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Epstein-Barr virus (EBV) and rhesus lymphocryptovirus (rLCV) are closely related gammaherpesviruses in the lymphocryptovi-
rus subgroup that express viral microRNAs (miRNAs) during latent infection. In addition to many host mRNAs, EBV miRNAs
are known to target latent viral transcripts, specifically those encoding LMP1, BHRF1, and EBNA2. The mRNA targets of rLCV
miRNAs have not been investigated. Using luciferase reporter assays, photoactivatable cross-linking and immunoprecipitation
(PAR-CLIP), and deep sequencing, we demonstrate that posttranscriptional regulation of LMP1 expression is a conserved func-
tion of lymphocryptovirus miRNAs. Furthermore, the mRNAs encoding the rLCV EBNA2 and BHRF1 homologs are regulated
by miRNAs in rLCV-infected B cells. Homologous to sites in the EBV LMP1 and BHRF1 3=-untranslated regions (UTRs), we also
identified evolutionarily conserved binding sites for the cellular miR-17/20/106 family in the LMP1 and BHRF1 3=UTRs of sev-
eral primate LCVs. Finally, we investigated the functional consequences of LMP1 targeting by individual EBV BART miRNAs
and show that select viral miRNAs play a role in the previously observed modulation of NF-�B activation.

MicroRNAs (miRNAs) are �22-nucleotide (nt) noncoding
RNAs, expressed by all metazoans, that posttranscription-

ally inhibit gene expression. Most miRNAs originate from stem-
loop RNA structures that are cleaved by the RNase III enzyme
Drosha in the nucleus to liberate �60-nt RNA hairpins, termed
precursor miRNAs (pre-miRNAs) (reviewed in reference 1). Pre-
miRNAs are exported to the cytoplasm by Exportin 5 (2), where
they are cleaved by a second RNase III enzyme, Dicer, thereby
liberating �22-bp imperfect miRNA-miRNA* duplexes (re-
viewed in reference 3). The miRNA strand of this duplex is incor-
porated into the RNA-induced silencing complex (RISC) to guide
RISC to partially complementary target sites located predomi-
nantly in mRNA 3=-untranslated regions (UTRs) while the sec-
ond, passenger miRNA* strand is degraded. The seed sequence of
the mature miRNA (nt 2 to 8) typically has full complementarity
to the target mRNA and plays a key role in target site recognition
(4). RISC binding to a target mRNA can inhibit its translation
and/or lead to mRNA degradation (reviewed in reference 5). miR-
NAs have been shown to play important roles in a number of
diverse biological processes, and at least one-third of all human
genes are predicted to be under miRNA regulation (6, 7).

A number of viruses, particularly DNA tumor viruses such as
the gammaherpesviruses, encode miRNAs (reviewed in reference
8). Epstein-Barr virus (EBV), a ubiquitous human gammaherpes-
virus commonly associated with infectious mononucleosis, ex-
ploits the cellular miRNA biogenesis machinery to process 25 viral
pre-miRNAs expressed during latent infection (9–12). EBV miRNAs
are transcribed from two discrete genomic loci: three pre-miRNAs
are encoded within the BHRF1 locus, while the BART region en-
compasses 22 BART pre-miRNAs. The closely related rhesus lym-
phocryptovirus (rLCV; also called macacine herpesvirus 4 or cer-
copithecine herpesvirus 15), which naturally infects rhesus
macaques (Macaca mulatta), expresses 36 pre-miRNAs from the
homologous BHRF1 and BART regions (9, 13, 14).

EBV and rLCV are both members of the lymphocryptovirus
subgroup and are evolutionarily separated by at least 13 million
years (15, 16). Nevertheless, the EBV and rLCV genomes exhibit
colinear organization and, overall, �65% nucleotide conserva-

tion. Regions encoding structural proteins or homologs of cellular
proteins, such as the Bcl-2 homolog BHRF1 or the CD40-mimic
LMP1, are more highly conserved (16, 17). Remarkably, sequence
analysis has revealed that 22 orthologous pre-miRNA hairpins
exist between EBV and rLCV (9, 14). This is in contrast to miRNAs
encoded by other gammaherpesviruses. In particular, members of
the rhadinovirus subgroup of gammaherpesviruses, such as Ka-
posi’s sarcoma-associated herpesvirus (KSHV) and rhesus rhadi-
novirus (RRV), each have multiple miRNAs within similar latency-
associated regions, yet only one KSHV and one RRV miRNA
exhibit any sequence conservation (18, 19). Computational anal-
ysis of 14 different gammaherpesvirus genomes from both human
and nonhuman primates has suggested that gammaherpesvirus
miRNA sequence conservation is rare, although the organization
of miRNA loci appears to be conserved (14).

With few exceptions (20–23), gammaherpesvirus miRNAs also
lack overall sequence homology to cellular miRNAs. There are,
however, several examples of viral miRNAs mimicking cellular
miRNA seed sequences (nt 2 to 7, i.e., the minimal functional unit
of an miRNA); consequently, these viral and cellular miRNAs
have common target mRNAs (21, 23, 24). Several EBV BART
miRNAs share common seeds with cellular miRNAs (miR-
BART5-5p, miR-18a/b, miR-BART1-3p, miR-29a/b/c, miR-
BART9-3p, and miR-141/200a) (20, 23); however, the extent to
which these miRNA seed mimics target and/or potentially com-
pete for common target sites on mRNAs has not yet been deter-
mined.

Approximately one-third of the mature EBV and rLCV miRNAs
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share conserved seed sequences (14), implying that these lym-
phocryptovirus miRNAs share conserved mRNA targets. Re-
cently, we analyzed the viral and cellular miRNA targetome in
several latency III EBV B95-8 transformed lymphoblastoid cell
lines (LCLs) using photoactivatable ribonucleoside-enhanced
cross-linking and immunoprecipitation (PAR-CLIP) and bioin-
formatic tools (25–27). The B95-8 laboratory strain of EBV, in
particular, bears an �12-kb deletion which removes 17 of the 22
BART miRNAs, leaving only five BART miRNAs and the BHRF1
miRNAs intact. In addition to viral miRNAs, latency III cells ex-
press all latent viral gene products, including six EBV nuclear an-
tigens (EBNAs), three latent membrane proteins (LMPs), and
other noncoding RNAs, such as EBERs. Our analysis revealed
binding sites for several cellular miRNAs, particularly the myc-
regulated miR-17/20/106 family, in the LMP1 and BHRF1
3=UTRs (27). Furthermore, in silico analysis showed that the miR-
17/20/106 binding sites are conserved in the rLCV LMP1 and
BHRF1 3=UTRs (27). Intriguingly, EBNA2, BHRF1, and LMP1
mRNAs were also found to be RISC associated by high-through-
put sequencing and cross-linking immunoprecipitation (HITS-
CLIP) analysis of latency III EBV� Burkitt’s lymphoma (BL) cells
(28). In addition to the miR-17/20/106 binding sites, HITS-CLIP
revealed binding sites for several BART miRNAs not present in
EBV B95-8 LCLs, namely, binding sites for miR-BART5-5p and
19-5p in the LMP1 3=UTR and miR-BART10-3p in the BHRF1
3=UTR (28). As EBV miR-BART5-5p and miR-BART10-3p are
both conserved in rLCV (9, 14), we asked whether any rLCV
miRNAs and/or the rhesus macaque miR-17/20/106 family targets
the rLCV LMP1 and/or BHRF1 homologs.

Here, we investigated miRNA targeting of lymphocryptovirus
mRNAs in depth by performing PAR-CLIP analysis on human
and rhesus macaque B cells infected with either wild-type EBV or
rLCV. Reporter assays were used to further investigate viral
miRNA targeting of the EBV and rLCV LMP1 and BHRF1 3=UTRs
in greater detail. These experiments define the individual miRNA
target sites on the LMP1 and BHRF1 mRNA homologs; further-
more, they demonstrate conserved miRNA targeting of viral tran-
scripts during lymphocryptovirus infection. Lastly, we explored
the downstream consequences of LMP1 targeting by viral miRNAs,
which uncovered a role for select EBV BART miRNAs in modu-
lating NF-�B signaling pathways.

MATERIALS AND METHODS
Cell culture and plasmids. Akata-LCLd3 and IBL1-LCLd3 (LCLs) were
generated by infecting human peripheral blood mononuclear cells
(PBMCs) with wild-type EBV derived from IgG-stimulated Akata cells or
IBL-1 diffuse large B cell lymphoma (DLBCL) cells (29). EF3D-MigW
LCLs were generated in parallel with EF3D-Ago2 LCLs as previously de-
scribed (27) and were infected with EBV B95-8. rLCV-infected rhesus
macaque rLCLs (211-98 and 309-98) and baboon S594 LCLs (kind gifts of
F. Wang) have been described (30, 31). Established LCLs were maintained
in log phase in RPMI 1640 supplemented with heat-inactivated 12% fetal
bovine serum (FBS) and antibiotics. 293T and 293T-I�B� cells were
grown in Dulbecco’s modified eagle’s medium (DMEM) supplemented
with 10% FBS and antibiotics. All cells were cultured at 37°C in 5% CO2.

EBV miRNA expression plasmids were generated in the pLCE lentivi-
ral vector backbone as previously described (27). Briefly, an �200-nt
region surrounding the pre-miRNA was PCR amplified from Akata
genomic DNA and cloned into the enhanced green fluorescent protein
3=UTR at XhoI and XbaI. miRNA expression was confirmed by indicator
assays as previously described (27), as well as by deep sequencing of small

RNAs from 293T cells ectopically expressing EBV miRNAs (not shown).
rLCV miRNA expression plasmids were generated in pcDNA3. An
�200-nt region surrounding each pre-miRNA was PCR amplified from
309-98 rLCL genomic DNA and cloned downstream of the cytomegalo-
virus (CMV) promoter at XhoI and XbaI.

To generate luciferase 3=UTR reporters, the LMP1 and BHRF1
3=UTRs from EBV B95-8 and rLCV 309-98 LCL genomic DNA were PCR
amplified and cloned into pLSG at XhoI and XbaI. To generate LMP1
expression plasmids, the full-length LMP1 gene and the LMP1 coding
region were PCR amplified from EF3D LCL genomic DNA and cloned
into pcDNA3; LMP1 transcripts are expressed from the CMV promoter.
Oligonucleotides used for cloning can be provided upon request.

Western blot analysis. 293T cells transfected with BART miRNAs and
pcDNA3-LMP1-FL were lysed in NP-40 lysis buffer. Cell lysates were
separated by SDS-PAGE and blotted onto nitrocellulose membranes.
Western blots were probed using monoclonal antibodies to LMP1 (S11)
or beta-actin (C4; Santa Cruz Biotechnology) and developed with perox-
idase-conjugated anti-mouse IgG (Sigma) and WesternBright Sirius
chemiluminescent substrate (Advansta).

Generation of deep sequencing libraries for smRNA-seq, RIP-seq,
and PAR-CLIP. To generate small RNA sequence (smRNA-seq) libraries,
total RNA was isolated from EBV and rLCV LCLs using TRIzol, and
smRNAs (�200 nt) were enriched from the total RNA using the mirVana
miRNA isolation kit (Ambion) according to the manufacturer’s instruc-
tions. To generate RISC-bound miRNA sequence (RIP-seq) libraries,
�100 million cells were lysed on ice in NP-40 lysis buffer, and RISC-
bound RNAs were immunoprecipitated using pan-Argonaute (Ago)
monoclonal antibody (ab57113; Abcam) and protein G Dynabeads (In-
vitrogen). Beads were washed 10 times in NT2 buffer (32) and then treated
with proteinase K (Roche). RISC-bound RNAs were recovered by acid
phenol-chloroform extraction. PAR-CLIP libraries for deep sequencing
were prepared as previously described (27). Briefly, LCLs were grown
overnight in the presence of 4-thiouridine and cross-linked at a UV wave-
length of 365 nm. RISC-bound RNAs were immunoprecipitated using
pan-Ago monoclonal antibodies (ab57113) and recovered by proteinase
K treatment and acid phenol-chloroform extraction prior to adapter liga-
tion.

Small RNAs (smRNA-seq), RISC-bound miRNAs (RNA immunopre-
cipitation [RIP-seq]), and RISC-bound, cross-linked RNAs (PAR-CLIP)
were sequentially ligated to Illumina adapter sequences using the TruSeq
small RNA sample prep kit (Illumina) according to the manufacturer’s
instructions. Following ligation to adapters, RNAs were reverse tran-
scribed by SsIII (Invitrogen) using a primer complementary to the 3=
adapter and cDNAs were PCR amplified. A pilot PCR was performed for
each library to ensure that amplification occurred in the linear range.
High-throughput sequencing (50-bp, single end) was performed on an
Illumina HiSeq 2000 at the Duke Genome Sequencing & Analysis Core.

Bioinformatics. Sequencing reads were preprocessed using the
FAST-X toolkit (http://hannonlab.cshl.edu/fastx_toolkit/) to remove 3=
adapter sequences. Reads �15 nt in length were aligned concurrently to
the human (HG19) and EBV1 (accession no. AJ507799) genomes (human
LCLs) or Macaca mulatta (Mmu1_051212) and macacine herpesvirus 4
(accession no. NC_006146) genomes (rhesus macaque LCLs) using
Bowtie (33). Up to two mismatches were allowed for smRNA-SEQ and
RIP-SEQ libraries; three mismatches (including thymidine-to-cytidine
[T¡C] conversions) were allowed for PAR-CLIP libraries. Genomic lo-
cations with reads falling in the best stratum were kept for further analysis.
To annotate miRNAs, reads were next aligned to human, macaque, or
viral pre-miRNA stem-loops plus flanking sequences present in miRBASE
v19.0.

Analysis of PAR-CLIP reads was performed using PARalyzer as de-
scribed previously (25, 27). Briefly, aligned reads were grouped and ana-
lyzed for T¡C conversions to generate clusters. Clusters, which represent
RISC interaction sites, were then interrogated for canonical miRNA seed
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matches (minimally 7mer1A) using the top �200 unique miRNA se-
quences present in matched smRNA-SEQ and/or RIP-SEQ libraries.

qRT-PCR for RISC-associated BHRF1 mRNAs. EF3D-MigW and
EF3D-Ago2 LCLs were lysed on ice in NP-40 lysis buffer, and RISC-asso-
ciated RNAs were immunoprecipitated using monoclonal antibodies to
FLAG (clone M2; Sigma) or green fluorescent protein (GFP; clone B-2;
Santa Cruz Biotechnology) and protein G Dynabeads (Invitrogen). Beads
were washed 10 times in NT2 buffer, and RNAs were purified and recov-
ered following proteinase K treatment and phenol-chloroform extraction.
RNA was reverse transcribed using SsIII reverse transcriptase (Invitrogen)
and oligo(dT) or random primers. Previously described primers F2, F3,
and F6, which detect the BHRF1 intron, open reading frame (ORF), or
3=UTR (34, 35), were used to detect BHRF1 cDNAs by SYBR green real-
time quantitative PCR (qRT-PCR; Applied Biosystems). The EBV BHRF1
gene was cloned into pcDNA3 using previously described primers (34, 35)
and serially diluted to generate a standard curve for real-time PCR.

Luciferase 3=UTR reporter assays. Dual-luciferase assays were per-
formed as previously described (27). Briefly, 293T cells were seeded in
24-well plates and cotransfected with a firefly luciferase reporter (pLSG-
based), a Renilla internal control plasmid (pLSR), and an miRNA expres-
sion vector using Fugene 6 according to the manufacturer’s protocol
(Roche). Forty-eight to 72 h posttransfection, cells were lysed in 1� pas-
sive lysis buffer and luciferase activity was measured using the dual re-
porter luciferase assay system (Promega). All assays are reported as the
averages from at least two experiments. We considered �20% knock-
down (P � 0.05 by Student’s t test) as significant for miRNA-mediated
inhibition of a 3=UTR luciferase reporter.

NF-�B-reporter and I�B�-luciferase assays. 293T-I�B� cells were
generated by transducing 293T cells with vIRES-puro/I�B�-photinus
(kind gift of B. Gewurz and E. Davis) (36) and selecting with 1 	g/ml
puromycin. 293T and 293T-I�B� cells were transfected using Fugene 6
with the indicated amounts of pcDNA3-LMP1 or pcDNA3-LMP1d3UTR
and miRNA expression vectors. For NF-�B assays, 48 h later, 293T cells
were transfected with an NF-�B-regulated firefly luciferase vector (Strat-
agene), a Renilla internal control plasmid, and 400 ng filler DNA and
incubated overnight prior to harvesting lysates. For tumor necrosis factor
alpha (TNF-�) experiments, transfected cells were incubated with human
recombinant TNF-� (10 or 20 ng/ml) for 3 h prior to analysis.

Deep sequence accession number. Sequencing data have been depos-
ited in the NCBI BioProject database under accession number 218007.

RESULTS
Small RNAs expressed in lymphocryptovirus-infected LCLs. We
have previously analyzed the small RNAs (18 to 24 nt) in EBV
B95-8 LCLs by deep sequencing to obtain the exact sequences of
all mature miRNAs and determine the relative levels of EBV
miRNAs present in infected cells (27). The EBV B95-8 laboratory
strain bears an �12-kb deletion that removes a significant portion
of the BART region; thus, only five of the 22 BART pre-miRNAs
are expressed. Therefore, we were interested in the miRNAs pres-
ent in LCLs infected with wild-type, full-length EBV, particularly
the expression levels of the BART miRNAs that have been previ-
ously reported to target latent viral gene products (27, 28, 37).

We established two LCLs infected with Akata-derived or IBL1-
derived viruses (Akata-LCLd3 and IBL1-LCLd3, respectively).
Small RNAs (�200 nt) and RISC-associated RNAs from these
LCLs were isolated and analyzed by deep sequencing. Sequencing
reads (�20 to 30 million per sample) were processed as previously
described (27) and aligned concurrently to the human and EBV1
genomes, allowing up to two mismatches. Forty-eight to 66% of
the aligned small RNA reads (smRNA-seq) mapped to viral and
cellular miRNA hairpins present in miRBase v19, while �95% of
the aligned RISC-associated (RIP-seq) reads mapped to miRNAs

(Fig. 1A). The most highly expressed, RISC-associated cellular
miRNAs included hsa-miR-155, miR-181a, miR-21, miR-92a,
and miR-191 (not shown).

We identified mature viral miRNAs expressed from all 25 EBV
pre-miRNAs, including four different BHRF1 miRNAs and �44
different BART miRNAs (Fig. 1B). Similar to the variable viral
miRNA levels observed in EBV B95-8 LCLs (27), EBV miRNAs
accounted for �4 to 21% of the miRNAs in the small RNA librar-
ies (3.8% for IBL1-LCLd3 and 20.8% for Akata-LCLd3). In IBL1-
LCLd3, 6.6% of the RISC-associated miRNAs were viral (Fig. 1A,
shown in orange). The most highly expressed viral miRNAs in
IBL1-LCLd3 cells were the BHRF1 miRNAs and miR-BART2,
which account for �75% of the viral miRNAs in these cells. The
BHRF1 miRNAs were moderately expressed in Akata-LCLd3 (ac-
counting for 11% of EBV miRNAs); however, we observed high
levels of miR-BART6, miR-BART7, miR-BART8, miR-BART11,
miR-BART17, miR-BART19, and miR-BART22. Together, these
seven BART miRNAs accounted for 64% of the EBV miRNAs and
12% of all miRNAs detected in Akata-LCLd3. miR-BART3, miR-
BART5, and miR-BART16 were present at moderate levels
(�3.3% of the EBV miRNAs).

Multiple EBV miRNAs are highly conserved in rLCV (9, 13,
14), including miR-BART3 and miR-BART5, which are reported
to target the EBV LMP1 3=UTR (27, 28), as well as miR-BART10-
3p, which is reported to target the EBV BHRF1 3=UTR (28). To
investigate rLCV miRNAs in depth, we also deep sequenced the
small RNAs and RISC-associated RNAs present in two rhesus ma-
caque LCLs (rLCLs), 211-98 and 309-98, which are derived from
rLCV infection of two individual rhesus macaques (31). Small
RNAs in rLCV-infected 309-98 rLCLs have previously been deep
sequenced (13), while miRNAs in 211-98 rLCLs have been inves-
tigated by TA cloning and shallow sequencing (9, 14). As de-
scribed above, we obtained �20 to 30 million reads per sample
which were aligned concurrently to the rhesus macaque and rLCV
genomes. Congruent with previous studies, we identified rLCV
miRNAs expressed from a total of 36 distinct pre-miRNAs (Fig. 1C
and Table 1). No RRV miRNAs or lymphocryptovirus snoRNAs (38)
were detected.

Similar to EBV-infected LCLs, the most highly expressed,
RISC-associated cellular miRNAs in rLCLs included mml-miR-
155, miR-181a, miR-21, miR-92a, and miR-191 (not shown). EBV
infection of B lymphocytes is known to induce the expression of
several cellular miRNAs, particularly miR-155 and miR-21, which
are thought to be growth promoting (39–42). Indeed, sustained
miR-155 expression is critical to the survival and proliferation of
EBV-infected LCLs (43). The high levels of mml-miR-155 and
mml-miR-21 observed here in rLCLs suggest that lymphocrypto-
viruses employ similar, conserved mechanisms to influence host
miRNA expression patterns during latent infection.

In contrast to the levels of EBV miRNAs present in LCLs, rLCV
miRNAs accounted for �74% of the identified miRNAs in the
smRNA libraries and �90% of the RISC-associated miRNAs in
rLCLs (Fig. 1A, shown in orange). miR-rL1-3-3p, miR-rL1-23-3p,
miR-rL1-10-3p, and miR-rL1-14-3p were the most abundant, ac-
counting for �80% of the RISC-associated miRNA population in
rLCLs. Surprisingly, miR-rL1-5, miR-rL1-8, and miR-rL1-19 (ho-
mologs of BART miRNAs targeting LMP1; see below) were weakly
expressed, accounting for only �0.4% of RISC-associated viral
miRNAs (Table 1).

We detected both the mature miRNAs and passenger strands
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from all known and predicted rLCV pre-miRNAs. Table 1 lists the
identified rLCV miRNA sequences and their EBV homologs/or-
thologs; novel sequences (i.e., miR-rL1-9-5p and miR-rL1-3-5p)
or nucleotide changes that affect the previously annotated 5= seed
sequences are denoted with an asterisk. Sequences for the major
miRNAs are generally consistent with what has previously been
reported (9, 13, 14); however, we did find differences in the major
sequences that are annotated for miR-rL1-19, miR-rL1-26-5p,
and miR-rL1-22-5p. Furthermore, miR-rL1-19-5p and miR-rL1-
11-5p each have two mature sequences offset by single 5= nucleo-

tides; thus, there are two seed sequences, which expands the num-
ber of potential mRNA targets for these miRNAs. In addition to
viral miRNAs, we also detected several reads mapping to the
EBERs in both EBV-infected and rLCV-infected LCLs (Fig. 1B and
C). While EBER-derived small RNAs were found to be associated
with RISC, presumably these small RNAs arise from breakdown
products of the highly expressed, structured EBERs, as they lack a
concise size or 5= end.

BHRF1 pre-miRNAs are conserved in primate lymphocryp-
toviruses. Previous work by Walz et al. has suggested that evolu-

FIG 1 Deep sequencing analysis of lymphocryptovirus miRNAs. (A) Distribution of aligned, deep sequencing reads from RISC-immunoprecipitations (RIP-
SEQ) or size-selected total RNA (smRNA). Reads from IBL-LCLd3 and Akata-LCLd3 (human LCLs infected with wild-type EBV) were aligned to the human
genome (HG19) and EBV1, while reads from 211-98 and 309-98 rLCLs were aligned to the rhesus macaque genome (Macaca mulatta; Mmu1_051212) and rLCV
(NC_006146.1). (B) Whole-genome view of deep sequencing reads from EBV LCLs aligned to EBV1. Seg files (containing start position, end position, and read
count for each unique read) were generated for each deep sequencing library and visualized using the Integrative Genomics Viewer (IGV). Read counts are
normalized for each library and shown on a log scale. (C) Same as panel B, except reads from the rLCL libraries are shown aligned to the rLCV genome.
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tionary conservation of viral pre-miRNAs is rare among gamma-
herpesviruses, and genomes with �60% sequence identity lack
evidence of miRNA conservation (14). Their study was limited to
the 14 gammaherpesvirus genomes that are fully sequenced, how-
ever, and gammaherpesvirus subgroups were not investigated in
depth. There are at least eight reported viruses in the genus Lym-
phocryptoviridae, including EBV, rLCV, herpesvirus papio (cerco-
pithecine herpesvirus 12), and herpesvirus pan (panine herpesvi-
rus 1; also called pongine herpesvirus 1) (44). Herpesvirus papio
and herpesvirus pan infect Old World baboons and chimpanzees,
respectively. Since the sequence of the BHRF1 region is known for
herpesvirus papio (AF231983.1 and AF200364) and a partial se-
quence is known for herpesvirus pan (AF231984.1) (45), we asked
whether these LCVs encode BHRF1 miRNA homologs. Based on
sequence homology to the rLCV and EBV BHRF1 pre-miRNAs
and mature miRNAs (Table 1) and the known requirements for
Drosha substrates (46–48), we predicted four BHRF1 pre-miRNA
candidates for herpesvirus papio and two BHRF1 pre-miRNA
candidates for herpesvirus pan. Figure 2 shows the predicted
structures of the pre-miRNA stem loops with additional flanking
regions; the putative mature miRNA sequences are shaded.

We used ClustalW 2.0 to align the pre-miRNAs plus flanking
sequences from the four LCVs (Fig. 2C). Unlike the other BHRF1
miRNAs, the seed sequence of miR-BHRF1-2-3p is highly con-
served, suggesting that the miR-BHRF1-2 miRNA in particular is
important for the LCV life cycle. With the exception of a single,
nonconserved site for miR-rL1-2-3p in rLCV BLRF2 (see Table 3;
also described further below), no viral targets for miR-rL1-2-3p or

miR-BHRF1-2-3p have been identified to date (27, 28). These
data suggest that miR-BHRF1-2-3p binds to cellular mRNA tar-
gets that drive the conservation of its seed sequence.

Intriguingly, we observed conservation of the flanking se-
quences for the miR-BHRF1-3 hairpin precursor as well as con-
servation of its position within the BHRF1 3=UTR region of her-
pesvirus papio and herpesvirus pan, but not of the actual miRNA
sequence itself (Fig. 2C). Thus, while the structure and location for
a viral miRNA hairpin is conserved among these four primate
LCVs, the mature miRNA sequences have diverged within each
species. One possibility is that the miR-BHRF1-3 orthologs have
species-specific cellular targets driving changes in the miRNA se-
quence. Nonetheless, these data illustrate that viral pre-miRNA
sequences, specifically within the lymphocryptovirus genus, are
much more conserved than previously reported (14) and imply
that other related primate LCVs, such as those that infect gorillas
or orangutans (44), also encode BHRF1 miRNA homologs.

PAR-CLIP analysis of LCV-infected LCLs reveals RISC-asso-
ciated viral mRNAs. Having identified all viral miRNA homologs
and orthologs expressed in wild-type EBV LCLs and rLCV rLCLs,
we were next interested in evolutionarily conserved miRNA tar-
gets. EBV LMP1 and BHRF1 mRNAs are cotargeted by both viral
and cellular miRNAs, such as EBV BART miRNAs and the miR-
17/20/106 family, in EBV B95-8 LCLs and type III BL cells (27, 28).
This prompted us to ask whether the rLCV BART miRNA ho-
mologs or the rhesus macaque miR-17/20/106 family also targets
rLCV gene products. To globally identify miRNA binding sites on
viral RNAs in situ, we analyzed one wild-type EBV LCL (Akata-
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FIG 2 BHRF1 miRNAs are encoded by primate lymphocryptoviruses. (A and B) Predicted hairpin structures for novel herpesvirus papio and herpesvirus pan
BHRF1 precursor miRNAs generated using RNAfold (52). The predicted mature miRNA sequences, based on homology to known EBV and rLCV BHRF1
miRNAs, are shaded. (C) Clustal2.1 multiple sequence alignment of predicted and known BHRF1 pre-miRNA hairpin and flanking sequences from EBV, rLCV,
herpesvirus papio, and herpesvirus pan.
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LCLd3) and the two rLCV rLCLs (211-98 and 309-98) using pho-
toactivatable ribonucleoside-enhanced cross-linking and immu-
noprecipitation (PAR-CLIP) (26) to isolate RISC-associated
mRNAs. Cells were cultured in log phase, pulsed overnight with
4-thiouridine (4SU), and UV cross-linked at 365 nm. Cross-
linked, RISC-bound RNAs were purified from RISC immunopre-
cipitations, ligated to adapters, and sequenced on the Illumina
HiSeq2000 instrument. The introduction of 4SU into cells and, as
a result, nascent RNA causes final sequencing reads to contain a
T¡C mutation at cross-linked sites (26). PAR-CLIP reads were
mapped concurrently to the human or macaque genomes and
respective viral genomes and clustered using the T¡C signal, by
PARalyzer, to define RISC-associated sites (25). The majority of
reads aligned to cellular locations, and we identified �32,000 clus-
ters with T¡C conversions in each PAR-CLIP library that repre-
sent cross-linked, RISC-bound regions. Since we were interested
in RISC-associated viral transcripts, we focused on reads mapping
exclusively to the viral genomes (�5% of all aligned reads for
rLCL 211-98 and �2% of all aligned reads for Akata-LCLd3).

As expected, most RISC-associated viral regions with high read

counts in the three PAR-CLIP libraries represented noncoding
RNAs such as viral miRNAs or fragments of the EBERs. Excluding
the reads aligning to noncoding RNAs, clusters with the highest
read counts in the EBV PAR-CLIP library mapped to regions en-
coding BHRF1, EBNA2, and LMP1 (Fig. 3A). In addition to these
three RISC-associated hot spots, which have been observed in
EBV B95-8 LCLs and latency III BL cells (27, 28), we identified
clusters mapping to lytic mRNAs encoding BNRF1 and BALF2
(Table 2). In the rLCV PAR-CLIP libraries, we identified clusters
mapping to the rLCV BHRF1, EBNA2, and LMP homologs, dem-
onstrating conserved miRNA regulation of these three viral gene
products (Fig. 3B and C). We also identified clusters mapping to
several lytic transcripts, such as BZLF1 (immediate early transac-
tivator), BcLF1 (capsid protein), BNRF1 (tegument protein),
gp350 (envelope glycoprotein), and BALF2 (single-stranded DNA
binding protein), among others (Table 3), indicating a low level of
lytic replication occurring in the rLCLs. This level of lytic replica-
tion likely also explains the high levels of rLCV miRNAs observed
in rLCLs (Fig. 1). Despite capturing RISC-associated lytic tran-
scripts in both the EBV-infected and rLCV-infected LCLs, we did
not detect any reads mapping to BALF5 or the rLCV BALF5 ho-
molog, which have previously been shown or predicted to be tar-
geted by miR-BART2 (11, 49) or miR-rL1-33 (14), respectively.

To determine which miRNAs are targeting the RISC-associ-
ated sites on viral transcripts, we scanned viral clusters for seed
matches to all EBV or rLCV miRNAs as well as the top �200
mature cellular miRNAs (cutoff of �0.01% of reads aligned to
cellular miRNAs) identified by RIP-SEQ and/or smRNA-SEQ
(Fig. 1). Tables 2 and 3 list the miRNAs with seed matches to viral
clusters (in coding regions and 3=UTRs). Latent viral transcripts,
in particular those encoding LMP1, BHRF1, and rLCV EBNA2,
are cotargeted by both viral and cellular miRNAs in LCLs (Tables
2 and 3), albeit at discrete sites (Fig. 3 to 5). The rLCV EBNA2
mRNA, for example, contains predicted binding sites for four dif-
ferent viral miRNAs and two cellular miRNAs (Table 3). Intrigu-
ingly, these data demonstrate that, in addition to latent viral tran-
scripts, lytic transcripts are also subject to miRNA-mediated
regulation. Unlike sites on latent transcripts, the majority of
RISC-associated sites on lytic transcripts contained seed matches
to viral, not cellular, miRNAs (Table 3). These data suggest that
lytic viral mRNAs have not evolved to be targeted by host cellular
miRNAs, and that one function of lymphocryptovirus miRNAs is
to attenuate the expression of specific lytic viral gene products.

BHRF1 mRNAs are RISC associated in LCLs. Multiple
BHRF1 RNAs are transcribed from lytic or latent promoters dur-
ing EBV infection and either spliced to generate BHRF1 mRNAs

FIG 3 PAR-CLIP analysis of LCLs. Whole-genome view of PAR-CLIP/PARa-
lyzer clusters aligning to EBV1 for AkataLCLd3 (A) or rLCV for 211-98 and
309-98 rLCLs (B and C). The y axis shows the read count per cluster. Read
counts below the x axis (negative y axis values) indicate reads aligned to the
complementary strand. Nucleotide positions in the viral genome are shown on
the x axis. Clusters mapping to noncoding RNAs (i.e., miRNAs and EBERs) are
not shown. Scale, 50 kbp.

TABLE 2 RISC-associated EBV transcripts identified by PAR-CLIP

Gene
No. of
clusters

miRNAs with seed match(es)

Viral Cellular

BNRF1 3 miR-BART5-5p,
miR-BART17-3p

None

EBNA2 4 None miR-423-5p
BHRF1 11 miR-BART10-3p miR-142-3p
BALF2 3 miR-BART1-5p None
LMP1 5 miR-BART5-5p,

miR-BART16-5p,
miR-BART19-3p

miR-17-5p/93-5p,
miR-17-5p/186-5p
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or cleaved by Drosha to generate BHRF1 miRNAs (34, 35). PAR-
CLIP analysis of Akata-LCLd3 detected binding sites for miR-
BART10-3p and cellular miR-142-3p within the BHRF1 3=UTR
(Fig. 4A) as well as several other sites which could not be assigned
to miRNAs with complementary seed matches. Although we and
others have previously identified a binding site for the miR-17/20/
106 family in the BHRF1 3=UTR in EBV-infected B cells (27, 28),
we did not detect any reads encompassing this site in the Akata-
LCLd3 PAR-CLIP library. The most likely explanation for this
absence is that PAR-CLIP libraries are not saturating; therefore,
we do not capture every miRNA-mRNA interaction. We exam-
ined the miR-17/20/106, miR-142-3p, and miR-BART10-3p
binding sites in the BHRF1 3=UTR of six different EBV isolates,
including those in Akata, MutuI, and Raji BL cells, and found that
the sites are fully conserved in EBV isolates (not shown).

Ectopic expression of miR-BART10 in 293T cells inhibited lu-
ciferase activity from an EBV BHRF1 3=UTR reporter (Fig. 4C),
confirming miR-BART10 targeting of the BHRF1 mRNA. Inter-
estingly, the miR-BART10-3p homolog, miR-rL1-27-3p, lacks a
seed match to the rLCV BHRF1 3=UTR. We did not observe
knockdown of an rLCV BHRF1 3=UTR reporter with miR-
BART10 expression (Fig. 4C), indicating that miR-BART10 tar-
geting of the BHRF1 3=UTR is specific to EBV. In addition to
miR-BART10, we observed significant inhibition of the EBV
BHRF1 3=UTR reporter in the presence of miR-BART1. miR-
BART1-3p and its rLCV homolog, miR-rL1-6-3p, have seed
matches (nt 2 to 8) to the EBV and rLCV BHRF1 3=UTRs, al-
though the positions of the seed match sites and the miRNA inhi-
bition (Fig. 4C and not shown) are not conserved. We did not
observe clusters in the EBV or rLCV BHRF1 3=UTRs with seed
matches to miR-BART1-3p or miR-rL1-6-3p (Fig. 4A); however,
the knockdown of the luciferase reporter raises the possibility that
miR-BART1-3p also targets the EBV BHRF1 mRNA.

Notably, we captured miR-17/20/106 binding sites in both of
the rLCL PAR-CLIP samples (Fig. 4B), demonstrating that target-

ing of the BHRF1 3=UTR by the miR-17 family is evolutionarily
conserved. Homologous to EBV BHRF1, the miR-17/20/106
binding site in the rLCV BHRF1 RNA sits adjacent to the stop
codon at the 5= start of the 3=UTR. This location encompasses
several BHRF1 transcripts, including the lytic and latent BHRF1
mRNAs and the RNAs arising from cleavage by Drosha to gener-
ate BHRF1 miRNAs (34, 35). To confirm that it is a BHRF1
mRNA that is associated with RISC, we performed RIP-quantita-
tive PCR analysis on EBV B95-8 LCLs expressing Ago2-Flag.
Briefly, RISC-bound RNAs were immunopurified from LCLs and
reverse transcribed using either random primers (Fig. 4D) or oli-
go(dT) (Fig. 4E). The cDNAs from Ago2-bound BHRF1 RNAs
and mRNAs were analyzed by quantitative PCR using primers
against the intron, ORF, or 3=UTR of EBV BHRF1. We observed
an �100-fold enrichment (over controls) for BHRF1 mRNAs in
the Ago2-Flag immunoprecipitations (Fig. 4E).

The BHRF1 3=UTR is highly conserved between EBV and
rLCV (16). This prompted us to ask if the miR-17 binding site is
conserved in additional primate lymphocryptoviruses. Homolo-
gous to EBV and rLCV, an miR-17 binding site is present in the
BHFR1 3=UTRs of herpesvirus papio and herpesvirus pan (45)
and sits adjacent to the BHRF1 stop codon (Fig. 4F), providing
further evidence of a connection between the miR-17 family and
the BHRF1 mRNA(s) that has been conserved during lym-
phocryptovirus evolution.

LMP1 is regulated by conserved and nonconserved lym-
phocryptovirus miRNAs. Examination of the EBV LMP1 3=UTR
by PAR-CLIP revealed four RISC-associated regions in Akata-
LCLd3, two of which contained binding sites for miR-BART5-5p
(7mer1A seed match) and the cellular miR-17/20/106 family (Fig.
5A and B). The other two sites could not be assigned to any viral or
cellular miRNAs with complementary seed matches; presumably,
these sites arise from noncanonical miRNA interactions which are
difficult to decipher.

EBV miR-BART5-5p shares a common seed sequence (nt 2 to

TABLE 3 RISC-associated rLCV transcripts identified by PAR-CLIP

Gene No. of clustersa

miRNAs with seed match(es)

Viral Cellular

BNRF1 13 (5) None miR-25/92a/92b/363, miR-25/92a/92b/155,
miR-25/92a/92b/142-3p

EBNA2 15 (4) miR-rL1-3-5p, miR-rL1-33-3p, miR-rL1-2-3p, miR-rL1-7-5p miR-221, miR-361-5p
BHRF1 13 (8) miR-rL1-5-3p, miR-rL1-34-5p, miR-rL1-7-3p miR-106a/17-5p, miR-106a/423-5p
BMRF1 6 (2) miR-rL1-18-5p None
BMRF2 7 (2) miR-rL1-34-5p, miR-rL1-4-3p None
BLRF2 3 (1) miR-rL1-2-3p None
BKRF3 4 (1) None miR-15a/15b/16, miR-15a/15b/128a
BBRF3 9 (2) miR-rL1-18-5p, miR-rL1-17-5p miR-106a/17-5p
BVRF2 5 (2) miR-rL1-34-5p, miR-rL1-17-5p None
gp350 11 (4) miR-rL1-27-3p None
BZLF1 5 (2) miR-rL1-33-5p, miR-rL1-8-5p None
BBLF4 3 (1) miR-rL1-10-3p None
BDLF1 5 (1) miR-rL1-28-3p, miR-rL1-23-3p None
BcLF1 16 (4) miR-rL1-28-5p, miR-rL1-3-5p, miR-rL1-26-5p, miR-rL1-32-3p miR-449a
BXLF2 7 (1) miR-rL1-9-5p miR-484
BALF2 5 (2) miR-rL1-9-5p, miR-rL1-31-3p None
LMP1 11 (4) miR-rL1-28-3p, miR-rL1-28-5p, miR-rL1-29-3p, miR-rL1-31-3p, miR-rL1-22-5p,

miR-rL1-23-3p, miR-rL1-8-5p, miR-rL1-5-3p, miR-rL1-7-5p
miR-103/107, miR-103/98, miR-103/17-5p

a Numbers in parentheses are the number of overlapping clusters between 211-98 and 309-98 PAR-CLIP libraries.
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7) with cellular miR-18a-5p (20, 23). While Riley et al. did not
observe repression of an LMP1 3=UTR reporter in the presence of
an miR-18a-5p mimic (28), our prior PAR-CLIP analysis of EBV
B95-8 LCLs (27) (which do not express miR-BART5) uncovered a
RISC-associated region overlapping the miR-BART5-5p/miR-
18a-5p seed match site identified here in Akata-LCLd3. These data
suggest that this site in the LMP1 3=UTR also is occupied by cel-
lular miR-18a/b.

Multiple RISC-associated sites were identified in the rLCV
LMP1 3=UTR containing seed matches to several different rLCV
and host miRNAs (Fig. 5C and Table 3). We identified two seed
match sites for miR-rL1-8-5p (miR-BART5 homolog), one of
which is located in a conserved position. Similar to the RISC-
associated LMP1 region captured for miR-BART5 (Fig. 5B), the
maximum T¡C signal in the most 5=RISC-associated rLMP1 site
for miR-rL1-8-5p occurs directly adjacent to the miRNA seed

match site (Fig. 5D), which is characteristic of authentic seed
match miRNA target sites (25–27). We also observed clusters with
seed matches to miR-rL1-23-3p (miR-BART21-3p homolog) and
miR-rL1-29-3p (miR-BART19-3p homolog), among others (Fig.
5C). These data indicate that LMP1 mRNA homologs are targeted
by conserved and nonconserved viral miRNAs.

LMP1 is a conserved target of the miR-17/20/106 family. No-
tably, we observed a cluster with nine reads that overlaps the miR-
17-5p seed match site in 211-98 rLCLs (Fig. 5C). Due to the over-
whelming presence of rLCV miRNAs in rLCLs (Fig. 2), the levels
of cellular miR-17-5p are very low in these cells, which may ex-
plain why we do not capture more reads at this site. To confirm
miR-17 targeting of LMP1 mRNA, we cotransfected 293T cells
with a miR-17 expression vector and a luciferase reporter contain-
ing either the full EBV LMP1 3=UTR cloned from EBV B95-8 LCLs
(pLSG-LMP1) (27), the full EBV LMP1 3=UTR with a mutated

FIG 4 BHRF1 mRNA is targeted by miRNAs. (A) PAR-CLIP/PARalyzer clusters (black bars) from Akata-LCLd3 aligned with the EBV BHRF1 region (nt 41471
to 43235; EBV1). Light gray bars indicate clusters mapping to the EBV BHRF1 miRNAs. Highlighted are clusters in the BHRF1 3=UTR containing seed matches
to miR-BART10-3p and miR-142-3p. (B) Clusters from rLCV 211-98 and 309-98 PAR-CLIP/PARalyzer analysis (black bars) that align to the rLCV BHRF1
region. Light gray bars indicate clusters mapping to the rLCV BHRF1 miRNA homologs. Highlighted are clusters with seed matches to viral and cellular miRNAs.
Of note, the miR-rL1-5-3p and miR-rL1-34-5p binding sites occur in clusters that presumably map to a lytic BHRF1 mRNA. For panels A and B, the y axis
indicates the read count per cluster on a log scale. (C) 293T cells were cotransfected with 1 	g miRNA expression vector, 10 ng pLSR, and 10 ng pLSG-EBV-
BHRF1 3=UTR reporter or pLSG-rLCV-BHRF1 3=UTR reporter. Luciferase activity was measured 48 to 72 h posttransfection. Shown are the averages from three
independent experiments performed in triplicate; error bars indicate standard deviations. All firefly luciferase units are normalized to Renilla activity (RLU,
relative light units) and are reported relative to the empty vector. *, P � 0.0 relative to empty vector (Student’s t test). (D and E) EBV BHRF1 mRNA is RISC
associated. RISC-associated RNAs were immunoprecipitated from EF3D-Ago2 LCLs using anti-FLAG or anti-GFP (negative-control) antibody. EF3D-MigW
(expressing only GFP) cells were used as an additional negative control. RISC-associated RNAs were purified and reverse transcribed using random hexamers (D)
or oligo(dT) (E) as the primer. BHRF1 cDNA was detected by quantitative PCR using primers against the BHRF1 5= intron, ORF, or 3=UTR. Shown are the levels
of BHRF1 RNA or mRNA relative to EF3D-MigW (control) and pcDNA3-BHRF1 standards (see Materials and Methods) (n 
 2). Error bars indicate standard
deviations.
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miR-17 binding site (pLSG-LMP1d17/20), or the full (1347 nt)
rLCV LMP1 3=UTR cloned from rLCV rLCLs. Overexpression of
miR-17 (Fig. 5E) resulted in �20% knockdown of luciferase ac-
tivity from the EBV and rLCV LMP1 reporters containing intact
miR-17 binding sites, demonstrating that miR-17 targeting of
lymphocryptovirus LMP1 mRNAs is conserved. Importantly, in-
hibition of luciferase activity by miR-17 was alleviated upon mu-
tation of the miR-17/20/106 binding site in the EBV LMP1 3=UTR
(Fig. 5E).

To ask whether the miR-17 binding site is conserved in other
lymphocryptoviruses, we sequenced the LMP1 3=UTR from ba-
boon LCLs (S594 cells) infected with herpesvirus papio (50). The
predicted miR-17 site was indeed present in the herpesvirus papio
LMP1 3=UTR, further supporting the hypothesis that these viral
LMP1 mRNA homologs have coevolved with host miR-17 and
that miR-17-dependent regulation of LMP1 is important to the
lymphocryptovirus life cycle (Fig. 5G). We also queried the her-

pesvirus papio LMP1 3=UTR for putative viral miRNA seed match
sites using the conserved rLCV and EBV miRNA seed sequences as
well as the rLCV miRNAs that have PAR-CLIP-identified sites in
the rLCV LMP1 3=UTR. Intriguingly, seed matches for miR-rL1-
8-5p, rL1-23, rL1-16, and rL1-28 were present in the herpesvirus
papio LMP1 3=UTR sequence (not shown). The presence of these
sites implies that herpesvirus papio encodes BART miRNA ho-
mologs that presumably target the herpesvirus papio LMP1
mRNA in a manner homologous to EBV and rLCV miRNAs.

Multiple BART miRNAs target the LMP1 3=UTR. Lo et al.
initially described targeting of the LMP1 3=UTR by EBV BART
cluster I miRNAs, specifically miR-BART1-5p, miR-BART16, and
miR-BART17-5p (37). At that time, however, the EBV miRNA
sequences were not fully characterized, and several of the miRNA
mimics used in their study differ from the authentic EBV BART
miRNAs by one or more nucleotides in the miRNA seed region.
We have been unable to confirm miR-BART1-5p targeting of the
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FIG 5 LMP1 transcript is a conserved target of viral and cellular miRNAs. (A) The EBV LMP1 3=UTR (nt 166483 to 167702; EBV1) contains multiple
RISC-associated sites. Highlighted are clusters (black bars) with seed matches to miR-BART5-5p and the cellular miR-17/20/106 family. (B) miR-BART5-5p
targets EBV LMP1 3=UTR. Shown is the cluster containing the miR-BART5-5p seed match site and associated reads with read counts. Individual T¡C
conversions are marked. (C) The rLCV LMP1 3=UTR (nt 162903 to 164303; rLCV) contains multiple RISC-associated sites (black bars). Highlighted are rLCV
miRNAs with seed matches (minimally 7mer1A) to individual clusters. Two asterisks indicate a miRNA with a 6mer (nt 2 to 7) match. For panels A and C, the
y axis indicates read count per cluster on a log scale. (D) miR-rL1-8-5p (miR-BART5 homolog) and miR-rL1-5-3p (miR-BART3 homolog) target the rLCV
LMP1 3=UTR. Shown is a cluster containing rLCV miRNA seed matches and associated reads; individual T¡C conversions are marked. (E) 293T cells were
cotransfected with 1 	g hsa-miR-17 expression vector, 10 ng pLSR, and 10 ng pLSG-LMP1, pLSG-LMP1d17/20 (contains a mutation in the miR-17/20/106
binding site), or pLSG-rLMP1 3=UTR reporter. Luciferase activity was measured 48 to 72 h posttransfection. Shown are the averages from three independent
experiments performed in triplicate; error bars indicate standard deviations. All firefly luciferase units are normalized to Renilla activity (RLU, relative light units)
and are reported relative to the empty vector. *, P � 0.05 relative to empty vector (Student’s t test). (F) The miR-17 binding site in the LMP1 3=UTR is conserved
in primate lymphocryptoviruses. Clustal2.0 multiple sequence alignment of the miR-17 binding region in EBV, rLCV, and herpesvirus papio LMP1 mRNAs.
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LMP1 3=UTR by PAR-CLIP analysis of EBV B95-8 LCLs (27) and
wild-type LCLs (Fig. 5) or using luciferase reporter assays (27)
(Fig. 6); however, we have previously observed knockdown of an
LMP1 3=UTR reporter by miR-BART3 (27). Recently, HITS-CLIP

analysis of latency III EBV� BL cells revealed binding sites for
other BART miRNAs in the LMP1 3=UTR, specifically, miR-
BART5-5p (confirmed above) (Fig. 5) and miR-BART19-5p (not
confirmed) (28). As none of these studies have been in agreement,
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FIG 6 Multiple EBV BART miRNAs target the LMP1 3=UTR. (A) 293T cells were cotransfected with 1 	g of the indicated miRNA expression vector (BART or
BHRF1 miRNA), 10 ng pLSR (Renilla internal control plasmid), and 10 ng either pLSG control luciferase (GL3) or pLSG-LMP1 luciferase reporter containing
the full EBV LMP1 3=UTR cloned from EBV B95-8 LCLs. For all luciferase assays (A and D), luciferase activity was measured 48 to 72 h posttransfection. Shown
are the averages from 2 to 4 independent experiments performed in triplicate; error bars indicate standard deviations. All firefly luciferase units are normalized
to Renilla activity (RLU, relative light units) and are reported relative to empty vector. *, P � 0.05 relative to empty vector (Student’s t test). (B) Western blot
analysis of LMP1 levels in the presence of BART miRNAs. 293T cells were transfected with 1 	g individual BART miRNA expression vectors. Twenty-four h later,
cells were transfected again with 5 ng pLMP1 and 1 	g filler DNA (pK-GST). Lysates were harvested for Western blotting after 20 h. LMP1 and beta-actin were
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indicate positions of predicted, noncanonical sites for miR-BART16-5p and miR-BART3-5p. Numbers below indicate genomic coordinates relative to EBV
B95-8 or, in parentheses, wild-type EBV1. Two truncated LMP1 3=UTR luciferase reporters were generated in pLSG and contain either the first 5= 671 nt (nt 1 to
671) or the last 3= 694 nt (nt 563 to the end) of the EBV LMP1 3=UTR. (D) Same as panel A, except 293T cells were cotransfected with 1 	g miRNA expression
vector, 10 ng pLSR (Renilla internal control plasmid), and 10 ng truncated LMP1 3=UTR luciferase reporter. Lysates were analyzed after 72 h.
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we decided to investigate viral miRNA targeting of the LMP1
3=UTR in greater detail.

To definitively identify EBV miRNAs that can target the LMP1
3=UTR, we generated expression vectors for 20 of the 25 EBV
pre-miRNAs and cotransfected these vectors into 293T cells with
either a control luciferase vector (pLSG) or the EBV LMP1 3=UTR
luciferase reporter (pLSG-LMP1) (Fig. 6A). Ectopic expression of
miR-BART5 significantly inhibited the LMP1 3=UTR reporter,
confirming results from our PAR-CLIP analysis of Akata-LCLd3
(Fig. 5). Additionally, expression of three other BART miRNAs,
miR-BART3, miR-BART16, and miR-BART17, significantly in-
hibited the reporter (Fig. 6A). Contrary to previous reports, which
used artificial miRNA mimics that bypass the miRNA biogenesis
machinery, we did not observe inhibition of the LMP1 3=UTR
reporter by miR-BART1 (37) or miR-BART19 (28). We next
cloned full-length LMP1 into the expression plasmid pcDNA3
and performed Western blot analysis on 293T cells cotransfected
with pLMP1 and BART miRNAs. LMP1 protein expression was
reduced in the presence of miR-BART3 or miR-BART5, but not
miR-BART1, compared to the vector control (Fig. 6B), confirm-
ing targeting of LMP1 by miR-BART3 and miR-BART5.

To identify binding sites for the four miRNAs inhibiting the
LMP1 3=UTR reporter, we analyzed the LMP1 3=UTR sequence
for seed matches to EBV miRNAs. There are seven predicted seed
match sites (minimally 7mer, nt 2 to 8, or minimally 7mer1A, nt 2
to 7, with an A across from position 1 of the miRNA) for BART
miRNAs (Fig. 6C). Comparison of the EBV B95-8 LMP1 3=UTR
sequence to sequences from other EBV isolates, including those
present in Akata (KC207813), Raji (NC_007605.1), and MutuI
(KC207814) BL cells (51), C666 nasopharyngeal epithelial carci-
noma (NPC) cells (EF103558), and other NPC isolates (37),
showed that six of the seven seed match sites are 100% conserved
(data not shown). A predicted miR-BART17-3p seed match site is
potentially affected by a single point mutation in MutuI cells (not
shown). For the four EBV miRNAs inhibiting the LMP1 3=UTR
reporter (Fig. 6A), we identified putative seed match sites for miR-
BART5-5p and miR-BART17-3p but not miR-BART3 or miR-
BART16 (Fig. 6C). We next used RNAhybrid (52) to scan the
LMP1 3=UTR for miR-BART3 and miR-BART16 binding sites. A
potential noncanonical site (minimal free energy [MFE], �33.2
kcal/mol), located within the first 115 nt of the 3=UTR, was pre-
dicted for miR-BART16-5p, while two noncanonical sites (MFE,
��20.2) for miR-BART3-5p were predicted in the 3= 220 nt of the
3=UTR (Fig. 6C). All of these sites contained G:U base pairs in the
5= seed regions (nt 2 to 8) with extensive 3= compensatory pairing
(not shown).

To map BART miRNA binding sites within the LMP1 3=UTR,
we cloned the 5= 671 nt or 3= 692 nt of the LMP1 3=UTR into pLSG
and tested these truncated 3=UTR reporters against BART miRNA
expression vectors. Consistent with the location of their seed
match sites, miR-BART5 and miR-BART17 inhibited pLSG-
LMP1nt671 but not pLSG-LMP1nt692 (Fig. 6D). miR-BART16
also inhibited pLSG-LMP1nt671 but not pLSG-LMP1nt692, indi-
cating that miR-BART16 targets the 5= region of the LMP1 3=UTR.
Congruent with the predicted, noncanonical binding sites for
miR-BART3-5p, miR-BART3 inhibited pLSG-LMP1nt692 but
not pLSG-LMP1nt671 (Fig. 6D). These data indicate that miR-
BART5 and miR-BART17 target the LMP1 3=UTR via canonical
seed match sites while miR-BART3 and miR-BART16 utilize non-
canonical sites. Interestingly, we did not capture sites for miR-

BART3, miR-BART16, or miR-BART17 in our PAR-CLIP analy-
sis of Akata-LCLd3 (Fig. 5). While the most likely explanation is
that we do not capture the sites due to nonsaturating conditions
and incomplete coverage, it is also possible that these viral
miRNAs do not directly interact with the LMP1 3=UTR in LCLs.

Viral miRNA targeting of the LMP1 3=UTR is conserved in
rLCV-infected rLCLs. Having identified several EBV miRNAs
that can target the EBV LMP1 3=UTR, we next analyzed the rLCV
LMP1 3=UTR sequence for seed matches (minimally 7mer1A) to
rLCV miRNAs. At least 26 potential binding sites exist for rLCV
miRNAs, including sites for the miR-BART5-5p homolog (miR-
rL1-8-5p) and the miR-BART3-5p homolog (miR-rL1-5-5p), as
well as miR-rL1-16-5p (miR-BART20-5p homolog), miR-rL1-
23-3p (miR-BART21-3p homolog), and miR-rL1-29-3p (mir-
BART19-3p homolog) (data not shown). Notably, sites for the
rLCV miRNAs listed above were identified in our PAR-CLIP anal-
ysis (Fig. 3). For the remaining two EBV BART miRNAs that tar-
get the LMP1 3=UTR (Fig. 6), miR-rL1-19-5p is a homolog of
miR-BART16-5p while miR-rL1-9 is an ortholog of miR-
BART17-3p (Table 1). Neither of these two rLCV miRNAs has a
predicted binding site in the rLMP1 3=UTR, indicating that either
the miRNA binding site or the miRNA itself has diverged. Indeed,
miR-rL1-9 and miR-BART17-3p are conserved in their 3= regions
but have entirely different 5= seed sequences (14) (Table 1).

We generated miRNA expression vectors for miR-rL1-5, miR-
rL1-8, and miR-rL1-16. To test miRNA activity, we cotransfected
the rLCV miRNA expression vectors with EBV BART miRNA
indicator vectors with perfect matches to a given miRNA (termed
perfect indicators) (Fig. 7A). The seed sequences for miR-
BART3-3p and miR-BART3-5p are identical to rLCV miR-rL1-
5-3p and miR-rL1-5-5p (Fig. 7C); however, nucleotide differences
occur in the middle and 3= ends of the mature miRNAs, which
cause the rLCV miRNAs to have partial complementarity to the
EBV miRNA perfect indicators. As expected, expression of miR-
rL1-5 resulted in partial knockdown of both the miR-BART3-3p
and miR-BART3-5p perfect indicators, demonstrating that miR-
rL1-5-3p and miR-rL1-5-5p are both expressed (Fig. 7A). miR-
rL1-8-5p and miR-rL1-16-5p exhibit near-perfect sequence iden-
tity to miR-BART5-5p and miR-BART20-5p, respectively (Fig.
7C); expression of these two rLCV miRNAs resulted in �85%
knockdown of their respective EBV miRNA homolog indicators
(Fig. 7B).

We next assayed luciferase activity from the rLMP1 3=UTR
reporter (pLSG-rLMP1) in the presence of the three rLCV miRNAs.
Expression of each rLCV miRNA significantly inhibited the
rLMP1 3=UTR reporter (Fig. 7D), confirming results from our
PAR-CLIP analysis described above (Fig. 5C). We next asked if the
EBV and rLCV miRNAs could functionally substitute for each
other. rLCV miRNAs were tested against the EBV LMP1 3=UTR
reporter(s) and vice versa. As predicted, expression of individual,
homologous viral miRNAs resulted in significant inhibition of the
lymphocryptovirus LMP1 3=UTR reporters to various degrees
(Fig. 7E to G). miR-BART16 and miR-BART17 lack seed match
sites in the rLCV LMP1 3=UTR; however, these two miRNAs also
moderately inhibited the rLCV LMP1 3=UTR reporter (Fig. 7E),
presumably via noncanonical interactions. Intriguingly, ectopic
expression of miR-BART21 also inhibited luciferase expression
from the rLCV LMP1 3=UTR reporter (Fig. 7E), consistent with
our PAR-CLIP results demonstrating that the miR-BART21 ho-
molog (miR-rL1-23) binds the rLMP1 mRNA (Fig. 5C). We also
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observed significant repression of the EBV LMP1 reporter by
miR-rL1-16, indicating that the miR-rL1-16 homolog (miR-
BART20) can target EBV LMP1 (Fig. 7F). Together, these data
demonstrate that LMP1 mRNA homologs are targeted by multi-
ple, conserved viral miRNAs.

Functional consequences of LMP1 targeting by viral miRNAs:
EBV miRNAs attenuate LMP1-mediated NF-�B activation.
LMP1 is a transmembrane protein that contains two C-terminal
activation domains (CTAR1 and CTAR2) which recruit TRAFs
(TNF receptor-associated factors) and TRADD (TNF receptor
1-associated death domain protein) to activate cell signaling path-
ways, such as the induction of nuclear factor kappa B (NF-�B)
activity. CTAR2 predominantly activates canonical, IKK-depen-
dent NF-�B signaling, while CTAR1 activates both canonical and

noncanonical, NIK-dependent NF-�B signaling pathways (53,
54). Activation of NF-�B prosurvival signals via both LMP1
CTAR1 and CTAR2 is required for B cell transformation, cell sur-
vival, and proliferation (54, 55). Overexpression of LMP1 and/or
dysregulation of NF-�B signaling pathways during EBV infection,
however, can induce apoptosis and inhibit cell proliferation (56,
57). Notably, the ability of LMP1 to induce NF-�B activity via
C-terminal cytoplasmic domains is conserved in the rhesus and
baboon LCV LMP1 protein homologs (50).

To explore the downstream consequences of LMP1 targeting
by viral miRNAs, we assayed LMP1-induced NF-�B activation in
the presence of EBV BART miRNAs. Full-length EBV LMP1, in-
cluding the 3=UTR, was cotransfected into 293T cells with EBV
miRNA expression vectors and an NF-�B luciferase reporter con-

FIG 7 Conserved targeting of LCV LMP1 by viral miRNAs. (A and B) 293T cells were cotransfected with 1 	g rLCV miRNA expression vector, 10 ng pLCR
(Renilla internal control plasmid), and 10 ng EBV BART miRNA indicator. EBV BART miRNA indicators contain two perfect, complementary binding sites for
a BART miRNA in the firefly luciferase 3=UTR of pLCG. (C) Sequence comparison of the mature miRNA sequences for select EBV and rLCV miRNAs that bear
seed matches to lymphocryptovirus LMP1 3=UTRs. Nucleotide differences are noted in boldface. (D to G) 293T cells were cotransfected with 1 	g of the indicated
miRNA expression vector, 10 ng pLSR (Renilla internal control plasmid), and 10 ng either pLSG control luciferase (GL3) (D), pLSG-rLMP1 3=UTR reporter
containing 1,347 nt of the rLCV LMP1 3=UTR (D and E), pLSG-LMP1 3=UTR reporter containing the full EBV LMP1 3=UTR (F), or pLSG-LMP1nt671 or
pLSG-LMP1nt692 containing truncated EBV LMP1 3=UTRs (G). hsa-miR-146a and hsa-miR-128 are shown as negative controls for panels D and E. For all
luciferase assays, luciferase activity was measured 48 to 72 h posttransfection. Shown are the averages from 2 to 4 independent experiments performed in
triplicate; error bars indicate standard deviations. All firefly luciferase units are normalized to Renilla activity (RLU, relative light units) and are reported relative
to empty vector. *, P � 0.05 relative to empty vector (Student’s t test).
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taining multiple NF-�B-responsive sites (Fig. 8). miR-155, which
has previously been shown to disrupt LMP1-mediated NF-�B ac-
tivation (41), was tested in parallel. Congruent with prior studies,
ectopic expression of miR-155 or coexpression of miR-BART16
and miR-BART17 together (37) inhibited LMP1-mediated
NF-�B activation (Fig. 8A). We also asked whether the other
BART miRNAs that target the LMP1 mRNA (Fig. 5 and 6) could
confer a similar phenotype. Indeed, miR-BART3, miR-BART5,
and miR-BART16 each inhibited NF-�B activation when cotrans-
fected with full-length LMP1 (Fig. 8A to C). Deletion of the LMP1
3=UTR rescued the inhibitory effects of miR-BART5 and miR-
BART16 (Fig. 8B and C), consistent with targeting of the LMP1
3=UTR. We also tested the miR-BART5 homolog, rLCV miR-
rL1-8. Ectopic expression of miR-rL1-8 inhibited NF-�B activa-
tion in the presence of full-length EBV LMP1, while deletion of the
LMP1 3=UTR rescued the inhibition (Fig. 8D). These data dem-
onstrate that miR-rL1-8 can functionally substitute for miR-
BART5 and that miR-BART5 and miR-BART16 negatively regu-
late NF-�B signaling by directly targeting the LMP1 3=UTR.

Interestingly, deletion of the LMP1 3=UTR partially, but not
significantly, rescued the inhibitory effect of miR-BART3 (Fig. 8B
and C). Similarly, miR-BART1, which does not target the LMP1
3=UTR or impact LMP1 protein expression (Fig. 6), inhibited NF-
�B-activation irrespective of the presence of LMP1 3=UTR (Fig.
8B). While we have established that miR-BART3 can target the
LMP1 3=UTR (Fig. 6), we cannot rule out the possibility that miR-
BART3 also targets the LMP1 coding region, which could impact
LMP1 expression and downstream signaling. However, the most
likely explanation for the observed inhibitory effect is that these
two BART miRNAs negatively regulate cellular genes involved in
NF-�B signaling pathways.

LMP1 can induce both canonical and noncanonical NF-�B
signaling. To investigate whether BART miRNAs modulate ca-
nonical NF-�B signaling independently of LMP1, we treated
BART-miRNA-expressing 293T cells with TNF-� for 3 h. In con-
trast to LMP1-induced NF-�B activation, the presence of miR-
BART3, miR-BART16, or miR-BART17 had no significant effect
on TNF-�-induced NF-�B activation (Fig. 8E). These data indi-
cate that the inhibitory effects of these BART miRNAs on NF-�B
activation are specific to the activities of LMP1.

EBV BART miRNAs stabilize I�B� in the presence of LMP1.
To further explore the role of BART miRNAs in NF-�B signaling,
we generated 293T cells stably expressing an I�B�-photinus lucif-
erase fusion protein (293T-I�B�). In canonical NF-�B signaling,
NF-�B transcription factors (p50 and p65) are sequestered by
I�B� in the cytoplasm. Following a stimulatory signal, IKKs phos-
phorylate I�B� and induce I�B� degradation, thereby allowing
nuclear accumulation of NF-�B transcription factors (reviewed in
reference 58). To assay I�B� stability in the presence of viral
miRNAs, we monitored the luciferase activity in 293T-I�B� cells
cotransfected with pLMP1 and individual BART miRNA expres-
sion vectors. Congruent with earlier results (Fig. 8), expression of
miR-BART1, miR-BART3, or miR-BART5 stabilized I�B� in the
presence of full-length LMP1, while expression of miR-BART2,
miR-BART4, miR-BART11, miR-BART13, and miR-BART18
had no effect (Fig. 9A and B). Deletion of the LMP1 3=UTR alle-
viated the effect of miR-BART5 on I�B� stability, while miR-
BART3 continued to stabilize I�B� (Fig. 9B).

To ask whether miR-BART1 and miR-BART3 altered I�B�
stability independently of LMP1, 293T-I�B� cells were trans-
fected with BART miRNAs and treated with TNF-�. The presence
of miR-BART1 stabilized basal I�B� levels �4-fold over vector

FIG 8 EBV BART miRNAs attenuate LMP1-mediated NF-�B activation. (A) 293T cells were cotransfected with 25 ng NF-�B luciferase reporter, 10 ng Renilla
internal control, 5 ng pcDNA3-LMP1-FL, and 1 	g the indicated miRNA expression vector. Lysates were harvested 48 h posttransfection and assayed for
luciferase activity. (B) 293T cells were cotransfected with 10 ng either pcDNA3-LMP1-FL or pcDNA3-LMP1d3UTR and 1 	g the indicated miRNA expression
vector. After 48 h, cells were cotransfected with 25 ng NF-�B luciferase reporter and 10 ng Renilla internal control. Lysates were harvested 18 h later and assayed
for luciferase activity. (C and D) Same as panel B, except the indicated amounts of EBV LMP1 expression vectors were used. For panels A to D, shown are the
averages from 2 to 4 independent experiments performed in triplicate; error bars indicate standard deviations. All firefly luciferase units are normalized to Renilla
activity (RLU, relative light units) and are reported relative to empty vector. *, P � 0.05 relative to empty vector (Student’s t test). (E) EBV BART miRNAs do not
attenuate TNF-�-induced NF-�B activation. 293T cells were cotransfected with 1 	g of the indicated miRNA expression vector, 15 ng NF-�B luciferase reporter,
and Renilla internal control. Forty-eight h posttransfection, 10 ng/ml TNF-� was added for 3 h and lysates were assayed for luciferase activity.
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control and modestly inhibited TNF-�-mediated I�B� degrada-
tion in a dose-dependent manner (Fig. 9C and D). In contrast,
miR-BART3 expression had no effect on basal I�B� levels or I�B�
levels following TNF-� treatment (Fig. 9C and D), suggesting that
miR-BART3 function is coupled to the activity of LMP1. To-
gether, these data indicate a role for BART miRNAs in attenuating
NF-�B induction and suggest that miR-BART1 and miR-BART3,
in particular, target cellular genes involved in I�B� stability and
canonical NF-�B signaling. To determine whether the miR-
BART3 homolog, rLCV miR-rL1-5, functions similarly in stabi-
lizing I�B�, we transfected 293T-I�B� cells with the rLCV
miRNA and EBV LMP1. Homologous to miR-BART3, expression
of miR-rL1-5 enhanced I�B� stability in the presence of LMP1
irrespective of the LMP1 3=UTR (Fig. 9E).

I�B� stability is regulated, in part, by �-TRCP, a Skp1/Cullin1/
F-box protein complex (SCF) that possesses E3-ubiquitin ligase
activity. Following IKK-dependent Ser32 and Ser36 phosphoryla-

tion, I�B� is polyubiquitinated by SCF/�-TRCP, which marks it
for proteasomal degradation (reviewed in reference 58). One at-
tractive hypothesis is that miR-BART1 and miR-BART3 target
components or regulators of the SCF/�-TRCP complex, thereby
stabilizing I�B�. A query of our Akata-LCLd3 and prior EBV
B95-8 PAR-CLIP libraries (27) for candidate targets revealed
RISC-associated sites in the UBXN7/UBXD7, USP47, FBXW9,
and CAND1 3=UTRs with seed matches to miR-BART1 and miR-
BART3 miRNAs, respectively (Fig. 9G and data not shown). No-
tably, our PAR-CLIP analysis of rLCV rLCLs revealed RISC-asso-
ciated sites in the rhesus macaque homologs of these genes with
seed matches to rLCV miRNAs (Fig. 9G and data not shown).
UBXD7 interacts with neddylated cullins and negatively regulates
cullin-RING ubiquitin ligase activity (59, 60) while USP47, a de-
ubiquitylating cysteine protease, interacts directly with the SCF/�-
TRCP complex (61). The evolutionarily conserved FBXW9 (called
MEC-15 in Caenorhabditis elegans) is one of �100 F-box proteins

FIG 9 LCV miRNAs regulate I�B� stability. (A) 293T-I�B� cells (stably expressing I�B�-photinus luciferase fusion protein) were cotransfected with 12.5 ng
pcDNA3-LMP1-FL and 1 	g BART miRNA expression vector. Luciferase activity was measured 48 h posttransfection. (B) 293T-I�B� cells were cotransfected
with 1 	g miRNA expression vector and the indicated amounts of pcDNA3-LMP1-FL or pcDNA3-LMP1-d3UTR (without the 3=UTR). Luciferase activity was
measured 48 h posttransfection. (C and D) 293T-I�B� cells were transfected with 1 	g the indicated miRNA expression vector (C) or increasing amounts of
miRNA expression vector (D), using empty vector as a filler. In both panels C and D, at 48 h posttransfection cells were treated with 20 ng/ml TNF-� for 3 h, and
lysates were assayed for I�B�-photinus luciferase activity. (E) 293T-I�B� cells were cotransfected with 1 	g rLCV miR-rL1-5 expression vector and 12.5 ng
pcDNA3-LMP1-FL or pcDNA3-LMP1-d3UTR. Luciferase activity was measured 48 h posttransfection. For panels A to E, shown are the averages from two or
more experiments; error bars indicate standard deviations. (F) EBV miR-BART3 and rLCV rL1-5 target the 3=UTRs of CAND1 and FBXW9. 293T cells were
cotransfected with 1 	g the indicated miRNA expression vector (BART or rLCV miRNA), 10 ng pLSR (Renilla internal control plasmid), and 10 ng either
pLSG-CAND1 or pLSG-FBXW9 3=UTR luciferase reporter. Luciferase activity was measured 48 to 72 h posttransfection, and all firefly luciferase units are
normalized to Renilla activity (RLU, relative light units). Shown are averages from 2 to 4 independent experiments performed in triplicate; error bars indicate
standard deviations. *, P � 0.05 relative to empty vector (Student’s t test). (G) PAR-CLIP/PARalyzer-identified clusters mapping to the CAND1 and FBXW9
3=UTRs with seed matches to miR-BART3-3p (top) or miR-rL1-5-3p (bottom); individual T¡C conversions are marked. Rh, rhesus macaque.
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in mammals that mediates the specificity of the SCF complex (re-
viewed in references 58 and 62). Finally, CAND1 is a critical ex-
change factor that regulates the assembled components of the SCF
complex (reviewed in reference 62).

We cloned the human CAND1 and FBXW9 3=UTRs down-
stream of luciferase and tested reporter activity in the presence of
LCV miRNAs. Ectopic expression of miR-BART3 or its homolog,
miR-rL1-5, resulted in �2- to 3-fold luciferase knockdown for
each 3=UTR (Fig. 9F). Thus, these data demonstrate an evolution-
arily conserved function for LCV miRNAs in the regulation of SCF
complex components which consequently may influence I�B�
stability and NF-�B activity during viral infection.

DISCUSSION

In this report, we demonstrate that LMP1 and BHRF1 homologs
are evolutionarily conserved targets of viral and cellular miRNAs
during primate LCV infection. Our previous studies uncovered
binding sites for the miR-17/20/106 family and EBV BART miRNAs
in latent EBV transcripts. Furthermore, our in silico predictions
following analysis of the rLCV genomic sequence (16) suggested
that these miRNA binding sites were not limited to EBV; rather,
they are conserved in the closely related rLCV (27). Using lucifer-
ase reporter assays and by performing PAR-CLIP analysis of LCLs
latently infected with EBV or rLCV, we show here that five EBV
BART miRNAs (miR-BART3, miR-BART5, miR-BART16, miR-
BART17, and miR-BART20) and at least four rLCV BART
miRNA homologs (miR-rL1-5, miR-rL1-8, miR-rL1-16, and
miR-rL1-23) target LMP1 3=UTRs. Thus, our detailed study es-
tablishes a functionally conserved role for LCV miRNAs in the
targeting of LMP1 transcripts. In addition to this conserved func-
tion for LCV miRNAs, we show that the macaque miR-17 miRNA
family targets the rLCV LMP1 and BHRF1 mRNAs homologous
to the human miR-17 miRNA family in EBV� LCLs.

Is miRNA regulation of the LMP1 and BHRF1 3=UTRs con-
served by other LCVs? In addition to rLCV, a number of closely
related, Old World LCVs (i.e., herpesvirus papio, herpesvirus pan,
herpesvirus gorilla, herpesvirus pongo, and cynomolgus EBV)
have been isolated in the past 30 years (30, 44, 63–65). LCV infec-
tion in nonhuman primates is similar to EBV infection in humans,
and in vitro, simian LCVs exhibit transforming activity compara-
ble to that of EBV; indeed, latently infected LCLs can be estab-
lished from simian peripheral blood lymphocytes in a manner
homologous to the establishment of EBV� LCLs (30, 31, 44).
Given these similarities, it is not surprising that rLCV� rLCLs also
exhibit cellular miRNA expression patterns comparable to those
of EBV� LCLs shown here (i.e., high levels of miR-155 and
miR-21 and moderate levels of miR-17 family members), which
suggests that LCVs employ similar mechanisms to modulate the
cellular miRNA environment and have encountered a similar set
of conserved host miRNAs throughout evolution. Most Old
World LCVs are known to encode LMP1 and BHRF1 homologs
(44, 45, 50, 66), which we predict to be subject to the same viral
and cellular miRNA regulation as that observed for EBV and rLCV
homologs. In an attempt to determine the extent to which the
miR-17 family binding sites are conserved in other LCVs, we se-
quenced the LMP1 3=UTR region for herpesvirus papio and analyzed
published BHRF1 sequences for herpesvirus papio and herpesvirus
pan. Encouragingly, both of these simian LCVs contained the miR-17
family binding sites in the BHRF1 and LMP1 3=UTRs, highlighting
the potential significance of these sites.

Our analysis of the herpesvirus papio LMP1 3=UTR sequence
further revealed the presence of conserved, putative seed match
binding sites for viral miRNAs with conserved seeds (carried by
EBV and rLCV), leading us to hypothesize that herpesvirus papio
and related LCVs also carry their own viral miRNAs. The genomic
sequences for most simian LCVs are not yet known; however,
using partial genomic and cDNA sequences, we were able to pre-
dict several BHRF1 pre-miRNA homologs for herpesvirus papio
and herpesvirus pan (Fig. 2). Hence, it is reasonable to presume
that BART miRNA homologs are also carried by these viruses and
that targeting of LMP1 transcripts is an overall evolutionarily con-
served function of LCV miRNAs.

Intriguingly, viral and cellular miRNA regulation of the LMP1
and BHRF1 transcripts appears to be restricted to Old World
LCVs. Callitrichine herpesvirus 3 (CalHV-3), a much more dis-
tant New World LCV first isolated from common marmoset B cell
lymphomas, encodes functional, but not sequence, homologs of
LMP1 and BHRF1 (C1 and ORF64, respectively) (67). Similar to
EBV LMP1, C1 exhibits transforming activity in vitro and induces
NF-�B activation via interactions with TRAFs, although it does so
via different regions than EBV, rLCV, and herpesvirus papio
LMP1 proteins (44, 50, 67). CalHV-3 is also predicted to encode
37 viral pre-miRNAs which lack sequence identity to the EBV and
rLCV pre-miRNAs (14). We have examined the sequences of
CalHV-3 C1 and ORF64 3=UTRs for potential viral miRNA
and/or cellular miR-17/20/106 binding sites; remarkably, we
found no candidates. Interestingly, the predicted length of the
CalHV-3 C1 3=UTR is only 133 nt (following the stop codon to a
canonical polyadenylation signal), whereas the 3=UTRs of the
EBV, rLCV, and herpesvirus papio LMP1 mRNAs are �1,200 nt,
suggesting that the CalHV-3 C1 mRNA actually avoids miRNA
regulation, as has been observed for cellular mRNAs with short
3=UTRs (68). It remains to be determined whether the viral miRNAs
predicted to be encoded by CalHV-3 or other cellular miRNAs
counteract or modulate the levels and/or activities of C1 and
ORF64 proteins indirectly.

At this point, we can only speculate as to the functional signif-
icance of the miR-17 family binding sites conserved in LCV LMP1
and BHRF1 mRNAs and, furthermore, why these transcripts are
targeted at multiple, discrete locations by viral and cellular
miRNAs in latently infected cells. Clearly, the targeting of LMP1
mRNA by these miRNAs alters LMP1 protein production (Fig. 6)
(27, 28), which can translate into changes in the overall, pleiotro-
pic effects of LMP1 in cells (Fig. 8 and 9) (37). miRNA-dependent
changes in BHRF1 protein levels have also been observed (28),
consistent with our findings that it is a BHRF1 mRNA that is
associated with RISC (Fig. 5). BHRF1 is a Bcl-2 homolog with
antiapoptotic activity that is required for LCL outgrowth early after
infection (69), while LMP1 is a CD40 mimic that critically activates
NF-�B signaling pathways (described above). Presumably, miRNA
regulation of these viral mRNAs directs the timing, amplitude,
and/or duration of the host cell signaling events initiated and/or
sustained through the expression of these proteins. Indeed, recent
studies analyzing EBV-induced gene expression changes follow-
ing primary B cell infection showed a delay in the expression of
LMP1 protein and NF-�B target genes; arguably, this delay is due,
in part, to the higher levels of the myc-regulated miR-17 family
observed very early after infection (i.e., from EBV EBNA2-driven
myc induction), which would suppress LMP1 protein expression
(57, 70).
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The high conservation of the miR-17 family binding sites
among LCVs suggests that the activities of LMP1 and BHRF1 are
further linked to the cellular pathways intrinsically regulated by
this miRNA family. Intriguingly, PAR-CLIP and HITS-CLIP anal-
ysis of miR-17 targets in EBV-infected B cells has shown that the
miR-17 family as well as other miRNAs expressed from the poly-
cistronic, myc-regulated miR-17/92 cluster inhibit several pro-
apoptotic genes, with the most prominent being BCL2L11/Bim,
an antagonist of Bcl2 (27, 28, 71). These miRNAs were also found
to target negative regulators of canonical NF-�B signaling (i.e.,
CYLD and components of the A20 ubiquitin-editing complex),
and recent findings in transgenic mouse models demonstrate this
leads to enhancement of canonical NF-�B signaling upon miR-
17/92 overexpression (72). Notably, these miR-17/92 targets are
also conserved in rLCV� LCLs, as determined from our PAR-
CLIP studies (data not shown). Thus, in LCV-infected B cells,
miR-17, BHRF1, and LMP1 are targeting similar apoptotic and
NF-�B signaling pathways. As the combination of these activities
may prove detrimental to an infected cell (i.e., elicit inflammatory
responses [73]), it is possible that LCVs have resolved the issue(s)
and counterbalance the activities by placing LMP1 and BHRF1
under miR-17 regulation.

What mechanisms govern I�B� stabilization in the presence
of LCV miRNAs? In exploring the functional consequences of
LMP1 targeting by viral miRNAs, we identified two EBV miRNAs,
miR-BART1 and miR-BART3, that stabilized I�B� and, conse-
quently, inhibited NF-�B activation in the presence of LMP1.
Since the attenuation of NF-�B signaling by these BART miRNAs
occurred independently of LMP1 targeting, we postulated that
cellular targets likely are responsible for the phenotype, with the
most likely targets being components of the SCF/�-TRCP E3-
ubiquitin ligase complex, which mediates I�B� degradation (58).
Our PAR-CLIP experiments revealed evolutionarily conserved
LCV miRNA binding sites in SCF-associated genes (CAND1 and
FBXW9, among others), which were confirmed by reporter assays.
While more experiments are required to decipher the direct con-
sequences of CAND1 and FBXW9 targeting, our experiments
clearly demonstrate an evolutionarily conserved function for LCV
miRNAs in the regulation of SCF components.

Interestingly, a number of viral proteins, including a lytic EBV
protein, have been shown to bind or target the SCF complex,
thereby indirectly suppressing NF-�B activation pathways that
elicit innate immune responses (74–76). The question remains as
to whether the LCV miRNA involvement in NF-�B signaling ob-
served here translates into cell growth and prosurvival signals by
potentially directing the specificity of LMP1-induced signal trans-
duction; alternatively, it may be a mechanism for evading innate
immune responses (or both). Targeting of NF-�B signaling com-
ponents has been observed for other gammaherpesvirus miRNAs.
For example, the KSHV miRNA miR-K1 targets the I�B� 3=UTR,
thereby reducing I�B� protein levels and activating canonical
NF-�B pathways; presumably, this enhances cell growth and sur-
vival (77). Another KSHV miRNA, miR-K11, targets I�B kinase
epsilon (IKKe), thereby attenuating type I interferon signaling
induced via innate antiviral responses (21, 78). Additionally, com-
ponents of the Toll-like receptor and interleukin-1 signaling path-
ways, IRAK1 and MYD88, are targeted by miR-K9 and miR-K5,
respectively, inhibiting IL-6 and IL-8 secretion (79). Two EBV
miRNAs (miR-BHRF1-3 and miR-BART15), neither of which are
conserved in rLCV, also have demonstrated activity in modulating

innate immune responses (80, 81). Further studies are required to
dissect the roles of LCV miRNAs in NF-�B signaling pathways.

In summary, our data indicate that primate lymphocryptovi-
ruses have coevolved with miRNAs expressed in host cells and
adapted to utilize both viral and cellular miRNAs to regulate latent
viral gene products. Presumably, the presence of these cellular
miRNA target sites in viral mRNAs provides a biological advan-
tage to the virus, and it remains to be determined how such
miRNA-mRNA interactions modulate LCV infection and viral
persistence. rLCV infection of rhesus macaques is an important
animal model for studying EBV infection in humans (44); thus,
our study provides an important stepping stone toward the goal of
understanding viral and cellular miRNA functions in vivo.
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