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ABSTRACT

Global methylation analysis of gene promoters is promising for detection of high-grade squamous intraepithelial
lesions or worse (HSIL+) in high-risk human papillomavirus (hrHPV)-positive women. However, diagnostic
performance of methylation data at individual CpG-sites is limited. We explored methylation for predicting
HSIL+ in self- and clinician-collected samples from Papua New Guinea.

Methylation of EPB41L3 (1-6 CpG-sites), hTERT (1-10 CpG-sites) and FAM19A4 (1-5 CpG-sites) was assessed
through pyrosequencing from 44 HPV+ samples (4 cancers, 19 HSIL, 4 low-grade squamous intraepithelial le-
sions (LSIL), 17 normal). New primers were designed for FAM19A4 directed to the first exon region not explored
previously.

In clinician-collected samples, methylation at CpG-sites 4 and 5 of EPB41L3 were the best HSIL predictors
(AUC >0.83) and CpG-site 4 for cancer (0.925). Combination of EPB41L3 sites 2/4 plus FAM19A4 site 1 were the
best HSIL+ markers [100% sensitivity, 63.2% specificity].

Methylation at CpG-site 5 of FAM19A4 was the best HSIL predictor (0.67) in self-collected samples, and CpG-
sites 1 and 3 of FAM19A4 for cancer (0.77). Combined, FAM19A4 site 1 plus HPV 16/18 detection yielded
sensitivity of 82.6% and specificity of 61.9%.

In conclusion, methylation at individual CpG-sites of EPB41L3 and FAM19A4 outperformed global analysis
and improved HSIL+ detection, warranting further investigation.
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List of abbreviations

AUC Area under the curve
CpG Cytosines that precede a guanine nucleotide
hrHPV  High-risk human papillomavirus

HSIL High-grade squamous intraepithelial lesions

HSIL+  High-grade squamous intraepithelial lesion or worse
LBC Liquid-based cytology

LMIC Low and middle-income countries

LSIL Low-grade squamous intraepithelial lesions

PNG Papua New Guinea

qPCR Quantitative polymerase chain reaction
ROC Receiver operating characteristic
SCC Squamous cell carcinoma

VCs Victorian Cytology Service

1. Introduction

Cervical cancer is caused by a persistent infection of hrHPV. The vast
majority of new cases (87%) and deaths (91%) occur in low and middle-
income countries (LMICs) [1]. Recent advances in cervical screening
include the switch to objective molecular testing for the detection of
hrHPV types in many national screening programs [2] and the devel-
opment of new strategies such as a self-sampling to attract more women
into screening [3].

HPV testing is more sensitive than cytology for the detection of
cervical abnormalities and of cancer. However, as most infections
spontaneously resolve, not all persistently hrHPV+ women will have
underlying disease. As such, referral of all positive women for treatment
will result in many unnecessary procedures. In fact, first evaluations of
the primary HPV screening in Europe and Australia with triage by
cytology and/or HPV16/18 genotyping showed a substantial increase in
colposcopy referrals compared with cytology-based screening [4,5].

While cytology is still the best strategy of triage in high income
settings, it is not feasible in LMIC, which makes the stratification of
hrHPV+ women who require treatment even more difficult. The World
Health Organization (WHO) recommends visual assessment for imme-
diate treatment after positive HPV DNA testing for populations living in
remote areas where there are few opportunities to screen women at
proper intervals and for follow-up after screening [6]. However, most
HPV infections are transient, so immediate ablative treatments can lead
to over treatment for women with low risk of disease [7]. Hence, the
identification of novel molecular biomarkers that detect underlying
disease could revolutionise screening by providing new triage tests to
identify women at highest risk of cancer.

Host DNA methylation markers are a promising option for detection
of HSIL lesions in hrHPV+ women in high income countries. Methyl-
ation assays have advantages over other triage strategies as they can be
automated, are high throughput, have accurate quantitation, are robust
to operator variations and can be performed in the same specimen as the
screening hrHPV test [8]. A literature review performed by our group
found that approximately 10 human genes have been evaluated in more
than one study; in different clinical settings these showed consistently
increased levels of methylation with increasing disease grade. Of these
host methylation markers as FAM19A4, hTERT and EPB41L3, alone or in
combination with other genes, have shown good performance for
detection of CIN2+ among hrHPV+ women from high-income countries
[9-13]. However, more basic, clinical and epidemiological information
is required on the performance of these genes at individual CpG-sites in
hrHPV+ women. There are substantial gaps in knowledge around
marker performance in self-collected samples, and in women from LMIC
where the burden of hrHPV infection and disease are high and better
triage strategies are essential.
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The majority of DNA methylation occurs on cytosines that precede a
guanine nucleotide or CpG-sites [14,15]. Pyrosequencing is a technique
that allows for relative quantitation of the base composition at each site
sequenced. The ratio of C:T after bisulphite treatment indicates the
proportion of unmethylated and methylated cytosines at each CpG site
in the original sequence giving a more specific information of the
methylation status and their possible biological and clinical role in the
development of disease [14]. It is important to determine differences in
methylation levels at individual CpG-sites to better define thresholds
and algorithms for the detection of HSIL+ lesions. This analysis will
allow us to evaluate their clinical performance individually, collectively
in panels, and in combination with specific HPV typing.

The aims of the current study were: (i) To analyse DNA methylation
at individual CpG-sites of EPB41L3, hTERT and FAM19A4 genes for
predicting underlying HSIL in an exploratory study of hrHPV+ women
that participated in a field trial of HPV- screening-same-day-treatment in
Papua New Guinea (PNG) (ii) To compare levels of methylation at in-
dividual CpG-sites in paired self/clinician-collected samples.

2. Methodology and analysis
2.1. Study population and design of the trial

We performed an exploratory study from women who participated in a
field trial in PNG known as HPV-STAT, a prospective, single-arm inter-
vention trial [16]. The trial is registered with ISRCTN, ISRCTN13476702
(https://www.isrctn.com/editorial/retrieveFile/3ed9173e-cce5-4158-a5
86-5777 75f0cbdd/35731). Study design, recruitment and protocols have
been described [16]. Briefly, between June 5, 2018, and Jan 6, 2020, 4285
women aged 30-59 years gave informed consent and were enrolled
sequentially. Inclusion and exclusion criteria were described previously
[16]. A mid-cavity vaginal specimen was collected using a cytobrush
(“Just for Me”, Preventative Oncology International, Cleveland Heights,
Ohio) and placed into 20 ml ThinPrep PreservCyt (Hologic, Marlborough,
MA). From the PreservCyt fluid 1 ml was then tested for hrHPV types
using the Xpert HPV Test (GeneXpert; Cepheid, Sunnyvale, CA, USA) as
per the manufacturer’s instructions. HPV results were provided to women
before midday to allow same-day, pelvic examination and treatmen-
t/referral. All women with a negative HPV test received their results and
were advised to return to the clinic for HPV-based screening in five years.

A cervical specimen was collected by a clinician for all HPV+ women
using a Cervex-Brush Combi (Rovers Medical Devices, Oss, The
Netherlands), placed in 20 ml PreservCyt, and stored at 4 °C prior to
shipment to Victorian Cytology Service Foundation (VCS) in Melbourne,
Australia for liquid-based cytology (LBC) and pl16/Ki67 dual stain
cytology. A 15% random sample of HPV negative women were also
asked to provide a clinician-collected cervical specimen for LBC, as
above.

LBC was performed in accordance with standard operating proced-
ures at VCS. All slides were independently assessed by two experimented
cytologists and pathologists blinded to HPV-DNA test results. Where
both readers agreed on a diagnosis of HSIL or worse (HSIL+), a final
diagnosis was recorded. If the assessment differed, dual pl16/Ki-67
immuno-staining was performed by using CINTec PLUS Cytology
(Roche Diagnostics, Rotkreuz, Switzerland) to make a final diagnosis
[16]. LBC was the reference standard rather than histology (gold
reference in high-resource settings). It is not currently feasible to pro-
vide colposcopy examination or to collect cervical biopsies for histo-
logical analysis in PNG due limited specialist staff and infrastructure.

2.2. Participants in the exploratory study and design

The exploratory study included 44 hrHPV+ paired cervical and
vaginal samples from women that participated in the HPV screening-
same day treatment trial at Mt Hagen General Hospital (Mount Hagen,
Western Highlands Province). This included all 23 hrHPV+ HSIL or SCC
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(19 HSIL and 4 SCC) cases identified on LBC conducted at VCS by the
end of 2018 and 21 randomly selected hrHPV+ normal/LSIL samples
(17 normal LBC and 4 LSIL). The choice of this sample size was based on
methylation data published that showed through simulation studies and
real data from the NCBI Gene Expression Omnibus, that at least 12
specimens in each group is needed to detect truly differential DNA
methylation with a power >80%, reproducible results and consistent
when using different statistical methods [15].

Molecular biologists and technicians were blinded to point of care
HPV results and clinical diagnosis during the performance of the
different molecular assays.

2.3. DNA extraction and HPV specific typing

These molecular analyses were carried out at the Royal Women’s
Hospital, in Melbourne, Australia. DNA was extracted by using the
MagNA Pure 96 System (DNA and Viral Nucleic Acid Small Volume Kit;
Roche Molecular Diagnostics; Mannheim, Germany) as per the manu-
facturer’s Pathogen Universal 200 protocol, and eluted in 100 pL. DNA
concentration was quantitated by Qubit® Fluorometer (Life technolo-
gies, California, USA). Extracted DNA was assessed for integrity by
quantitative polymerase chain reaction (PCR) amplification of a 260
base-pair product of the human beta-globin gene [17].

HPV genotyping was performed using Anyplex II HPV HR14 HPV
detection multiplex assay (Seegene, Seoul, South Korea), which detects
14 oncogenic HPV types (16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59,
66, 68) and an internal control according to manufacturer’s
recommendations.

2.4. Bisulphite modification

DNA extracted from clinician and self-collected samples (1-100 ng)
and a SiHa cervical cell line control (1-2 copies of HPV16 per cell, ATCC
Cat# HTB-35, RRID:CVCL_0032; American Type Culture Collection
(ATCC), Manassas, Virginia, USA; 100 ng) were bisulphite treated using
Methylamp DNA modification Kit (Epigentek, Brooklyn, NY, USA) as per
the manufacturer’s instructions. Modified DNA was eluted in 40 pL of
the Methylamp elution buffer.

2.5. DNA methylation analysis: PCR amplification and pyrosequencing
for EPB41L3, FAM19A4 and hTERT genes

Individual PCR targeting specific CpG-sites of EPB41L3, FAM19A4
and hTERT genes were performed using the converted DNA. EPB41L3
and hTERT amplifications were performed as previously described [18]
with minor modifications. Briefly, 12.5 pl of Hot Start Taq Master mix
(Qiagen, Valencia, CA), 0.25 pmol of each primer, 8.25 pl of water and 3
pl sample were mixed for each reaction. For FAM19A4 amplification,
0.5 pmol of each primer and 7 pl of water were used. PCR conditions
were: 95 °C for 15 min and then 45 cycles: 30 s at 94 °C; 30 s at the
optimized primer-specific annealing temperature (EPB41L3, 56 °C,
hTERT, 58 °C, FAM19A4, 50 °C), 30 s at 72 °C and a final extension for
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10 min at 72 °C. Sequences of the primers and characteristics of the
amplified products are shown in Table 1. Amplification was confirmed
by agarose gel electrophoresis. A 20 pl aliquot of each amplified product
was used for pyrosequencing, which was carried out on the PyroMark
Q24 instrument (Qiagen) at the Australian Genome Research Facility
(AGRF, Perth, AU) using the appropriate sequence primers for each
gene. Assay setup, sequence run, and analysis were performed with
PyroMark Q24 Software [19]. No-template negative controls, and SiHa
cell line was used as a positive methylation control. Briefly, each
PCR/pyrosequencing run had an established bisulphite modified SiHa
cell line that had been previously validated for methylation analysis and
a new SiHa cell line (bisulphite modified at the same time as the sam-
ples). This approach controlled for variation in the bisulphite modifi-
cation procedure between assays and variation in methylation analysis
between runs (reproducibility of % of methylation of the positive control
for each gene) [17].

Reproducibility of the assays were performed utilising dilution series
of SiHa cell line by triplicate in intra and inter assays and by using a
training panel of samples as reported previously [14,17,18].

2.6. Data and statistical analysis

For pyrosequencing we calculated the percentage of methylation at
individual CpG-sites [19]. Percentage of median DNA methylation for
each individual CpG-site [EPB41L3 (CpG-sites 1-6), hTERT (CpG-sites
1-10) and FAM19A4 (CpG-sites 1-5)], for each disease grade [SCC,
HSIL, LSIL and normal] was compared using two non-parametric
comparative analyses, Wilcoxon test for between groups and
Kruskal-Wallis for overall analysis, which was visualised using box and
whisker plots [17]. Area under the curve (AUC) was used to assess the
ability of the methylated genes at individual CpG-sites and by using the
average of all CpG-sites of each gene to distinguish HSIL and SCC from
normal/LSIL samples. The optimal cut-off point for each individual
CpG-site was calculated by using the maximum sum of sensitivity and
specificity as described previously [20]. We assessed the potential of
different models in detecting HSIL or worse with respect to their sensi-
tivity [number of correct positives (i.e. positive for at least one mar-
ker)/number of reference assay positives] and specificity (number of
correct negatives on all markers/number of reference assay negatives).

Triage strategies used were (I) individual analysis of methylation at
specific CpG-sites for each gene, (II) combination of two or more indi-
vidual CpG-sites (III) Individual or combined methylation analysis at
individual CpG-sites and adding HPV16/18 typing (IV) Individual or
combined methylation analysis at individual CpG-sites and adding
extended genotyping (HPV 16/18/31/33/45/52/58. Percentage of
median DNA methylation for each individual CpG-site between cervical
and vaginal specimens was also compared using Wilcoxon signed rank
test and visualised by using box and whisker plots. The results were
analysed by using XLSTAT, the statistical platform R studio (v4.0.1) and
programs ggplots2 (v3.3.2), ggpubr (v0.4), pROC (v1.16.2) and cut-
pointr (v1.1.1) [20,21].

Table 1

Primers used for pyrosequencing.
Primer Name Sequence 5’—— 3’ Size (bp) Position in gene CpG sites Annealing Temp (°) Reference
Amplification EPB41L3 F GGGGGATTTGTGTAAATTGG 83 376 to 458 6 54 [18]
Amplification EPB41L3 R (Bio) (Bio)- ACCTAAAAACCTCCCTAAAATC
Sequencing EPB41L3 s GGGATTTGTGTAAATTGG
Amplification TERT F (Bio) (Bi0)-GAGGGGTTGGGAGGGTT 106 —144 to —249 10 56 [18]
Amplification TERT R TCCTACCCCTTCACCTTCCAA
Sequencing TERT s CCTTCACCTTCCAACT
Amplification FAM19A4 F ATTAAATTAAGTAAGGGATTTGTG 152 548 to 700 5 50 New primers designed
Amplification FAM19A4 R (Bio) (Bio)-AACTTCAACACAAAAAAATTAAAC
Sequencing FAM19A4 F s AGTAAGGGATTTGTGAGGTGG

EPB41L3 and hTERT primers directed to the promoter region, according Vasiljevi¢ et al. [18]. FAM19A4 New primers designed to the proximal exonic region.
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2.7. Ethical considerations

Approval of the trial and biomarker analysis was provided by the
Medical Research Advisory Committee (MRAC) of the Papua New
Guinea National Department of Health (approval number 17.36), the
Institutional Review Board of the Papua New Guinea Institute of Medical
Research (IRB 1712), and the Human Research Ethics Committee
(HREC) of UNSW Australia (approval number HC17631). Written
informed consent was obtained from all participants prior to enrolment.

3. Results

3.1. DNA methylation at individual CpG-sites of EPB41L3, FAM19A4
and hTERT genes and lesion grade

We performed the analysis of DNA methylation at individual CpG-
sites of EPB41L3, hTERT and FAM19A4 genes in 44 hrHPV+ clinician
and self-collected vaginal samples [23 cases (19 HSIL and 4 SCC 8) and
21 normal/LSIL (17 normal LBC and 4 LSIL)]. Of these samples, 42/44
(95.4%) clinician-collected cervical samples were successfully amplified
for EPB41L3 and hTERT (1 normal and 1 HSIL did not amplify) and 40/
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44 (90.9%) for FAM19A4 (2 normal and 2 HSIL did not amplify). All the
44 self-collected vaginal samples produced an amplicon for the three
genes, and thus were considered optimal for pyrosequencing.

3.1.1. EPB41L3

In clinician-collected samples, we observed an increasing of DNA
methylation with increasing of lesion grade at all six individual CpG-
sites analysed of EPB41L3 gene (Fig. 1). DNA methylation at each CpG
site (CpG-sites 1-6) was significantly higher in HSIL than in normal/LSIL
samples, and in cervical cancer compared to normal cytology (Fig. 1, top
row).

In self-collected samples, there was an increased level of methylation
in women with cervical cancer compared to women with normal
cytology at some individual CpG-sites (CpG-site 1, 3 and 5), but the
association was not statistically significant (Fig. 1, lower row).

3.1.2. hTERT

In clinician-collected samples we observed an increase of hTERT
DNA methylation at some specific CpG-sites in women with SCC
compared to women with normal cytology (CpG-site 4, p = 0.013) and
in women with SCC compared to women with HSIL (CpG-site 4, p =
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Fig. 1. Percentage of DNA methylation at individual CpG-sites of EPB41L3 gene according to cytology diagnosis in hrHPV+ women.
Clinician-collected cervical samples (Cervical) are presented in the top panel, and self-collected vaginal samples (Vaginal) in the bottom panel. Comparisons were
assessed by the nonparametric Wilcoxon test, with whiskers corresponding to the first and third quartiles (the 25th and 75th percentiles). Significance values p

< 0.05.
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0.033 and CpG-site 7, p = 0.014) Fig. 2, top row.
In self-collected samples, there was not a clear association of DNA
methylation of hTERT with lesion grade (Fig. 2, lower row).

3.1.3. FAM19A4

In clinician-collected samples, methylation at CpG-sites 1, 2 and 3 of
FAM19A4 showed a decrease in the levels of methylation in cancer
samples compared to normal samples, although not statistically signif-
icant (p = 0.097, p = 0.096 and p = 0.077 respectively) (Fig. 3).

In self-collected samples, methylation at CpG-site 1 of FAM19A4
showed an increase in the levels of methylation in cancer samples
compared to normal samples (p = 0.068) and methylation at CpG-site 5
showed an increase in the levels of methylation in women with HSIL
compared to women with normal samples (p = 0.05).

3.2. AUC of DNA methylation markers for HSIL, HSIL+ and SCC

AUC analysis showed that in clinician-collected samples, EPB41L3
was the best methylation marker to distinguish HSIL and SCC (from
normal/LSIL). EPB41L3 methylation distinguished HSIL from normal/
LSIL at CpG-sites 2 (AUC value 0.808), 4 (0.831) and 5 (0.833), HSIL+
from normal/LSIL at CpG-sites 1 (0.764), 2 (0.827), 4 (0.852) and 5
(0.830), and SCC from normal/LSIL at CpG-sites 2 (0.912), 4 (0.920) and
6 (0.900). EPB41L3 methylation distinguished HSIL and HSIL+ from
normal/LSIL with significant p-values (p < 0.05) at the respective CpG-
sites, while the p-values for SCC from normal/LSIL were not significant
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(Fig. 4). hTERT methylation distinguished HSIL from normal/LSIL at
CpG-sites 7 (AUC value 0.700) and 3 (0.693), HSIL+ from normal/LSIL
at CpG-sites 1 (0.673) and 3 (0.658) and SCC from normal/LSIL at CpG-
sites 4 (0.880), 6 (0.800) and 8 (0.800). However, the p-values were not
significant. FAM19A4 methylation showed a lower performance for
detecting HSIL. DNA methylation at CpG site 1 distinguished HSIL from
normal/LSIL (AUC value 0.655), HSIL+ from normal/LSIL at CpG-sites 1
(0.678) and 3 (0.642) and SCC from normal/LSIL at CpG-sites 1, and 3
(AUC values of 0.776, and 0.789, respectively). FAM19A4 methylation
distinguished HSIL+ and SCC from normal/LSIL with significant p-
values (p < 0.05) at CpG sites 1 and 3.

In self-collected samples, FAM19A4 was the best methylation marker
to stratify disease grade. FAM19A4 methylation distinguished HSIL from
normal/LSIL at CpG-site 5 (AUC value 0.670), and HSIL+ from normal/
LSIL at CpG-site 1 (0.627) and CpG site 5 (0.638) and SCC from normal/
LSIL at CpG-sites 1 (0.776), 2 (0.737) and 3 (0.776). For EPB41L3, CpG-
site 2 distinguished HSIL from normal/LSIL with an AUC of 0.619, and
methylation at CpG-sites 3 and 6 distinguished SCC from normal/LSIL
with an AUC of 0.688 each.

For hTERT, methylation at CpG-site 4 and site 10 were the best
markers to distinguish HSIL and HSIL+ from normal/LSIL and CpG-sites
1, 3 and 4 distinguished SCC from normal/LSIL (Fig. 4). However, the p-
values for FAM19A4, EPB41L3 and hTERT at the respective CpG sites
were not significant.

Global methylation analysis for each gene (the average of all the
CpG-sites) performed best for EPB41L3 using clinical-collected samples
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Fig. 2. Percentage of DNA methylation at individual CpG-sites of hTERT gene according to cytology diagnosis in hrHPV+ women.
Clinician-collected cervical samples (Cervical) are presented in the top panel and self-collected vaginal samples (Vaginal) in the lower panel. Comparisons were
assessed by the nonparametric Wilcoxon test, with whiskers corresponding to the first and third quartiles (the 25th and 75th percentiles). Significance values p

< 0.05.
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and FAM19A4 in self-collected samples (Fig. 4).

3.3. Diagnostic performance of DNA methylation markers in the detection
of HSIL+

In clinician-collected samples methylation at CpG-site 4 of EPB41L3
showed the highest individual performance for HSIL+ detection, with a
sensitivity of 86.4% and specificity of 70%. Combined detection of
methylation at CpG-site 2 and 4 of EPB41L3 improved the diagnostic
performance with a sensitivity of 95.5% and specificity of 60%; when
these two CpG-sites were further combined with methylation at CpG-site
1 of FAM19A4, the best diagnostic performance was reached with a
sensitivity of 100% and specificity of 63.2% (Table 2).

In self-collected samples, methylation at CpG-site 5 of FAM19A4
showed the best individual diagnostic performance with a sensitivity of
87% and specificity of 42.9% (Table 2). Combined detection of at least
two methylation markers improved the sensitivity (values between
82.6% and 100%), but with a low specificity (values between 4.5% and
28.3%) (Table 2).

3.4. Diagnostic performance of DNA methylation at specific CpG-sites
combined with HPV infection for the detection of HSIL+

For clinician-collected samples, adding HPV16/18 detection to
methylation at CpG-site 4 of EPB41L3 increased sensitivity from 86.4%
to 100%, and reduced specificity from 70.0% to 55% for detection of
HSIL+. Combination of methylation at CpG-site 2 and 4 of EPB41L3 and
adding HPV16/18 detection increased sensitivity from 95.5% to 100%
but reduced specificity from 60% to 50% (Table 3).

Combination of any methylation marker with extended genotyping
(HPV16/18/31/33/45/52/58), showed a sensitivity of 100% at the
expense of a low specificity (values between 15.0% and 35.0%).

In self-collected samples, adding HPV16,/18 detection to methylation
at CpG-site 1 of FAM19A4 showed the best diagnostic performance with
a sensitivity of 82.6% and specificity of 61.9%. Methylation at CpG-site
5 of EPB41L3 plus HPV16/18 detection also showed a high sensitivity of
95.7% but at expenses of a low specificity of 28.6%. Combination of any
methylation marker with extended genotyping (HPV16,/18/31/33/45/
52/58), showed a sensitivity of 100% at the expense of a low specificity
(values between 4.8% and 23.0%).

3.5. Comparison of methylation between paired self-collected and
clinician-collected samples

Analysis of methylation at specific CpG-sites for EPB41L3 and hTERT
genes was performed in 42 patients, and for FAM19A4 in 40 patients
with paired assessable samples. For women with HSIL and SCC, the
levels of methylation at all CpG-sites (1-6) of EPB41L3 in self-collected
samples were lower than the levels of methylation of their paired
clinician-collected samples (Supplemental Fig. S1).

In contrast, for women with HSIL and normal/LSIL the levels of
methylation of hTERT were higher at almost all the CpG-sites in self-
collected samples compared to paired clinician-collected samples
(Supplemental Fig. S2). In women with SCC, there was no clear trend.

For FAM19A4, significant differences in methylation at individual
sites were found for women with normal/LSIL samples (higher for
clinician-collected samples at CpG-sites 1 and 3 compared to paired self-
collected samples). However, in women with HSIL and cancer, methyl-
ation at CpG site 1 seems to be higher for self-collected samples than
clinician-collected samples (Supplemental Fig. S3).

4. Discussion
This study analysed the clinical performance of DNA methylation at

individual CpG-sites of EPB41L3, hTERT and FAM19A4 for predicting
HSIL+ in clinician and self-collected samples from HPV+ women from
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Table 2
Diagnostic performance of methylation markers at individual CpG-sites in the
detection of HSIL + on clinician-collected samples and self-collected samples.

Sample Gene and CpG-  Best cut off (% Sensitivity % Specificity %
type sites” methylation) (95 % CI) (95 % CI)
Cervical, EPB41L3 CpG 5 81.8 40.0
clinician- site 1 (59.7-94.8) (19.1-63.9)
collected
EPB41L3 CpG- 10.5 86.3 65.0
site 2 (65.1-97.1) (40.8-84.6)
EPB41L3 CpG- 5 81.8 55.0
site 3 (59.7-94.8) (31.5-77.1)
EPB41L3 CpG- 6 86.4 70.0
site 4 (65.1-97.1) (45.7-88.1)
EPB41L3 CpG- 6 81.8 60.0
site 5 (59.1-94.8) (36.1-88.9)
EPB41L3 CpG- 10.5 86.4 50.0
site 6 (65.1-97.1) (27.2-72.8)
EPB41L3 CpG- 10.5/6 95.5 60.0
site 2/site 4 (77.2-99.9) (36.1-88.9)
EPB41L3 CpG- 10.5/6 90.9 50.0
site 2/site 5 (70.8-98.9) (27.2-72.8)
EPB41L3 CpG- 6/6 90.9 50.0
site 4/site 5 (70.8-98.9) (27.2-72.8)
hTERT CpG- 9.2 50.0 70.0
site 4 (28.2-71.8) (45.7-88.1)
FAM19A4 <86 52.4 89.5
CpG-site 1 (29.8-74.3) (66.9-98.7)
EPB41L3 CpG- 6/<86 90.5 68.4
site 4/ (69.6-98.8) (43.5-87.4)
FAM19A4 site
1
EPB41L3 CpG- 10.5/6/<86 100 63.2
site 2/4/ (83.9-100) (38.4-83.7)
FAM19A4 site
1
EPB41L3 CpG- 6/9.2 90.9 60.0
site 4/hTERT (70.8-98.9) (36.1-80.9)
site 4
EPB41L3 CpG- 10.5/6/9.2 95.5 50.0
site 2/4/ (77.2-99.9) (27.2-72.8)
hTERT site 4
"Global Mean site 1/2/  77.3 60.0
EPB41L1 CpG- 3(7.5) (54.6-92.2) (36.1-80.9)
site 1/2/3
“Global Mean site 1/2/  81.8 65.0
EPB41L3 CpG- 3/4/5/6 (7.5) (59.7-94.8) (40.8-84.6)
site 1-6
“Global Mean site 1/2/  52.4 84.2
FAM19A4 3/4/5 (<93) (29.8-74.3) (60.4-96.6)
CpG-site 1-5
‘Global hTERT Mean sites 54.6 60.0
CpG-site 1-10 1-10 (7) (32.2-75.6) (36.1-80.9)
Vaginal, EPB41L3 CpG- 9 82.6 28.6
self- site 2 (61.2-95.1) (11.3-52.2)
collected
EPB41L3 CpG- 3 65.2 38.1
site 3 (42.7-83.6) (18.1-61.6)
EPB41L3 CpG- 9/3 91.3 23.8
site 2/site 3 (72.0-98.9) (8.2-47.2)
FAM19A4 90 60.9 66.7
CpG-site 1 (38.6-80.3) (40.0-85.4)
FAM19A4 92.5 87.0 42.9
CpG-site 5 (66.4-97.2) (21.8-66.0)
FAM19A4 90/92.5 95.7 28.6
CpG-site 1/site (78.1-99.8) (11.3-52.2)
5
EPB41L3 CpG- 3/90 91.3 (72.0.- 23.8
site 3/ 98.9) (8.2-47.2)
FAM19A4 site
1
EPB41L3 CpG- 3/92.5 100 9.5
site 3/ (85.2-100) (1.2-30.4)
FAM19A4 site
5
hTERT CpG- 8 73.9 33.3
site 4 (51.6-89.8) (14.6-57.0)

(continued on next page)
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Table 2 (continued)

Sample Gene and CpG-  Best cut off (% Sensitivity % Specificity %

type sites” methylation) (95 % CI) (95 % CI)
hTERT CpG- 5.5 91.3 33.3
site 10 (72.0-98.9) (14.6-57.0)
EPB41L3 CpG- 3/8 95.7 19.1
site 3/hTERT (78.1-99.9) (5.5-41.9)
site 4
EPB41L3 CpG- 3/5.5 100 14.3
site3/hTERT (85.2-100) (3.0-36.3)
site 10
FAM19A4 90/8 82.6 23.8
CpG-sitel/ (61.2-95.1) (8.2-47.2)
hTERT site 4
FAM19A4 90/5.5 95.7 23.8
CpG-site 1/ (78.1-99.9) (8.2-47.2)
hTERT site 10
"Global Mean site 1/2/  69.6 33.3
EPB41L3 CpG- 3(5.5) (47.1-86.8) (14.6-57.0)
sitel1/2/3
‘Global Mean site 1/2/  65.2 38.1
EPB41L3 CpG- 3/4/5/6 (6) (42.7-83.6) (18.1-61.6)
site 1-6
IGlobal Mean site 1/2/  69.6 42.9
FAM19A4 3/4/5 (93.5) (41.1-86.8) (21.8-66.0)
CpG-site 1-5
‘Global hTERT Mean site 1-10  73.9 28.6
CpG-site 1-10 (6.5) (51.6-89.8) (11.3-52.2)

1 High-light in grey individual CpG-sites or combination of different CpG-sites
with the best diagnostic performance for detection of HSIL+.

@ Positive for at least one of the indicated CpG-sites.

b Global EPB41L3 CpG site 1/CpG site 2/CpG site 3 is equivalent to the three
CpG-sites of EPB41L3 (438, 427 and 425) studied by Lorincz group and others.
There is the S5 classifier methylation assay that include, the mean % of EPB41L3
methylation of these three CpG-sites, the mean % of methylation of HPV16-L1:
6367, 6389; HPV18-L2: 4256, 4261, 4265, 4269, 4275, 4281; HPV31-L1: 6352
and 6364 and HPV33-L2: 5557, 5560, 5566) and the proportion of CpGs
methylated in HPV16-L2 sites: 4238, 4259, 4275 for diagnostic detection of
CIN2+.

¢ Global EPB41L3 gene: mean % of methylation of CpG-sites 1/2/3/4/5/6.

4 Global FAM19A4 gene: mean % of methylation of CpG-sites 1/2/3/4/5.

¢ Global hTERT gene: mean % of methylation of CpG-sites 1/2/3/4/5/6/7/8/
9/10.

PNG, where the burden of hrHPV infection and disease are high, and the
development of new triage strategies for detection of HSIL+ are urgently
needed. Methylation at individual CpG-sites in clinician and self-
collected allowed us to differentiate HSIL vs normal samples, and can-
cer vs normal samples and to define the best combination of markers,
algorithms and thresholds for the detection of HSIL+. The best clinical
performance for detection of HSIL+ was obtained by using EPB41L3 site
2/4/FAM19A4 site 1 with a sensitivity of 100% and specificity of 63.2%
for clinician collected samples, and FAM19A4 site 1 combined with
HPV16/18 with a sensitivity of 82.6% and specificity of 61.9% for self-
collected samples. Comparison of DNA methylation at individual CpG-
sites of these genes in paired self/clinician-collected samples differed
according to the sample type, lesion grade and gene analysed, gener-
ating novel information at basic, clinical and epidemiological level. Our
study demonstrated the importance of performing analysis at individual
CpG-sites on the promoter and proximal exonic regions of host genes, as
some CpG-sites appear to be more susceptible to tumour-associated
changes than others.

4.1. DNA methylation of EPB41L3

EPB41L3 is a tumour suppressor gene that suppresses metastasis by
regulating the proper arrangements of actin stress fibres and increasing
cell motility associated with metastatic behaviour [22].
Hyper-methylation of the EPB41L3 promoter down-regulates expression
during tumour development in ovarian, lung, cervix, breast, prostate
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and oral squamous cell carcinomas [18,23,24]. In cervical disease,
methylation of EPB41L3 has been evaluated in clinical studies generally
with global analysis of the percentage of methylation in the gene [25].
Increased levels of DNA methylation according to lesion grade have
been observed in clinician-collected samples from high-income pop-
ulations by using different techniques and analysing the gene alone or in
combination with other genes [13,18,26-29]. In LMIC, only one study
has been performed using clinician collected samples, also showing
increased levels of methylation according lesion grade [30]. Although
we cannot perform a direct comparison of our results with other studies,
when we performed global methylation analysis of the EPB41L3 gene,
our results are similar to those obtained in high-income populations [18,
28,31,32]. In our exploratory setting, this gene showed a promising
performance for the detection of HSIL, HSIL+ and SCC, making it a
striking triage marker to validate in large scale studies in LMIC. Notably,
we found individual CpG-sites yield higher performance than an aver-
aged “global” methylation across the region. These values were also
higher than those obtained by other researchers using a global approach
[28,30,31], highlighting the importance of considering analysis at in-
dividual CpG-sites.

In our study analysis of methylation at individual CpG site 2/4 of
EPB41L3 increased the diagnostic performance for the detection of
HSIL+ with an excellent sensitivity of 95.5% and a specificity of 60% in
clinician-collected samples. However, the best diagnostic performance
was observed by combining methylation of EPB41L3 site 2/4 and
FAM19A4 site 1, showing that combination of individual CpG sites of
different genes could improve the detection of HSIL+. By using any of
these models, the percentage of referrals to treatment in our PNG
exploratory study would theoretically have been 60-70%, lower than
that of transferring all hrHPV + women under the current algorithm,
thus reducing unnecessary referrals and overtreatments without
affecting sensitivity.

A study analysed specific CpG sites methylation and their role in the
EPB41L3 expression in gastric cancer, finding a strong correlation be-
tween CpG hypermethylation and decreased EPB41L3 mRNA and pro-
tein levels [33]. Recently an integrated bioinformatics approach
identified that EPB41L3 was hypermethylated and correlated with a
decreased expression of EPB41L3 mRNA in cervical cancer tissues
compared with normal tissues. In addition, a lower expression of the
gene was correlated with a shorter survival time [34].

In self-collected samples, the performance of EPB41L3 methylation
for detection of HSIL or cancer was lower than in clinician-collected
cervical samples. A few studies, using qMSP, have analysed methyl-
ation of this gene in self-collected samples, all performed in high-income
countries [26,35,36]. Two of them compared methylation levels of
self-collected samples with clinician collected samples and both showed
decreased methylation levels in self-collected samples when compared
with clinician-collected samples, as observed in our study. Furthermore,
to the best of our knowledge, our study is the first one to perform
methylation analysis of the EPB41L3 gene (global and at individual
CpG-sites) in self-collected samples from a LMIC. Global methylation
analysis of EPB41L3 in these samples showed a limited sensitivity/spe-
cificity for the detection of HSIL+ but analysis of methylation at indi-
vidual CpG-sites 2 and 3 increased the sensitivity for the detection of
HSIL+ to 91.3% at the expense of a low specificity. Similar results were
observed when we combined methylation at individual CpG-sites with
HPV16/18 or extended genotyping. In summary these results show that
analysis of EPB41L3 methylation will be better to analyse in clinician
collected samples in case that this gene is used for diagnosis of HSIL+ for
screening purpose in this setting.

4.2. DNA methylation of hTERT
DNA methylation plays a role in deregulated hTERT expression and is

implicated in HPV-mediated pathogenesis of cervical cancer [37-41].
Studies using clinician-collected samples from high-income populations
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Table 3

Performance of HPV genotyping combined with methylation at specific CpG-sites for the detection of HSIL+.
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Sample type

Combined HPV/methylation detection for decision making

Sensitivity % (95 % CI)

Specificity % (95 % CI)

HPV genotype” Host Gene” Best cut off (% methylation)

Cervical, clinician-collected 16 NA NA 52.2 (30.6-73.2) 81.0 (58.1-94.6)
16,18 NA NA 60.9 (38.5-80.3) 81.0 (58.1-94.6)
16,18,31,33,45,52,58 NA NA 95.7 (78.1-99.9) 33.3 (14.6-56.9)
16,18 EPB41L3 CpG-site 2 10.5 90.9 (70.8-98.9) 50.0 (27.2-72.8)
16,18,31,33,45,52,58 EPB41L3 CpG-site 2 10.5 100 (84.6-100) 25.0 (8.7-49.1)
16,18 EPB41L3 CpG-site 4 6.0 100 (84.6-100) 55.0 (31.5-76.9)
16,18,31,33,45,52,58 EPB41L3 CpG-site 4 6.0 100 (84.6-100) 30.0 (11.9-54.3)
16,18 EPB41L3 CpG-site 5 6.0 90.9 (70.8-98.9) 50.0 (27.2-72.8)
16,18,31,33,45,52,58 EPB41L3 CpG-site 5 6.0 100 (84.6-100) 25.0 (8.7-49.1)
16,18 EPB41L3 CpG-site 2/4 10.5/6.0 100 (84.6-100) 50.0 (27.2-72.8)
16,18,31,33,45,52,58 EPB41L3 CpG-site 2/4 10.5/6.0 100 (84.6-100) 25.0 (8.7-49.0)
16,18 EPB41L3 CpG-site2/5 10.5/6.0 95.5 (77.2-99.9) 40.0 (19.1-64.0)
16,18,31,33,45,52,58 EPB41L3 CpG-site 2/5 10.5/6.0 100 (84.6-100) 20.0 (5.7-43.7)
16,18 EPB41L3 CpG-site 4/5 6.0/6.0 100 (84.6-100) 45.0 (23.1-68.5)
16,18,31,33,45,52,58 EPB41L3 CpG-site 4/5 6.0/6.0 100 (84.6-100) 30.0 (11.9-54.3)
16,18 EPB41L3 CpG-site 1/2/3 5.0/10.5/5 95.5 (77.2-99.9) 30.0 (11.9-54.3)
16,18,31,33,45,52,58 EPB41L3 CpG-site 1/2/3 5.0/10.5/5 100 (84.6-100) 15.0 (3.2-37.9)
16,18 Global EPB41L3 CpG-site 1/2/3 Mean1/2/3(7) 86.4 (65.1-97.1) 45.0 (23.1-68.5)
16,18,31,33,45,52,58 Global EPB41L3 CpG- site 1/2/3 Mean1/2/3(7) 95.5 (77.2-99.9) 25.0 (8.7-49.1)
16,18 FAM19A4 CpG-site 1 <86 76.2 (52.8-91.8) 68.4 (43.5-87.4)
16,18,31,33,45,52,58 FAM19A4 CpG-site 1 <86 95.2 (76.2-99.9) 26.3 (9.2-51.2)
16,18 hTERT CpG-site 4 9.2 72.7 (49.8-89.3) 55.0 (31.5-76.9)
16,18,31,33,45,52,58 hTERT CpG-site 4 9.2 100 (84.6-100) 35.0 (15.4-59.2)

Vaginal, self-collected
16,18 NA NA 60.9 (38.5-80.3) 81.0 (58.1-94.6)
16,18,31,33,45,52,58 NA NA 95.7 (78.1-99.9) 33.3 (14.6-56.9)
16,18 EPB41L3 CpG-site 2 9 87.0 (66.4-97.2) 23.8 (8.2-47.2)
16,18,31,33,45,52,58 EPB41L3 CpG-site 2 9 100 (85.2-100) 4.8 (0.1-23.8)
16,18 FAM19A4 CpG-site 1 90 82.6 (61.2-95.1) 61.9 (38.4-81.9)
16,18,31,33,45,52,58 FAM19A4 CpG-site 1 90 100 (85.2-100) 23.8 (8.2-47.2)
16,18 FAM19A4 CpG-site 5 92.5 95.7 (78.1-99.9) 28.6 (11.3-52.2)
16,18,31,33,45,52,58 FAM19A4 CpG-site 5 92.5 100 (85.2-100) 9.5 (1.2-30.4)
16,18 hTERT CpG-site 4 8.0 91.3 (72.0-98.9) 23.8 (8.2-47.2)
16,18,31,33,45,52,58 hTERT CpG-site 4 8.0 100 (85.2-100) 14.3 (3.1-36.3)
16,18 hTERT CpG-site 10 5.5 95.7 (78.1-99.9) 23.8 (8.2-47.2
16,18,31,33,45,52,58 hTERT CpG-site 10 5.5 100 (85.2-100) 14.3 (3.1-36.3)

1 High-light CpG-sites and HPV typing with the best diagnostic performance for detection of HSIL or worse.

? Detection of at least one of the indicated HPV genotypes.
b positive for at least one of the indicated CpG-sites.

have found increasing hTERT methylation with escalating lesion grade
[26,37,42]. Only one study has been done in a LMIC, in cervical cancer
biopsies [41].

In our study, global methylation analysis showed a similar perfor-
mance for detection of HSIL+ as observed in high income countries for
CIN2+ in clinician-collected samples (sensitivities 40-69% and speci-
ficities 54-88%) [18,26,35] and in self-collected samples (sensitivity of
62.9%) [43].

Analysis at individual CpG-sites found site 4 was the best marker to
distinguish normal/cancer samples and CpG site 4 and 10 the best
markers to distinguish normal/HSIL in clinician and self-collected
samples respectively. The hTERT promoter region harbors binding
sites for transcription factors that positively or negatively regulate
hTERT expression. SMAD3 is a repressor protein that binds to the hTERT
gene promoter (from position —218 to —206 to the transcriptional
initiation codon) and inhibits hTERT gene transcription activity [44,45].
Methylation of site 4 (position —212) could reduce the binding of
SMAD3 favouring hTERT transcription, but additional research at tran-
scriptional level is required to confirm this idea. A study in colorectal
samples showed that three specific CpG sites in the hTERT promoter
region were related with increasing of hTERT expression during malig-
nant progression of colorectal carcinoma [46]. Hence, some CpG-sites
appear to be more susceptible to tumour-associated changes than others.

4.3. DNA methylation of FAM19A4

FAM19A4 is a member of the TAFA family of five highly homologous

genes that encode small, secreted proteins predominantly expressed in
the brain [47]. FAM19A4 also has been identified as a promising
biomarker for cervical oncogenesis by using genome wide DNA
screening [48]. Furthermore, FAM19A4 promoter methylation analysis
has been shown to predict underlying CIN3/CIN3+ [49].

In our study, we used a new set of primers for analysis of DNA
methylation directed to the proximal exonic region in the gene
FAM19A4, showing promising results for detection of HSIL+. We per-
formed the methylation analysis globally and at individual CpG-sites by
using pyrosequencing to get comprehensive information on the
methylation status in this region and its possible biological, and diag-
nostic role in cervical disease. Although this exon region has not been
analysed before, and a direct comparison is not possible, global
methylation results in clinician-collected samples are similar to reports
analysing the promoter region of FAM19A4 in high income countries
[49]. The performance of FAM19A4 in combination with miR124-2
methylation have shown to improve the sensitivity (range of reported
studies from 68.2 to 86.7%) and specificity (ranging from 60.6 to 91%)
for the detection of CIN3+ in these cervical specimens [9,50-52].

We found that some specific CpG sites were promising to distinguish
HSIL and cancer from normal/LSIL and combination of EPB41L3 sites 2/
4 plus FAM19A4 site 1 dramatically improved sensitivity to 100%, with
a specificity of 63.2% for detection of HSIL+. These results warrant
more studies of DNA methylation at specific CpG sites in the proximal
exonic region of FAM19A4 and its function in cervical carcinogenesis.

In self-collected samples, methylation at some specific CpG sites of
FAM19A4 also were promising to distinguish HSIL and cancer from
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normal/LSIL samples and combining FAM19A4 CpG sitel and HPV16/
18 detection showed the best diagnostic performance with a sensitivity
and specificity values [82.6% (61.2-95.1) and 61.9% (38.4-81.9)
respectively]. Combining this site 1 with extended genotyping increased
sensitivity of 100% at expenses of specificity (23.8%). Despite the
reduced specificity, employing either of these models would have
reduced the referrals to treatment in our exploratory study compared to
hrHPV typing alone, reducing overtreatment and the burden on the
limited health resources.

Analysis of the promoter region of FAM19A4 combined with other
genes and/or HPV16/18 have shown a good performance for CIN3+ in
self collected samples, in high income countries [53,54]. The results
from these studies highlight the promising performance of FAM19A4
methylation in this type of samples.

4.4. Levels of methylation at specific CpG-sites in paired samples differed
according to lesion grade, type of sample and gene analysed

Analysis of methylation in paired samples showed that the levels of
methylation at specific CpG sites not always follow the same pattern,
reflected in the significant p value for some CpG sites and not others.
Self-collected vaginal and clinician collected cervical samples are
different. While in the self-collected vaginal sample, the women obtain
cells from the vagina (a mid-cavity vaginal specimen) by using a swab or
brush, the clinician collected cervical sample is collected by a clinician
by using a Cervex-Brush Combi device which enable simultaneous
collection of specific cells of the ectocervix, endocervix, and trans-
formation zone in a single sample. Therefore, paired samples will have
differences in cellular composition, cellular environment, and cells with
differences in methylation levels, influenced by these factors but also
related to the disease stage, gene, region and the specific CpG site
studied, etc. These results have important implications for the trans-
lation of methylation findings from one sampling strategy to another
and confirm the importance of defining specific thresholds and algo-
rithms for the detection of HSIL+ lesions according to the sample type
and other characteristics.

Limitations of this study include the small sample size specially on
the number of SCC as these results were part of an exploratory study,
leading to broad confidence intervals which restricted the statistical
power of the current analysis. However, these results showed the reli-
ability of the markers evaluated and allowed us to define thresholds and
choose the best methylation markers and CpG-sites to be evaluated in all
hrHPV+ women that participated in the PNG trial. Diagnosis was based
on LBC HSIL rather than a histological end-point. Although histology is
the best end point in high-income countries, in many LMIC and remote
settings it is not feasible to perform colposcopy and histological diag-
nosis which can lead to disease misclassification. We used some strate-
gies to decrease disease misclassification: HPV detection was used as
primary screening tool, all slides were assessed by two independent
experienced cytologists working at VCS in Melbourne, dual p16/Ki-67
immuno-staining was performed to resolve disagreements and diag-
nosis based in LBC HSIL have shown to be highly predictive of under-
lying histological disease in some settings [16].

This study is innovative as for the first time, individual CpG sites of
different genes (alone or in combination) were proposed as candidates
for detection of HSIL+ showing increased sensitivity and specificity in
the detection of HSIL+ in both, clinician and self-collected samples,
supporting this strategy to be validated in large scale studies. Also, an-
alyses of the proximal exon region of FAM19A4 gene, not explored
previously, allowed us to identify methylation at one specific CpG site
that showed very promising results for detection of HSIL+ when com-
bined with other markers, these results show that this region is also
important for the control of expression of FAM19A4 and in cervical
carcinogenesis.

In conclusion, individual CpG methylation of EPB41L3 (promoter
region) and FAM19A4 (proximal exonic region) highlighted in this study
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had high performance for detection of HSIL+ in clinician and self-
collected samples and warrant further evaluation. The introduction of
triage assays targeting methylation at individual CpG-sites could help to
reduce overtreatment rates, loss of follow-up associated with repeated
clinic visits, and improvement of care in LMIC. In PNG where POC
hrHPV detection is used, overtreatment could be reduced by performing
methylation analysis from self-collected or clinician-collected samples
prior to referring the hrHPV+ woman to ablative treatment. Large-scale
implementation studies are underway across multiple LMIC settings that
will allow us to confirm findings presented in current paper.
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