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Abstract Persistent infection with high-risk human

papillomaviruses is the main etiological factor in cervical

cancer (CC). The human papillomavirus type 16 (HPV16)

E7 oncoprotein alters several cellular processes, regulating

the expression of many genes in order to avoid cell cycle

control. Retinoic acid receptor beta (RARB) blocks cell

growth, inducing differentiation and apoptosis. This tumor

suppressor gene is gradually silenced in late passages of

foreskin keratinocytes immortalized with HPV16 and in

various tumors, including CC, mainly by epigenetic

modifications. We investigated the effect of E7 oncoprotein

on RARB gene expression. We found that HPV16 E7

increases RARB mRNA and RAR-beta protein expression

both in vitro and in the cervix of young K14E7 transgenic

mice. In E7-expressing cells, RARB overexpression is fur-

ther increased in the presence of the tumor suppressor p53

(TP53) R273C mutant. This effect does not change when

either C33-A or E7-expressing C33-A cell line is treated

with Trichostatin A, suggesting that E7 enhances RARB

expression independently of histone deacetylases inhibition.

These findings indicate that RARB overexpression is part of

the early molecular events induced by the E7 oncoprotein.

Keywords HPV16 E7 oncoprotein � RARB � TP53
R273C mutant � HDACs � Cervical cancer

Introduction

Cancer is a multistep and multifactorial disease that is

characterized by the accumulation of various cell-damaging

events such as chromosomal instability, inactivation of cell

cycle regulatory proteins, apoptosis inhibition, and epige-

netic modifications, among others [1, 2]. Cervical cancer

(CC), due to its viral nature, is a paradigm to understand the

development of other epithelial cancer types. High-risk

human papillomaviruses (HR-HPVs) are the main etiologi-

cal agents of CC, as they are present in over 95 % of tumors,

HPV16 being the most prevalent genotype [3]. However,

only a small percentage of women infected with HR-HPVs

develop CC, indicating that other cofactors are involved

along with HR-HPVs to induce cervical carcinogenesis [4].

These viruses primarily exert their oncogenic potential

through the E6 and E7 oncoproteins [5]; the sustained

expression of these oncoproteins extends the life-span of
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Politécnico Nacional (CINVESTAV-IPN), Av. IPN 2508,

San Pedro Zacatenco, Gustavo A. Madero,

07360 Ciudad de México, México
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primary human cells and facilitates their immortalization

[6]. The E6 and E7 oncoproteins lack specific DNA binding

activities but can associate with cellular proteins to induce

epigenetic alterations, genomic instability and tumor pro-

gression [7]. E6 oncoprotein interacts with the tumor sup-

pressor p53 (TP53) [8], inducing its degradation [9], and

consequently inhibiting apoptosis [10]. The primary targets

of the E7 oncoprotein are the retinoblastoma protein family,

pRb, p107, and p130, and their inactivation leads to cell

cycle deregulation [11]. In addition, HPV16 E7 expression

causes epigenetic reprogramming of cells at the level of both

DNA methylation and histone modifications [12–15].

HPV16 E7 expression reduces global trimethylation of

lysine 27 on histone H3 (H3K27me3) mark, releasing

polycomb repressive complex (PRC)-mediated repression

[14]; E7 can also enhance transcription of several genes by

the activation of histone acetyltransferases (HATs) and

inhibition of histone deacetylases (HDACs), leading to an

increase in global H3 acetylation [7, 12, 15, 16]. All the

mechanisms mentioned above are involved in the repro-

gramming of host epithelial cells to avoid cell cycle control.

The retinoic acid receptor beta (RARB) gene is

expressed in epithelial tissue and is upregulated by treat-

ment with all-trans-retinoic acid (ATRA) or retinoic acid

(RA), leading to the growth inhibition of oral cancer and

CC cells [17–19]. In normal cervical epithelial cells, the

RARB gene is expressed [20]; however, loss of RARB

expression is dependent on cancer stage, and it has been

found with varied frequency and correlated with tran-

scriptional repression of its promoter in different tumors,

including CC and head and neck squamous cell carcinomas

(HNSCCs) [21–26]. Interestingly, in HPV-positive CC cell

lines with wild-type TP53, the RARB gene is not expres-

sed, whereas the HPV-negative CC cell line (C33-A) with

mutant TP53 (TP53 R273C) expresses RARB [23, 25–27];

furthermore, RARB promoter methylation in HNSCC cell

lines is correlated with loss of RARB mRNA expression

and inversely related to the presence of mutated TP53 [25],

suggesting that TP53 status together with the presence of

HPV could be important to regulate RARB transcription

during HPV infection and carcinogenesis. This agrees with

the observation that some TP53 mutants acquire new

oncogenic activities to transactivate genes that can promote

proliferation of cancer cells [28]. Supporting this obser-

vation, it was reported that cervical carcinomas have TP53

gene mutation frequencies from 9 to 16 % [29, 30], and

that these somatic mutations are implicated in the patho-

genesis of cervical carcinomas [29, 30].

Here, we report for the first time that the HPV16 E7

oncoprotein induces the overexpression of the tumor sup-

pressor RARB gene in cell lines and cervix of young

K14E7 transgenic mice without cervical neoplasia. RARB

overexpression is even higher in vitro through the

synergistic action of HPV16 E7 and TP53 R273C mutant,

and this effect is not dependent on HDACs inhibition in the

C33-A cell line.

Materials and methods

Cell culture and treatments

HeLa (HPV18), SiHa and CaSki (HPV16), and C33-A

(HPV negative) CC cell lines, as well as primary human

foreskin keratinocytes (HFKs) and osteosarcoma Saos2 cell

line, were originally obtained from the American Type

Culture Collection (ATCC), whereas ViPa and CaLo

(HPV18) cell lines were kindly provided by Alberto

Monroy (FES-Zaragoza, UNAM, México). These cell lines

were cultured in DMEM supplemented with 10 % (v/v)

FBS, 2 mM L-glutamine, and 100 U/mL penicillin/strep-

tomycin (Invitrogen). Cell lines were incubated at 37 �C in

a humidified 5 % CO2 environment and were grown to

50–80 % confluence before next passage or further

experiments.

Primary HFKs and HPV16 E7-transformed HFKs were

cultured in keratinocyte serum-free medium containing

recombinant epidermal growth factor and bovine pituitary

extract as supplements (Gibco, Life Technologies).

For RA treatment, C33-A cells stably expressing HPV16

E7 oncoprotein were cultured for 24 h; culture medium

was replaced and cells were incubated three days with

3 lM of RA (Sigma-Aldrich) and two additional days with

RA-containing fresh medium before total RNA extraction.

Before adding fresh medium with RA, cells were rinsed

with phosphate-buffered saline (PBS). The RA was dis-

solved in dimethyl sulfoxide (Me2SO; Merck) as a 10 mM

stock solution and kept at -70 �C. Control cell culture was
incubated in media containing 0.03 % (v/v) Me2SO alone.

The treatment with Trichostatin A (TSA; Sigma-Aldrich)

was done according to Zhang et al. [26]. In the

3-deazaneplanocin A (DZNep) experiments, C33-A cells

were treated with 30 lM of DZNep (Sigma-Aldrich) for

48 h.

Transient and stable transfections

Cells were seeded at 5 9 105 cells per 60 9 15 mm dish,

transfected with plasmids pcDNA3 (empty vector),

pcDNA3E6, pcDNA3E7, pcDNA3TP53 R273C, and

pcDNA3TP53 (wild type), and co-transfected pcDNA3E7

with pcDNA3TP53 R273C, pcDNA3TP53, and SureSi-

lencing TP53 siRNA Plasmid Kit (SABiosciences, Qia-

gen). Plasmids were constructed by inserting cDNA

fragments encoding the HPV16 E6 or E7 oncogenes into

the pcDNA3 vector at the unique HindIII restriction
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enzyme site. Orientation of the inserts was determined by

DNA sequencing. Transfection was performed using lipo-

fectamine 2000 reagent (Invitrogen) according to the

manufacturer’s instructions. In order to obtain a stable cell

line, transfected cells were selected 2 weeks in a growth

media containing 1200 lg/mL of G418 (Invitrogen). To

keep clones selection, cells were grown continuously in a

medium containing 800 lg/mL of G418. For transient

assays, cells were harvested 48 h after transfection.

Cell proliferation assay (MTT assay)

The CC cell line C33-A and C33-A cells stably expressing

the E7 oncoprotein were seeded in a 24-well plate at a

density of 50,000 cells with 1 mL DMEM medium per

well. After attachment of cells during 24 h, RA treatment

was made according to Cell culture and Treatments sec-

tion. Cell viability was determined by the conventional

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-

mide (MTT) assay (Sigma-Aldrich); a MTT solution

(0.5 mg/mL in DMEM without serum) was prepared and

used immediately; for this, culture medium of the 24-well

plate was removed, washed using PBS, and replaced by

MTT solution; cells were incubated for 30 min at 37 �C.
Formazan dye crystals were solubilized from the removed

medium with 500 lL acidified isopropanol, and absor-

bance was measured in a plate reader at 570 nm wave-

length (Sunrise, TECAN). Cell viability was expressed in

percentage taking as control the C33-A cells without E7

oncogene or RA treatment.

RT-PCR and reverse-transcription quantitative

PCR (RT-qPCR)

Total RNA of the CC cell lines, HFKs, and osteosarcoma

Saos2 cell line, as well as of cervical tissue from the

K14E7 mice (previously homogenized by mortar in liquid

nitrogen), was extracted using TRIZOL reagent (Invitro-

gen); afterwards, it was treated with RNase-free DNase I

(Invitrogen) according to the manufacturer’s instructions

and stored at -70 �C. cDNA was synthesized from 5 lg of

RNA using SuperScript II reverse transcriptase (Invitro-

gen) in a volume of 20 lL, following the manufacturer’s

recommendations. Gene sequences were obtained from the

GenBank database and primers (Table 1) that exclude

introns were designed using the Primer Express Software

and purchased from Invitrogen. PCR conditions used to

determine mRNA levels were the following: 95 �C for

3 min, followed by 40 cycles at 95 �C for 30 s, 60 �C for

30 s, and 72 �C for 30 s including a final step of 72 �C for

7 min. PCR products were separated on 1.5 % agarose and

images were obtained following ethidium bromide

staining.

The RT-qPCR experiments were performed using

SYBR green Master Mix (Thermo Scientific) in an ABI

7300 Real-Time PCR system (Applied Biosystems), and

optimal PCR reactions were established as previously

mentioned. Each reaction was performed in triplicate.

Human beta-2-microglobulin (B2M) and murine glycer-

aldehyde-3-phosphate dehydrogenase (Gapdh) were used

as reference gene, and the threshold value (Ct) for each

sample was used to determine gene relative expression

levels (2�DDCt method). RT-qPCR efficiencies were as

follows: B2M (R2 = 0.992, Eff% = 96.459); RARB

(R2 = 0.882, Eff% = 97.964); Gapdh (R2 = 0.996,

Eff% = 105.177); and Rarb (R2 = 0.95, Eff% = 85.000).

Western blotting

Murine cervical tissue, HFKs, and osteosarcoma Saos2 cell

line were lysed in lysis buffer containing 1 % triton X-100,

4.9 mM/L MgCl2, 1 mM/L sodium orthovanadate, 2.1 lg/
mL aprotinin, 0.5 lg/mL leupeptin, and 1 mM/mL

phenylmethylsulfonyl fluoride (PMSF). Proteins were

separated by size on 10 % sodium dodecyl sulfate (SDS)

polyacrylamide gels (PAGE) and transferred to nitrocel-

lulose membrane (Millipore) by electroblotting. After 1 h

blocking with 5 % non-fat dry milk in PBS, membranes

were probed overnight with a mouse primary antibody to

Rarb (Santa Cruz Biotechnology, C-19) at 1:500 dilution.

TP53 antibody (Santa Cruz Biotechnology, sc-126 HRP)

was used at 1:500 dilution. Human RARB antibody (Santa

Cruz Biotechnology, sc-552) and HPV16 E7 antibody

(Santa Cruz Biotechnology, sc-6981) were used at 1:500

dilution. Equal loading and transfer of the proteins were

assessed using a monoclonal antibody against beta-actin

and tubulin alpha-1A chain (a-tubulin) used at 1:500

dilution (Sigma-Aldrich). Bands were visualized with an

anti-rabbit or anti-mouse antibody conjugated with horse-

radish peroxidase (Sigma-Aldrich) at 1:10,000 dilution.

Signals were developed and visualized by ECL Western

blotting reagents (Amersham Biosciences). Protein band

intensity was analyzed by ImageJ software (version 1.41).

Animals

Mice were housed and treated according to the American

Association of Laboratory Animal Care (AALAC) regu-

lations. All mice procedures were carried out under an

animal protocol approved by the Research Unit for Labo-

ratory Animal Care Committee (UPEAL-CINVESTAV-

IPN, México; NOM-062-ZOO-1999). 1.5-month-old

female K14E7 transgenic and inbred syngeneic FvB con-

trol mice were used in this study. K14E7 transgenic mice

have been described previously [31]. For RT-qPCR

Mol Cell Biochem (2015) 408:261–272 263

123



analysis, three K14E7 and three FvB control non-trans-

genic mice were used, whereas for Western blot analysis,

four mice from each group were included.

Statistical analysis

Student t test was used to evaluate the data statistical

significance.

Results

HPV16 E7 oncoprotein increases RARB mRNA

expression independently of HDACs inhibition

in C33-A cell line and the RA treatment does

not inhibit cell proliferation

Complete or partial inhibition of RARB gene expression

has been observed in many tumor cell lines and primary

human tumors, including cervical cancer (CC) [21–26]. In

agreement with previous reports, RARB mRNA expression

was absent in all tested HPV-positive cell lines (Fig. S1a).

In contrast, RARB mRNA expression is observed in the

C33-A cell line, which is HPV negative and contains a

mutation in the TP53 gene (TP53 R273C) [27]. Given that

RAR-alpha, PPAR-gamma and COUP-TF2 (NR2F2 gene)

have been reported as co-activators on the RARB promoter

[20, 32–34], we determined if there was a difference in the

mRNA expression of these co-activators between the C33-

A cell line and the HPV-positive cell lines. Figure S1b

shows that only the PPAR-gamma mRNA level was

slightly lower in CaSki cells than in the other cell lines.

In order to determine whether the HPV16 E6 and/or E7

oncoproteins cause changes in the level of RARB gene

expression in HPV-containing cervical cell lines, we tran-

siently transfected these viral oncogenes into the C33-A cell

line (Fig. 1a). Surprisingly, we found by RT-qPCR that the

E7 oncogene increased the expression of RARB gene almost

fourfold when compared with empty vector transfected cells

(Fig. 1b). However, in C33-A cells transfected with E6, the

RARB mRNA levels were unchanged, and when both

oncoproteins were expressed, an intermediate level of

RARB mRNA expression was observed (Fig. 1b). To

determine if this result was an effect of the transient trans-

fection or due to the quantity of plasmid, we generated

stable C33-A cell transfections increasing the amounts of

plasmid encoding the HPV16 E7 oncoprotein. We observed

by RT-qPCR that RARB expression was about 10-fold

higher at all concentrations of the stably transfected E7

expressing clones compared with empty vector (Fig. 1c),

and in a similar experiment employing E6, the level of

RARB mRNA was not altered (not shown). In addition, we

Table 1 Primers used in this

study
Genea Primer Sequence (50-30)

RARA Forward CTCTCCACCAAGTGCATCATTAAG

Reverse CAGCCTTGAGGAGGGTGATC

PPARG Forward CAGGCCGAGAAGGAGAAGCT

Reverse GATCGCCCTCGCCTTTG

NR2F2 Forward CATAC GGATCTTCCAAGAGCAAGT

Reverse CATCTGAGGTGAACAGGACTATGG

RARB Forward CTCACAG AGAAGATCCGAAAAGC

Reverse AATGCACTTGGTGGCCAGTT

TP53 Forward GATGCTGTCCCCGGACGA

Reverse AGGGGCCGCCGGTGTAG

B2M Forward ACCCCCACTGAAAAAGATGAG

Reverse ATGATGCTGCTTACATGTCTCG

HPV16 E6 Forward CACAGGAGCGACCCAGAAAG

Reverse TATATAC TATGCATAAATCCCGAAAAGC

HPV16 E7 Forward ATGGAGATACACCTACATTGCATGA

Reverse AATGGGCTCTGTCCGGTTCT

Rarb Forward ACAAGTCATCGGGCTACCAC

Reverse ACTGGCATCGGTTCCTAGTG

Gapdh Forward CATCTCCTCCCGTTCTGCC

Reverse GTGGTGCAGGATGCATTGC

The gene symbols in uppercase letters correspond to human and the lowercase letters to mouse
a Official gene symbol by HUGO Gene Nomenclature Committee (HGNC)
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analyzed RARB expression in HPV16 E7-transformed

HFKs at passage 5 (RT-qPCR) and passage 7 (Western

blotting). The RT-qPCR experiments in HFKs do not show

changes on RARB mRNA levels, whereas the Western

blotting experiments suggest that in HFKs there is only a

slight (1.54-fold) increase in RAR-beta protein levels, due to

the presence of the HPV16 E7 oncoprotein (Fig. S2).

Given that RA activates the RARB promoter, we next

determined RA effect on the RARB mRNA expression in the

C33-A cells expressing E7 by RT-qPCR. In control cells, we

obtained a threefold increase in RARB mRNA expression

after RA treatment; however, C33-A cells stably expressing

the E7 oncoprotein showed a strong (75-fold) RARB mRNA

expression after RA treatment (Fig. S3a). It is also known that

RARB overexpression promotes growth inhibition of cancer

cells [17–19]; but we found through MTT assay that both

control C33-A cells and C33-A cells stably expressing the E7

oncoprotein do not show statistically significant changes in

proliferation after RA treatment (Fig. S3b; see also Fig. 5 in

‘‘Discussion’’ section). Moreover, since TSA increases the

RARB mRNA expression in SiHa cells through HDACs

inhibition [26], we cultured C33-A cells stably expressing E7

in the presence of TSA to determine whether the increased

expression of RARB mRNA induced by E7 could be further

augmented by HDACs inhibition. C33-A control cells treated

with TSA show a slight but significant decrease in RARB

mRNA expression; meanwhile, C33-A cells expressing E7

treated with TSA do not show any effect on RARB mRNA

expression (Fig. 1d). These results suggest that upregulation

of RARBmRNA expression by the E7 oncoprotein in C33-A

cells is independent of HDACs inhibition.

To determinate if induction of RARB expression by

HPV16 E7 is mediated by a global H3K27me3 mark

demethylation, we treated C33-A control cells with

3-Deazaneplanocin A (DZNep), which has been reported to

inhibit EZH2 expression and H3K27me3 mark [35]; as part

of polycomb repressive complexes, this enzyme is respon-

sible for the trimethylation of H3K27 (H3K27me3) [35]. We

Fig. 1 Exogenous HPV16 E7 increases the level of RARB mRNA

expression. C33-A cells were transfected with either pcDNA3 (empty

vector) or with plasmids expressing HPV16 E6, E7, or E6/E7 proteins

(pcDNA3E6 and pcDNA3E7), as indicated in ‘‘Materials and

methods’’section. a Expression of E6 or E7 transcripts in transiently

transfected C33-A cells. Black arrows indicate the expression either

of E6 or E7; additional bands in E7 expression belong to primers used

in the RT-PCR reaction as indicated. b RT-qPCR for RARB mRNA

expression in transiently transfected (1 lg) C33-A cells. c RT-qPCR

for RARB mRNA expression in stably transfected C33-A cells with

increasing concentrations of HPV16 E7. d C33-A cells with stable

HPV16 E7 oncoprotein expression were cultured with or without

0.6 lM of TSA, and analyzed by RT-qPCR for RARB mRNA

expression. Beta-2-microglobulin (B2M) was used as reference gene.

Each point represents the mean of three independent experiments, and

bars represent ±standard deviation (SD). Statistically significant

changes are indicated by two asterisks (P\ 0.001)
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expected that DZNep enhanced RARB mRNA levels mainly

in C33-A control cells, but intriguingly, RARB mRNA

expression was slightly decreased in both C33-A control

cells and C33-A cells expressing E7 (not shown).

The TP53 R273C mutant is involved in the RARB

upregulation in cervical cell lines expressing the E7

oncoprotein

Since the C33-A cell line has TP53 mutated, the effect of

this mutation was analyzed on RARB expression. Con-

sidering that TP53 mutants can transactivate several genes

in different tumor cell types [28], it is possible that the

TP53 R273C mutant present in C33-A cells could be par-

tially responsible for the increase in RARB mRNA

expression (Fig. S1a); hence, we co-transfected C33-A

cells stably expressing the E7 plasmid with different

amounts of specific TP53 siRNA. We show in Fig. 2a that

silencing of mutant TP53 induced a decrease of RARB

mRNA levels in C33-A cells; this decrease of RARB

mRNA levels was shown only after transfection with 3 lg

of the specific TP53 siRNA, compared with controls

without siRNA and with no-targeting siRNA (Fig. 2b); the

transfection with less than 3 lg of the specific TP53 siRNA
does not silence the TP53 R273C mutant and does not

significantly affect RARB mRNA expression (data not

shown). To further reinforce the possibility that TP53

R273C mutant is capable to activate the RARB gene, we

stably transfected the SiHa cervical cell line (HPV16

positive, with low wild-type TP53 expression) with

increasing amounts of plasmid encoding for TP53 R273C

mutant or TP53 wild type. Employing RT-qPCR we

detected a gradual increase in the expression of RARB

mRNA levels in SiHa cells after transfection with

increasing amounts of TP53 R273C mutant (Fig. 2c) but

not for TP53 wild type (not shown). Considering that SiHa

cell line does not express RARB mRNA because its pro-

moter is epigenetically downregulated through an increase

in histone deacetylation [26], it is possible that TP53

R273C mutant upregulates RARB expression by a mech-

anism involving activation of HATs or inhibition of

HDACs in SiHa cells.

Fig. 2 TP53 R273C mutant

increases RARB mRNA

expression in cervical cancer

cells lines. a Western blot

analysis of p53 levels in C33-A

and stably E7 transfected C33-A

cells co-transfected with TP53

siRNA. Equal amount of

proteins [normalized for tubulin

alpha-1A chain (a-tubulin)]
were loaded onto a SDS PAGE.

Three independent experiments

were performed. b RT-qPCR for

the RARB mRNA expression in

C33-A cells stably transfected

with HPV16 E7 oncogene and

silenced for mutant TP53 (TP53

siRNA). c SiHa (HPV16-

positive) cell line which does

not express RARB was stably

transfected with increased

concentrations of TP53 R273C

mutant and analyzed by RT-

qPCR for RARB mRNA

expression. Beta-2-

microglobulin (B2M) was used

as reference gene. Each point

represents the mean of three

independent experiments, and

bars represent ±SD
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HPV16 E7 oncoprotein and TP53 R273C mutant

synergize to upregulate the RARB mRNA

expression

Considering that TP53 R273C mutant together with

HPV16 E7 oncoprotein stimulate RARB mRNA expres-

sion in the C33-A cell line, we decided to analyze these

factors separately in a cell line (Saos2) that do not express

the TP53 gene (Fig. S4) or HPV oncoproteins (data not

shown). Hence, Saos2 cell line was stably transfected with

E7 alone or stably co-transfected with E7 and either wild-

type TP53 or TP53 R273C mutant expressing plasmids. As

observed in Fig. 3, Saos2 cells stably transfected with

TP53 wild type or TP53 R273C mutant plasmids did not

substantially modify RARB mRNA expression. On the

other hand, HPV16 E7 plasmid alone or together with

TP53 R273C mutant increased 6 and 20-fold the RARB

mRNA expression level in Saos2 cells, respectively

(Fig. 3). Wild-type TP53 had no effect on the RARB

mRNA expression when co-transfected with the HPV16 E7

plasmid. These results suggest that in vitro TP53 R273C

mutant synergizes with the HPV16 E7 oncoprotein to

increase the RARB mRNA level.

HPV16 E7 oncoprotein increases Rarb expression

in cervical tissue of K14E7 transgenic mice

The K14E7 transgenic mouse expresses the E7 oncoprotein

under the human cytokeratin 14 promoter in cervical tissue

keratinocytes; this mouse does not develop CC unless

chronically treated for 6 months with low doses of 17b-
estradiol [31, 36]; this is a well-validated model to study

the effects of the HPV16 E7 oncoprotein and cofactors in

cervical carcinogenesis. In order to elucidate the early

impact of the HPV16 E7 oncoprotein as a major etiologic

factor implicated in cervical carcinogenesis, we determined

in young mice the Rarb gene expression by RT-qPCR

analysis in cervical tissue obtained from 1.5-month-old

K14E7 transgenic mice and FvB control mice. Figure 4a

shows that the mRNA level of Rarb was significantly

elevated in K14E7 mice when compared with FvB mice.

Furthermore, as shown in Fig. 4b, c, RAR-beta protein

expression is also increased in 1.5-month-old K14E7

transgenic mice. Thus, we also show in vivo that the E7

oncoprotein induces RARB gene overexpression.

Discussion

The present study aimed to determine the effect of the

HPV16 E7 oncoprotein on the RARB expression in both

cervical cell lines and cervix of young transgenic mice.

RARB is the most potent tumor suppressor among retinoic

acid receptors; it is involved in cell growth inhibition and

blocks AP1 function [17–19, 37]. Moreover, RARB

expression is affected in many cancer types, including CC

and HNSCC, due to epigenetic modifications (promoter

hypermethylation and histone modifications), loss, or

structural rearrangements of its sequence [21–24, 26]. For

example, in CC development, the RARB transcription

decrease is correlated with methylation increase of its

promoter, from 11 % in low-grade to 29 % in high-grade

lesions and up to 33–63 % in invasive cancers [23, 24]. In

this regard, one study reported that transcription of this

important gene shows a 1.5-fold increase in benign cervical

lesions, while a progressive reduction of RARB expression

was seen with advanced stage of the disease [38]. On the

other hand, in foreskin keratinocytes immortalized with

HPV16 or HPV18, there is a sequential RARB promoter

methylation and a decrease at the RARB mRNA level,

although this methylation did not become manifested until

late passages of these cells [39]. These data suggest that in

the presence of HPV, this epigenetic modification on the

RARB promoter plays an important role in its transcrip-

tional regulation and that it is dependent on the stage of

cervical carcinogenesis. In agreement with these results,

we reconfirmed that the RARB gene is not expressed in all

Fig. 3 HPV16 E7 and TP53 R273C mutant synergize to increase the

RARB mRNA expression in Saos2 cell line. In the Saos2 cells stably

transfected with E7, the RARB expression was increased compared to

cells stably transfected with empty vector as determined by RT-

qPCR. RARB overexpression was observed with HPV16 E7 alone or

stably co-transfected with the TP53 R273C mutant. The Saos2 cells

stably transfected with TP53 wild-type (TP53 WT) or TP53 R273C

mutant did not alter the RARB expression. Each point represents the

mean of three independent experiments and bars represent ±SD.

Beta-2-microglobulin (B2M) was used as reference gene
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cancer cell lines tested HPV positive but expressed in the

HPV-negative C33-A cell line (Fig. S1a).

Since the HPV16 E7 oncoprotein can repress E-cadherin

promoter by augmenting DNA (cytosine-5)-methyltrans-

ferase 1 activity (DNMT1) [13, 40], we thought that E7

could be responsible for the RARB silencing in HPV-

positive cancer cell lines. Unexpectedly, we found that

RARB mRNA expression increased in C33-A cells tran-

siently or stably transfected with the E7 oncogene (Fig. 1b,

c), respectively. In addition, Saos2 cell line stably trans-

fected with the E7 oncogene also increased RARB mRNA

levels, as compared with non-transfected Saos2 cells

(Fig. 3). These results indicate that the HPV16 E7 onco-

protein does not repress RARB promoter in these cells; on

the contrary, it increases RARB mRNA expression.

Unlike cervical keratinocytes of K14E7 transgenic mice,

primary HFKs are minimally responsive to the RARB

induction by the E7 oncoprotein. One possible explanation

may be related with the report of Darwiche [41], indicating

that only RARA and RXR transcripts were expressed in the

cervical stratified squamous subjunctional epithelium

compared to the simple columnar epithelium (highly

responsive to vitamin A), which expresses high levels of

RARA, RXR, and RARB transcripts [41]. Unfortunately,

primary HFKs are obtained from foreskin, formed mainly of

stratified squamous epithelium, suggesting that they could

be relatively resistant to RARB overexpression induced by

the HPV16 E7 oncoprotein (Fig. S2). Besides, it is impor-

tant to consider that in vivo, several microenvironmental

factors, as well as some transcriptional cofactors related to

the cervical tissue of K14E7 transgenic mice, may con-

tribute to RARB overexpression (Fig. 4). Among these

microenvironmental factors, we can include the unaltered

mucosa, the presence of stroma and immune system that

may affect the outcome in E7-transfected HFK cells.

Because HR-HPV E7 interacts with HDACs to regulate

expression of certain genes [12, 16], it is possible to predict

that HDACs could be regulating RARB expression; how-

ever, when the C33-A cell line and C33-A expressing the

E7 oncoprotein were treated with the HDAC inhibitor

TSA, the RARB mRNA expression did not change

(Fig. 1d), suggesting that in control C33-A and C33-A cells

expressing E7, the RARB gene upregulation is not

dependent on HDACs inhibition.

Somatic mutations of TP53 gene are found in 9–16 % of

CC tumors [29, 30]; since the cervical cancer-derived C33-

A cell line contains the TP53 R273C mutant [27], we

evaluated its effect on RARB expression. We surprisingly

found that this TP53 R273C mutant cooperates with E7 in

RARB overexpression; this effect was observed in C33-A,

SiHa, and Saos2 cells. Since RARB promoter is silenced

by HDACs in the SiHa cell line [26], we postulated that the

TP53 R273C mutant in the presence of the E7 oncoprotein

might contribute to the RARB activation through a mech-

anism involving HDACs inhibition in this cell line

(Fig. 2c). With respect to this, it was shown that several

genes are transactivated by TP53 mutants [28] through

histone acetylation at target promoters [42]. Additionally, it

has been demonstrated that several genes are upregulated

by the TP53 R273H mutant, which is very similar to TP53

R273C mutant (both TP53 mutants enhance proliferation,

invasion, and drug resistance, among others) [43, 44];

TP53 R273C mutant is a DNA-contact mutant which

contains a missense mutation that commonly makes direct

contact with DNA sequences and has negative dominance

over wild-type TP53 [28].

Even though the wild-type TP53 degradation is pro-

moted by the E6 oncoprotein [9], some TP53 mutants are

resistant to E6-mediated degradation [45]. We observed that

the RARB overexpression in C33-A cells stably transfected

Fig. 4 HPV16 E7 oncoprotein increases Rarb mRNA and RAR-beta

protein expression in cervical tissue of 1.5 month-old K14E7

transgenic mice. a RT-qPCR of Rarb mRNA expression for indicated

cervical samples. Glyceraldehyde-3-phosphate dehydrogenase

(Gapdh) was used as reference gene, and each bar represents the

mean and ±SD from three independent experiments, each performed

in triplicate. b Western blot analysis of RAR-beta protein expression

for indicated cervical samples (two different 1.5-month-old FvB or

K14E7 transgenic mice), normalized for beta-actin. c Densitometry

analysis of RAR-beta protein expression with averages ±SDs of four

K14E7 transgenic mice and four FvB control mice was performed at

least in triplicate for each mouse. Statistically significant changes are

indicated by one asterisk (P\ 0.05) or two asterisks (P\ 0.001)
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with both E7 and E6 oncoproteins is lower compared with

E7 alone, suggesting that E6 oncoprotein might partially

degrade the TP53 R273C mutant; in line with this result, it

was published that HPV16 E6 binds to mutant TP53 R273C

protein and promotes its degradation [46].

The in vitro results were also confirmed using the in vivo

model in which E7 is expressed by keratinocytes in the

cervical tissue of 1.5-month-old K14E7 transgenic mice

without cervical neoplasia (the absence of exogenous

estrogen treatment), indicating a remarkable increase in

both Rarb mRNA and RAR-beta protein levels compared to

FvB control mice (Fig. 4). It is important to emphasize that

even though E7 induces high genomic instability, this

mouse does not develop cancer but only a moderate squa-

mous epithelial hyperplasia in the exocervix [31]. As was

mentioned previously, the K14E7 transgenic mice only

develops cervical cancer when they are chronically treated

for 6 months with 17b-estradiol; interestingly, it was

reported in breast cancer that the estrogen receptors (ERa
and ERb), which are activated by 17b-estradiol repress

RARB gene transcription [47]. Based on these findings, one

might suggest that in K14E7 transgenic mouse, the increase

of Rarb expression induced by the E7 oncoprotein is given

in the absence of estrogen before the tumor develops.

It has been demonstrated that the repressive H3K27me3

mark is decreased in HPV16 E7-expressing cells and in

HPV16-positive cervical lesions by transcriptional induc-

tion of the KDM6B histone 3 lysine 27-specific demethy-

lase [48]. Even more, the HPV16 E7 oncoprotein induces

the overexpression of the tumor suppressor p16INK4A

gene through KDM6B activation, which is necessary for

survival of cervical carcinoma cell lines [14, 49], indicating

that RARB is not the only tumor suppressor gene activated

by E7. DZNep inhibits the repressive H3K27me3 mark,

inducing reactivation of genes not silenced by methylation

of CpG islands on the promoter [35]. It is important to note

that RARB promoter is hypomethylated in C33-A cells

[26]; interestingly, this gene was not induced in either C33-

A control cells or in E7-expressing C33-A cells by DZNep,

but instead, there was a slight reduction in RARB mRNA

levels in these cells (not shown). One possible explanation

for the observed RARB reduction in the presence of

DZNep could be related to inhibition of the active histone

H3K4me3 mark [35]. It is also tempting to speculate that

DZNep treatment induces a RARB repressor, masking the

expected result; but we still think that RARB upregulation

by E7 may be related to the modification of histone

methylation marks. Supporting this, it is known that the

H3K27me3 mark is catalyzed by EZH2 as part of the

polycomb repressive complex 2 (PRC2), and that the

HPV16 E7 oncoprotein reduces these complexes in HPV16

E7-expressing cells [50]. On the other hand, RARB over-

expression in HPV16 E7-expressing cells might be similar

to that induced by Adenovirus E1A oncoprotein. This

oncoprotein is a structural and functional homologous of

the E7 oncoprotein [11], being a cofactor for RARB pro-

moter activation through direct interaction with the RAR-

beta protein [51, 52]. According to the structural homology

between E1A and E7 oncoproteins, E1A oncoprotein also

induces p16INK4A expression in primary human fibrob-

lasts [53]. Thus, it is possible that both p16INK4A and

RARB may have oncogenic functions in carcinogenesis. In

line with this, it has been published that the presence of

RARB in the stromal compartment is essential for the

growth of mammary carcinoma [54], and that inactivation

of RARB gene inhibits Wnt1-induced mammary tumori-

genesis by suppressing epithelial-mesenchymal transitions

[55]. According to these findings, RARB expression might

be essential in early cervical carcinogenesis.

The observed increase of RARB expression in E7-ex-

pressing cells could be required to block Dnmts activity

[56] in early carcinogenesis (Fig. 5), favoring p16INK4A

gene expression [14]; however, HPV16 E7 expression may

also increase Dnmts activity [13]. It has been seen that

RARB (activated by RA or ATRA) induces cellular

senescence through p16INK4A and p21 activation [56].

Although HPV16 E7 activates p16INK4A [14] and RARB

expression (our article), there is no senescence induction

because E7 simultaneously inhibits the hypophosphory-

lated active form of the pRb protein [57], which is a key

mediator of p16INK4A-induced senescence [58]. In addi-

tion, p16INK4A expression is necessary for survival of

HPV E7-expressing cells, and this oncogenic p16INK4A

activity is dependent on inhibition of cyclin-dependent

kinases (CDKs) [49]. Even though RARB inhibits cell

cycle progression by increasing the rate of cyclin D1 pro-

teolytic turnover and the expression of CDK inhibitors such

as p21, p27Kip1 and p16INK4A [56, 59–61], it is well

known that the HPV16 E7 oncoprotein can override the

activities of CDK inhibitors by abrogating their function

[62–64]. Another important tumor suppressor activity of

RARB is mediated by inhibition of the epidermal growth

factor receptor (EGFR) [65], with subsequent decreases in

ERK-1/2 phosphorylation and AP1 activity [66]. Interest-

ingly, HPV E7 abrogates AP1 inhibition by directly

transactivating ‘‘downstream’’ the AP1 family of tran-

scription factors [67]. Thereby, E7 might avoid unfavor-

able consequences derived from the upregulation of both

p16INK4A and RARB tumor suppressors in similar ways

(Fig. 5). Finally, there is a possibility, as was described for

p16INK4A [49], that RARB gene might have some

unknown function that provides an advantage in early HPV

infection.

In conclusion, we demonstrate that under certain in vitro

cellular backgrounds and in the cervix of young K14E7

transgenic mice, the HPV16 E7 oncoprotein induces the
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RARB gene, as previously observed in benign cervical

lesions [38]. The mechanism involved in RARB overex-

pression induced by the HPV16 E7 oncoprotein needs

further investigation.
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