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S U M M A rY

Cervical cancer is the fourth most common cancer in women worldwide with highest 

incidence and mortality rates in low and middle income countries1. To decrease the 

mortality from and incidence of cervical cancer, effective prevention strategies have been 

developed, i.e. prophylactic human papillomavirus (HPV) vaccination (primary prevention) 

and cervical screening programmes (secondary prevention)2. Cervical screening leads to 

earlier detection and treatment of high-grade cervical intraepithelial neoplasia (CIN2/3) 

in symptom-free women, resulting in a decrease of cervical cancer3,4. Based on better 

protection against CIN2/3 and cervical cancer, The Netherlands has recently converted from 

cytology-based screening to HPV-based screening5. In this programme, also HPV testing 

on self-collected (cervico-)vaginal material (HPV self-sampling) is offered to non-attending 

women, which has been shown to increase the screening attendance rate6–9. Since many 

high-risk (hr) HPV infections are transient, a triage test is necessary to identify among 

hrHPV-positive women those with clinically relevant lesions (CIN2+) and who need referral 

to the gynaecologist. Accepted triage tests are cytology at baseline combined with repeat 

cytology at 6-12 months or cytology combined with HPV16/18 genotyping either or not 

combined with repeat cytology at 6-12 months. However, cytology as triage test has a 

number of disadvantages. It is subjective and knowing the hrHPV status has been shown to 

influence the result of the cytology report10–12. When the self-sampled specimen is hrHPV-

positive, the woman has to visit the physician for a cervical scrape, since the cytology 

result on self-sampled material is unreliable13–15. This may result in loss to follow-up of 

these women6,7,16. Therefore, other objective, molecular triage tests are needed, which are 

reliably applicable to both cervical scrapes and self-samples.

In this thesis, we examined molecular host cell alterations which are associated with and 

contribute to cervical carcinogenesis, and can potentially be useful as biomarkers for risk 

stratification of hrHPV-positive women. We particularly focused on the biological relevance 

and diagnostic value of altered DNA methylation, DNA mutations and altered miRNA 

expression. To this end, different genome-wide discovery screens were performed on in 

vitro models and clinical specimens. The molecular biomarkers obtained from these and 

previous screens were tested and validated in independent series of clinical specimens, 

including cervical tissues, scrapes and self-samples. The biomarkers obtained did not only 

improve our understanding of the biology of hrHPV-induced cervical carcinogenesis, but 

also yielded promising molecular markers for cervical screening.

In Chapter 2, we analysed the role of DNA methylation in altered miRNA expression during 

hrHPV-mediated carcinogenesis. Previously, 34 down-regulated miRNAs were identified 

in CIN2/3 and cervical cancer17. Downregulation of two miRNAs could be explained by a 

chromosomal loss of the gene locus. Another six miRNAs (miR-149, miR-203, miR-210, miR-

375, miR-572 and miR-638) were located within a CpG island, suggesting that these may 

be targeted by DNA methylation-mediated silencing. To test this hypothesis, methylation 

specific PCRs (MSP) targeting their CpG-rich promoter regions were developed. Analysis of 

an in vitro model of hrHPV-immortalised keratinocytes and cervical cancer cell lines revealed 

increased DNA methylation of miR-149, -203 and -375 with progression to malignancy. 

Moreover, expression levels were restored after treatment with a demethylating agent. 

These results indicate that the reduced expression levels of the three miRNAs result from 

DNA methylation of their promoter sequences. Furthermore, DNA methylation of miR-203 

and -375 was significantly increased in CIN3 and cervical cancer compared with controls 

in tissue specimens. Similar to previous observations on miR-37518,19, ectopic expression 

of miR-203 in cervical cancer cells resulted in a decreased proliferation rate and reduction 

of anchorage independent growth, indicating a tumour suppressive role for miR-203 in 

hrHPV-mediated transformation. Additionally, we showed that increased DNA methylation 

of miR-203 in CIN3 compared with controls was also detectable in a pilot series of hrHPV-

positive cervical scrapes. Therefore, methylated miRNAs may provide putative biomarkers 

for detection of CIN3 and cervical cancer.

Besides methylated miRNAs, we also aimed to obtain more insight in the occurrence 

of DNA mutations during cervical carcinogenesis. Although DNA mutations have been 

comprehensively analysed in cervical cancers20–22, the mutation profile in CIN lesions is 

largely unknown. In Chapter 3, we profiled tissue biopsies of CIN2/3 and cervical cancer 

for the presence of somatic hotspot mutations in cancer-related genes by next generation 

sequencing (NGS). PIK3CA exon 9 was the most frequently mutated gene locus in cervical 

cancer and the only mutated gene locus detected in CIN2/3. These findings were verified 

in a large, independent series of tissue specimens (n = 647) covering all stages of cervical 

carcinogenesis using high-resolution melting-guided Sanger sequencing. The PIK3CA exon 

9 mutation frequency was 37.1% in cervical cancer [42.9% in squamous cell carcinoma (SCC) 

and 14.3% in adenocarcinoma (AdCA)], 2.4% in CIN3 and 0% in CIN2, CIN1 and normal cervix. 

Analysis of an additional tissue series of 46 CIN2/3 lesions with a known 5-year history 

of preceding hrHPV infection (PHI), used as a surrogate for duration of lesion existence, 

revealed PIK3CA exon 9 mutations in only 5.4% of so-called advanced CIN2/3 with a PHI 

≥ 5 years. No mutations were detected in CIN2/3 with a PHI < 5 years, also referred to as 
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early CIN2/3. This finding suggests that somatic mutations in PIK3CA exon 9 represent a 

relatively late event during cervical carcinogenesis compared with DNA methylation and 

copy number alterations (CNA), both of which already become apparent in a major subset of 

CIN2/323–26. In line with this, we observed a low variant allele frequency (VAF) of PIK3CA exon 

9 mutations in cervical cancer, suggesting that this mutation is only present in subclones of 

the tumour. Interestingly, most PIK3CA exon 9 mutations were hotspot mutations p.E542K 

(c.1624G>A) and p.E545K (c.1633G>A). Both nucleotide substitutions correspond to C>T 

(G>A on opposing strand) mutations at a TCW (W = A or T) trinucleotide motif, which is 

associated with a mutational signature by apolipoprotein B mRNA editing enzyme, catalytic 

polypeptide-like (APOBEC). APOBEC family members are known to play a role in the host 

defence response to hrHPV infections, and several mechanisms why hrHPV infections would 

benefit from activation of APOBEC enzymes, in particular APOBEC3, have recently been 

suggested (reviewed in 27). APOBEC3 activation has been linked to the induction of both 

mutations in the viral genome, explaining the wide diversity of HPV variants, and in the host 

cell genome, which is suggested to contribute to the carcinogenic progression of hrHPV-

induced transforming lesions28,29. Recent whole-exome sequencing analysis on 228 cervical 

carcinomas by The Cancer Genome Atlas (TCGA) revealed 14 mutated genes, including 

PIK3CA, EP300, FBXW7, PTEN and HLA-A30. In line with our results, PIK3CA was detected as the 

most frequently mutated gene (26%) in cervical cancer and the overall mutation signature 

strongly correlated with APOBEC-mediated mutagenesis.

In Chapter 4, we performed an unbiased genome-wide DNA methylation screen using 

methyl binding domain (MBD) protein-enriched DNA sequencing (MBD-Seq) on both in 

vitro and patient-derived samples to identify novel biologically relevant DNA methylation 

markers. We selected the top 20 methylated genes for further comprehensive verification 

analyses by multiplex targeted bisulphite NGS and MSP. This resulted in the identification 

of 3 DNA methylation markers, GHSR, SST and ZIC1. Validation analysis by multiplex qMSP 

revealed that the DNA methylation levels of all 3 genes increased significantly with passaging 

of hrHPV-immortalised keratinocytes and with severity of CIN lesions to cervical cancer. The 

clinical performance of the 3 methylated genes in hrHPV-positive cervical scrapes (n = 220) 

was evaluated by logistic regression analysis. The AUC for CIN3+ (CIN3 plus cervical cancer) 

detection varied from 0.86 to 0.89, showing a good and similar performance for all 3 DNA 

methylation markers. The group of CIN2/3 however represents a heterogeneous disease 

with a various risk for progression to cancer and a variable duration of lesion existence. 

As also discussed above, previous studies have shown that a subset of CIN2/3 display a 

cancer-like molecular profile, with significant increased CNA and DNA methylation levels in 

advanced CIN2/3 (lesions with a PHI ≥ 5 years; long duration) compared with early CIN2/3 

(PHI < 5 years; short duration)24–26. In line with these findings, this study showed that the 

DNA methylation levels of all 3 genes were significantly increased in scrapes from women 

with advanced CIN2/3 compared with early CIN2/3. Hence, the 3 DNA methylation markers 

mainly detect the clinically relevant advanced CIN2/3 with a high likelihood of short-term 

progression risk to cancer. Interestingly, all 3 genes are located on chromosome 3q, which 

is the most frequently gained region (55%) in cervical cancer31. The DNA methylation levels 

of all 3 genes were significantly higher in the presence of a 3q gain in the corresponding 

tissue biopsy of the CIN2/3 lesions. This suggests that DNA methylation of GHSR, SST and 

ZIC1 may be biologically important to compensate for increased gene dosage during cervical 

carcinogenesis. Also, DNA methylation of these 3 genes may be detectable at higher levels 

due to a chromosomal gain and is therefore an effective assay target. In fact, we observed 

two levels of increased DNA methylation in hrHPV-positive scrapes; 1. Significantly higher 

DNA methylation levels in women with advanced CIN2/3 lesions compared with early CIN2/3 

and controls, and 2. A further significant increase in DNA methylation levels in advanced 

CIN2/3 with a 3q gain compared with advanced CIN2/3 without a 3q gain. In contrast, 

methylation levels of genes located on other chromosomal regions, such as FAM19A4 located 

on 3p, did not show a further increase in the presence of a 3q gain. It may therefore be 

speculated that increased DNA methylation of GHSR, SST and ZIC1 could possibly serve 

as a marker for the presence of a 3q gain and indicate the more advanced lesions with 

a cancer-like molecular profile. In addition and in line with our findings, gain of 3q and 

amplification of the human telomerase gene (TERC; 3q26) have been suggested as a marker 

for progression to cancer and considered as triage tool32–35.

Previous research has shown that DNA methylation markers originally discovered in 

tissue specimens and evaluated in cervical scrapes do not necessarily show a good clinical 

performance in self-samples, due to a likely lower amount of disease-related or “indicator” 

cells36. Therefore, we set out to identify the most informative DNA methylation markers for 

direct application on hrHPV-positive self-samples in Chapter 5 by performing a genome-

wide DNA methylation screen (Infinium 450K array) on self-sampled material. This discovery 

screen revealed 12 DNA methylation markers for CIN3 detection that were subsequently 

analysed by multiplex qMSP in large series of hrHPV-positive lavage (n = 245) and brush self-

samples (n = 246). The qMSP data were analysed by logistic regression analysis and resulted 

in a 3-gene methylation classifier (ASCL1, LHX8 and ST6GALNAC5) with optimal performance. 

Validation of this 3-gene methylation classifier in large independent self-sample series from 

a screening cohort of non-attendees (n = 199 lavage self-samples and n = 287 brush self-
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samples) showed an excellent and reproducible clinical performance for CIN3 detection 

in both hrHPV-positive lavage (AUC = 0.88; sensitivity = 74%; specificity = 79%) and brush 

(AUC = 0.90; sensitivity = 88%; specificity = 81%) self-samples. In CIN2, 50% of both lavage 

and brush self-samples was detected using the DNA methylation classifier. Importantly, 

all self-samples from women with cervical cancer, both squamous cell carcinoma (SCC) 

and adenocarcinoma (AdCA), scored DNA methylation-positive. From these data it may 

be concluded that the 3-gene methylation classifier, identified by genome-wide DNA 

methylation profiling, is highly effective for direct triage on hrHPV-positive self-samples.

In Chapter 6, we performed a systematic analysis of 12 previously identified methylated 

genes by qMSP to compare their DNA methylation onset and patterns during hrHPV-induced 

carcinogenesis using an in vitro model and clinical specimens. First, we analysed hrHPV-

transformed cell lines, which showed that the onset of DNA methylation occurred either at 

the early immortal stage (ANKRD18CP, FAM19A4, GHSR, JAM3, PRDM14, SST and ZSCAN) or at 

the late immortal stage (C13orf18, EPB41L3, PHACTR3, SOX1 and ZIC1). All 12 genes showed 

gradually increased DNA methylation levels towards tumorigenic cells. Subsequently, 

we analysed a series of hrHPV-positive cervical scrapes (n = 113) to compare the DNA 

methylation patterns of all 12 genes in clinical specimens. The majority of genes displayed 

a comparable DNA methylation pattern with significantly increased DNA methylation levels 

associated with progression to cervical cancer. Based on the DNA methylation profile of all 

12 genes in cancers, a cancer-like methylation-high pattern was determined. This pattern 

was also observed in 72% of CIN3 and 55% of CIN2, whereas the other subset of CIN3 and 

CIN2 lesions displayed a methylation-low profile similar to hrHPV-positive controls. The 

presence of a cancer-like methylation-high pattern in a subset of women with CIN2 and 

CIN3 lesions suggests a higher risk of progression to cervical cancer.

To study whether other molecular events associated with cervical carcinogenesis may 

provide alternative or complementary triage markers, the marker potential of miRNAs was 

studied in Chapter 7. We performed genome-wide small RNA sequencing (sRNA-Seq) on 74 

hrHPV-positive self-samples to identify a panel of deregulated miRNAs that can predict the 

presence of CIN3 and cervical cancer in self-sampled material. This discovery screen yielded 

a miRNA panel of 9 miRNAs for detection of CIN3 with a combined AUC of 0.89. Validation of 

5 miRNAs (let-7b, miR-15b, miR-20a, miR-93 and miR-222) by qPCR resulted in a combined AUC 

of 0.78 for CIN3+ detection. This data shows that deregulated miRNA expression associated 

with CIN3 and cervical cancer development can be detected in hrHPV-positive self-samples 

and offers a novel molecular triage strategy applicable to self-samples for detection of 

CIN3 and cervical cancer. Of note, we applied a different method for validation compared 

with the discovery (qPCR versus sRNA-Seq), which could explain the discrepancy between 

the observed AUCs37,38. Using sRNA-Seq, multiple miRNA length variants are also detected, 

which are called isomiRs39,40. However, these isomiRs could hamper the qPCR performance 

by inaccurate detection of isomiRs41, since the majority of length variants are located at the 

3’end of the miRNA sequence40. Therefore, future research on isomiRs in the sequencing 

data and technical improvements to detect specific isomiRs might be valuable to improve 

the performance of using miRNAs as molecular triage markers.

In conclusion, in this thesis, we showed that increased DNA methylation of protein-coding 

genes and miRNAs as well as altered miRNA expression is associated with cervical cancer 

development and becomes detectable at the stage of precancerous disease in tissue 

specimens, cervical scrapes and self-samples, and is most prominent at the invasive cancer 

stage. Three genome-wide discovery screens yielded novel promising DNA methylation and 

miRNA markers for detection of CIN2/3 and cervical cancer in cervical scrapes and self-

samples. Increased DNA methylation is common to all cancers and a major subset of CIN2/3 

lesions, in particular CIN2/3 lesions with a PHI of ≥ 5 year that are likely the clinically most 

relevant lesions with the highest short-term progression risk to cancer. DNA mutations on 

the other hand were found to become detectable at a later stage and are mostly associated 

with cervical cancers. The molecular findings described in this thesis are illustrated in Fig. 1.

Figure 1. hrhpV-mediated cervical carcinogenesis, including a schematic representation of 
the molecular host cell alterations described in this thesis. The colour change from yellow to blue 
represents the increase in molecular host cell changes. Adapted from Steenbergen et al.23. Normal: normal 
cervix; Productive CIN: CIN1/2; Transforming CIN: CIN2/3.
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G E N E r A L  D I S C U S S I O N  A N D  F U T U r E  p E r S p E C T I V E S

The findings reported in this thesis support a transition to triage hrHPV-positive women 

by molecular markers. Yet, several aspects warrant further research to fully elucidate the 

molecular mechanisms driving cervical carcinogenesis following a transforming hrHPV 

infection, and to implement these findings in HPV-based cervical screening programmes 

and risk stratification.

Comparison and integration of molecular data
As described in the Summary (Fig. 1), we have identified some of the important molecular 

alterations associated with cervical carcinogenesis, which encompass both genetic and 

epigenetic events. Although all molecular events increase with progression from CIN to 

cancer, for most of them it is currently unclear whether and how the molecular alterations 

relate to each other in time. Hence, future genome-wide data integration as well as studies 

on the biological relevance of these events will be important to fully unravel the multistep 

pathway of hrHPV-induced carcinogenesis.

Previous research on CNA in cervical cancer and CIN2/3 revealed that a subset of CIN2/3 

lesions had a cancer-like CNA profile24,31. In line with this, a cancer-like methylation-high 

pattern was also observed in a subset of CIN2/3 lesions (Chapter 6). Our studies on CIN2/3 

lesions and corresponding cervical scrapes with a known duration of lesion existence 

(represented by duration of ≥ and < 5 years PHI) show that the subset of CIN2/3 with 

a cancer-like molecular profile correspond to the advanced lesions with a PHI ≥ 5 years 

(Chapter 4 and 24–26). These data strongly suggest that high DNA methylation levels and 

many CNA are indicative of a higher short-term cancer risk. In contrast, it is still unknown 

how altered miRNA levels are reflected in the heterogeneous CIN2/3 lesions. Since various 

miRNAs are deregulated by CNA or DNA methylation (Chapter 2 and 17,42,43), altered miRNA 

profiles occur most likely together with CNA and DNA methylation cancer-like profiles. 

Importantly, further insight into molecular alterations and whether they are able to 

predict which CIN2/3 lesions will progress or regress, may help to reduce over-referral 

and overtreatment.

It would be interesting to evaluate whether specimens with a cancer-like CNA profile cluster 

together with a cancer-like methylation-high pattern. Accordingly, CNA analysis on genome-

wide DNA methylation profiles would be of interest. Unfortunately, we were unable to 

acquire information on copy numbers from our MBD-Seq data due to varying read-counts 

between samples (Chapter 4). CNA analysis on our Infinium 450K array data from self-

sampled material (Chapter 5) revealed increased CNA in self-samples from women with SCC 

compared with the CNA-silent profiles in self-samples from control women (unpublished 

results). These CNA included known gains such as chromosome 1 and 3q. Regrettably, CNA 

were not detectable in self-samples from women with CIN3, likely due to the low abundance 

of lesional cells in these specimens.

In contrast to the classical Knudson two-hit hypothesis that DNA methylation of a tumour 

suppressor gene promoter on one allele is accompanied by a loss of the second allele44, 

we made an opposite observation. As described in Chapter 4, we found an association 

between DNA methylation of GHSR, SST and ZIC1 and gain of 3q (see Summary Chapter 4 

above). Interestingly, also two of the genes in the 3-gene methylation classifier developed 

for self-samples (Chapter 5) are located on a known gained region in cervical cancer, i.e. 

LHX8 and ST6GALNAC5 both on 1p31.1. It remains to be determined whether their DNA 

methylation levels are also increased in the presence of a 1p gain. Moreover, it is currently 

unknown which molecular event occurs first and drives the other molecular alteration. 

Further integrated copy number and DNA methylation studies in longitudinal in vitro models 

are warranted to investigate whether DNA methylation is a response to CNA or a cause of 

CNA due to genomic destabilisation.

Previous research showed that all cervical cancers display high CNA and DNA methylation 

levels23,31. Recently, TCGA published the most extensive molecular characterisation of 228 

primary cervical cancers performed to date30,45. The complete TCGA dataset including 

CNA, DNA methylation, mRNA and miRNA data is publicly available and can be used for 

comparison or integration with own datasets. Comprehensive integration analysis using 

the various genome-wide molecular datasets, resulted in three molecular clusters, which 

distinguishes the AdCA cluster from two SCC clusters (keratin-high and keratin-low) and 

highlights the molecular heterogeneity within cervical cancer. Comparison of separate 

molecular datasets showed that the cervical cancers with a CNA-high profile do not overlap 

with a DNA methylation-high profile. This indicates that cervical carcinomas may at least 

in part have a different molecular background, suggesting that the multistep pathway of 

cervical carcinogenesis may vary. Of note, specific local overlapping CNA, i.e. losses and 

gains, and increased DNA methylation levels were not described and may still be present. 

Furthermore, miRNA expression profiles were evaluated showing among others significant 

lower expression levels of miR-203a in the keratin-low cluster of SCC compared with the 

keratin-high cluster. The AdCa cluster was characterised by high expression of miR-375 
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compared with SCC. The latter suggests that altered miR-375 expression is histotype-

dependent. Both miR-203 and miR-375 have been reported to be downregulated by DNA 

methylation in CIN lesions and SCCs. Interestingly, both miRNAs have also been shown to 

have a tumour suppressive function (Chapter 2 and 18,19). Therefore, further integration 

of our as well as TCGA datasets with future functional screens will be important to fully 

unravel the molecular drivers of cervical carcinogenesis.

Unfortunately, TCGA dataset lacks data of CIN lesions and normal cervix. In the absence 

of data from non-malignant cervical tissue, the clinical relevance of these findings 

remains to be elucidated. If such a complete molecular dataset is available in the future, 

molecular subgroups may be defined based on extensive integrated molecular profiles 

in the heterogeneous CIN lesions, which may indicate the risk for progression to cervical 

cancer. Currently, multiple institutions are working on the Pre-Cancer Genome Atlas 

(PCGA) initiative, the precancer variant of TCGA46. Combining and integration of several 

molecular datasets in both longitudinal in vitro model systems and cervical tissue specimens 

covering all stages of cervical carcinogenesis will provide further insight into cervical cancer 

development and the molecular heterogeneity at each stage of disease.

Importantly, new technologies are currently available due to rapid technological 

development and could improve the generation of comprehensive datasets and analyses 

in future research. Compared with the Infinium 450K array (Chapter 5), the MethylationEPIC 

BeadChip Infinium array measures over 850.000 CpG sites with an enrichment in enhancer 

regions47. This array allows for analysis of interesting regulatory elements other than the 

frequently investigated promoter regions. Furthermore, other methods will probably 

become available in the near future to analyse DNA methylation, such as nanopore 

sequencing and single-molecule real-time (SMRT) sequencing (both third-generation 

sequencing and bisulphite-free) and single-cell measurements48,49.

Clinical implications
DNA methylation of host cell genes

The epigenetic host cell alterations in CIN2/3 and cervical cancer that were evaluated in 

this thesis may become effective molecular markers for detection of clinically relevant 

lesions in HPV-based cervical screening programmes. Given increased interest in self-

sampling, molecular markers with optimal performance in self-sampled material are of 

highest importance and most promising. Our genome-wide DNA methylation discovery 

screen on self-sampled material revealed a 3-gene methylation classifier applicable to self-

samples in cervical screening with an excellent sensitivity for CIN3 (74-88%) and cervical 

cancer (100%) in both lavage and brush self-samples at a specificity of 80% (Chapter 5). 

This classifier also showed a good clinical performance compared with other previously 

reported comprehensively evaluated molecular triage methods in self-samples, such as the 

DNA methylation panel FAM19A4/miR-124-2 and HPV16/18 genotyping50,51. Future validation 

studies in large series of clinical material are needed to confirm this.

Presently, triage of hrHPV-positive women is done by repeat cytology in the Dutch revised 

cervical screening programme. Women with hrHPV-positive self-samples need an additional 

visit to a physician for taking a cervical scrape, because cytology triage on self-sampled 

specimens is unreliable. With the development of molecular markers, especially the DNA 

methylation markers described in this thesis, full molecular cervical screening on self-

samples can be envisioned (Fig. 2). Molecular triage is objective and directly applicable 

to self-samples (Chapter 5), which allows for a fast diagnostic track and reduces loss to 

follow-up. DNA methylation markers particularly detect cervical cancer and the clinically 

relevant advanced CIN2/3 lesions (Chapter 4 and 23,25,26), i.e. CIN2/3 associated with a 

preceding hrHPV infection ≥ 5years. These lesions with a cancer-like methylation-high 

pattern (Chapter 6) are considered to have an expected high short-term risk of progression 

to cervical cancer. As a consequence, only hrHPV-positive women with a positive DNA 

methylation test may need referral to the gynaecologist and subsequent treatment. HrHPV-

positive, DNA methylation-negative women could be offered a repeat hrHPV test at 12-18 

months, and referred in case of a positive test at that occasion. This would identify women 

with a persistent infection and reveal most of the remaining clinically relevant CIN2+ cases. 

This approach can be particularly beneficial for women at childbearing age, knowing to have 

many regressing CIN lesions. The use of a DNA methylation assay in this age category can 

prevent overtreatment and related morbidity, such as cervical insufficiency and preterm 

delivery. Notably, cytology may miss cervical cancer and advanced CIN2/3, while it detects 

cellular abnormalities associated with early CIN2/3 (Fig. 2).
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Figure 2. Concept of full molecular cervical screening. With primary hrHPV testing and DNA methylation 
triage testing on self-sampled material to refer only those women with clinically relevant lesions. As a 
reference, the current situation is shown at the bottom.

To implement the 3-gene methylation classifier as molecular triage test, future research 

remains necessary. Since our studies used self-samples from Dutch screening cohorts 

of non-attendees, further (prospective) validation studies in an attending screening 

population and other international cohorts are warranted. Similar as recently performed 

for DNA methylation panel FAM19A4/miR-124-252, a long term evaluation study in a screening 

cohort of hrHPV-positive women is necessary, which will yield the (longitudinal) negative 

predictive value of the 3-gene methylation classifier as triage test. Also, further insight 

in molecular host cell alterations with respect to the progression risk of CIN2/3 lesions 

is required. Presently, a prospective study is ongoing, investigating whether the DNA 

methylation markers FAM19A4 and miR124-2 in hrHPV-positive women harbouring CIN2 or 

small CIN3 lesions is associated with progression of these lesions (CONCERVE trial). The 

findings in this clinical study will elucidate whether DNA methylation marker-negative or 

positive CIN lesions are indeed predictive for respectively regression or progression of CIN 

lesions. Furthermore, at the technology level improvements are necessary. For widespread 

implementation of DNA methylation analysis in screening, assay simplification, automation 

and cost reduction are needed. In addition, education of health care professionals is 

important to make them comfortable with the use of DNA methylation tests in clinical 

decision making, and to disseminate this knowledge to the women target population.

Finally, detection of the host cell DNA methylation markers such as ASCL1 and LHX8 might 

serve as primary screenings markers. Such approach may improve the diagnostic track with 

respect to time and costs, since only one test is necessary. Although the data concerning 

the prevalence of these markers in the general population and sensitivity and specificity 

for advanced CIN2/3 lesions are promising, more data on both cervical scrapes and self-

samples are needed before implementation in cervical screening can be realised.

miRNA expression analysis

Although the clinical performance of the miRNA signature (Chapter 7) is not yet as good 

as observed for DNA methylation markers (Chapter 5), miRNAs could serve as a valuable 

addition to other molecular biomarkers. Preliminary analysis of the DNA methylation and 

miRNA markers identified in Chapter 5 and 7 revealed an improved clinical performance for 

CIN3 and cervical cancer detection upon combining both marker types compared with each 

marker type separately (unpublished data). Therefore, further research using a combined 

approach of different complementary molecular markers in one panel, (which is expected 

to be technically challenging) may even yield a better molecular triage classifier than those 

in this thesis.

Therapeutic targets

Besides using the genetic and epigenetic host cell alterations that were evaluated in 

this thesis for early detection and risk stratification, they may also serve as therapeutic 

targets. Further research on DNA methylation inhibitors (i.e. 5’-aza-2’deoxycytidine) or 

other epigenetic engineering tools targeting methylated genes may provide potential novel 

treatment options. For treatment, it is however important that off-target effects, such as 

activation of oncogenes, are reduced to a minimal level. This is one of the big challenges in 

future research on using these kind of treatment agents53.

Alternatively, the identified PIK3CA DNA mutations in cervical cancer (Chapter 3 and 

TCGA data30) may be of interest as therapeutic target, since PI3K/AKT/mTOR inhibitors 

are available. To date, only a few clinical trials showed data on using these agents as a 

targeted therapy in cervical cancer patients54. These results are promising, but further 

clinical trials are warranted. It has been suggested that these inhibitors may also improve 

the effect of immunotherapy in patients with cancer harbouring PIK3CA mutations55. 
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Furthermore, the overall high mutation load in cervical cancer may make this cancer 

type vulnerable to immune checkpoint disruption. The association between mutational 

burden and response to immune checkpoint therapy is documented in non-small cell 

lung cancer and melanoma56,57. Amplification of PD-L1 and PD-L2 has also been detected, 

providing a potential immunotherapeutic target for a subset of cervical cancers30. Other 

immunotherapeutic treatment strategies for cervical cancer are currently under evaluation, 

including agents which stimulate the immune response against hrHPV-transformed cells58.

r E F E r E N C E S

1. Ferlay J, Soerjomataram I, Dikshit R, et al. Cancer incidence and mortality worldwide: 
Sources, methods and major patterns in GLOBOCAN 2012. Int J Cancer. 2015;136:E359-
E386.

2. Bosch FX, Castellsagué X, De Sanjosé S. HPV and cervical cancer: Screening or 
vaccination? Br J Cancer. 2008;98:15-21.

3. Peto PJ, Gilham PC, Fletcher O, Matthews FE. The cervical cancer epidemic that 
screening has prevented in the UK. Lancet. 2004;364:249-256.

4. Bulk S, Visser O, Rozendaal L, Verheijen RHM, Meijer CJLM. Incidence and survival 
rate of women with cervical cancer in the Greater Amsterdam area. Br J Cancer. 
2003;89:834-839.

5. RIVM. Bevolkingsonderzoek baarmoederhalskanker. ht tp://w w w.rivm.nl/
Onderwerpen/B/Bevolkingsonderzoek_baarmoederhalskanker. Accessed 2017.

6. Gok M, Heideman DAM, Kemenade FJ Van, et al. HPV testing on self collected 
cervicovaginal lavage specimens as screening method for women who do not attend 
cervical screening: cohort study. Br Med J. 2010;340:c1040.

7. Gok M, Kemenade FJ Van, Heideman DAM, et al. Experience with high-risk human 
papillomavirus testing on vaginal brush-based self-samples of non-attendees of the 
cervical screening program. Int J cancer. 2012;130:1128-1135.

8. Bais AG, Kemenade FJ Van, Berkhof J, et al. Human papillomavirus testing on self-
sampled cervicovaginal brushes: An effective alternative to protect nonresponders 
in cervical screening programs. Int J Cancer. 2007;120:1505-1510.

9. Racey CS, Withrow DR, Gesink D. Self-collected HPV Testing Improves Participation in 
Cervical Cancer Screening: A Systematic Review and Meta-analysis. Can J Public Heal. 
2013;104(2):159-166.

10. Bergeron C, Giorgi-Rossi P, Cas F, et al. Informed cytology for triaging HPV-positive 
women: Substudy nested in the NTCC randomized controlled trial. J Natl Cancer Inst. 
2015;107(2):dju423.

11. Wright TC, Stoler MH, Aslam S, Behrens CM. Knowledge of Patients’ Human 
Papillomavirus Status at the Time of Cytologic Review Significantly Affects the 
Performance of Cervical Cytology in the ATHENA Study. In: American Journal of Clinical 
Pathology. Vol 146. ; 2016:391-398.

12. Richardson LA, El-Zein M, Ramanakumar A V., et al. HPV DNA testing with cytology 
triage in cervical cancer screening: Influence of revealing HPV infection status. Cancer 
Cytopathol. 2015;123(12):745-754.

13. Rijkaart DC, Berkhof J, Kemenade FJ Van, et al. Evaluation of 14 triage strategies 
for HPV DNA-positive women in population-based cervical screening. Int J Cancer. 
2012;130:602-610.

14. Dijkstra MG, Niekerk D Van, Rijkaart DC, et al. Primary hrHPV DNA Testing in Cervical 
Cancer Screening: How to Manage Screen-Positive Women? A POBASCAM Trial 
Substudy. Cancer Epidemiol Biomarkers Prev. 2014;23:55-63.

08



198 199

Chapter 8 Summary, General Discussion and Future Perspectives

15. Garcia F, Barker B, Santos C, et al. Cross-sectional Study of Patient- and 
Physician- Collected Cervical Cytology and Human Papillomavirus. Obstet Gynecol. 
2003;102(2):266-272.

16. Verhoef VMJ, Bosgraaf RP, Van Kemenade FJ, et al. Triage by methylation-marker testing 
versus cytology in women who test HPV-positive on self-collected cervicovaginal 
specimens (PROHTECT-3): A randomised controlled non-inferiority trial. Lancet Oncol. 
2014;15(3):315-322.

17. Wilting SM, Snijders PJF, Verlaat W, et al. Altered microRNA expression associated with 
chromosomal changes contributes to cervical carcinogenesis. Oncogene. 2013;32:106-
116.

18. Bierkens M, Krijgsman O, Wilting SM, et al. Focal Aberrations Indicate EYA2 and 
hsa-miR-375 as Oncogene and Tumor Suppressor in Cervical Carcinogenesis. Genes 
Chromosomes Cancer. 2013;52:56-68.

19. Wang F, Li Y, Zhou J, et al. MiR-375 is down-regulated in squamous cervical cancer 
and inhibits cell migration and invasion via targeting transcription factor SP1. Am J 
Pathol. 2011;179(5):2580-2588.

20. Ojesina AI, Lichtenstein L, Freeman SS, et al. Landscape of genomic alterations in 
cervical carcinomas. Nature. 2014;506(7488):371-375.

21. Wright AA, Howitt BE, Myers AP, et al. Oncogenic mutations in cervical cancer: 
Genomic differences between adenocarcinomas and squamous cell carcinomas of 
the cervix. Cancer. 2013;119(21):3776-3783.

22. Spaans VM, Trietsch MD, Crobach S, et al. Designing a high-throughput somatic 
mutation profiling panel specif ically for gynaecological cancers. PLoS One. 
2014;9(3):e93451.

23. Steenbergen RDM, Snijders PJF, Heideman DAM, Meijer CJLM. Clinical implications of 
(epi)genetic changes in HPV-induced cervical precancerous lesions. Nat Rev Cancer. 
2014;14(6):395-405.

24. Bierkens M, Wilting SM, van Wieringen WN, et al. Chromosomal profiles of high-grade 
cervical intraepithelial neoplasia relate to duration of preceding high-risk human 
papillomavirus infection. Int J Cancer. 2012;131:579-585.

25. Bierkens M, Hesselink AT, Meijer CJLM, et al. CADM1 and MAL promoter methylation 
levels in hrHPV-positive cervical scrapes increase proportional to degree and duration 
of underlying cervical disease. Int J Cancer. 2013;133:1293-1300.

26. De Strooper LMA, Meijer CJLM, Berkhof J, et al. Methylation analysis of the FAM19A4 
gene in cervical scrapes is highly efficient in detecting cervical carcinomas and 
advanced CIN2/3 lesions. Cancer Prev Res. 2014;7(12):1251-1257.

27. Wallace NA, Münger K. The curious case of APOBEC3 activation by cancer-associated 
human papillomaviruses. PLoS Pathog. 2018;14(1):e1006717.

28. Henderson S, Chakravarthy A, Su X, Boshoff C, Fenton TR. APOBEC-Mediated Cytosine 
Deamination Links PIK3CA Helical Domain Mutations to Human Papillomavirus-Driven 
Tumor Development. Cell Rep. 2014;7(6):1833-1841.

29. Warren CJ, Xu T, Guo K, et al. APOBEC3A functions as a restriction factor of human 
papillomavirus. J Virol. 2015;89(1):688-702.

30. The Cancer Genome Atlas Research Network. Integrated genomic and molecular 
characterization of cervical cancer. Nature. 2017;543:378-384.

31. Thomas LK, Bermego JL, Vinokurova S, et al. Chromosomal gains and losses in human 
papillomavirus-associated neoplasia of the lower genital tract – A systematic review 
and meta-analysis. Eur J Cancer. 2014;50:85-98.

32. Heselmeyer-Haddad K, Sommerfeld K, White NM, et al. Genomic amplification of the 
human telomerase gene (TERC) in pap smears predicts the development of cervical 
cancer. Am J Pathol. 2005;166(4):1229-1238.

33. Rodolakis A, Biliatis I, Symiakaki H, et al. Role of chromosome 3q26 gain in predicting 
progression of cervical dysplasia. Int J Gynecol Cancer. 2012;22:742-747.

34. Andersson S, Sowjanya P, Wangsa D, et al. Detection of genomic amplification of the 
human telomerase gene TERC, a potential marker for triage of women with HPV-
positive, abnormal Pap smears. Am J Pathol. 2009;175(5):1831-1847.

35. Zappacosta R, Ianieri MM, Buca D, Repetti E, Ricciardulli A, Liberati M. Clinical Role 
of the Detection of Human Telomerase RNA Component Gene Amplification by 
Fluorescence in situ Hybridization on Liquid-Based Cervical Samples: Comparison with 
Human Papillomavirus-DNA Testing and Histopathology. Acta Cytol. 2015;59(4):345-
354.

36. Hesselink AT, Heideman DAM, Steenbergen RDM, et al. Methylation marker analysis 
of self-sampled cervico-vaginal lavage specimens to triage high-risk HPV-positive 
women for colposcopy. Int J Cancer. 2014;135:880-886.

37. Koppers-Lalic D, Hackenberg M, de Menezes R, et al. Non-invasive prostate cancer 
detection by measuring miRNA variants (isomiRs) in urine extracellular vesicles. 
Oncotarget. 2016;7(16):22566-22578.

38. Sapre N, Hong MKH, Macintyre G, et al. Curated microRNAs in urine and blood 
fail to validate as predictive biomarkers for high-risk prostate cancer. PLoS One. 
2014;9(4):e91729.

39. Lee LW, Zhang S, Etheridge A, et al. Complexity of the microRNA repertoire revealed 
by next-generation sequencing. RNA. 2010;16:2170-2180.

40. Neilsen CT, Goodall GJ, Bracken CP. IsomiRs - The overlooked repertoire in the dynamic 
microRNAome. Trends Genet. 2012;28(11):544-549.

41. Schamberger A, Orbán TI. 3′ IsomiR species and DNA contamination influence 
reliable quantification of microRNAs by stem-loop quantitative PCR. PLoS One. 
2014;9(8):e106315.

42. Wilting SM, van Boerdonk RAA, Henken FE, et al. Methylation-mediated silencing and 
tumour suppressive function of hsa-miR-124 in cervical cancer. Mol Cancer. 2010;9:167.

43. Wilting SM, Miok V, Jaspers A, et al. Aberrant methylation-mediated silencing of 
microRNAs contributes to HPV-induced anchorage independence. Oncotarget. 
2016;7:43805-43819.

44. Steenbergen RDM, Kramer D, Braakhuis BJM, et al. TSLC1 gene silencing in cervical 
cancer cell lines and cervical neoplasia. J Natl Cancer Inst. 2004;96(4):294-305.

45. Meijer CJLM, Steenbergen RDM. Novel molecular subtypes of cervical cancer — 
potential clinical consequences. Nat Rev Clin Oncol. 2017;14(7):397-398.

08



200 201

Chapter 8 Summary, General Discussion and Future Perspectives

46. Campbell JD, Mazzilli SA, Reid ME, et al. The Case for a Pre-Cancer Genome Atlas 
(PCGA). Cancer Prev Res. 2016;9(2):119-124.

47. Moran S, Arribas C, Esteller M. Validation of a DNA methylation microarray for 850,000 
CpG sites of the human genome enriched in enhancer sequences. Epigenomics. 
2016;8(3):389-399.

48. Yong W-S, Hsu F-M, Chen P-Y. Profiling genome-wide DNA methylation. Epigenetics 
Chromatin. 2016;9:26.

49. Marx V. Genetics: profiling DNA methylation and beyond. Nat Methods. 2016;13(2):119-
122.

50. De Strooper LMA, Verhoef VMJ, Berkhof J, et al. Validation of the FAM19A4/mir124-
2 DNA methylation test for both lavage- and brush-based self-samples to detect 
cervical (pre)cancer in HPV-positive women. Gynecol Oncol. 2016;141:341-347.

51. Verhoef VMJ, Heideman DAM, Van Kemenade FJ, et al. Methylation marker analysis 
and HPV16/18 genotyping in high-risk HPV positive self-sampled specimens to identify 
women with high grade CIN or cervical cancer. Gynecol Oncol. 2014;135:58-63.

52. De Strooper LMA, Berkhof J, Steenbergen RDM, et al. Cervical cancer risk in HPV-
positive women after a negative FAM19A4/mir124-2 methylation test: A post hoc 
analysis in the POBASCAM trial with 14 year follow-up. Int J Cancer. 2018;143(6):1541-
1548.

53. Cheishvili D, Boureau L, Szyf M. DNA demethylation and invasive cancer: Implications 
for therapeutics. Br J Pharmacol. 2015;172:2705-2715.

54. Bahrami A, Hasanzadeh M, Hassanian SM, et al. The Potential Value of the PI3K/Akt/
mTOR Signaling Pathway for Assessing Prognosis in Cervical Cancer and as a Target 
for Therapy. J Cell Biochem. 2017;118(12):4163-4169.

55. Okkenhaug K, Graupera M, Vanhaesebroeck B. Targeting PI3K in cancer: Impact on 
tumor cells, their protective stroma, angiogenesis and immunotherapy. Cancer Discov. 
2016;6(10):1090-1105.

56. Rizvi NA, Hellmann MD, Snyder A, et al. Mutational landscape determines sensitivity 
to PD-1 blockade in non–small cell lung cancer. Science (80- ). 2016;348(6230):124-128.

57. Lauss M, Donia M, Harbst K, et al. Mutational and putative neoantigen load predict 
clinical benefit of adoptive T cell therapy in melanoma. Nat Commun. 2017;8:1738.

58. Ventriglia J, Paciolla I, Pisano C, et al. Immunotherapy in ovarian, endometrial and 
cervical cancer: State of the art and future perspectives. Cancer Treat Rev. 2017;59:109-
116.

08


