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Programmed cell death (apoptosis) is an important host defense mechanism against intracellular pathogens, such as viruses.
Accordingly, viruses have evolved multiple mechanisms to modulate apoptosis to enhance replication. Varicella-zoster virus
(VZV) induces apoptosis in human fibroblasts and melanoma cells. We found that VZV triggered the phosphorylation of the
proapoptotic proteins Bim and BAD but had little or no effect on other Bcl-2 family members. Since phosphorylation of Bim and
BAD reduces their proapoptotic activity, this may prevent or delay apoptosis in VZV-infected cells. Phosphorylation of Bim but
not BAD in VZV-infected cells was dependent on activation of the MEK/extracellular signal-regulated kinase (ERK) pathway.
Cells knocked down for Bim showed delayed VZV plaque formation, resulting in longer survival of VZV-infected cells and in-
creased replication of virus, compared with wild-type cells infected with virus. Conversely, overexpression of Bim resulted in
earlier plaque formation, smaller plaques, reduced virus replication, and increased caspase 3 activity. Inhibition of caspase activ-
ity in VZV-infected cells overexpressing Bim restored levels of virus production similar to those seen with virus-infected wild-
type cells. Previously we showed that VZV ORF12 activates ERK and inhibits apoptosis in virus-infected cells. Here we found
that VZV ORF12 contributes to Bim and BAD phosphorylation. In summary, VZV triggers Bim phosphorylation; reduction of
Bim levels results in longer survival of VZV-infected cells and increased VZV replication.

Apoptosis is an important host defense mechanism against in-
tracellular pathogens, such as viruses (1–3). Accordingly, vi-

ruses have evolved ways to manipulate this pathway to allow effi-
cient virus replication and production of progeny (4). Apoptosis
can be triggered by extracellular stimuli, such as tumor necrosis
factor alpha (TNF-�), Fas ligand, or nutrient depletion, which is
termed extrinsic apoptosis, or by intracellular stresses, such as
endoplasmic reticulum (ER) stress, hypoxia, or DNA damage,
which is termed intrinsic apoptosis. The intrinsic apoptosis or
mitochondrial pathway is controlled by the interplay between sev-
eral Bcl-2 family proteins: the prosurvival proteins Bcl-2 (B-cell
lymphoma 2), Bcl-xL (Bcl-2 extra large), and Mcl-1 (myeloid cell
leukemia 1), as well as the proapoptotic proteins Bax (Bcl-2-asso-
ciated X protein), Bak (Bcl-2 homologous antagonist/killer), Bim
(Bcl-2-interacting mediator of cell death), PUMA (p53-upregu-
lated modulator of apoptosis), NOXA (NADPH oxidase activator
1), Bid (BH3-interacting domain death agonist), and BAD (Bcl-
2-associated death promoter). Bax and Bak are effectors of apop-
tosis that form pores on mitochondrial membranes, resulting in
release of cytochrome C and triggering apoptosis (5).

Apoptosis is a complex process, and many cellular components
and signaling pathways are involved to ensure that it is properly
controlled (6). Viruses regulate apoptosis using different mecha-
nisms; most viruses encode proteins to suppress apoptosis, while
some RNA viruses trigger apoptosis for virus spread (4). Alpha-
herpesviruses trigger different apoptosis responses depending on
the cell types they infect (7, 8). Herpes simplex virus 1 (HSV-1)
and HSV-2 encode a number of proteins that inhibit apoptosis (9,
10), including protein kinase US3 (11, 12), glycoprotein J (gJ)
(13), and latency-associated transcript (LAT) (14). In addition,
HSV mutants deleted for ICP4, ICP27, UL39, and gD undergo
apoptosis in a cell-type-specific manner (15–19).

Varicella-zoster virus (VZV) is a ubiquitous human alphaher-
pesvirus that causes varicella (chickenpox) during primary infec-
tion and zoster (shingles) when the virus reactivates. VZV rapidly

induces apoptosis (24 to 48 h after infection) in primary human
foreskin fibroblasts (HFF) (20) and slowly induces apoptosis in
melanoma cells (64 to 72 h after infection, (21) and in Vero cells
(72 to 96 h after infection, (22)). VZV also induces apoptosis in B
and T cells (23) but not in neurons (20, 24). The VZV ORF66
protein inhibits apoptosis in T cells (25), the ORF12 protein in-
hibits apoptosis in melanoma cells (26), and ORF63 was thought
to be important to protect virus-infected neurons from apoptosis
in one study (27) but not in another report (28). Here, we mea-
sured expression of Bcl-2 family member proteins during VZV
infection and found that VZV induces phosphorylation of Bim
which was dependent on activation of the MEK/ERK pathway,
that overexpression of Bim induces caspase 3 cleavage and inhibits
virus replication, and that VZV ORF12 contributes to phosphor-
ylation of Bim.

MATERIALS AND METHODS
Cells, viruses, and chemical inhibitors. Human melanoma (MeWo) and
diploid fibroblast (MRC-5) cells were grown in minimal essential me-
dium (MEM) containing 10% fetal bovine serum (FBS) and 1% penicil-
lin-streptomycin, and HEK293T and human foreskin fibroblast (HFF)
cells were grown in Dulbecco’s modified eagle medium (DMEM) con-
taining 10% FBS and 1% penicillin-streptomycin. VZV ROka (recombi-
nant VZV derived from the Oka vaccine strain) and ROka12D (deleted for
VZV ORF12) and MEK (U0126) and phosphatidylinositol 3-kinase
(PI3K) (LY294002) inhibitors were described previously (26). The
caspase inhibitor Q-VD-OPh was obtained from R&D systems.
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Plasmids. Plasmids pEN-TmiR and pSILK-Venus, used to construct
lentiviral plasmids expressing short hairpin RNA (shRNA) to knock down
Bim (shBim), were kindly provided by Iain Fraser at NIH (29). Oligonu-
cleotides 5=-AGCGCAAGCAACCTTCTGATGTAAGTTAGTGAAGCCAC
AGATGTAACTTACATCAGAAGGTTGCTTT-3= and its complementary
oligonucleotide, 5= GGCAAAAGCAACCTTCTGATGTAAGTTACATCTG
TGGCTTCACTAACTTACATCAGAAGGTTGCTTG-3=, which contain
Bim nucleotides 297 to 318 (underlined letters) with BfuAI linkers (bold
letters), were synthesized and introduced into cloning entry vector pEN-
TmiR between BfuA1 sites according to a method described previously
(30). Briefly, the two oligonucleotides were annealed, phosphorylated
with T4 polynucleotide kinase (New England BioLabs), and ligated to
pEN-TmiR after the latter had been digested with BfuAI and treated with
calf intestinal phosphatase. The resulting plasmid was termed pEN-
TmiR-shBim. The cassette containing shBim driven by the TmiR pro-
moter from pEN-TmiR-shBim was inserted into the lentiviral vector
pSILK-Venus by recombination using Gateway LR Clonase II (Invitro-
gen), resulting in plasmid pSILK-TmiR-shBim, in which shBim is driven
by a cytomegalovirus (CMV) promoter and doxycycline-inducible ele-
ment. Other lentiviral vectors, pLentipuro/H1-TO/GW/BimshRNA, ex-
pressing Bim shRNA targeting a Bim site different than that of pSILK-
TmiR-shBim, and pLenti6/Ubc-GW/BimEL WT, expressing wild-type
(wt) Bim, were kindly provided by Andrew Aplin (Thomas Jefferson Uni-
versity, Philadelphia, PA) (31).

Lentivirus production. HEK293T cells in 10-cm dishes were trans-
fected with 7.5 �g of lentiviral vectors expressing shBim (pLentipuro/H1-
TO/GW/BimshRNA or pSILK-TmiR-shBim) or wt Bim (pLenti6/Ubc-
GW/BimEL WT) along with 5 �g VSV glycoprotein G-expressing plasmid
pVSV-G and 7.5 �g of each of the two packaging plasmids, pMDLg/pRRE
(32) and pRSVREV (32), diluted in Opti-MEM (Gibco Invitrogen) using
the Lipofectamine 2000 reagent (Invitrogen). Sixteen hours after transfec-
tion, the medium was replaced with DMEM containing 10% FBS, and 48
h after transfection, supernatant containing virus was centrifuged, fil-
tered, and stored at �80°C.

Cell line construction. MeWo cells were transduced with lentivirus
expressing wild-type Bim (obtained from plasmid pLenti6/Ubc-GW/
BimEL WT) and selected with blasticidin to obtain a cell line stably ex-
pressing wt Bim, termed MeWo-wt-Bim. A cell line stably expressing
shBim was constructed by transducing MeWo cells with lentivirus ob-
tained from plasmid pLentipuro/H1-TO/GW/BimshRNA, selecting puro-
mycin-resistant cells, and then transducing the puromycin-resistant cells
with lentivirus obtained from plasmid pSILK-TmiR-shBim. The resulting
cell line was termed MeWo-shBim. Induction of Bim shRNA in cells
transduced with lentivirus from plasmid pSILK-TmiR-shBim was
achieved by adding doxycycline to the medium 24 h before infections.

Immunoblotting. Infected cell lysates were fractionated on polyacryl-
amide gels, transferred to nitrocellulose membranes, and incubated with
rabbit anti-VZV IE62 antibody (a gift from Paul Kinchington, University
of Pittsburgh), rabbit anti-p-ERK1/2, p-Akt, Bim, p-Bim(S69), BAD, p-
BAD(S136), Bcl-2, Bcl-xL, Bax, Mcl-1, cleaved caspase 3 (Cell Signaling
Technology), or mouse anti-actin antibody (Sigma).

Quantitation of Western blots and statistics. ImageQuant TL image
analysis software v7.0 (GE Healthcare) was used to quantify bands on
Western blots. The two-tailed t test was used to calculate P values (see Fig.
3E and 5).

RESULTS
VZV triggers phosphorylation of Bim and BAD. VZV infection
induces apoptosis of fibroblasts, Vero, MeWo, and T cells but does
not induce apoptosis of neurons (33). Since the cellular targets
responsible for VZV modulation of apoptosis are unknown, we
measured levels of Bcl-2 family member proteins during infection.
MeWo cells were infected with cell-associated VZV (strain ROka)
at 0.1 PFU/cell, and virus-infected cells were collected at various
times after infection. Levels of the prosurvival proteins Bcl-2, Bcl-

xL, and Mcl-1 and proapoptotic proteins Bax, BAD, and Bim were
measured. Levels of Bim increased in mock-infected MeWo cells
over time, while cells infected with VZV had reduced levels of Bim
compared with findings for uninfected cells (Fig. 1A). The ratio of
phosphorylated Bim to total Bim was higher in VZV-infected cells
than in mock-infected cells beginning at 12 h and peaking at 24 h
after infection. Phosphorylated Bim (34, 35) and BAD (36) mi-
grate at a lower rate than unphosphorylated proteins (Fig. 1A).
Similarly, the ratio of phosphorylated BAD to total BAD was
higher in VZV-infected cells than in mock-infected cells. The ra-
tios of phosphorylated Bim to total Bim and phosphorylated BAD
to total BAD were higher in VZV-infected MRC-5 cells at 24 h
(Fig. 1B) and in VZV-infected HFF from 24 h to 48 h after infec-
tion (Fig. 1C) than in mock-infected cells. Since Bim and BAD are
proapoptotic members of the BH3-only family of proteins and
their proapoptotic activities are reduced by phosphorylation (37),
modification of Bim and BAD in VZV-infected cells may prevent
or delay apoptosis. The level of Bcl-2 increased slightly in MeWo
cells after infection, at 12 and 24 h, while the level of Mcl-1 mod-
estly increased at 24 and 36 h after infection. However, levels of
Bcl-xL and Bax remained constant during infection.

The MEK/ERK pathway is required for increased levels of
phosphorylated Bim in VZV-infected cells. Phosphorylation of
Bim and BAD is controlled by growth factors, cytokines, and cell
signaling molecules, such as ERK and PI3K (37, 38). Since VZV
activates the MEK/ERK pathway and PI3K (26, 39–41), we inves-
tigated whether VZV-induced phosphorylation of Bim and BAD
is regulated by the MEK/ERK pathway and PI3K in virus-infected
cells. MeWo cells were infected with cell-associated VZV at 0.1
PFU/cell, the cells were treated with PI3K or MEK inhibitor 24 h
later, and lysates were prepared after an additional 6 h. Treatment
with the MEK inhibitor U0126 or the PI3K inhibitor LY294002
abolished ERK or Akt phosphorylation, respectively. VZV-in-
duced phosphorylation of Bim was inhibited by the MEK inhibi-
tor but not the PI3K inhibitor, indicating that Bim phosphoryla-
tion is regulated by the MEK/ERK pathway but not PI3K (Fig. 2A).
Similar results were observed in MRC-5 cells (Fig. 2B). In contrast,
BAD phosphorylation was not reduced by either MEK or PI3K
inhibitor.

Reduced expression of Bim increases VZV replication. Since
phosphorylation of Bim is dependent on VZV activation of MEK
and inhibition of the MEK/ERK pathway suppresses viral replica-
tion (26, 40), we postulated that Bim may modulate VZV replica-
tion. We constructed MeWo cell lines that overexpress Bim
(MeWo-wt-Bim cells) or are knocked down for Bim (MeWo-
shBim cells) using lentivirus vectors that express wild-type Bim or
Bim shRNA, respectively. ShBim was expressed under a doxycy-
cline-inducible promoter in MeWo-shBim cells. MeWo, MeWo-
shBim, or MeWo-wt-Bim cells were infected with VZV, and virus
replication, plaque formation, syncytium formation, and plaque
size were measured. Bim was not detected in doxycycline-induced
Mewo-shBim cells, and Bim was expressed at increased levels in
doxycycline-treated MeWo-wt-Bim cells compared to expression
in MeWo cells (Fig. 3A). VZV replicated to higher titers in doxy-
cycline-induced MeWo-shBim cells and to lower titers in doxycy-
cline-treated MeWo-wt-Bim cells than in doxycycline-treated
MeWo cells (Fig. 3B). In addition, infection of doxycycline-
treated MeWo-shBim cells with green fluorescent protein (GFP)-
expressing VZV (VZV-GFP) resulted in larger GFP-expressing
syncytia on day 4 than with doxycycline-treated MeWo and
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MeWo-wt-Bim cells (Fig. 3C). Plaque formation was delayed in
doxycycline-treated MeWo-shBim cells infected with VZV-ROka
and accelerated in doxycycline-treated MeWo-wt-Bim cells com-
pared with that in doxycycline-treated parental MeWo cells. To
quantify these results, we counted the number of plaques formed

in 100 infectious foci (based on syncytium formation) in MeWo-
wt-Bim, MeWo-shBim, and parental MeWo cells from day 4 to
day 6 after infection with VZV-ROka. At day 4 postinfection, 85%
of infectious foci formed plaques (85 plaques per 100 infectious
foci) on doxycycline-treated MeWo-wt-Bim cells, only 20% of
infectious foci formed plaques on MeWo-shBim cells, and 45% of
infectious foci formed plaques on parental MeWo cells. At day 5
postinfection, nearly all virus infectious foci became plaques on
MeWo-wt-Bim cells, 85% of infectious foci became plaques on
parental MeWo cells, and only 40% of infectious foci became
plaques on MeWo-shBim cells. At day 6, nearly all infectious foci
became plaques on all the cell lines (Fig. 3D). Significantly larger
plaques were observed in doxycycline-treated MeWo-shBim cells
(10.5 mm � 0.17 mm [standard deviation {SD}]) and in doxycy-
cline-treated MeWo cells (10.3 mm � 0.53 mm [SD]) than in
doxycycline-treated MeWo-wt-Bim cells (9.1 mm � 1.17 mm
[SD]) (Fig. 3E). Taken together, these results indicate that reduced
Bim expression allows longer survival of VZV-infected cells, de-
layed plaque formation, and higher titers of cell-associated virus,
while increased Bim expression results in shorter survival of virus-
infected cells, smaller synctyia, earlier plaque formation, and
lower titers of virus.

Overexpression of Bim induces caspase 3 cleavage in VZV-
infected cells. Bim enhances apoptosis by binding to antiapop-
totic Bcl-2 proteins (35, 37). While VZV inhibits apoptosis early
during infection, the mechanism by which VZV mediates this ef-
fect is unknown. Since VZV infection induces phosphorylation of
Bim, which inhibits its proapoptotic activity, we postulated that
regulation of Bim activity in virus-infected cells might affect apop-

FIG 1 VZV infection increases Bim and BAD phosphorylation. MeWo (A), MRC-5 (B), or HFF (C) cells were infected with cell-associated VZV ROka at 0.1
PFU/cell or mock infected, and cells were collected at the indicated hours postinfection (HPI) for detection of Bcl-2 family proteins, VZV immediate early protein
62 (IE62), and actin by Western blotting. The ratios of phosphorylated Bim to total Bim and of phosphorylated BAD to total BAD were determined using
ImageQuant and are shown below the Western blots.

FIG 2 VZV triggering of Bim phosphorylation is dependent on MEK activa-
tion. MeWo (A) or MRC-5 (B) cells were infected with cell-associated VZV
ROka at 0.1 PFU/cell or mock infected; 24 h later, the cells were treated with the
PI3K inhibitor LY294002 or the MEK inhibitor U0216 for 6 h, lysates were
prepared, and proteins were detected by Western blotting. p-ERK is down-
stream of MEK signaling; therefore, inhibition of MEK results in reduction of
p-ERK. The ratios of phosphorylated Bim to total Bim and of phosphorylated
BAD to total BAD were determined using ImageQuant and are shown below
the Western blots.
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tosis. MeWo, MeWo-shBim, and MeWo-wt-Bim cells were in-
fected with cell-associated VZV at 0.05 PFU/cells or mock in-
fected, and at 36 h, cells were assayed for cleaved caspase 3, Bim,
and VZV IE62. Cleaved caspase 3 was present at much higher
levels in VZV-infected, doxycycline-treated, MeWo-wt-Bim cells
(which overexpress Bim) than in doxycycline-treated parental
MeWo cells or doxycycline-treated MeWo-shBim cells (Fig. 4).

Conversely, cleaved caspase 3 was lower in virus-infected, doxy-
cycline-treated MeWo-shBim cells (knocked down for Bim) than
in doxycycline-treated parental MeWo cells. VZV infection re-
duced Bim expression in doxycycline-treated MeWo and MeWo-
shBim cells but not in doxycycline-treated MeWo-wt-Bim cells.
VZV IE62 expression was reduced in doxycycline-treated MeWo-
wt-Bim cells compared to that in the other cells (Fig. 4), likely due

FIG 3 Overexpression of Bim inhibits VZV replication. (A) Doxycycline (Dox) was added to MeWo, MeWo-shBim, or MeWo-wt-Bim cells, and 24 h later, the
cells were infected with VZV ROka at 0.1 PFU/cell. The cells were incubated for 24 or 36 h at 37°C in MEM with 10% FBS, lysates were prepared, and Western
blotting was performed to detect Bim, VZV IE62, and actin. The experiment was repeated with similar results. (B) MeWo, MeWo-shBim (shBim), or MeWo-
wt-Bim (Bim wt) cells were infected with VZV ROka at 0.0004 PFU/cell and incubated at 34°C in MEM with 2% serum, doxycycline was added 24 h after
infection, virus-infected cells were collected at different days after infection, and virus was titrated on MeWo cells by plaque assay. (C) VZV-infected cells
expressing GFP were photographed on days 4 to 6 after infection. Magnification, �100. (D) MeWo, MeWo-shBim, or MeWo-wt-Bim cells were infected with
VZV ROka at 0.001 PFU/cell and incubated at 34°C with MEM containing 2% serum, doxycycline was added 24 h after infection, and the numbers of infectious
foci (syncytia) with or without central plaques (holes in the monolayer) were counted on days 4 to 6 after infection. (E) Plaque size was measured for 10 plaques
in each cell line at day 7. The bar shows the mean plaque size.
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to lower virus yields in cells overexpressing Bim (Fig. 3B). In con-
trast, VZV IE62 expression was increased in doxycycline-treated
MeWo-shBim cells compared to that in the other cells, presum-
ably due to higher virus yields in cells knocked down for Bim.
Similar results were also observed in HFF cells expressing shBim
or wt Bim. Therefore, any inhibitory effect of VZV on apoptosis
was superseded by the level of apoptosis induced by high-level
expression of Bim. Taken together, these results indicate that
overexpression of Bim activates caspase 3 and reduces VZV repli-
cation.

Inhibition of caspases restores VZV replication in cells over-
expressing Bim. Since overexpression of Bim activates caspase 3
in VZV-infected cells, we postulated that the reduction in virus
replication in MeWo-wt-Bim cells (which overexpress Bim) may
be due to increased apoptosis in these cells. Doxycycline-treated
MeWo, MeWo-wt-Bim, or MeWo-shBim cells were infected with
VZV and treated with the pan-caspase inhibitor Q-VD-OPh 24 h
after infection, and cells were collected 3 days later to titrate the
virus. While inhibition of caspase activity with Q-VD-OPh
slightly reduced viral titers in both MeWo cells (1.6-fold reduc-
tion) and MeWo-shBim cells (1.8-fold reduction), Q-VD-OPh
increased VZV titers in MeWo-wt-Bim cells by 6.7-fold, restoring
virus production to a level nearly the same as that in MeWo cells
either treated or not treated with Q-VD-OPh (Fig. 5). Thus, in-
creased caspase activity induced by overexpression of Bim inhibits
VZV replication.

VZV ORF12 is required for efficient phosphorylation of Bim.
Since VZV triggers phosphorylation of Bim which is dependent
on ERK, and we reported previously that the VZV ORF12 protein
activates ERK and inhibits apoptosis (26), we postulated that VZV
ORF12 might contribute to phosphorylation of Bim and BAD.
MRC-5 cells were infected with VZV ROka or ROka12D (deleted
for VZV ORF12) at 0.1 PFU/cell with cell-associated virus, and
infected cells were collected at different times after infection. The
ratio of phosphorylated Bim to total Bim was lower in MRC-5 cells
infected with ROka12D than in those infected with ROka, indicat-
ing that ORF12 triggers Bim phosphorylation (Fig. 6A). In con-
trast, the ratio of phosphorylated BAD to total BAD was not lower
in cells infected with ROka12D than in those infected with ROka.
Levels of Bcl-2 and Bcl-xL showed little or no difference in cells
infected with ROka12D compared to those infected with ROka. A
lower ratio of phosphorylated Bim to total Bim was also observed
in ROka12D-infected MeWo cells compared with ROka-infected
MeWo cells beginning at 12 h after infection (Fig. 6B). These re-
sults indicate that VZV ORF12 triggers phosphorylation of Bim.

Since VZV ORF12 triggers Bim phosphorylation, we tested
whether overexpression of Bim has a more inhibitory effect on
replication of VZV ROka12D than on that of ROka and if knock
down of Bim enhances replication of VZV ROka12D more than
that of ROka. MeWo-wt-Bim, MeWo-shBim, and parental
MeWo cells were infected with VZV ROka or ROka12D in me-
dium containing 2% FBS at 34°C, virus-infected cells were col-
lected on days 1 to 6, and titers of virus were determined on MeWo
cells. Replication of VZV ROka (Fig. 7A) and that of ROka12D
(Fig. 7B) were similarly reduced on MeWo-wt-Bim cells, and
while replication of both viruses was enhanced in MeWo-shBim
cells compared to that in parental MeWo cells, the degree of en-
hancement was similar for ROka and ROka12D. Thus, while the
ORF12 protein is important for efficient phosphorylation of Bim,
VZV deleted for ORF12 is not more impaired for growth in cells
overexpressing Bim or more enhanced for growth in cells knocked
down for Bim than parental virus. These results indicate that the
effect of ORF12 on phosphorylation of Bim does not have a major
role in the effect of Bim on virus replication.

DISCUSSION

Apoptosis is important for host defense against virus infection,
and herpesviruses manipulate the host to inhibit apoptosis (1–3,
42). We found that VZV infection regulates Bcl-2 family proteins.
Infection of cells with VZV triggered phosphorylation of Bim and
BAD, while little or no effect was observed on other Bcl-2 family
proteins, including Mcl-1, Bcl-2, Bcl-xL, or Bax. While we did not
look specifically for phosphorylated forms of other Bcl-2 family
members, we did not see changes in migration of these proteins,
unlike the changes noted with Bim and BAD.

We found that inhibition of Bim expression prolonged survival
of VZV-infected cells. Bim is a proapoptotic BH3-only protein
that binds to the antiapoptotic Bcl-2 proteins Bcl-2, Bcl-xL, and
Mcl-1, resulting in the release of Bax/Bak to promote apoptosis
(35, 37). Phosphorylation of Bim reduces its proapoptotic activity
by promoting its disassociation from Bcl-2, Bcl-xL, or Mcl-1 (35,
43). Other herpesviruses, in addition to VZV, regulate expression
of Bim. Infection of cells with Epstein-Barr virus (EBV) results in
degradation of Bim (44). EBV EBNA3A and EBNA3C cooperate
to downregulate Bim (45), and EBV BHRF1 (a homolog of Bcl-2)
associates with and sequesters Bim (46, 47). The EBV BART mi-

FIG 5 Inhibition of caspase activity restores virus production in cells overex-
pressing Bim. Doxycycline was added to MeWo, MeWo-shBim, or MeWo-wt-
Bim cells, and 24 h later, cells were infected with cell-associated VZV at 0.001
PFU/cell. Cells were incubated at 37°C with MEM containing 10% serum,
Q-VD-OPh (50 �M) or dimethyl sulfoxide (DMSO) (the solvent for Q-VD-
OPh) was added 24 h postinfection, and virus-infected cells were collected 4
days after infection for virus titration.

FIG 4 Overexpression of Bim induces caspase 3 activity. Doxycycline (Dox)
was added to MeWo, MeWo-shBim, or MeWo-wt-Bim cells, and 24 h later,
the cells were infected with VZV ROka at 0.05 PFU/cell. The cells were col-
lected 36 h postinfection and cleaved caspase 3, Bim, VZV IE62, and actin were
detected by Western blotting. The experiment was repeated with similar re-
sults.
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croRNAs reduce expression of Bim (48), and Bim undergoes epi-
genetic repression and CpG methylation in EBV-latently infected
B cells (49). Kaposi’s sarcoma-associated herpesvirus (KHSV)-
encoding viral interferon regulatory factor 1 (vIRF-1) promotes
nuclear translocation of Bim resulting in its inactivation (50).

Here we showed that VZV phosphorylation of Bim is depen-
dent on activation of the MEK/ERK pathway. ERK is critical for
phosphorylation of Bim (37). Many herpesviruses activate ERK to
regulate survival of infected cells. Human cytomegalovirus
(HCMV) gB activates ERK to induce expression of Mcl-1 (51), the
HSV-2 large subunit of ribonucleotide reductase (ICP10PK) trig-
gers ERK activation to upregulate the X-linked inhibitor of apop-
tosis (XIAP) and the antiapoptosis protein Bag-1 (52, 53), EBV
LMP2A activates ERK to degrade Bim (54), and KSHV LANA
induces ERK expression to increase phosphorylation of c-Myc
(55). VZV activates ERK, and suppression of ERK inhibits VZV
replication (26, 40).

We found that VZV infection also triggered phosphorylation
of BAD. BAD is a BH3-only proapoptotic protein that is tightly

regulated by survival factors, and phosphorylation of BAD inhib-
its its apoptotic function (56, 57). BAD can be phosphorylated by
Akt (58), by ERK (36), or by protein kinase A (59). In contrast to
phosphorylation of Bim in VZV-infected cells, which is controlled
by virus activation of ERK, phosphorylation of BAD in VZV-in-
fected cells was not reduced with either PI3K or MEK inhibitors,
indicating that VZV triggers phosphorylation of BAD through
other mechanisms. Previously, Rahaus et al. showed that VZV
infection induced phosphorylation of BAD at serine 112 (40) but
inhibited phosphorylation at serine 136 (39). In contrast, we
found that VZV induced phosphorylation of BAD at serine 136.
While Rahaus et al. infected confluent monolayers of melanoma
cells (39, 40), we found increased phosphorylation of BAD after
infection of subconfluent melanoma cells, as well as infection of
MRC-5 and HFF cells. BAD is known to be constitutively phos-
phorylated in melanoma cells through activation of the mitogen-
activated protein kinase pathway (60). Thus, our results may differ
from those of Rahaus et al. due to the cell lines used or the condi-
tions of infection.

FIG 6 ORF12 is required for efficient phosphorylation of Bim in VZV-infected cells. MRC-5 (A) or MeWo (B) cells were infected with cell-associated VZV ROka
or ROka12D (VZV deleted for ORF12) at 0.1 PFU/cell or mock infected. Cell lysates were prepared at different hours postinfection (HPI), and proteins were
detected by Western blotting. The ratios of phosphorylated Bim to total Bim and of phosphorylated BAD to total BAD were determined using ImageQuant and
are shown below the Western blots.

FIG 7 Replication of ROka and ROka12D in cells knocked down or overexpressing Bim. MeWo, MeWo-shBim (shBim), or MeWo-wt-Bim (Bim wt) cells were
infected with VZV ROka (A) or ROka12D (B) and incubated at 34°C in MEM with 2% serum. Doxycycline was added 24 h after infection, virus-infected cells
were collected on days 1 to 6 after infection, and virus was titrated on MeWo cells by plaque assay.
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We found that knockdown of Bim enhanced survival of VZV-
infected cells, delayed plaque formation, and resulted in higher
levels of virus replication. In contrast, HSV did not grow to higher
titers in cells knocked down for Bim (R. Godbout, K. Wang, X.
Liu, and J. I. Cohen, unpublished data). A prior study showed that
expression of a viral antiapoptotic Bcl-2 homolog in human cells
enhanced the growth of murine cytomegalovirus (61). VZV grows
to relatively low titers in cell culture, and production of cell-free
virus is difficult. Thus, inhibition of Bim or other proapoptotic
proteins (e.g., BAD and Bax) or expression of antiapoptotic pro-
teins (e.g., Bcl-2 and Bcl-xL) might also increase levels of VZV
replication and be used to enhance virus production.
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