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Certain viruses use microRNAs (miRNAs) to regulate the expression of their own genes, host genes, or both.
Previous studies have identified a limited number of miRNAs expressed by herpes simplex viruses 1 and 2
(HSV-1 and -2), some of which are conserved between these two viruses. To more comprehensively analyze the
miRNAs expressed by HSV-1 or HSV-2 during productive and latent infection, we applied a massively parallel
sequencing approach. We were able to identify 16 and 17 miRNAs expressed by HSV-1 and HSV-2, respectively,
including all previously known species, and a number of previously unidentified virus-encoded miRNAs. The
genomic positions of most miRNAs encoded by these two viruses are within or proximal to the latency-
associated transcript region. Nine miRNAs are conserved in position and/or sequence, particularly in the seed
region, between these two viruses. Interestingly, we did not detect an HSV-2 miRNA homolog of HSV-1 miR-H1,
which is highly expressed during productive infection, but we did detect abundant expression of miR-H6, whose
seed region is conserved with HSV-1 miR-H1 and might represent a functional analog. We also identified a
highly conserved miRNA family arising from the viral origins of replication. In addition, we detected several
pairs of complementary miRNAs and we found miRNA-offset RNAs (moRs) arising from the precursors of
HSV-1 and HSV-2 miR-H6 and HSV-2 miR-H4. Our results reveal elements of miRNA conservation and

divergence that should aid in identifying miRNA functions.

Viruses usurp host mechanisms of gene regulation to con-
trol the expression of their own and host genes. For example,
a number of viruses, especially the herpesviruses, encode
microRNAs (miRNAs), ~22-nucleotide (nt) noncoding RNA
molecules that can interfere with the translation and/or stabil-
ity of target mRNAs (5, 63). miRNA biogenesis begins with the
transcription of longer primary transcripts called pri-miRNAs
(40). These are then cleaved in the nucleus by the RNase III
enzyme Drosha to liberate hairpin structures, usually 60 to 80
nt long, called pre-miRNAs (22, 39). Following export to the
cytoplasm, the pre-miRNAs are cleaved further by the RNase
IIT enzyme Dicer to liberate RNA duplexes, which most often
are imperfect (18, 29, 38). The RNA duplexes associate with
Argonaute (Ago) proteins, Dicer, and GW182 in RNA-induced
silencing complexes (RISC), where they are unwound (5, 6, 44,
45). Often, at this stage, one strand (the “star strand”) is
degraded, while the other strand (mature miRNA) is retained
(53). The RISC is guided by the miRNAs to specifically rec-
ognize and regulate target mRNAs. In animal mRNAs,
miRNA target sites often lie within 3’ untranslated regions
(UTRs) (20, 42). Imperfect complementarity of miRNA to the
target mRNA most often promotes translational inhibition, as
well as some RNA degradation, while perfect complementarity
most often promotes RNA degradation (6). When comple-
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mentarity is imperfect, pairing of miRNA nt 2 to 8, which is
known as the seed region, is usually crucial for target recogni-
tion and miRNA function (6, 8, 23).

Herpes simplex viruses 1 and 2 (HSV-1 and -2) are members
of the Alphaherpesvirus subfamily and are important human
pathogens, widely known as the causative agents of cold sores
and genital herpes, respectively (51). Infections with HSV are
usually self-limiting; however, in individuals with immature or
compromised immunity, severe morbidity and life-threatening
diseases can ensue (51). Typically, the primary site of infection
is mucosal epithelium, where the virus enters cells and starts its
productive cycle. The productive cycle has been characterized
in cell culture and entails a cascade of gene expression (imme-
diate-early, early, and late genes), viral DNA replication, and
assembly and egress of infectious virus. In the host, virus can
enter sensory neurons that innervate the site of primary infec-
tion and establish lifelong latent infection (latency) in which no
infectious virus is detected, but from which virus can reactivate
and cause recurrent disease. During latency, productive cycle
gene expression is repressed, and the most abundant tran-
scripts are the latency-associated transcripts (LATSs) (55). The
LAT locus encodes multiple transcripts, including an unstable
8.3-kb primary transcript and a 2-kb stable intron (17, 19). The
exact roles of the LATSs are unknown; however, roles in het-
erochromatin assembly, inhibition of apoptosis, and repression
of accumulation of productive-cycle gene products have been
ascribed to them (10, 13, 21, 47, 59, 67).

At the time we initiated this study, several HSV-encoded
miRNAs had been discovered, all of which are encoded prox-
imal to or within the LAT locus (15, 57, 58, 64). The first of
these discovered, HSV-1 miR-H1, is expressed relatively abun-
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dantly in productively infected cells as a late gene (15). Five
other HSV-1 miRNAs (HSV-1 miR-H2 to miR-H6) were then
found to be relatively abundant in latently infected mouse
ganglia (64). Three HSV-2 miRNAs, originally designated as
HSV-2 miR-1I, -1, and -III (57, 58), are positional homologs of
HSV-1 miR-H3, -H4, and -H2, respectively, with various de-
grees of sequence identity. Indeed, HSV-2 miR-II1, -1, and -II
were recently designated as HSV-2 miR-H2, -H3, and -H4,
respectively, by miRBase, the miRNA database (http://www
.mirbase.org). We favor that nomenclature, but will also refer
to the original terminology. There is limited information on
targets of HSV miRNAs. HSV miR-H2, -H3, and -H4 are
perfectly complementary to HSV mRNAs encoded on the op-
posite strands and can downregulate the expression of proteins
encoded by these mRNAs (the immediate-early protein, ICPO,
for miR-H2, and the late protein, ICP34.5, for miR-H3 and
-H4) (588, 64; 1. Jurak, S. Lim, P. J. Yen, and D. M. Coen,
unpublished data). The seed region of HSV-1 miR-H6 has
complementarity with the mRNA encoding the immediate
early protein ICP4 and can downregulate its expression (64).
Repression of viral transcriptional activators ICPO and ICP4 by
miRNAs may be important for repression of productive-cycle
gene expression and thus latency.

We hypothesized that HSV would encode additional miRNAs
that had not yet been detected and therefore sought to apply
more sophisticated sequencing methods that could increase
sensitivity of detection. We chose to examine both productive
and latent infection, given that certain HSV miRNAs appear
to be more abundant in one setting than another. Finally, we
chose to examine both HSV-1 and HSV-2, in part because the
eventual identification of targets for mRNAs can be particu-
larly facilitated when miRNAs and their target sequences are
evolutionarily conserved (20).

MATERIALS AND METHODS

Cells and viruses. Human embryonic kidney HEK-293 cells (ATCC, CRL-
1573) and African green monkey Vero cells (ATCC, CCL-81) were maintained
at 37°C in Dulbecco’s modified Eagle’s medium (Mediatech, Inc.) supplemented
with 10% fetal bovine serum or 5% newborn bovine serum, respectively (Sigma-
Aldrich). HSV-1 strain KOS (henceforth referred to as HSV-1) and a thymidine
kinase (TK)-negative mutant of HSV-2 strain 186syn™,186AKpn (30) (hence-
forth referred to as HSV-2) were propagated and titrated on Vero cells as
previously described (14).

Productive and latent infections. For productive infections, HEK-293 cells
were infected with HSV-1 or HSV-2 at a multiplicity of infection (MOI) of 5 or
1, respectively, for 18 h. For latent infection, 7-week-old male CD-1 mice (Har-
lan) were corneally inoculated with 2 X 10° PFU HSV-1 in a volume of 5 pl as
previously described (34) or infected intranasally with 1 X 10° PFU of HSV-2 as
previously described (30). Trigeminal ganglia were harvested 30 days after in-
fection and immediately frozen as previously described (33).

RNA isolation and sequencing. RNA enriched for small RNA species was
extracted from infected cells or trigeminal ganglia using the mirVana kit (Am-
bion) according to the manufacturer’s recommended protocol. For each sample,
10 pg of small-enriched RNA was size fractioned by polyacrylamide gel electro-
phoresis (PAGE) on a 15% denaturing gel (19:1 acrylamide-Bis solution; Bio-
Rad) containing 8 M urea in 0.089 M Tris-0.089 M borate-0.002 M EDTA
buffer. RNAs that were 18 to 30 nucleotides were identified by comparison to an
SRA ladder (Illumina) and excised from the gel. The gel slices were shredded,
and RNA was eluted from the gel for 4 h with 300 pl of 0.3 M NaCl. Gel debris
was removed using Spin X cellulose acetate filters (Illumina), and the RNA was
precipitated with 1 pl glycogen and 750 pl of 100% ethanol. After being washed
with 75% ethanol, the RNA pellet was resuspended in H,O. Sequencing libraries
were created by successive adapter ligation (SRA 5’ and SRA 3’ adapter; Illu-
mina) to the fractioned RNA, followed by cDNA synthesis and amplification by
PCR according to the manufacturer’s manual (small RNA sample prep Kit;

J. VIROL.

Illumina). The libraries were sequenced on the Genome analyzer II (Illumina) at
the Biopolymers Facility, Department of Genetics, Harvard Medical School.

Sequencing analysis. The sequences from each library, which consist of 36
nucleotide reads, were first processed with the short oligonucleotide alignment
program, SOAP (43), to identify and remove the 5’ flanking sequencing adapter
sequence, allowing no mismatches in the adapter. The sequences of the resulting
16 to 26 nucleotide reads from each library were then aligned with SOAP to
reference sequences of the HSV-1 strain 17+ genome (NC_001806) or HSV-2
strain HG52 genome (NC_001798), allowing two nucleotide mismatches be-
tween sequence reads and the reference genome. Genomic loci represented with
three or more sequence reads of =19 nucleotides between HSV-1 and HSV-2 in
productive or latent infection were then tested by the RNA secondary structure
predictions programs mfold and RNAfold (27, 69) for the lowest-free-energy
hairpin structures (1). For the hairpin structure analysis, 150 nucleotides of
genomic sequence surrounding the locus of the mapped reads was tested.

Northern blots. Vero cells were mock infected or infected with HSV-1 or
HSV-2 at an MOI of 10 or 1, respectively. Infected cells were harvested at 18 h
postinfection (hpi), and small enriched RNA was prepared as described above.
RNA samples, together with a 3?P-labeled Decade marker (Ambion), were
separated by 15% denaturing PAGE as described above. Gels were soaked
briefly in SYBR gold nucleic acid gel stain solution (Molecular Probes). The
RNA was then transferred to a BrightStar-Plus positively charged membrane
(Ambion) by electroblotting, cross-linked to the membrane using UV light, and
prehybridized in ULTRAhyb-Oligo solution (Ambion) for 30 min at 62°C. DNA
oligonucleotides (Integrated DNA Technologies) with sequences complemen-
tary to miRNAs (see supplemental Table 1 at https://coen.med.harvard.edu)
were end labeled with [y-**P]JATP (MP Biomedicals) and purified using the
QIAquick nucleotide removal kit (Qiagen). Overnight hybridizations were per-
formed in ULTRAhyb-Oligo solution (Ambion) at 32°C. Hybridized blots were
washed three times briefly and then three times for 15 min in 2X SSC (1X SSC
is 0.15 M NaCl plus 0.015 M sodium citrate)-0.5% SDS at 32°C and exposed to
a phosphorimager screen. Signals were detected using the Bio-Rad personal
molecular imager system. Analyzed blots were stripped using boiling 0.1% SDS
solution as previously described (15), exposed to a phosphorimager screen to
confirm complete removal of the probe, and successively rehybridized with dif-
ferent probes.

RESULTS AND DISCUSSION

Sequencing analysis. To more completely define the various
miRNA species expressed by HSV-1 and HSV-2 during pro-
ductive and latent infections, we applied massively parallel
sequencing of small-RNA libraries using the Illumina Genome
Analyzer II. HSV-1 infections were performed with wild-type
strain KOS, while HSV-2 infections were performed with
186AKpn, a thymidine kinase-negative mutant virus that can
establish latent infection in trigeminal ganglia without lethality
to mice (30). RNA species of 15 to 30 nt were isolated either
from productively infected HEK-293 cells or from latently in-
fected trigeminal ganglia. The RNA was ligated to sequencing
adapters, reverse transcribed, and PCR amplified to generate
libraries corresponding to small RNA sequences, and se-
quenced. We acquired between 5 X 10° and 6 X 10° sequence
tags from the different samples (see supplemental Table 2 at
https://coen.med.harvard.edu). The number of reads for two
known cellular miRNAs correlated with the number of all
reads obtained in each sample, suggesting that the four se-
quencing analyses were of similar quality (see supplemental
Table 2 at https://coen.med.harvard.edu). Each sequence was
36 nt in length, including adapter sequences, with 13 to 26 nt
corresponding to RNA. We limit our analysis here to reads of
19 nt or longer that correspond to sequences within HSV
genomes. We were able to assign 6,682 and 856 reads to HSV-1
and 1,6883 and 2,177 reads to HSV-2 from productive and
latent infections, respectively (see supplemental Table 2 at
https://coen.med.harvard.edu). HSV-specific reads were fur-
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ther analyzed manually. A sequence was considered an
miRNA candidate when all of three criteria were satisfied. (i,
Multiple reads) A particular genomic locus was represented
with 3 or more sequencing reads among the four samples. (ii,
Hairpin) The sequence was within a hairpin formed by the 150
nucleotides centered on the candidate miRNA and that hair-
pin was predicted to have lowest free energy by both mfold and
RNAfold (1, 27, 69). (iii, Hairpin-loop proximal) When two
possible miRNAs were present in the same lowest-energy hair-
pin, only the one closest to the loop of the hairpin was con-
sidered a candidate. Sixty-seven and 363 genomic loci from
HSV-1 and HSV-2, respectively (see supplemental Tables 3
and 4 at https://coen.med.harvard.edu), fulfilled criterion 1 and
were subsequently tested by mfold and RNAfold. This resulted
in selection of 16 and 17 hairpin precursors of miRNAs en-
coded by HSV-1 and HSV-2, respectively (Tables 1 and 2). All
recovered sequence reads of the HSV-1- and HSV-2-en-
coded miRNAs are listed in supplemental Tables 5 and 6, re-
spectively, at https://coen.med.harvard.edu, and the genomic
loci are presented in Fig. 1. When there were different
sequences obtained for given miRNAs, the sequences shown
in Tables 1 and 2 are the most abundant reads found. We
will first summarize the HSV-1 miRNAs, starting with those
that have been previously identified, and then discuss the
HSV-2 miRNAs, the homologies between HSV-1 and
HSV-2 miRNAs, and particular miRNAs of interest.

Previously identified HSV-1 miRNAs. At the time we initi-
ated this study, six HSV-1 miRNAs had been experimentally
identified, miR-H1 to miR-H6 (15, 64). As an initial check on
our sequencing analysis, we first asked if it identified these 6
miRNAs. Indeed, all 6 were identified, including both mature
miRNAs and their corresponding star strands (Tables 1 and 3).
Previously, we had not detected star strands for miR-H1, miR-
H3, and miR-HS5 (15, 64). All of these miRNAs (but not
necessarily both strands) were found in both productively and
latently infected samples; however, the relative proportions of
sequencing reads in the two samples differed considerably. We
caution that the relative abundance of sequence reads does not
necessarily reflect the relative abundance of one miRNA
versus another, as the technique appears to capture certain
miRNAs more efficiently than others. However, when the
number of reads for one miRNA is greater than the number of
reads for a second miRNA in one sample, but lower in another
sample, that is likely to reflect differential expression in the two
samples. In the HSV-1 productive infection sample, reads for
miR-H1 and H6 were the most abundant, whereas in the latent
samples they were greatly outnumbered by reads for miR-H2,
-H3, and -H4 (Table 1). The analysis also provided the exact
sequence of HSV-1 miR-H1, which had previously been de-
tected only by Northern blot hybridization (15). A number of
reads corresponding to the original predicted miR-H1 se-
quence were recovered (see supplemental Table 5 at https:
//coen.med.harvard.edu). Additionally, reads with mismatches
and/or 3’-terminal nontemplated A or U were frequently de-
tected. However, the most abundant miRNA sequence read,
which starts 2 nucleotides upstream from the miR-H1 se-
quence predicted by Cui et al. (15), was selected as HSV-1
miRNA-H1. We will discuss miR-H1 and miR-H6 in more
detail in a subsequent section.
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Previously predicted HSV-1 miRNAs. Next we asked whether
HSV-1 miRNAs whose existence had previously been pre-
dicted, but not experimentally verified, were present. Five such
miRNAs were found that fulfilled our three criteria, corre-
sponding to predictions by Pfeffer et al. (49), called T-1, T-4,
and T-7 by Cui et al. (15), and two predictions by Cui et al.
(15), called #6 and #6-RC (Table 1). One of these (T-1) was
recently detected in latently infected human ganglia (65) and
designated as HSV-1 miR-HS. We designate the other four as
HSV-1 miR-H11 (T-4), H12 (#6-RC), H13 (#6) and H14
(T-7). All four of these miRNAs could be detected in produc-
tive infection, including both the mature miRNA and the star
strand for miR-H14 (Table 1). Among these four, only
miR-HS8 was also detected in latently infected mouse ganglia
(Tables 1 and 3). MiR-H8 is encoded within the second LAT
exon, antisense to the first intron of ICPO, consistent with its
detection in latently infected ganglia, whereas miR-H14 is en-
coded within the third exon of ICPO mRNA, antisense to
miR-H2. Interestingly, miR-H11, -H12, and -H13 are encoded
within viral origins of replication (oriL and oriS) and could be
derived from previously reported transcripts that span the or-
igins (7, 28, 68). We note that Cui et al. predicted that miR-
H13 (#6) would be conserved in HSV-2 (15). We found only
one read corresponding to this predicted miRNA from our
HSV-1 samples, but found numerous sequencing reads in our
sample from HEK-293 cells productively infected with HSV-2,
thus fulfilling our multiple-reads criterion; this sequence was
also hairpin associated and proximal to the hairpin loop (Ta-
bles 1 and 2). We will discuss the origin-encoded miRNAs
(miR-H11 to -H13) in more detail below.

Three loci predicted by Cui et al., called #5, #10, and #11,
were each recovered as a single sequence read in productively
infected samples (see supplemental Table 3 at https://coen
.med.harvard.edu); however, these reads fulfilled neither the
multiple-reads criterion nor the hairpin criterion and were not
designated as HSV-1 miRNAs. The failure of these loci to
fulfill the hairpin criterion here, while fulfilling a similar crite-
rion previously (15), might be due to differences in the se-
quences tested between the two studies. Regardless, we cannot
exclude the possibility that the recovered reads are bona fide
miRNAs as predicted by Cui et al.

HSV-1 miRNAs that had not been not previously identified
or predicted. We also identified 5 additional HSV-1 miRNAs,
HSV-1 miR-H7, which has also recently been detected in la-
tently infected human ganglia (65), and miR-H15 to -H18
(Tables 1 and 3). HSV-1 miR-H7, like miR-HS, is encoded
within LAT. It is antisense to intron 1 of ICP0 transcripts. The
proportion of HSV-1 miR-H7 reads from latently infected
mouse ganglia was higher than that from productively infected
HEK-293 cells, which would be consistent with miR-H7 being
derived from LAT. HSV-1 miR-H15, which was detected in
productively infected cells, is encoded downstream of HSV-1
miR-H6 on the same strand. HSV-1 miR-H16, which was also
detected in productively infected cells, is complementary to
UL32 and presumably arises from the 5" UTR of the transcript
encoding UL33. Among the HSV-1 miRNAs that we detected,
only HSV-1 miR-H11 and -H16 are encoded within unique
sequences rather than repeat sequences.

We detected two additional HSV-1 RNAs in both produc-
tively and latently infected samples that fulfilled our three
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TABLE 1. Predicted hairpin structures of HSV-1 miRNAs

No. of reads/strand”

HSV-1 miRNA Hairpin prediction by mfold*
Pro Lat
miR-H1 A-- ACAAC A AA A AC AA GA UCC AU 2555 1
5'GGCG  GGA CG GGGG CGGGGG UGGAAGG GGG GUG AG UG \ 8 -
3'CCGC  CCU GC CCCC GCCUCC ACCUUCC CCC CAC UC AC A
CCA  GAGC- - cG c GU c¢Cc A- CU- cCC
miR-H2 cGC A - G - - A AcU UCUU 3 5
5'GCCG  GCC CC GUCGCAC CG CCC GGC CAG  CUGU \ 96 221
37CGGC  CGG GG CAGCGUG GC GGG CCG GUC  GGCG G
ACA - U A A A A C-—- CUUG
miR-H3 GG Gc UG - A UG GU - 1
57GGGC CCGCGGGCGC UCC ACCGCG GGUUCCG GU GGC G 67 167
37CCCG GGUGCCCGCG AGG UGGCGU UCAGGGU CA UUG G
- GC GU G cC -- GA
miR-H4 u = a U G G A 65 130
5'GCG GCCGGGG UGGU GAGUU GACAGGCAAGCAU UGC UGC G 1 11
37CGC CGGCUCU AUCG CUCAA CUGUCCGUUCGUG AUG GCG A
- G - v - A @
miR-HS c cce uce ce ¢ - C UuGCC - 2
5'GG GCGU GCGCUCCC  GGGGGGUU GG AUCUCU ACCU AG G 2 1
37CC CGCG CGCGGGGG CCUCCCAA CC UAGAGA UGGA UC c
A cc- - A- - c C UAAC
miR-H6 U uce c- A ca U- GA- GG 83 1
57GGCGGG GGAC  CGGGGGG CGG GGGUGGAAGG GGGGGGUG AG UG \ 322 3
37CCGCUC CUUG  GCUCCCC GCC CCUACCUUCC CCCUUCAC UC AC U
- uuG Uy ¢ uG CU AGG UA
miR-H7 cuc  AG - UGCAA - ucu 1 11
5'GGC  GGA AGGGGGGAGAA AGGGGUC CCAAAGG UGG  \ - :
3'CCG CCU UCUCCCUUCUU UCCCCAG GGUUUCC GCC G
c-- CU c CCCUA U UGG
miR-HS8 c Gucc- uca U  CACCC 2 4
5'GG GACCCCG CUGUAUAUAUAGGG  GGGGGU CCG c - -
37CC UUGGGGC GAUAUAUAUGUCCC  CCCCCG GGU c
- ACUGU UGG C  ACAAU
miR-H11 U R -
5’ GGGCGUGGCCGCUAUUAUAAAAAAAGUGAGAACGCGAAGCGUUCGCACUUUGUCCUAAUAAUA A 7 -
3’ CCCGCACCGGCGAUAAUAUUUUUUUCACUCUUGCGCUUCGCAAGCGUGAAACAGGAUUAUUAU U
A
miR-H12 c ¢ G cc c c AUAU - -
5'GGAGU GGG ACG CG AGUG UCGCACUUCG CCUAAUA \ 5 -
3’CUUCA CUC UGC GC UCGC AGCGUGAAGC GGGUUAU A
- U - U- A A AUAU
miR-H13 A- C c UAUA - -
5'GCG AG GUUCGCACUUCGUCC AAUA \ 1 -
3’CGC  UC CGAGCGUGAAGCGGG UUAU U
GG A A UAUA
miR-H14 - a v U U U CGCGAACC 1 -
57GCCGUGUGCC CC GUCGCAC CG CCC GGC CAGGC \ 3 -
37CGGCGCGCGG GG CAGCGUG GC GGG CCG GUCUG A
U - c - - U AGACAAGA
miR-H15 A- CAUGC G G - c G UUG U - -
5'ACC CAGCG GCCGG CC UUGUGG GGCCC GG CCGGGGCCCC GG C 5 -
3'UGG GUUGC CGGCC GG GGCACC CCGGG CC GGCCCCGGGG CC C
ol —— - G G - G -— G
miR-H16 c AG UUA - cA U  A--—- AG CACA 8 -
5'GCG AGAG CCUCG AG AGC GGAGGC GGG UCGA GC \ - -
37CGC UCUC GGGGC  UC UCG CUUCCG CCC AGCU CG U
U AG CG- G AC C  CGCA CG CGCA
miR-H17 CACU A G G UGG ——————- | G ¢ - -
57GGCC CGC CGCCGCCU CGCGC C G GCC UGGGC CGC G 7 2
37CCGG GCG GUGGCGGA GCGCG G C CGG GCCCG GCG C
cc-- ¢ = G GU G UGCAUGU" - U
miR-H18 A CC ACCAA GAC c - 4
5’CGGUCCCGCCCGCCGG CG GGG CGG  GGCGGGCGGCC A - -
37 GCCAGGGCGGGCGGCC GU  CCC GCC  CCGCCCGCCGG A
G UA CCCC- GUU G

“The ~150-nucleotide sequence surrounding each HSV-1 and HSV-2 miRNA candidate locus was tested by mfold (69), and for each miRNA, the complete hairpin
structure of the folding alternative with the lowest free energy is shown. Sequences of mature miRNAs are presented in boldface, and when found in sequencing, the
miRNA star strands are shown in boldface and italics.

> Numbers represent the number of reads for -5p and -3p strand of each miRNA in the productively (Pro) or latently (Lat) infected sample.
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TABLE 2. Predicted hairpin structures of HSV-2 miRNAs

No. of
b
HSV-2 miRNA Hairpin prediction by mfold® reads/strand
Pro Lat
miR-H2¢ G c - - ¢ CU UG U - -
57CCGCGCGC UCGGUCGCGC UG CCC GGC CAGACU G C U 15 24
3’'GGCGCGCG GGCCAGCGCG AC GGG CCG GUCUGG U G G
G U U U A c- GU G
miR-H3¢ ¢ - - ¢ ace : ;
57CGCG CC GGCGCGCUCUCGACCGCGG UUCCCGAGU GU  C 352 129
3/GCGC GG CCGCGCGAGGGUUGGCGUC GAGGGUUUA CA A
G G U C GGG
miR-H4¢ A -- GA  -- A A c ¢ c —- U 210 80
57GGCCCGG GC CG GCGC GUCGGGGCGGG GAGUUC CU GGCA GCAUG AC GUG A 85 17
3/CCGGGCC CG GC UGCG CGGCCCUGCCC CUCAAG GA CCGU CGUGC UG CGC A
- AC G- GU a cuv U c ac ¢
miR-H5 U G ¢ cac UC AAC 6 3
57CUCCCGC CCUGCGGGGGG CU GGGC  CUGACCU GU  \ - -
3’GAGGGCG GGGCGCCCCCC GA CCCG  GACUGGA CA  C
c A C A-- cu  CGU
miR-H6 uc cuc Ge A ce GCA A GAU 604 28
5/GGCG GGGA GCGGAGG CGGAG AUGGAAGG AGGGGAU GG GGAG C 2 1
3/CCGC  CCUU  CGCCUUU GCCUC UACCUUCC UCUUCUA CC CCUC G
cA  U-- uu c ce -—— - AGG
miR-H7 - A- CGUAA - GU 6 B
57'GGA AGGGGGGGAGA AGGGGUC CCAARGG UG \ 3 -
37CCU UCCCCCCCUCU UCCCCAG GGUUUCC GC C
G Gc ccuva U GU
miR-H9 ol A — U - ¢ A G G 4 -
57CGUGU GUG CU GCC GC CUCGGAGG GGAG UCG GGUG GGUC UC U - -
3'GUACG CAC GA CGG CG GAGCCUCC CCUC GGC CCAC UUAG AG C
U- C G U UCGCU U U U cc - a
miR-H11 c AU & -
57'UCGG AGGGGGCGUGGCCGCCCUUCUAAAAAAAGUGAGAACGCGAAGCGUUCGCACUUUGUCCUAAUA UA A )
3’'AGUU UCCCCCGCACCGGCGGGAAGAUUUUUUUCACUCUUGCGCUUCGCAAGCGUGAAACAGGAUUAU AU U
- c a
miR-H12 c- ¢ e AU o -
5'GGGCGC AGUG UCGCACUUUG CCUBAUA UA A -
37/CUUGCG UCGC AGCGUGAAGC GGAUUAU AU U
cu A A c a
miR-H13 ea ¢ c U pod -
5/CGC  AG GUUCGCACUU GUCCUAAUAGUA A -
3'GCG UC CGAGCGUGAA CGGGAUUAUUAU U
G- A A a
miR-H19 A U A A--m- - UG 32 R
57CGGG CGGG GAGUUCGCU GGCA GCACG GAC \ - -
3'GCCC GCCC CUCAAGUGA CCGU CGUGC UUG G
c U G  GCGUA ACA®  GC
miR-H20 c c GGAAU ACGC 5 -
57'GGA AGGGGGGGAGA GAGGGGUC CCAAAGG A 27 )
37CCU UCCCCCCCUCU UUCCCCAG GGUUUCC G
- - GCAUU Acca
miR-H21 - cc  acc - C-—- C 2 )
5/GUUUG UUUCGU GA CAUG CG cuc A 12 -
3'CAGAC AAGGCA CU  GUAC GC GAG U
c U- GUC U BAAUA C
miR-H22 ucu U U G GGA G GG 5 -
5/CCCCAGGGG GGACG GGG GGGC CGG GC CGG A - -
3'GGGGUCCCC  CCUGC CUC UCCG GCC  CG GCC C
S - U A --——- G AG
miR-H23 GAC- = = C  GAGA UCAU 9 -
57CGUCC GGAG AG GCCGUGGAGCUUG CAGC  CGC \ 9 -
3'GCGGG ~ CCUC UC UGGCGCUUCGAGC GUUG  GCG G
acce A A A  A-—— CAAA
miR-H24 c c G ¢ G- GC - "
5'GCGG GGCGGGGGG AGGCG CGG AGGC CG  \ 20 1
37CGCU CCGCCCCCC UCCGC GCC UCCG GC G
c U e - GG GU
miR-H25 - - ¢ AC - GC 0 -

5’GCCG GC GUCCCGGUC CCGCCGC CAG GG \
3’CGGC CG CAGGGCCAG GGCGGCG GUC CC A
GA G A C- GG AC

“The ~150-nucleotide sequence surrounding each HSV-1 and HSV-2 miRNA candidate locus was tested by mfold (69), and for each miRNA the complete hairpin
structure of the folding alternative with the lowest free energy is shown. Sequences of mature miRNAs are presented in boldface, and when found in sequencing, the
miRNA star strands are shown in boldface and italics.

> Numbers represent the number of reads for the -5p and -3p strands of each miRNA in the productively (Pro) or latently (Lat) infected sample.

¢ HSV-2 miRNA-H2, miR-H3, and miR-H4 are the miRNA database (www.mirbase.org) designations for miR-III, miR-I, and miR-II, respectively (57, 58).
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FIG. 1. Genomic location of miRNAs encoded by HSV-1 and HSV-2. The prototype arrangements of the HSV-1 and HSV-2 genomes are
depicted at the top and bottom of the figure, respectively. U; and Ug denote the unique sequences of long (L) and short (S) components of the
genome, which are shown as solid lines. Repeat sequences flanking U; (TR and IR;) and Ug (IRg and TR) are shown as darkly shaded and
lightly shaded boxes, respectively. One copy of the internal repeat sequences (IR, and IRg) is expanded below and above the HSV-1 and HSV-2
genomes, respectively. Locations and orientations of transcripts in this region are denoted by solid arrows, with angled lines denoting portions
removed by splicing. oriLL and oriS denote viral origins of DNA replication. The locations of miRNA precursors in the viral genomes are shown
as hairpins. miRNA precursors shown below the line are transcribed from left to right (in the same direction as latency-associated transcripts
[LATs]), while those above indicate the opposite direction of transcription. In the unique sequences, only transcripts that are encoding, antisense,
or close to the pri-miRNAs of the detected miRNAs are shown. The dotted-line hairpin denotes the location of miR-H10, an miRNA detected
by Umbach et al. (66) in human ganglia latently infected with HSV-2, but not found in this study.

criteria. One is encoded within ICP4 coding sequences, and
thus could arise from /CP4 mRNA, which has been detected in
productively and in latently infected ganglia at low abundance
(10, 32, 33, 48). The other is encoded on the opposite strand
from ICP4, between ICP4 and oriS, and could arise from anti-4
transcripts, which we have previously detected in latently in-
fected ganglia, and may arise from LAT readthrough tran-
scripts or others (10). We note that these two RNAs are very
G-C rich. Nevertheless, there are numerous precedents for
G-C-rich miRNAs in the miRNA database (e.g., human miR-
762 or miR-718; http://www.mirbase.org). Thus, although our
identification of these species as miRNAs is somewhat tenta-
tive, we have designated them as HSV-1 miR-H17 (from ICP4)
and HSV-1 miR-H18 (between ICP4 and oriS).

HSV-2 miRNAs. (i) miRNAs previously identified. Similar to
results from the HSV-1 analysis, we detected all HSV-2
miRNAs that had been identified (57, 58) when we initiated our
study (Tables 2 and 3): HSV-2 miR-H2 (originally termed
miR-IIT), HSV-2 miR-H3 (originally termed miR-I), and both
strands of HSV-2 miR-H4 (originally termed miR-1I-5p and
-3p). One of these miRNAs (HSV-2 miR-H4, miR-II) had
been predicted computationally prior to its identification (49).
These miRNAs were readily detected in both the productive
infection and latent infection samples (Table 2). Tang et al.
(58) found that HSV-2 miR-H3 (miR-I) was more abundantly
expressed in productively infected cells than HSV-2 miR-H2
and miR-H4 (miR-III and miR-II), which is consistent with the
relative abundance of sequence reads found in our study. We
have extended their results by showing that HSV-2 miR-H2

and miR-H4 (miR-III and miR-II) can also be detected in
latently infected mouse ganglia. Recently, Umbach et al. (66)
have detected two of these miRNAs (HSV-2 miR-H3/miR-I
and HSV-2 miR-H4/miR-II) in human sacral ganglia infected
with HSV-2.

(ii) miRNAs previously predicted. We also found sequence
reads representing miRNAs that had previously been pre-
dicted by Cui et al. (15), Pfeffer et al. (49), or both, but not
experimentally verified (Tables 2 and 3). The first of these,
which we designate as HSV-2 miR-HS5, was detected as the -5p
strand in both productive and latent infection, was called #4 by
Cui et al. (15), and is homologous to HSV-1 miR-HS5. Only the
-3p version of HSV-1 miR-HS was originally detected (64).
However, in our current study, we also detected HSV-1 miR-
HS5-5p in the latently infected sample (Tables 1 and 2). Tang et
al. (58) reported that they could not detect either pre-miRNA
or mature miRNA species in HSV-2-infected Vero cells using
a probe complementary to the -3p strand of an miRNA pre-
dicted to be homologous to HSV-1 miR-H5. However, we were
able to detect a species corresponding to pre-miRNA in HSV-
2-infected Vero and HEK-293 cells using probes complemen-
tary to either strand (Fig. 2). In their study, Tang et al. used a
different HSV-2 strain, a different procedure for RNA extrac-
tion, and also a slightly different probe, which might explain
the discrepancy with our results. Although the HSV-1- and
HSV-2-specific probes used in the Northern blot analysis were
highly similar in sequence, there was no cross-reaction (i.e., the
HSV-1 probe did not detect a signal from HSV-2 RNA and
vice versa), indicating a highly specific assay (Fig. 2).
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TABLE 3. miRNAs expressed by HSV-1 and HSV-2 in productive and latent infections
miRNA expression during infection with®:
miRNA HSV-1 HSV-2 Alternative name Reference(s)
Productive Latent Productive Latent

H1 + + NH NH 15, 64
H2 + + + + HSV-2 miR-IIT 58, 64-66
H3 + + + + HSV-2 miR-I 57, 58, 64-66
H4 + + + + HSV-2 miR-1I 57, 58, 64-66
H5 + + + + #4 15, 64, 65
H6 + + + + 64, 65
H7 + + + + NN? 49, 65, 66
H8 + + NH NH T-1 (NV)© 15, 49, 65
H9 NH NH + — T-7 (NV) 15, 49, 65, 66
H10 NH NH - - 66
H11 + - + — T-4 (NV) 15, 49, 65
H12 - + - #6RC (NV) 15
H13 + - + - #6 (NV) 15
H14 + - NH NH
H15 + - NH NH
H16 + - NH NH
H17 + + NH NH
H18 - + NH NH
H19 NH NH + — NN, NV 49
H20 NH NH + - NN, NV 49
H21 NH NH + -
H22 NH NH + -
H23 NH NH + —
H24 NH NH + +
H25 NH NH + —

“ miRNA was detected (+) or not detected (—) in a productively or latently infected sample.

homolog).

NH, no homolog (HSV-1 or HSV-2 does not encode an miRNA

? NN, not named. miRNA has been predicted, but a specific name has not been designated.
¢ NV, not verified. miRNA has been predicted but not previously experimentally verified.

A second HSV-2 miRNA predicted by Cui et al. was
termed #6-RC by those authors (15). This miRNA, as dis-
cussed above, arises from a viral origin of replication (oriS),
and is homologous to HSV-1 miR-H12. We also detected two
HSV-2 miRNAs that had been predicted by Pfeffer et al. (49),
which, like HSV-1 miR-H12, are homologous to HSV-1 origin-
encoded miRNAs. One of these (prediction termed T-4 by Cui
et al. [15]) is encoded within a viral origin of replication (oriL)
and is homologous to HSV-1 miR-H11. A second (prediction
termed #6 by Cui et al. [15]), which is homologous to HSV-1
miR-H13, is also encoded within a viral origin of replication, in
this case, oriS. The three HSV-2 origin-encoded miRNAs
(miR-H11 to -H13) were detected only in the productive in-
fection sample and will be discussed in more detail below.

A third miRNA predicted by Pfeffer et al. (49) is homolo-
gous to HSV-1 miR-H7, antisense to /CP0 intron sequences,
and could arise from LATSs. However, unlike HSV-1 miR-H7,
which was readily detected in latent infection (Tables 1 and 3),
HSV-2 miR-H7 was detected only in productive infection (Ta-
bles 2 and 3). However, the failure to detect this miRNA in the
latently infected sample may be due to poor sensitivity. Re-
cently, Umbach et al. detected one read of this miRNA in
sacral ganglia samples from one of three latently infected hu-
man subjects (606).

There were also two HSV-2 miRNAs predicted by Pfeffer et
al. that we have now experimentally verified and for which we

have not detected HSV-1 orthologs. Both of these were de-
tected only in the productive infection sample. The first of
these, which we designate as HSV-2 miR-H19, arises from the
5" UTR of the transcript encoding ICP34.5 and is complemen-
tary to miR-H4. The second of these, which we designate as
HSV-2 miR-H20, is encoded within an ICP0 intron and is
complementary to miR-H7. Of note, we detected one and four
reads in HSV-1 productively infected samples that would cor-
respond to homologs of HSV-2 miR-H19 and -H20, respec-
tively. However, these loci did not meet the hairpin criterion
and were not regarded as miRNAs.

HSV-2 miRNAs that had not been previously identified or
predicted. Of the remaining HSV-2 miRNAs that we detected
(Tables 2 and 3), one, which we designate as HSV-2 miR-H6, is
a positional homolog of HSV-1 miR-H6, lying upstream of and
on the strand opposite to LAT coding sequences. We will discuss
this abundantly expressed miRNA in more detail below.

The other newly identified HSV-2 miRNAs, HSV-2 miR-
H21 to -H25, are not homologs of HSV-1 miRNAs. HSV-2
miR-H21 to -H23 are encoded within unique long (U,) se-
quences and were detected only in the productive infection
sample. HSV-2 miR-H21 is encoded within UL3, HSV-2 miR-
H22 is encoded antisense to coding sequences of UL36 and
might arise from run-through transcripts from the upstream
region (UL30 and UL33 to -35 genes), and HSV-2 miR-H23 is
encoded within UL42. HSV-2 miR-H9, -H24, and -H25 are
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FIG. 2. Northern blot analysis of HSV-1 and 2 miR-HS5. Small-
enriched RNAs extracted from mock-infected (M) or HSV-1 (H1)- or
HSV-2 (H2)-infected HEK-293 cells at 18 h postinfection were re-
solved by PAGE on two separate gels (left and right panels), stained
for tRNAs with SYBR gold (top panels), and blotted to a membrane
for hybridization with the probe indicated below each of the middle
panels. After the analysis, membranes were stripped and sequentially
hybridized with the probes indicated below the bottom panels. The
nucleotide sizes of the RNA markers (ST) are indicated to the right of
the bottom four panels. The positions of miR-HS pre-miRNAs are
indicated with arrows.

encoded within repeated sequences. HSV-2 miR-H9 and -H24
could arise from LAT sequences, and, indeed, we detected
HSV-2 miR-H24 in both productive and latent infection sam-
ples. Interestingly, Umbach et al. have recently detected the
miR-H9 star strand in three sequence reads from a sacral
ganglion sample from one of three subjects infected with
HSV-2 (66). HSV-2 miR-H25, which was detected in the pro-
ductive infection sample, is probably encoded within the same
oriS-spanning transcript that encodes miR-H13. The sequence
of miR-H25 is very G+C rich, as compared to H13, which may
account for the different numbers of recovered reads between
H25 and H13. Of note, we did not detect any reads corre-
sponding to an HSV-2 miRNA recently reported by Umbach
et al., which they termed HSV-2 miR-H10 (66). This species,
which is 85% G+C, is encoded downstream of UL15 and was
found in sequence reads from sacral ganglia from two of three
subjects infected with HSV-2. Our failure to detect this RNA
could be due to several possible factors. One interesting pos-

J. VIROL.

sibility would be differences in HSV-2 miRNA expression be-
tween human sacral ganglia and mouse trigeminal ganglia.

Homologies between HSV-1 and HSV-2 miRNAs. Among
the miRNAs that we detected, there are nine positional and/or
sequence homologs shared between HSV-1 and HSV-2 (Table
4). Of these nine miRNAs, we found both -5p and -3p strands
from both viruses for two. It is interesting to compare the
sequences of these orthologs, particularly conservation of the
seed region, a major determinant of miRNA function. We first
asked what fraction of the seven bases in the seed region were
identical between orthologs; a high fraction of identity strongly
suggests conserved targets for the orthologous miRNAs.
However, even when sequences are not identical between
orthologs, when the differences in sequence are G:A or C:U,
it is possible that these miRNAs still recognize the same
mRNA targets (i.e., by G-U and A-U pairing and C-G and
U-G pairing). Therefore, we also assessed “seed consistency”
(41, 42), the fraction of bases in the seed region of orthologous
miRNAs that can retain their ability to base pair with a
common target sequence (Table 4). We note that for some
miRNAs, the sequence reads differ at their ends, and for the
conservation analysis, we used the most abundantly found
reads between productive and latent infection (Table 4).

Tang et al. (58) described HSV-1 and HSV-2 miR-H2 (HSV-2
miR-III) as having minimal sequence similarity. Our analysis
shows that they share 72% identity overall and completely iden-
tical seed regions. This raises the possibility that the miR-H2
orthologs not only can repress expression of ICP0, to whose
mRNA they are completely complementary, but that they may
repress the expression of other conserved targets as well.

As noted by Tang et al. (57, 58), comparison of the miR-H3
and miR-H4 orthologs of HSV-1 and HSV-2 reveals incom-
plete sequence identity in the seed region (Table 4). This can
be interpreted (57, 58) as implying that these miRNAs are
unlikely to have conserved targets other than ICP34.5, whose
mRNA is complementary to these miRNAs. However, the
miR-H4-3p orthologs exhibit 6/7 seed identity and 7/7 seed
consistency, and the miR-H3-3p orthologs exhibit 5/7 seed
identity and 6/7 seed consistency. Thus, these orthologs might
have conserved targets other than ICP34.5.

Similarly, HSV-2 miR-HS shares 74% overall sequence identity
with HSV-1 miR-HS, including six of seven bases in the seed
region and 7/7 seed consistency (Table 4), which might suggest
conserved targets. Of the remaining orthologs, all but one
(miR-H6; see below) show considerable seed identity (=6/7
identity), and all show maximal seed consistency (7/7), again
suggesting conserved targets for these orthologs.

The miR-HS5 orthologs, which are expressed in latent infec-
tion, are not completely complementary to any known viral
transcript. Their well-conserved seed regions are very G rich.
Perhaps they interact with mRNAs with homopolymeric runs
of C, of which there are several HSV examples (12, 46), or,
given the unusual structures that runs of G’s can form, perhaps
they function using interactions other than Watson-Crick base
pairing. The miR-H7 orthologs are also expressed in latency
(66; this report). These miRNAs are highly homologous (86%
identical with 7/7 identity in the seed region). Interestingly,
they are antisense to ICPO first intron sequences and, as
pointed out by Umbach et al. (66), are therefore unlikely to
downregulate ICPO expression. We have previously described
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TABLE 4. miRNA homologs expressed by HSV-1 and HSV-2

No. of identical nt/total

~ ~ in seed region (nt Proposed
I;lnsl\lil\ll :nhdo;{;\; 2 miRNA sequence® positions 2-8) Location target
s (reference)
Identity”  Consistency®
miR-H2-3p CCUGAGCCAGGGACGAGUGCGACU 7/7 Within 2nd Lat exon, ICPO (58, 64)
HSV-1 UCUGAGCCUGGGUCAUGCGCGA— - complementary to
HSVZ T******* * k k T *T**** ICP03rde\{011
miR-H3-3 —CUGGGACUGUGCGGUUGGGAC d d ithi
HSV-1 P UUUGGGAGUCUGCGGUUGGGAG 37 o7 VX}%“{‘@%‘@E@E&&“ ICP34.5 (57)
HSV-2 T* Kk KKk KKKk KK >
mentary to ICP34.5
ORF
miR-H4-5 GGUAGAGUUUGACAGGCAAGCA sthi
HSV-1 ¢ AGUUCA-CUCGGCACGCAUGCA el Wit nd Lot exon  1CE342 (58)
HSV_Z T** * T* *T** Kok k koK ok e p
mentary to ICP34.5
5’UTR
miR-H4-3p CUUGCCUGUCUAACUCGCUAGU
HSV-1 CUUGCCUAGCGAACUCACCCGU 77
HSV_2 *******T * *****T*T * %
miR-H5-5p GGGGGGGUUCGGGCAUCUCUACC
HSV-1 GGGGGGGCUCGGGCCACCUGACC 7/7 Within 2nd LAT exon ~ Unknown
HSV-2 Kok kKR okt KKKk K KT KKK and L/STs
miR-H6-5p GGUGGAAGGCAGGGGGGUGUA
HSV-1 ARAUGGAAGGCGAGGGGAUGC 71 Opp051te strand and Unknown
HSV_2 -T-T******k*ff* -T- uj amofLA
complementary to
miR-H6-3p - -CACUUCCCGUCCUUCCAUCCC HSV-1 miR-H1
HSV-L CCCAUCUUCTGCCCUUCCAUCCT 3/7 71 ICP4 (64)
miR-H7-5p AAAGGGGUCUGCAACCARAGG
gg&% éeéggggyggG%éSij% 7/7 Within 2nd Lat exon;  Unknown
complementary to
ICPO 1st intron
mjR-H11-3p UUAGGACAAAGUGCGAACGC--
HSv-1 JUAGGACARAGUCCCAACCCUU ”m oril Unknown
miR-H12-3p UUGGGACGAAGUGCGAACGCUU
HSV-1 UUAGGACGAAGUGCGAACGCUU s
HSV-2 Kk ok ok ok ok kK ok ok ok ok ok ok ok kK 7/7 oriS Unknown
miR-H13-3p UUAGGGCGAAGUGCGAGCACUGG
HSV-1 UUAGGGCAAAGUGCGAGCACUG— .
HSV-2 KRR SR RN IAK A 77 oris Unknown

“ Sequences of orthologous miRNAs expressed by HSV-1 (top sequence) and HSV-2 (bottom sequence) aligned using
ClustalW2 (37). The seed sequences are shown in boldface. Identical nucleotides and nucleotides with conserved target

binding potential are indicated with * and T, respectively.

® The numerator is the number of identical nucleotides in the seven-nucleotide (nt 2 to 8) seed region, and the denominator

is the number of total nucleotides (always 7) in the seed region.

¢ The numerator is the number of nucleotides in the seed region with conserved target binding potential (based on G:U base
pairing), and the denominator is the number of total nucleotides (always 7) in the seed region.
4 Maximum score for sequence identity or consistency when alignment resulted in gaps affecting the seed region.

ICPO transcripts that contain the first intron in latently infected
ganglia (11), which may be related to similar transcripts found
in productively infected cells (9). However, mutations that
drastically reduce LAT expression, and would therefore be
expected to drastically reduce miR-H7 expression, did not re-
sult in an increase in the levels of these intron-containing
transcripts (11), as would be expected if miR-H7 downregu-
lates their expression at the transcript level. Thus, especially
given the high identity of the seed region of the two orthologs,
we favor miR-H7 having other conserved targets, either viral,
cellular, or both.

The miR-H1/miR-H6 locus. The miRH1/6 locus lies about
300 bp upstream of the LAT transcription start site. In HSV-1,
miR-H1 and miR-H6 are derived from hairpins that are en-
coded on opposite strands (Fig. 1 and 3). As noted above, the

most abundant sequence reads in the HSV-1 productive infec-
tion sample were for HSV-1 miR-H1-5p, consistent with its
ready detection by Northern blot hybridization (15). Interest-
ingly, we found 11 reads of HSV-1 miR-H1-5p in the latent
infection sample. We had not previously detected this miRNA
in latently infected material using 454 sequencing or stem-loop
reverse transcription-PCR (RT-PCR). However, the former
method generates fewer sequence reads than the Illumina se-
quencing technology used here, and the RT-PCR assay for this
miRNA has a high background (64; M. F. Kramer, 1. Jurak,
and D. M. Coen, unpublished data). Thus, it is possible that
HSV-1 miR-H1 is an authentic latent transcript, expressed
consistently in latently infected ganglia. It is also possible that
this miRNA is expressed less consistently at low levels, like a
number of other productive cycle transcripts (10, 11, 16, 32, 33,


http://jvi.asm.org

4668 JURAK ET AL. J. VIROL.
A 118321 ) ) 118397
miR-H1-5p miR-H1-3p
GGAACGGGG—AGTCCTGATACCCATCC—( “CGGCCC
CCTTGCACCCTACCTTCCTGCCCTTCAQCTTCAGGACTATGGGTARGATGTGGGGGGACGGAAGGIGGGAGGCCGGG
D A miR-H6-3p miR-H6-5p 4
moR-H6-3p moR-H6-5p
B miR-H1-5p 2555x
A--  ACAAC A AA ta AC AA GA' UCC AU .
HSV-1 miR-H1
57GGCG  GGA CG GGGG CGGGGG UGGAAGG GGG GUG AG UG \ m
37CCGC CCU GC CCCC  GCCUCC ACCUUCC CCC CAC UC  AC A hairpin
CCA  GAGC- - G ¢ _C GU CC A-3CU- cCC
miR-H1-3p 8x
moR-H6-5p 141x miR-H6-5p 83x
U UcG c- A+ cA U- ¥ GA- GG
5/GGCGGG GGAC — CGGGGGG CGG GGGUGGAAGG GGGGGGUG AG UG \ HSV-1 miR-H6
37CCGCUC CUUG GCUCCCC GCC CCUACCUUCC CCCUUCAC UC AC U hairpin
- uuUG UU  4C UG «CU  AGG" UA
moR-H6-3p 11x miR-H6-3p 322x
moR-H6-5p 821x miR-H6-5p  604x
uc cuc GC cG GCh A GAU .
5/'GGCG GGGA  GCGGAGG CGGAG AUGGAAGG AGGGGAU GG GGAG C HSV-2 miR-H6
37CCGC CCUU  CGCCUUU GCCUC UACCUUCC UCUUCUA CC CCUC G hairpin
ca U-- Uu 2 C cG --—— -3 AGG
moR-H6-3p 11x miR-H6-3p 322x
C miR-H4-5p 65x
9) - A U L3¢l G A .
5/GCG GCCGGGG UGGU GAGUU GACAGGCAAGCAU UGC UGC G HSV-1 miR-H4
37CGC CGGCUCU AUCG CUCAA CUGUCCGUUCGUG AUG GCG A haitpin
- tG - U - A G
miR-H4-3p 322x
moR-H4-5p 117x miR-H4-5p 210x
A -- GA == Al A C C ct-- U
GGCCCGG GC  CG  GCGC GUCGGGGCGGG GAGUUC CU GGCA GCAUG AC GUG A HSV-1 miR-H4
CCGGGCC CG GC UGCG CGGCCCUGCCC CUCAAG GA CCGU CGUGC UG  CGC A hairpin

. AC G- GU 1

U4 C AC c

moR-H4-3p 4x

HSV-1
HSV-2

D

A cC U
miR-H4-3p 85x

miR-H1-5p GAUGGAAGGACGGGAAGUGGA
miR-H6-5p AAUGGAAGGCGAGGGGAUGC-

* ok ok ok Kk ok ok

* Kk * Kk

FIG. 3. miRNA H6 and H4 loci. (A) Sequence of the genomic locus encoding complementary miRNAs, HSV-1 miR-H1 and -H6. The boxes
indicate -3p and -5p strands of miR-H1 (gray shading) and miR-H6 (no shading), with arrows indicating the direction of transcription. Parts of the
sequences encoding moR-H6-5p and -3p are shown in italics, with discontinued arrows indicating the direction of transcription. Nucleotide
coordinates for the IR; copy of the locus according to HSV-1 strain 17+ genome (NC_001806) are shown on the top of the panel. (B and C)
Hairpin structures of HSV-1-encoded precursor of miR-H1 and miR-H6 and HSV-2-encoded precursor of miR-H6 (B); and hairpin structures of
HSV-1- and HSV-2-encoded precursors of miR-H4 (C). The most prominently found sequence reads are shown in boldface and encompassed by
brackets with arrows. Solid or dotted lines indicate miRNA or moR sequences, respectively. Black and gray arrows point to Dicer and presumed
Drosha cleavage sites, respectively. The numbers of detected sequence reads in the productive infection sample are shown below and above the
corresponding miRNA or moR strand. (D) Sequence comparison of HSV-1 miR-H1-5p and HSV-2 miR-H6-5p. The seed sequence of each
miRNA is shown in boldface, and the identical nucleotides are indicated with the asterisks.

48, 56). Resolving this question will require further investiga-
tion. Interestingly, we did not detect a positional homolog of
HSV-1 miR-H1 in either the HSV-2 productive or latent in-
fection sample (but see below).

The second most abundant sequence reads in the HSV-1
productive infection sample were for HSV-1 miR-H6-3p.
HSV-1 miR-H6-5p had substantially fewer reads. In contrast,
the most abundant sequence reads in the HSV-2 productive
infection sample were for HSV-2 miR-H6-5p, with very few
reads for HSV-2 miR-H6-3p. Consistent with the abundant
sequence reads in the productive infection samples, we could
readily detect the pre-miRNA and mature forms of HSV-1 and
HSV-2 miR-H6 in RNA from productively infected Vero and
293 cells using Northern blot hybridization, probing for the
strands that were more abundant in the sequence reads (Fig.

4). We also detected HSV-1 miR-H6-3p in the latent infection
sample, consistent with its previous detection in latently in-
fected mouse and human trigeminal ganglia (64, 65). We also
found one read of HSV-1 miR-H6-5p in the latent sample. For
HSV-2, we detected miR-H6-5p in 28 reads from the latent
sample and one read of miR-H6-3p.

It is interesting to compare the sequences of the different
miRNAs from the miR-H1/miR-H6 locus (Fig. 3). HSV-1
miR-H6-5p and HSV-2 miR-H6-5p are 74% identical, with 6/7
seed identity and 7/7 seed consistency (Table 4), suggesting
functional conservation. In contrast, although HSV-1 miR-
H6-3p and HSV-2 miR-H6-3p share considerable sequence
identity, most of that is in their 3’ ends, with very little seed
identity (Table 4). This raises questions regarding whether
miR-H6-3p exhibits functional conservation, especially as
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FIG. 4. Northern blot analysis of HSV-1 and -2 miR-H6 and moRs.
Small-enriched RNAs extracted from mock-infected (M) or HSV-1 (H1)-
or HSV-2 (H2)-infected HEK-293 cells at 18 h after infection were re-
solved by PAGE on two separate gels (left and right panels), stained for
tRNAs with SYBR gold (top panels), and blotted to a membrane for
hybridization with the probe indicated below the next panel below. After
analysis, membranes were sequentially stripped and hybridized with the
probes indicated below the next panel down. The positions of pre-miR-
H6, miR-H6, and cellular miRNA let-7 are indicated with arrows. The
nucleotide sizes of the RNA markers (ST) are indicated to the right of the
panels.

HSV-1 miR-HG6-3p exhibits seed complementarity with HSV-1
ICP4 mRNA and can translationally repress HSV-1 ICP4
expression (64). However, despite the lack of seed identity
between the miR-H6-3p orthologs, HSV-2 miR-H6-3p ex-
hibits considerable complementarity, including complete
seed complementarity with sequences in the 3" UTR and cod-
ing region of HSV-2 ICP4 mRNA (Fig. 5). Moreover, the two
miR-H6-3p orthologs exhibit high seed consistency (7/7; Table
4), consistent with the possibility of conserved function.

Perhaps most intriguingly, two miRNAs that are highly
abundant during productive infection, HSV-1 miR-H1-5p and
HSV-2 miR-H6-5p, exhibit complete seed identity, despite
<60% overall sequence identity (Fig. 3D). This suggests that
these miRNAs function to downregulate similar targets during
infection. It will be interesting to determine the targets of the
various miRNAs expressed from this locus, especially as these
miRNAs are both highly abundant in productive infection and
can be detected in latently infected ganglia.

HSV-encoded moRs. Unexpectedly, we detected abundant
sequence reads for ~22-nt RNAs that arise from the same
hairpin that is predicted for miR-H6. These miRNAs are en-
coded immediately adjacent to the two strands of miR-H6,
distal to the loop of the hairpin (Fig. 3B). However, despite
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FIG. 5. Complementarity of HSV-2 miR-H6 with /ICP4 mRNA.
(A) Predicted complementarity between HSV-2-encoded miR-H6-3p
and a sequence in the HSV-2 ICP4 3’ untranslated region (3’ UTR)
(top) and a coding sequence (CDS) (bottom), predicted using RNA-
hybrid (35, 50). Nucleotide coordinates for the /CP4 region comple-
mentary to miR-H6 based on the HSV-2 strain HG52 genome
(NC_001798) are shown on the top of each panel. The seed sequences
of miRNAs are highlighted by gray shading. The ICP4 CDS corre-
sponds to amino acids A1280 to V1286 of HSV-2 ICP4, as indicated at

the top of the bottom panel.

CDS ICP4
HSV-2 miR-H6-3p

showing similar abundance in the sequence reads to miR-H6,
and despite our being readily able to detect miR-H6 by North-
ern blot hybridization, we were unable to detect these RNAs
by the same method (Fig. 4). Similarly, we observed small
RNAs with the same properties arising from the HSV-2
miR-H4 (miR-II) locus (Fig. 3C), but not the HSV-1 miR-H4
locus. These RNAs did not fulfill our hairpin-loop proximal
criterion for miRNAs; thus, we are reluctant to designate them
as miRNAs. Rather, we designate these RNAs as miRNA-
offset RNAs (moRs), a term that has been applied to small
RNAs detected in the simple chordate Ciona intestinalis. There
have recently been reported moRs in Drosophila melanogaster,
mouse embryonic stem cells, and humans, albeit at very low
expression levels (2, 36, 52, 54). Moreover, Umbach et al.
detected moRs derived from pri-miRNAs encoded by Kaposi’s
sarcoma-associated herpesvirus (KSHV) in a latently infected
cell line (62). The biogenesis of this new class of small RNA
molecules is poorly understood; however, it has been proposed
that moRs might arise from Drosha processing of pri-miRNAs
rather than successive Dicer processing of one long pre-
miRNA (54). Our Northern blot analysis of moR-H6 is con-
sistent with the Drosha biogenesis model, as we could not
detect pre-miRNA using the moR antisense probe (Fig. 4).
Further investigation will be required to understand the ex-
pression and actual abundance of these RNAs.

A family of origin-encoded miRNAs. As described above,
both HSV-1 and HSV-2 express miRNAs that are encoded
within origins of replication: miR-H11, encoded within oriL,
and miR-H12 and miR-H13, encoded within oriS. The se-
quences of these miRNAs and their locations relative to origin
sequences are shown in Fig. 6. Notably, the HSV-1 oriL hair-
pin, being a 144-bp perfect palindrome, does not have any
internal mismatch bulges that are typically found in pri-miR-
NAs or pre-miRNAs (1), and the HSV-2 hairpin has only 1
single nucleotide mismatch (Tables 1 and 2). MiR-H11 lies
entirely within orilL (Fig. 6). Thus, there are two copies of
miR-H11 coding sequences; whether both are expressed is not
clear. In contrast, miR-H12 and miR-H13 are encoded from
opposite strands and extend outside the oriS palindromes, so
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A oriL palindrome
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HSV-2 miR-H11l TTAGGACAAAGTGCGAACGCTT- 100%
HSV-1 miR-H12 TTGGGACGAAGTGCGAACGCTT-
HSV-2 miR-H12 TTAGGACGAAGTGCGAACGCTT- 95%
HSV-1 miR-H13 TTAGGGCGAAGTGCGAGCACTGG
HSV-2 miR-H13 TTAGGGCAAAGTGCGAGCACTG- 95%
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FIG. 6. Family of miRNAs arising from the origins of replication. (A) In the middle of the panel is shown a schematic view of the HSV-1 and
HSV-2 genomes. U; and Ug denote the unique sequences of long (L) and short (S) components, respectively, of the genome, which are shown
as solid lines. Repeat sequences flanking U; (TR, and IR;) and Ug (IRg and TR) are shown as filled and unfilled boxes, respectively. Below are
shown expanded views of the HSV-1 (left, connected with a solid line) and HSV-2 (right, connected with a dotted line) IRg regions. Viral origins
of DNA replication, oriLL and oriS, are shown as gray boxes. Locations of miRNAs miR-H12 (H12) and miR-H13 (H13) and /CP4 and ICP22
transcripts are shown, with arrows indicating the direction of transcription. At the bottom of the panel to the left is shown the sequence of HSV-1
oriS (shaded box), the sequences of HSV-1 miR-H12 and miR-H13 are shown in boldface, and the direction of transcription is indicated with
arrows. At the top of the panel is shown the sequence of HSV-1 oriL. HSV-1 miR-H11-3p and the predicted -5p star strand are shown as shaded
boxes outlined with solid and dotted lines, respectively. (B) Sequence comparison of the origin of replication family miRNAs (miR-H11, -H12, and
-H13) encoded by HSV-1 and HSV-2. The numbers indicate percentage of sequence identity between two orthologous miRNAs. Identical
nucleotides and nucleotides with conserved target binding potential (consistency) are indicated with asterisks and small circles, respectively.

that the two miRNAs have 5’ ends in common but divergent 3’
ends. Adding further complexity, HSV-2 contains 2 copies of
oriS in each short repeat (Rg) (Fig. 6A). These two oriS pal-
indromes are surrounded by highly similar, but nevertheless
distinctive sequences, and since miR-H13 extends outside of
oriS, it is possible to distinguish, not just the orientation, but
also the exact oriS copy from which this miRNA arises (Fig.
6A). Notably, miR-H11 to -H13 share considerable sequence
identity throughout, both within each virus species and be-
tween species (Fig. 6B). In particular, the seed regions show
7/7 consistency and are identical for three of the six miRNAs
(both miR-H11 and HSV-2 miR-H13), differing by only one
base for two (HSV-2 miR-H12 and HSV-1 miR-H13) and only
two bases for the remaining one (HSV-1 miR-H12) (Table 4
and Fig. 6B). Thus, these miRNAs constitute a family and may
have common targets.

In HSV-1, the DNA sequences encoding HSV-1 miR-H11
include sites for binding by the origin-binding protein, UL9,
and also glucocorticoid-response element half-sites (25, 26). In
mice following corneal inoculation, a double-point mutant that

would affect both coding sequences for miR-H11 exhibited mod-
estly decreased acute replication and reactivation from latency
accompanied by reduced pathology and mortality (4). Although
there is considerable reason to think that these phenotypes in
mice are due to effects of the mutations on DNA replication (3,
4,26), we raise the possibility that one or more of the phenotypes
may be due to loss of the function of miR-H11.

Complementary miRNAs. As described previously (64), HSV-1
encodes two miRNAs encoded on complementary strands:
miR-H1 and miR-H6. Our analysis has identified several other
such pairs. These are HSV-1 miR-H2 and miR-H14, HSV-2
miR-H4 and miR-H19, and HSV-2 miR-H7 and miR-H20 (Fig.
1). All complementary pairs are transcribed from palindrome-like
sequences, and each miRNA pair shares substantial sequence
identity, which suggests that they might target conserved mRNAs,
as has been recently proposed for some D. melanogaster antisense
miRNA pairs (61). An additional intriguing possibility is that each
miRNA in the pair might have a role in repression of the tran-
scripts encoding the complementary miRNA or might even block
the functions of the mature complementary miRNA.
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miRNAs and latency. The miRNAs that we have detected
are encoded disproportionately within the repeat sequences of
the HSV genome (Fig. 1). We do not think it is an accident that
this is also the region that is transcriptionally most active dur-
ing latency. Indeed, only a handful of HSV-1 miRNAs were
not detected in the latent infection sample; these were the two
unique long region (U, )-derived miRNAs, the two oriS-de-
rived miRNAs miR-H14 (which is encoded within /CP0), and
miR-H15 (which is encoded on the same strand as and down-
stream of miR-HG6). Perhaps more telling, all of the HSV-1
miRNAs that had more abundant reads in the latent infection
sample than in the productive infection sample and all but one
of the HSV-2 miRNAs that were detected in the latent infec-
tion sample are encoded on the same strand as LATs and are
downstream of the LAT promoter. It will be particularly inter-
esting to identify promoters that drive expression of miRNAs
such as miR-H6 that are encoded from the opposite strand
from LATs.

Have we identified the complete set of miRNAs expressed by
HSV-1 and HSV-2? In this study, we have confirmed and ex-
tended previous identifications of HSV miRNAs (15, 57, 58,
64, 65), so that 16 HSV-1 miRNAs and 17 HSV-2 miRNAs are
now known. Do we now know the entire complement of HSV
miRNAs? There are several grounds to suggest that we do not.
First, only one HSV-1 and one HSV-2 strain are completely
sequenced and available. Small sequence differences between
the strains with which we worked and these sequenced strains
might have excluded certain hairpins and thus certain loci from
further analysis. In fact, we have identified numerous loci with
a high number of sequence reads that did not pass the hairpin
criterion. Second, different strains might express strain-specific
miRNAs, which might account for differences in pathogenicity.
Thus, it would be particularly interesting to compare clinical
isolates with laboratory strains. Third, in our analysis we did
not detect a single sequence read for HSV-2 miR-H10 (UL15)
detected by Umbach et al. (66) from latently infected human
ganglia. We cannot exclude the possibility that this miRNAs is
strain specific or that it is only expressed in the human host.
Along these lines, our productive infection samples were all
harvested at a rather late time point. We cannot exclude the
possibility of miRNAs that are more abundant earlier in infec-
tion. In other words, experimental settings might account for
important differences in analyses. Finally, the development of
new technologies and bioinformatic tools might increase the
sensitivity of detection, leading to the discovery of additional
HSV miRNA:s.

Roles of miRNAs. A key question is what are the roles of the
HSV miRNAs that have been identified? For some previously
identified miRNAs (i.e., miR-H2 to -H4), identification of viral
targets has been facilitated by the fact that these miRNAs are
transcribed from the opposite strand of known viral mRNAs,
which makes them obvious targets (57, 58, 64, 65). However,
for most miRNAs there is no obvious target. The challenge will
be to identify them. Moreover, the functions of these miRNAs
might not be limited just to RISC-dependent posttranscrip-
tional regulation, but might also include transcriptional regu-
lation (31) and direct effects on the stability of mRNAs that
contain hairpins from which miRNAs, in principle, could be
derived (24, 60). Regardless, the ability to compare miRNAs
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from HSV-1 and HSV-2 should greatly aid efforts to identify
HSV miRNA functions.
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