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Background: The study aimed to evaluate the positivity rates and genotype distribution of the multiplex PCR capillary electrophoresis (MPCE) and PCR-Reverse Dot Blot (PCR-RDB) assays for human papillomavirus (HPV) detection in cervical cancer tissue specimens, and to explore their detection principles and applications in large-scale population screening.

Methods: The MPCE and PCR-RDB assays were performed separately on 425 diagnosed cervical cancer tissue specimens. Subsequently, the results of both assays were compared based on the HPV infection positivity rates and genotype distribution.

Results: The overall positive rates of HPV genotypes for the MPCE and PCR-RDB assays were 97.9% and 92.9%, respectively. A p-value < 0.001 indicated a statistically significance difference in consistency between the two assays. The kappa value was 0.390, indicating that the consistency between both assays was fair. HPV16 was the most common single-genotype infection type, with infection rates detected via MPCE and PCR-RDB assays being 75.7% and 68.3%, respectively. In the age group >50 years, the HPV multiple-type infection rate detected via MPCE assay was significantly higher than that detected by the PCR-RDB assay, with a statistically significant difference (p = 0.002).

Conclusion: To reduce the false-negative rate and improve screening efficiency, the MPCE assay, which targets the oncogenic gene E6/E7 segments, can be extended to the general female population for the early detection, diagnosis, and treatment of cervical cancer.
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1 Introduction

Cervical cancer ranks as the fourth most common malignant tumor threatening the life and health of women worldwide (1). The primary cause of cervical cancer and its pre-cancerous lesions is the persistent infection of oncogenic human papillomavirus (HPV) (2). An epidemiological study indicates that almost all cases of cervical cancer are attributable to HPV (3). However, approximately 5% of tumors are not associated with persistent HPV infection (4). Cervical cancer stands out as the only gynaecological malignant tumor with well-defined etiology globally. It is also unique among malignant tumors in that it can be eradicated through comprehensive tertiary preventive measures.

In 2021, the “WHO guideline for screening and treatment of cervical pre-cancer lesions for cervical cancer prevention” recommends using HPV DNA testing as part of a comprehensive approach to screening, triage, and treatment. This guideline advises regular screening at the age of 30 years, with intervals of 5 to 10 years between screenings (5). In 2022, the latest Cervical Cancer Screening Programme in China included HPV nucleic acid testing as one of the primary screening methods (6). HPV DNA detection can be performed on cervical specimens using signal amplification techniques or nucleic acid amplification through polymerase chain reaction (7). These assays have proven to be more sensitive and efficient than cytology methods. Additionally, they are more objective, as they do not rely on visual inspection expertise (8).

HPV is a closed circular double-stranded DNA virus with a genome length of approximately 8 kilobase pairs (kbp). Its genome encodes early regulatory proteins (E1, E2, E4, E5, E6, and E7), late structural proteins (L1 and L2), and the long control region. The early proteins primarily participate in virus replication and transcriptional regulation, while the late proteins are responsible for forming the virus capsid. The long control region is a regulatory area of the virus closely associated with virus replication and transcriptional processes. Genotypes with genome sequence differences >10% are categorized as different genotypes (9–11). Over 200 HPV genotypes have been identified and classified into High-Risk (HR-HPV) and Low-Risk (LR-HPV) types based on their potential to cause cancer (12). HPV16 and 18 are widely recognized as the predominant HR-HPV types worldwide, while HPV52 and HPV58 are commonly found in Asia (13–15).

The significant geographical variation in cervical cancer rates is largely due to non-existent or inadequate screening in public health care settings, coupled with limited access to standard treatment options. Detecting HPV infection in cervical cancer specimens is considered the gold standard for confirming persistent high-risk HPV infection and establishing the pathogenetic association between HPV infection and cervical cancer. However, the challenge lies in obtaining pathologic tissue specimens, which poses a challenge for scientific research. Formalin-fixed, paraffin-embedded (FFPE) tissue specimens stored in pathology departments worldwide are crucial resources for diagnostic purposes when fresh clinical material is unavailable. They also serve as invaluable resources for retrospective molecular and epidemiological studies, especially when investigating rare clinical conditions where prospective data collection is impractical. The quality of extracted DNA is usually assessed via PCR amplification of housekeeping genes. DNA fragmentation can significantly impair PCR efficiency. Hence, primers that amplify a relatively small fragment of the human genome (<270 bp) when working with FFPE material should be used preferably. An amplifiable internal control ensures successful DNA extraction, the absence of PCR inhibitors, and reliable HPV detection, enabling the performance of HPV genotyping on small molecular fragments in cervical cancer tissues (16).

Screening measures are essential for patients with detected early cervical lesions (17). In China, the predominant techniques for HPV nucleic acid detection rely on nucleic acid amplification and its derivatives, which are effective in detecting the entire HPV genome or a specific segment of it (18, 19). In recent years, nearly 100 different HPV assays have become commercially available, varying in the principles, types, and number of HPV genotypes they detect, as well as their clinical utility. Target region selection has a significant impact on an HPV DNA test’s ability to detect cancers. The majority of assays target the L1 region of the virus, and the gene is prone to deletion during virus integration as the disease progresses (20). Therefore, selecting an appropriate and validated test for clinical accuracy, reproducibility, and cost-effectiveness is crucial before implementing screening programs (21–23). This study aimed to assess the diagnostic value of two commonly used HPV DNA genotyping assays: the Multiplex PCR Capillary Electrophoresis (MPCE; targeting E6/E7 segments) and PCR-Reverse Dot Blot (PCR-RDB; targeting L1 segment) assays. McNemar’s test was performed to compare the consistency of genotyping results of both assays in cervical cancer tissue specimens (CCTS) from 425 patients with cervical cancer who underwent surgery. The findings of this study could help to facilitate the selection of appropriate HPV nucleic acid detection reagents and systems based on national cervical cancer prevention and control strategies, laboratory requirements, consideration methodology, different detection targets and types, automation levels, and accessibility. This selection could provide a theoretical basis for the strategy of ‘HPV vaccination with HPV nucleic acid detection-based cervical cancer screening’ in the Chinese female population.



2 Materials and methods


2.1 Samples

Overall, 425 samples of FFPE tissue specimens were selected from patients diagnosed with cervical cancer by the pathology department at four hospitals in eastern China, spanning from August 2021 to the end of July 2023 (Supplementary Table S1). Two experienced pathologists reviewed the samples according to the classification standards for gynecological tumors (24). They examined the FFPE cervical cancer tissue sections and the clinical pathology data of the patients to ensure the quality of the cancer tissue samples. The age of patients ranged from 21 to 88 years old, with an average age of 54.69 ± 11.92 years. Simultaneously, patient demographic data were collected. This study was approved by the ethics committee of the hospitals, and all participants provided informed consent.



2.2 DNA extraction from FFPE cervical cancer tissue specimens

The QIAamp DNA FFPE Tissue Kit (Catalog Number: 56404, QIAGEN GmbH, Germany) was used to purify genomic DNA from FFPE tissue sections. Firstly, the excess paraffin around each paraffin-embedded tissue was removed and each paraffin-embedded tissue was cut into 5 μm thick slices, yielding for 5–8 slices. The tissue pellet was resuspended in 180 μL Buffer ATL buffer and 20 μL proteinase K, then incubated at 56°C for 1 h, to partially reverse the formaldehyde modification of DNA, the samples were then incubated at 90°C for 1 h. After brief centrifugation, we added 2 μL RNase A (100 mg/mL) and incubated samples at room temperature for 2 min to avoid RNA contamination. In the following two steps, AL buffer and ethanol were consecutively added to samples and vortexed thoroughly. Next, we transferred the entire lysate to the QIAamp MinElute column and placed it in a 2 mL collection tube. After centrifugation, we placed the QIAamp MinElute column in a clean 2 mL collection tube. The nucleic acid was adsorbed to the membrane of the QIAamp MinElute column and then washed by AW1 and AW2 buffer. Finally, 50 μL ATE buffer was added to the center of the membrane. After incubating at room temperature for 5 min, the samples were centrifuged at 14,000 rpm for 2 min, and the DNA was collected into new sterile 1.5 mL micro-centrifuge tubes. The Experiment was performed according to the QIAamp DNA FFPE Tissue Kit manufacturer’s handbook.



2.3 HPV-DNA genotyping test

Both MPCE and PCR-RDB assays were employed separately to detect and obtain HPV genotyping results from the 425 DNA samples. Table 1 shows the characteristics of the two PCR HPV-DNA genotyping assays: MPCE and PCR-RDB assays. The MPCE and PCR-RDB assays targeted E6/E7 and L1, respectively. Table 1 shows that the MPCE assay can detect one additional HR-HPV26 type and one additional LR-HPV44 type compared to the PCR-RDB assay.



TABLE 1 Characteristics of the two PCR HPV-DNA genotyping assays.
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2.3.1 MPCE assay

HPV genotyping was conducted on 425 samples using the MPCE assay (Ningbo HEALTH Gene Technologies Co., Ltd. China). The SureX® HPV 25X Genotyping Kit (Catalog Number: 06937044500040), Real-time PCR System SLAN-96P (Fosun Diagnostics (Shanghai) Co., Ltd. China), and CE2400 Automated Capillary Electrophoresis Analyzer (Ningbo HEALTH Gene Technologies Co., Ltd. China) were employed to detect HPV targeting the carcinogenic E6/E7 gene segments, allowing for specific amplification and capillary electrophoresis separation of genes from different HPV genotypes. The PCR program included an initial denaturation step at 42°C for 5 min and 95°C for 8 min, followed by 35 cycles of 94°C for 30 s, 60°C for 30 s, 70°C for 60 s, with a final extension at 70°C for 1 min. Internal reference controls, pcDNA, and human genomic reference β-globin were used to monitor the PCR reaction process and sample handling, respectively. The detection procedure strictly adhered to the instructions provided in the reagent kit and detection system manual. The testing process was fully automated and integrated.



2.3.2 PCR-RDB assay

HPV genotyping was performed on 425 samples using PCR-RDB assay (Yaneng Bioscience, Shenzhen, China). The HPV Genotyping Test Kit (Catalog Number: 210608), Real-time PCR System SLAN-96P (Fosun Diagnostics (Shanghai) Co., Ltd. China), and HPV Genotyping Gene Chip Detection System (Yaneng BIOscience Shenzhen Co., Ltd.) were used to detect 23 HPV genotypes, including 17 HR HPV and 6 LR HPV genes, targeting L1 segment (Table 1). The detection process was conducted following the manufacturer’s instructions on the test kit and detection system, including DNA extraction, amplification, hybridization, membrane washing, and data interpretation. The PCR program included an initial denaturation step at 50°C for 15 min 95°C for 10 min, followed by 10 cycles of 94°C for 10 s, 42°C for 90 s, 72°C for 30 s. This was followed by 30 cycles of 94°C for 10 s, 46°C for 60 s, and 72°C for 20 s, with a final extension at 72°C for 5 min. Interpretation was conducted based on the specific HPV genotype sites on the chip. Negative and positive controls were included throughout the experiment. Simultaneously, internal and external quality evaluations were conducted to ensure that the results met the requirements of the laboratory.




2.4 Statistical analysis

A paired design χ2 test (McNemar’s)was performed to compare the positivity rates of the MPCE and PCR-RDB assays with the gold standard (pathological histological diagnosis results). The kappa value was used to assess the consistency between both assays. The positivity rates of two different HPV genotyping assays were analyzed in CCTS, exploring the differences in positivity rates between both assays and their corresponding pathological basis. The chi-square and Fisher’s exact tests were used to assess association and compare genotypes by age. Statistical significance was set at p < 0.05. All statistical analyses were performed using SPSS 19.0 (IBM Corp., Armonk, NY, United States).




3 Results


3.1 Analysis of the results obtained from the two assays

Table 2 shows that among the total 425 CCTS, the MPCE assay detected nine negative results, accounting for 2.1% (9/425), while the PCR-RDB assay detected 30 negative results, accounting for 7.1% (30/425). There were eight cases in which neither assay detected HPV infection. The overall positive detection rates of HPV genotypes for the MPCE and PCR-RDB assays were 97.9% and 92.9%, respectively, both >90%. This suggests that both assays demonstrated relatively high overall positive rates for HPV detection in CCTS. A p-value < 0.001 indicated a statistical difference in consistency between both assays. Agreement between the tests was assessed based on the kappa value. Kappa values range from 0.81–1.00, indicating almost perfect agreement, 0.61–0.80 substantial agreement, 0.41–0.60 moderate agreement, 0.21–0.40 fair agreement, and 0.00–0.20 slight agreement. The kappa value was 0.390, indicating that the consistency between both assays was fair.



TABLE 2 Overall positive rates of HPV DNA between the two assays.
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3.2 HPV genotyping distribution in HPV-positive CCTS

Table 3 presents the distribution of the top nine high-frequency single HPV genotype infections and mixed infections detected via both assays in CCTS. The results showed that the positive rates of single-type HPV-16 infection detected via the MPCE and PCR-RDB assays were 75.7% and 68.3%, respectively, in CCTS. Furthermore, the positive rates of single-type HPV-18 infection detected through the MPCE and PCR-RDB assays were 9.9% and 11.8% in CCTS, respectively.



TABLE 3 HPV genotyping distribution in HPV-positive cervical cancer tissue specimens.
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In the MPCE assay, among the total 416 HPV-positive detections, single and multiple infections accounted for 73.1% (304/416) and 26.9% (112/416), respectively. Among the 112 cases with multiple infections, HPV16 + 18 (25.9%, 29/112) was the most common genotype combination, followed by HPV16 + 58 (11.6%, 13/112) and HPV16 + 33 (9.8%, 11/112; Figures 1, 2).

[image: Figure 1]

FIGURE 1
 Prevalence of single-type HPV infection detected by two assays in HPV positive CCTS.
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FIGURE 2
 Prevalence of multiple-type HPV infections detected by two assays in HPV positive CCTS.


In the PCR-RDB assay, among the 395 HPV-positive detections, single and multiple infections accounted for 83.8% (331/395) and 16.2% (64/395), respectively. Among the 64 cases with multiple infections, HPV16 + 18 (14.1%, 9/64) and HPV16 + 58 (14.1%, 9/64) were the most common genotype combinations, followed by HPV16 + 6 (9.4%, 6/64; Figures 1, 2).

Despite the differences between both assays, HPV16 was the most frequent type in single-type and multiple-type HPV infections within the CCTS. Furthermore, no statistical difference was observed in the HPV Genotyping distribution rate between both assays.



3.3 Comparison of positive rates of single-type and multiple-type HPV DNA genotyping infections across different age groups between the two detection assays

Among all the detected positive cases in both assays, in the population over 50 years old, the HPV multiple-type infection rate detected via the MPCE assay was significantly higher than that detected by the PCR-RDB assay, with statistical significance (p = 0.002). This indicates that in the age group over 50 years old within the CCTS, the MPCE detection assay demonstrates a higher proportion of detecting multiple HPV infections (Table 4).



TABLE 4 Comparison between single and multiple HPV infections in different age groups.
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4 Discussion

HPV was identified in 99.7% of patients with cervical cancer (25). Persistent infection with HR HPV is the primary cause of pre-cancerous lesions leading to cervical cancer. HPV genes encode three early proteins: E5, E6, and E7. The E5 protein has a relatively weak transforming effect but activates membrane-associated protein kinases. E6 and E7 are viral oncogenes that regulate the expression and replication of viral genes in host cells. The E6 protein binds to p53, while the E7 protein binds to the Rb protein, thereby inactivating these tumor suppressor genes and enabling unlimited cell growth (11, 26, 27). The oncoproteins encoded by the E6 and E7 genes are crucial in cervical epithelial carcinogenesis. In the early stages up to CIN I, HPV primarily exists freely within host cells. As the lesion advances, the HPV genome integrates into the host cell genome. As the lesion severity increases, HPV eventually exists in an integrated state. During integration, the E6/E7 genes persist while the L1 gene may be lost, posing a risk of false-negative detection results. Most PCR-based tests only amplify the L1 region of the virus. Therefore, PCR false negatives may occur due to the loss of this region during viral integration. In contrast, evaluating E6/E7 mRNA expression can indicate high-grade lesions or cervical cancer, as E6/E7 mRNA levels increase after the viral genome integrates into host cells (28).

In this study, CCTS from patients diagnosed through pathological histology was assessed, providing a more direct validation of the association between cervical cancer and HPV infection than traditional cytological testing. However, both assays were effective for HPV DNA genotyping. The overall positivity rate of HPV detection with the MPCE assay was higher than that with the PCR-RDB assay, with p < 0.05 indicating a statistically significant difference between the two assays. Using the oncogenic genes E6/E7 DNA as detection targets reduced the missed detection rate in CCTS by approximately 5.0% compared to that targeting the L1 gene. Another study produced similar results. A comparison of detection using universal primers for the L1 region and typing primers for E6/E7 in 56 biopsy samples of invasive cervical cancer tissue revealed that 23 samples exhibited L1 region deletions (29). For cervical cancer, a malignancy with a well-defined pathogenic mechanism, higher detection rates of oncogenic HPV facilitate earlier identification of potential patients.

The genotyping results of positive HPV DNA detected through the two testing assays were more significant in terms of understanding the etiology. Our study revealed that the MPCE assay targeting the oncogenic genes E6/E7 DNA detected a higher rate of multiple-type infections in CCTS of patients over 50 years old. A study indicated that E6/E7 target regions are more sensitive than L1 (30). While the time of HPV infection in patients was unknown based on the process of HPV integration into host cells, we hypothesize that without intervention, as time progresses from HPV infection to cervical cell infiltration and eventual carcinogenesis, the increasing severity of persistent HPV infection makes E6/E7 fragments easier to detect in host cells than that of L1 fragments. This suggests that detection based on L1 fragments poses a risk of false-negative results. Therefore, PCR tests may yield false negatives owing to the loss of L1 fragments during viral integration. This may suggest that in older individuals with long-term HR-HPV infections, targeting HPV oncogenic genes E6/E7 are more effective for detection. One study showed that multiple HPV infections exerted a synergistic effect on cervical cancer development (31). One study found that multiple HPV genotype infections correlate with poorer cervical cancer survival than that of single genotype infection (32). The presence of multiple HPV genotypes may extend the duration of persistent HPV infection and increase the risk of carcinogenesis.

Table 3 shows a high degree of overlap in the top high-frequency HR genotype distribution detected through the two assays, corresponding to the seven HR-HPV through the 9-valent HPV vaccine (HPV 16/18/31/33/45/52/58). This suggests that vaccinating large populations of women in the appropriate age group with the 9-valent HPV vaccine can significantly reduce the risk of cervical cancer, ultimately aiming to reduce or even eliminate the disease. The HPV vaccination rate in China remains relatively low (33, 34). While the HPV vaccine is not yet incorporated into the national immunization program, qualified regions should be encouraged to conduct trials.

Pathological diagnosis of cervical cancer tissue is considered the gold standard for diagnosing cervical cancer, although there is not a 100% definitive causal relationship between HPV infection and cervical cancer. The epidemiological study revealed that almost all cases of cervical cancer are caused by HPV. However, approximately 5% of tumors are not associated with HPV-persistent infection. HPV-negative status can arise from various scenarios: (1) HPV-independent cancers (true negative), such as certain adenocarcinoma subtypes and a few cases of squamous carcinoma (4); (2) loss of the HPV genome during integration; (35); (3) presence of viral genotypes not included in the molecular tests; (4) failure of the detection of the diagnostic method employed; or (5) misclassification of cancers as primary cervical, including metastases or primary uterine corpus neoplasms.

In this study, the 22 samples that tested positive with the MPCE assay but negative with the PCR-RDB assay require further investigation in future research. This discrepancy is most likely attributable to the absence of the L gene, which led to the failure of the PCR-RDB assay to detect HPV. In future studies, we plan to expand the sample size to explore the rate of L gene loss during cervical cancer progression, its integration with host genes, and the timeframe of this occurrence. This could potentially provide significant insights for detecting and treating cervical cancer. In contrast, there were eight cases where neither assay detected HPV infection. One possibility is that the testing kits did not include specific HPV DNA types, leading to undetected results. Another possibility is true HPV negativity, indicating no HPV infection was present. Due to less focus on HPV-negative cervical cancer, the clinical significance of HPV-negative cervical cancer may have been underestimated. Studies suggest that HPV-negative cancer may exhibit worse clinical features and distinct biological characteristics than that of HPV-positive cervical cancer (36, 37). Some scholars advocate combining HPV genotyping with cytological evaluation in co-testing to mitigate the risk of false-negative results caused by associated with a single HPV genotyping (38). In 2020, the WHO updated the Female Genital Tumors classification (5th edition) and recognized that a proportion of cervical cancers, particularly adenocarcinomas, may not be linked to HPV infection (39). This area also warrants further focused research and attention.

Quality control of the kit significantly influences the reliability of the test. Both MPCE and PCR-RDB incorporate internal control to ensure successful DNA extraction and amplification steps. Nevertheless, the implementation of the dUTP-UNG system to prevent carry-over contamination, along with the inclusion of dual internal controls and the capacity to detect and genotype 25 HPV types simultaneously in a single reaction, as well as highly automated sample analysis process of the MPCE assay, have enabled its widespread application in clinical settings.

Our study had some limitations. This study focused solely on evaluating and comparing the performance of the newly developed MPCE assay with the commonly used PCR-RDB. We did not analyze common screening indicators such as sensitivity and specificity. As the progression from HPV infection to cervical cancer is a relatively lengthy process, these indicators will be further analyzed and validated in subsequent large-scale population screenings in common people. During that period, we will focus on screening precancerous lesions, conducting staged studies on lesions, and providing reliable theoretical support for reducing cervical cancer incidence through effective detection methods and clear intervention measures. While cervical cancer is primarily associated with high-risk HPV infections, approximately 5% of cervical cancers are classified as true HPV-negative cervical cancers. This highlights the inherent complexity of cervical cancer. Here, we focused on samples diagnosed with cervical cancer based on histology, which does not entirely rule out cancer risk from other causes. The setting of the gold standard has certain limitations. However, it is undeniable that when appropriate experiments are selected for large-scale population screening, the benefits of early detection, diagnosis, and treatment of cervical cancer precursor lesions far outweigh the risks of missed diagnoses. Non-invasive examination methods and the detection of fluid biomarkers, applied in large-scale population screening, can significantly benefit the early detection, diagnosis, and treatment of cervical cancer precursor lesions.

However, further research necessitates increasing the sample size and conducting comparative testing on a larger sample of pathological tissues. Targeting E6/E7 genes instead of the L1 gene can mitigate false-negative results from HPV genome integration into the human genome. Therefore, the oncogenic genes E6/E7 are more suitable targets for HPV DNA detection.

Given the large population in China, uneven distribution of healthcare resources, and relatively low rates of cervical cancer screening and vaccination, adopting an HPV screening plan that aligns better with the national conditions in China to achieve early detection, diagnosis, and treatment of cervical cancer is crucial. Considering the screening value, economic cost of the detection assay, and healthcare resource allocation in China, adopting MPCE assay as one of the primary methods for population-based cervical cancer screening is recommended. A screening interval of 5 years should be established, along with the maintenance of corresponding records. Special attention should be given to the distribution of HPV genotypes among populations with precancerous lesions. The MPCE assay proposed and validated in this study can use cervical exfoliated cell samples as research specimens in practical screening efforts to identify more patients early, resulting in superior cost-effectiveness.
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