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Abstract: Cervical intraepithelial neoplasia grade 2 (CIN2) is an intermediate stage between CIN 1,
which is a low-grade lesion, and CIN3, which is the immediate precursor of cervical cancer (CC).
Traditionally, CIN2 was regarded as a high-grade lesion and was treated with conization or ablative
methods. In recent years, there has been a shift in the management of younger patients, who are
now more often being managed conservatively due to frequent spontaneous CIN2 regression and
possible adverse effects of treatment on future pregnancies. Because the risk of progression to CC
still exists with conservative management, a personalized approach is needed to identify patients
with a higher probability of progression. In this regard, research has focused on the role of host and
human papillomavirus (HPV) gene methylation. This systematic review summarizes the current
knowledge regarding conservative CIN2 management focusing on the main methylation markers and
its implementation in conservative CIN2 management, and it describes major ongoing longitudinal
studies on the subject. The review showed that DNA methylation is an accurate predictor of disease
progression and a valid triage tool for HPV-positive women, with CIN2 performing better than triage
cytology. Because virtually all CCs are methylation-positive, methylation-negative women at baseline
have an extremely low risk of CC.

Keywords: cervical intraepithelial lesion; human papillomavirus; gene methylation

1. Introduction

Cervical intraepithelial neoplasia grade 2 (CIN2) is an intermediate stage between
low-risk dysplasia and CIN3, which is considered an immediate precursor of cervical
cancer, with a progression rate between 30% and 40% [1]. The classic management of
CIN2 is surgical with the excision of the transformation zone, and this approach is highly
effective [2]. On the other hand, it is associated with a higher risk of second-trimester
pregnancy termination and preterm labor [3]. Due to such complications and the fact that a
substantial proportion of CIN2 lesions regress spontaneously, it is important to differentiate
between women that would benefit from immediate surgical treatment and those that can
forego or substantially postpone invasive treatment. In this regard, extensive research
on several triage markers, including methylation markers, has been performed in the
past decade [1,3].

We performed a systematic review of the literature on the role of human papillo-
maviruses (HPV) DNA and/or host gene methylation in the identification of cervical
precancerous lesions with a high probability of progression. In addition, we searched for ar-
ticles dealing with conservative management of CIN2. The literature search was conducted
using the MEDLINE electronic database for the search terms “HPV” AND “DNA methyla-
tion” AND “cervical precancer”. The literature regarding CIN2 management was searched
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using the search terms “CIN2” AND “conservative management”. Among the 129 articles
identified, we selected 105 articles published up to December 2022. Peer-reviewed articles
published in English and containing an abstract were considered, and reference lists were
screened for additional relevant citations. We added some additional manuscripts to the
reference list due to close association with the content of the manuscript. Full-text versions
of all manuscripts were obtained. The systematic review was conducted in accordance with
PRISMA guidelines.

The first part of this article summarizes the current knowledge regarding conservative
management of CIN2. The second part focuses on the main methylation markers that
have been studied to date and the possibilities for implementing methylation markers in
conservative management of CIN2. The final part briefly describes ongoing longitudinal
studies dealing with the possible role of methylation marker assessment in conservative
management of precancerous cervical lesions.

2. Cervical Intraepithelial Neoplasia Grade 2 (CIN2) and Its Current
Management Strategies

Cervical cancer develops through three grades of cervical premalignant lesions, termed
cervical intraepithelial neoplasia 1–3 (CIN1–3) [1]. Treatment of cervical precancerous
lesions is performed with the aim of preventing their development into invasive cancer [4].
CIN1 includes low-grade lesions that regress spontaneously within 2 years in more than
60% of cases and are therefore treated conservatively [4,5]. CIN2 and CIN3 are considered
high-risk lesions. Although they also have the ability to spontaneous regress, they are
usually treated with excisional or ablative procedures [5]. In developed countries, the
annual incidence of CIN2/3 is 1.5/1000 women, and the incidence is the highest in the
age group between 25 and 29 years old [6]. Although there is consensus that CIN3 is an
immediate precursor of cervical cancer, opinions concerning the clinical course, progression
rate, and management of CIN2 are highly diverse [3]. By definition, in CIN2, atypical
basaloid cells are present in up to half of the epithelial thickness, koilocytes might be
present, and mitoses are present in the lower half of the epithelium [7,8]. However, several
histological review studies showed that histological diagnosis of CIN2 is non-reliable,
much less reproducible, and substantially less valid than CIN3 [9–11]. Adjunctive use of
immunostaining with p16INK4a (p16), a tumor-suppressor surrogate protein biomarker for
high-risk HPV oncogenic activity, to standard hematoxylin and eosin histology significantly
improves the accuracy of CIN2 assessment [12–14].

Despite all the uncertainties connected with accurate diagnosis of CIN2, both CIN2
and CIN3 are usually treated with excision of the transformation zone, which is highly
effective despite the fact that the risk of cervical cancer remains increased up to 20 years
after excisional treatment [2]. High-risk lesions can also be treated with ablative tech-
niques with the use of various energy sources. However, this approach is much less
commonly used [15].

Excisional treatment increases the risk of pregnancy termination in the second trimester
and preterm labor [3]. The age of women having their first child is increasing, and women
are often diagnosed with CIN2/3 before their first pregnancy [3]. Therefore, the identifica-
tion of women that will benefit from excisional treatment is extremely important [3]. Several
meta-analyses indicated a higher risk of perinatal complications with excisional treatment
of cervical precancerous lesions and early cancer compared to no treatment [16–21]. The
most recent meta-analysis reported that increased risk of preterm labor is connected with all
excisional techniques [22]. Excisional treatment on the cervix is also associated with other
short- and long-term complications [23]. For 2–4 weeks after excisional treatment, bleeding
occurs in up to 85% of women, and pain occurs in up to 67% [23]. Pain can persist up to
3 months after the procedure. More rarely, patients report vaginal discharge, dyspareunia,
and postcoital bleeding [23]. In addition, excisional treatment affects patients’ feelings,
with high reported rates of fear about cancer and future fertility [23].
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The most recent U.S. guidelines, published in 2020, recommend treatment of all CIN3
lesions [24]. Treatment is also recommended in women with CIN2 lesions, but it can be
omitted if the risk of future pregnancy complications exceeds the risk of cancer devel-
opment [24]. Conservative management of CIN2 lesions is unacceptable in cases where
colposcopy of the CIN2 lesion is unsatisfactory and in cases where the lesion extends
into the cervical canal. Conservative management of CIN2 lesions is acceptable if the
patient is younger than 25. In older patients, conservative management is acceptable in the
case of fear of future pregnancy complications. According to the guidelines, conservative
management in patients younger than 25 comprises colposcopy and cervical cytology
every 6 months [24]. On the other hand, in patients older than 25, colposcopy with HPV
testing is recommended. If the CIN2 lesion persists for 2 years or CIN3 is detected during
follow-up, treatment is recommended. In cases of regression of CIN2 to CIN1 or less, the
follow-up interval can be prolonged to 1 year. When treatment is necessary, excisional
treatment is recommended, but ablative techniques are also acceptable [24]. According to
the most recent World Health Organization guidelines, ablative treatment is unacceptable
if the lesion is present in more than 75% of the transformation zone surface and in cases
where the lesion extends to the cervical canal [25]. The rate of disease recurrence is 26.6%
after excisional treatment and 31.0% after cryotherapy [26]. A Cochrane meta-analysis
did not reveal statistically significant differences in recurrence rates among various tech-
niques. However, excisional treatment provides an important benefit: a reliable sample for
histological assessment [27].

CIN2 has a relatively high rate of spontaneous regression [3,24]. The regression rates
of CIN2 reported by various research groups are presented in Table 1.

Table 1. Overview of studies evaluating the rate of spontaneous regression of CIN2 lesions.

Study Number of
Women Type of Study

Follow-Up
Duration
(Months)

Regression
Rate (%)

Persistence
Rate (%)

Progression
Rate (%) Reference

Tainio et al. 3160 Meta-analysis 24 50 32 18 [3]

Skorstengaard et al.
(2008–11) 1989 Retrospective

study 10 41.8 40.9 16.6 [28]

Skorstengaard et al.
(2014–17) 3427 Retrospective

study 10 46.7 35.5 17.1 [28]

Koeneman et al. 56 Retrospective
study 24 61 NA NA [29]

Loopik et al. 401 Retrospective
study 16–33 73.1 12.7 14.2 [30]

Godfrey et al. 100 Retrospective
study 22 57 30 13 [31]

Lee et al. 99 Retrospective
study 24 74.4 NA NA [32]

Tjandraprawira et al. 175 Retrospective
study 22.6 77.3 13.4 9.3 [33]

Kyung Hong et al. 47 Retrospective
study

Follow-up
during

pregnancy
44.7 19.1 36.2 [34]

Salvado et al. 291 Retrospective
study 24 73.5 14.8 11.7 [35]

Abbreviations: CIN = cervical intraepithelial neoplasia; NA = data not available.



Int. J. Mol. Sci. 2023, 24, 6479 4 of 15

The largest meta-analysis studied 3160 patients from 36 studies, of which there were
seven randomized studies, 16 prospective cohorts, and 13 retrospective cohorts [3]. After
24 months of observation, 50% of CIN2 lesions spontaneously regressed, 32% persisted,
and 18% progressed to CIN3+ (CIN3 or invasive cervical cancer). Twenty-nine studies
defined progression as histological diagnosis of CIN3 or worse, and seven studies defined
progression as high-risk cytological changes [3]. Regression was defined as normal histo-
logical or cytological findings at the end of follow-up in 25 studies, CIN1, or cytological
finding of low-grade squamous intraepithelial lesion (LSIL) or atypical squamous cells of
undetermined significance (ASC-US) in 17 studies, and 6 studies included both definitions
of regression. The majority of regressions occurred within the first year of follow-up. Re-
gression rates were particularly high in patients younger than 30, for whom they reached
60%. In the case of progression, the great majority of lesions progressed to CIN3, whereas
only 15 patients (0.5%) developed invasive cervical cancer by the end of the follow-up.
Among these 15 patients, there were 13 with the FIGO IA1 stage, and only 2 patients (0.06%
of the total cohort) presented with more advanced disease. The authors concluded that
conservative management of CIN2 is feasible and safe in younger women [3].

After the publication of a meta-analysis in 2018 [3], a few additional retrospective
and prospective studies also showed the feasibility of conservative management of CIN2
lesions [28–33,36]. A U.S. retrospective analysis reported on 2417 women between 21
and 39 years old with CIN1/2, CIN2, and CIN2/3 that were followed every 6 months
with colposcopy and cytology [36]. Regression occurred in 50% of cases. These women
were retained in the follow-up due to CIN1 lesions or persistent positive HPV. Thirty
percent of the patients were treated due to lesion persistence or progression. Only six
women developed invasive cancer, and half of these patients were non-responders [36].
A Danish retrospective analysis included 6721 women with CIN2 in the period between
2008 and 2011, and 6399 women with CIN2 in the period between 2014 and 2017 between
18 and 44 years old [28]. The percentage of women managed conservatively increased
from 29.6% to 53.6%. In the period between 2008 and 2011, 41.8% of lesions regressed,
40.9% of lesions persisted, and 16.6% of lesions progressed. In the period between 2014
and 2017, spontaneous regression occurred in 46.7% of lesions, 35.5% persisted, and 17.1%
progressed. The rate of regression was similar in age groups above and below 30 years
old [28]. Another U.S. retrospective analysis of 154 women with CIN2 and CIN3 younger
than 24 showed spontaneous regression in 74.7% of cases with CIN2, with the average time
of regression of 10.8 months [32]. Korean authors reported regression rates in 75 women
with CIN2 and 140 women with CIN3 diagnosed during pregnancy [34]. Women were
followed during pregnancy and postpartum. After pregnancy, CIN3 was diagnosed in
89 patients and invasive cancer in three patients. CIN2 was diagnosed in 15 patients and
CIN1 in 10 patients. An important risk factor for persistence of CIN2+ was persistent
infection with high-risk HPV [34]. A Dutch study of 56 patients diagnosed with CIN2
between 2000 and 2013 showed a 61% rate of spontaneous regression [29]. The rate
of spontaneous regression was higher in nulliparous and non-smoking women [29]. A
Spanish prospective observational study of 214 patients with histologically confirmed
CIN2 followed for 2 years showed a regression rate of 73.5%, whereas 11.7% progressed
to CIN3 [35].

3. HPV-Mediated Cervical Carcinogenesis

In the great majority of cases, the development of cervical cancer is a long-term process
that follows persistent infection of the uterine cervix with high-risk HPV types [37,38]. HPV
are double-stranded DNA viruses, and the viral DNA codes two groups of proteins: early
(E1–7) and late (L1 and L2) proteins [37,39]. Early proteins E6 and E7 interact with host
tumor suppressor genes involved in mechanisms of cellular proliferation, and proteins E1
and E2 mediate viral replication [37,40]. Late proteins L1 and L2 form viral capsids [39,40].

HPV can cause productive or transforming infections [41]. Productive infection mostly
causes CIN1 and a small subset of CIN2, and most of these lesions undergo spontaneous
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regression within 1 to 2 years. On the other hand, transforming lesions represent the
remainder of CIN2 and CIN3 lesions. They can be divided into early and advanced trans-
forming lesions depending on their short-term progression risk [41]. In contrast to early
transforming lesions, advanced transforming lesions are characterized by high methylation
levels, more than 5 years of preceding HPV infection, and a lack of E4 expression [1,41,42].

HPVs have a tropism for squamous epithelium and initially infect basal cells of the
transformation zone of the cervix [39,43]. The virus is internalized by endocytosis, and it
then enters the nucleus through defects in the nuclear membrane [39]. The effect of onco-
genic E6 and E7 causes deregulation of the cell cycle by interacting with tumor suppressor
genes and hence causes uncontrolled cell progression to the suprabasal layers [44,45]. As
the proliferating cells progress to higher layers of the epithelium, the virus expresses E1 and
E2 genes, which support productive amplification of the viral genome [44]. The expression
of the L1 and L2 proteins in the upper layer of the epithelium helps assemble viral particles,
which are then ready for further transmission [44].

The most important early event in cervical carcinogenesis is the integration of HPV
DNA into the host genome [45]. Integration most frequently affects E1 and E2 genes,
which are physically disrupted. Because E2 has the function of negatively controlling the
expression of oncogenic E6 and E7 proteins, inactivation of E2 causes increased expression
of E6 and E7 [46]. E6 and E7 cause neoplastic transformation through various pathways,
and as such they are a driving force in cervical carcinogenesis [47]. E6 targets p53, which
is the most important human tumor suppressor gene and is also involved in the process
of apoptosis. The degradation of p53 occurs through ubiquitination with E6-associated
protein (E6AP). This leads to the evasion of preventive cell cycle check points by the
inhibition cyclin-dependent kinase (CDK) inhibitors p27 and p21 and causes the cells to
divide uncontrollably [47]. E7 targets tumor suppressor retinoblastoma protein pRb, which
is normally bound to the transcription factor E2F [37]. E2F transcribes S-phase proteins such
as cyclin A, cyclin E, CDK 4/6 inhibitor, and p16. The action of E7 leads to uncontrolled
cell entry into S-phase and therefore uncontrolled cell division [47]. E6 and E7 proteins
are also implicated in the evasion of apoptosis. They were found to influence the MAPK
and mTOR signaling pathways and cause deregulation of proliferation signaling pathways.
In addition, they are also involved in the processes of tumor neoangiogenesis and the
epithelial-to-mesenchymal transition (EMT) [47].

4. HPV-Mediated DNA Methylation

A persistent infection with high-risk HPV types causes several epigenetic changes
in both host and HPV DNA [48,49]. An epigenetic change is defined as a change in the
expression of host or viral genes without changes of the encoding DNA sequence [37]. DNA
methylation is the most extensively studied epigenetic change in HPV-related cancers [50].
During DNA methylation, DNA methyltransferase enzymes covalently add methyl groups
to cytosine preceding guanine (CpG) [51]. The regions that are rich in CpG are usually
located in protein-coding gene promoters [51]. The methylation of host tumor suppressor
genes gradually increases during cervical pathogenesis [1]. Five methylation targets that
have been shown to be important in methylation-associated gene silencing during cervical
carcinogenesis include FAM19A4, miR124, CADM1, MAL, and PAX1 [1,52].

Here we briefly review the available literature regarding the performance of methyla-
tion analysis of various host tumor suppressor genes and HPV genes in the detection of
cervical precancerous lesions and invasive cancer with the focus on clinically validated
methods/protocols/assays. An overview of the most promising host and HPV DNA
methylation assays with a brief summary of the main findings and selected references is
presented in Table 2.
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Table 2. Overview of the most promising host and HPV DNA methylation assays with a brief
summary of the main findings and key references.

DNA Methylation Assay Studies Comment

FAM19A4/miR124-2 [53–55]
A negative test result associated with lower long-term cervical cancer risk
compared to negative cytology; high NPV for the development of
cervical cancer.

CADM1/MAL [56–58] Methylation levels correspond to the severity of the lesion and to the
duration of pre-existing HPV infection.

POU4F3 [59] High sensitivity and specificity for the detection of CIN2+.

PAX1 [60–62] Used in Asian populations only; higher specificity compared to HPV
genotyping for the detection of CIN3+.

HPV DNA [63–66]

Higher sensitivity and comparable specificity for the detection of CIN2+
compared to HPV16/18 partial genotyping.
Positive association between CIN3/AIS and elevated methylation levels of
L1 and L2 for HPV16, HPV18, HPV31, HPV33, and HPV45.

S5 classifier (host gene EPB41L3
and genes of HPV16, HPV18,

HPV31, and HPV33)
[67–70] Higher sensitivity and comparable specificity for the detection of CIN2+

compared to HPV16/18 partial genotyping.

Abbreviations: HPV = human papillomaviruses; NPV = negative predictive value; CIN = cervical intraepithelial
neoplasia; AIS = adenocarcinoma in situ.

4.1. MicroRNA

MicroRNA (miRNA) is a short non-coding RNA that is involved in the expression
of protein coding genes by base pairing with target mRNA at its 3′ untranslated region
(UTR) [71]. HPV-encoded genes influence the expression of host cell miRNA. In addition,
miRNA is associated with HPV insertion sites [71]. The rate of miRNA has-miR-124
methylation, which is associated with decreased expression of this miRNA, ranged from 0%
in normal cervical tissue to 58.5% in CIN3 and more than 90% in cervical cancer in a study
of 139 cervical tissue specimens [71]. The expression of various other types of host and
HPV miRNA in plasma and cervical samples has been studied by other research groups.
The authors reported conflicting results with regard to the association between miRNA
expression and the grade of the lesion [72–81].

4.2. FAM19A4/miR124-2

FAM19A4 is a host gene that encodes a small protein associated with inflammation and
stress. The methylation of this gene has been extensively evaluated in HPV screen-positive
women as a triage method [52,82,83]. In a Dutch study, the methylation of FAM19A4 was
compared among groups of patients with cervical cancer, early and advanced high-grade
squamous intraepithelial lesion (HSIL), depending on the duration of preceding HPV
infection [84]. All cases of advanced HSIL and cervical carcinomas were methylation-
positive, whereas methylation positivity was less than 50% in early HSIL [84]. In a Chinese
cohort study, the methylation of FAM19A4 was compared among 66 women without
cervical (pre)cancerous lesions, 31 women with low-grade squamous intraepithelial lesion
(LSIL), and 57 women with HSIL [52]. The methylation scores were significantly higher in
HSIL lesions compared to the cases without cervical lesions (56.2% vs. 10.6%, p < 0.05) [52].

The methylation of FAM19A4 and mir-124-2 for the detection of CIN3+ has also been
studied in combination and has shown high sensitivity and specificity in self-collected
and clinician-collected specimens [53,85]. A negative combined FAM19A4/mir-124-2
methylation test was associated with a low long-term risk of cervical cancer in a Dutch
longitudinal study [53]. Another recent Dutch population-based study compared methyla-
tion of FAM19A4/mir124-2 to cytology as a triage method for the detection of CIN3+ [54].
The sensitivity of methylation was comparable to cytology, but the specificity was lower.
The combination of these two tests achieved higher sensitivity but was associated with
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higher colposcopy referral rates. A negative methylation test was associated with lower
long-term cervical cancer risk compared to negative cytology [54]. A recent European retro-
spective study of 371 HPV-positive women with CIN2+ evaluated the diagnostic utility
of the FAM19A4/mir-124-2 methylation marker in distinguishing lesions in need of treat-
ment [55]. The authors reported a high specificity of FAM19A4/mir-124-2 in women under
30 in detecting non-productive CIN2/3 lesions [55]. The same researchers also evaluated
the association of p16 and Ki67 immunoscore with FAM19A4/mir-124-2 methylation status
and immunohistochemical HPV E4 expression on 497 women with histologically confirmed
high-grade cervical lesions [86]. They reported increased methylation positivity from CIN2
to CIN3 (63.0% vs. 79.1%, p < 0.001) [86]. Considering the accumulated evidence from key
studies, FAM19A4/mir-124.2 methylation may be used as a valid triage method for HPV
screen-positive women because it provides a very high negative predictive value for the
development of cervical cancer. In addition, it may be particularly useful in distinguishing
younger women with high-risk lesions that do not need immediate surgical treatment.

4.3. CADM1/MAL

CADM1 is a tumor-suppressor gene involved in cell-to-cell adhesions and is a member
of the immunoglobulin superfamily [87,88]. The frequency and density of CADM1 pro-
moter methylation increases with high-grade precancerous lesions and cancer compared
to normal tissue, and it ranges from 5% in normal tissue to more than 80% in cervical
cancer lesions [88,89]. Higher density and frequency of CADM1 promoter methylation is
associated with decreased gene expression [88].

Another tumor suppressor gene with reduced expression during cervical carcinogene-
sis is T-lymphocyte maturation-associated protein (MAL), which is associated with apical
transport of membrane proteins [87,90]. MAL promoter methylation was found in 9% of
low-grade lesions, about half of CIN3, and 90% of squamous cell cancers in a study of
274 cervical biopsy specimens of various grades [90].

The methylation status of CADM1 has also been studied in combination with
MAL [56–58,91]. In a Dutch study including 221 women, among whom 167 had CIN1
or normal histology, 54 had CIN2/3 and 44 had cervical cancer; higher methylation lev-
els of CADM1 and MAL were found in CIN2/3 lesions and cervical cancer samples in
comparison to ≤CIN1 (5.3- and 6.2-fold increased methylation level of CADM1 and MAL;
p < 0.0005). In addition, methylation levels in patients with high-risk precancerous le-
sions were higher in cases with more than 5 years of preceding HPV infection, which is
considered a surrogate marker for the age of the lesion (3.0- and 11.5-fold increased methy-
lation level for CADM1; p = 0.023; 3.6- and 13.6-fold increased methylation level for MAL;
p = 0.005) [56]. This study showed that methylation levels increase with the duration of
preceding HPV infection and with lesion severity, and that methylation analysis can help
separate early lesions from more advanced high-grade lesions [56]. Another Dutch study
compared the performance of CADM1/MAL methylation and cytology as a triage test for
the detection of high-grade lesions in HPV-positive women. The performance of cytology
and methylation testing was comparable. Higher sensitivity was achieved when cytology
and methylation were used in combination [58]. In addition, this combination was analyzed
in a cohort of women with more than one cervical biopsy [57]. Because a single woman can
experience infection with different HPV types, multiple cervical lesions of various grades
can be present. This study showed that positive CADM1/MAL methylation status was
present in CIN2/3 lesions and not in normal biopsy on the same cervix in almost 90%
of patients with multiple biopsies [57]. The methylation analysis performed in a cervical
scrape was strongly representative of the most advanced lesion on a cervix, particularly
cervical cancer and CIN3 [57]. Moreover, this combination of host genes with the addition
of death-associated protein kinase 1 (DAPK1), which is a positive modulator of apoptosis,
was also studied in Brazil. Methylation levels correlated with the severity of lesions [92].
The methylation levels of CADM1/MAL thus correspond to the severity of the lesion and
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also to the duration of the preceding HPV infection. This panel can also be used as a triage
method for HPV screen-positive women.

Furthermore, several researchers studied the combined methylation status of CADM1,
MAL, and miR124 [93–96]. The methylation rates of all genes were higher in more advanced
lesions in all studies [93–95]. A prospective study including women with normal biopsy,
various grades of cervical precancerous lesions, and cases of cervical cancer reported that
the positivity rates for all three genes were similarly high in CIN3 and cervical cancer cases
and similarly low in low-grade lesions and normal histology samples (51.6% and 57.4%
vs. 10.5% and 0.0% for CADM1; p < 0.001; 60.0% and 92.8% vs. 10.5% and 0.0% for MAL;
p < 0.001; 68.3% and 78.5% vs. 15.7% and 12.5% for miR124; p < 0.001) [93]. The methylation
pattern of CIN2 lesions was similar to CIN3 and cervical cancer for miR124 and MAL, but
it resembled the methylation pattern of low-grade lesions for CADM1 [93].

4.4. Other Host Cell DNA Methylation Markers

The methylation levels of the POU Class 4 Homeobox 3 (POU4F3) gene are increased
in cervical cancer, which may indicate a tumor-suppressor role of this gene despite the
fact that its function in carcinogenesis is unknown [97]. The methylation of POU4F3
was evaluated in a Hungarian study of 5384 liquid-based cytology samples. The authors
reported a sensitivity for the detection of CIN2+ of 88.2% and a specificity of 72.9% [59].

A Taiwanese cohort study of 73 patients evaluated the methylation levels of paired
box gene 1 (PAX1) in cervical precancer and invasive cancer and compared it to high-
risk HPV results generated using the digene Hybrid Capture 2 HPV DNA Test (HC2;
Qiagen, Gaithersburg, MD, USA). The methylation of PAX1 provided a higher specificity
for detecting cervical cancer compared to HC2 [60]. These results were confirmed in another
recent Taiwanese study [61]. PAX1 and cytology had similar specificity (more than 92%) as
triage tools for the detection of CIN3+ in HPV-positive women. The specificity of PAX1 was
higher than that of partial HPV16/18 genotyping (92.5% vs. 75.8%, p < 0.05). A Chinese
study of 462 cases of ASC-US cytology revealed higher sensitivity and specificity values of
PAX1 methylation in the detection of CIN2+ compared to HC2 [62].

A methylation panel consisting of ASTN1, DLX1, ITGA4, RXFP3, SOX17, and ZNF671
was also evaluated [98,99]. In a small German study of 79 patients, the sensitivity of this
six-member panel for the detection of CIN3+ was 64.8%, and the specificity was 94.6% [99].

4.5. High-Risk HPV DNA Methylation Markers

Less than 5% of incident HPV infections progress to CIN3, and the methylation of
some of the HPV genes is an important biomarker of this subset of clinically relevant
transforming HPV infections [63]. The available literature is consistent with regard to
the increased levels of HPV16L1 methylation in cervical cancer compared to low-grade
lesions [100,101]. Torres-Rojas et al. reported a 33.0% HPV16L1 methylation rate for
low-grade lesions and 58.6% in cervical cancer (p < 0.0001) [101]. In addition, increased
methylation levels of E2, L1, and L2 of HPV18, HPV31, and HPV45 were found in CIN3
lesions in comparison to CIN2 or less in a U.S. case-control study of 92 women with CIN3
compared to 96 women with CIN2 or less [64]. A British study compared methylation levels
of 528 patients within a colposcopy referral population that tested positive for HPV18,
HPV31, and HPV33 [65]. Within this cohort, 249 patients had CIN2+. Significantly higher
levels of L1 and L2 methylation for all three HPV types were present in CIN2+ [65]. The
methylation of HPV18 and HPV31 was lower in cases of multiple infections compared
to a single infection [65]. The methylation levels of CpG sites within the HPV52 genome
were analyzed in a U.S. case-control study of 50 cases of CIN3 and 39 cases without
high-grade disease [63]. The most significant difference in methylation levels was found
in HPV52L1 [63]. Another U.S. case-control study compared the methylation levels of
12 HPV types [66]. The patients were selected from a larger cohort with the aim of compar-
ing methylation levels in L1 and L2 of HPV types 16/18/31/33/35/39/45/51/52/56/58/59
between patients with CIN3 or adenocarcinoma in situ (AIS) and normal controls. For each
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of the 12 HPV types, 30 cases of CIN3/AIS and 30 normal controls were selected. Within L1
and L2 of 12 carcinogenic HPV types, next-generation bisulfite sequencing was performed
on CpG sites. Methylation levels were significantly higher in CIN3/AIS compared to
normal controls in all HPV types [66]. AUCs were calculated for the top sites and ranged
from 0.71 (HPV51 and HPV56) to 0.86 (HPV18) [66]. This study showed an association
between CIN3/AIS and elevated methylation levels of L1 and L2 genes for HPV16, HPV18,
HPV31, HPV33, and HPV45 [66].

4.6. The Combination of Host and HPV Methylation Markers

A combination of host and HPV gene methylation using the S5 classifier (host gene
EPB41L3 and genes of HPV16, HPV18, HPV31, and HPV33) for the detection of high-grade
cervical precancerous lesions has been studied in a colposcopy referral population and in
population-based screening studies [67–70]. The S5 classifier had higher sensitivity and
comparable specificity for the detection of CIN2+ compared to HPV16/18 genotyping [67].
In addition, the ability of the S5 classifier to reduce colposcopy referrals by 50% with the
potential to increase cost-effectiveness was shown [69].

A recent meta-analysis of 43 studies included more than 16,000 women [102]. Nine
studies evaluated DNA methylation markers among women with HPV16 infection, seven
studies included women with abnormal cytological results, and twenty studies included
women with positive HPV DNA results. Among the host genes analyzed were CADM1,
MAL, EPB41L3 alone or as part of the S5 classifier, PAX1, SOX1 (sex determining region
Y, box 1), FAM19A4, and POU4F3. Ten of the studies included reported the association of
HPV16L1 and/or L2 with CIN2+ and CIN3+ [102]. Women with CIN2 and CIN3 were more
likely to be methylation-positive compared to ≤CIN1 (OR = 2.83 and 7.92, respectively).
The comparison between groups with CIN2 and CIN3 showed a higher risk of positive
methylation among women with CIN3 (OR = 2.95). The pooled sensitivity and specificity
of DNA methylation markers were 62.2% and 75.9% for CIN2+, and 70.5% and 74.7% for
CIN3+, respectively [102].

5. The Role of Methylation Markers in Conservative Management of Women
with CIN2

It is still not known whether CIN2 lesions with high methylation levels are more
aggressive compared to histologically similar lesions with low methylation levels. Longi-
tudinal studies are needed to further define the possible role of methylation panels in the
conservative management of CIN2 lesions [87]. A Finnish longitudinal study evaluated the
utility of the S5 classifier methylation panel on 149 women with CIN2 [103]. In this study,
follow-up visits were scheduled every 6 months for 2 years. It found that 16.8% of lesions
progressed to CIN3+, 24.2% persisted as CIN1/2, and 59% regressed to less than CIN1. The
study revealed that the S5 classifier performed better than HPV16/18/31/33 genotyping in
predicting progression versus regression of CIN 2 lesions [103].

A recently published Dutch prospective observational study included 114 women be-
tween 20 and 53 years old with CIN2/3 that were prospectively followed for 24 months [104].
Clinical regression was defined as the absence of CIN2+ at the end of the follow-up
or a negative HPV with normal cytology if no histology was available. A negative
FAM19A4/miR124-2 methylation result at the start of the study was associated with
a higher degree of clinical regression compared to a positive result (74.7% vs. 51.4%;
p = 0.013) [104]. In the group of women with a negative methylation test, the regression
rate was the highest in the group with ASCUS/LSIL cytology (88.4%) and negative HPV16
(85.1%). This study showed that methylation-negative cases of CIN2+ are more likely to
regress than methylation-positive cases. Based on these results, DNA methylation could be
used as a triage for HPV-positive women with ASCUS/LSIL cytology [104].

Our research group has started a similar study in young women ≤35 years old with
histologically confirmed CIN2. The lesion on the uterine cervix must be completely visible
and cover less than 75% of the transformation zone. Concomitant histologic or cytologic
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glandular changes represent an exclusion criterion. HPV DNA testing with HC2, full
HPV genotyping by Anyplex II HPV28 Detection Kit (Seegene, Seoul, South Korea), and
methylation status analysis of FAM19A4 and miR124-2 using the QIAsure Methylation
Test (Qiagen) are performed at enrollment. The primary endpoint of our study is the
regression rate with regression defined as ≤CIN1 after 2 years of follow-up. The secondary
endpoint is the association between HPV type(s) and methylation status and the probability
of regression.

6. Conclusions

With the high rate of spontaneous regression of CIN2 lesions, new biomarkers are
needed to further individualize their management. The British Society for Colposcopy
and Cervical Pathology recently conducted a survey among its members regarding the
management of CIN2 lesions [105]. Two-thirds of clinicians offered their patients with
CIN2 conservative management despite the lack of formal guidelines supporting such
practice. The majority of survey participants agreed that women’s age over 40, large size
of the lesion, and the presence of HPV16 or HPV18 are contraindications for conservative
CIN2 management.

Ongoing and planned large longitudinal studies from different parts of the world
including a variety of methylation markers should soon provide further insights for the
informed management of women with CIN2 lesions, safely differentiating between women
that would benefit from immediate surgical treatment and those that can opt for conserva-
tive CIN2 management.

Author Contributions: Conceptualization, A.D. and M.P.; methodology, A.D.; software, A.D.;
validation, M.P.; formal analysis, M.P.; investigation, A.D.; resources, A.D.; data curation, A.D.;
writing—original draft preparation, A.D.; writing—review and editing, M.P.; visualization, A.D.;
supervision, M.P.; project administration, A.D.; funding acquisition, A.D. All authors have read and
agreed to the published version of the manuscript.

Funding: M.P. is supported by the Horizon 2020 Framework Programme for Research and Innovation
of the European Commission, through the RISCC Network (grant no. 847845) and by the Slovenian
Research Agency (grant no. P3-00083).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Conflicts of Interest: In the last 3 years, M.P.’s institution received research funding and free-of-
charge reagents and consumables to support HPV-related research from Qiagen, Seegene, Abbott,
and Roche, all paid to the employer. A.D. declares no conflict of interest.

References
1. Kremer, W.W.; Steenbergen, R.; Heideman, D.; Kenter, G.G.; Meijer, C. The use of host cell DNA methylation analysis in the

detection and management of women with advanced cervical intraepithelial neoplasia: A review. BJOG 2021, 128, 504–514.
[CrossRef] [PubMed]

2. Kalliala, I.; Anttila, A.; Pukkala, E.; Nieminen, P. Risk of cervical and other cancers after treatment of cervical intraepithelial
neoplasia: Retrospective cohort study. BMJ 2005, 331, 1183–1185. [CrossRef] [PubMed]

3. Tainio, K.; Athanasiou, A.; Tikkinen, K.A.O.; Aaltonen, R.; Cárdenas Hernándes, J.; Glazer-Livson, S.; Jakobsson, M.; Joronen, K.;
Kiviharju, M.; Louvanto, K.; et al. Clinical course of untreated cervical intraepithelial neoplasia grade 2 under active surveillance:
Systematic review and meta-analysis. BMJ 2018, 360, k499. [CrossRef]

4. Rouzier, R. Management of CIN1. J. Gynecol. Obstet. Biol. Reprod. 2008, 37 (Suppl. S1), S114–S120. [CrossRef]
5. Wise, L.A.; Willis, S.K.; Perkins, R.B.; Wesselink, A.K.; Klann, A.; Crowe, H.M.; Hahn, K.A.; Mikkelsen, E.M.; Hatch, E.E.

A prospective study of treatments for cervical intraepithelial neoplasia and fecundability. Am. J. Obstet. Gynecol. 2020, 223,
96.e1–96.e15. [CrossRef] [PubMed]

6. Insinga, R.P.; Glass, A.G.; Rush, B.B. Diagnoses and outcomes in cervical cancer screening: A population-based study. Am. J.
Obstet. Gynecol. 2004, 191, 105–113. [CrossRef]

http://doi.org/10.1111/1471-0528.16395
http://www.ncbi.nlm.nih.gov/pubmed/32619334
http://doi.org/10.1136/bmj.38663.459039.7C
http://www.ncbi.nlm.nih.gov/pubmed/16293840
http://doi.org/10.1136/bmj.k499
http://doi.org/10.1016/j.jgyn.2007.11.017
http://doi.org/10.1016/j.ajog.2019.12.017
http://www.ncbi.nlm.nih.gov/pubmed/31887271
http://doi.org/10.1016/j.ajog.2004.01.043


Int. J. Mol. Sci. 2023, 24, 6479 11 of 15

7. Stoler, M.; Bergeron, C.; Colgan, T.J.; Ferenczy, A.S.; Herrington, C.S.; Kim, K.R.; Loening, T.; Schneider, A.; Sherman, M.E.; Wilbur,
D.C.; et al. Tumours of the uterine cervix. Squamous cell tumours and precursors. In WHO Classification of Tumours of Female
Reproductive Organs; Kurman, R.J., Carcangiu, M.L., Herrington, C.S., Young, R.H., Eds.; International Agency for Research on
Cancer: Lyon, France, 2014; pp. 172–182.

8. Park, K.J.; Soslow, R.A. Current concepts in cervical pathology. Arch. Pathol. Lab. Med. 2009, 133, 729–738.
9. Carreon, J.D.; Sherman, M.E.; Guillén, D.; Solomon, D.; Herrero, R.; Jerónimo, J.; Wacholder, S.; Rodríguez, A.C.; Morales, J.;

Hutchinson, M.; et al. CIN2 is a much less reproducible and less valid diagnosis than CIN3: Results from a histological review of
population-based cervical samples. Int. J. Gynecol. Pathol. 2007, 26, 441–446. [CrossRef]

10. Dalla Palma, P.; Giorgi Rossi, P.; Collina, G.; Buccoliero, A.M.; Ghiringhello, B.; Gilioli, E.; Onnis, G.L.; Aldovini, D.; Galanti,
G.; Casadei, G.; et al. The reproducibility of CIN diagnoses among different pathologists: Data from histology reviews from a
multicenter randomized study. Am. J. Clin. Pathol. 2009, 132, 125–132. [CrossRef]

11. Mittal, S.; Ghosh, I.; Banerjee, D.; Singh, P.; Biswas, J.; Nijhawan, R.; Srinivasan, R.; Ray, C.; Basu, P. Reproducibility of cervical
intraepithelial neoplasia diagnosis on histological review of cervical punch biopsies from a visual inspection with acetic acid and
HPV detection-based screening program. Int. J. Gynaecol. Obstet. 2014, 126, 227–231. [CrossRef]

12. Bergeron, C.; Ordi, J.; Schmidt, D.; Trunk, M.J.; Keller, T.; Ridder, R.; European CINtec Histology Study Group. Conjunctive
p16INK4a testing significantly increases accuracy in diagnosing high-grade cervical intraepithelial neoplasia. Am. J. Clin. Pathol.
2010, 133, 395–406. [CrossRef] [PubMed]

13. Miralpeix, E.; Genovés, J.; Maria Solé-Sedeño, J.; Mancebo, G.; Lloveras, B.; Bellosillo, B.; Alameda, F.; Carreras, R. Usefulness of
p16INK4a staining for managing histological high-grade squamous intraepithelial cervical lesions. Mod. Pathol. 2017, 30, 304–310.
[PubMed]

14. Ebisch, R.M.F.; Rijstenberg, L.L.; Soltani, G.G.; van der Horst, J.; Vedder, J.E.M.; Hermsen, M.; Bosgraaf, R.P.; Massuger, L.F.A.G.;
Meijer, C.J.L.M.; Heideman, D.A.M.; et al. Adjunctive use of p16 immunohistochemistry for optimizing management of CIN
lesions in a high-risk human papillomavirus-positive population. Acta Obstet. Gynecol. Scand. 2022, 101, 1328–1336. [CrossRef]
[PubMed]

15. Khan, M.J.; Smith-McCune, K.K. Treatment of cervical precancers: Back to basics. Obstet. Gynecol. 2014, 123, 1339–1343. [CrossRef]
[PubMed]

16. Kyrgiou, M.; Koliopoulos, G.; Martin-Hirsch, P.; Arbyn, M.; Prendiville, W.; Paraskevaidis, E. Obstetric outcomes after conserva-
tive treatment for intraepithelial or early invasive cervical lesions: Systematic review and meta-analysis. Lancet 2006, 367, 489–498.
[PubMed]

17. Arbyn, M.; Kyrgiou, M.; Simoens, C.; Raifu, A.O.; Koliopoulos, G.; Martin-Hirsch, P.; Prendiville, W.; Paraskevaidis, E. Perinatal
mortality and other severe adverse pregnancy outcomes associated with treatment of cervical intraepithelial neoplasia: Meta-
analysis. BMJ 2008, 337, a1284. [CrossRef]

18. Kyrgiou, M.; Mitra, A.; Arbyn, M.; Stasinou, S.M.; Martin-Hirsch, P.; Bennett, P.; Paraskevaidis, E. Fertility and early pregnancy
outcomes after treatment for cervical intraepithelial neoplasia: Systematic review and meta-analysis. BMJ 2014, 349, g6192.
[CrossRef]

19. Kyrgiou, M.; Mitra, A.; Arbyn, M.; Paraskevaidi, M.; Athanasiou, A.; Martin-Hirsch, P.P.; Bennett, P.; Paraskevaidis, E. Fertility
and early pregnancy outcomes after conservative treatment for cervical intraepithelial neoplasia. Cochrane Database Syst. Rev.
2015, 2015, CD008478.

20. Kyrgiou, M.; Athanasiou, A.; Paraskevaidi, M.; Mitra, A.; Kalliala, I.; Martin-Hirsch, P.; Arbyn, M.; Bennett, P.; Paraskevaidis, E.
Adverse obstetric outcomes after local treatment for cervical preinvasive and early invasive disease according to cone depth:
Systematic review and meta-analysis. BMJ 2016, 354, i3633. [CrossRef]

21. Kyrgiou, M.; Athanasiou, A.; Kalliala, I.E.J.; Paraskevaidi, M.; Mitra, A.; Martin-Hirsch, P.P.; Arbyn, M.; Bennett, P.; Paraskevaidis,
E. Obstetric outcomes after conservative treatment for cervical intraepithelial lesions and early invasive disease. Cochrane Database
Syst. Rev. 2017, 11, CD012847.

22. Athanasiou, A.; Veroniki, A.A.; Efthimiou, O.; Kalliala, I.; Naci, H.; Bowden, S.; Paraskevaidi, M.; Arbyn, M.; Lyons, D.; Martin-
Hirsch, P.; et al. Comparative effectiveness and risk of preterm birth of local treatments for cervical intraepithelial neoplasia and
stage IA1 cervical cancer: A systematic review and network meta-analysis. Lancet Oncol. 2022, 23, 1097–1108. [PubMed]

23. LLETZ (Large Loop Excision of the Transformation Zone) Patient Information Leaflet. Available online: https://www.rcog.org.
uk/globalassets/documents/patients/patient-information-leaflets/gynaecology/lletz_jcct-rcog_v1.0_2020.pdf (accessed on
7 December 2022).

24. Perkins, R.B.; Guido, R.S.; Castle, P.E.; Chelmow, D.; Einstein, M.H.; Garcia, F.; Huh, W.K.; Kim, J.J.; Moscicki, A.B.; Nayar, R.; et al.
2019 ASCCP risk-based management consensus guidelines for abnormal cervical cancer screening tests and cancer precursors. J.
Low. Genit. Tract. Dis. 2020, 24, 102–131. [PubMed]

25. WHO Guidelines: Use of Cryotherapy for Cervical Intraepithelial Neoplasia. Geneva: World Health Organization; 2011. Available
online: http://www.ncbi.nlm.nih.gov/books/NBK138476/ (accessed on 13 December 2022).

26. D’Alessandro, P.; Arduino, B.; Borgo, M.; Saccone, G.; Venturella, R.; Di Cello, A.; Zullo, F. Loop electrosurgical excision procedure
versus cryotherapy in the treatment of cervical intraepithelial neoplasia: A systematic review and meta-analysis of randomized
controlled trials. Gynecol. Minim. Invasive. Ther. 2018, 7, 145–151. [PubMed]

http://doi.org/10.1097/pgp.0b013e31805152ab
http://doi.org/10.1309/AJCPBRK7D1YIUWFP
http://doi.org/10.1016/j.ijgo.2014.03.037
http://doi.org/10.1309/AJCPXSVCDZ3D5MZM
http://www.ncbi.nlm.nih.gov/pubmed/20154278
http://www.ncbi.nlm.nih.gov/pubmed/27739439
http://doi.org/10.1111/aogs.14459
http://www.ncbi.nlm.nih.gov/pubmed/36177908
http://doi.org/10.1097/AOG.0000000000000287
http://www.ncbi.nlm.nih.gov/pubmed/24807323
http://www.ncbi.nlm.nih.gov/pubmed/16473126
http://doi.org/10.1136/bmj.a1284
http://doi.org/10.1136/bmj.g6192
http://doi.org/10.1136/bmj.i3633
http://www.ncbi.nlm.nih.gov/pubmed/35835138
https://www.rcog.org.uk/globalassets/documents/patients/patient-information-leaflets/gynaecology/lletz_jcct-rcog_v1.0_2020.pdf
https://www.rcog.org.uk/globalassets/documents/patients/patient-information-leaflets/gynaecology/lletz_jcct-rcog_v1.0_2020.pdf
http://www.ncbi.nlm.nih.gov/pubmed/32243307
http://www.ncbi.nlm.nih.gov/books/NBK138476/
http://www.ncbi.nlm.nih.gov/pubmed/30306032


Int. J. Mol. Sci. 2023, 24, 6479 12 of 15

27. Martin-Hirsch, P.P.; Paraskevaidis, E.; Bryant, A.; Dickinson, H.O. Surgery for cervical intraepithelial neoplasia. Cochrane Database
Syst. Rev. 2013, 12, CD001318.

28. Skorstengaard, M.; Lynge, E.; Suhr, J.; Napolitano, G. Conservative management of women with cervical intraepithelial neoplasia
grade 2 in Denmark: A cohort study. BJOG 2020, 127, 729–736. [CrossRef]

29. Koeneman, M.M.; Hendriks, N.; Kooreman, L.F.; Winkens, B.; Kruitwagen, R.F.; Kruse, A.J. Prognostic factors for spontaneous
regression of high-risk human papillomavirus-positive cervical intra-epithelial neoplasia grade 2. Int. J. Gynecol. Cancer. 2019, 29,
1003–1009. [CrossRef]

30. Loopik, D.L.; Bekkers, R.L.M.; Massuger, L.F.A.G.; Melchers, W.J.G.; Siebers, A.G.; Bentley, J. Justifying conservative management
of CIN2 in women younger than 25 years—A population-based study. Gynecol. Oncol. 2019, 152, 82–86. [CrossRef]

31. Godfrey, M.A.L.; Nikolopoulos, M.; Garner, J.E.; Adib, T.R.; Mukhopadhyay, D.; Rains, J.S.; Harper, C.A.; Wuntakal, R. Conserva-
tive management of cervical intraepithelial neoplasia grade 2 (CIN2) in women under 30 years of age: A cohort study. Eur. J.
Obstet. Gynecol. Reprod. Biol. 2018, 228, 267–273.

32. Lee, M.H.; Finlayson, S.J.; Gukova, K.; Hanley, G.; Miller, D.; Sadownik, L.A. Outcomes of conservative management of high
grade squamous intraepithelial lesions in young women. J. Low. Genit. Tract. Dis. 2018, 22, 212–218. [CrossRef]

33. Tjandraprawira, K.D.; Olaitan, A.; Petrie, A.; Wilkinson, N.; Rosenthal, A.N. Comparison of expectant and excisional/ablative
management of cervical intraepithelial neoplasia grade 2 (CIN2) in the era of HPV testing. Obstet. Gynecol. Int. 2022,
2022, 7955290. [CrossRef]

34. Hong, D.K.; Kim, S.A.; Lim, K.T.; Lee, K.H.; Kim, T.J.; So, K.A. Clinical outcome of high-grade cervical intraepithelial neoplasia
during pregnancy: A 10-year experience. Eur. J. Obstet. Gynecol. Reprod. Biol. 2019, 236, 173–176. [PubMed]

35. Salvadó, A.; Miralpeix, E.; Solé-Sedeno, J.M.; Kanjou, N.; Lloveras, B.; Duran, X.; Mancebo, G. Predictor factors for conservative
management of cervical intraepithelial neoplasia grade 2: Cytology and HPV genotyping. Gynecol. Oncol. 2021, 162, 569–574.
[PubMed]

36. Silver, M.I.; Gage, J.C.; Schiffman, M.; Fetterman, B.; Poitras, N.E.; Lorey, T.; Cheung, L.C.; Katki, H.A.; Locke, A.; Kinney, W.K.;
et al. Clinical outcomes after conservative management of cervical intraepithelial neoplasia grade 2 (CIN2) in women ages 21–39
years. Cancer Prev. Res. 2018, 11, 165–170.

37. Sen, P.; Ganguly, P.; Ganguly, N. Modulation of DNA methylation by human papillomavirus E6 and E7 oncoproteins in cervical
cancer. Oncol. Lett. 2018, 15, 11–22.

38. Wentzensen, N.; Schiffman, M.; Palmer, T.; Arbyn, M. Triage of HPV positive women in cervical cancer screening. J. Clin. Virol.
2016, 76 (Suppl. S1), S49–S55.

39. Senapati, R.; Senapati, N.N.; Dwibedi, B. Molecular mechanisms of HPV mediated neoplastic progression. Infect. Agent. Cancer.
2016, 11, 59.

40. Burley, M.; Roberts, S.; Parish, J.L. Epigenetic regulation of human papillomavirus transcription in the productive virus life cycle.
Semin. Immunopathol. 2020, 42, 159–171. [PubMed]

41. Steenbergen, R.D.; Snijders, P.J.; Heideman, D.A.; Meijer, C.J. Clinical implications of (epi)genetic changes in HPV-induced
cervical precancerous lesions. Nat. Rev. Cancer 2014, 14, 395–405. [PubMed]

42. Kremer, W.W.; Vink, F.J.; van Zummeren, M.; Dreyer, G.; Rozendaal, L.; Doorbar, J.; Bleeker, M.C.G.; Meijer, C.J.L.M. Characteriza-
tion of cervical biopsies of women with HIV and HPV co-infection using p16ink4a, ki-67 and HPV E4 immunohistochemistry and
DNA methylation. Mod. Pathol. 2020, 33, 1968–1978.

43. Soto, D.; Song, C.; McLaughlin-Drubin, M.E. Epigenetic alterations in human papillomavirus-associated cancers. Viruses 2017, 9,
248.

44. McKinney, C.C.; Hussmann, K.L.; McBride, A.A. The role of the DNA damage response throughout the papillomavirus life cycle.
Viruses 2015, 7, 2450–2469. [CrossRef] [PubMed]

45. Yang, W.; Liu, Y.; Dong, R.; Liu, J.; Lang, J.; Yang, J.; Wang, W.; Li, J.; Meng, B.; Tian, G. Accurate detection of HPV integration sites
in cervical cancer samples using the Nanopore MinION Sequencer without error correction. Front. Genet. 2020, 11, 660. [PubMed]

46. Zhang, R.; Shen, C.; Zhao, L.; Wang, J.; McCrae, M.; Chen, X.; Lu, F. Dysregulation of host cellular genes targeted by human
papillomavirus (HPV) integration contributes to HPV-related cervical carcinogenesis. Int. J. Cancer 2016, 138, 1163–1174.
[CrossRef] [PubMed]

47. Pal, A.; Kundu, R. Human Papillomavirus E6 and E7: The cervical cancer hallmarks and targets for therapy. Front Microbiol 2020,
10, 3116.

48. Verlaat, W.; Van Leeuwen, R.W.; Novianti, P.W.; Schuuring, E.; Meijer, C.J.L.M.; Van Der Zee, A.G.J.; Snijders, P.J.F.; Heideman,
D.A.M.; Steenbergen, R.D.M.; Wisman, G.B.A. Host-cell DNA methylation patterns during high-risk HPV-induced carcinogenesis
reveal a heterogeneous nature of cervical pre-cancer. Epigenetics 2018, 13, 769–778. [CrossRef] [PubMed]

49. Nedjai, B.; Reuter, C.; Ahmad, A.; Banwait, R.; Warman, R.; Carton, J.; Boer, S.; Cuzick, J.; Lorincz, A.T. Molecular progression to
cervical precancer, epigenetic switch or sequential model? Int. J. Cancer 2018, 143, 1720–1730. [CrossRef] [PubMed]

50. Kottaridi, C.; Leventakou, D.; Pouliakis, A.; Pergialiotis, V.; Chrelias, G.; Patsouri, E.; Zacharatou, A.; Panopoulou, E.; Damaskou,
V.; Sioulas, V.; et al. Searching HPV genome for methylation sites involved in molecular progression to cervical precancer. J.
Cancer 2019, 10, 4588–4595. [CrossRef]

51. Wilting, S.M.; Steenbergen, R.D.M. Molecular events leading to HPV-induced high grade neoplasia. Papillomavirus Res. 2016, 2,
85–88. [CrossRef]

http://doi.org/10.1111/1471-0528.16081
http://doi.org/10.1136/ijgc-2019-000343
http://doi.org/10.1016/j.ygyno.2018.10.038
http://doi.org/10.1097/LGT.0000000000000399
http://doi.org/10.1155/2022/7955290
http://www.ncbi.nlm.nih.gov/pubmed/30933887
http://www.ncbi.nlm.nih.gov/pubmed/34226019
http://www.ncbi.nlm.nih.gov/pubmed/31919577
http://www.ncbi.nlm.nih.gov/pubmed/24854082
http://doi.org/10.3390/v7052450
http://www.ncbi.nlm.nih.gov/pubmed/26008695
http://www.ncbi.nlm.nih.gov/pubmed/32714374
http://doi.org/10.1002/ijc.29872
http://www.ncbi.nlm.nih.gov/pubmed/26417997
http://doi.org/10.1080/15592294.2018.1507197
http://www.ncbi.nlm.nih.gov/pubmed/30079796
http://doi.org/10.1002/ijc.31549
http://www.ncbi.nlm.nih.gov/pubmed/29679470
http://doi.org/10.7150/jca.30081
http://doi.org/10.1016/j.pvr.2016.04.003


Int. J. Mol. Sci. 2023, 24, 6479 13 of 15

52. Bu, Q.; Wang, S.; Ma, J.; Zhou, X.; Hu, G.; Deng, H.; Sun, X.; Hong, X.; Wu, H.; Zhang, L.; et al. The clinical significance of
FAM19A4 methylation in high-risk HPV-positive cervical samples for the detection of cervical (pre)cancer in Chinese women.
BMC Cancer 2018, 18, 1182. [CrossRef]

53. De Strooper, L.M.A.; Berkhof, J.; Steenbergen, R.D.M.; Lissenberg-Witte, B.I.; Snijders, P.J.F.; Meijer, C.J.L.M.; Heideman, D.A.M.
Cervical cancer risk in HPV-positive women after a negative FAM19A4/mir124-2 methylation test: A post hoc analysis in the
POBASCAM trial with 14 year follow-up. Int. J. Cancer 2018, 143, 1541–1548. [CrossRef]

54. Vink, F.J.; Lissenberg-Witte, B.I.; Meijer, C.J.L.M.; Berkhof, J.; van Kemenade, F.J.; Siebers, A.G.; Steenbergen, R.D.M.; Bleeker,
M.C.G.; Heideman, D.A.M. FAM19A4/miR124-2 methylation analysis as a triage test for HPV-positive women: Cross-sectional
and longitudinal data from a Dutch screening cohort. Clin. Microbiol. Infect. 2021, 27, 125.e1–125.e6. [CrossRef] [PubMed]

55. Vink, F.J.; Meijer, C.J.L.M.; Hesselink, A.T.; Floore, A.N.; Lissenberg-Witte, B.I.; Bonde, J.H.; Pedersen, H.; Cuschieri, K.; Bhatia, R.;
Poljak, M.; et al. FAM19A4/miR124-2 Methylation Testing and Human Papillomavirus (HPV) 16/18 Genotyping in HPV-Positive
Women Under the Age of 30 Years. Clin Infect Dis. 2023, 76, e827–e834. [CrossRef] [PubMed]

56. Bierkens, M.; Hesselink, A.T.; Meijer, C.J.; Heideman, D.A.; Wisman, G.B.; van der Zee, A.G.; Snijders, P.J.; Steenbergen, R.D.
CADM1 and MAL promoter methylation levels in hrHPV-positive cervical scrapes increase proportional to degree and duration
of underlying cervical disease. Int. J. Cancer 2013, 133, 1293–1299. [CrossRef]

57. van Baars, R.; van der Marel, J.; Snijders, P.J.; Rodriquez-Manfredi, A.; ter Harmsel, B.; van den Munckhof, H.A.; Ordi, J.; del Pino,
M.; van de Sandt, M.M.; Wentzensen, N.; et al. CADM1 and MAL methylation status in cervical scrapes is representative of the
most severe underlying lesion in women with multiple cervical biopsies. Int. J. Cancer 2016, 138, 463–471. [CrossRef] [PubMed]

58. Verhoef, V.M.; Heideman, D.A.; van Kemenade, F.J.; Rozendaal, L.; Bosgraaf, R.P.; Hesselink, A.T.; Bekkers, R.L.; Massuger,
L.F.; Steenbergen, R.D.; Snijders, P.J.; et al. Methylation marker analysis and HPV16/18 genotyping in high-risk HPV positive
self-sampled specimens to identify women with high grade CIN or cervical cancer. Gynecol. Oncol. 2014, 135, 58–63. [CrossRef]
[PubMed]

59. Kocsis, A.; Takács, T.; Jeney, C.; Schaff, Z.; Koiss, R.; Járay, B.; Sobel, G.; Pap, K.; Székely, I.; Ferenci, T.; et al. Performance of a new
HPV and biomarker assay in the management of hrHPV positive women: Subanalysis of the ongoing multicenter TRACE clinical
trial (n > 6000) to evaluate POU4F3 methylation as a potential biomarker of cervical precancer and cancer. Int. J. Cancer 2017, 140,
1119–1133. [CrossRef]

60. Huang, T.H.; Lai, H.C.; Liu, H.W.; Lin, C.J.; Wang, K.H.; Ding, D.C.; Chu, T.Y. Quantitative analysis of methylation status of the
PAX1 gene for detection of cervical cancer. Int. J. Gynecol. Cancer 2010, 20, 513–519. [CrossRef]

61. Chang, C.L.; Ho, S.C.; Su, Y.F.; Juan, Y.C.; Huang, C.Y.; Chao, A.S.; Hsu, Z.S.; Chang, C.F.; Fwu, C.W.; Chang, T.C. DNA
methylation marker for the triage of hrHPV positive women in cervical cancer screening: Real-world evidence in Taiwan. Gynecol.
Oncol. 2021, 161, 429–435. [CrossRef]

62. Li, S.R.; Wang, Z.M.; Wang, Y.H.; Wang, X.B.; Zhao, J.Q.; Xue, H.B.; Jiang, F.G. Value of PAX1 methylation analysis by MS-HRM in
the triage of atypical squamous cells of undetermined significance. Asian. Pac. J. Cancer. Prev. 2015, 16, 5843–5846. [CrossRef]

63. Bee, K.J.; Gradissimo, A.; Chen, Z.; Harari, A.; Schiffman, M.; Raine-Bennett, T.; Castle, P.E.; Clarke, M.; Wentzensen, N.; Burk,
R.D. Genetic and epigenetic variations of HPV52 in cervical precancer. Int. J. Mol. Sci. 2021, 22, 6463. [CrossRef]

64. Wentzensen, N.; Sun, C.; Ghosh, A.; Kinney, W.; Mirabello, L.; Wacholder, S.; Shaber, R.; LaMere, B.; Clarke, M.; Lorincz, A.T.;
et al. Methylation of HPV18, HPV31, and HPV45 genomes and cervical intraepithelial neoplasia grade 3. J. Natl. Cancer Inst. 2012,
104, 1738–1749. [CrossRef]
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