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The US3 protein kinase of herpes simplex virus 1 plays a key role in
blocking apoptosis induced by viral gene products or exogenous
agents. The US3 protein kinase is similar to protein kinase A with
respect to substrate range and speciﬁcity. We report that in the
yeast two-hybrid system a domain of US3 essential for antiapoptotic activity reacted with programmed cell death protein 4
(PDCD4). We report that US3 interacts with PDCD4, that PDCD4 is
posttranslationally modiﬁed in infected cells both in a US3-dependent and -independent fashion, and that depletion of PDCD4 by
siRNA blocked apoptosis induced by a Δα4 mutant virus. In
infected cells, PDCD4 accumulates in the nucleus, whereas US3
accumulates in the cytoplasm. Studies designed to elucidate the
convergence of these proteins led to the discovery that US3 protein kinase cycles between the nucleus and cytoplasm and that US3
retains PDCD4 in infected cell nuclei.
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ne of the most important host cell defenses against infection
with herpes simplex virus 1 (HSV-1) is programmed cell
death—a vain attempt of self-sacriﬁce to prevent the spread of
infection. The signiﬁcance of this host defense is apparent from
the number of viral gene products whose function is, at least in
part, directed to block apoptosis. These viral proteins include
glycoprotein D, glycoprotein J, and US3 protein kinase (US3 PK)
(1–7). These gene products block apoptosis induced by Fas ligand,
osmotic shock induced by sorbitol, virus-dependent induction of
massive lysosomal discharge, overexpression of proapoptotic
members of the Bcl-2 family of proteins, overexpression of caspase 3, or by the synthesis of proapoptotic viral proteins as, for
example, in cells infected with the mutant d120 lacking the α4
gene encoding ICP4, the major regulatory protein of the virus
(1–8). This mutant is defective in postα (immediate early) gene
expression and is a strong inducer of apoptosis (1). This report
concerns the US3 PK and a potential antiapoptotic target of
the enzyme.
The gene encoding the US3 PK contains two nested transcriptional units. The largest encodes the US3 PK containing
residues 1–481. The second transcriptional unit yields an mRNA
that encodes a protein designated US3.5 containing residues 77–
481 of the US3 PK. In tests involving a limited repertoire of
apoptosis-inducing factors, US3 PK blocked apoptosis, whereas
the US3.5 PK did not even though both proteins are enzymatically active (9). The substrate range and speciﬁcity of the US3
and US3.5 PKs are similar to those of protein kinase A (10). The
US3 PK is active as a dimer; a heterodimer consisting of polypeptides 1–181 and 164–481 actively blocks apoptosis, whereas
the individual polypeptides do not (11). The antiapoptotic activity requires two domains of US3 PK: the enzymatically active
site near the C terminus and a domain near the N terminus that
presumably acts as a ligand to the substrates that regulate or
cause apoptosis of the infected cell. In an attempt to identify
such a ligand, we have used the sequence encoding residues 1–
188 as bait in a yeast two-hybrid system. In this report, we
present evidence that the N terminus of US3 PK interacts with
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programmed cell death protein 4 (PDCD4) and that this protein
is involved in apoptosis induced by the d120 mutant of HSV-1.
PDCD4 is a 469-residue tumor suppressor protein with binding sites for RNA and several proteins including RNA helicase
eIF4A. A key function related to interaction with eIF4A is interference with assembly of the cap-dependent translation initiation complex (12–14). PDCD4 cycles between nucleus and
cytoplasm (15). The sequence of PDCD4 predicts numerous
phosphorylation sites. Of these sites, phosphorylation of Ser67,
and particularly Ser457 by Akt/protein kinase B (Akt/PKB),
correlates with nuclear import, destabilization, and decreased
inhibition of activator protein-1 (AP-1) mediated transcription
(16). Regulation of PDCD4 and its functions depend on numerous factors and are cell type-dependent (14). Although PDCD4
plays a role in apoptosis, the precise mechanism is unknown.
In this report, we show that US3 interacts with PDCD4, that in
infected cells the protein is posttranslationally modiﬁed in a US3dependent and -independent manner, and that it attenuates apoptosis induced by a HSV-1 mutant. In an attempt to
reconcile the localization of PDCD4 in the nucleus with the
primary localization of US3 PK in the cytoplasm, we discovered
that US3 PK cycles between the cytoplasm and the nucleus.
Moreover, we found that PDCD4 protein tends to localize in the
cytoplasm with time after infection with the ΔUS3 mutant virus
but not in wild-type virus infected cells.
Results
US3 and US3.5 PKs Interact with PDCD4. The interaction of US3 PK
and PDCD4 was demonstrated in two series of experiments (Fig.
1). In the ﬁrst, lysates of HeLa cells harvested 8 h after exposure
to 10 pfu of HSV-1(F) per cell were reacted with normal rabbit
serum or polyclonal rabbit antibody to PDCD4. The immune
complexes were collected, solubilized, and electrophoretically
separated on a denaturing gel, then transferred to a nitrocellulose sheet and reacted with antibody to US3. As shown in Fig.
1A, lanes 3 and 4, antibody to PDCD4 but not normal rabbit
serum pulled down the US3 protein. A duplicate blot was reacted
with antibody to PDCD4. As expected, the antibody to PDCD4
reacted in immunoblots with the PDCD4 precipitated by the
PDCD4 antibody (Fig. 1B). In the second series of experiments,
lysates of HeLa cells harvested 36 h after transfection with
PDCD4 were reacted with GST, GST fused to US3.5, or GST
fused to residues 1–188 of the US3 PK. After overnight incubation, the GST and the chimeric GST proteins were collected
with Glutathione-Sepharose 4B beads, solubilized, electrophoretically separated on denaturing gels, transferred to a nitrocellulose sheet, and reacted with antibody to PDCD4. As shown in
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ptosis in virtually all cells tested, whereas US3 is one of several
antiapoptotic genes encoded by HSV-1 and, in transfected cells,
it blocks apoptosis induced by the d120 mutant virus (1–5). The
cells were harvested 12 h after infection and probed with antibodies to PARP, a common target of proapoptotic caspases, and
PDCD4, respectively. The results (Fig. 2) were as follows: (i)
PDCD4 was not detected in cells transfected with siRNA (lanes
1, 4, and 7). (ii) Signiﬁcantly lower amounts of cleaved PARP
product were detected in cells transfected with siRNA and then
infected with d120 mutant than in cells mock-treated or transfected with control RNA before infection (compare lanes 1, 2,
and 3). (ii) The ΔUS3 mutant virus did not cause signiﬁcant
levels of programmed cell death, and in cells infected with this
mutant, the amounts of cleaved PARP were less abundant than
in cells infected with d120 mutant virus (compare lanes 1–3 with
corresponding lanes 7–9). (iv) The amounts of PARP cleavage
product in cells mock-treated or transfected with control RNA
and then infected within wild-type virus were signiﬁcantly lower
than those detected in corresponding cells infected with the d120
mutant (compare lanes 2 and 3 with 5 and 6).
The results suggest that PDCD4 plays a role in the induction
of apoptosis in the d120 mutant infected cell.

Fig. 1. US3 interacts with PDCD4. HeLa cells were mock-infected or infected
with HSV-1(F). At 3 h after infection, the cells were replenished with medium
containing MG132. The proteasomal inhibitor was added to preclude loss of
PDCD4 through degradation. The cells were harvested at 8 h after infection
and processed as described in Materials and Methods. (A) Aliquots of lysates
of infected cells was reacted with normal rabbit serum (lane 3) or antiPDCD4 rabbit polyclonal serum (lane 4). The immune precipitates were collected, solubilized subjected to electrophoresis in denaturing polyacrylamide
gels, and reacted with antibody to US3 PK. (B) The infected cells lysated were
reacted with normal rabbit serum (lane 3) or anti-PDCD4 serum (lane 4). In
this instance, the electrophoretically separated immune complexes collected
and processed as above were reacted with antibody to PDCD4. (C) Lysates of
HeLa cells transfected with a plasmid encoding PDCD4 were reacted for 12 h
with GST-fused US3.5 protein (residues 77–481, lane 3), the N-terminal domain of US3 (residues 1–188, lane 4), or GST protein (lane 2). The protein
complexes were harvested with Glutathione-Sepharose 4B beads, rinsed,
solubilized, subjected to electrophoresis in denaturing gels, and reacted with
antibody against PDCD4.

were mock-infected or infected with 10 pfu of HSV-1(F), ΔUS3,
or d120 mutant viruses per cell. The cells were harvested at 3, 7,
or 10 h after infection, solubilized, subjected to electrophoresis
in denaturing gels, transferred to a nitrocellulose membrane, and
reacted with antibodies to PDCD4 or to phosporylated Ser67 of
PDCD4 [P(S67)-PDCD4]. The results shown in Fig. 3 were as
follows: the amounts of PDCD4 decreased at 7 and 10 h after
infection concurrently with the appearance of a slower migrating
form of the protein (Fig. 3A, lanes 5–12). The slow migrating
form was more intense in cells infected with the ΔUS3 mutant or
wild-type virus than in cells infected with the d120 mutant (Fig.
3A, compare lanes 5, 7, 9, and 11 with lanes 8 and 12). The
appearance of the slow migrating form of PDCD4 noted here
was independent of the US3 protein kinase. Its origin or properties are not known. Fig. 3B shows the reactivity of an antibody
speciﬁc for P(S67)-PDCD4. This antibody reacted with one band
(lane 11) in electrophoretically separated lysates of cells harvested 10 h after infection with wild-type virus. The results sug-

Fig. 1C, PDCD4 was pulled down by GST- US3.5 and by GSTUS3 (1-188) chimeric proteins but not by GST.
We conclude that the US3 PK and, in particular, the polypeptide containing residues 77–188 interacts with PDCD4.
Depletion of PDCD4 with Speciﬁc siRNA Attenuated Apoptosis in Cells
Infected with d120 Mutant of HSV-1. Studies published elsewhere

have shown that cells infected with the d120 mutant undergo
marked changes in morphology and gene expression resulting in
programmed cell death (1, 17). Apoptosis induced by this mutant
can be blocked by expression of US3 PK (5). The objective of this
series of experiments was to determine the role of PDCD4 in
apoptosis induced by the d120 mutant. HEp-2 cells were mocktransfected or transfected with siRNA or control RNA as described in Materials and Methods. At 70 h after transfection, the
cells were infected with wild-type virus, ΔUS3 mutant, or the
d120 mutant. As noted earlier, the d120 mutant induces apoWang et al.

Fig. 2. Depletion of PDCD4 in cells transfected with siRNA attenuates apoptosis induced by the d120 mutant virus. Replicate cultures of HeLa cells
were mock-infected or exposed to 5 pfu of HSV-1(F) or mutant viruses d120
or ΔUS3 per cell, respectively, 70 h after transfection with siRNA speciﬁc for
PDCD4 or control RNA. The cells were harvested 12 h after infection, solubilized, subjected to electrophoresis in denaturing gels, and reacted with
antibody to PARP, PDCD4, or actin. The arrow points to the cleavage product
of PARP characteristic of apoptosis.

PNAS | August 30, 2011 | vol. 108 | no. 35 | 14633

MICROBIOLOGY

PDCD4 Is Posttranslationally Modiﬁed in Both US3-Dependent and
-Independent Manner. In this series of experiments, HeLa cells

Fig. 3. Accumulation of PDCD4 decreases in amounts and is posttranslationally modiﬁed in HSV-1–infected cells. Replicate cultures of HeLa cells
were mock-infected or exposed to 10 pfu of HSV-1(F) or mutant viruses d120
or ΔUS3 per cell, respectively. The cells were harvested at 3, 7, or 10 h after
infection, lysed in the presence of protease and phosphatase inhibitors,
subjected to electrophoresis in denaturing gels, and reacted with antibodies
to PDCD4, a rabbit antibody to phosphorylated serine 67 of PDCD4 [P(S67)PDCD4], or actin. The arrows in A indicate PDCD4 and a slower migrating
form of PDCD4 prominent in wild-type or ΔUS3 mutant virus infected cells. In
B, the arrow points to a band reactive with the anti-P-Ser67 in cells infected
with wild-type virus.

gest in infected cells phosphorylation of S67 is mediated by the
US3 PK.
US3 PK Cycles Between Cytoplasm and Nucleus. As noted in the
introduction, PDCD4 has been reported to cycle between the
nucleus and cytoplasm (15). In our studies, PDCD4 invariably
accumulated in the nucleus of mock-infected cells (e.g., Fig. 4C)
or cells infected with wild-type virus (Fig. 4B, a, d, g, and j),
whereas the bulk of US3 was localized in the cytoplasm (Fig. 4B,
b, e, h, and k). One explanation for the modiﬁcation of PDCD4
by US3 PK would be if one of the components cycled between
the nucleus and the cytoplasm. To test this hypothesis, we used
leptomycin B (LMB) to arrest the export of proteins from the
nucleus. LMB is a speciﬁc nuclear export inhibitor. It alkylates
and inhibits chromosomal region maintenance/exportin 1
(CRM1) required for transport of proteins containing a nuclear
export signal (18).
Two series of experiments reported here indicate that in
infected cells the US3 cycles between the cytoplasm and the
nucleus. In the ﬁrst, HeLa cells grown on 4-well sides were
cotransfected with PDCD4 and US3. At 24 h after transfection,
the cells were mock-treated or exposed to 10 μM LMB. After 1
h, the cells were ﬁxed and reacted with antibodies to PDCD4 and
US3, respectively. As shown in Fig. 4A, in the presence of LMB,
the US3 PK accumulated in the nucleus (compare b and c with e
and f). As expected, LMB did no affect the nuclear localization
of PDCD4.
To verify that US3 is also entrapped by LMB in the nucleus of
infected cells, replicate HeLa cell cultures in 4-well slides were
mock-treated or exposed to LMB at 6 h, then ﬁxed and reacted
with antibodies at 7, 8, and 9 h after infection. To quantify our
observation, we counted 200–300 cells in 10 adjacent ﬁelds
exhibiting US3 in nucleus. The results (Fig. 4B) were as follows:
At 1 h after exposure to LMB, 97% of the cells exhibited US3
exclusively in the nucleus (Fig. 4B, m–o). At 2 h after exposure to
LMB, the number of cells exhibiting nuclear US3 was reduced to
47% (Fig. 4B, p–r). The number of cells exhibiting nuclear US3
was reduced to 4% at 3 h after exposure to LMB (Fig. 4B, s–u).
In untreated cells (Fig. 4B, d–l), US3 was present in the cytoplasm of nearly all cells.
14634 | www.pnas.org/cgi/doi/10.1073/pnas.1111942108

Fig. 4. US3 shuttles between the nucleus and cytoplasm. (A) HeLa cells
grown in 4-well slides were cotransfected with US3 and PDCD4 (0.1 μg of
each plasmid per well). At 24 h after transfection, the medium was replaced
with fresh medium of medium containing 10 μM LMB for 1 h. The cells were
ﬁxed and reacted with mouse monoclonal antibody to PDCD4 (1:200) and
rabbit polyclonal antibody to US3 PK (1:1,000). (B) HeLa cells grown in 4-well
slides were mock-infected or infected with 10 pfu of HSV-1(F) per cell. At 6 h
after infection, the medium in a replicate set of slides was replaced with
fresh medium containing 10 μM LMB. The cell cultures were ﬁxed at 6, 7, 8,
or 9 h after infection and reacted with antibodies to PDCD4 or US3 as above.
For quantiﬁcation of the distribution of US3 PK, digital images of adjacent
ﬁelds were collected and the distribution of US3 PK within the infected cells
was tabulated. The green ﬂuorescence in A a, d and B a, d, g, j, m, p, and s
shows the intracellular localization of PDCD4. The red ﬂuorescence in A b, e,
and B b, e, h, k, n, q, and t shows the intracellular localization of US3.

We conclude from these studies that under conditions tested,
PDCD4 is retained in the nucleus, whereas US3 PK cycles between the nucleus and the cytoplasm. On the basis of studies on
transfected cells, we conclude that the cycling of US3 PK does
not depend on viral gene products.
US3 PK Is Required for Retention of PDCD4 in the Nucleus. In this
series of experiments, HeLa cells were exposed to 10 pfu of the
ΔUS3 mutant virus per cell. At 6 h after infection, the cells were
mock-treated or exposed to 10 μM LMB. The cells were ﬁxed
and stained with antibodies to PDCD4 or ICP8 at 6, 7, or 8 h
Wang et al.

Discussion
The salient points of this report are that (i) the US3 PK physically interacts with PDCD4 a tumor suppressor gene reported to
regulate apoptosis. Depletion of PDCD4 by siRNA attenuated
the induction of apoptosis by the d120 mutant. (ii) Retention of
PDCD4 in the nucleus of infected cells requires the presence of
the US3 PK, and (iii) US3 PK cycles between the cytoplasm and
nucleus. The signiﬁcance of the results reported here rest on the
following considerations.
Programmed cell death or apoptosis plays an important role in
many biologic processes from embryonic development to normal
tissue turnover. Malignant transformation of cells frequently is
accompanied by a loss of ability to undergo apoptosis. Virus
replication disrupts regulatory cells processes and, not surprisingly, cells attempt to undergo apoptosis as a result. As noted in
the introduction, an attempt to undergo apoptosis is an important host response to infection and, in response, viruses have
evolved functions that block it. The US3 PK is a key HSV-1 gene
product involved in blocking apoptosis by exogenous agents (e.g.,
sorbitol) or noxious viral gene products expressed in the absence
of ICP4 (1, 2, 5–8). The components of the US3 PK necessary to

block apoptosis are the N-terminal domain that presumably
binds to the cellular protein that triggers apoptosis and the
catalytic domain that is near the C terminus (9, 11). In the current studies, we used the noncatalytic N-terminal domain as bait
and identiﬁed one ligand reported to regulate apoptosis. We
have shown that both the intact protein and the N-terminal
domain of the US3 PK interact with PDCD4. This protein is
posttranslationally modiﬁed in infected cells by both US3 PKdependent and -independent manners. It is of particular interest
that the US3 PK-dependent modiﬁcation identiﬁed in this study
is the phosphorylation of Ser67 discussed in more details below.
Finally, we have shown that cleavage of PARP, a common indicator of apoptosis, is reduced in d120 mutant virus-infected
cells in which PDCD4 had been depleted by siRNA. The questions that remain unresolved are the nature of other virus-induced
modiﬁcations of PDCD4, whether they play a role in the accelerated turnover in infected cells, and the mechanism by which
PDCD4 induces apoptosis.
The localization of PDCD4 has been reported to vary in a cell
type-dependent manner (14). One explanation for this variability
is that PDCD4 cycles between the nucleus and cytoplasm (15).
As noted in the introduction, PDCD4 is phosphorylated at Ser67
and Ser457 by Akt/PKB, but only phosphorylation of Ser457
correlates with nuclear import of PDCD4 (16). Nuclear localization of S67 as an indication of phosphorylation by Akt/PKB is
consistent with the nuclear localization of PDCD4 in wild-type
virus-infected cells. Potential discrepancies arise from two considerations. First, phosphorylated Ser67 accumulates relatively
late infection. Second, this laboratory published evidence that
Akt/PKB is active throughout infection with ΔUS3 mutant virus,
but only at early times in cells infected with wild-type virus (19).
One hypothesis amenable to future exploration is that US3
protein kinase usurps the function or activates other kinases that
act on the same site.
Lastly, the least expected ﬁnding is that US3 PK cycles between the cytoplasm and nucleus. US3 PK has been reported to
phosphorylate nuclear lamella (20, 21), and given the vast
number of its substrates, its presence in the nucleus could be
anticipated, although by the time of immunoﬂuorescence, the
bulk of the protein localizes in the cytoplasm. The near quantitative translocation of US3 PK to the nucleus in the presence of
LMB does not depend on viral gene products. Cycling between
nucleus and cytoplasm is generally a property of chaperones. It
remains to be seen whether in addition to modifying the function
of proteins by phosphorylation US3 PK acts as a companion for
nuclear-cytoplasmic transit.
Materials and Methods
Cell Lines, Viruses, and Antibodies. HEp-2 and HeLa cells were obtained from
ATCC. The properties of the wild-type virus HSV-1(F), the ΔUS3 mutant
(R7041), and the antibodies against US3 were reported (22, 23). The d120
mutant lacking the gene encoding ICP4 and anti-ICP8 antibodies were kind
gifts from N. de Luca (University of Pittsburgh) and D. Knipe (Harvard University), respectively. The anti-PDCD4 mouse monoclonal antibody (used
at 1:1,000 dilution), the PDCD4 rabbit polyclonal antibody (used at 1:1,000
dilution), and the rabbit antibody to phosphorylated Ser67 of PDCD4
[P(S67)-PDCD4] (used at 1:600 dilution) were from Abcam (Japan). The antipoly (ADP ribose) polymerase (PARP) rabbit antibody was from Cell Signaling Technology.

Fig. 5. PDCD4 accumulates in the cytoplasm of cells with time after infection with ΔUS3 mutant virus. HeLa cells grown in 4-well slides were exposed to 10 pfu of ΔUS3 mutant virus per cell. At 6 h after infection, the
medium in a replicate set of wells was replaced with medium containing
10 μM LMB. The cells were ﬁxed at 6, 7, or 8 h after infection and stained
with antibodies to PDCD4 and ICP8. ICP8 localizes in the nucleus and served
to demarcate this structure. The green ﬂuorescence in a, d, g, j, and m shows
the intracellular localization of PDCD4. The red ﬂuorescence in b, e, h, k, and
n shows the intracellular localization of ICP8.

Wang et al.

Preparation of Cell Lysates and Immunoblots Blots. In all experiments, the cells
were mock-infected or exposed to 10 pfu of virus per cell in mixture 199
supplemented with 1% calf serum. After 90 min, the inoculum was replaced
with DMEM supplement with 5% serum. The cells were harvested at times
indicated in Results by scraping, collected by centrifugation, rinsed with PBS
containing protease inhibitor mixture and PhosSTOP phosphatase inhibitor
(Roche), and dissolved in 200 μL of lysis buffer (20 mM Tris$HCl, 150 mM
NaCl, 1% Triton X-100, 1 mM EDTA, 2.5 mM sodium pyrophosphate, 1 mM
β-glycerophosphate, 1 mM NaVO4, and 1 μg/mL leupeptin at pH 7.5) in the
presence of the two inhibitors and ﬁnally disrupted by sonication. Solubili-
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after infection. The signiﬁcant ﬁnding of these studies (Fig. 5) is
that PDCD4 was present in both nucleus and cytoplasm. Thus, at
6, 7, and 8 h after infection and mock treatment, the number of
cells exhibiting PDCD4 in cytoplasm were 47, 62, and 86%, respectively. In LMB-treated cells, the cells exhibiting PDCD4 in
the cytoplasm comprised 65% and 84% of total at 7 and 8 h after
infection, corresponding to 1 and 2 h of exposure to LMB. Thus,
PDCD4 was exported, increasing amounts with time after infection with the ΔUS3 mutant virus. LMB had no apparent effect
on the localization of PDCD4, indicating that this protein did not
cycle between the nucleus and cytoplasm in these cells. The
results suggest that nuclear retention of PDCD4 at relatively late
times after infection depended on the US3 PK.

zation of protein harvested from infected cells, electrophoresis in denaturing polyacrylamide gels transfer to nitrocellulose serum, pretreatment with
5% BSA, and reaction with appropriate antibodies were done. The protein
bands were detected with secondary antibodies conjugated to HRP or alkaline phosphatase, and β-actin served as a loading control.
Immunoprecipitation. Mock-infected or infected HeLa cells were exposed to
5 μM of inhibitor MG132 at 3 h after infection were harvested as above,
lysed in lysis buffer, disrupted by sonication, and clariﬁed by centrifugation
at 6,000 rpm in the 3325 rotor of the Haeraeus Biofuge Pico Centrifuge for
10 min. The supernatant ﬂuids were reacted with appropriate antibodies at
4 °C for 12 h. The immune complexes were captured with protein A conjugated to beads. The beads were rinsed ﬁve times with the lysis buffer. The
bound proteins were denatured in 2× loading buffer at 95 °C for 5 min,
separated on SDS-polyacrylamide gels, and analyzed by immunobloting with
appropriate primary and secondary antibodies.
GST Pull-Down of Interactive Proteins. HeLa-transfected PDCD4 protein
was reacted at 4 °C for 12 h with 4 mg/mL puriﬁed GST-fused US3.5, the
N-terminal domain of US3 (residues 1–188) protein, or GST protein in the
presence of Glutathione-Sepharose 4B beads. The beads were rinsed extensively with PBS, and the proteins were eluted with 20 mM reduced glutathione. The eluted proteins were subjected to electrophoresis in denaturing
10% polyacrylamide gels, transferred onto a nitrocellulose membrane, and
reacted ﬁrst mouse monoclonal antibody PDCD4 and subsequently with a
HRP-conjugated goat anti-mouse IgG.

with 200 pmol of siRNA per 25-cm2 ﬂask by using Lipofectamine 2000
according to manufacturer’s protocols. Replicate cultures were infected with
5 pfu of viruses per cell 70 h after transfection and harvested 12 h after
infection, processed as described above and probed with antibodies to
PDCD4, PARP, or actin. Accumulation of cleaved PARP served as an indicator
of apoptosis.
Immunoﬂuorescence Studies. HeLa cells were seeded on 4-well slides, incubated with 10 pfu of viruses per cell. At 6 h after infection, the replicate well
were mock-infected or exposed to 10 μM LMB. The cells were ﬁxed with 4%
paraformaldehyde for 30 min at 6, 7, 8, or 9 h after infection, reacted with
antibodies to mouse PDCD4 (1:200) and rabbit US3 (1:1,000) or ICP8 (1:2,000)
in buffer A (1% BSA, 0.1% Triton X-100, 10% horse serum in PBS solution)
for 1 h at 37 °C, then rinsed in buffer A and reacted with antibodies conjugated to Alexa Fluor 594 goat anti-rabbit or Alexa Fluor 488 goat antimouse. After incubation for 1 h, the cells were rinsed, mounted, and examined in a Zeiss confocal microscope. All images were taken with the
Zeiss microscope.
Transfection of Cells with pcDNA3.1 Plasmids Encoding PDCD4 and US3 PK. A
eukaryotic expression plasmid pcDNA3.1 containing the PDCD4 gene (kindly
provided by Hsinsheng Yang, University of Kentucky) or the US3 gene described (5) were cotransfected into HeLa cells (0.1 μg per well for each
plasmid) with the aid of Lipofectamine 2000. The cells were either mocktreated or exposed to LMB at 70 h after transfection, then ﬁxed and processed as above.

Depletion of PDCD4 and Analyses of Apoptosis. The siRNA sequences supplied
by Invitrogen were AAGGUGGCUGGAACAUCUAUU and AATAGATGTTCCAGCCACCTT. HEp-2 cells were grown to z30% conﬂuence were transfected
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