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Human papillomavirus (HPV) integration in the human genome is suggested to be an important cause of cervical cancer. With the development of sequencing technologies, an increasing number of integration “hotspots” have been identified. However, this HPV integration information was derived from analysis of whole cervical cancer tissue, and we know very little about the integration in different cancer cell subgroups or individual cancer cells. This study optimized the preparation of probes and provided a dual-color fluorescence in situ hybridization (FISH) method to detect HPV integration sites in paraffin-embedded cervical cancer samples. We used both HPV probes and site-specific probes: 3p14 (FHIT), 8q24 (MYC), 13q22 (KLF5/KLF12), 3q28 (TP63), and 5p15 (TERT). We detected HPV signals in 75 of the 96 cases of cervical cancer; 62 cases showed punctate signals, and 13 cases showed diffuse punctate signals. We identified 3p14 as a high-frequency HPV integration site in 4 cervical cancer cases. HPV integration at 8p14 occurred in 2 cases of cervical cancer. In the same cervical cancer tissue of sample No.1321, two distinct subgroups of cells were observed based on the HPV probe but showed no difference in cell and nucleus morphology. Our study provides a new method to investigate the frequent HPV integration sites in cervical cancer and reports the heterogeneity within cervical cancer from the perspective of HPV integration.
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Introduction

Cervical cancer remains the leading cause of gynecological tumor-related mortality worldwide and the second most common malignancy in women, with 570,000 women diagnosed with cervical cancer and 311,000 dying from the disease each year (1, 2).

Most HPV infections are cleared by the immune system, but in some cases, the infection persists. Persistent infection with high-risk HPV leads to cervical intraepithelial neoplasia (CIN), which occasionally develops into cervical cancer (3). High-risk HPV types include 16, 18, 31, 33, 58 and other subtypes. HPV16 and 18 infection is common and can be detected in approximately 70% of cervical cancer cases. After infection, the virus can remain in the episome or integrate into the human genome, and the two patterns may coexist (4).

Recent studies have suggested that the integration of HPV in the human genome is an important cause of cervical cancer. Integration can preserve the upstream regulatory region (URR) of the virus. This HPV replication initiation region in the human genome is not stable but activates the cell’s DNA replication and other systems, which is an important “trigger” for cancer (5). The integration of HPV DNA into the human genome causes various genetic changes, such as oncogene amplification, inactivation of tumor suppressor genes, chromosomal rearrangement, and genomic instability. Integration can occur near key genes, leading to increased instability near integration sites in the human cell genome, resulting in local chromatin structural and functional changes and even the formation of new virus-human gene fusion transcripts in response to URRs of the virus (6, 7). In 2015, whole-genome sequencing and high-throughput virus capture sequencing methods identified up to 3,667 HPV integration breakpoints in cervical neoplasms (8). Frequent integration has been reported in genes associated with tumor progression, such as the oncogene MYC. It has been reported that loss of function of the tumor suppressor gene RAD51B after HPV DNA insertion affects DNA repair pathways and genomic instability in tumors (9).

Increasing research on HPV integration has led to the recognition of HPV integration status as a potential biomarker for the prediction of diagnosis, progression, and survival and even as a biomarker for cancer screening (10). With the development of high-throughput sequencing technologies (e.g., whole-genome sequencing, transcriptome sequencing, HIVID, etc.), an increasing number of integration “hotspots” have been identified (8, 9). However, this HPV integration information was derived from analyses of the whole cervical cancer tissue, and we know very little about the integration in different cancer cell subgroups or individual cancer cells. To visually display the more refined HPV integration at the single tumor cell level, this study optimized the preparation of probes and provided a dual-color FISH method to verify the HPV integration sites in paraffin-embedded cervical cancer samples. By preserving the original morphology and spatial structure of tumor tissue, we provide a new method to investigate the relationship between HPV integration and cervical carcinogenesis.



Materials And Methods


Tissue Material

Formalin-fixed and paraffin wax-embedded cervical cancer samples were selected from the Department of Pathology, Tongji Hospital, Wuhan, China. All the samples were reviewed and confirmed independently by two pathologists, and cases with discrepancies were discussed until a consensus was reached. Samples with poor morphology or too many lymphocytes were excluded.

Clinical characteristics were obtained from patient charts. The TNM staging system, which is based on surgical and pathological reports, was used in this study to evaluate cervical cancer patients. We collected a total of 96 samples: 93 squamous cell carcinoma (SCC) samples, 3 adenocarcinoma (AD) samples. The study was approved by the hospital’s ethics committee.



Probe Selection and Labeling Procedures

Bacterial artificial chromosome (BAC) plasmids for 8q24 (RP11-1145O20), 3p14 (RP11-191B8), 3q28 (RP11-373I6), 5p15 (RP11-326E20) and 13q22 (RP11-179I20) were purchased from Life Technologies (California, America). The whole-genome plasmid of HPV types 16 and 18 was a gift from Haraud zur Hausen. The probes were labeled by standard nick translation with biotin- or digoxigenin-dUTPs. The biotin-labeled HPV probes and digoxigenin-labeled BAC probes were then coprecipitated with human Cot-1 DNA and salmon sperm DNA. Pelleted probes were then dissolved in a hybridization buffer composed of 50% formamide, 2×SSC, and 10% dextran sulfate. The detailed protocol and parameters of HPV-BAC dual-color probes are provided in the Supplementary Material.



Tissue Pretreatment

Four-micrometer thick paraffin wax tissue sections were dewaxed, dehydrated with 100% ethanol for 3 min twice before air drying, and pretreated with 3% H2O2 for 10 min at room temperature. The slides were incubated in 1 M NaSCN for 20 min at 80°C, followed by digestion with 4 mg/ml pepsin (1:3000, Sigma) in 0.02 M HCl for 12 min at 37°C. The slides were rinsed 2 times in 2× SSC, postfixed in 4% formaldehyde for 10 min at room temperature, and dehydrated in an ascending ethanol series.

Probes and target DNA were denatured simultaneously for 7 min at 90°C before hybridization overnight at 37°C. After hybridization, the preparations were washed stringently in 50% formamide (3 × 5 min) and 2× SSC at 43°C.



Probe Detection

The biotin- and digoxigenin-labeled probes were detected consecutively using the dual-color tyramide signal amplification (TSA) procedure. The biotin-labeled probe was detected by streptavidin-HRP (1:100, Perkin Elmer). Then, the first amplification reaction was carried out under a coverslip by applying 50 μl of Cy3-tyramide (1:50, Perkin Elmer) for 20 min at room temperature. Thereafter, the slides were soaked in blocking reagent (Perkin Elmer) for 15 min at room temperature to block the remaining peroxidase activity. Subsequently, the digoxigenin-labeled probe was detected by anti-digoxigenin-HRP (1:200, Roche), followed by TSA amplification using FITC-tyramide (1:50, Perkin Elmer). Finally, the slides were washed in 4× SSC, dehydrated in an ascending ethanol series, and mounted in Vectashield (Vector Laboratories).



Microscopic Imaging and Evaluation of FISH Results

Images were recorded with a fluorescence microscope (Olympus BX53) equipped with FITC, TRITC, and DAPI bandpass filters. A minimum of 100 nuclei in each sample were observed for HPV integration site evaluation. Among the cells containing HPV signals, the ratio of cells with colocalized HPV probe signals and BAC probe signals was calculated. Samples with a ratio greater than 60% were evaluated for HPV integration in a specific site.



Control

HPV and BAC probe hybridization on HPV-positive cell lines (SiHa, HeLa and CaSki) was used as a control for HPV integration site detection. On sample tissue sections, BAC probes were also used as a control for effective hybridization.




Results


HPV Integration in Cervical Cancer Cell Lines and Cervical Cancer Tissues Can Be Detected by Dual-Color Fluorescence In Situ Hybridization

HPV16/18 probes were hybridized in SiHa and CaSki cells, two smaller HPV signals were observed in SiHa cells with only two copies of HPV16 (Figure 1A), and 7 to 8 signals of different sizes were observed in dots and clumps in CaSki cells with 500 HPV16/18 copies (Figure 1D). We observed that with the increase in HPV integrated copy number in cells, the fluorescence intensity and area of the HPV signal also increased, but the relationship was not linear. The results of hybridization in SiHa cells prove that our HPV probe has sufficient sensitivity.




Figure 1 | HPV signal patterns in cervical cancer cell lines and cervical cancer paraffin sections detected by dual-color FISH. The fluorescence intensity and area of the HPV signal were observed to increase with increasing HPV integrated copy number in cells, but the relationship was not linear. HPV signals in SiHa and CaSki cells are illustrated in (A, D), respectively. (B) The specific chromosomal site (Bacterial artificial chromosome, BAC) probe targeting the 13q22 in SiHa. As shown in (C), the HPV signal and the specific chromosomal site probe targeting the 13q22 (RP11-315L12) signal were colocalized. There were two main types of HPV signals in paraffin specimens of cervical cancer: punctate signals and diffuse-punctate signals. The punctate signals indicate integrated HPV (E), while diffuse signals indicate the presence of episomal HPV at the same time (F).



In previous studies, only HPV probes were used to study the presence and amount of HPV integration. To further study the integration sites of HPV, we explored the simultaneous hybridization of HPV probes and BAC plasmid probes into cervical cancer cells. Since previous studies suggested that two HPV16 copies of SiHa were integrated near the KLF5 gene at 13q22, our experiment showed that the HPV signal and the BAC plasmid probe targeting the 13q22 (RP11-315L12) signal were colocalized, as expected (Figures 1A–C). Chromosomal site probes can be used to indicate whether HPV is integrated at the site and can be used as a control for whether hybridization is successful. The results from SiHa cells confirmed the credibility of our dual-color probe.

We further explored the application of dual-color probes in paraffin sections of cervical cancer to prepare for possible clinical application. The in situ hybridization methods (including experimental procedures and various parameters) in cultured cells and paraffin sections are completely different. Through a review of the literature and experiments (11–13), we confirmed that both the sodium bisulfite and sodium thiocyanide methods are feasible. We found that the sodium bisulfite method was milder and preserved the nucleus well, but it often failed in aged paraffin sections. The sodium thiocyanide method is not easy to use, but the treatment is more complete, and it also has a higher success rate of hybridization for aged paraffin sections. To study the integration sites of HPV, we used the sodium thiocyanide method in this study. There were two main types of HPV signals in cervical cancer paraffin sections: punctate signals and diffuse-punctate signals. The punctate signal suggests integrated HPV (Figure 1E), and the diffuse signal suggests the presence of episomal HPV at the same time (Figure 1F).



Integration of HPV at Human Chromosomal Loci in Cervical Cancer Tissues

We detected HPV signals in 75 cases of cervical cancer; 62 cases showed punctate signals, and 13 cases showed diffuse punctate signals (Table 1). We did not observe a simple diffuse signal in cervical cancer, which is consistent with the findings that HPV is generally integrated in cervical cancer in previous studies (12, 14).


Table 1 | Detailed information on HPV integration sites detected by FISH.



Our criteria for determining HPV integration were as follows: when the percentage was greater than 60% (cells showing colocalized HPV signals and chromosomal locus probe signals/cells containing HPV signals), we concluded that HPV was integrated at this site (Figures 2A–C); otherwise, there was no integration at this site (Figures 2D–F). Based on a review of the literature on HPV integration sites and genomic alterations in cervical cancer (8, 15), we prepared probes targeting five regions of the human chromosome: 3p14 containing FHIT, 8q24 containing MYC, 13q22 containing KLF5/KLF12, 3q28 containing TP63, and 5p15 containing TERT. We detected 3p14 as a high-frequency HPV integration site in 4 cervical cancers. HPV integration at 8p14 occurred in 2 cases of cervical cancer. We found HPV integration in one patient each at 5p15 and 13q22. We did not detect HPV integration at 3q28, although 3q28 shows the greatest copy number amplification in cervical cancer and is associated with CIN progression (16) (Table 1).




Figure 2 | Patterns of human specific chromosomal site probe signals and HPV signals in cervical cancer tissue. Among the cells containing HPV signals, the ratio of cells with colocalized HPV probe signals and specific chromosomal site probe signals was calculated. Samples with a ratio greater than 60% were evaluated for HPV integration in a specific site (A–C); otherwise, we evaluate that HPV was not integrated at this site (D–F).





HPV Signaling Suggests Clonality and Heterogeneity in Cervical Cancer Tissue

In contrast to PCR or high-throughput sequencing methods, the FISH method can detect HPV integration without destroying tissue morphology. Using an HPV probe as a guide, we observed major differences (both clonality and heterogeneity) in cancer cells within cervical cancer. For example, in sample No. 1321, two groups of cancer cells in the same cervical cancer tissue showed no difference in cell and nucleus morphology after HE staining and were pathologically identified as the same type of cells (Figures 3A–C). However, two distinct subgroups of cells were observed by the HPV probe. Every cell in the a group showed HPV integration, the HPV signal area was large, and the intensity was high, suggesting intense HPV integration. In the b group, some of the cells showed HPV integration, the HPV signal area was small, and the intensity was low, suggesting low integration (Figures 3D–F).




Figure 3 | HPV signaling suggests clonality and heterogeneity in cervical cancer tissue. In sample No. 1321, two groups of cancer cells in the same cervical cancer tissue showed no difference in cell and nuclear morphology after HE staining and were pathologically identified as the same type of cells (A–C), which were distinguished significantly by HPV probes (D). Every cell in the “a” group (E) showed HPV integration, the HPV signal area was large, and the intensity was high, suggesting intense HPV integration. In the “b” group (F), some of the cells showed HPV integration, the HPV signal area was small, and the intensity was low, suggesting a low integration.






Discussion

Currently, many studies have suggested that HPV integration plays an important role in the development of cervical cancer, but our knowledge of HPV integration is still insufficient. The reasons are as follows: First, HPV integration sites in the human genome are numerous and scattered, and different studies have reported different integration hotspots (6, 8, 17–20). Previous studies have detected high-frequency HPV integration sites and attempted to explain the relationship between HPV integration and the progression of cervical cancer by using high-frequency HPV integration sites. There is no conclusion yet regarding whether HPV integration is the driver of cervical cancer or the consequence of human cell genome instability during cervical cancer development (21). Second, the HPV sequence is not completely integrated into the human cell genome; only fragments are integrated (14). The integrated fragments are different in different samples and different at different sites in the same sample (8). Previous studies suggested that integrated HPV breaks in the E2 region and retains the viral oncogenes E6 and E7 (21), but the results of high-throughput sequencing suggest that this is not always the case (8). It is still unclear whether every integrated HPV fragment has a role. To elucidate the relationship between HPV integration and cervical cancer and the carcinogenic mechanism of HPV integration, we must be able to truly and accurately detect HPV integration.

Previous studies on HPV integration mainly include PCR, high-throughput sequencing, and in situ hybridization, each of which has advantages and disadvantages. PCR technology includes DIPS-PCR, APOT-PCR and others, which use specially designed primers to amplify HPV-human fusion fragments (22, 23). Considering the different specificities of primers, PCR can indeed detect some HPV-human fusion fragments, but some will be missed. High-throughput sequencing technologies, including WGS, RNA-seq, and HIVID, are more efficient and comprehensive in detecting HPV-human fusion fragments (8, 9). High-throughput sequencing technology provides an overall picture of HPV integration in a given tissue. There is a lack of information on differences in HPV integration in the tissue, and validation by other techniques (PCR, FISH) is required.

Previous studies on HPV integration using FISH techniques mainly investigated the association between HPV integration and CIN progression (12, 24). At present, there are few studies on the simultaneous detection of HPV integration and a specific chromosomal locus in cervical cancer paraffin specimens. The main obstacle is the preparation of FISH probes. The specific chromosomal site probe was nick translated from the BAC clones. The BAC was sufficiently long, and even if HPV integration led to the loss of some chromosomal fragments, the chromosomal site-specific probes still showed signals, such as at 3p14. Therefore, regardless of whether the DNA copy number at the integration site increases or decreases, we can effectively detect the HPV integration site with colocalization of two colors.

The advantage of paraffin specimens over primary cultured cancer cells is that paraffin specimens are easier to obtain and retrospectively analyzed, can preserve the morphology of cervical cancer tissue, and can be applied clinically. To simultaneously detect integrated HPV and a specific chromosomal site, our dual-color FISH technique needs to address the following two key points: probe nick translation and hybridization process. The formula of the dual-color probe, time of nick translation, and dose of human COT-1 DNA were optimized through repeated trials in this study. We provide the detailed protocol in the Supplementary Material to help more researchers use this method. In situ hybridization of paraffin sections is an improvement over previous research techniques (11, 12).

No HPV16/18 signal was detected in 21 cervical cancer specimens, the possible reasons for not detecting HPV16/18 signals in some samples are as follows: (1) There was no HPV integration in this sample. (2) As 80% of cervical cancers are infected by HPV16/18, we selected HPV16/18 probe. However, a few samples may not be HPV16/18 integrated but integrated by other subtypes. (3) Considering the intra-tumoral heterogeneity of cervical cancer tissues, some tumor cell clones in the same tissue have HPV integration but some clones do not. The tumor cell population at the paraffin sections we examined may happened to be with no HPV integration.

We used a threshold value for identifying an HPV integration site: in cells containing HPV signals, the ratio of cells with colocalized HPV signals and chromosomal site-specific signals is more than 60%, which is interpreted as HPV integration at a specific site. The application of FISH in fusion gene research could be used as a reference, since fusion gene and HPV integration have similarities. Tomlins used FISH to evaluate the TMPRSS2:ETV1 fusion gene in paraffin sections of prostate cancer and found that, fusion signals were observed in an average of 31% of the 100 cancer cells in the positive case (Supporting Online Material page 3) (25). Therefore, the cut-off value of 60% in this study is a relatively strict standard. Considering that we are the first to evaluate HPV integration using the ratio of cells with colocalization signals, the threshold of this ratio is worthy of further study.

Our selection of five candidate chromosomal sites is based on a review of HPV integration in cervical cancer research (8, 15). FHIT is a tumor suppressor at 3p14, which is significant copy number loss in cervical cancer, as loss of its activity results in replication stress and DNA damage. MYC is an oncogene, and it has been suggested that MYC activation is associated with HPV integration at 8q24. KLF5 is a transcriptional activator at 13q22 and may play a role in cell proliferation. Telomerase expression plays a role in cellular senescence, and deregulation of telomerase expression is found in somatic cells. 3q28 is significant copy number gain in cervical cancer, amplification and overexpression of TP63 at 3q28 is a biomarker of progression from CIN to cervical cancer. In our study, 3p14 and 8q24 were two high-frequency sites of HPV integration. Future studies may be able to reclassify cervical cancer at the molecular level from the perspective of HPV integration.

Moreover, the integrated HPV signal can be used as a guide for the discovery of cervical cancer cell subgroups with different integrated viral loads. These subgroups may reveal the origin, metastasis, and recurrence of cervical cancer. This finding suggests that previous PCR and high-throughput sequencing methods for detecting HPV integration sites in entire cervical cancer tissue cannot accurately reveal the characteristics of different subgroups of cancer cells. This limitation may be why previous studies often report many integration sites, but they cannot determine whether these integration sites are the initiating factors before carcinogenesis or the consequence of genome instability after carcinogenesis.

In clinical applications, high-throughput sequencing technologies such as WGS and HIVID can be combined with FISH to detect HPV integration after cervical cancer tissues are obtained by surgery. On the one hand, FISH can be used to verify sequencing results. Since the determination of HPV integration sites by sequencing is based on the similarity of base sequences, sequencing reads with low specificity or containing repetitive sequences will lead to sequence alignment errors, which can be verified by FISH. On the other hand, FISH can be used to detect whether the cancer cells containing a specific HPV integration site are the majority or the minority, which can be indirectly shown by the abundance of the human-virus fusion sequence in the sequencing results, while it can be intuitively observed by FISH. If cancer cells containing a specific HPV integration site are the majority in the tissue, HPV integration at this site may be the key factor promoting cervical cancer. If they are the minority, HPV integration at this site may be a consequence of genome instability in cancer cells.

In conclusion, our study provides a method for the detection of HPV integration sites in paraffin-embedded cervical cancer samples using dual-color FISH and reports the heterogeneity within cervical cancer from the perspective of HPV integration. Our study provides new methods and ideas for research on HPV integration in cervical carcinogenesis.
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OEBPS/Images/table1.jpg
Sample ID Pathology Stage HPV16/18 HPV integration Chromosomal site

Punctate Diffuse 8g24 3pi14 3qg28 5p15 3g22

1005 scc I A 2% 2%
1007 scc Il A 9% 17% 5%

1009 scc | A 19% 17% 47% 1% 10%
1011 SCC 1 A 7% 6% 2% 10%
1013 SCC | A 3p14 3% 88% 7% 24% 4%

1015 scc 1 A 5p15 6% 99% 9%

1017 scc 1 A 2% 5%

1023 scc 1 A 9%

1025 scc Il A 4% 3% 28% 26% 8%

1053 scc 1 A 3% 13% 6% 5%

1055 scc | A 2% 1% 7%

1071 scc | A 5% 2%

1073 scc | A A 7% 3% 13%
1075 SCC 1 A A 10% 1% 1% 2% 5%

1083 scc 1 A A 19% 22% 6% 15% 6%

1087 scc 1 A 10% 6%

1095 scc | A 4%

1097 SCE 1 A 3% 7% 4%

1101 SCC Il A 4% 5%

1103 scc | A A 10% 1% 8% 24%

111 scc | A A 1% 6% 10% 8% 3%

117 SCC 1 A 6%

1123 SCC | A 14% 4%

1135 AD | A

1141 scc | A 8% 3%

1142 scc | A 8% 27% 6%

1143 scc Il A 7%

1151 scc 1 A 3p14 67% 16% 16%

1162 scc 1 A 3% 4% 2%

1166 scc Il A 4% 13% 1%
1168 SCC I A 13%

1169 SCC | A A 12% 9%

1173 scc Il A 13q22 10% 13% 83%
1174 scc 1 A 7% 14% 8%

1175 scc Il A 8%

1293 scc in A 8024 100% 8% 14% 18%
1295 sce | A A 6% 6% 21% 8% 18%
1297 SCC | A 13% 12%

1299 scc | A A 2% 5% 6% 9%

1301 SCC 1 A 2% 4% 14% 10%
1303 scc 1] A A 2% 1% 12% 5% 26%
1305 scc 1 A 15% 3% 13%

1307 scc | A 5%

1309 scc | A A 3% 14% 7%

1311 scc | A 9% 6% 23%
1313 AD 1 A 10% 35% 12%
1317 scc 1 A 7% 5% 7%

1319 scc | A 4% 10% 6%

1321 SCC | A 5% 20% 27% 5%

1325 scc Il A 3p14 1% 14% 1% 9%

1329 scc | A 6% 26% 1% 3% 5%

1331 scc Il A 3% 26% 8% 5%

1335 scc | A 5% 15% 5% 4%

1339 scc Il A 4% 13% 2% 20%
1342 SCC | A 8q24 67% 3% 16%

1343 scc 1 A 20% 13% 29% 14% 8%

1344 SCC 1 A 4% 2% 3% 9%

1345 SCC 1 A 8% 3% 5%

1346 scc 1] A A 12% 16% 5% 20% 17%
1347 scc | A A 27% 7% 6% 24%
1348 scc | A 2% 9% 16%
1351 scc | A 4% 19% 2%

1352 sce | A 7%

1353 sce [ A 5%

1356 sSCC % A 6% 12% 1%
1357 scc [ A 3% 5% 18% 7%
1360 scc | A 6% 1% 7% 17%
1361 scc I A 6% 7% 2% 2% 10%
1362 scc I A 3% 17%

1363 scc I A 4% 7% 9% 15% 17%
1364 scc I A 9% 5% 3%
1365 scc | A 14%

1366 sce [ A 5% 6%
1367 scc | A 3p14 82% 3% 9% 4%
1368 scc | A 2% 23% 2%

SCC, squamous cell carcinoma; AD, adenocarcinoma. The bold values indicate ratio more than 60%.
A HPV16 positive and/or HPV18 positive.
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