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Certain primary transcripts of miRNA (pri-microRNAs) un-
dergo RNA editing that converts adenosine to inosine. The
Epstein-Barr virus (EBV) genome encodes multiple microRNA
genes of its own. Here we report that primary transcripts of
ebv-miR-BART6 (pri-miR-BART6) are edited in latently
EBV-infected cells. Editing of wild-type pri-miR-BART6 RNAs
dramatically reduced loading of miR-BART6-5p RNAs onto the
microRNA-induced silencing complex. Editing of a mutation-
containing pri-miR-BART6 found in Daudi Burkitt lymphoma
and nasopharyngeal carcinoma C666-1 cell lines suppressed
processing of miR-BART6 RNAs. Most importantly, miR-
BART6-5p RNAs silence Dicer through multiple target sites
located in the 3’-UTR of Dicer mRNA. The significance of miR-
BART6 was further investigated in cells in various stages of
latency. We found that miR-BART6-5p RNAs suppress the
EBNAZ2 viral oncogene required for transition from immuno-
logically less responsive type I and type II latency to the more
immunoreactive type III latency as well as Zta and Rta viral pro-
teins essential for lytic replication, revealing the regulatory
function of miR-BART6 in EBV infection and latency. Mutation
and A-to-I editing appear to be adaptive mechanisms that antag-
onize miR-BART®6 activities.

MicroRNAs (miRNAs)? play important roles in many pro-
cesses including development, differentiation, proliferation,
and apoptosis (1, 2). Certain miRNAs act as tumor suppressors
or oncogenes and are associated with many cancers (3). Primary
transcripts of miRNA genes (pri-miRNAs) are processed se-
quentially by Drosha and Dicer (4, 5). Nuclear Drosha (6)
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together with its partner DGCRS (7, 8) cleaves pri-miRNAs,
releasing 60 —70-nucleotide pre-miRNAs. Recognition of cor-
rectly processed pre-miRNAs and their nuclear export is
carried out by exportin-5 and RanGTP (9). Cytoplasmic
Dicer together with the double-stranded RNA (dsRNA)-bind-
ing protein TRBP then cleaves pre-miRNAs into 20 —22-nucle-
otide siRNA-like duplexes (10, 11). In most cases one strand of
the duplex (called the effective strand) serves as the mature
miRNA, whereas the other strand (called passenger strand) is
eliminated. After integration into the miRNA-induced silenc-
ing complex (miRISC), miRNAs block translation via partially
complementary binding sites located in the 3'-UTRs of tar-
geted mRNAs or guide the degradation of target mRNAs after
binding, mainly via the 5" half of the miRNA sequence, called
the “seed sequence” (1, 4, 5).

Epstein-Barr Virus (EBV) causes mononucleosis during
acute and lytic infection and also establishes a persistent and
latent infection in the human host. Latently infected EBV has
been demonstrated to be associated with a variety of human
cancers such as Burkitt lymphoma, Hodgkin disease, and
nasopharyngeal carcinoma (12, 13). Lytic infection and tran-
sition to distinctive states of latency (type I-III) are regulated
by select viral genes and their interaction with the host im-
mune system (12, 13). Virus genomes encode miRNAs of their
own, and the first viral miRNA was identified in human B cells
infected with EBV (14). A total of 23 EBV miRNA genes are
known and located in the BHRF1 and BART (Bam H1 A right-
ward transcript) regions of the genome (15-17). These EBV
miRNAs have been implicated in regulating the transition
from lytic replication to latent infection and in attenuating
antiviral immune responses (18). However, only a limited
number of their targets have been identified so far. The viral
miRNAs seem to target both viral and host cell genes (18). For
instance, miR-BART?2 targets the EBV DNA polymerase, BALF5,
perhaps promoting entry of the virus to latency by slowing
down viral replication at the transition point from lytic to latent
infection (19). Down-regulation of the EBV protein LMP1 by
three EBV miRNAs, miR-BART1-5p, miR-BART16, and miR-
BART17-5p, has been reported (20). LMP1 produced during
the EBV type II and III latency controls the NF-«@ signaling
pathway and growth and apoptosis of host cells. Targeting of
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host cell genes PUMA (p53-up-regulated modulator of apopto-
sis) by miR-BART5 (21) and CXC-chemokine ligand 11
(CXCL11) by miR-BHRF1-3 (22) have been reported. Down-
regulation of PUMA may suppress apoptosis of virus-infected
host cells (21), whereas suppression of CXCL11 may shield
EBV-infected B cells from cytotoxic T cells (22).

One type of RNA editing involves the conversion of adeno-
sine residues into inosine (A-to-I editing) in dsRNA through
the action of adenosine deaminase acting on RNA (ADAR).
Three ADAR gene family members (ADAR1-3) have been
identified in humans and rodents (23, 24). The translation
machinery reads an inosine as if it were guanosine, which could
lead to codon changes (25). Thus, when A-to-I RNA editing
occurs within a coding sequence, synthesis of proteins not
directly encoded by the genome can result, as demonstrated
with transcripts of glutamate receptor ion channels and 5-
HT, serotonin receptors (26). However, the most common
targets for A-to-I editing are non-coding RNAs that contain
inverted repeats of repetitive elements such as Alu elements
and LINEs located within introns and 3’-UTRs (27-30). The
biological significance of non-coding, repetitive RNA editing is
largely unknown. Furthermore, editing of certain pri-miRNAs
has been reported (31, 32). A recent survey has revealed that
~20% of human pri-miRNAs are subject to A-to-I RNA editing
catalyzed by ADAR1 and ADAR2 (33). Editing of pri-miRNAs
modulates expression and function of miRNAs (33). For in-
stance, A-to-I editing of several adenosine residues located near
the Drosha cleavage sites of pri-miRNA-142 results in inhibi-
tion of the processing by Drosha and consequent down-regula-
tion of mature miR-142 RNAs (34), whereas editing of two sites
identified near the end loop of the pri-miR-151 hairpin struc-
ture inhibits the Dicer cleavage step (35). By contrast, editing of
primary transcripts of the miR-376 cluster at two sites located
within the seed sequence does not affect their processing but
results in expression of mature-edited miR-376 RNAs with
altered seed sequences and consequent silencing of a set of
genes different from those targeted by unedited miR-376 RNAs
(36).

In this study we set out to examine editing of EBV miRNAs in
EBV-transformed lymphoblastoid GM607 cells, Burkitt lym-
phoma Daudi cells, and nasopharyngeal carcinoma C666-1
cells. Human lymphoblastoid cells such as GM607 cells in type
III latency express a set of genes essential for this specific state
of latency, such as EBNA2 and LMP1. By contrast, Daudi Bur-
kitt lymphoma cells in the restricted sub-type of type IIl latency
do not express EBNA2 due to the genomic deletion (37, 38).
Viral infection in C666-1 nasopharyngeal carcinoma cells is
associated with more restricted forms of type II latency, which
expresses only a limited number of viral genes, representing a
less immune-responsive state (38). We have found that primary
transcripts of four EBV miRNAs, including miR-BARTS6, are
subject to A-to-I editing. Moreover, we demonstrate that edit-
ing of pri-miR BART6 RNAs as well as mutations of miR-
BART6 RNAs found in latently EBV-infected cells inhibits
expression or their loading onto the functionally active miRISC.
Most significantly, we found that miR-BART6 targets Dicer
and affects the latent state of EBV viral infection. Regulation of
the miR-BART6 expression and function through A-to-I edit-
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ing and mutation may be critical for the establishment or main-
tenance of latent EBV infection.

EXPERIMENTAL PROCEDURES

Cell Culture—EBV-transformed lymphoblastoid cell line GM607
(GMO00607) was obtained from Coriell Institute for Medical
Research (Camden, NJ). Burkitt lymphoma cell line Daudi was
obtained from American Type Culture Collection (Manassas,
VA). Burkitt lymphoma Mutu I and Mutu III and nasopharyn-
geal carcinoma line C666-1 were used in our previous studies
(39—41). These cell lines were cultured in RPMI1640 (Media-
tech Inc., Manassas, VA), supplemented with 100 units/ml ben-
zylpenicillin, 100 pg/ml of streptomycin sulfate (both from
Invitrogen) and 10% fetal calf serum (FCS) (Tissue Culture Bio-
logical, Tulare, CA). HeLa and HEK293T cells were cultured in
Dulbecco’s modified Eagle’s medium (Invitrogen) supple-
mented with 10% FCS.

Analysis of in Vitro Processed Pri-miRNA Products by North-
ern Blotting—Nonradioactive pri-miR-BART6 RNAs (10
fmol) were synthesized by in vitro transcription and pro-
cessed by Drosha-DGCRS (20 ng) and/or Dicer-TRBP com-
plexes (20 ng) as described previously (34). Processed RNAs
were electrophoresed on a 15% polyacrylamide, 8 M urea
gel and transferred to a Hybond XL membrane (GE Health-
care) by electroblotting. Membranes were UV-cross-linked
(StrataLinker; Stratagene, La Jolla, CA), and hybridized with
5'-3P-labeled miRCURY locked nucleic acid probes (Exiqon
Inc., Woburn, MA) and analyzed by Northern blotting. The
hybridization buffer contained 50% formamide, 0.5% SDS, 5X
saline/sodium phosphate/EDTA, 5X Denhardt’s solution, and
20 pg/ml sheared, denatured, salmon sperm DNA. Hybridiza-
tion was conducted at 34 °C. Membranes were washed by 2X
SSC/0.1% SDS, and hybridized signals were quantified by a
Typhoon Imager System.

Luciferase Reporter Constructs—The human Dicer 3'-UTR
(1498 bp), which contains four miR-BART6-5p binding sites
(supplemental Experimental Procedures), were amplified us-
ing human genomic DNA extracted from GM607 cells and
specific primers hDicerFW (5'-GCTACTAGTGATCTTT-
GGCTAAACACCCCAT-3’) and hDicerRV (5'-GCTGTT-
TAAACCTCCAACAAAAAGTGAAACGGC-3'). The PCR
products were inserted into a luciferase reporter vector
(PMIR-REPORT™ Luciferase; Ambion) after digestion with
Spel and Pml1.

Transfections of miR-BART6 RNAs—miR-BART6-5p and
unedited miR-BART6-3p RNA duplexes were synthesized at
Ambion (Pre-miR™ miRNA). All transfections were carried
out in triplicate as described previously (42). Briefly, HeLa
cells were pre-plated in 24-well tissue culture plates. 200 ng of
luciferase reporter plasmid and 200 ng of control vector pMIR-
REPORT™ B-galactosidase Control Plasmid (Ambion) were
diluted into 50 ul of Opti-MEM (Invitrogen) with or without 10
pmol of miR-BART6 duplex or sequence unrelated control
miRNA, cel-miR-67, or miR-376a followed by the addition of 3
wl of Lipofectamine 2000 (Invitrogen). The transfection mix-
ture was incubated at room temperature for 5 min followed by
the addition of DNA/miR-BART6 and further incubated at
room temperature for 20 min. Then 100 wl of transfection mix-
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ture was added to the HeLa cells in 500 ul of the growth
medium. Transfection efficiency monitored by using 5-car-
boxylfluorescein-labeled control siRNA (Ambion) was more
than 80%. Forty-eight hours after transfection, the luciferase
activity was measured using the Luciferase Assay System (Pro-
mega, Madison, WI) together with B-galactosidase activity by
reading the absorbance at 415 nm in a plate reader with the
B-Galactosidase Enzyme Assay System (Promega). Normalized
luciferase values divided by the B-galactosidase activity were
statistically compared among each group by Mann-Whitney U/
test.

Transfections of the miR-BART6-5p Antagomir—C666.1
or Mutu I cells (1.5 X 10° cells) were cultured in 24-well
plates. The next day cells were transfected with 50 pmol of
inhibitor of miR-BART6-5p (miScript miRNA inhibitor,
Qiagen) or AllStars Negative Control siRNA (Qiagen) using 3
wl of Hiperfect Transfection reagent (Qiagen). After 72 h, total
RNA was extracted and treated with DNase I. First-strand
c¢DNA was synthesized using 1 ug of total RNA using miScript
Reverse transcription kit (Qiagen) or Superscript III with ran-
dom primer.

Transfections of the Dicer Targeting shRNA Expression Vector—
To suppress Dicer expression, a short hairpin expression vector
was used. Using BLOCK-iT RNAi Designer (Invitrogen), com-
plementary DNA oligos were designed. For construction of
Dicer shRNA plasmids, sense (5'-CACCGCAGCTCTGGA-
TCATAATACCCGAAGGTATTATGATCCAGAGCTGC-
3’) and antisense (5'-AAAAGCAGCTCTGGATCATAATA-
CCTTCGGGTATTATGATCCAGAGCTGC-3") strand oligos
were synthesized. For construction of LacZ2.1 Control, sense
(5'-CACCAAATCGCTGATTTGTGTAGTCGGAGACGAC-
TACACAAATCAGCGA-3') and antisense (5'-AAAATCGC-
TGATTTGTGTAGTCGT CTCCGACTA CACAAATCAGC-
GATTT-3') strand oligos were synthesized. To generate a
double-stranded DNA, these oligos were annealed and cloned
into pENTER/H1/TO vector (Invitrogen). C666.1 or Mutu III
cells (1 X 10°) were transfected with 1 ug of vector DNA using
CUY21Pro-Vitro (NEPA GENE., Co Ltd, Ichikawa, Japan).
After 48 h, total RNA was extracted and treated with DNase I.
First-strand cDNA was synthesized using 1 ug of total RNA
using the miScript reverse transcription kit (Qiagen) or Super-
script III with random primers. Transfection efficacy moni-
tored by co-transfection of ptdTomato-C1 vector (Clontech)
was ~70-80%.

Induction of Viral miRNA Expression in HEK293T Cells—
The pri-miR-BART6 sequences were PCR-amplified using
genomic DNA extracted from GM607 cells and a set of primers,
LentiBART6FW (5'-GCCTCGAGTGACCTTGTTGGTACT-
TTAAGGTTG-3’) and LentiBART6-UneditedRV (5'-GCGA-
ATTCTGGCCTTGAGTTACTCTAAGGCTA-3') containing
a thymidine residue at the +20 site or LentiBART6-Edited RV
(5'-GCGAATTCTGGCCTTGAGTTACTCCAAGGCTA-3')
containing a cytidine residue (edited) at the +20 site. These
PCR products were digested with Xhol and EcoRI (New Eng-
land Biolabs, Ipswich, MA) and ligated into pTRIPZ vector
(Open Biosystems, Huntsville, AL). pTRIPZ-derived lentivi-
ruses were transfected into HEK293T in the presence of puro-
mycin (Sigma). Permanently transfected cell lines were induced
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for pri-miR-BART6 expression with 2 pg/ml doxycycline
(Sigma). Transfection efficiency and expression of pri-miRNA
were determined by turboRFP expression. Protein and total
RNA were extracted 48 h after DOX induction. Levels of
mature miR-BART6-5p were examined by dideoxyoligonucle-
otide/primer-extension assay.

miRISC Loading Assay—The target probes were 5'-end **P-
labeled with T4 polynucleotide kinase (New England Biolabs)
and [y-*P]ATP. 5 fmol of **P-labeled miR-BART6-5p target
RNA (5'-AACCUACUAUGGAUUGGACCAACCUUACCA-
AG-3'), BART6 -3P-unedited target (5'-AACCUAAGCUAA-
GGCUAGUCCGAUCCCGCCAAG-3'), BART6-3P-edited
target (5'-AACCUAGCCAAGGCUAGUCCGAUCCCCGCC-
AAG-3’'), and pre-miR-BART6 RNAs, which had been cleaved
from pri-miR-BART6 RNAs with Drosha-DGCRS8 and gel-
purified, were incubated with FLAG-tagged Ago2-complex
made from permanently transfected HEK293 cells in a reac-
tion buffer containing 1 unit/ul RNasin, 20 mm Tris-HCl
(pH 7.6), 0.1 MNaCl, 10% glycerol, 2 mM DTT, 0.2 mm PMSF,
1 mMm B-mercaptoethanol, 3.2 mm MgCl,, 1 mm ATP, 20 mm
creatine phosphate, and 1 units/ul creatine kinase at 37 °C for
90 min as described previously (43, 44). miRISC loading prod-
ucts (*?P-labeled cleaved target RNAs) were electrophoresed
on a 15% polyacrylamide, 8 M urea gel, and quantified by
Typhoon Imager.

RESULTS

A-to-1 Editing Sites and Mutations Found in EBV Pri-
miRNAs—We examined the primary transcripts of all 23
EBV miRNAs for A-to-I RNA editing in latently EBV-infected
human lymphoblastoid GM607, Daudi Burkitt lymphoma,
and C666-1 nasopharyngeal carcinoma cells. We found that
pri-miR-BHRF1-1, pri-miR-BART6, pri-miR-BARTS, and
pri-miR-BART16 are edited at specific sites (Fig. 1A and
supplemental Fig. 14). Although the editing frequencies of pri-
miR-BHRF1-1, pri-miR-BARTS, and pri-miR-BART16 were
relatively low (supplemental Fig. 1B), editing of pri-miR-
BART6 in Daudi and GM607 cells at the +20 site reached 50
and 70%, respectively (Fig. 1B). Low levels of editing of pri-miR-
BART6 RNAs were also detected in C666-1 cells (Fig. 1B). We
found that the size of the end loop and the terminal stem of the
pri-miR-BART6 of Daudi is smaller than that of GM607 cells
(wild-type) due to deletion of three uridine nucleotides (Fig.
1A). The same deletion was detected in C666-1 cells, as re-
ported previously (16).

Because involvement of enzymatically active ADAR1 and
ADAR? in the RNA editing mechanism has been established (23,
24, 45), we examined the expression of ADAR1 and ADAR2 in
GM607, Daudi, and C666-1 cells by Western blotting analysis.
Although no ADAR2 was detected, abundant expression of
ADARI (both interferon-inducible p150 and constitutive p110
isoforms) (46) was found in all three cell lines (supplemental Fig. 2),
indicating that ADAR1 is likely to be responsible for editing of
pri-miR-BART6. However, we cannot exclude the possibility that
ADAR?2 may be also able to edit this site.

Processing of Pri-miR-BART6 Is Affected by Editing and Mu-
tation—Many single nucleotide polymorphisms (SNPs) found in
human miRNA genes affect biogenesis and function, suggesting
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in vitro Dicer and/or Drosha cleav-
age assay products were also ana-
lyzed by Northern blotting using
5p- or 3p strand-specific oligonu-
cleotide probes (Fig. 2C). The effi-
cient conversion of both unedited
and edited wild-type (GM607) pri-
miR-BART6 to pre-miR-BART6
and mature miR-BART6 was de-
tected, indicating that the editing
of wild-type pri-miR-BART6 at
the +20 site has no inhibitory
effect on Drosha and Dicer cleav-
age (Fig. 2, A and B). Generation of
- both 5p and 3p mature miRNAs

V from unedited and edited wild-type
I WT (GM607)  ,ri-miR-BART6 was confirmed by
TACTTTAAGETTGETCCAATCCATAGGCTTTTTT TGTGARAACCCRGGGATCGGACTAGCCTTAGAGTA Northern blotting analysis using
miR-BART6-5p miR-BART6-3p strand—specific probes (Flg 2C)
Similarly, unedited Daudi (C666-1)
[\ i f pri-miR-BART6 RNAs were pro-
-rAcﬁTAAGéTTGGTCCAATCCATAGGci'i-iTGTGAAAAccCGGGGATcGGXCTAGéCTF%GAGiA although Dicer cleavage efficiency
miR-BART6-5p 4o miR-BART6-3p was reduced to ~70% of the uned-
© ited wild-type level, likely due to the
deletion of three U residues (Fig. 2,
Band C). However, Drosha cleavage

H/ Hh /‘ . . ..
; ;‘ H H,‘\‘ N\/\ /\/\/\N \M \/\NW\/ \/\ e of edited Daudi (C666-1) pri-miR-
TACTTTAAGGTTGGTCCAATCCATAGGCTTTTGTGAAAACCCGGGGATCGGACTAGCCTTAGAGTA BART6 was completely blocked
miR-BART6-5p iR-BARTG- 3p A (Fig. 2, A and C). Binding of DGCR8

deI 3T

FIGURE 1. A-to-1 RNA editing of pri-miR-BART6 RNAs. A, shown are hairpin structures of pri-miR-BART6. Two
different hairpin structures of pri-miR-BART6 (partial), the wild-type from GM607 cells and a mutant found in
Daudi Burkitt and C666-1 cells, are shown. The editing site adenosine (+20 site), highlighted in red, is indicated
by a number with the 5’ end of the mature miR-BART6-3p sequence counted as + 1. The regions to be pro-
cessed into the mature miRNAs (5p sense and 3p antisense strands) are highlighted in green. Mature miR-
BART6-5p and both unedited and edited -3p RNAs are also shown. Three deleted U nucleotides are indicated
in black boxes within the wild-type hairpin structure. B, DNA sequencing chromatograms of RT-PCR products
derived from GM607, Daudi, and C666-1 pri-miR-BART6 RNAs are shown. The RNA editing site (+20) is detected
as an A-to-G change in the cDNA sequencing chromatogram as indicated by red arrows. Three T nucleotides,
deleted in pri-miR-BART6 from Daudi and C666-1 cells, are indicated. Editing frequency was estimated as a
percentage estimated from the ratio of G peak over the sum of G and A peaks of the sequencing chromato-
gram. Two separate measurements were done, and identical results were obtained.

to Daudi (C666-1) pre-miR-BART6
seemed to be unaffected by editing,
as seen from a set of electrophoresis
mobility shift assay (EMSA) gels
(supplemental Fig. 3). The nearly
identical K, values (~5 nm) for
binding to unedited and edited pri-
miR-BART6 RNAs were estimated
from analysis of several EMSA gels.

that they may be associated with diseases (47). Sequence vari-
ations in several EBV pri-miRNAs have also been reported
(16), but the significance of most of these mutations has not
been evaluated. We reasoned that editing at the +20 site and
the mutations found in Daudi and C666-1 cells may affect the
biogenesis of pri-miR-BART6 RNAs. An in vitro pri-miRNA
processing assay using recombinant Drosha-DGCR8 and
Dicer-TRBP complexes (33, 34, 36) was conducted with uni-
formly **P-labeled unedited and “edited” wild-type and Daudi
(C666-1) pri-miR-BART6 RNAs, which were prepared by in
vitro transcription. The edited pri-miRNAs had an A-to-G sub-
stitution at the +20 site. We had previously shown that the
miRNA processing machinery recognizes A-to-G substitutions
of pri-miRNAs as if they were A-to-I changes (34). The radio-
active pri-, pre-, and mature miRNA products were quantita-
tively analyzed after fractionation on a polyacrylamide gel (Fig.
2, A and B). In addition, nonradioactive pri-miRNAs and their

OCTOBER 22, 2010+VOLUME 285+NUMBER 43

Thus, a combination of the deletion
of three U residues and editing at
the +20 site appears to inhibit Drosha cleavage of pri-miR-
BART6 RNAs.

Targeting of Dicer by miR-BART6—The inhibitory effects of
mutation and A-to-I editing on processing of pri-miR-BART6
RNAs into mature miRNAs may indicate that this viral miRNA
plays a role in regulating EBV infection state in Daudi
and C666-1 cells. For instance, suppression of miR-BART6
RNAs may be necessary for EBV to remain at a specific state
of latency. Certain viral miRNAs have been shown to target
genes of the host cell as well as genes of the virus itself (18).
Using the DIANA-microT program (48) we, therefore, pre-
dicted in silico human and EBV target genes for miR-
BART6-5p and miR-BART6 —3p (both unedited and edited iso-
forms). The candidate target genes were pruned by a species
conservation filter and also by accepting only genes that have
multiple target sites within the 3'-UTRs. We found no strong
target gene candidates containing multiple binding sites for
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FIGURE 2. In vitro processing of pri-miR-BART6 RNAs by miRNA processor complexes. A, effect of editing on Drosha cleavage of wild-type and mutant
pri-miR-BART6 RNAs was tested with uniformly 3P-labeled pri-miR-BART6 RNAs. The mutant pri-miR-BART6 sequences of Daudi and C666-1 are identical. Thus,
itis indicated as Daudi or C666-1. Unedited or edited pri-miR-BART6 RNAs (i.e. containing an A-to-G substitution at the +20 site) was subjected to the Drosha
cleavage reaction using Drosha-DGCR8 complex. B, effect of editing on Dicer cleavage is shown. The Drosha-DGCR8 reaction products were subjected to the
Dicer cleavage reaction using the Dicer-TRBP complex. A and B, three independent assays were done. Differences analyzed by Mann-Whitney U test: **, p <
0.005; ***, p < 0.001. Error bars, S.E. (n = 3). C, Northern blotting analysis of in vitro processed miR-BART6 RNAs is shown. Nonradioactive pri-miR-BART6 RNAs
processed in vitro by Drosha-DGCR8 and/or Dicer-TRBP complexes were analyzed by Northern blotting using a *2P-labeled 5p- or 3p-strand specific oligo

probe. Representative results for unedited and edited pri-miR-BART6 RNAs of wild-type (GM607) and mutant (Daudi) are shown.

miR-BART6-5p or -3p RNAs in the EBV genome. By contrast,
the screening identified 14 human strong candidates for miR-
BART6-5p and 3 human targets for miR-BART6 —3p regardless
of whether miR-BART6-3p RNAs were edited or unedited
(supplemental Table 1). Because the +20 editing site of miR-
BART6-3p is located outside of the seed sequence (Fig. 14), it
was anticipated that editing should not severely affect the selec-
tion of target genes.

Most interestingly, Dicer was one of the high-score targets
for miR-BART6-5p (supplemental Table 1). Because of its
importance and global effects on many genes via RNAi, we
decided to further investigate the targeting of Dicer by miR-
BART6-5p RNAs. Four target binding sites were identified
within the ~1.5-kb region of human Dicer mRNA 3'-UTR (Fig.

33362 JOURNAL OF BIOLOGICAL CHEMISTRY

3, A and B, and supplemental Experimental Procedures).
Although a limited conservation of some 5p sites for elephant
(site 1 and site 4) or armadillo (site 1 and site 2) was found, all
four sites identified were otherwise unique to the human Dicer
3’-UTR and not evolutionarily conserved even for the chim-
panzee Dicer 3'-UTR (data not shown). This is unusual for high
score targets, which often have better species conservation,
supporting their biological significance. In light of the fact
that EBV specifically infects human, it is possible that miR-
BART6-5p evolved to target Dicer specifically in human during
the establishment of the EBV-host relationship.

In vitro validation experiments were conducted in HeLa
cells (these cells are EBV-negative and, thus, lack pre-exist-
ing miR-BART6 RNAs) cotransfected with a luciferase
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FIGURE 3. Target sites for miR-BART6-5p RNAs identified in the 3’-UTR of human Dicer mRNA. A, the
locations of four miR-BART6-5p target sites located within the 3’-UTR of human Dicer mRNA are schematically
presented. B, RNA duplex formation between the Dicer 3’-UTR target sites and miR-BART6-5p RNAs are dia-
grammed. C, shown is a diagram of the luciferase reporter plasmid containing the four 5p strand target sites.
D, relative luciferase activities in Hela cells cotransfected with the reporter vector containing 4 X 5p sites are
shown. Two controls, the vector-only transfection, and cotransfection with the unrelated sequence C. elegans
miR-67 were conducted. Expression levels of the luciferase reporter gene were normalized by expression levels
of a cotransfected B-galactosidase reporter gene. Three independent assays were conducted. The luciferase
activities were compared statistically by Mann-Whitney U tests. Significant differences between vector only
and miR-BART6-5p or -3p cotransfected experiments are indicated by asterisks; ***, p < 0.001. Error bars, S.E.
(n=3).

reporter construct containing the Dicer 3'-UTR including
the four target sites of miR-BART6-5p (reporter-4 X 5p) (Fig.
3C). The luciferase expression levels were clearly suppressed by
miR-BART6-5p (4-fold) but not by miR-BART6-3p in HeLa
cells that were cotransfected with the 4 X 5p vector (Fig. 3D).
For an unknown reason, our negative control Caenorhabditis
elegans miR-67 RNAs unexpectedly increased the luciferase
expression (Fig. 3D). This is not due to nonspecific exhaustion
of the miRNA-mediated silencing machinery by this control
miRNA, as the other sequence-unrelated control miRNA,
human miR-376a-5p, had no effect on the luciferase expression
(data not shown). The results strongly indicate that the four

be affected by editing.

OCTOBER 22, 2010+VOLUME 285+NUMBER 43

Dicer mRNA 3'-UTR sites are in-
deed target sites of miR-BART6-5p
RNAs. To validate the targeting of
the Dicer mRNA by miR-BART6
RNAs in vivo, we then measured
endogenous expression levels of Dicer
in HeLa cells. We found a substan-
tial reduction in the Dicer levels
(3.5-fold) in HeLa cells transfected
with miR-BART6-5p but not with
control cel-miR-67 (Fig. 44), con-
firming in vivo targeting of Dicer by
miR-BART6-5p RNAs.

Suppression of miRISC Loading of
miR-BART6-5p RNAs by Editing—
To further confirm the in vivo silenc-
ing of Dicer by miR-BART6 RNAs,
we prepared two tetracycline-in-
ducible pri-miR-BART6 RNA ex-
pression constructs in a lentivirus
vector system; one expressing un-
edited wild-type pri-miR-BART6 and
the other expressing the edited pri-
miR-BART6 containing an A-to-G
substitution at the +20 editing site.
HEK293 cells (also EBV-negative
and, thus, lacking pre-existing miR-
BART6-5p RNAs) were infected
with the lentiviral constructs and
subjected to conditional induction
of pri-miR-BART6 and consequent
mature miR-BART6 RNAs. Very
low editing activities have been
reported in HEK293 cells (49), and
we confirmed that the pri-miR-
BART6 RNAs derived from the un-
edited pri-miRNA expression con-
struct were barely edited (<5%, data
not shown). Dicer levels were re-
duced by 70% in HEK293 cells
infected with the unedited pri-miR-
BART6 construct compared with
the vector control (Fig. 4B). The
reduction in the Dicer levels was
also detected in HEK293 cells in-
fected with the edited pri-miR-

BART6 construct. However, the extent of suppression was
much less, by 25%. This may indicate that editing of the wild-
type pri-miR-BART6 RNA has negative effects on the in vivo
expression or functions of miR-BART6-5p RNAs, although no
difference was noted between unedited and edited pri-miR-
BARTG6 of wild-type (GM607) in in vitro pri-miRNA process-
ing (Fig. 2). No significant difference in miR-BART6-5p RNA
levels was detected between HEK293 cells infected with the
unedited and edited pri-miR-BART6 expression constructs
(supplemental Fig. 4), indicating that the stability and/or
turnover of the mature miR-BART6-5p RNAs is unlikely to
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FIGURE 4. Repression of Dicer by miR-BART6-5p RNAs. A, Western blot analysis of Dicer expression levels in
HeLa cells transfected with miR-BART6-5p RNAs is shown. Two control experiments were conducted; Hela cells
without transfection or transfected with a sequence-unrelated C. elegans miR-67. As a normalization control,
B-actin levels were also monitored. A summary graph of normalized Dicer expression levels is also presented.
B, shown is a Western blot analysis of Dicer expression in HEK293T cells infected with inducible lentivirus
vectors for expression of unedited or edited (A-to-G substitution at the +20 site) pri-miR-BART6 RNAs. Expres-
sion of pri-miR-BART6 RNAs was induced with 2 pg/ml doxycycline (DOX). In the presence of doxycycline, the
control vector directs the expression of non-silencing verified negative siRNAs (Open Biosystems). A summary
graph of normalized Dicer expression levels is also shown. A and B, significant differences were analyzed by

BART6 RNAs. This is the first
example of A-to-I editing of a pri-
miRNA affecting miRISC loading.
Suppression of Many miRNAs by
miR-BART6-5p—The dramatic re-
duction in the Dicer expression
mediated by miR-BART6-5p (Fig.
4) suggests that it may affect the
biogenesis of miRNAs globally. We,
therefore, examined the effects
of Dicer suppression on expression
of other miRNAs by miRNA array
analysis. The miRNA levels were
examined in HeLa cells with sub-
stantially reduced Dicer levels after
transfection with miR-BART6-5p
RNAs (Fig. 4A). Once again, HeLa
cells were used because of the ab-
sence of preexisting miR-BART6
RNAs. This study revealed that lev-
els of at least 69 miRNAs were sig-
nificantly reduced, and 14 of these
miRNAs showed more than 2-fold
suppression (supplemental Fig. 5A).
Synthesis of these miRNAs may
be particularly sensitive to the Dicer
concentration. Interestingly, the ex-
pression of three miRNAs, miR-
196b-5p, miR-205-5p, and miR-
624 —5p (supplemental Fig. 5B), was
increased. Although we do not have
a confirmed explanation for up-reg-
ulation of these three miRNAs, one
possibility is that the genes regulat-

Mann-Whitney U tests: *, p < 0.05; **, p < 0.005; ***, p < 0.001. Error bars, S.E. (n = 3).

As one of the remaining possibilities, we thought that edit-
ing might affect the selection and loading of the “effective”
strand onto the miRISC complex (50). We, therefore, exam-
ined the assembly of functional miRISC from recombinant
FLAG-tagged Ago-2 complexed with Dicer and TRBP and
either unedited or edited wild-type pre-miR-BART6 RNAs
(Fig. 5A) as described previously (43, 44). We found that forma-
tion of the functional miRISC and consequent silencing (cleav-
age) of the 5p target RNA was indeed much more efficient with
unedited pre-miR-BART6 than with edited pre-miR-BART6
(Fig. 5, Band C). Loading of miR-BART6 —3p strand RNAs and
consequent cleavage of their target RNA were extremely in-
efficient (Fig. 5, B and C), indicating that miR-BART6-5p is
the major effective strand. The cloning frequency for miR-
BART6-5p and -3p RNAs in GM607 cells also confirmed that
the 5p strand is the effective strand. No sequence variations in
the 5" end sequence of the 5p strand was noted among miR-
BART®6 clones, indicating that editing at the +20 site does not
affect the Drosha cleavage site (data not shown). Together our
results clearly demonstrate that editing of the wild-type pri-
miR-BARTS, although not affecting the processing to pre- and
mature miRNAs, inhibits the overall silencing effects of miR-
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ing the expression of these miRNAs
may be controlled negatively by
other miRNAs whose levels are reduced. Our results demon-
strate that suppression of Dicer mediated by miR-BART6-5p
RNAs affects the expression of a large number of miRNAs.
Modulation of the EBV Latency State by miR-BART6-
Sp RNAs—We then asked whether Dicer silencing by miR-
BART6-5p RNAs could control the EBV infection state. To
examine this possibility, we first examined the relative expres-
sion levels of miR-BART6-5p strand RNAs and Dicer among
GM607, Daudi, and C666-1 cells by qRT-PCR. Much higher
levels of miR-BART6-5p were detected in C666-1 cells, which
have much less editing than GM607 and Daudi cells (Fig. 6A).
The low levels of miR-BART6-5p in GM607 and Daudi cells are
consistent with the high editing rate of pri-miR-BART6 RNAs
in these cells (Fig. 1B), which affects their processing (Fig. 2),
miRISC formation (Fig. 5C), and consequently the levels of
mature miR-BART6-5p RNA. As expected, Dicer levels were
lowest in C666-1 cells, in inverse relation to the miR-BART6-5p
levels (Fig. 6B). Accordingly, we decided to explore the signifi-
cance of Dicer repression by miR-BART6-5p RNAs in C666-1
cells. We first attempted to antagonize the miR-BART6-5p
RNAs expressed in C666-1 cells by transfection of a miR-
BART6-5p antagomir. As expected, the miR-BART6-5p
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several genes known to be impor-
tant for either lytic infection or the
state of latency: EBNA1, EBNA2,
LMP1, Zta, and Rta (12, 13). EBNA1
is detected in type I, II, and III
latency, whereas EBNA2 and LMP1
are usually detected in type III la-
tency (12, 13). EBNA2 is essential
for the transformation of B lympho-
cytes and plays a central role in type
I1I latency by up-regulating promot-
ers of all latent EBV genes. Defi-
ciency of the EBNA2 expression is
known in type I and II latency (12,
13). A weak expression of LMP1 in
type Il latency and its deficiency in
type I latency have been reported
(12, 13). By contrast, Zta and Rta are
essential for the initiation of the
lytic EBV infection cycle (12, 13).
By antagonizing miR-BART6-5p,
Zta and Rta increased by 2—3-fold,
indicating that miR-BART6-5p keeps
these gene products under control.
Furthermore, we noticed substan-
tial up-regulation of EBNA2 onco-
gene expression (~5-fold) and
LMP1 (~2-fold) by suppression of
miR-BART6-5p RNAs, whereas no
effects on EBNA1 were observed
(Fig. 7A).

The activities of the three viral
promoters Cp, Wp, and Qp were
also monitored (Fig. 7B). Transcrip-
tion from Cp and Wp is characteris-
tic of type III latency (51), whereas
the Qp promoter is used in EBV-
infected cells undergoing type I
or II latency (52, 53). We used
qRT-PCR primers specific for
RNAs initiating at Wp, Cp, or Qp
(54). Significant up-regulation of
type III latency-specific Cp and
Wp promoter activities (5.4- and
11-fold, respectively) were detected
in C666-1 cells transfected with
miR-BART6-5p antagomir. On the
other hand, Qp promoter activities
associated with type I and type II
latency were completely abolished;
that is, not detectable in comparison
to control.

We then attempted to silence

antagomir substantially decreased the miR-BART6-5p level Dicer directly by transfecting a Dicer targeting short hairpin RNA
(~20-fold) with a concomitant increase in the Dicer levels (~2-  (shRNA) expression vector in C666-1 cells (Fig. 7C). This
fold), indicating that miR-BART6-5p RNAs constantly sup- reduced Dicer levels by ~70%, indicating the efficiency of this
press and maintain Dicer at the reduced levels in C666-1 cells  Dicer targeting siRNA expression vector. As expected, changes
(Fig. 7A). We then examined the relative expression levels of inthe marker genes were completely opposite to those noted in
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FIGURE 6. Relative expression levels of miR-BART6-5p and Dicer in differ-
ent cell lines. A, miR-BART6-5p RNA levels were examined by qRT-PCR and
normalized to B-actin mRNA level. Three independent assays were done. Sig-
nificant differences were analyzed by Mann-Whitney U tests. *, p < 0.05. Error
bars, S.E. (n = 3). B, Dicer mRNA levels were monitored by qRT-PCR and nor-
malized to B-actin mRNA levels. Three independent assays were performed.
Significant differences were analyzed by Mann-Whitney U tests. *, p < 0.05.
Error bars, S.E. (n = 3).

C666-1 cells transfected with the miR-BART6-5p antagomir;
that is, an ~7-fold reduction in the EBNA2 expression as well as
substantial down-regulation for LMP1, Zta, and Rta (Fig. 7C),
further confirming that control of these critical viral genes by
miR-BART6-5p is mediated directly via its silencing effects on
Dicer.

Finally, we examined genetically identical pairs of Burkitt
lymphoma Mutu I and Mutu III cell lines, which are in type I
and type III latency, respectively, to assess the function of
miR-BART6-5p and Dicer silencing in B lymphoma cells
(non- nasopharyngeal carcinoma cell lines). We found that
the miR-BART6-5p level is higher in Mutu I than in Mutu III
(supplemental Fig. 6A4). By contrast, the Dicer level was lower
in MutuI than in Mutu IIl as expected (supplemental Fig. 6B). Low
level A-to-I editing of pri-miR-BART6 RNAs was detected only
in Mutu III cells, and no mutations were found in the miR-
BART6 gene of Mutu I and Mutu III cells (data not shown).
Thus, it is currently unknown why higher miR-BART6-5p
expression is detected in Mutu I cells as compared with Mutu
111 cells. We first transfected Mutu I cells with miR-BART6-5p
antagomir. As we observed in C666-1 cells, the antagomir effec-
tively reduced miR-BART6-5p levels (~10-fold) and increased
Dicer levels (1.9-fold). Furthermore, significant up-regulation
of EBNA2, LMP1, Zta, and Rta, as well as Wp and Cp activation,
was detected (Fig. 8, A and B). We then transfected Mutu III
cells with the Dicer shRNA expression plasmid, which success-
fully repressed Dicer levels (~5-fold). Opposite effects of the
miR-BART6-5p antagomir were detected; this, is, suppression
of EBNA2, LMP1, Zta, and Rta (Fig. 8C). Up-regulation of Qp
activities and down-regulation of Cp and Wp activities were
also observed (Fig. 8D).

Together, these results suggest that Dicer suppression medi-
ated via miR-BART6-5p RNAs maintains not only the type II
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latency of C666-1 cells but also the type I latency of Mutu I cells
by suppressing lytic replication and also inhibiting transition of
these cell lines to type III latency, a more immunoresponse-
prone state of the viral infection cycle.

DISCUSSION

Editing Frequency of EBV miRNAs—A-to-I editing of a viral
miRNA, KSHV-miR-K12-10 was first implicated because of
identification of many cDNA clones corresponding to KSHV-
miR-K12-10 RNAs containing an A-to-G substitution com-
pared with the genomic sequence (55). Additional studies
conducted more recently confirmed that this is indeed due
to A-to-I editing at this site of the viral transcript harboring
KSHV-miR-K12-10 by ADAR1 (56). Interestingly, the tran-
script could be processed into the viral miRNA as well as the
mRNA coding for Kaposin A. A-to-I editing and consequent
recoding of Kaposin A reduced its transforming activity (56).
However, the significance of A-to-I editing of KSHV-miR-
K12-10 RNAs remains unknown.

Apart from these reports on KSHV-miR-K12-10 RNAs,
there has been no additional report on A-to-I editing of viral
miRNAs. In this study we examined EBV miRNAs for A-to-I
RNA editing in GM607 B lymphoblastoid cells, Daudi Burkitt
lymphoma cells, and C666-1 nasopharyngeal carcinoma cells.
We found that primary transcripts of four miRNAs, miR-
BHRF1-I, miR-BART6, miR-BARTS, and miR-BART16, undergo
editing at specific sites. In view of ~20% of human miRNAs
being subject to A-to-I editing (33), our findings of editing of 4
of 23 EBV miRNAs indicate that both cellular and viral miRNAs
are subject to editing at about the same frequency. Among four
EBV pri-miRNAs, we focused on pri-miR-BART6, which is
highly edited at the +20 site of the 3p strand side of the hairpin
dsRNA structure.

Suppression of miR-BART6 Expression and miRISC Assembly
by A-to-I Editing—We have shown previously that A-to-I
editing of pri-miRNAs can suppress their processing to pre-
miRNAs by inhibiting Drosha cleavage in the nucleus (34) or
suppress processing of pre-miRNAs to mature miRNAs by
inhibiting Dicer cleavage in the cytoplasm (35). Furthermore, in
some cases A-to-I editing of pri-miRNAs resulted in expression
of miRNAs with an altered (edited) seed sequence and conse-
quent silencing of a set of genes different from those targeted by
the unedited version miRNAs (36).

In vitro pri-miR-BART6 processing studies revealed that a
combination of A-to-I editing at the +20 site, and the three-U-
residue deletion mutation, as observed in Daudi Burkitt lym-
phoma and C666-1 nasopharyngeal carcinoma cells, blocks the
Drosha cleavage step completely. Editing of wild-type pri-miR-
BART6 RNAs did not affect their processing. However, loading
of miR-BART6-5p onto the functionally active miRISC was
substantially inhibited by A-to-I editing at the +20 site. Editing
of pri-miR-BART6 RNAs reported in this study is the first
example in which editing suppresses loading of miRNA onto
miRISC.

Selection of miR-BART6-5p as an Effective Strand—It has
been reported that the relative stabilities of the base pairs at the
5’ ends of the duplex consisting of two miRNA strands deter-
mine the selection of the effective strand, which is loaded onto
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FIGURE 7. Control of viral genes critical for the state of latency and lytic viral replication. A, up-regulation of EBV
genes critical for latency and viral replication by the miR-BART6-5p antagomir is shown. Expression of select viral
genes including miR-BART6-5p in C666-1 cells transfected with the miR-BART6-5p antagomir or control (sequence
unrelated Qiagen AllStars Negative Control siRNA) was examined by gRT-PCR. Three independent assays were
done. Significant differences were analyzed by Mann-Whitney Utests. *, p < 0.01; **,p < 0.005; ***, p < 0.001. Error
bars, S.E. (n = 3). B, shown are changes induced by the miR-BART6-5p antagomir in the viral promoters Qp,
specific for the type | and type Il latency, and Cp and Wp, specific for the type lll latency. Transcripts initiated
from Qp, Cp, and Wp were determined by qRT-PCR and compared with B-actin transcripts. Three independent
assays were done. Significant differences were analyzed by Mann-Whitney U tests. **, p < 0.005; ***, p < 0.001.
Error bars, S.E. (n = 3). C, repression of EBV genes after Dicer knock-down by shRNA. Expression of viral genes in
C666-1 cells transfected with the Dicer targeting shRNA expression plasmid or control vector containing
shRNA against LacZ was monitored by qRT-PCR. Three independent assays were conducted. Significant differ-
ences were analyzed by the Mann-Whitney U test. ¥, p < 0.01; ***, p < 0.001. Error bars, S.E. (n = 3).

with the more stable 5’ end of the
duplex was much more effectively
loaded onto miRISC (Fig. 5B). More
recently, major roles played by
internal mismatched pairs in the
selection of the effective strand for
loading onto miRISC and also for
unwinding of the duplex and conse-
quent formation of the functional
miRISC have been reported (58).
According to the studies, central
mismatches including G-U wobble
pairs at positions 7—11 increase the
formation of the miRNA duplex-
miRISC, whereas the presence of
an additional mismatch within the
seed sequence and/or 3'-mid re-
gions at positions 12—-15 promotes
unwinding of the duplex and forma-
tion of the mature functional miRISC
containing the single-stranded effec-
tive miRNA (58). Interestingly, the
miR-BART6-5p effective strand du-
plex contains these central (G-U at
position 8), seed (G-U at position 6),
and 3'-mid region (A-C at position
13) mismatched pairs (Fig. 54), per-
haps explaining at least partly why
the 5p strand is more effective than
the 3p strand.

Although the presence of an in-
ternal U-G or U wobble pair in
place of a U-A Watson-Crick pair
decreases the stability of the RNA
duplex structure, a terminal U-G or
Ul pair confers more stability,
although subtle, to the RNA duplex
than a U-A pair (59). Thus, replace-
ment of a U-A base pair with Ul
(U-G) wobble pair at the 5" end of
the 5p and 3p strand duplex due to
editing at the +20 site is likely to
increase the stability of the duplex,
consistent with our observation that
loading of miR-BART6-5p is much
more efficient with unedited pre-
miR-BART6 than with edited pre-
miR-BART6 RNAs. Taken together,
A-to-I editing at the +20 site sup-
presses the miRISC loading due to

miRISC and acts as the functional miRNA (50, 57). According
to these studies, the strand whose 5’ end of the sense-antisense
strand duplex is less stable is more frequently selected as the
effective strand (50, 57). Interestingly, the miR-BART6 duplex
consisting of 5p and 3p strands generated by Dicer cleavage
predicts the selection of the 3p strand as the effective strand
because of a relatively long fray present in the 5" end of the 3p
strand duplex (Fig. 54). However, we noted that the 5p strand
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increased stability of the 5" end of the 5p strand of the duplex.

Significance of Dicer Repression by miR-BART6 for the Viral
Life Cycle—Most significantly, we provided evidence that miR-
BART6-5p suppresses Dicer expression through binding to
four target sites present within the 3’-UTR of the human Dicer
mRNA. Interestingly, these four target sites are not conserved
in the mouse or even chimpanzee Dicer mRNA, revealing that
miR-BART6-5p RNAs target only human Dicer. In view of the
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FIGURE 8. The effects of miR-BART6-5p and Dicer silencing in Blymphoma cells. A, shown is up-regulation
of EBV genes critical for latency Il and lytic replication in Mutu | cells transfected with the miR-BART6-5p
antagomir or control siRNA. Dicer and miR-BART6-5p levels were also monitored. Three independent gRT-PCR
assays were performed. Significant differences were analyzed by Mann-Whitney U tests. **, p < 0.005; ***, p <
0.001. Error bars, S.E. (n = 3). B, changes in viral promoter activities were induced in Mutu | cells by the miR-
BART6-5p antagomir. Three independent gRT-PCR assays were done. Significant differences were analyzed by

Mann-Whitney U tests. ***, p < 0.001. Error bars, S.E. (n = 3). C, down-regulation

Il and lytic replication was detected in Mutu Il cells transfected with the Dicer targeting shRNA expression
plasmid or control vector containing shRNA against LacZ. Three independent qRT-PCR assays were done.
Significant differences were analyzed by Mann-Whitney U tests. *, p < 0.05; **, <0.005; ***, p < 0.001. Error bars,
S.E. (n = 3). D, changes in viral promoter activities were induced in Mutu Il cells by Dicer knockdown. Three
independent gRT-PCR assays were performed. Significant differences were analyzed by Mann-Whitney U tests.

** p < 0.005; ***, p < 0.001. Error bars, S.E. (n = 3).

EBV host specificity, i.e. EBV infections occur only in human,
silencing of Dicer by miR-BART6-5p might have been estab-
lished during the course of EBV evolution into a human-spe-
cific virus. It may be prudent to discount species conservation,
usually used as one of the important parameters for target pre-
diction programs, when target genes of a miRNA from a virus
with narrow host range are screened.
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(60). It was proposed that EBV
may manipulate the expression of
miRNAs as a major regulatory step
in the viral life cycle, whereas host
cells may potentially use miRNAs in
response to EBV (18, 60). It appears
that miR-BART6-5p likely is this

R X

[ Control LacZ shRNA
[l Dicer shRNA

R proliferation (66). Promotion of
epithelial-to-mesenchymal transi-
tion and metastasis is controlled by
miR-103/107 that down-regulates
Dicer and consequently miR-200 (65).
It appears that EBV has acquired
miR-BART6 to mimic the powerful
strategy of let-7 or miR-103/107 to
down-regulate host cell miRNA
production, which may be necessary
to respond to host immune re-
sponse and help EBV to stay in a
specific state of latency and not ini-
tiate lytic viral replication. Suppres-
sion of miR-BART6-5p by antagomir indeed resulted in activa-
tion of EBNA2, LMP1, Zta, and Rta genes, critical for transition
to type Il latency or lytic replication, in Mutu I and C666-1 cells
usually remaining in the less immune reactive type I and type II
latency, respectively. In addition, the type III latency-specific
Cp and Wp promoter activities were dramatically activated by
miR-BART6-5p antagomir, whereas the type I and type II
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latency-specific Qp promoter activities were suppressed by the
antagomir. We currently have no explanation how these pro-
moter activities are up- or down-regulated. Involvement of
B-cell-specific factors that activate the Wp promoter has been
reported (67). On the other hand, many factors including E2F1,
Rb, and LSD1 histone demethylase have been suggested to con-
trol the Cp promoter activities (68). Reduction of Dicer and
consequent suppression of specific miRNAs that control these
factors may be one possible mechanism to affect different viral
promoter activities.

In conclusion, our results suggest the important roles played
by EBV miR-BART6 RNAs in the regulation of viral replication
and latency. Naturally occurring pri-miR-BART6 mutation and
editing may be an adaptive selection to counteract the miR-
BART®6 function.
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