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Sensory neurons within trigeminal ganglia (TG) are the primary site for bovine herpesvirus 1 (BHV-1)
latency. During latency, viral gene expression is restricted to the latency-related (LR) gene and the open
reading frame ORF-E. We previously constructed an LR mutant virus that expresses LR RNA but not any of
the known LR proteins. In contrast to calves latently infected with wild-type (wt) BHV-1 or the LR rescued
virus, the LR mutant virus does not reactivate from latency following dexamethasone (DEX) treatment. In this
study, we demonstrated that bICP0, but not bICP4, transcripts were consistently detected in TG of calves
infected with the LR mutant or LR rescued virus following DEX treatment. Calves latently infected with the LR
rescued virus but not the LR mutant virus expressed late transcripts, which correlated with shedding of
infectious virus following DEX treatment. The bICP4 and bICP0 genes share a common immediate-early
promoter, suggesting that this promoter was not consistently activated during DEX-induced reactivation from
latency. The bICP0 gene also contains a novel early promoter that was activated by DEX in mouse neuroblas-
toma cells. Expression of a cellular transcription factor, C/EBP-alpha, was stimulated by DEX, and C/EBP-
alpha expression was necessary for DEX induction of bICP0 early promoter activity. C/EBP-alpha directly
interacted with bICP0 early promoter sequences that were necessary for trans activation by C/EBP-alpha. In
summary, DEX treatment of latently infected calves induced cellular factors that stimulated bICP0 early
promoter activity. Activation of bICP0 early promoter activity does not necessarily lead to late gene expression
and virus shedding.

Bovine herpesvirus 1 (BHV-1) is a significant viral pathogen
of cattle that is responsible for a variety of disease conditions,
which include conjunctivitis, pneumonia, genital disorders, or
abortions. BHV-1 also causes rhinotracheitis, a serious upper
respiratory tract infection, and infection can initiate shipping
fever, a potentially fatal polymicrobial disease (42). Like other
members of the Alphaherpesvirinae subfamily, BHV-1 estab-
lishes lifelong latency in trigeminal ganglionic neurons follow-
ing acute replication in the mucosal epithelium. Reactivation
from latency occurs periodically, resulting in virus shedding
and spread to susceptible cattle. Reactivation can occur after
stress or corticosteroid treatment, which mimics stress (35, 40).

Viral gene expression is temporally regulated in three dis-
tinct phases: immediate early (IE), early (E), or late (L) (re-
viewed in references 18 and 19). IE gene expression is stimu-
lated by a virion component, bTIF, which interacts with a
cellular transcription factor (Oct-1) to transactivate IE gene
expression (29, 30). Two IE transcription units exist: IE tran-
scription unit 1(IEtu1) and IEtu2 (48–50). IEtu1 encodes func-
tional homologues of two herpes simplex virus type 1 (HSV-1)
proteins, ICP0 and ICP4. IEtu2 encodes a protein that is sim-
ilar to the HSV-1 IE gene, ICP22 (39). BHV-1-encoded ICP0
(bICP0) is translated from an IE (IE/2.9) or E mRNA (E/2.6)

because an IE promoter (IEtu1 promoter) and E promoter
regulate bICP0 RNA expression (6, 48–50). The IE promoter
regulates IE expression of bICP4 and bICP0. Expression of
bICP4 leads to repression of IEtu1 promoter activity, whereas
bICP0 activates its own E promoter and all other viral promot-
ers. Thus, bICP0 is considered to be the major regulatory
protein that stimulates productive infection (6, 48–50).

The latency-related (LR) gene is abundantly transcribed in
trigeminal ganglia (TG) of latently infected calves (23, 35, 36).
LR RNA is antisense with respect to the bICP0 gene (18, 19,
22) and encodes at least three proteins. LR gene products
inhibit mammalian cell growth (8, 38), productive infection (1,
9, 38), and apoptosis (3, 12). While expression of LR proteins
is necessary for inhibiting apoptosis (14), protein expression is
not necessary for inhibiting cell growth or productive infection.
The LR gene has two open reading frames (ORF1 and ORF2),
and two reading frames that lack an initiating ATG (RF-B and
RF-C). A mutant BHV-1 virus with three stop codons at the
beginning of ORF2 was constructed to test whether LR protein
expression regulates the latency reactivation cycle in cattle
(15). The LR mutant virus grows to similar titers as wild-type
(wt) BHV-1 or the LR rescued virus in cultured bovine cells,
indicating that LR gene products are not required for growth.
ORF2 and RF-B are expressed when bovine cells are infected
with the wt or the LR rescued virus but not with the LR mutant
virus (13, 16, 17). ORF1 expression is reduced but not totally
eliminated following infection of cultured cells with the LR
mutant virus (26). Calves infected with the LR mutant virus
exhibit diminished clinical symptoms and reduced shedding of
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infectious virus in the eye, tonsil, or TG (14, 15, 33). The LR
mutant virus prematurely expresses LR RNA relative to res-
cued or wt BHV-1, which correlates with an enhanced inter-
feron response in cells infected with the LR mutant virus (31).

Stress, in part due to increased corticosteroid levels, and/or
immune suppression can initiate reactivation from latency.
During reactivation from latency, productive viral gene expres-
sion is readily detected in sensory neurons, LR gene expression
decreases, and infectious virus can be detected in nasal or
ocular swabs (18, 19, 22). Administration of dexamethasone
(DEX), a synthetic corticosteroid, to calves or rabbits latently
infected with BHV-1 reproducibly leads to activation of viral
gene expression and reactivation from latency (14, 18, 19, 21,
22, 35). After DEX treatment, many neurons express lytic viral
genes, but only a small subset of the neurons that express viral
genes appear to produce infectious virus (35). Thus, the ability
of DEX to consistently initiate reactivation from latency makes
BHV-1 a useful model to identify cellular factors that stimulate
reactivation from latency.

In this study, we tested whether calves latently infected with
the LR mutant virus express viral genes in TG following DEX
treatment. Expression of bICP0 but not bICP4 RNA was con-
sistently detected in TG following DEX treatment of calves
infected with the LR mutant virus or wt BHV-1. In transient
transfection assays, DEX stimulated bICP0 E promoter activ-
ity. The ability of DEX to induce expression of a cellular
transcription factor (C/EBP-alpha) was important for stimu-
lating bICP0 E promoter activity.

MATERIALS AND METHODS

Cells. Murine neuroblastoma 2A (Neuro-2A) and rabbit skin (RS) cells were
grown in Earle’s modified Eagle’s medium (EMEM) supplemented with 5% fetal
calf serum (FCS). Bovine kidney (CRIB) cells were grown in EMEM supple-
mented with 10% FCS. All media contained penicillin (10 U/ml) and strepto-
mycin (100 �g/ml).

Viruses. The Cooper strain of BHV-1 (wt virus) was obtained from the Na-
tional Veterinary Services Laboratory, Animal and Plant Health Inspection Ser-
vices, Ames, IA. For the construction of the LR mutant virus, 25 bp of the LR
gene sequence from the Cooper strain were replaced with an oligonucleotide
that contains a unique EcoRI restriction site and three stop codons to prevent
protein expression (15). The LR mutant virus was previously characterized both
in vitro and in vivo (14, 15, 25, 31–33). Stock cultures of the respective viruses
were prepared in bovine cells (MDBK).

Animals. BHV-1-free crossbred calves (�200 kg) were used for this study.
Calves were inoculated with 107 PFU of the indicated virus into each nostril and
eye, for a total of 4 � 107 PFU/animal, as described previously (14, 15, 25,
31–33). Calves were housed under strict isolation and given antibiotics before
and after BHV-1 infection to prevent secondary bacterial infection. Experiments
were performed in accordance with the American Association of Laboratory
Animal Care guidelines and the University of Nebraska IACUC. At 60 days
postinfection, calves were injected intravenously with 100 mg of DEX. Three
calves/time point/virus were used for these studies.

Tissue samples. TG from the respective infected calves were collected at
necropsy at 60 days postinfection and at 24 and 48 h after DEX treatment. TG
were stored at �80°C for nucleic acid extraction or processed for histological
procedures. Part of the TG used for this study was also used for previous studies
(14, 31–33).

RNA extraction and preparation for reverse transcription-PCR (RT-PCR).
RNA extraction was performed as described by Chomeczynski and Sacchi (2).
TG were minced, placed into 10 ml of solution D (4 M guanidine thiocyanate, 25
mM sodium citrate [pH 7.0], 0.5% sarcosyl, and 14 mM �-mercaptoethanol) and
homogenized. Two phenol extractions were performed. RNA concentrations
were determined spectrophotometrically (260 nm), and RNA was reprecipitated
in 3 volumes of ethanol.

Three micrograms of RNA was treated with 1 U of DNase I (RNase free;
Invitrogen, Life Technologies) for 15 min at room temperature in the presence

of RNase inhibitor (RNAsin; Promega, Madison, WI). After DNase I treatment,
samples were incubated at 65°C for 7.5 min in the presence of 2 mM EDTA to
eliminate DNase I activity. RT reactions for analysis of IEtu1, bICP4, bICP22,
thymidine kinase (TK), bTIF, and gC genes were performed with a poly(dT)
primer at 65°C for 7.5 min and chilled on ice. RT reactions for bICP0 were
performed with a strand-specific primer (CGTCAGGTCTATCACTGTGGAG
AT). Sixteen microliters of ice-cold RT-PCR mix (20 mM Tris-HCl [pH 8.3], 50
mM KCl, 2.5 mM MgCl2, 100 �g of bovine serum albumin per ml, 1 mM
dithiothreitol, a 0.5 mM concentration of each deoxynucleoside triphosphate,
and 10 U of RNAsin) was added. The reaction mixture was incubated for 10 min
at 25°C and then for 50 min at 42°C. When strand-specific primers were used, the
25°C incubation was omitted. As a control of DNA contamination in the RNA
samples, 2 �g of RNA (DNase I treated) was mixed with ice-cold RT mix lacking
reverse transcriptase.

PCR. An aliquot (2 �l) of the RT reaction mixture or DNA was used for each
PCR, using primers specific for BHV-1 genes. IEtu1, bICP0, bICP4, bICP22, and
gC primers were previously described (37). IEtu1 primer pairs amplify bICP0,
bICP4 and bcirc. bICP22 is a dual-kinetic transcript (IE/L), TK is an E gene, and
gC and bTIF are L genes. �-Actin primers were used as internal controls. PCRs
were carried out in 50 �l of 10� commercial PCR buffer, 5 mM MgCl2, 200 �M
concentration of each deoxynucleoside triphosphate, 1 �M concentration of each
primer, and Taq polymerase. Amplification was carried out for 37 cycles by
denaturing at 95°C for 1 min, annealing at 65°C for 1 min, and extension at 72°C
for 2 min. Amplification of bICP0 required an annealing temperature of 66°C.
Upon completion of the last cycle, reaction mixtures were further incubated at
72°C for 7 min to ensure complete extension of the amplified product. PCR
products were electrophoresed on 2% agarose gels and stained with ethidium
bromide.

Plasmids. The C/EBP-alpha wt plasmid contains the wt sequence of mouse
C/EBP-alpha in an adenoviral vector (pAdTrack) that contains mammalian
promoter/enhancer sequences (44). The C/EBP-alpha mutant plasmid contains a
mutation in the C/EBP-alpha ORF that produces a single amino acid change
(R290A) in C/EBP-alpha, resulting in the loss of DNA binding activity (43). The
empty vector pcDNA3.1 was purchased from Invitrogen.

Six DNA reporter constructs were generated by PCR using the wt BHV-1
genome as a template and a common 3� primer (5�-CTCGAGCCTGCTGGGC
GACACAAACAACAGA-3�) with the following 5� primers: EP-943, 5�-GGTA
CCGCGACGGCGGCAATAAAGACGAGTC-3�; EP-638, 5�-GGTACCGCCC
TCGGTCTCGGTCGGAG-3�; EP-172, 5�-GGGTACCGCCTTGCGTGGGGG
GTTTCG-3�; EP-143, 5�-GGGTACCAGCCGGGGGGTGCGGGCC-3�; EP-
133, 5�-GGGTACCTGCGGGCCTTTCGCCG-3�; or EP-71, 5�-GGGTACCGC
TCCCGGCGCGTCA-3�). The promoter fragments were cloned into the
promoterless vector pCAT-Basic (E1871; Promega) at the unique XhoI and
KpnI sites to generate plasmids EP-943, EP-638, EP-172, EP-143, EP-133, and
EP-71 (see Fig. 2). The numbers in the plasmid name refer to the length of the
bICP0 E promoter fragment inserted into the chloramphenicol acetyltransferase
(CAT) vector. Two additional constructs, EP-50 and EP-42, were created using
synthesized duplex sequences (IDT). Duplex oligonucleotides were digested with
XhoI and KpnI and cloned into the promoterless vector pCAT-Basic. E pro-
moter inserts were confirmed by DNA sequencing (Genomics Core Research
Facility-UNL). Plasmids were prepared from bacterial cultures by alkaline lysis
and two rounds of cesium chloride centrifugation.

Measurement of CAT activity. Neuro-2A cells grown in 60-mm dishes were
cotransfected with the designated plasmids as indicated in the respective figure
legends. Neuro-2A cells were transfected with NeuroTransIt (MIR2145; Mirus),
according to the manufacturer’s instructions. Where indicated, cells were cul-
tured in the presence of 1 �M water-soluble DEX (D2915; Sigma) at the time of
transfection. After 48 h, cell extract was prepared by three 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 in the presence of
0.1 �Ci of [14C]chloramphenicol (CFA754; Amersham Biosciences) and 0.5 mM
acetyl-coenzyme A (A2181; Sigma). The reaction mixture was incubated at 37°C
for 15 min to 2 h, depending on the activator used. All forms of chloramphenicol
were separated by thin-layer chromatography. CAT activity was quantified using
a Bio-Rad Molecular Imager FX (Molecular Dynamics, CA). Levels of CAT
activity are expressed as the induction relative to the vector control.

SDS-PAGE and Western blotting. At 48 h after transfection, whole-cell lysate
was prepared. Cells were washed with phosphate-buffered saline (PBS) and
suspended in NP-40 lysis buffer (100 mM Tris [pH 8.0], 1 mM EDTA, 100 mM
NaCl, 1% NP-40, 1 mM phenylmethylsulfonyl fluoride, and one tablet of com-
plete protease inhibitor [Roche Molecular Biochemicals] per 10 ml). Cell lysate
was incubated on ice for 30 min, sonicated, and then clarified by centrifugation
at 10,000 � g at 4°C for 15 min. Protein concentrations were quantified by the
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Bradford assay. For sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), proteins were mixed with an equal amount of 1� sample loading
buffer (62.5 mM Tris-HCl [pH 6.8], 2% SDS, 50 mM dithiothreitol, 0.1% bro-
mophenol blue, 10% glycerol) and boiled for 5 min. Proteins were separated in
a 12% SDS-PAGE gel. After electrophoresis, proteins were transferred onto a
polyvinylidene difluoride membrane (Immobilon-P; Millipore) and blocked for
4 h in 5% nonfat dry milk with Tris-buffered saline–0.1% Tween 20 (TBS-T).
Membranes were then incubated with primary antibody overnight at 4°C. The
C/EBP-alpha antibody (14AA; Santa Cruz Biotechnology) was diluted 1:500 in
the blocking solution. An antibody directed against �-actin (Santa Cruz Biotech-
nology, Santa Cruz, CA) was used as a loading control. After 45 min of washing
with TBS-T, the blots were incubated with donkey anti-rabbit horseradish per-
oxidase-conjugated immunoglobulin G (Amersham Biosciences), which was di-
luted 1:1,000 in 5% nonfat milk in TBS-T. Blots were washed for 45 min with
TBS-T and exposed to Amersham ECL reagents, and then autoradiography was
performed.

siRNA transfection for Western blotting and CAT assay. Mouse C/EBP-alpha
small interfering RNA (siRNA) containing a pool of three target-specific 20- to
25-oligonucleotide siRNAs designed to reduce gene expression (sc-37048; Santa
Cruz Biotechnology) were used in this study. The Block-iT-Fluorescent Oligo
was used as a control siRNA (44-2926; Invitrogen). It is a fluorescence-conju-
gated control containing a scrambled sequence that does not degrade any known
cellular RNA.

Neuro-2A cells grown in 60-mm dishes were cotransfected with 1 �g of EP-172
with either 100 nM mouse C/EBP-alpha siRNA or the fluorescent control
siRNA. After 4 h, the transfection mixture was removed and replaced by fresh
medium. At 48 h posttransfection, cell extract was collected for Western blot
analysis or CAT assays.

Measurement of virus titers in bovine cells. RS cells grown in 60-mm dishes
were transfected with 100 nM mouse C/EBP-alpha siRNA, the fluorescent con-
trol siRNA, or transfection reagent alone. After 4 h, the complex was removed
and replaced by fresh medium. After 24 h, cells were infected with wt BHV-1 at
a multiplicity of infection of 0.1 and incubated for an additional 24 h. Medium
and cells were collected and subjected to two freeze-thaw cycles. Cell debris was
pelleted, and the supernatant was titrated on CRIB cells (bovine kidney) that
were plated onto six-well plates 24 h prior to virus infection (90% confluence at
the time of infection). After 1 h of adsorption at 37°C, cells were rinsed with PBS
and overlaid with a 50:50 mixture of 1.4% SeaPlaque Agar in PBS and EMEM
supplemented with 10% FCS.

EMSA. Neuro-2A whole-cell lysate was prepared by lysing cells with NP-40
lysis buffer. Thirty micrograms of protein extract was incubated in a volume of 16
�l of binding buffer (10 mM Tris-HCl, pH 8, 150 mM KCl, 0.5 mM EDTA, 0.1%
Triton X-100, 12.5% glycerol) in the presence of 1 �g of poly(dI-dC) (P4929;
Sigma), and 0.5 pmols of double-stranded DNA probe labeled with 10 �Ci of
[�-32P]ATP. Incubation was for 1 h at room temperature. For supershift exper-
iments, 5 �g of antibody (for C/EBP-alpha, sc-61X; for C/EBP-beta, sc-150X;
Santa Cruz Biotechnology) was added to the reaction mixture after 30 min and
allowed to incubate an additional 30 min. The DNA-protein complexes were
electrophoresed on a 5% polyacrylamide gel in 0.5� Tris-borate-EDTA buffer
for 3 h at 160 V. To improve band resolution, 1.5 M sodium acetate, pH 5.3, was
added to the lower buffer chamber during electrophoresis. The gel was exposed
to a phosphorimager plate and analyzed using a Bio-Rad Molecular Imager FX.
The bICP0 E probes used for electrophoretic mobility shift assay (EMSA) were
the following: C1, GCCTTGCGTGGGGGGTTTCGCCTTGGGGCAGC; C2,
TGCGGGCCCTTTCGCCGCCCG; and C3, TCTGTTGTTTGTGTCGCCCA.
An oligonucleotide containing three consensus C/EBP-alpha binding sites (un-
derlined), CGCAATATTGCGCAATATTGCAAT, was used as a positive con-
trol for binding to C/EBP-alpha.

RESULTS

Analysis of viral transcripts during reactivation from la-
tency. Calves latently infected with the LR mutant virus do not
shed detectable levels of infectious virus after DEX treatment
(14). At a molecular level, two possibilities seemed feasible to
explain this observation. First, TG neurons latently infected
with the LR mutant virus may express a subset of lytic viral
genes after DEX treatment, but infectious virus is not pro-
duced. Second, DEX treatment of calves latently infected with

the LR mutant virus does not stimulate lytic viral gene expres-
sion.

For these studies, total RNA was prepared from TG of
calves latently infected with the LR mutant virus or the LR
rescued virus after DEX treatment to initiate reactivation from
latency. Previous studies demonstrated that the LR rescued
virus but not the LR mutant virus reactivated from latency
after DEX treatment (14, 31–33). To test whether IE, E, or L
genes were expressed in TG following DEX treatment, RT-
PCR was performed using primers that specifically amplify
viral genes. Specific oligonucleotide primers (Fig. 1A) were
used to test whether bICP0, bICP4, TK, or gC was expressed
during DEX-induced reactivation from latency. These primers
were previously used to analyze viral gene expression in TG
during acute infection of calves (37). Similar levels of bICP0,
bICP4, TK, or gC cDNA-amplified products were detected
following infection of MDBK cells with the LR mutant virus or
the LR mutant rescued virus (Fig. 1B). Only when reverse
transcriptase was included in the cDNA reaction mixtures were
amplified products detected, confirming that amplification was
due to cDNA, not DNA contamination.

bICP0 transcripts were detected in five of six TG following
24 h of DEX treatment, regardless of whether calves were
infected with the LR mutant virus or the LR rescued virus (Fig.
1C). Forty-eight hours after DEX treatment six of six TG
prepared from calves latently infected with the LR rescued
virus or five of six TG latently infected with the LR mutant
virus expressed bICP0 RNA. In contrast, only two or three of
the six TG in each group (LR mutant virus or LR rescued
virus, respectively) expressed bICP4 at 24 or 48 h after DEX
treatment. These studies also indicated that three or five TG
prepared from calves latently infected with the LR rescued
virus expressed detectable levels of TK mRNA (an E tran-
script) at 24 or 48 h after DEX treatment, respectively (Fig.
1C). Only one TG was positive for the TK transcript when
calves were infected with the LR mutant virus after DEX
treatment. At 48 h after DEX treatment, six of six TG pre-
pared from calves latently infected with the LR rescued virus
were positive for gC transcripts (Fig. 1C). gC transcription was
not detected in TG of calves latently infected with the LR
mutant virus after DEX treatment. In summary, DEX treat-
ment consistently activated bICP0 expression, regardless of
whether calves were latently infected with the LR mutant virus
or LR rescued virus. DEX treatment of calves latently infected
with the LR mutant virus did not lead to detectable levels of gC
transcription, a prototype L gene.

DEX activates the bICP0 E promoter. The results shown in
Fig. 1 demonstrated that the bICP0 transcript, but not the
bICP4 transcript, was consistently activated in TG following
treatment of latently infected calves with DEX. bICP0 expres-
sion is regulated by IE and E promoters (6, 48–50) (Fig. 2A),
suggesting that DEX treatment stimulated expression of cel-
lular factors that subsequently activated the bICP0 E promoter
regardless of the outcome of reactivation from latency. To test
this hypothesis, the bICP0 promoter construct was transfected
into mouse neuroblastoma cells (Neuro-2A) and treated with
DEX after transfection. For these studies, eight constructs
containing upstream sequences of the bICP0 E promoter were
used (Fig. 2B). The basal level of promoter activity for EP-943
was slightly higher than that of EP-638 and at least two times
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higher than that of EP-172 or EP-133. Basal promoter activity
of EP-71, EP-50, and EP-42 was at least fourfold less than that
of EP-943.

Two E promoter constructs, EP-172 and EP-133, were acti-
vated by DEX more than fourfold in Neuro-2A cells (Fig. 3A).
More extensive deletions (constructs EP-71 or EP-40) were not
activated by DEX. The larger E promoter constructs, EP-943
and EP-638, were activated less than twofold by DEX. As a
comparison, three IEtu1 promoter constructs were tested for
DEX induction (Fig. 3B). None of the constructs was activated
by DEX more than twofold. As expected, the empty vector
(pCAT basic) was not activated by DEX (Fig. 3A and B).

DEX activates a cellular transcription factor, C/EBP-alpha,
in Neuro-2A cells. A previous study demonstrated that the
cellular transcription factor C/EBP-alpha is stimulated when
latently infected calves are treated with DEX (27). Further-
more, C/EBP-alpha stimulates productive infection when over-
expressed (27), and C/EBP-alpha plus bICP0 or bTIF stimu-
lates IEtu1 promoter activity more efficiently than just the viral
trans activator alone (28). To test whether DEX induced

C/EBP-alpha protein expression in Neuro-2A cells, cells were
treated with 1 �M DEX, and Western blotting was performed.
Twenty-four hours after DEX treatment, C/EBP-alpha protein
expression was consistently induced (Fig. 4A). Conversely,
�-actin protein levels were similar regardless of DEX treat-
ment.

A plasmid that expresses C/EBP-alpha, but not a DNA bind-
ing mutant of C/EBP-alpha, transactivated three bICP0 E pro-
moter constructs (EP-172, EP-133, and EP-143) four- to five-
fold (Fig. 4B). Constructs with additional deletions (EP-71,
EP-50, and EP-42) were transactivated only twofold. The
larger bICP0 E promoter constructs, EP-943 and EP-638, were
transactivated two- to threefold by C/EBP-alpha. As expected,
pCAT-basic was not transactivated by C/EBP-alpha.

C/EBP-alpha expression is important for DEX-induced ac-
tivation of the bICP0 E promoter. To test whether induction of
C/EBP-alpha by DEX was important for activating bICP0 E
promoter activity, Neuro-2A cells were transfected with an
siRNA directed against C/EBP-alpha, and then the ability of
DEX to induce bICP0 E promoter activity was measured. A

FIG. 1. Examination of BHV-1 transcripts during reactivation from latency. (A) The primers shown were previously used to detect viral
transcripts in TG of infected calves (37). (B) RNA was prepared from MDBK cells infected with the LR mutant virus or the LR rescued virus (6
h after infection). cDNA synthesis was performed as previously described (37). RT reactions with (�) or without (�) reverse transcriptase are
shown. DNA from BHV-1- and mock-infected MDBK cells were used as positive (C�) and negative (C�) controls, respectively, for the PCRs. The
first lane contains a 100-bp ladder (NE Biolabs). Primers used for these studies are shown in panel A. (C) To initiate reactivation from latency,
calves latently infected (60 days after infection) with the LR rescued virus or the LR mutant virus (LR�) were given a single intravenous injection
(jugular vein) of DEX (100 mg). At 24 or 48 h after DEX treatment, total RNA was prepared from each TG as previously described (14, 37, 45–47).
cDNA synthesis was primed using poly(dT), and then PCR was performed with the designated primers listed in panel A. In a separate cDNA
synthesis reaction, the bICP0 primer was used to examine bICP0 expression. The results are summarized in the graphs from TG of three calves/time
point. Each ganglion was treated separately.
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C/EBP-alpha siRNA (Fig. 5A) but not a control siRNA re-
duced C/EBP-alpha protein levels after DEX treatment. As
expected, protein levels of �-actin were similar regardless of
the siRNA transfected into Neuro-2A cells. bICP0 E promoter
activity (EP-172) was not stimulated by DEX when cells were
transfected with the C/EBP-alpha siRNA (Fig. 5B). Con-
versely, the control siRNA had little or no effect on DEX
induction of the bICP0 E promoter.

Overexpression of C/EBP-alpha stimulates plaque forma-
tion three- to fivefold (27), suggesting that silencing C/EBP-
alpha expression would reduce the levels of plaquing efficiency.
In several independent studies, the C/EBP-alpha siRNA (Fig.
5C) but not the control siRNA inhibited productive infection
approximately threefold. In summary, these studies suggested
that C/EBP-alpha expression was necessary for DEX-induced
bICP0 E promoter activity and efficient productive infection.

C/EBP-alpha interacts with the bICP0 E promoter. EMSAs
were performed to determine whether C/EBP-alpha directly
interacted with sequences in the bICP0 E promoter. Since
C/EBP-alpha was expressed at low levels in Neuro-2A cells, a
C/EBP-alpha expression plasmid was transfected into
Neuro-2A cells to induce protein levels (Fig. 6A), and then
extracts were prepared to test whether C/EBP-alpha interacted
with the bICP0 E promoter. As a control, an oligonucleotide
that contained three consensus C/EBP-alpha binding sites was
used. As expected, binding to the C/EBP-alpha consensus oligo-
nucleotide was enhanced when C/EBP-alpha was overex-
pressed in Neuro-2A cells (Fig. 6B, lane 2). An antibody that
recognizes C/EBP-alpha (lane 3) but not C/EBP-beta (lane 4)

FIG. 2. Schematic of IEtu1 and bICP0 E promoter constructs used in this study. (A) Positions of bICP4 and bICP0 transcripts are shown. IEtu1 encodes
bICP4 (IE/4.2 transcript) and bICP0 (IE/2.9) (49, 50). The IEtu1 promoter activates IE expression of IE/4.2 and IE/2.9 (denoted by the black rectangle). E/2.6
is the early transcript that encodes bICP0, and an early promoter (E pro) activates expression of this transcript (48). Exon 2 (e2) of bICP0 contains all of the
protein coding sequences of bICP0. The dashed lines are intron sequences. (B) bICP0 E promoter constructs were prepared as described in Materials and
Methods. Position of putative C/EBP-alpha binding sites and TATA box are shown. Basal promoter activity (act) was measured in Neuro-2A cells.

FIG. 3. DEX induces bICP0 E promoter activity. (A) Neuro-2A cells
were transfected with 1 �g of the designated bICP0 E promoter construct.
Cells were cultured in EMEM containing 1% FBS and 1 �M DEX at the
time of transfection. At 48 h posttransfection, cells were collected and pro-
cessed for CAT activity as described in Materials and Methods. CAT activity
of cells treated with EMEM containing no DEX was set to 1. All other values
are expressed as the relative increase in activation with respect to their con-
trols. The results are the average of three independent experiments.
(B) IEtu1 promoter constructs were assessed for DEX induction as described
in panel A. Description of the IEtu1 promoter constructs was described
previously (7, 28, 29). IEtu1-CAT contains IEtu1 promoter sequences that
were cloned upstream of pSV0CAT (a promoter minus CAT expression
vector; this plasmid was provided by V. Misra, Saskatoon, Saskatchewan,
Canada). Two deletion constructs, 	1024 IEtu1 and 	1391 IEtu1, have 1024
or 1391 bp removed from the 5� terminus, respectively.
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“supershifted” the DNA-protein complex, confirming that a
stable interaction occurred.

Enhanced binding to the EP-172 promoter was also de-
tected after overexpression of C/EBP-alpha (Fig. 6C, lane 2
versus 1). Addition of a specific antibody directed against
C/EBP-alpha (lane 3) but not C/EBP-beta (lane 4) super-
shifted the induced band. Although the C/EBP-alpha anti-
body supershifted a band when the EP-133 fragment was
used as a probe (Fig. 6C, lane 3), binding was less efficient
than with the EP-172 probe. When the EP-72 fragment was
used as a probe, a faint supershifted band was detected (Fig.
6C, lane 3) that was readily detected when the gel was
exposed for longer times (Fig. 6D, lane 3).

The bICP0 E promoter contains three C/EBP-alpha-like
binding sites clustered near the 5� terminus of EP-172 and a
putative site downstream of the TATA box (Fig. 7A). To test
whether C/EBP-alpha interacted with these individual do-
mains, oligonucleotides spanning these domains (Fig. 7A, C1
to C3) were synthesized, and EMSAs were performed (Fig.
7B). Supershift assays using a C/EBP-alpha-specific antibody
(Fig. 7B, lanes A) and the C/EBP-beta antibody (lanes B)
suggested that C/EBP-alpha specifically interacted with the C1
and C2 oligonucleotides. Prolonged exposure of the autora-

diograph revealed that C/EBP-alpha interacted less efficiently
with the C3 olignonucleotide (Fig. 7C). In several independent
studies, the band supershifted by the C/EBP-alpha antibody
was more distinct than that of samples not treated with anti-
body, suggesting that the antibody stabilized the interaction
between C/EBP-alpha and bICP0 E promoter sequences. As
expected, the consensus C/EBP-alpha probe interfered with
C/EBP-alpha-specific binding (data not shown). In summary,
this study indicated that at least three different elements within
the bICP0 E promoter interacted with C/EBP-alpha.

FIG. 4. DEX induces C/EBP-alpha expression in cultured cells,
and C/EBP-alpha activates the bICP0 early promoter. (A) Neuro-2A
cells were treated with 1 �M DEX, and cell lysate was collected at
various times after treatment (hours). A total of 100 �g of protein was
electrophoresed, and Western blot analysis was performed using a
C/EBP-alpha or �-actin antiserum that was diluted 1:500. The molec-
ular mass is in kilodaltons. (B) Neuro-2A cells were cotransfected with
1 �g of the designated bICP0 E promoter construct and 0.1 �g of wt
C/EBP-alpha (filled columns) or the DNA binding mutant of C/EBP-
alpha (open columns). Constant amounts of DNA were used for all
transfections by adding pcDNA3.1, a blank expression vector. At 48 h
posttransfection, cells were collected and processed for CAT activity as
described in Materials and Methods. CAT activity of the cells trans-
fected with the control pCAT basic vector was given a value of 1. All
other values are expressed as the relative increase in activation with
respect to the control. The results are the average of four independent
experiments.

FIG. 5. The C/EBP-alpha siRNA inhibits the ability of DEX to
stimulate bICP0 E promoter activity. (A) Neuro-2A cells were cotrans-
fected with 1 �g of C/EBP-alpha and either 100 nM C/EBP-alpha
siRNA or the control siRNA. At 48 h posttransfection, cells were
collected and lysed with NP-40 lysis buffer, and 30 �g protein was
electrophoresed by 12% SDS-PAGE. Proteins in the gel were trans-
ferred onto a polyvinylidene difluoride membrane and probed with the
C/EBP-alpha antiserum that was diluted 1:500. The molecular mass
marker is in kilodaltons. (B) Neuro-2A cells were cotransfected with 1
�g of EP-172 and with 100 nM C/EBP
 siRNA or a control siRNA, as
described in Materials and Methods. Four hours later the transfection
complex was removed and replaced by fresh medium containing 1 �M
DEX. At 48 h posttransfection, cells were collected and processed for
CAT activity. CAT activity of cells transfected with the control pCAT
basic vector was given a value of 1. All other values are expressed as
the relative increase in activation with respect to the control. The
results are the average of three independent experiments. (C) RS cells
were transfected with the C/EBP-alpha siRNA (100 nm), the control
siRNA (100 nm), or no siRNA. Twenty-four hours after transfection,
cultures were infected with wt BHV-1 at a multiplicity of infection of
0.1. At 24 h after infection, plaque assays were performed as described
in Materials and Methods.
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DISCUSSION

In this study, we demonstrated that viral gene expression was
stimulated in TG of calves latently infected with the LR mutant
virus after DEX treatment. The inability to detect infectious
virus in ocular or nasal swabs after calves latently infected with
the LR mutant virus were treated with DEX (14) correlated
with the lack of gC transcription after DEX treatment. These
findings implied that the LR mutant virus was unable to infect
neurons that support reactivation from latency or that the LR
mutant virus killed neurons that support reactivation from
latency. Interestingly, higher rates of neuronal apoptosis occur
in TG neurons near the end of acute infection (establishment
of latency) following infection with the LR mutant virus (25).

Furthermore, in situ hybridization revealed that a small per-
centage of viral genome-positive neurons are present in TG of
calves infected with wt or the LR rescued virus but not the LR
mutant virus (14). These observations suggested that the anti-
apoptosis activity of a protein encoded by the LR gene pro-
motes survival of a specific subset of neurons that can yield
infectious virus after DEX treatment (3, 5, 10, 25, 41, 46).
Neurons that contain few copies of viral genomes do not sup-
port extensive viral gene expression during acute infection, and
consequently they survive acute infection and permit establish-
ment of viral latency, regardless of whether LR gene products
are expressed. The finding that different populations of neu-
rons in TG of mice are more permissive for HSV-1 (51) is

FIG. 6. C/EBP-alpha directly interacts with the bICP0 E promoter. (A) Neuro-2A cells were transfected with 1 �g of C/EBP
. At 48 h
posttransfection, cells were collected and lysed with NP-40 lysis buffer. Thirty or 100 �g of protein were electrophoresed by 12% SDS-PAGE.
Proteins in the gel were transferred onto a polyvinylidene difluoride membrane and probed with the C/EBP-alpha antiserum that was diluted 1:500.
The molecular mass marker is in kilodaltons. (B) EMSA was performed using a double-stranded DNA probe containing three consensus
C/EBP-alpha binding sites. The probe was incubated with 5 �g of Neuro-2A cell lysate (lane 1) or Neuro-2A cell lysate in which C/EBP-alpha was
overexpressed (lanes 2 to 4). The supershift was visualized by adding C/EBP-alpha (lane 3) or C/EBP-beta antibodies (lane 4) to the binding
reaction as described in Materials and Methods. The arrow denotes the position of the supershift while the circle represents the C/EBP-alpha
inducible band. (C) EMSA was performed using the bICP0 E promoter fragments derived from EP-172, EP-133, or EP-72. The lanes are the same
as described in panel B. (D) To better visualize the super-shift for EP-72, autoradiography was performed for 24 h versus 4 as shown in panel C.
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consistent with the prediction that a subset of neurons in TG
contain specific cellular factors that support reactivation from
latency.

Relative to other alphaherpesvirus members, the organiza-
tion of the BHV-1 ICP4 and ICP0 genes is unique because a
common IE promoter drives expression of bICP0 and bICP4
(48) (Fig. 2A). bICP0 also contains an E promoter located near
the 5� end of the coding exon of bICP0. Although it was not
well understood why the bICP0 gene contains two promoters,
we assumed this was necessary to ensure that constitutive ex-
pression of bICP0 occurred during productive infection.

DEX treatment appeared to stimulate cellular factors, which
then activated the bICP0 E promoter in TG of latently infected
calves (Fig. 1C) and mouse neuroblastoma (Neuro-2A) cells
(Fig. 3). Previous studies demonstrated that DEX treatment of
calves latently infected with BHV-1 leads to C/EBP-alpha ex-
pression (27), which correlated with reactivation from latency

and activation of the bICP0 E promoter. The finding that
C/EBP-alpha siRNAs inhibited the ability of DEX to activate
the bICP0 E promoter supported the conclusion that C/EBP-
alpha was necessary for stimulating bICP0 E promoter activity
after DEX treatment. DEX can activate C/EBP-alpha in sev-
eral distinct cell types (4, 11, 34), including Neuro-2A (Fig. 4)
and TG neurons (27). Three distinct regions of the bICP0 E
promoter interacted with C/EBP-alpha, as judged by EMSA
and supershift studies. Based on transient transfection assays,
we suggest that at least two of the C/EBP-alpha binding sites
were necessary for efficiently trans activation by C/EBP-alpha.
The weak binding site in the C3 oligonucleotide (Fig. 7A) was
not sufficient for activation by C/EBP-alpha because EP-71,
EP-50, and EP-42 were not transactivated by C/EBP-alpha
(Fig. 4B). The C/EBP-alpha binding sites in the bCP0 E pro-
moter appeared to be low-affinity binding sites compared to
the consensus site because 30 �g of nuclear extract was nec-

FIG. 7. Interactions between segments of the bICP0 E promoter and C/EBP-alpha. (A) Schematic of EMSA probes C1, C2, and C3. C1
contains two putative C/EBP-alpha binding sites found within EP-172. C2 contains the other putative C/EBP-alpha binding site found upstream
of the TATA box. C3 contains a putative C/EBP-alpha binding site downstream of the TATA box. The consensus C/EBP binding site in the rat
CYPD5 promoter (24) is shown as a comparison to the putative sites in the bICP0 E promoter. (B) EMSA using C1, C2, or C3 probes. Probes
were incubated with 30 �g of Neuro-2A cell lysate. Antibodies directed against C/EBP-alpha (A) or C/EBP-beta (B) were used in supershift assays
as described in Materials and Methods. (C) To better visualize the supershift for C2 and C3, autoradiography was performed for 24 h versus 4 h
as shown in panel B.
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essary to observe C/EBP-alpha-induced binding with EP-172,
whereas only 5 �g of protein in nuclear extracts was necessary
to detect inducible binding to an oligonucleotide containing
three consensus C/EBP-alpha sites (Fig. 6). The weak C/EBP-
alpha binding sites in the bICP0 E promoter may inhibit acti-
vation of the E promoter during latency unless the neuronal
environment is conducive for reactivation from latency.

The larger bICP0 E promoter constructs (EP-943 and EP-
638) were not efficiently activated by C/EBP-alpha or by DEX
treatment. However, EP-943 and EP-638 promoter constructs
had two- to threefold-higher levels of basal promoter activity.
We suggest there may be cis-acting negative regulatory ele-
ments located in the upstream region of the bICP0 early pro-
moter that interferes with the ability of C/EBP-alpha to acti-
vate promoter activity. Furthermore, cellular transcription
factors that stimulate the larger promoter constructs may in-
terfere with the ability of C/EBP-alpha to activate E promoter
activity. Since the bICP0 E promoter overlaps bICP4 protein
coding sequences, these additional bICP4 protein-coding se-
quences may not be a part of the true bICP0 E promoter and,
consequently, may interfere with transient transfection re-
porter assays.

A protein encoded by an alternatively spliced LR RNA
stably interacts with C/EBP-alpha (26). The finding that
C/EBP-alpha stimulates productive infection (26), the IEtu1
promoter (28), and the bICP0 E promoter suggests that inter-
actions between the LR protein and C/EBP-alpha help to
extinguish viral transcription, thus promoting the establish-
ment and maintenance of latency. DEX represses LR RNA
(35) and LR promoter activity (20), suggesting that LR gene
products do not directly stimulate reactivation from latency.
However, reduced levels of LR proteins following DEX induc-
tion of reactivation may allow C/EBP-alpha to stimulate viral
gene expression. Although C/EBP-alpha appears to be an im-
portant component in the DEX-induced signaling cascade that
stimulates viral gene expression, it seems clear that additional
DEX-inducible cellular proteins are required for infectious
virus to be produced.
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