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General Introduction

Chapter 1

CERVICAL CANCER
Epidemiology
Cervical cancer is the fourth most common malignancy in women worldwide1,2.
In 2018, approximately 570,000 women were living with cervical cancer and
another 311,000 women died of this disease. Because organized cervical
screening programs have led to early detection and treatment of cervical disease
in developed countries3,4, the largest fraction of the global cervical cancer
burden occurs in developing regions including Southern, Eastern, and Western
Africa (Fig. 1). Moreover, cervical cancer was the leading cause of cancer death
in the four regions of sub-Saharan Africa. In The Netherlands, over 800 women
were diagnosed with cervical cancer in 2017 and around 200 cervical cancer
related deaths are reported every year5. Approximately two thirds of cervical
cancer cases are observed in women aged between 30 and 50 years.

Figure 1. Global cervical cancer incidence and mortality. (Adapted from 2).
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Cervical Cancer and Its Precursors
The outer part of the cervix, the ectocervix, is covered by multilayered
squamous epithelial cells, while the endocervix, the inner part, is covered with a
monolayer of glandular columnar cells (Fig. 2). The so-called squamo-columnar
junction (SCJ) represents the border between the different cell types found
in the ectocervix and endocervix. Hormonal changes during puberty cause
a replacement of columnar cells with squamous epithelial cells (squamous
metaplasia) and the SCJ consequently shifts inwards. The transformation zone
(TZ) defines the region between the original location of the SCJ and its new
position (Fig. 2). Cervical cancer is believed to arise from this zone8.
Cervical cancer can be classified into different histological subtypes. Squamous
cell carcinoma (SCC, ca. 80%) and adenocarcinoma (AC, 10-20%) represent the
most prevalent cervical cancer histotypes9,10. Rare additional histotypes include
clear-cell carcinomas and neuroendocrine carcinomas.
SCCs develop through a series of precancerous lesions, so-called cervical
intraepithelial neoplasia (CIN). CIN lesions are histologically categorized into
CIN1-3, depending on their degree of dysplasia. CIN1 lesions are characterized
by mild dysplasia, where abnormal cells can be found in up to one third of the
cervical epithelium (Fig. 3). Accordingly, moderate dysplasia with abnormal
cells in up to two thirds of the cervical lining defines CIN2. CIN3 lesions harbor

Figure 2. Anatomy of the uterus and cervix. SCJ, squamo-columnar junction. (Adapted from 6,7).
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dysplastic cells in more than two thirds up to the full thickness of the cervical
epithelium. Cervical cancer is additionally characterized by invasion of the
underlying tissue. While the precursors of SCC are well defined, little is known
about precancerous lesions of ACs, which are believed to arise in the endocervix.
The only defined AC precursor is the adenocarcinomas in situ (AIS).

HPV-INDUCED CARCINOGENESIS
Human Papillomavirus
Infection with high-risk types of the human papillomavirus (hrHPV) is the major
risk factor for the development of cervical neoplasia and virtually all cervical
cancers are the result of a persistent hrHPV infection11–14. HPVs belong to
Papillomaviridae, a family of non-enveloped, double-stranded DNA viruses.
Each circular HPV genome is made up of approximately 7900 base pairs and
consists of three genomic regions: (1) a regulatory, non-coding long control
region (LCR), (2) an early region encoding six open reading frames (ORFs; E1,
E2, E4, E5, E6 and E7), and (3) a late region encoding ORFs for viral capsid
proteins L1 and L215,16.
By definition, HPV types differ from each other by at least 10% of their conserved
L1 DNA sequence18,19. To date, almost 190 HPV types have been identified20,21.
Approximately one third of HPV types represent mucosal HPV types, as they
infect mucosal epithelium, whereas the other two thirds infect the skin and are
called cutaneous HPV types. According to the International Agency for Research
on Cancer (IARC), 12 mucosal HPV types are associated with cervical cancer and
are therefore classified as class 1 human carcinogens and referred to as highrisk HPV types (hrHPV; HPV16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, and 59)22.
HPV16 and HPV18 are suggested to harbor the highest carcinogenic potential
and cause 61% and 10% of cervical cancers, respectively23. Other hrHPV types
are detected less frequently. Because some HPV types are rarely detected in
cervical cancer and evidence on their carcinogenic potential is therefore limited,
they are classified as probably high-risk (IARC class 2A, HPV68) or possibly
high-risk HPV types (IARC class 2B, HPV26, 53, 66, 67, 70, 73, and 82)24,25. Lowrisk HPV types (lrHPV) are non-carcinogenic but cause benign warts and lowgrade lesions26,27. Currently, 11 mucosal HPV types have been defined as lowrisk types (HPV6, 11, 40, 42, 43, 44, 54, 61, 72, 81, and CP6108). HPV6 and
HPV11 are the most common lrHPV types and are detected in 90% of patients
with genital warts28.
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From Productive to Transforming Infection
The productive life cycle of HPV is closely linked to the differentiation process
of infected host cells. The viral life cycle is initiated when HPV infects basal cells
of the epithelium via micro-abrasions (Fig. 3, Fig. 4A)29. In infected basal cells,
the viral replication genes E1 and E2 are expressed at low levels and facilitate
the replication of viral DNA, which takes place simultaneously with cellular
DNA replication during S phase15,30. Viral episomes are maintained at low copy
numbers at that point. Cell division eventually leads to differentiation of one of the
daughter cells and as a consequence, viral differentiation-dependent promoters
become activated. Expression of E6 and E7 in the mid-layer of the cervical
epithelium initiates a re-entry of differentiated cells into S phase and promotes
the amplification of viral DNA. Finally, in the upper layer of the epithelium, the
viral capsid proteins L1 and L2 are expressed together with E4 and viral progeny
is released from terminally differentiated cells31. Because E4 expression is
directly linked to the final stage of the viral life cycle, it is considered a marker for
productive HPV infections32,33. Productive infections may give rise to low-grade
lesions including CIN1 and a subset of CIN2 (Fig. 3).

Figure 3. Cervical cancer and its precursors. Cervical cancer is caused by a persistent infection
with the human papillomavirus (HPV) and develops through a series of cervical intraepithelial
neoplasia. (Adapted from 17).
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Figure 4. Schematic representation of a productive and a transforming infection. (A)
Productive infections are characterized by viral replication and assembly in differentiated
epithelial cells resulting in the release of viral progeny from the epithelial surface. Proliferating
cells are represented by red nuclei. Green cells show E4 expressing cells, yellow cells indicate L1
expressing cells. (B) Upregulation of viral oncogenes E6 and E7 in proliferating cells (red nuclei)
cause uncontrolled proliferation in transforming infection. E1-E7, early viral genes; L1-2, late
viral genes. (Adapted from 15).

Transforming infections, on the other hand, are characterized by abnormal cell
growth caused by an abortion of the viral life cycle and expression of viral genes
E6 and E7 in proliferating basal cells (Fig. 4B). In dividing cells, E6 and E7 target
tumor suppressors p53 and pRb, respectively, and as a consequence disrupt
cell cycle control, prevent apoptosis, and initiate uncontrolled proliferation34,35.
Overriding critical cell cycle checkpoints by viral oncogenes, in particular E7,
also induces replication stress, which is characterized by stalled replication
forks, generation of single-stranded DNA, breaks in double-stranded DNA,
and accordingly the recruitment of replication stress response proteins
(reviewed by 36). This can cause genetic changes regularly observed at so-called
common fragile sites, i.e. large chromosomal regions prone to DNA breakage.
Interestingly, DNA damage response genes are frequently located at common
fragile sites37, suggesting that inactivation of the appropriate DNA damage
14
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response itself further diminishes genomic integrity. Moreover, overexpression
of E6 and E7 has been linked to centrosome-related mitotic disturbances38,39.
Concomitant errors in chromosome duplication and segregation during mitosis
further contribute to genetic instability, which in turn drives the accumulation
of additional alterations in the host cell genome and epigenome and eventually
leads to aberrant expression of oncogenes and tumor suppressor genes34,40,41.
Transforming infections are associated with high-grade CIN, including a subset
of CIN2 and most CIN3 lesions (Fig. 3). Productive and transforming CIN2
lesions are morphologically not distinguishable.

The Concept of hrHPV-Induced Carcinogenesis
With an estimated lifetime infection risk of 80% in sexually active women,
hrHPV infections are a rather common phenomenon. Fortunately, about 80%
of hrHPV infections are transient infections, which are cleared by the immune
system within 1-2 years. Most of the remaining 20% of hrHPV infections develop
into productive infections and may give rise to low-grade CIN lesions (Fig.
5). These low-grade CIN lesions are most likely to regress to normal cervical
epithelium upon clearance of hrHPV by the host’s immune system. Less than
5% of hrHPV infections are persistent and result in the development of highgrade precancerous lesions (CIN2/3 and AIS)42 and approximately one third of
transforming high-grade lesions progresses to invasive cancer. The process
from onset of transforming infection to development of cervical cancer may
take 15-30 years43.
Originally, cervical cancer was considered to arise from any cell in the TZ8.
Efforts to identify the targets of HPV infection led to the concept that (pre-)
malignant lesions originate from epithelial stem cells at the transformation zone
or the endocervix. At present, different types of stem cells have been proposed
to be most susceptible to HPV-induced transformation. These include (1) the
cervical reserve cells that are most abundant at sites of metaplasia and (2) the
so-called squamocolumnar junction cells, a discrete population of small, single
layered embryonic cells localized at the SCJ44,45. These cells are characterized
by a distinct cuboidal morphology and a SCJ-specific gene expression pattern,
a gene expression profile that is also found in the majority of CIN2/3 lesions
and cervical cancers44,46. A new concept therefore suggests that infection of
cuboidal SCJ cells with hrHPV directly give rise to transforming infections, while
productive CIN originate from other cells within the TZ and may progress to
transforming infection and subsequently cancer (Fig. 5)30.
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Figure 5. The concept of cervical carcinogenesis. While most hrHPV infections in the
transformation zone (TZ) are cleared, a subset of transfections progresses to productive
infections (CIN1, subset of CIN2) or to transforming infections (subset of CIN2, CIN3).
Transforming CIN might be a direct result of hrHPV infections in cells of the squamo-columnar
junction (SCJ). Transforming infections may progress to cervical cancer within 15-30 years. For
that process, additional genetic and epigenetic host cell alterations are required. (Adapted from
30
).

In vitro Models of hrHPV-Induced Carcinogenesis
To study hrHPV-mediated transformation, in vitro cell line models were
developed by transfection of primary keratinocytes with either HPV16 or
HPV1847–50. Extensive in vitro studies using these cell lines have demonstrated
that hrHPV-induced transformation can be divided into four stages: (1)
acquisition of an extended lifespan, (2) immortalization, (3) anchorage
independent cell growth, and finally, (4) tumorigenicity (Fig. 6)48,51,52.
Normal human cells in culture can only undergo a finite number of population
doublings before entering senescence. Due to an inability of the DNA polymerase
to completely replicate chromosome ends, these so-called telomeres become
shorter with every cell division 54. Critically shortened telomeres lead to
growth arrest and as a result, affected cells enter senescence. Senescent cells
are viable but lack the capability to proliferate55. Cells infected with hrHPV
escape senescence by inactivation of p53 and pRb through viral oncogenes
E6 and E7 and acquire an extended, though still limited, lifespan (1)34,35,56.
Further proliferation and concomitant, critical telomere erosion eventually
16
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induces a state of crisis, which is characterized by extensive chromosomal
instability and massive cell death. Overexpression of E6 and E7 contributes
to genetic instability and results in an accumulation of genetic and epigenetic
changes as described on page 14-15. Some (epi)genetic aberrations might
result in a growth advantage and the emergence of immortal subclones (2).
In the majority of cases, the process of immortalization is associated with
upregulation of the catalytic subunit of the telomerase enzyme (hTERT), the
subsequent reactivation of telomerase, and the eventual stop of telomere
shortening49,57–59. Prolonged culturing of hrHPV-immortalized keratinocytes
eventually leads to additional (epi)genetic alterations and as a consequence,
hrHPV-immortalized cells acquire the ability to grow anchorage independently
(3) and may ultimately become tumorigenic (4)48,60.

Figure 6. In vitro model of hrHPV-induced transformation. Primary cells are transfected with
hrHPV and subsequently undergo four stages of transformation. (Adapted from 53).

Anchorage independence in particular is considered evidence for complete
transformation in vitro61,62. In healthy epithelial cells, loss of appropriate
cell-cell and cell-matrix interactions induces aberrant integrin signaling and
detachment-induced cell death, so-called anoikis. Transformed epithelial cells,
however, can overcome anoikis by de-differentiation from an epithelial to a
mesenchymal phenotype (EMT), integrin switching, activation of survival and
proliferation pathways, or temporary adoption of a dormant state63. Because
cell fusion experiments have demonstrated that anchorage independence in
hrHPV-transformed cells is a recessive event, inactivation of tumor suppressor
genes has been suggested to be critical to bypass anoikis48. In line with this,
anchorage-independent cell growth of HPV-transformed cells was affected
by functional loss of numerous tumor suppressor genes64–71. Moreover, the
transition from anchorage-dependent to -independent passages of hrHPVtransformed cell lines is characterized by clear changes in global microRNA
(miRNA) profiles53.
17
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Importantly, cell line models for hrHPV-induced transformation were shown
to faithfully mimic cervical cancer development on a molecular level49,66,72–74.
Telomerase activity, for instance, as observed in cervical cancer cell lines and
upon prolonged growth of primary keratinocytes infected with hrHPV, is also
seen in 40% of CIN3 lesions and 96% of cervical SCC, while no telomerase
activity could be detected in CIN1 and CIN2 lesions75. These findings and other
data illustrate that during prolonged culturing, hrHPV-containing keratinocytes
acquire phenotypes corresponding to all stages of the CIN classification
system. In support of this, organotypic raft cultures demonstrated that hrHPVimmortalized keratinocytes morphologically resemble mild to severe dysplasia49.
The convincing agreement between in vitro and tissue findings stress that
hrHPV-immortalized keratinocytes provide useful model systems to study
the molecular events driving hrHPV-induced transformation. While numerous
chromosomal aberrations and differentially expressed coding and noncoding genes were identified by genome-wide analyses of cervical tissue
specimens76–80, the sequential order of molecular changes and their relevance
to the carcinogenic process cannot be deduced from cross-sectional data.
Molecular and functional analyses of hrHPV-containing cells at different
time points during transformation, on the other hand, offer the possibility to
study hrHPV-induced transformation over time and to link certain molecular
alterations to different stages of transformation. Integrating longitudinal data
obtained from various molecular levels would facilitate the identification of key
drivers of the transformation process, which are likely to provide promising
disease markers and potential therapeutic targets.

(EPI)GENETIC HOST CELL ALTERATIONS CONTRIBUTING
TO CERVICAL CARCINOGENESIS
While hrHPV infections are considered necessary for the development of highgrade CIN, it is now widely accepted that an accumulation of additional genetic
and epigenetic alterations is required for the progression to cancer81–83. The long
time window required for the development of invasive cervical cancer from the
onset of transformation supports this view. In addition, the number of molecular
aberrations increases with disease severity30,83. Changes in the host cell genome
include chromosomal alterations caused by duplication, deletion, inversion,
insertion, or translocation of chromosomal regions, and DNA mutations.
Epigenetic alterations regulate gene expression without directly affecting the
18
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underlying DNA sequence and include changes in DNA methylation patterns
and altered expression of miRNAs.

Chromosomal Alterations
In a meta-analysis, Thomas et al. found a gain of chromosomal arm 3q to be the
most frequently observed aberration (55%) in cervical SCC, followed by a loss
of 3p (36%), a loss of 11q (33%), and a gain of 1q (29%)76. Interestingly, these
aberrations are already present in high-grade CIN, where they are detected
at lower rates (3q gain 27%, 3p 8%, and 11q loss 15%, respectively). These
chromosomal alterations, however, seem to be specific to SCC and its precursors.
In cervical AC, a gain of chromosome 17q (36%) is the most commonly found
chromosomal aberration. More recently, an analysis of 178 cervical carcinomas
by The Cancer Genome Atlas (TCGA) network found an average of 88 somatic
copy number alterations per carcinoma14. While identified amplification events
of chromosomes 3q (78%), 8q (42%), 11q (17%), and 17q (17%) were consistent
with previous reports, focal gains of chromosomes 9p (21%), 16p (20%), 13q
(18%), and 7p (17%) were identified as novel recurrent amplification events.
Similarly, the identification of chromosomal losses of 3p (36%), 4q (36%), and
10q (31%) confirmed previous studies and loss of chromosome 18q (28%) was
identified as novel recurrent deletion.
Recurrent chromosomal alterations are widely believed to contain genes crucial
to the carcinogenic process84. Frequently found amplification of the genes
MYC (8q) and CCND1 (11q) in a number of human cancers, for example, has
led to the identification of the two genes as candidate oncogenes and their
oncogenic potential has been well-established since85,86. In cervical cancer, eight
candidate tumor suppressors (THOC7, PSMD6, SLC25A26, TMF1, RYBP, SHQ1,
EBLN2, GBE1) located on the recurrent loss of chromosome 3p were identified
by an integrative genomic approach and their downregulation was implicated
in the activation of carcinogenic pathways87. Survival analysis demonstrated
prognostic impact of the 8-gene signature. A focal gain of chromosome 20q in
high-grade CIN, moreover, indicated EYA2 as novel oncogene88. Upregulation of
EYA2 in high-grade CIN and cervical cancer and a direct effect of EYA2 on cell
viability, anchorage-independent cell growth, and migratory capacity of HPV16transformed keratinocytes demonstrated that chromosomal alterations directly
contribute to hrHPV-induced carcinogenesis.
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DNA Mutations
The highest somatic mutation rates in cervical cancer were reported for PIK3CA
in both SCC and AC (SCC: 14-37.5%; AC: 16-25%)89–91. Most PIK3CA mutations
were known activating hotspot mutations p.E542K and p.E545K in the helical
domain of PIK3CA. In line with this, PIK3CA has been described as oncogene
in numerous human cancers and has been shown to contribute to hrHPVinduced transformation92,93. In SCC, moreover, mutations of EP300, FBXW7,
HLAB, MAPK1, EGFR and PTEN were identified89–91. Mutations of KRAS, ELF3
and CBFB were only detected in AC. In high-grade CIN, PIK3CA was the only
gene that was found to be mutated94. Because PIK3CA mutations were rather
rare in high-grade CIN (2.4%), somatic mutations of PIK3CA and other genes
are assumed to be relatively late events in cervical carcinogenesis. Low variant
allele frequencies in high-grade CIN and carcinomas, moreover, indicated that
PIK3CA mutations are subclonal and do not drive malignant transformation.
Analysis of 192 carcinoma samples by the TCGA network largely confirmed
previous reports14. In addition, SHKBP1, CASP8, HLAA, and TGFBR2 were
identified as novel significantly mutated genes in SCC and a novel mutation of
ERBB3 was found in both SCC and AC.

DNA Methylation
DNA methylation involves the addition of a methyl group to a cytosine preceding
a guanine nucleotide (CpG). The methylation reaction is catalyzed by so-called
DNA methyltransferases (DNMTs). DNMTs can be categorized into two groups:
(1) DNMTs that maintain methylation patterns after DNA replication such as
DNMT1 and (2) de novo DNMTs that, such as DNMT1, can methylate previously
unmethylated DNA. DNMT3A, DNMT3B, and DNMT3L belong to the class of de
novo DNMTs. Genomic regions containing high densities of CpG dinucleotides
are called CpG islands. CpG islands are frequently associated with gene promoter
regions. In humans, approximately 60% of promoter regions harbor CpG islands95.
DNA methylation in promoter regions is generally linked to inactivation of gene
transcription96,97. During carcinogenesis, global hypomethylation occurs, i.e. an
overall loss of methylation can be observed throughout the genome98. Local
hypermethylation in promoter regions of tumor suppressor genes, however,
can support malignant transformation99–101. In hrHPV-induced carcinogenesis,
viral oncogenes E6 and E7 can directly and indirectly modulate activity of
DNMT1102,103. Moreover, an upregulation of DNMT1 and DNMT3B was observed
in CIN3 lesions and cervical carcinomas72,104,105.
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The identification of DNA methylation changes in CIN lesions, cervical cancer,
and cell line models of hrHPV-induced transformation has gained increasing
attention in recent years. Detection of aberrant DNA methylation in clinical
material seems promising for the improvement of cervical cancer diagnostics,
as further clarified on page 25. Changes in DNA methylation related to cervical
disease have been described for, among others, ASCL1, CADM1, CDH1, DAPK1,
EPB41L3, FAM19A4, GHSR, LHX8, MAL, miR-124-2, ST6GALNAC5, SST, TERT,
PAX1, and ZIC130,100,106–110. Many of these genes have previously been suggested
as tumor suppressor candidates and re-expression of CADM1, MAL, and miR124-2 indeed inhibited cell viability, anchorage-independent cell growth, and
migratory capacity of hrHPV-infected cells66,67,111.

Changes in miRNA Expression
MiRNAs belong to an abundant class of small non-coding RNAs and have a
length of 18 to 23 nucleotides112,113. They are expressed in tissue-specific patterns
and play important regulatory roles in cellular processes during development,
homeostasis, and pathogenesis by post-transcriptionally regulating gene
expression112–115. In humans, the majority of miRNA genes is found in intergenic
regions and in introns of other non-coding or coding genes, although some
miRNAs are encoded by exons116. Transcription of a long, double-stranded
primary miRNA transcript, the pri-miRNA, takes place in the nucleus and is
accomplished by RNA polymerase II or III (Fig. 7)116,117. The produced pri-miRNA
is subsequently cleaved by the DROSHA-DGCR8 microprocessor complex.
The resulting pre-miRNA is exported from the nucleus into the cytoplasm via
Exportin-5 and RAN-GTP. In the cytoplasm, the terminal loop is removed from
the pre-miRNA by Dicer and TRBP. Together with Argonaute proteins (Ago), the
mature miRNA builds the RNA-induced silencing complex (RISC). Usually only
one strand, the guide strand, is incorporated into RISC complex, while the socalled passenger strand becomes degraded. Both strands of the RNA duplex
can act as functional miRNA and which strand will function as guide miRNA
largely depends on the cellular context. Once the RISC complex is loaded with
miRNA, the mature miRNA guides RISC to the 3’UTR (untranslated region)
of one of its target mRNAs and causes mRNA degradation in case of perfect
complementarity between the miRNA and its target mRNA, while the blocking
of target mRNAs by imperfectly complementary miRNAs leads to translation
inhibition or accelerated mRNA decay through deadenylation118,119.
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Figure 7. The canonical miRNA-processing pathway. For explanation see text. (Adapted from 117).

For miRNA target recognition, the 5’ domain of the miRNA is essential120. The
region spanning from nucleotide position 2 to 7 is called the seed sequence and
determines the target genes of a miRNA. Other downstream nucleotides might
also contribute to base pairing, most importantly nucleotide 8 and to a lesser
extend nucleotides 13 to 16. Each mature miRNA can target a multitude of
mRNA transcripts, whereas, vice versa, a mRNA can be targeted by numerous
miRNAs.
Consequently, miRNAs are fine-tuners of gene expression and they have a
considerable impact on the identity of a cell113. Changes in miRNA expression
lead to the deregulation of important intracellular pathways and potentially
22
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alter expression of oncogenes and tumor suppressor genes121. Altered miRNA
expression therefore contributes to human malignancies, including cervical
cancer122,123.
In hrHPV-induced carcinogenesis, viral oncogenes have been shown to directly
and indirectly modulate expression of miRNAs124–129. Moreover, deregulation
of miRNAs can also be an effect of DNA methylation of miRNA precursor
genes or chromosomal aberrations, which cause multiplication or deletion of
miRNA genes53,71,111,130–132. Performing a meta-analysis on 85 published studies
on deregulated miRNAs in cervical cancer, He et al. identified five upregulated
miRNAs (miR-10a-5p, miR-16-5p, miR-25-5p, miR-92a-3p, and miR-196a-5p)
and seven downregulated miRNAs (miR-29a, miR-34a, miR-99a-5p, miR-1005p, miR-199a-3p, miR-203, and miR-218-5p) that were continuously altered in
CIN1, CIN2, CIN3 and cervical cancer122. In total, 42 miRNAs were upregulated
and 21 miRNAs were downregulated at different stages of cervical disease. In
another systematic review by Sharma et al., 246 deregulated miRNAs in cervical
carcinogenesis were found, of which miR-21, miR-143, miR-145, miR-203, miR214, and miR-218 were the most frequently described133.
Alterations in the miRNA-processing pathway can lead to changes in miRNA
expression levels or to the creation of isomiRs. IsomiRs are miRNAs that are
produced from the same primary transcript as the so-called canonical miRNA,
but they differ from the canonical sequence by addition or deletion of one or
more nucleotides at the 5’ or 3’ end or both134,135. These miRNA length variations
can be caused by imprecise cleavage by DROSHA or Dicer as well as by other
miRNA-modifying enzymes that trim, adenylate, or uridylate the miRNA postmaturation such as ADARs (adenosine deaminases acting on RNA) and TUTases
(terminal uridylyl transferases)136–139. Although altered miRNA expression
caused by direct deregulation of Dicer and DROSHA by HPV16 oncoproteins
has been described140, to date little is known about the role of miRNA-modifying
enzymes and isomiRs in hrHPV-induced cancers.

CERVICAL SCREENING
HrHPV-Based Screening in The Netherlands
In the last decades, population-based cervical screening programs have largely
reduced cervical cancer incidence and mortality3,4. Screening for cervical
disease is particularly successful due to the large time window required for
23
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the progression of premalignant hrHPV infections to cervical cancer. Early
detection and early treatment of high-grade CIN or cervical cancer often result
in successful prevention and cure.
In conventional cervical screening programs, women visit their physician who takes
a cervical scrape for subsequent examination by cytology. As primary testing for
hrHPV in cervical scrapes has demonstrated to have a higher sensitivity for the
detection of CIN2/3 and cervical cancer than primary cytology testing, cytologybased screening was replaced by primary hrHPV testing in The Netherlands in
2017141–143. Women between the age of 30 and 60 years are invited to visit their
physician for a cervical scrape every 5-10 years. To increase participation in and
effectiveness of the screening program, women who do not respond to their
invitation are offered self-collection of cervico-vaginal specimens (self-samples)
for hrHPV testing143. Notably, self-samples for hrHPV testing are returned by
up to 30% of women who do not attend the regular screening144–147. Moreover,
the right combination of hrHPV test and self-sample device has been shown to
achieve similar clinical performance for the detection of CIN3 and cervical cancer
as hrHPV testing on physician-taken cervical scrapes148–150.
Although primary hrHPV testing using a clinically validated assay has a high
sensitivity for the detection of CIN2/3 and cervical cancer, it is 3-5% less specific
than cytology, as it also detects women with transient hrHPV infections without
underlying disease141,151. To prevent over-referral and overtreatment, a triage
test is required to identify women with clinically relevant hrHPV infections, i.e.
women who actually harbor cervical precancer or cancer and who need further
follow-up at a gynecologist. Currently, cytology either alone or in conjunction
with HPV16/18 genotyping is the most commonly used method to triage
hrHPV-positive women. In The Netherlands, hrHPV-positive women are triaged
by repeat cytology. Cytology is performed at baseline and followed by reflex
cytology after 6-12 months for hrHPV-positive women who tested negative for
intraepithelial lesion or malignancy (NILM) at baseline. Women with abnormal
cytology (Atypical Squamous Cells of Undetermined Significance (ASCUS) or
worse) at baseline or at repeat cytology are referred to the gynecologist for
follow-up by colposcopy. While cytology can be performed on the same cervical
scrape as primary hrHPV testing, self-sampled material is not suitable for triage
by cytology152–154. Women with a hrHPV-positive self-sample therefore still need
to visit their physician for a cervical scrape, which often causes loss to followup or a delay in diagnosis and treatment145,146,155.
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Alternative Triage Methods
As cytology is subjective, requires highly-trained personnel, and does not
allow for direct triage on self-samples, other triage tests are currently under
investigation (reviewed in 156). Triage by p16ink4a/Ki-67 dual-stained cytology
has been shown to offer similar sensitivity as conventional cytology at higher
specificity157,158. A p16ink4a/Ki-67 dual-stained cytology assay (CINtec® PLUS,
Roche) has been clinically validated and is commercially available159,160. Although
testing for p16ink4a/Ki-67 co-expression also decreased inter-observer variability
compared to cytology, it is not reliably applicable to self-sampled material161–163.
Molecular triage strategies are promising alternatives to microscopy-based triage
methods as they offer objective, high-throughput analysis of large numbers of
samples, and are potentially applicable on self-samples. HPV16/18 genotyping,
for example, can be performed on self-sampled material, but has limited
sensitivity for CIN3 and cancer in population-based screening cohorts153,164,165.
Analysis of DNA methylation markers, moreover, has gained increasing attention
in recent years and has yielded promising results for the detection of CIN2/3 and
cervical cancer in both cervical scrapes and self-samples108,109,165–168. A multiplex
assay for the simultaneous DNA methylation analysis of FAM19A4 and miR124-2
has been clinically validated and is commercially available (QIAsure®, Qiagen).
While deregulated expression of miRNAs has been demonstrated in cervical
tissue samples, studies on the applicability of miRNA expression analysis for
triage purposes in cervical scrapes and self-samples are limited. To date, only
one study has shown that analysis of a panel of miRNAs allows for the triage
of HPV-positive cervical scrapes in a gynecological outpatient cohort169. Triage
of hrHPV-positive scrapes or self-samples by miRNA expression analysis is
especially attractive, as it requires only small amounts of clinical material and
could be applied on the same cervical scrape or self-sample used for hrHPV
testing. Additional studies investigating the clinical potential of miRNAs
as triage markers in hrHPV-positive cervical scrapes and self-samples are
therefore warranted.

AIM AND THESIS OUTLINE
While persistent infection with hrHPV has been widely accepted as a necessary
cause for cervical cancer, additional genetic and epigenetic changes are required
to further drive cervical carcinogenesis. Molecular changes underlying the
carcinogenic process provide promising disease markers. The aim of this thesis
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is to translate differential expression of miRNAs into objective disease markers
for hrHPV-positive women identified in cervical screening and to extend our
current knowledge on the involvement of miRNAs and other molecular alterations
in malignant transformation. To this end, we evaluated the suitability of miRNAs
as triage markers in hrHPV-positive physician-taken cervical scrapes and selfsamples in the first part of the thesis. In the second part, the contribution of
aberrant miRNA expression and other molecular changes to hrHPV-induced
transformation was investigated.

PART I: MiRNAs as Triage Markers in HPV-Based Cervical Screening
Reliable miRNA expression analysis by quantitative polymerase chain
reaction (qPCR) requires adequate data normalization to remove
technical variation introduced during the experimental procedure. The
use of a few stably expressed endogenous reference genes is generally
acknowledged as the normalization method of choice. In Chapter 2,
we set out to identify the most suitable reference genes for cervical tissue
specimens, scrapes, and self-samples. To this end, a panel of 11 candidate
reference genes was analyzed in all three sample types. We demonstrated that
different types of specimen originating from the same anatomical source can
require different panels of reference genes and that adequate normalization
indeed reduces technical variability. Careful selection of reference genes
ensured appropriate data normalization throughout all following studies.
Although numerous studies have identified differentially expressed miRNAs in
cervical tissue samples, data on miRNAs for the triage of hrHPV-positive cervical
scrapes is limited. In Chapter 3, we evaluated the triage marker potential of a
panel of eight candidate miRNAs in hrHPV-positive cervical scrapes obtained
from a screening population. The selected candidate miRNAs have previously
been shown to exhibit either genetically or epigenetically mediated expression
changes in cervical tissue specimen71,131. We demonstrated that differential
miRNA expression is reflected in cervical scrapes and showed that combining
expression analysis of two discriminatory miRNAs (miR-15b-5p and miR-375)
offers promising results for the detection of CIN3 and cervical cancer in hrHPVbased cervical screening. Notably, miR-15b-5p and miR-375 were also shown to
be implicated in cervical carcinogenesis in vitro.
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Unfortunately, molecular markers with high discriminatory power in cervical
tissue samples and scrapes do not necessarily provide suitable disease markers
in self-samples due to contamination of disease-related cells with vaginal
epithelial cells and lymphocytes170. To identify the most promising miRNAs for
the triage of self-samples, we therefore performed a miRNome-wide screen
directly on hrHPV-positive self-sampled material in Chapter 4. A signature
of nine miRNAs with high discriminatory power for the detection of CIN3
was identified and further validation by qPCR resulted in a final panel of five
miRNAs (let-7b-5p, miR-15b-5p, miR-20a-5p, miR-93-5p, miR-222-3p) with
high discriminatory power for CIN3 and cancer.
While research efforts have focused on the identification of either discriminatory
miRNA or DNA methylation markers, a direct comparison between the two
marker types in cervical cancer screening is currently missing. Thus, in Chapter
5, we set out to compare the triage capacity of miRNAs with the established DNA
methylation marker FAM19A4 in cervical scrapes obtained from a gynecological
outpatient cohort. An optimal miRNA classifier for the detection of CIN3 was
built by analysis of the ten most promising miRNAs previously determined
in cervical scrapes or self-samples (Chapter 3 & 4). The most discriminatory
miRNA panel consisted of miR-149-5p, miR-20a-5p, and miR-93-5p and
performed similarly to FAM19A4 methylation analysis in the same sample
series. Importantly, combined analysis of the three miRNAs and FAM19A4
improved detection of CIN3, demonstrating complementarity between miRNAs
and methylation markers.

PART II: MiRNAs and Other Molecular Changes as Drivers of HPVInduced Transformation
To investigate the temporal and causal relation between different molecular
alterations and their contribution to cervical carcinogenesis, we performed a
comprehensive molecular profiling study of hrHPV-induced transformation
over time in Chapter 6. Chromosomal, mRNA, and miRNA expression profiles
were determined in four individual hrHPV-transformed keratinocyte cell lines
at eight different passages representing different stages of hrHPV-induced
transformation. Integrative analysis of the obtained longitudinal multi-level data
allowed for the prediction of miRNA-mRNA interactions and the identification
of relevant pathways contributing to transformation. PITX2 was revealed to be
a key player of the TGF-β signaling pathway and shown to inhibit cell growth of
hrHPV-transformed keratinocytes.
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While previous studies reported upregulation of miR-9-5p in cervical SCC due
to a copy number gain of chromosome 1q, decreased expression of miR-9-5p
in cervical AC has been associated with DNA methylation-mediated silencing
of miR-9 precursor genes131,171. In Chapter 7, we therefore investigated the
mechanisms causing contradictory results regarding miR-9-5p and show that
differential expression of miR-9-5p in SCCs and ACs is associated with both
histotype and hrHPV type. Moreover, we demonstrate that miR-9-5p plays a
dual role in the two cervical cancer histotypes and identify transcription factor
TWIST1 as novel target of miR-9-5p.
Differential miRNA expression and the creation of isomiRs can result from
changes in the miRNA-processing pathway. Chapter 8 provides a review on the
current knowledge of miRNA-processing enzymes in hrHPV-induced cancers.
In Chapter 9, our findings are summarized and discussed with respect to
potential future applications.
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