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The mechanisms by which microRNA dysfunction contributes to the
pathogenesis of diffuse large B cell lymphoma (DLBCL) are not well
established. The identification of the genes and pathways directly
targeted by these small regulatory RNAs is a critical step to advance
this field. Using unbiased genome-wide approaches in DLBCL, we
discoveredthat theoncogenicmicroRNA-155 (miR-155)directly targets
the bone morphogenetic protein (BMP)-responsive transcriptional
factor SMAD5. Surprisingly, we found that in DLBCL a noncanonical
signaling module linking TGF-β1 signals to SMAD5 is also active. In
agreementwith thesedata,miR-155overexpression renderedDLBCLs
resistant to thegrowth-inhibitoryeffectsofbothTGF-β1andBMPs,via
defective induction of p21 and impaired cell cycle arrest. In confirma-
tory experiments, RNAi-based SMAD5 knockdown recapitulated in
vitro and in vivo the effects miR-155 overexpression. Furthermore, in
primaryDLBCLs,miR-155 overexpression inhibited SMAD5expression
and disrupted its activity, as definedby individual and global analyses
of its transcriptional targets. Together, our data helped explain miR-
155 function, highlighted a hitherto unappreciated role of SMAD5 in
lymphoma biology, and defined a unique mechanism used by cancer
cells to escape TGF-β’s growth-inhibitory effects.
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Significant progress has been made recently in elucidating the
molecular basis of diffuse large B cell lymphoma (DLBCL) (1).

These studies were primarily centered on classic mRNA genes,
whereas the role of microRNAs (miRNA) in lymphomagenesis
remains to be fully appreciated. MiRNAs are non–protein-coding
RNAs that function by regulating the expression of target transcripts
(2). Thus, to capture the biologic impact of these regulatory mole-
cules it is necessary to identify the genes that they inhibit. Micro-
RNA-155 (miR-155) is overexpressed in aggressive DLBCLs (3, 4),
and its aberrant expression in a transgenic, Eμ-miR-155, mouse
model was associated with the development of lymphoblastic leu-
kemia/high-grade lymphoma (5). However, although several bona
fide miR-155 targets have been identified (6–10), it is unclear how
their excessive down-regulation in DLBCLs that overexpress miR-
155 contribute to lymphomagenesis. A direct way to address this
problem is to propose that miR-155 physiologically targets B cell
growth-suppressing pathways and that its abnormal expression in
DLBCL curtails these inhibitory signals, contributing to an advan-
tageous prosurvival behavior.
Herein, we report that miR-155 binds to the 3′ UTR of the

SMAD5 gene.Detailed characterization of this interaction showed
that genetic modulation of miR-155 expression in DLBCL cell
lines concomitantly changed SMAD5 levels. Although SMAD5
activity is classically associatedwith signals transduced by theBMP
(bone morphogenetic protein) family of cytokines (11), we found
that inDLBCLTGF-β1 also activated SMAD5.Thus,DLBCLcell
lines engineered to express miR-155 became resistant to the
cytostatic effects derived from both BMPs and TGF-β1, via a
defective induction of p21 and impaired cell cycle arrest. Further,
we found that stable shRNA-based SMAD5 knockdown reca-
pitulated in vitro and in vivo the effects miR-155 overexpression in
DLBCL. Finally, we confirmed the functional repercussions of

these findings by showing that miR-155 influenced SMAD5
expression and activity in primary DLBCLs.

Results
SMAD5 Is a Direct Target of miR-155. We previously identified an
inverse correlation between the expression of SMAD3 and primary-
miR-155 (3), suggesting that a blockade in the tumor-suppressing
TGF-β signals could be involved in miR-155 oncogenesis. Thus, we
searched for miR-155 binding sites in all SMAD genes. Putative
binding sites were found in the 3′ UTRs of SMAD1, SMAD3, and
SMAD5 (Fig. S1A).We tested the functionality of these interactions
with reporter assays and found that miR-155 decreased the luci-
ferase activity of WT SMAD5 but had no major effect on the seed
sequence mutant constructs (P < 0.01, Student’s t test) (Fig. 1A).
MiR-155 did not influence SMAD3 reporter activity andhad amore
modest effect on SMAD1 (Fig. S1B). To validate these findings, we
stably expressed miR-155 (Fig. S2A) in DLBCL cell lines (3). In
agreement with the reporter assays, ectopic expression of miR-155
down-regulated SMAD5 but not SMAD1 or SMAD3 (Fig. 1B and
Fig. S2B). In addition, inhibiting miR-155 expression in relevant
DLBCL cell lines elevated SMAD5 levels (Fig. S2C). These data
indicated that SMAD5 is a direct target of miR-155. Finally, our
findings suggest that mechanisms other than miR-155 activity
account for the inverse correlation between the expression of this
miRNA and SMAD3 noted earlier in DLBCLs (3).

In DLBCL, Both BMP2/4 and TGF-β1 Activate SMAD5. Classically,
TGF-β1 signals are transduced via the TGFRB2 and TGFRB1
(ALK5) receptors to activate SMAD2 and SMAD3 (11). Con-
versely, signals derived from the BMP family of cytokines use
BMPR2 and a host of type I receptors (ALK1, -2, -3, and -6) to
activate SMAD1/5/8. However, noncanonical signals linking
TGF-β1 to SMAD1/5 have been recently described in endothe-
lial and epithelial tissues (12–15). Because miR-155 specifically
targets SMAD5, we investigated whether this alternative route
was active in malignant B lymphocytes. In DLBCL cell lines,
BMP2/4 induced phosphorylation of SMAD1/5 and, expectedly,
had no effect on SMAD2/3 (Fig. S3A). Surprisingly, exposure to
TGF-β1 resulted in phosphorylation of SMAD2/3 but also of
SMAD1/5 (Fig. 2 and Fig. S3A). Interestingly, in murine or
human normal mature B cells we could not detect these non-
canonical signals, albeit TGF-β promptly phosphorylated
SMAD2 (Fig. S3A). However, because the canonical BMP-
mediated phosphorylation of the SMAD1/5 was also not present,
we cannot exclude the possibility that in normal B cells the levels
of SMAD1/5 expression/phosphorylation are below the sensi-
tivity of available antibodies and Western blot measurements. In
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addition, to separate the effects of TGF-β1 on SMAD1 and
SMAD5, we used immunoprecipitation assays and confirmed that
SMAD5 is phosphorylated after TGF-β1 treatment (Fig. S3B).
Finally, we showed that the phosphorylation of SMAD2/3 is not
modified by miR-155 (Fig. S3C).
The noncanonical TGF-β1 signaling in endothelial and epithelial

cells requires both BMP and TGF-β type I receptors (12–15). To
study this issue in DLBCL, we first measured the expression of
ALK1-7, TGFRB2, and BMPR2. We found that ALK2, -3, -5,
TGFRB2, andBMPR2were consistently expressed inDLBCL (Fig.
S3D). To define the contribution of the distinct classes of type I and
II receptors in the noncanonical TGF-β1 signal transduction in our
model, we used siRNA oligos toward ALK2, ALK3, and ALK5, a
blocking antibody anti-TGFBR2, and kinase inhibitors specific to
BMP (dorsomorphin) or TGF-β receptors (SB-431542) (13, 15). In
the cell lines examined, TGF-β1–mediated phosphorylation of
SMAD1/5 was markedly abolished by pretreatment with the
blocking TGFBR2 antibody and ALK5 siRNA, indicating a sig-

nificant contribution of the TGF-β receptors to this process (Fig. 2).
Conversely, the role of the BMP receptors, investigatedwithALK2/
3 siRNAs, albeit clear, was limited to the Ly19 cell line (Fig. 2 and
Fig. S4 A and B). Importantly, identical results were obtained with
the kinase inhibitors SB-431542 and dorsomorphin (Fig. S4C).

DLBCLsOverexpressingmiR-155AreResistant to theGrowth-Inhibitory
Effects of TGF-β1 and BMPs and Display Impaired G0/G1 Arrest and p21
Induction.We tested whether expression of miR-155 in DLBCL,
via targeting of SMAD5, ablated the growth-inhibitory effects of
TGF-β1 and BMP2/4 toward B lymphocytes (16). Indeed,
ectopic expression of miR-155 significantly limited the cytostatic
activities of these cytokines (P < 0.05, Student’s t test) in all cell
line models analyzed (Fig. 3 A and B) and at multiple doses (Fig.
S5A). Next, we determined the influence of miR-155 expression
on TGF-β1–mediated cell cycle arrest (17) and found that
DLBCL cell lines expressing miR-155 became either refractory
or had a diminished response to TGF-β1–mediated G0/G1 arrest
(Fig. 3C), which was accompanied by an impaired TGF-β1–
mediated induction of p21 (P < 0.05, Student’s t test) (Fig. 3D).

MiR-155 Expression Enhances Tumor Aggressiveness in a Xenograft
Model of Human DLBCL. In Eμ-miR-155 transgenic mice, an early
pre-B cell proliferation leads to the development of B cell tumors
(5), suggesting that miR-155 may facilitate the acquisition of
mutations needed for the growth of a monoclonal neoplasm.
However, the oncogenic contribution of miR-155 to fully estab-
lishedmatureB cell tumors has not been defined. Thus, we created
DLBCL cell lines constitutively coexpressing miR-155 (or vector
alone) and the luciferase gene. These cells were injected by the tail
vein in sublethally irradiated SCID/NOD (nonobese diabetic)
mice and live bioluminescent imaging performed (Fig. 4A). In
parallel experiments, carried out in an additional mouse cohort,
the same DLBCL cell lines were injected s.c. and tumor volume
measured daily. In both models, miR-155 expression led the
development of larger and more widespread tumors (P < 0.05
tumor volume, P< 0.05 photon flux quantification, Student’s t test;
Fig. S5B).

SMAD5 Knockdown Recapitulates the in Vitro and in Vivo Effects of
miR-155 Overexpression in DLBCL. Using two independent targeting
sequences, in transient and stable RNAi strategies, we created
DLBCLcellswith specificdown-regulationofSMAD5(Fig.S6Aand
B). Supporting the relevance of SMAD5 targeting by miR-155,
DLBCLs with stable SMAD5 knockdown became resistant to the
cytostatic effects of BMP2/4 and TGF-β1 and showed a defective
induction of p21 (Fig. S6A andB) (P< 0.05, Student’s t test). InmiR-
155-overexpressing and SMAD5 knockdown DLBCLs, the dis-
ruption of p21 induction was independent of the inhibitory effects of
TGF-β1 toward v-myc myelocytomatosis viral oncogene homolog
(MYC) (18). Importantly, the tumor-suppressor properties of
SMAD5 were confirmed in vivo: we found that DLBCLs stably
expressingSMAD5shRNAs(oroverexpressingmiR-155)developed
into larger and more aggressive tumors than their isogenic counter-
parts (P < 0.05, Student’s t test) (Fig. 4B and Fig. S6C), thus sub-
stantiating the functional relevance of our in vitro assays (Fig. 3, Fig.
S5A, and Fig. S6 A and B). Notably, numerous attempts to recon-
stitute SMAD5 expression (lacking a miR-155 binding site) in our
miR-155 overexpression DLBCL models were unsuccessful, sup-
porting the tumor-suppressive activities of SMAD5 in these tumors.

MiR-155 Expression Impacts on SMAD5 Function in Primary DLBCL. To
confirm the relevance of our findings beyond the cell line models,
we quantified the expression of mature miR-155 in a collection
of 20 primary DLBCLs (Table S1). We were able to isolate intact
protein from a subset of these tumors (n = 10), and using
Western blotting we found an inverse correlation between miR-
155 and SMAD5 expression (Fig. 5A).

Fig. 1. SMAD5 is adirect target ofmiR-155. (A) Luciferase reporter constructs
containing the 3′UTRof the SMAD5gene [WTorwith pointmutations in both
miR-155 binding sites (MUT)] were cotransfected with pre-miR-155 or control
oligos. Pre-miR-155 inhibited luciferase activity in the SMAD5-WT but had no
effect in the mutant (MUT) construct (P < 0.05, Student's t test). Data shown
are mean ± SD of the ratio of luciferase activity in pre-miR-155 and control
oligo transfections. (B) Western blots depict SMAD5 inhibition in DLBCL cell
lines stably expressing miR-155.

Fig. 2. Noncanonical TGF-β signals in DLBCL. Western blot analyses of phos-
pho-SMAD1/5 in DLBCL cell lines exposed to TGF-β1, with or without pretreat-
ment with a blocking anti-TGFBR2 antibody (Left), or with siRNA-mediated
knockdown of ALK5 or ALK2/3 (Center and Right). The noncanonical phos-
phorylation of SMAD1/5 was abolished by blocking the TGFBR2 receptor and
inhibiting ALK5 expression in both Ly18 (Top) and Ly19 (Bottom) cells, whereas
ALK2/3 knockdown impaired TGF-β1 signals exclusively in the Ly19 cell line.
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Fig. 3. MiR-155 limits the cytostatic effects of TGF-β1 andBMP2/4 inDLBCL. DLBCL cell lines ectopically expressingmiR-155were significantlymore resistant (P<
0.05, Student's t test) to the cytostatic effects of TGF-β1 (A) and BMP2/4 (B) than their isogenic controls. TGF-β1 doses were 1 ng/mL (Ly1 and Ly18) and 2 ng/mL
(Ly19); see Fig. S4A for the complete dose range. Data shown are mean ± SEM of the percentage inhibition of cells exposed to TGF-β1 or BMP2/4, normalized by
vehicle-treated cells. (C) Cell cycle analyses showG0/G1arrest after TGF-β1exposure inDLBCL cell lines low/null formiR-155 (MSCV), andanabsentormore limited
effect in MSCV-miR-155 cells. (D) Real-time RT-PCR quantification of p21 induction by TGF-β1 (2.5 ng/mL). MiR-155 expression significantly blocked TGF-β1–
mediated induction of p21 inDLBCL (P< 0.05, Student's t test). Data shown aremean± SEMof cells exposed to TGF-β1 normalizedby vehicle-treated cells. TGF-β1
consistently did not induce p21 expression in the Ly19 cell line.
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We wished to test whether the down-regulation of SMAD5 had
physiologic consequences. A well-validated list of SMAD5 tran-
scriptional targets inmatureBcells is not available.However,mining
expression datasets derived fromother tissues (19–21), we defined a
small catalog of genes that were commonly up-regulated by SMAD5
(or SMAD1/5 but not SMAD2/3) (SI Materials and Methods). To
confirm the relationship between SMAD5 and these putative tran-
scriptional targets in B lymphocytes, we used the DLBCL cell lines
with SMAD5 knockdown and found that TGF-β1–induced expres-
sion of ID1, ID2, BMP6, BMPR2, SMAD6, and SMAD7 was sig-
nificantly impaired (Fig. S7A). Importantly, further supporting the
functional link between miR-155 and SMAD5 in DLBCL, the

expression of these transcriptional targets was also defective in a
DLBCL cell line ectopically expressing miR-155 (Fig. S7B).
Next we sought to confirm these findings in primary DLBCLs.

We hypothesized that genes transcriptionally induced by SMAD5
would be underexpressed in tumors with high levels of miR-155.
Indeed, comparing the primary DLBCLs with the highest (n= 7)
or lowest (n = 8) miR-155 expression (Table S1), we found that
ID1, BMP6, BMPR2, and SMAD6 expression was significantly
lower in primary DLBCLs with high miR-155 levels than in those
with low levels of this miRNA (P< 0.05,Mann-Whitney test) (Fig.
5B); the expression ofSMAD7 and ID2despite being lower inmiR-
155-overexpressing tumors did not reach statistical significance
(Fig. S7C). Interestingly, the expression of p21, whichwe identified
as the TGF-β–induced cycle regulator that is modulated by miR-
155 andSMAD5expression,was also significantly lower in primary
DLBCLs overexpressing this miRNA (Fig. S7C). Finally, to
expand these findings to a larger and independent tumor cohort,
we mined a dataset of DLBCL (22) for which we had previously
defined the expression of the primary miR-155 transcript (BIC
gene) (3). In this investigation, using unsupervised hierarchical
clustering and the gene set enrichment analysis (GSEA) compu-
tational method (SI Materials and Methods), we found that the
expression of approximately two thirds (13 of 19) of the putative
SMAD5 transcriptional targets was significantly lower inDLBCLs
with high miR-155 levels than in lymphomas expressing low levels
of this miRNA [P < 0.05, t statistic in clusters comparison; false
discovery rate (FDR) = 0.02, enrichment analysis] (Fig. S8). The
lack of correlation between six of the SMAD5 target genes and
miR-155 expression may indicate that the SMAD5 effect on these
genes is tissue specific and not present in B cells or that additional
regulatory pathways that control their expression are disrupted in
DLBCL. Future studies in larger tumor cohorts and precise
measurements using real-time RT-PCR should clarify this issue.

Discussion
MiR-155 overexpression is associated with aggressive forms of
DLBCL and contributes to the development of lymphoid and
myeloid malignancies (3, 5, 6). Herein, we described SMAD5 as a
direct target of miR-155, establishing a link between this miRNA,
the TGF-β pathway, and lymphomagenesis.
Although SMAD5 primarily relays signals initiated by the BMP

family of cytokines, we found that in DLBCL SMAD5 is also
phosphorylated by TGF-β1. Our investigations suggest that in
DLBCLs, the type I and II TGF-β receptors are essential for this
noncanonical activation of SMAD5. However, similarly to the
findings in epithelial tissues (13, 15), we identified heterogeneity in
this response: inhibition of type I BMP receptors also partially
blocked the TGF-β1–mediated phosphorylation of SMAD5.
These data suggest that transduction of these noncanonical signals
may occur via heteromultimeric complexes that include TGFBR2,
ALK5, ALK2, and/or ALK3, as proposed (13). In our models, the
expression levels and phosphorylation of SMAD1, SMAD2, and
SMAD3were notmodifiedbymiR-155 overexpression or SMAD5
knockdown. Yet various downstream effects of TGF-β1 signaling
were disrupted by the exclusive down-modulation of SMAD5,
indicating the existence of a previously unappreciated layer of
specificity in the effector functions of SMAD proteins.
A tumor-suppressive role for SMAD5 in lymphoidneoplasmshas

not been previously reported. However, recent data showed that
conditional deletion of SMAD1/5 induces granulosa cell and tes-
ticular tumors in mice (20), thus suggesting a broad effect of the
“BMP-SMADs” in tumor control. The mechanism by which loss of
SMAD5 function contributes to DLBCL pathogenesis remains to
be elucidated, although thedefective inductionofp21 found inmiR-
155 overexpressing and SMAD5 knockdown lymphomas suggests a
participation of this cell cycle regulator in this process. Loss of
SMAD5 disrupted the expression of numerous putative transcrip-
tional targets, indicating that the tumor-suppressive activities of

Fig. 4. MiR-155 overexpression and SMAD5 knockdown enhance DLBCL
aggressiveness in vivo. (A) Bioluminescent imaging of mice injected with the
Ly18 lymphoma cells ectopically expressing miR-155 (MSCV-miR-155) or their
isogenic controls (MSCV). MiR-155 expression yielded larger and more
widespread tumors, as is visually evident, and was confirmed by photon flux
quantification (P < 0.05, Student’s t test; Fig. S5B). Data shown are for four
independent mice imaged at day 14 (group 1) and day 24 (group 2) after
cells injection. (B) Tumor volume in mice inoculated s.c. with Ly18 cells stably
expressing SMAD5 shRNAs, shRNA vector control, or miR-155. SMAD5
knockdown and miR-155 expression gave raise to tumors of similar size,
which were consistently larger than tumor originated from the isogenic sh-
control cells (P < 0.05, Student’s t test). The data shown are mean ± SEM for
five mice per group (n = 20, two independent experiments) in each day.
Western blots (Bottom) of eight independent xenografts confirm the lower
levels of SMAD5 in tumors expressing miR-155 or SMAD5-shRNAs.
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SMAD may reflect the contributions multiple downstream path-
ways. These findings lend support to the recent suggestion that the
activation of SMAD1/5byTGF-β1 results in the formationofmixed
SMAD1/5–SMAD2/3 complexes (13). Thus, it is possible that the
targetingof SMAD5bymiR-155disrupts two independent signaling
modules: the traditional, BMP-induced, that leads to the formation
of the putative SMAD5-SMAD4 complex, and a unique, TGF-β1–
mediated, signaling branch that results in mixed complexes com-
posed of SMAD5–SMAD2/3.
A fewmiR-155 targets have beenwell validated. PU.1,AID, and

SOCS1 were shown to mediate specific miR-155 effects on B cell
homeostasis and T regulatory cell function (7, 8, 10). Recently,
SHIP1 was shown to be a critical mediator of miR-155–induced
myeloid neoplasia (9). These studies suggest that the pleiotropic
effects of miR-155 may be achieved by the modulation of unique
target genes, within specific cell types and physiologic contexts.
Thus, our data showing that the exclusive, RNAi-based, SMAD5
down-regulation recapitulates in vitro and in vivo the effects of
miR-155, suggest that SMAD5 is one of the relevant targets
associated with miR-155–mediated lymphomagenesis. These
findings also concur with the emerging concept that a very limited
number of target genes can account for the malignant phenotype
found in association with miRNA dysfunction (9, 23, 24). Finally,
our data also raise the possibility that the reduced number of
germinal-center B cells and defective germinal-center reaction
described inmiR-155 nullmice (25) could relate, at least in part, to
inappropriate SMAD5 regulation and excessive inhibitory TGF-β
signaling. Future studies, that test in a combinatorial fashion
SMAD5 and additional miR-155 targets, should more specifically
quantify andqualify their individual contribution to the benign and
malignant phenotypes associated with miR-155 dysfunction.
In summary, our work helped explain miR-155 function, high-

lighted the activity of the noncanonical TGF-β signaling branch in
DLBCL, exposed a hitherto unappreciated role of SMAD5 in
lymphoma biology, and defined a unique, miRNA-mediated
mechanism used by cancer cells to escape TGF-β’s growth-
inhibitory effects.

Materials and Methods
Additional methodologic details are provided in SI Materials and Methods.

Cell Lines and Primary DLBCL. The cell lines Ly1, Ly3, Ly10, Ly18, Ly19, and HEK-
293 were cultured as previously described (26). In all experiments that
included activation with TGF-β1 or BMP, the cell lines were grown in 2% FBS.
Twenty primary DLBCLs were obtained from our tumor bank. The detailed

features of this collection are described in Table S1. These studies were
approved by the institutional review board of the University of Texas Health
Science Center at San Antonio (UTHSCSA).

Reporter assays. The3′UTRof SMAD1, SMAD3, and SMAD5geneswere cloned
into the pMIR luciferase reporter vector (Ambion). These constructs were
cotransfected in HEK-293 cells with the pCMVβ plasmid (Clontech) and 20 nM
of pre-miR-155 or control RNA oligos (Ambion), using Fugene (Roche). Cells
were harvest 24 h after transfection. All experiments were performed in
triplicate and repeated three times.

Modulation of miR-155 Levels in DLBCL Cell Lines. A fragment of the BIC gene
containing the miR-155 precursor sequence was cloned into the murine stem
cell virus (MSCV)-eGFP vector. Virus production and cell line transduction
were performed as previously described (27). MiR-155 expression was
determined with stem-loop real-time RT-PCR (Applied Biosystems), as pre-
viously described (26). Knockdown of miR-155 expression in DLBCL cell lines
was performed by transiently transfecting anti-miR-155 oligos (Ambion) by
electroporation (SI Materials and Methods).

TGF-β1 and BMP Stimulation of DLBCL Cell Lines. DLBCL cells were exposed to
recombinant TGF-β1 (1 ng/mL for 1 h) or BMP2/4 (50 ng/mL for 1 h) (R&D
Systems), with or without pretreatment with SB-431542 (Sigma-Aldrich;
10 μM for 30 min), dorsomorphin (Sigma-Aldrich; 10 μM for 1 h), an anti-
TGFBR2 blocking antibody (R&D Systems, 50 μg/mL for 1 h), or after transient
transfection of siRNA oligos toward ALK2, -3, or -5 (Dharmacon). Next,
protein was isolated and total or phospho levels of the SMAD proteins
defined by immunoblotting with anti SMAD1/5, SMAD2, SMAD3, and
SMAD5 antibodies (R&D Systems and Cell Signaling).

Cell Proliferation, Cell Cycle Analysis, and CDKN1A (p21) Expression. Pro-
liferation rate of relevant DLBCL cell lines was measured with CellTiter
Proliferation Assay (Promega) after exposure to TGF-β1 or BMP2/4. Cell cycle
analyses were performed by propidium iodide staining. Expression of the
CDKN1A was determined by quantitative real-time RT-PCR (SI Materials
and Methods).

Transient and Stable Knockdown of SMAD5 in DLBCL Cell Lines. Two SMAD5
siRNA duplexes (Dharmacon) were transiently transfected in the Ly18 cell line
and SMAD5 down-regulation confirmed by Western blot. These sequences
were also cloned into the pLTR-H1-eGPP retrovirus and DLBCL cell lines stably
expressing SMAD5 shRNAs established as previously described (27).

Xenograft Model of Human DLBCL with miR-155 Overexpression or SMAD5-
Specific shRNA-Mediated Knockdown. The Ly18 MSCV-miR-155 or MSCV-only
cells were cotransduced with a luciferase expressing retrovirus and stable
populations established with neomycin selection. SCID-NOD mice were
irradiated (300 rads) and injected by tail vein (n = 4) or s.c. (n = 8) with 5 × 106

Fig. 5. MiR-155 modulates SMAD5 expression and activity in primary DLBCLs. (A) Immunoblot detection of SMAD5 in primary DLBCL. Nodal and extranodal
DLBCLs with high levels of miR-155 have significantly lower expression of SMAD5 expression [R = −0.82 (nodal) and R = −0.93 (extranodal), Pearson’s cor-
relation]. (B) Quantitative real-time RT-PCR measurement of SMAD5 transcriptional targets in primary DLBCL with high (n = 7) and low miR-155 (n = 8)
expression. Levels of ID1, BMP6, BMPR2, and SMAD6 were significantly lower in DLBCL with high miR-155 levels (P < 0.05, Mann-Whitney test).
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and 10 × 106 cells, respectively. Development of hematogenously disseminated
tumors was monitored weekly by in vivo imaging (Xenogen IVIS 200 imaging
system). Subcutaneous tumors were measured daily using an electronic caliper.
In additional cohorts, Ly18 cells stably expressing shRNA-control, SMAD5-
shRNAs, or MSCV-miR-155 were injected s.c. (5 × 106 cells) in nude mice (n = 20)
after irradiation (400 rads) and tumor volumemeasured as above. These studies
were approved by the Institutional Animal Care and Use Committee of
the UTHSCSA.

Expression of TGF-β/BMP Receptors and SMAD5 Target Genes in Primary DLBCL
and DLBCL Cell Lines. Expression of TGFRB2, BMPR2, and all type I receptors
(ALK1-7) was determined by semiquantitative RT-PCR (SI Materials and
Methods). Expression of the putative SMAD5 target genes ID1, ID2, SMAD6,

SMAD7, BMP6, and BMPR2 was measured by quantitative real-time RT-PCR
in primary DLBCL (n = 15) and relevant DLBCL cell lines.

Statistics. TheMann-Whitney test was used to determine the difference in the
expression of SMAD5 target genes in primary DLBCL. For all other in vitro and
in vivo assays, the statistical analyses were performed with two-tailed Stu-
dent’s t test. P < 0.05 was considered significant. Data analyses were per-
formed with Prism software (version 5.0; GraphPad) and Excel software
(Microsoft).
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