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SUMMARY AND GENERAL DISCUSSION  

A persistent infection with certain types of the human papillomavirus (HPV) has 

been causally associated with the development of cervical cancer, as well as a 

subset of other anogenital and head-and-neck cancers [1]. So far, more than 150 

HPV types have been discovered that either infect the skin or mucosa and can 

cause warts, condylomas or cancer. Based on epidemiological data HPV types of 

the alpha genus (HPV types that infect the mucosa) are classified as high-risk 

(hrHPV) (i.e. HPV 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58 and 59: IARC group 1, 

frequently found in cervical cancers), probable/ possible hrHPV (i.e. HPV 26, 53, 66, 

67, 68, 70, 73 and 82: IARC group 2A/B, infrequently found in cervical cancers) and 

low-risk HPV (e.g. HPV6 and 11, associated with low-grade cervical lesions or 

condyloma) [2].  

At present HPV type specific cancer risks and precancer risks (i.e. high grade 

cervical intraepithelial neoplasia; CIN2/3) have been assessed based on 

epidemiologic data [2]. However, the actual oncogenic risk of low prevalent types is 

still undefined and the precise mechanisms underlying HPV-induced carcinogenesis 

are still not fully understood. Research on the most prevalent types HPV16 and 

HPV18 has revealed that deregulated expression of the viral oncogenes E6 and E7 

in the dividing basal cells of the epithelium is a main driver of malignant 

transformation. However, the mechanisms underlying E6 and E7 deregulation are 

still unclear, and may involve DNA methylation of viral regulatory sequences as is 

subject of Chapter 2. Next to altered viral oncogene expression, additional 

alterations in the host cell genome are required to develop invasive cervical cancer. 

To what extent viral oncogenicity and the required additive host cell alterations are 

HPV type dependent is currently largely unknown.  

To study the temporality and accumulation of such host cell alterations the use of 

in vitro models has proven to be very useful [3-5]. Most studies focused on HPV16 

and 18, and limited data exists on other hrHPV types, in particular the 

probable/possible hrHPV types. Therefore, as part of this thesis in vitro models 
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containing common hrHPV and less prevalent probable/possible hrHPV were 

generated to study their immortalization capacity and the epigenetic and genetic 

aberrations that contribute to the immortalization process (Chapters 3 to 5).  

 

Deregulated expression of E6 and E7 in the dividing basal cells marks the onset of 

malignant transformation. Expression of E6 and E7 is regulated through an 

upstream promoter and enhancer region, known as long control region (LCR). 

During the normal course of viral infection the E2 gene regulates E6 and E7 

expression. E2 can bind to four E2 binding sites (E2BS) that reside in the LCR, which 

results in E6 and E7 repression [6, 7]. Consequently, upon inactivation of the E2 

gene, expression of E6 and E7 is altered. Inactivation of E2 can either occur by 

disruption of E2 upon integration of the viral genome into the host cell genome [8], 

by inhibition of E2 binding to E2 binding sites (E2BS) upon DNA methylation of CpG 

dinucleotides within the E2BS [9, 10] or by deregulated transcription factor binding 

and activity [11].  

In Chapter 2 we developed a novel methylation detection method based on 

Methylation-independent PCR (MIP) in combination with the Luminex® xMAP™ 

system to determine the frequency of E2BS methylation in HPV16-positive high-

grade CIN lesions (CIN3) and squamous cell carcinoma (SCC). With the use of MIP, 

DNA was amplified independent of its methylation status. Subsequently, the 

Luminex® xMAP™ system was used to distinguish methylated and unmethylated 

CpGs in E2BS1, E2BS3 and E2BS4. The Luminex® xMAP™ system was very sensitive 

with a limit of detection of 0,5- 1% methylated DNA in a background of 

unmethylated DNA. We found that the frequency of E2BS methylation was 

significantly higher in SCC compared to CIN3 and normal controls. When combining 

methylation results of E2BS1, E2BS3 and E2BS4 all SCC (100%) were methylation 

positive, compared to 58% of the CIN3 and 24% of the controls. Of the three E2BSs 

analyzed, particularly methylation of E2BS3 occurred proportional to severity of 

cervical disease and provided the best distinction between controls (6% positive), 
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CIN3 (47% positive) and SCC (90% positive), and may provide a good indicator of 

disease progression. Interestingly, whereas the far majority of CIN3 lesions show 

diffuse p16INK4A staining [12], reflecting a transforming HPV infection (i.e. 

deregulated E6 and E7 expression in dividing cells) and onset of malignant 

transformation [1], E2BS methylation was detected in only half of CIN3 lesions. This 

indicates that next to DNA methylation of E2BS, also other mechanisms may 

contribute to E6/E7 mRNA expression deregulation (see Discussion below).  

 

Following a transforming HPV infection, the acquisition of an immortal phenotype 

represents a key oncogenic event driving subsequent malignant transformation, 

HPV16- and 18-induced immortalization is characterized by the activation of 

telomerase upon upregulation of its catalytic subunit hTERT. These markers of 

immortalization have been detected in a subset of CIN3 lesions and the far majority 

of cervical carcinomas, underlining its importance in cervical carcinogenesis [13]. 

To study the immortalization capacity of various high-risk as well as 

probable/possible hrHPV types and to unravel the accompanying host cell 

alterations novel longitudinal in vitro models have been developed in Chapter 3. To 

this end, retroviral constructs containing two possible/probable high-risk (HPV66 

and 70) and nine hrHPV types (HPV16, 18, 31, 33, 35, 45, 51, 52 and 59) E6/E7 open 

reading frames were transduced to primary human foreskin keratinocytes (HFK) 

isolated from two to three independent donors. Cells were monitored for their 

growth behavior in culture, their capability to degrade the tumor suppressors p53 

and pRb, their ability to activate telomerase and to differentiate on organotypic 

raft-cultures. One low-risk HPV type (HPV11) and the empty vector were included 

as controls. Differential immortalization capacities between the HPV types were 

observed in which closely related types (HPV16, 31, 33 and 35 and to a lesser 

extent HPV18) showed the highest growth promoting activities early during the 

immortalization process. HPV45, 51, 59, 66 and 70 were less efficient in inducing 

immortalization by showing a strong crisis period prior to immortalization. HPV52 
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invariably induced an extended lifespan, but failed to induce immortalization. The 

differential immortalization capacities were associated with an early onset of 

hTERT expression in the cell lines transduced with the more efficient HPV types and 

better degradation of p53 by E6 compared to the less efficient HPV types. The 

observation that p53 degradation was less prominent in HPV51, 52, 66 and 70 cell 

lines may indicate that p53 can still be activated in response to DNA damage and 

other cellular stresses and thereby contribute to the induction of crisis [14].  

 

The observed crisis period prior to immortalization in HPV45-, 51-, 59-, 66- and 70-

transduced cells may suggest that these cells require more additional (epi)genetic 

hits in host cell genes to acquire an immortal phenotype. Alternatively, the timing 

of these events may differ between cells transduced with HPV16, 18, 31, 33 and 35 

versus cells transduced with HPV 45, 51, 59, 66 and 70, thereby evading a crisis 

period upon E6/E7 expression of the more oncogenic types. To study these 

hypotheses epigenetic and genetic events during immortalization were studied in 

Chapter 4 and Chapter 5, respectively. 

Epigenetic events associated with HPV-induced cervical carcinogenesis include 

promoter DNA methylation of various host cell genes, that often result in silencing 

of the respective genes. Frequently methylated genes in cervical cancer include 

APC, CADM1, CYGB, FAM19A4, hTERT, miR124-1, miR124-2, miR124-3, MAL, 

PHACTR3, PRDM14, RASSF1A, ROBO3, and SFRP2 (for reviews see refs. [1, 15-17]). 

For CADM1, hTERT, MAL, miR124, PRDM14 and SFRP2 a functional role of 

methylation-mediated gene silencing in HPV-induced transformation could be 

demonstrated [18-23]. In Chapter 4 we investigated HPV16, 18, 31, 33, 45, 66 and 

70 containing cell lines for the onset of DNA methylation of 14 (tumor suppressor) 

genes (APC, CADM1, CYGB, FAM19A4, hTERT, miR124-1, miR124-2, miR124-3, MAL, 

PHACTR3, PRDM14, RASSF1A, ROBO3, and SFRP2) during immortalization. Various 

passages (from pre-immortal to late immortal passages; passages 15 to 80) were 

analyzed using quantitative methylation specific PCR (qMSP). It was found that the 
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onset of methylation occurs at early passages and both methylation levels and 

number of genes targeted by methylation increase with passaging. Methylation of 

hTERT, miR124-2 and PRDM14 was already evident at low levels in stage 1 (pre-

immortal) cells followed by ROBO3 in stage 2 (early immortal) cells and CYGB at 

stage 3 (middle immortal). In stage 4 (late immortal) cells FAM19A4, MAL, 

PHACTR3 and SFRP2 methylation became additively apparent. For most genes, the 

onset and level of methylation was not related to the growth behavior of the cell 

lines in culture. Only hTERT showed significantly increased methylation levels at 

stage 2 in cells that just escaped crisis (HPV 45, 66 and 70). HTERT has previously 

been shown to be activated by DNA methylation [19, 24-27]. Consequently, 

increased methylation of hTERT at stage 2 in cells immortalized by the less 

oncogenic types may have contributed to hTERT upregulation, resulting in 

telomerase activation and the acquisition of an immortal phenotype. The lower 

hTERT methylation levels at stage 2 in cells showing a continuous growth was 

associated with an early onset of hTERT expression (see Chapter 3) which may be 

initiated by the E6 genes itself, as has previously been shown by van Doorslaer et 

al. [28]. At stage 3 the difference in hTERT methylation between cells with and 

without a crisis leveled off. Bisulfite sequencing confirmed increased methylation in 

immortal cells compared to controls, with the transcription core and known 

repressor sites remaining largely unmethylated.  

 

In Chapter 5 we investigated the chromosomal aberrations in relation to the 

differential immortalization capacities. Chromosomal profiling using array 

comparative genomic hybridization (arrayCGH) of our in vitro models showed an 

increase in the number of chromosomal aberrations with progression from the 

mortal to the immortal stage. Interestingly, immortal cells of cell lines that 

encountered a crisis period (HPV45, 51, 59, 66 and 70-immortalized cells) showed a 

significantly higher number of chromosomal gains compared to cell lines that 

showed a continuous growth (HPV16, 18, 31, 33, 35-immortalized cells). Thus, the 
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higher immortalization capacities of HPV16, 18, 31, 33 and 35 are not related to 

increased numbers of chromosomal abnormalities. Instead, if functionally essential, 

increased numbers of chromosomal aberrations are likely to be required to induce 

immortalization by less oncogenic types. Such a HPV type dependent number of 

chromosomal aberration has also previously been described in high-grade CIN 

lesions [29]. Chromosomal aberrations leading to a gain of an oncogene or a loss of 

a tumor suppressor gene, may provide a growth advantage in culture and 

contribute to the immortalization process. One interesting observation in our cell 

line models was the detection of gains at 5p, encoding both the DROSHA and the 

hTERT genes, exclusively in cell lines that encountered a crisis period. Furthermore, 

the differential number of chromosomal abnormalities could not be explained by 

differential induction of DNA double strand breaks by E6 and E7 expression. 

Preliminary data on the mutation analysis of 48 cancer genes indicated that 

somatic mutations are extremely rare (data not shown). Therefore, we propose 

that HPV type dependent immortalization capacity, as reflected by differential 

growth behaviors of HPV-transduced HFKs, is particularly associated with variability 

in CNA, in which CNA aberrations are likely to provide a growth advantage and 

enable the bypass of crisis. 

 

Discussion and Future Perspectives 

As outlined above the results described in this thesis have largely enhanced our 

current understanding of HPV-mediated transformation, both with respect to DNA 

methylation-mediated regulation of viral gene expression as to HPV type-

dependent capacities and mechanisms of in vitro immortalization. A summary of 

the results obtained by the in vitro studies is shown in Figure 1.  

Deregulated viral oncogene expression drives HPV-induced transformation and 

constitutes a hallmark of many high-grade CIN lesions, also referred to as 

transforming CIN lesions. Aberrant E7 activity in dividing cells is characterized by 

diffuse p16INK4A staining and virtually all CIN3 lesions are p16INK4A positive [12]. 
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The findings described in Chapter 2 on E2BS methylation indicate that next to DNA 

methylation of E2BS, as was detected in 58% of CIN3 lesions, other mechanisms are 

likely to contribute to E6/E7 deregulation in CIN3 lesions. For the subset of 

transforming CIN3 lesions in which E2BS methylation seemingly did not contribute 

to E6/E7 deregulation altered transcription factor binding or activity and/or viral 

integration could be involved. With respect to the latter one, previous studies have 

shown that cervical specimens, including CIN3 and SCC, with episomal viral DNA 

generally show higher methylation levels compared to specimens that contain a 

single copy of integrated HPV DNA [30, 31]. In case of cancer cells with multiple 

integrated viral copies, as is seen in CaSki cells, E6/E7 expression is fine-tuned by 

high methylation levels resulting in non-actively transcribed copies [32]. With 

respect to our study it would be interesting to analyze whether in the CIN3 lesions 

with high E2BS3 and E2BS4 methylation levels viral DNA is present as an episome 

or as multiple copies integrated DNA. Lesions with relatively low methylation levels 

at both E2BSs may contain integrated HPV at single or low copy numbers.  

Concerning altered transcription factor binding and activity, previous studies have 

shown that the E2 protein can regulate E6/E7 expression by complex formation 

with multiple cellular proteins [11, 33]. These cellular proteins are required to 

maximize E2-mediated repression. Some of these proteins are known for their 

ability to remodel chromatin, suggesting that the chromatin microenvironment 

surrounding the LCR is important for E6/E7 regulation. Future studies may be 

directed towards samples without integrated viral DNA and in which methylation of 

the E2BSs is not detected to better characterize which alternative mechanisms may 

contribute to deregulated E6/E7 expression. Additionally, it may be interesting to 

compare LCR interacting factors in productive and transforming infections either or 

not in context of methylated E2BS. Recently, a still unknown protein has been 

detected that is able to bind to methylated E2BS1 and thereby results in a strong 

activation of the HPV promoter [34].  
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The new concept on cervical carcinomas arising from viral infection of embryonal 

squamo-columnar-junction (SCJ) cells may imply that in the absence of 

differentiation of this particular cell population, the need for viral promoter 

deregulation is circumvented and that these cells express E6/E7 at sufficiently high 

levels to induce transformation. In fact, expression of viral oncogenes in these SCJ 

has recently been described [35]. In line with these findings it would be of major 

interest to study viral promoter regulation in cuboidal embryonal SCJ cells versus 

metaplastic cells of the transformation zone.  

The data presented in Chapters 3 to 5 was based on cell line models that were 

created by retroviral expression of the viral oncogenes E6 and E7. Consequently, 

the level of viral oncogene expression may be above physiological levels when 

regulated by the natural promoter. Therefore, we cannot exclude that the 

immortalization efficiencies observed may be somewhat overstated or that subtle 

differences between HPV types may not be noticed using this approach. Similarly, 

the potential contribution of other viral genes such as E2 and E5 to HPV-induced 

immortalization remains undetermined. E2 has recently been suggested to possess 

oncogenic functions [36] and E5 has been shown to interact with the epidermal 

growth factor receptor (EGFR), which leads to cell proliferation (reviewed by [37]).  

Furthermore, although no differences in immortalization efficiencies have 

previously been found for the HPV types 11, 16, 18 and 31 in different cell types 

like primary human cervical, tonsillar, and foreskin keratinocytes [38], this may still 

be the case for less oncogenic types and may in part explain the differences in HPV 

type distributions amongst cancers at the various sites [2]. Our cell line models 

were created by transduction of human foreskin keratinocytes, rather than cervical 

epithelial cells. Given the new concept that infection of squamous columnar 

junction (SCJ) cells in the cervix is most likely to give rise to cervical carcinomas, 

future studies should draw attention to the analysis of HPV-induced 

immortalization in these cells. However, the low number of SJC cells in normal 

cervical tissue biopsies implies that this may be a technically demanding effort.  
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The data presented in Chapter 3 to 5 from our cell line models provides an 

excellent basis for future studies to better understand HPV type specific cervical 

carcinogenesis. Moreover, the cell line models may contribute to the discovery of 

markers for the early detection of cervical cancer or the development of an HPV 

type specific therapy. In Chapter 4 we studied the onset of DNA methylation of 

candidate tumor suppressor genes. For most genes methylation of their promoter 

region in cervical carcinomas and CIN3 lesions has been well established (reviewed 

by [1]), however little to no data exist for ROBO3 and CYGB. The results described 

in Chapter 4, showed that methylation of both ROBO3 and CYGB are common 

events that occur early in the transformation process. In follow up of these findings 

we determined their methylation patterns in cervical tissue specimens (W. Verlaat, 

unpublished results). For both genes methylation levels increased with progression 

of disease, with ROBO3 and CYGB methylation being detected in respectively 81% 

and 38% of cervical squamous cell carcinoma (SCC). This data shows that the newly 

created cell line models may offer valuable tools to define epigenetic changes 

associated with HPV-induced carcinogenesis that may applied for early detection of 

HPV-induced cancers. 

Furthermore, our data presented in Chapter 5 opens the door for further 

functional analysis. Regions found to be more often altered in cell lines that 

encountered a crisis period may harbor putative tumor suppressor genes or 

oncogenes, including both protein encoding genes and miRNAs, that are involved in 

HPV-induced immortalization. Candidate cancer genes, such as hTERT and DROSHA, 

located at the 5p locus that is frequently gained in cells that encountered a crisis 

period, may be studied by gene or epigenetic editing techniques and thereby reveal 

their (potentially yet unknown) role in HPV-mediated transformation. Recent 

studies have for example shown that hTERT has extra-telomeric functions that 

contribute to immortalization [39]. 

In addition, these model systems enable the analysis of viral-host interactions that 

either or not may be HPV type specific. Previous studies by Rozenblatt-Rozen et al. 
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[40] and White et al. [41, 42] showed that next to common viral E6/E7-host protein 

interactions also HPV type specific or genus-specific viral-host protein interactions 

exist (reviewed in [43]).  
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Figure 1: Schematic representation of the novel insights obtained in this thesis from our comparative 

analysis of primary human foreskin keratinocytes (HFK) of two to three donors transduced with eleven 

(probable/possible) hrHPV types. Four groups could be discerned based on their immortalization 

characteristics; 1) the control cell lines (untransduced HFK, empty vector/LZRS and low-risk HPV11) that 

senesced at the first proliferative lifespan barrier and, showed no degradation of the tumor suppressors 

p53 and pRB, had no hTERT expression, no substantial DNA methylation, no chromosomal aberrations 

(CNA) and only few cells stained positive for γH2AX, a marker of DNA-double strand breaks. 2) HFKs 

transduced with HPV52 that entered an extended lifespan, but did not become immortal. These cell 

lines showed slight p53 and pRB degradation, no hTERT expression, increased γH2AX staining and some 

CNA at the pre-immortal stage. 3) HFKs transduced with HPV45, 51, 59, 66 and 70, that became 

immortal following a long and strong crisis period. At early passage all cells showed a high number of 

DNA double stand breaks. With exception of HPV59 these cell lines showed some p53 degradation and 

more pRB degradation, and hTERT expression was evident following immortalization. In these cells 

hTERT methylation was already evident in pre-immortal cells, but increased in immortal cells and was 
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accompanied by a high number of CNA in immortal cell lines. 4) HPV16-, 18-, 31-, 33- and 35-transduced 

HFKs. These cell lines were characterized a high number of DNA double strand breaks (similar to group 

3) and by more p53 degradation compared to pRB degradation and low hTERT expression in pre-

immortal cells. In immortal cells hTERT expression was increased and accompanied by hTERT 

methylation. Compared to group 3 cells the frequency of CNA in immortal cells was still relatively low.  

In both group 3 and group 4 DNA methylation of the 14 evaluated genes increased with passaging, but 

except for hTERT methylation at early immortal passages (stage 2; see Chapter 4), no significant 

differences were observed between both groups. 
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