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The latency-related (LR) RNA encoded by bovine herpesvirus 1 is abundantly expressed in the trigeminal
ganglia of latently infected calves. Expression of LR proteins is necessary for reactivation from latency and the
protection of infected neurons from apoptosis. In this study, we demonstrated that an LR-encoded protein,
open reading frame 2 (ORF-2), or ORF-2 fusion proteins encoded by alternatively spliced LR transcripts
inhibit cold shock or Fas ligand-induced apoptosis in mouse neuroblastoma (neuro-2A) cells. Frameshift
mutants of ORF-2 do not inhibit apoptosis, which suggests that protein expression, not LR RNA expression,
mediates the antiapoptotic activity of the LR gene in transfected neuro-2A cells.

Bovine herpesvirus 1 (BHV-1) is a Herpesviridae family
member that causes significant economical losses to the cattle
industry (47). The primary sites for BHV-1 latency are the
sensory neurons within the trigeminal ganglia (TG). Viral gene
expression (43) and infectious virus (22) can be detected in TG
from 1 to 6 days after infection but are then extinguished
(establishment of latency). Administration of dexamethasone
to calves or rabbits latently infected with BHV-1 leads to re-
producible reactivation from latency, as judged by virus shed-
ding from ocular or nasal cavities (22, 27-30, 42).

The latency-related (LR) gene has two open reading frames
(ORFs), ORF-1 and ORF-2, and two reading frames without
an initial ATG sequence, RF-B and RF-C (Fig. 1B). An anti-
body directed against ORF-2 recognizes a protein encoded by
the LR gene (20, 23, 24). LR gene products inhibit cell prolif-
eration, bICPO RNA expression (5, 13, 44), and apoptosis (9).
A mutant BHV-1 strain with three stop codons at the N ter-
minus of ORF-2 does not express ORF-2 or RF-C (24) or
reactivate from latency (22), which suggests that expression of
LR proteins regulates the latency reactivation cycle.

The LR mutant virus induces higher levels of apoptosis in
the TG neurons of infected calves during the establishment of
latency (35), and plasmids with the same stop codon mutations
exhibit little or no antiapoptotic activity in transfected cells (9).
When the LR gene is inserted into a herpes simplex virus type
1 latency-associated transcript-null mutant, activation of
caspase 3 or caspase 9 is reduced during productive infection
(18). The antiapoptotic functions of the LR gene are not re-
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quired during productive infection because the LR mutant
virus and wild-type BHV-1 inhibit UV-induced apoptosis with
similar levels of efficiency during productive infection (14). LR
RNA is alternatively spliced in TG during acute infection ver-
sus during latency (12) (Fig. 1 A and B), which complicates the
identification of LR-coding sequences that have antiapoptotic
activities. We hypothesized that ORF-2 may have antiapop-
totic functions because the LR mutant virus contains stop
codons adjacent to ORF-2 and most of the ORF-2 coding
sequences are retained in all LR transcripts (Fig. 1B).

ORF-2 sequences encoded by cDNA 1 or 15 days postinfec-
tion (dpi) were synthesized by GenScript Corporation (Pisca-
taway, NJ). The entire ORF-2 protein is present in cDNA at 1
dpi, whereas at 7 or 15 dpi, cDNA contains ORF-2 fused to
ORF-1 or RF-B, respectively (Fig. 1C). Plasmids expressing
these sequences were transfected into mouse neuroblastoma
cells (neuro-2A), and their antiapoptotic activities were ana-
lyzed by cold shock-induced apoptosis. Although several pre-
vious studies demonstrated that cold shock treatment induces
apoptosis in various cell types (7, 15, 16, 32, 39, 41), it was
necessary to prove that neuro-2A cells undergo apoptosis fol-
lowing cold shock. Neuro-2A cells (Fig. 2A, lane N2A) or
neuro-2A cells placed on ice for 2 h (Fig. 2, lane 4) contained
no detectable DNA laddering. When cells were returned to
37°C for 4 or 6 h, extensive DNA laddering was observed,
demonstrating that apoptosis occurred (37, 51).

To further examine cold shock-induced apoptosis, neuro-2A
cells were treated with specific caspase inhibitors. Caspase 8
and caspase 9 regulate the two major apoptotic pathways, the
extrinsic and intrinsic pathways, respectively (45, 49), and thus
were examined. A caspase 3 inhibitor was also chosen because
the intrinsic or extrinsic pathway activates caspase 3 (8, 49).
Inhibiting caspase 9 reduced the levels of cold shock-induced
apoptosis nearly fivefold relative to that for neuro-2A cells
treated with the solvent dimethyl sulfoxide (Fig. 2B). The
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FIG. 1. Schematic of LR alternatively spliced transcripts and LR ORFs. (A) Schematic of LR transcript (LRT) and the various alternatively
spliced LR transcripts previously identified (11). The nucleotide position of the start site in a productive infection, the 3" end of LR transcription
(12, 20), and the respective splice junction sites are provided for reference. (B) Schematic of ORFs in the LR gene and the effect of splicing on
the organization of these ORFs. ORF-1 and ORF-2 are the largest protein-coding domains present in the LR gene (33). Reading frames B and
C (RF-B and RF-C) each contain an ORF that lacks an initiating Met. The numbers in parentheses are the approximate sizes of the ORFs present
in the LR gene. The putative ORFs present in alternatively spliced LR transcripts are shown as comparisons to those in the LR gene. (C) Amino
acid sequence of ORF-2 and the ORF-2 fusion protein encoded by cDNA at 15 dpi. The asterisks (*) in panel B denote the positions of stop codons
that are in-frame with the respective ORF. The dashed lines () denote identical amino acids shared by cDNA at 1 and 15 dpi.

caspase 3 inhibitor also reduced apoptosis approximately two-
fold, which is consistent with the findings of a previous inde-
pendent study (7). Conversely, the caspase 8 inhibitor had
no effect on cold shock-induced apoptosis in neuro-2A cells
(Fig. 2B).

Experiments were then performed to determine if the LR
gene or plasmids expressing sequences derived from the re-
spective cDNAs had an effect on cold shock-induced apoptosis.
Neuro-2A cells were transfected with the designated plasmids
as described in the legend to Fig. 2. Cold shock-induced
apoptosis was performed at approximately 36 h after transfec-
tion, and the level of apoptotic DNA was measured by agarose
gel electrophoresis. Compared to that in neuro-2A cells trans-

fected with the blank expression vector, DNA laddering was
reduced more than twofold in cells transfected with the LR
gene (Fig. 3A). When neuro-2A cells were transfected with an
expression plasmid containing ORF-2 encoded by cDNA at 1,
7, or 15 dpi, the amount of apoptosis was also reduced (Fig. 3A
and B). In most experiments, the cDNA from 1 dpi did not
inhibit apoptosis as efficiently as the intact LR gene. The an-
tiapoptotic gene Bcl-2 reduced cold shock-induced apoptosis
(Fig. 3B) more efficiently than the LR gene or the ORF-2
clones. The LR gene or ORF-2-expressing plasmids also in-
creased the number of surviving cells and reduced the percent-
age of cells containing condensed chromatin after cold shock-
induced apoptosis (data not shown), which is consistent with
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FIG. 2. Analysis of cold shock-induced apoptosis in neuro-2A cells.
(A) Neuro-2A cells were transfected with the designated plasmids,
using TransIT neural transfection reagent as described by the manu-
facturer (Mirus, Madison, WI). Approximately 75% of the cells were
transfected when this protocol was performed with a green fluorescent
protein expression plasmid. Approximately 24 h prior to transfection,
cells were plated in complete growth medium at a density of 3 X 10°
cells per 60-mm? plastic dish, which was 50% to 70% confluent the
following day. After being transfected for 24 h, one-half of the cells
were reseeded into a T25 plastic flask and incubated in a humidified
5% CO, atmosphere at 37°C for 24 h. Normal Earle’s minimal essen-
tial medium was replaced by fresh medium containing 2% serum. After
12 h of incubation, cells containing 2% serum were incubated on ice
(4°C) for 60 min with the caps of the flasks sealed by Parafilm. At the
end of 2 h on ice, the caps were loosened and the flasks were incubated
at 37°C for 2, 4, or 6 h. Cells were collected, and apoptotic DNA was
prepared as previously described (14, 25). Apoptotic DNA from 3 X
10° cells was loaded onto a 2% agarose gel. Following staining with
ethidium bromide, a photograph of the gel was taken. These results are
representative of at least 10 independent experiments. (B) Neuro-2A
cells were treated with 25 pM of a caspase 3 inhibitor (DEVD-CHO,
catalog number 235422; Calbiochem), caspase 8 inhibitor (IETD-
CHO, catalog number 218773; Calbiochem), or a caspase 9 inhibitor
(LEHD-CHO, catalog number 218776; Calbiochem) for 12 h prior to
cold shock induction of apoptosis as described for panel A. All caspase
inhibitors are cell permeable. Apoptotic DNA was analyzed on an
agarose gel as for panel A. The relative amounts of apoptotic DNA in
the lanes of panel B were measured using a Bio-Rad molecular imager
FX. The results are representative of three independent experiments.
DMSO, dimethyl sulfoxide.
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the DNA-laddering results. These results suggest that the LR
gene and ORF-2 are capable of inhibiting the intrinsic pathway
of apoptosis, because cold shock-induced apoptosis was effec-
tively inhibited by a caspase 9 inhibitor (Fig. 2B). Furthermore,
these results were consistent with previous findings that dem-
onstrated that LR gene products can inhibit caspase 3 or
caspase 9 activation (18).

To test whether the LR gene has the potential to inhibit the
extrinsic pathway of apoptosis, neuro-2A cells were cotrans-
fected with a plasmid that overexpresses the Fas ligand (FasL),
LR gene constructs, and a B-galactosidase (B-Gal) expression
vector (pCMV-B-Gal). This sensitive assay has been used pre-
viously to identify genes that have antiapoptotic activity (9, 10,
21, 26, 38). In brief, the assay is based on the observation that
when a proapoptotic gene (in this case the plasmid expressing
FasL) is transfected into cells, the number of B-Gal-positive
(B-Gal™) cells is reduced compared to that of cells transfected
with an empty expression vector. When an antiapoptotic gene
(in this case one of the plasmids expressing the LR gene or
ORF-2 derived from an LR cDNA) is cotransfected with the
FasL expression plasmid, the number of B-Gal™ cells is re-
duced if that plasmid has antiapoptotic activity. As expected,
overexpression of the proapoptotic FasL gene consistently re-
duced the number of B-Gal™ neuro-2A cells relative to that of
control cells transfected with an empty vector (pcDNA3.17)
and the B-Gal expression vector. Cotransfection of cells with
the FasL plasmid, the B-Gal plasmid, and expression plasmids
from cDNA at 1, 7, or 15 dpi also consistently reduced the
number of B-Gal™ cells relative to that of cells transfected with
just the FasL and B-Gal plasmids (Fig. 3C). When Bcl-2 was
cotransfected with the FasL plasmid and the B-Gal plasmid,
the number of B-Gal™ cells was also reduced, which was ex-
pected. In summary, this study provided evidence that LR
ORF-2 expression plasmids inhibit FasL-induced apoptosis.
Furthermore, this study indicated that Bcl-2 inhibited apopto-
sis more efficiently than any of the LR gene constructs, which
was consistent with the findings of previous studies using cold
shock-induced apoptosis (Fig. 3A and B).

To test whether ORF-2 expression was necessary for inhib-
iting apoptosis, the ORF-2 fragments were cloned into pCMV-
Tag2 vectors in all three reading frames (A to C). The LR
expression plasmids used for Fig. 3 were cloned into
pcDNA3.17, and thus it was expected that ORF-2 would be
expressed. The ORF-2 clones constructed in pCMV-Tag2 vec-
tors were transfected into neuro-2A cells, and the expression of
a Flag fusion protein was examined by Western blot analysis by
using a monoclonal antibody directed against Flag. For con-
structs with cDNA at 1 or 15 dpi, a Flag fusion protein migrat-
ing between 19 and 20 kDa was detected at 40 h after trans-
fection in cells transfected with pCMV-Tag2B (Fig. 4A). The
Flag-tagged ORF-2 protein encoded by cDNA at 1 dpi was
predicted to have a mass of 18.7 kDa and that encoded by
cDNA at 15 dpi to have a mass of 18.8 kDa. The difference in
size was expected because the ORF-2 protein encoded by
cDNA at 1 dpi is 182 amino acids, whereas the ORF-2 fusion
protein encoded by cDNA at 15 dpi is 185 amino acids (Fig.
1C). A Flag fusion protein was not detected in cells transfected
with pCMV-Tag2A or pCMV-Tag2C constructs, regardless of
whether ORF-2 was encoded by cDNA at 1 or 15 dpi. As
expected, all pCMV-Tag2 constructs expressed similar levels of
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FIG. 3. The LR gene and ORF-2, encoded by the LR gene, inhibit cold shock-induced apoptosis in neuro-2A cells. (A) Neuro-2A cells were
transfected with cytomegalovirus (CMV) expression plasmids (6 ug DNA) containing the LR gene, ORF-2 sequences in cDNA at 1 dpi, or cDNA
at 7 dpi containing ORF-2 fused to a portion of ORF-1. Cold shock-induced apoptosis, collection of apoptotic DNA, and analysis of apoptotic
DNA were performed as described for Fig. 2. (B) Neuro-2A cells were transfected with CMV expression plasmids (6 pg DNA) containing the Bcl-2
gene, ORF-2 sequences in cDNA at 1 and 7 dpi, or the ORF-2/RF-B sequences derived from cDNA at 15 dpi. Following cold shock-induced
apoptosis, apoptotic DNA was collected and analyzed. The results shown in panels A and B are representative of at least 10 independent
experiments. (C) Neuro-2A cells were cotransfected with a plasmid that overexpresses the Fas ligand (FasL; 2 pg DNA), the designated LR gene
constructs (3 pg DNA), and a B-Gal expression vector (P CMV-B-Gal; 1 wg DNA). The FasL expression vector was purchased from Gene-
Copoeica, Germantown, MD. The levels of cell survival were determined as previously described (9, 10, 21, 26, 38). In brief, the number of 3-Gal
cells was quantified, and the number in the control lane was set at 100% survival. The control lane was transfected with pPCMV-B-Gal (1 pg DNA)
and an expression vector (pcDNA3.1, 5 pg DNA). The empty vector lane (control for the efficiency of FasL-induced cell death) contained
pCMV-B-Gal (1 pg DNA), the FasL plasmid (2 pg DNA), and 5 pg of the empty expression vector. These results are representative of three
individual experiments.

LR RNA (Fig. 4B). Omitting reverse transcriptase from the
mixture for reverse transcription (RT)-PCR eliminated the
LR-specific band, which indicated that the RNA preparations
were not contaminated with DNA (Fig. 4C).

The pCMV-Tag2B constructs that contained the coding se-
quences of ORF-2 encoded by cDNA at 1 or 15 dpi reduced
the levels of DNA laddering in transiently transfected neuro-2A
cells after cold shock-induced apoptosis (Fig. 4D, lanes 1B and
15B). In contrast, the same fragments cloned into pCMV-
Tag2A or pCMV-Tag2C had higher levels of DNA laddering,
which was similar to that of empty pCMV-Tag2 vectors (data

not shown). In summary, this study suggested that expression
of the ORF-2 protein, not LR RNA, was sufficient and neces-
sary for inhibiting cold shock-induced apoptosis in neuro-2A
cells.

The results from this study suggest that expression of ORF-2
or an ORF-2 fusion protein inhibits the intrinsic or extrinsic
pathway of apoptosis. The ORF-2 sequences encoded by
c¢DNA at 1, 7, or 15 dpi inhibited cold shock-induced apoptosis
with a level of efficiency similar to that of the entire LR gene
(Fig. 3A and B). A two-hybrid screen indicated that an ORF-
2/ORF-1 fusion protein encoded by cDNA at 7 dpi has the
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FIG. 4. Construction of ORF-2 frameshift mutations in PCMV-
Tag2. ORF-2 sequences derived from cDNA at 1 or 15 dpi were cloned
into a unique BamHI-HindIII site, pCMV-Tag2A, pCMV-Tag2B, or
pCMV-Tag2C (Stratagene, La Jolla, CA), in order to obtain the re-
spective ORF-2 sequences in all three reading frames. ORF-2 se-
quences from cDNA at 1 or 15 dpi are in-frame with the Flag epitope
when cloned into plasmid pCMV-Tag2B. The respective plasmids
were transfected into neuro-2A cells, and at 40 h after transfection, a
cell lysate was prepared. Western blot analysis was performed, using
1,000 pg protein. (A) ORF-2 protein expression was detected by using
a Flag-specific monoclonal antibody (top). B-actin protein levels were
determined to ensure that similar levels of protein were loaded for
sodium dodecyl sulfate-12% polyacrylamide gel electrophoresis (bot-
tom). (B) Neuro-2A cells were transfected with the respective ORF-2
expression plasmids, and total RNA was prepared at 40 h after trans-
fection. RT-PCR was performed to demonstrate that similar levels of
LR RNA were expressed regardless of the reading frame ORF-2. The
primers used to amplify a 415-bp fragment from ORF-2 were 5'-GG
ATCCATGCGCGACCTGGGCCATAAAAGC-3" and (reverse primer)
5'-GAGAGAAGGCCAGCGAGCGCCATGGCGC-3'. PCR prod-
ucts were analyzed on a 2% Tris-borate-EDTA agarose gel. (C) RT-
PCRs performed without reverse transcriptase verified that the RNA
samples were not contaminated with plasmid DNA. Lane M, mock-
transfected cells; lane E, neuro-2A cells transfected with the empty
PCMV-Tag2 plasmid; lanes 1A to C, neuro-2A cells transfected with
pCMV-Tag2A, -2B, or -2C containing ORF-2 sequences from cDNA
at 1 dpi; lanes 15A to C, neuro-2A cells transfected with pCMV-
Tag2A, -2B, or -2C containing ORF-2 sequences from cDNA at 15 dpi.
(D) The respective ORF-2 expression clones were transfected into
neuro-2A cells, and cold shock-induced apoptosis was performed as
for Fig. 2. Lanes 1A to C, neuro-2A cells transfected with pCMV-
Tag2A, -2B, or -2C containing ORF-2 derived from cDNA at 1 dpi;
lanes A to C, neuro-2A cells transfected with pCMV-Tag2A, -2B, or
-2C containing ORF-2 derived from cDNA at 1 or 15 dpi. The relative
intensity of apoptotic DNA was measured by using a Bio-Rad molec-
ular imager FX, and the numbers were normalized relative to the value
for ORF-2 from cDNA at 1 dpi cloned into pCMV-Tag2A. These
results are representative of those of three independent experiments.
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potential to interact with two proteins that can induce apop-
tosis (Bid and Cdc42) (36). Bid links the extrinsic pathway of
apoptosis to the intrinsic pathway, in part because caspase 8
cleaves Bid (34). Truncated Bid then interacts with mitochon-
dria, resulting in the release of cytochrome ¢ and Smac/Diablo
(49). Bid can also be cleaved by granzyme B (3, 4, 40), sug-
gesting that the LR gene can impair cytotoxic-T-lymphocyte-
induced neuronal death. Neuronal stress, including the re-
moval of nerve growth factor from neuronal cultures (31, 52),
induces the activity of Cdc42, a Rho GTPase family member,
and apoptosis (17, 31, 52). Dexamethasone is a potent stressor
and induces reactivation from latency (1, 2, 6, 19, 29, 42, 46,
50), suggesting that Cdc42 is activated in TG. It will be of
interest to test whether ORF-2 alone interacts with Bid or
Cdc42. Conversely, ORF-2 may interact with and inhibit a
novel cellular protein that activates the intrinsic and extrinsic
pathways of apoptosis.

Cold shock may have relevance to BHV-1-induced reactiva-
tion from latency because cold stress can induce recurrent
herpetic keratitis in squirrel monkeys (48). In the context of
the BHV-1 latency reactivation cycle, we suggest that the an-
tiapoptotic functions of the LR gene promote survival of in-
fected neurons that can support reactivation from latency. Al-
though the LR mutant virus establishes latency in a subset of
neurons, these neurons do not support dexamethasone-in-
duced reaction from latency, as judged by the shedding of
infectious virus (22, 35). Since LR RNA levels are reduced
dramatically during dexamethasone-induced reactivation from
latency (42), the ability of the LR gene to inhibit apoptosis may
be more important during the establishment and maintenance
of latency than during reactivation from latency.
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