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Abstract

Methylation of S5 was quantified by pyrosequencing.

and avoid overtreatment.

Background: Although HPV testing and cytology detection are successful for cervical screening in China, additional
procedures are urgently required to avoid misdiagnosis and overtreatment. In this multicenter study, we collected
cervical samples during screening in clinics. A total of 588 women with HPV16/18+ and/or cytology result 2HSIL+
(high-grade squamous intraepithelial lesion or worse) were referred to colposcopy for pathological diagnosis.

Results: The S5 classifier separates women with ZHSIL+ from <HSIL with a high area under the curve (AUC) of 0.86
(95% Cl 0.840-0.910). The cutoff of 2.85 was conducted in our study. Remarkably, all cancer cases (n = 67) were
detected by S5. The sensitivity of S5 for “2HSIL+" was 89.1% (95% Cl 86.2-92.4%), and the specificity was 76.6%
(95% CI 72.2-78.9%). S5 could reduce unnecessary colposcopy referrals by 74% (95% Cl 71.3-78.1%) with virtually
no loss of sensitivity for HSIL+, and the follow-up data support the utility of the S5 classifier.

Conclusion: The S5 classifier with high sensitivity and specificity provided increasing diagnostic information for
women with HPV16/18+ and/or cytology results and could reduce the numerous unnecessary colposcopy referrals
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Background

Cervical cancer is a public problem worldwide [1]. It is
the fourth most frequent type of tumor among women
and the fourth leading cause of cancer death among
women [2, 3]. Cervical cancer is primarily caused by hu-
man papillomavirus (HPV) infection, and persistent in-
fection with high-risk HPV is a prerequisite for the
development of cervical lesions and cancer [4-6]. Not
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surprisingly, testing for HPV-DNA in cervical cancer
screening settings is highly sensitive for the detection of
clinically relevant lesions. The disadvantage of HPV-
based screening is the modest specificity which results in
overtreatment, among young women in particular. How-
ever, since most HPV infections will not give rise to
(pre)malignant disease, an important concern related to
this approach is the increasing unnecessary colposcopy
referrals and medical costs [7-9]. At present, reflex cy-
tology detection has been implemented as a routine clas-
sifier for cervical cancer screening in the Chinese
algorithm. It is widely accepted that cytology is subject-
ive and prior knowledge of HPV presence, as is the case
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in the setting of primary HPV screening, will likely in-
crease the false-positive rate. While colposcopy screen-
ing is successful in screening cervical cancer, it still has
limitations, such as subjectivity, interobserver variability,
and potential infections. These pressing issues can be
addressed by an adequate triage classifier for women
with abnormal HPV and cytology results.

An objective triage strategy that could be automated
and that incorporated molecular tests combined with
HPV detection might be able to solve these problems.
DNA methylation plays an imperative role in cancer de-
velopment, and cancer formation is associated with fre-
quent changes in DNA methylation [10-12]. As a
primary form of epigenetic inheritance, DNA methyla-
tion has been extensively studied and widely used in
tumor classification, early detection, therapy targets, and
predictive biomarkers of metastasis and recurrence. The
hyper-methylation of CpG (Cytosine-phosphate-Guanine
site) islands in the promoter region of tumor suppressor
genes, a key mechanism in tumorigenesis, could impede
gene transcription and result in a decrease or loss of
gene function. Similar to other cancers, epigenetic silen-
cing of tumor suppressor genes by promotor hyper-
methylation is a common molecular alteration in cer-
vical cancer [13-15]. Methylation of CpG islands in the
tumor suppressor genes prevents the binding of tran-
scription factors to the corresponding DNA response el-
ements, resulting in a decrease in gene transcription,
and ultimately, a loss of tumor suppressive function,
leading to an uncontrolled cell growth and tumor devel-
opment. It has been shown that aberrant methylation of
some tumor suppressor genes such as PTEN, SFRPI,
RASSF1A, DAPK, and RUNX3 occurs frequently in cer-
vical cancer. Therefore, the case that alterations in the
DNA methylation of specific genes may be a useful bio-
marker for early cervical cancer detection. Of more than
100 human methylation biomarker genes detected so far
in cervical tissue, close to 20 have been reported in dif-
ferent studies, and approximately 10 have been repeat-
edly shown to have elevated methylation in cervical
cancers and high-grade squamous intraepithelial lesions,
most prominently CADM1, EPB41L3, FAM19A4, MAL,
miR-124, PAX1, and SOX1 [16, 17].

DNA methylation assays targeting host and/or HPV
genes may meet this requirement, as they have been
shown to have higher sensitivity and similar specificity
to LCT (liquid-based cytology) for identification. S5°(car-
eLYFE) methylation is based on targeting regions of
HPV16, HPV18, HPV31, and HPV33 combined with the
promoter region of the human tumor suppressor gene
EPB41L3 [18]. The PCR-based multiplex assay was
followed by quantitative pyrosequencing to measure
methylation levels of each assay component. However,
the S5°(careLYFE) methylation tests for the triage of
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cervical cancer and “>HSIL+” among Chinese women
remain elucidated. The S5 assay was developed in a col-
poscopy study and has been well tested in the UK,
Canada, and Mexico [19-22]. As the infection rates of
HPV31 and HPV33 in China are low, as well as the
lower infection rates of HPV31 and HPV33 in HSIL and
cancer, Care Me is a methylation classifier consisting of
three regions: EPB41L3, HPV16, and HPV18. It costs a
third less than S5, and Care Me is undergoing clinical
registration trials in China. EPB41L3 is a human tumor
suppressor gene, which is reported to be associated with
the progression of cancers.

In this study, the aim was to evaluate the performance
of a methylation-specific assay (S5°) comprising five
marker regions as a triage test among women with dis-
crepant results in China, assess the sensitivity and speci-
ficity of S5 methylation for triage HSIL+, and attempt to
find evidence to support S5 as an optimal triage
classifier.

Results

The following chart of our study is presented in Fig. 1.
The mean age of the final study population (n = 588)
was 38.8 years (range 27-70 years). Out of the total re-
cruited population, 60 women were diagnosed with no
lesion (without cervical lesions), 107 women were diag-
nosed with LSIL (low-grade squamous intraepithelial le-
sion), 354 with HSIL, and 67 women with CC (cervical
cancer).

As presented in Table 1, the study population’s overall
sociodemographic and sexual behavior characteristics
did not show statistically significant differences by
pathological diagnosis group. Most women were married
or had a steady partner (> 85%). Overall, most women
had never smoked (> 82%) (Table 1).

Figure 2 shows the distribution of the S5 classifier by
histological diagnosis. The S5 classifier showed a highly
significant increase proportional to the severity of lesions
(Cuzick test for trend, p < 0.001). Median methylation
scoring was 1.1 in histologically negative samples (no le-
sion), 2.1 in LSIL, 15.2 in HSIL, and 19.7 in cervical can-
cer (CC). The Mann-Whitney U test revealed highly
significant differences between the following pairwise
comparisons: no lesion vs HSIL (p < 0.001), no lesion vs
CC (p < 0.001), LSIL vs HSIL (p < 0.001), LSIL vs CC (p
< 0.001), and HSIL vs CC (p < 0.001).

ROC analysis of the S5 methylation for detecting
HSIL+ is shown in Fig. 3, and the area under the curve
(AUC) was 0.86 (95% CI 0.840-0.910). A new S5 cutoff
value of 2.85 was selected for better discrimination of
“HSIL+” lesions from “<HSIL” diagnoses in our already
triaged Chinese women with HPV16/18+ and/or abnor-
mal cytology (Fig. 3). This cutoff value reached a relative
sensitivity and specificity of 89.1% (95% CI 86.2—92.4%)
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Fig. 1 Flowchart of the study showing the numbers of women in each step. Prior to November 2018, 632 of 4303 were called for colposcopy
referrals. Then, 588 out of 632 had complete histological results recorded from November 2018 to the study cutoff data on November 1, 2019.
These 588 women are considered to represent in the sample frame: 60 no lesion, 107 LSIL, 354 HSIL, and 67 cervical cancer (CC). No lesion,
histologically negative without squamous intraepithelial lesion; LSIL, low-grade squamous intraepithelial lesion; HSIL, high-grade squamous
intraepithelial lesion; CC, cervical cancer; (TCT)HSIL+, cytological high-grade squamous intraepithelial lesion or worse

and 76.6% (95% CI 72.2-78.9%), respectively, for
“HSIL+” (Table 3). In addition, we calculated the per-
formance of the S5 methylation classifier with a cutoff
value of 3.7, which was previously performing in the de-
tection in Mexico, and a cutoff value of 0.8, which was
reported in the UK and Canadian screening populations.
We observed that the 3.7 cutoff reached a slight increase
in specificity of 80.2% (95% CI 76.1-85.0%) but not sig-
nificantly, while a worse sensitivity of 77.9% (95% CI
72.5-83.9%) (p = 0.015). We observed a better sensitivity
for HSIL+ of 98.3% (95% CI 94.8-99.2%) (p = 0.004) but
a worse specificity of 20.9% (95% CI 17.1-25.8%) (p <
0.001) at the 0.8 S5 cutoff value.

ROC analysis of S5 and several existing methylation
marker panels for detecting HSIL+ are shown in Fig. 4.
The area under the curve (AUC) of S5 with a 2.85 cutoff
is 0.860 (95% CI 0.840-0.910), while the AUC of “Care
Me” is 0.823 (95% CI 0.778-0.847), and the AUC of
EPB41L3 was only 0.714 (95% CI 0.678-0.754). This
means that the S5 classifier is better performing in the
detection of HSIL+ women compared to “Care Me” and
EPB41L3.

We investigated the positivity of different triage tests
for no lesion, LSIL, HSIL, and CC histological diagnoses
(Table 2). HPV16/18 genotyping was positive in 76.7%
(67.7-79.8) of histologically no lesion (histologically
negative without squamous intraepithelial lesion)
women, while S5 classifier at a cutoff of 2.85 was only
30.8%. HPV16/18 genotyping was positive in 43.0%
(39.8-45.7) of histologically LSIL women, positive in
59.9% (54.1-64.2) of histologically HSIL women, and
positive in 88.1% (83.2-95.4) of histologically HSIL
women. All the 67 cancer cases were identified by
S5methylation. However, 11.9% of cancer cases were
missed by HPV16/18 detection, and 65.7% of cancers
were missed by cytology.

As shown in Table 3, the sensitivity of HPV16/18
genotyping for detecting HSIL+ was 64.4% (95% CI
57.8-72.1%), with a specificity of 44.9% (95% CI 40.5—
49.1%). Cytology with a cutoff of (TCT (Thinprep cy-
tology test)) HSIL+ (cytological high-grade squamous
intraepithelial lesion or worse for TCT result) had a sen-
sitivity of 48.9% (95% CI 42.8—-53.2%) and a specificity of
54.4% (95% CI 50.3-58.4%) (here, we define
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Table 1 Demographics and sexual behavior characteristics of the female population studied

Histology P
No lesion (n = 60) LSIL (0 = 107) HSIL (n = 354) CC(n=67) value
Characteristic No. (%) No. (%) No. (%) No. (%)

Age at enrollment

< 30years 17 (283) 31(290) 79 (223) 16 (23.9) 0.080

2 30years 43 (71.7) 76 (31.0) 275 (77.7) 51 (76.1) 0.112
Marital status

Steady partner® 51 (85.0) 96 (89.7) 326 (92.1) 59 (88.1) 0.061

No steady partner** 9 (15.0) 11 (10.3) 28 (7.9) 8 (11.9) 0.054
Smoker

No 52 (86.7) 88 (82.2) 311 (87.9) 55 (82.1) 0.064

Yes 8(13.3) 19 (17.8) 43 (12.1) 12 (17.9) 0.057
Number of sexual partners

0-1 49 (81.7) 87 (81.3) 286 (80.8) 51 (76.1) 0.093

22 11 (183) 20 (187) 68 (19.2) 16 (23.9) 0.088
Time of sexual activity/

11 years 13 (21.7) 17 (15.9) 51 (144) 12(17.9) 0.073

11-20 years 18 (30.0) 23 (234) 101 (28.5) 19 (284) 0.092

21-30 years 13 (21.7) 37 (34.6) 98 (27.7) 15 (224) 0.054

2 30years 16 (26.6) 30 (28.1) 104 (294) 21 (313) 0.084

No lesion histologically negative without squamous intraepithelial lesion, LSIL low-grade squamous intraepithelial lesion, HSIL high-grade squamous intraepithelial
lesion, CC cervical cancer

*Married or with stable partner

**Single women, windows, or divorcees

AObtained by subtracting the age of onset of sexual life to the age at the time of the study
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Fig. 2 S5 score distributions by histological diagnosis: no lesion, LSIL, HSIL, and cervical cancer (CC). No lesion vs HSIL (p < 0.001), no lesion vs CC
(p < 0.001), LSIL vs HSIL (p < 0.001), LSIL vs CC (p < 0.001), and HSIL vs CC (p < 0.001). The middle line is the median; the Cuzick test for trend
was significant (p < 0.001). The upper whisker extends to the largest point of the inter-quartile range from the upper quartile. The lower whisker
extends to the smallest point of the inter-quartile range from the lower quartile. No lesion, histologically negative without squamous
intraepithelial lesion; LSIL, low-grade squamous intraepithelial lesion; HSIL, high-grade squamous intraepithelial lesion; CC, cervical cancer
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Fig. 3 S5 receiver operating characteristic curves for detecting
HSIL+. The red star denotes the sensitivity and specificity of S5 at
cutoff of 2.85 for HSIL+. The green circle denotes the sensitivity and
specificity of S5 at cutoff of 0.8 for HSIL+. The blue triangle denotes
the sensitivity and specificity of S5 at cutoff of 3.75 for HSIL+. The
cutoff for cytology was 2 (TCT)HSIL+. HSIL+, high-grade squamous
intraepithelial lesion or worse; (TCT)HSIL+, cytological high-grade
squamous intraepithelial lesion or worse for TCT result

80

60

40

Sensitivity %

20

S5 for HSIL+, AUC 0.86 (0.840-0.910)
—— CareMe for HSIL+, AUC 0.823 (0.778-0.847)
EPB41L3 for HSIL+, AUC 0.714 (0.678-0.754)

20 40 60 80 100

100%-Specificity %

Fig. 4 Receiver operating characteristic (ROC) curves of S5 and other
existing methylation classifiers for detecting HSIL+. The blue curve
denotes the S5 at cutoff of 2.85 for HSIL+. The green curve denotes
the EPB41L3 for HSIL+. The blue curve denotes the Care Me for
HSIL+. HSIL+, high-grade squamous intraepithelial lesion or worse
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“(TCT)HSIL+” as cytological high-grade squamous
intraepithelial lesion or worse for TCT result). In the
context of cervical cancer screening in China, a greater
specificity would reduce numerous unnecessary colpos-
copy referrals. We subsequently explored the clinical
utility of the S5 methylation classifier as a second or re-
flex triage test (Fig. 5). We defined three risk groups of
women based on the outcomes of HPV16/18 detection
and cytology. Group 1 consisted of HPV16/18+ and cy-
tology > (TCT)HSIL+ women. Of all the 57 women in
group 1, fifty-six (98.2%) cases were histopathological
HSIL+ women. We consider that these women should
be referred to colposcopy based on the first triage alone.
Group 2 represented a triage discrepancy consisting of
HPV16/18+ but cytology < (TCT)HSIL+ women. In our
study, these women were also referred to colposcopy, but in
retrospect, of all the 306 women in group 2, 91(29.7%) cases
were histopathological <HSIL+ women, who were consid-
ered to be unnecessarily referred. The use of S5 methylation
as a second triage test in this group would have reduced col-
poscopy referral by 74% for an HSIL+ endpoint (p = 0.000).
In group 3, women were HPV16/18- but cytology >
(TCT)HSIL+, and all these women in our study were re-
ferred to colposcopy. Of all the 225 women, 75 (33.3%) cases
were histopathological < HSIL+ women, who were consid-
ered to be unnecessarily referred. Again, the use of S5
methylation would have reduced colposcopy referral by 79%
for an HSIL+ endpoint (p = 0.000). In both group 2 and
group 3, the sensitivity of S5 as the second triage test de-
creased slightly compared with in a scenario where all
women were referred to colposcopy (group 2, 215/306 vs
192/306; p = 0.059; group 3, 150/225 vs 132/225; p = 0.079),
but the difference was not statistically significant (Fig. 5).
This means that conducting S5 methylation as a second tri-
age classifier would reduce numerous unnecessary colpos-
copy referrals by more than 70% while maintaining a similar
sensitivity to detect HSIL+ as the triage based on a combin-
ation of HPV16/18 and cytology.

We followed up the women with histopathological
<(His)HSIL+(high-grade squamous intraepithelial lesion
for histological diagnosis-positive) 1year after the col-
poscopy, and we defined the HPV16/18 negative as re-
gression (when compared with the HPV16/18 positive 1
year before), also we defined TCT<(TCT)HSIL+ as re-
gression (when compared with the TCT > (TCT)HSIL+
1 year before) (Table 4). Of all the women with S5 scores
< 2.85, 40 (58.8%) of 68 HPV16/18+ women regressed to
HPV16/18 negative after colposcopy within 1 year, while
of those with S5 scores > 2.85, only 1 (4.6%) of 24 cases
regressed. Of all the women with S5 scores < 2.85, 42
(71.7%) of 60 women with cytology = (TCT)HSIL+
regressed after colposcopy within 1 year, while of those
with S5 scores > 2.85, only 2 (12.5%) of 16 cases
regressed.
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Table 2 Positivity of different triage tests for histologically negative (No lesion), LSIL, HSIL, and CC

No lesion (n = 60) % (95% Cl) LSIL (n = 107) % (95% Cl) (His)HSIL (n = 354) % (95% Cl) CC (n=67) % (95% CI)
HPV16/18+ 76.7 (67.7-79.8) 43.0 (39.8-45.7 59.9 (54.1-64.2) 88.1 (83.2-954)
Cytology 2(TCT)HSIL+ 233 (19.8-264) 57.9 (54.2-60.1 7 (45.9-56.8) 343 (28.0-36.1)
S5 at 2.85 cutoff 100 (7.6-13.8) 30.8 (27.9-35.0 87.0 (84.3-89.7) 100
S5 at 3.7 cutoff 83 (32-139) 26.2 (20.2-31. 73.7 (69.8-77.6) 100
S5 at 0.8 cutoff 85.0 (77.9-89.4) 75.7 (69.9-78.8 98.0 (92.4-99.7) 100

No lesion histologically negative without squamous intraepithelial lesion, LSIL low-grade squamous intraepithelial lesion, (His)HSIL high-grade squamous
intraepithelial lesion, CC cervical cancer, (TCT)HSIL+ cytological high-grade squamous intraepithelial lesion or worse

Discussion

This study investigated the diagnostic performance of
the S5 methylation assay for women already triaged by
cytology or HPV16/18 testing and evaluated its utility
for potentially decreasing unnecessary colposcopy in the
current Chinese algorithm. We also followed up women
with “no lesion” 1 year later after colposcopy as corrob-
orative evidence to support the results. These results
imply that the S5 could be a potential classifier for cer-
vical cancer and pre-cancer lesion screening.

A great number of studies indicate that persistent
hrHPV (high-risk human papillomavirus) infection to-
gether with abnormal epigenetic events might lead to
cervical pre-cancer lesions and even cervical cancer.
When host cells were persistently infected by hrHPV, re-
active cellular changes will occur as increased methyla-
tion and other epigenetic changes. DNA methylation is
detectable for its measurable CpG island signatures and
is stably retained during mitotic cell division process
[23]. Thus, we explored the clinical utility of the S5
DNA methylation classifier as a triage test in our study
of women with abnormal cytology and/or HPV16/18
infections.

As demonstrated in Table 2, S5 methylation assay was
able to detect all cancer cases and 89.1% of HSIL+ cases
in our study. In comparison, there were still 11.9% of
cancer cases missed by HPV16/18 detection. What is
more, there were 76.7% histologically no lesion women,
and histologically LSIL were referred to colposcopy
which might be unnecessary. Meanwhile, 65.7% (44/67)
cancer cases were missed by cytology. Of these missed
women, 16 cases were cervical squamous carcinomas, 11

cases were cervical adenocarcinomas, 12 were cervical
adeno-squamous carcinomas, 3 were cervical neuroen-
docrine carcinomas, and 2 were cervical clear cell car-
cinomas. The cytology positive percentage for cervical
cancer is lower than normally observed and reported. It
is widely accepted that the unsatisfactory results of cy-
tology might result from the experience of observers, the
insensitivity to atypical histology, unsatisfactory sam-
pling, and so on. Meanwhile, as this is a multi-center
study, all the specimens were collected from each clinic
and delivered to the same laboratory. Most of the missed
cases in cytology were from the other 2 hospitals (al-
though reviewed by the same cytotechnologists), while
the results of HPV and methylation from 3 hospitals
were similar. It is highly likely that the transportation in-
fluenced the morphology of the cytology slides and mis-
guided the judgements of cytotechnologists. While the
HPV and methylation based on the molecular analysis
through digital instruments instead of observers, the re-
sults in HPV and methylation from 3 hospitals are simi-
lar. What is more, the colposcopies were all conducted
in the same hospital, named the Obstetrics and
Gynecology Hospital of Fudan University, which can
guarantee accuracy of colposcopy and histological
diagnosis.

Several methylation markers and commercially avail-
able methylations kits have been reported to triage the
cervical cancer and pre-cancer lesions. The sensitivity of
the PAX1 methylation test [24] for the detection of
CIN3+ showed a sensitivity of 64% and a specificity of
91%. The sensitivity of the SOX1 methylation test [24]
for the detection of CIN3+ showed a sensitivity of 71%

Table 3 Performance of HPV16/18 genotyping, cytology, and S5 methylation for detecting (His)HSIL+

Sensitivity % (95% Cl) Specificity % (95% Cl) PPV 9% (95% Cl) NPV % (95% Cl)
HPV16/18+ 644 (57.8-72.1) 44.9 (40.5-49.1) 746 (71.3-76.8) 333 (29.3-38.2)
Cytology 2(TCT)HSIL+ 489 (42.8-53.2) 54.4 (50.3-58.4) 73.1 (70.5-75.9) 29.7 (254-34.8)
S5 cutoff 2.85 89.1 (86.2-92.4) 76.6 (72.2-78.9) 90.6 (87.2-93.1) 73.5 (69.6-75.7)
S5 cutoff 0.8 98.3 (94.8-99.2) 209 (17.1-25.8) 75.8 (70.0-81.4) 85.7 (80.7-89.3)
S5 cutoff 3.7 779 (72.5-83.9) 80.2 (76.1-85.0) 90.8 (86.6-94.3) 59.0 (55.9-63.7)

(His)HSIL+ histological high-grade squamous intraepithelial lesion or worse, PPV positive predictive value, NPV negative predictive value
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Fig. 5 Advantage of conducting S5 classifier as a second triage tool for colposcopy referral for HSIL+ endpoint. We defined three risk groups of
women based on the results of HPV16/18 detection and cytology. The group 1 consisted of HPV16/18+ and cytology 2 (TCT)HSIL+ women. Of
all the 57 women in group 1, fifty-six (98.2%) cases were histopathological HSIL+ women; we consider that these women should be referred to
colposcopy based on the first triage alone. Group 2 represented a triage discrepancy consisting of HPV16/18+ but cytology < (TCT)HSIL+ women.
The use of S5 methylation as a second triage test in this group would have reduced colposcopy referral by 74% for a HSIL+ endpoint (p = 0.000).
In group 3, women were HPV16/18— but cytology = (TCT)HSIL+, and the use of S5 methylation would have reduced colposcopy referral by 79%
for a HSIL+ endpoint (p = 0.000). In the both group 2 and group 3, the sensitivity of S5 as the second triage test decreased slightly than in a
scenario where all women were referred to colposcopy, but reduce the numerous unnecessary colposcopy referrals by more than 70% to detect
HSIL+. The frequency shows the number of women in each group. No lesion, histologically negative without squamous intraepithelial lesion; LSIL,
low-grade squamous intraepithelial lesion; HSIL, high-grade squamous intraepithelial lesion; CC, cervical cancer; (TCT)HSIL+, cytological high-grade

and a specificity of 77%. The sensitivity of the POU4F3
methylation test [25] for detecting CIN3+ was 74%, and
the specificity was 89%. A methylation study based on
MAL and CADM1 showed [26] a sensitivity of 68% and
a specificity of 75% for detecting CIN2+. A study based
on the combination of EPB41L3, JAMS3, TERT, and
C130RF18 showed [27] the sensitivity of 65% and a spe-
cificity of 79% for detecting CIN2+. A methylation study
based on the 5 regions of the genes DLX1, ITGA4,
RXFP3, SOX17, and ZNF671 showed [28] the sensitivity
of 43.1% and a specificity of 88.7% for detecting CIN2/3.
In a self-sampling study [29], DNA methylation testing
for MAL and miR-124 showed a sensitivity of 70.5% for

detecting CIN2+. Also, some methylation kits were
tested, such as the QIAsure [10] (based on FAM19A4
and has-mir124-2) and GynTect assay [30] (based on
ASTNI1, DLX1, ITGA4, RXFP3, SOX17, and ZNF671).
The QIAsure methylation based on FAM19A4 and has-
mir124-2 showed a sensitivity of 70.5% and a specificity
of 67.8% for detecting HSIL+. And the GynTect methy-
lation based on ASTN1, DLX1, ITGA4, RXFP3, SOX17,
and ZNF671 showed a sensitivity of 64.8% and a specifi-
city of 94.6% for detecting HSIL+. Since these studies
were conducted within different population and set dif-
ferent endpoint, the comparison of different methylation
tests needs further normalization. Nevertheless, S5 with

Table 4 The follow-up data of women with histology < (His)HSIL+ according S5 scoring

S5 scoring < 2.85

S5 scoring 2 2.85

HPV16/18 + (n)

HPV16/18 — (1 year later) (n)
Regression rate (%)
Cytology=2(TCTHHSIL+ (n)

Cytology<(TCT)HSIL+(1 year later) (n)

Regression rate (%)

68 24
40 1
588 46
60 16
42 2
71.7 12.5

As the descripted in the title of Table 4, “histology < (His)HSIL+" was diagnosed based on the colposcopy (until 2018 November). One year later (in 2019
November), we followed up women who were diagnosed as “histology < (His)HSIL+.” As these women were referred to colposcopy for HPV16/18+ or cytology >
(TCT)HSIL+, we analyzed the HPV16/18 genotyping and cytology in 2019 November, and we define the “regression” as cytology or HPV16/18 becoming negative

1 year later.

(His)HSIL+ histological high-grade squamous intraepithelial lesion or worse, (TCT)HSIL+ cytological high-grade squamous intraepithelial lesion or worse.
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high sensitivity and high specificity would provide add-
itional information for women with discrepant results of
HPV16/18 and cytology.

Another encouraging finding of our study is re-
analysis of the diagnostic utility of S5 reported in three
earlier studies, a large screening study in the UK, a
nested case-control triage study in Mexico [18], and a
randomized control trial in Canada [21]. In the hrHPV-
based screening study from the UK, using a cutoff of 0.8
for S5, the AUC of the 0.8 cutoff was 0.78 (95% CI 0.69—
0.88) for HSIL+ but had a lower specificity of 20.9%. In
the nested case-control triage study in Mexico, using a
cutoff of 3.7 for S5, the AUC obtained for HSIL+ was
only 0.75 (95% CI 0.69-0.8), lower than the AUC (0.86)
of 2.85 cutoff.

In previous studies of S5 performance [20], the sensi-
tivity for cancer at the suggested triage cutoff of 0.8 was
100%. In our study, the results showed that even at a
cutoff of 2.85, all cancers were detected. Similar data
have also been shown in other studies, which indicate
few if any cancers would be missed when employing
DNA methylation signatures for triage, even with a ra-
ther high S5 cutoff of 2.85 or perhaps higher.

It is widely accepted that most cervical pre-cancer le-
sions result from hrHPV infections and most of them re-
gress and only a small number of them (< 5%) progress
toward cervical cancer [31]. To decrease costs and to
avoid a large amount of unnecessary treatment, it is of
great significance to distinguish women who are most
likely to develop truly pre-cancerous high-grade SIL
from women with “HSIL” but will never progress toward
cervical cancer or at least not over several decades. Pre-
vious studies have proposed classifiers based on the
methylation of HPV types and/or genes. Also, S5 per-
formed better than the single EPB41L3 methylation
marker and “Care Me” including EPB41L3, HPV16, and
HPV18 which derived from S5 assay.

Based on the results in our study, we believe that a
combined triage strategy with remarkable specificity and
a sensitivity of more than 80% for (His)HSIL+ is feasible
and cost-effective in China and many low- and middle-
income countries (LMICs). On the one hand, it is not
crucial to detect all pre-cancer lesions in the first screen-
ing because most of pre-cancer lesions regress or pro-
gress slowly. However, cancers are not reversible, and S5
classifier detected all cancer cases in our study and three
other previous studies [18—20]. These results indicate
that S5 is safe for detecting all cancer cases and 89.1% of
(His)HSIL+ cases. On the other hand, S5 classifier would
reduce unnecessary colposcopy referrals. A pressing pri-
ority in China and indeed in most LMIC is to not over-
whelm colposcopy clinics. A workload increase in these
clinics could lead to increasingly poor outcomes and po-
tentially to increase in cancer due to hurried and
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inadequate assessment of women, who may be given
false-negative diagnoses or who may be lost to follow-
up. Thus, our results support a proposal to set up an
enhanced risk scoring algorithm that combines methyla-
tion of target genes with current cytology and HPV16/
18 triage testing options for hrHPV screen-positive
women.

Excessive burdening of clinical services and overtreat-
ment of women are negative features of medical practice
today [32, 33]. It might take more than 1 month to make
an appointment for a colposcopy in many Chinese hospi-
tals and even longer in other parts of the world. Moreover,
overtreatment is still a major issue due to the side effects
of invasive therapy such as perinatal loss, preterm birth,
bleeding, long-term absence from work, and mental stress
[33, 34]. In China, many women with “LSIL” choose inva-
sive treatment such as LEEP or laser treatment in fear of
the disease progression. The procedure was unnecessary
for many studies reporting that spontaneous regression of
LSIL/HSIL lesions to normal histopathology was shown to
be as high as 30% within 36 weeks without any treatment,
and in another study, the regression rate even reached
39% within 16 weeks [1, 9].

Our results are applicable to methylation triage of
women who are discrepantly positive for HPV16/18 and
cytology (which means HPV16/18+ with cytology
<(TCT)HSIL+ or HPV16/18- with cytology =
(TCT)HSIL+); however, we were not able to assess
whether S5 could be used for triage in all hrHPV-
positive women. Therefore, according to the follow-up
results, S5 test may also be beneficial for women who
had a normal colposcopy result. In this scenario, a nega-
tive methylation result (S5 < 2.85) would provide re-
assurance against potential missed cervical pre-cancer
lesion, especially for women who might be lose to
follow-up. A positive methylation result (S5 > 2.85)
could be carefully evaluated in follow-up visits to docu-
ment quantitative changes in methylation consistent
with the clearance or progression of disease. This is in
line with the results of previous studies that have ob-
served that DNA methylation can predict the persistence
of HPV infection of different viral types [6, 10, 35]. How-
ever, it needs to be validated in different settings of
LMICs to estimate the clinical utility in populations with
a similar background of income and disease prevention
strategies to estimate the risk of cervical cancer.

Based on the practice of our study, the cost of an S5
test is not higher than that of a routine HPV screening
and reflex genotyping, and it could be balanced against
the expected 30 to 50% reduction in colposcopy referral
costs. If confirmed by more studies, this observation
may promote rapid reduction in cervical cancer in
LMICs, which has been particularly poorly severed by
cytology screening over the past several decades.
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Although the HPV vaccine program would control HPV
infections in many developed countries, expected large-
scale cervical cancer incidence reductions are still many
decades away, and it is prudent to take more preventa-
tive actions.

Our study has some important strengths. This is the
first screening multi-triage study of cervical cancer in
China. All primary clinical and laboratory procedures
(screening, triage, colposcopy, and histopathological as-
sessments) were performed completely within China.
We selected all available cases based on strict adherence
to the specific principles strictly. The accuracy of the
colposcopy evaluation in this study was very high. At
least one biopsy was taken from each quadrant of the
cervix in all women to reduce verification bias. In
addition, the histopathological evaluation and diagnostic
confirmation of the biopsies and/or endocervical sam-
ples of all women included in our study were reviewed
by a panel of pathologists. Moreover, all methylation
measurements were performed by blinded laboratory
staff, with the aim of avoiding differential information
bias.

Conclusion

The S5 methylation classifier with high analytical sensi-
tivity, specificity, and positive predictive value may play
an important role as a triage tool for colposcopy referral
in Chinese women with HPV16/18+ and/or abnormal
cytology (>(TCT)HSIL+) results. S5 methylation can re-
duce unnecessary colposcopy referrals by 70% as com-
pared to conventional screening by HPV16/18 and
cytology while detecting all cancer cases. Moreover, S5
might be a potential classifier in LMICs for reducing
costs and encouraging doctors to focus on the women at
real risk of cervical cancer.

Methods

Study population

This study population included women, aged from 27 to
70 years, who visited gynecology clinics in four hospitals
for routine cervical cancer screening between December
2017 and November 2018. We performed a cross-
sectional analysis in a subset of women with HPV16/18+
and/or abnormal cytology (>(TCT)HSIL+) results in this
study, all of whom underwent colposcopy (Fig. 1). The
aim of this study was to evaluate the performance of dif-
ferent triage tests for women with HPV positive and/or
abnormal cytology results. Women who were pregnant
at the time of recruitment or had a prior hysterectomy
were excluded.

This study was approved by the Obstetrics and
Gynecology Hospital of Fudan University Institutional
Review Board, and the study was conducted in accord-
ance with the Declaration of Helsinki and the
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International Conference on Harmonization of Good
Clinical Practice. Oral and written informed consents
were obtained from the patients or their guardians be-
fore the study, and those who agreed were administered
a survey to collect demographic data.

Study procedure

Each participant underwent a gynecological examination
to collect cervical samples at the screening visit in multi-
center clinics, and we conducted the HPV16/18 detec-
tion and cytology and S5 methylation assays. In the
current Chinese algorithm, women with HPV16/18+
and/or cytology results >(TCT)HSIL+ are referred to
colposcopy. According to “The Lower Anogenital Squa-
mous Terminology Standardization Project for HPV-
associated Lesions” (LAST), we categorized histopatho-
logical results as “no lesion,” “LSIL,” “HSIL,” and “CC.”
Based on the histopathological diagnoses as the “gold
standard,” we compared the diagnostic performance of
S5, HPV16/18, cytology, and other existing methylation
marker panels. One year after colposcopy evaluation, we
followed up women with < (His)HSIL+ to validate the
utility of S5 to reduce unnecessary colposcopy referrals
(here, we define “(His)HSIL+” as high-grade squamous
intraepithelial lesion for histological diagnosis).

Collection and shipment of cervical sample

All the cervical samples were obtained from the screen-
ing visit in multi-center clinics. During the visit of each
participant, one cervical sample was collected in a Sure-
Path vial and used for the cytology procedure, and an-
other cervical sample was collected for HPV detection
and methylation detection, using the HC2 DNA Collec-
tion Device (QIAGEN, Gaithersburg, Maryland). Two
samples were collected in random sequences in order to
minimize bias. All the samples were sent to the labora-
tory on dry ice.

Cytology detection

All cytological samples were collected immediately by
using a Cervi-Brush® bush (Rovers® Medical Devices,
North Brabant, Netherlands). The vials used for the
TCT test were stored at 2 °C to 8 °C upon arrival in the
central cytology laboratory of Gy&Ob Hospital of Fudan
University in Shanghai, China. Liquid-based cytology
slides were reviewed by 2 independent cytotechnologists
who were blind to their counterpart’s results. If both
cytopathologists reported an abnormality, the worst re-
sult was established as the final diagnosis. Otherwise, a
senior cytopathologist determined the final diagnosis.
The cytopathologist also evaluated 10% of the slides with
normal findings and all slides with ASC-US findings or
worse. All the cytopathologists were blinded to the HPV
infection status. Herein, we categorized all the cytology
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results as “NILM” (no intraepithelial lesion or malig-
nancy), “LSIL,” “HSIL,” and “CC.” The cytology result
“ASCUS” (atypical squamous cells of undetermined sig-
nificance) was grouped as “LSIL,” and “ASC-H” (atypical
squamous cells cannot exclude a high-grade squamous
intraepithelial lesion) was grouped as “HSIL.”

HPV detection

Vials for HPV DNA testing were transported to the HPV
laboratory of Gy&Ob Hospital of Fudan University in
Shanghai, China, and stored at 2 °C to 8 °C until testing
could take place. Samples were tested for hrHPV by using
the Cobas® 4800HPV test (Roche Molecular systems), a
qualitative in vitro assay that identifies a pooled result for
HPV16, HPV18, and other 12 other high-risk HPV types,
including HPV31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 66, and
68.

Methylation assays
Vials for methylation testing were transported to the
Shanghai Key Laboratory of Female Reproductive Endo-
crine Related Diseases in Shanghai, China, and stored at
2 °C to 8 °C until testing could take place. Genomic
DNA was extracted using 100 pL of suspensions with
the QIAamp DNA Micro Kit (Qiagen, Hilden,
Germany). DNA was quantified by UV absorption. A
total of 250 ng of DNA was used in the bisulfite treat-
ment where un-methylated cytosines were converted to
uracil with the EpiTect Fast Bisulfite Kit (Qiagen, Hil-
den, Germany) according to the manufacturer’s instruc-
tions. Converted DNA was eluted in 15 pL Buffer EB
twice, and the eluant was combined for the next steps.
Methylation assays were based on pyrosequencing
with a single PCR amplicon of less than 300 bp as previ-
ously described with slight modification. Primers (for
PCR and pyrosequencing) were designed using the Pyro-
Mark Assay Design software 2.0.1.15 (Qiagen). PCR for
each gene was performed in a total volume of 25 puL con-
taining 2—4 pL of converted DNA, 12.5 uL of 2x Pyro-
Mark PCR master mix (Qiagen) and optimized
concentrations of primers and magnesium chloride.
Generally, reactions were initiated at 95 °C for 15 min,
followed by 45-50 cycles of 94 °C for 30s, 30 s at the an-
nealing temperature, and 30 s at 72 °C, and then a final
extension for 10 min at 72 °C was applied. Quantitative
methylation analysis of target CpG sites was conducted
on a PyroMark Q48 Autoprep system (Qiagen) with rec-
ommended protocols and conditions: 10 uL of PCR
product was pyrosequenced with 4 puM primers. Raw
data were analyzed by the software. A non-CpG cytosine
in the pyrosequencing region was taken for each assay as
the control for total bisulfite conversion. Positive and
non-template negative controls were tested in each run
in parallel.
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Colposcopy evaluation

Endocervical curettage was performed for all women re-
ferred for colposcopy evaluation, and the colposcopist
conducted one biopsy from the most suspected abnormal
zone of each quadrant during the procedure. Evaluation of
all the histological samples was conducted by a standard-
ized group of pathologists. If both pathologists agreed in
their diagnosis, the result was the final diagnosis. Other-
wise, the expert pathologists determined the final diagno-
sis. According to “The Lower Anogenital Squamous
Terminology Standardization Project for HPV-associated
Lesions” (LAST), we categorized histopathological results
as “no lesion,” “LSIL,” “HSIL,” and “CC.”

Data analysis

Demographic and sexual behavior of participants were
summarized as the means or proportions. Differences
across all variables between no lesion cases, LSIL cases,
HSIL cases, and CC cases were tested by use of a one-
way ANOVA test. Our primary aim was to evaluate the
clinical diagnostic performance of the S5 methylation
classifier. The standardized equation for S5 scoring was
used to calculate the average methylation values of the
five target regions as follows:

S5 = EPB41L3 x (30.9) + HPV16L1.3 x (13.7) +
HPV16L2 x (4.3) + HPVISL2 x (84) + HPV3ILI x
(22.4) + HPV33L2 x (20.3)

Care Me analyzed the data of EPB41L3, HPV16, and
HPV18. It costs a third less than S5, and Care Me is
undergoing clinical registration trials in China.

We created boxplots to illustrate the distribution of the
S5 classifier histopathological diagnosis of the lesions (no
lesion, LSIL, HSIL, and cervical cancer (CC)). We used
the Mann-Whitney U test for comparing S5 scoring dif-
ferences between different categories and the Cuzick test
for the trend to determine if methylation increases signifi-
cantly as a function of great histopathology results.

To maximize the sensitivity and specificity of the S5
score after the triage test (HPV16/18 and cytology), we
created receiver operating characteristic (ROC) curve to
estimate areas under the curve (AUC), and we obtained
a new S5 cutoff value to discriminate > (His)HSIL+ cases
from < (His)HSIL+ cases. A second analysis and a third
analysis were performed using the establishment of a 3.7
cutoff described in a Mexico triaged population and 0.8
cutoff described in the UK screening population for the
detection of CIN2+ and CIN3+.

Based on the new S5 cutoff, we estimated sensitivity,
specificity, positive predictive value (PPV), and negative
predictive value (NPV) as the disease endpoint of HSIL+.

A ROC curve was also computed for comparing the
performance of S5 and other existing methylation
marker panels (“Care Me” and EPB41L3).
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We followed up women with < (His)HSIL+ 1 year after
colposcopy and calculated the regression rate in different
S5 scoring subgroups.

All p values were estimated as two sided, with a confi-
dence interval of 95%. Statistical analyses were per-
formed by the SPSS statistical software version 25.0
(IBM, NY) and Excel. p < 0.05 was considered statisti-
cally significant.
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