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MicroRNA miR-155 is expressed at elevated levels in human cancers including cancers of the lung, breast,
colon, and a subset of lymphoid malignancies. In B cells, miR-155 is induced by the oncogenic latency gene
expression program of the human herpesvirus Epstein-Barr virus (EBV). Two other oncogenic herpesviruses,
Kaposi’s sarcoma-associated herpesvirus and Marek’s disease virus, encode functional homologues of miR-
155, suggesting a role for this microRNA in the biology and pathogenesis of these viruses. Bone morphogenetic
protein (BMP) signaling is involved in an array of cellular processes, including differentiation, growth
inhibition, and senescence, through context-dependent interactions with multiple signaling pathways. Alter-
ation of this pathway contributes to a number of disease states including cancer. Here, we show that miR-155
targets the 3’ untranslated region of multiple components of the BMP signaling cascade, including SMADI1,
SMADS5, HIVEP2, CEBPB, RUNX2, and MYO10. Targeting of these mediators results in the inhibition of
BMP2-, BMP6-, and BMP7-induced ID3 expression as well as BMP-mediated EBV reactivation in the EBV-
positive B-cell line, Mutu I. Further, miR-155 inhibits SMAD1 and SMADS5 expression in the lung epithelial
cell line A549, it inhibits BMP-mediated induction of the cyclin-dependent kinase inhibitor p21, and it reverses
BMP-mediated cell growth inhibition. These results suggest a role for miR-155 in controlling BMP-mediated
cellular processes, in regulating BMP-induced EBV reactivation, and in the inhibition of antitumor effects of

BMP signaling in normal and virus-infected cells.

Despite the limited genetic content of microRNAs, their
pervasive role in controlling normal and pathology-associated
cellular processes has become firmly established in recent
years. The importance of microRNA dysregulation in cancer is
well appreciated, and a number of oncomirs and tumor sup-
pressor microRNAs have been identified (15). As a member of
the oncomir class of microRNAs, miR-155 is implicated in
lymphomagenesis and a wide array of nonlymphoid tumors
including breast, colon, and lung (7, 16, 24, 39, 42, 43). Despite
strong evidence implicating miR-155 in cancer etiology, the
mechanisms through which miR-155 supports the tumor phe-
notype are unclear, possibly due to limited knowledge of how
predicted targets may be involved in the phenotypic properties
of cancer. On the other hand, miR-155’s roles in normal im-
mune cell development and the adaptive immune response are
much better understood (33, 41). These studies have demon-
strated a critical role for miR-155 in immune cell activation
and maturation. This evidence and other work (8, 40) have
identified critical miR-155 targets whose downregulation is
required for these processes.

The Epstein-Barr virus (EBV) is a human DNA tumor virus
that contributes to lymphoid and epithelial cell malignancies.
As a herpesvirus, a unique aspect of the EBV infection cycle is
the ability to exist in either a lytic replicative state or in a latent
state in which no virus is produced. Depending in part on cell
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background, EBV utilizes multiple forms of latency gene ex-
pression programs. True latency and type I latency are defined
by the expression of no protein coding genes or by expression
of the episomal replication factor EBNA1 only. Type II latency
is defined by the expression of EBNA1 and the latent mem-
brane proteins, LMP1 and/or LMP2, and is the predominant
form observed in epithelial tissues. Type III latency refers to
expression of the full repertoire of latency genes, which are
highly tumorigenic and are capable of growth-transforming
naive resting B cells. While this form of latency is not well
tolerated in immunocompetent individuals except during early
stages of infection (prior to the development of adaptive im-
munity to these proteins), type III latency-associated lymphoid
malignancies are common in immunocompromised individu-
als. Expression of type III latency genes in B cells mimics
antigen-dependent B-cell activation, and accompanying this
activation is a substantial induction of miR-155 expression (17,
20, 23, 29, 44). While it is reasonable to assume that induction
of miR-155 by the type III latency program plays a role in
EBV-mediated B-cell activation and oncogenesis, little is known
regarding the role of miR-155 in the virus life cycle or its tumor-
promoting activities.

Originally identified as cytokines critically involved in the
regulation of osteogenic differentiation, bone morphogenetic
proteins (BMPs) are now appreciated as having critical
functions in a vast number of developmental processes. Dys-
regulation of BMP signaling is also implicated in disease
states including cancer (1). The canonical signaling pathway
stimulated by BMP receptor engagement is the phosphory-
lation of the SMADs (mothers against decapentaplegic ho-
mologs), SMADI1, SMADS, and SMAD?Y, which facilitates
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active transport of these mediators from the cytoplasm to the
nucleus, where they bind and activate cellular promoters.
While these signaling mediators are considered to have fairly
redundant activities, the influence of BMP activation can have
widely distinct outcomes on a particular cell depending on
cellular context (3, 27). These distinctions arise from the innate
low-affinity DNA binding properties of SMADs and the con-
cordant requirement for any of a broad range of cofactors that
facilitate high-affinity binding to specific sets of promoters.
Using this signaling mechanism, the phenotypic outcome of
BMP receptor engagement is controlled by the level of ac-
tivation of other signaling pathways and SMAD binding
cofactors. While activation of BMP signaling appears to
contribute to some cancer types, it inhibits other cancer
types by promoting growth arrest and differentiation and by
inducing senescence (1). In immune cells, BMP signaling has
been shown by multiple groups to inhibit lymphocyte activa-
tion, maturation, and growth (2, 6, 13, 18, 19, 37). Here, we
show that miR-155 inhibits BMP signaling by targeting multi-
ple factors in the BMP signal transduction cascade. This func-
tion may be important during immune cell activation by pre-
venting BMP from impeding this process, it may be important
for the survival of EBV type III latency associated tumors by
preventing BMP-mediated viral reactivation and cell death,
and it may be relevant to other cancer types by blocking growth
arrest properties of BMPs.

MATERIALS AND METHODS

Cell culture. Mutu I and A549 cells were maintained in RPMI 1640 medium
and Dulbecco’s modified Eagle’s medium (DMEM), respectively, supplemented
with 10% fetal bovine serum (FBS) plus 0.5% penicillin-streptomycin. All cells
were maintained at 37°C with 5% CO, in a tissue culture incubator.

Plasmid construction. Generation of the pMSCV-puro-GFP-miR-CNTL
(where GFP is green fluorescent protein) and pMSCV-puro-GFP-miR-155 ret-
roviral expression vectors was previously described (44). The 3’ untranslated
region (UTR) reporter plasmids were generated by PCR amplification of the
relevant 3’ UTR regions from genomic DNA, and the fragments were cloned
into the reporter vector pMIR-REPORT-dCMYV (44). The 3’ UTR coordinates
(based on the TargetScan database [22]) cloned for each gene are as follows:
CEBPB, 421 to 604, HIVEP2, 548 to 1752; MYO10, 430 to 842; RUNX2, 798 to
3569; SMADI, 288 to 907; and SMADS, 12 to 928. For analysis of SMAD1 and
SMADS5 miR-155 and miR-17 3’ UTR mutant analysis, wild-type or mutant
versions of 3" UTR sequences spanning either 288 to 437 (SMAD1) or 685 to 905
(SMADS) were synthesized by BlueHeron Biotechnology and cloned into pMIR-
REPORT-dCMV.

3’ UTR-luciferase reporter analysis. A total of 3.75 pg of either the control
(pMSCV-puro-GFP-miR-CNTL) or miR-155 (pMSCV-puro-GFP-miR-155)
expression vector was cotransfected with 0.25 pg of the appropriate
PMIR-REPORT-dCMV 3’ UTR reporter plasmid into 1 X 10° Mutu I cells
using Lipofectamine (Invitrogen). Cells were harvested at 48 h posttransfection
and analyzed using a Promega luciferase assay. Values reported are expression
change of a given 3’ UTR relative to change in the control reporter.

Real-time RT-PCR analysis of cellular mRNA levels. Total RNA was prepared
using an miRNeasy kit (Qiagen), and cDNA was synthesized using a SuperScript
IIT First-Strand Synthesis System (Invitrogen). Real-time PCR was conducted
using an iQ5 multicolor real-time PCR detection system (Bio-Rad) with the
following conditions: 95°C for 3 min followed by 40 cycles of 95°C for 30 s, 62°C
for 40 s, and 72°C for 40 s. Reverse transcription-PCR (RT-PCR) primers are
listed in Table S1 in the supplemental material. Mature miR-155 real-time
RT-PCR was carried out at 95°C for 3 min, followed by 40 cycles of 95°C for 15 s
and 60°C for 30 s.

Western blot analysis. Cells were lysed by suspension in 1X SDS-PAGE
loading buffer and heated at 95°C for 20 min to shear genomic DNA. Protein
concentrations were determined using an ND-1000 spectrophotometer (Nano-
Drop). Twenty-five micrograms of total protein was loaded in each well, sepa-
rated on a 4 to 20% Tris-HCI Criterion Precast gel, and transferred to a nitro-
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cellulose transfer membrane. The membranes were incubated overnight at 4°C
with primary antibody (See Table S2 in the supplemental material) in Tris-
buffered saline (TBS) containing 5% low-fat powdered milk; the membranes
were washed three times (10 min each) in TBS buffer and incubated for 1 h at
room temperature with the appropriate secondary antibody (See Table S2) in
TBS buffer containing 5% low-fat powdered milk. Membranes were washed
three times (10 min each) in TBS buffer and subjected to image analysis using an
Odyssey infrared imaging system (Li-Cor).

Generation of stable miR-155-expressing cell lines. Retrovirus preparations
were generated through transient cotransfection of 293 cells with retroviral
expression vectors plus packaging vectors. Transient transfections were per-
formed using a modified version of the calcium phosphate precipitation proce-
dure. Briefly, 10° HEK293 cells were plated onto 100-mm-diameter tissue culture
dishes. The following day, the medium was replaced with 8 ml of fresh supple-
mented DMEM. Four hours later, DNA precipitates were generated by mixing
0.5 ml of 1X HEPES-buffered saline (0.5% HEPES, 0.8% NaCl, 0.1% dextrose,
0.01% anhydrous Na,HPO,, 0.37% KCI [pH 7.10]) with a total of 30 pg of
plasmid DNA (10 pg of retroviral vector, 10 ug of vesicular stomatitis virus G
protein expression vector, and 10 ng of pVPACK dGI packaging vector). Thirty
microliters of 2.5 M CaCl, was added, and samples were mixed immediately after
each addition. Precipitates were allowed to form at room temperature for 20 min
before being added in a dropwise fashion to cells. Cells were incubated at 37°C
with 5% CO, for 16 h before the medium was replaced with 10 ml of fresh
DMEM (plus 10% FBS).

Forty-eight hours later, viral supernatants were collected and subjected to one
round of centrifugation, followed by filtration through a 0.45-pm-pore-size sur-
factant-free cellulose acetate filter. Infections were carried out in six-well plates
with 1 ml of virus plus 4 X 10° Mutu I cells (suspended in 1 ml of complete RPMI
medium plus 24 pg/ml Polybrene) or 1 X 10° A549 cells (in 1 ml of complete
DMEM plus 24 pg/ml Polybrene) per well. Cells were spun in six-well plates at
1,000 X g for 1 h at room temperature, followed by a 4-h incubation at 37°C with
5% CO,. Medium was then removed from A549 infections and replaced with
fresh complete DMEM. Mutu I cells were collected, spun down, and resus-
pended in 4 ml of complete RPMI medium per well. Cells were cultured for 2
days prior to selection with 1 pg/ml puromycin and were analyzed after 10 to 14
days of puromycin selection.

BMP treatment. BMP6 was purchased from R&D Systems, and BMP2 and
BMP7 were purchased from Miltenyi Biotec. For treatment of Mutu I and Mutu
111 cells, 2 X 10° cells were spun down, resuspended in 2 ml of complete medium,
and seeded on each well of a six-well plate. Two hours later, BMPs were added
to a final concentration of 1 ug/ml. For treatment of A549 cells, 3 X 10° cells
were plated in each well of a six-well plate containing 2 ml of complete medium.
Two days later, medium was changed and replaced with DMEM containing 1%
FBS in the morning. Following 8 h of incubation at 37°C with 5% CO,, BMPs
were added to a final concentration of 1 wg/ml. Cells were harvested at the times
indicated in the figure legends.

Quantitative analysis of viral genomes in culture medium. Forty-eight hours
after exposure of Mutu I cells to the indicated BMPs, cells were spun down, and
the medium was filtered through a 0.45-wm-pore-size surfactant-free cellulose
acetate filter. Proteinase K was added to the medium to a final concentration of
1 mg/ml and incubated at 37°C for 1 h, followed by incubation at 95°C for 10 min.
The medium was then subjected to phenol-chloroform extraction and diluted
10-fold in H,O. Two microliters of each diluted sample was used for real-time
PCR analysis of viral DNA, and PCRs were carried out using two different sets
of primers (sequences are listed in Table S1 in the supplemental material)
designed to amplify a region of either the BamHI Z locus or the BamHI Q locus.
Real-time PCR was conducted using an iQ5 PCR machine with the following
conditions: 95°C for 3 min followed by 40 cycles of 95°C for 30 s, 62°C for 40 s,
and 72°C for 40 s using Eva green Supermix (Bio-Rad).

A549 cell growth analysis. For colony formation assay, 500 control- or miR-
155-expressing A549 cells were seeded into each well of a six-well plate. Cells
were cultured in 1% FBS medium with or without BMP2 for 14 days prior to
analysis of cell colony formation. Colonies were stained with crystal violet blue
and analyzed using a Colcount Cell Counter (Oxford Optronix).

RESULTS

miR-155 targets members of the BMP signaling pathway. In
a previous report investigating the interplay between miR-155
and Epstein-Barr virus infection, we had shown that the 3’
UTR of SMADS can be inhibited by miR-155 in a 3" UTR
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reporter experiment (44). This suggested that miR-155 may
target endogenous SMADS transcripts and that it may disrupt
BMP signaling. Nevertheless, we had not shown that inhibition
of the 3" UTR was mediated through the predicted miR-155
target sites, and we had not investigated whether the endoge-
nous gene was affected by miR-155.

MicroRNAs frequently target multiple members of signaling
pathways, possibly as a means to exert stronger influences on
the respective pathway in the face of their typically moderate
inhibitory effects on individual genes. An informatics analysis
of the complete list of 3’ UTRs (from the TargetScan 3’ UTR
database [22]) containing conserved or nonconserved miR-155
seed sequences of at least 7-mer revealed a number of poten-
tial miR-155 target genes in the BMP signaling pathway in
addition to SMADS (Fig. 1A). The 3" UTR of another BMP-
responsive SMAD, SMAD1, was also found to have a pre-
dicted 8-mer target site. Cofactors involved in facilitating pro-
moter binding specificity of SMAD1 and SMADS were also
found to have predicted miR-155 target sites in their 3’ UTRs,
including RUNX2, HIVEP2 (Schnurri-2), and CEBPB (Fig.
1A). Lastly, a downstream target of BMP signaling, MYO10,
which has been shown previously (30) to be involved in an
autoactivation loop, was found to contain a predicted 8-mer
miR-155 target site (Fig. 1A).

To assess targeting of these 3" UTRs by miR-155, 3" UTR
reporters for each of these BMP signaling intermediates were
cotransfected into the EBV-positive Burkitt’s lymphoma cell
line Mutu I with either a control expression vector (pMSCV-
puro-GFP-miR-CNTL) or an miR-155 expression vector
(pPMSCV-puro-GFP-miR-155). Although the level of inhibition
varied, the 3" UTRs of each of these genes were found to be
inhibited by miR-155 (Fig. 1B). Since SMAD1 and SMADS
are critical transducers of cytoplasmic to nuclear BMP sig-
naling, we further investigated the specificity of SMAD1 and
SMADS targeting. Mutant versions of the SMAD1 and
SMADS 3" UTR reporters were generated in which the single
miR-155 binding site in SMAD1 and the two miR-155 binding
sites in SMADS were mutated. We also noted that there are
proximal predicted target sites for another oncogenic family of
microRNAs, the miR-17 cluster microRNAs, with close prox-
imity to the miR-155 target sites in both the SMAD1 and the
SMADS 3’ UTRs. We had shown previously that members of
the miR-17 family are expressed in Mutu I cells (5), so we also
generated separate mutants of the miR-17 sites in these re-
porters to determine whether there might be proximity-based
synergy between miR-155 and miR-17 microRNAs. Mutation

miR-155 INHIBITS BMP-INDUCED EBV REACTIVATION 6321

of the miR-155 target sites in SMAD1 or SMADS resulted in
a loss of miR-155 repression (Fig. 1C). Therefore, miR-155
targets SMAD1 and SMADS through binding to their re-
spective predicted miR-155 target sites in their 3" UTRs.
Mutation of the miR-17 family binding sites in either
SMADI1 or SMADS did not influence the ability of miR-155 to
inhibit expression of these reporters, indicating that there is no
apparent dependency on proximity-based synergy with miR-17
family microRNAs (Fig. 1C).

miR-155 inhibits the expression of endogenous SMAD1 and
SMADS. To assess the ability of miR-155 to influence endog-
enous SMAD1 and SMADS gene expression, the type I latency
cells, Mutu I, were transduced with either a control (pMSCV-
puro-GFP-miR-CNTL)- or a miR-155 (pMSCV-puro-GFP-
miR-155)-expressing retrovirus. Duplicate control and dupli-
cate miR-155 retroviral transductions were carried out to help
rule out the possibility that observable changes are due to
culturing-associated gene expression drifting. In each case, ap-
proximately 4 X 10° cells were infected, and infection rates
were judged to be greater than 50%, based on the number of
GFP-expressing cells 2 days following infection. RNA and pro-
tein extracts were prepared from infected cells 10 days after
selection. miR-155-transduced Mutu I cells were found to ex-
press miR-155 at levels comparable to the endogenous levels
observed in EBV-infected B cells exhibiting type III latency
(Fig. 1D).

To determine whether endogenous SMAD1, SMADS, HIVEP2,
CEBPB, or MYO10 genes are regulated by miR-155, quanti-
tative RT-PCR analysis was carried out in retrovirally trans-
duced Mutu I cells (note that RUNX2 is not expressed in these
cells since it could not be detected by RT-PCR analysis or by
next-generation sequencing [G. Xu, C. Fewell, C. Taylor, N.
Deng, D. Hedges, X. Wang, K. Zhang, M Lacey, H. Zhang, Q.
Yin, J. Cameron, Z. Lin, D. Zhu, and E. K. Flemington, sub-
mitted for publication]). Expression levels of SMADI,
SMADS, HIVEP2, CEBPB, and MYO10 were found to be
lower in cells transduced with the miR-155 retrovirus (Fig. 1E).
Further, SMAD1 and SMADS protein levels were lower in
miR-155-transduced Mutu I cells (Fig. 1F). Lastly, we assessed
the levels of SMAD1 and SMADS in EBV-positive B-cell lines
displaying either type I (low miR-155) or type III (high miR-
155) latency. SMAD1 and SMADS expression was lower in
EBV-infected B cell lines displaying type III latency than in
three EBV-infected B-cell lines displaying type I latency (Fig.
1G). Together, these data show that miR-155 targets multiple
factors of the BMP signaling pathway in EBV-infected B cells.

FIG. 1. miR-155 inhibits members of the BMP signaling pathway. (A) Schematic of BMP signaling genes with potential miR-155 target sites.
R, BMP receptor. (B) 3" UTR reporter analysis of predicted miR-155 targets was performed in Mutu I cells. (C) Analysis of wild-type SMADI1
and SMADS 3’ UTR reporters and corresponding reporters with either the miR-155 (155mut) or miR-17 (17mut) target sites mutated was carried
out in Mutu I cells. (D) Expression of mature miR-155 was analyzed by real time RT-PCR in Mutu I cells transduced with a control (CNTL-1 and
CNTL-2)- or a miR-155 (155-1 and 155-2)-expressing retrovirus and the EBV-positive type I (Akata and Rael) and type III (JY, X50-7, and 1B4)
latency cells. Real-time RT-PCR was performed using a mirVana microRNA detection kit (Ambion) with a mirVana quantitative RT-PCR
miR-155 primer set and a 5S primer set (Ambion). Relative miR-155 expression was calculated using the 22 method (C is threshold cycle),
where AA C; = (AC; average in the type I cells) — (AC in each cell line) (the type I cells are Akata and Rael), and AC;- = (C; value of miR-155) —
(C value of 5S RNA). (E) Real-time RT-PCR analysis of miR-155 targets in retrovirally transduced control and miR-155 Mutu I cells. Values
reported are the percent expression relative to CNTL-1 2744€, C,. values were normalized to glyceraldehyde-3-phosphate dehydrogenase C;-
values obtained from the same cDNA samples. (F) Western blot analysis of SMAD1 and SMADS5 (Sigma) protein levels in control- or
miR-155-transduced Mutu I cells. (G) SMAD1 and SMADS (Sigma) protein expression was analyzed in the EBV-infected type I (Mutu I, Akata,
and Rael) and type III (JIJOYE, X50-7, JY, and IB4) cell lines by Western blot analysis.
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FIG. 2. miR-155 inhibits BMP2-, BMP6-, and BMP7-mediated induction of ID3. Retrovirally transduced control (CNTL-1 and CNTL-2) or
miR-155 (155-1 and 155-2) Mutu I cells were treated with the indicated BMP and harvested 48 h later for Western blot analysis. —, no treatment.

miR-155 inhibits BMP-mediated induction of ID3. Having
determined that miR-155 can inhibit the expression of BMP
signaling intermediates, we next assessed whether this suppres-
sion influenced the ability of BMP to signal to downstream
targets. Mutu I cells were found to be responsive to BMP2,
BMP6, and BMP7, as evidenced by the induction of phospho-
SMAD1/SMADS5 (SMAD1/5) in control-transduced Mutu I
cells (Fig. 2) although the degree of phospho-SMAD1/5 induc-
tion by BMP7 was less robust (at this 48-h time point) than that
observed for BMP2 and BMP6. In line with expectations, miR-
155-transduced Mutu I cells showed lower levels of phosphor-
ylated SMAD1/5 (Fig. 2) in response to BMP2, -6, and -7.
Inhibitor of differentiation (ID) proteins are canonical down-
stream targets of BMP signaling. In repeated attempts, we
could not detect the ID1 or ID2 family members before or
after exposure to BMPs by Western blot analysis in Mutu I
cells. In contrast, ID3 was detected and was increased in re-
sponse to BMP2, -6, and -7 (Fig. 2). Moreover, ID3 induction
was dampened in miR-155-transduced cells. This indicates that
miR-155-mediated inhibition of BMP signaling intermediates
negatively influences the ability of BMP to induce downstream
targets.

BMP2, BMP-6, and BMP-7 induce Epstein-Barr virus reac-
tivation. Previous studies have shown that transforming growth

factor B (TGF-B) can induce reactivation in EBV-infected B
cells exhibiting type I latency (35). This raised the possibility
that BMP signaling may similarly induce EBV reactivation in
type I latency cells and that miR-155 expression may suppress
BMP-induced reactivation. Despite similarities in the TGF-$
and the BMP signaling pathways, induction of gene expression
by these two classes of mediators is facilitated through the
cooperation with a number of distinct pathway-specific cofac-
tors, and in some settings, these pathways have been shown to
interfere with each other. To our knowledge, no previous stud-
ies have tested whether BMP proteins can induce EBV reac-
tivation. To assess this possibility, Mutu I cells were exposed to
BMP6, TGF-B, BMP6 plus TGF-8, BMP2, or BMP7. Cells
were collected for Western blot analysis, and medium was
collected for detection of viral DNA (reflective of the level of
secreted viral particles). As expected, BMP2, -6, and -7 in-
duced phospho-SMAD1/5 while TGF-B induced the level of
phospho-SMAD?2 (Fig. 3A and B). Consistent with previous
studies, TGF-B induced the expression of the immediate-early
and early Zta, Rta, and BMRF1 viral genes (Fig. 3A), as well
as the production of secreted virus (Fig. 3C). BMP6 was found
to induce Zta, Rta, and BMRF1 expression and virus produc-
tion, but the levels of induction were modest compared to the
level of induction observed with TGF-B (Fig. 3A). Addition of
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FIG. 3.

BMP signaling induces EBV reactivation. Mutu I cells were exposed to BMP2, BMP6, BMP7, and/or TGF-f for the indicated times,

and cells were collected for Western blot analysis (A and B). Antibodies used are listed in Table S2 in the supplemental material (the SMADS5
antibody used here is from Cell Signaling). (C) Medium was collected for real-time PCR analysis of viral genomes after 48 h of treatment. Primer
set 1 and set 2 were designed to amplify a portion of the BamHI Z and BamHI Q regions of the EBV genome, respectively. The relative fold change
of BMP- and TGF-B-treated samples was calculated based on the C; value of untreated (CNTL) cells. —, no treatment.
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both BMP6 and TGF-B did not result in any observable cross-
interference. Instead, treatment with both of these agents had
an enhanced influence on Zta, Rta, and BMRF1 expression.
Exposure of Mutu I cells to BMP2 and BMP7 resulted in a
more robust induction of Zta, Rta, and BMRF1 than treat-
ment with BMP6 (Fig. 3A and B). Further, at least in the case
of BMP7, the level of virus in the medium surpassed the level
observed with TGF-B (Fig. 3C). Together, these results indi-
cate that although there appear to be amplitude differences in
signaling mediated by BMP2, -6, and -7, activation of the BMP
pathway can facilitate EBV reactivation in Mutu I cells.
miR-155 inhibits BMP-mediated EBV reactivation. To ana-
lyze whether miR-155 influences BMP-mediated reactivation,
Zta, Rta, and BMRF1 expression levels were monitored
following BMP treatment of Mutu I cells transduced with
control or miR-155 retroviruses. miR-155 suppressed induc-
tion of each of these lytic proteins in cells treated with
BMP2 or BMP7 (Fig. 4A). Similarly, despite a lower level of
reactivation induced by BMP6, suppression of Zta and Rta

no treatment.

induction by miR-155 was also evident (see Fig. S1 in the
supplemental material). Inhibition of BMP2- and BMP7-in-
duced reactivation was also manifested in the form of marked
decreases in the number of viral genomes detected in the
medium (Fig. 4B). From these data we draw the conclusions
that miR-155 is able to inhibit BMP signaling and that
functionally relevant levels of miR-155 (similar to the levels
observed in EBV-infected B cells displaying type III latency)
are capable of inhibiting BMP-induced transitioning from
latency to lytic reactivation. Consistent with the latter as-
sertion, BMP2, BMP6, and BMP7 are not able to induce Zta,
Rta, or BMRF1 expression in Mutu III cells (the isogenic type
III latency derivative of Mutu I cells) (Fig. 5).

miR-155 inhibits BMP signaling in the lung epithelial cell
line A549. To gain some insight into the generality of miR-
155-mediated inhibition of BMP signaling, we extended our
study to the human lung epithelial cell line A549. A549 cells
were transduced in duplicate with control- or miR-155-express-
ing retrovirus and assayed for SMAD1 and SMADS expression
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FIG. 5. Type III latency cells, Mutu III, are not responsive to BMP2,
BMP6, or BMP7. Mutu I and Mutu III cells were treated as described in
Materials and Methods and analyzed for Zta, Rta, and BMRF1 expres-
sion by Western blot analysis 48 h after cytokine addition.

by Western blot analysis. Similar to the results obtained in
Mutu I cells, SMAD1 and SMADS levels were found to be
lower in A549 cells expressing miR-155 (Fig. 6A).

We next treated control- or miR-155-expressing A549 cells
with BMP2, -6, or -7 and generated protein extracts at 24 h
posttreatment. Good induction of phospho-SMAD1/5 was ob-
served in control cells, and the levels of phospho-SMAD1/5
were found to be reduced in miR-155-expressing cells. Previ-
ous studies have shown that BMP2 induces expression of the
cyclin-dependent kinase inhibitor p21, along with a transient
growth inhibition (4, 11). Consistent with these results, West-
ern blot analysis of p21 expression in extracts from A549 cells
treated with BMP2, -6, and -7 showed induced levels of p21 by
each of these BMPs (Fig. 6B). In contrast, induction of p21 was
largely abrogated in miR-155-expressing cells, indicating that
miR-155 is capable of functionally inhibiting BMP signaling in
this system.

To gain insights into the implications of the effect of miR-
155 on BMP-mediated growth inhibition, control- or miR-155-
transduced A549 cells were plated at a low density, treated
with BMP2, and grown for 2 weeks prior to staining with crystal
violet blue to determine colony growth. Fewer colonies were
observed in BMP2-treated control cells than in untreated cells,
whereas similar numbers of colonies were observed in BMP2-
treated and untreated miR-155-expressing cells (Fig. 6C).
From these data, we conclude that miR-155 inhibits BMP
signaling and growth inhibition in the lung epithelial cell line
A549 and that inhibition of BMP functions may be relevant
beyond EBV-infected B lymphocytes.

DISCUSSION

miR-155-mediated targeting of multiple members of the
BMP signal transduction pathway. As the manuscript was in
preparation, Rai et al. (31) similarly validated our earlier
SMADS5 3" UTR results (44) by showing that endogenous
SMADS is inhibited by miR-155. Here, we show that miR-155
harbors the capacity to target multiple layers of the BMP
signaling cascade. In addition to the central regulatory mole-
cules, SMAD1 and SMADS5, miR-155 inhibits, at the RNA
level, expression of cofactors that are required for high-affinity
interactions between SMADs and responsive promoters. Al-
though the role of HIVEP2 in mediating BMP responses in
mammalian systems is at present limited, it has been estab-
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lished as a central regulator of BMP responses in Drosophila
(3). We have also noted that the cofactor FOXO3, which plays
a role in mediating SMAD?2/3 binding to the p21 promoter in
response to TGF-B (32, 36), contains predicted miR-155 target
sites. We have thus far been unable to find reports demon-
strating an interaction between members of the SMAD1/5/9
family with FOXO3. Nevertheless, given the relatedness of
SMAD?2/3 with SMAD1/5/9, this is a valid possibility. In such a
case, FOXO3 will prove to be an additional cofactor in the
BMP response pathway that is targeted by miR-155.

MYOI10 is a downstream target of BMP signaling. Pi et al.
(30) have shown in endothelial cells that BMP6 induces
MYO10 expression, that MYO10 is localized to filopodia, and
that it is required for filopodial assembly. Likewise, BMP6-
dependent cellular alignment and directional migration require
MYO10 (30). These data indicate a critical role for MYO10 in
facilitating some of the phenotypic consequences of BMP6
signaling. Intriguingly, however, Pi et al. (30) found that
MYO10 is also required for BMP6-dependent SMAD activation,
indicating that in addition to its function in filopodial assembly,
MYOI10 participates in a requisite amplification loop for BMP
signaling. This places MYO10 as an additional component in the
BMP signaling cascade that is targeted by miR-155.

The targeting of multiple components of the BMP signaling
cascade by miR-155 may be a mechanism for eliciting a strong
influence on BMP signaling in the face of the intrinsic, mod-
erate influences of microRNAs on an individual target gene.
This strategy may also be a means of ensuring relatively strong
inhibition in a wide array of tissues or cell types. The regulation
of 3" UTR structure (particularly length) appears to be an
increasingly appreciated mechanism for modulating/dampen-
ing the influence of microRNA targeting (25, 34). In the face
of cell-type-regulated alteration of 3" UTR structure for indi-
vidual miR-155 targets in the BMP pathway, an impact on
overall signaling may remain relatively intact through the in-
hibition of other targets with long 3" UTRs (which remain
susceptible to miR-155 inhibition).

A notable omission in our study is SMAD9 which, like
SMAD1 and SMADS, facilitates core BMP signal transduction
events from the cytoplasm to the nucleus. From a functional
standpoint, it is important to note that the roles of SMADI,
SMADS, and SMAD? in transmitting BMP signaling appear to
be largely redundant. The SMAD9 3’ UTR does not contain
any significant seed complementarity to miR-155 (TargetScan
[22]). It is reasonable to predict that if one member of this
group is not susceptible to miR-155 targeting and is perhaps
expressed at a slightly higher level than the other members of
this family, transmission of cytoplasmic to nuclear signaling
would be largely unaffected by miR-155. RNA-Seq analysis of
the A549 transcriptome revealed that the level of SMAD9
mRNA in these cells is approximately 0.2 transcripts per cell,
whereas the levels of SMAD1 and SMADS transcripts are
approximately 6 and 11, respectively (see Fig. S2 in the sup-
plemental material). Similar ratios were also found in Mutu I
cells (G. Xu et al., submitted). The low abundance of SMAD9
transcripts (to a level that is well below 1 transcript per cell)
likely means that cytoplasmic-to-nuclear transmission of BMP
signaling is effectively mitigated by miR-155 in this cell system
through targeting of only SMAD1 and SMADS. Nevertheless,
this arm of the BMP transduction pathway may be less affected
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FIG. 6. miR-155 inhibits BMP signaling in the lung epithelial line, A549. (A) Western blot analysis of SMAD1 and SMADS expression was
performed in A549 cells retrovirally transduced with control (CNTL-1 and CNTL-2) or miR-155 (155-1 and 155-2) retroviruses. (B) Control- or
miR-155-transduced A549 cells were treated with the indicated BMP for 24 h and assessed for phospho-SMAD1/5 and the downstream target p21
by Western blot analysis (SMADS antibody is from Sigma). (C) Colony formation of retrovirally transduced A549 cells treated with BMP2 or
untreated (—). The left panel shows a representative picture from one colony assay, and the right panel shows the calculated colony number ratios
(with BMP/without BMP) for three repeats.

by miR-155 in cells where SMAD?9 expression is more substan-
tial. Cell-type-dependent alteration in polyadenylation site us-
age of other miR-155 targets in this pathway may similarly play
a role in mitigating the overall response to miR-155 expression.
Therefore, while miR-155 inhibits multiple components of
the BMP signal transduction cascade and likely impedes
BMP signaling in a range of settings, we still envision the
possibility that, in certain physiological settings, a cell may
be programmed to respond adequately to BMP signaling
despite high levels of miR-155.

Role of miR-155 in suppressing BMP mediated signaling,
virus reactivation, and antitumor effects. Type III latency has
been demonstrated previously to actively suppress reactivation
in tissue culture models (such as exposure to TGF-3 and B-cell
receptor activation) (10, 14, 26), and we have determined that,
like Mutu III cells, two additional infected B-cell lines display-
ing type III latency are refractory to BMP-mediated reactiva-
tion (see Fig. S3 in the supplemental material). This property
of type III latency may play a physiological role in enforcing
latency during the natural infectious course of EBV. Patholog-
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ically, the maintenance of a primarily latent state in EBV type
IIT latency-associated malignancies likely contributes to the
overall survival of the tumor since lytic replication typically has
substantive negative influences on host cell survival.

In addition to EBV-associated malignancies, high levels of
miR-155 are also observed in other lymphoid malignancies
such as diffuse large B-dell lymphomas (DLBCL) (9, 21). A
number of studies have now provided evidence that BMP sig-
naling can inhibit B- and T-cell growth at various stages of
lymphoid development (2, 6, 13, 18, 19, 37). Although it is
likely that miR-155 contributes to oncogenesis at multiple lev-
els, an ability to suppress BMP-mediated growth arrest signal-
ing could be at least one contributing factor in tumor devel-
opment/survival for some of these tumors. We have also shown
here that miR-155 can inhibit BMP signaling, BMP-mediated
induction of the cyclin-dependent kinase inhibitor p21, and
BMP-mediated cell growth inhibition in a nonlymphoid setting
(A549 cells). We expect that at least some nonlymphoid tu-
mors exhibiting elevated levels of miR-155 may similarly enjoy
increased survival characteristics in the face of negative influ-
ences of local BMPs.

Due to the functional overlap between cellular miR-155 and
the Kaposi’s sarcoma-associated herpesvirus (KSHV) (12, 38)
and Marek’s disease virus (MDV) (28) versions of miR-155, it
is likely that these virus microRNAs will similarly influence
these BMP signaling mediators. By analogy with EBV, they
may influence the latency/lytic balance in these cells in re-
sponse to BMP signaling, and/or they may promote cell pro-
liferation/oncogenesis. The extent to which these virus homo-
logues influence BMP signaling mediators and the impact of
these interactions on virus biology will be borne out by future
investigations.
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