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Viruses as obligate intracellular parasites use host cell proteins to
ensure efficient replication and spread. Cellular proteins are required
for several stages of a virus life cycle. Here, we identify BAG3, a
co-chaperone, as a regulator of herpes virus immediate early gene
expression. We report that a herpes simplex virus lacking the gene
encoding a potent transcriptional activator, ICP0, is compromised for
replication in cells silenced for BAG3 in a multiplicity of infection-
dependent manner. We also show a requirement for BAG3 to aug-
ment virus gene expression and demonstrate that the co-chaperone
acts independently of promyelocytic leukemia to increase herpes
simplex virus replication.

Hsc70 � HSV � ICP0 � VZV

Productive infection by herpes simplex virus (HSV) is temporally
regulated in a tightly coordinated cascade. Control of this

process involves a complex and largely unknown network of inter-
actions between host- and virus-encoded proteins. HSV genes are
classified as immediate early (�), early (�), and late (�) based on
their temporal expression during productive replication. A virion
protein (VP16) interacts with the host transcription machinery to
initiate expression from � genes. Three of the � proteins (ICP0,
ICP4, and ICP27) cooperatively regulate expression of all classes of
virus genes (1).

ICP0 is a C3HC4 RING finger containing nuclear phosphopro-
tein with an apparent molecular mass of 110 kDa (2). Virus mutants
lacking the ICP0 gene have an increased particle to pfu ratio,
substantially lower yield, and decreased levels of � gene expression.
These properties manifest themselves in a multiplicity of infection
(moi) and cell type-dependent manner (3, 4). ICP0 behaves as a
promiscuous activator of viral and cellular genes (5–7), stimulating
expression, at least in part, indirectly by hijacking host activators to
use in virus replication and/or by helping the virus bypass innate
cellular repression pathways (8, 9).

ICP0 also functions as an E3 ubiquitin ligase to target a growing
list of host proteins for proteasomal degradation (10–14). Through
this activity, ICP0 promotes degradation of components of nuclear
domain 10 (ND10) bodies, including the promyelocytic leukemia
(PML) proteins, Sp100 and Daxx. Incoming HSV genomes are
decorated with components of ND10s before ICP0-directed disso-
ciation of these bodies and degradation of their constituents occurs
(15). Proteins that normally reside within these structures are
implicated in silencing of herpesvirus genomes (16–19). Therefore,
ICP0-mediated degradation of host proteins may disrupt silencing
of HSV genes and enable efficient virus gene expression. The
RING finger of ICP0 is required for degradation of ND10 localized
proteins and for its transactivation activity (20).

After infection with HSV, virus-induced chaperone-enriched
(VICE) nuclear bodies form adjacent to virus replication/
transcription foci. The presence of ICP0 facilitates formation of
Hsc70 containing domains and results in augmentation of virus
growth (21–23).

Unlike HSV, varicella-zoster virus (VZV), a closely related
herpesvirus, does not form VICE domains, and the host chap-
erone machinery localizes within nuclear replication/transcrip-
tion factories (24). Hsc70 and also BAG3, a host co-chaperone

that is involved in regulation of Hsc/Hsp70 activity (25), reside
inside replication compartments. Previously, we demonstrated
that siRNA-mediated depletion of BAG3 resulted in decreased
plaquing efficiency and slow spread of VZV. Interestingly,
growth and spread of wild-type HSV were unaffected by silenc-
ing of BAG3 (24).

Here, we investigate the role of HSV encoded gene products that
confer resistance to BAG3 silencing and study the function of
BAG3 in HSV replication. Biochemical analysis of HSV gene
expression suggests a requirement for BAG3 in efficient expression
and accumulation of � proteins. We show that BAG3 distribution
is altered during infection, and that expression of ICP0 is sufficient
for redistribution. Moreover, an ICP0 null virus fails to replicate
efficiently in cells silenced for BAG3. Mutational analysis shows
that ICP0’s RING finger is required for replication in the absence
of BAG3. Genetic and biochemical evidence reveals that BAG3
acts antagonistic to and independent of PML, a negative regulator
of � gene expression. Thus, the co-chaperone BAG3 is a previously
undescribed host protein that like ICP0 positively regulates virus �
gene expression.

Results
BAG3 Forms Cytoplasmic Perinuclear Bodies During HSV Infection.
HSV infection causes a dramatic redistribution of the host chap-
erone machinery. Nuclear VICE domains, marked by the presence
of Hsc70 (22, 23), decorate the periphery of replication/
transcription factories. Here, we investigate the localization of
BAG3, a co-chaperone that interacts with Hsc70 and regulates its
activity (25), during HSV infection.

Localization of viral and cellular proteins was examined in
human melanoma (MeWo) cells infected with HSV. Hsc70-stained
VICE domains formed as described (22) (Figs. 1A and S1). Unlike
its chaperone partner, the majority of BAG3 accumulated in
perinuclear bodies and a small subset of BAG3 localized as discrete
nuclear foci within and adjacent to virus replication/transcription
compartments (Figs. 1B and S1). This is in contrast to its diffuse
cytoplasmic distribution in uninfected cells (Fig. S2A). Partitioning
of BAG3 begins between 2 and 4 hours postinfection (hpi), when
ICP0 begins to accumulate in the cytoplasm (Fig. S2), suggesting a
link between ICP0 and co-chaperone translocation.

Because expression of ICP0 results in aggregation of Hsc70 (22),
we asked whether it was also sufficient for redistribution of its
co-chaperone BAG3. MeWo cells were transformed with a plasmid
expressing ICP0, and the intracellular localization of ICP0 and
BAG3 was monitored. Expression of ICP0 caused redistribution of
BAG3 as discrete nuclear foci that colocalize with the ‘‘ring-like’’
structures that stained with antibody to ICP0 (Figs. 1C and S1).
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Therefore, in cells infected with HSV or transformed with DNA
encoding ICP0, BAG3 followed the localization of ICP0.

In MeWo cells infected with VZV, VICE domains did not form,
and Hsc70 was found inside replication/transcription bodies (Figs.
1D and S1). Moreover, BAG3 did not concentrate in the cytoplasm
(Figs. 1E and S1) and ORF61p, the ICP0 ortholog in VZV, failed
to mobilize BAG3 or Hsc70 (Figs. 1F and S1 and data not shown).
Thus, functions of HSV ICP0 account for differences in localization
of chaperone and co-chaperone proteins during infection with these
2 viruses.

ICP0 Expression Is Required for Efficient Growth of HSV in Cells
Depleted of BAG3. Depletion of BAG3 has no effect on the yield of
wild-type HSV, whereas VZV growth is restricted (24). Unlike its
VZV ortholog, ICP0 is able to redistribute BAG3. Therefore, we
hypothesized that it is responsible for allowing HSV to overcome
the effects of BAG3 depletion.

To test our hypothesis, wild-type HSV and an ICP0 null mutant
were titrated on monolayers of MeWo or siBAG3 cells (24) (a

stable cell line depleted of BAG3). The relative plaquing efficiency
on these cell lines was expressed as: number of plaques formed in
BAG3 cells/number of plaques formed in MeWo cells � 100.
Reduction of BAG3 did not alter wild-type HSV plaquing effi-
ciency. In contrast, the ICP0 null virus titer decreased by 1 log when
measured on BAG3 depleted cells, mimicking what was seen with
VZV (Fig. 2A). Thus, HSV requires ICP0 to replicate to wild-type
levels in the absence of BAG3. Interestingly, overexpression of
BAG3 in MeWo cells resulted in a 5-fold increase in ICP0 null virus
yield (Fig. S4), providing further evidence for its positive role in
virus replication.

ICP0 is a transcriptional activator of viral and cellular genes. In
our experiments, we depleted BAG3 using posttranscriptional gene
silencing. Therefore, we asked whether ICP0 restored BAG3 levels
to enable replication in siBAG3 cells during wild-type virus infec-
tion. To address this, MeWo and siBAG3 cells were either mock
infected or infected with wild-type HSV or ICP0 null virus, and
ICP0 and BAG3 levels were evaluated by Western blot. BAG3
levels were unchanged in cells infected with either virus in both cell

A B C

D E F
Fig. 1. Localization of Hsc70 and BAG3 during VZV
and HSV infection or ICP0 transformation. MeWo cells
were infected with HSV (A and B) or cell-free VZV (D
and E) or transformed with a plasmid expressing HSV-
ICP0 (C) or VZV-ORF61p (F). Cells were fixed at 6, 24, or
48 hpi, respectively, and the indicated proteins were
visualized by indirect immunofluorescence micros-
copy. Images were captured with a 100� objective and
analyzed by volume deconvolution. The individual sep-
arated channels are presented as Fig. S1.

Fig. 2. Growth of wild-type and ICP0 null HSV in the presence and absence of BAG3. (A) Confluent MeWo (solid bars) or siBAG3 (striped bars) cells were infected with
serial dilutions of cell free VZV, HSV-17, or ICP0 null virus. Upon plaque formation, cells were fixed, stained, and plaques were counted. (B) Confluent MeWo or siBAG3
cells were either mock infected or infected with HSV or ICP0 null virus at an moi of 5. At 24 hpi, cells were harvested, and total protein lysates were analyzed by Western
blot analysis. (C and D) MeWo (closed shapes) or siBAG3 (open shapes) were infected with HSV (squares) or ICP0 null (triangles) at different mois, as shown. At the
indicated times after infection, viruses were harvested and titrated on L7 cells. (E) MeWo (closed triangles) or siBAG3 (open triangles) were infected with cell-free VZV.
At the indicated times after infection cells were harvested and titrated on MeWo cells.
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lines (Fig. 2B). Thus, ICP0 (or other viral proteins) does not
stimulate BAG3 expression, and resistance of wild-type virus to
BAG3 depletion cannot be explained by restoration of BAG3 levels
in the knockdown cell line.

High MOIs Rescue Growth of ICP0 Null HSV in Cells Depleted of BAG3.
Although ICP0 null viruses have defects in replication, even in
wild-type cells, growth is partially restored at high moi (4). There-
fore, we asked whether increasing the moi rescued replication of
ICP0 null virus in siBAG3 cells. MeWo and siBAG3 cells were
infected with HSV or ICP0 null virus at mois of 0.1 or 10, and the
kinetics of virus replication were determined. These growth curve
analyses demonstrated that the kinetics of wild-type virus replica-
tion were identical at high and low mois (Fig. 2 C and D). However,
replication of ICP0 null virus was delayed, and yield was decreased
after infection at low mois in siBAG3 cells (Fig. 2C). This result
mimics replication of wild-type VZV in the same cell lines (Fig. 2E).
In contrast, infection with ICP0 null virus at an moi of 10 resulted
in restoration of wild-type replication kinetics in siBAG3 cells
(Fig. 2D).

To exclude the possibility that faster progression through the lytic
cycle by wild-type virus accounts for differences in sensitivity to
BAG3, control and BAG3 silenced cells were infected at an moi of
0.001 with wild-type and ICP0 null virus. Growth of wild-type virus
was unaffected. Thus, the mutant phenotype does not result from
its slower replication kinetics (Fig. S3A).

BAG3 Is Required for Efficient Accumulation of Immediate Early Gene
Products. HSV lytic gene expression is temporally regulated. Ex-
pression of � proteins precedes and regulates transcription of � and
� genes (1). Thus, study of the gene expression profile during virus
infection can identify when BAG3 is required.

MeWo and siBAG3 cells were mock infected or infected
with either HSV or ICP0 null virus at 2 different mois, and �
gene protein levels were monitored. In cells infected with the
wild-type virus at a low moi, ICP4 and ICP27 were detected at
the same time points in control and siBAG3 cells, and accu-
mulation of these proteins in the absence of BAG3 was only
slightly reduced (Fig. 3). This reduction in protein abundance
had no effect on wild-type virus yields (Fig. 2), suggesting that
an excess of regulatory � proteins accumulates in fully per-

missive cell lines. Unlike ICP4 and ICP27, expression of ICP0
was not affected by depletion of BAG3. However, infection
with ICP0 null virus resulted in distinct BAG3-dependent
differences in the expression profile of � gene products. In
MeWo cells, � proteins were detected at late times after
infection, although their abundance was severely decreased
when compared with what accumulated in cells infected with
wild-type virus. However, in siBAG3 cells, both ICP4 and
ICP27, which are required for virus replication, were not
detected even at 12 hpi (Fig. 3). Therefore, silencing of BAG3
enhances the ICP0 null phenotype.

At high moi with wild-type virus, expression of all � gene
products tested was identical in control and siBAG3 cells. Accu-
mulation of both ICP4 and ICP27 in cells infected with ICP0 null
virus was similar to wild-type virus infection at low moi. Although
these proteins were expressed with similar kinetics in both cell
types, their maximum level of accumulation was decreased (Fig. 3).
Therefore, BAG3 is required for temporal regulation and accumu-
lation of � proteins to augment HSV replication.

To investigate whether BAG3 plays a role in transcriptional
regulation, we tested the activity of all HSV � gene promoters using
transcriptional fusions to firefly luciferase in control and siBAG3
cells. No significant difference in reporter activity was detected
between these cell lines (data not shown).

The RING Finger of ICP0 Is Required for Efficient Replication of HSV in
siBAG3 Cells. The RING finger domain of ICP0 is required for its
transactivation activity and efficient expression and accumulation
of viral proteins, including � gene products (20). Because depletion
of BAG3 also resulted in decreased accumulation of � gene
proteins, we asked whether the RING finger was essential for
ICP0-mediated resistance to silencing.

The efficiency of plaque formation by wild-type HSV, ICP0 null
virus, and mutant viruses lacking the RING finger domain
(vCM2/7) or with single (vC116A) and double amino acid substi-
tutions (vC116A/C156G) of conserved cysteine residues in the
domain in the presence or absence of BAG3 was determined. The
RING finger mutant viruses were also compared with their paren-
tal virus that expresses ICP0 from a cDNA copy of the gene
(vCPc0). Similar to the ICP0 null mutant, all RING finger mutants

Fig. 3. Immediate early protein accumulation during wild-type and ICP0 null HSV infection in the presence and absence of BAG3. MeWo or siBAG3 cells were either
mock infected or infected with HSV-17 or ICP0 null virus at an moi of 0.05 or 5, as shown. At the indicated times after infection, the cells were lysed, and ICP0, ICP4, ICP27,
and BAG3 levels were monitored by Western blot analysis.

Fig. 4. Growth of wild-type and HSV ICP0 zinc-finger
mutants in the presence and absence of BAG3. (A) Con-
fluent monolayers of MeWo or siBAG3 cells were in-
fected with serial dilutions of HSV-17, ICP0 null virus,
vCPc0, vCM2/7, vC116A, or vC116A/C156G. After plaque
formation, cells were fixed, stained, and plaques were
counted. (B) MeWo (closed shapes) or siBAG3 (open
shapes) cells were infected with HSV-17 (squares), vCPc0
(triangles) or vC116A/C156G (circles) at an moi of 0.1. At
the indicated times after infection viruses were har-
vested and titrated on L7 cells.

20914 � www.pnas.org�cgi�doi�10.1073�pnas.0810656105 Kyratsous and Silverstein

http://www.pnas.org/cgi/data/0810656105/DCSupplemental/Supplemental_PDF#nameddest=SF3


tested displayed a plaquing defect in siBAG3 cells when compared
with vCPc0 (Fig. 4A).

We next asked whether the plaquing defect also ref lected
growth impairment of the RING finger mutant in the absence
of BAG3. Accordingly, MeWo and siBAG3 cells were infected
with wild-type HSV, vCPc0, or vC116A/C156G viruses at an
moi of 0.1, and virus replication kinetics were determined. This
analysis confirmed that vCPc0 replicates less well than wild-
type virus (20). Similar to wild-type virus, its growth was
identical in the presence and absence of BAG3, whereas the
RING finger mutant replicated with slower kinetics and
yielded 10-fold less virus in these cells (Fig. 4B). This result
mirrored the phenotype of ICP0 null virus (Fig. 2C). To
further demonstrate the specificity for the RING finger,
another transactivation-deficient mutant of ICP0 (N/X) (26)
was surveyed by using this assay. There was no growth defect
in siBAG3 cells infected with N/X (Fig. S3B). We conclude
that the RING finger of ICP0 is required to overcome the
growth defect in BAG3 depleted cells.

BAG3 and PML Independently Regulate Immediate Early Gene Expres-
sion. Studies by Everett et al. (17) revealed that ICP0 is required to
overcome a PML-mediated cellular repression mechanism. It does
so by directing degradation of PML, resulting in more efficient
expression of � genes (17). Our results demonstrated that BAG3
expression is also required to boost � protein accumulation. We
next asked how these 2 host proteins regulate expression of � genes,
and whether they functioned independently of each other.

A pseudotyped retrovirus expressing a functional siRNA se-
quence targeting PML mRNA (19) was used to produce stable
MeWo and siBAG3 cell lines depleted of PML and/or BAG3. The
intracellular levels and localization of BAG3 and PML were
evaluated by indirect immunofluorescence microscopy and West-
ern blot analysis after selection and expansion. Depletion of each
protein had no effect on the expression profile or intracellular
distribution of the other (Figs. 5 A and B and S5). Thus, there is no
direct correlation between the levels or localization of the 2
proteins.

We next examined HSV growth without one or both of these
proteins. Confluent monolayers of MeWo, siBAG3, siPML, and
siBAG3/siPML cells were infected with either wild-type HSV or
ICP0 null virus. At the indicated times postinfection, virus yields
were determined (Fig. 5C). The growth kinetics of wild-type virus
was unaffected by the presence or absence of either protein.
However, infection with ICP0 null virus revealed a role for PML
and BAG3. As described, depletion of PML resulted in an increased
yield of the mutant virus (17). In contrast, in the absence of BAG3,
yields of ICP0 null virus were decreased. Thus, these proteins have
antagonistic effects on HSV replication. PML acts to limit virus
growth, whereas BAG3 functions as an activator. Silencing of PML
in a BAG3-depleted background resulted in partial restoration of
ICP0 null virus growth. Virus replication is affected by silencing
either PML or BAG3 whether or not the other protein is present.
These data suggest that PML and BAG3 function independently.
This is further supported by the fact that degradation of PML and
disruption of ND10 bodies during infection is independent of
BAG3 (Fig. S6).

Discussion
Viruses have evolved to use many host proteins to ensure
efficient replication and spread. During infection, synthesis of
potent viral activators can mask a requirement for cellular
proteins and hide the function of host components that modulate
virus replication. However, mutations that inactivate these virus
proteins often give rise to novel phenotypes that unveil steps in
virus replication where the host assists or intervenes. Here, we
use a HSV lacking the multifunctional activator ICP0 to identify
a role for BAG3, a co-chaperone, in efficient replication and
regulation of viral � gene expression.

Human � herpesviruses remodel the nuclear microenvironment
during replication. In HSV-infected cells, Hsc70 concentrates pre-
dominantly within VICE domains that form at the periphery of
replication sites (Fig. 1A) (22). In contrast, during infection with the
closely related virus VZV, Hsc70 localizes within nuclear replica-
tion/transcription factories (Fig. 1D). BAG3, an Hsc70 interaction
partner, does not localize within VICE domains but concentrates

Fig. 5. Growth of wild-type and ICP0 null HSV in the presence and absence of BAG3 and/or PML. (A) MeWo, siPML, siBAG3, and siPML/siBAG3 cells were fixed and
BAG (red) and PML (green) were visualized by indirect immunofluorescence microscopy. Images were captured with a 100� objective and analyzed by volume
deconvolution. The individual separated channels are presented as Fig. S5. (B) MeWo, siPML, siBAG3, and siPML/siBAG3 cells were lysed and total cell lysates were
analyzed by SDS/PAGE. The levels of PML, BAG3, and GAPDH were monitored by Western blot analysis. (C) MeWo (solid blue), siPML (solid red), siBAG3 (dashed blue),
and siPML/siBAG3 (dashed red) with HSV (squares) or ICP0 null virus (triangles) at an moi of 0.1. At the indicated times after infection viruses were harvested and titrated
on L7 cells.

Kyratsous and Silverstein PNAS � December 30, 2008 � vol. 105 � no. 52 � 20915

M
IC

RO
BI

O
LO

G
Y

http://www.pnas.org/cgi/data/0810656105/DCSupplemental/Supplemental_PDF#nameddest=SF3
http://www.pnas.org/cgi/data/0810656105/DCSupplemental/Supplemental_PDF#nameddest=SF5
http://www.pnas.org/cgi/data/0810656105/DCSupplemental/Supplemental_PDF#nameddest=SF6
http://www.pnas.org/cgi/data/0810656105/DCSupplemental/Supplemental_PDF#nameddest=SF5


predominantly outside the nuclear membrane in cells infected with
HSV (Fig. 1B). This localization occurs in cells infected with
wild-type virus at 4 hpi, when a portion of ICP0 translocates from
the nucleus into the cytoplasm (Fig. S2) (27), which suggests a link
between ICP0 and redistribution of BAG3. Although expression of
ICP0 is sufficient for reorganization of BAG3 (Fig. 1C), infection
at high enough mois with an ICP0 null virus or a virus whose ICP0
fails to accumulate in the cytoplasm (28), also result in relocaliza-
tion. Thus, in the context of a lytic infection, ICP0 is only required
for efficient redistribution at low moi (data not shown).

Although BAG3 is required for efficient replication of VZV, it
does not affect plaquing efficiency or spread of wild-type HSV (24).
We therefore asked whether ICP0, which independently can redis-
tribute BAG3 (Fig. 1C), is needed for HSV growth in BAG3
silenced cells. We showed that a mutant virus lacking ICP0 repli-
cates less efficiently in cells depleted of BAG3.

Although VZV encodes an ortholog of ICP0 (ORF61p) (29),
it cannot efficiently replicate in the absence of BAG3 and thus
does not provide ICP0’s function in this setting. Similar to
ICP0, ORF61p transactivates viral promoters (29). However,
amino acid alignment of these proteins reveals that, although
the RING finger domains are conserved, ORF61p lacks the
N-terminal acidic domain of ICP0 and their C termini are
widely divergent. Furthermore, unlike ICP0, expression of
ORF61p does not result in formation of Hsc70 or BAG3
inclusions (Fig. 1F and data not shown). Thus, ICP0 and
ORF61p possess distinct functions.

Western blot analysis of HSV � gene expression in MeWo
and siBAG3 cells revealed a requirement for BAG3 for
accumulation of � proteins (Fig. 3). Infection of siBAG3 cells
with wild-type virus at a low moi, or with ICP0 null virus at all
mois tested, demonstrated that temporal control of viral gene
expression was altered, and the abundance of � proteins was
significantly decreased compared with the control. However,
transcriptional fusions of � gene promoters to luciferase did
not reveal a requirement for BAG3 for increased reporter
activity. Thus, we posit that BAG3 enhances accumulation of
� gene products via a posttranscriptional mechanism.

Expression and accumulation of ICP0 differ from other �
proteins, and ICP0 is unaffected by depletion of BAG3.
Consistent with this observation, ICP0 is one of the first virus
proteins expressed and acts upstream of all other � proteins to
ensure their efficient expression (20, 30). It is thus advanta-
geous for HSV to first express ICP0, thus evading the host
silencing machinery, and then use this protein to facilitate
robust � gene expression.

The replication defect of a mutant virus lacking ICP0 in the
absence of BAG3 was verified both for growth and efficiency
of plaquing. We also showed that growth impairment in
siBAG3 cells was overcome by infection at high mois. We
envision 2 hypotheses to explain this observation. Possibly,
VP16, a virus tegument protein that is transported with viral
DNA to the nucleus to activate all � gene promoters (31, 32),
might substitute for loss of BAG3. Both ICP0 and VP16 are
required to efficiently overcome an intracellular barrier to
viral gene expression (33). Because infection at high mois
results in increased levels of VP16, we posit that this bypasses
the BAG3 requirement for efficient activation of � gene
promoters and initiation of virus replication. Alternatively,
increased numbers of incoming genomes may improve the
likelihood of expression of all viral gene classes as described
(9, 34). Consistent with this hypothesis, at high mois, the host
contribution to viral gene expression and protein accumula-
tion is minimal, thus greatly limiting the requirement for high
intracellular BAG3 levels.

The precise molecular details of BAG3’s contribution to
accumulation of � proteins remain unknown. Our results
demonstrate that BAG3 is a positive regulator of these pro-

cesses. We envision 2 different scenarios that are consistent
with our observations. Perhaps, similar to other host proteins
such as HCF and Oct1 or virus proteins such as VP16 and
ICP0, BAG3 can activate gene expression. Alternatively,
BAG3 might be required for release of a block that leads to
gene silencing. The latter hypothesis suggests that BAG3 is an
antirepressor and thus an upstream positive regulator of virus
replication. In the presence of ICP0, the requirements for host
proteins are different (Figs. 2 and 3), and BAG3 levels do not
affect virus yield, although they alter the abundance of viral �
proteins. Because ICP0 and BAG3 accumulate in the cyto-
plasm at the same time after infection (Fig. S2), and BAG3 is
not involved in virus transcription, we suggest a link between
the co-chaperone and the proposed cytoplasmic functions of
ICP0 that interfere with host posttranscriptional regulation to
increase virus protein accumulation (27, 28, 35).

Herpesvirus genomes are silenced upon entry, and virus-
encoded activities are required for release of host repression
(9, 17, 19, 34). Studies by Everett et al. (17) and others showed
that proteins that normally reside within ND10s are compo-
nents of a host innate antiviral defense mechanism. For HSV,
these proteins block expression of � genes (17), the same step
that requires BAG3 activity. The major component and dock-
ing site of all these proteins is PML. Here, we demonstrate that
BAG3 and PML have antagonistic effects on virus growth.
Unlike PML, the major component of ND10 bodies, BAG3
functions as a positive regulator of � gene expression and does
not normally localize within nuclear bodies, and its levels and
localization are unaffected by PML. Thus, BAG3 is a previ-
ously undescribed regulator of HSV gene expression.

We demonstrate that a predominantly cytoplasmic co-
chaperone, BAG3, plays an important role in events that occur
immediately after infection with HSV. BAG3, similar to other BAG
family members alters the activity of the Hsp/Hsc70 chaperone
complex by changing its ability to use ATP (36). Furthermore, it is
implicated in regulation of proteasomal degradation orchestrated
by Hsp90 (37). There is increasing evidence that chaperone activity
is required for efficient growth of viruses (23, 24, 38–43). Our
results emphasize the importance of BAG3, a regulator of chap-
erone activity, in the life cycle of herpesviruses, raising the inter-
esting possibility that co-chaperones might function to control
replication of other animal viruses.

Materials and Methods
Mammalian Cells. MeWo, siBAG3 (24), L7 (44), and 293T cells were maintained as
described (24).

Togeneratestablecell linesexpressingsiRNAstargetingPMLmRNA,cellswere
transduced with retroviruses and selected with hygromycin.

Viruses. HSV. Strains used were wild-type HSV-1 (Glasgow strain 17), vCPc0 (45),
ICP0 null virus (dl1403) (4), vCM2/7 (46), vC116G, and vC116G/C156A (20).
VZV. Jones, a wild-type clinical isolate, was propagated and titrated as described
(47). Cell-free virus was prepared as described (48, 49).
Retroviruses. Retroviruses were constructed as described in ref. 24.

Virus Growth Assays: Plaque Assays. MeWo or siBAG3 cells were infected with
10-fold serial dilutions of virus stocks and infected cells were fixed, stained and
plaques counted.

Growth Curves. HSV. The titers of all HSV stocks were determined before analysis
by titration on the ICP0-complementing cell line L7. Virus yield in MeWo or
siBAG3 cells was calculated from at least 2 independent experiments, and titra-
tions were done in duplicate. (b) The titer of cell associated VZV after infection of
MeWo or siBAG3 cells was determined by mixing infected cells with uninfected
MeWo cells and counting the resulting plaques.

Transformations. Transformations were performed by using Fugene HD (Roche).

DNA Plasmids. pCK-Super.retro.hygro was created by inserting a XhoI (filled)/ClaI
(filled) fragment of pI-tk-hygro (50) into a StuI site of pSuper.retro.puro (51). To
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generate pCK-siPML, annealed oligos for siPML2 (19) were ligated into BglII/
HindIII digested pCK-Super.retro.hygro.

Plasmid pSS-7 expressing ICP0 and pCK-flag-ORF61 expressing ORF61p were
described (52, 53).

Antibodies. Polyclonal antibodies to BAG3, ICP0 and ICP27 were described (24,
45, 54). Monoclonal ICP0 antibody was purchased from the Rumbaugh–
Goodwin Institute. Monoclonal antibodies to PML, GAPDH and tubulin, were
from Santa Cruz Biotechnology. Polyclonal antibody against PML was pur-
chased from Chemicon. Alexa Fluor 488-conjugated anti-mouse and Alexa
Fluor 546-conjugated anti-rabbit antibodies were from Molecular Probes.
Anti-rabbit and -mouse conjugated to horseradish peroxidase for immuno-
blotting were from KPL.

Indirect Immunofluorescence Microscopy. Cells on glass coverslips were treated
as described (24).

SDS/PAGE and Western Blot Analysis. Cells were washed twice with cold PBS,
lysed in 1.5 � SDS sample buffer (75 mM Tris�HCl, pH 6.8, 150 mM DTT, 3% SDS,
0.15% bromophenol blue, 15% glycerol), boiled, and proteins analyzed as de-
scribed (24).
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