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Herpes simplex virus 1 (HSV-1), a ubiquitous human pathogen, expresses several viral microRNAs (miRNAs). These, along with
the latency-associated transcript, represent the only viral RNAs detectable in latently infected neuronal cells. Here, for the first
time, we analyze which HSV-1 miRNAs are loaded into the RNA-induced silencing complex (RISC), the key effector of miRNA
function. Only 9 of the 17 reported HSV-1 miRNAs, i.e., miR-H1 to miR-H8 plus miR-H11, were found to actually load into the
RISC. Surprisingly, this analysis also revealed that HSV-1 miRNAs loaded into the RISC with efficiencies that differed widely;
<1% of the miR-H1-3p miRNA detectable in HSV-1-infected cells was loaded into the RISC. Analysis of HSV-1 mutants individ-
ually lacking the viral miR-H2, miR-H3, or miR-H4 miRNA revealed that loss of these miRNAs affected the rate of replication of
HSV-1 in neuronal cells but not in fibroblasts. Analysis of mRNA and protein expression, as well as assays mapping viral miRNA
binding sites in infected cells, showed that endogenous HSV-1 miR-H2 binds to viral ICP0 mRNA and inhibits its expression,
while endogenous miR-H4 inhibits the expression of the viral ICP34.5 gene. In contrast, no viral mRNA target for miR-H3 could
be detected, even though miR-H3, like miR-H4, is perfectly complementary to ICP34.5 mRNA. Together, these data demonstrate
that endogenous HSV-1 miRNA expression can significantly alter viral replication in culture, and they also identify two viral
mRNA targets for miR-H2 and miR-H4 that can partially explain this phenotype.

Herpes simplex virus 1 (HSV-1) is the most common cause of
oral herpes and the leading cause of infectious blindness in

the United States. HSV-1 is typically acquired by infection of the
oral mucosa, where it replicates locally, and it then enters the
nervous system via sensory nerve termini. HSV-1 establishes a
lifelong latent infection in sensory neurons and reactivates peri-
odically in response to various stressors. The molecular processes
that regulate the neurotropism of HSV-1 latency and the processes
by which the lytic genes are silenced and subsequently reactivated
are poorly understood (for a review, see reference 1). Only one
transcript, the latency-associated transcript (LAT), is abundantly
expressed during latency (2, 3). Recently this transcript has been
shown to be the precursor of a number of HSV-1-encoded
microRNAs (miRNAs), and these have been suggested to play a
role in the regulation of various aspects of viral latency and/or
reactivation (4, 5).

miRNAs are a family of short regulatory RNAs, �22 nucleo-
tides (nt) long, that bind to complementary target sites on mRNAs
and then inhibit their expression (6). miRNAs are derived from
one arm of an imperfect stem-loop structure, with a characteristic
stem length of �33 bp, that is located within a longer, largely
unstructured transcript referred to as a primary miRNA (pri-
miRNA) precursor (7–9). Recognition of this stem-loop structure
by the nuclear microprocessor, consisting of the RNase III enzyme
Drosha and the double-stranded RNA (dsRNA) binding protein
DGCR8, results in cleavage of the stem �22 bp away from the
terminal loop and generates an �2-nt 3=-terminal overhang (10–
12). The resultant �60-nt pre-miRNA intermediate is then ex-
ported to the cytoplasm by Exportin 5 (13) and is there bound by
a second processing complex, consisting of the RNase III enzyme
Dicer and its cofactor TRBP. Dicer cleaves the pre-miRNA prox-
imally to the stem-loop junction, leaving a second 2-nt 3= over-

hang, to generate the miRNA duplex intermediate (14, 15). One
strand of this duplex is then incorporated into the RNA-induced
silencing complex (RISC), where it functions as a guide RNA to
direct the RISC to fully or partially complementary mRNA targets
(6, 16). The second strand of the duplex is degraded. The choice of
which strand of the miRNA duplex intermediate is incorporated
into the RISC, i.e., which strand functions as a miRNA, is thought
to be regulated by the stability of the base pairing at the termini of
the duplex: the strand with a 5= end that is less tightly base paired
is favored for incorporation into the RISC (17, 18). However, this
discrimination is rarely complete, so that the less favored strand,
referred to as the “star” or passenger strand, is often detectable at
significant levels in the RISC. The two strands of the duplex are
referred to as the “5p” and “3p” strands, to reflect their origins
within the original pri-miRNA stem-loop.

While human cells are now known to encode �1,000 miRNAs,
cellular miRNAs are not the only miRNAs that have been detected
in human cells. Specifically, it is now well established that several
human DNA viruses, including members of the herpesvirus,
polyomavirus, and adenovirus families, express one or more
miRNAs in infected cells (19). Herpesviruses, a number of which
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share the ability to establish long-term, latent infections in hu-
mans, are particularly adept at using miRNAs to control gene
expression in infected cells and have been shown to express nu-
merous distinct pre-miRNAs in latently and/or productively in-
fected cells in culture and in vivo (19).

The first attempt to identify miRNAs expressed by HSV-1 used
a combination of bioinformatic approaches and Northern blot-
ting to identify a single HSV-1-encoded miRNA, miR-H1, that is
expressed in productively infected cells (20). Subsequent analysis
of small RNAs derived from mouse and human trigeminal ganglia
latently infected with HSV-1, using a deep-sequencing approach,
identified seven additional HSV-1 miRNAs, called miR-H2 to
miR-H8 (4, 5). Of these eight HSV-1 miRNAs, miR-H1 is ex-
pressed largely or exclusively during productive infection, while
miR-H6 is expressed at significant levels in both productively and
latently infected cells. The remaining six HSV-1 miRNAs, all of
which derive from the unstable, exonic regions of the HSV-1 LAT,
are expressed at high levels in latently infected cells but only at
modest levels during productive infection in culture, as is also seen
for the LAT itself (4, 5, 21). In contrast, both miR-H1 and miR-H6
derive from currently undefined pri-miRNAs that are transcribed
proximally to, but separately from, the LAT. Since the LAT has
been implicated in reactivation (22, 23), the regulation of apopto-
sis (24, 25), and the control of latent transcription (26, 27), the
identification of these miRNAs provided a potential regulatory
mechanism for the multiple profound and varied phenotypes en-
coded within this region.

A more recent analysis of HSV-1 miRNA expression during
productive infection in culture, again using deep sequencing, re-
ported the existence of another eight HSV-1 miRNAs, miR-H11
to miR-H18, all of which were found to be expressed exclusively or
predominantly in productively, rather than latently, infected cells
(28). In agreement with this finding, these newer miRNAs are
scattered over the entire genome of HSV-1, rather than being
tightly clustered in or near the LAT gene, as reported for miR-H2
to miR-H8. Finally, another group recently reported another
HSV-1 miRNA, miR-92944, which is, again, encoded distally to
the LAT and is expressed during productive viral replication in
culture (29).

In this report, we have sought to define carefully which HSV-1
miRNAs are functional by deep sequencing of small RNAs associ-
ated with the RISC in infected cells in culture, obtained by immu-
noprecipitation of the RISC using an antibody specific for mam-
malian Argonaute (Ago) proteins, including human Ago1, Ago2,
and Ago3. Each of these Ago proteins is capable of being incorpo-
rated into the RISC and mediating RISC function (6, 30). Surpris-
ingly, our results indicate that the profile of HSV-1-encoded
miRNAs present in the RISC is substantially different from the
expression pattern observed upon analysis of total small RNAs in
HSV-1-infected cells. Moreover, these data strongly suggest that
miR-H12 to miR-H18, as well as miR-92944, are not functional
HSV-1 miRNAs.

To begin to define the functions of the RISC-associated HSV-1
miRNAs, we have generated mutant viruses individually lacking
three of the most highly expressed HSV-1 miRNAs, i.e., miR-H2,
miR-H3, and miR-H4. We demonstrate that endogenous miR-H2
is able to downregulate the expression of the HSV-1 regulatory
protein ICP0, while miR-H4 downregulates the expression of the
viral pathogenicity factor ICP34.5. Surprisingly, miR-H3, which,
like miR-H4, derives from LAT sequences located antisense to the

ICP34.5 mRNA, has no effect on ICP34.5 expression. In agree-
ment with these data, miR-H2 and miR-H4 are shown to bind
ICP0 and ICP34.5 mRNAs, respectively, in infected cells, while
miR-H3 fails to bind to the latter, despite perfect complementar-
ity. Analysis of the growth potential of these HSV-1 miRNA mu-
tants shows, surprisingly, that both the miR-H3 and miR-H4 mu-
tants replicate more rapidly than the wild type (WT) in neuronal
cells in culture, while the miR-H2 mutant shows a modest reduc-
tion in replication potential.

In summary, the data presented here more fully define the
miRNA expression profile of HSV-1 and provide the first demon-
stration of a phenotypic effect of these miRNAs in culture. These
findings have begun to reveal an important role for viral miRNAs
in HSV-1 replication and pathogenesis and should prompt addi-
tional mutational analyses targeting the other HSV-1 LAT-associ-
ated miRNAs shown here to be RISC associated.

MATERIALS AND METHODS
Cell culture and virus infection. Rabbit skin (RS) cells, employed to pre-
pare and titrate virus stocks and for transfection experiments, were prop-
agated in minimum essential medium Eagle (MEME) supplemented with
5% calf serum and PSG (250 U of penicillin, 250 mg/ml of streptomycin,
2.5 mg/ml of amphotericin B, and 292 mg/ml of L-glutamine; Life Tech-
nologies, Inc.) (31). NIH 3T3 cells were propagated in Dulbecco modified
Eagle medium (DMEM) supplemented with 10% fetal bovine serum
(FBS) and PSG. Neuro2A cells were maintained in MEME with 10% FBS
and 1% nonessential amino acids (NEAA). 293 cells were maintained in
DMEM with 10% FBS. SY5Y cells were maintained in a 1:1 mixture of
MEME and Ham’s F-12 medium with 10% FBS and 1% NEAA. Cells were
infected with HSV-1 strain 17syn� (32) at the indicated multiplicity of
infection (MOI) by incubation in a minimal volume of virus for 1 h at
37°C with occasional rocking. The virus was then removed, and cells were
washed with phosphate-buffered saline (PBS) before the growth medium
was replenished. Samples were harvested at the time points indicated in
Tables 1 to 4 and Fig. 3 for RNA or protein analysis.

Construction of viral recombinants. HSV-1 recombinants with dele-
tions/mutations of the viral miRNAs were constructed by cotransfecting a
plasmid containing the mutated region/deletion and HSV-1 strain
17syn� virion DNA into RS cells by calcium phosphate precipitation at a
molecular ratio of 10:1, as described previously (33). Briefly, all recombi-
nation plasmids contained mutated or deleted target sites and �150 bp on
either side of the sites to effect homologous recombination of the gene
onto the viral genome. The sequences were constructed and subcloned
into a pBluescript plasmid by using an In-Fusion Advantage PCR cloning
kit (Clontech) according to the manufacturer’s protocol. After subclon-
ing, mutations of miR-H3 or miR-H2 were introduced using a
QuikChange II site-directed mutagenesis kit (Stratagene) according to the
manufacturer’s protocol. The primers used are listed in Table 1.

At 3 to 4 days posttransfection, the RS cells were harvested, and the cell
lysate was frozen, thawed, and diluted to produce well-isolated plaques.
RS monolayers were then infected with this dilution under agarose. Indi-
vidual HSV-1 plaques were amplified on RS cells in a 96-well format and
were then screened for recombinants by dot blot hybridization using oli-
gonucleotide probes, as described previously (33). Five rounds of plaque
purification were performed on three independent isolates (from separate
transfections) for each HSV-1 miRNA mutant. The purity of the stocks
was determined by PCR analysis, followed by sequencing of the PCR
products. The integrity of each of the recombinants was further confirmed
by Southern blotting.

DNA replication assay. Quantities of viral DNA following infection of
the recombinants in vitro were determined by quantitative real-time PCR
under reaction conditions described previously (34). Infected cells (MOI,
0.01 or 3) at each point were harvested, resuspended in 200 �l of a lysis
buffer (10 mM Tris-HCl [pH 8.0], 1 mM EDTA, 0.001% Triton X-100,
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0.001% SDS) containing 50 mg/ml of proteinase K, and incubated at 50°C
overnight. Three replicates for each time point were performed in 24-well
dishes, with each well containing 1.6 � 106 (Neuro2A) or 2.4 � 104 (NIH
3T3) cells. The quantitative real-time PCR assay was performed using
primers and a probe within the viral polymerase gene (UL30) (35).

RNA recovery, sequencing, and bioinformatics. RISC-bound
miRNAs were isolated by immunoprecipitation using one of two different
monoclonal antibodies specific for the human Ago proteins: ab57113 or
2A8 (Abcam) (36). Briefly, an �2-ml cell pellet (from 2 � 106 cells) was
lysed in lysis buffer (50 mM HEPES [pH 7.5], 150 mM KCl, 2 mM EDTA,
1 mM NaF, 0.5% [vol/vol] NP-40, 0.5 mM dithiothreitol [DTT], protease
inhibitors) and was then centrifuged to remove insoluble particulates.
The lysate was then filtered through a 0.2-�m membrane prior to incu-
bation on a rotator overnight at 4°C with protein G beads loaded with the
anti-Ago antibody. The beads were then washed 10 times with NT2 buffer
(50 mM Tris-HCl [pH 7.4], 150 mM NaCl, 1 mM MgCl2, 0.05% NP-40).
The washed beads were then incubated in NT2 buffer in the presence of
proteinase K prior to extraction using acid-phenol. The aqueous phase
was then used to isolate small RNAs (�200 nt) using a mirVana kit (Am-
bion). Typically, this resulted in the recovery of �250 ng of total small
RNAs from each sample. The RNA immunoprecipitation and sequencing
(RIP-Seq) cDNA library was constructed essentially as described previ-
ously (37) by using an Illumina TruSeq small-RNA kit prior to sequencing
with an Illumina HiSeq 2000 system. The resulting reads were then pro-
cessed using the FASTX-Toolkit and were aligned to the human genome
(NCBI, Hg19), the mouse genome (NCBI, m37 Ensembl release 61), the
HSV-1 genome (17syn�; NCBI, NC_001806), a human miRNA library
(miRBase19), and an HSV-1 miRNA library (miRBase19) using Bowtie (38).
Reads of at least 15 nt were retained if they mapped to the indicated library
with a maximum of 1 mismatch.

PAR-CLIP library construction and bioinformatics. The photoacti-
vatable ribonucleoside-enhanced cross-linking and immunoprecipita-
tion (PAR-CLIP) library was constructed as described previously (39–41)
with minor modifications, i.e., an Illumina TruSeq small-RNA kit was
used to prepare cDNA for sequencing, and an Illumina HiSeq 2000 system
was used for sequencing. The resulting reads were then processed using
the FASTX-Toolkit and were aligned to the HSV-1 genome using Bowtie

(38). Reads of at least 15 nt were retained if they mapped to HSV-1 with
�2 mismatches.

qRT-PCR. ICP0 and ICP34.5 mRNA levels were analyzed by SYBR
green quantitative reverse transcription-PCR (qRT-PCR). Briefly, RNA
was isolated by TRIzol (Invitrogen) extraction according to the manufac-
turer’s protocol. Reverse transcription was performed using a high-capac-
ity cDNA reverse transcription kit (Applied Biosystems) with 500 ng of
DNase-treated total RNA. Two microliters of cDNA was then used with
Power SYBR green PCR master mix and gene-specific primers (Applied
Biosystems) for qRT-PCR. Values were normalized to levels of �-actin
mRNA, determined in parallel, and assays were performed in triplicate.
Values are expressed as multiples of the signal detected using RNA from
cells infected with WT HSV-1.

To confirm the loss of miRNA expression in the viral recombinants,
RS cells (MOI, 5 or 1) were infected with each recombinant; the infected
cells were harvested at 18 h postinfection; and total RNA was prepared
using TRIzol. The relative abundance of the viral miRNAs was then de-
termined using the TaqMan microRNA assay (Applied Biosystems). As-
says were performed in triplicate, and miRNA values were normalized to
the level of viral thymidine kinase (TK) gene (UL23) mRNA. The assay
identification numbers (IDs) are 7322 for miR-H1-5p, 5632 for miR-H2-
3p, 197242_mat for miR-H3-3p, 1979191_mat for miR-H4-3p,
197213_mat for miR-H5-3p, 197219_mat for miR-H6-3p, 462602_mat
for miR-H7-5p, 241862_mat for miR-H8-5p, and 2542341 for the viral
TK mRNA.

For analysis of viral miRNA expression levels in cells infected by WT
HSV-1, 293 cells were infected (MOI, 2), and total RNA or RISC-associ-
ated RNA was isolated at different time points postinfection. miRNA lev-
els were again determined by the TaqMan microRNA assay using 10 ng of
total RNA per RT reaction. Assays were performed in triplicate, and
miRNA values were normalized to the level of U6 RNA for total-RNA
preparations or to the level of miR-16 for RISC-associated RNA prepara-
tions. The number of strands per cell was calculated using synthetic RNAs
(Integrated DNA Technologies [IDT]) for miR-H1-5p, miR-H2-3p, miR-
H3-3p, and miR-H6-3p by spiking known levels of each synthetic miRNA
into noninfected 293 cell total RNA at decreasing concentrations, in order
to establish a linear regression equation.

Transfection of small duplex RNAs. Duplex HSV-1 miRNA mimics
were synthesized by IDT. RNA was annealed by heating in 1 �M Tris (pH
8.0), 50 mM NaCl, 1 mM EDTA at 95°C for 5 min and then decreasing the
temperature by 0.5°C every 30 s until a final temperature of 4°C was
reached. Annealed duplex miRNA mimics were stored at �80°C until use.
Transfections were performed by using RNAiMAX (Invitrogen) accord-
ing to the manufacturer’s protocol, with 2 � 106 cells. Cells were infected
with HSV-1 40 h later and were then harvested for Western blotting and
qRT-PCR analysis 8 h after infection.

Western blotting. Western blotting was performed as described pre-
viously (4). ICP0 was detected using an anti-ICP0 mouse monoclonal
antibody obtained from Virusys (HIA027) at a dilution of 1:8,000. �-Ac-
tin was detected using an anti-�-actin monoclonal antibody from Santa
Cruz (catalog no. SC-47778) at a 1:5,000 dilution. A rabbit anti-ICP34.5
antiserum was generated by using a fusion protein, containing the N-ter-
minal 69 amino acids of ICP34.5 fused to the C terminus of maltose
binding protein (MBP), that was expressed in Escherichia coli BL21. The
MBP fusion protein was purified from soluble bacterial lysates by binding
to amylose resin and was then eluted with 20 mM maltose in PBS. The
antigen was concentrated into PBS and was injected into rabbits at
Pocono Rabbit Farm and Laboratory. Polyclonal sera were harvested from
these rabbits and were used directly for Western blotting of ICP34.5 pro-
tein at a 1:3,000 dilution. Bound antibodies were detected using a horse-
radish peroxidase (HRP)-conjugated donkey anti-rabbit (catalog no.
NA934V; GE Healthcare) or rabbit anti-mouse (catalog no. A9044; Sig-
ma-Aldrich) antiserum and were visualized using an enhanced chemilu-
minescence (ECL) kit from GE (product code RPN2232) and a Syngene
G:Box gel imaging system.

TABLE 1 Primers used for the construction of recombinant viruses

PCR
Forward/
reversea Sequence (5=–3=)

17mH2
In-Fusion F TCCCCCGGGCTGCAGGAATTCGCCTCCT

GCTCGACAGAG
R GATAAGCTTGATATCGAATTCCGCCCAT

GCCAGGCTC
Mutagenesis F ATAGTAGTTTAGCGCAAGCCGCGAACCA

AGAACAGAG
R GCGCTAAACTACTATGGCTCTGGGGCAC

ACGGCGCGCGTCCG

17mH3
In-Fusion F GACTTTGAGCCGTGGGCACGGCGCCCGT

GGGCCCGGGCGG
R GATAAGCTTGATATCGAATTCCCCCCCG

CGGCCGAGACTAG
Mutagenesis F GGGCGGCGGGGGCCGCGATGGCGGC

R GCCGCCATCGCGGCCCCCGCCGCCC

17dH4
In-Fusion Left F TCCCCCGGGCTGCAGGAATTCCTGACC

GCGGGTTCCGAGTTG
R GGCCGAGCACTACTCGCCTCTGCACGCAC

In-Fusion Right F GAGTAGTGCTCGGCCGCGGGGGGCCC
R GATAAGCTTGATATCGAATTCGGCGGTC

CGGGCGGCGTG
a F, forward; R, reverse.
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Luciferase assays. Indicator vectors were generated by using the Re-
nilla luciferase (RLuc) vector pNL-SIN-CMV-RLuc, as described previ-
ously (42). Briefly, two fully complementary synthetic binding sites for the
miRNA of interest were inserted using ClaI and XbaI sites present in the 3=
untranslated region (3= UTR) of RLuc. ICP34.5 RLuc was generated by
PCR amplification of infected-cell genomic DNA to yield a 570-bp frag-
ment derived from the HSV-1 ICP34.5 transcript, extending from posi-
tion 125430 to 125999 in the viral genome, that fully encompasses both
the predicted antisense miR-H3-3p and miR-H4-3p targets and flanking
sequences. This DNA fragment was cloned into the ClaI and XbaI sites
present in pNL-SIN-CMV-RLuc. RLuc expression constructs (500 ng)
and small duplex RNAs (40 pmol) were cotransfected into a 24-well plate
seeded with 293 cells by using Lipofectamine 2000 (Invitrogen) according
to the manufacturer’s protocol. Cells were harvested 24 h later, and RLuc
levels were determined.

RESULTS
Identification of HSV-1 microRNAs loaded into the RISC. Initial
efforts to use a small-RNA deep-sequencing approach to identify
HSV-1 miRNAs expressed in productively infected cells revealed
large amounts of small, �21-nt RNA breakdown products, of
both cellular and viral origin, in infected cells that made it difficult
to distinguish miRNAs from small RNAs that are simply degrada-
tion intermediates (data not shown). These likely reflect the action
of the HSV-1 virion host shutoff (Vhs) protein, which is known to
induce the degradation of most cellular mRNAs, as well as a subset
of viral mRNAs, in infected cells (43).

To select for authentic HSV-1 miRNAs, and also to define the
small viral RNAs that are actually loaded into the RISC and there-
fore are likely biologically relevant, we decided to immunopre-
cipitate the RISC by using an antibody raised against amino acids
483 to 859 of the key RISC component Ago2. This region of Ago2
is well conserved across all four human and murine Ago proteins,
and this antibody effectively recognized not only Ago2 but also the
Ago1 and Ago3 proteins (data not shown) and is therefore able to
immunoprecipitate essentially all RISC components, thus allow-
ing us to selectively deep sequence RISC-bound small RNAs (by
RIP-Seq). To select an optimal time point for this analysis, we
infected 293 cells with HSV-1 strain 17syn� and then harvested
total RNA at various times postinfection. Analysis of these RNA
samples by qRT-PCR, using TaqMan primers specific for the
HSV-1 miRNAs miR-H1-5p, miR-H2-3p, miR-H3-3p, and miR-
H6-3p, confirmed earlier work showing that miR-H1-5p and
miR-H6-3p, which are encoded outside the LAT, are expressed at
substantial levels during productive HSV-1 infection, while miR-
H2-3p and miR-H3-3p, which are encoded within the second LAT
exon, are expressed at more modest levels (Table 2) (4, 28, 29). On
the basis of these data, we decided to use the time point of 8 h after
infection to analyze viral miRNAs that are associated with the
RISC in infected cells. We performed RIP-Seq on three different
cell lines— human 293 cells, human SY5Y cells, and mouse
Neuro2A cells—at 8 h after infection with the HSV-1 strain
17syn� at a multiplicity of infection (MOI) of 2. As shown in
Table 3, we obtained 9,495,950 to 14,905,951 total small-RNA
reads from each cell type, of which 6,464,486 to 8,937,722 repre-
sent known cellular miRNAs. Total HSV-1-specific reads ranged
from a low of 6,447 in SY5Y cells to a high of 40,704 in Neuro2A
cells. Alignment of these reads to the HSV-1 genome showed that
the large majority aligned with the viral LAT region, with very few
reads aligning to the unique long or short region of the viral ge-
nome (Fig. 1A). Analysis of these viral small-RNA reads (Table 4;

Fig. 1B) revealed that a substantial number derived from the
known HSV-1 pre-miRNAs encoding miR-H1 to miR-H8, even
though most of these miRNAs (the exceptions are miR-H1 and
miR-H6) are derived from the exonic regions of the LAT and
therefore are not expected to be expressed at high levels during
lytic replication (4, 5). Of the more recently reported, lytic-cycle-
specific miRNAs miR-H11 to miR-H18 and miR-92944 (28, 29),
we recovered significant numbers of reads for miR-H11-3p but
only a total of seven, from all three cell lines combined, for miR-
H13-5p (Fig. 1A; Table 4). No reads specific for miR-92944, miR-
H12, or miR-H14 through miR-H18 were detected in any of the
three infected-cell lines analyzed.

An unexpected result is that miR-H1-5p, which was previously
reported to be both the most highly expressed HSV-1 miRNA in
lytically infected cells and the dominant arm of the miR-H1
miRNA (4, 28, 29), was recovered at levels lower than those for
miR-H2-3p, miR-H3-3p, miR-H4-3p, miR-H6-3p, and even miR-
H1-3p in all three cell lines analyzed (Table 4). To determine
whether this resulted from the selective exclusion of miR-H1-5p
during cDNA preparation, we performed qRT-PCR analysis of the
levels of expression of miR-H1-5p, miR-H2-3p, miR-H3-3p, and
miR-H6-3p in both total small RNA and RISC-associated small
RNA prepared in parallel from HSV-1-infected Neuro2A cells at 8
h postinfection. As shown in Table 5, the levels of miR-H1-5p and,
to a lesser extent, miR-H6-3p recovered were much lower in the
RISC-associated small-RNA fraction, whether measured by qRT-
PCR or by deep sequencing, than those in total small RNA (mea-
sured by qRT-PCR) and were also lower than previously pub-

TABLE 2 qRT-PCR analysis of the levels of expression of HSV-1
microRNAs in infected 293 cellsa

Time
postinfection (h)

No. of microRNA strands per cell

miR-H1-5p miR-H2-3p miR-H3-3p miR-H6-3p

2 60 14 62 143
4 302 5 70 272
6 3,562 15 88 742
8 5,254 34 95 1,629
10 7,172 36 95 2,772
12 9,140 49 127 3,923
24 9,384 46 139 3,941
a 293 cells were infected with HSV-1 strain 17syn�, and samples were harvested at the
indicated times postinfection. A total of 106 cells were used for RNA isolation, and the
number of miRNA strands per cell was quantitated by qRT-PCR by comparison to
standard curves obtained using synthetic versions of these HSV-1 miRNAs.

TABLE 3 Overview of deep-sequencing data for RISC-associated small
RNAs recovered from HSV-1 infected Neuro2A, 293, and SY5Y cellsa

Infected-cell
type

No. of deep-sequencing readsb

Total

Aligned to
the cellular
genome

Aligned to
known
cellular
pre-miRNAs

Aligned
to the
HSV-1
genome

Aligned to
known
HSV-1
pre-miRNAs

Neuro2A 14,905,951 13,028,073 8,683,033 40,704 3,560
SY5Y 9,495,950 9,100,690 8,937,722 6,447 499
293 9,557,538 8,404,460 6,464,486 14,195 3,250
a Each cell line was infected with the HSV-1 WT isolate 17syn� at an MOI of 2. RISC-
associated small RNAs were isolated 8 h later.
b Obtained for cDNAs generated from the 18- to 25-nt RNA fraction. Alignment to the
cellular (human or mouse) and HSV-1 genomes is shown.
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lished levels of HSV-1 miRNA expression during lytic replication,
determined by deep-sequencing analyses (4). Similar results were
obtained using a second monoclonal antibody, called 2A8, that is
capable of immunoprecipitating all four human Ago proteins (36)
(data not shown). Based on these data, it appears that miR-H1-5p
is loaded into the RISC �200-fold less effectively than miR-H3-

TABLE 4 Overview of previously reported HSV-1 microRNAs
identified by deep sequencing of RISC-associated small RNAs in HSV-
1-infected Neuro2A, SY5Y, or 293 cells

HSV-1 miRNAa

Total no. of reads in the following infected-cell
type:

Neuro2A SY5Y 293

H1-5p 115 3 34
H1-3p 230 72 83
H2-5p 14 3 7
H2-3p 485 50 76
H3-5p 18 6 95
H3-3p 1,072 18 544
H4-5p 64 6 39
H4-3p 180 39 1,240
H5-5p 13 2 10
H5-3p 1 0 1
H6-5p 9 1 12
H6-3p 1,245 291 976
H7-5p 3 0 2
H7-3p 6 2 7
H8-5p 3 1 3
H8-3p 0 0 0
H11-3p 100 3 118
H13-5p 4 0 3
a The suffix “5p” or “3p” describes the arm of the miRNA precursor stem-loop from
which the miRNA derives.

TABLE 5 Relative recovery levels of selected HSV-1 microRNAs

HSV-1 miRNA

Relative level of strandsa in:

Ratio of relative
recovery in total RNA
to that in RISC-
associated RNAb

determined by:

Total RNA
(determined
by qRT-PCR)

RISC-associated RNA

qRT-PCR
Deep
sequencing

Determined
by qRT-PCR

Determined
by deep
sequencing

miR-H1-5p 87 0.44 0.11 198 791
mir-H2-3p 2.2 0.52 0.45 4.2 4.9
miR-H3-3p 1.0 1.0 1.0 1.0 1.0
miR-H6-3p 10.4 1.1 1.2 9.5 8.7

a Recovered from Neuro2A cells infected (MOI, 2) with the HSV-1 isolate 17syn�.
RNA was isolated at 8 h postinfection. The number of strands of each HSV-1 miRNA in
a total small-RNA preparation or in an RNA sample isolated from a RISC
immunoprecipitate from the same culture was normalized to the quantity of miR-H3-
3p strands, which was set at 1.
b The miR-H3-3p ratio was set at 1.0. The higher the value, the lower the level of
recruitment of the indicated HSV-1 miRNA into the RISC.

FIG 1 Alignment of HSV-1 small-RNA sequences to the HSV-1 genome. HSV-1 derived small (18- to 24-nt) RNA sequence reads obtained from HSV-1-infected
293, SY5Y, and Neuro2A cells were aligned to the full-length HSV-1 genome sequence with the terminal repeats deleted (A) or to the HSV-1 LAT region (B).
Known HSV-1 miRNAs are indicated.
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3p, while miR-H2-3p and miR-H6-3p are loaded into the RISC
�2-fold and �10-fold less effectively, respectively, than miR-H1-
3p. This surprising result is discussed in more detail below.

The most critical region for mRNA targeting by miRNAs is the
so-called seed region, extending from position 2 to 8 from the 5=
end of the miRNA, and a key characteristic of authentic miRNAs is
therefore that the 5= end of the miRNA is more invariant than the
3= end, which plays a more limited role in mRNA targeting (6). As
shown in Table S1 in the supplemental material, we in fact saw
little sequence variation in the cloned HSV-1 miRNA 5= ends; the
exceptions were miR-H1-5p and -3p, miR-H7-5p (the star strand
for miR-H7), and miR-H13-5p, each of which exists as variants
differing by one or two 5= nucleotides.

Generation of HSV-1 mutants lacking miR-H2, miR-H3, or
miR-H4. As reported previously (4, 5), the HSV-1 miRNAs miR-
H2-3p and miR-H3-3p lie antisense to the coding regions of ICP0
and ICP34.5, respectively, while miR-H4-3p is located antisense
to the 5= UTR of ICP34.5 (Fig. 2A). These three miRNAs are ex-
pressed at readily detectable levels in productively HSV-1 infected
cells (Table 4) and are highly expressed in latently infected pri-
mary neurons (4, 5). To begin to define the functions of these
miRNAs during both productive and latent infection, we gener-
ated mutant HSV-1 variants, each lacking one of these viral
miRNAs. For miR-H4-3p, which is located outside any gene cod-
ing region, the whole sequence was simply deleted (17dH4). How-
ever, for miR-H2-3p and miR-H3-3p, which are located antisense
to viral coding regions, the pri-miRNA hairpins were mutated
such that the miRNA seed region was mutated, and the predicted
pri-miRNA stem-loop was extensively destabilized, without af-
fecting the underlying coding sequence (17mH2 and 17mH3, re-
spectively) (Fig. 2B). Several independent recombinants were
constructed using techniques detailed previously (32, 33). We
confirmed by HindIII digestion of the whole viral genome, fol-
lowed by agarose gel electrophoresis, that no extra changes within
the genomes of viral mutants were generated during recombina-
tion (data not shown). As expected, the expression of each mu-
tated miRNA was eliminated in each recombinant HSV-1 clone
(Fig. 2C), as determined by qRT-PCR. Finally, each of these three
viral mutants was analyzed to determine whether the mutational
inactivation of the miR-H2, miR-H3, or miR-H4 miRNA affected
the expression of the other LAT region-encoded miRNAs. There
was no observable impact of the mutations in 17mH3 on the ex-
pression of any of the other miRNAs (Fig. 2D). While the 17dH4
mutation had no effect on the expression of miR-H2, -H3, -H7, or
-H8, the expression of miR-H1, miR-H5, and miR-H6 was higher
than that in the wild type. Finally, although the mH2 mutation did
induce modest decreases in the levels of miR-H1, miR-H3, miR-
H4, miR-H5, miR-H6, and miR-H8 expression, relative to that in
the wild type, these decreases were generally �2-fold.

Regulation of ICP0 and ICP34.5 expression by HSV-1
miRNAs. As noted above, miR-H2-3p is located antisense to an
exonic region of ICP0 mRNA, while miR-H3 and miR-H4 are
located antisense to the mature ICP34.5 mRNA (Fig. 2A) (4, 5).
Previously, miR-H2-3p was shown to inhibit HSV-1 ICP0 expres-
sion in 293T cells cotransfected with an ICP0 and a miR-H2-3p
expression vector (4). Whether HSV-1 miR-H3-3p or miR-H4-3p
is able to inhibit HSV-1 ICP34.5 expression has not been exam-
ined previously. However, both miR-H3 and miR-H4 have posi-
tional homologs in HSV-2, although these miRNAs differ in their
seed sequences, and both these HSV-2 miRNAs have been re-

ported to inhibit HSV-2 ICP34.5 expression in cotransfected cells
(44–46).

To test whether endogenous, virus-derived miR-H2, miR-H3,
or miR-H4 is indeed able to inhibit endogenous ICP0 or ICP34.5
expression in infected cells, we used qRT-PCR to examine the level
of ICP0 or ICP34.5 mRNA expression in 293 cells 8 h after infec-
tion with the WT 17syn� strain of HSV-1 or with a 17syn� mu-
tant lacking miR-H2, miR-H3, or miR-H4, as described above. As
shown in Fig. 3A, we observed a significant and specific increase in
the level of ICP0 mRNA expression in cells infected with the mH2
mutant virus and an even more marked increase in ICP34.5
mRNA expression in cells infected with the dH4 mutant, relative
to expression by either the WT virus or the mH3 mutant. Unex-
pectedly, however, the mH3 mutant virus did not differ from the
WT in the level of ICP34.5 mRNA detected (Fig. 3A). To further
extend these data, we also measured ICP0 and ICP34.5 mRNA
expression in WT HSV-1-infected 293 cells transfected with
miRNA mimics encoding miR-H2, miR-H3, or miR-H4. In agree-
ment with the data generated using mutant HSV-1, we observed
decreased levels of ICP0 mRNA in cells expressing ectopic
miR-H2 and markedly decreased ICP34.5 mRNA levels in cells
expressing ectopic miR-H4. Ectopically expressed miR-H3, again,
had no significant effect (Fig. 3A). This does not reflect differences
in miRNA function, since all three miRNA mimics effectively in-
hibited a cognate miRNA indicator vector (Fig. 4) and all three are
effectively loaded into the RISC, as determined by deep sequenc-
ing of RISC-associated small RNAs from transfected cells (data
not shown).

Because miRNAs have been reported previously to occasion-
ally block translation without causing mRNA degradation (6), we
extended these mRNA analyses by performing Western blotting
on analogous samples to detect ICP0 or ICP34.5 protein expres-
sion, with cellular actin functioning as a loading control (Fig. 3B).
As may be observed, these protein data closely paralleled the RNA
data presented in Fig. 3A. Specifically, loss of miR-H2, in the mH2
HSV-1 mutant, resulted in enhanced ICP0 expression, while ec-
topic miR-H2 reduced ICP0 expression in WT HSV-1-infected
cells (Fig. 3B). Similarly, but more strikingly, loss of miR-H4 ex-
pression, in the dH4 mutant, strongly enhanced ICP34.5 expres-
sion, while ectopic miR-H4 inhibited ICP34.5 expression in WT
HSV-1-infected cells by �8-fold (Fig. 3B). Again, both loss of
miR-H3 expression, in the mH3 mutant, and overexpression
of ectopic miR-H3 had no significant effect. Therefore, the lack of
effect of miR-H3 on ICP34.5 expression is consistent, regardless of
whether mRNA or protein levels are examined.

One possible explanation for the lack of effect of miR-H3-3p
on ICP34.5 mRNA and protein expression (Fig. 3) despite the
presence of a perfect target site in ICP34.5 is that this mRNA target
is somehow occluded. To further address this possibility, we
cloned a segment of the ICP34.5 gene encompassing both the
miR-H3-3p and miR-H4-3p target sites, as well as flanking viral
sequences, into the 3= UTR of RLuc. As shown in Fig. 4, this indi-
cator construct was strongly inhibited by a cotransfected miR-H4
miRNA duplex but was unaffected by an analogous miR-H3
miRNA duplex.

It could be argued that the enhanced expression of ICP34.5
protein seen in the HSV-1 17dH4 mutant (Fig. 3B) had nothing to
do with the loss of the perfect target site for miR-H4 present in the
5= UTR of the ICP34.5 mRNA but rather reflected the intrinsically
more efficient translation of mutant ICP34.5 mRNAs bearing a
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FIG 2 HSV-1 miRNAs and construction and characterization of HSV-1 recombinants lacking miR-H2, miR-H3, or miR-H4. (A) Schematic diagram of the
HSV-1 genome and expanded view of the LAT locus. The diagram of the HSV-1 genome (�150 kb) shows the unique long (UL) and short (US) regions, flanked
by the terminal repeat long (TRL) and internal repeat long (IRL) and by the internal repeat short (IRS) and terminal repeat short (TRS), respectively. The location
of the LAT within the RL is shown. The 8.5-kb LAT primary transcript is shown, with the exons and 2.0-kb stable intron indicated. Additionally, the lytic ICP0
and ICP34.5 transcripts are designated. Six miRNAs (miR-H2, -H3, -H4, -H5, -H7, and -H8) are encoded within the LAT exonic region, and two miRNAs
(miR-H1 and -H6), which lie antisense to each other, are encoded within the LAT promoter (shaded arrowheads). (B) Inactivating mutations introduced into
HSV-1 miR-H2 and miR-H3. Shown are the coding sequences of the HSV-1 ICP0 and ICP34.5 genes, located antisense to HSV-1 miR-H2-3p and miR-H3-3p
miRNAs, respectively. In each case, the upper line gives the predicted amino acid sequence; the second line, the wild-type DNA sequence; and the third line, the
mutant sequence. Changes are indicated by boldface, and the miRNA seed sequence targets are boxed. The mutations introduced do not affect the coding
sequence but were predicted to disrupt the formation of the pri-miRNA stem-loop. (C) Characterization of HSV-1 mutants lacking miR-H2 (17mH2), miR-H3
(17mH3), or miR-H4 (17dH4). RS cells were infected with recombinant virus clones of 17mH2 (left), 17mH3 (center), 17dH4 (right), and 17syn� (WT). The
infected cells were harvested at 18 h postinfection, and miRNA abundance was quantified using qRT-PCR. The relative quantities were normalized to that of
HSV-1 miR-H1-5p. The standard error of the mean was calculated from three independent experiments. (D) MicroRNA assay of HSV-1 mutants 17mH2,
17mH3, and 17dH4. Recombinant virus clones of 17mH2 (light green), 17mH3 (purple), 17dH4 (sky blue), and wild-type 17syn� (blue) were used to infect RS
cells. The infected cells were harvested at 18 h postinfection, and miRNA abundance was quantified using qRT-PCR. The relative quantities were normalized to
the level of the viral thymidine kinase mRNA (UL23). Threshold cycle values indicated by asterisks were as high as those seen in mock infections (data not shown).
The standard error of the mean was calculated from three independent experiments.
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deletion of the 5= UTR located antisense to the pri-miR-H4 stem-
loop. To control for this possibility, we generated ICP34.5 expres-
sion vectors bearing the full-length WT 5= UTR or bearing the 5=
UTR present in the dH4 virus. After transfection into 293T cells,
Western blot analysis revealed no difference in ICP34.5 expression
between the WT and dH4-derived ICP34.5 vectors (data not
shown), thus arguing that the increased ICP34.5 expression seen
in Fig. 3B indeed reflects the loss of miR-H4 targeting of this
mRNA.

Analysis of viral mRNA target site occupancy by miR-H2,
miR-H3, and miR-H4. The data presented in Fig. 3 demonstrate
that both miR-H2, which is transcribed antisense to ICP0
mRNAs, and miR-H4, which is transcribed antisense to ICP34.5
mRNAs, are capable of inhibiting the expression of these mRNAs
in productively HSV-1 infected cells. In contrast, miR-H3 is inca-
pable of inhibiting ICP34.5 mRNA and protein expression, even
though it is also transcribed antisense to the mature ICP34.5
mRNAs and is therefore fully complementary to these mRNAs.
This lack of inhibition could result either from an inability of
RISCs guided by miR-H3 to bind to ICP34.5 mRNAs or from an
inability of bound RISCs to inhibit ICP34.5 mRNA function.
Clearly, RISCs loaded with ectopic miR-H3, as tested in the exper-
iments for which results are shown in Fig. 3, are indeed functional,
since they inhibit luciferase reporter constructs bearing an artifi-
cial, perfect target site in their 3= UTR (i.e., the same site that is
present in ICP34.5) essentially as effectively as miR-H2 or miR-H4
inhibit their cognate indicator plasmids (Fig. 4).

To address whether miR-H2, miR-H3, and miR-H4 are indeed
bound to their antisense mRNA target sites in infected cells, we
utilized the photoactivatable ribonucleoside-enhanced cross-
linking and immunoprecipitation (PAR-CLIP) technique, as de-
scribed previously (39, 40, 41). In PAR-CLIP, cells are pulsed with
4-thiouridine (4SU), a nontoxic uridine analog that is incorpo-
rated into newly synthesized mRNAs and is efficiently cross-
linked to mRNA-bound proteins after brief exposure to UV light
at 365 nm. RISC-mRNA complexes are recovered by immunopre-
cipitation of the RISC and are then treated with RNase T1 to re-
move nonbound mRNA sequences. The residual �20- to 40-nt
mRNA fragments are then converted to cDNAs and are sequenced

FIG 3 Effect of miR-H2, miR-H3, or miR-H4 on the expression of HSV-1
ICP0 and ICP34.5. (A) 293 cells were infected with WT HSV-1 17syn� in the
presence or absence of miRNA mimics encoding miR-H2, miR-H3, or miR-
H4, or with 17syn� mutants lacking miR-H2 (mH2), miR-H3 (mH3), or
miR-H4 (dH4). At 8 h postinfection, total RNA was harvested and was ana-
lyzed for viral ICP0 or ICP34.5 mRNA expression by qRT-PCR. The data
obtained were normalized to those for actin mRNA and are averages for three
experiments, with standard deviations indicated. (B) 293 cells were infected
with HSV-1 and were harvested as described for panel A. Then the cells were
subjected to Western blot analysis using antibodies specific for ICP0, ICP34.5,
or cellular actin (as a loading control). The band intensities (given below each
lane) were quantitated using a Syngene G:Box gel imaging system and were
normalized to the actin signal. Uninfected 293 cells served as the negative
control (CTRL).

FIG 4 HSV-1 miRNA mimics are biologically active. Indicator constructs were generated by the insertion of two perfect copies of the predicted full-length target
site for miR-H2-3p (H2 RLuc), miR-H3-3p (H3 RLuc), or miR-H4-3p (H4 RLuc) into the 3= UTR of the RLuc indicator gene. ICP34.5 RLuc is similar, except
that it contains a 570-bp fragment of the HSV-1 ICP34.5 gene fully encompassing both the antisense miR-H3-3p and miR-H4-3p target sites. The indicator
constructs were cotransfected into 293 cells along with synthetic duplex miRNA mimics for each of these HSV-1 miRNAs or with a control miRNA duplex. Cells
were harvested 24 h later and RLuc activity determined. Data are expressed relative to the value for the control duplex, which was set at 100. Values are averages
for three independent experiments, with standard deviations indicated.

Flores et al.

6596 jvi.asm.org Journal of Virology

http://jvi.asm.org


using an Illumina HiSeq system. This technique captures essen-
tially all mRNA sites bound by miRNAs in the cells being analyzed.

To perform this analysis, Neuro2A cells were pulsed with 4SU
for 16 h, as described previously (40, 41), and were then immedi-
ately infected with HSV-1 at an MOI of 2. After infection, the cells

were maintained in a 4SU-containing medium and were then
cross-linked and harvested at 4 h postinfection. The reads ob-
tained were then aligned to the region of the HSV-1 genome lying
antisense to the second exon of the LAT, where miR-H2, miR-H3,
and miR-H4 are encoded. As shown in Fig. 5A, PAR-CLIP of cells

FIG 5 PAR-CLIP analysis of RISC binding to transcripts encoded within the LAT region of HSV-1. PAR-CLIP reads mapping to the HSV-1 LAT genomic region,
extending from genome coordinates 120000 to 126000, are shown. A schematic of the HSV-1 mRNAs and miRNAs known to be encoded in this region is shown
at the top, with the ICP0 introns indicated. (A) Reads mapping to this region in Neuro2A cells infected with WT HSV-1 17syn�, aligned by the most 5= nucleotide
of each read. The expected locations of the antisense mRNA targets for miR-H2, miR-H3, and miR-H4 are indicated. (B) PAR-CLIP reads obtained using the
mH2 virus mutant. Note the loss of reads located antisense to miR-H2. (C) PAR-CLIP reads obtained using the mH3 virus mutant. (D) PAR-CLIP reads obtained
using the dH4 virus mutant. Reads located antisense to miR-H4 were absent in this analysis.
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infected with WT HSV-1 revealed an intense cluster of reads at the
site in the ICP0 mRNA located precisely antisense to miR-H2-3p,
while a second, more modest cluster of reads was located at the site
in ICP34.5 mRNA located antisense to miR-H4-3p. In fact, in the
latter case, we recovered PAR-CLIP reads induced not only by the
dominant miR-H4-3p strand but also by the miR-H4-5p star
strand (Fig. 5A and Table 4; also data not shown). No reads were
recovered from the ICP34.5 mRNA sequences located antisense to
miR-H3-3p (Fig. 5A). Analysis of Neuro2A cells infected with the
miR-H2 mutant reveals the complete loss of the miR-H2-specific
cluster in ICP0, as expected, but no effect on the binding of
miR-H4 to ICP34.5 mRNA (Fig. 5B). The pattern of RISC binding
seen in cells infected with the HSV-1 mH3 mutant was compara-
ble to that seen in WT-infected cells, again arguing that miR-H3 is
not recruited to this region of the HSV-1 genome (Fig. 5C). Fi-
nally, in cells infected with the dH4 mutant, the miR-H2 cluster in
ICP0 remained detectable but the miR-H4 cluster in ICP34.5 was
lost (Fig. 5D). A small number of reads detected 5= to the miR-H4
cluster are actually located �30 nt away from the predicted
miR-H4 binding site on the ICP34.5 mRNA, as is more readily
visible if the scale of the x axis is changed to allow small differences
in read location to become visible (data not shown). We also de-
tected a variable number of other, fairly weak signals in this region
that do not have seed homology to either strand of miR-H2, miR-
H3, or miR-H4 and therefore likely reflect weak and/or variable
binding of RISCs bearing cellular miRNAs to viral transcripts. As
expected, we did not see any clusters of reads located antisense to
HSV-1 miR-H7 and miR-H8, both of which are expressed at low
levels in productively infected cells (Table 4) and are located an-
tisense to an intronic region of the primary ICP0 transcript (Fig. 5)
(5). Together, these data demonstrate that miR-H2 and miR-H4
are indeed bound to the antisense target sites found in the HSV-1
ICP0 and ICP34.5 transcripts, respectively. In contrast, miR-H3
not only fails to inhibit ICP34.5 mRNA function (Fig. 3); it also fails to
bind to the perfect target site located on this mRNA (Fig. 5).

Effects of miR-H2, miR-H3, and miR-H4 on HSV-1 replica-
tion in culture. Our data argue that endogenous miR-H2 inhibits
ICP0 expression, while miR-H4 inhibits ICP34.5 expression, in
cells infected with HSV-1 in culture. Since both ICP0 and ICP34.5
have been shown to function as inhibitors of innate immune re-
sponses to HSV-1 (47–50), and the immediate early ICP0 protein
also functions to facilitate HSV-1 early gene expression (47, 48),
one might predict that loss of miR-H2 and/or miR-H4 would
enhance HSV-1 replication, while overexpression would inhibit
HSV-1 replication. Of course, it remains possible that the most
critical targets for miR-H2 and miR-H4, especially in latently in-
fected neurons, are actually cellular mRNAs. In the case of miR-
H3, this would seem likely, since miR-H3 does not target ICP34.5
mRNA or any other viral mRNA identified thus far.

To address this question, we therefore analyzed the replication
potential of the mH2, mH3, and dH4 HSV-1 mutants in Neuro2A
cells, which are of neuronal origin, and NIH 3T3 cells, which are of
fibroblastic origin, infected at a low or high MOI (0.01 or 3, re-
spectively). For these analyses, three independent clones of each
miRNA recombinant were analyzed, and replicative yields were
assessed by quantitative PCR (Q-PCR) for viral DNA. As shown in
Fig. 6, mutational inactivation of either miR-H3 or miR-H4 re-
sulted in significant enhancement, as high as 10-fold (P, �0.01 by
Student’s t test), of viral replication at 24 h in Neuro2A cells in-
fected at a low MOI (Fig. 6A). At a high MOI, only the mH3

recombinants replicated significantly better than the WT in
Neuro2A cells (Fig. 6B). In contrast, in NIH 3T3 cells, the viral
mH3 and dH4 mutants replicated at levels comparable to that of
WT HSV-1 (Fig. 6C and D). Mutational inactivation of miR-H2,
in the three mH2 recombinants, resulted in a significantly lower
level (P, �0.01 by Student’s t test) of viral replication at 24 and 72
h in Neuro2A cells infected at a low MOI (Fig. 6A). However, in
Neuro2A cells infected at a high MOI, or in NIH 3T3 cells infected
at either a high or a low MOI, the levels of replication of the WT
and mH2 viruses were comparable (Fig. 6B, C, and D). We there-
fore conclude that the miR-H2, miR-H3, and miR-H4 mutant
viruses can indeed influence HSV-1 replication in culture but that,
interestingly, the effects exerted by these miRNAs differ depend-
ing upon the cell lines and MOIs used, and a significant effect on
replication in all cases is observed only in the neuronal-cell-de-
rived cell line Neuro2A.

DISCUSSION

An initial goal of this study was to determine which of the 17
HSV-1 miRNAs that have been reported in the literature (4, 5, 28,
29) are functionally relevant by determining which of these
miRNAs, several of which have been observed only by a single
group and/or exclusively in productively HSV-1 infected cells, are
actually loaded into the RISC. While our data do effectively ad-
dress this question (see below), the most surprising result to arise
from this analysis is that deep sequencing of total small RNAs, at
least in HSV-1-infected cells, does not give an accurate picture of
which miRNAs are actually loaded into the RISC and, hence, are
likely to be biologically relevant. Specifically, while both deep se-
quencing (28, 29) and qRT-PCR analysis (Table 2) (4) of total
small-RNA preparations indicate that HSV-1 miR-H1-5p and
miR-H6-3p are the dominant HSV-1 miRNAs expressed in pro-
ductively HSV-1 infected cells, deep sequencing and qRT-PCR
analysis of HSV-1 miRNAs actually present in the RISC indicate
that this is not, in fact, the case (Tables 4 and 5). Remarkably, our
data indicate that miR-H1-5p is loaded into the RISC �200-fold
less effectively than miR-H3-3p, while miR-H6-3p is loaded �10-
fold less effectively than miR-H3-3p. This is true not only of virally
encoded miRNAs; our data demonstrate that a subset of cellular
miRNAs also show a clear discrepancy when total small-RNA
reads are compared to RISC-associated miRNA reads (data not
shown). While historically it was thought that miRNAs would be
highly labile when not present in the RISC, and that total small-
RNA reads therefore give an accurate picture of RISC-associated
miRNAs, recent data indicate that only �8% of miRNAs are ac-
tually in the RISC at any given time (51). This suggests that vari-
able RISC loading has the potential to regulate miRNA function
and that the ability to be stably recruited into a limited amount of
the RISC may represent a key rate-limiting step in determining
miRNA function. At present, we have no idea where the �99% of
miR-H1-5p detected by deep sequencing but not present in the
RISC is located, but it has been suggested that miRNAs not bound
to the RISC may nevertheless bind to complementary sites on
mRNAs, although it is not clear whether this binding would have
any functional consequences (51). Future work will address
whether this phenomenon is restricted to HSV-1-infected cells,
whether miRNAs that are loaded into the RISC inefficiently share
any sequence characteristics, and whether inefficient loading into
the RISC predicts a reduced ability to inhibit target mRNA expres-
sion.
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Several proposed HSV-1 miRNAs are not loaded into the
RISC. While the differential loading of HSV-1 miRNAs was un-
expected, our data did allow us to address which of the 17 pro-
posed HSV-1 miRNAs are loaded into the RISC in productively
HSV-1 infected cells. As noted above, previous data (4, 5, 28, 29)
have identified six HSV-1 mRNAs that are encoded within the
LAT and hence are expressed predominantly during latent infec-
tion (miR-H2 to miR-H5, miR-H7, and miR-H8), one HSV-1
miRNA expressed both during latency and during lytic replication
(miR-H6), and nine that have been observed only during produc-
tive HSV-1 replication (miR-H11 to miR-H18 and miR-92944).
Our cloning data, using a RISC-associated small-RNA prepara-
tion, recovered reads specific for miR-H1 through miR-H8, al-
though, as noted above, these were recovered at levels distinct
from those observed when total small RNA was analyzed. With
regard to the more recently reported HSV-1 miRNAs (miR-H11
to miR-H18 and miR-92944), we failed to recover any reads for
miR-H12, miR-H14 to miR-H18, and miR-92944 in any of the
three HSV-1-infected cell lines analyzed. Since we recovered
6,467,736 to 8,686,593 miRNA reads by deep sequencing, and
an average cell is thought to express �200,000 miRNAs (51),
we can roughly calculate that these miRNAs, if they exist at all,
are present in the RISC at �0.03 copy per infected cell. We
therefore do not believe that these proposed HSV-1 miRNAs
are functionally relevant.

Two other recently proposed lytic-cycle-specific miRNAs, i.e.,
miR-H11 and miR-H13, were recovered at �118 total reads for

miR-H11 and at �4 total reads for miR-H13. In the case of miR-
H13, we again do not believe that this is a physiologically relevant
HSV-1 miRNA. Not only does the low number of reads obtained
for miR-H13 indicate that this “miRNA” is expressed at �0.1
copy/cell, but also the small number of reads we did obtain show
extensive 5= sequence heterogeneity (see Table S1 in the supple-
mental material), and therefore, the few copies of miR-H13 that
are expressed do not share a conserved seed sequence. In contrast,
the miRNA strands derived from miR-H2 to miR-H8 all have
tightly conserved 5= ends, and hence seed sequences, as is also true
of most cellular miRNAs (6). Finally, while miR-H11-3p is cer-
tainly RISC associated in HSV-1-infected cells (Table 4), it re-
mains unclear whether this is indeed an authentic miRNA. One
issue relates to the structure of the proposed pri-miRNA stem-
loop from which miR-H11 is excised. Drosha-dependent miRNAs
are located in the upper part of an �33-bp imperfect stem that is
flanked by unstructured RNA sequences and that ends in a large
(�10-nt) terminal loop (7, 8). This is indeed the structure ad-
opted by all eight of the validated HSV-1 miRNAs miR-H1 to
miR-H8, as shown in Fig. 7 for miR-H3. However, the stem that
encompasses miR-H11 is instead a perfect 130-bp inverted repeat,
with a very small terminal loop, derived from the HSV-1 origin of
replication OriL (28) (Fig. 7). Moreover, more than half the reads
obtained for miR-H11 bear a 5= end distinct from the major 5=-
end sequence shown in Table S1 in the supplemental material, and
finally, no reads derived from the predicted miR-H11 star strand
were obtained either in our analysis or previously (28, 29). There-

FIG 6 Analysis of the replication capacities of HSV-1 mutants lacking miR-H2, miR-H3, or miR-H4. Each recombinant virus and wild-type HSV-1 (strain
17syn�) were used to infect two different types of cultured cells, Neuro2A cells (A and B) or NIH 3T3 cells (C and D), at a low MOI of 0.01 (A and C) or a high
MOI of 3 (B and D). In each case, results are shown for the 17mH2 (green) (top), 17mH3 (purple) (center), and 17dH4 (light blue) (bottom) recombinant virus
clones compared with WT 17syn� (blue). Infected cells were harvested at the indicated hours postinfection. Levels of viral DNA were determined by quantitative
real-time PCR using primers and a probe within the viral polymerase gene (UL30) and were plotted as ratios to the corresponding values for uninfected cells
(0 h postinfection). The standard errors of the means were from three independent experiments.
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fore, if miR-H11 is indeed a functional miRNA, it is processed via
a mechanism very different from the canonical, Drosha-depen-
dent processing pathway used not only by HSV-1 miR-H1 to
miR-H8 but also by the large majority of cellular miRNAs.
Whether miR-H11 is a functional miRNA is currently unknown.

HSV-1 ICP34.5 transcripts are targeted by miR-H4 but not
by miR-H3. A key goal of the studies reported here was to generate
mutant HSV-1 variants lacking key viral miRNAs with a view to
identifying target mRNA species and observing the consequences
for viral replication. As shown in Table 4, the most prominent
HSV-1 miRNAs that are recovered from a RISC-associated RNA
preparation are miR-H1, miR-H2, miR-H3, miR-H4, and miR-
H6, and since it has been reported recently that an HSV-1 mutant
lacking both miR-H1 and miR-H6, which lie precisely antisense to
one another in the HSV-1 genome (Fig. 2A), grows normally in
culture (52), we decided to focus our attention on miR-H2, miR-
H3, and miR-H4. After the derivation of a set of recombinant
viruses each lacking one of these HSV-1 miRNAs (Fig. 2), we first
asked where we could detect any effect on the expression of the
HSV-1 ICP0 mRNA, which lies antisense to miR-H2, or the
ICP34.5 mRNA, which lies antisense to both miR-H3 and miR-
H4. As shown in Fig. 3, loss of endogenous miR-H2 indeed en-
hances the expression of endogenous ICP0 mRNA and protein
(Fig. 3), and miR-H2 binding to ICP0 transcripts could be readily
detected by PAR-CLIP using WT HSV-1, but not the mH2 mutant
viruses (Fig. 5). Similarly, loss of endogenous miR-H4 enhances
ICP34.5 mRNA and protein expression (Fig. 3), and both miR-
H4-3p and miR-H4-5p were readily detected bound to the pre-
dicted antisense mRNA target site in cells infected with WT
HSV-1 but not in those infected with dH4 (Fig. 5A). Surprisingly,
however, loss of miR-H3 did not affect ICP34.5 expression mea-
sured at either the mRNA or the protein level (Fig. 3), and miR-H3
was not found to bind ICP34.5 transcripts detectably (Fig. 5).

Moreover, while a synthetic miR-H3-3p duplex RNA readily in-
hibited the expression of RLuc when the RLuc open reading
frame was linked to a perfect, 22-bp 3= UTR target site, the same
site presented in the context of a 570-bp fragment of the ICP34.5
gene encompassing both the miR-H3-3p and miR-H4-3p target
sites responded to the latter but not to the former in cotransfected
cells (Fig. 4). ICP34.5 mRNAs therefore are clearly not a target for
repression by miR-H3. Since the same target is active in the ab-
sence of flanking sequences but is not effectively targeted when
these flanking sequences are present, we hypothesize that the an-
tisense target for miR-H3-3p is occluded by an RNA secondary
structure formed by these flanking sequences. One possibility is
that the sequences located antisense to the miR-H3 pri-miRNA
stem-loop are also able to form an RNA secondary structure, as
shown in Fig. 7, that blocks miR-H3-3p access. The formation of
“mirror image” stem-loops in pri-miRNAs and in transcripts an-
tisense to pri-miRNAs is actually fairly common and can some-
times give rise to miRNAs that are derived from both strands of
the DNA being transcribed, as is seen with miR-H1 and miR-H6
in HSV-1 (Fig. 2A) (4). Whether this is indeed the case will require
further investigation.

Impact of miR-H2, miR-H3, and miR-H4 on HSV-1 replica-
tion in culture. Analysis of the HSV-1 recombinants containing
mutations/deletions of the viral miRNA miR-H2, miR-H3, or
miR-H4 revealed that the mH3 and dH4 recombinants replicated
4- to 10-fold better than the WT in murine Neuro2A cells, while
no difference in replication was seen in murine NIH 3T3 cells
(Fig. 6). This effect on replication is consistent with the ability of
miR-H4 to target ICP34.5 RNA (Fig. 3) and the fact that ICP34.5
is known to confer a significant advantage on HSV-1 replication
within neurons (49, 50, 53, 54). The fact that a significant effect on
HSV-1 replication was also exhibited by the mH3 recombinant in
the absence of a detectable effect on ICP34.5 expression (Fig. 3)

FIG 7 Predicted structure of the pri-miRNA stem-loops for miR-H3 and miR-H11, as well as a possible stem-loop located antisense to miR-H3. Functional
pri-miRNA stem-loops generally contain an �33-bp imperfect stem and a large terminal loop and are flanked by unstructured RNA sequences (7, 8). This is the
case for the eight HSV-1 pri-miRNAs encoding miR-H1 to miR-H8, including the miR-H3 pri-miRNA stem-loop shown here as an example. In contrast,
miR-H11 derives from the HSV-1 origin of replication OriL, which consists of a 130-bp perfect inverted repeat, as shown. The principal mature miRNA
sequences and, for miR-H3, the passenger strand sequences, are shown in boldface. This figure also presents a potential RNA structure adopted by the ICP34.5
coding sequences located directly antisense to the miR-H3 pri-miRNA stem-loop. See the text for a discussion.
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suggests that this miRNA acts on an mRNA target(s) other than
ICP34.5 and that this activity (like that of miR-H4) results in a
decrease in HSV-1 replication within neurons. While at first
glance it might seem counterintuitive that a virus would evolve to
express miRNAs that reduce replicative fitness, this actually does
make sense when one considers the biphasic life cycle of HSV-1.
The ability of HSV-1 to persist within the nervous system depends
on its ability to establish a latent infection in neurons without
killing them and then to reactivate periodically from these cells
over time. It has long been known that HSV-1 replicative yields in
neurons are lower than those in other cell types, and this has been
assumed to be due to the low abundance of nucleotide precursors
and replicative infrastructure in these terminally differentiated
cells. While this may indeed be the case, it seems plausible that
these viral miRNAs also help restrict replication and perhaps help
shift the balance toward viral latency in these cells. While
Neuro2A cells have provided a good surrogate cell line in the past,
mirroring many aspects of HSV-1 transcription and replication
seen in primary neurons, further studies are under way in actual
urine sensory neurons (both in vivo and in vitro). It is possible that
we will see an even greater effect of these miRNAs on HSV-1
replication in these nondividing cells.

In contrast to the results with miR-H3 and miR-H4, loss of
miR-H2 expression actually reduced viral replication, but only in
Neuro2A cells infected at a low multiplicity (Fig. 6). Since the only
currently known target for miR-H2 is the viral ICP0 mRNA (Fig.
3), it is possible that miR-H2 acts to reduce ICP0 expression to a
more favorable level. ICP0 is a protein encoded by HSV-1 that is
not essential for in vitro replication but is required for efficient
lytic infection both in vitro and in vivo and for efficient reactiva-
tion from latency (for a review, see reference 55). ICP0 mutants
display reduced viral yields in most cell types at low MOIs but
replicate to near-wild-type levels at high multiplicities and are
more restricted in some cell types than in others (56, 57). Based on
the phenotype of the ICP0 mutants, it might at first seem coun-
terintuitive that HSV-1 would need a means to downregulate
ICP0 expression via miRNAs. However, in addition to being a
promiscuous transactivator of both viral and cellular genes, ICP0
is an E3 ubiquitin ligase that is well known to play a role in degrad-
ing cellular proteins involved in a number of critical pathways,
including DNA damage response, innate signaling, and chroma-
tin modification. It is therefore possible that regulating the overall
amount of ICP0, or modulating ICP0 accumulation temporally,
could be advantageous for the virus. Of course, it remains possible
that the key targets for miR-H2 are, in fact, cellular mRNAs that
remain to be identified. We also note that mutational inactivation
of miR-H2 did appear to globally reduce the expression of the
other HSV-1 miRNAs by �2-fold (Fig. 2D), despite the subtle
nature of the mutation introduced (Fig. 2B), and this could also
contribute to the reduction in HSV-1 replication that we observed
in Neuro2A cells in culture (Fig. 6). It should also be noted that the
mutation of miR-H4 also affected the expression of several of the
other miRNAs in culture as well. This highlights the importance of
examining how the loss of these three viral miRNAs affects the
establishment of latency, viral loads, viral pathogenesis, and viral
reactivation in experimentally HSV-1 infected animals.

In conclusion, we have derived HSV-1 mutants individually
lacking three of the most highly expressed viral miRNAs, and we
show that each of these three mutations can significantly affect
viral replication in culture (Fig. 6). To our knowledge, this is the

first demonstration that virally encoded miRNAs can affect the
productive replication of the cognate virus in culture, although
several reports have argued that viral miRNAs affect the establish-
ment or maintenance of viral latency (58–61). While our efforts to
identify the mRNA targets for miR-H2, miR-H3, and miR-H4
remain at an early stage, we were able to demonstrate unequivo-
cally that endogenous miR-H2 binds to and inhibits endogenous
ICP0 mRNAs, while endogenous miR-H4 binds to and inhibits
endogenous ICP34.5 mRNAs (Fig. 3 and 5), and we believe that
this may partially (miR-H2) or entirely (miR-H4) explain the mu-
tant phenotypes observed (Fig. 6). Surprisingly, however, miR-
H3, which, like miR-H4, lies antisense to ICP34.5 transcripts, does
not bind to or inhibit ICP34.5 expression (Fig. 3 and 5). Never-
theless, ablation of miR-H3 miRNA does affect viral replication
(Fig. 6), although the underlying mechanism is not apparent at
this time.

The most unexpected and exciting result reported here is that
the efficiency of RISC loading of miRNAs in HSV-1-infected cells
differs widely; HSV-1 miR-H1-5p, for example, is loaded into the
RISC �100-fold less efficiently than miR-H3-3p (Table 5; also
data not shown). It could be argued that this result reflects the
differential recovery of miRNAs from the RISC immunoprecipi-
tate, and indeed, one group has reported previously that miRNAs
with “low G-C content” can be selectively lost during extraction
from a small number of cells (62). However, this seems very un-
likely to explain the unequal levels of recovery of miR-H1-3p from
total RNA and from RISC immunoprecipitate RNA reported here.
First, miR-H1-3p does not have a low G-C content; 12 of the 22 nt
in miR-H1-5p are G or C (see Table S1 in the supplemental ma-
terial). Second, Kim et al. (62) reported that unequal miRNA re-
covery was seen with TRIzol extraction but not after small-RNA
recovery using the Ambion mirVana kit. All our experiments used
small RNAs recovered using the mirVana kit, again arguing
against the hypothesis that these data reflect unequal miRNA re-
covery during isolation. Therefore, while the basis for this phe-
nomenon is currently unclear, it does clearly imply that deep se-
quencing of total small RNAs can give a highly misleading picture
of which miRNAs are actually recruited into the RISC effector and
hence are likely to be of biological importance.
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