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Latent infections by herpes simplex virus are characterized by repression of productive-cycle gene expres-
sion. Several hypotheses to explain this repression involve inhibition of expression of the immediate-early gene
activator ICP0 during latency. To address these hypotheses, we developed quantitative reverse transcriptase-
PCR assays that detected spliced and intron-containing /CP0 transcripts in mouse ganglia latently infected
with wild-type virus. In these ganglia, the numbers of spliced ICP0 transcripts correlated better with the
numbers of transcripts from the immediate-early gene encoding ICP4 than with those from the early gene
encoding thymidine kinase. There were fewer spliced than intron-containing /CP0 transcripts on average, with
considerable ganglion-to-ganglion variation. We then investigated whether ICP0 expression in latently infected
ganglia is reduced by the latency-associated transcripts (LATs) and whether splicing of ICP0 transcripts is
inhibited by the product of open reading frame (ORF) P. A LAT deletion mutation which essentially eliminates
expression of the major LATs did not appreciably increase levels of ICP0 transcripts. LAT deletion mutants
did, however, appear to express reduced levels of intron-containing /CP0 transcripts. ORF P mutations did not
alter levels of ICP0 transcripts in a manner consistent with inhibition of ICP0 splicing by ORF P. Although
these results argue against antisense inhibition of ICP0 expression by LATs or inhibition of ICP0 splicing by
OREF P, they are consistent with the possibilities of a block between immediate-early and early gene expression

and regulation of spliced versus intron-containing /CP0 transcripts in latently infected ganglia.

Herpes simplex virus (HSV) has two distinct lifestyles, pro-
ductive infection and latent infection. During productive infec-
tion (reviewed in reference 37), three major kinetic classes of
viral genes, immediate-early (IE) (also called «), early (E)
(also called B) and late (L) (also called v), are abundantly
expressed in an ordered cascade. Four of the five IE genes
(infected-cell proteins [ICP] 0, 4, 22, and 27) encode regulators
of viral gene expression during productive infection. Of these
IE proteins, ICP4 and ICP27 are essential for viral replication.
Although ICPO is not essential, it is critical for efficient viral
replication and for the full expression of all three gene classes,
especially at low multiplicities of infection (MOIs) (4, 5, 7, 13,
38, 42).

During latent infection of sensory ganglia of mammalian
hosts (reviewed in references 34, 37, and 40), the only viral
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gene products that are abundantly expressed are the latency-
associated transcripts (LATs) (39). These arise from the R
(b) repeat segments of the HSV genome (Fig. 1). The major
LAT species are ~1.4- to ~2.2-kb nuclear RNAs (12, 15, 48,
50). These are thought to be stable introns that arise from less
abundant ~8.5-kb primary transcripts. There is evidence that
these latter minor LAT species also exist in latently infected
ganglia (32, 51). The high levels of expression of IE, E, and L
genes observed during productive infection are dramatically
repressed during latency. The mechanisms responsible for this
repression, which is the hallmark of latent infection, are poorly
understood.

To investigate mechanisms regulating HSV gene expression
during latency, we have developed sensitive, quantitative re-
verse transcriptase-PCR (RT-PCR) assays. Using these assays,
we have detected and quantified levels of transcripts derived
from certain productive-cycle genes, notably those encoding
ICP4 and the E protein thymidine kinase (TK) in ganglia
latently infected with wild-type strain KOS and certain KOS-
derived mutants (9, 19, 20). Despite the presence of these
productive-cycle viral transcripts, no infectious virus has ever
been detected in scores of such ganglia (26; unpublished re-
sults; D. Leib, personal communication). Moreover, there is no
apparent correlation between amounts of /CP4 and tk tran-
scripts in ganglia latently infected with wild-type virus (9). One
possible explanation for the lack of infectious virus and the
lack of correlation between ICP4 and tk transcripts is that
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FIG. 1. Locations of relevant HSV transcription units. (A) Dia-
gram of the prototype arrangement of the HSV genome, with the
unique long (Uy) and unique short (Ug) sequences (lines) bracketed
by the terminal repeat (TR) and internal repeat (IR) regions (boxes).
(B) Expanded diagram of the internal repeat region showing relative
sizes, locations, and orientations of transcripts encoded in this region,
with bent lines indicating sequences removed by splicing and arrow-
heads indicating the 3’ ends of the transcripts. The locations and
orientations of the 0-1, 0-2, and 0-C2 oligonucleotides used as primers
(indicated as 1, 2, and C2, respectively) and the 0-3 oligonucleotide
used as a probe (indicated as 3) are shown. Major and a presumed
minor LAT species are indicated with thick and thin lines, respectively,
and the locations of the two most abundant L/ST species are shown
(49). The stippled box encompassing the 5’ ends of the LATs and
extending upstream represents the location of the ~1.8-kb deletion in
LAT mutants d/[LAT1.8 and KdILLAT1.8, which is restored in KFS-
LAT™. This deletion removes the promoter, transcriptional start site,
and 1,015 bp of transcribed sequences of LATs. The location of ORF
P is shown as a hatched box. The positions of the 4BS mutation
upstream of the L/STs and the n38 mutation in ORF P are shown by
open arrows.

certain virally encoded factors are not expressed. Specifically,
because of the importance of ICPO for productive gene expres-
sion and replication at low MOI (4, 5, 7, 13, 38, 42), for escape
from quiescent infection in cell culture (reviewed in reference
32), and for reactivation of virus from latency (3, 18), much
interest has focused on the hypothesis that the absence of ICP0O
could be crucial for the establishment and maintenance of
latency (reviewed in reference 34).

There is also evidence for the existence of viral factors that
contribute to repression of productive-cycle gene expression
during latency. In particular, we have shown that a LAT dele-
tion mutation results in increased and better-correlated ex-
pression of transcripts from the ICP4 and tk genes in latently
infected mouse ganglia (9). The same LAT mutation also re-
sults in increased expression of productive-cycle transcripts in
acutely infected ganglia, as detected by in situ hybridization
(17). Thus, a viral function associated with the LAT locus
represses productive-cycle gene expression in ganglia.

There are several potential mechanisms for LAT-mediated
repression of viral gene expression in latently infected ganglia.
Several investigators have hypothesized that LAT-mediated
repression entails inhibition of ICP0O expression. One long-
standing and attractive hypothesis is that the LATSs, the most
abundant of which are partially complementary to ICPO
mRNA (Fig. 1), repress ICP0O expression via an antisense
mechanism (15, 29, 41). In cultured cells, repression appears to
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occur by reduction of JCP0 mRNA levels (29), as expected for
nuclear antisense repression (22) and as observed with other
HSV antisense arrangements (11, 25, 36). Thus, if the LATs
repress ICP0 expression during latency by an antisense mech-
anism, one would predict that drastic reductions in LAT ex-
pression should lead to marked increases in /CP0 transcripts in
latently infected ganglia.

An alternative hypothesis for inhibition of ICP0 expression
during latency involves a protein encoded by an open reading
frame (ORF) called ORF P. The ORF P protein is encoded
either by transcripts called L/STs that span the L/S junction of
HSV DNA (49) or, conceivably, by certain minor LATSs (23—
25). Based on several lines of evidence, it was hypothesized
that the ORF P protein might repress ICP0O expression during
latency by inhibiting splicing of ICPO transcripts (2). If ORF P
is encoded by LATs and if repression by LATs during latency
operates via ORF P, then one would predict that drastic re-
ductions in LAT expression would lead to increased levels of
spliced ICPO transcripts and decreased levels of unspliced
ICPO transcripts. Regardless of the involvement of LATS, this
hypothesis predicts that inactivation of ORF P should lead to
increased levels of spliced ICPO transcripts and decreased lev-
els of unspliced ICPO transcripts, while increasing ORF P ex-
pression should result in decreased levels of spliced and in-
creased levels of unspliced ICP0 transcripts.

To address these multiple hypotheses, we developed RT-
PCR assays to quantify (i) /CPO transcripts in which the first
intron is spliced out and (ii) /CPO transcripts that retain at least
a portion of these intron sequences. We then measured the
levels of these ICPO transcripts in ganglia latently infected with
wild-type virus or with viral mutants with lesions that either
essentially eliminate LAT expression, inactivate ORF P pro-
tein, or lead to overexpression of intact ORF P protein. Al-
though our studies provide little support for the various hy-
potheses tested, they suggest the existence of interesting
control points for gene expression in latent infections.

MATERIALS AND METHODS

Viruses and cells. Wild-type HSV-1 strain KOS; the KOS-derived LAT dele-
tion mutants d/LAT1.8 and K d/[LAT1.8, which were independently engineered
to contain a 1.8-kbp deletion in the LAT transcription unit; the marker-rescued
derivative of KdILAT1.8, KFSLAT™ (17, 26); the KOS-derived ORF P nonsense
mutant L/ST-n38 and its marker-rescued derivative L/ST-n38R; and the KOS-
derived L/ST promoter mutant L/ST-4BS, which contains mutations in the ICP4
binding site, and its marker-rescued derivative L/ST-4BSR (25) were propagated
and assayed on Vero cell monolayers as described previously (10). The locations
of the mutations are shown in Fig. 1.

RNA standards. Plasmids used for in vitro transcription to generate RNA
quantification standards from mouse B-actin cDNA (pSPMBA) and from the
LAT (pKS+5'LAT) and ICP4 (pKS+5'ICP4) and tk (pSVtkl) genes were de-
scribed previously (21). To generate synthetic, spliced ICP0 transcripts,
pKS+ICP0-cDNA was constructed by cloning a 2.7-kb Bg/II fragment of wild-
type HSV-1 strain 17 syn™* ICP0 cDNA from pDS18 (generously provided by S.
Silverstein) into the BamHI site of BlueScriptIl KS+ (Stratagene), placing it
under the control of the bacteriophage T7 promoter. To generate synthetic,
unspliced ICPO transcripts, pBKS+ICP0O-DNA was constructed by cloning a
4.6-kb Sacl-HindIII fragment of wild-type strain KOS ICP0 DNA from pSH (4)
into the Sacl and HindIII sites of BlueScriptll KS+, placing genomic (intron-
containing) /CP0 sequences under the control of the bacteriophage T7 promoter.
RNA was transcribed in the presence of labeled GTP and quantified as previ-
ously described (21).

Infection of mice and tissue collection. Eight-week-old male CD-1 (Charles
River Laboratories) or CD-1-derived Hsd:ICR (Harlan Sprague Dawley) mice
(similar results were obtained with mice from both suppliers) were anesthetized
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and inoculated with 2 X 10° PFU of each virus per eye via corneal scarification
as previously described (27). At 30 days postinoculation, mice were sacrificed,
and individual trigeminal ganglia were removed, rapidly frozen in liquid nitrogen
as described previously (21), and stored at —80°C.

Quantitative PCR and RT-PCR analysis. Frozen ganglia were homogenized in
guanidine thiocyanate, and 1/10 of each ganglion homogenate was assayed by
quantitative PCR for viral DNA and cellular DNA as previously described (21).
Total RNA purified from the remainder of the homogenate as well as serial
dilutions of synthetic transcript standards reconstituted with mouse brain RNA
were treated with DNase to eliminate cell and viral DNA and reverse transcribed
in the presence of mouse B-actin-specific (Act-2), ICPO-specific (0-2; CAG-
GTCTCGGTCGCAGGGAAAC), and other virus-specific (LAT-2, 4-1 or 4-2
and tk-2) primers (9, 21). The cDNAs were then amplified by PCR. For the
spliced ICPO transcripts, the 0-1 (AGCGAGTACCCGCCGGCCTG) and 0-2
primer pair was used. For the intron-containing ICP0 transcripts, the 0-C2
(CTTTGGTTGCAGACCCCTTTCTC) and 0-2 primer pair was used (Fig. 1).
The various JCP0 primers used are complementary to both strain 17 and strain
KOS sequences (30; S.-H. Chen and D. M. Coen, unpublished results) (GenBank
accession no. AF431736).

PCR was performed as previously described (9, 21), with the following mod-
ifications. The spliced and intron-containing /CP0 reaction mixture contained 1.5
mM Mg?* and the annealing temperatures were 60 and 55°C. The ¢cDNAs of
spliced ICPO transcripts were amplified for 30 cycles, and those of intron-con-
taining /CP0 transcripts were amplified for 32 cycles. The RT-PCR product is 82
nucleotides for spliced and 196 nucleotides for intron-containing /CP0 tran-
scripts (Fig. 2). Product specificities of ICP0 sequences amplified from tissue
were verified by predicted sizes, hybridization with the internal oligonucleotide
probe 0-3 (Fig. 2), and restriction endonuclease analysis (not shown). PCR
components for the other gene-specific assays have been described previously (9,
21). Positive and negative controls were included in each amplification.

Products of PCR were separated by electrophoresis on nondenaturing poly-

FIG. 2. Quantitative RT-PCR assays of /CP0 transcripts. Phosphor-
images of assays of spliced /CP0 transcripts (A) and intron-containing
ICPO transcripts (B). RT-PCR products generated using the 0-2 and
0-1 primer pair (A) or 0-2 and C2 primer pair (B) were separated on
polyacrylamide gels, blotted, and probed with radiolabeled 0-3 oligo-
nucleotide. Equivalent aliquots of either synthetic transcript mixes
derived by in vitro transcription of pKS+ICP0-cDNA (A) or
pBKS+ICP0O-DNA (B), prepared with 5 pg of mouse brain RNA (A
and B, left, under Standard) or individual ganglion RNAs (A and B,
right, under Sample) were reacted with (+) or without (—) RT, and
the products are displayed in adjacent lanes. In each of the left panels,
the number of synthetic transcript molecules added to mouse brain
RNA is indicated above the lanes. The B lane indicates where water
was added instead of transcripts. The sizes of the RT-PCR products
are indicated between the left and right panels. In each of the right
panels, samples were derived from individual ganglia harvested at 30
days postinoculation from mock-infected mice (mock) or from mice
infected with each of the indicated viruses. Lane M, molecular size
markers ($X174 DNA digested with Hinfl and end-labeled with *°P).
(C) Linearity of RT-PCR assays. The phosphorimages shown on the
left of panels A and B were quantified, and the phosphorimager units
(P.I.U.) were plotted versus the synthetic RNA molecules added to
mouse brain RNA. The best-fit lines were generated by linear regres-
sion analysis, and the correlation coefficients (%) are displayed adja-
cent to the lines. Solid diamonds, spliced ICPO transcripts; solid
squares, intron-containing /CP0 transcripts.

acrylamide gels (21). Amounts of adipsin PCR products and B-actin RT-PCR
products were quantified by analysis of gels stained with SYBR Green I (Mo-
lecular Probes, Eugene, Oreg.) using a FluorImager (Molecular Dynamics,
Sunnyvale, Calif.). Other products were transferred to nylon membranes and
probed with labeled oligonucleotides as described previously (21), except that
oligonucleotide 0-3 (AGCCCGCCCCGGATGTCTGGG) was used as a probe
for both spliced and intron-containing /CPO PCR products. Blots were exposed
and quantified using a PhosphorImager. For each sample, the amount of viral
DNA was normalized to cellular DNA encoding adipsin, and the amounts of viral
mRNAs were normalized to cellular mRNA encoding B-actin and calculated on
a per ganglion basis, as described previously (9, 21).

RESULTS

Spliced ICPO transcripts can be detected in ganglia latently
infected with wild-type HSV. The expression of ICP0 has been
hypothesized to be an important control point for latency (34).
To investigate whether latency is due to an absence of ICP0
expression, we developed sensitive, quantitative RT-PCR as-
says for transcripts derived from the ICPO gene. Unlike most
HSV-encoded proteins, ICPO is translated from spliced
mRNA, which arises from a gene that contains two introns. We
therefore developed an assay to detect ICP0 transcripts from
which the 5’ intron (intron 1) has been spliced. As a source of
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TABLE 1. Viral genomes and transcripts per viral genome in latently infected ganglia
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Virus (no. of
ganglia assayed)

No. of viral
genomes/ganglion

No. of LATs/
viral genome”

ICPO transcripts/viral DNA?

Spliced (no. of positive
ganglia/total)

Intron-containing® (no. of

positive ganglia/total)

KOS (28)
dILAT1.8 (10)
K dILAT1.8 (10)
KFSLAT* (10)

L/ST-n38 (14)

L/ST-n38R (6)
L/ST-4BS (13)
L/ST-4BSR (8)

1% 10* 0.3 x 10*
2 X 10* + 0.4 x 10*
6 X 10° =3 x 10°
6Xx10°*+2x 103

5%X10°+1x10°
3% 10° = 0.6 X 10°
4%x10°+2x10°
Sx10°+1x10°

1X10° +0.3 X 10°
0.04 + 0.03
0.08 + 0.08
4%x10°+2x10°

2X10°+ 04 X 10°
2 X 10° = 0.6 X 10°
1x10° +02x 10°
1X10° +0.2 X 10°

0.3 = 0.2 (27/28)

0.5 = 0.4 (10/10)
0.08 = 0.04 (6/10)

0.2 + 0.1 (9/10)

0.6 + 0.2 (14/14)
0.4 + 0.2 (6/6)
0.2 + 0.1 (13/13)
0.2+ 0.1 (8/8)

2+ 1(13/28)
0.3 =+ 0.2 (1/10)
<0.7 (0/10)

2+ 0.8 (2/10)

6 = 4 (4/14)
10 = 10 (3/6)
4+2(4/13)
0.7+ 0.3 (2/8)

“ Amounts of viral genomes per ganglion are expressed as the mean number of DNA molecules per ganglion * standard error of the mean for each group.

b Values are expressed as number of RNA molecules normalized to cellular mRNA encoding B-actin per number of viral genomes normalized to cellular (adipsin)
DNA, expressed as the mean = standard error of the mean for each group.

¢ For any ganglia where intron-containing transcripts were not detected, values equivalent to the limit of detection for that transcript were assigned and divided by

the number of viral DNA molecules in that ganglion.

synthetic spliced ICPO transcripts with which to standardize the
assay, we cloned a 2.7-kb fragment of ICP0 cDNA into a
transcription vector, which permitted generation of known
amounts of intronless /CPO transcripts. These synthetic tran-
scripts were reverse transcribed with primer 0-2, which anneals
just downstream of the splice junction. The resulting cDNA
was then subjected to amplification by PCR using 0-2 and
primer 0-1, which anneals upstream of the splice junction (Fig.
1; primers 0-2 and 0-1 are labeled 2 and 1, respectively). This
produced an 82-bp PCR product (Fig. 2A). The assay was
highly sensitive, able to detect fewer than 10 transcripts. Con-
sequently, we could detect ~100 transcripts per ganglion in our
standard experimental protocol, which assays ~1/10 of the
ganglionic RNA for each transcript (Fig. 2A). The assay was
also linear through several orders of magnitude (Fig. 2C).

We then applied this assay to 28 ganglia that were latently
infected with wild-type strain KOS. For normalization, we as-
sayed amounts of B-actin transcripts and viral and cellular
DNAs. On average, there were 10* viral DNA molecules/gan-
glion (Table 1), which is very consistent with what we have
observed previously (8, 9, 20, 21). It has been estimated that
there are ~2 X 10* neurons per ganglion, of which only a
minority (1 to 30%, i.e., 200 to 6,000 neurons, depending on
virus, inoculating dose, and assay method) are latently infected
(reference 39 and references therein). Thus, on average, we
expect 2 to 50 viral genomes per latently infected neuron, but
values for individual neurons can be expected to vary widely
(37). Similarly, we have previously detected a mean of ~1 ICP4
transcript per viral genome in latently infected ganglia (9),
which results in an expected value of 2 to 50 transcripts per
latently infected neuron. This range of values is lower than the
600 ICP4 transcripts/cell we detected at 2 h postinoculation in
Vero cells infected at an MOI of 20 (M. F. Kramer, S.-H.
Chen, and D. M. Coen, unpublished results), but again, values
for individual neurons can be expected to vary widely.

Thus, in ganglia expressing average or greater numbers of
ICP4 transcripts, if most of those transcripts were in a few
neurons, then the numbers of transcripts in those neurons
would be similar to or greater than that seen in productively
infected Vero cells. Indeed, recent in situ hybridization anal-
yses have detected single neurons in ~10% of latently infected
ganglia that contain relatively high levels of certain productive-

cycle transcripts (16). These rare cells, however, are likely to
account for only a small portion of the expression of produc-
tive-cycle transcripts that we observed (see Discussion).

We detected spliced ICPO transcripts in almost all (27 of 28)
of the KOS-infected ganglia (two examples in Fig. 2A, lane wt).
When normalized, the amounts of these transcripts were highly
variable, ranging from 0.001 to 5 spliced ICP0 transcripts per
viral genome. (Such variability has previously been observed
with transcripts from another IE gene, ICP4 [21]. Despite this
variability, it is possible to detect differences in expression of
this transcript in ganglia infected with LAT~ versus LAT™
viruses [9].) The average number of spliced /CP0 transcripts
per viral genome (i.e., the arithmetic mean, which is akin to the
value that would be obtained if the ganglia were pooled) in
these wild-type-infected ganglia was 0.3 molecules per genome
(Table 1). This was only slightly lower than the average number
of ICP4 transcripts per viral genome detected in these ganglia
(0.6), which is similar to the value (=~1) observed previously
(9). Thus, transcripts from the /CP0 gene were not absent in
latently infected ganglia.

Correlations with ICP4 and tk transcripts. Previously, we
reported no apparent correlation between amounts of ICP4
and tk transcripts in a large series of KOS-infected ganglia in
which both transcripts could be detected in the same ganglion
(9). A similar analysis of KOS-infected ganglia in the present
study revealed a modest correlation (> = 0.524) between the
amounts of ICP0 and ICP4 transcripts (Fig. 3A). This corre-
lation was statistically significant (P < 0.01, using the ¢ test of
a correlation coefficient). However, no significant correlation
was detected between ICP0O and tk transcripts (Fig. 3B; r* =
0.123; P > 0.1), nor, as previously reported for a different set
of KOS-infected ganglia (9), between ICP4 and tk transcripts
(r* = 0.104; P > 0.1). Thus, the numbers of the two IE tran-
scripts in ganglia correlated better with each other than did the
numbers of either IE transcript with the E transcript k.

Detection of intron-containing /CP0 transcripts in latently
infected ganglia. Because certain hypotheses regarding regu-
lation of gene expression during latency invoke regulation of
splicing of ICPO transcripts (2, 47) we also developed an assay
for ICPO transcripts that fail to accurately splice out sequences
from intron 1. We cloned a fragment of genomic KOS DNA
into a transcription vector and generated synthetic unspliced
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FIG. 3. Correlation of expression of spliced /CP0 transcripts and
ICP4 transcripts (A) and spliced ICP0 and tk transcripts (B) in ganglia
latently infected with KOS. The numbers of each transcript in each
individual ganglion (TG) were plotted against the amount of the other
transcript in the same ganglion. The best-fit lines were generated by
linear regression, and the correlation coefficients (%) are displayed in
each panel.

transcripts. The RT-PCR primers that we used to assay spliced
transcripts failed to detect such synthetic unspliced transcripts,
perhaps due to inefficient reverse transcription of the relatively
long GC-rich intron 1 sequence. We therefore developed an
alternative assay in which we used the 0-2 primer for reverse
transcription and as the downstream primer for PCR and
primer 0-C2, which hybridizes to intron 1 sequences in cDNA,
as the upstream PCR primer (Fig. 1; 0-C2 is labeled C2). These
primers yielded a 196-bp RT-PCR product from unspliced
synthetic transcripts (Fig. 2B). The assay was linear through
several orders of magnitude and was sensitive, but less so than
the assay for spliced ICPO transcripts (Fig. 2C). The limit of
detection of this assay was ~100 transcripts, which translates to
a limit of detection of ~10° transcripts per ganglion in our
protocol.

When this assay was applied to the 28 ganglia latently in-
fected with strain KOS, we detected intron-containing /CP0
transcripts in 13 of the ganglia (examples in Fig. 2B). (As it is
possible that these transcripts are spliced elsewhere, for exam-

J. VIROL.

ple, removing intron 2, we refer to them as intron-containing
rather than as unspliced.) The inability to detect these tran-
scripts in as many ganglia as we detected spliced transcripts is
most likely a consequence of the different sensitivities of the
assays. Levels of intron-containing /CP0 transcripts per viral
genome were variable, ranging from 0.1 to 26 transcripts per
genome. The average number of these transcripts per viral
genome (2 transcripts/viral genome) was higher than that of
the spliced transcripts (Table 1). However, on a ganglion-by-
ganglion basis, this was not always the case. The two ganglia
with the highest levels of spliced /CPO transcripts contained
very low or undetectable levels of intron-containing transcripts
and vice versa. Regardless, intron-containing /CP0 transcripts
could be detected, sometimes at levels higher than those of
spliced transcripts, in ganglia latently infected with wild-type
virus.

A LAT deletion mutation does not result in increased levels
of ICP0 transcripts in latently infected ganglia. It has long
been hypothesized that LATSs repress ICP0 expression by an
antisense mechanism (15, 29, 41). If this were so, as noted
above, one would expect that drastic reductions in LAT ex-
pression should lead to an increase in ICP0 transcripts in
latently infected ganglia. To test this prediction, we compared
the levels of ICPO transcripts in ganglia latently infected
with (i) wild-type virus (KOS), (ii) a LAT deletion mutant,
dILAT1.8 (26), in which the LAT promoter and 5’ transcribed
sequences are removed (Fig. 1), (iii) a second, independent
LAT deletion mutant, Kd/LLAT1.8, which contains the same
deletion as dILLAT1.8 (17), and (iv) a rescued virus, KFSLAT™,
in which the sequences deleted in Kd/LAT1.8 are restored
(17). The two independent LAT deletion mutants were used to
ensure that any phenotypes observed were not due to adven-
titious mutations. As published previously (8, 9), average num-
bers of viral DNA molecules in ganglia infected with the two
LAT mutants were within ~2-fold of those in ganglia infected
with the wild type or the rescued virus (Table 1). Quantifica-
tion of major LATSs revealed ~10° molecules per viral genome
in KOS- or KFSLAT "-infected ganglia (Table 1), consistent
with our previous results (9, 21). As expected and as reported
previously (8, 9), the LAT deletion in mutants d/[LAT1.8 and
KdILAT1.8 essentially eliminated expression of the major
LATs (more than 10°fold reduction; Table 1).

Neither of the two independent LAT deletion mutants ex-
hibited major differences in expression of spliced ICP0 tran-
scripts relative to wild-type or the rescued virus. In d/LAT1.8-
infected ganglia, the mean number of spliced /CP0 transcripts
per genome was <2-fold higher than that in KOS-infected
ganglia (Table 1). In Kd/LAT1.8-infected ganglia, the mean
number of spliced /CP0 transcripts per genome was just 2- to
4-fold lower than that in ganglia infected with KOS or the
rescued virus KFSLAT™.

Intron-containing /CP0 transcripts were detected in only 1 of
10 dILAT1.8-infected ganglia and in none of 10 Kd/LAT1.8-
infected ganglia, which was considerably less frequent than our
detection of these transcripts in KOS-infected ganglia (13 of
28) (Table 1). These differences in detection between mutant
and wild-type virus were statistically significant (using Fisher’s
exact test, P = 0.02 for KOS versus d/ILAT1.8; P = 0.01 for
KOS versus KdlLLAT1.8). Intron-containing transcripts were
detected in 2 of 10 ganglia infected with the rescued virus
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KFSLAT™". This was more frequent than seen with the corre-
sponding mutant, KdlLAT1.8 (0 of 10), but this difference did
not attain statistical significance. It is possible that analyses of
more KFSLAT *-infected ganglia would result in a statistically
significant difference. The intron-containing /CP0 transcripts
were generally detected in 25 to 50% of ganglia infected with
other LAT™ viruses (Table 1; see below). The mean numbers
of intron-containing JCP0 transcripts per genome detected in
the LAT™ mutant-infected ganglia were =3- to 8-fold lower
than those in ganglia infected with the wild-type or the rescued
virus (Table 1). (Although intron-containing transcripts were
detected in a minority of ganglia, differences in mean numbers
per genome were calculated using the conservative assumption
that the numbers of intron-containing transcripts in ganglia
where none were detected correspond to the limit of detection.
Thus, the actual differences may be even greater.) In summary,
there was no evident increase in the accumulation of ICP0
transcripts due to the LAT deletion, and the LAT™ mutants
expressed reduced amounts of intron-containing /CP0 tran-
scripts relative to LAT™ viruses.

Mutations affecting ORF P expression do not significantly
alter levels of ICPO transcripts. The lower levels of intron-
containing /CP0 transcripts in ganglia infected with LAT™
mutants could be interpreted as favoring the hypothesis that
splicing of ICPO transcripts is inhibited in latently infected
ganglia by a LAT or a LAT-encoded product. ORF P, which
conceivably could be encoded by a minor LAT species as well
as by L/STs, has been hypothesized to repress ICP0O expression
during latency by inhibition of ICP0 splicing (2). To address
this hypothesis, we inoculated mice with (i) wild-type virus, (ii)
an ORF P nonsense mutant, L/ST-n38 (the mutation does not
alter the amino acid sequence of the overlapping gene encod-
ing ICP34.5), (iii) a marker-rescued derivative of L/ST-n38,
L/ST-n38R, (iv) a mutant, L/ST-4BS, in which the ICP4 bind-
ing site in the L/ST promoter was mutated to relieve ICP4
repression of ORF P expression driven by this promoter, and
(v) a marker-rescued derivative of L/ST-4BS, L/ST-4BSR (25).
Latently infected ganglia were assayed for levels of viral DNA,
the major LATs, and ICP0 transcripts. Average amounts of
viral DNA in ganglia latently infected with the various viruses
are tabulated in Table 1. The numbers of viral DNA molecules
in ganglia infected with L/ST-n38 and L/ST-4BS were within
~2-fold of those in ganglia infected with KOS.

The levels of the major LATs per viral genome in ganglia
infected with the various L/ST viruses were similar to those in
wild-type-infected ganglia (Table 1). The average numbers of
spliced ICPO transcripts per genome were =2-fold higher in
ganglia latently infected with the ORF P nonsense mutant
(L/ST-n38) than in those infected with KOS or the rescued
virus (L/ST-n38R), and the ranges of the standard errors of the
means of these values overlapped (Table 2). In ganglia infected
with L/ST-4BS, whose mutation relieves ICP4 repression of
L/STs, the average numbers of spliced ICP0O transcripts per
genome were very similar to those in ganglia infected with
either the corresponding rescued virus or KOS (Table 2).

The frequency of detection of intron-containing /CP0 tran-
scripts was roughly similar in ganglia infected with L/ST-n38,
L/ST-4BS, the rescued viruses, or KOS (Table 2). Although
there were ~3-fold higher than the numbers of these tran-
scripts per viral genome in ganglia infected with L/ST-n38, this
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did not correlate with the presence of the mutation, as the
numbers were even higher in the rescued virus. (Nor would it
conform to the prediction that ORF P inhibits /CP0 splicing.)
There were only 2-fold-higher levels of these transcripts in
L/ST-4BS-infected ganglia than in wild-type-infected ganglia.
For all of the L/ST mutants and rescued viruses, the ranges of
the standard errors of the means of these values overlapped
those of the wild type (Table 2). Thus, our data suggest that
mutations affecting ORF P or its expression do not significantly
affect levels of spliced or intron-containing /CP0 transcripts in
ganglia.

DISCUSSION

We initiated these studies to test specific hypotheses regard-
ing the regulation of ICPO expression during latency. Our
results provide little if any experimental support for these
hypotheses. However, in the course of performing these exper-
iments, we uncovered evidence for the possible existence of
certain levels of regulation of viral gene expression in latently
infected ganglia, especially in terms of a block between IE and
E gene expression and spliced versus intron-containing /CP0
transcripts. Our results are discussed below.

ICPO0 transcripts can be detected in latently infected ganglia.
Previous failures to detect /CP0 transcripts in latently infected
ganglia by RT-PCR (28, 31, 43, 44) have contributed to the
hypothesis that a lack of ICPO could be crucial for the estab-
lishment and maintenance of latency. Our ability to detect both
spliced and intron-containing /CP0 transcripts was due largely
to the development of highly sensitive assays. Keys to the
success of these assays include the specific primers used (sev-
eral primer sets were tried before we settled on those used)
and the amplification conditions (e.g., relatively low magne-
sium). Our results add ICPO to the list of productive-cycle
transcripts from which RT-PCR products can be detected in
ganglia latently infected with wild-type HSV (9, 21, 43).

As we have not yet characterized full-length ICP0 tran-
scripts, we cannot be certain that the transcripts that we have
detected can encode authentic ICPO protein. However, the
apparently accurate removal of intron 1 in the spliced tran-
scripts argues for at least some degree of authenticity. Further
exploration of the coding potential of these ICP0 transcripts
seems warranted, especially as portions of ICP0 proteins and
ICPO proteins from mRNASs containing intron 2 are reported
to exhibit distinct biological and biochemical activities (1, 14,
45-47). Regardless, latency cannot be explained simply by the
complete absence of ICP0 expression.

Is ICPO expression associated with reactivating virus? Using
the mouse and viral strains employed in this study, no infec-
tious virus has ever been detected in scores of trigeminal gan-
glia harvested 30 days postinoculation (24; unpublished results;
D. Leib, personal communication). Based on this criterion, the
ganglia we studied were latently infected. Recently, thorough
in situ hybridization analyses have detected single neurons that
contain relatively high levels of both IE and E transcripts in
~10% of latently infected ganglia (16). It is possible that these
rare neurons are undergoing reactivation of virus that is not
detectable by infectivity assays, and this may account for some
of the ICPO expression that we detected. Nevertheless, these
rare neurons would not explain the relatively high expression
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of productive-cycle transcripts that we observed in =20% of
ganglia (9, 21; this study). They also would not account for the
many wild-type-infected ganglia that express relatively high
numbers of IE transcripts but do not express relatively high
numbers of an E transcript and vice versa (9) (Fig. 3). Fur-
thermore, ganglia infected with TK™ mutants, which do not
reactivate even upon explant, can express relatively high num-
bers of productive-cycle transcripts per viral genome (21) and
exhibit persistently elevated expression of cytokine transcripts
(8). Thus, there is accumulating evidence for expression of
productive-cycle genes in latently infected ganglia in the ab-
sence of reactivation of virus. Regardless, whether the ICP0
expression that we have detected reflects rare reactivation
events that result in undetectable infectious virus or a stage of
latency in which a block to ICPO expression has been over-
come, the mechanisms that repress or promote such expression
in latently infected ganglia are relevant to the maintenance of
latency.

No evidence for antisense repression of ICP0 by LATs. As
reviewed in the introduction, a long-standing and attractive
hypothesis for repression of productive-cycle gene expression
during latency has been that the LATs repress ICP0 expression
via an antisense mechanism (15, 29, 41), and this hypothesis
predicts that drastically reducing LAT expression would lead
to an increase in /CPO transcripts in latently infected ganglia.
Notably, we did not observe a meaningful increase in either
spliced or intron-containing /CP0 transcripts resulting from a
LAT deletion mutation that essentially eliminates LAT expres-
sion. It is possible that individual neurons in wild-type-infected
ganglia that contain high levels of LAT have the lowest levels
of ICPO transcripts; however, if that were a mechanism for
repressing ICP0, one would still expect that the LAT deletion
would lead to increases in ICP0 expression. Indeed, in this
study, we did observe increases in ICP4 and tk transcripts in
LAT™ mutant-infected ganglia (not shown), as reported pre-
viously (9). Therefore, LAT-mediated repression of produc-
tive-cycle gene expression is not due to reductions in ICP0
transcript levels by LATs acting via an antisense mechanism.

ORF P mutants. Similarly, as reviewed in the introduction,
the hypothesis that ORF P, which is encoded by the L/STs but
also conceivably by minor LATSs, may repress ICP0 expression
by inhibition of splicing during latency (2) predicts that dras-
tically reducing expression of LATs or inactivation of ORF P
by a nonsense mutation would lead to increases in spliced ICP0
transcripts. These predictions were not met. The hypothesis
also predicts that if ORF P expression in ganglia arises from
L/ST expression, then mutant L/ST-4BS should synthesize re-
duced levels of spliced ICPO transcripts and increased levels of
intron-containing transcripts. We found little or no evidence
for either of these effects. Our results with the ORF P mutants
in ganglia were consistent with the results obtained in cultured
cells (25). Thus, we do not favor the hypothesis that ORF P
represses gene expression during latency via effects on ICP0
splicing.

We did not observe any apparent effects of the L/ST muta-
tions on expression of the LATs (Table 1). The absence of an
effect on LATs is in apparent contrast to the effect of the
L/ST-4BS mutation on LAT expression in neurally derived
mouse NB41A3 and other cells (25). This apparent discrep-
ancy may be explained by L/STs’ being expressed in insufficient
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amounts in latently infected ganglia or in fewer or different
neurons than LATs or by other differences between ganglia
and cultured neurally derived cells.

Correlation with ICP4 transcripts: evidence for a block be-
tween IE and E gene expression. Our finding that the numbers
of ICP0 and ICP4 transcripts in wild-type-infected ganglia cor-
related better than the numbers of either of these IE tran-
scripts with k transcripts suggests that wild-type-infected gan-
glia can express two different IE genes in a coordinated fashion
without coordinate expression of the E gene tk (Fig. 3). This, in
turn, suggests the possibility that, at least in a subset of ganglia,
a block exists between IE and E gene expression. We have
previously presented evidence that a viral function associated
with the LAT locus could be responsible for this block, in that
the dILAT1.8 deletion increases the correlation between ICP4
and k transcript levels (9). Consistent with this evidence, in the
present study, stronger correlations were found between /CP0
and tk transcripts in LAT™ mutant-infected ganglia than in
wild-type-infected ganglia (not shown). Additional studies are
needed to examine further the hypothesis of a block between
IE and E gene expression.

Intron-containing ICP0 transcripts. A second possible con-
trol point for viral gene expression in latently infected ganglia
is suggested by our findings regarding intron-containing /CP0
transcripts. The origin and precise structure of these tran-
scripts are not known. They may be related to intron-contain-
ing transcripts detected in cultured cells (6), which, even
though their 3" ends lie upstream of the site where primer 0-2
hybridizes, suggests the existence of /CP0 mRNAs containing
various amounts of intron 1. Interestingly, in contrast to what
is seen in HSV-infected cells in culture (6, 33), the average
level of expression of intron-containing transcripts in ganglia
latently infected with wild-type virus was higher than that of
spliced transcripts. Also, the ratio of intron-containing to
spliced transcripts varied substantially from ganglion to gan-
glion. These observations, together with results with LAT mu-
tants (see below), are consistent with the possibility of latency-
specific regulation of splicing of /CPO transcripts or differential
stabilities of spliced and intron-containing transcripts. In this
regard, the finding that an ICP22/Ugl.5 deletion mutant ex-
presses a greater ratio of intron-containing to spliced /CP0
transcripts (6) may be relevant.

A surprising result was that ganglia latently infected with the
two independent LAT ™ mutants exhibited detectable expres-
sion of intron-containing /CP0 transcripts significantly less fre-
quently than did wild-type virus. Two other observations are
consistent with the possibility that the LAT mutation results in
decreased accumulation of the intron-containing transcripts.
(i) The average level of expression of these transcripts was
lower in ganglia infected with the LAT ™ mutants than it was in
ganglia infected with wild-type virus, a virus in which the LAT
deletion was rescued, or the L/ST mutants. (ii) The transcripts
were more frequently detected in ganglia infected with the
L/ST mutants and their rescued derivatives, which express
wild-type levels of LATs. However, because the virus in which
the LAT deletion was rescued did not exhibit a significantly
greater frequency of detectable intron-containing transcripts
than did the mutant virus (which may be due simply to the
small number of ganglia tested), further work is warranted to
establish if the reduced expression of the intron-containing
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transcripts is indeed due to the LAT mutation. If so, there may
be a role for a LAT-associated gene product in promoting the
accumulation of intron-containing /CP0 transcripts, perhaps by
regulating splicing or by regulating the stabilities of spliced
versus intron-containing species. Such a function might con-
tribute to LAT-mediated repression of productive-cycle gene
expression or other biological effects.

How is latency maintained? We have shown previously that
a viral function associated with the LAT locus, most probably
one or more of the LATs, represses productive-cycle gene
expression and thus promotes maintenance of latency in HSV-
infected ganglia (9, 17). Interestingly, the LAT deletion stud-
ied here results in both higher expression of both /CP4 and tk
transcripts and stronger correlations between IE and tk tran-
scripts (9) (data not shown). We have previously identified
transcripts that are antisense to /CP4 transcripts, whose levels
are decreased by the LAT deletion, that could explain a block
between IE and E gene expression (9).

Our inability to find evidence for repression of /CP0 expres-
sion by LATs provides impetus for investigating this and other
possible mechanisms for LAT-mediated repression, which
might include regulated accumulation of spliced versus intron-
containing /CPO transcripts during latency. Regardless, LAT™
and ORF P mutants, including those studied here, efficiently
establish and maintain latent infections and exhibit repression
of productive-cycle gene expression (9, 17, 25, 26, 35; this
report). Thus, aside from understanding the mechanism of
LAT-mediated repression, a major task is to identify other
viral and host factors involved in the maintenance of latency.
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