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SI Experimental Procedures
MM Cells. The INA-6 human IL6–dependent MM cell line was
provided byDr. Burger (R, Erlangen-Nuernberg) (1) and cultured
in the presence of 1 ng/mL IL-6 (R&D Systems). The BMSC-de-
pendent cell line MOLP5 was provided by Dr. Matsuo (Y,
Okayama) (2). Dexamethasone-sensitive and resistant (MM.1S,
MM.1R) human MM cell lines were provided by Steven Rosen
(Chicago, IL) (3), and RPMI and U266 were obtained from the
American Type Culture Collection. Patient tumor cells were iso-
lated using anti-CD138 microbeads (Miltenyi Biotech) as pre-
viously described (4).

BMSCs. The BMSC cell line HS27A was obtained from the
American TypeCultureCollection and cultured in 10%RPMI 1640
media. HD-BMSCs were obtained from Lonza and maintained in
the recommended medium according to the manufacturer’s in-
structions. We also generated human BMSCs from either MM
patients or non-MM patients as previously described (5).

OB and OC Differentiation Assays. To differentiate OBs, BMSCs
were grown to confluence and cultured with of osteoblastogenic
media. OB differentiation was analyzed for cell viability and
function as previously described (6). OC formation and function
was assessed as previously described (4).

Coculture Experiments. To assess the effects of MM cells on OB
differentiation, we cocultured 10,000 cells/mL (MM cell lines) or
100,000 cells/mL (CD138+ patient cells) with or without RAP-
011. MM cell proliferation in coculture was assessed as previously
described (4).

Reagents. Activin A (R&D Systems) was used at concentrations of
50 ng/mL (unless otherwise specified), according to the manu-
facturer’s instructions. SP600125 and SB202190 (Sigma Chemical),
selective inhibitors of c-JunN-terminal kinase and p38MAP kinase
respectively, were used at concentration of 20 μM. Neutralizing
antibodies against ICAM-1 (CD54) and VLA-4 (CD49; R&D
Systems) were preincubated with MM cells at concentrations of 10
and 5 μg/mL, respectively. RAP-011 is a soluble activin receptor
provided by Acceleron Pharma (7).

Cytokine Microarray Analysis and ELISA. BM plasma from MM
patients as well as non-MM patients were collected and stored at
−80 °C. For cytokine assessment, both arrayed cytokines (pro-
teome profiler; ARY005) and focused ELISAs for activin A, IL-6,
TNF-α, stromal cell–derived factor–1, osteoprotegerin, VEGF,
insulin growth factor–1, and inhibin A (R&D Systems) were per-
formed according to the manufacturer’s instructions. Data were
represented as a heatmap based on fold increase of signal intensity
over the background.

DLX5 Immunohistochemistry. For DLX5 detection, paraffin-
embedded sections from either BM biopsies of MM patients or
SCID-hu bones were incubated with the primary antibody against
DLX5 (Aviva System Biology) at a dilution of 1:125. Detection of
binding was performed by the streptavidin–HRP system provided
by the TSA kit (Perkin-Elmer–Life Sciences), according to the
manufacturer’s guidelines. BMbiopsy specimenswere also stained
with H&E.

Western Blotting. To detect JNK pathway activation in BMSCs
cocultured with INA6, we fixed the MM cells by incubating for 15
min in ice-cold ethanol/acetic acid (90%/10%), washed and added

toBMSCs.ToanalyzeOBs,we induceddifferentiationofconfluent
BMSCs as described earlier in the presence or absence of activinA
or RAP-011. At specific time points, the cells were harvested and
lysed in lysis buffer as previously described (4). Fornuclear extracts
we used the Active Motif kit (Active Motif), according to the
manufacturer’s instructions. Samples were then subjected to SDS
polyacrylamide gel electrophoresis, transferred to PVDF mem-
brane, and immunoblotted with antibodies against phos-
phoSMAD2, SMAD2/3, phosphoSMAD1, phosphoJNK, JNK,
phosphoß-catenin, β-catenin, phosphoERK1/2, ERK1/2, and
phosphoP65 (Cell Signaling Technology), tubulin, nucleolin
(Santa Cruz Biotechnology), and DLX5 (Aviva System Biology).
Antigen–antibody complexes were detected by enhanced chem-
iluminescence (Amersham).

Real-Time Quantitative PCR. Gene expression during OB differ-
entiation was analyzed by quantitative PCR. Primers for INHα,
INHβA, ALP, DLX5, and SMAD2 were obtained from Super-
Array. Transcript levels were normalized to β-actin and ex-
pressed relative to undifferentiated BMSCs.

Lentivirus-Mediated Knockdown of SMAD2 AND DLX5. To achieve
lentivirus mediated knockdown, lentiviruses expressing shRNA
against human SMAD2 (CAAGTACTCCTTGCTGGATTG,
Broad ID number NM_005901.X-1543s1c1) and DLX5 (CCGA-
GTCTTCAGCTACCGATT, Broad ID number NM_005221.4–
321s1c1) were obtained from the Broad Institute (Massachusetts
Institute of Technology, Boston, MA) and transduced according
to published protocols (http://www.broad.mit.edu/rnai/trc).
shRNA against enhanced GFP was used as a control.

Evaluation of Osteolytic Lesions, Myeloma Burden, and Bone Volume.
For tomographic examination the bones were imaged using micro-
CTonaSiemens InveonPET-CTunit and the images analyzedwith
Osirix Imageware. Osteolytic lesions were quantified using 3D
reproductions as low bone density areas with discrete, punctuate
lesions. To analyze MM burden and bone volume, 20-μm sections
were rehydrated on slides, stained with DAPI, and mounted with
Vectashield reagent. Midsections of each bone were used (to
minimize effects on the edges of the samples). Each sample was
photographed through its entire length at low power (40×) in both
GFP and DAPI channels typically amounting to 6 to 10 photo-
graphs per bone. The number of GFP+ cells for each field was
quantifiedbycounting cells in eachphotograph.Theoutlineofbone
was identified in DAPI and H&E–stained sections and outlined in
ImageJ analysis software (National Institutes of Health), and the
area occupied by bone was quantified as percentage of tissue vol-
ume in the midsection bones through the entire area of all samples
(http://rsb.info.nih.gov/ij/). This represents the BV/TV% for each
section. OB/osteocytes were counted as cells with characteristic
morphology either directly embedded in mineralized bone or os-
teoidorup to three cell diameters along the endosteal surface of the
bone. OC number was quantitated after TRAP staining.

Statistical Analysis.Comparisonsbetweencytokine levels inpatients
withorwithoutOLweremadeusingWilcoxonrank-sumtestsas the
data were normalized to a background level of 1 and are therefore
nonnormal in distribution. The levels of activin A in the three
groups of patients with MM and >1 OL, with MM and ≤1 OL, or
without MM were compared with one-way ANOVA and Bonfer-
ronimultiple comparison test. The results are expressed as average
and SEM. Comparisons between the clinical characteristics of the
patient populations tested for activin A levels were made using
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Wilcoxon rank-sum tests. Bonferroni-adjusted P value was used to
control a family-wise error rate at the level of 0.05.
All in vitro experiments were performed in triplicate and

repeated at least three times; a representative experiment was

selected for the figures except when otherwise specified. All
quantitative data were presented as mean ± SD and statistical
comparisons by Student two-tailed t test were considered stat-
istically significant if P was <0.05.
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Fig. S1. Activin A levels in myeloma-derived BMSC supernatant are increased compared with healthy donor–derived supernatant. Activin A secretion (48 h) by
tumor-conditioned BMSCs from MM patients (MM-BMSCs; n = 4) and tumor-naive BMSCs from healthy donors (HD-BMSCs; n = 5) were assessed by ELISA. Error
bars represent SD. **P < 0.01.
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Fig. S2. Activin A secretion by stromal cell is adhesionmediated. (A) INA6MM cells and BMSCswere cocultured for 2 h andmRNA extracted after cell separation.
INHα and INHβA mRNA levels were analyzed by real-time quantitative PCR. (B) BMSCs were stimulated with human recombinant VLA4 (5 μg/mL) after 1 h pre-
treatment with VCAM-1 neutralizing antibody or isotype control. Levels of activin A were assessed by ELISA. Error bars represent SD. *P < 0.05, **P < 0.01.
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Fig. S3. Activin A stimulates OC differentiation. BM mononuclear cells (BMMC) from MM patients were differentiated to OC with RANKL and M-CSF in the
presence of activin A at the indicated concentrations. At 21 d, OCs were counted as TRAP+ multinuclear cells. Error bars represent SD. #P = 0.05.
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Fig. S4. Neutralizing activin A enhances OB differentiation fromMM-BMSC. MM-derived OBs were differentiated in the presence of increasing concentrations
of neutralizing antibody against activin A (R&D Systems). ALP mRNA expression was analyzed at d 7 of differentiation by quantitative PCR. ALP activity was
detected after 2 weeks of differentiation with a chromogenic substrate and corrected for the number of cells quantified via AlamarBlue assay (i.e., API). OB
activity was assessed at d 21 of differentiation by quantification of calcium deposits stained with alizarin red. Error bars represent SD. *P < 0.05.
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Fig. S5. OB secretion of activin A is up-regulated by coculture with MM cells. OB were differentiated for 7 d in the presence of MM cell lines MOLP5 and INA6
as well as MM primary cells, and coculture supernatant was analyzed for activin A expression by ELISA. The graph shows a quantification of three independent
experiments. Error bars represent SD. *P < 0.05.
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Fig. S8. RAP-011 in vivo treatment restores DLX5 expression in human bones and reduces tumor burden. (A) The harvested human bones were stained with
H&E (Upper) or with DLX5 antibodies (Lower). The arrowheads point at OB and the arrows indicate DLX5+ OBs. (B) Images from midsections of bone fields in
GFP and DAPI channels. Arrows indicate GFP+ MM cells. DAPI-negative areas are demarcated to highlight bone areas.

Table S1. Clinical correlates for patients with MM with low versus high activin A levels

Characteristic
Activin <50 pg/mL

(n = 14)
Activin >50 pg/mL

(n = 14) P value

Median age (range), y 68 (56-83) 64 (48-88) NS
Sex (M/F) 8/6 8/6 NS
Mean Hb ± SD, g/dL 11.6 ± 1.7 11.4 ± 2.4 NS
Patients with >1 osteolytic site, % 14 92.8 <0.05
Mean BM plasmacytosis ± SD, % 26.8 ± 28 36 ± 27 NS
Mean β2-microglobulin ± SD 7.8 ± 7 5.1 ± 6.3 NS
Salmon and Durie stage 3, % 21 85.7 <0.05
ISS stage 3, % 50 28.5 NS

ISS, International Staging System; NS, not significant.
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