Bone morphogenic protein 6: a member of a novel class of prognostic
factors expressed by normal and malignant plasma cells inhibiting
proliferation and angiogenesis
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Abstract

Pathogenesis of multiple myeloma is associated with an aberrant expression of pro-proliferative, pro-angiogenic and bone-metabolism
modifying factors by malignant plasma cells. Given the frequently long time-span from diagnosis of early-stage plasma cell dyscrasias
to overt myeloma and the mostly low proliferation rate of malignant plasma cells, we hypothesize these likewise to express a novel
class of inhibitory factors of potential prognostic relevance. Bone mor phogenic proteins (BM Ps) represent possible candidates as they
inhibit proliferation, stimulate bone formation, and have impact on the survival of cancer patients. We assessed expression of BMPs
and their receptors by Affymetrix DNA-microarrays (n=779) including CD138-purified primary myeloma cell samples (n=635) of
previously untreated patients. BMP6 is the only BM P expressed by malignant and normal plasma cells. Its expression is significantly
lower in proliferating myeloma cells, myeloma cell lines, or plasmablasts. BMP6 significantly inhibits proliferation of myeloma cell
lines, survival of primary myeloma cells, and in vitro angiogenesis. High BMP6-expression in primary myeloma cell samples
delineates significantly superior overall survival for patients undergoing high-dose chemotherapy independent of conventional
prognostic factors (I SS-stage, beta-2-microglobulin).
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I ntroduction

Multiple myeloma (MM) is an incurable malignant elise of clonal plasma cells which accumulate irbtimve marrow (BM) causinc
clinical signs and symptoms related to the disptae@ of normal hematopoiesis, BM neovascularizatiormation of osteolytic bone
lesions, and production of monoclonal protéflylé and Rajkumar 2004 Vacca et al. 199#3thogenesis of MM is associated with
aberrant expression of pro-proliferative, pro-ageinic and bone-metabolism modifying factors by graint plasma cells (MM cells
MMCs) or their induced production in the BM micre@onment. Various of these factors have been ifledtby others and us (De Vo
etal. 2006 Klein et al. 2003 Zhan et al. 2002 Hose et al. 2p09b

Given the frequently long time from first diagnosik early-stage plasma cell dyscrasias to overtlompa and the mostly low
proliferation rate of MMCsWitzig et al. 1999 ), we hypothesize thés@xpress a novel class of inhibitory factorpatential prognostic
relevance. Bone morphogenic proteins (BMPs) andaslly BMP6 represent a possible candidate, msékpressed in MMCs (Zhan ¢
al. 2002) and inhibits proliferation of myeloma and memdycells Ro et al. 2004; Kersten et al. 2005 It likewise stimulates
osteoblast differentiatiorEpisawa et al. 1999 ), osteoclast developnie Wutzl et al. 20p6and bone formation ( Cheng e2@03 ). Ir
different cancer entities, BMP6 shows contradictonpact on patients survival: whereas in renal caitinoma BMP6 acts as inhibitc
of tumor growth Kim et al. 2003 ), in prostate flamdy et al. 1997; Dai et al. 2005 Haudenschild et al. 2p@d breast cancer ( Cle
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et al. 1999, BMP6-expression promotes tumor progression aathstasis. BMP6 has been described as pro-angiofgetdr in terms of
endothelial cell migration and tube formation in vitkéa(dimarsdottir et al. 2002 ).

BMPs are members of the transforming growth fagtsuperfamily, and act through binding to two diffier types of serine/threonin
kinase receptors. Three type | receptors bind BMRsivin-like kinase-2, (Alk-2, ACVR1), -3 (Alk-3BMPR1A), and -6 (Alk-6,
BMPR1B). Likewise, three type Il receptors have rbédentified, i.e. BMP receptor 1l (BMPR2), activigpe Il receptor (ActRII,
ACVR2) and activin type 1IB receptor (ActRIIB, AC\AB) (Ebisawa et al. 1999. Both, type | and type Il receptors are rieegh for
signaling Kawabata et al. 1998. All BMPs use BMPR2, but utilize difemt BMP type | receptors. BMP6 preferably bind&A@VR1 (
Ro et al. 2004.

Intracellular BMP-signals are transduced mainlyshyall mothers against decapentaplegic proteins (B8)AEight different SMAD
proteins have been identified in vertebrates, wiiah be subclassified into receptor-regulated SMAM@smMon-partner SMADs ant
inhibitory SMADs. In vertebrates, BMP signaling athrough SMAD1 and the close homologues SMADS5 SWADS. Phosphorylatec
SMAD1, -5 or -8 proteins form a complex with SMAD#ie only member of the common-partner SMADSs, aaddiocate to the nucleu
where they interact with other transcription fastfvlassague 2000. Alternate BMP-signaling pathways include paogid-generation
via COX-2 Ren et al. 2007) and MAPK-dependant activation of p38iwe Ras- and Erk-pathwaighe et al. 2004 Du et al. 2007
Both pathways have been reported to be present in MVIGga6 et al. 2006 Hoang et al. 2006 ).

Assessing the expression of BMPs, its receptorsnagmibers of the signaling-transduction pathwayfaued BMP6 to be the only
BMP expressed in normal (BMPCs) and malignant ptasells. In vitro, BMP6 binds to MMCs, blocks the@roliferation, induces
apoptosis and inhibits angiogenesis. BMP6-exprasiioa favorable prognostic factor in two indepertdechorts of a total of 16¢
myeloma patients treated with high-dose chemotlyetd®T) and autologous stem cell transplantatio®CA). This is validated by at
independent cohort of 345 patients treated withatbtal therapy 2 protocol of the Little Rock (L&pup Barlogie et al. 2006). The
prognostic value of BMP6-expression is independaentlassical prognostic parameters, i.e. sefym- ragiobulin (B2M) and ISS
(International Staging System). Thus, BMP6 exerigdifs novel class of prognostic pro-apoptotic amtitangiogenic factors expresse
by normal as well as malignant plasma cells.

Results
Expression of BM P6, BM P-receptors and downstream SMADs

Expression of BMPs, BMP-receptors and the membietiseodownstream signal-transduction chain werduatad using U133 A B
(Heidelberg/Montpellier-group 1; HM1) and U133 2.0 plus (HM2) Affymetrix microarraysTabk 1A- C Table S1 ).

BMPG6 is the only BMP expressed by normal and maligngagma cells both in HM1 and HMZ&ble 1A,C Supplementary Tabl
S2). The mean BMP6-expression is significantly andskyeral orders of magnitude higher in BMPCs or Mivl@mpared to B-cell
precursor cells (MBCs and polyclonal plasmablastits, PPCs; p<.001). Human myeloma cell lines (H/€)Cshow a lower expressio
of BMP6 compared to BMPCs (p<.001 in HMS$upplementary Table S1).

Of the BMP-receptors, four are expressed in BMP@d BIMCs. BMPR2 is present in most BMPCs and precursortfiomit
significant change throughout plasma cell diffeiaian, as well as in MMCSACVR1 is an early plasma owdlrker, lacking expressiol
in MBCs (Table 1B, Figure 1A), and ACVR2B is aberrantly expressed in MME42.5 % of patientsTable 1B ). No significanth
different gene expression could be found for BMP@WMP-receptors between MMCs from early-stage (notmal gammopathy of
unknown significance (MGUS) and MMI) and advanced stage (MMII and MMIII) patiSugplementary Table SID ).

Of the downstream signaling casca8&AD5 is expressadtl plasma cell precursor-, plasma cell- and 168/MMC samples (
Table 1, Figure 3, whereas SMAD1 is aberrantly expressed in 100/233 Midi@ples and 39/40 HMCLSMAD4 is expressed in 1
MBC, 4/12 PPC, 4/14 BMPC, and 147/233 MMC samplsesweell as 36/40 HMCLs. Thus, transducing SMAD1/SMADr
SMAD5/SMAD4 complexes are increasingly present from B-cell precursors over MMCs to celSinai8 is not expressed.

Of the populations investigated within the wholenéanarrow (WBM), only BMPCs, MMCs, and a sub-frantiof mesenchyma
stromal cells (MSCs), expreBMP6 Tdble 1A,C ). The low numbeBMPCs and MSCs in the BM of normal donors coulglax the
lack of detectable BMP6-expression. ExpressioBMP6 ithivthe WBM correlates significantly (+ .48,= .004)th the percentage
of plasma cell infiltration.

Validation of gene expression
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By quantitative real-time PCR (QRT-PCBMP6 s expeelss 9/10 HMCLs (absent in XG-10) and 10/10 priygdMC samples,
consistent with results by PANP/GEP (see methdB§)P6-receptorsBMPR2 ACVR1 ) are expressed in all HMCLs prichary
MMC samples investigated. BMP6-expression meashyegRT-PCR and GEP correlates well for HMCLs=(r QF8.009) and MMCs
(r,=0.56,P = .05).

By flow cytometry, intracellular BMP6-expressiomdae detected in 9/10 HMCLs and 3/3 primary MMC plas. In agreement witt
PANP/GEP and gRT-PCR, BMP6-expression is absent in XG-10. Exemplary data are shauneiriB

Performing enzyme-linked immunosorbent assays (B),I8mounts of BMP6 around the level of the detettimit could be found
in supernatants of HMCLs. For the highly BMP6-exsieg HMCLs XG-11 and U266 (s€égure 1B ) BMP6 levels ab%7and 57.51
pg/ml could be measured, respectively. In agreeméhtGEP, gRT-PCR and flow cytometry no BMP6 wasedtable in supernatants «
XG-10.

To determine whether BMP6 induces phosphorylatiodosvnstream SMADs, phosphorylated SMAD1, -5, -&evimvestigated by
western blotting. Following incubation with BMP6M3D activation can be detected within 15 minutegteA pre-incubation with
heparin, no SMAD-phosphorylation is detectalfliggre 1C  , see below).

Biological and clinical correlations of BM P6-expression

BMP6-expression in MMCs inversely correlates (dllaakly) with a gene expression based proliferaitimex (GPIl; HM1 £- 0.45,
P <.001, HM2 £- 0.35P <.001). No correlation of the eegsion of BMP6 or BMP-receptors in MMCs with eitliiee presence of the
chromosomal aberration t(11;14), t(4;14), gain bd113, hyperdiploidy (as measured by our copy nursbere, see below), gain of 192
deletion of 17p, or deletion of 13q14.3 could bar@d. Likewise, no correlation could be found witkpeession of D-type cyclins |
CCND1, CCND2, CCND3J), or clinical parameters (including B2M, 1SByrie-Salmon-stage, serum-albumin, data not showg.
likewise found no difference of the genetic or clinical markers in BNdP6  and BMP6 patients.

MM Cs bind BM P6 via membr ane hepar an-sulfate proteoglycans

For BMP-family members, a binding to heparin/hepasalfates has been describéde(et al. 2003 ). At the same tivachave
shown heparan-sulfate binding members of the E@fihfao bind syndecan-1 (CD138), the only heparalfiate proteoglycan constantl
present on the surface of BMPCs and MM®sitouk et al. 2006 ). TleeefHMCLs were incubated with saturating concdiung of
BMP6 and analyzed using flow cytometry. We couldhdastrate BMP6 binding to 10/10 HMCLs. Binding iih Gases is reduced b
incubation of BMP6 with heparin, functioning asampetitor that likely captures away BMPgidure 2 , exempldata). Together with
the fact that BMP6-induced apoptosis is abrogatedidparin (see above), these data suggest BMP§ laelreparan-sulfate bindin
molecule.

BMP6 inhibits proliferation and induces apoptosisin HMCLsand primary MMCs

BMP6 significantly inhibits proliferation of all HKLs investigated in a dose-dependent mankéufe 3A ). Marimum
inhibition at 4p g/ml ranged from 279  (RPMI-8226)91.1% (OPM-2). For 6/10 cell lines, a%0 inkdm (IC50) could be obtainec
ranging from 0.08 (XG-11) - 2.15 (LP-it) g/ml.

Next, OPM-2 and XG-11 cells were cultured for 3 slaith or without BMP6. Cell viability and apoptesivere determined by flow
cytometric analysis of annexin V binding and prapnd iodine (PI) uptake. BMP6 induced apoptosisraite (12.1% vs. 6.% control
to 72 h (38.8% vs. 6.% control). Heparin-pretreatiminhibits BMP6-induced apoptosiigure 3B, exemplariajidikely explained
by the heparin-induced competitive reduction of Biviiinding to heparan-sulfate chains on plasma ¢sdle below). Heparin alone di
not influence the apoptosis rate.

To test whether the survival of primary MMCs isibiited as well, these were cultured within their BMcroenvironment (negative
fraction of plasma cell purification) and exposedBMP6. After 6 days, cell viability was measurgd ®D138/PI flow cytometry. As
shown inFigure 3C , BMP6 significantly inhibited the survivat 3/3 primary MMC samples. The maximal inhibitizvas 90% , 93.6c
and 94.6% , respectively.

In terms of apoptosis-induction we could demonstiatreasing levels of cleaved caspase-3 (effexspase), -8 and -9 (initiatc
caspases) after BMP6 treatment for 48 and 72 Ipentively. This effect is abrogated by pre-treatteith heparin Figure 3D ,
exemplary data).

Next, we tested whether the production of BMP6 by MMCs themselves inhibits their proliferation. We therefore exposed HCI
the BMP6-inhibitors nogginKersten et al. 2006 ) and sclerostinK{usu et al. 2003 )spectively. Both, sclerostin and noggin exposi
yielded a concentration dependant increase offpration. Exemplary data for U266 (high endogenBdP6-production, very low
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sensitivity to exogenous BMP6; sEgure 2B 3A ) are showrrigure 3E As a control, we co-exposed the HMCLs with exumges
BMP6 (1 pg/ml) and graded concentrations of nogginsderostin, showing that indeed noggin and sekimosignificantly and
concentration-dependently abrogated BMP6 mediataibition of myeloma cell proliferationF{gure 3E ). There&y production of
BMP6 by myeloma cells contributes to the inhibition of their growth in vitro.

Inhibition of in vitro tubule formation by BM P6

The angiogenic potential of BMP6 was investigatethe AngioKit assay with graded concentration8bfP6. BMP6 significantly
inhibited in vitro tubule formation with a stronghiibition already observed at 0.082 g/rRigure 4 Pz .04 &4.001 in two
independent experiments) compared to the mediurtralofhe inhibition was as efficient as that paed by suramin, a usual tubul
formation inhibitor.

Prognostic value of BM P6, BM P-receptors and SMAD-expression

In a Cox-model as single continuous variable, BMRpression is significantly predictive for oversilirvival (OS) in the HM1 (B
.02), HM2 P =.01) and the LR-dat® € .005). For event-free survival (EFS)oiily predictive in the LR-dat®€& .004). In a Cox-mot
tested with B2M (as continuous variable), BMP6-egsion appears as independent prognostic factorOférin the HM1
(BMP6-expressionR= .02), B2MP= .7)), HM2 (BMP6-exmiem P =.03), B2M P= .02)), and the LR-data (BMP6-exgsien P = .01),
B2M (P<.001)). The same holds true if BMP6-express@otested with ISS in the HM1 (BMP6-expressiéh=( 4),0SS P = .9)), HM2
(BMP6-expressionR = .03), IS®PE .03)) and the LR-dBisIP6-expression{= .02), ISP ( <.001)). In the LRegd&MP6 remains ar
independent prognostic factor for EFS if testechid2M (BMP6-expressiorA= .02), B2MP& .001)) or ISSUB6-expression®P= .01)
ISS P< .001)). Likewise, patients with BMP®  expressMiICs show a significantly better OS compared ttigods with BMP&W
-expressionr{= 16& = .02, HR 0.4, CI 0.18;Q.&igure 5A  ).Mognostic value could be determined for EPS( P.8,9, andP =
.9, respectively). Similar observations could bedemavith the patient cohort from the LR-groupX{ 3@5%,P =.03, HR 0.67, C|
0.46;0.9T and EF®R = .1Bjgure 5B ). Genes coding for BMRgtars or downstream SMADs had no prognostic vdluthe WBM (
n=57), BMP6-expression above the median (WBM-BNi®™6 ) delineated a group with betten EFSR= 49, .03, HR[0.45, CI]0..
and a tendency to better OS{ Fure 5C ).

Discussion

Expression of BMP6 and itsreceptors

BMPG6-expression is a characteristic of normal aatignant plasma cellsT@ble 1A,C ): from the populations presvithin the BM,
only MMCs, BMPCs, and a sub-fraction of MSCs expf®bIP6 (Supplementary Table §2 The latter is in agreement with data frc
Kersten et al. who have shown stromal cells to espwrarying levels of BMP6 mRNA by conventional RCR Kersten et al. 2009.
Indeed, BMP6-expression in MSCs in our data isdwesal orders of magnitude lower than in plasmks @ detected by gene expressi
profiling, qRT-PCR and flow cytometry (data not sim). BMP6-expression by malignant plasma cellsisigreement with data fron
Zhan et al. Zhan et al. 2002). Unlike normal BM in a recent rep@tbchanowska et al. 2007and our data, BMP6-expression can
detected in 40/57 samples of myelomatous BM. Theession oBMP6 within the BM correlates significantiyth the percentage o
plasma cell infiltration; regarding the low frequgnof MSCs in the BM which further deceases witte dGaplan 2007), thus,
BMP6-expression in myelomatous WBM can be attridute MMCs. However, in supernatants of HMCLs or Blgra of myeloma
patients, only amounts of BMP6 at the level of dleéection limit of the ELISA could be found. Thisutd be explained by a significantl
lower expression of BMP6 by proliferating cellsddaelow,Figure 1 ) and differences in the local concendratiof growth factors. A
further possible explanation might be the high turnover of heparan-sulfate (syndecan-1) boundrightea( ).

BMP6 receptors (BMPR2, ACVR1), present in BMPCs 81dCs, have previously been detected by RT-PCR/fnmdyeloma cell
lines Ro et al. 2004). Of the members of the SMAD signal-trarctthn cascadeSMAD5 is expressed in almost all samplesagl
plasma cell development and within MMCs, wher8B$AD1 absent in BMPCs, is expressed at increasing redes MMCs to HMCLs.
SMAD4 , the only common-partner SMAD, is expressed onlg minor fraction of BMPCs (2% ) but a high fractiof HMCLs (80% ;
Table 1B). Thus, transducing SMAD1/SMAD4 or SMAD5/SMAD4 cplaxes are increasingly present from MBCc over MME@s
HMCLs (Table 1B). This is in agreement with the observatibat BMP6-expression develops at the differemtiattage of plasma cells
whereas it is absent in MBCs and only expressed small minority of PPC samples. The picture is plicated by the fact thal
alternative BMP-signaling ways via prostanoid-gatien Ren et al. 2007) and MAPK ( Nohe et al. 2004 Du et al. 200fRave bee
reported, both pathways being present in MMOwjan et al. 2006 Hpang et al. 2006 ).

Biological implications

BMP6-expression is significantly lower in proliféireg non-malignant (PPCs) or malignant (HMCLs) selhd correlates inversel
with our GPI. In vitro, BMP6 significantly inhibitgroliferation of HMCLs as well as primary MMCs aimtuces apoptosis in
time-dependant manneFigure 3 ), in agreement with pubtisdata Ro et al. 2004 ). Autocrine production of BMP6 reduc
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proliferation of HMCLSs, as shown for U266. Thisexft can be abrogated using noggin or sclerostimaswn BMP-inhibitors (Figure 3E
). At the same time, BMP6 significantly inhibits vitro tubule formation by human endothelial cellsvn to the level of the negativ
control Figure 4), giving a further possible link with Beihgiogenesis and thus prognosis. These were sagprissults, as BMP6 ha
been described as agonist for endothelial cell atign and tube formation in vitrov@ldimarsdottir et al. 2002 ) using adenaVil
transfected BMP-receptor expressing mouse embryamdothelial- and bovine aortic endothelial cdllferences might be explained b
species dependent action of BMP6 and/or receptor expression or a difference in action of BMP6 on embryonic vs. adult endothe

With BMP6, BMPCs express a factor inhibiting pretidition and angiogenesis, as well as inducing ag@and bone formation. W
hypothesize this i) to be a sign for an intensallaateraction between BMPCs and the BM microenwinent, e.g. important during th
settling of plasma cells within their BM niche. As BMP6-expression is absent in MBCs, expresseddmall minority of PPC sample
and appears at the differentiation stage of plasalig, it might be part of a proliferative blockpgaring late during the development
terminal differentiated plasma cells. If this isetlcase, the maintenance of BMP6 expression in #st majority of MMCs of
newly-diagnosed patients could be interpretetl a&paoliferative burdeh in terms of reminiscencethe* plasma cell nature of MMC:¢
MMCs in advanced stages would be expected to concomitantly loose BMP6-expression, as could be seen in HMCLs.

BMP6 and survival

For patients treated with HDT and ASCT, BMP6-expi@s as single continuous variable is significamiedictive for OS in the
three independent data sets investigated. BMP6Geegfum remains significantly predictive for OS ebted with classical prognosti
parameters, i.e. either B2M or ISS (in all thretadats). In the LR-data, BMP6-expression appeaisdependent prognostic factor fc
EFS if tested alone or with either B2M or ISS. hikse, patients with BMP6-expression in MMCs abdwe median (BMP®&" ) show :
superior OS vs. patients with expression belownledian (BMP&Y ) in our data and the Arkansas-gréuguie 5 . In the latter case, n
differences in EFS could be observed. Thus, thghteif BMP6-expression seemingly has a lower infiieeon the time to first relaps
(disease progression). But, as prolonging OS, BEE#8ns to influence either the time to subsequéagises, or the chemo-sensitivity i
relapse. One might speculate that a slower increapeoliferation of BMP8&i9h -MMCs during disease pregsion might reduce th:
probability of acquiring additional genetic lesioasd changing to a more aggressive geno- and pynod possible criticism is tha
different relapse treatments for BMEB8  and BMP6  patigaups might have been used. Albeit it cannag\muated in a sufficiently
high number of patients, this is, however, extrgmullikely, as i) the state of BMP6-expression hasbeen known during the treatme
decisions, ii) no genetic or biochemical associaticould be found for BMP6-expression (that migavéhdriven implicitly different
treatment strategies), and iii) two independerdpeé strategies (in Germany/France and the USpecésely) have been used. It |
interesting to denote that a higher expressionMPB within the WBM (WBM-BMP®i9" ) is associated wittgsificantly superior EFS,
despite the correlation of WBM-BMP6-expression and plasma cell infiltration. The OS is likewise superior, albeit, most |tkedylowe
number of events, not significantliFzigure 5C ). In contrasthe BMP6-expression within MMCs (above), the B4expression within
the WBM assesses the integrated mean value of BMP6 expression of individual MMCs together with the percentage of MMC inf

The inhibition of proliferation of all cell linegsted, induction of apoptosis in HMCLs and primiliiyICs, as well as inhibition of in
vitro angiogenesis give a possible biological erpteon for an advantageous effect of BMPE  -expres8siMCs. It is interesting to
denote that BMP6-expression seems to have eithmafio@l or detrimental effects on patients surVivedifferent cancer types. Kim e
al. have shown BMP6 to be present in the kidneytaidg a potent growth inhibitor in human renakgzma cell lines (Kim et al. 2003
). In other cancers like prostatdgmdy et al. 1997 Dai et al. 2005 ) or breascea( Clement et 280919 BMP6-expression promote
tumor progression and development of metastasis.

Conclusion

BMP6 exemplifies a novel class of factors independently prognostic for OS expressed by normal as well as malignant plasm
inhibits proliferation of MMCs and induction of angiogenesis.

Materialsand Methods
Patients and healthy donors

Patients presenting with previously untreated MM (n 233) or MGBS (n tXBgdJniversity Hospitals of Heidelberg and Montpelli
as well as 14 healthy normal donors have beendedun the study approved by the ethics committies written informed consent. Th
first 65 patients comprise the HM1-, the 168 addisl the independent HM2-group (see below). Patigmre diagnosed, staged al
response to treatment assessed according to stiaodearia Greipp et al. 2005; Durie BG 1986 Blade et al. 1998 or clinical
parameters, seBupplementary Table S3 . According or in analogy to theM&vHD3-trial (Goldschmidt et al. 2003, 168 patients
underwent frontline HDT with 200 mgAn melphalan a&@8CT. Survival data were validated by an indepehdehort of 345 patients
treated within the total therapy 2 protocBE¢logie et al. 2006 ).

Samples
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For an overview, seBupplementary Table S4. Bone marrow plasma celleerified as previously publisheHdse et al. 2009b
Aliquots of unpurified WBM of patients én 57) andatiy donors (a 7) were obtained after NH -lysiahtouk et al. 2007 Alfernate
aliquots were subjected to FACS-sorting (FACSABacton Dickinson) in CD8 -, CD14 -, CD15 -and CD34 |lsdPeripheral CD27
* MBCs were FACS-sorted as describédiofeaux et al. 2005 ). The HMCL$@JRPMI-8226, LP-1, OPM-2 and SKMM-2 wel
purchased from DSMZ (Braunschweig, Germany), thelX€s were generated at INSERM U847 (Montpellfenance) as published
Zhang et al. 1994 PPCs ( Tarte et al. 2002 osteoclasts (OCs; (Moreaux e2@05 )) and MSCsI(fe et al. 2007 ) \gererated as
published.

I nter phase fluor escence in situ hybridization

Analyses were performed on CD138-purified plasms @s describedGremer et al. 2005 ) using probes for chromosomed 1.
9934, 11913, 13q14.3, 15922, 17p13, 19913, 22qgid trmnslocations t(4;14)(p16.3;932.3), t(11;14¥qB2.3) (Kreatech Diagnostics
Berlin, Germany). Ploidy-status (excluding gainslgR1l), clonal/subclonal aberrations (i.e. presert 60 % vs. 20 5% of assesse
MMCs) were defined as publishe@remer et al. 2005 ).

Gene expression profiling

Gene expression profiling (GEP) was performed asipusly publishedHose et al. 2009a). In brief, after RNA-extrauti labeled
cRNA was generated using the small sample labgdiogocol vil (Affymetrix, Santa Clara, CA, USA), drhybridized to U133 A B
GeneChip microarray (Affymetrix) for HM1, and U1230 plus arrays for HM2, according to the manufemts instructions. Wher
different probe sets were available for the same gene, we chose the probe set yielding the maximal variance and the highest sig

As validation, expression of BMP6 (Hs00233470_nBNIPR2 (Hs00176148_m1) and Alk-2 (ACVR1, Hs00153884, all Applied
Biosystems, Darmstadt, Germany) was assessed byPRRTusing the ABI Prism 7700 Sequence DetecticteBy (Mahtouk et al. 200!

).
Preparation of cell lysates and western blotting

HMCLs were serum starved for 2 h in SynH medium Q&B-Bio, Montpellier, France). With or without pteeatment with 4 1U/ml
heparin (Leo, Breda, The Netherlands) for 1 h,scelére stimulated with 0.p g/ml BMP6 (R&D Systerdéiesbaden-Nordenstad
Germany) and cell pellets re-suspended in Laemnffieb. Proteins were separated using a’40  SDS-PAGE transferred tc
nitrocellulose membranes (Schleicher&Schuell, Diagsermany). Membranes were probed with antibodigsinst phospho-SMAD:
(Ser465/467), and phospho-SMAD1(Ser463/465)/SMABKE3/465)/SMAD8(Ser426/428) from Cell Signalingcfirology (Beverly,
MA, USA). As loading-control, membranes were stagpand re-probed with an anti-actin antibody (S&mnaz Biotechnology, Sant:
Cruz, CA, USA). For Caspase-detection, HMCLs weqgosed to 0.7% g/ml BMP6 for 48 and 72 h and tcba® described above
Membranes were probed with antibodies against ekk&aspase-8 and -9 (Cell Signaling Technology}e®m®n was performed usin
ECL (Amersham, Buckinghamshire, United Kingdom) according to the manufacturer s instructions.

Intracellular staining for BM P6

Intracellular BMP6-expression of 10 HMCLs, 3 primaMC samples was measured by flow cytometry. HM@®@ese incubated
with 3 ug/ml Brefeldin A (eBioscience, San Diego, JASA) overnight. Cells were stained accordingh® manufacturér s instruction
(eBioscience). For antibodies used, see below.

M easurement of proliferation by 3H-thymidine

Proliferation of HMCLs was investigated as previgysublished De Vos et al. 2001). Cells were cultured in RPMI-164thtaining
10 % FCS and graded concentrations (0.00128, 0.00682, 0.16, 0.8, 4 g/ml) of BMP6. For the XG-bn& ng/ml IL-6 (R&D
Systems) was added. To test for the effect of @ogenous BMP6-production, graded concentratior@89).0.16, 0.8, 4, 20 g/ml) of th
BMP6-inhibitors noggin or sclerostin (both R&D Sgrsts) were added (with or withoutul g/ml BMP6). Rephtion was evaluated afte
54 h of culture: cells were pulsed with 37 kBefof H-thymidine for 18 h, harvestetd and H-thymidine uptake measured.

Apoptosisinduction

OPM-2 and XG-11 were cultured in RPMI-1640 containingsl0  FCS and 2 ng/ml IL-6 (XG-11) with or without 1 g/ml BMP¢
IU/ml heparin (Braun, Melsungen, Germany), respetyi After 8, 24, 48 and 72 h, cells were staifiedannexin V-FITC and PI
according to the manufacturer s instructions (Pharmingen, Heidelberg, Germany).

Flow cytometric analysis of Caspase-3 activation

Cells were treated as described above, and staiitbdthe FITC-conjugated active Caspase-3 detedtibr{Becton Dickinson)

according to the manufacturer s instructions. The intracellular fluorescence was determined by flow cytometry.
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Survival of primary MM Cs

Primary MMCs cultured together with their BM micraéronment of 3 newly-diagnosed patients were egdds 0.00128, 0.0064
0.032, 0.16, 0.8, and 4 g/ml BMP6. After 6 daydl ebility was measured by CD138-FITC (IQ prodsicGroningen, Netherlands
clone B-A38)/PI (Pharmingen) staining and referred to the medium codtaidan et al. 1998 b One |of Rl at50 g/mlwas use

I'n vitro assessment of angiogenesis

The angiogenic potential of BMP6 in concentration$.0064, 0.032, 0.16, 0.8, andui4 g/ml was ingaséid in the AngioKit assa
(TCS Cellworks, Buckinghamshire, United Kingdom) m@msviously publishedHose et al. 2009b ). RPMI-1640, vascular ehadial
growth factor (2 ng/ml) and suramin (20 M) served as medium, positive and negative controls, respectively.

Detection of BMP6 binding to myeloma cells by flow cytometry

Cells were incubated withi1 g/ml BMP6 for 1 h &tGland washed twice in PBS before incubation withdbrresponding primary
(R&D Systems; clone 74219) and secondary antib@hk¢, Hamburg, Germany). Subsequently, BMP6 wasnmabated with 4 1U/ml
heparin for 1 h at 4 C. Staining without BMP6 wagd as control. Analyses were performed by FACSanid Infinicyt Software for
obtaining overlays (Cytognos, Salamanca, Spain).

BMP6 ELISA

BMP6 levels were measured in culture supernatdrtfMCLs (n=9) as well as BM sera of myeloma patigms10) using a humar
BMP6 ELISA kit (RayBiotech, Norcross, GA, USA).

Statistical analysis
SeeSupplementary Text S1 and S2
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Figurel
Expression of BMP6, BMP-receptors and SMADs and validation of gene expression by flow cytometry and western blotting

(A1-3) Expression of BMP6, ACVR1, BMPR2, BMPR1A, ARZA, ACVR2B, SMAD1, SMAD4 and SMADS5 in normal plaantells
(BMPCs), memory B-cells (MBCs), polyclonal plasmaiic cells (PPCs), myeloma cells (MMCs) and humgeloma cell lines (HMCL:
within the Heidelberg/Montpellier-group 1 (HM1). FHM2, seeSupplementary Figure S1 SMADS is neither expressed in HM1 HM2.
(B) To validate gene expression data, intracytopki expression of BMP6 was determined by flowooytry. Shown are the cell lir
(B1) XG-10, (B2) XG-11 and (B3) U266; the first stma consistent absence of BMP6 by gene exprepsafiing, quantitative real-tin
PCR and flow cytometry, the other two a consisexqression. (B4) Expression of BMP6 by an exemptaygloma patient (pMMC). Ligl
gray line: control without primary antibody, bladkne: measurement with corresponding primary andosdary antibody. (C
Phosphorylation of downstream SMADs can be seeninvit5 min. following incubation with BMP6. Afterg@-incubation with heparin, |
SMAD-phosphorylation is detectable. Consistent with the literature, SMAD-2 is not phosphorylated. Actin was used as loading cor
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Figure2
Binding of BMP6 to human myeloma cell lines

The myeloma cell line U266 was incubated with priynanti-BMP6 antibody and secondary PE-labeledanly, pre-incubated with BMF
or pre-incubated with BMP6 plus heparin, respedtivieight grey line: control, black line: BMP6, pniary and secondary antibodly hep:
A strong labeling of U266 was found, whereas binding is reduced by incubation with heparin.
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U266 Co +BMP6 + heparin

2
2
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Figure3
Inhibition of proliferation and induction of apoptosis of myeloma cell lines by BMP6 as well as survival of primary myeloma cells

(A) Inhibition of proliferation of myeloma cell les by BMP6 in graded concentrations vs. mediumrobmeasured by H-thymidil
uptake. The IC50 (in g/ml) and the maximal inhinitiat 4y g/ml (IMAX4 in% ) are for XG-1 n.a./57%2 (GX10 0.6y g/ml/81.9% , XG-1
0.08ug/ml/88.6% , 23 XG-13 0.536 g/ml/748 , XG-18.183.7% , OPM-2 0.175 g/ml/94%8 , RPMI-8226 n292, , SKMM-2 0.15¢
pg/ml/86 % , U266 n.a./30.% , LP-1 2.135 g/ml/5%7 heTtwo bars for each concentration correspond tihgependent experimer
(B) Induction of apoptosis by BMP6 as determinechbpexin V-staining after 8, 24, 48 and 72 # (3 rooptosis induction is abroga
by heparin-treatment ¥4 row), whereas heparin altidenot influence apoptosis rate"f2 row). (C) Suavief primary myeloma cel
(PMMC) cultured within their bone marrow microermsirment is significantly inhibited by BMP6 as detared by staining wit
anti-CD138-FITC and propidium iodine. An asteriskiQdicates a significant decrease between theunedbntrol and the respective BV
concentration. (D) Increasing levels of cleavedeas-3, -8 and -9 can be detected after BMP6 tegdtfor 48 and 72 h, respectively. T
effect is abrogated by pre-treatment with hepakictin was used as loading control. (E) The proéifem rate of HMCLs can be increa:
using the BMP6-inhibitors noggin and sclerostin. kmwn for U266, a highly BMP6-resistant and higBMP6 expressing HMCL (s
above), proliferation is concentration-dependemtigreased by both inhibitors, if cells are eitherexposed to exogenous BMP6,
endogenous BMP6-production is inhibited. Therefpreduction of BMP6 by myeloma cells contributeghe inhibition of their growth i
vitro. An asterisk { ) indicates a significant inase between the medium control and the respeatiibiior concentration (witho

exogenous BMP6) or between the BMP6-control and the respective inhibitor concentrationywith 1 g/ml BMP6).
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Figure4

Inhibition of in vitro induction of angiogenesis by BMP6

Inhibition of endothelial cell growth by BMP6 inghAngioKit model. Immunostaining with monoclonatis@D31 antibody. (A) Shown a
medium control (RPMI-1640), positive control (valruendothelial growth factor), negative contrair@min) and BMP6 in concentratic
of 4, 0.8, 0.16 and 0.032 g/ml, respectively. Gradimagnificationx 40. (B) Boxplot summarizing th®©&l ELISA results. BMP
significantly inhibits tubule formation down to the level of the negative control.
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Figure5
Effect of BMP6-expression on event-free and overall survival

(A) Event-free (EFS) and (B) overall survival (OB} our patients (HM-group;= 168) and the LittledRegroup (LR-group; A 345). A
patients are treated with high-dose chemotheraplyaaologous stem cell transplantation. Two groofpatients with high (BMPgeh

greater or equal the median, red curve) and low RBRY , below the median, black curve) BMP6-expressidre OS is significant
superior for high BMP6-expressioR € .02 HM1 and H¥@2;,.03 LR-group). (C) EFS and OS for BMP6-expressidthin the whole bon
marrow (WBM; r= 57). The EFS is significantly superior the group of patients with BMP6-expressiomabthe median (WBM-BMP&h
, P=.03). This group shows also a tendency to better OS, which does not reach signifleance ( .3), likely due to a low number of
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Tablel
Presence of expression of BMP6, BMP receptors and downstream SMADs

A B
Gene Probe set BM present (%) PPC present (%) BMPC present (%) MGUSpresent (%) MM present (%) HMCL present (%) ND-WBM present (%) MM-WBM present (%)
symbol (n=13) (n=12) (n=14) (n=12) (n=233) (n=40) (n=7) (n=57)
BMP6 206176_at 0.0 16.7 92.9 100.0 97.9 85.0 0.0 70.2
BMPRZ? 225144 at 50.0 100.0 57.1 100.0 94.0 70.0 71.4 87.7
ACVR1 203935 at 0.0 66.7 57.1 58.3 84.5 72.5 0.0 57.9
ACVR2A 205327_s_at84.6 100.0 100.0 100.0 97.9 97.5 0.0 47.4
ACVR2B2236126_at 0.0 0.0 0.0 20.0 12,5 50.0 14.3 26.3
BMPR1A 213578 at 38.5 75.0 100.0 33.3 56.2 77.5 0.0 12.3
SMAD1 210993 s at0.0 0.0 0.0 33.3 42.9 82.5 71.4 75.4
SMAD4 202527 _s_at15.4 33.3 21.4 33.3 63.1 80.0 85.7 93.0
SMAD5& 225219 _at 71.4 100.0 100.0 100.0 98.8 100.0 28.6 59.6
PTGS2 204748_at 0.0 0.0 21.4 91.7 72.5 25 100.0 100.0

C

Sy?n r;) gl Probe set CD3 ?r::;()ant (%) CD14(gr:e55)ent (%) CDlS(Er:eSSSent (%) CD34(ﬁr=e55)ent (%) MSC-N(Dn B;t)esent (%) MSC;%?(L:\ESF;resent MSC-MI(\?l :p;c)asent (%) OC present (%) (n=7)
BMP6 202701 _at 0.0 0.0 0.0 0.0 28.6 60.0 28.6 0.0
BMPR2 205290 s _at100.0 100.0 20.0 100.0 100.0 100.0 71.4 100.0
ACVR1 211518_s_at100.0 100.0 0.0 100.0 100.0 100.0 71.4 100.0
ACVR2A 205431_s_at100.0 100.0 60.0 100.0 100.0 100.0 71.4 100.0
ACVR2B2206176_at 0.0 0.0 0.0 0.0 0.0 0.0 0.0 14.3
BMPR1A 209591 s at100.0 0.0 0.0 0.0 100.0 100.0 714 42.9
SMAD1 220203 _at 0.0 40.0 0.0 100.0 100.0 100.0 85.7 85.7
SMAD4 207865_s at100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
SMAD52 221136_at 100.0 100.0 20.0 100.0 100.0 100.0 100.0 100.0

Abbreviations: BM, bone marrow; BMP, bone morphdgeprotein; BMPC, bone marrow plasma cell; HMCL nan myeloma cell line;
MBC, memory B cell; MGUS, monoclonal gammopathyuoknown significance; MMC, multiple myeloma cell;MMMWBM, whole BM of
multiple myeloma patients; ND-WBM, whole BM of noaimdonors; OC, osteoclast; PPC, polyclonal plasesdia cell; SMAD, small mothers
against decapentaplegic proteins.

Presence of expression of BMP6, BMP receptors &8CS as judged by PANP in (A) BMPC, PPC, MBC, MM@dHMCL; (B) the WBM
of normal donors (ND-WBM) as well as myeloma patients (MM-WBM) and (C) sub-fractions of the latter, respectively.

a As absence and presence of gene expression by RANPNIly be assessed for U133A and U133 2.0 pliaysyr for probe sets located on the U133B chip eoreesl data are based on
Heidelberg/Montpellier-group 2 only.
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