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Abstract

Osteogenic differentiation of human mesenchymal stem cells (hMSCs) is classically thought to be mediated by
different cytokines such as the bone morphogenetic proteins (BMPs). Here, we report that cell adhesion to
extracellular matrix (ECM), and its effects on cell shape and cytoskeletal mechanics, regulates BMP-induced
signaling and osteogenic differentiation of hMSCs. Using micropatterned substrates to progressively restrict cell
spreading and flattening against ECM, we demonstrated that BMP-induced osteogenesis is progressively antagonized with decreased cell spreading. BMP triggered rapid and sustained RhoA/Rho-associated protein
kinase (ROCK) activity and contractile tension only in spread cells, and this signaling was required for BMPinduced osteogenesis. Exploring the molecular basis for this effect, we found that restricting cell spreading,
reducing ROCK signaling, or inhibiting cytoskeletal tension prevented BMP-induced SMA/mothers against
decapentaplegic (SMAD)1 c-terminal phosphorylation, SMAD1 dimerization with SMAD4, and SMAD1 translocation into the nucleus. Together, these findings demonstrate the direct involvement of cell spreading and
RhoA/ROCK-mediated cytoskeletal tension generation in BMP-induced signaling and early stages of in vitro
osteogenesis, and highlight the essential interplay between biochemical and mechanical cues in stem cell differentiation.

Introduction

H

uman mesenchymal stem cells (hMSCs) are multipotent cells that can differentiate into osteoblasts,
chondrocytes, adipocytes, and other connective tissue cells
thought to be important in the repair and maintenance of
many musculoskeletal tissues [1–4]. The commitment and
differentiation of hMSCs to specific lineages appear to be
dictated both in vivo and in vitro by their exposure to local
cues within their surrounding microenvironment. Osteogenic
lineage differentiation of the hMSCs is perhaps the most well
described, and the bone morphogenetic proteins (BMPs) are
the best-characterized cytokines that drive osteogenic differentiation [5,6].
The BMPs, although historically named because of their
potent ability to induce ectopic osteogenic differentiation
in vivo [7,8], function in a wide variety of cell types to regulate many additional events associated with morphogene-

sis, such as dorsal-ventral patterning during embryogenesis
and the development of heart, lung, and kidney [9–13]. The
BMPs belong to the transforming growth factor-b (TGF-b)
family, and, thus, exert their biological function through
forming a complex with type I and II serine/threonine kinase
receptor, which in turn phosphorylates receptor mediated
SMA/mothers against decapentaplegic (R-SMAD), including
SMAD1, 5, 8. Activated SMAD1/5/8 form a complex with
SMAD4 that subsequently translocates into the nucleus
[14,15] where it cooperates with other DNA binding proteins
to target specific genes for transcriptional regulation. The direct implications of these transcriptional events is best understood in the context of bone development, where it has
been shown that the osteogenic-lineage-specific transcription
factors distal-less homeobox (Dlx)-2/5 [16–18] and runt-related
transcription factor 2 (Runx2)/core binding factor a-1 (cbfa-1)
[19,20] can be induced by BMPs to stimulate the expression
of osteogenic-related genes, such as alkaline phosphatase
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(ALP), type I collagen, bone sialoprotein, osteocalcin, and
osteopontin [18,21–23]. Among the BMPs, BMP-2 is perhaps
most well studied in the context of osteogenesis, and has
been shown to promote bone repair in animal models in vivo
[24]. However, the performance of BMPs decreases as one
moves from rodents to higher mammals, and the successful
rate of BMPs in human clinical studies has not been impressive [25–27]. It has been reported that at high seeding
density in vitro, BMP-2 induces osteogenesis in rodent osteogenic stem cells but not in human cells [28], thus raising
the possibility that additional factors are needed for BMP
function in humans.
Adherent cells such as hMSCs generally require adhesion
to an extracellular matrix (ECM) via integrins for many cellular functions, including differentiation, proliferation, survival, and migration [29]. Though not yet reported for BMPs,
studies have implicated the need for particular ECMs and
integrins for a large variety of growth factors to trigger appropriate responses, including EGF, PDGF, VEGF, and
bFGF, among others [30–34]. However, normal bone development in vivo and the differentiation of osteogenic lineages
in vitro appear to be influenced by specific ECM proteins and
integrins [35,36]. Interestingly, integrin ligation is not the
only adhesive requirement for osteogenic differentiation.
When exposed to a dexamethasone-based mixture optimized
for osteogenesis in culture, we previously reported that the
physical spreading and flattening of hMSCs against the ECM
during cell adhesion is also necessary to support the differentiation of hMSCs to an osteogenic fate [37]. This cell shape
requirement appeared to modulate hMSC differentiation
through a pathway involving the small GTPase, RhoA,
which has been identified to regulate the differentiation of
several cell types [38–40]. Despite these findings, since bone
development in vivo arises from multiple distinct pathways
and dexamethasone-induced and BMP-induced osteogenesis
in culture may arise via distinct mechanisms, cell adhesion
has not been considered critical to BMP signaling in general
or BMP-induced osteogenesis in particular. As such, the requirements for cell shape and RhoA may be limited to in
vitro, dexamethasone-induced osteogenic differentiation.
In this study, we examined whether cell adhesion can
modulate the effects of BMP-2 in hMSCs during early stages
of commitment toward an osteogenic lineage, and identify
cell shape as a key regulator of BMP signaling and BMPinduced osteogenic differentiation of hMSCs. We demonstrate that BMP activates RhoA, Rho-associated protein
kinase (ROCK), and cytoskeletal tension, and this activation
depends on cell shape. Further, ROCK activity and associated cytoskeletal tension regulates hMSC commitment to
BMP-induced osteogenic phenotype. This study highlights
the role of cell adhesion in regulating BMP signaling, and
provides a mechanism by which the changes in cell adhesion,
shape, and mechanics present during morphogenesis can
modulate cell differentiation.

Materials and Methods
Cell culture and reagents
hMSCs were obtained from Lonza Walkersville, Inc., and
maintained in DMEM containing 10% fetal bovine serum,
0.3 mg/mL glutamine, 100 mg/mL streptomycin, and
100 U/mL penicillin. Only early passage (passage 4–6)
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hMSCs were used in experiments. To induce osteogenesis,
hMSCs were plated on fibronectin-coated (25 mg/mL) plates
and treated with BMP-2 (100 ng/mL; R&D Systems) for 2
weeks. Treatment of cells with 0.1% bovine serum albumin
served as a negative control. Media were changed every 3
days. Cells were then harvested for ALP staining, western
blot, or real-time RT-PCR to detect the expression of osteogenic markers. SMAD4, SMAD1, and SMAD1 phosphorylation antibodies for immunoprecipitation or western blot
are from Cell Signaling Technology

Generating micropatterned substrates
The microcontact printing technique used to fabricate
substrates patterned with regions of ECM was created as
previously described [41]. Briefly, polydimethyl siloxane
(PDMS) stamps were made by casting Sylgard 184 (Dow
Corning) liquid prepolymer over the silicon master. Upon
curing, the elastomeric stamp was peeled off, washed with
ethanol, and dried under nitrogen. Stamps were coated with
fibronectin, thoroughly rinsed with deionized water, blown
dry under nitrogen, and placed in conformal contact with a
flat PDMS substrate. This substrate was blocked with 0.2%
Pluronic F127 (BASF) and used under standard culture
conditions.

Cell staining
ALP activity was assayed using Sigma kit No. 85 as per
manufacturer’s instructions. Cells were photographed and
counted using a Nikon Eclipse TE200. For total cell counts,
nuclei were stained with DAPI. For quantification of F-actin,
cells were fixed, permeablized, and incubated with phalloidinAlexa 568 (Invitrogen). The actin-bond phalloidin was extracted with methanol, and the fluorescent intensity was
measured. The fluorescent readout was normalized with
DNA amount, measured by CyQUANT cell proliferation
assay kit (Invitrogen).
For immunofluoroscence labeling, cells were fixed in 4%
paraformaldehyde followed by permeablization in 0.3%
Triton X-100. Cells were incubated in 10% goat serum and
then incubated in primary antibody followed by secondary
antibody conjugated with Alexa-594. Actin cytoskeleton was
stained with phalloidin-Alexa 488 (Invitrogen), and nuclei
were stained with DAPI. Images were acquired by Zeiss
Axiovert 200M and analyzed by AxioVision Rel. 4.7 analysis
software (Zeiss).

Real-time RT-PCR analysis
Total RNA was isolated from cells grown in 60-mm dishes
by using RNeasy Mini Kit as specified by the manufacturer
(Qiagen). About 0.5 mg of total RNA was reverse transcribed
by using MMLv reverse transcriptase as per manufacturer’s
instructions (Invitrogen). Real-time PCR was performed and
monitored by using an ABI 7300 system (Applied Biosystems, Life Technologies). cDNA was analyzed by commercially available primers and probes from ABI [distal-less
homeobox 5 (Dlx-5), Product No. Hs00193291_m1; Runx2,
Product No. Hs00231692_m1; ALP, Product No.
Hs01029144_m1] (Applied Biosystems) following the manufacturer’s instructions. PCR was also performed with human GAPDH primers (Product No. Hs99999905_m1) for
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normalization of the samples. cDNA was analyzed for the
genes of interest and the housekeeping gene in independent
reactions. Data analysis was performed using the ABI Prism
7300 Sequence Detection Systems version 1.0 software
(Applied Biosystems).

Rho GTPase assay
Changes in the activation state of RhoA were determined
according to the method of Ren and Schwartz [42,43] by
isolating the GTP-bound RhoA in cell lysate with agarose
beads conjugated to glutathione-S-transferase fused to the
Rho binding domain Rhotekin (Upstate Biotechnology, Millipore). After washing, the beads were mixed with SDS
sample buffer, boiled, and resolved by western blot. GTPbound RhoA was detected by using monoclonal antibody to
RhoA (Santa Cruz Biotechnology) followed by an HRPlabeled secondary antibody ( Jackson ImmunoResearch Laboratories). Blots were developed by using ECL (GE Health
Care Life Sciences). The amount of GTP-bound RhoA was
normalized to the total amount of RhoA in cell lysates by
using a digital imaging system (VersaDoc).

Measurement of traction forces
Microfabricated postarray detectors (mPADs) were used
to measure traction forces, and fabricated as previously described [41,44]. mPADs used in these studies were 9 mm tall
and 3 mm in diameter, with 9 mm center–center spacing. To
control cell spreading on microneedle tips, the tips were
stamped with fibronectin using microcontact printing [41],
and nonstamped regions were blocked with 0.2% Pluronic
F127 (BASF). For the live cell recording, hMSCs were cultured on mPAD and serum starved for overnight. Images
were recorded 7 min before we added BMP (100 ng/mL) or
bovine serum albumin as a control. Images were taken by
1 min interval and were taken for another 30 min after
treatment. For end-point measurement, hMSCs were cultured on the mPADs, serum starved overnight, and treated
with BMP-2 for 24 h. Samples were fixed and stained, and
the images were taken by Axiovert 200M (Carl Zeiss MicroImaging, Inc.). Matlab (The MathWorks) was used to
obtain traction force from the acquired images as previously
described [41]. Overall, 50 control cells, 42 BMP-treated cells,
and 17 BMP + Y27632-treated cells from 3 independent experiments were used for the force measurements.

Transfection of small-interfering RNA
The small-interfering RNA (siRNA; ON-TARGETplus)
that were specific to the target genes were purchased from
Thermo Scientific/Dharmacon RNAi Technologies. The
siRNA was transfected into hMSC by using Lipofectamin
RNAiMAX reagent (Invitrogen) according to the manufacturer’s instructions.

Results
BMP-2-induced osteogenic differentiation
is regulated by cell shape
We first examined whether adhesion modulates BMPinduced osteogenesis by first varying hMSC seeding density
to manipulate adhesion. hMSCs were seeded at different
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densities (from 1,000 to 20,000 cells/cm2, Fig. 1A, B) on
fibronectin-coated dishes, and treated with BMP-2 (100 ng/
mL) for 2 weeks. At the lowest seeding density, cells attached
and spread with little contact between neighboring cells. At
high seeding density, cells were confluent, and were physically constrained from spreading on the substrate due to cell
crowding. The extent of osteogenesis was initially analyzed
by staining for ALP activity. By 2 weeks, ALP activity dramatically increased for cells at low density, but remained at
basal levels for cells at high density (Fig. 1A, B) after BMP
treatment. Cells treated with different concentrations of
BMP-2 (from 0 to 500 ng/mL) exhibited a dose-dependent
induction of ALP activity in cells seeded at low but not high
density (Fig. 1C). This density-dependent osteogenic differentiation was not unique to BMP-2, as this response also
occurred with BMP-4 (data not shown). Since ALP staining
alone was not diagnostic for osteogenesis, we performed
real-time PCR on 2-week cultures to detect the expression
level of several osteogenic markers known to be downstream
of BMP-2 signaling including Dlx-5, cbfa-1/runx2, and ALP.
BMP-2 induced increased expression of all 3 markers relative
to untreated controls at low but not high cell density, thus
confirming that BMP-2-induced osteogenesis depends on cell
density (Fig. 1D). As expected, markers of end-stage osteogenic differentiation were not observed given that supplements
such as 2-glycerophosphate and ascorbic acid-2-phosphate
were not included in this study (to prevent confounding of the
specific effects of BMP examined here).
Increasing cell seeding density not only increases cell-cell
adhesion and paracrine signaling but also decreases cell
spreading against the underlying matrix. To investigate
whether the degree of cell spreading against the substrate
alone can modulate BMP-2-induced osteogenesis, we used
microcontact printing to generate substrates micropatterned
with square islands of fibronectin such that single cells
would attach and spread to the size of the islands [37,45].
hMSCs were seeded onto adhesive islands of different sizes
(625–10,000 mm2) to control the degree of cell spreading in the
presence or absence of BMP-2 (Fig. 1E, F) and after 2 weeks,
cells were assessed for ALP activity. ALP activity was upregulated in hMSCs that were well spread on large islands
(10,000 mm2) but not in cells that remained unspread on small
islands.
To further investigate how cell shape regulated BMP signaling and resultant osteogenic gene expression, we expressed in hMSCs a luciferase reporter driven by the Id-1
promoter, which contains a SMAD binding element (SBE)
responsive to BMP treatment [46]. hMSCs expressing this
SBE-luciferase reporter exhibited a dose-dependent luciferase response to increasing BMP-2 (from 0 to 300 ng/mL)
(Supplementary Fig. S1; Supplementary Data are available
online at www.liebertonline.com/scd). Using this system,
we next examined whether reporter activity was regulated
by cell shape. Indeed, SBE activity increased with BMP
treatment only at low cell seeding densities (Fig. 1G), and
showed a robust response on large (10,000 mm2) but not small
(2,500; 625 mm2) micropatterned islands (Fig. 1H). We have
previously reported that cell shape can regulate osteogenesis
in a dexamethasone-containing osteogenic medium. Interestingly, although BMP stimulated robust SBE activity only
in spread cells, dexamethasone did not impact SBE activity in
either spread or unspread conditions (Supplementary Fig.
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FIG. 1. BMP-2-induced osteogenic differentiation is regulated by cell shape. (A)
Bright-field images of hMSC plated at
3,000 cells/cm2 (upper 2 panels) or 20,000
cells/cm2 (lower 2 panels), cultured for 2
weeks in the absence (left panels, Control)
or presence (right panels, BMP) of BMP-2
(100 ng/mL), and stained with ALP activity. Scale bar: 20 mm. (B) Quantification
plot of ratio of ALP positively stained
cells versus DAPI-stained cells in 5 random selected fields of cultured cells at
1,000, 3,000, 10,000, and 20,000 cells/cm2
in the absence or presence of BMP-2
(100 ng/mL). (C) Quantification of ratio
of ALP positively stained hMSCs versus
DAPI-stained cells in 5 random selected
fields of cells cultured at 3,000 or 20,000
cells/cm2 in the absence or presence of
BMP-2 at different concentration (from 0
to 500 ng/mL). (D) Quantitative PCR results of osteogenic differentiation markers
of hMSCs plated at indicated density and
cultured in the absence or presence of
BMP-2 (100 ng/mL) for 2 weeks. (E)
Bright-field ALP images of hMSCs plated
on large (10,000 mm2, upper panels) or
small (625 mm2, lower panels) fibronectin
islands for 2 weeks in the absence or
presence of BMP-2 (100 ng/mL). Scale
bar: 20 mm. (F) Quantification plot of ratio
of ALP positively stained cells versus
DAPI-stained cells plated on different sizes of fibronectin stamped areas (from
625 to 10,000 mm2) in the absence or
presence of BMP-2. (G) Luciferase activity
of SBE-luciferase transfected hMSCs plated at 3,000 cells/cm2 or 20,000 cells/cm2
in the presence or absence of BMP-2
(100 ng/mL) for 2 days. (H) Luciferase
activity of SBE-luciferase transfected
hMSCs cultured on fibronectin micropattern stamped spread (10,000 mm2) or unspread (625 mm2) followed by treatment with BMP-2 (100 ng/mL) for 2 days. All
quantification data were presented as mean – SEM of at lease 3 independent experiments. *P < 0.05 versus paired control;
#
P < 0.05 versus low density/spread cells treated with BMP-2. ALP, alkaline phosphatase; BMP-2, bone morphogenetic
protein; hMSC, human mesenchymal stem cells; SBE, SMAD binding element; SMAD, SMA/mothers against decapentaplegic. Color images available online at www.liebertonline.com/scd

S2). Together, these results suggest that cell shape regulates
BMP-induced osteogenesis in hMSCs, and that this effect
could be exerted by cell shape regulation of SMAD1/5/8
signaling, a mechanism distinct from our previous reports.

BMP stimulates RhoA/ROCK signaling
and increases cytoskeletal tension
We previously implicated RhoA in dexamethasoneinduced hMSC commitment to an osteogenic lineage [37].
Hence, it is possible that BMP-induced osteogenesis may also
involve RhoA. To explore this possibility, we first investigated whether BMP treatment activates RhoA by using the
pull-down assay [42,43]. In hMSCs seeded at low density,
BMP-2 treatment increased in RhoA activity within 20 min.
This activity peaked after 1 h, dropped down to basal after
8 h (Fig. 2A). Interestingly, this activation was absent in cells

seeded at high density after 1 hr BMP treatment (Fig. 2B).
Consistent with an increase in RhoA activity, we observed
that BMP-2 significantly increased kinase activity of the
RhoA effector, ROCK, at low but not high cell density, using
immunoprecipitated ROCK from cell lysates and recombinant MYPT1 as a kinase substrate (Fig. 2C). To confirm the
BMP-induced RhoA/ROCK signaling, we also measured
levels of phosphorylated myosin light chain (ppMLC) by
western blotting. BMP-2 treatment increased ppMLC levels
only in cells seeded at low density (Fig. 2D).
These data suggested that BMP induces Rho/ROCKmediated myosin activity, and indirectly suggested that BMP
triggered cytoskeletally generated contractile tension in
hMSCs. Indeed, we observed that BMP-2 treatment increased the formation of actin stress fibers at low cell seeding
density, but not at high seeding density (Fig. 3A, B). We then
directly measured traction forces in BMP-treated hMSCs by
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FIG. 2. BMP stimulates RhoA signaling. (A) Western blot
(upper panels) and quantification plot (lower panel) showed
active RhoA in serum-starved hMSCs at 3,000 cells/cm2 with
BMP-2 (100 ng/mL) treatment at different time points. (B)
Western blot and quantification plot showed active RhoA in
serum-starved hMSCs plated at 3,000 or 20,000 cells/cm2
with or without BMP-2 (100 ng/mL) treatment. (*P < 0.05 vs.
paired control; #P < 0.05 vs. BMP treatment at 3,000 cells/
cm2). (C) Western blot and quantification plot showed levels
of recombined p-mypt after in vitro ROCK kinase assay in
serum-starved hMSCs plated at 3,000 or 20,000 cells/cm2
with or without BMP-2 (100 ng/mL) treatment. (*P < 0.05 vs.
paired control; #P < 0.05 vs. BMP treatment at 3,000 cells/
cm2). (D) Western blot ppMLC/MLC and quantification plot
showed activation of ppMLC in serum-starved hMSCs plated at 3,000 or 20,000 cells/cm2 with or without BMP-2
(100 ng/mL) treatment (*P < 0.05 vs. paired control; #P < 0.05
vs. BMP treatment at 3,000 cells/cm2). All western blot
results were presented as a representative experiment of at
least 3 independent experiments. ppMLC, phosphorylated
myosin light chain. ROCK, Rho-associated protein kinase.
using a previously described microfabricated force sensor
[41]. hMSCs were seeded on the force sensors and then exposed to BMP-2. Indeed, BMP treatment rapidly increased
traction force within 10 min of exposure (Supplementary
Movie S1) and lasted for 24 h (Fig. 3C). Further, this traction
force was ROCK dependent, as the ROCK inhibitor Y27632
blocked the BMP-induced stress fiber formation and force
generation (Fig. 3C, D).

BMP-induced osteogenesis is ROCK
and tension dependent
Although RhoA/ROCK/myosin activity increased on
BMP treatment, it remained unclear whether this increase
was relevant to BMP-induced osteogenesis. To test this
possibility, hMSCs were treated with either the ROCK inhibitor Y27632 (10 mM) or nonmuscle myosin II inhibitor
blebbistatin (25 mM) in the presence of BMP-2. Both Y27632
and blebbistatin abrogated BMP-2-induced osteogenesis (Fig.
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FIG. 3. BMP stimulates cytoskeletal tension. (A) Epifluorescence images of stress fibers in hMSCs plated at 3,000
(upper panels) or 20,000 (lower panels) cells/cm2 in the absence
(left panels, Control) or presence of BMP-2 (right panels, BMP,
100 ng/mL) for 1 h. (B) Quantification results of stress fiber
formation in hMSCs plated at 3,000 or 20,000 cells/cm2 in the
absence or presence of BMP-2 (100 ng/mL) (*P < 0.05 vs.
paired control.). A.U. represents arbitrary unit. (C) Representative images of control (C), BMP-2 (100 ng/mL) (BMP)
and BMP-2 plus Y27632 (25 mM) (BMP + Y27) treated hMSC on
mPAD (red, mPAD; green, actin cytoskeleton; blue, nuclei).
Plot of average traction force exerted on each underlying post
were presented as mean – SEM of 3 independent experiments
(*P < 0.01 vs. C; #P < 0.01 between BMP-2 and BMP-2 + Y27).
Scale bar: 20 mm. (D) Fluorescence images and quantification
plot of stress fibers in hMSCs plated at 3,000 cells/cm2 and
treated with Y27632 (10 mM) in the presence of BMP-2 (100 ng/
mL) for 1 h. mPAD, microfabricated postarray detector. Color
images available online at www.liebertonline.com/scd
4A, B). Since the pharmacological inhibitors could exert
nonspecific or off-target effects, we also knocked down
ROCK by using siRNA, BMP induced robust activation of
ALP activity in siGlo, and untreated (no siRNA) control cells
(Fig. 4C, D). Knockdown of BMP receptor type II and BMPinduced osteogenic transcription factors Runx2 and Dlx-5
resulted in the downregulation of BMP-induced ALP activity, serving as positive controls for the approach. Importantly, knockdown of either ROCK I or ROCK II
decreased BMP-induced ALP activity (Fig. 4C, D). Taken
together, these data indicate that BMP-2 signaling triggers
RhoA/ROCK activation and that this event is required for
BMP-2-induced osteogenesis.

REGULATION OF BMP SIGNALING BY CELL SHAPE AND RHOA
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FIG. 4. BMP-induced osteogenic differentiation depends on ROCK and myosin activity. (A)
Bright-field images of hMSC plated at 3,000
cells/cm2 for 2 weeks in the absence (Control)
or presence of BMP-2 (100 ng/mL), BMP-2 plus
Y27632 (BMP + Y27, 10 mM), and BMP-2 plus
blebbistatin (BMP + Bleb, 25 mM) and stained
with ALP activity. Scale bar: 20 mm. (B) Quantification plot of ratio of ALP positively stained
hMSCs versus DAPI-stained cells in 5 random
selected fields as indicated. All results were
presented as mean – SEM (*P < 0.05 vs. paired
control; #P < 0.05 vs. paired BMP only). (C)
Bright-field images of hMSC with knock down
of specific gene using small-interfering RNA (as
indicated) and plated at 3,000 cells/cm2 for 2
weeks in the absence (Control) or presence of
BMP-2 (BMP, 100 ng/mL) and stained with ALP
activity. (D) Quantification plot of ratio of ALP
positively stained hMSCs versus DAPI-stained
cells in 5 random selected fields as indicated.
Color images available online at www
.liebertonline.com/scd

BMP-induced SMAD1/5/8 phosphorylation
is regulated by ROCK and myosin signaling
To examine whether the BMP-induced increase in RhoA/
ROCK/myosin that occurs only in spread cells is involved in
regulating transcriptional activity of the SBE, we first examined SBE-luciferase activity in hMSCs after inhibition of
ROCK activity. Treatment with Y27632 suppressed BMP-2mediated reporter activity (Fig. 5A). Further, treatment with
blebbistatin blunted BMP-2-induced increase of SBE-luciferase
activity (Fig. 5B). These results suggest that the requirement
for cell spreading and ROCK/myosin signaling in BMPinduced signaling and osteogenesis likely occurs upstream of
activation of the SBE.
Since SMAD-mediated gene transcription requires SMAD
phosphorylation, complex formation with SMAD4, and
translocation of the complex into the nucleus [47], we tested
whether ROCK/myosin signaling was required for each of
these steps. To examine SMAD phosphorylation, cells were
pretreated with Y27632 (10 mM) or blebbistatin (25 mM) and
then stimulated with BMP-2 for 1 h, and then the levels of pSMAD1/5/8 were examined by western blotting. Although
SMAD1/5/8 was efficiently phosphorylated in response to

BMP-2 treatment (Fig. 6A), treatment of either Y27632 or
blebbistatin antagonized this effect (Fig. 6A, B).
To examine whether ROCK/myosin signaling was required for SMAD complex formation, hMSCs again were
pretreated with Y27632 (10 mM) or blebbistatin (25 mM), exposed to BMP-2 for 1 h, and then lysates were immunoprecipitated with anti-SMAD4 antibody followed by
immunoblotting with p-SMAD1/5/8 antibody. Exposure
to BMP increased immunoprecipitation of SMAD4 with
SMAD1/5/8, whereas treatment with either Y27632 or
blebbistatin abrogated the BMP-2 induced formation of
p-SMAD/SMAD4 complex (Fig. 6C–F).
We next examined whether SMAD nuclear localization
was impacted by cell shape or ROCK signaling. In the
absence of BMP treatment in the hMSCs, only a small
amount of p-SMAD1/5/8 could be detected in hMSCs by
immunofluorescence. However, after 1 h of BMP treatment,
p-SMAD1/5/8 was highly enriched in the nuclei of wellspread cells (Fig. 7A, upper panels, B). Further, as the degree
of cell spreading decreased by plating on smaller micropatterned islands, the amount of nuclear localization of
p-SMAD1/5/8 decreased (Fig. 7A, B). To examine whether
ROCK signaling was involved in this cell shape regulation of
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FIG. 5. SMAD-dependent gene expression is regulated by ROCK and
myosin activity. (A) Luciferase activity
of SBE-luciferase-transfected hMSCs
plated at 3,000 cells/cm2 and in the
absence or presence of BMP-2 (100 ng/
mL) or Y27632 (10 mM) for 2 days. (B)
Luciferase activity of SBE-luciferase
transfected hMSCs plated at 3,000
cells/cm2 and in the absence or presence of BMP-2 (100 ng/mL) or blebbistatin (25 mM) for 2 days. Cotransfection of renilla-luciferase served as an internal
control. All data were presented as mean – SEM. *P < 0.05 versus paired control; #P < 0.05 versus treated with BMP-2.
BMP-induced SMAD nuclear translocation, cells were pretreated with Y27632 (25 mM) or blebbistatin (25 mM) 1 h before stimulation by BMP-2. Indeed, blocking ROCK/myosin
signaling in well-spread cells also blocked nuclear localization of p-SMAD (Fig. 7C, D). Together, these findings suggest a novel control point in regulating BMP signaling,
through modulation of SMAD signaling by cell shape,
ROCK, and cytoskeletal tension.

Discussion
BMPs are considered one of the most important and potent classes of morphogens in early development. They also
have a classical and important role in osteogenesis
throughout life, and appear to be powerful inducers of osteogenic differentiation in cultures of MSCs derived from
many animals [48]. Interestingly, although cell adhesion to
the ECM has been shown to regulate cellular responses from
many cytokines such as EGF, PDGF, bFGF, and VEGF [30–
34], no molecular link between adhesive cues and BMP signaling has been established. We now show that the degree of
cell adhesion and spreading against ECM substrate can
regulate BMP-induced SMAD signaling and downstream

FIG. 6. BMP-induced phosphorylation
of SMAD and SMAD complex formation
is ROCK and tension dependent. (A) A
representative western blot result of levels
of p-SMAD1/5/8 in hMSC plated at 3,000
cells/cm2 in the absence or presence of
BMP (100 ng/mL), BMP + Y27632 (BMP +
Y27, 10 mM), BMP + blebbistatin (BMP +
Bleb, 25 mM), Y27632 (Y27, 10 mM), and
blebbistatin (Bleb, 25 mM). GAPDH served
as an internal control. (B) Quantification
plot of ratio of pSMAD1/5/8 levels of (A).
(C, E) Cell lysates from different treatments were immunoprecipitated with
anti-SMAD4 followed by immunoblotting
with either anti-p-SMAD1 or SMAD4
antibodies. (D, F) Quantification results
of immunoprecipitated pSMAD1 with
SMAD4 in MSC treated with either
Y27632 (10 mM) (D) or blebbistatin (25 mM)
(F).

gene transcription, and does so through cross-talk with the
RhoA/ROCK signaling pathway (Fig. 7C). This adhesionand spreading-dependent regulation of BMP-signaling is not
only relevant in the context of early osteogenic differentiation but also appears to be a more general mechanism, as it
also extends to other cell types (Supplementary Fig. S3).
Previous studies have demonstrated a role for cell adhesion
and associated changes in cell shape in regulating numerous
cell functions including proliferation, apoptosis, and differentiation [37,45,49–52]. The involvement of cell shape in BMP
signaling, in particular, given the central role of BMPs to
development, may provide an important mechanism linking
the structural changes of morphogenesis to specific differentiation events during tissue development. For example, we
would speculate that the rounded phenotype of chondrogenic progenitors at articular joints or adipogenic precursors
within marrow may, in fact, protect them from undergoing
an osteogenic response when exposed to local BMP gradients.
Beyond developmental contexts, understanding how BMP
regulates MSC differentiation is critically important for developing clinical therapies for nonunion fractures [53]. Although BMP-2 and BMP-4 are widely used as osteoinductive
treatments during surgical repair of bone, the success rate of
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FIG. 7. p-SMAD1/5/8 nuclear translocation requires cell
spreading and ROCK signaling. (A) Immunofluorescence images of serum-starved hMSCs plated on fibronectin stamped
islands and treated with or without BMP-2 (100 ng/mL) for 1 h.
Green, stress fiber; red, p-SMAD1/5/8; blue, DAPI. (B) Quantification of ratio of nuclear translocated p-SMAD1/5/8 in
hMSCs plated on different sizes of fibronectin-stamped area.
(C) Immunofluorescence images of Y27632 (10 mM) or blebbstatin (25 mM) pretreated hMSCs followed by BMP treatment
for 1 h. Green, stress fiber; red, p-SMAD1/5/8; blue, DAPI. (D)
Quantification of BMP-2-induced nuclear translocated pSMAD1/5/8 in the presence of Y27632 or blebbstatin. *P < 0.05
versus paired control; #P < 0.05 versus BMP-treatment at
10,000 mm2 and BMP treat alone. Scale bar, 20 mm. (E) Model of
cell shape regulates BMP-2-induced osteogenic differentiation. Cell shape acts as a mechanical cue that cooperates with
BMP to induced osteogenesis. Rho/ROCK-mediated cell tension is not only required but also induced in response to BMP-2
treatment. The RhoA/ROCK signaling regulates nuclear
translocation of p-SMAD, which is responsible for BMP-2 induced osteogenesis.
BMP as a therapeutic intervention is highly variable [25–27].
It is interesting to speculate that a limiting factor in these
environments is the lack of an appropriate adhesive setting to
allow BMP-stimulated cells to mount a contractile response.
The inflammatory environment and the disruption of normal
ECM proteins may contribute to poor cell adhesion and/or
spreading, thereby limiting the efficacy of BMP treatments to
promote bone growth and healing. Our studies suggest that
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controlling the mechanical responses of cells at these wound
sites may be an important factor controlling the overall osteoinductive properties of BMPs. Such control mechanisms
underscore the importance of the adhesive microenvironment
in regulating stem cell differentiation. Indeed, the elaboration
of ECM during osteogenesis is critical for bone development
[54,55].
Although the mechanical activity of MSCs has not been
studied in vivo, it has been reported that continuous delivery
of the ROCK inhibitor Y27632 to mice enhanced BMP-2 dependent bone formation [56]. Although this study would
seem to contradict our current observations, it is important to
note that there may be species differences in the mechanical
dependence of osteogenesis [28], and this study did not investigate whether the bone formation occurred through an
endochondral versus intramembraneous route. Since Y27632
is known to increase chondrogenic differentiation [57], it is
possible that the observed effect in the murine system can be
attributed to enhanced chondrogenesis and subsequent endochondral bone formation. In contrast, our study focused
on direct osteogenic commitment, and would, therefore,
anticipate that in vivo significance of the role of Rho-ROCK
signaling in BMP-2 induced bone would be important specifically for intramembraneous bone formation.
The only identified substrate of BMP receptor kinases are
the SMADs [58]. Nonetheless, recent evidence suggests that
BMPs can also activate the MAP kinases through a SMADand transcription-independent pathway, though the molecular basis for this activation remains undefined [59,60]. Here,
we showed that exposure to BMP ligands leads to rapid and
sustained activation of RhoA. Since TGF-b can also stimulate
RhoA [39], the connection to Rho GTPases may represent a
general link that is conserved across several members of the
TGF-b superfamily. Interestingly, several Rho GTPases
family members appear to be required for diverse biological
responses regulated by the TGF-b superfamily, including
dendritogenesis in neurons, epithelial to mesenchymal transitions, and myofibrillogenesis [39,60,61]. In addition to the
rapid activation, SMAD-dependent transcriptional effects
could be involved in sustaining changes in Rho GTPases
signaling. Indeed, TGF-b-induced regulation of cdc42 and
RhoA signaling appears to be transcriptionally regulated
[61]. Regardless of the mechanisms involved, this activation
of RhoA by BMPs appears to have both biochemical and
mechanical functions.
We previously reported that dexamethasone-driven osteogenesis was mediated by cell adhesion and RhoA activation
[37]. Here, we show that cell adhesion, RhoA-mediated ROCK
activity, and cytoskeletal tension are required for BMPinduced osteogenesis. Although one might conclude that these
mechanical signals likely impact osteogenesis through a single
common mechanism, our results suggest that dexamethasone
does not induce Smad-mediated gene transcription. Indeed,
comparisons between gene expression responses to BMPversus dexamethasone-stimulated osteogenesis show little in
common (Supplementary Fig. S2). Thus, these data indicate a
distinct, newly identified interdependency between BMP and
RhoA signaling.
BMP signaling appears not only to induce RhoA/ROCK
signaling, but also to require it for downstream signaling by
SMADs. On binding of BMP to its receptor, SMAD1/5/8 is
phosphorylated, binds to SMAD4, and the complex
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translocates into the nucleus where it exerts its transcriptional effects. A previous work had shown that TGF-binduced SMAD2 phosphorylation is blocked when RhoA is
antagonized [38]. Our data now show that RhoA signaling is
necessary for BMP-induced SMAD1 phosphorylation, complex formation of phoshorylated SMAD1/5/8 with SMAD4,
and subsequent nuclear translocation. One distinction is that
TGF-b -induced nuclear translocation of SMAD2 is associated
with microtubules, and did not implicate adhesion [62,63].
The primary mediator of RhoA’s effects on microtubule dynamics is the effector diaphanous [62], whereas our studies
demonstrate the involvement of ROCK and actin cytoskeletal
tension. Thus, these data indicate distinct regulation of RhoAregulated SMAD by BMP versus TGF-b. Previous studies
have demonstrated a role for adhesion in redistributing
MAPKs to the nucleus [63]. Despite the reported role for ERK
and p38 in osteogenesis [57,63,64], we did not observe changes in ERK activation or p38 localization in our BMP-induced
MSCs (data not shown). Nonetheless, regulation by RhoA/
ROCK and actin cytoskeleton of transcriptional signals is not
unique to the SMADs. Most notably, RelA and MRTF have
been described to respond to these signals by yet other distinct molecular mechanisms [51, 65–67]. Thus, the demonstration here that cell shape can directly impact SMAD
signaling illustrates one of the several mechanisms supporting
the tight coupling by which cell structure regulates function.
The link from RhoA signaling to transcription also provides a
molecular basis for how other microenvironmental signals
that converge on RhoA signaling could modulate differentiation programs through interactions with SMAD signaling.
The modulation of BMP signaling and SMAD-mediated
gene expression occurs specifically through changes in
ROCK activity and the downstream generation of cytoskeletal tension, and provides a molecular explanation for how
mechanics can feed back to affect cell function. This link
between cellular mechanics, signal transduction, and transcriptional regulation provides a means to begin to understand how mechanical conditions can specifically drive cell
differentiation. Since BMPs are ubiquitous regulators of a
myriad of cellular processes throughout development and
adult life, these findings may, in fact, provide a more general
model for how contractile forces can arise during development and translate to specific functions in vivo.
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