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CAPZB mRNA is a novel biomarker 
for cervical high‑grade squamous 
lesions
Xia Cai 1, Wanqiu Huang 2, Jian Huang 2, Xiuxiang Zhu 1, Lifeng Wang 1, Ziyin Xia 1 & Ling Xu 1*

This study aimed to evaluate the potential of capping protein (actin filament) muscle Z-line subunit 
β (CAPZB) messenger ribonucleic acid (mRNA) levels as a biomarker for distinguishing low-grade 
squamous intraepithelial lesions of the cervix (LSIL) from high-grade squamous intraepithelial 
lesions of the cervix (HSIL). We collected a total of 166 cervical exfoliated cells and divided them into 
five groups based on histopathological results. Each sample was divided into two portions, one for 
fluorescence in situ hybridization (FISH) detection and the other for bisulfite sequencing polymerase 
chain reaction (BSP) detection. We found that FISH detection of CAPZB mRNA mean fluorescence 
intensity (MFI) and BSP detection of CAPZB deoxyribonucleic acid (DNA) percentage of methylation 
rate (PMR) performed as biomarkers for distinguishing HSIL from LSIL, with an area under the receiver 
operating characteristic curve (AUC), sensitivity, specificity and cut-off value of 0.893, 81.25%, 80.39% 
and 0.616, 0.794, 64.06%, 81.37% and 0.454, respectively. Furthermore, FISH detection of CAPZB 
mRNA exhibited a greater AUC (0.893) for the detection of HSIL than the CAPZB DNA methylation 
method (0.794), indicating the CAPZB mRNA levels can be used as a biomarker for assessing cervical 
lesions.
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According to statistics, there were approximately 661,021 new cases and 348,189 deaths from cervical cancer 
(CC) worldwide in 20221 and the age of onset is decreasing in China2. Persistent infection with high-risk human 
papillomavirus (HR-HPV) is the main cause of cervical cancer3. Currently, the two mainstream screening and 
diagnosis methods for cervical cancer in China are the Thin-Prep cytology test (TCT) and HPV testing4. While 
the TCT has high specificity but low sensitivity, HPV testing has high sensitivity but low specificity5,6. Therefore, 
it is crucial to update and improve screening methods to accurately detect high-grade squamous intraepithelial 
lesions of the cervix (HSIL) and higher stages of cervical lesions to prevent disease progression.

Deoxyribonucleic acid (DNA) methylation, a type of epigenetic regulation, is involved in the abnormal 
expression of tumour suppressor genes and is another important cause of cervical cancer7,8. In a previous study, 
our research group employed the Illumina HumanMethylation450 BeadChip method to conduct methylation 
sequencing on different cervical tissues. Based on the β values from the data, intergroup selection was performed, 
resulting in the identification of five genes. Real-time quantitative reverse transcription polymerase chain reaction 
(RT‒qPCR) was used to measure the expression of these genes in various cervical lesions, revealing that the 
capping protein (actin filament) muscle Z-line subunit β (CAPZB) exhibited the greatest differences among the 
groups. The screening process of the investigated gene was shown in Supplementary Figures S1 and S2.

This gene may serve as a target for the early detection of cervical lesions and late-stage cervical cancer 
treatment. Capping protein (CP), which was initially identified and purified in muscle, plays a crucial role in 
controlling cell shape and movement9. CP consists of α and β subunits, and the β subunit, CAPZB, is expressed 
in normal tissues (lymphocytes, bladder epithelium, placenta) as well as certain tumour tissues10. Studies have 
shown that CAPZB is associated with cell growth and motility in epithelioid sarcoma; autoimmune diseases such 
as Crohn’s disease and lichen planus; neurodegenerative diseases such as Alzheimer’s disease; and several types 
of cancer such as lung and ovarian cancer11–14. However, the role of CAPZB in cervical lesions is still unclear.

Currently, there are various methods for methylation testing, and the most widely used method is based on 
DNA treated with bisulfite15, which also has limitations, such as the high temperature and high salt conditions 
during conversion, which can cause DNA fragmentation and loss, and the critical design of primers15–17. 
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Researchers have found that messenger ribonucleic acid (mRNA) carries genetic information and accurately 
reflects gene transcription activity. mRNA acts as a template for protein synthesis, determining the arrangement 
of amino acids in the polypeptide chain18. In other diseases, mRNA levels of particular genes have been used as 
diagnostic and prognostic biomarkers19–21. Furthermore, whether the mRNA level of the CAPZB gene can be 
used as a biomarker for cervical lesion diagnosis is unknown. Therefore, this study aimed to explore the feasibility 
of using CAPZB mRNA levels for cervical lesion screening.

Results
Clinical characteristics of the study population
Table 1 summarized the detailed clinical characteristics of the study population. A total of 166 cervical cell 
samples were analysed: the normal group and the CC group had 30 samples each (18.07%), 38 samples from the 
HR- HPV group (22.90%), and the low-grade squamous intraepithelial lesions of the cervix (LSIL) group and 
the HSIL group had 34 samples (20.48%), respectively. Among the study participants, 65.66% (109/166) were 
younger than 50, while 34.34% (57/166) were 50 years old and above, with a mean ± standard deviation age of 
44.91 ± 12.05 years.

Nearly 94.58% (157/166) of the participants were married, while 5.42% (9/166) were unmarried or had other 
marital statuses. 71.69% (119/166) of the study participants had given birth vaginally, and 18.67% (31/166) 
had a caesarean section. In the CC group, there was one patient in whom both delivery methods were used. 
Approximately 46.99% (78/166) of the women gave birth twice or more. Overall, 74.70% (124/166) of the women 
were premenopausal, while 25.30% (42/166) of the women were postmenopausal.

Among the patients, 83.13% (138/166) had the negative for intraepithelial lesion or malignancy (NILM) 
TCT results. None of the TCT results in the samples collected indicated any abnormal glandular epithelial 
cells. Therefore, 7 (4.22%) and 21 (12.65%) had atypical squamous cells of undetermined significance (ASCUS) 
and > ASCUS (indicating lesions with a higher degree than ASCUS, including atypical squamous cells cannot 
exclude high-grade squamous intraepithelial lesions (ASC-H), LSIL, HSIL, and squamous cell carcinoma of the 
cervix (SCC)) TCT results, separately. A total of 81.33% (135/166) of the patients tested positive for HR-HPV, 
with the HSIL group having the highest percentage at 100.00% (34/34). About 27.71% (46/166) of the patients 
were infected with HPV16/18. The CC group had the highest percentage of HPV 16/18 infections, at 73.33% 
(22/30).

Table 1.   Clinical characteristics of the study population (N = 166). Abbreviations: NILM, negative for 
intraepithelial lesion or malignancy; ASCUS, atypical squamous cells of undetermined significance; HPV, 
human papillomavirus; LSIL, low-grade squamous intraepithelial lesions of the cervix; HSIL, high-grade 
squamous intraepithelial lesions of the cervix; CC, cervical cancer; HR-HPV, high-risk human papillomavirus.

Characteristics Value

Age
 < 50 109 (65.66%)

 ≥ 50 57 (34.34)

Marital status
Married 157 (94.58%)

Other 9 (5.42%)

Delivery

Eutocia 119 (71.69%)

Caesarean 31 (18.67%)

Both 1 (0.60%)

None 15 (9.04%)

Parity

0 15 (9.04%)

1 73 (43.97%)

≧ 2 78 (46.99%)

Menopause
Yes 42 (25.30%)

No 124 (74.70%)

Cervical cytology

NILM 138 (83.13%)

ASCUS 7 (4.22%)

 > ASCUS 21 (12.65%)

HR-HPV status
Negative 31 (18.67%)

Positive 135 (81.33%)

HPV16/18 infection
Negative 120 (72.29%)

Positive 46 (27.71%)

Pathological grouping

Normal 30 (18.07%)

HR-HPV 38 (22.90%)

LSIL 34 (20.48%)

HSIL 34 (20.48%)

CC 30 (18.07%)
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CAPZB mRNA levels in cervical lesions of different grades
The expression of CAPZB mRNA in cervical exfoliated cells across various cohorts was assessed using 
fluorescence in situ hybridization (FISH). The median and interquartile range (IQR) of mean fluorescence 
intensity (MFI) values were as follows: normal group 30.46 (IQR: 26.39–37.49), HR-HPV group 25.78 (IQR: 
20.85–34.60), LSIL group 23.79 (IQR: 20.07–30.85), HSIL group 17.21 (IQR: 14.24–21.73), and CC group 12.62 
(IQR: 9.25–16.50) (Table 2). We employed the Kruskal–Wallis H test for our comparison, revealing notable 
differences in MFI values across five groups (H = 83.638, p = 2.951 × 10−17). Following Bonferroni adjustment, 
we observed that the mRNA expression levels of CAPZB significantly varied among these groups: normal versus 
HSIL (p = 2.164 × 10−8), normal versus CC (p = 1.066 × 10−13), HR-HPV versus HSIL (p = 3.300 × 10−5), HR-HPV 
versus CC (p = 6.577 × 10−10), LSIL versus HSIL (p = 7.496 × 10−3), LSIL versus CC (p = 2.000 × 10−6) (Fig. 1a).

However, no significant difference was observed between the normal group and the HR-HPV group 
(p = 0.999), the normal group and the LSIL group (p = 0.065), the HR-HPV group and the LSIL group (p = 1.000), 
as well as the HSIL and the CC group (p = 0.470) (Fig. 1a). Figure 2a displayed fluorescence images of some 
samples obtained using a laser confocal microscope.

In the comparisons between the HR-HPV (−) and HR-HPV (+) (U = 798, p = 8.141 × 10−8), HPV16/18 (−) 
and HPV16/18 (+) (U = 1824, p = 7.000 × 10−4), and HPV16 (−) and HPV16 (+) groups (U = 1526, p = 0.004), 
there were differences in CAPZB mRNA expression, with all p values less than 0.05 (Fig. 1c–e). However, there 
was no difference in expression between the HPV18 (−) and HPV18 (+) groups (U = 706, p = 0.174) (Fig. 1f). 
According to the different cytological results, there was a difference in CAPZB mRNA expression between the 
NILM, ASCUS and > ASCUS groups (H = 14.80, p = 6.110 × 10−4). Significant differences can be seen in the NILM 
and > ASCUS groups (p = 1.300 × 10−3), but no difference in expression between the NILM and ASCUS groups 
(p = 0.201) or between the ASCUS and > ASCUS groups (p = 1.000) (Fig. 1b). Figure 2b and c showed fluorescence 
images of some samples under a laser confocal microscope.

DNA methylation levels of CAPZB in cervical lesions of different grades
Bisulfite sequencing polymerase chain reaction (BSP) effectively measured the DNA methylation status of CAPZB 
across various cervical lesions. This assessment uncovered a notable gradient change. The CC group exhibited 
the highest methylation degree, followed by the HSIL and LSIL groups. Methylation rate (PMR) values showed 
median percentages of 30.75 (IQR: 22.22–50.00), 25.00 (IQR: 18.45–33.33), and 20.14 (IQR: 13.33–25.42), 
respectively (Table 2). The Kruskal–Wallis H test indicated significant variations in PMR values among the five 
groups (H = 48.334, p = 8.041 × 10−10). Statistically significant differences emerged in DNA methylation of CAPZB 
between several groups after the Bonferroni method to adjust for multiple testing. For instance, comparisons 
included the normal versus HSIL group (p = 1.570 × 10−4) and the normal versus CC group (p = 1.974 × 10−8). The 
HR-HPV versus HSIL group (p = 0.011), and HR-HPV versus CC group (p = 4.000 × 10−6) also showed significant 
results. Moreover, LSIL versus HSIL (p = 0.036) and LSIL versus CC (p = 2.390 × 10−4) comparisons highlighted 
differences as well (Fig. 3a).

Nevertheless, the analysis revealed no statistically significant differences between the normal and the HR-HPV 
groups (p = 1.000), nor between the normal and the LSIL groups (p = 0.501). Lastly, the HR-HPV group and LSIL 
group (p = 1.000), and the HSIL and CC group (p = 0.620), all results displayed no significance (Fig. 3a).

Statistical analysis revealed significant differences in the DNA methylation of CAPZB when categorized by 
HPV typing, specifically HR-HPV (−) and (+) (U = 3110, p = 2.300 × 10−5), HPV16/18 (−) and (+) (U = 3905, 
p = 3.400 × 10−5), and HPV16 (−) and (+) (U = 3145.5, p = 2.940 × 10−4) as illustrated in Fig. 3c–e. Conversely, no 
statistically significant differences occurred in comparisons between HPV18 (−) and (+) (U = 1167.5, p = 0.127) 
presented in Fig. 3f. Furthermore, no distinctions emerged based on cytology categories (H = 5.881, p = 0.053) 
(Fig. 3b).

Comparison of CAPZB mRNA expression and CAPZB DNA methylation as biomarkers
HR-HPV- included the normal group and the HR-HPV group; LSIL+ included the LSIL group, the HSIL group, 
and the CC group; LSIL− included the normal group, the HR-HPV group, and the LSIL group; HSIL+ included 
the HSIL group and the CC group; HSIL- included the normal group, the HR-HPV group, the LSIL group and 
the HSIL group; CC included the CC group only.

Table 2.   Detection of CAPZB mRNA and CAPZB DNA methylation in different cervical lesions. 
Abbreviations: HR-HPV, high-risk human papillomavirus; LSIL, low-grade squamous intraepithelial lesions 
of the cervix; HSIL, high-grade squamous intraepithelial lesions of the cervix; CC, cervical cancer; FISH, 
fluorescence in situ hybridization; BSP, bisulfite sequencing polymerase chain reaction; IQR, interquartile 
range; MFI, mean fluorescence intensity; PMR, percentage of methylation rate.

Pathological grouping Case number

FISH BSP

Median (MFI, au) IQR Median (PMR, %) IQR

Normal 30 30.46 26.39–37.49 16.67 8.13–20.21

HR-HPV 38 25.78 20.85–34.60 16.67 12.78–23.33

LSIL 34 23.79 20.07–30.85 20.14 13.33–25.42

HSIL 34 17.21 14.24–21.73 25.00 18.45–33.33

CC 30 12.62 9.25–16.50 30.75 22.22–50.00
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The area under the receiver operating characteristic curve (AUC) values for FISH detection of CAPZB mRNA 
showed notable discrimination between various histological classifications. Specifically, the AUC values (95% 
confidence interval, CI) for LSIL+/HR-HPV−, HSIL+/LSIL−, and CC/HSIL− were 0.831 (95% CI 0.770–0.892), 
0.893 (95% CI 0.846–0.939),and 0.622 (95% CI 0.503–0.741), separately. Corresponding sensitivities and 
specificities were 80.61% and 70.59%, 81.25% and 80.39%, 66.67% and 54.69%. The established cut-off value for 
LSIL+ was 0.512, while HSIL+ and CC cut-offs were 0.616 and 0.214, respectively (Table 3, Fig. 4a).

In contrast, AUC values for BSP detection of CAPZB DNA methylation were lower across groups: 0.744 
(95% CI 0.670–0.818), 0.794 (95% CI 0.725–0.863), and 0.587 (95% CI 0.464–0.709). These results indicated 
sensitivities and specificities varying from 40.00 to 73.47% and 64.71 to 81.37%, accordingly. The cut-off value 
for LSIL+ was set at 0.382, while HSIL+ and CC reached 0.454 and 0.150, respectively. Full details were presented 
in Table 3 and Fig. 4b.

In this research, we employed two distinct methodologies to systematically compare the AUC values aimed 
at differentiating HSIL+ from LSIL−. The results showed a statistically significant difference (z = 2.315, p = 0.021). 
Conversely, comparisons of two methods AUC values for LSIL+/HR-HPV− (z = 1.782, p = 0.075) and CC/HSIL- 
(z = 1.552, p = 0.121) did not yield statistical significance. This finding highlighted that FISH detection of CAPZB 
mRNA excelled in distinguishing HSIL+ from LSIL−. The AUC reached 0.893 with a cut-off value of 0.616. This 
suggested a potent diagnostic capability as a biomarker.

Discussion
Cervical cancer-related deaths in low- and middle-income countries account for 90% of all deaths related to this 
disease 22. To save more lives, it is necessary to conduct timely and accurate screening for high-risk populations, 
especially those with HSIL 22. Our study found that CAPZB mRNA is a favorable screening tool for distinguishing 
HSIL+ from LSIL−.

The CAPZB gene is located on chromosome 1p36.13 and belongs to the F-actin capping protein family 
23. CAPZB is a regulator of actin filament length that determines mitotic cortex thickness during cell cycle 
progression 24. Specifically, variations in actin cortex thickness and tension directly influence cell surface tension, 
thus modulating cell cycle dynamics24. In recent years, studies have shown its association with several cancer 
types. For example, silencing CAPZB in epithelioid sarcoma can inhibit the growth and migration of tumour cells 
25. Feng et al. reported that the rs12045440 polymorphism in the CAPZB intron was significantly associated with 
the serum TSH concentration in Chinese thyroid tumour patients 26. A study on liver cancer revealed that HBxΔ3 
can increase the invasion and metastasis of liver cancer cells in vivo and in vitro by downregulating CAZPB27. 
These studies revealed the relationships between β subunit genes in the CP and cancer. Moreover, they showed 
that CAPZB was often deregulated in many malignancies and significantly correlated with metastasis, recurrence 
and prognosis. CAPZB plays important roles during tumour metastasis by influencing cell morphology, adhesion 
junctions and migration ability of tumour cells. Another earlier study showed that F-actin capping protein α1 
subunit (CAPZA1) gene downregulation in gastric cancer was associated with poor prognosis and increased 
cancer cell migration and invasion28.

Nevertheless, in a Japanese study, CAPZB was found to be closely associated with survival outcomes in 
diffuse large B-cell lymphoma (DLBCL) using a dataset of 470 clinical samples from the publicly available dataset 
GSE3131529. Lowered expression of CAPZB may also increase gamma-delta T cell infiltration and improve 
prognosis29. This was different from previous studies on CAPZB and tumours, which found that reduced CAPZB 
expression in cancer may promote tumour development and thus reduce survival.

In gynaecological tumours, only Erdogan et al.12 reported differential methylation of the CAPZB gene in 
a comparison between ovarian cancer patients and healthy individuals, with ovarian cancer patients being 
mostly hypermethylated. In addition, the study by Zhao et al. developed a diagnostic model with outstanding 
performance for endometriosis using machine learning algorithms30. The research found that the CAPZB gene 
has significant diagnostic value, but it has not yet been validated in large-scale clinical trials30. Different subunit 
genes in the CP play important roles in cancer, which is closely related to the role of the CP in controlling cell 
movement and morphology. Our study is the first to investigate the link between the CAPZB gene and cervical 
diseases. Perhaps the reduction of the expression of the CAPZB gene contributes to the migration and invasion 
of cervical cancer cells, and the tumour can progress. Of course, this is our guess, and whether this is the case 
and whether there is a synergistic effect with HR-HPV infection or even with other genes in this process needs 
to be confirmed by further research.

The latest screening guidelines mention the potential of methylation and RNA detection studies4, and an 
increasing number of studies are being devoted to exploring new biomarkers. In our study, we also investigated 
the use of CAPZB DNA methylation for distinguishing cervical diseases. Together, for the first time, we explored 

Fig. 1.   Expression of CAPZB mRNA in cervical lesions. (a) Expression of CAPZB in different cervical 
lesions. (b) Expression of CAPZB according to cervical cytology. (c–f) Expression of CAPZB in different 
HPV genotypes. Comparisons between two groups were performed using the Mann‒Whitney U test, while 
comparisons between multiple groups were performed using the Kruskal–Wallis H test—the Bonferroni method 
used for pairwise comparison. ns: p = 0.05 or greater; *: p < 0.05; **: p < 0.01; ***: p < 0.001; ****: p < 0.0001. A 
two-sided p value less than 0.05 was considered statistically significant. The upper, middle, and lower lines in 
the box plots represent the maximum, median, and minimum values, respectively. Abbreviations: HPV, human 
papillomavirus; LSIL, low-grade squamous intraepithelial lesions of the cervix; HSIL, high-grade squamous 
intraepithelial lesions of the cervix; CC, cervical cancer; NILM, negative for intraepithelial lesion or malignancy; 
ASCUS, atypical squamous cells of undetermined significance; HR-HPV, high-risk human papillomavirus.
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the potential application of a new gene at the mRNA and DNA methylation levels for cervical cancer diagnosis. 
However, we did not conduct in-depth mechanistic studies on cervical cancer cell lines, which may be our further 
research plan in the future. In addition, our study also showed that CAPZB mRNA and DNA methylation levels 
are related to HR-HPV infection.

Compared to DNA, mRNA carries genetic information and can dynamically reflect cell status and regulatory 
processes. Compared to proteins, mRNA is more sensitive and specific31. This may be why many researchers 
have focused on mRNA. Chen et al. reported that ADCY7 mRNA performs well in distinguishing HPV infection 
and diagnosing HSIL from LSIL32. Duvlis et al. compared HPV E6/E7 mRNA and HPV DNA as screening tools 
for cervical cancer and reported that the former had advantages such as reducing colposcopy referral rates, 
decreasing patient anxiety, and lowering the associated costs33. Furthermore, a study on oesophageal squamous 
cell carcinoma(ESCC) tissue revealed that CADM1 mRNA is highly expressed in normal oesophageal tissue and 
that loss of CADM1 expression affects the invasion and migration of cancer cells34. Our study is similar in that 
we also found that mRNA, as a biomarker, is superior to DNA.

Coppock et al. reported that reclassifying biopsy tissues using HPV RNA in situ hybridization can reduce 
the overdiagnosis of histological LSIL and can help doctors make better judgements in cases where cytological 
and histological results are inconsistent35. We also applied RNA in situ hybridization techniques, but one of the 
innovative aspects was the use of fluorescence. FISH techniques were initially used for gene mapping and have 
advantages such as safety, speed, high sensitivity, long probe preservation time, and the ability to simultaneously 
display multiple colours, increasing their use in mRNA detection18,36.

In summary, in this study, for the first time, we investigated the CAPZB gene in cervical lesions and compared 
the diagnostic value of CAPZB mRNA and CAPZB DNA methylation for cervical lesions. We first demonstrated 
the potential value of CAPZB mRNA in distinguishing between LSIL− and HSIL+ lesions and used a new FISH 
technique to detect mRNA, which yielded more direct and clear results. But in fact, our study has several 
limitations. RNA is prone to degradation and fluorescence attenuation, so fresh samples need to be collected and 
processed quickly. This requires high-quality cell preservation solutions and immediate experiments with image 
capture on the same day after collecting each batch of samples, which is time-consuming and labour-intensive.

The BSP technique for methylation analysis also requires considerable time and has complex steps. In 
addition, our sample size was not sufficient, and future studies with more samples, multiple centres, and 
multiple perspectives will be needed to verify the diagnostic potential of CAPZB. Despite its limitations, our 

Fig. 2.   Fluorescence images of some samples under laser confocal microscopy. (a) Fluorescence images of 
CAPZB expression in samples of different cervical lesions. (b) Fluorescence images of CAPZB expression in 
some samples grouped by cytology. (c) Fluorescence images of CAPZB expression in some samples grouped by 
HR-HPV typing. Scale bar = 20 µm. The white arrows indicated the expression of CAPZB. Abbreviations: LSIL, 
low-grade squamous intraepithelial lesions of the cervix; HSIL, high-grade squamous intraepithelial lesions 
of the cervix; CC, cervical cancer; NILM, negative for intraepithelial lesion or malignancy; ASCUS, atypical 
squamous cells of undetermined significance; HR-HPV, high-risk human papillomavirus.
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Fig. 3.   DNA methylation status of CAPZB in different cervical lesions. (a) DNA methylation status of CAPZB in cervical lesions 
of different grades. (b) DNA methylation status of CAPZB according to different cytological results. (c–f) DNA methylation status 
of CAPZB in different HPV genotypes. Comparisons between two groups were performed using the Mann‒Whitney U test, while 
comparisons between multiple groups were performed using the Kruskal–Wallis H test—the Bonferroni method used for pairwise 
comparison. ns: p = 0.05 or greater; *: p < 0.05; **: p < 0.01; ***: p < 0.001; ****: p < 0.0001. A two-sided p-value less than 0.05 was 
considered statistically significant. The upper, middle, and lower lines in the box plots represent the maximum, median, and minimum 
values, respectively. Abbreviations: HPV, human papillomavirus; LSIL, low-grade squamous intraepithelial lesions of the cervix; HSIL, 
high-grade squamous intraepithelial lesions of the cervix; CC, cervical cancer; NILM, negative for intraepithelial lesion or malignancy; 
ASCUS, atypical squamous cells of undetermined significance; HR-HPV, high-risk human papillomavirus.
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study identified another new gene for cervical lesion screening, providing a new perspective and achieving 
a breakthrough in the precise screening for HSIL. Our study is meaningful and promising. Furthermore, we 
will assess CAPZB gene expression in various cervical lesion tissues and further explore the mechanisms by 
which CAPZB contributes to the development and progression of cervical cancer and its precancerous lesions 
in subsequent research, thereby providing a theoretical basis for the precise screening of cervical lesions.

Conclusion
This study revealed that the level of CAPZB mRNA can serve as a suitable biomarker to differentiate between 
LSIL− and HSIL+ and performs better than CAPZB DNA methylation in terms of discriminatory ability. The level 
of CAPZB mRNA may serve as an auxiliary indicator for HR-HPV infection. These findings provide valuable 
research directions for exploring therapeutic targets for cervical cancer and preventing sustained HR-HPV 
infection.

Table 3.   AUC values of each detection method. Abbreviations: ROC, receiver operating characteristic; AUC, 
area under the ROC curve; CI, confidence interval; LSIL, low-grade squamous intraepithelial lesions of the 
cervix; HSIL, high-grade squamous intraepithelial lesions of the cervix; CC, cervical cancer; HR-HPV, high-
risk human papillomavirus; FISH, fluorescence in situ hybridization; BSP, bisulfite sequencing polymerase 
chain reaction. Note: HR-HPV- included the normal group and the HR-HPV group; LSIL+ included the LSIL 
group, the HSIL group, and the CC group; LSIL− included the normal group, the HR-HPV group, and the LSIL 
group; HSIL+ included the HSIL group and the CC group; HSIL- included the normal group, the HR-HPV 
group, the LSIL group and the HSIL group; CC included the CC group only.

Detection method Group Cut-off value AUC​ (95% CI) Sensitivity (%) Specificity (%)

FISH

LSIL + /HR-HPV− 0.512 0.831 0.770–0.892 80.61 70.59

HSIL+/LSIL− 0.616 0.893 0.846–0.939 81.25 80.39

CC/HSIL- 0.214 0.622 0.503–0.741 66.67 54.69

BSP

LSIL+/HR-HPV− 0.382 0.744 0.670–0.818 73.47 64.71

HSIL+/LSIL− 0.454 0.794 0.725–0.863 64.06 81.37

CC/HSIL- 0.150 0.587 0.464–0.709 40.00 75.00

Fig. 4.   Comparison of two methods for detecting cervical lesions. (a) ROC curve analysis of the FISH method. 
(b) ROC curve analysis of the BSP method. Abbreviations: ROC, receiver operating characteristic; AUC, area 
under the ROC curve; CI, confidence interval; LSIL, low-grade squamous intraepithelial lesions of the cervix; 
HSIL, high-grade squamous intraepithelial lesions of the cervix; CC, cervical cancer; HR-HPV, high-risk 
human papillomavirus; FISH, fluorescence in situ hybridization; BSP, bisulfite sequencing polymerase chain 
reaction. Note: HR-HPV- included the normal group and the HR-HPV group; LSIL+ included the LSIL group, 
the HSIL group, and the CC group; LSIL− included the normal group, the HR-HPV group, and the LSIL group; 
HSIL+ included the HSIL group and the CC group; HSIL- included the normal group, the HR-HPV group, the 
LSIL group and the HSIL group; CC included the CC group only.
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Materials and methods
Ethical statement
This study was approved by the Ethics Committee of Minhang Hospital, affiliated with Fudan University (approval 
number: 2022-Approval-019-01K). Written informed consent was obtained from all patients participating in the 
study. Our study was performed in accordance with the Declaration of Helsinki. All experiments were performed 
in accordance with relevant named guidelines and regulations.

Study subjects and selection
A total of 465 cervical exfoliated cell samples from female patients were collected from December 2022 to April 
2023 at the Department of Gynaecology, Minhang Hospital, affiliated with Fudan University. The collected data 
encompassed name, age, marital status, mode of delivery, number of deliveries, menopausal status, TCT results, 
HR-HPV typing results, routine vaginal discharge results, surgical method, colposcopy examination results, and 
histopathological examination results were recorded.

The inclusion criteria were as follows: aged 20 years or older and had a history of sexual activity. Exclusion 
criteria: Previously treated for gynaecological tumours; acute vaginal inflammation; acute or chronic systemic 
diseases; insufficient or poor-quality cell samples; and incomplete clinical data.

Therefore, there were 299 non-compliant samples, the details were as follows: 109 cases of vaginal 
inflammation (pseudomycosis of the vulva and vagina in 78 patients, bacterial vaginosis in 5 patients, 
trichomonas vaginitis in 1 patient, and nonspecific vaginitis in 25 patients), 43 cases of no examination results 
(only lack of routine vaginal discharge examination in 20 patients, lack of TCT examination in 20 patients, lack of 
HR-HPV testing in 2 patients, and absence of all three in 1 patient), 87 cases of sample quality issues (insufficient 
cell quantity or poor quality), and 60 cases of other sample quality issues.

The study ultimately comprised 166 samples, as illustrated in Fig. 5. Histopathological analysis categorized 
the samples into five distinct groups. The normal group included patients with regular vaginal leucorrhea and 
TCT results, alongside HR-HPV typing negative results that required no histopathological examination. The 
HR-HPV group involved individuals with normal leucorrhea and TCT findings but tested positive for HR-HPV 
typing. These patients underwent colposcopy and cervical biopsy, revealing no cervical lesions. The remaining 
categories included the LSIL group, the HSIL group, and the CC group, defined by the highest-grade lesions 
identified from cervical tissue biopsy, cervical cone biopsy, or comprehensive hysterectomy.

Sample processing
Approximately 10 mL of the samples stored in TCT bottles were centrifuged at 1500 rpm for 10 min. After 
centrifugation, the supernatant was discarded, and the remaining cell pellet was mixed and divided into two 
portions, each placed in a 1.5 mL centrifuge tube and stored at −80 °C for subsequent experiments. One portion 
of the sample was subjected to FISH, and the other portion was subjected to BSP after bisulfite modification.

Thin‑Prep cytology test (TCT)
This study employed liquid-based cytology technology from Hologic company. TCT-specific cell brushes 
collected samples efficiently. In the cytology slide preparation room, glass slides with cervical exfoliated cells 
and preservative solution entered an automated system. This system utilized the thin-layer liquid-based cytology 
method for processing. Highly experienced pathologists reviewed the resulting slides. The TCT diagnostic reports 
followed the 2014 version of the Bethesda system (TBS)37.

The TCT results for the 166 samples in this study revealed no abnormal glandular epithelial cells. 
Consequently, we classified the TCT results into three distinct categories for further analysis: NILM, ASCUS, 
and > ASCUS. The > ASCUS category encompassed lesions indicating a higher degree than ASCUS, which 
included ASC-H, LSIL, HSIL, and SCC.

High‑risk human papillomavirus (HR‑HPV) test
The study employed the Roche Cobas 4800 HPV DNA test for HPV detection. This test, approved by the 
American Food and Drug Administration (FDA), identified 14 high-risk HPV types. It included HPV16, HPV18, 
and others. The detection distinguished HPV16 and HPV18 as individual positive or negative results. In contrast, 
the remaining 12 types yielded a collective positive result without additional subtype classification. Cervical 
exfoliated cells were gathered using a specialized HPV collection brush, adhering strictly to reagent kit guidelines.

The analysis of 166 samples led to comparisons across various HR-HPV groupings, including HR-HPV (−) 
versus HR-HPV (+), HPV16/18 (−) versus HPV16/18 (+), and similar pairings for HPV16 and HPV18.

Bisulfite sequencing polymerase chain reaction (BSP)
A genomic DNA extraction kit (Tiangen, DP304-03, Shanghai, China) was used to extract gDNA from all cell 
samples, and an EZ DNA Methylation-Gold Kit (Zymo, D5006, USA) was used for bisulfite conversion. Two 
microlitres of bisulfite-modified DNA from each sample was subjected to PCR in a 50 μL reaction system using 
the CAPZB methylation primer (Sangon Biotech, Shanghai, China). The reaction mixture was preheated at 95 
°C for 5 min and then subjected to PCR amplification (10 s at 98 °C, 30 s at 55 °C, and 30 s at 72 °C for a total 
of 35 cycles, followed by a 5 min extension at 72 °C). The PCR products were stored at 4 °C. The PCR products 
were cloned and inserted into the pEASY®-T vector (TransGen Biotech, CT101-02, Beijing, China), and 10 or 
more clones were selected from each sample for PCR amplification using M13 primers (Sangon Biotech) and 
subsequent identification. Positive clones were then subjected to sequencing analysis. The primer sequences can 
be found in Table 4.
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Fig. 5.   Study flowchart. Abbreviations: HR-HPV, high-risk human papillomavirus; LSIL, low-grade squamous 
intraepithelial lesions of the cervix; HSIL, high-grade squamous intraepithelial lesions of the cervix; CC, cervical 
cancer. FISH, fluorescence in situ hybridization; BSP, bisulfite sequencing polymerase chain reaction.

Table 4.   Primer sequences for the methylation reaction.

Gene Primer Sequence (5′–3′) Product size

CAPZB
Forwards GAT​TTT​GGT​TTA​TTG​TAA​TTT​TTG​TTTT​

155 bp
Reverse AAA​CCA​TCC​TAA​CCA​ACA​TAA​TAA​AACC​

M13
Forwards GTT​GTA​AAA​CGA​CGG​CCA​G

354 bp
Reverse CAG​GAA​ACA​GCT​ATGAC​
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The CPRZB gene PMR was the percentage of methylated sites relative to the number of CG sites obtained 
from all clones sequenced in each cervical cell sample.

Fluorescence in situ hybridization (FISH)
FISH was performed using a CAPZB probe (LGC, USA) and SMF series reagents (LGC) according to the 
manufacturer’s instructions. Pretreatment: After centrifuging the cells at 1500 rpm for 2 min, the supernatant 
was discarded, the cells were mixed with 1 mL of 1× PBS, and the supernatant was discarded after centrifugation. 
The samples were mixed with 1 mL of fixation buffer (made with methanol and glacial acetic acid at a 3:1 
ratio) and incubated at room temperature for 10 min. The supernatant was discarded after centrifugation, the 
samples were washed 3 times with 1 mL of 1 × PBS, and the supernatant was discarded after centrifugation. 
The mixture was resuspended in 1 mL of 70% ethanol and incubated at 4 °C for at least 1 h. Hybridization: The 
supernatant was discarded after centrifugation, 500 μL of washing buffer A (SMF-WA1-60, LGC) was added, and 
the supernatant was discarded after centrifugation. The cells were resuspended in hybridization buffer containing 
100 μL of CAPZB probe and incubated at 37 °C for 16 h in the dark. Approximately 50% of the hybridization 
buffer containing the probe was discarded after centrifugation, 500 μL of washing buffer A was added, the 
supernatant was discarded after centrifugation, and the samples were resuspended in 500 μL of washing buffer 
A and incubated at 37 °C for 30 min in the dark. After centrifugation, the supernatant was discarded, and the 
cells were resuspended in 500 μL of DAPI nuclear stain (5 ng/mL) and incubated at 37 °C for 30 min in the dark. 
After centrifugation, the supernatant was discarded, and the sample was resuspended in 500 μL of washing buffer 
B (SMF-WB1-20, LGC). After centrifugation, the supernatant was discarded, and the sample was mixed with 
20 μL of anti-fading sealant, which was then placed on a glass slide, covered with a coverslip and sealed with 
nail polish. The slide was placed with the cover slip facing down, and immersion oil was added. Images were 
obtained under a fluorescence confocal microscope (Nikon, Shanghai, China) using the 408 nm DAPI and 561 
nm TRITC channels.

Quantification of probe fluorescence intensity in cell nuclei was performed using ImageJ version 2.3.0 
software (National Institutes of Health, USA). The format of the confocal images was converted to grayscale, 
and the ROI (region of interest) Manager interface was used to outline 10 or more cell nuclei and 3 background 
regions using the selection tool. The relevant values were obtained through measurement. For a single-channel 
fluorescence image, each pixel grayscale value represented the fluorescence intensity at that point, and the MFI 
was calculated as follows: MFI = Mean (nucleus) = Corrected cumulated optical density (IntDen)(nucleus)/Area 
(nucleus) = IntDen (nucleus)/Area (nucleus) − Mean (background). IntDen = Mean × Area.

Statistical analysis
All statistical analyses were performed with IBM SPSS version 29.0 software (IBM Corporation, New York, 
USA). Plotting was achieved using GraphPad Prism version 10.0 software (GraphPad Software Company, San 
Diego, USA). Data underwent evaluation for normality through the Shapiro–Wilk test, alongside Levene’s test 
for assessing the homogeneity of the variance. Continuous data were expressed with median and IQR, while 
categorical variables were represented as component ratios (percentages). We utilized the Mann–Whitney U 
test to compare independent samples from two groups. For multiple independent group samples, we employed 
the Kruskal–Wallis H test. We performed post hoc comparisons using the Bonferroni method to adjust for 
multiple testing.

Receiver operating characteristic (ROC) curve analysis was completed with histopathological results as 
the gold standard for calculating AUC. The Youden index was used to determine the optimal cut-off value, 
which provided corresponding sensitivity and specificity. DeLong’s test was used to compare the AUC values 
of the two ROC curves. This method allowed for the comparison of the effectiveness of CAPZB mRNA and 
DNA methylation as biomarkers in cervical exfoliated cells. A two-sided p-value less than 0.05 was considered 
statistically significant.

Data availability
All the data generated or analysed during this study are included in this article. Further enquiries can be 
redirected to the corresponding author.
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