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Objective: High-risk human papillomavirus (HR-HPV) screening has increased 
colposcopy referrals, particularly for women with HR-HPV positivity but no 
intraepithelial lesion or malignancy (NILM) and those with atypical squamous 
cells of undetermined significance (ASC-US). A fraction of low-grade squamous 
intraepithelial lesions (LSILs) is associated with cervical intraepithelial neoplasia 
grade 2 or worse (CIN2+) during diagnosis. This study evaluated the ability of 
GYPC methylation (GYPCm) to distinguish between <CIN2 and CIN2 + in HPV-
positive women with NILM, ASC-US, and LSIL cytology. It also assessed the 
absolute CIN2+/CIN3 + risk of the triage strategies GYPCm, HPV genotyping, 
and their combination and compared the clinical performance of each triage 
strategy.

Methods: To improve cervical screening efficiency, risk stratification based on 
HPV genotyping and GYPCm was used as a triage strategy.

Results: GYPCm distinguished between <CIN2 and CIN2 + with an area under 
the receiver operating characteristic curve (AUC) of 0.828. The CIN2 + risk for 
GYPCm (+) was 36.2%, while that for GYPCm (−) was 2.3%. HPV16/18 combined 
GYPCm, (+) and (+), (−) and (+) with absolute CIN2 + risk was 41.2 and 35.1%, 
respectively, whereas (+) and (−), (−) and (−), absolute CIN2 + risk was 6.0 
and 1.5%, respectively. Colposcopy referral rates for HPV16/18 or GYPCm and 
HPV16/18 or ASC-US+ were 35.6 and 79.2%, respectively, with concordant 
sensitivities (90.2% vs. 87.8%, p > 0.999) and significant differences in specificity 
(70.5% vs. 21.8%, p < 0.001). The HPV16/18 or GYPCm triage strategy required the 
least number of referrals to detect a CIN2 + at 3.9 (3.3–4.6).

Conclusion: HPV16/18 or GYPCm as a triage tool in HPV-positive women with 
NILM, ASC-US, and LSIL cytology significantly reduced colposcopy referrals 
while maintaining sensitivity similar to that of HPV16/18 or ASC-US+.
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1 Introduction

Human papillomavirus (HPV)-based testing is more sensitive but 
less specific than cytology-based testing for detecting high-grade 
cervical intraepithelial neoplasia (CIN) and cervical cancer (1, 2). 
Effective triage of HPV-positive women is crucial to prevent 
unnecessary colposcopy referrals (3). However, triaging HPV-positive 
women with cytology and/or HPV16/18 genotyping leads to an 
approximately 4-fold increase in colposcopy referrals across both 
screening rounds compared to relying solely on cytology-based 
screening (4).

The latest Chinese guidelines recommend either HR-HPV (high-
risk HPV) primary screening or a combination of cytology and direct 
colposcopy for HR-HPV-positive women with atypical squamous cells 
of undetermined significance (ASC-US) or low-grade squamous 
intraepithelial lesion (LSIL), or more severe conditions (ASC-US+) (5, 
6). For HR-HPV-positive cases with cytology indicating no 
intraepithelial lesion or malignancy (NILM) and presenting clinical 
symptoms, a referral for colposcopy in outpatient clinics is also 
recommended (5). However, the cytology screening program has been 
superseded by a primary HR-HPV-based screening, accompanied by 
cytology triage (7). The screening strategy has led to higher clinically 
relevant costs, primarily caused by increased colposcopy referrals and 
detection of ≤CIN1 (8, 9). The primary reason for the increase in 
colposcopy referrals is the presence of a few high-grade cervical 
intraepithelial neoplasia (CIN2+) in HR-HPV-positive patients with 
NILM, ASC-US, and LSIL cytology results (9, 10). Management of risk 
stratification using highly specific molecular markers for women with 
HR-HPV and minor or no cytology abnormalities may reduce the 
number of colposcopy referrals while maintaining clinical sensitivity.

Cervical cancer is caused by persistent HPV infection (11). Different 
HPV genotypes carry varying CIN3 + risks, with HPV16/18 genotyping 
considered the most effective cervical cancer-reducing triage option for 
HR-HPV-positive women (12). Another strategy that has been explored 
in many recent studies involves the analysis of DNA methylation in host 
cell genes. Hypermethylation of the promoter region of a tumor 
suppressor gene is a critical step in cervical carcinogenesis (13). 
Methylation levels correlate positively with the duration of HR-HPV 
infection and the severity of CIN, ultimately reaching significantly high 
levels in cervical cancer (14, 15). Overexpression of methylation and 
underexpression of mRNA in Glycophorin C (GYPC) have been 
observed in several cancers, carrying significant diagnostic and 
prognostic implications (16–18). In HR-HPV-positive women, the odds 
ratios for CIN2 + in GYPC with high and moderate methylation, relative 
to hypomethylation, were 23 and 61, respectively, making it a highly 
specific and objective molecular indicator (19).

In this study, we evaluated the performance of GYPC methylation 
(GYPCm), HPV16/18 genotyping, and their combination in HR-HPV-
positive women with NILM, ASC-US, and LSIL cytology.

2 Methods

2.1 Participants

This cross-sectional observational study recruited HR-HPV-
positive women with NILM, ASC-US, and LSIL cytology and used the 
cervical exfoliated cells for GYPCm testing to assess triage performance. 
Among those recruited, NILM cytology combined with non-HPV16 
infection was clinically indicated for colposcopy referral. The inclusion 
criteria were as follows: (1) women older than 30 years, (2) HR-HPV-
positive, and (3) women with NILM, ASC-US, or LSIL within 
3 months of HPV testing. The exclusion criteria were as follows: (1) 
pregnant women, (2) patients who had undergone surgery for cervical 
lesions, (3) patients who had received treatment for cervical and other 
cancers, and (4) immunocompromised individuals. Figure 1 shows 
the flowchart of the study design. A total of 5,430 women underwent 
HR-HPV testing and liquid-based cytology (LBC) between June 2023 
and June 2024 at gynecologic outpatient clinics. Among these, 552 
women were HR-HPV-positive with cytologic results of NILM, 
ASC-US, or LSIL. Of these, 147 did not undergo colposcopic biopsy, 
1 had an invalid GYPCm test, and 404 were included in the statistical 
analysis. This study was approved by the Research and Clinical Trial 
Ethics Committee of Changsha Hospital for Maternal and Child 
Health Care (no. EC-20230726-02), and all participants provided 
signed written informed consent.

2.2 HR-HPV assay and liquid-based 
cytology test

HPV genotyping was performed using a human papillomavirus 
(21 types) nucleic acid typing detection kit (Fluorescent PCR) 
(Hybribio Ltd., Guangzhou, China) according to the manufacturer’s 
instructions. The process included the following steps: (1) 
amplification of HPV DNA by polymerase chain reaction (PCR), (2) 
incubation for hybridization, and (3) enzyme immunoassays for the 
identification of 21 HPV genotypes. This test included 14 HR-HPV 
subtypes: HPV 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 66, and 68.

The main steps of LBC were as follows: (1) expose the cervix, 
collect the exfoliated cervical epithelial cells using a cervical brush, 
and rinse them three times in Thin-Prep cell collection bottles 
(Hologic Inc., MA, USA) with a cytoprotective solution, (2) perform 
automated thin-section production and detection, (3) use the 
Bethesda System grading system for cytologic diagnosis as 
recommended by the International Cancer Society in 2001.

2.3 DNA preparation and GYPC 
methylation assay

The residual specimens in Thin-Prep bottles were sent to the 
certified Changsha Hoomya Medical Laboratory for GYPCm testing 
without clinical information, including symptoms or other testing 

Abbreviations: AR, Absolute risk; ASC-US, Atypical squamous cells of undetermined 

significance; ASC-US+, Atypical squamous cells of undetermined significance or 

worse; CA, Cervical adenocarcinoma; CC, Cervical cancer; CI, Confidence interval; 

CIN1, Cervical intraepithelial neoplasia grade 1; CIN2, Cervical intraepithelial 

neoplasia grade 2; CIN2+, Cervical intraepithelial neoplasia grade 2 or worse; 
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results. The GYPC methylation assay procedure is outlined as follows: 
(1) Total DNA was extracted from samples, (2) Bisulfite transformation 
of the DNA was performed, converting unmethylated cytosine into 
uracil while methylated cytosine remained unchanged; (3) 
Methylation-specific PCR was conducted on the GYPC gene and the 
internal reference gene Col2A1; and (4) The ΔCp value of the GYPCm 
result was calculated as ΔCp = Cp(GYPC)-Cp(Col2A1); the smaller 
the ΔCp value, the higher the level of GYPCm, and vice versa.

2.4 Histopathological diagnosis

A colposcopy was performed by a physician in the gynecological 
colposcopy unit, and multipoint biopsies of suspicious lesions were 
performed and read independently by two pathologists. Cervical 
lesions were categorized into normal, CIN1, CIN2, CIN3, and cervical 
cancer; in case of inconsistency, a third pathologist was asked to read 
the films.

2.5 Statistical analyses

Continuous variables were recorded as medians (IQR) and 
categorical variables as frequencies (%). Boxplots were created to 

observe the distribution of ΔCp for GYPCm, and the Wilcoxon test was 
performed to examine the differences between the groups. The ability 
of GYPCm to discriminate CIN2+/CIN3 + was estimated using the 
area under the receiver operating characteristic (ROC) curve (AUC). 
The critical value of GYPCm was based on the principle of maximizing 
Youden’s index for discriminating <CIN2 and CIN2+, with 
ΔCp ≤ 6.58 interpreted as positive and ΔCp > 6.58 as negative 
(Figure 2D). Based on the absolute CIN2 + risk of the HPV genotype 
(Figure 3A), HPV 16, 18, 33, 35, and 58 were grouped. In the test 
combination, “or” indicates that a positive result is interpreted as 
positive, while a double negative is interpreted as negative. The 
absolute CIN2 + risk and its 95% confidence interval (95% CI) were 
calculated for the different outcomes of each triage strategy. The 
chi-squared test for trend was used to analyze absolute risk. Sensitivity 
and specificity for detecting CIN2 + were calculated, and their 95% 
CIs were estimated using the Clopper–Pearson method. We  also 
calculated the number of colposcopy referrals and their 95% CIs, as 
well as the number of referrals required to detect one CIN2+. The 
sensitivity and specificity of the two triage strategies were tested using 
McNemar’s test. Differences in positive predictive value (PPV) and 
negative predictive value (NPV) were assessed with the method 
described by Leisenring et  al. (20). All data were analyzed using 
MedCalc Version 22. Statistical significance was defined as a two-sided 
p-value of < 0.05.

FIGURE 1

Study flowchart. HR-HPV, high-risk human papillomavirus; LBC, liquid-based cytology; NILM, no intraepithelial lesion or malignancy; ASC-US, atypical 
squamous cells of undetermined significance; LSIL, low-grade squamous intraepithelial lesion; GYPCm, GYPC methylation; CIN1, cervical intraepithelial 
neoplasia grade 1; CIN2, cervical intraepithelial neoplasia grade 2; CIN3, cervical intraepithelial neoplasia grade 3; CA, cervical adenocarcinoma.
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3 Results

A total of 404 high-risk HPV-positive women were included in 
the analysis, with 123 (30.4%) having NILM, 206 (51.0%) having 
ASC-US, and 75 (18.6%) having LSIL. Of these, 131 had normal 
cervical findings, 232 had CIN1, 27 had CIN2, 13 had CIN3, and 1 
had cervical adenocarcinoma (CA) as the final pathology. The top five 
HPV genotypes associated with CIN2 + were HPV16, HPV18, 
HPV33, HPV35, and HPV58 (Figure  3A). The median age of all 
participants was 43.0 years (IQR = 35.0–52.0), and the median ΔCp 
of GYPCm was 13.7 (IQR = 7.0–20.2). Table 1 shows the distribution 
of clinical findings among cervical lesions.

The difference in ΔCp of GYPCm across HPV genotype groups 
(HPV16/18, HPV33/35/58, and HPV 31/39/45/51/52/56/59/66/68, 
other 9 subtypes) was not significant (all p > 0.05) (Figure 2C). The 
difference in ΔCp of GYPCm between CIN1 and CIN2 was significant 

(p < 0.001) as shown in in Figure  2A. The AUC for GYPCm to 
discriminate CIN2 + was 0.828 (95%CI = 0.787–0.863, p < 0.001), 
indicating good discriminatory ability (Figures 2D,E).

The absolute risk of CIN2 + was 36.2% (95%CI = 26.5–46.8%) 
for GYPCm (+) and 2.3% (95%CI = 0.9–4.7%) for GYPCm (−). Four 
combinations of HPV16/18 and HPV16/18/33/35/58 with GYPCm 
testing—(+) (+), (−) (+), (+) (−), and (−) (−)—showed a 
decreasing trend in absolute CIN2 + risk (p < 0.001). HPV 
genotyping (−) and GYPCm (−) were associated with minimal 
absolute CIN2 + risk.

The sensitivities for detecting CIN2 + were 82.9% (95%CI = 67.9–
92.8%) for GYPCm, 24.4% (95%CI = 12.4–40.3%) for HPV16/18, and 
61.0% (95%CI = 44.5–75.8%) for HPV16/18/33/35/58, while the 
specificities were 83.5% (95%CI = 79.2–87.2%), 84.3% (95%CI = 80.1–
87.9%), and 65.6% (95%CI = 60.4–70.5%), respectively. GYPCm 
demonstrated significantly higher sensitivity compared to HPV16/18 

FIGURE 2

Distribution of GYPCm (ΔCp) in the study group and ROC plots of GYPCm for detecting CIN2+. Distribution of GYPCm (ΔCp) in (A) pathology, 
(B) cytology, and (C) HR-HPV result groups; (D) ROC of GYPCm for detecting CIN2+. (E) CIN2 + sensitivity and specificity versus GYPCm ΔCp values. 
CIN1, cervical intraepithelial neoplasia grade 1; CIN2, cervical intraepithelial neoplasia grade 2; CIN2+, cervical intraepithelial neoplasia grade 2 or 
worse; CIN3, cervical intraepithelial neoplasia grade 3; CIN3+, cervical intraepithelial neoplasia grade 3 or worse; NILM, no intraepithelial lesion or 
malignancy; ASC-US, atypical squamous cells of undetermined significance; LSIL, low-grade squamous intraepithelial lesion; HR-HPV, high-risk human 
papillomavirus; AUC, the area under the receiver operating characteristic curve.
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FIGURE 3

Absolute CIN2 + (n = 41) risk of (A) HPV test positive and (B) other test results. CIN2+, cervical intraepithelial neoplasia grade 2 or worse; GYPCm, GYPC 
methylation; CI, confidence interval; LBC, liquid-based cytology; ASC-US, atypical squamous cells of undetermined significance; LSIL, low-grade 
squamous intraepithelial lesion; NILM, no intraepithelial lesion or malignancy; HPV, human papillomavirus; AR, absolute risk.

TABLE 1 Clinical characteristics.

Pathology Normal n (%) CIN1 n (%) CIN2 n (%) CIN3 + n (%) Total n (%)

N 131 232 27 14 404

Age Median (IQR) 44.0 (35.0–52.0) 43.5 (36.0–52.5) 39.0 (34.0–50.5) 40.0 (38.0–50.0) 43.0 (35.0–52.0)

HR-HPV group

  HPV16/18(+) 21 (16.1) 36 (15.5) 4 (14.8) 6 (42.9) 67 (16.6)

  HPV33/35/58(+) 29 (22.1) 39 (16.8) 12 (44.5) 3 (21.4) 83 (20.5)

  Oher hrHPV(+) 81 (61.8) 157 (67.7) 11 (40.7) 5 (35.7) 254 (62.9)

Cytology

  NILM 56 (42.7) 56 (24.1) 7 (25.9) 4 (28.6) 123 (30.4)

  ASC-US 66 (50.4) 121 (52.2) 13 (48.1) 6 (42.9) 206 (51.0)

  LSIL 9 (6.9) 55 (23.7) 7 (25.9) 4 (28.6) 75 (18.6)

GYPCm ΔCp median (IQR) 17.5 (8.4–20.7) 13.8 (8.5–20.3) 4.3 (3.7–6.1) 4.1 (3.4–5.4) 13.7 (7.0–20.2)

CIN1, cervical intraepithelial neoplasia grade 1; CIN2, cervical intraepithelial neoplasia grade 2; CIN3, cervical intraepithelial neoplasia grade 3; IQR, interquartile range; HR-HPV, high-risk 
human papillomavirus; LBC, liquid-based cytology; NILM, no intraepithelial lesion or malignancy; ASC-US, atypical squamous cells of undetermined significance; LSIL, low-grade squamous 
intraepithelial lesion; GYPCm, GYPC methylation.
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(p < 0.001) and higher specificity compared to HPV16/18/33/35/58 
(p < 0.001) (Table 2).

Sensitivity and specificity were 87.8% (95%CI = 73.8–95.9%) and 
21.8% (95%CI = 17.6–26.4%) for HPV16/18 or LBC (ASC-US+); 
90.2% (95%CI = 76.9–97.3%) and 70.5% (95%CI = 65.5–75.2%) for 
HPV16/18 or GYPCm; and 85.4% (95%CI = 70.8–94.4%) and 70.0% 
(95%CI = 65.0–74.7%) for LBC (LSIL+) or GYPCm, respectively. The 
differences in sensitivity between combined triage strategies were not 
significant (all p > 0.05), except for HPV16/18 or LSIL. The differences 
in specificity between LSIL or GYPCm and HPV16/18 or GYPCm were 
not significant (p = 0.916); however, both were significantly higher 
than those of the other combined triage strategies (Table 2).

The colposcopy referrals decreased from 79.2% (95%CI = 74.9–
83.1%) for HPV16/18 or LBC (ASC-US+) to 49.5% 

(95%CI = 44.5–54.5%) for HPV16/18/33/35/58 genotyping or GYPCm, 
and 35.6% (95%CI = 32.9–40.5%) for HPV16/18 or GYPCm. The 
number of colposcopies required to detect one case of 
CIN2 + decreased from 8.9 for HPV16/18 or LBC (ASC-US+) to 5.3 
for HPV16/18/33/35/58 or GYPCm and 3.9 for HPV16/18 or GYPCm.

4 Discussion

This study explores the risk stratification and triage performance 
of DNA methylation and viral genotyping in HR-HPV-positive 
women with either normal or mildly abnormal cytology findings. 
Current screening strategies include cytology, HR-HPV testing, or 
both (co-testing), and the various possible combinations of test results 

TABLE 2 Sensitivity, specificity, colposcopy referral percentages, and referrals needed to detect one CIN2+ of triage strategies for HPV-positive women 
with NILM, ASC-US, and LSIL cytology.

Triage strategy Sensitivity % 
(95%CI)

Specificity % 
(95%CI)

PPV % 
(95%CI)

NPV % 
(95%CI)

Colposcopy 
referral % 
(95%CI)

Referrals 
needed to 
detect one 

CIN2+

Single triage strategies

HPV16/18 24.4 (12.4–40.3) 84.3 (80.1–87.9) 14.9 (8.9–24.0) 90.8 (89.2–92.) 16.6 (13.1–20.6) 6.7 (5.2–8.5)

P <0.001 0.839 <0.001 <0.001

HPV16/18/33/35/58 61.0 (44.5–75.8) 65.6 (60.4–70.5) 16.7 (13.1–21.0) 93.7 (91.0–95.7) 37.1 (32.4–42.0) 6.0 (5.1–7.0)

P 0.049 <0.001 <0.001 0.007

ASC-US+ 73.2 (57.0–85.8) 30.9 (26.1–35.9) 10.7 (8.9–12.7) 91.1 (85.7–94.5) 69.6 (64.8–74.1) 9.4 (8.3–10.5)

P 0.289 <0.001 <0.001 0.003

LSIL 26.8 (14.2–42.9) 82.4 (78.0–86.1) 14.7 (9.0–23.0) 90.9 (89.2–92.4) 18.6 (14.9–22.7) 6.8 (5.4–8.5)

P <0.001 0.757 <0.001 <0.001

aGYPCm 82.9 (67.9–92.8) 83.5 (79.2–87.2) 36.2 (30.2–42.6) 97.4 (95.6–98.8) 23.3 (19.2–27.3) 2.8 (2.2–3.4)

bP 0.727 <0.001 0.002 0.908

Combined triage strategies

cHPV16/18 or ASC-US+ 87.8 (73.8–95.9) 21.8 (17.6–26.4) 11.3 (10.0–12.6) 94.0 (87.2–97.4) 79.2 (74.9–83.1) 8.9 (7.9–9.9)

HPV16/18 or LSIL 51.2 (35.1–67.1) 67.5 (62.4–72.3) 15.1 (11.3–19.9) 92.5 (89.8–94.4) 34.4 (29.8–39.3) 6.6 (5.6–7.8)

P <0.001 <0.001 0.064 0.479

HPV16/18 or GYPCm 90.2 (76.9–97.3) 70.5 (65.5–75.2) 25.7 (22.3–29.5) 98.5 (96.2–99.4) 35.6 (32.9–40.5) 3.9 (3.3–4.6)

P >0.999 <0.001 <0.001 0.062

ASC-US+ or GYPCm 87.8 (73.8–95.9) 26.2 (21.7–31.0) 11.8 (10.6–13.3) 95.0 (89.1–97.8) 75.2 (70.7–79.3) 8.4 (7.5–9.5)

P >0.999 0.014 0.421 0.713

dP >0.999 <0.001 <0.001 0.080

LSIL or GYPCm 85.4 (70.8–94.4) 70.0 (65.0–74.7) 24.3 (20.8–28.2) 97.7 (95.3–98.9) 35.6 (30.9–40.5) 4.1 (3.5–4.9)

P >0.999 <0.001 <0.001 0.132

dP 0.625 0.916 0.476 0.310

HPV16/18/33/35/58 or 

GYPCm
92.7 (80.1–98.5) 55.4 (50.1–60.6) 19.0 (16.9–21.3) 98.5 (95.7–99.5)

49.5 (44.5–54.5) 5.3 (4.6–6.1)

P 0.625 <0.001 <0.001 0.051

dP >0.999 <0.001 <0.001 0.872

CIN2+, cervical intraepithelial neoplasia grade 2 or worse; PPV, positive predictive value; NPV, negative predictive value; HPV, human papillomavirus; NILM, no intraepithelial lesion or 
malignancy; ASC-US, atypical squamous cells of undetermined significance; ASC-US+, atypical squamous cells of undetermined significance or worse; LSIL, low-grade squamous 
intraepithelial lesion; CI, confidence interval; LBC, liquid-based cytology; GYPCm, GYPC methylation.
aAll single triage strategies compared to GYPCm; b P for GYPCm compared with HPV16/18 or ASC-US+; cAll combined triage strategies compared to HPV16/18 or ASC-US+; dCompared to 
HPV16/18 or GYPCm.
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lead to complex management, especially for results considered 
minimally abnormal, defined as results for which it is unclear whether 
the next step should be a colposcopy or close follow-up. Therefore, 
further triage management of HPV-positive women with normal or 
minimal cytological findings is very necessary. GYPCm was not 
significantly different between normal and CIN1, CIN2, and CIN3. 
However, a significant difference was observed between CIN1 and 
CIN2 (Figure  2A). GYPCm demonstrated a higher AUC for 
discriminating between normal/CIN1 and CIN2 + with an AUC of 
0.828 (Figure 2D). In addition, the trend of absolute CIN2 + risks for 
LBC results was not significant (p = 0.245). It could be that the small 
number of CIN2 + cases resulted in a lack of statistical validity or the 
subjective criteria for cytologic interpretation. However, significant 
trends were observed for the results of GYPCm, HPV genotyping, and 
their combination (Figure 3B). The absolute CIN2 + risk was lowest 
for cases with double negativity for both HPV genotyping and GYPCm, 
at 1.5% (95%CI = 0.4–3.8) and 1.5% (95%CI = 0.3–4.3), respectively.

The number of colposcopy referrals required to detect one case of 
CIN2 + was lowest at 2.8 for GYPCm triage, which demonstrated a 
specificity of 83.5%. The difference in sensitivity between GYPCm 
triage and HPV16/18 and LBC (LSIL+) was not significant. Among 
the combined triage strategies, HPV16/18 and GYPCm had the lowest 
number of colposcopy referrals needed to detect one CIN2 + of 3.9 
(3.3–4.6). The HPV16/18 or GYPCm triage strategy was optimal, with 
the highest specificity of 70.5% (95%CI = 65.5–75.2%). No significant 
difference was observed between GYPCm and HPV16/18 or LBC 
(ASC-US+) in sensitivity (90.2% vs. 87.8%, p > 0.999); however, the 
difference in specificity was significant (70.5% vs. 21.8%, p < 0.001).

Numerous studies have reported an association between DNA 
methylation and cervical lesions (21). In HR-HPV-positive cervical 
biopsy paraffin tissues, the methylation levels of oncogenes PAX1 and 
ZNF582 increased with the severity of lesions and were positively 
correlated with the expression of p16 and Ki67 (22). The methylation 
levels and frequencies of ANKRD18CP, C13ORF18, EPB41L3, JAM3, 
SOX1, and ZSCAN1 increased with increasing cervical lesion severity 
(23). In this study, GYPCm showed a similar trend with increasing 
severity of lesions (Figure  2A), and the AUC for discriminating 
between <CIN2 and CIN2 + was 0.828 in HR-HPV-positive women 
with cytological NILM, ASC-US, and LSIL.

HR-HPV and cytological cervical cancer screening strategies are 
becoming increasingly popular globally (24–26). HPV16/18-positive 
and cytologically abnormal, non-16/18 HR-HPV-positive patients are 
referred for colposcopy (24, 27). In a prospective randomized 
controlled trial involving two rounds of screening in the Chinese 
population, colposcopy referrals for the combined HPV and cytology 
strategy were approximately four times higher than those for cytology 
screening alone (4). In a previous study, HR-HPV-positive women 
with ASC-US/LSIL had a CIN3 + risk of 33.1% for FAM19A4/
miR124-2 methylation positivity and 9.8% for negativity (28). This was 
consistent with the risk observed for the GYPCm, where the risk of 
GYPCm (−) was lower (1.5%).

Gene methylation has gained increasing attention in the 
diagnosis of cervical cancer and precancerous lesions. Sensitivity 
and specificity of a six-gene combination (ASTN1, DLX1, ITGA4, 
RXFP3, SOX17, and ZNF671) for detecting CIN2 + in HR-HPV (+) 
women ranged from 60.8 to 83.0% and 69.9 to 88.4%, respectively 
(29, 30). The sensitivity of PAX1 methylation was 83.0–86.2%, and 
the specificity was 69.9–75.5% in non-16/18 HR-HPV-positive (31, 

32). Recent results indicated that the sensitivity and specificity of 
GYPC and PAX1 methylation for HR-HPV-positive women were 
similar in our study (19), with GYPCm having a sensitivity of 82.9% 
and a specificity of 83.5%. The combination of HPV16/18 with 
GYPCm in an “or” combination resulted in a CIN2 + sensitivity of 
over 90%, a specificity exceeding 70%, and a reduction in 
colposcopy referrals from 79.2% with the current triage strategy to 
35.6%. This reduction would be more pronounced in the absence of 
colposcopies or in large population screenings.

Limitations of this study include (1) the small sample size, 
particularly the number of CIN2+, which resulted in wide confidence 
intervals for CIN2 + sensitivity (Table 2). This limitation may make 
clinicians hesitant to make decisions owing to insufficient sensitivity, 
potentially leading to missed diagnoses; (2) no trend was observed in 
the risk of CIN2 + for NILM, ASC-US, and LSIL, which may be due to 
insufficiently stringent criteria for cytology interpretation, potentially 
leading to biased results; (3) the study did not include a follow-up to 
assess the risk of long-term CIN2 + of the bypassing strategy, making 
it impossible to determine an evidence-based follow-up period.

Despite the study’s limitations, it was based on clinical practice, 
providing sufficient support for the potential clinical benefits GYPCm, 
or HPV16/18 and LSIL+ combined with GYPCm triage in HR-HPV-
positive women with NILM, ASC-US, and LSIL. This approach could 
reduce the referral rate of HR-HPV-positive women with mild 
cytology abnormalities and may improve the detection rate of high-
grade lesions in cytology NILM with non-16/18 HR-HPV infection. 
However, additional information is required to understand the long-
term safety of this triage strategy and obtain evidence of follow-up 
intervals. Thus, future prospective multicenter studies are necessary 
to provide more evidence-based support for the clinical application of 
DNA methylation to reduce colposcopy referrals.

5 Conclusion

In summary, HPV DNA testing and cytology for cervical cancer 
screening resulted in high colposcopy referrals for HPV16/18(+) and 
cytology ASC-US+, leading to the inefficient use of healthcare 
resources. However, using HPV16/18 or GYPCm for risk stratification 
of HR-HPV-positive women with NILM, ASC-US, and LSIL reduced 
colposcopy referrals from 79.2 to 35.6% while maintaining high 
CIN2 + sensitivity.

Data availability statement

The raw data supporting the conclusions of this article will 
be made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by Research and 
Clinical Trial Ethics Committee of Changsha Hospital for Maternal 
and Child Health Care. The studies were conducted in accordance 
with the local legislation and institutional requirements. The 
participants provided their written informed consent to participate in 
this study.

https://doi.org/10.3389/fmed.2025.1575887
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Mao et al. 10.3389/fmed.2025.1575887

Frontiers in Medicine 08 frontiersin.org

Author contributions

SM: Data curation, Formal analysis, Methodology, Writing – 
original draft, Writing  – review & editing. XF: Data curation, 
Investigation, Writing – original draft, Writing – review & editing, 
Supervision. LY: Data curation, Writing – review & editing. HL: 
Formal analysis, Writing – review & editing, Methodology. DL: 
Methodology, Writing  – review & editing, Data curation. XH: 
Conceptualization, Data curation, Writing  – original draft, 
Writing – review & editing. XW: Conceptualization, Investigation, 
Writing  – original draft, Writing  – review & editing. FY: 
Conceptualization, Data curation, Formal analysis, Investigation, 
Methodology, Supervision, Writing  – original draft, Writing  – 
review & editing.

Funding

The author(s) declare that financial support was received for the 
research and/or publication of this article. This study was supported 
by the Research Project of the Department of Science and Technology 
of Changsha (kh2302012).

Conflict of interest

HL, DL, were employed by Department of Medicine, Hunan 
Hoomya Gene Technology Co., Ltd.

The remaining authors declare that the research was conducted in 
the absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Generative AI statement

The authors declare that no Gen AI was used in the creation of 
this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

References
 1. Ronco G, Dillner J, Elfström KM, Tunesi S, Snijders PJ, Arbyn M, et al. Efficacy of HPV-

based screening for prevention of invasive cervical cancer: follow-up of four European 
randomised controlled trials. Lancet. (2014) 383:524–32. doi: 10.1016/S0140-6736(13)62218-7

 2. Ramírez AT, Valls J, Baena A, Rojas FD, Ramírez K, Álvarez R, et al. Performance 
of cervical cytology and HPV testing for primary cervical cancer screening in Latin 
America: an analysis within the ESTAMPA study. Lancet Reg. (2023) 26:1–11. doi: 
10.1016/j.lana.2023.100593

 3. Wentzensen N, Schiffman M, Palmer T, Arbyn M. Triage of HPV positive women 
in cervical cancer screening. J Clin Virol. (2016) 76:S49–55. doi: 10.1016/j.jcv.2015.11.015

 4. Chan KKL, Liu SS, Wei N, Ngu SF, Chu MMY, Tse KY, et al. Primary HPV testing 
with cytology versus cytology alone in cervical screening-a prospective randomized 
controlled trial with two rounds of screening in a Chinese population. Int J Cancer. 
(2020) 147:1152–62. doi: 10.1002/ijc.32861

 5. Wang LH, Zhao GL. Guideline for comprehensive prevention and control of 
cervical cancer. 2nd edition [M] ed. China: People's Medical Publishing House (2023).

 6. Expert Consensus Compilation Group on the Construction of comprehensive 
Prevention and Control Pathways for Cervical Cancer in China. Chinese J Preven Med. 
(2022) 23:721–6. doi: 10.16506/j.1009-6639.2022.10.001

 7. Saslow D, Solomon D, Lawson HW, Killackey M, Kulasingam SL, Cain J, et al. American 
Cancer Society, American Society for Colposcopy and Cervical Pathology, and American 
Society for Clinical Pathology screening guidelines for the prevention and early detection of 
cervical cancer. CA Cancer J Clin. (2012) 62:147–72. doi: 10.3322/caac.21139

 8. Burger EA, Ortendahl JD, Sy S, Kristiansen IS, Kim JJ. Cost-effectiveness of cervical 
cancer screening with primary human papillomavirus testing in Norway. Br J Cancer. 
(2012) 106:1571–8. doi: 10.1038/bjc.2012.94

 9. Rebello G, Hallam N, Smart G, Farquharson D, McCafferty J. Human papillomavirus 
testing and the management of women with mildly abnormal cervical smears: an 
observational study. BMJ. (2001) 322:893–4. doi: 10.1136/bmj.322.7291.893

 10. Ronco G, Giorgi-Rossi P, Carozzi F, Confortini M, Palma PD, Del Mistro A, et al. 
Results at recruitment from a randomized controlled trial comparing human 
papillomavirus testing alone with conventional cytology as the primary cervical cancer 
screening test. J Natl Cancer Inst. (2008) 100:492–501. doi: 10.1093/jnci/djn065

 11. Crosbie EJ, Einstein MH, Franceschi S, Kitchener HC. Human papillomavirus and 
cervical cancer. Lancet. (2013) 382:889–99. doi: 10.1016/S0140-6736(13)60022-7

 12. Bosch FX, Burchell AN, Schiffman M, Giuliano AR, de Sanjose S, Bruni L, et al. 
Epidemiology and natural history of human papillomavirus infections and type-specific 
implications in cervical neoplasia. Vaccine. (2008) 26:K1–K16. doi: 
10.1016/j.vaccine.2008.05.064

 13. Tu J, Chen S, Wu S, Wu T, Fan R, Kuang Z. Tumor DNA methylation profiles 
enable diagnosis, prognosis prediction, and screening for cervical cancer. Int J General 
Med. (2022) 15:5809–21. doi: 10.2147/IJGM.S352373

 14. Steenbergen RD, Snijders PJ, Heideman DA, Meijer CJ. Clinical implications of 
(epi)genetic changes in HPV-induced cervical precancerous lesions. Nat Rev Cancer. 
(2014) 14:395–405. doi: 10.1038/nrc3728

 15. Wilting SM, Steenbergen RDM. Molecular events leading to HPV-induced high 
grade neoplasia. Papillomavirus Res. (2016) 2:85–8. doi: 10.1016/j.pvr.2016.04.003

 16. Illah O, Scott M, Redl E, Barrett JE, Schreiberhuber L, Herzog C, et al. High 
performance of the DNA methylation-based WID-qEC test for detecting uterine cancers 
independent of sampling modalities. Int J Cancer. (2024) 155:800–6. doi: 10.1002/ijc.35000

 17. Karatas M, Ulusan M, Demokan S. P-10 methylation-based expression loss of 
Glycophorin C (GYPC) gene and Clinical importance in Oral Cancer. Oral Oncol. 
(2021) 118:4. doi: 10.1016/S1368-8375(21)00299-2

 18. Rahman MS, Biswas PK, Saha SK, Moni MA. Identification of glycophorin C as a 
prognostic marker for human breast cancer using bioinformatic analysis. Net Model Anal 
Health Inform Bioinform. (2022) 11:7. doi: 10.1007/s13721-021-00352-0

 19. Tao H, Yu F, Yang L, Pei X, Mao S, Fan X. Comparing the performance of 
DeoxyriboNucleic acid methylation analysis and cytology for detecting cervical (pre)
cancer in women with high-risk human papillomavirus-positive status in a gynecologic 
outpatient population. BMC Cancer. (2024) 24:1352. doi: 10.1186/s12885-024-13126-4

 20. Leisenring W, Alonzo T, Pepe MS. Comparisons of predictive values of binary 
medical diagnostic tests for paired designs. Biometrics. (2000) 56:345–51. doi: 
10.1111/j.0006-341X.2000.00345.x

 21. Lai HC, Lin YW, Huang TH, Yan P, Huang RL, Wang HC, et al. Identification of 
novel DNA methylation markers in cervical cancer. Int J Cancer. (2008) 123:161–7. doi: 
10.1002/ijc.23519

 22. Luo H, Lian Y, Tao H, Zhao Y, Wang Z, Zhou J, et al. Relationship between p16/
ki67 immunoscores and PAX1/ZNF582 methylation status in precancerous and 
cancerous cervical lesions in high-risk HPV-positive women. BMC Cancer. (2024) 
24:1171. doi: 10.1186/s12885-024-12920-4

 23. Li N, Hu Y, Zhang X, Liu Y, He Y, van der Zee AGJ, et al. DNA methylation 
markers as triage test for the early identification of cervical lesions in a Chinese 
population. Int J Cancer. (2021) 148:1768–77. doi: 10.1002/ijc.33430

 24. World Health Organization. WHO guideline for screening and treatment of cervical 
pre-cancer lesions for cervical cancer prevention, 2nd edition. Geneva: World Health 
Organization (2021).

 25. Beihua K, Ding M, Lihui W. Chinese cervical Cancer screening guidelines. 
Chinese Clinic J Obstet Gynecol. (2023) 24:437–42. doi: 10.13390/j.
issn.1672-1861.2023.04.029

 26. Fontham ETH, Wolf AMD, Church TR, Etzioni R, Flowers CR, Herzig A, et al. 
Cervical cancer screening for individuals at average risk: 2020 Guideline update from 
the American Cancer Society. CA Cancer J Clin. (2020) 70:321–46. doi: 10.3322/
caac.21628

https://doi.org/10.3389/fmed.2025.1575887
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1016/S0140-6736(13)62218-7
https://doi.org/10.1016/j.lana.2023.100593
https://doi.org/10.1016/j.jcv.2015.11.015
https://doi.org/10.1002/ijc.32861
https://doi.org/10.16506/j.1009-6639.2022.10.001
https://doi.org/10.3322/caac.21139
https://doi.org/10.1038/bjc.2012.94
https://doi.org/10.1136/bmj.322.7291.893
https://doi.org/10.1093/jnci/djn065
https://doi.org/10.1016/S0140-6736(13)60022-7
https://doi.org/10.1016/j.vaccine.2008.05.064
https://doi.org/10.2147/IJGM.S352373
https://doi.org/10.1038/nrc3728
https://doi.org/10.1016/j.pvr.2016.04.003
https://doi.org/10.1002/ijc.35000
https://doi.org/10.1016/S1368-8375(21)00299-2
https://doi.org/10.1007/s13721-021-00352-0
https://doi.org/10.1186/s12885-024-13126-4
https://doi.org/10.1111/j.0006-341X.2000.00345.x
https://doi.org/10.1002/ijc.23519
https://doi.org/10.1186/s12885-024-12920-4
https://doi.org/10.1002/ijc.33430
https://doi.org/10.13390/j.issn.1672-1861.2023.04.029
https://doi.org/10.13390/j.issn.1672-1861.2023.04.029
https://doi.org/10.3322/caac.21628
https://doi.org/10.3322/caac.21628


Mao et al. 10.3389/fmed.2025.1575887

Frontiers in Medicine 09 frontiersin.org

 27. Lihui W, Yun Z, Danhua S, Fanghui Z, Li G, Bi Hui X, et al. Expert consensus on 
cervical cancer screening and abnormal management in China. Chinese Clinic J Obstet 
Gynecol. (2017) 18:190–2. doi: 10.13390/j.issn.1672-1861.2017.02.032

 28. Dick S, Vink FJ, Heideman DAM, Lissenberg-Witte BI, Meijer C, Berkhof J. Risk-
stratification of HPV-positive women with low-grade cytology by FAM19A4/miR124-2 
methylation and HPV genotyping. Br J Cancer. (2022) 126:259–64. doi: 
10.1038/s41416-021-01614-4

 29. Vieira-Baptista P, Costa M, Hippe J, Sousa C, Schmitz M, Silva AR, et al. Evaluation 
of host gene methylation as a triage test for HPV-positive women-a cohort study. J Low 
Genit Tract Dis. (2024) 28:326–31. doi: 10.1097/LGT.0000000000000830

 30. Zhang L, Zhao X, Hu S, Chen S, Zhao S, Dong L, et al. Triage performance and 
predictive value of the human gene methylation panel among women positive on self-
collected HPV test: results from a prospective cohort study. Int J Cancer. (2022) 
151:878–87. doi: 10.1002/ijc.34041

 31. Huang M, Wang T, Li M, Qin M, Deng S, Chen D. Evaluating PAX1 methylation 
for cervical cancer screening triage in non-16/18 hrHPV-positive women. BMC Cancer. 
(2024) 24:913. doi: 10.1186/s12885-024-12696-7

 32. Yang L, Tao H, Lin B, He X, Chen Y, Fan X. Utilization of PAX1 methylation test for 
cervical cancer screening of non-HPV16/18 high-risk HPV infection in women. Future 
Oncol. (2023) 19:1917–27. doi: 10.2217/fon-2023-0226

https://doi.org/10.3389/fmed.2025.1575887
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.13390/j.issn.1672-1861.2017.02.032
https://doi.org/10.1038/s41416-021-01614-4
https://doi.org/10.1097/LGT.0000000000000830
https://doi.org/10.1002/ijc.34041
https://doi.org/10.1186/s12885-024-12696-7
https://doi.org/10.2217/fon-2023-0226

	Performance of HPV genotyping and GYPC methylation as a triage strategy for HPV-positive women with normal or minimal cytological findings
	1 Introduction
	2 Methods
	2.1 Participants
	2.2 HR-HPV assay and liquid-based cytology test
	2.3 DNA preparation and GYPC methylation assay
	2.4 Histopathological diagnosis
	2.5 Statistical analyses

	3 Results
	4 Discussion
	5 Conclusion

	References

