

Figure 5 Effect of E2 re-expression and TNF-α treatment on important senescence messaging factors with a mechanistic
basis as depicted in the flowchart
(A) RNAs were harvested from control or E2-transfected cells with or without TNF-α treatment at day 2 and subjected
to qPCR for relative quantification of IL-6 and IL-8 transcripts that were normalized to β -actin and the fold change in
expression was calculated against the control (n = 3, mean +− S.E.M.). Significance is denoted by P � 0.05. (B) Whole
cell lysates extracted from SiHa cells transfected with control or E2 plasmids (24 h) were subjected to immunoblotting
for the detection of HMGA1, HMGB1 and β -actin, with (24 h) or without TNF-α treatment. Similar results were obtained
in another independent experiment. (C) In the flowchart, HPV16 E2 is a senescence-inducing stimulus, which might
activate the DDR which in turn is known to co-operate with NF-κB (indicated by broken line). On the other side, we
demonstrated a mechanism (indicated by grey shaded boxes) where HPV16 E2, in response to TNF-α stimulus potentiated
NF-κB activation which, in co-operation with HMGA1 led to increased expression of pro-survival factors (cyc D1, hTERT,
survivin and Bcl2), pro-senescent proteins (p53, p21, p27 and p16) leading to SASP resulting in enhanced expression of
senescence messaging cytokines (IL-6, IL-8), in co-operation with HMGB1, altogether resulting in enhanced cell survival.
In turn IL-6, IL-8 and hTERT are known to regulate NF-κB (indicated by broken line).

cells treated with TNF-α showed an increase in IL-6 and IL-8
at least 1.5-fold in both compared with E2 alone (Figure 5A).
Although TNF-α treatment or E2 transfection alone resulted in
an increase in HMGA1 protein expression by 3-fold compared
with control cells, a combination of E2-transfection and TNF-
α treatment increased HMGA1 at least 4-fold. HMGB1 protein
expression increased by at least 1.5-fold upon either TNF-α treat-
ment or E2 transfection whereas their combination brought it up
to 2-fold. Thus it may be concluded that E2-potentiated TNF-
α-induced NF-κB activation enhances the expression of import-
ant senescence messaging secretory (SMS) factors, IL-6, IL-8
and HMGB1 and important SASP component HMGA1 and thus

providing a mechanistic basis for the observed increase in cell
survival.

DISCUSSION

Our recent observation that HPV16 E2 potentiated TNF-α-
induced NF-κB activation and reduced the E2-mediated apop-
totic effect in human embryonic kidney (HEK)293 cells [15],
with a parallel activation of STAT3 prompted us to understand the
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effect of re-expression of E2 in HPV16 integrated cervical can-
cer cells. Enhanced p53 protein expression by E2 re-expression
correlates with the observed inhibition of E6 transcription since
E6 is well known to induce the degradation of p53 [28]. E2
mediates p53-dependent apoptosis [29] and the C-terminus of
E2 is known to interact with p53 leading to differentiation [30].
Induction of p53 results in the transcriptional activation of the
cyclin-dependent kinase (CDK) inhibitor p21 (Cip1/Waf1) and
promotes cell cycle arrest [31]. E2-mediated potentiation of NF-
κB activation induced by TNF-α with a concurrent increase in
the expression of p21 in SiHa cells is consistent with the sug-
gested role of NF-κB in TNF-α-mediated cytoprotective effect
via the activation of p21(Cip1/Waf1) [32]. Interestingly, Basile
et al. [33] reported that p53-independent growth arrest occurs
in TNF-α treated human foreskin keratinocytes with increased
expression of p21 and differentiation markers. Further, a signi-
ficant increase in p-RelA levels with a concomitant increase in
p21 (Figure 2A) indicated a synergistic NF-κB activation due to
the combined effect of E2 and TNF-α, in addition to increased
senescence. However, the observed activation of basal levels of
NF-κB activation by E2 in SiHa cells suggests the existence of
unexplored TNF-α-independent mechanisms regulating NF-κB.
Interaction between p300, RelA and E2 observed by us earlier in
HEK 293 epithelial cells showing NF-κB activation by E2 even
in the absence of TNF-α is one of the plausible mechanisms [15].
p16INk4a expression is usually high in cervical cancers, where
the up-regulation is due to the feedback mechanism due to the
disruption of RB (retinoblastoma) pathway [34]. Silencing of E6
or/and E7 oncogenes in SiHa cells either by antisense targeting
or by re-expression of E2 is known to induce senescence [17,35].

Cell sensitivity to TNF-mediated apoptosis is largely regulated
by several factors including viral infections and NF-κB activa-
tion finds a critical role in regulating TNF-α sensitivity in cells
[36] by regulating the expression of several anti-apoptotic genes.
Increased tumorigenicity of HPV16-transformed human kerat-
inocytes is also associated with TNF-α resistance [37], which
is acquired during HPV-mediated pathogenesis though the mo-
lecular basis is not clear. In the present study, the intended cyto-
protective effect of TNF-α-mediated activation of NF-κB, due to
increased p21 expression in E2-transfected cells correlated well
with a reversal of E2-mediated apoptosis as shown by increase in
viability and proliferation. Considering the complexities of NF-
κB-mediated functions in response to various genotoxic stimuli
(in the present study, E2) the outcome on cell survival is determ-
ined by the balance of a pool of anti-apoptotic and pro-survival
gene expression [38]. It is relevant that a parallel increase in the
expression of anti-apoptotic Bcl2 protein and other pro-survival
genes like cyc D1, survivin and hTERT, occurred since they are
the targets of NF-κB activation. Interestingly, two recent studies
have highlighted the role of TERT in the regulation of NF-κB
and vice versa [39,40]. Altogether these changes might have in-
fluenced the shift from E2-induced apoptosis to senescence as
indicated by increased G0/G1 and G2/M arrest in presence of
TNF-α. Our observations showing increased TNF-α-induced ap-
optosis with high c-Myc gene expression are in agreement with
an earlier demonstration suggesting that c-Myc sensitizes cells

to TNF-α-induced apoptosis [41]. But SiHa cells treated with
TNF-α did not show reduction in apoptosis in contrast with a
report in which HPV16 E6 was shown to block TNF-α-induced
apoptosis [42]. However, decreased c-Myc gene expression to-
gether with increased Bcl2 protein in E2-transfected cells treated
with TNF-α showing reduction in TNF-α-induced apoptosis are
in accordance with the earlier reports [36,41,43]. Further, an in-
creased surviving fraction of cells that could form colonies as
shown by E2-transfected cells treated with TNF-α, supports the
continued effect of TNF-α-mediated cell survival.

A new observation in the present study is the significant up-
regulation of key SMS cytokines regulated by NF-κB which in
turn reinforce senescence growth arrest, namely IL-6 and IL-8
[44] in E2-transfected cells treated with TNF-α, after 2 days,
post transfection. Anyhow, SASP is not a transient development;
however a low-level DDR (DNA damage response) signalling can
bring in SASP [45]. In HR-HPV infections, centrosome ampli-
fication and chromosomal abnormalities are detected not only
in transformed cancerous cells but also in premalignant lesions
[46,47] where the presence of E2 is unambiguous in precancerous
lesions and in HPV-transformed cancer cells where re-infection
can occur. E2 being a genotoxic molecule, could have estab-
lished and maintained these senescence messaging factors since
the cells harbouring HPV episomes are known to regulate sev-
eral DDR-activated proteins such as ATR (ataxia telangiectasia
and Rad3-related protein), ATM (ataxia telangiectasia mutated),
Chk1 (checkpoint kinase 1), Chk2, BRCA1 (breast cancer 1,
early onset) and Nbs1 (nibrin) [48–50] for the viral existence
and propagation. Another novel observation, in the present study,
is the stabilization of senescent markers HMGA1 and HMGB1
in cells transfected with E2 and treated with TNF-α. HMGA1
and HMGB1, members of non-histone chromosomal proteins,
have been recently demonstrated to play important roles in SASP
[51,52]. HMGA1 cooperates with p16INK4a and p53 in a mu-
tually reinforcing manner to induce and promote SA heterochro-
matic factors, accelerate senescence at physiologically relevant
levels and repress cell-cycle genes [51] whereas HMGB1 is reloc-
alized to the cytosol of cancer tissues [53]. Also, in breast cancer
cells, HMGA1 binds Bcl2 promoter modulating p53-mediated
transcriptional activity on Bcl2 promoter and repressing p53 ap-
optotic function [54]. Senescent cells secrete HMGB1 promoting
secretion of inflammatory cytokines (TNFα, IL-1β and IL-6) by
macrophages [55]. Altered HMGB1 expression induced senes-
cence and secretion of IL-6, whereas its depletion, not over-
expression, suppressed NF-κB activity and IL-6 secretion [56].
Most importantly, both HMGA1 and HMGB1 cooperate with
NF-κB to bind DNA, form enhanceosome and regulate its down-
stream targets [57–60]. We conclude that the potentiation of NF-
κB by E2 in the presence of TNF-α induction and the consequent
increase in p53, Bcl2 and IL-6 is in line with the observed in-
crease in expression and stabilization of two independent senes-
cent markers, HMGA1 and HMGB1.

Though the present study did not assess the role of DDR pro-
teins in E2-mediated senescence, it is assumed that the ability of
HPV-E2 to induce DNA damage as previously known, together
with TNF-α might play a role in imparting such SA secretory
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pattern and hence this would open new avenues for future stud-
ies. According to the present results, HPV16 E2 protein could
contribute to the HPV oncogenic potential in presence of TNF-α
by synergistically activating NF-κB and by enhancing the ex-
pression of cell survival factors. It is imperative to attribute an
important role to E2 in cancerous lesions in sustaining tumori-
genesis and to understand the role of chronic inflammation in
sustaining and augmenting this damage is vital in future ther-
apies for cervical cancer patients.
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