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“Wenn du ein glückliches Leben willst, verbinde es mit einem Ziel” 

 

“Cuando quieras ser feliz en la vida, únela a una meta” 

 

Albert Einstein 
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Molecular Signature of HPV-Induced Carcinogenesis: pRb, p53 and Gene 
Expression Profiling  

Águeda Buitrago-Pérez, Guillermo Garaulet, Ana Vázquez-Carballo, Jesús M. Paramio and  
Ramón García-Escudero*

Molecular Oncology Unit, Molecular Biomedicine Division, CIEMAT, Ave. Complutense 22, E-28040 Madrid, Spain 

Abstract: The infection by mucosal human papillomavirus (HPV) is causally associated with tumor development in cer-
vix and oropharynx. The mechanisms responsible for this oncogenic potential are mainly due to the product activities of 
two early viral oncogenes: E6 and E7. Although a large number of cellular targets have been described for both oncopro-
teins, the interaction with tumor suppressors p53 and retinoblastoma protein (pRb) emerged as the key functional activi-
ties. E6 degrades tumor suppressor p53, thus inhibiting p53-dependent functions, whereas E7 binds and degrades pRb, al-
lowing the transcription of E2F-dependent genes. Since these two tumor suppressors exert their actions through transcrip-
tional modulation, functional genomics has provided a large body of data that reflects the altered gene expression of HPV-
infected cells or tissues. Here we will review the similarities and differences of these findings, and we also compare them 
with those obtained with transgenic mouse models bearing the deletion of some of the viral oncogene targets. The com-
parative analysis supports molecular evidences about the role of oncogenes E6 and E7 in the interference with the men-
tioned cellular functions, and also suggests that the mentioned transgenic mice can be used as models for HPV-associated 
diseases such as human cervical, oropharynx, and skin carcinomas. 
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INTRODUCTION 

 Human papillomaviruses (HPV) are the etiological agents 
responsible for a number of pathologies affecting the strati-
fied epithelia of the skin and anogenital and oropharyngeal 
sites [1-3]. Specific HPV types (“low risk” HPVs) cause 
benign warts, but other types (“high risk” HPVs) are strongly 
associated with premalignant and malignant invasive carci-
nomas, especially in the uterine cervix. Cervical cancer (CC) 
is the second most frequent type of women cancer world-
wide, being especially important in the developing countries, 
where gynecological screening is not sufficiently imple-
mented in the clinical routine [3]. Although less frequently, 
HPV infections have also been associated with carcinoma 
development in skin and oropharynx. Overall, about 25% of 
the head and neck squamous cell carcinomas (HNSCCs) are 
infected with “high risk” HPVs, and display clinical and mo-
lecular features that distinguish them from the remaining 
HNSCCs [4]. 

 Multiple molecular studies have reported that HPV-
mediated carcinogenesis is mainly due to the oncogenic ac-
tivities of the viral early proteins E6 and E7. E6 is able to 
induce the degradation of p53 via direct binding to the ubiq-
uitin ligase E6AP, inhibiting p53-dependent signaling upon 
stress stimuli, and contributing to tumorigenesis [5-7]. On 
the other hand, E7 oncoprotein E7 associates with the retino-
blastoma family of proteins (pRb, p107 and p130) and dis-
rupts their association with the E2F family of transcription 

*Address correspondence to this author at the Molecular Oncology Unit, 
Division of Biomedicine, CIEMAT, Ave. Complutense 22, E-28040 Ma-
drid, Spain; Tel: (34) 913460865; E-mail: ramon.garcia@ciemat.es 

factors, subsequently transactivating cellular proteins re-
quired for cellular and viral DNA replication. Moreover, E7 
binds and induces the proteasomal-mediated degradation of 
all pRb, p107 and p130 proteins [8-10]. p53 and pRb are 
well-known cellular tumor suppressors involved in processes 
such as cell cycle progression, DNA repair, apoptosis, dif-
ferentiation, senescence, and chromatin remodeling. Very 
importantly, in the vast majority of human tumors pRb 
and/or p53 functions are impaired. 

 Recently, preventive vaccination against HPV infections 
has been launched in some countries, protecting from most 
of the benign and malignant lesions in the cervix. Epidemi-
ological studies estimate that about 10% of the women popu-
lation is already infected with “high risk” mucosal HPVs in 
the genital area, population in which vaccination would not 
be worthy, as it is not curative. Although the infection is not 
sufficient (but necessary) for tumor development, it is impor-
tant to develop curative therapies for HPV-related carcino-
genesis [11]. 

 Gene expression profiling analysis using DNA microar-
ray technologies has emerged in the last decade as a power-
ful tool to search for reliable gene markers of specific can-
cers, to determine the molecular features than distinguished 
or grouped different histological types of cancers, and to 
correlate specific gene expression patterns with clinical out-
come [12]. Moreover, microarray analysis provides a power-
ful tool to compare molecular features of mouse models of 
human cancer and their human counterparts [12]. A large 
number of reports have described gene expression deregula-
tion of cervical cancer and HPV-infected or non-infected 
HNSCC [13-23]. Interestingly, some of the deregulated 
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Abstract 

 

Human papillomavirus (HPV) is the causative agent of human cervical cancer and is 

associated with cutaneous squamous cell carcinoma. Virus oncogenicity is due in part to 

the molecular activities of the E7 early gene, able to inactivate retinoblastoma protein 

family. Although a prophylactic vaccine for cervical cancer would prevent new 

infections for the most frequent high-risk HPV types, there is a need to developed new 

targeted therapies for already infected people, that should be tested in appropriate 

models. Here we describe an in vivo model of HPV-pathology based on the expression 

of E7 in human primary keratinocytes used to regenerate human skin that is grafted in 

nude mice. Expression of E7 was stable during the 3- 6 months after transplantation, 

allowing the appearance of lesions that, in the case of HPV 16 E7, histopathologically 

resemble human cervical intraepithelial neoplasia (CIN). Moreover, analyses of 

biomarker expression using immunodetection and/or quantitative PCR from mRNA and 

miRNA confirmed that the E7-transplants share the molecular features of human HPV-

associated pretumoral and tumoral lesions. In conclusion, our model recapitulates 

several features of pathological samples of HPV infection. Accordingly, this system 

could be used for basic analysis or preclinical testing of HPV-associated antitumor 

therapies. 
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Introduction 

Human papillomaviruses (HPVs) are small DNA viruses with tropism for squamous 

epithelium, such as epidermis and genital or oral mucosa. Certain HPV types are 

associated with human cancer in the skin, anogenital region, and oropharinx 1-3. 

Association between cervical cancer (CC) and HPVs was first described in 1976 by 

Harald zur Hausen, for which he received the 2008 Nobel Prize. CC is the second 

leading cause of cancer deaths in women worldwide. Today there is overwhelming 

evidence that certain high-risk (HR) subtypes of mucosal HPVs are the causative agents 

of CC. HPV 16 and 18 types are responsible of about 70% of CC worldwide 4 . On the 

other hand, association between cutaneous HPV and skin cancer was first suspected in 

patients with the rare inherited disease epidermodysplasia verruciformis (EV). These 

patients have a high susceptibility to infection with betapapillomavirus (betaPV) types 

(such as HPV 5 and 8) and develop frequently keratotic skin lesions and squamous cell 

carcinomas (SCC) in the skin 5, 6. BetaPV DNA is present in a high proportion of skin 

SCCs and actinic keratoses (AK) in organ transplant recipients (OTRs) 7 and 

immunocompetent people 8. The prevalence of betaPV infection in people with SCC is 

known to exceed 80% 9.  

HPV infects the squamous epithelium from the basal layer, where the virus DNA is 

maintained for years in episomal form 10. Virus life cycle depends on the differentiation 

of the host cell, as the mature particles are released from the terminally differentiated 

upper layers 1, 11. As the virus replication requires the cell machinery, HPV induces the 

expression of host DNA replication proteins in differentiated cells by disrupting the 

coupling between cell cycle arrest and differentiation 12. Cellular regulators of these 

processes are the retinoblastoma protein (pRb) and the p53 tumor supressors, which are 

inhibited by HR-HPV E7 and E6 virus oncogenes, respectively 13-15. E7 protein from 

HPV 16 bind directly the 3 members of the retinoblastoma protein family: pRb, p107 

and p130. Upon interaction, these proteins are targeted for degradation 16, 17, and 

transcription factors E2Fs induce the expression of genes involved in G1-S transition, 

activating cellular proliferation. Mouse models have demonstrated that the somatic 

inactivation of pRb promotes the uncoupling between cell cycle arrest and the onset of 

differentiation in epidermis 18, and such reduction can also inhibit the cell cycle arrest 

mediated by keratinocyte differentiation proteins 19. HPV 16 E7 protein can also inhibit 

other negative regulators of the cell cycle, such as p21 thought direct binding 20-22. 
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Although the virus DNA is normally maintained in the cell as an episome, during the 

malignant transformation of cervical lesions, both E6 and E7 are integrated into the 

cellular genome 23, concomitant with a more efficient oncogene expression. The 

interaction with pRb, p53 and p21 tumor supressors, and additional genetic alterations 

may eventually transform infected cells and induce the formation of invasive 

carcinomas. Cutaneous betaPVs are thought to act by potentiating the harmful effects of 

UV radiation, for example by impairing DNA repair and apoptosis following UV-

induced damage through E6 molecular activities 24-29. Mucosal HR HPVs could 

possibly act together with steroid hormone signaling or tobacco consumption 30, 31. 

Finally, immunosupression also contributes to carcinoma progression, especially for 

skin SCCs. 

Papanicolau smears (PAP smears) have reduced the incidence of CC very significantly 

in developed countries. Also, there are vaccines against CC based on HR mucosal 

HPVs, but they are not effective in patients already infected with the subtypes included 

(HPV 16 and 18) 32. CC patients are treated with conventional therapy, such as surgery, 

chemotherapy or radiotherapy. In the case of cutaneous AK and SCC, diagnosis and 

removal of the lesions is easy. However, the high incidence of such lesions in OTRs is a 

clinical problem. No targeted therapy is been used in the clinical setting for cutaneous 

SCCs nor CCs. Therefore, there is a need to search for cellular targets and biomarkers 

for therapy in HPV-infected tumors, and to set up adequate model systems to analyze 

the HPV oncogenesis and test those therapies. In the present report, we made use of an 

organ model system that we have previously described 33-35 in order to analyze the long-

term in vivo molecular and phenotypic consequences of the expression of the E7 

proteins of the betaPV HPV 5 and the HR HPV 16 in primary human keratinocytes 

(PHKs). Upon retroviral transduction, a human skin is reconstituted and transplanted 

into nu/nu immunodeficient mice as previously described 34-36. Grafted engineered skin 

is maintained for up to 6 months, allowing the development and maintenance of 

histological features that resemble, in the case of HPV 16 E7, cervical intraepithelial 

neoplasia (CIN) lesions. Immunodetection and quantitative PCR of HPV-infected 

pretumoral and tumoral samples biomarkers demonstrated that the in vivo organ model 

is suitable for basic analysis of virus oncogene function, and for preclinical analysis of 

anti-HPV therapies. 

Materials and Methods 
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E7 plasmid vectors and construction of mutants 

In order to follow the expression of the E7 proteins of HPVs, we cloned them with Flag 

epitopes. Two complementary oligonucleotides (Supplementary Table 1) were 

hybridized and cloned into the EcoRI site of pcDNA3.1(-) (Invitrogen) containing the 

Flag sequence ended with a stop codon, to obtain pcDNA3.1(-)-FLAG. E7 genes from 

HPV 10, HPV 5 and HPV 16 were obtained upon PCR with specific primers 

(Supplementary Table 1) from plasmids pcDNA3-10E7, pBP-5E7 and pBP-16E7, 

respectively. The primers allowed the cloning into pcDNA3.1(-)-FLAG upon digestion 

with NotI/EcoRI (10E7) or EcoRI (5E7 and 16E7) enzymes. Reverse primers lack the 

stop codon, so the epitope was inserted in frame at the E7 C-terminal end. E7-Flag 

fusions were sequenced to avoid the use of clones with sequence errors. Mutants from 

5E7 and 16E7 genes in the LxCxE motif (5E7_∆DLFC and 16E7_∆DLYC, 

respectively) were obtained using Quick Change Site-Directed Mutagenesis Kit 

(Stratagene) and specific primers (Supplementary Table 1) following the manufacturer 

recommendations. Plasmid clones were sequenced to select appropriate incorporation of 

mutations. In order to purify E7 proteins, we cloned E7-flagged genes into pGEX-2T 

(GE Healthcare) from the corresponding pcDNA3.1(-)-E7FLAG plasmids to obtain 

Glutathione-S-transferase (GST)-E7-Flag proteins. Thus, 5E7-Flag and 16E7-Flag 

fragments were extracted after digestion with EcoRV/PmeI and cloned into pGEX-2T 

linearized with SmaI. GST-E7-Flag genes were sequenced to check that the fusions 

were properly inserted. Retroviral transductions of 5E7-Flag and 16E7-Flag genes were 

performed with the pLZR-IRES-GFP retroviral vector 36, 37, which allows the expression 

of the E7 genes from the same transcript of enhanced green fluorescence protein 

(eGFP). 5E7-Flag and 16E7-Flag fragments were extracted from the corresponding 

pcDNA3.1(-)-E7FLAG plasmids upon digestion with PmeI, and cloned into pLZR-

IRES-GFP linearized with XhoI/PmeI. Ligation clones were sequenced the select the 

adequate insertion of E7-flagged genes in the retroviral vector. 

 

Cell tranfections and retroviral transduction 

Saos2 human osteosarcoma cells were obtained from the ATCC, maintained in 

Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal bovine serum 

(FBS), and incubated at 37°C in a humid atmosphere containing 5% CO2. Transfections 

including pcDNA3.1(-)-E7Flag, pcDNA3-eGFP, and pcDNA3-pRb or pcDNA3-

p107HA were done using Fugene HD (Promega). Protein levels were analyzed by 
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western blot 48 hours post transfection. Foreskin primary human keratinocytes (PHKs) 

and fibroblasts were obtained from healthy donors according to previously described 

methods 34, 38. Donors provided informed consent for biopsy. Permission was obtained 

for specimens taken from organ donors. PHKs were cultivated on a feeder layer of 

lethally irradiated 3T3-J2 cells, as described 34, 38. Human dermal fibroblasts were 

derived from skin biopsies and cultured in DMEM containing 10% FBS as described 33, 

34. Cells were cultured at 37°C in a humid atmosphere containing 5% CO2. The culture 

medium was changed every 2 days. Preconfluent or newly confluent first-passage PHKs 

were trypsinized and seeded at a density of 1 x 105 cells per 100-mm dish onto the 

feeder layer. The culture medium was a 3:1 mixture of DMEM and Ham-F12 

supplemented with 10% HyClone FetalClone II (Termo Scientific), insulin (5 mg/ml), 

hydrocortisone (0.4 mg/ml), triiodothyronine (1.3 ng/ml), cholera toxin (8 ng/ml) and 

adenine (24 mg/ml). The medium was changed every three days, and at the end of the 

first change, epidermal growth factor (EGF) (10 ng/ml) was added. Foreskin PHKs 

were infected twice with a recombinant EGFP-expressing LZR-based amphotropic 

retrovirus generated by transient transfection in 293T cells with empty vector pLZRS-

IRES-eGFP, pLZRS-5E7Flag-IRES-eGFP or pLZRS-16E7Flag IRES-eGFP as 

described 36, 37. Keratinocytes were analyzed by fluorescence-activated cell (FACS, 

Becton Dickinson, San Jose, CA) to quantify the proportion of cells with eGFP 

expression. Aliquots of the infected cells were harvested for protein or RNA expression. 

 

Fibrin-based artificial skin preparation 

A fibrin matrix populated with live fibroblasts was used as the dermal component of the 

artificial skin. The fibrin matrix was prepared according to a procedure previously 

described 34, 35. Organotypic cultures were grown submerged up to keratinocyte 

confluence, manually detached from the plate and placed orthotopically on the backs of 

nu/nu mice. Twelve mice were grafted in three series of grafting experiments. Surviving 

individual mice with successful graft take were injected intraperitoneally with 100 µg of 

BrdU 1 hour before sacrifice by CO2 inhalation. 1 hour before, mice were injected 

intraperitoneally with 100 µg of BrdU. The regenerated human skin grafts were excised 

along with approximately 2 mm of surrounding mouse skin. Part of the graft was 

immediately snap frozen in liquid nitrogen for protein analysis, another part was 

sumerged in RNA later for genetic a analysis, and the remainder was placed in 4% 

buffered formalin or 4% paraformaldehide and emdedded in paraffin for hematoxylin–
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eosin (H&E) staining or immunostaining of specific protein markers. Green 

fluorescence was readily visualized in the intact xenograft in vivo, using a fluorescence 

stereomicroscope under blue light (Olympus America, Melville, NY). 

 

Immunostaining on paraffin embedded grafted tissue. 

Sections of 5 µm fixed, paraffin-embedded samples used for conventional 

immunohistochemistry were used after deparafination and treatment with H2O2 to 

remove endogenous peroxidase. Sections for immunofluorescence were incubated with 

NH4Cl to remove autofluorescence due to formol. Antigen unmasking was done for 

some antibodies using conventional citrate buffer. BrdU incorporation was done after 

treatment with 2N HCl to denature DNA. For immunohistochemistry, detection of the 

secondary antibody was done using the avidin/streptavidin-peroxidase system (ABC 

Kit, Vectastain) and diaminobenzidine chromogen as substrate (Peroxidase Substrate 

Kit DAB, Vector Laboratories) following manufacturers recomendations. For 

immunofluorescence, secondary antibodies used were coupled to convenient 

fluorochromes. When necessary, DAPI (Roche) was added to identify the nuclei. Image 

analysis was done with a microscope (Zeiss Axioplan2 imaging) equipped with an 

epifluorescence source and adequate filters. Images were captured with a digital camera 

(AxioCam MRm) and visualized with the software AxioVision Rel.4.6. Primary 

antibodies used are listed in Supplementary Table 2. 

 

Western blot analysis of proteins 

Proteins were extracted from cultured cells using scrapper or trypsin treatment. Cell 

lysis was done using RIPA buffer (Trizma-HCl 50 mM, NaCl 150 mM, 0.1% SDS, 1% 

Triton X-100 and 0.5% DOC) supplemented with proteases inhibitors (Roche). Protein 

concentration was measured using Bradford (BioRad), and separated using precasted 4-

12% gradient SDS-PAGE system (Invitrogen). Proteins were transferred to 

nitrocellulose membranes and incubated with primary antibodies. Peroxidase-coupled 

secondary antibodies were detected using the Super Signal West Pico 

Chemiluminescent Substrate (Pierce) following manufacturer recommendations. 

Primary antibodies used are listed in Supplementary Table 2. 

 

Quantitative real-time PCR from mRNA and miRNA. 
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Purification of total RNA including miRNA was done using miRNAeasy Mini Kit 

(Qiagen). Skin transplants were disrupted and homogenized using MixerMill 301 

(Retsch). RNA integrity was tested using Bioanalyzer (Agilent). Reverse transcription 

was done with the Omniscript® Reverse Transcription kit (Qiagen) using oligo-dT 

primers. Real-time PCR was performed using gene specific primers and the SYBR 

Green system (Applied Biosystems). TBP and GUSB genes were selected as 

normalizing control genes. TaqMan® MicroRNA Assays (Applied Biosystems) were 

used to quantify miRNAs in samples according to the manufacturer instructions with 

the TaqMan® Universal PCR Master Mix reagent kit (Applied Biosystems). 

Normalization was performed using U6 as endogenous control. qRT-PCR for mRNA 

and miRNA was performed in an ABI 7500fast Real-Time PCR System. 
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Results 

E7-flagged protein of cutaneous HPV 5 can bind pRb and reduce pRb and p107 

protein levels 

As no antibodies to the E7 protein of cutaneous HPV 5 are available, we have generated 

an E7-Flag fusion protein, with the epitope located at the C-terminal end. A similar 

protein was described to be functional in the case of 16E7 17, which was also used in 

this study. Proteins 5E7 and 16E7 can bind the retinoblastoma protein pRb 13, 39, 40. To 

check that flagged proteins can bind pRb, the genes were cloned in Glutathione-S-

transferase (GST) expression vectors in order to purify them by affinity chromatography 

using immobilized glutathione. Purified GST-E7-Flag proteins of both HPV 16 and 

HPV 5 can bind in vitro to pRb (Fig. 1A), showing that the incorporation of the epitope 

does not affect the binding activity. On the other hand, upon binding, E7 targets pRb for 

proteasome degradation 16. Thus, when cotransfected with a pRb-expression vector, 

both 5E7-Flag and 16E7-Flag proteins reduced dramatically the pRb-protein levels in 

Saos2 cells (Fig. 1B), which express a truncated, non funcional pRb. A similar result 

was obtained with a p107-HA tagged cotransfected protein (Fig. 1C), again for both E7 

proteins. The results demonstrate that flagged E7 proteins are functional as they can 

bind pRb and reduce pRb and p107 protein levels. Importantly, we are showing that 

5E7 is able to reduce p107-protein levels, a finding that has not been reported 

previously, as far as we are aware. Furthermore, 5E7 also binds to pRb, although with 

less affinity than 16E7 as reported 40.  

 

E7-Flagged proteins in retrovirally transduced PHKs 

The retroviral pLZRS-IRES-eGFP vector allows expression from the same transcript of 

the E7 and eGFP genes, using an IRES sequence located between them. The advantage 

of this system is that the expression of the transgenes can be followed using green 

fluorescence detection. Foreskin PHKs were transduced with the E7-flagged genes of 

HPV 5 and HPV 16, or control retrovirus. Primary cells were infected twice at low cell 

density in the presence of irradiated NIH 3T3 feeder cells. The experiment was repeated 

3 times. Quantitative real-time PCR (qRT-PCR) for 5E7, 16E7 and eGFP from purified 

RNA showed that the E7-IRES-eGFP cassette was expressed (Fig. 2A). The overall 

proportion of infected cells was 46% ± 10% as determined by FACS analyses of eGFP 

positive cells (Supplementary Figure 1). Immunodetection of E7, pRb, and p107 
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demonstrated effective and functional expression of HPV oncogenes. No recombinant 

protein for 16E7-Flag was detected with flag antibodies, but a specific 16E7 antibody 

was used (Fig. 2B). As expected, the reduction of the levels of pRb and p107 proteins 

was not due to reduced expression of the corresponding transcript levels as determined 

by qRT-PCR (Fig. 2A). 

 

E7-transplants induced histological features of HPV-associated neoplasia 

Infected cells were subsequently embedded within a fibrin gel with foreskin fibroblasts, 

and transplanted into the back of nude mice. The E7-transplants were maintained onto 

the mice for 3 to 6 months in order to analyze long-term phenotypic effects of the viral 

oncogene expression. Green fluorescence was used to check for transgene expression in 

all cases (Supplementary Fig.2). In total, we performed 4 transplantations per retrovirus 

(control, 5E7 and 16E7), and repeated it three times (3 sets of 12 transplants). Two sets 

were maintained for about 3 months and one set for 6 months. qRT-PCR analyses 

showed that the transplants expressed the E7 proteins at the time of collection 

(Supplementary Fig. 2), demonstrating that the humanized mouse skin model allows the 

analysis of long-term effects of HPV oncogenes. 

Dermatoscope visualization identified macroscopical differences between control and 

E7-samples, such epidermal thickening and desquamation probably associated to 

hyperkeratosis (Fig. 3). Moreover, 16E7 samples also display crypts and papillomatous 

structures. A closer inspection of the paraffin embedded transplants confirm 

macroscopical analysis, and showed that both E7 genes induced phenotypic changes 

when compared with control transplants, which were more pronounced in the case of 

16E7 (Fig. 4). Most 16E7 samples display acanthosis associated with hyperplasia, 

suprabasal mitotic figures, hyperkeratosis, parakeratosis, hypergranulosis, nuclear 

atypia and papillomatosis (Fig. 4 and Table 1). Most of these histopathological features 

are present in high grade CIN 41. Thus, reconstituted human skin transplanted onto nude 

mice represents a good model of HPV- pathobiology. 

 

Epithelial differentiation and proliferation in E7-transplants 

Histologically, the E7-transplants display features of abnormal differentiation, such as 

parakeratosis hyperkeratosis and hypergranulosis. We performed immunofluorescence 

of epidermal differentiation markers. Staining with cytokeratin 5 (K5), a marker of basal 

cells, demonstrated no major changes in the transplants (Fig. 5), although K5-positive 
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cells in suprabasal layers could eventually appear in 16E7-samples, concomitant with 

expression of cytokeratin 10 (K10, early differentiation marker) or involucrin (late 

differentiation marker) (Supplementary Figure 3). This result indicates that 16E7 can 

uncouple proliferation and differentiation, as we have previously demonstrated that 

occurs in the skin of pRb or pRb/p107 mutant transgenic mice 18, 42. K10 expression 

pattern is suprabasal in all cases, but in 16E7-transplants, areas of reduced expression 

can be observed (Fig. 5). Finally, involucrin expression is normally confined to the 

uppermost layers of spinous cells and granulous layer in controls, whereas a clear 

expansion of involucrin positive cells was observed in 16E7-transplants, in agreement 

with the observed acanthosis. No major differentiation changes were observed in 5E7-

transplants (Fig. 5). 

The phenotype observed in 16E7-transplants suggested augmented tissue proliferation 

as previously described using organotypic skin cultures of E7 from HPV 18 and 16 12, 43. 

BrdU incorporation as well as the expression of PCNA corroborated such augmented 

proliferation in basal and suprabasal layers (Fig. 6). The proliferation was especially 

evident in 16E7, where the staining patterns can reach the upper layers of suprabasal 

cells. In 5E7-transplants, only spotted areas display a similar phenotype of ectopic 

suprabasal proliferation, showing that, although no major phenotypic changes can be 

observed for 5E7-transplants, spotted areas of molecular activity exist.  

 

E7 proteins allow aberrant expression of cell cycle regulators 

Previously, it has been reported that E7 induce expression of cell cycle regulators p21 

and Cyclin A in organotypic cultures or pathological HPV-infected samples 44, 45. 

Immunohistochemistry analyses demonstrate almost absent expression of both proteins 

in normal, control transplants (Fig. 7A and D). However, expression can be eventually 

observed in 5E7-samples (Fig 7B and E) or along 16E7-transplants (Fig 7C and F). The 

number of positive cells was higher in the case of p21. Moreover, augmented expression 

of both p21 and Cyclin A was observed in the PHKs soon after retroviral infection, 

before they were put to form a tridimensional skin (Fig. 7G). Although the expression 

of p21 was patched in 5E7 samples, quantitative real-time PCR (qRT-PCR) from 

mRNA showed that p21 gene was moderately increased in the cells and in the tissues. 

Whether p21 is active or not in the E7-transplants remain to be ascertained, although 

16E7 can inhibit p21 function 20-22. 
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Apoptosis in E7-transplants 

Previously, it has been reported that E7 protein from HPV 16 is able to stabilize tumor 

suppressor p53 and induce apoptosis 15. In agreement, in the E7-transduced PHKs, 

previously to animal grafting, we found an increase in p53 and Bax, a proapoptotic 

inducer directly regulated by p53 (Fig. 8). Histological examination of our E7-grafts 

showed apoptotic areas in the case of 16E7-transplants (Table 1). In order to determine 

whether cell death is taking place in the E7-transplants, we performed 

immunofluorescence with an antibody which detects the active form of caspase-3, a 

which signals both extrinsic (death ligand) and intrinsic (mitochondrial) apoptosis 

pathways 46, and p53. The result showed that no significant apoptosis in E7-transplants, 

although a few p53-positive cells appeared in 16E7 grafts (Fig. 8).. These results show 

that no major cell death is induced in E7-transplants. 

 

Biomarkers of HPV-infection 

In order to validate the in vivo model of HPV analysis, biomarker detection was done in 

the E7-transplants. Cellular proteins, p16-INK4A and MCM7 are surrogate markers of 

HPV-E7 expression in clinical samples 47-50. Immunohistochemistry analysis showed 

overexpression of both markers in basal and suprabasal cells, in spotted areas of 5E7-

transplants and throughout 16E7-samples (Fig. 9).  The result corroborates that the 

transplants described can recapitulate molecular features that characterize CIN and 

carcinoma lesions. 

On the other hand, we performed qRT-PCR assays in order to validate aberrant 

expression of biomarkers that have been identified using gene expression analyses. In a 

comparative meta-analysis of genome-wide microarray experiments performed on 

HPV-infected samples, such as cervical carcinomas (CC) and head and neck squamous 

cell carcinomas (HNSCC), we have previously described reproducible overexpression 

of genes such as E2F1, CENPF, MELK and RFC4 in a significant number of 

independent reports 51. PCR quantification was done for these genes after 

transplantation, and the results demonstrated that the E7 gene from HPV 16 

significantly induced expression of all 4 biomarkers (Fig. 10). In the case of E7 from 

HPV 5, overexpression was also found, although to a lesser extent. This result together 

with the quantification of the p21 transcript shows that although no evident 

phenotypical changes are present in 5E7-transplants, some differences at the molecular 
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level are observed. Some of these differences could also be observed before in the 

PHKs skin transplantation (Fig. 10). 

Finally, we have performed qRT-PCR of specific miRNAs. A number of reports have 

described deregulation of particular miRNAs in infected CC or HNSCC, some of them 

in association with clinical parameters 52-56. No differences were observed in the 

expression of miR-148a, miR-145 or miR-203 (Supplementary Figure 4). However, the 

results demonstrated significant overexpression of miR-146a and miR-200a in 16E7-

grafts, and miR-21 in both 5E7- and 16E7-grafts (Fig. 11). Overall, qRT-PCR 

demonstrated that E7-transplants displayed molecular deregulation of HPV-infected 

carcinomas, specially in the case of 16E7. 



 14 

Discussion 

E7 oncogene from HR HPVs has been extensively analyzed in order to find cellular 

targets, functional activities, and physiopathological features using cultured cells, organ 

model systems (such as organotypic skin), or animal models such as transgenic mouse 
57. Also, E7 protein has been used as a target for therapeutic intervention, although no 

clinical treatment based in these findings has reached the standard of care for HPV-

associated cancer. However, 16E7 expression is able to recapitulate features of human 

CC samples in organotypic skin, or “raft” cultures 12.  A major limitation of raft cultures 

is that the time window to used antitumor therapies is reduced to a few days. On the 

other hand, hormone treatment or the chemical carcinogen 4NQO in K14-16E7 

transgenic mice induce the appearance of cervical cancer 58 or head and neck cancer 59, 

respectively. Although animal models represent optimal organism systems, they do not 

fully recapitulate the human molecular interactions and histopathology. 

Examination of 16E7-grafts showed histopathological features that can be observed in 

HPV-associated CIN and CC. Importantly, the augmented proliferation in basal and 

suprabasal cells, the disorganization of the differentiation, and the eventual appearance 

of K5/K10 and K5/involucrin positive suprabasal cells, demonstrates that 16E7 can 

uncouple differentiation and proliferation in the grafted human skin. Similar findings 

are observed in the skin of transgenic mice with constitutive somatic elimination of Rb 

gene in epidermis (Rb∆Epi mice).  Rb∆Epi mice display a hyperproliferative condition and 

disengagement of proliferation and differentiation 18, which is augmented in the absence 

of p107 (Rb∆Epi;p107-/- mice) 18, 42, but not in the absence of p130 (Rb∆Epi;p130-/- mice) 
60. These results demonstrate that 16E7 is able to inhibit retinoblastoma family function 

in the grafted skin. However, the inhibition may not be complete, as somatic 

inactivation of both pRb and p107 in transgenic mice derive in epidermal tumors 42, 

demonstrating that p107 acts as a tumor suppressor in the absence of pRb. 

Molecular characterization using surrogate markers of HPV-infection as well as 

biomarkers of infected CC and HNSCC samples showed that human skin 16E7-grafts 

represent a valid model of HPV-pathobiology. In addition, molecular analyses showed 

5E7 molecular activity in discrete areas with positive staining of p21, cyclin A, or 

MCM7. This result is in contrast with the molecular finding that 5E7 is able to reduce 

protein levels of the retinoblastoma proteins in Saos2 cells and PHKs so similar levels 

that 16E7. qRT-PCR analyses demonstrate that 5E7 gene is expressed (as well as 16E7) 



 15 

during the transplantation time period. Also, 5E7-samples display a moderate increase 

of some biomarkers of infected carcinomas, although to a much lesser extent that 16E7. 

Histological analysis of 5E7-grafts showed a mild phenotype, with some focal 

acanthosis, hiperkeratosis or hipergranulosis. Phenotypical differences between both E7 

proteins have been previously described in raft cultures. Thus, 5E7 induces only a mild 

phenotype which affects the differentiation and basal proliferation 61, 62. In our 

transplants, differences are not due to loss of E7 transgene expression in the case of 

5E7, as both 5E7 and 16E7 transplants display stable expression as evidenced by qRT-

PCR of eGFP and E7 genes. On the other hand, the absence of caspase-3 activation 

showed no apoptosis in 5E7-trasplants, so a negative selection of 5E7-transduced cells 

by means of cell death could be discarded. Importantly, mouse models have 

demonstrated that activities independent of pRb inactivation 63 or dependent on p21 

inactivation 64 contribute to the phenotype observed upon expression of 16E7. Possibly, 

5E7 is not able to inhibit p21 or other possible 16E7-targets, thus explaining a partial 

phenotype of 5E7-transplants. Moreover, although transfection in Saos2 or transduction 

in PHK before transplantation showed efficient reduction of pRb and p107 levels, 5E7 

may not be able to disrupt pRb and/or p107 in the context of in vivo skin. 

Biomarker characterization of grafts showed induction of miR-21, miR-146a and miR-

200a. Importantly, miR-21 is overexpressed in many cancers, and a significant number 

of functional studies have shown that it displays oncogenic and metastasic activity 65. 

Moreover, miR-21 is overexpressed in cell lines and pathological specimens of CC 52, 53 

and HNSCC 66, and miR-21 expression is higher in CC samples of poorer prognosis 
67.Among the genes regulated by miR-21 are tumor suppressors RECK, FASL, PTEN or 

SPRY2, all of them important regulators of processes associated with carcinogenesis. 

Although the mechanism by which miR-21 is induced in CC and in our 5E7 and 16E7 

grafts is not known, it seems clear that the in vivo consequences of miR-21 inhibition 

could be tested on the grafts. On the other hand, changes in expression of miR-146a 

have been described not only in pathological samples of CC 52, 53 and many types of 

cancer but also in psoriasis of the skin, and in the negative regulation of inflammation-

induced innate immune response pathway. Moreover, its expression is directed by the 

transcription factor NF-kappaB which has been implicated as a link between 

inflammation and carcinogenesis 68. Targets of miR-146a are TRAF6 and IRAK1, 

transducers of the IL1 downstream signaling cascade towards NF-kappaB activation of 

proinflammatory cytokines, or STAT3 activation. miR-146a would potentially inhibit 
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the activation of inflammation upon in vivo infection NF-kappaB, thus contributing to 

the progression of asymptomatic HPV-associated pathology. Interestingly, in cervical 

carcinoma cell lines and organotypic cultures of  HPV18-infected primary human 

vaginal keratinocytes, miR-146a is not overexpressed, although it enhances cell 

proliferation when transfected into HeLa or HCT116 cells 56. The absence in cell lines 

and 3D-cultures and the overexpression in the 16E7-transplants suggest that the 

regulation of miR-146a in CC is only observed in vivo upon expression of the 16E7 

protein. Finally, we have found overexpression of miR-200a in the 16E7-grafts. 

Previously, it has been described that miR-200a negatively regulates epithelial-to-

mesenchymal  transition (EMT) by regulating the expression of ZEB1 69 and ZEB2 70. 

Moreover, transfection of miR-200a into HeLa cells suppresses genes controlling cell 

motility 71. Possibly, topical administration of miR-200a inhibitors in 16E7-skin 

transplants could induce EMT by the expression of positive regulators (such as ZEB1 

and 2). 

Here we present a model system where the HPV E7 oncogene is expressed in basal cells 

of PHKs that have been used to reconstitute human skin, which is maintained for 

several months in the back on immunosupressed mice. Histologically, 16E7-transplants 

are similar to human CIN. As far as we know, this is the first in vivo human model 

system for HPV in which it is possible to fully recapitulate the neoplastic lesions 

associated with HR HPVs. We suggest that coexpression with E6, able to degrade tumor 

suppressor p53, would induce the appearance of higher grade, more aggressive 

phenocopies of HPV-malignant carcinomas. The model can be used to test synergistic 

effects of E6 and E7 together, to perform functional studies on mutant variants of these 

oncogenes, or to search for additional molecular targets. Importantly, the system is 

optimal to test antitumor therapies, as a high proportion of initial transplants succeeded 

(more than 80%). Topical application using inhibitors candidate proteins or miRNAs 

could be preclinically tested in order to find, new efficient targeted therapies against 

HPV-associated malignancies. 
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Supplementary Table 1. Oligonucleotides used

Used for Name Sequence

FLAG.Eco-f AATTCGATTACAAGGATGACGACGATAAGTAAC

FLAG.Eco-r AATTGTTACTTATCGTCGTCATCCTTGTAATCG

HPV10-f GCGCGCGGCCGCAATGCACGGTCCGCATCCC

HPV10-r GCGCGAATTCCACGCAGCGAGGACACAC

HVP5-f GCGCGAATTCATGATTGGTAAAGAGGTC

HPV5*-r GCGCGAATTCTGATCCGTCATGTTTGCAG

HPV16-f GCGCGAATTCATGCATGGAGATACACCT

HPV16-r GCGCGAATTCTGGTTTCTGAGAACAGAT

mut5E7-f GAAGAGGAATTACCAAACGAGC

mut5E7-r AACTGGTAGCACTTCGGGCTGC

mut16E7-f TATGAGCAATTAAATGACAGC

mut16E7-r AGTTGTCTCTGGTTGCAAATC

q5E7-f TTGTCCACGCCACAGAAT

q5E7-r AGCCGTCATGTTTGCAGTTT

q16E7-f GCTGGACAAGCAGAACCG

q16E7-r GCACAACCGAAGCGTAGA

qCENPF-f GAGTCCTCCAAACCAACAGC

qCENPF-r TCCGCTGAGCAACTTTGAC

qMELK-f CAGGTGTCATTAGCCCTGAGA

qMELK-r CAAACACTTTGGCTCCCTTT

qRFC4-f TGTGTCAGGAAGTCGCTCAG

qRFC4-r GGGTGGTTTTCGACTCCTTC

qRb1-f TCTTCATGCAGAGACTGAAAACA

qRb1-r AGGTATTGGTGACAAGGTAGGG

qRbl1-f TTGGCGAATCAGGACCATA

qRbl1-r TGAGCCTGGCTGTTGTTTAAT

qRbl2-f ACTTCAGCAACAGTCCTTCAAA

qRbl2-r TCCAAAAGAATTCCTCTCTTTTTAGT

qGUSB-f CCTGTGACCTTTGTGAGCAA

qGUSB-r AACAGATCACATCCACATACGG

qTBP-f AGTGAAGAACAGTCCAGACTG

qTBP-r CCAGGAAATAACTCTGGCTCAT

qeGFP-f GGAGCGCACGATCTTCTTCA

qeGFP-r AGGGTGTCGCCCTCGAA

qCDKN1A-f CCTCATCCCGTGTTCTCCTTT

qCDKN1A-r GTACCACCCAGCGGACAAGT

qCCNB2-f GAAGATTGGGAGAACCCTCA

qCCNB2-r TGTGGGTTTATGGACTGCAA

* Primer introduces a silent mutation to remove a BamHI site within the 5E7 gene

Cloning FLAG in pcDNA3.1(-)

Cloning E7s by PCR in pcDNA3.1(-)-FLAG

Obtention of E7 mutants

qRT-PCR



Supplementary Table 2. Antibodies used

Used for Antigen Provider Dilution Unmasking

BrdU (BMC 9318) Roche 1:50 No

BrdU [BU1/75 (ICR1)] Abcam 1:50 No

Active Caspase 3 (Asp175) Cell Signaling 1:1000 No

Cyclin A (Ab-7) Thermo Scientific 1:500 Yes

eGFP Invitrogen 1:200 No

Involucrine (SY5) Sigma 1:500 No

cytokeratin 1 Sigma 1:500 Yes

cytokeratin 5 (AF138) Covance 1:500 Yes

cytokeratin 10 (DE-K10) DakoCytomation 1:250 No

MCM7/CDC47 (47DC141) Thermo Scientific 1:50 Yes

p16 (F-12) Santa Cruz 1:200 No

p21 (SXM30) DB Pharmingen 1:20 No

PCNA (PC10) Thermo Scientific 1:250 Yes

Actin (I-19) Santa Cruz 1:2000

Bax (P-19) Santa Cruz 1:200

Cyclin A (Ab-7) Thermo Scientific 1:100

FLAG Sigma 1:500

eGFP (B-2) Santa Cruz 1:200

HA (16B12) Covance 1:500

HPV16 E7 (NM2) Santa Cruz 1:500

p107 (C-18) Santa Cruz 1:500

p53 (FL-393) Santa Cruz 1:500

pRb (G3-245) DB Pharmingen 1:500

a-Tubulin (B-5-1-2) Sigma 1:2500

Immunostaining

Western
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