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Abstract: Human papillomavirus testing is increasingly central to screening programs for cervical 

cancer. Although HPV testing has excellent clinical sensitivity it suffers from mediocre clinical 

specificity. Cytology has taken an important role as a triage test, while more recently HPV16/18 

genotyping has provided marginal incremental benefits. Despite such progress issues remain to be 

addressed, some of which are how to: 1) improve access to the best methods, 2) decrease costs so 

more women can be screened, 3) simplify management algorithms, 4) reduce overtreatment, 5) 

recognize the evolving diagnostic landscape created by widespread HPV vaccination. Part of the 

solution lies in improving the positive predictive value of the initial screen and reflex triage. An 

aspirational goal should be that most women attending colposcopy have true precancer. Cervical 

cancers and CIN2/3 generally have high levels of methylation in target human and HPV genes. In 

contrast normal and healthy women with no intraepithelial lesions or malignancy usually have low 

methylation. Furthermore, there is an interesting and useful secular gradient of increasing cervical 

DNA methylation as women progress toward precancer and cancer. Recent results from clinical 

studies using commercially available routine qPCR-based DNA methylation tests have been 

encouraging, demonstrating the potential for both higher sensitivity and specificity than current 

triage methods.  
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1. Introduction 

Methylation diagnostic testing may seem like a new approach to most clinicians today, although 

the idea has been around for a long time. DNA methylation in human papillomavirus (HPV) genomes 

was recognized in the early 1980’s and postulated to have a regulatory role [1]. The late Professor 

Harald zur Hausen and his team showed in 1988 that DNA methyltransferase had an important 

regulatory role in the life cycle of HPV18 [2]. Methylation as a target for cervical cancer prevention 

has been actively studied for at least 15 years and is starting to mature into a tool for routine clinical 

use. New approaches in healthcare can take decades to be incorporated into practice patterns, 

something that was true for HPV testing, which was already well known as a promising diagnostic 

target within expert scientific circles in the early 1980s [3–6], in fact Dr zur Hausen received his Nobel 

Prize for research on HPV that was done in the 1970s and early 1980s. General acceptance of HPV as 

a central part of cervical carcinogenesis took more than 25 years and is today regarded as a key target 

for standard of care approaches in some countries [7–15]. Regrettably, effective tools for control of 

HPV remain unattainable to most of the world’s population. Dissemination of important new 

technologies in medicine can be very slow and requires the alignment of scientific, financial, medical, 

and societal incentives. DNA methylation testing may seem like just another method for finding 

cervical precancerous lesions and some may ask if there is not already a sufficiently large and 

confusing number of options for triage? with myriad algorithms and triage variations promoted by 
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different groups and medical bodies. In fact, major problems remain to be solved in cervical cancer 

screening which include: 1) improved access to the best methods; 2) decreased costs to allow more 

women to be screened; 3) simplification and shortening of disease diagnosis and management 

algorithms; 4) Reduction in overtreatment, especially in women of childbearing age; 5) Addressing 

evolving diagnostic needs as HPV vaccination becomes more widespread. 

2. Human Papillomavirus Infection has Many Confusing Manifestations. 

Efficient detection and management of precancerous cervical disease is hampered by the high 

prevalence and myriad manifestations of HPV infection. Most HPV infections do not have any 

detectable cytological expression and can be defined only by molecular methods [8,9,16,17]. 

Furthermore, certain tangential cytological appearances of HPV infection, such as atypical squamous 

cells of undetermined significance (ASCUS) have, as the name implies, very poor specificity [13,15]. 

A diagnosis of low grade squamous intraepithelial lesion (LSIL) is usually but not always associated 

with HPV infection but almost always these lesions are transient with a low risk of progression to 

precancer and cancer.  The genotype of HPV is a key determinant of risk for invasive cancer and this 

characteristic cannot be determined by cytology. The proportion of generally healthy women in a 

population who have detectable borderline or mildly abnormal changes in their cytology (for 

example ASCUS or LSIL), or are infected by high risk human papillomavirus (hrHPV) is large, 

typically at between 10 to 20% [9–17]. A substantial majority of these women are not at risk for 

cervical cancer but many become caught in a diagnostic nightmare. Current algorithms and cervical 

disease management protocols are complex and problematic. Women are frequently demotivated by 

screening and surveillance methods that are invasive, repetitive, and may stretch over decades; such 

scenarios produce emotional anxiety, loss to followup and a general unwillingness to engage in 

screening activities [15,16].  

3. HPV Persistence and Elevated Methylation. 

Persistence of hrHPV infection is the major easily measurable risk factor for cervical cancer but 

it requires at least three HPV genotyping tests over a period of up to two years or longer and depends 

on the rather imprecise definition of persistence. On rare occasions an invasive cancer may develop 

after just a few years of infection but more typically there is an extensive lag period of 10 to 20+ years 

before the invasive cancer emerges [9,16]. Cytology has been seen as a key part of cervical cancer 

prevention for more than 50 years but confidence in cytology has been waning. The general 

recognition that hrHPV testing detects more precancers and cancers than cytology and that negative 

HPV results are much more reassuring for low risk of developing cancer than negative cytology has 

led to an increasing use of hrHPV tests in screening [14,16,18]. A limitation of HPV testing is a 

moderate to poor specificity in detecting precancers, including cervical intraepithelial neoplasia 

grades 2 or 3 (CIN2/3), usually less than 90%; which may seem superficially acceptable but needs to 

be considered in the context of the relatively low prevalence of CIN3 and cervical cancer in most 

populations. Low specificity plus low disease prevalence means low positive predictive value (PPV), 

which leads to overtreatment of incorrectly assumed cervical cancer precursors, a situation that 

motivates the need for better triage before referral of women to colposcopy. Cytology and HPV16/18 

genotyping are the common triage tests in current use but positive results on these tests still allow 

75% - 90% of women going through colposcopy clinics to not have any treatable CIN2/3 [15–17]. 

There is a need for better triage tests to decrease colposcopy rates, which would also permit clinicians 

to have improved focus on the women who really have precancers. 

4. Characteristics of DNA Methylation and Relationship to HPV Persistence 

Cervical cancers and CIN2/3 generally have high levels of methylation in selected target human 

genes and in the HPV genomic late regions, Figure 1, [19–22]. In contrast normal and healthy women 

with no intraepithelial lesions or malignancy (NILM) usually have very low levels of methylation in 

these genes [20]. There is an interesting and useful gradient of DNA methylation that increases over 
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time in women as they progress toward precancer and cancer. For example, a study in Costa Rica 

showed that temporal elevations in DNA methylation in the HPV16 L1 region predicted 

development of invasive cancer more than five years in advance [19].  Recent studies with the S5 

DNA methylation test have confirmed these results, Figure 2 [23] and shown that invasive cervical 

cancers associated with HPV16 and HPV18 can be predicted with high sensitivity (8 of 8 cases) up to 

five years in advance by stepwise increases in DNA methylation values, mostly in HPV L1 DNA 

regions. Another important DNA methylation assay based on the human target genes FAM19A4 and 

miR124-2 can also predict cervical cancers in advance. Among 35 cancers diagnosed in women who 

were hrHPV positive at baseline in the POBASCAM trial, FAM19A4/mir124-2 methylation identified 

12 of 12 cancers diagnosed within 4 years of baseline and 12 of 23 cancers within 5 to 14 years of 

diagnosis [14,24].   

 

Figure 1. Selected results from a worldwide study of DNA methylation in cervical cancer and CIN 

(adapted from [22]). 

 

Figure 2. Important findings in clinical studies using the S5 DNA methylation classifier.   . 
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5. DNA Methylation to Triage Women with hrHPV Infection or Abnormal Cytology 

We previously developed a triage classifier called S5, based on pyrosequencing and quantitative 

measurement of DNA methylation of the late regions of HPV16, HPV18, HPV31, and HPV33, 

combined with the promoter region of a human gene EPB41L3 and we demonstrated the good 

performance of this test in large clinical studies in the USA, Europe, China, and Latin America (Figure 

2 and contained references). A recent meta-analysis provides summarized data on the performance 

of S5 and other DNA methylation tests. The review concluded that DNA methylation was indeed a 

good method for detecting cervical cancer and precancers and had promise as an improved new 

method to triage hrHPV infected women [25]. 

6. careREVEAL a New qMSP DNA Methylation Test Evolved from the S5 Classifier 

Although S5 is a good research method for DNA methylation testing it is not easy to establish 

in most laboratories because it requires expensive specialized equipment (the pyrosequencer) and is 

a relatively labor-intensive assay, taking two days to complete each run. In view of the need for a 

simpler method we developed a new assay qMSP(EPB/16/18), which has the commercial name 

careREVEAL (CE) and is a novel qPCR methylation assay intended to triage women with abnormal 

cytology (primarily ASCUS or LSIL) or women infected with hrHPV. The new assay was trained on 

large group of precancers (200+) and normal (200+) convenience specimens (data not shown) and was 

validated in a different screening population of 403 women composed of 45 cases of CIN2 or higher 

(CIN2+) and 358 controls with NILM/CIN1 (no intraepithelial lesions or malignancy and / or cervical 

intraepithelial neoplasia grade 1 ― considered low risk lesions). An abbreviated version of the 

unpublished validation study results is presented in Table 1. The qMSP(EPB/16/18) assay gave a 

sensitivity of 90% for CIN2+ and a specificity of 76%, which were both significantly higher by 

McNemars test than the sensitivity and specificity of either cytology (65% and 67%, respectively) or 

HPV16/18 genotyping (64% and 67%, respectively). 

Table 1. Detection of CIN2+ by three different triage tests in China. 

 Cytology HPV16/18 
Cytology & 

HPV16/18 

qMSP(EPB/16/18) 

Methylation 

Sensitivity % 
65.8 

(48.7 - 80.4) 

64.9 

(47.5 - 79.8) 

92.7 

(80.1 - 98.5) 

88.9 

(76 - 96.3) 

Specificity % 
72.4 

(67.4 - 77) 

66.7 

(61.4 - 71.7) 

44.1 

(38.9 - 49.5) 

76.3 

(71.5 - 80.6) 

The qMSP(EPB/16/18) DNA methylation test is a qPCR adaptation of the S5 classifier with three targets: EPB41L3, 

HPV16 L1 and HPV18 L1. The study included 45 CIN2+ and 358 NILM/CIN1 among a group of hrHPV positive 

women attending a hospital screening clinic in Jiangyin China. Numbers in brackets are 95% confidence 

intervals. Differences in sensitivity between cytology or HPV16/18 and DNA methylation were significant by 

McNemars test at P<0.05. Differences in specificity were significant by McNemars test at P<0.001. 

7. Potential Clinical Algorithms for DNA Methylation Testing 

Selected genes in cervical cancer almost always have high or very high levels of methylation, 

while CIN3 characteristically have somewhat lower DNA methylation. In contrast women with 

NILM/CIN1 generally have low levels of methylation. These differences in DNA methylation can be 

used as targets for effective triage to find risky lesions among hrHPV infected women and women 

with minor cytological abnormalities (Figures 1 and 2). As regards use of methylation assays for 

followup, a small proportion of CIN2 have levels of DNA methylation similar to cancer and CIN3 

but most CIN2 have lower levels, comparable to CIN1; a pattern that may be expected from a lesion 

that seldom progresses to cervical cancer [26]. In fact, many researchers have questioned whether 

CIN2 is a distinct lesion entity, as opposed to having an origin as a misclassification of CIN1 or CIN3. 

Despite these ambiguities in CIN2 it appears that DNA methylation can be used to indicate which 

CIN2 will progress to CIN3 and cancer versus lesions that will regress or remain indolent [27]. DNA 
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methylation testing and followup in young women of childbearing age with CIN2 can help to 

preserve fertility and allow for easier and safer pregnancies.  

The methylation assay can be run on exfoliated cervical specimens collected by a clinician or 

self-collected at home, and produces diagnostically useful results regardless of availability of 

concurrent cytology [28].  For routine use of the DNA methylation assay we envisage a screening 

approach that tests for the cocktail of 13 hrHPV types (or uses screening cytology) and then reflex 

tests for methylation levels of HPVs and EPB41L3 on hrHPV or cytology positive women. Such a 

fully integrated molecular screening-triage method would provide the benefit of rapid and more 

accurate results that can quickly separate women into three management groups: a) negative for all 

biomarkers, who would go back to routine screening; b) hrHPV (or cytology ASCUS/LSIL) positive 

and methylation negative, who would have repeat testing, and c) methylation positive regardless of 

hrHPV (or cytology) status, who would be referred to colposcopy (Figure 3). In situations where 

cytology screening is also in use the women with high grade squamous intraepithelial lesions (HSIL) 

or any other diagnosis indicative or suggestive of precancer or cancer would proceed immediately to 

colposcopy. 

 

Figure 3. Suggested screening algorithm using hrHPV testing (or cytology) followed by DNA 

methylation triage; Note: rescreening using cytology should be at least every 3 years. 

8. Future Directions 

Cytology has been slowly giving way to hrHPV DNA screening, with repeat cytology 

increasingly taking a stronger role as a triage test for hrHPV screen-positive women. HPV16/18 

genotyping was incorporated into triage more recently and has provided some benefits, while also 

sending more women without disease to colpsocopy. Concurrently, prophylactic vaccination is 

ongoing in developed countries, which is leading to a reduction in the prevalence of certain hrHPV 

types, especially HPV16 and HPV18, as well as a reduction in the prevalence of precancer and 

invasive cancer. A consequence of these effects is that other hrHPV types are becoming relatively 

more important as etiological agents of the remaining cancers. These changes are expected to reduce 

the value of HPV16/18 genotyping and repeat cytology over time, in other words these triage tests 

are expected to become less specific. It has long been recognized that a major limitation of HPV testing 

is mediocre specificity, thus there is a growing need for novel approaches to screening and triage. 

DNA methylation testing is an important new approach that can provide both enhanced sensitivity 

and specificity for CIN2/3 and cancer and is a test ready to take on roles in both the triage of screen 

positive women as well as followup of women with CIN2.  

There are several relatively recent commercially available DNA methylation tests that rely on 

the accuracy, reliability, simplicity, and user familiarity of qPCR technology, among these are the 

QIAsure, GynTect and careREVEAL tests. These methylation assays have costs similar to other 

routine PCR tests such as hrHPV screening assays. Methylation assays can be readily incorporated 

into most diagnostic laboratory settings. Algorithms using DNA methylation on self-collected 

vaginal specimens and urine specimens collected at home may be suitable for developed countries 
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as well as for some low-resource settings [19,28,30,31]. These kinds of samples can be stabilized to 

allow their shipment, which may take days or weeks, and then be tested in central locations. Test 

positive women would be called into the treatment clinics or alternatively, clinicians could be sent to 

the places where the women reside, to render suitable treatments.  

There are other newer DNA methylation tests in the wings, which show promise for the future. 

Some such tests will rely on next generation sequencing and allow the interrogations of numerous 

CpG sites on human gene panels and on all hrHPV types. An interesting candidate approach is the 

Oxford Nanopore system (Oxford Nanopore Technologies PLC, Oxford UK) which can run assays 

on native DNA and give quantitative methylation results without the need for the bisulfite 

conversion step. These tests are still in development and their requirement for large amounts of DNA 

and their high costs will need to be addressed before they can become useful diagnostic tools in 

routine clinical laboratories.   
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