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This paper briefly reviews the role of hypermethylation of host
cell genes in cervical carcinogenesis and discusses potential clinical
applications of methylation analysis in the management of high-
risk HPV (hrHPV) -positive women. We argue that methylation
assays can be used: 1. for primary triage of hrHPV-positive
women to detect cervical cancer and advanced cervical
intraepithelial neoplasia (CIN); 2. as secondary triage for women
with minor cytological abnormalities to identify those with the
highest risk of CIN3 or worse; 3. as exit test for women leaving
the screening programme to identify cervical cancer and advanced
CIN; and 4. to support management of CIN.
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neoplasia, DNA methylation, human papillomavirus.
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Introduction

Persistent infection with a high-risk type of human papillo-
mavirus (hrHPV) is a necessary cause for cervical cancer.' The
development of invasive cervical cancer through premalignant
lesions (cervical intraepithelial neoplasia [CIN] graded 1-3) is
a slow process that can take up to 30 years from initial hrHPV
infection, allowing detection and treatment of early-stage dis-
ease.” Primary hrHPV DNA testing is currently preferred for
cervical screening over cytology because of its superior sensitiv-
ity and high negative predictive value for high-grade CIN or
worse (CIN2+).®> However, most hrHPV infections are produc-
tive infections, i.e. producing new virions, and do not give rise
to cervical cancer, leading to a 3-5% lower specificity of the
HPV test compared with cytology.* Therefore, a triage test is
required to distinguish hrHPV-positive women with clinically
relevant cervical lesions from those with transient infections.
New biomarkers, such as DNA methylation of specific host cell

genes, are being evaluated as alternative triage methods to fur-
ther improve risk stratification of hrHPV-positive women.

Here we will briefly highlight the role of DNA methyla-
tion in cervical carcinogenesis and discuss the potential
clinical applications of DNA methylation analysis in the
detection and management of women with cervical neo-
plastic lesions. We will focus on methylation markers that
have been clinically validated for the detection of cervical
cancer, CIN3 and CIN2 in cervical scrapes and self-col-
lected cervico-vaginal cells, and that are currently available
within commercial or research methylation assays.

DNA methylation and cervical
carcinogenesis

Cervical carcinogenesis is driven by the viral oncoproteins,
E6 and E7. Their transcription and the HPV productive life
cycle in differentiated epithelium relies on interactions with
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multiple cellular proteins and complex epigenetic remod-
elling of the viral chromatin, including both histone modi-
fications and DNA methylation.” This epigenetic
programme is disrupted during malignant transformation.
The interaction of E6 and E7 with various epigenetic regu-
lators, such as DNA methyltransferases, histone-modifying
enzymes and subunits of chromatin remodelling complexes,
affect the transcription of host cell genes.®

The best-studied host cell modification in cervical cancer
is DNA methylation, which involves the covalent binding
of a methyl group to the 5 position of a cytosine molecule
in CpG dinucleotides. Besides global hypomethylation, the
overall loss of methylation during carcinogenesis, resulting
in chromosomal instability,” and the silencing of tumour
suppressor genes by local hypermethylation of CpG-rich
promoter regions contribute to cancer development.>® In
vitro models have shown that methylation of (candidate)
tumour suppressor genes occurs at the stage of immortali-
sation and increases with progression to a tumorigenic
phenotype.”'® This progressive increase in DNA methyla-
tion seen in vitro is comparable to the observations in CIN
and cervical cancer tissues, also demonstrating a gradual
increase in methylation with progression to cancer (see Fig-
ure 1)."" The functional relevance of methylation-mediated
gene silencing during HPV-induced carcinogenesis has been
demonstrated for a subset of currently known methylation
targets, including miR124-2, CADM1, MAL and PAX1.127Y

Detection of DNA methylation

Detection of methylated host cell DNA can be performed
by different molecular methods and on different sample
types including cervical tissue, cervical scrapes, self-col-
lected cervico-vaginal cells and even urine.**® Most meth-
ods require a bisulphite conversion step, a chemical
reaction of sodium bisulphite with DNA that converts
unmethylated cytosines to wuracil, whereas methylated
cytosines remain unaffected. Quantitative methylation-
specific PCR is most commonly used to detect methylation
of targeted sequences, as it requires a minimal amount of
input DNA, is suitable for high-throughput settings and is
highly reproducible. Another sensitive method used for
clinical application is pyrosequencing, a method providing
an absolute level of methylation.*!

Available methylation assays

Although many methylation targets have been identified
using both targeted and genome-wide approaches, extensive
validation for use in clinical practice and development into
a commercial or research methylation assay has only been
performed for some (Table 1). These include the marker
panels CADM1 and MAL, later supplemented with miR124-
2 (PreCursor-M®, Self-Screen B.V., Amsterdam, the
Netherlands), FAMI9A4 and miR124-2 (QIAsure
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Methylation Test®, Qiagen, Hilden, Germany), ASTNI,
DLX1, ITG4, RXFP3, SOX17 and ZNF671 (GynTect®,
Oncgnostics, Jena, Germany), EPB41L3 combined with viral
target from four HPV types (HPV16L1, HPV16L2,
HPV18L2, HPV31L1 and HPV33L2; S5 Classifier, research
assay), POU4F3 (Confidence Marker™, Neumann Diagnos-
tics, Budapest, Hungary) and PAXI (Cervi-M®, Ingenuity
Healthcare, Mumbai, India). Other promising target genes
include JAM3, CI30RFI8, TERT, ANKRDISCP, CDHS,
GFRAl, LHX8, PCDHA4, PCDHAI3, SOXI and
ZNF582.!121724

Methylation in cervical cancer samples

Published data consistently show high methylation levels of
most markers in nearly all cervical cancer specimens (tis-
sue, scrapes or self-samples), resulting in high accuracy for
cervical cancer. A recent study evaluating a world-wide ser-
ies of over 500 cases of cervical cancer, including rare his-
totypes and HPV-negative carcinomas, showed that 98.3%
tested positive for FAMI19A4/miR124-2 methylation.*
Methylation positivity was independent of histotype, Inter-
national Federation of Obstetrics and Gynecology stage,
HPV status and genotype, sample type and geographical
region. This high cross-sectional sensitivity for cervical can-
cer was also shown among hrHPV-positive women from a
Dutch cervical screening cohort.”® Smaller series of cervical
carcinomas were also evaluated for FAMI19A4 alone,
EPB41L3 (with and without viral markers), CADMI1/MAL/
miR124-2, ASTN1/DLX1/ITGA4/RXFP3/SOX17/ZNF671
and POU4F3, all showing detection rates well over
90%.>”*° For PAXI, positivity rates of at least 80% have
been reported.*'

Methylation in CIN lesions

Host cell DNA methylation analysis of cervical samples is a
promising tool to identify hrHPV-positive women with
clinically relevant cervical lesions. Methylation levels of
promoter regions of specific host cell genes increase with
increasing CIN grade and are extremely high in cervical
cancer. As genetic and epigenetic alterations necessary for
cervical cancer progression accumulate over time, high
methylation levels in these regions are likely to be associ-
ated with advanced cervical lesions with a longer duration
of lesion existence.® In support of this hypothesis is the
finding that CIN2/3 lesions associated with a long-term
hrHPV infection (>5 years), used as a proxy for duration
of lesion existence, and a DNA copy number profile similar
to cervical cancer had significantly higher methylation
levels compared with CIN2/3 lesions associated with a
short-term hrHPV infection (<5 years) and few to no copy
number alterations.*” ** Additional arguments were pro-
vided by van Zummeren et al., who showed that CIN
lesions expressing the HPV E4 protein, indicating a
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Figure 1. Schematic representation of the various outcomes of hrHPV infection of cervical epithelial cells and characteristics of early versus advanced
transforming lesions. Most hrHPV infections are cleared by an effective immune response without causing cellular abnormalities (transient infections).
Productive infections can give rise to productive cervical intraepithelial neoplasia (CIN, mainly CIN1 and a subset of CIN2), of which the majority
regresses spontaneously within 1 or 2 years. Transforming infections are characterised by deregulated E6 and E7 expression and are associated with
transforming CIN (the remaining subset of CIN2 and CIN3). Transforming CIN is a heterogeneous disease with variable duration of lesion existence
and includes both progressive and regressive lesions. On routine haematoxylin & eosin-stained sections these lesions cannot be distinguished. Current
data support the division of transforming CIN lesions into early transforming lesions, characterised by a <5 year preceding HPV infection, few copy
number alterations, low methylation levels and E4 expression and advanced transforming lesions, characterised by a >5 year preceding HPV infection,
cancer-like copy number alterations, high methylation levels and no E4 expression. As increases in genetic and epigenetic alterations are associated
with disease progression, early transforming lesions are thought to have a low short-term progression risk to cervical cancer, whereas advanced

transforming lesions are thought to have a high short-term progression ris

productive HPV infection, were associated with low methy-
lation levels, and Louvanto et al., who showed that high
methylation levels are predictive of progression of
untreated CIN2 lesions in women up to age 30 years.”™'
Taken together, these available data argue that methylation
assays detect advanced CIN lesions in need of treatment.

Use of methylation analysis in cervical
screening

Primary triage of hrHPV-positive women

Cervical screening programmes based on primary hrHPV
testing require triage of hrHPV-positive women, but con-
sensus on the optimal triage test is currently lacking. Triage
strategies require a good balance between safety, i.e. high
sensitivity for cervical cancer and CIN3 (CIN3+), and
screening-related burden, i.e. minimal over-referral of
women without clinically relevant cervical lesions. Although
the optimal balance varies between regions depending on
locally accepted risk thresholds, available resources and

k 8,47,50

population characteristics, the following aspects are gener-
ally required for triage tests within cervical screening pro-
grammes: 1. high reproducibility; 2. high cross-sectional
sensitivity for CIN3+, leading to a high negative predictive
value (~98%); 3. high specificity, leading to high positive
predictive value of at least 20% (the Netherlands) or 5—
10% (USA) and 4. long-term safety: longitudinal data eval-
uating the long-term CIN3+ risk of triage-negative women
are required to determine appropriate screening intervals
with a chosen triage strategy.’>

Methods for triage of hrHPV-positive women as used in
current cervical screening programmes include cytology,
HPV16/18 genotyping and repeat hrHPV testing. Although
these triage strategies have acceptable clinical performance,
there are some important drawbacks. Cytology triage can-
not be performed on self-collected specimens and its use is
limited by its subjective nature, leading to suboptimal sen-
sitivity and the need for repeat testing. Additional staining
of cytology slides for p16™*** and ki-67 has been shown to
mostly improve the specificity for CIN3+.>>>* However, as
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with sole cytology, interpretation remains observer-depen-
dent and validation of this triage strategy is still ongoing.
Triage by HPV16/18 genotyping or repeat hrHPV testing
has the benefit of objective test results, but both methods
have to be combined with cytology to have sufficient clini-
cal performance.”® A good alternative method for triage of
hrHPV-positive women is methylation analysis, with major
benefits including high reproducibility, objectivity and
applicability on both clinician-collected and self-collected
cervical specimens.”®”® These characteristics can facilitate
full molecular screening with highly reproducible results.

Cross-sectional performance of methylation markers for
primary triage of hrHPV-positive women

The cross-sectional clinical performance of different methy-
lation markers for the detection of CIN3+ has been studied
using samples from different settings: cervical screening,
screening non-attendees and gynaecological referral popula-
tions (Table 1). Data from individual markers included in
these assays are shown in the supplementary material
(Table S1). As negative and positive predictive values for
CIN3+ are influenced by the composition of the population
tested, we will focus on the sensitivity and specificity of the
different markers. CIN2 is not taken as an end point
because it reflects a heterogeneous group of lesions and the
diagnosis is moderately reproducible.’””® It should be
noted that only marker panel FAM19A4/miR124-2 has been
evaluated in large, population-based cervical screening pop-
ulations, and that most studies used either smaller, selected
series from screening populations, or samples from gynae-
cological referral populations (indicated in Table 1 and the
Supplementary material, Table S1).

The performance of FAM19A4 and/or miR124-2 methy-
lation has been studied extensively, showing consistently
good sensitivity and specificity for the detection of CIN3+
in both clinician-collected cervical scrapes (sensitivity 68.2—
86.7%, specificity 60.6—-79.3%) and self-collected specimens
(sensitivity 65.3-70.5%, specificity 67.8-81.3%).°%2%%>9¢2
Methylation analysis of CADMI1 and/or MAL, and later
with the addition of miRI124-2, has shown good perfor-
mance for the detection of CIN3+ in cervical scrapes
(sensitivity 68.0-94.7%, specificity 50.7-78.9%) and self-
collected specimens (sensitivity 64.9-71.6%, specificity
55.3-70.0%).27*16%%*  Good  sensitivity has also been
described for EPB41L3, particularly when combined with
methylation analysis of defined HPV genes of the L1 and
L2 region. Depending on the setting and the inclusion of
viral methylation markers, CIN3 or CIN3+ sensitivities
ranging from 67.0 to 93.2% and specificities ranging from
41.8 to 85.0% have been reported.’* % In a small ser-
ies of self-collected samples from a non-attendee popula-
tion, EPB41L3 showed good sensitivity and specificity for
CIN3+.’® The five-gene marker panel consisting of DLXI,

DNA methylation in management and detection of CIN

ITGA4, RXFP3, SOX17 and ZNF671, later adjusted with the
addition of a sixth marker ASTNI, has been evaluated for
the detection of CIN3+ among women visiting gynaecolog-
ical outpatient departments (with or without hrHPV test-
ing), showing sensitivities and specificities ranging from
64.5 to 76.2% and 76.0 to 94.6%, respectively.”’ >* POU4F3
has been evaluated in a mixed screening and referral popu-
lation for triage of hrHPV-positive women, showing
CIN3+ sensitivity of 89.6% and specificity of 60.9%.*
Although PAXI has been evaluated in several Asian referral
populations, only one study reported its performance as a
triage marker for the detection of CIN3+ (sensitivity 57%,
specificity of 96%), whereas the others reported the perfor-
mance of the marker without previous hrHPV testing (sen-
sitivity 44.1-86.0%, specificity 81.8-96.0%).*'

Longitudinal performance of methylation markers for
primary triage of hrHPV-positive women

Longitudinal CIN3+ risk data after a negative triage test are
needed to determine the safety of the chosen screening
interval. Longitudinal data on the performance of methyla-
tion triage of hrHPV-positive women is only available for
the marker panel FAM19A4/miR124-2. Long-term follow-
up data from a Dutch cervical screening cohort showed
that the cervical cancer risk among hrHPV-positive women
after 14 years is lower following a negative FAMI19A4/
miR124-2 methylation result compared with a negative
cytology result and that the CIN3+ risk is similar following
a negative methylation or cytology result.***® This lower
long-term CIN3+ risk after a negative FAM19A4/miR124-2
methylation test was confirmed in another study from the
Netherlands.”

Secondary triage for CIN3 or worse of women
with ASC-US/LSIL cytology
Current HPV-based cervical screening programmes often
use cytology for triage of hrHPV-positive women, referring
all women with abnormal cytology (>atypical squamous
cells of unknown significance [ASC-US]) at baseline or
after 6 months for colposcopy. Although this triage strategy
significantly improves the specificity of the primary hrHPV
test, over-referral of women without clinically relevant
lesions remains an issue, particularly among young women
with low-grade cytological abnormalities (ASC-US or low-
grade squamous intraepithelial lesion [LSIL]). The latest
monitoring report from the Dutch HPV-based national
screening programme illustrates this issue of over-referral:
21% of hrHPV-positive women (aged >30 years) had ASC-
US or LSIL cytology at baseline and at least 48% of all
hrHPV-positive women did not have clinically relevant dis-
ease (CIN1 or less).”!

Recent data from the VALID-screen study, a multicentre
study for the validation of FAM19A4/miR124-2 methylation
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in European countries, indicate that the referral rate could
be lowered by approximately 34% by secondary triage of
hrHPV-positive women with ASC-US/LSIL cytology using
FAMI19A4/miR124-2 methylation, while still detecting all
cervical carcinomas and at least 70% of CIN3 lesions
(Bonde et al., submitted). These data suggest that
FAM19A4/miR124-2 methylation analysis could be used to
distinguish among women with ASC-US/LSIL cytology
those who require immediate colposcopy referral versus re-
testing for hrHPV and methylation within 3 years follow
up in HPV-based as well as in cytology-based screening
programmes. Similar results have been published for PAX1I,
although without prior hrHPV testing, detecting at least
50% of CIN3 and all cervical carcinomas among women

with minor cytological abnormalities.****

Exit test for women leaving the screening
programme

A significant proportion of incident cervical cancers occur
in elderly women outside the screening age. Because of
the decreased balance between efficiency and harms, most
countries screen women up to age 60 or 65 years. In this
age-group, the relatively low specificity of the hrHPV test
is less problematic because of the lower HPV prevalence
and fewer consequences of overtreatment. At the same
time, some cervical cancers may be missed by hrHPV
testing or by cytology triage testing, because of a higher
frequency of hrHPV-negative lesions and lower sensitivity
of cytology testing at an older age.””’> With the high
sensitivity of methylation analysis for cervical carcinomas,
it would be an interesting option to combine hrHPV
testing with methylation analysis at the final screening
round, referring all women who test positive for either
test for gynaecological examination (co-testing). Vink
et al.”> showed that 90% of hrHPV-negative cervical car-
cinomas were positive for FAMI9A4/miR124-2 methyla-
tion, suggesting that such a strategy may lead to earlier
detection of women with cervical cancer and advanced
CIN lesions.

Management of hrHPV-positive women of
childbearing age

Women with a positive cervical screening result, whether
performed within a population-based screening programme
or because of specific complaints, should be referred for
colposcopy. Clinical management of these women is based
on the CIN grade of a colposcopy-directed biopsy. All
CIN3 and most CIN2 lesions are treated surgically, whereas
CINI lesions are generally managed with a watch-and-wait
policy. Conservative management can also be considered in
young women with CIN2, as spontaneous regression rates
are high: up to 60% of CIN2 and 32% of CIN3 lesions
regress spontaneously.”* 7® Approximately 5% of untreated

CIN2 and 12-31% of untreated CIN3 lesions ultimately
progress to cancer, depending on the duration of lesion
existence.>’*”® Current histopathological assessment of cer-
vical biopsies cannot distinguish lesions with a low risk of
progression to cervical cancer from those with a high pro-
gression risk. This leads to overtreatment and associated
morbidity, most notably an increased risk of adverse preg-
nancy outcomes in subsequent pregnancies.”” ”’ As most
women with CIN2 and CIN3 lesions are of reproductive
age, biomarkers to improve risk stratification and prevent
overtreatment are needed. Several potential biomarkers
have been evaluated, such as HPV genotyping, HPV viral
load and immunohistochemical staining of cervical biopsies
by p16™“* and Ki-67, but none of these markers has been
shown to have clinical prognostic value or to be able to
predict progression at the individual patient level.** Methy-
lation analysis has emerged as a promising prognostic mar-
ker because of its specific sensitivity for advanced CIN
lesions and cervical cancer.

The first data from a prospective longitudinal study on
the value of methylation analysis in predicting the outcome
of CIN lesions were recently published by Louvanto et al.”
In this study, women under the age of 30 years and diag-
nosed with a CIN2 lesion were managed conservatively
with 6-monthly follow-up visits up to 2 years. High methy-
lation of host cell marker EPB41L3 combined with viral
methylation markers (S5 classifier) were associated with
progression to CIN3. A similar study is ongoing in the
Netherlands, evaluating the value of FAMI9A4/miR124-2
methylation in the prediction of regression or non-regres-
sion in untreated women.®' This study also includes
women with CIN3 and women aged up to 55 years. If their
prognostic value is confirmed, methylation assays could be
used to guide clinical management of women diagnosed
with a CIN lesion.

Use of methylation analysis for cervical screening
in women living with HIV

The disease burden of both cervical cancer and HIV is dis-
proportionally high in low- and middle-income countries:
>85% of global cervical cancer cases and >95% of all HIV
infections occur in these regions.**® Mainly because of
HIV-related immunodeficiency, women living with HIV are
at increased risk for HPV infection, CIN lesions and cervi-
cal cancer.**® Cervical screening is extremely relevant in
women living with HIV, but because of poverty, lack of
resources and infrastructure, and limited access to health
care, implementation of organised screening programmes
in low- and middle-income countries has proven to be
challenging.®” Full molecular screening using methylation
analysis could be used to improve cervical screening in
low- and middle-income countries, and women living with
HIV in particular.
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Studies on host cell methylation analysis in cervical
scrapes of women living with HIV show promising results.
The clinical performance of host cell methylation analysis
for the detection of CIN3+ in these women has only been
evaluated for some markers, including FAM19A4/miR124-2,
EPB41L3 and CADMI/MAL/miR124-2.**" Similar to HIV-
uninfected women, methylation levels increase with cervical
disease severity and are extremely high in cervical cancer in
women living with HIV.?*°%%? These data suggest that also
in women living with HIV, high methylation levels are
associated with clinically relevant cervical lesions and a
high cervical cancer progression risk.

FAM19A4/miR124-2 methylation analysis was evaluated
in cervical scrapes from a South African screening cohort
of women living with HIV, showing good sensitivity and
specificity for the detection of CIN3+ when used as a triage
test of hrHPV-positive women (sensitivity 72.9%, speci-
ficity 76.1%).”" As women living with HIV have a high
CIN3+ risk, direct referral of HP16/18-positive women and
triage of only those with a non-16/18 hrHPV infection with
FAMI19A4/miR124-2 methylation analysis is an interesting
option to limit the number of tests performed while sensi-
tivity and specificity are maintained (79.7% and 74.8%,
respectively). The marker panel CADMI/MAL/miR124-2
was evaluated in this same cohort and a Kenyan cohort of
women living with HIV, showing similar clinical perfor-
mance when used as a triage marker (sensitivity 73.8% and
72%, specificity 81.5% and 70%, respectively).**® EPB41L3
was evaluated in cervical scrapes of women living with HIV
from South Africa and Burkina Faso who were included in
a prospective cervical screening study, showing a specificity
of 66.2% at the threshold corresponding to 69.7% sensitiv-
ity for CIN2+, independent of hrHPV status.”

Future directions

Currently available data justify further validation of methy-
lation triage testing on cervical scrapes and self-collected
cervico-vaginal specimens of hrHPV-positive women in
prospective implementation studies within cervical screen-
ing programmes in both high- and low-resource settings,
including a health-economic evaluation of costs and bene-
fits. Once similar data are available for methylation triage
on self-collected material and, potentially, urine, full molec-
ular screening without the need for a visit to a clinician
can be envisioned.”®®! Given its high sensitivity for invasive
cervical cancer and advanced CIN lesions, methylation
analysis may eventually be considered as a primary cervical
screening tool, either with or without hrHPV testing. Cur-
rently, methylation assays can be used following a positive
HPV test, but are not yet available as point-of-care tests.
However, the development of high-throughput variants will
change this. Future development of methylation assays into
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point-of-care tests would be ideal for low-resource settings
in order to facilitate same-day screening and treatment and
minimise loss to follow up.
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