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The major latency-associated transcript (LAT) expressed in PC12 cells productively infected with herpes
simplex virus type 1 is a 2-kb, nonpolyadenylated RNA molecule that accumulates in the nuclei of infected cells.
In actinomycin D-treated cells, the 2-kb LAT gene transcript has a half-life considerably greater than 12 h.
After polyacrylamide gel electrophoresis, two species of the transcript were observed, a major species that was
retarded in the gel and a minor species that migrated as a 1.96-kb RNA molecule. RNase H digestion after
hybridization of the RNA with an oligonucleotide complementary to positions —80 to —101 relative to the 3’
end of the 2-kb LAT gene transcript changed the mobility of the retarded species into that of the rapidly
migrating species. Our data indicate that the 2-kb LAT gene transcript expressed in productively infected PC12

cells is present in a stable, nonlinear form.

In neurons latently infected with herpes simplex virus type 1
(HSV-1), the only transcripts detected by Northern blot or in
situ hybridization are the latency-associated transcripts (LATSs)
(9, 10, 19, 49, 50). The major LATs are 2, 1.5, and 1.45 kb long
and constitute a family of colinear, nonpolyadenylated tran-
scripts that accumulate in the nuclei of infected cells with
sparing of the nucleoli (2). As many as 40,000 copies may be
present in each latently infected cell (52). LAT gene transcrip-
tion has been detected within an 8.3-kb unit of the joint region
of the viral genome (Fig. 1) by in situ hybridization, and there
is evidence that the major LATs are spliced derivatives of an
8.3-kb primary transcript (13, 17, 19, 54). Transcription from
the LAT gene region has also been observed during productive
infection, both in tissue culture cells and in neurons of exper-
imentally infected animals (11, 37, 46). In productively infected
cells, only a 2-kb major LAT gene transcript has been detected,
suggesting that the splicing event generating the 1.5- and
1.45-kb LATS (47) is unique to latently infected neurons. Dur-
ing the productive phase of infection, LAT gene transcripts are
present predominantly in the nucleus but can also be detected
in the cytoplasm (49). The function of LATS is not clear, but
they may be important for induced reactivation of the virus
from latently infected cells (4, 24, 28, 48).

Cell culture studies have indicated that the 2-kb LAT gene
transcript is relatively stable (17). Increased stability of the
transcript could also be the reason why it accumulates in la-
tently infected neurons in vivo. Analysis of stable RNA mole-
cules derived from splicing reactions has shown that they are
either introns present as lariats (36) or circular exons that have
been derived by a process termed missplicing (8, 34). Introns
have also been shown to accumulate as lariats when the intron
branch point has been mutated (25, 26) and in yeast strains
lacking debranching activity (7). Apparently, when present as
circles, the RNA molecules are less susceptible to degradation,

* Corresponding author. Mailing address: Centre for Research in
Virology, University of Bergen, N-5020 Bergen, Norway. Phone: 47 55
58 45 07. Fax: 47 55 58 45 12.

1703

presumably because of the low level of endonucleolytic activity
in the cell nucleus (36).

In this study, we have examined the stability and conforma-
tion of the 2-kb LAT gene transcript expressed in PC12 cells
productively infected with HSV-1. PC12 cells differentiate into
cells resembling sympathetic neurons after treatment with
nerve growth factor (NGF) (21) and have been used by several
investigators to study the interaction between HSV-1 and neu-
ronal cells in culture (3, 38, 39). They support high levels of
LAT promoter activity compared with other cell lines (5, 29).

(This work was presented in preliminary form at the 19th
International Herpesvirus Workshop in Vancouver, British
Columbia, Canada, in 1994.)

LAT gene transcripts expressed in productively infected
PC12 cells. PC12 cells were grown in RPMI 1640 medium
supplemented with 10% horse serum, 5% fetal calf serum, and
50 mg of gentamicin per liter. All cell culture reagents were
from Gibco-Bethesda Research Laboratories. Differentiated
cells were obtained after treatment with 2.5 S NGF (100 ng/ml)
(Boehringer Mannheim GmbH) for 2 weeks. The cells were
infected with HSV-1 strain KOS(M) (51) at a multiplicity of
infection (MOI) of 1. Single-step growth curves confirmed that
both differentiated and undifferentiated cells were permissive
for HSV-1 infection (data not shown) (38). To examine the
LAT gene transcripts expressed, total RNA was isolated from
cells lysed in the presence of 5.5 M guanidinium isothiocyanate
(Gibco-Bethesda Research Laboratories) by centrifugation
through a cushion of cesium trifluoroacetate (Pharmacia-
LKB). Highly purified RNA with no detectable DNA contam-
ination is obtained by this procedure (31). A cloned HSV-1
fragment (ATD19) corresponding to genomic positions 119628
to 119975 (26) (Fig. 1) labelled with [a-**P]dCTP (Amersham)
(18) was used as a probe to detect LAT gene transcripts by
Northern blot analysis (42). As in other productively infected
cell lines (11, 46), the major LAT gene transcript detected in
both differentiated and undifferentiated cells was a 2-kb RNA
molecule (Fig. 2 and 3) that was not retained on an oligo(dT)
column (Pharmacia-LKB) (data not shown). In addition, a
series of transcripts ranging from less than 2 kb to more than
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FIG. 1. (A) Schematic representation of transcription detected within the
LAT gene region of the HSV-1 genome. The 1.5- and 1.45-kb LATs are observed
only in latently infected neurons. In addition to the transcripts indicated here,
several minor, polyadenylated transcripts have been identified in productively
infected cells (8). The positions of probe ATD19 and the Sa/l-EcoRI fragment
(S-E) of ATD54 used in Northern blot and in situ hybridization analyses are
indicated. A denotes Apal sites flanking the 2-kb LAT gene. (B) Tentative
structure of circular and lariat forms of the 2-kb LAT gene transcript with
approximate positions of oligonucleotides used for RNase H digestion (oligonu-
cleotide 6), primer extension analysis (oligonucleotide 7), and RT-PCR (oligo-
nucleotides 1 to 6) (numbered as in Table 1). The circular model shows a
putative end-to-end ligation of the 5" and 3’ ends of the transcript.

8 kb hybridized with the LAT gene probe and were observed as
a weak smear on the Northern blots. The 1.5- and 1.45-kb
major LAT species were not seen. No LAT gene transcripts
were detected in cells treated with phosphonoacetic acid (400
wM) prior to infection with strain KOS(M) (data not shown)
or in cells infected with IE175 (ICP4) deletion mutant
KD6B11 (14, 44) (Fig. 2), indicating that viral replication was
necessary for LAT gene transcript expression to occur. Similar
kinetics of LAT gene expression have previously been ob-
served in CV-1 cells (46). The intracellular distribution of the
2-kb LAT gene transcript was then examined by in situ hybrid-
ization analysis (22) of NGF-treated PC12 cells maintained on
plastic coverslips (Miles Laboratories) coated with collagen
type I (Sigma). In this procedure, the tissue is extensively
treated with DNase I, and it is generally accepted that the
signals obtained are derived from hybridization with RNA (13,
22,49, 50). With ATD19 labelled with tritiated nucleotides as
a probe, the 2-kb LAT gene transcript was localized predom-
inantly in the nuclei of cells infected with KOS(M) (Fig. 2).
The distribution of the grains resembled that previously seen in
productively infected neurons in vivo (49). It is not known,
however, if the 2-kb LAT gene transcript expressed in tissue
culture cells is identical to that expressed in neurons in vivo.

Since the level and length of the transcripts observed in
undifferentiated cells were not significantly different from
those observed in NGF-differentiated cells, undifferentiated
cells were used throughout the rest of the study.

Decay of the 2-kb LAT gene transcript in actinomycin D-
treated cells. In previous studies, Northern blot analysis of the
2-kb LAT gene transcript expressed in HeLa cells has sug-
gested that the transcript is relatively stable (17). Its half-life,
however, has not been estimated, and we therefore examined
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FIG. 2. Northern blot (A) and in situ hybridization (B and C) analyses of
LATs expressed in NGF-differentiated PC12 cells infected with HSV-1 at 18 h
p.i. (A) Total RNA (20 pg in each lane) was separated by electrophoresis in an
agarose gel containing 2.2 M formaldehyde, vacuum blotted onto a nylon mem-
brane, and hybridized with 3?P-labelled, LAT-specific probe ATD19. Lanes: 1,
RNA from uninfected cells; 2, RNA from cells infected with HSV-1 strain
KOS(M) (MOI of 1); 3, RNA from cells infected with IE175 deletion mutant
KD6B11 (MOT of 10). The positions of 28S (4.7 kb) and 18S (1.9 kb) rRNAs are
indicated on the left. For in situ hybridization analysis (B and C), ATD19
labelled with *H-labelled nucleotides was used as the probe. (B) Cells fixed 18 h
p.i. with KOS(M). (C) Uninfected cells. Magnification, X115.

decay curves of PC12 cells treated with actinomycin D (10
wg/ml). RNA was harvested no later than 24 h postinfection
(p.i.), since at that time point extensive cytopathic effects of the
viral infection and the actinomycin D treatment were observed.
The rate of degradation of the 2-kb LAT gene transcript was
measured relative to that of 28S rRNA (the half-life of the
most unstable 28S rRNA species is approximately 48 h [16]). It
was also compared with mRNA from genes UL43 and UL44
{the probe used for Northern blot hybridization [the Sall-
EcoRI fragment of ATD54, genomic positions 94853 to 96763
(30)] did not distinguish between these genes [Fig. 1]}. In
untreated cells, the level of the 2-kb LAT gene transcript
increased from 12 to 24 h p.i., while in cells treated with
actinomycin D no significant change was observed within the
same period (Fig. 3). This indicates that the 2-kb LAT gene
transcript was stable, with a half-life considerably longer than
12 h. In contrast, transcripts expressed from the UL43 to UL44
region decreased in cells treated with actinomycin D (Fig. 3)
and their half-life was estimated by densitometric analysis to be
approximately 3 h.

Actinomycin D inhibits RNA transcription by intercalating
between the DNA bases (45). Some RNA transcripts have
been shown to be stabilized by actinomycin D (32, 43). The
mechanism is poorly understood, but in such cases actinomycin
D is thought to inhibit the production of RNA-destabilizing
factors. To test the possibility that actinomycin D stabilized the
2-kb LAT gene transcript, cells treated with o-amanitin (10
wg/ml) were examined. No decay of the 2-kb LAT gene tran-
script was detected over a 12-h observation period, confirming
that the transcript is stable (data not shown). In other studies,
evidence for a stable 2-kb LAT gene transcript has been ob-
tained from experiments in which actinomycin D has not been
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FIG. 3. Northern blot analysis showing the time course of viral RNA accu-
mulation in PC12 cells infected with HSV-1 strain KOS(M) (MOI of 1). Acti-
nomycin D was added 12 h p.i., and total RNA was isolated at various time points
(0, 2, 6, or 12 h) thereafter. (A) The RNA molecules were separated by elec-
trophoresis in a denaturing agarose gel and vacuum blotted onto a nylon mem-
brane. Total RNAs from untreated (—) and actinomycin D-treated (+) cells
were run in parallel lanes. The membrane was hybridized with 3?P-labelled
probes corresponding to genomic positions 119628 to 119975 (ATD19) for de-
tection of LATs (top) and 94853 to 96763 (Sall-EcoRI fragment of ATD54) for
detection of UL43-UL44 transcripts (middle), as well as with the 28S rRNA
probe (1) (bottom). The membrane was stripped between individual hybridiza-
tions in boiling 0.1% sodium dodecyl sulfate and then gently agitated while
cooling for 7 min. (B) Graphic representation of the level of viral RNAs relative
to the level of 28S rRNA estimated by densitometric analysis of the autoradio-
grams. The autoradiograms were scanned with a Microtek Scan Maker IIXE
(Microtek International), and relative band intensities were estimated with the
National Institutes of Health Image 1.52 program on a Macintosh LC 475
personal computer (Apple Computer). The value obtained at 12 h p.i., when
actinomycin D was added, was defined as 100%. Symbols: A, 2-kb LAT gene
transcript without actinomycin D; A, 2-kb LAT gene transcript with actinomycin
D; O, UL43-ULA44 transcripts without actinomycin D; m, UL43-UL44 transcripts
with actinomycin D.
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present (17). Thus, it is not likely that the long half-life ob-
served was an artifact caused by actinomycin D.
Polyacrylamide gel electrophoresis (PAGE) of the 2-kb LAT
gene transcript. Stable RNA molecules derived from splicing
reactions have been found to be present in a nonlinear form (8,
34, 36). To understand the basis for the stability of the 2-kb
LAT gene transcript, it was therefore of interest to study its
conformation. Several investigators have used PAGE to sepa-
rate linear from nonlinear RNA molecules (15, 27, 35, 36, 40,
53). To avoid interference from the long LAT gene transcripts,
we first separated total RNA by electrophoresis in agarose gels
containing 2.2 M formaldehyde (42) and then excised the re-
gion containing 18S rRNA (where the 2-kb LAT gene tran-
script also is present) from the gel. RNA was eluted from the
gel piece by centrifugation through siliconized glass wool in an
Eppendorf centrifuge at 6,000 rpm for 10 min (23) and finally
recovered by ethanol precipitation. Polyacrylamide gel electro-
phoresis of RNA was performed in gels (15 by 35 cm) contain-
ing 4% acrylamide, 7 M urea, and 90 mM Tris-borate buffer
with 2mM EDTA (1X TBE) at a constant current of 1 mA/cm
(36). The loading buffer used for PAGE was the same as that
used for agarose gels (42). After electrophoretic transfer to
nylon membranes (36) and subsequent Northern blot hybrid-
ization using ATD19 as the probe, two distinct species of the
2-kb LAT gene transcript were observed: a minor band mi-
grating as a 1.96-kb linear RNA molecule and a major band
that was retarded in the gel (Fig. 4A). Extensive treatment of
the RNA with proteinase K did not alter the mobility of the
transcripts, indicating that the retarded form was not linked to
a protein. We also examined the migration of an in vitro-
transcribed 2.3-kb Apal fragment that spans the 2-kb LAT
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FIG. 4. PAGE and Northern blot analysis of the 2-kb LAT gene transcript.
The upper 8 to 10 cm of the gel is shown. (A) Two-kilobase fraction of total RNA
from PC12 cells infected with HSV-1 strain KOS(M) (lane 1) and from unin-
fected PCI2 cells (lane 2) separated by electrophoresis in a 4% denaturing
polyacrylamide gel for 7 h. After electroblotting onto a nylon membrane, hy-
bridization was performed with the 3>P-labelled ATD19 probe. Molecular weight
markers run in separate lanes were stained with methylene blue, and their sizes
are indicated in kilobases on the left. (B) PAGE of RNA transcribed in vitro.
Lanes: 1, 1.5-kb transcript synthesized as a control for the activity of the tran-
scription kit; 2, 2.3-kb transcript expressed from the Apal fragment spanning the
2-kb LAT gene region. (C and D) RNase H treatment. An oligonucleotide
complementary to positions —80 to —101 upstream of the 3’ end of the 2-kb LAT
gene transcript was hybridized with either the 2-kb fraction (C) or total RNA (D)
from PC12 cells infected with KOS(M). The samples were split into two parts, of
which one was treated (+) with RNase H and the other was not (—). The
reaction products were separated by PAGE and analyzed by Northern blot
hybridization as described above. The increased amount of the 1.96-kb species
present in the untreated sample in panel C is probably due to unspecific nicking
of the RNA during the experimental procedure. The black dots in panel D are
artifacts which are all located at the edges or outside of the lanes and do not
obscure potential RNA bands.

gene transcript (Fig. 1). The Apal fragment was subcloned
from the BamHI b fragment of the HSV-1 genome into plas-
mid pSL301 (Invitrogen) and then transcribed with T7 RNA
polymerase by using an in vitro transcription kit (Promega). As
shown in Fig. 4B, this transcript migrated as expected for a
linear molecule, indicating that under the conditions used in-
terference from secondary structure caused by inter- or in-
tramolecular hybridizations was minimal. We also considered
the possibility that components used to isolate the 2-kb frac-
tion of total RNA, or the procedure itself, could have altered
the migration of the RNA molecules in a polyacrylamide gel.
However, other RNA molecules, like 18S rRNA, migrated as
expected (a strong 1.86-kb band; data not shown). Further-
more, the retarded form of the 2-kb LAT gene transcript was
also observed after PAGE of total RNA which had not been
subjected to the isolation procedure (Fig. 4D), indicating that
the retarded migration of the 2-kb LAT gene transcript was not
a consequence of the purification process.

The experiments described above suggested that different
forms of the transcript were present. Both circular and lariat
RNA molecules, as well as large Y-shaped transcripts, are
retarded in polyacrylamide gels (39, 53). Naturally occurring
Y-shaped transcripts have been observed after trans splicing in
trypanosomes (33). To distinguish between linear and nonlin-
ear forms of the molecule, we used a strategy in which the
RNA is hybridized with an oligonucleotide and treated with
RNase H and the reaction products are then examined by
PAGE and Northern blot analysis (36). The deoxyoligonucleo-
tide used was a 22-mer, 5'-AGA CGC GCC ACG CGG AGA
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TABLE 1. Nucleotide sequences and genomic locations of
oligonucleotides used in this study

Oligonucleotide Location” Sequence
1 —-1-21 GGTAGGTTAGACACCTGCTTCT
2 152-132 GGGGAAAAGAACGGGCTGGTG
3 206-185 TGGTCGGACGGGTAAGTAACAG
4 1617-1634 GTCTCGGGGAGCACGGTG
5 1681-1700 GTCGCCATGTTTCCCGTCTG
6 1875-1854 AGACGCGCCACGCGGAGACTTC
7 1954-1932

“ Location is relative to the 5’ end of the processed 2-kb LAT gene transcript
(17), which corresponds to genomic position position 119466 (30).

CTT C-3’ (Oligos, etc.), which is complementary to positions
—80 to —101 relative to the 3’ end of the 2-kb LAT [Fig. 1B
and Table 1, oligonucleotide 6]) (17). This oligonucleotide has
previously been shown to work as a primer in reverse tran-
scription of LATs from latently infected ganglia (47). If the
retarded species had been a lariat, we would have expected this
oligonucleotide to be located upstream of the branch point. As
shown in Fig. 4C and D, after treatment with RNase H, the
amount of the retarded 2-kb LAT species decreased signifi-
cantly, while that of the 1.96-kb species increased. Densitomet-
ric analysis of the bands in Fig. 4C and D indicated that more
than 90% of the retarded form was converted to the 1.96-kb
form by RNase H treatment. No additional bands were de-
tected. If the retarded species had been a linear or Y-shaped
molecule, two novel bands should have been observed. It is
therefore likely that the retarded species is present either in a
circular form or as a lariat.

In other studies, the 5’ end of the 2-kb LAT gene transcript
has been identified by primer extension analysis (52). This
result argues against a circular structure, although the possi-
bility that the extension products were obtained from a linear
form of the transcript cannot be excluded.

We have tried several approaches to distinguish between
circular and lariat forms of the retarded 2-kb LAT gene tran-
script. First, the specific 2'-5" phosphodiester bond which
forms the branch point in a lariat can be cleaved by debranch-
ing enzyme activity present in S100 extract from HeLa cells
(12, 41). Although this extract efficiently cleaved the control
lariat IVS1 from human B-globin, only a minimal effect on the
2-kb LAT gene transcript was observed (results not shown).
Second, primer extension analysis of the 3’ end of the tran-
script was performed to identify a putative branch point at
which the extension would be arrested. No specific extension
products were generated from an oligonucleotide complemen-
tary to positions —1 to —23 relative to the 3’ end of the
transcript (17) (Fig. 1B and Table 1, oligonucleotide 7). Third,
assuming that the 5" and 3’ ends of the 2-kb LAT gene tran-
script were ligated to form a circular molecule, RT-PCR with
primers on either side of the ligation would amplify a fragment
spanning the joining point (6). No fragment was made from
these primers (oligonucleotide 4 or 5 with oligonucleotide 2 or
3), while amplification products were generated from other
sets located at different positions (oligonucleotide 4 or 5 with
6 and oligonucleotide 2 or 3 with 1) (Fig. 1B and Table 1).

The debranching experiment, primer extension analysis, and
RT-PCR all produced negative results and should therefore be
interpreted cautiously. In the first case, the result is consistent
with the existence of either a circular molecule or a lariat that
is resistant to HeLa debranching activity, as well as to similar
activities present in the nuclei of neurons and PC12 cells. The
primer extension analysis also did not distinguish between cir-
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cular and lariat forms of the 2-kb LAT gene transcript. Spivack
et al. (47) observed that the oligonucleotide used (oligonucle-
otide 7; Fig. 1B and Table 1) did not hybridize to the 3’ end of
the transcript. This could be due to steric hindrance, but it is
more likely that this part of the molecule is missing, due, for
example, to exonucleolytic degradation of the tail of a lariat
(15). Amplification of fragments spanning the 5'-3" joint of
circular RNA molecules has been achieved in other studies
using RT-PCR (6). Our RT-PCR results may thus argue

CTGGGAGGGAGACAAGAGG AAA@gainst a circular model. Sequence analysis of the LAT gene

has previously revealed consensus splice donor and acceptor
sites at the 5’ and 3’ ends of the 2-kb LAT gene transcript,
respectively (17). Since the signals for excision of the transcript
as a lariat are present and none of our results are incompatible
with the notion that the transcript has this form, we think that
a lariat is the most likely structure of the transcript.

The origin of the minor 1.96-kb species observed after
PAGE remains speculative. This species was also nonpolyade-
nylated (data not shown) and could be derived from the non-
linear 2-kb LAT by nicking during preparation. Alternatively,
it could be the result of debranching of a lariat within the cell,
or it may even represent a LAT species initiated or terminated
at an alternative site (11, 20).

This work was supported by grants from the Norwegian Cancer
Society. E.R. is a postdoctoral fellow of the Research Council of
Norway.
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ADDENDUM

After this report was submitted, evidence for a nonlinear
form of the 2-kb LAT gene transcript was published by Wu and
coworkers (52a).
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