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ABSTRACT Following acute infection, herpes simplex virus 1 (HSV-1) lytic cycle viral
gene expression is silenced; consequently, lifelong latency in neurons is established.
Certain external stimuli that trigger reactivation from latency also activate the gluco-
corticoid receptor (GR). The synthetic corticosteroid dexamethasone, but not a GR-
specific antagonist, increases the frequency of explant-induced reactivation from la-
tency and stimulates productive infection. Furthermore, dexamethasone increases
expression of cellular transcription factors in trigeminal ganglionic neurons: for
example, SLUG and three Krüppel-like transcription factor (KLF) family members,
KLF4, KLF15, and promyelocytic leukemia zinc finger protein (PLZF). Consequently,
we hypothesized that stress-induced transcription factors stimulate expression of
ICP4, a viral transcriptional regulator required for productive infection. New studies
demonstrated that GR and KLF4, PLZF, or SLUG cooperatively transactivate the ICP4
enhancer upstream of a minimal promoter in monkey kidney cells (Vero) and mouse
neuroblastoma cells (Neuro-2A). Strikingly, mutagenesis of two KLF4/Sp1 binding
sites reduced GR- plus KLF4-, PLZF-, or SLUG-mediated transactivation to basal levels.
A consensus enhancer (E)-Box adjacent to a KLF4/Sp1 binding site was also required
for GR- and SLUG-, but not KLF family member-, mediated transactivation of the ICP4
promoter. Chromatin immunoprecipitation studies (ChIP) revealed GR and stress-
induced transcription factors occupy ICP4 enhancer sequences. Conversely, specific
binding was generally reduced in the KLF4/Sp1 mutant. Furthermore, GR and SLUG
occupancy of ICP4 enhancer sequences was reduced in the E-Box mutant. Based on
these studies, we suggest stressful stimuli can trigger productive infection because GR
and specific stress-induced transcription factors activate ICP4 expression.

IMPORTANCE Certain stressful stimuli activate the glucocorticoid receptor (GR) and
increase the incidence of herpes simplex virus 1 (HSV-1) reactivation from latency.
For example, a corticosteroid antagonist impairs productive infection and virus shed-
ding following explant of trigeminal ganglia from latently infected mice. Infected cell
protein 4 (ICP4) is the only immediate early viral transcriptional regulator required
for productive infection, suggesting stressful stimuli stimulate ICP4 expression. New
studies revealed GR and stress-induced transcription factors identified during reacti-
vation from latency, SLUG and three Krüppel-like transcription factor family members
(KLF4, KLF15, and promyelocytic leukemia zinc finger protein), cooperatively transac-
tivate the ICP4 enhancer. Two KLF4 consensus binding sites were crucial for coopera-
tive transactivation of the ICP4 enhancer. A consensus enhancer-box also mediated
cooperative transactivation of the ICP4 enhancer by GR and SLUG. The ability of GR
and stress-induced transcription factors to transactivate ICP4 enhancer activity is pre-
dicted to trigger productive infection following stressful stimuli.
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Herpes simplex virus 1 (HSV-1) establishes lifelong latent infections in sensory neu-
rons as well as other neuronal types after acute infection (1, 2). Periodically, reacti-

vation from latency occurs, which leads to virus shedding and transmission. Infection
can result in serious recurrent eye infections, including herpetic stromal keratitis (HSK)
(3). HSK is characterized by corneal scarring and neovascularization, which can ulti-
mately lead to blindness. Long-term oral acyclovir treatment reduces HSK recurrences
by only 41% because many cases are the result of reactivation from latency (1, 2).
Many cases of HSV-1-induced recurrent encephalitis are also due to reactivation from
latency; consequently, acyclovir or related drugs do not prevent encephalitis (4). A bet-
ter understanding of early stages of reactivation from latency may lead to improved
therapeutics.

During productive infection, five immediate early (IE) viral mRNAs are expressed in
the absence of de novo protein synthesis: ICP0, ICP4, ICP22, ICP27, and ICP47 (5). The
ICP4 protein, a 175-kDa phosphoprotein, is the only viral transcriptional activator that
is essential for productive infection (6) because it activates E and L genes (7). ICP4 spe-
cifically binds many sites on the viral genome (8) and interacts with the TATA-binding
protein plus TFIIB to stimulate early and late viral gene expression (9). There is also a
correlation between the abilities of ICP4 to stimulate viral transcription and to increase
histone dynamics (10). ICP0 is a promiscuous activator of promoters and contains an
E3 ubiquitin ligase near its amino terminus (reviewed in references 11 and 12). The viral
tegument protein VP16 interacts with two cellular transcription factors, Oct 1 and host
cellular factor 1, to specifically activate IE gene expression (reviewed in references 13
and 14). In contrast to productive infection, lytic cycle viral gene expression is not read-
ily detected during latency because the genome exists as silent chromatin (15, 16). The
only viral gene abundantly expressed during latency is the latency-associated tran-
script (2, 17).

Several lines of evidence point toward stress triggering HSV-1 productive infection
and reactivation from latency in humans (18–20). Support for this premise comes from
studies demonstrating that a glucocorticoid receptor (GR)-specific antagonist (CORT-
108297) reduces trigeminal ganglion (TG) explant-induced reactivation in latently
infected mice (21). Second, the synthetic corticosteroid dexamethasone (DEX) acceler-
ates reactivation and increases the number of TG neurons that express ICP0, ICP4, and
VP16 following explant (21, 22). Third, treatment of human gingival fibroblasts with
glucocorticoids enhances HSV-1 replication (23) and DEX stimulates productive infec-
tion in Neuro-2A cells (24). Stressful stimuli generally increase levels of corticosteroid,
which specifically bind GR or mineralocorticoid receptor (MR) (reviewed in reference
25). A GR or MR homodimer bound to corticosteroids enters the nucleus, remodels
chromatin, and induces transcription in the absence of de novo protein synthesis; these
steps are referred to as ligand-dependent induction of gene expression (25, 26).
Nuclear GR or MR dimers specifically regulate transcription by binding consensus glu-
cocorticoid response elements (GREs; 59-GGTACANNNTGTTCT-39) (27, 28). GR activation
can also occur via corticosteroid-independent mechanisms (unliganded GR activation)
(reviewed in reference 29). While the details of ligand-independent GR activation are
not well understood, unliganded GR activation stimulates a different subset of cellular
genes than those stimulated by ligand-dependent GR activation (30), including the tu-
mor suppressor BRCA1 (31).

Approximately 50% of TG sensory neurons express GR (32), indicating these neu-
rons can directly respond to stressful stimuli. Support for this prediction includes the
finding that DEX induces expression of cellular genes in TG neurons during early stages
of bovine herpesvirus 1 (BoHV-1) reactivation from latency (33). A subset of these cellu-
lar genes consists of transcription factors, including four Krüppel-like transcription fac-
tors (KLFs), KLF4, KLF6, KLF15, and PZLF (promyelocytic leukemia zinc finger), also
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referred to as ZBTB16 (zinc finger and BTB domain-containing protein 16). The tran-
scription factor SLUG (Snail superfamily of C2H2-type zinc finger transcription factors) is
also stimulated during early stages of reactivation. Several of these transcription factors
are also induced by DEX following explant of mouse TGs (34). KLF family members and
specificity protein 1 (Sp1) belong to the same superfamily of transcription factors, and
these family members bind GC- and/or CACC-rich sequences (35, 36). Certain KLF fam-
ily members can activate promoters via Sp1 binding sites, which are present in many
HSV-1 promoters. Recent studies demonstrated KLF15 and GR cooperate to transacti-
vate the HSV-1 ICP0 promoter (24) and the BoHV-1 immediate early transcription unit
1 (IEtu1) promoter that drives IE expression of bICP0 and bICP4 (37). GR and KLF15 reg-
ulate gene expression dynamics and integrate signals via a positive feed-forward loop
(38–40). KLF4 and GR cooperatively transactivate the BoHV-1 bICP0 early promoter
even though there is not a consensus GRE in this promoter (41).

ICP4, ICP0, or VP16 expression can induce reactivation in latently infected cells
derived from trigeminal ganglia (TG) (42). Since these viral transcriptional regulators
are not abundantly expressed during latency, we hypothesized GR and/or stress-
induced cellular transcription factors transactivate promoters of these key viral tran-
scriptional regulators during early stages of reactivation from latency. Consequently,
we tested whether GR and stress-induced transcription factors can stimulate ICP4 pro-
moter activity. These studies demonstrated GR and specific stress-induced transcrip-
tion factors cooperatively activate the ICP4 enhancer by directly interacting with KLF4/
Sp1 binding sites.

RESULTS
Analysis of ICP4 enhancer sequences in Neuro-2A cells. A construct that contains

ICP4 enhancer sequences within the HSV-1 genome (Fig. 1A) spanning 2330 to 2110
cloned upstream of the minimal promoter in the pGL4.24[luc2/minP] vector (pa4R; Fig.
1B and C) was used to examine the effects that stress-induced transcription factors
have on ICP4 expression because it lacks cryptic transcription factor binding sites. The
ICP4 promoter/enhancer construct was initially cloned into a luciferase reporter (pGL3
Basic), which contains numerous cryptic transcription factor binding sites, suggesting
this is why stress had only modest effects on ICP4 promoter activity (reference 34 and
data not shown).

FIG 1 Location of ICP4 gene, ICP4 enhancer, adjacent genes, and oriS within HSV-1 genome. (A) The prototypic
HSV-1 genomic structure is shown. The viral repeat regions are shown as open rectangles. TRL is the terminal
long repeat. IRL is the internal (or inverted) long repeat. TRS is the terminal short repeat. IRS is the internal (or
inverted) short repeat. The unique long (UL) and the unique short (US) regions are each represented by a solid
line. (B) Location of ICP4 coding regions and flanking genes in IRS (ICP22) or TRS (ICP47). The thin lines in ICP22
denote the location of an intron. Location of the origin of replication (oriS; denoted by black oval) and ICP4
enhancer sequences (2330 to 2110; denoted by gray triangle). (C) Schematic of ICP4 enhancer fragment
(pa4R) used in these studies. This fragment was inserted upstream of the minimal promoter of the firefly
luciferase reporter plasmid, pGL4.24[luc2/minP]. Nucleotide position is given relative to the ICP4 transcription
initiation site. Positions of consensus transcription factor binding sites are shown, and the key for these sites is
below the schematic.
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The pa4R construct was cotransfected with plasmids that express stress-induced
transcription factors. After transfection, cultures were incubated in minimal essential
medium (MEM) plus 2% charcoal-stripped fetal bovine serum (FBS) in the presence or
absence of DEX as previously described (24). Relative to the empty vector (pGL4.24
[luc2/minP] vector), pa4R basal promoter activity was more than 350-fold higher in
Neuro-2A cells (Fig. 2A, white columns), indicating the ICP4 enhancer was active in
Neuro-2A cells. KLF4, but not KLF15, stimulated promoter activity nearly 700-fold when
cotransfected with the enhancer element (Fig. 2A, blue columns). When pa4R was
cotransfected with GR plus KLF4 and cultures were treated with DEX, promoter activity
was approximately 1,100-fold higher than with the minimal promoter (yellow column).
Without DEX treatment (black column), or when adding RU486 (gray column), a GR an-
tagonist (43, 44), promoter activity was similar to that with KLF4 alone. Notably, GR did
not increase the promoter activity alone or with DEX, suggesting a synergistic interac-
tion between KLF4, GR, and DEX treatment.

PLZF and SLUG also transactivated the pa4R construct between 900- and 1,100-
fold, but only when cotransfected with GR (Fig. 2A, black column). Addition of DEX sig-
nificantly decreased GR-dependent transactivation by PLZF but significantly increased
GR-dependent transactivation by SLUG (Fig. 2A, yellow column). Addition of RU486
abolished the effect of GR and GR1DEX for PLZF- and SLUG-mediated transactivation
(Fig. 2A, gray column), suggesting transactivation was mediated via a GR ligand-

FIG 2 Transactivation of ICP4 enhancer element by GR and stress-induced transcription factors. (A) Neuro-2A cells were grown in MEM containing 2%
charcoal-stripped FBS and transfected with the pa4R construct (0.5mg DNA), Renilla luciferase expression plasmid (0.05mg DNA), GR expression plasmid
(1mg DNA), and, where denoted, KLF4, KLF15, PLZF, or SLUG (0.5mg DNA). To maintain the same amount of DNA in each sample, empty vector was
included in certain samples. At 24 h after transfection, designated cultures were treated with DEX (10 mM) or DEX and RU486 (10 mM each). (B) Vero cells
were transfected with the denoted plasmids as described in the legend to panel A. Cells were harvested at 48 h after transfection, and protein lysate was
subjected to dual-luciferase assay as described in Materials and Methods. Promoter activity was calculated as firefly luciferase activity compared to the
transfection control, Renilla luciferase. For panels A and B, fold activation is presented as fold increase in promoter activity versus the empty minimal
promoter reporter plasmid, pGL4.24[luc2/minP]. For panels C (Neuro-2A cells) and D (Vero cells), fold activation was presented as the fold increase in pa4R
activity when cotransfected with the designated expression constructs relative to basal levels of pa4R promoter activity. The results are the mean from
three separate experiments. Asterisks denote significant differences between the indicated treatments (*, .0.05; **, .0.01; ***, .0.001). Student’s t test was
performed to determine significance.
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dependent mechanism. By itself, GR, PLZF, or SLUG did not significantly increase pa4R
promoter activity (Fig. 2A, blue column), providing additional support for the idea that
synergistic transactivation of pa4R promoter activity occurred.

As a comparison to the results in Neuro-2A cells, the effects of GR and these stress-
induced transcription factors were examined in Vero cells (Fig. 2B). In contrast to
Neuro-2A cells, GR1KLF15 significantly stimulated pa4R promoter activity in Vero cells
relative to basal promoter activity (Fig. 2B, black column). GR1KLF15-mediated trans-
activation appeared to occur in a ligand-independent manner because neither RU486
nor DEX significantly changed pa4R promoter activity (Fig. 2B, gray and yellow col-
umns). As in Neuro-2A cells, PLZF and KLF4 significantly transactivated pa4R promoter
activity relative to basal activity. SLUG did not significantly stimulate pa4R promoter
activity alone or with GR relative to the effects of GR.

Because basal promoter activity of pa4R appeared to be higher in Neuro-2A cells,
the results from both cell lines were reassessed by setting pa4R activity as 1 and then
comparing levels of transactivation by GR and stress-induced transcription factors plus
DEX and/or RU486 treatment (Fig. 2C, Neuro-2A cells, and Fig. 2D, Vero cells). Several
marked differences were noted between the two cell lines. The most obvious differ-
ence was that GR1KLF15 transactivated the pa4R construct approximately 3-fold in
Vero cells but not in Neuro-2A cells. Second, KLF4 and GR cooperatively transactivated
the pa4R construct in Vero cells in the absence of DEX treatment; however, this was
not the case in Neuro-2A cells. Third, PLZF-mediated transactivation in Neuro-2A, but
not Vero, cells was ligand dependent because RU486 treatment reduced promoter ac-
tivity to a value lower than basal levels of pa4R promoter activity. Finally, GR, SLUG,
and DEX treatment significantly stimulated pa4R promoter activity (more than 2-fold)
in Neuro-2A cells but not in Vero cells. In summary, GR and stress-induced transcription
factors exhibited cell-type-specific effects on ICP4 enhancer activity.

Transactivation of the ICP4 enhancer by GR and stress-induced transcription
factor requires KLF4/Sp1 binding sites. Three consensus KLF4 binding sites (45) were
identified in the ICP4 enhancer fragment: two sites are frequently detected as KLF4
binding sites (Fig. 3A; denoted by a blue oval) whereas the third site is bound by KLF4
less frequently (green oval). Each putative KLF4 binding site is contained within a con-
sensus Sp1 binding site; thus, mutating these sites also disrupts the Sp1 binding site.
Our studies with ICP4 enhancer deletion constructs indicated that the KLF4 variant
binding site, which is not frequently bound by KLF4, was not important for GR- and
stress-induced transcription factor-mediated transactivation in Neuro-2A or Vero cells
(data not shown). These studies also suggested that the two perfect matches for KLF4
appeared to be important.

Mutating the 39 KLF4 binding site (pa4RD39KLF4), but not the 59 KLF4 binding site
(pa4RD59KLF4), significantly reduced GR1KLF41DEX-mediated transactivation in
Neuro-2A (Fig. 3B) and Vero (Fig. 3C) cells. Mutating both sites (paRDKLF4) essentially
eliminated GR1KLF41DEX-mediated transactivation. In Vero cells, a similar trend was
observed for GR1KLF151DEX transactivation. Mutating the 39 KLF4 binding site also
significantly reduced PLZF- and SLUG-mediated transactivation as well as basal pro-
moter activity in both cell lines. Furthermore, mutating both KLF4 binding sites essen-
tially eliminated KLF15-, PLZF-, or SLUG- and GR1DEX-mediated transactivation of
pa4R compared to basal promoter activity in both cell lines. The biological effects of
PLZF are primarily associated with repressing transcription because it stably interacts
with the SMRT-Sin3-HDAC-Ncor and Polycomb group complexes (46–48); hence, it was
surprising to find that PLZF cooperated with GR to transactivate the ICP4 enhancer.
Interestingly, a recent study demonstrated that PLZF activates transcription by inter-
acting with a histone methyltransferase (EZH2) (49), which supports the finding that
GR and PLZF stimulated ICP4 enhancer activity. Finally, these studies revealed that ba-
sal enhancer activity of paRDKLF4 and pa4RD39KLF4 was reduced compared to the
pa4R construct in both cell lines. In summary, these studies revealed that two KLF4
binding sites, in particular, the 39 binding site, were required for GR and stress-induced
transactivation of the ICP4 enhancer.
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A consensus E-Box in the ICP4 enhancer is important for GR- and SLUG-
mediated transcription. ICP4 enhancer sequences also contain a consensus enhancer
(E)-Box, CANNTG, that is 8 nucleotides upstream of the 39 KLF4 binding site (Fig. 4A).
Although SLUG is generally considered to be a repressor of transcription (reviewed in
reference 50), it was reported to stimulate transcription by directly interacting with an
E-Box in the ZEB1 (zinc finger E-Box binding homeobox 1) promoter (51). To test
whether the E-Box was important for GR- and SLUG-mediated transactivation of the
ICP4 enhancer, an E-Box mutant (pa4RDE-Box; Fig. 4A) was examined in Neuro-2A
cells. Transactivation of pa4RDE-Box by GR and SLUG was significantly reduced com-
pared to that of wild-type (wt) pa4R (Fig. 4B). Furthermore, synergistic activation by GR
and DEX was reduced to basal levels. Conversely, the pa4RDE-Box and wt pa4R con-
structs were transactivated at similar levels by KLF4 (Fig. 4C) and PLZF regardless of GR
transactivation in Neuro-2A cells (Fig. 4D). In summary, these studies provided evi-
dence that the E-Box and KLF4 binding sites were essential for GR- and SLUG-mediated
transactivation of the ICP4 enhancer.

Stress-induced transcription factors enhance GR association with wt ICP4
enhancer sequences in transfected Neuro-2A cells. To test whether GR occupies
ICP4 enhancer sequences, Neuro-2A cells were cotransfected with the wt pa4R

FIG 3 KLF4 binding sites in ICP4 enhancer are crucial for cooperative transactivation. (A) Schematic of wt ICP4 enhancer element (pa4R) and
mutants that lack one or both of the consensus KLF4/Sp1 binding sites, denoted by blue ovals (KLF4) or black triangles (Sp1), yellow ovals
(TAATGARAT), green ovals (KLF4 variant), and red ovals (E-Box). Nucleotide number shown is relative to the transcription initiation site. The
pa4RD59KLF4 and pa4RD39KLF4 are the respective single KLF4/Sp1 binding site mutants. The pa4RDKLF4 construct is the double KLF4
binding site mutant. Positions of consensus transcription factor binding sites are shown, and the key for these sites is to the right of the
schematic. (B) Neuro-2A cells were transfected with the wt pa4R construct or the designated mutant constructs (0.5mg DNA), Renilla
luciferase expression plasmid (0.05mg DNA), GR expression plasmid (1mg DNA), and, where denoted, KLF4, KLF15, PLZF, or SLUG (0.5mg
DNA). To maintain the same amount of DNA in each sample, empty vector was included in certain samples. Following transfection, cells
were cultured in medium containing 2% charcoal-stripped FBS. At 24 h after transfection, designated cultures were treated with DEX (10
mM). (C) Vero cells were transfected with the denoted plasmids as described in the legend to panel B. At 48 h after transfection, cells were
harvested and protein lysate was subjected to dual-luciferase assay as described in Materials and Methods. Promoter activity was calculated
as firefly luciferase activity compared to the transfection control, Renilla luciferase. Fold activation is presented as fold increase in promoter
activity versus the empty minimal promoter reporter plasmid, pGL4.24[luc2/minP]. The results are the mean from three separate experiments.
Asterisks denote significant differences between the indicated treatments (*, .0.05; **, .0.01; ***, .0.001). Student’s t test was performed to
determine significance.
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construct or pa4RDKLF mutant plus GR and a stress-induced transcription factor.
Chromatin immunoprecipitation (ChIP) studies using specific primers (Fig. 5A) were
performed using the GR antibody or an isotype control antibody. GR and DEX treat-
ment significantly increased occupancy of ICP4 sequences in the wt pa4R construct
(Fig. 5B) but not the pa4RDKLF mutant. Strikingly, cotransfection of the wt pa4R con-
struct with GR, a stress-induced transcription factor (KLF4, KLF15, SLUG, and PLZF), and
DEX treatment significantly increased GR occupancy relative to GR alone. In sharp con-
trast, increased GR occupancy was not observed when the pa4RDKLF mutant was
cotransfected with GR and KLF4, KLF15, SLUG, or PLZF. In summary, these studies
revealed a correlation between GR occupancy of pa4R sequences and a significant
increase in promoter activity mediated by GR and KLF4, PLZF, or SLUG (Table 1; blue 1

or 2 signs). In accordance with this finding, decreased GR occupancy of pa4RDKLF
sequences correlated with reduced promoter activity by GR and a stress-induced tran-
scription factor.

Occupancy of stress-induced transcription factors with the ICP4 enhancer was
altered when KLF4/Sp1 binding sites were mutated. Additional studies tested
whether occupancy of KLF4, KLF15, PLZF, and SLUG was influenced when the KLF4/
Sp1 binding sites were mutated. As described for studies in Fig. 4, Neuro-2A cells were
transfected with the wt pa4R construct or double KLF4 binding site mutant

FIG 4 Role of E-Box binding site on ICP4 enhancer element transactivation. (A) Schematic of ICP4 enhancer construct (paR) and mutant that lacks the
consensus E-Box binding site (pa4RDE-Box); see summary of consensus binding sites for transcription factors below. Positions of consensus transcription
factor binding sites are shown, and the key for these sites is to the right of the schematic. (B) Neuro-2A cells were transfected with the wt pa4R construct
or pa4RDE-Box construct (0.5mg DNA), Renilla luciferase expression plasmid (0.05mg DNA), GR expression plasmid (1mg DNA), and, where denoted, SLUG
(0.5mg DNA). (C) Neuro-2A cells were transfected with the wt pa4R construct or pa4RDE-Box construct (0.5mg DNA), Renilla luciferase expression plasmid
(0.05mg DNA), GR expression plasmid (1mg DNA), and, where denoted, KLF4 (0.5mg DNA). (D) Neuro-2A cells were transfected with the wt pa4R construct
or pa4RDE-Box construct (0.5mg DNA), Renilla luciferase expression plasmid (0.05mg DNA), GR expression plasmid (1mg DNA), and, where denoted, PLZF
(0.5mg DNA). To maintain the same amount of DNA in each sample, empty vector was included in certain samples. Following transfection, cells were
cultured in MEM containing 2% charcoal-stripped FBS. Indicated samples were treated with DEX (10 mM) 24 h following transfection. At 48 h after
transfection, cells were harvested and protein lysate was subjected to dual-luciferase assay as described in Materials and Methods. Promoter activity was
calculated as firefly luciferase activity compared to the transfection control, Renilla luciferase. Fold activation is presented as fold increase in promoter
activity versus the empty minimal promoter reporter plasmid, pGL4.24[luc2/minP]. Data are the means from three separate experiments. Asterisks denote
significant differences between pa4RDE-Box construct and wild-type pa4R construct (*, .0.05; **, .0.01; ***, .0.001). Student’s t test was performed to
determine significance.
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(pa4RDKLF4), GR expression plasmid, and one of the stress-induced transcription fac-
tors; where indicated, cultures were treated with DEX. Significantly more KLF4 was
associated with pa4R or pa4RDKLF4 following transfection of these promoter con-
structs with GR, KLF4, and cultures treated with DEX (Fig. 6A, black columns).
Compared to wt ICP4 sequences, similar levels of KLF4 occupied pa4RDKLF4 sequen-
ces when Neuro-2A cells were cotransfected with GR plus KLF4 and cultures were
treated with DEX (Fig. 6A). Occupancy of KLF15 to wt ICP4 sequences (Fig. 6B, black
columns) was significantly higher than that to DKLF4/Sp1 ICP4 sequences (blue col-
umns) when transfected with just KLF15. When wt ICP4 or the DKLF4/Sp1 construct
was cotransfected with GR1DEX or GR1DEX1KLF15, there was not a significant differ-
ence in KLF15 occupancy, which correlated with negligible transactivation by GR and
KLF15 or GR, KLF15, and DEX treatment in Neuro-2A cells.

SLUG occupancy of ICP4 sequences in the wt pa4R construct, but not pa4RDKLF4,
was significantly higher when Neuro-2A cells were cotransfected with just SLUG (no
DEX treatment) or GR plus SLUG and cultures were treated with DEX (Fig. 6C). We

FIG 5 Chromatin immunoprecipitation with GR-specific antibodies in transfected Neuro-2A cells. (A) Schematic of ICP4 enhancer
(pa4R construct, black line) cloned into pGL4.24 [luc2/minP] (red lines) at unique KpnI/BglII restriction sites. Relative positions of
primers used to amplify ChIP target DNA (red arrows) are shown. This primer pair generates a 274-bp PCR product. Positions of
consensus transcription factor binding sites are shown and are the same as in Fig. 1. (B) Neuro-2A cells were grown in MEM
containing 2% charcoal-stripped FBS following transfection with plasmid containing wild-type pa4R construct or the double KLF4
binding site mutant pa4RDKLF4 construct (1.5mg DNA). Neuro-2A cells were cotransfected with a GR expression plasmid (3mg
DNA) and/or KLF4, KLF15, or SLUG expression plasmids (1.5mg DNA). In order to maintain an equal quantity of DNA in each
reaction mixture, empty vector was added as necessary. At 24 h posttransfection, the designated samples were treated with DEX
(10 mM). At 48 h after transfection, cells were cross-linked with formaldehyde and harvested. ChIP was performed as described in
Materials and Methods using GR-specific antibodies (5mg) or with IgG (5mg) as an isotype control. Target DNA was amplified
using PCR with ICP4 forward and pGL4.24[luc2/minP] reverse primers (see panel A), which generated a 274-bp product on
agarose gels stained with ethidium bromide. Individual bands were quantified using Image Lab software and presented as a
percentage of the input sample, representing 13.3% of the cell lysate used for each sample. Data presented are the means from
three separate transfection studies performed on different days. Asterisks denote a significant difference between the GR-specific
antibody and the respective isotype control (*, .0.05; **, .0.01; ***, .0.001). Student’s t test was performed to determine
significance.

Ostler et al. Journal of Virology

February 2021 Volume 95 Issue 4 e01776-20 jvi.asm.org 8

https://jvi.asm.org


attempted to assess PLZF occupancy of the ICP4 enhancer construct; however, high
background levels of PLZF were amplified following ChIP. This suggested the PLZF
antibody nonspecifically interacts with other proteins after formalin fixation, leading to
high background PCR amplification. Consequently, we were unable to definitively com-
pare PLZF occupancy with the wt ICP4 enhancer or KLF4 binding site mutants (data
not shown). These studies revealed there was not a correlation between KLF4 occu-
pancy of pa4R versus pa4RDKLF4 and GR1KLF41DEX-mediated transactivation (Table
1). In contrast, there was a correlation between SLUG occupancy of pa4R but not
pa4RDKLF4 and transactivation by GR1KLF41DEX in Neuro-2A cells.

E-Box mutation abolishes SLUG association with the ICP4 enhancer. Since
mutating the E-Box significantly reduced GR1SLUG-mediated transactivation of the
ICP4 enhancer regardless of DEX treatment, ChIP studies were performed following
transfection of Neuro-2A cells with wt pa4R or pa4RDE-Box mutant, GR, and/or SLUG.
Consistent with the results in Fig. 5, GR occupied ICP4 enhancer sequences when
Neuro-2A cells were transfected with the wt pa4R construct, GR, and SLUG and cul-
tures were treated with DEX (Fig. 7A, black columns). In sharp contrast, transfection of
the pa4RDE-Box mutant with GR1SLUG and treatment with DEX (blue columns) did
not yield significantly higher levels of occupancy relative to the isotype control anti-
body. SLUG occupancy of wt pa4R sequences was also significantly higher than the E-
Box mutant following cotransfection with SLUG or GR1SLUG and DEX treatment (Fig.
7B, black columns versus blue columns). In summary, these studies revealed that
mutating the E-Box significantly reduced GR and SLUG occupancy in transfected
Neuro-2A cells, which correlated with high levels of transactivation of wt pa4R relative
to the pa4RDE-Box construct (summarized in Table 1).

GR and stress-induced transcription factors associate with the HSV-1 ICP4
promoter during productive infection. To assess whether GR and the stress-induced
transcription factors associate with ICP4 promoter/enhancer sequences during produc-
tive infection (Fig. 8A), Vero cells were infected with HSV-1 at a multiplicity of infection
(MOI) of 1. Infected cells were cultured in medium containing 2% charcoal-stripped se-
rum with or without DEX. At the indicated time points, cells were cross-linked with
paraformaldehyde and harvested. ChIP was performed using isotype IgG, GR, KLF4,
KLF15, or SLUG antibodies, as described in Materials and Methods. All four transcrip-
tion factors occupied ICP4 promoter sequences at 8 h postinfection with DEX treat-
ment (Fig. 8B). KLF4 and SLUG also occupied ICP4 promoter/enhancer sequences at 8 h
in the absence of DEX, but to a lesser extent than with DEX treatment. None of the
transcription factors associated with the promoter at 4 h after infection, and only KLF4
occupied the ICP4 promoter at 16 h after infection, regardless of DEX treatment.
Occupancy of ICP4 enhancer sequences by GR and stress-induced transcription factors

TABLE 1 Summary of transactivation and ChIP studies of ICP4 enhancera

a
Summary of effects of wt ICP4 enhancer (pa4R), KLF4 binding site mutant (pa4RDKLF4), and E-Box binding site
mutant (pa4RDE-Box) on basal promoter activity (Fig. 2 and 4 show original data obtained in Neuro-2A cells)
and ChIP results (Fig. 5 and 7). For promoter activity, “111” denotes significant transactivation relative to
basal promoter activity; conversely, “2” denotes that there was no significant difference. For ChIP studies, “1”
denotes a significant increase in occupancy of the denoted transcription factor with the ICP4 enhancer
construct relative to the isotype control antibody. Conversely, “2” indicates no significant difference. ChIP
results using a GR-specific antibody are noted in blue, while data from antibodies directed against the indicated
stress-induced transcription factor are in red. For clarity, results from Neuro-2A cells transfected with the
denoted constructs are shown. The question mark in the GR1DEX1PLZF studies denotes that the PLZF
antibody yielded high background in ChIP studies. ChIP studies with the pa4RDE-Box construct were
performed only with GR or SLUG antibody.
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was different from GR and KLF15 occupancy of the ICP0 promoter, which occurred at
4 h postinfection but not at 8 or 16 h (24).

DISCUSSION

These studies provide new evidence that two KLF4/Sp1 binding sites were critical
for cooperative transactivation of the ICP4 enhancer by GR and KLF4, PLZF, or SLUG in
Neuro-2A and Vero cells in the absence of viral transcriptional regulatory proteins. ICP4
enhancer sequences do not contain a consensus GRE or a 1/2 GRE, suggesting that
direct or indirect interactions between GR and a respective stress-induced transcription
factor were important for stimulating ICP4 enhancer activation. GR and KLF4 may be
particularly important for the ability of HSV-1 to respond to stressful stimuli because
GR (52, 53) and KLF4 (54) are pioneer transcription factors that can specifically bind
silent chromatin and stimulate transcription (25, 45, 55–57). The BoHV-1 ICP0 early pro-
moter also lacks consensus GREs and is cooperatively transactivated by GR and KLF4
(41). Strikingly, bICP0 E promoter sequences contain consensus KLF4 binding sites and
nucleosome-enriched KLF4 binding sites. Studies designed to prove that these binding
sites are crucial for GR- and KLF4-mediated transactivation of the bICP0 E promoter are
in progress. Of further note, increased KLF4 expression promotes lytic cycle Epstein-

FIG 6 Chromatin immunoprecipitation with KLF4, KLF15, PLZF, and SLUG in Neuro-2A cells transfected with wild type or DKLF mutant. (A to C) Neuro-2A
cells were grown in MEM containing 2% charcoal-stripped FBS and transfected with wild-type pa4R construct or pa4RDKLF4 construct (1.5mg DNA). As
denoted, samples were cotransfected with the GR expression plasmid (3mg DNA) and/or a plasmid expressing KLF4, KLF15, or SLUG (1.5mg DNA). To
maintain the same DNA concentrations in each sample, empty vector was added to samples as necessary. At 24 h posttransfection, cells were treated with
DEX (10 mM) where indicated. At 48 h posttransfection, cells were formaldehyde cross-linked and harvested. ChIP was performed as described in Materials
and Methods using KLF4 (A)-, KLF15 (B)-, or SLUG (C)-specific antibodies or the isotype IgG control. Target DNA was amplified by PCR using ICP4 forward
and pGL4.24[luc2/minP] reverse primers (Fig. 5A), generating a 274-bp product. DNA was detected in agarose gels stained with ethidium bromide.
Individual bands were quantified using Image Lab software and presented as a percentage of the input sample, which represents approximately 13% of
the cell lysate used for each sample. Data presented are the means from three independent transfection experiments. Asterisks denote a significant
difference between the protein-specific antibody and the respective isotype control (*, .0.05; **, .0.01; ***, .0.001). Student’s t test was performed to
determine significance.
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Barr virus gene expression and productive infection in latently infected epithelial cells
and Burkitt lymphoma cells (58). The effects of KLF4 correlate with its ability to transac-
tivate the Epstein-Barr virus immediate early promoter BRLF1 via two motifs (CACCCC
and GGGGTG). Several KLF4 binding sites have been reported, (reviewed in reference
54), including those in the BRLF1 promoter, suggesting transcriptional coactivators

FIG 7 Chromatin immunoprecipitation of ICP4 enhancer element with the E-Box binding site mutation. (A and B) Neuro-2A cells were grown in MEM
containing 2% charcoal-stripped FBS following transfection with wild-type pa4R construct (1.5mg DNA) or mutant lacking the putative E-Box binding site
(pa4RDE-Box, 1.5mg DNA). Samples were cotransfected with the GR expression plasmid (1mg DNA) and/or SLUG expression plasmid (0.5mg DNA) as
denoted. At 24 h postinfection, designated samples were treated with DEX (10 mM). At 48 h after transfection, cells were cross-linked with formaldehyde
and harvested in PBS. ChIP was performed using 5mg of antibody directed against GR, SLUG, or isotype control IgG. Target DNA was amplified by PCR
using ICP4 forward and pGL4.24[luc2/minP] reverse primers (Fig. 5A), generating a 274-bp product and imaged in agarose gels containing ethidium
bromide. Individual bands were quantified using Image Lab software and presented as a percentage of input, which represents approximately 13% of the
cell lysate for each sample. Data represent the means from three separate experiments. Asterisks denote a significant difference between the protein-
specific antibody and the respective isotype control (*, .0.05; **, .0.01; ***, .0.001). Student’s t test was performed to determine significance.

FIG 8 Occupancy of GR, KLF4, KLF15, and SLUG with ICP4 enhancer sequences during productive
infection. (A) Schematic of ICP4 promoter within the HSV-1 genome. Nucleotide positions are
numbered relative to the transcription initiation site. ICP4 forward and reverse primer positions are
denoted (red arrows), which result in a 247-bp PCR fragment. Positions of consensus transcription
factor binding sites are the same as in Fig. 1. (B) Vero cells were cultured in MEM containing 2%
charcoal-stripped FBS, following infection with HSV-1. Immediately following infection, cells were
paraformaldehyde cross-linked and harvested for ChIP for the 0-h-after-infection time point. Samples
treated with DEX (10 mM) were cultured in MEM containing 2% charcoal-stripped FBS. ChIP was
performed as described in Materials and Methods using antibodies specific to IgG isotype (negative
control, white columns), GR (black columns), KLF4 (yellow columns), KLF15 (blue columns), or SLUG
(orange columns). Target DNA was amplified by PCR using ICP4 forward and reverse primers (A).
Individual bands were quantified using Image Lab software and presented as a percentage of the
input sample, which represents 13% of the harvested cell lysate for each sample. Data represent the
means from three separate experiments with each antibody. Asterisks denote a significant difference
between the protein-specific antibody and the respective isotype control (*, .0.05; **, .0.01; ***,
.0.001). Student’s t test was performed to determine significance.
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influence KLF4 binding specificity. Collectively, these observations suggest KLF4 is an
important cellular transcription factor that transactivates key herpesvirus promoters
and productive infection.

The KLF4/Sp1 binding sites in the ICP4 enhancer (GGGCGGGGC) are identical and
match a consensus KLF4 binding site plus a preferred nucleosome-depleted KLF4 bind-
ing site (45). ChIP studies indicated that GR occupied wt ICP4 enhancer sequences at
higher levels than the pa4RDKLF4 mutant (Fig. 5), which correlated with increased pro-
moter activity of wt pa4R (Fig. 4B and C and Table 1). Conversely, KLF4 occupancy of
the DKLF4/Sp1 binding site contained significantly higher KLF4 levels relative to wt
ICP4 enhancer when transfected with GR and KLF4 but without DEX treatment (Fig.
6A), suggesting that KLF4 interactions with the mutant occurred but did not lead to a
complex that stimulated promoter activity. This result implied that DEX treatment
induced GR and KLF4 recruitment to wt ICP4 enhancer sequences, which correlated
with transcriptional activation (Fig. 9A shows a schematic of these steps). It is also likely
that additional transcriptional coactivators were directly or indirectly associated with
GR or KLF4 (denoted by the X in Fig. 9A). Since the E-Box was not important for GR-
and KLF4- or PLZF-mediated transactivation (Fig. 4), specific binding to the E-Box by
GR, KLF4, PLZF, or other transcriptional coactivators does not appear to be important
for transcriptional activation.

In contrast to KLF4, SLUG interactions with wt ICP4 enhancer sequences, but not
the DKLF4/Sp1 mutant, occurred in the absence of GR and DEX. Cotransfection with
GR and DEX treatment led to recruitment of GR to wt ICP4 enhancer sequences, but
not to the DKLF4/Sp1 mutant, which correlates with efficient transactivation of wt
pa4R but not pa4RDKLF4 (Fig. 9B shows a schematic of these steps). We suggest that
a transcriptional cofactor, perhaps Sp1, or a complex of transcriptional coactivators
needs to interact with the KLF4/Sp1 binding site for GR1SLUG1DEX-mediated trans-
activation (denoted by Y in Fig. 9B). In general, there was a correlation between GR
recruitment to wt ICP4 enhancer sequences, but not to the DKLF4/Sp1 mutant, when
cotransfected with KLF4, PLZF, or SLUG. SLUG expression is stimulated in TG more
than 10-fold at 90min after DEX treatment of calves latently infected with BoHV-1 (33).
Following explant of mouse TG, more neurons express the SLUG protein relative to
controls (34). SLUG expression is also induced by UV light (59) and, like PLZF, can nega-
tively or positively regulate transcription. Since KLF4, SLUG, and PLZF can repress tran-
scription, occupancy of the ICP4 promoter by these transcription factors during latency
may impair ICP4 promoter activity. Conversely, GR activation may stimulate ICP4 pro-
moter activity via interactions with stress-induced transcription factors.

UV light, heat stress (fever), trauma, and increased corticosteroid levels are asso-
ciated with increasing the incidence of reactivation from latency in humans (17, 19,
20, 60–63). These stimuli also increase the incidence of reactivation from latency in

FIG 9 Model comparing potential steps that occur during cooperatively mediated transactivation of
ICP4 enhancer by GR and KLF4 versus GR and SLUG. (A) Schematic describing how GR and KLF4 may
cooperatively transactivate the ICP4 enhancer via a consensus KLF4/Sp1 binding site independent
of an E-Box and in the absence of a consensus GRE. (B) Schematic describing how SLUG may
cooperatively transactivate the ICP4 enhancer via a consensus E-Box and KLF4/Sp1 binding site,
which lacks a consensus GRE. Additional details are presented in Discussion.
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mouse models of infection and/or stimulate productive infection in cultured cells
(21). Remarkably, all of these dissimilar reactivation stimuli activate GR. For exam-
ple, GR phosphorylation is induced by UV light, which correlates with GR-mediated
transcriptional activation and GR-mediated induction of certain enzymes (30, 64,
65). Cyanoketone, a glucocorticoid synthesis inhibitor, reduces the incidence of
heat-stress-induced reactivation from latency in a mouse ocular model of HSV-1
infection (66). Furthermore, heat stress increases the frequency of reactivation from
latency in cultured TG cells (67). KLF4 expression is also increased by heat stress
(68) and DEX in bovine TG (33). GR activation (ligand dependent or independent)
may not always be required for HSV-1 reactivation from latency; however, it may be
more important than expected.

Transactivation of the ICP4 enhancer and ICP0 promoter (24) by GR and stress-
induced transcription factors may not be the only impact that stressful stimuli have on
viral gene expression and productive infection. For example, the ICP4 enhancer frag-
ment that we examined in this study is within 1 to 2 kb of oriS and ICP22 or ICP47
proximal promoters, suggesting that GR and the respective stress-induced transcrip-
tion factors can influence oriS and/or these promoters (Fig. 1A and B). Furthermore, an
HSV-1 origin of replication (oriL) contains a functional GRE and viral replication is
stimulated by DEX in neuronal cells (69). Point mutations in the oriL GRE impair acute
infection and reactivation in mice (70). Third, GR can transactivate a subset of GREs
that are more than 5 kb from the nearest promoter (71). Since the HSV-1 genome con-
tains many consensus GREs (unpublished data), additional viral genes may be stimu-
lated following a stressful stimulus. In addition to directly influencing viral gene expres-
sion and replication, the anti-inflammatory and immunosuppressive properties of
corticosteroids (26, 72) are likely to promote virus spread following stressful stimuli.
Finally, KLF4 interferes with antiviral responses by inhibiting ISRE (interferon-stimulated
response element) and IRF3 binding to the beta-interferon (IFN-b) promoter (73). In
summary, GR activation may have numerous effects (direct or indirect) on productive
infection.

MATERIALS ANDMETHODS
Cells and virus. Vero and Neuro-2A cells were grown in MEM supplemented with L-glutamine

(2mM), streptomycin (100mg/ml), penicillin (10 U/ml), and 10% FBS. Where denoted, 2% charcoal-
stripped FBS was used in place of 10% FBS.

Virus infection. A virulent strain of HSV-1 (McKrae) was obtained from Steve Wechsler. Virus was cul-
tured as previously described (21). Vero cells were washed with phosphate-buffered saline (PBS) and
infected for ChIP studies at an MOI of 1 for 1 h, with periodic shaking. At the end of the infection period,
cells were again washed with PBS, fresh medium containing 2% stripped FBS was added, and cells were
cultured for the indicated times.

Primers. Primers used for amplifying the ICP4 enhancer fragment in plasmid constructs included the
ICP4 forward primer 59-CGGAACGGAAGCGGAAAC-39 (spanning 2293 to 2275 of the ICP4 enhancer).
The reverse primer was within pGL4.24[luc2/minP] sequences: 59-ACAGTACCGGATTGCCAAG-39 (span-
ning nucleotides 127 to 109 of pGL4.24[luc2/minP]). These sequences are located between the minimal
promoter and luciferase coding sequence. The two primers were used as a pair to amplify ChIP target
DNA in transfected cells that resulted in a 274-bp PCR product (Fig. 5A).

To assess ICP4 occupancy during productive infection, a different reverse primer was used,
AGGAGGAGCAGCGGAGGC, which spans nucleotides 263 to 246 of the ICP4 promoter. The ICP4 for-
ward and reverse primers were used to amplify ChIP target DNA from HSV-1-infected cells and create a
247-bp PCR product (Fig. 8A).

Plasmids. A plasmid containing the ICP4 promoter enhancer sequence (a4R) was obtained from
Thomas Kristie (NIH) and was cloned into pGL3-Promoter plasmid (Promega) at SmaI-BglII sites, which
are upstream of the minimal promoter that drives firefly luciferase expression. The ICP4 enhancer frag-
ment was released from pGL3-Promoter using SmaI and BglII restriction enzymes. The released fragment
was cloned into the unique KpnI and BglII sites of pGL4.24[luc2/minP] (Promega), which are upstream of
the minimal promoter that drives firefly luciferase gene expression. The KLF4 binding site mutants con-
tain an EcoRI restriction site (GAATCC) at the denoted sites (D59 KLF4, D39 KLF4, and DKLF4) as shown in
Fig. 3A. These constructs were synthesized by GenScript and cloned into pGL4.24[luc2/minP] at SacI and
HindIII sites of pGL4.24[luc2/minP]. The E-Box mutant was also synthesized by GenScript and contains a
BamHI restriction site (GGATCC) in place of wt sequences (Fig. 4A). The E-Box mutant ICP4 fragment was
inserted between the SacI and HindIII sites in pGL4.24[luc2/minP].

The mouse GR expression plasmid was obtained from Joseph Cidlowski, NIH. The human KLF4 expres-
sion vector was obtained from Jonathan Katz (University of Pennsylvania). The human KLF15 expression
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plasmid was obtained from Deborah Otteson (University of Houston). The mouse PLZF expression vector
was obtained from Derek Sant’Angelo (Sloan-Kettering Cancer Center). The snail family transcriptional
repressor 2 (SLUG) expression vector was obtained from Paul Wade (NIEHS, Research Triangle Park, NC).

Transfection andmeasurement of luciferase activity in transfected cells. Neuro-2A and Vero cells
were grown to $80% confluence in 60-mm plates and washed with PBS. Antibiotic-free MEM with 2%
charcoal-stripped FBS was added to plates. Cells were transfected with either a plasmid expressing a fire-
fly luciferase gene from pGL4.24[luc2/minP] (0.5mg DNA) or the same plasmid with the indicated ICP4
enhancer construct (pa4R) cloned upstream of the minimal promoter using TransIT-X2 (Mirus, Madison,
WI) transfection reagent, following the manufacturer’s guidelines.

Cells used for the dual-luciferase assay were also transfected with a plasmid expressing Renilla lucif-
erase (0.05mg DNA) from a minimal thymidine kinase (TK) promoter as a transfection control. Indicated
samples were cotransfected with a GR expression plasmid (1mg DNA) and/or an expression plasmid con-
taining one of the stress-induced transcription factors (KLF4, KLF15, PLZF, or SLUG; 0.5mg DNA). To
maintain equivalent amounts of DNA for every sample, empty vector was added as needed. Following
transfection, cells were incubated in medium containing 2% charcoal-stripped FBS. At 24 h following
transfection, designated cultures were treated with water-soluble DEX (Sigma; D2915; 10mM final con-
centration) or RU486 (Sigma; M8046; 10mM final concentration). At 48 h following transfection, cells
were washed with PBS, harvested, and stored at 280°C.

Transfected Neuro-2A and Vero cells for dual-luciferase assay were harvested using passive lysis
buffer. Luciferase activity in each cell lysate was measured using a commercially available kit (Promega;
E1910) and a GloMax 20/20 luminometer (Promega E5331). Promoter activity was measured as firefly lu-
ciferase activity compared to Renilla luciferase activity, the transfection control. Firefly luciferase activity
from pGL4.24[luc2/minP] was used as the baseline promoter activity, and enhancer activity by the vari-
ous ICP4 constructs was denoted as fold activation over baseline levels. Transactivation by the indicated
transcription factors was also measured as fold activity over basal promoter or fold activity over the
pa4R construct transfected alone.

Chromatin immunoprecipitation. Neuro-2A cells for ChIP were cultured in 100-mm plates with an-
tibiotic-free medium containing 2% charcoal-stripped FBS and transfected with the pGL4.24[luc2/minP]
plasmid containing the pa4R construct (1.5mg DNA). Indicated samples were cotransfected with expres-
sion plasmids expressing GR (3mg DNA) and/or a stress-induced transcription factor (KLF4, KLF15, PLZF,
or SLUG; 0.5mg DNA). At 24 h after transfection, designated samples were treated with DEX (10 mM). At
48 h posttransfection, Neuro-2A cells were formaldehyde cross-linked and harvested in PBS. Chromatin
immunoprecipitation was performed as previously described (24, 37, 41) using 5mg of GR (Cell
Signaling; 3660S), KLF15 (Abcam; ab2647), KLF4 (Abcam; ab106629), PLZF (Active Motif; 39987), or SLUG
(Santa Cruz; sc166476) antibody. Five micrograms of IgG served as an isotype control. PCR was per-
formed using ICP4 forward and pGL4.24[luc2/minP] reverse primers, generating a 274-bp product, and
run on a 1% agarose gel with ethidium bromide for visualization. Individual bands were quantified using
Image Lab software, with isotype and antibody samples presented as a percentage of input, represent-
ing approximately 13% of input cell lysate for each sample.
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