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Abstract  
 

Introduction/Aims:  Human papillomavirus (HPV) is the most common sexually 

transmitted agent worldwide, being also responsible for 5% of all human cancers.  Even though 

cervical cancer’s incidence is decreasing, HPV-driven anogenital and head and neck cancers are 

increasing. Differences in the natural history of HPV have been observed by gender and anatomic 

sites of infection, where genetic expression, hormonal responses, epithelial backgrounds and tissue 

stromal microenvironments may play a crucial role. The main goal of this study was to observe if 

E6, E7 and E5 HPV oncoproteins could trigger distinct grades in the HPV-related carcinogenic 

pathways in the K14-HPV16 mouse model, on the most affected human anatomic sites of infection 

namely in the uterine cervix, base of tongue, anus, penis and bladder.  

Methods:  Samples from the base of the tongue, anus, uterine cervix and bladder were 

collected from ten K14-HPV16 female mice, 30-weeks-old. Alongside, samples from the base of the 

tongue, anus and penis were collected from ten K14-HPV16 male mice, 30-weeks-old. Matched 

samples of E6, E7 and E5 mRNA levels were quantified by real-time PCR, after normalization using 

the best two housekeeping genes. Histopathological analysis of the tissues was performed for tissue 

characterization. Tissue samples were classified as normal, low-grade squamous intraepithelial 

lesion, high-grade squamous intraepithelial lesion and squamous cell carcinoma. Statistical analysis 

was performed using the IBM SPSS Statistics. Kruskal-Wallis and Mann-Whitney tests were used 

to evaluate statistical differences in normalized relative expression (–ΔCt) of the E6, E7 and E5 genes 

among the different tissue samples.  

Results:  The expression pattern of the oncogenic HPV viral mRNAs E6, E7 and E5 was 

similarly detected across tissues (p>0,05), except in the bladder (p< 0.01). However, we observed a 

higher incidence of more advanced lesions, namely high squamous intraepithelial lesions and 

squamous cell carcinoma in the base of the tongue when compared with the other studied anatomic 

sites. In uterine cervix and bladder samples, only normal epithelium was observed. Alongside, in the 

base of the tongue, the female K14-HPV16 developed 50% more squamous cell carcinoma than their 

male counterparts. 

Conclusion: This study suggests that the carcinogenesis induced by HPV in the oropharyngeal 

region is earlier and less dependent on other external co-factors being more incident in females . In 

the base of the tongue, cancer was induced within the mice 30 weeks period, in comparison with the 

other anatomic locations, where HPV itself seems not to be sufficient to promote more advanced 

lesions even though the expression of the viral mRNAs was similarly detected within the tissues.  

Future studies should focus on understanding the behaviour of the HPV oncoproteins and the related 
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oncogenic pathways at multiple anatomic locations of infection, representing different tissue 

microenvironments. This might allow a better understanding of tissue-specific HPV-related 

carcinogenic steps and the development of precision therapies.  
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I. General Introduction  

 

1.1. Human papillomavirus and cancer  
 

Viruses are among the most prominent risk factors for cancer development (1). Human 

papillomavirus (HPV) itself is the most common sexually transmitted agent worldwide, afflicting 

50-80% of the sexually active human population (2). It is also responsible for one-third of all the 

tumours induced by viruses and accounts for 5% of all human cancers, being one of the most 

powerful human carcinogen  (1). This translates in approximately 630.000 new  HPV-related cancer 

cases per year,  being therefore, a huge public health burden (3).  

Since HPV identification as the cause of cervical cancer, achieved by Harald Zur Hausen, 

who was awarded the 2008 Nobel Prize in Physiology/Medicine, this area has been an intensive focus 

of research.  Hausen and colleagues pursued the idea that if tumour cells contained an oncogenic 

virus, they should harbour viral deoxyribonucleic acid (DNA) integrated into their genome (4). In 

1983, Hausen found integrated HPV-DNA not only in genital cancer biopsies but also in cell lines 

derived from cervical cancer, discovering the high-risk HPV16 (4,5) (Figure 1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. HPV main milestones. 
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1.2. HPV Biology  
 

1.2.1. HPV genome  
 

  HPVs are a small, double-stranded and non-enveloped virus with 50-55 nm in diameter (6). 

Their episomal genome has approximately 8000 base pairs, mostly encoding 8 open reading frames 

(ORFs), expressed from polycistronic messenger ribonucleic acid  (mRNA) (6) (Figure 2).  

 

 

 

 

 

 

 

 

 

 

HPV infects the basal keratinocytes, being its expression temporal and synchronized with 

their differentiation (7). It expresses early and late proteins which are named based on their temporal 

expression in the epithelium. The early region, denoted by “E” which occupies approximately 50% 

of the HPV viral genome, encodes the early proteins E6, E7, E1, E2, E4 and E5 which are crucial for 

viral replication, maturation and transformation (7) (Figure 2). The late region, denoted by “L”, 

which occupies around 40% of the viral genome, encodes the major capsid protein L1 and the minor 

capsid protein L2 that are structural viral proteins vital for virus assembly and release (7) (Figure 2). 

Finally, the long control region (LCR), covering only 10% of the HPV genome, contains   1) the viral 

promoter p97, crucial for the expression of the early viral proteins, 2) the origin of viral DNA 

replication, 3) several binding sites of transcription factors like SP-1, AP-1 and the transcription 

factor TATA binding protein (TFIID), essential in the regulation of viral expression and 4) cis-

sequences that regulate mRNA stability, polyadenylation and numerous alternative splicing  

mechanisms  (8) (Figure 2). In the E7/E1 ORF region, a p670 promotor is found, which is important 

in encoding the viral mRNA during the HPV genome amplification and viral escape steps in the 

upper layers of the epithelium (7) (Figure 2). 

Figure 2. HPV16 episomal genome. HPV16 genome can be 

grouped into three main regions: 1) An early region, 

encoding the early proteins E6, E7, E1, E2, E4, E5; 2) a late 

region, encoding the late proteins L1 and L2 and 3) a long 

control region (LCR), that comprises the origin of 

replication and influences several transcriptional factors. 

Adapted from (7) . 

HPV16 
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1.2.2. HPV evolution   
 

HPVs belong to the Papillomaviridae family, one of the most ancient viral families, with at 

least 350 million years old, affecting a diverse range of animal species, including humans (9) (Figure 

3).  HPV is highly heterogeneous and according to the American Cancer Society, more than 300 

genotypes of papillomavirus (PVs) have been identified, 200 of them capable of infecting humans. 

Nevertheless, HPV is highly conserved, showing a divergence rate of 1% at every 40.000-80.000 

years (10).  

  

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Papillomavirus evolutionary tree with a 350 million years old common ancestor of reptiles, amphibious 

and mammals. Adapted from (11). 

 

 HPV is grouped within 5 evolutionary branches, named according to the Greek alphabet, 

namely the alfa, beta, gamma, nu and mu papillomaviruses (α, β, γ, µ, and ν respectively) (Figure 

4). The largest and the clinically most important HPV group, the α-HPV, comprises 64 HPVs, being 

able to infect the reproductive, oral and anogenital mucosae and therefore responsible for the 

development of high-grade lesions that can progress to cancer (12).  
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The α-HPV can be subdivided into two major subgroups, namely the low-risk HPVs (e.g. 

HPV6 and 11) mainly associated with the development of warts and benign lesions (13) and the high-

risk HPVs (e.g. HPV16  and 18) which are considered the main drivers of high-grade lesions’ 

development and consequently cancer progression due to its stronger binding and function to its 

molecular targets leading to a higher differential and transformation properties (12). HPV16 itself 

has a great ability to persist and promote malignant transformation, higher than any other HPV type. 

It is also the most prevalent HR-HPV being found in approximately 50% of the cervical cancers and 

more than 85% of HPV-induced anal and head and neck cancers (14).  

 

 

Figure 4. Evolutionary relationships between the HPV genera, namely the alfa, beta, gamma, nu and mu papillomavirus.  

Adapted from (12). 
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1.3. HPV viral proteins  
 

1.3.1. Main drivers of oncogenesis  
 

Even though all genes encoded by HPV are necessary for its life cycle and regulation, the 

E6, E7 and E5 oncoproteins are essential for the malignancy process of HPV-positive carcinomas 

(15). Therefore, it is crucial to identify and understand how these viral oncoproteins contribute to the 

all known cancer cell alterations allowing the progression of the carcinogenesis (15) (Table 1). 

(Hallmarks of HPV carcinogenesis: the role of E6, E7 and E5 oncoproteins in cellular malignancy. 

BBA Gene Regulatory Mechanisms, submitted review). 

 

1.3.1.1. E6 oncoprotein 

The E6 protein is one of the well-established and recognized oncoproteins that are associated 

with the malignant progression of HPV-infected cells.  It has 18 kDa and 2 zinc-binding motifs, being 

mainly found in the nucleus (16). The HPV oncoproteins can abrogate the apoptosis mechanisms, 

allowing the infected cells with genomic errors to resist cell death.  From all the roles promoted by 

the E6 oncoprotein, the most important and studied is the degradation of the p53 guardian of the 

genome protein, a transcription factor that regulates apoptosis, DNA repair and the cell cycle (17). 

The E6 oncoprotein targets and interacts with the conserved LxxLL consensus sequences of the 

Ubiquitin-protein ligase E3A (UBE3A) also known as ubiquitin ligase E6-Associated Protein (E6-

AP), that works as a connected bridge between the E6 oncoprotein and its primary target, the p53, 

targeting it  for proteasomal degradation (Figure 5) (17). Other cellular targets of E6 have also been 

identified (Table 1). 

  

          

 

 

 

 

Figure 5. Ubiquitination and consequent proteasomal degradation of p53 by the formation of a complex ternary E6-AP; E6; 

p53. 

. 



General Introduction 

 

 8 

1.3.1.2. E7 oncoprotein  

E7 is a small phosphoprotein with approximately 16 kDa and three conserved regions (CR1, 

CR2 and CR3) (18). It was the first HPV malignant oncoprotein to be discovered, being found in the 

nucleus (19). The CR2 regions of E7 contain an LXCXE motif that is important in the association of 

its transforming targets, namely the retinoblastoma protein (pRB), a regulator of the cell cycle control 

(20). Expression of E7 leads to the degradation of the pRB tumour suppressor protein targeting it for 

proteossomal degradation through the ubiquitonation pathway, deregulating cellular replication (20) 

(Figure 6). The real damage of the unbalanced expression of E6 and E7 viral proteins happens when 

these two proteins are expressed simultaneously, leading to cell immortalization (21,22). 

 

 

 

 

 

 

 

 

 

Figure 6. Cell cycle regulation of pRB and E2F in a) normal cells and in b) HPV-infected cells. A) In normal cells, during 

the G1 phase, the unphosphorylated pRB protein binds to the transcription factor E2F and concomitantly recruits histone 

deacetylases (HDACs) to target promotor sequences of E2F, therefore repressing the expression of proliferating genes, 

cyclin A (CCNA1) and cyclin E (CCNE1). b) in HPV infected cells, E7 targets the pRB protein for degradation, inhibiting 

the binding with the transcription repressor E2F and consequently not recruiting the HDACs, allowing the transcription of 

the proliferating genes (23). 

 

1.3.1.3. E5 oncoprotein 

Although the major transforming activities in the HPV-related lesions are led by the 

oncoproteins E6 and E7, the 10 kDa transmembrane protein E5, mainly localized in the intracellular 

membranes of the endoplasmic reticulum and Golgi apparatus, also plays an important role  (24).     

The oncogenic properties of E5 protein have always been limited, however, recent studies have 

shown its pivotal importance, particularly in cell transformation and immune modulation, that 

together with oncoproteins  E7 and E6 helps in the cell malignant progression (25). One of the most 

important roles of E5 oncoprotein is its interaction with the major-histocompatibility-complex 

(MHC), important in the activation of the immune system (26).  
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E5 promotes the retention of the MHC class I in the Golgi apparatus, inhibiting its 

transportation to the cell surface, fact that leads to a decreased ability of the complex to recognize 

the HPV viral antigens and therefore activate the immune system (26).  Other functions in the HPV 

viral life cycle and in the malignant progression have also been identified (Table 1). 

 

 

Table 1. Main functions and targets of E6, E7 and E5 HPV oncoproteins.     Downregulation;    upregulation;       action 

blocking 

High-risk 

Viral 

protein 

Cellular 

location 

Function Main targets Expression 

level 

References 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

E6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Nucleus and 

cytoplasm 

 

 

Escaping cell death 

P53 protein  (17) 

Pro-caspase 8 

protein  

 (27) 

Bak protein   (28) 

TNR1  (29) 

Fas/Fas ligand death 

pathway  

 (30) 

NF-κB; cIAP-2  (31) 

Deregulation of 

cell cycle 

P300/CBP complex 

protein  

 (32) 

miR34a  (33) 

Immune system 

modulation 

IRF3  (34) 

IFNα  (35) 

IFNκ  (36) 

Cell 

Immortalization 

NFX1-91  (37) 

Myc  (38) 

Sp1  (39) 

Genomic 

instability 

APOBEC3  (40) 

XRCC1  (41) 

 

 

Cell invasion 

Dlg  (42) 

SCRIB  (43) 

MAGI-1, MAGI-2 

and MAGI-3 

 (44) 

PAR3  (45) 

Fibulin-1  (46) 

miR-23b  (47) 

Paxillin disruption  (48) 
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E7 

 

 

Nucleus 

 

Deregulation of 

cycle cell 

pRB protein   (49) 

p107/p130  (49) 

P21           (50) 

P27            (50) 

Claspin   (51) 

E2F6   (52) 

Immune system 

modulation 

TLR9  (53) 

Cgas-STING  (54) 

 

Genomic 

instability  

Abnormal 

centrosome 

synthesis  

 (55) 

γ-tubulin  (56) 

CDK2   (57) 

 

 

 

 

 

 

E6/E7 

 

 

 

 

 

 

 

 

Nucleus and 

cytoplasm  

 

Deregulation of 

cellular energetics  

Aerobic glycolysis   (58) 

mTORC1  (59) 

GLUT-1  (60) 

 

 

Genomic 

instability: 

epigenetic 

deregulation  

DNMT1 

DNMT3A 

DNMT3B 

  

(61) 

E-cadherin   (62,63) 

CXCL14  (64) 

CCNA1  (65) 

CBP/p300  (66) 

TIP60  (67) 

ADA3   (68) 

Inflammation 

promotion 

IL-6  (69) 

IL18   (70) 

 

Angiogenesis 

switch  

Maspin   (71) 

Thrombospondin-1   (71) 

VEGF  (71) 

IL-8  (71) 

 

E5 

 

Endoplasmic 

reticulum and 

Golgi apparatus 

Sustaining 

Proliferative 

signalling 

EGFR  (72) 

ATPase  (73) 

KGFR/FGFR2b  (74) 

Escaping cell death  Bax protein  (75) 

Cell invasion  MET  (76) 

Immune system 

modulation  

MHC-class I  (26) 



General Introduction 

 

 11 

 

1.3.2. Other HPV viral proteins  
 

HPV expresses other early and late proteins that are essential for its life cycle such as early 

viral proteins E2, E1 and E4 and the late viral proteins L1 and L2. Their functions will be briefly 

mentioned.  

1.3.2.1. E2 viral protein 

The E2 protein has approximately 48 kDa, being mainly found in the nucleus (77). It is 

important not only in the recruitment of the E1 protein to the HPV origin site of replication but also 

in the regulation of E6 and E7 expression (78). This protein, particularly in the initial stages of HPV 

infection, binds to the transcription sites near the E6 and E7  promoter regions, downregulating their 

expression to a low copy number, just enough to push cells to be mitotically active, but not sufficient 

to activate the immune system (79). When E2 is disrupted, mainly by HPV integration in the host 

genome but also by hypermethylation mechanisms, the negative feedback of this protein onto the E6 

and E7 genomic region is repressed (78). This fact leads to an unbalanced expression of E6 and E7 

oncoproteins and consequent oncogenic transformation of the infected cells, that has been shown to 

be reversed by E2 reintroduction into cervical carcinoma cells (80).  

 

1.3.2.2. E1 viral protein 

The E1 viral protein has about 70-80 kDa in size, being the largest papillomavirus protein 

(81). It is probably the most important protein in the HPV life cycle since it is essential for the 

initiation of viral DNA replication (82). It is also the only HPV protein with enzymatic activity (82). 

It has the main function of encoding a DNA helicase, unwinding DNA and consequently making it 

accessible for cellular replication proteins. Furthermore, it also has ATPase activity and the ability 

to recruit host cells’ replication proteins like DNA polymerases, topoisomerases I and alpha-primases 

(82,83).  
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1.3.2.3. E4 viral protein 

The E4 protein, with 17 kDa,  plays an important role in maturation and virus escape from 

the epithelial surface (84). E4 viral proteins are mainly found in the cytoplasm, but can also be present 

in the cell nucleus (84). It is also believed that this protein can promote the collapse of the cellular 

cytokeratin network, facilitating the viral escape (85). Although the E4 viral protein is considered an 

early protein, its function and expression are mainly associated with later stages of the infection.  

 

1.3.2.4. L1 major capsid protein  

The major capsid L1 protein, with 55 kDa, comprises 72 pentamers and is essential in capsid 

formation and self-assembling into a virus-like-particle (VLP), forming a virion that contains 360 

copies of the L1 protein (86). L1 protein is also important in the interaction of HPV with the target 

basal cell, leading to viral cell entry (87).  Due to its pivotal role in the formation of viral capsids as 

well as its high conservation status, it has been the main target in the development of HPV 

prophylactic vaccination (88). 

 

1.3.2.5. L2 minor capsid protein 

The L2 minor capsid protein has 80 kDa, being highly conserved (89). L2 structural viral 

protein not only plays a key role in virus assembly and infection but also in the transportation of the 

viral particles to the cytosol as well as the HPV genome to the nucleus (90).  

 

 

1.4. HPV infection pathway  
 

HPV is highly epitheliotropic, only establishing a productive infection in the stratified 

epithelial keratinocyte cells, being rarely detected in other types of cells (12).  It targets the basal 

keratinocytes stem cells, the only ones that are able to actively divide (12). These infected 

keratinocytes stem cells are mainly found in the bulge of the hair follicle or even at the transformation 

zone in the uterus between the ecto- and the endocervix, assuring a continuous reservoir of HPV 

infected cells (91).  
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 The probable cause of infection is the existence of micro-lesions in the reproductive, anogenital 

and oral area, being the infection transmitted mainly during sexual activity (92). However, HPV 

vertical transmission from mother to child can also be possible (93).  Even though most sexually 

active people will be infected by HPV at some part of their life’s, most of these infections will be 

cleared by their immune system within a period from 24-36 months (88). 

 

1.4.1. Keratinocyte-dependent infection  
 

The epithelia is comprised of several types of keratinocytes (K), that are found in the different 

layers of the epithelium, comprehending 90% of all epidermis cell types (94). While K14 and K5 are 

found in the basal membrane, in the spinous and granular epidermis layers, K1 and K10 are the most 

common ones (95). Keratinocytes can have two fates: they can be stem cells’ keratinocytes, having 

the capability of undefined self-renewal, or can be basal transit amplifying keratinocytes cells. The 

former ones, after mitotic activity, migrate upwards in the epithelia, becoming differentiated and 

forming the upper layers of the epidermis, ensuring skin stability and protection against the exterior 

environment (96). However, the suprabasal HPV-infected cells fail to withdraw from the cell cycle 

as well as to become completely differentiated, continuing to proliferate due to the HPV viral 

expression.  

1.4.2. HPV binding and endocytosis  
 

Initially, HPV, through the L1 protein, targets the basal keratinocytes by binding to the 

glycoproteins heparan sulfate proteoglycans´ (HSPGs) receptor, found on the surface of most cells 

(97). This binding will promote the first conformational change in the HPV viral capsid (98).  

Posteriorly, the first conformation change will lead to the N-terminus of the HPV L2 protein to be 

cleaved by furin, which consequently exposes the L2 binding site to a more specific secondary 

cellular receptor, which is not yet identified, having as possible candidates the Epithelial Growth 

Factor Receptor (EGFR) or the integrin α-6 on the membrane of the target cell (99). This last 

mechanism is decisive for viral particles´ internalization, leading to the activation of the pathways 

necessary for HPV endocytosis (100) (Figure 7). 
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1.4.3. Virus uptake and nucleus delivery  
 

HPV is internalized by a clathrin or caveolin-mediated endocytic mechanism dependent on 

the L1 viral protein (101). The most recent studies enlighten that after cell internalization, HPV 

travels through the endosomal organelles from the early to the late endosomes (102). These 

organelles, characterized by a low pH, promote viral coat disassembly and L1 and L2 dissociation 

(87).  HPV then travels through the trans-Golgi network and the endoplasmic reticulum until it finally 

reaches the nucleus (87). The HPV entry into the nucleus occurs by nuclear envelope breakdown in 

prometaphase, where the viral DNA associates with the condensed chromosomes using the microtube 

spindle (103).  

 

 

 

 

 

Epidermal cell  

HPV  

Heparin Sulfate   

Secondary receptor  

Furin 

Figure 7. Infectious pathway of HPV. Due to the existence of micro-lesions, HPV infects the cutaneous and mucosal 

sites in several anatomic regions. Initially, HPV binds to the HSPGs at the basal membrane of the cells, resulting in the 

first conformation change in the HPV capsid. Posteriorly, the furin protein will cleave the N-terminal region of the L2 

minor capsid protein, leading to a second transformation change in the capsid. The L2 viral protein will then be exposed 

to a secondary receptor, leading to viral internalization, which happens either by clathrin or caveolin-mediated endocytic 

mechanism. 
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1.5. HPV life cycle  
 

1.5.1. Basal HPV replication  
 

After a successful infection and travel to the nucleuos, HPV is extrachromosomal, depending 

on cellular replication to encode the genes for its life cycle. The first viral genes to be expressed, in 

basal cells, although at a low copy number (50–100 copies per cell), are E6 and E7 oncoproteins 

(79). These oncoproteins are important in pushing the cells to be mitotically active mainly by the 

impairment of important regulatory cellular pathways (104,105) (Table 1). Alongside, expression of 

E1 and E2 proteins occurs and this step is crucial to the highjack of the host cellular replication 

molecules (82,83). 

1.5.2. HPV genome amplification 
 

Posteriorly, in the middle-upper epithelial layers, as HPV-infected keratinocytes undergo 

differentiation and lose their mitotic activity, the HPV late promoter p670 becomes activated (7). 

This promoter increases the expression of the HPV viral proteins (at least 1000 copies per cell), 

leading to viral DNA amplification (7). The HPV genome amplification step is crucial to ensure that 

the differentiated cells, as they move upwards the epithelium, are sustained in the S-phase like state, 

allowing HPV to continue its life cycle (79). 

 

1.5.3. Virus release 
 

In the last phase of the HPV life cycle, a higher expression of the early protein E4 and the 

late proteins L1 and L2 occurs in the upper layers of the epithelium, allowing not only the collapse 

of the cellular cytokeratin structure but also the packing of HPV genome in infectious virions (85,86). 

This step is coincident with the shedding of the more mature keratinocytes, which leads to virus 

release (7). HPV infection is, therefore, an orchestrated event of differential gene expression that 

ensures smooth progression and limits immune system activation (Figure 8).  

 

 

 

 



General Introduction 

 

 16 

 

 

 

 

 

 

 

1.6. HPV carcinogenesis 

 

1.6.1. HPV integration  
 

The carcinogenesis driven by HPV infection is not the aim but rather the result of two 

mechanisms that not only represent a “dead end” for the virus but also to the development of lesions. 

These two mechanisms englobe an accidental viral DNA integration in the host genome, potentially 

triggered by the genomic instability caused by the expression of the viral oncoproteins E6 and E7, 

which increases the double strand break incidence in the host cells (106,107). Even though HPV 

integration can happen  across all the human genome, it is more common in chromosomal fragile 

regions such as 3q28, 4q13.3, 8q24.21, 13q22.1 17q21 regions, near clusters of microRNAs as well 

as microhomology regions (1-10 bp) between the host and the virus (108,109).  

 

 

Figure 8. HPV life cycle. a) HPV infects the basal layer of the epithelium through micro-lesions b) At this level, HPV 

is episomal, depending on cellular replication for encoding the necessary genes for HPV life cycle. E6 and E7 expression 

is needed throughout the infection, pushing cells to be mitotically active. Additionally, expression of E1, E2, E4 and E5 

is crucial for viral amplification. L1 and L2 proteins are expressed in upper epithelial layers c) Accidental integration or 

hypermethylation mechanisms leads to an unbalanced expression of E6 and E7 and consequently to the development of 

high-grade lesions that can progress to cancer. 
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In the HPV genomic region, the E2 ORF is usually the most affected location by the 

integration process, however other genomic regions like E1 as well as L1 and L2 can be affected, 

leaving E6 and E7 oncoproteins as the primary products expressed by the infected cells which will 

promote a selective growth advantage not only due to the enhanced expression of the HPV 

oncoproteins but also because of the altered expression of key cellular genes and changes in the 

methylation patterns, conferring competitive advantage  (110). Alongside, the disrupted E2 HPV 

genomic region will also cease to act as a negative regulator of E6 and E7, promoting their 

unbalanced expression (78). Additionally, mechanisms of HPV  hypermethylation were found to 

block the access of the E2 promotor region, leading to an unbalanced expression of the E6 and E7 

viral oncogenes without E2 disruption (111). Hypermethylation of E2 binding regions can be found 

in approximately 20% of the cervical cancers and 60% of the HPV-positive oropharyngeal cancers, 

in which the virus remains episomal and the E2 genomic region is intact (111,112). 

 

1.7.  HPV-derived lesions’ classification and staging 
 

Persistent high-risk HPV infection can lead to the transformation of the epithelium cells into 

pre-cancerous lesions (104). Those lesions are just the ultimate steps before full malignant 

transformation and consequently the development of squamous cell carcinoma (SCC). Squamous 

intraepithelial lesion (SIL) is the commonly used term to describe lesions related with HPV persistent 

infection.   

 

1.7.1.   Low-Grade Squamous Intraepithelial Lesions  

In low-grade squamous intraepithelial lesions (LGSIL), the epithelium is abnormal with 

slight changes in cell size, shape, and number. However, it continues to be well differentiated with 

no nuclear malformations (113). LGSIL are not considered true precursors of cancer but rather the 

results of the HPV persistent infection. These lesions have a higher probability of regression to 

normal epithelium, (≈70%) and only 10% may progress to more advanced lesions (114) (Figure 9). 
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1.7.2. High-grade Squamous Intraepithelial Lesions 
 

The high-grade squamous intraepithelial lesions (HGSIL), are defined by a higher number 

of precancerous cells on the surface of the epithelium, affecting approximately two-thirds of it (113). 

They have a higher potential of becoming cancerous cells and invade deeper tissues (114) (Figure 

9). During the timeline in which pre-cancerous lesions are progressing,  DNA mutations in oncogenes 

and tumour suppressor genes, chromosomal aberrations, aberrant DNA methylation and 

overexpression of oncogenic miRNAs pave the way for the full malignant transformation (115). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Cancer Lesions progression. a) Normal epithelium, b) LSIL epithelium, with slight changes in cell 

proliferation and shape, affecting approximately one third of the epithelium. c) HSIL epithelium with abnormal 

development of cell growth and differentiation as well as nuclei enlargement and nuclear membrane more 

prominent, affecting approximately two thirds of the epithelia. d) cancerous epithelium with complete cell 

undifferentiation and capability of invading deeper tissues.  
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1.8. HPV-induced carcinogenesis factors and co-factors 
 

Persistent HPV infection is the most important risk factor for the development of HPV-

derived lesions. However, HPV alone, in some cases, seems not to be a sufficient cause for the full 

development of a malignancy, fact explained by the small percentage of women that develop cervical 

cancer when compared to its infectious rate. Other factors must be present to potentiate full 

malignancy. 

1.8.1. Viral factors   

The development of HPV-derived cancers is dependent on viral factors themselves, namely 

the HPV type that infects the epithelium. The high-risk HPVs, particularly HPV16 and 18, pose a 

greater risk for the development of HGSIL due to their oncogenic potential and prevalence (10). 

Alongside, the high-risk HPV oncoproteins E6, E7 and E5 play a crucial role in the development of 

lesions, impairing key regulatory functions in cell cycle regulation, apoptosis and in the immune 

system (Table 1) (104). 

1.8.2. External co-factors  
 

1.8.2.1. High parity  

  External co-factors also play a significant role in HPV-derived carcinogenesis. High parity 

is consistently considered a risk factor for the development of cervical cancer (116). In fact, a woman 

that had seven or more full pregnancies has a four-fold increased probability of developing this type 

of carcinoma (116). Several reasons may explain this difference. During pregnancy, the cervix 

transformation zone has a higher susceptibility for an infection as well as the hormonal changes that 

can also modulate the progression of the HPV infection (117). 

1.8.2.2. Hormonal contraceptives use  

Another co-factor associated with an increased risk of HPV-derived malignant lesions is the 

long-term use of hormonal contraceptives (118). Alterations in the hormonal mechanisms may 

deregulate HPV infection, leading to an increase risk of the integration status of the virus into the 

human genome (118). Studies have also found that estradiol, a component of hormonal 

contraceptives, may stimulate the transcription of the oncoproteins E6 and E7, leading to an increased 

risk for the development of cervical pre-cancerous lesions (119).  
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Additionally, estrogen and progesterone increase cell proliferation and in cooperation with 

the oncogenic HPV viral proteins, increase the risk of DNA damage particularly in the uterus 

transformation zone where those hormone receptors are particularly frequent (117).  

1.8.2.3. Tobacco 

Tobacco has been identified as a potent factor and co-factor for the development of several 

cancers (120). Women with persistent HPV infection that smoke continuously has one to three-fold 

increase in the risk of developing HPV-related malignancies when compared to non-smokers (121). 

Furthermore, it has also been reported an earlier onset of cervical cancer for patients presenting a 

smoking habit status (122). This may be explained by damages caused in the DNA by the chemical 

and carcinogenic components of cigarettes but also by the consequent decreased ability of the 

immune system to counteract viral infections  (123). 

1.8.2.4. HIV and Chlamydia trachomatis   

HIV and other sexually transmitted agents like Chlamydia trachomatis, considered the most 

common transmitted bacterial infections,   have also been identified as established co-factors that can 

promote the development of HPV-related malignancies, leading to immunocompromised states, with 

a decreased action of the host immune system against the virus (121,124). 

1.8.2.5. Host genetic factors 

Additionally, host factors like the genetic background and the immune system must be taken 

into consideration. A good immune system response will be activated in the presence of a pathogen, 

leading to an increased expression of phagocytes, cytokines and natural-killer cells (125). Taken this 

into account, an immunosuppressed person has an increased risk of an HPV persistent infection and 

consequently the development of malignant lesions (125). Several genetic polymorphisms have been 

identified and associated with an increased probability of developing HPV-related malignancies 

(126–128). One of the most studied has been the p53 tumour suppressor gene rs1042522 (Arg72Pro) 

polymorphism with contradictory results (129,130). The presence of an arginine instead of a proline 

in the codon 72 of p53 may lead to a stronger binding of the E6 to the p53 protein, which in its turn 

promotes an increment of its degradation (129). 
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1.9. HPV Epidemiology 
 

1.9.1.  Cervical Cancer  
 

   In 1842, the first association between cervical cancer and sexual activity was observed by 

Rigoni-Stern, which stated that prostitutes and married women had a higher incidence of cervical 

cancer when compared to nuns and virgin women. However, it was only after almost 150 years that 

Rigoni-Stern hypothesis was validated by the work of Harald Zur Hausen, in which HPV started 

being linked to the development of cervical cancer (4) (Figure 1). Nowadays, HPV is a well-

established etiological factor for the development of cervical cancer and it is found in virtually 100% 

of those cancers, being approximately 84% of them SCC (131) (Figure 10). HPV usually infects the 

cervical transformation zone, a fragile metaplastic location between the endocervix and the 

ectocervix, which is not only the most sensitive oestrogen location but is also subjected to constant 

changes during the woman´s life and therefore it is believed to facilitate the establishment and the 

persistent of HPV infection and consequently HPV-induced lesions (132). 

 

 

 

 

 

Figure 10. HPV-associated cancer cases in 2012, according to the International Agency for Research on Cancer (IARC). 
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83% of the HPV-related cancers are cervical cancers, the 4th worldwide most common cancer 

in females and the 2nd  worldwide leading cause of cancer in women aged 15-44 (133). Even though 

the scenario seems negative, cervical cancer rates are decreasing in developed countries not only due 

to the increment of screening programs but also because of the implementation of prophylactic 

vaccination against HPV infection (134). However, HPV still remains a huge public health burden, 

especially in non-developed countries, where cervical cancer is still increasing at an alarming rate, 

accounting for 85% of  cervical cancer worldwide (14).  

Non-developed regions like Eastern Africa, Melanesia, Southern Africa and Middle and 

Western Africa have the higher 

incidence of cervical cancer 

(Figure 11). The highest 

mortality rates also belong to the 

previously referred regions, 

where HPV screening programs 

are almost inexistent. On the 

opposite hand, Western Asia, 

Australia/New Zealand, North 

America and Western Europe 

show the lowest incidence rates 

of cervical cancer (Figure 11). In 

Portugal, cervical cancer is the 

10th most common cancer, where 

the most recent report shows 9.0 

cases per 100.000 females, being 

the 23rd European country with 

higher cervical cancer rates (14).  

 

 

 

 

 

 

 

 

 

Figure 11. Worldwide Age-Standardized cervical cancer incidence and mortality per 100.000 females, IARC 

2012. 
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1.9.2.  HPV-induced anogenital cancers  
 

Even though the knowledge of HPV role in the cervical carcinogenesis is well established, 

in anogenital cancers, englobing the vulvar, vaginal, anal and penile cancers it is still limited (135). 

While cervical cancer’s incidence has been decreasing, anogenital HPV-induced cancers are 

increasing (14). According to the international agency for research on cancer (IARC), HPV is the 

worldwide annual cause of 8500 cases of vulvar cancer, 12000 cases of vaginal cancer, 35000 cases 

of anal cancer and 13000 cases of penile cancer (14) (Figure 10).  The most common worldwide 

HPV-related anogenital cancers are anal and penile SCC. In anal carcinomas where 95% represent 

SCC, HPV is found in approximately 85% of the cases (Figure 10), particularly in the anal 

transformation zone between the rectum and the anus,  being the most important factor for the anal 

carcinogenesis and the HPV16 the most prevalent HPV type (136). Women seem to be more 

susceptible to develop anal carcinoma, although HIV-infected men who have sex with men present 

the higher risk (137,138). In penile cancer, HPV is found in approximately 20-30% of the cases 

(Figure 10), being HPV16 also the most prevalent HPV type and SCC representing 95% of the total 

cases (139). However, even though penile HPV infection is common, the development of cancer is 

very rare. Other factors that can lead to the development of this carcinoma are lack of penile hygiene, 

smegma retention and phimosis (140). A distinct molecular pathway is observed between cancers 

derived from these factors or HPV infection, however, due to the fact that penile SCC is very rare, it 

is still much understudied (141). Both HPV-induced anal and penile cancers have particularly high-

incidence in more developed regions like Northern Europe, North America, South America and 

Australia, possibly due to an increase of HPV transmission by sexual behaviour change (142) (Figure 

12). In Portugal, in 2012, the age-standardized incidence rate (ASR) of HPV-positive anogenital 

cancers was 0.9 per 100.000 people. 

Figure 12. Worldwide age-standardized incidence rate (ASR) of anogenital HPV-positive cancer cases per 100.000 

people, both sexes. IARC 2012. 
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1.9.3.  HPV-induced head and neck cancers  
 

Head and neck squamous cell carcinoma (HNSCC) is the fifth most common cancer 

worldwide, afflicting approximately 500.000 people annually, being 90% of the cancers SCC (143). 

Even though most of these cancers are associated with alcohol and tobacco consumption, infection 

by HPV has also been linked with their development, appearing in younger individuals that don´t 

smoke, drink or are immunosuppressed  (144).  

Depending on the anatomic location, HPV prevalence worldwide in HNSCC is 

approximately 20-40% (Figure 10) and reaching as high as 70-80% prevalence in the developed 

world (145). However, it is particularly high in the oropharyngeal anatomic location (≈40%), namely 

in the deep crypts of the palatine, lingual tonsils and base of the tongue compared with the larynx 

and the oral cavity, mainly due to different tissue architectural backgrounds and stromal 

microenvironments (146,147).  In fact, the rate of HPV-induced oropharyngeal  squamous cell 

carcinomas (OPSCC) is increasing so dramatically that in 20-25 years, HPV will be the main 

etiological factor related to the development of this carcinoma (148). Additionally, an increase of 

225% of HPV-induced OPSCC from 1998 to 2004 has been noted compared with a regression of 

50% of those cancers related to alcohol and tobacco consumption (148). However, even though 

oropharyngeal HPV-associated cancers are increasing so dramatically, there is still a huge gap in the 

knowledge of the carcinogenic cascade in this anatomic region when compared with the other HPV-

cancers (Table 2)  

 

 

Table 2. HPV-associated precancerous lesions and SSC 

 Female Male 

 Precancerous lesion Cancer Precancerous lesion Cancer  

Uterine cervix  CIN 3 SCC  

Vagina  VaIN3 SCC 

Vulva VIN3 SCC 

Penis  PIN3 SCC 

Anus  AIN3 SCC AIN3 SCC 

Oropharynx  ? SCC ? SCC 
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Globally, per year, there are an estimated of 38.000 HNSCC cancers attributable to HPV and 

just like HPV-induced anogenital cancers, their incidence not only is increasing but is also higher in 

more developed regions namely North America and Europe (Figure 13). This fast-growing neoplasia 

affects 3 times more males than females from 35-55 years old explained by a higher probability of 

HPV transmission between vagina-oral mucosae rather than penile-oral mucosae, higher number of 

sexual partners by the males but also due to a stronger immunity response of the women that was 

probably previously infected and therefore immune to an HPV oral infection. This risk is even higher 

in women that have sex with women  (149). HPV16 is found in more than 90% of the oropharyngeal 

cancers and it is not clearly understood why this HPV type has a much higher incidence, alongside 

with the anal carcinomas (85%), when compared with the uterine cervix where HPV16 is found in 

only 50% of the cases (150). Tissue microenvironment and specificity or viral preference can be the 

reason. In Portugal, in 2012, the ASR of HPV-positive head and neck cancers was 1 per 100.000 

people. 

 

 

 

 

 

 

 

Figure 13. Worldwide ASR of head and neck HPV-positive cancer cases (oropharynx, oral cavity and larynx) per 100.000 

people, both sexes. IARC 2012 
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1.10. K14-HPV16 mouse model  
 

One of the biggest challenges in the study of the HPV life cycle and carcinogenesis is the 

inexistence of efficient in vitro protocols. As the virus is able to infect different anatomic sites, the 

influence of epithelial backgrounds, the tissue stromal microenvironment, the genetic expression and 

the immune system of the host may play an important role. Nowadays, the inexistence of in vitro 

approaches that mimic and recreate the three-dimension structure of the epithelium, which is crucial 

for virus infection and propagation, as well as animal models that characterize the HPV natural 

infection limits the understanding of the papillomavirus biology infection pathway. The K14-HPV16 

mouse model appears to be one of the best approaches for the study of the carcinogenic cascade 

induced by HPV (151). The FVB/n inbreed mouse background used in this study, not only is 

characterized by a high reproductive performance and large litters but is also more permissive to 

SCC, when compared with other inbreed backgrounds like the C57BL/6, BALB/c and SSIN/SENCAR 

(152).   

The K14-HPV16 model of induced neoplastic progression expresses the early genomic 

region of the high-risk HPV16 from the nucleotide 97 to the 6152, expressing E6, E7, E1, E2, E4 

and E5 proteins (153) (Figure 14) . 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14. K14-HPV16 genomic construct. 
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 The K14, one of the primary keratin proteins found in the basal membrane of stratified 

squamous epithelia is used as a promoter by directing the expression of the viral proteins to this cell 

type, not only mimicking the mechanism of infection but also the HPV-related lesions´ development 

by HPV integration into the host genome. The integration process happens in approximately 80% of 

the uterine cervix and HPV-induced anal carcinomas as well as 40% of HPV-induced oropharyngeal 

carcinoma while in other anogenital areas is not well documented (153–155). The transgene construct 

is also flanked downstream by a 500-base-pair polyadenylated signal, crucial for mRNA maturation 

mechanisms and protection against enzymatic degradation (153) (Figure 14).  

It has been shown by different studies that the construct directed by the K14 promoter has a 

high-level expression in the different types of the squamous epithelia in transgenic mice, mimicking 

the unbalanced expression of the viral proteins in the onset of the human disease (156,157). Studies 

have also shown that the expression of the E6 and E7 oncoproteins is higher than the expression of 

E2 protein throughout all the epithelial layers, also mimicking what happens in humans after HPV 

integration (158). However, the total absence of E2, which usually happens after HPV integration in 

the human genome, doesn’t occur in this mouse model, being one of the current limitations.  

The K14-HPV16 mouse model allows the study of HPV-related lesions that develop at 

multiple epidermal and mucosal sites (152,153). Ear and chest skin are consistently affected by LSIL 

starting to appear phenotypically at four weeks old followed  by HSIL  as well as the development 

of anal papillomas (153). The K14-HPV16 mouse model mimics the human HPV-induced 

carcinogenesis once, the LSIL are histologically similar to the LGSL observed in humans, alongside, 

the HSIL lesions are similar to the HGSL in humans, the precursor lesion just before the development 

of carcinoma, that is characterized by an increased number of basaloid cells with irregular and 

hyperchromatic nucleus (159). The observed SSC in the K14-HPV16 mice and in HPV-related 

cancers in humans are also similar, with clusters of malignant epithelial cells surrounded by 

fibrovascular stroma (159). Studies also have shown that the immune activation and the consequent 

response against the expression of the viral oncoproteins in the K14-HPV16 mouse model lead to a 

chronic recruitment of inflammatory cells, which promote tumoral progression (160). Additionally, 

the K14-HPV16 is also characterized by cephalic alopecia together with an extensive hyperkeratosis 

and atrial erythema (Figure 15). Most of these lesions occur approximately at 20-30-week-old mice. 

A high mortality rate (> 50%) is observed after this period, while wild-type mice with FVB 

background usually live from 52 to 65 weeks.  
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Figure 15. Mus musculus.  a) and b) Wild-type mice, 30 weeks-old; c) and d) transgenic mice K14 HPV16, 30 weeks -

old. 

a) c) 

b) d) 



 

 

1.11. The Big Question:   

 
The diverse stromal microenvironment, epithelial background, secretions, microbiota, 

genetic expression and hormonal responses of the reproductive, anogenital and oropharyngeal 

anatomic regions may influence the behaviour of the HPV viral proteins (147). All these variants 

may also influence the response of the host immune system. 

Recent studies show that changes in the vaginal microbiota can increase the risk of HPV 

infection (161). On the other hand, an increase of HPV infection due to microbiota fluctuations in 

the anus and head and neck anatomic region still needs to be assessed.  Another example of a different 

response in HPV-infected organs is the human α-defensin 5 (HD5), that can block HPV infection 

since it can prevent the furin-mediated cleavage of the L2 protein, a crucial step for the virus entry 

in the cell (162) (Figure 7). This anti-viral protein is actively expressed in the vagina and vulva 

epithelia, however, poorly expressed in the cervix transformation zone, making this region more 

prone to HPV infections and therefore to the development of lesions (163). Additionally, hormones 

like oestrogen and progesterone can influence not only the immune system but also the HPV 

oncoproteins, mediating the development of lesions (164,165). 

Studies have shown that HPV may behave differently not only according to the gender it 

infects but also depending on the different anatomic locations in which the virus is present. For 

example,  the oropharyngeal region is particularly prone to HPV infection in comparison with the 

nearby oral cavity and larynx anatomic locations due to its architecture and lymphoepithelial 

background characterized by a disruptive basal cell layer that facilitates HPV viral access to the basal 

stem keratinocytes (147).  This anatomic region has an HPV viral load  80.000x higher than any other 

location in the head and neck anatomic regions (147). 

Understating these differences is crucial to develop novel and precise therapies that can have 

a different impact in the different anatomic sites of infection. There are still important and basic 

questions that still need to be answered regarding HPV infection. Do the HPV oncoproteins trigger 

a distinct grade of lesions on the different anatomic sites of infection? How does the different tissue 

stromal microenvironment of the uterine cervix, anal and oral epithelia allied with the HPV 

oncoproteins modulate tumour progression?  
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II. Aims and Scope 
 

The main goal of this study was to observe the influence of E6, E7 and E5 oncoproteins mRNA 

expression as well as the different lesions development on multiple anatomic sites usually infected 

by HPV that are characterized by the influence of gender, different epithelia backgrounds, genetic 

expression and tissue stromal microenvironments. 

The specific aims are to: 

I. Assess the expression of E6, E7 and E5 mRNA in female K14-HPV16 organs that are 

known to be affected by HPV in humans, namely the base of the tongue, anus and uterine 

cervix and correlate it with the histopathological features. 

II. Assess the expression of E6, E7 and E5 mRNA in male K14-HPV16 organs that are 

known to be affected by HPV in humans, namely the base of tongue, anus and penis and 

correlate it with the histopathological features. 

III. Assess the expression of E6, E7 and E5 mRNA in K14-HPV16 mouse bladder and 

compare it with the expression of the other studied organs. Correlate the mRNA 

expression with the histopathological characteristics.   

IV. Compare the expression of E6, E7 and E5 mRNA in K14-HPV16 male and female base 

of the tongue and anal samples.  

V. Correlate lesion progression with E6, E7 and E5 mRNA expression  
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III. Materials and methods  
 

3.1. K14-HPV16 transgenic mice 
 

The generation of the K14-HPV16 mice on an FVB/n background has been previously 

described by Arbeit and colleagues (153), comprising the entire early coding sequence of wild-type 

HPV16. The K14-HPV16 mice were kindly donated by Drs. Jeffery Arbeit and Douglas Hanahan, 

through the USA National Cancer Institute Mouse Repository. The animal experiments were 

approved by the University of Trás-os-Montes and Alto Douro Ethics Committee (10/2013) and the 

Portuguese Veterinary Directorate (0421(000/000/2014) and carried out at the University of Trás-os-

Montes and Alto Douro. The K14-HPV16 and the wild-type mice were maintained and bred 

according to the Portuguese (Portaria 1005/92 dated October the 23rd) and European (EU Directive 

2010/63/EU) legislation, with light-dark cycle (12h light / 12h dark), controlled temperature 

conditions between 20°-24°C, relative humidity (50 ± 10%), using corncob bedding. Food in form 

of pellets and water were provided ad libitum. Groups of four K14-HPV16 mice males and five K14-

HPV16 mice female were maintained in a type II cage with length, width, height: 26,5x20,5x14,5 

cm and with a floor space of approximately 545 cm2.  

 

3.2. Experimental design and sample collection  
 

Ten female and ten male K14-HPV16 mice, with 30-weeks-old, were randomized and 

blindly chosen to be used in the experiment. Several of the most common HPV-infected anatomic 

locations were collected. Ten samples of chest skin, the base of the tongue, anus, uterine cervix and 

bladder were collected from female K14-HPV16. Additionally, ten samples of chest skin, the base 

of the tongue (only 9 samples were collected), anus and penis samples were collected from male 

K14-HPV16 (Figure 16). Matched samples were used for E6, E7 and E5 mRNA quantification and 

histological analysis. All mice were sacrificed under a combination of ketamine and xylazine 

anaesthesia followed by intracardiac puncture and exsanguination, according to the established 

protocols of the Center for the Research and Technology of Agro-Environmental and Biological 

Sciences in the University of Trás-os-Montes and Alto Douro. All samples were collected into 

TripleXtractor isolation reagent (Grisp®), macerated and kept at −80 °C until further use.  

 



Material and methods 

 

 38 

 

 

 

 

 

 

 

 

 

 

 

 

3.3. Mouse Genotyping 

 
The K14-HPV16 mice were genotyped using a chest skin sample after organ collection. 

Wild-type mice were used as negative controls. DNA was extracted and purified using the GRS-

Genomic DNA Kit Broadrange (Grisp®), according to the manufacturer’s instructions. DNA 

concentration and purity were assessed by the NanoDrop®spectrophotometer v3.7 (Thermo 

Scientific, Wilmington DE, EUA). The HPV16-E7 and the reference β-globin genes were amplified 

using polymerase chain reaction (PCR) in order to confirm the integration of HPV DNA into the 

mouse genome by specific primers (Table 3). The 50 μL HPV16-E7 PCR reaction included 1x 

DREAM Taq buffer including 20mM MgCL2, 0,2 mM dNTP´s, 0,4 µM of each primer, 1U of DNA 

Taq polymerase and 200 ng/μL of genomic DNA. The amplification conditions were as follows: 

strand DNA denaturation at 95°C for three minutes, followed by 40 cycles at 94°C for 45 seconds, 

55°C for 45 seconds, 72°C for one minute and the final extension at 72°C for five minutes. The 

expected band size of 157 base pairs (bp) was then confirmed by electrophorese gel agarose 3%. The 

30 μL β-globin PCR reaction included 1x DREAM Taq buffer including 20mM MgCL2, 0,2 mM 

dNTP´s, 0,5 µM of each primer, 1U of DNA Taq polymerase and 200 ng/μL of genomic DNA. The 

amplification conditions were as follows: strand DNA denaturation at 94°C for three minutes, 

followed by 35 cycles at 94°C for 30 seconds, 60°C for 45 seconds, 72°C for 90 seconds and the 

final extension at 72°C for ten minutes. The expected band size of 494 base pairs (bp) was then 

confirmed by electrophorese gel agarose 1,5%.  

 

- Chest skin 

- Base of the tongue 

- Anus 

- Uterine cervix 

- Bladder 

HPV16 
(+/-)

 

HPV16 
(+/-)

 

- Chest skin 

- Base of the tongue 

- Anus 

- Penis 

 

Figure 16. Samples collection of chest skin, anus, base of the tongue, uterine cervix, bladder and penis in K14-HPV16 

mice  female and male. 
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Table 3. HPV16-E7 genotyping primer sequence. F - forward, R - reverse. 

 

 

 

 

 

 

3.4. Reference genes selection  
 

The genes used as references must fulfil several criteria. One of the most important principles 

is that their expression should not vary within the tissues or cells. Additionally, they should not be 

influenced by the experimental procedure  (166). Our reference gene expression stability analysis 

was based on two steps. We first identified the likely candidates for our experimental procedure, 

followed by the analysis of the stability of the chosen candidate genes by real-time polymerase chain 

reaction (RT-PCR). Taking this into consideration, we chose three widely used reference genes, the 

TATA-box binding protein (TBP), the hypoxanthine guanine phosphoribosyl transferase (HPRT) and 

beta-2-microglobulin (β2m), that showed to have the least variance within the different tissues in 

mice (167). Those three genes were then analysed by RT-PCR in the uterine cervix, the base of the 

tongue, anus, penis and bladder samples in order to choose the most stable reference gene to be used 

in subsequent tests.  The stability value was assessed by the NormFinder statistical program (168). 

This program requires at least 8 samples per experimental group and a minimum of three reference 

genes. The software analyses the inter- and intra-group variability, ranking them by their stability 

values, in which a lower value corresponds to a more stable gene. 

 

3.5. RNA extraction/purification and cDNA synthesis  
 

Total ribonucleic acid (RNA) was extracted from the tissue samples using the High Pure 

RNA Isolation Kit (Roche®) and treated with DNase I to avoid genomic DNA contamination. First 

strand synthesis of mRNA, complementary DNA (cDNA) was carried out by using the High Capacity 

cDNA Reverse Transcriptase kit (Applied Biosystems®). The reverse transcriptase reaction 

contained a total volume of 20μL with a 10μL master mix containing 1X RT buffer, 1X dNTP mix 

1X RT Random primers and 2,5 U of MultiScribeTM Reverse Transcriptase as well as 10μL of RNA 

sample.  

 

Gene  

 

Primer Sequence (5'->3') 

Amplicon 

size (bp) 

E7 F: GGAGGAGGATGAAATAGATGG 

R: GCCCATTAAGAGGTCTTCCAA 

 

157 

β-globin F: CCAATCTGCTCACACAGGATAGAGAGGGCAGG 

R: CCTTGAGGCTGTCCAAGTGATTCAGGCCATCG 

 

494 
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 The amplification conditions were as follows: 25°C for 10 minutes, 37°C for 120 minutes 

and a reverse transcriptase inactivation step at 85°C for five minutes. All reverse transcriptase 

reactions included a negative control. The reaction was performed in the Mycycler Thermal cycler 

(Bio-Rad).  

3.6. RT-PCR  
 

  After cDNA synthesis, real-time PCR analysis was conducted using the Fast SYBR Green 

Master Mix (Applied Biosystems®) and performed on the StepOne qPCR Real-Time PCR device 

(Applied Biosystems®). The RT-PCR reaction contained a total volume of 10μL, of which 5μL of 

the fast SYBR GREEN master mix, a primer concentration of 0,2 mM, 1μL of the respective cDNA 

and dH2O until the final volume. The cycling conditions were 95°C for 20 seconds, followed by 40 

cycles at 95°C for three seconds and 60°C-66°C (depending on the primer annealing temperature) 

for 30 seconds. An additional 95°C for 15 seconds, 60°C for one minute and 95°C for 15 seconds 

was used to confirm the amplification specificity of each reaction. Additional “No Template Control” 

(NTC) was used to ensure the absence of genomic DNA contamination. All qPCRs were run in 

duplicates and the average standard deviation within all samples and respective duplicates was 0,24. 

The PCR efficiencies of the mRNA targets were between 94%-100% with the consequent slope 

variation between 3,28-3,48. E6, E7 and E5 mRNA expression levels were normalized to the average 

expression of the two most suitable reference genes, TBP and HPRT, using specific primers, as 

described in Table 4 (169–171).  

 

Table 4. RT-PCR Primer sequences of E6, E7, E5, TBP, HPRT and β2m.  F - forward, R - reverse. 

 

Gene Primer sequence (5'->3') Main regulatory function 
Amplicon 

size (bp) 

E6 

F: GAGCGACCCAGAAAGTTACCAC 

R: ACCTCACGTCGCAGTAACTGTTG 
HPV viral oncoprotein 107 

E7 

F: ACCGGACAGAGCCCATTACAA 

R: GTGCCCATTAACAGGTCTTCC 
HPV viral oncoprotein 120 

E5 

F: CTTTGCTTTTGTGTGCTTTTGTGTG 

R: AAAGCGTGCATGTGTATGTATTAAA 
HPV viral oncoprotein 192 

TBP 

F: CAAACCCAGAATTGTTCTCCTT 

R: ATGTGGTCTTCCTGAATCCCT 

Transcription regulation of most 

genes 
131 

HPRT 
F:TGAAGAGCTACTGTAATGATCAGTCAAC 

R: AGCAAGCTTGCAACCTTAACCA 

Recycling of purines by the 

purine salvage pathway 
187 

β2m 

F: GGTCTTTCTGGTGCTTGTCTCA 

R: GTTCGGCTTCCCATTCTCC 

Component of the major 

histocompatibility complex class 

I 

103 
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3.7. Western blot Analysis  
 

The protein expression of E6 and E7 oncoproteins was evaluated by western blot. Proteins 

were isolated from the all mouse tissue samples using the TripleXtractor isolation reagent (Grisp®) 

and according to the manufacture instructions, containing protease inhibitors (HaltTM Protease & 

Phosphatase Inhibitor Cocktail; Thermo Scientific) at a specified concentration. Protein 

concentration was read using the DC Protein Assay (BIO-RAD) and then separated by SDS-PAGE 

(4-20% pre-cast gels) under reducing conditions. Proteins were then transferred by the Trans-Blot 

Turbo (BIO-RAD) onto PVDF membranes, blocked with 5% milk (BIO-RAD) in PBS-Tween 0.05% 

for one hour at room temperature. Primary monoclonal HPV16 E6/HPV18 E6, dilution 1:200 (Santa 

Cruz Biotechnology, sc-460); HPV16 E7, dilution 1:200 (Santa Cruz Biotechnology, sc-6981) and 

β-Actin, dilution 1:200 (Santa Cruz Biotechnology, sc-811178), were incubated for two hours at 

room temperature. After several washing steps, the membrane was incubated with secondary 

antibody m-IgGk BP-HRP, dilution 1:1000 (Santa Cruz Biotechnology, sc-516102) and revealed by 

chemiluminescence.   

 

 

3.8. Histological features  
 

 Samples for histological analysis were fixed in 10% neutral buffered formalin. The bladder 

was distended and fixed in situ, as previously described, to avoid histological artefacts (172). The 

fixed tissues were then dehydrated through graded alcohols and xylene and embedded in paraffin 

using an automatic STP 120 processor. The samples were histologically classified as 1) normal, if 

no alterations were observed in the epithelium, 2) LSIL, if characterized by a higher number of basal 

epithelium layers, however, without nuclear alterations and deformities (113). 3) HSIL, if a higher 

degree of disorganization and undifferentiated cells that extend beyond the lower third of the 

epithelium is observed, alongside with the loss of morphology as well as abnormal mitotic figures, 

namely the generally larger nucleus with two to three metaphysical groups, denser chromatin and 

cell membrane more prominent and distorted and 4) SCC, if a complete loss of differentiation and 

disorganization in almost all the epithelium is observed alongside with the invasion of the basal 

membrane (113).  The histopathological analysis was performed by an experienced pathologist, 

affiliated to the Molecular Oncology and Viral Pathology group, at the Portuguese Institute of 

Oncology (IPO-Porto) to the Center for the Research and Technology of Agro-Environmental and 

Biological Sciences, University of Trás-os-Montes and Alto Douro and to the Federal University of 

Maranhão, Brazil.   
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3.9. Statistical Analysis 
 

Statistical analysis was performed using the IBM SPSS Statistics for Windows (Version 

24.0). Kruskal-Wallis, Mann-Whitney and Livak methods were used to evaluate statistical 

differences in normalized relative expression of E6, E7 and E5 genes among the different tissue 

samples (base of the tongue, uterine cervix, anus, penis and bladder). The incidence of histological 

differences in the different studied groups was performed using the chi-squared test. Results were 

considered statistically significant when p values were lower than 0.05. 
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IV. Results  
  

4.1. Mouse Genotyping  
 

The presence of the HPV16 construct was confirmed by the amplification of the E7 genomic 

region (157 bp amplicon) in the K14-HPV16 males and females used in this study (Figure 17). In 

the wild-type mice, used as negative controls, the HPV16 E7 amplicon was not observed. In both 

K14-HPV16 and wild-type mice the β-globin gene was amplified. Phenotypically, while the wild-

type mice did not show any epithelial lesions, all the mice in which the HPV16 was integrated into 

their genome presented several degrees of lesions in the chest skin and ear.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17. K14-HPV16 and wild-type mice genotyping. The presence of the HPV16 DNA was assessed by amplifying 

the E7 regions concomitant with the β-globin reference gene expression. The expected 157 bp band can be observed in 

the K14-HPV16 mice while the expected 494 bp band can be observed in both K14-HPV16 and wild-type mice. 3% 

and 1,5% agarose gel respectively, 50 bp gene ladder.  MW – Molecular Weight  

494 bp 

bp bp 

MW MW 

157 bp 
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4.2. Reference genes selection 
 

The stability values of the TBP, HPRT and the β2m reference genes were assessed by RT-

PCR, using the Norm Finder statistical program (168).  This program uses a mathematical algorithm 

in order to identify the best reference gene based on a pairwise variation analysis, according to the 

intra- and inter-group variation. Lower values of average MNormFinder indicate a higher stability 

expression. The stability values of the candidate genes were: β2m= 0,278; TBP= 0,437 and HPRT= 

0,477 (Figure 18). However, the best combination of endogenous control genes is a combination of 

the average expression of TBP and HPRT, with a stability value of 0,221. The combined expression 

of TBP and HPRT was consequently used as reference genes in this study. The stability values of the 

candidate genes were similar with the ones presented in previous studies (167). 
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Figure 18. Normfinder analysis of the β2m, TBP, HPRT stability values. 
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4.3.  Aim I 
 

4.3.1.  E6, E7 and E5 mRNA expression in K14-HPV16 

female mice base of the tongue, anus and uterine 

cervix  
 

Being the uterine cervix, the base of the tongue and the anus the most affected anatomic sites 

by HPV in women, we compared the E6, E7 and E5 oncogenic mRNA expression in the K14-HPV16 

female mice tissue samples (Figure 19). The expression of the E6 oncogenic mRNA was similar 

between the base of the tongue, anus and uterine cervix samples (p=0,155). Additionally, the 

expression of the E7 and E5 mRNAs showed also no significant statistical difference between the 

base of the tongue and anal samples (p=0,199 and p=0,386, respectively).  However, the uterine 

cervix was the anatomic location where more differences were found. The expression of the uterine 

cervix E7 mRNA was lower compared with the E7 mRNA expression in the base of the tongue and 

anal samples (p=0,016 and p=0,017 respectively). Alongside, the uterine cervix E5 mRNA 

expression was also lower when compared with the E5 mRNA expression of the anal samples 

(p=0,007) but with no statistically difference with the E5 mRNA expression in the base of the tongue 

(p=0,110). We can also observe a different expression pattern of E6, E7 and E5 mRNAs in the three, 

being the E6 mRNA the most expressed one followed by E7 and E5 (E6>E7>E5), (p<0,001). 

 

 

 

 

Figure19. 

Normalized 

relative expression 

(-ΔCt) of E6, E7 

and E5 in K14-
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4.3.2. Histopathology of K14-HPV16 female mice base 

of the tongue, anus and uterine cervix 
   

 

 

Regarding the histopathological features, 100% (10/10) of the uterine cervix samples showed 

normal epithelium with no associated lesions. Concerning, the anal samples, 10% (1/10) were 

classified also as normal epithelium without any notorious cellular alterations but the remaining 90% 

(9/10) developed LSIL. In the base of the tongue samples, 60% (6/10) were also classified as LSIL 

but 40% (4/10) of the samples developed more advance lesions, namely 20% (2/10) being classified 

as HSIL and other 20% (2/10) invasive SCC. The penetrance of the female base of the tongue, anus 

and uterine cervix lesions are described in Table 5. 

 

Table 5. Spectrum of HPV-induced lesions in K14-HPV16 females’ base of the tongue, anus and uterine cervix.  

 

Images of the base of tongue normal tissue (Figure 20 a), LSIL (Figure 20 b), HSIL (Figure 

20 c) and SCC (Figure 20 d), are displayed below. 
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Furthermore, images of the anal normal tissue (Figure 21 a) and LSIL (Figure 21 b) are also 

displayed in the following figures.  

 

 

 

 

 

 

 

 

 

 

 

 

a) 

d) 

Figure 20). Histological analysis of mice wild-type and K14-HPV16 base of the tongue samples. Hematoxylin 

and eosin stain (H&E), 200x. a) wild-type mice, showing normal base of the tongue epithelia, b) K14-HPV16 

mice with LSIL in the base of the tongue, c) K14-HPV16 mice with base of the tongue HSIL epithelia and d) 

K14-HPV16 mice with base of the tongue invasive SCC. 
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Additionally, an image of the uterine cervix normal epithelia is also displayed below (Figure 22) 

 

b) 

Figure 21. Histological analysis of wild-type and K14-HPV16 mice anal samples H&E, 200x. a) Wild-type mice, 

showing normal anal epithelia.  b) K14-HPV16 mice with anal LSIL. 

Figure 22. Histological analysis of K14-HPV16 mice uterine cervix samples, showing normal epithelium. H&E, 100x 
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4.4. Aim II 

 

4.4.1. E6, E7 and E5 mRNA expression in K14-HPV16 

male mice base of the tongue, anus and penis 
 

We then quantified E6, E7 and E5 mRNA expression in the K14-HPV16 male base of the 

tongue, anus and penis samples, the most common HPV-infected anatomic locations in males.  Even 

though the mRNA expression of the three mRNA oncoproteins showed to be less precise when 

compared with the female samples, the base of the tongue, anus and penis showed similar expression 

of E6, E7 and E5 mRNA, with no statistically differences observed (p=0,125; p=0,547; p=0,490, 

respectively) (Figure 23). Different expression patterns of E6, E7 and E5 mRNAs are also observed 

more evidently in the K14-HPV16 base of the tongue (p=0,047) and anus (p=0,001), in comparison 

with the penile samples (p=0,290).  

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 23. Normalized relative expression (-ΔCt) of E6, E7 and E5 in K14-HPV16 male mice base of tongue, anus and 

penis.    

Base of the tongue  Penis Anus 

 **   *  

 * p<0.05, n=10 

** p<0.01, n=10 

o = Mild outlier  
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4.4.2. Histopathology of K14-HPV16 male mice base of 

the tongue, anus and penis 
 

 

Histologically and similarly with the female samples, the K14-HPV16 male base of the 

tongue developed the most advanced lesions. 11% (1/9) of the base of the tongue samples were 

classified as normal epithelium, 55% (5/9) developed LSIL, 22% (2/9) developed HSIL and 11% 

(1/9) developed invasive SCC. Regarding the male K14-HPV16 anal samples, 100% (10/10) of the 

lesions were LSIL. Additionally, the most diagnosed lesion in penile samples was LSIL (80%) (8/10), 

whereas 20% (2/10) developed HSIL. The penetrance of lesions of the K14-HPV16 male mice base 

of the tongue, anus and penis is described in Table 6. 

 

Table 6. Spectrum of HPV-induced lesions in K14-HPV16 males’ base of the tongue, anus and penis. 

 

Images of the normal penile tissue (Figure 24 a), penile LSIL epithelia (Figure 24 b) and penile 

HSIL epithelia (Figure 24 c), are shown in the figures below.   
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Figure 24. Histological analysis of wild-type and K14-HPV16 mice penile samples H&E, 200x. a) Wild-type mice, 

showing normal penis epithelia, b) K14-HPV16 mice with penis LSIL. c) K14-HPV16 mice with penis epithelial HSIL  
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4.5. Aim III 
 

4.5.1. E6, E7 and E5 mRNA expression in K14-HPV16 

mice bladder  

 
 Posteriorly, we measured the levels of E6, E7 and E5 in the bladder samples (Figure 25). 

Due to the controversial role of HPV in bladder carcinogenesis, we have performed this analysis in 

the samples from one gender only, namely in the female mice and compared its expression with the 

samples from the base of tongue, anus and uterine cervix. Future studies, englobing the bladder of 

the K14-HPV16 male mice, will be performed. We found that the E6 and E7 transgenic expression 

was very low, almost residual when comparing with the oncogenic mRNA expression from the base 

of the tongue, anus and uterine cervix (p<0,01) (Figure 25). In bladder tissues, we did not detect E6 

and E7 mRNA expression in four and five samples respectively. Alongside, no detectable E5 mRNA 

expression was observed in all the bladder samples. In the bladder, as similar as in other organs, there 

is also a different pattern expression between E6 and E7 mRNA expression (p=0,045). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 25. Normalized relative expression (-ΔCt) of E6, E7 and E5 in K14-HPV16 female base of tongue, anus and 

bladder 

Base of the tongue Bladder Uterine cervix  Anus 

** p<0.05, n=10, o = Mild outlier, *= Extreme outlier   
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4.5.2. Histopathology of K14-HPV16 mice bladder  
 

 Histologically, all K14-HPV16 bladder tissue was classified as normal, with no notorious 

cellular alterations (Figure 26). The penetrance of bladder lesions is described in Table 7 

 

Table 7. Spectrum of HPV-induced lesions in the K14-HPV16 bladder samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Female 

Age (Weeks) Organs Normal LSIL HSIL Carcinoma in 

situ 

30 bladder 10/10 
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Figure 26. Histological analysis of K14-HPV16 mice bladder samples H&E, 200x. Normal bladder epithelia. 
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4.6. Aim IV 

 

4.6.1. E6, E7 and E5 mRNA expression in K14-HPV16 

male and female base of the tongue  
 

The next step was to observe if there was a difference in the E6, E7 and E5 mRNA expression 

between genders, taking into consideration possible variations in physiological, immune and 

hormonal backgrounds. We observed a higher E6 mRNA transgene expression, namely six times 

higher, in the female base of the tongue when compared with the males’ base of the tongue (p=0,027). 

However, E7 and E5 mRNA expression were similar between genders (p=0,806 and p=0,441 

respectively) (Figure 27).  

 

 

 

Histologically, the K14-HPV16 female mice base of tongue developed approximately 50% 

more invasive SCC when compared with the K14-HPV16 male mice base of the tongue (20% versus 

11%). The penetrance of HPV-induced lesions in the K14-HPV16 base of the tongue male and female 

lesions is described in Table 8. 

Figure 27. Normalized relative expression (-ΔCt) of E6, E7 and E5 in K14-HPV16 female and male base of the 

tongue. 

Base of the tongue female  Base of the tongue male  

o = Mild outlier 
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Table 8. Spectrum of HPV-induced lesions in the K14-HPV16 base of the tongue male and female. 

 

4.6.2.  E6, E7 and E5 mRNA expression in K14-HPV16 

male and female anus  
 

We also compared the E6, E7 and E5 mRNA expression between the K14-HPV16 female 

and male mice anal samples. We found that all the three transgene mRNAs were expressed similarly 

in both genders, with no statistically significant differences observed (p=0,935; p=0,072 and p=0,627 

respectively) (Figure 28).  
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Figure 28. Normalized relative expression (-ΔCt) of E6, E7 and E5 in female and male anal samples.  
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Histologically, the only lesions observed in the anal samples of both genders were classified as LSIL 

with very similar incidences (90% female and 100% male LSIL anal lesions). The penetrance of 

HPV-induced lesions in the K14-HPV16 base of the tongue male and female lesions is described in 

Table 9. 

 

Table 9. Spectrum of HPV-induced lesions in the K14-HPV16 anus male and female. 

 

 

 

4.7. Aim V 

 

4.7.1. Correlation between lesion progression with E6, 

E7 and E5 mRNA expression 
 

Our next step was to observe if there was any correlation between the grade of the lesions 

(LSIL and HSIL/SCC) and the expression of the E6, E7 and E5 mRNAs. This analysis was only 

performed for the base of the tongue samples, in the K14-HPV16 female mice, once in this tissue, 

all the cascade carcinogenic lesions were present. Additionally, the HSIL and SCC lesions were 

inserted in the same group due to the fact that HSIL is the immediate lesion right before the 

development of SCC. The mRNA E6, E7 and E5 expression was similar between the LSIL and the 

HSIL/SCC (p=0,831; p=0,670 and p=0,522 respectively). The results showed that the severity of 

lesions does not necessarily correlate with a different expression of the E6, E7 and E5 mRNAs 

(Figure 29). 
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4.8. Western blot analysis  
 

The western blot results were not available in time for this dissertation. The secondary 

antibody bound unspecifically to all samples at a molecular weight of approximately 25 kDa, which 

masked the protein signal of the E6 and E7 oncoprotein which was 23 kDa and 20 kDa, respectively. 

We then have tried the Protein G PLUS-Agarose Reagent (Santa Cruz Biotecnhology sc-2002) in 

order to clear the lysates and reduce the unspecific signal, however with no success. We have also 

tried several different washing steps, secondary incubation time, substrate incubation time, but none 

with success. The next step will be to use a conjugated primary antibody, which if specific enough 

will allow the visualisation of E6 and E7 oncoproteins.    

 

 

Figure 29. Normalized relative expression (-ΔCt) of E6, E7 and E5 in female base of the tongue LSIL and HSIL/SCC. 
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V. Discussion 
 

5.1. E6, E7 and E5 mRNA expression and 

histopathological features  
 

Infection by HPV is considered a huge public health burden afflicting millions of people and 

being one of the main etiological factors for the development of cancer (1). It is responsible for the 

development of lesions that can progress to cancer in the reproductive, anogenital and oral anatomic 

sites (2). Even though the carcinogenic cascade of the cervical cancer is widely studied and 

understood, in the other anatomic locations infected by HPV, it is still limited. Differences in the 

natural history of HPV as well diverse epithelia backgrounds and tissue stromal microenvironments 

may play a key role in the behaviour of the HPV oncoproteins, which can potentiate different 

temporal, physiological and molecular actions in the different anatomic sites of infection. 

Understanding these differences can be crucial not only for a better knowledge of the HPV-related 

carcinogenic steps but also for the development of novel and more precise therapies. Nevertheless, 

there are main gasps of knowledge when it comes to the specific tissue’s stromal microenvironment 

and its influence on tumour development, especially in the HPV induced-OPSCC where there is a 

lack of precancerous lesions characterization allied to the difficulty of having samples.  

This study allows a first insight of the likely different behaviour of the HPV oncoproteins in 

the different anatomic sites of infection resulting in the development of a different grade of lesions 

in the different anatomic sites of infection. Alongside, this is the first study of the expression profile 

of the malignant oncoproteins E6, E7 and E5 in the several anatomic sites of HPV infection in the 

K14-HPV16 mouse model, that mimics the carcinogenic cascade of HPV-related cancers in humans.  

Even though the expression of E6, E7 and E5 were similar in the base of the tongue and anus 

in both genders, the base of the tongue tissues developed more advanced lesions, namely HSIL and 

SCC, compared with the anus, where LSIL were mainly observed. Alongside, in the penile tissue 

samples, HSIL lesions were also observed, even though the transgene HPV viral mRNA expression 

was similar to the remaining male tissue samples. Expectably, no HPV-related lesions were observed 

in the uterine cervix and in the bladder samples. Overall, we verify a huge difference in the 

oncoproteins regulation in the different tissues. Therefore, other factors apart from the HPV mRNA 

transgene expression must be present in the different tissues, mediating the development of the 

different lesions observed. Some hypothesis apart from the pro-tumoral chronic inflammation 

seemed also to be important namely a differential expression of microRNA´s and hormonal 

receptors.   
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5.1.1. Implications of the anatomic site 

microenvironment  
 

5.1.1.1. Base of the tongue samples 

The oropharyngeal region, which comprises the base of the tongue, the soft palate, the side 

and back walls of the throat and the tonsils is characterized by a vast lymphoepithelial 

microenvironment, where a continuous spreading lymphocyte infiltrate containing 

immunomodulating agents is continuously produced (147,173). Even though the lymphoepithelial 

tissue is characterized by a fast counteraction of the immune system, functioning as a protective 

barrier against infection, when viral load is intense and continuous allied with the capability of the 

impairment of the HPV oncoproteins E6, E7 and E5 onto the immune system regulatory mechanisms, 

as it happens in the K14-HPV16 mouse model, it will lead to an unresolved inflammation as well as 

pro-tumoral phenotype transformation process which will eventually promote the a decay and 

decrease function of the immune system and a consequent progression of the HPV-related lesions 

into malignant tumours (160,174).  Consequently, macrophages, mast cells, neutrophils and other 

innate immune cells may be chronically recruited in the already near lymphoepithelial tissues, 

supplying cytokines, chemokines, reactive oxygen species (ROS), growth factors and other 

biomolecules where together with the viral oncoproteins, can modulate a faster malignant 

progression by promoting a pro-tumoral phenotype of the immune cell components and increasing 

the occurrence of genetic and epigenetic events that are key factors for malignant progression (175–

178). Additionally, studies have shown that  E6 and E7 oncoproteins from HPV16 increase the 

transcription activity of MMP and consequently the malignancy of the HPV-related lesions, once 

these molecules are associated with an increase angiogenesis mechanisms and consequently lesion 

progression (179). Additionally, the results showed that the severity of the lesions were not 

influenced by a higher or lower oncogenic mRNA expression (Figure 29), reinforcing the existence 

of other internal co-factors for the development of lesions. In HPV-positive oropharyngeal cancers 

in humans, there are still no established co-factors identified since these types of cancers tend to 

appear in younger people that do not smoke or drink (180). However, they may be enhanced by some 

external factors such as food components (Rui M. Gil da Costa, Tiago Neto, Diogo Estêvão et al. 

Ptaquiloside from bracken (Pteridium spp.) promotes oral carcinogenesis initiated by HPV16 in 

transgenic mice. Life Sciences (submitted). 

Our results suggest that in the base of the tongue, HPV oncoproteins, together with the 

oropharyngeal specific microenvironment, where a chronic recruitment of inflammatory cells may 

happen is a sufficient cause for the development of SCC.  
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5.1.1.2. Anal samples 

In the anal samples either in K14-HPV16 male and female, the only type of lesions observed 

was LGSL. However, even though the expression of the HPV oncoproteins was enough to induce 

the first stage in the carcinogenic cascade, the time-line used in this study (30 weeks) was not 

sufficient to promote more advance lesions in a way of promoting additional molecular alterations 

for tumour progression, therefore, a longer study would be necessary to evaluate if HPV alone could 

promote the development of more advance lesions. Additionally, a decrease of immune pro-tumoral 

cells infiltration in the anal region compared with the base of the tongue could lead to a failure of 

lesion progression from LSIL.  Furthermore, could also be interesting to study if the influence of 

other co-factors could reduce the time in which we would observe more advance lesions. In humans, 

several factors for the development of anal carcinomas have been identified. Apart from HPV, HIV 

infections, multiple sex partners, men who have sex with men, smoking and a consequent lower 

immunity seem to play important roles in the development of anal cancer (120,137).  

5.1.1.3. Uterine cervix samples 

In the uterine cervix, we only observed normal epithelium, with no associated lesions. The 

expression “per se” of the HPV oncoproteins appeared to be insufficient to induce the development 

of lesions in the uterine cervix.   However, it is known that female K14-HPV16 mice, when exposed 

chronically to oestrogen, namely 17β-oestradiol, start to develop benign proliferation, ending in 

uterine cervix SCC in 100% of the treated mice (164). Another study led by Auborn and colleagues 

showed that the administration of an anti-oestrogen compound (indole-3-carbinol) could hamper 

uterine carcinogenesis (181) . Furthermore, this compound also seemed to reduce other highly 

advanced lesions commonly found in the chest skin and ear of the K14-HPV16 mice. It is, therefore, 

well established that HPV persistent infection is a necessary but not sufficient cause for the 

development of cervical cancer. The powerful role of hormones as potent and necessary co-factors 

that act in synergy with the HPV oncoproteins promote the malignancy development by altering the 

stromal tissue microenvironment in the uterine cervix which may explain why no lesions were 

observed with the action of the HPV oncoproteins alone (118,182).  

5.1.1.4. Penile samples  

In the penile tissue, we reported the development of more advanced lesions, namely HSIL. 

Although HSIL is the event immediately before SCC, we have not observed this type of lesion in 

any of the penile samples. We speculate that more time would be necessary for the development of 

penile cancer in K14-HPV16 male mice. When dissecting the male samples, we could observe large 

and inflamed inguinal lymph nodes close to the penis (Figure not shown).  
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As a hypothesis, we think that the specific microenvironment found near the penis, together 

with the viral oncoproteins could influence the progression of more advance lesions from LSIL to 

HSIL, similarly but not with the same influence and clearly not at the same time  (30 weeks) as it 

might happen in the base of the tongue (183). Alongside, HPV-induced penile carcinogenesis may 

be enhanced by external carcinogenic compounds that are commonly found in cigarettes and can 

promote a faster and a more aggressive development of carcinogenic lesions. (Rui M. Gil da Costa, 

Diogo Estêvão et al. HPV16 induces penile intraepithelial neoplasia and penile squamous cell 

carcinoma in transgenic mice: a mouse model for penile cancer (paper under preparation) ). 

5.1.1.5. Bladder samples  

 

Our results showed that in K14-HPV16 mice bladder tissue, the expression of E6 and E7 

mRNA was residual and not present in all the samples. Alongside, there is no expression of E5 

mRNA. Furthermore, the bladder histology was normal with no apparent lesions identified. HPV 

etiological role in the urinary tract, particularly in the bladder, has always been controversial and 

inconclusive (184). Studies in which HPV was found in bladder cancer showed a wide range of 

prevalence, from 0-80%. Actually, some researchers speculate contamination issues when HPV is 

detected in bladder tissues, due to HPV almost ubiquitous presence and easy contamination, leading 

to false positive results (185). Epithelium constraints of the bladder that is formed by the basal, 

intermediate and superficial (umbrella) cells allied to the non-viremic characteristic of HPV, can 

influence the non-successful HPV infection in the urinary tract (12). The bladder is characterized by 

a transitional cell epithelium, not favourable to HPV infection that needs a complete stratified 

epithelium to its life cycle replication (12). However, the residual mRNA expression of E6 and E7 

in the bladder samples is explained by the recently discovered existence of a very small subset of 

basal cells that express K14 (186). (Rui M. Gil da Costa, Tiago Neto, Diogo Estêvão et al. 

Ptaquiloside from bracken (Pteridium spp.) promotes oral carcinogenesis initiated by HPV16 in 

transgenic mice. Life Sciences (submitted). 
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A summary of the different temporal lesions developed in the K14-HPV16 studies tissues 

exposed to chronic expression of HPV oncoproteins is shown in Figure 30.  
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Figure 30. Carcinogenic cascade of HPV-induced lesions in the K14-HPV16 base of the tongue, penis, anus, 

uterine cervix and bladder.  
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5.1.2. Implications of the gender: Females versus males 
 

This study revealed that in the base of the tongue there is a higher incidence of SCC in 

females in comparison to males (20% vs 10% respectively). Therefore, the K14-HPV16 female base 

of the tongue appears to be more susceptible to the progression of the malignant lesions.  This 

susceptibility may be explained by circulating levels of steroid sex hormones, namely oestradiol and 

glucocorticoids, that can influence the development of such lesions in an already prone anatomic 

regions for the development of high advance lesions (187). The steroid sex hormones are also known 

to enhance the expression and behaviour of the viral oncoproteins E6, leading to a higher degradation 

of p53 protein and consequently inducing a more prominent carcinogenic cascade (188).  

 

5.1.3. Expression profile of E6, E7 and E5 mRNA 
 

Interestingly, in our study we found an almost homogenous expression profile of the E6, E7 

and E5 mRNA reported in the studied tissues (E6>E7>E5). 

Several mechanisms can influence the gene expression, justifying these results (189). 

Mechanisms of alternative splicing, polyadenylation and methylation towards the transgene cassette 

can interfere and change the genetic expression (189). Most mammalian mRNA undergoes 

alternative splicing (190). Alternative splicing is the process by which several mature mRNA 

sequences and protein isoforms can be achieved from the same coding gene (190). The HPV genome 

is polycistronic, encoding from one mature mRNA two or more proteins. Alternative splicing 

processes are used in order to generate different HPV mRNAs, having alternative transcription ends 

which can justify the cascade expression of the transgenes mRNAs (191,192).  Studies have shown 

that there are intensive alternative splicing processes in the HPV16 genomic E6 and E7 regions, 

creating several isoforms, that have been shown to be implicated in the carcinogenesis processes of 

the HPV-related cancers (193,194). Alongside, E2 protein can interact with the spliceosome 

molecules, increasing the alternative splicing rate (195).  

It is also known that in polycistronic mRNA, the first ORF, being this the case of E6 mRNA 

in the transgene cassette (Figure 14), can be translated more efficiently when intercistronic distances 

are short (196). Additionally, the E6 mRNA is also found to be the most abundant transcript in the 

carcinogenesis lesions of cervical cancer (196). This hypothesis can justify the existence of a more 

abundant E6 mRNA transgene transcript in comparison with the E7 and E5 transcripts (E6>E7>E5).  
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Other studies refer that the splicing mechanisms can be regulated by the epidermal growth 

factor (EGF) (196). Since E5 can promote a higher EFG activation and the K14-HPV16 is 

characterized by a continuous expression of this viral protein, this could lead to an increment of the 

alternative splicing mechanisms, leading to a higher transcription of E6 isoforms (73,197). 

Chromatin conformation and RNA secondary structure also play a role in determining the 

efficiency of alternative splicing and which exons are spliced out or retained (190). Additionally, the 

promoter used in order to initiate the transcription can also influence the splicing mechanisms (198). 
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VI. Concluding remarks and future perspectives  
 

HPV-related cancers are still a major worldwide health concern. It is, therefore, crucial to 

fully understand the oncogenic mechanisms involved in their development.  The K14-HPV16 mouse 

model has an enormous potential for unravelling the HPV-related carcinogenesis steps. This 

knowledge may allow the development of target therapies against HPV-derived cancers, mainly 

anogenital and head and neck cancers that are globally increasing. This study enlightens the proof of 

concept of an earlier and less-external-cofactor dependent carcinogenesis induced by HPV in 

oropharyngeal cancers in comparison with other anatomic localizations namely the uterine cervix, 

the anus and even the penis, where HPV alone and taking in consideration the 30-week period of the 

experiment is therefore necessary but seems not to be sufficient to induce squamous cell carcinomas. 

This work may also recognize the stromal microenvironment especially in the oropharyngeal region 

as a co-factor for the development of HPV related lesions. We also conclude that due to the almost 

inexistent expression of E6, E7 and E5 mRNA in the bladder, allied with its transitional epithelium, 

it is unlikely that HPV induces bladder carcinoma. Furthermore, for the first time, the K14-HPV16 

mouse model seems to be useful for the study of HPV-induced oropharyngeal cancers once it 

develops different grades of lesions led by the molecular action of the HPV alone.  

Future studies should focus on understating the communication between the different tissue 

stromal microenvironments of the different HPV anatomic sites of infection and the role of the HPV 

oncoproteins as well as the quantification, in the different tissues of inflammatory cells that are 

known to be a switch from pre-cancerous lesions to malignant ones. Previous studies have shown 

that in the K14-HPV16 mouse model, the inflammatory cell profile was different in the epithelial 

skin cancer compared with the cervical cancer, once more emphasising the despair genetic, hormonal 

and microenvironmental regulation that happen in the different tissues even though influenced by 

the expression of the same oncogenes (199,200).  Furthermore, it would be important to investigate 

the influence of external hormonal and carcinogenic compounds in the development of the lesions in 

the several anatomic locations of HPV carcinogenesis and its effect on the already pre-existing ones.   

The oncogenic viral proteins E6, E7 and E5, being highly expressed in HPV-related lesions, 

are consequently one of the best targets for therapeutic applications, once they are the main drivers 

of high-grade lesions´ that eventually progress to cancer. While conventional therapeutic approaches 

such as surgery, chemotherapy and radiotherapy are the most commonly used treatment for cancer 

patients, tumour resistance and recurrence are frequent problems, decreasing the survival and quality 

of life of patients. Therefore, there is a sustained need for new and more effective cancer therapeutics.  
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More recently, the clustered regularly interspaced short palindromic repeats-associated 

protein 9, (CRISPR-Cas9), has emerged as a powerful genome-editing tool with boundless 

applications namely in mutation correction, inactivation of oncogenes and activation of tumour 

suppressor genes (201). In the future, a promising approach would be to use this technique to 

permanently disrupt the E6, E7 and E5 genes from the transgenic K14-HPV16 mouse genome.  In 

another mouse model, this removal has shown to decrease p53 ubiquitination, as well as to increase 

cell cycle arrest, increasing the animals´ lifespan (202–204). Therefore, CRISPR-Cas9 seems to be 

a promising technology with therapeutic applications in HPV-related cancers  (201). Estêvão D. et 

al. CRISPR-Cas9 therapies in experimental mouse models of cancer. Future Oncology. 2018 July. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Bibliography 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Bibliography 

 

 73 

VII. Bibliography   
 

1.  Martel C De, Ferlay J, Franceschi S, Vignat J, Bray F, Forman D, et al. Global burden of 

cancers attributable to infections in 2008: a review and synthetic analysis. Lancet. 

2012;379(9829):1851.  

2.  Cubie HA. Diseases associated with human papillomavirus infection. Virology. 

2013;445(1–2):21–34. 

3.  Arbyn M, Sanjosé S De, Saraiya M, Sideri M, Palefsky J, Gillison M, et al. EUROGIN 

2011 roadmap on prevention and treatment of HPV- related disease. Int J Cancer. 

2012;131(9):1969–82.  

4.  Boshart M, Gissmann L, Ikenberg H, Kleinheinz A, Scheurlen W, zur Hausen H. A new 

type of papillomavirus DNA, its presence in genital cancer biopsies and in  cell lines 

derived from cervical cancer. EMBO J. 1984 May;3(5):1151–7.  

5.  zur Hausen H. Condylomata acuminata and human genital cancer. Cancer Res. 1976 

Feb;36(2 pt 2):794.  

6.  Harden ME, Munger K. Human papillomavirus molecular biology. Mutat Res. 2016;  

7.  Doorbar J. Molecular biology of human papillomavirus infection and cervical cancer. Clin 

Sci. 2006;110(5):525–41.  

8.  Bernard HU. Regulatory elements in the viral genome. Virology. 2013;445(1–2):197–204.  

9.  Bravo IG, de Sanjosé S, Gottschling M. The clinical importance of understanding the 

evolution of papillomaviruses. Trends Microbiol. 2010;18(10):432–8.  

10.  van Doorlaer K, Burk R. Evolution of humana papillomavirus carcinogenicity. Adv Virus 

Res. 2010;77:41–62.  

11.  John Doorbar, Nagayasu Egawa, Heather Griffin CK and IM. Human papillomavirus 

molecular biology and disease association. Rev Med Virol. 2016;25(1):2–23.  

12.  Egawa N, Egawa K, Griffin H, Doorbar J. Human Papillomaviruses; Epithelial Tropisms, 

and the Development of Neoplasia. Viruses. 2015;7(7):3863–90.  

13.  Egawa N, Doorbar J. The low-risk papillomaviruses. Virus Res [Internet]. 2017;231:119–

27. Available from: http://dx.doi.org/10.1016/j.virusres.2016.12.017 

14.  de Martel C, Plummer M, Vignat J, Franceschi S. Worldwide burden of cancer attributable 

to HPV by site, country and HPV type. Int J Cancer. 2017;141(4):664–70.  

15.  Mittal S, Banks L. Molecular mechanisms underlying human papillomavirus E6 and E7 

oncoprotein-induced cell transformation. Mutat Res Mutat Res. 2016;772:23–35.  

16.  Pol SB Vande, Klingelhutz AJ. Papillomavirus E6 oncoproteins. Virology. 

2013;445(0):115–37.  

17.  Martinez-zapien D, Ruiz FX, Poirson J, Mitschler A, Forster A, Cousido-siah A, et al. 

Structure of the E6/E6AP/p53 complex required for HPV- mediated degradation of p53. 

Nature. 2016;529(7587):541–5.  

18.  Roman A, Munger K. The papillomavirus E7 proteins. Virology. 2013;29445(0):138–68.  

19.  Greenfield I, Nickerson J, Penman S, Stanley M. Human papillomavirus 16 E7 protein is 

associated with the nuclear matrix. Proc Natl Acad Sci U S A. 1991;88(24):11217–21.  



Bibliography 

 

 74 

20.  Lee JO, Russo AA, Pavletich NP. Structure of the retinoblastoma tumour-suppressor pocket 

domain bound to a peptide from HPV E7. Nature. 1998 Feb;391(6670):859–65.  

21.  Jabbar S, Strati K, Shin MK, Pitot HC, Lambert PF. Human papillomavirus type 16 E6 and 

E7 oncoproteins act synergistically to cause head and neck cancer in mice. Virology. 

2010;407(1):60–7.  

22.  Flores ER, Allen-Hoffmann BL, Lee D, Sattler C a, Lambert PF. Establishment of the 

human papillomavirus type 16 (HPV-16) life cycle in an immortalized human foreskin 

keratinocyte cell line. Virology. 1999;262(2):344–54.  

23.  Cheng S, Schmidt-Grimminger DC, Murant T, Broker TR, Chow LT. Differentiation-

dependent up-regulation of the human papillomavirus E7 gene reactivates cellular DNA 

replication in suprabasal differentiated keratinocytes. Genes Dev. 1995 Oct;9(19):2335–49.  

24.  Venuti A, Paolini F, Nasir L, Corteggio A, Roperto S, Campo MS, et al. Papillomavirus E5: 

The smallest oncoprotein with many functions. Mol Cancer. 2011;10(140):1–18.  

25.  De Freitas AC, De Oliveira THA, Barros MR, Venuti A. HrHPV E5 oncoprotein: Immune 

evasion and related immunotherapies. J Exp Clin Cancer Res. 2017;36(1):1–15.  

26.  Ashrafi GH, Haghshenas M, Marchetti B, Campo MS. E5 protein of human papillomavirus 

16 downregulates HLA class I and interacts with the heavy chain via its first hydrophobic 

domain. Int J cancer. 2006 Nov;119(9):2105–12.  

27.  Filippova M, Johnson MM, Bautista M, Filippov V, Fodor N, Tungteakkhun SS, et al. The 

Large and Small Isoforms of Human Papillomavirus Type 16 E6 Bind to and Differentially 

Affect Procaspase 8 Stability and Activity. J Virol. 2007;81(8):4116–29.  

28.  Thomas M, Banks L. Human papillomavirus (HPV) E6 interactions with Bak are conserved 

amongst E6 proteins from high and low risk HPV types. J Gen Virol. 1999 Jun;80:1513–7.  

29.  Filippova M, Song H, Connolly JL, Dermody TS, Duerksen-Hughes PJ. The human 

papillomavirus 16 E6 protein binds to tumor necrosis factor (TNF) R1 and protects cells 

from TNF-induced apoptosis. J Biol Chem. 2002;277(24):21730–9.  

30.  Filippova M, Parkhurst L, Duerksen-Hughes PJ. The human papillomavirus 16 E6 protein 

binds to Fas-associated death domain and protects cells from Fas-triggered apoptosis. J Biol 

Chem. 2004 Jun;279(24):25729–44.  

31.  James MA, Lee JH, Klingelhutz AJ. Human papillomavirus type 16 E6 activates NF-

kappaB, induces cIAP-2 expression, and protects against apoptosis in a PDZ binding motif-

dependent manner. J Virol. 2006 Jun;80(11):5301–7.  

32.  Patel D, Huang SM, Baglia LA, McCance DJ. The E6 protein of human papillomavirus type 

16 binds to and inhibits co-activation by CBP and p300. EMBO J. 1999;18(18):5061–72.  

33.  Zhu Y, Han Y, Tian T, Su P, Jin G, Chen J, et al. MiR-21-5p, miR-34a, and human 

telomerase RNA component as surrogate markers for cervical cancer progression. Pathol 

Res Pract. 2018 Mar;214(3):374–9.  

34.  Shah M, Anwar MA, Park S, Jafri SS, Choi S. In silico mechanistic analysis of IRF3 

inactivation and high-risk HPV E6 species-dependent drug response. Sci Rep. 

2015;5(August 2014):1–14.  

35.  Li S, Labrecque S, Gauzzi MC, Cuddihy AR, Wong AH, Pellegrini S, et al. The human 

papilloma virus (HPV)-18 E6 oncoprotein physically associates with Tyk2 and impairs Jak-

STAT activation by interferon-alpha. Oncogene. 1999 Oct;18(42):5727–37.  

36.  Reiser J, Hurst J, Voges M, Krauss P, Munch P, Iftner T, et al. High-Risk Human 

Papillomaviruses Repress Constitutive Kappa Interferon Transcription via E6 To Prevent 



Bibliography 

 

 75 

Pathogen Recognition Receptor and Antiviral-Gene Expression. J Virol. 

2011;85(21):11372–80.  

37.  Gewin L, Myers H, Kiyono T, Galloway DA. Identification of a novel telomerase repressor 

that interacts with the human papillomavirus type-16 E6/E6-AP complex. Genes Dev. 

2004;18(18):2269–82.  

38.  Zhang Y, Dakic A, Chen R, Dai Y, Schlegel R, Liu X. Direct HPV E6/Myc interactions 

induce histone modifications, Pol II phosphorylation, and hTERT promoter activation. 

Oncotarget. 2017;8(56):96323–39.  

39.  Oh S, Kyo S, Laimins L. Telomerase Activation by Human Papillomavirus Type 16 E6 

Protein : Induction of Human Telomerase Reverse Transcriptase Expression through Myc 

and Telomerase Activation by Human Papillomavirus Type 16 E6 Protein : Induction of 

Human Telomerase Reverse Tran. J Virol. 2001;75(12):5559.  

40.  Vieira VC, Leonard B, White EA, Starrett GJ, Temiz NA, Lorenz LD, et al. Human 

papillomavirus E6 triggers upregulation of the antiviral and cancer genomic DNA 

deaminase APOBEC3B. MBio. 2014;5(6):1–8.  

41.  Iftner T, Elbel M, Schopp B, Hiller T, Loizou JI, Caldecott KW, et al. Interference of 

papillomavirus E6 protein with single-strand break repair by interaction with XRCC1. 

EMBO J. 2002;21(17):4741–8.  

42.  Lee SS, Weiss RS, Javier RT. Binding of human virus oncoproteins to hDlg/SAP97, a 

mammalian homolog of the Drosophila discs large tumor suppressor protein. Proc Natl 

Acad Sci U S A. 1997;94(13):6670–5.  

43.  Kranjec C, Tomaic V, Massimi P, Nicolaides L, Doorbar J, Banks L. The high-risk HPV E6 

target scribble (hScrib) is required for HPV E6 expression in cervical tumour-derived cell 

lines. Papillomavirus Res (Amsterdam, Netherlands). 2016 Dec;2:70–7.  

44.  Thomas M, Laura R, Hepner K, Guccione E, Sawyers C, Lasky L, et al. Oncogenic human 

papillomavirus E6 proteins target the MAGI-2 and MAGI-3 proteins  for degradation. 

Oncogene. 2002 Aug;21(33):5088–96.  

45.  Facciuto F, Bugnon M, Marziali F, Massimi P, Banks L, Laura A, et al. Human 

papillomavirus ( HPV ) -18 E6 oncoprotein interferes with the epithelial cell polarity Par3 

protein. Mol Oncol. 2014;8(3):533–43.  

46.  Du M, Fan X, Hong E, Chen JJ. Interaction of oncogenic papillomavirus E6 proteins with 

fibulin-1. Biochem Biophys Res Commun. 2002 Aug;296(4):962–9.  

47.  Au Yeung CL, Tsang TY, Yau PL, Kwok TT. Human papillomavirus type 16 E6 induces 

cervical cancer cell migration through the p53/microRNA-23b/urokinase-type plasminogen 

activator pathway. Oncogene. 2011 May;30(21):2401–10.  

48.  Wu D-W, Chuang C-Y, Lin W-L, Sung W-W, Cheng Y-W, Lee H. Paxillin promotes tumor 

progression and predicts survival and relapse in oral cavity squamous cell carcinoma by 

microRNA-218 targeting. Carcinogenesis. 2014 Aug;35(8):1823–9.  

49.  Gonzalez SL, Stremlau M, He X, Basile JR, Munger K. Degradation of the retinoblastoma 

tumor suppressor by the human papillomavirus type 16 E7 oncoprotein is important for 

functional inactivation and is separable from proteasomal degradation of E7. J Virol. 2001 

Aug;75(16):7583–91.  

50.  Fischer M, Uxa S, Stanko C, Magin TM, Engeland K. Human papilloma virus E7 

oncoprotein abrogates the p53- p21-DREAM pathway. Sci Rep. 2017;7(1):1–11.  

51.  Spardy N, Covella K, Cha E, Hoskins EE, Wells SI, Duensing A, et al. HPV-16 E7 



Bibliography 

 

 76 

attenuates DNA damage checkpoint control by increasing the proteolytic turnover of 

claspin. Cancer Res. 2009;69(17):7022–9.  

52.  McLaughlin-Drubin ME, Huh K-W, Munger K. Human Papillomavirus Type 16 E7 

Oncoprotein Associates with E2F6. J Virol. 2008;82(17):8695–705. 

53.  Hasan UA, Zannetti C, Parroche P, Goutagny N, Malfroy M, Roblot G, et al. The Human 

papillomavirus type 16 E7 oncoprotein induces a transcriptional repressor complex on the 

Toll-like receptor 9 promoter. J Exp Med. 2013;210(7):1369–87. 

54.  Lau A, Gray EE, Brunette RL, Stetson DB. DNA tumor virus oncogenes antagonize the 

cGAS-STING DNA-sensing pathway. Science (80- ). 2015;350(6260):568–71.  

55.  Duensing S, Duensing A, Crum CP, Munger K. Human papillomavirus type 16 E7 

oncoprotein-induced abnormal centrosome synthesis is an early event in the evolving 

malignant phenotype. Cancer Res. 2001 Mar;61(6):2356–60.  

56.  Nguyen CL, Eichwald C, Nibert ML, Münger K, Munger K. Human papillomavirus type 16 

E7 oncoprotein associates with the centrosomal component gamma-tubulin. J Virol. 

2007;81(24):13533–43.  

57.  He W, Staples D, Smith C, Fisher C. Direct activation of cyclin-dependent kinase 2 by 

human papillomavirus E7. J Virol. 2003;77(19):10566–74.  

58.  Zwerschke W, Mazurek S, Massimi P, Banks L, Eigenbrodt E, Jansen-Dürr P. Modulation 

of type M2 pyruvate kinase activity by the human papillomavirus type 16 E7 oncoprotein. 

Proc Natl Acad Sci U S A. 1999;96(4):1291–6.  

59.  Spangle JM, Munger K. The Human Papillomavirus Type 16 E6 Oncoprotein Activates 

mTORC1 Signaling and Increases Protein Synthesis. J Virol. 2010;84(18):9398–407.  

60.  Ganti K, Massimi P, Manzo-Merino J, Tomaić V, Pim D, Playford MP, et al. Interaction of 

the Human Papillomavirus E6 Oncoprotein with Sorting Nexin 27 Modulates Endocytic 

Cargo Transport Pathways. PLoS Pathog. 2016;12(9):1–22.  

61.  Hsu CH, Peng KL, Jhang HC, Lin CH, Wu SY, Chiang CM, et al. The HPV E6 oncoprotein 

targets histone methyltransferases for modulating specific gene transcription. Oncogene. 

2012;31(18):2335–49.  

62.  D’Costa ZJ, Jolly C, Androphy EJ, Mercer A, Matthews CM, Hibma MH. Transcriptional 

Repression of E-Cadherin by Human Papillomavirus Type 16 E6. PLoS One. 2012;7(11).  

63.  Laurson J, Khan S, Chung R, Cross K, Raj K. Epigenetic repression of E-cadherin by 

human papillomavirus 16 E7 protein. Carcinogenesis. 2010;31(5):918–26.  

64.  Cicchini L, Westrich JA, Xu T, Vermeer DW, Berger JN, Clambey ET, et al. Suppression 

of Antitumor Immune Responses by Human Papillomavirus through Epigenetic 

Downregulation of CXCL14. MBio. 2016 May;7(3).  

65.  Chalertpet K, Pakdeechaidan W, Patel V, Mutirangura A, Yanatatsaneejit P. Human 

papillomavirus type 16 E7 oncoprotein mediates CCNA1 promoter methylation. Cancer Sci. 

2015 Oct;106(10):1333–40.  

66.  Thomas MC, Chiang CM. E6 oncoprotein represses p53-dependent gene activation via 

inhibition of protein acetylation independently of inducing p53 degradation. Mol Cell. 

2005;17(2):251–64.  

67.  Jha S, Pol S Vande, Banerjee NS, Dutta AB, Chow LT, Dutta A. Destabilization of TIP60 

by human papillomavirus E6 results in attenuation of TIP60 dependent transcriptional 

regulation and apoptotic pathway. Mol Cell. 2010;38(5):700–11.  



Bibliography 

 

 77 

68.  Kumar A, Zhao Y, Meng G, Zeng M, Srinivasan S, Delmolino LM, et al. Human 

papillomavirus oncoprotein E6 inactivates the transcriptional coactivator human ADA3. 

Mol Cell Biol. 2002;22(16):5801–12.  

69.  Ren C, Cheng X, Lu B, Yang G. Activation of interleukin-6/signal transducer and activator 

of transcription 3 by human papillomavirus early proteins 6 induces fibroblast senescence to 

promote cervical tumourigenesis through autocrine and paracrine pathways in tumour 

microenvironment. Eur J Cancer. 2013;49(18):3889–99. 

70.  Richards KH, Doble R, Wasson CW, Haider M, Blair GE, Wittmann M, et al. Human 

Papillomavirus E7 Oncoprotein Increases Production of the Anti-Inflammatory Interleukin-

18 Binding Protein in Keratinocytes. J Virol. 2014;88(8):4173–9.  

71.  Toussaint-Smith E, Donner DB, Roman A. Expression of human papillomavirus type 16 E6 

and E7 oncoproteins in primary foreskin keratinocytes is sufficient to alter the expression of 

angiogenic factors. Oncogene. 2004 Apr;23(17):2988–95.  

72.  Wasson CW, Morgan EL, Müller M, Ross RL, Hartley M, Roberts S, et al. Human 

papillomavirus type 18 E5 oncogene supports cell cycle progression and impairs epithelial 

differentiation by modulating growth factor receptor signalling during the virus life cycle. 

Oncotarget. 2017;8(61):103581–600.  

73. . Straight SW, Herman B, McCance DJ. The E5 oncoprotein of human papillomavirus type 

16 inhibits the acidification of endosomes in human keratinocytes. J Virol. 

1995;69(5):3185–92.  

74.  Belleudi F, Leone L, Purpura V, Cannella F, Scrofani C, Torrisi MR. HPV16 E5 affects the 

KGFR/FGFR2b-mediated epithelial growth through alteration of the receptor expression, 

signaling and endocytic traffic. Oncogene. 2011 Dec;30(50):4963–76.  

75.  Oh JM, Kim SH, Cho EA, Song YS, Kim WH, Juhnn YS. Human papillomavirus type 16 

E5 protein inhibits hydrogen peroxide-induced apoptosis by stimulating ubiquitin-

proteasome-mediated degradation of Bax in human cervical cancer cells. Carcinogenesis. 

2010;31(3):402–10.  

76.  Scott ML, Coleman DT, Kelly KC, Carroll JL, Woodby B, Songock WK, et al. Human 

papillomavirus type 16 E5-mediated upregulation of Met in human keratinocytes. Virology. 

2018;519(March):1–11.  

77.  McBride AA. The Papillomavirus E2 Proteins. Virology. 2013;445(0):57–79.  

78.  Nishimura A, Ono T, Ishimoto A, Dowhanick JJ, Frizzell MA, Howley PM, et al. 

Mechanisms of human papillomavirus E2-mediated repression of viral oncogene expression 

and cervical cancer cell growth inhibition. J Virol. 2000;74(8):3752–60.  

79.  Doorbar J. The papillomavirus life cycle. J Clin Virol. 2005;32(SUPPL.):7–15.  

80.  Dowhanick JJ, McBride AA, Howley PM. Suppression of cellular proliferation by the 

papillomavirus E2 protein. J Virol. 1995;69(12):7791–9.  

81.  Wilson VG, West M, Woytek K, Rangasamy D. Papillomavirus E1 proteins: form, function, 

and features. Virus Genes. 2002 Jun;24(3):275–90.  

82.  Hughes FJ, Romanos MA. E1 protein of human papillomavirus is a DNA helicase/ATPase. 

Nucleic Acids Res. 1993;21(25):5817–23.  

83.  Clower R V, Fisk JC, Melendy T. Papillomavirus E1 protein binds to and stimulates human 

topoisomerase I. J Virol. 2006;80(3):1584–7.  

84.  Doorbar J. The E4 protein structure, function and patterns of expression. Virology. 2013 

Oct;445(1–2):80–98.  



Bibliography 

 

 78 

85.  McIntosh PB, Laskey P, Sullivan K, Davy C, Wang Q, Jackson DJ, et al. E1^E4-mediated 

keratin phosphorylation and ubiquitylation: a mechanism for keratin depletion in HPV16-

infected epithelium. J Cell Sci. 2010;123(16):2810–22.  

86.  Buck CB, Day PM, Trus BL. The Papillomavirus Major Capsid Protein L1. Virology. 

2013;445(0):169–74.  

87.  Aksoy P, Gottschalk EY, Meneses PI. HPV entry into cells. Mutat Res. 2017;772:13–22.  

88.  Malik H, Khan FH, Ahsan H. Human papillomavirus: current status and issues of 

vaccination. Arch Virol. 2014 Feb;159(2):199–205.  

89.  Wang JW, Roden RBS. L2, the minor capsid protein of papillomavirus. Virology. 2013 

Oct;445(1–2):175–86.  

90.  Kamper N, Day PM, Nowak T, Selinka H-C, Florin L, Bolscher J, et al. A Membrane-

Destabilizing Peptide in Capsid Protein L2 Is Required for Egress of Papillomavirus 

Genomes from Endosomes. J Virol. 2006;80(2):759–68.  

91.  Strati K. Changing stem cell dynamics during papillomavirus infection: Potential roles for 

cellular plasticity in the viral lifecycle and disease. Viruses. 2017;9(8).  

92.  Schiffman M, Doorbar J, Wentzensen N, de Sanjosé S, Fakhry C, Monk BJ, et al. 

Carcinogenic human papillomavirus infection. Nat Rev Dis Prim. 2016;  

93.  Sabeena S, Bhat P, Kamath V, Arunkumar G. Possible non-sexual modes of transmission of 

human papilloma virus. J Obstet Gynaecol Res. 2017;43(3):429–35.  

94.  McGrath JA, Eady RAJ, Pope FM. Anatomy and Organization of Human Skin. Rook’s 

Textbook of Dermatology. 2004. 45-128 p.  

95.  Alam H, Sehgal L, Kundu ST, Dalal SN, Vaidya MM. Novel function of keratins 5 and 14 

in proliferation and differentiation of stratified epithelial cells. Mol Biol Cell. 

2011;22(21):4068–78.  

96.  Eckert RL, Rorke EA. Molecular biology of keratinocyte differentiation. Environ Health 

Perspect. 1989;80:109–16.  

97.  Abban CY, Meneses PI. Usage of heparan sulfate, integrins, and FAK in HPV16 infection 

Cynthia. Virology. 2010;403(1):1–16.  

98.  Selinka H-C, Giroglou T, Nowak T, Christensen ND, Sapp M. Further evidence that 

papillomavirus capsids exist in two distinct conformations. J Virol. 2003;77(24):12961–7.  

99.  Richards RM, Lowy DR, Schiller JT, Day PM. Cleavage of the papillomavirus minor capsid 

protein, L2, at a furin consensus site is necessary for infection. Proc Natl Acad Sci U S A. 

2006;103(5):1522–7.  

100.  Aydin I, Villalonga-Planells R, Greune L, Bronnimann MP, Calton CM, Becker M, et al. A 

central region in the minor capsid protein of papillomaviruses facilitates viral genome 

tethering and membrane penetration for mitotic nuclear entry. Vol. 13, PLoS Pathogens. 

2017. 1-31 p.  

101.  Schelhaas M, Shah B, Holzer M, Blattmann P, Kühling L, Day PM, et al. Entry of human 

papillomavirus type 16 by actin-dependent, clathrin- and lipid raft-independent endocytosis. 

PLoS Pathog. 2012;8(4).  

102.  Horvath C a J, Boulet G a V, Renoux VM, Delvenne PO, Bogers J-PJ. Mechanisms of cell 

entry by human papillomaviruses: an overview. Virol J. 2010;7(11).  

103.  Aydin I, Weber S, Snijder B, Samperio Ventayol P, Kühbacher A, Becker M, et al. Large 



Bibliography 

 

 79 

Scale RNAi Reveals the Requirement of Nuclear Envelope Breakdown for Nuclear Import 

of Human Papillomaviruses. PLoS Pathog. 2014;10(5).  

104.  Moody CA, Laimins LA. Human papillomavirus oncoproteins: pathways to transformation. 

Nat Rev Cancer. 2010;10(8):550–60.  

105.  Münger K, Baldwin A, Edwards KM, Hayakawa H, Nguyen CL, Owens M, et al. 

Mechanisms of Human Papillomavirus-Induced Oncogenesis. J Virol. 2004;78(21):11451–

60.  

106.  Duensing S, Münger K. The Human Papillomavirus Type 16 E6 and E7 Oncoproteins 

Independently Induce Numerical and Structural Chromosome Instability The Human 

Papillomavirus Type 16 E6 and E7 Oncoproteins Independently Induce. Cancer Res. 

2002;62(15):7075–82.  

107.  Akagi K, Li J, Broutian TR, Padilla-Nash H, Xiao W, Jiang B, et al. Genome-wide analysis 

of HPV integration in human cancers reveals recurrent, focal genomic instability. Genome 

Res. 2014;24(2):185–99.  

108.  Ojesina AI. Landscape of genomic alterations in cervical carcinomas. Nature. 

2013;506(7488):371–5.  

109.  Wentzensen N, Vinokurova S, Von Knebel Doeberitz M. Systematic review of genomic 

integration sites of human papillomavirus genomes in epithelial dysplasia and invasive 

cancer of the female lower genital tract. Cancer Res. 2004;64(11):3878–84.  

110.  Jeon S, Allen-Hoffmann BL, Lambert PF. Integration of human papillomavirus type 16 into 

the human genome correlates with a selective growth advantage of cells. J Virol. 

1995;69(5):2989–97.  

111.  Cheung JLK, Cheung T-H, Yu MY, Chan PKS. Virological characteristics of cervical 

cancers carrying pure episomal form of HPV16 genome. Gynecol Oncol. 2013 

Nov;131(2):374–9.  

112.  Bhattacharjee B, Sengupta S. CpG methylation of HPV 16 LCR at E2 binding site proximal 

to P97 is associated with cervical cancer in presence of intact E2. Virology. 

2006;354(2):280–5.  

113.  Kumar V, Abbas AK, Aster JC. Robbins Basic Pathology. 2017.  

114.  Ostör AG. Natural history of Cervical Intraepithelial Neoplasia: A Critical Review. Vol. 12, 

International journal of gynecological pathology. 1993. p. 186–92.  

115.  Moody CA, Laimins LA. Human papillomavirus oncoproteins: Pathways to transformation. 

Nat Rev Cancer. 2010 Aug;10(8):550–60.  

116.  Munoz N, Franceschi S, Bosetti C, Moreno V, Herrero R, Smith JS, et al. Role of parity and 

human papillomavirus in cervical cancer: the IARC multicentric case-control study. Lancet. 

2002 Mar;359(9312):1093–101.  

117.  Remoue F, Jacobs N, Miot V, Boniver J, Delvenne P. High intraepithelial expression of 

estrogen and progesterone receptors in the transformation zone of the uterine cervix. Am J 

Obstet Gynecol. 2003;189(6):1660–5.  

118.  Moreno V, Bosch FX, Munoz N, Meijer CJLM, Shah K V, Walboomers JMM, et al. Effect 

of oral contraceptives on risk of cervical cancer in women with human papillomavirus 

infection: the IARC multicentric case-control study. Lancet. 2002 Mar;359(9312):1085–92.  

119.  Mitrani-Rosenbaum S, Tsvieli R, Tur-Kaspa R. Oestrogen stimulates differential 

transcription of human papillomavirus type 16 in SiHa cervical carcinoma cells. J Gen 

Virol. 1989 Aug;70 ( Pt 8):2227–32.  



Bibliography 

 

 80 

120.  Vineis P, Alavanja M, Buffler P, Fontham E, Franceschi S, Gao YT, et al. Tobacco and 

cancer: recent epidemiological evidence. J Natl Cancer Inst. 2004 Jan;96(2):99–106.  

121.  Castellsagué X, Bosch FX, Muñoz N. Environmental co-factors in HPV carcinogenesis. 

Virus Res. 2002;89(2):191–9.  

122.  Matos A, Moutinho J, Pinto D, Medeiros R. The influence of smoking and other cofactors 

on the time to onset to cervical cancer in a southern European population. Eur J cancer Prev. 

2005 Oct;14(5):485–91.  

123.  Wei L, Griego AM, Chu M, Ozbun MA. Tobacco exposure results in increased E6 and E7 

oncogene expression, DNA damage and mutation rates in cells maintaining episomal human 

papillomavirus 16 genomes. Carcinogenesis. 2014;35(10):2373–81.  

124.  La Ruche G, You B, Mensah-Ado I, Bergeron C, Montcho C, Ramon R, et al. Human 

papillomavirus and human immunodeficiency virus infections: relation with cervical 

dysplasia-neoplasia in African women. Int J cancer. 1998 May;76(4):480–6.  

125.  Smola S. Immunopathogenesis of HPV-associated cancers and prospects for 

immunotherapy. Viruses. 2017;9(9).  

126.  Oliveira S, Ribeiro J, Sousa H, Pinto D, Baldaque I, Medeiros R. Genetic polymorphisms 

and cervical cancer development: ATM G5557A and p53bp1 C1236G. Oncol Rep. 2012 

Apr;27(4):1188–92.  

127.  Craveiro R, Bravo I, Catarino R, Teixeira AL, Sousa H, Pereira D, et al. The role of p73 

G4C14-to-A4T14 polymorphism in the susceptibility to cervical cancer. DNA Cell Biol. 

2012 Feb;31(2):224–9.  

128.  Castaldo SA, da Silva AP, Matos A, Inacio A, Bicho M, Medeiros R, et al. The role of 

CYBA (p22phox) and catalase genetic polymorphisms and their possible  epistatic 

interaction in cervical cancer. Tumour Biol. 2015 Feb;36(2):909–14.  

129.  Storey A, Thomas M, Kalita A, Harwood C, Gardiol D, Mantovani F, et al. Role of a p53 

polymorphism in the development of human papillomavirus-associated  cancer. Nature. 

1998 May;393(6682):229–34.  

130.  Coelho A, Nogueira A, Soares S, Assis J, Pereira D, Bravo I, et al. TP53 Arg72Pro 

polymorphism is associated with increased overall survival but not  response to therapy in 

Portuguese/Caucasian patients with advanced cervical cancer. Oncol Lett. 2018 

May;15(5):8165–71.  

131.  Bosch FX, Lorincz A, Muñoz N, Meijer CJLM, Shah K V. The causal relation between 

human papillomavirus and cervical cancer. J Clin Pathol. 2002;55(4):244–65.  

132.  Elson DA, Riley RR, Lacey A, Thordarson G, Talamantes FJ, Arbeit JM. Sensitivity of the 

cervical transformation zone to estrogen-induced squamous carcinogenesis. Cancer Res. 

2000;60(5):1267–75.  

133.  Serrano B, Brotons M, Bosch FX, Bruni L. Epidemiology and burden of HPV-related 

disease. Best Pract Res Clin Obstet Gynaecol. 2017;47:14–26.  

134.  Joura EA, Giulano Ar, Iversen OE, Bouchard C, Mao C, Mehisen J  et al. HPV vaccine 

against infection and intraepithelial neoplasia in women. J Med. 2015;8:711–23.  

135.  Wakeham K, Kavanagh K. The burden of HPV-associated anogenital cancers. Curr Oncol 

Rep. 2014 Sep;16(9):402.  

136.  De Vuyst H, Clifford GM, Nascimento MC, Madeleine MM, Franceschi S. Prevalence and 

type distribution of human papillomavirus in carcinoma and intraepithelial neoplasia of the 

vulva, vagina and anus: a meta-analysis. Int J cancer. 2009 Apr;124(7):1626–36.  



Bibliography 

 

 81 

137.  Frisch M, Biggar RJ, Goedert JJ. Human Papillomavirus-Associated Cancers in Patients 

With Human Immunodeficiency Virus Infection and Acquired Immunodeficiency 

Syndrome. J Natl Cancer Inst. 2000;92(18):1500–10.  

138.  Moscicki A, Darragh TM, Berry-lawhorn JM, Roberts JM, Khan MJ, Lori A, et al. 

Screening for Anal Cancer in Women. Vol. 19, Journal of Lower Genital Tract Disease. 

2015. 26-41 p.  

139.  Wiener JS, Effert PJ, Humphrey PA, Yu L, Liu ET, Walther PJ. Prevalence of human 

papillomavirus types 16 and 18 in squamous-cell carcinoma of  the penis: a retrospective 

analysis of primary and metastatic lesions by differential polymerase chain reaction. Int J 

cancer. 1992 Mar;50(5):694–701.  

140.  Bleeker MCG, Heideman DAM, Snijders PJF, Horenblas S, Dillner J, Meijer CJLM. Penile 

cancer: Epidemiology, pathogenesis and prevention. World J Urol. 2009;27(2):141–50.  

141.  Kidd LC, Chaing S, Chipollini J, Giuliano AR, Spiess PE, Sharma P. Relationship between 

human papillomavirus and penile cancer — implications for prevention and treatment. 

Transl Androl Urol. 2017;6(5):791–802.  

142.  van der Zee RPt increasing incidence of anal cancer: can it be explained by trends in risk 

groups?, Richel O, de Vries HJC, Prins JM. The increasing incidence of anal cancer: can it 

be explained by trends in risk groups? Neth J Med. 2013 Oct;71(8):401–11.  

143.  Ferlay J, Soerjomataram I, Dikshit R, Eser S, Mathers C, Rebelo M, et al. Cancer incidence 

and mortality worldwide: sources, methods and major patterns in  GLOBOCAN 2012. Int J 

cancer. 2015 Mar;136(5):E359-86.  

144.  Parfenov M, Pedamallu CS, Gehlenborg N, Freeman SS, Danilova L, Bristow CA, et al. 

Characterization of HPV and host genome interactions in primary head and neck cancers. 

Proc Natl Acad Sci. 2014;111(43):15544–9.  

145.  Morgan IM, Dinardo LJ, Windle B. Integration of human papillomavirus genomes in head 

and neck cancer: Is it time to consider a paradigm shift? Viruses. 2017;9(8).  

146.  Castellsagué X, Alemany L, Quer M, Halec G, Quirós B, Tous S, et al. HPV Involvement in 

Head and Neck Cancers: Comprehensive Assessment of Biomarkers in 3680 Patients. J Natl 

Cancer Inst. 2016;108(6):1–12.  

147.  Curry JM, Sprandio J, Cognetti D, Luginbuhl A, Bar-Ad V, Pribitkin E, et al. Tumor 

microenvironment in head and neck squamous cell carcinoma. Semin Oncol. 

2014;41(2):217–34.  

148.  Chaturvedi AK, Engels EA, Pfeiffer RM, Hernandez BY, Xiao W, Kim E, et al. Human 

papillomavirus and rising oropharyngeal cancer incidence in the United States. J Clin 

Oncol. 2011;29(32):4294–301.  

149.  Saunders CL, Meads C, Abel GA, Lyratzopoulos G. Associations Between Sexual 

Orientation and Overall and Site-Specific Diagnosis of Cancer: Evidence From Two 

National Patient Surveys in England. J Clin Oncol . 2017 Nov;35(32):3654–61.  

150.  Lucas-Roxburgh R, Benschop J, Lockett B, Van Den Heever U, Williams R, Howe L. The 

prevalence of human papillomavirus in oropharyngeal cancer in a New Zealand population. 

PLoS One. 2017;12(10):1–13.  

151.  Santos C, Vilanova M, Medeiros R, Gil da Costa RM. HPV–transgenic mouse models: 

Tools for Studying the Cancer–Associated Immune Response. Virus Res. 2017;235:49–57.  

152.  Coussens LM, Hanahan D, Arbeit JM. Genetic predisposition and parameters of malignant 

progression in K14- HPV16 transgenic mice. AmJPathol. 1996;149(6):1899–917.  



Bibliography 

 

 82 

153.  Arbeit JM, Munger K, Howley PM, Hanahan D. Progressive Squamous Epithelial 

Neoplasia in K14-Human Papillomavirus Type 16 Transgenic Mice. J Virol. 

1994;68(7):4358–68.  

154.  Hu Z, Zhu D, Wang W, Li W, Jia W, Zeng X, et al. Genome-wide profiling of HPV 

integration in cervical cancer identifies clustered  genomic hot spots and a potential 

microhomology-mediated integration mechanism. Nat Genet. 2015 Feb;47(2):158–63.  

155.  Olthof NC, Speel EJM, Kolligs J, Haesevoets A, Henfling M, Ramaekers FCS, et al. 

Comprehensive analysis of HPV16 integration in OSCC reveals no significant impact of 

physical status on viral oncogene and virally disrupted human gene expression. PLoS One. 

2014;9(2):1–8.  

156.  Cheng J, Turksen K, Yu QC, Schreiber H, Teng M, Fuchs E. Cachexia and graft-vs.-host-

disease-type skin changes in keratin promoter-driven TNF alpha transgenic mice. Genes 

Dev. 1992;6(8):1444–56.  

157.  Guo L, Yu QC, Fuchs E. Targeting expression of keratinocyte growth factor to 

keratinocytes elicits striking changes in epithelial differentiation in transgenic mice. EMBO 

J. 1993;12(3):973–86.  

158.  Sethi N, Palefsky J. Transcriptional profiling of dysplastic lesions in K14-HPV16 transgenic 

mice using laser microdissection. FASEB J. 2004;18(11):1243–5.  

159.  Smith-McCune K, Zhu YH, Hanahan D, Arbeit J. Cross-species comparison of 

angiogenesis during the premalignant stages of squamous carcinogenesis in the human 

cervix and K14-HPV16 transgenic mice. Cancer Res. 1997;57(7):1294–300.  

160.  De Visser KE, Korets L V., Coussens LM. De novo carcinogenesis promoted by chronic 

inflammation is B lymphocyte dependent. Cancer Cell. 2005;7(5):411–23.  

161.  Di Paola M, Sani C, Clemente AM, Iossa A, Perissi E, Castronovo G, et al. Characterization 

of cervico-vaginal microbiota in women developing persistent high-risk Human 

Papillomavirus infection. Sci Rep. 2017;7(1):1–12.  

162.  Wiens ME, Smith JG. Alpha-Defensin HD5 Inhibits Furin Cleavage of Human 

Papillomavirus 16 L2 To Block Infection. J Virol. 2015;89(5):2866–74.  

163.  Hubert P, Herman L, Roncarati P, Maillard C, Renoux V, Demoulin S, et al. Altered a-

defensin 5 expression in cervical squamocolumnar junction: implication in the formation of 

a viral/tumour-permissive microenvironment. J Pathol. 2014;234(4):464–77.  

164.  Arbeit JM, Howley PM, Hanahan D. Chronic estrogen-induced cervical and vaginal 

squamous carcinogenesis in human papillomavirus type 16 transgenic mice. Proc Natl Acad 

Sci U S A. 1996;93(7):2930–5.  

165.  Kovats S. Estrogen receptors regulate innate immune cells and signaling pathways. Cell 

Immunol. 2015;294(2):63–9.  

166.  Radonić A, Thulke S, Mackay IM, Landt O, Siegert W, Nitsche A. Guideline to reference 

gene selection for quantitative real-time PCR. Biochem Biophys Res Commun. 

2004;313(4):856–62.  

167.  Lifetechnologies. Using Taqman ® endogenous Control Assays to select an endogenous 

control for experimental studies. Gene Expr. 2011;(4367563).  

168.  Andersen CL, Jensen JL, Ørntoft TF. Normalization of real-time quantitative reverse 

transcription-PCR data: A model-based variance estimation approach to identify genes 

suited for normalization, applied to bladder and colon cancer data sets. Cancer Res. 

2004;64(15):5245–50.  



Bibliography 

 

 83 

169.  Ho CM, Lee BH, Chang SF, Chien TY, Huang SH, Yan CC, et al. Type-specific human 

papillomavirus oncogene messenger RNA levels correlate with the severity of cervical 

neoplasia. Int J Cancer. 2010;127(3):622–32.  

170.  Lindquist D, Romanitan M, Hammarstedt L, Näsman A, Dahlstrand H, Lindholm J, et al. 

Human papillomavirus is a favourable prognostic factor in tonsillar cancer and its 

oncogenic role is supported by the expression of E6 and E7. Mol Oncol. 2007;1(3):350–5.  

171.  Moriwaki K, Luz NF, Balaji S, Rosa MJ De, O’Donnell CL, Gough PJ, et al. The 

mitochondrial phosphatase PGAM5 is dispensable for necroptosis but promotes 

inflammasome activation in macrophages. J Immunol. 2016;196(1):407–15.  

172.  Oliveira PA, Gil da Costa RM, Vasconcelos-Nobrega C, Arantes-Rodrigues R, Pinto-Leite 

R. Challenges with in vitro and in vivo experimental models of urinary bladder cancer for 

novel drug discovery. Expert Opin Drug Discov. 2016 Jun;11(6):599–607.  

173.  De Visser KE, Eichten A, Coussens LM. Paradoxical roles of the immune system during 

cancer development. Nat Rev Cancer. 2006;6(1):24–37.  

174.  Bingle L, Brown NJ, Lewis CE. The role of tumour-associated macrophages in tumour 

progression : implications for new anticancer therapies. J Pathol. 2002;196:254–65.  

175.  Hammes LS, Rao R, Naud P, Isabel M, Kirma N, Valente PT, et al. Macrophages , 

inflammation and risk of cervical intraepithelial neoplasia ( CIN ) progression — 

Clinicopathological correlation. Gynecol Oncol. 2007;105:157–65.  

176.  Lepique AP, Regina K, Daghastanli P, Cuccovia IM, Villa LL. HPV16 Tumor Associated 

Macrophages Suppress Antitumor T Cell Responses. Cancer Ther Preclin. 

2009;15(13):4391–401.  

177.  Beatriz L, Boccardo E, Termini L, Rabachini T, Andreoli A, Loreto C, et al. HPV16 

Oncoproteins Induce MMPs / RECK-TIMP-2 Imbalance in Primary Keratinocytes : 

Possible Implications in Cervical Carcinogenesis. PLoS One. 2012;7(3):1–9.  

178.  Lucia K, Alvarez F, Beldi M, Sarmanho F, Marques RA, Raony C, et al. Local and systemic 

immunomodulatory mechanisms triggered by Human Papillomavirus transformed cells : a 

potential role for G-CSF and neutrophils. Sci Rep. 2017;7(1):9002.  

179.  Kaewprag J, Umnajvijit W, Ngamkham J, Ponglikitmongkol M. HPV16 Oncoproteins 

Promote Cervical Cancer Invasiveness by Upregulating Specific Matrix Metalloproteinases. 

PLoS One. 2013;8(8):1–11.  

180.  Andrews E, Seaman WT, Webster-Cyriaque J. Oropharyngeal carcinoma in non-smokers 

and non-drinkers: A role for HPV. Oral Oncol. 2009;45(6):486–91.  

181.  Liang Jin, Mei Qi, Da-Zhi Chen, Ann Anderson, Gaung-Yu Yang, Jeffrey M. Arbeit  and 

KJA. Indole-3-Carbinol Prevents Cervical Cancer in Human Papilloma Virus Type 16 

(HPV16) Transgenic Mice. Cancer Res. 1999;59:3991–7.  

182.  Spurgeon ME, den Boon JA, Horswill M, Barthakur S, Forouzan O, Rader JS, et al. Human 

papillomavirus oncogenes reprogram the cervical cancer microenvironment independently 

of and synergistically with estrogen. Proc Natl Acad Sci. 2017;114(43):E9076–85.  

183.  Termini L, Fregnani JH, Boccardo E, Costa WH, Longatto-filho A, Andreoli MA, et al. 

SOD2 immunoexpression predicts lymph node metastasis in penile cancer. BMC Cinical 

Pathol. 2015;15(3):1–8.  

184.  Li N, Yang L, Zhang Y, Zhao P, Zheng T, Dai M. Human Papillomavirus Infection and 

Bladder Cancer Risk : A Meta-analysis. 2011;204(January 1989):217–23.  

185.  Shigehara K, Sasagawa T, Namiki M. Human papillomavirus infection and pathogenesis in 



Bibliography 

 

 84 

urothelial cells: A mini-review. J Infect Chemother [Internet]. 2014;20(12):741–7. 

Available from: http://dx.doi.org/10.1016/j.jiac.2014.08.033 

186.  Papafotiou G, Paraskevopoulou V, Vasilaki E, Kanaki Z, Paschalidis N, Klinakis A. KRT14 

marks a subpopulation of bladder basal cells with pivotal role in regeneration and 

tumorigenesis. Nat Commun. 2016;7(May):1–11.  

187.  Chung S, Franceschi S, Lambert PF. Estrogen and ERα: Culprits in Cervical Cancer? 

Trends Endocrinol Metab. 2010;21(8):504–11.  

188.  Khare S, Pater MM, Tang SC, Pater A. Effect of glucocorticoid hormones on viral gene 

expression, growth, and dysplastic differentiation in HPV16-immortalized ectocervical 

cells. Exp Cell Res. 1997;232(2):353–60.  

189.  Moore MJ, Proudfoot NJ. Pre-mRNA processing reaches back to transcription and ahead to 

translation. Cell. 2009 Feb;136(4):688–700.  

190.  De Conti L, Baralle M, Buratti E. Exon and intron definition in pre-mRNA splicing. Wiley 

Interdiscip Rev RNA. 2013;4(1):49–60.  

191.  Olmedo-Nieva L, Muñoz-Bello JO, Contreras-Paredes A, Lizano M. The Role of E6 

Spliced Isoforms (E6*) in Human Papillomavirus-Induced Carcinogenesis. Viruses. 

2018;10(1):1–20.  

192.  Johansson C, Schwartz S. Regulation of human papillomavirus gene expression by splicing 

and polyadenylation. Nat Rev Microbiol. 2013;11(4):239–51.  

193.  Graham S V., Faizo AAA. Control of human papillomavirus gene expression by alternative 

splicing. Virus Res. 2017;231:83–95.  

194.  Cerasuolo A, Annunziata C, Tortora M, Starita N, Stellato G, Greggi S, et al. Comparative 

analysis of HPV16 gene expression profiles in cervical and in oropharyngeal squamous cell 

carcinoma. Oncotarget, 2017;8(21):34070–81.  

195.  Graham S V. Human Papillomavirus E2 Protein: Linking Replication, Transcription, and 

RNA Processing. J Virol. 2016;90(19):8384–8.  

196.  Rosenberger S, Arce JD-C, Langbein L, Steenbergen RDM, Rosl F. Alternative splicing of 

human papillomavirus type-16 E6/E6* early mRNA is coupled to EGF signaling via Erk1/2 

activation. Proc Natl Acad Sci. 2010;107(15):7006–11.  

197.  Pim D, Collins M, Banks L. Human papillomavirus type 16 E5 gene stimulates the 

transforming activity of the  epidermal growth factor receptor. Oncogene. 1992 Jan;7(1):27–

32.  

198.  Dujardin G, Lafaille C, Petrillo E, Buggiano V, Gómez Acuña LI, Fiszbein A, et al. 

Transcriptional elongation and alternative splicing. Biochim Biophys Acta - Gene Regul 

Mech. 2013;1829(1):134–40.  

199.  Giraudo E, Inoue M, Hanahan D. An amino-bisphosphonate targets MMP-9 - Expressing 

macrophages and angiogenesis to impair cervical carcinogenesis. J Clin Invest. 

2004;114(5):623–33.  

200.  Coussens LM, Raymond WW, Bergers G, Laig-Webster M, Behrendtsen O, Werb Z, et al. 

Inflammatory mast cells up-regulate angiogenesis during squamous epithelial 

carcinogenesis. Genes Dev. 1999;13(11):1382–97.  

201.  Estevao D, Rios Costa N, da Costa RG, Medeiros R. Genome editing with Cas9 in adult 

mice corrects a disease mutation and phenotype. Futur Oncol. 2018 Jul;  

202.  Zhen S, Hua L, Takahashi Y, Narita S, Liu YH, Li Y. In vitro and in vivo growth 



Bibliography 

 

 85 

suppression of human papillomavirus 16-positive cervical cancer cells by CRISPR/Cas9. 

Biochem Biophys Res Commun. 2014;450(4):1422–6.  

203.  Zhen S, Lu J-J, Wang L-J, Sun X-M, Zhang J-Q, Li X, et al. In Vitro and In Vivo 

Synergistic Therapeutic Effect of Cisplatin with Human Papillomavirus16 E6/E7 

CRISPR/Cas9 on Cervical Cancer Cell Line. Transl Oncol. 2016;9(6):498–504.  

204.  Yu L, Wang X, Zhu D, Ding W, Wang L, Zhang C, et al. Disruption of human 

papillomavirus 16 E6 gene by clustered regularly interspaced short palindromic repeat/Cas 

system in human cervical cancer cells. Onco Targets Ther. 2014;8:37–44.  



Annexes 

 

 I 

 

VIII. Annexes 

 

8.1. Median, Q1 and Q3 values of E6, E7 and E5 mRNA 

expression  
 

 

 

 

 

 

 

 

 

 

E6_base 

of the 

tongue 

 

E7_base 

of the 

tongue 

 

E5_base 

of the 

tongue 

 

E6_anus 

 

E7_anus 

 

E5_anus 

 

E6_uterine 

cervix 

 

E7_uterine 

cervix 

 

E5_uterine 

cervix 

Median 5,145 2,095 -0,955 4,135 2,520 -0,430 1,795 -2,440 -4,940 

Q1 4,086 1,448 -1,308 3,362 1,558 -1,380 0,705 -3,998 -6,103 

Q3 5,658 2,485 -0,722 5,183 3,070 0,215 5,615 1,943 -0,528 

 
E6_base of 

the tongue 

E7_base of 

the tongue 

E5_base of 

the tongue 
E6_anus E7_anus E5_anus E6_penis E7_penis E5_penis 

Median 2,560 1,900 -0,720 4,200 1,550 -0,130 1,870 1,570 -1,120 

Q1 1,350 0,195 -1,755 2,245 -0,865 -2,185 0,550 -0,170 -2,708 

Q3 4,675 4,320 2,080 5,450 1,985 0,760 2,855 2,655 0,352 

 
E6_base 

of the 

tongue 

E7_base 

of the 

tongue 

E5_base 

of the 

tongue 

E6_anus E7_anus E5_anus E6_uterine 
cervix 

E7_uterine 
cervix 

E5_uterine 
cervix 

E6_bladder E7_bladder 

Median 5,145 2,095 -0,955 4,135 2,520 -0,430 1,795 -2,440 -4,940 -6,650 -9,150 

Q1 4,086 1,448 -1,308 3,362 1,558 -1,380 0,705 -3,998 -6,103 -8,120 -10,30 

Q3 5,658 2,485 -0,722 5,183 3,070 0,215 5,615 1m943 0,528 -4,83 -8,30 

Table 12. E6, E7 and E5 values of Median, Q1 and Q3 in K14-HPV16 female base of tongue, anus and bladder 

Table 10. E6, E7 and E5 values of Median, Quartile 1 (Q1) and Quartile 3 (Q3) in K14-HPV16 female mice base of 

tongue, anus and uterine cervix.  

Table 11. E6, E7 and E5 values of Median, Q1 and Q3 in K14-HPV16 male mice base of tongue, anus and penis.    
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 E6_base of the 

tongue female 

E7_base of the 

tongue female 

E5_base of the 

tongue female 

E6_base of 

the tongue 

male 

E7_base of 

the tongue 

male 

E5_base of 

the tongue 

male 

Median 5,145 2,095 -0,955 2,560 1,900 -0,720 

Q1 4,086 1,448 -1,308 1,350 0,195 -1,755 

Q3 5,658 2,485 -0,722 4,675 4,320 2,080 

 E6_anus 

female 

E7_anus 

female 

E5_anus 

female 

E6_anus 

male 

E7_anus 

male 

E5_anus 

male 

Median 4,135 2,520 -0,430 4,200 1,550 -0,130 

Q1 3,362 1,558 -1,380 2,245 -0,865 -2,185 

Q3 5,183 3,070 0,215 5,450 1,985 0,760 

 E6_LSIL E7_LSIL E5_LSIL E6_HSIL/SCC E7_HSIL_SCC E5_HSIL_SCC 

Median 5,140 2,060 -0,900 5,170 2,210 -1,115 

Q1 2,245 0,590 -1,745 4,258 1,323 -2,275 

Q3 5,450 2,430 0,330 5,873 2,535 0,7500 

Table 13. E6, E7 and E5 values of Median, Q1 and Q3 in K14-HPV16 female and male base of the tongue. 

Table 14. E6, E7 and E5 values of Median, Q1 and Q3 in female and male anal samples.  

 

Table 15.  E6, E7 and E5 Values of Median, Q1 and Q3 in female base of the tongue LSIL and HSIL/ SCC 
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8.2. Oral communication in the EUROGIN 2018, Lisbon, 

Portugal 
 

K14-HPV16 MOUSE MODEL: A JOURNEY TOWARDS EARLY HPV-

INDUCED HEAD AND NECK VS ANAL AND UTERINE 

CARCINOGENESIS   
 
Diogo Estêvão a,b,, Verónica Filipa Mestre e,f, Beatriz Medeiros-Fonseca e,f,, Francisca Diasa, Margarida 

M.S.M. Bastos d, ,Paula A. Oliveira e,f,, Natália Rios Costa a, Rui M. Gil da Costa a, d, e , Rui Medeiros a, b, c, g 

 

a Molecular Oncology and Viral Pathology Group, IPO-Porto Research Center (CI-IPOP), Portuguese 

Institute of Oncology of Porto (IPO-Porto), Rua Dr. António Bernardino de Almeida, 4200-072 

Porto, Portugal 

b FMUP, Faculty of Medicine, University of Porto, Alameda Professor Hernâni Monteiro, 4200-319 Porto, 

Portugal 

c LPCC, Research Department Portuguese League Against Cancer (Liga Portuguesa Contra o Cancro—

Núcleo Regional do Norte), Estrada Interior da Circunvalação, no. 6657, 4200-177 Porto, 

Portugal 

d LEPABE, Faculty of Engineering, University of Porto, Rua Dr. Roberto Frias s/n, 4200-465 Porto, Portugal 

e Center for the Research and Technology of Agro-Environmental and Biological Sciences (CITAB), 

University of Trás-os-Montes and Alto Douro, UTAD, Quinta de Prados, 5001-911 Vila Real, 

Portugal 

f Veterinary Sciences Department, University of Trás-os-Montes and Alto Douro, UTAD, Quinta de Prados, 

5001-801 Vila Real, Portugal 

g CEBIMED, Faculty of Health Sciences, Fernando Pessoa University, Porto, Portugal 

 

Background/Objectives: Human Papillomavirus (HPV) is the most common sexual transmitted agent 

worldwide, being also responsible for 5 % of all human cancers.  Even though cervical cancer is 

thought to be reducing, HPV positive anogenital and head and neck cancers are regrettably 

increasing. Differences in the natural history of HPV have been observed by gender and anatomic 

sites of infection where epithelial backgrounds and tissue microenvironment may play a crucial role. 

The main goal of this study was to understand if E6, E7 and E5 oncoproteins may promote distinct 

roles in the carcinogenesis cascade in K14-HPV16 mice model base of tongue, anus and uterine 

cervix characterized by different tissue microenvironments. Methods: The base of the tongue, anus 

and uterine cervix samples were collected from 10 female 30-week-old K14-HPV16 transgenic mice. 

Histopathological analysis of the tissues was performed for tissue characterization. Tissue samples 

were classified as normal, hyperplasic, dysplastic and carcinoma.  The E6, E7 and E5 mRNA levels 

were quantified by real-time PCR being normalized by a combination of the best two housekeeping 

genes. Statistical analysis was performed using the IBM SPSS Statistics (Version 24.0). Mann-

Whitney tests were used to evaluate statistical differences in normalized relative expression (–ΔCt) 

of the E6, E7 and E5 genes among the different tissue samples. Results:  We observed a higher 

incidence of more advanced lesions, namely HSIL and carcinoma on the base of the tongue tissue 

samples in comparison with the anus where all lesions were hyperplasic. All the uterine cervix 

samples presented to be normal. Furthermore, the expression of the oncogenic HPV viral mRNA was 



Annexes 

 

 V 

detected across tissues with no significant overexpression within the different lesions.  Conclusion: 

This study enlightens the proof of concept of an earlier and less-cofactor dependent carcinogenesis 

induced by HPV in oropharyngeal cancers in comparison with other anatomic localizations. In the 

base of the tongue, cancer was induced within the mice 30 weeks period, in comparison with the 

anus and uterine cervix, where HPV itself seems not to be sufficient to promote advanced lesions 

even though the expression of the viral mRNA´s are detected and similar within the tissues.  Future 

studies should focus on understanding the behaviour of the HPV oncoproteins and the related 

oncogenic pathways at multiple anatomic locations of infection, representing different tissue 

microenvironments. This might allow a better understanding of tissue-specific HPV-related 

carcinogenic steps and a consequent precision therapy.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Annexes 

 

 VI 

8.3. Poster presentation in the Aims Meeting 2019, 

Lisbon, Portugal  
 

K14-HPV16 MOUSE MODEL: A JOURNEY TOWARDS EARLY HPV-

INDUCED HEAD AND NECK VS ANAl, UTERINE AND BLADDER 

CARCINOGENESIS   
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University of Trás-os-Montes and Alto Douro, UTAD, Quinta de Prados, 5001-911 Vila Real, 

Portugal 

f Veterinary Sciences Department, University of Trás-os-Montes and Alto Douro, UTAD, Quinta de Prados, 

5001-801 Vila Real, Portugal 

g CEBIMED, Faculty of Health Sciences, Fernando Pessoa University, Porto, Portugal 

 

Introduction: Differences in the natural history of HPV have been observed in the anatomic sites of 

infection, where epithelial backgrounds and tissue microenvironments may play a crucial role. The 

main goal of this study was to observe if E6, E7 and E5 HPV oncoproteins trigger distinct 

carcinogenic pathways in the K14-HPV16 mouse model, on the base of tongue, anus, uterine cervix, 

penis and bladder, which are characterized by different tissue microenvironments and epithelia. 

Methods: Samples from the base of the tongue, anus, uterine cervix and bladder were collected from 

ten K14-HPV16 female mice 30-week-old. The E6, E7 and E5 mRNA levels were quantified by RT-

PCR, after normalization using the best two housekeeping genes. Histopathological analysis of the 

tissues was performed for tissue characterization and classified as normal, hyperplastic, dysplastic 

and carcinoma. Statistical analysis was performed using the IBM SPSS Statistics. Kruskal-Wallis 

tests were used to evaluate statistical differences in normalized relative expression of E6, E7 and E5 

Results: The expression pattern of the oncogenic HPV viral mRNAs E6, E7 and E5 was similarly 

detected across the tissues (p>0,05), except in the bladder (p< 0.01). However, we observed a higher 

incidence of more advanced lesions, namely dysplasia and squamous cell carcinoma in the base of 

the tongue when compared with the anus, where hyperplasia was the most observed lesion. In uterine 

cervix and bladder samples, only normal epithelium was observed. Alongside, no significant 

difference of the transgene’s HPV mRNAs E6, E7 and E5 expression were found within the three 

types of lesions that were characterized in this study (p=0,831, p=0,670 and p=0,522 respectively). 
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Conclusion: This study suggests that the carcinogenesis induced by HPV in oropharyngeal cancers 

is less dependent on co-factors, compared with the other anatomic locations. In the base of the tongue, 

cancer was induced within the mice 30 weeks period, in comparison with the other anatomic 

locations, where HPV is not sufficient to promote advanced lesions even though the expression of 

the viral mRNAs was detected similarly within the tissues.  Future studies should focus on 

understanding the behaviour of the HPV oncoproteins at multiple anatomic locations of infection, 

representing different tissue microenvironments. This might allow a better understanding of tissue-

specific HPV carcinogenesis and the development of precision therapies. 
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