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a b s t r a c t

Cervical cancer is the second leading cause of cancer deaths among women worldwide. High-Risk-Human
Papillomaviruses (HR-HPVs) play an important etiologic role in the development of carcinoma of the
uterine cervix. However, host factors are important in determining the outcome of genital HPV infection
as most cervical precancerous lesions containing HR-HPVs do not progress to invasive carcinomas. Ret-
inoids, acting through nuclear receptors (RARs, RXRs), play a crucial role in cervix development and
homeostasis regulating growth and differentiation of a wide variety of cell types; indeed, they can inhibit
cell proliferation, and induce cell differentiation or apoptotic cell death. Here we introduce a mouse
model that develops spontaneously malignant cervical lesions allowing the study of the cooperative
effect between HPV16E6E7 expression and the lack of RXRa in cervical cancer development. This model
could be useful to study multistep carcinogenesis of uterine cervix tissue and might improve chemopre-
ventive and chemotherapeutic strategies for this neoplasia.

� 2011 Elsevier Ireland Ltd. All rights reserved.
1. Introduction

Cancer development commonly takes decades to arise, and fol-
lows a progressive histopathological pattern that involves acquisi-
tion of multiple genetic and epigenetic changes, which are related
to alterations in gene expression profiles. In addition, external fac-
tors such as viral infection can cooperate in the development of
cancer. A subset of anogenital human papillomaviruses (HPVs),
the high-risk HPVs (HR-HPVs), is associated with malignant
d Ltd. All rights reserved.
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tumors, including the majority of cervical cancers [1–3]. Cervical
cancer is the second most common type of malignant lesion among
women, with elevated mortality rates despite the increased
screening efforts [4]. Prevention has recently been performed by
prophylactic vaccines against the most abundant mucosal HR-
and low-risk HPV types. However, the potential clinical benefit of
prophylactic vaccines will not be apparent for several decades. In
addition, due to their high cost, these vaccines have not been
widely used in countries with the highest incidence of HR-HPVs-
associated cancers. On the other hand, no HR-HPV specific antiviral
treatments or therapeutic vaccines are currently available [5].

HR-HPV-associated cervical carcinogenesis is a multistep pro-
cess, in which persistently infected cells develop first into precan-
cerous lesions known as cervical intraepithelial neoplasia (CIN) [4].
A small percentage of these lesions (approximately 3%) progress to
cervical carcinomas with more than half of them attributed to
infection with HPV16 [3,6,7]. In HR-HPV associated cancers, E6
and E7 oncogenes target critical regulators of several cellular pro-
cesses, resulting in alterations such as acquisition of unlimited pro-
liferative potential, growth factor independence, evasion of
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Fig. 1. (A) Representative images of untreated (-Tam) and Tam-treated (+Tam)
RXRa (Cvx L-/L-)/E6E7 (tg/0) (Tam-TTM) mice. Tam-treated TTM showed smaller
size and severe alopecia in comparison with untreated mice. (B) Evidence of floxed
RXRa allele recombination (L-) after Tam treatment and presence of E6E7 transgene
in mice strains included in this study. In order to confirm in situ analyses, we have
performed traditional liquid phase PCR. Tail DNA was genotyped by PCR as
described in Materials and Methods. The specific amplification products for RXRa or
E6/E7 genes were separated by agarose gel electrophoresis and visualized by
ethidium bromide staining. Cre-dependent recombination produces a null allele
(L-) in Tam-treated RXRa (Cvx L-/L-) and Tam-treated RXRa (Cvx L-/L-)/E6E7 (tg/0)
(Tam-TTM) mice. As expected, E6E7 transgene was detected only in E6E7 (tg0) and
Tam-TTM mice. p21/WAF1: gene was used as amplification control to ensure the
integrity of genomic DNA samples. (C) Tissue-specific RXRa gene ablation and
efficient E6E7 oncogene expression. RXRa (PCR) panel: Detection of RXRa deletion
by in situ PCR. Arrows indicate intense nuclear signal only in normal cervical
epithelium (Open arrows) and stroma (Solid arrows) as indicated under Materials
and Methods section. RXRa (RT-PCR) panel: Abrogation of RXRa mRNA production
after RXRa gene ablation in cervix of mutant mice demonstrated by in situ RT-PCR.
RXRa transcripts are present only in Tam-untreated epithelial cells (open arrows).
As expected, no signal was detected for either RXRa gene (in situ PCR) or transcript
(in situ RT-PCR) in epithelium of Tam-treated RXRa (Cvx L-/L-) and Tam-TTM mice.
E6E7 (PCR) panel: in situ PCR for the detection of the E6E7 transgene. Open arrows
indicate intense nuclear signal in E6E7 (tg/0) animals. E6E7 (RT-PCR) panel: E6E7
mRNA detection in cervix of transgenic mice and Tam-TTM demonstrated by in situ
RT-PCR. E6E7 transgene and corresponding mRNA was detected only in cervix of

R. Ocadiz-Delgado et al. / Cancer Letters 317 (2012) 226–236 227
apoptosis, lack of sensitivity to cytostatic signals, induction of
invasive and metastatic properties, and sustained angiogenesis
[8–14]. It has been demonstrated that the E6 and E7 oncoproteins
act as potent mitotic mutators, thereby increasing the probability
of acquiring cellular mutations that contribute to carcinogenic pro-
gression during each round of cell division [5]. E6 proteins from
HR-HPVs target the tumor suppressor p53 for degradation, pre-
venting cell growth inhibition in both undifferentiated and differ-
entiated cells. HPV E7 protein binds to Rb family members and
targets them for degradation. This results in the release and activa-
tion of E2F transcription factors that drive expression of S phase
genes [2,5,15–19]. In addition, the in vivo properties of HR-HPV
E6 and E7 oncoproteins have been evaluated through the genera-
tion and characterization of HPV transgenic mice strains [20–25].

Most cervical precancerous lesions containing HR-HPVs do not
progress to invasive carcinomas, implicating that both genetic (cel-
lular oncogenes or tumor suppressor gene mutations) and environ-
mental cofactors (low dietary micronutrients such as vitamin A,
chronic estrogen intake or other epigenetic regulators) could coop-
erate in those cases where cancer progression occurs [2,26–29].

Retinoid-induced differentiation is a cellular response that may
be crucial for protection against cancer development. However,
investigation of this process has so far been restricted to cultured
cells [30–33] or to a few murine models that have been manipu-
lated to conditionally delete RXRa in epidermal keratinocytes
of adult mice [34,35]. In this conditional mouse model [RXRa
(L-/L-)], temporally controlled epithelia-specific somatic mutagen-
esis of RXRa alleles results in severe skin abnormalities including
alopecia, hyperproliferation, skin inflammatory reaction and aber-
rant terminal differentiation [36,37]. Moreover, in the same model,
RXRa ablation was also demonstrated in cervical epithelial cells of
adult mice, resulting in a simultaneous increase of cell prolifera-
tion and apoptosis levels accompanied by alteration in the expres-
sion of genes involved in both processes [38].

In order to investigate the role of HR-HPV oncogene expression
in early cervical lesions in vivo, we produced a transgenic mouse
expressing HPV16 E6 and E7 oncogenes from the promoter of the
bovine keratin 6 gene [E6E7 (tg/0)]. These transgenic mice display
a fur phenotype characterized by lower hair density and the ability
to regenerate hair much faster than wild-type mice due to the
inability to establish a resting telogen phase of hair follicle growth
cycle [39], as well as tongue focal epithelial hyperplasia [40]. These
mice also show a significantly higher number of putative epider-
mal stem cells as compared to wild-type mice, contributing to a
faster wound re-epithelization [20]. Interestingly, these E6E7
(tg/0) mice showed low frequency of moderate and severe dyspla-
sia (manuscript in preparation).

To study the possible cooperative effect between RXRa ablation
and E6E7 expression to induce cervical malignant lesions, we pro-
duced a Triple Transgenic Mouse [TTM: RXRa-null conditional,
expressing HPV16 E6E7 oncogenes; RXRa (Cvx L2/L2)/E6E7 (tg/
0)]. Here we introduce a mouse model that, after RXRa ablation
[RXRa (Cvx L-/L-)/E6E7 (tg/0)], develops spontaneously malignant
cervical lesions allowing the study of the cooperative effect
between HPV16E6E7 expression and the lack of RXRa in cervical
cancer development.
E6E7 (tg/0) and Tam-TTM mice. BM: Basal Membrane. Magnification: 40X. Insets:
80 X. RXRa (L2/L2): Wild type mice; RXRa (Cvx L-/L-): Tam-treated RXRa
conditional mice; E6E7 (tg/0): E6E7/HPV16 transgenic mice; RXRa (Cvx L-/L-)/
E6E7 (tg/0): Tam-TTM. Scale bar, 50 lm.
2. Materials and methods

2.1. Generation of Tam-treated RXRa (L2/L2) [RXRa (Cvx L-/L-)], RXRa (Cvx L2/L2)/E6E7
(tg/0) mice (TTM) and Tam-treated RXRa (Cvx L-/L-)/E6E7 (tg/0) mice (Tam-TTM)

To carry out the conditional disruption of the RXRa gene in mouse cervical epi-
thelia, the RXRa (L2/L2) conditional mouse line was constructed [35], in which the
exon 4 is loxP-flanked (floxed) [36]. The generation of this floxed RXRa mouse line
and genotyping using tail DNA have been described previously [35,41–43]. RXRa
(L2/L2) conditional mice were Tam-treated as described previously [38] in order
to generate RXRa (L-L-) mice. Three breeding pairs of RXRa (Cvx L2/L2) (C57BL/
6xSJL strain) [44] and E6E7 (tg/0) (CD-1 strain) [39,40] mice were bred to produce
multiple breeding pairs of RXRa (Cvx L2/L2)/E6E7 (tg/0) (TTM) mice. The genetic
background of the line was mainly CD-1 strain (Fig. 1A). Mice were weaned at
21 days of age and fed with a fixed formula-autoclavable diet designed to support
gestation, lactation, and growth of rodents (Teklad Global 18% Protein Rodent Diet;
Harlan Teklad, Indianapolis, IN, USA). Animals were singly housed and kept under



Fig. 1 (continued)

228 R. Ocadiz-Delgado et al. / Cancer Letters 317 (2012) 226–236
constant day-night (lights on 0630-1830) conditions. Four to six weeks-old mice
were i.p.-injected with either vehicle (ethanol) or 0.1 mg Tamoxifen (Tam) per
day for five consecutive days [35,38]. RXRa conditional animals without Tam treat-
ment or Tam-treated Wild Type [RXRa (L2/L2); no Cre] animals were used as con-
trols. Animals were sacrificed at least 21–23 weeks after Tam-treatment. All animal
experiments were performed in compliance with the relevant laws and institu-
tional guidelines and were approved by local animal ethics committee (UPEAL-
CINVESTAV-IPN, Mexico; NOM-062-ZOO-1999).

2.2. Genotyping of the RXRa alleles

Genomic DNA was isolated as described [44]. To identify the recombined RXRa
alleles, PCR was performed with primer ZO243 (50-TCCTTCACCAAGCACATCTG-30)
(located in intron 3) and 30-primer ZO244 (50-TGCAGCCCTCACAACTGTAT-30)
(located in exon 4). These primers amplified Wild type (Wt) and L2 alleles
(650 bp and 700 bp fragments, respectively [38]. UD196 primer (50-
CAACCTGGACTTGTCACTTAG-30 is located in the intron 4 between Exon 4 and 5; this
allele was used as in situ PCR amplification control [38] and for liquid phase PCR
(Fig. 1B). To verify the excision efficiency of floxed RXRa alleles in cervical epithe-
lium, PCR amplification was carried out in a buffer containing 10 mM Tris–HCl (pH
8.0), 50 mM KCl, 1.5 mM MgCl2, 0.2 mM dNTPs, 0.25 lM of each primer, and 2 units
of Taq polymerase (Invitrogen, USA) using 1 lg of genomic DNA as template. After
35 cycles (30 s at 94 �C, 30 s at 59 �C and 30 s at 72 �C) the products were analyzed
on ethidium bromide-stained 2.5% agarose gels [38]. In all genotyping experiments
it was included the amplification of a constitutive DNA sequence to ensure the
integrity of genomic DNA samples (e.g. p21/WAF1 gene).

2.3. Genotyping of the E6E7 alleles

To identify the E6E7 alleles, both, liquid-phase PCR and in situ PCR were per-
formed using E6E7 specific primers as previously described [40,45] (Fig. 1B).

2.4. Cervical tissue samples

Cervical tissue from mutant and control mice was dissected, fixed and paraffin-
embedded as described elsewhere [46,47]. Briefly, mice were anesthetized with
2.5% Avertin and perfused through the aorta with 3.75% paraformaldehyde. The
entire reproductive tract including parametrial, retroperitoneal soft tissue and
lymph nodes were dissected, placed in an embedding cassette (Fisher, USA) with
one sponge for compression, and postfixed in 3.75% paraformaldehyde overnight
at 4 �C. In-cassette postfixation produced a linear reproductive tract facilitating
subsequent sectioning of the entire organ in one plane [47]. The posterior vaginal
wall was removed leaving an intact rim of vulvar tissue, and a 3–5 mm end piece
of plastic pipette tip was inserted into the vagina to keep it open during subsequent
processing steps. Tissues were washed in 1X PBS, and dehydrated through graded
alcohols and xylene. After pipette tip removal, the reproductive tract was embed-
ded with the cut vaginal wall surface oriented downward. The entire reproductive
tract was serially sectioned (5 lm/section), and 10–15 sections were collected at
75 lm intervals for Hematoxylin staining, immunohistochemistry, in situ PCR and
in situ RT-PCR. Five-micrometers-thick longitudinal sections were mounted on
charged slides. All female mice were synchronized by exposure to the odor of a
male, or to its urine (‘‘Whitten effect’’) [48]. Animals were sacrificed in estrous
phase.
2.5. Histological analysis

For each specimen, 5-micron-thick histological sections were obtained to pre-
pare distinct slides for light microscopy. The specimens stained with hematoxylin
were evaluated by a pathologist. The histological criteria determined by the WHO
were strictly followed in the analysis of the murine uterine cervix. The samples
analyzed were obtained from: Wild type mice RXRa (L2/L2); Tam-treated RXRa
conditional mice [RXRa (Cvx L-/L-)]; E6E7/HPV16 transgenic mice [E6E7 (tg/0)]
and Tam-treated TTM [RXRa (Cvx L-/L-)/E6E7 (tg/0); Tam-TTM]. No defects or
molecular alterations were observed in Wild type animals that received Tamoxifen
or in Tam-untreated RXRa (L2/L2) animals.
2.6. Immunohistochemistry

Sections were deparaffinized and rehydrated as described previously [38,46].
Protein detection was performed using the Mouse/Rabbit PolyDetector HRP/DAB
Detection System (Bio SB, USA). Briefly, tissues were rinsed in PBS and epitope
retrieval was performed in a pressure cooker (121 �C, 20 lb of pressure) using the
ImmunoRetriever Citrate Solution (Bio SB, USA) during 15 min. Slides were cooled
at room temperature (30 min) and tissues were treated for 1 min with PolyDetector
Peroxidase Block quenching buffer (Bio SB, USA). After three washes in PBS, sections
were incubated 12–16 h at 4 �C with following primary antibodies: PCNA (cell pro-
liferation marker) or HPV16 E6/HPV18 E6 (C1P5), mouse monoclonal antibody or
p16INK4A (Santa Cruz Biotechnology, USA) or Cleaved Caspase 9 (apoptosis marker;
Cell Signaling, USA) following manufacturer’s recommended protocol. Following
four washes in PBS, slides were incubated for 30 min with a secondary antibody
(PolyDetector HRP label; Bio SB, USA). After three washes in PBS, sections were
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incubated with appropriate substrate (PolyDetector DAB chromogen; Bio SB, USA),
counterstained with hematoxylin and mounted in GVA-mount reagent (Zymed,
USA). Negative controls included omission of primary antibody.

2.7. Apoptosis detection (TUNEL)

DNA fragmentation was assessed by TUNEL [49] according to the specifications
of the manufacturer (Roche, USA). Briefly, paraffin tissue sections mounted on
charged slides (5 lm thick) were deparaffinized with xylol, rehydrated and then
deproteinated for 15 min (0.5 lg/mL Proteinase K in PBS), washed and dehydrated
again. To avoid artificial DNA fragmentation, only nuclease-free solutions were used
during the whole procedure. The labeling of 30-OH ends of fragmented DNA was
performed by incubation with fluorescein-dUTP using 12.5 U terminal deoxynu-
cleotidyl transferase (TdT) for 1 h at 37 �C in a humidified chamber. As positive con-
trol, normal cervical tissue pre-treated with DNase I (4 U/tissue, 10 min at room
temperature; Roche, USA) displayed nuclear positive reactivity in the majority of
cells, demonstrating the incorporation of the fluorescent nucleotide at 30-OH ends
to the fragmented DNA. To estimate non-specific binding and autofluorescence,
negative controls were included in all assays where tissue sections were incubated
without the TdT enzyme. Slides were analyzed by fluorescence microscopy with a
wide-band excitation barrier filter suitable for analyzing green (fluorescein labeled
fragmented DNA) fluorescence. Three independent observers selected different
optical fields in a random manner to determine the percentage of TUNEL positive
staining in at least 500 cells for each sample. In addition, immunohistochemical
detection of Cleaved Caspase 9 was performed as an apoptosis marker (see above
in Section 2.6).

2.8. In situ PCR

In order to demonstrate: first, that RXRa gene, as well as the corresponding
transcript, was ablated specifically in cervical epithelia of Tam-treated RXRa (Cvx
L-/L-) mice and Tam-TTM and, second, that E6E7 transgene was present and the
corresponding transcript was expressed in cervical epithelial cells of E6E7 (tg/0)
mice and Tam-TTM, we decided to use both in situ PCR and in situ RT-PCR. These
techniques combine the extreme sensitivity of PCR with the cell localizing ability
similar to in situ hybridization and allow comparing epithelia with stroma. Direct
in situ PCR was performed as previously described with some modifications
[38,40,50]. Briefly, dried dewaxed sections on sylanecoated slides were incubated
with protein lysis buffer (0.1 M Tris–HCl pH 8.0, 50 mM EDTA pH 8.0) containing
0.5 lg/ml Proteinase K for 30 min at room temperature. After thoroughly washing
with DEPC-treated water, 50 ll of the PCR master mix solution containing digoxi-
genin-11-(20-deoxy-uridine-50)-triphosphate (DIG-11-dUTP; Roche, USA), were
added. To reduce primer-dimer formation the PCR solution was heated to 70 �C
for 10 min before Taq DNA polymerase (5 U per reaction) was added. Negative con-
trols were made without primers or Taq. In situ PCR was performed using the sys-
tem provided by Perkin Elmer (USA). The slides were preheated to 70 �C on the
assembly tool included in the in situ Perkin Elmer equipment, 50 ll PCR master
mix was added to each sample and the reaction was sealed using AmpliCover discs
and clips (Perkin Elmer, USA). After assembly, slides were placed at 70 �C in the
GeneAmp In situ PCR system 1000 (Perkin Elmer, USA) until running was started.
PCR amplification was performed running 18 cycles as described previously
[38,40]. Same primers were used for in situ amplification and Real Time analysis.
After cycling was completed, the temperature was kept at 4 �C until disassembly.
Clips were removed and AmpliCover discs were very carefully lifted from the slides
without moving them sideways and slides were washed for 5 min in PBS followed
by 5 min in 100% EtOH before they were air dried.

2.9. In situ RT-PCR

After Proteinase K digestion (see above), tissues were treated with 1 U/sample
of DNase I, RNase-free (Roche, USA) during 48 h at room temperature. After thor-
oughly washing with DEPC-treated water, reverse transcription was performed
using the SuperScript II reverse transcriptase (Invitrogen, USA), following the man-
ufacturer’s specifications. In brief, 70 ll DEPC-treated water containing 2.5 lg oli-
go(dT)12-18, 10 mM dNTP mix (10 mM each dATP, dGTP, dCTP and dTTP at neutral
pH), 5X first-strand buffer, 0.1 M DTT, recombinant ribonuclease inhibitor (40 U/
ll) and reverse transcriptase (100 U/section) (Invitrogen, USA) were added to each
section. Slides were incubated at 42 �C for 1 h in a sealed humidified chamber. After
thorough washes, direct in situ PCR was performed using specific primers as de-
scribed previously [38,40]. Negative controls included substituting one of the prim-
ers by H2O in the PCR reaction or omission of the reverse transcription reaction.

2.10. Detection of in situ PCR products

An indirect immunolabeling method using a primary Anti-Digoxigenin antibody
(Fab fragments; Roche, USA) conjugated to alkaline phosphatase was chosen to
detect the PCR product. Briefly, blocking was carried out in 5% BSA (Sigma, USA)
in PBS for 30 min. Slides were then drained and an Anti-DIG antibody diluted
1:200 in 100 mM Tris–HCl pH 7.4 and 150 mM NaCl, was applied (100 ll per
sample) for 2 h at room temperature. As a negative control the primary antibody
was omitted. Detection of alkaline phosphatase was carried out for 10–30 min
using NBT/BCIP kit (Zymed, USA). After detection, slides were rinsed in distilled
water for 5 min and air dried before mounting in Permount histological mounting
medium (Fisher Scientific, USA).
2.11. Digital image capture, analysis and quantification

All photomicrographs were obtained using a DFC290 HD digital camera (Leica
Microsystems, USA). The following method of quantification was used for immuno-
histochemical analyses. After acquisition of digital images, the experimental image
files were opened in the PhotoImpact software (Ulead PhotoImpact SE version 3.02;
Ulead Systems, USA). The images were digitally processed in order to obtain the
better and homogeneous signal and then selected for analysis of relevant regions
(cervical epithelium). The selected regions were then digitally analyzed using the
Image-ProPlus Analysis Software (Ver 4.5.0.19, Media Cybernetics, Inc., USA). The
amount of signal staining was quantified by calculating it as a pixel matrix data
(the color contained within a pixel inside an image at specific location). Therefore,
chromogen quantity was determined by calculating the norm of the matrix file for
that image. This allows pixels of similar ‘‘color’’ immediately adjacent to the index
pixel to be included for analysis. All pixels falling within the threshold parameters
selected were quantified, recorded and used to generate a graphic. The file for the
control image is generated similarly: the control slide is acquired and treated iden-
tically as the experimental slide except that negative controls were included (see
above).
2.12. RNA isolation

Total RNA was isolated from cervical tissue obtained from mutant and control
mice using TRIzol reagent according to the manufacturer’s instructions (Invitrogen,
USA). Tissues were obtained from female mice and stored at �80 �C. The quality of
the total RNAs was examined by denaturing agarose gel electrophoresis and stain-
ing with ethidium bromide, and the 18S and 28S RNA bands were visualized by UV
illumination. The concentrations of total RNA were quantified spectrophotometri-
cally. The RNA preparations were used for quantitative Real-Time PCR (RTqPCR).
2.13. Preparation of cDNA for quantitative Real-Time PCR (RTqPCR)

Three micrograms of total RNA were reverse transcribed in a 20 ll reaction. The
reaction mixture consisted of 5X first strand buffer [250 mM Tris–HCl (pH 8.3),
375 mM KCl, and 15 mM MgCl2], 0.5 mM dNTPs, 5 mM dithiothreitol, 15 U RNase
Inhibitor (Invitrogen, USA), 2.5 lg oligo(dT)12-18, and 100 U SuperScript II Reverse
Transcriptase, following the manufacturer’s specifications (Invitrogen, USA).
2.14. Relative mRNA quantification by RTqPCR

The relative quantification of the investigated mRNAs by RTqPCR was per-
formed using a 7300 Real Time PCR System (Applied Biosystems, USA). Oligonucleo-
tide primers were designed to be intron spanning and were purchased from
Invitrogen, USA [38]. Sequences were obtained from the GenBank database. Opti-
mal PCR reaction for all investigated genes was established using the SYBR Green
PCR Master Mix (Applied Biosystems, USA) according to the manufacturer’s instruc-
tions; annealing temperatures and MgCl2 concentrations were optimized to create a
one-peak melting curve. Additionally, the amplicons were checked by agarose gel
electrophoresis for a single band of the expected size. PCRs were processed through
40 cycles of a 3-step PCR, including 10 s of denaturation at 95 �C, a 10-s primer
dependent annealing phase (60 �C), and a 10 s template-dependent elongation at
72 �C. A 25 ll reaction consisted of 12.5 ll SYBR Green PCR Master Mix containing:
Taq DNA polymerase, reaction buffer, dNTP mix and 1 mM MgCl2 (final concentra-
tion), SYBR Green I dye, 0.5 lM of each primer, 1 ll template (1000 ng per reaction)
and ultrapure water. The amplification of each template was performed in duplicate
in one PCR run. To normalize for differences in the amount of cDNA added to the
reactions, quantification of the housekeeping HPRT mRNA was performed as an
endogenous control. The differential expression of the investigated genes was cal-
culated as the ratio normalized to HPRT mRNA.
2.15. Statistical analysis

Data were compiled as mean ± S.D. For statistical analysis of differences be-
tween the groups, an unpaired Student’s t test was performed. p values < 0.05 were
considered to indicate significant differences between data sets.
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3. Results

3.1. Efficient ablation of RXRa in the cervical epithelium of Tam-
treated RXRa (Cvx L-/L)/E6E7 (tg/0) Triple Transgenic Mice (Tam-TTM)

Previously, spatially controlled targeted somatic mutagenesis
systems have been developed in mice by cell-specific expression
of the bacteriophage P1 Cre recombinase, which excises LoxP-
flanked (floxed) DNA segments. Additionally, temporal control
of Cre activity was obtained with conditional Cre recombinases
resulting from fusions with mutated ligand binding domains of
steroid receptors [44,51–53]. Thus, cell-specific expression of
such fusion proteins between Cre and mutated ligand binding
domains of the human estrogen receptor (Cre-ERT2), whose activ-
ity is induced by the anti-estrogen Tamoxifen (Tam), has allowed
efficient spatiotemporally controlled somatic mutagenesis of flo-
xed target genes as RXRa in various cell types and tissues includ-
ing cervical tissue [35,38]. We have obtained triple transgenic
mice with CD1-like coat color, which developed severe alopecia
after Tam-treatment (Fig. 1A). In order to detect both the RXRa
recombined allele and the tissue-specific RXRa ablation in cervi-
cal epithelia we performed liquid phase PCR and in situ PCR anal-
yses, respectively. Genotyping analyses showed that RXRa gene
was efficiently deleted in RXRa (Cvx L-/L-) conditional mice
and Tam-TTM (Fig. 1B). In addition, we demonstrated that
RXRaL2 alleles were converted into RXRaL- alleles in cervical epi-
thelium but not in stroma of TTM (Fig. 1C), demonstrating the
efficiency of Cre-ERT2 for mediating the selective somatic muta-
Fig. 2. E6 protein is expressed and p16INK4A protein levels were increased in E6E7 mu
cervical tissue. Open arrows indicate a nuclear HPV E6 or p16INK4A strong positive signa
conditional mice showed E6 expression, in comparison with Tam-treated TTM. (B) Relativ
mice, E6E7 (tg/0) transgenic mice or Tam-treated TTM. Interestingly, p16INK4A expressio
BM: Basal Membrane. Magnification: 40X. Insets in E6HPV panel: 80X. RXRa (L2/L2): W
E6E7/HPV16 transgenic mice; RXRa (Cvx L-/L-)/E6E7 (tg/0): Tam-treated TTM. �: Statist
tion of floxed RXRa in epithelia after Tam treatment. No L2 to
L- allele conversion occurred in controls without Tam treatment
or without loxP sites (e.g. Wild type and E6E7 (tg/0) mice; Fig. 1).
As expected, we found that RXRa messenger RNA is absent in
Tam-TTM in comparison with control mice (Fig. 1C, in situ RT-
PCR panel).

3.2. The E6E7 transgene is expressed in cervix of E6E7 (tg/0) transgenic
and Tam-TTM

Using liquid phase PCR, E6E7 transgene can be detected only in
E6E7 (tg/0) transgenic mice and Tam-TTM (Fig. 1B). In order to
demonstrate the presence of both the E6E7 transgene and its cor-
respondent transcript in cervical tissue, we have used in situ PCR or
in situ RT-PCR. As expected, intense amplification signal was
detected only in epithelia of the cervix obtained from E6E7 (tg/0)
transgenic mice and Tam-TTM (Fig. 1C). No evidence of E6E7
sequences was obtained in cervical tissue from wild type or Tam-
treated RXRa Cvx L-/L- mice (Fig. 1C).

3.3. HPV-16 E6 oncoprotein detection and p16INK4A expression in
cervical tissue of E6E7 (tg/0) and TTM

As mentioned above, the E6E7 transgene and corresponding
transcript was efficiently demonstrated in cervical tissue of E6E7
(tg/0) and Tam-TTM. In addition, HPV16-E6 protein expression
was demonstrated in cervical tissue using immunohistochemical
assays (Fig. 2). As indirect evidence of HPV16-E7 oncoprotein activ-
rine cervix. (A) Immunohistochemical detection of E6 oncoprotein and p16INK4A in
l. As expected, neither Tam-treated Wild type nor Tam-treated [RXRa (Cvx L-/L-)]
e expression (labeling index) of p16INK4A in cervix of Wild type, Tam-treated mutant

n increased in Tam-treated RXRa conditional mice and was more abundant in TTM.
ild type mice; RXRa (Cvx L-/L-): Tam-treated RXRa conditional mice; E6E7 (tg/0):

ically significant (P < 0.05). Scale bar, 50 lm.
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ity, we determined the levels of p16INK4A, a tumor suppressor pro-
tein currently employed as a biomarker in human cervical cancer
[54,55]. Cervical samples from E6E7 (tg/0) and Tam-treated TTM
overexpressed p16INK4A as compared to cervical samples from Wild
type control mice (Fig. 2B). Interestingly, RXRa ablation also
induced p16INK4A protein overexpression in suprabasal layers
(Fig. 2A and B).

3.4. Pathological changes in cervix of E6E7 (tg/0) transgenic mice and
Tam-TTM

In order to determine histopathological changes associated with
E6E7 expression, we performed analyses of cervical tissue obtained
from middle age (27–29 weeks old) E6E7 (tg/0) transgenic mice.
Interestingly, these mice showed a low frequency of moderate
(2/44 mice; 0.9%) or severe (3/44 mice; 1.4%) dysplasia (Fig. 3A
and Table 1). In addition, in order to determine whether RXRa
ablation and the presence E6E7 played a role in the pathogenesis
of cervical cancer, we performed similar histopathological evalua-
tion of cervical tissue from Tam-TTM. Histological examination
revealed that, after Tam treatment, cervix isolated from young
TTM displayed moderate (11%) and severe (17%) dysplasia. Of
interest, 61% (11/18) and 11% (2/18) of young Tam-TTM developed
Fig. 3. Histological and proliferative alterations in cervical tissue after RXRa gene ablati
cervical tissue from Wild Type, RXRa conditional, E6E7 (tg/0) transgenic and Tam-TTM.
cylindrical (columnar) single epithelium with transition to stratified (squamous) epitheliu
metaplasia (solid arrows). Interestingly, both E6E7 (tg/0) and Tam-treated TTM showe
chemical detection of PCNA as cell proliferation marker in cervix of Wild type, Tam-tre
increased in RXRa (Cvx L-/L-), E6E7 (tg/0) transgenic and Tam-TTM as compared with c
samples and the development of frequent koilocyte-like cells (not shown). In addition, th
11% (2/18) of the samples (red lined-yellow filled arrows). Open arrows: PCNA nuclear sig
analysis of proliferation levels from murine cervical samples. After PCNA immunohistoch
(I) Relationship between labeling index (defined as percent of PCNA-positive cells) and hi
increases in cell proliferation (that is, labeling index) and severity of the cervical lesions
the genotype of the mice strain. RXRa (L2/L2): Wild type mice; RXRa (Cvx L-/L-): Tam-tr
L-/L-)/E6E7 (tg/0): Tam-treated TTM. Scale bar, 50 lm.
in situ carcinoma and invasive carcinoma, respectively (Fig. 3;
Table 1).
3.5. Increase of cell proliferation levels and inhibition of apoptosis after
RXRa ablation and E6E7 expression in the cervix of Tam-TTM

Previously, it was demonstrated that RXRa gene ablation in-
duces both cell proliferation and apoptosis in cervical tissue [38].
Therefore, it was investigated the effect of both RXRa ablation
and the presence of HPV E7/E7 on cell proliferation and apoptosis
levels in cervix of Tam-TTM. Cell proliferation levels as determined
by PCNA (Fig. 3B) and Ki-67 (not shown) nuclear cell counting, was
higher for Tam-TTM than for untreated mice, RXRa (Cvx L-/L-) or
E6E7 (tg/0) mice (PCNA and Ki67 levels were increased 5.6 and
5.9-fold in Tam-TTM, respectively as compared with Wild type
controls; Fig. 3, B and D). As described previously, RXRa ablation
increased the label index of apoptotic cells as determined by
TUNEL and cleaved-Caspase 9 detection [38] (9.75 and 6.1-fold in
RXRa (Cvx L-/L-) mice, respectively, as compared with Wild type
controls; Fig. 4). Using the same strategy, Tam-TTM displayed the
lowest apoptotic label index as compared to Wild type, RXRa
Tam-treated conditional or E6E7 (tg/0) mice (Fig. 4).
on and E6E7 viral oncoprotein expression. (A) Hematoxylin-Eosin (H&E) staining of
Wild Type mice [RXRa (L2/L2)] showed normal transformation zone (TZ) including
m. Cervical tissue of Tam-treated RXRa mutant mice showed moderate epidermoid

d undifferentiated cells and hyperproliferation of the epithelia. (B) Immunohisto-
ated conditional and Tam-treated 7 month-old TTM. Cell proliferation levels were
ontrols. (C) Tam-treated TTM showed in situ carcinomas in 56% (10/18) of cervical
ese Tam-treated TTM developed cervical invasive carcinoma after RXRa ablation in
nal. BM: Basal Membrane. Magnification: 40X. Insets: magnification 80X. (D) Digital
emical detection, selected regions were digitally analyzed as described in Methods.
stopathological diagnosis. It can be observed that there exists a correlation between
. Interestingly, in (II) we observed that the increase in cell proliferation depends on
eated RXRa conditional mice; E6E7 (tg/0): E6E7/HPV16 transgenic mice; RXRa (Cvx



Table 1
Histological analysis of cervical tissuesa.

Genotype Histopathological diagnosis %

Normal epithelia 84
RXRa (L2/L2) Keratinized epithelia 8
(n = 12) Mild dysplasia 8

Epidermoid metaplasia 47
RXRa (Cvx L-/L-)b Moderate dysplasia 40
(n = 15) Cervicitis 13

E6E7 (tg/0)c Moderate dysplasia 0.9
(n = 44) Severe dysplasia 1.4

TTM Invasive cancer 11
RXRa (Cvx L-/L-)/E6E7 (tg/0) in situ carcinoma 61
(n = 18) Severe dysplasia 17

Moderate dysplasia 11

a All mice were treated with 0.1 mg Tam per day for five consecutive days.
b RXRa (Cvx L-/L-) mice showed cervical atrophy in 60% (9/15) of the samples.
c For this study it was included only the group of E6E7 (tg/0) transgenic mice that

showed histopathological cervical alterations.
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3.6. The levels of c-myc, Bax, Bcl-2 and p21WAF1 mRNA in E6E7 (tg/0)
transgenic and Tam-TTM

According to the findings related to cell proliferation and apop-
tosis, we investigated the expression levels of selected genes by
quantitative Real Time PCR (RTqPCR; Fig. 5). We found that
c-myc, p21/WAF1 and Bcl-2 mRNA levels were increased mainly
in Tam-TTM as compared to Tam-treated Wild type, RXRa (Cvx
L-/L-) or E6E7 (tg/0) mice. In addition, in Tam-treated RXRa condi-
tional mice, Bcl-2 and p21WAF1 expression were diminished, sug-
gesting that RXRa absence can mediate both a proliferative and
apoptotic effect in cervical tissue. Thus, despite the increased levels
of p21/WAF1 expression, the presence of E6 and E7 oncoproteins in
E6E7 (tg/0) transgenic mice and Tam-TTM not only increased the
proliferative effect in cervical tissue, but also diminished the apop-
totic levels. Strikingly, E6E7 oncogene expression was sufficient to
abolish the effects of the RXRa ablation, drastically bringing down
the apoptotic levels in Tam-TTM.
4. Discussion

4.1. RXRa gene ablation increases the apoptotic levels in the cervix of
RXRa (Cvx L-/L-) mice

Histological analyses, after Tam induced ablation of RXRa gene
in cervical epithelia [thereafter RXRa (Cvx L-/L-) mice] revealed
that the cervical epithelium from RXRa mutant mice was thinner
than control epithelium (atrophy). Although the ablation of RXRa
gene increases cervical cell proliferation (see later), we have
observed an increase in the activation of Caspase 9 in cervical epi-
thelium of RXRa mutant mice compared with control mice (Fig. 4).
It is known that Caspase 9 activation is a key event during the
induction of apoptosis through the intrinsic pathway [17,56].
These results suggest that high apoptosis levels observed under
this condition are probably preventing tissue hyperproliferation
due to a decrease in the number of suprabasal layers and leading
to an atrophy-like phenotype (Figs. 3 and 4).

4.2. HPV E6 and E7 expression decrease the apoptotic levels in cervix of
E6E7 transgenic mice and Tam-TTM

Consistent with previous observations [18,57,58], in this work
we found that E6 and E7 expression inhibit apoptosis levels in
the cervix of both E6E7 transgenic mice and Tam-TTM, suggesting
that death programming is abrogated in cervical tissue of Tam-
TTM mice (Fig. 4). Thus, apoptosis inhibition might cooperate with
the increase in cervical cell proliferation induced by RXRa ablation
in Tam-TTM. It is well known that Bcl-2 promotes cell survival,
whereas Bax promotes cell death [59] and that the ratio of Bcl-2/
Bax determines survival or death following an apoptotic stimulus
[60]. Thus, decrease of Bcl-2/Bax ratio observed after RXRa abla-
tion should dramatically increase cell death in RXRa mutant mice.
In contrast, the Bcl-2/Bax ratio was increased in both E6E7 (tg/0)
transgenic and Tam-TTM in comparison with Wild type animals.
It is noteworthy that in the cervix of E6E7 (tg/0) mice and Tam-
TTM, only a twofold increase in Bcl-2/Bax ratio (in comparison
with RXRa mutant mice) was observed that could hardly explain
the dramatic decrease in cell death. This situation probably con-
tributes to the reduction in apoptotic index observed in cervical
tissues from both E6E7 (tg/0) transgenic mice and Tam-TTM
(Fig. 5 and 6). It is important to mention that no definitive conclu-
sion can be attained since levels of Bcl-2 and Bax proteins may not
correlate with the mRNA levels due to the effects of E6 or E7 on the
respective proteins [17,61].

E6 inactivation of p53 protein might result in overexpression of
Bcl-2 and down regulation of Bax and Bak [17,62–67,68–74], con-
tributing to continuous cell accumulation in cervix of E6E7 (tg/0)
mice and Tam-TTM. In addition, HPV16 E6 blocks TNF-mediated
cytolysis in mouse fibroblasts [75]. Thus, continuous presence of
E6 is important for the viability of HPV-positive cancer cells, defin-
ing E6 as a promising target for therapeutic intervention. More-
over, ectopically expressed E6 has been associated with the
inhibition of a wide range of different proapoptotic regulators that
belong to the extrinsic death-receptor pathway (e.g. CD95 or
FADD) and to the intrinsic mitochondrial pathway (e.g. Bax or
Bak). It is also possible that E6 activates antiapoptotic molecules
common to both pathways, such as the c-IAP2 and Bcl-2 proteins
[17,74,76,77] (Fig. 6).

4.3. Cell proliferation levels are increased in cervical epithelium of
RXRa (Cvx L-/L-) and Tam-TTM mice

Analyses of cell proliferation levels (PCNA expression) revealed
presence of abundant proliferative cells in all layers of the strati-
fied cervical epithelia from Tam-TTM, whereas the signal was
found essentially in the basal layer of Wild type mice. In contrast,
a modest increase in proliferative index was observed in cervical
tissue from RXRa (Cvx L-/L-) mice while only few E6E7 (tg/0) mice
showed an increase in cell proliferation levels (Fig. 3). This obser-
vation is consistent with higher levels of PCNA expression reported
in E7-expressing keratinocytes compared to wild-type keratino-
cytes [58] and also in HR-HPV positive human cervical samples
[78]. Our results suggest that in Tam-TTM, RXRa ablation and E6/
E7 expression cooperatively contribute to increased proliferation
activity and possibly to altered terminal differentiation of the cer-
vical epithelium (Fig. 3 and 6).

4.4. p16INK4A cervical cancer biomarker is increased in RXRa
(Cvx L-/L-) mice and Tam-TTM

Overexpression of tumor suppressor p16INK4A is associated with
high-grade precancerous lesions and cervical carcinomas, and it
has been demonstrated that immunohistochemical evaluation of
this protein might be useful biomarker for identifying HR-HPV in-
fected high-grade lesions [79]. The p16INK4A protein blocks cdk4
and cdk6-mediated pRb phosphorylation, resulting in inhibition
of both E2F dependent transcription and cell cycle progression at
the G1 to S checkpoint [79,80]. During cervical carcinogenesis
there is an activation of both E2F and cell cycle progression since
E7 inactivates pRb [80]. In this case it seems that the release of
E2F activates the p16INK4A promoter. Interestingly, ablation of



Fig. 4. Apoptotic levels in cervix of RXRa mutant mice were strongly reduced by E6E7 oncoprotein expression. (A) Apoptotic levels were measured in cervix of Wild type,
RXRa (Cvx L-/L-), E6E7 (tg/0) transgenic mice and Tam-TTM, using TUNEL analysis and immunohistochemical detection of Cleaved Caspase 9. As images show, low apoptosis
levels were detected in E6E7 (tg/0) and Tam-TTM as compared with either Wild type or RXRa mutant mice. TUNEL Panel: Solid arrows: non-apoptotic cells; Open arrows:
apoptotic cells. Cleaved Caspase 9 Panel: Solid arrows: apoptotic cells. BM: Basal Membrane. Magnification 40X. (B) Digital analysis of apoptotic levels in cervical samples
from Fig. 4A. After apoptosis determination assays, selected representative regions were digitally analyzed and reported as labeling index (defined as percent of TUNEL or
Cleaved Caspase 9-positive cells). Diminished apoptosis levels in cervix resected from E6E7 (tg/0) and Tam-TTM were clearly observed; Tam-TTM showed the lowest
percentage of TUNEL and Cleaved Caspase 9 positive cells. RXRa (L2/L2): Wild type mice; RXRa (Cvx L-/L-): Tam-treated RXRa conditional mice; E6E7 (tg/0): E6E7/HPV16
transgenic mice; RXRa (Cvx L-/L-)/E6E7 (tg/0): Tam-treated TTM. ⁄: Statistically significant (P < 0.05). Scale bar, 50 lm.
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RXRa gene in cervix of RXRa (Cvx L-/L-) induced p16INK4A protein
overexpression (Fig. 2), This suggests that the lack of this retinoid
receptor could increase the release of E2F transcription factor acti-
vating the p16INK4A promoter [81] or induce epigenetic reprogram-
ming of the p16INK4A promoter [81,82]. It is well known that in
most cervical carcinomas, overexpression of p16INK4A indicates
persistent infection with HR-HPV. Of relevance in this context is
the observation that p16INK4A induction was elevated in cervical le-
sions arising in Tam-TTM (Fig. 2), which suggests that TTM strain
might resemble persistent HR-HPV infection in humans. It has
been described that E7 associates and inactivates E2F6 and Bmi1
(member of the polycomb group transcription repressors), both
proteins being transcriptional repressors of p16INK4A [18,81–84];
repressive trimethyl marks on lysine 27 of histone 3 (H3), which
are necessary for binding of polycomb repressive complexes, are
decreased in HPV16 E7-expressing cells and HPV16-positive cervi-
cal lesions. This depletion of H3K27 methylation is caused by tran-
scriptional induction of the KDM6B H3 lysine 27-specific
demethylase. In addition, it was shown that E7-mediated p16INK4A

induction is independent of pRb inactivation and is mediated by



Fig. 5. Relative expression (RTqPCR) of genes involved in cell proliferation and apoptosis, in cervix of mice models. The level of selected transcripts involved in cell
proliferation and/or apoptosis (c-myc, p21/WAF1, Bcl-2 and Bax) was assessed by RTqPCR using specific primers. RXRa (L2/L2): Wild type mice; RXRa (Cvx L-/L-): Tam-
treated RXRa conditional mice; E6E7 (tg/0): E6E7/HPV16 transgenic mice; RXRa (Cvx L-/L-)/E6E7 (tg/0): Tam-treated TTM. �: Statistically significant (P < 0.05).

Fig. 6. Model for the concerted action of HPV E6/E7 oncogene expression and RXRa ablation in Triple Transgenic Mice. RXRa deletion induces cervical cell proliferation and
blocks differentiation mechanisms cooperating with cellular transformation. E6 and E7 oncoproteins can cooperatively induce an increase of cell survival and cell
proliferation levels. In sum, it is proposed that the development of in situ carcinoma and invasive cervical cancer in middle age Tam-TTM is induced by alteration of several
cell control mechanisms. For details see Discussion. Up arrows: indicate overexpression or activated pathway. Down arrows: indicate underexpression. �: Molecules or
cellular processes analyzed in this work. HAT: Histone acetyltransferase. HDM: Histone demethylase.
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KDM6B [82]. This raises the interesting possibility that RXRa abla-
tion causes the transcriptional induction of the KDMB6 demethyl-
ase, cooperating with E7-induced overexpression of p16INK4A.

4.5. Gene expression levels of a set of genes associated with cervical
carcinogenesis

In the present study, we analyzed the expression of a set of
genes that are differentially expressed during cell proliferation
and/or apoptosis and have a known association with cervical carci-
nogenesis [38]. For example, increased C-Myc expression was
observed in RXRa (Cvx L-/L-) conditional, E6E7 (tg/0) transgenic
and Tam-TTM when compared with expression in the wild type
mice (Fig. 5). It has been reported that retinoids convert E2F into
a transcriptional suppressor inhibiting the transcription of several
target genes including C-Myc [85]. Increased levels of C-Myc mRNA
after RXRa ablation in cervical epithelia could be partially due to
the lack of E2F repressive activity and can be associated with
uncontrolled cellular proliferation in Tam-TTM (Fig. 6) [86–89].
p21/WAF1, which has been shown to induce G1 arrest by inhibi-
tion of cyclin-dependent kinases, has been identified as one of
the wild-type p53-activated genes [90,91]. The repression of p21/
WAF1 mRNA expression observed after RXRa ablation (Fig. 5),
may partially explain the increase in cervical cell proliferation in
RXRa (Cvx L-/L-) mice, suggesting that RXRa signaling is crucial
for the negative regulation of the cell cycle and for cervical homeo-
stasis. The E7 oncoprotein can override p21/WAF1 inhibition of
both CDK activity and proliferating cell nuclear antigen (PCNA)-
dependent DNA synthesis [18,57]. The relationship between E7
and p21WAF1 is paradoxical because E7 causes an increased level
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of p21/WAF1 protein in human and mouse cells/tissues [18,58,92]
and at the same time E7 can inactivate p21/WAF1 [18,57,58].
Accordingly, p21/WAF1 was overexpressed in Tam-TTM cervix as
compared to normal cervical tissue probably due to E7 oncoprotein
expression. These data suggest that, in the Tam-TTM model, RXRa
ablation and E6 together with E7 expression cooperatively in-
creased the frequency of pre-malignant or malignant cervical le-
sions inactivating the tumor suppressor function of p21/WAF1
and inducing cervical carcinogenesis.

The main finding of this work was the detection of in situ carci-
noma (61%) and invasive carcinoma (11%) in the cervix of middle
age Tam-treated TTM, suggesting that lack of RXRa retinoid recep-
tor coupled with expression of HPV16 E6 and E7 oncoproteins may
contribute to carcinogenesis. Our findings suggest that induction of
cervical cancer in Tam-treated TTM could prove a valuable model
for the diagnosis and prognosis of cancer. The TTM model can be
further utilized to identify cofactors involved in cervical carcino-
genesis. The use of a conditionally expressed retinoid receptor in
mice that express HR-HPV16 E6E7 oncoproteins, may improve
future studies by allowing the identification of early tumoral bio-
markers during the development of cervical cancer.
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