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PART I: MiRNAs as Triage Markers in HPV-Based Cervical 
Screening

Cervical Screening
After breast, colorectal, and lung cancer, cervical cancer is the fourth most 
common cancer in women worldwide and accounted for 6.9% of cancer related 
deaths in 20181,2. Screening for cervical disease allows for early detection and 
treatment of high-grade precancerous lesions (CIN2/3) and has led to effective 
prevention of cervical cancer in developed countries3,4. The Netherlands have 
recently implemented primary testing for high-risk human papillomavirus 
(hrHPV) for cervical screening, as it provides better protection against 
CIN2/3 and cervical cancer than cytological evaluation of cervical scrapes5,6. 
To increase screening coverage, self-sampling of cervico-vaginal material is 
offered to women who do not react on a first invitation to participate in the 
regular screening6–8. Because primary hrHPV-testing also detects transient 
hrHPV infections, it requires a triage test for colposcopy to identify women with 
clinically relevant disease (CIN2 or worse; CIN2+) among all hrHPV-positive 
women. Recommended triage strategies currently include cytology at baseline 
with repeat cytology after 6 or 12 months (The Netherlands) and baseline 
cytology in combination with HPV16/18 genotyping with or without repeat 
cytology after 6 months (USA)9. Cytology, however, is subjective and cannot be 
reliably performed on self-collected material10. Women with a hrHPV-positive 
self-sample consequently need to visit their physician for a cervical scrape, 
which results in a loss to follow-up7,8,11–13. Objective triage tests that are directly 
applicable to both cervical scrapes and self-samples are therefore needed to 
further improve cervical screening. To date, a number of molecular changes 
associated to cervical disease have been suggested as triage markers.

Recent Developments for the Triage of hrHPV-Positive Women 
The value of HPV genotyping, such as risk stratification based on HPV16/18 
genotyping or full high-risk HPV genotyping, either or not combined with 
cytology triage, is currently widely studied14,15. While HPV16/18 genotyping 
can be performed directly on cervical scrapes and self-samples, it offers 
limited sensitivity for CIN3 and cancer in population-based screening cohorts 
and should therefore not be used as stand-alone triage test9,16,17. Combining 
HPV16/18 genotyping and viral load, however, potentially provides an alternative 
molecular triage test in the future14. HPV genotyping has been suggested to 
become particularly important with the implementation of hrHPV-based 
screening in a growing number of countries and vaccinated women entering the 
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screening program, but follow-up algorithms are complicated and difficult to 
implement in clinical practice.

In addition, dual-stained cytology for p16inka4 and Ki-67 (CINtec® PLUS), a 
surrogate marker for transformed cervical cells, has been shown to decrease 
inter-observer variability compared to conventional cytology, thereby increasing 
reproducibility18–20. For the detection of CIN3+ (CIN3 or worse), it offers higher 
specificity than traditional cytology at comparable sensitivity21,22. While dual-
stained cytology partially eliminates the drawbacks posed by conventional 
cytology, it is not reliably applicable to self-sampled material either18,19,23.

Thirdly, molecular changes underlying the carcinogenic process are particularly 
promising, as they offer objective triage markers that are directly linked to 
cervical disease and can potentially be analyzed directly in cervical scrapes 
and self-samples in a high-throughput fashion. DNA methylation analysis of 
viral genes and host cell genes, in particular, is rapidly gaining interest24,25. DNA 
methylation markers, such as FAM19A4 and miR124-2, have achieved promising 
results for the triage of hrHPV-positive cervical scrapes and self-samples26,27. 
A negative FAM19A4/miR124-2 triage test was shown to provide a comparable 
risk for CIN3+ and a lower cancer risk as negative cytology triage after 14 years 
of follow-up28,29, indicating that molecular triage indeed offers an appropriate 
alternative to cytology. More recently identified methylation markers, such as 
ASCL1, GHSR, LHX8, SST, ST6GALNAC5, and ZIC1, had a higher CIN3 detection 
rate than FAM19A4 and miR124-2 in comparable populations30,31. These markers 
are amongst the presently most promising triage markers for cervical screening, 
but long-term CIN3+ risk data are lacking.

Next to DNA methylation markers, differentially expressed miRNAs have 
emerged as attractive molecular triage markers32. Although a great number 
of differentially expressed miRNAs has been identified in cervical tissue 
samples33, the translation of miRNA expression analysis as triage method for 
hrHPV-positive cervical scrapes and self-samples is lagging behind. Expression 
analysis of miRNAs has a number of potential advantages over DNA methylation 
analysis: (1) miRNAs are remarkably stable molecules that can be reliably 
quantified even in degraded RNA preparations34, and (2) expression analysis 
of multiple miRNAs and reference genes by quantitative PCR following reverse 
transcription (qRT-PCR) requires as little as 20ng small RNA (Chapter 2-5) 
compared to 250ng of DNA for methylation analysis. These advantages are 
exemplified in Chapter 3, where we successfully performed miRNA expression 
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analysis in archival cervical scrapes that had been stored at room temperature 
for at least one year. In addition, we showed in Chapter 5 that the technical 
dropout rate on the same archival material was more than two times higher for 
DNA methylation analysis than miRNA expression analysis, while the latter also 
required less input. Robustness of the biomarker assay is particularly important 
when sample quality might get compromised due to suboptimal storage and/
or transportation conditions to central diagnostic laboratories, as is the case in 
low-resource settings.

Evaluation of miRNAs as Triage Markers in hrHPV-Based Cervical 
Screening
Quantitative RT-PCR is currently the gold standard for expression analysis of 
individual miRNAs and potentially allows for high-throughput analysis of clinical 
samples. Analysis of miRNA expression by qRT-PCR, however, requires adequate 
data normalization to account for non-biological variability introduced during 
the experimental procedure. In Chapter 2, we therefore evaluated the suitability 
of 11 candidate reference genes for the normalization of miRNA qRT-PCR data 
obtained from cervical tissues, scrapes, and self-samples and propose an easily 
applicable strategy for the selection and evaluation of reference genes. By this 
means, we defined different reference panels for the three sample types and 
confirmed that adequate normalization indeed reduces technical variability and 
increased signal-to-noise ratios when applied to two candidate miRNA markers. 
These data demonstrate that reference genes need to be carefully selected, 
even if sample types originate from the same anatomical source. Importantly, 
identification of suitable miRNA reference genes for cervical specimens will 
improve reproducibility between studies and thereby facilitate reliable miRNA 
profiling studies for triage purposes in the future.

Following the identification of suitable reference genes, we used two approaches 
to select candidate miRNA markers for cervical cancer screening: (1) to warrant 
biological relevance, miRNAs that become either genetically or epigenetically 
deregulated during cervical disease progression35,36 were selected as candidate 
triage markers (Chapter 3), and (2) the clinically most promising miRNAs were 
identified following a discovery screen using small RNA sequencing (sRNA-Seq) 
directly on self-samples (Chapter 4). When comparing the two approaches 
with respect to discriminatory marker panels, however, caution should be taken 
due to the different sample types included in both studies (Chapter 3: scrapes, 
Chapter 4: self-samples). As suggested by the different selection of reference 
genes for cervical scrapes and self-samples (Chapter 2), the optimal miRNA 
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triage markers might be different for both sample types as well. Results from 
Chapter 3 showed that the (epi)genetically deregulated miRNAs miR-15b-5p 
and miR-375 are promising triage markers, enabling the detection of a subset of 
CIN3 and all carcinomas in hrHPV-positive cervical scrapes. Besides their triage 
potential, these miRNAs were found to affect viability of cervical cancer cells 
in vitro, indicating that they directly contribute to cervical disease progression. 
Our whole miRNome approach on hrHPV-positive self-samples in Chapter 4 
demonstrated that altered miRNA expression is also detectable in self-samples. 
Validation of selected miRNA candidates by qRT-PCR yielded a 5-miRNA panel 
with comparable performance as found for cervical scrapes in Chapter 3.

Notwithstanding the difference in sample type analyzed, two miRNAs included 
in our (epi)genetically deregulated candidate miRNA panel from Chapter 3 
(miR-9-5p and miR-15b-5p) were also among the clinically most promising 
miRNAs identified with the whole miRNome approach (Chapter 4). This overlap 
further supports our hypothesis that functionally relevant miRNAs are clinically 
meaningful, too. In Chapter 5, we therefore analyzed the ten most promising 
miRNAs from Chapter 3 and Chapter 4 in hrHPV-positive cervical scrapes from 
a gynecological outpatient cohort. As the final 3-miRNA panel in this cohort 
consisted of miRNAs from both approaches, this indicates that both selection 
strategies are valid and complementary.

Notably, a combination of multiple miRNAs generally improved detection of 
cervical disease (Chapter 3-5). The fact that the individually most discriminatory 
miRNAs were not always included in the final miRNA panel (Chapter 3 and 
Chapter 5) illustrates the benefit of combining several complementary miRNAs. 
MiRNAs, which are transcribed in unison from so-called miRNA clusters37 (e.g. 
miR-100-5p and miR-125-5p in Chapter 3), are unlikely to provide additional 
information to each other. In the future, a discovery screen in hrHPV-positive 
scrapes obtained from the current screening program in combination with 
functional screens offers a promising approach for the identification of the most 
discriminatory miRNA markers. The selection of valuable candidate miRNAs is 
further ensured by integration of externally obtained data, so-called co-data, 
such as miRNA abundance, conservation status, and functional relevance38,39. 

Fully molecular screening requires molecular triage markers that are at least 
as sensitive and specific as the current triage method, i.e. cytology. Currently, 
a direct comparison between cytology and miRNA expression analysis 
as triage tool for hrHPV-based screening is still missing. HrHPV-positive  
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cervical scrapes included in our studies were either initially triaged by  
cytology (Chapter 3) or originated from a gynecological outpatient cohort 
(Chapter 5). Due to the resulting cytology bias and the selection of CIN0/1 
lesions with normal cytology, respectively, miRNA expression analysis and 
cytology could not be directly compared. To allow for a direct comparison 
between the two triage strategies, the optimal miRNA panel should be tested 
in parallel with cytology on consecutive hrHPV-positive women in the Dutch 
screening program. Women, who are positive for one and/or both triage tests, 
should be referred for colposcopy. Similarly, future studies investigating 
whether miRNA expression analysis in self-samples offers the same protection 
against cervical disease as cytological examination of hrHPV-positive cervical 
scrapes are warranted. 

Currently, our miRNA panels (Chapter 3-5) do not meet the established criteria 
to be acceptable for triage40. Further panel optimization is therefore required 
before analysis of miRNA markers can offer reliable molecular triage testing. As 
the translation from sRNA-Seq, the present gold standard to study global miRNA 
profiles, to valuable qPCR markers proved difficult in Chapter 4, the discovery 
method of choice remains to be determined. The relatively high discrepancy 
between sRNA-Seq and qPCR41,42 is likely explained by the fact that sRNA-Seq also 
detects miRNA length variants, so-called isomiRs43,44, whereas these isomiRs are 
not or not fully captured by the qPCRs designed for canonical miRNAs45. IsomiRs 
may themselves constitute a novel class of biomarkers according to a recent 
study demonstrating that isomiR profiles can differentiate between 32 cancer 
types46. Before isomiRs can provide useful triage markers applicable to cervical 
screening, however, advances in the detection of individual isomiRs are required 
to guarantee reliable quantification. Considering that next-generation sequencing 
(NGS) becomes increasingly affordable, targeted sequencing approaches might 
eventually replace qPCR for the expression analysis of selected miRNAs and 
potentially allow for the detection of individual isomiRs. 

Complementarity between miRNAs and Other Molecular Triage 
Markers
To improve triage of hrHPV-positive women, it has frequently been suggested 
to combine cytology with HPV16/18 genotyping (reviewed in 47,48). Data on the 
complementarity of miRNAs with other molecular markers, however, is still very 
limited. Combining miRNA expression analysis with HPV16/18 genotyping in 
Chapter 3 improved the clinical performance of the miRNA panel, indicating 
that miRNA-based triage can be complemented by HPV16/18 genotyping.
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DNA methylation markers have yielded promising results for the triage of hrHPV-
positive women13,17,26,30,31,49,50. In Chapter 5, we directly compared the triage 
capacity of our 3-miRNA panel (miR-149-5p, miR-20a-5p, and miR-93-5p) to the 
established methylation marker FAM19A451 in the same set of samples and found 
that the performance of our miRNA panel was not significantly different from 
that of FAM19A4 methylation for the detection of CIN3. Stratification of CIN2 and 
CIN3 lesions by lesion volume (low and high) and hrHPV type (HPV16, HPV18, 
and other hrHPV types) suggested that FAM19A4 methylation is particularly 
predictive for high-volume and HPV16-associated CIN3. The 3-miRNA panel, 
on the other hand, was independent of hrHPV type and detected more CIN2 
lesions, suggesting that expression changes of at least some miRNAs precede 
DNA methylation of FAM19A4. Alternatively, miRNA expression changes might 
be easier to detect, as a single cell may contain hundreds of copies of one 
particular miRNA, whereas DNA methylation has a lower dynamic range. 

Interestingly, when we combined miRNA expression analysis with FAM19A4 
methylation analysis we obtained a significantly better performance than 
the 3-miRNA panel or FAM19A4 methylation analysis alone, indicating 
complementarity between the two marker types for CIN3 detection. In line with 
our results, a panel of two miRNAs (miR-31 and miR-210) and two methylation 
markers (RASSF1A and 3OST2) has been shown to offer higher sensitivity and 
specificity for the detection of non-small-cell lung cancer in sputum than panels 
consisting of either three miRNAs or three methylation markers52. Likewise, the 
so-called miMe panel comprised of nine miRNAs and three methylation markers 
has recently been demonstrated to predict prostate cancer outcome after radical 
prostatectomy53. While the combination of miRNAs and methylation markers is 
promising, the technical implementation is still rather challenging. Advancing 
(targeted) sequencing techniques might overcome this drawback in the future 
by allowing simultaneous analysis of miRNA expression and DNA methylation.

Above data indicate that the CIN2/3 lesions detected by miRNA markers may be 
partially different from those detected by methylation markers. CIN2/3 lesions 
are known to represent a heterogeneous disease, reflected by a variable duration 
of existence and a variable risk of progression to cancer54. In a subset of CIN2/3 
lesion, high levels of DNA methylation markers and increased copy number 
aberrations similar to cervical cancers have been observed and associated with 
a presumed high cancer risk26,30,55. These so-called advanced lesions with high 
risk molecular profiles would require immediate referral and treatment. CIN 
lesions with low risk molecular profiles on the other hand could potentially 
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be managed by a watch-and-wait policy, which will reduce over-referral and 
overtreatment54. To further optimize miRNA-based triage strategies for the 
detection of CIN lesions in need of referral a better understanding of the role of 
miRNAs in cervical carcinogenesis is required. 

PART II: MiRNAs and Other Molecular Changes as Drivers 
of HPV-Induced Transformation

MiRNA Function and miRNA Targets in Cervical Cancer Cells 
Many molecular alterations have been associated to hrHPV-induced 
transformation based on genome-wide analyses of cervical tissue specimens. 
To understand how miRNAs contribute to cervical carcinogenesis, nevertheless, 
it is important to study both the mechanisms remodeling the miRNA profile 
and the consequences of deregulated miRNA expression. Alterations in the 
miRNA-processing machinery can cause miRNA expression changes or result 
in the generation of isomiRs as found in Chapter 4. In Chapter 8, we provide 
an overview of current literature on miRNA-modifying enzymes in hrHPV-
associated cancers. Besides altered miRNA-processing enzymes, genetic 
and epigenetic changes affect miRNA expression. To study the molecular 
interactions driving carcinogenesis and to assess the biological consequences 
of deregulated miRNA expression, combined analysis of tissue specimens with 
in vitro cell line models provide a useful tool. Figure 1 provides an overview of 
the molecular interplay during hrHPV-induced transformation studied in this 
thesis.

SiHa, CaSki, and HeLa cells were established from cervical carcinomas and 
are widely used to elucidate the mechanisms underlying the development of 
cervical disease. To date, a vast number of miRNA-mRNA interactions have been 
predicted and cell lines are widely used to validate these interactions. One of 
our most promising markers, miR-15b-5p, plays an oncogenic role by promoting 
cell viability in SiHa and CaSki (Chapter 3). Integration of mRNA and miRNA 
expression profiles obtained from cervical tissue samples has identified RECK 
as direct target of miR-15b-5p and this interaction was confirmed by luciferase 
assay in vitro (unpublished data). RECK is a membrane-anchored glycoprotein 
that has been described to inhibit migration and invasion of cervical cancer cells 
by promotion of p53 signaling56.  Strikingly, RECK has also been identified as 
direct target of miR-15b-5p in prostate cancer57. A HITS-CLIP (high-throughput 
sequencing of RNA isolated by crosslinking immunoprecipitation)58 study 
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designed to identify miR-15b-5p targets and related pathways is currently 
ongoing. 

In Chapter 7, we used both tissue specimens and SiHa and HeLa cells to 
investigate the varying results concerning the role of miR-9-5p in cervical cancer 
that have been reported in the past35,59,60. We confirmed upregulation of miR-9-
5p in cervical squamous cell carcinomas (SCC), while low expression of miR-9-
5p in cervical adenocarcinomas (AC) seemed to be caused by DNA methylation 
of miR-9-5p precursor genes. These differences in miR-9-5p expression and 
methylation were attributable to both cervical cancer histotype and hrHPV 
type (HPV16 vs HPV18/other). In vitro experiments confirmed that miR-9-5p 
functions as oncomiR in SCC (SiHa, HPV16), while the opposite was observed 
in AC cells (HeLa, HPV18). TWIST1, a transcription factor involved in epithelial-
to-mesenchymal transition (EMT), was identified and confirmed as novel direct 
target of miR-9-5p, which might (partly) explain the dual role of miR-9-5p 
observed in the two major cervical cancer histotypes. Results in cervical AC 
cell line HeLa suggest that low levels of miR-9-5p in AC might be necessary to 
allow the induction of EMT via TWIST1. In cervical SCC cell line SiHa, on the 
other hand, miR-9-5p plays an oncogenic role, most likely by targeting cell-cell 
adhesion molecule CDH161–67. The dual role of miR-9-5p in carcinogenesis is not 
unique to cervical cancers, but has also been found in other tumors (reviewed 
in 60). Hence, it is important to take the cell type of origin and other clinical and 
molecular characteristics, such as hrHPV type, into account when studying the 
biological relevance of miRNAs in cell line models.

Molecular Interactions during hrHPV-Induced Transformation In Vitro 
Transfection of primary keratinocytes with either HPV16 or HPV18 has created the 
opportunity to study hrHPV-induced transformation in a longitudinal fashion68,69. 
In Chapter 6, we used these cell line models to study the interplay between 
the different molecular events associated with hrHPV-induced transformation 
to gain insight in their biological relevance for cervical carcinogenesis. 
Chromosomal, mRNA, and miRNA expression profiles were determined in four 
individual hrHPV-transformed keratinocyte cell lines. Eight different passages 
representing different stages of hrHPV-induced transformation were included 
for every cell line. Using the same model, we previously found a set of miRNAs 
that become increasingly methylated during transformation. These findings 
were confirmed in cervical tissue samples70, underlining the clinical relevance 
of our model. 
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Integrative analyses identified novel miRNA-mRNA interactions, for which 
the exact contribution to cervical carcinogenesis remains to be elucidated. In 
addition, we found that the acquisition of anchorage independence is associated 
with increased chromosomal instability and that approximately one third of the 
observed differential m(i)RNA expression was associated with the resulting 
chromosomal alterations. This is in contrast to previous reports, where 12.0% of 
differentially expressed mRNAs and only 4.7% of differentially expressed miRNAs 
were linked to copy number changes in cervical tissues35,71. The discrepancies might 
be explained by different experimental approaches and statistical methods used 
to study the association between copy number and gene expression. While other 
studies analyzed cross-sectional clinical material, we had the unique opportunity 
to follow copy number and gene expression changes within the specific cellular 
background of our four transforming cell lines over time.

The clear molecular distinction between anchorage-dependent and -independent 
passages of our cell line model of hrHPV-induced transformation suggests that 

Figure 1. Overview of the interplay between different molecular levels contributing to hrHPV-
induced transformation. This overview is not exhaustive but provides a summary of molecular 
changes discussed in this thesis. * Wilting et al.35,36, here analyzed as candidate triage markers 
for hrHPV-based cervical screening. SCC, squamous cell carcinoma; AC, adenocarcinoma.
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anchorage-independent cell growth represents a highly relevant functional read-
out when studying cervical carcinogenesis in vitro. Based on this observation, 
a functional screen investigating the miRNA and mRNA drivers of anchorage 
independence is currently being performed in the same cell line model. 
Integration of our longitudinal multi-level data from Chapter 6 with results 
obtained from this functional screen will provide new insights on the biological 
relevance of individual molecular changes and contribute to the selection of 
the most promising markers. Here, we found that pathways enriched among 
copy number related mRNAs, i.e. focal adhesion, mTOR, and TGF-β signaling, 
are implicated in the resistance of detachment-induced cell death (anoikis) and 
EMT, which are both important for the acquisition of anchorage-independence72. 
Further integrated longitudinal analysis the TGF-β signaling pathway identified 
PITX2 as one of the key regulators of TGF-β signaling. Overexpression of PITX2 
inhibited cell growth of hrHPV-transformed keratinocytes in vitro, supporting 
its importance in hrHPV-induced transformation. 

Besides being a relevant functional read-out, molecular changes driving 
anchorage independence will likely provide useful markers for disease in the 
future. As the anchorage-independent phenotype appears specifically associated 
with chromosomal abnormalities, the analysis of chromosomal changes for 
diagnostic purposes, by for example Fast-SeqS (Fast Aneuploidy Screening Test-
Sequencing System) or MLPA (multiplex ligation-dependent probe amplification), 
should therefore be reconsidered73–75. 

Conclusions
MiRNA expression analysis represents an attractive triage alternative to 
cytology, as it offers the possibility to accomplish hrHPV-based cervical 
screening in a fully molecular fashion. Our early clinical studies have shown 
the potential of miRNA marker panels for the triage of hrHPV-positive women, 
both for application on cervical scrapes and self-samples. However, future 
implementation in screening requires further optimization of miRNA/isomiR 
detection methods and miRNA triage panels. Towards the latter, more insights 
into the role of miRNAs in cervical carcinogenesis are essential. Our in-depth 
molecular analyses of our cell line model of hrHPV-induced transformation and 
cervical cancer cell lines provide an important contribution to this knowledge. 
Furthermore, our studies on hrHPV-positive cell line models, which are not 
specific for the cervix, imply that current findings might be of importance to 
other hrHPV-induced cancers, too.
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