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For many papillomaviruses, the viral protein E2 tethers the viral genome to the host mitotic chromosomes to
ensure persistent, long-term maintenance of the genome during cell division. Our previous studies of E2 proteins
from different genera of papillomaviruses have shown that they bind to different regions of the host chromosomes
during mitosis. For example, bovine papillomavirus type 1 (BPV-1) E2 binds to all chromosomes as small speckles
in complex with the cellular protein Brd4. In contrast, the human papillomavirus type 8 (HPV-8) E2 protein binds
as large speckles at the pericentromeric regions of chromosomes. Here we show that these speckles do not contain
Brd4, and unlike that of BPV-1, the N-terminal Brd4-interacting domain of HPV-8 E2 is not required for chromo-
some binding. In contrast to BPV-1 E2, the HPV-8 E2 protein targets the short arms of acrocentric mitotic
chromosomes. Furthermore, the E2 protein interacts with the repeated ribosomal DNA genes found in this location
and colocalizes with UBF, the RNA polymerase I transcription factor. Therefore, HPV-8 E2 genome tethering occurs
by a Brd4-independent mechanism through a novel interaction with specific regions of mitotic chromosomes. Thus,
a wide range of viruses have adopted the strategy of linking their genomes to host chromosomes, but individual
viruses use different chromosomal targets. Characterization of these targets will enable the development of antiviral
therapies to eliminate the viral genomes from infected cells.

Papillomaviruses infect the basal layer of stratified epithelia.
The viral genomes are stably maintained in the nuclei of the
dividing cells as low copy number, extrachromosomal elements
for many years. Error-free replication and equal distribution of
the replicated copies of the viral DNA to the dividing cells are
key to the persistence of papillomavirus infection. The mech-
anism of viral genome partitioning is different from that of host
chromosomes, as the viral DNA does not possess any sequence
equivalent to the centromere to utilize the mitotic segregation
machinery of the host. Instead, E2, a multifunctional viral
protein, attaches the viral DNA to the host chromosomes (15,
21, 34). As the host cell chromosomes are divided equally into
daughter cells during mitotic division, the viral DNA is pas-
sively segregated by being tethered to the host chromosomes.
Chromosomal tethering mediated by a virus-encoded protein
is a common tactic for maintaining the genomes of other per-
sistent viruses. Gammaherpesviruses such as Epstein-Barr vi-
rus and Kaposi’s sarcoma-associated herpesvirus use this strat-
egy, which is mediated by the EBNA-1 and LANA proteins,
respectively (reviewed in reference 23).

Among the papillomaviruses, bovine papillomavirus type 1
(BPV-1) is best studied for chromosomal segregation. The
multifunctional viral protein E2 has been shown to play an
important role in this process. Both the BPV-1 E2 protein and
viral genomes are localized on mitotic chromosomes as small
speckles on the arms of all chromosomes, in complex with Brd4
(3, 15, 21, 34, 40). Furthermore, BPV-1 E2 mediates the at-
tachment and segregation of plasmids containing E2 binding
sites (4, 15). There is much evidence that Brd4, a cellular

bromodomain protein involved in many cellular functions, in-
cluding transcription regulation, is involved in the chromo-
somal binding complex of BPV-1 E2. Both E2 and Brd4 colo-
calize on mitotic chromosomes in punctate spots (3, 25, 40),
and mutations in the E2 transactivation domain compromise
both the interaction of E2 with Brd4 and the association of E2
with the chromosome (3, 32). Inhibition of the Brd4-E2 inter-
action by the overexpression of a dominant negative C-termi-
nal domain of Brd4 inhibits the association of E2 with the
chromosome, viral genome maintenance, and BPV1-induced
cellular transformation (16, 24, 41). Finally, in Saccharomyces
cerevisiae, E2-mediated plasmid segregation can be reconsti-
tuted only in the presence of Brd4 (4).

For most papillomaviruses, there is no good cell-based sys-
tem available to study genome segregation. However, because
it has been clearly shown that BPV-1 E2 partitions genomes by
tethering them to mitotic chromosomes, the localization of
other papillomavirus E2 proteins to the mitotic chromosome
has been analyzed to determine whether they use a similar
mechanism. A systematic study was carried out in our labora-
tory to investigate the localization of the E2 proteins of 13
animal and human papillomaviruses (HPVs) from 7 different
papillomavirus genera to the mitotic chromosome (27). Many
of the E2 proteins, such as those from European elk papillo-
mavirus and HPV type 1a (HPV-1a), show colocalization with
Brd4 on mitotic chromosomes similar to that of BPV-1 E2.
However, the HPV-8 E2 protein was found to associate with
the pericentromeric region of chromosomes as larger, often
dimeric, speckles (27). The E2 proteins of the human alpha-
papillomaviruses HPV-11, HPV-16, and HPV-31 also showed
localization patterns similar to that of HPV-8 E2 under certain
fixation conditions. These E2 proteins did not colocalize with
Brd4, and mutations in the HPV-31 E2 protein which abrogate
Brd4 binding did not affect mitotic chromosome binding (24).
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In another study, the HPV-11, HPV-16, and HPV-18 alpha-
papillomavirus E2 proteins were reported to be associated with
the mitotic spindle (37). So, while the chromosomal target of
BPV has been established, the binding partners of many hu-
man papillomaviruses remain elusive, and these viruses may
interact with diverse binding partners for genome segregation.

The association of HPV-8 E2 with the host chromosome is
one of the most stable and distinctive of those of the papillo-
mavirus E2 proteins that we have studied. HPV-8 is a beta-
papillomavirus that subclinically infects the cutaneous epithe-
lium in normal individuals. In individuals with the genetic
disorder epidermodysplasia verruciformis, infection causes
abundant lesions which have a propensity to transform into
carcinomas (13). Several viral types from the genus Papilloma-
virus have also been implicated in nonmelanoma skin cancers
(11). Considering the carcinogenic potential of HPV-8 and the
distinctive localization of the E2 protein of HPV-8 on mitotic
chromosomes, we further investigated the mechanism of
HPV-8 genome segregation.

In the present work, we show that the HPV-8 E2 protein
associates with mitotic chromosomes in the absence of the
N-terminal domain, which has been shown to be a critical
determinant for BPV-1 E2 chromosome targeting (2, 3, 34).
On human host chromosomes, HPV-8 E2 binds to the short
arms of the acrocentric chromosomes, to a region containing
both �-satellite DNA and the ribosomal DNA (rDNA) loci.
Further mapping demonstrated that the HPV-8 E2 protein
binds to the rDNA genes and colocalizes with the ribosomal
transcription factor UBF1.

MATERIALS AND METHODS

Plasmids. The pMEP-HPV-8 E2 plasmid, which expresses FLAG-tagged E2
from the metallothionein promoter, has been described previously (24). DNA
that encodes subdomains of HPV-8 E2 was amplified, using PCR primers with
appropriate restriction sites, and was cloned into the pMEP4 vector. Details of
the cloning procedures will be provided on request. All E2 proteins except the
HPV-8 E2 C domain, were encoded by an N-terminal FLAG epitope tag. The tag
on the C domain consisted of the FLAG tag, followed by CBP (calmodulin
binding protein) and SBP (streptavidin binding protein) tags. The NH and HC
domains of HPV-8 E2 correspond to amino acids 1 to 404 and 206 to 498,
respectively. The NC domains encode the E2 protein with amino acids 1 to 205
fused to amino acids 404 to 498. The N, H, and C domains correspond to amino
acids 1 to 205, 207 to 405, and 404 to 498, respectively. The R37AI73A mutation
was generated in the full-length E2 gene, using the QuikChange multi site-
directed mutagenesis kit (Stratagene). The pMEP-9 BPV-E2 expression vector is
similar to pMEP-4 BPV-E2, except that the hygromycin resistance marker has
been replaced by the neomycin resistance gene. pA and p21�7 plasmids, carrying
rDNA and �-satellite DNA, respectively, have been described previously
(10, 14).

Cell culture. HPV-8- and BPV-1 E2-expressing CV-1 cells were derived, as
described previously (25), in the experiment shown in Fig. 1, with double selec-
tion with hygromycin and G418. C33A cells expressing wild-type and different
truncated versions of HPV-8 E2 were selected with 80 �g/ml hygromycin B
(Roche) and maintained in 40 �g/ml hygromycin B.

Brd4-E2 binding assay. The following procedure has been described previ-
ously (3, 5). Purified Brd4 protein (0.64 �g in 5 �l) was bound to M2 anti-FLAG
agarose by incubation in 20 mM Tris (pH 7.5), 150 mM NaCl, 1 mM EDTA,
0.1% Tween 20, 1 mM dithiothreitol, and 1� Complete EDTA-free protease
inhibitor cocktail (Roche) at room temperature for 1 h. E2 proteins were syn-
thesized and labeled with [35S]-methionine, using Promega’s TNT quick-coupled
reticulocyte lysate system, and the concentrations of each were normalized to
one another based upon the number of methionines. Equivalent amounts of
35S-labeled E2 proteins were incubated with Brd4 agarose beads for 1 h. Bound
proteins were eluted in 2% sodium dodecyl sulfate (SDS)–62.5 mM Tris-HCl
(pH 6.8)–25% glycerol and separated by SDS- polyacrylamide gel electrophore-

sis. The amount of 35S-E2 bound to Brd4 was measured using a Typhoon imager
(Molecular Dynamics).

Indirect immunofluorescence. pMEP plasmids containing cells were grown on
Superfrost Plus slides. For mitotic synchronization, cells were blocked with 2 mM
thymidine and fixed with 4% paraformaldehyde 9 h after release, as described
previously (24). Four hours before fixation, E2 expression was induced with 6 �M
CdSO4. For metaphase chromosome spreads, cells were treated with 30 ng/ml
colchicine for 3 h before fixation and swollen in hypotonic buffer 1 (10 mM Tris
[pH 7.4], 10 mM NaCl, 5 mM MgCl2) and hypotonic buffer 2 (25% phosphate-
buffered saline [vol/vol]) for 15 min each at room temperature, and the slides
were cytocentrifuged at 1,500 rpm for 3 min and fixed as described above (42).
Cells were permeabilized and stained as described previously (24). HPV-8 E2,
UBF, Brd4, and centromeres were detected with monoclonal anti-FLAG M2
antibody (1:500; Sigma), rabbit polyclonal anti-UBF antibody (1:100; Santa Cruz
Biotechnologies, Inc.), rabbit polyclonal antiserum against Brd4 2290 (9), and
human anticentromere antiserum (1:1,000; ImmunoVision), respectively. Fluo-
rescent secondary antibodies were from Jackson ImmunoResearch Laboratories.
Slides were mounted in Vectashield containing 1 �g/ml DAPI (4�,6�-diamidino-
2-phenylindole). Images were collected with a Leica TCS-SP5 laser scanning
confocal imaging system. Maximal projection images of 15 to 25 0.2 �M Z-stack
images were obtained, using Imaris software (Bitplane AG).

FISH. A combined immunofluorescence and fluorescence in situ hybridization
(FISH) technique was developed for the studies described herein. After immu-
nofluorescence detection as described above, slides were treated with methanol:
acetic acid (3:1) for 10 min, 2% paraformaldehyde for 1 min, and a 70%, 90%,
and 100% ethanol series for 3 min each. Fluorescein isothiocyanate-labeled
�-satellite probes specific for the centromeres of chromosomes 1, 5, and 19; 13
and 21; or 14, 22, and 15 (Qbiogene) were used to identify specific chromosomes.
Rhodamine-labeled �-satellite probes (2 �l) specific for chromosomes 13 and 21;
14 and 22; or 1, 5, 9, and 15 (Qbiogene) were hybridized in 8 �l hybridization
buffer (Qbiogene), and the cellular DNA and probe were denatured by incubat-
ing the slides at 75°C for 5 min. Hybridization was carried out overnight at 37°C.
The slides were washed with 1� phosphate-buffered detergent (Qbiogene) for 5
min at room temperature, 1� wash buffer (0.5� SSC [1� SSC is 0.15 M NaCl
plus 0.015 M sodium citrate]–0.1% SDS) for 5 min at 65°C, and 1� phosphate-
buffered detergent for 5 min at room temperature and mounted as described
above. Probes for rDNA and �-satellite DNA were prepared from pA and p21�7

FIG. 1. BPV-1 and HPV-8 E2 proteins bind to different chromo-
somal locations. BPV-1 E2 (green) and HPV-8 E2 (red) proteins were
detected in CV-1 cells expressing both proteins by indirect immuno-
fluorescence, using B201 and anti-FLAG antibodies, respectively. The
kinetochore was detected with an anticentromere antibody (aqua
blue). Cellular DNA was counterstained with DAPI (blue).
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plasmids, respectively. DNA (2 �g) was labeled with Alexa Fluor 594, using the
Ulysis nucleic acid labeling kit according to the manufacturer’s instructions. The
probe DNA was precipitated with 4 mg/ml salmon sperm DNA and resuspended
at 10 �g/ml in hybridization buffer (50% formamide, 10% dextran sulfate, 4�
SSC). After indirect immunofluorescence staining and cross-linking, the slides
were treated with 100 �g/ml RNaseA in 2� SSC. Subsequently, the slides were
denatured in 70% formamide in 2� SSC at 72°C for 5 min, dehydrated in
ice-cold 70%, 80%, and 100% ethanol for 2 min each, and rinsed with 100%
ethanol for 1 min at room temperature. After denaturation, 10 �l of 10 �g/ml
probe DNA was hybridized overnight to the denatured slide. For rDNA FISH,
the slides were washed three times with washing solution I (50% formamide–2�
SSC) for 5 min each at 45°C and three times with washing solution II (1� SSC)
for 5 min each at 65°C and were rinsed briefly in washing solution III (4�
SSC–0.1% Tween 20) at room temperature. For �-satellite FISH, the slides were
washed two times with washing solution I (50% formamide–2� SSC) for 5 min
each at 40°C and rinsed briefly in washing solution III (4� SSC–0.1% Tween 20)
at room temperature. The slides were mounted in DAPI-containing Vectashield
as described above. Images were collected and processed as described in the
previous section.

Deconvolution and colocalization. Three-dimensional reconstruction, maximal
projection, and colocalization of the sequential Z-sections were performed with
Imaris software (Bitplane AG). Collected data for analysis were deconvolved
with Huygens essential software (Scientific Volume Imaging BV). Values for 2-D
line profiles of maximal projections were obtained by using IPlab software (BD
Biosciences Bioimaging).

RESULTS

HPV-8 and BPV-1 E2 proteins bind different regions of
mitotic chromosomes. In previous studies, the HPV-8 and

BPV-1 E2 proteins showed distinct patterns of localization on
mitotic chromosomes (27). To analyze this further, a CV-1-
derived cell line that expressed both E2 proteins was estab-
lished. The location of each protein was determined by using
an antibody against the N-terminal FLAG tag on the HPV-8
E2 protein and a monoclonal antibody specific for the un-
tagged BPV-1 E2 protein. The centromeres of the host chro-
mosomes were identified with an antibody against the kineto-
chore. As shown in Fig. 1, each E2 protein bound to distinct
regions of mitotic chromosomes, and no colocalization was
observed. The HPV-8 E2 protein was observed to always be
located adjacent to the centromeres of the host chromosomes,
whereas BPV-1 E2 had a random distribution with respect to
the centromere. Thus, HPV-8 E2 has a unique chromosomal
target that is distinct from that of BPV-1 E2.

The H and C domains of HPV-8 E2 are sufficient for mitotic
chromosome binding. The E2 protein consists of three do-
mains. The N-terminal transactivation domain (N) and the
C-terminal DNA-binding domains (C) are conserved among
different papillomaviruses. These conserved domains are con-
nected by a flexible, nonconserved hinge region (H). The N-
terminal domain of BPV-1 E2 has been shown to be important
for binding to mitotic chromosomes, while the C-terminal do-
main binds specifically to sites in the viral genome (2). The
differences between HPV-8 E2 and BPV E2 chromosome lo-

FIG. 2. Both full-length and HC HPV-8 E2 proteins bind mitotic chromosomes. (A) Diagram showing the structure of wild-type (WT) HPV-8
E2 and the individual domains used for chromosome localization. N, H, and C represent the N-terminal, hinge, and C-terminal domains,
respectively. The amino acid positions delineating these domains are shown. (B) Immunolocalization of HPV-8 E2 proteins and derived domains
expressed in CV-1 cells. HPV-8 E2 proteins were detected with anti-FLAG antibody (green), and cellular DNA was counterstained with DAPI
(blue). neg, negative. (C) Alignment of the amino acid sequences of the BPV-1 and HPV-8 E2 proteins.
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calization suggested that the mechanism of chromosome bind-
ing could be different for these two proteins. To investigate the
regions of the HPV-8 E2 protein required for chromosome
association, FLAG-tagged proteins consisting of different do-
mains of HPV-8 E2 (Fig. 2A) were expressed in CV-1 cells,
and their localization was studied by indirect immunofluores-
cence. As shown in Fig. 2B, localization of the HPV-8 E2 HC
protein lacking any N-terminal domain was comparable to that
of the full-length protein. However, proteins consisting of NC,
NH, or the individual N, H, and C domains showed no specific
chromosome binding. Therefore, the hinge region and C ter-
minal domain of HPV-8 E2 are necessary and sufficient for
chromosome targeting. Alignment of the BPV-1 and HPV-8
E2 proteins is shown in Fig. 2C.

HPV-8 E2 mitotic chromosome binding does not require
Brd4. The N-terminal domain of BPV-1 E2 is critical for Brd4

binding and hence for chromosome association. The amino
acid substitutions R37A and I73A in the N-terminal domain of
BPV-1 result in the loss of Brd4 interaction and chromosome
binding in all E2 proteins tested (3, 24, 32). Our previous
observations that BPV-1 and HPV-8 E2 proteins bind to dif-
ferent regions of mitotic chromosomes and that the N-terminal
domain of HPV8-E2 is not required indicated that HPV-8 E2
probably associates with mitotic chromosomes independently
of its interaction with Brd4. To confirm this, we investigated
the localization of Brd4 in CV-1 cells expressing the HPV-8
E2, HPV-8 E2 R37AI73A, and HPV8-E2 HC proteins. All
three proteins bound to mitotic chromosomes without any
significant colocalization with Brd4 (Fig. 3C). In vitro binding
assays confirmed that as for BPV-1 E2, the N-terminal domain
of HPV-8 E2 is required for Brd4 binding, that the R37AI73A
mutation disrupts this binding, and that HPV8-E2 HC is un-

FIG. 3. Interaction of HPV-8 E2 protein in the absence of Brd4 binding. (A) In vitro-translated E2 proteins were tested for their abilities to
bind Brd4. Aliquots (10 �l) of E2-containing reticulocyte lysate (adjusted for the concentration of E2) were assayed for binding to 5 �l of Brd4
protein extract prebound to anti-FLAG immunobeads. Bound E2 proteins (B) were eluted and analyzed by SDS-polyacrylamide gel electro-
phoresis. The input lanes (I) contain a 1/5 volume of lysate added to the binding reactions. Molecular size markers are at the right. (B) Percentage
of input protein bound for each E2 protein in the presence or absence of Brd4 protein. wt, wild type. (C) Immunolocalization of HPV-8 E2 proteins
and Brd4 on mitotic chromosomes in CV-1 cells. E2 was detected with anti-FLAG antibody (green) and Brd4 with anti-Brd4 antiserum (red). DNA
was counterstained with DAPI (blue). WT, wild type; neg, negative.
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able to bind Brd4 (Fig. 3A and B). Therefore, the association
of HPV-8 E2 with mitotic chromosomes does not require Brd4
and thus is different from that of BPV-1 E2.

HPV-8 E2 binds to the pericentromeric region of a subset of
mitotic chromosomes. To further characterize the mitotic
binding site of HPV-8 E2, E2-expressing cell lines were derived
from human cervical carcinoma-derived C33A cells. Stable cell
lines express detectable E2 protein in about 20 to 30% of
interphase cells after induction of the metallothionein pro-
moter. The E2 protein can be detected in about 10% of mitotic
cells and was localized on mitotic chromosomes in a pattern
similar to that observed previously in CV-1 cells. To analyze
this localization in further detail, chromosome spreads were
prepared, and HPV-8 E2 and centromeres were detected by
indirect immunofluorescence. E2 staining was observed as
paired or single foci of variable size, located adjacent to the
centromeres (Fig. 4A). The number of E2 signals observed per
cell ranged from three to eight signals, with an average of six
signals. The intensity of the E2 staining on each chromosome
was variable; however, each focus within a paired signal had a
similar intensity. Figure 4B shows a panel of individual, well-
isolated chromosomes with E2 and ACA staining. These chro-
mosomes were randomly selected from different metaphase
spreads. For the majority of the E2-bound chromosomes, both
E2 and ACA staining was located very close to the end of the
chromosomes, suggesting that E2 is associated with centro-
meres on the short arms of the chromosomes.

HPV-8 E2 associates with acrocentric chromosomes. By def-
inition, chromosomes with the centromere close to one end are
known as acrocentric chromosomes. To further prove that E2
was binding specifically to such chromosomes, a combined
immunofluorescence/FISH technique was developed. HPV-8
E2 was detected on metaphase chromosomes by indirect im-
munofluorescence with an anti-FLAG antibody. The antibod-
ies were cross-linked, and FISH was performed with �-satellite
probes specific for the acrocentric chromosomes 13 and 21, 14

and 22, or 15. In mitotic cells expressing E2, the immunoflu-
orescence signal for E2 was observed adjacent to the FISH
signal specific for each of the acrocentric chromosomes (Fig.
5). However, the distributions of E2 on different acrocentric
chromosomes were not identical. E2 was localized next to the
centromere of chromosomes 13 and 21 in 100% of cases (Table
1). In contrast, only 43% of chromosomes 14 and 22 and 73%
of chromosomes 15 showed E2 binding. To further prove the
specificity of E2 binding to acrocentric chromosomes, similar
immuno-FISH experiments were carried out with probes spe-
cific for the nonacrocentric chromosomes 1, 5, and 19. E2
staining was never observed adjacent to the FISH signal of
these chromosomes, confirming the specificity for acrocentric
chromosomes (Fig. 5D).

HPV-8 E2 binds adjacent to, but does not overlap with,
�-satellite DNA on the short arms of acrocentric chromo-
somes. The short arms of the acrocentric chromosomes con-
tain different families of repetitive DNA sequences arranged in
tandem. The tight foci of the HPV-8 E2 immunofluorescence
signals at equivalent positions on each sister chromatid
prompted us to investigate whether E2 binds to these se-
quences on the mitotic chromosomes. �-Satellite DNA, one of
the best characterized repetitive DNAs, is located on the short
arms of acrocentric chromosomes (14). Approximately 250 to
500 copies of higher-order repeats of �-satellite DNA are
estimated to be present per haploid genome. Two subfamilies
of �-satellite DNA are organized on the short arms of acro-
centric chromosomes. The p21ß7 subfamily is localized to the
distal portion of the short arms, and the p21ß2 subfamily is
located both at the distal end of the chromosomes and proxi-
mal to the centromeric DNA. Since the E2 signal was observed
at a single locus on each chromosome, we used a FISH probe
corresponding to the p21ß7 subfamily to detect �-satellite se-
quences. Combined immunofluorescence/FISH was performed
as described above to detect HPV-8 E2 and �-satellite DNA,
respectively. On chromosome spreads from C33A cells, the E2

FIG. 4. Distribution of HPV-8 E2 protein on mitotic chromosomes. (A) Immunolocalization of E2 protein and centromeric ACA antigen on
a metaphase chromosome spread of C33A cells expressing HPV-8 E2. E2 was detected with an anti-FLAG antibody (green), and centromeres were
detected with an anti-ACA centromeric antibody (red). DNA was counterstained with DAPI (blue). (B) Images of isolated, individual chromo-
somes showing HPV-8 E2 and ACA staining.

644 PODDAR ET AL. J. VIROL.



signal was observed adjacent to the �-satellite signal (Fig. 6).
When individual chromosomes were examined, the �-satellite
signal was located at the distal end of the chromosome, while
HPV-8 E2 was located toward the long chromosome arm (Fig.
6A). To map the location of E2 with respect to other chromo-
somal sequences, double immunofluorescence staining was

done with anti-FLAG and ACA antibodies together with FISH
by using �-satellite probes. E2 was found to be located between
the centromere DNA and the �-satellite DNA on acrocentric
chromosomes (Fig. 6).

HPV-8 E2 binds to the rDNA loci on mitotic chromosomes.
The genes carrying 5.8S, 18S, and 28S rRNA are organized as

FIG. 5. HPV-8 E2 associates with the short arms of acrocentric chromosomes. (A, B, and C) HPV 8 E2 was mapped to acrocentric
chromosomes by combined immunostaining of E2 (green) and FISH, using �-satellite probes (red). Cellular DNA is counterstained with DAPI
and shown in blue. (D) FISH, with �-satellite probes specific for nonacrocentric chromosomes 1, 5, and 19, demonstrates the specificity of the
association of HPV-8 E2 with acrocentric chromosomes.

TABLE 1. Correlation of E2 localization on acrocentric chromosomesa

Chromosome
No. of
cells

analyzed

No. of
E2

signals

No. of
FISH
signals

No. of
chromosomes

with E2 % of chromosomes
containing E2

13, 21 7 36 22 22 100
14, 22 16 99 62 27 43
15 9 43 15 11 73

a The green circles represent the E2 fluorescence signal observed on each chromosome, and the red circles represent the fluorescence probe that identifies the
centromere of each acrocentric chromosome. The numbers of chromosomes with both signals adjacent are shown as combined red and green circles.
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tandemly repeating units on the short arms of acrocentric
chromosomes (14, 22). There are approximately 400 copies of
these repeat units present per diploid genome. The p21ß7
subfamily is known to be localized to the distal end of the
rDNA gene cluster (14). Localization of HPV-8 E2 relative to
�-satellite DNA indicated that rDNA could be the potential
chromosomal target of HPV-8 E2. To confirm this, HPV-8 E2,
kinetochores, and rDNA were located on chromosome spreads
by indirect immunofluorescence with anticentromeric ACA
and anti-FLAG antibodies and by FISH with a probe specific
for rDNA. The probe was generated from the pA plasmid that
contains a 7.3-kb EcoRI fragment spanning �200 nucleotides
of the 18S rRNA gene, the internal transcribed spacer 1 region,
sequences carrying the 5.8S rRNA gene, the internal tran-
scribed spacer 2, and �4,500 nucleotides of the upstream end
of the 28S rRNA gene. We could detect between six and nine
FISH signals per cell, representing the rDNA loci. The major-
ity of the E2 signal was found to be colocalized with these
rDNA signals (Fig. 7A). Analysis of randomly selected, well-
isolated chromosomes from different mitotic chromosome
spreads showed that both HPV-8 E2 and rDNA colocalize on
the mitotic chromosomes and are located adjacent to the cen-

tromere DNA, as detected by ACA staining (Fig. 7B). The
relative position of each locus was determined by plotting
the relative intensities of each fluorescence signal along a line
drawn through the signals on the acrocentric chromosome
(Fig. 7C). This further demonstrated that the peak of the in-
tensity of the E2 signal coincided with that of rDNA. The
fluorescence intensity peak for the centromere (ACA) was
distinct and did not overlap with either E2 or rDNA signals.

HPV-8 E2 colocalizes with the rDNA transcription factor
UBF on mitotic chromosomes. UBF is a transcription factor
required for transcription of rDNA by RNA polymerase I (17).
UBF has been shown to associate with the chromosomal re-
gion corresponding to rDNA and remains bound in all stages
of mitosis, although transcription is silenced in mitosis (28, 29).
Colocalization of E2 with UBF with reference to the centro-
mere was investigated, using anti-FLAG, anti-UBF, and anti-
ACA antibodies. HPV-8 E2 was found to associate with the
chromosome at the same position as UBF (Fig. 8A). Colocal-
ization was observed as yellow foci, equivalently positioned on
the sister chromatids of the mitotic chromosomes. The num-
bers of UBF foci per cell ranged from four to eight, with an
average of seven. Like that for E2, UBF staining could be seen

FIG. 6. �-satellite DNA and HPV-8 E2 occupy adjacent, but distinct, regions on the short arms of acrocentric chromosomes. (A) Images of
individual chromosomes showing localization of E2 and �-satellite DNA. Combined immunofluorescence with anti-FLAG antibody was used to
detect E2 protein (green), and FISH was used to detect �-satellite DNA (red) on metaphase spreads. DNA is counterstained with DAPI (blue).
(B) An E2 binding site is located between the centromere and �-satellite DNA. Metaphase chromosome spreads with E2 (green), centromere
(cyan blue), and �-satellite DNA (red) are shown. (C) Image of an individual chromosome with E2 (green), �-satellite DNA (red), and centromere
(cyan blue) fluorescence signals.
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as either single foci or paired dots, and the intensities of dif-
ferent UBF signals were variable. Immunostaining with ACA,
anti-FLAG, and anti-UBF showed that E2 and UBF colocalize
adjacent to the centromere (Fig. 8B). This data was confirmed
by the fluorescence line scans of the E2, UBF, and ACA signals
(Fig. 8C).

DISCUSSION

In this study, we demonstrated that the chromosomal target
of the HPV-8 E2 tethering protein is quite different from that
of the BPV-1 E2 protein, which binds to the chromosome arms
in complex with the cellular Brd4 protein (3, 40). In contrast to
BPV-1 E2, the N-terminal domain of HPV-8 E2, which is
required for association with Brd4, is not required for chro-
mosomal association. Rather, both the C-terminal DNA bind-

FIG. 7. HPV-8 E2 colocalizes with rDNA on mitotic chromosomes.
(A) Combined immunofluorescence and FISH were used to detect E2
(green), rDNA (red), and ACA centromere antigen (cyan blue) on
metaphase chromosome spreads of HPV-8 E2-expressing C33A cells.
DNA is shown in blue. (B) E2, rDNA, and ACA staining on randomly
chosen isolated chromosomes from different metaphase chromosome
spreads. (C) A fluorescence intensity light scan was obtained by draw-
ing a line through the three fluorescence signals of E2, rDNA, and
ACA. The chromosome used for drawing the line scan is shown in the
inset.

FIG. 8. HPV-8 E2 and UBF1 colocalize on mitotic chromosomes.
(A) E2 (green) and UBF1 (red) were detected in metaphase chromo-
some spreads by indirect immunofluorescence, using anti-FLAG and
anti-UBF antibodies, respectively. (B) Localization of E2 and UBF
relative to the centromere was determined by immunostaining with
ACA (aqua blue), E2 (green), and UBF (red) antibodies. DNA was
stained with DAPI (blue). (C) Fluorescence intensity light scan of E2,
UBF1, and ACA signals. The chromosome used for drawing the line
scan is shown in the inset.
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ing and dimerization domain and the hinge region are re-
quired. Furthermore, Brd4 does not colocalize on mitotic
chromosomes with the HPV-8 E2 R37AI73A and HPV-8 E2
HC proteins that are unable to interact with Brd4. Thus, as
reported previously, Brd4 is not required for genome parti-
tioning of all papillomaviruses, although it does seem to be
required for transcriptional activation and repression (16, 24,
31, 32, 39). Further characterization of the binding site of
HPV-8 E2 on human chromosomes revealed that this protein
binds to the rDNA genes located between �-satellite DNA and
centromeric DNA on the short arms of acrocentric chromo-
somes (Fig. 9).

There are several reasons why rDNA might be an attractive
target as a chromosomal tethering region for some papilloma-
viruses. The tandemly arranged repeating rDNA units (400 per
diploid cell) increase the local concentration of the binding
target, thereby increasing the likelihood of interaction with the
E2 protein complex. Because of its repetitive nature, the
rDNA locus has specialized mechanisms for replication, cohe-
sion, condensation, and segregation (8, 12, 19, 35, 36). The
rDNA transcription units are also poised for immediate RNA
synthesis as cells exit mitosis, and transcription factors such as
UBF remain bound throughout mitosis (26). The resulting
unique chromatin structure could provide unique targets dis-
tributed among the host chromosomes. In interphase cells, all
papillomavirus E2 proteins are detected in a nuclear, but nu-
cleolar-excluded, pattern. In addition, the HPV-8 E2 protein

can be observed in SC35-splicing speckles by virtue of the
serine-arginine-rich hinge sequences (A. A. McBride, unpub-
lished data), as has been shown for the related HPV-5 E2
protein (20). This separation in localization at different stages
of the cell cycle could be advantageous to the virus, as the E2
protein would be free during interphase to participate in viral
transcription, replication, and splicing; the high-affinity nucle-
olar-organizing region (NOR) targets would be sequestered in
the nucleoli until the nucleolar envelope broke down in early
mitosis. It is not yet known if E2 plays any functional roles at
the rDNA locus other than tethering the viral genomes to the
chromosome, but several viruses are known to modify rDNA
expression or factors (1, 6, 30).

Notably, only 8 or 9 acrocentric chromosomes were detected
by rDNA FISH instead of the expected 10 per chromosome
spread. This is due to aneuploidy of the C33A cell line (Table
2). Transcription of each rDNA locus results in the formation
of a nucleolus, and thus each region is termed a NOR. Within
each cell, some NORs are silent, and only active NORs are
associated with polymerase I transcription factors (26). Corre-
spondingly, on average only seven UBF foci and six E2 signals
were detected per metaphase spread, and each protein bound
acrocentric chromosomes in the preferential order of 13, 21,
�15, �14, 22 (Table 3). This implies that the E2 protein binds
only to active mitotic NORs and that the E2 target may be a
transcription factor or chromatin component associated with
these sites. Although E2 and UBF colocalize at the NORs, no
direct interaction has yet been detected by coimmunoprecipi-
tation (data not shown), and it remains to be determined
whether they have a functional interaction or simply bind to
the same chromosomal locus.

There are also connections between other viral tethering
proteins and nucleoli or NORs. The cellular target of the
Epstein-Barr virus tethering protein, EBNA, is a protein
termed p40 nucleolar proliferation antigen, or hEBP2, and is
involved in pre-RNA processing (33). hEBP2 is nucleolar in
interphase (7) but is distributed along condensed chromo-
somes in mitosis (38). Recently, the C-terminal domain of the
LANA tethering protein of KSHV has been shown to bind as
paired dots to pericentromeric and telomeric regions of certain
metaphase chromosomes (18), some of which we speculate
might be acrocentric chromosomes. We have previously dem-
onstrated that E2 proteins from the Alphapapillomavirus genus
can also be observed binding to pericentromeric regions of
chromosomes, although only in certain fixation conditions
(27). Thus, the rDNA loci may be an attractive tethering target
for several viruses, and further characterization of this inter-

FIG. 9. Schematic representation of E2 localization. Localization
of E2 (green), rDNA (red), UBF (red), �-satellite DNA (red), and
centromere DNA (aqua blue) on acrocentric chromosome. Colocal-
ization of the E2 signal (green) and rDNA/UBF (red) is represented as
yellow.

TABLE 2. Distribution of chromosomes in five karyotypes from C33A cells

Karyotype
No. of copies of normal and marker (M) chromosomes

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 X Y M1 M2

1 0 1 2 2 2 2 2 2 2 1 2 2 2 2 2 2 2 1 2 2 2 2 2 0 1 1
2 0 2 2 2 2 2 2 2 2 1 2 2 1 1 1 1 1 1 1 2 2 2 2 0 1 1
3 0 2 2 2 2 2 2 2 2 2 2 2 1 2 1 2 2 2 1 2 2 2 2 0 1 0
4 0 2 2 2 2 2 2 1 1 2 2 2 2 2 2 2 1 1 2 2 1 2 2 0 1 1
5 0 2 2 2 2 2 2 2 1 2 2 1 1 2 2 2 2 1 2 2 1 2 2 0 1 1
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action could result in the development of specific antiviral
therapies.
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