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ABSTRACT Sensory neurons in trigeminal ganglia (TG) of calves latently infected
with bovine herpesvirus 1 (BoHV-1) abundantly express latency-related (LR) gene
products, including a protein (ORF2) and two micro-RNAs. Recent studies in mouse
neuroblastoma cells (Neuro-2A) demonstrated ORF2 interacts with �-catenin and a
�-catenin coactivator, high-mobility group AT-hook 1 (HMGA1) protein, which corre-
lates with increased �-catenin-dependent transcription and cell survival. �-Catenin
and HMGA1 are readily detected in a subset of latently infected TG neurons but not
TG neurons from uninfected calves or reactivation from latency. Consequently, we
hypothesized that the Wnt/�-catenin signaling pathway is differentially expressed
during the latency and reactivation cycle and an active Wnt pathway promotes la-
tency. RNA-sequencing studies revealed that 102 genes associated with the Wnt/�-
catenin signaling pathway were differentially expressed in TG during the latency-
reactivation cycle in calves. Wnt agonists were generally expressed at higher levels
during latency, but these levels decreased during dexamethasone-induced reactiva-
tion. The Wnt agonist bone morphogenetic protein receptor 2 (BMPR2) was intrigu-
ing because it encodes a serine/threonine receptor kinase that promotes neuronal
differentiation and inhibits cell death. Another differentially expressed gene encodes
a protein kinase (Akt3), which is significant because Akt activity enhances cell sur-
vival and is linked to herpes simplex virus 1 latency and neuronal survival. Addi-
tional studies demonstrated ORF2 increased Akt3 steady-state protein levels and in-
teracted with Akt3 in transfected Neuro-2A cells, which correlated with Akt3
activation. Conversely, expression of Wnt antagonists increased during reactivation
from latency. Collectively, these studies suggest Wnt signaling cooperates with LR
gene products, in particular ORF2, to promote latency.

IMPORTANCE Lifelong BoHV-1 latency primarily occurs in sensory neurons. The syn-
thetic corticosteroid dexamethasone consistently induces reactivation from latency
in calves. RNA sequencing studies revealed 102 genes associated with the Wnt/�-
catenin signaling pathway are differentially regulated during the latency-reactivation
cycle. Two protein kinases associated with the Wnt pathway, Akt3 and BMPR2, were
expressed at higher levels during latency but were repressed during reactivation.
Furthermore, five genes encoding soluble Wnt antagonists and �-catenin-dependent
transcription inhibitors were induced during reactivation from latency. These find-
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ings are important because Wnt, BMPR2, and Akt3 promote neurogenesis and cell
survival, processes crucial for lifelong viral latency. In transfected neuroblastoma
cells, a viral protein expressed during latency (ORF2) interacts with and enhances
Akt3 protein kinase activity. These findings provide insight into how cellular factors
associated with the Wnt signaling pathway cooperate with LR gene products to reg-
ulate the BoHV-1 latency-reactivation cycle.

KEYWORDS Akt3, ORF2, Wnt signaling, bovine herpesvirus 1, neuronal survival

Acute infection of cattle with bovine herpesvirus 1 (BoHV-1) can result in upper
respiratory tract disease, conjunctivitis, and inflammation (1, 2). Mucosal damage in

the respiratory tract and immune suppression also occur after infection, which allows
commensal bacteria in the upper respiratory tract to colonize the lung and cause
life-threatening pneumonia. In addition to BoHV-1, stress and other viral pathogens can
suppress immune responses and cause bacterial pneumonia. This polymicrobial disease
is referred to as bovine respiratory disease complex (BRDC), the most important disease
in cattle (3, 4). A BoHV-1 entry receptor, poliovirus receptor related 1, is a BRDC
susceptibility gene for Holstein calves (5), adding support to the notion that BoHV-1 is
an important BRDC cofactor.

BoHV-1 establishes lifelong latency in sensory neurons within trigeminal ganglia
(TG) (6, 7). Virus transmission in nature depends on the ability of BoHV-1 to establish,
maintain, and reactivate from latency. In contrast to acute infection, the latency-related
(LR) gene, which encodes two micro-RNAs and at least two proteins (ORF2 and ORF1),
is the only viral gene abundantly expressed during latency (8, 9). An LR mutant virus
with three stop codons adjacent to the initiating methionine of ORF2 in the LR gene
does not replicate efficiently in the ocular cavity or tonsils (10) or reactivate from
latency in calves (11), suggesting ORF2 regulates crucial steps during the latency-
reactivation cycle. ORF2 is a multifunctional protein that localizes to the rim of the
nucleus (12), inhibits apoptosis (13, 14), interacts with DNA (15), and interacts with
Notch family members (12, 16, 17). LR-encoded micro-RNAs interfere with expression of
a viral transcriptional regulatory protein (bICP0) (18). Although viral genes likely me-
diate certain aspects of establishing and maintaining latency, we predict that cellular
factors are also crucial.

Reactivation of the virus from the latent state is initiated by external stimuli (e.g.,
stress and immunosuppression). During reactivation, viral gene expression is stimu-
lated, LR gene expression decreases, and infectious virus is produced and transported
back to mucosal surfaces. The ability of BoHV-1 to reactivate from the latent state
results in virus transmission to susceptible animals. Regulation of virus-host interactions
that control the latency-reactivation cycle is not well understood. BoHV-1 is an excellent
model to study these events, because the natural host can be used and the synthetic
corticosteroid dexamethasone (DEX) consistently initiates reactivation from latency in
infected calves (6, 7, 9, 19, 20). We have used experimentally infected calves treated
with DEX to initiate reactivation from latency in order to identify virus-host interactions
important for the latency-reactivation cycle. These studies identified host cellular
factors and pathways that may be crucial for latency maintenance (21) and reactivation
(22). For example, the Wnt/�-catenin signaling pathway is differentially regulated
during the latency-reactivation cycle. A cellular transcription factor, �-catenin, and a
�-catenin coactivator, high-mobility group AT-hook 1 (HMGA1) protein, are readily
detected in TG neurons of latently infected but not uninfected calves or calves latently
infected that were treated with DEX to initiate reactivation from latency (21, 23). Many
�-catenin� neurons express ORF2 but not bICP0, which is important for productive
infection. Additional studies revealed that the viral protein ORF2 interacts with a
complex containing �-catenin and HMGA1 in transfected cells, enhances �-catenin-
dependent transcription, and cooperates with �-catenin to promote survival of neu-
roblastoma cells (23). In contrast, during DEX-induced reactivation from latency, ex-
pression of a soluble Wnt antagonist, Dickkopf-1 (DKK1), is induced more than 10-fold
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(21). DKK-1 is responsible for stress-induced neuronal death (24, 25). These studies
suggest that the canonical Wnt/�-catenin signaling pathway regulates the establish-
ment and maintenance of latency because this pathway promotes cell survival and
axonal growth and directs axons to their proper synaptic targets (26–30).

In this study, RNA sequencing was performed using TG from calves at very early
times after DEX treatment to initiate reactivation from latency. During the latency-
reactivation cycle, 102 genes involved with the Wnt/�-catenin signaling pathway were
differentially regulated. In agreement with previous microarray studies (21–23), the
Wnt/�-catenin signaling pathway was more active in TG during latency versus in
uninfected calves or calves undergoing reactivation from latency. The top three Wnt
agonists that were differentially expressed during latency are the guanine nucleotide-
binding protein alpha Q (GNAQ), Wnt16, and a gene that regulates TG neuronal
patterning, bone morphogenetic protein receptor 2 (BMPR2). These studies also iden-
tified that a protein kinase associated with cell survival (Akt3) was expressed at higher
levels in TG neurons during latency than TG neurons from uninfected calves or 30 min
after reactivation from latency was initiated with DEX. ORF2 interacts with Akt3,
stimulates Akt3 activity, and alters its localization in mouse neuroblastoma cells (Neuro-
2A). In contrast, Akt1 was not expressed at higher levels during latency and does not
appear to interact with ORF2. Several Wnt antagonists were stimulated during reacti-
vation from latency. These Wnt antagonists included DKK1, Dickkopf-1-like (DKKL1),
two secreted frizzled related proteins (SFRP), and two Sox transcripts that encode
proteins that inhibit �-catenin-dependent transcription. Collectively, these studies
confirm and extend previous findings that the Wnt/�-catenin signaling pathway is
regulated during the latency-reactivation cycle.

RESULTS
Stress-induced reactivation from latency regulates the canonical Wnt signaling

pathway. Previous microarray studies suggested the Wnt/�-catenin signaling pathway
is differentially regulated during the BoHV-1 latency-reactivation cycle (21, 23). To
confirm and expand these studies, we compared cellular gene expression in TG during
latency to that in TG from uninfected calves and at very early times after DEX-induced
reactivation from latency (30 min, 1.5 h, and 3 h). RNA sequencing was performed
because there are at least 19 related Wnt receptors, 7 Wnt coreceptors, and two families
of Wnt antagonists that may not have been accurately identified or were missed by
microarray analysis. These studies revealed expression of Wnt/�-catenin-associated
genes was significantly different at all times evaluated compared to expression in
latently infected TG: uninfected, P � 1.54e�3; 30 min after DEX, P � 7.16e�6; 1.5 h
after DEX, P � 3.55e�3; and 3 h after DEX, P � 8.15e�4. Ingenuity pathway analysis
(IPA) identified 102 unique genes or gene families involved with the Wnt/�-catenin
signaling pathway that were differentially regulated across these time points: 29 in
uninfected TG, 72 at 30 min after DEX, 35 at 1.5 h after DEX, and 58 at 3 h after DEX (Fig.
1). Table 1 provides a summary of the statistical analysis of the read data.

When comparing gene expression in TG of latently infected calves relative to that of
uninfected calves, the genes most increased during latency included several genes
reported to enhance the canonical Wnt/�-catenin signaling pathway (Fig. 1 and 2). The
top four differentially expressed genes during latency are shown in Fig. 2A and B. The
number 1 gene is the gene encoding guanine nucleotide-binding protein alpha-Q
(GNAQ), which enhances canonical Wnt signaling by multiple mechanisms, including
�-catenin stabilization (31, 32). The second gene is the Wnt16 gene, a soluble Wnt
agonist that promotes cortical bone development (33) and human acute lymphoblas-
toid leukemia cell growth (34). The third gene is the bone morphogenetic protein
receptor 2 (BMPR2) gene, which is regulated by Wnt or regulates the Wnt/�-catenin
signaling pathway (35, 36). Interestingly, BMPR2 is preferentially bound by BMP4 (bone
morphogenetic protein 4), which is required for dorsoventral patterning of the TG,
peripheral innervation, and survival of sensory neurons (37–39). BMPR2 is also essential
for the effects of growth differentiation factor 5 (GDF5) on stimulating dendrite growth
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of hippocampal neurons (40), confirming BMPR2 mediates neuronal differentiation.
Within 30 min after DEX treatment, RNA expression of positive Wnt/�-catenin regula-
tors was repressed relative to that of latently infected TG (Fig. 1 and 2A): the level for
GNAQ was 42-fold lower, that for Wnt16 was 54-fold lower, and that for BMPR2 was
44-fold lower.

FIG 1 Heat map summarizing differentially expressed genes that are associated with the Wnt/�-catenin signaling pathway in TG during BoHV-1 latency-reactivation
cycle. RNA sequencing was performed using TG from calves for each group (one uninfected, three latently infected, and eight after DEX treatment to induce
reactivation [two calves at 30 min, three calves at 1.5 h, and three calves at 3 h after DEX treatment]). Genes associated with the Wnt/�-catenin signaling pathway in
TG of uninfected calves were compared to those of calves latently infected. Genes associated with the Wnt/�-catenin signaling pathway in TG during early states of
reactivation (30 min, 1.5 h, and 3 h after DEX treatment) were compared to those in latency. *, fold change in latently infected TG compared to uninfected TG; **, fold
change after DEX treatment compared to latently infected TG. Statistical analyses of the read data are summarized in Table 1.

Workman et al. Journal of Virology

April 2018 Volume 92 Issue 7 e01937-17 jvi.asm.org 4

http://jvi.asm.org


The fourth most differentially regulated gene during latency is the Akt3 gene (Fig.
2). Numerous studies concluded that the Akt signaling pathway activates the Wnt
signaling pathway and vice versa (41–47). The finding that Akt3, but not Akt1 or Akt2,
RNA levels were reduced 51-fold during reactivation (Fig. 2A) is intriguing, because
Akt3, Akt1, and Ak2 have similar substrates and are primarily regulated by the phos-
phatidylinositol 3-kinase (PI3K) pathway (48–50). Although published studies are fo-
cused primarily on Akt1, many studies did not identify the Akt isoform that was
involved, and examination of Akt3 functions has lagged behind that of Akt. However,

TABLE 1 Summary of RNA sequencing of TG from calves used in this studya

Sampleb No. of raw reads
No. of reads after
trimming

No. of mapped
reads

Mapping (%)

Concordant
pair Overall

Latency (1) 87,772,072 86,899,588 80,341,469 84.90 91.53
Latency (2) 113,935,336 113,602,597 103,298,949 83.70 90.66
Latency (3) 103,295,710 102,763,023 94,102,756 84.60 91.10
30 min (1) 130,998,440 130,868,656 68,976,317 49.80 52.65
30 min (2) 134,891,362 134,664,406 46,302,068 32.20 34.33
1.5 h (1) 181,545,774 181,349,993 97,355,270 50.60 53.63
1.5 h (2) 118,128,452 117,968,772 109,163,219 86.50 92.41
1.5 h (3) 78,031,304 77,912,973 71,808,615 86.30 92.03
3 h (1) 20,268,356 20,254,807 19,210,229 90.10 94.78
3 h (2) 61,588,174 61,550,670 58,667,117 91.00 95.26
3 h (3) 193,385,058 193,130,128 181,472,604 88.90 93.84
Uninfected 146,102,758 145,870,066 134,616,584 86.20 92.14
aSummary of reads for RNA-sequencing results during latency (3 calves). Reads for latently infected calves
treated with DEX for 30 min (2 calves), 1.5 h after DEX treatment (3 calves), and 3 h after DEX treatment (3
calves) are also provided. As a control, RNA sequencing was performed from an uninfected calf.

bThe numbers in parentheses denote TG from different animals.

FIG 2 Relative expression of most differentially regulated genes associated with Wnt/�-catenin signaling
pathway in TG during latency-reactivation cycle. (A) The top four differentially expressed genes during
latency-reactivation cycle were chosen from the data presented in Fig. 1. Akt1 and Ak2 expression were
not significantly different at the time points that were analyzed but were included as a comparison to
Akt3. (B) List of genes and brief description of known functions.
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Akt3 possesses enhanced neuroprotective and axonal growth properties relative to
Akt1 (51, 52), functions we deem essential for maintaining lifelong latency. Akt activity
is also linked to herpes simplex virus 1 (HSV-1) reactivation from latency and the
antiapoptosis functions of latency-associated transcript (LAT) (53–56). The conclusions
of the HSV-1 studies relied on an inhibitor (AKT VIII) that interferes with all Akt isoforms.
Further evidence suggesting Akt3 is regulated during the BoHV-1 latency-reactivation
cycle comes from the finding that Appl1 RNA levels were higher during latency (2.5-fold
higher) but reduced 30 min after DEX treatment (23-fold lower) (Fig. 1). Appl1 encodes
a protein that interacts with Akt1 and regulates Akt substrate specificity (57, 58). In
summary, these observations imply Akt3 signaling is regulated during the BoHV-1
latency-reactivation cycle and further supports the finding that Akt3 is involved in Wnt
signaling.

Additional positive regulators of the Wnt/�-catenin signaling pathway were signif-
icantly induced during latency. These include the soluble Wnt agonist Wnt3 (2.5-fold),
which activates the canonical Wnt pathway and maintains gastrulation in mice (59).
Three Wnt coreceptors, frizzled 3 (FZD3), FZD4, and FZD7, are Wnt agonists. FZD3
activates the Wnt pathway in peripheral sensory neurons (60), FZD4 expression pro-
motes �-catenin-dependent transcription (61), and FZD7 expression maintains the
pluripotent state in human embryonic cells because it activates the Wnt/�-catenin
pathway (62). Furthermore, levels of transcripts for positive Wnt/�-catenin transcrip-
tional regulators TCFL2 (transcription factor 7 like 2) (63), TCF4 (T-cell factor 4) (64), and
CREBBP (CREB binding protein) (65) were 2- to 3-fold higher in latently infected TG than
uninfected TG. Interestingly, these positive regulators of the Wnt/�-catenin pathway
were repressed 3- to 20-fold following DEX treatment.

From 30 min to 1.5 h after latently infected calves were treated with DEX, expression
of Wnt/�-catenin antagonists was induced: SOX3 at 4.3-fold, SOX18 at 2.7-fold, Dikkopf-
1-like protein (DKKL1) at 4.2-fold, Dikkopf-1 (DKK1) at 3-fold, Wnt inhibitory factor 1
(WIF-1) at 2.7-fold (66), secreted frizzled-related protein 4 (SFRP4) at 2.4-fold (67, 68),
and SFRP5 (69) at 2.1-fold (Fig. 2B). There are 20 closely related SOX transcription
factors, and several interact with �-catenin and inhibit �-catenin-dependent transcrip-
tion (70), which implies SOX3 and SOX18 interfere with �-catenin-dependent transcrip-
tion. DKK1 is firmly established as a secreted Wnt antagonist that induces neuronal
death following stress (24, 25, 71–73). DKKL1 is a recently discovered DKK1 family
member and thus is likely a Wnt antagonist (74). In general, DEX-induced soluble Wnt
antagonists inhibit signaling by binding Wnt proteins (SFRP and WIF1) or the Wnt
receptor complex (DKK family members) (67, 75, 76). In conclusion, RNA-sequencing
studies revealed that the canonical Wnt/�-catenin pathway was regulated during the
BoHV-1 latency-reactivation cycle in calves.

Immunohistochemistry studies confirm certain genes are differentially ex-
pressed in TG during latency-reactivation cycle. Immunohistochemistry (IHC) studies
were performed to confirm that certain cellular genes were differentially expressed in
TG neurons during the latency-reactivation cycle. We initially analyzed GNAQ because
its expression was 7 times greater in TG during latency than in uninfected TG.
Furthermore, GNAQ expression was reduced more than 40-fold during DEX-induced
reactivation (Fig. 1 and 2A), and GNAQ has several effects on the Wnt signaling
pathway, including �-catenin stabilization (31, 32). IHC studies demonstrated GNAQ
was detected in significantly more TG neurons during latency than TG from uninfected
calves (Fig. 3A, B, and D). Although GNAQ was detected in certain TG neurons at 6 h
after latently infected calves were treated with DEX to initiate reactivation from latency
(Fig. 3C), the number of GNAQ� neurons was significantly lower than that of TG from
latently infected calves (Fig. 3D).

Similarly, we examined BMPR2 expression in TG neurons. BMPR2 was detected in a
small subset of TG neurons of uninfected calves (16%); however, the number of
BMPR2� neurons increased significantly in latently infected tissue (75%) (Fig. 4A and B).
The time point of 6 h after DEX treatment was used to initiate reactivation from latency
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and a significant decrease in BMPR2� neurons was detected (20%), which was similar
to that of TG from uninfected calves.

Additional studies indicated DKK1 was not readily detected in TG neurons from
latently infected calves (Fig. 5A) or TG of uninfected calves (data not shown). However,
DKK1 was detected in a subset of TG neurons from latently infected calves that were
treated with DEX for 6 h (Fig. 5B, arrows denote DKK1� TG neurons). DKK1 staining was
also detected outside TG neurons after 6 h of DEX treatment (two areas are denoted by
filled circles). Careful examination of TG sections from latently infected calves treated
with DEX appeared to have light DKK1 staining between certain neurons (denoted by
filled circles). Extracellular DKK1 staining was not readily detected in TG of latently
infected calves. As DKK1 is a soluble secreted protein (24, 25, 71–73), staining outside
TG neurons or satellite cells was not unexpected. We did not compare the number of
TG neurons in latently infected TG to those in uninfected TG or during reactivation
because DKK1 is a soluble protein. Wnt16, SFRP4, SFRP5, DKKL1, and WIF1 are also
soluble proteins and thus were not examined by IHC.

FIG 3 Detection of GNAQ in TG neurons during latency-reactivation cycle. TG were collected from 3
uninfected calves (U) (A), latently infected calves (L) (B), or latently infected calves treated with DEX for
6 h to initiate reactivation from latency (DEX) (C). Thin sections were cut from formalin-fixed, paraffin-
embedded TG sections. The GNAQ antibody (ab75825; Abcam) was diluted 1:450. Biotinylated goat
anti-rabbit IgG (Vector Laboratories) was used as a secondary antibody. Arrows denote GNAQ� neurons
in the respective samples. (D) The percentage of GNAQ-positive neurons from 296 uninfected neurons,
241 latently infected neurons, and 209 TG neurons at 6 h after latently infected calves were treated with
DEX. An asterisk denotes significant differences (P � 0.05) in the numbers of GNAQ� neurons as
determined by a Student t test. Magnification is approximately �200.
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The Akt3 protein is differentially expressed during latency. Since Akt activity
was reported to regulate certain aspects of HSV-1 latency (53–56), we examined Akt3
expression by IHC. At the transcript level, Akt3 was 3.6-fold higher in latently infected
TG than in mock-infected animals but was dramatically reduced during reactivation
from latency (Fig. 1 and 2A). Certain TG neurons from uninfected calves appeared to be
lightly stained by the Akt3 antibody (Fig. 6A), which was expected because Akt3 RNA
levels in TG from uninfected calves were detected. Conversely, Akt3� TG neurons were
readily detected during latency (Fig. 6A, blue and black arrows). A subset of Akt3� TG
neurons from latently infected calves also appeared to contain Akt3 in the nucleus (Fig.
6A, blue arrows). By 6 h after DEX treatment of latently infected calves, there were fewer
TG neurons from calves stained by the Akt3 antibody and the intensity of staining
appeared to be less (denoted by black arrow). Nuclei were readily visible in TG neurons
from uninfected calves and latently infected calves treated with DEX for 6 h (marked by
closed circles) but generally were not stained by the Akt3 antibody. When Akt3�

neurons from the respective samples were counted, more Akt3� neurons were de-

FIG 4 Comparison of BMPR2 expression during the BoHV-1 latency-reactivation cycle. (A) TG were
collected from 3 uninfected calves, 3 latently infected calves, or 3 latently infected calves treated with
DEX for 6 h to initiate reactivation from latency. IHC was performed as described in Materials and
Methods using a BMPR2 monoclonal antibody (MA5-15827; ThermoFisher Scientific); arrows denote
BMPR2� TG neurons. Magnification is approximately �400, and these sections are representative of
many sections that were examined. (B) Quantification of BMPR2� TG neurons. The percentage of BMPR2�

TG neurons from uninfected calves (429 neurons were counted), latently infected calves (435 neurons),
or latently infected calves treated with DEX for 6 h to initiate reactivation (417 neurons) were calculated.
The asterisk denotes significant differences (P � 0.05) in the numbers of BMPR2� TG neurons as
determined by a Student t test.
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tected during latency than TG neurons from uninfected calves and following DEX
treatment of latently infected calves for 6 h (Fig. 6B).

To determine if Akt3 was preferentially expressed in latently infected neurons,
consecutive sections were cut from TG of calves latently infected, and one slide was
stained with an ORF2 peptide-specific antibody and one with the Akt3 antibody. ORF2
is expressed in a subset of latently infected TG neurons and thus is a marker for certain
latently infected neurons (77, 78). ORF2 expression in latently infected TG is not uniform
and appears to cluster in certain areas within the TG. Consequently, we identified areas
of TG sections that contained several ORF2� neurons and then compared Akt3 staining
in consecutive sections (Fig. 7). The ORF2 antibody stained eight TG neurons in this
section obtained from a latently infected calf; the Akt3 antibody stained 4 of these TG
neurons (neurons 1, 3, 4, and 5). From additional TG sections from 3 latently infected
calves, we quantified the number of ORF2� TG neurons stained by the Akt3 antibody.
Of the 500 TG neurons that were ORF2�, 62% of TG neurons in consecutive sections
were Akt3�. In areas of the TG where ORF2 was not detected, we detected 16% that
were lightly stained by the Akt3 antibody. In summary, many ORF2� TG neurons
expressed Akt3 in calves latently infected with BoHV-1.

ORF2 increases Akt3 steady-state levels and alters Akt3 subcellular localiza-
tion. We examined the effect that ORF2 may have on Akt3, because Akt3 was expressed
at higher levels during latency and the HSV-1 latency-associated transcript (LAT)
promotes Akt activity (53, 54). Furthermore, inhibiting PI3K or Akt activity induces
HSV-1 reactivation in a neuronal model of latency (55, 56). Akt family members belong
to the AGC (cyclic AMP dependent, cGMP, and protein kinase C) family of serine/
threonine protein kinases because they have similar catalytic domains and phosphor-
ylate many of the same substrates (79). Neuro-2A cells were used for these studies
because they can be readily transfected, and ORF2 is consistently detected in these cells
following transfection with an expression plasmid (12, 16). Although Neuro-2A cells are
an established neuroblastoma cell line that grows efficiently, they can be differentiated
into dopamine-like neurons (80) and consequently have certain neuron-like features.

FIG 5 Comparison of DKK1 expression during the BoHV-1 latency-reactivation cycle. TG were collected
from 3 latently infected calves (A) or latently infected calves treated with DEX for 6 h to initiate
reactivation from latency (B). IHC was performed as described in Materials and Methods using a
DKK1-specific antibody (ab188597; Abcam); arrows denote DKK1� TG neurons, and closed circles denote
extracellular DKK1 staining. Magnification is approximately �400, and these sections are representative
of many sections that were examined.
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Following cotransfection of Neuro-2A cells with increasing concentrations of a plasmid
that expresses ORF2, a dose-dependent increase in endogenous Akt3 levels was
observed (Fig. 8A). At the highest concentration of ORF2 used for this study (2 �g DNA),
approximately 15-fold higher Akt3 steady-state levels were detected (Fig. 8B). An ORF2

FIG 6 Comparison of Akt3 expression during the BoHV-1 latency-reactivation cycle. (A) TG were collected
from 3 uninfected calves, 3 latently infected calves, or 3 latently infected calves treated with DEX for 6
h to initiate reactivation from latency. Thin sections were cut from formalin-fixed paraffin-embedded TG
sections. The Akt3 antibody (ab152157; Abcam) was diluted 1:500. Biotinylated goat anti-rabbit IgG
(Vector Laboratories) was used as a secondary antibody. Blue arrows denote Akt3-positive TG neurons
that contained an Akt3-positive nucleus and a counterstained nucleolus. Black arrows denote TG neurons
in which the nucleus was not visible, but they were Akt3�. Closed circles denote TG neurons that contain
a nucleus in which the nucleolus is counterstained but was not stained by the Akt3 antibody. These
images are representative of many sections stained with the Akt3 antibody. Magnification is approxi-
mately 400�. (B) The percentage of Akt3-positive TG neurons from 500 total neurons was estimated from
sections derived from 3 latently infected calves, 3 mock-infected calves, and 3 latently infected calves
treated with DEX for 6 h. An asterisk denotes significant differences (P � 0.05) in the number of
Akt3-positive neurons as determined by a Student t test.
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construct that lacked the nuclear localization signal (ORF2ΔNLS) also increased Akt3
steady-state levels (Fig. 8C). In contrast, an ORF2 construct containing stop codons at
the amino terminus of ORF2 does not express ORF2 and was unable to increase
steady-state levels of Akt3. In contrast to the results obtained with Akt3, ORF2 expres-
sion in Neuro-2A cells reduced Akt1 steady-state protein levels approximately 2-fold
(Fig. 8D and E).

Given that an increase in nuclear Akt3 was observed in latently infected TG neurons
by IHC, confocal microscopy was subsequently performed to test whether ORF2
influenced Akt3 localization in transfected Neuro-2A cells. When Neuro-2A cells were
transfected with a plasmid that expresses Akt3, most of the Akt3 staining was present
in the cytoplasm or perinuclear region (28 out of 30 Akt3� cells that were examined)
(Fig. 9A). As previously reported (13, 16, 17), ORF2 is primarily localized to the rim area
of the nucleus (Fig. 9B). When ORF2 and Akt3 were cotransfected into Neuro-2A cells,
ORF2 did not appear to be localized as much to the rim area of the nucleus, and Akt3
was detected in the nucleus of 24 out of 50 cells that expressed both proteins (Fig. 9C
shows a representative Neuro-2A cell that was ORF2� and Akt3�). In some cells in
which Akt3 was present in the nucleus of cells expressing ORF2 there was colocalization
of ORF2 and Akt3, as indicated by yellow staining. In summary, these studies suggested

FIG 7 Akt3 is frequently detected in ORF2� neurons during latency. Consecutive sections from formalin-
fixed paraffin-embedded TG sections from latently infected calves were prepared. One section was
stained with the Akt3 antibody (ab152157; Abcam) that was diluted 1:500. A consecutive section was
stained with a peptide-specific ORF2 antibody (1:500 dilution). Biotinylated goat anti-rabbit IgG (Vector
Laboratories) was used as a secondary antibody for the sections. Areas of sections that contained ORF2�

neurons were subsequently examined for Akt3 staining. Numbers denote the ORF2-positive neurons, and
neurons 1, 3, 4, and 5 were also Akt3�. Magnification is approximately 400�, and these sections are
representative of many sections that were examined.
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ORF2 increased steady-state levels of the Akt3 protein and relocalized a subset of Akt3
to the nucleus.

ORF2 interacts with and activates Akt3. Confocal microscopy suggested ORF2
was partially localized with a subset of Akt3 and ORF2 increased Akt3 nuclear localiza-
tion (Fig. 8 and 9). To test whether ORF2 was associated with Akt3, coimmunoprecipi-
tation (co-IP) studies were performed in Neuro-2A cells transfected with ORF2. When
Akt3 was immunoprecipitated, ORF2 was consistently detected in the immune precip-
itate (Fig. 10A). IP with the Flag antibody also revealed Akt3 was detected in the
immunoprecipitate when ORF2 was included in the transfection (Fig. 10A). In certain
experiments, ORF2 migrates as a doublet (Fig. 10A, for example), which may be the
result of phosphorylation (12, 15, 16) or proteolysis. As expected, the Flag antibody only
detected an ORF2-specific band in Neuro-2A cells transfected with the ORF2 expression
plasmid. In contrast to Akt3, Akt1 did not stably interact with ORF2 in transfected
Neuro-2A cells (Fig. 10B).

Akt activation requires phosphorylation at threonine 308 and serine 473 by two
cellular protein kinases, PDK1 (phosphoinositide-dependent kinase) and mTORC2
(mammalian target of rapamycin complex 2) (49, 81, 82). Phosphorylation of serine 473
is required for activation of Akt1, and this site is well conserved in Akt3; however, the
site is at position 472 (83). The antibody that recognizes Akt1 phosphorylation at serine
473 (p-Ser473) also recognizes p-Ser472 in Akt3. Consequently, we tested whether
ORF2 regulated Akt3 phosphorylation by performing IP with the Akt3 antibody and
estimating p-Ser472 Akt3 levels in the immune precipitate with an antibody that
recognizes Akt p-Ser473. In cells transfected with ORF2, a 4-fold increase of p-Ser472
was associated with Akt3 (Fig. 10C). In contrast, ORF2 did not increase p-Ser473 levels
when the IP was performed with the Akt1-specific antibody (Fig. 10D). Additional
studies tested whether the Akt3 antibody cross-reacted with Akt1 and led to IP of Akt1

FIG 8 ORF2 stabilizes Akt3 steady-state protein levels in transfected Neuro-2A cells. (A) Neuro-2A cells
were transfected with the designated amounts of an ORF2 expression plasmid (�g DNA). Total cell lysate
was prepared at 40 h after transfection and Akt3 levels examined by Western blotting using an
Akt3-specific antibody (4059; Cell Signaling Technology). ORF2 was detected with a Flag monoclonal
antibody (Sigma). Tubulin protein levels were included as a loading control. (B) Quantification of Akt3
and tubulin bands from Western blots shown in panel A were collected using the ImageJ software
package. The band intensity of Akt3 was initially normalized to tubulin, and then the fold change after
infection was calculated. Akt3 levels in cells transfected with the empty vector were set to 1. (C) Neuro-2A
cells were transfected with 3 �g of a plasmid that expresses ORF2, a stop codon ORF2 mutant that
cannot express ORF2 (ORF2 stop), or an ORF2 mutant that has a deletion in the nuclear localization signal
(ORF2ΔNLS). At 48 h after transfection, Akt3 and ORF2 were examined in transfected Neuro-2A cells by
Western blotting. (D) Neuro-2A cells were transfected with 3 �g of a plasmid that expresses ORF2. At 48 h
after transfection, Akt1 and ORF2 levels were examined in transfected Neuro-2A cells by Western
blotting. (E) Quantification of Akt1 and tubulin bands from Western blots shown in panel D were
analyzed as described for panel B. These results are representative of three independent studies.
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or vice versa. Following IP with Akt1 or Akt3, we were unable to detect Akt3 or Akt1,
respectively, even when the proteins were overexpressed in Neuro-2A cells. As ex-
pected, Akt1 or Akt3 was detected in the immunoprecipitate when the IP was per-
formed with the same antibody. In summary, these studies revealed ORF2 specifically
interacted with Akt3 but not Akt1 and ORF2 activated Akt3, as judged by increased
phosphorylation of Ser472.

FIG 9 Localization of Akt3 and ORF2 in transfected Neuro-2A cells. Neuro-2A cells were transfected (Lipofectamine 2000;
Invitrogen) with 0.5 �g of a plasmid that expresses Akt3 (green) (A), Flag-tagged ORF2 (red) (B), or Akt3 and ORF2 (C). At
48 h posttransfection, cells were fixed and then stained with antibodies that recognize Akt3 (green-stained cells) (ab1521;
Abcam) and/or ORF2 (red-stained cells). Nuclear DNA was stained with DAPI. Images were observed by confocal
microscopy. The selected images are representative of 4 experiments (at least 100 stained cells were examined). For panel
C, we show ORF2 alone, Akt3 only, and merged images that also show DAPI-stained cells that are ORF2 and Akt3 positive.
The scale bar in each panel is equal to 50 �m.
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DISCUSSION

In this study, we provided evidence that more than 100 genes involved in the
Wnt/�-catenin signaling pathway were differentially expressed in TG during the BoHV-1
latency-reactivation cycle. During latency, the Wnt pathway in TG was more active than
that in TG from uninfected calves or during DEX-induced reactivation from latency (Fig.
11 depicts a schematic summarizing the findings in this study). The ability of ORF2 to
enhance �-catenin-dependent transcription in transfected cells (21) correlates with
stabilizing the Wnt/�-catenin signaling pathway during latency. Other viral gene prod-
ucts may also be involved, because two virus-encoded micro-RNAs and ORF1 are
expressed in certain latently infected neurons (8), and other herpesvirus-encoded
micro-RNAs were proposed to regulate the Wnt signaling pathway (84). Regardless of
which LR gene products are involved, Wnt/�-catenin agonists, including GNAQ, Wnt16,

FIG 10 Analysis of the effect ORF2 has on Akt3 and Akt1. For all studies described below, Neuro-2A cells
were transfected with the designated amount of plasmids (�g DNA), and whole-cell extract (WCE) was
collected at 48 h after transfection. (A) IP was performed with an Akt3 antibody (4059; Cell Signaling
Technology) using WCE (400 �g protein). Immunoprecipitated proteins bound to magnetic protein A
beads (S1425S; Invitrogen) were washed extensively, suspended in SDS-PAGE buffer, and separated in a
10% SDS-PAGE gel. After proteins were transferred to a PVDF membrane, the immunoblot (IB) was
probed with the Akt3 antibody or anti-Flag monoclonal antibody (F1804; Sigma). (Right) IP was
performed with the Flag antibody to IP ORF2 using total cell lysate (400 �g protein). Immunoprecipitated
proteins were processed as described here and separated in a 10% SDS-PAGE gel, and the IB was probed
with the Flag antibody or Akt3 antibody. (B) IP was performed with the Akt1 antibody (2938; Cell
Signaling Technology) or Flag antibody using total cell lysate (400 �g protein). Immunoprecipitated
proteins were analyzed by Western blotting and then probed with an Akt1 or anti-Flag monoclonal
antibody. Western blot of WCE (50 �g protein) was probed with Flag or Akt1 antibody. (C) IP was
performed with the Akt3 antibody, the precipitated proteins separated by 10% SDS-PAGE, and protein
transferred to a membrane. The Western blot was then probed with the Akt antibody that recognizes
phosphorylated Akt at serine 472 (pSer473; 9271; Cell Signaling Technology) or Akt3 antibody. ORF2 in
WCE was detected using the Flag antibody. This was the same image as that shown in panel A, because
these studies were performed in the same experiment. Levels of pSer472 Akt3 were quantified using
ImageJ. (D) IP was performed with the Akt1 antibody using total cell lysate (400 �g protein). Immuno-
precipitated proteins were analyzed in Western blots and then probed with the Akt antibody that
recognizes phosphorylated Akt at serine 473 or anti-Akt1 antibody (2938; Cell Signaling Technology).
WCE (50 �g protein) was probed with the anti-Flag monoclonal antibody to detect ORF2 (F1804; Sigma).
Levels of phosphorylated serine 473 on Akt1 were quantified. (E) IP was performed with the Akt1 or Akt3
antibody using total cell lysate (400 �g protein). As described for earlier panels, immunoprecipitated
proteins were examined for Akt1 or Akt3. Akt1 or Akt3 in 50 �g WCE was identified by Western blot
analysis as a control. The results shown are representative of 3 independent studies.
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and BMPR2, are expressed at higher levels during latency than in uninfected calves or
during early stages of reactivation. BMPR2, via its interactions with BMP4 and GDF5,
seems to be very important during the latency-reactivation cycle, because this signaling
axis is required for dorsoventral patterning of TG, peripheral innervation, and survival
of sensory neurons (37–39). Furthermore, BMPR2 was present in approximately 75% of
the total neurons that were examined. Since only 15 to 20% of TG neurons are believed
to express ORF2 during latency (12, 78, 85), we suggest BMPR2 expression is induced
in “bystander” uninfected TG neurons, because several Wnt agonists are soluble
secreted factors. The Wnt pathway enhances neurogenesis and neuronal survival (26,
86, 87), suggesting the Wnt/�-catenin signaling pathway promotes the establishment
and maintenance of lifelong latency (Fig. 11A).

The ability of ORF2 to interact with and influence Akt3 activation (Fig. 11A) is likely
to promote latency, because Akt activity was reported to regulate key events during the
HSV-1 latency-reactivation cycle. For example, inhibiting Akt activity with a specific
inhibitor (AKT VIII) impairs the ability of HSV-1 LAT to inhibit apoptosis and promote
neurite sprouting in mouse neuroblastoma cells (C1300) (53, 54). In an in vitro HSV-1
latency model using primary superior cervical ganglion sympathetic neurons, LAT is
readily detected and a quiescent infection can be maintained for weeks at a time if
nerve growth factor (NGF) signaling is active (55, 56). When NGF is removed from
cultures, lytic-cycle viral gene expression is induced and infectious virus produced,
resembling reactivation from latency in vivo. Downstream targets of the NGF receptor
include PI3K and AKT, reviewed in reference 88. Latently infected neuronal cultures
containing NGF also reactivate from latency when cultures are treated with AKT VIII
(56). Several studies also concluded Akt signaling stimulated the Wnt/�-catenin signal-
ing pathway by directly phosphorylating �-catenin on serine 552 and increasing
�-catenin-dependent transcription (42, 89). In line with this finding, the PI3K/AKT
pathway increases nuclear �-catenin localization (90), increases �-catenin protein levels
(43), and thus promotes neuronal survival after traumatic brain injury (91). In a subset
of TG neurons from latently infected calves and in transfected Neuro-2A cells, Akt3 was
detected in the nucleus, consistent with other studies (83). This is important because
nuclear Akt is required for NGF-mediated antiapoptotic signaling in PC12 neuron-like
cells (92). Akt3 is more important than Akt1 and Akt2 with respect to preventing
stroke-induced neuronal injury (52), inhibiting apoptosis in neurons, and stimulating

FIG 11 Schematic of viral gene expression and putative role of Wnt signaling pathway during BoHV-1
latency-reactivation cycle. Salient features during DEX-induced reactivation from latency and the role
that the Wnt signaling pathway plays. For details, see Discussion.
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axonal development (51). In summary, we predict Akt3 stabilizes the Wnt/�-catenin
signaling pathway in TG of latently infected calves, which facilitates survival of latently
infected neurons.

Stress, as mimicked by DEX, consistently induces BoHV-1 reactivation from latency
(11, 22, 93–100) (Fig. 11B depicts a summary of events during early stages of BoHV-1
reactivation). Increased expression of at least seven putative Wnt antagonists (DKK1,
DKKL1, Wif-1, SFRP4, SFRP5, SOX3, and SOX18) occurred during early stages of DEX-
induced reactivation, suggesting that inhibiting the Wnt signaling pathway promotes
reactivation from latency (Fig. 11B). The canonical Wnt/�-catenin signaling pathway is
negatively regulated by the DKK family of secreted proteins, which interacts with Wnt
coreceptors and low-density lipoprotein receptor-related proteins (LRP) and prevents
their interactions with Wnt family members (73, 75, 76). DKK1 induction is required for
development of ischemic neuronal death (71, 101) and stress-induced hippocampal
damage (24) and is linked to neuronal death in patients with Alzheimer’s and Parkin-
son’s disease (27, 72, 86, 102–104). SFRP family members, by virtue of interacting with
Wnt family members, also antagonize the Wnt pathway. For example, SFRP4 induces
apoptosis (105, 106) by suppressing Akt survival pathways for its proapoptotic prop-
erties (107). Induction of apoptosis has been reported to stimulate herpesvirus repli-
cation (108) and reactivation from latency (109), suggesting there is a correlation
between stress-mediated activation of DKK, SFRP family members, and reactivation
from latency.

Increased corticosteroids can stimulate productive infection and directly activate the
immediate-early (IE) promoter that drives expression of bICP0 and bICP4, the two most
important viral transcriptional regulators encoded by BoHV-1 (110, 111). LR gene
products are also reduced by DEX during reactivation from latency (12, 18, 98), which
is significant because the two virus-encoded micro-RNAs can reduce bICP0 steady-state
protein levels (18). Finally, it is well established that corticosteroids induce immuno-
suppression (112–114), which enhances the ability of BoHV-1 to successfully reactivate
from latency.

In conclusion, these studies provide additional evidence that the Wnt/�-catenin
signaling pathway is active during BoHV-1 latency. Conversely, stress antagonizes this
signaling pathway, which correlates with induction of lytic-cycle viral gene expression
and reactivation from latency. It is currently not known whether the Wnt/�-catenin
signaling pathway is regulated during the latency-reactivation cycle of other alphaher-
pesvirinae subfamily members. Studies to test this prediction are under way.

MATERIALS AND METHODS
Infection of calves. All TG samples from calves used for this study were previously described (21–23,

115). In brief, BoHV-1-free calves (�200 kg) were inoculated with 107 PFU of BoHV-1 into ocular and nasal
cavities as described previously (10, 11, 116–119). Calves were housed under strict isolation and given
antibiotics to prevent bacterial pneumonia. At 60 days postinfection, calves were not shedding virus and
were operationally defined as being latently infected. Certain calves were injected intravenously in their
jugular vein with 100 mg DEX to initiate reactivation from latency. All calves (latently infected, DEX
treated, or uninfected) were transported to the University of Nebraska Veterinary Diagnostic laboratory
and then anesthetized with xylazine (Rompun) followed by electrocution. Experiments were performed
in accordance with the American Association of Laboratory Animal Care guidelines and University of
Nebraska IACUC committee (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 samples 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 takes 5 to 10 min to
collect TG, mince TG, place TG pieces in formalin, or submerge TG pieces in 50-ml conical tubes in a
dry-ice ethanol bath.

RNA sequencing. Total RNA was prepared from approximately 2 g of TG tissue using TRIzol (Life
Technologies) according to the manufacturer’s instructions. RNA integrity and concentration were
quantified with an Agilent Bioanalyzer (Agilent Technologies, Santa Clara, CA). An Illumina TruSeq
stranded RNA library preparation kit was used to construct cDNA libraries, which were sequenced as
75-bp paired-end reads on an Illumina NextSeq 500 (Illumina, San Diego, CA).

Read alignment of the RNA-Seq data was carried out as follows. First, the raw paired-end sequence
reads in individual fastq files were trimmed to remove adapter sequences and low-quality bases using
Trimmomatic software (version 0.35) (120). The remaining reads were mapped to the UMD 3.1 genome
assembly with Tophat2 (version 2.1.1) (121) using the National Center for Biotechnology Information
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(NCBI) Bos taurus reference annotation to guide the alignment. The default parameters for Tophat2 were
used.

Cuffdiff software (version 2.2.1) (122) was employed to process the aligned sequence read files and
test for differential gene expression. Transcript abundance was estimated for each transcript in the NCBI
Bos taurus reference annotation (UMD3.1) for each sample. A gene was defined as being expressed
provided it had an average fragment per kilobase of transcript per million mapped reads (FPKM) of �1.0
in at least one of the two groups in the comparison. Unexpressed genes were removed from further
downstream analysis. Differential gene expression was detected by comparing the log (base 2) ratios of
the FPKM values for every gene and transcript. The resulting P values were corrected for multiple testing
using Benjamini-Hochberg correction (123). P values were considered statistically significant at a
Benjamini-Hochberg adjusted P value of �0.05. Statistical analysis of the read data is summarized in
Table 1.

Qiagen IPA. Ingenuity pathway analysis (IPA; Qiagen, Redwood City, CA) was used to deduce direct
and indirect molecular relationships among differentially expressed genes. Each of the data sets was
imported with a flexible format using gene symbol as the identifier. A core analysis was performed on
genes in each set, where a P value for each network is calculated according to the fit of the user set of
significant genes and the size of the network. P values were considered statistically significant at a
Benjamini-Hochberg adjusted P value of �0.05.

IHC analysis. IHC studies were performed using an ABC kit (Vector Laboratories) according to
specifications of the manufacturer as previously described (21, 23, 115, 124). Thin sections (4 to 5 �m)
of TG were cut, mounted on glass slides, and processed as described previously (12, 21). Slides were
subsequently incubated with Akt3 antibody (1:500 dilution; 152157; Abcam), GNAQ antibody (1:450
dilution; ab75825), BMPR2 (1:400 dilution; MA5-15827; ThermoFisher), or DKK1 antibody (1:500 dilution;
ab188597; Abcam) overnight in a humidified chamber at 4°C. The next day, slides were washed in 1�
Tris-buffered saline (TBS) and incubated in biotinylated goat anti-rabbit IgG (PK-6101; Vector Laborato-
ries) for 30 min at room temperature in a humidified chamber. Avidin-biotinylated enzyme complex was
added to the slides for 30 min of incubation at room temperature. After three washes in 1� TBS, slides
were incubated with freshly prepared substrate (SK-4800; Vector Laboratories), rinsed with distilled
water, and lightly counterstained with hematoxylin. IHC results were evaluated in a blinded fashion.

Cells, plasmids, and antibodies. Murine neuroblastoma cells (Neuro-2A; CCL-131) were obtained
from the ATCC (Manassas, VA) and grown in minimal essential medium (MEM; Life Technology)
supplemented 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 (12, 14, 16). A Flag epitope is present at the N terminus of ORF2, and the human
IE cytomegalovirus (CMV) promoter drives its expression. Sequences derived from ORF2 with a nuclear
localization signal (NLS) deletion (amino acids [aa] 64 to 70) (ORF2ΔNLS) were synthesized by Integrated
DNA Technology (IDT; Coralville, IA) and cloned into the pCMVTag-2B plasmid using BamHI-HindIII
restriction enzymes. A plasmid that expresses Akt1 was a gift from Jie Chen (pCDNA3-HA-Akt1; plasmid
73408; Addgene). A plasmid that expresses Akt3 was a gift from William Sellers (1236 pcDNA3 Myr HA
Akt3; plasmid 9017; Addgene).

All plasmids were transfected into Neuro-2A cells in 60-mm dishes using Lipofectamine 3000
transfection reagent (L3000075; Invitrogen) according to the manufacturers’ instructions. The anti-Flag
monoclonal antibody (F1804; Sigma), Akt3 antibody (4059 [Cell Signaling Technology] and ab152157
[Abcam]), phosphorylated Akt at serine residue 473 (9271; Cell Signaling Technology), an Akt1 specific
antibody (2938; Cell Signaling Technology), or a peptide-specific ORF2 antibody was used for Western
blotting, confocal microscopy, and IP studies.

Co-IP studies and Western blot analysis. For coimmunoprecipitation (co-IP) studies, Neuro-2A cells
grown in 60-mm dishes were transfected with the designated plasmids using Lipofectamine 3000
transfection reagent (L3000075; Invitrogen). At 48 h after transfection, cells were lysed with 1 ml of
radioimmunoprecipitation assay (RIPA) buffer (1� PBS, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS)
supplemented with protease inhibitor cocktail (Roche). 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 using a roller shaker for 2 h at 4°C. The anti-FLAG M2
affinity gel (A2220; Sigma) was prepared according to the manufacturer’s specifications. To perform IP
with Akt3 or Akt1 antibody, the clarified supernatant (approximately 400 �g protein) was incubated with
anti-Akt1 or anti-Akt3 antibody for 2 h at 4°C with rotation and then incubated with Dynabeads (10001D;
Life Technologies). After washing three times with 0.5 ml of PBS, beads were boiled in SDS loading buffer
and Western blotting performed to detect the designated proteins.

For Western blotting studies, 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.

Immunofluorescence assay. Neuro-2A cells seeded into 2-well chamber slides (Nunc, Inc., IL) were
transfected with the designated plasmids using Lipofectamine 3000 transfection reagent (L3000075;
Invitrogen). At 48 h after transfection, cells were fixed in 4% paraformaldehyde in PBS (pH 7.4) for 10 min
at room temperature and permeabilized with 0.25% Triton X-100 in PBS (pH 7.4) for 10 min at room
temperature, blocked with 1% bovine serum albumin (BSA) in PBST (PBS plus 0.1% Tween 20) for 30 min,
and incubated with anti-Akt3 antibody (1:500 dilution; ab152157; Abcam) or anti-Flag antibody (F1804;
Sigma) in 1% BSA in PBST for 12 h. After three washes, cells were incubated with Alexa Fluor 488 goat
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anti-rabbit IgG (H�L) (1:500 dilution; A-11008; Invitrogen) or Alexa Fluor 633 goat anti-mouse IgG (H�L)
(1:500 dilution; A-21050; Invitrogen) for 1 h in the dark. After three washes, DAPI (4=,6-diamidino-2-
phenylindole) staining was performed to visualize the nucleus. Coverslips were added to the slides by
using Gel Mount aqueous mounting medium (Electron Microscopy Sciences). Images were obtained by
confocal microscopy (Leica).
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