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Highly sensitive deep panel sequencing of 27 HPV genotypes in prostate cancer biopsies results in very low detection rates and indicates that HPV is not a major etiological driver of this malignancy
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Abstract
Background
Human papillomavirus (HPV) has been proposed to contribute to the carcinogenesis of prostate cancer. However, previous studies have yielded conflicting results. This study aims to add useful information to the ongoing discussion concerning the association between HPV infection and prostate cancer.

Methods
We used two high-throughput next-generation sequencing (NGS) approaches to detect HPV RNA in malignant and adjacent normal (AN) prostate tissue (cohorts 1 and 2) and HPV DNA from carcinogenic and probably/possibly carcinogenic-classified HPV types (cohort 3) in malignant prostate, AN prostate, and benign prostatic hyperplasia (BPH) tissues.

Results
In total, 0% (cohort 1: 0/83, cohort 2: 0/16) of the malignant prostate tissue samples and 0% (cohort 1: 0/23, cohort 2: 0/8) of the AN prostate tissue samples were positive for HPV RNA. A total of 8.3% (1/12) of the BPH samples, 0% (0/28) of the AN samples, and 0.8% (1/132) of the malignant prostate samples were positive for HPV16 DNA. However, the normalized read count of the HPV16-positive malignant sample was close to the cut-off. In addition, no other carcinogenic-classified HPV types were detected in any of the BPH, AN, or malignant prostate tissue samples.

Conclusion
Our study does not support HPV infection as a major contributor to the etiology of prostate cancer.

Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s13027-024-00619-x.
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Background
Prostate cancer (PC) is the second most common cancer among men worldwide, with a global incidence of 1,414,000 and a mortality of 375,304 men in 2020 [1]. Although some risk factors for PC development have been identified, the etiology remains largely unknown [2]. For the past three decades, researchers have suggested and explored the contribution of human papillomavirus (HPV) to prostate carcinogenesis [3–5].
HPV is the etiological cause of almost all cervical cancers [6]. In addition, HPV contributes to the development of other anogenital cancers, including penile, anal, vaginal, and vulvar cancer and a subset of head and neck cancers [7]. In total, HPV is present in up to 4.5% of all cancers worldwide [7], and over 200 different HPV types are known [8]. Only a subset of these viruses can infect mucosal epithelial cells and have been classified by the International Agency for Research on Cancer (IARC) as either carcinogenic to humans (high-risk), probably/possibly carcinogenic to humans, or low-risk [9]. HPV is a double-stranded DNA virus of approximately 8 kb, and the HPV genome comprises six early genes, E1, E2, E4, E5, E6, and E7; two late genes, L1 and L2; and a long control region, LCR. E6 and E7 are particularly important for the carcinogenic potential of HPV. The E6 and E7 oncogenes produce the E6 and E7 proteins, which target the p53 and pRb tumor suppressor proteins for degradation, enabling cellular instability and uncontrolled proliferation [10].
Since HPV is involved in the development of several cancer types, infection with HPV has also been proposed to contribute to the carcinogenesis of PC. In support of this hypothesis, several studies from the 1990s have shown the ability of HPV to immortalize human prostate cells in vitro [3, 11–13]. Furthermore, in recent decades, multiple studies have examined the association between HPV infection and PC. In 2020, Lawson and Glenn published a meta-analysis of 26 case-control studies in which HPV was present in 325 (22.6%) of 1437 PC tissue samples compared with 113 (8.6%) of 1313 normal or benign prostate tissue sample controls; thus concluding that a causal role of HPV in PC is highly likely [14]. However, considerable variation in HPV detection was observed in these 26 studies, ranging from 2 to 75% in PC tissue samples and from 0 to 82% in normal and benign tissue samples. Moreover, eight additional studies mentioned in the meta-analysis revealed no presence of HPV in PC tissue samples [14]. Polymerase chain reaction (PCR) was used in the vast majority of the studies included in the meta-analysis to detect HPV in either formalin-fixed paraffin-embedded (FFPE) or fresh-frozen prostate tissue samples, but few studies also performed in situ PCR and in situ hybridization [15, 16]. Moreover, several studies have examined the presence of HPV IgG antibodies in serum [5, 16–29]. This method is, however, not tissue-specific, and studies using this method were therefore excluded from the abovementioned meta-analysis [14]. In addition to the studies included in the meta-analysis, a few studies have used RNA sequencing to detect HPV expression in PC tissue samples. However, these studies have mainly provided negative results [30–33]. The evidence that HPV infections contribute to the carcinogenesis of PC is thus still not conclusive.
In this study, we used two different approaches for the detection of HPV RNA and HPV DNA in FFPE prostate tissue samples from men with localized PC. We included three independent cohorts of patients and employed a metatranscriptomic approach for the detection of HPV RNA and a custom targeted next-generation sequencing (NGS) panel [34] for the detection of HPV DNA. Notably, an RNA sequencing-based approach enables the identification of actively transcribing HPV and could indicate an active infection. In contrast, our DNA sequencing-based approach enables the identification of all tissue-resident HPV infections. The NGS panel targets eight separate regions within the L1, E2, E6, and E7 genes in each of the 25 HPV types classified by the IARC as carcinogenic, probably, or possibly carcinogenic to humans, as well as the two most common low-risk HPV types, namely, HPV6 and 11 [9], thereby allowing the detection of the 27 most relevant HPV types. Moreover, the panel is designed with primer pairs yielding short fragments of approximately 100 base pairs (bp). Together, these features limit the risk of false negative results, which is crucial, especially when working with partly degraded samples such as FFPE tissue samples. Thus, by using two orthogonal and high-throughput NGS approaches to detect both HPV DNA and RNA, we aim to add useful information to the ongoing discussion concerning the association between HPV infection and PC.

Methods
Study cohort
We used three independent cohorts of PC patients who underwent curatively intended radical prostatectomy (RP). An overview of the study design is provided in Fig. 1.
Cohort 1 (total RNAseq) included 106 fresh-frozen prostate tissue samples (83 malignant and 23 adjacent normal (AN)) from an in-house cohort of 94 patients treated by RP (2004–2017) with histologically verified, clinically localized PC at the Department of Urology, Aarhus University Hospital (AUH), Denmark, previously published by Salachan et al. [35]. Before RNA extraction, each tissue sample was marked as either benign or malignant by an experienced pathologist at AUH. The metatranscriptome was profiled via total RNA sequencing, as described previously in detail [35]. Only the microbial annotations were analyzed in this study.
Cohort 2 (total RNAseq) included 24 prostate tissue samples (16 malignant and 8 AN) from an external cohort of patients treated with RP for localized PC in France, which was previously described by Pinskaya et al. [36]. Formalin-fixed paraffin-embedded prostate tissue samples were processed for total RNA extraction and subjected to total RNA sequencing, as described previously [36]. The metatranscriptome was profiled prior to this study [35]. Only the microbial annotations were analyzed in this study.
Cohort 3 (targeted DNAseq) included a total of 173 FFPE prostate tissue samples (132 malignant and 29 AN tissue samples from men with cancer and 12 benign tissue samples from men without cancer) obtained from an in-house cohort of 158 patients who underwent RP (1999–2016) for clinically localized PC and 12 cancer-free patients with benign prostatic hyperplasia (BPH) who underwent transurethral resection of the prostate (TURP; 2001–2007) at the Department of Urology, Aarhus University Hospital (AUH), Denmark. One sample was excluded from targeted DNA sequencing due to failed library preparation. Thus, the final cohort 3 consisted of 172 samples (132 malignant and 28 AN tissue samples from men with PC and 12 benign tissue samples from men with BPH) from 156 PC patients and 12 BPH patients. The clinicopathological characteristics of the cohorts are provided in Table 1.
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Fig. 1Overview of the study design for the detection of HPV. AN, adjacent normal. BPH, benign prostatic hyperplasia. +ve, positive. -ve, negative. CK7, cytokeratin 7


Table 1Clinicopathological characteristics of patients with PC in cohorts 1, 2, and 3


	Characteristic
	Cohort 1
	Cohort 2
	Cohort 3

	   Malignant samples, N
	83
	16
	132

	   Age (years) at RP, median (range)
	65 (45–76)
	N/A
	64 (50–76)

	Preoperative PSA (ng/ml)
	 	 	 
	   ≤ 10, N (%)
	39 (47.0%)
	N/A
	42 (31.8%)

	   > 10, N (%)
	39 (47.0%)
	N/A
	90 (68.2%)

	   Unknown, N (%)
	5 (6.0%)
	N/A
	0 (0.0%)

	ISUP Grade Group
	 	 	 
	   ≤ 3, N (%)
	63 (75.9%)
	9 (56.2%)
	110 (83.3%)

	   > 3, N (%)
	20 (24.1%)
	7 (43.7%)
	22 (16.7%)

	Pathological T-stage
	 	 	 
	   T2, N (%)
	51 (61.4%)
	4 (25.0%)
	85 (64.4%)

	   T3, N (%)
	31 (37.4)
	10 (62.5%)
	47 (35.6%)

	   Unknown/T4, N (%)
	1 (1.2%)
	2 (12.5%)
	0 (0.0%)

	Biochemical recurrence (BCR) status
	 	 	 
	   BCR, N (%)
	28 (33.7%)
	6 (37.5%)
	70 (53.0%)

	   BCR-free, N (%)
	31 (63.9%)
	10 (62.5%)
	62 (47.0%)

	   Unknown, N (%)
	2 (2.4%)
	0 (0.0%)
	0 (0.0%)

	Total follow-up in months, median (range)
	52.4 (17.6-178.9)
	N/A
	147.7 (6.0-267.6)





Sample preparation
Prostate tissue samples for targeted DNA sequencing
For cohort 3, punch biopsies were obtained from FFPE blocks from areas with > 80% cancer cells, as described previously [37]. Before DNA extraction, each tissue sample was marked as either AN or malignant by an experienced pathologist at AUH. The samples from the BPH patients were similarly verified to ensure that no carcinoma was present and were labeled as BPH. DNA was extracted from FFPE tissue samples using the QIAamp DNA FFPE Tissue Kit (Qiagen). The DNA concentration was measured using a Qubit dsDNA broad-range assay kit (Thermo Fisher Scientific), and the DNA was diluted to a concentration of 10 ng/µl for the next-generation sequencing (NGS) assay.

Positive control samples for targeted DNA sequencing
As a positive control and to assess the analytical sensitivity of our custom targeted NGS panel [34], we used FFPE cell blocks made from dilutions of the HPV-positive SiHa and HeLa cell lines in the background of the HPV-negative cell line HEK. HeLa cells contain approximately 10–50 copies of integrated HPV18 DNA [38, 39] per cell, whereas SiHa cells contain 1–2 copies of integrated HPV16 DNA [40] per cell. The cell lines were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% heat-inactivated fetal bovine serum (FBS) and 1% penicillin-streptomycin. All reagents were obtained from Gibco (Thermo Fisher Scientific). The cells were incubated in a humidified incubator (5% CO2/95% air atmosphere at 37 °C) and harvested via trypsin treatment (0.25% Trypsin, 0.02% EDTA solution, Sigma-Aldrich ApS), followed by washing with 1× PBS. The titration was performed at 10-fold intervals, ranging from 1 SiHa or HeLa cell per 101 HEK cells to 1 SiHa or HeLa cell per 106 HEK cells, on the basis of an initial cell count using a Bürker-Türk cell counting chamber (Sigma-Aldrich ApS). The FFPE cell blocks were made by centrifuging the cell dilutions and discarding the supernatants. The cell pellets were subsequently washed with 1x PBS, the supernatant was removed, and the cell pellets were gently resuspended in 60 µL of human serum before 40 µL of thrombin was added to each cell dilution to form a cell clot. After coagulation, the cell clots were fixed in formalin for 24 h and then embedded in paraffin to mimic clinical FFPE biopsies.
Two sections of 4 μm thickness were cut from each FFPE cell dilution block containing dilutions ranging from 1 SiHa or HeLa cell per 101 HEK cells to 1 SiHa or HeLa cell per 104 HEK cells. Each of these two sections was mounted on glass slides and stained with hematoxylin (3 min of incubation) and cytokeratin (CK) 7 to confirm the correct dilution of the cells in the FFPE cell dilution blocks. Hematoxylin was used to stain the cell nuclei of both the HPV-positive and the HPV-negative cells, whereas CK7 was used to stain only the HPV-positive cells since the SiHa and HeLa cervical squamous cell carcinoma cell lines are CK7 positive, whereas the HEK cells are not [41]. The slides were stained for CK7 using the cytokeratin 7 (OV-TL 12/30) mouse monoclonal antibody (Agilent Technologies) with the EnVision FLEX, high pH visualization system (Agilent Technologies) and the DAB + Substrate Chromogen System (Agilent Technologies) on Dako Omnis (Agilent Technologies). The IHC, Nuclei Detection, AI app in Visiopharm was used to calculate the ratio of SiHa or HeLa cells to HEK cells. To avoid the more cell-dense areas of the slides, the app was employed on three specific regions of each slide located away from these cell-dense areas. The dilution of HPV-positive cells in each of the slides (two slides per FFPE cell dilution block) was calculated as the number of CK7-positive cells (SiHa or HeLa) divided by the total number of cells. The average dilution was subsequently calculated from the two stained slides for each dilution. For this analysis, dilutions of 1:105 and 1:106 were not included, since the number of CK7-positive cells in these sections was expected to be too low to obtain a reliable dilution estimation.
In addition to the sections cut for immunohistochemistry, five sections of 10 μm thickness were cut from each FFPE cell dilution block containing dilutions ranging from 1 SiHa or HeLa cell per 101 HEK cells to 1 SiHa or HeLa cell per 106 HEK cells. From these sections, DNA was extracted using the QIAsymphony DSP DNA Mini Kit (Qiagen) on the QIAsymphony Instrument (Qiagen). The DNA concentration was measured via the Qubit dsDNA HS Assay Kit (Invitrogen) on a Qubit 2.0 Fluorometer (Invitrogen), and targeted DNA NGS was subsequently performed as described below.


Targeted DNA sequencing
An in-house custom Ion Torrent NGS panel (Thermo Fisher Scientific) was used for the detection of HPV. The panel was designed via AmpliSeq Designer (Thermo Fisher Scientific) as previously described [34]. In brief, the panel enables the detection of 27 HPV types, including all carcinogenic types (HPV16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, and 59), all probably/possibly carcinogenic types (HPV68, 26, 30, 34, 53, 66, 67, 69, 70, 73, 82, 85, and 97), and the two most common low-risk types (HPV6 and 11) [9]. For each of the included HPV types, eight amplicons were designed, enabling the amplification of two areas in each of the E6 and E7 oncogenes, three areas in the E2 gene, and one area in the L1 gene. One amplicon was designed for each of the five human reference genes (BTF3, PABPN1, PPIE, RAB1B, and SRSF3) to confirm adequate amounts of DNA in each analyzed sample. The amplicons were designed using the cell-free DNA pipeline of the AmpliSeq Designer (Thermo Fisher Scientific), resulting in amplicons of approximately 100 bp. Thermo Fisher Scientific’s Ion AmpliSeq Library Kit 2.0 was used to prepare the samples for sequencing. The preparation was performed according to the manufacturer’s protocol, except that only half of the stated reaction volume was used. The amount of input DNA was 60 ng per sample, and the samples were labeled with Ion Xpress Barcode Adaptors (Thermo Fisher Scientific). After library preparation, the libraries were quantified using the Ion Library TaqMan Quantitation Kit (Thermo Fisher Scientific) and diluted to 40 pM. Template preparation was performed using the Ion 510 & Ion 520 & Ion 530 Kit-Chef (Thermo Fisher Scientific) on the Ion Chef System (Thermo Fisher Scientific). Sequencing was performed using the Ion GeneStudio S5 System (Thermo Fisher Scientific), with the coverage analysis plugin set to a minimum aligned length of 50 bp.

Targeted DNA sequencing data analysis
The initial data analysis was performed as described by Andersen et al. [34]. The sequencing data were aligned to a reference genome comprising the human reference genome (hg19) and the genomes of 313 HPV types. A coverage analysis file including the total number of reads for all included amplicons in each included sample was generated by the S5 Torrent Server (Thermo Fisher Scientific). The five human reference genes were assessed to determine the validity of each sample. For a sample to be valid, all five human reference genes had to be amplified and sequenced. The HPV amplicons of each sample were normalized to the average number of reads from the reference genes of the corresponding sample. Normalization was performed by dividing the number of reads from an HPV amplicon by the average number of human reference reads for that sample and then multiplying by 10,000. Thus, the data were analyzed as the number of reads per 10,000 reference reads.
A cut-off for each HPV type was calculated using samples known to be negative for that specific HPV type. Thus, the six HPV16-positive samples (10-fold dilutions of SiHa cells in HEK cells ranging from 1 SiHa cell per 101 HEK cells to 1 SiHa cell per 106 HEK cells) were used in the calculation of cut-offs for all HPV types except for HPV16. Similarly, the six HPV18-positive samples (10-fold dilutions of HeLa cells in HEK cells ranging from 1 HeLa cell per 101 HEK cells to 1 HeLa cell per 106 HEK cells) were used in the calculation of cut-offs for all HPV types except for HPV18. The cut-offs were based on the limit of detection (LoD), which was calculated as LoD = meanblank+(2*SDblank). For each of the control samples known to be HPV negative, the blank was determined as the amplicon presenting the highest normalized read count. The mean of the blank for each control sample known to be HPV negative was then used to calculate the LoD. See Table S1 (Additional file 1) for the specified cut-offs for each HPV type. For a sample to be rendered HPV positive, at least two of the eight HPV amplicons for an HPV type should contain a normalized read count above the calculated LoD. This was selected since, in our experience, reads present in only one amplicon often correspond to background.


Results
HPV detection using metatranscriptomics data
Given the discrepancy in the results from previous studies [4, 5, 17–20, 42, 43], we sought to investigate the association between HPV infection and prostate cancer via two different high-throughput NGS-based methods and three independent cohorts of early-stage (localized) PC patients recruited in Denmark (cohorts 1 and 3) and France (cohort 2). See Fig. 1 for an overview of the study design.
First, we used a previously published [35], metatranscriptomics dataset (cohort 1), comprising 23 benign and 83 malignant prostate tissue samples, which were subjected to total RNA sequencing. On average, approximately 1 million unmapped read pairs (i.e., read pairs that did not map to the human reference genome) per sample were available (Fig. 2A) for mapping to the microbial (bacterial and viral) reference sequences. This sequencing depth is sufficient for the detection of HPV even in samples that are PCR-negative for HPV, as shown for cervical cancer [44]. Using the microbial annotations reported by the SAMSA2 pipeline [45] from our previous study [35], we detected annotations for ‘Human papillomavirus’ in two of the malignant samples (2/83, 2.4%; Fig. 2B and Table S2, Additional file 1) and none of the benign samples (0/23, 0%; Fig. 2B). However, in each of the two potential HPV-positive samples, SAMSA2 detected only one read count (normalized counts of 1 and 1.3; Table S2, Additional file 1), which was below even a conservative threshold of a minimum of 3 reads, which we used pragmatically for assigning ‘true’ HPV positivity for the samples (Fig. 2B). Notably, such a low HPV read count occurred despite both samples having an unmapped read count greater than or equal to 1 million (Table S2, Additional file 1). Thus, using this dataset, we did not observe a clear indication of active HPV infection in any of the prostate tissue samples.
To explore whether the lack of an HPV signal was due to an inadequate sequencing depth, we used a previously published [35] metatranscriptomics dataset (cohort 2), comprising 8 benign and 16 malignant prostate tissue samples originally included in a French study [36]. The samples in this dataset were subjected to deep total RNA sequencing, and we obtained approximately 2.7 million unmapped read pairs per sample (Fig. 2C) for mapping to the microbial (bacterial and viral) reference sequences using the SAMSA2 pipeline [45]. Using this dataset with a much higher sequencing depth, we did not detect HPV reads in any of the prostate tissue samples (0/24, 0%; Fig. 2D). These results suggest that active HPV infection may not be clearly associated with the development or progression of PC.
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Fig. 2A) Distribution of unmapped reads across all samples in cohort 1. The blue bars correspond to benign tissue samples (n = 23), and the red bars correspond to malignant tissue samples (n = 83). B) Overview of HPV detection in the metatranscriptomics data from cohort 1. C) Distribution of unmapped reads across all samples in cohort 2. The blue bars correspond to benign tissue samples (n = 8), and the red bars correspond to malignant tissue samples (n = 16). D) Overview of HPV detection in the metatranscriptomics data from cohort 2



Targeted DNA sequencing
Positive control samples for sensitivity assessment
To ensure that the lack of HPV detection in the metatranscriptomic data is not simply caused by a lack of active viral transcription, we decided to use deep panel DNA sequencing, which targets 27 HPV genotypes, to detect HPV in prostate tissue samples. To determine assay sensitivity, we made serial 10-fold dilutions of HPV16-positive SiHa cells and HPV18-positive HeLa cells in HPV-negative HEK cells (range: 1 SiHa or HeLa cell per 101 HEK cells to 1 SiHa or HeLa cell per 106 HEK cells). The resulting 12 dilutions were formalin-fixed and embedded in paraffin and served as positive controls (n = 12) in the NGS analysis. Prior to NGS, slides made from the first four serial dilutions (i.e., 1:101 to 1:104) were stained with an antibody targeting CK7, which is expressed only by the HPV-positive SiHa or HeLa cells. This allowed us to cytologically verify that the correct serial dilutions of the cells were made. As expected, we observed CK7-positive reactions in all the dilutions (Fig. 3), indicating the presence of HPV-positive cells in each of the dilutions. Furthermore, the enumeration of the CK7-positive cells using the Visiopharm software revealed the expected cell counts in each of the dilutions (Figure S1, Table S3; Additional file 1), indicating correct serial dilutions.
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Fig. 3Representative images of CK7-stained slides containing serial 10-fold dilutions of SiHa or HeLa cells in HEK cells. The slides were stained with hematoxylin and for cytokeratin (CK) 7 using 3,3’-diaminobenzidine (DAB) chromogen (brown cell nuclei: SiHa and HeLa cells (CK7 positive cells); purple/blue cell nuclei: HEK cells (CK7 negative cells, counterstained with hematoxylin)). 20X magnification


Using the DNA sequencing panel, all five human reference genes were amplified in 100% (12/12) of the positive control samples (see Additional file 2). The mean number of reads for the reference amplicons was 57,389 (range: 10,183 − 78,432) for the HPV16-positive control samples and 55,837 (range: 27,345 − 88,180) for the HPV18-positive control samples (Fig. 4A). A proportional decrease in normalized reads was observed through the 10-fold dilutions of the HPV16- and HPV18-positive control samples (Fig. 4B and C), as also indicated by the slope of the trendline approaching − 1 for each amplicon (Table S4, Additional file 1). For both the HPV16- and the HPV18-positive controls, no reads were observed within parts of the E2 gene. This could indicate integration of the viral genome into the host genome, which often results in partial or complete loss of the E2 gene [46–48]. This is consistent with previous reports of HPV integration in SiHa and HeLa cells [38–40].
A cut-off was applied to the normalized data on the basis of the calculated LoD for each HPV type of the targeted DNA sequencing panel (Methods). Thus, for a sample to be rendered HPV positive, at least two HPV amplicons should contain a normalized read count above the calculated LoD (LoD = 0.50 for HPV16 and LoD = 18.7 for HPV18). On the basis of this cut-off, HPV16 was detected at a dilution of one HPV16-positive SiHa cell per 105 HPV16-negative HEK cells. However, only three amplicons presented reads in this dilution, in contrast to the detection of six amplicons in the less diluted samples. It was therefore concluded that HPV16 could be reliably detected at a dilution of one HPV16-positive SiHa cell per 104 HPV16-negative HEK cells, with all amplicons showing reads except for the E2 amplicons. This corresponds to a detection limit of approximately 1–2 HPV16 copies, based on the literature stating that the SiHa cell line contains 1–2 HPV16 copies per cell [40]. For the HeLa cell line, HPV18 was reliably detected in a dilution of one HPV18-positive HeLa cell per 104 HPV18-negative HEK cells when the cutoff was applied, corresponding to a detection limit of approximately 9–46 HPV18 copies based on the literature stating that the HeLa cell line contains 10–50 HPV18 copies per cell (Fig. 4B and C; Table S4 and calculations in Additional file 1).
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Fig. 4A) The mean number of reference reads for serial 10-fold dilutions of SiHa and HeLa cells in HEK cells. B) The number of normalized reads (HPV amplicon reads per 10,000 reference reads) generated for each of the HPV16 amplicons in the analysis of the HPV16-positive SiHa: HEK dilutions. C) The number of normalized reads (HPV amplicon reads per 10,000 reference reads) generated for each of the HPV18 amplicons in the analysis of the HPV18-positive HeLa: HEK dilutions. Dotted horizontal line: normalized read cut-off



Prostate tissue samples
One hundred and seventy-three prostate tissue samples were sequenced using our in-house targeted DNA HPV sequencing assay. These included 29 AN tissue samples, 12 BPH tissue samples, and 132 malignant prostate tissue samples. One of the AN tissue samples was subsequently excluded since the library formation yielded a DNA concentration too low for NGS analysis, leaving 172 prostate tissue samples for analysis. All five human reference genes were amplified in 100% (172/172) of the samples. The coverage, defined as the mean number of reads for the reference amplicons, was < 1,000 reads in 14.3% (4/28) of the AN samples, none (0/12) of the BPH samples, and 6.1% (8/132) of the malignant prostate samples. One (0.8%, 1/132) of the malignant prostate samples yielded a coverage of 402,515 reads, corresponding to almost 10X the coverage of the sample with the second highest coverage, making this sample an obvious outlier in terms of coverage (Fig. 5A). When the outlier sample was removed, the mean coverage was 19,745 reads (range 66 − 54,441).
Using the cut-off criteria for HPV16 (≥ 2 amplicons with ≥ 0.50 normalized reads), 8.3% (1/12) of the BPH samples were infected with HPV16, with a normalized read count above the cut-off for 7/8 of the HPV16 amplicons (Fig. 5B). Moreover, 0.8% (1/132) of the malignant prostate samples were positive for infection with HPV16. However, for the malignant prostate sample, only 2/8 of the HPV16 amplicons presented with a normalized read count above the cut-off, and both amplicons presented a normalized read count very close to the cut-off. Thus, the HPV16 positivity of this sample may be questioned. None (0/28) of the AN samples were infected with HPV16.
Among the malignant prostate samples, 2.3% (3/132) were infected with HPV70 based on the cut-off of ≥ 2 amplicons with ≥ 2.39 normalized reads. Moreover, 6.8% (9/132) of the malignant prostate samples were infected with HPV73 based on the cut-off of ≥ 2 amplicons with ≥ 0.09 normalized reads (Fig. 5B). However, when taking a closer look at the samples yielding reads for HPV70 and HPV73, they all presented with reads only for the same two-three amplicons and were not distinguishable from the HPV70- and HPV73-negative samples whereof some also presented with few normalized reads for these specific HPV70 and HPV73 amplicons (Fig. 5B). The eight amplicons for each of these HPV types have formerly been amplified [34], thereby eliminating the risk of faulty primers and making it more likely that these normalized reads for specific HPV70 and HPV73 amplicons correspond to unspecific binding or background and not to real HPV-positive samples. Moreover, HPV70 and HPV73 have, to our knowledge, not formerly been associated with prostate cancer, and these HPV types are not classified as carcinogenic to humans by the IARC [9].
None (0/28) of the AN samples, (0/12) BPH samples, or (0/132) malignant prostate samples were positive for any other HPV types. In conclusion, only 8.3% (1/12) of the BPH samples and 0.8% (1/132) of the malignant prostate samples were positive for HPV16. However, the HPV16-positive malignant prostate sample presented with a normalized read count very close to the cut-off, making the HPV positivity of this sample questionable. No other carcinogenic-classified HPV types were observed in any of the AN, BPH, or malignant prostate tissue samples.
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Fig. 5A) Coverage, i.e., the average number of reference reads across all prostate tissue samples included in cohort 3. AN, Adjacent normal. BPH, benign prostatic hyperplasia. PC, prostate cancer. B) Normalized reads, i.e., the number of reads per 10,000 reference reads, of the HPV16, HPV70, and HPV73 amplicons for all the samples divided into HPV-positive (red) and HPV-negative (blue) groups. The dotted lines connect amplicons of individual samples. Horizontal line: cut-off for HPV positivity (two amplicons need to be above this line for a sample to be rendered HPV positive)





Discussion
This study used two different high-throughput NGS-based methods to investigate the associations between HPV infection and prostate cancer. In the first method, we leveraged two independent cohorts of PC patients for whom we had total RNA sequencing data available and for whom we had previously performed unbiased profiling of the prostate tissue microbiome (i.e., metatranscriptome). Both bacterial and viral species were included in the annotations reported in our previous study, which allowed us to detect HPV annotations in the dataset. Metatranscriptomics, as an approach to detect HPV in tissue samples, has previously been shown to be highly successful in multiple cancer types [49–52]. Thus, the lack of an HPV signal in our metatranscriptomic cohorts could be considered a true lack of active HPV infection within the prostate of these patients. Consequently, we do not find support for an association between HPV infection and PC, as opposed to the suggestion of such an association in the previous study [14]. It is of course possible that the prevalence of HPV is much lower in PC; thus, we might have missed these cases because of the relatively small cohort sizes in the two metatranscriptomic cohorts. However, if that was the case, then the prevalence of HPV in the prostate, based on our combined data (i.e., cohort 1 + cohort 2), should be lower than 0.77%. In fact, a metatranscriptomic analysis of the PRAD cohort within TCGA detected HPV in only two of the 498 PC tissue samples [49], equating to a prevalence of approximately 0.4%, which is much lower than that reported in the previous study [14].
Nevertheless, to ensure that the metatranscriptomic approach did not detect HPV (1) because of a lack of assay sensitivity or (2) because of a lack of active viral transcription, we used deep panel DNA sequencing targeting 27 HPV genotypes as a novel method for the detection of HPV in PC tissue samples. This targeted NGS assay could detect HPV in FFPE samples containing as few as one HPV-positive SiHa or HeLa cell per 10,000 HPV-negative HEK cells in samples with a mean coverage of 56,513 reference reads. Nevertheless, only one out of 132 (0.8%) malignant prostate samples and one out of 12 (8.3%) BPH samples were positive for a carcinogenic-classified HPV type in our study. However, with a normalized HPV16 read count of the malignant sample very close to the cut-off, the HPV status within the prostate tissue from this patient could be questionable. The remaining 170 prostate tissue samples were rendered negative for carcinogenic-classified HPV types and should thus be considered either true high-risk HPV-negative samples or the frequency of HPV-infected cells in the samples should be extremely low. Notably, the limit of detection for the NGS assay also depends on the viral load of a sample, i.e., the number of HPV copies per cell, the number of HPV-positive cells present in the sample, and the sequencing depth of a sample. However, if HPV plays a role in the carcinogenesis of prostate cancer, HPV is expected to be present in most of the cancer cells in malignant prostate tissue samples.
Since the sensitivity of our targeted NGS assay is strongly influenced by sequencing depth, a limitation of this study was the difference in sequencing depth between positive control samples, which were used for assay sensitivity assessment, and prostate tissue samples. Moreover, a difference in sequencing depth between prostate tissue samples was generally observed. This difference could be caused by variations in the DNA quality of the prostate tissue samples, resulting in a lower detection limit of HPV in samples with a lower sequencing depth.
For 160 (93.0%) of the prostate tissue samples, the coverage was > 1,000 reads. For a sample with a coverage of 1,000 reads, the detection limit of HPV would, in theory, if an inversely proportional relationship with the coverage was assumed, be reduced by approximately 57X compared with the positive control samples with an average coverage of 56,513 reads. This would result in a detection limit conservatively calculated to be between 51 and 2,622 HPV copies (see Additional file 1 for calculations). This is, however, still superior to or equal to the detection limit of most PCR assays usually used for HPV detection [53–55]. Most PCR studies use the MY09/MY11 primers for HPV detection, which amplify a fragment of 450 bp of the L1 gene [4, 21, 56–58]. However, the length of primers is crucial, especially when working with partially degraded material such as DNA extracted from FFPE tissue samples, since longer fragments are then more difficult to amplify. Likewise, the genomic position of primers is important since L1 might be deleted following viral integration [4, 59]. Therefore, a strength of our study was the use of primers that amplify short DNA fragments of approximately 100 bp. We included primers to amplify eight separate genomic regions of each HPV type instead of just one region, limiting the risk of false negative results caused by, e.g., deletions in the viral genome, poor performance of specific primers, or partly degraded DNA material.
Differences in HPV detection methods are thus likely one of the reasons for the discrepancies between studies concerning HPV and prostate cancer. As mentioned, HPV has usually been detected using serum for the detection of HPV IgG antibodies or using prostate tissue for PCR-based HPV detection. The use of serum in association studies of HPV and prostate cancer has, however, been questioned since this method is not tissue-specific and therefore cannot be used to determine from where the HPV originates in positive samples [14]. Likewise, the earliest conducted PCR-based studies are thought to be very susceptible to contamination and thus false positive results, compromising the value of these results as well [14, 59]. Additionally, the analytical sensitivity of the assays used for HPV detection is essential since previous research has suggested a viral load of less than 0.1 HPV copies per cell in prostate cancer and non-neoplastic hyperplasia tissue [60]. This is contrary to the viral load in cervical cancers, where HPV is known to be the etiological cause of the cancer. Here, the viral load is reported to range from < 1 to > 1,000 copies per cell [61–63]. This indeed questions the role of HPV in the development of prostate cancer or at least suggests a different role of HPV in the carcinogenicity of prostate cancer than in that of cervical cancer. In 2017, Glenn et al. [30] detected significantly higher expression of the HPV E7 oncoprotein in benign prostate samples than in subsequent prostate cancer samples obtained from the same patients. Although not significant, they also detected a higher prevalence of the E7 gene in benign prostate samples (23/28, 82%) than in subsequent prostate cancer samples (19/28, 68%). They thus proposed the possibility of HPV being involved in the early stage of prostate carcinogenesis, explaining the very low or undetectable HPV in prostate cancers and supporting the “hit and run” model of oncogenic viruses proposed by several researchers as initiators of tumorigenesis [20, 64]. Our study found a higher frequency of HPV positivity in BPH samples (1/12, 8.3%) compared to malignant PC samples (1/132, 0.8%). However, this comparison is constrained by the limited number of BPH samples included. Nonetheless, the low frequency of HPV-positive samples in both BPH and malignant PC groups raises questions about the role of HPV in initiating prostate tumorigenesis. If HPV is an initiator of tumorigenesis in PC, we could hypothesize to observe HPV-positivity in early cancers. Our study material is collected from patients undergoing radical prostatectomy, a procedure typically performed for tumors identified at an early stage and, consequently, often of a low grade. Our cohort 3 does consist primarily of low-grade (≤ 3) malignant PC samples (110, 83.3%), and the only malignant sample which might be HPV-positive was from a patient with a grade 1 tumor. Hence, our study does not support the “hit and run” model of HPV as an initiator in PC tumorigenesis but more studies are needed to evaluate this hypothesis.

Conclusions
In conclusion, our study does not support HPV infection as a major contributor to the etiology of prostate cancer.
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