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Human papillomavirus (HPV) infections of the squamous epithelium are associated with high-level
expression of the E1"E4 protein during the productive phase of infection. However, the precise mecha-
nisms of how E1"E4 contributes to the replication cycle of the virus are poorly understood. Here, we show
that the serine-arginine (SR)-specific protein kinase SRPK1 is a novel binding partner of HPV type 1
(HPV1) E1"E4. We map critical residues within an arginine-rich domain of HPV1 E1"E4, and in a region
known to facilitate E1"E4 oligomerization, that are requisite for SRPK1 binding. In vitro kinase assays
show that SRPK1 binding is associated with phosphorylation of an HPV1 E1"E4 polypeptide and modu-
lates autophosphorylation of the kinase. We show that SRPK1 is sequestered into E4 inclusion bodies in
terminally differentiated cells within HPV1 warts and that colocalization between E1"E4 and SRPKI1 is not
dependent on additional HPV1 factors. Moreover, we also identify SRPK1 binding of E1"E4 proteins of
HPV16 and HPV18. Our findings indicate that SRPK1 binding is a conserved function of E1"E4 proteins
of diverse virus types. SRPK1 influences important biochemical processes within the cell, including
nuclear organization and RNA metabolism. While phosphorylation of HPV1 E4 by SRPK1 may directly
influence HPV1 E4 function during the infectious cycle, the modulation and sequestration of SRPK1 by
E1"E4 may affect the ability of SRPK1 to phosphorylate its cellular targets, thereby facilitating the

productive phase of the HPV replication cycle.

Human papillomaviruses (HPVs) comprise a family of small
double-stranded DNA viruses that have a tropism for human
epithelial cells at skin and mucosal surfaces. To date, based on
genome sequence, over 100 HPV types have been described,
and these virus types vary in both their anatomical tropism and
their potential to induce malignant transformation (10). The
HPYV replication cycle is intimately linked with the differenti-
ation of the host epithelium (21). To initiate an infection, the
virus requires access, typically via a cut or abrasion, to basal
cells where the virus maintains itself at a low copy number.
Subsequently, infected cells undergo differentiation and mi-
grate to the epithelial surface, which initiates the productive
phase of virus infection, signified by genome amplification, the
synthesis of structural proteins, and assembly of infectious
progeny. These events are orchestrated by both transcriptional
and posttranscriptional mechanisms and consequently ensure
that structural proteins are only synthesized in terminally dif-
ferentiated cells (61).

High-level expression of the E4 protein accompanies the
productive phase of the HPV life cycle (40). E4 is translated
from spliced E1"E4 transcripts and encodes the first 5 amino
acids from the N terminus of the E1 protein fused to the E4
coding sequence. The E4 open reading frame (ORF) is the
most divergent ORF within the HPV family. While there is
sequence homology between E1"E4 proteins, this is generally
restricted to virus types with similar pathology, and it is pre-
dominantly limited to sequences at the amino and carboxy
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termini of the proteins (43, 45). In natural infections, E4 is
expressed as a phosphoprotein (2, 4, 20) that assembles into
oligomeric complexes (2, 12) and is further modified by re-
moval of residues from the amino terminus (15, 43).

The role played by E4 in the virus life cycle is uncertain. Loss
of full-length E1"E4 expression in experimental systems that
recapitulate the infectious cycle of HPV type 16 (HPV16),
HPV18, HPV31, and cottontail rabbit papillomavirus corre-
lates with a defective life cycle (35, 39, 57, 57a). Collectively,
these studies determined that full-length E1"E4 is necessary
for efficient viral genome amplification and up-regulation of
late viral gene expression, which are features of the productive
phase of the virus life cycle. In one system, based upon HPV 16,
replication of the viral genome in basal-like cells was also
compromised in the absence of full-length E1"E4 (35). Thus,
these studies implicate E1"E4 as an important regulator of
both early and late stages of the virus life cycle. However,
E1"E4 function may not be necessary for productive replica-
tion of all papillomavirus types, since impairment of E1"E4
synthesis from HPV11 genomes did not limit genome ampli-
fication (17).

Several biological functions have been ascribed to E1"E4,
and these observations include the association with keratin
intermediate filaments, and in some cases, perturbation of
these networks (14, 44); the reorganization of promyelocytic
leukemia protein from intranuclear speckles (ND10 bodies)
(46); the association with mitochondria (42); and the dis-
ruption of normal cell division (9, 28, 34). As the precise
mechanisms of how E1"E4 proteins exert these diverse
range of effects are not yet fully understood (8, 29, 56), we
adopted a proteomics-based approach in an effort to iden-
tify HPV E1"E4-associated proteins. Here we show that the
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serine-arginine (SR)-specific kinase SRPK1 is a novel bind-
ing partner of E1"E4 proteins from highly divergent HPV1,
-16, and -18. SRPKI1 belongs to a family of serine protein
kinases that phosphorylate arginine-serine (RS)-rich do-
mains within a subgroup of the small non-RNP particles
termed SR proteins. SR proteins have multiple and diverse
roles in mRNA metabolism (18), including the control of
pre-mRNA splicing through splice site selection, the regu-
lation of the export of spliced mRNA from the nucleus, the
stabilization of cytoplasmic transcripts, and promotion of
mRNA translation by ribosomes (18, 24, 25, 50). Phosphor-
ylation within the RS domain differentially affects SR pro-
tein activity, probably as a result of modulating protein-
protein interactions and/or protein-mRNA association (32,
49, 58). The release of SR proteins from distinct storage
sites within the nucleus and the movement of SR proteins
that shuttle between the nucleus and cytoplasm is under the
control of SRPK1 activity (5, 30). SRPK1 also phosphory-
lates the lamin B receptor (LBR), an integral membrane
protein of the nuclear lamina (38). SRPK1 phosphorylation
promotes LBR binding to chromatin to facilitate nuclear
envelope organization during the cell cycle (54). SRPK1
activity is therefore linked to posttranscriptional mecha-
nisms of control of gene expression and nuclear organiza-
tion. We provide evidence that SRPK1 binding leads to
phosphorylation of an HPV1 E4 species and indicate that
this association modulates the ability of SRPK1 to undergo
autophosphorylation in vitro. Furthermore, we show that
SRPKI1 is sequestered to E4-containing structures in HPV1-
infected keratinocytes.

MATERIALS AND METHODS

Cell culture and transfections. 293T cells were grown in Dulbecco’s modified
Eagle medium (Invitrogen, Carlsbad, CA) supplemented with glutamine and
10% fetal calf serum (Invitrogen). The simian virus 40 large T-immortalized
keratinocyte cell line SV-JD (44), was grown in Joklick’s media (Invitrogen)
supplemented with glutamine with 10% fetal calf serum.

For transfection experiments, 293T and SV-JD cells were grown so as to be
80% confluent at the time of transfection. Transfections were performed using
Lipofectamine 2000 reagent (Invitrogen) by following the manufacturer’s in-
structions. Following overnight incubation, the cells were subsequently grown in
relevant complete media.

Bacterial expression of recombinant proteins. The HPV1, -16, and -18 E1"E4
c¢DNAs (44) were separately cloned into pGEX-3X (Amersham, Little Chalfont,
United Kingdom) so as to facilitate the expression of glutathione S-transferase
(GST) E1"E4 fusion proteins. The HPV1 E1"E4 deletion mutants A44-48 and
A49-53 were amplified with the primer pair 5'-GCGCGAATTCTTACACAGA
CCACGGGTGGATC-3" and 5'-GCGCGGATCCGCAGATAATAAAGCTCC
CCAAG-3' combined with pcDNA templates that contained previously de-
scribed deletions (43). The amplified sequence was cloned into appropriately
prepared pGEX-2T. Escherichia coli strain BL21 (Stratagene, La Jolla, CA)
containing the different pGEX plasmids was grown in LB media containing 50
pg/ml ampicillin and 2% glucose at 37°C. Overnight cultures of 10 ml were
diluted into 200 ml of LB media and incubated with shaking for 1 h. The cultures
were transferred to a 25°C incubator and induced for 2 h by the addition of
isopropyl-B-p-thiogalactopyranoside (IPTG). Cells were pelleted at 4°C and re-
suspended in 4 ml of bacterial lysis (BL) buffer: phosphate-buffered saline, 1%
Triton X-100 (vol/vol), and Complete protease inhibitors (Roche Applied Sci-
ence, Indianapolis, IN). The bacteria were sonicated using a Microson ultrasonic
cell disrupter (Misonix, Inc., NY) for three periods of about 30 s, and the lysate
was then clarified by high-speed centrifugation at 16,100 g. The soluble recom-
binant GST-E1"E4 protein was immobilized on glutathione S-agarose (Sigma-
Aldrich, St. Louis, MO) prior to washing in BL buffer. Soluble GST proteins
were prepared by subsequently eluting the GST protein into BL buffer contain-
ing 50 mM reduced glutathione. Soluble proteins were then dialysed overnight in
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25 mM Tris, pH 7.5, 200 mM NaCl, 10 mM MgCl,, and Complete protease
inhibitors.

Polyhistidine-tagged SRPK1 was expressed in E. coli strain BL21 containing
the plasmid pRSET B-SRPKI1 (59) (a kind gift of Bai-Gong Yue). E. coli was
manipulated as described above; however, the IPTG induction was at 37°C and
extended to 4 h. Subsequently E. coli was lysed using the method described
above, and the cleared lysate was then purified on Ni-nitrilotriacetic acid-agarose
(QIAGEN, Inc., CA) by mixing at 4°C for 1 h. The beads were washed six times
with BL buffer containing 20 mM imidazole (Sigma). His-SRPK1 was eluted off
the Ni-nitrilotriacetic acid-agarose by resuspending the beads in BL buffer con-
taining 250 mM imidazole, and the soluble protein was dialyzed overnight in the
dialysis buffer described above.

Generation of N-Flag SRPK1. The Expand (Roche) high-fidelity, proofreading
polymerase mix was employed in a PCR to amplify the SRPK1 ORF in a reaction
containing IMAGE clone no. 4824261 DNA (MRC Geneservice, Cambridge,
United Kingdom) together with the primer pair 5'-GCGCGAATTCCATGGA
GCGGAAAGTGCTTGCGCTC-3" and 5'-GCGCGGATCCTTAGGAGTTAA
GCCAAGGGTGCCG-3'. The purified PCR product was subsequently digested
with EcoRI and BamHI and ligated into appropriately prepared pCMV-Flag4
(Sigma-Aldrich) to form pCMVFlag4-SRPKI1 that encodes an N-terminal Flag
tag fused to SRPK1 (Flag-SRPK1).

Coprecipitations. In proteomic experiments, coprecipitations were performed
using 10% SV-ID cells per sample. Cells were lysed in 1 mM Tris-HCl, pH 7.5, 150
mM NaCl, 1% NP-40, and Complete protease inhibitors (NP-40 lysis buffer), and
the lysate was cleared by centrifugation at 16,100 X g. Coprecipitations were
performed by mixing the cleared SV-JD lysate with GST fusion proteins immo-
bilized to glutathione S-agarose at 4°C for 2 h and were subsequently washed six
times with NP-40 lysis buffer. The samples were finally resuspended in 2X
Laemmli loading buffer, boiled for 5 min, and then separated by sodium dodecyl
sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) on 5 to 15% gradient
acrylamide gels. Silver staining was performed using the Silver Stain plus kit
(Bio-Rad, Hercules, CA), and after development, specific bands were excised
and digested with trypsin (Roche) using the protocol described by Shevchenko et
al. (52). Peptides were eluted in 50% acetonitrile-5% formic acid, dried, resus-
pended, and analyzed on a LCQ DECA XP PLUS (Thermo Electron Corp.,
Waltham, MA.) using liquid chromatography-tandem mass spectrometry (LC
MS/MS). The data were searched using Turbo Sequest (Thermo Electron
Corp.).

For coprecipitation of endogenous SRPK1, 5 X 10° SV-JID cells were lysed
and coprecipitations performed as described above. Coprecipitation of Flag-
tagged SRPK1 involved the preparation of cell lysate from 5 X 10° 293T cells
transfected with pCMVFlag4-SRPK1, and coprecipitations were performed as
above. To coprecipitate His-SRPKI1, a bacterial lysate containing His-SRPK1
and supplemented with 100 pg/ml RNase A (Sigma) was prepared, as described
above, and mixed with GST fusion proteins immobilized to glutathione S-aga-
rose. After 2 h of mixing, the coprecipitated complexes were washed six times in
BL buffer. Samples were resolved by SDS-PAGE, transferred onto nitrocellu-
lose, and analyzed by Western blotting.

Generation of HPV1 E1"E4 mutants. Previously described deletion mutants of
HPV1 E1"E4 (43) were cloned into expression plasmid pcDNA3.1 (Invitrogen).
Point mutations within the HPV1 E1"E4 coding sequence were generated using
the QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA). HPV1
E1"E4 template was used in conjunction with the primer pairs listed in Table 1.
Bidirectional sequencing using a 3100 Genetic Analyzer (ABI Prism) was used to
verify the sequences of mutated E1"E4 DNAs.

Immunoprecipitations. 293T cells cotransfected with pcDNA-HPV1 E4 plas-
mids and pPCMVFlag4-SRPK1 or an HPV1 E1-Flag expression vector (a kind gift
of Saleem Khan) were harvested 24 h after transfection and lysed on ice in NP-40
lysis buffer containing the Complete cocktail of protease inhibitors. Fifteen
minutes later, the lysate was cleared by centrifugation at 16,100 X g. An aliquot
of the lysate was removed for subsequent analysis, and the remainder of the
lysate was mixed with 3 g of rabbit anti-FLAG antibody (Sigma-Aldrich) and 50
wl of a 50% slurry of protein A-Sepharose (Cancer Research UK). Immunopre-
cipitations were incubated at 4°C for 2 h prior to being washed five times in
NP-40 lysis buffer. Samples were resolved by SDS-PAGE, transferred onto
nitrocellulose, and analyzed by Western blotting.

Western blotting. Resolved proteins were transferred electrophoretically onto
Bio-Trace NT nitrocellulose membranes (Pall Life Sciences, VWR, Poole, Dor-
set, United Kingdom) and blocked in 2% dried skim milk in phosphate-buffered
saline. The mouse anti-HPV1 E1"E4 monoclonal antibody 4.37 (15) was used at
a dilution of 1/250, mouse anti-Flag (Sigma-Aldrich) was used at a dilution of
1/2,500, and the goat anti-mouse immunoglobulin G (IgG) conjugated to horse-
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TABLE 1. Primers used for alanine-scanning mutagenesis

Substitution  Primer Sequence (5'-3")

G44A G44AF CCCAGGACAGGGCGAGGCCTCGCAGGTCC

G44AR  GGACCTGCGAGGCCTCGCCCTGTCCTGGG
R45A R45AF CTCCCAGGACAGGGGGGCCCCTCGCAGGTCCGAC
R45AR  GTCGGACCTGCGAGGGGCCCCCCTGTCCTGGGAG
P46A P46AF  CAGGACAGGGGGAGAGCTCGCAGGTCCGACAAAG
P46AR  CTTTGTCGGACCTGCGAGCTCTCCCCCTGTCCTG

R47A R47AF  CAGGACAGGGGGAGGCCTGCCAGGTCCGACAA

AGAC

R47AR  GTCTTTGTCGGACCTGGCAGGCCTCCCCCTGTCCTG
R48A R48AF  GGGGGAGACCTCGAGCGTCCGACAAAGACAGCAG
R48AR  CTGCTGTCTTTGTCGGACGCTCGAGGTCTCCCCC
QI109A  Ql109AF GGGACATTCTTGCAGACTTAGACGACTTCTGC
Q109AR GTCGTCTAAGTCTGCAAGAATGTCCCTTTTGAG
D110A  D110AF GACATTCTTCAGGCCTTAGACGACTTCTGCAGG
D110AR GAAGTCGTCTAAGGCCTGAAGAATGTCCCTTTTG
L111A L111AF ATTCTTCAAGACGCAGACGACTTCTGCAGGAAG
LI1IAR GCAGAAGTCGTCTGCGTCTTGAAGAATGTCCCT
D112A° DI112AF ATTCTTCAAGATCTAGCCGACTTCTGCAGGAAGC
D112AR CCTGCAGAAGTCGGCTAGATCTTGAAGAATGTCCC
D113A DI113AF CAAGACTTAGACGCGTTCTGCAGGAAGCTTGGG
D113AR CTTCCTGCAGAACGCGTCTAAGTCTTGAAGAATG
F114A F114AF GACTTAGACGACGCTTGCAGGAAGCTTGGGATC

F114AR  AAGCTTCCTGCAAGCGTCGTCTAAGTCTTGAAG

radish peroxidase antibody was used at a dilution of 1/3,000 (Sigma-Aldrich).
Blots were developed using chemiluminescence (ECL; Amersham Pharmacia).

Immunofluorescence microscopy. Frozen sections (4 wm) of HPV1 warts were
fixed in 4% paraformaldehyde for 8 min and permeabilized for 10 min in 0.2%
Triton X-100. Costaining of sections using the anti-E4 monoclonal antibody 4.37
and an anti-SRPK1 mouse monoclonal antibody purchased from BD Biosciences
was performed in a humidified chamber, overnight at 4°C. Appropriate combi-
nations of mouse IgG subclass-specific Alexa 488 or —594 conjugates (Molecular
Probes, Inc.) were applied to the sections for 1 h at room temperature. Nuclei
were visualized by using 4',6'-diamidino-2-phenylindole (DAPI) prior to mount-
ing in ProFade (Molecular Probes, Inc.). Images were acquired using a Zeiss
LSMS510 laser-scanning confocal microscope.

SV-ID cells were grown on glass slides and cotransfected with plasmids that
express HPV1 E1"E4 and Flag-SRPK1, using the transfection protocol described
above. The cells were fixed with 4% paraformaldehyde and permeabilized in
acetone (—20°C) as previously described (46). Cells were subsequently stained
for Flag-SRPK1 with a rabbit anti-Flag antibody (Sigma-Aldrich) and HPV1
E1"E4 with monoclonal antibody 4.37. Immune complexes were detected using
the appropriate species-specific IgG-Alexa conjugates, and nuclei were counter-
stained with DAPIL.

In vitro kinase assays. In vitro kinase reactions were performed following the
previously described method (38). Briefly, reaction mixtures were buffered in 25
mM Tris, pH 7.5, 200 mM NaCl, 10 mM MgCl,, and 20 nM ATP and contained
approximately 200 ng His-SRPK1, 10 nCi [y-**P]ATP, and between 1 and 25 pg
of substrate protein. The reaction mixtures were incubated at 30°C for 20 min,
and then reactions were stopped by the addition of 2X Laemmli loading buffer
and resolved by SDS-PAGE. Gels were stained using Bio-Safe (Bio-Rad) Coo-
massie stain, dried down, and exposed to autoradiography film. Band intensities
were separately quantitated using STORM imaging on a Storm860 (GE Health-
care, Waukesha, WI) combined with ImageQuant 5.0 software (GE Healthcare).

RESULTS

HPV E1"E4 proteins interact with the SR kinase SRPKI.
We adopted a proteomics-based approach with the aim of
identifying novel HPV E1"E4-associating proteins. Thus, the
E1"E4 proteins derived from the cutaneous type 1 virus
(HPV1) as well as the anogenital type 16 virus (HPV16) were
expressed in bacteria as N-terminally tagged GST fusion pro-
teins and purified on glutathione S-agarose. Immobilized GST
and GST-HPV E1"E4 proteins were used to coprecipitate cel-
lular factors from lysates prepared from the simian virus 40
large T-immortalized keratinocyte cell line SV-JD, a line pre-
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viously used by us to successfully study HPV E1"E4 functions
(43-46). The coprecipitations were subsequently resolved by
SDS-PAGE separation prior to silver stain analysis. These
experiments demonstrated the presence of several bands that
were derived from the SV-JD lysate and were only present in
the GST-HPV E1"E4 coprecipitations. One prominent band
that had an approximate molecular mass of 100 kDa was
present in both the HPV1 E1"E4 and HPV16 E1"E4 copre-
cipitations (Fig. 1A). These bands, along with the respective
region from the control lane, were excised from the gel and
digested with trypsin prior to elution and analysis of peptides
by LC MS/MS (22). The outcome of these analyses indicated
the presence of SRPK1, an SR-specific kinase, in the GST-
HPV1 E1"E4 coprecipitation, while not being detected in
the GST-HPV16 E1"E4 or GST coprecipitations. The pep-
tides that were sequenced from the mass spectrometry anal-
ysis, in addition to the full-length SRPKI1 sequence, are
shown in Fig. 1B.

Having identified multiple peptides from SRPK1 in the
GST-HPV1 E1"E4 coprecipitation, subsequent efforts were
made to validate this interaction in intact cells. Initially, an
N-terminally Flag-tagged SRPK1 fusion protein (Flag-SRPK1)
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FIG. 1. GST-HPV1 E1"E4 coprecipitates SRPK1. (A) Silver-
stained 5 to 15% SDS—polyacrylamide gel of GST coprecipitations
from lysates prepared from SV-JD keratinocytes showing GST, GST-
HPV E1"E4 fusion proteins (lower panel), and associated cellular
factors (upper panel). +, lysate present; —, lysate absent. Mass spec-
trometry analysis by LC MS/MS of trypsin-digested peptides prepared
from silver-stained bands identified SRPK1 peptides present in a
prominent band (indicated by an asterisk) within the GST-HPV1
E1"E4 coprecipitate. (B) The full-length amino acid sequence of
SRPKI1 (gene identifier 47419936). Underlined in boldface type are
the peptides sequenced from the GST-HPV1 E1"E4 coprecipitation.
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Immunoprecipitation

Anti- Isotype
Flag-SRPK1 Flag Control
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FIG. 2. HPV1 E1"E4 associates with Flag-SRPK1 in human kera-
tinocytes. Western analysis of anti-Flag and isotype control immuno-
precipitations from lysates prepared from 293T cells coexpressing
Flag-SRPK1 and HPV1 E1"E4 or Flag-HPV1 E1 and HPV1 E1"E4.
HPV1 E1"E4 was present in immunoprecipitates of Flag-SRPK1 com-
plexes but not in those containing Flag-HPV1 El, confirming the
specificity of the SRPK1-HPV1 E1"E4 association. WB, Western blot;
+, present; —, absent.

was coexpressed in 293T cells along with HPV1 E1"E4. Im-
munoprecipitation of Flag-SRPK1 with an anti-Flag antibody
demonstrated that HPV1 E1"E4 was complexed with Flag-
SRPK1 (Fig. 2). The specificity of the coassociation of HPV1
E1"E4 with Flag-SRPK1 was underscored by coexpressing
HPV1 El-Flag with HPV1 E1"E4. Subsequent immunopre-
cipitation showed that although the E1-Flag protein was effi-
ciently immunoprecipitated by an anti-Flag antibody, no
E1"E4 could be detected in the E1-Flag complex (Fig. 2).

To further validate the HPV1 E1"E4 interaction with
SRPK1 and to also examine the capacity of other HPV E1"E4
proteins to associate with SRPK1, a series of coprecipitation
studies were initiated. GST E1"E4 fusion proteins of HPV1,
-16, and -18 were used to coprecipitate endogenous SRPK1
derived from lysates prepared from SV-JD cells. In addition to
GST-HPV1 E1"E4 associating with SRPK1, the GST fusions
encoding E1"E4 proteins from the high-risk anogenital types
HPV16 and HPV18 also coprecipitated SRPK1 (Fig. 3, top
panel). Also, all of the GST-HPV E1"E4 proteins coprecipi-
tated Flag-SRPK1 from lysates prepared from transiently
transfected 293T cells (Fig. 3, upper middle panel).

Finally, to conclude these studies, we wanted to determine
whether we could demonstrate an interaction between SRPKI1
and HPV E1"E4 proteins in the absence of any other mam-
malian factors. Therefore, the GST-HPV E1"E4 proteins were
mixed with a lysate prepared from bacteria expressing SRPK1
as a polyhistidine-tagged fusion protein (His-SRPK1). These
studies, shown in the lower middle panel of Fig. 3, indicate that
His-SRPK1 associated with the GST-HPV E1"E4 fusion pro-
teins while not binding to GST alone. Therefore, given that this
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FIG. 3. The E1"E4 interaction with SRPK1 is conserved between
different HPV types. SRPK1 binding to E1"E4 proteins of various
HPV types was investigated by using GST-E1"E4 fusion proteins of
HPV1, HPV16, and HPV18 to coprecipitate endogenous SRPK1 de-
rived from SV-JD lysates (upper panel), Flag-SRPK1 expressed in
293T cells (middle upper panel), and His-SRPK1 expressed in bacteria
(lower middle panel). A Ponceau-stained nitrocellulose membrane
used for the SRPKI1 coprecipitation demonstrates that the relative
amounts of GST and GST fusion proteins (indicated by asterisks) used
in these experiments is approximately equal (lower panel). In all cases,
SRPK1 forms complexes specifically with all of the different GST-
E1"E4 proteins but not GST alone. In the lower middle panel, the
upper band migrating with an apparent molecular mass of over 120
kDa represents the full-length His-SRPKI1, while the smaller band is
likely to be a breakdown product of His-SRPK1. WB, Western blot.

interaction was performed in the absence of any other eukary-
otic factors, and in the presence of RNase, it is highly likely
that SRPK1 is making a direct interaction with the GST-HPV
E1"E4 proteins. These experiments provide compelling evi-
dence to indicate that the binding of SRPKI1 is a conserved
function of E1"E4 proteins derived from divergent HPV types.
A Ponceau stain of the nitrocellulose membrane used for the
endogenous SRPKI1 coprecipitation indicates that comparable
amounts of GST fusion proteins were used throughout these
studies (Fig. 3, lower panel).

Mapping the domains and key amino acids within HPV1
E1"E4 that mediate the association with SRPK1. To identify
HPV1 E1"E4 sequences involved in the association with
SRPKI1, a panel of previously described HPV1 E1"E4 dele-
tion mutants (43) were coexpressed in 293T cells along with
Flag-SRPK1. Cell lysates were prepared from these trans-
fections, and simultaneously, the lysate was examined for
the presence of soluble E1"E4 protein, while the presence of
E1"E4 complexed with Flag-SRPK1 was determined by an
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FIG. 4. Mapping the domains within HPV1 E1"E4 that mediate the association with SRPK1. Anti-Flag immunoprecipitations (IP) from lysates
prepared from 293T cells coexpressing Flag-SRPK1 and mutant HPV1 E1"E4 proteins were performed to identify key residues in HPV1 E1"E4
necessary for SRPK1 binding. (A) A diagrammatic summary of the data from the immunoprecipitation experiments is shown. The white domains
correspond to regions within E1"E4 that are not required for the interaction with Flag-SRPK1, and the black domains identify residues found
necessary for the association to occur. Alanine-scanning mutagenesis of residues in regions 44 to 48 and 109 to 114 involved in SRPK1 binding
identified individual amino acids that are key participants in the association. +, binding; —, no binding. The relationship of the different domains
to known E1"E4 functions and sequence characteristics is also shown. (B) Western blot (WB) analysis of immunoprecipitations between
Flag-SRPK1 and E1"E4 proteins containing various deletions. (C) Western blot analysis of immunoprecipitations between alanine point substi-
tutions and Flag-SRPKI1. All of these mutants aside from F114A are expressed to a similar or greater level than the wild-type E1"E4. Analysis of
the immunoprecipitations indicate that the amino acids G44, R45, R47, D110, L111, and D113 are each required to maintain the association of

HPV1 E1"E4 with Flag-SRPKI.

anti-Flag immunoprecipitation. The summary of these anal-
yses is given in Fig. 4A, with the immunoprecipitation data
shown in Fig. 4B. Loss of extreme N-terminal sequences of
E1"E4 (amino acids 2 to 15), including the keratin associa-
tion motif (*°LLGLL'*) did not perturb the association with
SRPKI1. Sequences (amino acids 24 to 27) that form part of
a proline-rich motif important in a G, arrest function of a
modified form of HPV1 E1"E4 (28) also were not necessary
for the association. However, the deletion of residues 44 to
48 that form part of a bipartite arginine-rich motif (**RR?*-
*“GRPRR*®) abrogated the association with SRPK1. The

arginine dipeptide (**RR?*?), however, was not necessary for
maintenance of the interaction. Neighboring charged resi-
dues (*SDKDS??) also did not contribute to the association
with the kinase. Sequences at the C terminus of the E1"E4
protein do participate in binding SRPK1. A self-association
domain comprising amino acids 95 to 115 lies within this
region of the protein (1, 43). SRPK1-containing complexes
were not formed upon loss of E1"E4 residues 110 to 115,
although it was not possible to evaluate the contribution of
other regions of the self-association domain because of in-
adequate expression of soluble forms of the mutant pro-
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teins. Sequences at the extreme C terminus (amino acids 120
to 125) that do not seem necessary for oligomerization (1)
are, however, required for the association with SRPK1. Our anal-
ysis of E1"E4 sequences necessary for the interaction with SRPK1
has not been exhaustive, and it is possible that other regions of
E1"E4 not covered in our analysis may be involved in this asso-
ciation. However, at least two regions, an arginine-rich region
(amino acids 44 to 48) and the C-terminal domain (amino acids
110 to 115 and 120 to 125), each abrogated the association with
SRPK1 when deleted (Fig. 4A).

The E1"E4 domains implicated in SRPK1 binding were fur-
ther analyzed by alanine scanning mutagenesis with the objec-
tive of identifying critical amino acids that contribute to this
interaction. Since arginine-rich regions constitute a common
feature of E1"E4 proteins and residues 110 to 115 form a
region within HPV1 E1"E4 that possesses homology to other
E1"E4 proteins (43), the mutagenesis studies focused on these
two regions. The results of the immunoprecipitations sug-
gested that the point mutations G44A, R45A, and R47A lo-
cated within the second arginine-rich region, each failed to
bind SRPKI1 (Fig. 4C). Furthermore, analysis of the alanine
point mutations incorporated within the C-terminal domain
revealed that D110A, L111A, and D113A each failed to asso-
ciate with SRPK1 (Fig. 4C). In summary, individual key amino
acid residues were identified in each of the two regions impli-
cated by the deletion studies to be important in the association
with SRPK1 (Fig. 4A).

SRPK1 accumulates at inclusion bodies formed by the
HPV1 E1"E4 protein. Up-regulation of E1"E4 expression in
HPYV infections coincides with a switch from the nonproductive
phase of the life cycle to the productive phase. In HPV1 in-
fections, the switch occurs immediately as cells move up from
the basal layer and is marked by an accumulation of E4 into
numerous cytoplasmic inclusion bodies of an undefined nature
(2). Nuclear E4 inclusions are observed, and these are found to
be associated with the ND10 component promyelocytic leuke-
mia protein (46). To identify the cellular localization of SRPK1
in HPV warts, frozen sections of HPV1 warts were costained
with anti-E4 and anti-SRPK1 monoclonal antibodies and ex-
amined by confocal microscopy. In areas of the wart showing
no evidence of productive infection or E4 expression, SRPK1
was shown to be present in basal and suprabasal cells, with
levels increasing as the cells became more differentiated, but
was largely absent from the most differentiated cells of the
cornified layers (Fig. 5A). SRPKI staining was predominantly
limited to the cytoplasm, an observation consistent with
SRPKI1 distribution in cervical keratinocytes grown in tissue
culture (11). Examination of SRPK1 distribution in productive
areas of the wart that expressed E4 revealed that SRPK1 was
present in the cytoplasm of keratinocytes in the spinous cell
layer but was not associated with E4 inclusions (Fig. 5B, lower
panel). However, in infected cells of the granular layer of the
wart, SRPK1 was localized to cytoplasmic E4 inclusion bodies
(Fig. 5B, upper panel). In general, both E4 and SRPKI1 staining
of the inclusions is concentrated toward the periphery of the
inclusion bodies and probably reflects epitope inaccessibility to-
ward the center of these electron-dense structures (47). Similar
productive regions of the wart showed no evidence of nonspecific
staining following omission of the E4 and SRPK1 monoclonal
antibodies from the staining protocol (data not shown).
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Since transient overexpression of HPV1 E4 in monolayer
cultures of keratinocytes, including SV-JD cells, reproduces
the formation of E4 inclusion bodies (46), we used this system
to determine whether SRPK1 would localize to the E4 gran-
ules in the absence of HPV factors. SV-JD cells were cotrans-
fected with plasmids expressing full-length HPV1 E1"E4 pro-
tein and Flag-SRPK1 or the Flag-SRPK1 expression vector
alone. Confocal analysis of cells costained for E4 and the Flag
epitope revealed localization of SRPK1 to cytoplasmic E4,
including E4 associated with inclusion structures (Fig. 5C).
Flag-SRPK1 did not accumulate into inclusion bodies in the
absence of E4 (Fig. 5C).

In summary, SRPKI1 kinase is sequestered to E4 cytoplasmic
inclusions in cells of the upper layers of the wart, indicating
that this is a late event in the productive cycle of the virus.
Studies in transfected cells reveal that this E4 function is not
dependent on additional HPV factors.

SRPK1 binding is associated with in vitro phosphorylation
of HPV1 E1"E4. In vitro kinase reactions were used to deter-
mine whether SRPK1 phosphorylates HPV E1"E4 proteins.
Reactions were performed using His-SRPK1 and GST-HPV
E1"E4 tusion proteins which were all generated by expression
in bacteria. Figure 6A shows the Coomassie-stained gel and an
autoradiograph of a typical SRPK1 kinase experiment. In the
Coomassie-stained gel, the location of the full-length sub-
strates, GST (lane 6), GST-HPV1 E1"E4 (lane 7), GST-
HPV16 E1"E4 (lane 8), and GST-HPV18 E1"E4 (lane 9) are
each marked with an asterisk. Analysis of the autoradiograph
indicated that, in the reaction mixture containing only His-
SRPKI1 (lane 5), four distinct phosphorylated species could be
observed. The largest of these, with a molecular mass of ap-
proximately 120 Da, corresponds to phosphorylated full-length
His-SRPK1, which migrates at this size (see the Coomassie-
stained gel), and indicates that SRPK1 undergoes autophos-
phorylation. The three smaller species correspond to either
phosphorylated breakdown products of His-SRPK1 or bacte-
rial contaminants that have subsequently undergone phosphory-
lation. In reaction mixtures that contained test substrates for
SRPKI1, no phosphorylated bands could be observed in reac-
tion mixtures containing GST, GST-HPV16 E1"E4, or GST-
HPV18 E1"E4 (lanes 1, 3 and 4, respectively) that were not
also present within the reaction mixture containing His-SRPK1
alone (lane 5). This suggests that, although SRPKI1 interacts
with the HPV16 and -18 GST-E1"E4 fusion proteins (Fig. 3),
at this point we have no evidence to indicate that SRPK1 is
phosphorylating these proteins. In contrast, analysis of the in
vitro kinase reaction containing GST-HPV1 E1"E4 identifies a
major phosphospecies specific to the GST-HPV1 E1"E4 sam-
ple (Fig. 6A, lane 2). However, this species migrates 3 to 4 kDa
faster than the full-length GST-E1"E4 fusion protein. Western
blot analysis of the kinase reactions identifies a number of
products smaller than the full-length GST-HPV1 E1"E4 pro-
tein that are recognized by HPV1 E4-specific antibodies, and
the phosphospecies corresponds to one of these smaller E4
polypeptides (Fig. 6B). We therefore conclude that the full-
length GST-HPV1 E1"E4 protein is not phosphorylated by
SRPKI1, but a smaller E4-containing species is a target. Further
evidence to support the fact that this phosphorylated species is
derived from GST-HPV1 E1"E4 comes from in vitro kinase
reactions where a GST fusion encoding a naturally processed
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FIG. 5. SRPKI1 distribution is altered in the presence of HPV1 E1"E4. (A and B) Confocal analysis of 4-um sections of an HPV1-induced wart
costained for E4 (red) and SRPK1 (green); nuclei were identified using DAPT (blue). (A) SRPK1 expression in regions of the wart tissue that are
E4 negative and do not show evidence of productive HPV1 infection. Arrowheads indicate the basal cell layer. (B) In regions of the wart positive
for E4 expression, SRPK1 is contained within E4 inclusions present in cells of the granular layers (upper panel, examples of costained inclusions
are indicated by arrows) but not in those formed in cells of the lower (spinous) layers (bottom panel). (C) Confocal analysis of distribution of E4
(red) and SRPKI1 (green) in SV-JD cells cotransfected with plasmids that express HPV1 E1"E4 and Flag-SRPK1 or Flag-SRPK1 alone. Nuclei

were identified using DAPI (blue).

N-terminal truncation (16 kDa) of the full-length 17-kDa
E1"E4 protein was used as a substrate. In these studies, the
migration of the major phosphospecies was only about 1 kDa
faster than the phosphorylated species present in the reaction
mixture containing the full-length GST-E1"E4 protein (data
not shown), thus demonstrating that truncation of HPV1
E1"E4 resulted in a concomitant shift in the size of the phos-
phorylated polypeptide.

Having demonstrated that SRPK1 was able to phosphorylate
GST-HPV1 E1"E4, we then examined the ability of SRPK1 to
phosphorylate HPV1 E1"E4 deletion mutants. Thus, the dele-
tion mutants A44-48, which is unable to bind SRPK1, and
A49-53, which retains SRPK1 binding, were expressed as GST

fusion proteins and used as substrates in in vitro kinase reac-
tions. In these experiments, the GST substrates were titrated at
1,5, and 25 pg per kinase reaction (Fig. 7). Both HPV1 E1"E4
(lanes 4 to 6) and the deletion mutant A49-53 (lanes 10 to 12)
were phosphorylated by His-SRPK1. Again, the major phos-
phospecies migrated slightly faster that the full-length GST
E1"E4 fusion. In contrast, the deletion mutant A44-48 was not
phosphorylated by His-SRPKI1 (lanes 7 to 9). Thus, with re-
spect to HPV1 E1"E4, proteins which interact with SRPK1
appear to be phosphorylated by SRPK1.

Further examination of the autoradiograph of the in vitro
kinase reactions shown in Fig. 6 indicated that, in comparison
to reactions containing GST (lane 1), HPV16 (lane 3), or
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FIG. 6. SRPK1 phosphorylates HPV1 E1"E4 in vitro. (A) SDS-polyacrylamide gel of in vitro kinase reaction mixtures containing His-SRPK1
and GST-E1"E4 proteins of HPV1, HPV16, and HPV18. The amounts of GST-E1"E4 fusion proteins (indicated by asterisks) and His-SRPK1 in
the kinase reactions are shown in the Coomassie-stained gel. The autoradiograph demonstrates the presence of phosphorylated protein species.
The arrows adjacent to lane 5, which contained only His-SRPKI1, indicate the presence of phosphorylated full-length His-SRPK1 (SRPK1-P) as
well as smaller phosphopeptide species, which may be breakdown products of SRPK1 or phosphorylated bacterial contaminants. Lanes 1, 3, and
4 show similar patterns of protein phosphorylation, indicating that neither GST, GST-HPV16 E1"E4, nor GST-HPV18 E1"E4 is phosphorylated
by SRPK1 under these conditions. In contrast, the GST-HPV1 E1"E4 substrate (lane 2), produces a distinct phosphorylated species (E4-P) which
is not present in the reaction mixture containing His-SRPK1 alone (lane 5). (B) An in vitro kinase reaction mixture containing His-SRPK1 and
GST-HPV1 E1"E4 proteins was analyzed by Western blotting (WB) with an HPV1 E1"E4-specific monoclonal antibody prior to autoradiography
(**P). Major E4 phosphospecies (E4-P) corresponds to one of a series of peptides (identified with arrowheads) smaller than the full-length GST
fusion (FL). The faint band (marked with an asterisk) appearing in the autoradiograph is derived from the strong chemiluminescence signal of the

full-length E1"E4 fusion protein.

HPV18 (lane 4) E1"E4 fusions or no substrate (lane 5), there
was a marked decrease in the level of the autophosphorylated
form of His-SRPK1 in the presence of the HPV1 E1"E4 fusion
protein (lane 2). Titration of increasing amounts of GST-
HPV1 E1"E4 protein in the in vitro kinase reactions revealed
that HPV1 E1"E4 inhibition of SRPK autophosphorylation
was dose dependent (Fig. 7, autoradiograph, lanes 5 to 7). A
similar dose-dependent inhibition of SRPK1 autophosphory-
lation occurred following titration of the deletion mutant
A49-53 that retains SRPK1 binding (lanes 10 —12). In contrast,
GST (lanes 1 to 3) and GST-HPV1 E1"E4 A44-48 (lanes 7 to
9), neither of which interact with SRPK1, show no inhibitory
effect on the autophosphorylation of SRPKI.

DISCUSSION

We have shown that the E1"E4 protein of HPV1, a cutane-
ous virus type, interacts with the cellular protein kinase
SRPKI1. Moreover, our data confirm that E1"E4 proteins of

HPV16 and HPV1S, viruses that are more frequently associ-
ated with infections of the mucosa, also interact with SRPK1,
indicating that this association is conserved across different
phylogenetic groups of HPV. These studies have also identified
key residues, notably G44, R45, R47, D110, L111, and D113,
within HPV1 E1"E4 that, when substituted by alanine, abro-
gate binding. We have previously reported that a C-terminal
region encompassing amino acids 95 to 115 encodes sequences
that facilitate oligomerization of E1"E4 and, more specifically,
deletion of the sequence '°DLD'!? abrogated self-association
(1). It is therefore plausible that D110, L111, and D113 con-
tribute to self-association and that E1"E4 oligomerization is
required for SRPK1 binding. The other critical residues, G44,
R45, and R47 lie within an arginine-rich domain that bears
resemblance to the arginine-rich sequences present within
SRPKI1 substrates, including SR proteins. However, it remains
tobe determined which serine residues in E1"E4 are phosphory-
lated by SRPK1, although we can confirm that deletion of the
sequence *’SDKDS>?, which lies within the arginine-rich do-
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FIG. 7. In vitro phosphorylation of HPV1 E1"E4 is dependent on SRPKI1 binding. In vitro kinase reactions containing His-SRPK1 and
GST-HPV1 E1"E4 fusion proteins that bind SRPK1 (E1"E4 and A49-53) or are defective for binding (A44-48) titrated at 25, 5, and 1 pg. The
relative amounts of His-SRPK1 and the different GST proteins (indicated by asterisks) present in the kinase reactions are shown in the
Coomassie-stained gel. A major phosphospecies (E4-P) is present in in vitro kinase reaction mixtures containing the wild-type E1"E4 protein (lanes
4 to 6) and the A49-53 deletion mutant (lanes 10 to 12) but is not detected in reactions containing the A44-48 deletion mutant (lanes 7 to 9) or
the GST control protein (lanes 1 to 3). In the titrations of E1"E4 substrates that interact with SRPK1, we observed a dose-dependent reduction
in autophosphorylation of the full-length His-SRPK1 polypeptide (SRPK1-P).

main, does not diminish the ability of SRPK1 to bind nor
phosphorylate E1"E4 and suggests that other serine residues
must be sites of SRPK1 phosphorylation. Close inspection of
the major phosphorylated species from the in vitro kinase
experiments indicates that it is migrating faster than the major
GST-HPV1 E1"E4 product. Loss of a proximal C-terminal
sequence may enhance phosphorylation or phosphorylation of
E4 is affecting the migration of the E4 polypeptide, which is
possible given that the full-length E1"E4 protein migrates
anomalously high at 17-kDa, 2.6-kDa higher than its calculated
mass of 14.4 kDa. While we have been unable to detect phos-
phorylation of HPV16 and HPV18 E1"E4 proteins in vitro, we
cannot rule out the possibility that these may be substrates of
SRPKI1 and indeed that the GST component of these proteins
may induce steric changes that impairs phosphorylation in
these assays. Phosphorylation is likely to be an important de-
terminant of E4 function, and to date, a number of kinases
have been implicated in E4 phosphorylation (4, 7, 20). It will
thereforebeinterestingto determine whether E1"E4 phosphory-
lation by SRPK1 does contribute to a specific E4 function.
The oligomerization domain of HPV1 E4 displays significant
homology with the C-terminal sequences of E4 proteins de-
rived from other HPV types that infect cutaneous surfaces.
Within this domain, D110, L111, and D113 form part of a
conserved motif (D-L-[D/E]-X-[Y/F], where X is a hydrophilic
residue) that has been shown to be necessary for oligomeriza-
tion (1, 43). A similar function has been assigned to the C
terminus of HPV16 E4 (56). While sequence alignment iden-
tifies homology across this region of HPV16 E4 with E4s of
other mucosal types, it is not highly conserved within the cu-
taneous viruses (43, 45). The lack of homology between the
oligomerization domains of cutaneous and mucosal viruses
would suggest that D110, L111, and D113 may not be involved
in direct binding of SRPK1 but that oligomerization of the
protein is perhaps necessary. With regard to the other HPV1
residues necessary for SRPK1 binding (G44, R45, and R47),
they are contained within a region of HPV1 E4 rich in basic
amino acids (arginine, lysine, and histidine). Similar basic re-

gions are a common feature of E4 proteins (16). In some types
they form a bipartite arginine-rich motif, similar to the one
present in the type 1 protein. Comparative analysis of the basic
regions of HPV1, -16, and -18, show that, although all are rich
in arginines, or a mixture of basic amino acids, they are vari-
able in both length and sequence (Fig. 8). Indeed, alignment of
this region with HPV63, which is phylogenetically a close re-
lation to HPV1, would suggest that the only conserved feature
of this domain is the positive charge (Fig. 8). Thus, further
analysis of the association between SRPKI1 and the type 16 and
18 E4 proteins will be necessary to reveal whether amino acids
in their oligomerization domains and basic regions contribute
to their interaction with SRPK1.

It has been shown that SRPK1 undergoes modulation during
the cell cycle, translocating into the nucleus during the G,-
to-M transition (11). The importance of this translocation is
not known, although it likely permits the kinase access to its
substrates, including the SR proteins contained within nuclear
speckles (30), and the LBR (36). Other regulatory mechanisms
of SRPK1 activity could include autophosphorylation of the
kinase, as is apparent for CLK family kinases, which also phos-
phorylate the RS domains of SR factors, and is found to mod-
ulate substrate recognition and lead to changes in the phos-
phorylation patterns on specific SR proteins (41). It is therefore

HPV1  “RRPSTTPNSQDRGRPRRSDKDSRKH

HPV16 “KKHRR'
HPV18 **RPTARRRLLHDLDTVDSRRS®

HPV63 “KQRRRGRDTTRNRR"

FIG. 8. The sequence of regions of HPV E4 proteins that are rich
in basic amino acids. The amino acid sequences of E4 regions of
HPV1, -16, -18, and -63 that are particularly rich in basic amino acids
are shown with arginine residues identified in boldface type. Note that
bipartite arginine-rich motifs are present in HPV1, -18, and -63 but not
HPV16. Amino acids within the HPV1 E4 region involved in the
interaction with SRPK1 are underlined.
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of interest that, in the in vitro kinase assays, the ability of
SRPKI1 to undergo autophosphorylation appeared to be inhib-
ited by HPV1 E1"E4, and this inhibition was abrogated by
mutations which blocked HPV1 E1"E4 binding of SRPKI.
Thus, whether E1"E4 does indeed modulate SRPK1 autophos-
phorylation and substrate specificity in vivo warrants further
investigation.

The manipulation of SRPK1 by a virus is not without pre-
cedent, indeed the herpes simplex virus type 1 encodes a pro-
tein ICP27 which associates with SRPK1, relocating it to the
nucleus, resulting in hypophosphorylation of SR proteins and a
consequent impairment in spliceosome assembly (51). This
action has the effect of inhibiting cellular pre-mRNA splicing
and promotes export and expression of herpes simplex virus
type 1 transcripts. There are also a number of studies that
implicate substrates of SRPK1 in the replication cycle of vi-
ruses. These studies range from human immunodeficiency vi-
rus type 1 (HIV-1), where virion production is regulated by SR
proteins, including ASF/SF2, SC35, and 9GS (26), while SRp75
acts to upregulate HIV-1 gene expression (19); adenovirus,
where SR proteins purified from late infected cells are func-
tionally inactivated (27); and vaccinia, where SR proteins
are hypophosphorylated (23). Thus, viruses appear to have
adopted mechanisms to act upon SR proteins as a means of
modifying host gene expression and affecting efficient viral
gene expression. Pertinently with respect to HPV, an SRPK1
substrate, SF2/ASF, is part of a complex that associates with a
negative regulatory mRNA element that is central to the post-
transcriptional regulation of late gene expression in HPV16,
and both expression and phosphorylation of this SR factor
increase in response to differentiation of the HPV16-infected
cells (33). In fact, numerous cis-acting elements appear to
contribute to the control of HPV late gene expression, includ-
ing HPV16 (48, 60), and similar structures that are present in
bovine papillomavirus transcripts are associated with multiple
SR proteins (61). Further studies are required to examine the
differentiation-specific regulation of other SR proteins and to
identify whether E1"E4 proteins, via their interaction with
SRPKI1, impact upon their regulation. The suggestion that
E1"E4 may modify posttranscriptional processing is not novel;
indeed, HPV16 E4"E4 has previously been shown to associate
with an RNA helicase, an association that was proposed to
affect mRNA stability and ribosome biogenesis (13).

In addition to phosphorylating SR proteins, SRPK1 also
phosphorylates LBR, an inner nuclear membrane protein
which interacts with B-type lamins (53) and chromatin (55).
The association of LBR with chromatin is cell cycle dependent
and regulated by multiple kinases, including SRPK1 (54), and
acts to maintain the organization of the nuclear envelope dur-
ing cell division (6). Inhibition, modulation, or sequestration of
SRPK1 by E1"E4 may inhibit the attachment of LBR to chro-
matin and result in the loss of nuclear envelope integrity. Since
the sequestration of SRPK1 to HPV1 E4 inclusion bodies is
restricted to cells of the upper wart regions, and as HPV virion
assembly is confined to the nucleus of these cells, destabiliza-
tion of the nuclear envelope may facilitate egress of virions
from the nucleus. Indeed, the human polyomavirus JC virus
perturbs the structure of the nuclear envelope by abrogating
the interaction between LBR and heterochromatin and thus
promoting nuclear egress of progeny JC virus virions (37). This
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possible E1"E4 function, in addition to its action on the cor-
nified cell envelope (3) and the keratin cytoskeleton (14, 44)
and an ability to promote apoptosis (42), may all contribute to
ease the passage of newly synthesized virions from the nucleus
to the cytoplasm and promote their subsequent shedding from
the upper cells of the lesion.

SRPK1 binding by E1"E4 may influence the function of
other HPV proteins. Candidate molecules such as the HPV5
E2 protein, which contains a hinge region that possesses RS
domain characteristics (31), may be an SRPK1 substrate, and
as such, SRPK1 may influence HPVS5 E2 function by modulat-
ing its ability to activate transcription/replication.

SRPK1 appears to play an important role in the regulation
of some fundamental cellular processes, including the organi-
zation of components of the nucleus and mRNA processing,
and this may explain why it appears to be a strategically im-
portant cellular target for a diverse number of viruses. Our
study identifies SRPK1 as a novel cellular binding partner of
E4 proteins derived from genetically diverse HPV types. With
regard to HPV1 E1"E4, we have demonstrated that the ability
of SRPK1 to undergo autophosphorylation is impaired, while
it is sequestered into E4 inclusions in terminally differentiated
cells within wart lesions. Future studies are necessary to dissect
the biochemical implications of this finding and to determine
whether this interaction has a role in the regulation of aspects
of HPV replication. The biochemistry of SRPK1 is poorly
understood and the role it plays in the HPV replication cycle is
unknown, but novel substrates encoded by HPV and/or the
host cell may exist. Indeed this kinase may prove to be a target
for therapeutic intervention, as has been proposed for HIV-1,
where the use of small-molecule inhibitors of SRPK1 has been
demonstrated to suppress HIV-1 replication (19).
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