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ABSTRACT

Japanese macaque (JM) rhadinovirus (JMRV) is a novel, gamma-2 herpesvirus that was recently isolated from JM with inflam-
matory demyelinating encephalomyelitis (JME). JME is a spontaneous and chronic disease with clinical characteristics and im-
munohistopathology comparable to those of multiple sclerosis in humans. Little is known about the molecular biology of JMRV.
Here, we sought to identify and characterize the small RNAs expressed during lytic JMRV infection using deep sequencing. Fif-
teen novel viral microRNAs (miRNAs) were identified in JMRV-infected fibroblasts, all of which were readily detectable by 24 h
postinfection and accumulated to high levels by 72 h. Sequence comparisons to human Kaposi’s sarcoma-associated herpesvirus
(KSHV) miRNAs revealed several viral miRNA homologs. To functionally characterize JMRV miRNAs, we screened for their
effects on nuclear factor kappa B (NF-�B) signaling in the presence of two proinflammatory cytokines, tumor necrosis factor
alpha (TNF-�) and interleukin-1� (IL-1�). Multiple JMRV miRNAs suppressed cytokine-induced NF-�B activation. One of
these miRNAs, miR-J8, has seed sequence homology to members of the cellular miR-17/20/106 and miR-373 families, which are
key players in cell cycle regulation as well as inflammation. Using reporters, we show that miR-J8 can target 3= untranslated re-
gions (UTRs) with miR-17-5p or miR-20a cognate sites. Our studies implicate JMRV miRNAs in the suppression of innate antivi-
ral immune responses, which is an emerging feature of many viral miRNAs.

IMPORTANCE

Gammaherpesviruses are associated with multiple diseases linked to immunosuppression and inflammation, including AIDS-
related cancers and autoimmune diseases. JMRV is a recently identified herpesvirus that has been linked to JME, an inflamma-
tory demyelinating disease in Japanese macaques that mimics multiple sclerosis. There are few large-animal models for gamma-
herpesvirus-associated pathogenesis. Here, we provide the first experimental evidence of JMRV miRNAs in vitro and
demonstrate that one of these viral miRNAs can mimic the activity of the cellular miR-17/20/106 family. Our work provides
unique insight into the roles of viral miRNAs during rhadinovirus infection and provides an important step toward understand-
ing viral miRNA function in a nonhuman primate model system.

Japanese macaque rhadinovirus (JMRV) is a novel simian her-
pesvirus that was recently isolated from a central nervous sys-

tem (CNS) lesion of a Japanese macaque (JM) or snow monkey
(Macaca fuscata) with Japanese macaque encephalomyelitis
(JME) (1, 2). JME is an inflammatory, demyelinating disease that
affects �1 to 3% of the JM colony each year at the Oregon Na-
tional Primate Research Center (ONPRC) (1). At the clinical and
histopathological levels, JME is comparable to multiple sclerosis
(MS), an immune-mediated disease, and is the only known spon-
taneously occurring, natural MS-like disease in nonhuman pri-
mates (NHP). Animals with JME present with ataxia and progres-
sive paralysis and at the pathological level exhibit demyelinated
lesions in the CNS accompanied by macrophage infiltration and
axonal loss (1). More recently, JME has been shown to also possess
immunological similarities to MS, including oligoclonal bands in
the cerebrospinal fluid and T cell infiltrates in the brain exhibiting
Th17 phenotypes (3). Notably, JMRV has been detected and iso-
lated from multiple JME lesions in different animals, suggesting
that viral gene products and/or virus-influenced host factors may
contribute to JME pathogenesis (1, 2).

DNA sequence analysis of JMRV revealed that the virus is
member of the gammaherpesvirus family (1, 2), which includes
the gamma-1 lymphocryptoviruses (such as Epstein-Barr virus
[EBV]) and the gamma-2 rhadinoviruses. The rhadinoviruses are
divided further into two lineages. Viruses of the rhadinovirus 1

(RV1) lineage include the only known human rhadinovirus (Ka-
posi’s sarcoma-associated herpesvirus [KSHV]) and retroperito-
neal fibromatosis-associated herpesvirus (RFHV), which infects
Old World nonhuman primates. The rhadinovirus 2 (RV2) lin-
eage includes JMRV; rhesus macaque (RM) rhadinovirus (RRV),
which infects RM (Macaca mulatta); and Macaca nemestrina
rhadinovirus 2 (MneRV2), which infects pig-tailed macaques
(Macaca nemestrina) (2, 4, 5). JMRV is most closely related to
RRV at the genetic level; the genomes are colinear, and the major-
ity of viral open reading frames (ORFs) are homologous to a few
unique ORFs that are specific to JMRV (2).

Multiple viral microRNAs (miRNAs) have been demonstrated
for members of the gammaherpesvirus family and can be detected
during both latent and lytic infections (6–12). miRNAs are small,
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�22-nucleotide (nt), noncoding RNAs that play key roles in the
posttranscriptional regulation of gene expression. Expressed by all
multicellular organisms, miRNAs regulate many important bio-
logical processes, including development, homeostasis, hemato-
poiesis, and the development of immune responses. Aberrant
miRNA expression patterns have been linked to disease states and
clinical outcomes (12–15). Pathogen encounters, such as those
during virus infection, can perturb the cellular miRNA environ-
ment (13, 16). A number of viruses, particularly the herpesvi-
ruses, encode viral miRNAs that play important roles through-
out the viral life cycle and can contribute to pathogenesis
through the regulation of expression of both host and viral
genes (7, 12, 13, 15).

Like their cellular counterparts, herpesvirus miRNAs utilize
the host miRNA biogenesis machinery. Both viral and cellular
miRNAs arise primarily from long, RNA polymerase II-mediated
primary transcripts that fold into stem-loop structures, which are
cleaved in the nucleus by the RNase III enzyme Drosha together
with its binding partner DGCR8 (17, 18). This cleavage event lib-
erates an �60-nt hairpin precursor miRNA (pre-miRNA) that is
exported to the cytoplasm and subsequently cleaved by a second
RNase III enzyme, Dicer, resulting in an �22-nt miRNA:miRNA*
duplex (19). One arm of the duplex is bound by an Argonaute
(Ago) protein to form the RNA-induced silencing complex
(RISC) and functions as the mature miRNA to guide the RISC to
sites on target RNAs (20, 21). Interactions between the RISC and
target 3= untranslated regions (UTRs) occur initially via nt 2 to 5
within the 5= seed region (nt 2 to 8) of the mature miRNA, which
become exposed when the miRNA is bound by Ago and facilitate
target identification through sequence complementarity (20–22).
Seed pairing is stabilized by compensatory binding throughout
the rest of the miRNA to the RNA target. RISC binding predom-
inantly represses mRNA translation; target sites with high se-
quence complementarity to a miRNA can result in direct cleavage
and degradation of the target RNA (20).

By small-RNA sequencing experiments, a total of 15 viral pre-
miRNAs have been experimentally demonstrated for the gam-
ma-2 herpesvirus RRV (10, 23). Akin to the 12 viral pre-miRNAs
encoded by KSHV (6, 8, 9), all 15 RRV miRNAs are encoded
within the latency-associated region, flanked by ORF69 and
ORF71 (23). Despite their similar positions within each viral ge-
nome, RRV and KSHV miRNAs generally lack sequence homol-
ogy, with a notable exception being RRV miR-rR1-15 and KSHV
miR-K10a, which share a 5= seed sequence (10, 23). Interestingly,
this seed is also conserved in the predicted retroperitoneal fibro-
matosis-associated herpesvirus Macaca nemestrina (RFHVMn)
miRNA miRc-RF-9-3p and exhibits homology to the seed region
of cellular miR-142-3p, offset by one nucleotide (24, 25). Recent
biochemical studies demonstrate that KSHV miR-K10a can partly
mimic miR-142-3p-mediated repression due to this offset seed
sequence homology (25). KSHV also encodes functional mimics
of the cellular miRNAs miR-23a/b/c (KSHV miR-K3-5p) and
miR-155 (KSHV miR-K11) that enable the virus to tap into con-
served host miRNA-regulatory networks (26–29).

To date, no targets for RRV or any other rhadinovirus 2
miRNAs have been demonstrated. Studies on KSHV and EBV
indicate that many viral miRNAs contribute to persistent infec-
tion and viral latency by attenuating antiviral immune responses
and enhancing intrinsic cell signaling pathways that promote the
survival and proliferation of infected cells (12, 13, 15, 16). KSHV

miR-K10a, for example, targets TWEAKR (tumor necrosis factor
[TNF]-like weak inducer of apoptosis receptor), which can pro-
tect infected cells from apoptosis and dampen proinflammatory
cytokine responses (30). Two other KSHV miRNAs, miR-K9 and
miR-K5, target IRAK1 (interleukin-1 [IL-1] receptor-associated
kinase 1) and MYD88 (myeloid differentiation primary response
protein 88), respectively, thereby inhibiting signaling through
Toll-like receptors (TLRs) and the IL-1 receptor (31). Conse-
quently, these KSHV miRNAs can inhibit TLR agonist- or IL-1-
induced activation of nuclear factor kappa B (NF-�B) and indi-
rectly suppress the downstream expression of NF-�B-dependent
proinflammatory cytokines such as IL-6 and IL-8 (31). Additional
KSHV miRNAs have been shown to target components of NF-�B
pathways that can contribute to viral latency or lytic replication
through the regulation of viral immediate early gene expression
(32, 33).

In this study, we aimed to define and characterize the viral
miRNAs expressed by JMRV during lytic infection in vitro. Based
on the hypothesis that the JMRV miRNAs likely function similarly
to other gammaherpesvirus miRNAs, we then utilized a function-
first approach and screened for their impact on proinflammatory
cytokine-directed NF-�B activation. Through these approaches,
we identified specific JMRV miRNAs that inhibit NF-�B activa-
tion, including one miRNA that has homology to cellular miR-17
family members and can target 3= UTRs with miR-17 cognate
sites.

MATERIALS AND METHODS
Prediction of JMRV miRNAs. Clustal Omega (http://www.ebi.ac.uk
/Tools/msa/clustalo/) was used to analyze homologous sequences be-
tween the JMRV and RRV latency-associated regions and then between
JMRV and the previously described RRV precursor miRNAs (23). JMRV
regions bearing homology to RRV pre-miRNAs were extracted and
folded with RNAfold (http://rna.tbi.univie.ac.at/cgi-bin/RNAfold
.cgi) and Mfold (http://unafold.rna.albany.edu/?q�mfold) to determine
potential pre-miRNA structures.

Cell culture, infections, and transfections. Primary rhesus fibroblasts
(RFs), telomerase-immortalized RFs (tRFs), and HEK293T (293T) cells
were maintained at 37°C in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum, penicillin, and streptomycin. Pri-
mary RFs were plated 1 day prior to infections and infected with a wild-
type JMRV isolate (2) for 2 h at 37°C in a minimal volume of complete
medium, followed by a medium change. For the initial identification of
JMRV miRNAs, RFs were infected at a multiplicity of infection (MOI) of
2 and harvested at 72 h. A MOI of 0.85 was chosen for the time course
experiments based on cytopathic effects (CPE) observed after 72 h postin-
fection (p.i.). Telomerase-immortalized RF-NF-�B reporter cells (tRF),
maintained under puromycin selection, were a gift from Vic DeFilippis
and constitutively express an NF-�B-responsive firefly luciferase reporter
as well as renilla luciferase (under the control of a separate promoter) for
normalization. Cell lines were transfected by using Lipofectamine 2000
(Life Technologies) according to the manufacturer’s protocol.

RNA isolation and generation of miRNA sequencing (miR-Seq) li-
braries. Total RNA from infected RFs was harvested in TRIzol (Life Tech-
nologies) and isolated according to the manufacturer’s protocol, with
minor modifications, primarily substitution of the final 70% ethanol wash
for ice-cold 95% ethanol. For experiments where the JMRV MOI was 2,
denoted by an asterisk (72 h*), small RNAs were enriched from the total
RNA by using the miRVana miRNA isolation kit (Life Technologies,
Carlsbad, CA) as described previously (34) and used for deep sequencing.
In experiments where the MOI was 0.85, sequencing libraries were pre-
pared from total RNA. Deep-sequencing libraries were generated by using
the Illumina Tru-Seq v2.0 small-RNA kit and the bar-coded indexes ac-
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cording to the manufacturer’s protocol. A pilot PCR was performed for
each cDNA library to ensure that amplification occurred in the linear
range. Sequencing was performed on an Illumina HiSeq2000 instrument
by the Oregon Health & Science University (OHSU) Massive Parallel Se-
quencing Services Core.

miR-Seq bioinformatics analysis. miR-Seq reads were obtained in
fastq format and preprocessed to remove the Illumina adapter sequences
and any low-quality reads by using scripts from the fastx toolkit (http:
//hannonlab.cshl.edu/fastx_toolkit/). Processed reads (�15 nt) were
aligned concurrently with the rhesus macaque genome (rheMac3) and the
JMRV genome (Macaca fuscata rhadinovirus; GenBank accession num-
ber AY528864.1) by using Bowtie (parameters used were -m 25, -v 2,
– best, -strata) (35). Viral miRNAs were annotated based on (i) perfect
alignment to the JMRV genome, (ii) size (�20 to 23 nt), and (iii) evidence
of a hairpin precursor via RNAfold. As an additional measure, we utilized
the miRDeep2 pipeline to annotate macaque cellular miRNAs (miRBase
v21) and any other potential viral miRNAs and to obtain read counts for
each viral and cellular miRNA (36). To determine differentially expressed
(DE) miRNAs, cellular miRNAs with �10 reads/miRNA (determined by
miRDeep2) were analyzed using the Bioconductor package edgeR (37).
Library sizes were normalized by using the edgeR default-weighted
trimmed mean of M values (TMM) method. Since multiple conditions
were tested (0 h, 24 h, 48 h, and 72 h postinfection), expression level
differences were fitted by using the generalized linear model (GLM), and
the likelihood ratio test was used to calculate P values in edgeR. Signifi-
cant, DE miRNAs with read counts of �50 are reported.

Reverse transcription-PCR (RT-PCR) to detect JMRV transcripts.
DNase-treated RNA was reverse transcribed by using random hexamers
and SuperScript III (SsIII) (Life Technologies) according to the manufac-
turer’s protocol. cDNAs were PCR amplified for 30 cycles, and products
were visualized on 1% Tris-acetate-EDTA (TAE) agarose gels. The follow-
ing primers were used to amplify JMRV cDNAs: vMIP fwd (5=-CAGAAG
CTGTGCGCCAATCC-3=), vMIP rev (5=-CTTCGTCGGAAGCATCGTC
A-3=), ORF73 fwd (5=-GGGTCTGGGTTACAAAAGATGACT-3=), and
ORF73 rev (5=-GAATTGGCAGTCCTCTGTCCAT-3=).

miRNA TaqMan RT-quantitative PCR (qRT-PCR) assays. One hun-
dred nanograms of total RNA was reverse transcribed in a 15-�l reaction
mixture consisting of the RNA sample, 1 �l of the miRNA stem-loop RT
primer, 1 �l MultiScribe reverse transcriptase, 1.5 �l 10� RT buffer, 0.15
�l 100 mM deoxynucleoside triphosphates (dNTPs), 0.19 �l RNase in-
hibitor, and nuclease-free water. The reaction mixture was incubated for
30 min at 16°C, 30 min at 42°C, and 5 min at 85°C and maintained at 4°C.
Real-time quantitative PCR was performed by using 10% of each RT
reaction mixture, TaqMan 2� universal PCR master mix (Life Technol-
ogies), 0.3 �l of a 6-carboxyfluorescein (FAM)-labeled TaqMan probe
specific for a given miRNA, 0.3 �l of miRNA-specific forward PCR
primer, 0.3 �l of universal reverse primer, and nuclease-free water. All
PCR mixtures were prepared in triplicates in a PCR Clean Work Station.
Primer and probe sequences are available upon request. Real-time PCR
was carried out in 96-well optical plates by using an Applied Biosystems
7700 sequence detector. RNU6B, miR-16, or U6 was used as indicated as
an endogenous reference control to compare the expression levels of viral
miRNAs between samples; the 2�		CT[/teq] method was used to calculate
relative expression levels.

Generation of JMRV miRNA expression vectors. Approximately 150
to 200 nt surrounding each JMRV pre-miRNA were PCR amplified from
genomic DNA isolated from JMRV-infected RFs. Primer sequences are
available upon request. Amplified regions were cloned into the XhoI and
XbaI sites of pcDNA3.1
, and expression vectors were confirmed by se-
quencing. To confirm miRNA expression, vectors were transfected into
cells, total RNA was harvested after 48 to 72 h, and JMRV miRNA levels
were assayed by TaqMan qRT-PCR.

Luciferase reporter assays. tRF-NF-�B cells were transfected with 250
ng viral miRNA expression vectors in 96-well black-well plates. At 44 h
posttransfection, cells were stimulated with 25 ng/ml TNF-� or 25 ng/ml

recombinant IL-1� (Life Technologies) for 4 h or as stated otherwise. For
3=-UTR reporter assays, 20 ng pLSG-based vectors containing either the
human CDKN1A 3= UTR or tandem miR-17-5p or miR-20a-5p binding
sites in the firefly luciferase 3= UTR (as previously described [38]) was
cotransfected into 293T cells with 20 ng the pLSR renilla control vector
and 250 ng the pcDNA3-based miRNA expression vector; cells were har-
vested at 48 h posttransfection. For all luciferase assays, cells were lysed in
1� passive lysis buffer, and lysates were analyzed for luciferase activity by
using a dual-luciferase reporter assay kit (Promega).

Accession number(s). Raw fastq files for miRNA sequencing experi-
ments have been deposited in the NCBI Sequence Read Archive (SRA)
database under BioProject accession number PRJNA329121.

RESULTS
Prediction of JMRV miRNAs. RRV encodes a total of 15 viral
pre-miRNAs that are located in a latency region homologous to
the 12 pre-miRNAs encoded by the only known human rhadino-
virus, KSHV (8–10, 23, 39). One previous report suggested that at
least nine of the RRV pre-miRNAs are conserved in JMRV (40).
To predict possible miRNAs encoded in the JMRV genome, we
used Clustal Omega to align the JMRV latency region, located
between JMRV ORF69 and ORF71, with the homologous RRV
latency region. This alignment showed that the regions of these
two viruses are �85% identical at the genomic DNA level. The 15
RRV pre-miRNA sequences were then aligned to the JMRV la-
tency region; all RRV pre-miRNAs exhibited significant sequence
homology to JMRV, and 15 candidate JMRV pre-miRNAs were
identified. JMRV pre-miRNAs were numbered based on their ho-
mology to the RRV miRNAs (Fig. 1A). JMRV sequences were then
extracted and folded with RNAfold to define the stem-loop struc-
tures for JMRV pre-miRNA candidates (Fig. 1B).

Experimental identification of JMRV miRNAs. To gain ex-
perimental evidence of JMRV miRNAs, we analyzed the small-
RNA population in JMRV-infected primary RM fibroblasts (RFs)
by deep sequencing. Small RNAs (200 nt) were isolated 72 h
after infection of primary RFs (MOI � 2) by using the miRVana
small-RNA isolation kit and used to generate Illumina TruSeq
cDNA libraries. Based on CPE and virus plaques determined by
light microscopy, �75% of cells were infected at the time of RNA
isolation. Deep sequencing was performed on the Illumina
HiSeq2000 instrument. We obtained 15,468,541 reads (�15 nt)
that were aligned concurrently to the JMRV and RM genomes,
allowing for up to two mismatches. The majority of reads
(10,198,585; 65.9%) mapped to the 619 known RM miRNA hair-
pins present in miRBase v21 (Fig. 2A). An additional 25.5% of
reads mapped elsewhere to the rheMac3 genome; many of these
reads likely represent cellular miRNAs not yet annotated for RM.
A total of 7.05% of reads aligned to the JMRV genome. Of those
reads aligning to the JMRV genome, the majority mapped to the
latency region (Fig. 2B); 96.8% of JMRV reads mapped to the 15
predicted JMRV pre-miRNAs (representing 6.83% of the total
aligned reads). Based on read counts, miR-J3-5p was the most
abundant viral miRNA present in RFs at 72 h p.i. (Table 1).

Table 1 lists the major sequences, read counts, and positions in
the viral genome for all JMRV miRNAs. We identified 23 mature
viral miRNAs and 7 passenger miRNAs arising from 15 precur-
sors. Similarly to what was reported previously for other herpes-
viruses (23, 41), we also detected abundant reads for several viral
miRNA-offset RNAs (moRs) (Table 1). Primarily, the JMRV
moRs mapped to regions immediately adjacent to the miR-J3 ma-
ture and passenger miRNAs, which is similar to the functional
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moRs that were reported previously for RRV that arise from the
miR-J3 homolog miR-rR-3 and exhibit almost identical sequences
(23).

To independently confirm JMRV miRNA expression, we used
TaqMan-based miRNA stem-loop qRT-PCR assays to detect two
abundant miRNAs (miR-J2-3p and miR-J5-5p) and one lowly
expressed miRNA (miR-J7-3p), which differs from RRV miR-
r7-3p by 3 nucleotides. Cellular miR-16-5p was assayed as a con-
trol. Expression levels determined by qRT-PCR for these three
miRNAs recapitulated their expression patterns observed by deep
sequencing (Fig. 2C and D).

We next compared the JMRV miRNA sequences to the KSHV
miRNA sequences reported previously for other deep-sequencing
experiments (11, 42). Similarly to what is observed for RRV and
predicted for other rhadinoviruses, including RFHVMn and
MneRV2 (4, 23–25), a KSHV miR-K10a/miR-142-3p seed ho-
molog, miR-J15-3p, was identified for JMRV (Fig. 2E). KSHV
miR-K10a is expressed as two isoforms that differ by 1 nucleotide
at the 5= end to generate miR-K10a and miR-K10a
1 (25, 42).
Additionally, miR-K10 undergoes adenosine-to-inosine (A¡I)
editing by adenosine deaminases acting on RNAs (ADARs) to
generate miR-K10b (6, 8, 9, 25, 42). We found no evidence of
miRNA isoforms or editing events for miR-J15-3p. However, an-
other JMRV miRNA, miR-J6-3p, exhibited evidence of significant
A¡I editing in the seed region at nucleotide position 7 (74.3% of
the miR-J6-3p reads were edited), which presumably alters and
expands the repertoire of targets for this miRNA (Fig. 2F and
Table 1); this is unlike the RRV miR-6 homolog, which lacks any

evidence of A¡I editing (23). No other JMRV miRNAs showed
signs of A¡I editing.

Intriguingly, besides miR-J15, several other JMRV miRNAs
exhibited partial sequence homology to the KSHV miRNAs.
JMRV and KSHV pre-miRNA sequences were aligned by using
Clustal Omega (Fig. 2G). The positional homologs JMRV miR-
J9-3p and KSHV miR-K3-3p are �70% identical (including a 7-nt
stretch that encompasses the seeds of these two miRNAs), while
positional homologs miR-J11-5p and miR-K9-5p share offset 5=
and 3= seed homology (highlighted in Fig. 2G). We also note that
miR-J4-5p and miR-K12-3p share a stretch of 10 identical nucle-
otides in the 5= regions of each mature miRNA (Fig. 2G). These
observations indicate that the RV1 and RV2 miRNAs are more
conserved than previously reported (10, 23, 40). Likely, rhadino-
virus miRNA sequence conservation was overlooked in previous
studies since the seed sequences of the miRNAs are not identical
but rather are offset by 1 or 2 nucleotides. While it has been ob-
served for some time that viral and cellular miRNAs with identical
seed sequences can act as functional mimics (26, 29), recent ex-
amples of viral miRNA seed sequence mimicry highlight that off-
set seed homology is also effective in binding 3=UTRs and repress-
ing targets with cognate seed match sites (25, 28). Thus, we predict
that homology pairs such as JMRV miR-J11-5p and KSHV miR-
K9-5p will have a common set of miRNA targets conserved in
macaques and humans.

Kinetics of JMRV miRNA expression in vitro. For nearly all
gammaherpesvirus miRNAs to date, viral miRNA expression has
been examined in a latent model of infection or following virus

JMRV

miR-J  7,6,15,5,14,13, 4   3,12    2,11,10      9,1,8  

ORF69 ORF71,72,73

AY528864.1

A.

J2
- A   C     CC       U   GC 

 CCCGCU ACC UGC GCGUC  GUAUUCG GUA  G
 GGGCGG UGG ACG CGCGG  UAUAAGC UAU  C

   U   C   U     CA       U   AG 

J2

J1
      CGC       -    --       C   C
GACCC   GAUCGCA CCUU  UGGCCGG CGG
CUGGG   CUGGCGU GGAG  ACCGGCC GUC C

UAA       A    CC       C   U

J1

  J3
CAG   UCAA-        U    U      A      CU        U  U 
   GGC     UGAGCAGU AGUC GUGUUU GUCGUG  CCCUGUUG GU U
   CCG     AUUCGUCG UUAG CACAGG CAGCGU  GGGACAAU UA AUUG   CUGAC        C    U      -      CU        U  U 

J3

J5
  CCCC     C       C         UGGUU CG    CGGAA CCAAAGA ACGUGCCCG     U
GC    GCCUU GGUUUCU UGUGCGGGC     UUUU-     A       -         UAGAA 

J5

J4
     G      GU   C    C   UUCC-       A 
GAUUU GGGAGG  GGU AGCG GCG     CGUGUUU  
UUAGA CCCUCC  CCA UUGC CGC     GUAUAAG G
     G      UG   A    U   UAUAU       G

J4

J6      C    G      G  C        AAAU 
GCGGUGAA CGCG AAAGGU UG ACAUCGUA    C
CGCCAUUU GCGU UUUCCA GC UGUAGCAU    AA    -      -  A        CAUG 

J6  
GCGG

J10                   A     -    G 
CGGGGAUUCCCCUAACAGGGUG AAUUA UAUA G
GCCCCUAGGGGGAUUGUUCUAC UUAAU AUAU U
                       A     U    U 

J10

 J8
UC         CC           GU  AUUG 

CCG  GAUGUCUUG  AGCACUUUCCU  CC    U
GGC  CUACAGAAC  UCGUGAAAGGG  GG    ACC         AC           --  CCCA

J8

J14
   G   -           C       CCA  UG 

CGACGUG AAG GGACCCAAAGA ACAUUCU   GU  U
GCUGUAU UUC CCUGGGUUUUU UGUGGGG   CG  U

    G   G           U       UUG  UU 

J14

J12
UG       -        AAUU   G    A 

AAUGC  UAGGGAA CUAAAGAC    UCC UGUU C
UUACG  AUCCCUU GAUUUUUG    AGG ACGA CUA       A        CUUU   -    G 

J12

J11 GGA    -    A   U        AUA 
 GGGA   CCCA GCCU CAG CCCGCUGA   U
 CCCU   GGGU UGGA GUC GGGCGGCU   U

AAG    A    -   U        CUC 

J11

J13
          A  UG UG        GUUAA

GUGCAAUUAAUUGC GU  G  UGCUACUU     \
CACGUUGAUUGACG CA  C  AUGAUGAG     A           A  GU CA        AAUAA 

  
J13

J9
 AGA        CGC   C-        GAAC 

GGGG   AUAUGUUC   UGA  ACCGCUGC    \
CCCC   UAUACAAG   ACU  UGGCGGCG    G

CAC        ---   AC        GAAU 

J9

J15       AG           CAA            GUU   GGC  UUUGCGGUCAC   CAACGCUAUUGU   U
  CCG  AGAUGCUAGUG   GUUGUGAUAACG   G       CA           CUC            AGC 

J15J15

J7        G                    UU  C  UAA 
 GAUCC UGGAGAGCAGUUAACGUGCG  CC GU   U
CUAGG AUCUUUCGUUAAUUGCACGC  GG CA   U        G                    --  C  UAG 

J7    J7
G

B.

FIG 1 Candidate JMRV miRNAs. (A) Positions of the predicted 15 viral precursor miRNAs within the JMRV latency-associated region. miRNAs are numbered
based on their sequence homology to the RRV miRNAs. (B) Predicted hairpin structures for all JMRV precursor miRNAs (including partial flanking regions).
For miR-J3, the flanking regions that include the moRs are also shown.
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reactivation from latency (8, 9, 23, 39, 43). JMRV undergoes lytic
replication following de novo infection of cultured fibroblasts (2).
To gain insight into the temporal kinetics of JMRV gene expres-
sion during lytic infection, we infected primary RM fibroblasts
with JMRV (MOI of 0.85, compared to an MOI of 2 in Fig. 2) and
harvested total RNA from uninfected cells (mock) or at select time
points p.i. (24, 48, and 72 h). Significant cytopathic effects were
evident after 72 h p.i.; therefore, we did not continue the experi-
ments to 96 h.

We first examined the expression of two JMRV gene products,
the lytic JM24 transcript encoding viral macrophage inflamma-
tory protein (vMIP) (RRV R3 homolog) and the JM153 transcript
(ORF73) encoding latency-associated nuclear antigen (LANA)
(2), using RT-PCR (Fig. 3A). Genomic DNA from JMRV-infected
fibroblasts was used as a positive control. Transcripts from both

vMIP and LANA were detectable by as early as 24 h p.i., and we
observed a modest increase in vMIP expression levels from 24 to
72 h, consistent with active viral replication. We next performed
miRNA-specific stem-loop qRT-PCR to measure the levels of
eight individual JMRV miRNAs and cellular miR-16-5p as a con-
trol (Fig. 3C). The detection of miR-J1-5p and miR-J12-3p pla-
teaued at between 48 and 72 h; however, for the majority of the
viral miRNAs, we observed steady accumulation throughout the
course of infection.

To comprehensively explore small-RNA expression patterns
following lytic infection, we then used deep sequencing to analyze
the small RNAs. Reads aligning to the JMRV genome are shown in
Fig. 3B. Consistent with the results shown in Fig. 2, the majority of
reads aligning to JMRV (99.2% of JMRV reads at 72 h) mapped to
the cluster of viral miRNAs encoded within the latency-associated
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FIG 2 Deep-sequencing analysis of small RNAs in JMRV-infected rhesus fibroblasts. (A) Distribution of small-RNA sequencing reads from JMRV-infected
primary RFs (72 h postinfection; MOI � 2) falling within the following categories: JMRV miRNAs, RM miRNAs, the rhesus macaque genome (rheMac3;
non-miRNAs), or the JMRV genome (non-miRNA region). One percent of reads did not match the listed categories and are classified as “unaligned.” (B)
Small-RNA sequencing reads aligning to the JMRV genome (with up to two mismatches). Reads aligning to the plus strand are shown as positive values, while
reads aligning to the minus strand are shown as negative values on the y axis. The strong peak at nt �111000 to 117000 corresponds to the JMRV latency-
associated region where the viral miRNAs are encoded. (C) TaqMan qRT-PCR analysis of cellular and viral miRNA expression in JMRV-infected RFs (72 h*) or
uninfected RFs (mock). Delta-cycle threshold (CT) values for each miRNA are reported relative to values for RNU6B detected in mock-infected or infected RFs.
(D) Total read counts for sequences mapping to cellular RM miR-16-5p or JMRV miRNA miR-J7-3p, miR-J2-3p, or miR-J5-5p. (E) Comparison of rhadinovirus
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miR-J9/miR-K3) and two other miRNAs with seed homology (miR-J4/miR-K12). The mature miRNA sequences for each virus are depicted above or below the
pre-miRNA sequence. Regions of viral miRNAs with seed homology are boxed in gray.
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region (nt �111650 to 116450 on the antisense strand). All JMRV
miRNAs were detectable by 24 h p.i., representing 2.7% of the
total miRNA population, and continued to accumulate through-
out the course of infection (Fig. 3D and E). By 72 h p.i., the JMRV
miRNAs accounted for 17.9% of all annotated miRNAs (13.4% of
all reads). This pattern is akin to those of miRNAs expressed by
other herpesviruses, such as cytomegaloviruses, that can undergo
lytic replication in fibroblasts (44). Figure 3D shows normalized
miRNA read counts for individual JMRV miRNAs, which are or-
dered by their position within the JMRV genome. We did not
detect reads mapping to miR-J10-5p, and low read counts were
detected for miR-J11-3p and miR-J15-5p; thus, we conclude that
these represent passenger strands, at least in the context of lytic
replication (Fig. 3D and Table 1). We looked for evidence of miR-
J6-3p editing and found that while there was an overall increase in
miR-J6-5p and -3p expression levels, the ratio of unedited to ed-
ited miR-J6-3p did not dramatically change over time (Fig. 3F).
This pattern is consistent with A¡I editing of the primary miRNA
transcript and indicates that, unlike many cellular miRNAs, edit-
ing does not appear to interfere with miR-J6-3p biogenesis and is
more likely to functionally alter target specificity (45).

While the majority of viral reads mapped to the viral miRNA
locus, we observed other small peaks with read counts above the
background noise that aligned to JMRV and appeared to increase
over time. A small cluster of reads mapped to nt 22607 to 23566 of
the JMRV genome (Fig. 3B). Presumably, these reads arise from a

JMRV homolog of the KSHV polyadenylated nuclear (PAN)
RNA, which is highly abundant during KSHV lytic infection (46).
At 72 h, the JMRV PAN reads accounted for 0.11% of the total
JMRV mapped reads and lacked uniformity in the 5= ends, which
implies that they are degradation products and do not have func-
tion as small RNAs.

Cellular miRNAs during JMRV infection. Todeterminewhether
JMRV influences the expression of any specific cellular miRNAs dur-
ing infection, deep-sequencing libraries were mapped to known RM
cellular miRNAs (miRBase v21). Using miRDeep2 to obtain the
read counts for each mature miRNA, we identified a total of 443
mature cellular miRNAs in the four samples (a miRNA was
counted only if there was an average of 10 or more reads mapping
to the miRNA). We then employed the edgeR Bioconductor pack-
age and performed GLM (generalized linear model) fitting to
identify miRNAs differentially expressed throughout the time
course of infection. edgeR utilizes weighted TMM (trimmed mean
of M values) normalization to compensate for differences in li-
brary size. Of the 443 cellular miRNAs, we identified 75 miRNAs
for which levels changed �2-fold during JMRV infection com-
pared to mock infection. Of these changes, 14 were statistically
significant (P  0.05; false discovery rate [FDR] of 0.05); how-
ever, only 10 of the 14 miRNAs had �50 read counts in at least one
library (representing �0.001% of the miRNA population), which
is still 10-fold below the recommended cutoff (�0.01%) for func-
tionally relevant miRNAs (47). Six miRNAs were downregulated

TABLE 1 Major isoforms of JMRV miRNAs and moRs identified by deep sequencing

miRNA Major sequence Total no. of reads Genome start position (nt)

miR-J7-3p CGCACGTTAATTGCTTTCTAGT 312 111683
miR-J7-5p TGGAGAGCAGTTAACGTGCGTTC 737 111721
miR-J6a-3p CGATGTGCGACCTTTTGCGAT 12,751 (74.3% edited) 111807
miR-J6b-3p CGATGTACGACCTTTTGCGAT 4,412 (25.7% unedited) 111807
miR-J6-5p CGCGGAAAGGTGTGCACATCGTA 5,510 111840
miR-J15-3p TAGTGTTGCTCGTGATCGTAGA 9,822 111947
miR-J15-5p TGCGGTCACCAACAACGCTATT 45 111983
miR-J5-3p GGCGTGTTCTTTGGATTCCGTT 921 112117
miR-J5-5p CCCGGAACCCAAAGACACGTGCC 197,910 112155
miR-J14-3p GGTGTTTTTTTGGGTCCGCTTGT 2,090 112297
miR-J14-5p AAGGGACCCAAAGACACATTCTC 25,513 112337
miR-J13-3p TAGTAACCTGACAGCAGTTAGT 35,956 112485
miR-J13-5p TAATTGCAGTTGGTGTGCTACT 3,764 112522
miR-J4-3p CTCGTTAACCGTCCTCCCGAGA 300,989 112885
miR-J4-5p TGGGGAGGGTGGTCAGCGCGCG 545 112935
moR-J3-3p ATTCGCTGCTTACAGTCGCC 556 113332
miR-J3-3p CAGGGTCTGCGACGGACACTGT 20,013 113352
miR-J3-5p GTGTTTAGTCGTGCTCCCTGTT 307,880 113387
moR-J3-5p CTCAATGAGCAGTTAGTCT 3,663 113409
miR-J12-3p ATTTCGTTTTTAGATTCCCTAAT 8,128 113456
miR-J12-5p TAGGGAACTAAAGACAATTTCC 1,076 113494
miR-J2-3p TATACGGCGCTGCACGGTTGGC 44,503 114561
miR-J2-5p TACCATGCCGCGTCCCGTATTC 329 114602
miR-J11-3p GGCGGGTCTGAGGTATGGGGAA 117 114746
miR-J11-5p GACCCAGCCTACAGTCCCGCTG 3,887 114779
miR-J10-3p ATTACATCTTGTTAGGGGGAT 13,494 115053
miR-J9-3p GCGGTCATCAGAACATATCACC 3,075 116040
miR-J9-5p GAATATGTTCCGCTGACACCGCTG 17,277 116075
miR-J1-3p CCACCGAGGATGCGGTCAATG 47 116234
miR-J1-5p CGATCGCACCTTTGGCCGGCCGG 14,952 116266
miR-J8-3p AAAGTGCTCACAAGACATCCC 7,596 116363
miR-J8-5p GATGTCTTGCCAGCACTTTCCT 5,540 116403
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in response to JMRV infection (miR-345, miR-122a-5p, miR-183-
5p, miR-222-5p, miR-671-3p, and miR-370-5p), and four were
modestly upregulated (miR-876-5p, miR-193a-3p, miR-324-5p,
and miR-29b-3p) (Fig. 3F). Excluding miR-345, log fold change
(FC) values ranged from �1.6 to 1.3 in comparisons of mock and
JMRV infections. Thus, with the exception of miR-345 (log FC �
�5.1), which had substantially reduced expression, JMRV did not

dramatically alter the levels of cellular miRNAs during lytic repli-
cation.

NF-�B functional screen identifies anti-inflammatory JMRV
miRNAs. Cellular miRNAs are common components of many
intricate signal transduction pathways, including NF-�B signal-
ing, and can provide robustness to cellular gene expression as well
as give feedback signals within cell signaling networks (48, 49).
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right based on their position in the JMRV genome. No reads were detected for miR-J10-5p. miR-J6-3p reads are shown separately in panel F. (E) Distribution of
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of 0.05) during JMRV lytic infection. Normalized miRNA read counts for six downregulated and four upregulated cellular miRNAs are shown.
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miR-155, for example, is an NF-�B target and also participates in
NF-�B networks through the targeting of I�B kinases (IKKs) and
other NF-�B signaling components (48, 50). Multiple studies
demonstrate that NF-�B signaling is manipulated by gammaher-
pesvirus miRNAs (31–34, 51, 52). In addition to mimicking
miR-155 activity via miR-K11, KSHV encodes four miRNAs
(miR-K1, -K3, -K5, and -K9) that can alter NF-�B-dependent
transcription through the targeting of I�B� and nuclear factor I/B
(NFIB) as well as MYD88 and IRAK1, which mediate signaling
from TLRs (31–33, 42). KSHV miR-K10a also targets TWEAKR,
which can consequently suppress the expression of proinflamma-
tory cytokines that recruit effector cells to sites of infection (30).
Thus, viral miRNA manipulation of NF-�B signaling components
and proinflammatory cytokine responses is thought to facilitate,
in part, innate immune evasion (16). Here, we tested the hypoth-

esis that JMRV manipulates proinflammatory cytokine-mediated
responses through viral miRNAs.

To first demonstrate that NF-�B-mediated transcription is ac-
tivated during JMRV infection, we assayed transcript levels of two
NF-�B-responsive cytokine genes, IL-1A and IL-8. The levels of
both transcripts were significantly upregulated in JMRV-infected
cells compared to control cells (Fig. 4A). Next, we performed a
small-scale screen to identify JMRV miRNAs that might influence
proinflammatory cytokine signaling and NF-�B activity. Expres-
sion vectors for nine individual JMRV pre-miRNAs were gener-
ated, and viral miRNA expression from each vector was confirmed
by qRT-PCR following transient transfection of 293T cells (Fig.
4B). To identify viral miRNA regulators of NF-�B, tRF-NF-�B-
Luc cells expressing an NF-�B-responsive firefly luciferase re-
porter gene and a constitutive renilla luciferase gene for normal-
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ization were transfected with the individual JMRV miRNA
vectors. Dual-luciferase activity was measured after 48 h (Fig. 4C).
To induce canonical NF-�B signal transduction, transfected cells
were treated with inflammatory cytokines, either 25 ng/ml TNF-�
or 25 ng/ml IL-1�, for 4 h. With the exception of miR-J4, ectopic
expression of each JMRV miRNA did not alter basal luciferase
levels (Fig. 4D, mock). An �5-fold increase in luciferase activity
was observed in vector control cells stimulated with TNF-� or
IL-1� (Fig. 4D), and similar �5-fold increases were observed in
the presence of JMRV miR-J3, miR-J7, miR-J10, or miR-J14,
demonstrating that these miRNAs do not alter the NF-�B path-
way. Notably, the ectopic expression of either miR-J2 or miR-J4
inhibited TNF-�-mediated NF-�B activation but not IL-1�-me-
diated activation, while the expression of miR-J13 or the KSHV
miR-K10a seed homolog miR-J15 moderately suppressed IL-1�-
mediated NF-�B activation (Fig. 4D to F). Thus, miR-J2, miR-J4,
miR-J13, and miR-J15 suppress NF-�B activity, potentially
through specific targets within each of the TNF-� and/or IL-1
signal transduction pathways. Intriguingly, the presence of
miR-J8 suppressed NF-�B activity �2- to 3-fold following treat-
ment with either cytokine (Fig. 4D to F), suggesting that miR-J8
targets a factor or set of factors common to both the TNF-� and
IL-1 signaling pathways.

To investigate this further, we varied the amounts of the JMRV
miRNAs tested as well as the concentrations of TNF-�. tRF-NF-
�B-Luc cells were transfected with increasing amounts of miR-J2,
miR-J4, or miR-J8 and then stimulated with 10, 25, or 50 ng/ml
TNF-� for 4 h. As shown in Fig. 4, miR-J2 modestly inhibited
reporter activity in the presence of TNF-� (Fig. 5A); however, the
inhibitory activities of miR-J2 could be overcome with higher
doses of TNF-�, suggesting that the TNF-related target(s) for this
miRNA is not a critical, core component of the signaling pathway
and might be an ancillary factor. Increasing amounts of miR-J4
induced basal luciferase expression in unstimulated cells (Fig. 5B).
At the lowest dose of TNF-� (10 ng/ml), miR-J4 enhanced NF-�B

activity (Fig. 5B); we also observed enhanced activity with 25
ng/ml TNF-� and medium levels (125 ng) of miR-J4 but then low
NF-�B activity with high levels (250 ng) of miR-J4 compared to
the empty vector. Notably, luciferase activity from the NF-�B re-
porter peaks at between 10 and 25 ng/ml TNF-� and then declines
at higher cytokine concentrations (i.e., 50 ng/ml TNF-�) (Fig. 5A
to C). Thus, based on the dose-response pattern of NF-�B activa-
tion, we conclude that miR-J4 is actually an inducer of NF-�B
activity in tRFs and that over a certain threshold, the addition of
miR-J4 in the presence of TNF-� becomes inhibitory to the sig-
naling pathway. This response pattern suggests that miR-J4
might tune NF-�B activation through host factors that provide
both positive and negative feedback to cytokine-mediated sig-
nal transduction. In contrast to miR-J2 and miR-J4, the expres-
sion of miR-J8 blocked NF-�B reporter activity at all TNF-�
concentrations (Fig. 5C).

We next varied the amounts of JMRV miRNAs tested during
IL-1� treatment. Consistent with the results described above (Fig.
4), the expression of miR-J2 or miR-J4 had no effect on the induc-
tion of NF-�B reporter activity by IL-1�. The presence of miR-J13
moderately reduced the level of reporter activation (Fig. 5D),
while the expression of miR-J8 potently blocked IL-1�-mediated
NF-�B activation (Fig. 5E). Thus, we conclude that miR-J8 acts as
an anti-inflammatory miRNA that counteracts multiple proin-
flammatory cytokine responses and inhibits canonical NF-�B ac-
tivation.

RV2 herpesviruses encode potential mimics of host miRNAs.
miR-J8 was the only JMRV miRNA to strongly inhibit both
TNF-�- and IL-1�-induced NF-�B activity, which prompted us
to further examine the miR-J8 sequence. Intriguingly, the seed
sequence (nt 2 to 8) of miR-J8-3p is identical to that of the cellular
miRNAs miR-302c, miR-373, and miR-519a (Fig. 6A). Of further
interest, nt 1 to 8 of miR-J8 are identical to nt 2 to 9 of miR-17/
20/106/93. miR-302a and miR-373 are members of the miR-302/
367 cluster (miR-302a/b/c) and the miR-371/373 cluster, while
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FIG 5 JMRV miRNAs inhibit cytokine-mediated NF-�B activation. (A to C) JMRV miR-J2, miR-J4, and miR-J8 alter TNF-�-induced NF-�B activity in tRFs.
(D and E) JMRV miR-J13 and miR-J8 inhibit IL-1�-induced NF-�B activity in tRFs. For panels A to E, tRF-NF-�B reporter cells were transfected with increasing
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the miR-17 family includes miRNAs from the miR-17/92 cluster
(miR-17 and miR-20a), the miR-106a-363 cluster (miR-106a
and miR-20b), and the miR-106b-25 cluster (miR-106b and
miR-93). Figure 6A compares the sequence of miR-J8-3p and
the sequences of several M. fuscata miR-17 and miR-373 family
members, as identified by deep-sequencing analysis of JM
brain tissue (R. Skalsky, unpublished data). Notably, the RV2
homolog RRV miR-rR1-8-3p and the predicted RV2 homolog

MneRV2 miRc-N1-3p also share this common miR-17 family
seed sequence (Fig. 6B).

Given that several gamma-1 herpesvirus miRNAs exhibit per-
fect and offset seed homology to host miRNAs (26, 29, 41, 53), we
explored the remaining JMRV miRNA sequences identified here
as well as previously reported RRV miRNA sequences (23). Com-
parison of the RV2 miRNA sequences to all known cellular ma-
caque miRNA sequences revealed that JMRV miR-J7-5p and RRV
miR-rR1-7-5p have perfect 5= seed sequence homology to miR-
185-5p (Fig. 6C). Notably, JMRV miR-J13-5p (which inhibited
IL-1� signaling) and the RRV homolog miR-rR1-13-5p exhibited
offset seed homology to miR-367 and miR-363 (Fig. 6D). These
cellular miRNAs arise from the same clusters that include the
miR-17 family members highlighted above.

JMRV encodes a miRNA mimic of the miR-17/20/106 and
miR-520/373 families. To determine whether miR-J8 could in-
deed mimic the activity of miR-17 family members, we tested the
effect of miR-J8 on two different luciferase reporters that contain
two tandem, fully complementary binding sites for either miR-
17-5p or miR-20a within the firefly luciferase 3= UTR. Previous
studies demonstrated that luciferase expression from either re-
porter is significantly reduced in the presence of miR-17-5p or
miR-20a (38). As expected, both the miR-17-5p and miR-20a re-
porters were responsive to ectopic miR-J8 expression and could be
inhibited in a dose-dependent manner (Fig. 6E).

One well-characterized target of miR-17-5p is the CDKN1A
(cyclin-dependent kinase inhibitor 1A) transcript that encodes
p21, which regulates cell cycle progression by preventing the G1/S
transition. Interestingly, the CDKN1A 3= UTR is also targeted by
KSHV miR-K1 (a miR-J8 positional homolog); knockdown of
p21 levels by KSHV miR-K1 enhances cell cycle progression (54).
We interrogated the RM CDKN1A 3= UTR for potential miR-J8/
miR-17 binding sites and identified two seed match sites that were
100% conserved in the human CDKN1A 3= UTR (Fig. 6G). This
prompted us to then test a luciferase reporter containing the hu-
man CDKN1A 3=UTR (pLSG-CDKN1A) (described in references
54 and 38) against JMRV miR-J8. Similarly to the miR-17-5p and
miR-20a luciferase reporters, the expression of miR-J8 inhibited
luciferase expression from the CDKN1A reporter in a dose-de-
pendent manner (Fig. 6F). Together, these data demonstrate that
miR-J8 can mimic the activity of miR-17 family members by bind-
ing cognate sites.

DISCUSSION

In this study, we provide the first experimental evidence of the
viral miRNAs expressed by JMRV during lytic infection in vitro
and demonstrate that several of these viral miRNAs can disrupt
the cell signaling events induced by proinflammatory cytokines.
Using evolutionary conservation in concert with deep-sequencing
experiments, we identified over 25 mature JMRV miRNAs, arising
from 15 precursors, which share significant homology to previ-
ously reported RRV miRNAs (10, 23). Intriguingly, at least four of
the JMRV miRNAs (miR-J15-3p, miR-J11-5p, miR-J9-3p, and
miR-J4-5p) and their RRV counterparts (RRV miR-rR1-15-3p,
miR-rR1-11-5p, miR-rR1-9-3p, and miR-rR1-4-5p) exhibit some
level of homology to RV1 KSHV miRNAs (miR-K10a-3p, miR-
K9-5p, miR-K3-3p, and miR-K12-3p, respectively). This homol-
ogy was more evident when the pre-miRNA terminal loop se-
quence and miRNA-flanking sequences were included in addition
to the miRNA sequence itself. Three out of these four RV1 and
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FIG 6 JMRV encodes a viral miRNA mimic of the miR-17 family. (A) Se-
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miR-106b, miR-93, miR-302b, and miR-373) and JMRV miR-J8-3p. (B to D)
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RV2 miRNA pairs are also positional homologs, indicating their
importance to the rhadinovirus life cycle.

While it may come as no surprise that the JMRV and RRV
miRNAs have a high level of homology—in fact, several are fully
conserved— our analysis identified a number of distinct, species-
specific sequence differences. The most noteworthy differences
are those affecting the major miRNA isoform seed sequences,
which potentially influence target site recognition (20). These in-
clude JMRV miR-J3-3p and RRV miR-rR1-3-3p (differences in nt
7), miR-J7-3p and miR-rR1-7-3p (differences in nt 8), miR-
J10-3p and miR-rR1-10-3p (5= ends shifted by 2 nt), and miR-
J9-5p and miR-rR1-9-5p (5= ends shifted by 1 nt). Although the
importance of these divergences in the viral miRNA seed regions
cannot be fully realized until additional genomic or transcrip-
tomic information is generated and available for JM, thereby al-
lowing comparative genomics, we speculate that these are com-
pensatory changes in RV2 miRNAs that arose as a result of critical
target binding sites within host or viral RNAs. Given that gamma-
herpesviruses persist latently in cells with only limited viral gene
expression and thus that the viral miRNAs, which are expressed
during latency as well as in the lytic phase, primarily encounter
cellular RNAs in this scenario, arguably, it is the divergent species-
specific target interaction sites within the host cellular RNAs that
have driven the RV2 miRNAs to acquire these changes. Future
in-depth knowledge of the JM genome as well as knowledge of the
miRNA targetomes in JMRV- or RRV-infected cells should pro-
vide important insight into the evolutionary relationships be-
tween key host/viral targets and viral miRNAs for rhadinoviruses.

Intriguingly, we observed evidence of significant A¡I editing
for one JMRV miRNA, miR-J6-3p, which results in an adenosine-
to-inosine change at position 7 of the miRNA seed sequence. Post-
transcriptional hydrolytic deamination events such as these are
easily detected by deep-sequencing experiments since a portion of
the miRNA reads contain a nontemplated “G” instead of an “A.”
Up to 75% of the miR-J6-3p reads showed evidence of editing, and
likely, this represents a species-specific event since no editing of
the corresponding RRV homolog has been reported in vitro or in
vivo (10, 23). We can rule out the possibility that JMRV infection
induces global deamination events since we observed only very
low levels of A-to-G transitions for a few cellular miRNAs (miR-
22-3p [0.9% of reads], miR-222-3p [0.8% of reads], and miR-
100-5p [0.5% of reads]); none of the A-to-G transitions were at
such a high level as that seen for miR-J6-3p or considered signif-
icant to be truly edited. Inosine thermodynamically favors pairing
with cytosine; thus, an A-to-I change in the seed region can redi-
rect a miRNA to an entirely new set of target mRNAs. It is un-
known at this point whether miR-J6-3p editing also occurs in vivo
or during latent infection and how this contributes to the diversity
of the JMRV miRNA targetome.

RRV miRNAs were first identified over 9 years ago (10) and are
detectable in latently infected B cell lymphoma and retroperito-
neal fibromatosis tissues in RM (23); however, no targets or func-
tions for RRV miRNAs or any other RV2 miRNAs have been de-
scribed to date. To start to elucidate the functions of RV2
miRNAs, we determined whether any JMRV miRNAs specifically
altered responses to proinflammatory cytokines. Our screen iden-
tified multiple anti-inflammatory viral miRNAs, including
miR-J8 and miR-J13, which dampened NF-�B activation in re-
sponse to either IL-1� or TNF-�. With the exception of miR-J4,
which upregulated NF-�B activity at low cytokine doses, none of

the other viral miRNAs tested synergistically enhanced NF-�B
activity during cytokine treatment. In vivo, cytokine induction of
NF-�B-mediated transcription sets up a potent inflammatory re-
sponse, which can recruit immune effector cells to sites of infec-
tion as well as facilitate viral clearance. Gammaherpesviruses must
strategically evade such antiviral responses to establish and main-
tain long-term, persistent infection. Our work supports the hy-
pothesis that JMRV miRNAs play an active role in innate immune
evasion and may therefore provide protection to an infected cell
by silencing cytokine signaling.

A closer look at the JMRV miRNA sequences provides us some
insight into how these miRNAs might be manipulating cytokine
pathways. Sequence comparisons to host miRNAs revealed that
miR-J8 has significant seed sequence homology to members of the
miR-17/20/106 and miR-373 families. Recent studies demon-
strated that miR-17 contributes both positively and negatively to
the life cycles of other viruses. For example, miR-17 regulates a
number of interferon-responsive genes in gammaherpesvirus-in-
fected B cells and can target the interferon regulatory factor 9
(IRF9) 3=UTR directly, and when overexpressed in epithelial cells,
it can promote herpes simplex virus 1 replication (38, 42, 55, 56).
EBV miRNAs cotarget multiple miR-17 targets, which may posi-
tively contribute to B cell proliferation and/or differentiation dur-
ing the establishment of latent infection (55). In contrast, human
cytomegalovirus (hCMV) selectively inhibits miR-17 activity by
inducing the degradation of miR-17 through a viral decoy RNA;
deletion of the viral miR-17 decay element in the context of the
virus limits hCMV lytic replication (57). Here, we show that
miR-J8 can target 3= UTRs harboring miR-17-5p or miR-20a
binding sites, which strongly implies that miR-J8 can mimic the
function of miR-17 family members and thereby also gain access
to miR-17 regulatory networks. What is somewhat surprising is
that the observed phenotype of miR-J8 in NF-�B signaling does
not entirely fit with what has been described previously for miR-
17, which is generally regarded as a proinflammatory miRNA.
miR-17 has been observed to be upregulated in MS patients, and
through targeting of IKZF4 (Ikaros family zinc finger 4) in T cells,
it can enhance Th17 responses (58–60). In B cells, miR-17 targets
multiple negative regulators of the NF-�B pathway, including
TNFAIP3 (A20), and together with additional members of the
miR-17/92 cluster drives NF-�B activation (38, 61). Consistent
with the identified targets of miR-17 and the phenotypes observed
from overexpression of miR-17/92 in B cells in vivo, we have also
observed enhanced NF-�B activity following ectopic miR-17 ex-
pression in vitro (Skalsky, unpublished). Thus, while miR-J8 is
certainly able to bind miR-17 cognate sites, the viral miRNA does
not appear to functionally mimic miR-17 in the context of TNF-�
or IL-1 cytokine signaling. Notably, miR-J8 also has sequence ho-
mology to members of the miR-373 family. In genome-wide
miRNA screens to identify effectors of the NF-�B pathway in
breast cancer cells, miR-373 family members (miR-373 and miR-
520) strongly inhibited TNF-� signaling by directly targeting a
core NF-�B signaling component, RELA (p65) (62). Additionally,
overexpression of miR-20a in rheumatoid fibroblast-like synovio-
cytes suppressed IL-6 and CXCL10 release in response to lipopoly-
saccharide (LPS) treatment; in this context, miR-20a was shown
to target apoptosis signal-regulating kinase 1 (ASK1), a critical
mitogen-activated protein kinase kinase kinase (MAP3K) compo-
nent of TLR and TNF signaling pathways (63). These observations
raise the possibility that JMRV miR-J8 as well as RRV miR-rR1-8
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may target macaque homologs of RELA and/or ASK1. miR-J8
silencing of RELA, in particular, would suppress NF-�B activa-
tion, which could explain the strong inhibition of NF-�B activity
that we observed following cytokine treatment.

Like miR-J8, JMRV miR-J13 also inhibited IL-1� signaling,
and closer examination of the miR-J13 sequence revealed seed
homology to the cellular miRNAs miR-367 and miR-363. miR-
363 is encoded within the miR-106a/363 cluster, while miR-
367 is encoded within the miR-302/367 cluster, which plays an
important role in cell cycle regulation, human embryonic stem
cell pluripotency, self-renewal, and somatic cell reprogram-
ming (64). Recent studies showed that miR-367 can target the
3= UTR of IRAK4 in primary microglia, thereby decreasing
NF-�B activity and inhibiting proinflammatory cytokine pro-
duction (65). IRAK4 is a critical protein kinase component of
TLR/IL-1 signal transduction and thus serves as an attractive
candidate target for miR-J13, which may function similarly to
miR-367 via cognate binding sites. Thus, JMRV encodes not
one but potentially two miRNA mimics of cellular miRNAs,
both of which display anti-inflammatory phenotypes in the
context of cytokine signaling.

How miR-J8, miR-J13, and other JMRV miRNAs manipulate
inflammatory responses and contribute to pathogenesis in vivo,
particularly in the context of an immune-mediated disease, is an
important question to address in the future. In short, our works
provides initial insight into some of the regulatory functions of
RV2 miRNAs and provides an essential step toward understand-
ing viral miRNA functions in a NHP model system.
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