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Human papillomavirus type 1 (HPV1) E4 protein is associated with cytoplasmic and nuclear inclusions in
productively infected Kkeratinocytes. Here we have used transient expression of HPV1 E4 (also known as
E17E4) protein in keratinocytes to reproduce formation of E4 inclusions. Immunofluorescence analysis
showed that progressive formation of inclusions correlated with diminished colocalization between E4 and
keratin intermediate filaments (IFs). Our results support a model in which the HPV1 E4-keratin IF association
is transient, occurring only at an early stage of inclusion formation. We also demonstrate that E4 induces
relocation of the promyelocytic leukemia protein (PML) from multiple intranuclear speckles (ND10 bodies) to
the periphery of nuclear E4 inclusions and that this activity is specific to full-length E4 protein. Analysis of
HPV1-induced warts demonstrated that nuclear PML-E4 inclusions were present in productively infected
keratinocytes, indicating that reorganization of PML occurs during the virus’s replication cycle. It has been
suggested that ND10 bodies are the sites for papillomavirus genome replication and virion assembly. Our
finding that E4 induces reorganization of ND10 bodies in vitro and in vivo is further strong evidence that these
domains play an important role in the papillomavirus life cycle. This study indicates that HPV1 is analogous
to other DNA viruses that disrupt or reorganize ND10 domains, possibly to increase efficiency of virus
infection. We hypothesize that HPV1 E4-induced reorganization of PML is necessary for efficient replication

of the virus during the virus-producing phase.

Human papillomaviruses (HPVs) are double-stranded DNA
viruses that induce benign or malignant tumors of both the skin
and the mucosa. Despite differences in epithelial tropism and
oncogenic potential, the life cycle of all HPV types (more than
80 types identified) is tightly coupled to the differentiation
program of the infected epithelium. The virus infects cells of
the proliferating basal layer, where the virus genome is es-
tablished as a low-copy-number extrachromosomal plasmid
and viral DNA replicates in synchrony with the host ge-
nome. Vegetative viral DNA replication initiates in infected
cells that have moved up from the basal layer and begun to
differentiate, and expression of structural proteins and as-
sembly of new progeny occur in the uppermost and most dif-
ferentiated regions of the epithelium (for a review see refer-
ence 37).

Abnormal cytological and histological features accompany
HPV replication in epithelia (12, 26, 34). One feature that
occurs in cutaneous warts is the presence of distinct inclusion
bodies in the cytoplasm and nucleus of differentiating cells.
The appearance and number of inclusion bodies present in
infected cells vary between lesions induced by different HPV
types. For instance, in HPV type 1 (HPV1)-induced warts the
inclusions are small and numerous in cells of the parabasal
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layer and increase in size as the infected cell moves up toward
the superficial layers, while in HPV4 infections, a single large
fibrous inclusion is formed that almost fills the cytoplasm (12).
Although the precise nature of these inclusion bodies is not
known, HPV E4 proteins are associated with these structures
(10, 14, 15, 49).

In HPV infections, E4 is the most abundant viral protein
expressed and is derived from an E1™E4 spliced transcript
initiated from a differentiation-inducible promoter that lies
within the E7 open reading frame (11, 25, 30, 40, 42). Although
no function has been assigned to this HPV protein, it is
thought that E4 interacts with host cell structures and pathways
that would otherwise inhibit efficient virion production and
maturation in the differentiating keratinocyte (for a review of
E4 see reference 44).

On the basis that transient expression of HPV16 E4 in
epithelial cells induced the collapse of keratin intermediate
filaments (IFs) (16, 46), it was proposed that E4 destroys the
keratin matrix to compromise the strength of the keratinized
squame in infected tissue and thereby promote efficient es-
cape of the newly synthesized virions (16). However, expres-
sion of the HPV1 protein in epithelial cells did not collapse
the keratin cytoskeleton even though the viral protein
aligned along the keratin IFs (46). Neither was there dis-
ruption of the keratin matrix in cultured cells in which
HPV1 E4 had formed in vivo-like inclusion bodies or in cells
in naturally occurring lesions (49). The true nature of E4
inclusions and their role in E4 function therefore remain
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FIG. 1. HPV1 E4 accumulates into in vivo-like inclusion bodies in human keratinocytes. (A) Localization of HPV1 E4 in pcDNA-1E4-
transfected SVJID keratinocytes. At 48 h after transfection cells were fixed in 4% paraformaldehyde for 5 min prior to acetone permeabilization
(10 min) and stained for E4 (MAb 4.37). Immune complexes were visualized with an anti-mouse Alexa Fluor 488 antibody. HPV1 E4 was
associated with multiple inclusion bodies that were both phase dense (c, phase-contrast micrograph of cell shown in panel b; inclusions are
indicated with arrowheads) and electron dense (d, electron micrograph showing one of the E4 inclusions formed in an Ad-1E4-infected SVID cell;
bar, 100 nm). Inclusions formed in the cytoplasm and nucleus. A deconvolved z section (0.3 wm) of a cell stained for E4 (e) and counterstained
with nuclear stain 4’,6’-diamidino-2-phenylindole (Sigma Chemicals) (f) shows a large intranuclear E4 inclusion (arrowhead). In some cells, E4
was also localized to a cytoplasmic filamentous network (a) and small intranuclear foci that resemble nucleoli (g and h). Bar, 20 wm (6.5 wm in
panels e and f). (B) Ad-1E4-infected SVJD keratinocytes at a multiplicity of infection of 25 to 50 were fixed at indicated times p.i. in 4%
paraformaldehyde for 1 min prior to permeabilization with acetone. Cells were dual stained for E4 (MAb 4.37) and K18 (MAb CK5) and visualized
with anti-mouse immunoglobulin G subclass-specific antibodies conjugated to Alexa 488 and Alexa 594 (Molecular Probes Inc.). Deconvolved
z-section images are shown in gray and merged (E4 staining is green, K18 staining is red, and colocalization between red and green stains is shown
as yellow). Insets in the top panels show enlargement of the marked area and highlight small E4 inclusions interconnected by E4-K18 filaments.
In the middle and bottom panels, arrowheads indicate examples of inclusions that show colocalization between E4 and keratin at the periphery
of the E4 inclusion. In the bottom panels arrows show E4 inclusions that are surrounded by keratin staining, but the two antigens do not
appear to be colocalized. (C) Ad-1E4-infected SiHa and HaCaT keratinocytes (multiplicity of infection of 50) were fixed 48 and 120 h p.i.,
respectively. An arrow identifies one of the large inclusions formed in the HaCaT cell. HaCaT cells were a gift from N. Fusenig, University of

Heidelberg.

ones of conjecture. Here, we used transient expression of
HPV1 E4 in human keratinocytes to reproduce the forma-
tion of in vivo-like cytoplasmic and nuclear E4 inclusions.
We show that formation of E4 inclusions is associated with
redistribution of the promyelocytic leukemia protein (PML),
a component of ND10 bodies (also known as PML-oncogenic
domains), which relocates from multiple intranuclear speck-
les to the periphery of nuclear E4 inclusions. We also show
that nuclear PML-E4 inclusions are present in suprabasal
keratinocytes of naturally occurring warts, indicating that re-
organization of ND10 domains occurs during the replicative
virus life cycle.

In human keratinocytes, HPV1 E4 protein accumulates into
inclusion granules that are closely associated with E4-keratin
filaments. To recapitulate the formation of E4 inclusions in
cultured cells, full-length HPV1 E4 protein (also known as
E1™E4) was transiently expressed in a simian virus 40
(SV40)-immortalized human skin keratinocyte line, SVJD
cells (46). HPV1 E1"E4 cDNA (46) was cloned into the
BamHI site of the expression plasmid pcDNA3.0 (Invitro-
gen Life Technologies) to form pcDNA-1E4, and between
0.25 and 1 pg of DNA was transfected into 4 X 10° cells with
PrimeFecta (Equibio, Ashford, United Kingdom) according
to the manufacturer’s instructions. In parallel experiments,
SVID cells were also infected with a recombinant adenovi-
rus (Ad) expressing the HPV1 E1™E4 protein (Ad-1E4)
constructed by methods described previously (7, 29, 51).
After fixation with 4% paraformaldehyde for 5 min and
permeabilization in cold (—20°C) acetone, pcDNA-1E4-

transfected and Ad-1E4-infected cells were stained with the
anti-HPV1 E4 monoclonal antibody (MAb) 4.37 (17) as
previously described (46) and examined by immunofluores-
cence microscopy. In a majority (>80%) of pcDNA-1E4-
transfected SVJD cells, HPV1 E4 localized to cytoplasmic
filamentous networks (Fig. 1A, a), in agreement with our
previous findings of E4 distribution in SVJD cells infected
with a recombinant SV40-HPV1 E4 virus (46). However, in
contrast to this previous study, multiple round E4 inclusion
bodies were also visible in the cytoplasm and nuclei of up to
35% of cells (Fig. 1A, a, b, e, and f). Nuclear E4 was also
associated with intranuclear foci that resembled nucleoli
(Fig. 1A, g and h). These E4-stained foci were most notable
in cells expressing low levels of cytoplasmic E4. HPV1 E4
expressed in Ad-1E4-infected SVJD cells also accumulated
into inclusions, the size of these structures increasing at
later times postinfection (p.i.) (Fig. 1B). Light and electron
microscopic analysis showed the inclusions to be phase- and
electron-dense structures (Fig. 1A, ¢ and d, respectively),
and with ultrastructures identical to those of the E4 inclu-
sions detected in transfected VX2-R cells and in HPV1-
induced warts (10, 49). In both pcDNA-1E4-transfected and
Ad-1E4-infected cells, cytoplasmic E4 was not exclusively
localized to filaments and/or inclusion granules but also
formed a diffuse staining pattern that could be largely re-
moved (or at least reduced) by decreasing the fixation time
in 4% paraformaldehyde from 5 to 1 min (Fig. 1B and data
not shown).

To determine whether inclusion granule formation is a gen-
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FIG. 2. Subcellular distribution of HPV1 E4 in human fibroblasts. (A and B) Ad-1E4-infected human primary fibroblasts (multiplicity of
infection of 50) were fixed 48 h p.i. Cells stained with an anti-HPV1 E4 MADb, 4.37, showed E4 localized to small cytoplasmic and intranu-
clear inclusions (indicated by arrowheads) that appeared identical to those formed in keratinocytes (inset, phase-contrast image of part of
cell shown in panel A, which shows inclusions to be phase dense). E4 staining also formed a cytoplasmic network (B) that coaligned with
actin stress fibers (C). (D to G) Dual staining of cells infected with Ad-1E4A2-15 (D and E) or Ad-1E4A10-14 (F and G) showed that the
mutant proteins associated with the actin cytoskeleton (D and F, anti-HPV1 MAb 4.37; E and G, phalloidin). Bar, 20 um in panels A to E and

13 pm in panels F and G.

eral feature of HPV1 E4 expression in keratinocyte lines, the
spontaneously immortalized keratinocyte lines SCC 12F and
HaCaT (9) and HPV DNA-positive cervical tumor keratino-
cytes (SiHa) were infected with Ad-1E4. HPV1 E4 accumu-
lated into inclusion granules in all keratinocyte lines tested,
although the number and size were variable between lines. In
HaCaT cells for example, one or two very large cytoplasmic
inclusions were associated with prominent E4 filaments,
while in SiHa cells E4 filamentous staining was weak and
many more inclusions (up to 10 in some cells) were detected
that were most often located at the periphery of the nucleus
(Fig. 1C).

Since we previously showed that HPV1 E4 colocalized to the
keratin cytoskeleton in SV40-1E4-infected keratinocytes (46),
cells were costained for E4 and keratin 18 (K18) (MAb CKS5;
Sigma Immunochemicals). Digital confocal analysis of these
cells was performed by acquiring z-section images on a Zeiss
Axioskop fluorescence microscope fitted with an Orca acqui-
sition system and Openlab imaging system (Improvision, Cov-
entry, United Kingdom). z images, acquired in different chan-
nels, were deconvolved by volume deconvolution prior to
merger. The results showed coalignment between keratin and
the E4 filaments as expected but also colocalization between
keratin and E4 cytoplasmic inclusions (Fig. 1B). Colocalization
between the two antigens was most notable at the periphery of
the inclusions, where E4 and keratin staining was most intense
(Fig. 1B; examples are indicated by arrowheads in middle and
bottom panels). However, at later times p.i. some inclusions
(indicated by arrows in Fig. 1B, bottom panels) do not show
colocalization with keratin, even though keratin staining sur-
rounds the inclusion granule. At early times in Ad-1E4 infec-

tion (24 h) the E4-keratin filaments interconnected the inclu-
sions (Fig. 1B, top panel). However, as the infection
proceeded, the inclusions increased in size and E4 localization
to the keratin filaments diminished (Fig. 1B, middle panel) or
was absent (Fig. 1B, bottom panel), even though the inclusions
still appeared to be interconnected by the keratin filaments.
There was no evidence that the cytoskeleton collapsed in the
presence of HPV1 E4, supporting previous findings (46, 49).

From these experiments we conclude that localization of
HPV1 E4 to keratin IFs may represent an early stage in the
accumulation of E4 into inclusion structures. Inclusions ap-
pear to initialize at E4-IF complexes, but localization to the
IFs is not maintained as inclusions increase in size (or ma-
ture). Keratins do, however, colocalize with E4 at the pe-
riphery of some of these more mature inclusions, although
this does appear to diminish with increased maturity. These
findings are in contrast to those of Rogel-Gaillard and col-
leagues, who found that, although keratin surrounded the
HPV1 E4 inclusions, it did not colocalize with the inclusion
(49). While this may reflect differences in the fixation of cells,
we suggest that these inclusions represent more mature struc-
tures.

Efficiency of formation of HPV1 E4 inclusion bodies is re-
duced in fibroblasts. Since there is a close association between
keratin IFs and E4 inclusion bodies, it is possible that an IF-E4
association is necessary in order for these structures to form.
Therefore, to determine whether HPV1 E4 is able to form
inclusions in cells that lack keratin IFs, human fibroblasts were
infected with the recombinant Ad-1E4 virus and analyzed by
immunofluorescence microscopy as described above for SVID
cells. At 48 h p.i., approximately 20% of E4-expressing fi-
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broblasts contained E4 inclusion structures that appeared
identical to those structures formed in keratinocytes (Fig. 2A).
However, in contrast to the multiple inclusions formed in ker-
atinocytes, in both fibroblast cell lines analyzed (WI-38 and
a primary human fibroblast line) only a single small cyto-
plasmic inclusion and occasionally a single intranuclear in-
clusion were detected (Fig. 2A). These data indicate that the
efficiency of E4 inclusion formation appears to be reduced
compared to that for epithelial cells. While this may reflect
differences in E4 expression between the cell types, it could
indicate that an IF matrix contributes to efficient inclusion
formation.

There was no evidence that E4 localized to vimentin IFs in
fibroblasts, but in nearly 45% of E4-positive cells, E4 stain-
ing formed a cytoplasmic network that resembled the actin
stress fiber network (Fig. 2B). This was confirmed by co-
staining the cells with Alexa 488-tagged phalloidin (Molec-
ular Probes Inc.) that labels actin filaments (Fig. 2C). Cells
infected with an Ad expressing B-galactosidase (a gift from
Neil Blake, Institute for Cancer Studies, Birmingham,
United Kingdom) did not show B-galactosidase localized to
the actin filaments, indicating that this property is specific to
the E4 protein (data not shown). We had previously shown
that the leucine-rich motif (LLXLL) located near the N
terminus of HPV1 E4 was important for localization of E4
to the keratin cytoskeleton (45). To determine whether this
motif is also involved in mediating the interaction with the
actin matrix, two recombinant Ads were generated that ex-
press HPV1 E4 mutant proteins that lack N-terminal amino
acids (A2-15) or just the leucine cluster (A10-14) (45). Im-
munofluorescence analysis showed that both mutant proteins
aligned with actin fibers (Fig. 2D to G), indicating distinct
modes of interaction between E4 and the different cytoskele-
ton matrices.

HPV2 E4 does not accumulate into inclusion structures in
epithelial cells. HPV2 is a major cause of skin warts, and
HPV2 E4 is associated with multiple cytoplasmic granules in
cells of the suprabasal epithelial layers (15). Therefore, to
determine whether the in vivo intracellular distribution of
HPV2 E4 could be recapitulated in cultured cells, a DNA
fragment containing the HPV2 E1™E4 ¢cDNA (6) was cloned
into the BamHI site of pcDNA3.0 to form pcDNA-2E4 and
used to transfect SVJD cells. Cells were fixed and dual stained
with an anti-HPV2 E4 MAb, 2C05 or 1F10 (6), and the K18
MAD CKS5. At 24 h posttransfection, HPV2 E4 was aligned
with the keratin cytoskeleton and the E4-keratin IFs col-
lapsed to form a single fibrous body (Fig. 3 and data not
shown). There was no evidence that HPV2 E4 formed mul-
tiple inclusion granules resembling those formed in natu-
rally occurring HPV2-induced warts, even at later times
posttransfection (72 h). It is possible, therefore, that HPV1
and HPV2 E4 proteins assemble into inclusion structures by
different mechanisms. The collapse of keratin IFs induced
by HPV2 E4 indicates that this cutaneous E4 behaves more
like the E4 protein of HPV16 that infects mucosal epithelia
than like the cutaneous HPV1 protein (16, 46). We suggest
that this behavior can be explained by the fact that HPV2 E4
has greater sequence homology with mucosal E4 proteins
and notably contains a mucosal E4-specific, C-terminal mo-
tif (VXV/LXLH/RL, where X is any amino acid) that has
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FIG. 3. HPV2 E4 colocalizes to keratin IFs and induces collapse of
the keratin matrix into a fibrous bundle. SVID cells were transfected
with pcDNA-2E4, fixed 48 h p.i., and dual stained with anti-HPV2 E4
MAD IF10 and K18 MAb. Note that the keratin cytoskeleton in neigh-
boring E4-negative cells remains intact; one is shown by the arrow.
Bar, 20 pm.

been shown to be necessary for the collapse of HPV16
E4-IFs in epithelial cells (45, 47, 53). The physiological
significance of HPV2 and HPV16 E4’s rearrangement of the
keratin cytoskeleton is unclear. There is no evidence, as yet,
that indicates that this function occurs in vivo, and it might
reflect an anomaly of E4 overexpression in cultured epithelial
cells that do not recapitulate the phenotype of the differenti-
ating keratinocyte (44).

PML is associated with nuclear HPV1 E4 inclusion bodies.
While cytoplasmic HPV1 E4 inclusions are closely associated
with keratin IFs in cultured epithelial cells and in warts, nu-
clear E4 inclusions are devoid of such structures (12, 49). To
characterize the subnuclear topology of E4 inclusions,
pcDNA-1E4-transfected SVJD cells were costained with an-
tibodies to HPV1 E4 and components of various nuclear
structures: coiled bodies, nucleoli, and ND10 bodies. The
results of digital confocal analysis of these cells are shown in
Fig. 4. Coiled bodies were visualized by using a MADb to
coilin (3) (a gift from Maria Carmo-Fonseca, University of
Lisbon) and appeared as several bright spots in SVJD cells.
Nuclear E4 was not associated with coiled bodies, nor was
the number of coiled bodies in these cells different from
those in untransfected cells (Fig. 4A). Antibodies specific to
nucleolar components Nopp140 (a gift from Thomas Meier,
Yeshiva University) and C23 (MAb MS-3; Santa Cruz Bio-
technology) costained the small E4-stained foci (Fig. 4B and
data not shown), confirming that, in a fraction of E4-ex-
pressing cells, the viral protein localized to the nucleolus.
ND10 bodies were identified by using a rabbit antibody to
PML (Medical and Biological Laboratories, Nagoya, Ja-
pan), the defining component of these nuclear domains. In
mock-transfected cells, PML staining appeared as multiple
bright speckles located throughout the nucleus (Fig. 4G and
H). However, in cells containing nuclear E4 inclusions the
number of PML speckles was markedly reduced and the
majority of PML localized to the periphery of the nuclear E4
inclusion (Fig. 4C and D). In fact, between 5 and 8.5% of
E4-positive cells contained nuclear inclusions, and in all
these cells, PML was relocated to the E4 inclusion. The
redistribution of PML was not an artifact of the fixation
treatment, as a similar PML staining pattern formed in cells
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FIG. 4. Subnuclear topology of HPV1 E4 in SVJD keratinocytes. pcDNA-1E4-transfected SVJD cells were fixed at 48 h in 4% paraformal-
dehyde for 5 min (A to D and F) or 1 min (E) and permeabilized in acetone. Cells were dual stained for E4 (MAD 4.37) and cellular factors of
coilin bodies (A, coilin), nucleoli (B, Nopp140), and ND10 bodies (C to F; PML, rabbit anti-PML antibody). Deconvolved z sections are shown
as individual images (gray) and merged (right panels). In merged images, E4 is green; coilin, Nopp140, and PML are red; and where shown
4',6'-diamidino-2-phenylindole staining of nuclei is blue. Yellow in merged images indicates colocalization between green and red colors. (C to E)
Note that in cells containing E4 inclusion bodies PML was reorganized to the periphery of the intranuclear E4 inclusion. The insets in panels C
to E are enlargements of the inclusion bodies indicated by arrowheads. PML was partly colocalized with E4. (E) PML-E4 inclusions were also
observed in cells that had been fixed differently and stained with a different anti-PML antibody (MAb PG-M3). (F) Note that reorganization of
PML did not occur in cells that contain only cytoplasmic E4 inclusions. (G and H) Mock-transfected cells dual stained with 4.37 (G) or 9.95 (H) and

PML. Bar, 20 pm (insets, 5.5 pm).

treated for the shorter fixation time (Fig. 4E). PML-E4
inclusions were also recognized by a different antibody to
PML (MAb PG-M3; Santa Cruz Biotechnology) and to E4
(MADb 9.95) (Fig. 4E and data not shown). In the majority of
cells showing abnormal PML distribution, PML staining sur-
rounded the E4 inclusion (Fig. 4C and D) but was also ob-
served to accumulate predominantly to one side of the granule,
sometimes forming a bright spot at the edge (Fig. 4C and E).
PML and E4 were colocalized, but sometimes only partially, at
the periphery of inclusions, suggesting a close association be-
tween these two molecules (Fig. 4C to E). Redistribution of
PML was dependent on the formation of intranuclear E4 in-
clusions, because PML had a normal distribution in cells con-
taining only cytoplasmic E4 inclusion bodies (Fig. 4F).
Redistribution of PML is dependent on expression of the
full-length E4 protein. During the HPV1 replication cycle,
the E4 protein is subjected to a series of posttranslational
modifications, including proteolytic processing. The full-
length E4 protein (17K) is cleaved to form several smaller
species (16K and 10/11K) (10, 14). These share C-terminal
sequences with the full-length protein but vary in the extent
of N-terminal sequence retained (17, 45). 16K E4 lacks only
the first 15 amino acids, while almost half the protein (58
amino acids) has been cleaved off to form the 11K species
(45, 48). These modifications of 17K E4 may result in alter-
ation of E4 function, as the processed polypeptides lack
sequences that are important for E4’s association with the
keratin cytoskeleton (45). Since the N terminus of E4 may

have an important role in E4 function, we next examined
whether the expression of these modified forms of HPV1 E4
also affected the intranuclear distribution of PML. HPV1 E4
N-terminal deletion mutants A2-15 and A2-58 have been
described in previous studies (4, 45) and closely resemble
the modified E4 proteins 16K and 11K, respectively, found
in HPVl1-induced warts (45). The mutant cDNAs were
cloned into pcDNA3.0 to form pcDNA-1A2-15 and pcDNA-
1A2-58. Following transfection into SVJID keratinocytes,
cells were costained for the E4 proteins and PML and ex-
amined by immunofluorescence microscopy. Both mutant
proteins localized primarily to the nucleus (Fig. 5) in agree-
ment with our previous findings (45). Interestingly, the 16K
protein located to the nucleolus (Fig. 5, top panel, and data
not shown), while the 11K protein was excluded from this
subnuclear structure (Fig. 5, bottom panel, and data not
shown), indicating that sequences between amino acids 16
and 59 are involved in nucleolar localization of E4. Neither
protein, however, was observed to accumulate into inclusions,
and PML remained localized to multiple speckles throughout
the nucleus, similar to neighboring nontransfected cells (Fig.
5). We noted that the number of ND10 bodies was low (five
bodies or fewer) in 42% of 16K-expressing cells (Fig. 5, middle
panel). However, a similar number of non-16K-expressing
SVID cells also contained a low number of ND10 bodies,
indicating that this may not be significant.

PML is associated with intranuclear E4 inclusion granules
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FIG. 5. HPV1 E4 proteins that lack N-terminal sequences do not induce reorganization of PML in keratinocytes. SVJD keratinocytes were
transfected for 48 h with pcDNA-1E4A2-15 (top and middle panels) and pcDNA-1E4A2-58 (bottom panels). These plasmids express proteins that
closely resemble the truncated E4 proteins, 16K and 11K, expressed in HPV1-induced warts (45). Cells were dual stained for E4 (MAb 4.37, top
and middle panels; plp7 antibody, bottom panels) and PML (rabbit anti-PML antibody). Note that the A2-58 protein lacks epitopes of anti-HPV1
E4 MAbs and therefore was recognized with a rat polyclonal antibody, p1p7 (18). In merged images, E4 is green and PML is red. Truncated
proteins do not assemble into inclusions in SVID cells, and PML is localized to multiple speckles, a similar distribution as that of PML in
adjacent nontransfected cells. However, cells expressing high levels of 16K protein often contain a low number of PML-stained speckles (a
typical example is shown in the middle panels). Note that 16K, but not 11K, E4 is localized to nucleoli (compare top with bottom panels).
The inset in the bottom panel shows a 16K-expressing cell stained with p1p7 to show that this antibody is able to recognize nucleolar E4. Bar, 20 pm

(inset, 25 pm).

in HPV1-induced skin warts. The results described above
indicate that expression of full-length HPV1 E4 protein
induces the relocation of PML to the periphery of intranu-
clear E4 inclusion bodies formed in monolayer cultures of
human keratinocytes. To determine whether a similar redis-
tribution of PML occurs during the natural productive cycle
of the virus, we examined PML and E4 localization in
HPV1-induced skin warts. Frozen tissue sections (4 pm) of
three HPV1-induced skin warts (collected locally and also
kindly provided by Thomas Iftner, University of Tuebingen,
Tuebingen, Germany) were fixed in 4% paraformaldehyde
for 8 min and permeabilized for 10 min in 0.2% Triton

X-100. Sections were dual stained with anti-HPV1 E4 MAbs
and the anti-PML rabbit antibody, and the distribution of
the two antigens was examined by digital confocal micros-
copy (Fig. 6). E4 localized to multiple inclusions in cells
immediately above the basal cell layer and persisted up
through the epithelial layers, as previously reported (10, 14).
In E4-positive cells, PML relocated to E4-stained intranu-
clear inclusion bodies (Fig. 6A, b, ¢, and d; examples are
indicated by arrowheads). In the underlying basal cells that
are negative for E4 expression PML staining was normal,
forming multiple speckles (Fig. 6A, d). The sequestration of
PML to E4 inclusions was specific to productively infected
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cells because, in regions of the wart tissue that are E4
negative, PML is localized to multiple intranuclear speckles
in both basal and differentiated cells (Fig. 6A, a). The re-
distribution of PML occurred in E4-positive cells immedi-
ately above the basal layer (Fig. 6B, b), indicating that this
is an early event in the productive phase of HPV1 replica-
tion. In the transfection experiments (Fig. 4 and 5) only the
full-length E4 protein (17K) induced sequestration of PML
to nuclear inclusions. To confirm that the PML-E4 inclu-
sions formed in the warts also contained 17K protein, sec-
tions were stained with an anti-E4 MAb (1D11) that recog-
nizes the leucine-rich epitope present at the N terminus of
the protein and which is lost during processing of the pro-
tein. Thus, this antibody detects the full-length HPV1 E4 pro-
tein but not the processed forms (S. Roberts, unpublished
data). The 1D11 MAb recognized the PML-E4 inclusions, con-
firming that these structures contained full-length E4 protein
(Fig. 6B, b and c). Like PML localization at E4 inclusions
formed in pcDNA-1E4-transfected SVJD keratinocytes, in
HPV1-infected cells, PML was partially colocalized with E4
at the periphery of the inclusion (Fig. 6B). In some cases,
PML nearly surrounded the E4 structures (Fig. 6B, a and c),
but in others it accumulated predominantly to one side (Fig.
6B, b).

To conclude, our study shows for the first time that full-
length HPV1 E4 induces reorganization of PML, an essential
component of ND10 domains, to intranuclear E4 inclusion
bodies (Fig. 4 and 5) and that sequestration of PML to E4
structures occurs during the productive cycle of the virus (Fig.
6). The function of ND10 bodies is an enigma (for reviews of
ND10 function, see references 8 and 36), but they have been
connected to the replication strategies of several DNA and
RNA viruses (reviewed in references 21 and 43) and have also
been linked to the replicative cycle of PVs (13, 24, 27, 28, 41,
50). It has been suggested previously that, in parallel with other
DNA viruses (31), these ND10 domains may be sites of HPV
genome replication (50). In a transient replication assay, rep-
lication centers containing the HPV11 viral replication pro-
teins E1 and E2 and replication origin-containing DNA local-
ized (partially and completely) to ND10 domains (50). Late
stages of the PV life cycle could also be linked to ND10 do-
mains. The minor capsid protein L2 of both bovine PV1
(BPV1) and HPV16 is able to recruit E2 to ND10 bodies (13,
28), and BPV1 L2 also directed the other coat protein L1 to
ND10 bodies (13). Therefore, L2 protein may mediate the
assembly and packaging of newly synthesized virions at ND10
bodies by inducing E2-virus genome complexes and the major
capsid protein to accumulate at these subnuclear domains (13,
41). Although these interactions did not result in ND10 body
disruption, HPV33 L2 induced the release of Sp100 from these
domains, and a concomitant recruitment of the transcrip-
tional repressor Daxx and such changes to ND10 composi-
tion could facilitate packaging of the viral genome (24). Our
finding that PML is associated with E4-containing nuclear
structures in keratinocytes is further strong evidence that
ND10 bodies play an important role in the replicative cycle
of these small DNA viruses. Since PML is the defining
component of ND10 bodies and is essential for their proper
formation and integrity (32), it is reasonable to assume that
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E4 disrupts the normal nuclear organization of these cellu-
lar bodies. In this respect, E4 is analogous to herpes simplex
virus type 1 ICPO (22, 23), Epstein-Barr virus (EBV) BLZF-1
(1), cytomegalovirus IE1 (2, 33, 39), and Ad5 E4dorf3 (20, 35),
viral early proteins that induce ND10 body disruption and/or
reorganization.

Redistribution of PML to nuclear E4 inclusions occurred
in suprabasal keratinocytes of naturally occurring lesions, as
early as the parabasal cells, but there was no obvious dis-
ruption of ND10 bodies in the underlying basal cells (Fig. 6).
Initiation of E4 expression has been shown to correlate with
the onset of vegetative genome replication in naturally oc-
curring lesions including those induced by HPV1 (10, 18).
We suggest, therefore, that E4-induced reorganization of
PML represents a switch in the HPV life cycle, from the
nonproductive maintenance stage of replication in the basal
cells to the virus-producing productive phase in differenti-
ating cells. Reorganization of the ND10 domains may be
necessary only when HPV changes its replication strategy.
Interestingly, such a scenario does have parallels with the
replication strategies of some lytic viruses (5, 21, 52). For
example, EBV does not appear to require an association
with ND10 bodies during latent infections; however, upon
induction of lytic replication ND10 components are dis-
persed sequentially, and EBV replication compartments de-
velop at PML-containing remnants (5). The effect of E4-
induced redistribution of PML on the replicative life cycle of
PVs is the subject of further investigation. However, over-
expression of PML has been linked elsewhere to induction
of both G, arrest of the cell cycle and apoptosis (38), and
both effects are at odds with efficient virus production in
suprabasal keratinocytes. Furthermore, there is evidence
that ND10 bodies have a role in interferon’s antiviral func-
tions, and PML may have an important role in this function
(reviewed in reference 43). It is, therefore, tempting to
speculate that E4-induced PML sequestration relieves re-
pressive activities of PML and ND10 bodies that would
otherwise inhibit or limit the productive phase of the HPV
life cycle in the differentiating keratinocytes.

PML’s redistribution was directly linked to the formation of
nuclear E4 inclusions, since no significant change in PML
location was apparent in cells containing only cytoplasmic in-
clusions (Fig. 4). While this may indicate that cytoplasmic
inclusions have a different function from that of the nuclear
structures, it does not rule out the possibility that this may be
related to modification of ND10 domains. Whatever the func-
tion of these cytoplasmic structures, our data imply that they
form in close association with IFs but that this association is
diminished or lost as inclusions increase in size (Fig. 1). Our
results support a model in which the HPV1 E4-keratin IF
association is transient, occurring only at an early stage of
inclusion formation. Maturation of the inclusions correlates
with loss of E4 localization to keratins (Fig. 1). In natural
infections, therefore, only a small population of E4 molecules
may associate with the keratin IFs for a short time in the
infection process. The transient nature of the E4-IF interaction
may explain the lack of detection of a significant E4-keratin
interaction in HPV1 warts (19, 49).

The reorganization of ND10 domains is a novel function
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PML + E4 + DAPI

FIG. 6. PML is redistributed to intranuclear E4 inclusions in HPV1-induced warts. (A) Tissue sections of wart were dual stained for E4 (MAb
9.95; E4 staining is now shown in red) and PML (rabbit antibody, green), and nuclei were counterstained with 4',6’-diamidino-2-phenylindole
(DAPI) (blue). (a) Merged deconvolved z sections of area of wart negative for E4 staining. Note that PML was localized to multiple intranuclear
speckles in basal cells (arrows indicate basal layer) and suprabasal cells. (b to d) PML distribution in area of wart expressing E4. Deconvolved
z-section images are shown as PML and DAPI merged (b); E4 alone (c); and E4, PML, and DAPI merged (d). In suprabasal cells, PML was
reorganized from multiple speckles to ring structures (b) that are localized to intranuclear E4 inclusions (d; arrows indicate basal cell layer).
Arrowheads indicate PML-E4 inclusions. Bar, 20 pm. (B) Reorganization of PML to E4 inclusions was identical to that observed for E4-expressing
cultured keratinocytes. Deconvolved z sections are shown as individual images (gray) and merged (E4, red; PML, green; DAPI, blue). PML either
nearly completely surrounds the E4 inclusion (a and c¢) or accumulates predominantly to one side (b). PML shows partial colocalization with E4
(depicted as yellow color in merged images). Note that in panel b the E4-positive cell immediately above the basal layer (indicated by
arrowheads) contains a PML-E4 inclusion and that PML distribution is normal in basal cells. Note that the wart section in panel a is stained
with MADb 9.95 and that wart sections in panels b and c are stained with anti-E4 MAb 1D11. MAb 1D11 recognizes only full-length E4 (E1"E4)
protein. Bar, 10 pm.

for E4, and analysis of the molecular interactions between genome replication and encapsidation, we hypothesize that
the E4 inclusions and ND10 components should shed new E4-induced reorganization of ND10 bodies is necessary for
light on the role of this protein in the PV life cycle. Given efficient replication of the virus during the virus-producing
the emerging link between these cellular structures and viral phase.
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