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ABSTRACT Following productive infection, bovine herpesvirus 1 (BoHV-1) establishes
latency in sensory neurons. As in other alphaherpesviruses, expression of BoHV-1 imme-
diate early (IE) genes is regulated by an enhancer complex containing the viral IE activa-
tor VP16, the cellular transcription factor Oct-1, and transcriptional coactivator HCF-1,
which is assembled on an IE enhancer core element (TAATGARAT). Expression of the IE
transcription unit that encodes the viral IE activators bICP0 and bICP4 may also be in-
duced by the activated glucocorticoid receptor (GR) via two glucocorticoid response ele-
ments (GREs) located upstream of the enhancer core. Strikingly, lytic infection and reacti-
vation from latency are consistently enhanced by glucocorticoid treatment in vivo. As
the coactivator HCF-1 is essential for IE gene expression of alphaherpesviruses and re-
cruited by multiple transcription factors, we tested whether HCF-1 is required for
glucocorticoid-induced IE gene expression. Depletion of HCF-1 reduced GR-mediated ac-
tivation of the IE promoter in mouse neuroblastoma cells (Neuro-2A). More importantly,
HCF-1-mediated GR activation of the promoter was dependent on the presence of GRE
sites but independent of the TAATGARAT enhancer core element. HCF-1 was also re-
cruited to the GRE region of a promoter lacking the enhancer core, consistent with a di-
rect role of the coactivator in mediating GR-induced transcription. Similarly, during pro-
ductive lytic infection, HCF-1 and GR occupied the IE region containing the GREs. These
studies indicate HCF-1 is critical for GR activation of the viral IE genes and suggests that
glucocorticoid induction of viral reactivation proceeds via an HCF-1–GR mechanism in
the absence of the viral IE activator VP16.

IMPORTANCE BoHV-1 transcription is rapidly activated during stress-induced reactiva-
tion from latency. The immediate early transcription unit 1 (IEtu1) promoter is regulated
by the GR via two GREs. The IEtu1 promoter regulates expression of two viral transcrip-
tional regulatory proteins, infected cell proteins 0 and 4 (bICP0 and bICP4), and thus
must be stimulated during reactivation. This study demonstrates that activation of the
IEtu1 promoter by the synthetic corticosteroid dexamethasone requires HCF-1. Interest-
ingly, the GRE sites, but not the IE enhancer core element (TAATGARAT), were required
for HCF-1-mediated GR promoter activation. The GR and HCF-1 were recruited to the
IEtu1 promoter in transfected and infected cells. Collectively, these studies indicate that
HCF-1 is critical for GR activation of the viral IE genes and suggest that an HCF-1–GR
complex can stimulate the IEtu1 promoter in the absence of the viral IE activator VP16.
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Bovine herpesvirus 1 (BoHV-1) is an important risk factor for the polymicrobial
disease bovine respiratory disease complex (BRDC). Acute BoHV-1 infection erodes

mucosal surfaces in the upper respiratory tract, induces conjunctivitis, induces transient
immune suppression, and promotes secondary infections by pathogenic bacteria,
including Mannheimia haemolytica (1–3). BoHV-1 enhances interactions between the M.
haemolytica leukotoxin and peripheral mononuclear cells, including neutrophils, lead-
ing to cell death and inflammation in the lung (4, 5). Life-threatening pneumonia
frequently develops in calves coinfected with BoHV-1 and MH (6). In addition, the
BoHV-1 entry receptor, poliovirus receptor related 1 (PVRL1), is a BRDC susceptibility
gene for Holstein calves (7), further linking BoHV-1 to BRDC syndromes.

Like other alphaherpesvirus family members, BoHV-1 genes are expressed in three
distinct phases during productive infection: immediate early (IE), early (E), and late (L)
(8, 9). Transcription of IE genes is induced by cellular and viral transcription factors,
including the viral IE activator VP16. This protein is packaged in the virion tegument,
released upon infection, and assembled into the IE enhancer core (TAATGARAT)
complexes to drive high-level expression of IE genes (10, 11). An essential cellular
component of this enhancer complex is the transcriptional coactivator HCF-1 (host cell
factor-1). HCF-1 mediates induced expression of the IE genes of several alphaherpes-
viruses, including herpes simplex virus 1 (HSV-1) and varicella-zoster virus (VZV), during
initiation of lytic infection (12). It is recruited to IE enhancers via an interaction with
VP16, where it forms stable multiprotein complexes on the IE enhancer core elements
(13, 14). However, HCF-1 may also be recruited to IE promoters and enhancers through
interactions with other cellular transcription factors (e.g., Sp1 and GA-binding protein
[GABP]) that can promote IE gene expression (15, 16).

Functionally, HCF-1 is a component of multiple chromatin modification complexes.
For HSV, an HCF-1 complex containing histone methyltransferases (SET1A or MLLs) and
histone demethylases (LSD1 and JMJD2 family members) are critical to modulate the
chromatin state of the infecting viral genome in order to drive the expression of viral
IE genes (17–19). More recently, HCF-1 has been linked to the regulation of both
transcription initiation and elongation stages of viral IE expression (20).

In addition to its roles in promoting lytic infection, HCF-1 also appears to be required
during HSV-1 reactivation from latency. Upon exposure to stimuli that induce reactivation,
HCF-1 is transported from a sequestered location in the cytoplasm to the neuronal nucleus
(21), where it associates with viral IE enhancer-promoter domains (22). In addition, the
HCF-1-associated histone demethylases are also required to promote IE gene expression
during the initiation of viral reactivation. Thus, this coactivator and its associated compo-
nents mediate IE expression during both lytic infection and viral reactivation.

During productive infection by BoHV-1, the IE transcription unit 1 (IEtu1) promoter
drives expression of the bICP0 and bICP4 major viral transcriptional regulatory proteins
(23–25) (Fig. 1A), while IEtu2 drives the expression of bICP22. In addition to VP16-
mediated induction of IE gene expression, IEtu1 can also be trans-activated by the
glucocorticoid receptor (GR) when cells are treated with the synthetic corticosteroid
dexamethasone (DEX) (26). GR-mediated activation of this IE promoter requires func-
tional GR binding sites located more than 700 bases upstream of the single enhancer
core TAATGARAT motif (Fig. 1B).

Like other alphaherpesviruses, primary infection with BoHV-1 results in the establish-
ment of lifelong latency in sensory ganglia (27–29). In contrast to productive infection, the
only viral gene that is abundantly expressed in latently infected sensory neurons is the
latency-related gene (9, 30). Importantly, stress stimuli, resulting in increased corticosteroid
levels, enhance the incidence of BoHV-1 reactivation from latency (31). Furthermore,
treatment with DEX consistently initiates BoHV-1 reactivation from latency in vivo (27–29).
Thus, as corticosteroids bind and activate the GR and mineralocorticoid receptor (MR), the
activated nuclear receptors may mediate early events during reactivation from latency,
including induction of viral IE gene expression.

In this study, we demonstrate that the coactivator HCF-1 is required for GR-mediated
stimulation of the viral IE (bICP0 and bICP4) expression in mouse neuroblastoma cells.
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The GREs, but not the enhancer core TAATGARAT motif, were required for HCF-1–GR-
mediated induction of IE gene expression. In contrast, HCF-1 was not necessary for
DEX-mediated activation of the mouse mammary tumor virus long terminal repeat
(MMTV LTR), suggesting an inherent gene or context-dependent role for the coactivator
in GR-mediated transcription. Together, these studies suggest that BoHV-1 IE genes can
be directly induced via HCF-1-GR in the absence of the viral IE activator VP16.

FIG 1 Regulation of IEtu1 promoter activity by DEX. (A) Location of IE transcripts and promoters that
drive their expression during productive infection (23–25). IE/4.2 encodes the bICP4 protein, and IE/2.9
encodes the bICP0 protein. One IE promoter activates expression of IE/4.2 and IE/2.9 (IEtu1, black
rectangle). A second bICP0 transcript (E/2.6) is expressed from an early promoter (E pro; gray rectangle).
The IEtu2 promoter (IEtu2 pro) drives expression of the bICP22 protein. Solid lines in the transcript
position map represent exons (e1, e2, or e3), and dashed lines denote introns. ORI, origin of replication.
(B) Schematic of the IEtu1 promoter (IEtu1cat) with the transcription initiation site (arrow), TATA box,
TAATGARAT core, and GRE sites (GRE#1 and GRE#2). The genomic coordinates of the first nucleotide of
each respective motif are shown. (C) Neuro-2A cells were mock transfected (�) or transfected with
plasmids that express an HCF1-specific shRNA or a control shRNA. At 24 h posttransfection, resolved cell
lysates were probed for HCF-1 and control tubulin. (D) Neuro-2A cells were transfected with plasmids
that express an HCF1-specific shRNA (shRNAc504) or a control shRNA. Twenty-four hours later, cells were
cotransfected with the IEtu1 promoter-reporter and a plasmid expressing the mouse GR and subse-
quently treated with vehicle or 10 �M water-soluble DEX. Reporter activity is shown in the presence or
absence of DEX treatment. The results are averages � standard deviations (SD) from 3 independent
experiments, and the asterisk denotes a significant difference relative to other samples (P � 0.05 by
Student t test). (E) Neuro-2A cells were mock transfected (�) or cotransfected with the indicated plasmids
expressing the HCF-1 shRNA (c504) or control shRNA. Twenty-four hours later, cells were transfected with
an MMTV LTR reporter. The reporter activity is shown in the presence or absence of DEX treatment. The
results are averages � SD from 3 independent experiments.
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RESULTS
HCF-1 stimulates GR-mediated trans-activation of BoHV-1 IE promoter. Previ-

ous studies demonstrated that DEX stimulates the BoHV-1 IE (IEtu1) promoter activity
in mouse neuroblastoma cells (Neuro-2A) (26). This IE promoter contains two consensus
GR binding sites (Fig. 1B) that are required for DEX-mediated trans-activation (26).
Based on the requirement for the cellular coactivator HCF-1 for HSV IE expression
during lytic infection and during viral reactivation (13), we tested whether HCF-1 was
required for DEX induction of BoHV-1 IE gene expression. As shown in Fig. 1C, HCF-1
was specifically depleted in Neuro-2A cells expressing an HCF-1 short hairpin RNA
(shRNA) compared to cells transfected with a control shRNA construct. Strikingly, in
HCF-1-depleted cells, DEX-mediated induction of the IE promoter construct was re-
duced (Fig. 1D). Interestingly, in contrast to the regulation of the BoHV-1 IE gene,
DEX-induced transcription of the MMTV LTR was unaffected by HCF-1 depletion
(Fig. 1E). Thus, the role of HCF-1 in DEX-mediated transcriptional activation is gene and
context dependent.

GREs but not the enhancer core elements are required for HCF-1-GR induction.
A region of the IE promoter encompassing the two GREs (DEX responsive region [DRR])
but lacking the IE enhancer core element (TAATGARAT) was important for stimulation
by DEX (26) (DRR and 3=-DRR) (Fig. 2A). In contrast, constructs containing the simian
virus 40 (SV40) promoter alone or fused to IE sequences upstream of the GREs (5=-DRR)

FIG 2 HCF-1 is required for DEX stimulation of the IEtu1 promoter. (A) Schematic of IEtu1 promoter and
location of DEX responsive region (DRR). GRE#1 (black rectangle) and GRE#2 (gray rectangle) are shown
in the IEtu1 promoter fragment. (B) Neuro-2A cells were transfected with plasmids expressing the HCF-1
shRNA (c504) or control shRNA. Twenty-four hours later, cells were cotransfected with the DRR, 3=-DRR,
or 5=-DRR reporter construct and a plasmid expressing the mouse GR. DEX-induced reporter promoter
activity was measured 3 h posttreatment. The results are averages � SD from 3 independent experi-
ments. *, P � 0.05, Student t test.
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were unresponsive. Importantly, DEX-mediated transcription of constructs containing
the IE GREs was dependent on HCF-1 (Fig. 2B). Thus, IE promoter sequences that
contain both GREs but lack the IE enhancer core element were sufficient for HCF-1-
mediated DEX induction.

To further confirm that the enhancer core element was not required for DEX-
mediated induction of the IE gene, this element was deleted from a minimal IEtu1
promoter in which the sequences between the GRE sites and the TAATGARAT enhancer
core element had been removed (IEtu1 Collapsed). In transfected Neuro-2A cells, the
IEtu1 Collapsed promoter and IEtu1ΔTAATGARAT were trans-activated with similar
efficiency by the GR when DEX was added to cultures (Fig. 3B). This study supported the
finding that GR-mediated activation of the IEtu1 promoter was independent of the IE
enhancer core element.

HCF-1 is recruited to sequences that contain the GREs. To test whether HCF-1
was recruited to the promoter region containing the GREs, chromatin immunoprecipi-
tation (ChIP) assays were performed in transfected Neuro-2A cells. Cells were trans-
fected with the 3=-DRR followed by treatment with vehicle or DEX. As shown in Fig. 4B,
ChIP studies demonstrated HCF-1 and GR cooccupied the GRE region of the 3=-DRR
plasmid. No specific PCR product was amplified from ChIPs of cells transfected with the
3=-DRR plasmid when IPs were performed using the control IgG. Interestingly, treat-
ment with DEX had little effect on HCF-1 or GR occupancy of the 3=-DRR (Fig. 4B and
C). Although this result could be due to low levels of corticosteroids in media contain-
ing 2% stripped fetal bovine serum, studies have demonstrated that the GR can
associate with GREs in the absence of corticosteroids (32, 33). Thus, HCF-1 and GR were
recruited to the IE GRE region in the absence of a discernible enhancer core motif.

To investigate if HCF-1 and GR bound the BoHV-1 IE GRE region during productive
infection, bovine kidney cells (CRIB) were mock infected or infected with BoHV-1 and

FIG 3 Mutation of TAATGARAT motif has no effect on DEX-mediated activation of IEtu1 promoter. (A)
Schematic of IEtu1 promoter and IEtu1 Collapsed construct. The IEtu1 TAATGARAT sequence (10) and
ΔTAATGARAT mutant used for this study are shown. (B) Neuro-2A cells were transfected with IEtu1
Collapsed or ΔTAATGARAT luciferase constructs (0.5 �g DNA) or cotransfected with GR expression
construct (1.0 �g) using Lipofectamine 3000. Where indicated, DEX was added at 16 h after transfection.
Dual-Luciferase activity was performed as previously described at 40 h after transfection (34). The results
are averages � SD from 3 independent experiments. *, P � 0.05 by Student t test.

HCF-1 and Glucocorticoid Receptor Gene Expression Journal of Virology

September 2018 Volume 92 Issue 17 e00987-18 jvi.asm.org 5

http://jvi.asm.org


treated with control vehicle or DEX for 7 h, and ChIP assays performed using control
IgG, HCF-1, and GR antibodies. PCRs of ChIP DNAs were done using a primer set that
amplifies a 107-bp fragment containing the two IE GREs (Fig. 5A) (34). As shown in Fig.
5B, both HCF-1 and GR occupied the IE gene region containing the GREs in BoHV-1-
infected CRIB cells (lanes 2 and 3). No product was seen in immunoprecipitates from
mock-infected cells (lanes 1) or in control IgG immunoprecipitates. Similar to the results
using transfected promoter constructs, DEX treatment had no significant impact on the
HCF-1 or GR occupancy of the viral IE GRE region (Fig. 5B, compare lanes 2 and 3 and
C). Taken together, the data indicate that GR and HCF-1 occupied the IE promoter
proximal to the GRE elements in both transfected IE promoter reporters and BoHV-1-
infected cells.

Interactions between GR and 3=-DRR requires the GREs and 1⁄2 GREs. To investigate
if HCF-1 and GR bound to the 3=-DRR when both GREs were mutated, a mutant lacking
both GREs (Δ2xGRE) was cotransfected with the GR and ChIP performed using control
IgG, HCF-1, and GR antibodies. PCRs of ChIP DNAs were done using the primer set
flanking the GR#1 and GR#2 sites as described for Fig. 4. As expected, GR and HCF-1
were bound to the wild-type (wt) 3=-DRR (Fig. 6A). Mutating both GREs in the 3=-DRR
fragment (Δ2xGRE; Fig. 6C) reduced GR binding but did not impact HCF-1 binding.
Interestingly, although binding of the GR to the ΔGRE2 fragment was reduced com-
pared to that of the wt 3=-DRR, we consistently detected an increase in GR binding to
the Δ2xGRE2 construct when DEX was added, suggesting that additional GR-responsive
sequences are present in this construct. Therefore, the 3=-DRR fragment was examined
for potential GRE half-sites (1⁄2 GREs), as half-sites have been shown to bind GR
monomers in the presence of DEX and to regulate specific target genes (35) (Fig. 6D).
Four 1⁄2 GRE binding sites (A to D) were identified in the 3=-DRR adjacent to GRE#1 and

FIG 4 HCF-1 and GR occupy GRE sites of IEtu1 promoter in transfected cells. (A) Schematic of the 3=-DRR
promoter construct. Location of the 3=-DRR primer pair and expected PCR fragment size are shown. (B)
Neuro-2A cells were cotransfected with the plasmid expressing the mouse GR and the 3=-DRR reporter
construct. Cultures were subsequently treated with 10 �M DEX (�) for 3 h. HCF-1 and GR occupancy
were assessed by ChIP assays using the DRR primer set. IgG, control; input, 10% of total DNA; M, DNA
size markers. The results are representative of three independent studies. Closed circles denote 217-bp
PCR product. pd, primer dimer. (C) The intensity of bands in panel B was quantified using a Bio-Rad
ChemiDoc system.
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GRE#2. To investigate if these sites played a role in binding HCF-1 and GR, a 3=-DRR
construct with mutations in both GREs and all 4 1⁄2 GRE binding sites (GRE Null) was
constructed and transfected into Neuro-2A cells. As shown in Fig. 6A, mutation of the
4 1⁄2 sites abrogated the DEX-responsive binding of GR compared to mutation of the
two consensus GREs (Δ2xGRE2). In contrast, HCF-1 bound to the GRE Null fragment as
efficiently as the wt 3=-DRR and the Δ2xGRE constructs. Thus, GR binding to the 3=-DRR
fragment was mediated by both the two whole GREs and the 1⁄2 GREs. However,
binding of HCF-1 to the 3=-DRR was independent of this complex GR binding domain,
suggesting that the protein could be recruited by additional unknown factors.

To examine the effect that the 1⁄2 GREs have on DEX-induced promoter activation,
Neuro-2A cells were cotransfected with the wt 3=-DRR construct or those lacking the
GREs and/or the 4 1⁄2 GREs (Fig. 7A). Mutating all 4 1⁄2 GREs (Δ1⁄2GREs) decreased
DEX-mediated promoter activity approximately 2-fold, while mutating both GREs
(Δ2xGRE) reduced DEX-mediated activation to nearly basal levels (Fig. 7B). When all 4
1⁄2 GREs and both GREs were mutated (GRE Null), DEX-mediated activation was similar
to that of the Δ2xGRE mutant. Thus, the 4 1⁄2 GRE sites contribute to DEX-induced
stimulation of promoter activity but are dependent on the presence of full GREs.

DISCUSSION

It is well established that, upon infection, alphaherpesvirus IE genes are induced by
the assembly of a potent enhancer complex containing cellular transcription factors,
the viral IE activator VP16, and the cellular coactivator HCF-1. In this context, HCF-1

FIG 5 HCF-1 and GR occupy the BoHV-1 IEtu1 promoter in BoHV-1-infected cells. (A) Schematic of the
IEtu1 promoter with the genomic locations of the TATA box, TAATGARAT core, GREs, and IEtu1 GRE ChIP
primer pair. (B) CRIB cells were mock infected (�) or infected with BoHV-1 (�, MOI of 1) and treated with
vehicle (�) or DEX (�) for 7 h. CRIB cells were transfected with the GR expression plasmid (1 �g plasmid)
for 12 h prior to infection. HCF-1 and GR occupancy were assessed by ChIP assays using the DRR primer
set. IgG, control; input, 10% of total DNA; M, DNA size markers (bp). The results are representative of three
independent studies. Closed circles denote 107-bp PCR product. (C) The intensity of bands in panel B was
quantified using a Bio-Rad ChemiDoc system.
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plays a critical role in mediating transitions in the chromatin state of the infecting virus
that promote viral IE gene expression. Similarly, HCF-1 also appears to play a significant
role in mediating the initiation of viral reactivation from latency. However, the factors
and mechanisms involved in stress-mediated induction of reactivation from latency
remain unclear. In BoHV-1 latently infected calves, treatment with the synthetic corti-
costeroid DEX efficiently induces viral reactivation in sensory neurons. Here, we show
that HCF-1 is required for glucocorticoid receptor-mediated induction of viral IE genes
in the absence of VP16.

In reporter assays, HCF-1 was required for DEX-mediated stimulation of the BoHV-1
IE promoter. Furthermore, both HCF-1 and GR occupied the IE GRE sites of the reporters
and of the native IE promoter during lytic infection. However, HCF-1 binding was not
affected by mutating the GREs or 1⁄2 GREs, suggesting that the recruitment of HCF-1
was independent of the GR and likely mediated by additional factors. Importantly,
depletion of HCF-1 had no effect on the basal-level activity of the IEtu1 promoter or of
constructs containing the minimal SV40 promoter fused to the IE GRE sequences. Thus,
HCF-1 was only required to potentiate GR-mediated induction of the IEtu1 promoter.

FIG 6 HCF-1, but not GR, occupies sequences in 3=-DRR when GRE sites are mutated. (A) Neuro-2A cells
were cotransfected with the plasmid expressing the mouse GR and the 3=-DRR construct. Cultures were
subsequently treated with 10 �M DEX (�) for 3 h at 45 h after transfection. HCF-1 and GR occupancy
were assessed by ChIP assays using the DRR primer set. IgG, control; input, 10% of total DNA; M, DNA
size markers. The intensity of bands was quantified using a Bio-Rad ChemiDoc system. The trends in this
ChIP assay are consistent with results from three independent studies. (B) Schematic of the 3=-DRR
promoter construct and location of the two GREs and four 1⁄2 GREs. (C) Sequence of the consensus GRE,
the two GREs in the IEtu1 promoter, and mutants. Nucleotides above the consensus GRE denote changes
that still result in GR binding and transactivation. Blue nucleotides denote mutations introduced into
GRE#1 and GRE#2 (26). The underlined G in GRE #2 is a mismatch to the consensus GRE. (D) The two
consensus 1⁄2 GREs (GRE-A and GRE-B) were previously described (35), and nucleotides listed above the
sequences are differences observed in some 1⁄2 GREs that are capable of trans-activation by a GR
monomer. Sequences of the four 1⁄2 GREs were identified in the 3=-DRR. A NruI restriction enzyme site
(TCGCGA) was used to mutate each of the four 1⁄2 GRE sites (blue nucleotides).

Sawant et al. Journal of Virology

September 2018 Volume 92 Issue 17 e00987-18 jvi.asm.org 8

http://jvi.asm.org


Interestingly, in contrast to the BoHV-1 IE gene, HCF-1 does not play a role in MMTV LTR
promoter activity following dexamethasone treatment in Neuro-2A cells. This specificity
is not unexpected, as GR interacts with many transcription factors and transcriptional
coactivators, and there is promoter-specific usage of coactivators (36, 37) at GR target
genes.

Importantly, the single TAATGARAT motif in the IEtu1 promoter was not required for
DEX-mediated activation, indicating that GR induction was independent of the assem-
bly of the VP16 enhancer complex. Conversely, the IE GRE sites are not important for
VP16-mediated induction of the IEtu1 promoter, as a deletion mutant lacking these
sites is activated by VP16 with efficiency similar to that of the wild-type promoter (10).
Thus, the GREs within the IEtu1 promoter may not play a critical role during productive
infection of cultured cells where VP16 is abundantly present. Rather, HCF-1-GR-
mediated induction of viral IE expression may be highly significant during the initial
stages of viral reactivation from latency when the viral IE activator is not expressed.

Strikingly, HCF-1 is primarily detected in the cytoplasm of sensory neurons during
HSV-1 latency. Following stimulation that promotes viral reactivation, HCF-1 is rapidly
transported to the nucleus (21) and associates with viral IE enhancer domains (22). In
addition, HCF-1-associated histone demethylases are required to mediate IE gene
expression and stimulation of reactivation (18, 19). Similarly, HCF-1 is detected in the
nucleus of bovine TG neurons within 30 min posteuthanasia (38). In vivo, DEX-mediated
induction of the IEtu1 promoter is rapid and expression of bICP0 is readily detected
within 1.5 h posttreatment of latently infected calves (39, 40). Thus, the regulated
transport of HCF-1 and the induction of the viral IE genes by HCF-1–GR could provide
a mechanism by which stress signals promote the initiation of reactivation (in the
absence of the viral IE activator VP16).

FIG 7 1⁄2 GREs modulate DEX-mediated activation of 3=-DRR sequences. (A) Luciferase constructs used
to examine the effects of GREs and 1⁄2 GREs on DEX-mediated activation. (B) Neuro-2A cells were
transfected with the designated luciferase construct (0.25 �g DNA) using Lipofectamine 3000 and were
designated the GR expression construct (1.0 �g), as described in Materials and Methods. Empty vector
was included to maintain the same DNA concentrations for each sample. Where indicated, DEX was
added at 16 h after transfection. Dual-Luciferase activity was performed at 40 h after transfection as
previously described (34). The results are averages � SD from 3 independent experiments, and an
asterisk denotes significant differences between other samples (P � 0.05 by Student t test).
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MATERIALS AND METHODS
Cells and virus. Murine neuroblastoma cells (Neuro-2A) were grown in Eagle’s minimal essential

medium (EMEM) supplemented with 10% fetal calf serum, penicillin (10 U/ml), and streptomycin (100
�g/ml). CRIB (bovine kidney cells) were propagated as previously described (41).

Plasmids. pIE1 (IEtu1cat; gift of V. Misra, University of Saskatchewan) was previously described (10,
11). The IEtu1 DRR enhancer constructs were previously described (26) and are summarized in Fig. 2A.
pCAT3 contains a minimal SV40 early promoter driving chloramphenicol acetyltransferase (CAT) expres-
sion. The respective IEtu1 promoter sequences were cloned upstream of the SV40 early promoter. The
ΔGRE, Δ2xGRE, and GRE null constructs shown in Fig. 7A were synthesized by GenScript and were
inserted upstream at unique KpnI and XhoI restriction sites of the minimal SV40 early promoter driving
luciferase (pGL3-Promoter Vector). IEtu1 Collapsed and the GenScript-synthesized ΔTAATGARAT con-
struct, and these fragments were inserted at unique KpnI and HindIII restriction sites of the pGL3-Basic
vector. A mouse GR expression vector was a gift of J. Cidlowski, NIH. Control (ACTACCGTTGTTATAGGTG)
and HCF-1 (GTACCTGAATGACTTATAT) shRNAs were cloned in pSilencer 2.1-U6 (Ambion).

Promoter activity measurements. Neuro-2A cells were cotransfected with the indicated plasmids,
as detailed in the respective figure legends, using NeuroTransIt (MIR2145; Mirus) or Lipofectamine 3000
(Invitrogen) according to the manufacturer’s instructions. At 5 h posttransfection, cells were incubated
in MEM supplemented with 2% charcoal stripped fetal bovine serum (Gibco) and treated with control
vehicle or 10 �M water-soluble DEX (Sigma) for 24 h. At 48 h posttransfection, cell lysates were prepared
by freeze/thaw cycles in 0.25 M Tris-HCl, pH 7.4. Cell debris was pelleted by centrifugation, and protein
concentrations were determined. CAT activity was measured by incubating with 0.1 uCi [14C]chloram-
phenicol (CFA754; Amersham Biosciences) and 0.5 mM acetyl-coenzyme A (A2181; Sigma) as described
previously (26). Following thin-layer chromatography, CAT activity was quantitated using a Bio-Rad
molecular imager FX (Molecular Dynamics, CA). Data are expressed as fold induction of samples
containing DEX relative to control vehicle. Dual-Luciferase assays were performed as described previ-
ously (34).

ChIP assay. ChIP studies were performed as previously described (26). Neuro-2A cells were grown in
100-mm dishes and were cotransfected with the designated IE promoter constructs (4 �g DNA) and a
plasmid that expresses GR (1 �g DNA). For these studies, cells were transfected with the indicated
plasmids using Lipofectamine 3000 (Invitrogen) according to the manufacturer’s instructions. Twenty-
four hours after transfection, Neuro-2A cells were cultured in MEM containing 2% charcoal-stripped fetal
calf serum. The cultures were treated with vehicle or DEX (10 �M; Sigma) for 4 h. For ChIP assays of
BoHV-1-infected cells, CRIB cells were mock infected or infected with BoHV-1 (multiplicity of infection
[MOI] of 1), followed by DEX treatment for 7 h. Formaldehyde cross-linked cells were lysed in buffer A
(50 mM HEPES, pH 7.5, 140 mM NaCl, 1 mM EDTA [pH 8.0], 1% Triton X-100, 0.1% sodium deoxycholate,
0.1% SDS) containing protease inhibitors. Following sonication, lysates were precleared using salmon
sperm DNA-agarose (Millipore). Cleared lysate was incubated with 2 �g of anti-GR (3660S; Cell Signaling),
anti-HCF-1 (A301-400A; Bethyl Laboratories), or control rabbit IgG (18140; Sigma) in buffer B (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) for 12
h at 4°C. Immunoprecipitates were collected using Dynabeads protein A beads (Life Technologies) and
washed extensively with buffer C (20 mM Tris-HCl, pH 8.0, 500 mM NaCl, 2 mM EDTA, 1% Triton X-100,
0.1% SDS). PCR analyses of isolated DNAs were done using previously described primers (26, 34) that
amplify the 3=-DRR (5=-TAGCCGCTCCATTCTCTC-3= and 5=-AAAAGTGGGGAAGCAGGG-3=) to yield a 218-bp
fragment or the IEtu1 GREs (5=-CCCACTTTTGCCTGTGTG-3= and 5=-TTTTCCTCCTCCTTCCCC-3=) to yield a
107-bp fragment.
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