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Abstract

Objective—To evaluate HPV16 CpG methylation and methyl-haplotypes and their association 

with cervix precancer and cancer utilizing massively parallel single molecule next-generation 

sequencing (NGS).

Methods—A nested case-control study of HPV16 positive women was performed in a 

prospective cohort from Guanacaste, Costa Rica designed to study the natural history of HPV and 

cervical neoplasia. Controls encompassed 31 women with transient infections; there were 44 

cases, including 31 women with CIN3 and 13 with cervical cancer. DNA samples from exfoliated 

cervical cells were treated with bisulfite and four regions (E6, E2, L2 and L1) were amplified with 

barcoded primers and tested by NGS. CpG methylation was quantified using a bioinformatics 

pipeline.

Results—Median methylation levels were significantly different between the CIN3+ cases versus 

controls in the E2, L2, and L1 regions. Methyl-haplotypes, specifically in 5 CpG sites included in 

the targeted L2 region, with the pattern “−−+−+” had the highest Area Under the Curve value 
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(AUC = 88.40%) observed for CIN3 vs. controls. The most significant CpG site, L2 4277, 

determined by bisulfite NGS had an AUC = 78.62%.

Conclusions—This study demonstrates that NGS of bisulfite treated HPV DNA is a useful and 

efficient technique to survey methylation patterns in HPV16. This procedure provides quantitative 

information on both individual CpG sites and methyl-haplotypes that identify women with 

elevated present or subsequent risk for HPV16 CIN3 and cancer.

Introduction

Cervical cancer is the third most commonly diagnosed cancer and the fourth leading cause 

of cancer deaths in women worldwide [1]. There are approximately 530,000 new cases and 

275,000 associated deaths annually [2]. Nearly all cases of cervical cancer are caused by a 

persistent infection with a high-risk (HR) type of human papillomavirus (HPV), which 

includes approximately 12 genotypes within the genus Alphapapillomavirus [3]. Of these, 

HPV16 and HPV18 are the two most important carcinogenic HPV types and together cause 

70% of cervical cancer and 50% of the precancerous lesions, specifically cervical 

intraepithelial neoplasia (CIN) grade 3 (CIN3) [4-6]. Cervical cancer develops over decades 

from an acute infection with a carcinogenic HPV type that is maintained as a persistent 

infection [7], whereas the majority of infections clear spontaneously [8].

Prevention of cervix cancer has been accomplished through Pap test screening and more 

recently co-testing that also includes Pap and HPV testing. Most recently, primary stand-

alone HPV testing is also an option [9]. Management options for abnormal screening tests 

include colposcopy versus close-surveillance [10]. A positive HPV result, however, has 

insufficient specificity since it does not discriminate between HPV-associated cancer-

relevant lesions (CIN2+) and transient, clinically benign infections [11, 12]. HPV 

persistence represents a critical distinction between infections with substantial risk of 

progression to CIN3 or cancer and those that are benign or transient [13]. Referral rates to 

colposcopy are high in screening settings and diagnostic tests, which can readily distinguish 

between women with cervical precancer from those transiently infected are necessary to 

improve the utility of HR-HPV testing [11, 12]. With the FDA approval of multiple HR-

HPV tests and recent data indicating the advantages of HPV testing as part of the secondary 

prevention of cervical cancer, differentiation between benign cervical HR-HPV infections 

and those at risk to progress represents an urgent and significant clinical challenge [10].

The molecular mechanisms underlying persistence and progression to precancer and cancer 

are largely unknown [10, 14]. As a result, there is a clinical need for additional biomarkers, 

particularly amongst HPV+/cytology- women; a substantial proportion of women tested for 

HPV in cervix cancer screening programs [10]. An area of promising study is the epigenetic 

modifications, i.e., DNA methylation of the viral double-stranded DNA genome as a 

biomarker for women at risk for cancer [15]. Moreover, these epigenetic changes may also 

provide insights into the molecular mechanisms of progression [16, 17]. In recent years, 

multiple studies have focused on evaluating the association of HPV16 genome methylation 

with cervical precancer and cancer [18-25]. These studies provide a consistent model 

whereby the HPV16 genome shows increased DNA CpG methylation in women with 
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precancerous lesions and cervical cancer, compared to women who are able to clear their 

infection [18-20, 26].

In this study, we use an emerging technology for detection of HPV methylation by 

sequencing bisulfite-treated HPV16 DNA using massively parallel single molecule 

sequencing. Specifically, we evaluated the HPV16 methylome for methyl-haplotypes, the 

combination of methylated CpG sites on a single molecule as previously described [24], 

combined with quantifying CpG methylation sites. The methyl-haplotype is the combination 

of the methylation statuses of CpG sites (+, the C is methylated; −, the C is unmethylated) in 

cis determined from a single read. For example, a DNA amplicon with 3 CpG sites has the 

following eight possible methyl-haplotypes: −−−, +−−, −+−, −−+, ++−, +−+, −++, +++. 

With the anticipated widespread implementation of HPV DNA testing for cervix cancer 

prevention, the clinical objective of this study was to determine the significance of HPV16 

methyl-haplotypes to identify HPV16-positive women with or at risk for CIN3+ in a 

prospective study previously evaluated for single site methylation [23].

Methods

Study population

Cervical specimens were selected from a random sample, population-based longitudinal 

study of the natural history of HPV infection and cervical neoplasia amongst 10,049 women 

in Costa Rica [27]. Women over the age of 18 were recruited for screening between June 

1993 and December 1994 and were followed for up to 7 years. At each clinical visit, a 

cervical sample was taken from the cervix for HPV testing [27, 28]. The study protocol was 

reviewed and reapproved annually by the National Cancer Institute and Costa Rican 

Institutional Review Boards [27].

Cervical samples, DNA isolation, and HPV16 detection

For the current nested case-control study, 75 women with single HPV16 type infections were 

selected for 3 main infection outcomes: (1) transient or cleared, 31 women; (2) CIN3, 31 

women; and (3) cervical cancer, 13 women. In addition, there were 13 women who had 

multiple specimens prior to the diagnosis of CIN3 or cancer. DNA was isolated and 

previously tested for the presence of HPV16 by MY09/MY11 PCR and type specific 

oligonucleotide (dot blot) hybridization [29].

Bisulfite treatment

Cervical DNA samples were treated with bisulfite using the EZ DNA methylation kit (Zymo 

Research, Orange, CA), as recommended by the manufacturer. In brief, 25 μl of extracted 

DNA from cervical samples were mixed with dilution buffer and denatured at 37° C for 15 

minutes. Following denaturation, 100 μl of freshly prepared sodium bisulfite was added and 

the samples were incubated at 50° C for 16 hours. Post-treatment, samples were 

desulphonated, washed with 70% ethanol, eluted in 30 μl of elution buffer and stored at 

−20°C. Following bisulfite conversion and PCR amplification, unmethylated C’s are 

converted to T’s, whereas methylated C’s are retained as C’s [30]. The ratio of C/C+T 

indicates the proportion of methylated cytosines at each CpG site in the assayed sample.
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Primer design, PCR amplification and NG sequencing

Four regions within the HPV16 genome were selected for testing using NG sequencing 

assays for quantitating CpG methylation based on our previous data using pyrosequencing 

[20]. Methylation sensitive primers based on converted C to T changes at non-CpG sites 

after bisulfite treatment were designed using MethPrimer (http://www.urogene.org/

methprimer/index1.html) [31]. The primers were designed to amplify fragments containing- 

3 CpG sites in the E6 Open Reading Frame (ORF) region (494, 502, 506); 9 CpG sites in the 

E2 ORF region (3412, 3415, 3417, 3433, 3436, 3448, 3462, 3473, 3496); 5 CpG sites in the 

L2 ORF (4240, 4249, 4261, 4270, 4277); and 4 CpG sites in the L1 ORF (7034, 7091, 7136, 

7145). In total, 21 CpG sites across four open reading frames were surveyed. Each forward 

primer contained a specific 8 base pair barcode to identify each sample (see Bioinformatics 

below). Oligonucleotide primers were synthesized by Integrated DNA Technologies (IDT, 

Coralville, IA) (see TableS1).

Each reaction mixture contained 1 μl of bisulfite-treated DNA, 400 nM dNTP, 4.0 uM 

MgCl2, 2.5 μl 10× Buffer, 0.2 uM of the forward and reverse primers, and 0.08 units of 

HotStart-IT polymerase (United States Biochemicals, Cleveland, OH) in a total reaction 

volume of 25 μl. The PCR conditions and annealing temperatures for each assay are 

provided in Table S1. After confirming the signal intensity of each PCR product on a 3% 

agarose gel, the amplicons were pooled at similar molar quantities. The PCR products from 

each of the four assays were pooled separately and isolated by electro-elution, precipitated 

with isopropanol and 3M NaOAc (Sodium Acetate) and resuspended in 50 μl of Elution 

Buffer as previously described [25]. The isolated DNA’s were submitted for library 

construction and sequenced using paired-end reads on an Illumina HiSeq 2000 at the Albert 

Einstein Epigenomics Core Facility.

Bioinformatics and determination of CpG methylation status

Illumina sequencing data files were first filtered for low quality reads using a minimum 

average read PHRED score of 25 and minimum nucleotide PHRED score of 25 in a 5 bp 

sliding window [32, 33]. The data was then demultiplexed based on the 8 bp DNA Hamming 

barcodes to assign sequencing reads to their sample of origin [34]. Quality control and 

demultiplexing were performed using the mubiomics package [35]. Following 

demultiplexing, we employed Bismark (The Babraham Institute, Cambridge, UK) [36]. 

Bismark first builds a bisulfite-converted reference library from DNA sequences (e.g., 

HPV16 genomic sequences). It then maps paired-end reads to the bisulfite converted library 

to determine the methylation state of CpG, and non-CpG cytidines [36]. Three Python 

scripts (Python is a programming language with many open source commands or scripts), 

which operate in a pipeline, were developed in our laboratory to process the Bismarck 

output. The methtable.py script produced a pattern of methylation for every sequenced 

molecule, indicating whether cytidines in the assay were methylated (+), unmethylated (−), 

missing (o) or in disagreement for reads from each direction (x). The methcount.py script 

then generated counts of each unique pattern for each sample. Finally, the 

methsummarize.py script produced site-specific methylation percentages for each assayed 

cytidine in each sample by comparing the ratio of methylated cytidines (C) to the total 
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number of methylated and unmethylated cytidines (T + C) at each cytidine in the assayed 

fragment. All scripts are available from the authors upon request.

Statistical Methods

All observations with a total number of reads less than 500 were removed from analysis. To 

evaluate this cut point, data were randomly sampled at increasing read counts and median 

methylation was calculated and stratified by infectious outcome. In each instance, the 

median was stable after 500 reads. Based on these criteria the number of samples varies for 

each PCR assay (see Table 1).

Single site CpG methylation was summarized by median and range within each of the 

samples for controls, CIN3, or cancer. In order to assess differences amongst the three 

outcome groups, Kruskal-Wallis tests were performed and where significant, the 

corresponding Mann-Whitney test was further utilized. The p-values were adjusted to 

account for false discovery rates (FDR) that were below a nominal 0.05 [37].

To determine the magnitude of association of single CpG sites and methyl-haplotype 

patterns with clinical outcome, odds ratios (ORs) and 95% confidence intervals were 

computed by dichotomizing results using the median methylation levels of a single site or 

pattern. ROC analyses were performed to assess the discrimination between CIN3 and 

transient infection of using either methylation at single sites or methyl-haplotype patterns. 

The area under the curve (AUC) and 95% CI of single sites and the best 5 patterns are 

reported. ROC curves of the single sites and patterns with highest AUC were overlaid to 

compare the discrimination achieved with methyl-haplotypes compared to a single CpG site.

The longitudinal serial samples from subjects who developed CIN3+ were grouped in time 

periods based on years to diagnosis. For each time period, the median methylation 

percentages were calculated. This procedure was performed for single sites (data not shown) 

in each segment and for the methyl-haplotype patterns within each region (top 5 patterns in 

this analysis) and are presented. All inference based tests were held at an α level of 0.05 and 

all statistical computing was performed in the R environment version 2.12.2 [38].

NG Sequencing Validation

A subset of CpG methylation data from NG assays were compared with pyrosequencing 

methylation data that was previously determined [15]. Agreement with available 

pyrosequencing data was evaluated using linear regression and a Pearson’s correlation 

coefficient (r). Linear regression curves indicated excellent agreement between NG 

sequencing and pyrosequencing results for single CpG site methylation with overall r = 0.99 

for the E6 region (n=14), r = 0.91 for E2 (n=16), r = 0.97 for L2 (n=16), and r = 0.97 for the 

L1 region (n=11). This agreement is similar to that detected in our previous studies 

comparing HPV16 pyrosequencing and NGS methylation data [24, 25].
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Results

Analyses of Single CpG Site Quantitative Methylation determined by bisulfite NGS

The association of HPV16 methylation levels at specific CpG sites among 3 infectious 

outcomes (transient infections no disease, CIN3, and cancer) was evaluated using NGS (see 

Table 1). Prior to accounting for multiple testing (unadjusted), methylation levels were 

significantly different among the 3 groups; 6 of 9 CpG sites in the E2 region, all 5 CpG sites 

in the L2 region, and 3 of 4 CpG sites in the L1 region. Methylation levels were significantly 

higher in patients with CIN3 and cancer. After accounting for multiple testing using the 

Benjamini-Hochberg method (FDR Adjustment), median methylation levels were 

significantly different among the 3 groups in 4 of the 9 CpG sites in E2, all 5 CpG sites in 

L2, and 3 of 4 CpG sites in L1. Overall, the level of CpG methylation was low in the E6 

region and no significant differences were noted among the 3 groups.

We examined the differential methylation among patients in the control group versus 

patients with CIN3 and cancer. Comparing the control group to patients with CIN3, we 

observed that 3 of 9 CpG sites in the E2 region, all 5 CpG sites in the L2 region, and 2 of 4 

CpG sites in the L1 region had significantly higher median methylation percent levels in 

patients with CIN3. As expected, there were also significantly higher median methylation 

levels noted when comparing patients with cancer vs. controls in 5 of 9 CpG sites in the E2 

region, all 5 CpG sites in the L2 region, and 3 of 4 CpG sites in the L1 region (see Table 1). 

Of the analyzed sites, one CpG site in the E2 region (site 3496) revealed significant 

differences in median methylation levels in cervical cells from patients in the CIN3 group 

compared to those with cancer.

Magnitude of association of CIN3 and cancer with NG determined methyl-haplotype and 
single CpG site methylation levels

Next we compared association of methylation levels of single CpG sites versus methyl-

haplotypes for CIN3. Table 2 shows the Odds Ratios (OR) and the mean Area Under the 

Curve (AUC) values at single HPV16 CpG sites. The association of single CpG sites in 

patients with CIN3 vs. patients in whom the HPV16 infection cleared was statistically 

significant in 5 of 9 CpG sites in the E2 region, 5 of 5 CpG sites in the L2 region, and 3 of 4 

CpG sites in the L1 region. The OR was highest (30.3) at sites 4270 and 4277 within the L2 

region (p<0.0001). The highest AUC for single sites were noted at the CpG sites 3436 in the 

E2 region (72.70%), 7145 in the L1 region (73.32%), and 3 sites in the L2 region – 4261 

(75.45%), 4270 (77.93%), and 4277 (78.62%), the last having the highest mean AUC 

(p<0.0001).

We examined the utility of using methyl-haplotypes that are generated from single molecule 

reads that reveal CpG methylation states “in phase”. As previously described, a pattern is 

comprised of “+’s” which represent methylated sites at a given position and “−’s”, which 

represent sites that were not methylated [24, 25]. For example, a pattern “+−+−“ with a 

count of 1,400 represents 1400 single molecules sequenced by Illumina in which site 1 and 

site 3 were methylated, while sites 2 and 4 were unmethylated in each read. We 

hypothesized that methy-haplotypes may be more informative of the methylation status in a 
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specific region of the HPV16 genome than single CpG sites and thus analyzed the ORs and 

AUCs for methyl-haplotypes calculated from each assay comparing cases and controls 

(Table 3). Table 3 displays the 5 methyl-haplotypes with the highest mean AUCs and 

corresponding OR’s per segment of HPV16. The highest ORs and mean AUCs observed 

were in the L2 region, with the pattern “−−+−+” being most strongly associated with CIN3 

compared to patients that cleared HPV, having an OR of 25.85 and an AUC of 88.40%. 

When comparing single CpG sites and methyl-haplotypes, the L2 methyl-haplotypes had the 

highest AUCs (AUC 88.40% vs. 78.62%) compared to the single CpG site L2 4277 that had 

the highest AUC for single sites (see Table 2 and Figure 1)

Longitudinal analyses

To explore the predictive value of CpG methylation, we analyzed the data on 13 women with 

persistent HPV16 infection, who had multiple cervical samples (ranging from 2-6 samples 

per patient) collected at successive screening visits prior to their CIN3 or cancer diagnosis. 

In this sub-analysis, we evaluated HPV16 methyl-haplotypes in each successive specimen up 

to and including the diagnostic specimen. Two distinct patterns were observed, one where 

the median percent methyl-haplotype increased as the interval to diagnosis decreased (see 

L2 patterns), and a second pattern where the median percent methyl-haplotype remained 

relatively constant over the 7 year period (see E2 and L1 patterns, Figure 2).

Discussion

This study tested the use of next-gen sequencing of bisulfite treated DNA from exfoliated 

cervical cells to quantitate HPV16 CpG methylation sites and methyl-haplotypes and their 

association with cervix precancer/cancer. This study builds upon the previous validation of 

the bisulfite-NG method and utilizes this technology to evaluate HPV16 CpG methylation 

and methyl-haplotypes as a marker for cervix precancer and cancer. Moreover, the analysis 

on methyl-haplotypes is only beginning to emerge as a method of evaluating cervix cancer 

risk and disease detection. We analyzed HPV16 DNA methylation at CpG sites in 4 regions 

(E6, E2, L1, and L2) amplified as single fragments of the HPV16 genome utilizing barcoded 

primers to identify individual samples and specific fragments. This is the third study by our 

group to utilize NG high-throughput sequencing for epigenomic analysis of HPV16 and 

supports the laboratory efficiency compared to other methods [24, 25]. The current study 

also reports analyses of new CpG sites in the E2 ORF that were not previously analyzed by 

pyrosequencing, in addition to applying this technique to a cohort of women from a 

population-based longitudinal study. The main conclusion is that this method is simpler, 

cheaper and provides additional information than the current “gold standard” of 

pyrosequencing [15].

Our findings further strengthen HPV methylation studies by the additive ability to analyze 

HPV16 methyl-haplotypes using NG sequencing technology. Next-generation (NG) 

sequencing can be utilized to evaluate the methylation status of bisulfite-treated DNA by 

sequencing a particular amplicon at the single molecule level evaluating multiple CpG sites 

in a gene region [15, 39]. This contrasts the laborious pyrosequencing method that provides 

individual site quantitative methylation data by sampling a heterogeneous DNA population 
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of DNA molecules [40]. The use of NG sequencing also provides additional information 

about methylation at multiple CpG sites in cis across a DNA fragment, allowing 

reconstruction of methyl-haplotypes or patterns of methylation by evaluating a string of CpG 

sites on single molecules. By analyzing methyl-haplotypes or patterns of methylation, we 

were able to conclude that specific patterns in the E2, L2, and L1 regions were as strong or 

showed stronger association with CIN3, the true precancer lesion needing treatment, than 

single CpG sites alone. Specifically, comparing cases and controls, the ORs and mean 

AUC’s were highest in the L2 region, reaching 88.4% for the pattern “−−+−+” compared to 

highest mean AUC of 78.62% for single CpG site 4277 in the L2 region (Figure 1). In the 

same cohort, Mirabello et al. [23], reported the highest AUC (82%) at position L1 6457. 

This region was not evaluated in the current report. We have also developed a nomenclature 

to organize the massive amounts of data, naming each assay by the ORF or region of the 

genome, giving an assay number, and listing the CpG sites within each assay (see [25] for a 

detailed description). This study focused on a single fragment from 4 different regions of the 

HPV16 genome (assays: E6.1, E2.1, L2.1 and L1.2) based on previous data of significant 

CpG sites in the HPV16 genome [20]. Nevertheless, larger studies will need to be performed 

to establish the most significant regions for CpG analyses for clinical risk stratification.

The analyses comparing women with CIN3 and cancer identified a single CpG site E2 3496, 

not previously analyzed, that showed significant differences between samples from women 

with precancer and cancer (see Table 1). In fact, in most cases median methylation levels 

increased in cross-sectional diagnostic samples from women with precancer and cancer 

suggesting an ongoing process of CpG methylation. Similar differences were observed 

between samples from women with CIN2/CIN3 and cancer in a previous report, but whether 

this was related to combining CIN2 and CIN3 was not discerned [23]. Understanding 

whether CpG methylation is mechanistically involved in precancer development and 

progression will require additional multidisciplinary research. This study provides a basis 

for further investigation in this area.

Our study has several strengths and limitations. We used a well-established cohort for which 

we had prior knowledge on site-specific methylation and CIN3+, allowing analytical 

evaluation of NGS of bisulfite DNA. In addition, we were able to apply our recent published 

technology to studying methyl-haplotypes in longitudinal samples over time. This study had 

limitations in sample size, the focus on a few regions of the HPV16 genome and the inability 

to analyze possible etiologic cofactors in small subsets of women. There were also a limited 

number of longitudinal samples, allowing only preliminary evaluation of the long-term 

outcome of women over time with different levels of methyl-haplotypes. This study also 

used median methylation levels to categorize methylation states for odds ratio estimations 

and cannot be directly compared to previous work comparing tertiles. The best analytical 

techniques for evaluation of quantitative HPV CpG methylation data with precancer and 

cancer risk still remain to be defined.

In conclusion, this work continues to support the use of NG sequencing technology as a 

robust method to identify and interpret HPV16 methylation. It has advantages over 

pyrosequencing with its ability to provide methylation data at multiple sites within a region 

now referred to as a methyl-haplotype. Using these methods, we demonstrate that 
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methylation is significantly higher in women with CIN3 and cancer and we suggest that 

methyl-haplotypes deserve further consideration for risk assessment and disease association. 

Given that most HPV16 infections are transient and regress over time, it is increasingly 

important to identify the women that require colposcopy and treatment to prevent and/or 

treat cervical cancer. The advantages of bisulfite NG sequencing of HPV16 genomes 

indicate that this a technology that requires further investigation in additional populations, 

development of high-volume methods and establishment of best regions of CpG analyses to 

evaluate whether this promising marker of precancer/cancer can be moved into the clinical 

arena.
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Research Highlights

• Next Gen sequencing is an efficient method to quantitate HPV16 CpG 

methylation

• Methyl-haplotypes of HPV16 methylation are associated with cervical precancer

• L2 Methylation increases over time in HPV16 infections leading to precancer
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Figure 1. Receiver operating characteristic curves for highest AUC of methyl-haplotype and 
single-site per region
Receiver operating characteristic (ROC) curves with highest AUCs for methyl-haplotypes 

and single-sites in HPV16 regions (A) Region E2, (B) Region E6, (C) Region L2, (D) 

Region L1. The % sensitivity, the true positive rate, is given along the y-axis versus 1-

specificity along the x-axis, with a diagonal reference line.
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Figure 2. Longitudinal analysis of methyl-haplotypes with highest AUC per region
Mean % methylation by methyl-haplotypes for 30 serial samples from 13 women collected 

0-7 years before diagnosis of CIN3+ in HPV16 regions (A) Region E6, (B) Region E2, (C) 

Region L2, (D) Region L1. The legend within the figure indicates the symbol and time 

interval to diagnostic samples. The x-axis indicates each individual methyl-haplotype by 

gene region. The y-axis indicates mean log10 prevalence or the % of pattern over the total 

patterns.
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Table 1
Association of HPV16 methylation levels at specific CpG sites and infection outcomes

Median (Range) FDR Adjusted

3

groups
a

3

groups
b Controls Controls CIN 3

Gene CpG Site Controls CIN 3 Cancer KW KW vs. CIN3
c

vs. Cancer
c

vs. Cancer
c

N=21 N=29 N=13

E6

494 1.16(0.60, 3.06) 1.54(0.32, 82.98) 1.76(0.62, 83.62) 0.26 0.35 0.35 0.35 0.75

502 1.45(0.68, 4.63) 2.24(0.49, 86.32) 2.52(0.64, 84.86) 0.24 0.32 0.32 0.32 0.71

506 1.05(0.48, 1.92) 1.24(0.43, 84.27) 1.12(0.53, 84.02) 0.75 0.75 0.75 0.75 0.75

N=18 N=28 N=13

E2

3412 0.43(0.18, 5.36) 1.68(0.18, 97.03) 5.40(0.22, 91.66) 0.01 0.02 0.02 0.02 0.34

3415 0.42(0.25, 4.38) 1.09(0.12, 90.25) 4.56(0.26, 84.60) 0.03 0.05 0.16 0.02 0.16

3417 0.28(0.19, 1.90) 0.62(0.12, 95.48) 2.07(0.22, 84.91) 0.01 0.01 0.07 0.01 0.12

3433 0.57(0.32, 8.64) 3.19(0.21, 93.04) 5.82(0.23, 89.15) 0.05 0.07 0.07 0.07 0.56

3436 0.42(0.23, 7.23) 1.94(0.22, 95.96) 4.91(0.26, 90.15) 0.00 0.01 0.01 0.01 0.26

3448 1.12(0.28, 7.53) 1.94(0.11, 90.73) 5.72(0.21, 91.77) 0.45 0.60 0.60 0.60 0.60

3462 0.39(0.22, 4.98) 1.23(0.11, 83.41) 1.45(0.21, 75.67) 0.11 0.19 0.19 0.18 0.40

3473 0.48(0.25, 3.78) 0.88(0.21, 77.72) 2.13(0.28, 74.86) 0.05 0.10 0.34 0.06 0.11

3496 0.74(0.32, 11.11) 2.89(0.11, 92.41) 12.80(0.51, 83.27) 0.00 0.00 0.05 0.00 0.05

N=25 N=29 N=11

L2

4240 5.55(0.34, 96.31) 20.71(1.32, 88.35) 34.64(2.01, 87.83) 0.00 0.01 0.02 0.01 0.12

4249 1.17(0.34, 95.34) 3.98(0.49, 69.56) 4.64(0.52, 67.18) 0.01 0.02 0.02 0.03 0.50

4261 1.24(0.10, 95.66) 8.81(0.75, 87.82) 17.20(1.41, 84.90) 0.00 0.00 0.00 0.00 0.21

4270 0.87(0.30, 32.12) 7.11(0.59, 75.48) 6.24(0.69, 67.13) 0.00 0.00 0.00 0.00 0.42

4277 1.67(0.25, 95.55) 7.78(0.84, 82.03) 12.63(0.52, 83.74) 0.00 0.00 0.00 0.00 0.27

N=17 N=28 N=13

L1

7034 0.76(0.11, 12.09) 3.52(0.37, 45.65) 9.27(1.22, 86.42) 0.01 0.01 0.04 0.01 0.06

7091 13.06(0.76, 41.66) 15.66(0.59, 82.04) 32.49(1.78, 93.89) 0.09 0.12 0.91 0.10 0.10

7136 1.46(0.26, 28.20) 3.37(0.48, 75.76) 9.27(0.89, 92.19) 0.02 0.05 0.10 0.04 0.10

7145 1.03(0.18, 14.79) 6.02(0.31, 76.45) 12.10(1.01, 91.50) 0.01 0.01 0.01 0.01 0.20

P value <0.05, or significant at the accepted rate of FDR

N, number of samples; KW, Kruskal-Wallis test; FDR, False Discovery Rate

a
p-value corresponding to association between methylation at specific CpG sites with the 3 infection outcomes

b
p-value corresponding to association between methylation at specific CpG sites with the 3 infection outcomes

c
p-value corresponding to association between methylation at specific CpG sites with Controls versus CIN3 or Cancer; and CIN3 versus Cancer, 

FDR Adjusted (Benjamini-Hochberg)
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Table 2
Odds Ratios and ROC Analyses of CIN3 vs. Controls based on NGS determined HPV16 
Methylation Levels

Gene CpG Site
Odds Ratio

(95% Confidence Interval) p-value
Mean AUC %

(95% Confidence Interval) p-value

E6

494 1.8 (0.59, 5.49) 0.15 62.89% (58.61, 67.40) 0.06

502 2.09 (0.68, 6.43) 0.10 63.22% (58.97, 67.05) 0.06

506 2.09 (0.68, 6.43) 0.10 53.04% (47.51, 57.51) 0.36

E2

3412 3.61 (1.12, 11.68) 0.02 69.84% (65.00, 71.85) 0.01

3415 2.20 (0.72, 6.74) 0.08 61.59% (58.20, 65.22) 0.08

3417 3.61 (1.12, 11.68) 0.02 66.19% (61.45, 69.61) 0.03

3433 3.61 (1.12, 11.68) 0.02 67.94% (66.21, 71.67) 0.02

3436 5.50 (1.58, 19.09) 0.00 72.70% (66.89, 76.67) 0.00

3448 1.65 (0.55, 4.97) 0.19 59.05% (56.94, 62.22) 0.14

3462 2.20 (0.72, 6.74) 0.08 62.06% (57.37, 63.84) 0.07

3473 1.65 (0.55, 4.97) 0.19 57.94% (49.17, 66.67) 0.17

3496 3.03 (0.96, 9.55) 0.03 66.51% (64.40, 71.94) 0.02

L2

4240 3.40 (1.10, 10.53) 0.02 69.93% (67.00, 74.75) 0.01

4249 5.20 (1.56, 17.32) 0.00 71.72% (66.38, 75.42) 0.00

4261 14.63 (3.24, 65.94) 0.00 75.45% (72.07, 78.93) 0.00

4270 30.33 (4.95, 185.94) 0.00 77.93% (74.83, 81.44) 0.00

4277 30.33 (4.95, 185.94) 0.00 78.63% (75.00, 81.77) 0.00

L1

7034 6.75 (1.72, 26.47) 0.00 69.33% (65.38, 74.75 0.02

7091 1.30 (0.40, 4.22) 0.33 51.05% (49.26, 56.59) 0.46

7136 5.18 (1.40, 19.19) 0.01 65.13% (60.16, 70.75) 0.05

7145 6.75 (1.72, 26.47) 0.00 73.32% (69.50, 80.00) 0.00

P value <0.05 is significant
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Table 3
HPV16 Methyl-haplotypes associated with CIN3 vs. Controls

Gene Pattern
Odds Ratio

(95% Confidence Interval) p-value
AUC %

(95% Confidence Interval) p-value

E6

−+− 5.68 (1.54, 20.96) 0.00 69.90% (68.79, 72.93) 0.01

− − − 0.41 (0.13, 1.27) 0.06 67.72% (66.38, 70.24) 0.98

+−− 1.73 (0.56, 5.31) 0.17 64.97% (63.62, 67.59) 0.04

−−+ 0.97 (0.32, 2.93) 0.48 60.78% (58.62, 63.28) 0.11

++− 1.73 (0.56, 5.31) 0.17 60.10% (58.36, 62.41) 0.11

E2

−++−−−−−− 1.42 (0.03, 74.31) 0.43 71.08% (70.44, 72.67) 0.00

+−−−+−−−− 1.42 (0.03, 74.31) 0.43 70.25% (69.79, 74.17) 0.00

+−−+−−−−− 1.42 (0.03, 74.31) 0.43 69.5% (68.97, 72.50) 0.00

−−−−+−−−+ 1.42 (0.03, 74.31) 0.43 68.56% (68.06, 71.25) 0.01

−−++−−−−− 1.42 (0.03, 74.31) 0.43 68.47% (67.82, 71.00) 0.01

L2

−−+−+ 25.85 (4.22, 158.43) 0.00 88.40% (88.07, 90.52) 0.00

++−+− 1.16 (0.02, 60.42) 0.47 82.40% (82.14, 85.49) 0.00

+−−+− 5.77 (1.63, 20.41) 0.00 82.29% (81.97, 86.06) 0.00

−−−−+ 12.46 (2.76, 56.19) 0.00 80.89% (80.57, 84.14) 0.00

−−−++ 8.00 (2.06 31.00) 0.00 78.94% (78.59, 82.00) 0.00

L1

+−−− 7.41 (1.74, 31.60) 0.00 75.82% (74.78, 79.69) 0.00

−−+− 5.33 (1.36, 20.91) 0.01 73.44% (72.10, 78.35) 0.00

−−−+ 4.09 (1.10, 15.17) 0.02 72.99% (71.88, 77.90) 0.00

−+−+ 3.26 (0.91, 11.63) 0.03 70.98% (69.98, 75.22) 0.01

++−+ 1.63 (0.03, 85.85) 0.40 70.15% (69.72, 74.55) 0.01

P value <0.05 is significant
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