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The latency-associated transcript (LAT) promoter of herpes simplex virus type 1 (HSV-1) is unique among
the many promoters on the viral genome in that it remains active during the latent state. We have previously
shown that a DNA fragment comprising the LAT promoter element through the cap site, when moved from the
LAT locus to the glycoprotein C gene, is capable of only short-term expression. These and other data suggested
that an HSV DNA element from the repeat region, not included in the LAT promoter itself, might be needed
to preserve long-term expression. Based on a number of recombinant viruses, we narrowed our search for this
putative element to a region 3’ of the LAT transcription start site. In the present study, we have shown that a
1.1-kb DNA fragment containing the putative long-term expression element (LTE) is able to restore latent-
phase gene expression to the LAT promoter. The element appeared to function best when it was placed in its
natural location, which is 3’ of the LAT promoter; however, partial function was obtained when the LTE was
inserted upstream of the LAT promoter in the reverse direction. These data indicate that the LAT promoter
region is more complex than originally anticipated and that in addition to requiring both a core promoter and
neuronal transcription factor binding sites, the promoter requires a specific region of DNA to prevent its

shutoff during a latent infection.

A fundamental aspect of herpes simplex virus type 1
(HSV-1) latency in the peripheral nervous system is the virtual
absence of gene expression from the many lytic-cycle promot-
ers. Viral RNA, at the level detectable by in situ hybridization,
is found only in a region of the long repeats (4, 18). The RNA
generating this intense nuclear signal was termed the latency-
associated transcript (LAT) (3, 16, 17, 19, 20). The most abun-
dant of these RNAs is actually a stable intron (6, 9), and the
promoter for the entire transcription unit is located almost 700
bases upstream of the intron (1, 7, 12, 15, 22, 23). An inter-
esting question, then, is why the LAT promoter remains active
during latency whereas the 70 or more lytic-cycle promoters
are inactive.

In an attempt to identify the functional parts of the LAT
promoter, we placed over 800 bases of this promoter in front of
the lacZ gene and inserted this construct into the virus at the
glycoprotein C (gC) gene. This upstream LAT promoter con-
struct allows the production of 3-galactosidase (-gal) activity,
as evidenced by the neurons staining blue with 5-bromo-4-
chloro-3-indolyl-B-p-galactopyranoside (with X-Gal). How-
ever, the activity diminished over the course of 3 weeks. We
investigated this shutoff of the LAT promoter and found that
it occurred in all of the constructs inserted at the gC gene (14).
These results suggested that there was not a completely func-
tional LAT promoter in the 800 bases that were moved to the
gC gene. Other investigators reported similar findings (5, 10).

We had reported earlier that the long terminal repeat (LTR)
of Moloney murine leukemia virus remained active when
placed downstream of the LAT promoter in the repeat region.
We subsequently showed that the LTR did not act by itself but
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required DNA elements from the upstream LAT promoter to
function (13). This led us to hypothesize that there are two
functional elements to latent gene transcription, one being
neuronal-specific regions which match transcription factor
binding sites to transcription factors present in the dorsal root
ganglia (8) and the second being a region of DNA which is
required to keep the promoter active.

A simple deduction that can be made from our hypothesis is
that the LAT region must contain a region, similar in function
to the LTR, that protects the upstream LAT promoter region
from shutoff. A comparison of the structures and functions of
many of the recombinant viruses we had made led us to con-
clude that this region must lie downstream of the LAT tran-
scription start site. To test this idea, we added a 1.1-kb DNA
fragment, from just downstream of the start site through the
first third of the LAT intron, to the LAT promoter-lacZ con-
structs at the gC gene. The data show that this fragment is
sufficient to keep the LAT promoter active during latency.

MATERIALS AND METHODS

Viral recombinants. The recombinant viruses utilized in this study are dis-
played in Fig. 1. Construction of the LAT virus has been previously described (8).
It is 908 bp in length and extends from a Smal site in the promoter to a Sacll site
approximately 40 bases 3’ of the transcription start site. The downstream region
is a 1.1-kb DNA fragment extending from a downstream PstI site, 20 bases 3’ of
the Sacll site, to a BstEII site approximately one-third of the way into the LAT
intron. The virus +66(f) contains the same LAT promoter as the LAT virus, with
the downstream 1.1-kb region inserted in the forward direction at the SaclI site.
The virus +66(r) has the same fragment inserted in the direction opposite from
its orientation in the wild-type virus at the normal LAT locus. The virus —863(r)
has this downstream region inserted 5’ of the LAT promoter region and in the
opposite direction.

Animal inoculation. Six-week-old female Swiss Webster or C57 black mice
were anesthetized by intraperitoneal injection of 15% pentobarbitol and inocu-
lated via the footpad with 107 PFU of each recombinant virus (per mouse) as
previously described (8).

Tissue preparation and histochemical staining. Animals were sacrificed at 4
days (acute phase) or 28 days (latent phase) postinfection (p.i.) by inhalation of
halothane and perfused through the left ventricle with phosphate-buffered saline
followed by a fixative solution consisting of 2% paraformaldehyde and 0.2%
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FIG. 1. (A) The region of the LAT transcription unit. The DNA fragment
containing the LTE is marked by an arrow in the open box adjacent to the LAT
promoter. The LAT intron is marked as a dark band between the splice donor
(SD) and splice acceptor (SA) sites. IRL, internal repeat long (long inverted
repeat); IRS, internal repeat short (short inverted repeat). (B) Structures of the
recombinant viruses. All constructs driving the Escherichia coli lacZ reporter
gene were inserted into HSV by homologous recombination at the gC locus.
LAT, latency-associated transcript promoter (908-bp Smal-SacIl fragment);
+66(f), LAT promoter plus the downstream fragment (1,114-bp PstI-Kpnl frag-
ment) inserted in the forward orientation at position +66 relative to the LAT
transcription start site; +66(r), LAT promoter plus downstream fragment in-
serted in the reverse orientation at position +66; —863(r), LAT promoter plus
downstream fragment (1,225-bp PstI-BstEII fragment) inserted in the reverse
orientation at position —863 relative to the LAT transcription start site. TRL,
terminal repeat long (long tandem repeat); TRS, terminal repeat short (short
tandem repeat); UL, unique long region; US, unique short region.

glutaraldehyde in phosphate-buffered saline. Their dorsal root ganglia (L3 to S1)
were microdissected and subjected to whole-mount histochemical staining with
X-Gal (Sigma) as previously described (8). Additional ganglia from unfixed mice
were snap frozen for RNA extraction and RNase protection assays.

RNA isolation and RNase protection assay. Total RNA was isolated from
homogenates of pooled murine dorsal root ganglia by using the GLASSMAX
RNA microisolation system (Life Technologies, Gaithersburg, Md.). RNase pro-
tection assays were performed with the RPA II kit (Ambion, Austin, Tex.)
according to the manufacturer’s instructions. Briefly, 3 pug of ganglionic RNA
was ethanol precipitated along with 1.5 X 10° cpm of full-length, gel-purified
antisense lacZ probe and 5 X 10° cpm of purified antisense LAT RNA probe.
The RNA pellets were resuspended in 20 pl of hybridization buffer (solution A),
heated to 90°C for 3 min, and incubated overnight at 45°C. Following hybrid-
ization, the remaining single-stranded RNA probe and unhybridized sample
RNA were removed by digestion with a 1:100 dilution of an RNase A-RNase T,
mixture (solution R); this was followed by RNase inactivation, precipitation, and
resuspension in gel loading buffer. Samples were separated on denaturing 5%
acrylamide gels (19:1 acrylamide/bisacrylamide) and autoradiographed. Linear-
ized plasmid templates for use as RNA markers were purchased from Ambion.

RESULTS

Detection of lacZ and LAT transcripts during acute and
latent phases of infection of murine dorsal root ganglia. Pre-
vious data from our laboratory showed that LAT promoter
constructs placed in the unique long region at the gC gene
would only support transcription for a limited period of time.
Such constructs, driving the lacZ gene, were no longer positive
for lacZ mRNA by 8 days p.i., and by 28 days p.i. the infected
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ganglia, stained with X-Gal, were no longer blue (14). These
results, as well as those from other laboratories, suggested a
shutoff of transcription during the first week of latency (5, 10).
To determine why promoter constructs at the gC gene were
shut off whereas those at the normal LAT locus in the long
repeat remained active, we compared the structures of a num-
ber of recombinant viruses constructed in the laboratory. In
several cases, we had cloned the LAT promoter as a DNA
fragment from approximately positions —863 to +45 relative
to the start of transcription and yet such promoters were in-
active at the gC gene. Similarly, we had constructed KOS-62, in
which the lacZ gene was placed downstream of the LAT pro-
moter at the LAT locus but with the PstI-to-Hpal fragment
deleted (Fig. 1). This virus also did not support long-term
expression during latency. Because KOS-62 contained the en-
tire normal repeat region upstream of the LAT start site, the
lack of long-term expression from this virus suggested that it is
the region downstream of the LAT transcription start site that
is essential for long-term expression (Fig. 1). To test the idea
that the region 3’ of the transcription start site, the down-
stream region, is required for long-term expression of the LAT
promoter during latency, we added a 1.1-kb DNA fragment
from this region to each of the LAT promoter constructs.

The control virus, designated here as LAT, contains the
LAT promoter, from a Smal site at position —863 to a Sacll
site at position +45, attached to the lacZ gene and inserted
into the virus at the gC gene (Fig. 1). In the recombinant virus
designated +66(f), the 1.1-kb PstI-to-BstEII fragment was in-
serted between the LAT promoter and the lacZ gene. The
LAT region in this virus is similar to that in the wild-type virus
with the exception that the +66(f) virus does not contain the 21
bases between the Sacll and PstI sites. The insertion of this
DNA fragment in front of the lacZ mRNA’s open reading
frame results in a lack of functional B-gal protein. Murine
dorsal root ganglia taken from animals infected with this virus
are negative for blue neurons by X-Gal staining during both
acute and latent infections (data not shown). Because the
DNA was inserted upstream of the B-gal open reading frame in
viruses with this construct, LAT promoter activity was assayed
by RNase protection assays of the lacZ mRNA.

Figure 2A shows the results of an RNase protection assay for
both lacZ and LAT transcripts. Total RNA was isolated from
murine dorsal root ganglia at either 4 or 28 days p.i. The LAT
intron was used in these experiments as an internal control for
the extraction of RNA from the ganglia. Figure 2A shows that
approximately equal amounts of LAT RNA were extracted in
all four cases (lanes 6 to 9). The presence of a small LAT band
at 100 bases may be due to a cryptic splice donor site (AGGT)
present in the intron. At a 12-h exposure, the lacZ signals are
extremely faint, due to the difference in RNA stability between
the LAT intron and the lacZ mRNA, so the autoradiogram was
exposed six times longer (Fig. 2C). In the LAT virus, the lacZ
RNA is detected at day 4 but not at day 28 (Fig. 2C, cf. lanes
6 and 7). By contrast, the lacZ mRNA was detected at both 4
and 28 days p.i. in the mice infected with virus +66(f) (Fig. 2,
lanes 8 and 9).

These data indicate that a DNA fragment of 1.1 kb in size is
capable of at least partially restoring the function of continued
transcription in latency to the upstream LAT promoter. This is
seen from a comparison of lanes 7 and 9 of Fig. 2. However, it
does not appear that full protection is achieved, since there is
a stronger band at 380 bases in Fig. 2A, lane §, than in lane 9
of that panel.

Effect of position of downstream region on latent promoter
expression. To examine the effect of the position of the down-
stream region with respect to the LAT promoter, the 1.1-kb
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FIG. 2. Detection of lacZ and LAT transcripts during acute and latent infection of murine dorsal root ganglia. (A) RNase protection assays (12-h exposure). Lanes:
1 to 3, rabbit skin fibroblasts infected with the LAT-LTR virus and probed for lacZ, LAT, or both lacZ and LAT, respectively; 4, uninfected rabbit skin fibroblasts
probed for both transcripts; 5, empty; 6 and 7, total RNA isolated from murine dorsal root ganglia infected with LAT at 4 or 28 days p.i., respectively; 8 and 9, +66(f)
at 4 or 28 days p.i., respectively; 10, RNA markers. (B) Diagram of runoff transcripts utilized as probes and lengths of protected fragments. T7 pr, T7 promoter; SD,
splice donor site of LAT intron. (C) Seventy-two-hour exposure of lanes 6 to 9 of panel A.

region was inserted into the LAT virus at a position 5’ of the
LAT promoter (nucleotide —863). Perhaps because of the
presence of a third copy of the LAT promoter and a third copy
of the downstream region, we were not able to obtain a virus in
which the downstream region was inserted in the forward di-
rection. However, we were able to isolate and purify a recom-
binant virus in which the downstream region was inserted in
the backwards or reverse direction, upstream of the LAT pro-
moter. This virus was designated —863(r), and it has an ad-
vantage over virus +66(f) in that the insertion of the down-
stream region does not interfere with translation of the lacZ
mRNA. In these infections, as discussed in the introduction,
the LAT virus showed B-gal activity only at 4 days p.i., not at
28 days (Fig. 3a and 3b). By contrast, insertion of the down-
stream region at position —863 resulted in the retention of a
small amount of B-gal activity (Fig. 3d). This activity remained
present even at 40 days p.i. (data not shown). We have previ-
ously shown that the control virus loses B-gal activity by 28 days
p-i.; in fact, we have made other viruses whose initial expres-
sion of B-gal was far greater than that of the LAT virus and yet
lack this activity at 28 days p.i. (13). Therefore, the continued
expression of B-gal activity in —863(r)-infected neurons is due
to continued expression of the promoter, not to B-gal protein
stability. In summary, these data indicate that the insertion of
the long-term expression element (LTE) fragment in the di-
rection opposite that of and upstream of the LAT promoter
restores some long-term expression from the LAT promoter,
although it is only partially effective at best.

Effect of orientation of downstream region on detection of
latent lacZ transcripts. To examine the effect of the orienta-
tion of this downstream region on long-term expression, the
1.1-kb DNA fragment was inserted into wild-type virus at po-
sition +66 in the reverse orientation. Despite multiple at-
tempts to visualize RNA, lacZ mRNA was never detected in a

latent infection with this virus, +66(r) (Fig. 4). This result, and
the low level of B-gal activity produced in infections with virus
—863(r), led us to examine the level of lacZ mRNA in —863(r)
infections. As with virus +66(r), multiple infections and assays
failed to yield a detectable level of transcript under these
conditions. It would appear that insertion of the 1.1-kb DNA
fragment works better in the forward than in the reverse
orientation, although even with insertion in the forward
direction the level of mRNA made is barely detectable in
our assays.

Mapping of LAT-lacZ initiation site during latent infection
with virus +66(f). It has previously been suggested that there
is a second promoter active in latency, termed LAP2 (11). This
promoter is approximately 600 bases in size and comprises
roughly the first half of the LTE DNA fragment we were
analyzing. The original promoter, sometimes referred to as
LAP1, is just upstream of these 600 bases. In our assays of the
lacZ mRNA, we had previously used a probe for the 3’ end, as
that end was common to all viruses in this study. To determine
whether the latent RNA was initiated by LAP1 or LAP2, we
examined the 5’ ends of the RNAs from mice acutely and
latently infected with virus +66(f). In some ways this is an
interesting experiment, since the viral RNA on either side of
the LAT intron is normally degraded during an acute or latent
infection. However, we hypothesized that by fusing the 5’ end
of the LAT primary transcript to the lacZ gene, the fused
mRNA might acquire a stability more similar to that of the
lacZ mRNA. This might be because the fused RNA was 80%
lacZ or because the 3’ ends of mRNAs are important factors in
the RNA half-life. In any case, the fused RNA was more stable
than the spliced product of the LAT primary transcript. As
seen in Fig. 5, a band of 437 bases was observed for the RNA
of basal root ganglia infected for either 4 or 28 days. This is the
expected size for a fused RNA initiated by LAP1. Using this
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FIG. 3. Photomicrographs of whole-mount dorsal root ganglia. Mice were infected via footpad inoculation with 107 PFU of each recombinant virus. Their ganglia
were removed at times representing the acute (4 days p.i.) and latent (28 days p.i.) phases of infection. Following excision, the ganglia were incubated at 37°C overnight
with X-Gal (1 mg/ml), and neurons expressing B-gal activity from the viral genome stained blue. (A) LAT virus at 4 days p.i.; (B) LAT virus at 28 days p.i.; (C) virus
—863(r) at 4 days p.i.; (D) virus —863(r) at 28 days p.i. Magnification, X3.



6718 LOKENSGARD ET AL.

lacZ —

LAT -

FIG. 4. Effect of orientation of downstream region on detection of latent
lacZ transcripts. RNase protection assays were performed on total RNA from
murine dorsal root ganglia infected with virus —863(r), isolated at 28 days p.i.
(lane 1), or with virus +66(r), isolated at 28 days p.i. (lane 2).

particular probe, which differs from the LAT locus at the SaclIl
site (Fig. 1), we would expect to see a band at around 350 bases
for LAT RNA coming from the LAT locus in the repeat
region. Such a band was not observed, indicating that the fused
RNA was more stable. There was a shorter band running at
280 bases; this RNA could represent a spliced version of the
fused transcript, or it could have been an internal initiation or
even a trapped degradation product of the primary transcript
which had been stabilized by its fusion to the lacZ mRNA. As
these possibilities extend beyond the focus of this work, this
RNA was not further characterized.

Finally, it should be noted that the 437 bases of the fused
LAT-lacZ mRNA comprise the 5" end of the LAP2 promoter;
it is therefore clear that the transcript we were assaying during
latency was initiated from LAP1. This is in agreement with the
recent studies of Chen et al. showing that LAP2 does not
function as a promoter during latency (2).

DISCUSSION

In our previous work we showed that many promoters shut
off in the first week of latency, including the LAT promoter
attached to the lacZ gene (14). We also showed that addition
of the LTR of Moloney murine leukemia virus to the LAT
promoter enabled the LAT promoter to stay on during latency
while not remaining active by itself (13). This suggested that
the LTR performed some long-term expression function for
the LAT promoter.

We also examined the structures and functions of a number
of recombinant viruses that we have produced in our labora-
tory over the past 8§ years. Only two viruses, the wild-type virus,
which expresses LAT, and the B-globin virus, which expresses
rabbit B-globin from the LAT promoter, continue to express
RNA during latency (7). Both of these viruses contain the
downstream LTE region near the promoter. In the case of
rabbit B-globin, the LTE is 2 kb downstream of the LAT
promoter. By contrast, the many viruses that we have con-
structed with insertions at the gC gene lack a proximal LTE,
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and they all shut off transcription during latency. Similarly,
KOS-62, which has the lacZ gene inserted at the LAT locus, is
not transcriptionally active during latency, as we had to delete
the LTE from the PstI site to the Hpal in order to fit two copies
of the lacZ gene into the virus. Thus, while KOS-62 has the
lacZ gene inserted into the repeat region and has all the up-
stream DNA that the wild-type and B-globin viruses have, it
does not continue to express lacZ mRNA during latency (14).
These facts strongly suggested to us that the region extend-
ing approximately from the PstI site to the Hpal site consti-
tuted a region required for long-term expression of the LAT
promoter. For this reason, we dubbed this region the LTE. In
the present work, we demonstrated that a 1.1-kb DNA frag-
ment from the LAT transcription unit was able to restore
long-term expression to the LAT promoter. This DNA frag-
ment appeared to function better when it was placed in its
natural position, which is downstream of the LAT transcription
start site. It appeared to function less well when placed up-
stream of the LAT promoter, in the backwards direction.
The structure and function of RNA from the LAT locus
have been the subject of considerable research in a number of
laboratories. It is interesting that not a single mRNA structure
has been identified from the entire 8.5-kb transcription unit.
Furthermore, the DNA lying between the LAT promoter and
the intron has been the subject of some debate. Glorioso and
colleagues have referred to this region as a second LAT pro-
moter, termed LAP2 (11). Recently they showed that this
promoter is not active in latency and that the LAP1 promoter
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FIG. 5. Mapping of the LAT-lacZ initiation site during latent infection with
virus +66(f). (A) Lanes: 1, RNA markers; 2, probe; 3, empty; 4 and 5, total RNA
isolated from +66(f)-infected murine dorsal root ganglia at 4 or 28 days p.i.,
respectively. (B) Diagram of the runoff transcript utilized as a probe and length
of the protected fragment. A protected fragment of 437 bp is expected. T3 pr, T3
promoter.
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is essential for latent expression (2). Interestingly, in one ex-
periment, in which they deleted LAP2 from the virus, they saw
a two- to three-fold reduction in the level of LAT during
latency and concluded that LAP2 contributed to the accumu-
lation of LAT in a LAP1-dependent manner. Similarly, Yo-
shikawa et al. showed in HSV-2 that a virus deleted for the
LAP2 region expressed less LAT intron during latency than
the wild-type virus (21). Thus, both the HSV-1 and HSV-2
LAP2 deletions provide evidence that these sequences contrib-
ute to the highest level of activity of the LAT promoter during
latency. As mentioned earlier, when these and other sequences
were deleted from the LAT-lacZ construct KOS-62, there was
no long-term expression of the lacZ gene. The results of all
three of these genetic studies are in agreement with those of
our current experiments, in which this region, when added
back to the LAT promoter-lacZ constructs at the gC gene,
showed an effect on long-term expression of the LAT promoter
in the latent state.
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