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ABSTRACT The latency-related (LR) RNA encoded by bovine herpesvirus 1 (BoHV-1)
is abundantly expressed in latently infected sensory neurons. Although the LR gene
encodes several products, ORF2 appears to mediate important steps during the
latency-reactivation cycle because a mutant virus containing stop codons at the
amino terminus of ORF2 does not reactivate from latency in calves. We recently
found that the Wnt/�-catenin signaling pathway is regulated during the BoHV-1
latency-reactivation cycle (Y. Liu, M. Hancock, A. Workman, A. Doster, and C. Jones, J
Virol 90:3148 –3159, 2016). In the present study, a �-catenin coactivator, high-
mobility group AT– hook 1 protein (HMGA1), was detected in significantly more neu-
rons in the trigeminal ganglia of latently infected calves than in those of uninfected
calves. Consequently, we hypothesized that HMGA1 cooperates with ORF2 and
�-catenin to maintain latency. In support of this hypothesis, coimmunoprecipitation
studies demonstrated that ORF2 stably interacts with a complex containing
�-catenin and/or HMGA1 in transfected mouse neuroblastoma (Neuro-2A) cells. Con-
focal microscopy provided evidence that ORF2 was relocalized by HMGA1 and
�-catenin in Neuro-2A cells. ORF2 consistently enhanced the ability of HMGA1 to
stimulate �-catenin-dependent transcription, suggesting that interactions between
ORF2 and a complex containing �-catenin and HMGA1 have functional significance.
An ORF2 stop codon mutant, an ORF2 nuclear localization mutant, or a mutant lack-
ing the 5 protein kinase A or C phosphorylation sites interfered with its ability to
stimulate �-catenin-dependent transcription. Since the canonical Wnt/�-catenin sig-
naling pathway promotes neurogenesis (synapse formation and remodeling) and in-
hibits neurodegeneration, interactions between ORF2, HMGA1, and �-catenin may
be important for certain aspects of the latency-reactivation cycle.

IMPORTANCE The lifelong latency of bovine herpesvirus 1 (BoHV-1) requires that
significant numbers of infected sensory neurons survive infection and maintain nor-
mal functions. Consequently, we hypothesize that viral products expressed during la-
tency cooperate with neuronal factors to maintain latency. Our studies revealed that
a �-catenin coactivator, high-mobility group AT– hook 1 protein (HMGA1), was read-
ily detected in a subset of trigeminal ganglion neurons in latently infected calves
but not in uninfected calves. A viral protein (ORF2) expressed in latently infected
neurons interacted with �-catenin and HMGA1 in transfected cells, which resulted in
the nuclear localization of �-catenin. This interaction correlated with the ability of
ORF2 to stimulate the coactivator functions of HMGA1. These findings are significant
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because the canonical Wnt/�-catenin signaling pathway promotes neurogenesis and
inhibits neurodegeneration.

KEYWORDS bovine herpesvirus 1, HMGA1, �-catenin, latency

Bovine herpesvirus 1 (BoHV-1) infections frequently lead to upper respiratory tract
disease (1, 2) and erosion of mucosal surfaces. Epithelial cell damage and immune

suppression occur after viral infection, thus allowing commensal bacteria in the upper
respiratory tract to colonize the lung and cause disease. A BoHV-1 entry receptor,
poliovirus receptor related 1, was identified to be a bovine respiratory disease complex
susceptibility gene for Holstein calves (3), confirming the role of BoHV-1 as a cofactor
in this important polymicrobial disease.

Following acute infection of mucosal linings in the oral, nasal, or ocular cavity,
BoHV-1 establishes latency in sensory neurons within trigeminal ganglia (TG). The
ability to establish, maintain, and reactivate from latency is crucial for virus transmis-
sion. The latency-related (LR) gene, which encodes two microRNAs and at least two
proteins (ORF2 and ORF1), is the only viral gene abundantly expressed during latency.
Both microRNAs can reduce expression of the viral regulatory protein bovine infected
cell protein 0 (bICP0) in transfected cells (4), which is likely important during the
transition from acute infection to the establishment and maintenance of latency. ORF2
inhibits apoptosis, interacts with the signaling molecule Notch, and interferes with
Notch-mediated signaling (5–7). A virus with a mutant LR gene containing three stop
codons near the initiating methionine of ORF2 does not reactivate from latency or
replicate efficiently in certain tissues (8, 9), suggesting that ORF2 regulates crucial steps
during the latency-reactivation cycle.

We recently discovered that a cellular transcription factor, �-catenin, is readily
detected in TG neurons from latently infected calves but not in TG neurons from
uninfected calves or during stress-induced reactivation from latency (10). Most
�-catenin-positive (�-catenin�) neurons express ORF2 but not the lytic cycle regulatory
protein (bICP0). Additional studies revealed that ORF2 enhances �-catenin-dependent
transcription and cooperates with �-catenin to promote the survival of neuroblastoma
cells. Consequently, �-catenin may be important during the establishment and main-
tenance of latency because the canonical Wnt/�-catenin pathway regulates axonal
growth and the navigation of axons to their synaptic targets (reviewed in references 11
to 15). Expression of a soluble Wnt antagonist (Dickkopf-1) was induced more than
10-fold during dexamethasone (DEX)-induced reactivation from latency (10). Interest-
ingly, Dickkopf-1 mediates stress-induced neuronal death (16, 17). Collectively, the
results of these studies suggest that the Wnt/�-catenin signaling pathway is regulated
during the BoHV-1 latency-reactivation cycle.

In this study, we provide evidence that the RNA encoding the high-mobility group
AT– hook 1 protein (HMGA1) was differentially expressed in TG latently infected with
BoHV-1 compared to its expression in the uninfected control TG. Furthermore, HMGA1
protein expression was readily detected in a subset of TG neurons from latently
infected calves but not TG neurons from uninfected calves. Based on these observa-
tions, we hypothesized that HMGA1 plays a role in maintaining a latent infection
because HMGA1 is a known coactivator of �-catenin (18–20), a cellular transcription
factor that promotes neurogenesis and interferes with neurodegeneration (reviewed in
references 11 to 15). Additional studies demonstrated that ORF2 and HMGA1 were
associated with �-catenin in transfected mouse neuroblastoma cells. ORF2, HMGA1,
and �-catenin also partially colocalized in the nucleus and enhanced �-catenin-
dependent transcriptional activity. In summary, these studies suggest that HMGA1
likely regulates certain aspects of the BoHV-1 latency-reactivation cycle.

RESULTS
Identification of differentially expressed genes in TG of latently infected calves

relative to those of uninfected calves. Microarray studies were performed to identify
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cellular genes differentially expressed in uninfected calves versus latently infected
calves (3 calves in each group). The top 6 genes that were either stimulated or
repressed in the TG of latently infected calves relative to their expression in the TG of
uninfected calves are shown in Table 1. In general, the fold change in expression seen
in the TG of uninfected calved versus those of latently infected calves was not as
dramatic as that seen when expression during latency was compared to that after
dexamethasone-induced reactivation from latency (21). The top gene induced in
latently infected TG is the high-mobility group AT– hook 1 protein (HMGA1) (the level
of expression of which was 2.8-fold times higher in latently infected TG than uninfected
TG; P � 0.05). The HMGA1 gene encodes a nuclear protein that binds AT-rich DNA
sequences, interacts with �-catenin, is induced by the Wnt/�-catenin signaling pathway
(18, 19), and stimulates �-catenin-dependent transcription in cancer cells (20). Expres-
sion of another �-catenin regulator, frizzled homolog 8 (FZD8), was repressed 2.4-fold
in the TG of latently infected calves compared to its expression in the TG of uninfected
calves. FZD8 encodes a soluble cytoplasmic protein that has been reported to block
Wnt/�-catenin signaling and can increase apoptosis in dopaminergic neurons (22).
Conversely, FZD8 has also been reported to positively affect lung tumor cell growth and
is upregulated in non-small cell lung cancer (23). Together with the findings of past
studies (10), these results suggest that the canonical Wnt/�-catenin signaling pathway
is regulated during BoHV-1 latency and during DEX-induced reactivation from latency
(21).

Examination of HMGA1 in TG neurons of calves latently infected with BoHV-1.
Since the primary focus of this study was to provide additional insight into how the
Wnt/�-catenin signaling pathway is regulated during the BoHV-1 latency-reactivation
cycle, immunohistochemistry (IHC) studies were performed to confirm that genes
known to be directly involved with the Wnt pathway were differentially expressed in
the TG of latently infected calves versus those of uninfected calves. An FZD8 antibody
that was useful for IHC studies was not identified. Consequently, we compared HMGA1
protein expression in the TG neurons of latently infected calves and those of uninfected
calves. HMGA1 was readily detected in the nucleus of a subset of TG neurons from three
latently infected calves (Fig. 1A; arrows denote HMGA1-positive [HMGA1�] neurons). In
contrast, HMGA1� neurons were not readily detected in TG prepared from three
uninfected calves. TG neurons from uninfected calves that contained visible nuclei also
had nucleoli that were clearly counterstained: conversely, the HMGA1 antibody did not
stain the nuclei (Fig. 1A, closed circles). There were significantly higher numbers of
HMGA1� neurons in the TG of latently infected calves than in those of uninfected
calves (Fig. 1B). In contrast to the results obtained with the HMGA1 antibody, bICP0 was

TABLE 1 Summary of cellular genes differentially expressed in TG of latently infected calves and uninfected calves

Gene name
Relative gene expression
during latency Gene description

HMGA1 �2.8 High-mobility group AT–hook 1
MAN2B1 �2.2 Mannosidase, alpha, class 2B, member 1
DSG2 �2.1 Desmoglein-2
SLC12A3 �2 Solute carrier family 12 (sodium/chloride transporters), member 3
IGF2BP3 �2 Insulin-like growth factor 2 mRNA binding protein 3
Cytochrome b-561 �1.9 An ascorbate-dependent oxidoreductase family member involved

with electron transport
C1QB �6.7 Complement component 1, q subcomponent, B chain
BRB �4.8 Brain RNase
LOC788911 �4.2 Similar to autotaxin isoform preproprotein
GMFG �3.6 Glia maturation factor, gamma
APOA1 �3.6 Apolipoprotein A-I
FZD8 �2.4 Frizzled homolog 8 (Drosophila)
aThe top 6 genes that were induced and the top 6 genes that were repressed in TG during latency are listed. The changes in the levels of expression along with a
brief description of the gene are included. To determine the genes differentially expressed over time, we compared the values for latently infected TG from 3 calves
to those for uninfected TG from 3 calves using a random-variance F test and then selected genes with a false discovery rate of �10%. Fold changes in expression for
each gene differentially expressed in latently infected calves relative to the value for the group of uninfected calves were calculated.
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not readily detected in TG neurons from uninfected or latently infected calves but was
readily detected during reactivation from latency (data not shown) (6, 10, 24, 25). In
summary, HMGA1, a �-catenin coactivator, was readily detected in a subset of TG
neurons from latently infected calves but not in TG neurons from uninfected calves.

Additional studies tested whether HMGA1� neurons also expressed �-catenin and
ORF2 because a previous study demonstrated that nearly all �-catenin� neurons
contain ORF2 (10). For these studies, consecutive sections were cut, and one section
was stained with the HMGA1 antibody and the other was stained with an antibody that
recognized �-catenin or ORF2. A subset of HMGA1� neurons also expressed �-catenin
(Fig. 2A, neurons numbered 1 to 3) and ORF2 (data not shown). It was also clear that
certain neurons were stained by the HMGA1 antibody but not the �-catenin antibody
(neurons denoted a to d in Fig. 2A). The proportion of HMGA1� neurons stained by
antibodies detecting �-catenin or ORF2 was less than 50% (Fig. 2B). In TG sections from
latently infected calves, 63 neurons out of 400 total neurons (15.8%) contained visible
nuclei, and in a TG section from an uninfected calf, 48 neurons out of 400 neurons
(12%) contained visible nuclei (Fig. 2C). Since HMGA1 was detected only in the nuclei
of latently infected neurons, the results in Fig. 2C suggest that the number of dual-
positive neurons may be underestimated because TG thin sections contain a low
percentage of neurons with visible nuclei.

FIG 1 Detection of HMGA1 in TG neurons during latency. (A) TG were collected from 3 uninfected calves
(denoted as Mock) or latently infected calves (at least 60 days postinfection). Thin sections were cut from
formalin-fixed paraffin-embedded TG sections. The HMGA1 antibody used for this study was purchased
from Abcam (catalog number ab129153) and was diluted 1:400. Biotinylated goat anti-rabbit IgG (Vector
Laboratories) was used as a secondary antibody. Arrows, HMGA1-positive neurons; circles, TG neurons in
uninfected calves that contain a visible nucleus in which the nucleolus was counterstained (however, the
HMGA1 antibody did readily stain the nucleus). (B) The percentage of HMGA1-positive neurons among
490 total neurons was estimated from sections derived from three latently infected calves or three
uninfected calves. *, significant differences (P � 0.05) in the numbers of HMGA1-positive neurons, as
determined by a Student t test.
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ORF2 is associated with �-catenin and HMGA1 in transfected neuroblastoma
cells. To test whether ORF2 interacts with �-catenin or HMGA1, coimmunoprecipitation
(co-IP) studies were performed with cells of a mouse neuroblastoma cell line (Neuro-2A)
transfected with plasmids expressing ORF2, �-catenin lacking the Flag tag, and HMGA1.
Neuro-2A cells were used for these studies because they are readily transfected, ORF2
is consistently detected in these cells following transfection with an expression plasmid,
ORF2 stimulates neurite formation in cells (6, 26), and �-catenin is not readily detected
in nontransfected Neuro-2A cells (10). For these studies, the �-catenin-specific antibody
was initially used to immunoprecipitate proteins associated with �-catenin. Following
separation of the proteins in an SDS-polyacrylamide gel, Western blotting assays were
performed to identify proteins associated with �-catenin. These studies, which were
performed using an antibody that specifically recognizes HMGA1 and the Flag anti-
body, which detects the ORF2-Flag fusion protein, revealed that HMGA1 and ORF2 are
associated with �-catenin (Fig. 3A). We also tested whether CREB-binding protein (CBP)
was associated with ORF2 and �-catenin because it was reported to be a �-catenin
transcriptional coactivator (27). In contrast to HMGA1, CBP was not readily detected in
the immunoprecipitate (Fig. 3A), suggesting that it was not stably associated with ORF2
and �-catenin. When ORF2 was not included in the transfection mixture, the Flag
antibody did not detect a protein with the same molecular weight as ORF2 (Fig. 3A).

The Flag-tagged monoclonal antibody was also used to immunoprecipitate ORF2
and the proteins associated with ORF2 identified by Western blotting (Fig. 3B). These
studies confirmed that ORF2 is associated with �-catenin and HMGA1. When the cell
lysate was immunoprecipitated with the Flag-tagged antibody and then blotted with
the CBP antibody, we were unable to detect CBP in the immunoprecipitate regardless

FIG 2 Analysis of HMGA1� neurons that express �-catenin or ORF2 in consecutive sections. (A) Consecutive
sections from TG of calves latently infected with BoHV-1 were prepared, and one section was stained with an
antibody that recognizes HMGA1. The adjacent section was stained with an antibody that recognizes �-catenin.
The neurons numbered 1 to 3 were stained with both antibodies in adjacent sections. The letters a to d denote
neurons that were stained by the HMGA1 antibody but not the �-catenin antibody. These results are representative
of those for TG from 2 different calves latently infected with BoHV-1. (B) Dually stained TG neurons in adjacent
sections. The number of �-catenin� or ORF2� neurons among 150 HMGA1� neurons was calculated, and the
results are expressed as the percentage of neurons stained by both antibodies. (C) TG sections were counterstained
with methyl green. The percentage of neurons in which the nucleus was clearly detected was counted. For this
study, 400 TG neurons from a calf latently infected with BoHV-1 and TG from an uninfected calf were counted.
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of whether ORF2 was used to transfect Neuro-2A cells (Fig. 3B). Western blot studies of
the total cell lysate demonstrated that the respective proteins were expressed in
transfected cells (Fig. 3C). HMGA1, CBP, and ORF2 stabilized �-catenin steady-state
levels. In several experiments, we found higher steady-state CBP levels in the total cell
lysate following transfection with ORF2, �-catenin, and HMGA1. These studies also
revealed that ORF2 slightly increased the steady-state levels of HMGA1 in transfected
Neuro-2A cells (Fig. 3C). In summary, these studies indicated that ORF2 is stably
associated with �-catenin and HMGA1.

Localization of ORF2, HMGA1, or �-catenin in transfected Neuro-2A cells. To
confirm that ORF2 was associated with �-catenin and HMGA1 in transfected Neuro-2A
cells (Fig. 3), confocal microscopy was performed. Initial studies examined the localiza-
tion of the individual proteins in transfected cells. Most of the Flag-tagged �-catenin
protein (S33Y) was localized in the cytoplasm of transfected Neuro-2A cells (Fig. 4A),
suggesting that �-catenin was not active in these cells. Similar results were ob-
tained with the non-Flag-tagged �-catenin construct (data not shown). HMGA1 was
localized to the perinuclear region and the cytoplasm of most transfected cells (Fig.
4B). As previously reported (6, 7, 28), ORF2 was primarily localized at the rim of the
nucleus (Fig. 4C).

We next examined the localization of two of the three proteins in transfected
Neuro-2A cells. For these studies, a non-Flag-tagged �-catenin construct was used
when cells were cotransfected with ORF2 to allow visualization of both proteins in
transfected cells. Thus, �-catenin was detected using an antibody that specifically
recognizes �-catenin. When �-catenin was cotransfected with HMGA1, �-catenin was
primarily detected in the nucleus, whereas HMGA1 was still localized to the perinuclear
region (Fig. 5A). A subset of HMGA1 and �-catenin also appeared to colocalize near the
rim of the nucleus. Cotransfection of ORF2 with �-catenin led to the relocalization of
ORF2 and the partial colocalization of �-catenin and ORF2 in the nucleus (Fig. 5B). The
partial colocalization of ORF2 and HMGA1 was also detected in cells expressing both
proteins (Fig. 5C).

Plasmids expressing all three proteins were cotransfected into Neuuro-2A cells. For
these studies, we could examine only two proteins at a time because the antibodies

FIG 3 ORF2 is stably associated with HMGA1 and �-catenin. Neuro-2A cells were transfected with the designated plasmids
using the indicated DNA concentrations (in micrograms). (A) At 48 h after transfection, IP was performed using total cell lysate
(400 �g protein) and a �-catenin-specific antibody (catalog number ab32572; Abcam). Immunoprecipitated proteins bound to
magnetic protein A beads (catalog number S1425S; Invitrogen) were washed extensively, suspended in SDS-PAGE buffer, and
separated in a 10% SDS-polyacrylamide gel. After the proteins were transferred to a polyvinylidene difluoride membrane, the
immunoblot (IB) was probed with the designated antibody: anti-�-catenin antibody (catalog number ab32572; Abcam),
anti-HMGA1 antibody (catalog number ab129153; Abcam), anti-Flag monoclonal antibody (catalog number F1804; Sigma), or
anti-CBP antibody (catalog number sc-25748; Santa Cruz Biotech). (B) IP was performed using an anti-Flag M2 affinity gel
(catalog number A2220; Sigma) to precipitate proteins associated with ORF2. Immunoblotting of the precipitated proteins was
performed using the designated antibodies after the beads were washed as described in the Materials and Methods. (C) The
levels of the denoted proteins in the total cell lysate (30 �g protein) of transfected Neuro-2A cells were examined at 48 h after
transfection using the antibodies described above. The results are representative of those from three independent
experiments.
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used were made in rabbits or mice. These studies revealed that ORF2, �-catenin, and
HMGA1 were primarily localized to the nucleus (Fig. 6A and B). Furthermore, ORF2 was
partially colocalized with �-catenin and HMGA1, as judged by the appearance of yellow
staining in the nucleus. In summary, these studies indicated that a subset of ORF2
colocalized with HMGA1 and �-catenin in transfected Neuro-2A cells.

ORF2 stimulates �-catenin-dependent transcription in the presence of HMGA1
and CBP. Since ORF2 stably interacted with a complex containing HMGA1 and
�-catenin, we tested whether ORF2 influenced the ability of HMGA1 to function as a
coactivator of �-catenin-dependent transcription. Initial studies tested whether HMGA1
and CBP functioned as coactivators of �-catenin-dependent transcription in Neuro-2A
cells. For these studies, we utilized a promoter construct containing 8 T-cell factor (TCF)
binding sites upstream of a minimal promoter (Super 8� Top-Flash) and the Flag-
tagged �-catenin expression plasmid construct (S33Y). The Super 8� Top-Flash re-
porter accurately measures �-catenin-dependent transcription because when �-catenin
is localized to the nucleus, it interacts with a TCF family member bound to the
consensus site AGATCAAGG (reviewed in references 29 and 30). �-Catenin binding to
TCF displaces bound corepressors and recruits transcriptional coactivators, thus stim-
ulating the transcription of promoters containing TCF binding sites (18). HMGA1
stimulated �-catenin-dependent transcription more than 2-fold when 1 �g of HMGA1
was used in the transfection but had little effect when a lower concentration (0.5 �g)
was used (Fig. 7A). CBP significantly stimulated �-catenin-dependent transcription in a
dose-dependent manner in Neuro-2A cells (Fig. 7B).

We then tested whether ORF2 mediated the ability of HMGA1 to stimulate
�-catenin-dependent transcription by cotransfecting increasing levels of ORF2 with 0.5
�g HMGA1, S33Y, and the Super 8� Top-Flash promoter. This concentration of HMGA1
did not significantly stimulate �-catenin-dependent transcription (Fig. 7A and data not

FIG 4 Localization of ORF2, �-catenin, and HMGA1 in transiently transfected Neuro-2A cells. Neuro-2A
cells were transfected with 1 �g of a plasmid that expresses Flag-tagged �-catenin (S33Y) (A), HMGA1
(B), or Flag-tagged ORF2 (C) by use of the Lipofectamine 2000 transfection reagent (Invitrogen). At 48 h
posttransfection, cells were stained with anti-Flag antibody (red), anti-HMGA1 antibody (green), and DAPI
(4=,6-diamidino-2-phenylindole) to visualize �-catenin, ORF2, HMGA1, and the nucleus. The images were
observed using confocal microscopy. These images are representative of those from four independent
experiments. Bars, 10 �m.
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shown). When 0.25 or 0.5 �g of the ORF2 expression plasmid was included in the
transfection, significantly higher levels of �-catenin-dependent transcription were ob-
served in Neuro-2A cells (Fig. 7C). Although ORF2 cooperated with CBP to stimulate
�-catenin-dependent transcription approximately 4-fold (Fig. 7D), the significant dif-
ference was observed only at the highest concentration of ORF2. In the absence of
HMGA1 or CBP, ORF2 has little effect on �-catenin-dependent transcription (10) (data
not shown).

ORF2 protein expression is important for enhancing �-catenin-dependent
transcription. To determine whether ORF2 expression was important for enhancing
�-catenin-dependent transcription in the presence of HMGA1, we initially examined an
ORF2 mutant in which the first in-frame methionine residue was deleted and three stop
codons were added (the ORF2-stop mutant) (see Fig. 8A for a schematic of ORF2). In
contrast to wild-type (wt) ORF2, the ORF2-stop mutant did not significantly increase the
level of �-catenin-dependent transcription compared to that in cells transfected with
the empty vector (Fig. 8C). ORF2 contains a nuclear localization signal (NLS) (Fig. 8A)
that, when deleted (the ORF2ΔNLS mutant), expresses a protein that localizes to the
plasma membrane (28). The ORF2ΔNLS mutant was not able to enhance �-catenin-
dependent transcription more effectively than the empty vector. Finally, ORF2 contains
5 consensus protein kinase A (PKA) or protein kinase C (PKC) phosphorylation sites (Fig.
8A). Mutation of these 5 serine or threonine residues to alanine residues generated a
protein that is more stable and is localized to the nucleus (the ORF2-P mutant) (28).

FIG 5 Examination of ORF2 with �-catenin or HMGA1 in transiently cotransfected Neuro-2A cells. Neuro-2A cells were cotransfected with
0.5 �g of two of the following plasmids that express Flag-tagged �-catenin (S33Y) by use of the Lipofectamine 2000 transfection reagent
(Invitrogen): a �-catenin construct that was not Flag tagged, HMGA1, or Flag-tagged ORF2. At 48 h posttransfection, cells were fixed and
then stained with the designated primary antibodies. (A) The S33Y construct that expresses Flag-tagged �-catenin was stained with the
Flag monoclonal antibody (red) and HMGA1 (green). (B) A �-catenin-specific antibody (catalog number ab32572; Abcam) was used to
detect non-Flag-tagged �-catenin (green) and Flag to detect ORF2 (red). (C) HMGA1 (green) and Flag to detect ORF2 (red). Nuclear DNA
was stained with DAPI. The images were observed by confocal microscopy. The selected images are representative of those from four
experiments (at least 100 stained cells were examined). Bars, 10 �m.
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Interestingly, the ORF2-P mutant was unable to enhance �-catenin-dependent tran-
scription better than the other mutants examined or the empty vector (Fig. 8C). In
summary, these studies provide evidence that wt ORF2 protein expression is required
for enhancing �-catenin-dependent transcription in the presence of HMGA1.

DISCUSSION

In this study, we provide evidence that HMGA1 RNA is differentially expressed in the
TG of latently infected calves. IHC studies confirmed that the HMGA1 protein is
differentially expressed and further revealed that it is expressed in the nucleus of a
subset of neurons from latently infected calves but not those from uninfected calves.
HMGA1 is not typically expressed in adult, differentiated tissues but is abundantly
expressed in hematopoietic stem cells, in poorly differentiated cancers, and during
various stages of embryogenesis (31–33). Thus, it was unexpected to detect HMGA1 in
terminally differentiated sensory neurons of calves latently infected with BoHV-1. Since
HMGA1 is induced by the Wnt/�-catenin signaling pathway and activates this pathway
(18–20), HMGA1 may cooperate with ORF2 and �-catenin to maintain neuronal survival
and normal neuronal functions during latency. The relevance of the other cellular genes
differentially regulated during latency will require additional studies, and evaluation of
their relevance was not in the scope of the present study.

Co-IP studies provided evidence that ORF2 is stably associated with HMGA1 and/or
�-catenin but not CBP. The conformation of the co-IP studies came from confocal
microscopy studies demonstrating that ORF2 partially colocalized with �-catenin and
HMGA1 in the nucleus of Neuro-2A cells. These studies indicated that interactions
between ORF2 and �-catenin as well as HMGA1 correlated with increased levels of
�-catenin-dependent transcription. Although we believe that ORF2 stabilizes the Wnt/
�-catenin signaling pathway and HMGA1 expression during latency, other LR gene
products may be involved because this locus encodes at least two microRNAs and a
protein downstream of ORF2 (reviewed in reference 34).

Canonical �-catenin-dependent transcription is tightly regulated by at least 19 Wnt
family members, 11 human Wnt receptors, numerous Wnt antagonists, and a �-catenin
destruction complex that degrades �-catenin in the cytoplasm (reviewed in references
30, 35, and 36). In the absence of Wnt, �-catenin-dependent transcription is extin-

FIG 6 Examination of ORF2, �-catenin, and HMGA1 in transiently transfected Neuro-2A cells. Neuro-2A cells were cotransfected with 0.4
�g of each plasmid expressing �-catenin (non-Flag-tagged protein), HMGA1, and Flag-tagged ORF2 by use of the Lipofectamine 2000
transfection reagent (Invitrogen). At 48 h posttransfection, cells were prepared for confocal microscopy. (A) Neuro-2A cells were stained
with primary antibodies against �-catenin (green) and Flag to detect ORF2 (red). (B) Neuro-2A cells were stained with a primary antibody
directed against HMGA1 (green) or Flag to detect ORF2 (red). Nuclear DNA was stained with DAPI. Images were observed by confocal
microscopy, and these images are representative of those from four experiments. Bars, 10 �m.
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guished because transcriptional repressors are bound to TCF family members (denoted
by X in Fig. 9A). Following Wnt-mediated activation of �-catenin, �-catenin enters the
nucleus, displaces transcriptional repressors, and recruits transcriptional coactivators
(denoted by Y), including HMGA1 (Fig. 9B). ORF2 is not a direct transcriptional coacti-
vator of �-catenin-dependent transcription because in the absence of a coactivator it
has little to no effect on transcription in transfected Neuro-2A cells (10). However, ORF2
can enhance the ability of a coactivator (HMGA1 and CBP) to stimulate �-catenin-
dependent transcription, even though ORF2 is not stably associated with CBP. The
finding that the ORF2-P mutant was unable to enhance �-catenin-dependent transcrip-
tion may provide insight into how ORF2 enhances the stimulation of �-catenin-
dependent transcription because this mutant preferentially binds double-stranded
DNA, whereas wt ORF2 preferentially binds single-stranded DNA (37). We suggest that
the DNA binding properties of wt ORF2 (i) stabilize or initiate interactions between
�-catenin and TCF family members or (ii) stabilize interactions between HMGA1 and

FIG 7 ORF2 stimulates coactivator enhancement of �-catenin-dependent transcription. (A) Neuro-2A cells were cotransfected with 0.1
�g of the Top-Flash luciferase reporter and 0.25 �g of �-catenin (S33Y). Where indicated, increasing concentrations of a plasmid that
expresses HMGA1 (0.25 or 0.5 �g plasmid) were used to examine the effect that these coactivators have on TCF promoter activity. (B)
Neuro-2A cells were cotransfected with 0.1 �g of the Top-Flash luciferase reporter and 0.25 �g of �-catenin (S33Y). Where indicated,
increasing concentrations of a plasmid expressing CBP (0.25 or 0.5 �g plasmid) were used to examine the effect that these coactivators
have on TCF promoter activity. (C) The effect of ORF2 on the ability of HMGA1 to stimulate �-catenin-dependent transcription was
examined. Neuro-2A cells were transfected with the designated plasmids. (D) The effect of ORF2 on CBP to stimulate �-catenin-
dependent transcription was examined in Neuro-2A cells. Neuro-2A cells were transfected with the designated plasmids. Dual-
luciferase assays were performed at 48 h after transfection. The results for cells transfected with 0.1 �g of the Top-Flash luciferase
reporter and the Renilla luciferase under the control of a minimal herpesvirus TK promoter (0.05 �g DNA) were normalized to a value
of 1, and the fold activation was calculated for the other samples. For the studies whose results are presented in panels A to D, plasmid
DNA concentrations for each transfection contained the same amount of DNA by adding empty expression plasmid (pCDNA3.1).
Furthermore, Neuro-2A cells were transfected with the TransIT Neural transfection reagent (catalog number MIR2145; Mirus) according
to the manufacturer’s instructions. The results are averages from three independent experiments, and error bars denote standard
errors. *, significant differences (P � 0.05) relative to the promoter activity of samples containing Top-Flash and �-catenin using a
one-way analysis of variance and Fisher’s least-significant-difference multiple-means comparison tests; ns, the differences between
samples were not significant.
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AT-rich DNA and/or �-catenin (Fig. 9C). It is not clear whether HMGA1 and �-catenin
cooperate with ORF2 to stimulate the expression of all or a subset of cellular genes in
TG neurons that are regulated by �-catenin.

HMGA1 has additional functions that may be important for a latent infection and are

FIG 8 wt ORF2 but not the ORF2 mutants cooperate with HMGA1 to stimulate �-catenin-dependent
transcription. (A) Schematic of ORF2 and positions of NLS and PKA/PKC phosphorylation sites. The
ORF2-stop construct lacks the first in-frame methionine codon and contains three stop codons at the
beginning of ORF2. The ORF2-ΔNLS construct lacks the nuclear localization signal and localizes to
the plasma membrane in transfected Neuro-2A cells. The ORF2-P construct contains alanine substitutions
in the 5 consensus PKA or PKC phosphorylation sites. (B) Neuro-2A cells were transfected with the
designated plasmids (1.0 �g DNA) using the Lipofectamine 2000 transfection reagent. At 48 h after
transfection, the cell lysate was prepared and the levels of ORF2 expressed by the respective plasmids
were determined by Western blotting using the Flag antibody. (C) Neuro-2A cells were transfected with
the designated plasmids using Lipofectamine 2000. The efficiency of transfection of Neuro-2A cells with
Lipofectamine 2000 was less than that with the TransIT Neural reagent used in the assay whose results
are presented in Fig. 7; consequently, the activation levels were also lower. However, the overall trends
were the same. The amount of plasmid DNA in each transfection was the same as that in the empty
expression plasmid (pCMV2-Tag-2B) used to construct the ORF2-expressing plasmid. Dual-luciferase
assays were performed at 48 h after transfection. The results for cells transfected with 0.1 �g of the
Top-Flash luciferase reporter and the Renilla luciferase under the control of a minimal herpesvirus TK
promoter (0.05 �g DNA) were normalized to a value of 1, and the fold activation was calculated for the
other samples. These results are the averages from three independent experiments. *, a significant
difference (P � 0.05) compared to the result for the indicated control by one-way analysis of variance and
Fisher’s least-significant-difference multiple-means comparison tests.
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independent of �-catenin-dependent transcription. For example, HMGA1 has been
reported to relieve p53-dependent repression of Bcl-2 promoter activity, thus interfer-
ing with p53-dependent apoptosis (38). Furthermore, HMGA1 promotes the activation
of Akt, a protein kinase known to enhance cell survival (39), in pancreatic adenocarci-
noma cells (40). In a neuronal culture model of herpes simplex virus 1 latency,
reactivation from latency occurs when Akt is inhibited (41), suggesting that Akt may
also mediate certain aspects of the BoHV-1 latency-reactivation cycle. Finally, HMGA1
localizes to AT-rich G/Q and C bands as well as sites of chromosome attachment to the
nuclear matrix, indicating that HMGA1 is involved with chromosome condensation
during the cell cycle (reviewed in reference 42). Whether the association between ORF2
and HMGA1 regulates the conformation of the viral chromosome in latently infected
neurons or enhances AKT activation is not known.

MATERIALS AND METHODS
Infection of calves. All TG samples from the calves used for this study were previously described

(21). In brief, BHV-1-free crossbred calves (weight, �200 kg) were inoculated with 107 PFU of BHV-1 in
the ocular and nasal cavities as described previously (8, 9, 43–46). At 60 days postinfection, calves were
not shedding virus and considered to be latently infected. Calves were housed under strict isolation and
given antibiotics to prevent secondary bacterial infections. Calves (latently infected or uninfected) were
transported to the University of Nebraska Veterinary Diagnostic Lab. The calves were then anesthetized
with xylazine (Rompun), followed by electrocution. Experiments were performed in accordance with the
American Association of Laboratory Animal Care guidelines and the University of Nebraska IACUC
(approval A3459). Following euthanasia, TG were collected and minced into small pieces, and then a
portion of the TG was formalin fixed and paraffin embedded. The remainder of both TG from each calf
was 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 submerge TG pieces in 50-ml conical
tubes in a dry ice-ethanol bath.

Microarray analysis. Details of the microarray study, which was performed using a bovine gene chip
(Affymetrix, Santa Clara, CA) which contains more than 23,000 genes, were previously described (21). To
determine differentially expressed genes, we compared latently infected versus uninfected TG using a
random-variance F test and selected genes with a false discovery rate of less than 10%. The fold change in
gene expression in latently infected TG relative to that in uninfected TG was calculated for each differentially
expressed gene.

IHC analysis. Immunohistochemistry (IHC) studies were performed using an ABC kit (Vector Labo-
ratories) according to the specifications of the manufacturer. Thin sections (4 to 5 �m) of TG were cut,
mounted on glass slides, and processed as described previously (6, 10, 47). The slides were subsequently
incubated with �-catenin (1:250; catalog number ab32572; Abcam), HMGA1 (1:400; catalog number
ab129153; Abcam), or ORF2 rabbit polyclonal antibody at a 1:1,000 dilution overnight in a humidified
chamber at 4°C. On the next day, the slides were washed in 1� Tris-buffered saline (TBS) and incubated
in biotinylated goat anti-rabbit IgG (catalog number PK-6101; Vector Laboratories) for 30 min at room

FIG 9 Schematic of �-catenin-dependent transcription. (A) In the absence of Wnt, �-catenin is degraded in
the cytoplasm. Consequently, TCF family members are bound to transcriptional repressors (denoted X) and
�-catenin-dependent transcription is silenced. (B) Following Wnt binding to its receptor(s), �-catenin (�-cat)
enters the nucleus, binds to TCF family members, displaces transcriptional repressors, and recruits transcrip-
tional coactivators, for example, HMGA1 (denoted Y), which culminates in the stimulation of �-catenin-
dependent transcription. (C) ORF2, by virtue of its ability to interact with HMGA1 and �-catenin, stabilizes
�-catenin in the nucleus. These interactions lead to enhancement of the coactivator (denoted Y); HMGA1 and
CBP, for example, mediated stimulation of �-catenin-dependent transcription. The ability of ORF2 to prefer-
entially interact with single-stranded DNA may be important for these activities.
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temperature in a humidified chamber. Avidin-biotinylated enzyme complex was added to the slides for 30
min of incubation at room temperature. After three washes in 1� TBS, the slides were incubated with freshly
prepared substrate (catalog number SK-4800; Vector Laboratories), rinsed with distilled water, and counter-
stained with methyl green. The number of HMGA1-positive neurons was estimated from 490 neurons by
counting the HMGA1-positive neurons in a blind fashion.

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

The ORF2 expression construct was generated in the pCMV-Tag-2B vector (Stratagene) and was
described previously (5, 6, 26). A Flag epitope is present at the N terminus of ORF2, and the human
immediate early (IE) cytomegalovirus (CMV) promoter drives its expression. Sequences derived from
ORF2 with a nuclear localization signal (NLS) deletion (amino acids [aa] 64 to 70; the ORF2ΔNLS mutant)
or the PKA/PKC phosphorylation sites converted to alanine (the ORF2-P mutant) were synthesized by
Integrated DNA Technologies (IDT; Coralville, IA) and cloned into the pCMV-Tag-2B plasmid using
BamHI-HindIII restriction enzymes. For the location of the NLS and PKA/PKC sites in ORF2, see Fig. 8A.

The human �-catenin expression construct (S33Y), which expresses a Flag-tagged �-catenin protein,
was a gift from Bert Vogelstein (Addgene plasmid number 16519) (48). The mouse non-Flag-tagged
�-catenin expression construct (pcDNA3.1/nV5-DEST-beta catenin) was a gift from Valeri Vasioukhin and
was obtained from Addgene (plasmid number 20140). The HMGA1 expression plasmid (pIRES-HMGA1)
was a gift from Edward Whang and was obtained from Addgene (plasmid number 13466). M50 Super 8�
Top-Flash contains a simple promoter that is stimulated by �-catenin and was a gift from Randall Moon
(Addgene plasmid number 12456) (49). All plasmids were transfected into Neuro-2A cells in 6-well plates
using the Lipofectamine 2000 transfection reagent (catalog number 11668019; Invitrogen) or the TransIT
Neural transfection reagent (catalog number MIR2145; Mirus) according to the manufacturers’ instruc-
tions. The anti-�-catenin antibody (catalog number ab32572; Abcam), anti-HMGA1 antibody (catalog
number ab129153; Abcam), anti-Flag monoclonal antibody (catalog number, F1804; Sigma), or anti-CBP
antibody (catalog number sc-25748; Santa Cruz Biotech) was used for the Western blot, confocal
microscopy, and immunoprecipitation (IP) studies.

Co-IP studies and Western blot analysis. For coimmunoprecipitation (co-IP) studies, Neuro-2A cells
grown in 10-cm plates were transfected with the designated plasmids using the Lipofectamine 2000
transfection reagent (catalog number 11668019; Invitrogen). At 48 h after transfection, cells were lysed
with 1 ml of radioimmunoprecipitation assay (RIPA) buffer (1� phosphate-buffered saline [PBS], 1%
NP-40, 0.5% sodium deoxycholate, 0.1% SDS) supplemented with protease inhibitor cocktail (Roche).
The cell lysate was clarified by centrifugation at 13,000 rpm for 10 min. The clarified supernatant
(approximately 400 �g protein) was incubated with the anti-Flag M2 affinity gel with gentle rotation
by a roller shaker for 2 h at 4°C. The anti-Flag M2 affinity gel (catalog number A2220; Sigma) was
prepared according to the manufacturer’s specification. After the beads were washed three times
with 0.5 ml of PBS, they were boiled in SDS loading buffer and subsequent Western blotting was
performed to detect the designated proteins. When the IP was performed with �-catenin, immu-
noprecipitated proteins were collected using magnetic protein A beads (catalog number S1425S;
Invitrogen). The beads were washed extensively, suspended in SDS-PAGE buffer, and separated in a
10% SDS-polyacrylamide gel.

Neuro-2A cells in 60-mm dishes were transfected with the designated plasmids. At 48 h after
transfection, the cells were collected, washed once with PBS, and then lysed in 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 Scientific). The respective samples were boiled in Laemmli sample buffer
for 5 min, and all samples were separated on an 8% or 10% SDS-polyacrylamide gel. Immunodetection
of the respective proteins was performed using the antibodies described above.

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. At 2 h before transfection, the medium was replaced
with fresh EMEM containing 0.5% FCS to lower the basal levels of promoter activity. Cells were
cotransfected with the designated plasmids and a plasmid carrying Renilla luciferase under the
control of a minimal herpesvirus thymidine kinase (TK) promoter (10 ng). To maintain equal plasmid
amounts in the transfection mixtures, an empty expression vector was added as needed. At 40 h
after transfection, cells were harvested and protein extracts were subjected to a dual-luciferase assay
by using a commercially available kit (catalog number E1910; Promega) according to the manufac-
turer’s instructions. Luminescence was measured by using a GloMax 20/20 luminometer (catalog
number E5331; Promega).
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