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ABSTRACT Like other DNA viruses that replicate in the nucleus, herpes simplex virus 1 (HSV-1) regulates the association of his-
tones with its genome to promote viral replication and gene expression. We previously demonstrated that SNF2H, a member of
the ISWI family of chromatin-remodeling factors, is concentrated in HSV-1 replication compartments in the nuclei of infected
cells, suggesting that this cellular enzyme plays a role in viral replication. We show here that small interfering RNA (siRNA)-
mediated knockdown of SNF2H in HEp-2 cells resulted in an approximately 20-fold decrease in HSV-1 replication, arguing that
SNF2H promotes efficient HSV-1 replication. Decreases in HSV-1 replication were observed with multiple SNF2H-specific
siRNAs, and the extent of the replication decrease correlated with the amount of SNF2H knockdown, indicating that the pheno-
type resulted from decreased SNF2H levels rather than off-target effects of the siRNAs. We also observed a decrease in the accu-
mulation of immediate-early (IE) gene products in HSV-1-infected cells in which SNF2H was knocked down. Histone H3 occu-
pancy on viral promoters was increased in HSV-1-infected cells that were transfected with SNF2H-specific siRNAs, suggesting
that SNF2H promotes removal of histones from viral promoters during infection. Furthermore, chromatin immunoprecipita-
tion (ChIP) studies showed that SNF2H associated with the HSV-1 genome during infection, which suggests that SNF2H may
directly remodel viral chromatin. We hypothesize that SNF2H is recruited to viral promoters during HSV-1 infection, where it
can remodel the chromatin state of the viral genome, facilitate the transcription of immediate-early genes, and enhance viral
replication.

IMPORTANCE It is becoming increasingly appreciated that regulation of the state of chromatin is a major determinant in control
of gene expression. It has also become clear that the state of chromatin of the herpes simplex virus type 1 (HSV-1) genome is dy-
namically regulated during both productive and latent stages of infection. In addition, multiple viral gene products have been
reported to play roles in regulating the viral chromatin state. However, the cellular chromatin-remodeling factors involved in
altering nucleosome occupancy at viral genes remain largely unknown. The results in this report represent the first evidence that
cellular chromatin-remodeling proteins, and SNF2H in particular, can play important roles in regulating the chromatin state of
the HSV-1 genome during infection. This work also further establishes HSV-1 infection as a useful model to study chromatin
control of gene expression and suggests that disrupting the regulation of viral chromatin states can possibly be exploited as a
novel antiviral therapeutic target.
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DNA viruses that replicate in the nuclei of their host cells are
faced with the challenge of regulating the association of his-

tones with viral DNA as the cell defense mechanisms attempt to
silence the incoming “foreign” DNA. Nuclear DNA viruses gen-
erally encode gene products that function to counteract this in-
hibitory cellular response by coordinating the modification of
these histones and/or by remodeling the viral chromatin state
through the redirection of cellular enzymes to the viral genome to
allow for efficient viral replication and gene expression.

The double-stranded DNA genome of herpes simplex virus 1
(HSV-1) associates with histones to form chromatin rapidly fol-
lowing infection of a host cell, and the resulting chromatin struc-
ture is dynamically regulated throughout productive HSV-1 in-
fection (1–3). During productive infection, viral chromatin is

generally in a euchromatic state that is conducive to active tran-
scription (4, 5), and the nucleosomes associated with HSV-1 DNA
are unstable (6). Additionally, the association of histones with the
HSV-1 genome is decreased at late times postinfection (1, 3). Sev-
eral viral gene products have been implicated in playing a role in
generation of the euchromatin-like state of the viral genome (1, 2,
7, 8), suggesting that HSV-1 encodes multiple activities to ensure
that its genome remains competent for transcription despite the
cellular response that attempts to silence foreign gene expression.

One viral gene product that has been shown to play a role in
regulating the chromatin state of the viral genome is VP16. VP16
is a potent transcriptional activator that enters the host cell within
the virion and stimulates the expression of viral immediate-early
(IE) genes. VP16 forms a complex with the cellular HCF-1 and
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Oct-1 proteins, which is termed the activator complex. This com-
plex associates with the histone acetyltransferase enzymes CBP
and p300 and the chromatin-remodeling factors Brg1 and BRM
and recruits these cellular proteins to viral promoters (2). Cells
infected with VP16 mutant viruses have increased levels of histone
H3 at viral immediate-early promoters, and these histones have
lower levels of acetylation (2). However, experiments with HeLa
cells or human foreskin fibroblasts (HFF) utilizing RNA interfer-
ence (RNAi) knockdown of cellular proteins, such as CBP, p300,
Brg1, or BRM, or mutant or knockout cell lines suggest that these
enzymes are dispensable for expression of immediate-early genes
(9). Other cellular proteins that modify histones associated with
HSV-1 DNA are Set1 (4), which adds methyl marks associated
with euchromatin, and LSD1 (10), which removes methyl marks
associated with heterochromatin.

A second viral gene product that plays a role in regulating the
state of viral chromatin during productive infection is the IE gene
product ICP0 (1, 7). ICP0 is a virus gene-encoded transcriptional
transactivator that stimulates the expression of many viral genes
(11, 12). Cells infected with an ICP0 mutant virus exhibit in-
creased occupancy of histone H3 at viral promoters and also a
decrease in the proportion of histone H3 that is acetylated (1). The
viral genome of ICP0 mutants does not show reduced association
with histones at late times postinfection (1), indicating that ICP0
plays a role in histone removal from the viral genome. The mech-
anism by which ICP0 results in a decrease in the occupancy of
histone H3 at viral promoters is not known.

Multiple cellular chromatin-remodeling factors and histone-
modifying enzymes are recruited to HSV-1 replication compart-
ments (RCs) (13), which are nuclear domains where viral DNA
replication and late gene transcription occur (14, 15). This previ-
ous study from our laboratory (13) provided some of the first
evidence that these cellular proteins may play an important role in
HSV-1 replication. The most abundantly identified chromatin-
remodeling protein in viral RCs was SNF2H (13), which is a mem-
ber of the ISWI family of chromatin-remodeling enzymes, and is
the ATPase catalytic subunit of several chromatin-remodeling
complexes. This observation led us to hypothesize that SNF2H
could remodel viral chromatin and that this chromatin-
remodeling activity was important for efficient HSV-1 replication.

Similar to other catalytic subunits of chromatin-remodeling
complexes, SNF2H by itself exhibits little substrate specificity. In-
stead, the target specificity of SNF2H-containing complexes is
generally conferred by the nonenzymatic subunits that associate
with SNF2H in these complexes. The different chromatin-
remodeling complexes containing SNF2H or SNF2H homologs
appear to have different and distinct biological activities, includ-
ing DNA replication through regions of heterochromatin (16, 17),
and both stimulation (18–23) and repression (24, 25) of gene ex-
pression.

It is clear that regulation of the state of chromatin of the viral
genome is important for HSV-1 replication. Most current models
involve viral gene products redirecting cellular enzymes to modify
the chromatin associated with HSV-1 genes during productive
infection. However, the roles of ATP-dependent chromatin-
remodeling factors in regulating viral chromatin state have been
less well defined, and there are currently no known chromatin-
remodeling proteins that are required for efficient HSV-1 replica-
tion and gene expression. In this report, we investigated the hy-
pothesis that the chromatin-remodeling factor SNF2H is required

for efficient HSV-1 replication by knocking down the levels of
SNF2H using RNAi and assaying the effects on viral replication,
gene expression, and chromatin state.

RESULTS
SNF2H is required for efficient HSV-1 replication. To investi-
gate the role of the cellular chromatin-remodeling factor SNF2H
in HSV-1 replication, we reduced its levels using RNAi. We trans-
fected HEp-2 cells with small interfering RNAs (siRNAs) that are
specific for SNF2H mRNA or nonspecific siRNAs that are known
not to target any human or mouse mRNAs. We observed a sub-
stantial decrease in the accumulation of SNF2H in cells trans-
fected with the SNF2H-specific siRNAs relative to cells transfected
with the nonspecific control siRNAs (Fig. 1A). The nonspecific
control siRNAs did not reduce SNF2H levels relative to mock-
transfected or nontransfected controls (data not shown). SNF2H
levels were also not changed over the course of HSV-1 infection
(Fig. 1A, lanes 1 to 4). The levels of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) were not altered following transfection
with either siRNA (Fig. 1A), demonstrating the specificity of the
SNF2H siRNAs. There were usually 10 to 25% fewer cells in the
cultures transfected with the SNF2H siRNAs at the time of infec-
tion compared to nontarget siRNA-transfected cells, but from this
time on, both populations of cells divided at similar rates (data not
shown). Additionally, there were no obvious signs of cell death
observed in cells transfected with either siRNA (not shown).

To determine whether knocking down SNF2H levels had an
effect on HSV-1 replication, we performed a single-cycle viral rep-
lication assay with HEp-2 cells that were transfected with either
SNF2H-specific siRNAs or nontarget control siRNAs. siRNA-
transfected cells were infected with HSV-1 for various times, and
the viral yield at each time point was determined by plaque assay
on Vero cells. At 30 h postinfection, by which time the viral yield
had plateaued, we observed an approximately 20-fold reduction
in replication in the cells transfected with SNF2H-specific siRNAs
relative to the cells transfected with the control siRNAs (Fig. 1B).
These results suggested that SNF2H promotes efficient HSV-1
replication.

HSV-1 replication reduction is due to decreased SNF2H lev-
els. To determine whether the reduction in HSV-1 replication was
a result of reduced levels of SNF2H, rather than nonspecific, off-
target effects of the siRNAs, we knocked down SNF2H with four
different siRNAs individually and assayed the effect of each on
SNF2H accumulation and HSV-1 replication. We observed that
all four individual SNF2H-specific siRNAs resulted in a decrease
in the levels of SNF2H when transfected into HEp-2 cells (Fig. 2A),
with SNF2H siRNA 8 resulting in the greatest decrease in SNF2H
accumulation, followed by siRNA 7, siRNA 5, and then SNF2H
siRNA 6 (Fig. 2A). SNF2H levels remained high in cells transfected
with the nontarget control siRNA (Fig. 2A), and none of the
siRNAs altered the levels of GAPDH (Fig. 2A), demonstrating the
specificity of the SNF2H knockdowns.

We next examined HSV-1 replication following knockdown of
SNF2H with each individual siRNA. We observed that transfec-
tion of each of the individual SNF2H-specific siRNAs resulted in a
reduction in HSV-1 replication relative to transfection of the con-
trol siRNA (Fig. 2B). Because all four individual siRNAs knocked
down SNF2H accumulation and also decreased HSV-1 replica-
tion, the HSV-1 replication defect is most likely a result of lower
SNF2H levels rather than nonspecific, off-target effects of the
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siRNAs, as all four siRNAs would not be expected to have the same
off-target effects. In addition, the amount of SNF2H knockdown
correlated very well with the extent of the decrease in HSV-1 rep-
lication, i.e., SNF2H siRNA 8 resulted in the most efficient knock-
down of SNF2H and also resulted in the greatest decrease in viral
replication, and siRNA 6 knocked down SNF2H the least effi-
ciently and also resulted in the smallest decrease in viral replica-
tion. These results further indicated that the decrease in HSV-1
replication was a result of reduced SNF2H levels, rather than non-
specific, off-target effects of the siRNAs.

SNF2H is required for efficient viral immediate-early gene
expression. To investigate the mechanism(s) responsible for the
observed reduction in HSV-1 replication when SNF2H levels were

knocked down, we measured the accumulation of the viral
immediate-early gene products ICP0, ICP4, and ICP27 in siRNA-
transfected cells. HEp-2 cells that were transfected with either
siRNA specific for SNF2H or the nontarget control siRNA were
infected with HSV-1, and lysates were prepared for immunoblots
at various times postinfection. In these assays, SNF2H levels were
efficiently decreased throughout HSV-1 infection following trans-
fection with the SNF2H-specific siRNAs but remained high in
cells transfected with the nontarget siRNAs (Fig. 3A). Accumula-
tion of the viral immediate-early gene product ICP0 was reduced
in SNF2H siRNA-transfected cells relative to nontarget control
siRNA-transfected cells (Fig. 3A). ICP0 expression in HSV-1-
infected cells in which SNF2H levels were knocked down was re-
duced approximately 7-fold at 4 h postinfection, approximately
4-fold at 8 h postinfection, and greater than 7-fold at 12 h postin-
fection (Fig. 3B). These results indicated that efficient expression
of ICP0 was dependent on SNF2H. We also observed a reduction
in the accumulation of ICP4 in the cells transfected with SNF2H-

FIG 1 Decreased SNF2H levels result in reduced HSV-1 replication.
(A) Immunoblot measuring levels of SNF2H following transfection of HEp-2
cells with either SNF2H-specific siRNA or nontarget control siRNA. siRNA-
transfected cells were either mock infected or infected with HSV-1 strain KOS
at an MOI of 10 for the time indicated (hours postinfection [hpi]). The cellular
GAPDH gene product serves as a recovery and loading control. (B) SNF2H
knockdown following transfection of SNF2H-specific siRNA resulted in a de-
crease in HSV-1 replication relative to viral replication in cells transfected with
nontarget control siRNA. siRNA-transfected cells were infected with HSV-1 at
an MOI of 10, and at the times indicated, samples were harvested, and viral
yield (PFU/ml) was determined by plaque assay on Vero cells. Results are
averages of at least four independent experiments, and the error bars represent
the standard errors of the means.

FIG 2 The extent of SNF2H knockdown correlates with reduction of HSV-1
replication. (A) Immunoblot evaluating the efficiency of SNF2H knockdown
following transfection of HEp-2 cells with different siRNAs targeting SNF2H
or a control nontargeting siRNA. The cellular GAPDH protein serves as a
recovery and loading control. (B) The efficiency of SNF2H knockdown corre-
lates with the extent of the observed decrease in HSV-1 replication. siRNA-
transfected HEp-2 cells were infected with HSV-1 at an MOI of 10. At 24 hours
postinfection, cultures were harvested, and viral yield was determined by
plaque assay on Vero cells. Data are presented as the fold decreases in viral
replication relative to the level of viral replication observed in HEp-2 cells
transfected with nontarget control siRNA. Results are the averages of three
independent experiments, and the error bars represent the standard errors of
the means.
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specific siRNAs at early times postinfection relative to cells trans-
fected with the nonspecific control siRNAs (Fig. 3A). The decrease
in ICP4 accumulation was approximately 10-fold at 4 h postinfec-
tion, but the levels were comparable with both siRNA treatments
at 8 and 12 hours postinfection (Fig. 3B). Similar to the case for
ICP4, accumulation of ICP27 was dependent on SNF2H at early
times postinfection but less so at later times (Fig. 3A and B). Sim-
ilar results were observed in three additional independent exper-
iments (not shown). We also observed a decrease in IE mRNA
levels in RNA hybridization assays when SNF2H levels were
knocked down (results not shown).

We also observed reductions in the accumulation of the early
ICP8 and thymidine kinase (TK) proteins, and the late glycopro-
tein C (gC) when SNF2H levels were reduced relative to the con-
trol siRNA-transfected cells (results not shown). In addition, we
observed a defect in viral DNA replication in HSV-1-infected cells
in which SNF2H levels were knocked down relative to nontarget
siRNA-transfected cells (results not shown). While expression of
the early and late gene products and replication of viral DNA may
directly depend on SNF2H, it is more likely that these defects were
a downstream consequence of the reduced levels of IE gene prod-
ucts when SNF2H levels were knocked down.

To address whether the decreases observed in the accumula-
tion of immediate-early gene products were a consequence of de-
creased levels of SNF2H, we assayed the levels of ICP0 following
infection of cells that were previously transfected with each of the
four individual siRNAs that target SNF2H. We observed a corre-
lation between the extent of SNF2H knockdown and the severity
of the decrease in ICP0 accumulation. In agreement with the re-
sults in Fig. 3, we observed that accumulation of the immediate-
early gene product ICP0 was dependent on SNF2H, and the accu-
mulation of ICP0 correlated with the levels of SNF2H (Fig. 4). For
example, SNF2H siRNA 8 knocked down the level of SNF2H to
the greatest extent and had the greatest effect on the accumulation
of ICP0, followed by siRNA 7, then siRNA 5, and then siRNA 6
(Fig. 4). These results suggested that the decrease in the accumu-
lation of ICP0 when SNF2H was knocked down was due specifi-
cally to the lower levels of SNF2H, rather than nonspecific off-
target effects following transfection of siRNAs.

FIG 3 Reducing SNF2H levels results in decreased ICP0 accumulation. (A)
Immunoblot measuring the levels of HSV-1 immediate-early proteins in
SNF2H-specific siRNA-transfected HEp2 cells relative to nontarget control
siRNA-transfected cells. The cells were either mock infected or infected with
HSV-1 at an MOI of 10 for the time indicated. (B) Quantification of the
immunoblot in panel A, as described in Materials and Methods. a.u. arbitrary
units.

FIG 4 The extent of SNF2H knockdown correlates with the reduction of ICP0 levels. Immunoblot measuring HSV-1 ICP0 protein levels in cells transfected with
SNF2H-specific or -nonspecific siRNAs. HEp-2 cells were transfected with either one of the four individual siRNAs targeting SNF2H, or the nontargeting
negative-control siRNA and were then either mock infected or infected with HSV-1 at an MOI of 10 for the time indicated. The cellular GAPDH protein serves
as a recovery and loading control.
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Association of SNF2H with the HSV-1 genome. Because re-
duction of SNF2H levels resulted in decreased levels of ICP0 ex-
pression, we hypothesized that SNF2H might directly remodel
viral chromatin. To determine whether SNF2H was associated
with viral chromatin, we performed a chromatin immunoprecipi-
tation (ChIP) assay using an antibody specific for SNF2H and
assayed the immunoprecipitated chromatin by real-time PCR us-
ing primers specific for viral promoter regions. We detected
SNF2H associating with viral promoters at 2 h postinfection
(Fig. 5A to C), and the levels were highest on the ICP0 promoter
(Fig. 5A), consistent with ICP0 being most dependent on SNF2H
for its expression. The level of SNF2H associated with the viral
genome decreased by 4 h postinfection and was nearly reduced to
background levels by 8 h postinfection (Fig. 5A to C). These results
provided evidence that SNF2H associates directly with the viral
genome and this association is detected at viral promoters. SNF2H
association with the nucleosome E (NucE) region of the cellular
pS2 promoter was also decreased during the course of infection
(Fig. 5D), suggesting that in addition to recruiting SNF2H to viral
promoters, HSV-1 infection may also reduce the association of
SNF2H with cellular targets.

Histone H3 levels are increased on viral promoters when
SNF2H levels are knocked down. To address whether SNF2H
plays a role in regulating the state of chromatin of the viral ge-
nome, we performed chromatin immunoprecipitation assays on
cells that were transfected with either an SNF2H-specific siRNA or
a nontarget control siRNA. In these ChIP assays, we used an anti-
body specific for histone H3, which we utilized as a marker for
total histone levels. We assayed the H3-immunoprecipitated
chromatin for levels of the viral immediate-early ICP0, ICP4, and
ICP27 gene promoters using quantitative real-time PCR to quan-
tify the association of histone H3 with these viral promoters dur-
ing HSV-1 infection. We observed higher levels of DNA associated
with histone H3 for all of the viral promoters tested in infected
cells when SNF2H levels were knocked down relative to control
siRNA-transfected cells (Fig. 6A to C).

For any individual combination of conditions (any one gene at
any one time point), we observed the trend of increased histone
H3 occupancy when the levels of SNF2H were reduced by RNAi,
but the small sample size and scatter in the data rendered them
statistically underpowered to detect small effects once Bonferro-
ni’s correction for multiple comparisons was applied. However,
when data were pooled across genes (combining values for one
gene at multiple time points), across time points (combining val-
ues for multiple genes at one time point), or across the whole
sample (combining values for all genes at all time points) in a
pairwise manner, these effects were highly statistically significant
(P �� 0.001 for each of these comparisons by a two-tailed Wil-
coxon rank sum test, using paired sample testing with Bonferro-
ni’s correction for multiple testing). Therefore, the increase in the
association of histone H3 with viral gene promoters when SNF2H
levels were reduced was statistically significant. These results argue
that SNF2H normally acts to remodel viral chromatin during
HSV-1 infection by removing histones from these promoters, ei-
ther directly or indirectly.

We also observed a comparable increase in the amount of his-
tone H3 associated with the promoter region of a cellular GAPDH
pseudogene, which we used as an internal cellular control, follow-
ing the histone H3 immunoprecipitation from SNF2H siRNA-
transfected cells relative to nontarget control siRNA-transfected

FIG 5 SNF2H associates with the HSV-1 genome. Chromatin immunopre-
cipitation assay measuring SNF2H levels on viral promoters in HeLa cells that
were transfected with a plasmid expressing SNF2H. Cells were infected with
HSV-1 at an MOI of 20 for the time indicated and fixed with formaldehyde.
Chromatin was prepared and subjected to immunoprecipitation using either
an antibody specific for SNF2H (SNF2H Ab) or control rabbit IgG. Immuno-
precipitated DNA was measured by real-time PCR. (A) ICP0 gene promoter;
(B) ICP4 gene promoter; (C) ICP27 gene promoter; (D) NucE region of the
cellular pS2 promoter. Data are presented as the percentages of DNA immu-
noprecipitated, and the values are the averages of three independent experi-
ments. Error bars represent the standard errors of the means.
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cells (Fig. 6D). These results suggested that the chromatin state at
this cellular locus is also remodeled by SNF2H.

We have previously observed that histone H3 loses its associa-
tion with the viral genome between 4 and 8 h postinfection, in a
viral DNA replication-independent manner (1). In this study, we
also observed a loss of association between histone H3 and the
viral genome by 8 h postinfection (Fig. 6A to C). This decrease in
histone levels was independent of SNF2H because it still occurred
when SNF2H levels were knocked down (Fig. 6A to C), suggesting
that SNF2H is likely not the chromatin-remodeling factor impor-
tant for removing histones from the viral genome at later times
postinfection.

Our results indicate that SNF2H promotes efficient HSV-1
replication and immediate-early gene expression. Furthermore,
our results argue that SNF2H associates directly with the viral
genome, perhaps to remodel the chromatin composition of the
ICP0 promoter to facilitate expression of this critical viral regula-
tory gene product.

DISCUSSION

HSV-1 DNA becomes associated with histones at early times
postinfection (1, 3), and the histones acquire euchromatic modi-
fications (4, 5); however, the levels of histones associated with the
viral genome decrease at later times postinfection (1, 3). The LSD1
demethylase is required for efficient viral IE gene expression (10),
demonstrating that euchromatic histone modifications are re-
quired for optimal viral IE gene transcription. The roles of chro-
matin remodeling and nucleosome positioning in viral gene ex-
pression and replication are less clear. Although VP16 plays a role
in recruiting BRM and BRG1 to viral IE promoters (2), those
chromatin-remodeling proteins are not required for viral gene
expression (9). In this study we have found that the SNF2H
chromatin-remodeling factor is required for optimal viral gene
expression. This argues that chromatin remodeling or removal or
repositioning of nucleosomes at viral IE genes, in addition to his-
tone modification, is needed for efficient IE gene expression.

Requirement for SNF2H for viral gene expression and repli-
cation. The decrease in HSV-1 replication and the lower levels of
ICP0 when SNF2H levels are knocked down argue that SNF2H is
required for maximal levels of viral gene expression and replica-
tion. SNF2H may be required to directly remodel viral chromatin,
or SNF2H may stimulate the expression of another cellular gene
that is directly required for efficient HSV-1 replication. Because
SNF2H associates with the HSV-1 genome in ChIP assays and
because there is an increase in the occupancy of histone H3 at viral
promoters when SNF2H is knocked down, we favor a model in
which SNF2H directly remodels viral chromatin and we think that
this activity is important for HSV-1 replication and gene expres-
sion. We attribute the decrease in viral replication when SNF2H
levels were reduced by RNAi to the observed lower levels of IE
gene products, and particularly to the decrease in ICP0 accumu-
lation.

Because the block in viral replication was not complete when
SNF2H levels were knocked down, it seems that either HSV-1
replication is not completely dependent on SNF2H or that SNF2H
is still present in sufficient amounts to allow reduced levels of viral
replication to occur. Alternatively, there may be other redundant
or homologous chromatin-remodeling pathways that are able to
partially compensate for the lower levels of SNF2H that result after
transfection of SNF2H-specific siRNA.

FIG 6 Histone H3 levels on viral promoters increase when SNF2H levels are
reduced. Chromatin immunoprecipitation assay measuring histone H3 levels
on viral promoters in HEp-2 cells that were transfected with SNF2H-specific or
nontarget control siRNA. The cells were infected with HSV-1 at an MOI of 10
for the time indicated, and then the cells were fixed. Chromatin was prepared
and subjected to immunoprecipitation using either an antibody specific for
histone H3 or normal rabbit IgG. Immunoprecipitated DNA was measured by
real-time PCR. (A) ICP0 gene promoter; (B) ICP4 gene promoter; (C) ICP27
gene promoter; (D) GAPDH pseudogene. Data are presented as the percent-
ages of the DNA immunoprecipitated with background signal from the nor-
mal rabbit IgG subtracted. The values are averages of at least five independent
experiments. Error bars represent the standard errors of the means.
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Mechanism of SNF2H regulation of HSV-1 gene expression.
The accumulation of ICP0 was highly dependent on SNF2H in
HSV-1-infected HEp-2 cells. However, knocking down the levels
of SNF2H did not have as great an effect on the accumulation of
the other immediate-early gene products, ICP4 and ICP27, espe-
cially at later times postinfection. These results raise the intriguing
possibility that the immediate-early genes can differ in their re-
quirement for cellular chromatin-modifying factors to facilitate
their expression. Consistent with this, other studies have shown
differences in the regulation of the different immediate-early gene
promoters (26–28).

The decrease in ICP0 accumulation during HSV-1 infection
when SNF2H is knocked down may be a result of the lack of
SNF2H-dependent chromatin remodeling at the ICP0 promoter.
The observed association of SNF2H with the ICP0 promoter and
the increased levels of histone H3 at the ICP0 promoter when
SNF2H levels are knocked down are consistent with this model.
However, the promoters of the other immediate-early genes in-
vestigated, the ICP4 and ICP27 promoters, also exhibit increased
histone H3 occupancy when SNF2H levels were knocked down
and associate with SNF2H in ChIP assays, albeit to slightly lower
levels, suggesting that SNF2H may exhibit different chromatin-
remodeling activities on different viral promoters. For example,
SNF2H may be able to preferentially remodel nucleosomes con-
taining modifications associated with repression of transcription
specifically at the ICP0 promoter. Another possibility is that re-
modeling of chromatin at the ICP0 promoter allows specific tran-
scriptional transactivators to recognize unique sequences at this
gene. It is also possible that the expression of ICP0 is more sensi-
tive to higher levels of nucleosomes present at its promoter than
other immediate-early genes. SNF2H is known to have different
chromatin-remodeling activities on different cellular genes (29),
so it is perhaps not surprising that SNF2H can also regulate viral
genes differentially.

It has recently been reported that nucleosomes that are remod-
eled by ISWI family chromatin-remodeling enzymes can associate
with and be modified by SET domain-containing histone methyl-
transferase enzymes, while unmodified nucleosomes or those re-
modeled by enzymes in the SWI/SNF family cannot (30). During
productive infection, histone H3 at HSV-1 promoters is trimethy-
lated on lysine 4, which is a mark of active transcription, by the
SET domain of the cellular enzyme Set1 (4). Therefore, the re-
modeling of nucleosomes on the viral genome by SNF2H may be
required for these histones to be methylated by Set1. We are cur-
rently investigating this hypothesis and are further characterizing
the chromatin state of the viral genome when SNF2H levels are
reduced by RNAi.

Recruitment of SNF2H activity to the viral genome. To com-
pete with the vastly larger number of cellular genes in the nucleus
for SNF2H association, HSV-1 genes likely encode mechanisms to
preferentially recruit SNF2H to the viral genome. The virion pro-
tein VP16 and associated host proteins are leading candidates to
direct SNF2H to the HSV-1 IE promoters. VP16 enters the in-
fected cells along with the virion (31) and stimulates expression of
IE genes. In addition, the VP16 activator complex is known to
associate with some cellular chromatin-remodeling factors (2),
and perhaps it also interacts with SNF2H. The VP16 activator
complex also interacts with histone acetyltransferase and histone
methyltransferase enzymes and recruits these proteins to viral
promoters to stimulate viral gene expression (2). This raises the

possibility that VP16 recruits multiple types of chromatin-
remodeling and histone-modifying factors to viral immediate-
early genes to ensure their expression, and perhaps VP16 recruits
different complexes to specific promoters, which may each differ
in their requirement for cellular factors.

We have shown that the viral early ICP8 gene product associ-
ates and colocalizes with SNF2H during infection (13), and there-
fore, ICP8 may recruit SNF2H specifically to viral promoters or
other regions of the HSV-1 genome. ICP8 binds to single-
stranded viral DNA as it is being replicated, raising the possibility
that ICP8 may direct SNF2H to replication forks to remodel viral
chromatin and to facilitate HSV-1 DNA replication or to remodel
viral chromatin following HSV-1 DNA replication. We have
shown that ICP8 plays a role in stimulating the expression of late
genes (32), but the mechanism of this activity remains unknown.
ICP8 may promote the expression of late genes by directing the
chromatin-remodeling activity of SNF2H to the promoters of
these late genes. However, because ICP8 is expressed after ICP0
and is not a virion component, ICP8 is probably not the viral
factor responsible for mediating the SNF2H-dependent expres-
sion of ICP0.

In this study we found that the association between SNF2H and
HSV-1 immediate-early promoters was highest at early times
postinfection and that this association decreased over the course
of infection. A similar pattern was observed for the association
between histone H3 and the viral genome (1, 3). We are currently
investigating the mechanism(s) involved in regulating the associ-
ation between SNF2H and HSV-1 chromatin, including deter-
mining whether viral proteins or DNA replication play a role in
this process.

In addition to associating with SNF2H and recruiting this en-
zyme to the HSV-1 genome, viral factors might facilitate the asso-
ciation of SNF2H with the viral genome by disrupting the inter-
actions between SNF2H and its cellular targets by displacing or
modifying cellular cofactors that normally interact with SNF2H.
We observed a decrease in the levels of SNF2H associated with the
cellular pS2 promoter during the course of HSV-1 infection,
which is consistent with this possibility. We are currently investi-
gating which SNF2H-containing complex is responsible for stim-
ulating viral immediate-early gene expression and also whether
HSV-1 infection modifies or alters the composition of SNF2H
complexes.

Additional activities of chromatin-remodeling complexes in
HSV-1 productive infection. We and others have shown that the
HSV-1 genome associates with histones rapidly following infec-
tion and that the association of viral DNA with histones decreases
at later times postinfection (1, 3). The consequences of this change
in histone association with the viral DNA are not understood. At
this time, the mechanisms and factors involved in the decrease of
histone association with the viral genome are also not well defined.
It is unlikely that SNF2H plays a major role in this activity because
we observed a dramatic decrease in the levels of histone H3 asso-
ciation with the viral genome between 4 and 8 h postinfection in
cells with SNF2H levels reduced by RNAi. We are currently inves-
tigating whether other cellular chromatin-remodeling factors are
responsible for the decreased association of the HSV-1 genome
with nucleosomes at later times postinfection. Viral DNA that is
packaged into virions does not contain nucleosomes, so it is pos-
sible that the mechanism responsible for the decreased association
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of viral DNA with nucleosomes at late times postinfection also
ensures that packaged genomes are histone free.

During the course of this study, we observed decreased expres-
sion of viral early and late genes, as well as decreased levels of
HSV-1 DNA replication, when SNF2H levels were lowered by
RNAi. We attributed these observations to downstream conse-
quences of reduced viral immediate-early gene expression. We
cannot exclude the possibility that SNF2H and/or other
chromatin-remodeling factors play a direct role in regulating all of
the classes of viral gene expression as well as viral DNA replication.

The work described in this report establishes SNF2H as a cel-
lular factor that plays a role in remodeling the chromatin state of
the HSV-1 genome and that promotes efficient viral gene expres-
sion and replication. This work also sheds new light on the mech-
anisms involved in regulating chromatin dynamics during HSV-1
infection and in regulating the expression of viral genes. In partic-
ular, this is the first report of an ATP-dependent chromatin-
remodeling enzyme being required for efficient HSV-1 gene ex-
pression and demonstrates that nucleosome positioning, in
addition to histone modification, may play a key role in regulating
the expression of viral genes. Furthermore, these results further
establish HSV-1 infection as a useful model system to investigate
mechanisms involved in chromatin-mediated regulation of gene
expression, specifically to investigate the mechanisms by which
SNF2H remodels chromatin.

MATERIALS AND METHODS
Cells and viruses. HEp-2, HeLa, and Vero cells were obtained from
American Type Cell Culture (Manassas, VA). The cells were maintained
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 5%
heat-inactivated fetal bovine serum and 5% heat-inactivated newborn calf
serum (NCS).

All experiments were performed with HSV-1 wild-type strain KOS
(33). This virus was propagated and titrated on Vero cells following stan-
dard procedures.

siRNA transfections. Double-stranded SNF2H-specific and nontar-
get control siRNAs were purchased from Dharmacon. The siRNAs (non-
target siRNA 1, 5=-UGGUUUACAUGUCGACUAA-3=; SNF2H siRNA 5,
5=-GGAAUGGUAUACUCGGAUA-3=; SNF2H siRNA 6, 5=-GGGCAAA
UAGAUUCGAGUA-3=; SNF2H siRNA 7, 5=-GGAUUUACCAAUUGGA
AUA-3=; SNF2H siRNA 8, 5=-GUUCUUUCCUCCACGUUUA-3=) were
transfected into HEp-2 cells using the HiPerFect transfection reagent
(Qiagen) at a final siRNA concentration of 5 nM according to the manu-
facturer’s instructions. At 3 days following the siRNA transfection, the
cells were passaged and transfected a second time following the same
protocol. Three days following the second transfection, cells were assayed
for SNF2H levels by immunoblotting and/or infected with HSV-1.

Immunoblotting. Cell monolayers were washed with phosphate-
buffered saline supplemented with calcium and magnesium (PBS-ABC),
and lysates were prepared by scraping cells into 2� SDS-PAGE loading
buffer and boiling for 5 min. Polypeptides were resolved by SDS-PAGE
and transferred to a polyvinylidene difluoride (PVDF) membrane. Mem-
branes were blocked for 1 h at room temperature with 5% milk in Tris-
buffered saline with 0.1% Tween 20 (TBST). Blocked membranes were
reacted with primary antibodies diluted in 5% milk in TBST. The anti-
bodies were SNF2H rabbit polyclonal antibody (Bethyl Laboratories) (at a
dilution of 1:2,500), GAPDH mouse monoclonal antibody (Applied Bio-
logical Materials Inc.) (1:20,000), ICP0 mouse monoclonal antibody (East
Coast Bio) (1:5,000), ICP27 mouse monoclonal antibody (Abcam) (1:
20,000), and ICP4 58S mouse monoclonal antibody (gift from Neal De-
Luca [34]) (1:10,000). Horseradish peroxidase (HRP)-conjugated sec-
ondary antibodies (Santa Cruz Biotechnology) were diluted 1:5,000 to

1:20,000 in TBST with 5% milk. Immunoblots were developed using ECL
reagents (Pierce).

Viral replication assays. Cells were counted prior to infection to allow
for accurate determination of the multiplicity of infection (MOI). Cell
monolayers were rinsed with PBS-ABC supplemented with 1% inacti-
vated calf serum and 0.1% glucose (PBS-ICS) and were then infected with
HSV-1 at an MOI of 10 PFU/cell in PBS-ICS in a 37°C shaking incubator.
Following a 1-h adsorption, the monolayers were washed with acid wash
solution (40 mM citric acid, 10 mM potassium chloride, 135 mM sodium
chloride) and with DMEM supplemented with 1% inactivated calf serum.
After the washes, DMEM with 1% serum was added to the cells, and
infection was allowed to proceed for the amount of time indicated. The
cultures were harvested by scraping the infected-cell monolayer followed
by freezing the scraped cells and media from the culture. Following the
freeze-thaw cycle, the lysate was clarified by centrifugation, and viral
yields were determined by plaque assay on Vero cells.

Immunoblot quantification. Lysates from nontarget siRNA-
transfected HEp-2 cells infected with HSV-1 at an MOI of 10 for 12 h were
prepared as described above and were diluted to generate a standard
curve. These diluted samples were resolved and immunoblotted in paral-
lel with the other infected-cell samples, as described above. Values for the
intensity of each band on scanned films were obtained using Quantity
One software (Bio Rad). The standard curve dilutions were assigned ar-
bitrary concentrations and were used to determine concentrations for
each unknown sample.

Plasmid construction and transfection. pFB.SNF2h.c-FLAG (35),
which is a plasmid used to generate recombinant baculovirus expressing
FLAG-tagged SNF2H, was kindly provided by R. Kingston. The SNF2H-
coding region was isolated by digesting pFB.SNF2h.c-FLAG with BamHI,
blunting the sticky ends with the Klenow fragment of DNA polymerase I,
and digesting with XbaI. The fragment containing SNF2H sequences was
purified using the QIAquick gel extraction kit (Qiagen) and ligated to the
pCI� vector (which is pCI [Promega] digested with AflII and religated to
remove the intron [36]) that was digested with EcoRI, blunted with Kle-
now fragment, and digested with XbaI. The resulting plasmid,
pCI�.SNF2H.FLAG, was transfected into HeLa cells in 10-cm dishes us-
ing Effectene transfection reagents (Qiagen) according to the manufac-
turer’s instructions.

ChIP assays. The SNF2H chromatin immunoprecipitation (ChIP) as-
say was performed as described previously (1), but with some modifica-
tions. pCI�.SNF2H.FLAG-transfected HeLa cells in 10-cm dishes were
infected with HSV-1 at an MOI of 20. At the times postinfection indicated,
the cells were fixed and cross-linked by adding formaldehyde to a final
concentration of 1% and incubated at room temperature for 20 min with
gentle shaking. Formaldehyde was quenched by adding glycine to a final
concentration of 125 mM and incubating at room temperature for 5 min
with gentle shaking. The fixed-cell monolayer was then washed twice with
cold PBS-ABC and scraped into fresh cold PBS-ABC containing 1� Com-
plete protease inhibitors (Roche), and the cells were collected by centrif-
ugation. The cell pellets were frozen at �80°C and later thawed on ice,
lysed in 250 �l of radioimmunoprecipitation assay (RIPA) lysis buffer
(10 mM sodium phosphate, 150 mM sodium chloride, 1% NP-40, 1%
sodium deoxycholate, 0.1% SDS, 2 mM EDTA, 1� Complete protease
inhibitors) on ice for 20 min, and chromatin was fractionated by sonica-
tion using a Bioruptor 200 (Diagenode) for three cycles of 15 s on and 45 s
off for 10 min, followed by three cycles of 30 s on and 30 s off for 5 min on
the high-power setting. The majority of the DNA fragments were less than
1 kbp. The chromatin was subjected to centrifugation, and the superna-
tant containing the soluble chromatin in each sample was divided into two
100-�l aliquots, one for the SNF2H ChIP and the other for a control
rabbit IgG ChIP. The chromatin was then diluted 1:10 in ChIP dilution
buffer (150 mM sodium chloride, 10 mM sodium phosphate, 2 mM
EDTA, 1.1% Triton X-100, 0.1% SDS, 1� Complete protease inhibitors)
to a total volume of 1 ml. Five percent of each sample was removed to use
to generate standard curves for real-time PCR analysis (see below) and to
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determine the input value for each sample. SNF2H rabbit polyclonal an-
tibody (Bethyl) or control rabbit IgG (Millipore) was added (2 �g), along
with 20 �l of Magna ChIP protein A magnetic beads (Millipore), and
samples were incubated overnight on a rotating incubator at 4°C. Im-
mune complexes were washed twice with ChIP dilution buffer, twice with
lithium chloride wash buffer (50 mM HEPES [pH 7.5], 250 mM lithium
chloride, 1% NP-40, 1% sodium deoxycholate, 1 mM EDTA, 0.7% so-
dium deoxycholate, 1� Complete protease inhibitors), and twice with
Tris-EDTA (TE) buffer. The chromatin was eluted from the beads by
adding elution buffer (1% SDS, 100 mM sodium bicarbonate) and heat-
ing to 65°C. Sodium chloride was added to a final concentration of
200 mM, and the cross-linking was reversed by heating to 95°C for 15 min.
Samples were treated with 1 �g RNase A for 30 min at 37°C and then with
proteinase K for 1 h at 45°C, and the eluted chromatin was purified using
the QIAquick PCR purification kit (Qiagen).

The histone H3 chromatin immunoprecipitation assay was performed
similarly to the SNF2H ChIP, with minor changes described below.
siRNA-transfected HEp-2 cells were infected with HSV-1 at an MOI of 10.
At the times postinfection indicated, the cells were fixed, cross-linked, and
harvested as described above for the SNF2H ChIP assay. The cell pellets
were frozen at �80°C, thawed on ice, and lysed with SDS lysis buffer (1%
SDS, 10 mM EDTA, 50 mM Tris [pH 8.1], 1� Complete protease inhib-
itors) on ice for 20 min. Chromatin was prepared, and samples were
incubated with antibodies as described above. The chromatin was diluted
1:10 in ChIP dilution buffer (150 mM sodium chloride, 10 mM sodium
phosphate, 2 mM EDTA, 1.1% Triton X-100, 0.01% SDS, 1� Complete
protease inhibitors), and diluted chromatin was precleared with single-
stranded DNA (ssDNA)-protein A agarose beads. An aliquot containing
5% of each sample was removed to use to generate standard curves for
real-time PCR analysis and to determine the input value for each sample.
ChIP-grade histone H3 rabbit polyclonal antibody (Abcam) or control
rabbit IgG (Millipore) (1.5 �g) was added to each sample, and the samples
were incubated overnight on a rotating incubator at 4°C. Immune com-
plexes were isolated by collection on ssDNA-protein A agarose beads. The
beads were washed twice with ChIP dilution buffer, once in ChIP dilution
buffer with 500 mM sodium chloride, once with lithium chloride wash
buffer (250 mM lithium chloride, 1% NP-40, 1% sodium deoxycholate,
1 mM EDTA, 20 mM Tris [pH 8.1], 1� Complete protease inhibitors),
and twice with TE buffer. The chromatin was eluted from the beads,
cross-links were reversed, and DNA was purified as described above.

Real-time PCR. Real-time PCR was performed as described previ-
ously (1) using Power SYBR green master mix and a Prisma 7300 sequence
detection system (Applied Biosystems) according to the manufacturer’s
recommendations. The final volume of each reaction mixture was 25 �l,
which contained a final concentration of 100 nM of the primers specified
(the primer sequences were as follows: for ICP0, 5=-CGCCTTCCCGAAG
AAACTCA-3= [forward] and 5=-CGCTCAATGAACCCGCATT-3= [re-
verse]; for ICP4, 5=-GCGCTCCGTGGGACGAT-3= [forward] and 5=-CG
GCCCCTGGGACTATATGA-3= [reverse]; for ICP27, 5=-CCGCCGGCC
TGGATGTGACG-3= [forward] and 5=-CGTGGTGGCCGGGGTGGTG
CTC-3= [reverse]; for the GAPDH pseudogene, 5=-TTCGACAGTCAGC
CGCATCTTCTT-3= [forward] and 5=-CAGGCGCCCAATACGACCAA
ATC-3= [reverse]; for the NucE region of the pS2 gene, 5=-CCGGCCATC
TCTCACTATGAA-3= [forward] and 5=-CCTTCCCGCCAGGGTAAAT
AC-3= [reverse]). The specificity of each PCR product was evaluated by
performing a dissociation curve for each reaction. In each PCR run, the
samples were measured in duplicate, and their relative abundance was
determined by comparison with values obtained for a standard curve that
was generated by serial 10-fold dilutions of the HSV-1-infected input
samples. The real-time PCR results for the ChIP experiments are pre-
sented as the percent immunoprecipitated, which was calculated as the
signal with the specific antibody (histone H3 or SNF2H) divided by the
value obtained from 1% input of the corresponding sample. For the his-
tone H3 ChIPs, the control IgG background was subtracted from the
specific histone H3 signal.

Statistical analysis. Statistical analysis was performed using the R
package of statistical software (http://cran.r-project.org). Significance
testing was done by applying a two-tailed Wilcoxon rank sum test, using
paired-sample testing with Bonferroni’s correction for multiple testing.
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