
Modulation of MicroRNA Cluster miR-183-96-182 Expression by
Epstein-Barr Virus Latent Membrane Protein 1

Lassad Oussaief,a Ali Fendri,b Béatrice Chane-Woon-Ming,b Remy Poirey,c Henri-Jacques Delecluse,c Irène Joab,a Sébastien Pfefferb

UMR 1197 Inserm-Université Paris 11, Hôpital Paul Brousse, Villejuif, Francea; Architecture et Réactivité de l’ARN, Institut de Biologie Moléculaire et Cellulaire du CNRS,
Université de Strasbourg, Strasbourg, Franceb; German Cancer Research Center (DKFZ), mixed unit DKFZ/Inserm F100-U1074, Pathogenesis of Virus-Associated Tumors,
Heidelberg, Germanyc

ABSTRACT

Epstein-Barr virus (EBV) is an oncogenic human herpesvirus involved in the pathogenesis of Burkitt’s lymphoma (BL) and vari-
ous other lymphoproliferative disorders. In BL, EBV protein expression is restricted to EBV nuclear antigen 1 (EBNA1), but
small noncoding RNAs such as EBV-encoded small RNAs (EBERs) and microRNAs (miRNAs) can also be detected. miRNAs play
major roles in crucial processes such as proliferation, differentiation, and cell death. It has recently become clear that alterations
in the expression profile of miRNAs contribute to the pathogenesis of a number of malignancies. During latent infection, EBV
expresses 25 viral pre-miRNAs and modulates the expression of specific cellular miRNAs, such as miR-155 and miR-146, which
potentially play a role in oncogenesis. Here, we established the small-RNA expression profiles of three BL cell lines. Using large-
scale sequencing coupled to Northern blotting and real-time reverse transcription-PCR (RT-PCR) analysis validation, we dem-
onstrated the differential expression of some cellular and viral miRNAs. High-level expression of the miR-183-96-182 cluster and
EBV miR-BamHI A rightward transcript (miR-BART) cluster was significantly associated with EBV type I latency. This expres-
sion was not affected by viral reactivation since transforming growth factor �1 (TGF-�1) stimulation did not significantly
change the miRNA profiles. However, using several approaches, including de novo infection with a mutant virus, we present evi-
dence that the expression of latent membrane protein 1 (LMP-1) triggered downregulation of the expression of the miR-183-96-
182 cluster. We further show that this effect involves the Akt signaling pathway.

IMPORTANCE

In addition to expressing their own miRNAs, herpesviruses also impact the expression levels of cellular miRNAs. This regulation
can be either positive or negative and usually results in the perturbation of pathways to create a cellular environment that is
more “virus-friendly.” For example, EBV induces the expression of miR-155, a well-characterized oncomiR, which leads to in-
creased cell proliferation and decreased cell death. Here, we show that EBV-encoded LMP-1 is also involved in the downregula-
tion of a cluster of three miRNAs, miR-183, -96, and -182, which are known to be also repressed in several cancers. We therefore
identify yet another potential player in EBV-induced oncogenesis.

More than 90% of adults worldwide are infected with the Ep-
stein-Barr virus (EBV), a member of the herpesvirus family

(1). EBV is linked to the development of various lymphocyte ma-
lignancies, including Burkitt’s lymphoma (BL), Hodgkin disease
(HD), NK/T tumors, and lymphoproliferations linked to immu-
nosuppression, including posttransplant lymphoproliferative dis-
orders (PTLD) and AIDS-associated lymphomas (2). EBV mostly
establishes a latent infection in its target cells. The expression pat-
tern of latent genes allows distinguishing among three different
latency types termed latency I to latency III. Latency III is charac-
terized by the expression of all the known EBV latent proteins:
EBV nuclear antigen 1 (EBNA1), -2, -3A, -3B, -3C, and -leader
protein [LP] and latent membrane protein 1 (LMP-1), LMP-2A,
and LMP-2B (3). BL expresses only EBNA1 and is categorized as
latency I. HD, nasopharyngeal carcinoma, and NK/T-cell lym-
phoma display a type II latency, which is characterized by the
expression of EBNA1, LMP-1, LMP-2A, and LMP-2B.

LMP-1 is considered to be the major oncoprotein of EBV, as it
confers tumorigenicity to transformed rodent fibroblasts in nude
mice and is expressed in HD, nasopharyngeal carcinoma, and im-
munosuppression-associated tumors (4, 5). It stimulates gene ex-
pression by activating various signaling pathways, such as the nu-
clear factor p38/mitogen-activated protein kinase (p38/MAPK),

nuclear factor (NF)-�B, c-Jun N-terminal kinase (JNK)/activa-
tion protein 1 (AP-1), and phosphatidyl inositol 3 kinase (PI3K)
pathways (6).

MicroRNAs (miRNAs) are small, �22-nucleotide (nt)-long
noncoding RNAs which interfere with gene expression through
destabilization of mRNA and inhibition of the translation ma-
chinery (7). MiRNAs regulate a variety of developmental and
physiological processes. Their dysregulation is often found in can-
cer pathogenesis, where they function as oncogenes or tumor sup-
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pressors (8, 9). EBV was the first human virus shown to express
miRNAs (10) and is to date the human virus that has been found
to encode the most miRNAs, with 25 precursor miRNAs (pre-
miRNAs) (11–14). EBV miRNAs are produced from two genomic
clusters, BHRF1 and BART, and are expressed at various levels in
tumor samples and different cell lines during viral latency (11, 12).
Thus, expression of the BHRF1 miRNAs is restricted to type III
latency, which is observed in lymphoblastoid cell lines (LCLs) and
PTLD, while BART miRNAs are expressed in all latency stages (11,
15, 16).

Viruses often exploit cellular pathways in order to promote
their replication cycle. Accordingly, they can also regulate the ex-
pression of cellular miRNAs to promote an environment favor-
able for the virus. Along these lines, some studies have shown a
strong correlation between the latency-associated LMP-1 onco-
protein or EBV type III latency and the expression of miR-155 and
miR-146a (17–19) but also with the suppression of miR-204 ex-
pression (20).

Cellular and EBV miRNA profiling in EBV-positive lym-
phoma cell lines in the three types of latency states has not been
investigated. In this study, we performed small-RNA (sRNA)
cloning followed by deep sequencing to analyze the expression
profiles of the viral and cellular miRNAs of EBV-positive Mutu,
Kem, and Sav BL cell lines treated with transforming growth
factor �1 (TGF-�1) or left untreated. Mutu and Kem cells were
in latency I as expected and are therefore referred to as Mutu-I
and Kem-I. We took advantage of the appearance of a subcul-
ture of Sav cells expressing LMP-1 without EBNA2, which we
refer to as Sav* cells, to look at the effect of LMP-1 expression
in a BL context. In particular, we found that LMP-1 appears to
participate in the deregulation of specific miRNAs, including
the downregulation of the miR-183-96-182 cluster. We first
validated this observation using BL41 cells infected with either
the B95.8 or the P3HR1 virus. Because we could not distinguish
between the effects mediated by LMP-1 and those mediated by
EBNA2 in this context, we turned to de novo infection of EBV-
negative Elijah cells with either a wild-type (wt) EBV or a LMP-
1-deletion mutant EBV. This allowed us to definitely link the
downregulation of the miR-183-96-182 cluster to the expres-
sion of LMP-1. We also confirmed that the expression of CYLD
and KRAS, known targets of, respectively, miR-182 and miR-
96, was inversely correlated with the expression of the miR-
183-96-182 cluster. Finally, we showed that Akt was required
for the downregulation of miR-183-96-182 expression.

MATERIALS AND METHODS
Cell culture and reagents. The EBV-positive Burkitt’s lymphoma cell
lines were maintained in RPMI 1640 medium (Invitrogen, France) sup-
plemented with 2 mM glutamine (Invitrogen, France), 100 �g/ml of pri-
mocin (Cayla, Toulouse, France), and 10% heat-inactivated fetal calf se-
rum (FCS) (Invitrogen, France). TGF-�1 stimulation was performed in a
formulation of this medium containing a reduced FCS concentration
(0.5%). Purified recombinant TGF-�1 from Abcys (France) was added to
reach a final concentration of 2 ng/ml.

Construction of the LMP-1-deletion mutant EBV and infection of
Elijah cells. We constructed the LMP-1 knockout mutant by deleting the
first 1,086 nucleotides from the LMP-1 open reading frame, as well as 32
nucleotides before its start and the two intervening introns (reference
strain NC_007605.1 coordinates 167745 to 169048), using homologous
recombination with the B95-8 bacmid (21, 22). The deletion was ob-
tained by exchanging this segment of the EBV genome with a kanamy-

cin cassette flanked by FLP recombination sites cloned in the pCP15
plasmid. This was achieved by PCR amplification of the kanamycin
cassette with the underlined sequences in the following composite
primers: 5=-GTCATAGTAGCTTAGCTGAACTGGGCCGTGGGGGT
CGTCAAACAGCTATGACCATGATTACGCC-3= and 5=-TACATAA
GCCTCTCACACTGCTCTGCCCCCTTCTTTCCTCCCAGTCACGA
CGTTGTAAAACGAC-3=. The nonunderlined external segments of
these primers are homologous to the LMP-1 gene and are used to
mediate homologous recombination.

The Elijah cell line was established from an EBV-positive Burkitt’s
lymphoma cell line. However, cell clones that have lost the EBV genome
are available and were reinfected with the EBV wild type or with the
LMP-1 knockout. Approximately one-third of cells were infected and
expressed green fluorescent protein (GFP). These cells were sorted for
GFP positivity on a FACSAria cell sorter (Becton-Dickinson). After sort-
ing, purity exceeded 99%.

Small-RNA cloning and sequencing. Total RNAs were extracted from
untreated (0 h) and TGF-�1-treated (2 h and 24 h posttreatment) Mutu-I,
Kem-I, and Sav* cells by using TRIzol reagent. Small-RNA libraries were
prepared from 25 �g of total RNA as previously described (23, 24), and
deep sequencing was performed at the IGBMC Microarray and Sequenc-
ing platform (Illkirch, France), using an Illumina Genome Analyzer IIx
instrument with a read length of 36 nt. As the sRNA library deriving from
the untreated (0 h) Sav* cells presented with around two times fewer reads
than the other libraries, it was sequenced twice and the corresponding
reads were pooled prior any analysis.

Deep-sequencing data analysis. Short sequences produced by the Il-
lumina instrument were preprocessed and annotated using an in-house
pipeline. The Dustmasker program (25) and FASTX-Toolkit (http:
//hannonlab.cshl.edu/fastx_toolkit) were successively applied to filter out
low-complexity reads and to remove instances of the 3= adaptor. Remain-
ing reads of 15 to 32 nt in length were then mapped simultaneously to the
human (UCSC repository—assembly version hg19) and the EBV (RefSeq
database—GenBank accession number NC_007605.1) genomes using
Bowtie 0.12.7 (26) by permitting up to 1 mismatch in the first 15 nucleo-
tides of each read. Only alignments from the lowest mismatch stratum
were recorded provided that they did not exceed a total number of 2
mismatches, and reads that could map to more than 50 loci were dis-
carded. From there, all known Homo sapiens and EBV miRNAs (miRBase
v.17 [27]) were annotated using BEDTools 2.16.2 (28) by comparing their
genomic coordinates to those of the aligned reads and by keeping reads
with at least 50% of their length inside the genomic feature. During the
quantification process, multiple mapped reads were weighted by the
number of mapping sites in genomic features of interest. To allow subse-
quent comparative expression analysis, miRNA measures were normal-
ized per 105 miRNA reads. Hierarchical clustering with complete linkages
and Euclidean distances was performed using the union of the 100 most
abundant cellular miRNAs as well as all the viral miRNAs in each com-
pared library and the log2-transformed data.

FIG 1 TGF-�1 treatment readily induced expression of the ZEBRA lytic gene
in all treated cell lines. Results of Western blot analysis for detection of the
indicated proteins in Mutu-I, Kem-I, and Sav* cells treated with TGF-�1 or left
untreated are shown. B95.8 cells were used as a positive control, and tubulin
was used as a loading control.
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Northern blot analysis. Total RNA (10 �g) was mixed with an equal
volume of formamide loading dye, and the mixture was heated at 95°C for
30 s prior to separation in a 17.5% urea-acrylamide gel. RNA was trans-
ferred to a Hybond-NX membrane (Amersham Biosciences) in Milli-Q
water and chemically cross-linked at 65°C by using 1-ethyl-3-[3-dimeth-
ylaminopropyl] carbodiimide hydrochloride (EDC) (Sigma) for 90 min.
Membranes were prehybridized for 2 h in PerfectHyb Plus solution
(Sigma) at 50°C. All primers were synthesized by Sigma-Aldrich (France).
All the oligonucleotides were 5= end labeled with 25 �Ci of [�-32P]dATP
by using T4 polynucleotide kinase (Fermentas), and the U6 gene was used
as an internal control. The labeled probes were hybridized to the blot
overnight at 50°C. The blot was then washed at 50°C twice for 10 min (5�
SSC [1� SSC is 0.15 M NaCl plus 0.015 M sodium citrate]– 0.1% SDS),
followed by an additional wash (1� SSC– 0.1% SDS) for 5 min. Northern
blots were exposed to phosphorimager plates (Fuji) and scanned using a
FLA-5100 series phosphorimager (Fuji).

RNA extraction and RT-quantitative PCR (qPCR) analysis. Total
RNA from Mutu-I, Kem-I, and Sav* cells treated with TGF-�1 or left
untreated was extracted using TRIzol (Invitrogen, France) and was re-
verse transcribed with a miScript reverse transcription kit (Qiagen). The
resulting cDNAs from 1 �g of total RNA were used for quantification of
miRNA (miR-146a, miR-155, miR-96, miR-182, and miR-183), CYLD,
and KRAS expression by real-time PCR.

For SYBR green real-time PCR, reactions were performed in triplicate
with a miScript SYBR green PCR kit (Qiagen), using the manufacturer’s
protocol, on a LightCycler system (MxPro-Mx3005P; Agilent, France).
All primers were synthesized by Sigma-Aldrich (France).

Relative expression values were calculated according to the com-

FIG 2 Cellular and viral miRNA profiling in EBV-positive BL cell lines. The
heat map shows hierarchical clustering of the different samples and of the 100
most abundant cellular miRNAs and viral miRNAs in each sample on the basis
of their expression profile. High relative miRNA expression (log2 trans-
formed) is indicated by red shading and low expression by blue shading. BART
miRNAs are indicated in red, BHRF1 miRNAs are indicated in green, miR-182
is indicated by an arrow, and miR-146a and miR-155 are indicated by arrow-
heads. hsa, Homo sapiens.

FIG 3 Effect of TGF-�1 expression on a selected subset of miRNAs. Results of
Northern blot analysis of total RNA extracted from Mutu-I, Kem-I, and Sav*
cells before and after induction (at 2 h and 24 h) with TGF-�1 are shown.
Specific probes to measure the level of mature miRNAs miR-30d, miR-16,
miR-155, miR-146a, miR-182, EBV-miR-BART22, and EBV–miR–BHRF1-2
were used. U6 snRNA was used as a loading control.
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parative threshold cycle (�CT) method, with GAPDH (glyceralde-
hyde-3-phosphate dehydrogenase) (for CYLD and KRAS) or U6 (for
miRNAs) as the endogenous reference (relative expression 	 2
�CT;
�CT values 	 average CT values of target 
 average CT values of
endogenous reference).

Western blot analysis. Detection of LMP-1, EBNA2, and GAPDH by
Western blot analysis was performed using a 12% sodium dodecyl sulfate-
polyacrylamide gel. Equal amounts of protein were loaded in all lanes.
The proteins were transferred onto a nitrocellulose membrane (VWR,
France), blocked in phosphate-buffered saline (PBS) containing 5% non-
fat dry milk, and incubated with primary antibody overnight at 4°C. The
anti-LMP-1 S12 monoclonal antibody was kindly provided by Nadira
Delhem (Institut Pasteur de Lille). The antibody against EBNA2 was ob-
tained from Dako (France). The anti-GAPDH antibody, rabbit peroxi-
dase-conjugated IgG, and mouse peroxidase-conjugated IgG were pur-
chased from Ozyme (St Quentin-en-Yvelines, France). The antitubulin
monoclonal antibody was obtained from Sigma. The membrane was
washed in PBS– 0.1% Tween 20, incubated in secondary antibody (horse-
radish peroxidase-conjugated goat anti-mouse or horseradish peroxi-
dase-conjugated goat anti-rabbit) for 1 h at room temperature, and then
washed. Antibody binding was detected by enhanced chemiluminescence
(West Pico or Femto; Pierce Biotechnology). Images were captured using
a CCD camera (LAS-1000; Fuji System).

Akt inhibition. Cells were treated with Akt inhibitor X (Calbiochem)
at a final concentration of 5 �M for 48 h and then tested for viability using
trypan blue before total RNA was extracted and used for mRNA and
miRNA quantification.

Accession numbers. The sequencing data discussed in this publica-
tion have been deposited in NCBI’s Gene Expression Omnibus (29) and
are accessible through GEO Series accession number GSE65752.

RESULTS
Comparison of miRNA profiles of Mutu-I, Kem-I, and Sav*
cells. While characterizing the BL cell lines that we had in the
laboratory, we noticed that the Sav cell line was expressing LMP-1
whereas the Mutu-I and Kem-I cells were expressing neither

LMP-1 nor EBNA2, as expected (Fig. 1). This did not represent a
true latency III type, because there was no expression of EBNA2,
and we do not know whether it is a latency II type, because, for
technical reasons, we could not measure the expression levels of
LMP-2A and LMP-2B. We therefore renamed this Sav-derivative
cell line Sav* and decided to take advantage of this to measure the
impact of LMP-1 on miRNA profiles in a BL context. In addition,
in order to look at the effect of lytic induction, we treated the cells
for 2 and 24 h with TGF-�1. Therefore, we extracted total RNA
from Mutu-I, Kem-I, and Sav* cells before and after TGF-�1
treatment and performed small-RNA cloning and sequencing as
previously described (23, 24). Figure 2 shows the results of com-
parisons of the expression levels of the most abundant cellular and
viral miRNAs in all libraries. Although it strongly induced the lytic
cycle, as assessed by measurement of the ZEBRA protein expres-
sion (Fig. 1), the TGF-�1 treatment appeared to have only a limited
effect in all three cell lines (Fig. 2). However, the miRNA profile of the
Sav* cells clearly showed that they were distinct from the profiles of
the Mutu-I and Kem-I cells. This was true for both cellular and viral
miRNAs. While Mutu-I and Kem-I cells showed a high level of ex-
pression of the BamHI A rightward transcript (BART) miRNAs and a
low level of expression of the BHRF-1 miRNAs, Sav* cells displayed
the opposite expression levels of viral miRNAs (see Table S1 in the
supplemental material). Intriguingly, however, the level of miR–
BHRF1-3 remained low in the Sav* cells. Among the most highly
deregulated cellular miRNAs, we could observe that miR-146a and
miR-155 were strongly upregulated in Sav* cells, as expected from the
presence of LMP-1 in these cells. In addition, we also noticed that
other miRNAs were strongly downregulated, among them miR-182
(Fig. 2). Regulation of this specific cellular miRNA by LMP-1 has not
been reported before; we therefore decided to focus our attention on
this observation.

Validation of the small-RNA sequencing data. According to

FIG 4 Differential expression of miR-146a and miR-155 in latency I and III cell lines versus Sav* cells. Relative expression of the indicated miRNAs was assessed
by RT-qPCR analysis of total RNA extracted from latency I and latency III Mutu and Kem cells and from Sav-I and Sav* cells. Results were normalized to U6
snRNA expression. *, P � 0.001 (Student t test).
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the deep-sequencing results, the general miRNA profile re-
vealed strong differences between the two BL cell lines exhib-
iting type I latency and the Sav* cell line. In order to validate
these observations, we performed Northern blot analysis of
RNA extracted from Mutu-I, Kem-I, and Sav* cells before and
after induction with TGF-�1. As shown in Fig. 3, we confirmed

that the Sav* cells expressed large amounts of miR–BHRF1-2
but no miR-BART22, while Mutu-I and Kem-I showed the
opposite results. We also confirmed the strong overexpression
of miR-146a and miR-155 in Sav* cells compared to Mutu-I
and Kem-I cells. Our analysis also allowed us to validate the
absence of a measurable effect of TGF-�1 treatment on miRNA

FIG 5 Real-time PCR analysis of the expression levels of members of the miR-183-96-182 cluster in Mutu, Kem, and Sav cell lines. (A) Relative expression of the
mature forms of miR-96, miR-182, and miR-183 as assessed by real-time PCR and after normalization to U6 snRNA. (B) Quantification of the expression of the
pri-mir-183-96-182 primary transcript by RT-qPCR after normalization to GAPDH. *, P � 0.05; **, P � 0.01 (Student t test).
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levels in all three cell lines. Finally, we validated the very low
levels of miR-182 in Sav* cells, whereas this miRNA was ex-
pressed at significant levels in the two other cell lines.

In order to make sure that the difference between the Sav* cells
and the Mutu-I and Kem-I cells was not a peculiarity of this spe-
cific cell line, we then included Mutu-III, Kem-III, and Sav-I cell
lines in our analysis to compare the latency I and latency III types
in the same cellular background. Using real-time RT-PCR analy-
sis, we measured the levels of miR-146a and miR-155 and ob-
served that for all of the cell lines (i.e., Mutu, Kem, and Sav), there
was a strong overexpression of these two miRNA in latency III
versus latency I or between Sav* and Sav-I cells (Fig. 4). This
indicates that the LMP-1-mediated effect is not limited to the Sav
cells but can be generalized to other cell lines.

miR-182, -96, and -183 are specifically repressed by LMP-1.
We next measured the expression of miR-182 by RT-qPCR. We
also looked at the expression of two miRNAs, miR-96 and miR-
183, which derive from the same genomic locus and which are
therefore expressed in a cluster with miR-182 on the same primary
transcript. The analysis of miR-182 expression confirmed the
Northern blot results and showed that this miRNA is downregu-
lated in the latency III Mutu and Kem cell lines and in the Sav*
cells compared to the latency I cell lines (Fig. 5A). Similarly,
miR-96 and miR-183 expression levels were lower than those seen
with the latency I cells in all three cell lines tested. To confirm that
the downregulation of these three miRNAs occurred at the level of
the primary transcript, before Drosha processing, we then mea-
sured the level of the pri-mir-183-96-182 transcript by RT-qPCR.
Again, its level was strongly downregulated in Mutu-III, Kem-III,
and Sav* cells compared to the latency I cells (Fig. 5B). These
results thus suggest that LMP-1 expression interferes with expres-
sion of the miR-183-96-182 cluster.

In order to expand further the observation that LMP-1 in-
deed downregulated the expression of miR-96, -182, and -183,
we then analyzed miRNAs from BL41 cells infected with either
the EBV B95.8 laboratory strain or the P3HR1 strain, which
presents a deletion of the BamHI WYH region and conse-
quently lacks the coding sequence for EBNA2. The lack of
EBNA2 results in the absence of LMP-1 expression, as we con-
firmed by Western blot analysis (Fig. 6A), and we therefore
looked at the effect of the two EBV strains on miRNA expres-
sion. We confirmed that BL41-B95.8 cells showed strongly in-
creased expression of both miR-146a and miR-155 compared
to BL41-P3HR1 cells (Fig. 6B). Quantification of miR-96, -182,
and -183 by RT-qPCR also confirmed that in this setup, the
presence of LMP-1 results in a strong downregulation of the
expression of these miRNAs (Fig. 6C).

We then tried to complement the lack of LMP-1 in the BL41-
P3HR1 cells to see whether we could reverse the effect on miR-96,
-182, and -183. To this end, we transduced BL41-P3HR1 cells with
the pLenti6 –LMP-1 lentivirus. However, we did not manage to
affect expression of miR-183-96-182 in this setup, probably due to
a suboptimal level of LMP-1 expression (data not shown). In or-
der to circumvent this problem, we thus turned to the use of a
B95.8 virus in which the LMP-1 gene had been knocked out by
deletion of a roughly 1-kb fragment of the coding sequence. We
used this mutant virus or the parental wild-type (wt) virus to
infect EBV-negative subclone 5E5 of the Burkitt’s lymphoma Eli-
jah cell line. After 4 weeks of infection, about one-third of the cells
were positive for GFP; we thus sorted the cells by fluorescence-
activated cell sorter (FACS) analysis to obtain a pure population of
EBV-infected cells for further analysis. We confirmed that cells
infected with the �LMP-1 mutant virus did not express LMP-1
but did express EBNA2, while cells infected with the wt virus ex-

FIG 6 Effect of LMP-1 expression on miRNA expression in BL41 cells. (A) Expression of LMP-1 and EBNA2 in BL41-P3HR1 and BL41-B95.8 cells was measured
by Western blot analysis. GAPDH was used as an internal control. (B) RT-qPCR analysis of the expression of mature miRNAs miR-146a and miR-155 in BL41
cells infected with the B95.8 or P3HR1 strain of EBV. (C) RT-qPCR analysis of miR-96, -182, and -183 expression in BL41-B95.8 and BL41-P3HR1 cells. *, P �
0.01; **, P � 0.0001 (Student t test).
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pressed both proteins (Fig. 7A). We then measured the expression
of miR-146 and miR-155 by RT-qPCR to confirm that deletion of
LMP-1 had had the expected effect. Our analysis revealed that
expression of both miRNAs was strongly induced in cells infected
by the wt virus compared to cells infected with the mutant virus
(Fig. 7B). We monitored the impact of LMP-1 in this context on
miR-182 and miR-183 expression and observed that cells infected
with the wt virus expressed significantly less of both miRNAs than
cells infected with the �LMP-1 virus (Fig. 7C). We also measured
the expression of the pri-mir-183-96-182 primary transcript by
RT-qPCR and also observed its downregulation in cells infected
by the wt virus compared to cells infected with the mutant virus
(Fig. 7D). Finally, quantification of EBV–miR–BHRF1-2 and
miR-BART22 revealed that, similarly to the results of the experi-
ments performed with Sav* cells versus Mutu-I and Kem-I cells,

their expression was also controlled by LMP-1 (Fig. 7E). Taken
together, these results therefore indicate that, in EBV-positive BL
cell lines, LMP-1 is necessary for the aforementioned regulation of
miRNA expression.

The expression of miR-182 and miR-96 targets is upregu-
lated by LMP-1. Having validated the importance of LMP-1 in the
downregulation of miR-96, -182, and -183, we next looked at the
functional implications of this effect. To do so, we tested known
targets of these miRNAs to check whether their expression was
inversely correlated with that of the regulated miRNAs. Namely,
we analyzed the expression of CYLD and KRAS. CYLD is a K63-
specific deubiquitinase that was previously shown to be involved
in switching off NF-�B signaling (30, 31) and was recently re-
ported to be a direct target of miR-182 in glioma (32, 33). KRAS is
one of the three RAS oncogene family members, which encode

FIG 7 Characterization of Elijah cells infected with the �LMP-1 or wt EBV. (A) Western blot analysis of LMP-1 and EBNA2 expression in Elijah cells infected
with the LMP-1 mutant or wt virus. Actin was used as a loading control. (B) RT-qPCR analysis of miR-146a and miR-155 expression in Elijah cells infected with
either an LMP-1 knockout virus (�LMP-1) or wt EBV B95.8. (C) RT-qPCR analysis of miR-182 and miR-183 expression in the same cells. Results of miRNA
RT-qPCR were normalized to U6 snRNA expression. (D) Quantification of the expression of the pri-mir-183-96-182 primary transcript by RT-qPCR after
normalization to GAPDH in cells infected with the EBV �LMP-1 mutant or the wt virus. (E) RT-qPCR quantification of EBV–miR–BHRF1-2 and -BART22 in
the same cells. U6 snRNA was used as a normalizer. *, P � 0.01 (Student t test).
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small GTPases that are involved in cellular signal transduction
(34). Yu et al. reported that miR-96 targets the KRAS oncogene
and functions as a tumor-suppressing miRNA in pancreatic
cancer cells. Ectopic expression of miR-96 through a synthetic
miRNA precursor inhibited KRAS, dampened Akt signaling,
and triggered apoptosis in cells (35). We measured the expres-
sion of CYLD and KRAS mRNAs by RT-qPCR analysis in
Mutu-I and -III, Kem-I and -III, and Sav-I and Sav* cells using
the GAPDH gene as an internal control. The results indicated that
the expression levels of these two genes are strongly upregulated in
latency III and Sav* cells (Fig. 8A). In addition, we made the same

observation in BL41 cells, where both CYLD and KRAS mRNAs were
upregulated in cells infected with the B95.8 virus, which expresses
LMP-1 (Fig. 8B). Finally, we also measured CYLD and KRAS mRNA
levels in Elijah cells infected with wt or �LMP-1 EBV and observed
that they were upregulated when LMP-1 was expressed (Fig. 8C).

LMP-1 represses expression of the miR-183-96-182 cluster
through Akt signaling. Several studies indicate that LMP-1 acti-
vates phosphatidylinositol 3 kinase (PI3K)/Akt signaling and that
this activation is required for transformation of rodent fibroblasts
(36, 37). We therefore looked into the involvement of Akt in the
regulation of miR-96, -182, and -183 by LMP-1. We treated

FIG 8 Quantification of CYLD and KRAS mRNA expression by RT-qPCR. (A) Expression of CYLD and KRAS mRNAs in Mutu-I and -III, Kem-I and -III, and
Sav-I and Sav*. (B) Expression of CYLD and KRAS mRNAs in BL41 cells infected with the P3HR1 virus or the B95.8 virus. (C) RT-qPCR quantification of CYLD
and KRAS mRNAs in Elijah cells infected with the �LMP-1 virus or the wt virus. GAPDH was used as a normalizer. *, P � 0.05; **, P � 0.01 (Student t test).
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Mutu-III, Kem-III, Sav*, and BL41-B95.8 cells with Akt inhibitor
X for 48 h and measured miRNA expression by RT-qPCR. We
observed strong upregulation of miR-96 expression in cells
treated with the inhibitor (Fig. 9A). A similar effect was observed
for miR-182 and -183 (data not shown).

In parallel, we also measured the expression of KRAS by RT-
qPCR in Mutu-III, Kem-III, Sav*, and BL41-B95.8 cells treated
with Akt inhibitor X or left untreated. As expected, decreased lev-
els of KRAS mRNA in the presence of the inhibitor were measured
in all cell lines (Fig. 9B). Taken together, these results therefore
indicate that PI3K/Akt signaling is essential for the modulation of
the miR-183-96-182 cluster by LMP-1.

DISCUSSION
Viruses are experts in manipulating the machinery of the host
for all of the molecular processes required for their multiplica-
tion and propagation. The miRNA pathway is no exception to
this hijacking rule, and there is now ample evidence that viruses
interact extensively with these small regulatory RNAs. In addi-
tion to the direct use of the host miRNA biogenesis machinery
to express their own miRNAs, viruses have also evolved strat-
egies to modulate the expression of cellular miRNAs. This reg-
ulation can be either positive or negative, and, as recently
pointed out in a review by Guo and Steitz, we can distinguish
between the destroyer, the booster, and the hijacker when we

FIG 9 Role of Akt signaling in LMP-1-induced regulation of the miR-183-96-182 cluster. Mutu-III, Kem-III, Sav*, and BL41-B95.8 cells were treated with Akt
inhibitor X (Akt inh X) for 48 h. (A) Effect of Akt inhibition on miR-96 expression in the indicated cell lines. Results were normalized to U6 snRNA expression.
Ctr, control. (B) RT-qPCR quantification of KRAS mRNA expression in the same cell lines treated with the Akt inhibitor or left untreated. Transcript levels were
normalized to GAPDH expression. *, P � 0.05; **, P � 0.01 (Student t test).
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invoke the impact of viruses on host miRNA (38). For example,
two viruses, herpesvirus saimiri (HSV) and mouse cytomega-
lovirus, have been shown to trigger active degradation of the
mature form of cellular miR-27 (39, 40). In the case of HSV,
this regulation is needed to prevent the regulatory effect of
miR-27 on the T-cell receptor signaling pathway (41). In con-
trast to this “destroyer” mode of action, other viruses boost the
expression of host miRNAs. One of the better-studied exam-
ples is that of the induction of miR-155 expression by EBV,
which can be as high as 1,000-fold in latently infected B lym-
phocytes (42). This overexpression is due to the activation of
pri-mir-155 transcription by LMP-1 through the NF-�B path-
way (43). It has been postulated that high miR-155 levels are
partly responsible for the immortalization of B cells by EBV
(44) and for its oncogenic properties. Indeed, transgenic mice
expressing high levels of this miRNA develop B-cell leukemia
and lymphoma (45). Similarly, miR-146a is also strongly in-
duced by LMP-1, although the implications of this deregula-
tion are not yet known (19).

In this study, we confirmed the upregulation of miR-155 and
miR-146a by EBV LMP-1, and we also report for the first time that
this viral protein is responsible for the acute downregulation of a
cluster of three miRNAs, miR-96, miR-182, and miR-183. Others
have monitored the miRNA profiles of Mutu-I cells but did not
identify the downregulation of these miRNAs, most probably be-
cause they compared these cells to LCLs (46). We provide clear
evidence that, interestingly, the repression of these miRNAs oc-
curs only in cells that are latently infected with EBV and which
express LMP-1 at sufficiently high levels. We were able to identify
a direct link with the role of LMP-1 in this regulation, as infection
of EBV-negative cells with a mutant virus deleted of LMP-1 does
not result in the repression of the miR-183-96-182 that is observed
with a wt virus. We also show that known targets of miR-96 and
miR-182 are regulated in opposite directions as the result of
LMP-1 expression. The latter result provides some indications
regarding the impact of this miRNA regulation, as, for example,
we show that the KRAS oncogene is strongly induced in EBV-
infected cells expressing LMP-1. Our observations are therefore in
favor of a role for miR-183-96-182 as a tumor suppressor that
operates in a manner similar to what has been reported in cases of
oncogenic disorders such as pancreatic cancer (35) and breast
cancer (47). It should be noted, however, that in other cases, such
as that of classical HD, the expression of this cluster can be up-
regulated (48). Nonetheless, in the latter study, most cases were
EBV negative; thus, it would be interesting to look at the impact of
EBV and LMP-1 in HD cell lines. It could very well be that the
expression of this cluster is increased in some tumor cells but can
be repressed by LMP-1. Interestingly, it was recently shown that
another virus, human cytomegalovirus, could induce the expres-
sion of the miR-183-96-182 cluster, although in this case, it was a
lytic infection (49) and the outcome of the infection was an arrest
of the cell cycle, which would be the opposite of the outcome of
EBV infection.

Finally, our results also allowed us to link the effect of
LMP-1 on the expression of the miR-183-96-182 cluster to the
PI3K/Akt signaling pathway. We showed that treatment with
Akt inhibitor X could prevent downregulation of this miRNA
cluster. Akt kinases are known to be key mediators of signal
transduction pathways, and inhibition of Akt signaling induces
apoptosis (see reference 50 for a review). It has been shown that

one of the signaling domains of LMP-1, the carboxy-terminal
activating region which mediates Akt activation, was necessary
for LMP-1-mediated transformation of rat and human fibro-
blasts (37) and of B lymphocytes (51). Taken together, our
results are consistent with the assumption that downregulation
of the expression of the miR-183-96-182 cluster is key for EBV-
mediated transformation.
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