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Like other Alphaherpesvirinae subfamily members, bovine herpesvirus 1 (BHV-1) establishes latency in
sensory neurons. The latency-related RNA (LR-RNA) is abundantly expressed in latently infected sensory
neurons. An LR mutant virus with stop codons at the amino terminus of the first open reading frame (ORF)
in the LR gene (ORF2) does not reactivate from latency, in part because it induces higher levels of apoptosis
in infected neurons. ORF2 is not the only viral product expressed during latency, but it is important for the
latency reactivation cycle because it inhibits apoptosis. In this study, a yeast 2-hybrid screen revealed that
ORF?2 interacted with two cellular transcription factors, Notchl and Notch3. These interactions were con-
firmed in mouse neuroblastoma cells by confocal microscopy and in an in vitro “pulldown” assay. During
reactivation from latency, Notch3 RNA levels in trigeminal ganglia were higher than those during latency,
suggesting that Notch family members promote reactivation from latency or that reactivation promotes Notch
expression. A plasmid expressing the Notchl intercellular domain (ICD) stimulated productive infection and
promoters that encode the viral transcription factor bICP0. The Notch3 ICD did not stimulate productive
infection as efficiently as the Notchl ICD and had no effect on bICP0 promoter activity. Plasmids expressing
the Notchl ICD or the Notch3 ICD frans-activated a late promoter encoding glycoprotein C. ORF2 reduced the
trans-activation potential of Notchl and Notch3, suggesting that ORF2 interfered with the trans-activation
potential of Notch. These studies provide evidence that ORF2, in addition to inhibiting apoptosis, has the
potential to promote establishment and maintenance of latency by sequestering cellular transcription factors.

Bovine herpesvirus 1 (BHV-1) is an Alphaherpesvirinae sub-
family member that causes significant economical losses to the
cattle industry (60). The ability of BHV-1 to suppress the
immune system can result in life-threatening pneumonia due
to secondary bacterial infections, and this multifactorial disor-
der is known as bovine respiratory disease complex (reviewed
in references 28, 31, and 32). As with other human Alphaher-
pesvirinae subfamily members, the primary site for BHV-1 la-
tency is sensory neurons within trigeminal ganglia (TG). Viral
gene expression (56) and infectious virus (21) are detected in
TG from 1 to 6 days after infection, but latency is then estab-
lished. Stress (due to confinement, transporting cattle, restrict-
ing food and water, or weaning) increases corticosteroid levels
and can initiate reactivation from latency (31). Administration
of a synthetic corticosteroid, dexamethasone (DEX), to calves
or rabbits latently infected with BHV-1 reproducibly leads to
reactivation from latency, as judged by virus shedding from
ocular or nasal cavities and a secondary antibody response (21,
26, 27, 29, 30, 52). Induction of lytic cycle viral gene expression
is also consistently detected in TG neurons of calves latently
infected with BHV-1 following DEX treatment.

Many Alphaherpesvirinae subfamily members, including hu-
man herpes simplex virus type 1 (HSV-1) and HSV-2, express
abundant levels of a latency-associated transcript (LAT) dur-
ing latency (reviewed in references 26, 27, and 49). The BHV-1
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latency-related (LR) gene, which is in a genomic position sim-
ilar to that of LAT, expresses an abundant transcript (LR-
RNA) in latently infected sensory neurons (53, 54). LAT and
the LR gene are antisense with respect to important viral
transcriptional regulators, ICPO and bICPO, respectively, sug-
gesting that they reduce the levels of ICPO and bICPO. A
mutant BHV-1 strain with 3 stop codons at the N terminus of
open reading frame 2 (ORF2) (LR mutant virus) does not
express ORF2 or reading frame C (RF-C) (25), but it expresses
reduced levels of ORF1 (42). The LR mutant virus does not
reactivate from latency following DEX treatment (21), sug-
gesting that expression of LR proteins regulates the latency
reactivation cycle. Insertion of the LR gene into an HSV-1
LAT null mutant increases the frequency of reactivation from
latency (45, 48), indicating that the LR gene can substitute for
LAT functions in small-animal models of infection. Although
LR gene products or LAT is important for the latency reacti-
vation cycle, it is not clear whether they directly participate in
reactivation from latency or if they promote establishment
and/or maintenance of latency.

The LR gene encodes more than one product that may be
important for the latency reactivation cycle. For example, the
LR gene contains two-well defined ORFs (ORF2 and ORF1)
(Fig. 1) and two reading frames that lack an initiating methi-
onine (RF-B and RF-C). As a result of alternative splicing of
poly(A)" LR-RNA in TG of infected calves (11, 12), ORF2
can be fused with ORF1 protein coding sequences (cDNA at 7
days postinfection [7 dpi cDNA]) or RF-B (15 dpi cDNA). At
1 day after infection of calves and during latency, splicing
occurs in the TG such that ORF2 is intact (Fig. 1). Two micro-
RNAs that are expressed during latency are located upstream
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FIG. 1. Schematic of protein coding regions within the LR genes
and ORF2 isoforms encoded by alternatively spliced LR transcripts.
ORF1 and ORF?2 are the open reading frames present in the LR gene
(36). RF-B and RF-C each contain an open reading frame that lacks an
initiating methionine. The numbers in parentheses are the approxi-
mate sizes (in kilodaltons) of the ORFs that are located in the LR gene
sequences. The ORF2 isoforms encoded by alternatively spliced LR
transcripts detected in TG at 1 dpi and latency, 7 dpi, and 15 dpi (11)
are shown as a comparison to ORF2 present in the LR gene. Although
the LR-RNA is differentially spliced at 1 day after infection in TG of
cattle, both transcripts encode an intact ORF2. Asterisks denote the
positions of stop codons that are in frame with the respective ORFs.

of ORF2 (24, 25, 42). LR gene products inhibit cell prolifera-
tion, bICPO RNA expression (4, 16, 24, 57), and apoptosis (8).
The LR mutant virus induces higher levels of apoptosis in TG
neurons of infected calves during establishment of latency (41)
than wt BHV-1, and plasmids with the same stop codon mu-
tations exhibit little or no antiapoptosis activity (8, 18). ORF2
coding sequences inhibit apoptosis in transiently transfected
cells (58), suggesting that ORF2 is the most important function
encoded by the LR gene in the context of the latency reacti-
vation cycle.

Notch receptor family members (Notchl to -4) are mem-
brane-tethered transcription factors that regulate numerous
developmental and physiological processes (5, 14). For exam-
ple, Notch promotes neuronal maintenance, development, and
differentiation (2, 10, 33). Notch3 (61) and Notchl (46, 55)
promote cell survival by activating a protein kinase, AKT, that
inhibits apoptosis. Other studies have concluded that Notch
family members induce apoptosis (5, 14), suggesting that
Notch influences cell survival in a cell- type-dependent fashion.
When the Notch receptor is engaged by one of its five trans-
membrane ligands (Jaggedl, Jagged2, Delta-likel, Delta-like3,
or Delta-like4), the Notch intracellular domain (ICD) is
cleaved by specific proteases and is subsequently translocated
to the nucleus. The Notch ICD interacts with members of the
CSL family of transcriptional repressors, CBF1, Su(H), or
Lagl (also referred to as RBP-Jk binding proteins). In general,
the Notch ICD-CSL complex binds to specific DNA sequences
in certain promoters and subsequently activates genes that
regulate growth, cell survival, and differentiation (5, 14).

In this study, we provide evidence that ORF2 interacts with
Notch3 and Notchl proteins. Additional studies suggest that
Notch family members promote reactivation from latency or
that reactivation from latency activates the Notch signaling
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pathway. For example, the Notchl ICD stimulates productive
infection; Notchl protein expression increased during the
course of productive infection, and the Notchl ICD trans-
activated the bICPO immediate early (IE) and early (E) pro-
moters. Notchl and Notch3 trans-activated a late BHV-1 pro-
moter, glycoprotein C (gC). In addition, ORF?2 interfered with
the ability of the Notchl or Notch3 ICD to trans-activate the
bICPO E and gC promoters. Finally, Notch3 RNA levels in TG
were higher during DEX-induced reactivation from latency
than during latency.

MATERIALS AND METHODS

Cells and viruses. Murine neuroblastoma (neuro-2A) cells, rabbit skin (RS)
cells, and CRIB (bovine kidney) cells were grown in Earle’s modified Eagle’s
medium (EMEM) supplemented with 5% fetal calf serum (FCS), penicillin (10
U/ml), and streptomycin (100 wg/ml).

The Cooper strain of BHV-1 was obtained from the National Veterinary
Services Laboratory, Animal and Plant Health Inspection Services, Ames, IA.
Stock cultures of BHV-1 were prepared in CRIB cells. A BHV-1 mutant con-
taining the LacZ gene in place of the gC gene was obtained from S. Chowdhury
(Baton Rouge, LA) (gCblue virus). The virus grows to similar titers as the
wild-type (wt) virus and expresses the LacZ gene as a true late gene.

Plasmids. The construction and characteristics of the bICPO E promoter-CAT
(chloramphenicol acetyltransferase) constructs (EP-172, EP-143, EP-133, EP-71,
EP-50, and EP-42) used in this study were described previously (65, 66). The
numbers in the plasmid names refer to the length (in bases) of the bICPO E
promoter fragment cloned into the promoterless vector pCATbasic.

The mammalian ORF2 construct was described previously (58). Briefly, se-
quences derived from ¢cDNA at 1 day postinfection (dpi) were cloned into
pCMV-Tag-2B (Stratagene, La Jolla, CA) downstream of a Flag epitope using
BamHI-HindIII restriction enzymes. ORF2 was also codon optimized for bac-
terial expression and synthesized by IDT (Coralville, IA). Xhol and HindIII
restriction enzyme sites were introduced at the 5" and 3’ ends of the ORF2 gene,
respectively. The ORF2 fragment was cleaved with Xhol and HindIII and sub-
sequently ligated in frame into similar sites of a polyhistidine tag within the
vector pRSET-A (Invitrogen).

Constructs containing the Notch1 ICD or the Notch3 ICD were cloned into a
human cytomegalovirus (CMV) expression construct. These constructs were gifts
from U. Lendahl, Karolinska Institute, Sweden (37).

The bICPO plasmid contains the bICP0O coding sequence under the control of
the human CMV promoter and was described previously (23). The empty vector
pcDNA3.1 was purchased from Invitrogen.

Yeast 2-hybrid analysis. Yeast 2-hybrid analysis was performed by Hybrigenics
(France), using ORF2 as the prey. The screen was performed using a mouse
cDNA library from brain as bait.

Immunofluorescence. Neuro-2A cells in 60-mm dishes were cotransfected with
the plasmids indicated in the respective figure legends by using TransIT Neural
(MIR2145; Mirus) according to the manufacturer’s instructions. After 48 h, cells
were washed twice with warm EMEM without serum and fixed in 4% parafor-
maldehyde for 10 min at 37°C. Cells were permeabilized with cold 100% ethanol
at —20°C for 5 min. After three washes with phosphate-buffered saline (PBS),
slides were blocked with 3% bovine serum albumin (BSA) in PBS for 2 h and
then incubated with mouse anti-Flag antibody (F1804; Sigma) (1:250) (Flag-
ORF2), rabbit anti-Notch1 (6238S; Cell Signaling) (1:250), or rabbit anti-Notch3
(sc-5593; Santa Cruz Biotechnology) (1:250) for 2 h at room temperature. The
secondary antibody, goat anti-mouse—-Alexa Fluor 633 (A21050; Invitrogen/
Molecular Probes) (1:100) or goat ant-rabbit-Alexa Fluor 488 (A11008; Invitro-
gen/Molecular Probes) (1:100), was added, and cells were incubated for 1 h at
room temperature in the dark. DAPI (4’,6-diamidino-2-phenylindole) (46190;
Thermo Scientific) (1:1,000) was used to stain the nucleus. An Olympus IX 81
inverted confocal laser scanning microscope was used to collect images, with
excitation/emission of 488/520 nm and 633/660 nm.

Histidine-tagged pulldown assays. Polyhistidine-tagged ORF2 protein
(His-ORF2) or polyhistidine alone (His) was expressed in Escherichia coli
BL21(DE3)/pLysS after induction of mid-log-phase bacteria by treatment with 1
mM IPTG (isopropyl-B-p-thiogalactopyranoside) for 4 h. Notch proteins were
expressed in neuro-2A or human embryonic kidney (HEK293) cells and collected
2 days after transfection. For the pulldown assay, 2 mg of crude extracts con-
taining His or His-ORF2 was mixed with 200 pl of a 50% slurry of His60 Ni resin
(Clontech) for 2 h in binding buffer (50 mM phosphate buffer [pH 7.4], 300 mM
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FIG. 2. Localization of ORF2 and Notch family members in neuro-2A cells. Neuro-2A cells were transfected with 4 pg of plasmids expressing
Flag-tagged ORF2 (A), Notchl ICD (B), or Notch3 ICD (C). Cultures were prepared for confocal microscopy at 48 h after transfection as
described in Materials and Methods. Cells were stained with anti-Flag antibody (red), anti-Notchl or -Notch3 antibody (green), or DAPI to
visualize ORF2, Notch1/Notch3, and the nucleus, respectively. Differential interference contrast (DIC) was used to show the unstained cells. The

images are representative of more than 5 experiments.

NaCl, and 10 mM imidazole). Unbound proteins were subsequently washed off
using binding buffer, and nonspecific binding was inhibited by 5% BSA for 3 h.
Beads were incubated with 0.25 mg of mammalian cell extract containing exog-
enously expressed Notchl or Notch3 ICD for 1 h at 4°C. Pellets were washed 5
times with phosphate buffer containing 500 mM NaCl and 1% NP-40 and then
boiled in Laemmli sample buffer for 5 min. Bound proteins were separated by a
12% SDS-polyacrylamide gel and analyzed by Western blot analysis.

CAT reporter assays. Neuro-2A cells grown in 60-mm dishes were cotrans-
fected with the plasmids indicated in the respective figure legends by using
TransIT Neural according to the manufacturer’s instructions. After 48 h, cell
extract was prepared by three freeze-thaw cycles in 0.25 M Tris-HCI, pH 7.4. Cell
debris was pelleted by centrifugation, and protein concentration was determined.
CAT activity was measured in the presence of 0.1 pCi [**C]chloramphenicol
(CFA754; Amersham Biosciences) and 0.5 mM acetyl coenzyme A (acetyl-CoA)
(A2181; Sigma). The reaction mixture was incubated at 37°C for 15 min to 1 h.
All forms of chloramphenicol were separated by thin-layer chromatography.
CAT activity in 50 wg cell lysate was quantified using a Bio-Rad molecular
imager FX (Molecular Dynamics, CA). Levels of CAT activity are expressed as
fold induction relative to the vector control level.

B-Gal assay. The gCblue virus grows to similar titers as wt BHV-1 and was
grown in CRIB cells. Procedures for preparing BHV-1 genomic DNA were
described previously (66). RS cells grown in 6-well plates were cotransfected with
0.83 pg of the gCblue viral genome and various amounts of plasmid expressing
bICPO, Notchl ICD, or Notch3 ICD using Lipofectamine 2000 (11668-019;
Invitrogen). Twenty-four hours after transfection, cells were fixed (2% formal-
dehyde, 0.2% glutaraldehyde in PBS) and the number of B-galactosidase (B-
Gal)-positive cells counted as described previously (66). The number of B-Gal-
positive cells in cultures expressing the blank vector was set to 100%. The
number of blue cells in cultures transfected with the blank vector was used to
calculate fold difference by being divided by the number of blue cells in cultures
transfected with bICPO or Notch. The results are averages from three indepen-
dent experiments.

RNA preparation and RT. Neuro-2A cells were cultured in the presence of 1
M dexamethasone (D2915; Sigma). Total RNA was prepared from cells using
TRIzol reagent (Life Technologies) as previously described (65, 66). Three
micrograms of RNA was treated with amplification-grade DNase I (Invitrogen).

Reverse transcription (RT) was performed using SuperScript III reverse trans-
criptase (Invitrogen) according to the manufacturer’s directions. RNA was re-
verse transcribed using oligo(dT) primers (Invitrogen). A portion (100 ng) of the
resulting cDNA was used as a template for PCR with specific primers for Notch.
PCR was performed using GoTaq DNA polymerase (Promega) and initiated at
95°C for 5 min. This was followed by 30 cycles of 95°C for 45 s, 55°C (Notch3) or
65°C (Notchl) for 45 s, and 72°C for 45 s. Final extension was at 72°C for 10 min.
PCR products were analyzed on a 1.2% agarose gel. The following primer
sequences were used for Notch: Notchl forward, 5'-TCCTACCTCTGCTTAT
GCCTCAAG-3"; Notchl reverse, 5'-GTATCCAGCGACATCATCAATGC-3';
Notch3 forward, 5'-GCTTTGGTCTGCTCAATCCTGTAG-3'; and Notch3 re-
verse, 5'-TTGGGGGTAACTTCTGGTTGG-3'. GAPDH (glyceraldehyde-3-
phosphate dehydrogenase) was used as a control for equivalent sample loading
(forward primer, 5'-CCATGGAGAAGGCTGGGG-3'; reverse primer, 5'-CAA
AGTTGTCATGGATGACC-3').

TG from BHV-1-infected calves were collected at necropsy at 60 days after
infection and at 6 or 24 h after DEX treatment. TG were stored at —80°C for
nucleic acid extraction. TG were minced into small pieces, placed into 3 ml of
TRIzol reagent, and processed as stated above.

RESULTS

Notchl and Notch3 interacted with ORF2 in a yeast two-
hybrid screen. We previously found that a protein encoded by
an alternatively spliced LR transcript (7 dpi cDNA) interacts
with a cellular transcription factor, C/EBP-alpha (43). The
protein encoded by the 7 dpi cDNA is a fusion between ORF2
and ORF1 (11, 12) (Fig. 1). Approximately 2/3 of this fusion
protein is derived from ORF1. Recent studies have demon-
strated that just ORF2 amino acid sequences (Fig. 1) reduce
cold-shock-induced apoptosis in transfected mouse neuroblas-
toma (neuro-2A) cells (58). The LR mutant virus does not
express LR proteins, including ORF2 (25), and induces higher
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FIG. 3. Colocalization of ORF2 with Notchl and Notch3. (A and C) Neuro-2A cells were transfected with 4 pg of the plasmid expressing
N-terminally Flag-tagged ORF2 and then prepared for confocal microscopy as described in Materials and Methods. Notch1 and Notch3 antibodies
(green) and DAPI (blue) were used to stain cells. (B and D) Neuro-2A cells were cotransfected with 4 pg of plasmids expressing N-terminally
Flag-tagged ORF2 and the Notchl or Notch3 ICD. Empty pCMV-Tag-2B was used to equalize DNA amounts. At 48 h after transfection, cells
were prepared for confocal microscopy. Cells were stained with anti-Flag antibody (red), anti-Notchl or -Notch3 antibody (green), and DAPI
(blue) to visualize ORF2, Notch1/Notch3, and the nucleus, respectively. The images are representative of at least three independent experiments.

levels of apoptosis in TG neurons during late stages of acute
infection (41) than wt BHV-1 indicating that the antiapoptosis
functions of ORF2 are important for the latency reactivation
cycle. Consequently, we were interested in identifying cellular
proteins that interact with just ORF2. To this end, a yeast
two-hybrid assay was performed using only ORF2 sequences.
Multiple clones of Notch3 and Notchl were identified in the
yeast two-hybrid screen, suggesting that ORF2/Notch interac-
tions were stable. Since Notch family members regulate many
developmental processes (2, 10, 33), we focused our studies on
the interactions between ORF2 and Notch1 or Notch3 and the
potential of Notch family members to regulate productive in-
fection.

OREF?2 colocalizes with Notchl and Notch3. Additional stud-
ies were performed to verify that ORF2 interacted with Notchl
and Notch3. Initially, studies were performed to localize
ORF2, Notchl, and Notch3. A plasmid that expresses a Flag-
tagged ORF2 (58) was transfected into mouse neuroblastoma
(neuro-2A) cells to determine its subcellular localization by
confocal microscopy. We have consistently detected ORF2
near the periphery of the nucleus (Fig. 2A). As expected, the
Flag-specific monoclonal antibody did not stain mock-trans-
fected cells (data not shown). Plasmids that express the ICD of
Notch1 or Notch3 were used for these studies because they are
constitutively activated and the respective proteins localize to
the nucleus (5, 14). As expected, the Notchl ICD (Fig. 2B) and

the Notch3 ICD (Fig. 2C) were detected throughout the nuclei
of neuro-2A cells.

We found that more than 97% (38 of 39) of neuro-2A cells
that expressed ORF2 and the Notch1 ICD (Fig. 3B) contained
ORF2 diffusely localized throughout the nucleus, and ORF2
appeared to colocalize with the Notchl ICD. Conversely, the
Notch3 ICD localized to the peripheral area within the nucleus
in 18/25 cells that expressed both proteins (Fig. 3D), which
suggested that Notch3 colocalized with ORF2. Consistent with
the results shown in Fig. 2A, ORF2 localized to peripheral
areas of the nucleus in the absence of the Notchl ICD or the
Notch3 ICD (Fig. 3A and C). In summary, these results sup-
ported the yeast two-hybrid findings demonstrating that
Notchl and Notch3 interacted with ORF2.

ORF?2 interacts with the Notchl and Notch3 ICDs in pull-
down assays. A His-tagged ORF2 fusion protein was expressed
in E. coli to further examine interactions between ORF2 and
Notchl or Notch3. The Notchl ICD or the Notch3 ICD that
was expressed in human embryonic kidney (HEK293) (Fig. 4A,
lane 2) or neuro-2A (Fig. 4B, lane 5) cells interacted with
ORF2 immobilized to the nickel column. Although low levels
of Notchl ICD or Notch3 ICD nonspecifically interacted with
the nickel column when cell lysate from HEK293 or neuro-2A
cells was incubated with the nickel column (Fig. 4A and B,
lanes 1 and 4, respectively), clear-cut differences were observed
when ORF2 was bound to the nickel column. We have also
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FIG. 4. Pulldown assay of ORF2 binding to Notch proteins. HEK293
or neuro-2A cells were transiently transfected with DNA constructs that
express the Notchl ICD or the Notch3 ICD. Crude extracts from trans-
fected HEK293 or neuro-2A cells were incubated with His-ORF2 immo-
bilized on nickel beads (lanes 2 and 5) or His alone immobilized on nickel
beads (lanes 1 and 4) and probed with antiserum directed against Notch1
or Notch3 after immunoblotting. Input (lanes 3 and 6) equals approxi-
mately 20% of the amount of crude extract prepared from E. coli that was
used in the pulldown assay. The results are representative of at least 3
independent experiments.

attempted coimmunoprecipitation studies to further examine
the interactions between Notchl or Notch3 and ORF2. In
some experiments, we could detect coimmunoprecipitation,
but the results were not convincing. Since ORF2 is tightly
associated with the nucleus (data not shown), we believe that
the harsh conditions used to extract it from the nucleus dis-
rupted the association between ORF2 and Notch1 or Notch3.
Collectively, these studies indicated that ORF2 interacted with
the Notchl ICD and the Notch3 ICD.

DEX increases steady-state levels of Notch RNA in neuro-2A
cells and TG of latently infected calves. We previously found
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that the protein encoded by the 7 dpi cDNA interacted with
C/EBP-alpha, a cellular transcription factor, and that C/EBP-
alpha expression was stimulated during DEX-induced reacti-
vation from latency (43). To examine Notchl and Notch3 RNA
expression in TG, we performed RT-PCR with RNA samples
prepared from TG of latently infected calves or latently in-
fected calves treated with DEX to initiate reactivation from
latency. In TG of calves treated with DEX, Notch3 RNA
levels were induced at 6 and 24 h after treatment (Fig. SA).
Notchl levels were increased slightly 24 h after DEX treat-
ment (Fig. 5B).

C/EBP-alpha RNA levels are also stimulated by DEX treat-
ment in neuro-2A cells (65). Thus, it was of interest to compare
Notch expression levels in neuro-2A cells with and without
DEX treatment. In neuro-2A cells treated with DEX, Notchl
but not Notch3 cDNA levels were increased 8 h after treat-
ment (Fig. 5C and D). Notch3 RNA levels were elevated
slightly 40 h after DEX treatment (Fig. 5C). GAPDH levels
remained the same after DEX treatment, which was expected.

Effect of Notch on productive infection. Studies with results
shown in Fig. 5 demonstrated that in TG of calves latently
infected with BHV-1, DEX treatment led to increased Notch3,
and to a lesser extent Notchl, RNA levels. Since DEX stimu-
lates BHV-1 reactivation from latency (reviewed in references
27 and 32), we speculated that Notch family members regulate
certain aspects of productive infection.

To test whether Notchl or Notch3 regulated productive
infection, rabbit skin (RS) cells were cotransfected with in-
creasing concentrations of a plasmid expressing the Notch1 or
Notch3 ICD and with the BHV-1 gCBlue virus, and the effi-
ciency of productive infection was measured. The gCblue virus
contains the LacZ gene downstream of the gC promoter, which
allows one to measure productive infection by counting 3-Gal-
positive cells. The number of B-Gal-positive cells directly cor-
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FIG. 5. DEX treatment induces Notch RNA levels. TG from BHV-1-infected calves were collected at 60 days after infection (latency [L]) and
at 6 or 24 h after DEX treatment of latently infected calves. These TG were obtained during the course of other published studies (21, 47, 65).
TG were minced into small pieces and then processed as described in Materials and Methods. cDNA was used as the template for PCR with
specific primers for Notch1 (B) or Notch3 (A). Neuro-2A cells were cultured in the presence of 1 uM DEX for the designated times (hours). Total
RNA was collected and RT-PCR performed using oligo(dT) primers. cDNA was used as the template for PCR with specific primers for Notch1
(D) or Notch3 (C) as described in Materials and Methods. GAPDH was used as a loading control for all studies.
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FIG. 6. Notchl, but not Notch3, stimulated productive infection.
(A) Rabbit skin (RS) cells were cotransfected with increasing amounts
of the Notchl ICD plasmid (open columns) or the Notch3 ICD plas-
mid (filled columns) (15 ng, 52 ng, 0.21 g, 0.83 g, or 2 pg) or bICPO
(52 ng) and the BHV-1 gCblue virus genome (0.83 pg) using Lipo-
fectamine 2000. A blank expression vector (pcDNA3.1) was used to
maintain equivalent amounts of DNA. Twenty-four hours after trans-
fection, cells were fixed and stained, and the number of B-Gal-positive
cells was counted. The number of B-Gal-positive cells in the vector
control was set to 1-fold, and the number of B-Gal-positive cells in
each plate was calculated as the fold difference relative to the vector
control value. The results are the averages from three independent
experiments. An asterisk denotes significant differences (P < 0.05)
from the pcDNA3.1 value as determined by the Student ¢ test. (B) RS
cells were infected with wt BHV-1 (multiplicity of infection [MOI] of
1) for the designated times (hours). Cell lysate was prepared as de-
scribed previously, and Western blot assays were performed. Values at
left indicate molecular sizes in kilodaltons. The rabbit anti-Notchl
primary antibody was purchased from Cell Signaling (catalogue no.
32685). Rabbit IgG was detected using a donkey anti-rabbit IgG (cata-
logue no. NA934V; GE Healthcare). The goat antiactin antiserum was
purchased from Santa Cruz Biotechnology (catalogue no. sc-1616). Don-
key anti-goat IgG was purchased from Santa Cruz Biotechnology (cata-
logue no. sc-2020).

95 —

relates with plaque formation (15, 16, 22, 43). The gCblue virus
grows to similar titers as wt BHV-1 in bovine cells (15, 16, 22,
43). RS cells were used for these studies because they are
permissive for BHV-1 and they do not express high levels of
Notch proteins. At 24 h after transfection, Notchl (52, 210,
830, or 2,000 ng plasmid DNA) significantly increased (P <
0.05) the number of B-Gal-positive cells relative to the number
achieved with the empty vector (pcDNA3.1) (Fig. 6A, open
columns). In contrast, only the highest concentration of
Notch3 (2,000 ng plasmid DNA) significantly increased (P <
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0.05) the number of B-Gal-positive cells compared to the num-
ber with pcDNA3.1 (Fig. 6A, filled columns). As expected,
bICPO (15, 16, 22, 43) increased the number of B-Gal-positive
cells.

During productive infection of RS cells, we observed an
increase in Notchl protein levels (Fig. 6B). By 4 or 8 h after
infection, we detected levels of Notch1 protein higher than that
in mock-infected cells. The size of the Notchl-specific band
was the predicted size of the Notchl ICD (5, 14), suggesting
that productive infection stimulated the Notch1 signaling path-
way. Confocal microscopy confirmed that higher levels of
Notchl were detected in the nuclei of infected cells than in
those of mock-infected cells (data not shown), which sup-
ported the finding that Notchl ICD protein levels were higher
in RS cells after infection. As expected, B-actin protein levels
did not increase after infection. We also examined Notch3
protein levels during the course of productive infection, but the
results were inconclusive (data not shown).

Notchl ICD induces bICPO promoter activity. Additional
studies were performed to test whether Notchl or Notch3
trans-activated the immediate early transcription unit 1 (IEtul)
promoter or the bICPO early (E) promoter. Neuro-2A cells
were used for these studies because they are similar to neuro-
nal cells and they do not express detectable levels of Notchl or
Notch3 protein. The IEtul promoter activates immediate early
expression of two transcripts, IE/2.9 and IE/4.2, which encode
the transcriptional regulatory proteins bICPO and bICP4, re-
spectively (62, 64) (see Fig. 7A for a schematic of the IEtul
region). Although the largest IEtul promoter construct was
not trans-activated by Notchl or Notch3, two smaller con-
structs, [EtulcatA1024 and IEtulcatA1391 (with 1,024- and
1,391-bp sequences, respectively, removed from the 5’ termi-
nus), were frans-activated by Notchl approximately 3-fold and
5-fold, respectively (Fig. 7B), which was significantly different
than the pCATbasic values (P < 0.05). The basal promoter
activity of IEtulcat (which contains 1.5 kb of upstream se-
quences cloned at the 5’ terminus of pSVOCAT) was more
than 20-fold higher than that of IEtulcatA1391 in neuro-2A
cells, suggesting that Notchl1 activation was evident only when
basal levels of the IEtul promoter activity were low. Alterna-
tively, upstream sequences may have a negative impact on
Notch-induced trans-activation. Notch3 did not stimulate any
of the IEtul promoter constructs but consistently reduced the
promoter activity of IEtulcatA1024 or catA1391 IEtul approx-
imately 2-fold.

The bICP0 E promoter also activates bICP0 expression (62)
(see Fig. 7A for the location of the bICP0 E promoter). Recent
studies concluded that the bICPO E promoter is preferentially
stimulated during reactivation from latency (65). Three bICP0
E promoter constructs (EP-172, EP-143, and EP-133) were
stimulated approximately 13-fold by Notchl but not Notch3
(Fig. 8A). Conversely, EP-71, EP-50, and EP-42 were not
trans-activated more than 4-fold by Notchl or Notch3. Se-
quences that are present in EP-133 but lacking in EP-71 were
important for Notchl #rans-activation and basal activity. Con-
versely, the additional sequences in EP-172 played no role in
Notchl trans-activation, but these sequences enhanced basal
promoter activity of EP-172 approximately 2-fold relative to
that of EP-133. In summary, these studies demonstrated that
Notchl trans-activated the IEtul and bICPO E promoters.
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FIG. 7. Notchl, but not Notch3, stimulates IEtul promoter activity. (A) Positions of transcripts that encode bICP4 and bICPO are shown.
Immediate early transcription unit 1 (IEtul) encodes bICP4 (IE/4.2) and bICPO (IE/2.9) (63, 64). The IEtul promoter activates IE expression of
1E/4.2 and 1E/2.9. E/2.6 is the early transcript that encodes bICP0, and an early promoter (E pro) activates expression of this early transcript (62).
Exon 2 (e2) of bICPO contains all of the protein coding sequences of bICP0. The dashed lines are intron sequences. IEtulcat contains 1.5 kb of
upstream sequences cloned at the 5’ terminus of pSVOCAT (a promoter minus the CAT expression vector). V. Misra, Saskatoon, Canada, provided
the IEtulcat plasmid (44). The two deletion constructs A1024 IEtul and A1391 IEtul have 1,024- and 1,391-bp sequences, respectively, removed
from the 5’ terminus. The basal promoter activities of the respective constructs were measured in neuro-2A cells. The basal promoter activity of
IEtulcat was normalized to 100%, and results for the other 2 promoters were compared to this value (percentages shown at right). The results
are the averages from 3 independent experiments. (B) Neuro-2A cells were cotransfected with the designated IEtul promoter constructs (1 pg
DNA) and plasmids expressing the Notch1 ICD (open columns) or the Notch3 ICD (filled columns) using 1 g of plasmid DNA. The CAT activity
of cells transfected with the control CAT vector was set to 1-fold. All other values are expressed as fold activation with respect to the control value.
The results are the averages from three independent experiments. An asterisk denotes significant differences (P < 0.05) from the pCATbasic
trans-activation value as determined by the Student ¢ test.

ORF?2 inhibits Notch-induced frans-activation. Since ORF2 constructs, which were described previously (67) (Fig. 9A). As
interacted with the Notchl and Notch3 ICDs, we tested expected, deletion of the gC promoter sequences led to re-
whether ORF2 affected frans-activation of the bICPO E pro- duced basal promoter activity. In neuro-2A cells, a plasmid
moter by Notchl. The ORF2 plasmid that expresses the ORF2 expressing the Notchl ICD frans-activated the smallest gC
protein (ORF2B) reduced the ability of Notchl to trans-acti- promoter construct (gC-PstI-CAT) 10-fold, whereas it stimu-
vate EP-172 promoter activity approximately 4-fold (Fig. 8B), lated the larger constructs less efficiently (Fig. 9A). The
which was significantly different than the frans-activation value Notch3 ICD-expressing plasmid stimulated gC-CAT ap-
of Notchl (P < 0.05). Conversely, the ORF2B construct had proximately 8-fold, but lower levels of trans-activation were
no effect on EP-172 promoter activity in the absence of  observed with the two smaller constructs (gC-Xhol-CAT
Notchl. We also examined a construct that was cloned such and gC-PstI-CAT).
that the ORF2 protein is not expressed but LR-RNA is ex- Although ORF?2 reduced the ability of the Notchl ICD to
pressed, because it is not in frame with the FLAG tag trans-activate the gC-CAT promoter approximately 2-fold (Fig.
(ORF2C) (58). Relative to results for the ORF2B construct, 9B), expression of ORF2 (ORF2B) had little effect on basal
the ORF2C construct reduced trans-activation of EP-172 by promoter activity. The ability of ORF2 to inhibit gC promoter
Notchl less than 2-fold, which was not significantly different activity was not as efficient as that observed with the bICPO E
from the frans-activation value of Notchl alone. promoter (Fig. 8B). The ORF2 construct that was out of frame

Notch1 and Notch3 ICDs stimulate a viral late promoter. To (ORF2C) had little effect on Notch1 ICD trans-activation (Fig.
further examine the ability of the Notchl and Notch3 ICDs to 9B). Likewise, ORF2 inhibited the ability of the Notch3 ICD
regulate viral transcription, we tested whether a late promoter, to trans-activate gC-PstI-CAT promoter activity approxi-
glycoprotein C (gC), could be trans-activated by the Notchl or mately 2-fold, but the ORF2B construct had little effect on
Notch3 ICD. For these studies, we used three gC promoter basal promoter activity. ORF2B, but not ORF2C, signifi-
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FIG. 8. Notchl stimulates bICPO E promoter activity. (A) Neuro-2A
cells were cotransfected with 1 pg of the designated bICPO E promoter
construct and 1 pg of a plasmid that expresses the Notchl ICD or the
Notch3 ICD. DNA amounts were equalized for all transfections using
pcDNA3.1, a blank expression vector. For further details of the respective
bICPO E promoter constructs, see Materials and Methods and references
65 and 66. At 48 h posttransfection, cells were collected and processed for
CAT activity as described in Materials and Methods. The basal promoter
activity of EP-172 was set at 100%, and the values of the other constructs
were compared to that for EP-172. For the Notch1 and Notch3 columns,
the CAT activity of cells transfected with the control CAT vector was set
to 1-fold. All other values are expressed as fold activation with respect to
that for the control. The results are the averages from three independent
experiments. (B) Neuro-2A cells were cotransfected with 1 ug EP-172 and
1 pg of the plasmid that expresses the Notchl ICD along with 1 pg of
empty vector (pcDNA3.1), ORF2 in the correct reading frame (ORF2B),
or ORF2 in the incorrect reading frame (ORF2C). At 48 h after trans-
fection, cells were collected and processed for CAT activity as described
in Materials and Methods. The CAT activity of cells transfected with the
control CAT vector was set to 1-fold. All other values are expressed as
fold activation with respect to that for the control. The results are the
averages from three independent experiments. An asterisk denotes sig-
nificant differences (P < 0.05) from the Notchl #rans-activation value as
determined by the Student ¢ test.

cantly reduced the levels of Notchl and Notch3 trans-acti-
vation (P < 0.05). In summary, these studies demonstrated
that the Notchl and Notch3 ICDs stimulated gC promoter
activity and that ORF2 protein expression reduced Notch
trans-activation.

DISCUSSION

Several lines of evidence presented in this study indicated
that ORF2 interacted, directly or indirectly, with Notchl and
Notch3. To the best of our knowledge, this is the first example
of a protein encoded by a herpesvirus member that directly
interacts with a Notch family member. Notch family members
control the developmental pathway of many cell types in mam-
mals and Drosophila (reviewed in references 5 and 14). A
previous study demonstrated that a protein encoded by the
alternatively spliced LR transcript (7 dpi cDNA) interacts with
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C/EBP-alpha, a cellular transcription factor (43). In the previ-
ous two-hybrid screen, we did not detect an interaction be-
tween Notchl or Notch3 and the protein encoded by the 7 dpi
cDNA (11, 12). Since the protein encoded by the 7 dpi cDNA
contains 2/3 of its amino acid sequences from ORF1 and the
rest from ORF2, the two-hybrid screen likely detected cellular
proteins that interacted with ORF1 sequences. These findings
also suggested that alternative splicing of LR-RNA in TG of
infected cattle leads to expression of a family of LR proteins.
The LR family of proteins is predicted to interact with different
cellular proteins and perform specific functions during the
latency reactivation cycle.

Eleven known consensus binding sites for CSL (RBP-Jk)
exist (50). The BHV-1 genome contains 82 potential binding
sites for CSL, of which 22 are located in noncoding regions
(Fig. 10A). Interestingly, six CSL binding sites are near the 5’
terminus of bICP4 and bICP22 (Fig. 10B). We suggest that
CSL binding sites in the BHV-1 genome were partially respon-
sible for the ability of Notch1 to stimulate productive infection.
Further support for Notch stimulating productive infection
comes from the finding that the Notchl ICD trans-activated
the bICPO E promoter, the IEtul promoter, and certain gC
promoter constructs. With respect to the IEtul promoter, we
observed higher levels of frans-activation with the smallest
promoter fragment (A1391 IEtul) (Fig. 7B) than with the
other constructs. All three promoter constructs are efficiently
trans-activated by b-TIF, the BHV-1 functional homologue of
VP16 (44). The basal activity of IEtulcat was higher than
A1024 IEtul or A1391 IEtul promoter basal activity (Fig. 7A),
suggesting that the high basal activity of IEtulcat masked the
trans-activation of Notchl. Conversely, it is possible that up-
stream sequences within the IEtul promoter have a negative
impact on Notchl-induced frans-activation. The Notchl re-
sponsive domain within the bICP0 E promoter was localized to
62 bases present in EP-133 but lacking in EP-71 (Fig. 8A).
Within these 62 bases, there are no identical matches to known
CSL binding sites. However, there are 8 CSL-like motifs that
contain mismatches in 2 bases. This may be significant, because
a recent report concluded that overlapping CSL-like binding
sites can confer Notch responsiveness dependent on dimeriza-
tion of Notch family members (40). Additional studies are
necessary to identify the cis-acting sequences in the bICPO E,
IEtul, or gC promoter that are necessary for Notch frans-
activation and to determine whether activation is by a direct
mechanism.

In the absence of Notch family members, CSL binding pro-
teins interact with transcriptional repressors (3), including the
histone demethylase KDMS5A (39). These findings suggest that
CSL binding proteins may help maintain latency by recruiting
transcriptional repressor complexes to the BHV-1 genome.
During the course of DEX-induced reactivation, increased ex-
pression levels of Notch family members may result in the
displacement of repressors from the BHV-1 genome. Microar-
ray analysis revealed that several genes in the Notch signaling
pathway, including those encoding the proteases that cleave
and activate Notch, are stimulated in TG of latently infected
calves following DEX treatment for 6 h (unpublished data),
adding further support to the concept that the Notch signaling
pathway is activated during early stages of reactivation from
latency. Productive infection also activates the Notchl signal-
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FIG. 9. Notch stimulates glycoprotein C promoter activity. (A) Neuro-2A cells were cotransfected with 1 pg of the designated glycoprotein C
(gC) promoter construct and 1 pg of a plasmid expressing the Notch1 ICD or the Notch3 ICD. DNA amounts were equalized for all transfections
using pcDNA3.1. The gC promoter constructs were described previously (67). The basal promoter activity of gC-CAT was assigned the value of
100%. For the Notch1 and Notch3 columns, the values are expressed as fold stimulations. The value for the empty vector was set at 1. The level
of Notch stimulation is denoted as fold activation. (B) Neuro-2A cells were cotransfected with 1 ug gC-PstI-CAT or gC-CAT, 1 ng of the Notchl
ICD or the Notch3 ICD, respectively, and ORF?2 in the correct reading frame (ORF2B) or ORF?2 in the incorrect reading frame (ORF2C). As
a control for basal promoter activity, the respective promoters were cotransfected with ORF2B. Empty vector (pcDNA3.1) was used to keep the
same amount of DNA in the transfection mixture. At 48 h after transfection, cells were collected and processed for CAT activity as described in
Materials and Methods. The CAT activity of cells transfected with the control CAT vector was set to 1-fold. All other values are expressed as fold
activation with respect to that for the control. The results are the averages from three independent experiments. An asterisk denotes significant
differences (P < 0.05) from the Notch-alone trans-activation value as determined by the Student ¢ test.

ing pathway, because we detected higher levels of the Notchl
ICD after infection, which correlated with the finding that
Notchl stimulated productive infection. Although we believe
that the Notch signaling pathway may promote reactivation
from latency, it is unlikely that Notch family members are the
only cellular transcription factors that stimulate reactivation
from latency.

Notch3 had little or no effect on the bICPO E promoter or
the IEtul promoter and stimulated productive infection only
2-fold. The findings that Notch3 RNA levels were induced
within 6 h after DEX treatment and that Notch3 tfrans-acti-
vated a late promoter (gC) suggested that Notch3 has different
effects on productive infection than Notchl. In keeping with
these observations, Notch3 is known to possess novel functions
compared to those of other Notch family members. For exam-
ple, Y box protein 1 is a novel ligand that specifically binds to
Notch3 (51). Furthermore, the Notch3 ICD is generally con-
sidered to be a poor activator of transcription (1), which par-
tially explains why it did not efficiently stimulate productive
infection. Third, mutations in Notch3 are the cause of cerebral
autosomal dominant arteriopathy with subcortical infarcts and
leukoencephalopathy (CADASIL), a hereditary angiopathy
that causes stroke and vascular dementia (13). Fourth, Notch3
is differentially expressed relative to Notchl in the developing
nervous system (20). Finally, Notchl and Notch 2 knockout

mice die during embryogenesis (9, 59), whereas Notch3 knock-
out mice are viable and do not apparently have redundant
functions compared to those of the Notchl gene (35). Conse-
quently, we predict that the novel properties of Notch3 pro-
moted gC promoter activity and perhaps expression of addi-
tional late genes.

The Notch signaling pathway is known to play a role in the
latency reactivation cycle of two human herpesviruses, Kapo-
si’s sarcoma-associated herpesvirus (KSHV) (38) and Epstein-
Barr virus (EBV) (34). In contrast to the finding that Notch
itself plays a role in the BHV-1 latency reactivation cycle, the
CSL family of proteins (RBP-Jk) is the key component of the
Notch signaling pathway that participates in the latency reac-
tivation cycle of EBV and KSHV. For example, RBP-Jk is
necessary for KSHV reactivation from latency because it in-
teracts with the viral protein RTA (replication and transcrip-
tional activator) (38). Conversely, EBNA2 (EBV nuclear an-
tigen 2) interacts with RBP-Jk and frans-activates two EBV
promoters that encode 7 proteins necessary for stabilizing the
EBV genome, stimulating B cell growth, inhibiting B cell ap-
optosis, and consequently promoting Latency III (34). The
Notch ICD cannot entirely replace RTA to reactivate KSHV
latency (6, 7, 38) or EBNA-2 to establish and maintain Latency
III (17, 19). Although KSHV and EBV usurp the Notch sig-
naling pathway, they do not appear to encode a protein that
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A CSL Patterns Non-coding Coding Total
region region

a GTGGGAA 4 5 9

b GTGAGAA 5 1 6

c GCGGGAA 8 20 28

d CTGGGAA 0 3

e CTGAGAA 1 1 2

f CTGAGAT 0 1 1

g CTGGGAG 2 19 21

h ATGGGAA 0 2 2

i ATGGGAG 0 2 2

j TTGGGAA 1 2 3

k TTGGGAG 1 4 5

23 59 82

FIG. 10. Predicted CSL binding sites in the BHV-1 genome. (A) Eleven variants of known canonical CSL binding sites have been identified
(50). The numbers of CSL consensus binding sites identified in the noncoding and coding regions of the BHV-1 genome are denoted.
(B) Schematic of the entire BHV-1 genome, which consists of two unique regions, U, and Ug; terminal repeats, TR and TRg; and internal repeats
between the unique regions, IR; and IRg. Six potential CSL binding sites are located within the intergenic region between the bICP4 and bICP22
coding regions. At least one CSL binding site is detected upstream of bICP0. Lowercase letters correspond to the CSL binding sites characterized

in panel A.

physically interacts with Notch family members and negatively
regulates Notch-dependent transcription.

Since LR gene expression, and presumably ORF2 expres-
sion, is dramatically reduced during DEX-induced reactivation
from latency (52), ORF2 does not appear to directly stimulate
reactivation from latency. We propose that ORF2 increases
the pool of latently infected neurons capable of supporting
reactivation from latency. Interactions between ORF2 and
Notchl or Notch3 are thus expected to promote the establish-
ment and/or maintenance of latency. Although ORF?2 inhibits
apoptosis (58), this study suggested that ORF2 also regulates
viral transcription by interacting with cellular transcription fac-
tors. Two additional studies provide evidence that ORF2 may
regulate transcription (11, 43). Consequently, we suggest that
the ability of ORF2 to inhibit apoptosis and interact with
cellular transcription factors promotes lifelong latency. The
LR gene encodes other proteins and expresses at least 2 micro-
RNAs that reduce bICPO protein levels (24, 25, 42), suggesting
that these functions play a supportive role during the latency
reactivation cycle.
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