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We recently identified an acutely and latently expressed viral microRNA (miRNA), miR-I, encoded by herpes
simplex virus 2 (HSV-2) latency-associated transcript (LAT) through small RNA cloning and two miRNAs
encoded by HSV-1 LAT through prediction. We now report the use of high-throughput sequencing technology
to identify two additional relatively less-abundant viral miRNAs, miR-II and miR-III, encoded by HSV-2 LAT
exon 2. miR-II includes two miRNAs, miR-II-5p and miR-II-3p, which are processed from the same miRNA
precursor. miR-II and miR-III map antisense to the 5� untranslated region of ICP34.5 and to the coding region
of ICP0 exon 3, respectively. These novel miRNAs are conserved in different HSV-2 strains, and their presence in
infected- and transfected-cell cultures was confirmed by Northern hybridization. All three HSV-2 LAT-encoded
miRNAs map to genome locations similar to those of three out of four identified HSV-1 LAT-encoded miRNAs, but
the sequences of these miRNAs are not conserved. The expression of LAT-encoded miRNAs is negatively regulated
by ICP4, the major viral transactivator. We further show that, similar to miR-I, miR-II is able to efficiently silence
the expression of ICP34.5, a key viral neurovirulence factor, and that miR-III is able to silence the expression of
ICP0, a key viral transactivator. All these data suggest that LAT sequences likely contribute to HSV latency and
reactivation through tight control of these LAT-encoded miRNAs and their viral targets.

Herpes simplex virus 1 (HSV-1) and HSV-2 are closely related
herpesviruses. HSV-1 typically infects the facial region and estab-
lishes a lifelong latent infection in sensory neurons of the trigem-
inal ganglia, while HSV-2 typically infects the genital region and
establishes a lifelong latent infection in sensory neurons of the
sacral dorsal root ganglia. Periodically, either virus may reactivate
to cause symptomatic or asymptomatic recurrences in the area
served by these sensory neurons. HSV-2 and HSV-1 have similar
latent transcription patterns, in which the latency-associated tran-
script (LAT) is transcribed from within the genomic long repeats.
In contrast to other viral promoters, the LAT promoter is highly
active during latency, and LAT is the only viral gene product that
is readily detectable during latency (39). HSV-1 LAT expression
is inhibited by ICP4, the major viral transactivator required for
most post-� gene expression (9, 12, 24), through an ICP4 binding
site near the LAT transcription initiation site (14). The LAT
introns (�2.2 kb in HSV-2 and �2 kb and 1.4 kb in HSV-1),
which overlap the ICP0 transcript in an antisense direction, are
much more abundant and stable than the �8.5-kbp primary LAT
transcript (13), which overlaps both the ICP0 and ICP34.5 tran-
scripts in an antisense direction. ICP0 can transactivate a number
of viral and host genes and is essential for HSV reactivation (4, 5,
18, 19). ICP34.5, a key viral neurovirulence factor, is a protein
kinase R inhibitor and is required for efficient viral replication in
neurons in vivo (2, 6, 7, 49).

The LATs play an important role in HSV latency and reac-
tivation. Deletion of the LAT promoter in both HSV-1 and

HSV-2 reduces the efficiency of reactivation (25, 28, 35, 38, 45,
47, 50). The hypothesized mechanisms by which LAT could act
include inhibition of replication during acute infection of neu-
rons via an antisense mechanism (13, 37, 39), thus promoting
neuronal survival. The HSV-1 LAT is currently believed to act
at least in part by increasing the establishment or maintenance
of latency (35, 45), likely via an effect on the survival of acutely
infected neurons (44). Animals infected with an HSV-1 LAT
deletion mutant virus are more likely to have apoptotic neu-
rons during the acute infection (32, 46).

MicroRNAs (miRNAs) are a family of 21- to 24-nucleotide
(nt) noncoding RNAs that regulate gene expression based on
sequence similarity to their target (2, 11, 22). Recently, we
reported an acutely and latently expressed miRNA encoded by
HSV-2 LAT that inhibits ICP34.5 expression and two HSV-1
LAT-encoded miRNAs that also map antisense to the ICP34.5
region (40). Cui et al. reported an HSV-1 miRNA that mapped
upstream of the LAT (10), and Umbach et al. recently re-
ported four HSV-1 LAT-encoded miRNAs (48). In the present
study, we identify two additional relatively less-abundant novel
virally encoded miRNAs in HSV-2 LAT exon 2 by using 454
high-throughput (HTP) sequencing technology. We further
show that the expression of these LAT-encoded miRNAs is
negatively regulated by ICP4 and that the novel viral miRNAs
can inhibit expression of ICP34.5 and ICP0.

MATERIALS AND METHODS

Cells, viruses, and antibodies. HSV-2 strain HG52 (GenBank accession no.
NC_001798) and HSV-1 strain 17syn� (GenBank accession no. NC_001806)
genome sequences were used as reference sequences. Vero, HEK 293, HeLa,
and U2OS cell lines were obtained from ATCC. HSV-2 strain 333 was obtained
from Gary Hayward (Johns Hopkins University, MD). HSV-2 strain HG52 was

* Corresponding author. Mailing address: FDA/CBER, HFM-457,
29 Lincoln Drive, Bethesda, MD 20892-4555. Phone: (301) 827-1914.
Fax: (301) 496-1810. E-mail: Philip.krause@fda.hhs.gov.

� Published ahead of print on 19 November 2008.

1433



obtained from Larry Stanberry (Columbia University, NY). HSV-1 ICP4-binding
site mutant virus R7530 and it rescuant virus, R7531, were obtained from Ber-
nard Roizman (University of Chicago, IL). Rabbit polyclonal anti-HSV-2
ICP34.5 antibody was raised against synthetic peptides corresponding to the N
terminus of HSV-2 ICP34.5 (40). Anti-�-tubulin is from BD Bioscience (CA).
Detection of HSV-2 ICP34.5 by Western blotting was performed as described
previously (40).

Oligonucleotide probes and RNA oligonucleotides. Oligonucleotide probes for
miR-I, the miR-I homolog (miR-H3), miR-LAT-ICP34.5 (miR-H4-3p), and U6
snRNA were described previously (40). Oligonucleotide probes for miR-II-5p
(oST486; GCATGCGTGCCGAGTGAACTC), miR-II-3p (oST485; TGAGTT
CGCTAGGCAAGCACGG), miR-III (oST525; TCGCGCATGACCCAGGCT
CAGA), the predicted antisense strand of miR-III (oST526; AGTCTGGGCC
GGGCAGGCGCG), and the miR-H5 homolog (predicted miR-IV) (oST533;
GCGGGGGGTCTGGGGCTCTGAC) and its predicted antisense strand
(oST534; AGGTCAGGTGGCCCGAGCCCCC) were chemically synthesized
(Invitrogen, CA). RNA oligonucleotides corresponding to the sequences of
HSV-2 miR-II-5p (oST523; AGAGUUCACUCGGACGCAUGC) and miR-
II-3p (oST524; CCGUCUUGCCUAGCGAACUCA) were chemically synthe-
sized (Dharmacon, CO) and annealed in 1� annealing buffer (Dharmacon, CO)
to make the miR-II duplex. Similarly, RNA oligonucleotides corresponding to
the sequences of HSV-2 miR-III (oST527; UCUGAGCCUGGGUCAUGCG
CGA) and the predicted antisense strand (oST528; CGCGCCUGCCCGGCCC
AGACU) were also synthesized by Dharmacon and annealed to make the miR-
III duplex. 2�-O-Methyl-modified RNA oligonucleotides including the miR-II-5p
inhibitor (oST504; mGmUmGmCmAmUmGmCmGmUmGmCmCmGmAmG
mUmGmAmAmCmUmCmU), miR-III inhibitor (oST529; mGmUmCmGmCm
GmCmAmUmGmAmCmCmCmAmGmGmCmUmCmAmGmAmC), and NS
miRNA inhibitor (completely complementary to HSV-1 miR-LAT-ICP34.5 as
described previously [40]) were also synthesized by Dharmacon.

Plasmids, transfection, and dual luciferase assay. pSSK, pCMV-SSK, pSSB,
pAvrII-Sap, pAvrII-AluI, and pRL-Ts were described before (40). The pmiR-
II-cluster was cloned by inserting a PCR-amplified HSV-2 ICP34.5 region (with
PCR primers oST499 [TGTTCGCCCACTCTGCGTCGTCGT] and oST500
[TCCTGCCGCCGCCCCTTAAGAG]) into a pFlag vector (Sigma, MO).
pICP34.5 was cloned by first inserting a PCR-amplified HSV-1 ICP34.5 region
(with PCR primers oST487 [CGCGCGGCCCTTTAAAGCGGTG] and oST488
[AGACCCAGGCCGCCTCGGGTGTAAC]) into a pCR4 Topo clone vector
(Invitrogen, CA) and then subcloning into the pFlag vector (Sigma, MO) EcoRI
site. pLAT2-Luc1 and pLAT2-Luc1R were constructed by inserting the NotI
fragment (including the HSV-2 LAT promoter) from pSSB into the pFlag vector
and then subcloning into the pGl3-Basic luciferase vector (Promega, WI) BamHI
and HindIII sites. pLAT1-Luc3 was cloned by inserting a PCR-amplified HSV-1
LAT promoter region using primers (oST480 [CGGCCGGCTACCGAGACCG
AACA] and oST483 [GCTGCAGGGGGGCCCGGAGA]) into a pCR2 Topo
cloning vector (Invitrogen, CA) and then subcloning into the pGl3 luciferase
vector BamHI and HindIII sites. Similarly, a shorter PCR fragment (with prim-
ers oST480 and oST484 [ACGGCCGCGCCCCCGCTTTTAT]) was inserted
into the pGL3-Basic vector to make pLAT1-Luc4. pSSK and pAvrII-SapI were
used as PCR templates to amplify HSV-2 LAT and HSV-1 LAT regions, respec-
tively. pICP4 (HSV-2 ICP4 coding region under the control of the cytomegalo-
virus [CMV] immediate early [IE] promoter) was obtained from Kening Wang
and Jeffrey Cohen (NIH, Bethesda, MD). Plasmids and RNA oligonucleotides
were transfected with Lipofectamine 2000 (Invitrogen, CA) into HEK 293 cells
or U2OS cells. The dual luciferase assay was performed with a dual luciferase
assay kit (Promega, WI) as described previously (42).

454 HTP sequencing of small RNA libraries from LAT-transfected cells and
detection of miRNAs by Northern blotting. Small RNA libraries from HEK 293
cells transfected with pSSK or pCMV-LAT were constructed previously (40).
pSSK and pCMV-SSK libraries were reamplified with A and B sequence-adapted
PCR primers to enable them to be sequenced by a 454 genome sequencer (30).
The above two libraries shared one run with 14 other samples in a 454 genome
sequencer (Roche, MA). 454 sequencing was performed by Cogenics Inc. (NC).
Viral miRNAs were detected with 32P-labeled specific primers by Northern
blotting as described previously (41).

Detection of virally encoded miRNAs in wild-type and LAT mutant virus-
infected cells by real-time PCR. Vero cells (3 � 106) were seeded in six-well
plates in triplicate 6 h before infection with wild-type HSV-2 strain 333 or
NotI-SalI (an HSV-2 LAT promoter deletion mutant virus) at a multiplicity of
infection (MOI) of 3. Total RNA was prepared with Trizol (Invitrogen, CA) at
0, 3, 6, 9, 14, and 18 hours postinfection (hpi). Fifty nanograms of total RNAs was
used in each miRNA reverse transcription (RT) reaction. miR-I detection by
real-time PCR was previous described (40). miR-II was reverse transcribed with

1 nM RT primer (oST550; GTCGTATCCAGTGCAGGGTCCGAGGTATTC
GCACTGGATACGACGCATGC) and then detected with 1.2 �M forward
primer (oST549; CACTGGAGAGTTCACTCGGCAC), 0.6 �M of the previ-
ously described (40) backward primer (oST408; GTGCAGGGTCCGAGGT),
and 0.1 �M TaqMan probe (oST551; 6-carboxyfluorescein [FAM]-TGGATAC
GACGCATGCG-MGB). miR-III was reverse transcribed with 1 nM RT primer
(oST553; GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATA
CGACTCGCGC) and detected with 1.2 �M forward primer (oST552; CACTG
GTCTGAGCCTGGGTCAT), 0.6 �M backward primer (oST408), and 0.1 �M
TaqMan probe (oST554; FAM-TGGATACGACTCGCGCA-MGB). rRNA,
used as a loading control, was quantified by real-time PCR with rRNA control
reagents (Applied Biosystems, CA). RNA oligonucleotides oST523 and oST527
(described above) were used as standards for the real-time PCR. The real-time
PCR conditions were as previously described (40). To detect HSV-1 miR-LAT-
ICP34.5 (miR-H4-3p), 3 � 106 Vero cells were seeded in six-well plates in
triplicate 6 h before infection with R7530 (ORF-O, P ICP4-binding site mutant)
or R7531 (a rescuant virus of 7530). Detection of miR-LAT-ICP34.5 (miR-H4-
3p) was performed using a modification of the previously described assay (48),
with oST408 as the backward primer and 1 nM RT primer in the RT reaction.
The real-time PCRs were performed with an ABI 7900 real-time PCR machine
(Applied Biosystems, CA).

Determination of the transcription start sites of HSV-2 ICP34.5 by 5� RACE.
Vero cells were infected with HSV-2 strain 333 at a MOI of 3. Total RNA was
prepared at 18 hpi using Trizol (Invitrogen, CA). Ten micrograms of the total
RNA was used to determine the transcription start site of HSV-2 ICP34.5 by 5�
rapid amplification of cDNA ends (RACE) with a RLM RACE kit according to
the manufacturer’s instructions (Applied Biosystems, CA). Primers oST505 (C
TCGGCGTAGGCCCGGA) and oST506 (CGGCTGGGCTCGGCGTA) were
used as gene-specific primers. The nested PCR products were separated on a 2%
agarose gel, gel purified, ligated to a pCR4 Topo clone vector (Invitrogen, CA),
transformed into Topo 10 cells (Invitrogen, CA), and sequenced.

Detection of HSV-2 ICP0 by real-time PCR. An HSV-2 ICP0 real-time PCR
system with primers (oST530 [GTCCGGTGGACGCGCA] and oST531 [TGCCC
GGCCCAGACTCTGT]) flanking the miR-III site and a TaqMan probe (oST532;
FAM-GCGCATGACCCAGGCTCAGA-6-carboxytetramethylrhodamine) over-
lapping the miR-III cutting site was set up to detect ICP0 with a One Step RT-PCR
kit (Applied Biosystems, CA). Detection of HSV-2 thymidine kinase (TK) was by
real-time PCR as described previously (40).

RESULTS

Discovery of novel less-abundant viral miRNA sequences
through 454 HTP sequencing technology. We reported an
abundantly expressed miRNA encoded by HSV-2 LAT se-
quences based on manual sequencing of two small RNA librar-
ies constructed from LAT plasmid-transfected cells (40). To
uncover potential low-abundance LAT-encoded miRNAs, we
used 454 HTP sequencing technology to sequence these two
previously constructed small RNA libraries. Besides the highly
abundant miR-I, HTP sequencing also revealed multiple cop-
ies of four 21- to 23-nt viral sequences (miR-I-5p, miR-II-5p,
miR-II-3p, and miR-III) that were not found by manual se-
quencing previously (Table 1). These four novel potential viral
miRNA sequences all map to LAT exon 2 and are able to fold
into stem-loop secondary structures with their adjacent se-
quences as illustrated in Fig. 1A. One very-low-abundance viral
miRNA sequence identified by HTP sequencing was the anti-
sense strand of the previously identified miR-I and thus was
named miR-I-5p. The ratio of the frequency of miR-I-5p to
that of miR-I is approximately 1:40. The sequence of miR-I-5p
is exactly the same as previously predicted. miR-I-5p is below
the detection limit of Northern hybridization in HSV-2-in-
fected cells or LAT plasmid-transfected cells (40), suggesting
that HTP sequencing can pick up low-abundance miRNAs that
are not detectable by Northern blotting. Two other miRNA-
like sequences are likely processed from the same stem-loop
miRNA precursor and thus were named miR-II-5p and miR-
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II-3p. miR-II-5p and miR-II-3p map approximately 160 bp
downstream of miR-I, in an antisense orientation to the po-
tential 5� untranslated region (UTR) of the ICP34.5 transcript.
miR-II-3p is approximately 76% homologous to HSV-1 miR-
LAT-ICP34.5, identified previously (and also named as
miR-H4 by Umbach et al. [48]). Another interesting viral
miRNA-like sequence (miR-III) identified in both libraries
maps antisense to the coding region of ICP0 exon 3. The
frequencies of miR-II and miR-III were approximately 10 to 20
times lower than that of miR-I.

Detection of miR-II-5p and miR-II-3p by Northern hybrid-
ization in transfected and infected cells. To confirm the pres-
ence of miR-II, we first used Northern hybridization of total
RNAs from transfected HEK 293 cells (Fig. 1B). We con-
structed a eukaryotic expression plasmid, pmiR-II-cluster, that
encodes miR-II and adjacent sequences under the control of
the CMV IE promoter. The pre-miRNA of miR-II-5p and
miR-II-3p was detected with both 5�- and 3�-specific probes,
further indicating that miR-II-5p and miR-II-3p are processed
from the same pre-miRNA. Both mature miR-II-5p and ma-
ture miR-II-3p were detected with specific probes in cells
transfected with pmiR-II-cluster, suggesting that it is likely that
both strands of miR-II can be assembled into an RNA inter-
ference-induced silencing complex (RISC) in transfected cells.
We then performed Northern hybridization on total RNAs
from Vero cells infected with HSV-2. Pre-miRNAs of miR-
II-5p and miR-II-3p were detected by both 3� and 5� probes in
cells infected with HSV-2 strains 333 and HG52 (Fig. 1C).
Only the mature miR-II-5p gave a specific signal (which was
very weak) when detected with the 5� probe, although miR-I
could be easily detected after stripping (Fig. 1C). These data
suggested that, compared to miR-I, miR-II-5p and miR-II-3p
are less efficiently processed and assembled into the RISC in
infected-cell cultures.

Detection of miR-III by Northern hybridization in trans-
fected and infected cells. We used Northern hybridization of
total RNAs from transfected HEK 293 cells to confirm miR-
III. Mature miR-III (but not the predicted antisense strand of
miR-III) was detected with a miR-III-specific probe in cells
transfected with both pSSK and pCMV-SSK (Fig. 1D). We
then performed Northern hybridization on total RNAs from

infected Vero cells. miR-III was detected by the miR-III-spe-
cific probe in both HSV-2 strain 333- and HG52-infected cells
(Fig. 1E). However, the predicted antisense strand of miR-III
was not detected with a probe for the antisense strand of
miR-III, indicating that miR-III is assembled into RISC and
that the strand complementary to miR-III is likely degraded
after unwinding.

Time course of miR-I, -II, and -III expression in HSV-2
wild-type and LAT promoter-deleted mutant virus-infected
cells. We showed previously that the LAT promoter is not the
only promoter for miR-I expression in an infected-cell culture,
although the majority of miR-I is transcribed by the LAT
promoter in vivo (40). Here, we studied the expression kinetics
of the three LAT-encoded miRNAs in wild-type and LAT
promoter-deleted (NotI-SalI) mutant virus-infected cells (Fig.
2). Similar to Umbach et al’s observation with the HSV-1
homolog (48), there was a low-level miR-III signal in mock-
infected Vero cells (0 hpi). The quantities of all three LAT-
encoded miRNAs increased as the infections progressed. Both
miR-I and miR-II were detectable as early as 3 hpi and in cells
infected with the LAT promoter deletion mutant, implying
that promoters other than the LAT promoter (a late promoter
in infected-cell cultures) contribute to miR-I and miR-II ex-
pression. miR-III was detected only after 9 hpi in wild-type
HSV-2-infected cells. miR-III was expressed to a higher level
in wild-type HSV-2-infected cells than in LAT promoter dele-
tion mutant-infected cells at all time points. miR-III was de-
tectable late in infection (14 and 18 hpi) in LAT promoter
deletion mutant-infected cells, possibly as a result of read-
through transcription at late times in infection.

The LAT miRNA cluster is negatively regulated by ICP4.
We previously showed that miR-I is expressed by the LAT
promoter during latency but is also expressed by other pro-
moters, particularly including the putative ORF-O, P pro-
moter, during acute infection (40). HSV-1 ICP4, a key viral
transactivator, inhibits both LAT and ORF-O, P expression by
binding to ICP4-binding sites near the transcription start sites
(14, 26, 27). Therefore, ICP4 is likely directly involved in the
transcriptional regulation of LAT-encoded miRNAs. To test
whether HSV-2 ICP4 functions similarly in controlling HSV-2
LAT and HSV-2 ORF-O, P promoter activity, we first con-
structed an HSV-2 LAT promoter reporter which contains the
LAT promoter and 264 bp of downstream sequences (after the
TATA box) upstream of a firefly luciferase reporter gene (Fig.
3A). HSV-1 LAT promoter reporters with or without the
ICP4-binding site sequences were also constructed as controls.
The reporter plasmids were cotransfected with an HSV-2 ICP4
expression plasmid and a Renilla luciferase plasmid into HEK
293 cells. Compared to the LAT promoter reporter, a reverse
direction version of the HSV-2 LAT promoter reporter
showed only a very low level of firefly luciferase activity, indi-
cating that LAT promoter activity is directional in transfected
nonneuronal cells (Fig. 3A). HSV-2 ICP4 reduced HSV-2 LAT
promoter reporter activity by approximately 11-fold but had no
effect on the cotransfected Renilla luciferase activity or pGL3-
Basic (null vector), indicating that, similar to HSV-1 ICP4,
HSV-2 ICP4 can inhibit LAT expression (Fig. 3A). Interest-
ingly, HSV-2 ICP4 can substitute for HSV-1 ICP4 in suppress-
ing the HSV-1 LAT promoter reporter that contains the
HSV-1 ICP4-binding site (Fig. 3A). Deletion of the HSV-1

TABLE 1. New HSV-2 LAT-encoded miRNAs identified by 454
HTP sequencing

Viral miRNAa

Frequencyb for:

pSSK libraryc pCMV-SSK
libraryc Total

miR-Id 34 44 78
miR-I-5p 0 2 2
miR-II-5p 3 3 6
miR-II-3p 0 4 4
miR-III 3 5 8

a See Fig. 1 for the sequences of these miRNAs.
b Total number of times the miRNA-like sequences appeared in the clones

sequenced.
c Small RNA libraries from pSSK- or pCMV-SSK-transfected HEK 293 cells

were constructed as described previously (40). The qualified 454 sequencing
reads were approximately 16,000 for the pSSK library and 19,000 for the pCMV-
SSK library, respectively.

d miR-I has been identified and described before (40).
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FIG. 1. Identification of HSV-2 LAT-encoded less-abundant miRNAs. (A) Diagram of the predicted secondary structures of HSV-2 miR-II
and miR-III. The HSV-2 mature miR-II-5p (in boldface italics), miR-II-3p (in boldface), and miR-III (in boldface italics) were identified by HTP
sequencing of two small RNA cloning libraries and map to HSV-2 LAT exon 2 (nt 386 to 366 and 126846 to 126884, nt 349 to 329 and 126901
to 126921, and nt 4273 to 4253 and 122977 to 122997, respectively). The RNA secondary structures were predicted by M-Fold. (B) HSV-2
miR-II-5p and miR-II-3p detection by Northern blotting in HEK 293 cells transfected with a plasmid containing the miR-II flanking sequences.
Total RNAs from HEK 293 cells transfected with or without plasmids pmiR-II-cluster and pFlag (an empty vector) were hybridized with a
32P-labeled oligonucleotide probe for miR-II-5p (top). The same membrane was stripped and reprobed with an oligonucleotide probe for
miR-II-3p (middle) and a probe for U6 snRNA. (C) HSV-2 miR-II-5p and miR-II-3p detection by Northern blotting in Vero cells infected with
HSV-2. Total RNAs from uninfected Vero cells and Vero cells infected with HSV-2 strains 333 and HG52 were hybridized with miR-II-5p, the
miR-II-3p probe, and the U6 snRNA probe. The miR-II precursor could be detected in both HSV-2 strain 333- and HG52-infected cells with a
probe antisense to miR-II-5p (top) or a probe antisense to miR-II-3p (middle). Total RNAs were also hybridized with an HSV-2 miR-I probe to
serve as an additional internal control (bottom). (D) HSV-2 miR-III detection by Northern blotting in 293 cells transfected with plasmids
containing the full-length LAT gene. Total RNAs from HEK 293 cells transfected with or without plasmids pSSK, pCMV-SSK, or pFlag were
hybridized with a 32P-labeled oligonucleotide probe for miR-III. pSSK contains the LAT sequences and its promoter sequences. pCMV-SSK is a
mutant plasmid expressing LAT under the control of the CMV IE promoter. The same membrane was stripped and reprobed with an
oligonucleotide probe for the predicted antisense strand of miR-III and a probe for U6 snRNA. (E) HSV-2 miR-II-5p and miR-II-3p detection
by Northern blotting in Vero cells infected with HSV-2. Vero cells were infected with HSV-2 strain 333 or HG52 or were not infected. Total RNAs
were hybridized with the miR-III probe, the predicted antisense strand of the miR-III probe, and the U6 snRNA probe.
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ICP4-binding site relieved the suppression of LAT promoter
activity by ICP4 (Fig. 3A), further indicating that the suppres-
sion of the LAT promoter by ICP4 is sequence specific.

To test whether ICP4 suppresses expression of LAT-en-
coded miRNAs, we performed Northern hybridization on total
RNAs from cells transfected with LAT plasmids (pSSK and
pPstI-HincII), with or without the ICP4 expression plasmid, to
detect LAT-encoded miRNAs. pSSK contains the LAT se-
quences and its promoter sequences. pPstI-HincII contains
partial LAT sequences but not the LAT promoter sequences
(40). HSV-2 ICP4 inhibited the expression of LAT-encoded
miRNAs, including miR-I, miR-II, and miR-III, when cotrans-
fected with pSSK (Fig. 3B). ICP4 also inhibited miR-I expres-
sion when cotransfected with pPstI-HincII, which contains
downstream sequences but not the LAT promoter sequences.
miR-II-5p was barely detectable in cells transfected with pPstI-
HincII, further suggesting that miR-II is a low-abundance viral
miRNA. As expected, miR-III was not detected in pPstI-

FIG. 2. Time course of LAT-encoded miRNA expression in LAT
mutant virus- and wild-type virus-infected cells. Vero cells were in-
fected in triplicate with HSV-2 strain 333 wild-type virus or a mutant
in which the LAT promoter (NotI-SalI sequences) was deleted. Total
RNA was prepared at 0, 3, 6, 9, 14, and 18 hpi. Fifty nanograms of total
RNA was used in specific real-time PCR systems to quantify miR-I,
miR-II, and miR-III at each time point for each virus.

FIG. 3. ICP4 downregulates LAT-encoded miRNA expression. (A) HSV-2 ICP4 reduces LAT reporter activity. The schematic diagram
illustrates the construction of HSV-1 and HSV-2 luciferase reporters. (Middle) pLAT2-Luc1, pRL-Ts (Renilla luciferase control), and pGl3-Basic
were cotransfected with the pLAT2-ICP4 or pcDNA3 vector in HEK 293 cells. pLAT2-Luc1R was also transfected as an additional negative
control. (Bottom) pLAT1-Luc3, pLAT1-Luc4 (with deletion of ICP4-binding sites), pRL-Ts, and pGl3-Basic were cotransfected with HSV-2 ICP4
or pcDNA in HEK 293 cells. Firefly luciferase activity readings were normalized with Renilla luciferase activity. (B) Detection of HSV-2
LAT-encoded miRNAs in cells transfected with plasmids containing LAT promoter sequences, ORF-O, P promoter sequences, and the ICP4 gene.
pSSK and pPst1-HincII were cotransfected with pICP4 or pcDNA 3 into HEK 293 cells. Total RNAs were hybridized with 32P-labeled probes for
miR-I, miR-II-5p, miR-III, and U6 snRNA after stripping. (C) An HSV-1 mutant virus with an ORF-O, P ICP4-binding site mutation expresses
more miR-LAT-ICP34.5 in infected cells. Vero cells were infected with R7530 (ORF-O, P ICP4-binding site mutant) or R7531 (rescuant virus of
R7530). miR-LAT-ICP34.5 (miR-H4-3p) expression was analyzed by real-time PCR. The asterisk indicates that all mock infection controls were
below the assay detection limit of �1,000 copies.
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HincII-transfected cells, because pPstI-HincII does not con-
tain the miR-III region.

The mutant virus R4530 has an HSV-1 ORF-O, P ICP4-
binding site mutation and expresses increased ORF-O, P but
reduced ICP34.5 mRNA in infected cells (26). We used North-
ern hybridization to test whether destruction of the ORF-O, P
ICP4-binding site affects LAT-encoded miRNA expression.
R4530 expresses more miR-LAT-ICP34.5 (miR-H4-3p) than
R4531 (its rescuant virus) in both Vero and SK-N-SH cells
(Fig. 3C), suggesting that ICP4 is involved in the regulation of
miR-LAT-ICP34.5 (miR-H4-3p) expression in infected cells.

Determination of the transcription initiation site for the
HSV-2 ICP34.5 gene. Unlike miR-I, miR-II-5p and miR-II3p
do not map to the antisense strand of the coding region of the
ICP34.5 gene but to the antisense strand of the potential 5�
UTR of the ICP34.5 gene. Since there is no canonical TATA
box for the HSV-2 ICP34.5 gene, it is impossible to predict the
ICP34.5 transcription initiation site based on the sequence. To
investigate whether or not miR-II is antisense to the 5� UTR of

the ICP34.5 transcript, we used a 5� RACE assay to map the 5�
transcription initiation site for ICP34.5 in HSV-2-infected
Vero cells. Two partially overlapped primers (oST505 and
oST506) were used as gene-specific primers (Fig. 4A). The
transcription initiation sites of ICP34.5 were mapped to nt
126943 (16 of 22 clones sequenced) and nt 126941 (6 of 22
clones). Both miR-II-5p and miR-II-3p thus map to the 5�
UTR of the ICP34.5 transcript in an antisense direction (Fig.
4A), as does the homologous miR-LAT-ICP34.5 (miR-H4-3p)
for HSV-1 (8, 48), suggesting that ICP34.5 could be the target
of both miR-I and miR-II.

HSV-2 LAT-encoded miRNAs specifically reduce ICP34.5
and ICP0 expression. We previously showed that miR-I is able
to reduce ICP34.5 expression by functioning as a small inter-
fering RNA (siRNA) (40). Since miR-II maps to the antisense
strand of the 5� UTR of the ICP34.5 gene, it seems likely that
both miR-I and miR-II share the same target, ICP34.5. To test
whether miR-II can reduce ICP34.5 expression, we transfected
U2OS cells with the miR-II duplex with or without a miR-II-

FIG. 4. miR-II and miR-III inhibit ICP34.5 and ICP0 expression, respectively. (A) Mapping of the transcription initiation site of the HSV-2
ICP34.5 gene. Ten micrograms of total RNA was obtained at 16 h after inoculation of Vero cells with HSV-2 strain 333-infected Vero cells and
used to analyze the 5� transcription initiation site of the ICP34.5 gene. Two partially overlapping primers, oST505 and oST506, were used as
gene-specific primers in 5� RACE. cDNA was amplified with a 5� RACE outer primer and oST505 (lane 1) or oST506 (lane 2). The first PCR
products were further amplified with a nested 5� RACE inner primer and oST505 (lane 3) or oST506 (lane 4). The nested PCR product from
primers oST506 and the 5� RACE inner primer was cloned and sequenced. The transcription initiation sites of the ICP34.5 gene map to nt 126943
(16 of 22 clones sequenced) and 126941 (6 of 22 clones). Asterisks indicate the transcription start sites. The locations of the ICP34.5 gene open
reading frame (ORF), miR-II, and the primers are also labeled. (B) miR-II specifically silences ICP34.5 expression. U2OS cells were transfected
with 20 nM miR-II duplex with or without 40 nM miR-II-5p-specific inhibitor 16 h before infection with HSV-2 strain 333 at a MOI of 2. Twenty
nanomolar nonspecific (NS) siRNA (Ambion) and the miR-I duplex were also transfected and used as negative and positive controls, respectively.
Total proteins were extracted at 6 hpi and separated on a sodium dodecyl sulfate-polyacrylamide gel electrophoresis gel before transfer to a
membrane and incubation with an HSV-2 ICP34.5-specific antibody. The same membrane was stripped and incubated with an anti-�-tubulin
antibody as a loading control. (C) miR-III specifically reduces ICP0 mRNA levels. U2OS cells were transfected with 20 nM miR-III duplex with
or without 40 nM miR-III-specific inhibitor or NS miRNA inhibitor 16 h before infection with HSV-2 strain 333 at a MOI of 2. Twenty nanomolar
NS siRNA (Dharmacon) was also transfected and used as a negative control. Total RNAs were prepared at 6 hpi and ICP0 and TK levels were
analyzed by real-time PCR. Expression of ICP0 was normalized to TK and is presented as relative ICP0 expression. The panel summarizes five
independent experiments.
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5p-specific inhibitor 16 h before infection with HSV-2. Similar
to miR-I, miR-II efficiently reduced ICP34.5 protein expres-
sion (Fig. 4B). A miR-II-5p-specific miRNA inhibitor relieved
the inhibition of ICP34.5 expression by miR-II, indicating that,
similar to miR-I, miR-II can downregulate ICP34.5 expression
specifically.

To test whether miR-III can reduce ICP0 expression, we
transfected U2OS cells with a miR-III duplex with or without
a miR-III-specific inhibitor 16 h before infection with HSV-2
strain 333. Since an anti-HSV-2 ICP0 antibody is not available,
we used real-time PCR to detect the expression of ICP0
mRNA from these infected cells. In five independent experi-
ments, the miR-III duplex reduced ICP0 expression by approx-
imately 60% with no effect on TK expression (Fig. 4C). A
specific miR-III inhibitor, but not the nonspecific miRNA in-
hibitor, relieved the inhibition of ICP0 expression by the miR-
III duplex (Fig. 4C).

Comparison of HSV-1 and HSV-2 LAT-encoded miRNAs.
Because HSV-1 and HSV-2 are closely related, identification
of these less-abundant HSV-2 LAT-encoded miRNAs pro-
vides a unique opportunity to compare the evolutionary paths
of virally encoded miRNAs in these two closely related human
herpesviruses (Fig. 5). The three identified HSV-2 LAT-en-
coded miRNAs match three out of four HSV-1 miRNAs based
on their genome locations. There is minimal sequence similar-
ity between miR-III and HSV-1 miR-H2. Although miR-I

shares approximately 77% homology with HSV-1 miR-I-ho-
molog-3p (HSV-1 miR-H3) and miR-II-3p shares 76% homol-
ogy with miR-LAT-ICP34.5 (HSV-1 miR-H4-3p), it is difficult
to find similarities among the first 8 nt, which are most impor-
tant for miRNA functions (1), implying that the potential non-
viral targets of these homologous miRNAs (if any) are dra-
matically different from one another. Therefore, it seems likely
that the major evolutionary pressure on the HSV-1 and HSV-2
LAT-encoded miRNAs is to maintain the RNA secondary
structures to allow processing into miRNAs by Drosha and
Dicer but not to keep the miRNA sequences unchanged during
the approximately nine million years of evolution since these
two closely related viruses began to diverge (17). Thus, these
LAT-encoded miRNAs seem more likely to have coevolved
with their viral targets rather than potential cellular targets.

A predicted HSV-1 miR-H5 homolog in the HSV-2 genome is
not detectable in infected and transfected cells. Since HSV
LAT-encoded miRNAs are most conserved in location, we
predicted that HSV-2 may also encode an HSV-1 miR-H5
homolog miRNA in a similar genome location, although HTP
sequencing did not reveal such a miRNA-like sequence.
Through a homology search with the Vector NTI program
(Invitrogen, CA), we identified an HSV-2 sequence that is 76%
homologous to HSV-1 miR-H5 in a location similar to that of
HSV-1 miR-H5. This miR-H5 homolog can potentially fold
into a stem-loop structure with adjacent upstream sequences

FIG. 5. Schematic diagram of the HSV-1 and HSV-2 LAT-encoded miRNAs. miR-I-homolog-3p is the same as a recently identified miRNA,
miR-H3; miR-LAT-ICP34.5 is the same as miR-H4 (40, 48). miR-I is 77% homologous to miR-I-homolog (miR-H3), while miR-II-3p is 76%
homologous to miR-LAT-ICP34.5 (miR-H4-3p). miR-III and miR-H2 are similar in genome location but have no homology. The hypothesized
HSV-2 miR-H5 homolog (in boldface italics) is predicted based on homology search and maps to LAT exon 2 (nt 127634 to 127655). The miR-H5
homolog and its precursor are under the detection limit of Northern hybridization in infected- and transfected-cell cultures (data not shown).
Asterisks indicate the transcription start sites.
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(Fig. 5). However, the mature forms of any HSV-2 miR-H5
homolog and its precursor are below the detection level of
Northern hybridization in Vero cells infected with HSV-2
strains 333 and HG52 or HEK 293 cells transfected with
pCMV-SSK (data not shown), suggesting that evolutionary
drift of miR-H5 homolog sequences is significant enough to
affect its processing by the miRNA machinery. Together with
the absence of an overlapping viral target and differences in 5�
sequence that imply no common cellular target, these data also
suggest that HSV-1 miR-H5 may not contribute to the function
of LAT as much as other LAT-encoded miRNAs.

DISCUSSION

We previously reported on an HSV-2 LAT-encoded
miRNA, miR-I, which is highly expressed during latent and
acute infection and is able to downregulate ICP34.5 expression
(40). In the present study, we used 454 HTP sequencing tech-
nology to identify two additional relatively less-abundant
HSV-2 viral miRNAs (miR-II and miR-III) in LAT exon 2.
miR-II maps to the antisense strand of the 5� UTR of the
HSV-2 ICP34.5 gene, while miR-III maps to the antisense
strand of the coding region of ICP0 exon 3. These novel
miRNAs were detected by Northern hybridization in both in-
fected- and transfected-cell cultures. We further demon-
strated that, similar to miR-I, miR-II is able to silence the
expression of ICP34.5, a key viral neurovirulence factor, and
that miR-III is able to silence the expression of ICP0, a key
viral transactivator.

Transcription of the LAT-encoded miRNAs seems to be
tightly regulated. During latency, the LAT promoter is highly
active in terminally differentiated sensory neuronal cells. We
previously showed that miR-I is highly expressed by the LAT
promoter during latency in vivo in guinea pigs and humans
(40). It is likely that all LAT-encoded miRNAs, including
miR-II and -III, are also actively expressed during latency in
vivo, although miR-I seems to be dominant. Promoters other
than the LAT promoter, including the putative HSV-2
ORF-O, P promoter (a pre-� promoter in HSV-1 [3]), also
likely contribute to miR-I and miR-II expression (Fig. 2),
which introduces another layer of transcriptional control. This
implies that the regulation of miR-I and miR-II may be more
complicated than that of miR-III. Interestingly, ICP4, the ma-
jor viral transactivator, inhibits both the LAT and the ORF-O,
P promoters through sequence-specific binding at transcription
start sites, thus suppressing expression of LAT-encoded
miRNAs (Fig. 3). ICP4 is required for most post-� gene ex-
pression and viral replication (9, 12, 24). It seems likely that
ICP4 expression inhibits LAT-encoded miRNAs to create an
environment more favorable for viral reactivation. The unique
transcriptional regulation of LAT-encoded miRNAs may en-
able LAT-encoded miRNAs to function as a molecular switch
between HSV latency and reactivation in infected ganglia.

LAT-encoded miRNAs from HSV-2 and HSV-1, two closely
related human herpesviruses, are more conserved in location
than in sequence (Fig. 5). Three out of four miRNAs identified
in the HSV-1 LAT have a counterpart in a similar location in
HSV-2. Although there is some homology between the
miRNAs encoded by HSV-1 and HSV-2, the first 2 to 8 5�
nucleotides, which determine the miRNA targets, differ dra-

matically between the corresponding HSV-1 and HSV-2 miR-
NAs; thus, it seems very unlikely that these miRNAs have
similar cellular targets, suggesting that viral mRNAs are more
likely to be targets of the LAT-encoded miRNAs. One differ-
ence between these two viruses is in the observed expression
levels of the viral miRNAs. In HSV-2, miR-I is the most abun-
dant miRNA. In HSV-1, miR-H2, the HSV-2 miR-III homolog
(whose target is ICP0), is the most abundant miRNA (48). The
expression level of the miRNAs likely affects their function,
which may help to explain the different behaviors during la-
tency of these two closely related viruses (15, 29, 50).

We previously demonstrated that miR-I inhibits expression
of ICP34.5, the key viral neurovirulence factor. In this study,
we further demonstrate that miR-II can also silence ICP34.5
expression in a sequence-specific manner by targeting the 5�
UTR of the gene. ICP34.5 deletion mutants show significantly
decreased replication in human brain (31, 34, 36). Although
the ICP34.5 gene is characterized as a �1 late gene (8), ICP34.5
is detectable as early as 2 hpi in infected-cell cultures (23). The
C terminus of ICP34.5 is highly homologous to the correspond-
ing domain of a conserved mammalian protein known as
GADD34 and is responsible for its function as a protein kinase
R inhibitor (20, 21). It is generally believed that ICP34.5 is a
late acquisition by HSV. It is likely that, when the conserved
and functional domain of ICP34.5 was acquired, negative reg-
ulating elements, including two conserved miRNAs, were also
acquired by the sequence encoding the N terminus and by the
5� UTR of its gene. Two out of three HSV LAT-encoded
miRNAs that are conserved in location target ICP34.5, further
strengthening our hypothesis that control of ICP34.5 expres-
sion in individual infected neurons by these LAT-encoded
miRNAs affects the outcome (i.e., productive infection versus
latency) of infection in those neurons, leading either to spread
to other neurons or to direct establishment of latency (40).

The LAT was originally hypothesized to control lytic gene
expression via an antisense interaction with ICP0 (16, 39). The
ICP0 gene is an IE viral gene and plays an important role in
HSV reactivation (4, 5, 18, 19). Although recent studies indi-
cate that ICP0 null mutants can be induced to reactivate, these
mutants were not shown to reactivate in vivo and the efficiency
of latency establishment for these mutants was reduced (33,
43). We show in this report that miR-III is able to reduce ICP0
mRNA expression, although not as efficiently as miR-I and
miR-II reduce ICP34.5 expression. Interestingly, HSV-1 miR-
H2, which shares a similar viral genome location with miR-III,
also inhibits ICP0 expression (48). These data suggest that
control of HSV ICP0 expression could be an important step in
establishment and maintenance of latency.

It has been suggested that the effect on LAT during latency
is quantitative rather than absolute. The cumulative function
of these LAT-encoded miRNAs, which appear to modulate
ICP0 and ICP34.5 expression at late times after infection, may
contribute to these phenomena. It is still not known to what
extent LAT-encoded miRNAs contribute to latency and reac-
tivation in vivo. While miRNA inhibitors reversed the ability of
exogenously delivered miRNAs to silence ICP0 and ICP34.5,
the inhibitors had no obvious effect on viral replication or gene
expression in infected U2OS cells (data not shown). This may
be due to the limited sensitivity of our cell culture systems to
any such effect. Further studies of LAT-encoded miRNA-neg-
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ative mutant viruses are thus needed to delineate the function
of these miRNAs in vivo.
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