JVI

Journals.ASM.org

Identification and Analysis of Papillomavirus E2 Protein Binding Sites

in the Human Genome

Liisi Vosa, Aleksander Sudakov,” Maido Remm,P Mart Ustav, and Reet Kurg®

Center of Biomedical Technology, Institute of Technology,» and Chair of Bioinformatics, Institute of Molecular and Cell Biology,® University of Tartu, Tartu, Estonia

Papillomavirus E2 protein is required for the replication and maintenance of viral genomes and transcriptional regulation of
viral genes. E2 functions through sequence-specific binding to 12-bp DNA motifs—E2 binding sites (E2BS)—in the virus ge-
nome. Papillomaviruses are able to establish persistent infection in their host and have developed a long-term relationship with
the host cell in order to guarantee the propagation of the virus. In this study, we have analyzed the occurrence and functionality
of E2BSs in the human genome. Our computational analysis indicates that most E2BSs in the human genome are found in repet-
itive DNA regions and have G/C-rich spacer sequences. Using a chromatin immunoprecipitation approach, we show that human
papillomavirus type 11 (HPV11) E2 interacts with a subset of cellular E2BSs located in active chromatin regions. Two E2 activi-
ties, sequence-specific DNA binding and interaction with cellular Brd4 protein, are important for E2 binding to consensus sites.
E2 binding to cellular E2BSs has a moderate or no effect on cellular transcription. We suggest that the preference of HPV E2 pro-
teins for E2BSs with A/T-rich spacers, which are present in the viral genomes and underrepresented in the human genome, en-
sures E2 binding to specific binding sites in the virus genome and may help to prevent extensive and possibly detrimental

changes in cellular transcription in response to the viral protein.

Human papillomaviruses (HPVs)are small DNA viruses that
infect cutaneous or mucosal epithelium and are associated
with cervical carcinoma and other anogenital cancers, as well as
head, neck, and nonmelanoma skin cancers, in humans. The viral
E2 protein is the main regulator of the papillomavirus life cycle. E2
is a modular sequence-specific DNA-binding protein with an
N-terminal transactivation domain, a central hinge region, and a
C-terminal DNA-binding and dimerization domain (DBD) (18).
E2 recognizes the palindromic DNA motif ACCGN,CGGT, which
is present in multiple copies within the upstream regulatory re-
gion (URR) of the viral genome (3, 21, 34). Interaction with these
motifs enables the E2 protein to recruit viral helicase E1 to the
origin during the initiation of viral DNA replication (10, 53) and
tether viral episomes to mitotic chromosomes or other cellular
structures in order to ensure nuclear retention during cell division
(5, 23). In addition, E2 functions as a transcription factor and
regulates papillomavirus early promoter activity in concert with
cellular proteins (11, 43, 50).

E2 binds to DNA as a dimer with an antiparallel B-barrel struc-
ture; a surface-exposed a-helix from each of the monomers makes
sequence-specific contacts with the E2 binding site (E2BS) half-
site (ACCG) (19). The 4-nucleotide spacer—N,—separating the
half-sites is conserved in length and influences E2-binding affin-
ity, although the protein does not make direct contacts with these
nucleotides. E2BSs in HPV genomes have A/T-rich spacers (45),
and the corresponding E2 proteins generally bind to such sites
with a higher affinity due to sequence-dependent conformational
characteristics and flexibility of the DNA (20, 28). Altering the
spacer sequence can decrease the affinity for E2BSs an order of
magnitude in the case of HPV type 11 (HPV11) and HPV16 E2 (2,
12), 2 orders of magnitude in the case of HPV18 E2 (28), and even
up to 3 orders of magnitude in the case of HPV6 E2 (12).

E2 proteins associate with the cellular chromatin throughout
the cell cycle. Association with mitotic chromosomes ensures nu-
clear retention of the viral episomes and has been characterized
extensively for different papillomaviruses; however, E2 interac-
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tion with chromatin in interphase cells has only been studied in
the case of a few PV types. Previous studies in our lab have shown
that a fraction of the bovine papillomavirus type 1 (BPV1) E2
protein in cells associates with active chromatin regions and that
the N-terminal transactivation domain of E2 is responsible for this
association (30). Similarly, Jang and others have demonstrated by
chromatin immunoprecipitation (ChIP)-on-chip approach that
BPV1 and HPV1a E2 proteins associate with active cellular pro-
moters together with cellular Brd4 protein (24). This interaction
enables the virus to avoid transcriptional silencing by targeting the
viral genome to functionally active nuclear regions.

A few reports indicate that E2 proteins can also associate with
cellular chromatin directly, in a sequence-specific manner, with-
out the mediation of cellular proteins. Horner and DiMaio have
demonstrated that an endonuclease with a BPV1 E2 DBD targets
the integrated viral URR in HeLa cells, and an additional genomic
locus on human chromosome 13 that contains an E2BS (22). In
addition, HPV8 E2 has been shown to regulate two cellular genes
that contain short E2BS consensus sites in their promoter re-
gion—ITGB4 and MMP9 (1, 41, 42). E2 binds to the correspond-
ing DNA sequences in vitro and is able to repress ITGB4 and acti-
vate MMP9 in human keratinocytes. Intact transactivation and
DNA-binding domains of HPV8 E2 are necessary for MMP9 ac-
tivation, indicating that the E2BSs are involved in cellular pro-
moter regulation by E2.

In this study, we have analyzed the occurrence and functional-
ity of E2BSs in the human genome. Our computational analysis
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indicates that most E2BSs in the human genome are found in
repetitive DNA regions and have G/C-rich spacer sequences. Ex-
periments targeting a subset of the cellular E2BSs show that
HPV11 E2 interacts with E2BSs within transcriptionally active
chromatin regions and that E2 sequence-specific DNA-binding
activity is necessary for this interaction. However, exogenous ex-
pression of the viral E2 protein does not change the cellular tran-
script levels of genes located in the proximity of E2BSs. E2BSs with
A/T-rich spacers, which are present in the HPV genomes, occur
rarely in the human genome compared to E2BSs with G/C-rich
spacers. We suggest that the preference of HPV E2 proteins for
E2BSs with A/T-rich spacers is useful for long-term maintenance
of papillomavirus episomes, as it ensures preferential E2 binding
to high-affinity viral E2BSs rather than abundant nonoptimal cel-
lular E2BSs.

MATERIALS AND METHODS

Chromosome sequences and repeat masking. For the main part of our
analysis, we used the reference genome sequence obtained from the En-
sembl database, version 60.37e (16). FASTA files with assembled chromo-
somes and chromosomes masked by RepeatMasker (http://www
.repeatmasker.org) were obtained from the NCBI FTP server (46).
Genome versions Human_37 and Btau_4.2 were used. Sequence regions
around double binding site locations (1,000 nucleotides upstream and
downstream) were analyzed with Tandem Repeats Finder (7).

Counting the observed and expected occurrences of E2BS. We
searched for the occurrence of E2BS in chromosome sequences with a
Python script. Consensus sequence 5'-ACCGnnnnCGGT-3’ regular ex-
pression was used to find the observed number of sites in the genome. The
distribution of distance between two successive sites was obtained by mea-
suring nucleotide distance from the beginning of one site to the beginning
ofanother. Ifa poly-N stretch longer than 10,000 nucleotides was found in
the sequence between two sites, the sites were considered nonsuccessive.

The expected frequency u; of a given motif in sequence i was calculated
using Markov model order 1 (44). Markov transition probabilities were
obtained from dinucleotide frequencies in the genomic sequence. Ge-
nome length I; was calculated from chromosome sequences discarding
unknown N nucleotides. The expected motif count A, in sequenceiis L;u;.
The statistical significance of the difference between observed and ex-
pected counts was evaluated using Poisson compound distribution with
the mean value of A,.

Plasmids. HPV11 E2 expression plasmid pQM11E2co encodes E2
open reading frame (ORF) with a codon-optimized N terminus allowing
for a higher E2 expression level in human cell lines and has been described
earlier (31). pPQM11E2co_N294A encodes HPV11 E2 with a single amino
acid substitution in the E2 DNA recognition helix. An asparagine-to-
alanine substitution at position 294 was introduced into the plasmid by
primer-directed mutagenesis using primer CAAGGTGATTCCGCTTGT
TTAAAATGT. pQMI11E2co_R37A/I73A encodes HPV11 E2 with an
arginine-to-alanine substitution at position 37 (GAAGTGCATCGCGCT
GGAAAGCGTGC) and an isoleucine-to-alanine substitution at position
73 (ACAACGCCGCCGAGATGCAGATGCAC), which were introduced
into the plasmid using the primers listed above (the mutated nucleotides
are in bold).

Cell lines and transfection. SiHa and HaCaT cells were grown at 37°C
in a 5% CO, atmosphere in Iscove’s modified Dulbecco’s medium sup-
plemented with 10% fetal calf serum and 100 U/ml penicillin and 50
pg/ml streptomycin. Cells were transfected by the electroporation
method according to a previously described protocol (53). Electropora-
tion was carried out with a Bio-Rad Gene Pulser at a capacitance setting of
975 wF and voltages of 220 and 210 V for SiHa and HaCaT cells, respec-
tively.

ChIP. SiHa cells were electroporated with 500 ng and HaCaT cells with
1,000 ng of empty vector, pPQM11E2co, or pQM11E2co_N294A. Twice

January 2012 Volume 86 Number 1

HPV E2 Interaction with Cellular E2 Binding Sites

the amount of pQMI11E2co_R37A/173A plasmid was used in order to
achieve similar expression levels of the wild-type (WT) and mutated E2
proteins. Twenty-four hours laters cells were fixed and ChIP was per-
formed according to the Upstate ChIP assay protocol. Chromatin was
immunoprecipitated from ~2 X 10° to 3 X 10° cells with 4 ug of anti-
body. E2 was immunoprecipitated with 2 ug each of mouse monoclonal
anti-HPV11 E2 antibody 10E12 (Institute of Technology, University of
Tartu) and mouse monoclonal anti-E2Tag antibody 5E11 (Icosagen)
(29). Histones were immunoprecipitated with antibodies for H3 (ab1791;
Abcam), H3Ac (06-599; Millipore), and H3dimeK4 (07-030; Millipore).
Brd4 was immunoprecipitated with 2 ug each of rabbit polyclonal anti-
bodies Brd4B and Brd4C (47). DNA was extracted from immunoprecipi-
tated and input material and analyzed in triplicate by quantitative PCR
(qPCR) on the 7900HT real-time PCR system (Applied Biosystems). The
PCRs were set up in 10 ul and contained 1/75 of the immunoprecipitated
DNA or 1/300 of the input DNA and primers at a concentration 300 nM.
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH), HMGB2,
PCDHA, and ARHGAP44 reaction mixtures were set up with 5 ul of
Maxima SYBR green/ROX qPCR Master Mix (2X; Fermentas) and run
with the following PCR program: 95°C for 10 min; 40 cycles of 95°C for 15
s, 58°C for 30 s, and 72°C for 30 s; and a dissociation stage consisting of
95°C for 15 s, 60°C for 15 s, and 95°C for 15 s. The rest of the reaction
mixtures contained 2 ul of 5X HOT FirePol EvaGreen qPCR Mix (Solis
Biodyne) and were amplified with a PCR program of 95°C for 15 min; 40
cycles of 95°C for 15 s and 60°C for 60 s; and a dissociation stage consisting
of 95°C for 15 s, 60°C for 15 s, and 95°C for 15 s. No-template controls
were included in each assay, and amplification specificity was confirmed
by dissociation curve analysis. The enrichment in immunoprecipitates
was expressed as a percentage of the input material. Primer sequences are
provided in Table S3 in the supplemental material.

Coimmunoprecipitation. SiHa cells were electroporated with 500 ng
of empty vector pQM11E2co or pQM11E2co N294A or 1,000 ng of
pQMI11E2co R37A/173A. Twenty-four hours later, cells were lysed in lysis
buffer (0.1 M KCI, 20 mM Tris-HCI [pH 8.0], 5 mM MgCl,, 10% glycerol,
0.1% Tween 20, 0.5 mM dithiothreitol, protease inhibitors) and sonicated
briefly. Lysates were incubated on ice for 15 min and cleared by centrifu-
gation. One-twentieth of the supernatant was saved for input control; the
rest was incubated with anti-Brd4 antibodies Brd4B and Brd4C (47) (2 pug
of each) for 2 h at 4°C with end-over-end rotation. Immunocomplexes
were collected by the addition of protein G-Sepharose (Amersham Bio-
sciences) beads. The samples were incubated for 2 h with end-over-end
rotation at 4°C, washed four times with lysis buffer, resuspended in SDS
loading buffer, and heated for 10 min at 95°C.

Western blotting. Coimmunoprecipitation samples were separated
electrophoretically in a 12% polyacrylamide—SDS gel; 1/40 of the input
and half of the immunoprecipitated material were used. For Western blot
analysis of the cells used in the ChIP assay, total protein from ~10° cells
was analyzed. Following electrophoresis, the samples were transferred to a
polyvinylidene difluoride membrane (Millipore) by a semidry blotting
method. Membranes were incubated with mouse monoclonal anti-
HPV11 E2 antibody 10E12 (2,5 ug/ml), mouse monoclonal anti-3-actin
(1/10% A2228; Sigma-Aldrich), or anti-a-tubulin antibody (1/10% B-512;
Sigma-Aldrich); primary antibodies were visualized with secondary anti-
mouse IgG antibodies conjugated with horseradish peroxidase (1/10%
Icosagen). Signals were detected using an ECL detection kit following the
recommendations of the provider (Amersham Biosciences).

mRNA analysis. RNA was isolated from 10° cells using TRIzol reagent
(Invitrogen) according to the protocol provided by the manufacturer.
One microgram of total RNA was used in a reverse transcription reaction
with oligo(dT),4 primers using a First Strand cDNA synthesis kit and
following the manufacturers recommendations (Fermentas). cDNA was
analyzed by qPCR on a 7900HT real-time PCR system (Applied Biosys-
tems). Each reaction was set up in triplicate in a 10-ul reaction volume
that contained 2 ul of 5X HOT FirePol EvaGreen qPCR Mix (Solis Bio-
dyne), 1/100 of the synthesized cDNA, and primers at a concentration 300
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TABLE 1 Observed and expected frequencies of E2BSs in the human reference genome

Overrepresentation

Region Binding site Observed frequency % of total Expected frequency (fold) P value?
All HPV E2 3,388 100 1,094 3.1 0
Nonrepeated HPV E2 697 21 489 1.4 6E-19
Repeated HPV E2 2,691 79 632 4.3 0

All HPV E2 X2 16 100 2.00 8.0 5E-10
Nonrepeated HPV E2 X2 3 19 0.18 16.7 8E-04
Repeated HPV E2 X2 13 81 1.82 7.5 4E-08

@ The expected count was calculated using dinucleotide frequencies.

b The P value indicates whether the observed count of E2BSs is significantly different from the expected number of E2BSs. Significance was evaluated using Poisson compound

distribution.

nM. No-reverse-transcriptase and no-template control samples were in-
cluded in each assay to check for genomic DNA and contamination in
buffers. Amplification specificity was further confirmed by PCR product
dissociation curve inspection. The threshold cycle values were recorded,
and cDNA levels were determined by the relative quantitation method
using the cellular HPRT1 as the reference and setting the sample trans-
fected with an empty vector as the calibrator.

RESULTS

Papillomavirus E2BSs are found mainly in repetitive human ge-
nome regions and have G/C-rich spacer sequences. We exam-
ined the occurrence of E2BS consensus sequence ACCGN,CGGT
in the human reference genome and found that it occurs 3,388
times. Next, we compared the observed number of E2BSs with the
number of binding sites that are expected to occur by chance. The
expected number of E2BSs was calculated using the order 1
Markov model, which takes into account dinucleotide frequen-
cies. This is particularly important for DNA motifs that contain
CpG dinucleotides, such as E2BSs, since CpG dinucleotides are
significantly underrepresented in the human genome. According
to this model, the expected number of E2BSs in the human ge-
nome is only 1,094, while the observed number—3,388 —is sig-
nificantly higher.

To further elucidate the source of such abundance, the distri-
bution of E2BSs in respect to repetitive DNA regions was studied.
The human genome was masked with two repeat detection soft-
ware programs—RepeatMasker and Tandem Repeat Finder.
Fifty-two percent of the entire human genome sequence was
marked as repetitive DNA by RepeatMasker. Analysis of E2BSs
revealed that 79% of the E2BSs are located in the repeated regions
of the human genome while only 21% are in nonrepeated regions

Whole genome
-&Human

2000 -O-Bovine

1600
1200
800
400

Number of E2BSs

/4 1/4 /4 /4 4/4
G/C nucleotides in E2BS spacer

(Table 1). Comparison of the observed and expected numbers of
E2BSs in nonrepeated genome regions confirmed that E2BSs ap-
pear approximately at the expected frequency when repetitive
DNA regions are excluded from the analysis (1.4-fold overrepre-
sentation).

Multiple E2BSs allow cooperative E2 binding and can serve as
E2-dependent enhancers (49, 51). Further analysis of E2BSs in the
human genome revealed that there are 13 genomic locations
where at least two E2BSs are found within 500 nucleotides. In
human chromosome 17, there are 6 consecutive E2BSs separated
by 26 nucleotides, making the number of double sites 16 (Table 1;
see Table S1 in the supplemental material). Comparing this num-
ber with the expected frequencies of double sites indicates that the
double E2BSs are present in the human genome more frequently
than expected. It would be highly unlikely to find any double
E2BSs in nonrepeated regions of the genome, yet we detected 3
such sites.

The affinity of E2 protein for E2BSs depends on the spacer
sequence that separates the two half-sites of E2BS. HPV E2 pro-
teins bind with a higher affinity to sites with A/T-rich central spac-
ers, while BPV1 E2 has no such preference (12). Analysis of E2BSs
present in the human genome showed that most of these sites have
spacer sequences with high G/C content (Fig. 1). There are only 34
E2BSs in the human genome that contain only A and T nucleo-
tides in the spacer region (see Table S2 in the supplemental mate-
rial). For comparison, we analyzed the distribution of E2BSs in the
bovine (Bos taurus) genome. The bovine genome contains 1,263
E2BSs, and only 13% of these sites are located in repeated regions
while 40% of the bovine genome is masked by the RepeatMasker.
The analysis of E2BS spacer sequences revealed that 41% of the

Non-repetitive genome regions
660 —&-Human
800
600
400
200

0+ T T T T 1
0/4 1/4 /4 /4 /4
G/C nucleotides in E2BS spacer

-O-Bovine

Number of E2BSs

FIG 1 E2BSs in the human genome have G/C-rich spacer sequences. Analysis of E2BS spacer sequences in the whole genomes and nonrepetitive regions of the

human and bovine genomes.
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FIG 2 HPV11 E2 associates with the integrated viral URR in SiHa cells and additional cellular chromatin regions that contain E2BSs in SiHa and HaCaT cells.
(A) Schematic representation of the integrated HPV16 genome copy in chromosome 13. Three viral genome regions indicated with black arrows—URR and
coding regions of E1 and L2—were used as controls in our ChIP assay. (B) SiHa and (C) HaCaT cells were electroporated with an empty vector oran HPV11 WT
E2 or an HPV11 N294A E2 expression vector. Twenty-four hours later, cells were fixed and chromatin immunoprecipitated with nonspecific IgG or anti-E2
antibodies. DNA was extracted from immunoprecipitates and input fractions and analyzed by qPCR. Enrichment in immunoprecipitated fractions was
calculated as a percentage of the input material. The data represent the average of three independent experiments and the standard deviation. The nonspecific IgG
values of vector, WT, and N294A samples were similar, and the corresponding data reflect the average of all three samples. (D) Western blot analysis of E2 levels
in the cells used in ChIP assays. Cells (10°) were lysed, separated electrophoretically, and immunoblotted with a primary mouse monoclonal antibodies for
HPV11 E2 and B-actin and an anti-mouse IgG secondary antibody conjugated with horseradish peroxidase.

E2BSs in the bovine genome have a high G/C content (3 or 4 G/C
nucleotides), while the respective number in human genome is
80% (Fig. 1).

In summary, there are over 3,000 E2BSs in the human genome;
however, most of these are nonoptimal for HPV E2 protein bind-
ing because these E2BSs are either located in repetitive DNA re-
gions or have G/C-rich spacer sequences.

HPV11 E2 protein associates with a subset of E2BSs present
in the human genome in vivo. Our computational study detected
34 high-affinity E2BSs with A/T-only central spacers and 13
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genomic sites where there are multiple E2BSs within 500 nucleo-
tides. In order to study HPV E2 protein binding to cellular E2BSs
determined by in silico analysis, ChIP analysis in transiently trans-
fected human cell lines was performed. HPV11 E2 was used for
this analysis due to the availability of ChIP-compatible antibodies
against HPV11 E2 protein. First, the ChIP analysis was performed
with the HPV-positive human cervical carcinoma-derived cell line
SiHa, which contains 1 or 2 copies of HPV16 genome in the long
arm of chromosome 13 (39) (Fig. 2A). In SiHa cells, the E2 ORF is
disrupted; however, the viral URR and the ORFs encoding E6 and
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TABLE 2 Viral and genomic DNA regions analyzed by ChIP assay

E2BS distance
Chromosome (bp) from
band Gene name (HGNC)  Protein E2BS within locus TSS
13q HPV16 URR aACCGatttTGGGt-82 bp-aACCGaaatCGGTt- —21
15 bp-aACCGaaacCGGTt
13q HPV16 E1 HPV16 E1
13q HPV1e6 L2 HPVI16 L2
12p13.31 GAPDH promoter Glyceraldehyde-3-phosphate dehydrogenase
17q25.1 ITGB4 Integrin beta-4 gACCtccctgGGTt-457 bp-gACCaggaaaGGTg- —1,469
163 bp-cACCaggcatGGTg
4q34.1 HMGB2 High-mobility group protein B2 cACCGagtcCGGTg-126 bp-aACCGggeccCGGTe  +275
5q31.3 PCDHA12 Protocadherin alpha 12 tACCGcggtCGGTg-93 bp-aACCGgeggCGGTc +1,869
17p12 ARHGAP44 Rho GTPase-activating protein cACCGctgtCGGTg-355 bp-aACCGcagtCGGTc +397
1p35.1 RBBP4 Retinoblastoma binding protein 4 gACCGatttCGGTc +273
1p35.1 ZBTB8OS Zinc finger and BTB domain containing 8 gACCGatttCGGTc —980
opposite strand
2p25.1 Intergenic gACCGaattCGGTc
2ql2.3 LIMS1 LIM and senescent cell antigen-like- aACCGaaatCGGTg +77,891
containing domain protein 1
7p22.1 OCM Oncomodulin (parvalbumin beta) aACCGaaaaCGGTg —836
8p23.3 MYOM2 Myomesin 2 aACCGatttCGGTa +3,504
8q24.21 GSDMC Gasdermin C tACCGttatCGGTa +38,732
12q24.31 NCOR2 Nuclear receptor corepressor 2 isoform 1 tACCGaaaaCGGTa +184,407
13q31.3 GPC5 Glypican 5 tACCGaaaaCGGTa +798,339
17q24.1 RGS9 Regulator of G protein signaling 9 isoform 2~ tACCGattaCGGTa +23,147
18q12.3 Intergenic aACCGaaaaCGGTa
20q13.13 PTPN1 Protein tyrosine phosphatase, nonreceptor tACCGtaatCGGTt +46,285

type

E7 are intact and the early promoter is active (4), as expression of
viral oncogenes is essential for cell viability (25). The integrated
viral sequences provide excellent controls for our ChIP assay, and
E2 binding to three different HPV16 genome regions was ana-
lyzed, i.e., the viral URR, which contains E2BSs; and sequences
located ~1.5 kb downstream and upstream in the E1 and L2 cod-
ing regions, respectively. SiHa cells were transfected with either an
HPV11 E2 expression plasmid or the same amount of an empty
vector and fixed with formaldehyde 24 hours later. ChIP was per-
formed with nonspecific IgG or anti-E2 antibodies, and immuno-
precipitated DNA was analyzed by qPCR along with input DNA.
As shown in Fig. 2B, the integrated HPV16 genome URR, but not
E1 and L2 coding regions, was immunoprecipitated with anti-E2
antibodies, as expected. These data confirmed that E2 is able to
bind specifically to E2BSs located in the viral early promoter in the
context of chromatin and that our anti-E2 antibodies are suitable
for use in a ChIP assay.

Next, E2 binding to cellular DNA loci that contain one or two
E2BSs was analyzed. We included 3 chromatin regions with mul-
tiple E2BSs within 500 nucleotides and 11 regions, out of a total of
34, that contain a single E2BS with an A/T-only spacer. These
E2BSs, their locations, and their distances from the closest gene
transcription start site (TSS) are shown in Table 2. Most of these
sequences are located within coding or promoter regions of cellu-
lar genes and are referred to according to the closest gene symbol.
Two sites—2p25.1 and 18p12.3—are present in intergenic regions
and were named after the corresponding chromatin bands. In
addition, the promoter regions of the genes for GAPDH and
ITGB4 were included for comparison. The promoter of the gene
for GAPDH is an active cellular promoter that does not contain
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any E2BSs, whereas the ITGB4 promoter region contains three
short E2BS consensus sequences that, in some cell lines, are in-
volved in ITGB4 transcriptional repression by the HPV8 E2 pro-
tein (41, 42). The ChIP assay revealed that HPV11 E2 protein
binds to two genomic sites that contain E2BSs—HMGB2 and
RBBP4—in SiHa cells (Fig. 2B). The HMGB2 locus contains two
E2BSs separated by 126 nucleotides, and RBBP4 contains a single
high-affinity E2BS. The rest of the sites displayed only a low level
of enrichment in the HPV11 E2 sample compared to the control
samples. Similar results were obtained in another human cell
line—spontaneously immortalized human keratinocyte cell line
HaCaT—which does not contain any HPV sequences (Fig. 2C).
Sequence-specific DNA-binding activity of HPV11 E2 pro-
tein is necessary for binding to cellular E2BSs. BPV1 and HPV1a
E2 proteins have been shown to associate with active cellular pro-
moters without the presence of E2-specific motifs in cellular DNA
(24). In order to determine whether HPV11 E2 binding to cellular
chromatin depends on E2 sequence-specific interaction with
E2BSs within the cellular DNA loci, we generated an expression
plasmid encoding N294A mutant E2 with a single amino acid
substitution in the DNA recognition helix. Mutating asparagine at
position 294 of HPV11 E2 to alanine has been shown to abolish
HPVI11 E2 DNA-binding activity (37), and the corresponding
mutation in HPV16 E2 results in a 20-fold decrease in DNA-
bindingactivity (15). Both the WT and N294A mutant E2 proteins
localized in the nucleus of the cell, as determined by immunoflu-
orescence analysis (data not shown). N294A mutant E2 was inef-
ficient in supporting initiation of HPV11 origin-containing DNA
replication in transient replication assay in U20S cells (data not
shown), indicating that N294A is defective in DNA binding.
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FIG 3 HPV11 E2 protein interacts with cellular E2BSs that are present in transcriptionally active chromatin regions. (A) SiHa or HaCaT cells were fixed, and
chromatin was immunoprecipitated with H3 antibodies. DNA was extracted from immunoprecipitates and input fractions and analyzed by qPCR. Enrichment
in immunoprecipitated fractions was calculated as a percentage of the input material. The data represent the average of three independent experiments and the
standard deviation. (B) SiHa or HaCaT cells were fixed, and chromatin was immunoprecipitated with H3Ac and H3diMeK4 antibodies. DNA was extracted from
immunoprecipitates and input fractions and analyzed by qPCR. Enrichment is presented relative to the H3 signal for the corresponding chromatin regions. The
data represent the average of three independent experiments and the standard deviation.

In the ChIP assay, N294A mutant E2 bound to the E2BSs
within the viral URR in SiHa cells less efficiently than WT E2 (Fig.
2B), although these E2 proteins were expressed at similar levels
(Fig. 2D). Similarly, cellular E2BSs within HMGB2 and RBBP4
loci were immunoprecipitated less efficiently with N294A E2 than
with WT E2 in both the SiHa and HaCaT cell lines (Fig. 2B and C),
indicating that E2 binds directly to specific binding sites within
cellular DNA.

HPV11 E2 protein binds E2BSs located in open chromatin
regions. The availability of regulatory sequences in the cellular
genome is determined by the chromatin organization surround-
ing these elements. Access to specific DNA motifs depends on
several chromatin structural features, such as nucleosome posi-
tioning and density, and posttranslational modifications of the
constituent histones. In order to characterize the chromatin struc-
ture of the genomic DNA surrounding the E2BSs, we have ana-
lyzed the amount of H3, which indicates nucleosomal occupancy,
and two different histone modifications associated with transcrip-
tionally active chromatin—H3ac and H3dimeK4 —in the corre-
sponding chromatin regions in SiHa and HaCaT cells. ChIP anal-
ysis with anti-H3 antibodies showed that the H3 signal varied
drastically between the chromatin regions investigated in this
study (Fig. 3A). The promoter region of the actively transcribed
cellular GAPDH-encoding gene exhibited a very low H3 signal
level in both cell lines tested, in contrast to intergenic region
2p25.1, where the H3 signal was significantly higher. Low H3 oc-
cupancy was also observed in the URR, HMGB2, and RBBP4 loci
(Fig. 3A), where E2BSs are located within regulatory regions—21
nucleotides upstream from the TSS in the case of the URR and 275
and 273 nucleotides downstream from the TSS in the cases of
HMGB?2 and RBBP4, respectively. The genomic DNA loci that
exhibited low H3 occupancy had high levels of histone modifica-
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tions indicative of transcriptionally active chromatin (Fig. 3B).
Interestingly, the viral E1 region carries higher levels of open chro-
matin markers than the L2 region does, although these sites are
located within the same distance from the TSS of the viral early
promoter that controls the expression of oncogenes E6 and E7.
The remaining genomic loci showed high H3 occupancy and very
low levels of H3ac and H3dimeK4 modifications.

These data suggest that E2 interaction with cellular E2BSs cor-
relates with transcriptionally active chromatin sites. E2 binds to
cellular E2BSs in chromatin regions that exhibit low nucleosomal
occupancy and have high levels of histone modifications indica-
tive of transcriptionally active chromatin.

Chromatin adaptor proteins that associate with specific his-
tone modifications can recruit sequence-specific DNA-binding
factors to the corresponding chromatin regions. For papillomavi-
rus E2 proteins, the bromodomain protein Brd4, which binds to
acetylated lysines, has been identified as the major cellular inter-
action partner (54, 55). All papillomavirus E2 proteins interact
with Brd4, and this interaction is important for E2 transcription
regulatory function (38). Association with Brd4 helps to recruit
HPV11 E2 to viral chromatin, enhances site-specific DNA recog-
nition of E2, and stabilizes the viral protein (32, 55). Our ChIP
assay with anti-Brd4 antibodies showed that Brd4 is bound to
genomic loci positive for acetylated H3 in SiHa cells (Fig. 4A).
Brd4 association with chromatin was further enhanced in the viral
URR and RBBP4 region by the expression of WT E2 but not by
that of N294A E2. Both the WT E2 and N294A E2 proteins were
coimmunoprecipitated with endogenous Brd4 in SiHa cells (Fig.
4B), indicating that this amino acid substitution does not affect E2
interaction with Brd4, which is mediated by the N-terminal trans-
activation domain of E2.

In order to further investigate Brd4 involvement in HPV11 E2
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FIG 4 E2 binding enhances the chromatin association of Brd4. (A) SiHa cells were electroporated with an empty vector or an HPV11 WT E2, an HPV11 N294A
E2, or an HPV11 R37A/I73A E2 expression vector. Twenty-four hours later, cells were fixed and chromatin immunoprecipitated with nonspecific IgG or
anti-Brd4 antibodies. DNA was extracted from immunoprecipitates and input fractions and analyzed by qPCR. Enrichment in immunoprecipitated fractions
was calculated as a percentage of the input material. The data represent the average of three independent experiments and the standard deviation. The nonspecific
IgG values represent the average of vector, WT, N294A, and R37A/173A samples. (B) SiHa cells were electroporated with an empty vector or an HPV11 WT E2,
an HPV11 N294A E2, or an HPV11 R37A/173A E2 expression vector. Twenty-four hours later, cells were lysed and E2 was coimmunoprecipitated (IP) with
anti-Brd4 antibodies. Immunoprecipitates and input fractions were separated electrophoretically and immunoblotted with primary mouse monoclonal anti-
bodies for HPV11 E2 and an anti-mouse IgG secondary antibody conjugated with horseradish peroxidase. (C) Western blot analysis of E2 levels in the cells used
in ChIP assay. Cells (10°) were lysed, separated electrophoretically, and immunoblotted with primary mouse monoclonal antibodies for HPV11 E2 and an
anti-mouse IgG a-tubulin and secondary antibody conjugated with horseradish peroxidase.

protein interaction with consensus E2BSs, we generated an E2
expression plasmid encoding HPV11 E2 mutant R37A/I73A. Res-
idues R37 and 173 are important for E2 interaction with Brd4, and
replacing these amino acids with alanines is known to reduce the
Brd4-binding efficiency of E2 proteins from different papilloma-
virus types (38). R37A/I73A E2 was coimmunoprecipitated with
endogenous Brd4 less efficiently than WT E2 (Fig. 4B) and was
unable to enhance Brd4 binding to the URR and RBBP4 region in
SiHa cells (Fig. 4A). ChIP analysis with R37A/173A E2 and WT E2
in SiHa cells using anti-E2 antibodies revealed that disrupting the
E2 interaction with Brd4 reduces E2 binding to both viral and
cellular E2BSs (Fig. 5). The URR and the RBBP4 and HMGB4
regions were immunoprecipitated in R37A/173A E2 samples less
efficiently than in WT E2 samples, although the proteins were

expressed at similar levels in these cells (Fig. 4C). However, this
reduction was less severe than in the case of N294A E2, which is
deficient in sequence-specific DNA-binding activity (compare
Fig. 2B and 5). Our results indicate that both E2 activities—inter-
action with cellular Brd4 and sequence-specific DNA-binding ac-
tivity—are important for binding to E2BSs within the chromatin
context.

E2 binding to cellular E2BSs does not alter cellular transcrip-
tion. Our next goal was to determine whether direct binding of E2
to cellular E2BSs causes changes in cellular transcript levels. In
SiHa cells, E2 expression leads to repression of early viral promot-
ers (13, 14, 48), and transcripts for viral oncogenes E6 and E7
provided controls in our mRNA analysis. Cellular transcripts of
the genes for GAPDH, ITGB4, HMGB2, RBBP4, ZBTB8OS, and
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FIG 5 Disruption of E2 interaction with Brd4 reduces E2 binding to E2BSs within the chromatin context. SiHa cells were electroporated with an empty vector
or an HPV11 WT E2 or an HPV11 R37A/I73A E2 expression vector. Twenty-four hours later, cells were fixed and chromatin immunoprecipitated with
nonspecific IgG or anti-E2 antibodies. DNA was extracted from immunoprecipitates and input fractions and analyzed by qPCR. Enrichment in immunopre-
cipitated fractions was calculated as a percentage of the input material. The data represent the average of three independent experiments and the standard
deviation. The nonspecific IgG values represent the average of vector, WT, and R37A/I73A samples.
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FIG 6 HPV11 E2 association with E2BSs does not result in changes in cellular
transcript levels. SiHa and HaCaT cells were transfected with an empty vector
or an HPV11 WT E2, an HPV11 N294A E2, or an HPV18 WT E2 expression
vector. Twenty-four hours later, total RNA was isolated, reverse transcribed,
and analyzed by qPCR. mRNA levels were calculated relative to the empty-
vector sample, and HPRT1 was used as the reference. The data represent the
average of three independent experiments and the standard deviation.

PTPNI1 were analyzed; the rest of the genes corresponding to the
genomic loci analyzed in the ChIP assay are expressed at a very low
level or not at all in these cell lines, since we could not detect their
transcripts in either SiHa or HaCaT cells (data not shown). The
GAPDH coding region does not contain any E2BSs, the gene for
HMGB?2 has two E2BSs separated by 126 nucleotides in the first
intron, and the gene for RBBP4 contains a single E2BS in the first
intron. The gene for ZBTB8OS is located just upstream from that
for RBBP4 and is in the reverse strand. The E2BS located in the
first intron of the gene for RBBP4 is situated 980 nucleotides up-
stream from the ZBTB8OS TSS. PTPNI1 contains a single E2BS in
the last exon. mRNA analysis was carried out with SiHa and
HaCaT cells 24 h after transfection with expression vectors for the
low-risk HPVI1 WT and N294A E2 proteins and high-risk
HPV18 E2 protein. Twenty-four hours later, RNA was extracted,
reverse transcribed, and analyzed by qPCR. The cellular mRNA
levels were normalized against HPRT1 and presented in relation
to the sample transfected with empty vector. As shown in Fig. 6A,
the viral E6/E7 transcript was suppressed by the WT HPV11 and
HPV18 E2 proteins but not by HPV11 N294A E2, which is defec-
tive in sequence-specific DNA binding. The expression of E2 did
not alter any cellular transcript levels in SiHa or HaCaT cells (Fig.
6). The cellular transcript levels were not affected over a wide
range of E2 concentrations in SiHa or HaCaT cells, nor did we
observe changes in cellular transcript levels in a U20S cell line
stably expressing E2 (data not shown). These data indicate that E2
sequence-specific binding to these cellular E2BSs has no effect on
the expression of cellular genes.

DISCUSSION

Papillomaviruses are able to establish persistent infection by rep-
licating and maintaining their DNA as episomes in host cells. Dur-
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ing this period, the viral E2 protein, which binds sequence specif-
ically to DNA with a high affinity, is expressed at low levels. E2
protein is required for the viral genome replication and mainte-
nance and has to function without damaging the host cell by caus-
ing global changes in cellular gene expression in the persistent
phase of the viral life cycle. In order to better understand the
molecular basis of such cooperation, we have analyzed the occur-
rence and functionality of specific E2BSs in the human genome.

Our computational analysis revealed that there are over 3,300
E2BSs—palindromic 12-bp DNA sequences ACCGN,CGGT—in
the human reference genome. Only about 1,000 such motifs are
expected to occur by chance, which indicates that E2BSs are three
times overrepresented in the human genome. A similar analysis of
the bovine genome, which is comparable in size to the human
genome, revealed that the number of E2BSs is much lower and
close to expected in this species. Furthermore, most of the E2BSs
in the human genome have spacer sequences with high G/C con-
tent, while the spacer sequences of E2BSs in the bovine genome do
not have such a distribution. We suggest that these two factors—
the high number of cellular E2BSs and the high G/C content of
these sites—may explain the HPV E2 protein preference for A/T-
rich E2BSs. It is possible that E2BSs in HPV genomes have
changed during viral evolution so that they would differ from
those of the host cell. This difference may guarantee that E2 pro-
tein binds to the viral high-affinity E2BSs, rather than abundant
cellular low-affinity E2BSs, and thereby ensures the replication
and maintenance of the HPV genomes.

In the present study, we have investigated the binding of the
HPV11 E2 protein to cellular E2BSs and its ability to discriminate
between viral and cellular E2BSs in the context of chromatin. Us-
ing a ChIP approach, we demonstrated that the HPV11 E2 protein
binds sequence specifically to at least 2 of the 15 cellular E2BSs
tested. E2 binds to E2BSs within the integrated viral URR in SiHa
cells and to cellular E2BSs located in transcriptionally active chro-
matin regions within the highly expressed cellular genes for
HMGB2 and RBBP4. Jang et al. have previously shown that BPV1
E2 associates with transcriptionally active cellular chromatin, in-
cluding the HMGB2 and RBBP4 promoter regions (24). However,
Jang et al. focused on E2 association with cellular chromatin rather
than direct binding to DNA. They showed that the BPV1 E2 pro-
tein binds to cellular chromatin independently of the presence of
E2BSs (24). E2 binding to DNA and chromatin is mediated by
different interactions and through different protein domains; E2
binds to DNA through its DNA-binding domain but associates
with cellular chromatin through its activation domain. We show
that HPV11 E2 protein binding to HMGB2 and RBBP4 is depen-
dent on the sequence-specific DNA recognition activity of E2.
Furthermore, HPV11 E2 binds to these sites with notably higher
efficiency than to the cellular promoter region of GAPDH, which
does not contain E2BSs. In the work of Jang et al., thelevel of BPV1
E2 binding to E2 consensus sites was very similar to that of the
active promoters without consensus sites (24). We show that two
E2 activities mediated by different E2 domains—sequence-
specific binding to DNA and interaction with the cellular Brd4
protein—are both important for HPV11 E2 protein binding to
E2BSs within the chromatin context and suggest that these inter-
actions contribute additively to strong, sequence-specific interac-
tion of HPV11 E2 with E2 consensus sites.

Bioinformatic approaches can be useful for finding all of the
potential recognition motifs for a given factor; however, usually
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only a subset of these represent binding sites in vivo. In our study,
E2 was able to bind to only one of the high-affinity E2BSs with
A/T-rich spacers in vivo and to at least one of the two E2BSs within
the HMGB2 intron that have AGTC and GGCC spacers, indicat-
ing that only a few of the cellular E2BSs are accessible to the viral
factor. This is also true for cellular transcription factors. For ex-
ample, in a systematic whole-genome study of p63-binding sites in
the human genome, only 8% of the best and 1 to 3% of the typical
motifs were bound by p63 in vivo and only 10 to 20% of the bound
targets were involved in p63-dependent transcription regulation
(56). Our data show that E2 binding to cellular E2BSs in vivo
correlates with open chromatin regions. E2 binds to E2BSs in
chromatin regions that exhibit low histone occupancy and have
high levels of acetylated and K4-dimethylated histone H3. E2
binding to E2BSs within cellular chromatin depends on several
factors. First, the accessibility of E2 consensus site within the cel-
lular chromatin influences E2 binding. Second, DNA methyl-
ation, which was not investigated in the present study, could also
explain poor E2 binding to at least some of the cellular high-
affinity E2BSs. E2 binding motif contains CpG nucleotides, which
are methylated in 70 to 80% of the cases in mammalian genomes
(35), and methylation is known to inhibit E2 binding (52). Third,
the availability and interaction with cellular adaptor proteins is
important for E2 binding to consensus sites within cellular chro-
matin.

Brd4, the cellular bromodomain protein that binds to acety-
lated histones, has been demonstrated to recruit HPV11 E2 to
HPV chromatin (32, 55). Our data show that Brd4 is prebound to
all chromatin sites that are also bound by E2 and that E2 binding
to specific binding sites in cellular chromatin recruits additional
Brd4 molecules to these loci, demonstrating once again the tight
interaction and cross talk between these two proteins. However, in
spite of E2 binding and the recruitment of additional Brd4 mole-
cules to these chromatin regions, the mRNA levels of genes ex-
pressed from cellular promoters containing E2BSs were not af-
fected by the expression of HPV11 and HPV18 E2 proteins. This is
consistent with previous studies (24, 26) and demonstrates that
papillomaviruses have developed a long-term relationship with
the host cell in order to guarantee the propagation of the virus. It
is beneficial for the virus to utilize the host cell components with-
out causing global changes in cellular gene expression, which
could be detrimental to host cells.

The HPV11 E2 protein binds to cellular E2BSs with an effi-
ciency similar to that of viral E2BSs within the integrated early
promoter in HPV-positive SiHa cells. This region contains the
origin of virus DNA replication. Kadaja and others have demon-
strated that papillomavirus replication proteins E1 and E2 utilize
the integrated viral replication origin when expressed from viral
episomes at low levels (27). This indicates that in the presence of
viral episomes, the E2BSs within the context of cellular chromatin
compete for E2 binding, which provides further support for our
hypothesis that the viral protein needs to distinguish between viral
and abundant cellular E2BSs.

Nuclear viruses often encode their own transcription factors,
and these can interfere with normal cellular transcription in virus-
infected cells. This enables the virus to directly alter cellular phys-
iology during the course of the viral life cycle and represents an
intriguing aspect of virus-host interaction. For example, the
EBNAL1 protein, encoded by Epstein-Barr virus, binds sequence
specifically to a large number of cellular promoters and regulates
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their transcriptional activity (9, 36). Some studies indicate that E2
is also involved in the modulation of the cellular environment
during the course of the viral life cycle (8, 17); however, in most
cases, these effects are caused by protein-protein interactions be-
tween E2 and host factors rather than direct interaction with cel-
lular DNA (6, 33, 40), and our results are in agreement with this.
We suggest that HPV E2 proteins and the E2BSs within viral ge-
nomes have adapted to the host cell in order to ensure the repli-
cation and maintenance of the viral DNA and at the same time
prevent extensive and possibly detrimental changes in cellular
transcription in response to the viral protein.
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