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MicroRNAs expressed by herpes simplex virus 1
during latent infection regulate viral mRNAs
Jennifer Lin Umbach1, Martha F. Kramer2, Igor Jurak2, Heather W. Karnowski1, Donald M. Coen2 & Bryan R. Cullen1

Herpesviruses are characterized by their ability to maintain life-
long latent infections in their animal hosts. However, the mechan-
isms that allow establishment and maintenance of the latent state
remain poorly understood. Herpes simplex virus 1 (HSV-1) estab-
lishes latency in neurons of sensory ganglia, where the only abund-
ant viral gene product is a non-coding RNA, the latency associated
transcript (LAT)1,2. Here we show that LAT functions as a primary
microRNA (miRNA) precursor that encodes four distinct miRNAs
in HSV-1 infected cells. One of these miRNAs, miR-H2-3p, is tran-
scribed in an antisense orientation to ICP0—a viral immediate-
early transcriptional activator that is important for productive
HSV-1 replication and thought to have a role in reactivation from
latency3. We show that miR-H2-3p is able to reduce ICP0 protein
expression, but does not significantly affect ICP0 messenger RNA
levels. We also identified a fifth HSV-1 miRNA in latently infected
trigeminal ganglia, miR-H6, which derives from a previously
unknown transcript distinct from LAT. miR-H6 shows extended
seed complementarity to the mRNA encoding a second HSV-1
transcription factor, ICP4, and inhibits expression of ICP4, which
is required for expression of most HSV-1 genes during productive
infection4. These results may explain the reported ability of LAT to
promote latency5–9. Thus, HSV-1 expresses at least two primary
miRNA precursors in latently infected neurons that may facilitate
the establishment and maintenance of viral latency by post-tran-
scriptionally regulating viral gene expression.

HSV-1 LAT is an ,8.3 kilobase (kb) capped, polyadenylated RNA
(Fig. 1a)1,2 that is spliced to give a ,2.0 kb stable intron and a pre-
dicted ,6.3 kb unstable exonic RNA10,11. Because LAT is not thought
to encode a protein, we investigated whether the exonic regions of

LAT might function as a primary miRNA precursor12. To identify
HSV-1 LAT-derived miRNAs, we constructed a LAT expression plas-
mid, pcDNA3-LAT, in which a heterologous promoter drives tran-
scription of an ,10.8 kb HSV-1 genomic fragment containing the
entire 8.3 kb LAT (Fig. 1a). We transfected this plasmid into human
293T cells and isolated total RNA. Northern analysis showed high-
level expression of the stable LAT intron (Fig. 1b).

Small RNAs derived from this sample were used to prepare com-
plementary DNAs for 454 sequencing13. This resulted in 225,439
sequence reads (Supplementary Table 1), of which at least 144,955
represented cellular miRNAs (Supplementary Table 2A). We also
recovered 651 HSV-1-derived miRNAs (Supplementary Tables 1
and 3). Six HSV-1 miRNA sequences were obtained, derived from
four HSV-1 miRNA precursor hairpins (Fig. 2a). The two most
common HSV-1 miRNAs were miR-H2-3p (265 reads) and miR-
H4-3p (266 reads); these were derived from miRNA stem-loops that
also gave rise to star strands miR-H2-5p (10 reads) and miR-H4-5p
(61 reads) (Fig. 2a). We also detected miR-H3 (5 reads) and miR-H5
(40 reads). For each miRNA, HSV-1 LAT could be folded into the
expected precursor stem-loop structure. Where both the miRNA and
star strand were recovered, the characteristic ,2 nucleotide 39 over-
hangs were observed in the duplex intermediate (Fig. 2a).

These data show that LAT can be processed into miRNAs in cul-
ture but do not address expression in vivo. We therefore isolated
small RNAs from trigeminal ganglia of mice latently infected with
HSV-1 and performed deep sequencing of derived cDNAs. We
obtained 254,651 sequence reads (Supplementary Table 1), of which
at least 204,867 represent cellular miRNAs (Supplementary Table
2B). An extra 164 sequences represented HSV-1 miRNAs
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Figure 1 | Genomic location of HSV-1 miRNAs. a, Schematic of the HSV-1
genome expanded to show details of the LAT locus. Relative sizes, locations
and orientations of other viral transcripts in this region are indicated.
Sequence coordinates of viral miRNAs and restriction enzyme sites are given
according to the HSV-1 strain 17 syn1 genome (NC_001806). All viral
miRNAs are in the same orientation as LAT except for miR-H6. An
EcoRV–BamHI fragment containing LAT was cloned into pcDNA3 to

generate pcDNA3-LAT. IR, internal repeat; TR, terminal repeat; UL, unique
long; US, unique short. b, Northern blot for the ,2.0 kb LAT intron,
demonstrating LAT expression after transfection of pcDNA3-LAT into 293T
cells. The lower bands show 18S ribosomal RNA which is a loading control.
Small RNAs from this sample were used for cDNA preparation and 454
sequencing.
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(Supplementary Tables 1 and 4). miR-H2-3p (94 reads), miR-H3 (18
reads) and miR-H5 (1 read) represent LAT-derived miRNAs prev-
iously identified in LAT-expressing 293T cells (Fig. 2a). However, a
fourth HSV-1 miRNA, miR-H6 (50 reads), derives from an RNA
stem-loop transcribed from the opposite strand of the HSV-1 gen-
ome within the LAT promoter (Fig. 1a). This sequence was not pre-
sent in pcDNA3-LAT and therefore could not be detected in
transfected 293T cells. Of the total of 171 HSV-1 short RNAs detected
in trigeminal ganglia, 27 were obtained only once. Of these, 20 rep-
resent truncations or point mutants of miR-H2 to miR-H6, whereas
7 seem to represent random HSV-1 RNA breakdown products
(Supplementary Table 1 and data not shown).

The identification of miR-H6 is notable for two reasons. First, miR-
H6 must derive from a second HSV-1 primary miRNA precursor,
distinct from LAT, expressed in latently-infected neurons. Although
a transcript in the antisense orientation to the LAT promoter has been
described previously14, the reported ends of this transcript exclude
miR-H6. The lack of previous reports describing this primary
miRNA precursor may reflect the fact that it must be cleaved to gen-
erate miR-H6 and hence is probably unstable. Second, the stem-loop
that gives rise to miR-H6 lies antisense to a stem-loop transcribed
from the opposite DNA strand that gives rise to a previously described
HSV-1 miRNA, miR-H1 (Fig. 2a). miR-H1 is expressed late in pro-
ductive replication15 and shows extensive sequence complementarity
with miR-H6 (Fig. 2b). The unusual phenomenon of distinct miRNAs
derived by bidirectional transcription of a single genomic locus was
recently also described in mouse cytomegalovirus16.

To ascertain whether any of these HSV-1 miRNAs are expressed
during productive HSV-1 infection—where LAT is expressed late in
infection11—we performed stem-loop reverse transcription followed
by quantitative polymerase chain reaction (qRT–PCR) for miR-H2-
3p to miR-H6 using RNA from HSV-1-infected Vero cells. The cel-
lular miRNA let-7a was used as an internal control for RNA recovery.
All five HSV-1 miRNAs were detected in infected Vero cells using
qRT–PCR (Fig. 2c and Supplementary Table 5A) and/or northern
analysis (Supplementary Fig. 2d). The ‘non-LAT’ HSV-1 miRNA
miR-H6 was detected at 105.0 molecules per ng of isolated short
(,200 nucleotides) RNA, whereas the four LAT-derived miRNAs
were detected at between 102.7 (miR-H3) and 104.1 (miR-H2-3p)

molecules per ng (Fig. 2c and Supplementary Table 5A). These data
confirm that all five novel HSV-1 miRNAs are expressed in produc-
tively infected cells.

qRT–PCR analysis of pcDNA3-LAT-transfected 293T cells
(Fig. 2c) also detected all four LAT-derived miRNAs, but as expected
did not detect miR-H6, which is not encoded by this vector. Analysis
of short RNAs derived from mouse trigeminal ganglia demonstrated
the expression of all four LAT-derived HSV-1 miRNAs, as well as
miR-H6 (Fig. 2c and Supplementary Table 5A). There is a relatively
poor correlation between the levels of expression of each HSV-1
miRNA, as extrapolated from deep sequencing, when compared to
the qRT–PCR analysis. This presumably reflects differences in the
efficiency of cDNA synthesis.

The qRT–PCR analysis presented in Fig. 2c and Supplementary
Table 5A allows us to estimate roughly how many copies of each
HSV-1 miRNA are present in productively infected Vero cells versus
latently infected neurons. During productive infection, miR-H1 and
miR-H6 are expressed at ,1,200 and ,300 copies per Vero cell. In
contrast, the LAT-derived HSV-1 miRNAs miR-H2-3p to miR-H5
are all present at ,40 copies per cell (Supplementary Table 6A).
These latter levels may be too low to exert a significant phenotypic
effect. In latently infected trigeminal ganglia, our estimate derives
from a previous report that mice latently infected with the HSV-1
strain KOS contain ,500 LAT-expressing neurons per trigeminal
ganglion17. On the basis of this report, we estimate ,6.3 3 104 copies
per LAT1 neuron for miR-H2-3p, ,4 3 104 copies per LAT1 neuron
for miR-H6 and ,8 3 105 copies per LAT1 neuron for miR-H4-3p.
We also detected substantial amounts of miR-H4-5p (,3.2 3 104

copies per LAT1 neuron), thus suggesting that the star strand of miR-
H4 might also be a functional miRNA (Fig. 2c and Supplementary
Table 6C). Even if our estimate of the number of latently HSV-1
infected neurons per trigeminal ganglia is low by an order of mag-
nitude18, the level of HSV-1 miRNAs per neuron would still be within
the range of cellular miRNAs that is biologically active12.

Although we were able to detect several different HSV-1 miRNAs
in both LAT-expressing 293T cells and infected Vero cells, we did not
detect the previously described miR-LAT19 using a range of tech-
niques (Supplementary Figs 1 and 2). The report describing miR-
LAT was recently retracted.
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Figure 2 | HSV-1 pre-miRNAs. a, Predicted secondary structures of HSV-1
miRNA precursors, demonstrating the characteristic stem-loops. Mature
miRNAs are indicated in red and, where observed, star strands are indicated
in blue. The numbers of reads of each recovered mature miRNA sequence
are indicated for LAT-transfected 293T cells (293T-LAT) and for trigeminal
ganglia (TG) of mice infected with HSV-1. Where the star strand was also
obtained, these are given as 5p/3p. miR-H1 and miR-H6 were not recovered
from transfected 293T cells because pcDNA3-LAT lacks these sequences.
b, HSV-1 genomic sequence showing the antisense orientation and overlap

of mature miR-H6, and the predicted sequence of miR-H1 (ref. 15).
c, qRT–PCR analysis verifying the existence and relative expression of HSV-
1 miRNAs in 293T cells transfected with pcDNA3-LAT (blue), Vero cells
infected with HSV-1 (red), or mouse trigeminal ganglia latently infected with
HSV-1 (yellow). miRNA abundances are shown as copies per ng of short-
enriched RNAs (,200 nucleotides). Horizontal lines indicate background
levels for each miRNA assayed. Asterisk, not detected. See Supplementary
Table 5 for relevant controls.
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Mapping of the six HSV-1 miRNAs onto the HSV-1 genome
demonstrates that miR-H2 is antisense to the ICP0 transcript,
whereas both miR-H3 and miR-H4 are antisense to ICP34.5
(Fig. 1a). ICP0 is an HSV-1 transcriptional activator, expressed as
an immediate-early gene, which promotes viral replication and may
facilitate reactivation from latency3,20,21. To examine whether miR-
H2-3p could affect ICP0 protein or mRNA expression, we transfected
293T cells with either a wild-type ICP0 expression plasmid or a
derivative containing three point mutations within the predicted
miR-H2-3p seed region (Fig. 3a). These plasmids were co-transfected
with plasmids designed to express a short hairpin RNA (shRNA) that
mimics the predicted miR-H2 pre-miRNA (Fig. 2a and
Supplementary Fig. 3) or a mutated version of the miR-H2 pre-
miRNA (miR-H2-3M) that bears three mutations in the miR-H2-
3p seed region that restore complementarity to the ICP0 mutant
(Fig. 3a). As shown in Fig. 3b, the wild-type miR-H2 pre-miRNA
inhibited expression of wild-type, but not mutant, ICP0 protein.
Conversely, expression of the mutant ICP0 protein was reduced on
co-expression of the mutant miR-H2-3M pre-miRNA but was not
affected by wild-type miR-H2. Although these data demonstrate that
miR-H2-3p is acting through the expected target site to inhibit ICP0
protein expression, this inhibition did not correlate with a reduction
in the level of ICP0 mRNA (Fig. 3c). Similar data, obtained using
short interfering RNA (siRNA) duplexes designed to mimic the miR-
H2 or miR-H2-3M miRNA duplex intermediate, and using RNase
protection to measure ICP0 mRNA expression, are presented in
Supplementary Fig. 3. Together, these data show that, despite the
perfect complementarity of miR-H2-3p to ICP0 mRNA, inhibition
of ICP0 protein expression by this viral miRNA occurs primarily at
the translational level12. These data are consistent with earlier reports
suggesting that LAT reduces ICP0 protein, but not mRNA, levels in
infected cells22,23.

Analysis of other HSV-1 genes showed sequence similarity
between miR-H6, including an extended miRNA seed region12, and
the mRNA encoding ICP4, a transcription factor required for
expression of most HSV-1 genes during productive infection
(Fig. 4a)4. Co-transfection of an ICP4 expression plasmid with a
synthetic form of the predicted miR-H6 duplex intermediate showed
strong downregulation of ICP4 protein expression (Fig. 4b), whereas

an ICP4 expression construct with three mutations in the seed region
of the predicted miR-H6 target site remained unaffected. Analysis of
wild-type ICP4 mRNA expression levels showed that miR-H6 co-
expression had little or no inhibitory effect (Fig. 4c).

Here we report the identification of five HSV-1 miRNAs, three of
which were previously computationally predicted15,24. Four of these
viral miRNAs derive from the second exon of the spliced ,6.3 kb
LAT (Fig. 1a) and may provide both a rationale for the existence of
spliced LAT and explain its characteristic instability1,11, that is, LAT is
probably degraded in the nucleus due to Drosha cleavage12. In addi-
tion to the four LAT-derived HSV-1 miRNAs, we also identified a
fifth miRNA, miR-H6, derived from an at present unknown primary
miRNA precursor that lies antisense to the LAT promoter and which
must also be expressed in latently infected neurons (Fig. 1a). Of
interest, miR-H6 lies antisense to a known late HSV-1 miRNA,
miR-H1 (ref. 15).

Three of the latently expressed HSV-1 miRNAs are transcribed
antisense to HSV-1 mRNAs—ICP0 mRNA in the case of miR-H2-
3p and ICP34.5 mRNA in the case of both miR-H3 and miR-H4-3p
(Fig. 1a)—and we have demonstrated that miR-H2-3p is able to
inhibit ICP0 protein expression (Fig. 3b). Because ICP0 is a key
immediate-early HSV-1 transcriptional activator that may promote
entry into the productive replication cycle3,20,21, inhibition of ICP0
expression by miR-H2-3p may increase the likelihood that neurons
enter and maintain latency. It has been previously proposed that LAT
inhibits ICP0 expression post-transcriptionally in neurons2,10,23 and
the existence of miR-H2-3p could explain this phenomenon. We also
observed that miR-H6 shows partial complementarity to ICP4
mRNA, including an extended miRNA seed region12, and can reduce
ICP4 protein expression (Fig. 4). Similar to ICP0, ICP4 can promote
exit from latency21, and inhibition of ICP4 expression may therefore
enhance the robustness of the latent state.

Although we have not directly examined the effect of miR-H3 and
miR-H4-3p on ICP34.5 expression, it seems probable that these viral
miRNAs are also acting as inhibitors of viral gene expression. Data
favouring this hypothesis come from analysis of the long/short junc-
tion spanning transcripts (L/STs) that overlap the 39 end of LAT
(Fig. 1a). L/STs are expressed by HSV-1 mutants lacking ICP4 (ref.
25). Notably, the L/STs, which have the potential to give rise to miR-
H3 and miR-H4-3p (Fig. 1a), are known to inhibit ICP34.5 express-
ion by an ‘antisense’ mechanism26,27, and these viral miRNAs are
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Figure 3 | Downregulation of ICP0 protein expression by HSV-1 miR-H2-
3p. a, Sequence of miR-H2-3p bound to ICP0 mRNA. The miRNA seed
region is indicated in grey; arrows indicate complementary nucleotide
changes introduced into the mutant ICP0 expression plasmid and miR-H2-
3p-3M expression construct. b, Western blot analysis of ICP0 protein
expression. 293T cells were transfected with a b-arrestin expression plasmid
and either a wild-type (WT) or a mutant ICP0 expression construct.
Plasmids expressing either miR-H2-3p or miR-H2-3p-3M were co-
transfected. c, Northern analysis of the samples shown in b. 18S rRNA was
used as a loading control.
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Figure 4 | Downregulation of ICP4 protein expression by HSV-1 miR-H6.
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of the ICP4 mRNA. The grey box indicates the miRNA seed region; arrows
indicate nucleotide changes present in the ICP4 mutant. b, Western blot
analysis of ICP4 protein expression. 293T cells were co-transfected with a
synthetic miR-H6 duplex intermediate and plasmids expressing either wild-
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negative control as ICP4 mRNA has no predicted target sites for miR-H2-3p.
c, RNase protection analysis of ICP4 mRNA levels in the wild-type ICP4
samples shown in b.
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presumably responsible for this effect. Our observation that HSV-1
miRNAs are capable of downregulating key viral immediate early
proteins is consistent with the recent proposal—based primarily on
computational data—that herpesviruses in general may use viral
miRNAs ‘‘as part of their strategy to enter and maintain latency’’28.

METHODS SUMMARY
pcDNA3-LAT expresses a ,10.8 kb EcoRV to BamHI fragment, derived from

the KOS strain of HSV-1, which extends 134 bp 59, and ,2.3 kb 39, to LAT. Small

RNAs were prepared using standard techniques from 293T cells transfected with

pcDNA3-LAT or from the dissected trigeminal ganglia of mice latently infected

with HSV-1 strain KOS 30 days previously. cDNAs were prepared and subjected

to 454 sequencing13. Vero or SY5Y cells were infected with HSV-1 strain KOS or

strain 17syn1 at 10 plaque-forming units per cell, and RNA was collected for

qRT–PCR analysis 14 to 18 h after infection. Northern and western blot analyses
were performed using standard methods. Stem-loop qRT–PCR methods are

described in Supplementary Information.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Cells, viruses and RNA. 293T and Vero cells were maintained in DMEM sup-

plemented with 10% fetal bovine serum and 5% newborn bovine serum, respect-

ively. SY5Y cells were maintained in RPMI supplemented with 10% fetal bovine

serum. Total RNA was extracted using Trizol (Invitrogen) or mirVana miRNA

Isolation Kit (Ambion). HSV-1 strain KOS was propagated and assayed as

described29.

Plasmid constructs, siRNAs and transfections. pcDNA3-LAT was derived from

an EcoRV–BamHI digest of pSG28 (ref. 30), which released adjacent EcoRI–

BamHI and BamHI–BamHI fragments. These fragments contain the entire

,8.3 kb LAT, as well as an additional ,130 bp 59 of the cap site, and ,2.3 kb

39 of the polyadenylation signal. These fragments were ligated into

pcDNA3.1(2)/Zeo (Invitrogen) and screened to verify orientation.

Transfection of pcDNA3-LAT into 293T cells was performed using FuGene

(Roche).

The ICP0 and ICP4 expression constructs pRS-1 and pSG28K/B, respectively,

have been described previously31. pRS-1 contains the entire ICP0 gene, whereas

pSG28K/B contains the entire ICP4 gene, both including the cognate promoter

and poly(A) site, inserted into pUC18.

The ICP0-3M mutant was generated by PCR using two primer pairs. The 59

half of the mutant was generated using primers 59-

TCTGTTCTTGGTTCGCGGCTTGCGTCAGGGACGAGTGCGACT-39 and

59-CGCTCGAGAACAGAGACCCCATAGTGATCA-39. The 39 half was gener-

ated using primers 59-AGTCGCACTCGTCCCTGACGCAAGCCGCGAACCA

AGAACAGA-39 and 59-CGGAATTCTGAGTCGGAGGGGGGGTGCGTC-39.

The two PCR products were then woven together using recombinant PCR.

The product was then digested with MluI/BclI and ligated into a similarly

digested pRS-1 vector grown in SCS110 dam2/dcm2 bacteria (Stratagene).

The ICP4 mutant was also generated by PCR. pUC18 was modified by insert-

ing annealed oligonucleotides containing unique BsaAI/XhoI/DraIII sites into

the vector HindIII/EcoRI sites. A fragment extending from the ICP4 BsaAI site to

the miR-H6 binding site was then generated by PCR, which also introduced an

XhoI site into the miRNA seed, using primers 59-CCGCTGCGGC

CCGTGTACGTGGCGCTGGGGCGCGAGGCGGTGCGCGCCGGCCCGGCC

CG-39 and 59-CGTCCCAGGCGCCTTCCCAGTCCACAACCTCGAGCCGC

GGGGGCGTGGCCAAGCCCGCCT-39. This fragment was then digested

with BsaAI/XhoI and ligated into the modified pUC18. A second PCR

fragment from the miR-H6 binding site to the ICP4 DraIII site was then

generated using primers 59-AGGCGGGCTTGGCCACGCCCCCGCGGCTC

GAGGTTGTGGACTGGGAAGGCGCCTGGGACG-39 and 59-CGGCGCGCC

AGGCGGGCGGCCGAGGCCCAGACCACCAGGTGGCGCACCCGGACGTG

GGG-39. Like the first PCR product, this fragment also introduced an

XhoI site into the miR-H6 seed. The fragment was digested with XhoI/

DraIII and ligated into the pUC18 vector containing the mutant BsaAI/

XhoI ICP4 fragment. The entire mutant ICP4 fragment was then trans-

ferred into pSG28K/B to generate the ICP4 mutant.

shmiR-H2-3p expression constructs were generated by annealing together

oligonucleotides 59-GATCCCCGTCGCACGCGCCCTGGCATAGACTTGGA

CCTGAGCCAGGGACGAGTGCGACTTTTT-39 and 59-AGCTAAAAAGTCGC

ACTCGTCCCTGGCTCAGGTCCAAGTCTATGCCAGGGCGCGTGCGACGG

G-39 and ligating them into BglII/HindIII-digested pSUPER32. shmiR-H2-3p-

3M was constructed similarly using oligonucleotides 59-GATCCCCGT

CGCACGCGCCCTGACATAAACTTGGACTTGCGTCAGGGACGAGTGCGA

CTTTTT-39 and 59-AGCTAAAAAGTCGCACTCGTCCCTGACGCAAGTCC

AAGTTTATGTCAGGGCGCGTGCGACGGG-39.

The ICP0 riboprobe used for northern blot analysis was generated by in vitro

transcription of linearized pcDNA3.1(2)/Zeo vector containing a 431 bp

BamHI-XhoI ICP0 gene fragment. The ICP0 riboprobe used for RPA was gen-

erated by in vitro transcription of a linearized pcDNA3 vector containing a

284 bp fragment of ICP0 that overlaps the miR-H2 binding site. The ICP4 ribop-

robe was generated by in vitro transcription of a linearized pcDNA3 vector

containing a 194 bp NotI/BamHI fragment of ICP4. The HA-tagged b-arrestin

expression plasmid has been described previously33.

siRNA duplexes designed to mimic the miR-H2 and miR-H6 miRNA duplex

intermediates, and a mutant form with 3 mutations (3M) in the miR-H2-3p seed

region, were obtained from IDT. miR-H2-3p duplex 59 arm 59-

UCGCACUCGUCCCUGGCUCAGACU-39; miR-H2-3p duplex 39 arm 59-

CCUGAGCCAGGGACGAGUGCGACU-39; miR-H2-3p-3M duplex 59 arm

59-UCGCACUCGUCCCUGACGCAAACU-39; miR-H2-3p-3M duplex 39 arm

59-CUUGCGUCAGGGACGAGUGCGACU-39; miR-H6 duplex 59 arm 59-

GAUGGAAGGACGGGAAGUAUA-39; miR-H6 duplex 39 arm 59-

CACUUCCCGUCCUUCCAUCCC-39. All plasmid DNA and siRNA cotransfec-

tions were performed in 293T cells using Lipofectamine 2000 (Invitrogen).

Briefly, 293T cells were plated in 24-well plates to be 80%–90% confluent on

the next day. Cells were co-transfected with either 60–80 ng of an ICP0 express-

ion plasmid or 40–60 ng of an ICP4 expression plasmid, 30 ng of pb-arrestin–

HA, and 10 pmol of the appropriate siRNA duplex or 100 ng of the relevant

shRNA expression vector. One microlitre of Lipofectamine 2000 was used per

well per transfection. Samples were transfected in duplicate and collected simul-

taneously ,24 h after transfection. One sample was collected for western blot

and the other for RNA analysis.

454 sequencing. Sample preparation for 454 sequencing was conducted as

described34, up to and including the RT–PCR step. After that point, the protocol

as outlined by the Hannon laboratory on the 454 website (http://www.454.com)

was followed. Initially, 750mg of total RNA from pcDNA3-LAT transfected 293T

cells, and 60mg of total RNA from latently-infected mouse trigeminal ganglia,

was used. Data analysis was performed using Microsoft Excel and BLAST.

Briefly, raw data from 454 was indexed and binned to give a list and count of

all unique sequences. The 59 and 39 linker sequences were parsed out and final

sequences 18–24 nucleotides in length occurring twice or more were analysed by

BLAST (v2.2.17) against either the mature human or the mouse miRNA data-

bases downloaded from miRBASE (release 9.2). Sequences identified as host

miRNAs were annotated, indexed and removed from subsequent analysis.

Remaining sequences were then analysed against the HSV-1 genome

(NC_001806) to identify potential HSV-1 miRNAs. Candidate HSV-1 miRNA

sequences and flanking regions were analysed by mfold to predict the secondary

structures at each locus.

Northern blots, RPA and splint-ligation assay. For the ICP0 northern blot, 5mg

of total RNA was separated on a 0.6% agarose gel, transferred onto nitrocellulose,

ultraviolet-irradiated and hybridized with the ICP0 riboprobe at 68 uC and

washed at 85 uC, according to standard protocols. Bands were visualized by

autoradiography. The LAT intron was detected by northern blot using an oli-

gonucleotide probe, as described35. ICP4 and ICP0 mRNA levels were measured

using an Ambion HybSpeed RPA kit with 5 mg of total RNA. Splint-ligation

assays (USB) were performed using 12 mg of total RNA per sample.

Western blots. Samples were collected and run on 4–20% Tris-HCl gels (Bio-

Rad), which were then transferred onto nitrocellulose and probed with mouse

monoclonal antibodies specific for ICP0 or ICP4 (Virusys), or anti-HA mono-

clonal antibody (Covance). Blots were then incubated with an anti-mouse sec-

ondary antibody (GE Healthcare) and bands were visualized with Lumi-Light

Western Blotting Substrate (Roche).

Latent HSV infection in mice. Procedures involving mice were approved by the

Harvard Medical School Institutional Animal Care and Use Committee in

accordance with federal guidelines. Male CD-1 mice were infected or mock

infected, housed for 30 days, and then killed for tissue as previously described36.

Stem-loop qRT–PCR. Real time quantitative RT–PCR assays were designed for

each HSV-1 miRNA and a cellular miRNA, let-7a, with specific stem-loop tran-

scription primers and PCR reagents, as described37. RNA standards, stem-loop

RT primers and PCR primers were purchased from IDT, and TaqMan probes

were purchased from Applied Biosystems (Supplementary Table 5B). Each assay

was performed alongside assays of serial dilutions of each target synthetic stand-

ard miRNA, and, as a negative control, a pool of all of the other synthetic

miRNAs at a concentration corresponding to the lowest dilution of the target

miRNA. Furthermore, each assay included reverse transcriptase-negative and

reverse transcriptase primer-negative controls. RNA was reverse transcribed in

duplicate with Multiscribe (Ambion) and miRNA-specific RT primers. Aliquots

of cDNA were assayed on a PRISM 7700 Sequence Detection System (Applied

Biosystems). The dynamic range of each assay exceeded five orders of magnitude.

To ensure quantification of low levels of mature HSV-1 miRNAs, we first iso-

lated ,200-nucleotide-long species (short-enriched) with the mirVana miRNA

Isolation Kit (Ambion). RNA was fractionated using a flashPAGE System

(Ambion), enriching for ,40 nucleotide RNAs. Each ,40 nucleotide RNA frac-

tion was assayed for at least seven miRNAs, in duplicate. let-7a was assayed in

both the short-enriched and ,40 nucleotide RNAs. The number of let-7a mole-

cules per ng of short-enriched RNA was determined (Supplementary Table 5A),

and used to normalize the recovery of HSV-1 miRNAs in the ,40 nucleotide

RNA.
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