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We report that herpes simplex virus type 1 (HSV-1) infection leads to the recruitment of protein kinase C
(PKC) to the nuclear rim. In HEp-2 cells, PKC recruitment to the nuclear rim was initiated between 8 h and
12 h postinfection. PKC8, a proapoptotic kinase, was completely recruited to the nuclear rim upon infection
with HSV-1. PKCa was less dramatically relocalized mostly at the nuclear rim upon infection, although some
PKCa remained in the cytoplasm. PKC{-specific immunofluorescence was not significantly relocated to the
nuclear rim. The U; 34 and U, 31 proteins, as well as their association, were each required for PKC recruitment
to the nuclear rim. The HSV-1 Ug3 protein product, a kinase which regulates the phosphorylation state and
localization of U, 34, was not required for PKC recruitment to the nuclear rim; however, it was required for
proper localization along the nuclear rim, as PKC appeared unevenly distributed along the nuclear rim of cells
infected with Ug3 null and kinase-dead mutants. HSV-1 infection induced the phosphorylation of both lamin
B and PKC. Elevated lamin B phosphorylation in HSV-1-infected cells was partially reduced by inhibitors of
PKC. The data suggest a model in which kinases that normally disassemble the nuclear lamina during
apoptosis are recruited to the nuclear membrane through functions requiring U; 31 and U, 34. We hypothesize
that the recruitment of PKC functions to phosphorylate lamin B to help modify the nuclear lamina and

promote budding of nucleocapsids at the inner nuclear membrane.

The nuclear lamina is a filamentous protein meshwork lining
the nucleoplasmic face of the inner nuclear membrane (INM)
that confers structural support to the nucleus, provides chromatin
anchoring sites, and may regulate higher-order chromatin struc-
ture and gene expression (14). The lamina is composed primarily
of type V intermediate filament proteins called lamins, which
have been grouped into two biochemically and functionally dis-
tinct categories: A-type and B-type. Like all intermediate fila-
ments, lamins share a tripartite organization consisting of a con-
served central a-helical rod domain flanked by N- and C-terminal
non-a-helical head and tail domains of variable size and sequence
(35). It is understood that individual lamins will dimerize and
intertwine via their rod domains and associate in a head-to-tail
fashion via the terminal domains, giving rise to rigid filaments that
comprise the lamina meshwork.

Despite its relative insolubility and structural rigidity, the
lamina is a dynamic structure whose disassembly during mitosis
is regulated primarily by phosphorylation of the lamins at con-
served serine residues flanking the a-helical rod domain (15,
35). During apoptosis, one step in the irreversible disassembly
of the nuclear lamina (26, 36) involves hyperphosphorylation
of lamin B proteins by protein kinase C3 (PKC3) (4). Distinct
from mitotic lamin phosphorylation, major PKC phosphoryla-
tion sites on lamin proteins have been mapped to serine resi-
dues located in close proximity to the nuclear localization
signal in the C-terminal tail domain (16). Other cellular lamin
kinases include mitogen-associated protein kinases and cyclic
AMP-dependent protein kinase.
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The PKC family consists of 12 structurally related serine-
threonine kinases which function in a variety of cellular pro-
cesses, including differentiation, proliferation, apoptosis, and
carcinogenesis. PKCs have been grouped into three structur-
ally and functionally distinct subfamilies: conventional PKCs,
novel PKCs, and atypical PKCs. The activation of conventional
PKCs requires diacylglycerol, Ca®>", and phosphatidylserine
(PS). Activation of novel PKCs requires diacylglycerol and PS
but not Ca**, whereas atypical PKCs respond only to PS. The
activation of conventional PKCs and novel PKCs also involves
recruitment to cellular membranes, whereas atypical PKC ac-
tivation does not (4, 25). All PKC family members are also
regulated by phosphorylation, specifically at a conserved thre-
onine residue within a motif (TFCGT) located within their
activation domains. This PKC phosphorylation serves to regu-
late PKC activity and is catalyzed by phosphoinositide-depen-
dent kinase 1, which is itself recruited to membranes by
PtdIns(3,4,5)P3. The phosphoinositide-dependent kinase 1-de-
pendent activation loop phosphorylation occurs in conjunction
with C-terminal phosphorylations which lock the kinase do-
mains in their active conformations. In the nonphosphorylated
form, PKC catalytic activity is virtually undetectable; however,
in the membrane-bound, activated, and phosphorylated state,
substrate phosphorylation is efficient (24). During apoptosis,
PKC3, a novel PKC, has been shown to translocate to the
nuclear membrane and to phosphorylate lamin B at the C-
terminal domain, thereby inducing apoptotic lamina disassem-
bly (4, 6,9, 10). PKCBII has also been shown to phosphorylate
and thereby solubilize lamin B (8). Conversely, PKCa has been
shown to bind lamin A protein yet functions as an apoptosis
inhibitor (9, 20).
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Herpes simplex virus type 1 (HSV-1), like all members of the
herpesvirus family, assembles progeny nucleocapsids within
the host cell nucleus. Fully formed DNA-containing nucleo-
capsids must then exit the nucleus by budding through the
INM and outer nuclear membrane (ONM) in a well-docu-
mented envelopment-deenvelopment process (21). As the in-
soluble nuclear lamina would present a significant barrier to
capsid envelopment at the INM, it is logical that herpesviruses
would devise or adopt means of modifying the nuclear lamina
to promote nucleocapsid egress. For HSV-1, the viral proteins
U 34 and U, 31 have been implicated in nuclear egress (7, 30).
Studies have shown that the U, 34 and U, 31 proteins (pU, 34
and pU, 31, respectively) associate to form a complex which
localizes to the nuclear rim of the infected cell (3, 28, 29).
Although the U; 34-U; 31 complex has been shown to induce
structural alterations of the nuclear lamina (27, 34), the mech-
anism by which this complex facilitates HSV-1 nucleocapsid
egress has not yet been defined.

Proper localization of the U;31-U; 34 complex is dependent
upon the kinase activity of the HSV-1 Ug3 protein. In the absence
of Ug3 kinase activity, the U, 31 and U, 34 proteins colocalize in
punctate extensions of the nuclear membrane (31). Although
U, 34 is clearly a substrate of the Ug3 kinase, mutational analysis
has shown that a substrate(s) other than U, 34 is necessary to
explain the mechanism by which Ug3 modulates the localization
of the U, 31-U, 34 complex in the NM (31).

Increasing evidence indicates that the HSV-1 U, 34-U, 31-
mediated mechanism of nucleocapsid egress may be con-
served, or at least share significant similarities, among the
various members of the herpesvirus family. Homologs of U, 34
and U, 31 have been identified in HSV-2, pseudorabies virus,
murine cytomegalovirus (MCMV; M50 and M53), and Ep-
stein-Barr virus (BFRF1 and BFLF2) (12, 13, 21, 23). Further-
more, these various U;34-U; 31 homologous pairs share a
number of characteristics: (i) they are codependent for proper
targeting to the nuclear rim; (ii) they facilitate nuclear egress
of their respective nucleocapsids; and (iii) they share the ca-
pacity to interact with, and to induce structural alterations to,
the nuclear lamina. Muranyi et al. (23) demonstrated that M50
and M53 recruit cellular PKC to the nuclear lamina and
showed that this recruitment was concomitant with a phos-
phorylation of lamins A/C and B (23). They postulated that
M50 and M53 facilitate nucleocapsid egress by recruiting PKC
to the INM to phosphorylate lamins. This lamin phosphoryla-
tion was proposed to then mediate a partial dismantling of the
nuclear lamina to allow viral capsids to traverse the lamina and
dock at the INM.

In consideration that MCMYV infection leads to a recruit-
ment of PKC to the nuclear lamina and a phosphorylation of
lamin proteins, we investigated whether HSV-1 infection also
induces a recruitment of PKC to the nuclear lamina.

MATERIALS AND METHODS

Cells and viruses. HEp-2 cells, Vero cells, and HeLa cells were maintained in
Dulbecco’s modified Eagle’s medium supplemented with 10% newborn calf
serum, penicillin, and streptomycin. The construction and maintenance of the
U, 34-expressing cell line, R1310, and the Uj 31-expressing cell line, clone 7, were
described previously (18, 19).

The wild-type HSV-1 (F) was described previously (11). The construction and
growth characteristics of the Uy 34-null mutant, vVRR1072, the Uy 31-null mutant,
v3161, the U, 34-U, 31 association-defective mutant, v3480, the Ug3-null mutant,
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R7037, and the Ug3 kinase-defective mutant, vRR1204#1 (K220A) were also
described previously (19, 20, 30, 31).

Antibodies and PKC inhibitors. All anti-PKC and anti-lamin B antibodies
were obtained from Santa Cruz Biotechnology, Inc. Anti-ICP4 antibody was
obtained from the Rumbaugh-Goodwin Institute for Cancer Research. Fluores-
cein isothiocyanate (FITC)-conjugated anti-goat and Texas Red-conjugated anti-
rabbit secondary antibodies were obtained from Santa Cruz Biotechnology, Inc.,
and Cy5-conjugated anti-mouse secondary antibody was obtained from Jackson
Immunoresearch Inc. The PKC inhibitors rottlerin and RO-31-7549 were pur-
chased from Santa Cruz Biotechnology, Inc.

Indirect immunofluorescence assay and confocal microscopy. HEp-2 cells and
HelLa cells were seeded on glass coverslips in six-well plates at 80% confluence
and grown overnight at 37°C. Cells were either mock infected or infected with
wild-type (F) or Ug3 mutant strains of HSV-1 at a multiplicity of infection (MOI)
of 5 to 10. In the case of the U, 34 and U, 31 mutant strains, cells were infected
at an MOI of 0.3 to 0.5, reflecting lower viral stock titers. At 2, 4, 8, 12, or 16 h
postinfection, cells were washed three times with phosphate-buffered saline
(PBS) and fixed with methanol at —20°C for 20 min. Cells were washed again
with PBS and then incubated for 45 min at room temperature in blocking
solution (PBS containing 10% filtered human serum). Cells were then probed
with primary antibodies specific for lamin B, PKC, and HSV-1 ICP4 for 1 h. Cells
were washed with PBS and blocked again for 15 min. Cells were then incubated
at room temperature with FITC-, Texas Red-, and Cy5-conjugated secondary
antibodies for 1 h. Coverslips were washed with PBS, rinsed in distilled H,O, and
mounted using Vectashield mounting medium (Vector Laboratories, United
Kingdom). Slides were analyzed with a confocal laser scanning microscope
equipped with krypton, argon, and helium-neon lasers under a 63X oil immer-
sion objective and a 10X ocular objective in light filtered to wavelengths appro-
priate for excitation of FITC, Texas Red, and Cy5 fluorochromes or in trans-
mitted light. Images were analyzed by Nomarski differential interference contrast
imaging, and digital images were acquired with Fluoview version 2.1.39 software.
There was minimal emission of more than one fluorochrome at a given excitation
wavelength.

Immunoprecipitation and kinase assay. Confluent cultures of HEp-2 cells
were mock or HSV-1 (F) infected at an MOI of 5. At 13 h postinfection, cells
were washed three times with methionine-free, phosphate-free minimum essen-
tial Eagle’s medium (Gibco BRL) and then incubated with the same medium
containing 5% dialyzed fetal bovine serum and 100 wCi of [**P]orthophosphate
(Amersham). PKC-specific inhibitors dissolved in dimethyl sulfoxide were also
added at this point. At 16 h postinfection, cells were washed with PBS, harvested
by cell scraper, and pelleted by centrifugation at 1,200 X g. On ice, pellets were
resuspended in RIPA buffer (25 mM Tris-Cl [pH 7.4], 1% NP-40, 0.5% Na-
deoxycholate, 200 mM NaCl, 1 mM EDTA, 0.1% sodium dodecyl sulfate [SDS])
supplemented with 1 mM Na;VO,, 10 mM NaF, 1 pg/ml aprotinin, 1 pg/ml
leupeptin, 1 pg/ml pepstatin A, 1 mM phenylmethylsulfonyl fluoride, and Com-
plete EDTA-free protease inhibitor cocktail (Roche) for 20 min. During this
incubation, the lysate was aspirated several times through a 25-gauge needle. The
lysate was then centrifuged at 12,000 X g for 15 min at 4°C, and the pellet was
discarded.

Lysate was then precleared by incubation with protein A/G-agarose beads at
4°Cfor 1 h. Beads were removed by pelleting at 1,200 X g for 1 min at 4°C. Lysate
was then incubated with anti-lamin B or anti-PKC antibodies overnight at 4°C.
Protein A/G-agarose was added, and the lysate was incubated at 4°C for an
additional 2 h. Precipitated proteins were pelleted at 1,200 X g for 1 min at 4°C,
washed three times with RIPA buffer at 4°C, and then resolved on a 10%
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) gel. The gel was dried and
analyzed by autoradiography.

Immunoblot analysis. Confluent cultures of HEp-2 cells were mock or HSV-1
(F) infected at an MOI of 5. At 16 h postinfection, cells were washed three times
with PBS, removed into PBS, and pelleted at 1,200 X g at 4°C. Pelleted cells were
resuspended in 2X Laemmli buffer and briefly sonicated to facilitate loading of
insoluble material. Samples were boiled for 5 min, resolved by SDS-PAGE on a
10% gel, and then electrically transferred onto a nitrocellulose membrane. The
nitrocellulose was incubated for 1 h at room temperature in blocking solution:
PBS containing 5% (wt/vol) nonfat milk and 0.1% Tween 20. The blot was then
incubated with anti-lamin B or anti-PKC antibody overnight at 4°C, washed with
PBS-Tween, and then incubated with horseradish peroxidase (HRP)-conjugated
secondary antibody for 2 h at room temperature. The blot was washed again, and
the labeled proteins were visualized using an ECL (Amersham) chemilumines-
cence kit according to the manufacturer’s instructions.
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FIG. 1. Digital images of confocal fluorescence micrographs of mock-infected (A to D and I to L) and HSV-1 (F)-infected (E to H and M to P)
HEp-2 cells (A to H) and HeLa cells (I to P). Cells were fixed in methanol at 16 h postinfection and incubated with anti-PKC, anti-lamin B, and anti-ICP4
antibody. Anti-PKC antibody was stained with FITC-conjugated secondary antibody (green channel), anti-lamin B antibody was stained with Texas
Red-conjugated secondary antibody (red channel), and ICP4 was stained with Cy5-conjugated secondary antibody (blue channel).

RESULTS

Cellular protein kinase C is recruited to the nuclear lam-
ina during HSV-1 infection in two human cell lines. To
determine whether protein kinase C was recruited to the
nuclear membrane, confluent monolayers of HEp-2 and
HeLa cells were either mock infected or infected with wild-
type HSV-1 (F) and then fixed with —20°C methanol at 16 h
postinfection. Fixed cells were costained with three antibod-
ies: (i) a rabbit polyclonal antiserum which recognizes all
PKC family members (sc-10800; Santa Cruz Biotechnology),
(ii) a goat polyclonal antiserum specific for lamin B protein
(sc-6216; Santa Cruz Biotechnology), and (iii) a mouse
monoclonal antibody specific for the HSV-1 ICP4 protein
(no. 1101; Rumbaugh Goodwin Institute). Bound anti-lamin

B, anti-PKC, and anti-ICP4 antibodies were visualized with
Texas Red-conjugated bovine anti-goat, FITC-conjugated
bovine anti-rabbit, and Cy5-conjugated donkey anti-mouse
secondary antibodies, respectively. Digital images were ac-
quired by confocal microscopy, and representative examples
are shown in Fig. 1.

Immunostained mock-infected HEp-2 and HeLa cells (Fig. 1A
to D and I to L) contained smooth oval lamin B staining that
was uniformly and tightly distributed around the nuclear rim.
PKC-specific staining in both mock-infected HEp-2 and HeLa
cells was faintly and diffusely detected throughout the cyto-
plasm in a grainy or speckled pattern and was localized in the
cytoplasm. No PKC-specific staining was detectable in the nu-
cleus or along the nuclear rim.
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FIG. 2. Time course of PKC upregulation and recruitment to the nuclear rim. Digital images of confocal fluorescence micrographs were taken
of HEp-2 cells infected with HSV-1 (F). At 0h (Ato C),4h (D to F),8 h (G toI), 12 h (J to L), and 16 h (M to O) postinfection, cells were fixed
and stained for PKC (FITC; green channel), lamin B (Texas Red; red channel), and ICP4 (Cy5; blue channel).

In contrast to the smooth oval uniform staining seen in mock-
infected cells, lamin B-specific immunostaining of HEp-2 and
HeLa cells infected 16 h previously with HSV-1 (F) (Fig. 1IE to H
and M to P) contained morphological alterations, including in-
vaginations or concavities of the nuclear rim. Moreover, the stain-
ing was not uniform along the nuclear rim but instead contained
areas of thickened or denser lamin B staining and areas of thinner
or lighter staining. HSV-1-induced lamin B aggregates were also
pronounced in cytoplasmic regions immediately adjacent to the

abnormally concave portions of nuclear lamina in infected HeLa
cells and closely resembled the cytoplasmic accumulations of
lamin B receptor (LBR) reported by Scott and O’Hare in HSV-1-
infected COS-1 cells (32). We therefore conclude that HSV-1 (F)
infection of both HEp-2 and HeLa cells at 16 h postinfection
resulted in morphological distortions to the nuclear lamina as
indicated by lamin B staining.

In contrast to the diffuse, low-level PKC expression localized
within the cytoplasm of mock-infected cells, most HSV-1-in-
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fected cells showed an increased level of PKC immunostaining.
The elevated PKC immunostaining localized primarily at the
nuclear rim, although minor amounts were detectable in the
cytoplasm and in association with the plasma membrane. As
seen by the yellowish staining of the combined images (Fig. 1H
and P), the elevated PKC immunostaining extensively colocal-
ized with lamin B at the nuclear rim and within cytoplasmic
regions immediately adjacent to invaginations or concave por-
tions of the nuclear membrane. These data therefore indicate
that infection with HSV-1 (F) induces an upregulation of PKC
expression and a clear recruitment of PKC to the nuclear rim.

Time course of PKC recruitment in HSV-1-infected HEp-2
cells. To determine when PKC was recruited during the course of
infection, HEp-2 cells were fixed and stained for PKC and lamin
B at different times postinfection (Fig. 2). At 0 h postinfection
(Fig. 2A to C), the lamin B and PKC staining resembled a mock
infection as described above. At 4 h postinfection (Fig. 2D to F),
the morphology of the nuclear lamina appeared unchanged, and
PKC expression remained diffusely localized throughout the cy-
toplasm. ICP4-specific staining was localized in both the nucleus
and cytoplasm of infected cells, whereas at later times it localized
in the nucleus, as previously described (17). At 8 h postinfection
(Fig. 2G to I), some distortions to the otherwise-smooth-appear-
ing nuclear lamina were apparent. Also at 8 h postinfection, a
faint yet discernible increase of PKC-specific staining was visible
at the nuclear rim. By 12 h postinfection (Fig. 2J to L), morpho-
logical distortions to the nuclear lamina closely resembled those
seen at 16 h postinfection and shown in Fig. 1. Also at 12 h
postinfection, a clear recruitment of PKC to the nuclear rim was
seen. PKC recruitment to the nuclear rim, however, appeared
incomplete, since PKC was distributed unevenly at the nuclear
rim compared to later times postinfection. The phase-contrast
images at 12 h and 16 h postinfection indicate that the recruit-
ment of PKC to the nuclear rim was not a consequence of cell
shrinkage that might cause cytoplasmic contents to concentrate
around the nuclear rim. We conclude that, at least in HEp-2 cells,
PKC is recruited to the nuclear rim beginning at 8 h p.i. This
would suggest PKC recruitment coincides with late viral gene
expression.

Specific PKC isoforms are recruited to the nuclear lamina
during HSV-1 infection. The immunofluorescence assay (IFA)
experiments described above and elsewhere in this study were
designed to characterize changes in localization of any and all
PKC enzymes inasmuch as the studies employed a commercial
antibody with reported broad reactivity with all PKC family mem-
bers of mouse, rat, and human, Drosophila, and Xenopus origins
(sc-10800 data sheet; Santa Cruz Biotechnology). To investigate
whether the observed PKC recruitment to the nuclear lamina
involves specific PKC subgroups or isoforms, three antibodies
which recognize a single specific PKC isoform from each of the
three PKC subgroups (conventional PKCs, novel PKCs, and atyp-
ical PKCs) were used. These included antibodies specific for
PKCa, a conventional PKC (sc-208; Santa Cruz Biotechnology)
(Fig. 3A to D), PKC3, a novel PKC (sc-937; Santa Cruz Biotech-
nology) (Fig. 3E to H), and PKC, an atypical PKC (sc-216; Santa
Cruz Biotechnology) (Fig. 3I to L).

In mock-infected HEp-2 cells, PKCa localized at the plasma
membrane and diffusely throughout the cytoplasm. There was
virtually no PKCa detected along the nuclear rim or within the
nucleoplasm and no detectable colocalization with lamin B
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FIG. 3. Digital confocal images of mock-infected or HSV-1 (F)-
infected HEp-2 cells immunostained with PKC-specific antibodies. At
16 h postinfection, cells were fixed with methanol and incubated with
anti-lamin B antibody, anti-ICP4 antibody, and one of the following
PKC-specific antibodies: anti-PKCa (A to D), anti-PKC3 (E to H),
anti-PKC{ (I to L). Anti-PKC antibodies were stained with FITC-
conjugated secondary antibody (green channel), anti-lamin B antibody
was stained with Texas Red-conjugated secondary antibody (red chan-
nel), and ICP4 was stained with Cy5S-conjugated secondary antibody
(blue channel).

(Fig. 3B). In contrast, in HSV-1-infected cells at 16 h postin-
fection, clear recruitment of PKCa to the nuclear rim and
colocalization with lamin B staining was observed. However,
the degree of PKCa recruitment varied from a tight associa-
tion with the nuclear rim seen in a number of cells to a more
loose association in which significant quantities of PKCo were
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FIG. 4. Effects of U;31 and U, 34 and their association on HSV-1-induced PKC recruitment. Digital confocal images show mock-infected
HEp-2 cells (A to C) or HEp-2 cells infected with HSV-1 (F) (D to F), v3161 U, 31-null HSV-1 mutant (G to I), vRR1072 U, 34-null HSV-1 mutant
(J to L), or v3480 U, 34-U, 31 association-defective mutant (M to O). At 16 h postinfection, cells were fixed and stained for PKC (FITC; green
channel), lamin B (Texas Red; red channel), and ICP4 (CyS5; blue channel).

localized to cytoplasmic perinuclear regions. PKCa thus ap-
peared to undergo a partial recruitment to the nuclear rim in
response to HSV-1 infection.

In mock-infected HEp-2 cells, PKC3 was barely detectable
and localized diffusely throughout the cytoplasm. Unlike
PKCa or PKC{ staining, however, faint staining was also seen
within the nuclei of mock-infected cells in a speckled pattern.
In HSV-1-infected cells at 16 h postinfection, immunostaining

with PKC3s-specific antibody showed a significant increase in
expression, a clearly defined recruitment to the nuclear rim,
and colocalization with lamin B at the nuclear rim. Recruit-
ment of PKC8 during HSV-1 infection appeared more robust
and complete than that of the partial NM recruitment seen
with PKCa.

PKC{ staining in mock-infected cells exhibited a relatively
high level of expression throughout the cytoplasm, with no
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FIG. 5. Digital images of confocal fluorescence micrographs of mock-infected HEp-2 cells (A to C) or HEp-2 cells infected with HSV-1
(F) (D to F), R7037 Ug3-null HSV-1 mutant (G to I), or vRR1204 Ug¢3-kinase-defective HSV-1 mutant (J to L). At 16 h postinfection, cells were
fixed and immunostained for PKC (FITC; green channel), lamin B (Texas Red; red channel), and ICP4 (Cy5; blue channel).

staining along the nuclear rim or within the nucleus and no
colocalization with lamin B. In HSV-1-infected cells at 16 h
postinfection, PKC{ staining remained localized diffusely
throughout the cytoplasm at levels that were slightly increased
compared to those of mock-infected cells. In most infected
cells, PKC{ did not appear concentrated at the NM and did not
colocalize with lamin B. However, in a subset of infected cells,
PKC{ staining was also seen at the nuclear rim in regions con-
taining lamin B, as indicated by the yellowish staining in the
combined image. Even within this subset of cells, however, much
of the cytoplasmic PKC{ remained evenly distributed throughout
the cytoplasm at expression levels resembling those of mock-
infected cells. PKC{ therefore appeared to become recruited to
the nuclear rim less reliably than did either PKC8 or PKCa.
HSV-1 U, 31 and U, 34 and their association are required
for proper PKC recruitment. Muranyi et al. demonstrated that
M50 and MS3 are responsible for the recruitment of PKC to

the nuclear lamina of MCM V-infected cells (23). We therefore
investigated whether the HSV-1 U, 34 and U, 31 proteins are
also required for the observed recruitment of PKC to the
nuclear rim during HSV-1 infection.

HEp-2 cells were mock infected or were infected with wild-
type HSV-1 (F) or v3161, a U, 31 deletion virus that produces
no U, 31 protein (19). Cells were fixed at 16 h postinfection,
and PKC, lamin B, and ICP4 expression levels were observed
by IFA. The pattern of PKC immunostaining in cells infected
with the U, 31-null mutant (Fig. 4G to I) differed from that of
mock-infected cells (Fig. 4A to C) and wild-type HSV-1 (F)-
infected cells (Fig. 4D to F). In comparison with mock-infected
cells, a faint yet detectable upregulation in PKC expression was
evident in cells infected with the U, 31 mutant virus; however,
no distinct recruitment of PKC to the nuclear rim was ob-
served. Thus, U, 31 is required for the recruitment of PKC to
the nuclear rim.
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FIG. 6. Digital images of autoradiographs and immunoblots of immunoprecipitated lamin B and PKC labeled with [**PJorthophosphate. HEp-2
cells were infected with HSV-1 (F), pulse-labeled with [**P]orthophosphate, treated with PKC-specific inhibitors (C), lysed at 16 h postinfection,
and immunoprecipitated with antibodies specific for lamin B (A and C) and PKC (D). Samples were electrophoretically resolved on an SDS
denaturing polyacrylamide gel and processed for autoradiography. To confirm that lysates of mock-infected and HSV-1 (F)-infected cells contained
nearly equal amounts of lamin B and PKC, immunoblots (B and E) of replicate crude lysates using antibodies against lamin B and PKC,

respectively, were prepared according to standard protocols.

As mentioned above, U; 34 and U, 31 are codependent for
their proper localization to the nuclear rim. To determine
whether pU, 34 and the pU,34-pU,31 interaction were re-
quired for PKC recruitment to the nuclear rim, the localization
of PKC was determined in cells infected with either vRR1072,
a U, 34-null virus in which a large portion of the U, 34 open
reading frame was deleted (30), or v3480, a U; 34 mutant virus
lacking a domain (amino acids 138 to 181) essential for inter-
action with the U, 31 protein (18). In cells infected with either
the U, 34-null virus (Fig. 4J to L) or v3480 (Fig. 4M to O), the
PKC expression pattern was similar to that seen upon infection
with the U, 31-null mutant. Specifically, a small upregulation of
PKC was observed in the cytoplasm of mutant HSV-1-infected
cells, but the PKC was not concentrated at the nuclear rim as
deduced from the virtual absence of colocalization with lamin
B in the nuclear lamina. We conclude that whereas PKC up-
regulation during HSV-1 infection occurs, at least in part,
independently of U, 31 and U, 34, the recruitment of PKC to
the nuclear lamina requires both proteins and also the portion
of pU; 34 necessary for pU; 34- pU; 31 complex formation.

PKC recruitment to the nuclear rim occurs during infection
with Ug3-deficient strains of HSV-1. To investigate the role of
the HSV-1 Ug3 protein and its kinase activity in the recruit-
ment of PKC to the nuclear lamina, HEp-2 cells were mock
infected or were infected with HSV-1 (F), R7037, a Ug3-null
strain, in which a large portion of the Ug3 open reading frame
was deleted, and VRR1204#1 (K220A), a U3 kinase-defective
strain in which an invariant lysine residue in the catalytic active
site at position 220 was mutated to alanine (31). Cells were again
fixed at 16 h postinfection, and PKC, lamin B and ICP4 localiza-
tions were observed by IFA.

Infection with either Ug3 mutant produced virtually identi-
cal PKC localization (Fig. 5G to I and J to L); however, this
localization differed from that of PKC in wild-type HSV-1
(F)-infected (Fig. 5D to F) and mock-infected (Fig. 5A to C)
cells. In cells infected with the Ug3 mutant strains, PKC was
recruited to the nuclear rim and colocalized with lamin B
staining of the nuclear lamina. However, unlike cells infected
with HSV-1 (F), PKC localization at the nuclear rim of cells
infected with either Ug3 mutant resulted in an aberrant local-
ization of PKC. PKC staining at the nuclear rim of cells in-
fected with either U¢3 mutant was unevenly distributed along
the rim, with regions of punctate aggregation adjacent to re-
gions of light or discontinuous staining. Ryckman and Roller
observed aberrant pU,; 34 localization in cells infected with
these same mutants (31) which was attributed to vesicular
extensions of the NM that line the periphery of the nuclei; it is
possible that aberrant localization of PKC at the nuclear rim
may also be attributed to these NM vesicles.

HSV-1 infection induces phosphorylation of lamin B and
PKC. Models proposing that PKC is recruited to the nuclear
lamina to catalyze the phosphorylation of lamin proteins,
thereby disrupting the integrity of the lamina, predict a virally
induced increase in lamin phosphorylation. Since active PKC is
phosphorylated, an increase in PKC phosphorylation should
also be detectable in infected cells. To test these possibilities,
HEp-2 cells were infected with HSV-1 (F), pulse-labeled with
[*?P]orthophosphate, lysed at 16 h postinfection, and immu-
noprecipitated with antibodies specific for lamin B and PKC.
Samples were resolved by SDS-PAGE and processed for au-
toradiography. As seen in Fig. 6A and D, the phosphorylation
states of immunoprecipitated lamin B and PKC were signifi-
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FIG. 7. Digital images of confocal fluorescence micrographs of HSV-1 (F)-infected HeLa cells. At 16 h postinfection, cells were fixed and
immunostained for lamin B (Texas Red; red channel), lamin A (FITC; green channel), and ICP4 (CyS5; blue channel).

cantly higher during HSV-1 infection compared to mock in-
fection. Immunoblot assays of replicate crude lysates (Fig. 6B
and E) demonstrated that nearly equal amounts of lamin B and
PKC were present in the lysates of mock- and HSV-1-infected
cells, thus demonstrating that the observed differences in **P
labeling were a consequence of the level of phosphorylation
rather than unequal quantities of proteins within the samples.
We conclude that the HSV-induced recruitment of PKC to the
nuclear rim is accompanied by increased lamin B and PKC
phosphorylation.

To more directly test the role of PKC in the HSV-1-induced
increase of lamin B phosphorylation, PKC-specific inhibitors were
added to infected cultures at 13 h p.i. As shown in Fig. 6C, addi-
tion of 10 uM Rottlerin, a PKC inhibitor which preferentially
inhibits PKC3 isozymes, resulted in a clear decrease in lamin B
phosphorylation compared to untreated infected samples. Ad-
dition of 1 pM RO-31-7549, a PKC inhibitor which preferen-
tially inhibits PKCa isozymes, also caused a decrease in lamin
B phosphorylation compared to untreated infected samples,
although the decrease was less than that of 10 uM Rottlerin-
treated cells. Interestingly, despite the reduction in lamin B
phosphorylation following treatment with each inhibitor, lamin
B phosphorylation was still significantly higher than that of
mock-infected cells. This was also the case following treatment
with 10 pM bis-imidolylmaleimide I, a broad-spectrum PKC
inhibitor (data not shown). This suggests that while PKC con-
tributes to HSV-1-induced lamin B phosphorylation, addi-
tional kinases are also likely to be involved.

Differential effects of HSV-1 infection upon lamin B and
lamin A. In HSV-1-infected COS cells, the diffusional mobility
of LBR has been reported to increase, and both LBR and
lamin B have been shown to aggregate in cytoplasmic com-

partments adjacent to morphological alterations in the NM,
suggesting their dissociation from the lamina (32). In contrast
to lamin B, previous studies have shown that lamin A-C pri-
marily undergoes conformational changes as a result of HSV-1
infection (27). MCMYV infection has also been reported to
affect lamin B and lamin A-C differently (23).

In order to observe whether lamin A also accumulates in the
cytoplasm during HSV-1 infection, we costained HSV-1-in-
fected cells at 16 h p.i. with the same anti-lamin B antibody
described above and a chicken polyclonal anti-lamin A anti-
body (27). The cytoplasmic aggregates of lamin B seen in COS
cells are rarely seen in HSV-1-infected HEp-2 cells (data not
shown); however, we have frequently observed cytoplasmic
lamin B aggregates in HSV-1-infected HeLa cells (Fig. 7A and
E), and we therefore chose to observe HeLa cell infection. In
infected cells exhibiting robust cytoplasmic lamin B aggrega-
tion, we observed very faint (Fig. 7F) or no (Fig. 7B) cytoplas-
mic lamin A staining. It thus appears that lamin B and lamin A
are affected differently by HSV-1 infection.

DISCUSSION

PKC recruitment to the NM and lamin B phosphorylation.
We report here that HSV-1 infection induces a recruitment of
PKCa and PKC3 to the nuclear rim of infected cells. This
recruitment is accompanied by the phosphorylation of PKC
protein, indicating its activation, and an increased level in the
phosphorylation state of lamin B proteins. These studies also
show that the HSV-1 U, 31 and U, 34 proteins are necessary
for PKC recruitment, and the HSV-1 Ug3 kinase is required
for proper PKC localization along the nuclear rim. Such ob-
servations are potentially significant, because PKCs are be-
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lieved to play important roles during apoptotic disassembly of
the nuclear lamina. Thus, it is reasonable to hypothesize that
the U, 31 and U, 34 proteins recruit PKC to the NM to phos-
phorylate lamin B and thereby permeabilize the lamina to
facilitate access of nucleocapsids to the INM.

In the early stages of apoptosis, PKCa and -3 are recruited
to the NM (9, 20, 33). Similar phenomena observed in HSV-
infected cells suggest that HSV has coopted cellular mecha-
nisms to recruit PKC to the NM. HSV faces an interesting
challenge: it must permeabilize the lamina to allow nucleocap-
sid egress, but it must avoid nuclear membrane destruction
inasmuch as an intact lamina is required for transcription and
other essential functions (14). Because PKC3 is believed to
represent the major lamin kinase that mediates lamina disas-
sembly during apoptosis, whereas PKCa has been shown to
have an antiapoptotic function (9), recruitment of both might
serve to sufficiently alter the lamina while avoiding more severe
effects. A caveat is that while these studies show that lamin B
is more highly phosphorylated in HSV-infected cells, and this
phosphorylation corresponds to a recruitment of PKC to the
nuclear rim, we have not shown that PKC is directly responsi-
ble for the observed lamin B phosphorylation. Also, the partial
yet incomplete reduction of HSV-1-induced lamin B phos-
phorylation by PKC-specific inhibitors suggests that additional
kinases may be used by HSV-1 to phosphorylate the lamins.
Indeed, although PKC recruitment was observed in most of the
infected cells, in general PKC staining was relatively light, and
there existed a minority of cells, approximately 20% to 30%, in
which PKC localization at the nuclear rim was not detected.
Therefore, these studies favor the possibility that other viral or
cellular lamin kinases (the latter possibility includes mitogen-
associated protein kinases and cyclic AMP-dependent protein
kinase) also modify lamins in infected cells.

It is unclear how pU;34, pU,31, and Ug3 mediate PKC
recruitment to the nuclear rim. We have not been able to
convincingly demonstrate a direct interaction between PKC
and the pU,34-pU, 31 complex (data not shown), suggesting
that their role in recruitment may be indirect. For example, the
U, 34 and U, 31 proteins may be involved in recruiting other
proteins to form envelopment sites at the inner nuclear mem-
brane, and these might, in turn, play a role in PKC recruitment.
It is also possible that the lack of PKC recruitment observed
during infection with the U; 34- and U, 31-null mutants is an
indirect consequence of the block in viral maturation induced
by the loss of U, 34 or U;31. The role of Ug3 in mediating
proper PKC recruitment at the NM is also obscure. It is pos-
sible that the aberrant punctate staining of PKC in cells in-
fected with the Ug3 mutant virus is attributable to abnormal
vesicular extensions of the NM that line the interior periphery
of the nuclei reported in earlier studies of these Ug3 mutant
viruses. The well-documented role of US3 as an antiapoptotic
factor during viral infection (1, 2) further complicates inter-
pretation of the results by raising the possibility that the aber-
rant PKC recruitment to the nuclear rim observed during in-
fection with Ug3 mutant viruses may be the result of apoptotic
mechanisms separate and distinct from those induced by viral
infection. In any case, additional studies are required to elu-
cidate the mechanism and significance of HSV-1-induced PKC
recruitment to the NM and the roles of U; 34, U, 31, and Ug3
in this process.
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Comparison across herpesvirus families. Mechanisms by
which herpesviruses traverse the nuclear membrane may share
similarities across herpesvirus subfamilies. Specifically, PKC is
also recruited to the NM in cells infected with MCMV (a
betaherpesvirus), and this recruitment is dependent on the
homologs of U;31 and U;34 (M53 and M50, respectively)
(23). Moreover, homologs of HSV-1 U;34 and U,;31 in
HSV-2, pseudorabies virus, and more recently Epstein-Barr
virus, a gammaherpesvirus (12, 13, 21) also associate, localize
at the nuclear membrane, and interact with lamins, further
suggesting that these proteins share common functions. It
should be noted, however, that differences will no doubt
emerge upon more extensive investigation. For example,
MCMYV recruits conventional PKCs to the NM, whereas the
nuclear rim of HSV-1-infected cells contains both PKCa (a
conventional PKC) and PKC3 (a novel PKC). Mutagenesis
studies also indicate that although the homologous proteins of
MCMYV and HSV interact with their respective counterparts,
the sites of interaction between these proteins differ (5, 18).
For example, sequences in MCMV M50 that have no homol-
ogy to regions of U;34 are essential for interaction with
MCMV M53.

Differential effects on lamins A versus B in HSV-infected
cells. Although both A-type and B-type lamins are stable com-
ponents of the lamina, the in vivo organizational relationship
between the two lamin types, and specifically whether filaments
contain both A- and B-type lamins, is uncertain (14, 22). The
two lamin types appear to be affected differently during HSV-1
infection. In this study some lamin B was observed in perinu-
clear cytoplasmic regions of infected cells, and a similar local-
ization of small amounts of lamin B1 and lamin B receptor
were noted by Scott and O’Hare (32). In contrast, effects on
lamin A/C are more subtle. For example, previous studies from
this laboratory showed that U, 34- and U, 31-dependent dif-
ferences in lamin A/C staining were observed in mock- versus
HSV-1-infected cells, but these differences were epitope de-
pendent. Specifically, antibodies directed against the rod or tail
domains of lamin A/C failed to recognize some lamin A/C in
infected cells, whereas a polyclonal antibody that recognizes
multiple domains of lamin A/C stained the lamina of infected
and uninfected cells equally well (27). Thus, HSV-1 infection
induces epitope masking or conformational changes in lamin
A/C, rather than displacement from the nuclear lamina to the
cytoplasm, as is the case for lamin B. CMV also affects lamins
A and B differently inasmuch as B-type lamins are phosphor-
ylated to a greater degree than is lamin A/C (23). An interest-
ing possibility is that the HSV-1-mediated effects on lamin B
may be related to the conformational effects on lamin A. This
is supported by the observations that both are affected by the
same proteins, specifically pU; 31 and pU, 34.
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