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ABSTRACT

High-risk human papillomaviruses are the etiological agents of cervical cancer 
and HPV16 is the most oncogenic genotype. Immortalization and transformation of 
infected cells requires the overexpression of the two viral oncoproteins E6 and E7 
following HPV DNA integration into the host cell genome. Integration often leads to 
the loss of the E2 open reading frame and the corresponding protein can no longer act 
as a transcriptional repressor on p97 promoter. Recently, it has been proposed that 
long control region methylation also contributes to the regulation of E6/E7 expression.

To determine which epigenetic mechanism is involved in HPV16 early gene regulation, 
5-aza-2′-deoxycytidine was used to demethylate Ca Ski and SiHa cell DNA. Decreased 
expression of E6 mRNA and protein levels was observed in both cell lines in an E2-
independent manner. E6 repression was accompanied by neither a modification of the 
main cellular transcription factor expression involved in long control region regulation, nor 
by a modification of the E6 mRNA splicing pattern. In contrast, a pronounced upregulation 
of miR-375, known to destabilize HPV16 early viral mRNA, was observed. Finally, the use of 
miR-375 inhibitor definitively proved the involvement of miR-375 in E6 repression. These 
results highlight that cellular DNA methylation modulates HPV16 early gene expression 
and support a role for epigenetic events in high-risk HPV associated-carcinogenesis.

INTRODUCTION

Among the 170 HPV described in 2013 [1], 12 high-
risk HPV (hrHPV) are classified as carcinogenic to humans 
by the IARC [2]. High-risk HPV are the etiologic agents 
of cervical cancer and are also responsible for the majority 
of anal cancers and part of head and neck, vaginal, vulvar 
and penile cancers. HPV16 is the most carcinogenic 
genotype, found in 61% of cervical cancers according to a 
retrospective cross-sectional worldwide study [3], in 73.4% 
of anal cancers [4] and 30.9% of oropharyngeal cancers [5].

The HPV16 genome is a circular double-stranded 
DNA. It harbors 8 open reading frames (ORFs) encoding 
early (E1, E2, E4, E5, E6 and E7) and late (L1 and L2) 
viral proteins and a long control region (LCR) containing 
transcription control sequences. The LCR presents 
numerous binding sites for cellular transcription factors 
known to activate (TATA binding protein, Sp1, AP-1 and 
NFI) or repress (YY1) transcription of viral early genes 
[6]. It also exhibits four E2 Binding Sites (E2BS) with 
common consensus sequence 5′-ACCG(N)4CGGT-3′ and 
different affinities for E2 [7]. The two E2BS closest to the 
TATA box (proximal E2BS) are the main sites involved 
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in the repression of p97 promoter activity by E2. The 
repressor activity of E2 is linked to its ability to displace 
cellular transcriptional activators from their binding site 
due to steric hindrance [8].

The p97-mediated transcription produces 
polycistronic mRNAs undergoing alternative splicing [9]. 
In the absence of splice-site recognition in the E6 ORF, 
the full length E6 (E6Fl) protein, showing oncogenic 
properties, is produced. In contrast, the recognition of 
alternative splice sites generates transcripts potentially 
encoding truncated E6 proteins such as E6*I and E6*II 
[10], two isoforms whose function remains poorly 
understood [11, 12].

HPV16 DNA integration into the host cell 
genome is thought to play a pivotal role in HPV-
associated carcinogenesis. Integration generally results 
in the disruption of the E2 ORF, thereby preventing 
the repressive function of E2 on p97 promoter. This 
leads to an upregulation of E6 and E7, two viral 
oncoproteins that deregulate the p53 and p105Rb 
pathways respectively [13, 14]. Consequently, E6 and 
E7 induce the immortalization and transformation of 
infected cells.

Some authors have proposed that sequence 
variations or changes of the LCR methylation status 
could contribute to the regulation of E6/E7 expression 
[15]. In this regard, we and others previously showed 
CpG dinucleotide methylation of HPV16 E2BS in 
precancerous and cancerous lesions of the cervix [16–20]. 
However, upregulation of E6 and E7 is not only due to the 
transcriptional activation of p97, but also to the increased 
stability of early viral mRNA transcribed from integrated 
HPV16 genomes [21].

Recently, several studies reported an aberrant 
expression profile of 341 miRNAs [22] in HPV-associated 
carcinomas and the detection of miR-424/miR-375/miR-
218 from cervical smears has been proposed for cervical 
cancer screening [23]. Furthermore, miR-375, a tumor 
suppressor miRNA known to target HPV16 E6/E7 mRNA 
[24] is downregulated in cervical carcinomas compared to 
normal tissues or precancerous lesions [25, 26] thanks to 
promoter methylation [27].

In this study, the demethylating agent 5-aza-
2′deoxycytidine (5azadC) was used to treat the HPV16-
positive cervical carcinoma Ca Ski and SiHa cell lines. 
Our objective was to characterize the impact of DNA 
demethylation on early viral gene expression.

RESULTS

5azadC treatment decreases HPV16E6 
expression in Ca Ski and SiHa cells in E2-
independent manner

In order to determine the impact of 5azadC on 
endogenous HPV16 E6 protein levels, time-course and 

dose-response experiments were conducted in Ca Ski 
and SiHa cells. These cell lines differ in their status 
regarding HPV16 genome integration. The Ca Ski cells 
harbor up to 500 copies of integrated HPV16 genomes, 
most copies being hyper-methylated. In contrast, SiHa 
cells harbor one to two integrated viral genomes per 
cell [28]. Interestingly, from 24h to 96h, E6 protein 
levels gradually decreased in both cell lines treated with 
5azadC. In parallel, an accumulation of p53 protein was 
observed (Supplementary Figure 1). According to these 
results, the treatment condition used to monitor the 
effect of 5azadC on E6 expression was set at 0.25 μM 
for 96h.

Then, the methylation status of proximal E2BS 
located in the LCR was investigated in both cell lines 
treated with 5azadC using HRM PCR as we previously 
described [17]. Untreated Ca Ski and SiHa cells were 
assigned to the 75% and 0% methylation profiles 
respectively. The proportion of methylated proximal 
E2BS decreased to 25% in Ca Ski cells exposed to 
5azadC for 96h. As expected, this proportion was not 
modified in SiHa cells that were assigned to the 0% 
methylation profile (Figure 1A). These data showed 
that 5azadC efficiently reduced the methylation level of 
proximal E2BS in Ca Ski cells.

Next, E6 protein and full length E6-encoding mRNA 
(E6Fl) levels were analyzed using Western blotting and 
RT-qPCR in Ca Ski and SiHa cells treated with 5azadC 
at 0.25 μM for 96h. The decrease in E6 protein in treated 
cells (Figure 1B) was confirmed and a decrease in E6Fl 
mRNA levels was observed in both cell lines compared to 
control cells (Figure 1C).

Taking into account that E2 is the major regulator 
of the p97 promoter, the loss of E6 protein expression 
could be the consequence of the E2 interaction 
with demethylated E2BS at least in Ca Ski cells 
that harbor intact E2 ORFs. Regarding SiHa cells, 
E2 independent mechanism(s) likely decrease E6 
expression in cells harboring demethylated DNA due 
to the disruption of the E2 gene. To address whether 
Ca Ski cells expressed constitutively the E2 protein, 
a luciferase reporter construct under the control of 
E2BS (pGL3E2BSTKminLuc) was transfected in these 
cells. SiHa cells were used as negative control. The 
co-transfection of pciNeoE2 was used as a positive 
control. As shown in Figure 1D, no luminescence was 
emitted by cells transfected with pGL3TKminLuc 
or pGL3E2BSTKminLuc. Luciferase activity was 
observed only in Ca Ski and SiHa cells co-transfected 
with pGL3E2BSTKmin Luc and pciNeoE2. These data 
indicate that the E2 protein is either not expressed or 
expressed as a non-functional protein in Ca Ski and 
SiHa cell lines, suggesting that the repression of E6 
expression by 5azadC was not due to E2 in Ca Ski cells. 
Thus, we explored other possible processes for the effect 
of 5azadC treatment on E6 repression.
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5azadC treatment does not modify the 
expression of cellular transcription factors 
known to activate or inhibit the p97 promoter

Some ubiquitous cellular transcription factors are 
known to activate or inhibit HPV16 p97 promoter. RT-
qPCR analysis of Oct1, TEF-2, NF1, YY1, cFos, cJun, 

CEBPβ and Sp1 mRNA expression showed no significant 
difference between control and 5azadC-treated cells 
(Figure 2A). Given that Sp1 plays a critical role in p97 
activation, the amount of Sp1 protein was determined 
consecutive to 5azadC treatment, and no significant 
difference was observed between treated and control 
cells (1.3- and 1.0-fold increase in Ca Ski and SiHa 

Figure 1: Effect of 5azadC treatment on proximal E2BS methylation and E6 expression. (A) Normalized HRM curves obtained 
from standards containing 0%, 25%, 50%, 75% and 100% methylated target (top) and from Ca Ski (middle) and SiHa (bottom) cells treated 
or not with 0.25 μM of 5azadC for 96h. (B) Ca Ski and SiHa cells were mock treated or treated with 5azadC. Protein extracts were analyzed 
by immunoblotting for the detection of E6Fl protein. Pos Ctrl: positive control (top). The data are presented as mean values from at least three 
independent experiments. Error bars represent the standard deviation and p values were calculated by performing Mann-Whitney test: * p < 
0.05 (bottom). (C) Expression of E6Fl mRNA was quantified by RT-qPCR and normalized to the β2M RNA level in Ca Ski and SiHa cells 
treated or not with 0.25 μM of 5azadC for 96h. The data are presented as mean values from at least three independent experiments. Error bars 
represent the standard deviation and p values were calculated by performing Mann-Whitney test: *** p < 0.001. (D) Representative relative 
luciferase units (RLU = reporter firefly/renilla control ratios) assessing the presence of E2 protein in Ca Ski and SiHa cells transfected with 
pGL3TKminLuc or pGL3E2BSTKminLuc for 24h. The transfection of pciNeoE2 served as a positive control.
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Figure 2: Effect of 5azadC treatment on cellular transcription factor expression. (A) Total RNAs were extracted from 
Ca Ski and SiHa cells treated or not with 5azadC for 96h and the relative expression of Oct1, TEF-2, NF1, YY1, cFos, cJun, CEBPβ 
and Sp1 mRNA was measured by RT-qPCR and normalized to β2M mRNA level. The data are presented as mean values from at least 
three independent experiments. Error bars represent the standard deviation and p values were calculated by performing Mann-Whitney 
test: NS: no significant. (B) Mock treated and 5azadC-treated (0.25 μM for 96h) Ca Ski and SiHa cells were lysed and the protein 
fraction was assayed for the presence of Sp1 by Western blotting. β-actin served as a loading control. A representative blot is shown; 
the values of the densitometric analysis were normalized with β-actin (left). The data are presented as mean values from at least three 
independent experiments. Error bars represent the standard deviation and p values were calculated by performing Mann-Whitney test: 
NS: no significant (right).
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cells respectively) (Figure 2B). These results suggest 
that 5azadC does not modify the expression of the main 
transcription factors involved in p97 regulation.

E6 RNA splicing pattern is not modified but 
E6 mRNA stability is decreased after 5azadC 
treatment

HPV16 gene expression is also post-transcriptionally 
regulated by RNA splicing. Recently, next generation 
sequencing allowed the identification of at least 20 
polycistronic HPV transcripts due to alternative splicing 
and expressed in high grade cervical lesions [29]. At least 
three E6 RNAs, commonly named E6Fl, E6*I and E6*II 
can be generated by alternative splicing (Figure 3A). In 
order to assess whether 5azadC modifies the splicing 
pattern of E6 transcripts, unspliced and spliced E6 RNAs 

were analyzed by RT-PCR using primers specifically 
designed to amplify simultaneously E6Fl, E6*I and E6*II 
transcripts. These transcripts were expressed in Ca Ski 
and SiHa cells and 5azadC treatment did not modify 
the splicing profile of E6 transcripts (Figure 3B). RT-
qPCR was used to independently quantify either all E6 
transcripts (E6all), or E6Fl and E6*I individually (Figure 
3C). As expected, the level of E6all RNA was lower in 
treated cells compared to control cells (Figure 3D). The 
same trend was observed for E6*I RNA level (Figure 
3E). Finally, the E6Fl/E6all mRNA ratios calculated in 
control and treated cells were very similar, ruling out the 
hypothesis that 5azadC treatment modified the splicing 
pattern of E6 transcripts (Figure 3F).

To assess whether 5azadC affects the stability of 
E6Fl RNA, we monitored RNA level during a time-course 
treatment with actinomycin D. As shown in Figure 4A, the 

Figure 3: E6 RNA splicing pattern is not modified by 5azadC treatment. (A) Splicing pattern of E6 RNAs. The position of 
forward (For) and reverse (Rev) primers is shown. (B) Total RNAs were extracted from mock treated and 5azadC-treated (0.25 μM for 
96h) Ca Ski and SiHa cells. Two representative and independent RT-PCR analysis of the E6ORF show E6Fl, E6*I and E6*II mRNA after 
gel electrophoresis. Semi-quantitation of all E6 transcripts was carried out by densitometry analysis normalized to β2M mRNA level. 
(C) Schematic view of E6all, E6Fl and E6*I RT-qPCR products. (D, E) E6all (D) and E6*I (E) mRNA were quantified by RT-qPCR and 
normalized to β2M mRNA level in three independent experiments. (F) E6Fl/E6all mRNA ratios were calculated to reveal changes in the 
splicing pattern of E6 transcripts. The data are presented as mean values from at least three independent experiments. Error bars represent 
the standard deviation and p values were calculated by performing Mann-Whitney test: * p < 0.05; *** p < 0.001; NS: not significant.
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half-life of E6Fl mRNA was significantly decreased from 
40 min to 20 min in Ca Ski cells after 5azadC treatment. In 
SiHa cells, a slight but significant decrease of E6Fl mRNA 
half-life was observed from 65 min to 51 min (Figure 4B). 
Taken together, these results suggest that the modulation 
of E6 expression might be partly due to a destabilization 
of E6 transcripts.

Demethylation induces an increased expression 
of miR-375 which correlates with E6 RNA 
destabilization and protein loss

Recently, it was reported that miR-375 mimics 
induced the suppression of E6 expression in HPV positive 

cell lines [24, 30]. First the miR-375 level was measured 
in HPV16 positive cell lines (CaSki and SiHa) and in HPV 
negative cell lines (C33A and U2OS). As shown in Figure 
5A, miR-375 expression was low in Ca Ski and SiHa cells 
compared to the HPV negative cervical cancer cell line 
C33A or to the osteosarcoma cell line U2OS.

To determine whether miR-375 level was modulated 
after DNA demethylation, RT-qPCR was performed 
in HPV16 positive cells treated or not with 5azadC. 
Interestingly, after 5azadC exposure, the miR-375 
expression was upregulated 7.4-fold and 2.2-fold in CaSki 
and SiHa cells respectively (Figure 5B).

To confirm the implication of miR-375 in HPV16 
transcript repression, the effect of a miR-375 inhibitor was 

Figure 4: Destabilization of E6 transcripts after 5azadC treatment. (A, B) RNAs were extracted from Ca Ski (A) and SiHa 
(B) cells treated or not with 5azadC at 0.25 μM during 96h and treated with 4 μg/mL actinomycin D. Relative expression of E6Fl mRNA 
was determined by RT-qPCR and normalized to β2M mRNA level. The diagram shows the mean values for at least three independent 
experiments and the standard deviation. Mann-Whitney test was performed to calculate p values using DMSO treated cells as a reference 
control. *p < 0.05, **p < 0.01.
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Figure 5: miR-375 is involved in the decrease of E6 expression. (A, B) miR-375 relative expression was quantified by RT-
qPCR and normalized to U6 snRNA level in C33A, Ca Ski, SiHa and U2OS cells (A) and in Ca Ski and SiHa cells (B) treated or not 
with 0.25 μM of 5azadC for 96h. The data are presented as mean values from at least three independent experiments. Error bars represent 
the standard deviation and p values were calculated by performing Mann-Whitney test: ** p < 0.01; *** p < 0.001 (B) (C, D) Ca Ski 
and SiHa cells were treated with 5azadC at 0.25 μM during 96h. Cells were transfected with miRIDIAN microRNA negative control or 
miR-375 inhibitors at 200 nM during the last 24h. E6Fl mRNAs were analyzed by RT-qPCR and normalized to β2M mRNA level (C) 
and E6 proteins were analyzed by Western blotting and normalized to β-actin protein level (D). The data are presented as mean values 
from at least three independent experiments. Error bars represent the standard deviation and p values were calculated by performing 
Mann-Whitney test between 5azadC-treated cells +/- miR-375 inhibitor: * p < 0.05 (E) Fold-change in E6Fl protein levels induced by 
miR-375 inhibitor was calculated in 5azadC-treated cells compared to control cells. The data are presented as mean values from at least 
three independent experiments. Error bars represent the standard deviation and p values were calculated by performing Mann-Whitney 
test: p=0.06 for both cells.
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tested in HPV16 positive cells. In the absence of 5azadC, 
no significant change was observed in E6Fl mRNA level 
after addition of miR-375 inhibitor (Figure 5C) while 
the corresponding protein was increased (Figure 5D). As 
expected, decreased expression of E6Fl at both mRNA 
(Figure 5C) and protein (Figure 5D) levels was observed 
in 5azadC-treated cells. Interestingly, we observed that 
the miR-375 inhibitor restored E6Fl mRNA expression in 
5azadC-treated cells, from 0.65 to 0.86 in Ca Ski cells and 
from 0.51 to 0.61 in SiHa cells (Figure 5C). This increase 
was also observed at the protein level (Figure 5D). 
Then, the E6Fl protein rescue was estimated in cells 
transfected with the miR-375 inhibitor in the presence or 
not of 5azadC. As shown in Figure 5E, miR-375 inhibitor 
transfection induced an increase of 1.52- and 1.35-fold 
in E6 expression in Ca Ski and SiHa cells respectively 
compared to control cells at the limit of significance 
(p=0.06).

Altogether, these data show that global DNA 
demethylation by 5azadC upregulates miR-375 expression, 
which consequently likely leads to destabilization of 
HPV16 transcripts and loss of E6 protein expression.

DISCUSSION

In this study, we showed that the treatment 
of HPV16 positive Ca Ski and SiHa cells with the 
demethylating agent 5azadC induces repression of E6 
expression at both mRNA and protein levels. This result 
was somewhat unexpected for Ca Ski cells. Indeed, this 
cell line presents nearly 500 integrated HPV16 genomes 
in head-to-tail concatemers and a highly methylated 
LCR (>80%), especially on the 5 CpG involved in the 
regulation of early viral gene expression and located in 
the two proximal E2BS [17]. Usually, high levels of CpG 
methylation contribute to gene silencing by preventing 
the binding of transcription factors to specific regulatory 
sequences or by inducing chromatin compaction [31]. In 
this regard, it has been demonstrated by in vitro studies 
that LCR methylation can silence p97 promoter and limit 
the expression of early genes [32, 33]. Thus, it would 
have been consistent to observe increased expression of 
E6 after 5azadC treatment. Indeed, proximal E2BS were 
effectively demethylated in treated Ca Ski cells making 
promoter sequences accessible to binding by transcription 
factors. Because E2 is the main repressor of p97, we 
sought to determine whether this protein was expressed 
in Ca Ski cells. The use of a very sensitive luciferase 
test demonstrated the absence of functional E2 protein 
as previously described [34]. Furthermore, E6 was also 
downregulated in SiHa cells which exhibit disrupted E2 
ORFs and unmethylated E2BS. Thus, the repression of E6 
in response to DNA demethylation by 5azadC treatment 
appears independent of E2 protein. Hence, we explored 
other possible mechanisms for the effect of 5azadC 
treatment on E6 repression.

We focused our attention on the cellular transcription 
factors (Oct1, TEF-2, NF1, YY1, cFos, cJun, CEBPβ and 
Sp1) known to bind sequences that regulate HPV16 early 
gene expression [6, 35]. Few data concerning epigenetic 
regulation of transcription factors are available. Some 
studies have reported that 5azadC induces a decrease in 
AP-1 expression in bone marrow mononuclear cells [36], 
an increase in CEBPα but a decrease in CEBPγ expression 
in acute myeloid leukemia cells [37] and an increase in 
CEBPα expression in three HPV-negative head and neck 
squamous cell carcinoma cell lines [38]. In Ca Ski and 
SiHa cells, none of the studied transcription factors (either 
activator or repressor) appeared significantly increased 
or decreased by 5azadC treatment. Post-translational 
modifications of transcription factors are known to 
modulate their activity and/or stability [39]. Such 
modifications were not investigated in the present study 
and it cannot be excluded that they can be altered by DNA 
demethylation leading to variations in the function of these 
central regulators of gene expression.

HPV16 transcripts are polycistronic mRNAs 
submitted to alternative splicing. Interestingly, Piotrawska 
et al. showed that 5azadC contributes to the variable 
expression of splice variants of Glucocorticoid Receptor 
alpha and beta, which was accompanied by increased 
expression of the serine/arginine splicing factor 2 (SRSF2) 
in breast carcinoma cells [40]. In our cellular models, the 
different splice variants of E6 were decreased after 5azadC 
treatment and no change in the E6FL/E6all mRNA ratio 
was observed, indicating that demethylation of DNA did 
not favor the splicing of E6Fl mRNA into small spliced 
isoforms E6*I or E6*II. McFarlane et al. showed that the 
depletion of the splicing factor SRSF2 in Ca Ski cells 
favored the reduction of E6/E7 transcripts [41]. They 
demonstrated that it was not due to down-modulation of 
transcription initiation or elongation, but rather to mRNA 
destabilization, and they proposed that SRSF2 might protect 
viral mRNA from non-sense mediated RNA decay (NMD).

The exposure of Ca Ski and SiHa cells to actinomycin 
D made it possible to demonstrate that the stability of E6Fl 
mRNA was reduced after 5azadC treatment. Similarly, 
Luczak et al. used the HDAC inhibitor apicidin, another 
epidrug, and observed a decrease of E6/E7 transcript 
stability in SiHa cells. However, the molecular mechanism 
underlying transcript destabilization by apicidin was not 
investigated in Luczak’s study [42]. Recently, miR-375 
has been shown to negatively regulate E6/E7 transcripts in 
HPV16 positive carcinoma cell lines [24, 30]. Consistent 
with these observations, a 2.2 to 7.4-fold increase in miR-
375 expression was observed in 5azadC-treated SiHa and 
Ca Ski cells, respectively, suggesting that miR-375 could 
play a role in E6 mRNA destabilization. In treated Ca Ski 
cells, the E6Fl mRNA half-life decreased by half (from 
40 to 20 min) compared to control cells. There was only a 
22% decrease (65 to 51 min) in SiHa cells, suggesting that 
E6Fl mRNA destabilization was less efficient in this cell 
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line as compared to Ca Ski cells. This may be due to the 
lower level of miR-375 measured in SiHa cells compared 
to Ca Ski cells after 5azadC treatment. Interestingly, Wilting 
et al. and Stich et al. have demonstrated that the treatment 
of HPV16 positive cervical and head and neck cancer cell 
lines by 5azadC led to miR-375 promoter demethylation, 
an observation consistent with a direct effect of 5azadC 
in miR-375 overexpression [27, 30]. In this report, we 
confirmed that the treatment with a demethylating agent 
increases the expression of miR-375 in SiHa cells and 
to a greater extent in Ca Ski cells. Moreover, the use of 
miR-375 inhibitor supported a role for miR-375 in the 
repression of E6 by 5azadC since it reverses the effect of 
the demethylating agent on E6 expression. These data are 
consistent with those obtained by Jung et al. and Stich et al. 
who used miR-375 mimic to repress the expression of E6/
E7 RNA and E7 protein in HPV16 positive carcinoma cell 
lines [24, 30].

The weaker effect of miR-375 inhibitor on E6Fl 
mRNA compared to the effect on protein expression could 
be related to the mechanisms by which miRNAs regulate 
gene expression. Indeed, miRNAs can induce translational 
repression and/or mRNA decay, and miRNA-mediated 
silencing depends on the concentration of RNA-induced 
silencing complex (RISC) components, the sequence of 
target mRNAs (number of miRNA-binding sites) and cell 
types. Moreover, recent genome-wide analyses support the 
model that miRNAs induce translational repression before 
mRNA decay [43]. Thus, miR-375 inhibitor probably first 
modulate translation repression induced by miR-375, 
while an increase in E6Fl mRNA expression would require 
much longer exposure to miR-375 inhibitor. Additional 
studies on RISC composition and function following 
5azadC treatment could help to better understand the role 
of miR-375 in E6 repression.

The miR-375 exhibits tumor suppressor activity 
through inhibition of proliferation, invasion and 
motility [44]. E6 and E7 are known to modulate the 
activity and the expression of DNMT1 and histone 
methyltransferase to down-regulate the expression of 
numerous tumor suppressor genes [45–48] or miRNA 
through promoter methylation or cell signaling pathway 
[49–51]. Thus, miR-375 promoter methylation may be 
one strategy developed by HPV16 to allow efficient and 
sustained expression of E6/E7 oncogenes to functionally 
inactivate anti-proliferative and anti-apoptotic signaling 
pathways. Furthermore, Liu et al. recently showed that 
E6 participates in the silencing of miR-375 expression 
through overexpression of DNMT1, which in turn 
methylates miR-375 promoter [52].

Nonetheless, our study presents some limitations. 
Experiments addressed the role of miR-375 only, but 
other miRNAs (miR-122, miR-875 and miR-3144) have 
been shown to repress the expression of E6/E7 transcripts 
[53, 54]. Therefore, it cannot be excluded that one of 
these miRNAs participates in E6 repression after 5azadC 
treatment. This would explain why E6 expression is not 
totally rescued following miR-375 inhibitor treatment. 
The conclusions presented here rely on the analysis of 
two cervical cancer cell lines. We obtained similar results 
with a HPV16-positive head and neck cancer cell line 
regarding the down-regulation of E6 expression at RNA 
and protein levels following 5azadC treatment (data not 
shown). Our results are consistent with those recently 
published by Stich et al. who also reported a 2- to 3-fold 
reduction in miR-375 promoter methylation following 
the treatment of HPV16-positive cell lines with 5azadC 
[30], an observation consistent with a direct effect of this 
demethylating agent on miR-375 up-regulation. The effect 
of 5azadC treatment on cell viability was not investigated. 

Table 1: Primer sequences

Gene Forward (5′->3′) Reverse (5′->3′) Amplicon

E6Fl CACAGGAGCGACCCAGAAA CCCGAAAAGCAAAGTCATATACC 131 bp

E6*I CTGCGACGTGAGGTGTATTA TGTCCAGGTGTCTTTGCTTT 68 bp

E6all GAGAACTGCAATGTTTCAGGACC TGTATAGTTGTTTGCAGCTCTGTGC 80 bp

B2M GATGAGTATGCCGTGTG CAATCCAAATGCGGCATCT 114 bp

Oct1 CAGATCGCACAGGATCTTCA GGATGCACCAACACAAACTG 80 bp

TEF-2 AAAGCTCCCACTTGAAAGCA AACTTCCATGTGCACCCTTC 85 bp

NF1 GTGTTCCATGTGCGATTACG TCATGTGCCTTTTCAGCTTG 140 bp

YY1 ACCTGGCATTGACCTCTCAG TTCTCATGGCCGAGTTATCC 149 bp

cFos AGAATCCGAAGGGAAAGGAA CTTCTCCTTCAGCAGGTTGG 150 bp

cJun TGACTGCAAAGATGGAAACG CAGGGTCATGCTCTGTTTCA 119 bp

CEBPβ TACTACGAGGCGGACTGCTT AGGTACGGGCTGAAGTCGAT 149 bp

U6 CGCTTCGGCAGCACATATAC AAAATATGGAACGCTTCACGA 100 bp
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Since it was previously shown that E6 was repressed in 
apoptotic HPV16-positive cells following staurosporine- 
or isoliquiritigenin exposure [55, 56], we can hypothesize 
that 5azadC could favor cell death of HPV16-positive 
cells.

To conclude, in this study we have shown that 
HPV16 E6 expression was down-regulated in Ca 
Ski and SiHa cells at mRNA and protein levels after 
5azadC treatment. This repression was not associated 
with modifications of expression of ubiquitous cellular 
transcription factors known to bind the LCR. Moreover, 
the splicing pattern of E6 mRNA was not altered. Rather, 
we evidenced a destabilization of E6 mRNA thanks 
to miR-375 upregulation. Further investigations are 
necessary to better understand the relationship between 
E6 and miR-375 regulation, to gain further insight 
into HPV16-associated carcinogenesis. Moreover, the 
development of targeted therapies based on miRNA 
mimics [57] or epidrugs [58, 59] will pave the way for 
the emergence of new therapeutic strategies for HPV-
associated cancers.

MATERIALS AND METHODS

Cell culture

Ca Ski cells (ATCC, Manassas, VA, USA) were 
maintained in RPMI-1640 medium while SiHa, C33-A 
and U2OS cells (ATCC) were maintained in Dulbecco’s 
modified Eagle medium (DMEM), both supplemented with 
10% (v/v) fetal bovine serum (Lonza, Basel, Switzerland) 
in a humidified CO2 incubator at 37°C. Ca Ski and SiHa 
cells, two HPV16 cell lines, were treated with 5-aza-2′-
deoxycytidine (5azadC) (Epigentek, Farmingdale, NY, 
USA) at a final concentration of 0.25 μM for 48h or 96h. 
The treatment medium was renewed every day.

DNA extraction and bisulfite conversion

DNA was extracted using QiAmp DNA Mini 
kit (QIAGEN, Courtaboeuf, France) according to the 
manufacturer’s instructions and converted using Cells 
to CpG bisulfite conversion kit (Life Technologies). 
Briefly, 500 ng of DNA were denatured at 50°C for 10 
min with the denaturation agent. One hundred microliters 
of reconstituted conversion reagent were added to the 
denatured DNA and the solution was incubated for two 
cycles of 30 min at 65°C and 1.5 min at 95°C followed 
by 30 min at 65°C. The converted DNA was purified to 
remove salts and sulfonic groups and eluted in 40 μL of 
elution buffer.

HRM PCR

The HRM PCR assesses the 5 CpG islands 
methylation located on the proximal E2BS of HPV16 
p97 promoter. The experiment was performed using the 

ABI 7500 Fast real-time PCR system and Melt Doctor 
HRM Master mix (Life Technologies) as we previously 
described in Jacquin et al., 2013 [18].

Plasmid transfection and luciferase assay

Ca Ski and SiHa cells were transfected with the 
mixture of each vector (pciNeo+/-E2 and pGL3TKmin 
Luc+/-E2BS) using JetPEI® transfection reagent 
(Polyplus transfection, Illkirch, France) according to 
the manufacturer’s recommendations. Cells were lysed 
by Lysis reagent 1X of Dual-Luciferase Reporter Assay 
System kit (Promega, Charbinnières les bains, France). 
Lysates were mixed with the Luciferase assay reagent and 
the luminescence was recorded. Luminescence signals 
were then stopped through Stop and Glo reagent and 
Renilla signals were measured to normalize luciferase 
luminescence.

RNA extraction and reverse transcription

Total RNAs were extracted by Trizol®-chloroform 
method (Sigma-Aldrich, Saint Quentin Fallavier, 
France). cDNA were synthetized using the Maxima 
First Strand cDNA Synthesis kit (Thermo Scientific, 
Illkirch, France) according to the manufacturer’s 
recommendations.

qPCR

Viral (E6 Full length, E6*I, E6all), cellular 
transcription factors (TF) (Oct1, cFos, cJun, TEF-2, NF1, 
CEBPβ, YY1 and Sp1) cDNA were quantified by real-
time PCR using the ABI 7500 Real-Time PCR System 
(Applied Biosystems, Saint Aubin, France) with the SYBR 
Green real time PCR master mix (Life Technologies, Saint 
Aubin, France). The specific primer sequences of selected 
genes are shown in Table 1. Thermal cycling for all qPCR 
consisted in 95°C 5 min followed by 40 cycles of 30 s at 
95°C and 1 min at 60°C. mRNA levels were normalized 
to β2 microglobulin using the 2-ΔΔCt method.

E6ORF PCR

E6ORF_For5′-ATGCACCAAAAGAGAACTGC-3′ 
and E6ORF_Rev5′-TTACAGCTGGGTTTCTCTACGTGT-3′ 
primers were designed to target the ORF of E6Fl, E6*I and 
E6*II. PCR were performed with 0.5 μM of each 
primer, 0.625 U DreamTaq Polymerase (ThermoFisher 
Scientific, Waltham, USA), DreamTaq Buffer 1X and 
2.5 μL of cDNA. Amplification consisted in a first step 
at 95°C for 2 min followed by 30 cycles of denaturation 
at 95°C (30 sec), hybridization at 50°C (20 sec), 
elongation at 72°C (30 sec) and a final step at 72°C for 
5 min. After electrophoresis on a 2% agarose gel, PCR 
product levels were normalized to β2 microglobulin 
using densitometry.
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Quantification of miR-375

After RNA extraction, reverse transcription was 
carried out using the TaqMan MicroRNA Reverse 
Transcription kit (Life Technologies). Relative quantities 
of miR-375 (Cat#4427975, Life Technologies) were 
determined with the 7500 Real-Time PCR System by 
using TaqMan® microRNA Assays and TaqMan Universal 
Master Mix II (Life Technologies). miR-375 expression 
was normalized by the endogenous control U6 snRNA 
(Primers: Table 1) using the 2-ΔΔCt method.

Suppression of miR-375 activity

Ca Ski and SiHa cells were treated with 5azadC 
at 0.25 μM for 96h. During the last 24h, cells were 
transfected with miRIDIAN microRNA Human miR-
375 hairpin inhibitor (IH-3006882-07) or miRIDIAN 
miRNA Hairpin Inhibitor Negative Control (IN-001005-
01) (Dharmacon, GE Healthcare, LaFayette, USA) at 
200 nM with Lipofectamine 2000 (Invitrogen, Villebon 
sur Yvette, France) according to the manufacturer’s 
recommendations. Cells were then processed for analysis 
of E6Fl mRNA and protein expression.

Western blotting

Proteins were extracted with radioimmuno-
precipitation assay lysis buffer (50 mM Tris/HCl, pH 7.4, 
150 mM NaCl, 0.1% SDS, 1 % Nonidet P-40, 0.5 % Na 
deoxycholate, 1 mM EDTA), protease inhibitor (30 
μg/mL) (Roche Diagnostics, Meylan, France). After 
sonication, protein concentrations were determined using 
the BioRad Protein assay (Biorad, Marnes-la-Coquette, 
France) according to the manufacturer’s recommendations. 
Each sample was subjected to SDS-PAGE and then 
transferred onto Hybond TM-P polyvinylidene difluoride 
membranes (GE Healthcare, Amersham, England) which 
were blocked with 5% nonfat milk overnight at 4°C under 
constant shaking. Membranes were then incubated with 
primary antibodies (see below), washed and incubated 
with anti-mouse or anti-rabbit immunoglobulin antibodies 
conjugated with horseradish-peroxydase. The following 
primary antibodies were used for this study: 2E3F8 anti-
E6HPV16 (Euromedex, Souffelweyersheim, France); 
DO7 anti-p53 (BD Biosciences, Le Pont de Claix, 
France); ABE135 anti-Sp1 (Millipore, Saint-Quentin-en-
Yvelines, France) and AC15 anti-βactin (Sigma-Aldrich) 
antibodies. The immune complexes were revealed by 
chemiluminescence with Pierce ECL2 Western blotting 
Substrate (Thermo Scientific) using ChemiDoc XRS+ 
with image lab software (Biorad).

Statistical analyses

Data are presented as mean ± standard deviation 
(SD). Group comparisons were performed using the Mann-

Whitney test. A p value <0.05 was considered as statistically 
significant; *, **, and *** illustrate significance at 0.05, 
0.01, and 0.001 levels respectively. A one-way ANOVA has 
been used to correct for multiple testing.

Author contributions

AM, AB, CM, JLP conceived and designed the 
study; AM, JP, EJ performed experiments and analyzed 
the data; AM, AB, CM, JLP drafted the manuscript; CD, 
EL, DG performed a critical revision of the manuscript; 
CD provided plasmid constructions. All authors read and 
approved the final manuscript.

ACKNOWLEDGMENTS

We thank Dr Eric Hervouet, Université de Franche-
Comté in Besançon, France for his help with ChIP assay. 
A. Morel, J. Perrard and E. Jacquin were the recipients 
of a predoctoral scholarship from the Conseil Régional 
de Franche-Comté. The authors thank Fiona Ecarnot 
(EA3920, University Hospital Besancon, France) for 
editorial assistance.

CONFLICTS OF INTEREST

The authors of this manuscript have no conflicts of 
interest to disclose.

FUNDING

Part of this work was supported by grants from La 
Ligue Contre le Cancer (Comité du Doubs and CCIR-GE) 
and the Conseil Régional de Franche-Comté.

REFERENCES

1. de Villiers EM. Cross-roads in the classification of 
papillomaviruses. Virology. 2013; 445: 2–10. doi: 10.1016/j.
virol.2013.04.023.

2. Bouvard V, Baan R, Straif K, Grosse Y, Secretan B, El 
Ghissassi F, Benbrahim-Tallaa L, Guha N, Freeman C, 
Galichet L, Cogliano V, WHO International Agency for 
Research on Cancer Monograph Working Group. A review 
of human carcinogens--Part B: biological agents. Lancet 
Oncol. 2009; 10: 321–2.

3. de Sanjose S, Quint WG, Alemany L, Geraets DT, 
Klaustermeier JE, Lloveras B, Tous S, Felix A, Bravo 
LE, Shin HR, Vallejos CS, de Ruiz PA, Lima MA, et al. 
Human papillomavirus genotype attribution in invasive 
cervical cancer: a retrospective cross-sectional worldwide 
study. Lancet Oncol. 2010; 11: 1048–56. doi: 10.1016/
S1470-2045(10)70230-8.

4. De Vuyst H, Clifford GM, Nascimento MC, Madeleine 
MM, Franceschi S. Prevalence and type distribution of 



Oncotarget46174www.impactjournals.com/oncotarget

human papillomavirus in carcinoma and intraepithelial 
neoplasia of the vulva, vagina and anus: a meta-analysis. 
Int J Cancer. 2009; 124: 1626–36. doi: 10.1002/ijc.24116.

5. Kreimer AR, Clifford GM, Boyle P, Franceschi S. Human 
papillomavirus types in head and neck squamous cell 
carcinomas worldwide: a systematic review. Cancer 
Epidemiol Biomark Prev Publ Am Assoc Cancer Res 
Cosponsored Am Soc Prev Oncol. 2005; 14: 467–75. doi: 
10.1158/1055-9965.EPI-04-0551.

6. Chong T, Apt D, Gloss B, Isa M, Bernard HU. The enhancer 
of human papillomavirus type 16: binding sites for the 
ubiquitous transcription factors oct-1, NFA, TEF-2, NF1, 
and AP-1 participate in epithelial cell-specific transcription. 
J Virol. 1991; 65: 5933–43.

7. Tan SH, Leong LE, Walker PA, Bernard HU. The human 
papillomavirus type 16 E2 transcription factor binds with 
low cooperativity to two flanking sites and represses the E6 
promoter through displacement of Sp1 and TFIID. J Virol. 
1994; 68: 6411–20.

8. Dong G, Broker TR, Chow LT. Human papillomavirus type 
11 E2 proteins repress the homologous E6 promoter by 
interfering with the binding of host transcription factors to 
adjacent elements. J Virol. 1994; 68: 1115–27.

9. Johansson C, Schwartz S. Regulation of human 
papillomavirus gene expression by splicing and 
polyadenylation. Nat Rev Microbiol. 2013; 11: 239–51. doi: 
10.1038/nrmicro2984.

10. Zheng ZM, Baker CC. Papillomavirus genome structure, 
expression, and post-transcriptional regulation. Front Biosci 
J Virtual Libr. 2006; 11: 2286–302.

11. Zheng ZM. Regulation of alternative RNA splicing by exon 
definition and exon sequences in viral and mammalian 
gene expression. J Biomed Sci. 2004; 11: 278–94. doi: 
10.1159/000077096.

12. Filippova M, Evans W, Aragon R, Filippov V, Williams 
VM, Hong L, Reeves ME, Duerksen-Hughes P. The small 
splice variant of HPV16 E6, E6, reduces tumor formation 
in cervical carcinoma xenografts. Virology. 2014; 450-451: 
153–64. doi: 10.1016/j.virol.2013.12.011.

13. Scheffner M, Huibregtse JM, Vierstra RD, Howley PM. The 
HPV-16 E6 and E6-AP complex functions as a ubiquitin-
protein ligase in the ubiquitination of p53. Cell. 1993; 75: 
495–505.

14. Chellappan S, Kraus VB, Kroger B, Munger K, Howley 
PM, Phelps WC, Nevins JR. Adenovirus E1A, simian 
virus 40 tumor antigen, and human papillomavirus E7 
protein share the capacity to disrupt the interaction between 
transcription factor E2F and the retinoblastoma gene 
product. Proc Natl Acad Sci U S A. 1992; 89: 4549–53.

15. Gao C, Pan MM, Lei YJ, Tian LQ, Jiang HY, Li XL, Shi 
Q, Tian C, Yuan YK, Fan GX, Dong XP. A point mutation 
in the DNA-binding domain of HPV-2 E2 protein increases 
its DNA-binding capacity and reverses its transcriptional 

regulatory activity on the viral early promoter. BMC Mol 
Biol. 2012; 13: 5. doi: 10.1186/1471-2199-13-5.

16. Bhattacharjee B, Sengupta S. CpG methylation of HPV 16 
LCR at E2 binding site proximal to P97 is associated with 
cervical cancer in presence of intact E2. Virology. 2006; 
354: 280–5. doi: 10.1016/j.virol.2006.06.018.

17. Jacquin E, Baraquin A, Ramanah R, Carcopino X, Morel A, 
Valmary-Degano S, Bravo IG, de Sanjosé S, Riethmuller D, 
Mougin C, Prétet JL. Methylation of human papillomavirus 
Type 16 CpG sites at E2-binding site 1 (E2BS1), E2BS2, 
and the Sp1-binding site in cervical cancer samples as 
determined by high-resolution melting analysis-PCR. J Clin 
Microbiol. 2013; 51: 3207–15. doi: 10.1128/JCM.01106-13.

18. Vinokurova S, von Knebel Doeberitz M. Differential 
methylation of the HPV 16 upstream regulatory 
region during epithelial differentiation and neoplastic 
transformation. PLoS One. 2011; 6: e24451. doi: 10.1371/
journal.pone.0024451.

19. Das Ghosh D, Bhattacharjee B, Sen S, Premi L, 
Mukhopadhyay I, Chowdhury RR, Roy S, Sengupta S. 
Some novel insights on HPV16 related cervical cancer 
pathogenesis based on analyses of LCR methylation, 
viral load, E7 and E2/E4 expressions. PLoS One. 2012; 7: 
e44678. doi: 10.1371/journal.pone.0044678.

20. Leung TW, Liu SS, Leung RC, Chu MM, Cheung AN, 
Ngan HY. HPV 16 E2 binding sites 1 and 2 become 
more methylated than E2 binding site 4 during cervical 
carcinogenesis. J Med Virol. 2015; 87: 1022–33. doi: 
10.1002/jmv.24129.

21. Jeon S, Lambert PF. Integration of human papillomavirus 
type 16 DNA into the human genome leads to increased 
stability of E6 and E7 mRNAs: implications for cervical 
carcinogenesis. Proc Natl Acad Sci U S A. 1995; 92: 
1654–8.

22. Kumar Gupta A, Kumar M. HPVbase-a knowledgebase of 
viral integrations, methylation patterns and microRNAs 
aberrant expression: as potential biomarkers for Human 
papillomaviruses mediated carcinomas. Sci Rep. 2015; 5: 
12522. doi: 10.1038/srep12522.

23. Tian Q, Li Y, Wang F, Li Y, Xu J, Shen Y, Ye F, Wang 
X, Cheng X, Chen Y, Wan X, Lu W, Xie X. MicroRNA 
detection in cervical exfoliated cells as a triage for human 
papillomavirus–positive women. J Natl Cancer Inst. 2014; 
106: dju241. doi: 10.1093/jnci/dju241.

24. Jung HM, Phillips BL, Chan EK. miR-375 activates p21 and 
suppresses telomerase activity by coordinately regulating 
HPV E6/E7, E6AP, CIP2A, and 14-3-3ζ. Mol Cancer. 2014; 
13: 80. doi: 10.1186/1476-4598-13-80.

25. Wang F, Li Y, Zhou J, Xu J, Peng C, Ye F, Shen Y, Lu W, 
Wan X, Xie X. miR-375 is down-regulated in squamous 
cervical cancer and inhibits cell migration and invasion via 
targeting transcription factor SP1. Am J Pathol. 2011; 179: 
2580–8. doi: 10.1016/j.ajpath.2011.07.037.



Oncotarget46175www.impactjournals.com/oncotarget

26. Bierkens M, Krijgsman O, Wilting SM, Bosch L, Jaspers 
A, Meijer GA, Meijer CJLM, Snijders PJF, Ylstra B, 
Steenbergen RDM. Focal aberrations indicate EYA2 and 
hsa-miR-375 as oncogene and tumor suppressor in cervical 
carcinogenesis. Genes Chromosomes Cancer. 2013; 52: 
56–68. doi: 10.1002/gcc.22006.

27. Wilting SM, Verlaat W, Jaspers A, Makazaji NA, Agami 
R, Meijer CJ, Snijders PJ, Steenbergen RD. Methylation-
mediated transcriptional repression of microRNAs during 
cervical carcinogenesis. Epigenetics. 2013; 8: 220–8. doi: 
10.4161/epi.23605.

28. Yee C, Krishnan-Hewlett I, Baker CC, Schlegel R, Howley 
PM. Presence and expression of human papillomavirus 
sequences in human cervical carcinoma cell lines. Am J 
Pathol. 1985; 119: 361–6.

29. Chen J, Xue Y, Poidinger M, Lim T, Chew SH, Pang CL, 
Abastado JP, Thierry F. Mapping of HPV transcripts in four 
human cervical lesions using RNAseq suggests quantitative 
rearrangements during carcinogenic progression. Virology. 
2014; 462-463: 14–24. doi: 10.1016/j.virol.2014.05.026.

30. Stich M, Ganss L, Puschhof J, Prigge ES, Reuschenbach 
M, Guiterrez A, Vinokurova S, von Knebel Doeberitz M. 
5-aza-2′-deoxycytidine (DAC) treatment downregulates the 
HPV E6 and E7 oncogene expression and blocks neoplastic 
growth of HPV-associated cancer cells. Oncotarget. 2016 
Jul 16. doi: 10.18632/oncotarget.10631. [Epub ahead of 
print].

31. Klose RJ, Bird AP. Genomic DNA methylation: the mark 
and its mediators. Trends Biochem Sci. 2006; 31: 89–97. 
doi: 10.1016/j.tibs.2005.12.008.

32. De-Castro Arce J, Göckel-Krzikalla E, Rösl F. Silencing of 
multi-copy HPV16 by viral self-methylation and chromatin 
occlusion: a model for epigenetic virus-host interaction. Hum 
Mol Genet. 2012; 21: 1693–705. doi: 10.1093/hmg/ddr604.

33. Rösl F, Arab A, Klevenz B, zur Hausen H. The effect 
of DNA methylation on gene regulation of human 
papillomaviruses. J Gen Virol. 1993; 74: 791–801. doi: 
10.1099/0022-1317-74-5-791.

34. Xue Y, Lim D, Zhi L, He P, Abastado JP, Thierry F. Loss of 
HPV16 E2 protein expression without disruption of the E2 
ORF correlates with carcinogenic progression. Open Virol 
J. 2012; 6: 163–72. doi: 10.2174/1874357901206010163.

35. Thierry F, Yaniv M. The BPV1-E2 trans-acting protein 
can be either an activator or a repressor of the HPV18 
regulatory region. EMBO J. 1987; 6: 3391–7.

36. Guan H, Mi B, Li Y, Wu W, Tan P, Fang Z, Li J, Zhang 
Y, Li F. Decitabine represses osteoclastogenesis through 
inhibition of RANK and NF-κB. Cell Signal. 2015; 27: 
969–77. doi: 10.1016/j.cellsig.2015.02.006.

37. Alberich-Jordà M, Wouters B, Balastik M, Shapiro-Koss 
C, Zhang H, DiRuscio A, Radomska HS, Ebralidze AK, 
Amabile G, Ye M, Zhang J, Lowers I, Avellino R, et al. 
C/EBPγ deregulation results in differentiation arrest in acute 
myeloid leukemia. J Clin Invest. 2012; 122: 4490–504. doi: 
10.1172/JCI65102.

38. Bennett KL, Hackanson B, Smith LT, Morrison CD, 
Lang JC, Schuller DE, Weber F, Eng C, Plass C. Tumor 
suppressor activity of CCAAT/enhancer binding protein 
alpha is epigenetically down-regulated in head and neck 
squamous cell carcinoma. Cancer Res. 2007; 67: 4657–64. 
doi: 10.1158/0008-5472.CAN-06-4793.

39. Filtz TM, Vogel WK, Leid M. Regulation of transcription 
factor activity by interconnected post-translational 
modifications. Trends Pharmacol Sci. 2014; 35: 76–85. doi: 
10.1016/j.tips.2013.11.005.

40. Piotrowska H, Jagodzinski PP. Glucocorticoid receptor 
alpha and beta variant expression is associated with ASF/
SF2 splicing factor upregulation in HT-29 colon cancer and 
MCF-7 breast carcinoma cells. Arch Med Res. 2009; 40: 
156–62. doi: 10.1016/j.arcmed.2009.02.004.

41. McFarlane M, MacDonald AI, Stevenson A, Graham 
SV. Human papillomavirus 16 oncoprotein expression is 
controlled by the cellular splicing factor SRSF2 (SC35). J 
Virol. 2015; 89: 5276–87. doi: 10.1128/JVI.03434-14.

42. Luczak MW, Jagodzinski PP. Apicidin down-regulates 
human papillomavirus type 16 E6 and E7 transcripts and 
proteins in SiHa cervical cancer cells. Cancer Lett. 2008; 
272: 53–60. doi: 10.1016/j.canlet.2008.06.030.

43. Iwakawa H, Tomari Y. The functions of MicroRNAs: 
mRNA decay and translational repression. Trends Cell Biol. 
2015; 25: 651–65. doi: 10.1016/j.tcb.2015.07.011.

44. Mazar J, DeBlasio D, Govindarajan SS, Zhang S, Perera 
RJ. Epigenetic regulation of microRNA-375 and its role in 
melanoma development in humans. FEBS Lett. 2011; 585: 
2467–76. doi: 10.1016/j.febslet.2011.06.025.

45. Au Yeung CL, Tsang WP, Tsang TY, Co NN, Yau PL, Kwok 
TT. HPV-16 E6 upregulation of DNMT1 through repression 
of tumor suppressor p53. Oncol Rep. 2010; 24: 1599–604.

46. McLaughlin-Drubin ME, Crum CP, Münger K. Human 
papillomavirus E7 oncoprotein induces KDM6A and 
KDM6B histone demethylase expression and causes 
epigenetic reprogramming. Proc Natl Acad Sci U S A. 2011; 
108: 2130–5. doi: 10.1073/pnas.1009933108.

47. Hsu CH, Peng KL, Jhang HC, Lin CH, Wu SY, Chiang CM, 
Lee SC, Yu WC, Juan LJ. The HPV E6 oncoprotein targets 
histone methyltransferases for modulating specific gene 
transcription. Oncogene. 2012; 31: 2335–49. doi: 10.1038/
onc.2011.415.

48. D’Costa ZJ, Jolly C, Androphy EJ, Mercer A, Matthews 
CM, Hibma MH. Transcriptional repression of E-cadherin 
by human papillomavirus type 16 E6. PLoS One. 2012; 7: 
e48954. doi: 10.1371/journal.pone.0048954.

49. Au Yeung CL, Tsang TY, Yau PL, Kwok TT. Human 
papillomavirus type 16 E6 induces cervical cancer cell 
migration through the p53/microRNA-23b/urokinase-type 
plasminogen activator pathway. Oncogene. 2011; 30: 2401–
10. doi: 10.1038/onc.2010.613.

50. Greco D, Kivi N, Qian K, Leivonen SK, Auvinen P, 
Auvinen E. Human papillomavirus 16 E5 modulates the 



Oncotarget46176www.impactjournals.com/oncotarget

expression of host microRNAs. PLoS One. 2011; 6: e21646. 
doi: 10.1371/journal.pone.0021646.

51. Gómez-Gómez Y, Organista-Nava J, Gariglio P. 
Deregulation of the miRNAs expression in cervical cancer: 
human papillomavirus implications. Biomed Res Int. 2013; 
2013: 407052. doi: 10.1155/2013/407052.

52. Liu S, Song L, Yao H, Zhang L, Xu D, Gao F, Li Q. 
MiR-375 is epigenetically downregulated by HPV-16 E6 
mediated DNMT1 upregulation and modulates EMT of 
cervical cancer cells by suppressing lncRNA MALAT1. 
PLoS One. 2016; 11: e0163460. doi: 10.1371/journal.
pone.0163460.

53. He J, Ji Y, Li A, Zhang Q, Song W, Li Y, Huang H, Qian 
J, Zhai A, Yu X, Zhao J, Shang Q, Wei L, et al. MiR-
122 directly inhibits human papillomavirus E6 gene and 
enhances interferon signaling through blocking suppressor 
of cytokine signaling 1 in SiHa cells. PLoS One. 2014; 9: 
e108410. doi: 10.1371/journal.pone.0108410.

54. Lin L, Cai Q, Zhang X, Zhang H, Zhong Y, Xu C, Li Y. 
Two less common human microRNAs miR-875 and miR-
3144 target a conserved site of E6 oncogene in most high-
risk human papillomavirus subtypes. Protein Cell. 2015; 6: 
575–88. doi: 10.1007/s13238-015-0142-8.

55. Bernard B, Prétet JL, Charlot JF, Mougin C. Human 
papillomaviruses type 16+ and 18+ cervical carcinoma cells 
are sensitive to staurosporine-mediated apoptosis. Biol Cell. 
2003; 95: 17–26.

56. Hirchaud F, Hermetet F, Ablise M, Fauconnet S, Vuitton 
DA, Prétet JL, Mougin C. Isoliquiritigenin induces caspase-
dependent apoptosis via downregulation of HPV16 E6 
expression in cervical cancer Ca Ski cells. Planta Med. 
2013; 79: 1628–35. doi: 10.1055/s-0033-1350956.

57. Reid G, Kao SC, Pavlakis N, Brahmbhatt H, MacDiarmid J, 
Clarke S, Boyer M, van Zandwijk N. Clinical development 
of TargomiRs, a miRNA mimic-based treatment for patients 
with recurrent thoracic cancer. Epigenomics. 2016; 8: 
1079–85. doi: 10.2217/epi-2016-0035.

58. Valdespino V, Valdespino PM. Potential of epigenetic 
therapies in the management of solid tumors. Cancer Manag 
Res. 2015; 7: 241–51. doi: 10.2147/CMAR.S70358.

59. Wang Z, Murigneux V, Le Hir H. Transcriptome-
wide modulation of splicing by the exon junction 
complex. Genome Biol. 2014; 15: 551. doi: 10.1186/
s13059-014-0551-7.


