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ABSTRACT

Like many Alphaherpesvirinae subfamily members, bovine herpesvirus 1 (BoHV-1) expresses an abundant transcript in latently
infected sensory neurons, the latency-related (LR)-RNA. LR-RNA encodes a protein (ORF2) that inhibits apoptosis, interacts
with Notch family members, interferes with Notch-mediated transcription, and stimulates neurite formation in cells expressing
Notch. An LR mutant virus containing stop codons at the amino terminus of ORF2 does not reactivate from latency or replicate
efficiently in certain tissues, indicating that LR gene products are important. In this study, �-catenin, a transcription factor acti-
vated by the canonical Wnt signaling pathway, was frequently detected in ORF2-positive trigeminal ganglionic neurons of la-
tently infected, but not mock-infected, calves. Conversely, the lytic cycle regulatory protein (BoHV-1 infected cell protein 0, or
bICP0) was not frequently detected in �-catenin-positive neurons in latently infected calves. During dexamethasone-induced
reactivation from latency, mRNA expression levels of two Wnt antagonists, Dickkopf-1 (DKK-1) and secreted Frizzled-related
protein 2 (SFRP2), were induced in bovine trigeminal ganglia (TG), which correlated with reduced �-catenin protein expression
in TG neurons 6 h after dexamethasone treatment. ORF2 and a coactivator of �-catenin, mastermind-like protein 1 (MAML1),
stabilized �-catenin protein levels and stimulated �-catenin-dependent transcription in mouse neuroblastoma cells more effec-
tively than MAML1 or ORF2 alone. Neuroblastoma cells expressing ORF2, MAML1, and �-catenin were highly resistant to cell
death following serum withdrawal, whereas most cells transfected with only one of these genes died. The Wnt signaling pathway
interferes with neurodegeneration but promotes neuronal differentiation, suggesting that stabilization of �-catenin expression
by ORF2 promotes neuronal survival and differentiation.

IMPORTANCE

Bovine herpesvirus 1 (BoHV-1) is an important pathogen of cattle, and like many Alphaherpesvirinae subfamily members estab-
lishes latency in sensory neurons. Lifelong latency and the ability to reactivate from latency are crucial for virus transmission.
Maintaining the survival and normal functions of terminally differentiated neurons is also crucial for lifelong latency. Our stud-
ies revealed that BoHV-1 gene products expressed during latency stabilize expression of the transcription factor �-catenin and
perhaps its cofactor, mastermind-like protein 1 (MAML1). In contrast to expression during latency, �-catenin expression in sen-
sory neurons is not detectable following treatment of latently infected calves with the synthetic corticosteroid dexamethasone to
initiate reactivation from latency. A viral protein (ORF2) expressed in a subset of latently infected neurons stabilized �-catenin
and MAML1 in transfected cells. ORF2, �-catenin, and MAML1 also enhanced cell survival when growth factors were with-
drawn, suggesting that these genes enhance survival of latently infected neurons.

Bovine herpesvirus 1 (BoHV-1) is a significant bovine patho-
gen that initiates infection on mucosal linings within the oc-

ular, nasal, or oral cavity (reviewed in references 1 to 3). BoHV-1,
like many Alphaherpesvirinae subfamily members, establishes life-
long latency in sensory neurons after an initial burst of lytic cycle
viral gene expression (reviewed in references 3 to 6). Maintaining
normal functions and promoting survival of latently infected sen-
sory neurons are crucial for lifelong latency because sensory neu-
rons are terminally differentiated. Thus, it would be beneficial for
BoHV-1 to encode functions that promote neuronal survival,
maintain normal axonal connections, and sustain a differentiated
phenotype.

The BoHV-1-encoded latency-related (LR)-RNA is abun-
dantly expressed in latently infected neurons in trigeminal ganglia
(TG) (4, 6–10), and poly(A)� LR-RNA is alternatively spliced in
TG of infected calves (11). Two open reading frames (ORF1 and
ORF2) and two reading frames that lack an initiating ATG (read-

ing frame B [RF-B] and RF-C) are present in the LR gene (8). An
LR mutant virus strain with three stop codons at the amino ter-
minus of ORF2 exhibits diminished clinical symptoms and re-
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duced virus shedding from the eye, TG, or tonsils of infected calves
(12). Unlike wild-type BoHV-1, the LR mutant virus does not
reactivate from latency following dexamethasone (DEX) treat-
ment, in part because the LR mutant causes higher levels of apop-
tosis in TG neurons (13); thus, the efficiency of establishing la-
tency is reduced (14). The ability of ORF2 to interfere with
apoptosis (15, 16) is believed to enhance survival of infected neu-
rons by maintaining a pool of latently infected neurons that has
the potential to reactivate from latency. Interestingly, expression
of wild-type BoHV-1 LR gene products, including ORF2, restores
reactivation from latency of a herpes simplex virus 1 (HSV-1)
strain that does not express crucial functions encoded within the
latency-associated transcript (LAT) (17, 18). LAT (19), like ORF2,
interferes with apoptosis in the absence of other viral genes.

ORF2 is a multifunctional protein that interacts with cellular
transcription factor Notch1, Notch3, or C/EBP-alpha (20–22) and
reduces Notch-mediated transactivation of the BoHV-1 infected
cell protein 0 (bICP0) early promoter and glycoprotein C pro-
moter. We suggest that the ability of ORF2 to interact with and
influence Notch signaling is crucial during certain steps of the
latency reactivation cycle because Notch3 expression and down-
stream targets of Notch are stimulated during DEX-induced reac-
tivation from latency (22, 23). Notch receptor family members
(Notch1 to Notch4) are membrane-tethered transcription factors
that regulate many developmental and physiological processes,
including neuronal maintenance, development, and differentia-
tion (24–26). Upon interaction with its ligand, the Notch intracel-
lular domain (NICD) is cleaved and enters the nucleus, where it
interacts with a member of the CSL family of transcriptional fac-
tors [CBF1, Su(H), or Lag1; also referred to as RBP-J� binding
proteins] and the mastermind-like protein 1 (MAML1) to activate
target genes (27, 28). When CSL family members are not bound to
Notch, transcription is extinguished through corepressor recruit-
ment.

Three MAML proteins (29–31) can interact with Notch and
�-catenin (32), thus linking the canonical Notch and Wnt signal-
ing pathways. Wnt is a family of secreted glycoproteins that inter-
acts with Frizzled and the coreceptor low-density lipoprotein re-
ceptor-related protein 5 (LRP5)/LRP6 (reviewed in reference 33).
Upon Wnt binding, the signal is transduced to the transcription
factor �-catenin, which is stabilized and enters the nucleus, where
it interacts with T-cell factor (TCF) family members specifically
bound to the consensus site AGATCAAGG (reviewed in reference
33) (Fig. 1A). Binding of �-catenin to TCF displaces bound core-
pressors and recruits coactivators such as MAML1 to activate
Wnt target genes (31). Two demethylases in the nucleus also
promote ubiquitin-mediated proteolysis of �-catenin in the
nucleus (34), underscoring the importance of regulating
�-catenin protein levels in normal cells. Wnt-mediated activa-
tion of �-catenin is required for embryogenesis and adult ho-
meostasis (27, 28, 33, 35–37).

In this study, we demonstrate that �-catenin and ORF2 were
frequently detected in the same neuron in calves latently infected
with BoHV-1. When reactivation from latency was initiated by
treatment with the synthetic corticosteroid DEX, �-catenin ex-
pression in neurons was detected in fewer neurons by 6 h, which
correlated with increased expression of two Wnt antagonists,
Dickkopf-1 (DKK-1) and secreted Frizzled-related protein 2
(SFRP2). The �-catenin coactivator MAML1 was weakly ex-
pressed in a subset of ORF2-positive (ORF2�) neurons but was not

detected in TG neurons prepared from uninfected calves. In trans-
fected mouse neuroblastoma cells (Neuro-2A), �-catenin, MAML1,
and ORF2 stabilized expression of each other and stimulated
�-catenin-dependent transcription. Finally, ORF2, MAML1,
and �-catenin enhanced Neuro-2A cell survival following
growth factor withdrawal. We suggest that the ability of BoHV-1
to stabilize �-catenin expression in TG neurons may promote the
maintenance of latency, in part by enhancing neuronal survival
and preserving normal neuronal functions.

MATERIALS AND METHODS
Infection of calves and DEX-induced reactivation. All TG samples from
calves used for this study were previously described (23). 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 (12–14,
38–40). Calves were housed under strict isolation and given antibiotics to
prevent secondary bacterial infections. At 60 days postinfection (dpi),
certain calves were injected intravenously in their jugular vein with 100
mg of DEX to initiate reactivation and then transported to a veterinary
diagnostic lab. Calves were anesthetized with xylazine (Rompun), fol-
lowed by electrocution. One calf was decapitated at a time to ensure that
samples were processed in a timely manner. Calves were decapitated in the
same order in which they were injected with DEX to ensure that the time
points after DEX treatment were as close as possible to the designated time
point. Three calves/time point were used for these studies. Experiments
were performed in accordance with the American Association of Labora-
tory Animal Care guidelines and University of Nebraska IACUC commit-
tee (A3459). Following euthanasia, TG were collected and minced into
small pieces, and then TG were formalin fixed and paraffin embedded.
The remaining TG pieces were minced into small pieces and placed into a
single 50-ml conical tube, and the tube was placed in a dry-ice ethanol
bath and then stored at �80°C. After decapitation, it took 5 to 10 min to
collect TG, mince TG, place TG pieces in formalin or in a 50-ml conical
tube, and then submerge TG pieces in 50-ml conical tubes in a dry-ice
ethanol bath.

Microarray analysis. Details of the microarray study were previously
described (23). In brief, 200 ng of total RNA was reverse transcribed and
processed using an Affymetrix 3= IVT Express kit and hybridized per the
manufacturer’s protocols for the Bovine Gene Chip (Affymetrix, Santa
Clara, CA), which contains more than 23,000 genes. Following overnight
hybridization, arrays were stained and scanned with the Affymetrix 450
fluidics station and the 3000 7G high-resolution scanner. After quality
control assessment with respect to background and the other standard-
ized parameters suggested by Affymetrix was performed, the CEL files
were analyzed. Robust multichip averaging (RMA) was used to do back-
ground correction, quantile normalization, and median polish summari-
zation of probe-level data (41). A preliminary filter was applied, retaining
genes where at least 20% of the arrays had at least a 1.5-fold change from
the median value for that gene. To determine differentially expressed
genes over time, we compared latently infected calves (designated con-
trols; 0 h) with groups of calves treated with DEX for 1.5 h, 3 h, 6 h, and 24
h using a random variance F test and selected genes with a false discovery
rate of less than 10%. Fold changes were calculated for each differentially
expressed gene relative to the level of the control group. Verification of
certain highly differentially expressed genes was previously confirmed by
reverse transcription-PCR (RT-PCR) and immunohistochemistry (IHC)
(23).

Immunohistochemistry analysis. Immunohistochemistry (IHC)
studies were performed using an ABC kit (Vector Laboratories) according
to specifications of the manufacturer as previously described (41). Thin
sections (4 to 5 �m) of TG were cut and mounted on glass slides. Slides
were first incubated at 65°C for 20 min and then washed twice in xylene for
10 min each time, twice in 100% ethanol for 5 min, once in 90% ethanol
for 5 min, once in 70% ethanol for 5 min, twice in distilled H2O for 5 min,
and three times in 1� Tris-buffered saline (TBS) for 5 min each time. To
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block endogenous peroxidase activity, sections were incubated in hydro-
gen peroxide (0.03% in phosphate-buffered saline [PBS], pH 7.4) for 20
min at room temperature. Tissue sections were then washed three times in
1� TBS for 5 min at room temperature, followed by digestion with pro-
teinase K (S3020; Dako) for 20 min at 37°C. Tissue sections were then
blocked with 5% normal serum diluted in 1� TBS containing 0.25%
bovine serum albumin for 45 min at room temperature in a humidified
chamber. Slides were incubated with �-catenin at 1:200 (ab6302; Abcam),
MAML1 at 1:200 (12166; Cell Signaling), bICP0 antibody at 1:250, or
ORF2 rabbit polyclonal antibody at a 1:250 dilution overnight in a hu-
midified chamber at 4°C. The next day, slides were washed in 1� TBS and
incubated in biotinylated goat anti-rabbit IgG (PK-6101; Vector Labora-

tories) for 30 min at room temperature in a humidified chamber. Avidin-
biotinylated enzyme complex was added to the slides for 30 min of incu-
bation at room temperature. After three washes in 1� TBS, slides were
incubated with freshly prepared substrate (SK-4800; Vector Laborato-
ries), rinsed with distilled water, and counterstained with methyl green.
The percentage of neurons that were �-catenin positive (�-catenin�) was
estimated by counting neurons in a blinded fashion.

Cells and plasmids. Murine neuroblastoma cells (Neuro-2A; CCL-
131) were obtained from the ATCC (Manassas, VA, USA) and grown in
Earle’s modified Eagle’s medium (EMEM) supplemented with 10% fetal
calf serum (FCS), penicillin (10 U/ml), and streptomycin (100 �g/ml).

The ORF2 expression construct was generated in the vector pCMV-

FIG 1 Schematic of canonical Wnt signaling pathway and its regulation during DEX-induced reactivation from latency. (A) In the absence of the Wnt ligand
(inactive Wnt pathway), a �-catenin destruction complex, axin, adenomatous polyposis gene (APC), glycogen synthase kinase 3� (GSK3�), and CKI	,
hyperphosphorylate �-catenin, which leads to polyubiquitination of �-catenin and degradation by the proteasome. Soluble Frizzled-like proteins (DKK-1 and
FRP2) interact with Wnt family members and prevent Wnt binding to its true receptors. Consequently, TCF bound to DNA interacts with transcriptional
repressors, resulting in silencing of promoters containing TCF binding sites. In the active Wnt pathway, binding of Wnt to LRP and Frizzled family members leads
to disassembly of the �-catenin destruction complex, and hypophosphorylated �-catenin accumulates in the nucleus. Nuclear �-catenin binds to TCF family
members and displaces repressors of TCF-dependent transcription. Nuclear �-catenin bound to a TCF family member also recruits additional transcriptional
regulators, which leads to transcriptional activation. (B) Previously published microarray data (23) was analyzed for Wnt-responsive genes and genes that
regulate the canonical Wnt signaling pathway. The 19 genes present in the final list of genes that were differentially regulated (levels with DEX treatment
compared to those in latency) had at least a 1.5-fold difference, and values were significantly different from values during latency. The time points (in hours) after
DEX treatment are as indicated on the figure.
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Tag-2B (Stratagene) and was described previously (15, 42, 43). A Flag
epitope is present at the N terminus of ORF2, and the human IE cytomeg-
alovirus (CMV) promoter drives its expression. The �-catenin expression
construct (S33Y) was a gift from Bert Vogelstein (plasmid 16519; Add-
gene) (44). M50 Super 8� TOPFlash contains a simple promoter that is
stimulated by �-catenin and was a gift from Randall Moon (plasmid
12456; Addgene) (45). pHAGE-N-V5-MAML1 is an expression vector
that expresses MAML1 and was a gift from Peter Howley (plasmid 37048;
Addgene) (46).

A luciferase construct containing the HES1 (Hairy/Enhancer of split
1) promoter was purchased from Addgene. Notch3 intracellular domain
(NICD3) constructs were kindly provided by U. Lendahl, Karolinska In-
stitute, Stockholm, Sweden. All plasmids were transfected into Neuro-2A
cells in 60-mm dishes by using TransIT Neural (MIR2145; Mirus) accord-
ing to the manufacturer’s instructions.

Western blot analysis. Neuro-2A cells in 60-mm dishes were trans-
fected with plasmids denoted in the legends of the respective figure. Forty-
eight hours after transfection cells were collected, washed once with PBS,
and lysed in radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-
HCl, pH 8, 150 mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate,
0.1% SDS) with protease and phosphatase inhibitors (Thermo-Scien-
tific). The respective samples were boiled in Laemmli sample buffer for 5
min, and all samples were separated on a 10% SDS-polyacrylamide gel.
Immunodetection of ORF2 and NICD3 was performed using a mouse
anti-Flag antibody (F1804; Sigma) (1:1,000) or rabbit anti-Notch3 anti-
body at a dilution of 1:300 (sc-5593; Santa Cruz Biotechnology), anti-V5
antibody for MAML1 (1:5,000) (600-410-378; Rockland), or anti-
�-catenin antibody (1:2,000) (ab6302; Abcam).

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 EMEM containing 0.5% FCS to lower the basal levels of promoter
activity. Cells were cotransfected with a plasmid containing the firefly

luciferase gene downstream of the HES1 (0.3 �g) or the TCF/LEF pro-
moter (0.1 �g DNA), a plasmid encoding Renilla luciferase under the
control of a minimal herpesvirus thymidine kinase (TK) promoter (40
ng), the designated NICD plasmid (0.3 �g DNA), MAML plasmid (0.1 to
0.3 �g DNA), and an ORF2 expression plasmid (0.1 to 1 �g DNA). To
maintain equal plasmid amounts in the transfection mixtures, an empty
expression vector was added as needed. Forty hours after transfection,
cells were harvested, and protein extracts were subjected to a dual-lucif-
erase assay by using a commercially available kit (E1910; Promega) ac-
cording to the manufacturer’s instructions. Luminescence was measured
by using a GloMax 20/20 luminometer (E5331; Promega).

Cell survival assay. Cell survival assays were similar to the neurite
development assay that was previously described (42, 43). In brief,
Neuro-2A cells grown in 60-mm plates were cotransfected, either singly or
in combination, with a human CMV promoter plasmid expressing the
S33Y plasmid (1 �g of DNA), an ORF2 construct (1 �g of DNA), an
MAML1 plasmid, and the pCMV-�-galactosidase (�-Gal) plasmid (1 �g
of DNA). Twenty-four hours after transfection, cells were seeded into new
plates at a low density of 4,000 cells/cm2 and starved in medium with 0.5%
serum for 3 days. Cells were then fixed and stained, a�-Gal assay was
performed, and �-Gal-positive (�-Gal�) blue cells were counted. The
number of blue cells expressed in the S33Y construct was arbitrarily set as
1, and all other samples were normalized to the S33Y value. The results are
an average of three independent experiments.

RESULTS
Expression of Wnt antagonists is induced during DEX-induced
reactivation from latency. A commercially available bovine mi-
croarray was previously used to identify cellular transcription fac-
tors induced in TG during DEX-induced reactivation from la-
tency (23). This study also demonstrated that the Notch signaling
pathway is stimulated during early stages of reactivation from la-

FIG 2 Detection of �-catenin during latency. (A) TG were collected from three mock-infected calves or three latently infected calves (at least 60 days
postinfection). Thin sections were cut from formalin-fixed paraffin-embedded TG sections. The �-catenin antibody used for this study was purchased from
Abcam (ab6302) and was diluted 1:200. Biotinylated goat anti-rabbit IgG (Vector Laboratories) was used as a secondary antibody. Thin sections from mock-
infected calves were used as controls. Closed circles denote �-catenin-positive neurons. (B) The number of �-catenin-positive neurons from 750 total neurons
was estimated from sections derived from three latently infected calves or three mock-infected calves. An asterisk denotes significant differences (P 
 0.05) in the
numbers of �-catenin-positive neurons as determined by a Student t test.
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tency, in part because Notch3 expression is induced (43). Since the
Notch and Wnt signaling pathways have been reported to engage
in cross talk (29–32, 37, 47, 48), expression levels of genes regu-
lated in a Wnt-dependent manner was compared in TG during
latency and during DEX-induced reactivation from latency. In
this study, only transcripts that had at least a 2-fold difference in
expression levels were examined. Of the 19 Wnt-regulated genes,
only two were upregulated more than 5-fold following DEX treat-
ment, namely, Dickkopf-1 (DKK-1) and secreted Frizzled-related
protein 2 (SFRP2) (Fig. 1B). DKK-1 levels were approximately 10-
and 7-fold higher at 3 and 6 h after DEX treatment, respectively,
than during latency. SFRP2 levels were approximately 3- and
7-fold higher at 1.5 and 6 h after DEX treatment, respectively.
Interestingly, DKK-1 and SFRP2 are both secreted proteins that
antagonize the canonical Wnt signaling pathway by interfering
with Wnt binding to its receptor (49, 50) (Fig. 1A). Attempts to
examine DKK-1 and SFRP2 protein expression in TG neurons
have been unsuccessful (i) because a commercial DKK-1 antibody
recognized a bovine protein of the correct molecular weight in
Western blots but yielded only background staining by IHC, per-
haps because DKK-1 is a secreted protein, and (ii) because we were
unable to identify a commercially available SFRP2 antibody that
specifically recognizes the bovine protein (data not shown). There
were no significant differences between expression levels of
�-catenin and MAML1 during latency and those after DEX-in-
duced reactivation from latency (data not shown). In nonneural
cells, the primary mechanism of regulating �-catenin levels is at
the protein, not mRNA, level (reviewed in reference 33) (Fig. 1A),
suggesting that this mechanism is similar in sensory neurons.

Detection of �-catenin expression in TG neurons during the
latency reactivation cycle. The data presented in Fig. 1 suggested
that the canonical Wnt signaling pathway may be regulated during

the latency reactivation cycle of BoHV-1-infected TG neurons. To
test this prediction, immunohistochemistry (IHC) studies were
performed to examine �-catenin expression during the latency
reactivation cycle. The �-catenin antibody used for these studies
(ab-6302; Abcam) recognizes the protein from many mammals,
including bovine kidney cells, and works well for formalin-fixed
tissue. �-Catenin protein expression was detected in a subset of
TG neurons from three latently infected calves; conversely
�-catenin� neurons were not readily detected in mock-infected
calves (Fig. 2A). The number of �-catenin� neurons in 750 total
TG neurons was significantly higher in latently infected calves
than in mock-infected calves (Fig. 2B). In certain TG sections,
neuronal retraction was observed. We believe this is due to the fact
that fixation does not occur efficiently in bovine TG because the
pieces of tissue are large and very rigid. Neuronal retraction does
not appear to have resulted in high background values because
�-catenin protein expression was not readily detected in unin-
fected TG, which had levels of neuronal retraction similar to those
of TG from latently infected calves.

We previously found that ORF2 is expressed in a subset of
latently infected TG neurons but that expression is reduced during
DEX-induced reactivation from latency (51). In order to deter-
mine if ORF2� neurons expressed �-catenin, consecutive sections
were prepared; one slide was stained with ORF2, and the other was
stained with �-catenin (Fig. 3A). Out of 150 ORF2� TG neurons,
137 were �-catenin�. In general, ORF2� neurons were present in
patches, which correlated with �-catenin expression in TG pre-
pared from latently infected calves. In contrast to the expression
pattern of �-catenin in TG neurons, lytic cycle viral genes (bICP0,
VP16, gC, and gD) (52, 53) and DEX-induced transcription fac-
tors (23, 43) are not readily detected in TG neurons by IHC during
latency. However, these same antibodies recognize TG neurons

FIG 3 ORF2 and �-catenin are frequently expressed in the same neuron during latency. Consecutive sections were cut from formalin-fixed paraffin-embedded
TG from latently infected calves. (A) For one section, IHC was performed using a peptide-specific ORF2 antibody (1:250 dilution) that has been previously
described (16, 22, 42, 43). The adjacent section was stained with the �-catenin antibody (1:200 dilution). Biotinylated goat anti-rabbit IgG (Vector Laboratories)
was used as a secondary antibody. Neurons, indicated by numbers 1 to 9, are ORF2� and �-catenin� neurons. These results are representative of results from
many sections using TG from two calves. (B) For one section, IHC was performed using the �-catenin antibody (1:200 dilution). The consecutive section was
stained using a peptide-specific bICP0 antibody (1:250 dilution) that specifically recognizes the bICP0 protein (52, 53). Neurons, indicated by numbers 1 to 12,
are �-catenin� neurons in one section and are also shown in the section stained with the bICP0 antibody to point out the location of the same neurons numbered
in the section stained by the �-catenin antibody. These results are representative of four sections cut from TG of two latently infected calves.
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during DEX-induced reactivation. An additional study was per-
formed to test whether �-catenin� neurons in TG of latently in-
fected neurons recognize a lytic cycle viral regulatory protein,
BoHV-1 infected cell protein 0 (bICP0). For this study, one slide
was stained with �-catenin, and a consecutive slide was stained
with a bICP0 peptide antibody. Although a subset of TG neurons
was stained with the �-catenin antibody (Fig. 3B), only back-
ground staining was observed with the bICP0 antibody.

Additional studies were performed to test whether �-catenin
expression changed during DEX-induced reactivation from la-
tency. In contrast to latently infected TG, few �-catenin� neurons
were detected in TG sections of calves treated with DEX for 6 h
(Fig. 4A). At 70 min or 3 h after DEX treatment, �-catenin expres-
sion in TG neurons was still detected (data not shown). The per-
centage of �-catenin� neurons during reactivation from latency
was calculated from 750 neurons from two different calves at 70
min, 3 h, or 6 h after DEX treatment. Although it was clear that
significantly fewer TG neurons were �-catenin� at 6 h after DEX
treatment, the differences at 70 min and 3 h after DEX treatment
were not as dramatic (Fig. 4B). In summary, the findings shown in
Fig. 2 to 4 indicated that �-catenin protein expression was readily
detected in TG neurons during latency; conversely, �-catenin was
not readily detected in TG neurons from uninfected calves or at 6
h after latently infected calves were treated with DEX.

ORF2 and MAML1 increased �-catenin steady-state levels in
transfected Neuro-2A cells. The LR gene encodes multiple prod-
ucts, including ORF1, ORF2, various isoforms of ORF2 due to
alternative splicing of LR-RNA, and two micro-RNAs (reviewed
in references 4, 54, and 55). Since ORF2 has multiple functions
(16, 42, 43) and appears to be a dominant virus-encoded factor

that regulates the latency reactivation cycle (7, 54, 56), we tested
whether ORF2 has an effect on �-catenin expression levels in
mouse neuroblastoma cells (Neuro-2A). We also examined
MAML1 because it is a coactivator for the Notch (29) and Wnt/
�-catenin (31, 33) signaling pathways, and IHC studies suggested
that low levels of MAML1 protein expression were detected in a
subset of TG neurons from latently infected calves but not from
mock-infected calves (data not shown). Neuro-2A cells were used
for these studies for the following reasons: they can be readily
transfected, ORF2 is consistently detected in these cells following
transfection with an expression plasmid, ORF2 stimulates neurite
formation in cells expressing Notch family members following
growth factor withdrawal (42, 43), and MAML1 or �-catenin is
not readily detected in nontransfected Neuro-2A cells (Fig. 5A).
The �-catenin expression plasmid pCI-Neo �-catenin S33Y
(S33Y) that expresses a constitutively active protein due to point
mutations that alter phosphorylation sites (44) was used to trans-
fect Neuro-2A cells because �-catenin was not detectable in
Neuro-2A cells, suggesting that the negative regulatory compo-
nents of �-catenin are hyperactive in these cells. �-Catenin levels
were low in cells transfected with just the S33Y plasmid (referred
to as �-catenin in Fig. 5), adding support to the prediction that
�-catenin is efficiently degraded in Neuro-2A cells. However, we
have consistently observed higher steady-state �-catenin levels in
Neuro-2A cells when the S33Y construct was cotransfected with
ORF2 and the MAML1 expression vector than in Neuro-2A cells
transfected with any of the other combinations (Fig. 5A). Quan-
tification of �-catenin bands revealed higher levels of �-catenin
in Neuro-2A cells cotransfected with plasmids that express

FIG 4 Decreased numbers of �-catenin� neurons during DEX-induced reactivation from latency. (A) A representative TG section collected from a calf that was
latently infected (at least 60 days postinfection) or from a latently infected calf treated with DEX for 6 h to induce reactivation from latency. Thin sections were
cut from formalin-fixed paraffin-embedded TG sections. The �-catenin antibody used for this study was purchased from Abcam (ab6302) and was diluted 1:200.
Biotinylated goat anti-rabbit IgG (Vector laboratories) was used as a secondary antibody. Thin sections from mock-infected calves were used as controls. Closed
circles denote �-catenin-positive neurons. (B) The number of �-catenin-positive neurons from 750 total neurons was estimated from TG sections from three
latently infected calves and from three latently infected calves treated with DEX for 70 min, 3 h, or 6 h. An asterisk denotes significant differences (P 
 0.05) in
numbers of �-catenin-positive neurons as determined by a Student t test.
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�-catenin, MAML, and ORF2 than in other combinations that
were tested (Fig. 5B).

Neuro-2A cells cotransfected with plasmids that express
MAML1 and ORF2 also contained higher steady-state levels of
each protein than cells transfected with either plasmid alone (Fig.
5C). ORF2 interacts with the Notch intracellular domain 3
(NICD3) and reduces NICD3 levels (42, 43) (Fig. 5D). Since
MAML1 is known to associate with NICD3 and other Notch fam-
ily members, we examined the effect that the ability of ORF2 to
stabilize MAML1 had on NICD3 levels. When ORF2 was cotrans-
fected with the MAML1 and NICD3 expression plasmids, NICD3
steady-state protein levels were increased in Neuro-2A cells com-
pared to levels after cotransfection with NICD3 and ORF2 (Fig.
5D). For all combinations, NICD3 levels were consistently highest
when MAML1 and NICD3 were cotransfected. In summary, these
studies suggested that the ability of ORF2 to stabilize MAML1
protein levels led to increased �-catenin and NICD3 protein levels
in transfected Neuro-2A cells.

ORF2 and MAML1 stimulate �-catenin-dependent tran-
scription. The effect that MAML1 and ORF2 has on Wnt-depen-
dent transcription was examined using a promoter construct con-
taining eight TCF binding sites upstream of a minimal promoter
(Super 8� TOPFlash) and S33Y. As expected, the S33Y expression

construct (referred to as �-catenin in Fig. 6) stimulated promoter
activity of Super 8� TOPFlash approximately 8-fold (Fig. 6A).
ORF2 expression alone slightly reduced the ability of �-catenin to
stimulate Super 8� TOPFlash promoter activity in transfected
Neuro-2A cells (Fig. 6A). ORF2 in combination with MAML1
expression consistently enhanced the ability of �-catenin to trans-
activate Super 8� TOPFlash promoter activity compared to the
level of activity with MAML1 and �-catenin (Fig. 6B).

Since the combination of ORF2 and MAML1 enhanced the
transactivation potential of the �-catenin expression construct, it
was of interest to determine if a similar effect was observed for
Notch-dependent transcription. Although previous studies dem-
onstrated that ORF2 interferes with NICD1- and NICD3-medi-
ated transcription (16, 22, 42), the effect of ORF2 in combination
with MAML1 expression on Notch-dependent transcription was
not examined. We used the Hairy/Enhancer of split 1 (HES1)
promoter for these studies because it is transactivated by Notch
family members (reviewed in reference 57). Cotransfection of
MAML1 with NICD1 stimulated HES1 promoter activity approx-
imately 200- or 300-fold using 0.1 or 0.3 �g of MAML1, respec-
tively, whereas NICD1 alone transactivated HES1 promoter activ-
ity only approximately 50-fold (Fig. 6C). ORF2 had a positive
effect on the ability of MAML1 and NICD1 to transactivate HES1

FIG 5 ORF2 and MAML1 stabilized �-catenin and NICD3 protein levels in transfected Neuro-2A cells. (A) Neuro-2A cells were transfected with the designated
plasmids (2 �g of DNA for each plasmid). An empty CMV expression vector (pcDNA3.1) was added to maintain equal amounts of plasmid transfected.
Forty-eight hours after transfection cells were collected and processed for Western blot analysis using a Flag antibody (1:1,000 dilution; Sigma) to detect ORF2,
a �-catenin antibody (1:5000 dilution), or an anti-V5 antibody (1:5,000 dilution; Rockland) to detect MAML1. Fifty micrograms of protein in the total cell lysate
was used for each lane. �-Tubulin was used as a loading control. (B) Levels of �-catenin protein in the respective samples presented in panel A were estimated
by comparing levels of tubulin to those of �-catenin using a Bio-Rad molecular imager. �-Catenin protein levels in samples transfected with just the �-catenin
expression plasmid were normalized to 1, and other values were compared to this result. The results shown in this graph were derived from three independent
studies. (C) Neuro-2A cells were transfected with 1 �g of MAML1 expression plasmid alone or with 1 �g to 3 �g of ORF2 as indicated. Forty-eight hours after
transfection cells were collected and processed for Western blot analysis using a Flag antibody (1:1,000 dilution; Sigma) or V5 antibody (1:5,000 dilution;
Rockland). Fifty micrograms of protein in the total cell lysate was used for each lane, and �-tubulin was used as a loading control. (D) Neuro-2A cells were
transfected with DNA constructs (2 �g of DNA for each plasmid) as indicated, and the empty expression vector was added as needed to maintain equal amounts
of plasmid. Forty-eight hours after transfection, cells were collected and processed for Western blot analysis using the indicated antibodies at the same
concentrations as for the experiments shown in panels A and B. The anti-Notch3 antibody (1:300) (Santa Cruz) was used to detect NICD3. The results shown in
panels A, C, and D are representative of four independent experiments. NT, not treated.
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promoter activity. A similar trend was observed with NICD3 (Fig.
6D). We have consistently observed that NICD1 yielded approx-
imately 4-fold higher levels of transactivation than NICD3, which
was expected because the transactivation domain of NICD1 is
more active than that of NICD3 (57, 58).

MAML1, �-catenin, and ORF2 cooperate to stimulate cell
survival. Canonical Wnt signaling, due to �-catenin activation,
promotes axonal guidance, neuronal differentiation, neuronal
connectivity, and cell survival (33, 59–61). Combining this knowl-
edge with our previous observations that ORF2 expression stim-
ulates neurite formation in cells expressing Notch (42, 43), we
tested whether �-catenin cooperates with ORF2 to stimulate neu-
rite formation in Neuro-2A cells. For neurite formation assays,
Neuro-2A cells are seeded at low density and then serum starved
for 3 days (42, 43). Many Neuro-2A cells undergo apoptosis fol-
lowing serum withdrawal for 72 h, whereas a minor population
sprout neurites and display a differentiated neuronal morphology.
Under these conditions, we did not observe an increased fre-
quency of neurite formation when Neuro-2A cells were cotrans-
fected with ORF2, S33Y, and MAML1 (data not shown).

During the course of examining neurite formation, it became
obvious that the combination of ORF2, S33Y (referred to as
�-catenin in Fig. 7), and MAML1 increased the number of surviv-
ing �-Gal� cells compared to amounts with other combinations
(Fig. 7A). A procedure based on counting surviving �-Gal� cells
to quantify cell survival following an apoptotic stimulus (62–64)
has been used extensively in our previous studies (15, 19, 65–67).
Although the number of �-Gal� cells could have been influenced
by the presence of transcription factors that were overexpressed,

this amount was negligible because serum withdrawal induced
apoptosis, and only surviving cells that express �-Gal� would re-
main attached to the dish. These studies revealed that ORF2 alone,
ORF2 plus �-catenin, ORF2 plus MAML1, or MAML1 plus
�-catenin consistently enhanced cell survival 2- to 3-fold com-
pared to levels in control cultures transfected with �-catenin alone
(Fig. 7B). Interestingly, when Neuro-2A cells were cotransfected
with the three expression plasmids, there was a statistically signif-
icant increase in cell survival relative to the level with other com-
binations examined (P 
 0.05) (Fig. 7B). These studies also re-
vealed that fewer floating cells were present in medium following
serum withdrawal when ORF2 combined with both MAML1 and
�-catenin was used to transfect Neuro-2A cells than when other
transfection combinations were used, which was consistent with
enhanced cell survival (data not shown).

DISCUSSION

A transcription factor (�-catenin) activated by the canonical Wnt
signaling pathway was expressed in a subset of TG neurons from
latently infected but not uninfected calves. We examined
�-catenin expression versus a specific Wnt or Wnt receptor be-
cause �-catenin protein expression is stabilized when canonical
Wnt is stimulated (reviewed in reference 33) (Fig. 1A). Further-
more, 19 known Wnt family members and 11 human Wnt recep-
tors have been identified, making it difficult to examine expres-
sion of each isoform. ORF2� neurons frequently contained
�-catenin but not the lytic cycle regulatory protein, bICP0. Our
studies also suggested that MAML1 was expressed in a subset of
latently infected neurons (data not shown). MAML1 is a crucial

FIG 6 ORF2 stimulates transactivation potential of MAML1 for �-catenin and NICD-dependent transcription. (A) Neuro-2A cells were cotransfected with 0.1
�g of TOPFlash luciferase reporter, 0.1 �g of �-catenin (S33Y), and 0.1 �g of ORF2. (B) Neuro-2A cells were cotransfected with 0.1 �g of TOPFlash luciferase
reporter, 0.1 �g of S33Y (�-catenin), 0.1 �g of MAML1, and increasing concentrations of ORF2 (0.1 to 0.3 �g). (C and D) Neuro-2A cells were cotransfected with
0.3 �g of an HES1 luciferase reporter, 0.3 �g of NICD1 or NICD3, different concentrations of the MAML1 plasmid (0.1 �g and 0.3 �g), and the indicated
concentrations of ORF2 (0.1, 0.3, and 1 �g). For all studies, luciferase assays were performed at 48 h after transfection using a dual-luciferase assay. A plasmid
expressing Renilla luciferase under the control of a minimal herpesvirus TK promoter was used as an internal control for all samples. The results are the average
of three independent experiments, and error bars denote standard errors. An asterisk indicates significant differences (P 
 0.05) in promoter activity as
determined by one-way analysis of variance and Fisher’s least significant difference multiple-means comparison tests.
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cofactor of Notch-mediated gene expression (30), and Notch1
stimulates BoHV-1 productive infection (22). Low levels of
MAML1 expression in latently infected neurons may not have a
major impact on Notch-dependent transcription because Notch1
or Notch3 expression is detected in bovine TG neurons only dur-
ing DEX-induced reactivation from latency (22, 43).

Based on results presented in this study, we hypothesize that
infection of sensory neurons causes significant damage; con-
versely, stabilization of �-catenin and MAML1 by ORF2 is pre-
dicted to enhance neuronal survival and maintain normal neu-
ronal functions. This hypothesis is supported by studies
demonstrating that the Wnt signaling pathway, via activation of
�-catenin, regulates navigation of axons to their synaptic targets
and stimulates axonal growth (reviewed in references 59, 60, and
68 to 70). Disruption of the Wnt signaling pathway also inhibits
neural crest development and stimulates neurodegeneration (re-
viewed in references 35, 59, and 60). Finally, canonical Wnt sig-
naling via �-catenin activation inhibits apoptosis in several cell
types (71–73), including neurons (74). Although ORF2 interferes
with apoptosis (15, 16), the cooperative effect of ORF2, S33Y, and
MAML1 on survival of Neuro-2A cells following serum with-
drawal was not expected. The ability of ORF2 and MAML1 to
stabilize �-catenin levels in Neuro-2A cells correlates well with
enhanced �-catenin-dependent transcription and cell survival.

Considering that MAML1 was not expressed in as many
ORF2� TG neurons as �-catenin and that its expression level was
low, it is fair to ask whether �-catenin and ORF2 can enhance
neuronal survival if MAML1 is not expressed in the same neu-
ron. Additional �-catenin coactivators, CBP (CREB-binding

protein) (75), FLAP1 (leucine rich repeat-associated protein 1)
(76), Pygopus (77), and the high-mobility group AT-hook 1
protein (HMGA1) have been identified previously (78). Inter-
estingly, HMGA1 is induced by the Wnt/�-catenin signaling
pathway (79, 80), suggesting that HMGA1 may be expressed in
a subset of latently infected neurons. Additional studies are
necessary to determine whether these coactivators are ex-
pressed in latently infected TG neurons and if they can coop-
erate with ORF2 and �-catenin to promote cell survival and
transactivate �-catenin-dependent transcription.

During DEX-induced reactivation from latency, ORF2 expres-
sion was reduced (43), and expression of two Wnt antagonists
(DKK-1 and SFRP2) was increased, which correlated with fewer
neurons expressing �-catenin at 6 h after DEX treatment. Chronic
stress or increased corticosteroids are known to induce DKK-1
expression and neuronal damage in the hippocampus (81), which
is required for ischemic neuronal death (82). DKK-1 also mediates
glucocorticoid-induced changes in human neuronal progenitor
cell growth and differentiation (83), adding support to the finding
that DEX stimulates DKK-1 gene expression in TG. SFRP2 may
also regulate neuronal survival during reactivation because it in-
duces cell death in the developing hindbrain (84); conversely, it
promotes cell survival in mesenchymal cells (85). Finally, Notch3
and Notch signaling in general are stimulated during reactivation
from latency (23, 43), which could influence neurite and axonal
growth (24, 25, 86) and contribute to neuronal damage. Although
DKK-1 and SFRP2 may have a paracrine-like effect on surround-
ing uninfected neurons, this may not be as dramatic as the effect in
latently infected neurons because �-catenin was not detected

FIG 7 Regulation of cell survival by ORF2, �-catenin, and MAML1 following growth factor withdrawal. (A) Neuro-2A cells were cotransfected with a plasmid
expressing �-catenin alone, or with MAML1, a plasmid expressing ORF2, and a plasmid expressing the LacZ gene (transfection control). One microgram of each
plasmid was used for transfection, and an empty plasmid was used to maintain equal concentrations of plasmid DNA for the respective transfections. Twenty-
four hours after transfection, cells were seeded into new plates at a low density (4,000 cells/cm2) and then incubated with medium containing 0.5% serum for 3
days. Cells were fixed, and �-Gal� cells were counted as described in Materials and Methods. (B) The number of �-Gal� Neuro-2A cells transfected with the
�-catenin expression plasmid (S33Y) was arbitrarily set at 1. The number of �-Gal� Neuro-2A cells in the respective studies was normalized to the �-catenin level
to calculate the fold of cell survival. The average of four independent experiments is shown. An asterisk denotes significant differences (P 
 0.05) in �-Gal�

Neuro-2A cells containing �-catenin with MAML1 plus ORF2 relative to values with other plasmids or combinations, as determined by one-way analysis of
variance and Fisher’s least significant difference multiple-means comparison tests.
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in neurons from uninfected calves. Currently, it is not known
whether DKK-1 or SFRP2 directly influences reactivation from
latency.

Wnt3a treatment or axin knockdown has been reported to re-
duce HSV-1 replication in L29 mouse cells (87). Axin is associated
with �-catenin and negatively regulates its activity (reviewed in
reference 33) (Fig. 1A), suggesting that activated �-catenin inhib-
its HSV-1 replication. Conversely, human cytomegalovirus repli-
cation is suppressed by Wnt antagonists (88). It is well established
that gammaherpesviruses utilize the Wnt signaling pathways (89–
91) to stimulate growth of latently infected cells. Considering that
disregulated �-catenin expression enhances the growth of certain
types of cancer cells (33), control of �-catenin expression by gam-
maherpesviruses is important for their oncogenic potential. In
conclusion, these studies provide evidence that �-catenin stabili-
zation during latency may be advantageous for maintaining
BoHV-1 latency.
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