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The Epstein-Barr Virus (EBV)-Induced Tumor Suppressor MicroRNA
MiR-34a Is Growth Promoting in EBV-Infected B Cells
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Epstein-Barr virus (EBV) infection of primary human B cells drives their indefinite proliferation into lymphoblastoid cell lines
(LCLs). B cell immortalization depends on expression of viral latency genes, as well as the regulation of host genes. Given the
important role of microRNAs (miRNAs) in regulating fundamental cellular processes, in this study, we assayed changes in host
miRNA expression during primary B cell infection by EBV. We observed and validated dynamic changes in several miRNAs from
early proliferation through immortalization; oncogenic miRNAs were induced, and tumor suppressor miRNAs were largely re-
pressed. However, one miRNA described as a p53-targeted tumor suppressor, miR-34a, was strongly induced by EBV infection
and expressed in many EBV and Kaposi’s sarcoma-associated herpesvirus (KSHV)-infected lymphoma cell lines. EBV latent
membrane protein 1 (LMP1) was sufficient to induce miR-34a requiring downstream NF-kB activation but independent of func-
tional p53. Furthermore, overexpression of miR-34a was not toxic in several B lymphoma cell lines, and inhibition of miR-34a
impaired the growth of EBV-transformed cells. This study identifies a progrowth role for a tumor-suppressive miRNA in onco-
genic-virus-mediated transformation, highlighting the importance of studying miRNA function in different cellular contexts.

pstein-Barr virus (EBV) is a DNA tumor virus belonging to the

human gammaherpesvirus family capable of establishing a la-
tent infection in nearly 90% of the adult human population
worldwide. EBV infection occurs mainly in human B lymphocytes
and oropharyngeal epithelial cells and is associated with several
human lymphoid- and epithelial-cell malignancies, including en-
demic African Burkitt’s lymphoma (BL), Hodgkin’s disease (HD),
posttransplant lymphoproliferative diseases (PTLD), diffuse large
B cell lymphoma (DLBCL), and nasopharyngeal carcinoma
(NPC) (24).

In vitro, EBV infection of B cells results in proliferation and
outgrowth of indefinitely proliferating lymphoblastoid cell lines
(LCLs) that represent a viable model for the pathogenesis of EBV-
associated malignancies. EBV-mediated growth transformation is
characterized by the expression of a subset of viral gene products
(latency III), including latent membrane protein 1 (LMP1) and
LMP2A/B, as well as the nuclear proteins EBNALI, -2, -3A, -3B, and
-3Cand LP (24). These proteins coordinately regulate host signal-
ing pathways to drive resting B cells to proliferate and ensure cell
survival by inducing strong antiapoptotic signals. In addition to
these viral proteins, LCLs and naturally occurring EBV" DLBCLs
also express several EBV-encoded viral regulatory RNAs, includ-
ing the EBER RNAs, which are thought to act as inhibitors of host
innate immune responses, as well as several virus-encoded mi-
croRNAs (miRNAs) (40).

miRNAs are small noncoding RNAs expressed by all multicel-
lular eukaryotes that negatively regulate gene expression by tar-
geting >30% of human mRNAs. These regulatory RNAs have
been demonstrated to play key roles in a variety of processes, in-
cluding development, the cell cycle, and immunity, and their dys-
function has been associated with several human pathologies, in-
cluding cancer (12). A number of oncogenes, including c-Myc,
directly alter miRNA expression, which can contribute to tumor-
igenesis (30, 34). EBV infection of B cells also deregulates cellular
miRNA expression (1, 14, 23, 27). Among EBV-upregulated
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miRNAs are miR-155 and miR-21, both of which can function as
progrowth onco-miRs, i.e., miRNAs that predispose cells to trans-
formation (21), and miR-146a, which acts as an inhibitor of inter-
feron response gene induction (2). Another miRNA induced by
EBV, miR-34a, has been reported to be activated by the host tran-
scription factor p53 and to participate in growth arrest and apop-
tosis downstream of DNA damage (3, 20, 39, 42, 43, 45).

The changes in miRNA expression observed between EBV-
infected and uninfected cell lines (1) prompted us to ask whether
and to what extent these changes occurred during primary B cell
immortalization. We analyzed miRNA expression by microarray
analysis of purified human peripheral blood B cells, EBV-infected
proliferating B cells early after infection, and monoclonal LCLs.
Our analysis confirmed previously reported changes and identi-
fied novel EBV-regulated miRNAs. Finally, given the role of the
strongly EBV-induced miR-34a as a tumor suppressor in other
cell types, we studied its regulation and function in the context of
EBV-transformed B cell growth.

MATERIALS AND METHODS

DNA constructs. An miR-34a indicator was constructed by inserting 4
perfect target sequences in the lentiviral vector pNL-SIN-CMV-FLuc. Oli-
gonucleotides carrying two perfect miR-34a target sequences, pNL-
miR34-sense (5 CGGGAACAACCAGCTAAGACACTGCCAGTTTTGA
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ACAACCAGCTAAGACACTGCCAAATCGATGATCT 3') and pNL-
miR34-antisense (5" CTAGAGATCATCGATTTGGCAGTGTCTTAGCT
GGTTGTTCAAAACTGGCAGTGTCTTAGCTGGTTGTTCC 3') (the
target sequences are underlined), were annealed and inserted between the
Clal and Xbal sites of the above-described backbone. The Clal site was
destroyed by ligation of the insert, and a second Clal site upstream of the
Xbal site was used to insert two more target sites. The empty vector and
pNL-SIN-CMV-RLuc were used as internal controls (15).

The lentiviral miR-34a sponge, containing 6 imperfect matches for miR-
34a, was cloned in the vector pLCE as previously described (8, 16) using the
following oligonucleotides: Spng miR34 fw primer (5" CTAGCAACAACC
AGGATAGACACTGCCAGTTTTGAACAACCAGGATAGACACTGCC
AGTTTTGAACAACCAGGATAGACACTGCCATCTAGATTG 3’ [tar-
gets are underlined; mismatch is in boldface]) and Spng miR34 rev primer
(5" AATTCAAATCTAGATGGCAGTGTCTATCCTGGTTGTTCAAAA
CTGGCAGTGTCTATCCTGGTTGTTCAAAACTGGCAGTGTCTATC
CTGGTTGTTG 3'). The murine stem cell virus (MSCV)-based sponge
was cloned by removing the DNA fragment containing the miR-34a bind-
ing sites from the pLCE-based sponge with Nhel (then blunt)/EcoRI
restriction enzymes and ligating it into the Hpal (then blunt)/EcoRI-
digested pMSCV-Puro. The expression plasmid for miR-34a (pcDNA-
pm34-EST) was kindly provided by M. Oren (The Weizmann Institute of
Science, Rehovot, Israel) (39).

PSG5-FLMP1 wild type (WT), P0,A/Qu06A (ACTAR1) and YYD,y 151D
(ACTAR2) mutants, and a double carboxy-terminus-activating region
(CTAR) mutant (DM) were previously described (6, 22), and the retrovi-
ral constructs MSCV-internal ribosome entry site (IRES)-green fluores-
cent protein (GFP) and MSCV-LMPI1-IRES-GFP were kind gifts of E.
Cahir-McFarland, Harvard Medical School, Boston, MA.

Cell lines and culture conditions. Human peripheral blood mononu-
clear cells (PBMCs) were obtained by Ficoll purification (Histopaque-
1077 column; Sigma) of buffy coats from healthy donors (North Carolina
Red Cross) and kept in RPMI 1640 medium (Invitrogen) supplemented
with 15% fetal bovine serum (100-500; Gemini Bio Product), 100 U/ml
penicillin, and 2 mM 1-glutamine (G6784; Invitrogen). B cells were sepa-
rated using the Human B Lymphocyte Enrichment Set-DM (Imag; BD) as
recommended by the manufacturer. PBMCs were infected with limiting
amounts of B95-8 virus for 1 h at 37°C (0.4 to 12 pl EBV B95-8 Z-HT
supernatant/1 X 10° PBMCs) in the presence of cyclosporine (0.5 pg/ml).
The cells were washed once in phosphate-buffered saline (PBS) and then
resuspended in fresh medium. For each condition of infection, 10° cells
were plated in a 96-well plate (total, 10 wells) to grow out as LCLs. Mi-
croarray samples were generated from monoclonal LCLs produced from
the smallest amount of virus used. For the purification of EBV-positive
and proliferating B cells, 1.5 X 10® PBMCs were stained with 4 pM 6-car-
boxyfluorescein succinimidyl ester (CFSE) for 3 min and washed three
times in washing buffer (PBS plus 5% fetal bovine serum). Stained PBMCs
(10°/ml) were infected with 25 wl/1 X 10° PBMCs of B95-8 virus as de-
scribed above. The cells were washed once in PBS and then resuspended in
fresh medium. At 6 days postinfection, CFSE-labeled PBMCs were
washed in washing buffer and stained with allophycocyanin (APC)-la-
beled a-CD19 (555415; 2 wl/3 X 10° PBMCs; BD Biosciences) for 30 min
onice. After 3 washes in washing buffer, CD19™/ CFSE""Y cells were sorted
on a FACSVantage cell sorter flow cytometer.

36-6, EF3D, and RC-1 LCLs were established in our laboratory, as well
as the three LCLs used for the miRNA microarray. GM15807 cells were
purchased from the Coriell Cell Repository, while IB-4 and E2-HT (48)
cells were provided by Elliot Kieff (Harvard Medical School, Boston, MA).
All LCLs were kept in RPMI 1640 medium supplemented with 10% fetal
bovine serum, while E2-HT cells were also cultured with 200 nM 4-hy-
droxytamoxifen (4HT). The same conditions were used for the EBV ™
germinal-center-derived B cell lymphoma line BJAB and EBV™ BL41 (ob-
tained from George Mosialos, Aristotle University, Thessaloniki, Greece),
BL2 and BL40 (provided by Geoffrey Wahl), and EBV™" Akata (provided
by Elliott Kieff, Harvard Medical School, Boston, MA) Burkitt’s lym-
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phoma cell lines. Kaposi’s sarcoma-associated herpesvirus-positive
(KSHV™)/EBV™ primary effusion lymphoma (PEL) cell lines VG-1,
BC-3, BCLM, and BCBL1 and the KSHV */EBV * PEL cell line BC-1 were
provided by Dirk Dittmer (University of North Carolina [UNC], Chapel
Hill, NC) or Bryan Cullen (Duke University, Durham, NC) with permis-
sion from the original authors and kept in RPMI 1640 medium supple-
mented with 15% fetal bovine serum, 10 mM HEPES, 1 mM sodium
pyruvate, and 0.05 mM B-mercaptoethanol (Sigma). The EBV-positive
cell line derived from an AIDS immunoblastic lymphoma, IBL-1, was
kindly provided by Ethel Cesarman (Weill Cornell Medical College, New
York, NY) and kept in RPMI 1640 supplemented with 20% fetal bovine
serum. HCT-116 cells were obtained from ATCC and grown in McCoy’s
5A medium supplemented with 10% fetal bovine serum. All cells were
maintained in the presence of 100 U/ml penicillin and 2 mM L-glutamine.

Clonogenicity assays were performed in technical triplicate by plating
sorted GFPM HCT-116 cells transduced with control or sponge vectors
into 6-well plates. Seven days later, when individual colonies were visible
by eye, the cells were washed with 1 X PBS and then fixed and stained with
2 ml of 0.1% crystal violet and 20% methanol for 30 min at room temper-
ature. Following a 20% methanol wash, the cell colonies were counted
by eye.

Compounds. IKKf inhibitors IV and VIII were purchased from Cal-
biochem as a 10 mM stock solution.

Generation of viral transductants, cell sorting, and DNA transfec-
tion. All retroviral and lentiviral vectors were produced by cotransfection
into HEK 293T cells using polyethylenimine (PEI). pLCE-based vectors
were produced by cotransfection with pMDLgpRRE, pRSV-Rev, and
pVSV-G (7). MSCV-IRES-GFP (38) and MSCV-LMP1-IRES-GFP (a
kind gift of E. Cahir-McFarland, Harvard Medical School, Boston, MA)
vectors were cotransfected with pMSCV-Gag/Pol and pHIT-G. Forty-
eight hours after transfection, the supernatants were collected, filtered
(0.45 pm), concentrated using Amicon 100-kDa cutoff spin columns,
titrated for GFP levels after BJAB cell infection, and used to infect loga-
rithmically growing cells at a multiplicity of infection (MOI) of 2.

LCLs and HCT-116 cells transduced with lentiviral miR-34 sponge
expression or control constructs were sorted for the same mean fluores-
cence intensities (MFI) of GFP on a FACSVantage cell sorter (top 10 to
25% GFP ™, depending on the experiment). After sorting, the cells were
maintained in RPMI 1640 or McCoy’s 5A medium supplemented with
10% fetal bovine serum in the presence of 100 U/ml penicillin and 2 mM
L-glutamine and expanded. BJAB cells were transduced with retroviral
LMP-1 expression or control constructs. After 24 h, the cells were treated
with IKK inhibitors IV and VIII (2 M) and kept for 4 days in culture in
the presence of the inhibitors or dimethyl sulfoxide (DMSO). GFP™ cells
were sorted on a FACSVantage cell sorter.

The ectopic expression of miR-34a was obtained by introducing Pvul-
linearized pcDNA3-pm34-EST or the empty vector in EF3D LCL, BJAB, or
Akata cells by electroporation and in HCT-116 cells by PEI-mediated trans-
fection. After 48 h, cells were selected with G418 (0.3 mg/ml). For the over-
expression of LMP-1 WT, the P,,,A/Q,,A (ACTAR1) and YYDsg, 346D
(ACTAR2) mutants, and the double CTAR mutant (DM), the pSG5-based
vectors were linearized with Agel and electroporated in BJAB cells. After 48 h,
cells were selected with G418 (0.6 mg/ml).

Growth experiments. LCLs and HCT-116 cells were seeded at 2 X 10°
cells/ml, and viable cells were counted by trypan blue exclusion. When the
cells reached confluence, they were split into the original 2 X 10° cells/ml.

miRNA activity assays. Sponge-expressing and miR-34a-overex-
pressing LCLs and HCT-116 cells were assayed for miRNA activity using a
dual-luciferase reporter system, as previously described (17), except that
the pL-CMV-GL3 (firefly luciferase [Fluc]) vector and pL-CMV-Rluc
(Renillaluciferase) vectors were used as described by Linnstaedt et al. (26).
pL-CMV-GL3-34a has four perfect target sites for miR-34a in the 3" un-
translated region (UTR) of Fluc, so that Fluc expression will decrease
when miR-34a binds. Specifically, viral particles containing Rluc or Fluc
and their derivatives were produced in 293T cells (using packaging con-
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structs identical to those for pLCE-s34a) and then used to transduce LCLs
or HCT-116 cells. Two days posttransduction, cells were harvested and
lysed, and Fluc and Rluc activities were measured according to the man-
ufacturer’s protocol (dual-luciferase assay; Promega). Values are ex-
pressed as a ratio of Fluc to Rluc activity and normalized to an miR-34a-
negative cell line.

Western blotting. Cells were washed with ice-cold PBS, incubated
with lysis buffer (20 mM Tris, pH 7.5, 100 mM NaCl, 1% Triton X-100,
10% glycerol, 1 mM EDTA, 1 mM dithiothreitol [DTT], 0.1 mM sodium
orthovanadate, 20 WM NaF, 10 uwM pyrophosphate, and Complete
EDTA-free protease inhibitors [Roche]) for 30 min on ice, and centri-
fuged at 21,000 X g for 30 min at 4°C. The protein concentrations in the
extracts were determined by Bradford assay (Bio-Rad), and the presence
of LMP-1 was confirmed by Western blotting using the S12 antibody (a
kind gift from E. Kieff), horseradish peroxidase-conjugated secondary
antibodies (Pierce), and the ECL detection system (Amersham). Anti-
GAPDH (glyceraldehyde-3-phosphate dehydrogenase) (Santa-Cruz) was
used as a control. Expression of miR-34a targets was performed as de-
scribed above in HCT-116 or EF3D cells stably expressing pcDNA3 or
pcDNA3-miR34a. The antibodies used were cyclin D1 and D2 (BD;
554203), cyclin E2 (Cell Signaling; 4132), cdk4 (Santa Cruz; H-22), cdk6
(Santa Cruz; C-21), and Met (Cell Signaling; 4560). Quantitation was
performed using Gene Tools software (Syngene) following scanning using
the chemiluminescence settings in the G-Box gel documentation system.

RNA extraction and miRNA profiling with the use of microarrays.
Total RNA was prepared using a mir-Vana miRNA isolation kit (Ambion)
according to the manufacturer’s instructions. miRNA expression profil-
ing of human B cells, EBV-infected proliferating B cells, and monoclonal
LCLs from 3 different donors were conducted with the use of up to 2 g
total RNA per sample, as previously described (47). Briefly, RNAs were
labeled with Cy3 or Cy5 fluorescent dye, using the miRNA/LNA labeling
kit (Exiqon, Vedbak, Denmark). The fluorescently labeled samples were
hybridized to an miRNA microarray (version 10.0; Exiqon) in a nitrogen
atmosphere. The microarray slides were scanned with a GenePix 4100
scanner (Axon Instruments, Union City, CA). The quantified signals were
normalized using the global Lowess algorithm, using Genespring (Agilent
Technologies, Santa Clara, CA) software. The intensity values for multiple
spots were averaged, and the normalized values were log, transformed.
Using significance analysis of microarrays (SAM) (44), differentially ex-
pressed microRNAs (false discovery rate, <<5%) that were differentially
expressed among the 3 groups (resting B cells, proliferating B cells, and
LCLs) were identified.

Quantitative real-time (QRT) PCR. miR-34a, miR-15b, and miR-155
were reverse transcribed using Applied Biosystems individual stem-loop
primers designed to detect only mature miRNA and measured by TagMan
real-time PCR normalized to the small nucleolar RNA RNU48. Ten nano-
grams of RNA per reaction was used for all the cell lines except BJAB, for
which 50 ng was used. To assess TRAF1 mRNA expression, 500 ng total
RNA was reverse transcribed with the ABI High Capacity cDNA Reverse
Transcription kit (Applied Biosystems). mRNA expression was measured
using an exon-spanning TagMan probe against TRAF1 (Applied Biosys-
tems; Hs00194639) and normalized to RNU48 expression. Fifty nano-
grams of RNA was used for each reaction.

For validation of miRNA microarray data, we used a SYBR green-
based real-time PCR assay. We utilized Escherichia coli poly(A) polymer-
ase (Epicentre) to add a poly(A) tail at the end of every RNA molecule in
the total RNA pool that lacked a poly(A) tail. Before oligo(dT) annealing,
we introduced a universal tag at the 3’ ends of cDNAs synthesized by
reverse transcriptase Superscript III (Invitrogen). Using this tag, we per-
formed qPCR with an miRNA-specific forward primer and reverse uni-
versal primer mixture (Quanta Biosystems).

Microarray data accession number. miRNA microarray data are
available at the Gene Expression Omnibus (GEO) website under accession
number GSE36926.
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RESULTS

Epstein-Barr virus infection of primary B cells leads to dynamic
changes in cellular miRNA expression levels. To gain insight into
the role of miRNAs in EBV transformation, we profiled the ex-
pression of ~800 cellular miRNAs from (i) uninfected, purified
CD19™ B cells; (ii) EBV-infected, proliferating B cells sorted at 6
days postinfection; and (iii) monoclonal LCLs derived from three
healthy donors (Fig. 1a). Analysis of cellular miRNA expression
across these samples revealed a pattern of changes that defined
each state (Fig. 1b). EBV infection of resting B cells induced the
expression of 42 cellular miRNAs and repressed the expression of
60 miRNAs (see Table S1 in the supplemental material). Of these,
22 miRNAs were induced and 39 were repressed from resting B
cells to EBV-infected, early-proliferating cells. Furthermore, a set
of 17 cellular miRNAs were specifically regulated from early pro-
liferation through long-term LCL outgrowth.

EBV infection induced miRNAs involved in B cell activation
and oncogenesis, including miR-155, -21, and -146b, supporting
previous findings (Fig. 1¢; see Table S1 in the supplemental mate-
rial) (1). However, the most robustly induced miRNAs included
several newly identified EBV-regulated genes, e.g., miR-7, -193Db,
-301a, and -302c (see Table S1 in the supplemental material).
These miRNAs are likely associated with proliferation, as they
were upregulated early after infection during the transition from
resting to proliferating B cells. An additional set of EBV-induced
miRNAs, including miR-138, -146a, and -130a, were delayed in
their kinetics, and upregulation was observed only during the
transition from early proliferation to LCLs (see Table S1 in the
supplemental material). Detection of EBV-derived miRNAs
served as an internal validation of our method (Fig. 1¢; see Table
S1 in the supplemental material).

EBYV infection also led to the repression of a large number of
miRNAs during B cell outgrowth. Early repressed miRNAs in-
cluded miR-223, -150, and -154 and let-7b (Fig. 1d), while those
miRNAs whose expression was not changed in early proliferation
but was repressed through LCL outgrowth included miR-147,
-151, and -195 (see Table S1 in the supplemental material). One
previous study suggested that EBV infection leads to global and
potent miRNA downregulation (14). While we observed many
similar EBV-repressed miRNAs, including miR-143, -145, and
-29c¢ and let-7b, the extent and breadth of downregulation were
not as severe in our system (see Table S1 in the supplemental
material).

Expression of another group of miRNAs was unique to the
period of early proliferation relative to resting B cells and LCLs.
This set contains miRNAs regulated by c-Myc, the major onco-
protein driving Burkitt’s lymphoma cell proliferation (34, 36).
Among them, we found that miR-17, miR-18a, and miR-106b
were all transiently induced in early proliferating cells and then
attenuated in LCLs (Fig. le; see Table S1 in the supplemental ma-
terial). Similarly, the Myc-repressed miR-23a (11) was repressed
in early proliferating cells and then increased during LCL out-
growth (see Table S1 in the supplemental material). These obser-
vations are consistent with our recent findings demonstrating that
a c-Myc-driven transcriptional program is robustly induced early
after infection and is attenuated through long-term LCL out-
growth (32).

Contributions of EBV and c-Myc to miRNA expression in B
cells. We next validated these dynamic miRNA expression
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FIG 1 EBV regulates cellular miRNA expression. (a) Schematic of samples used for miRNA microarray analysis. (Left) CD19™" B cells were purified by negative
selection from peripheral blood mononuclear cells (North Carolina Red Cross). The dot plots show CD19-phycoerythrin (PE) staining on the x axis and
nonspecific fluorescein isothiocyanate (FITC) channel on the y axis from PBMCs or negatively isolated cells. Purity was consistently >95% CD19™" cells.
(Middle) Dot plots of CD19-PE (y axis) versus CFSE (x axis) indicate B cells proliferating after EBV infection. At 3 days postinfection, few cells are dividing (i.e.,
CD19"/CESE"*"), while by 6 days postinfection, proliferating B cells are readily visible. The red circle indicates the population of cells that was sorted for each
donor. (Right) Schematic diagram of a plate in which EBV infection of PBMCs leads to monoclonal LCL outgrowth. The amount of virus plated was diluted from
top to bottom through a plate, and outgrowth, indicated by the green wells, was monitored at 3 to 4 weeks. Cells growing out at the lowest virus dilutions were
grown until cell lines were established (red box). LCLs were derived in this manner for each of the three healthy donors analyzed for miRNA expression. (b)
Expression profiles of resting CD19™ B cells; EBV-infected early-proliferating, i.e., CD19*/CFSE"", cells (Prolif); and monoclonal LCLs. Differentially expressed
miRNAs that define each group are depicted over 4-fold levels in a color scale. (¢) miRNAs that are upregulated by EBV are shown in a color scale. (d) MiRNAs
that are downregulated by EBV infection are shown in a color scale. (e) MiRNAs selectively upregulated or downregulated in early-proliferating EBV-infected

cells are shown in a color scale. The asterisks indicate miRNA-star strands (putative unincorporated miRNA strands) detected on the array.

changes during EBV transformation of primary B cells using qRT-
PCR of mature miRNA species. The expression levels of EBV-
induced, EBV-repressed, and proliferation-defining miRNAs in
uninfected B cells, EBV-infected early-proliferating B cells, and
monoclonal LCLs were analyzed. Furthermore, a previous study
compared latently EBV-infected cells to EBV-infected or unin-
fected Burkitt’s lymphoma cells (1). Given the profound effects of
c-Myc on BL gene expression, we were interested in comparing
the EBV-regulated changes in miRNA expression in primary B
cells and latency II-expressing tumors to miRNA expression in
BL cell lines. Therefore, we also analyzed miRNA expression in the
EBV-infected latency III-expressing AIDS-DLBCL line IBL-1 and
two Burkitt’s lymphoma cell lines: Akata, an EBV-infected latency
I-expressing cell line, and BL41, a non-EBV-infected BL cell line.

We first confirmed that miR-146a, miR-21, and miR-155 were
induced by EBV infection of primary B cells (1, 2, 28, 29, 37, 46).
In our microarray analysis, miR-146a, miR-21, and miR-155 were
induced 5.9-, 3.4-, and 6.0-fold, respectively (see Table S1 in the
supplemental material). By qRT-PCR, these miRNAs increased
9.8-,1.8-, and 7.1-fold (Fig. 2a). Consistently, we found that these
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miRNAs were also expressed in the latency III DLBCL line IBL-1,
while they were poorly or not expressed in the BL cell lines Akata
and BL41 (Fig. 2a). In addition, EBV potently downregulated the
expression of miR-150 and miR-223, which were also not ex-
pressed in IBL-1, Akata, and BL-41 cells (Fig. 2b). miR-15a was
repressed upon primary B cell infection, as previously reported
(1), and IBL-1 expressed lower levels of this miRNA than Akata
and BL41 cells.

Finally, we validated the expression of miRNAs whose levels
changed dynamically during LCL outgrowth. Myc-induced miR-
18a was upregulated by EBV in early proliferating cells and then
attenuated in LCLs (Fig. 2¢). The levels of this and other Myc-
induced miRNAs were considerably higher in the BL cell lines
Akata and BL41 than in LCLs and IBL-1 (Fig. 2c and data not
shown). Conversely, miR-23a expression was reduced upon EBV
infection and then modestly increased through LCL outgrowth
(Fig. 2¢). However, levels in Akata and BL41 cells were signifi-
cantly lower than in LCLs or IBL-1.

EBV infection upregulates miR-34a. The characterization of
miRNA expression in numerous tumor tissues and cancer cell
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FIG 2 Validation of EBV- and c-Myc-regulated miRNAs. miRNAs were analyzed by qRT-PCR in two healthy donors, EBV-positive IBL-1 AIDS DLBCLs,
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lines has led to the identification of putative oncogenic and tumor  suppressor miRNAs were downregulated, including miR-29,
suppressor miRNAs, or onco-miRs (12). During the progression  miR-15, and let-7 family members (Fig. 1d and 2b). However, one
of EBV-infected B cells into lymphoblastoid cell lines, several well-  prominent tumor suppressor miRNA, miR-34a, was induced
characterized progrowth onco-miRs were upregulated, including  upon EBV infection of primary B cells (Fig. 3a) (1).

miR-155 and miR-21 (Fig. 1c and 2a). Conversely, several tumor To ascertain how broadly EBV latent infection was associated
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FIG 3 miR-34a is upregulated during EBV infection of primary B cells and is expressed at elevated levels in EBV- and KSHV-infected lymphoma cell lines. (a)
Quantitative RT-PCR of mature miR-34a expression levels from resting B cells through EBV infection and LCL outgrowth. MiR-34a expression is normalized to
RNU48 levels under each condition. The data are the average values of experiments with three independent healthy donors. The error bars represent standard
errors of the mean. (b) qRT-PCR expression of mature miR-34a levels in resting B cells and B lymphoma cell lines. The plus signs under each cell line indicate
whether they are BL derived, EBV infected, KSHV infected, or HIV/AIDS associated. The + (I) under Akata indicates EBV positive but latency I expressing, while
all other EBV-positive cells are latency III expressing. The miR-34a expression values plotted are normalized to RNU48 levels in each cell line and expressed
relative to CD19™ B cell levels. The y axis is in logarithmic scale and split between 1 and 5, while the lower portion is more compact than the upper portion to more
easily display the differences between miR-34a-expressing cell lines.
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LMP2A knockout (KO) LCLs. The error bars indicate SEM.

with increased miR-34a, we measured miR-34a expression in sev-
eral EBV-transformed B cell lines, as well as EBV-infected AIDS
lymphomas that express the EBV latency III gene expression pro-
gram. Furthermore, since EBV and the gammaherpesvirus KSHV
have commonalities in constitutive activation of signaling path-
ways in B lymphomas, such as NF-«B (5), we also assayed KSHV-
infected lymphoma cell lines. In all EBV- and KSHV-infected
AIDS lymphoma and primary infected cell lines tested, miR-34a
was highly expressed (Fig. 3b). In comparison, Burkitt’s lym-
phoma cells, which depend on the c-Myc oncoprotein for prolif-
eration and largely repress NF-«kB (10), did not express high levels
of miR-34a (Fig. 3b). These data highlight the potential impor-
tance of miR-34a in the progression of gammaherpesvirus-asso-
ciated tumors.

EBV LMP1 induces miR-34a expression in an NF-kB-depen-
dent manner. Since EBV infection increased the steady-state level
of mature miR-34a, we were interested in defining the viral onco-
protein responsible for this regulation. We queried the two major
EBV transcriptional effectors, EBNA2 and LMP1. EBNA? failed to
induce mature miR-34a in BJAB cells or in LCLs using a regulat-
able EBNA2-HT allele (data not shown). However, expression of
LMP1 was sufficient to increase miR-34a levels ~10-fold upon
transient expression in BJAB cells (Fig. 4a). Two known targets of
LMP1, miR-155 and TRAFI, were also induced in these cells, as
expected (Fig. 4a) (13).
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LMP1 induction of miR-34a required IKKB-dependent ca-
nonical NF-kB activation, since pharmacological inhibition of
IKKP precluded miR-34a upregulation (Fig. 4b). Furthermore,
stable LMP1 expression modestly induced miR-34a, and this ac-
tivity required carboxy-terminus-activating region 2 (CTAR2),
consistent with the importance of canonical NF-kB activation
(22) (Fig. 4¢). Since p53 is mutated in BJAB cells (9), we concluded
that LMP1-mediated NF-kB-dependent miR-34a upregulation
did not require p53. This is consistent with recent evidence indi-
cating p53-independent regulation of miR-34a (4, 31).

Further corroborating a role for NF-kB in miR-34a expression,
LCLs lacking EBV LMP2A consistently expressed 2-fold less ma-
ture miR-34a than WT LCLs, which was accompanied by a 2-fold
reduction in the NF-kB target gene TRAF1 (Fig. 4d). These data
are consistent with previous studies implying a role for LMP2A in
LMP1-mediated NF-«kB activation (18) and our findings that
EBV-induced miR-34a expression was NF-«kB dependent.

Overexpression of miR-34a does not impact LCL or B lym-
phoma cell growth. In a number of studies, miR-34a was shown
to function as a potent tumor suppressor (3, 20, 39, 42, 43, 45).
However, EBV infection of primary B cells increased miR-34a
expression, and many AIDS lymphoma cell lines expressed ele-
vated levels of miR-34a (Fig. 3). To determine whether miR-34a
plays a growth-suppressive role in EBV-transformed cells, we
overexpressed the primary miR-34a transcript in LCLs. As con-
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FIG 5 Overexpression of miR-34a does not alter B lymphoma cell growth. (a) QRT-PCR of mature miR-34a expression levels normalized to RNU48 in control
plasmid (CTRL) or miR-34a stably transfected LCL EF3D, Akata, BJAB, and HCT-116 cells. Data from one representative transfection are shown. (b) Growth
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as in panel b for BJAB cells. (d) Growth curves as in panel b for HCT-116 cells.

trols, we also overexpressed miR-34a in EBV-infected latency I
Akata cells and in the EBV-negative BJAB cell line, both of which
express very low levels of miR-34a. Stable clones of these cell lines
expressed levels of mature miR-34a comparable to those of LCLs
(Fig. 5a). While miR-34a modestly, though not significantly, in-
creased the growth of LCLs (Fig. 5b), no effect on the growth or
survival of Akata or BJAB cells was observed (Fig. 5¢ and d). In
contrast and as previously described, miR-34a overexpression in
the colon carcinoma cell line HCT-116 led to profound and rapid
growth arrest (Fig. 5e). These results highlight an intrinsic differ-
ence in the functional consequences of miR-34a expression in
different cell types.

Growth control miR-34a targets are not affected in EBV-
transformed cells. Several growth-promoting miR-34a targets
have been identified, including cyclin D1 and cyclin E2, D-type
cyclin-dependent kinases cdk4 and cdké, and the growth factor
receptor c-Met (20, 39). Given the lack of phenotype upon miR-
34a overexpression in EBV-transformed B cells, we sought to as-
sess the sensitivity of these targets in LCLs relative to HCT-116
cells to decipher the role of miR-34a in the two cell types. It was
immediately apparent that a significant difference between the cell
lines is the steady-state mRNA levels of miR-34a targets (Fig. 6a).
LCLs expressed high levels of cyclin D2 mRNA, but not the miR-
34a target cyclin D1, and only minimally expressed cyclin E2. In
contrast, HCT-116 cells expressed higher levels of cyclin D1 and
E2 than LCLs. Finally, c-Met was expressed in HCT-116 cells, but
not in LCLs.

Overexpression of miR-34a reduced the protein levels of most
canonical targets in HCT-116 cells, but not in LCLs. HCT-116
cells overexpressing miR-34a displayed reduced levels of cyclin
D1, cyclin E2, cdk4, cdké6, and c-Met proteins relative to vector
control-expressing cells (Fig. 6b). In LCLs, cdk4 was minimally
reduced by miR-34a overexpression, while cdk6 and cyclin E2

June 2012 Volume 86 Number 12

were not affected. Unexpectedly, but consistently, cyclin D1 and D2
were both increased upon miR-34a overexpression in LCLs, possibly
due to the modest increase in growth of these cells (Fig. 5b). Finally,
c-Met protein was not detected in LCLs. Therefore, canonical miR-
34a growth control targets were less affected or poorly expressed in
LCLs relative to HCT-116 cells, providing a rationale for the distinct
growth phenotypes upon miR-34a overexpression.

miR-34a is important for EBV-transformed cell growth.
Given the increased expression of miR-34a in LCLs and EBV-
positive DLBCLs relative to primary B cells, we assessed whether
this miRNA was important for maintenance of the EBV-trans-
formed cell state using a “sponge” construct targeting miR-34a.
Sponge constructs encode an artificial mRNA target containing
multiple imperfect miRNA binding sites in the 3' UTR of GFP
(Fig. 7a) (8). LCLs were transduced with a GFP control or an
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FIG 6 Canonical miR-34a growth control targets are poorly expressed in
LCLs relative to HCT-116 cells. (a) Relative mRNA levels as determined by
qRT-PCR of cyclin D1, D2, and E2; cdk4; cdké; and c-Met in LCLs and HCT-
116 cells. The asterisk indicates a value below the threshold for detection. (b)
Western analysis of miR-34a targets in HCT-116 cells and EF3D LCLs express-
ing pcDNA3 vector (—) or pCDNA3-miR-34a (+). Quantitation of protein
expression is noted below each band.
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FIG 7 EBV-transformed cells require miR-34a for efficient growth. (a) Schematic diagram of miR-34a sponge and control (CTRL) construct indicating features
of the pL-CMV backbone and sorting plan. CMV, cytomegalovirus; EGFP, enhanced GFP; LTR, long terminal repeat. (b) Dual luciferase miR-34a indicator
assay. BJAB cells, EF3D cells not transduced, and sorted EF3D cells transduced with GFP control vector (GFP) or miR-34a sponge (s34a) were each coinfected
with a control firefly luciferase lentiviral construct and a Renilla luciferase construct containing 2 perfect miR-34a binding sites in the 3" UTR. The Renilla/firefly
luciferase ratio was determined for each cell line, and the values are plotted relative to BJAB cells as 100. The averages plus SEM of two indicator assays from
independent transductions are shown. (c) qRT-PCR expression levels of mature miR-34a, miR-16, miR-15b, and miR-155 normalized to RNU48 for control
(CTRL) and miR-34a sponge-transduced and sorted cells are shown. The averages of three independent transductions plus SEM are shown. (d) Growth curves
of EF3D cells expressing GFP CTRL, sSCXCR4, or s34a. The asterisks signify a P value of <0.05 for CTRL versus s34a. (e) Growth curves similar to those in panel
d, except the cells were allowed to grow until saturation without changing the culture medium. The asterisks signify a P value of <0.01 for CTRL versus s34a. (f)
EF3D LCLs were transduced with the MSCV-Puro based miR-34a sponge or control vector. Cells were selected in 1.25 wg/ml puromycin for 1 week prior to
sorting for GFP™ cells. Growth of the sorted cells was measured as for panel d. The average values from three independent experiments plus SEM are plotted. (g)
Growth curve as in panel d following transduction and sorting of HCT-116 cells. Averages and SEM from three independent experiments are shown.

miR-34a sponge (s34a), and the top 20% of GFP-positive cells  tion. We identified sets of cellular miRNAs by expression profiling
were sorted. By luciferase indicator assay and qRT-PCR, we as-  that were induced or repressed in long-term outgrowth, as well as
sessed that s34a-expressing cells had ~75% reduced miR-34a ac-  miRNAs uniquely regulated early after infection. Although other
tivity and ~80% reduced steady-state mature miR-34a levels, re-  groups have observed miRNA expression changes mediated by
spectively (Fig. 7b and c) (8). These cells were not compromised  EBV infection (1, 14, 25, 29), our data define the global miRNA
for the expression or activity of other cellular miRNAs, indicating changes during EBV-mediated primary B cell Outgrowth_ Several
specificity of the miR-34a sponge (Fig. 7c and data not shown). miRNA expression changes were confirmed by qRT-PCR, and we

Relative to GFP-expressing LCLs, cells expressing the miR-34a  jncluded the first expression analysis of miRNAs in the EBV-pos-
sponge were deficient in growth at normal dilution, as well as in  jtjve AIDS diffuse large B cell lymphoma cell line IBL-1. The in-

achieving high density at saturation (Fig. 7d and e). Surprised by  qyuction of putative progrowth onco-miRs, including miR-155
these observations, given the previously described role of miR-34a

as a tumor suppressor, we constructed an additional sponge vec-
tor (MSCV based) and confirmed the growth deficiency in two
independent LCL lines (Fig. 7f and data not shown). We also
compared the growth of s34a cells with that of sSCXCR4 cells,
which express an independent control sponge containing binding
sites for a small interfering RNA (siRNA) against CXCR4 (8).
Consistently, s34a-expressing cells were deficient in growth at
normal and saturating densities relative to sCXCR4- and GFP-
expressing LCLs (Fig. 7d and e). As a final control, we transduced
and sorted HCT-116 cells expressing the miR-34a sponge and
GEFP control vector. As predicted, miR-34a depletion in these cells
led to a subtle increase in growth and clonogenicity (Fig. 7g and
data not shown). Therefore, miR-34a functions in a cell-type-
specific manner and is important for the growth of EBV-trans-
formed cells.

and -21, and repression of putative tumor suppressor onco-miRs,
such as let-7 and miR-29 family members, confirmed and ex-
tended previous observations. We also defined a set of previously
unrecognized EBV-regulated miRNAs. Furthermore, a set of
miRNAs whose expression was regulated specifically during early
proliferation was highly enriched for c-Myc-regulated miRNAs
(34, 36). This is consistent with recent data from our laboratory
indicating a transient period of high-level c-Myc mRNA and ac-
tivity that is attenuated through LCL outgrowth (32). These data
indicate that miRNA expression differences between EBV-trans-
formed cells and BL cells (1) reflect changes due to latent EBV
oncoproteins, as well as the potent effects of c-Myc in regulating
miRNA expression. For example, miR-18a was induced by EBV
during B cell outgrowth, though not to the extent observed in BL
cell lines. Thus, EBV dynamically regulates the expression of
miRNAs after primary B cell infection, and understanding the

DISCUSSION physiological relevance of these changes will be important in de-
In the study, we investigated the dynamic changes in miRNA ex-  fining the role of miRNAs in virus-induced oncogenesis.
pression during EBV-mediated primary B cell growth transforma- One miRNA whose expression increased through EBV-driven
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B cell proliferation was miR-34a. We detected expression of miR-
34ainseveral EBV- and KSHV-derived tumor cell lines, indicating
a plausible role for this miRNA in tumorigenesis. To discern this
role, we investigated the regulation and function of miR-34a in
EBV infection. EBV regulation of host gene expression during
latency is largely accomplished by the oncoproteins EBNA-2 and
LMP-1. While EBNA-2 was not capable of inducing miR-34a ex-
pression, LMP-1 was sufficient to induce miR-34a in B cells, sim-
ilar to what was observed for miR-146a (2). LMP-1-mediated
miR-34a induction required CTAR2 and canonical IKKB-depen-
dent NF-kB activation. Furthermore, LMP2A, which facilitates
LMP1-mediated NF-«B activation, was also important to main-
tain efficient miR-34a expression. Although previous studies in-
dicated that miR-34a expression is primarily regulated by the
transcription factor p53, several recent reports suggest that p53-
independent induction of miR-34a occurs in various cell types (4,
31). Our findings suggest that p53 is not required for miR-34a
expression, since LMP1 induced miR-34a in BJAB cells, which
lack functional p53. Furthermore, p53 inducing stimuli were
largely ineffective at driving miR-34a expression in primary B cells
or LCLs (data not shown).

Increased expression of miR-34a upon EBV infection of pri-
mary B cells and elevated expression in EBV- and KSHV-positive
B lymphoma cell lines strongly implicate this miRNA in tumori-
genesis. While this is contrary to what had been observed in other
tumor types, we hypothesized that miR-34a is important for LCL
maintenance. Overexpression of miR-34a in LCLs did not alter
growth, while depletion of mature miR-34a impaired the growth
of these cells. As miRNA function is mediated through targeting
specific sets of mRNAs, it will be important to define the miR-34a
targets in LCLs that may be sensitive to its loss. Many targets of
miR-34a have been identified, including several critical growth
control nodes, such as c-Myc, cyclin D1, E2F family members,
cdk4, and cdké6 (4, 31, 41). We did not detect changes in c-Myc
levels in miR-34a sponge-expressing LCLs (data not shown).
Moreover, several of the canonical progrowth targets of miR-34a
such as cyclin D1, cyclin E2, and c-Met are poorly or not expressed
in LCLs. Rather, since the growth control properties of an LCL are
dictated by expression of the latency III gene products, we propose
that LCLs are more resistant to the toxic effects of miR-34a target
repression than other cell or tumor lines and that a set of miR-34a
targets must be repressed in LCLs for normal cell growth.

Two signaling pathways are likely targets for EBV-mediated
miR-34a effects. First, others have shown, and we have prelimi-
nary evidence, that miR-34a targets multiple components of the
Notch signaling pathway (19, 33, 35). Given that EBNA2 depends
on the intracellular Notch downstream DNA binding factor
RBP-Jk (or CBF1) for transcriptional activity, derepression and
potential activation of endogenous Notch may result in impaired
LCL growth (49). Second, miR-34a sponge-expressing cells were
less efficient in homotypic aggregation than their control counter-
parts (data not shown); therefore, adhesion molecules and cyto-
skeletal signaling proteins regulating homotypic aggregation in
LCLs are also plausible miR-34a targets in LCLs. We are intensely
investigating whether targets in these pathways are responsible for
the miR-34a growth deficiency. In conclusion, the newly discov-
ered progrowth function of miR-34a in B cell transformation con-
trasts with its canonical role as a tumor suppressor and highlights
the importance of studying miRNA functions in different cell

types.
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