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ABSTRACT
Primary testing for human papillomavirus (HPV) in cervical screening requires triage to differentiate
women with transient infection from those with persistent infection who require more intensive
management given their risk for cervical (pre)cancer. In this study, the clinical performance of a novel
methylation marker FAM19A4 for the triage of high-risk (hr)HPV-positive women was evaluated. Using
a training-validation set approach, we analyzed a FAM19A4 quantitative methylation-specific PCR
(qMSP). The training set comprised hrHPV-positive cervical scrapes of 43 women with cervical
intraepithelial neoplasia grade 3 or worse (CIN3+) and 135 women with ≤CIN1. The validation set
comprised hrHPV-positive cervical scrapes of 52 women with CIN2+, including 33 CIN3+, 19 CIN2,
and 166 women with ≤CIN1. The methylation threshold of FAM19A4 qMSP that gave rise to CIN3+
specificity of 70% in the training set was applied in the validation set. This resulted in CIN3+ sensitivity
of 75.8% (95%CI: 61.1-90.4) at 67.0% (95%CI: 60.3-73.8) specificity. Next, the validated qMSP was
applied to an independent series of hrHPV-positive cervical scrapes of 22 women with cervical cancer,
29 with advanced CIN2/3 (i.e., women with a known preceding hrHPV infection (PHI) lasting ≥5 years
as proxy of longer duration of lesion existence), and 19 with early CIN2/3 (i.e., PHI <5 years). All
carcinomas (22/22) and advanced CIN2/3 lesions (29/29) were FAM19A4 methylation-positive,
compared to 42.1% (8/19; 95%CI: 19.9-64.3) of early CIN2/3 lesions. In conclusion, FAM19A4 is an
attractive triage marker for hrHPV-positive women, with a high reassurance for the detection of
cervical carcinoma and advanced CIN2/3 lesions.
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INTRODUCTION
An infection with a high-risk type of human papillomavirus (hrHPV) is necessary, however, not
sufficient for the development of cervical cancer (1). Following a persistent hrHPV infection, genetic
and epigenetic changes in the host and/or viral genome are acknowledged to be involved in
progression towards invasive cervical cancer (2,3). Functional studies have shown that gene silencing
by promoter hypermethylation of some tumor suppressor genes is a contributing factor to cervical
carcinogenesis (4–8). Gene promoter hypermethylation can be easily assessed by sensitive,
(quantitative) methylation-specific PCR (MSP)-based methods on cervical scrapes and even selfcollected cervico-vaginal samples. This has led to the idea that methylation analysis can provide an
attractive early detection biomarker, amongst others, to be used as triage method for hrHPV-positive
women in cervical screening (3,9). Indeed, promising results have been obtained (10–15) with
sensitivities for CIN2+ (i.e., cervical intraepithelial neoplasia (CIN) grade 2 (CIN2), CIN3 and cervical
cancer) and CIN3+ (i.e., CIN3 and cervical cancer) similar to those of cytology analysis on cervical
scrapes (11,12), the latter currently being the most widely suggested triage tool. Of interest, recent
work has revealed that methylation levels of several genes are particularly high in cervical scrapes of
women with cervical cancer and advanced high-grade CIN lesions, the latter characterized by a longer
duration (≥5 years) of a preceding hrHPV infection (PHI) (3,16). As a consequence, methylation
analysis could be particularly effective in detecting advanced precursor lesions (with likely a high
short-term progression risk) and cervical cancers (3), and can serve as a complementary tool for
cytology to gain a higher reassurance of not missing advanced lesions (17).
Most studies performed so far have used panels of methylation markers to reach sufficiently high
sensitivities for high-grade CIN and cervical cancer (11,13,18,19). In search for novel methylation
markers, we recently have performed methylation-specific digital karyotyping of different passages of
HPV16E6E7-transduced primary human foreskin keratinocytes (20). This study resulted in the
identification of novel DNA methylation events, including some directly following HPV16E6E7
expression, and others associated with the acquisition of an immortal phenotype (i.e., representing
disease progression). The latter involved FAM19A4, LHX1, NKX2-8, PHACTR3 and PRDM14 genes.
Pilot studies identified FAM19A4 as a promising candidate methylation triage marker for hrHPVpositive women. FAM19A4 (family with sequence similarity 19 (chemokine (C-C motif)-like), member
A4) is a member of the TAFA family of five highly homologous genes that encode small secreted
4

Downloaded from cancerpreventionresearch.aacrjournals.org on January 24, 2021. © 2014 American Association for
Cancer Research.

Author Manuscript Published OnlineFirst on October 3, 2014; DOI: 10.1158/1940-6207.CAPR-14-0237
Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.

proteins. These proteins contain conserved cysteine residues at fixed positions, and are distantly
related to MIP-1alpha, a member of C-C chemokine family that can serve as immunoregulator and
chemokine (21).
The present study describes the verification and validation of the clinical performance of FAM19A4
methylation analysis by qMSP in a large series of hrHPV-positive cervical scrapes derived from a
screening population. The validated FAM19A4 qMSP assay was additionally evaluated in an
independent series of hrHPV-positive cervical scrapes in relation to severity and duration of the
underlying lesion. For this purpose, scrapes from women with cervical cancer, and women with CIN2/3
with a PHI of <5year or ≥5 year, were used. PHI was used as proxy of lesion duration, and accordingly
these CIN2/3 lesions were assigned as early and advanced disease stages (16) respectively.

MATERIALS AND METHODS
Study population
Cervical scrapes for training and validation
Independent training and validation sets of hrHPV-positive cervical scrapes (n=178 and n=218,
respectively) were used. For the training set, baseline cervical scrapes of hrHPV-positive women who
participated in the intervention arm of a population-based cervical screening trial (POBASCAM)
(22,23) were used. Scrapes in the validation set were from women who participated in populationbased screening using the same screening and referral algorithm as in the intervention arm of the
POBASCAM trial (11,24). For all women, co-testing for hrHPV and cytology on the cervical scrapes at
baseline was performed. Cytology was scored using the CISOE-A classification which is standard in
the Netherlands and can be translated into the Bethesda classification (25). In this classification,
borderline or mild dyskaryosis (BMD) equals low-grade squamous intraepithelial lesions (LSIL),
atypical squamous cells of undetermined significance (ASCUS) or atypical squamous cells not
excluding high-grade squamous intraepithelial lesions (ASC-H). Moderate or worse dyskaryosis
(>BMD) equals high-grade squamous intraepithelial lesions (HSIL). All women with baseline >BMD
cytology were directly referred for colposcopy, independent of hrHPV status. All hrHPV-positive
women with baseline BMD cytology were advised to repeat cytology and hrHPV testing 6 and 18
months later. They were referred for colposcopy at 6 months, in case of >BMD cytology, or BMD
5
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cytology combined with a hrHPV-positive test result, and at 18 months in case of >BMD cytology
and/or a hrHPV-positive test result. Women with a positive hrHPV test result and normal cytology at
baseline were referred to repeat cytology and hrHPV testing at 6 and 18 months. They were referred
to colposcopy at 6 months in case of >BMD cytology, and at 18 months in case of >BMD cytology
and/or a positive hrHPV test result. At colposcopy visit, biopsies were taken for histology according to
standard procedures in the Netherlands (26).
The training set comprised hrHPV-positive scrapes of 178 women. Of these, 43 were of women that
were histologically diagnosed with a CIN3+ lesion within 36 months of follow-up (including 4
squamous cell carcinoma (SCC) and 1 adenocarcinoma (AdCa)). These women had a median age of
31 years (range 25-55) and 15 women had normal and 28 abnormal (i.e., BMD or worse) cytology at
baseline. The remaining 135 scrapes were of women without evidence of CIN2+ further referred to as
≤CIN1 (including 27 CIN1 and 9 histologically-confirmed absence of CIN) up to the next screening
round (5 years later) and had a median age of 34 years (range17-61). Of these, 99 women had normal
and 36 abnormal cytology at baseline. The training set did not include any CIN2 lesions as CIN3+ is a
better end-point for (pre)cancer (11,27).
The validation set comprised a consecutive series of 250 hrHPV-positive scrapes. Of 218 samples,
sufficient material was left for qMSP analysis and valid qMSP results were obtained. This series
comprised 52 women with a CIN2+ lesion within 36 months of follow-up (2 SCCs and 1
adenocarcinoma in situ (ACIS), 30 CIN3, 19 CIN2) with a median age of 34.5 years (range 24-58). Of
these, 19 women had normal and 33 abnormal cytology at baseline. The remaining 166 scrapes were
of women who had no evidence of CIN2+ (including 11 CIN1 and 8 histologically-confirmed absence
of CIN) within the same follow-up time. Of these, 139 had normal and 27 had abnormal cytology at
baseline. The median age of this group was 39 years (range 19-62).

Cervical scrapes of women with cervical carcinoma or CIN2/3 with a known duration of
preceding hrHPV infection
Separate series of hrHPV-positive cervical scrapes were used to quantitatively evaluate FAM19A4
methylation in relation to severity and duration of the underlying lesion. This series comprised (i) 22
hrHPV-positive cervical scrapes of women diagnosed with cervical cancer during population-based
screening or whilst visiting a gynecological outpatient clinic (19 SCC, 1 adenosquamous carcinoma
6
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and 2 AdCa). Of these scrapes, 19 had abnormal and 3 normal cytology. The median age of women
was 38 years (range: 30-85); and (ii) 48 hrHPV-positive cervical scrapes of women diagnosed with a
CIN2/3 in the second round of the control arm of the POBASCAM trial (blind HPV testing), and
accordingly have a known 5-year history of hrHPV infection. The scrapes evaluated preceded the
CIN2/3 biopsy. The duration of prior hrHPV infection was considered a proxy for duration of CIN2/3
existence (16,28). Women with same hrHPV-type in both screening rounds were considered to have a
PHI of ≥5 years, and their CIN2/3 lesions were considered advanced CIN2/3 lesions (n=29). Women
who acquired the hrHPV infection after study entrance (PHI<5 years) were considered to have early
CIN2/3 lesions (n=19). Of the 29 hrHPV-positive scrapes of women with advanced CIN2/3, 5 had
normal cytology and 24 had abnormal cytology. The median age of these women was 40 years
(range: 34-56). Of the 19 hrHPV-positive scrapes of women with early CIN2/3, 7 had normal cytology
and 12 had abnormal cytology. The median age of these women was 40 years (range 39-50).This
study followed the ethical guidelines of the Institutional Review Board of the Medical Center.

DNA isolation, bisulphite treatment, and qMSP methylation analysis
DNA from cervical scrapes was isolated using the Nucleo-Spin 96 Tissue kit (Macherey-Nagel) and a
Microlab Star robotic system (Hamilton, Germany) according to manufacturers’ protocol (11).
Extracted DNA was subjected to bisulphite treatment using the EZ DNA Methylation Kit (Zymo
Research, USA) as described previously (7,8). Bisulphite-converted DNA was used as template for
DNA methylation analysis. DNA methylation analysis of FAM19A4 was performed by qMSP using
housekeeping gene β-actin (ACTB) as a reference gene (20). A multiplex qMSP assay was developed
according to criteria described by Snellenberg et al. (29). Specificity of each primer pair for bisulphiteconverted methylated DNA was confirmed by absence of amplification of unmodified DNA to ensure
that no amplification would occur in case of incomplete bisulphite conversion. Quantification Cycle
(Cq) values were measured at a fixed fluorescence threshold. Samples with a Cq>40 for FAM19A4
were considered to represent a negative test result. All samples had a Cq value for ACTB <32 to
assure good sample quality. All analyses were performed on an ABI 7500 real-time PCR-system
(Applied Biosystems, USA). The FAM19A4 result of a sample was expressed in Cq ratio, calculated
by the following formula: 2[Cq (ACTB) - Cq (FAM19A4)] x100.
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Statistical analysis
Assessment of FAM19A4 methylation analysis was performed by a training-validation set approach
using two independent series of cervical scrapes that were sufficiently large to ensure an unbiased
assay analysis. In the training set, a Receiver Operating Characteristics (ROC) curve of the FAM19A4
qMSP assay was made for all ratio values and the area under the curve (AUC) was determined. The
threshold value that gave rise to a CIN3+ specificity of 70% in the training set was chosen to consider
a specimen positive for FAM19A4 methylation. With this threshold, the biomarker test was converted
into a categorical variable and subsequently evaluated in the independent validation set. Sensitivity,
specificity, positive predictive value (PPV), negative predictive value (NPV), and referral rate were
determined together with 95% Wald confidence intervals (95% CI), for outcome CIN2+ and CIN3+.
The threshold value for scoring cytology positive was ASCUS (i.e., BMD). For quantitative evaluation
of FAM19A4 methylation, fold changes over a reference category (i.e., hrHPV-positive women with
≤CIN1 in the validation set) were determined. Differences in methylation levels between the different
groups were analyzed by Mann–Whitney U test. P-values below 0.05 were considered significant. All
statistical analyses and computation of graphs were performed in IBM SPSS Statistics 20 and Excel.

RESULTS
Clinical validation of FAM19A4 on physician-taken cervical scrapes of hrHPVpositive women
In the training set of 178 hrHPV-positive cervical scrapes, FAM19A4 methylation analysis revealed a
significant discrimination of women with CIN3+ from those with ≤CIN1 (p=0.004). ROC curve analysis
showed an AUC of 0.775 (Figure 1). The methylation threshold of FAM19A4 that in the training set
gave rise to a CIN3+ specificity of 70% was chosen for validation set analysis. In the validation set
(n=218), application of this threshold resulted in a CIN3+ sensitivity of 75.8% (95% CI: 61.1-90.4) at a
specificity of 67.0% (95% CI: 60.3-73.8), and a CIN2+ sensitivity of 69.2% (95% CI: 56.7-81.8) at
69.9% (95% CI: 62.9-76.9) specificity. In comparison, application of cytology (threshold ASCUS) in
this set, reached a CIN3+ sensitivity of 63.6% (95% CI: 47.2-80.0) at a specificity of 78.9% (95% CI:
73.0-84.4), and a CIN2+ sensitivity of 63.5% (95% CI: 50.4-76.5) at 83.7% (95% CI: 79.1-89.3)
specificity. Corresponding PPVs, NPVs, and referral rates for endpoints CIN2+ and CIN3+ are
8
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presented in Table 1. It was observed that FAM19A4 methylation analysis scored more carcinoma
and CIN3 lesions positive than cytology [i.e., 3 carcinoma by FAM19A compared to 2 by cytology, and
73.3% CIN3 (95% CI: 57.5-89.2) by FAM19A4 compared to 63.3% CIN3 (95% CI: 46.1-80.6) by
cytology]; while cytology was more often positive among CIN2 lesions [i.e., 57.9% (95% CI: 35.7-80.1)
by FAM19A4 compared to 63.2% (95% CI: 41.1-84.4) by cytology].

FAM19A4 methylation in cervical scrapes of women with cervical cancer and
CIN2/3 lesions with different duration of existence
We next evaluated the frequency of FAM19A4 methylation positivity in an independent series of
hrHPV-positive cervical scrapes of women with different underlying disease severities (i.e., early
CIN2/3 with PHI<5years (n=19), advanced CIN2/3 with PHI≥5years (n=29) and cervical carcinoma
(n=22)). FAM19A4 methylation was particularly associated with advanced disease, scoring 100%
positive in samples of women with cervical cancer (22/22) and women with advanced CIN2/3 lesions
(29/29), compared to 42.1% (8/19; 95% CI: 19.9-64.3) of women with early CIN2/3 lesions (Figure 2).
In the same series, cytology was abnormal (≥BMD) in 86.4% (19/22; 95% CI: 72.0-100) of women with
cervical cancer, 82.8% (24/29; 95% CI: 69.0-76.5) of women with advanced CIN2/3 and 63.2% (12/19;
95% CI: 41.5-84.8) of women with early CIN2/3. Thus, FAM19A4 methylation analysis tended to be
more competent than cytology in detecting cervical carcinomas and advanced CIN2/3, whereas
cytology had a relatively higher preference for early CIN2/3 (Figure 2). When considering FAM19A4
methylation levels (expressed as Cq ratio; Table 2), an increase proportional to the duration of lesion
existence was observed with both a significant increase between early and late CIN2/3 (p<0.001), and
between late CIN2/3 and cervical cancer (p=0.001). A 3.1-fold increase in methylation levels is seen in
early CIN2/3 compared to the reference (≤CIN1 validation set, n=166), elevating to 67.9 fold in
advanced CIN2/3, and ultimately reaching highest levels in cervical cancer (270.8 fold).

DISCUSSION
FAM19A4 was previously identified by a genome-wide DNA methylation screen as a methylation
event associated with the acquisition of an immortal phenotype of HPV16E6E7-transduced cells, and
suggested as promising disease marker (20). In this study, we verified the value of FAM19A4
9
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methylation analysis as triage marker to assess the presence of (pre)cancerous cervical lesions in
hrHPV-positive women. We composed and validated the biomarker qMSP assay by a trainingvalidation set approach, resulting in a triage marker for hrHPV-positive cervical scrapes that had an
overall CIN3+ sensitivity of 75.8% (95% CI: 61.1-90.4) at 67.0% (95% CI: 60.3-73.8) specificity, and
CIN2+ sensitivity of 69.2% (95% CI: 56.7-81.8) at 69.9% (95% CI: 62.9-76.9) specificity. Of note, the
validated FAM19A4 methylation assay detected all cervical carcinomas (22/22) and advanced CIN2/3
lesions (29/29). Consequently, the FAM19A4 methylation marker can be a valuable tool to differentiate
hrHPV-positive women who should be sent for colposcopy because of the presence of cancer or
advanced CIN2/3 lesions with a high short-term progression risk for cancer, and therefore in need of
treatment.
So far, methylation-based assays that have been put forward as triage tools for HPV-positive women
make use of a panel of two to five markers to ensure sufficient detection of high-grade cervical lesions
(11,13,18,19). Here, we found that the FAM19A4 marker alone had a similar performance in terms of
CIN2+, CIN3+ and cervical carcinoma detection as a panel of previously studied methylation markers
(11). Recently, other single methylation markers, i.e., PAX1 and ZNF582 have been reported as a
promising methylation markers for cervical screening and women with LSIL, respectively (30,31). Yet,
these markers have not been validated in population-based screening studies and requires further
investigation.
CIN2/3 reflects a heterogeneous disease. Early and advanced CIN2/3 lesions, displaying a low and
high short-term progression risk for cancer, respectively, can be distinguished on the basis of
molecular host cell alterations (3).Our study strengthens previous findings of DNA methylation
analysis being more sensitive over cytology for the detection of the most advanced lesions and
cervical cancers (3,16,17). As shown in Figure 2, our findings are in line with a recent hypothesis that
both tests do not detect exactly the same lesions; with DNA methylation analysis having a preference
for detecting the more advanced CIN3+ lesions, and cytology tending to also detect early CIN2/3
lesions (3,17). Our findings support that the FAM19A4 methylation marker can serve as an alternative
or complementary tool for cytology (17) to gain a higher reassurance of not missing advanced lesions
and cervical cancer (3). It should be noticed that our study was performed within the setting of wellorganized screening in the Netherlands with a high quality standard of cytology reading (32). In
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countries without less organized cytology infrastructure, objective molecular triage testing by the
FAM19A4 methylation marker might even have higher additive value in terms of reassurance.
In line with Bierkens et al.(16) reporting on CADM1/MAL methylation, methylation levels of FAM19A4
increased with increasing disease severity, being particularly high in cervical scrapes of women with
cervical cancer. These data reflect that hrHPV-positive women with a positive FAM19A4 methylation
test should be sent for immediate colposcopy given high risk of advanced lesions in need of treatment.
FAM19A4 methylation-negative women could be offered a repeat test after 12–18 months instead of
direct colposcopy referral (3) which could markedly reduce over referral and overtreatment. The effect
on patient outcome of such strategy, nonetheless, requires confirmation in a prospective trial with
intervention based on methylation status. We acknowledge that in such scenario part of CIN2/3
lesions may remain undetected. These lesions are most likely early onset lesions with few
chromosomal abnormalities (28), and are supposed to have low risk to progress to invasive cancer
within the screening interval. Yet, to fully support this hypothesis, additional proof is needed, for
example by demonstrating no or limited chromosomal aberrations in these lesions (28) or by active
surveillance of women with FAM19A4 methylation-negative, colposcopically evaluable small CIN2.
The high confidence of not having cervical cancer in case of absence of FAM19A4 methylation, is
supported by a recent analysis of an extra series of hrHPV-positive cervical scrapes of women with
cervical SCC with unknown cytology (n=35), all of which were FAM19A4 methylation-positive (data not
shown).
Previous studies have shown that self-sampling can increase the participation rate in populationbased screening and allows the efficient detection of CIN2/3+ lesions (33–38). Since triage by
methylation markers is possible on the same sample used for hrHPV-testing, this would obviate the
need of additional visits to the physician for cytology triage (12). Given recent studies on the
application of methylation marker testing to self-collected specimens (10,12,15), further evaluation of
FAM19A4 as a methylation triage test in hrHPV-positive self-samples is warranted.
In conclusion, FAM19A4 is an attractive methylation triage marker for hrHPV-positive women that
reaches an overall CIN3+ sensitivity of 75.8% at a specificity of 67.0%, with particularly a high
reassurance for the detection of cervical carcinoma and advanced CIN2/3 lesions.

11

Downloaded from cancerpreventionresearch.aacrjournals.org on January 24, 2021. © 2014 American Association for
Cancer Research.

Author Manuscript Published OnlineFirst on October 3, 2014; DOI: 10.1158/1940-6207.CAPR-14-0237
Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.

Acknowledgements
We thank H.M.E. de Bruin for excellent technical assistance.

12

Downloaded from cancerpreventionresearch.aacrjournals.org on January 24, 2021. © 2014 American Association for
Cancer Research.

Author Manuscript Published OnlineFirst on October 3, 2014; DOI: 10.1158/1940-6207.CAPR-14-0237
Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.

REFERENCES
1.

Zur Hausen H. Papillomaviruses Causing Cancer: Evasion From Host-Cell Control in Early
Events in Carcinogenesis. J Natl cancer Inst 2000;92:690–98.

2.

Snijders PJF, Steenbergen RDM, Heideman DAM, Meijer CJLM. HPV-mediated cervical
carcinogenesis: concepts and clinical implications. J Pathol 2006;208:152–64.

3.

Steenbergen RDM, Snijders PJF, Heideman DAM, Meijer CJLM. Clinical implications of
(epi)genetic changes in HPV-induced cervical precancerous lesions. Nat Rev Cancer
2014;14:395–405.

4.

Saavedra KF, Brebi PS, Roa JC. Epigenetics Alterations in Preneoplastic and Neoplastic
Lesions of the Cervix. Clin Epigenetics 2012;4:13.

5.

Steenbergen RDM, Kramer D, Braakhuis BJM, Stern PL, Verheijen RHM, Meijer CJLM et al.
TSLC1 Gene Silencing in Cervical Cancer Cell Lines and Cervical Neoplasia. J Natl Cancer
Inst 2004;96:294–305.

6.

Wilting SM, van Boerdonk RAA, Henken FE, Meijer CJLM, Diosdado B, Meijer GA et al.
Methylation-mediated silencing and tumour suppressive function of hsa-miR-124 in cervical
cancer. Mol Cancer 2010;9:167.

7.

Overmeer RM, Henken FE, Snijders PJF, Claassen-Kramer D, Berkhof J, Helmerhorst TJM et
al. Association between dense CADM1 promoter methylation and reduced protein expression
in high-grade CIN and cervical SCC. J Pathol 2008;1:388–97.

8.

Overmeer RM, Henken FE, Bierkens M, Wilting SM, Timmerman I, Meijer CJLM et al.
Repression of MAL tumour suppressor activity by promoter methylation during cervical
carcinogenesis. J Pathol 2009;219:327–36.

9.

Tornesello ML, Buonaguro L, Giorgi-Rossi P, Buonaguro FM. Viral and cellular biomarkers in
the diagnosis of cervical intraepithelial neoplasia and cancer. Biomed Res Int
2013;2013:519619.

10.

Hesselink AT, Heideman DAM, Steenbergen RDM, Gök M, van Kemenade FJ, Wilting SM et
al. Methylation marker analysis of self-sampled cervico-vaginal lavage specimens to triage
high-risk HPV-positive women for colposcopy. Int J Cancer 2014;135:880–86.

11.

Hesselink AT, Heideman DAM, Steenbergen RDM, Coupé VMH, Overmeer RM, Rijkaart D et
al. Combined promoter methylation analysis of CADM1 and MAL: an objective triage tool for
high-risk human papillomavirus DNA-positive women. Clin cancer Res 2011;17:2459–65.

12.

Verhoef VMJ, Bosgraaf RP, van Kemenade FJ, Rozendaal L, Heideman DAM, Hesselink AT et
al. Triage by methylation-marker testing versus cytology in women who test HPV-positive on
self-collected cervicovaginal specimens (PROHTECT-3): a randomised controlled noninferiority trial. Lancet Oncol 2014;15:315–22.

13.

Eijsink JJH, Lendvai Á, Deregowski V, Klip HG, Verpooten G, Dehaspe L et al. A four-gene
methylation marker panel as triage test in high-risk human papillomavirus positive patients. Int
J Cancer 2012;130:1861–69.

14.

Huang T-H, Lai H-C, Liu H-W, Lin CJ, Wang K-H, Ding D-C et al. Quantitative analysis of
methylation status of the PAX1 gene for detection of cervical cancer. Int J Gynecol Cancer
2010;20:513–19.
13

Downloaded from cancerpreventionresearch.aacrjournals.org on January 24, 2021. © 2014 American Association for
Cancer Research.

Author Manuscript Published OnlineFirst on October 3, 2014; DOI: 10.1158/1940-6207.CAPR-14-0237
Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.

15.

Eijsink JJH, Yang N, Lendvai A, Klip HG, Volders HH, Buikema HJ et al. Detection of cervical
neoplasia by DNA methylation analysis in cervico-vaginal lavages, a feasibility study. Gynecol
Oncol 2011;120:280–83.

16.

Bierkens M, Hesselink AT, Meijer CJLM, Heideman DAM, Wisman GBA, van der Zee AGJ et
al. 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;133:1293–99.

17.

De Strooper LMA, Hesselink AT, Berkhof J, Meijer CJLM, Snijders PJF, Steenbergen RDM et
al. Combined CADM1/MAL Methylation and Cytology Testing for Colposcopy Triage of HighRisk HPV-Positive Women. Cancer Epidemiol Biomarkers Prev 2014;23:1933–37.

18.

Hansel A, Steinbach D, Greinke C, Schmitz M, Eiselt J, Scheungraber C et al. A Promising
DNA Methylation Signature for the Triage of High-Risk Human Papillomavirus DNA-Positive
Women. PLoS One 2014;9:e91905.

19.

Brentnall AR, Vasiljević N, Scibior-Bentkowska D, Cadman L, Austin J, Szarewski A et al. A
DNA methylation classifier of cervical precancer based on human papillomavirus and human
genes. Int J Cancer 2014;135:1425–32.

20.

Steenbergen RDM, Ongenaert M, Snellenberg S, Trooskens G, van der Meide WF, Pandey D
et al. Methylation-Specific Digital Karyotyping of HPV16E6E7 expressing human keratinocytes
identifies novel methylation events in cervical carcinogenesis. J Pathol 2013;231:53–62.

21.

Cook DN. The role of MIP-1α and hematopoiesis. J Leucoc Biol 1996;59:61–66.

22.

Bulkmans NWJ, Rozendaal L, Snijders PJF, Voorhorst FJ, Boeke AJP, Zandwijken GRJ et al.
POBASCAM, a population-based randomized controlled trial for implementation of high-risk
HPV testing in cervical screening: design, methods and baseline data of 44,102 women. Int J
cancer 2004;110:94–101.

23.

Bulkmans NWJ, Berkhof J, Rozendaal L, van Kemenade FJ, Boeke a JP, Bulk S et al. Human
papillomavirus DNA testing for the detection of cervical intraepithelial neoplasia grade 3 and
cancer: 5-year follow-up of a randomised controlled implementation trial. Lancet
2007;370:1764–72.

24.

Hesselink AT, Bulkmans NWJ, Berkhof J, Lorincz AT, Meijer CJLM, Snijders PJF. Crosssectional comparison of an automated hybrid capture 2 assay and the consensus GP5+/6+
PCR method in a population-based cervical screening program. J Clin Microbiol 2006;44:3680–
85.

25.

Bulk S, van Kemenade FJ, Rozendaal L, Meijer CJLM. The Dutch CISOE-A framework for
cytology reporting increases efficacy of screening upon standardisation since 1996. J Clin
Pathol 2004;57:388–93.

26.

oncoline.nl [Internet]. Integraal Kankercentrum Nederland, 2014 [updated 2014; cited 2014 Jun
26]. Available from: www.oncoline.nl

27.

Castle PE, Schiffman M, Wheeler CM, Wentzensen N, Gravitt PE. Impact of improved
classification on the association of human papillomavirus with cervical precancer. Am J
Epidemiol 2010;171:155–63.

28.

Bierkens M, Wilting SM, van Wieringen WN, van Kemenade FJ, Bleeker MCG, Jordanova ES
et al. Chromosomal profiles of high-grade cervical intraepithelial neoplasia relate to duration of
preceding high-risk human papillomavirus infection. Int J Cancer 2012;131:E579–85.
14

Downloaded from cancerpreventionresearch.aacrjournals.org on January 24, 2021. © 2014 American Association for
Cancer Research.

Author Manuscript Published OnlineFirst on October 3, 2014; DOI: 10.1158/1940-6207.CAPR-14-0237
Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.

29.

Snellenberg S, De Strooper LMA, Hesselink AT, Meijer CJLM, Snijders PJF, Heideman DAM et
al. Development of a multiplex methylation-specific PCR as candidate triage test for women
with an HPV-positive cervical scrape. BMC Cancer 2012;12:551.

30.

Kan Y-Y, Liou Y-L, Wang H-J, Chen C-Y, Sung L-C, Chang C-F et al. PAX1 Methylation as a
Potential Biomarker for Cervical Cancer Screening. Int J Gynecol Cancer 2014;24:928–34.

31.

Lin H, Chen T-C, Chang T-C, Cheng Y-M, Chen C-H, Chu T-Y et al. Methylated ZNF582 gene
as a marker for triage of women with Pap smear reporting low-grade squamous intraepithelial
lesions - A Taiwanese Gynecologic Oncology Group (TGOG) study. Gynecol Oncol Published
Online First: 16 August 2014. doi:10.1016/j.ygyno.2014.08.012

32.

Rebolj M, van Ballegooijen M, Berkers L-M, Habbema D. Monitoring a national cancer
prevention program: successful changes in cervical cancer screening in the Netherlands. Int J
Cancer 2007;120:806–12.

33.

Gök M, Heideman DAM, van Kemenade FJ, Berkhof J, Rozendaal L, Spruyt JWM et al. HPV
testing on self collected cervicovaginal lavage specimens as screening method for women who
do not attend cervical screening: cohort study. BMJ 2010;340:c1040.

34.

Gök M, Heideman DAM, van Kemenade FJ, de Vries ALM, Berkhof J, Rozendaal L et al.
Offering self-sampling for human papillomavirus testing to non-attendees of the cervical
screening programme: Characteristics of the responders. Eur J Cancer 2012;48:1799–1808.

35.

Lazcano-Ponce E, Lorincz AT, Cruz-Valdez A, Salmerón J, Uribe P, Velasco-Mondragón E et
al. Self-collection of vaginal specimens for human papillomavirus testing in cervical cancer
prevention (MARCH): a community-based randomised controlled trial. Lancet 2011;378:1868–
73.

36.

Giorgi Rossi P, Marsili LM, Camilloni L, Iossa a, Lattanzi a, Sani C et al. The effect of selfsampled HPV testing on participation to cervical cancer screening in Italy: a randomised
controlled trial (ISRCTN96071600). Br J Cancer 2011;104:248–54.

37.

Snijders PJF, Verhoef VMJ, Arbyn M, Ogilvie G, Minozzi S, Banzi R et al. High-risk HPV testing
on self-sampled versus clinician-collected specimens: a review on the clinical accuracy and
impact on population attendance in cervical cancer screening. Int J Cancer 2013;132:2223–36.

38.

Gyllensten U, Sanner K, Gustavsson I, Lindell M, Wikström I, Wilander E. Short-time repeat
high-risk HPV testing by self-sampling for screening of cervical cancer. Br J Cancer
2011;105:694–97.

15

Downloaded from cancerpreventionresearch.aacrjournals.org on January 24, 2021. © 2014 American Association for
Cancer Research.

Author Manuscript Published OnlineFirst on October 3, 2014; DOI: 10.1158/1940-6207.CAPR-14-0237
Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.

TABLES
Table 1: Sensitivity, specificity, PPV, NPV, and referral rates for colposcopy for endpoints CIN2+ and
CIN3+ in the validation set of 218 hrHPV-positive cervical scrapes.
Sensitivity
[% (95% CI)]

Specificity
[% (95% CI)]

PPV
[% (95% CI)]

NPV
[% (95% CI)]

Referral rate
[% (95% CI)]

Triage

Endpoint

FAM19A4a

CIN2+

69.2 (56.7-81.8)

69.9 (62.9-76.9)

41.9 (31.4-52.3)

87.9 (82.3-93.4)

39.4 (33.0-45.9)

CIN3+

75.8 (61.1-90.4)

67.0 (60.3-73.8)

29.1 (19.5-38.7)

93.9 (89.9-98.0)

39.4 (33.0-45.9)

CIN2+

63.5 (50.4-76.5)

83.7 (79.1-89.3)

55.0 (42.4-67.6)

88.0 (82.9-93.)

Cytologyb

CIN3+
63.6 (47.2-80.0)
78.9 (73.0-84.4)
35.0 (22.9-47.1)
92.4 (88.3-96.5)
a
b
at the threshold that gave rise to a 70% CIN3+ specificity in the training set. threshold ASCUS

27.5 (21.6-33.5)
27.5 (21.6-33.5)

Table 2: FAM19A4 methylation levels per lesion category
Cq ratio FAM19A4
category

median

range

fold changes over reference

a

0.123

0-41.94

1* (reference)

early CIN2/3

0.383

0-2.09

3.1

advanced CIN2/3

8.357

0.44-94.81

67.9

carcinoma

33.309

1.35-167.56

270.8

≤CIN1

a

≤CIN1 from validation set (n=166)
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LEGEND TO FIGURES

Figure 1: ROC curve of FAM19A4 methylation analysis in the training set of 178 hrHPV-positive
cervical scrapes. The sensitivity (y-axis) in relation to 1-specificity (x-axis) of FAM19A4 methylation
analysis is shown.

Figure 2: FAM19A4 methylation analysis and cytology in relation to duration of CIN disease
and cervical cancer. The sensitivity (y-axis) of FAM19A4 methylation analysis (black bars) and
cytology (grey bars, stripes) in hrHPV-positive cervical scrapes in relation to duration of CIN disease
and cervical cancer (x-axis) is shown.
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