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Identification of a Novel 0.7-kb Polyadenylated Transcript in the LAT Promoter Region
of HSV-1 That Is Strain Specific and May Contribute to Virulence
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Herpes Simplex virus expresses latency-associated transcripts (LATs) the function of which remains obscure despite
increasing knowledge of their structure and expression. Upstream of the LAT coding region is a region of the genome that
is poorly characterized although it lies in an area that is responsible for modulation of reactivation efficiency in two different
animal models. Transcript mapping with strains 17, McKrae, KOS, and F has revealed strain differences in this region of the
viral genome. Strain 17 and McKrae expressed a novel polyadenylated 0.7-kb transcript that is absent from KOS and F. This
transcript is expressed in the LAT direction and has the kinetics of a true late gene during the lytic cycle of infection. A
deletion mutant, 17DBsa, which does not express the 0.7-kb RNA, is less virulent than the parental strain 17. A rescuant with
F sequence (17DBsa/RF) shows virulence similar to F, whereas a rescuant with strain 17 sequence (17DBsa/R17) is similar
to strain 17. Virulence is altered by deletion or substitution in the region encoding the 0.7-kb transcript (BsaI-BsaI); however,
reactivation in the mouse explant cocultivation assay or the adrenergically induced rabbit reactivation model remained

unchanged. The importance of this region for virulence is discussed. © 1999 Academic Press
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INTRODUCTION

Herpes simplex virus (HSV) is a large double-stranded
NA virus with .80 genes encoded by its 152-kb ge-
ome (McGeoch, 1989). The most fascinating and mech-
nistically challenging biological feature of HSV is its
bility to establish latent infections from which it can be

eactivated in infected animals. During lifelong latent
nfection in host sensory neurons, the virus can be re-
ctivated periodically by various stress stimuli such as

rauma, hormonal, and neuronal injury (for review, see
oizman and Sears, 1995). Viral gene expression during

he nonreplicating latent state is limited to a single gene
ocated in the long repeat region of the viral genome
Stroop et al., 1984; Deatly et al., 1987; Stevens et al.,
987; Spivack and Fraser, 1988). Transcripts from this
ene are known as latency-associated transcripts

LATs).
Since the discovery of LATs .than 10 years ago, many

utant viruses with disruptions in the LAT locus have
een generated and examined in an effort to understand

he function of the LAT gene. These studies have dem-
nstrated that LATs are not essential for HSV replication
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r establishment and maintenance of latency. Neverthe-
ess LATs influence reactivation kinetics (Leib et al.,
989; Steiner et al., 1989). However, although various LAT
utants have been constructed from different strain

ackgrounds (17, KOS, or McKrae) and tested in different
nimal models (mouse, rabbit, or guinea pig), the exact

ole of LATs in HSV pathogenesis remains unclear.
Recent studies from in vivo epinephrine-induced reac-

ivation of HSV-1 strain 17 in the rabbit-eye model sug-
est that, in this model, induced viral reactivation is

elated to a region corresponding to exon 1 of the LAT
RNA. A mutant virus with a 370-bp deletion between

he LAT promoter and 2-kb LAT intron, 17DSty, was
hown to exhibit a significantly reduced ability to un-
ergo adrenergically induced reactivation (Hill et al.,
996). Nevertheless, 17DSty expressed wild-type levels
f 2-kb LAT intron and was as replication competent as
ild-type virus in lytic infection (Hill et al., 1996). The
esignation of a low-frequency reactivation phenotype to

his region of the viral genome was supported by another
utant virus 17D348, which overlapped most of the de-

etion in 17DSty (Bloom et al., 1996). Searching for the
enomic region(s) required for efficient viral reactivation
as led to the definition of a 437-bp Swa-Not fragment
pstream of the LAT promoter (Maggioncalda et al.,
996), which seems to be essential in facilitating epi-
ephrine-induced HSV-1 strain 17 reactivation in the rab-

it-eye model (Hill et al., 1997). In the rabbit-eye model,

https://core.ac.uk/display/82498474?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
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297NOVEL Poly A TRANSCRIPT IN THE HSV-1 LAT REGION
his mutant maps the reactivation phenotype between
he UL/RL junction and the LAT TATA box (Fig. 1). These
ata suggest that the upstream region (exon 1, or the
romoter region), rather than 2-kb LAT intron itself, plays
role in adrenergically induced reactivation.
Transcripts in the HSV-1 genome upstream of the LAT

oding region have been mapped by two groups (Ben-
ur et al., 1989; Singh and Wagner, 1993). Singh and
agner detected 1.1- and 1.8-kb transcripts, which were
9 coterminal. From their mapping data, Maggioncalda et
l. (1996) constructed a SwaI-NotI deletion mutant that

FIG. 1. Schematic representation of genes and transcripts encode
ontaining unique long and short (UL and US) regions flanked by the inte

BamB, BamSP, BamY) region and enlargement of the HpaI-BstEII fragm
CP0, g34.5, and ICP4 mRNAs and L/S transcripts, 2-kb LAT intron, pri
f transcription. Two low abundance transcripts located in the UL/IR

ranscriptional direction. Restriction sites used in this study are marke
cGeoch (1988). (C) Map of HSV-1 deletion mutants 17DS/N, 17DPst,
utants are illustrated by open boxes. The sizes of the deletions are

he DNA probes used in this study are positioned as solid bars.
as predicted to transcribed only the 1.1-kb transcript but t
xperimentally did not express either transcript. Thus we
et out to reexamine transcripts in this region of the HSV
enome.

In the present report, we have identified a novel 0.7-kb
olyadenylated transcript mapping just upstream of the
AT TATA box by Northern blot analysis with RNA ex-

racted from HSV-1 strain-17-infected Vero cells and
Y5Y neuroblastoma cells and by in situ hybridization to

rigeminal ganglia sections from mice acutely infected
ith HSV-1 strain 17. This 0.7-kb transcript is transcribed

n the same direction as the LAT and is expressed as a

ternal repeat region (IR) of HSV-1 genome. (A) The HSV-1 genome,
eat (IR) and terminal repeat (TR) regions. (B) Detailed map of the UL/IRL

,013–121,049) of BamB. The approximate locations of UL54, UL55, UL56,
LAT are marked as solid lines with arrows that indicate the direction

ion region are marked as dashed lines with arrows to indicate the
their positions are labeled by nucleotide coordinates from Perry and
, and 17D348. The locations of the deleted regions in the above four
(17DS/N), 203 bp (17DPst), 371 bp (17DSty), and 348 bp (17D348). (D)
d by in
rnal rep
ent (117
mary m
L junct
d and
17Dsty

440 bp
rue late (g2) gene during the lytic cycle of infection.
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298 ZHU ET AL.
urthermore the expression of this transcript is strain
pecific. It is present only in cells infected with strain 17
nd McKrae but absent in cells infected with strain KOS,
, and eight clinical isolates. By generating a deletion
utation and creating 17/F hybrid rescuant viruses, we

ave shown that the region encoding the 0.7-kb tran-
cript is associated with the higher virulence of HSV-1
train 17 and McKrae. However, this transcript does not
ppear to affect reactivation in either the mouse explant
ocultivation or in the rabbit-eye model of adrenergically

nduced reactivation.

RESULTS

etection of a novel polyadenylated viral transcript
pstream of the latency-associated transcription unit

n Vero cells infected with HSV-1 strain 17

Vero cells were mock infected, or infected, with HSV-1
train 17 at m.o.i. 5 1 plaque forming unit (pfu) per cell.
otal RNA was extracted from cells harvested at 16 h p.i.
olyadenylated RNA was selected by oligo dT cellulose
olumn chromatography (Ambion). After gel electro-
horesis using 1.2% agarose and Northern blotting as
escribed under Materials and Methods, filters were
ybridized with 32P-labeled 0.4-kb Swa-Not probe (see
ig. 1 for map position). As shown in Fig. 2, a 0.7-kb

ranscript was detected in infected cells (Fig. 2, lane 2),
ut not mock-infected cells (Fig. 2, lane 1). The transcript
as present in both total and polyadenylated RNA sam-
les. The signal was ninefold stronger (as determined by
hosphorimaging) in 1 mg polyadenylated RNA (Fig. 2B,

ane 2) than in 10 mg total RNA (Fig. 2A, lane 2), indicating
hat the 0.7-kb transcript is polyadenylated.

The expression of the 0.7-kb transcript in mouse tri-
eminal ganglia, 4 days following corneal inoculation
ith strain 17, was confirmed by in situ hybridization
sing a Swa-Apa probe (data not shown).

ine mapping and kinetics of 0.7-kb RNA expression

To fine map as well as determine to which temporal
xpression class, the 0.7-kb transcript belongs during
roductive infection, polyadenylated RNA was extracted

rom HSV-1 strain-17-infected Vero cells at 0, 4, 8, 13, and
6 h p.i. and hybridized to XhoI-SwaI, SwaI-ApaI, and
stEII-BstEII probes (Fig. 3; see Fig. 1 for map positions).
sing these three probes it is clear that the 0.7-kb tran-
cript maps to the SwaI-ApaI region but does not overlap
ith the XhoI-SwaI region to the left or the BstEII-BstEII

egion to the right. Expression of the 0.7-kb transcript
ould clearly be detected at 8 h p.i., increased dramati-
ally by 13 h p.i., and continued to accumulate at 16 h p.i.

Fig. 3B, lanes 1–5). However, it could not be detected in
NA extracted from Vero cells infected with strain 17 in

he presence of 400 mg/ml phosphonoacetic acid (PAA),

hich inhibits viral DNA synthesis (Fig. 3A, lane 6). Con- t
inued expression of UL23 (TK), an early gene, in the
resence of PAA is shown in Fig. 3D. However, consis-

ent with previous findings (Spivack and Fraser, 1988),
-kb LAT was not detected in the presence of PAA (Fig.
C, lane 6). These data suggested that the gene encod-

ng the 0.7-kb transcript was a late gene with expression
ependant on viral DNA synthesis.

In addition to the 0.7-kb transcript, a 0.9-kb polyade-
ylated transcript was recognized by the Swa-Apa probe

Fig. 3B). This observation was consistent with the broad-
and detected by the SwaI-NotI probe representing two

ranscripts that are close in size (Fig. 2B). The 0.9-kb RNA
as also detected by the XhoI-SwaI probe and was also

ensitive to PAA (Figs. 3A and 3B). These data suggested
hat the 0.9-kb polyadenylated transcript also belongs to
he true late (g2) gene family during HSV-1 productive
nfection.

Previously, two low-abundance 59-colinear transcripts,
.1 and 1.8 kb, were mapped to the unique long and
epeat long junction regions upstream of the latency-
ssociated transcript (see Fig. 1B) by Singh and Wagner

1993). Because the 0.7- and 0.9-kb transcripts described
n this study were also located in this region, we decided
o examine the relationship between the transcripts and

FIG. 2. Northern blot analysis of HSV-1 RNA immediately upstream of
he latency-associated transcription unit. Total RNA, or polyadenylated
NA, extracted from mock-infected or HSV-1 strain-17-infected Vero
ells 16 h p.i. were hybridized with a a-32P-dCTP-labeled Swa-Not
robe (see Fig.1 for location). (A) Total RNA samples (10 mg). (B)
olyadenylated RNA samples (1 mg). The RNA standard markers are

abeled in kilobases on the left side. The transcripts detected are
arked by arrows.
hose observed by Singh and Wagner (1993).
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299NOVEL Poly A TRANSCRIPT IN THE HSV-1 LAT REGION
Using the Xho-Swa and Swa-Apa probes in Figs. 3A
nd 3B, we detected a major 0.9-kb and a minor 1.8-kb
and, but not a 1.1-kb band. The 0.9-kb RNA may corre-
pond to the RNA previously designated as 1.1 kb (Singh
nd Wagner, 1993). The size difference may be due to the
se of different RNA markers or separation conditions.
onsistent with its previously reported low abundance

Singh and Wagner, 1993), the 1.8-kb transcript was very
aint. Three additional bands of 2.2, 2.7, and 3.6 kb, were
lso detected. These may be transcripts extending from

he unique long into the internal repeat region of the viral
enome (for example extended forms of ICP27 or UL55).
owever, they do not extend to the right of the Swa site
t 118,003 nt because they were detected in Fig. 3A but
ot 3B. The precise mapping of the 2.2-, 2.7-, 3.6-kb

ranscripts is beyond the scope of this study. Neverthe-
ess the 0.7-kb RNA was not detected by the Xho-Swa
robe, indicating that the 0.7-kb RNA was distinct from

he previously identified 1.1-kb transcript and confirming
hat the 0.7-kb transcript has not been previously char-
cterized.

irection of transcription of the 0.7-kb polyadenylated
ranscript

To determine the direction of transcription, the 857-bp
waI-ApaI fragment was cloned into a pGem7zf vector,
hich has T7 and SP6 promoters flanking the cloning

ite in opposite directions, at the SmaI and ApaI sites
Fig. 4A). Because the 0.7-kb RNA could be detected by

FIG. 3. Northern blot analysis of the temporal expression pattern of HS
nfected with HSV-1 strain 17 at 0, 4, 8, 13, and 16 h p.i. in the absence
AA was added 60 min before infection and was continuously present
hoI-SwaI probe. (B) Polyadenylated RNA (1 mg) hybridized with a 0.85-k

D) Polyadenylated RNA (1 mg) hybridized with a 1.8-kb PvuII-BglII prob
he position of the 0.7-kb RNA, 2-kb LAT, and 0.9-kb RNA are marked
oth Swa-Not and Not-Apa DNA probes (data not a
hown), the template DNA was linearized by NotI restric-
ion enzyme digestion. The a-32P-UTP-labeled single-
trand RNA synthesized by SP6 RNA polymerase was

ranscribed in the LAT sense direction, whereas single-
trand RNA synthesized by T7 RNA polymerase was

ranscribed in the LAT antisense direction. In Fig. 4B, the
7-driven RNA probe but not the SP6-driven RNA probe
ybridized to the 0.7-kb transcript, indicating that the
7-driven single-strand RNA coded for the complemen-

ary sequence of the 0.7-kb transcript. This result was
urther confirmed by a ribonuclease protection assay
data not shown). In the probe/sample RNA mixture, only
he probe produced by the T7 promoter was protected
rom ribonuclease digestion (data not shown). Thus the
ranscriptional direction of the 0.7-kb RNA was deter-

ined to be that of the latency-associated transcript.

train-specific expression of the 0.7-kb
olyadenylated transcript

To further characterize the 0.7-kb transcript, we exam-
ned its expression from four commonly used lab strains,
71, McKrae, F, and KOS. Following infection of neuroblas-
oma SY5Y cells, no expression of the 0.7-kb transcript was
etectable with strain F and KOS, whereas comparable
mounts of the transcript were detected in RNA extracted

rom 171-and McKrae-infected cells (Fig. 5B). This strain-
pecific expression was also observed in Vero cells (data
ot shown). In contrast, the 0.9-kb transcript was expressed
y all four strains (Fig. 5). The 2.2- and 2.7-kb transcripts

ain 17. Total RNA or polyadenylated RNA was extracted from Vero cells
s 1–5) or presence of (lane 6) phosphonoacetic acid (PAA, 400 mg/ml).

A extraction. (A) Polyadenylated RNA (1 mg ) hybridized with a 1.0-kb
I-ApaI probe. (C) Total RNA (10 mg) hybridized with 0.9-kb BstEII-BstEII.
the BamHI TK coding fragment. RNA markers are labeled in kilobase.
ws.
V-1 str
of (lane
until RN
b Swa

e from
lso appeared equally present in all four isolates (Fig. 5A).
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300 ZHU ET AL.
owever, the 3.7-kb was strongest in strain 17, less strong
n strain McKrae, barely detectable in strain KOS, and not
etectable in F-strain-infected cells (Fig.5A). Taken to-
ether, these data demonstrate that the expression of the
.7- and 3.7-kb transcript were HSV-1 strain specific. They
ere detected in RNA from strain 17- and McKrae- but not
OS- or F-infected cells.

xpression from clinical isolates of HSV-1

Because the expression of the 0.7-kb transcript is
train specific in four lab strains, we examined its ex-
ression in clinical isolates of HSV-1. Eight isolates: 3981,
162, 4009, 5824, 4586, 4983, 4984, and 6111, collected
rom patients who had HSV lesions at either epithelial
ites (back) or mucosal surfaces (mouth, lips, and va-
ina) were used to infect Vero cells. Following gel elec-

rophoresis and Northern blotting, the RNA filter was
ybridized with XhoI-SwaI and SwaI-NotI probes. Al-

hough several transcripts were detected, the 0.7-kb
ranscript was absent in all eight clinic strains (Fig. 6).
he expression of the 0.9-, 2.2-, 2.7-, and 3.7-kb tran-
cripts in clinic isolates was conserved and similar to

hat of strain 171 except that the size of the 3.7-kb band
aried slightly between isolates.

he 0.7-kb RNA is not transcribed from HSV-1
7DSty, 17DS/N, and 17DPst

The mutant virus 17DS/N has significantly reduced

FIG. 4. Transcriptional direction of the 0.7-kb RNA. (A) A 857-bp Sw
onstruct plasmid pSwa-Apa. The DNA was linearized by digestion with
NA polymerase T7 or SP6. (B) Polyadenylated RNA (1 mg) extracted
ybridization using a a-32P-UTP-labeled single-strand RNA probe. Lane
: SP6-driven single-strand RNA probe, sense to the LAT direction. Th
aI-ApaI fragment was cloned into pGem7zf vector at the SmaI/ApaI sites to
NotI restriction enzyme before performing an in vitro transcription assay using
from Vero cells infected with HSV-1 strain 17 was analyzed by Northern blot
1: A T7-driven single-strand RNA probe, antisense to the LAT direction; lane
fficiency in epinephrine-induced reactivation (Hill et al., 0
FIG. 5. RNA analysis of various HSV-1 strains. One microgram of
olyadenylated RNA extracted from Vero cells infected with strain 17

lane 1), McKrae (lane 2), KOS (lane 3), and F (lane 4) were separated
y agarose gel electrophoresis, blotted onto membranes, and hybrid-

zed with a 1-kb Xho-Swa probe (A) or a 0.4-kb Swa-Not probe (B).
illennium RNA markers are marked by kilobase. The position of the
.7- and 0.9-kb transcripts are labeled with arrows.
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301NOVEL Poly A TRANSCRIPT IN THE HSV-1 LAT REGION
997), suggesting a relationship between transcripts in
his region and the aberrant reactivation phenotype. To
est this hypothesis, polyadenylated RNA extracted from
ero cells infected with wild-type strain 17 or deletion
utants showing impaired reactivation in the rabbit
odel 17DSty (Maggioncalda et al., 1994), 17DS/N (Block

t al., 1993), and 17DPst (Devi-Rao et al., 1994) were
ubjected to Northern blotting to detect the 0.7-kb RNA

Fig. 7).
Strikingly, the 0.7-kb polyadenylated RNA present in

train-17-infected Vero cells was diminished in cells in-
ected with mutant 17DSty, 17DS/N, and 17DPst (Fig. 7A),
ut the 2-kb LAT intron was not diminished (Fig. 7B).
hus the deletions within these mutants affected the
xpression of the 0.7-kb transcript. Interestingly the
.9-kb transcript present in 171, and detected by the
otI-ApaI probe, is also detected in 17DSty, in 17DS/N to
diminished extent, and in 17DPst not at all. These data

upport mapping the 0.9-kb RNA to the left of the DSty
ut including at least part of the DPst region.

he 0.7-kb transcript does not affect viral reactivation
inetics from explant cocultivation

To determine whether the 0.7-kb transcript is involved
n viral reactivation in the mouse explant cocultivation

odel, virus HSV-1 strain 17DBsa was constructed (see
aterials and Methods). This virus has a 283-bp BsaBI

eletion within the Swa-Apa fragment in both the IRL and
RL regions of the viral genome. The deletion corre-

FIG. 6. Clinical isolates do not express detectable amounts of the
.7-kb RNA. Polyadenylated RNA was extracted from Vero cells infected
ith strain 17 and eight clinical isolates 16 h p.i. One microgram
olyadenylated RNA from each sample was subjected to Northern blot
nalysis and hybridized with the Xho-Swa probe (A) or the Swa-Not
robe (B). RNA standards are marked in kilobase.
ponds to nucleotides 4832–5115 and 118,363–118,646 in a
he 17 genome sequence (Perry and McGeoch, 1988).
irus 17DBsa did not express 0.7 kb but did express a
maller truncated transcript. Nine mice per group were

nfected on the cornea with either wild-type 17, mutant
7DBsa, or 17DPst (Dobson et al., 1989) at doses of 5 3
04 pfu per eye. In mice infected with strain 171, six mice
ied before they could establish latent infection, but no
eath occurred due to infection with either 17DBsa or
7DPst. Twenty-eight days after inoculation, mice were
illed, and trigeminal ganglia were explanted and cocul-

ivated with CV-1 cells. As determined by the appearance
f cytopathic effect, .50% of trigeminal ganglia from
71-infected mice showed viral reactivation by Day 5
ith all showing viral reactivation by Day 7. A similar

eactivation profile was observed with both 17DBsa- and
7DPst-infected mouse TG (data not shown). Because it
ook .20 days for slow-reactivating viruses, such as
704 (Steiner et al., 1989) and 17DN/H (Block et al., 1993),
o reached 50% reactivation in this test, we conclude that
he mutants, 17DBsa or 17DPst, reactivate normally in the

ouse TG explantation assay. However, the high rate of
eath in 171-infected mice compared with the deletion

FIG. 7. RNA analysis of HSV-1 strain 17 and derived mutants. Total
NA and polyadenylated RNA were extracted from Vero cells infected
ith strain 17 (lane 1), 17DSty (lane 2), 17DS/N (lane 3), and 17DPst

lane 4) 16 h p.i. (A) Polyadenylated RNA (1 mg) of each sample was gel
lectrophoresed, transferred to a membrane, and hybridized with a
ick-translated 0.4-kb Not-Apa probe. (B) Total RNA (10 mg) from each
ample was electrophoresed, blotted, and hybridized with a 0.9-kb
stEII probe. Ambion’s RNA millennium markers (marked in kilobase)
ere used. The position of the 0.7- and 2-kb transcripts are labeled with

rrows.
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302 ZHU ET AL.
utants suggested that the deleted region encoding the
.7-kb transcript plays a role in HSV-1 virulence.

he region of the genome encoding the 0.7-kb
ranscript alters the virulence of HSV-1 strain
71 in Balb/C mice but not in rabbits

To address the question of whether the region encod-
ng the 0.7-kb transcript is involved in the virulence of

SV-1 strain 17, a set of strain-17-based deletion mutant
nd rescuant viruses were constructed. Wild-type HSV-1
train17 was used as the parent for 17DBsa, and rescu-
nts were made using either strain-F- or -17-based plas-
ids by homologous recombination (17DBsa/RF;

7DBsa/R17) The neurovirulence of these viruses was
ested in mice and rabbits following corneal inoculation.

The 17DBsa deletion mutant lacks a 283-bp BsaBI
ragment in both the IRL and TRL region, (bp 4831–5112
nd 118,362–118,643 (Perry and McGeoch, 1988). Instead
f the 0.7-kb transcript, a smaller truncated transcript
as faintly detected from Vero cells infected with this

irus (Fig. 8A). The rescuant virus, 17DBsa/RF, was con-
tructed by cotransfecting cells with 17DBsa viral DNA
nd plasmid pXho-Sal DNA. This plasmid contains a
ubfragment of the BamHI E sequence of HSV-1 F strain.
escuant virus 17DBsa/RF was selected by plaque lift
ssay using probes specific for the deletion region. RNA
xtracted from 17/RF-infected Vero cells was analyzed in
orthern blot, as shown in Fig. 8. Using the SwaI-ApaI
robe, the hybrid mutant expressed undetectable
mount of the 0.7-kb transcript, but normal level of both

FIG. 8. RNA analysis of 17DBsa and revertant viruses. Polyadenyl-
ted RNA was extracted from vero cells infected with 17 (lane 1),
7DBsa/R17 (lane 2), F (lane 3), 17DBsa/RF (lane 4), and 17DBsa (lane
) 16 h p.i. One microgram polyadenylated RNA of each sample was
eparated by agarose gel electrophoresis, blotted onto membranes
nd hybridized with the Xho-Swa probe (A) or the Swa-Apa probe (B).
NA markers are marked in kilobase. The positions of the 0.7- and
.9-kb transcripts are labeled with arrows.
.9-kb transcripts as well as the 2.2-, 2.7-, and the 3.7-kb b
ranscript on Northern blotting. The gene expression was
imilar to that from strain F (Fig. 8). 17DBsa/R17 was
onstructed in a similar manner—the 17DBsa mutant
as repaired with a 3.3-kb HpaI fragment from the strain

71 genomic DNA plasmid pBamB. The 17DBsa/R17 had
ompletely restored ability to express the 0.7-kb tran-
cript at a comparable level of wild-type 17.

To compare in vivo pathogenicity of these viruses, 4- to
-week-old Balb/C female mice were infected with 17, F,
7DBsa, 17DBsa/RF, and 17DBsa/R17, at a dose of 5 3
05 pfu per eye. Two independent experiments were
erformed. The mice infected with wild-type 17 or rescu-
nt 17DBsa/R17 developed severe pathological signs
nd most died by 8 days p.i. However, mice infected with
train F, deletion mutant 17DBsa, or F rescued hybrid
train 17DBsa/RF, none of which expressed the 0.7-kb

ranscript in tissue culture (Fig. 8), showed reduced
athological signs, and significant numbers of mice sur-
ived the acute viral infection (Fig. 9). In summary, wild-
ype 17 and the rescuant virus 17DBsa/R17, which were
apable of expressing a 0.7-kb transcript, exhibited vir-
lence that killed 100% of the infected mice in a short
eriod of time (median survival: ; 6 days). In contrast,
train F, deletion virus 17DBsa, and revertant virus
7DBsa/RF, none of which could express the 0.7-kb tran-
cript, showed significantly reduced virulence.

In contrast to corneal infection of mice, infection of
abbits showed no difference in pathogenicity among the
ifferent viruses except for the lower rate of induced

eactivation for parental strain F. Rabbit eyes were inoc-
lated with 5 3 105 plaque-forming units of HSV-1 strain
7, F, 17DBsa, 17DBsa/R17, or 17DBsa/RF. Unlike mouse
ortality, rabbit mortality for each virus group was simi-

ar. The range of mortality between all of the groups was

FIG. 9. Kaplan Meier cumulative survival plot for HSV following
orneal inoculation of mice. Balb/c mice were inoculated with 5 3 105

fu of HSV-1 strains 17, F, 17DBsa, 17DBsa/RF, and 17DBsa/R17. Sur-
ival of mice was noted and plotted with Stat-View on a Mackintosh
omputer. There is no significant difference between 17 and 17DBsa/
17 (P 5 0.18); however, there is a significant increase in survival

etween these viruses and F and 17DBsa/RF or 17DBsa (P , 0.005).
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303NOVEL Poly A TRANSCRIPT IN THE HSV-1 LAT REGION
0–50%. Spontaneous viral shedding in the tear film was
inimal or zero for each of the virus groups, ranging from
to 5%. Reactivation induced by transcorneal ionto-

horesis of epinephrine was not significantly different for
71, 17DBsa, 17DBsa/R17, and 17DBsa/RF as determined
y x2 analysis of swabs from sets of two viruses at a time

P . 0.1) or by two-tail Fisher’s exact test (P . 0.1). The
umber and percentage of Dacron swabs that contained
etectable infectious virus per rabbit per day was not
ignificantly different between these four virus groups

Table 1). The number and percentage produced by
train F, however, was significantly lower than the other

our virus groups (chi-square, P 5 0.001; Fisher’s exact
est, P 5 0.0003). The tear film swabs taken from the
abbit eyes, rather than whole rabbits or their eyes, were
sed for the statistical analysis to obtain meaningful

esults. The numbers and percentages of rabbits and
abbit eyes that produced infectious HSV-1 are included
n Table 1 to show that the positive swabs were distrib-
ted among rabbits and eyes in each group and are not

ntended for statistical purposes.

DISCUSSION

The region of the HSV-1 genome upstream of the LAT
ranscript is important because it codes not only for the
AT promoter but also for several other transcripts. The
olypeptides coded by these transcripts are all unknown
s are their functions. However, this region of the ge-
ome is associated with an inefficient reactivation phe-
otype in both rabbit in vivo and mouse explant models
f HSV-1 reactivation .

We have identified a 0.7-kb polyadenylated transcript,
xpressed with true-late (g2) kinetics, in RNA extracted

rom HSV-1 strain-171-infected Vero cells (Fig. 2), and
Y5Y neuroblastoma cells by Northern blot analysis; and

n mouse trigeminal ganglia acutely infected with 171

irus by in situ hybridization (data not presented). North-
rn blots showed that the 0.7-kb RNA is detected by a
wa-Apa probe, which covers ;800 nucleotides just
pstream of the LAT promoter, but not by probes specific

TABLE 1

Induced HSV-1 Reactivation in the Ocular Rabbit Model

SV-1 strain

Positive
rabbits/total

rabbits

Positive
eyes/total

eyes

Positive
swabs/total

swabs

71 6/8 (75.0) 7/13 (53.8) 26/91 (28.6)
7DBsa 7/11 (63.6) 11/20 (55.0) 37/140 (26.4)

3/6 (50.0) 4/12 (33.3) 6/84 (7.1)
7DBsa/R17 5/5 (100) 9/9 (100) 26/63 (41.3)
7DBsa/RF 5/6 (83.3) 8/12 (66.7) 32/84 (38.1)

Note. Parentheses enclose percentages.
or sequence either further upstream in the UL/RL junc- b
ion region (Xho-Swa probe) or downstream in the LAT
xon 1 region (BstE-BstE probe) (Fig. 3). Therefore we
onclude that the 0.7-kb transcript maps in the region of

he HSV-1 genome immediately upstream of the LAT
ATA box sequence.

Inspection of the HSV-1 strain 17 DNA sequence in the
egion coding for these transcripts (117,860 to 118,860 nt;
erry and McGeoch, 1988) shows that at the 59 end of

his region, there is one possible promoter and three
onsensus poly A signals. A TATA sequence occurs at
ucleotide 117,950 and three consensus polyadenylated
ignals are located close to each other (within 30 nucle-
tides)—one leftward at 117,997 (TTTATT) and two right-
ard at 118,005 and 118,021 (AATAAA). The 39 end of this

-kb region also contains a potential rightward poly A
ignal (AATAAA) at position 118,711 and the LAT pro-
oter. It is notable that the LAT TATA box has a bipartite

eature (TTTATAAA) to which the transcription factor
FIID could bind to either stand of the DNA and initiate

ranscription. The LAT promoter has been shown to func-
ion bidirectionally in transient transcription assays in
itro (Batchelor and O’Hare, 1990, 1992). Thus there are
onsensus promoter elements and polyadenylation sig-
als at both ends of this region (117,860 and 118,860),

ndicating that RNA transcripts could initiate and termi-
ate in both directions. The novel 0.7-kb polyadenylated

ranscript detected in this study was mapped within this
egion. Using a single-stranded RNA probe, the direction
f transcription of the 0.7-kb transcript was determined to
e in the same direction as the latency-associated tran-
cript. Thus the TATA homology at nucleotide 117,950 and

he poly A site at nucleotide 118,711 could function to
roduce the 0.7-kb polyadenylated transcript. It is inter-
sting to note that despite the presence of a possible
.8-kb RNA encoded in the opposite strand sequence no

ranscription in the opposite direction could be detected
t this time.

Data from deletion mutants further supported the map-
ing of the 0.7-kb transcript. The expression of the 0.7 kb
as examined in mutant viruses having deletions within
r surrounding this region (117,860–118,860). Deletions in
7DS/N (118,004–118,440) and in 17DPst (118,660–
18,863), which knock out the 59 or 39 end of the region
roposed to encode the 0.7-kb transcript, respectively,
ompletely abolished the expression of the 0.7-kb RNA;
hile the deletion in 17DBsa (118,361–118,643) truncated

he transcript to 0.5 kb and reduced its accumulation
ignificantly (visible as a feint band in Fig 8B, lane 5).

nterestingly, the 371-bp deletion in 17DSty downstream
f the LAT promoter diminished the 0.7-kb transcript
xpression, suggesting that the sequence just 39 of the
olyadenylation site of the 0.7-kb RNA at 118,711 might
e important for efficiency of its processing or regulation.

The 0.7-kb transcript is distinct from the previously
escribed 1.1-kb transcript (Singh and Wagner, 1993)

ased on our observation that the Xho-Swa probe, cor-
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esponding to the DNA sequence believed to encode the
.1-kb transcript, failed to detect the 0.7-kb transcript (Fig.
A). The 1.1-kb, along with a 1.8-kb, RNA were shown by
ingh and Wagner (1993) to be a pair of low-abundance,
9 colinear transcripts mapping between the junction of
L/UL and the LAT cap site. Transcription of the 1.1- and

.8-kb RNAs are believed to initiate just outside the RL

egion of the genome and terminate at rightward poly-
denylation sites 118,005 and 118,711, respectively

Singh and Wagner, 1993). However, expression of the
.7-kb transcript most likely occurs from within the RL

egion as the putative TATA homology and the poly A
ignal, are present in both the internal and terminal
epeat long segments. Thus there are probably two cop-
es of the 0.7-kb transcript gene, though only one copy of
he 1.1- and 1.8-kb transcript gene, present in the strain 17
enome.

Mapping of the 0.7-kb transcript has led to the discov-
ry of three novel RNA species in addition to the previ-
usly detected 1.1- and 1.8-kb RNA transcribed from the
nique long and repeat long junction. They are all poly-
denylated, with size of 2.2, 2.7, and 3.7 kb. Because they
ybridized to Xho-Swa (but not Swa-Apa and BstE-BstE)
robes in Northern blot analysis, they probably map
pstream of the 0.7-kb transcript. The presence of the

wo closely located rightward poly A signals at 118,005
nd 118,021 supports the hypothesis that these tran-
cripts may be products extending from the UL55 and/or
L54 gene into the internal repeat region. These tran-

cripts were conserved in all HSV-1 strains examined
four commonly used lab strains and eight clinical iso-
ates), yet their structure and function remain to be de-
ermined.

The detection of the 0.7-kb and other polyadenylated
ranscripts upstream of the LAT promoter offers an alter-
ative explanation of 2-kb LAT expression in promoter-

ess LAT mutant viruses. For example in 17DPst, the
03-bp Pst-Pst deletion not only removed the LAT TATA
ox and several transcription regulatory elements, such
s the cAMP response element, EGR factor binding site,
PBF site, and ICP4 recognition site, but also removed

he putative polyadenylation signal of the upstream
.7-kb transcript. Therefore the ability of 17DPst virus to
xpress the 2-kb LAT during acute but not latent infec-

ion, may simply be the result of the 2-kb LAT intron
plicing from a run-through transcript of the 0.7-kb gene.
his possibility was proposed previously (Nicosia et al.,
993). An alternate possibility of a second latency pro-
oter (TATA-less promoter) at the 59 end of the LAT intron

n exon 1, which functioned exclusively during productive
nfection, has also been proposed (Chen et al., 1995).

The most interesting feature of the 0.7-kb transcript is
ts strain-specific character. We have shown that the
.7-kb RNA was expressed in strain-17- and McKrae-

nfected cells, but not in cells infected with KOS, F, or

ight clinical HSV-1 isolates. However, a slightly larger f
and of 0.9 kb, which was codetected by the Swa-Apa
robe, was present in all strains tested in this study.
equence comparison reveals .95% identity among
train 17, KOS, and McKrae, in the 600 bp upstream of the
AT cap site (Strelow et al., 1994). The 39 polyadenylation
ignal (AATAAA) is conserved in all three strains. How-
ver, the available sequencing data does not cover the 59
ortion of the 0.7-kb transcript, including the putative
romoter region for strain KOS and McKrae. Thus it is
ossible that minor changes in the basal promoter or

ranscription regulatory elements may result in lack of
xpression of the 0.7-kb transcript. Knowledge of the
omplete DNA sequence of various strains of HSV-1
ther than 17 would be most useful in these and other

unctional and pathogenic studies.
Interestingly the two strains expressing the 0.7-kb

ranscript are related. Strain McKrae was isolated from a
cottish patient in the United States (H. E. Kaufman,
.S.U. Eye Center, New Orleans, LA, personal communi-
ation), and HSV strain 17 was isolated from a child in
uchhill Hospital in Glasgow, Scotland, in the mid 1960s

rom a cold sore on his cheek (Brown et al., 1973).
HSV strains have been shown to vary in their ability to

ause disease in animal models and humans. Strain 17
nd McKrae have been shown to be much more virulent

han KOS and F. During ocular or footpad infection, 104

fu of 171 leads to .50% mortality in mouse. In contrast,
OS and F strains are not lethal at dose of 107 pfu

Thompson et al., 1986). A correlation between strain
irulence and the 0.7-kb transcript is suggested by our
nimal data. First, the expression of the 0.7-kb transcript
xhibited a strain-specific character being detected only

n RNA extracted from cells infected with virulent strains
71 and McKrae but not with nonvirulent strains KOS and
. Interestingly, the eight clinic isolates that caused re-
urrent lesions at epithelial and mucosal surface in hu-
an but not severe CNS disease, such as encephalitis,
ere not capable of expressing the 0.7-kb transcript.
econd, deletion mutations that abolished the 0.7-kb

ranscript expression (17DBsa and 17DPst) decreased
he neuropathologic signs in infected mice and in-
reased their survival rate dramatically. A 67% mortality
ate in 171-infected mice to 0% rate in 17DBsa- or
7DPst-infected mice at a dose of 5 x 104 PFU was seen
data not shown). Third, although 17DBsa/17R and
7DBsa/RF, two rescuant viruses, differed only in the
egion coding for the 0.7-kb transcript in Northern blot
nalysis, they displayed completely different phenome-
on in viral acute infection in mouse. 17DBsa/17R, in
hich the deletion was repaired by the corresponding

ragment from 17 strain, showed wild-type virus 17 patho-
enicity. At a dose of 5 x 105 pfu per eye (100-fold higher

han the LD50 of strain 17) 17DBsa/17R killed 100% of the
nfected mice in 10 days (Fig. 9). In contrast, the rescued
irus 17DBsa/RF, in which the repairing sequence came

rom strain F, behaved more like F strain. Nearly 80% of
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305NOVEL Poly A TRANSCRIPT IN THE HSV-1 LAT REGION
nfected mice survived the same high dose of virus and
stablished latency in trigeminal ganglia. Although the
olecular mechanism behind these observation remains

o be addressed, our studies suggest that the 0.7-kb
ranscript (or some other transcript encoded in this re-
ion) is involved in the superior virulence of strain 17 and
cKrae.
Previous studies in a rabbit adrenergically induced

eactivation model have mapped an inefficient reactiva-
ion phenotype to a region between the SwaI (118,004 bp)
nd StyI (118,878 bp) sites, the region of the genome that
overs the 0.7-kb transcript gene (Hill et al.,1997; Loutsch
t al., 1999). Our data indicated that the 0.7-kb transcript
ay not be involved in HSV-1 reactivation as measured

y the adrenergically induced rabbit reactivation model,
espite the fact that three deletion mutants (17DS/N,
7DPst and 17DSty), which had reduced ability to un-
ergo reactivation upon epinephrine induction, failed to
xpress the 0.7-kb transcript in tissue culture. The dele-

ion mutant, 17DBsa, and the intertypic recombinant,
7DBsa/RF, which both lack 0.7-kb transcript expression,
xhibit an efficient reactivation phenotype comparable to

he wild-type strain 17 and revertant 17DBsa/17R. Be-
ause the exchange of F strain sequence in 17DBsa/RF
nly affected the production of the 0.7-kb transcript but
ot the other surrounding transcripts, as detected by
ho-Swa and BstE-BstE probes, we concluded that the
bsence of the 0.7-kb transcript alone did not cause
berrant reactivation phenotype. Other defects of gene
xpression caused by deletions in mutant viruses,
7DS/N, 17DPst, and 17DSty, might contribute to their
bnormal reactivation phenotype in rabbit.

In the mouse explant cocultivation reactivation model,
he emerging picture of mutations causing the slow re-
ctivation phenotype is somewhat different from that of

he rabbit model. Many deletions have been introduced
nto the LAT region of HSV-1 strain 17 and tested in the

ouse explantation model. The reactivation pattern re-
eals that the slow reactivators, such as 17DN/H, pos-
ess large deletions covering the upstream LAT pro-
oter, downstream exon1, and 2-kb LAT sequence. De-

etion mutations that affect small portions of the LAT
egion, such as in 17DS/N, 17DBsa, 17DPst, 17DSty, and
7DBstE, had no significant impact on reactivation, re-
ardless of the positions of their deletion relative to the
AT promoter. These observations lead us to the spec-
lation that a cis effect such as chromatin modification or
pecial chromatin structure, present at this locus, plays
n important role in the mouse explant reactivation
odel.

MATERIALS AND METHODS

ells and viruses

Vero (African green monkey) cells were cultured at

7°C in Dulbecco’s modified Eagle’s medium supple- 0
ented with 5% calf serum. SY5Y (SK-N-SH; human neu-
oblastoma) cells were cultured in RPMI medium supple-

ented with 10% fetal calf serum. Wild-type HSV-1
trains 17, F, KOS, and McKrae as well as mutant viruses
7DPst, 17DSty, and 17DS/N were prepared and titered
s previously described (Deatly et al., 1987, 1988).

lasmids and probes

pXho-Sal was constructed in pGem7zf1 vector, con-
aining a 4.0-kb XbaI-SalI fragment from genomic clone
amHI E of HSV-1 strain F (Wolfe, 1992). The 857-bp
waI-ApaI fragment or the 1-kb XhoI-SwaI fragment from
Xho-Sal was then subcloned into pGem7zf1 at the
maI/ApaI or at the XhoI/SmaI site, and designated as
Swa-Apa or pXho-Swa, respectively. Plasmid pDBsa,
hich has a 283-bp BsaBI-BsaBI fragment deletion in
Xho-Sal, was used to generate recombinant virus
7DBsa. Plasmid pBamB contains the HSV-1 strain 171

enomic sequence from 113,322 to 123,430 bp (Perry and
cGeoch, 1988).
Double-stranded DNA probes (XhoI-SwaI, SwaI-ApaI,

waI-NotI, NotI-ApaI, BstEII-BstEII, PstI-PstI and BsaBI-
saBI; see Fig. 1) were radiolabeled with [a-32P]dCTP by

nick-translation system (GIBCO BRL, Gaithersburg,
D) or by a random-primer DNA-labeling system (GIBCO

RL) and were used for Northern blot analysis.
Single-stranded RNA probes labeled with [a-32P]UTP

ere produced by in vitro transcription using MAXIscript
it (Ambion, Austin, TX). Sense (1) and antisense (2)
NA probes transcribed from pSwa-Apa by RNA poly-
erase SP6 (1) and T7 (2) were used in Northern blot

nalysis and RNase protection assays.

NA extraction and Northern analysis

Mock-infected or HSV-1-infected (m.o.i. 5 1) Vero cells
ere harvested at various times postinfection. Total RNA
as extracted using TRIZOL reagents, according to the
anufacturer (GIBCO BRL). Polyadenylated RNA was

hen purified from total RNA by using a micropoly(A) kit
Ambion, Austin, TX).

Northern blot analysis was performed as described
reviously (Spivack, 1987). Briefly, 10 mg aliquots of total
NA, or a 1 mg portion of poly(A)-containing RNA, as well
s 2 mg RNA marker (Ambion, Austin, TX), were treated
ith glyoxal, separated in a 1.2% agarose gel, vacuum
lotted to GeneScreen Plus membrane (NEN, Boston,
A), and UV-crosslinked. Blots were prehybridized for
h at 50°C in a solution containing 50% formamide, 10%

extran sulfate, 13 Denhardt’s solution, 1% SDS, 53
SC, 1 mM EDTA, and 0.1% denatured salmon sperm
NA. Denatured radiolabeled probe were then added to
lots in the prehybridization solution and incubated with

he blots at 50°C overnight. Blots were washed twice in
ach of the three wash solutions (13 SSC, 0.53 SSC,

.13 SSC with 0.1% SDS) for 20 min at 65°C and exposed
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306 ZHU ET AL.
vernight on a Phosphor Imager screen (Molecular Dy-
amics) before analysis.

n situ hybridization

As previously described (Stroop et al., 1984), trigemi-
al ganglia obtained from uninfected or acutely infected
ALB/C mice were fixed at 4°C in 4% paraformadehyde-

ysine-periodate solution for a minimum of 4 h, embed-
ed in paraffin wax, and cut into 6-mm sections. After
roteinase K treatment, the tissue sections were hybrid-

zed with 35S-labeled DNA probe (SwaI-ApaI or BstEII-
stEII fragment) for 48 h at 50°C. The slides were then
ashed and exposed in NTB-2 nuclear track emulsion

Kodak, Rochester, NY) for 5 days at 4°C. Following
rocessing in developer and fixer (Kodak), the section
ere counterstained with hematoxylin and eosin.

iral constructs

Recombinant virus 17DBsa was constructed by delet-
ng 283 bp of the BsaBI-BsaBI region (118,363–118,646
p) upstream of the LAT TATA box, using homologous

ecombination. Viral DNA from HSV-1 17DPst and plas-
id DNA pDBsa were cotransfected into Vero cells using

ipofectamine (GIBCO BRL), as previously described (Zhu
nd Aurelian, 1997). Recombinant viral plaques were

hen isolated and purified by plaque-lift assay. Briefly,
ero cells were infected with progeny viruses at low
.o.i. and overlaid with 1% agarose in medium. The viral

laques were then lifted onto BA 85 nitrocellulose mem-
rane (Schleicher and Schuell, Keene, NH) according to

he manufacturer’s instructions. After hybridization with
32P-radiolabeled Pst and Bsa fragment probes, plaques

ere chosen for Pst-positive, but Bsa-negative, pheno-
ype. An additional three rounds of plaque purification

ere performed to ensure the homogeneity of the recom-
inant virus, which was named 17DBsa. The rescuant
irus, 17DBsa/R17, was generated by cotransfecting
7DBsa viral DNA with a 3.3-kb HpaI-HpaI fragment from
BamB into Vero cells to restore a wild-type 171 se-
uence. The 17DBsa/RF hybrid virus was created by
omologous recombination between 17DBsa viral DNA
nd plasmid DNA pXho-Sal to introduce the correspond-

ng sequence of HSV-1 strain F into the 17 background.

ouse infection

The corneas of 4- to 6-week old BALB/c female mice
Jackson Laboratory, Bar Harbor, ME), 10–12 mice per
ach group, were scarified and infected with HSV-1
train 171, 17DBsa, 17DBsa/R17, 17DBsa/RF, or HSV-1
train F, at a dose of ;5 3 105 pfu per eye for viral
irulence experiments. Mice were monitored daily for 28

ays following corneal infection. B
xplantation cocultivation reactivation assay

Explant cocultivation was performed as previously de-
cribed (Natarajan et al., 1991). Briefly, 4- to 6-week old
ALB/c female mice (Jackson Laboratory) were infected
ith HSV-1 strain 171, 17DBsa, or 17DPst via corneal

noculation at 5 3 104 pfu per eye. At a minimum of 28
ays p.i., mice were sacrificed and TG were explanted
nd cocultivated on CV-1 cells.

cular rabbit infection, induced reactivation, and eye
wabbing

New Zealand White rabbit (2–3 kg) eyes were anes-
hetized with one drop each of 0.5% proparacaine hydro-
hloride, and the corneal surfaces were lightly scarified
ith a sterile 30-gauge needle. Each eye was inoculated
ith 5 3 105 plaque-forming units of HSV-1 strain 171,

7DBsa, F, 17DBsa/R17, or 17DBsa/RF and was rubbed
or 30 s to facilitate virus uptake. Slit lamp microscope
xamination of the eyes was done on post-inoculation
ay 3 for verification of acute HSV-1 infection by the
ppearance of herpetic lesions. Each eye was monitored

or spontaneous shedding of infectious virus for 5 days
uring latency by placing a sterile Dacron swab in the

ear duct and then passing it over the conjunctiva and
ornea. The swab was immediately placed on a conflu-
nt monolayer of primary rabbit kidney (PRK) cells, and

he cells were incubated at 37°C and 5% CO2 for 48 h.
wabs were removed and the cells were monitored
very day for cytopathic effect due to infection by HSV-1.
ranscorneal epinephrine iontophoresis was done to in-
uce viral reactivation as previously described (Hill et al.,
993). In short, 0.01% epinephrine was delivered through
ach cornea using 0.8 mA constant voltage for 8 min.
ranscorneal epinephrine iontophoresis was done once
aily for three consecutive days, and infectious virus was
etected by cytopathic effects on PRK cells after tear film
wabbing.

ACKNOWLEDGMENTS

We are indebted to Randal Fawl for constructing HSV17DBsa and to
r. Richard Hodinka, Children’s Hospital of Philadelphia, for the clinical

solates. We thank Dr. P.A. Schaffer for helpful discussions and ac-
nowledge the excellent secretarial support of Jennifer Driscol in the
reparation of this manuscript. This work was supported by Public
ealth Services Grants NS-33768 and NS-29390 to N.W.F. and EY-06311

o J.M.H. M.E.M. is the recipient of an NRSA Award F32 EY-06948.

REFERENCES

atchelor, A. H., and O’Hare, P. (1990). Regulation and cell-type-specific
activity of a promoter located upstream of the latency-associated
transcript of herpes simplex virus type 1. J. Virol. 64, 3269–3279.

atchelor, A. H., and O’Hare, P. (1992). Localization of cis-acting se-
quence requirements in the promoter of the latency-associated tran-
script of herpes simplex virus type 1 required for cell-type-specific
activity. J. Virol. 66, 3573–3582.
en-Hur, T., Moyal, M., Rosen-Wolff, A., Darai, G., and Becker, Y. (1989).



B

B

B

C

D

D

D

D

D

H

H

H

L

L

M

M

M

N

N

P

R

S

S

S

S

S

S

S

T

W

Z

307NOVEL Poly A TRANSCRIPT IN THE HSV-1 LAT REGION
Characterization of RNA transcripts from herpes simplex virus-1 DNA
fragment BamHI-B. Virology 169, 1–8.

lock, T. M., Deshmane, S. L., Masonis, J., Maggioncalda, J., Valyi-Nagy,
T., and Fraser, N. W. (1993). An HSV LAT null mutant reactivates
slowly from latent infection and makes small plaques on CV-1 mono-
layers. Virology 192, 618–630.

loom, D. C., Hill, J. M., Devi-Rao, G., Wagner, E. K., Feldman, L. T., and
Stevens, J. G. (1996). A 348-base-pair region in the latency-associ-
ated transcript facilitates herpes simplex virus reactivation. J. Virol.
70(4), 2449–2459.

rown, S. M., Ritchie, D. A., and Subak-Sharpe, J. (1973). Genetic
studies with herpes simplex virus type 1. The isolation of tempera-
ture-sensitive mutants, their arrangement into complementation
groups and recombination analysis leading to lineage groups. J. Gen.
Virol. 18, 329–346.

hen, X., Schmidt, M. C., Goins, W. F., and Glorioso, J. C. (1995). Two
herpes simplex virus type 1 latency-active promoters differ in their
contributions to latency associated transcript expression during lytic
and latent infections. J. Virol. 69(12), 7899–7909.

eatly, A. M., Spivack, J. G., Lavi, E., and Fraser, N. W. (1987). RNA from
an immediate early region of the HSV-1 genome is present in the
trigeminal ganglia of latently infected mice. Proc. Natl. Acad. Sci. USA
84, 3204–3208.

eatly, A. M., Spivack, J. G., Lavi, E., O’Boyle, D. R., II, and Fraser, N. W.
(1988). Latent herpes simplex virus type 1 transcripts in peripheral
and central nervous system tissues of mice map to similar regions of
the viral genome. J. Virol. 62, 749–756.

evi-Rao, G., Aguliar, J., Rice, M., Garza, H. J., Bloom, D., Hill, J., and
Wagner, E. (1997). Herpes simplex virus replication and transcription
during induced reactivation in the rabbit eye. J. Virol. 71(9), 7039–
7047.

evi-Rao, G. B., Bloom, D. C., Stevens, J. G., and Wagner, E. K. (1994).
Herpes simplex virus type I DNA replication and gene expression
during explant-reactivation of latently infected murine sensory gan-
glia. J. Virol. 68, 1271–1282.

obson, A. T., Sederati, F., Devi-Rao, G., Flanagan, J., Farrell, M. J.,
Stevens, J. G., Wagner, E. K., and Feldman, L. T. (1989). Identification
of the latency-associated transcript promoter by expression of rabbit
beta-globin mRNA in mouse sensory nerve ganglia latently infected
with a recombinant herpes simplex virus. J. Virol. 63, 3844–3851.

ill, J. M., Garza, H. H., Su, Y.-H., Mengalla, R., Hanna, L. A., Loutsch,
J. M., Thompson, H. W., Varnell, E. D., Bloom, D. C., and Block, T. M.
(1997). A 437-base-pair deletion at the beginning of the latency-
associated transcript promoter sugnificantly reduced the adrenergi-
cally induced reactivation in latently infected rabbits. J. Virol 1999,
6555–6559.

ill, J. M., Maggioncalda, J. B., Garza, H. H., Jr., Su, Y. H., Fraser, N. W.,
and Block, T. M. (1996). In vivo epinephrine reactivation of ocular
herpes simplex virus type 1 in the rabbit is correlated to a 370-base-
pair region located between the promoter and the 59 end of the 2.0
kilobase latency-associated transcript. J. Virol. 70(10), 7270–7274.

ill, J. M., O’Callaghan, R. J., and Hobden, J. A. (1993). “Ocular Ionot-
phoresis” (A. K. Mitra, Ed.). Marcel Decker, Inc., New York.

eib, D. A., Bogard, C. L., Kosz-Vnenchak, M., Hicks, K. A., Coen, D. M.,
Knipe, D. M., and Schaffer, P. A. (1989). A deletion mutant of the
latency associated transcript of herpes simplex virus type 1 reacti-
vates from the latent infection. J. Virol. 63, 2893–2900.

outsch, J., Perng, G., Hill, J., Zheng, X., Marquart, M., Block, T., Ghiasi,
H., Nesburn, A., and Wechsler, S. (1999). Identical 371-base-pair
deletion mutations in the LAT genes of herpes simplex virus type 1
McKrae and 17syn1 result in different in vivo reactivation pheno-

types. J. Virol 73(1), 767–771.
aggioncalda, J., Mehta, A., Fraser, N. W., and Block, T. M. (1994).
Analysis of a herpes simplex virus type 1 LAT mutant with a deletion
between the putitative promoter and the 59 end of the 2.0 kilobase
transcript. J. Virol. 68, 7816–7824.
aggioncalda, J., Mehta, A., Su, Y. H., Fraser, N. W., and Block, T. M.
(1996). Correlation between herpes simplex virus type 1 rate of
reactivation from latent infection and the number of infected neurons
in trigeminal ganglia. Virology 225, 72–81.
cGeoch, D. J. (1989). The genomes of the human herpesviruses:
Contents, relationships, and evolution. Annu. Rev. Microbiol. 43,
235–265, .

atarajan, R., Deshmane, S. L., Valyi-Nagy, T., Everett, R., and Fraser,
N. W. (1991). Herpes simplex virus-1 mutant, deleted in the ICP0
introns, reactivates with normal efficiency. J. Virol 65, 5569–5573.

icosia, M., Deshmane, S. L., Zabolotny, J. M., Valyi-Nagy, T., and
Fraser, N. W. (1993). A second promoter can express the latency
associated transcript of herpes simplex virus-1. J. Virol. 67, 7276–
7283.

erry, L. J., and McGeoch, D. J. (1988). The DNA sequences of the long
repeat region and adjoining parts of the long unique region in the
genome of herpes simplex virus type 1. J. Gen. Virol. 69, 2831–
2846.

oizman, B., and Sears, A. E. (1995). Herpes simplex viruses and their
replication. In “Virology” (B. N. Fields, D. M. Knipe, and P. M. Howley,
Eds.), 3rd ed., vol. 2, pp. 2231–2296. Raven Press, Ltd., New York.

ingh, J., and Wagner, E. K. (1993). Transcriptional analysis of the
herpes simplex virus type 1 region containing the TRL/UL junction.
Virology 196, 220–231.

pivack, J. G., and Fraser, N. W. (1988). Expression of herpes simplex
virus type 1 (HSV-1) latency-associated transcripts in the trigeminal
Ganglia of mice during acute infection and reactivatioon of latent
infection. J. Virol 62(5), 1479–1485.

pivack, J. G., and Fraser, N. W. (1987). Detection of herpes simplex
virus type 1 transcripts during a latent infection in mice. J. Virol. 61,
3841–3847.

teiner, I., Spivack, J. G., Lirette., R. P., Brown, S. M., MacLean, A. R.,
Subak-Sharpe, J., and Fraser, N. W. (1989). Herpes simplex virus type
1 latency-associated transcripts are evidently not essential for latent
infection. EMBO J. 8, 505–511.

tevens, J. G., Wagner, E. K., Devi-Rao, G. B., Cook, M. L., and Feldman,
L. T. (1987). RNA complementary to a herpes virus gene mRNA is
prominent in latently infected neurons. Science 235, 1056–1059.

trelow, L. I., Laycock, K. A., Jun, P. Y., Rader, K. A., Brady, R. H., Miller,
J. K., Pepose, J. S., and Leib, D. A. (1994). A structural and functional
comparison of the latency-associated transcript promoters of herpes
simplex type 1 strains KOS and McKrae. J. Gen. Virol. 75, 2475–2480.

troop, W. G., Rock, D. L., and Fraser, N. W. (1984). Localization of
herpes simplex virus in the trigeminal and olfactory systems of the
mouse central nervous system during acute and latent infections by
in situ hybridization. Lab. Invest. 51, 27–38.

hompson, R., Cook, M., Devi-Rao, G., Wagner, E., and Stevens, J.
(1986). Functional and molecular analyses of the avirulent wild-type
herpes simplex virus type 1 strain KOS. J. Virol. 58, 203–211.

olfe, J. H., Deshmane, S. L., and Fraser, N. W. (1992). Herpesvirus
vector gene transfer and expression of b-glucuronidase in the cen-
tral nervous system of MPS VII mice. Nat. Genet. 1, 379–384.

hu, J., and Aurelian, L. (1997). AP-1 cis-response elements are involved
in basal expression and Vmw110 transactivation of the large subunit
of herpes simplex virus type 2 ribonucleotide reductase (ICP 10).

Virology 231, 301–312.


	INTRODUCTION
	FIG. 1

	RESULTS
	FIG. 2
	FIG. 3
	FIG. 4
	FIG. 5
	FIG. 6
	FIG. 7
	FIG. 8
	FIG. 9
	TABLE 1

	DISCUSSION
	MATERIALS AND METHODS
	ACKNOWLEDGMENTS
	REFERENCES

