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invasive cervical cancer via HPV capture and high-throughput sequencing
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Abstract
Persistent infection with high-risk human papillomaviruses (HPV) types is essential for 

the development of cervical cancer and its immediate precursor, cervical intraepithelial 
neoplasia 3 (CIN3). However, HPV infection alone is not sufficient to promote cervical 
carcinogenesis, thus it is hypothesized that the progression to invasive disease is 
dependent on viral and host factors. For example, scattered CpG sites are located 
throughout HPV genomes. With advancing disease, these CpG sites become increasingly 
methylated by the host cell’s DNA methyltransferases, potentially causing alterations in 
the expression patterns of viral genes relevant to transformation. In addition to epigenetic 
changes, HPV integration into the host genome is strongly associated with cancer 
progression and considered a signature of invasive cervical cancer (ICC). HPV integration 
contributes to the malignant phenotype in cervical cancer by modifying host cell genes 
and HPV gene expression. The goal of the current study was to investigate the landscape 
of HPV methylation and host integration in CIN and ICC via high-throughput sequencing 
methods. In support of previous work, we have found that global methylation of the L2 
region of HPV appears to be elevated in ICC samples compared to CIN samples. In 
regard to host integration, we found that multiple HPV types exhibited integration into 
various host genes or intergenic regions in ICC samples. Additionally, we have found that 
HPV integration can occur in different patterns within the same genomic locus. Although 
preliminary, our data provide insights into the HPV CpG methylation sites and gene 
targets at viral–cellular junctions of different HPV types from CIN through ICC, thus 
potentially identifying new biomarkers for use in the screening and diagnosis of cervical 
cancer.
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Figure 2. Methylation status of the four most prevalent sample HPV types. Bisulfite sequencing analysis of  32 ICC and 8 CIN specimens. 
(A) HPV 16, (B) HPV 18, (C) HPV 45, and (D) HPV 33. Each row represents a sample, and each column represents a CpG site. HPV gene 
locations are at denoted at the top of each figure. Directly under are dashed lines representing CpG sites with the methylation status of the each 
corresponding site indicated in the rectangle below. Color coding depicts the degree of methylation, with dark blue being 100% and very light 
blue being 0%. White areas are indicative of sites that had no corresponding methylation data or where the read count was <10. 
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BIS Average 35.4 94.2 68.3 99.1
n = 45 Range 33.0 - 36.9 86.6 - 97.7 3.7 - 83.9 97.4 - 99.7
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Figure 1. Methods and Sample Information (A) DNA libraries were prepared using SureSelectXT Methyl-Seq 
Target Enrichment Kit and hybridized with a custom SureSelectXT Library (Agilent Technologies) designed to target 
63 HPV types and xGen Lockdown Probes (IDT) designed to target 6 cancer-relevant genes . Library samples were 
pooled and sequenced using the Illumina HiSeq 2000. (B) Captured DNA libraries were treated with bisulfite to mark 
methyated cytosines (EZ-DNA Methylation Kit; Zymo Research). Bisulfite-treated sequence reads obtained from 
Illumina Hi-Seq 2000 were analyzed by MethylCoder that generates per-base resolution of methylation data. In 
MethylCoder, the Genomic short-read nucleotide alignment program (GSNAP) was used for aligning short reads 
into reference genomes (HPV and hg19). For each CpG site, the methylation rate was calculated as the percentage 
of unconverted cytosines in each sample. (C) Number of samples broken down into bisulfite- (BIS) or non bisulfite-
treated (NonBIS) and CIN or ICC. To date, we have analyzed sequencing data on 87 unique samples and have 
another 48 with analysis pending. (D) Summary of sequencing quality and bisulfite conversion efficiency  expressed 
as averages and ranges. Quality Score (Q) represents the probability of a base being called incorrectly. A quality 
score of Q30 for a given base indicates that the chances of that base being incorrectly called are 1 in 1000. 

Sample 1 2 3 4 5 6 7
HPV 18 5.03K (97) 1.5K (0.03) 2.8K (1.3) 3.1K (4.1) 23.1K (63) 236K (96) 505 (1.4%)

HPV 31 9 (0.02) 93 (0.002) 79 (0.03) 51 (0.07) 33 (0.09) 48 (0.02) 47 (0.13)

HPV 35 0 85 (0.001) 10 (0.005) 5 (0.006) 1 (0.003) 1 (0.0004) 1 (0.002)

HPV 16 1.04K (2) 4.6M (99.9) 204K (98) 73.6K (95) 13.1K (36) 8.2K (3) 2.4K (7)

HPV 45 195 (0.3) 359 (0.007) 791 (0.4) 671 (0.87) 633 (1.7) 629 (0.3) 34.4K (92)

HPV 58 123 (0.2) 10 (0.0002) 1 (0.0005) 3 (0.004) 0 2 (0.0008) 1 (0.003)

HPV 97 15 (0.03) 5 (0.0001) 8 (0.004) 8 (0.01) 5 (0.01) 124 (0.05) 27 (0.07)

HPV 70 0 8 (0.0002) 2 (0.0001) 1 (0.001) 0 7 (0.003) 0

Sample Prep 1 1 2 2 2 3 3

HPV typing for each sample

No. reads (% total HPV reads)

Figure 4. Cross-contamination of seven ICC samples sequenced on the same lane of an Illumina flow 
cell. The table contains an example of 7 samples that were run on the same lane during sequencing. Bolded are 
the number of reads per HPV type for each sample and in parentheses are percentages of total HPV reads in 
the sample. Sample prep lane denotes three groupings of co-occurrence of shearing and library preparation for 
the 7 samples. Green highlighted boxes denote the HPV type with the highest number of reads for each sample. 
The red circles denote four samples with relatively high reads for HPV 16. In order to determine if these samples 
were truly HPV 16 positive, or if these reads were a result of cross-contamination of the HPV 16-positive 
samples, we recorded and compared HPV 16 variants from samples 2-4 and looked for them in samples 1, 5, 6 
and 7. The four red-circled samples contained some or all of the same variants as samples 2-4 and did not 
contain any unique variants in HPV 16. We propose this is indicative of cross-contamination during sequencing. 
These results were also supported by a comparison of mapped reads in HPV-negative versus HPV-positive 
samples (HPV status determined by PCR analysis), which demonstrated that if the percentage of reads for a 
given HPV type was ≤ 15% of the total viral reads, then it could be  removed as a positive type.

Sample HPV Type Viral Gene Region Locus Human Gene
1 HPV 45 E1 Intergenic 2q22.3 TEX41 - PABPC1P2 (FRA2K)
2 HPV 16 L1 Intronic 17q23.1 VMP1 (FRA17B)
3 HPV 45 L2 UTR3 5q11.2 PDE4D
4 HPV 45 L2 Intergenic 3q28 TP63 - LEPREL1
5 HPV 16 L2 Intergenic 3q28 TP63 - LEPREL1
6 HPV 16 L2 Intronic 2q22.1 LRP1B

7 HPV 70 E2 Intronic 13q12.11 CRYL1

HPV 70 E2 Intergenic 13q12.11 GJB6 - CRYL1

8

HPV 16 L2 ncRNA Intronic 8q24.21 PVT1 (Pattern 1)

HPV 16 URR ncRNA Intronic 8q24.21 PVT1 (Pattern 2)

HPV 16 L2 ncRNA Intronic 8q24.21 PVT1 (Pattern 3)

HPV 16 E2 ncRNA Intronic 8q24.21 PVT1 (Pattern 4)
9 HPV 51 E1 Intronic 4p16.3 RGS12

10

HPV 82 E2 Intronic 3p22.1 MYRIP

HPV 82 E1 ncRNA Intronic 4q25 RPL34-AS1

HPV 82 E5 ncRNA Intronic 7p15.1 JAZF1-AS1

HPV 82 E2 Intergenic 7p15.1 JAZF1-AS1 - CREB5

HPV 82 LCR Intergenic 8q22.1 PDP1 - CDH17 (FRA8B)

HPV 82 L2 Intergenic 9q33.1 DEC1 - LINC00474

HPV 82 E1 Intergenic 14q22.3 OTX2-AS1 - EXOC5

HPV 82 E1 Intergenic 18q22.1 LOC643542 - TMX3 (FRA18C)

HPV 82 L2 Intergenic 18q22.1 LOC643542 - TMX3 (FRA18C)

HPV 82 L1 Intronic 20q13.33 CDH4

11 HPV 16 L1 Intergenic Xq27.3 UBE2NL - SPANXN1 (FRAXA)

12 HPV 16 E2-E5 Intergenic 9p21.3 FLJ35282 - ELAVL2
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Figure 3. Validated HPV integration sites. 
Human-virus chimeric reads were 
assembled against the HPV genome to 
identify possible integration sites. All sites 
were then subject to verification via PCR 
and Sanger sequencing. (A) Table of 
integration sites from twelve ICC tumors, 
demonstrating integration of 5 HPV 
subtypes. Of our unique integration sites we 
have identified, 6 occur in known genomic 
fragile sites and 5 in genes for noncoding 
RNA. Viral breakpoints never occurred in E6 
or E7. Human breakpoints were either 
intergenic, intronic, or in the 3’ untranslated 
region for one tumor. Often, HPV integrated 
within the same locus in multiple patterns. 
(B) USCS Genome Browser view of one 
tumor’s four patterns of HPV 16 integration 
in the oncogene, PVT1. PVT1 is a RNA 
gene affiliated with the lncRNA class. This 
gene lies immediately downstream of MYC, 
has been associated with various cancer 
types, and lies in a genomic region that is a 
known hotspot for integration of other 
viruses. PVT1 also encodes five miRNAs. 
(C) Graphical representation of the four 
unique patterns of HPV 16 integration in 
PVT1 verified by Sanger sequencing. HPV 
DNA and breakpoints are denoted in teal 
and human DNA and breakpoints are 
denoted in red. Numbers above breakpoints 
denote the base pair position of integration 
sites.
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Conclusions and Future Directions
• We have successfully utilized bait designed to target 63 unique HPV 

types to examine methylation and integration profiles in CIN and 
ICC samples.

• Bisulfite sequencing demonstrates increased methylation in and 
around the HPV L2 region in ICC versus CIN samples.

• Multiple HPV subtypes can integrate into the host genome in ICC. 
Validated integration sites never had breakpoints in the viral E6 or 
E7 oncogenes. Several different patterns of HPV integration 
occurred within the same host genomic location.

• HPV variant analysis of samples run on the same lane in an Illumina
flow cell shows that cross-contamination may occur during 
sequencing. Additionally, we have determined that in order for a 
sample to be considered positive for any HPV type, the number of 
reads for that type must account for ≥ 15% of total viral reads.

• Future work will include:  (1) determination of HPV methylation and 
integration in 48 remaining samples, (2) pinpoint methylation 
differences in CIN versus ICC that could potentially act as future 
biomarkers for screening and diagnosis of cervical cancer (3) 
detailed investigation of HPV methylation patterns adjacent to 
integration sites, and (4) further examination of  the functional 
consequences of integration sites and how they may contribute to 
cervical carcinogenesis.

Contamination from HPV 16+ samples (971, 1115, and 1284). They do not contain unique
HPV 16 variants.


