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SUMMARY

Effective triage of high-risk human papillomavirus (hrHPV)+ women is warranted to avoid unnecessary
referral and overtreatment. Molecular triage tests have recently begun to impact cervical intraepithelial
neoplasia grade 3 (CIN3) or cervical cancer (CC), termed CIN3+, detection. We find that zinc finger pro-
tein 671 methylation (ZNF671™) test has superior performance for CIN3+ detection in all single molecular
triage tests, including HPV16/18 genotyping, paired box gene 1 methylation (PAX1™), and ZNF671™, in the
training set. Using ZNF671™ test instead of Thinprep cytologic test (TCT) as a single triage strategy or as a
combined triage strategy with HPV16/18 genotyping has achieved comparable sensitivity but higher
specificity for CIN3+ detection among 391 hrHPV+ women in the validation set. Little attention has
been paid to the women with hrHPV — status but detected CIN3+. We find that the CIN3+ risk after a nega-
tive result could be reduced further by triage using ZNF671™ in hrHPV— patients.

INTRODUCTION screening method for detecting clinically relevant lesions in
CC."" A known disadvantage of hrHPV testing is the suboptimal
specificity resulting in the overtreatment of women with a tran-

sient hrHPV infection since most women infected with hrHPV

Cervical cancer (CC) is the fourth most common cancer in women
worldwide," with approximately 604,127 new cases of CC and

341,831 related deaths in 2020." More than 80% of CC-related
deaths occur in developing countries.>™ In China, 47,739 deaths
and 106,430 new cases of CC have been recorded, accounting
for 18.7% of diagnoses and 15.3% of deaths globally.” CC
screening programs can lower the incidence of CC®; however,
the incidence rates are still high in low-/middle-income countries.”
It is challenging to solve female health and decrease the death rate
of CC.

HPV infection is a major contributor of CC, and persistent HPV
infection,® ' especially high-risk HPV (hrHPV) infection, leads to
the progression of CC."""' hrHPV testing is a highly sensitive

will clear such an infection without development.’®'® To over-
come the disadvantage of hrHPV testing, Thinprep cytologic
test (TCT [ASCUS+]) or HPV16/18 genotyping are recommended
as additional triage tests to identify women who require further
investigation. However, the effectiveness of these triage strate-
gies is still suboptimal and unstable due to the subjective inter-
pretation and suboptimal sensitivity of TCT(ASCUS+) and the
low sensitivity of HPV16/18 genotyping.'""'®

Molecular triage tests are more objective and more acceptable
for early cervical screening, as large numbers of PCR laboratories
established throughout the epidemic of COVID-19."° Increasing
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Table 1. Population and test characteristics by histologic category

Histological results

Characteristic Cutoff Normal CIN1 CIN2 CIN3 CC Total
Training set
N (%) - 157 (34.13) 76 (16.52) 110 (23.91) 89 (19.35) 28 (6.09) 460 (100.00)
Age (years) - 44.45 + 9.43 47.68 + 9.06 43.45+10.57 45.20 + 8.80 50.64 +8.00 45.27 +9.62
HPV16/18 (%) - 3(1.91) 9(11.84) 32 (29.09) 36 (40.45) 21 (75.00) 101 (21.96)
hrHPV (%) - 24 (15.29) 49 (64.47) 96 (87.27) 85 (95.51) 27 (96.43) 281 (61.09)
ZNF671™ ACp < 11.20 10 (6.37) 9(11.84) 22 (20.00) 64 (71.91) 28 (100.00) 133 (28.91)
ZNF671PY™® m% > 4.25 14 (8.92) 12 (15.79) 17 (15.45) 45 (50.56) 26 (92.86) 114 (24.78)
PAX1™ ACp < 11.84 42 (26.75) 15 (19.74) 34 (30.91) 59 (66.29) 27 (96.43) 177 (38.48)
Validation set
N (%) - 212 (33.49) 103 (16.27) 141 (22.27) 135 (21.33) 42 (6.64) 633 (100.00)
Age (years) - 43.94 +11.03  42.02+10.45 4017 +£10.92 4491 +10.85 54.02+7.75 43.66+11.14
HPV16/18 (%) - 9 (4.25) 20 (19.42) 42 (29.79) 64 (47.41) 29 (69.05) 164 (25.91)
hrHPV (%) 43 (20.28) 68 (66.02) 122 (86.52) 122 (90.37) 36 (85.71) 391 (61.77)
ZNF671™ ACp<11.20 35 (16.51) 26 (25.24) 45 (31.91) 99 (73.33) 39 (92.86) 244 (38.55)
TCT NILM 187 (88.21) 35 (33.98) 37 (26.24) 25 (18.52) 4(9.52) 288 (45.50)
ASCUS 9 (4.25) 32 (31.07) 38 (26.95) 24 (17.78) 6 (14.29) 109 (17.22)
LSIL 4(1.89) 30 (29.13) 32 (22.70) 19 (14.07) 0 (0.00) 85 (13.43)
ASC-H/AGC/HSIL+ 12 (5.66) 6 (5.83) 34 (24.11) 67 (49.63) 32 (76.19) 151 (23.85)

™, methylation detected by gMSP; Cp, crossing point; Pyro, methylation detected by bisulfite pyrosequencing.

evidence showed that DNA methylation testing could be a prom-
ising cervical screening method due to its objective outcome
and good performance for cervical precancer and cancer
detection. Gene DNA methylation testing always has higher speci-
ficity than hrHPV testing or has higher sensitivity than
TCT. Many genes, such as SOX1,° PAX1,"?? zinc finger pro-
tein 582 (ZNF582),° ASTN1/DLX1/ITGA4/RXFP3/SOX17/
ZNF671,%72° JAM3,?” EPB41L3,° CADM1/MAL/miR124-2,2%%
FAM19A4,%"%2 and POUA413,%° have been reported as promising
markers for CIN2+/CIN3+ detection. We analyzed all the reported
genes and selected some good-performance genes to be validated
in our samples of Chinese women (data not shown). Our results
showed that ZNF671 had a great performance in detecting CIN3+.

PAX1, amethylated gene that has been reported as a promising
maker for management of HPV+ women in the Chinese popula-
tion, was also included in our current study.?'** HPV16/18 geno-
typing, ZNF671 methylation (ZNF671™), and PAX1 methylation
(PAX1™) in 281 cervical scrapings were performed to evaluate
and compare the performance of different molecular triage strate-
gies for CIN3+ detection in hrHPV+ women. Moreover, validation
of the superior molecular triage strategy was performed in an in-
dependent cohort of 391 hrHPV+ cases, and the performance of
the superior triage test was compared with TCT in the validation
set. Last, we evaluated the performance of ZNF671™ and
PAX1™ or TCT for CIN3+ in 179 or 242 hrHPV— women.

RESULTS
Patient clinicopathological characteristics

Cohort demographic characteristics and clinical information are
summarized in Table 1. In the training set, colposcopy and biopsy
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results showed 157 (34.13%) women with normal uterine cervix,
76 cases (16.52%) of CIN1, 110 (23.91%) cases of CIN2, 89
(19.35%) cases of CIN3, and 28 (6.09%) cases of CC. The training
set included 281 (61.09%) hrHPV+ and 179 (38.91%) hrHPV—
women. In the validation set, colposcopy and biopsy results
showed 212 (33.49%) women with normal uterine cervix, 103
cases (16.27%) of CIN1, 141 (22.27%) cases of CIN2, 135
(21.33%) cases of CIN3, and 42 (6.64%) cases of CC. The valida-
tion set included 391 (61.77%) hrHPV+ and 242 (38.23%)
hrHPV— women. The study protocol is shown in Figure 1.

Performance of molecular triage testing for CIN3+ in

281 hrHPV+ women (training set)

We analyzed and compared the area under the curve (AUC) of
HPV16/18, hrHPV, ZNF671™, ZNF6717Y, and PAX1™ in cervical
scrapings by receiver operating characteristic (ROC) curves for
distinguishing different diagnosis groups (CIN1—/CIN2+,
CIN2—/CIN3+). As shown in Figure S1, the performance of
ZNF671™ was better than ZNF6717Y™ in our study, and we could
only use ZNF671™ in our follow analysis.

As shown in Table 2, HPV16/18 genotyping exhibited a sensi-
tivity of 50.89% for CIN3+ with a specificity of 73.69%. While the
PAX1™ test and the ZNF671™ test achieved significantly higher
sensitivity (relative sensitivity of PAX1™ test: 1.46, 95% confi-
dence interval [CI]: 1.19-1.78; relative sensitivity of ZNF671™
test: 1.56, 95% CI: 1.29-1.89) with comparable specificity (rela-
tive specificity of PAX1™ test: 0.90, 95% Cl: 0.78-1.04; relative
specificity of ZNF671™ test: 1.08, 95% Cl: 0.96-1.22) compared
with HPV16/18 genotyping.

When combing two or three tests to triage women with posi-
tive hrHPV, HPV16/18 genotyping with PAX1™ or ZNF671™



Cell Reports Medicine

¢ CellP’ress

OPEN ACCESS

Training set
460 women with valid hrHPV, colposcopy examination and/or biopsy results

1.Select the best molecular biomarker for
CIN3+ detection in 281 hrHPV-positive women
(24 normal, 49 CIN1, 96 CIN2, 85 CIN3, 27 CC)
®HPV16/18 genotype
OPAX 1M
®ZNF671m
O ZNF67 1Py
m : methylation detected by qMSP;
pyro-methylation detected by bisulfite pyrosequencing

3.Explore the performance of ZNF671™ and
PAX1™ for CIN3+ in 179 hrHPV-negative

women
(133 normal, 27 CIN1, 14 CIN2, 4 CIN3, 1 CC)
OZNF671m
OPAX1M

Validation set
633 women with valid hrHPV, TCT, colposcopy examination and/or biopsy results

2.Validation and compared the performance of
ZNF671mfor CIN3+ dection with common
algorithms in 391 hrHPV-positive women
(43 normal, 68 CIN1, 122 CIN2, 122 CIN3, 36 CC)
®TCT(ASCUSH+)
®HPV16/18 genotype
®ZNF671m

Figure 1. Study protocol

3.Explore the performance of ZNF671™ and
TCT(ASCUS+) for CIN3+ in 242 hrHPV-
negative women
(169 normal, 35 CIN1, 19 CIN2, 13 CIN3, 6 CC)
OZNFG671m
OTCT(ASCUS+)

™ methylation detected by gMSP; Y™, methylation detected by bisulfite pyrosequencing.

demonstrated an increase in sensitivity by 67% or 70% but a
decrease in specificity by 35% and 22%. Combining the three
tests to triage hrHPV+ women could further increase sensitivity
by 84% but decreased specificity by 42%. Compared with
HPV16/18 or PAX1™ triage test, HPV16/18 or ZNF671™ triage
test had higher specificity (relative specificity: 1.21, 95% CI:
1.06-1.38).

NNC (the number of colposcopies needed for detection per
CIN3+ case) reflects the clinical efficiency of molecular triage
tests. Triage strategies involving HPV16/18 or ZNF671™ or
PAX1™ had the highest referral rate for colposcopy (71.89%)
and required 1.92 colposcopies for detection per CIN3+ case
(Table 2). HPV16/18 genotyping had the lowest colposcopy
referral rate (35.94%) but missed 1/2 CIN3+ cases. ZNF671™
alone had the lowest NNC (1.38) for CIN3+ with a slightly lower
colposcopy referral rate (43.77%). The performance for CIN2+
detection is shown in Table S1.

Validation and comparison of the performance of
ZNF671™ testing with common triage algorithms for
CIN3+ in 391 hrHPV+ women (validation set)

As shown in Table 3, the sensitivity of ZNF671™ test for detecting
CIN3+ was 78.48% (95% CI: 71.10%-84.45%), which was not
significantly lower than that of TCT(ASCUS+), with arelative sensi-
tivity of 0.92 (95% CI: 0.84-1). However, the specificity of
ZNF671™ test (67.38%, 95% CI: 60.90%-73.28%) was signifi-
cantly higher than that of TCT(ASCUS+) (33.05%, 95% ClI:
27.12%-39.54%), with relative specificity at 2.04 (95% CI: 1.68-
2.48). The sensitivity of HPV16/18 (58.86%, 95% ClI: 50.75%—
66.53%) genotyping was lower than that of TCT(ASCUS+), but
the specificity was higher (69.53%, 95% CI: 63.12%-75.28%).

Regarding colposcopy efficiency, ZNF671™ test required an
NNC of 1.61 colposcopies to detect a single CIN3+ case, which
is less than that required for TCT(ASCUS+) (NNC = 2.16) and for
HPV16/18 (NNC = 1.76).

Compared with the combined test, all combined tests were
shown to have a significantly higher sensitivity than that of
TCT(ASCUS+), except HPV16/18 or ZNF671™ test. Meanwhile,
only HPV16/18 or ZNF671™ test (48.50%, 95% Cl: 41.95%—
55.10%) had a significantly higher specificity than that of
TCT(ASCUSH+) (33.05%, 95%Cl: 27.12%-39.54%), with a relative
specificity at 1.47 (95% CI: 1.17-1.83). Compared with HPV16/18
or TCT(ASCUS+), the common triage in hrHPV+ women,HPV16/
18 or ZNF671™ test increases the specificity by 126% with compa-
rable sensitivity. The NNC of HPV16/18 or ZNF671™ test (NNC =
1.84) was less than that of HPV16/18 or TCT(ASCUS+) (NNC =
2.22), with a lower colposcopy referral rate (67.26% vs. 85.17%).
The performance for CIN2+ detection is shown in Table S2.

Pre- and post-test CIN3+ risk after applying different
triage strategies in hrHPV+ women

Figures 2A and 2B display the pre- and post-test CIN3+ risk
after applying different triage strategies in hrHPV+ women. Before
triaging, the CIN3+ risk was 40.41% among 391 hrHPV+ women.
Our results showed that the CIN3+ risks of all single triage strate-
gies were decreased but still high (TCT—: 23%; HPV16/18—:
28.63%); only the risk of CIN3+ by ZNF671™ was lower than
20%, despite the fact that the pro-test risks did not fall into the
safe or medium-risk zones in women who were negative by any
of the single triage methods. After the second-step triage test us-
ing TCT(ASCUS+) or ZNF671™ in non-16/18+ women, the risk of
CIN3+ could be reduced to 13.79% or 11.72%, respectively,
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Table 2. Performance of molecular triage for the detection of CIN3+ among 281 hrHPV+ women (training set)

Compared with HPV16/18

Compared with
HPV16/18 or PAX1™

Colposcopy Relative Relative Relative Relative
referral Sensitivity (%) Specificity (%) PPV (%) NPV (%) (n/N) sensitivity specificity sensitivity specificity
Triage algorithms  rates(%) (n/N)  (n/N) 95% Cl (n/N) 95% ClI (n/N) 95% Cl 95% ClI NNC  (95% ClI) (95% Cl) (95% ClI) (95% ClI)
HPV16/18 35.94 50.89 (57/112) 73.96 (125/169)  56.44 (57/101) 69.44 (125/180) 1.77 1 1 - -
(101/281) 41.33-60.40 66.56-80.26 46.22-66.16 62.08-75.96
PAX1™ 49.47 74.11 (83/112) 66.86 (113/169)  59.71 (83/139) 79.58 (113/142) 1.67 1.46 0.90 - -
(139/281) 64.82-81.71 59.16-73.79 51.04-67.84 71.83-85.69 (1.19-1.78) (0.78-1.04)
ZNF671™ 43.77 79.46 (89/112) 79.88 (135/169)  72.36 (89/123) 85.44 (135/158) 1.38 1.56 1.08 - -
(123/281) 70.58-86.28 72.88-85.48 63.44-79.85 78.75-90.36 (1.29-1.89) (0.96-1.22)
HPV16/18 65.12 84.82 (95/112) 47.93 (81/169) 51.91 (95/183) 82.65 (81/98) 1.93 1.67 0.65 1 1
or PAX1™ (183/281) 76.53-90.66 40.24-55.71 44.44-59.30 73.39-89.29 (1.41-1.96) (0.57-0.74)
HPV16/18 or 59.79 86.61 (97/112) 57.99 (98/169) 57.74 (97/168) 86.73 (98/113) 1.73 1.70 0.78 1.02 1.21
ZNF671™ (168/281) 78.56-92.06 50.15-65.45 49.88-65.24 78.74-92.13 (1.44-2.01) (0.72-0.86) (0.94-1.11)  (1.06-1.38)
ZNF671™ 58.36 87.50 (98/112) 60.95 (103/169)  59.76 (98/164) 88.03 (103/117) 1.67 1.72 0.82 1.08 1.27
or PAX1™ (164/281) 79.59-92.75 53.13-68.26 51.80-67.24 80.42-93.06 (1.42-2.09) (0.70-0.97) (0.95-1.12)  (1.11-1.46)
HPV16/18 or 71.89 93.75 (105/112)  42.60 (72/169) 51.98 (105/202)  91.14 (72/79) 1.92 1.84 0.58 1.11 0.89
ZNF671™ (202/281) 87.09-97.23 35.11-50.44 44.87-59.01 82.04-96.06 (1.55-2.20) (0.50-0.67) (1.04-1.18)  (0.82-0.96)
or PAX1™

™, methylation; PPV, positive predictive values; NPV, positive predictive values; NNC, the number of colposcopies needed for detection per CIN3+ case.
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Table 3. Performance of triage for the detection of CIN3+ among 391 hrHPV+ women (validation set)

Compared with TCT(ASCUS+)

Compared with HPV16/
18 or TCT(ASCUS+)

SUIDIPOIA S1HodaYy JI9H

Colposcopy  Sensitivity Specificity Relative Relative Relative
referral rates (%) (n/N) (%) (n/N) PPV (%) NPV (%) (n/N) Sensitivity specificity Sensitivity Relative specificity
Triage algorithms (%) (n/N) 95% ClI 95% Cl (n/N) 95% Cl 95% CI NNC  (95%Cl) (95%Cl) (95%Cl) (95%Cl)
TCT(ASCUS+) 74.42 85.44 (135/158)  33.05 (77/233) 46.39 (135/291) 77.00 (77/100) 216 1 1 - -
(291/391) 78.75-90.36 27.12-39.54 40.58-52.30 67.31-84.58
HPV16/18 41.94 58.86 (93/158) 69.53 (162/233) 56.71 (93/164) 71.37 (162/227) 1.76 0.69 2.10 - -
(164/391) 50.75-66.53 63.12-75.28 48.75-64.34 64.94-77.06 (0.59-0.80) (1.71-2.59)
ZNF671™ 51.15 78.48 (124/158) 67.38 (157/233) 62.00 (124/200) 82.20 (157/191) 1.61 0.92 2.04 - -
(200/391) 71.10-84.45 60.90-73.28 54.85-68.68 75.87-87.20 (0.84-1.00) (1.68-2.48)
HPV16/18 or 85.17 94.94 (150/158) 21.46 (50/233) 45.05 (150/333) 86.21 (50/58) 222 1.1 0.65 1 1
TCT(ASCUS+) (333/391) 89.93-97.63 16.48-27.40 39.64-50.57 74.07-93.44 (1.05-1.17) (0.55-0.77)
HPV16/18 or 67.26 90.51 (143/158) 48.50 (113/233) 54.37 (143/263) 88.28 (113/128) 1.84 1.06 1.47 0.95 2.26
ZNF671™ (263/391) 84.56-94.41 41.95-55.10 48.14-60.47 81.11-93.07 (0.98-1.15) (1.17-1.83) (0.90-1.01) (1.78-2.87)
ZNF671™ or 82.10 93.04 (147/158) 25.32 (59/233) 45.79 (147/321)  84.29 (59/70) 218 1.09 0.77 0.98 1.18
TCT(ASCUS+) (321/391) 87.58-96.30 19.97-31.50 40.27-51.42 73.20-91.52 (1.04-1.14) (0.68-0.87) (0.93-1.03) (0.97-1.44)
HPV16/18 or 89.26 98.10 (155/158) 16.74 (39/233) 44.41 (155/349) 92.86 (39/42) 225 1.15 0.51 1.03 0.78
ZNF671™ or (349/391) 94.12-99.51 12.31-22.30 39.15-49.80 79.45-98.14 (1.08-1.23) (0.41-0.63) (1.00-1.06) (0.67-0.90)
TCT(ASCUS+)

™ methylation; PPV, positive predictive values; NPV, positive predictive values; NNC, the number of colposcopies needed for detection per CIN3+ case.
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and was close to the boundary value of risk (10%). The pro-test
risks further be reduced by third-step triage test. The CIN3+ risk
was 7.14% among the three-test-negative population. However,
none of the triages mentioned above had a sufficient risk reaching
1% or 2.6%.

Pre- and post-test CIN3+ risk after applying different
triage strategies in hrHPV— women

In the past few years, CIN3+ risk was always calculated in the
hrHPV+ population. The CIN3+ risk in the hrHPV— population
was unclear. In our current study, the CIN3+ risk was 7.85%
(>2.6% or >1%) among 242 hrHPV— women. It suggested that it
might be necessary to triage hrHPV— women by second-step
test. We looked back and analyzed the performance of
ZNF671™, PAX1™, or TCT(ASCUS+) for CIN3+ detection. As
shown in Table 4, ZNF671™ alone could be an effective test to
detect the missed cases by hrHPV screening. Figure 2C displays
the CIN3+ risk for different triage algorithms in hrHPV— women.
Results indicated that women with hrHPV— status who were given
a second-step triage test with ZNF671™ test had 2.52% chance of
detecting CIN3+, falling into the light green zone.

The cost of different algorithms for detection of CIN3+ in
validation set

ZNF671™ test showed better performance for CIN3+ detection
than TCT(ASCUS+). However, whether the ZNF671™ test had a
cost advantage is not clear. The cost of ZNF671™ test ($11.62),
calculated according to the data in our laboratory, is near the
cost of TCT ($10.23).>* Due to the sensitivity of HPV16/18 or
ZNF671™ being comparable with the sensitivity of HPV16/18 or
TCT(ASCUS+) in hrHPV+ women (Table 3), we calculated the
triage cost needed for detection per CIN3+ case. The results
showed that the triage cost needed for detection per CIN3+
case of HPV16/18 or ZNF671™ ($88) was slightly lower than
that of HPV16/18 or TCT(ASCUS+) ($95) in hrHPV+ women (Ta-
ble 5). The results showed that the cost needed for detection per
CIN3+ case of HPV16/18 or ZNF671™ ($160) was also slightly
lower than that of HPV16/18 or TCT(ASCUS+) ($164) when using
them as a combination test in all women in the validation set
(Table S3). Taken together, the results suggested that HPV16/
18 or ZNF671™ could slightly reduce the cost and ensure the per-
formance for CIN3+ detection (Tables 3, 4, 5, and S3).

DISCUSSION

Effective triage and management of hrHPV+ women is warranted
to avoid unnecessary referral and overtreatment. In the current
study, we demonstrated that ZNF671™ test alone or combined
with HPV16/18 genotyping had better performance for CIN3+
detection than TCT(ASCUS+) to triage gynecological hrHPV+ out-
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patients. Moreover, we explored the triage possibilities for CIN3+
of these triage algorithms among the hrHPV— population in gyne-
cological clinic. The CIN3+ risk after a negative result could be
reduced further by triage using ZNF671™ in hrHPV— outpatients.

The incidence of cervical lesions has declined significantly
since the introduction of hrHPV testing as a primary screening
strategy.®**® A known disadvantage of hrHPV testing is the sub-
optimal specificity resulting in severe overtreatment of women
with a transient hrHPV infection.”®'® In our current study, hrHPV
testing showed a good sensitivity (91.84%) but low specificity
(49.69%) for CIN3+ detection, as reported in other previous
study.' This leads to potential overtreatment of a large number
of women who may have regression lesions.*”*® Unnecessary
damage, especially among young women of reproductive age,
can be avoided by providing accurate stratified classification
strategies to identify CIN3+. Women who need further treatment
would benefit from TCT(ASCUS+) or from HPV16/18 genotyping
as an additional triage test.**°

In the present study, we found that ZNF671™ test had higher
specificity than TCT (ASUCS+), at a relative specificity 2.04, and
had comparable sensitivity with TCT (ASUCS+). The colposcopy
referral rate of ZNF671™ test was 23% lower than that of TCT
(ASUCS+). Compared with HPV16/18 genotyping, ZNF671™ test
had a significantly higher sensitivity (78.48% vs. 58.86%) and com-
parable specificity (67.38% vs. 69.53%). In addition, the NNC of
ZNF671™ test was the lowest one in all single triage tests.
Currently, HPV16/18 or TCT(ASCUS+) was the most common
triage in hrHPV+ women. Our results showed that compared
with HPV16/18 or TCT(ASCUS+), HPV16/18 or ZNF671™ test in-
creases the specificity by 126% with comparable sensitivity. The
NNC of HPV16/18 or ZNF671™ test (NNC = 1.84) was less than
that of HPV16/18 or TCT(ASCUS+) (NNC = 2.22), with a lower col-
poscopy referral rate (67.26% vs. 85.17%) (Table 3). Moreover, the
cost of triage needed for detection per CIN3+ case of HPV16/18 or
ZNF671™ ($88) was slightly lower than that of HPV16/18 or
TCT(ASCUS+) ($95) among 391 hrHPV+ women (Table 5). All re-
sults together show that ZNF671™ could be a promising alternative
to cytology triage in the hrHPV+ population.

In addition to the above advantages, using ZNF671™
test instead of TCT(ASCUS+) as a triage strategy for CIN3+
detection was more objective and was no longer limited and
affected by the skill of doctor. ZNF671™ test could reach
more hospitals, as large numbers of PCR laboratories were es-
tablished throughout the epidemic of COVID-19."¢ In addition,
the patients are more likely to prefer ZNF671™ test because
there is no additional cervical scraping cell collection required
when triage is done by ZNF671™ test. ZNF671™ test, as a mo-
lecular test, has possibilities of self-sampling and a central lab-
oratory operating system and thus may be a more reasonable
choice to develop higher-quality triage methods. It can greatly

Figure 2. Pre- and post-test CIN3+ risk after applying different triage strategies in hrHPV+ women or in hrHPV— women
(A) Pre- and post-test CIN3+ risk by single triage algorithms in hrHPV+ women (n = 391).
(B) Pre- and post-test CIN3+ risk by combined triage algorithms in hrHPV+ women (n = 391).

(C) Pre- and post-test CIN3+ risk after triage in hrHPV— women (n = 242).

CINS3+ risk: red area, >10%; flesh pink area, between 10% and 5.2%; pink area, between 5.2% and 2.6%; light green area, between 2.6% and 1%; dark green
area, <1%. Benchmarks are defined at risk levels of 1% (safe) and 10% (high risk) (applied in Europe) and 2.6% (safe) and 5.2% (high-risk) (applied in the United
States) for CIN3+. High-risk zone: red area; medium risk: flesh pink area and pink area; safe zone: light green area and dark green area.
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Table 4. Performance of triage for the detection of CIN3+ among hrHPV— women

Triage Colposcopy Sensitivity (%)  Specificity (%) PPV (%) (n/N) NPV (%) (n/N) Missed CIN3+  Relative sensitivity  Relative specificity
Dataset algorithms  referral rates(%) (n/N)  (n/N) 95% CI (n/N) 95%ClI 95% Cl 95% Cl cases (95% Cl) (95% Cl)
179 hrtHPV—  PAX1™ 21.23 (38/179) 60.00 (3/5) 79.89 7.89 (3/38) 98.58 (139/141) 2 (2 CINY) 1 1
women in 17.04-92.74 (139/174) 2.06-22.48 94.45-99.75
training set 73.00-85.42
ZNF671™ 5.59 (10/179) 60.00 (3/5) 95.98 30.00 (3/10) 98.82 (167/169) 2 (2 CINY) 1 1.20 (1.11-1.30)
17.04-92.74 (167/174) 8.09-64.63 95.32-99.79
91.56-98.26
ZNF671™ 22.91 (41/179) 60.00 (3/5) 78.16 7.32 (3/41) 98.55 (136/138) 2 (2 CINY) 1 0.98 (0.95-1.00)
or PAX1™ 17.04-92.74 (136/174) 1.91-21.01 94.33-99.75
71.14-83.91
242 hrtHPV—  TCT 22.31 (54/242) 68.42 (13/19) 81.61 24.07 (13/54)  96.81 (182/188) 6 (4 CIN3 1 1
women in (ASCUS+) 43.50-86.44 (182/223) 13.92-37.94 92.86-98.70 and 2 CC)
validation 75.77-86.35
set ZNF671™ 18.18 (44/242) 73.68 (14/19) 86.55 31.82 (14/44)  97.47 (193/198) 5 (4 CIN3 1.08 (0.73-1.58) 1.06 (0.98-1.15)
48.58-89.88 (193/223) 19.07-47.71 93.88-99.07 and 1 CC)
81.19-90.60
ZNF671™ 34.71 (84/242) 89.47 (17/19) 69.96 20.24 (17/84)  98.73 (156/158) 2 (2 CIN3) 1.31 (1.00-1.70) 0.86 (0.81-0.91)
or TCT 65.46-98.16 (156/223) 12.56-30.70 95.03-99.78
(ASCUS+) 63.41-75.80

™ methylation; PPV, positive predictive values; NPV, positive predictive values; NNC, the number of colposcopies needed for detection per CIN3+ case.
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Table 5. The triage cost for detection of CIN3+ among 391 hrHPV+ women (validation set)

Triage algorithms

Total triage costs ($)

The triage cost needed to
detect per CIN3+ cases ($)

TCT(ASCUS+) 12,925.94 95.75
HPV16/18 5031.30 54.10
ZNF671™ 10,679.42 86.12
HPV16/18 or TCT(ASCUS+) 14,214.44 94.76
HPV16/18 or ZNF671™ 12,612.18 88.20
ZNF671™ or TCT(ASCUS+) 18,389.99 125.10
HPV16/18 or ZNF671™ or TCT(ASCUS+) 19,248.99 124.19

The total triage costs including triage test (excluded HPV16/18 test) cost, referral service cost, colposcopy cost, and pathological examination cost.
The cost data (per person) of TCT ($10.23), referral service ($1.55), colposcopy ($9.30), and pathological examination ($24.79) were collected from the
published literature.>* The cost of ZNF671™ test was calculated according the data in our laboratory ($11.62).

increase the efficiency and amount of tests and can significantly
reduce the cost, making inexpensive testing more accessible
and easier to perform in areas with poor medical resources.

Moreover, little attention has been paid to a small portion of
women with hrHPV— status but detected CIN3+. One explana-
tion is that the women screened in gynecology clinics may not
to be new to screening and may have a history of hrHPV infection
and antiviral therapy and, therefore, have negative hrHPV results
at this screening. Another explanation is that a small percentage
of CIN and CC resulted from other rare and poorly characterized
viral types.*" As shown in our results (Table 4), ZNF671™ alone
could be an effective test to detect the missed cases by hrHPV
screening. In addition, the CIN3+ risk after a negative result
could be reduced further by triage using ZNF671™ test in
hrHPV— patients. ZNF671™ test could reduce some missed
cases caused by the above reasons and did not increase the
cost compared with TCT(ASCUS+) (Table S3).

Although there have been some studies on the performance of
a six-gene methylation panel (ASTN1/ITGA4/RXFP3/SOX17/
DLX1/ZNF671) for CIN2+/CIN3+ detection.?**® The score of
ZNF671 was 0.5, which was higher than other genes (0.2 or
0.1). It showed that ZNF671 played a major role in calculating
the methylation score (>0.5 termed as methylation panel posi-
tive).”>*? The results were consistent with our results. The
six-gene methylation panel may more effective but less cost
effective for CIN3+ than ZNF671™ test only in hrHPV+ women.
In addition, the performance of six-gene methylation in hrHPV—
women is still unclear.

When using hrHPV testing as primary screening, triaging
hrHPV+ women by HPV16/18 or ZNF671™ test could greatly
reduce referral rates to colposcopy and, even more importantly,
improve positive predictive values and prevent overtreatment. In
addition, triaging hrHPV— women by ZNF671™ could reduce the
missed CIN3+ cases as much as possible. Our study suggests
that ZNF671™ could be a promising alternative to cytology triage,
especially in areas with poor medical resources. However, pro-
spective population-based studies are necessary for further im-
plementation of this screening protocol.

Limitations of the study
In this study, we only evaluated the performance of different
tests for CIN3+ detection in gynecology clinic-screened women.

In addition, only the samples with exact colposcopy and/or his-
tology results were included in our study. The patients who were
not referred to colposcopy were not included. So, the CIN3+ risk
calculated in our study was higher than the actual risk after appli-
cation triage strategies.
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cervical scrapings Xiangya Hospital of Central South University, the Second Xiangya This study
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Central South University, the First Affiliated Hospital of Shantou
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Diagnostic Kit(PCR-Fluorescence Probing)
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ZNF671-F: GGTGGAGGTGTTGGGAAA This paper N/A
ZNF671-R: 5'- CTAAAACACAAAAACTA This paper N/A
CAAACACTTTAC-3
ZNF671-S: 5'- GTTTGATGTTTTGT This paper N/A
AGGGA-3
ZNF671-QF:5'- GTCGTTTTCGGTA This paper N/A
GTTGTTCGC -3
ZNF671-QR: 5'- AAAAACGCAACAC This paper N/A
CCACCC -3’
ZNF671-P: 5'-FAM- TTTACGGTTTTA This paper N/A
TGGCGGA-MGB-3
B-actin-QF: 5'-AGGAGGTTTGGATTTT This paper N/A
TAATTGTGTATAG-3'
B-actin-QR:5'-AACTCACCACTACAAAA This paper N/A
ATCAAACCA -3
B-actin-P:5’-VIC-TGGTAGAGAGGAAG This paper N/A
GTGG-MGB-3'
Software and algorithms
SPSS software SPSS Inc version 22.0
R R-project version 3.6.3
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Data and code availability
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Specimens and clinical data

Between Jan 2020 and July 2022, cervical scrapings were collected from gynecologic outpatients older than 18 years of age with
exact colposcopy and/or histology results from Xiangya Hospital of Central South University, the Second Xiangya Hospital of Central
South University, the Third Xiangya Hospital of Central South University, the First Affiliated Hospital of Shantou University Medical
College, Loudi Central Hospital and Zhengzhou Central Hospital Affiliated to Zhengzhou University. This study was undertaken in
accordance with the Declaration of Helsinki, and the protocol was approved by the local ethical committees where applicable
(n0.2019103 and no.202101007). All patients gave written informed consent before participation in this study. A history of cervical
cancer or existence of other cancer, cervical surgery, anti-HPV vaccinations, or pregnancy were excluded from this study.

The training set included women who had a normal uterine cervix (n = 157), CIN1 (n=76), CIN2 (n=110), CIN3 (n=89) and CC (n=28)
diagnosed according to the histologic reports. The final diagnosis was made by tissue-proven pathology in the CIN1+ test result
group. When the biopsy results revealed CIN3+, the patients underwent cervical conization or major surgery. The validation set
was composed of 633 cases (212 normal, 103 CIN1, 141 CIN2, 135 CIN3 and 42 CC). Clinical, histological and pathological charac-
teristics of all patients were showed in Table 1. Data on hrHPV status, TCT and local pathology diagnoses of patients were obtained
from the parent institutes. Methylation detection tests for PAX1 and ZNF671 and hrHPV genotyping were carried out by using residual
cervical cells from cytological tests. The laboratory tests were performed blinded to all other triage results and were detailed below.

METHOD DETAILS

DNA preparation

The residual cervical scrapings cells were stored in preservation solution (JIANG SU JIANYOU MEDICAL TECHNOLOGY, Jiangsu,
China) at —20°C. The residual cervical cells were centrifuged and washed with phosphate-buffered saline. Genomic DNA (gDNA) was
extracted from the cells using the HiPure Universal DNA Kit (Magen Biotech, Guangzhou, China). The concentrations of gDNA in each
sample were measured using a BioSpec-nano spectrophotometer (Shimadzu Corporation, Tokyo, Japan).

HrHPV DNA test

DNA were prepared as described above. HrHPV DNA detection were performed by High-risk Human Papillomavirus DNA (Genotype)
Diagnostic Kit (SANSURE, Changsha, China). This kit is an in vitro nucleic acid amplification test for the detection of hrHPV (type16,
18, 31, 33, 35, 39, 45, 51, 52, 53, 56, 58, 59, 66 and 68). The test results can be used for identification of HPV genotypes. In our current
study, we followed the WHO guideline for screening and treatment of cervical pre-cancer lesions for cervical cancer prevention, sec-
ond edition and only regarded 14 genotypes as hrHPV, included type16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 66 and 68.°°

Pyrosequencing

After determination of the amount of gDNA, up to 500 ng of gDNA was subjected to bisulfite conversion using EZ DNA Methylation-
Direct ™ Kit (ZYMO RESEARCH, USA). Pyrosequencing was performed to evaluate 2 CpG sites of ZNF6771 promoter region
(NC_000019.10: 57727411-57727425, ACGGTTTTATGGCGG) on bisulfite-treated DNA in 460 samples from training set. PCR ampli-
fication and pyrosequencing primers for target sites were designed using PyroMark Assay Design 2.0. Bisulfite-treated DNA was then
amplified using TaKaRa Ex Taq (TaKaRa, Beijing, China). The primers were listed as follows: ZNF671-F:5'- GGTGGAGGTGTTG
GGAAA -3'; ZNF671-R: 5'- CTAAAACACAAAAACTACAAACACTTTAC-3'; ZNF671-S: 5'- GTTTGATGTTTTGTAGGGA-3'.The reac-
tion mixture including 13.5 ul of nuclease-free water, 2 puL of 10 x Ex Taq Buffer, 2 uL of dNTP, 0.4 uL former primer and reverse
primer, 0.2 uL of Ex Taq HS and 1.5 uL of bisulfite-treated DNA. The PCR product act as a template in Pyrosequencing reactions,
using the PyroMark Q24 instrument (Qiagen, MD) according to the manufacturer’s recommended protocol.”® Raw data were
analyzed using the Pyromark Q24 analysis software (Qiagen, MD). The average percentage of methylation across 2 CpG sites
were obtained.

DNA quantitative methylation-specific PCR

After bisulfite treatment, quantitative methylation-specific PCR (QMSP) was performed on the ABI 7500 Real-Time PCR System (Life
Tech, USA) to measure the methylation status of the PAX1 and ZNF671 genes. The methylation status of the PAX1 were detected by
Uterine cervix cancer gene methylating Diagnostic Kit (PCR-Fluorescence Probing) (HOOMYA, Changsha, China). The methylation
status of ZNF671 genes were detected by qPCR kits developed by our team, with B-actin as an internal reference gene. The primers
were listed as follows: ZNF671-QF:5'- GTCGTTTTCGGTAGTTGTTCGC -3'; ZNF671-QR: 5'- AAAAACGCAACACCCACCC -3';
ZNF671-P: 5'-FAM- TTTACGGTTTTATGGCGGA-MGB-3'. g-actin-QF: 5-AGGAGGTTTGGATTTTTAATTGTGTATAG-3'; p-actin-
QR: 5'-AACTCACCACTACAAAAATCAAACCA -3'; g-actin-P: 5'-VIC-TGGTAGAGAGGAAGGTGG-MGB-3'. And the total volume of
gMSP reaction mixture was 20 pL, including 18.5 puL of PCR mixture and 1.5 uL of bisulfite template DNA. The mixture included
0.4 uM B-actin-QF, 0.4 uM B-actin-QR, 0.4 uM g-actin-P, 0.45 uM ZNF671-QF, 0.45 uM ZNF671-QR, 0.45 uM ZNF671-P, PCR buffer
(1x), 0.25 mM dNTP and 1U/reaction Ex Tag HS. The following gMSP cycle was performed: pre-incubation, 5 min at 95°C; ampli-
fication, 50 cycles of 15 s at 95°C, 30 s at 60°C. The Fluorescence data were collected during the annealing or extension step. The

Cell Reports Medicine 4, 101143, August 15, 2023 e2




¢? CellP’ress Cell Reports Medicine

OPEN ACCESS

crossing point (Cp) value for B-actin (Cp < 35) was set as the validity indicator for the testing. The DNA methylation was calculated as
follow: ACp = Cptest gene — CpB—actin-

QUANTIFICATION AND STATISTICAL ANALYSIS

SPSS software (version 22.0, Chicago, IL, USA) and R (version 3.6.3) were used for all statistical analyses. Characteristics of patients
in Table 1 are presented as means + SD. Receiver operating characteristic (ROC) curves were generated to confirmed the accuracy
of different detection methods. The area under the curve (AUC) for each method to determine different diagnosis groups, including
CIN2+/CIN1- and CIN3+/CIN2-, was calculated. The optimal cutoff value (ACp) of PAX1™ or ACp of ZNF671™ or average percentage
of methylation of ZNF671PY™ in training set was generated using the Youden index from 460 subjects. The optimal cutoff value (ACp)
of ZNF671™ in validation set was generated using the Youden index from 1093 subjects.

Sensitivity, specificity, positive predictive values (PPV), negative predictive values (NPV) and with a 95% confidence interval (Cl)
were calculated. Relative sensitivity, relative specificity and 95% Cl were calculated according to the formula reported in previous
study.** If the 95% CI did not contain the value 1, the difference was considered significant between given triage strategies and
the reference triage. To evaluate the efficiency of different triage algorithms for detecting CIN2+ or CIN3+ cases, we measured
the colposcopy referral rates and number of colposcopies needed to detect per CIN3+ cases (NNC).*® Pre- and post-test CIN3+
risk after application different triage strategies were calculated and visualized as Figure 2.
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