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Abstract The mechanisms that regulate papillomavirus
gene expression include DNA methylation. The transcrip-
tion of papillomavirus oncogenes E6 and E7 is controlled
by certain regulatory elements in the LCR, which include
binding sites for the E2 protein, a viral regulator of onco-
gene expression. In HPV-31-infected exfoliated cervical
cells, the CpG methylation of the entire LCR was deter-
mined by next-generation sequencing after bisulfite modi-
fication. Six of the 22 cases had methylated CpG sites in
the HPV-31 LCR, including position 7479 and/or 7485, at
the promoter distal E2 binding site, thus suggesting a

potential regulatory mechanism for papillomavirus
transcription.
Keywords HPV 31 - Long control region (LCR) - CpG

methylation - E2 binding site

Human papillomavirus type 31 (HPV-31), a member of the
HPV-16-related alpha-9 species, accounts for approxi-
mately 4 % of invasive cervical cancers globally [1, 2].
Expression of early papillomavirus genes, including the E6
and E7 oncogenes, is controlled by the noncoding long
control region (LCR) which contains binding sites for both
the papillomavirus regulatory proteins (E1, E2), as well as
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for numerous cellular transcription factors. E2, the major
viral regulatory protein, modulates the expression of E6
and E7 oncogenes through binding to consensus target
sequences in the LCR. The LCR of high-risk papillo-
maviruses contains four highly conserved E2 binding sites
(E2BSs) [3-5]. Beside the full-length E2, additional trun-
cated forms of E2 protein (E2C, E8”E2, E8"E2C) have
been identified for both high-risk and low-risk HPV types.
These proteins can also recognize E2 binding sites and act
as inhibitors of viral replication and transcription [6, 7].

DNA methylation is recognized as an important epige-
netic mechanism modulating papillomavirus gene expres-
sion, and the epigenetic regulation of oncogenes is a
notable factor in HPV-associated carcinogenesis. The
methylation status of the virus genome varies during the
viral life cycle and disease progression [8—10]. The DNA
methylation pattern of HPV-16, the most prevalent car-
cinogenic type, has been studied extensively, but those of
other high-risk types, including HPV-31, are less studied
[9-11]. Since HPV-31 also frequently causes cytological
abnormalities [12], we investigated the methylation pattern
of the HPV-31 LCR in clinical samples and determined the
methylation level of CpG sites using next-generation
sequencing after bisulfite modification.

HPV detection and genotyping was performed on a
routine diagnostic base in exfoliated cervical cells of
patients presenting with cytological abnormalities. The 22
HPV-31 positive cases were classified into two groups: the
first being patients with lesions progressing to cervical
intraepithelial neoplasia grade 2 or 3 (CIN2+) within
1 year; the second being patients with cytological abnor-
malities that did not progress (<CIN1). Quantitative DNA
methylation analysis by next-generation sequencing
focused on CpG sites in the whole HPV-31 LCR (from nt
7066 to 97) and the 5'-end of the E6 gene. The methylation
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status of cytosines within the HPV-31 LCR was determined
after bisulfite modification of the target DNA. The CpG
sites in the HPV-31 LCR were covered by four amplifi-
cation products (7066-7511, 7215-7806, 7514-81, and
7670-345 based on reference sequence, GenBank acces-
sion number: J04353). Long read sequence information
was obtained using a Roche GS Junior System. The pro-
portion of thymine at each cytosine residue indicated the
conversion of unmethylated cytosine during bisulfite
modification.

Single nucleotide changes and deletions characteristic of
HPV-31 variants from different lineages were found in the
sequenced LCR fragments, and in 16 specimens the results
of the next-generation sequencing of bisulfite-modified
DNA were concordant with previously reported results
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obtained by non-modified Sanger sequencing [13]. As the
bisulfite modification does not affect 30 of the 39 lineage-
specific SNPs, it allowed us to identify the HPV-31 lin-
eages. Altogether, 14 of the HPV-31 isolates were lineage
C, and 8 were lineage B. The CIN2+ group consisted of
two lineage B infections and five lineage C infections.
All 12 potential methylation sites within the HPV-31
LCR (CpG positions: 7170, 7391, 7414, 7419, 7479, 7485,
7537, 7870, 7876, 40, 54, 60) were examined. Sixteen
samples displayed hypomethylated HPV-31 LCR sequen-
ces. CpG methylation was observed at one position in the
5" LCR, four positions in the enhancer, and two positions in
the promoter region (Fig. 1). Four of these methylated
CpGs (7479, 7485, 7876, and 40) mapped to three of the E2
binding sites (E2BS1-3) of the LCR, and all six cases
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Fig. 1 Schematic representation and methylation of HPV 31 LCR
and 5'-end of the E6 gene in clinical samples. a Structure of HPV 31
LCR and regulatory factor binding sites are represented. AE auxiliary
enhancer, KE keratinocyte enhancer, SID sample identifier. Selected
cellular factor binding sites are indicated as white boxes and binding
sites of regulatory viral proteins E1 and E2 are shown by gray and

black boxes, respectively. Single arrow shows the transcription start
site of E6 gene (p97). b CpG positions in HPV 31 LCR are indicated
as vertical bars. Numbers in circles show the positions of individual
CpG sites. Methylated CpGs are indicated with filled circles of
different colors. For each specimen, chain of circles indicates the
length of sequence data
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Table 1 CpG methylation frequencies (%) exceeding 10 % in HPV 31 LCR and in 5'-end of the E6 gene

Lineage Sample ID CpG positions
LCR E6
7391 7414 7419 7479% 7485* 7876* 40% 135 157
CIN1 B 8249 - - - - 25 - - - -
B 9417 - - - - 21 - - - -
B 9538 - - - 20 58 - 13 - -
C 5357 - - - 11 - - - - -
C 7110 - - - - - - - 12 12
CIN2+ C 7146 17 - 28 69 61 18 - - -
C 7208 27 14 - 22 46 16 - - -
C 7404 - - - - - - - - 14
Methylation frequency (mean + SD) 22 +£7 14 28 31 £ 26 42 £ 18 17+£2 13 12 13£1

* E2 binding sites

(sample IDs: 8249, 9417, 9538, 5357, 7146, and 7208) with
CpG methylation in the LCR showed methylation (posi-
tions 7479 or 7485, or both) at the promoter distal E2
binding site, E2BS1 (Table 1).

Of the promoter proximal E2 binding sites, only partial
CpG methylation was detected at two of the E2BS sites
(E2BS2 and E2BS3) in three of the six cases (sample IDs:
9538, 7146, and 7208; Table 1). However, in each of the
three cases, the partial CpG methylation of the promoter E2
binding sites was associated with marked methylation in
the promoter distal E2 binding site (E2BS1) (Fig. 1). Two
of the lineage C CIN3/CIS (carcinoma in situ) cases
(sample IDs: 7146, 7208) had multiple methylated CpGs,
particularly in the promoter distal E2 binding site, while
other two CIN3/CIS cases (sample IDs: 7404 and 7527)
were hypomethylated (Fig. 1). On the other hand, CpG
methylation of the promoter distal E2 binding site was
found in four <CIN1 cases (sample IDs: 8249, 9417, 9538,
and 5357; Table 1).

In addition to LCR analysis, the study setting allowed
the analysis of six additional CpG sites (104, 135, 157, 176,
275, and 287) in the 5'-end of E6 gene. This region also
revealed hypomethylation in the majority of samples.
Partial methylation was seen in two cases: a <CIN1 group
specimen (sample ID 7110) with 12 % methylation of
CpG-135 and CpG-157 and a CIN2+ group specimen
(sample ID 7404) with 14 % methylation of CpG-157.

Previous studies of CpG methylation in HPV-31-related
disease have reported only the mean methylation of each
CpG group tested, and covered only five [14] or eight [15]
of the 12 CpG sites in the HPV-31 LCR. Here we present
the methylation data from individual patients, covering all
the CpG groups, which allows a more nuanced analysis. In
addition, our analysis of cases with CpG methylation in the
LCR reveals which of the CpG sites were exposed to
methylation at early stages of host cell transformation.
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The CpG methylation of the most prevalent high-risk
type, HPV-16, has been in the focus of numerous studies
[9, 10, 16] and HPV-31 together with HPV-35 are the most
closely related types to HPV-16 [17]. In HPV-16 infections
leading to transformation, the promoter is hypomethylated,
while the distal parts of the LCR including the promoter
distal E2BS are methylated [9]. In CIN2+ and invasive
cancer, CpG methylation in the HPV-16 LCR appears to be
an optional alteration occurring in some infections and
missing in others [9, 18-20]. Binding of E2 to the high
affinity binding site E2BS1 (promoter distal E2BS) in the
enhancer region activates the early promoter P97, resulting
in enhanced production of early proteins including E2 and
E6/7. Increased levels of E2 can bind also to the low
affinity promoter proximal binding sites E2BS2-4 and
inhibit early promoter activity, thus repressing the tran-
scription of E6 and E7 oncogenes [3, 4]. Furthermore,
in vitro experiments have indicated that methylation of
CpGs within E2BS1 significantly increases HPV-16 early
promoter activity [9].

In HPV-31 LCR, there are 12 CpG sites, seven of them
in E2 binding sites (E2BS) [13]. The majority of our
samples had hypomethylated CpGs both in the 5 LCR/
enhancer and in the promoter regions without significant
variation between patient groups, and these results are
consistent with the observation of previous studies inves-
tigating HPV-31 [14, 15]. On the other hand, we observed
methylation at seven CpGs in the HPV-31 LCR in six
clinical specimens. Four of these methylated CpGs overlap
E2 binding sites E2BS1-3 with uniformly methylated
promoter distal E2BS1 in all six samples. Methylation
frequencies were low in the promoter proximal E2 binding
sites in the promoter region and higher in the distal part of
LCR, involving marked methylation of E2BS1. This sug-
gests a role for CpG methylation of the promoter distal
E2BS1 in the development of cervical squamous
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abnormalities associated with HPV-31 infections. This
observation is in good agreement with previous findings
reported by Vinokurova et al. [9] and suggests that HPV-31
uses a regulatory mechanism similar to that used by HPV
16 and possibly by the entire HPV-16 group (alpha-9
species). In conclusion, this study has identified the pro-
moter distal E2 binding site (E2BS1) as a target for CpG
methylation within the HPV-31 LCR, which, by analogy
with HPV-16, suggests a mechanism for activation of
papillomavirus transcription.

Acknowledgments Special thanks for Dr. Miranda Thomas for
careful reading of the manuscript and improving its text. Eszter
Gyongyosi was supported by the European Union and the State of
Hungary, co-financed by the European Social Fund in the framework
of TAMOP 4.2.4. A/1-11-1-2012-0001 ‘National Excellence Pro-
gram’. This study was supported by a grant from Hungarian Scientific
Research Fund (OTKA K 81422).

Author contributions Jézsef Konya and Gyorgy Veress conceived
and designed the experiments. Brigitta Laszl6 and Laszl6 Madar
performed the majority of experiments and analyzed data. Brigitta
Laszl6 and Jozsef Konya prepared the manuscript. Annamaria Fer-
enczi, Eszter Gyongyosi, Anita Szalmas, and Levente Szakdacs par-
ticipated in some of the experiments. All the authors assisted in
writing the manuscript and approved the final manuscript.

Compliance with ethical standards

HPV typing was performed as part of routine laboratory diagnosis.
Analyzing the microorganism has not required formal consent.

Conflict of interest
interests.

All authors declare that they have no competing

References

1. D. Bzhalava, P. Guan, S. Franceschi, J. Dillner, G. Clifford,
Virology 445, 224-231 (2013)

10.

11.

12.

13.

14.

15.

16.

17.

19.

20.

. N. Li, S. Franceschi, R. Howell-Jones, P.J. Snijders, G.M. Clit-
ford, Int. J. Cancer 128, 927-935 (2011)

. H.U. Bernard, Virology 445, 197-204 (2013)

. F. Thierry, Virology 384, 375-379 (2009)

. F. Stubenrauch, H.B. Lim, L.A. Laimins, J. Virol. 72, 1071-1077
(1998)

. F. Stubenrauch, M. Hummel, T. Iftner, L.A. Laimins, J. Virol. 74,
1178-1186 (2000)

. F. Stubenrauch, T. Zobel, T. Iftner, J. Virol. 75, 4139-4149
(2001)

. A. Szalmas, J. Konya, Semin. Cancer Biol. 19, 144-152 (2009)

. S. Vinokurova, M. von Knebel Doeberitz, PLoS One 6, 24451

(2011)

E. Johannsen, P.F. Lambert, Virology 445, 205-212 (2013)

M. Kalantari, D. Lee, L.E. Calleja-Macias, P.F. Lambert, H.U.

Bernard, Virology 374, 292-303 (2008)

Z. Hernadi, L. Gazdag, K. Szoke, T. Sapy, Z.T. Krasznai, J.

Konya, Eur. J. Obstet. Gynecol. Reprod. Biol. 125, 114-119

(2006)

A. Ferenczi, E. Gyongyosi, A. Szalmas, Z. Hernadi, Z. Toth, J.

Konya, G. Veress, J. Med. Virol. 85, 852-859 (2013)

N. Wentzensen, C. Sun, A. Ghosh, W. Kinney, L. Mirabello, S.

Wacholder, R. Shaber, B. LaMere, M. Clarke, A.T. Lorincz, P.E.

Castle, M. Schiffman, R.D. Burk, J. Natl Cancer Inst. 104,

1738-1749 (2012)

N. Vasiljevic, D. Scibior-Bentkowska, A. Brentnall, J. Cuzick, A.

Lorincz, J. Clin. Virol. 59, 161-166 (2014)

J.L. Brandsma, Y. Sun, P.M. Lizardi, D.P. Tuck, D. Zelterman,

G.K. Haines 3rd, M. Martel, M. Harigopal, K. Schofield, M.

Neapolitano, Virology 389, 100-107 (2009)

E.M. de Villiers, C. Fauquet, T.R. Broker, H.U. Bernard, zur.

Hausen H, Virology 324, 17-27 (2004)

. L.F. Xi, M. Jiang, Z. Shen, A. Hulbert, X.H. Zhou, Y.Y. Lin, N.B.

Kiviat, L.A. Koutsky, PLoS One 6, e23897 (2011)

A. Chaiwongkot, S. Vinokurova, C. Pientong, T. Ekalaksananan,

B. Kongyingyoes, P. Kleebkaow, B. Chumworathayi, N. Patara-

padungkit, M. Reuschenbach, M. von Knebel Doeberitz, Int J

Cancer 132, 2087-2094 (2013)

N. Milutin Gasperov, 1. Sabol, P. Planinic, G. Grubisic, 1. Fis-

tonic, A. Corusic, M. Grce, PLoS One 10, 0129452 (2015)

@ Springer



	CpG methylation in human papillomavirus (HPV) type 31 long control region (LCR) in cervical infections associated with cytological abnormalities
	Abstract
	Acknowledgments
	References




