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Bonemorphogeneticproteins (BMPs) aremembersof the trans-
forming growth factor-� superfamily of growth factors and are
used clinically to induce new bone formation. The purpose of this
study was to evaluate receptor utilization by BMP-2, BMP-4,
BMP-6, and BMP-7 in primary human mesenchymal stem cells
(hMSC), a physiologically relevant cell type that probablymediates
the in vivo effects of BMPs. RNA interference-mediated gene
knockdown revealed that osteoinductive BMP activities in hMSC
are elicited through the type I receptors ACVR1A and BMPR1A
and the type II receptors ACVR2A and BMPR2. BMPR1B and
ACVR2Bwere expressed at low levels andwere not found to play a
significant role in signaling by any of the BMPs evaluated in this
study. Type II receptor utilization differed significantly between
BMP-2/4 and BMP-6/7. A greater reliance on BMPR2 was
observed for BMP-2/4 relative to BMP-6/7, whereasACVR2Awas
more critical to signaling by BMP-6/7 than BMP-2/4. Significant
differences were also observed for the type I receptors. Although
BMP-2/4 used predominantly BMPR1A for signaling, ACVR1A
was the preferred type I receptor for BMP-6/7. Signaling by both
BMP-2/4 andBMP-6/7wasmediated byhomodimers ofACVR1A
orBMPR1A.AportionofBMP-2/4signalingalsorequiredconcur-
rent BMPR1A andACVR1A expression, suggesting that BMP-2/4
signal in part through ACVR1A/BMPR1A heterodimers. The
capacity of ACVR1A and BMPR1A to form homodimers and het-
erodimers was confirmed by bioluminescence resonance energy
transfer analyses. These results suggest different mechanisms for
BMP-2/4- and BMP-6/7-induced osteoblastic differentiation in
primary hMSC.

Bone morphogenetic proteins (BMPs)2 are members of the
transforming growth factor-� superfamily of growth factors.
BMPs are key regulators of cellular growth anddifferentiation and

regulate tissue formation in both developing and mature orga-
nisms. Todate,�20 uniqueBMP ligands have been identified and
categorized into numerous subclasses based on amino acid
sequence similarity (1, 2). BMP-7 (osteogenic protein-1) and
BMP-2arewell studiedmembersof this familyofgrowthfactorsand
are now being used clinically to induce new bone formation in spine
fusions and long bone nonunion fractures (3, 4). BMP-2 and BMP-7
belong to two closely related BMP subclasses, namely the BMP-2/4
subclassandtheBMP-5/6/7subclass(1).Thecapacityof ligandsfrom
both BMP subclasses to induce osteoblastic differentiation has been
rigorouslydemonstrated (5).However, a thoroughunderstanding of
the mechanism through which distinct BMP ligands affect target
cells is lacking. Such information is central to realizing the poten-
tial of individual BMPs as therapeutic agents and for the rational
targeting of a specific BMP to the appropriate clinical indication.
BMP activities are mediated by tetramers of serine/threonine

kinase receptors, consistingof two type I and two type II receptors.
Three type I receptors (BMPR1A(ALK-3),BMPR1B (ALK-6), and
ACVR1A (ALK-2)) and three type II receptors (BMPR2,
ACVR2A, and ACVR2B) have been identified (6). Receptor co-
patching studies have revealed the presence of both preformed
andBMP-induced type I/type II receptor oligomers (7). Bindingof
BMP ligands to receptor complexes leads to phosphorylation of
the type I receptors by constitutively active type II receptors (8).
BMP-activated type I receptorsphosphorylate intracellular signal-
ing proteins, including the receptor-regulated Smads, Smad-1, -5,
and -8 (9), which form heteromeric complexes with the common
mediator Smad, Smad-4.ActivatedSmadcomplexes then translo-
cate to the nucleus and act as transcription factors to induce the
expression of BMP-responsive genes. Other BMP signaling path-
ways have also been identified and shown tomediate the osteoin-
ductive signals of BMPs. These include the Smad-independent
p38 mitogen-activated protein kinase pathway (7, 10) and the
phosphatidylinositol 3-kinase/AKT pathway (11).
Several studies have demonstrated that BMP ligands discrimi-

nate among individual type I and type II receptors. In COS-7 cells
co-transfected with different type I receptor cDNAs and the C.
elegans Type II receptor Daf-4, BMP-7 bound more efficiently to
ACVR1AandBMPR1A than toBMPR1B,whereas BMP-4 bound
only to BMPR1A and BMPR1B (12). In contrast, when co-trans-
fected with ACVR2A or ACVR2B, BMP-7 bound BMPR1B and
ACVR1Amore efficiently than BMPR1A (13). The association of
BMP-7 with ACVR1A in the presence of ACVR2A or ACVR2B
was also observed in P19 embryonic carcinoma cells (14). In a
similar study, differences in type II receptor affinities were
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observed between BMP-7 and BMP-4, with BMPR2 binding
BMP-7more effectively than BMP-4 (15).
Mesenchymal stem cells (MSC) are amultipotent cell type that

can differentiate down the osteoblastic, chondrogenic, myogenic,
or adipogenic lineages. Primary human bone marrow-derived
mesenchymal stem cell (hMSC) differentiation is an important
model for BMP bioactivity, since it is likely that this cell type con-
tributes to healing and bone formation following the clinical
administration of BMPs. The present study was designed to eval-
uate BMP receptor utilization by osteoinductive BMPs, including
BMP-2, BMP-4, BMP-6, and BMP-7, during the osteoblastic dif-
ferentiation of primary hMSC. Amodel was developed to system-
atically knock down all type I or type II BMP receptors, alone or in
combination, to elucidate receptor utilization by each ligand. The
results obtained reveal significant differences in type I and type II
receptor usage among the four BMPs evaluated. Interestingly, this
work also suggests distinct type I receptor dimerization patterns
within receptor complexes utilized by BMP-2/4 and BMP-5/6/7
subclassmembers. Themodel employed in these studies could be
broadly applied to better understand BMP signaling potentials in
other clinically relevant cell and tissue types.

EXPERIMENTAL PROCEDURES

Cell Culture and CultureMedia—Primary hMSC and hMSC
culture media, including mesenchymal stem cell growth
medium (MSCGM) and osteogenic differentiation medium
(ODM), were purchased from Lonza (Walkersville, MD). Cells
were expanded in vitro and used for experimentation within
five passages of the initial thaw. HEK-293 cells were purchased
from ATCC (Manassas, VA) and cultured in minimal essential
medium (Invitrogen) supplemented with 10% heat-inactivated
fetal bovine serum, 1.5 g/liter NaHCO3, 2 mM L-glutamine, 1
mM sodium pyruvate and penicillin/streptomycin.
BMP Treatment—Recombinant BMP-2, BMP-6, and BMP-7

were produced in Chinese hamster ovary cells and are available
at Stryker Biotech (16). BMP-4 was obtained from R&D Sys-
tems (Minneapolis, MN). ODMwas prepared according to the
manufacturer’s instructions using the provided supplements of
ascorbic acid and �-glycerophosphate but excluding the dexa-
methasone. Unless stated otherwise, the concentration of fetal
bovine serum in ODMwas �10%. BMPs were diluted in ODM
to the indicated concentrations.
Alizarin Red Staining—hMSC were seeded into 48-well dishes

at 1.0 � 104 cells/well in MSCGM. Twenty-four hours later,
MSCGMwas replaced with ODM alone or ODM containing the
indicated concentration of BMP. Media changes were performed
every 3–4 days. Alizarin red staining was performed on day 17
using an osteogenesis quantitation kit (Chemicon International,
Temecula, CA) according to themanufacturer’s instructions.
Quantification of Gene Expression—RNA was isolated using

the TurboCapture 96 mRNA Kit (Qiagen, Valencia, CA)
according to the manufacturer’s protocol. Reverse transcrip-
tionwas performed using 40 units ofMoloneymurine leukemia
virus reverse transcriptase (Promega, Madison, WI) in a buffer
containing 20 mM Tris-HCl, 50 mM KCl, 5 mM MgCl2, 500 �M
each dNTP (Invitrogen, Carlsbad, CA), and 5 ng/�l random
primers (Promega, Madison, WI). Reverse transcription was
carried out at 23 °C for 10min and 42 °C for 50min followed by

a 5-min inactivation step at 85 °C. All reagents and instrumen-
tation for gene expression analysis were obtained fromApplied
Biosystems (Foster City, CA).Quantitative PCRwas carried out
using a 7900HT fast real time PCR system and predesigned Taq-
Mangeneexpressionassays according to themanufacturer’s spec-
ifications. Reference numbers for assays used in this study are as
follows: GAPDH (Hs99999905_m1), cyclophilin (Hs99999904_
m1), BMPR1A (Hs00831730_s1), BMPR1B (Hs00176144_m1),
BMPR2 (Hs00176148_m1), ACVR1A (Hs00153836_m1),
ACVR2A (Hs00155658_m1), ACVR2B (Hs00609603_m1),
ID-1 (Hs00357821_g1), NOGGIN (Hs00271352_s1), PTHR1
(Hs00174895_m1), IBSP (bone sialoprotein) (Hs00173720_m1),
andDLX-5 (Hs00193291_m1).
The analysis of osteoblast marker gene expression and

siRNA-mediated receptor knockdown was performed using
the standard curvemethod of relative quantification, according
to the procedure recommended by Applied Biosystems. The
analysis of BMP receptor expression in hMSC and tissue
cDNAs was performed using the absolute standard curve
method. Briefly, DNA plasmids containing the human
sequences of each BMP receptor, GAPDH or cyclophilin, were
used as templates in PCRs to amplify target DNA for standard
curve preparation. TrueClone cDNAs encoding BMPR1A
(accession number NM_004329.2), BMPR1B (accession num-
ber NM_001203.1), BMPR2 (accession number NM_
001204.5), GAPDH (accession number NM_002046.3), and
CyclophilinA (accession numberNM_021130.3)were obtained
fromOriGene (Rockville,MD). cDNAs forACVR1A (accession
number NM_001105), ACVR2A (accession number
NM_001616.3), and ACVR2B (accession number NM_
001106.3) were obtained from GenScript (Piscataway, NJ).
DNA primers (IDT, Coralville, IA) were designed to flank the
relevant TaqMan amplicon. Primer sequences are shown in
supplemental Table 1. 10 ng of each DNA were exposed to 25
cycles of PCR according to the following thermal profile: dena-
turation at 95 °C for 20 s, annealing at 55 °C for 10 s, and exten-
sion at 70 °C for 15 s. PCR products were gel-purified using a
Qiaquick gel extraction kit (Qiagen, Valencia, CA) and quanti-
fied by spectrophotometry. Standard curves were run using
serial 1:10 dilutions of target DNA from 3 � 106 to 30 copies.
The number of expressed molecules of each target gene in
experimental samples was quantified against the appropriate
standard curve and normalized to an arbitrary copy number
(1000) of either GAPDH or cyclophilin from the same sample.
Transient Gene Knockdown—Stealth RNAi DuoPaks (Invitro-

gen) containing two unique, prevalidated siRNA sequences per
gene, were used to target the type I BMP receptors ACVR1A,
BMPR1A, and BMPR1B and the type II receptors BMPR2,
ACVR2A, andACVR2B.TwoStealthRNAinegative controls (LO
andMediumGCcontent) were utilized as controls to confirm the
specificity of each targeted knockdown. Phenotypic results for
ACVR1A and ACVR2A were additionally confirmed with a third
pre-designed siRNA (Dharmacon, Lafayette, CO), using a chem-
istry-matched negative control from the same vendor.
hMSC were transfected with siRNA using a Nucleofector II

(Amaxa Biosystems, Gaithersburg, MD) and employing theman-
ufacturer’s hMSCkit.A total of 6�gof siRNAwasdelivered to5�
105hMSC,and transfectedcellswerecultured for48h inMSCGM
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to allow down-regulation of gene targets. Cells were then stimu-
lated with 100 ng/ml of either BMP-2, -4, -6, or -7 for 24 h in
MSCGM with 0.2% FBS or 96 h in ODM with 5% fetal bovine
serum. BMP receptor and osteoblastic marker gene expression
was measured by qPCR. To quantify the phenotypic effect of
receptor knockdown, ID-1, IBSP, NOGGIN, and DLX-5 qPCR
datawere expressed as the percentage of inhibition of BMP-medi-
ated induction of each gene in the targeted siRNA treatments rel-
ative to the control siRNA treatments, according to Equation 1,

% inhibition � �1 � � A � B�/�C � B�� � 100 (Eq. 1)

whereA represents thequantity of ID-1mRNAexpression follow-

ing receptor knockdown and BMP
treatment, B represents the base line
quantity of ID-1 mRNA expression
withoutBMPtreatment, andC repre-
sents the quantity of ID-1 mRNA
expression following control trans-
fection and BMP treatment.
Experiments were performed on

three separate occasions using
hMSC from multiple donors. The
average treatment values from the
three replicate experiments were
analyzed by two-sample t-tests and
two-way analysis of variance using a
Bonferroni adjustment for multiple
comparisons.
Generation of Renilla Luciferase

(Rluc) and Green Fluorescent Pro-
tein (GFP)2 Fusion Expression Con-
structs—TrueClone cDNA encod-
ing FGFR1 (accession number
NM_023106.1) was obtained from
OriGene (Rockville, MD). cDNAs
for ACVR1A and BMPR1A were
obtained as described above. Using
these constructs as template, the
open reading frame corresponding
to each gene was amplified by PCR
using DNA primers (IDT, Cor-
alville, IA) containing an appropri-
ate restriction site for subsequent
cloning into pRluc-N1 and
pGFP2-N1 fusion protein expres-
sion vectors (PerkinElmer Life Sci-
ences). Primer sequences are shown
in supplemental Table 2.
PCR products were digested with

the appropriate restriction enzymes,
gel-purified, and ligated in frame into
pRluc-N1 and pGFP2-N1. In brief,
pRluc-N1 and pGFP2-N1 were
restriction-digested and dephospho-
rylated using Antarctic phosphatase
(NewEngland Biolabs, Ipswich,MA).
PCR products were cloned at the
amino terminus of Rluc orGFP2, such

that the expressed proteins were tagged with Rluc or GFP2 at the
carboxyl terminus.Untaggedexpressionconstructs foreachreceptor
were then created by incorporating a stop codon at the end of the
receptor coding sequence. Recombinant constructs were trans-
formed into One Shot TOP10 E. coli (Invitrogen) and plated on
agar containing kanamycin (pRluc vectors) or zeocin (pGFP2 vec-
tors). Plasmid DNA was prepared using the EndoFree Plasmid
Maxi kit (Qiagen, Valencia, CA). All recombinant constructswere
verified by sequencing the full-length open reading frames.
Bioluminescence Resonance Energy Transfer (BRET)2

Assays—Unless stated otherwise, all reagents, materials, and
instrumentation used in the BRET2 assay were purchased from

FIGURE 1. BMP-2, BMP-4, BMP-6, and BMP-7 induce osteoblastic differentiation in primary hMSC.
A, primary hMSC were seeded in 48-well dishes at 1.5 � 104 cells/well and cultured in MSCGM (No Trt), ODM
alone, or ODM supplemented with 400 ng/ml BMP-2, BMP-4, BMP-6, or BMP-7. Cells were lysed after 24 h of
treatment to assess ID-1, DLX-5, or NOGGIN gene expression (left), and after 3 days to assess AP, PTHR1, and IBSP
gene expression (right). Levels of gene expression were quantified by RT-qPCR (RQ) with normalization to
GAPDH. Values shown represent the mean � S.D. of triplicate measurements and are expressed relative to
treatment with ODM alone. B, primary hMSC were seeded in 48-well dishes at 1.0 � 104 cells/well and treated
with ODM alone or ODM supplemented with 100, 200, or 500 ng/ml BMP-2, BMP-4, BMP-6, or BMP-7 for 17 days.
Cells were stained with Alizarin red to detect calcium deposition.
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PerkinElmer Life Sciences. HEK-293 cells were seeded into
6-well dishes at 6� 105 cells/well. The following day, cells were
co-transfected with a total of 2 �g of DNA consisting of the
indicated amount of recombinant receptor fusion DNA con-
structs together with pcDNA as a filler. Transfections were car-
ried out using 6 �l of FuGENE HD (Roche Applied Science).
After 48 h, cells were detached using phosphate-buffered saline
glucose (Invitrogen), centrifuged, and resuspended in phos-

phate-buffered saline with glucose. Cells were then distributed
in parallel to 96-well white or black CulturPlates for analysis of
luminescence and fluorescence emissions, respectively. BRET2

assays were performed using a VICTOR Light luminescence
counter. Briefly, DeepBlueC substrate was added by autoinjec-
tion to a final concentration of 5 �M, and luminescence was
read immediately at 515/30 nm and 410/80 nm. The BRET2

ratio was calculated as the difference of emission at 515 nm/410
nm between the co-transfected Rluc and GFP2 fusion proteins
and the Rluc fusion protein alone (17). Results were expressed
in milli-BRET2 units, where 1 milli-BRET2 unit corresponds to
the BRET2 ratio values multiplied by 1000.
For saturation assays, cells were transfected with 10 ng of the

donor Rluc receptor fusion construct and increasing quantities
(from 50 to 1600 ng) of the acceptor GFP2-receptor fusion con-
struct. GFP2 expression was quantified using a SpectraMaxM5
multimode reader (Molecular Devices, Sunnyvale, CA). Data
were analyzed by nonlinear regression, and BRET2 ratio values
were plotted against the ratio of GFP2 DNA to Rluc DNA. For
competition assays, cells were transfected with 10 ng of the
donor Rluc-receptor fusion construct, 400 ng of the acceptor
GFP2-receptor fusion construct, and 0, 800, or 1600 ng of the
competitor receptor construct. Competitor receptors consisted
of untagged BMP receptors or FGFR1. For competition assays,
treatment averages were compared with the control using two-
sample t tests and one-way analysis of variance, applying Dun-
nett’s method for multiple comparisons.

RESULTS

BMP-2, BMP-4, BMP-6, and BMP-7 Induce Osteoblastic Dif-
ferentiation in Primary hMSC—The ability of BMP-2, BMP-4,
BMP-6, and BMP-7 to drive the osteoblastic differentiation of
primary hMSC was compared at both the molecular and cellu-
lar level. The expression of six osteoblast marker genes was
evaluated by qPCR at either 24 or 72 h, following treatment
with the four osteoinductive BMPs (Fig. 1A). Expression of the
genes ID-1, DLX-5, and NOGGIN was up-regulated to equiva-
lent levels over the controls by all four BMPs within 24 h of
treatment. Likewise, the expression of AP (alkaline phospha-
tase), PTHR1 (parathyroid hormone receptor 1), and IBSP was
increased after 3 days of treatment by all four ligands. The
observed gene regulation is in keeping with the reported
expression of osteoblast-associated genes during in vitro osteo-
blastic differentiation (18–22) and suggests that all four BMPs
induce a similar gene expression response in hMSC.
We next evaluated the capacity of the four BMPs to induce

matrix mineralization. Calcium deposits were detected in all
BMP treatments by Alizarin red staining (Fig. 1B) but not in
hMSC cultured in ODM alone. The observed mineralization
was BMP dose-dependent. Collectively, these results demon-
strate that all four BMPs induce robust osteoblastic differenti-
ation of primary hMSC and, further, that the quality and mag-
nitude of this differentiation is similar among all four ligands. A
systematic investigation of receptor utilization in hMSC was
next undertaken to determine whether the four BMPs were
exerting their osteoinductive activities via the same or different
cellular receptors.

FIGURE 2. Characterization of BMP receptor expression profiles in pri-
mary hMSC and human tissue cDNAs. A–C, expression of BMP receptors
and endogenous control mRNA was measured by RT-qPCR using a standard
curve prepared with known quantities of the appropriate target DNA. Values
shown represent the mean � S.D. of triplicate measurements. A, receptor
expression levels in untreated hMSC from three donors. Values are expressed
as the number of copies of target mRNA per 1000 copies of GAPDH. B and C,
expression of type I (B) and type II (C) BMP receptors in 10 human tissue
cDNAs. Values are expressed as the number of copies of target mRNA per
1000 copies of cyclophilin.
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Characterization of BMP Recep-
tor Expression Profiles in Primary
hMSC and Human Tissue cDNAs—
We first assessed the expression of
six known BMP receptors in pri-
mary hMSC from three separate
donors. The copy number of ex-
pressed mRNA encoding each re-
ceptor was quantified and normal-
ized to GAPDH. Although some
variability was observed among
donors, the relative expression lev-
els of the six receptorswere compara-
ble (Fig. 2A). ACVR1A and BMPR2
were the most abundantly expressed
type I and type II receptors, respec-
tively, with normalized expression
levels ranging from�29 to 67 copies
for ACVR1A and �24 to 44 copies
for BMPR2. BMPR1A and ACVR2A
were expressed at intermediate lev-
els, with normalized levels ranging
from �15 to 20 copies for BMPR1A
and �7 to 10 copies for ACVR2A.
Expression of BMPR1B and
ACVR2B mRNA was consistently
the lowest of the six BMP receptors,
with levels ranging from 1 to 2 cop-
ies for BMPR1B and �1 copy for
ACVR2B.
We then evaluated the BMP

receptor expression profile in 10
human tissue cDNA preparations.
For each tissue cDNA, the mRNA
copy number for each receptor was
quantified and normalized to cyclo-
philin.ACVR1Awas themost abun-
dantly expressed type I receptor in
the majority of tissues, including
brain, heart, kidney, liver, lung, and
ovary (Fig. 2B). The normalized
ACVR1A copy number ranged from
�1 in testis to 38 in skeletal muscle. BMPR1A tended to be
more abundantly expressed than BMPR1B, with copy numbers
ranging from �1 to 41 and from �1 to 11, respectively, across
tissue types. Tissues with notable patterns of type I receptor
expression include skeletal muscle, with highly abundant
ACVR1A and BMPR1A expression, as well as prostate and spi-
nal cord, which both demonstrated roughly equal expression of
all three type I receptors.
Either ACVR2B or BMPR2 was the most abundantly

expressed type II receptor in all tissues, with normalizedmRNA
copy numbers ranging from �5 in lung to 82 in skeletal muscle
for ACVR2B and from 4 in liver to 201 in lung for BMPR2 (Fig.
2C). The expression level of BMPR2 in lung was the highest
among the tissues tested. Skeletal muscle was notable for an
unusual receptor expression pattern, with a high level of
expression of both BMPR2 and ACVR2B. ACVR2A exhibited a

low level of expression in most tissues, with copy numbers
ranging from 3 to 21 copies. These data reveal significant vari-
ability among human tissues with regard to overall expression
levels of each receptor as well as the relative BMP receptor
expression levels within each tissue. This diversity of receptor
expression patterns could provide some insight into the broad
array of bioactivities reported for BMP ligands.
hMSC BMP Receptors Are Specifically and Potently Inhibited

by Nucleoporation of Targeted siRNA—siRNAs targeting the
six BMP receptors were delivered to hMSC by nucleoporation
to down-regulate receptor expression prior to BMP treatment.
Receptors were knocked down both individually and in all pos-
sible combinations of type II (Fig. 3A) or type I (Fig. 3B) recep-
tors. Receptor knockdown was confirmed by qPCR at the time
of phenotypic analysis, typically 72 h postnucleofection. Target
knockdown for ACVR1A, BMPR1A, ACVR2A, and BMPR2

FIGURE 3. BMP type I and type II receptors are potently inhibited by nucleoporation of targeted siRNA. A
and B, primary hMSC were nucleoporated with a total of 6 �g of siRNA targeting each of the six receptors
individually or as all possible combinations of type II (A) or type I (B) receptors or control siRNA. Target mRNA for
each of the receptors was measured by RT-qPCR (RQ) 3 days after nucleoporation, at the time of phenotypic
analysis. Values are shown relative to the quantity of receptor expression in control nucleoporations. Control
values were set to 1 by dividing all nucleoporation replicates in the qPCR analysis of each receptor by the mean
value of the control treatment. Values represent the mean � S.D. of triplicate measurements of ODM-treated
cells from one representative experiment. �, the targeted siRNA was included in the nucleoporation treat-
ment; �, the targeted siRNA was omitted from the nucleoporation.
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ranged from �70 to 99% in all exper-
iments relative to control nucleopo-
rations.KnockdownforBMPR1Band
ACVR2B ranged from 65 to 83% and
from 30 to 77%, respectively, in one
experiment. Knockdown overall for
both of these low abundance recep-
tors was probably higher, since
mRNA expression following targeted
nucleoporation fell below quantifi-
able levels in the remaining two of
three experiments. Inmost instances,
nontargeted receptors were not
affected by the inhibition of other
receptors.However,BMPR1BmRNA
appeared to be consistently up-regu-
lated following the knockdown of the
other type I receptors (Fig. 3B). It is
possible that the observed up-regula-
tion reflects a positive feedback
response representing compensation
for the loss of other type I receptors.
BMP-2/4 and BMP-6/7 Differen-

tially Utilize BMP Receptors to
Stimulate Osteoblastic Differentia-
tion of hMSC—The effect of knock-
ing down type I or type II receptors
on signaling by BMP-2, BMP-4,
BMP-6, or BMP-7 was initially
assessed using ID-1 mRNA expres-
sion as a primary end point marker
(Fig. 4). The concurrent knockdown
of the type II receptors ACVR2A,
ACVR2B, and BMPR2 completely
blocked the capacity of all four
BMPs (p � 0.001) to induce ID-1
(Fig. 4A). Similarly, the simultane-
ous nucleoporation of siRNA tar-
geting ACVR1A, BMPR1A, and
BMPR1B inhibited ID-1 induction
by 98–100% (p � 0.001) following
treatment with all four BMPs (Fig.
4B). These results indicate that no
other endogenous type I or type II
receptors are able to mediate BMP
signaling in primary hMSC in the
absence of the receptors targeted in
this study. Interestingly, the pheno-
typic effects on signaling by BMP-2
and BMP-4 were strikingly similar
within each of the receptor knock-
down treatments. Likewise, the
phenotypic effects of receptor
knockdown were similar for BMP-6
and BMP-7. Collectively, these data suggest that although all
four BMPs utilize the same limited set of BMP receptors, the
degree of reliance on each individual receptor differs between
BMP-2/4 and BMP-6/7.

Pronounced differences in type II receptor utilization were
observed (Fig. 4A). Knockdown of ACVR2A alone significantly
inhibited signaling by BMP-6 and BMP-7 by �27% (p 	 0.009)
and 36% (p 	 0.002), respectively, but did not significantly

FIGURE 4. Receptor down-regulation in hMSC differentially inhibits ID-1 induction by the BMP-2/4 and
BMP-6/7 subfamilies. A and B, primary hMSC were nucleoporated with a total of 6 �g of siRNA targeting each
of the six BMP receptors individually or as all possible combinations of type II (A) or type I (B) receptors or control
siRNA. 48 h after nucleoporation, cells were treated with MSCGM alone or MSCGM containing 100 ng/ml
BMP-2, BMP-4, BMP-6, or BMP-7 for 24 h, and expression of ID-1 mRNA was quantified by RT-qPCR and normal-
ized to GAPDH. Data are expressed as the percentage inhibition of ID-1 induction for each receptor knockdown
treatment relative to the control transfection as described under “Experimental Procedures.” Values shown
represent the mean � S.D. of three replicate experiments performed on different days using hMSC from
multiple donors. Knockdown treatments that were found to be significantly different from the control trans-
fections are indicated with an asterisk, with p values provided under “Results.” Within receptor knockdown
treatments, significant differences between the BMP-2/4 and BMP-6/7 subclasses are indicated by brackets,
with p values provided under “Results.”
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affect signaling by BMP-2 and BMP-4. The difference between
BMP-2/4 and BMP-6/7 was statistically significant (p � 0.001),
indicating a greater reliance onACVR2A for signaling by BMP-
6/7 versus BMP-2/4. In contrast, knockdown of BMPR2
resulted in an approximately 78% (p � 0.001) and 84% (p �
0.001) inhibition of ID-1 induction following treatment with
BMP-2 and BMP-4, respectively, versus 53% (p � 0.001) and
62% (p � 0.001) following treatment with BMP-6 and BMP7,
respectively. The difference between BMP-2/4 and BMP-6/7
was statistically significant (p� 0.001), indicating a greater reli-
ance on BMPR2 for signaling by BMP-2/4 versus BMP-6/7. No
significant effect of ACVR2B knockdown was observed for any
of the BMPs investigated. Phenotypic data for BMPR2 and
ACVR2B were confirmed using two unique siRNA sequences,
and phenotypic data for ACVR2A were confirmed using three
unique siRNA sequences (data not shown). Taken together,
these data indicate that ACVR2A and BMPR2 are the primary
type II receptors mediating the signaling of all four BMPs in
hMSC. Interestingly, the complete loss of signaling for all four
BMPs, observed when ACVR2A and BMPR2 were simulta-
neously knocked down, represented a greater than additive
effect of knocking down ACVR2A and BMPR2 individually.
These data suggest that BMPR2 andACVR2Ahave the capacity
to partially compensate for one another during BMP signaling.
The relative contribution of each type I receptor to signaling

also differed considerably betweenBMP-2/4 andBMP-6/7 (Fig.
4B). Down-regulation ofACVR1A alone resulted in partial inhi-
bition of signaling by all four BMPs. However, themagnitude of
this inhibition was significantly different (p 	 0.002) between
the two subclasses. When ACVR1A was knocked down, an
approximately 59–60% inhibition of signaling for BMP-2 (p �
0.001) and BMP-4 (p � 0.001) was observed relative to the
control transfection versus 76–77% for BMP-6 (p � 0.001) and
BMP-7 (p � 0.001), indicating a greater reliance on ACVR1A
for signaling by BMP-6/7 compared with BMP-2/4. In contrast,
knocking down BMPR1A alone resulted in a marked inhibition
of signaling by BMP-2 (87%, p � 0.001) and BMP-4 (90%, p �
0.001) but had only a marginal effect on ID-1 induction follow-
ing treatmentwithBMP-6 (28%, p� 0.005) or BMP-7 (18%, p	
0.552). The effect for BMP-7 did not reach statistical signifi-
cance. These data demonstrate that, in human bone marrow
MSC, BMPR1A is utilized principally by BMP-2/4 and only
minimally by BMP-6/7. No significant effect of BMPR1B
knockdown was observed for any of the BMPs. The effect of
BMPR1A and BMPR1B knockdown on BMP-induced ID-1
expression was confirmed using two unique siRNA
sequences, and phenotypic read-outs following ACVR1A
knockdown were confirmed using three unique siRNA
sequences (data not shown). Results were also confirmed 4
days after BMP treatment using the later stage osteoblastic
marker genes IBSP, NOGGIN, and DLX-5 as phenotypic
readouts (Fig. 5).
BMP-6 and BMP-7 Utilize Homodimers of Type I BMP

Receptors, whereas BMP-2 and BMP-4 Utilize Homodimers
and Heterodimers of Type I BMP Receptors—For BMP-6 and
BMP-7, the simultaneous knockdown of BMPR1A/BMPR1B
resulted in 24–28% inhibition of signaling, suggesting that the
remaining 72–76% of signaling might be mediated by

homodimers of ACVR1A, the only type I receptor expressed
under these conditions (Fig. 4B). This was confirmed by the fact
that ACVR1A knockdown caused a 76–77% reduction in ID-1
induction following treatment with BMP-6 or BMP-7. Simi-
larly, the simultaneous knockdown of ACVR1A/BMPR1B
resulted in a 75–82% reduction of signaling for BMP-6 and
BMP-7, suggesting that the remaining 18–25% of signaling is

FIGURE 5. Type I receptor knockdown phenotypes persist into later
stages of osteoblast differentiation and affect multiple downstream
genes. Primary hMSC were nucleoporated with a total of 6 �g of siRNA tar-
geting ACVR1A and BMPR1A alone or in combination or control siRNA. 48 h
after nucleoporation, cells were treated with ODM alone or ODM supple-
mented with 100 ng/ml BMP-2, BMP-4, BMP-6, or BMP-7. Expression of ID-1,
IBSP, NOGGIN, and DLX-5 mRNA after 4 days of treatment was quantified by
RT-qPCR and normalized to GAPDH. Data are expressed as the percentage
inhibition of target gene induction for each receptor knockdown treatment
relative to the control transfection as described under “Experimental Proce-
dures.” Values shown represent the mean � S.D. of triplicate measurements
from one representative experiment. �, the targeted siRNA was included in
the nucleoporation treatment; �, the targeted siRNA was omitted from the
nucleoporation.
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mediated by homodimers of
BMPR1A, the only type I receptor
expressed in this treatment. This
was confirmed by the fact that
BMPR1A knockdown resulted in a
18–28% reduction in ID-1 induc-
tion after signaling by BMP-6 and
BMP-7. These data indicate that
BMP-6 and BMP-7 utilize predom-
inantly type I receptor homodimers
for signaling in hMSC, with
ACVR1A homodimers mediating
the majority of signaling (�76%)
and BMPR1A homodimers mediat-
ing �18–25% (Fig. 6A).

In contrast, homodimers of
ACVR1A and BMPR1A do not
appear to be sufficient to mediate
the full signaling potential of BMP-2
and BMP-4. For BMP-2 and BMP-4,
the simultaneous knockdown of
BMPR1A/BMPR1B resulted in
86–87% inhibition of signaling,
suggesting that the remaining
13–14% is mediated by ACVR1A
homodimers (Fig. 4B). Interestingly,
knocking down ACVR1A alone
resulted in a 59–60% inhibition of
signaling, a significantly higher per-
centage than what was found to be mediated by ACVR1A
homodimers. Likewise, the simultaneous knockdown of
ACVR1A/BMPR1B resulted in 60–64% inhibition of BMP-2/4
signaling, suggesting that the remaining 36–40% of signaling is
mediated by BMPR1A homodimers. Knocking down BMPR1A
alone resulted in an 87–90% inhibition of signaling for BMP-2
and BMP-4, a much greater inhibitory effect than would be
predicted for the loss of BMPR1A homodimers. These data
suggest that only a portion of BMP-2 and BMP-4 signaling can
be mediated by homodimers of ACVR1A (13–14%) and
BMPR1A (36–40%). The remaining portion of the BMP-2 and
BMP-4 signaling potential requires that both ACVR1A and
BMPR1A be expressed concurrently by hMSC. We hypoth-
esized therefore that a percentage of BMP-2 and BMP-4 sig-
naling in hMSC might require a heterodimer of ACVR1A
and BMPR1A (Fig. 6B).
BMPR1A and ACVR1A Interact to Form Type I Receptor

Homodimers and Heterodimers—In order to test this hypothe-
sis, we employed the BRET2 technology to determine whether
ACVR1A and BMPR1A heterodimerize in live cells. A BRET2

signal is producedwhen anRluc fusion protein comes into close
proximity, generally less than 100Å, with aGFP2 fusion protein
and an energy transfer from luciferase to GFP2 takes place (17,
23). BRET technologies have been applied in recent years to
effectively characterize the homo- and hetero-oligomerization
of T�RII variants (24) and �-arrestins (25), as well as interac-
tions between T�RII with �v�3 integrins (26).
Full-lengthACVR1A, BMPR1A, or FGFR1were expressed in

HEK-293 cells as fusion proteins with either Rluc (ACVR1A-

Rluc, BMPR1A-Rluc, FGFR1-Rluc) or GFP2 (ACVR1A-GFP2,
BMPR1A-GFP2, FGFR1-GFP2). Expression from all Rluc and
GFP2 constructs was confirmed by assessing luciferase activity
or fluorescence, respectively. In addition, receptor-GFP2 fusion
proteins were localized to the plasmamembrane using fluores-
cence microscopy (data not shown).
Type I receptor interactions were initially evaluated in

BRET2 saturation assays using ACVR1A-Rluc as donor (Fig.
7A). A maximal BRET2 signal was obtained by co-transfection
of ACVR1A-Rluc and ACVR1A-GFP2. A robust BRET2 signal
was also observed following co-transfection of ACVR1A-Rluc
with BMPR1A-GFP2. These data demonstrate that ACVR1A
forms homodimers with other ACVR1A monomers and het-
erodimers with BMPR1A. No significant association of
ACVR1A-Rluc with the negative control FGFR1-GFP2 was
observed. The greater magnitude of the BRET2 signal obtained
for the ACVR1A homodimer, relative to the ACVR1A/
BMPR1A heterodimer, suggests that either ACVR1A
homodimers are formedwith greater frequency thanACVR1A/
BMPR1A heterodimers or that homodimerization of
ACVR1A-Rluc/ACVR1A-GFP2 brings the Rluc and GFP2 tags
into closer proximity than does the heterodimerization of
ACVR1A-Rluc/BMPR1A-GFP2, allowing for a more efficient
energy transfer from Rluc to GFP2.
Saturation studies were repeated in the reverse configura-

tion, using BMPR1A-Rluc as donor (Fig. 7B). In this series of
experiments, co-transfection of ACVR1A-GFP2 as acceptor
resulted in the strongest BRET2 signal, followed by that of
BMPR1A-GFP2. These data demonstrate that BMPR1A forms

FIGURE 6. Proposed model of type I receptor utilization by the BMP-2/4 and BMP-6/7 subfamilies in
primary hMSC. A, BMP-6- and BMP-7-induced osteoblastic differentiation in hMSC is mediated by
homodimers of ACVR1A (72–76%) and homodimers of BMPR1A (18 –25%). B, BMP-2- and BMP-4-induced
osteoblastic differentiation in hMSC is mediated by homodimers of ACVR1A (13–14%), homodimers of
BMPR1A (36 – 40%), and heterodimers of BMPR1A/ACVR1A (46 –51%).
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FIGURE 7. Constitutive homo- and heterodimerization of BMPR1A and ACVR1A is detected using BRET2 technology. A–F, constitutive interactions
between BMPR1A and ACVR1A monomers were evaluated using BRET2. HEK-293 cells were plated in 6-well dishes at 6 � 105 cells/well. The following day, cells
were co-transfected with 2 �g of DNA, consisting of the indicated amount of recombinant receptor fusion DNA constructs together with pcDNA as filler.
Luminescence, fluorescence, and BRET2 values were determined as described under “Experimental Procedures.” A and B, saturation curves were generated by
co-transfecting a fixed amount (10 ng) of ACVR1A-Rluc donor (A) or BMPR1A-Rluc (B) with increasing quantities (from 50 to 1600 ng) of acceptor, either
ACVR1A-GFP2, BMPR1A-GFP2, or FGFR1-GFP2. Data were analyzed by nonlinear regression, and BRET2 ratio values were plotted against the ratio of GFP2 to Rluc
DNA. Values shown represent the mean � S.D. of triplicate measurements from one representative experiment. C–F, competition assays were performed by
co-transfecting either 10 ng of BMPR1A-Rluc donor with 400 ng of BMPR1A-GFP2 acceptor (C), 10 ng of BMPR1A-Rluc donor with 400 ng of ACVR1A-GFP2

acceptor (D), 10 ng of ACVR1A-Rluc donor with 400 ng of ACVR1A-GFP2 acceptor (E), or 10 ng of ACVR1A-Rluc donor with 400 ng of BMPR1A-GFP2 acceptor (F),
with a 0- (Control) or 2- or 4-fold excess of relevant unlabeled receptor or FGFR1 as competitor. Values shown represent the mean BRET2 signal � S.D. of
triplicate measurements from one representative experiment. BRET2 values that were statistically different from the control are indicated with an asterisk; p �
0.05.
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homodimers and heterodimers with ACVR1A. No significant
association of BMPR1A-Rluc with the control FGFR1-GFP2
was observed. The relative strength of the BRET2 signals
obtained in this study might indicate that BMPR1A/ACVR1A
heterodimers form with greater frequency than BMPR1A
homodimers. A similar finding was observed for the murine
transcript variant T�RIIB, which associates with T�RII more
readily than with other T�RIIB monomers (24).
BRET2 competition assays were then performed to further

verify the specificity of type I homodimer and heterodimer for-
mation. Co-transfection of BMPR1A-Rluc/BMPR1A-GFP2
with a 2- or 4-fold excess of unlabeled BMPR1A (Fig. 7C) and
co-transfection of BMPR1A-Rluc/ACVR1A-GFP2 with an
excess of unlabeled ACVR1A (Fig. 7D) both led to significant
reductions in the observed BRET2 signal. Co-transfection with
unlabeled FGFR1 competitor had no effect on the BRET2 signal
in either case. Similarly, co-transfection of ACVR1A-Rluc/
ACVR1A-GFP2 (Fig. 7E) or ACVR1A-Rluc/BMPR1A-GFP2
(Fig. 7F) with an excess of unlabeled ACVR1A or BMPR1A,
respectively, markedly reduced the observed BRET2 signal,
whereas transfection with the unlabeled FGFR1 had no effect.
These data demonstrate specificity in the formation of
ACVR1A and BMPR1A homodimers and also in the formation
of type I heterodimers composed of BMPR1A and ACVR1A.

DISCUSSION

The objective of this study was to evaluate BMP receptor
utilization during the initiation of osteoblastic differentiation in
primary hMSC. RNAi-mediated receptor knockdown revealed
that the osteoinductive activities of BMPs in primary hMSC are
elicited through the type I receptors ACVR1A and BMPR1A
and the type II receptors ACVR2A and BMPR2. BMPR1B and
ACVR2B did not contribute significantly to BMP-mediated
osteoblastic differentiation in this system, possibly due to the
low level of expression of these receptors.
The relative importance of the BMP receptors might be

shifted in other precursor cell types, should a different repre-
sentation of BMP receptors be present. Indeed, in murine adi-
pose-derived adult stromal cells, BMPR1B is expressed at levels
equivalent to those of BMPR1A and BMPR2 and becomes sig-
nificantly up-regulated during osteogenic differentiation (27).
Progression down the osteoblast lineage is highly dependent on
BMPR1B in this cell type as well as in murine osteoblast pre-
cursor cells (28). Likewise, BMP-2-induced osteogenic activity
is enhanced following growth factor-mediated up-regulation of
BMPR1B in primary human bone cells (29). These studies col-
lectively underscore the complexity and flexibility of receptor
utilization in BMP-induced osteoblastic differentiation in
diverse cellular environments.
Although all four BMPs evaluated in this study utilized the

same set of receptors, the degree of reliance on each individual
receptor varied between members of the two BMP subclasses.
With regard to the type I receptors, BMPR1A was found to be
more critical to signaling by BMP-2/4, whereas ACVR1A was
more crucial for BMP-6/7 signaling. For the type II receptors,
all four BMPs utilized primarily BMPR2 tomediate osteoinduc-
tive signaling in hMSC. The loss of BMPR2, however, led to a
greater reduction in signaling for BMP-2/4 than for BMP-6/7,

whereas down-regulation of ACVR2A inhibited signaling by
BMP-6/7 but not BMP-2/4. Overall, these data are in accord-
ance with previously published work (12, 14, 30, 31).
Data from the simultaneous type I receptor knockdown

treatments suggested differences in oligomerization patterns
within receptor complexes utilized by BMP-2/4 or BMP-6/7.
Although bothBMP-6/7 andBMP-2/4 appear to signal through
homodimers of ACVR1A and BMPR1A, BMP-2 and BMP-4
might also require a heterodimer of BMPR1A/ACVR1A to
achieve their full signaling potential. BMPR1A and ACVR1A
homodimer and heterodimer formation was demonstrated
in live mammalian cells using BRET2. Similar associations of
BMP type I receptors were previously reported by Gilboa et
al. (32), who used co-immunoprecipitation studies to detect
homodimers of BMPR1A/BMPR1A and BMPR1B/BMPR1B
as well as heterodimers of BMPR1A/BMPR1B at the mem-
brane surface of COS7 cells following overexpression of the
receptor monomers. These data indicate that a range of
receptor complexes might be present concurrently in BMP-
responsive cells to meet the diverse signaling needs of the
various BMP family members.
It is interesting to speculate that BMP signaling through a

type I heterodimer might have functional consequences dis-
tinct from those of signaling exclusively through receptor
homodimers. This appears to be the case inDrosophila embry-
onic development, where heterodimers of the BMP-like ligands
Dpp and Scw signal through a receptor tetramer consisting of a
homodimer of the type II receptor Punt and onemonomer each
of the type I receptors Sax and Tkv. Activation of the type I
receptor heterodimer produces a synergistic response that trig-
gers expression of a distinct set of genes from those stimulated
by signaling through the type I homodimer (33). Should such a
scenario also be true in mammalian cells, it would provide an
additional mechanism through which BMP signaling might be
translated into themultitude of diverse phenotypes observed in
BMP-responsive cells and tissues.
In the present study, all four BMPs were found to be equally

osteoinductive in primary hMSC, despite differences between
members of the BMP-2/4 and BMP-5/6/7 subclasses with
respect to receptor preferences and potential utilization of type
I heterodimers. In contrast, significant differences in the bioac-
tivities of BMPs have been demonstrated in a number of other
physiological systems. The kidney is one organ in which such
differences are widely recognized. In chronic kidney disease,
BMP-2 appears to induce osteoblastic differentiation of vascu-
lar smooth muscle cells (34, 35), leading to vascular calcifica-
tion, whereas BMP-7 demonstrates opposing effects (36). In
addition, during renal development, low doses of BMP-7 (0.25
nM) have been found to stimulate branching morphogenesis,
whereas higher doses of BMP-7 or BMP-2 at any tested dose
were inhibitory (36). In the adult kidney, BMP-7, but not
BMP-4 or BMP-6, was found to counteract transforming
growth factor-�1-mediated epithelial-to-mesenchymal transi-
tion and reverse the fibrosis and tissue damage associated with
chronic renal injury (37, 38). A similar remedial effect of BMP-7
on fibrosis has been documented in the heart (39), liver (40),
and lung (41).
One potential determinant of whether BMP activities paral-
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lel each other or diverge from each other in a given tissuemight
be the tissue-specific pattern of receptor expression. We quan-
tified receptor expression in 10 human tissues to compare the
representation of BMP receptors. Qualitative differences in
the relative expression level of receptorswithin each tissuewere
observed as well as significant quantitative differences in the
expression of each individual receptor among the 10 tissues. It
is highly plausible that substantial differences in receptor
expression among human tissues, as documented here, might
explain why BMP ligands have similar activities in some phys-
iological systems and unique activities in others.
In summary, the data reported in this study indicate that

BMP-2, BMP-4, BMP-6, and BMP-7 all induce osteoblastic dif-
ferentiation of primary hMSC but display distinct preferences
in the BMP receptors utilized to mediate an activation signal.
Furthermore, BMP-2/4 might require a heterodimer of type I
receptors, whereas BMP-6/7 signal exclusively through type I
homodimers. Future studies will be aimed at elucidating the
downstream effects of these differences in receptor utilization
and in further clarifying the mechanism through which the dif-
ferent BMP ligands transmit their signaling messages in clini-
cally relevant systems.
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