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Murine gammaherpesvirus 68 (MHV-68) is closely related to Epstein-Barr virus (EBV) and Kaposi’s
sarcoma-associated herpesvirus (KSHV) and provides a small-animal model with which to study the patho-
genesis of gammaherpesvirus (�HV) infections. To completely explore the potential of the MHV-68 system for
the investigation of �HV microRNAs (miRNAs), it would be desirable to know the number and expression
patterns of all miRNAs encoded by MHV-68. By deep sequencing of small RNAs, we systematically investigated
the expression profiles of MHV-68 miRNAs in both lytically and persistently infected cells. In addition to the
nine known MHV-68 miRNAs, we identified six novel MHV-68 miRNA genes and analyzed the expression levels
of all MHV-68 miRNAs. Furthermore, we also characterized the cellular miRNA expression signatures in
MHV-68-infected versus noninfected NIH 3T3 fibroblasts and in 12-O-tetradecanoyl-phorbol-13-acetate
(TPA)-treated versus nontreated S11 cells. We found that mmu-mir-15b and mmu-mir-16 are highly upregu-
lated upon MHV-68 infection of NIH 3T3 cells, indicating a potential role for cellular miRNAs during MHV-68
infection. Our data will aid in the full exploration of the functions of �HV miRNAs.

Herpesviruses cause significant morbidity and mortality in
the human population. The human gammaherpesviruses
(�HV) Epstein-Barr virus (EBV) and Kaposi’s sarcoma-asso-
ciated herpesvirus (KSHV) are associated with a number of
tumors and lymphoproliferative disorders (37, 40).

The outcome of virus-host interactions is determined by
many different factors. On the one hand, host immune re-
sponses play a pivotal role in the control of �HV infections and
in pathogenesis. On the other hand, viral factors govern levels
of infectivity, tropism, and immune evasion. Previous research
on viral factors focused mainly on proteins encoded by viral
genes. Recently, it was discovered that viruses, like the ge-
nomes of eukaryotic cells, also encode microRNAs (miRNAs).
miRNAs are approximately 22-nucleotide noncoding RNAs
generated from stem-loop precursors. Mature miRNAs inter-
act directly with a member of the Argonaute (Ago) protein
family to form the RNA-induced silencing complex (RISC),
which silences gene expression posttranscriptionally by binding
to the 3� untranslated regions (3� UTRs) of target mRNAs
(reviewed in references 8, 18, and 31). It has been proposed
that viral miRNAs participate in both lytic and latent infections

and may be involved in virus-host interactions (25, 44). EBV
was the first virus demonstrated to encode miRNAs (34).
Shortly thereafter, other herpesviruses were found to encode
miRNAs, for example, KSHV, murine gammaherpesvirus 68
(MHV-68), human cytomegalovirus, and rhesus monkey rhadi-
novirus (7, 32, 38, 39). The functions of most virus-encoded
miRNAs are still unknown, and for the majority of viruses,
only a few miRNA targets have been identified so far (21, 47).
For KSHV and EBV, a systematic analysis of viral miRNA-
mRNA interaction networks in latently infected cells has re-
cently been performed by RISC immunoprecipitation assays,
resulting in the identification of a large number of targets (17).
Elucidation of the functions of viral miRNAs will shed light on
whether they modulate pathogenesis and might also suggest
new therapeutic approaches (12, 27, 33).

Due to the species specificity of the �HV, pathogenetic
studies of human infections are restricted. MHV-68, a mouse
�HV, allows investigation of the role of �HV miRNAs during
infection in a small animal model (3, 15, 16, 20, 26, 41, 43, 46).
In addition, MHV-68, unlike EBV and KSHV, readily estab-
lishes productive infections in a variety of cell lines and thus
facilitates the examination of de novo lytic infections. To fully
explore the potential of the MHV-68 system for the investiga-
tion of �HV miRNAs, it would be desirable to know the
number and expression patterns of all miRNAs encoded by
MHV-68. Pfeffer et al. (32) computationally predicted 14
miRNAs to be encoded by MHV-68 and experimentally con-
firmed 9 by small-RNA cloning and sequencing. In that study,
the small RNAs were isolated from S11 cells, a cell line per-
sistently infected with MHV-68 (45). Here we asked the ques-
tion whether MHV-68 might encode more than the 9 miRNAs
already identified. For that purpose, we analyzed the small
RNAs from S11 cells, either untreated or treated with 12-O-
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tetradecanoyl-phorbol-13-acetate (TPA) to induce the lytic cy-
cle, and from lytically infected NIH 3T3 fibroblasts by 454 deep
sequencing. Subsequently, the expression of selected MHV-68
miRNAs was further validated by Northern blotting and stem-
loop quantitative reverse transcription-PCR (RT-PCR) (10).
Finally, the cellular miRNA profiles were analyzed. Our
analysis identified 6 novel MHV-68 miRNAs and addition-
ally provided the first comprehensive overview of both
MHV-68 and cellular miRNA expression in infected cells.
Our data will aid in the full exploration of the functions of
�HV miRNAs.

MATERIALS AND METHODS

Cell culture and MHV-68 infection. (i) Cell lines. S11 cells, a cell line persis-
tently infected with MHV-68 (45), were kindly provided by J. P. Stewart (Uni-

versity of Liverpool, Liverpool, United Kingdom) and were cultured in RPMI
1640 medium (Cell Concepts, Umkirch, Germany) supplemented with 10% fetal
calf serum (FCS), 2 mM L-glutamine, 100 U/ml penicillin, 100 �g/ml streptomy-
cin, and 50 �M 2-mercaptoethanol. Ag8 cells (ATCC CRL-1580), a murine
B-cell line, were cultured in RPMI 1640 medium (Cell Concepts, Umkirch,
Germany) supplemented with 10% FCS, 2 mM L-glutamine, 100 U/ml penicillin,
100 �g/ml streptomycin, and 50 �M 2-mercaptoethanol. NIH 3T3 cells (ATCC
CRL-1658) were grown in DMEM High Glucose (Cell Concepts, Umkirch,
Germany) supplemented with 10% FCS, 2 mM L-glutamine, 100 U/ml penicillin,
and 100 �g/ml streptomycin. Wild-type and Dicer�/� mouse embryonic fibro-
blasts (MEFs) were generated as described recently (29) and were cultured in
DMEM High Glucose supplemented with 10% FCS, 10 mM HEPES, 2 mM
L-glutamine, 100 U/ml penicillin, and 100 �g/ml streptomycin.

(ii) Infection of cells. NIH 3T3 cells, MEFs, and Ag8 cells were infected with
wild-type MHV-68 at a multiplicity of infection (MOI) of 1. The original stock of
MHV-68 (clone G2.4) was obtained from A. Nash (University of Edinburgh,
Edinburgh, United Kingdom). Working stocks of virus were prepared as previ-
ously described (1).

FIG. 1. Comprehensive analysis of small-RNA deep-sequencing libraries constructed from NIH 3T3 and S11 cells. (A) Table of sequence
distribution after annotation according to the MHV-68 genome and the mouse genome. NIH 3T3�, uninfected NIH 3T3 cells; NIH 3T3�,
MHV-68-infected NIH 3T3 cells (48 h after infection); S11�, untreated S11 cells; S11�, S11 cells treated with TPA (20 ng/ml for 48 h).
(B) Schemes showing the abundances of MHV-68 and mouse sequences in NIH 3T3 and S11 small-RNA deep-sequencing libraries.
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(iii) Lytic-cycle induction in S11 cells. S11 cells were treated with TPA (20
ng/ml) for 48 h to induce the lytic cycle.

454 sequencing. Small-RNA species were isolated from the cells (uninfected
NIH 3T3 cells or NIH 3T3 cells 48 h after infection; S11 cells with or without
TPA treatment) using the mirVana miRNA isolation kit (Applied Biosystems/
Ambion, Darmstadt, Germany). The small RNAs were separated on a denatur-
ing 12.5% polyacrylamide (PAA) gel stained with SYBR green II. After passive
elution, RNAs with a length of 15 to 30 bases were concentrated by ethanol
precipitation and dissolved in water. Next, RNAs were poly(A) tailed using
poly(A) polymerase, and a 43-nucleotide (nt) adapter with the following sequence
was ligated to the 5� phosphate of the miRNAs: 5�-GCCTCCCTCGCGCCATCA
GCTNNNNGACCTTGGCTGTCACTCA-3� (5�-end adapter). NNNN represents
a “bar code” sequence for the individual samples, as follows: ACTA for uninfected
NIH 3T3 cells, AGGT for infected NIH 3T3 cells, ATCG for uninduced S11 cells,
and CAAT for S11 cells induced by TPA. Next, first-strand cDNA synthesis was
performed using a 3�-end oligo(dT) linker primer (61 nt), 5�-GCCTTGCCAGCCC
GCTCAGACGAGACATCGCCCCGC(T)25-3�, and Moloney murine leukemia vi-
rus RNase H reverse transcriptase. The resulting cDNAs were PCR amplified in
22 cycles, using the high-fidelity Phusion polymerase (Finnzymes). Amplification
products (120 to 135 bp) were confirmed by polyacrylamide gel electrophoretic
(PAGE) analysis. All cDNA pools were mixed in equal amounts and were
subjected to gel fractionation. The 120- to 135-bp fraction was electroeluted from
6% PAA gels. After isolation with Nucleospin extract II (Macherey and Nagel),
cDNA pools were dissolved in 5 mM Tris-HCl (pH 8.5) at a concentration of 10
ng/liter and were used in single-molecule sequencing. Massively parallel sequenc-
ing was performed by 454 Life Sciences, using a Genome Sequencer 20 system.

Sequence analysis. Base calling and quality trimming of sequence chromato-
grams were done by the publicly available Phred software (19). The sublibraries
were sorted according to bar codes, and the adapter sequences and poly(A) tails
were removed from the sequences. The remaining sequences were analyzed
later. Sequences were annotated according to miRBase, version 14.0 (23), a
tRNA database (9), a noncoding RNA database (24), and the MHV-68 genome
sequence (NC_001826.2) from GenBank. The retrieved MHV-68 sequences
other than the known miRNAs were then searched for putative novel miRNA

sequences. Genomic regions containing inserts with 100-nt flanks were retrieved
from GenBank in order to calculate RNA secondary structures by mFold (50).
Only regions that folded into hairpins and contained an insert in one of the
hairpin arms were considered putative novel miRNA sequences. The relative
abundance of cellular miRNAs was calculated as the percentage of individual
miRNA read numbers among total cellular miRNA read numbers from each
library. The heat maps of the expression profiles were generated using the
Mayday platform (1a).

Ago complex immunoprecipitation and RNA extraction. Ago complex immu-
noprecipitation was performed as described previously (2). Briefly, S11 cells in
10-cm-diameter plates were lysed and centrifuged. For immunoprecipitation, 10
�g/ml of a purified monoclonal anti-mouse Ago2 (anti-mAgo2) antibody (6F4)
or a commercial anti-bromodeoxyuridine (anti-BrDU) antibody (Abcam, Cam-
bridge, United Kingdom) was mixed with cell lysates under constant rotation at
4°C for 3 h. Protein G-Sepharose (GE Healthcare) beads were added to the
lysates, and the rotation continued for 1 h. After rotation, the beads were washed
five times with cold RIPA-300 buffer. Finally, the beads were washed once with
cold phosphate-buffered saline (PBS). The beads were treated with proteinase K
under shaking at 65°C for 20 min, and coprecipitated RNA was extracted using
phenol-chloroform and was subsequently precipitated from the aqueous phase
by using at least 3 volumes of ethanol.

Northern blotting. For Northern blotting, total RNAs were isolated from S11
cells, NIH 3T3, cells and Dicer�/� and Dicer�/� MEFs by using the TRI reagent
(Sigma, Taufkirchen, Germany) according to the recommendations of the man-
ufacturer. The RNAs were separated by 15% denaturing RNA PAGE and were
transferred to a nylon membrane (GE Healthcare) by semidry electroblotting.
Membranes were cross-linked by incubation with a 1-ethyl-3-(3-dimethylami-
nopropyl) carbodiimide (EDC) chemical cross-link for 1 h at 50°C (28), prehy-
bridized for 1 h, and hybridized overnight at 45°C with [32P]ATP-labeled probes
complementary to the desired miRNAs. The probes were as follows: mghv-mir-
M1-1 (5�-AAAGGAAGTACGGCCATTTCTA), mghv-mir-M1-8 (5�-GACCAA
ACCCCCAGTGAGTGCT), mghv-mir-M1-10 (5�-AAAGAACCTTCCGTGTA
ATCA), mghv-mir-M1-12 (5�-GCGTCGGGACCCGGGA), mghv-mir-M1-13
(5�-AAAGGGGTAGGACTCCCACACCAAA), mghv-mir-M1-14 (5�-AAAGA

TABLE 1. microRNA read numbers of known and novel precursors from MHV-68 samples

Namea Sequence
No. of reads in the libraries

NIH 3T3� S11� S11�

mghv-mir-M1-1 UAGAAAUGGCCGUACUUCCUUU 35 1,168 1,572
mghv-mir-M1-1* AGGAAGUGGGUCCAACUU 0 2 0
mghv-mir-M1-2 CAGACCCCCUCUCCCCCUCUUU 1 36 71
mghv-mir-M1-2-5p AGAGGGGGAGUGUGUGGUCUGUb 19 149 225
mghv-mir-M1-3 GAGGUGAGCAGGAGUUGCGCUU 7 29 42
mghv-mir-M1-3* AGCGAACCUCUGCUCACUGCCC 0 9 15
mghv-mir-M1-4 UCGAGGAGCACGUGUUAUUCUA 0 23 29
mghv-mir-M1-4* AGAUAGCAUGUGCCGUCCUCUUU 0 6 7
mghv-mir-M1-5 AGAGUUGAGAUCGGGUCGUCUC 8 144 275
mghv-mir-M1-5* AGGCAAACCCGAGCUCCUCCUU 29 28 84
mghv-mir-M1-6 UGAAACUGUGUGAGGUGGUUUU 1 38 101
mghv-mir-M1-6* CAACCACCUCCCACAAUUUCAGb 0 22 28
mghv-mir-M1-7-5p AAAGGUGGAGGUGCGGUAACCU 11 140 231
mghv-mir-M1-7-3p GAUAUCGCGCCCACCUUUAUU 12 306 510
mghv-mir-M1-8 AGCACUCACUGGGGGUUUGGUC 61 679 977
mghv-mir-M1-8* UGACCAACCCUAAGUGAGUUUU 7 154 177
mghv-mir-M1-9 UCACAUUUGCCUGGACCUUUUU 58 674 617
mghv-mir-M1-10 UGAUUACACGGAAGGUUCUUUU 5 62 90
mghv-mir-M1-10* UUAAGAACCCUCAGUGCAAUCb 1 20 12
mghv-mir-M1-11-5p AGCUGUCAGGGGUUACAUGb 0 0 1
mghv-mir-M1-11-3p UGUAACCCCUGACAGCUGUC 0 1 0
mghv-mir-M1-12 UUUGGUGUGGGAGUCCUACCCCUUU 4 76 103
mghv-mir-M1-12* AAGGGUACUCUCAUCACCAAUGUb 0 1 2
mghv-mir-M1-13 UAUCUCAUGUGAGCUCUUCUUU 8 254 276
mghv-mir-M1-13* UGGGAAGAGUCUGUUGAGUGGC 0 1 4
mghv-mir-M1-14 UGCUACAGCGUGCAGAACGUUU 2 74 78
mghv-mir-M1-14* CCCGUUCUGGAUGCUGUGGGACb 3 7 8
mghv-mir-M1-15 AGCUACCCGCGUGGCCGGAGUGUUU 0 0 2

a miRNAs and star miRNAs of a precursor are defined according to the relative abundances of the reads of both arms. Names in regular type designate the known
miRNAs; those in boldface are the novel star miRNAs of known precursors; and those in italics are the novel miRNAs of novel precursors.

b Due to the characteristics of 454 sequencing, the putative miRNA sequences might extend to the additional “A” at the end.
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AGAGCTCACATGAGATA), mmu-mir-15b (5�-TGTAAACCATGATGTGC
TGCTA), mmu-mir-16 (5�-CGCCAATATTTACGTGCTGCTA), mmu-mir-21
(5�-TCAACATCAGTCTGATAAGCTA), and tRNA-Met (5�-TGGTAGCAG
AGGATGGTTTCGATCCATCGACCTCTG).

RT and qPCR. Real-time quantification of miRNAs was performed by stem-
loop quantitative RT-PCR (qRT-PCR) as described by Chen et al. (10). Total
RNA was isolated using the miRNeasy kit (Qiagen, Hilden, Germany) according
to the recommendations of the manufacturer. One microgram of RNA was
reverse transcribed using Superscript III reverse transcriptase (Invitrogen).
qPCR was performed using Power SYBR green master mix (Applied Biosys-
tems) on the 7300 platform (Applied Biosystems). As controls, we used 5.8S
rRNA and the cellular miRNA mmu-miR-191 (30). The universal primer used
was Universal.rev (5�-GTGCAGGGTCCGAGGT). The specific primers used
(SLP, stem-loop RT primer; qP, qPCR primer) were as follows: SLP_mghv-
miR-1 (5�-GTTGGCTCTGGTGCAGGGTCCGAGGTATTCGCACCAGAGC
CAACAAAGGA), qP_mghv-miR-1.for (5�-CGGCTAGAAATGGCCGTACT),
SLP_mghv-miR-13 (5�-GTTGGCTCTGGTGCAGGGTCCGAGGTATTCGC
ACCAGAGCCAACAAAGAA), qP_mghv-miR-13.for (5�-CGCGTATCTCAT
GTGAGCTC), SLP_rRNA-5.8S-K (5�-GTTGGCTCTGGTGCAGGGTCCGA
GGTATTCGCACCAGAGCCAACAGCGAC), qP_rRNA-5.8S-K.for (5�-GCC
CGCCTGTCTGAGC), SLP_mmu-miR-191-K 5�-GTTGGCTCTGGTGCAGG
GTCCGAGGTATTCGCACCAGAGCCAACCAGCTG), and qP_mmu-miR-
191-K.for (5�-CGGCAACGGAATCCCAAAAG).

To analyze the expression of the cellular gene BRCA-1, RNA was isolated 48 h
after infection from infected and uninfected NIH 3T3 cells using the miRNeasy
kit (Qiagen, Hilden, Germany) and was reverse transcribed using Superscript III
reverse transcriptase (Invitrogen). After a 1:5 dilution, 5 �l of the cDNA was
amplified by qPCR using Power SYBR green master mix (Applied Biosystems)
on the 7300 platform (Applied Biosystems). As a housekeeping gene, we used
the 18S RNA. The specific primers used were as follows: mBRCA-1-primer1-for
(5�-TTGTGAGCGTTTGAATGAGG), mBRCA-1-primer1-rev (5�-CTGTCCT

TCAAGGTGGCATT), mBRCA-1-primer2-for (5�-CAAGGCGAGAGCTAG
AAGGA), mBRCA-1-primer2-rev (5�-AATGTGGGCTGGCTCTTTAG), 18S-
for (5�-CGGCTACCACATCCAAGGAA), and 18S-rev (5�-GCTGGAATTAC
CGCGGCT).

RESULTS

Sequencing of small RNAs from MHV-68-infected cells. In
order to validate the expression of known MHV-68 miRNAs
and to identify novel MHV-68 miRNAs, we infected NIH 3T3
cells with MHV-68, which results in lytic replication (Fig. 1,
sample NIH 3T3�). Uninfected NIH 3T3 cells served as neg-
ative controls (sample NIH 3T3�). In addition, we analyzed
S11 cells, a cell line persistently infected with MHV-68. S11
cells either were left untreated (sample S11�) or were treated
with TPA to induce the lytic cycle (sample S11�). Small RNAs
were extracted and sequenced using 454 sequencing technol-
ogies (GEO accession no. GSE22938). We obtained 59,922
reads from NIH 3T3�, 54,135 reads from NIH 3T3�, 43,035
reads from S11�, and 60,704 reads from S11� after bar code
sorting. After removal of the adapter sequences, more than
99% of the remaining reads were longer than 15 nt and were
taken for subsequent analysis (Fig. 1A).

After thorough analysis of the reads against both the
MHV-68 and the mouse genome, we found that the majority of
reads were miRNA sequences, while a minor portion was de-

TABLE 2. Novel candidate microRNAs of novel precursors identified from MHV-68 samples

Novel candidate
miRNAa Stem-loop structure of putative miRNA precursorb �G (kcal/mol)b Genomic locationc

UU C A C GUCUG
mghv-mir-M1-10* AAGAACC UC GUG AAUCACUU C �21.5 262–282
mghv-mir-M1-10 UUCUUGG AG CAC UUAGUGAG A �21.5 301–322

UU A G A GUUU

AG
mghv-mir-M1-11-5P GACAGCUGUCAGGGGUUACAUGAG A �44.9 762–780
mghv-mir-M1-11-3P CUGUCGACAGUCCCCAAUGUACUU A �44.9 792–811

C

GUAA U AAAUUAAU
mghv-mir-M1-12* GGGU---ACUCUCA CACCAAUGU A �21.5 1722–1744
mghv-mir-M1-12 CCCA UGAGGGU-GUGGUUUCA U �21.5 1764–1788

UUUUC UCC AACGAUG

U UGU C- UA
mghv-mir-M1-13* GGGAAGAG-UC UGAG-UGGC GCG G �19.6 3709–3770
mghv-mir-M1-13 UUCUUCUC AG ACUC AUCG UGU G �19.6 3787–3808

U G UGU U AA U

GCCC G G CUGA
mghv-mir-M1-14* CGUUCUG AUGCUGUGG ACA A �28.7 5105–5126
mghv-mir-M1-14 GCAAGAC UGCGACAUC UGU A �28.7 5140–5161

UUUU G G CGUU

CU -C-- CC- U U
mghv-mir-M1-15 AG ACCCG GUGG GGAG GU U �15.7 5462–5486

UC UGGGC CACC UCUC CA A
UC CUUC CAA C G

a Names of the putative new miRNA sequences are given according to the submission to miRBase (http://www.mirbase.org). The miRNAs and star miRNAs of a
precursor are defined according to the relative abundances of the reads of both arms (see Table 1).

b RNA secondary structures were predicted, and free energy was calculated, using mFold, version 3.2. The miRNA sequences are underlined. Due to the
characteristics of 454 sequencing, the putative miRNA sequences might extend to the additional “A” at the end. The actual size of the stem-loop has not been
determined experimentally.

c Positions in the MHV-68 genome (GenBank accession number NC_0018262).
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rived from degradation products of other noncoding RNAs
(Fig. 1A and B), indicating the good quality of the small-RNA
libraries. Accordingly, we found no MHV-68 sequences in the
NIH 3T3� sample. Nearly 10% of the reads in both the S11�

and S11� libraries were MHV-68 sequences, i.e., much more
than the 0.5% in MHV-68-infected NIH 3T3 cells (Fig. 1B).

Identification of novel MHV-68 miRNAs. Analysis of the
pool of MHV-68 sequences from the various libraries showed

FIG. 2. MHV-68 miRNAs are located directly after the vtRNA sequences. (A) Genomic locations of MHV-68 miRNAs, modified from
reference 32. The first 6 kbp of the MHV-68 genome are shown. Filled triangles represent the 8 vtRNA sequences. M1 to M9 (in red) are the
known MHV-68 miRNA precursors. M10 to M15 (in blue) are the 6 novel MHV-68 miRNA genes identified in this paper. ORF, open reading
frame; TR, terminal repeat. (B to I) RNA folding structures of 8 vtRNA sequences and their subsequent miRNAs. Sequences are color coded as
follows: green, the predicted anticodons of the vtRNA sequences (5); red, the known MHV-68 miRNAs; yellow, the novel star miRNAs of known
precursors; blue, the novel miRNAs of novel MHV-68 miRNA precursors. The GenBank accession number of the MHV-68 genome and the
genomic locations of the sequences are given at the left of each sequence.
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that a considerable number of reads were not matched to
known mature MHV-68 miRNAs in miRBase, version 14.0.
However, among these, about half of the sequences matched
known miRNA hairpins and were thus characterized as novel
star miRNAs (Fig. 1A and Table 1). The remaining MHV-68
sequences were analyzed using the secondary-structure predic-
tion program mFold by extracting the flanking sequences from
the genome. In this way, we identified six novel MHV-68
miRNA genes (termed mghv-mir-M1-10 to mghv-mir-M1-15),
which give rise to 11 mature miRNAs in total (Table 2). mghv-
mir-M1-11 is a perfectly matched hairpin but has only very low
read numbers from both arms. The other five hairpins show
common imperfect miRNA folding structures and are biased
in generating the mature miRNAs from the 3� arm (Tables 1
and 2). Alignment of the deep-sequencing reads to the
MHV-68 miRNA hairpins revealed more variation in the 3�
than in the 5� ends of the reads, a pattern that is commonly
observed in the analysis of miRNA deep-sequencing data (see
Fig. S1 in the supplemental material).

Furthermore, we investigated whether the known and newly
identified MHV-68 miRNAs have seed homology to miRNAs
from murine and other herpesviruses. Both KSHV and
Marek’s disease virus (MDV) have been reported to encode
functional orthologs of the oncogenic mir-155 (22, 42, 48). We
found that mghv-mir-M1-4 has the same seed sequence as
mir-151-5p, which has been revealed to be an important onco-
genic factor during tumor invasion and metastasis (14) (see
Fig. S2 in the supplemental material). On the other hand,
mghv-mir-M1-9 and mghv-mir-M1-14 have seed homology
with KSHV-miR-K12-3 and MDV1-mir-M31, respectively.
Binding sites for KSHV-miR-K12-3 have been identified
within the 3� UTR of the transcription factor C/EBP�, a reg-
ulator of the transcriptional activation of interleukin-6 (IL-6)
and IL-10 (35). This analysis suggests that miRNAs from dif-
ferent viruses or even from the mouse may regulate similar
target mRNAs.

Genomic organization of the novel MHV-68 miRNAs. Inter-
estingly, like the nine MHV-68 miRNAs already known, all six
novel miRNA genes are situated within the first 6 kbp at the
left end of the MHV-68 genome and are located close to the
eight viral tRNAs (vtRNAs), except for mghv-mir-M1-11 (Fig.
2A). The novel MHV-68 miRNAs are positioned either im-
mediately following the known miRNAs (Fig. 2B and F) or
between the vtRNAs and known miRNAs (Fig. 2G and I). The
vtRNA-miRNA-miRNA structure is common for six of the
eight vtRNAs. Following vtRNA3 and following vtRNA7,
there is only one miRNA hairpin structure; the other stretch
was not able to form a hairpin, according to mFold (Fig. 2D
and H), and we found no corresponding reads from the librar-
ies. Furthermore, these specifically structured �200-nt RNA
sequences all start with the conserved A/B box promoter for
RNA polymerase III in the vtRNAs and end with a poly(U)
sequence, which serves as the terminus for RNA polymerase
III, implying that the vtRNA-miRNA-miRNA sequences are
transcribed as a long primary transcript and are then processed
further into mature miRNAs.

Validation of the expression of the novel MHV-68 miRNAs.
To further validate the existence of the novel MHV-68
miRNAs, we performed Northern blotting with RNAs isolated
from S11 cells. RNAs were extracted either from total-cell

lysates or from lysates after pulldown with a monoclonal anti-
mouse Ago2 antibody. As a negative control, pulldowns were
performed using an isotype-matched control antibody (anti-
BrDU). Probes against the abundant miRNAs mghv-mir-M1-10,
mghv-mir-M1-12, and mghv-mir-M1-14 were easily detectable
not only in total-cell lysates but also in the anti-mAgo2-immu-

FIG. 3. Validation of novel MHV-68 miRNAs. (A) Northern blot
validation of novel MHV-68 miRNAs. RNAs were extracted from S11
total-cell lysates (lane 1), a control IP with anti-BrDU (lane 2), and an
IP with anti-mAgo2 (monoclonal antibody 6F4) (lane 3) and were
blotted onto a nylon membrane. Probes complementary to known or
novel MHV-68 miRNAs were labeled and used for detection. Novel
MHV-68 miRNAs are highlighted in blue. (B) Stem-loop qRT-PCR
validation of the novel MHV-68 miRNA mghv-mir-M1-13. RNAs were
extracted from total-cell lysates of S11 cells and from infected (�) or
uninfected (�) Ag8 cells. The latter served as a negative control. The
samples were subjected to stem-loop RT-qPCR as described in Mate-
rials and Methods. Data shown are means 	 standard deviations for
triplicate determinations. As positive controls, the expression of mghv-
mir-M1-1 and that of the cellular miRNA mmu-miR-191 are also
shown. (C) Generation of MHV-68 miRNAs in MHV-68-infected
Dicer�/� MEFs. Two independent clones of Dicer�/� MEFs (lanes 2
and 4) were infected with MHV-68 in parallel with wild-type controls
(lanes 1 and 3). Total RNAs were extracted and blotted onto a nylon
membrane. Probes complementary to mghv-mir-M1-1 and mmu-
mir-21 were labeled and used for detection. Probing against tRNAMet

served as a loading control.
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noprecipitated (IP) samples (Fig. 3A), indicating that the novel
MHV-68 miRNAs, like cellular miRNAs and the MHV-68
miRNAs already known, associate efficiently with functional
RISCs. Only a very weak signal could be detected from the
probe against mghv-mir-M1-13 (data not shown). However, by
using a more-sensitive stem-loop qRT-PCR, we were able to
demonstrate the expression of mghv-mir-M1-13 (Fig. 3B) both
in S11 cells and in infected Ag8 cells 48 h after infection with
MHV-68. No MHV-68 miRNAs were detectable in uninfected
Ag8 cells, while the cellular miRNA mmu-miR-191 was de-
tected in all three samples.

Since MHV-68 miRNAs derive from unusual precursors, we
investigated whether the MHV-68 miRNAs employ the same
miRNA-processing machinery as cellular miRNAs. To this
end, we infected Dicer-deficient mouse embryonic fibroblasts
(Dicer�/� MEFs) with MHV-68 and monitored miRNA gen-
eration. Two independently derived Dicer�/� MEF clones
were tested. Compared to wild-type MEFs (Dicer�/�),
Dicer�/� MEFs were not able to produce either mature cel-
lular miRNAs or MHV-68 miRNAs (Fig. 3C). Thus, MHV-68
miRNAs are processed by a Dicer-dependent pathway.

Cellular miRNA profiling in NIH 3T3 and S11 cells. Apart
from the MHV-68 sequences, the majority of reads in the
sequencing libraries were murine miRNA sequences. Annotat-
ing these sequences by miRBase, version 14.0, we found a
significant number of reads derived from the other arm of
known murine miRNA hairpins. Altogether, 70 novel murine
star miRNAs were identified and registered (see Table S1 in
the supplemental material). The read numbers of annotated
murine miRNAs in the libraries suggested unique miRNA
expression signatures of NIH 3T3 and S11 cells (see Tables S2
and S3 in the supplemental material). NIH 3T3� and NIH
3T3� cells showed distinct patterns of cellular miRNA expres-
sion levels, suggesting that miRNAs may play a role in the
cellular response to MHV-68 infection. Among the abundantly
expressed miRNAs, mmu-mir-16 and mmu-mir-15b, which be-
long to the same miRNA family, were found to be highly
upregulated after MHV-68 infection (Fig. 4A). This upregula-
tion was further confirmed by Northern blotting (Fig. 4B). As
expected, mghv-mir-M1-1 was present only in NIH 3T3� cells,
and tRNAMet served as loading control. The cellular miRNA
expression profiles in TPA-induced versus noninduced S11
cells were also analyzed. Only subtle changes were observed
after TPA induction (Fig. 4D).

We have reported previously that hsa-mir-15a and hsa-
mir-16 are upregulated in EBV-positive nasopharyngeal carci-
noma. We found that the tumor suppressor gene BRCA-1 is
one of the targets that is regulated by the miR-15/16 family
(49). Therefore, we wondered whether the upregulation of

mmu-mir-16 and mmu-mir-15b after MHV-68 infection might
also lead to the downregulation of BRCA-1 in the MHV-68
model system. As shown in Fig. 4C, BRCA-1 expression in
MHV-68-infected NIH 3T3 cells was indeed lower than that in
uninfected cells, suggesting that miR-15/16 upregulation and
the subsequent BRCA-1 downregulation might be common
features of herpesvirus infection.

DISCUSSION

MHV-68 is an important small animal model with which to
study the pathogenesis of �HV infections. By deep sequencing
of small RNA, we systematically investigated the MHV-68
miRNA expression profiles in both lytically and persistently
infected cells. We identified six novel MHV-68 miRNA genes
and analyzed the expression levels of all MHV-68 miRNAs.
Furthermore, we also characterized the cellular miRNA ex-
pression signatures in MHV-68-infected versus noninfected
NIH 3T3 fibroblasts and in TPA-treated versus nontreated S11
cells. We found that mmu-mir-15b and mmu-mir-16 are highly
upregulated upon MHV-68 infection of NIH 3T3 cells, indi-
cating a potential role of cellular miRNAs during MHV-68
infection.

MHV-68 miRNAs were first identified by traditional small-
RNA cloning and sequencing (32). Nine MHV-68 miRNA
genes were characterized and experimentally validated, and
five more hairpins were predicted. With the more-sensitive
deep-sequencing approach, we were able to confirm the exis-
tence of all previously described MHV-68 miRNAs and almost
all of the star miRNAs, which have not been reported before.
Moreover, we identified, for the first time, the five predicted
miRNA genes, together with one unpredicted miRNA gene.
Notably, all MHV-68 miRNAs, except for mghv-mir-M1-11,
reside immediately following the unique vtRNA sequences in
the MHV-68 genome. A transcript containing mghv-mir-
M1-11 might be generated by read-through transcription be-
yond the T clusters at which RNA polymerase III usually
terminates transcription (6).

Almost all MHV-68 miRNAs were detectable in the two
infected cell lines we have sequenced (Table 1). Overall, the
persistently infected S11 cells showed much higher MHV-68
miRNA expression levels than the lytically infected NIH 3T3
cells. mghv-mir-M1-1, mghv-mir-M1-8, and mghv-mir-M1-9
were the three most abundant miRNAs in both cell lines.
mghv-mir-M1-5* was more abundant than mghv-mir-M1-5 in
infected NIH 3T3 cells, while in S11 cells, mghv-mir-M1-5 was
expressed at a higher level. Such different MHV-68 miRNA
expression patterns might be suggestive of distinct functions
during lytic and persistent/latent infections. By Northern blot-

FIG. 4. (A and D) Cellular miRNA profiling of uninfected or MHV-68-infected NIH 3T3 cells and of untreated or TPA-treated S11 cells.
Cellular miRNA levels were calculated and compared in the four deep-sequencing libraries. (A) Heat map depicting MHV-68-infected versus
noninfected NIH 3T3 cells. (D) Heat map depicting TPA-treated versus untreated S11 cells. Only miRNAs that were more than 0.2% abundant
in at least one library are shown. (B) Northern blot validation of cellular miRNAs upregulated after infection of NIH 3T3 cells. Total RNAs were
extracted from uninfected (lane 1) or MHV-68-infected (lane 2) NIH 3T3 cells. RNAs were blotted onto a nylon membrane and were detected
by labeled probes complementary to mmu-mir-16, mmu-mir-15b, or mghv-mir-M1-1. Probing against tRNAMet served as a loading control.
(C) Downregulation of BRCA-1 in MHV-68-infected NIH 3T3 cells. To analyze the expression of BRCA-1, RNAs were isolated from uninfected
and MHV-68-infected NIH 3T3 cells 48 h after infection and were subjected to qRT-PCR using primers specific for BRCA-1 and 18S RNA. Data
shown are means 	 standard deviations for triplicate determinations.
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ting, we could demonstrate the expression of three (mghv-mir-
M1-10, -12, and -14) of the six novel MHV-68 miRNAs. Al-
though mghv-mir-M1-13 was found with a comparable read
number in the deep-sequencing data sets, it was hardly detect-
able by Northern blotting. This might be due to its low GC
content. However, we were able to demonstrate the expression
of mghv-mir-M1-13 by a more-sensitive stem-loop qRT-PCR.
This is consistent with a recent report demonstrating that re-
verse ligation-mediated RT-PCR (RLM-RT-PCR) is able to
detect mature MHV-68 miRNAs with at least 100-fold higher
sensitivity than Northern blotting (13). We did not attempt to
detect the expression of mghv-mir-M1-11 and -15 by either
Northern blotting or stem-loop qRT-PCR because of their
extremely low read numbers (1 and 2 reads, respectively) in the
deep sequencing.

The MHV-68 miRNAs are among the minority of miRNAs
that are under the regulation of RNA polymerase III. It has
been shown recently that the generation of the MHV-68
miRNAs is dependent on the A/B boxes in the vtRNA se-
quences and on the presence of tRNase Z and Dicer, but not
on Drosha (4, 13). By infection of Dicer-deficient MEFs, we
confirmed that MHV-68 miRNAs are processed by a Dicer-
dependent pathway. Importantly, while Bogerd et al. (4)
showed Dicer dependency by small interfering RNA (siRNA)-
mediated knockdown of Dicer in human (HeLa) cells trans-
fected with an MHV-68 miRNA expression plasmid, we dem-
onstrated it by infection of authentic host cells (Dicer�/� and
Dicer�/� MEFs) with MHV-68.

The vtRNAs were identified and characterized more than 10
years ago and were shown not to be aminoacylated (5). How-
ever, their function still remains unknown. We speculate that
the vtRNA sequences remained as remnants during evolu-
tion and now serve as promoter sequences for the genera-
tion of the MHV-68 miRNAs. How the differential expres-
sion of the MHV-68 miRNAs is regulated, and the
significance of the existence of the vtRNA-miRNA-miRNA
structures, will be interesting to investigate.

The MHV-68 miRNAs were shown to be efficiently associ-
ated with the RISC by immunoprecipitation using a monoclo-
nal anti-mouse Ago2 antibody, implying that they are func-
tional. However, the functions of the MHV-68 miRNAs still
remain unknown. By matching the seed sequences of the
MHV-68 miRNAs, we found that they are predicted to target
both viral and cellular proteins (data not shown). The abun-
dance of the MHV-68 miRNAs might also imply that they
could function by occupying the cellular RISC machinery, thus
interfering with the normal cellular miRNA pathways. The
attenuated but nonlethal phenotype of an MHV-68 mutant
virus lacking the first 9.5 kbp of the genome, including all
vtRNAs and miRNAs, indicated that the vtRNAs and
miRNAs are not absolutely essential for lytic replication or for
the establishment and maintenance of latency (11).

Apart from the MHV-68 miRNAs, the deep-sequencing
data also allowed us to analyze the expression signature of the
cellular miRNAs in uninfected versus infected NIH 3T3 cells.
mmu-mir-15b and mmu-mir-16 were shown to be upregulated
after infection, and this observation was validated by Northern
blotting. Interestingly, in our previous study (49), hsa-mir-15a
and hsa-mir-16 were found to be upregulated in EBV-infected
nasopharyngeal carcinoma samples compared to their expres-

sion in healthy control tissues, and the tumor suppressor
BRCA-1 was validated as one of the target genes of hsa-mir-
15a and hsa-mir-16. Here we could also show that upregulation
of mmu-mir-16 and mmu-mir-15b correlated with lower
BRCA-1 expression in infected NIH 3T3 cells than in unin-
fected cells. Notably, other authors reported that NIH 3T3
cells, expressing an RNA transcript that is antisense to the
BRCA-1 mRNA and that thus inhibited the expression of
BRCA-1 protein, showed accelerated and anchorage-indepen-
dent growth and tumorigenicity in nude mice (36).

Taken together, we have performed deep sequencing of
small RNAs expressed in lytically infected NIH 3T3 cells and
in persistently infected S11 cells in order to more completely
define the miRNA coding potential of MHV-68. Our analysis
identified 6 novel MHV-68 miRNAs and additionally provided
the first comprehensive overview of both MHV-68 and cellular
miRNA expression in infected cells. Our data will aid in the
full exploration of the functions of �HV miRNAs.
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