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STAT1 binds to the herpes simplex virus type 1
latency-associated transcript promoter
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The authors hypothesized that environmental stimuli induce cytokines that act
through an intracellular cascade, which includes signal transducers and acti-
vators of transcription (STATs), to change herpes simplex virus (HSV) gene ex-
pression, thereby inducing viral reactivation. The HSV type 1 (HSV-1) latency-
associated transcript (LAT) gene regulates viral reactivation within neurons
via an unknown mechanism. HSV-1 deletion mutants that are missing key por-
tions of the LAT gene, particularly the 3’ region of the LAT promoter, do not
reactivate normally in vivo. The authors hypothesized that STAT transcription
factors may bind in this region to regulate viral reactivation. Electrophoretic
mobility shift assay (EMSA) experiments were performed by incubating mouse
trigeminal ganglion (TG) nuclear extracts with each of three overlapping se-
quences representing the 3’ region of the HSV-1 LAT promoter (referred to as
oligos L1, L2, and L3). The ganglionic nuclear extracts bound specifically to
oligos L1 and L3, but not L2. Oligos L1 and L3 contain predicted STAT bind-
ing sequences whereas L2 does not. Specific binding to oligo L3 (including the
TATA box sequence) was supershifted by incubating with anti-STAT1 antibod-
ies, but not by incubating with anti-STAT3 or anti-STAT5a antibodies. Specific
L3 binding was reduced by competing with excess unlabeled STAT1 consensus
sequences. These results indicate that STAT1, probably as part of a complex, is
capable of binding to the LAT promoter on or near the TATA box. Further stud-
ies are required to determine if STAT1 is required for LAT expression in vivo.
This work supports the hypothesis that interferons act through STAT1 to reg-
ulate the expression of HSV-1 LAT. Journal of NeuroVirology (2004) 10, 12—20.
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Introduction

Herpes simplex virus (HSV) type 1 (HSV-1) and
HSV type 2 (HSV-2) cause orolabial herpes, ocu-
lar herpes, and genital herpes. These diseases are
the most common recurrent viral infections in hu-
mans, affecting millions of persons worldwide. At
least 20% of the U.S. population, over 40,000,000
people, experience periodic vesicular HSV lesions
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on the lip, face, or mouth (Spruance, 1995). Approxi-
mately 400,000 persons have experienced herpes ker-
atitis (corneal infection), an important subset of HSV-
1 infections (Dawson, 1995). HSV infects epithelial
surfaces andthen enters sensory nerves where it es-
tablishes viral latency. Latent HSV exists as episomes
(circular double-stranded DNA) within the nuclei of
sensory neurons. These latently infected sensory neu-
ron cell bodies are located predominantly within the
trigeminal ganglion (TG), the major site of HSV-1 la-
tency, and the sacral (dorsal root) ganglia, the pre-
dominant site of HSV-2 latency.

Only one region of the HSV genome is abundantly
transcribed during latency, producing several viral
RNAs called latency-associated transcripts (LATS)
(Stevens, 1990; reviewed by Block and Hill, 1997;
Fraser et al, 1992). The abundant expression of LATs
from the latent viral genome is unique to HSV. The



LAT region appears to play an important role in HSV
reactivation because deletion of this region prevents
most reactivations, at least in animal models (Hill
et al, 1990; Perng et al, 1994, 1996). Some investi-
gators have shown that LAT expression is important
for the efficient establishment of latency (Perng et al,
2000b; Sawtell, 1998; Sawtell et al, 1998), but this
observation does not explain why LAT is transcribed
after viral latency is fully established. Although no
LAT-encoded protein has ever been positively iden-
tified (Drolet et al, 1998), recent efforts suggest that
LAT encodes a phosphorylated protein that forms
punctate structures within cell nuclei (Thomas et al,
1999, 2002). Other studies show that LAT may act
as a repressor of viral immediate-early gene expres-
sion (Mador et al, 1998) and/or as an antiapoptotic
gene, preventing the death of neurons latently in-
fected with HSV (Ahmed et al, 2002; Henderson et al,
2002; Perng et al, 2000a, 2002). The precise function
of the HSV-1 LAT remains controversial.

The LAT domain, including its promoter region, is
8.3 kb in length (Figure 1). The large primary LAT
transcript is processed into stable 1.5- and 2.0-kb
introns, which accumulate and persist in neuronal
nuclei. Two promoters have been identified within
the LAT domain, including LAP1, responsible for
LAT expression during latency, and LAP2, respon-
sible for expression during lytic infection (Chen
et al, 1995). Reporter construct studies show that
the 3’ end of the LAT promoter (LAP1) is primarily
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responsible for ongoing LAT expression (Ackland-
Berglund et al, 1995; Dobson et al, 1995; Perng et al,
1996; Zwaagstra et al, 1991). Transcription factors
previously shown to bind in this region include
cAMP response element-binding protein (CREB)
and the LAT promoter—binding factor (LPBF; see
Figure 1). Mutation studies show that deletions
within the 3’ LAT promoter region inhibit viral reac-
tivation, whereas the reactivation is preserved when
the LAT intron region is deleted (Hill et al, 1990;
Kriesel et al, 1998). This accumulated data suggest
that it is LAT transcription, rather than accumulation
of the stable intron, that controls HSV-1 reactivation.

HSV can be induced to reactivate in humans and
animal models by different stimuli, including ultra-
violet (UV) radiation and fever. The exact sequence
of events that leads from the stimulus to viral reac-
tivation is unknown, but recent studies suggest that
the cytokines interleukin (IL)-6, ciliary neurotrophic
factor (CNTF), nerve growth factor, and interferon
(IFN) are involved (Cantin et al, 1999; Halford et al,
1996; Hendricks et al, 1991, 1992; Kriesel et al,
1994, 1997, 1998). Each of these cytokines can alter
cellular gene expression through the Janus kinase—
activator of transcription (JAK-STAT) intracellu-
lar signal cascade (Chatterjee-Kishore et al, 2000;
Rajan et al, 1998). We hypothesized that these re-
activating stimuli may work through cytokines and
JAK-STAT signaling to induce the expression of HSV
genes. We have recently demonstrated the presence
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Figure 1 The linearized HSV-1 genome (A), the LAT domain (B), and the LAT promoter region (C-E). The regulatory terminal (TR;,, TR;)
and inverted (IR, IR,) repeat regions flank the unique long (Uy) and short (Us) regions, which contain the majority of HSV-expressed
genes. The LAT domain is transcribed from the inverted repeat regions (IR, IR;). Nucleotide numbers within the Genbank HSV-1 genomic
sequence are shown. The LAT promoter LAP1 was arbitrarily divided into 5’ and 3’ regions (C). The 3’ region encodes important tran-
scription regulatory elements. The 165-bp 3’ LAT promoter region was divided into three oligonucleotides (L1, L2, and L3) for EMSA (gel
shift) analysis (D). Transcription factor binding sites (E) were either predicted from the sequence in this region (STAT1 and STAT3) or

were suggested by previous studies (LPBF and CREB).
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of several STATs in TG neurons, both in mice and
humans (Kriesel et al, 2001). Using the GenBank
HSV-1 database (McGeouch et al, 1988), we identified
four possible STAT binding sites within the HSV-1
LAT promoter (Akira et al, 1995; Kriesel et al, 1998;
Schindler and Darnell, 1995). Two of these four sites
lie between nucleotides 118,676 and 118,836, within
the 3’ LAT promoter (see Figure 1). To explore the po-
tential role of cytokines and the JAK-STAT cascade
in HSV reactivation, electrophoretic mobility shift
assay (EMSA) was performed to determine whether
TG nuclear extracts (containing STATs) could bind to
the 3’ LAT promoter region, arbitrarily divided into
the three overlapping oligonucleotides L1, L2, and
L3 (Figure 1). Mouse TG nuclear extracts specifically
bound to oligonucleotides L1 and L3, but not L.2, cor-
responding to predicted STAT1 and STAT3 binding
sites. Evidence of specific STAT1 binding to the L3
oligonucleotide, including a transcription start site
(TATA box), is presented below.

Results

EMSA

Three radiolabeled HSV-1 LAT promoter double-
stranded DNA probes, 50 to 65 bp in length (oligos L1,
L2, and L3), were incubated with 1 ug of mouse TG
nuclear extracts. DNA-TG nuclear extract complexes
were separated by polyacrylamide gel electrophore-
sis (PAGE) and confirmed by adding 200x excess of
cold, unlabeled probe (Figure 2). EMSA using oligo
L1 (representing HSV-1 bp 118676 to 118726) re-
vealed three specific HSV-1 DNA-TG nuclear extract
complexes. Two specitfic HSV-DNA complexes were
demonstrated in the oligo L3 region (representing
HSV-1 bp 118769 to 118834). EMSA with oligo L2
(representing HSV-1 bp 118721 to 118771) revealed
a faint band with the addition of TG nuclear extracts
to the probe. However, this weak binding did not dis-
appear with the addition of cold probe, indicating
that this observed binding was nonspecific. This faint
nonspecific binding was observed with the addition
of 10x, 50x, and 200x cold probe (data not shown).
No specific binding of TG nuclear extracts occurred
in this region of the LAT promoter under these
conditions.

Supershifting

Oligos L1 and L3 were incubated with TG nuclear
extracts and 2 or 8 ug of anti-STAT1, anti-STAT3, or
anti-STAT5b antibodies. Specific HSV DNA-TG com-
plexes were again observed with oligos L1 and L3.
Addition of anti-STAT1 antibodies to the reaction
mixture caused supershifting of the oligo L3—TG DNA
complex (Figure 3), but not of the oligo L1-TG DNA
complex. Neither anti-STAT3 nor anti-STAT5b anti-
bodies cause supershifting of the oligo L3-TG DNA
complexes (data not shown). STAT1 supershifting of
the oligo L3—TG DNA complex was consistently ob-
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Figure 2 Mouse TG nuclear extracts bind specific to HSV-1 LAT
promoter DNA. Radiolabeled double-stranded DNA probes from
the 3’ region of the HSV-1 LAT promoter (Oligos L1, L2, and L3)
were incubated with uninfected TG nuclear extracts with or with-
out 200x competing cold probe. The control (probe only), test
(probe + TG), and cold probe competitor control (probe + TG
+ cold) lanes displayed were run simultaneously through single
native polyacrylamide gels for each oligo. Specific DNA-nuclear
extract complexes (arrows) were observed with Oligos L1 and L3.

served in several experiments during these studies.
The results suggest that STAT1 forms part of a DNA-
protein complex that can bind only to the extreme 3’
end of the HSV-1 LAT promoter.

Site-directed mutagenesis

Mutation of the STAT1 and STAT1/3 consensus sites
in oligo L3 was performed to determine whether
this would affect the specific binding observed. To
switch purines and pyrimidines in the putative active
sites, adenine was changed to cytosine and thymidine
was changed to guanine where possible within the
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Figure 3 Mutation of the LAT promoter Oligo L3 affects STAT1 supershifting. Uninfected TG nuclear extracts were incubated with site-
specific oligo L3 mutants with and without anti-STAT1 antibodies. The sequence of Oligo L3 is 5-CAGCCTTTATAAAAGCGG GGGCGCG-
GCCGT GCCGATCGCG GGTGGTGCGAAAGACTTTCCGGGCGCG-3' with the predicted STAT binding sites in bold. Mutation of either
the predicted (upstream) STAT1 or (downstream) STAT1/3 binding sites decreased STAT1 supershifting of the oligo. Mutation of both sites
virtually eliminated STAT1 supershifting. Non—STAT1-specific binding was not appreciably affected by these site-directed mutations.

predicted STAT consensus binding sites. Mutation of
either these predicted binding sites decreased the in-
tensity of the STAT1 supershifted band (Figure 3).
Mutation of both sites virtually eliminated STAT1
supershifting in this system. The pattern of TG-DNA
complex binding not attributable to STAT1 (the lower
bands in Figure 3) was altered somewhat by mutat-
ing oligo L3 in this manner, but this binding was still
detectable and was competed out by cold oligonu-
cleotide. Because mutation of both the STAT1 and
STAT1/3 sites affected supershifting, these studies
suggest that STAT1 binding to oligo L3 is complex
and involves both sites.

Competition studies

Competition studies using 10- and 50-fold excesses
of commercially available STAT1, STAT3, or STAT5
consensus binding oligonucleotides were also per-
formed (Figure 4). These experiments showed that
the STAT1 consensus oligonucleotide, but not the
STAT3 or STAT5 consensus oligonucleotides, effec-
tively competed with TG nuclear extracts for the
binding of oligo L3. These consensus STAT oligos
did not significantly compete for TG nuclear extract
binding of oligo L1 (data not shown). The STAT1 con-
sensus oligonucleotide only partially inhibited the

binding TG nuclear extracts to L3, but the level of in-
hibition (about 30%) was approximately equivalent
to direct inhibition of binding by a 10-fold excess of
cold L3 oligo. These results support the supershifting
studies, indicating that STAT1 in TG nuclear extracts
binds to the distal LAT promoter oligo L3 in vitro.

Effects of HSV-1 infection, LAT expression,

and UV exposure

It was hypothesized (1) that the presence of the LAT
itself might up-regulate STAT1 expression and bind-
ing in the TG, and (2) that corneal UV exposure
would reduce local interferon expression and, there-
fore, down-regulate STAT1 expression and binding
in the TG. Groups of mice were latently infected with
parent HSV-1 (strain 17 syn+), a LAT-negative mutant
(strain 17-deltaPST), or its LAT-expressing rescuant
(17-deltaR1). The left TGs from these mice were har-
vested 0 (unexposed), 4, or 24 h after left corneal UV
exposure. Densitometry performed on the L3 oligo
STAT1 supershifted complexes revealed no effects of
latent HSV-1 infection, LAT expression, or previous
corneal irradiation (Figure 5). The experiment was
performed twice and similar results were obtained
each time. These experiments confirmed the anti-
STAT1 supershifting of L3 oligo complexes in the
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Figure 4 The STAT1 consensus binding oligonucleotide com-
petes for binding of the LAT promoter oligo L3. Ten- and 50-fold
molar excesses of commerically obtained STAT consensus binding
oligonucleotides were added to TG nuclear extracts and the LAT
promoter oligo L3. (A 200-fold excess was cost prohibitive.) Densit-
ometry was performed to determine the intensities of the specific
binding observed. Band intensities for the competing oligonu-
cleotides are shown as percent of the positive, uncompeted con-
trol value (e.g., “None”). Specific binding of TG nuclear extracts to
the L3 oligo was consistently decreased in the presence of STAT1
consensus binding oligonucleotide, similar to competition with
the cold L3 oligo. STAT3 and STAT5b consensus binding oligonu-
cleotides did not affect specific binding of TG nuclear extracts to
the L3 oligo.

presence and absence of latent HSV-1 infection, with
or without LAT production.

Discussion

These studies show that STAT1 is present in TG nu-
clear extracts and is capable of binding the 3’ region
of the HSV-1 LAT promoter in vitro. The other STATs
studied, STAT3 and STAT5b, did not bind in this re-
gion, despite the presence of some predicted binding
sites identified in this nucleotide sequence. STAT1
binding to the 3’ region of the HSV-1 LAT promoter
was supported by several lines of evidence, including
(1) anti-STAT1 antibody supershifting of HSV DNA-
TG nuclear extract complexes; (2) site-directed mu-
tation of the putative STAT1 binding site; and (3)
STAT1 consensus binding oligonucleotide competi-
tion experiments. These studies demonstrated STAT1
binding to TG nuclear extracts taken from live ani-
mals, not cell cultures.

The present study does not prove that STAT1 binds
HSV-1 LAT in vivo or drives its expression, but these
possibilities are raised for future investigation. We
know from a recent immunohistochemical study that
the STATs, including STAT1, are present primarily
in TG neurons both in mice (as used for this study)

and in humans (Kriesel et al, 2001). STAT1 is not
prominent in non-neuronal cells or connective tissue
within these ganglia, so these results are relevant to
TG neurons, the site of HSV-1 latency.

This study appears to contradict the findings of
Zwaagstra et al (1991), who demonstrated a binding
site they designated “LPBF” in the region we studied.
As shown in Figure 1, we expected the LPBF site to
fall within the L2 oligo region, yet no specific bind-
ing to mouse TG nuclear extracts was demonstrated.
A possible explanation for this difference in results
is the use of cell culture extracts by Zwaagstra et al
versus murine TGs in the present study.

Many potential STAT1 binding sites (TTNNNN
NAA) exist within the HSV-1 genome. However, not
all these sites will actually bind STAT1, as we showed
with the L1 oligo, which, despite the presence of a
predicted site, did not appear to bind STAT1 in our
TG nuclear extract system. STAT1 may have multiple
sites of activity on the HSV-1 genome, analogous to
its activity as a mediator of the interferon response at
multiple sites on the human genome.

Although this study demonstrates the presence of
STAT1 in TG neurons and its ability to bind the distal
LAT promoter on or near the transcription initiation
site (TATA box), there are important limitations. First,
these studies were conducted in vitro using quiescent
TGs, not TGs from acutely infected animals. Binding
of neuronal proteins to the LAT promoter might be
quite different during acute infection when a num-
ber of inducible factors would be present. Demon-
strating STAT1 binding to latent HSV-1 LAT in vivo,
perhaps using DNA footprinting, before, during, and
after acute HSV infection would be a logical exten-
sion of these studies. Second, even if we assume that
binding of STAT1 to LAT promoter does occur in vivo,
the effects of such binding on viral reactivation re-
main unknown. These effects could be investigated
by making viral mutants with small deletions in the
putative STAT1 binding sites or a scrambled distal
LAT promoter, then infecting animals and measur-
ing reactivation. It should be noted that the exist-
ing HSV-1 mutant 17APST has a 202-bp deletion in
this area, beginning at HSV-1 bp 118664 and extend-
ing through 188866, including most of the region we
studied (all of oligos L1 and L2, half of L3) (Block
and Hill, 1997; Bloom et al, 1994). 17APST has a
markedly impaired reactivation phenotype in animal
models.

Neither latent HSV-1 infection nor a corneal UV
stimulus appeared to affect STAT1 binding to the dis-
tal LAT promoter in vitro (Figure 5). These results
suggest that the STAT1-LAT promoter complexes
formed are stable and unaffected by these various
conditions. It was anticipated that ocular UV radi-
ation, a stimulus known to cause HSV-1 reactivation,
might drive a change in neuronal STAT1 transcrip-
tion or binding via interferon signaling. However,
the data presented here do not support a direct link
between ocular UV and neuronal STAT1 activity at
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Figure 5 STAT1 supershifting of the L3 oligo in TGs latently infected with HSV-1, with and without LAT expression and reactivation
stress. Groups of 3 mice each were latently infected with parent HSV-1 (strain 17-syn+), a LAT-negative mutant (strain 17-APST), or
its LAT-expressing rescuant (17-AR1). The left TGs from these mice were harvested 0 (unexposed), 4, or 24 h after left corneal UV
exposure given at a dose previously determined to cause HSV-1 reactivation in this model. EMSA using oligo L3 as the probe and STAT1
supershifting were performed on nuclear extracts from the harvested TGs. Controls included probe only, cold competitor, and TG nuclear
extracts with and without STAT1 antibodies, and TG nuclear extracts with anti-TATA binding protein (TBP) antibodies.

the time points we studied. Whole TGs were used in
these experiments, not just the neurons responsible
for corneal innervation. Therefore, it is possible that
there is a limited effect of ocular UV on STAT1 ex-
pression or binding within the few TG neurons that
innervate the cornea. Such a limited, specific effect
would have been undetectable by the methods used
here. Alternatively, ocular UV exposure may exert its
immunosuppressive effects only at the corneal sur-
face (McKenzie and Sauder, 1994), leaving STAT1
binding or expression in the TG unaffected. Finally,
it is possible that the wrong time points were chosen
after UV exposure and that effects on LAT binding are
seen much later, perhaps 2 to 4 days after exposure,
the time required for HSV-1 to appear at the corneal
surface. LAT-producing neurons comprise only 1% to
5% of the sensory neurons in the TG. If LAT did have
an effect on STAT1 binding to the HSV-1 genome,
but only within LAT-producing neurons, this would
have been overwhelmed by the 95+% of neurons that
are LAT negative, and, therefore, undetectable in our
system. Studies quantitating LAT expression in the
neurons responsible for innervating the cornea would
be helpful to sort this out. Also, LAT expression in
STAT1 knockout mice or cells might help to settle
this question.

STATs, intracellular effectors of the immune sys-
tem, are present within latently infected neurons
where they may regulate HSV LAT expression.
STAT1 is the transcription factor activated by inter-
ferons, antiviral proteins made to halt the spread of
viral infections. It was demonstrated here for the first
time that activated STAT1 is present in the mouse
TG where it is capable of binding the 3" HSV-1 LAT
promoter. These studies are a prelude to further in-
vestigation of the role of binding of STAT1 to LAT in
HSV-1 neuronal latency and reactivation.

Materials and methods

TG harvests and nuclear extractions

The experiments shown in Figures 2 to 4 were per-
formed using uninfected Balb/c mice. The ganglia
were removed and immediately frozen for subse-
quent nuclear extractions. These animal procedures
conform with United States Department of Agricul-
ture (USDA) guidelines and have been approved by
the University of Utah Animal Care and Use Com-
mittee. TGs harvested from the mice were gently
homogenized and suspended using a Kontes pellet
pestle (Kontes, Vineland, NJ). The cell suspensions
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were washed twice with ice-cold phosphate-buffered
saline containing 1 mM phenylmethylsulfonyl fluo-
ride (PMSF), resuspended, and homogenized in 1 ml
(low salt) buffer A (10 mM HEPES, pH 7.9, 10 mM
KCl, 1 mM EDTA, 1 mM EGTA, 1 pg/ml aprotinin,
100 uM leupeptin, 1 mM PMSF, 1 mM dithiothreitol
[DTT], and 0.5% Nonidet P-40). After centrifugation
at 500 x g for 5 min, the cytoplasmic fraction (super-
natant) was collected. The nuclear pellets were then
washed in buffer A without Nonidet P-40. The sam-
ples were homogenized in 50 ul of (high salt) buffer B
(10 mM HEPES, pH 7.9, 420 mM NaCl, 25% glycerol,
5 mM MgCl;, 0.1 mM EDTA, 0.1 mM EGTA, 10 ug/ml
aprotinin, 100 uM leupeptin, 1 mM PMSF, and 1 mM
DTT) and centrifuged at 13,000 x g for 10 min to re-
move debris. The supernatant was collected and la-
beled as nuclear fraction. The nuclear extracts were
assayed for protein concentration using the BCA Pro-
tein Assay Kit (Pierce, Rockford, Illinois).

HSV-1 infections and ocular UV exposure

TG harvested from groups of three anesthetized mice
each before (no infection) or 30 days after left oc-
ular infection with HSV-1 strains 17 syn+ (LAT-
expressing parent strain), 177AR1 (LAT+ rescuant), or
17APST (LAT deletion mutant). The TGs were taken
0 (unexposed), 4, or 24 h after 250 mJ/cm? of ocular
UV exposure in vivo (n = 3 mice = 3 TGs per group),
a dose previously shown to induce HSV-1 ocular re-
activation in this system (Kriesel et al, 1997; Laycock
et al, 1991).

Probes and antibodies

The published HSV-1 McKrae strain LAT sequence
was used (McGeouch et al, 1988). The following
probes and their complements were synthesized and
purified at the University of Utah core facility. A
search for STAT1 binding sites (the GAS motif, 5'-
TTNNNNNAA-3'), the STAT3 consensus binding se-
quence (5'-CYGGRAA-3'), and their complements (5'-
AANNNNNTT-3' and 5-TTYCCRG-3', R = A or G;
Y = C or T) was performed (Akira et al, 1995; Kriesel
et al, 1998; Schindler and Darnell, 1995). No mis-
matches were allowed.

e Oligo L1, 50 bp (HSV-1 oligonucleotide no.
118676): 5'-CCGCGCCCGGAAATCCATTAGGCCG
CAGACGAGGAAAATAAAATTACATC-3'

e Oligo L2, 50 bp (HSV-1 oligonucleotide no.
118721): 5-ACATCACCTACCCACGTGGTGCTGT
GGCCTGTTTTTGCTGCGTCATCTCA-3’
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