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Abstract
Sexually transmitted carcinogenic Human Papillomavirus (HPV) infections are extraordinarily
prevalent worldwide. However, most incident HPV infections clear within a few years, whereas a
small minority persists to invasive cancer. Recent studies indicate that detection of methylated
viral DNA may distinguish women with cervical intraepithelial neoplasia grade 2+ (CIN2+) from
those with a carcinogenic HPV type infection that shows no evidence of CIN2+. Several studies
have reported a positive association between methylation of CpG sites in the L1 gene and CIN2+,
while there are inconclusive results regarding methylation of CpG sites in the Upstream
Regulatory Region (URR). In this review, we summarize the current state of knowledge on HPV
DNA methylation in cervical carcinogenesis, and discuss the merits of different methods used to
measure HPV DNA methylation. To follow the promising leads, we suggest future studies to
validate the use of methylated carcinogenic HPV DNA as a predictive and/or diagnostic biomarker
for risk of cervical cancer among HPV-positive women.
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I. Introduction
The development of cervical cancer is linked to persistent infection with at least one of 13
types (i.e. HPV16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 68) of human papillomavirus
(HPV) from the alphapapillomavirus genus (hereafter HPV refers to these 13 types) (1).
HPV infections are very common, yet cervical cancer and its immediate precursor lesion,
cervical intraepithelial neoplasia grade 3 (CIN3, precancer) are relatively uncommon.
Approximately 90% of incident HPV infections become undetectable using standard test
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methods within a few years (2), whereas persistent infections are significantly associated
with progression to CIN3 lesions (3, 4), of which approximately 30% will progress to
invasive cancer over three decades (5). Although current vaccines for HPV16/18 hold great
promise, the predominant mechanism for cervical cancer prevention for the foreseeable
future will continue to be screening and treating women with precancerous lesions. The
transition between clearance and progression represents the critical dichotomy between
benign HPV infection and substantial cancer risk that requires clinical attention (6).

The new cervical cancer screening guidelines in the United States recommend HPV co-
testing among women 30 years and older (7). Although more sensitive than cytology, HPV
testing has modest specificity and positive predictive value for detection of precancer, and
cannot distinguish infections that will resolve from those that will progress (6). Thus, an
important question is how to triage HPV-positive women. This public health need warrants
further research on the mechanisms of, and the development and validation of novel
biomarkers associated with, HPV-induced transformation and progression to precancer.

HPV viral methylation has emerged as a novel biomarker that may help distinguish benign
HPV infections from those that progress to precancer (8-28). Detection of epigenetic
changes, specifically if related to development of cervical precancer, may serve as a
predictive or diagnostic biomarker for risk of cervical cancer amongst HPV-positive women.
In this review, we describe molecular methods used to detect CpG methylation, and
summarize the current state of knowledge on HPV DNA methylation in cervical
carcinogenesis. We also identify important gaps in our knowledge required to decide how
detection of HPV viral genome methylation could be used to prevent cervical cancer.

II. Background
IIa. HPV and the Viral Life Cycle

HPV is a double-stranded, circular DNA virus approximately 8,000 base pairs in size. The
distribution of CpG sites is uneven throughout the viral genome (Figure 1). All oncogenic
HPV types code for six early genes (E6, E7, E1, E2, E4, and E5) involved in viral gene
expression and replication, and two late genes (L2 and L1) involved in capsid formation (3).
The L1 protein self-assembles into viral-like particles and is the active component in the
currently licensed HPV vaccines. The upstream regulatory region (URR) located between
the L1 and E6 genes, contains the E6 promoter and an enhancer region with cis-responsive
elements that regulate viral gene expression, replication, and packaging into viral particles
(Figure 1) (29, 30). The primary HPV oncogenes, E6 and E7, interact with a large number of
cellular targets, including the cellular tumor suppressor proteins p53 and pRb, which are
central regulators of apoptosis and cell cycle, respectively (for reviews see (31-34)). During
productive infection, E6 and E7 are expressed at relatively low levels, in part due to
transcriptional repression by E2. During the carcinogenic process, transcription of E6 and
E7 is deregulated, leading to their over-expression (33). This deregulation may be mediated
by the integration of HPV DNA into the host genome, often resulting in disruption of the E2
gene with increased E6 and E7 transcripts spliced into host sequences, causing increased
HPV oncogene expression (35, 36). However, HPV integration is not a necessary step in
malignant transformation, and other mechanisms, such as alterations of the E2 binding sites
in the URR or altered expression of E2, may be implicated (14, 16, 37). Based on these
molecular mechanisms of HPV oncogenesis, a number of biomarkers have been developed
including those associated with HPV oncogene activity (i.e., E6 and E7 mRNA expression)
and with cell cycle deregulation (38, 39). The most extensively studied biomarker is
p16INK4a, a cyclin-dependent kinase inhibitor that correlates with increased expression of
the oncogenic E7 protein (40-45).
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IIb. CpG Methylation of DNA from Oncogenic HPV
In humans, DNA methylation is facilitated by a family of DNA methyltransferases that
catalyze the addition of a methyl group to cytosines at the 5′ position of a CpG dinucleotide
pair and is typically detected by bisulfite modification of DNA (methods discussed below;
Figure 2A, 2B) (46, 47). The methyl group can alter chromatin conformation and DNA
topology resulting in displacement of transcription factors and alterations in expression (48,
49). Methylation of CpG-rich stretches of human DNA located in promoter regions of genes,
termed “CpG Islands,” are essential for normal biological processes (50). Disruption of CpG
island methylation has been documented in malignant cellular transformation (51).

Although there are no classical CpG islands within the HPV genome, regions of high density
and conservation of CpG sites (52) suggest the potential for a functional role (Figure 3). The
molecular basis and covalent alterations of methylation at individual CpG sites is poorly
understood. Targeted methylation of CpG sites may represent a mechanism by which HPV
switches from a productive infection to one leading to transformation (16). Alternatively,
methylation of HPV DNA may serve as a host defense mechanism for silencing viral
replication and transcription.

Recent studies have shown that methylation of HPV viral DNA may distinguish the
presence of CIN2+ from an acute and clearing HPV infection (Table 1) (8-27). Similar
associations between HPV methylation and other HPV-associated anogenital and head and
neck cancers have also been reported (53-56).

III. DNA Methylation Assays (Table 2)
IIIa. Non-Bisulfite Based Assays

Earlier studies of HPV methylation used methylation-sensitive restriction digestion assays
that involved pairs of methylation-sensitive and methylation-insensitive restriction
endonucleases (or isochizomers), for example HpaII and MspI, respectively (10-12, 21).
Following digestion, methylation status can be determined by Southern blotting or
polymerase chain reaction (PCR). This method is simple, relatively inexpensive, and does
not require bisulfite treatment of DNA, which is prone to DNA degradation and incomplete
conversion (methods discussed below). However, limitations include the large amount of
DNA required to perform the assay and the limited availability of methylcytosine-sensitive
restriction sites in the HPV genome (26). This approach lacks the ability to survey multiple
sites and is not quantitative.

IIIb. Bisulfite-Based Assays
Sodium bisulfite deaminates cytosine residues on single-stranded DNA molecules and
converts them to uracils, while 5-methyl cytosines remain protected from conversion. When
bisulfite-modified DNA is subjected to PCR, the uracil residues are converted to thymidines
by DNA polymerase in the amplified products (57). The ratio of C/C+T indicates the
proportion of methylated cytosines at each C in the assayed sample (Figure 2B). The
methylation status of bisulfite-treated DNA can be determined by several methods.

Methylation-specific PCR (MSP) utilizes primers designed to distinguish methylated from
unmethylated DNA, taking advantage of the sequence differences generated from bisulfite
modification (58). This technique is sensitive and specific; however, it does not provide
quantitative information and does not allow for determination of methylation status at the
nucleotide level (57). Quantitative MSP (Q-MSP) is a rapid, high-throughput technique
based on the fluorescent analysis of PCR products. Individual probes specific for each
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methylation-dependent sequence (i.e., C or T) at CpG sites allow for a fluorescent-based
quantitative assay for methylation patterns (59).

Analysis of PCR products by direct sequencing can be used to study HPV DNA methylation
at individual CpG sites, indicated by C/T nucleotides. Many studies have relied on
sequencing of cloned PCR products from bisulfite-treated DNA, and sequencing of several
individual clones to estimate percent methylation (13, 16, 17, 19-22, 24, 25, 54-56).
Although this technique can provide information on multiple CpG sites in a region, it is
labor intensive, insensitive to low levels of methylation, and inadequate for the analysis of
large numbers of samples (60). The introduction of next-generation, single molecule
sequencing makes cloning and sequencing obsolete (see below).

One of the newer high-throughput techniques, pyrosequencing, involves the photon-based
detection of released inorganic phosphate (PPi) during nucleotide incorporation (61, 62).
Recent studies have successfully designed pyrosequencing assays for the study of HPV
DNA methylation (8, 23, 26-28). Pyrosequencing allows for quantitative assessment of
methylation status at multiple CpG sites within relatively short reads (∼30 nucleotides) and
provides an average estimate of methylation levels at a specific site by providing percent
incorporation of C (methylated) vs. T (unmethylated) in bisulfite-treated DNA (60). Other
methods include the EpiTYPER assay, which involves subsequent base-specific cleavage of
RNA (i.e., cleaves at uracils and cytosines) generated from the PCR products by T7
polymerase and mass spectrometry (8, 26), Combined Bisulfite Restriction Analysis
(COBRA;(16)), and the Luminex® xMap™ system, a bead-based assay that involves the
hybridization and fluorescent detection of C/T at the C position of the CpG site using
specific probes (14).

IIIc. Next-Generation Assays
Next-generation sequencing techniques can be used to analyze the methylation status of
single CpG sites in individual HPV DNA molecules and to assess the relative heterogeneity
of HPV DNA methylation in cervical cell samples by sequencing a particular amplicon at
greater depth (i.e., thousands of single molecules from a single bisulfite-treated sample).
Technologies such as the Illumina HiSeq 2000 enable multiplex, parallel sequencing of
bisulfite-treated and amplified HPV DNA fragments, and are more accurate than
pyrosequencing in deciphering homopolymeric (i.e., stretches of identical nucleotides)
regions of the DNA template (63). Even more novel “third generation” sequencing
technologies, such as PacBio (Pacific Biosciences, Menlo Park, CA), are being adapted for
methylation analyses (64).

IV. HPV Methylation
Overall, studies have suggested an association between methylation of CpG sites in the HPV
genome and detection of cervical precancer and cancer. The positive relationship between
methylation in the L1 gene and CIN2+ seems to be relatively consistent in most studies (8,
9, 19, 20, 24-26, 28); however, the association between methylation in the URR and CIN2+
is less clear. Some studies have found decreased methylation of CpG sites in the URR in
samples with CIN2+ (10-13, 15, 23), yet others report an association between increased
methylation of CpG sites in the URR and CIN2+ (14, 16, 21, 22). Data for HPV16 and other
HPV types are reviewed below.

IVa. HPV16 Methylation
IVa1. Increased Methylation of L1 Associated with CIN2, CIN3, and Cancer—
Kalantari and colleagues studied CpG methylation in fragments containing the 3′ end of the
L1 open reading frame (ORF) through the URR in 115 clinical samples (17). They found
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increased methylation in cervical carcinomas (n=47), particularly in the L1 gene, while
methylation was relatively reduced in low grade CIN (n=17) and cytologically-normal
samples (n=51) (17). This finding was confirmed in two follow-up studies, one using laser
capture microdissection to evaluate 3 cancer samples (19) and the other, a pilot study of L1
DNA methylation and chromosomal integration in a very small set of abnormal Pap smear
samples (18). Based on these studies and others at extracervical sites (54, 55), the authors
speculated that L1 genes may be hypermethylated as a result of integration into the cellular
DNA (18).

The first study to map the whole HPV16 genome was conducted by Brandsma and
colleagues (24). Using bisulfite sequencing, they mapped 113 CpG sites from a small
collection of 13 cervical (non-malignant) samples at different stages of progression (24).
Their results indicated a pattern of increased methylation, particularly in the E5, L2, and L1
region with increasing disease severity. Fernandez et al., mapped 110 CpG sites in the
HPV16 genome using bisulfite sequencing, and detected hypermethylation of L1 and L2
with increased lesion severity in samples from a small group of women with briefly
described cervical diagnoses of normal cytology (n=10), CIN1 (n=17), CIN2/3 (43), cervical
cancer (n=17), and a set of cervical cancer cell lines (20). In a more recent publication using
pyrosequencing, Sun et al., examined 32 sites in the L1 ORF and URR and found an
association between increased DNA methylation and CIN3+ exclusively in the L1 region in
85 samples (26). Using pyrosequencing, Mirabello et al., investigated the association
between HPV16 DNA methylation and cervical disease with serial samples from a
prospective cohort study, covering all gene regions and 67 CpG sites in the HPV16 genome
(8). In pre-diagnostic HPV16 samples (taken before onset of disease or HPV clearance), a
CpG site in L2 (position 4261) showed increased methylation associated with development
of incident CIN3 (n=20). In diagnostic samples (collected at the time of diagnosis),
increased methylation at CpG sites in the E2, L2, and L1 region was associated with risk of
CIN3 (n=30) compared to women who cleared their HPV16 infections (n=34). An
independent replication study of a larger number of samples (n = 273) including CIN2 and
cancer cases, conducted by Mirabello and colleagues (28), confirmed higher methylation in
L2, L1 and E2-E4 regions among cases with CIN2+. This study also demonstrated that viral
load did not affect methylation levels and that women older than the median age of 28 years
tended to have higher methylation levels compared to women <28 years. The analysis of
serial CIN3 samples prior to CIN3 diagnosis suggested that most regions of the HPV16
genome increased methylation over time, particularly in the L1 and L2 genes.

IVa2. Studies Investigating Methylation in the URR—The URR is a region of
interest in HPV16 methylation studies since viral transcription is regulated by binding of the
HPV E2 protein to four conserved binding sites (E2BS, 5′-ACCN6CGT-3′, (65))
throughout the URR (Figure 1). E2 has the ability to both stimulate and repress oncogene
transcription; depending on which site it binds (66, 67). Because they contain conserved
CpG sites, E2BSs are of particular interest; however, the distinct functional roles of these
and other transcription factor binding sites in the URR make simple mechanistic
interpretations difficult.

The following studies suggest that decreased methylation of the HPV16 URR is associated
with increased severity of cervical neoplasia. One of the earliest reports on HPV16 DNA
methylation conducted by Badal et al., (11) analyzed the methylation status of the enhancer
and promoter region of the URR in samples from women with normal Pap smears (n=25),
CIN1-CIN3 (n=23), and cancers (n=33). They found an overall greater proportion of
methylation in samples from women with normal cytology compared to women with CIN1-
CIN3 and cancer. In a small subset of 15 samples, they mapped methylation at 11 CpG sites
in the URR enhancer/promoter region using bisulfite Sanger sequencing of PCR products
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and found that, in addition to the normal samples showing methylation at all 11 sites, 1
CIN3 and 2 cancer samples showed complete promoter and enhancer methylation, while
additional cancer samples showed methylation in the promoter region, but not the enhancer.
Taken together, these results weakened their main finding, indicating that methylation in the
enhancer and promoter region of the URR was heterogenous in a subset of CINs and
cancers. A study conducted by Hublarova and colleagues (12) evaluated methylation status
in a group of samples comprised of normal cytology (n=21), CIN1 (n=8), CIN2/3 (n=89),
and cancers (n=23) using restriction digestion and PCR. They observed higher methylation
frequencies of the enhancer and promoter region of the URR in normal cytological
specimens (81%) and decreased methylation in CIN3s and cancers (31.5% and 43.4%,
respectively). Methylation within the URR was also associated with reduced E6 expression.
Although their results indicated a trend toward decreased methylation in the URR with
severity of cervical neoplasia, methylation was present in nearly half of the cancers.
Mazumder et al., (15) showed that methylation of the URR gradually decreased from CIN to
cervical cancer, irrespective of whether the DNA was in an episomal or integrated state in
over 200 cancers and 34 CIN1-CIN3 samples. It is difficult to interpret these findings
however, as the group of CINs was heterogeneous, the major difference in methylation
status was seen between cancers of different stages, and their methylation assays were not
quantitative.

More recent studies have used bisulfite sequencing assays to determine the methylation
status of CpG sites within the URR. Piyathilake et al., (23) studied HPV16 methylation of
the URR promoter region and one CpG site (7862) in the enhancer region in 45 women with
≤ CIN1 and 30 women with CIN2+. After adjusting for demographic and lifestyle risk
factors for cervical cancer, they found that increased methylation of CpG sites in the
promoter and URR enhancer site 7862 was associated with a reduced likelihood of being
diagnosed with CIN2+ (23). A recent paper by Xi et al. (13) studied the relationship between
the number of methylated CpG sites in the URR (i.e., 0, 1, 2-3, ≥4) using bisulfite
sequencing of cloned molecules from 211 samples. Their findings indicated a lower overall
frequency of methylation of ≥ 4 of the 11 CpG sites within the URR in the 94 women with
CIN2/3 compared to the 107 women without CIN2/3. The likelihood of being diagnosed
with CIN2/3 was significantly inversely related to having ≥ 4 methylated CpGs in the URR
region, regardless of co-variates such as age, race, and HPV16 variant. Compared with the
other mentioned studies, the outcome in this analysis was CIN2/3, and only two cancers
were included.

In contrast to the above reports, other studies using different methods have indicated that
increased methylation, particularly in CpG sites overlapping E2BSs, is associated with
increased severity of CIN. One of the first studies to look specifically at methylation of all
16 CpGs within the URR was conducted by Bhattacharjee & Sengupta, (21) using
methylation-sensitive restriction enzyme digestion in 57 invasive cervical cancer and 15
cytologically-normal samples and bisulfite Sanger sequencing of PCR products in a subset
of cancers. Their results indicated that methylation of the promoter region in the URR,
which contains two E2 binding sites, was increased in cancer cases compared with
cytologically-normal controls. This association was particularly significant for site 58 which
overlaps with E2BS4 (Figure 1). Hong and colleagues studied methylation of the HPV16
URR in a small group of samples, focusing specifically on CpG sites within the promoter
and enhancer regions (27). Using pyrosequencing of bisulfite-treated DNA, they observed
that the proportion of methylated samples was highest among cancer cases (n=22, 85%
methylated), followed by specimens with normal cytology (n=10, 71% methylated) and
CIN3s (n=6, 46% methylated). Methylation levels were lowest among cases with CIN1/2
(n=5, 29% methylated). Ding and colleagues investigated the methylation patterns of 15
CpG sites within the URR in a small set of clinical specimens ranging from low-grade
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cytology (LSIL; n=17), high-grade cytology (HSIL; n=21) and squamous cell carcinoma
(n=15) (22). Using bisulfite sequencing of 5 cloned fragments per sample, they found low
frequencies of methylation at CpG sites in the 5′ URR in samples with LSIL, whereas in
HSIL specimens, more frequent methylation was observed in the enhancer and the 5′ URR
region. Cervical cancer samples showed the highest frequency of methylation, with
differences in the promoter region being the most pronounced. A recent study by
Vinokurova & von Knebel Doeberitz (16) analyzed the methylation status of the HPV16
URR in distinct stages of epithelial differentiation (i.e., basal, intermediate, and superficial
layers of the epithelium) in microdissected tissue from 3 samples. Using a combination of
cloning and sequencing of bisulfite-treated DNA and a modified version of the COBRA
assay (Table 2) (68), they reported complete methylation of all 16 CpGs in the URR in
cytologically normal, so called “latent” samples. This finding was consistent for all three
epithelial cell layers. In low-grade lesions with productive HPV infection (characterized by
expression of L1), the promoter region was only methylated in cells from the superficial
layer of the epithelium, while the enhancer region was only methylated in cells from the
basal and intermediate cell layers. The 5′URR was unmethylated in all layers. In HPV-
transformed cells from CIN3 lesions, the basal and intermediate layers displayed
methylation in the 5′ URR and enhancer regions only, with consistent methylation present
in two CpG sites overlapping an E2 binding site (E2BS1, Figure 1). Through a series of
functional studies, they reported that methylation of CpG sites within the E2BS1 was
associated with increased E6 promoter activity and that the methylated E2BS1 may recruit
additional, uncharacterized protein complexes that regulate transcription in transforming
infections. Finally, Snellenberg and colleagues focused specifically on E2BS methylation
using the Luminex xMap system (14). They determined the methylation status of three
E2BSs (excluding E2BS2 in the enhancer region) in 29 cervical squamous cell carcinomas,
38 CIN3s, and 17 cytologically-normal cervical scrapes. Methylation frequencies of all three
E2BSs were significantly higher in cancer cases compared to both CIN3s and controls.
Moreover, all cancer cases showed methylation of at least one E2BS, compared to 58% of
CIN3s, and 24% of controls.

V. Methylation of Other Carcinogenic HPV Types
One of the first studies on HPV18, conducted by Badal et al., used bisulfite sequencing of
cloned molecules to investigate methylation of the L1-URR region in 5 cytologically-normal
and 6 cervical cancer samples (10). They observed increased methylation in L1 amongst
both cancers and normal samples. Methylation in the URR was less consistent, with
hypomethylation observed in the enhancer region and increased methylation in the promoter
region in normal samples compared with cancer cases. Turan and colleagues studied HPV18
DNA methylation in a total of 11 samples with no cytologic abnormalities, 8 with low-grade
cytologic changes, 4 with high-grade cervical changes, and 14 cancers using bisulfite
sequencing of the 3′ region of the L1 gene and URR (25). They found low levels of
methylation distributed throughout the URR amongst all samples. Methylation levels were
low in cytologically-normal samples, with only sporadic methylation observed in the L1
region, while two high-grade lesions and most cancer samples showed hypermethylation in
L1. A report by Fernandez et al., analyzed all 168 CpG sites in the HPV18 genome using
cell lines and bisulfite sequencing of cloned fragments from a few samples without evidence
of neoplasia and some primary cervical cancers and found increased methylation of HPV 18
L1 in cancers compared with specimens with no detectable disease (20); however, the
clinical/epidemiological details of the samples were not presented in detail. Using MSP,
they analyzed methylation of the HPV18 E2 gene in a small set of specimens consisting of 6
cytologically-normal infections, 7 CIN1, 9 CIN2/3 and 10 carcinomas and found increasing
E2 methylation with disease severity.
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In a recent study, Wentzensen and colleagues performed whole genome methylation
analysis using pyrosequencing of CpG sites in HPV31, HPV18, and HPV45 (9).
Methylation levels in women with CIN3 compared to women with infections with <CIN2
(controls) were analyzed for all three HPV types. Increased methylation in E2, L2, and L1
was observed in specimens from women with CIN3 compared to controls in all three HPV
types. While patterns of viral methylation were dominated by high methylation levels in L1,
distinct patterns of inter- and intra-gene methylation correlation for alpha-9 types (HPV16
and HPV31) compared to alpha-7 types (HPV18 and 45) were observed. These findings
indicate that the association of viral methylation with precancer is a feature of the four most
important oncogenic HPV types, which together cause about 90% of all cervical cancers.

VI. Interpreting the HPV DNA Methylation Literature
The finding of increased CpG methylation in the HPV16 and HPV18 L1 ORFs in cancers
compared to cells from women without reported lesions is consistent in the literature.
However, there are conflicting results with regard to level of methylation of the URR and
cervical precancer and cancer. A critical source of discrepancy arises from the variability in
the CpG methylation assays used in different studies (Table 2). For example, studies using
methylation-sensitive restriction digestion assays and bisulfite cloning and sequencing are
only able to obtain qualitative (i.e., yes/no) data on CpG methylation status and have
insufficient sensitivity for detecting HPV DNA methylation at low levels (57). Furthermore,
methylation-sensitive restriction digestion, as evidenced by Badal et al., has limited
sensitivity for detecting methylation at specific CpG sites (11). Several of the studies that
used cloning and sequencing of bisulfite-treated DNA were also limited by analyzing a
small number of molecules per sample (26).

Case definitions are also very important. Most studies identified for this review analyzed
samples representative of the entire HPV-related disease spectrum, from normal cytology to
invasive cervical cancer. However, we caution against drawing conclusions when outcomes
are differentially ascertained and defined (i.e., histology versus cytology). Moreover, most
of the studies had small sample groups for each categorical diagnostic state and many used
convenience samples and did not report the criteria used to classify cases.

Sampling differences influence HPV DNA methylation analyses, as many of the reviewed
studies are based on exfoliated cervical cell specimens collected for cytology that often
contain diverse cell types. Detection of methylated HPV CpG sites may be diluted by the
presence of multifocal and heterogeneous populations with different epigenetic patterns.
Laser capture microdissection should enable validation of methylation status for women
who have heterogeneous disease (i.e., CIN1, CIN3) and multiple type infections to see
whether topographic comparisons recapitulate observed case-control differences.

Despite conflicting results, several consistent findings regarding methylation in the HPV16
URR emerged from the published data. In general, most studies showed very low
methylation levels at CpG site 7862 in the enhancer region in the HVP16 URR, even among
cases that had high methylation at other proximal CpG sites. Notably, this site overlaps an
E2 binding site (E2BS2, Figure 1) and is located in between two nucleosomes that form part
of the HPV16 origin of replication ((11, 16, 17, 21, 22, 27). Methylation of the promoter
region in cervical cancers was also consistent, even in studies where increased methylation
in the URR among cervical cancers was not the main finding ((11, 13, 14, 21-23, 27). The
HPV16 promoter region contains two E2 binding sites (E2BS3 and E2BS4) that, if modified
by methylation, may block E2 from binding and enhance transcription of the E6 and E7
oncogenes (Figure 1). These consistencies highlight the need for future hypothesis-driven
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studies to analyze the presence and functional relevance of CpG site and region specific
methylation in the HPV16 URR.

VII. Suggested HPV DNA Methylation Studies
VIIa. Important Statistical Questions

Carefully-chosen statistical methods can sharpen evaluation of specific scientific or clinical
hypotheses in HPV DNA methylation studies. For example, a global statistical test addresses
whether overall HPV DNA methylation or methylation of particular HPV gene regions is
important. When the goal is identification of individual CpG sites associated with disease,
then a site-specific analysis is required. Also when the distribution of methylation level at
CpG sites is not normal, a non-parametric test, such as Mann-Whitney test for two groups or
Kruskal-Wallis test for more than two groups should be used to identify differentially
methylated sites. The high number of CpG sites in the HPV genome, and numerous potential
methylation-based data points available to analyze, inevitably raises the question of multiple
comparisons-related false discovery; while Bonferroni-corrected significance levels are
common, discovery-phase projects warrant more liberal thresholds. Graphic visualizations
of correlations between methylation of different CpG sites will be important for informing
the development of a panel of biomarkers and for comparing methylation patterns across
HPV types (9). Incorporation of genomic information such as HPV ORFs, splice sites, and
transcription factor binding sites may lead to hypotheses concerning the functional
significance of the DNA methylation changes that can be tested through more fundamental
studies. Analyses that incorporate the correlation between adjacent CpG sites, focusing on
haplotypes rather than on specific CpG sites, may provide better understanding of the
underlying mechanism.

Methylation has the potential to serve as a predictive biomarker if it is present prior to the
diagnosis of precancer. This determination requires specific attention to serial changes in
methylation levels, as in many molecular studies of time-varying biomarkers. Thus far,
preliminary data indicates that methylation at most regions of the HPV16 genome,
particularly in the L2 and L1 genes, is higher in CIN3 at the time of diagnosis (8, 28).
Nevertheless, the temporal changes in HPV CpG methylation from exposure to persistence
to subsequent precancer and cancer require further study. As of now, it is not clear whether
methylation of HPV DNA reflects an early event that can be measured as a prognostic
biomarker of later CIN2+, or whether it is a late event that will serve only as a diagnostic
biomarker. Carefully designed studies need to consider intervals between specimen
collections; the analytic challenge will be finding the best way to examine changes in
methylation levels over time, including appropriate case/control definitions, potential
covariates, and the range and depth of serial data (i.e., how many time points) needed to
understand the natural history of HPV DNA methylation.

VIIb. DNA Methylation Analyses in Other HPV Types and Assay Design
If the observation of increased CpG methylation in the L1 ORFs among precancers and
cancers remains consistent across most carcinogenic HPV types, it should be possible to
develop a multiplex assay that measures CpG methylation at sites that are highly
discriminatory for CIN3 versus transient infections. Such an assay will need to identify and
then pool individual CpG sites into one test. This type of assay will be crucial for the triage
of HPV-positive women, so that one test could be used regardless of the type of HPV
infection. Selecting too many sites could increase the complexity and cost of the assay, and
may increase the risk of false positive results. Nevertheless, optimal discrimination may
only be achieved when multiple, less correlated sites are measured for a specific viral type.
Additional studies to address the architecture of HPV methylation and the correlation
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amongst CpG sites across different HPV types will be needed to optimize an assay.
Furthermore, it will be important to have some redundancy of coverage, to account for
genomic variants, viral integration, and/or assay complexity.

VIIc. Using Methylation Data to Determine HPV Type Attribution in Cervical Lesions
Determining the HPV type responsible for a lesion has historically been a challenge when
multiple HPV genotypes are detected. Multiple lesions may be caused by different types or a
single type may be responsible for a precancerous lesion, but may be surrounded by
transient infections of other HPV types (69). Wentzensen and colleagues evaluated the
methylation levels in cases and controls by infection status with multiple versus single (18,
31, and 45) carcinogenic HPV types (9) . Single-type infections were distinguished by
higher methylation levels compared with multiple-type infections, where causal attribution
was less clear.

VIId. Host and Viral Factors Influencing HPV DNA Methylation
Only a few studies have analyzed whether demographic and lifestyle factors affect HPV
DNA methylation and/or modify the association between HPV DNA methylation and
carcinogenesis (8, 13, 15, 22, 23, 28). One study found that oral contraceptive use was
associated with lower methylation of the URR (22) while, Piyathilake et al., found that
reported healthy-eating was associated with increased methylation in the enhancer region of
the URR (23). One large study suggested that older women had higher methylation levels
and increased risk compared to younger women (28). In summary, it appears that the
association between cervical neoplasia and HPV DNA methylation is not easily explained
by demographic and other risk factors. More definitive studies are needed with larger
sample sizes, particularly to analyze the relationship between demographics, co-factors,
HPV methylation and cervical cancer development.

Although the primary focus of this review is on viral methylation in cervical cells and HPV
progression to precancer/cancer, it is important to note that epigenetic changes occur in both
the host and viral genome of cells during neoplastic transformation (for a review see (70)).

VIII. Conclusions
Based on future studies expanding the oncogenic types and the association of CpG
methylation with precancer, it is likely that HPV viral methylation will have a role as a
candidate biomarker for translation to clinical use. Since HPV methylation can be measured
from the same specimen used for an HPV test, the most likely scenario will be as a triage
test for women screening HPV-positive. The methylation assay could guide decisions about
immediate intervention and future follow-up and identify women who need to undergo
further evaluation.

Millions of women are still at risk of cervical cancer and an enormous public health
challenge remains, particularly for women infected prior to the vaccine, and for those
oncogenic types not included in the current vaccines. The future demands additional
scientific breakthroughs in managing oncogenic cervical infections to prevent cervical
cancer.
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Figure 1. Organization of the HPV16 Genome, Upstream Regulatory Region (URR) and
Location of 112 CpG Sites
The 7,906 base pair, circular reference genome for HPV16R (NC_001526) is illustrated.
Genes expressed early in the viral life cycle (early genes) are shown in red and are prefixed
with an “E” in white, corresponding to their names. Genes expressed late in the viral life
cycle (late genes) are shown in green and are prefixed with an “L” in black. Two non-coding
regions are displayed in yellow, labeled the upstream regulatory region (URR) between the
stop codon of L1 and the start codon of E6, and the non-coding region (NCR) located
between the stop codon of E5 and the start codon of L2. A purple line at position 7906/1
denotes the first position of the genome. The black hash marks correspond to the 112 CpG
sites within the HPV16R genome and are displayed relative to their genomic position. This
figure was made using Geneious Pro 5.6.3 (71).
An enlargement of the URR is shown above the genome and illustrates the topology of the
CpG sites, four E2 binding sites and other DNA-protein binding motifs. The nucleotide
sequence of each E2 binding site is shown in capital letters with CpG sites indicated in bold
and the nucleotide position is shown for the cytosine based on the HPV16R sequence. The
color of each binding sites corresponds to whether binding of E2 inhibits (red) or stimulates
(green) E6 and E7 transcription. Transcription factor sites are depicted as indicated: YY1
transcription factor YY1, binds to E2 in the 5′ URR to stimulate transcription (66, 72). NF1,
Nuclear Factor 1, GRE, glucocorticoid response elements, AP1, Activator Protein 1, and
TEF-1, Transcription Enhancer Factor-1, are transcriptional activators (73). SP1, Specificity
Factor 1 and TFIID, Transcriptional Factor IID are transcriptional activators that can be
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sterically hindered by E2 binding (67). CpG site 31 overlaps the SP1 biding site and TFIID
binds to the TATA box to initiate transcription.
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Figure 2. Chemistry and Analysis of DNA CpG Methylation
(Panel A) Specific cytosines within the double-stranded DNA helix can be methylated by a
family of DNA Methyltransferases (DNMT3a, 3b) to form 5-methyl cytosine residues.
Removal of methyl groups (“demethylation”) occurs via the same family of enzymes. (Panel
B) Bisulfite conversion of cytosines and downstream analysis of CpG site methylation.
Bisulfite treatment of DNA deaminates unmethylated cytosine residues (labeled as “C”) on
single stranded DNA molecules, converting them to uracils (labeled “U”), while 5-methyl
cytosines are protected from conversion (labeled, “mC”) (step 1). Polymerase Chain
Reaction (PCR) amplification of bisulfite modified DNA, converts uracils to thymidines
(labeled, “T”) by DNA polymerase (step 2). The ratio of C/C+T indicates the proportion of
methylated cytosines in the assayed sample (step 3).
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Figure 3. CpG Sites in Aligned Carcinogenic HPV Genomes
Carcinogenic HPV genotypes obtained from PAVE (http://pave.niaid.nih.gov) were aligned
using MUSCLE (http://www.drive5.com/muscle/). Gene features and numbering are
referenced to HPV16R. CpG sites for each genome are identified together with the
phylogenetic relationships of the alignment. Phylogenetic and molecular evolutionary
analyses were conducted using MEGA version 5 (74). Single representatives of alpha-6
(hpv56) and alpha-5 (hpv51) flank the alpha-9 and and alpha-7 clades above and below the
horizontal line. Alpha 9/7 clade bias is indicated where a chi-square indicates a significant
difference (p<0.05) for the presence of CpG in the two clades. CpG count is the (arbitrarily
scaled) count of CpG sites at each position, while similarity is the maximal nucleotide
frequency at the alignment position.
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Table 2
Methods Used to Study Human Papillomavirus Methylation

Method Description Strengths Limitations

Non-Bisulfite Based Assays

Methylation-sensitive restriction digestion Pair of restriction methylation
sensitive and insensitive
isochizomer endonucleases.
Identification of methylation status
by Southern blotting or PCR.

Non-bisulfite method
Rapid and cost-
effective, highly
sensitive.

Incomplete restriction
digestion. Limited
availability of restriction
sites. Qualitative.

Bisulfite Based Assays

Quantitative Methylation- Specific PCR Methylation-specific probes allow
for quantitative determination of
methylation patterns and
prevalence within a mixed pool of
PCR products. Methylation can
also be detected by methylation-
specific primer design
(Methylation-Specific PCR).

High specificity and
sensitivity, has the
ability to detect one copy
of methylated DNA
among several thousand.
High throughput,
quantitative.

Detects methylation status
of several CpGs
simultaneously over a
short genomic region.

Sequencing of Individual Clones Cloning bisulfite-treated PCR
products into plasmid vectors and
sequencing individual clones.

Provides methylation
information for single
DNA molecules, allows
for determination of
variable methylation
patterns.

Slow, methylation status
may be over or
underrepresented as only a
select few clones are
chosen. Qualitative.

Pyrosequencing Sequencing PCR products for C/T
polymorphisms, based on light-
based detection of nucleotide
incorporation.

Rapid, high-throughput,
for quantitative
assessment of CpG site
methylation, allows for
assessments of DNA
methylome.

Provides an average value
of percent methylation.

EpiTYPER Base specific cleavage of
transcribed RNA from PCR
products yields distinct patterns for
the methylated and non-methylated
DNA, measured by mass
spectrometry.

High-throughput,
quantitative assessment
of CpG site methylation.

Provides an average value
of percent methylation.

Combined Bisulfite Restriction Analysis
(COBRA)

PCR amplification of bisulfite
treated DNA followed by
methylation dependent restriction
digestion of methylation-specific
sites.

Provides semi-
quantitative information
regarding the
methylation status at a
specific region.

Dependent on the
availability of informative
restriction sites.

Luminex® xMAP™ Bead-based detection assay.
Involves the hybridization and
fluorescence detection of probes
specific for the “C” of methylated
or the “T” of unmethylated CpG
sites coupled to microspheres.

High-throughput, more
sensitive than bisulfite
sequencing.

Detects only methylation
frequencies.

Next-Generation Assays

Illumina Multiplex, massively parallel next
generation sequencing of PCR
products for C/T polymorphisms.

Analysis of the
methylation status of
individual HPV DNA
molecules.

Limited applicable
statistical methods to
handle the high-density,
single CpG loci resolution
data.

Pacific Biosciences Detects nucleotide binding to the
polymerase in real time and is
sensitive to base modifications,
such as methylated CpG sites in the
DNA template.

High-throughput, no
need for bisulfite
modification of DNA.

Not adapted to studies of
HPV methylation, high
error rate, and technically
complex.
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