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ABSTRACT Bovine herpesvirus 1 (BoHV-1), an important bovine pathogen, estab-
lishes lifelong latency in sensory neurons. Latently infected calves consistently reacti-
vate from latency following a single intravenous injection of the synthetic corticoste-
roid dexamethasone. The immediate early transcription unit 1 (IEtu1) promoter,
which drives bovine ICP0 (bICP0) and bICP4 expression, is stimulated by dexametha-
sone because it contains two glucocorticoid receptor (GR) response elements (GREs).
Several Krüppel-like transcription factors (KLF), including KLF15, are induced during
reactivation from latency, and they stimulate certain viral promoters and productive
infection. In this study, we demonstrate that the GR and KLF15 were frequently ex-
pressed in the same trigeminal ganglion (TG) neuron during reactivation and coop-
eratively stimulated productive infection and IEtu1 GREs in mouse neuroblastoma
cells (Neuro-2A). We further hypothesized that additional regions in the BoHV-1 ge-
nome are transactivated by the GR or stress-induced transcription factors. To test
this hypothesis, BoHV-1 DNA fragments (less than 400 bp) containing potential GR
and KLF binding sites were identified and examined for transcriptional activation by
stress-induced transcription factors. Intergenic regions within the unique long 52
gene (UL52; a component of the DNA primase/helicase complex), bICP4, IEtu2, and
the unique short region were stimulated by KLF15 and the GR. Chromatin immuno-
precipitation studies revealed that the GR and KLF15 interacted with sequences
within IEtu1 GREs and the UL52 fragment. Coimmunoprecipitation studies demon-
strated that KLF15 and the GR were associated with each other in transfected cells.
Since the GR stimulates KLF15 expression, we suggest that these two transcription
factors form a feed-forward loop that stimulates viral gene expression and produc-
tive infection following stressful stimuli.

IMPORTANCE Bovine herpesvirus 1 (BoHV-1) is an important viral pathogen that
causes respiratory disease and suppresses immune responses in cattle; consequently,
life-threatening bacterial pneumonia can occur. Following acute infection, BoHV-1
establishes lifelong latency in sensory neurons. Reactivation from latency is initiated
by the synthetic corticosteroid dexamethasone. Dexamethasone stimulates lytic cycle
viral gene expression in sensory neurons of calves latently infected with BoHV-1, cul-
minating in virus shedding and transmission. Two stress-induced cellular transcrip-
tion factors, Krüppel-like transcription factor 15 (KLF15) and the glucocorticoid re-
ceptor (GR), cooperate to stimulate productive infection and viral transcription.
Additional studies demonstrated that KLF15 and the GR form a stable complex and
that these stress-induced transcription factors bind to viral DNA sequences, which
correlates with transcriptional activation. The ability of the GR and KLF15 to syner-
gistically stimulate viral gene expression and productive infection may be critical for
the ability of BoHV-1 to reactivate from latency following stressful stimuli.
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Bovine herpesvirus 1 (BoHV-1) is an important pathogen of cattle that causes
conjunctivitis and/or upper respiratory tract disease; consequently, erosion of

mucosal surfaces occurs during acute infection (1, 2). BoHV-1 infections also suppress
host immune responses (3), which can then increase the incidence of life-threatening
bacterial pneumonia (4, 5). BoHV-1, stress, and other bovine viral pathogens contribute
to the polymicrobial disease bovine respiratory disease complex (BRDC) (6). BRDC is the
most important disease in cattle because it costs the U.S. cattle industry more than $1
billion in losses each year (1, 4, 7, 8). A BoHV-1 entry protein encoded by the poliovirus
receptor-related 1 gene is a BRDC susceptibility gene for Holstein calves (9), confirming
that BoHV-1 is an important BRDC cofactor.

Following acute infection, trigeminal ganglia (TG) are primary sites for lifelong
latency (10, 11). Increased corticosteroid levels, due to food and water deprivation
during shipping of cattle, weaning, and/or dramatic weather changes, increase the
incidence of BoHV-1 reactivation from latency (11, 12). The synthetic corticosteroid
dexamethasone (DEX) mimics the effects of stress, stimulates productive infection (13),
and initiates reactivation from latency (14–21). Corticosteroids bind and activate the
glucocorticoid receptor (GR) and mineralocorticoid receptor (MR) (22), suggesting that
these nuclear hormone receptors mediate key aspects of reactivation from latency.
Herpes simplex virus 1 (HSV-1) and presumably BoHV-1 genomes exist as “silent”
chromatin during latency (23); conversely HSV-1 DNA is associated with unstable
chromatin during productive infection (24, 25). Regardless of the reactivation stimulus,
silent viral heterochromatin must be converted into an actively transcribing template in
order for successful reactivation from latency to occur. BoHV-1 viral gene products can
be readily detected within hours after DEX treatment (19, 26–28), suggesting that
cellular transcription factors are pivotal for activating viral gene expression. DEX-
induced cellular transcription factors were identified within the first 3 h in TG neurons
following DEX treatment of latently infected calves, and these transcription factors
stimulate certain viral promoters and productive infection (29). Several Krüppel-like
transcription factors (KLF) were identified in this study, which is intriguing because
these proteins bind GC- or CA-rich motifs (30), and the BoHV-1 genome is GC rich.
Corticosteroids also have potent anti-inflammatory and immune-suppressive properties
(22, 31–33), which would clearly enhance viral replication and spread during reactiva-
tion from latency.

BoHV-1 genes are expressed in three distinct phases during productive infection of
cultured cells: immediate early (IE), early (E), and late (L) (14, 15). IE gene expression is
stimulated by VP16, a tegument protein (34, 35). IE transcription unit 1 (IEtu1) encodes
two transcriptional regulatory proteins, bovine ICP0 (bICP0) and bICP4, because a single
IE transcript is differentially spliced and then translated into bICP0 or bICP4 (36–38). The
bICP0 protein is also translated from an E mRNA (E2.6) because a separate E promoter
drives expression of the bICP0 E transcript (36–39). IEtu1 promoter activity is stimulated
by the GR and the synthetic corticosteroid DEX because there are two consensus GR
response elements (GREs) located in the promoter (13), suggesting that this promoter
is activated by stress-induced transcription factors during reactivation from latency.

In this study, we provide evidence that KLF15 and the GR were frequently detected
in the same TG neurons during reactivation from latency but not during latency.
Additional studies demonstrated that KLF15 and the GR cooperated to stimulate
productive infection and transactivate a 280-bp fragment containing the IEtu1 GREs
cloned upstream of a minimal simian virus 40 (SV40) early promoter. Since the BoHV-1
genome contains more than 100 putative GR binding sites (13), we also tested whether
intergenic regions of the viral genome that contain binding sites for the GR and KLF
family members were transactivated by stress-induced transcription factors. We provide
evidence that KLF15 and the GR cooperate to transactivate a reporter construct
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containing a UL52 intergenic fragment. Additional intergenic regions functioned as
transcriptional enhancers and were transactivated by KLF15. These findings provide
evidence that KLF15 and the GR cooperate to stimulate viral transcription and produc-
tive infection following a stressful stimulus.

RESULTS
The GR and KLF15 are frequently present in the same neuron during reacti-

vation and can stimulate productive infection in cultured cells. We hypothesized
that KLF15 and the GR cooperate with each other to stimulate viral replication and gene
expression during DEX-induced reactivation from latency. The rationale for this hypoth-
esis is summarized below. The GR is expressed in a subset of neurons in the peripheral
nervous system (40), GR-positive (GR�) neurons increase during reactivation (26, 27),
and TG neurons that express bICP0 or VP16 during early stages of reactivation fre-
quently express the GR (26, 27). Furthermore, KLF15 is a DEX-induced cellular tran-
scription factor identified during reactivation from latency (29), and KLF15 stimulates
the BoHV-1 IEtu1 promoter (29) as well as the HSV-1 ICP0 promoter (41). Finally, KLF15
and the GR were reported to be physically associated, which enhances the ability of
corticosteroids to stimulate GR-dependent transcription (42–44). Initial studies tested
whether the GR and KLF15 were expressed in the same TG neurons during DEX-induced
reactivation from latency. Consecutive sections were cut from TG of latently infected
calves that were treated with DEX for 6 h to initiate reactivation from latency. One
section was stained with a GR antibody (Ab), and one was stained with a KLF15
antibody. We frequently observed GR� neurons 6 h after DEX treatment that were also
KLF15 positive (KLF15�) (Fig. 1, DEX 6 GR and DEX 6 KLF, respectively; blue numbers
denote TG neurons stained with both antibodies). GR� neurons that were not readily
detected by the KLF15 antibody were also detected (Fig. 1, blue letters). Finally, there

FIG 1 KLF15 and the GR are frequently found in the same TG neuron during DEX-induced reactivation from latency.
Immunohistochemistry (IHC) of consecutive sections was examined for KLF15 and GR expression in TG neurons
when latently infected calves were treated with DEX for 6 h to initiate reactivation from latency, as described in the
Materials and Methods section. The numbers denote TG neurons that are positive for KLF15 and the GR. The letters
denote GR� KLF15-negative neurons. As a control, TG sections from latently infected calves were examined for GR
and KLF15 expression. Since GR and KLF15 were not readily detected in TG neurons during latency, consecutive
sections were not examined. These results are representative of TG sections from two different calves.
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were several neurons that were not readily stained by either antibody (for example, the
neuron to the right of neuron H in Fig. 1). As previously reported in bovine TG from
latently infected calves or mouse TG explants (26, 41), the GR and KLF15 were detected
only in a small subset of TG neurons during latency (Fig. 1, latency GR or KLF15 panel).
Since we detected the GR and KLF15 in many TG neurons following DEX treatment for
6 h, we suggest that this is part of the normal stress response and that many GR� and
KLF15� neurons are not latently infected.

To test whether KLF15 and the activated GR cooperated to stimulate productive
infection, mouse neuroblastoma cells (Neuro-2A) were cotransfected with genomic
DNA of the gCblue virus, and the effects of KLF15 and the GR were examined. Neuro-2A
cells were used for these studies because they have neuron-like properties (45), can be
readily transfected, and are permissive for BoHV-1 (46). Neuro-2A cells were transfected
with BoHV-1 gCblue DNA instead of infecting cells because VP16 and other regulatory
proteins in the virion diminish the stimulatory effects of DEX on productive infection
(data not shown). KLF15 and the GR stimulated the number of �-galactosidase-positive
(�-Gal�) Neuro-2A cells more than 7-fold, which was significantly higher than treatment
with GR plus DEX or with the GR or KLF15 alone (Fig. 2A). Cotransfection of gCblue and
the GR plus KLF15 stimulated productive infection 4-fold even when DEX was not
added to cultures, which was higher than the effects seen by GR and DEX treatment
and significantly different than when cultures were transfected with just gCBlue DNA.

FIG 2 KLF15 and the GR cooperate to stimulate productive infection. Neuro-2A cells (A) or rabbit skin
cells (B) were used for these studies. Twenty-four hours prior to transfection, 2% stripped fetal calf serum
was added to the medium. Stripped fetal calf serum was used for these studies because normal serum
contains steroid hormones, which activate the GR, as judged by nuclear localization of the GR following
incubation with normal fetal calf serum (13). Cells incubated with stripped fetal calf serum for 24 h
contain little or no nuclear GR. Cells were then transfected with 1.5 �g of BoHV-1 gCblue and, where
indicated, a plasmid that expresses the mouse GR protein (1.0 �g DNA) and KLF15 (0.5 �g DNA). To
maintain the same amount of DNA in each sample, empty vector was included in the samples.
Designated cultures were then treated with water-soluble DEX (10 �M; Sigma). At 48 h after transfection,
the number of �-Gal� cells was counted. The value for the control (gCblue DNA treated with PBS after
transfection) was set at 1. The results from DEX-treated cultures (black bars) were compared to those with
the controls (white bars) and are an average of three independent studies. An asterisk denotes a
significant difference between Neuro-2A cells transfected with BoHV-1 DNA (P � 0.05), using the
Student’s t test.
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Additional studies examined the effect of KLF15 and the GR on productive infection in
rabbit skin (RS) cells (Fig. 2B). In general, the trends in RS cells were the same as in
Neuro-2A cells except that the levels of induction by KLF15 and the GR were approx-
imately 2-fold less in RS cells than in Neuro-2A cells.

KLF15 and the GR cooperate to stimulate IEtu1 promoter activity. To test

whether KLF15 cooperated with the GR to stimulate IEtu1 promoter activity, transient-
transfection studies were performed in Neuro-2A cells. A 280-bp fragment that con-
tained both GREs within the IEtu1 promoter and flanking sequences was cloned
upstream of the minimal SV40 early promoter and designated IEtu1 GREs (Fig. 3A and
B). The IEtu1 GRE construct was used instead of the entire IEtu1 promoter because
previous studies demonstrated that KLF15 transactivated an IEtu1 promoter construct
that lacks the GREs (29), and the goal of this study was to test whether sequences
adjacent to the GREs were stimulated by the GR and KLF15. We have consistently
observed that KLF15 and the GR cooperated to stimulate the IEtu1 GRE construct
approximately 40-fold whereas treatment with the GR plus DEX stimulated this con-
struct approximately 8-fold (Fig. 3D).

To identify sequences in the IEtu1 GREs that mediate transactivation by KLF15 and
the GR, site-specific mutations of GRE1, GRE2, and KLF-like binding sites were prepared
(Fig. 3C) and examined in Neuro-2A cells. A previous study demonstrated that the same
GRE1 mutation interfered with transactivation mediated by GR plus DEX and was more
important than GRE2 (13). Mutagenesis of both GREs abolished transactivation medi-
ated by GR plus DEX (13). Disruption of GRE1 significantly inhibited transactivation by
KLF15 and the GR (Fig. 3D). All KLF transcription factors contain similar DNA binding
domains and thus can bind to a CACCC core motif (30, 47–49). Two KLF-like binding
sites were identified in the IEtu1 GREs, and these motifs disrupted (Fig. 3C). Mutagen-
esis of the putative KLF-like binding sites reduced transactivation by KLF15 and the GR
approximately 30%. Mutagenesis of the GRE1 and the KLF binding site (ΔGRE1ΔKLF)
had results similar to those with the ΔGRE1 mutant. Mutagenesis of both GREs and the
KLF binding site reduced KLF15- and GR-mediated transactivation to basal levels. In
summary, mutagenesis of the GRE1 in the IEtu1 GRE fragment significantly reduced
transactivation by KLF15 and the GRE.

Identification of intergenic regions in the BoHV-1 genome that contain puta-
tive GR and KLF binding sites. The BoHV-1 genome contains approximately 100

putative GREs (13) (Fig. 3A and B), suggesting that these sites play a role in stimulating
viral gene expression following a stressful stimulus. We identified 13 regions in the viral
genome that contained at least two putative GREs and a potential KLF binding site that
were less than 400 bp apart (Fig. 4A to C). No preference was given to whether these
sequences were contained in a known viral promoter because a GRE can be transac-
tivated by the activated GR when the GR is located more than 5 kb from a start site of
transcription (50). Sequences containing these regions were synthesized and cloned
upstream of a minimal promoter (pGL3-promoter vector) to test whether these se-
quences were transactivated by stress-induced cellular transcription factors. The IEtu1
GRE construct was used for comparison with other viral fragments.

Initial studies tested whether any of these fragments functioned as a transcriptional
enhancer in Neuro-2A cells (Fig. 4C). Relative to the empty vector (pGL3-promoter
vector), the UL23 fragment consistently activated transcription 4.8-fold. Furthermore,
the UL10, UL36, bICP4, IEtu2, and unique short region (US) fragments stimulated
transcription by more than 2-fold compared to the level with the empty pGL3-promoter
vector. In contrast, the UL5 fragment reduced promoter activity in Neuro-2A cells. In
summary, this study suggested that certain intergenic fragments within the viral
genome have weak enhancer activity.

Regulation of promoter activity by individual stress-induced transcription
factors. Although each fragment contained putative GREs, the ability of DEX to

stimulate the respective fragments was not significantly different than that of the
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pGL3-promoter vector (Fig. 5A). Only the UL52 fragment was stimulated by DEX and the
GR by approximately 2-fold.

Microarray and immunohistochemistry studies revealed that three KLF family mem-
bers were induced during early stages of reactivation from latency in TG neurons: KLF4,
KLF15, and promyelocytic leukemia zinc finger (PLZF) (29). Slug was also examined
because it is induced by DEX in TG during reactivation from latency and stimulated
productive infection. PZLF stimulated the UL5 and US fragment more than 2-fold (Fig.
5B). KLF15 transactivated the promoter construct containing the bICP4 intergenic

FIG 3 KLF15 and the GR cooperate to stimulate IEtu1 promoter activity. (A) Schematic of IEtu1 promoter
and location of the TATA box, TAATGARAT motif, and the two GREs. Numbers in parentheses indicate the
genomic location of the first nucleotide of each motif. (B) Schematic of the 280-bp fragment that
contains the IEtu1 GREs and a KLF-like motif. This fragment was cloned upstream of the minimal SV40
early promoter in the luciferase vector (pGL3-promoter vector; Promega). (C) Nucleotide sequence of
motifs in the IEtu1 GREs and mutations that were prepared. The mutations in GRE1 and GRE2 were
previously shown to disrupt transactivation by the GR in transient-transfection studies (13). (D) Neuro-2A
cells were treated with 2% stripped fetal calf serum 24 h prior to transfection. Neuro-2A cells were then
transfected with the designated IEtu1 GRE plasmid (0.5 �g of DNA) and, where indicated, a plasmid that
expresses the mouse GR protein (1.0 �g of DNA) and/or KLF15 (0.5 �g of DNA). To maintain the same
amount of DNA in each sample, empty vector was included in certain samples. Designated cultures were
then treated with water-soluble DEX (10 �M; Sigma) at 24 h after transfection. At 48 h after transfection,
cells were harvested, and protein lysate was subjected to a dual-luciferase assay as described in the
Materials and Methods section. Levels of promoter activity in the empty luciferase vector (pGL3-promoter
vector) were normalized to a value of 1, and fold activation values for other samples are presented. The
results are the average of three independent experiments, and error bars denote the standard errors. The
double asterisks denote a significant difference (P � 0.05) between results for IEtu1 GREs relative to those
for all mutant constructs following transfection with GR plus KLF15 and treatment with DEX, as
determined by the Student t test. The single asterisk denotes a significant difference (P � 0.05) between
results for the ΔKLF mutant relative to results for the other mutant constructs (ΔGRE1, ΔGRE1ΔKLF, and
Δ2�GREΔKLF) when they are cotransfected with GR plus KLF15 and treated with DEX, as determined by
the Student t test.
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fragment approximately 2-fold. KLF4 and Slug essentially had no effect on any of the
fragments that we examined. In summary, the individual stress-induced transcription
factors identified in TG neurons did not dramatically transactivate any of the intergenic
viral fragments inserted upstream of the SV40 early promoter compared to effect of the
empty pGL3-promoter vector.

KLF15 cooperates with the GR to activate enhancer activity. As discussed above,
KLF15 and the GR were reported to interact with each other, and KLF15 is a coactivator

FIG 4 Location of GREs on BoHV-1 and intergenic regions analyzed for stress-induced transcriptional
activity. (A) Diagram of the linear BoHV-1 genome (horizontal line) with predicted GREs denoted by
vertical lines. Lines above the genome represent GREs on the positive/forward DNA strand, while lines
below indicate GREs on the negative strand. The terminal repeats are denoted by gray rectangles.
Numbers denote genomic coordinates. Genomic regions that contain at least two putative GREs and
potential KLF binding sites and are 400 bp or less are denoted by the gene in which they are located.
LRG refers to the latency-related gene (10). The Circ gene encodes an IE transcript from the left end of
the genome and spans covalently joined genome ends. These sequences were synthesized (Genescript),
cloned into the pGL3-promoter vector, and then used for the studies described below. UL, unique long
region. (B) Expanded genomic region that includes bICP0, bICP4, and bICP22. Genomic sequences
located between bICP4 and bICP22 contain the origin of replication (ORIs, denoted by a black diamond)
and IEtu1 and IEtu2 to the left and right of the ORIs, respectively (not highlighted). Black boxes denote
enlarged GREs on positive (above) or negative (below) strands. GRE1 and GRE2 within the IEtu1 promoter
are indicated, and the genomic region for the beginning and end of the sequences is given. (C) Neuro-2A
cells were cotransfected with a plasmid containing the firefly luciferase gene downstream of the
designated plasmid constructs (1 �g of DNA) and a plasmid encoding Renilla luciferase (0.05 �g of DNA)
using Lipofectamine 3000. The level of promoter activity in the empty luciferase vector (pGL3-promoter
vector) was normalized to a value of 1, and fold activation for other constructs is presented as enhancer
activity. An asterisk denotes a significant difference between luciferase activities of the designated
construct relative to the activity of the empty vector that contains only the SV40 early promoter
(pGL3-promoter vector), using the Student’s t test.
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of GR-dependent transcription (42–44). Thus, we examined the effect that KLF15 and
the GR had on promoter activity of constructs containing intergenic regions. The UL52
intergenic region was stimulated 12-fold by treatment with GR and KLF15 plus DEX (Fig.
6A). Furthermore, the bICP4, IEtu2, and US fragments were stimulated more than 3-fold,
which was higher than the effect of GR plus DEX and significantly different from the
level with the empty vector control. In the absence of DEX, KLF15 and the GR had little
effect on transcriptional activity of any construct, confirming that the transfection
protocol did not dramatically activate the GR when cultures were incubated with
stripped serum.

As a control, we tested whether KLF4 cooperated with the GR to transactivate any
of the fragments (Fig. 6B). The UL52 fragment was transactivated significantly more by
KLF4 plus GR than by GR plus DEX or by the empty vector; however, addition of DEX
to cultures transfected with KLF4 and the GR did not significantly increase promoter
activity. Furthermore, the bICP4 fragment was transactivated more efficiently by KLF4
and the GR in the absence of DEX. Relative to treatment with DEX plus the GR, the IEtu1
GREs were transactivated approximately 3-fold by KLF4 and the GR in the presence of
DEX; however, the difference was not as dramatic as that with KLF15 and the GR. In
summary, these studies determined that KLF15 and the GR cooperated to transactivate

FIG 5 Identification of BoHV-1 intergenic regions that are regulated by stress-induced transcription
factors. (A) Neuro-2A cells were cotransfected with the designated plasmid constructs (0.25 �g of DNA)
containing the firefly luciferase gene that contains the BoHV-1 sequences, a plasmid that expresses the
GR plasmid (1 �g of DNA), and a plasmid that expresses Renilla luciferase (0.05 �g of DNA). Following
transfection, Neuro-2A cells were cultured in 2% stripped fetal calf serum after transfection. Twenty-four
hours after transfection the designated Neuro-2A cultures were treated with water-soluble DEX (10 �M;
Sigma). (B) Neuro-2A cells were cotransfected with the designated plasmid constructs (0.25 �g of DNA)
containing the firefly luciferase gene and viral sequences, a plasmid encoding Renilla luciferase (0.05 �g
of DNA), and a KLF transcription factor (KLF4, KLF15, or promyelocytic leukemia zinc finger [PLZF]) or a
plasmid expressing Slug-1 (0.5 �g of DNA). The level of promoter activity in the empty luciferase vector
(pGL3-promoter vector) was normalized to a value of 1, and fold activation values for other samples are
presented. At 48 h after transfection, cells were harvested, and protein extracts were subjected to a
dual-luciferase assay as described in the Materials and Methods section. The level of promoter activity in
the empty luciferase vector (pGL3-promoter vector) was normalized to a value of 1, and fold activation
values for other samples are presented. The results are the average of three independent experiments,
and error bars denote the standard errors.
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promoter constructs that contained the UL52 and bICP4 intergenic fragments. Al-
though KLF4 had an effect on GR-mediated transactivation, the effects were not as
dramatic as those of KLF15.

Localization of sequences in the UL52 region that are responsive to KLF15 and
the GR. The UL52 intergenic region contains two GRE half-binding sites, a cluster of Sp1
binding sites, and a KLF-like binding site (Fig. 7A). GRE half-binding sites can be bound
and transactivated by GR monomers, but adjacent transcription factor binding sites
play a bigger role than “whole” GREs (22, 50–52). Mutations in each of these sites were
synthesized (Fig. 7B), and their ability to be transactivated by KLF15 and the GR
examined in Neuro-2A cells. Mutations in the GRE1 half-binding site and Sp1 binding
sites reduced transactivation to approximately 3-fold (Fig. 7C). Although the ΔGRE2
half-binding site and ΔKLF mutants were not transactivated as efficiently by KLF15 and
the GR, the level of transactivation was more than 4-fold.

The GR is associated with KLF15 in transfected Neuro-2A cells. To confirm
whether the GR is associated with KLF15, Neuro-2A cells were cotransfected with
plasmids that express KLF15 and the GR, and coimmunoprecipitation (co-IP) studies
were performed. Following IP with the GR antibody, we consistently detected KLF15 in
the immunoprecipitate when cultures were treated with DEX (Fig. 8A) and when
cultures were not treated with DEX after transfection (Fig. 8B). KLF15 was also immu-
noprecipitated by the GR antibody when the GR was not overexpressed (data not
shown). When the IP was performed with the KLF15 antibody, the GR was not readily
detected in the immunoprecipitate (Fig. 8A and B) unless the blots were overexposed
(lanes IP KLF15*). The KLF15 antibody used for this study was produced in goats using

FIG 6 GR and KLF15 cooperate to transactivate certain BoHV-1 intergenic regions. Neuro-2A cells were
cotransfected with the designated plasmid constructs (0.25 �g of DNA) containing the firefly luciferase
gene downstream, a plasmid encoding Renilla luciferase (0.05 �g of DNA), KLF15 (A) or KLF4 (B) (0.5 �g
of DNA), and the GR expression plasmid (1 �g of DNA). To maintain equal plasmid amounts in the
transfection mixtures, the empty expression vector was added as needed. For these studies, Neuro-2A
cells were cultured in 2% stripped fetal calf serum after transfection. Twenty-four hours after transfection
the designated Neuro-2A cultures were treated with water-soluble DEX (10 �M; Sigma). At 48 h after
transfection, cells were harvested, and protein extracts were subjected to a dual-luciferase assay as
described in the Materials and Methods section. The results are the average of three independent
experiments, and error bars denote the standard errors. An asterisk denotes a significant difference (P �
0.05) between the value for the empty control (pGL3-promoter vector), as determined by the Student t
test. It should be noted that for UL52 the transactivation levels obtained with KLF4 plus GR were not
significantly different when DEX was added.
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a 13-amino-acid peptide, suggesting that this epitope was masked when KLF15 inter-
acted with other cellular proteins or that this epitope does not yield antibodies that
efficiently immunoprecipitate the protein. However, the KLF15 antibody specifically
recognized KLF15 in Western blot studies.

Additional studies were performed to test whether interactions between KLF15 and
the GR increased the stability of either protein. Endogenous levels of the GR were not
altered dramatically when Neuro-2A cells were transfected with the KLF15 or KLF4
expression plasmid. When the GR expression plasmid was transfected into Neuro-2A
cells, there was an additional GR-specific band that migrated at approximately 120 kDa,
whereas the endogenous GR-specific band expressed in Neuro-2A cells migrated at
approximately 90 kDa (Fig. 8 C, right panel). It is well established that the GR primary
transcript is alternatively spliced and that different GR protein isoforms are expressed

FIG 7 Identification of UL52 intergenic sequences that are important for transactivation by KLF15 and the
GR. (A) Location of the GRE half-binding sites (GRE1 1/2 and GRE2 1/2) and potential KLF binding sites
in the 294-bp UL52 fragment. (B) UL52 sequences contain three closely linked and partially overlapping
Sp1 binding sites that are underlined. The ΔSp1 binding site mutant replaced the Sp1 binding site with
an EcoRI restriction enzyme site (GAATTC). The consensus GRE binding site is shown (small letters above
consensus are nucleotides that can be part of a functional GRE). The GRE1 half-binding site is shown, and
the underlined nucleotides match the consensus. The ΔGRE1 half-binding site contains an EcoRI
restriction enzyme site (GAATTC) that replaced the GRE sequences. The GRE2 half-binding site is shown,
and the underlined nucleotides match the consensus. The ΔGRE2 half-binding site contains an SmaI
restriction enzyme site (CCCGGG) that replaced GRE sequence. The KLF-like binding site is shown, and
the ΔKLF mutant contains a HindIII restriction enzyme site (AAGCTT) that replaced the KLF-like binding
motif. (C) Neuro-2A cells were cotransfected with the designated plasmid constructs (0.25 �g of DNA)
containing the firefly luciferase gene downstream, a plasmid encoding Renilla luciferase (0.05 �g of DNA),
KLF15 (0.5 �g DNA), and the GR-expressing plasmid (1 �g of DNA). To maintain equal plasmid amounts
in the transfection mixtures, the empty expression vector was added as needed. For these studies,
Neuro-2A cells were cultured in 2% stripped fetal calf serum after transfection. Twenty-four hours after
transfection the designated Neuro-2A cultures were treated with water-soluble DEX (10 �M; Sigma). At
48 h after transfection, cells were harvested, and protein extracts were subjected to a dual-luciferase
assay as described in the Materials and Methods section. The results are the average of three indepen-
dent experiments, and error bars denote the standard errors. The asterisk denotes a significant difference
(P � 0.05) between results with UL52 and the mutant constructs when they are cotransfected with GR
plus KLF15 and treated with DEX, as determined by a Student t test.
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that have different activities (51). Thus, we suggest that the endogenous GR protein
expressed in Neuro-2A cells is translated from an alternatively spliced transcript that
has little transactivating activity or that the endogenous GR is prone to proteolysis.
When the GR and KLF15 were cotransfected into Neuro-2A cells, we observed KLF15
protein levels similar to those in cells transfected with just the KLF15 expression
plasmid, suggesting that the 90- and 120-kDa GR proteins did not dramatically affect
KLF15 protein levels (Fig. 8D, right panel). As expected, similar levels of the loading
control, tubulin, were expressed in Neuro-2A cells regardless of which plasmid was
used to transfect these cells (Fig. 8E). In summary, these studies revealed that the GR
interacted with KLF15 and that this interaction was independent of DEX treatment.

KLF15 and the GR interact with sequences located in the IEtu1 GREs and UL52
fragment. To test whether KLF15 and the GR interact with sequences located in the

FIG 8 The GR interacts with KLF15. Neuro-2A cells were grown to 80% confluence on 100-mm dishes.
Cells were cotransfected with plasmids that express KLF15 (1.5 �g) and the GR (2 �g). Cultures were
treated with DEX (10 �M) in 2% stripped-serum medium for 4 h (A) before cell lysate was harvested or
treated with DEX (B). Whole-cell lysate was prepared, and co-IP studies were performed using the GR or
KLF15 antibody as described in Materials and Methods. Following IP with the designated antibody, the
GR or KLF15 was detected in the immunoprecipitate by Western blotting (WB). Input lysate (50 �g of
protein) was used as a positive control. (C) Neuro-2A cells were cotransfected with plasmids that express
KLF15 (0.5 �g), KLF4 (0.5 �g), and the GR (1 �g) as indicated in the figure. Whole-cell lysate was prepared
using RIPA buffer, proteins were separated by SDS-PAGE (50 �g in each lane), and GR expression was
detected by Western blotting. Cell lysate from nontransfected Neuro-2A cells was used to examine
endogenous GR expression. (D) Neuro-2A cells were cotransfected with plasmids that express KLF15 (0.5
�g), KLF4 (0.5 �g), and the GR (1 �g) as indicated on the figure. Whole-cell lysate was prepared using
RIPA buffer, proteins (50 �g in each lane) were separated by SDS-PAGE, and Western blot analysis was
performed using anti-KLF15. Cell lysate from nontransfected Neuro-2A cells was used to examine
endogenous KLF15 expression. (E) As a loading control, tubulin levels were examined. For each lane, 50
�g was loaded. Values on the sides of the blots indicate molecular mass in kilodaltons.
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IEtu1 GREs and the UL52 fragment, chromatin immunoprecipitation (ChIP) studies were
performed. For this study, Neuro-2A cells were transfected with the promoter construct
containing the IEtu1 GREs (Fig. 9A, lane 2) and a plasmid expressing the KLF15 and GR
without DEX (lane 3) or with DEX treatment (lane 4). As previously reported (13), the GR
was bound to IEtu1 promoter sequences containing the GREs whether cells were
transfected with the GR expression vector or treated with DEX, as judged by amplifi-
cation of the 107-bp fragment (Fig. 9A, GR panel, lanes 2 to 4, filled circle). Additional
studies demonstrated that KLF15 interacted with sequences in the IEtu1 GREs in
transfected Neuro-2A cells whether these cells were transfected with a plasmid ex-
pressing the mouse GR or treated with DEX (Fig. 9A, KLF15 panel, lanes 2 to 4). In
contrast, the 107-bp PCR product spanning the IEtu1 GREs was not detected when the
IP was performed using an isotype control antibody (Fig. 9A). All input samples (prior
to IP) yielded the specific 107-bp PCR product except Neuro-2A cells not transfected
with the IEtu1 GRE construct (Fig. 9A, input panel, lane 1). Since the mutant lacking the
two GREs and KLF (Δ2�GREΔKLF) was not transactivated by KLF15 and the GR (Fig. 3D),
we tested whether the GR and KLF15 were bound to Δ2�GREΔKLF sequences. In
contrast to results with a wild-type (wt) IEtu1 GRE construct, we were unable to detect
binding of KLF15 and the GR to sequences in the Δ2�GREΔKLF plasmid following
transfection of Neuro-2A cells (Fig. 9B). As expected, the primers amplified the positive

FIG 9 Interaction between GR and KLF15 with IEtu1 GREs and UL52 sequences. Neuro-2A cells were
cotransfected with the IEtu1 GRE construct (A; 4 �g of DNA), the Δ2�GREΔKLF (B; 4 �g of DNA), or the
UL52 plasmid (C; 4 �g of DNA) and KLF15 and/or the GR plasmid (1 �g of DNA). Empty vector was added
to maintain the same concentration of DNA in each transfection assay. Designated cultures were treated
with DEX as described above. (A) Neuro-2A cells were transfected with no plasmid (lanes 1), with the
IEtu1 GRE construct (lanes 2), with IEtu1 GREs, KLF15, and the GR (no DEX treatment) (lanes 3), and with
IEtu1 GREs, KLF15, and the GR (lanes 4). Cultures were treated with DEX (10 �M) in 2% stripped-serum
medium for 4 h before cells were harvested. (B) Neuro-2A cells were transfected with no plasmid (lanes
1), with the Δ2�GREΔKLF construct (lanes 2), with Δ2�GREΔKLF, KLF15, and the GR (no DEX treatment)
(lanes 3), and with Δ2�GREΔKLF, KLF15, and the GR (lanes 4). Cultures were treated with DEX (10 �M)
in 2% stripped-serum medium for 4 h before cells were harvested. (C) Neuro-2A cells were transfected
with no plasmid (lanes 1), with a UL52 construct (lanes 2), with UL52, KLF15, and the GR (no DEX
treatment) (lanes 3), and with UL52, KLF15, and the GR (lanes 4). Cultures were treated with DEX (10 �M)
in 2% stripped-serum medium for 4 h before cells were harvested. Transfected cells were processed for
ChIP as described in the Materials and Methods section, and immunoprecipitation (IP) was conducted
using the GR antibody, KLF15 antibody, or isotype control antibody. Input was 10% of the total
DNA-protein complexes that were used for IP, and then PCR was performed using PCR primers described
in the Materials and Methods section. The filled circle denotes the specific PCR fragment of 107 bp for
the IEtu1 GREs, 107 bp for Δ2�GREΔKLF, or 132 bp for UL52, and the open circle denotes the position
of primer dimers. These results are representative of five independent studies for the GR ChIP and of two
for the KLF15 ChIP and Δ2�GREΔKLF. M, molecular mass marker.
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control for Δ2�GREΔKLF and the input samples that contained the Δ2�GREΔKLF
plasmid.

KLF15 (Fig. 9C, KLF15, lanes 2 to 4) and the GR (Fig. 9C, GR, lanes 2 to 4) were also
bound to the UL52 fragment, as judged by specific amplification of a 132-bp fragment.
When the IP was performed with the isotype control antibody, the 132-bp PCR product
was not detected (Fig. 9C, isotype panel, lanes 1 to 4). As expected, the input samples
yielded the specific 132-bp PCR product in all samples initially transfected with the
UL52 promoter construct (Fig. 9C, input panels). In summary, these studies revealed
that KLF15 and the GR specifically interacted with the IEtu1 GREs and UL52 fragment,
which correlated with their ability to be transactivated by these two stress-inducible
transcription factors.

DISCUSSION

In this study, we provided evidence that two stress-induced cellular transcription
factors (KLF15 and GR) cooperated to stimulate productive infection and transactivate
the IEtu1 GREs as well as several intergenic fragments (UL52, bICP4, IEtu2, and US). DEX,
which mimics the effects of stress, consistently induces BoHV-1 reactivation from
latency, in part because lytic cycle viral RNA and proteins are detected in TG neurons
within hours after treatment (17, 18, 26–28, 53). In response to stress, the GR and KLF15
regulate gene expression dynamics and integrate signals by a feed-forward loop (42,
43, 54). The hallmark of a feed-forward loop is a primary factor (GR in this case) that
stimulates expression of a second factor, KLF15 (29, 41–43, 54–56), and the two factors
activate expression of genes in a specific pathway, for example, genes that regulate
adipogenesis (57) and amino acid metabolizing enzymes (42, 43). Our studies suggest
that activation of BoHV-1 gene expression following a stressful stimulus is, in part,
regulated by a feed-forward loop containing the GR and KLF15.

The IEtu1 promoter is a unique viral promoter because the TATA box and single
TAATGARAT motif are located more than 700 bases from the first GRE (Fig. 2A, GRE2).
Sequences containing the two GREs are not required for VP16-mediated activation of
the IEtu1 promoter (34) or transactivation by KLF4 and KLF15 (29). Thus, it was not
surprising that the fragment spanning the IEtu1 GREs was not transactivated efficiently
by KLF15 alone. Based on these observations, we suggest that the GREs are not
required for regulating bICP0 and bICP4 IE expression during productive infection.
Consequently, it should be possible to construct a mutant virus lacking the IEtu1 GREs
that grows efficiently in cultured cells. Thus, the precise role that the IEtu1 GREs play
during stress-mediated reactivation from latency in calves can be directly assessed.

KLF15, like other KLF family members, resembles the Sp1 transcription factor family,
and both transcription factor families interact with GC-rich motifs (30, 47). It is well
established that the BoHV-1 genome, as well as other Alphaherpesvirinae subfamily
members, are GC rich, and many viral promoters contain Sp1 consensus binding sites
as well as additional GC-rich motifs (30). Mutating the GREs within the IEtu1 GREs and
UL52 construct was crucial for transactivation by the GR and KLF15, indicating that the
GRE is required. Overlapping Sp1 binding sites and GREs were important for transac-
tivation of the UL52 fragment by KLF15 and GR; however, the IEtu1 GREs lacked similar
motifs. Several KLF15 binding sites have been reported (58–61), suggesting that
sequence requirements for cooperative transactivation by KLF15 and the GR are flexible
and may be difficult to identify by merely analyzing the sequence. It is also possible that
when the GR is associated with KLF15, the GR initially binds to a GRE, and KLF15 DNA
binding properties are not as specific.

The finding that the BoHV-1 genome contains 100 putative GREs (13) suggests that
additional GREs play a role in stimulating productive infection and viral gene expression
following stressful stimuli. Although many of the intergenic GREs were not transacti-
vated by the GR or KLF15 alone, the GR and KLF15 cooperated to transactivate
fragments derived from UL52, the bICP4 open reading frame (ORF), IEtu2, and US.
Certain GREs in cellular chromatin can stimulate transcription from more than 5 kb to
the nearest promoter (50). Furthermore, the activated GR can specifically bind tran-
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scriptionally silent chromatin (62–64) and form a nuclease-hypersensitive site, culmi-
nating in transcriptional activation (65, 66). These properties are consistent with the GR
being termed a “pioneer transcription factor” (67, 68), which can activate transcription
of certain viral genes when the GRE is not adjacent to core promoter sequences.

The ability of corticosteroids to interfere with immune responses (31, 32, 69) is also
likely to be a contributing factor for increasing the incidence of reactivation from
latency. For example, the activated GR interacts with two cellular transcription factors,
activating protein 1 (AP-1) and nuclear factor kappa light-chain enhancer of activated
B cells (NF-�B) that promote inflammation (reviewed in references 22, 33, and 70). AP-1
and NF-�B are required for activating the beta interferon promoter/enhancer following
virus infection (71), which is significant because beta interferon has anti-herpesvirus
activity, including interfering with reactivation from latency (72–77). Furthermore,
infiltrating lymphocytes in TG undergo apoptosis following corticosteroid treatment
(31, 32, 69, 78), and soluble factors produced by T cells (79, 80) and/or dendritic cells
(81, 82) were reported to interfere with reactivation from latency. A previous study
revealed that DEX treatment of latently infected calves leads to viral gene expression
prior to apoptosis of infiltrating lymphocytes in TG (27). These observations suggest
that the immune-inhibitory functions of corticosteroids are not critical during the early
burst of viral gene expression after a reactivation stimulus but are likely to be important
for restricting virus shedding and spread at later stages of reactivation from latency.

MATERIALS AND METHODS
Cells and virus. Mouse neuroblastoma cells (Neuro-2A), rabbit skin (RS) cells, and bovine kidney cells

(CRIB) were grown in Eagle’s minimal essential medium (EMEM) supplemented with 10% fetal calf serum
(FCS), penicillin (10 U/ml), and streptomycin (100 �g/ml).

A BoHV-1 mutant containing the �-Gal gene in place of the viral gC gene was obtained from S.
Chowdury (LSU School of Veterinary Medicine) (gCblue virus), and stocks of this virus were grown in CRIB
cells. The gCblue virus grows to similar titers as the wt parental virus and expresses the LacZ gene.
Procedures for preparing genomic DNA were described previously (83).

Infection of calves and immunohistochemistry studies. All TG samples from calves used for this
study were previously described (27, 29, 84, 85). In brief, BoHV-1-free crossbred calves (�200 kg) were
inoculated with 107 PFU of BoHV-1 into ocular and nasal cavities as described previously (17, 83, 86–89).
At 60 days postinfection (dpi), calves were not shedding virus and were operationally defined as being
latently infected. Certain latently infected calves were injected intravenously in their jugular vein with
100 mg of water-soluble DEX (D2915; Sigma) to initiate reactivation from latency. Experiments were
performed in accordance with American Association of Laboratory Animal Care and University of
Nebraska IACUC committee guidelines (A3459).

Immunohistochemistry (IHC) studies were performed using an ABC kit (Vector Laboratories) accord-
ing to specifications of the manufacturer as previously described (83). Thin sections (4 to 5 �m) of TG
were cut, and the consecutive sections were numbered, mounted on glass slides, and processed as
described previously (41, 84, 90). One slide was stained with anti-GR antibody (3660S; Cell Signaling)
using a 1:100 antibody dilution, and a consecutive slide was incubated with the KLF15 antibody (ab2647;
Abcam) using a 1:250 antibody dilution overnight in a humidified chamber at 4°C. The next day, slides
were washed in 1� Tris-buffered saline (TBS) and incubated in biotinylated goat anti-rabbit IgG (PK-6101;
Vector Laboratories) for 30 min at room temperature in a humidified chamber. Avidin-biotinylated
enzyme complex was added to the slides for 30 min of incubation at room temperature. After three
washes in 1� TBS, slides were incubated with freshly prepared substrate (SK-4800; Vector Laboratories),
rinsed with distilled water, and counterstained with hematoxylin.

Quantification of �-Gal-positive cells. Neuro-2A cells and RS cells grown in 60-mm plates were
cotransfected with 1.5 �g of the gCblue viral genome and the designated amounts of plasmid expressing
GR or KLF15, as stated in the legend to Fig. 5, using Lipofectamine 3000 (catalog no. L3000075;
Invitrogen). At 48 h after transfection, cells were fixed with a solution containing 2% formaldehyde and
0.2% glutaraldehyde in phosphate-buffered saline (PBS) and then stained with a solution containing 1%
Bluo-Gal, 5 mM potassium ferricyanide, 5 mM potassium ferrocyanide, and 0.5 M MgCl2 in PBS. The
number of �-galactosidase (�-Gal)-positive cells was determined as described previously (17, 83, 91, 92).
In brief, the number of �-Gal-positive cells in cultures expressing the blank vector was set at 1 for each
experiment. To calculate fold change of �-Gal-positive cells, the number of blue cells in cultures
transfected with the plasmids of interest were divided by the number of blue cells in cultures transfected
with the blank vector. The effect that KLF15, DEX, and overexpression of the GR had on productive
infection is expressed as fold induction relative to the control level. This representation of the data
minimized the differences in cell density, Lipofectamine 3000 lot variation, and transfection efficiency.

Plasmids. A 280-bp fragment that contains the two GREs located in the IEtu1 promoter was
synthesized by Genescript and cloned into the pGL3-promoter vector at the unique KpnI and XhoI
restriction sites (IEtu1 GREs). Mutants of the IEtu1 GREs were synthesized by Genescript and cloned into
the pGL3-promoter vector at KpnI and XhoI restriction enzyme sites. These mutants are ΔKLF, ΔGRE1,
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ΔGRE1ΔKLF, Δ2�GREΔKLF and are described in Fig. 3C. The UL52 mutant constructs were synthesized
by Genescript and were cloned into the pGL3 -promoter vector at KpnI and XhoI restriction enzyme sites
(Fig. 7).

A mouse GR expression vector was obtained from Joseph Cidlowski, NIH. The KLF4 expression vector
was obtained from Jonathan Katz (University of Pennsylvania). The KLF15 expression vector was obtained
from Deborah Otteson (University of Houston). The PLZF expression vector was obtained from Derek
Sant’Angelo (Sloan-Kettering Cancer Center). The Slug expression vector was obtained from Paul Wade
(NIEHS, Research Triangle Park, NC). All plasmids were prepared from bacterial cultures by alkaline lysis
and two rounds of cesium chloride centrifugation.

Transfection and dual-luciferase reporter assay. Neuro-2A cells (8 � 105) were seeded into 60-mm
dishes containing EMEM with 10% FCS at 24 h prior to transfection. Two hours before transfection,
medium was replaced with fresh growth medium lacking any antibiotics. Cells were cotransfected with
the designated plasmid containing the firefly luciferase gene downstream of the SV40 early promoter
(0.25 �g of plasmid DNA) and a plasmid encoding Renilla luciferase under the control of a minimal
herpesvirus thymidine kinase (TK) promoter (50 ng of DNA) as described in the legends to Fig. 3, 4C, and
5 to 7 and Table 1. To maintain equal plasmid amounts in the transfection mixtures, the empty
expression vector was added as needed. Neuro-2A cells were incubated in 2% charcoal-stripped fetal calf
serum after transfection. At 24 h after transfection, Neuro-2A cultures were treated with water-soluble
DEX (10 �M [D2915; Sigma]). Forty-eight hours after transfection, cells were harvested, and protein
extracts were subjected to a dual-luciferase assay using a commercially available kit (E1910; Promega).
Luminescence was measured by using a GloMax 20/20 luminometer (E5331; Promega).

Coimmunoprecipitation studies and Western blot analysis. Neuro-2A cells grown on 100-mm
dishes were cotransfected with plasmids that express KLF15 (1.5 �g of DNA) and the mouse GR (2 �g of
DNA). Cultures were treated with DEX (10 �M) in 2% stripped-serum medium for 4 h before harvesting
of transfected cultures. Whole-cell extracts were prepared with radioimmunoprecipitation assay (RIPA)
lysis buffer with 1� protease inhibitor cocktail (Thermo Fisher Scientific), and protein concentration was
quantified. Protein lysate (500 �g) was combined with anti-GR and/or anti-KLF15 (5 �g) antibody, and
the reaction mixtures were incubated overnight at 4°C on a rotator. Protein A Dynabeads (catalog
number 10001D; Life Technologies) were added and incubated for 2 h at 4°C with rotation. Immuno-
precipitates were collected using a magnet DynaMag, (catalog no. 12321D; Life Technologies), the
supernatants were removed, and the Dynabeads-antigen (Ag)-Ab complexes were washed three times
with 1 ml of washing buffer (20 mM Tris-HCl, pH 8.0, 500 mM NaCl, 2 mM EDTA, 1% Triton X-100, 0.1%
SDS). Proteins were eluted from Dynabeads by incubation with 30 �l of elution buffer (1% SDS, 100 mM
NaHCO3); the samples were vortexed and then incubated in a water bath at 42°C for 30 min. The eluent
was loaded onto an SDS-PAGE gel and Western blotting was performed as described below.

At 48 h after transfection, whole-cell lysate was prepared. Cultures were washed with phosphate-
buffered saline (PBS) and suspended in RIPA lysis buffer (50 mM Tris-HCl [pH 8.0], 150 mM NaCl, 2 mM
EDTA [pH 8.0], 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS) and one tablet of complete protease
inhibitor (Roche Molecular Biochemicals) in 10 ml of buffer. Cell lysate was incubated on ice for 30 min,
sonicated, and then clarified by centrifugation at 13,000 rpm at 4°C for 15 min. Protein concentrations
were quantified by the Bradford assay. For SDS-PAGE, proteins were mixed with an equal amount of 2�
sample loading buffer (62.5 mM Tris-HCl [pH 6.8], 2% SDS, 50 mM dithiothreitol, 0.1% bromophenol blue,
10% glycerol) and boiled for 5 min. Proteins were separated in an SDS–10% PAGE gel. After electropho-
resis, proteins were transferred onto a polyvinylidene difluoride membrane (Immobilon-P; Millipore) and
blocked for 1 h in 5% (wt/vol) nonfat dry milk with 1� Tris-buffered saline– 0.1% Tween 20 (TBS-T).
Membranes were then incubated with the designated primary antibody at 4°C as described for Fig. 8
with gentle shaking overnight. The primary antibody was diluted 1:1,000 in the blocking solution. An
antibody directed against tubulin was used as a loading control. After 45 min of washing with TBS-T, the
blots were incubated with secondary antibodies (peroxidase-conjugated immunoglobulin G [Amersham
Biosciences]), which were diluted 1:2,000 in 5% nonfat milk in TBS-T for 1 h. Blots were washed 45 min
with TBS-T and exposed to Amersham ECL reagents, and then autoradiography was performed. Primary
antibodies were purchased from Cell Signaling (anti-GR [D8H2], 3660S) and Abcam (anti-KLF4 antibody
[ab72543] and anti-KLF15 [ab2647]). The secondary donkey anti-rabbit antibody (NA9340V) was pur-
chased from GE Healthcare, secondary sheep anti-mouse antibody was purchased from GE Healthcare,
and the secondary donkey anti-goat (sc-2020) was purchased from Santa Cruz Biotechnology.

ChIP assay. Chromatin immunoprecipitation (ChIP) studies were performed, as previously described,
in Neuro-2A cells (13), except that Lipofectamine 3000 (L3000075; Invitrogen) was used as a transfection
reagent. Neuro-2A cells were grown on 100-mm dishes and cotransfected with the designated promoter
constructs as described in the legend to Fig. 9. Cultures were treated with DEX (10 �M) in 2%
stripped-serum medium for 4 h before cells were harvested. Neuro-2A cells were washed twice with
phosphate-buffered saline (PBS). A volume of 0.5 ml of 16% paraformaldehyde was added for cross-
linking with gentle shaking at 20°C for 10 min. Cross-linking was stopped by addition of 0.5 ml of 2.5 M
glycine with shaking for 5 min. Cells were pelleted by centrifugation at 1,000 � g at 4°C followed by two
washes with ice-cold PBS. The final pellet was suspended in 0.75 ml of cell lysis buffer (50 mM
HEPES-KOH, pH 7.5, 140 mM NaCl, 1 mM EDTA, pH 8.0, 1% Triton X, 0.1% sodium deoxycholate, 0.1% SDS)
with 1� protease inhibitors (catalogue no. 78425; Thermo Fisher Scientific) and incubated on ice for 10
min. Cells were vortexed every 2 min to promote lysis. The suspension was then sonicated 10 times for
10 s on ice. Sonicated samples were centrifuged at 8,000 � g for 1 min at 4°C, and the supernatant was
divided into two tubes. Samples were precleared by adding 75 �l of agarose-salmon sperm DNA protein
A beads (catalog no. 16-201; Millipore) and incubation for 1 h at 4°C. Agarose beads were removed by
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centrifugation. Samples were diluted in RIPA buffer (50 mM Tris HCl [pH 8.0], 150 mM NaCl, 2 mM EDTA
[pH 8.0], 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS) with 1� protease inhibitors, and 2 �g of
anti-GR antibody (3600S; Cell Signaling) or anti-KLF15 antibody (ab2647; Abcam) was added. A tube that
contained an isotype control IgG (I8140; Sigma) was used as a control for specific binding to the GR or
KLF15 antibodies. Tubes were incubated overnight at 4°C, and samples were continuously rotated.
Twenty microliters of protein A Dynabeads (catalog no. 10001D; Life Technologies) was added the next
morning and allowed to incubate for 2 h at 4°C with rotation. Tubes were placed on a magnet (DynaMag,
catalogue no. 12321D; Life Technologies), and the supernatant was removed. The Dynabeads-Ab-Ag-
DNA complexes were washed three times with 1 ml of washing buffer (20 mM Tris-HCl, pH 8.0, 500 mM
NaCl, 2 mM EDTA, 1% Triton X-100, 0.1% SDS). DNA-protein complexes were eluted from Dynabeads by
incubation with 120 �l of elution buffer (1% SDS, 100 mM NaHCO3), vortexed gently, and then incubated
in a water bath for 20 min at 30°C. Dynabeads were removed, and the supernatant was transferred to
another tube. RNase (0.5 mg/ml) and proteinase K (20 mg/ml) were added, and then the mixture was
incubated in a water bath at 65°C overnight to de-cross-link the protein from DNA. Samples were
extracted twice with phenol-chloroform-isoamyl alcohol. A 0.1 volume of 3 M sodium acetate and 2 �l
of glycogen (20 mg/ml) were added to samples, and then DNA was precipitated with 2.5 volumes of
100% cold ethanol, washed with 70% ethanol, dried in a Savant ISS110 SpeedVac concentrator (Thermo
Scientific), and then suspended in 30 �l of nuclease-free water. PCR was performed using primers that
amplify the IEtu1 GREs and Δ2�GREΔKLF (forward primer, 5=-CCCACTTTTGCCTGTGTG-3=; reverse primer,
5=-TTTTCCTCCTCCTTCCCC-3=). These primers yield a product of 107 bp. The UL52 primers are 5=-GCCT
GTGTCCCCAACAAG-3= (forward primer) and 5=-ATTTCACCCTGGTTCCCG-3= (reverse primer). These prim-
ers yield a 132-bp product.
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