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1. CERVICAL CANCER
1.1. EPIDEMIOLOGY
With an estimated 528 000 new cases and 266 000 deaths in 2012, cervical cancer is the fourth
most common cancer among women worldwide.1 Around 85% of this global burden occurs in
less developed regions, where it is responsible for nearly 12% of all female cancers (Figure 1).
High-risk regions include Eastern, Southern and Middle Africa with age-standardised incidence
rates (ASIR) of over 30 per 100 000. Here, cervical cancer is the leading cause of cancer-related
death in women.2, 3 The lack of effective screening and poor access to healthcare are the main
contributors to these relatively high mortality rates in low- and middle income countries (LMIC).4

Figure 1 │ Estimated cervical cancer age-standardised incidence rates worldwide in 2012 (per 100 000). Adapted
from GLOBOCAN.1

In high income countries, implementation of screening programmes in the 1960s led to a significant reduction
in the frequency of cervical cancer.5, 6 Efficient cervical screening programmes aim for the detection of
malignant lesions at an early or premalignant stage, and subsequent treatment of these lesions, thereby
preventing progression towards cancer and allowing better survival in women with cervical disease.7
The most common cervical cancer histotype (~80%) is squamous cell carcinoma (SCC), followed
by adenocarcinoma (AC) and adenosquamous carcinoma (together ~10 to 20%). Rare histological
types include small cell and neuroendocrine carcinomas. The reduction observed in cervical cancer
frequency as a consequence of the implementation of nationwide cervical screening programmes
has not been uniform for all histological subtypes. In recent decades falling incidence rates are only
seen for SCC, and in contrast, no effect or an increase is observed in AC incidence.8, 9
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1.2. ANATOMY OF THE UTERINE CERVIX
The uterine cervix forms the transition of the uterus into the vagina and consists of two parts (Figure 2). The
inner part at the uterine side (endocervix) is lined with a single layer of columnar cells, in contrast to the
outer part at the vaginal side (ectocervix) that is covered with squamous epithelium. The transformation
zone lies on the border of endo- and ectocervix and is initially covered by columnar cells which are
replaced by squamous epithelium during puberty due to metaplastic changes. Most cervical cancers
arise from the basal or stem cells in transformation zone and adjacent endocervix.10

Figure 2 │ The anatomy of the uterine cervix and its transformation zone. Schematic representation of the ectocervix,
the transformation zone, the squamous columnar junction (SCJ) and endocervix. The human papillomavirus virions enter
the basal cells by micro-abberations in the cervical epithelium. Different candidate stem cells maintain the different epithial
layers of the cervix (see text). Adapted from Schiffman et al.10

The specific target cell of lesion formation and transformation towards cervical cancer remains
unknown, but it is suggested that the target cell in the carcinogenic cascade is the stem cell of
the epithelium.11, 12 Different types of stem cells maintain the epithelial layers of the cervix. The
squamous epithelium of the ectocervix is maintained by ‘conventional’ stem-like cells in the basal
epithelial layer.13 The cells in the transformation zone and endocervix are maintained by cells
under debate and different candidates qualify as stem cells.14 Cervical reserve cells or basal
keratinocytes are undifferentiated, omnipotent cells in the transformation zone and endocervix
with the capacity to undergo squamous differentiation.15 They are very likely to be stem cells and
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are typically abundant at sites of metaplasia. Recent studies suggest a second type of stem cell
of embryogenic origin and cuboidal appearance, situated on the squamocolumnar junction (SCJ).16, 17
These so called SCJ cells exhibit phenotypic similarities with cervical carcinomas and might serve
an instrumental role in carcinogenesis.18
1.3. CERVICAL PRECURSOR LESIONS
Squamous cell carcinomas develop through premalignant lesions of the cervix, histologically
classified as cervical intraepithelial neoplasia (CIN). The grade of CIN ranges from CIN1, via CIN2
to CIN3 in accordance with severity of the lesion and depends on the extent of immature, dysplastic
cells in the squamous epithelium above the basal layer (one-third up to full thickness) and the
severity of cellular abnormalities (Figure 3). Although CIN3 is considered the direct precursor of
SCC, further progression to invasive disease can take up to 20 to 30 years.19 The long lag period
between development of CIN and cancer invasion offers the possibility to effectively detect and
treat these precursor lesions through cervical screening followed by colposcopic examination.20

Figure 3 │ Development of cervical cancer through cervical intraepithelial neoplasia. After entering the basal cells of
the cervical epithelium, human papillomavirus infection can give rise to premalignant abnormalities represented by cervical
intraepithelial neoplasia grade 1, 2 and 3. These lesions can further progress towards invasive cervical cancer, a process
that can take up to 20 to 30 years. Adapted from Woodman et al.21

The results found on biopsies taken at colposcopy designate clinical management in women
diagnosed with CIN. Generally a conservative approach is recommended for CIN1, as the majority
of these lesions will spontaneously regress (~60%). On the contrary, excision of CIN3 is indicated
due to their high risk for progression into cancer (~12%).22 Guidelines on management for CIN2
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vary considerably between clinics and countries, as these lesions represent a heterogeneous
group of disease. A substantial part of CIN2 (~44%) will regress if left untreated and only a small
part will progress (~5%).23 As for CIN3, excision of all CIN2 is commonly recommended, to ensure
CIN2 lesions tending to progress not escape treatment.
The World Health Organisation (WHO) introduced in 2013 a two-tiered grading system, in which
CIN1 is categorized as Low-Grade CIN, and CIN2 and CIN3 is categorized as High-Grade CIN. For
all High-Grade CIN, treatment is adviced.24 This will however be accompanied with a considerable
risk of overtreatment of regressive lesions. Overtreatment is specifically critical among women in
their reproductive age, as it may lead to adverse pregnancy outcomes.25 Therefore clinicians will take
other aspects into consideration in determining clinical management for women diagnosed with
CIN2/3, such as volume of the lesion, patients age and future child wish.
Adenocarcinomas are supposed to arise from the stem cells of columnar epithelium of the endocervix,
however little is known about their premalignant lesions. Adenocarcinomas in situ (AIS) resemble
most probably the direct precursor of AC and are in need of treatment by surgical excision.26

2. HUMAN PAPILLOMAVIRUS
Virtually all cervical cancers worldwide are caused by a persistent infection with high-risk types of the
human papillomavirus (HPV).27 Over 200 HPV genotypes are categorized into phylogenetic genera
(designated Alpha, Beta, Gamma, Mu and Nu) and numbered species.10 The alpha genus contains
the following 12 high-risk HPV (hrHPV) types defined as Group 1 cervical carcinogens by the WHO
International Agency for Research on Cancer (IARC): alpha-5 type HPV 51, alpha-6 HPV 56, alpha-7
HPV 18, HPV 39, HPV 45, and HPV 59, and alpha-9 HPV 16, HPV 31, HPV 33, HPV 35, HPV 52,
and HPV 58.28 Furthermore, the alpha-7 type HPV 68 is defined as probably carcinogenic (Group
2A), and alpha-5 HPV 26, HPV 69, HPV 82, alpha-6 HPV 30, HPV 53, HPV 66, alpha-7 HPV 70,
HPV 85, HPV 97, alpha-9 HPV 67, and alpha-11 HPV 34, and HPV 73, as possibly carcinogenic
(Group 2B). At population level, HPV 16 is most frequently detected and the predominant type causing
invasive cervical cancer (~60%). HPV 18 is the second most important cervical carcinogen (~15%)
and especially common in adenocarcinomas, together with other members of the alpha-7 types.29, 30
Viral particles consist of double stranded circular DNA genome of about 8000 base pairs encoding for
core and accessory proteins (Figure 4).31 Core proteins are directly involved in viral genome replication
(E1 and E2) and virus assembly (L1 and L2), whereas the accessory proteins (E4, E5, E6 and E7)
modify the infected cell to facilitate viral replication. Multiple promoters and complex patterns of mRNA
splicing control the viral gene expression and enable different proteins to be expressed at different
stages during the viral life cycle.32, 33
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Figure 4 │ Typical genome organization (A) and non-enveloped particles (B) of alpha types of the human
papillomavirus. The human papillomavirus (HPV) genome is divided into three regions: the long control region (LCR)
including important regulatory elements for viral gene expression, the early (E) coding region including open reading frames
(ORFs) for proteins E1, E2, E4, E5, E6, and E7, and the late (L) coding region including ORFs for proteins L1 and L2.
Adapted from Doorbar et al.48

2.1. PREVALENCE OF HPV INFECTIONS
High-risk HPV types are sexually transmitted and sharply after the population average age of first
sexual intercourse, genital HPV incidence rises.34, 35 The life-time risk to become infected by genital
HPV is around 80% in sexually active women.36, 37 The virus is highly transmissible and infections are
generally asymptomatic and unnoticed. The incidence of HPV infections drops with an increase in age,
partly due to fewer new sexual contacts, and partly as a result of developed type-specific immunity after
infections.38, 39 The majority of hrHPV infections are immunologically controlled within one to two years
after transmission.40 Persistence of HPV past two years is uncommon and over 90% is undetectable
after five to 7 years.41, 42 Nonetheless a small proportion of HPVs does persist by mechanisms not yet
fully understood, but only a minority of these persistent infections lead to the development of cervical
lesions at high risk for progression to cancer. Cervical cancer is therefore a rare complication of a
rather common viral infection.43 An important risk factor for HPV persistence and the development of
cervical (pre)cancer is infection with the human immunodeficiency virus (HIV). This elevated risk in
women living with HIV (WLHIV) is increased with increasing immunosuppression.44-46 The relatively
high number of WLHIV in LMIC compared to high income countries attributes to the large geographical
differences found in HPV prevalence worldwide.47
2.2. THE VIRAL LIFE-CYCLE
Infection with hrHPV is initiated when the virion enters basal keratinocytes of differentiating cervical
epithelium via defects in the epithelial covering.49 The basal keratinocytes or stem cells form the
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reservoir of infection, where the viral genome enters into the cell nucleus and the episome is maintained
at low copy numbers. With cell division, infected daughter cells are produced and migrate towards the
epithelial surface. Different viral proteins are triggered and can be identified at different moments during
this migration (Figure 5). In the lower layers viral proteins E6 and E7 drive cells through cell cycle and
stimulate cell division. In the middle layers viral genome amplification becomes elevated by combined
action of viral proteins E6, E7, E1 and E2. Indirectly, the amplification success is dependent on the
modifying effect of E4 and E5 on the cellular environment.

Figure 5 │ The life cycle of high-risk human papillomaviruses. Different types of viral proteins become activated in
different phases of human papillomavirus’ viral life cycle. Adapted from Doorbar et al.51

In cells supporting viral synthesis, the viral protein E4 accumulates in very high levels. The presence of
E4 is considered as an indicator of the onset of the productive stage of the viral life-cycle.50 In the upper
layers the productive viral life-cycle is completed, as cell cycle is left and viral proteins L2 and L1 allow
the amplified viral genomes to be packaged and released.51 Productive infections are typically present
in histological CIN1, or early CIN2 lesions.52
2.3. HPV MEDIATED CERVICAL CARCINOGENESIS
Compared to other papillomaviruses, hrHPV types have the exclusive ability to integrate their viral DNA
into the cellular genome of the host and generate a transforming infection. This indicates the onset of
HPV mediated cervical carcinogenesis (Figure 6). Transforming infections are characterized by changes
in viral protein E6 and E7 activity and typically present in histological late CIN2, or CIN3 lesions.
In the context of dividing cells, viral proteins E6 and E7 serve as oncoproteins.43 Uncontrolled
overexpression of E6 and E7 increases cell division, combined with a decreased sensitivity of
infected basal cells to inhibition of the normal cellular differentiation programme.51, 53
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Figure 6 │ The concept of human papillomavirus mediated cervical carcinogenesis. Schematic representation of several
outcomes after infection of cells in the transformation zone (TZ) with the human papillomavirus (HPV). Most of HPV infections
(~80%) are transient and viral clearance can ta ke up to two years. If HPV persists, the (reversible) progression of a productive
CIN1/2 towards a transforming CIN2/3 reflects the onset of cervical carcinogenesis. Only a very small proportion of infections
will eventually lead to the development of cervical cancer, which can take up to 20-30 years. Adapted from Steenbergen et al.43

The interference of E6 and E7 oncoproteins with p53 and pRB (retinoblastoma) deregulates
cell-cycle, apoptosis control and DNA repair regulators, thereby inducing genetic instability.
Furthermore both the interaction of E6 and E7 with other cellular proteins can result in chromatin
remodelling, which can result in epigenetic aberrations (Figure 7).54 For example, E6 and E7 can
bind to – and effect the activity of DNA methyltransferases (DNMT).55 The accumulation over time
of both genetic and epigenetic alterations in host cell genes is necessary for the progression of a
transforming lesion towards cervical cancer.
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Figure 7 │ Chromatin remodelling by histone modifications and DNA methylation. Acetylation, methylation and
phosphorylation can cause site-specific histone modifications at multiple sites in the DNA. At the 5-position in cytosine
residues, replacement of hydrogen by a methyl group in a reaction catalysed by DNA methyltransferases (DNMT) results in
DNA methylation (A). All three reversible modifications can determine whether a gene is either expressed or inactivated (B),
and can result in epigenetic aberrations. Adapted from Rodenhiser et al.56

3. PREVENTION OF CERVICAL CANCER
The development of cervical cancer can be prevented by primary, secondary and tertiary
prevention strategies. Primary prevention attempts to prevents the development of cervical
disease in healthy individuals, of which widely-introduced prophylactic vaccination programmes
are most effective. Secondary prevention targets detection of asymptomatic preclinical disease
(i.e. cervical precursor lesions), mainly by population-based cervical screening strategies followed
by treatment. Tertiary prevention focusses on the reduction of recurrent disease or progression of
invasive disease, by post-treatment surveillance.
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3.1. PRIMARY PREVENTION: PROPHYLACTIC VACCINATION
Prophylactic HPV vaccines consist of virus-like particles (VLPs) which have the morphology of
native virus particles, but lack the viral DNA and are non-infectious.57 The VLPs are composed
of HVP coat-protein L1. Three licensed HPV vaccines are currently available, offering highly
efficacious HPV-type specific protection. The bivalent Cervarix® vaccine (GlaxoSmithKline)
provides protection against HPV 16 and HPV 18, whereas the quadrivalent Gardasil® vaccine
(Merck) provides protection against HPV 6, HPV 11, HPV 16 and HPV 18.58-61 The relatively
new nonavalent Gardasil9® vaccine (Merck) provides protection against HPV 6, HPV 11, HPV
16, HPV 18, HPV 31, HPV 33, HPV 45, HPV 52, and HPV 58.62-64 Although type-specific, the
bivalent and quadrivalent vaccines also showed to cross-protect to some extent against other
oncogenic HPV types.65 The primary intent of the use of these HPV vaccines is the prevention of
the development of cervical cancer. Because the long time-period that is necessary to evaluate
their efficacy on cancer prevention in vaccine trials, incidence rates of surrogate endpoints CIN2
and CIN3 lesions, and the effect on persistent vaccine-type associated HPV infections are used.66
Up to 2017, HPV vaccination for girls has been introduced in 71 countries (37%) and for boys in
11 countries (6%). Vaccines should be administered before the onset of sexual activity, because
prophylactic vaccination is most effective when given before first exposure to HPV. Since 2014
the WHO advices a two-dose immunization schedule 6 months apart for adolescent girls under
the age of 15 years at first immunization.67, 68 This two dose schedule has shown to be noninferior to a three dose schedule, which was in place before 2014.69-71 If given correctly and
according to protocol, the three HPV vaccine types offer effective protection against the majority
of persistent infections and cervical precursor lesions.10 Moreover, their effectiveness is further
improved by herd protection against genital HPV infections, if the coverage by vaccinated women
is over 70%.72 Unfortunately, in many countries participation rates in vaccination programmes
are still suboptimal, most probably influenced by the novelty of the vaccine and negative media
attention.73 Also in the Netherlands vaccination uptake is decreasing.74 The suboptimal uptake of
vaccination, the fact that older generations of women are not yet vaccinated, and the prevalence
of non-HPV 16 and non-HPV 18 related cervical cancers make additional secondary prevention
still necessary.
3.2. SECONDARY PREVENTION: CERVICAL SCREENING
The goal of population-based cervical screening is to reduce cervical cancer mortality by detection
and treatment of cervical precursor lesions and early cancers. Herein overtreatment should be
minimized to restrict treatment-related morbidity and the screening tool that is used should be
sufficiently accurate and acceptable to the screened population.75 Furthermore, the incidence of
cervical cancer in a screening population should be high enough to merit screening and enable
cost-effectiveness.
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Cervical screening was first introduced in the 1960s using cervical cytology (i.e. the ‘pap-smear’)
as primary screening tool. Cytology involves cervical sampling by a spatula or plastic brush
followed by microscopic evaluation of the squamous and columnar epithelial cells collected
from the transformation zone. Different classification systems are used to define the severity of
cytological abnormalities found on cervical smears, for example the Bethesda 2001 and CISOE-A
classification.76 These abnormalities are graded on cytomorphological characteristics and determine
the clinical follow up after an abnormal smear. Because of its subjective nature, the sensitivity of
primary cytology for the detection of relevant lesions [CIN3 or worse (CIN3+)] is limited (~60%) and
short intervals between screens are required to achieve a good test accuracy.77, 78
Improvement of screening by cytology is possible by the introduction of primary HPV-based
screening. Recent studies have shown that screening for hrHPV leads to earlier detection of CIN3+
than cytology, and provides a better protection against cervical cancer (~60-70%) and CIN3+
(~50%).79-85 Testing for the presence of HPV DNA can be performed on isolated material of cervical
smears by highly reproducible and clinically validated signal-amplification assays (for example
the Hybrid Capture 2 HPV DNA test, HC2®, Qiagen) or target-amplification (for example GP5+/6+
polymerase chain reaction enzyme immune assay, EIA kit GP HR®, LBP, Rijswijk) assays.86, 87 The
high accuracy of primary HPV testing has resulted in replacement of cytology in several countries,
along with extension of screening intervals.
The main disadvantage of current screening programmes is the suboptimal participation rate of
women invited for screening (in the Netherlands ~65% per screen).88 Non-attendees are at increased
risk for cervical cancer, as more than half of the cancer cases are found in women not adequately
screened before.89 A promising addition in the optimization of screening by primary HPV testing is its
applicability on self-collected cervicovaginal material. Offering self-sampling for collection of cervical
material for HPV testing in non-attendees can attract at least one-third into screening.90, 91
3.2.1. MANAGEMENT OF HPV POSITIVE WOMEN
Unfortunately, single positive HPV results are not informative on the transient or persistent nature
of the discovered infection. Due to the partial detection of transient infections among HPV positive
women, HPV testing shows positive tests results more often in screening populations compared
to cytology. To avoid over-referral to colposcopy, additional triage testing is necessary to refer only
those HPV positive women with clinically relevant disease. Currently, the predominant choice for
triage and most widely studied tool is cervical cytology with or without genotyping for HPV subtypes
HPV 16 and HPV 18.92-94 Although these are attractive triage strategies, an additional visit to the
physician for cervical smear collection is needed and repeat follow-up testing after 6 to 12 months
is recommended to achieve an acceptable low-risk as determined by health authorities (often <2%
is considered acceptable) for CIN3+ and cancer in triage negative women.95-97 Collectively, these
necessities involve the risk of loss to follow-up and alternative triage tools need to be investigated.
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3.2.2. SCREENING IN LOW-RESOURCE SETTINGS
The lack of effective cervical screening is evidently the main contributor to the relatively high mortality
rates of cervical cancer in LMIC. It is challenging to find efficient and feasible screening strategies
in countries with inadequate infrastructure and limited resources. Alternative approaches that
are appropriate for low-resource settings have been developed, such as visual inspection of
the cervix after application of acetic acid (VIA) or Lugol’s iodine (VILI), combined with direct
management of relevant lesions. Visual inspection methods for cervical cancer prevention might
reduce mortality up to 30%, but limited sensitivity and specificity have been reported.98-102 The
sensitivity for HPV testing is much higher than these visual inspection methods and low-cost HPV
tests are available. The simplest approach in LMIC would be to directly treat all HPV positive
women aged 30 years or older, though this approach would lead to considerable overtreatment
as a result of the relatively high prevalence of HPV in these countries.10 To identify and treat only
those women at risk and to make primary HPV screening possible, suitable and low-cost triage
testing is essential.
3.3. TERTIARY PREVENTION: POST-TREATMENT SURVEILLANCE
Women treated for high-grade cervical lesions by a large loop excision of the transformation
zone (LLETZ) or a cervical conisation have an increased long-term risk of approximately 10% for
recurrent lesions and are therefore closely monitored. Most recurrent disease is diagnosed within
two years after treatment, but the risk for recurrence remains elevated for over 10 years.103-105
Post-treatment surveillance guidelines vary greatly between countries in length and content. In
most high-income countries, surveillance comprises of follow-up by cervical cytology at 6, 12 and
24 months post-treatment. After three consecutive negative smears, women are referred back
to the regular screening programme.106, 107 Recently it has been shown that the incorporation of
hrHPV co-testing in post-treatment protocols can simplify monitoring combined with a significant
long-term risk reduction.105, 108, 109 If results for both cytology and HPV are negative at 6 months
post-treatment, the follow-up at 12 months can be omitted without risk elevation.105
The group of recurrent disease consists of lesions resulting from incompletely treated CIN with HPV
genotype persistence (i.e. persistent lesions), and newly developed lesions resulting from infection with a
different HPV genotype or re-infection after complete clearance with the original type (i.e. incident lesions).110
Since the risk for progression to invasive cancer is much higher in persistent lesions compared to incidental
counterparts, preferably only persistent lesions are re-treated in order to restrict overtreatment.25 Tailored
management to improve post-treatment surveillance in women with recurrent disease is needed.
Additional to post-treatment surveillance protocols, HPV vaccination after CIN excision has been
suggested as effective strategy in the prevention of recurrent disease. So far, promising results
for the preventive effect of post-treatment vaccination have been found and vaccinated women
seem to be less likely to develop recurrent disease.111, 112
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4. MOLECULAR BIOMARKERS IN CERVICAL CANCER
PREVENTION
Biomarkers, short for biological markers, are defined as ‘characteristics that can be objectively measured
and evaluated as indicators of normal biological processes, pathogenic processes, or pharmacologic
responses to a therapeutic intervention’.113 Expanding insights in the cervical pathogenesis and
the development of cancer led to the discovery of several biomarkers useful at different stages
in cervical cancer prevention. Multiple immunohistochemical (IHC) and molecular biomarkers,
including ProEx C which detects two cell-cycle-related proteins minichromosome maintenance
protein-2 (MCM2) and topoisomerase II-alpha (TOP2A), Human Papillomavirus (HPV) L1 capsid
protein and telomerase RNA gene (TERC), are currently under investigation as promising tools
for the optimization of detection (cervical screening) and classification (clinical management) of
cervical precursor lesions and cancer.114-118 A major target in the HPV-related research field is the
search for biomarkers that can predict the progression risks of CIN and provide insight on where
in the trajectory of HPV infection towards cancer a lesion is situated.
4.1. IMPROVING DETECTION OF CLINICALLY RELEVANT CERVICAL LESIONS
As previously set out, cervical screening needs further optimization, particularly for women in
subgroups at high risk for cervical (pre)cancer; i.e. in hrHPV positive women (triage), in women in
low-resource settings, and in women previously treated for high-grade CIN.
4.1.2. METHYLATION MARKER ANALYSIS
An interesting molecular biomarker for the optimization of cervical screening is the assessment of
DNA methylation of host-cell genes involved in cervical carcinogenesis.43, 119 Hypermethylation of
CpG islands in promoter regions of these genes leads to gene silencing (Figure 7) and is a crucial
event in the development of cancer.43 Aberrant methylation profiles have been identified in several
genes involved in cervical carcinogenesis, including cell adhesion molecule 1 (CADM1), myelin
and lymphocyte (MAL), FAM19A4, and microRNA 124-2 (miR124-2).120-125 Methylation levels of
these genes increase with the severity of underlying cervical disease, and are found significantly
higher in CIN2 and CIN3 lesions associated with a long-standing (>five years) HPV infection (i.e.
so called advanced lesions, with high copy number aberrations), compared to CIN2 and CIN3
with a more recently acquired (≤five years) HPV infection (early or incident lesions, with lower
copy number aberrations).126, 127 In line with these findings, and together with the concept that an
increase in (epi)genetic aberrations reflects a longer duration of the existence of the underlying
lesion, it is suggested that methylation positivity is specifically found in lesions with a high short
term progression risk to cancer in need of direct treatment (Figure 8).43 This high sensitivity for
advanced CIN, along with their applicability on self-collected cervical material, makes methylation
marker analysis an attractive screening tool.128 For the analysis of methylation status of the
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Figure 8 │ Comparison of screening triage tools for detection of transforming cervical intraepithelial neoplasia
(CIN) in HPV positive women. Schematic representation of the performance for CIN and cancer detection (y-axis) of
both host cell DNA methylation analysis and cytology testing as triage methods tested on human papillomavirus (HPV)
positive cervical scrapes, along the timeline of progression of cervical precancers towards invasion. In contrast to cytology,
methylation analysis is likely to detect most advanced transforming CIN with a very high reassurance against cancer.
Adapted from Steenbergen et al.43

CADM1, MAL, and miR124-2 genes, and FAM19A4 and miR124-2 genes, in cervical smears,
two clinically validated multiplex quantitative methylation-specific polymerase chain reaction
(PCR) assays (PreCursor M®, Self-screen, and QIASure®, Qiagen, designed by Self-screen,
respectively) are available.129
4.2. OPTIMIZING CLASSIFICATION OF CERVICAL LESIONS
Although CIN lesions are classified into three grades, progression of HPV infection via pre-invasive
disease towards cancer represents a dynamic process.130 In reality, borders between CIN are
not strict and criteria for grading are difficult to define. This results in only a moderate interand intra-observer agreement for the current CIN grading system.131, 132 Explicitly the histological
definition of CIN2 is ambiguous as this heterogeneous group of lesions can be either the result
of a productive or a transforming HPV infection. Pathologists use IHC biomarkers to support a
more objective grading, in which they subjectively weigh the impact of morphologic features and
immunohistochemistry based on personal experience. The majority of these IHC markers detect
proteins activated as a consequence of viral gene expression in the HPV infected epithelium, for
instance the HPV-E4 protein, Ki-67 and p16ink4a.52
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4.2.1. BIOMARKER E4 FOR PRODUCTIVE HPV INFECTIONS
Productive HPV infections in cells of the squamous epithelium of the cervix are indicated by
viral protein E4 expression, as this protein accumulates in very high levels in cells supporting
viral synthesis.51 Only terminally differentiated cells of the intermediate or superficial layers of
the epithelium express E4, and expression progressively fades out with the transition towards a
transforming HPV infection.48 With the gradual transition from production to transformation, E6
and E7 proteins become more overexpressed in the basal layers which is suggested to suppress
E4 expression. Recently, an antibody for E4 IHC has been developed (mouse monoclonal
antibody FH1.1, produced by J. Doorbar), and considered as marker for the onset of a productive
HPV infection, and indicator of a productive CIN lesion.50, 52, 133
4.2.2. CELL CYCLE PROLIFERATION BIOMARKER Ki-67
Cellular proliferation is characterised by expression of Ki-67, which increases with cell-cycle
progression, reaching a maximum in the G2M phase of the cell-cycle.134 In normal epithelium, Ki-67
is only expressed in proliferating cells of the basal cell layers. However, the expression of Ki-67
increases in cell layers above the basal membrane as a result of elevated expression of viral
protein E7 in productive (Ki-67 expression in lower epithelial layers) infections with an increase
to transforming (Ki-67 expression in higher epithelial layers) infections.135, 136 The E7 protein binds
to the retinoblastoma tumour suppressor protein (pRB), which disrupts pRB’s binding to the E2F
transcription factor. As a consequence, E2F is released leading to S-phase cell-cycle entry.114
Increased activity of E2F in productive to transforming infections is reflected by an upregulation
of E2F-responsive gene products like proliferation marker Ki-67 in parabasal and upper cell
layers.137 The extent of Ki-67 expression in cell layers above the basal membrane correlates to
the severity of cervical disease. Several antibodies are available for detection of Ki-67 expression
in squamous epithelium, and are regarded as biomarkers for cellular proliferation.114
4.2.3. BIOMARKER P16INK4A FOR TRANSFORMING HPV INFECTIONS
The cellular protein p16ink4a cyclin dependent kinase inhibitor becomes upregulated due to
disruption of the pRB regulatory pathway as a consequence of E7 overexpression in transforming
HPV infections.138-142 The expression of the p16ink4a is regulated by the pRB negative feedback
loop and expression is rather low in normal epithelial cells.23, 143 However, as a consequence of
overexpression of E7, resulting in continuous inactivation of pRB, extensive p16ink4a is found with
an increase of severity of the cervical abnormality.143 Expression of p16ink4a has been extensively
studied and is identified as useful biomarker for the detection of transforming CIN lesions.131, 132
Also, the diagnostic accuracy of CIN grading improves by the use of this biomarker.144
The expression of p16ink4a and Ki-67 in the same cervical epithelial cell is rather rare. Under
normal physiological conditions, the p16ink4a protein regulates the cell-cycle by induction of cellcycle arrest, whereas the Ki-67 protein regulates proliferation.145 Co-expression of these two
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biomarkers in the same cell is considered an indicator of deregulation of the cell cycle due to
HPV-mediated transformation of the cell.146 This led to the development of p16/Ki-67 dual-stained
cytology, an immunostaining approach for detection of p16ink4a and Ki-67 expression in cytological
specimens for the triage of HPV-positive women.147

5. AIM AND OUTLINE OF THESIS
Current insights in cervical carcinogenesis offer the possibility to use objective biomarkers in
the prevention of cervical cancer. The aim of this thesis is to evaluate the long term impact of
implementation of HPV-based cervical screening and to evaluate the role of aforementioned
molecular and immunohistochemical biomarkers for the detection, classification, and potential
management of cervical disease, thereby providing more accurate, reliable and standardised
alternatives to current cervical prevention strategies.
In the first part of this thesis, we describe the role of screening by primary HPV with molecular
triage testing. Recently, many Western countries intended or decided to replace cytology as
primary cervical cancer screening tool by HPV testing along with extension of screening intervals.
Although HPV testing is more reproducible and more objective compared to cytology, evidence
on long-term safety and extension of screening intervals in HPV-based screening is limited. In
order to support recent policy decisions, we evaluated in Chapter 2 the 14-year follow-up data
of a large population based randomised screening cohort (the POBASCAM trial, n=43 339),
comparing HPV and cytology versus cytology screening (HPV blinded) in the Netherlands. Long
term incidences of high-grade precursor lesions and cervical cancer were estimated among HPV
negative women, and HPV positive women with negative triage testing. To further improve HPVbased screening, we investigated on the performance of additional biomarker-based screening
tools. Methylation marker analysis of the promoter regions of genes CADM1, MAL and miR124-2
is a promising tool for the detection of advanced high-grade precursor lesions. Since methylation
levels are found to increase with the severity and duration of the underlying disease, in Chapter 3
we wanted to investigate the performance of CADM1, MAL and miR124-2 methylation marker
analysis in a large group of cervical smears enriched with cervical (n=79) and endometrial (n=21)
cancers, to determine how reliable the reassurance of this methylation marker panel is against
cervical- and endometrial cancer.
In the second part of this thesis, we evaluate screening based on biomarkers in LMIC. The
implementation of effective cervical screening strategies is especially challenging in LMIC where
cervical cancer is still a major cause of cancer-related death in women. In LMIC, the incidence
of HIV is relatively high, with women more severely affected than man. These women are at
increased risk for persistent HPV infections and cervical (pre)cancer. To evaluate the performance
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of biomarker-based screening tools in an HIV-infected population, we included in Chapter 4 a
South African cohort of WLHIV (n=355). Herein, we determined the performance of primary HPV
testing, with or without reflex testing by methylation marker analysis of tumour suppressor genes
CADM1, MAL and miR124-2, and primary methylation marker analysis. Though results were
promising, we found a relatively low specificity for primary methylation marker analysis in this HIVinfected cohort, most probably due to the significant influence of HIV status on methylation levels.
Therefore, in Chapter 5 we wanted to discover a methylation marker panel as primary screening
tool – suitable and specific for the detection of high-grade lesions in WLHIV. We determined
the performance of a recently discovered methylation marker panel including tumour suppressor
genes ASCL1, LHX8 and ST6GALNAC5.
In the third part of this thesis, we investigate on improving the classification of CIN lesions by
the use of biomarkers. Correct grading of cervical precursor lesions is essential for decisions on
clinical management in women diagnosed with CIN. To improve current grading strategies, in
Chapter 6 we developed a reproducible three-tiered immunoscore system for grading of Ki-67 and
p16ink4a biomarkers, independent of morphologic characteristics. We compared this immunoscore
grading to morphological grading with or without subjective interpretation of IHC, in 115 slides
of cervical tissue specimens, and found the immunoscore system to have a higher accuracy
with lower inter-observer variation for the grading of CIN. This provides a reliable basis for the
development of a standardized approach for the diagnosis of CIN and optimization of clinical
management in women with cervical precursor lesions. Accordingly, in Chapter 7 we determined
the (combined) positivity for viral protein E4 as productive marker, and hypermethylation of
tumour suppressor genes CADM1, MAL and miR124-2 as transforming marker, in these tissue
specimens to determine where in the trajectory to development of cancer through HPV infection
and CIN a cervical lesion was situated.
In the fourth part of this thesis, post-treatment surveillance is addressed. Women treated for highgrade lesions are at increased risk for post-treatment recurrent disease. In a longitudinal study
in Chapter 8, we included women treated for CIN2 and CIN3 and collected cervical smears at
baseline, 6- and 12 months post-treatment (n=364). We aimed to investigate CADM1 and MAL
methylation analysis as potential screening tool for the detection of recurrent lesions. Chapter 9
provides a general discussion with future perspectives given the currently available state of the
art of biomarkers.
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ABSTRACT
Objective: To provide an early risk assessment of extending screening intervals beyond five years for
a human papillomavirus (HPV) based cervical screening programme in the Netherlands.
Design: Fourteen year follow-up of a population based randomised cohort from the POBASCAM
randomised trial.
Setting: Organised cervical screening in the Netherlands, based on a programme of three
screening rounds (each round done every five years).
Participants: 43 339 women aged 29-61 years with a negative HPV and/or negative cytology test
participating in the POBASCAM trial.
Interventions: Women randomly assigned to HPV and cytology co-testing (intervention) or
cytology testing only (control), and managed accordingly.
Main outcome measures: Cumulative incidence of cervical cancer and cervical intraepithelial
neoplasia (CIN) grade 3 or worse (CIN3+). Associations with age were expressed as incidence
rate ratios. In HPV positive women, reductions in CIN3+ incidence after negative cytology, HPV
type 16/18 genotyping, and/or repeat cytology were estimated.
Results: The cumulative incidence of cervical cancer (0.09%) and CIN3+ (0.56%) among HPV
negative women in the intervention group after three rounds of screening were similar to the
cumulative among women with negative cytology in the control group after two rounds (0.09%
and 0.69%, respectively). Cervical cancer and CIN3+ risk ratios were 0.97 (95% confidence
interval 0.41 to 2.31, p 0.95) and 0.82 (0.62 to 1.09, p 0.17), respectively. The CIN3+ incidence
was 72.2% (95% confidence interval 61.6% to 79.9%, p <0.001) lower among HPV negative
women aged at least 40 years than among younger women. No significant association between
cervical cancer incidence and age could be demonstrated. The CIN3+ incidence among HPV
positive women with negative cytology, HPV 16/18 genotyping, and/or repeat cytology was 10.4
(95% confidence interval 5.9 to 18.4) times higher than among HPV negative women.
Conclusions: Long term incidences of cervical cancer and CIN3+ were low among HPV negative
women in this study cohort, and supports an extension of the cervical screening interval beyond
five years for women aged 40 years and older. HPV positive women with subsequent negative
cytology, HPV16/18 genotyping, and/or repeat cytology have at least a fivefold higher risk of
CIN3+ than HPV negative women, indicating that HPV based programmes with long intervals
(>five years) should be implemented with risk stratification.
Trial Registration: POBASCAM trial number ISRCTN20781131
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INTRODUCTION
Randomised controlled clinical trials have shown that screening for high risk human papillomavirus
(HPV) leads to earlier detection of cervical intraepithelial neoplasia (CIN) grade 3 or worse
(CIN3+) than cytology,1-4 and provides better protection against cervical cancer.5-10 Primary HPV
testing shows positive results more often than primary cytology testing in the general screening
population, and subsequent triage testing of HPV positive women (by use of cytology and
of genotyping of HPV subtypes 16 and 18) has been recommended to avoid over-referral to
colposcopy and overuse of biopsies.8, 11-15 The screening programme could be further improved
by reducing the number of screening rounds. Separately defined screening intervals have been
suggested for women who are HPV negative and women initially HPV positive with negative
triage tests, because they have substantially different risks of CIN3+.1, 16-18 However, stratification
of sc reened women on the basis of their HPV (DNA) test result will add to the complexity of the
programme and should be supported by evidence from longitudinal studies.
Several countries have decided or recommended to implement HPV screening as the primary
screening test (Australia, Italy, Netherlands, New Zealand, Sweden, and the UK) or in combination
with cytology (USA). In those countries screening women every two to three years, the interval will
be extended to five or seven years. In the Netherlands, the screening interval for HPV negative
women aged 40 years or more will be extended from five to 10 years; this extension is based
on predictions from cost effectiveness models.19, 20 However, there remains a concern about an
increase in the number of interval cancers;21 hence, policy decisions should also be supported
by estimated incidence of long term cervical cancer and precancer (CIN3+ risk) when available.
We assessed 14 year risks of histologically confirmed cervical cancer and CIN3+ in women
aged 29 years and older who participated in the POBASCAM (population based screening study
Amsterdam) randomised controlled trial.5 A follow-up of 14 years comprises three screens: at
baseline, and after five and 10 years. Women were randomly assigned to receive both HPV and
cytology testing (intervention), or cytology testing only (control). We aimed to compare cervical
cancer and CIN3+ incidence among HPV negative women in the intervention group and cytology
negative women in the control group, and to evaluate the safety of extending the screening
interval beyond five years in women who are HPV negative and in women who are HPV positive
and triage negative.
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METHODS
STUDY POPULATION
The POBASCAM study design has been published previously.1, 5, 15, 22 In summary, women aged
between 29 and 61 years were invited to participate in cervical screening from January 1999
to September 2002. They were randomised either to the intervention group (cytology and
HPV co-testing) or the control group (cytology with blinded HPV testing). Of 44 938 women
enrolled, 22 420 were randomised to the intervention group and 22 518 to the control group
(Figure 1).

Figure 1 | Overview of the POBASCAM study cohort with 14 year follow-up, including histology results in all three
screening rounds. ACIS=adenocarcinoma in situ; AdCa=adenocarcinoma; ≥BMD=borderline or mild dyskaryosis or worse;
CIN0/1=no dysplasia or cervical intraepithelial neoplasia grade 1; CIN2/3=cervical intraepithelial neoplasia grade 2 or
3; Cyt=cytology; HPV=humanpapillomavirus; cytology NTD=cytology results could not be determined; SCC=squamous
cell carcinoma
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In the intervention group, women who had negative results for both HPV and cytology co-testing (that
is, double negative) were referred to routine screening every five years. Women with moderate
dyskaryosis or worse cytology (comparable to cytology worse than atypical squamous cells of
undetermined significance or low grade squamous intraepithelial lesions) were directly referred
for colposcopy. HPV positive women with negative cytology and women with borderline or mild
dyskaryosis cytology (comparable to atypical squamous cells of undetermined significance or
lowgrade squamous intraepithelial lesions) were advised to repeat both HPV and cytology testing
at six and 18 months. These women were referred for colposcopy if they were HPV positive or if
their cytology result showed moderate dyskaryosis or worse.
In the control group, women with negative cytology were referred to routine screening and women
with moderate dyskaryosis or worse were immediately referred for colposcopy. Women with
borderline or mild dyskaryosis cytology were advised to repeat cytology at six and 18 months, and
were referred to colposcopy if their repeat cytology result showed borderline dyskaryosis or worse.
At the second screening round at five years, participants in both study groups were managed
according to the protocol of the intervention group. At the third screening round at 10 years,
participants in both study groups were managed according to the protocol of the control group.
A conventional cervical smear test was prepared on a glass slide after which the brush was placed
in a vial for HPV testing (general primer 5+/6+ polymerase chain reaction enzyme immunoassay).22, 23
Cytology and HPV testing were performed without knowledge of the other test result. HPV positive
samples were genotyped by a previously published reverse line blot assay.24
Study participants of the POBASCAM trial were enrolled by their general practitioner when
attending the nationwide screening programme, and provided written informed consent. The
general practitioners were invited to attend postgraduate medical education courses to best
inform the study participants.
HISTOLOGY
We tracked histological follow-up data through the nationwide network and registry of histopathology
and cytopathology (PALGA).25 Histology was examined locally and classified as no dysplasia;
CIN grades 1, 2, or 3; or invasive cervical cancer according to international criteria.26 We included
adenocarcinoma in situ in the CIN3 group. Treatment by loop electrosurgical excision procedure
was recommended after CIN2 or CIN3, whereas cervical cancer was treated depending on cancer
stage and according to national guidelines.
STATISTICAL ANALYSIS
We included women from the intervention and control group with a negative HPV test or negative
cytology. Follow-up data were collected until July 2013, at which point all women had had the
opportunity of three rounds of five year screening. Events occurring after 14 years were excluded
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because they are likely to be detected at the fourth screen after baseline. The censoring date
was brought forward to the date when an interrupting event had occurred (eg, CIN2+ excision
or uterus extirpation). If no screening test results had been reported at the third screen, the
censoring date was brought forward to nine years after the study entry date. If no screening test
results had been reported at the second or the third screen, the censoring date was brought
forward to four years. We did statistical analyses in SPSS Statistics for Windows version 20.0 and
Stata Statistical Software release 11.
We used Kaplan-Meier methods to estimate the cumulative incidence of cervical cancer
and CIN3+. Separate estimates were reported for HPV and cytology groups combined, from
the intervention and control group. Cytology was labelled positive if the result was borderline
dyskaryosis or worse (that is, atypical squamous cells of undetermined significance or low grade
squamous intraepithelial lesions or worse), and labelled negative otherwise. Cervical cancer and
CIN3+ incidence was also reported. We evaluated subgroup differences between cumulative
incidence curves by log-rank testing and differences between incidences and between cumulative
incidences at specific follow-up times by Wald testing. We constructed 95% confidence intervals
using the normal approximation to the distribution of the logarithm of the incidence.
To determine the level of reassurance from a negative test result, we compared the cumulative
incidences of cervical cancer and CIN3+ among HPV negative and double negative women
from the intervention group with those among cytology negative women from the control group.
Furthermore, because the new HPV based screening programme in the Netherlands involves an
extension of the screening interval for women aged 40 years and older only, we studied the effect
of age (≥40 versus <40 years) on cervical cancer and CIN3+ incidence among HPV negative
and double negative women. Because age specific incidence of cervical cancer and CIN3+ was
similar in intervention and control groups (log rank test for the endpoints cancer and CIN3+,
p >0.2), they were pooled over the two study groups.
Finally, in the intervention group, we compared the incidences of cervical cancer and CIN3+
among women with a negative HPV test with those among women with a HPV positive test
and negative triage testing. We constructed four different triage algorithms by combining results
for cytology at baseline, HPV 16/18 genotyping at baseline, and repeat cytology at six months.
These algorithms were identified in previous post hoc analyses and include the two time cytology
triage algorithm (baseline and repeat cytology) that will be used in the new HPV based screening
programme in the Netherlands.13, 15
PATIENT INVOLVEMENT
No patients were involved in setting the research question or the outcome measures, nor were they
involved in developing plans for recruitment, design, or implementation of the study. No patients were
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asked to advise on interpretation or writing up of results. There are no plans to disseminate the
results of the research to study participants or the relevant patient community. As described in
the study protocol, women in the intervention group were informed about their HPV and cytology
results. Women in the control group were only informed about their cytology results (regular
screening).22

RESULTS
The study included 43 339 women (Figure 1). Of 21 623 women in the intervention group, 20 490
had double negative test results, 764 had negative cytology with a positive HPV result, and 369
had positive cytology with a negative HPV result. The control group included 21 716 women, of
whom 20 533 had double negative test results, 814 had negative cytology with a positive HPV
result, and 369 had positive cytology with a negative HPV result. The mean age was 42.8 years
(range 29-61) in both study groups. Among women who were eligible for at least two screening
rounds (based on their age), non-attendance in both the second and third screen after enrolment
was 9.3% (1 817 / 19 622) in the intervention group and 9.7% (1 916 / 19 772) in the control group.
Among women who participated at the second screen and were eligible for the third screen, nonattendance was 15.7% (2 450/15 572) in the intervention group and 15.5% (2 416 / 15 579) in
the control group.
During 14 years of follow-up, 149 CIN2, 152 CIN3 (including five adenocarcinomas in situ), eight
squamous cell carcinomas, and six adenocarcinomas were detected in the intervention group
(Figure 1). In the control group, 126 CIN2, 169 CIN3 (including five adenocarcinomas in situ), 17
squamous cell carcinomas, and 10 adenocarcinomas were detected. Table 1 shows incidence
of cervical cancer and CIN3+ for the intervention and control groups, according to women with a
negative cytology, negative HPV test result, or both at 14 year follow-up. Among women with
negative cytology and a positive HPV test, the cancer incidence was significantly lower in the
intervention group than the control group (rate ratio 0.29, 95% confidence interval 0.10 to 0.87,
p 0.02). For the other cytology and HPV test groups, cancer incidence did not differ significantly
between intervention and control group. CIN3+ incidence did not show a significant difference
between the intervention and control group in any of the test groups.
Figure 2 shows cumulative incidence of cervical cancer and CIN3+ after two and three screens
(corresponding to nine and 14 years after baseline, respectively). After the second and third screening
round, cumulative cervical cancer incidence was 0.03% (95% confidence interval 0.01% to 0.06%)
and 0.09% (0.04% to 0.18%) among HPV negative women from the intervention group, respectively.
Corresponding values for the second and third rounds were 0.01% (95% confidence interval 0.00% to
0.05%) and 0.07% (0.03% to 0.17%) among double negative women from the intervention group, and 0.09%
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Control

211 544

211 590

7

12

3.3

5.7

0.58

(1.6 - 6.9)

(3.2 - 10.0)

(0.23 - 1.48)

7224

7859

4

15

55.4

190.9

0.29

(20.8 - 147.5)

(115.1 - 316.6)

(0.10 - 0.87)

3764

3746

3

0

79.7

13.4†

5.97†

(25.7 - 247.1)

(0.8 - 213.4)

(0.30 - 119.22)

35.0

40.7

0.86

(27.9 - 43.9)

(32.9 - 50.2)

(0.63 - 1.17)

1135.1

1196.1

0.95

Cancer
Cytology negative /
HPV negative
Cytology negative /
HPV positive
Cytology positive /
HPV negative
CIN3+
Cytology negative /

211 544

211 590

74

86

7224

7859

82

94

3764

3746

10

16

HPV negative
Cytology negative /

(914.2 - 1409.4) (977.2 - 1464.1) (0.71 - 1.28)

HPV positive
Cytology positive /
HPV negative

265.7

427.1

0.62

(143.0 - 493.8)

(261.7 - 697.2)

(0.28 - 1.37)

Table 1 | Incidence of cervical cancer and CIN3+ per study group, according to women with negative cytology or a
negative HPV test result (or both) at 14 year follow-up*. * Including only women with valid test results for both cytology
and HPV testing † Cancer count 0 replaced by 0.5

Figure 2 | Cumulative incidence of cervical cancer and CIN3+ per trial group and baseline screening result, after
up to three screening rounds. Double negative=women who had negative results for both HPV and cytology testing;
Cyt=cytology; HPV=human papillomavirus
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(0.05% to 0.14%) and 0.19% (0.12% to 0.28%) among cytology negative women from the control group.
After the second and third screening rounds, cumulative CIN3+ incidence was 0.31% (95%
confidence interval 0.24% to 0.41%) and 0.56% (0.45% to 0.70%) among HPV negative women
from the intervention group, respectively. Corresponding values for the second and third rounds
were 0.27% (95% confidence interval 0.20% to 0.36%) and 0.52% (0.41% to 0.66%) among
double negative women from the intervention group, and 0.69% (0.58% to 0.82%) and 1.20%
(1.01% to 1.37%), among cytology negative women from the control group.
After the third screening round, cervical cancer incidence among HPV negative and double negative
women from the intervention group were similar to the cervical cancer incidence among cytology
negative women from the control group after the second round (risk ratio 0.97 (95% confidence interval
0.41 to 2.31), p 0.95; 0.83 (0.32 to 2.15), p 0.69). This indicated that a negative HPV test provides
longer reassurance against cervical cancer than negative cytology. After three rounds of screening,
CIN3+ incidence among HPV negative and double negative women from the intervention group was
slightly lower than CIN3+ incidence among cytology negative women from the control group after the
second round (risk ratio 0.82 (0.62 to 1.09), p 0.17; 0.76 (0.57 to 1.03), p 0.07).
Among women with double negative test results pooled over the intervention and control groups,
cervical cancer incidence was 64.2% (95% confidence interval −37.6% to 332%) higher in women
aged at least 40 years than in younger women, although this increase was not significant (p
0.32). The corresponding incidence of CIN3+ was 72.1% (60.5% to 80.4%) lower in women aged
at least 40 years than in younger women (p <0.001). Similarly, among HPV negative women,
cervical cancer incidence was 62.0% (−33.9% to 297%, p 0.29) higher in women aged at least
40 years than in younger women; CIN3+ incidence was 72.2% (61.6% to 79.9%, p <0.001) lower.
In the intervention group, cervical cancer incidence among HPV positive women with negative
cytology triage was 11.9 (95% confidence interval 3.7 to 38.1; p <0.001) times higher than among
HPV negative women. When HPV 16/18 genotyping or repeat cytology was added as a triage
test, only one cancer case was observed.
Cumulative CIN3+ incidence among HPV positive, triage negative women were substantially
higher than among HPV negative women (p <0.001; Figure 3). The fold increases in CIN3+
incidence, relative to the CIN3+ incidence after a negative HPV test, were 29.1 (95% confidence
interval 21.5 to 39.5) after a positive HPV and negative cytology test; 18.5 (12.5 to 27.3) after
a positive HPV test and negative baseline and repeat cytology tests; 15.5 (10.2 to 23.5) after a
positive HPV test and negative genotyping HPV 16/18 test; and 10.4 (5.9 to 18.4) after a positive
HPV test, negative genotyping HPV 16/18 test, and negative baseline and repeat cytology tests.
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Figure 3 | Cumulative CIN3+ incidence following different triage strategies in the intervention group. Cyt=cytology;
HPV=human papillomavirus

DISCUSSION
PRINCIPAL FINDINGS
This study reports on 14 year follow- up data of a large population based screening cohort from the
Dutch POBASCAM trial, with a five year screening interval, in which participants were managed
on the basis of both cytology and HPV test results. Our findings on the long term protective effect
of a HPV negative test are consistent with previously reported data.4-6, 8-10, 16-18, 27, 28 Together, these
publications indicate that HPV based screening provides significantly better protection against
CIN3 than cytology based screening. Furthermore, compared with primary HPV testing, the value
of primary HPV and cytology co-testing is limited. Our data also provide a long term confirmation
of the protective effect against invasive cervical carcinomas, as previously described by Ronco
and colleagues.8
STRENGTHS AND LIMITATIONS OF STUDY
The major strengths of the current study are its large size, long follow-up, and wide age range of
participants (29-61 years). The study was nested within a population based screening programme,
indicating that results should be scalable to the country level.
A limitation to our study was that the presented incidence estimates of cervical cancer and CIN3+
were tracked through the nationwide histopathology and cytopathology registry PALGA, which does
not contain information on gynaecological procedures. Therefore, we were not able to assess
how many cases were missed because women did not comply with the colposcopy advice.
The histological diagnoses were performed by local pathologists, which could have led to
misclassification, resulting in a dilution of true differences between study groups. However, in
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earlier publications, we showed that interobserver reliability of CIN3+ was very high (absolute
agreement 0.97).5, 22 The absolute cumulative CIN3 incidences presented in our study might also
be influenced by the screening protocol, because the third screen after study entry uses cytology
only, and thus women with newly developed CIN3 could have been missed.
Another limitation related to the time of cancer diagnosis. In order to compare cervical cancer risk
after a negative HPV test in the intervention group at the third screening round with the risk after a
negative cytology test in the control group at the second round, we included all cancers detected
up to 14 and nine years after enrolment, respectively. These follow-up times are greater than the
targeted screening times at 10 and five years, respectively, because of variation in the month of
invitation, variation in the time between invitation and screening appointment, and conservative
management of positive screening results. Regarding the management of positive screening
results, only women with moderate or severe dyskaryosis cytology were immediately referred for
colposcopy. Other women are reinvited for a cervical smear after six and 18 months. The adopted
approach implicitly assumes that cervical cancers are present at the beginning of the screening
round, but that some are detected with delay. However, a proportion of these cancers could have
progressed during the screening round. To evaluate whether this altered our conclusions, we
compared the cervical cancer risk after a negative HPV test in the intervention group at 10.5 years
after baseline with the corresponding risk after a negative cytology test in the control group at 5.5
years after baseline. The estimates were 0.05% for both subgroups with a risk ratio of 0.94 (95%
confidence interval 0.37 to 2.43, p 0.91), and are in accordance with our findings.
COMPARISON WITH OTHER STUDIES
Several other studies have also recommended extending the interval after a negative HPV test.
Recently, Elfström and colleagues18 reported on the potential of extending the screening interval
with primary HPV based screening and recommended, based on CIN3+ risks, an extension of
three to five years for Sweden. A similar analysis was provided after a six year follow-up of the
ARTISTIC screening trial in the UK, which supported an extension of the interval from three to six
years after a negative HPV test.27 Ronco and colleagues8 pooled data from four screening trials
and recommended an extension of the screening interval to five years after negative HPV testing,
replacing a cytological screening programme done every three years. In the USA, Katki and
colleagues17 recommended extending a screening interval from one year after negative cytology
to three years after a negative HPV test and up to five years after a negative co-test. Both studies
based their recommendations on estimated cancer risks. To summarise, recommendations are
consistent in the different studies. Extensions to 10 years (as done in our analysis) have not yet
been studied, because other countries used cytological based screening intervals of one to three
years as a benchmark in their analyses.

48

LONG TERM SAFETY OF HPV SCREENING

Another conclusion that can be drawn from our data is that a long interval of 10 years is supported
for only HPV negative women and not for HPV positive, triage negative women. The risks of
cervical cancer and CIN3+ among HPV positive, triage negative women were at least five times
higher than those among HPV negative women for all four triage strategies. Triaging distinguishes
HPV positive women with and without underlying CIN3+,13,

15

but apparently does not offer

additional reassurance against future CIN3 or cervical cancer over a longer period of follow-up.
Another Dutch screening study, in which women were followed for five years, reached a similar
conclusion.29 In a US study evaluating the value of co-testing done every three years to identify
women at high risk of CIN3+, researchers also concluded that HPV positive women with negative
cytology accrued a substantial risk of CIN3+ over five years, and thus needed follow-up.17
CONCLUSIONS AND POLICY IMPLICATIONS
The current cytological based screening in the Netherlands has a five year interval that provides
a cumulative five year risk of CIN3+ after a negative screen below 1%.30 A screening interval of
10 years for HPV negative women aged at least 40 years will be incorporated in the new, primary,
HPV based screening programme that will start in 2017.21 Our data indicate that good safety for
both cervical cancer and CIN3+ risk is provided by extending the interval from five to 10 years,
because the risks after three screening rounds after a negative HPV test are similar to the risks
after two rounds after negative cytology.
In the new HPV based screening programme in the Netherlands, the screening interval will only
be extended among women aged at least 40 years. This age specific recommendation is partly
supported by our data – the CIN3+ risk in women aged at least 40 years was estimated to be
72% lower than in younger women, but cervical cancer risks did not decrease with age. Despite
our analyses, the risk of an increase in interval cancers remains a point of concern. Controlling
both cervical cancer and CIN3+ risks is reassuring but an increase in the cancer risk cannot be
ruled out completely as long as the interval has not actually been extended. Therefore, it remains
important to closely monitor the number of interval cancers observed under the new HPV based
screening programme.
The use of the HPV test result and age to define the year of next screen is a first step towards
risk based screening. Tailoring screening to individual risks could improve screening efficiency
and eventually provide optimal prevention for all women. However, risk stratification also adds
to the complexity of the programme, and it could become challenging to maintain a high quality
screening programme.
An important prerequisite for a risk based programme is the availability of a linked digitalised
screening registry and invitation system. Such a system is not yet in place in every country with an
organised programme. However, linking of screening and invitation systems is recommendable,31
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since the benefits of risk based screening are expected to become even larger in the future.
Individual cancer risks can then be based on information from multiple HPV screening rounds
and vaccination status, yielding individual risk assessments that will strongly deviate from
average risks. This will offer substantial room for further improvement of resource allocation in
the healthcare system.
In summary, our results indicate that primary HPV screening provides better long term protection
against cervical cancer than cytology testing. HPV negative women have a very low risk of CIN3+
in the long term, indicating that extension of the current screening interval in the Netherlands to
10 years seems justifiable. For HPV positive, triage negative women, the long term risk of CIN3+
was too high to support an extension of the screening interval beyond five years for any of the
used triage strategies.
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ABSTRACT
Aims: Gene promoter hypermethylation is recognised as an essential early step in carcinogenesis,
indicating important application areas for DNA methylation analysis in early cancer detection. The
current study was set out to assess the performance of CADM1, MAL and miR124-2 methylation
analysis in cervical scrapes for detection of cervical and endometrial cancer.
Methods: A series of cervical scrapes of women with cervical (n=79) or endometrial (n=21)
cancer, cervical intraepithelial neoplasia grade 3 (CIN3) (n=16) or CIN2 (n=32), and women
without evidence of CIN2 or worse (n=120) were assessed for methylation of CADM1, MAL and
miR124-2. Methylation analysis was done by the PreCursor-M assay, a multiplex quantitative
methylationspecific PCR.
Results: All samples of women with cervical cancer (79/79, 100%), independent of the histotype,
and 76% (16/21; 95% CI 58.0% to 94.4%) of women with endometrial cancer scored positive
for DNA methylation for at least one of the three genes. In women without cancer, methylation
frequencies increased significantly with severity of disease from 19.2% (23/120; 95% CI 12.1%
to 26.2%) in women without CIN2 or worse to 37.5% (12/32; 95% CI 20.7% to 54.3%) and 68.8%
(11/16; 95% CI 46.0% to 91.5%) in women with CIN2 and CIN3, respectively. Overall methylation
positivity and the number of methylated genes increased proportionally to the lesion severity.
Conclusions: DNA methylation analysis of CADM1, MAL and miR124-2 in cervical scrapes
consistently detects cervical cancer and the majority of CIN3 lesions, and has the capacity to
broaden its use on cervical scrapes through the detection of a substantial subset of endometrial
carcinomas.
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INTRODUCTION
Cervical cancer is the third most common cancer in women worldwide, accounting for 9%
(529 800) of all new cancer cases and 8% (275 100) of all cancer-related deaths in 2008.1 The
introduction of cytology-based screening programmes, either organised or opportunistic, has
markedly reduced the incidence and mortality rates of invasive cervical cancer in developed countries.
Additionally, different studies have described detection of other gynaecological pathologies such
as endometrial carcinoma by the cytology-based cervical screening programme.2-6 However,
the effects of cytology based screening have levelled off. This is mainly due to the suboptimal
sensitivity of the screening tool (i.e., cytology) for cervical intraepithelial neoplasia (CIN) grades 2
or 3 (CIN2/3) and cancer (CIN2/3+), as well a substantial number of women not attending cervical
screening. Therefore, efforts to improve screening have focused on alternative screening tools to
overcome the limitations of cytology, and attracting more women into the screening programme.
Over the last years, the importance of primary screening by detection of human papillomavirus
(HPV) DNA in cervical samples in the prevention of cervical cancer has become clear. A
persistent infection with a high-risk type of HPV (hrHPV) is necessary for the development of
cervical cancer and its high-grade precursors.7 HPV DNA testing appeared substantially more
sensitive in detecting CIN2/3+ lesions than cytology, providing 50% greater protection against
cervical carcinoma and its high-grade precursor lesions.8, 9 In addition, HPV DNA testing can also
be applied to self-collected (cervico-) vaginal specimens, the latter being important to increase
the compliance rate in cervical screening.10-12 Yet, HPV DNA testing shows a reduced specificity
compared with cytology, since many infected women harbour transient viral infections that are
not associated with clinically meaningful disease. Therefore, it is important to triage hrHPVpositive women for colposcopy to identify those women with the highest risk for CIN2/3+ thereby
reducing over-referral and overtreatment.7, 13, 14 DNA methylation analysis of cancer-related genes
by quantitative methylation-specific PCR (qMSP) has emerged as a promising and objective
triage tool for early detection of cervical neoplasia.15-17 Hypermethylation of CpG islands in
the promoter regions of tumour suppressor genes leads to gene silencing and is recognised
as an essential step in cancer development.18-22 Methylation of cancer-related genes has been
described in a variety of gynaecological carcinomas, including cervical cancer15, 18, 20, 23-27 and
endometrial cancer.28-31 We previously showed that methylation-mediated silencing of CADM1
(cell adhesion molecule 1), MAL (T-lymphocyte maturation-associated protein) and miR124-2
(micro-RNA124-2) is functionally involved in cervical carcinogenesis,19, 21, 22 and a frequent event
detectable in tissue biopsies from CIN3 lesions and cervical carcinoma.20, 32 Methylation analysis
of the promoter regions of these genes by qMSP is valuable in colposcopy triage of hrHPVpositive women, both when using cervical scrapes33 and self-collected specimens.34, 35 The bimarker panel CADM1/MAL has been validated on hrHPV-positive cervical scrapes collected in a
population-based screening setting, and showed to be equally discriminatory for CIN3+ as cytology
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at the same specificity level.33 In a recent prospective randomised trial among non-responders of
the regular cervical screening programme, the bi-marker panel MAL/miR124-2 on hrHPV-positive
self-samples was non-inferior to cytology triage via a physician-taken cervical scrape in detecting
CIN2+.35 Of note, methylation levels of these three genes have shown to be related to the severity
and duration of cervical disease and are exceptionally increased in cervical cancer.20, 36 As a
consequence, methylation analysis could be particularly effective in detecting advanced precursor
lesions (with likely high short-term progression risk) and cervical cancers,15 and could serve as
complementary tool to cytology triage of hrHPV-positive women to gain a higher reassurance of
not missing advanced lesions and cervical cancer.37 These data suggest that cancers are unlikely
to remain undetected by DNA methylation analysis of cervical scrapes. Yet, no large series of
cervical scrapes from women with cervical cancer have been evaluated so far, as these are not
merely encountered in large numbers in a screening setting given the rarity of cervical cancer in
the screening population.
In the current study, we evaluated CADM1, MAL and miR124-2 methylation in a large series of
cervical scrapes from women with various underlying disease grades, including 79 women with
cervical cancer and 21 with endometrial cancer. We assessed the performance of a multiplex
qMSP kit (PreCursor-M, Self-screen B.V., The Netherlands) that allows the combined detection of
CADM1, MAL and miR124-2 methylation in cervical scrapes.

METHODS
STUDY POPULATION
For this study, cervical scrapes of 268 women who participated in population-based cervical
screening or attended a gynaecological outpatient clinic were used. Samples were selected to
include a higher than normal proportion of HPV-positives and underlying carcinoma. Details on
the number of cervical scrapes in relation to underlying disease category and age of the women
are listed in Table 1. Cervical scrapes were retrieved from the pathology archive and in case no
slides were available, cytological preparations were made from diagnostic left over specimen. In
this way, we were able to obtain 235/268 (88%) cytology results. Cytology was reported according
to the standard classification in the Netherlands, i.e., CISOE-A classification, that can be easily
translated into Bethesda classification38 in which borderline or mild dyskaryosis (BMD) equals
ASC-US/ASC-H/LSIL. Presence of hrHPV-DNA was determined by GP5+/6+ PCR.39 For this
study, ethical approval was waived since diagnostic leftover specimens were used that had been
anonymised according to the Dutch regulations.40
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Disease category

Number of scrapes

Median age of women (years)

Cervical carcinoma*

79

48 (range 23 - 85)

Endometrial carcinoma

21

60 (range 44 - 87)

CIN3

16

39 (range 28 - 49)

CIN2

32

40.5 (range 33 - 53)

No evidence of CIN2+

120

37 (range 18 - 64)

Table 1 | Overview of cervical scrapes used in this study. * Comprising squaous cell carcinoma (n=62); adenocarcinoma
(n=12); adenosquamous carcinoma (n=2); and undifferentiated carcinoma (n=3). CIN, cervical intraepithelial neoplasia.

qMSP METHYLATION ANALYSIS
DNA from cervical scrapes was isolated using the Nucleo-Spin 96 Tissue kit (Macherey-Nagel)
and a Microlab Star robotic system (Hamilton, Germany) according to manufacturers’ protocol
or by standard salt-chloroform extraction and isopropanol precipitation.23, 33 Extracted DNA was
subjected to bisulfite treatment using the EZ DNA Methylation Kit (Zymo Research, USA) as
described previously.21, 22 DNA methylation analysis of CADM1, MAL and miR124-2 was performed
by a commercial multiplex qMSP (PreCursor-M). PreCursor-M uses primers and probes specific for
methylated DNA of CADM1, MAL and miR-124-2, and methylation-independent β-actin as sample
quality control. The multiplex format enables simultaneous amplification and detection of the four
targets within one reaction.41 Analyses were performed on an ABI 7500 real-time PCR-system (Applied
Biosystems, USA). All samples had a quantification cycle (Cq) value for β-actin <29 to assure sample
quality. The target methylation result relative to that of a calibrator was calculated as ∆∆Cq ratio
for each marker gene (i.e., CADM1, MAL or miR124-2), being a measure for hypermethylation
using the 2−∆∆Cq method.42 Cervical scrapes were scored positive based on preset ∆∆Cq ratio
thresholds according to manufacturers’ instructions (i.e., validated thresholds that on a validation
set of cervical scrapes of hrHPV-positive women gave rise to a maximum CIN3+ sensitivity at
70% specificity).
DATA AND STATISTICAL ANALYSIS
For calculations, a sample was considered methylation-positive for a specific target if the ∆∆Cq
ratio was above the preset threshold of the respective target and overall methylation positive
when at least one target was above its preset threshold. The threshold for cytology positivity
was BMD. The 95% Wald confidence intervals (95% CIs) were determined for the proportions of
positive samples. The proportions of overall methylation-positive samples per disease category
were compared using χ2 analysis. Calculations were performed in Microsoft Excel (2010) and
SPSS (V.20).
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RESULTS
METHYLATION ANALYSIS OF CERVICAL SCRAPES
A series of 268 cervical scrapes was evaluated (Table 2). DNA methylation of at least one of
the three loci (CADM1, MAL and/or miR124-2) was detected in all cervical scrapes of women
with cervical cancer, independent of the histotype. This percentage was 76.2% for women with
endometrial cancer, 68.8% for CIN3 and 37.5% for CIN2. By comparison, 19.2% of women
without evidence of CIN2+ had a methylation-positive cervical scrape, comprising 24.7%
(19/77; 95% CI 15.1% to 34.3%) of the hrHPV-positive women and 9.3% (4/43; 95% CI 6.2%
to 18.0%) of the hrHPV-negative women. The frequency of methylation positivity increased
significantly with the severity of the cervical lesion (Figure 1).
Positive by
Methylation
% (95% CI)
n/N

Cytology
n/N

No evidence of CIN2+

23/120

19.2 (12.1 to 26.2)

29/120

CIN2

12/32

37.5 (20.7 to 54.3)

CIN3

11/16

68.8 (46.0 to 91.5)

Cervical carcinoma

Disease category

hrHPV
n/N

% (95% CI)

24.2 (16.5 to 31.8)

77/120

64.2 (55.6 to 72.8)

23/32

71.9 (56.3 to 87.5)

32/32

100 (100 to 100)

14/16

87.5 (71.3 to 100)

16/16

100 (100 to 100)

% (95% CI)

79/79

100 (100 to 100)

39/47*

83.0 (72.2 to 93.7)

73/79

92.4 (86.6 to 98.3)

SCC

62/62

100 (100 to 100)

32/38*

84.2 (72.6 to 95.8)

60/62

96.8 (92.4 to 100)

AdCa

12/12

100 (100 to 100)

5/6*

83.3 (53.5 to 100)

9/12

75.0 (50.5 to 99.5)

Other†

5/5

100 (100 to 100)

2/3*

66.7 (13.3 to 100)

4/5

80.0 (44.9 to 100)

76.2 (58.0 to 94.4)

9/20

45.0 (23.2 to 66.8)

4/21

19.0 (2.3 to 35.8)

Endometrial carcinoma 16/21

$

Table 2 | CADM1/MAL/miR124-2 methylation, cytology and hrHPV data of cervical scrapes in relation to underlying
disease category. * Cytology results of 32 women were not available (i.e., 24 SCC, 6 AdCa, 2 other). $ Cytology result of 1 woman
was not available. † Including adenosquamous carcinoma (n=2) and undifferentiated carcinoma (n=3). AdCa, adenocarcinoma;
CIN, cervical intraepithelial neoplasia; hrHPV, high-risk type of human papillomavirus; SCC, squamous cell carcinoma.

RELATIVE CONTRIBUTION OF THE THREE TARGETS
The frequency of methylation positivity and the number of markers with a methylation-positive
score increased with the severity of the underlying cervical lesion. Among methylation positive
cervical scrapes, those of women without evidence of CIN2+ and women with CIN2 lesions were
mostly single marker positive (78.3% (18/23) and 58.3% (7/12), respectively), whereas the majority
of women with CIN3 were double marker positive (54.5%; 6/11) and those with cervical carcinoma
triple marker positive (54.4%; 43/79). Regarding the two major histotypes of cervical carcinoma,
the majority of scrapes of women with squamous cell carcinoma (SCC) were triple marker positive
(61.3%; 38/62), whereas adenocarcinoma was predominantly double marker positive (66.7%; 8/12).
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Figure 1 | CADM1, MAL and miR124-2 methylation
in cervical scrapes in relation to underlying lesion
type. The fraction of methylation-positive cases as
determined by multiplex qMSP (y-axis) in relation to
the lesion type (x-axis) is shown. *p value comparing
CIN2+ (i.e., CIN2, CIN3, cervical cancer) over ‘no
evidence CIN2+, HPV+’. CIN, cervical intraepithelial
neoplasia;

HPV,

human

papillomavirus;

qMSP,

quantitative methylation-specific PCR.

All double marker positive women with CIN3 and cervical carcinoma were positive for MAL and
miR124-2. Among methylation-positive scrapes of women with endometrial adenocarcinoma,
both double (43.8%; 7/16) comprising various marker combinations) and single marker (56.3%;
9/16) positivity were seen with overall the largest contribution by miR124-2 (87.5%; 14/16).

DISCUSSION
In this study, we explored the clinical performance of multiplex methylation analysis of CADM1,
MAL and miR124-2 promoter regions in cervical scrapes, and demonstrated a detection rate of
100% for cervical cancer, and 76% (95% CI 58.0% to 94.4%) for endometrial cancer. Our data
indicate that methylation analysis of CADM1, MAL and miR124-2 in cervical screening would
identify all cervical carcinomas and holds the detection of endometrial carcinomas as important
supplement. The standardised assay detects three methylation markers in one single reaction,
which requires less sample material over separate reactions as has been mainly used in previous
studies.32, 34, 35 As demonstrated in the present study, the three methylation markers have additive
value with respect to disease detection, in line with previous findings.32-35 The assay furthermore
allows high-throughput analysis, which is advantageous in screening programmes.41
To the best of our knowledge, this is the first study evaluating a large series of cervical scrapes
from women with cervical or endometrial cancer for DNA methylation of CADM1, MAL and
miR124-2. The figures corroborate with previous data describing a methylation positivity rate of
100% for cervical cancer in smaller sample sets using parallel singleplex assays.32, 33, 36 In line with
previous findings, the number of methylation markers scoring positive, which is inherent to higher
methylation levels, increased with disease severity.36 This strongly supports the concept that CIN
lesions positive with this assay represent more advanced CIN lesions in need of treatment.15
Based on our data, MAL and miR124-2 are the predominant markers for the detection of
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high-grade cervical and endometrial lesions, at the thresholds defined for this assay, with
CADM1 adding to reach 100% detection rate of cervical cancer. Also HPV-DNA positivity rates
in scrapes of women with cervical cancer were high in our study. Positivity rates for HPV-DNA
in cervical adenocarcinoma tended to be lower than SCC, as reported in literature.43 The lower
HPV detection rates in scrapes of cervical adenocarcinoma versus SCC may be due to technical
aspects or misdiagnosis of endometrial carcinoma as cervical adenocarcinoma. Although
comparison of the methylation test to cytology is skewed as cancer patients were mainly referred
because of abnormal cytology, it was noted that scrapes with normal cytology (n=8) of women
with cervical cancer were detected by the methylation assay. The detection of a substantial subset
of endometrial carcinomas is an important supplement of methylation analysis of cervical scrapes.
The addition of other methylation markers31 or other molecular markers such as tumour-specific
mutations44 might improve the overall diagnostic accuracy for gynaecological malignancies in the
future.
The promise of methylation analysis for early detection of cervical neoplasia is widely
acknowledged.15-18, 23-27, 33-35, 45, 46 At present, methylation analysis is proposed as a triage test
for HPV-positive women, with clinical utility in detection of CIN2+/3+ shown for both hrHPV-positive
cervical scrapes33, 37 and self-collected specimens.34, 35 Current findings also suggest the prospect
of the methylation assay as a primary screening tool. Methylation markers with a high sensitivity
for cancer may particularly be attractive in middle- and low-income countries, where qualitycontrolled cytology is absent and implementation of follow-up algorithms for HPV-positive women is
complicated. In conclusion, multiplex methylation analysis of the CADM1, MAL and miR124-2 loci
in cervical scrapes consistently identifies cervical cancer and the majority of CIN3 lesions, and has
the capacity to broaden its use on cervical scrapes through the detection of a substantial subset
of endometrial carcinoma. As such, it is a promising step toward a broadly applicable screening
methodology and lays the foundation for a new generation of molecular screening.
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ABSTRACT
Objective: Cervical cancer is the leading cause of cancer-related death in women in South
Africa. This study evaluates DNA methylation levels in cervical (pre)cancer and aims to assess
the value of high-risk human papillomavirus (hrHPV) testing and methylation analysis, alone
or in combination, on physician-taken cervical scrapes to detect cervical cancer, and cervical
intraepithelial neoplasia grade 3 (CIN3) in an HIV-infected South African population.
Design: Prospective observational multicentre cohort study.
Methods: Women from a cohort of women living with HIV (n=355) and a referral cohort
(n=109, 60% HIV seropositive) were included. Cervical scrapes were collected for hrHPV testing
and methylation analysis of cell adhesion molecule 1, T-lymphocyte maturation-associated protein,
and microRNA124-2 genes. Histologic endpoints were available for all participants. Performance
for detection of CIN3 or worse (CIN3+) was determined in the cohort of women living with HIV and
different testing strategies were compared.
Results: HPV and methylation positivity rates increased with severity of cervical disease in the
two study cohorts, each reaching 100% in samples of women with carcinoma. HPV testing
showed a sensitivity for CIN3+ of 83.6%, at a specificity of 67.7%. Methylation analysis showed a
comparable CIN3+ sensitivity of 85.2%, but a significantly lower specificity of 49.6%. HPV testing
with reflex methylation analysis showed a CIN3+ sensitivity of 73.8%, at a specificity of 81.5%.
Conclusion: In this HIV-infected South African population, stratifying hrHPV-positive women with
reflex methylation analysis detects all cervical carcinomas and yields an acceptable sensitivity
and specificity for CIN3+.
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INTRODUCTION
Cervical cancer remains an important public health problem in developing countries. Worldwide
approximately 528 000 women are diagnosed with cervical cancer and 266 000 women die of
the disease each year.1 The majority of all these cancer cases (85%) are diagnosed in low and
middle-income countries (LMIC). In South Africa, cervical cancer is the leading cause of cancerrelated death in women.2, 3 The lack of an effective cervical screening program and poor access
to healthcare are the main contributors to this high mortality rate.4
Cervical cancer is caused by a persistent infection with a high-risk type of the human papillomavirus
(HPV) and develops through precancerous stages referred to as cervical intraepithelial neoplasia
grade 1–3 (CIN1–3).5-7 An important risk factor for a persistent infection with HPV and the
development of CIN and cervical cancer is infection with HIV.8, 9 In South Africa, approximately
seven million people are infected with HIV (accounting for an estimated 12.7% of the population),
with women more severely affected than men.10 This large high-risk population highlights the
need of an effective cervical cancer prevention strategy.
Current cytology-based screening programs have proven difficult to implement in LMIC because
of inadequate infrastructure and limited resources. South Africa has a national policy for cervical
screening using cytology, but coverage of the program is limited to 16.7%.4 Furthermore, the
sensitivity of cytology for detection of cervical disease has a wide variability, likely attributable to
the subjective nature of the test.11 An ideal cervical screening strategy should be objective and
robust leading to effective cervical (pre)cancer detection.
An alternative for cytology-based screening is HPV-based screening. Screening for high-risk
HPV (hrHPV) leads to earlier detection of CIN3 and cervical cancer (CIN3+) when compared to
cytology12-15, and provides a better protection against cervical cancer.16-21 For this reason, HPV
testing will replace cytology as a primary screening test in several countries.22 However, the
specificity of HPV testing is limited as many of the detected infections are transient, and only
a minority is associated with cervical abnormalities.23, 24 Therefore, subsequent testing of HPVpositive women is recommended to identify women with clinically meaningful disease and to
prevent overreferral and overtreatment.25, 26
An attractive molecular tool for detection of CIN3+ in HPV-positive women is the analysis of
host cell DNA methylation of genes related to cervical cancer development.27-30 Hypermethylation
of the promoter regions of the tumour suppressor genes cell adhesion molecule 1 (CADM1),
T-lymphocyte maturation-associated protein (MAL), and microRNA-124–2 (miR124–2), leads to
gene silencing and is recognized as an essential step in cervical carcinogenesis.31-35 Methylation
levels of these genes increase with the severity and duration of the underlying cervical disease and
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are exceptionally high in cervical cancer.36, 37 We previously showed that DNA methylation analysis
of cervical scrapes for CADM1, MAL, and miR124–2 by a clinically validated multiplex quantitative
methylation specific polymerase chain reaction (PCR) detected all cervical cancers.37 Furthermore,
methylation levels of these genes are significantly higher in CIN2/3 with a long-standing (5 years)
persistent HPV infection (so called advanced CIN2/3 lesions), compared with CIN2/3 associated
with a more recently acquired infection (<5 years).36 Accordingly, methylation positivity is claimed
to be associated with advanced CIN2/3 with a high short-term progression risk to cervical cancer,
in need of direct treatment.27 This high sensitivity for advanced CIN2/3 and particularly cervical
cancer makes these markers attractive screening tools in countries with limited screening lifetime
opportunities.38

4

The aim of the present study was to assess the clinical performance of HPV testing and methylation
analysis, as single or combined testing strategies, for the detection of cervical cancer and CIN3+
in an HIV-infected population in South Africa.

METHODS
STUDY PARTICIPANTS AND PROCEDURES
Between February 2013 and March 2015, women aged 18 years or above were recruited for participation
in a prospective observational multicentre cohort study among women visiting a gynaecological
outpatient clinic at either the Steve Biko Academic Hospital or the Tshwane District Hospital, in Pretoria,
South Africa. The study protocol was approved by the Ethical Committee of the University of Pretoria,
South Africa (protocol numbers 100/2012 and 155/2014). All participants gave written informed consent.
The study comprised a cohort of women living with HIV (WLHIV) and a referral cohort (Figure 1).
SOUTH AFRICAN COHORT OF WOMEN LIVING WITH HIV
In the cohort of WLHIV, women who tested HIV seropositive and visited the gynaecological
outpatient clinic for cervical screening by a cervical scrape were included. All women with a recent
history of cervical pathology (treated CIN2+ within two years prior to inclusion) were excluded
from the study, as were women who previously underwent a hysterectomy. After obtaining
informed consent, a questionnaire on women’s characteristics including the use of antiretroviral
therapy and CD4+ cell count was administered, cervical cells were collected using a Cervix-Brush
(Rovers Medical Devices B.V., Oss, the Netherlands) and in all women colposcopy was performed
by a trained physician. After preparation of a conventional Pap smear, the remaining cervical
scrape material was stored in 20ml of Thinprep PreservCyt solution (Hologic, Marlborough,
Massachusetts, USA). At colposcopy, two mandatory cervical biopsies were taken either from
the most abnormal area on the cervix, or at random (6 and 12 o’clock) if no lesion was visible.
Endocervical curettage was performed if the squamocolumnar junction could not be visualized.

73

CHAPTER 4

Figure 1 | Study flowchart. CIN, cervical intraepithelial neoplasia; CxCa, cervical carcinomas; hrHPV, high-risk human
papillomavirus; LLETZ, large loop excision of the transformation zone; WLHIV, women living with HIV.

SOUTH AFRICAN REFERRAL POPULATION
To investigate HPV and methylation positivity in different histology groups, a referral cohort was
included in the study protocol to enrich the group of CIN2/3 and particularly cervical carcinoma. In
this referral cohort, further referred to as ‘referral population’, women who visited the gynaecologic
outpatient department for evaluation of abnormal cytology (high-grade squamous intraepithelial
lesion or worse [HSIL]) or biopsy-proven cervical cancer were included. Participants in this study
cohort were also subjected to a clinical questionnaire and a cervical scrape was taken using a
Cervix-Brush. This cervical scrape material was stored in 20ml of Thinprep PreservCyt solution
(Hologic). Participants were clinically managed according to their referral reason (see Study
endpoints).
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DUTCH REFERENCE POPULATION
Because the number of HIV seronegative women in the two South African cohorts was too low to
assess methylation differences between HIV-infected and non-HIV-infected women (see Statistical
analysis), we enlarged the sample size of HIV seronegative women for this specific analysis with
a Dutch HPV-positive reference population (n=188; study endpoints: 77 CIN1, 32 CIN2, 16 CIN3,
and 63 cervical carcinomas; mean age: 41 years [range: 18–85]).39 As the incidence of HIV in
the Netherlands is very low, the Dutch study group was assumed to be HIV seronegative.40 This
cohort was not included in the original study protocol and only used for this analysis.
STUDY ENDPOINTS
Conventional cytology slides and liquid-based cytology (LBC) preparations were assessed
through regular cervical screening procedures and classified according to the Bethesda 2001
classification.41 All biopsies were classified as no dysplasia, CIN1, CIN2, CIN3, or invasive cancer,
according to international criteria.42
Women with atypical squamous cells – cannot exclude HSIL (ASC-H) or HSIL on cytology
(conventional or LBC) or CIN2+ on a cervical biopsy were treated with a large loop excision
of the transformation zone (LLETZ), according to local guidelines. Gynaecological examination
for clinical staging was performed in women referred for cervical cancer. Large loop excision of
the transformation zone specimens were also classified as no dysplasia, CIN1, CIN2, CIN3, or
invasive cancer. No cervical adenocarcinoma in-situ lesions were found in the study population.
Worst histology on either the cervical biopsy or LLETZ specimen was taken as study endpoint.
If no diagnosis could be made based on biopsy or LLETZ specimens, a sample was considered
invalid for histology.
HIGH-RISK HUMAN PAPILLOMAVIRUS TESTING
Vials containing cellular material in PreservCyt medium were shipped to the Department of
Pathology at the VU University Medical Centre, Amsterdam, the Netherlands. DNA was isolated
from the cervical LBC material using the Nucleo-Spin 96 Tissue kit (Macherey-Nagel, Düren,
Germany) and a Microlab Star robotic system (Hamilton, Germany) according to manufacturers’
instructions.43 β-Globin PCR analysis was conducted to confirm the presence of human DNA in
all specimens. The presence of hrHPV was determined using the clinically validated GP5+/6+
PCR–EIA.44, 45 This kit detects DNA from HPV genotypes 16, 18, 31, 33, 35, 39, 45, 51, 52, 56,
58, 59, 66, and 68 (DDL, Rijswijk, the Netherlands). A hrHPV and β-globin negative sample was
considered invalid.
METHYLATION ANALYSIS
Isolated DNA from the cervical scrapes was subjected to bisulfite treatment using the EZ
DNA Methylation Kit (Zymo Research, Irvine, California, USA) as described previously.32,
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A commercial, clinically validated multiplex quantitative methylation-specific PCR (PreCursor-M,
Self-screen B.V., Amsterdam, the Netherlands) was used for DNA methylation analysis of CADM1,
MAL, and miR124–2.37 β-actin was used as a methylation-independent reference to assure sample
quality. Analyses were done on an ABI 7500 real-time PCR system (Applied Biosystems, Foster
City, California, USA). A sample was scored invalid for methylation analysis when quantification
cycle value for β-actin was more than 30. Methylation values of CADM1, MAL, and miR124–2
were normalized to the reference gene β-actin using the comparative quantification cycle method
for each marker: 100 x 2(Ct[β-actin]-Ct[target]), resulting in cycle threshold (Ct) ratios.46
STATISTICAL ANALYSIS
Positivity for HPV was determined in different histology subgroups for the cohort of WLHIV and
the referral population separately.
To assess differences between methylation levels of CADM1, MAL, and miR124–2 in different
histology groups, log-transformed Ct ratios of the different methylation markers were plotted in a
boxplot per histology group (no dysplasia, CIN1, CIN 2, CIN3, and cervical carcinomas) for the
cohort of WLHIV and the referral population together.
In addition, we analysed the effect of HIV status on CADM1, MAL, and miR124–2 levels in the
different histology groups. Differences between HIV seropositive from the two South African
cohorts and seronegative samples from the South African referral and the Dutch reference
population per histology group were assessed by Mann–Whitney U tests for the log-transformed
Ct ratios of the methylation markers.
We then determined CADM1, MAL, and miR124–2 positivity in different histology groups for
the cohort of WLHIV and the referral population. According to the manufacturers’ instructions, a
sample was considered methylation marker positive if the Ct ratio of at least one of the individual
methylation markers CADM1, MAL, and miR124–2 was above the described clinically validated
thresholds.39
Finally, in the cohort of WLHIV, the sensitivity for the detection of CIN3+ as primary outcome
measure by HPV testing, methylation analysis and HPV testing with reflex methylation analysis
(that is, HPV-positive women were stratified by methylation analysis and considered positive
if both assays tested positive among all women screened) was calculated. The sensitivity and
specificity for CIN2+ are shown in supplementary data (Supplementary Table 1). Sensitivities
and specificities of the different testing strategies were compared using the McNemar test, and
95% confidence intervals (CI) were computed for the relative sensitivities and specificities.47
Calculations were performed in Microsoft Excel (2010), SPSS (V.22), and STATA (V14.1).
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RESULTS
BASELINE CHARACTERISTICS
In total, 475 women were enrolled in this study, of whom 366 in the cohort of WLHIV and 109
in the referral population (Figure 1). In the cohort of WLHIV, 11 women were excluded because
of protocol violation (n=8), presence of an endometrial carcinoma (n=1), and patient withdrawal
(n=2), leaving 355 women. In the referral population, no women were excluded.
The median age in the cohort of WLHIV was 40 years (interquartile range [IQR]: 35–46 years)
and 44 years (IQR: 34–51 years) in the referral population. In the cohort of WLHIV all women
were HIV seropositive, of whom 353 (99%) were on antiretroviral treatment. The median CD4+
cell count at time of cervical screening in the cohort of WLHIV was 514 cells/ml (IQR: 380–720
cells/ml). In the referral population, 65 women (60%) were HIV seropositive, of whom 24 (37%)
were on antiretroviral treatment. Median CD4+ cell count in this population was 342 cells/ml (IQR:
236– 506 cells/ml). In total 38 women (35%) were HIV seronegative and five (5%) women had an
unknown HIV status.
Women with an invalid HPV test result, invalid methylation test result, or without a histologic
endpoint were excluded from analyses. In the cohort of WLHIV, this resulted in 321 women with
valid test results and a study endpoint: 126 women had no dysplasia, 101 women had CIN1, 33
women had CIN2, 59 women had CIN3, and two women had cervical carcinoma (one squamous
cell carcinoma [SCC] and one adenocarcinoma).
In the referral population, 108 women had valid test results and a study endpoint. Of 65 HIV
seropositive women in this cohort, two women had no dysplasia, two women had CIN1,
9 women had CIN2, 33 women had CIN3, and 19 women had cervical carcinoma (17 SCC,
one adenocarcinoma, and one not specified). Of the 38 HIV seronegative women in this cohort,
two women had no dysplasia, two women had CIN2, 12 women had CIN3, and 22 women had
cervical carcinoma (19 SCC and three not specified). Of the five women with unknown HIV status
in this cohort, one woman had CIN1, one woman had CIN2, two women had CIN3, and one
woman had cervical carcinoma type SCC.
HIGH-RISK HUMAN PAPILLOMAVIRUS TESTING
HIGH-RISK HUMAN PAPILLOMAVIRUS POSITIVITY RATE
In the cohort of WLHIV, in total 135 women (42%) tested positive for hrHPV. Positivity rate
increased with the severity of the underlying cervical disease: HPV positivity was found in 30
(24%) women without dysplasia, 31 (31%) women with CIN1, 23 (70%) women with CIN2, 49
(83%) women with CIN3, and two (100%) women with cervical carcinoma.
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In the referral population, in total 103 women (95%) tested positive for hrHPV. Positivity for HPV in HIV
seropositive women was found in two (100%) women without dysplasia, 8 (89%) women with CIN2,
33 (100%) women with CIN3, and 19 (100%) women with cervical carcinoma. Positivity for HPV in
HIV seronegative women was found in one (50%) woman without dysplasia, two (100%) women with
CIN2, 11 (92%) women with CIN3, and 22 (100%) women with cervical carcinoma. All women with
unknown HIV status (n=5, one CIN1, one CIN2, two CIN3, one SCC) tested positive for HPV.
METHYLATION ANALYSIS
METHYLATION MARKER LEVELS
As shown in Figure 2, in the South African study cohorts methylation levels of CADM1 (Figure 2a), MAL
(Figure 2b), and miR124–2 (Figure 2c) increased with the severity of the underlying cervical disease.

Figure 2 | Methylation levels increase with the severity of histology study endpoints. Methylation levels of CADM1
(a), MAL (b) and miR124–2 (c) in cervical scrapes represented by boxplots of the log10-transformed Ct ratios (y-axis) in the
different histology study endpoint groups (x-axis) from the cohort of women living with HIV and referral cohort combined. The
threshold for marker positivity is given as a reference line. CIN, cervical intraepithelial neoplasia; CxCa, cervical carcinomas.

To investigate a potential effect of HIV status on methylation levels of the three markers, we
compared Ct ratios of CADM1, MAL, and miR124–2 between HIV seropositive (n=386, South
African population) and HIV seronegative (n=226; South African population n=38; Dutch
population n=188) women. South African cases with unknown HIV status were excluded from
this analysis (n=5). Ct ratios of miR124–2 were significantly increased in the samples of HIV
seropositive women compared with those of HIV seronegative women with CIN1 (p <0.001) or
less, CIN2 (p 0.003), and CIN3 (p 0.031). This effect was not seen among samples of women
with cancer (p 0.46). The Ct ratios for CADM1 and MAL were not significantly increased in HIV
seropositive women over HIV seronegative women.
Similar findings were observed when comparing South African HIV seropositive samples (n=386)
with Dutch HIV seronegative samples (n=188).
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METHYLATION POSITIVITY RATE
In the cohort of WLHIV, in total 183 women (57%) tested positive for methylation of one or more markers.
The methylation positivity rate increased with the severity of the underlying cervical disease: that is,
methylation positivity was detected in 55 (44%) women without dysplasia, 55 (54%) women with CIN1, 21
(64%) women with CIN2, 50 (85%) women with CIN3, and two (100%) women with cervical carcinomas.
In the referral population, in total 97 women (90%) tested positive for methylation of one or more markers.
Methylation positivity in HIV seropositive women was detected in one (50%) woman without dysplasia,
one (50%) woman with CIN1, 7 (78%) women with CIN2, 32 (97%) women with CIN3, and 19 (100%)
women with cervical carcinomas. Methylation positivity in HIV seronegative women was detected in two
(100%) women with CIN2, 9 (75%) women with CIN3, and 22 (100%) women with cervical carcinomas.
All women with unknown HIV status (n=5, one CIN1, one CIN2, two CIN3, one SCC), except the woman
with CIN2, tested positive for methylation of one or more markers.
PERFORMANCE OF TESTING STRATEGIES
Test specifications for the detection of CIN3+ of HPV testing, methylation analysis, and HPV
testing with reflex methylation analysis in WLHIV are shown in Table 1.

Screening method

CIN3+
sensitivitya

95%CI

n1 / N1

CIN3+
specificity

(95% CI)

n2 / N2

Cohort of WLHIV (n=321)
HrHPV testing

83.6%

74.3 - 92.9

51 / 61

67.7%

62.0 - 73.4

176 / 260

Methylation analysis

85.2%

76.3 - 94.1

52 / 61

49.6%

43.5 - 55.7

129 / 260

HrHPV testing with reflex

73.8%

62.7 - 84.8

45 / 61

81.5%

76.8 - 86.3

212 / 260

methylation analysis

Table 1 | Performance of different screening methods. Test specifications of high risk human papillomavirus testing,
methylation analysis, and combined high-risk human papillomavirus testing with reflex methylation analysis for the detection of
cervical intraepithelial neoplasia 3 or worse (CIN3+). CI, confidence interval; CIN, cervical intraepithelial neoplasia; HrHPV,
high risk human papillomavirus; n1, number of test positive disease cases; N1, total number of disease cases; n2, number
of test negative non-disease cases; N2, total number of non-disease cases. a No carcinomas were missed by any of the
presented screening strategies.

Testing for HPV scored all cervical cancers positive and yielded a high sensitivity for the detection
of CIN3+ of 83.6%, with a specificity of 67.7%. Methylation analysis also scored all cancers positive
and showed a sensitivity for CIN3+ of 85.2%, comparable to HPV testing, but with a significantly
lower specificity of 49.6% (p <0.001; ratio 0.73; 95%CI 0.64–0.85). Testing for HPV with reflex
methylation analysis led to a significantly lower sensitivity for CIN3+ over sole HPV testing of
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73.8% (p 0.031; ratio 0.88; 95%CI 0.80–0.98), but with a significant increase in specificity over
sole HPV testing, reaching 81.5% (p <0.001; ratio 1.21; 95%CI 1.13–1.28). Comparable results
were found for the detection of CIN2+ (Supplementary Table 1).
In the referral population test performances in terms of sensitivity and specificity for CIN3+ could
not be calculated because the selection of women was only based on abnormal cytology.
DISCUSSION
In this prospective observational multicentre cohort study in an HIV-infected South African population,
both hrHPV testing and methylation analysis of the genes CAMD1, MAL, and miR124–2 (PreCursor-M)
detected all cervical carcinomas and the majority of CIN3, with a moderate CIN3+ specificity for both
HPV testing (67.7%) and methylation analysis (49.6%). This specificity was significantly increased
(81.5%) by the use of methylation analysis as a reflex test among HPV-positive women, with an
acceptable sensitivity (73.8%). The combination of these two molecular tests offers an objective
screening strategy which provides a high reassurance against cervical cancer.
The specificity of methylation analysis, as performed in this study using the marker panel of CADM1,
MAL, and miR124–2, would need improvement when considered as primary screening method in
this population living with HIV. The relatively low specificity could be explained by the significantly
higher methylation levels for miR124–2 found in control samples (CIN1 or less) of HIV seropositive
women when compared with control samples of HIV seronegative women. The relatively higher
methylation levels might be explained by the upregulation of DNA methyltransferase expression and
activity, resulting in increased DNA methylation levels in HIV-infected cells.48, 49 A methylation panel
fine-tuned specifically for testing populations with a high HIV prevalence, potentially including different
markers, might correct for this and warrants further investigation.28, 50, 51 As we had to include a Dutch
seronegative population to reach sufficient power for comparative analyses, we cannot exclude that
the difference between HIV seropositive and seronegative women may in part reflect a population
effect. The relatively low specificity for CIN3+ detection by HPV testing in the WLHIV cohort might be
explained by the high prevalence of HPV in this population and/or an effect of immunosuppression
caused by an HIV infection.52, 53
Methylation analysis as a stand-alone test for the detection of cervical abnormalities may provide
an interesting screening method in LMIC with poor access to healthcare and low lifetime screening
opportunities, where the optimal screening tool should be cancer proof and preferably applicable in
one visit to prevent loss to follow-up. In this study, methylation analysis had a comparable sensitivity
as HPV testing, and identified all cervical carcinomas and the majority of CIN3 in both the cohort of
WLHIV and the referral population. Our findings are in line with previous research.38, 54, 55 De Vuyst et
al. evaluated the same methylation marker panel of CADM1, MAL, and miR124–2 for the stratification
of HPV-positive women in a cross-sectional study of HIV seropositive women in Kenya.38 Triage by
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this marker set was clearly superior to HPV16/18 genotyping or visual inspection with acetic acid and
comparable to cytology. We found comparable results for HPV16/18 genotyping triage in this study (M.
van Zummeren and W.W. Kremer, manuscript in preparation). In a case control study in Tanzania with
a high HIV prevalence, other methylation markers (paternally expressed gene 3 [PEG3], insulin-like
growth factor 2 [IGF2], H19 differentially methylated region [H19 DMR] and paternally expressed gene
1/mesoderm-specific transcript [PEG1/MEST]) were also found to be associated with an increased
risk of CIN and cervical cancer54,55.
Cytology was not shown as a reference strategy because of the bias in the performance of cytology
compared to HPV testing and methylation analysis. The indication for treatment was only based either
on HSIL on cytology, or CIN2+ on biopsy. Therefore, performance of cytology could not directly be
compared to HPV testing and methylation analysis.

51, 56

Nonetheless, we calculated the performance

of cytology (HSIL); the sensitivity for CIN3+ was 57.4% with a specificity of 92.6%. The sensitivity for
CIN2+ was 48.9% with a specificity of 96.4%.
A limitation of the study is that HPV testing and methylation analysis were performed in an expert
laboratory in the Netherlands. Therefore, the performance of the assays might not truly represent field
conditions. Moreover, it cannot be excluded that the shipment of the samples influenced the quality of
the samples, possibly explaining the number of test failures for hrHPV testing of 1.3% and methylation
analysis of 4.7%. In the future, test performance evaluations should be done locally.
An important advantage of cervical screening by HPV testing and methylation analysis is the objective
nature of the tests. By using these tests, cervical screening could become independent of (subjective)
cytology testing. Furthermore, their applicability to self-collected cervical material will be an interesting
addition in the optimization of screening programs, as shown in previous trials.57-59 These molecular
tests can be further improved into rapid point-of-care tests that allow women to be (self)screened and,
if local facilities allow, treated in one day. This would restrict the loss to follow-up and decrease the
workload for gynaecologists. However, local infrastructure and cost-effectiveness in cervical screening
are important aspects in LMIC.38 If molecular tests are used more widely, the emergence of affordable
tests can be envisioned and implementation in LMIC would become more feasible.
The study shows a promising clinical performance of HPV testing and methylation analysis for
the detection of CIN3+ in an HIV-infected population in South Africa. Under current settings,
HPV testing with reflex methylation analysis of CADM1, MAL, and miR124–2 in HPV-positive
women could be an alternative objective, biomarker-based test strategy. It allows the detection
of all cervical carcinomas and yields a high sensitivity with a good specificity for CIN3+. In future,
primary methylation analysis could be an attractive screening tool in LMIC if specificity can be
increased. Local settings such as available resources and population characteristics should
determine which strategy is most favourable.
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Screening method

CIN2+
sensitivitya

95%CI

n1 / N1

CIN2+
specificity

(95% CI)

n2 / N2

Cohort of WLHIV (n=321)
HrHPV testing

78.7%

70.4 - 87.0

74 / 94

73.1%

67.4 - 78.9

166 / 227

Methylation analysis

77.7%

69.2 - 86.1

73 / 94

51.5%

45.0 - 58.0

117 / 227

HrHPV testing with reflex

64.9%

55.2 - 74.5

61 / 94

85.9%

81.4 - 90.4

195 / 227

methylation analysis

Supplementary Table 1 | Performance of different screening methods. Test specifications of high risk human
papillomavirus testing, methylation analysis, and combined high-risk human papillomavirus testing with reflex methylation
analysis for the detection of cervical intraepithelial neoplasia 2 or worse (CIN2+). CI, confidence interval; CIN, cervical
intraepithelial neoplasia; HrHPV, high risk human papillomavirus; n1, number of test positive disease cases; N1, total
number of disease cases; n2, number of test negative non-disease cases; N2, total number of non-disease cases.
carcinomas were missed by any of the presented screening strategies.
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ABSTRACT
Introduction: To evaluate the performance of hypermethylation analysis of ASCL1, LHX8 and
ST6GALNAC5 in physician-taken cervical scrapes for detection of cervical cancer and cervical
intraepithelial neoplasia (CIN) grade 3 in women living with HIV (WLHIV) in South Africa.
Methods: Samples from a prospective observational cohort study were used for these analyses.
Two cohorts were included: a cohort of WLHIV who were invited for cervical screening (n=321)
and a gynaecologic outpatient cohort of women referred for evaluation of abnormal cytology or
biopsy proven cervical cancer (n=108, 60% HIV seropositive). Cervical scrapes collected from
all subjects were analysed for hypermethylation of ASCL1, LHX8 and ST6GALNAC5 by multiplex
quantitative methylation specific PCR (qMSP). Histology endpoints were available for all study subjects.
Results: Hypermethylation levels of ASCL1, LHX8 and ST6GALNAC5 increased with severity
of cervical disease. The performance for detection of CIN3 or worse (CIN3+) as assessed by
the area under the receiver operating characteristic (ROC) curves (AUC) was good for ASCL1
and LHX8 (AUC 0.79 and 0.81, respectively), and moderate for ST6GALNAC5 (AUC 0.71). At a
threshold corresponding to 75% specificity, CIN3+ sensitivity was 72.1% for ASCL1 and 73.8%
for LHX8 and all samples from women with cervical cancer scored positive for these two markers.
Conclusions: Hypermethylation analysis of ASCL1 or LHX8 in cervical scrape material of WLHIV
detects all cervical carcinomas with an acceptable sensitivity and good specificity for CIN3+,
warranting further exploration of these methylation markers as a stand-alone test for cervical
screening in low-resource settings.
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INTRODUCTION
Women living with human immunodeficiency virus (WLHIV) have an increased risk for the
development of cervical cancer and its precursor lesions, classified as cervical intraepithelial
neoplasia (CIN) grade 1 to 3.1-3 Compared to HIV uninfected women, WLHIV develop cervical
cancer at a younger age and are more likely to die of the disease.4-6 Both HIV and cervical
cancer have a disproportionally high burden in low- and middle-income countries (LMIC): more
than 95% of global HIV infections and more than 85% of all cervical cancer cases occur in less
developed regions.7, 8 Here, cervical cancer is a leading cause of cancer-related death in women,
partly caused by the high incidence of HIV, but also caused by the absence of effective cervical
screening programs and limited access to health care.8 Implementation of screening in lowresource settings is challenging and the development of screening methods that are suitable for
this setting is warranted.
Cervical cancer and CIN are caused by a persistent infection with high-risk human papillomavirus
(hrHPV).9, 10 Primary hrHPV testing is currently the preferred method for cervical screening,
irrespective of resource settings or HIV-prevalence.11 However as most infections are selflimiting and do not cause cervical lesions, hrHPV testing has limited specificity12, 13, particularly in
WLHIV.14-16 Therefore, subsequent triage testing of hrHPV positive women is needed to distinguish
women with underlying high-grade cervical disease from women with transient infections.17, 18
Available triage tests for LMIC recommended by the World Health Organization (WHO) include
cytology, partial hrHPV genotyping or visual inspection with acetic acid (VIA).19 Major limitations of
these two-step approaches include the risk of loss to follow-up and their requirement of technical
capabilities and health care infrastructure, specifically relevant in low-resource settings.20
Additionally, in a setting with a high HPV prevalence, triage strategies require a large number
of tests. A single and objective point-of-care test with a high sensitivity and specificity for CIN3
and cervical cancer in both HIV seropositive and HIV seronegative women overcomes these
limitations and would be most effective to improve cervical screening in LMIC.
A candidate primary test to identify women at risk for clinically meaningful cervical disease
is hypermethylation analysis of promoter regions of host cell genes involved in cervical
carcinogenesis.21-23 Hypermethylation of gene promotor regions results in gene silencing
and represents an essential step for cervical cancer development. 21, 24 Assays detecting
hypermethylation are objective and can be applied on various specimen types, including selfcollected cervical material.25-27 Multiple genes have been identified as possible targets for cervical
precancer and cancer detection, but few have been evaluated in WLHIV.14, 28-30 We previously
showed that methylation analysis of CADM1, MAL and miR124-2 genes in cervical scrapes from
hrHPV positive WLHIV is an acceptable triage tool, which detects all cervical carcinomas and
the majority of CIN3.14 However, specificity of this marker panel when evaluated as a primary
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screening tool, without prior hrHPV testing, was limited. Therefore additional markers that can be used
for cervical screening in WLHIV in low-resource settings without prior hrHPV testing should be evaluated.
In a recent genome-wide DNA methylation profiling study, three hypermethylated genes,
Achaete-scute Family bHLH Transcription Factor 1 (ASCL1), LIM Homeobox 8 (LHX8) and
ST6 N-Acetylgalactosaminide Alpha-2,6-Sialyltransferase 5 (ST6GALNAC5), were identified as
promising triage markers in hrHPV positive women for cervical cancer and CIN3.31 The present
study evaluates the performance of these methylation markers for the detection of CIN3 and
cervical cancer in WLHIV irrespective of their HPV status.

METHODS
STUDY POPULATION AND PROCEDURES
The study population is outlined in Figure 1 and consists of two groups: a cohort of WLHIV and a
gynaecological referral population. The total study population included 429 women who were originally
included between February 2013 and March 2015 at a gynaecologic outpatient clinic in Steve Biko
Academic Hospital or Tshwane District Hospital, Pretoria, South Africa, in a study (Ethical Committee
of the University of Pretoria, South Africa protocol numbers 100/2012 and 155/2014) comparing
different cervical screening strategies. These women previously had a valid study endpoint and were
eligible for inclusion in the present report. All participants were aged 18 years and above, and had not
been treated for cervical cancer or precancer in the preceding two years. Nearly all women (99%) in
the cohort of WLHIV were on antiretroviral treatment (ART) and their median CD4+ cell count was 514
cells/μl. In total, 60% of women in the referral cohort were HIV seropositive of whom 37% were on
ART; their median CD4+ cell count was 342 cells/μl. High-risk HPV positivity was 42% in the cohort of
WLHIV and 95% of women in the referral population. Median age was 41 [interquartile range (IQR):
35–46 years] in the cohort of WLHIV and 44 years (IQR: 34–51 years) in the referral population.
Detailed characteristics, inclusion criteria and study procedures of this study have been described
previously.14 Written informed consent was obtained from all participants.
In short, HIV-infected women visiting the gynaecologic outpatient clinic for cervical screening were
included in the cohort of WLHIV. Cervical cells were collected using a Cervex Brush® (Rovers Medical
Devices B.V., the Netherlands) and, after preparation of a conventional slide, stored in Thinprep
PreservCyt® solution (Hologic, USA). Colposcopy was performed for all participants and two biopsies
from either the most severe cervical lesion or, if no lesion was present, two random biopsies were
collected. The referral population included women who visited the gynaecologic outpatient department
for evaluation of an abnormal Pap smear [≥high-grade squamous intraepithelial neoplasia (HSIL)]
or biopsy-proven cervical cancer. A cervical scrape was also collected from these women and the
material was stored in Thinprep PreservCyt solution.
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Figure 1 | Study flowchart. CIN, cervical intraepithelial neoplasia; CxCa, cervical carcinomas; WLHIV, women living with HIV

Women with abnormal cytology (≥HSIL)] or CIN2 or worse (CIN2+) on a cervical biopsy received
treatment according to local guidelines [large loop excision of the transformation zone (LLETZ)
or clinical cancer staging]. Study endpoints were based on histological diagnosis of either the
cervical biopsy or LLETZ specimen (worst histology). Participants with invalid histology results
were excluded from the analysis.
REFERENCE POPULATION
Cervical scrapes from a Dutch reference population (n=265; study endpoints: 196 ≤CIN1, 30
CIN3, 39 cervical carcinomas; median age 40 years (IQR: 32–47 years)) were used only to
compare methylation levels between HIV seronegative and HIV seropositive women (manuscript
in preparation). This study group was assumed to be HIV seronegative, since HIV incidence rates in
the Netherlands are very low (0.1% in women).32
METHYLATION ANALYSIS
For methylation analysis, DNA previously isolated from cervical scrapes was bisulphite-converted
using the EZ DNA Methylation Kit (Zymo Research, USA). Multiplex quantitative methylationspecific PCR (qMSP) for ASCL1, LHX8 and ST6GALNAC5 was performed as described
previously using 50ng of bisulphite-converted DNA, EpiTect MethyLite Master Mix (Qiagen) and
100-300nM of each primer and fluorescent dye-labelled probe.31 Housekeeping gene β-actin
(ACTB) was used as a reference to assure sample quality and successful bisulphite conversion.
A plasmid containing the amplicon sequences of all targets and ACTB was used as a calibrator.
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Cycle threshold (Ct) values were measured at a fixed fluorescence threshold. Methylation values of
all targets were normalized to the reference gene and the calibrator using the comparative Ct method
(2-∆∆Ct x 100) to obtain ∆∆Ct ratios.33 Analyses were done on the ViiA 7 real-time PCR system
(Applied Biosystems). All samples with ACTB Ct ratios >30 were considered invalid and were
excluded from the analysis (n=3).
STATISTICAL ANALYSIS
The Kruskal-Wallis omnibus test was performed on each methylated gene to assess differences
in methylation levels among disease categories. Following a significant result from the omnibus
test, post-hoc testing was then performed using Mann-Whitney U. Bonferroni correction was
subsequently used to correct p-values for multiple testing. Log10-transformed Ct ratios were
visualized in boxplots for the cohort of WLHIV and the referral population together. To assess
the effect of HIV status on methylation levels of ASCL1, LHX8 and ST6GALNAC5, differences in
methylation levels between HIV seropositive and HIV seronegative women within cases [CIN3
or worse (CIN3+)] and controls [CIN1 or less (≤CIN1)] were calculated using Mann-Whitney U.
For this analysis, the Dutch reference population was used to enrich the group of HIV seronegative
samples.
To assess the performance of each individual methylation marker to distinguish cases from
controls in cervical scrapes from women from the cohort of WLHIV, univariable logistic regression
analysis was performed on the square root transformed Ct ratios. Histologically classified CIN2
is a heterogeneous group of cervical disease which can be either the results of a productive or
transforming HPV infection.22 Therefore, samples from women with CIN2 were excluded from this
analysis.
Then, the clinical performance of each individual marker to detect CIN3+ in the cohort of WLHIV
was evaluated by the leave-one-out cross-validation approach. With this approach, predicted
probabilities were calculated for each sample, representing the risk for an underlying CIN3+.
Receiver operating characteristic (ROC) curves from the cross-validated predicted probabilities
were used to visualize the performance of the logistic regression models and were evaluated
by area under the ROC curve (AUC). Based on the ROC curves, fixed thresholds for predicted
probabilities corresponding to 75% and 80% specificity were chosen and corresponding CIN3+
sensitivities were calculated. In addition, positivity rates for CIN2 were calculated.
To further evaluate the clinical performance for detection of CIN3 and cancer, the logistic
regression models described above were applied in the referral population. Positivity rates per
disease category were calculated for each methylation marker using the fixed thresholds. All
calculations were performed in Microsoft Excel (2010), SPSS (V. 22), R (V. 3.3.1) and GraphPad
Prism (V 7.02).
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RESULTS
Four hundred and twenty-six women from the South African study cohorts were included in this
report. An overview of the histology endpoints is given in Figure 1.
METHYLATION LEVELS ACROSS DISEASE CATEGORIES AND HIV STATUS
Differences across cervical disease categories in methylation levels of ASCL1, LHX8 and
ST6GALNAC5 were evaluated in the two South African study cohorts combined. As shown in
Figure 2, methylation levels of ASCL1 (Figure 2A), LHX8 (Figure 2B) and ST6GALNAC5 (Figure
2C) increased significantly with severity of the underlying cervical lesion.

Figure 2 | Methylation levels increase with severity of underlying cervical disease. Methylation levels of ASCL1 (A),
LHX8 (B) and ST6GALNAC5 (C) represented by the log10-transformed Ct ratios (y-axis) in the different histology subgroups
(x-axis) from the cohort of WLHIV and the referral population combined. CIN, cervical intraepithelial neoplasia; CxCa,
cervical carcinomas. *, P<0.05; **, P<0.01; ***, P<0.001; ns, not significant.

Figure 3 | Comparing methylation levels between HIV seronegative and HIV seropositive women. Methylation levels
of ASCL1 (A), LHX8 (B) and ST6GALNAC5 (C) in cervical scrapes from HIV seronegative (white) and HIV seropositive
(grey) women. The y-axis displays the log10-transformed Ct ratios. The x-axis displays the histology subgroups for HIV
seronegative and HIV seropositive women. CIN, cervical intraepithelial neoplasia. ***, P<0.001; ns, not significant.
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To assess a potential influence of HIV status on methylation levels of ASCL1, LHX8 and
ST6GALNAC5, the Ct ratios of each marker were stratified by HIV status and compared within cases
(CIN3+) and controls (≤CIN1) using the Dutch reference population. Five women from the South
African population with unknown HIV status were excluded from this analysis. Median age of HIV
seropositive women and HIV seronegative women did not differ. Methylation levels of ASCL1
(Figure 3A), LHX8 (Figure 3B) and ST6GALNAC5 (Figure 3C) were significantly higher in HIV
seropositive women with ≤CIN1, compared to HIV seronegative women with ≤CIN1 (P <0.001).
In women with CIN3+ methylation levels were comparable between HIV seropositive and HIV
seronegative women (P>0.05).
PERFORMANCE OF PRIMARY METHYLATION MARKER ANALYSIS
To determine the clinical performance of ASCL1, LHX8 and ST6GALNAC5 to distinguish cases
(n=61) from controls (n=224), logistic regression analysis was performed in the South African cohort
of WLHIV. All three methylation markers significantly distinguished cases from controls (P <0.001).
Subsequently, the clinical performance of ASCL1, LHX8 and ST6GALNAC5 to detect CIN3+ was
evaluated by leave-one-out cross-validation approach. ASCL1 and LHX8 showed a good clinical
performance, visualized by ROC curves and quantified by AUCs being 0.79 for ASCL1 (Figure
4A) and 0.81 for LHX8 (Figure 4B).

Figure 4 | Individual marker performance for CIN3+ detection. ROC curves from the cross-validated predicted
probabilities of ASCL1 (A), LHX8 (B) and ST6GALNAC5 (C) for CIN3+ detection in cervical scrapes from WLHIV (cohort of
WLHIV only). ROC, receiver operating characteristics; AUC, area under the ROC curves.

ST6GALNAC5 showed a moderate performance with an AUC of 0.71 (Figure 4C). Based on
these ROCs, fixed thresholds corresponding to a specificity of 75% and 80% were chosen. At
fixed thresholds corresponding to 75% specificity, the sensitivity for CIN3+ was 72.1% (95%
confidence interval (CI) 59.2–82.9) for ASCL1, 73.8% (95%CI 60.9-84.2) for LHX8 and 55.7%
(95%CI 42.4-68.5) for ST6GALNAC5 (Table 1). Positivity rates for CIN2 at these thresholds were
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48.5% (16/33) for ASCL1, 42.4% (14/33) for LHX8 and 33.3% (11/33) for ST6GALNAC5. At
fixed thresholds corresponding to 80% specificity, the values of sensitivity were slightly reduced,
resulting in 67.2% (95%CI 57.4-78.7) sensitivity for ASCL1, 70.5% (95%CI 57.4-81.5) for LHX8
and 54.1% (95%CI 40.8-66.9) for ST6GALNAC5. Positivity for CIN2 at these thresholds were
42.4% (14/33) for ASCL1, 42.4% (14/33) for LHX8 and 33.3% (11/33) for ST6GALNAC5.
METHYLATION POSITIVITY IN A GYNAECOLOGICAL REFERRAL POPULATION
To further evaluate the performance of ASCL1, LHX8 and ST6GALNAC5 to detect CIN3 and
cervical cancer, we calculated the positivity rates in the referral population for each histology
subgroup at the fixed thresholds of 75% and 80% specificity (Table 1). At the 75% specificity
thresholds, all samples from women with cervical carcinoma (42/42) tested positive for ASCL1
and LHX8, and 89.9% (38/42) tested positive for ST6GALNAC5. Positivity rate of samples from
women with CIN3 was 89.4% (42/47) for ASCL1, 85.1% (40/47) for LHX8 and 89.4% (42/47)
for ST6GALNAC5. At the 80% specificity thresholds, all samples from women with cervical
carcinoma tested positive for ASCL1, 97.6% (41/42) tested positive for LHX8 and 90.5% (38/42)
tested positive for ST6GALNAC5. Positivity rates of samples from women with CIN3 were 89.4%
(42/47) for ASCL1, 83.0% (39/47) for LHX8 and 89.4% (42/47) for ST6GALNAC5.

75% specificity

Screening method

CIN3+
sensitivity 95%CI

80% specificity
positivity
rate in
n1/N1
CIN2

CIN3+
sensitivity 95%CI

positivity
rate in
n1/N1
CIN2

Cohort of WLHIV (n = 318)
ASCL1

72.1%a

59.2 - 82.9

44/61

48.5%

67.2%a

54.0 - 78.7

41/61

42.4%

LHX8

73.8%a

60.9 - 84.2

45/61

42.4%

70.5%

57.4 - 81.5

18/61

42.4%

ST6GALNAC5

55.7%

42.4 - 68.5

34/61

33.3%

54.1%

40.8 - 66.9

28/61

33.0%

ASCL1

94.4%a

89.6 - 99.2

84/89

75.0%

94.4%a

89.6 - 99.2

84/89

75.0%

LHX8

92.1%a

86.5 - 97.7

82/89

75.0%

89.9%

83.6 - 97.7

80/89

75.0%

ST6GALNAC5

89.9%

83.6 - 97.7

80/89

83.3%

89.9%

83.6 - 97.7

80/89

83.3%

Referral cohort (n = 108)

Table 1 | Performance of ASCL1, LHX8 and ST6GALNAC5 at fixed thresholds for 75% and 80% specificity.
Performance of ASCL1, LHX8 and ST6GALNAC5 for the detection of cervical intraepithelial neoplasia 3 or worse (CIN3+).
CI, confidence interval; CIN, cervical intraepithelial neoplasia; n1, number of test positive disease cases; N1, total number of
disease cases; WLHIV, women living with human immunodeficiency virus; a all carcinomas were positive at this threshold.

In the referral population and cohort of WLHIV combined, we analysed the proportion of samples
testing positive for none, one, two or three of the markers ASCL1, LHX8 and ST6GALNAC5 within
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each disease category, at both 75% and 80% specificity thresholds. We found the proportion of
samples testing positive for two or three markers to increase with severity of cervical disease at
75% threshold (Figure 5). Similar results were found at the 80% thresholds.

5
Figure 5 | The proportion of hypermethylated ASCL1, LHX8, and ST6GALNAC5 genes testing positive in relation to
severity of underlying cervical disease. The proportions of samples testing positive for none, one, two or three of the markers
within the different histology subgroups (x-axis) from the cohort of WLHIV and the referral population combined are represented
on the y-axis. The 75% specificity thresholds were used. CIN, cervical intraepithelial neoplasia; CxCa, cervical carcinomas.

DISCUSSION
The present study reports on primary DNA methylation analysis of host cell genes ASCL1, LHX8
or ST6GALNAC5 for the detection of cervical cancer and CIN3 in cervical scrapes from WLHIV.
In this screening cohort of HIV-infected women we showed a good CIN3+ performance for ASCL1
and LHX8 (AUC 0.79 and 0.81, respectively) and a moderate performance for ST6GALNAC5
(AUC 0.71). At a fixed specificity of 75%, the CIN3+ sensitivity of ASCL1 and LHX8 was good
(72.1% and 73.8% respectively), but the sensitivity of ST6GALNAC5 was low (55.7%). In line with
previously described methylation makers, these markers were highly accurate for the detection
of cervical cancer: all carcinomas in this study tested positive for single markers ASCL1 or LHX8,
and 89.9% tested positive for ST6GALNAC5.21, 22, 34 This indicates that single methylation marker
analysis of ASCL1 or LHX8 would be an interesting primary cervical screening tool in WLHIV in
low-resource settings, as it detects the majority of CIN3 lesions that need treatment and provides
a high reassurance against cervical cancer.
Previous studies described a relationship between HIV and hypermethylation of host cell genes,
resulting from an upregulation of DNA methyltransferase expression and activity in HIV-infected
cells.35, 36 This may explain the rather low CIN3+ specificity of 49.6% detected in our previous study
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analysing the methylation marker panel CADM1, MAL, and miR124-2.14 Also in this study, the
methylation levels for ASCL1, LHX8 and ST6GALNAC5 were relatively high in control samples of
HIV-infected women compared to HIV-uninfected women. In contrast to our previous publication, we
were able to define hypermethylation positivity thresholds for optimal performance for CIN3+ detection
in WLHIV and accomplished a relatively high CIN3+ specificity, combined with a good sensitivity.
In a setting with limited resources, it is important that women with the highest risk for cervical
cancer receive suitable treatment. Early ART initiation and sustained adherence seem to reduce
the risk for cervical cancer and its precursor lesions in WLHIV,37 however future studies need
to identify which HIV-infected individuals can be screened less frequently.38 Previous studies
have described that methylation marker analysis is specifically sensitive for cervical cancer
and cervical lesions caused by a longstanding (>5 years) persistent hrHPV infection, so called
advanced transforming lesions with a high short-term progression risk.

22, 34, 39, 40

The increase in

methylation levels and marker positivity of ASCL1, LHX8 and ST6GALNAC5 with severity of the
underlying lesion, the high sensitivities in an gynaecological outpatient setting and the extremely
high methylation levels in cervical carcinomas described in the present study, are in line with this
concept. This suggests that methylation analysis of these genes identifies lesions with a cancerlike methylation profile that are in need of treatment.
The simplest approach in low-resource settings would be to treat all hrHPV positive women,
as it yields a high sensitivity.12, 41 Our previous data confirmed the high sensitivity (83.6%) for
primary hrHPV testing in WLHIV, but at moderate specificity (67.7%). If such a strategy is
implemented without triage testing, a large number of hrHPV positive women (~50%) would
receive unnecessary treatment, due to the transient nature of most HPV infections.14 Hence,
any triage strategy would require a large amount of secondary tests in a setting with a high HPV
prevalence. Subsequent partial hrHPV16/18 genotyping is feasible as it carries the advantages
of a molecular test, but with the disadvantage of missing about 30% of non-HPV16/18 related
cervical cancers. Stratification of hrHPV positive women by methylation marker analysis has
previously been shown to overcome this issue since it consistently detects all carcinomas.14, 30
This study shows that primary methylation analysis of ASCL1 or LHX8 has the same benefit, but
without the need for additional triage testing.
An objective and reproducible ‘see-and-treat’ strategy for cervical screening in LMIC, which
particularly reduces loss to follow-up, is within reach as methylation assays can be further developed
into point-of-care tests. Visual inspection with acetic acid, often combined with visual inspection
with Lugol’s iodine (VILI), is currently recommended by the WHO guidelines for a see-and-treat
protocol in LMIC.19 Although this approach is cost-effective and reasonably safe, the subjectivity of
the diagnosis influenced by the health care provider’s experience and environmental conditions,
limits the reliability of the technique and leads to under and overtreatment.41-45 Methylation marker
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analysis of ASCL1 or LHX8 on the other hand, is objective, and is applicable on both cervical
scrapes and self-collected cervical-vaginal material.26, 46, 47 Though promising, methylation assays
are still relatively costly and labour-intensive, and need further implementation studies. A
standardized, easy and robust high-throughput workflow is needed before implementation in
cervical screening can be realised.
Limitations of this study include the cross-sectional set up as we are still awaiting clinical follow-up
data. Secondly, to compare hypermethylation levels between HIV seropositive and seronegative
women, we enriched the small study group of seronegatives with a Dutch reference population
and possible population effects cannot be excluded. 48 To differentiate between an HIV effect and
a population effect, these comparisons should be repeated with an African HIV uninfected control
group. Thirdly, we developed suitable thresholds for scoring methylation marker positivity in the
same population as used for the performance analyses of these marker thresholds. A leave-oneout cross-validation approach was used to facilitate these performance analyses. Accordingly, the
applicability of ASCL1 or LHX8 as primary cervical screening tool requires further validation of
this panel in an independent cohort.
This study shows that hypermethylation analysis of ASCL1 or LHX8 is a promising method for
cervical screening in WLHIV, as well as in an outpatient population. The high sensitivity and high
specificity for cervical cancer and CIN3 of these methylation assays, plus their applicability to
self-collected cervical-vaginal material, make the test a promising screening tool for LMIC and
warrants further investigation and development.
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ABSTRACT
Aims: To investigate the accuracy and reproducibility of a scoring system for cervical intraepithelial
neoplasia (CIN1-3) based on immunohistochemical (IHC) biomarkers Ki-67 and p16ink4a.
Methods: 115 cervical tissue specimens were reviewed by three expert gynaeco-pathologists and
graded according to three strategies: 1. CIN grade based on H&E staining only, 2. immunoscore based
on the cumulative score of Ki-67 and p16ink4a only (0-6), and 3. CIN grade based on H&E supported
by non-objectified IHC two weeks after scoring 1 and 2. The majority consensus diagnosis of the
CIN grade based on H&E supported by IHC was used as the Reference Standard. The proportion
of test positives (accuracy) and the absolute agreements across pathologists (reproducibility) of the
three grading strategies within each Reference Standard category were calculated.
Results: We found that immunoscoring with positivity definition 6 yielded the highest proportion
of test positives for Reference Standard CIN3 (95.5%), in combination with the lowest proportion
of test positives in samples with CIN1 (1.8%). The proportion of test positives for CIN3 was
significantly lower for sole H&E staining (81.8%) or combined H&E and IHC grading (84.8%) with
positivity definition ≥CIN3. Immunoscore 6 also yielded high absolute agreements for CIN3 and
CIN1, but the absolute agreement was low for CIN2.
Conclusions: The higher accuracy and reproducibility of the immunoscore opens the possibility of a
more standardized and reproducible definition of CIN grade than conventional pathology practice,
allowing a more accurate comparison of CIN-based management strategies and evaluation of
new biomarkers to improve the understanding of progression of precancer from HPV infection to
cancer.
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INTRODUCTION
Cervical screening programmes are based on the detection and treatment of cervical precancer.
Accurate colposcopy and histological assessment of cervical precursor lesions is essential
to determine clinical management. Histologically cervical lesions are classified as cervical
intraepithelial neoplasia (CIN) and categorized as CIN1, CIN2 or CIN3 based on the extension
of immature, dysplastic cells into the squamous epithelium above the basal layer (one-third to
full thickness) and the severity of cellular abnormality. CIN3 is considered the most advanced
precancerous lesion. Although CIN is classified into three grades, the development of CIN to
cancer is a dynamic process and represents a morphological continuum.1
The diagnosis of the pathologist is subjective and based on personal experience, making
use of histomorphological features in Haematoxylin and Eosin (H&E) stained slides alone or
in combination with immunohistochemical (IHC) findings. The heterogeneity inherent in this
subjective grading of CIN results in limited reproducibility with moderate inter- and intra-observer
agreement,2, 3 and consequently has effects on treatment. Generally, CIN3 is treated by excision
and CIN1 is managed conservatively. However for CIN2 management differs between clinics, i.e.
either excisional treatment or close surveillance, because of the high regression rate of CIN2.4, 5
Due to the moderate reproducibility of CIN grading, the World Health Organisation (WHO) has
introduced a two-tiered grading system in 2013,6 in which the term High-Grade CIN is used
for CIN2 and CIN3, and Low-Grade CIN for CIN1. The diagnosis of HSIL results in excisional
treatment to prevent precancers developing into cancer. Consequently, this approach results in
overtreatment of potentially non-progressive or regressive lesions. The US adopted and recently
optimised this two-tiered classification system,2 whereas most European countries adopted the
CIN grading system.7 In the latter, preferably CIN2 should be divided in (early productive) CIN1like, and (late transforming) CIN3-like lesions.8
An immunohistochemical- or biomarker-based classification system might improve the accuracy
and reproducibility of grading CIN, and hence standardization of diagnosis. This will allow
comparison of the results of clinical management between centres for clinical audit and also
simpler comparison of alternative management strategies in clinical trials. Ki-67 and p16ink4a are
used widely to guide CIN grading by pathologists and expression of these markers increases
with an increasing CIN.2, 5, 9-16 Ki-67 staining in supra- and parabasal layers is an indicator of
cellular proliferation, whereas diffuse p16ink4a staining occurs when p16ink4a is overexpressed as
a result of functional inactivation of retinoblastoma protein (pRB) by the HPV E7 protein. These
are the consequences of a persistent cervical HPV infection and deregulation of E6 and E7 oncogene
expression in proliferating cells. Deregulation of E6 and E7 oncogenes causes chromosomal
instability, which is the driving force for accumulation of (epi)genetic aberrations in host cell genes
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and drives the progression of CIN lesions towards cervical cancer.8, 17 In this study, we propose
a classification system using the cumulative immunoscore value of Ki-67 and p16ink4a, compare
accuracy and reproducibility of CIN grading based on this score to classical histomorphological
and immunohistochemical CIN grading and show the benefits of this scoring system.

METHODS
STUDY POPULATION
In this retrospective cross-sectional study, we selected 115 formalin-fixed paraffin-embedded
(FFPE) cervical biopsy- and large loop excision of the transformation zone (LLETZ) specimens
guided by severity of the initial diagnosis (no dysplasia n=22; CIN1 n=22; CIN2 n=27; CIN3 n=22;
SCC n=22) from the files of the Pathology Department of the VU University Medical Center in
Amsterdam, The Netherlands. The selected tissue blocks were anonymously processed
for the purposes of this study. Ethical approval was waived according to the regulations in The
Netherlands.18
IMMUNOHISTOCHEMISTRY (IHC)
All tissue blocks were cut to provide sections of 3μm. The first and last section were used for H&E
staining to ensure the presence of the same cervical lesion, and in-between sections were used for
immunostaining with mouse monoclonal antibodies against Ki-67 antigen (DAKO, Clone MIB-1)
or p16ink4a antigen (Roche, CINtec®, Clone E6H4™), using the automated IHC Ventana staining
machine (Roche, Basel, Switzerland).
SCORING OF Ki-67
Nuclear Ki-67 staining in cells of the squamous epithelium was scored positive. Score 0 is a
normal staining pattern (i.e. staining of nuclei in the basal layer, Figure 1a). Score 1 is defined as
positive nuclei predominantly found in the lower one-third of the epithelium (Figure 1b). Score 2
is defined as positive nuclei predominantly found in the lower two-third of the epithelium (Figure 1c).
Score 3 is defined as positive nuclei in more than two-third of the epithelium (Figure 1d). The
presence of a few scattered positive individual cells in the upper two-third layer of the epithelium
in a predominant staining pattern in the lower one-third is scored as one (Figure 1e). Also, a
few scattered positive individual cells found in the upper one-third layer of the epithelium in a
predominant pattern with two-third involvement of the epithelium, is scored as two. Areas where
dermal papillae narrowed down the width of the epithelium cannot be scored reliably and are
therefore not taken into account.
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a) Score 0

b) Score 1

d) Score 3

e) Score 1

c) Score 2

Figure 1 | Scoring of Ki-67 immunostaining. Representative examples are shown for the three-tiered score system of
Ki-67 immunostaining. Nuclear Ki-67 staining in cells of the squamous epithelium is scored positive. Positive nuclei in the basal
layer is considered a normal staining pattern and scored as 0 (a), positive nuclei predominantly found in the lower one-third of the
epithelium as 1 (b), positive nuclei predominantly found in lower two-third of epithelium as 2 (c), and positive nuclei in more than
two-third of epithelium as 3 (d). An example of individual scattered positive cells found in the upper layers of the epithelium in a
predominant parabasal staining pattern is shown (e).

SCORING OF P16INK4A
Diffuse or ‘block’ staining for p16ink4a of the cell cytoplasm or nucleus in squamous epithelium
was considered positive.2, 3, 19 Score 0 is defined as either no p16ink4a positivity or focally scattered
positive cells or small cell clusters (i.e. patchy staining, Figure 2a). Score 1 is defined as low
intensity, diffuse positivity restricted to the lower third part of the epithelium (Figure 2b). Score
2 is defined as continuous positivity in the lower two-third of the epithelium (Figure 2c). Score 3
is defined as positive cells involving the full thickness of the epithelium (i.e. diffuse full thickness
staining, Figure 2d). It is considered important to distinguish positive diffuse or ‘block’ p16ink4a
staining from patchy or background staining.
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a) Score 0

b) Score 1

c) Score 2

d) Score 3

6
Figure 2 | Scoring of p16ink4a immunostaining. Representative examples are shown for the three-tiered score system of
p16ink4a immunostaining. Diffuse or ‘block’ staining for p16ink4a of the cell cytoplasm or nucleus in squamous epithelium is
considered positive. No positivity or patchy staining was scored 0 (a), diffuse positivity in the lower third of the epithelium
as 1 (b), diffuse positivity in the lower two-third of the epithelium as 2 (c), and diffuse positivity involving the full thickness of
the epithelium was scored as 3 (d).

WORK PROCEDURE
H&E score: Three expert gynaeco-pathologists (P1, P2, and P3) from two different laboratories (MB, DJ
and MvdS) received the H&E slides, selected the area with the most dysplastic features of the epithelium
and graded the CIN lesion based on morphologic characteristics (further referred to as ‘H&E score’).
All specimens were classified for H&E scoring as no dysplasia, CIN1, CIN2, CIN3, or squamous cell
carcinoma (SCC), according to international criteria.20 Ki-67 and p16ink4a immunoscore: Subsequently,
the pathologists scored the Ki-67 and p16ink4a expression on a separate scoring sheet, using the scoring
system described above and depicted in Figure 1 and 2. This scoring sheet, including examples of the
scoring, was discussed with and approved by all three pathologists prior to the start of the study. No
morphologic features were taken into account in this scoring. The cumulative immunoscore of Ki-67
(score 0 to 3) and p16ink4a (score 0 to 3) could vary from 0 to 6, irrespective of how the score was obtained
(further referred to as ‘Ki-67 and p16ink4a immunoscore’). For example, we considered a cumulative score
of 5, either established by a Ki-67 score of 2 and p16ink4a score of 3, or vice versa, as identical.
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Combined H&E and non-objectified IHC score: At least two weeks after scoring of the
immunostains, each pathologist was asked to render the CIN grade now based on morphologic
features in combination with the subjective interpretation of the immunostaining (further referred

to as ‘combined H&E and non-objectified IHC score’).
Reference Standard: The consensus diagnosis of the combined H&E and non-objectified IHC
score, based on agreement of CIN grade in at least two out of three pathologists, was used as the
‘Reference Standard’. In six lesions in which no majority CIN score was available, consensus was
reached in a panel discussion with a fourth pathologist (CM).
STATISTICAL ANALYSIS
A flowchart of the statistical analysis is shown in Figure 3. To assess the accuracy of a test strategy, we
calculated the proportion of test positives for all CIN grading strategies separately within each of the
different Reference Standard diagnoses (i.e. no dysplasia, CIN1, CIN2, CIN3 and SCC). A positive
status for each strategy was obtained using the following definitions: diagnosis of ≥CIN2 based on
H&E scoring for Strategy I; diagnosis of ≥CIN3 based on sole H&E scoring for Strategy II; diagnosis
of ≥CIN2 based on combined H&E and non-objectified IHC scoring for Strategy III; diagnosis of
≥CIN3 based on combined H&E and non-objectified IHC scoring for Strategy IV; immunoscore of
≥4 for strategy V based on Ki-67 and p16ink4 immunoscoring Strategy V; immunoscore of ≥5 based
on Ki-67 and p16ink4 immunoscoring for Strategy VI; and immunoscore of 6 based on Ki-67 and
p16ink4 immunoscoring Strategy VII (Table 1). We accounted for the scores of three pathologists by
pooling the proportions of test positives of the individual pathologists. Absolute differences between
the pooled proportions of test positives of each strategy per Reference Standard category were
calculated with 95% confidence intervals (CI). If a confidence interval did not include the value 0,
the difference was considered statistically significant.
Secondly, to assess the reproducibility of a test strategy, we calculated the average of absolute
agreements for every CIN grading strategy (with positivity definitions of Strategy I to VII, see Table
1) between pathologists (P1 versus P2, P1 versus P3 and P2 versus P3) within each Reference
Standard category. Calculations were performed in SPSS (V.22) and STATA (V14.1).

RESULTS
HISTOLOGY SCORING
Different grades for H&E, H&E and IHC, Ki-67 and p16ink4a immunoscores, and the Reference
Standard category by the three pathologists for the 115 cervical biopsy and LLETZ specimens
are shown in Table 2.
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H&E score
Pathologist 1
(a)

H&E score
Pathologist 2
(b)

H&E score
Pathologist 3
(c)

Ki-67 / p16ink4a
immunoscore
Pathologist 1
(d)

Ki-67 / p16ink4a
immunoscore
Pathologist 2
(e)

Ki-67 / p16ink4a
immunoscore
Pathologist 3
(f)

H&E + IHC
score
Pathologist 1
(g)

H&E + IHC
score
Pathologist 2
(h)

H&E + IHC
score
Pathologist 3
(i)

Majority consensus H&E + IHC score
Reference Standard

6
1. Assessment of accuracy
The proportion of test positives for the average scores (a, b, c),
(d, e, f), and (g, h, i) seperately within each category of Reference
Standard (no dysplasia, CIN1, CIN2, CIN3, SCC).
>see Figure 4 and Supplementary Table 1

2. Assessment of reproducibility
The absolute agreements for scores (a, b, c), (d, e, f), and
(g, h, i) between pathologists separately within each category of
Reference Standard (no dysplasia, CIN1, CIN2, CIN3, SCC).
This was determined by the average of the absolute agreements
on individual interpretations between P1 vs P2, P1 vs P3 and P2 vs P3.
>see Figure 5 and Supplementary Table 3

Figure 3 | Flowchart of statistical analysis.
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Strategy

Scoring

Positivity

I

H&E score

≥CIN2

II

H&E score

≥CIN3

III

Combined H&E and non-objectified IHC score

≥CIN2

IV

Combined H&E and non-objectified IHC score

≥CIN3

V

Immunoscore

≥4

VI

Immunoscore

≥5

VII

Immunoscore

6

Table 1 | Overview of scoring strategies. CIN, cervical intraepithelial neoplasia; IHC, immunohistochemistry.

P1
n

P2
n

P3
n

Reference Standarda
n

No dysplasia

26

34

44

CIN1

31

11

17

CIN2

16

8

20

CIN3

20

40

12

SCC

22

22

22

Immunoscore 0

25

20

0

Immunoscore 1

21

10

37

Immunoscore 2

4

9

6

Immunoscore 3

7

5

5

Immunoscore 4

4

3

5

Immunoscore 5

9

7

10

Immunoscore 6

45

61

52

No dysplasia

28

35

41

35

CIN1

24

12

19

19

CIN2

21

8

18

17

CIN3

20

38

15

22

SCC

22

22

22

22

A. H&E scoring

B. Ki-67 and p16

ink4a

immunoscore

C. Combined H&E and non-objectified IHC score

Table 2 | Outcome of different grading strategies of each individual pathologist. aThe Reference Standard is defined as the majority
diagnosis of the combined H&E and non-objectified IHC score, based on agreement on CIN grade in two out of three pathologists
(see also Methods section). CIN, cervical intraepithelial neoplasia; P, pathologist; SCC, cervical squamous cell carcinoma.

114

THE Ki-67 AND p16ink4a IMMUNOSCORE

ACCURACY
Overall, taking the proportion of test positives as a measurement of the accuracy, CIN grading
based on the Ki-67 and p16ink4a immunoscore, with immunoscore 6 to define a positive status (CIN
grading Strategy VII), detected the highest numbers of Reference Standard CIN3, combined with
the fewest CIN1 (Figure 4, Supplementary Table 1). Furthermore, CIN grading based solely on
H&E grading compared to grading based on combined H&E and non-objectified interpretation of
IHC (Strategy I versus III, and Strategy II versus IV) showed no significant differences in detection
of all Reference Standard categories (Supplementary Table 2).
In more detail, within Reference Standard no dysplasia and SCC, no significant differences in
accuracy (Supplementary Table 2) between any of the CIN grading strategies were observed, with the
proportions of test positives of all grading strategies being close to zero and 100% respectively. Within
Reference Standard CIN1, the accuracy of CIN grading Strategy I (≥CIN2 based on sole H&E scoring),
Strategy III (≥CIN2 based on combined H&E and non-objectified interpretation of IHC), Strategy V
(immunoscore ≥4) and Strategy VI (immunoscore ≥5), with proportions of test positives ranging from
17.5% to 28.1%, was significantly higher than the accuracy of Strategy II (≥CIN3 based on sole H&E
scoring), Strategy IV (≥CIN3 based on combined H&E and non-objectified interpretation of IHC) and
Strategy VII (immunoscore 6), with proportions of test positives ranging from 1.7% to 5.3%.

Figure 4 | Accuracy of different CIN grading strategies. The proportion of test positives for the different CIN grading strategies
I to VII are shown separately within each Reference Standard; no dysplasia, cervical intraepithelial neoplasia (CIN) 1, CIN2, CIN3
and cervical squamous cell carcinoma (SCC). The haematoxylin and eosin (H&E) score (Strategy I and II) is based solely on
morphologic characteristics, the H&E + immunohistochemistry (IHC) score (Strategy III and IV) is rendered after interpretation
of Ki-67 and p16ink4a immunostains, and the immunoscore (Strategy V, VI and VII) is the total value of the scoring for Ki-67 and
p16ink4a immunostains independently scored by the pathologist. Strategy VII detects the highest number of CIN3 and the fewest
CIN1. The exact values for the proportion of test positives are shown in Supplementary Table 1 and the absolute differences
between all point values (indicated by ∆) are shown in Supplementary Table 2.
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Within Reference Standard CIN2, the accuracy of CIN grading Strategy I, III, V and VI, with
proportions of test positives ranging from 76.5% to 90.2%, was significantly higher than the
accuracy of Strategy VII, with a proportion of test positives of 54.9%. Furthermore, the accuracy of
CIN grading Strategy II and IV was significantly lower compared to Strategy VII, with proportions
of test positives of 27.5% and 31.4%. For the detection of Reference Standard CIN3, the accuracy
of CIN grading Strategy I, III, V, VI and VII was near 100%, with proportions of test positives
ranging from 97.0% to 100%, and significantly higher than the accuracy of Strategy II and IV with
proportions of test positives of 81.8% and 84.8%.
REPRODUCIBILITY
Overall, grading of CIN based on the Ki-67 and p16ink4a immunoscore with a definition for positivity
of immunoscore 6 (Strategy VII) showed a high absolute agreement for Reference Standard CIN3
(90.9%) in combination with a high agreement for Reference Standard CIN1 (96.5%, Figure 5,
Supplementary Table 3). Other grading strategies with a high absolute agreement for Reference
Standard CIN3 showed moderate agreement for Reference Standard CIN1. All strategies showed
only moderate agreement for Reference Standard CIN2.

Figure 5 | Reproducibility of different CIN grading strategies. The absolute agreement amongst pathologists for the different
CIN grading strategies I to VII, representing the reproducibility, are shown separately within each Reference Standard; no
dysplasia, cervical intraepithelial neoplasia (CIN) 1, CIN2, CIN3 and cervical squamous cell carcinoma (SCC). The haematoxylin
and eosin (H&E) score (Strategy I and II) is based solely on morphologic characteristics, the H&E + immunohistochemistry (IHC)
score (Strategy III and IV) is rendered after interpretation of Ki-67 and p16ink4a immunostains, and the immunoscore (Strategy V,
VI and VII) is the total value of the scoring for Ki-67 and p16ink4a immunostains independently scored by the pathologist. The exact
values of absolute agreement are shown in Supplementary Table 3.
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In more detail, the absolute agreement between pathologists was high for Reference Standard no
dysplasia and SCC (all ≥96.2%; Figure 5 and Supplementary Table 3). For Reference Standard
CIN1, the absolute agreement was moderate to high (range 64.9% to 96.5%) with highest
agreement for CIN grading strategies IV and VII. For Reference Standard CIN2, the absolute
agreement was moderate (range 37.3% to 84.3%). For Reference Standard CIN3, the absolute
agreement was high for CIN grading strategies I, III, V, VI and VII (range 90.9% to 100%) and
moderate for strategies II and IV (69.7% and 72.7%).

DISCUSSION
In this cross-sectional study, we describe a simple CIN grading system based solely on a cumulative
three-tiered immunoscore for biomarkers Ki-67 and p16ink4a to perform better in terms of accuracy
and reproducibility, compared to the classical histological and non-objectified immunohistochemical
CIN grading system. We have added Ki-67 scores to the p16ink4a immunoscore because it is
essential to identify proliferative activity in p16ink4a positive CIN. Performance of p16ink4a scoring
without other markers or H&E grading is known to increase the shift from CIN1 to CIN2, resulting
in overtreatment.2 Interestingly, our additional statistical analysis shows that sole p16ink4a staining
has a lower accuracy for CIN3 than combined p16ink4a and Ki-67 staining (Supplementary
Figure 1). By using the Ki-67 and p16ink4a immunoscore, we showed that immunoscore 6 was
able to detect reliably the highest number of CIN3, combined with the lowest proportion of CIN1
lesions. The proportion of test positives for CIN3 of immunoscore 6 (95.5%) was significantly
higher in comparison to the classical CIN grading based on sole H&E staining (81.8% for positivity
definition ≥CIN3) or combined H&E with non-objectified IHC interpretation (84.8% for positivity
definition ≥CIN3). This accurate detection of CIN3 and CIN1 by immunoscore 6 indicates that
a substantial proportion of classically graded CIN2 will be re-categorized into CIN1 and CIN3
lesions by use of this immunoscore. Because the Ki-67 and p16ink4a immunoscore defines with
more accuracy and better reproducibility the grade of the cervical lesion, it facilitates clear and
accurate communication about CIN lesions between pathologists and clinicians and provides a
more reliable basis to decide whether cervical treatment or a wait and see policy is appropriate.
Decisions on clinical management are based primarily on CIN grade. However, management guidelines
of CIN2 vary substantially between and within non-US countries. Presently, gynaecologists
generally will treat all CIN3 lesions, but for CIN2 lesions, depending on the size of the lesion and
patient’s preference and age, both treatment and a wait and see policy are widely advocated.21-23
The CIN grading system presented in this paper can be used as a proposal for further research to
validate our results and to achieve more standardization in CIN management.
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This proposal is based on the most accurate CIN grading strategy found in this study to detect
CIN3 (treatment) and CIN1 (no treatment). For clinical use we propose to first define a CIN grade
(CIN1-3) based on an H&E staining. Then the immunoscore of a CIN lesion should be reported.
Based on the immunoscore treatment can be defined: suggesting no treatment for lesions with an
immunoscore 0 to 3, a wait and see policy for lesions with an immunoscore 4 and 5, and excisional
treatment for lesions with an immunoscore 6. Hereby, treatment is based on the most accurate
and reproducible CIN grading. Especially for CIN2 where only 55% had an immunoscore 6, use
of the immunoscore would direct clinical management objectively and separate this group into
lesions requiring close follow-up and lesions requiring treatment. Additional studies with a large
number of samples should validate these data, and give insights on management suggestions
before implementation in clinical practice can be recommended.
In the recently published US LAST guidelines, Darragh et al. extensively investigated the most
optimal classification strategy for the grading of genital intraepithelial neoplasia.2 They further
optimised the Bethesda classification for dividing genital lesions in high-grade squamous
intraepithelial lesions (HSIL) and low-grade squamous intraepithelial lesions (LSIL). Thereby they
dissuade classically three-tiered CIN grading and recommend p16ink4a staining only for CIN2+
lesions where the pathologist is in doubt. Positivity for p16ink4a of at least one-third of the epithelium
supports the diagnosis of HSIL, and treatment of all HSILs is recommended.2 As more than half
of CIN2 lesions and a substantial number of CIN3 lesions will regress,4, 23-26 treatment of all HSIL
results in considerable overtreatment which has major consequences, especially for women
in their fertile age, in terms of cervical morbidity and preterm delivery.27 The Ki-67 and p16ink4a
immunoscore could benefit patients in reducing the current practice of overtreatment by excising
or ablating all CIN2 that is known to include productive, regressive and progressive lesions.
The Ki-67 and p16ink4a scoring system has some limitations. It still involves microscopic evaluation
of a biopsy with its attendant sampling error, and interpretation of immunostaining may be difficult
in some cases. However, by strict definition of the different scores and addressing difficulties in
scoring as described in this article, potential scoring problems have been reduced to very low
levels.
To define the Reference Standard score, we used the consensus diagnosis of CIN based on
the combined H&E score with non-objectified Ki-67 and p16ink4a interpretation. This was done
because the use of H&E in conjunction with these immunohistochemical markers have the highest
accuracy.19, 28-30 To prevent that the Ki-67 and p16ink4a immunoscore could have influenced the
CIN grade based on H&E and non-objectified Ki-67 and p16ink4a score, at least two weeks were
present between the scoring of Ki-67 and p16ink4a, and the grading of CIN based on combined
H&E and non-objectified Ki-67 and p16ink4a interpretation.
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A further limitation is that expression of Ki-67 and p16ink4a represents only part of the complex
process of progression of CIN to cancer. Reduction or loss of completion of oncogenic HPV
life cycle as for instance indicated by loss or reduced expression of E4 HPV protein in CIN3
is also potentially relevant for progression of CIN and for treatment decisions especially in
CIN2.31, 32 In addition, the presence of hypermethylation of promotor regions in host cell genes
(i.e. CADM1, MAL, miR124-2, and FAM19A4) is associated with CIN2/3 lesions with a high shortterm progression risk for cervical cancer.8, 33 The evaluation of E4 HPV protein staining in CIN,
classified by the immunoscore system and the presence of hypermethylation of these genes is
presently under investigation. Preliminary results seem to confirm that, in HPV positive lesions,
E4 staining decreases from immunoscore 0 to 4, whereas hypermethylation starts to be present in
immunoscore 4 lesions with highest values in immunoscore 6 lesions. Collectively the immunoscore
system seems to provide a classification system that could be useful and important in studying
the role of these additional markers in improving management of CIN.
In conclusion, the grading of CIN by this simple Ki-67 and p16ink4a immunoscore system, shows
a higher accuracy and better reproducibility than the classical CIN grading system, especially for
CIN3 (treatment) and CIN1 (no treatment). Due to the optimization of CIN3 and CIN1 diagnosis,
a division of classical CIN2 into these categories can be made. Validation in large study numbers,
preferably in a prospective trial in which also other biomarkers such as E4 and hypermethylation
of host cell genes are taken into account, is needed. Furthermore, the Ki-67 and p16ink4a
immunoscore system better reflects where in the biological trajectory of development of cervical
cancer through infection and precancer the cervical lesion is situated. This new grading system
might provide a basis for development of standardization in the diagnosis of CIN and clinical
management in women with cervical precancer.
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No dysplasia (n=35)
Proportion

CIN1 (n=19)

CIN2 (n=17) CIN3 (n=22)

SCC (n=22)

Proportion

Proportion

Proportion

Proportion

1. H&E score CIN2+ vs <CIN2

0.019

0.193

0.765

0.970

1.000

2. H&E score CIN3+ vs <CIN3

0.010

0.053

0.275

0.818

1.000

3. H&E + IHC score CIN2+ vs <CIN2

0.010

0.175

0.863

0.985

1.000

4. H&E + IHC score CIN3+ vs <CIN3

0.000

0.018

0.314

0.848

1.000

5. Immunoscore 4+ vs <4

0.019

0.281

0.902

1.000

1.000

6. Immunoscore 5+ vs <5

0.019

0.158

0.824

0.985

1.000

7. Immunoscore 6 vs <6

0.010

0.018

0.549

0.955

0.985

Supplementary Table 1 | Accuracy of different test strategies. The pooled proportions of test positives from the different
CIN grading strategies with positivity definitions I to VII are shown separately for each Reference Standard category (i.e., no
dysplasia, cervical intraepithelial neoplasia (CIN) 1, CIN2, CIN3 and cervical squamous cell carcinoma (SCC)). A proportion
of 1.0 represents 100% accuracy for identification of the Reference Standard, whereas a proportion of 0.0 represents 0%
accuracy for identification of the Reference Standard.

(Right page) Supplementary Table 2 | Differences in proportions of test positives between test strategies. This table
shows the absolute differences between the pooled proportions of test positives of strategies I to VII (all combinations)
within each Reference Standard category (i.e. no dysplasia, cervical intraepithelial neoplasia (CIN) 1 (a), CIN2 (b), CIN3
(c) and cervical squamous cell carcinoma (SCC)). Within each Reference Standard category, we calculated the absolute
differences between the pooled proportions of test positives for each combination of CIN grading strategies I to VII with
95% Confidence Intervals (95%CI). If a confidence interval did not include the value 0, the difference was considered
statistically significant. Significant differences are shown in bold and partly shown in Figure 4 by ∆. For example, within
Reference Standard CIN2, the pooled proportion of test positives for strategy I is 0.765 (see Supplementary Table 1). The
pooled proportion of test positives for strategy VII is 0.549. The significant difference in positivity between these strategies
is 0.765 – 0.549 = 0.216 (95%CI 0.06 – 0.372). This number corresponds to the Δ 0.216* shown Figure 4. Within Reference
Standard no dysplasia and SCC, none of the differences were significant and data are not shown.

120

THE Ki-67 AND p16ink4a IMMUNOSCORE

6

121

CHAPTER 6

No dysplasia (n=35) CIN1 (n=19)
Absolute
Absolute
Agreement
Agreement

CIN2 (n=17)
Absolute
Agreement

CIN3 (n=22)
Absolute
Agreement

SCC (n=22)
Absolute
Agreement

1. H&E score CIN2+ vs <CIN2

0.962

0.684

0.804

0.939

1.000

2. H&E score CIN3+ vs <CIN3

0.981

0.895

0.451

0.697

1.000

3. H&E + IHC score CIN2+ vs <CIN2

0.981

0.649

0.765

0.970

1.000

4. H&E + IHC score CIN3+ vs <CIN3

1.000

0.965

0.373

0.727

1.000

5. Immunoscore 4+ vs <4

0.962

0.684

0.843

1.000

1.000

6. Immunoscore 5+ vs <5

0.962

0.789

0.725

0.970

1.000

7. Immunoscore 6 vs <6

0.981

0.965

0.529

0.909

0.970

Supplementary Table 3 | Reproducibility of test strategies. The average of absolute agreements amongst pathologists
for the different CIN grading strategies I to VII are shown separately for each Reference Standard category no dysplasia,
cervical intraepithelial neoplasia (CIN) 1, CIN2, CIN3 and cervical squamous cell carcinoma (SCC). An absolute agreement
of 1.0 indicates that all pathologists gave the same score (for example, immunoscore 4+ or <4) for each specimen (100%
agreement), whereas an absolute agreement of 0 indicates that all pathologists gave a different score for each specimen
(0% agreement).

Supplementary Figure 1 | Accuracy of different CIN grading strategies including single p16ink4a scores. The proportion
of test positives for the different CIN grading strategies I to VII are shown separately for each Reference Standard
category; no dysplasia, cervical intraepithelial neoplasia (CIN) 1, CIN2, CIN3 and cervical squamous cell carcinoma
(SCC). The haematoxylin and eosin (H&E) score (I and II) is based solely on morphologic characteristics, the H&E +
immunohistochemistry (IHC) score (III and IV) is rendered after interpretation of Ki-67 and p16ink4a immunostains, and the
single p16ink4a score (V, VI and VII) is the value of the scoring for p16ink4a immunostains independently scored from H&E
staining by the pathologist. The number of sole p16ink4a positive lesions (for either strategy V, VI or VII) is relatively high
compared to the combined Ki-67 and p16ink4a immunoscore.
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ABSTRACT
In this study we evaluate the expression of Human Papillomavirus (HPV) E4 protein (marker for
the onset of a productive infection) and hypermethylation of host cell CADM1, MAL, and miR124-2
genes (marker for an advanced, transforming infection) in cervical intraepithelial neoplasia (CIN)
and cancer. One-hundred-fifteen cervical lesions were categorized by three pathologists into no
dysplasia, CIN1, CIN2, CIN3 or cancer by classical histomorphological grading criteria, and by an
immunoscore (cumulative value 0-6) grading system based on Ki-67 (score 0-3) and p16ink4a (score 0-3)
expression. Lesions were immunostained for E4 protein and analyzed for hypermethylation of
CADM1, MAL, or miR124-2 genes. Expression of E4 and hypermethylation levels were related to
CIN grade based on both classical and immunoscore grading. Hypermethylation increased with
severity of the lesion as defined by both classical histomorphological grading and immunoscore
criteria, and was always present in carcinomas (22/22). Extensive E4 expression decreased with
increasing CIN grade and immunoscore, being most frequent in classically graded CIN1 or in
lesions with cumulative immunoscore 1-3 and absent in carcinomas. High-grade lesions (CIN2/3
or immunoscore 4-6) showed less E4 expression, which was inversely related to an increasing
hypermethylation. Extensive E4 expression, as observed in a small proportion of high-grade
lesions (6/49 and 8/43 respectively), was mostly associated with a negative methylation marker
status (5/6 and 7/8 respectively). Our results illustrate the gradual transition of productive CIN
(reflected by extensive E4 expression), to advanced transforming CIN (reflected by extensive
hypermethylation) and cancer. Expression patterns of E4 and hypermethylation status of host
cell genes, may be used to identify cervical lesions at risk for cervical cancer, providing a better
guidance for clinicians on treatment decisions.
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INTRODUCTION
Cervical cancer screening programs aim to detect cervical cancer at an early or precancerous
stage, so-called cervical intraepithelial neoplasia (CIN). The grade of CIN is currently defined
by the extent of the dysplastic cells and the severity of cellular abnormalities in the squamous
epithelium, and is based on morphological features in Hematoxylin and Eosin (H&E) stained
sections either with or without aid of adjunct immunohistochemical (IHC) stainings.1 CIN3 lesions
are generally considered direct precursors of cervical cancer and in need of treatment, whereas
for CIN1 lesions strict follow-up is considered sufficient as a clinical management strategy. The
management of CIN2 is diverse. CIN2 constitute a heterogeneous group which can either be
the result of a productive or a transforming human papillomavirus (HPV) infection which have
distinct cancer risks.2-5 Moreover, there is moderate reproducibility of CIN grading, especially
for CIN2.6-9 These diversities result in the current suboptimal situation wherein cervical lesions
with a similar cancer progression risk are diagnosed and managed differently, while cervical
lesions with a distinct cancer progression risk are diagnosed and managed similarly. This leads
to overtreatment of CIN lesions with a low-short term progression risk, which is specifically critical
among young women due to the influence of excision of the transformation zone on fertility rates
and pregnancy outcomes.10 The number of women unnecessarily treated can be reduced by even
small improvements in accuracy of the diagnosis of CIN, identifying CIN with a high short-term
cancer progression risk.4
Grading of CIN can be optimized by the use of Ki-67 and p16ink4a immunostainings. In terms of
accuracy and reproducibility, we recently showed that a cumulative score value (immunoscore)
based solely on a three-tiered scoring system for both Ki-67 (score 0 to 3) and p16ink4a (score 0 to 3)
seemed most optimal.9 In particular, the detection of CIN3 (treatment) and CIN1 (no treatment)
has been shown to be more accurate and less variable by use of this grading system. However,
to further improve the identification of cervical precursor lesions in need for treatment, additional
biomarkers reflecting the cancer risk are necessary. The (HPV) E4 protein is a marker for the onset
of a productive HPV infection and particularly has been shown to be present in a high proportion of
CIN2, but not in most CIN3.11-13 Promoter hypermethylation of host cell genes involved in cervical
carcinogenesis, i.e. cell encoded cell adhesion molecule 1 (CADM1), T-lymphocyte maturationassociated protein (MAL), and microRNA-124-2 (miR124-2), is a marker for an advanced
transforming HPV infection.14-22 During HPV-induced cervical carcinogenesis, the methylation
levels increase with the severity of the underlying cervical disease and are exceptionally high in
cervical cancer.22, 23
In addition, CIN2/3 lesions with a long-standing (≥five years) HPV infection have a cancer-like
methylation profile and many chromosomal abnormalities, in contrast to CIN2/3 lesions with
a recently acquired infection (<five years).25 Accordingly, a positive methylation marker status
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suggests the presence of a so-called advanced transforming CIN, in need of treatment.21 In order
to further explore our search for biomarkers which lend support to a standardized diagnosis of
CIN and identify lesions in need for treatment, we evaluated expression of the HPV E4 protein
and hypermethylation of CADM1, MAL, and miR124-2 genes in cervical lesions stratified by both
classical CIN grading and the Ki-67 and p16ink4a immunoscore values.

MATERIALS AND METHODS
STUDY POPULATION
We selected 115 formalin-fixed paraffin-embedded (FFPE) cervical biopsy- and large loop excision
of the transformation zone specimens from the files of the Pathology Department (VU University
Medical Center, Amsterdam, The Netherlands) as previously described.9 The specimens were
anonymously processed and selection was guided by initial diagnosis of disease (22 nondysplastic lesions; 22 CIN1; 27 CIN2; 22 CIN3; 22 squamous cell carcinoma [SCC]). Ethical
approval was waived according to the regulations in The Netherlands.26
IMMUNOHISTOCHEMISTRY
Serial sections of 3 μm were cut from all tissue blocks. To ensure the presence of the same
lesion in all specimens, the first and last sections were stained for Hematoxylin and Eosin
(H&E) (sandwich technique). In between sections were immunostained with mouse monoclonal
antibodies (mAb) against Ki-67 antigen (Clone MIB-1, DAKO, Denmark) or p16

ink4a

antigen (Clone

E6H4™, CINtec , Roche, Switzerland) by the automated IHC Ventana staining machine (Ventana
®

Medical Systems, Roche, USA), or with the validated mAb panHPVE4 (further referred to as
‘E4’, mAb FH1.1, produced in the laboratory of J. Doorbar, previously described by van Baars
et al., reactive against high-risk HPV types 16, 18, 31, 33, 35, 39, 45, 51, 52, 53, 56, 58, 59, 66,
67 and 70).2, 12 For HPV E4 staining, slides were deparaffinized in xylene and rehydrated in a
descending alcohol series. FH1.1 primary antibody was applied at a concentration of 1:500 after
30-minute microwave pre-treatment in Tris/EDTA buffer (10mM Tris / 1mM EDTA, pH 9.0) and
incubated overnight at 4˚C. Application of the primary antibody was followed by incubation with
BrightVision plus Poly-HRP anti-mouse IgG (ImmunoLogic, The Netherlands), diaminobenzidine
as a chromagen and Hematoxylin nuclear counterstaining.
MOLECULAR TESTING
DNA was isolated from formalin-fixed paraffin-embedded (FFPE) specimens by a proteinase K
procedure and analyzed for the presence of high-risk HPV DNA by GP5+/6+ PCR-EIA (DDL, Rijswijk,
the Netherlands).27 In addition the isolated DNA was subjected to bisulfite treatment using the EZ
DNA Methylation Kit (Zymo Research, California, USA) for DNA methylation analysis.14, 15, 24, 28
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For the analysis of hypermethylation of host cell genes CADM1, MAL, and miR124-2,
a quantitative methylation specific PCR (PreCursor-M assay, Self-screen B.V., Amsterdam, The
Netherlands) was performed on the ABI 7500 Fast Real-Time PCR System (Applied biosystems,
California, USA) according to the manufacturer’s instructions and as previously described.23 The
housekeeping gene β-actin was tested as methylation-independent reference. All samples had
a Quantification Cycle (Cq) value for β-actin <33 to assure DNA quality and successful bisulfite
conversion. Methylation marker results were expressed in Cq ratios calculated by the following
formula: 2 [Cq (β-actin) − Cq (methylation marker)] × 100.
CIN GRADING
Three expert gyneco-pathologists (MB, DJ and MvdS) independently rendered CIN grades (either
no dysplasia, CIN1, CIN2, CIN3 or squamous cell carcinoma), using current CIN grading criteria.1
They then provided Ki-67 (score 0 to 3) and p16ink4a (score 0 to 3) scores independently and without
taking morphologic features into account, as recently described.9 For Ki-67 scoring, nuclear Ki-67
staining in squamous cells was scored positive. Staining predominantly found in the basal layer
was considered normal and scored as 0. Predominant staining of the lower one-third, two-third or
more than two-third of the epithelium was scored as 1, 2 or 3, respectively. For p16ink4a scoring,
diffuse or ‘block’ staining of the cytoplasm or nucleus of squamous epithelial cells was considered
positive. Absence of p16ink4a positivity or a few scattered positive cells (patchy staining) were
scored as 0. Diffuse, low intensity staining limited to the lower one-third of the epithelium was
scored as 1, continuous positivity in the lower two-third was scored as two, and diffuse staining
involving the full thickness of the epithelium was scored as 3. These Ki-67 and p16ink4a scores
were combined cumulatively into the immunoscore value (ranging from 0 to 6). Immunostains
of the E4 protein were subsequently scored as either negative, focally positive (restricted to
the upper quarter of the epithelium) or extensively positive (upper one-third of the epithelium or
more).2 Majority consensus scores of CIN grades, immunoscores, and E4 were used, and based
on agreement of two out of three pathologists. If there was no majority, consensus was reached
in a panel-discussion with a fourth pathologist (CM). The pathologists were blinded to the results
from HPV and methylation marker testing.
STATISTICAL ANALYSIS
Hypermethylation status (negative or positive) for the CADM1, MAL and miR124-2 marker
panel was determined in all samples and considered positive if the Cq ratios of at least one of
the individual methylation markers was above the threshold for positivity. This threshold was
calculated per methylation marker by the following formula: (average of Cq ratios of specimens
without dysplasia) + (2.58 x [standard deviation of Cq ratios of specimens without dysplasia]).
Expression of E4 (negative, focal or extensive) and methylation marker status were independently
determined for each specimen and stratified by CIN grade and Ki-67 and p16ink4a immunoscore. In
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addition, the correlation between methylation marker status on one hand, and CIN grades or Ki-67
and p16ink4a immunoscore groups on the other, was evaluated by Fisher’s exact statistical analysis
with p <0.05 considered significant. The immunoscore groups were defined as previously described,
based on immunoscore values 0 to 3, 4 to 5, and 6.9 The difference in methylation marker status
between CIN3 and ≤CIN1, or between lesions defined by immunoscore 6 and immunoscore 0 to
3, were again determined by Fisher’s exact statistical analysis. Cervical carcinomas were excluded
in the correlation analyses. Calculations were performed in Microsoft Excel (2010), SPSS (V.22),
STATA (V14.1) and Graphpad (V7).

RESULTS
CIN GRADE, IMMUNOSCORE AND HPV STATUS
HPV results in relation to consensus histology and immunoscore data are shown in Table 1.
Consensus CIN grading revealed the following scores: no dysplasia in 35 specimens, CIN1 in
19 specimens, CIN2 in 17 specimens, CIN3 in 22 specimens, and squamous cell carcinoma
in 22 specimens. Consensus Ki-67 and p16ink4a immunoscoring revealed the following scores:
immunoscore 0 to 3 in 50 specimens, immunoscore 4 and 5 in 13 specimens and immunoscore
6 in 30 specimens. In all carcinomas, an immunoscore of 6 was found.

CIN grade

HPV negative

HPV positive

Total

n

%

n

%

≤CIN1

54

35¶

65%

19

35%

CIN2

17

1†

6%

16

94%

CIN3

22

4

18%

18

82%

SCC

22

0

0%

22

100%

Ki-67 / p16ink4a

§

HPV negative

7

HPV positive

immunoscore

Total

n

%

n

%

0 to 3

50

35¶

70%

15

30%

4 and 5

13

1

†

8%

12

92%

6

30

4

§

13%

26

87%

Table 1 | CIN grade, Ki-67 and p16ink4a immunoscore, and HPV status. CIN, cervical intraepithelial neoplasia.

¶

5/35

methylation positive; 1/1 methylation positive; 2/4 methylation positive.
†

§
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E4 EXPRESSION
As shown in Table 2, E4 expression was absent in specimens with no dysplasia and was present
in 7 (37%) CIN1, 7 (41%) CIN2, 7 (32%) CIN3 and five (23%) squamous cell carcinomas. E4
expression was only present in lesions which tested HPV positive (Table 3). Extensive expression
of E4 was highest in CIN1 with a slight decrease via CIN2 and CIN3 to absent in cancer. Extensive
E4 expression was found in 6 (32%) of the CIN1 lesions, in three (18%) of the CIN2 lesions, in
three (14%) of the CIN3 lesions and in none of the carcinomas. Focal expression was found in
one (5%) of the CIN1 lesions, in four (24%) of CIN2 lesions, in four (18%) of CIN3 lesions and five
(23%) of the carcinomas. The E4 expression observed in some of the CIN3 and carcinomas was
mostly present in the upper, less atypical parts of the lesion and only sometimes E4 expression
was seen in severely atypical cells (Figure 1e). Cervical lesions classified by the immunoscore
grading system showed a comparable expression pattern (Table 2).
METHYLATION MARKER STATUS
Hypermethylation levels of CADM1, MAL and miR124-2 markers increased with the severity
of cervical disease. Four (11%) specimens without dysplasia were borderline positive (i.e. Cq
ratios just above the threshold for marker positivity). Two (11%) of the CIN1 lesions, three (18%)
of the CIN2 lesions, 13 (59%) of the CIN3 lesions, and all 22 (100%) of the squamous cell
carcinomas showed hypermethylation of the CADM1, MAL and miR124-2 marker panel (Table 2).

Ki-67 / p16ink4a

E4 expression*

Hypermethylation status		

Table 2 | Expression of biomarkers in cervical disease. The expression of the HPV E4 protein (negative, focal or extensive
staining) and hypermethylation of the CADM1, MAL and miR124-2 marker panel are shown stratified for grading (i.e. no
dysplasia, cervical intraepithelial neoplasia [CIN] 1, CIN2, CIN3 and squamous cell carcinomas) and Ki-67 and p16ink4a
immunoscore grading. *E4 expression was only present in lesions which tested HPV positive.
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HPV negative*

HPV positive
Extensive E4

Focal E4

E4 negative

n

n

%

n

CIN grading

Total

n

No dysplasia

35

-

-

-

-

7

100%

28

CIN1

19

6

50.0%

1

8.3%

5

41.7%

7

CIN2

17

3

18.8%

4

25.0%

9

56.3%

1

CIN3

22

3

16.7%

4

22.2%

11

61.1%

4

Carcinoma

22

-

-

5

22.7%

17

77.3%

-

%

%

Table 3 | Expression of E4 in relation to HPV status. * No E4 expression was observed in HPV negative lesions. CIN,
cervical intraepithelial neoplasia. HPV, human papillomavirus.

Furthermore, the proportion of markers testing hypermethylation positive (i.e., one, two or three)
increased with the severity of cervical lesions (Figure 2). This varied from none out of 3 markers
positive in majority of non-dysplastic lesions to mainly all 3 markers positive in cervical carcinoma.
Hypermethylation marker status was significantly correlated to classical CIN grades (Fisher’s
exact p <0.001), as well as to cervical lesions defined by immunoscore groups (Fisher’s exact p
0.001). Methylation marker status significantly differed between CIN3 and ≤CIN1 (Fisher’s exact
p <0.001), as well as between lesions defined by immunoscore 6 compared to lesions defined by
immunoscore 0 to 3 (Fisher’s exact p <0.001).

7

Figure 2 | Proportion of CADM1, MAL or miR124-2 methylation markers testing positive within precancers defined
by both cervical intraepithelial neoplasia (CIN) grading (A) and immunoscore grading (B).
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Figure 1 | Examples of E4 protein expression and hypermethylation of CADM1, MAL, or miR124-2 according to
cervical intraepithelial neoplasia (CIN) grading and immunoscore grading.
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CIN grading

≤CIN1 (n=54)

CIN2 (n=17)

CIN3 (n=22)

CIN grading

0 to 3 (n=50)

4 to 5 (n=13)

6 (n=30)

E4 score

Methylation marker status
Negative
Positive
n
%
n
%

Negative

41

87%

6¶

13%

47

Focal

1

100%

0

0%

1

Extensive

6

100%

0

0%

6

Negative

8

80%

2

20%

10

Focal

3

75%

1

25%

4

Extensive

3

100%

0

0%

3

Negative

5

33%

10§

67%

15

Focal

2

50%

2

50%

4

Extensive

2

67%

1

33%

3

E4 score

Methylation marker status
Negative
Positive
n
%
n
%

Negative

40

89%

5‡

11%

45

Focal

1

100%

0

0%

1

Extensive

4

100%

0

0%

4

Negative

6

75%

2#

25%

8

Focal

2

67%

1

33%

3

Extensive

2

100%

0

0%

2

Negative

8

42%

11

58%

19

Focal

3

60%

2

40%

5

Extensive

5

83%

1

17%

6

†

∆

Total

Total

7

Table 4 | Biomarker E4 and methylation marker patterns within precancers defined by both CIN grading (A) and immunoscore
grading (B). The combined expression of the human papillomavirus (HPV) E4 protein (negative, focal or extensive staining)
and hypermethylation of the CADM1, MAL and miR124-2 marker panel are shown within cervical intraepithelial neoplasia
(CIN) defined by both classical- and Ki-67 and p16ink4a immunoscore grading. E4 expression was only present in HPV
positive lesions. ¶ 1/6 HPV positive;

†

1/2 HPV positive; § 8/10 HPV positive;

‡

0/5 HPV positive; # 1/2 HPV positive;

∆

4/11

HPV positive.

CORRELATED EXPRESSION OF BIOMARKERS
The correlation of expression of E4 and methylation markers in cervical lesions is shown in Table 4 and
illustrated by examples in Figure 1. In general, expression of E4 protein and hypermethylation of the
CADM1, MAL and miR124-2 marker panel were inversely related, confirming that cervical lesions with
signs of both productive HPV infections and HPV transformation are relatively rare but still found in one
CIN3 (immunoscore 6).
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In more detail, high-grade CIN lesions (either defined as CIN2/3 or by immunoscore 4 to 6) with
extensive E4 expression tested negative for the methylation panel CADM1, MAL, and miR1242 in all but one case (proportion of test positives: for CIN2/3: n=1/6, 17%, and immunoscore 4
to 6: n=1/8, 13%). Also, in all low-grade lesions (≤CIN1 or ≤immunoscore 3) with extensive E4
expression, no methylation marker positivity was found. On the other hand, high-grade lesions
with no extensive E4 expression showed hypermethylation more often (for CIN2/3: n=15/33, 46%;
for immunoscore 4 to 6: n=16/35, 46%).

DISCUSSION
In this study, we determined expression patterns for both the E4 protein, reflecting the onset
of a productive HPV infection, and hypermethylation status of host-cell genes CADM1, MAL,
and miR124-2, associated with transformation by HPV infection, in a series of cervical precursor
lesions with increasing grade of severity and cancer.21, 29, 30 E4 expression correlated with low
hypermethylation of the host-cell genes, irrespective of lesion grade. Extensive E4 expression
was found most frequent in CIN1 lesions and decreased with increasing CIN grade to be absent
in cervical carcinomas, especially when analyzed in HPV positive lesions only. E4 was not found
in HPV negative lesions. On the contrary, positivity rate of hypermethylation of CADM1, MAL
and miR124-2 genes was very low in CIN1 and lesions with Ki-67 and p16ink4a immunoscore
0 to 3, and increased with the severity of CIN, detecting all carcinomas. Also the proportion of
hypermethylated CADM1, MAL or miR124-2 genes increased with increasing CIN grade towards
cancer. Nonetheless, extensive expression of E4 was present in a percentage of all categories
of CIN defined by both CIN- and Ki-67 and p16ink4a immunoscore grading, indicating that some
lesions with transforming features (CIN2/3 or Ki-67 and p16ink4a immunoscore 4 to 6) may still
support late events in the papillomavirus life cycle. In general, however, E4 expression correlated
with low hypermethylation levels of genes CADM1, MAL, or miR124-2, irrespective of lesion
grade.
In previous literature, Griffin et al. state that the inverse pattern of transformation and E4 in cervical
disease may facilitate the detection and monitoring of low-grade lesions, and their transition to
higher-grade disease.12, 31 Our data confirm that extensive E4 expression is found in low grade
lesions, but also in the upper epithelial layers of some high-grade lesions (illustrated by example
in Figure 1e). Previous studies have shown that E4 expression is much more common in CIN2
than CIN3, suggesting that CIN2 is very heterogeneous and includes lesions predominantly
productive as well as more transformed lesions. The expression of E4 in some higher-grade
lesions including CIN3 illustrates the importance of Ki-67 and p16ink4a and hypermethylation of
host cell genes to complement E4. Increased E6/E7 deregulation, as present in Ki-67 and p16ink4a
positive lesions, can potentially result in suppression of E4, and also lead to upregulation of
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DNMT1, causing increased hypermethylation and transformation of cells.13, 32 Accordingly, we
found very low hypermethylation levels in extensive E4 positive lesions, which suggests that E4
is a surrogate of methylation absence. Collectively, our results further support the use of E4 and
methylation analysis of host-cell genes in combination with other biomarkers, as additional tools
to define more accurately early (HPV E4 positive) and advanced CIN lesions (Ki-67, p16ink4a,
hypermethylation positive). This concept is presented in Figure 3.

100

MM

E4

0
HPV x+/-

IS

0

No dysplasia

Productive HPV infection

1

CIN 1/2

2

3

4

Early CIN 2/3

5

6

Advanced CIN 2/3

Cancer

Figure 3 | Proposed conceptual scheme of cervical carcinogenesis and the extensive expression of E4 and
hypermethylation within different stages of cervical disease. MM, levels of hypermethylation and number of genes
testing positive, increased with the severity of disease. IS, immunoscore. CIN, cervical intraepithelial neoplasia. HPV,
human papillomavirus.
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A limitation of our study is that clinically validated thresholds to determine CADM1, MAL, and
miR124-2 marker’s positivity in DNA isolates from cervical FFPE material are not yet available, as
this marker panel has been validated before in isolates from cervical scrape material.33 To resolve
this, we determined thresholds for positivity based on the Cq ratios of the non-dysplastic tissue
specimens. In future studies, these thresholds specific for DNA isolates from FFPE specimens
need to be further validated. Furthermore, we used a protein K procedure on whole-tissue sections
for DNA isolation from FFPE material. This technique is feasible and yields a high quantity of
DNA. However, we cannot exclude target dilution because sometimes only a small part of the
tissue section consisted of dysplastic cells. Laser capture microdissection (LCM) might help to
solve this problem.34
We previously showed that the Ki-67 and p16ink4a immunoscore grading system has a higher
accuracy and higher reproducibility compared to classical CIN grading, particularly for the
diagnosis of CIN3 (treatment) and CIN1 (no treatment) thereby narrowing the number of the
heterogeneous CIN2 group of lesions. Our results involving E4 expression and hypermethylation
further support significance of the use of Ki-67 and p16ink4a staining for accurate CIN grading. The
significant differences we found between lesions defined by an immunoscore of 6 (treatment)
and an immunoscore of 0 to 3 (no treatment) in methylation marker status and the low frequency
of hypermethylation in lesions with extensive E4 expression further substantiate the use of the
immunoscore grading system in order to determine clinical management in women diagnosed
with CIN.
In particular, the heterogeneous group of CIN2 with immunoscores ≥4, wherein management might
vary, can be divided by expression of E4, indicating the onset of a productive infection, into lesions
with a low short-term progression risk to cancer on one hand, and by hypermethylation status,
indicating an advanced transforming infection, into lesions with a high short-term progression risk
on the other hand. In clinical practice, extensive expression of E4 might be used to advocate a waitand-see policy, whereas positivity for hypermethylation status might trigger the decision to treat.
Such a biomarker-based approach for classification of CIN has the potential to prevent under- and
overtreatment in women diagnosed with cervical lesions. Although promising, larger studies are
needed to validate our findings before we can make definitive clinical recommendations. Finally
it should be realized that even in the hands of an experienced colposcopist, the sensitivity of the
tissue biopsy for CIN2 or CIN3 does not exceed 50-60% 35, 36, making the use of a more objective,
biomarker-based CIN grading system even more necessary.
In conclusion, our results on HPV E4 protein expression and hypermethylation status of CADM1,
MAL, and miR124-2 genes in cervical lesions defined either by CIN grading or by Ki-67 and
p16ink4a immunoscore grading argue for the use of these biomarkers as adjunctive tools to
substantiate an accurate CIN diagnosis. Some extensive E4 expression was found in CIN lesions
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defined by Ki-67 and p16ink4a immunoscore groups 4 to 6, however these lesions showed very low
hypermethylation of CADM1, MAL, and miR124-2 genes and the E4 expression was often present
in the upper, less atypical parts of a lesion. This further substantiates the gradual transition from
early CIN lesions, characterized by extensive E4 expression, to advanced transforming lesions,
characterized by extensive hypermethylation of CADM1, MAL, and miR124-2 genes. The use of
E4 expression and hypermethylation status in addition to Ki-67 and p16ink4a expression is likely
to result in a more accurate approach to identify CIN lesions in need of treatment. Larger studies
to confirm the value of defining the biomarker patterns defined here, and establish their value in
decisions about treatment of potential precancers in clinical practice are needed.
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ABSTRACT
Introduction: Recent studies have shown that CADM1/MAL-methylation testing detects highgrade CIN lesions with a high short-term progression risk for cervical cancer. Women treated for
CIN2/3 are at risk of post-treatment disease, representing either persistent (incompletely treated)
or incident (early onset) lesions. Here, we evaluated CADM1/MAL-methylation analysis as potential
tool for detecting recurrent high-grade CIN lesions (rCIN2/3).
Methods and materials: A multicentre prospective clinical cohort study was conducted among 364
women treated for CIN2/3. Cervical scrapes were taken prior to treatment, and six and 12 months
post-treatment and tested for cytology, hrHPV (plus genotype) and CADM1/MAL-methylation. When at
six months either of these tests was positive, a colposcopy-directed biopsy was obtained. At 12
months, all women underwent an exit-colposcopy with biopsy. In case of rCIN2/3, re-treatment
was done.
Results: We found 28 rCIN2 (7.7%) and 14 rCIN3 (3.8%), resulting in a total recurrence rate of
11.5%. All 14 women with rCIN3 and 15/28 (54%) with rCIN2 showed hrHPV type-persistence.
Of these, 9/14 (64%) rCIN3 and 8/15 (53%) rCIN2 were CADM1/MAL-methylation positive.
All incident rCIN2, characterized by hrHPV genotype-switch, were CADM1/MAL-methylation
negative. All three carcinomas found after re-treatment were CADM1/MAL-methylation positive.
CADM1/MAL-methylation positivity at both baseline and follow-up significantly increased the risk
of ≥rCIN3 (from 0.7% to 18.4%), and ≥rCIN2 (from 8.2% to 36.8%), compared to a consistently
CADM1/MAL-methylation negative result (p-value <0.001).
Conclusion: Post-treatment monitoring by CADM1/MAL-methylation analysis identifies women
with an increased risk of rCIN2/3. Our results confirm previous data indicating that CADM1/MALmethylation analysis provides a high reassurance against cancer.
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INTRODUCTION
Long-term follow-up studies have indicated that women who undergo treatment for cervical intraepithelial neoplasia grade 2 or 3 (CIN2/3) have an increased long term risk of recurrent CIN2
lesions or worse (≥rCIN2) compared to the general population.1, 2 Because of this long-term risk,
gynaecologists in many countries use surveillance strategies in order to detect recurrent disease.
These surveillance strategies vary greatly in content and length. In many Western countries,
women are monitored by cervical cytology at six, 12 and 24 months after treatment, and are
referred to the routine screening program after three subsequent negative scrapes.3 Recently,
it has been shown that the addition of high-risk human papillomavirus (hrHPV) DNA testing to
cytology at six months after treatment dramatically increases the sensitivity for ≥rCIN2.2, 4 When
at six months both test results are negative, testing at 12 months can be omitted without an
increased ≥rCIN2 risk.2
Recurrent CIN2/3 lesions are known to represent a group of heterogeneous diseases, comprising
persistent lesions resulting from residual (i.e. incompletely treated) disease with persistence of
the same HPV genotype, and incident (i.e. early onset) lesions. Incident lesions can either result
from an infection with a hrHPV type different from the original type in the resected CIN2/3 lesion
(incident rCIN), or a re-infection with the same hrHPV type as the original one.5 Morphologically,
persistent rCIN2/3 lesions cannot be distinguished from incident counterparts, and all rCIN2/3
are therefore treated. This may lead to overtreatment, which is (especially) harmful for women
in their reproductive age since it may lead to adverse pregnancy outcomes.6 For a more tailored
management of women diagnosed with recurrent disease, studies on biomarkers that can detect
women in immediate need of re-treatment are warranted. Ideally these biomarkers should
distinguish persistent rCIN2/3 lesions, with likely a high short-progression risk to cancer (socalled advanced lesions) and therefore in need of immediate treatment, from incident, so-called
early rCIN2/3 lesions, with a likely low short-term progression risk to cancer and for which a more
conservative approach is acceptable.
Potential biomarker tests that can discriminate between early and advanced stages of cervical
disease involve tests assessing DNA promoter methylation of certain host cell tumor suppressor
genes involved in cervical carcinogenesis.7-10 Cell adhesion molecule 1 (CADM1) and myelin
and lymphocyte (MAL) belong to the most frequently methylated genes in cervical carcinoma.8, 11
Silencing of these genes by DNA promoter methylation is a common and functionally relevant
event in cervical cancer development.12-14 We have previously shown that the extent of DNA
promoter methylation of CADM1 and MAL genes increases with the severity of cervical disease
and that these epigenetic changes are considered to reflect the presence of a more advanced
high-grade CIN lesion with a longer duration of existence.9, 11, 15 This is supported by the finding
that levels of CADM1 and MAL promoter methylation are extremely high in cervical cancer and
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significantly increased in CIN3 lesions of women with a hrHPV infection that has persisted over
a long time period (≥5 years) compared to early onset CIN3 lesions resulting from a recently
acquired hrHPV infection.7 In this study, we have evaluated the performance of CADM1/MALmethylation analysis as a potential tool to monitor women treated for CIN2/3 for recurrent disease.

METHODS AND MATERIALS
STUDY POPULATION
This study was designed as a multicentre prospective clinical cohort study conducted in six
outpatient clinics in The Netherlands. The study flowchart is depicted in Figure 1. The participating
centres were VU University Medical Centre, Erasmus MC University Medical Centre Rotterdam,
University Medical Centre Utrecht, Flevo Hospital Almere, Sint Antonius Hospital Nieuwegein and
Onze Lieve Vrouwen Gasthuis West Amsterdam. Between April 2010 and June 2012, all women
aged 18 years and older, who were scheduled for treatment of a biopsy confirmed CIN2/3 lesion
by Large Loop Excision of the Transformation Zone (LLETZ), were asked to participate in this
study. Also women who were treated directly without prior biopsy and in whom the presence of
a CIN2/3 or an adenocarcinoma in situ (AIS) lesion was confirmed in the LLETZ specimen (seeand-treat), were enrolled. The study was approved by the Medical Ethical Committee (METC) of
the VU Medical Centre (METC-VUmc 2009/285) and endorsed by all other participating clinics
and registered in The Netherlands Trial Register (NTR1964). All women gave written informed
consent prior to any study procedure.
STUDY PROCEDURES
Prior to treatment, a cervical scrape was taken with a Cervex brush® (Rovers Medical Devices
B.V., Oss, the Netherlands). Scrapes were stored in Thinprep (Hologic, Marlborough MA, USA)
and used for hrHPV detection and CADM1/MAL-methylation analysis. At six months posttreatment, two cervical scrapes were obtained from each study participant. The first specimen
was collected for cytology according to local protocols (conventional slide or stored in Thinprep)
of the participating hospital. The second specimen was collected in Thinprep medium for hrHPV
and CADM1/MAL-methylation analysis. High-risk HPV and methylation tests were performed in
a reference laboratory (Department of Pathology, VU University Medical Center, Amsterdam, The
Netherlands). Women were referred for colposcopy when at least one of the three tests was
positive, i.e., borderline or mild dyskaryosis or worse cytology (≥BMD; comparable with ≥ASCUS; see classification details below) and/or hrHPV positive and/or positive for CADM1/MALmethylation. At 12 months post-treatment, one cervical scrape was collected in Thinprep medium
and analysed in the reference laboratory for cytology, hrHPV presence and methylation status.
After taking the cervical scrape, an exit-colposcopy with mandatory biopsy was also performed at
this 12 month visit. Primary outcome measure was ≥rCIN3 and ≥rCIN2.
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CYTOLOGY READING
The Dutch CISOE-A classification was used to report the cytological results. The results can
easily be translated into the Bethesda 2001 classification.16 Cytological results were grouped as
normal, BMD or ≥BMD. Cytology results classified in CISOE-A as ≥S2, E3 or O3, comparable to
≥BMD were considered abnormal.
DNA ISOLATION AND HRHPV DNA TESTING
DNA was isolated from cervical scrapes using the Nucleo-Spin 96 Tissue kit (MachereyNagel, Germany) and Microlab Star robotic system (Hamilton, Germany), according to the
recommendations of the manufacturer. Detection and genotyping of HPV was performed using
the clinically validated GP5+/6+-PCR with an enzyme-immuno assay (EIA) readout followed by
reverse line blot analysis of EIA positive cases to identify the hrHPV genotype (i.e. HPV 16, 18,
31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 66 and/or 68).17, 18 In case of a positive hrHPV EIA test but
a negative reverse line blot genotyping result, the sample was considered to harbour an unknown
HPV (sub) type or variant denoted as ‘HPV X’.
QUANTITATIVE METHYLATION-SPECIFIC PCR (QMSP)
Isolated DNA was modified by bisulfite treatment using the EZ DNA Modification Kit (Zymo
Research, Baseclear, Leiden, The Netherlands) as described previously.13 Quantitative
Methylation Specific PCR (qMSP) analysis for CADM1 and MAL was performed on an ABI 7500
real-time PCR-system (Applied Biosystems, USA) as described previously, using β-actin (ACTB)
as a reference.19 All qMSP assays were run in separate reactions. Cycle threshold (Ct) values
were measured at a fixed fluorescence threshold (i.e., 0.01). Ct ratios between the Ct values
of the β-actin and target were used to quantify the level of methylation, as calculated by the
following formula: 2[Ct (β-actin) − Ct (target)] × 100. Ct signalsw of >40 were considered to
represent a negative test result, whereas samples with Ct values for β-actin that were higher than
32 were considered invalid and therefore excluded from analysis because of an indication of poor
DNA quality or poor recovery after bisulphite treatment.19 The CADM1 and MAL qMSP Ct ratio
thresholds that were used to score the CADM1/MAL-methylation test positive were those that in
a previous study gave rise to a ≥CIN3 specificity of ≥70%.19 The CADM1/MAL-methylation test is
considered positive if either one or both markers score positive.
COLPOSCOPIC EXAMINATION
During colposcopic assessment, biopsies were taken from all suspicious areas. In case no
suspicious lesion was seen, or if the transformation zone could not be fully visualized (in which the
colposcopy was considered ‘unsatisfactory’), a biopsy from a random location and/or endocervical
curettage was performed. An exit-colposcopy was performed at the last study visit in all subjects
to exclude any histological abnormalities. Histological specimens were graded as CIN grade 0 (no
dysplasia), 1, 2, 3, or invasive cancer.20 For the purpose of this study AIS was counted as CIN3.

152

FOLLOW-UP AFTER HIGH-GRADE CIN TREATMENT

STUDY OUTCOMES
Women reached the primary study-endpoint when they had ≥rCIN2 in the biopsy specimen
taken during colposcopy at six months post-treatment or at the exit-colposcopy at 12 months.
Women who developed recurrent disease (rCIN2/3) were re-treated by re-LLETZ or conisation
and followed-up according to present guidelines.3 In January 2014, we verified follow-up data
of all women with post-treatment disease from local hospital databases. When histology results
from re-treatment (either re-LLETZ or conisation) were available, these were taken as secondary
endpoint.
STATISTICAL ANALYSIS
The sample size was set at 360 assuming that 10% of treated women would present with ≥rCIN2,
and taking 5% drop out into account.
CROSS-SECTIONAL ANALYSIS
The association between hrHPV status, CADM1/MAL-methylation status, and histology groups
(LLETZ result at baseline) was assessed using the χ2-test. Also for assessing the association
between cytology, hrHPV, CADM1/MAL-methylation, and the risk for ≥rCIN3 and ≥rCIN2, the χ2test was used.
LONGITUDINAL ANALYSIS
For comparisons between the CADM1/MAL-methylation results at baseline and histological
outcome of recurrent disease, we used the study endpoint of ≥rCIN2 at six or 12 months. For
evaluation of the methylation status over six and 12 months in relation to the study endpoint we
used the results of the scrape taken directly prior to the detected rCIN. For comparison of CADM1/
MAL-methylation results between incident and persistent hrHPV infections in rCIN2/3, a Fisher’s
exact test was used. A hrHPV infection was considered indisputably incident when a genotypeswitch had occurred between baseline treatment and time of recurrent disease (time frame six
or 12 months). A hrHPV infection was scored as persistent when the hrHPV type detected at
baseline and at time of recurrent disease (time frame six or 12 months) were the same.
To compare the baseline and follow-up CADM1/MAL-methylation results, the absolute risk of
≥rCIN3 and ≥rCIN2 in baseline and follow-up in CADM1/MAL-methylation negative and positive
groups was calculated by using a t-test. The methylation status at follow-up, either at six or 12
months indicated as ‘last test negative/positive’ was determined at the moment of rCIN detection.
Adjusted endpoints were used in the cross-sectional analyses at six months and 12 months
post-treatment. When no histology was available at these time points, women who were cytology
negative and hrHPV negative were scored as adjusted endpoint ≤CIN1. When either cytology or
hrHPV DNA testing was positive and no histology was available, these results were scored as
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‘no endpoint’. Concerning the re-treatment results, when no re-LLETZ histology was available, a
double normal cytology result or a normal cytology result in combination with HPV negativity in
the follow-up of the rCIN was considered adjusted endpoint ≤CIN1. All analysis were done in IBM
SPSS version 20 (International Business Machines Corp., Armonk, New York, USA).

RESULTS
STUDY POPULATION
Between March 1st, 2010 and April 1st, 2012, 387 women treated by a LLETZ-procedure were
recruited as presented in the study flowchart in Figure 1. The mean age at baseline (moment of
treatment) was 36.2 years (range 19–59 years). None of the women received prophylactic HPV
vaccination prior to treatment or during follow-up. Of the treated women, 339 women (87.6%) had
a CIN2/3 diagnosed on colposcopy directed biopsy and 48 women (12.4%) were treated without
prior biopsy with CIN2/3 or AIS confirmed in LLETZ. After the LLETZ-procedure, 23 women (5.9%)
were excluded. Exclusion was based on the presence of squamous cell carcinoma (SCC) in the
LLETZ-tissue (n=3/23; 13.0%) or non-evaluable LLETZ-tissue (n=2/23; 8.7%). Furthermore, 16/23
women (69.6%) were lost to follow-up and another 2/23 women (8.7%) underwent a hysterectomy
at their own request within two months after the LLETZ-procedure. This resulted in a study cohort
of 364 women. The histology results from the LLETZ tissue specimens showed 38 CIN0, 42 CIN1,
122 CIN2, 160 CIN3 and two AIS lesions.
CROSS-SECTIONAL ANALYSIS
BASELINE RESULTS
From eight of 364 women no cervical scrape prior to treatment was available, resulting in 356
women with a hrHPV and/or CADM1/MAL-methylation marker test result at baseline (Table 1).
Of those, 321 women (90.2%) tested positive for hrHPV. Among these women, 148 (46.1%) were
diagnosed on LLETZ histology with a ≥CIN3 lesion and 262 (81.6%) with ≥CIN2. Of the hrHPV
positive women, 182 (56.7%) had hrHPV genotype 16 or 18, and 139 (43.3%) were positive
for other (non16/18) hrHPV type(s). One-hundred-sixty women (44.9%) had a positive CADM1/
MAL-methylation test at baseline, of whom 94 (58.8%) were diagnosed on LLETZ histology with
a ≥CIN3 and 133 (83.1%) with ≥CIN2. There was a significant relation between increasing hrHPV
positivity rate and increasing severity of disease: hrHPV positivity ranged from 75.6% (59/78)
in women with ≤CIN1, to 95.8% (114/119) in women with CIN2, and 93.1% (148/159) in women
with CIN3 (p <0.001). Also CADM1/MAL-methylation was significantly associated with severity
of disease (≤CIN1: 27/78; 35.0%, CIN2: 39/119; 32.8%, and CIN3: 94/159; 59.1%) (p <0.001).
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8

Figure 1 | Study flowchart.
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SIX MONTHS POST-TREATMENT
Six months post-treatment, 364 women were supposed to have their first follow-up visit. Nine
women did not show up and five women were pregnant, resulting in 350 women having their first
follow-up visit. Among those, 160 women (45.7%) tested negative for all markers and were reinvited at 12 months. The remaining 190 women (54.3%) had at least one positive test result (i.e.,
cytology, hrHPV and/or CADM1/MAL-methylation positive). According to study protocol, all but 11
women underwent colposcopy-directed biopsy, resulting in the following histology outcome: 157 ≤
CIN1, 15 CIN2 and seven CIN3. Thus, 22 of these women reached the study endpoint. All women
with ≤CIN1 and those who had no biopsy taken, were followed up at 12 months.
Of the 11 women without histology, one was scored as adjusted ≤CIN1 endpoint given a cytologynegative and hrHPV-negative cervical scrape, and 10 as ‘no endpoint’, resulting in 340 women
for 6-month cross-sectional analysis (Table 1). Among these 340 women, 79 women (23.2%) had
a positive cytology result; six (7.6%) of them had ≥rCIN3 and 17 (21.5%) had ≥rCIN2. High-risk
HPV positivity was found in 114 women (33.5%), including seven women (6.1%) with ≥rCIN3 and
20 women (17.5%) with ≥rCIN2 (p <0.001). High-risk HPV genotype 16 and/or 18 was found in
54 women (47.4%) and a non-16 and/or 18 hrHPV genotype in 58 women (50.9%). A total of 82
from 340 women (24.1%) tested positive for CADM1/MAL-methylation. Among them, four (4.9%)
were diagnosed with ≥rCIN3 on biopsy and 11 women (13.4%) with ≥rCIN2. The prevalence of
≥rCIN2 was higher in the CADM1/MAL-methylation positive group compared to the CADM1/MALmethylation negative group (p 0.003). A positive test result for cytology, hrHPV DNA and CADM1/
MAL-methylation was associated with a significantly higher risk of ≥rCIN2 compared to a negative
test result (p <0.05). Detailed information per women can be found in the Supplementary Table 1.
TWELVE MONTHS POST-TREATMENT
At six months post-treatment 22 women reached study ≥rCIN2 endpoint, leaving 342 women who
were supposed to have their second follow-up visit at 12 months post-treatment. Nineteen of them
did not show up at 12 months, five were pregnant, two emigrated, one deceased and three underwent
a hysterectomy. Of the resulting 312 evaluable women, all but ten women received colposcopy
(Right page) Table 1 | Cross-sectional study results. # Including incomplete cases (i.e. one or more non-evaluable test
results). ˚ Including adjusted endpoints. * Fisher's exact test. a At baseline, in eight women from the 364 included, no cervical
scrape was taken previous to LLETZ resulting in 356 cases available for analysis. b At six months post-treatment, 14 women
from the 364 included did not show up. In 11 women with one or more positive test results no biopsy was taken, of whom one
had an adjusted endpoint ≤CIN1. This resulted in 340 cases available for analysis. c At 12 months post-treatment, from the 342
women eligible for follow up 30 women did not show up. In ten women no exit biopsy was taken, of whom seven had adjusted
endpoint ≤CIN1. Moreover, in one women, an exit-biopsy was taken, but no cervical scrape. This resulted in 308 cases
available for analysis. CIN, Cervical Intraepithelial Neoplasia; (r)CIN2/3, (recurrent) CIN2 or CIN3; LLETZ, Large Loop Excision
Transformation Zone; hrHPV, high risk Human Papilloma Virus; ≥BMD, borderline or mild dyskaryosis or worse cytology.
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including an exit biopsy. Histology revealed 282 ≤CIN1, 13 CIN2 and seven CIN3. Of the ten women
without histology, seven were scored as adjusted ≤CIN1 endpoint given a cytology-negative and
hrHPV-negative cervical scrape, and three as ‘no endpoint’. Moreover, one woman with rCIN2
had a protocol violation: only an exit biopsy was taken without a cervical scrape. Valid test results
(either cytology, hrHPV and/or methylation marker testing) were available from 308 women.
At 12 months post-treatment a positive test result for either cytology, hrHPV or CADM1/MALmethylation was associated with a significantly increased risk of ≥rCIN2 in the exit-biopsy (Table 1).
For cytology, 95 women (30.9%) tested positive of whom seven (7.4%) had ≥rCIN3 and 17 (17.9%)
≥rCIN2 in the exit-biopsy. Seventy-four women (24.2%) tested positive for hrHPV, of whom seven
(9.5%) were diagnosed with ≥rCIN3 and 15 (20.3%) with ≥rCIN2. Of the 74 hrHPV positive women,
30 women (41.7%) tested positive for hrHPV genotypes 16 and/or 18 and 42 women (58.3%) tested
positive for hrHPV genotypes non-16 and/or 18. Methylation positivity was found in 60 women (19.6%),
of whom five (8.3%) were diagnosed with ≥rCIN3 on exit-biopsy and 11 (18.3%) with ≥rCIN2.
LONGITUDINAL ANALYSIS
RECURRENT CIN LESIONS
Over a period of in total 12 months follow-up, 28 CIN2 lesions (7.7%) and 14 CIN3 lesions (3.8%)
were detected in this post-treatment cohort, amounting to a CIN2/3 recurrence rate of 11.5%. Of the
28 women with rCIN2 in their biopsies, the re-LLETZ specimen contained ≤CIN1 in 18 women (64%),
CIN2 in two (7%), CIN3 in four (14%). Four women (14%) did not undergo a re-LLETZ but had a
cervical scrape read as BMD at follow-up (no endpoint). Of the 14 women with rCIN3 biopsies, the
re-LLETZ specimen contained ≤CIN1 in five women (36%), CIN2 in three (21%), CIN3 in three (21%)
and three women had SCC of the cervix (21%). The relation between the methylation status on the
scrapes taken prior to biopsy and histology results is shown in Table 2. CADM1/MAL-methylation
negative scrapes often yielded a ≤CIN1 lesion (75%) in the re-LLETZ tissue. Furthermore, all three
cervical carcinomas found in the re-LLETZ were preceded by a CADM1/MAL-methylation positive scrape.
Methylation marker

Totalb

Re-LLETZ histology results
CIN2

≤CIN1a

CIN3

SCC

n

%

n

%

n

%

n

%

Negative

16

12

75.0%

2

12.5%

2

12.5%

0

0.0%

Positive

21

10

47.6%

3

14.3%

5

23.8%

3

14.3%

Table 2 | The relation between the methylation marker results on cervical scrape taken previous to detection of rCINlesion on biopsy, and the re-LLETZ histology results. a Including adjusted endpoints. b From the 38 available re-LLETZ results,
in one women with rCIN2 on biopsy, no cervical scrape was taken and is not taken into this analysis. LLETZ, Large Loop Excision
Transformation Zone; CIN, Cervical Intraepithelial Neoplasia; SCC, Squamous Cell Carcinoma; rCIN2, recurrent CIN2.
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INCIDENT VERSUS PERSISTENT INFECTIONS
In Table 3 the methylation marker status in rCIN2, rCIN3 and in the overall rCIN group, stratified
according to HPV genotype-switch in follow-up to define incident or persistent infection is shown.
Of all rCIN2 lesions, five showed an incident infection with type switch and 15 revealed a persistent
infection. All rCIN3 lesions showed type persistence. Of women with persistent infections, 9/14 rCIN3
(64%) and 8/15 rCIN2 (53%) were CADM1/MAL-methylation positive. All five recurrent lesions with
incident infections were CADM1/MAL-methylation negative. The relationship between hrHPV type
in rCIN2/3 and the CADM1/MAL-methylation status is depicted in Supplementary Table 2.

p-Value Totala

HrHPV genotype Totala rCIN2

rCIN3

p-Value

Methylation marker

Methylation marker
Negative

Positive

Negative

Positive

n

%

n

n

%

n

%

0

0

0.0%

0

0.0%

14

5

35.7%

9

64.3%

%

Incident

5

5

100.0% 0

0.0%

Persistent

15

7

46.7%

53.3%

8

0.055b

-

Table 3 | Methylation marker status compared to incident and persistent infections, detected on the cervical scrape
taken at time of post-treatment disease. a From the 42 rCIN, six were hrHPV negative on cervical scrape at time of posttreatment disease. Moreover, two women had an unknown hrHPV status at time of post-treatment disease, resulting in 34
rCIN left for analysis.

PRE- AND POST-TREATMENT METHYLATION MARKER STATUS
For longitudinal analysis, the methylation status at baseline was combined with methylation status
at follow-up and related to the risk of ≥rCIN3 and ≥rCIN2 (Table 4). Compared to methylation
marker negative test results at both baseline and follow-up, methylation positivity at both baseline
and follow-up significantly increased the risk of ≥rCIN3 from 0.7% to 18.4%, and for ≥rCIN2 from
8.2% to 36.8% (p <0.001). Furthermore, within the group of women with a positive CADM1/
MAL-methylation test at baseline, the ≥rCIN3 risk was significantly higher for those that were
CADM1/MAL-methylation positive at follow-up (18.4%) compared to those that were CADM1/
MAL-methylation negative at follow-up (3.7%, p 0.007). The same figures were seen for ≥rCIN2
(i.e., 36.8% versus 6.4%, p <0.001).
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Biopsy histology results FU
≥rCIN2

≤CIN1a

p-Value

Methylation marker result on scrape

Total

n

%

n

%

Baseline negative

Last test negative

146

134

91.8%

12

8.2%

Last test positive

31

23

74.2%

8

25.8%

Last test negative

109

102

93.6%

7

6.4%

Last test positive

38

24

63.2%

14

36.8%

Baseline positive

}

}

0.010*
}

<0.001b

}

<0.001b

<0.001

Biopsy histology results FU
p-Value

≥rCIN2

≤CIN1a
Methylation marker result on scrape

Total

n

%

n

%

Baseline negative

Last test negative

146

145

99.3%

1

0.7%

Last test positive

31

29

93.5%

2

6.5%

Last test negative

109

105

96.3%

4

3.7%

Last test positive

38

31

81.6%

7

18.4%

Baseline positive

}

}

0.080*

0.007*

Table 4 | Longitudinal analysis of methylation marker status at baseline combined with methylation marker status at
the last test result on cervical scrape taken at time of post-treatment disease (either at six or 12 months, depending
on the moment of rCIN).

a

Including adjusted endpoints b Fisher’s exact test. CIN, Cervical Intraepithelial Neoplasia; (r)

CIN2/3, (recurrent) CIN2 or CIN3

DISCUSSION
Various studies have analysed the use of methylation markers as triage tool for HPV-positive
women in cervical cancer screening.8-10 However, to the best of our knowledge the use of
methylation marker analysis for post-treatment monitoring has not been evaluated before.
In this study, we evaluated the performance of CADM1/MAL-methylation analysis for monitoring
women treated for high-grade CIN. We assessed the cross-sectional and longitudinal performance,
and the relationship with persistence of recurrent disease using persistent HPV infections as a
surrogate marker. The rCIN2/3 percentage of 11.5% after 12 months follow-up is in agreement
with previous studies.1, 2 All 14 rCIN3 were associated with a persistent hrHPV infection, and nine
thereof (64%) were CADM1/MAL-methylation positive. Of 28 rCIN2 lesions, at least five were
incident lesions as evidenced by a hrHPV type-switch, and these were all negative for CADM1/
MAL-methylation. Of the 15 rCIN2 with a persistent hrHPV infection, eight (53%) were positive
for CADM1/MAL-methylation. CADM1/MAL-methylation was found significantly associated with
severity of disease in this cohort of women treated for CIN2/3. Moreover, cross-sectionally, a
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positive CADM1/MAL-methylation test result at baseline, six months or 12 months post-treatment
was associated with an increased risk of ≥rCIN3 and ≥rCIN2. In the longitudinal analysis, a
positive CADM1/ MAL-methylation test at baseline and in follow-up significantly increased the risk
from 0.7% to 18.4% for ≥rCIN3, and from 8.2% to 36.8% for ≥rCIN2. Cases of early carcinoma
(FIGO stage IAI) (n=3) were detected upon re-treatment (at six months) only within the CADM1/
MAL-methylation positive group. Of notice, one of these carcinomas was negative by cytology.
Upon re-treatment, CADM1/MAL-methylation negative women were often associated with a
≤CIN1 lesion (75%) in the re-LLETZ tissue. Altogether, post-treatment monitoring by CADM1/
MAL-methylation analysis identifies women at an increased risk of rCIN2/3.
Post-treatment disease consists of a heterogeneous group of rCIN lesions. We differentiated
on the basis of the type of hrHPV infection (type-switch or type-persistence) between recurrent
incident lesions and persistent lesions, and found that all five incident rCIN lesions were CADM1/
MAL-methylation negative. On the other hand, not all persistent rCIN2/3 lesions scored positive
for CADM1/MAL-methylation. However, it should be noted that some rCIN2/3 lesions that had
be classified as persistent in fact might have been incident lesions caused by reinfection of the
cervical epithelium with the same hrHPV genotype that was present in the primary lesion. This
subset may well be associated with a negative CADM1/MAL-methylation test result. Alternatively
an infection with a variant of the same HPV genotype may have been present.
At present three times cytology at six, 12, and 24 months is the standard follow-up procedure for
rCIN2/3 monitoring.3 Recently it has been shown that by adding hrHPV testing to cytology the 12
months follow-up visit can be omitted in case of a negative co-test at six months.2 Our results show
that hrHPV and/or cytology co-testing detects more rCIN2/3 than a CADM1/MAL-methylation test
(Table 1). However, based on our findings the CADM1/MAL-methylation test can be of value in
preventing overtreatment of women with a rCIN lesion. Women with a CADM1/MAL-methylation
negative scrape had a very low risk for ≥rCIN3. As reported in earlier work 15 and observed in small
numbers in this study, a negative CADM1/MAL-methylation test result reassures against cervical
cancer. Collectively, these data support a less aggressive management in clinical practice for
women with a negative CADM1/MAL-methylation test. Preservation of the cervix on guidance of a
negative CADM1/MAL-methylation test result may especially be important for women with a child
wish. An additional advantage of a methylation test lies in its ability to be applied on self-sampled
cervico-vaginal specimens, which can simplify the follow-up procedure.9, 21, 22
A limitation of our study is the length of the follow-up period of 12 months. To evaluate the use of methylation
markers for long-term post-treatment surveillance, further studies with a longer follow-up period are
warranted. At the stage of design of this study CADM1 and MAL were the most promising methylation
markers for the detection of cervical (pre)cancer in hrHPV-positive scrapes. In retrospect, it would be very
interesting to test recently discovered methylation markers on left-over material of this study population.
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In conclusion, these data support the concept that CADM1 and MAL methylation marker testing
identifies cervical lesions with a longer duration of existence in need of direct treatment. In a clinical
setting, rCIN2/3 monitoring by three times cytology and/or HPV testing is the standard follow-up
procedure, but results in overtreatment of early onset rCIN2/3 lesions, which is cumbersome for
young women at child bearing age. In those women the use of a positive CADM1/MAL-methylation
test can help to identify which women have an increased risk for rCIN2/3 in need of treatment,
whereas a negative test would support a surveillance (wait and see) policy.
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Type of hrHPV

Persistent rCIN3
Methylation marker		

Persistent rCIN2
Incident rCIN2		
Methylation marker			
Methylation marker		

Negative Positive
n
n

Negative Positive
n
n

Negative Positive
n
n

HrHPV 16

3

6

3

5

2

0

HrHPV 16 & 39*

0

1

0

0

0

0

HrHPV 18 & 31*

1

0

0

0

0

0

HrHPV 18

0

0

1

0

0

0

HrHPV 31

1

2

0

1

1

0

HrHPV 33

0

0

1

1

0

0

HrHPV 35

0

0

1

0

1

0

HrHPV 45

0

0

1

0

0

0

HrHPV 52

0

0

1

0

1

0

Supplementary Table 2 | The relationship between hrHPV type in rCIN2/3 and the methylation marker status.

8

(On page 164) Supplementary Table 1 | Details of all rCIN lesions. *, No sample taken at moment post-treatment disease;
CIN, Cervical Intra-epithelial Neoplasia grade 1, 2 or 3; N.A., not applicable; N.T.D., not to determine; hrHPV, high risk
Human Papilloma Virus; ≥BMD, Borderline or Mild Dyskariosis or worse; SCC T1A1, Squamous Cell Carcinoma Stage T1A1
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GENERAL DISCUSSION AND FUTURE PERSPECTIVES

In this Chapter, the findings from the different parts of this thesis will be discussed in the context
of one another and in respect to the available literature. Also, the key aspects and possible clinical
implications of our research will be pointed out.

1. SCREENING BY PRIMARY HPV TESTING WITH
MOLECULAR TRIAGE
SCREENING BY PRIMARY HPV
Cervical screening strategies aim for a reduction in cervical cancer morbidity. The timely identification
by screening of asymptomatic (pre)cancerous cervical lesions followed by adequate treatment,
prevents further progression of these abnormalities into cancer (secondary prevention). Primary
prevention on the other hand aims to prevent the initial development of cervical lesions in healthy
individuals, mainly by prophylactic HPV vaccination programmes. Although the introduction of
cervical screening by cytology in the 1960s led to a significant reduction in the incidence of cervical
cancer, cervical cancer remains the fourth most common cancer among women worldwide, with the
highest incidences in low- and middle income countries (LMIC) (Chapter 1).1
Cytology has only a moderate sensitivity of ~60% for the detection of cervical cancer and CIN3
(CIN3+), and therefore requires frequent repeats to compensate.2, 3 In contrast to screening
by cytology, HPV testing is a molecular and thus highly reproducible screening method.
Implementation of HPV-based screening will lead to earlier detection of CIN3+, and provides
a better, long lasting protection against cervical cancer.4-13 Primary HPV-based screening has
been implemented, or is considered to be implemented in the near future, in several countries
worldwide. In these countries, including the Netherlands, HPV testing replaces cytology as
primary cervical screening tool.
The new Dutch HPV-based cervical screening programme was implemented in 2017. Herein,
women are invited for screening every five years from the age of 30 to 60 years old. Due to
the relatively high sensitivity of primary HPV testing compared to cytology, intervals between
screens can be extended, resulting in more efficient screening and control of costs.13-16 In the new
programme, intervals have been extended from five to 10 years for HPV screen negative women
aged 40 years and older. HPV screen negatives are now invited to participate at the age of 30, 35,
40, 50, and 60 years. This alteration in the programme necessitates high throughput HPV testing and
excellent facilities for registration to monitor the screening programme and to maintain a high quality.
Different screening intervals have been suggested for HPV screen negative women and HPV positive
women with negative triage testing, because they have different risks of CIN3+.14, 15, 17, 18 For HPV
positive women, cytology with repeat cytology testing 6 months after baseline has been chosen
as optimal triage strategy to identify those at risk for an underlying CIN3+ lesion. This decision is
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based on an optimal balance between a sufficiently low risk for cancer and CIN3 on one hand,
and an acceptable burden of screening for participants on the other hand. The low referral rate for
colposcopy is likely to be cost-effective.16
Our long-term 14 year follow up data from the large randomised POBASCAM cohort (n=43 339),
collected in the setting of the Dutch organised cervical screening programme, support the
replacement of primary cytology by HPV testing (Chapter 2). We found the cumulative incidence
of cervical cancer (0.09%) and of CIN3+ (0.56%) among HPV screen negative women after three
screening rounds at five year intervals, to be similar to the corresponding cumulative incidence of
cancer (0.09%) and CIN3+ (0.69%) among cytology screen negative women after two screening
rounds, with risk ratios of 0.97 (95%CI 0.41 to 2.31, p 0.95) for cervical cancer and 0.82 (95%CI
0.62 to 1.09, p 0.17) for CIN3+. These data confirm the high reassurance of a negative HPV
test against cervical cancer, including a long term validation of this protective effect.9, 11-15, 17-21
Furthermore, this relatively low long term CIN3+ risk found in HPV negative women when compared
to cytology negative women justifies an interval extension up to 10 years for screen negatives.
In contrast to HPV screen negative women, we showed in Chapter 2 that HPV positive women
with negative triage testing have a substantial and significantly higher risk of CIN3+ than the
accepted CIN3+ risk of 2% (see Part 1, Molecular triage testing),22-24 irrespective of which triage
strategy was used (p values <0.001). The increased CIN3+ risk was 10.4 fold higher (95%CI 5.9
to 18.4) in HPV positive, genotyping HPV16/18, and baseline and repeat cytology negative women,
up to 29.1 fold higher (95%CI 21.5 to 39.5) in HPV positive, cytology negative women. Similar
results were found by Polman et al.,25 who showed that HPV positive, cytology negative women
remain at an elevated five-year CIN3+ risk, even when repeat HPV testing after 6 months is
negative (CIN3+ risk 2.0%). This CIN3+ risk was significantly higher (RR 9.1, p<0.001) compared
to HPV negative, cytology negative women (CIN3+ risk 0.2%). Collectively, these data indicate
that HPV positive women with negative triage testing, irrespective of the type of triage that is
used, should be rescreened at least within five years. This is in line with the new Dutch screening
programme, wherein the screening interval is only extended up to 10 years for those women
testing HPV screen negative.
For HPV negative women aged 40 years and older, the CIN3+ risk estimates found in Chapter 2
were 72% (95%CI 61.6% to 79.9%, p<0.001) lower compared to HPV negative women younger
than 40 years, and support the age dependent screening intervals as chosen for the new
screening programme. However, the risk for cervical cancer did not decrease with age, since
the cancer risk estimates were 62.0% (95%CI -33.9% to 297%) higher in women aged 40 years
and older compared to those younger than 40 years, although not significantly different (p 0.29).
Therefore, the data on cancer risks in different age groups were inconclusive, mainly because
of the relatively small number of cervical cancers in the POBASCAM trial. The possibility of an
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increase in the risk for interval cancers when screening intervals are extended remains a point of
concern. As the new programme was only implemented in 2017, an increase in the cancer risk
cannot be ruled out completely and the number of interval cancers should be closely monitored.
In an era wherein vaccinated cohorts reach the age to enter the screening programme, it is
important to keep evaluating the efficacy of HPV-based screening in populations with substantial
uptake of HPV vaccination. Recent findings from Australia, the first country that adopted a
national HPV vaccination programme, seem to confirm the superior performance of primary HPVbased screening compared to cytology screening in a setting with HPV-vaccinated populations.26
However, the number of HPV screens required in vaccinated women remains an important
research issue.27

KEYPOINTS
•

Compared to cytology, screening by primary HPV provides a better reassurance
against cervical cancer and leads to earlier detection of CIN3+

•

Due to the relatively lower specificity of HPV testing, triage testing is necessary for
colposcopy referral

•

Our data support safe extension of screening intervals up to 10 years for HPV
screen negatives. HPV postive, triage negative women should be rescreened
within five years

•

Risk of interval cancers with extension of screening intervals beyond five years
should be closely monitored

MOLECULAR TRIAGE TESTING
With an expanding number of countries deciding on primary HPV-based screening, the question
on how to manage HPV positive women becomes increasingly important. Most detected HPV
infections are transient (~80%) and only a minority of HPV positive women harbour a transforming
infection that leads to the development of clinically relevant disease. To reduce the number of
over-referrals for colposcopy, it is important to identify those HPV positive women who have
an underlying cervical precursor lesion with a high short-term risk for cancer progression
in need of treatment. Generally, the threshold for treatment is CIN2+. However, as the diagnosis of
CIN2 is only moderately reproducible, and CIN2 has high regression rates (Chapter 6 and 7),24, 28-30
the risk for underlying CIN3+ should form the basis of cervical screening strategies.22,

29, 31
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Risk stratification, i.e. distinguish the few women at risk for CIN3+ from the many who are not
at risk,22 in HPV positive women has been described in several clinical validation guidelines.
However, there is no consensus yet on the optimal and most suitable triage strategy for stratification
of HPV positive women.

CERVICAL SCREENING RISK THRESHOLDS
•

Negative predictive value (NPV) = proportion of individuals who test negatively and truly
do not have CIN3+

•

Positive predictive value (PPV) = proportion of individuals who test positively and truly
have CIN3+

•

Cross-sectional risk = the risk for CIN3+ within the subsequent 2-3 years
˃ Identifies those that need immediate referral for colposcopy after a positive triage test

•

Longitudinal risk = the risk for CIN3+ in the longterm (>3 years)
˃ Determines the length of the screening interval that can be maintained after a negative triage test

To determine the most optimal triage strategy, health policy makers will have to weigh the balance
of the safety of a triage test (NPV), against the burden of a triage strategy (PPV), in relation to
available resources. In the Netherlands and many western countries a NPV threshold of 98% or
more, indicating a cross-sectional risk for CIN3+ of 2% or less, is generally considered as safe
to remain in regular interval screening.22-24 Ideally, longitudinal CIN3+ risks are determined to
indicate safety of the length of screening intervals. The burden of screening is caused by overreferral to colposcopy and consequently the risk of overtreatment and unnecessary health costs.
However, the PPV threshold is rather subjective and depends on a country’s available resources
and length of screening interval. In the United States, a PPV of 10% or more is considered
acceptable, whereas in the Netherlands, a PPV of 20% or more is considered acceptable.22-24, 32, 33
Test options for triage strategies include cytology with or without repeat cytology and HPV16/18
genotyping.23, 24, 34 Cytology is the most advocated test for triaging HPV positive women, despite
its suboptimal sensitivity for CIN3+. The sensitivity of cytology triage in HPV positive women
for CIN3+ ranges from 52.8% to 75.4%, as previously demonstrated in large population-based
trials.23, 24, 35 The consequent insufficient reassurance against both cancer and CIN3 of a single
negative cytology result in HPV positive women, requires repeat cytology after 6 or 12 months to
achieve a safe triage algorithm. Unfortunately, there is a relatively high risk of loss to follow-up (28
– 33%) associated with an extra visit to the clinician after 6 of 12 months.23, 24 Therefore, it would
be better if this second visit could be avoided.
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Currently, the addition of HPV16/18 genotyping to single cytology triage testing, which increases
the sensitivity for CIN3+, is the only validated and safe triage strategy without a need for repeat
testing.23, 24, 33, 35 However, the proportion of transient infections in HPV positive women is likely to
increase after the multiple HPV-based screening rounds,36 and the value of HPV16/18 genotyping
in addition to single cytology triage might diminish after the second and subsequent screening
rounds.
An attractive biomarker-based alternative for stratification of HPV positive women is testing
for DNA hypermethylation levels of promotor regions of different host-cell genes involved in
cervical carcinogenesis.33, 37 Several genes have been identified as hypermethylated in cervical
carcinogenesis, including CADM1, MAL, miR124-2, FAM19A4, ASCL1, GHSR, LHX8, SST,
ST6GALNAC5, and ZIC1.38-40 As set out in this thesis and as shown by previous studies, testing for
methylation marker status identifies so-called advanced CIN lesions. Advanced CIN lesions have
a cancer-like methylation profile,41 have a high level of copy number aberrations,42 are lesions
with a long-standing HPV infection (>five years) rather than lesions with a more recently acquired
HPV infection (≤five years), and therefore are assumed to have a high short-term cervical cancer
progression risk.37, 43

KEY POINTS
Methylation marker analysis is an interesting alternative triage tool to cytology
or HPV16/18 genotyping, as it detects advanced CIN in HPV positive women.
Advanced CIN lesions have the following characteristics: they
•

have a cancer-like methylation profile

•

are associated with a longstanding HPV infection (>more than five years)

•

have a high copy number aberrations compared to CIN lesions associated with
incident HPV infections

•

are lesions with a high short-term cancer progression risk in need of direct treatment

•

are frequently missed by cytology or HPV16/18 genotyping
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An efficient method to determine the hypermethylation status of different genes, is combined
analysis of multiple genes in a multiplex qMSP assay on cervical scrape material.44 These assays
include an internal control (β-actin household gene), have a high reproducibility, and are
suitable for a high-throughput setting.33, 45 The PreCursor M® methylation assay (Self-screen)
detects CADM1, MAL, and miR124-2 hypermethylation, whereas the more recently developed
QIASure® methylation assay (Qiagen), detects FAM19A4 and miR124-2 hypermethylation.38, 46, 47
In Chapter 3, we found that hypermethylation levels in promoter regions of CADM1, MAL,
and miR124-2 genes increased with the severity of the underlying cervical lesion, and were
exceptionally high in scrapes from women with cervical cancer. The CADM1, MAL, and miR124-2
methylation assay consistently detected all carcinomas, in contrast to cytology.41
The analysis of hypermethylation status of CADM1, MAL, and miR124-2 or FAM19A4 and miR124-2
genes can be used in combination with cytology or HPV16/18 genotyping, or as alternative triage
test.33 Triage of HPV positives by (repeat) cytology is likely to detect with a moderate sensitivity
most of the CIN2/3 lesions and cervical cancers, however with the disadvantage of missing a
subset of the advanced CIN2/3 lesions, and specifically some cervical cancers.37, 42, 43, 48 The same
is true for sole HPV16/18 genotyping.33 The combination with hypermethylation analysis is thought
to complement specifically the detection of advanced CIN2/3 and all cancers.33, 37 However, one
might consider the early CIN2/3 to remain undetected in order to prevent overtreatment, and
argue the use of hypermethylation analysis as alternative triage test.33, 37 This has been analysed
in a randomised clinical trial by Verhoef et al.48 Although they showed that both triage tests detect
an identical number of CIN2+, these lesions are likely to have a different underlying state of
disease in terms of duration of existence.37, 38, 46 Hypermethylation analysis as alternative triage
test is promising, but further research is necessary to determine the most optimal thresholds for
positivity of the methylation assays in different populations. As will be further discussed in Part 2
of this Chapter, these thresholds determine specificity of the test, and are important in order to
prevent unnecessary colposcopy referrals.
FUTURE ASPECTS
In the near future, it is expected that HPV-based screening will be implemented on a large scale
for cervical cancer prevention. Although cytology triage (with or without partial genotyping)
has several drawbacks, it will probably remain the method of choice for stratification of HPVpositive women in the next coming years in The Netherlands. The combination of HPV testing
with methylation assays detecting hypermethylation of either CADM1, MAL, and miR124-2 genes
or FAM19A4 and miR124-2 genes warrants further clinical validation. Important advantages
of implementation of this combination will include the specific detection of all cancers and
advanced CIN, thereby reducing over-referral and overtreatment in HPV positive women.33 This
is particularly relevant for women in their reproductive age, as cervical excision influences fertility
and pregnancy outcomes.49, 50 Moreover, it offers a full molecular screening strategy, that will
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provide a high reassurance against CIN3+ without the need of a second visit to the clinician,
thereby preventing loss to follow-up in the screening program. In addition, the applicability of
both tests on (the same) self-collected cervico-vaginal material considerably improves cervical
screening participation rates, in particular for women who do not participate in the cytology-based
screening because it requires a physician taken smear.33, 47, 48, 51, 52 Further clinical validation is
presently ongoing to investigate the over-detection of women without clinically relevant disease,
but with baseline methylation levels around the cut-off for positivity. Collectively, this promising
biomarker-based strategy, consisting of HPV analysis combined with triage by either CADM1,
MAL, and miR124-2 methylation analysis, or FAM19A4 and miR124-2, could further improve
current cervical screening programmes.

KEY POINTS
Methylation marker analysis as alternative triage tool in HPV positive women:
•

will lead to detection of advanced CIN, thereby preventing overtreatment,
especially relevant for women in their reproductive age

•

offers a full-molecular screening strategy without the need for a second visit,
resulting in less loss to follow-up

•

accurately set thesholds for methylation positivity are important to prevent falsepositive test results in women without clinically relevant disease

Innovative and potentially more efficient primary screening methods than HPV testing should be
considered for implementation in future screening. Primary screening by use of hypermethylation
assays is expected to provide a high sensitivity for advanced CIN and cancer, irrespective of HPV
status of the screened individuals, but their long-term safety needs to be confirmed in longitudinal
studies. Also, clinical management procedures can be simplified by the use of hypermethylation
analysis as primary cervical screening tool, as there is no need for triage testing in screen-positives
and only individuals with a relatively high cancer-progression risk are identified for further followup and treatment. In future, primary screening programmes based on hypermethylation analysis
might serve as an alternative to HPV-based screening programmes, but only if population
background methylation levels are sufficiently low in order to prevent over-referral to colposcopy.
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2. SCREENING BASED ON BIOMARKERS IN LOW- AND
MIDDLE INCOME COUNTRIES
The burden of HPV and cervical cancer is particularly high in low- and middle income countries
(LMIC), with the highest mortality rates found in sub-Saharan Africa (SSA). Important causes are
the impossibility to set up a population-based screening programme, and the high prevalence
of HIV.53 Infection with HIV has been shown to be an important risk factor for co-infection and
persistence of HPV, and the development of CIN and progression towards cancer.54-56 The
relatively high incidence of both HIV and cervical cancer indicate the urgency for not only
implementing effective cancer prevention strategies in LMIC,57 but also combine these efforts
with HIV prevention strategies.
Generally, cervical screening in LMIC has an opportunistic character: women either present with
symptomatic disease, or are screened incidentally when visiting local health clinics. Life-time
screening moments are low or absent, and frequent screens are only available for those women
who can afford a visit to the clinician. Accordingly, cervical abnormalities are likely to present in
an advanced state of disease. In combination with the relatively high risk for loss to follow-up
observed in settings with poor infrastructure and limited access to health care, this indicates the
need for an effective ‘screen-and-treat’ strategy. Such a screening strategy requires a simple
clinical sample (vaginal specimen or urine) that can be appropriately tested within one day, and
if necessary will be rapidly followed by treatment. Nonetheless, even if effective methods would
be available, it will remain challenging to reach all women in need of cervical screening. Offering
screening at regular health-care related check-ups, for example while monitoring pregnancy by
midwifes, can help to increase the number of life-time screens. Using these screening moments to
offer also primary cancer prevention strategies involving HPV vaccination, could further contribute
to decrease the high cancer mortality rates in LMIC.
SCREENING TOOLS IN LMIC
The current preferred strategy for cervical screening in LMIC is primary HPV testing.58, 59 In
contrast to cytology, no specialized education is needed for the interpretation of HPV test results.
The subjective nature of cytology reading leads to a relatively low sensitivity compared to HPV
testing.3 In Chapter 4, our data from a South African study population of WLHIV confirm that HPV
testing has a high sensitivity for CIN3+ detection of 83.6%, at a specificity of 67.7%. However, in
this specific population, the high positivity rates (42%) found by HPV testing make triage essential
to prevent over-treatment of all screen-positives.60, 61
Although it is currently recommended in these LMIC to triage HPV positives by cytology or
partial HPV16/18 genotyping,60 alternative strategies, including hypermethylation analysis of
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CADM1, MAL, and miR124-2, are far more promising. In particular in this population with a
high HPV prevalence and at substantial risk for the presence of an underlying advanced CIN
or cancer. In contrast to cytology or partial HPV16/18 genotyping, CADM1, MAL, and miR1242 hypermethylation analysis has the potential to detect this high number of advanced CIN and
cancers.37, 43 Partial HPV16/18 genotyping is likely to be less effective because of the relatively
high proportion of non-HPV16/18, in particular HPV45, related cervical carcinomas in WLHIV.62
In Chapter 4, we showed that the moderate specificity associated with single HPV testing can be
significantly increased, when HPV positive samples were stratified by hypermethylation analysis
of the CADM1, MAL, and miR124-2 marker panel (specificity of 81.5%, at a sensitivity of 73.8%).
This full molecular combination, applied on the same isolated DNA sample, offers an objective
screening strategy that has the ability to identify those women at risk for cervical cancer and
advanced CIN3 among HIV-infected individuals. After finding promising results for the combined
analysis of HPV presence and hypermethylation of genes CADM1, MAL, and miR124-2, we
wanted to investigate the performance of primary hypermethylation analysis. Sole analysis of this
marker panel showed a sensitivity of 85.2%, comparable to the sensitivity of primary HPV testing,
however at a lower specificity of 49.6%. Primary screening by the CADM1, MAL, and miR124-2
marker panel is therefore not suitable in this population.
Interestingly, WLHIV have increased baseline hypermethylation levels of several genes in control
samples (≤CIN1), when compared to samples of HIV-seronegative women (Chapter 4 and 5).
This altered methylation status might be explained by the upregulated expression and activity
of DNA methyltransferase in HIV-infected cells, which has also been suggested to mediate the
association between HIV and the increased risk for cervical cancer.63-65 The CADM1, MAL, and
miR124-2 methylation marker panel is based on pre-set thresholds to define hypermethylation
positivity status that have been previously validated for good CIN3+ sensitivity and specificity in
an HIV-seronegative European population. Over-detection of control samples with a relatively
high hypermethylation status by use of these pre-set thresholds can explain the lower specificity
found for primary hypermethylation analysis in Chapter 4.
In order to find a methylation marker assay fine-tuned for optimal performance as primary screening tool
in WLHIV, we evaluated the performance of recently discovered methylation markers ASCL1 and LHX8
(Chapter 5). Although hypermethylation levels for these markers were again relatively high in control
samples of WLHIV, we were able to define specific positivity thresholds that corrected for the increased
baseline methylation, and found a good CIN3+ sensitivity of 72.1% for ASCL1 and 73.8% for LHX8, at a
fixed specificity of 75%. Furthermore, these thresholds were highly accurate for the detection of cancer,
as all carcinomas tested positive for ASCL1 or LHX8. This indicates that single hypermethylation analysis
of ASCL1 or LHX8 is an interesting alternative primary screening tool in WLHIV. Further validation of the
optimal thresholds specific for WLHIV is indicated in a separate study group of WLHIV.
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KEY POINTS
•

HPV testing is the current preferred tool for primary screening in LMIC

•

WLHIV have a relatively high prevalence of HPV and primary HPV shows high
positivity rates

•

Among WLHIV, stratification of HPV positives by CADM, MAL, and miR124-2
marker testing shows a good combination of sensitivity and specificity for CIN3+

•

HIV-infected individuals have higher baseline methylation levels

•

Primary hypermethylation analysis can be used irrespective of HPV status,
but adjusted test-positivity thresholds for methylation assays are needed to be
effective in WLHIV

•

Single hypermethylation analysis of ASCL1 or LHX8, with thresholds fine-tuned
for HIV infected individuals, can serve as alternative primary screening tool in
WLHIV

SCREEN-AND-TREAT STRATEGIES
The World Health Organisation (WHO) guidelines currently recommend the use of visual
inspection with acetic acid (VIA), often combined with visual inspection with Lugol’s iodine
(VILI), for a screen-and-treat protocol in low-resource settings.66 These inspection methods are
relatively safe and cost-effective, but often lead to under- and overtreatment since the sensitivity
and specificity for high-grade lesions are at best moderate.67-72 Moreover, their effectivity cannot
be reliably evaluated, because of the use of cryotherapy for cervical treatment in these protocols.
Cryotherapy intends to disrupt the transformation zone. By this procedure no reliable histology
can be obtained and therefore histological feedback on the initial visual diagnosis is not available.
More promising screening tools for implementation in ‘screen-and-treat’ protocols are the
methylation assays as discussed above, that can be further improved into rapid point-of-care
tests. Hereby women could self-collect cervico-vaginal material by use of a brush device, which
would then be sent to a (mobile) lab for analysis and, if necessary, initiate treatment within one
day. Such procedures could be done in mobile screening units (MSU) as an innovative alternative
for a visit to a clinic or hospital, and could provide services outside fixed clinical sites to expand
access to screening.73 If the price of these molecular methylation tests becomes lower, this would
greatly improve their implementation in low-resource settings where the decision on screening
tools often depends upon affordability rather than efficacy.74
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A relevant question is whether WLHIV should receive cervical screens more frequently, in
accordance with their relatively higher risk for advanced cervical abnormalities. Women who
are HIV-seropositive often visit health-care takers to monitor CD4+ counts and ARV use, which
provides an excellent opportunity to integrate screening services within the same infrastructure,
ultimately improving the screening coverage.75 The WHO indeed emphasizes on the importance to
offer cervical screening to all WLHIV at least every three years, as soon as women test positive for
an infection with HIV, and to all women with unknown HIV status in areas where HIV is endemic.74,
76

In a recent systematic review and meta-analysis including 31 studies, Kelly et al showed that

the increased risk for HPV and CIN associated with HIV is likely to diminish after early initiation
and sustained adherence of antiretroviral therapy (ART) in women living with HIV (WLHIV), and
might eventually result in a reduced incidence of cervical cancer. Nonetheless, WLHIV with low
or unknown CD4+ counts remain at increased risk of HPV-related cervical abnormalities and
should be screened frequently.77 Also, the effect of improved life-expectancies following ART use
in WLHIV remains unclear, and is suggested to cause an increase in the incidence of cervical
cancer.62 Therefore, careful consideration is needed before WLHIV can be screened less often.
Another way might be the implementation of HPV vaccination for WLHIV to further decrease the
incidence of HPV-related (cervical) abnormalities.

KEY POINTS
•

In LMIC, affordable and effective screen-and-treat strategies are needed to
improve cervical cancer prevention

•

Methylation assays need to be further developed into rapid point-of-care tests
to optimize screening protocols in these regions

•

Affordable methylation tests are necessary to improve their cost-effectiveness

9
FUTURE ASPECTS
Full molecular (self-)screening using well validated biomarkers, such as HPV and methylation
markers CADM1, MAL, and miR124-2, or FAM19A4 and miR124-2, ASCL1, and LHX8, appear
to be an attractive alternative for cervical cancer prevention in screen-and-treat protocols because
of their potential relative low costs, and objective nature requiring less training for interpretation
compared to cytology. A future proposal on how these strategies might be implemented is given
in Figure 1. More high-quality research is necessary to further establish our results, providing
more evidence on the (long-term) safety of primary screen-and-treat protocols by use of primary
hypermethylation analysis.
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Figure 1 | Proposed flowchart for screen-and-treat women living with HIV or with unknown HIV status in areas with high
endemic HIV infection by use of primary hypermethylation analysis as alternative to current WHO recommendations.74

3. IMPROVING THE ACCURACY OF CLASSIFYING
CIN LESIONS BY THE USE OF BIOMARKERS
Secondary cervical cancer prevention by screening aims for the detection and subsequent
treatment of cervical cancer at an early or precancerous stage. Accurate and consistent histological
grading of precursor lesions is essential for clinical decisions on cervical treatment. The grading
of cervical precursors into CIN1, CIN2, and CIN3, is, however, only moderately reproducible.78, 79
The progression of CIN1 via CIN3 towards cancer is a dynamic process, and borders between
CIN grades are difficult to define.80 Particularly the diagnosis of CIN2 is problematic, as CIN2
constitute a heterogeneous group that can either be the result of a productive or a transforming
infection. Lesions caused by a productive infection have a high chance of regression, whereas
lesions caused by a transforming infection have a high chance of progression.

37, 81-83

There is

general consensus for CIN3 and CIN1 on their need for treatment or strict follow-up respectively,
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but the management of CIN2 is diverse. Substantiation of the diagnosis of CIN by a CIN grading
system that reflects the increasing knowledge on HPV biology and pathogenesis, with an optimal
use of biomarkers that are involved in cervical carcinogenesis, will facilitate standardization of
clinical management, and is needed.
CIN GRADING BY USE OF BIOMARKERS
By the use of a three-tiered score format for Ki-67 and p16ink4a immunohistochemistry, we were
able to define an immunoscore grading system that showed a high reproducibility between
pathologists to accurately grade cervical precursor lesions (Chapter 6). The inter-observer
agreement and accuracy were particularly high for the diagnosis of CIN3 (treatment) and CIN1
(no treatment). We showed that thereby a large number of the heterogeneous group of CIN2
can be split up in CIN3 and CIN1 as identified by the reference standard consensus diagnosis
that was based on Haematoxylin and Eosin (H&E) and immunohistochemical stainings by three
pathologists. Compared to current CIN grading, the Ki-67 and p16ink4a immunoscore grading
system predicts more accurately where in the trajectory of HPV infection to cervical cancer a
precursor lesion is situated, with less inter-observer variation.
We have the opinion that this grading system might perform better than the US LAST guidelines
as published by Darragh et al. These guidelines dissuade the classically three-tiered CIN-grading
system and recommend division of cervical precursors into two groups: low-grade squamous
intraepithelial lesions (LSILs) and high-grade intraepithelial lesions (HSILs).78 The LSILs include
classically graded CIN1 (no treatment), whereas HSILs include CIN2+ (treatment). Staining for
p16ink4a is recommended only for those potentially HSILs in which the pathologist is in doubt. A
diffuse p16ink4a positive staining of at least one-third of the width of the epithelium supports the
diagnosis of HSIL, and consequently results in treatment. This approach results in considerable
over-diagnosis, since many CIN1 lesions defined by histopathological criteria show diffuse
staining for one-third of the epithelium.84, 85 Lesions caused by a transforming infection show
proliferation that can be identified by Ki-67 immunostaining.83, 86, 87 Therefore we added the Ki-67
score to the p16ink4a score. Both the expression of Ki-67 and p16ink4a are activated by the increasing
overexpression of E6 and E7 viral oncoproteins during cervical oncogenesis.86-89 Moreover, we
were able to show that the accuracy and reproducibility of the Ki-67 and p16ink4a immunoscore
was higher than that of sole p16ink4a staining.
Additional expression patterns of different biomarkers associated with cervical carcinogenesis can
be used to further substantiate grading of CIN (Chapter 7). Expression of HPV-E4 is indicative
for the onset of a productive HPV infection.81, 85, 90 On the contrary, a positive hypermethylation
status of host-cell genes such as CADM1, MAL, miR124-2, and FAM19A4 is associated with a
transforming HPV infection.37, 42, 43, 90 We found an inversed expression of E4 in comparison to the
proportion of CADM1, MAL, and miR124-2 hypermethylated genes. Extensive expression of E4
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was highest in CIN1 lesions, and decreased with an increasing CIN grade with very low expression
in CIN3, whereas hypermethylation levels, in contrast, increased with the severity of disease, with
high expression levels in CIN3 and even very high methylation levels in all carcinomas examined.
Extensive E4 expression was found to some extent in lesions with transforming features, indicating
that viral production may co-occur in high-grade lesions. However, when extensive E4 expression
was present, it was always found in the upper layers of these lesions, which showed less atypia
then the basal parts. Moreover, these lesions showed low levels of hypermethylation of CADM1,
MAL, and miR124-2 genes and only a single gene was hypermethylated above the threshold of
positivity. The expression of E4 and hypermethylation of CADM1, MAL, and miR124-2 can thus
be used to further substantiate the immunoscore grading system (Chapter 7).

KEY POINTS
•

The classification of cervical lesions can be optimized by use of biomarkers that
are involved in cervical carcinogenesis

•

A grading system based solely on Ki-67 and p16ink4a immunoscores showed a
higher accuracy and reproducibility for the grading of CIN

•

Productive infections cause lesions with a low cancer profression risk,
transforming infections cause lesions with a higher cancer progression risk

•

HPV-E4 expression is indicative for the onset of a productive infection, whereas
positivity for hypermethylation of CADM1, MAL, miR124-2, FAM19A4 genes is
indicative for a transforming infection

•

Lesions with extensive E4 expression, show very low levels of hypermethylation

Standardization of CIN grading by the Ki-67 and p16ink4a immunoscore can assist in clinical
management (Chapter 6). Hypermethylation status of CADM1, MAL, and miR124-2 genes further
identifies those lesions in need of treatment (advanced CIN), and those not in need of treatment
(early or productive CIN) (Chapter 7). This is particularly relevant in CIN2 or CIN lesions with an
immunoscore ≥4. In case methylation levels are just above the threshold for positivity, extensive
expression of E4 might argue for a close follow-up policy, rather than immediate treatment.
Additional prospective trials with large study numbers are needed to validate our data, and will
give insights on the effectiveness and applicability of the biomarkers in clinical practice.

184

GENERAL DISCUSSION AND FUTURE PERSPECTIVES

KEY POINTS
•

The use of the immunoscore grading system in clinical practice might assist in
management decision making

•

HPV-E4

and

hypermethylation

analysis

can

further

substantiate

the

characterization of CIN

4. POST-TREATMENT SURVEILLANCE
After identification of cervical lesions in need of treatment, removal of the lesion by either Large
Loop Excision of the Transformation zone (LLETZ), cryotherapy or conisation can prevent further
progression into cervical cancer. Nonetheless, women treated for cervical precursors remain at
increased post-treatment risk for recurrent lesions and cancer in the long-term.91 Therefore, strict
follow-up after treatment is necessary to identify those women at high risk for recurrent CIN (rCIN)
or worse. Current follow-up guidelines recommend cytology at 6, 12, and 24 months follow-up,
with referral to the routine screening programme after three consecutive negative test results.92
Kocken et al showed that the addition of HPV testing to cytology at 6 months post-treatment
increases the sensitivity for rCIN2+ detection in such a way, that if both cytology and the HPV
assay test negative at 6 months follow-up, screening one year post-treatment can be omitted
without an increase in rCIN2+ risk.91, 93 The lower number of follow-up visits results in a lower risk
for loss to follow-up in post-treatment protocols.
Recurrent CIN constitutes a heterogeneous group, representing either persistent (i.e. incompletely
treated) or incident (i.e. early onset) lesions. In contrast to persistent lesions, in which the original
HPV genotype as present in the resected tissue persists, incidental counterparts can either be the
result of a genotype-switch or a re-infection with the original type after complete viral clearance.94
Discriminating between persistent and incident rCIN is relevant, because of the large difference
in cancer progression risks. Only women with advanced lesions should receive re-treatment, and
unnecessary ablation needs to be prevented as adverse pregnancy outcomes are influenced by the
extent of tissue resection.50, 95 Re-treatment of the cervix needs careful consideration and tailored
management guidelines are warranted, in particular for women in their reproductive age. These
guidelines are preferably based on objective biomarkers that can differentiate between persistent
lesions at high short-term risk for cancer progression, in need of re-treatment, and early onset
lesions, wherein a conservative approach can be advocated.
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In a prospective clinical cohort from the SIMONATH trial, including 364 women treated for CIN2
and CIN3 with one year post-treatment follow-up (Chapter 8), we evaluated the performance of
post-treatment monitoring by the use of hypermethylation analysis of CADM1 and MAL genes for
rCIN and cancer detection. Also, we investigated on the discriminatory power of this marker panel
to differentiate between incident lesions, based on genotype-switch, and persistent lesions. All
incident lesions found after one year of follow-up tested negative for analysis of hypermethylation
of CADM1 and MAL genes. All cancers and the majority of persistent lesions on the other hand,
tested hypermethylation positive. Furthermore, hypermethylation positivity detected before initial
treatment and in follow-up significantly increased the risk for rCIN2 and rCIN3, compared to a
consistent methylation negative result. Collectively, these results support that hypermethylation
analysis of CADM1 and MAL genes identifies cervical lesions with a longer duration of existence
in need of direct treatment.
FUTURE ASPECTS
Hypermethylation analysis would be an interesting addition to current post-treatment surveillance
guidelines. Our results from the SIMONATH trial suggest that post-treatment follow-up by HPV
testing combined with CADM1 and MAL hypermethylation analysis would be an alternative to
surveillance by HPV testing combined with cytology. Since the set-up of the SIMONATH trial,
new promising methylation markers have been identified. It will be interesting to investigate in
retrospect the value of these new markers on left-over material collected in this study population.
Thereby, post-treatment follow-up schemes can be further improved by the use of even more
sensitive and specific hypermethylation assays.
Besides the addition of hypermethylation analysis to post-treatment protocols, it should be
considered to implement direct HPV vaccination after cervical excision. Although HPV vaccination
cannot prevent the progression of an existing cervical lesion at time of vaccination, promising
results were found by Joura et al. describing a better prevention against recurrent cervical disease
due to the protective effect of HPV vaccination after treatment.96

KEY POINTS
•

Women treated for CIN2/3 remain at increased risk for recurrent CIN

•

Recurrent CIN constitutes a heterogeneous group of diseases

•

Incident rCIN are likely to test CADM1 and MAL hypermethylation negative, whereas
the majority of persistent rCIN and all cancers tested CADM1 and MAL positive

•

The use of methylation marker analysis might further improve current follow-up
guidelines
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SUMMARY
The global burden of cervical cancer is an important public health problem. Cervical cancer is
the fourth most common cancer worldwide, with relatively high incidence and mortality rates in
low- and middle-income countries (LMIC). This difference between countries is caused by the
lack of effective cervical screening strategies and poor access to health care in low-resource
settings. In high-income countries, the introduction of cervical screening by cytology in the 1960s
has led to a drastic reduction in the incidence of and mortality from cervical cancer. With the
recognition that high risk types of the Human Papillomavirus (HPV) are the causative agent of
cervical cancer, the following levels in the prevention of cervical cancer can be identified: 1.
primary prevention: prophylactic vaccination with HPV virus like particles (VLPs) of two, four
or 9 high-risk HPV types to prevent development of cervical intraepithelial neoplasia (CIN) and
cancer in healthy individuals; 2. secondary prevention: HPV-based or cytology-based nation-wide
cervical screening for the detection of asymptomatic CIN lesions followed by ablative therapy;
and 3. tertiary prevention: post-treatment surveillance for high-grade CIN lesions or cancer by
cytology or combined cytology and HPV testing.
The prevention of cervical cancer by cytology screening is based on the detection and subsequent
treatment of precancerous CIN lesions. The reproducibility of the classification of the different
grades of CIN lesions (CIN 1 to 3) is only moderate and pathologists are unable to predict whether
a lesion will regress or progress. Consequently, clinical management of CIN lesions varies,
especially of CIN2, and physicians tend to overtreat to be sure that no cancer could develop. The
use of biomarkers involved in cervical carcinogenesis may result in a more accurate screening
for and grading of CIN lesions. The work presented in this thesis describes the possible impact
of such biomarkers on the detection, classification, and management of cervical disease, and
provides a basis for more accurate, reliable and standardised cervical cancer prevention.
Chapter 1 provides a general introduction on cervical cancer, HPV, primary, secondary, and
tertiary cancer prevention, and an overview of potential molecular biomarkers in cervical cancer
prevention.

PART 1 SCREENING BY PRIMARY HPV WITH
MOLECULAR TRIAGE TESTING

10

An important improvement of cervical screening has been the introduction of HPV testing as
primary screening tool. Compared to cytology, primary HPV testing leads to earlier detection of
cervical neoplasia grade 3 or worse (CIN3+), and provides a better protection against cervical
cancer. Therefore, in the Netherlands primary cytology-based screening has been replaced by
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HPV-based screening in 2017. In the new Dutch screening programme, women are invited to
participate at five-year screening intervals between the age of 30 to 60 years. Intervals have
been extended up to 10 years for HPV screen negative women aged 40 years and older, thereby
skipping screening rounds at 45 and 55 years. However, the specificity of primary HPV testing
is 3-5% lower compared to cytology, because most detected HPV infections are transient. To
identify those HPV positive women with clinically relevant disease (cervical cancer or high-grade
CIN), a second, so-called triage test is necessary. Cytology, with repeat cytology 6 months after
baseline, is the triage strategy of choice in the Dutch programme. In Part 1 of this thesis, we focus
on the longitudinal safety of primary HPV-based screening, and recently developed innovative
molecular triage strategies.
In Chapter 2, we describe the longitudinal 14 year follow-up data of the large population-based
POBASCAM trial, which compares screening by HPV testing and cytology with cytology-based
screening. The data support recent policy decisions made in the Netherlands. Cumulative
incidences of cervical cancer (0.09%) and CIN3+ (0.56%) among HPV screen negative women
after three screening rounds, were comparable to those incidences among cytology screen
negative women after two screening rounds (0.09% and 0.69% respectively). The very low long
term risk for cancer and CIN3+ found among HPV screen negative women supports the extension
of the screening interval for these women up to 10 years. However, for HPV positive women with
a negative triage test, i.e. baseline and repeat cytology, HPV16/18 genotyping or a combination of
these two, the CIN3+ risks were too high to justify an extension of the screening interval over five
years. Due to the low number of cancers found in the POBASCAM trial, the cervical cancer risks
in women aged >40 years compared to younger women were inconclusive. Therefore, the risk for
interval cancers with extension of the screening interval should be closely monitored.
Analysis of the hypermethylation status of promoter regions of host-cell genes involved in cervical
carcinogenesis can be used as molecular biomarker-based triage tool in cervical scrapes of HPV
positive women. A hypermethylation positive status identifies CIN lesions that have a high shortterm progression risk for cervical cancer. Chapter 3 evaluates the performance of a multiplex
assay to assess hypermethylation status of CADM1, MAL, and miR124-2 genes (PreCursor-M®,
Self-screen, The Netherlands) in HPV positive cervical scrapes. Hypermethylation levels and
the number of hypermethylated genes were found increased in proportion to the severity of the
underlying cervical lesion. Furthermore, in a large series of cervical scrapes from women with
cervical cancer (n = 79), hypermethylation levels were extremely high and the assay tested
positive in all scrapes. Interestingly, a substantial subset of scrapes from women with endometrial
cancer also tested positive (n = 16 / 21, 76%).
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PART 2 SCREENING BASED ON BIOMARKERS IN LOWAND MIDDLE INCOME COUNTRIES
Implementation of cervical screening is particularly challenging in LMIC. Here, morbidity rates
are high because of the lack of population-based screening, combined with a high prevalence of
human immunodeficiency virus (HIV). HIV infection is an important risk factor for HPV persistence
and the development cervical (pre)cancer. In Part 2 of this thesis, we assessed the performance
of biomarker-based screening tools in women living with HIV (WLHIV).
Chapter 4 presents the clinical performance of primary HPV testing combined with reflex
hypermethylation analysis of CADM1, MAL, and miR124-2 genes, applied on cervical scrapes of
WLHIV from a South African study cohort. HPV testing alone showed a CIN3+ sensitivity of 83.6%,
at a specificity of 67.7%. When HPV testing was combined with reflex hypermethylation analysis,
CIN3+ sensitivity was 73.8%, at a specificity of 81.5%. Sole hypermethylation analysis showed
a good sensitivity of 85.2%, however at a significantly lower specificity of 49.6%. All strategies
showed a 100% cancer detection rate (n = 44). The low specificity of primary hypermethylation
analysis might be explained by the relatively high baseline methylation levels in cervical scrapes
of HIV seropositive women without cervical disease compared to HIV seronegative women.
Therefore, primary hypermethylation analysis needs further optimization before implementation
would be feasible in populations with a high HIV prevalence.
In Chapter 5, we were able to develop of a methylation assay with positivity thresholds fine-tuned
for WLHIV. Hypermethylation analysis of the recently discovered methylation markers ASCL1
or LHX8 on cervical scrape material of WLHIV, showed an acceptable CIN3+ sensitivity (72.1%
and 73.8% respectively), at a good specificity of 75%. Again all scrapes from women with cancer
tested positive. These findings warrant further development of such a hypermethylation assays
into an affordable and rapid point-of-care test, that could be implemented in an effective screenand-treat strategy. The detection of all cancers and specifically advanced CIN lesions is relevant
for low-resource settings where women are at high risk for cervical (pre)cancer and have only one
or two life-time screening opportunities.
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PART 3 IMPROVING THE CLASSIFICATION OF
CIN LESIONS BY THE USE OF BIOMARKERS
Cervical screening aims for the detection of cervical lesions in a pre-cancerous stage, followed
by treatment. Accurate and reproducible grading of these lesions is essential. In Part 3 of this
thesis, we analysed the additive value of biomarkers involved in cervical carcinogenesis in the
substantiation and standardisation of the diagnosis of CIN. Chapter 6 compares the accuracy
and reproducibility of current CIN grading, to that of an immunoscore grading system, which is
based solely on the expression of immunohistochemical (IHC) biomarkers Ki-67 and p16ink4a.The
accuracy and reproducibility was higher for immunoscoring compared to current CIN grading, in
particular for CIN3 (treatment) and CIN1 (no treatment). Hereby, the heterogeneous group of CIN2
could be largely split up into CIN3 and CIN1, potentially preventing under- and over-treatment.
In clinical practice, the use of the more accurate Ki-67 and p16ink4a immunoscore system in CIN
grading could assist the clinician in decision making on treatment.
Chapter 7 describes the expression of HPV-E4 protein, a biomarker indicative for the onset
of a productive HPV infection, and the analysis of hypermethylation status of CADM1, MAL,
and miR124-2 genes, a biomarker indicative for a transforming HPV infection, within lesions
characterised by both classical CIN- and immunoscore grading. Extensive E4 expression was
found most frequently in low-grade CIN and decreased with increasing CIN grade, to absence
in carcinomas. Hypermethylation status increased with increasing CIN grade, up to a 100%
positivity rate in all carcinomas. Lesions with extensive E4 expression were associated with a very
low hypermethylation status. The expression profiles of both E4 and hypermethylation illustrate
the gradual transition of early productive CIN, with a low short-term progression risk for cervical
cancer, towards advanced transforming CIN, with a high short–term progression risk for cervical
cancer, and might further substantiate the characterisation of CIN.

PART 4 POST-TREATMENT SURVEILLANCE
Women treated for high-grade CIN, are at increased risk for recurrent disease. Therefore strict
follow-up is necessary. In Part 4 of this thesis, we evaluate the value of biomarkers in posttreatment surveillance.
Chapter 8 describes a multicentre prospective clinical cohort study, wherein women were
followed-up up to one year after treatment. Post-treatment disease was split up in persistent (i.e.
incompletely treated) and incident (early onset) CIN lesions. In the follow-up, the CADM1/MALhypermethylation assay was able to identify the majority of persistent recurrent CIN3 (rCIN3) and
rCIN2. Furthermore, all incident rCIN tested hypermethylation negative, whereas all post-treatment
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detected carcinomas tested hypermethylation positive. Also, a positive hypermethylation status at
baseline and follow up, was associated with a significantly increased risk for rCIN2/3+, compared
to a hypermethylation negative status. Post-treatment monitoring for rCIN2/3 can therefore be
further improved by analysis of the hypermethylation status of CADM1/MAL.
Finally Chapter 9 provides a general discussion of the results presented in the different parts in
this thesis in the context of the available literature, and also points out future perspectives and
possible clinical implications of our research.
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SAMENVATTING
Wereldwijd vormt baarmoederhalskanker een belangrijk probleem voor de volksgezondheid. Het is
de vierde meest voorkomende vorm van kanker onder vrouwen die met name hoge incidentie- en
sterftecijfers in ontwikkelingslanden heeft in vergelijking tot de Westerse wereld. Dit verschil wordt
hoofdzakelijk veroorzaakt door de combinatie van het gebrek aan effectieve screeningsmethoden
voor het opsporen van

(voorloperstadia van) baarmoederhalskanker en de slechte toegang

tot gezondheidszorg in ontwikkelingslanden. In Nederland en andere westerse landen heeft de
introductie van het bevolkingsonderzoek op basis van cytologie screening in de jaren zestig geleid tot
een drastische verlaging van de incidentie en mortaliteit van baarmoederhalskanker.
De ontdekking van hoog risico types van het humaan papillomavirus (HPV) als de veroorzaker van
baarmoederhalskanker heeft tot de volgende niveaus van preventie geleid: 1. primaire preventie: het
profylactisch vaccineren tegen hoog-risico HPV types om daarmee de ontwikkeling van voorloperstadia
en baarmoederhalskanker bij gezonde personen te voorkomen; 2. secundaire preventie: een
op HPV of cytologie gebaseerd screeningsprogramma voor de detectie van voorloperstadia en
baarmoederhalskanker bij vrouwen gevolgd door behandeling; en 3. tertiaire preventie: de follow-up
na de behandeling van voorloperstadia of baarmoederhalskanker middels het testen van cytologie of
cytologie gecombineerd met HPV.
De preventie van baarmoederhalskanker door middel van screening is gebaseerd op de tijdige
detectie en adequate behandeling van voorloperstadia: cervicale intra-epitheliale neoplasie (CIN).
Het graderen van CIN laesies (CIN1, CIN2 of CIN3), op basis waarvan de behandeling wordt bepaald,
is lastig en slechts matig reproduceerbaar. Tevens kunnen pathologen niet voorspellen of een laesie
zich progressief of regressief zal gedragen. Dit leidt tot een verschil in de behandeling van CIN laesies
door gynaecologen, met name voor CIN2. Om er zeker van te zijn dat er geen baarmoederhalskanker
kan ontstaan, worden laesies laagdrempelig verwijderd. Echter doordat een deel van de laesies ook
spontaan kan genezen, is er sprake van overbehandeling. Behandeling vergroot het risico op negatieve
zwangerschapsuitkomsten, en is met name relevant voor jonge vrouwen met een kinderwens.
Het toepassen van betrouwbare moleculaire biomarkers waarvan bekend is dat zij een rol spelen in
het ontstaan van baarmoederhalskanker, kan resulteren in een meer accurate screening en gradatie
van CIN laesies. Dit proefschrift beschrijft de mogelijke impact van dergelijke biomarkers op de
detectie, classificatie en behandeling van cervicale neoplasieën en biedt een basis voor een meer
accurate, betrouwbare en gestandaardiseerde preventie van baarmoederhalskanker.
Hoofdstuk 1 geeft een algemene inleiding over baarmoederhalskanker, HPV, primaire, secundaire en
tertiaire preventie strategieën en een overzicht van potentiële moleculaire biomarkers die toepasbaar
zijn in de preventie van baarmoederhalskanker.
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DEEL 1 HPV SCREENING MET MOLECULAIRE
TRIAGE TESTEN
Een belangrijke verbetering in de screening naar baarmoederhalskanker is de introductie van het
testen op de aanwezigheid van het HPV virus. Vergeleken met primaire cytologie screening leidt
primaire HPV screening tot een eerdere detectie van CIN3 laesies en kanker (CIN3+). Daarnaast
biedt het een betere bescherming tegen baarmoederhalskanker op de lange termijn. Om deze
redenen is het Nederlandse bevolkingsonderzoek in 2017 aangepast en is screening middels
cytologie vervangen door screening middels een HPV test. In dit nieuwe programma worden
vrouwen tussen de 30 en 60 jaar elke vijf jaar uitgenodigd om deel te nemen. Voor vrouwen van
40 jaar en ouder die daarbij HPV negatief testen zijn de screeningsintervallen tot 10 jaar verlengd.
Bij hen worden de screeningsrondes op 45 en 55 jarige leeftijd overgeslagen.
Vergeleken met cytologie is de specificiteit van het testen op HPV 3-5% lager doordat de
meeste gedetecteerde HPV infecties van voorbijgaande aard zijn en dus geen cervicale
afwijkingen veroorzaken. Om binnen de groep HPV positieve vrouwen hen te identificeren
met een door HPV veroorzaakte klinisch relevante afwijking (i.e. hooggradige CIN laesie of
baarmoederhalskanker) is een tweede zogenaamde triage-test noodzakelijk. In Nederland is
in het nieuwe bevolkingsonderzoek gekozen voor triage middels cytologie met herhaling van
cytologie na 6 maanden. In Deel 1 van dit proefschrift wordt de longitudinale veiligheid van het
primair testen op HPV in vergelijking met cytologie geëvalueerd. Tevens wordt de waarde van
recent ontwikkelde innovatieve moleculaire triage strategieën geanalyseerd.
In Hoofdstuk 2 wordt de longitudinale 14-jaars follow-up data van de POBASCAM trial (n=43 339)
beschreven, waarbij screening middels HPV- en cytologie wordt vergeleken met screening
middels cytologie. De resultaten van deze data ondersteunen de beslissing van de overheid
om het bevolkingsonderzoek in Nederland aan te passen. De cumulatieve incidentie van
baarmoederhalskanker (0.09%) en CIN3+ (0.56%) voor HPV negatieve vrouwen op baseline
na drie screeningsrondes was vergelijkbaar met die van cytologie negatieve vrouwen op
baseline na twee screeningsrondes (respectievelijk 0.09% en 0.69%). Het lange termijn risico
op baarmoederhalskanker en CIN3+ voor HPV negatieve vrouwen op baseline bleek zeer laag
en dit ondersteunt de verlenging van het screeningsinterval voor deze vrouwen tot 10 jaar. Het
tegenovergestelde geldt voor HPV positieve vrouwen op baseline met een negatieve triage
test, onafhankelijk van de gekozen triage strategie (i.e. cytologie, herhaalcytologie, HPV 16 /
18 genotypering, of een combinatie). Voor deze vrouwen was het lange termijn risico op CIN3+
te hoog om een verlenging van het screeningsinterval te kunnen rechtvaardigen. De analyse
waarin de risico’s op baarmoederhalskanker voor vrouwen onder en boven de 40 jaar werden
vergeleken was niet conclusief. Dit valt waarschijnlijk te verklaren door het lage aantal vrouwen
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met baarmoederhalskanker in de POBASCAM trial. Met de invoering van verlenging van het
screeningsinterval tot 10 jaar is het belangrijk in de toekomst het risico op een intervalkanker
nauwlettend in de gaten te houden.
De analyse van methylering van promoter gebieden in genen van de gastheercel die betrokken
zijn in het ontstaan van baarmoederhalskanker is een veelbelovende nieuw ontwikkelde triage
strategie voor HPV positieve vrouwen gebaseerd op moleculaire biomarkers. Wanneer er sprake
is van een gehypermethyleerde status van bepaalde genen kan het detecteren hiervan CIN
laesies identificeren met een hoog korte termijn risico op progressie naar baarmoederhalskanker.
In Hoofdstuk 3 wordt geanalyseerd wat de waarde is van het testen van hypermethylering van de
genen CADM1, MAL en miR124-2 met behulp van een multiplex panel (PreCursor-M®, Self-screen,
Nederland) op cervicale uitstrijkjes van HPV positieve CIN laesies en baarmoederhalskanker.
De levels van methylering en het aantal hypergemethyleerde genen bleek op te lopen met de
ernst van de onderliggende CIN laesie. Bovendien waren de levels van methylering zeer hoog
in een grote groep vrouwen met baarmoederhalskanker (n=79). Alle samples van vrouwen met
baarmoederhalskanker waren methylering positief. Een interessante bevinding was daarnaast
dat een substantieel deel van vrouwen met kanker van het endometrium ook positief testte voor
dit methyleringspanel (n=16/21, 76%).

DEEL 2 SCREENING OP BASIS VAN BIOMARKERS
IN ONTWIKKELINGSLANDEN
De implementatie van een effectief screeningsprogramma ter preventie van baarmoederhalskanker is bijzonder uitdagend in ontwikkelingslanden. De morbiditeitscijfers in deze landen
zijn hoog met name vanwege het gebrek aan een landelijk bevolkingsonderzoek voor
screening naar baarmoederhalskanker, gecombineerd met een hoge prevalentie van het
humaan immunodeficiëntievirus (HIV). Infectie met HIV is een belangrijke risicofactor voor de
persistentie van HPV infecties en daarmee de ontwikkeling van hooggradige CIN laesies en
baarmoederhalskanker. In Deel 2 van dit proefschrift wordt de waarde van screeningstesten met
behulp van biomarkers geëvalueerd binnen HIV geïnfecteerde vrouwen.
In Hoofdstuk 4 wordt de klinische waarde bepaald van primaire HPV screening in combinatie
met de analyse van de hypermethylering status van de genen CADM1-, MAL- en miR124-2
toegepast op cervicale uitstrijkjes van een Zuid Afrikaans studiecohort (n=355) bestaande uit
vrouwen geïnfecteerd met HIV. Het primair testen op HPV leverde een sensitiviteit voor CIN3+
op van 83.6% met een specificiteit van 67.7%. Het combineren van HPV met hypermethylering
analyse leidde tot een sensitiviteit voor CIN3+ van 73.8% met een specificiteit van 81.5%. Primaire
hypermethylering analyse leverde een goede sensitiviteit voor CIN3+ op van 85.2%, maar een
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lagere specificiteit van 49.6%. Alle geteste strategieën hadden een 100% kanker detectie (n=44).
De lage specificiteit van primair hypermethylering analyse kan mogelijk worden verklaard door de
relatief hoge methylering levels in cervicale uitstrijkjes van HIV positieve vrouwen in vergelijking
met HIV negatieve vrouwen. Het is daarom noodzakelijk om deze testen te optimaliseren voordat
implementatie van hypermethylering analyse als primaire screenings strategie haalbaar is binnen
een populatie met een hoge HIV prevalentie.
Deze optimalisatie hebben we nagestreefd in Hoofdstuk 5, waarbij we een hypermethylering
analyse hebben kunnen ontwikkelen met een specifieke drempel voor positiviteit afgestemd op
vrouwen geïnfecteerd met HIV. Hypermethylering analyse van de genen ASCL1 dan wel LHX8
getest op DNA materiaal geïsoleerd uit cervicale uitstrijkjes van HIV geïnfecteerde vrouwen
toonde een acceptabele sensitiviteit voor CIN3+ (respectievelijk 72.1% en 73.8%) met een goede
specificiteit van 75%. Ook voor deze markers testten alle uitstrijkjes van kanker patiënten positief.
Onze bevindingen rechtvaardigen een verdere ontwikkeling van de methyleringstest, zodat beter
betaalbare, ‘point-of-care’ testen (testen met direct resultaat) beschikbaar komen. Dergelijke
manieren van screenen zouden geïmplementeerd kunnen worden in een effectieve ‘screen-andtreat’ strategie, waarbij screening en behandeling in een tijdsmoment kunnen plaatsvinden. Het
in één bezoek detecteren en behandelen van kanker en hooggradige CIN laesies is met name
relevant voor screening in ontwikkelingslanden. Hier is de toegang tot zorg vaak slecht waardoor
veel vrouwen slechts één tot twee screeningsmomenten in hun leven hebben, en hebben vrouwen
een relatief hoog risico op baarmoederhalskanker.

DEEL 3 HET OPTIMALISEREN VAN DE CLASSIFICATIE VAN
CIN LAESIES DOOR HET GEBRUIK VAN BIOMARKERS
Baarmoederhalskanker screening is gericht op de detectie en behandeling van CIN laesies. Een
nauwkeurige en reproduceerbare classificatie van deze laesies is daarbij essentieel. In Deel 3
van dit proefschrift bestuderen we de toegevoegde waarde van het gebruik van biomarkers voor
de onderbouwing en standaardisering van de gradering van CIN laesies.
Hoofdstuk 6 vergelijkt de nauwkeurigheid en reproduceerbaarheid van de huidige CIN gradering
met die van een immunoscore gradering systeem, waarbij uitsluitend gekeken wordt naar de
expressie van immunohistochemische (IHC) biomarkers Ki-67 en p16ink4a. De nauwkeurigheid
en reproduceerbaarheid van het immunoscore gradering systeem was hoger in vergelijking
met de huidige gradering van CIN, met name voor CIN3 (noodzaak tot behandeling) en CIN1
(geen behandeling nodig). Hiermee zou de heterogene groep CIN2 grotendeels kunnen worden
opgesplitst in accuraat gegradeerde CIN3 en CIN1 laesies waardoor mogelijke onder- en
overbehandeling kan worden voorkomen. In de kliniek zou het gebruik van het meer accurate
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Ki-67 en p16ink4a immunoscore systeem de gynaecoloog kunnen helpen in de keuze voor
behandeltrajecten van CIN laesies.
Hoofdstuk 7 beschrijft de expressie van het HPV-E4-eiwit, een biomarker indicatief voor het begin
van een productieve HPV-infectie, en de analyse van de hypermethylering status van CADM1,
MAL- en miR124-2-genen, een biomarker indicatief voor een transformerende HPV-infectie.
De expressie van deze biomarkers werd geanalyseerd binnen cervicale afwijkingen (n=115)
ingedeeld op basis van zowel de huidige CIN gradering als de Ki-67 en p16ink4a immunoscore
gradering. Uitgebreide E4-expressie werd het meest gevonden in laaggradige CIN en nam af bij
het toenemen van de ernst van de CIN laesie, tot een afwezigheid van uitgebreide E4-expressie
in carcinomen. De hypermethylering status van CADM1-, MAL- en miR124-2-genen nam juist toe
met toenemende ernst van CIN, tot een 100% positiviteit in carcinomen. Laesies met uitgebreide
E4-expressie waren geassocieerd met een zeer weinig positieve hypermethyleringsstatus. De
expressieprofielen van zowel E4 als hypermethylering illustreren de geleidelijke overgang van
vroege productieve CIN, met een laag progressierisico op korte termijn voor het ontstaan van
baarmoederhalskanker, naar late transformerende CIN, met een hoog progressierisico op korte
termijn voor het ontstaan van baarmoederhalskanker. Hiermee zouden deze biomarkers het
karakteriseren van CIN laesies verder kunnen onderbouwen.

DEEL 4 FOLLOW-UP NA BEHANDELING
Vrouwen die worden behandeld voor een hooggradige CIN laesie houden na deze ingreep een
verhoogd risico (~10-15%) op een recidief. Daarom is strikte follow-up van deze vrouwen na
behandeling noodzakelijk. In Deel 4 van dit proefschrift wordt de waarde van biomarkers in het
follow-up traject na behandeling van CIN2/3 geëvalueerd voor de detectie van recidief afwijkingen.
In Hoofdstuk 8 wordt de SIMONATH trial (n=364) beschreven, een prospectieve multicenter
cohort studie waarin vrouwen behandeld voor een CIN2/3 laesie tot na één jaar na behandeling
werden vervolgd. Recidief afwijkingen werden onderverdeeld in persistente (onvolledig
behandelde) en incidente (opnieuw ontstaande) CIN laesies. In de follow-up van deze vrouwen
testte het merendeel van de vrouwen met een persisterende CIN2/3 positief voor de CADM1/MALmethylering assay. Tevens testte alle vrouwen met een incident recidief CIN2 hypermethylering
negatief, terwijl alle vrouwen met baarmoederhalskanker gedetecteerd na de behandeling
hypermethylering positief testte. Ook was een positieve hypermethylering status op baseline voor
behandeling en in de follow-up na behandeling geassocieerd met een significant verhoogd risico
op recidief CIN2/3 in vergelijking met een hypermethylering negatieve status. De implementatie
van de analyse van de hypermethylering status van de genen CADM1 en MAL kan het follow-up
traject na behandeling verder verbeteren.
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Tot slot staat in Hoofdstuk 9 een algemene discussie beschreven betreffende de resultaten
gepresenteerd in de verschillende delen van dit proefschrift in de context van de beschikbare
literatuur. Daarnaast worden toekomst perspectieven en mogelijke klinische implicaties van het
onderzoek in dit proefschrift beschreven.
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DANKWOORD
PROMOTOREN
Prof. dr. Meijer, beste Chris, veel bewondering heb ik voor je steevaste enthousiasme en passie
voor de wetenschap! Ik ben je zeer dankbaar voor de kansen die je me hebt gegeven in het
onderzoek en alles dat ik van je heb geleerd. Je bent recht door zee en je weet uit te dagen. Soms
leidde dit tot hevige discussies – ofwel ‘sparren’ – maar altijd met een positief einde. Toen ik als
student het onderzoek in Afrika wilde opzetten, heb je me gesteund en snel de mogelijkheid tot
het volgen van een promotietraject geboden. Het laatste IPV congres in Kaapstad was voor mij
de kroon op dit werk. De aansluitende reis naar Pretoria met als hoogte punt de glamping safari
met ‘Chris en de meiden’ was een mooie afsluiter! Je bent altijd persoonlijk betrokken en het is
inspirerend om met iemand samen te werken die zo een drive heeft voor zijn vak.
Prof. dr. Snijders, beste Peter, helaas hebben we veel te vroeg afscheid van je moeten nemen. Ik
weet nog goed hoe ik voor het eerst bij je binnen kwam lopen op de kamer en je direct enthousiast
werd van mijn plannen. Samen schreven we een protocol voor de studie in Zuid Afrika en daarmee
was het begin van mijn promotietraject ontstaan. Met een grote lach heb je mij de afgelopen jaren
begeleid. Dankzij je positieve insteek heb je me altijd weten te motiveren om door te gaan. Naast
het werk hebben we meermalen getraind met hardlopen in het Amsterdamse bos samen met
Nicole. Het was bijzonder om samen met mijn promotor de halve marathon van Amsterdam te
rennen. Naast sport waren ook de borrelavonden altijd zeer geslaagd. Het is een groot gemis dat
we het nu moeten stellen zonder al je grappen, positieve input en je betrokkenheid.
Prof. dr. Kenter, beste Gemma, als student Geneeskunde leerde ik je kennen in het Antoni van
Leeuwenhoek ziekenhuis. Je gaf me de kans om op de afdeling Gynaecologische Oncologie een
keuze-coschap te volgen, hetgeen erg indrukwekkend en leerzaam was. Ik ben je dankbaar voor
de ingang die je me hebt geboden tot de opleiding tot gynaecoloog in 2019.
PROMOTIECOMMISSIE
Geachte prof. dr. J. Berkhof, prof. dr. G. Dreyer, prof. dr. D. Jenkins, prof. dr. F.J. van Kemenade,
dr. W.M. van Baal, dr. W.G.V. Quint, zeer hartelijk dank voor het beoordelen van mijn proefschrift
en uw oppositie tijdens mijn verdediging.
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Prof. dr. Berkhof, beste Hans, dank voor je hulp en samenwerking tijdens mijn promotietraject.
Voor de publicatie van de POBASCAM trial hebben we samen uren achter de PC gezeten wat
heeft geleidt tot een succesvol resultaat. De input die je levert in ons onderzoek is onmisbaar
en je wetenschappelijke gedachtegangen zijn bewonderingswaardig. Altijd heb je een kritische
en nuchtere blik. Zonder jou betrokkenheid waren de histologie stukken denk ik nog steeds niet
gepubliceerd. Gefeliciteerd met je benoeming tot hoogleraar en ik hoop in de toekomst nog met
je te kunnen samenwerken, of je te treffen op het water tijdens het kitesurfen!
Prof. dr. Dreyer, beste Greta, zeer dankbaar ben ik je voor de begeleiding en de kansen die
je me hebt gegeven in de kliniek in Pretoria, Zuid Afrika. Je bent een fantastisch gynaecologe
en een groot voorbeeld. Ik weet nog goed dat ik je mocht assisteren tijdens een operatie in de
Femina kliniek, mijn meest indrukwekkende OK moment tot nu toe. De positieve manier waarop
je met mensen omgaat hoop ik ook na te kunnen streven. Daarnaast maken je doortastendheid,
professionaliteit en enthousiasme het zeer prettig met je samen te werken. Inmiddels is de
screeningskliniek op de HIV-poli een succes. Het was geweldig om het afgelopen jaar in Pretoria
op bezoek te zijn met de onderzoeksgroep uit het VUmc, dank voor je gastvrijheid. Ik ben vereerd
dat je bent over bent gekomen uit Zuid Afrika en bereid bent zitting te nemen in mijn commissie.
Dr. van Baal, beste Marchien, alweer zeven jaar geleden ben je betrokken geraakt bij de start van mijn
carrière binnen de Gynaecologie en heb je me geholpen met het maken van connecties met de juiste
mensen. Voor mij ben je een mentor en dat waardeer ik ontzettend. Nadat ik vijf jaar geleden mijn oudste
coschap op de afdeling Gynaecologie en Verloskunde in het Flevoziekenhuis heb gevolgd, ben ik dit
jaar weer terug gekomen op de afdeling in de functie van ANIOS. Het is fijn om weer terug te zijn en ik
heb het erg naar mijn zin bij jullie. Ik ben je dankbaar voor je vertrouwen in mijn kunnen en je adviezen
in dit vak!
Beste Folkert, David en Wim, dank voor de wetenschappelijke bijeenkomsten in het kader van de
histologie projecten. Ik heb daar veel van geleerd en het heeft geresulteerd in mooie artikelen.
AFDELING PATHOLOGIE
Heel graag wil ik iedereen van de afdeling Pathologie die betrokken is geweest bij het tot stand komen
van mijn proefschrift bedanken voor zijn of haar hulp. Renske, bedankt voor je hulp bij het analyseren
en interpreteren van data en het publiceren van de Simonath trial. Daniëlle, dank voor je kritische blik
op mijn manuscripten. Maaike, dank voor de eindeloze uren samen scoren achter de microscoop. Bart,
je stond altijd klaar om te helpen met de soms onbegrijpelijke methyleringsdata. Lise, Barbara, Wina en
Iris, dank voor de samenwerking en gezelligheid. Alle analisten, in het bijzonder Denira, Martijn, Douwe,
Helma, Marjolein, Marije, Marinda en Annina, dank voor jullie eeuwige geduld bij het uitleg geven over
lab werkzaamheden en jullie behulpzaamheid in het uitvoeren daarvan. Zonder jullie was het niet gelukt
om alle data te genereren. Carla, Corien en Tonia, het was altijd gezellig even met jullie bij te kletsen.
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AFDELING GYNAECOLOGIC ONCOLOGY EN ARV CLINIC
Alle medewerkers van de afdeling Gynaecologische Oncologie, Steve Biko Academic Hospital,
en de ARV clinic, Tshwane Hospital, Pretoria, Zuid Afrika, wil ik ontzettend bedanken voor al hun
inzet in de afgelopen jaren. Deze inzet heeft geleid tot een zeer prettige samenwerking en een
screenings kliniek in de ARV clinic. In het bijzonder wil ik bedanken Karin Richter, MC van Aardt,
Judy van Aardt, Erika Breytenbach, Cathy Visser, Thabita Motsei, Brenda Pethla, Rika Byleveldt
en Isabelle van der Merwe.
ALLE CO-AUTEURS
Alle co-auteurs wil ik graag bedanken voor de samenwerking.
Lieve Annemiek, wat een geweldige tijden hebben we samen met Nicole en Wieke beleefd tijdens
maar vooral naast ons promotietraject. Het hoogtepunt was de trip naar Pretoria: wapperende
palmbladen, sporten in het zwembad, pyjama’s met popcorn en op safari met Chris. Zet hem op
met het afronden van je proefschrift en succes met de opleiding tot dermatoloog, je hebt die plek
verdiend! Ik hoop dat de anal empire je nog veel gaat brengen.
PATHOPANTERS
Lieve Pathopanters, dank voor alle gezellige uren op 0E40! Ik heb altijd heel veel lol met jullie
gehad; Duitse grappen en Rundfunk, Rock en Rollen in Seattle, glamping safari tours in Afrika.
Daarnaast heb ik ook heel veel steun aan jullie gehad. Altijd stonden jullie klaar om te overleggen
over de leuke en minder leuke kanten van het onderzoek. We zijn een hechte groep. Maaike,
we hebben kort samengewerkt bij het data analyseren en publiceren van de follow-up data van
de POBASCAM trial, dank voor je hulp. Viola, je enthousiasme kent geen grenzen! Het was
jammer dat je al na een jaar dat ik in de kamer zat begon aan de opleiding. Margot, samen de
Simonath afronden was een uitdaging! Ik heb altijd een goede klik met je en vond het leuk om
langs te komen in Amersfoort bij jou, de kids, en de paarse pissebed. Roos, je bent altijd super
betrokken en behulpzaam voor iedereen, daar heb ik veel bewondering voor. Daarnaast vind ik
het heel knap hoe je de combinatie verbouwing, kids en opleiding tot een succes hebt gebracht.
Frederique, onze nieuwste aanwinst in de pathopanter groep! Zo trots ben ik dat je inmiddels
een keer in de week een koffie drinkt en ik vind het fantastisch dat je het onderzoek in Afrika gaat
voortzetten. Ontzettend leuk dat jij vol nieuwe energie dat avontuur tegemoet gaat.
PARANIMFEN
Lieve Nico, door dik en dun hebben we ons de afgelopen jaren samen door het onderzoek heen
geslagen. Je staat altijd voor me klaar en ten alle tijde kan ik rekenen op je support. Ik weet nog
goed hoe je me op kwam halen uit het ziekenhuis in Oostenrijk en meeging met alle polibezoeken.
Veel bewondering heb ik voor je doorzettingsvermogen en de gigantische prestatie die je hebt
geleverd met de IMPROVE studie. Het was super gezellig om al die jaren naast je te zitten op
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0E40 als pathopanter partners in crime. We hebben veel gelachen en de Rituals kerstboom was
het tragische aftellen tot het einde.
Lieve Kremer, als student hebben we je binnen gesleept bij de pathopanters en tot op heden
zeker geen spijt van gehad. Het begon met een hevige avond in het Volkshotel, waar we onze
plannen voor Afrika bespraken. Ik ben je dankbaar voor al je inzet en bijdrage aan de studie in
Zuid Afrika. Je hebt het onderzoek fantastisch voortgezet, ik had geen betere opvolgster kunnen
wensen. Ik hoop dat de Baarmoederbus ofwel de Kuttent werkelijkheid gaat worden. Onze manier
van samenwerken is zeer effectief en daar hebben we al veel mee bereikt. Lees bovenstaand
vooral ook eens door met een Deutsch accent.
VUMC ONDERZOEKERS
Lieve Gynaecologie onderzoekers, met jullie is het volgen van een promotietraject nog zoveel
leuker! Alle lunches, borrels, etentjes, bakpartijen, zomeruitjes en activiteiten waren heel erg
gezellig. Anke, Marit, Anouk, Annefleur, Inge de M., Jorine, Joukje, Henrike, Mirte, Sanne,
Laura, Charlotte, Lotte, Barbara, Inge J., Carolien, ik hoop dat we in de toekomst nog veel zullen
samenwerken binnen de Gynaecologie. Eef, oude hardloopmaat, wat mis ik het eindeloze koffie
drinken bij het Plein, ik kan niet wachten tot we weer samen een wedstrijdje lopen. Ravi, zo fijn
dat we zulke goede vriendinnen zijn geworden. Love onze #fitgirl dedication, we gaan voor goud,
scoopy erbij!
ONTWERP
Lieve Ninthe, dank voor je mega inzet voor het tot stand komen van dit mooie proefschrift. Ik ben
je zeer dankbaar voor alle uren die je erin hebt gestopt. Het was fijn samenwerken en ik ben heel
erg blij met het resultaat!
VRIENDEN EN FAMILIE
Lieve vrienden en vriendinnen, schoonfamilie en familie, dank voor jullie eindeloze humor,
gezelligheid, steun en liefde. Ik vind het fantastisch om jullie in mijn leven te hebben.
In het bijzonder: Sas, al 17 jaar mijn beste vriendin, ik had niet beter kunnen wensen. Rob, je
bent onderdeel van de familie en je staat onvoorwaardelijk voor ons klaar, dank voor je trouwe
vriendschap. Sja’iesta, mijn lievelings zijn samen sauna en jurkenfilms kijken. Caro en Jelmer,
mijn favoriete verkeringskoppel. Caro, in Kameroen kwam je aanlopen en gelukkig ben je nooit
meer weggegaan. Jelmer, aanwinst voor de groep en ik hoop dat er veel vuurwerk afgestoken
gaat worden met Ome Oor. Els, al jaren mijn ultra mega hippe arti lieve vriendin en adviseur op
alle fronten. Fleur, na alle reizen samen door Afrika ben je nu met Jos definitief vertrokken naar
Tanzania, love it! Brigitte, Aquaviva for life, beste surfmaat for ever! Willie, Aquilae maat van het
eerste uur. Chris en Toine, tot snel in Scheveningen!
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Lieve pap en mam, dank voor jullie eeuwige support in goede en slechte tijden. Ik kan altijd
bij jullie terecht en jullie staan altijd klaar om te helpen. Michiel, heel gezellig om je weer in het
Amsterdamse te hebben. Van festival tot volledig in pak, ik ben trots op mijn langharige lieve
broer! Roos, aller-grappigste kleine reus, genieten dat je weer in Nederland bent. Fantastisch wat
je allemaal weet te bereiken en ik geloof er in dat jij de wereld gaat veranderen.
Lieve Dirk, ik ben heel gelukkig met jou aan mijn zij. Samen vullen we elkaar fantastisch aan en
je bent mijn stabiele tegenwicht. Elke keer weer weet je me te motiveren om door te gaan en mijn
dromen na te jagen. Dank voor je eindeloze support en liefde. Samen gaan we aan een nieuw
avontuur beginnen in Noord Gestoord, daar heb ik mega veel zin in. 1000!! ♥
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