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BMP2 and mechanical loading cooperatively
regulate immediate early signalling events in the
BMP pathway
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Abstract

Background: Efficient osteogenic differentiation is highly dependent on coordinated signals arising from growth

factor signalling and mechanical forces. Bone morphogenetic proteins (BMPs) are secreted proteins that trigger

Smad and non-Smad pathways and thereby influence transcriptional and non-transcriptional differentiation cues.

Crosstalk at multiple levels allows for promotion or attenuation of signalling intensity and specificity. Similar to

BMPs, mechanical stimulation enhances bone formation. However, the molecular mechanism by which mechanical

forces crosstalk to biochemical signals is still unclear.

Results: Here, we use a three-dimensional bioreactor system to describe how mechanical forces are integrated

into the BMP pathway. Time-dependent phosphorylation of Smad, mitogen-activated protein kinases and Akt in

human fetal osteoblasts was investigated under loading and/or BMP2 stimulation conditions. The phosphorylation

of R-Smads is increased both in intensity and duration under BMP2 stimulation with concurrent mechanical

loading. Interestingly, the synergistic effect of both stimuli on immediate early Smad phosphorylation is reflected in

the transcription of only a subset of BMP target genes, while others are differently affected. Together this results in

a cooperative regulation of osteogenesis that is guided by both signalling pathways.

Conclusions: Mechanical signals are integrated into the BMP signalling pathway by enhancing immediate early

steps within the Smad pathway, independent of autocrine ligand secretion. This suggests a direct crosstalk of both

mechanotransduction and BMP signalling, most likely at the level of the cell surface receptors. Furthermore, the

crosstalk of both pathways over longer time periods might occur on several signalling levels.

Background

Despite considerable advances in regenerative medicine

and orthopaedic surgery, delayed fracture healing or

non-unions of fractures still represent an important clin-

ical concern [1]. Bone morphogenetic proteins (BMPs)

are major and indispensable players during bone repair

[2,3]. After approval by the Food and Drug Administra-

tion in 2001 and 2002, recombinant human BMP2 and

recombinant human BMP7 have been used clinically in

different applications. However, roughly 1,000 times the

normal physiological concentration has to be adminis-

tered, and in many cases treatment is not superior to

autologous bone grafting [4,5]. If BMPs are to be widely

used as powerful stimuli, a molecular understanding of

their functionality under physiological and diseased con-

ditions appears mandatory.

BMPs belong to the transforming growth factor-b

(TGF-b) superfamily and were originally described as

being able to induce bone formation. Today, it is known

that there are about 25 different BMPs and they are

capable of doing much more: they guide many other

processes during organ development, tissue homeostasis

and repair [6]. However, BMP2, -4, -6, -7 and -9 in par-

ticular play pivotal roles in bone morphogenesis [7].

BMP ligands signal by binding to heteromeric com-

plexes of two types of Ser/Thr kinase receptors (BMP

type I and type II receptors). Upon ligand binding, intra-

cellular R-Smads (Smad1/5/8) become phosphorylated

by BMPRI, followed by trimeric complex formation with

Smad4 and subsequent nuclear translocation to regulate
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BMP target gene transcription. In addition, BMPs are

known to activate several non-Smad pathways that

involve signalling via mitogen-activated protein kinases

(MAPK) (for example, p38, extracellular signal-regulated

kinase (Erk) 1/2) or Akt/protein kinase B (PKB) [8]. The

combination of both Smad and non-Smad signalling

pathways and their respective intensities explain the

pleiotropic and cell context specific effects of BMPs.

Each step of the BMP signalling cascade is tightly con-

trolled by antagonists, co-receptors, intracellular asso-

ciated proteins or by crosstalk to other growth factor

pathways [6]. R-Smad molecules in particular constitute

signalling platforms to other pathways by multiple post-

translational modifications such as phosphorylation or

ubiquitination in their linker region [9].

Similar to BMPs, mechanical boundary conditions

are crucial for bone development, homeostasis and

repair [10]. However, little is known about the impact

of mechanical forces on the BMP signalling cascade.

Such interaction might be highly relevant since in vivo

administered recombinant BMPs (rBMPs) seem to be

much less potent than in vitro. The link between

macroscopic bone loading and cellular events is con-

trolled by mechanotransduction pathways, which are

still poorly understood. However, the impact of those

mechanotransduction pathways on anabolic effects in

bone tissue appears indispensable [11]. It is well-

known that bone unloading leads to a loss in bone

mass [12], or that the rigidity of fracture fixation criti-

cally influences the healing outcome [13,14]. The pro-

cess of mechanotransduction mainly involves three

steps: mechanosensing, conversion of mechanical sig-

nals into biochemical ones and subsequent signal pro-

pagation [15]. Mechanosensing in osteoblasts likely

includes multiple pathways involving signalling via

integrins, G-protein coupled receptors or ion channels

[16,17]. In this context, mechanical signals that control

cell fate decisions may comprise active forces, such as

loading or shear forces, but may also be encoded by

substrate characteristics like stiffness, geometry or

ligand spacing [18,19].

Therefore, the aim of this study was to provide further

insights into the influence of mechanical forces on BMP

signalling. We established a bioreactor system that

allows cyclic compressive loading of osteoblast precursor

cells in a three-dimensional environment with concur-

rent BMP2 stimulation. We could show that immediate

early BMP signalling events are strongly potentiated by

mechanical forces. We conclude that this effect is inde-

pendent of autocrine BMP ligand secretion and thus

gives striking evidence that mechanotransduction path-

ways directly target BMP signalling molecules without

gene expression.

Results

Bone morphogenetic protein signalling dynamics in

human fetal osteoblasts under two- and three-

dimensional culture conditions

Mesenchymal precursor cells respond to BMP2 stimu-

lation by inducing Smad and several non-Smad signal-

ling cascades [8]. To investigate the influence of

mechanical forces on BMP signalling events, we used

the osteoblastic precursor cell line human fetal osteo-

blasts (hFOBs). Since little is known about BMP signal-

ling in this cell type, we examined the BMP

responsiveness of hFOBs under two-dimensional

monolayer culture conditions (Figure 1a). BMP2 stimu-

lation strongly induced Smad1/5/8 phosphorylation,

which peaked around 30 minutes after stimulation. In

addition, non-Smad pathways involving MAPK and

Akt/PKB were initiated, as shown by p38, Erk1/2 and

Akt phosphorylation. BMP signalling activity was

furthermore assessed by a BMP/Smad responsive

reporter gene assay (BRE-Luc). Stimulation of BMP2

for 24 hours led to a significant dose-dependent

increase in luciferase activity (Figure 1b).

To investigate the influence of mechanical triggers

on the BMP signalling cascade, hFOB were seeded on

Optimaix® scaffolds (Matricel, Herzogenrath, Ger-

many). To ensure efficient cell growth and adhesion,

as well as optimal ligand distribution within the

matrix, we analysed cell morphology and signalling

dynamics in this culture system (Figure 1c, d). Cells

were distributed homogenously throughout the con-

struct, adhered to the collagen scaffold fibres and

showed proper cell spreading (Figure 1c). Furthermore,

BMP signalling dynamics resembled those under two-

dimensional culture conditions (Figure 1d). Smad1/5/8

phosphorylation occurred within 10 minutes of ligand

addition, indicating a fast ligand distribution through-

out the scaffold due to its macroporous structure.

Thus, hFOB cultivation on three-dimensional collagen

scaffolds represents a suitable system to further study

BMP signalling under concurrent mechanical

stimulation.

Mechanical loading parameter

Mechanical forces as well as BMP ligands exert anabolic

effects on bone metabolism and both are essential for

osteogenic differentiation during bone development and

healing [11]. To investigate whether mechanical signals

interfere with BMP signalling events, we subjected

hFOBs grown on collagen scaffolds to mechanical load-

ing, BMP2 stimulation or a combination of both for up

to 24 hours. Figure 2 depicts a rough schematic over-

view of the mechanical loading device and the most

important loading parameters.
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Bone morphogenetic protein 2 and mechanical loading

cooperatively regulate immediate early bone

morphogenetic protein-induced signalling events

To analyse whether a direct crosstalk exists between

mechanotransduction and BMP signalling cascades,

immediate early signalling events downstream of the

BMP receptors were investigated. hFOB on collagen

scaffolds were subjected for 15, 30, 90 and 120 minutes

to BMP2 stimulation, mechanical loading or a combina-

tion of both, and Smad1/5/8 phosphorylation was ana-

lysed (Figure 3a and 3b). Already after 15 minutes,

Smad1/5/8 was phosphorylated when stimulated with

BMP2. The phosphorylation peaked after 30 minutes

and declined afterwards. When cells were concurrently

mechanically loaded, Smad1/5/8 phosphorylation was

slightly enhanced 15 and 30 minutes after stimulation.

Even more striking, p-Smad1/5/8 levels did not decline

after 30 minutes but remained on the same level over

up to 120 minutes of stimulation (Figure 3a; lanes 4, 7,

10 and 13). Thus, after 90 and 120 minutes of stimula-

tion p-Smad1/5/8 levels were significantly higher than

in samples treated with BMP alone (Figure 3b). In line

with that, stronger Smad phosphorylation under concur-

rent stimulation was also observed after 60 minutes and

persisted until 240 minutes of stimulation (Additional

file 1). Mechanical loading alone did not cause Smad1/

5/8 activation. At the same time, Smad2 phosphoryla-

tion was neither affected by BMP2 stimulation nor by

mechanical loading or a combination of both (Addi-

tional file 2). Total Smad1 and Smad4 protein levels

Figure 1 Bone morphogenetic protein signalling dynamics in hFOBs under two-dimensional and three-dimensional culture conditions.

(a) hFOBs in two-dimensional monolayer cultures were stimulated with 5 nM BMP2 for indicated time points and protein phosphorylation was

analysed by western blot using specific antibodies. (b) hFOBs in two-dimensional monolayer cultures were transfected with a BMP responsive

reporter construct (BRE-Luc) and stimulated with different ligand concentrations for 24 hours. Bar charts depict means ± standard error of the

mean of relative luciferase activity (RLA); n = 3; ***P < 0.001. (c) hFOBs were cultured on collagen scaffolds and cell morphology was assessed by

immunofluorescent staining. Cell morphology was visualized by actin staining (red), cell nuclei were counterstained by DAPI (blue) and collagen

matrix is depicted in green. (d) hFOBs were cultured on collagen scaffolds, stimulated with 10 nM BMP2 and protein phosphorylation was

analysed by western blot using specific antibodies. BMP: bone morphogenetic protein; DAPI: 4’-6-diamidino-2-phenylindole; hFOB: human fetal

osteoblast; RLA: relative luciferase activity.

Figure 2 Mechanical loading parameter. (a) Scanning electron

microscopy exposure of collagen scaffolds. (b) Schematic

representation of mechanical loading setup. Cells were seeded on

cylindrical collagen scaffolds and load was applied along the

symmetry axis of the scaffold (= pore direction). (c) Mechanical

loading was performed in a custom-made bioreactor system.

Scaffolds were compressed by 10% at a frequency of 1 Hz.
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were not altered by the different treatments. This was

further sustained by expression analysis of Smad1, -5

and -4 (Figure 3c).

Activation of Smad molecules through C-terminal

phosphorylation triggers their nuclear translocation fol-

lowed by target gene regulation [20]. To examine

nuclear shuttling dynamics of Smad1/5/8, cells were sti-

mulated for 30 minutes, nuclear and cytosolic proteins

were separated and p-Smad1/5/8 levels were analysed in

each fraction. In BMP2-stimulated samples with concur-

rent mechanical loading, we detected not only stronger

phosphorylation of Smad1/5/8 but also an increased

nuclear localization of p-Smad1/5/8 (Figure 3d; compare

lanes 5 and 7). Taken together, this shows for the first

time that mechanical loading promotes both Smad1/5/8

phosphorylation and their subsequent nuclear

translocation.

Signalling via p38, Erk1/2 or Akt is part of BMP-

induced non-Smad signalling cascades, and is further-

more involved in mechanotransduction. To investigate

the capacity of BMP2 and mechanical load to activate

these pathways, hFOBs were treated for up to 90 min-

utes with BMP2, mechanical load or a combination of

both (Figure 4a and 4b). Western blot analysis revealed

that, after 15 minutes, p38, Erk1/2 and Akt had already

become phosphorylated under loading conditions

(Figure 4a; lanes 2 and 4). Phosphorylation of p38, Erk1/

2 and Akt by BMP2 showed the strongest induction

around 30 minutes of stimulation and declined after-

wards. However, no synergistic effect of mechanical

loading and BMP2 stimulation was detected on non-

Smad signalling cascades. In general, non-Smad signal-

ling dynamics vary between experiments due to the

complexity of the system, that is, a three-dimensional

culture combined with biochemical versus mechanical

stimulation.

After 90 minutes of stimulation, the expression of

early BMP and mechanoresponsive target genes was

analysed (Figure 4c). Again, cells were stimulated with

BMP2, mechanical loading or a combination of the two.

Inhibitor of differentiation 1 (Id1) is one of the earliest

BMP target genes, because phosphorylated Smads

directly bind to the Id1 promoter [21]. Id1 expression

was slightly induced by BMP2 stimulation after 90 min-

utes. Surprisingly, this induction was strongly enhanced

when cells were concurrently mechanically loaded

(induction of 2.8-fold and 7.7-fold). In contrast, c-fos, a

well-known mechanoresponsive gene [22], was up-regu-

lated by mechanical loading, while BMP2 had no effect

on its expression. This finding is in line with the strong

Erk1/2 activation by mechanical loading (Figure 4a),

which is known to be upstream of c-fos gene expression

Figure 3 Bone morphogenetic protein 2 and mechanical loading synergistically regulate bone morphogenetic protein-induced Smad

phosphorylation events. (a) hFOBs were seeded on collagen scaffolds and subjected to BMP2 stimulation, mechanical loading or a

combination of both. Protein lysates were analysed by western blot using specific antibodies. (b) Quantification of western blot analysis

depicting phosphoprotein levels normalized to GAPDH. Bar charts represent means ± standard error of the mean (SEM) from three independent

experiments; *P < 0.05; **P < 0.01. (c) hFOBs were seeded on collagen scaffolds and subjected for 90 minutes to BMP2 stimulation, mechanical

loading or a combination of both. Gene expression was analysed by qRT-PCR. Bar charts summarize three independent experiments and depict

means ± SEM. (d) hFOBs were seeded on collagen scaffolds and subjected for 30 min to BMP2 stimulation, mechanical loading or a

combination of both. Nuclear and cytosolic protein lysates were fractionated and analysed by western blot. BMP: bone morphogenetic protein;

GAPDH: glyceraldehyde-3-phosphate dehydrogenase; hFOB: human fetal osteoblast; qRT-PCR: quantitative reverse transcriptase polymerase chain

reaction; SEM: standard error of the mean.
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[23,24]. The contrary case was true for Dlx5: both under

loading and non-loading conditions, BMP2 led to

enhanced gene expression. For Runx2, BMP2 stimula-

tion, mechanical load and a combination of both

resulted in a similar mRNA induction when compared

to the control group.

Based on these observations we conclude that BMP-

induced Smad1/5/8 signalling is potentiated by mechan-

ical loading. As this effect was already prominent after

15 minutes of stimulation we conclude that this

mechanism does not involve autocrine ligand secretion.

In addition, mechanical forces and BMP2 synergistically

regulate transcription of the early BMP target gene Id1.

Bone morphogenetic protein target gene expression is

differentially regulated by bone morphogenetic protein 2

and mechanical loading

To further understand the impact of mechanical forces

on BMP signalling outcome towards later time points,

cells were stimulated for 24 hours and the gene expres-

sion of several BMP target genes as well as of BMP

ligands and antagonists was analysed.

Scaffolds were subjected to BMP2 stimulation,

mechanical loading or a combination of both. After 24

hours, no difference in cell number, morphology or cel-

lular distribution throughout the scaffold between the

individual treatments was observed (Figure 5a). Under

all conditions, cells were homogenously adhering to col-

lagen fibres and distributed evenly throughout the scaf-

fold. In addition, no significant alterations of the

scaffold structure under mechanical loading became evi-

dent (Figure 5a). This ensured that the cellular environ-

ment remained consistent over the observation time

period of up to 24 hours.

Analysing the expression of different BMP target genes

after 24 hours revealed that mRNA levels were differen-

tially affected by BMP stimulation and by mechanical

loading (Figure 5b). Id1 expression was induced by BMP

treatment and this induction was significantly enhanced

when cells were concurrently loaded. In contrast, Id2

expression was also induced by BMP2 but the enhancing

effect of mechanical loading was not present. c-fos and

osteopontin expression was strongly up-regulated by

mechanical loading, while BMP treatment exhibited no

Figure 4 Bone morphogenetic protein 2 and mechanical loading both regulate early bone morphogenetic protein signalling events.

(a) hFOB were seeded on collagen scaffolds and subjected to BMP2 stimulation, mechanical loading or a combination of both. Protein lysates

were analysed by western blot using specific antibodies. (b) Quantification of western blot analysis depicting phosphoprotein levels normalized

to GAPDH. Bar charts represent means ± SEM from three independent experiments; *P < 0.05. (c) hFOBs were seeded on collagen scaffolds and

subjected for 90 minutes to BMP2 stimulation, mechanical loading or a combination of both. Gene expression was analysed by qRT-PCR. Bar

charts summarize four independent experiments and depict means ± SEM; *P < 0.05; **P < 0.01. BMP: bone morphogenetic protein; GAPDH:

glyceraldehyde-3-phosphate dehydrogenase; hFOB: human fetal osteoblast; qRT-PCR: quantitative reverse transcriptase polymerase chain reaction;

SEM: standard error of the mean.
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effect. By contrast, Runx2 expression, that was induced

after 90 minutes (Figure 4c), was down-regulated by

mechanical loading after 24 hours. Gene expression of

members of the Distal-less homeobox family, Dlx2 and

Dlx3, was induced by BMP2 but expression was not sig-

nificantly enhanced by concurrent mechanical loading.

Dlx5 expression after 24 hours of stimulation was not

regulated by the different treatments.

To further elucidate the involvement of possible feed-

forward regulations by autocrine ligand secretion, we

also analysed the expression of BMP2, -4, -6 and -7 as

well as the expression of the BMP antagonist Noggin

(Figure 5c). All analysed BMP ligands are capable of

inducing bone formation; however, they differ in their

receptor usage and susceptibility to the antagonist Nog-

gin [25,26]. As expected, BMP2 expression was induced

by BMP2 stimulation, but general BMP2 expression

levels were quite weak. Interestingly BMP4 and -7 were

down-regulated by mechanical loading, while expression

of BMP6 was up-regulated. At the same time, Noggin

expression was induced by BMP2 stimulation and this

was further enhanced by concurrent mechanical loading.

These results demonstrate that mechanical loading

directly affects immediate early BMP signalling events.

At the same time, BMP and mechanical forces differen-

tially regulate transcription of osteogenic marker genes.

Towards later time points, BMP signalling might be

indirectly affected through differential expression of

Figure 5 Bone morphogenetic protein target gene expression in differentially regulated by bone morphogenetic protein 2 and

mechanical loading. (a) hFOBs were seeded on collagen scaffolds and subjected for 24 hours to BMP2 stimulation, mechanical loading or a

combination of both. Cell morphology was visualized by actin staining (red), cell nuclei were counterstained by DAPI (blue) and collagen matrix

is shown in green. Scale bars, 100 μm. (b and c) hFOBs were seeded on collagen scaffolds and subjected for 24 hours to BMP2 stimulation,

mechanical loading or a combination of both. Gene expression was analysed by qRT-PCR. Bar charts summarize three independent experiments

and depict means ± SEM; #P ≤0.1, *P < 0.05, **P < 0.01, ***P < 0.005. BMP: bone morphogenetic protein; DAPI: 4’-6-diamidino-2-phenylindole;

hFOB: human fetal osteoblast; qRT-PCR: quantitative reverse transcriptase polymerase chain reaction; SEM: standard error of the mean.
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BMP ligands and their antagonists. We conclude that

BMP signalling is guided by a balanced availability of

ligands and antagonists, but also by physical triggers.

This highlights the importance of the biomechanical

environment for BMP-induced cellular processes, such

as differentiation.

Discussion

The application of recombinant BMPs to foster bone

healing has turned out to be less potent than expected

from in vitro studies. Effective delivery and high doses

have been the most limiting factors for clinical treat-

ments combined with the risk of side-effects [4]. There

is great emphasis in the field to lower the concentra-

tions of BMPs by approving delivery systems, increasing

BMP’s potency and, most of all, by understanding the

molecular mechanism of supporting crosstalk pathways.

BMP signalling is a tightly controlled cascade that is

regulated on different levels ranging from extracellular

antagonists to receptor composition and intracellular

interacting molecules [6]. On the tissue level, there

exists strong evidence that BMP signalling and mechani-

cal forces together regulate bone healing. However, little

is known about the molecular mechanism of how

mechanical boundary conditions might regulate BMP

signalling. A better understanding of the crosstalk

between both pathways seems essential to unravel their

physiological interaction and to help to gain a better

understanding towards an adequate use of both stimuli

to improve patient treatment strategies.

In recent years, multiple studies have shown the

importance of mechanical forces for cellular differentia-

tion [27,28]. But many in vitro studies focusing on

osteogenic differentiation were performed in two-dimen-

sional culture systems and few of them on a molecular

basis. To better mimic the in vivo cellular environment,

a three-dimensional culture system is indispensable.

Therefore, in this study we investigated early events dur-

ing osteoblastic differentiation induced by BMP2 under

mechanical loading in a three-dimensional environment.

hFOBs were seeded on open porous collagen scaffolds

(average bulk stiffness of 8.5 ± 0.9 kPa) and mechani-

cally loaded with up to 10% straining. hFOBs properly

adhered to collagen fibres, and collagen scaffolds exhib-

ited a suitable and physiological stiffness range for initial

osteoblastic differentiation [27]. These cells further

showed similar signalling dynamics in three-dimensional

when compared to two-dimensional monolayer cultures

(Figure 1). The bioreactor setup is tuned to mimic the

early phase of bone healing events during tissue forma-

tion, keeping culture conditions, oxygen supply and

mechanical loading parameters constant [29].

To unravel the molecular mechanism comprising this

crosstalk, we analysed BMP-induced signalling at

different time points. We investigated early phosphoryla-

tion events directly downstream of the activated BMP

receptors as well as transcriptional responses at different

time points (early and late).

We found that BMP2 stimulation and mechanical load

synergistically regulate immediate early phosphorylation

events in the BMP pathway (Figure 3). BMP2 stimula-

tion with concurrent mechanical loading resulted in the

strongly enhanced C-terminal phosphorylation of

Smad1/5/8 followed by an increased nuclear transloca-

tion when compared to cells stimulated with BMP2

only. This effect was observed as early as 15 minutes

after stimulation and was maintained up to several

hours (Figure 3 and Additional file 1).

Based on these findings, we postulate that mechanical

signals directly influence immediate early BMP signal-

ling events without the involvement of autocrine ligand

secretion. The fact, that loading alone did not show sig-

nificant differences in Smad1/5/8 phosphorylation or

Id1 expression further proves this hypothesis. This is in

contrast to previous studies where mechanical load was

reported to activate the BMP pathway [30,31]. This may

be explained by different types of mechanical forces and

study design that included pre-cultivation on scaffold

matrices prior to loading for up to 7 days. In this case,

BMP pathway activation by mechanical loading might

be due to autocrine ligand secretion during culture. In

fact, Wang et al. demonstrated that Noggin addition

during mechanical stimulation abolished BMP pathway

activation induced by mechanical loading [32].

The first step during mechanotransduction comprises

the sensing of extracellular mechanical signals by a

mechanoreceptor, such as integrins or ion channels [16].

Especially integrins crosstalk to TGFb and BMP signal-

ling pathways [33]. Similarly there exists increasing evi-

dence that integrin expression and signalling is also

important for BMP-induced signalling during osteogenic

differentiation [34-36]. It was demonstrated that both

BMP type I and type II receptors co-localize with avb

integrins [34]. Furthermore, many proteins associated

with integrin signalling complexes, such as c-Src or

Rack1, are also interacting with the cytoplasmatic tail

domain of the BMP type II receptor [37,38]. We

hypothesise that integrin activation under loading condi-

tions might lead to altered conformational changes of

BMP receptors, which modulate their interactome and

alter their signalling properties. Recently, it has been

shown that endocytosis of integrin receptors depends on

extracellular matrix stiffness and that this altered endo-

cytosis also affects BMP receptor endocytosis and signal-

ling [39]. The route of BMP receptor endocytosis itself

critically determines the signalling outcome [40]. We

have previously shown that blocking endocytosis inhibits

BMP-induced Id1 expression while having no effect on
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Id2 [41]. Similarly, mechanical load enhanced BMP-

induced expression of Id1 but not Id2 (Figure 5). Since

receptor endocytosis is strongly related to the mem-

brane lipid composition, it is likely that membrane raft

microdomains may play an important role as mechano-

sensing platforms.

Chang et al. proposed that integrins might mediate

Smad activation under shear stress conditions [42]. In

our system, ligand independent Smad1/5/8 activation

(that is, C-terminal phosphorylation) was not observed

as indicated by load-only treatment (Figure 3). However,

ligand independent integrin mediated signalling might

be involved in the activation of non-Smad pathways and

their target genes.

After 15 minutes of stimulation, mechanical loading

led to the strong induction of p38, Akt and Erk1/2

phosphorylation (Figure 4). Erk1/2 and p38 have, in par-

ticular, been described as important players during

mechanotransduction in mesenchymal precursor cells

[23,43,44]. Furthermore, signalling pathways via MAPK

might be involved in regulating Smad signal intensity

and duration. The Smad1 linker region comprises sev-

eral sequential phosphorylation sites for cyclin depen-

dent kinases (CDKs), MAPK and glycogen synthase

kinase three beta (GSK3b) that regulate their transcrip-

tional capacity and prime Smad molecules for degrada-

tion via the ubiquitin proteasome pathway [9,45]. In

contrast to the Smad pathway, we did not observe

synergistic effects of mechanical load and BMP2 on the

non-Smad target proteins. But gene regulation under

loading conditions of osteogenic marker genes likely

involves the interplay of Smad and non-Smad pathways.

Following the BMP pathway further downstream, we

analysed the transcriptional regulation of several BMP

target genes. Earlier studies tried to elucidate gene

expression profiles in osteoblast precursor cells under

mechanical stress [46,47]. It was postulated that

mechanical load induces osteogenic differentiation [48]

and that mechanical forces exert synergistic effects on

osteogenic differentiation together with BMP2 [49].

However, these studies are hardly comparable due to

different cellular systems, including osteogenic and non-

osteogenic cell types, and mechanical stimulation

devices in two dimensions and three dimensions. In

addition, most studies focused on long-term differentia-

tion events that potentially include feedback signalling

loops.

We showed that the transcriptional network mediating

early osteogenic differentiation events includes genes

regulated by mechanical forces or the BMP ligand only,

as well as genes that are synergistically affected by both

triggers. This reflects multiple levels of potential cross-

talk between the BMP and mechanotransduction path-

way. BMP2 stimulation with concurrent mechanical

loading led to synergistic regulation of the early BMP

target gene Id1, a key regulator in BMP-induced osteo-

blastic differentiation (Figures 3 and 5). We also con-

firmed this in primary human mesenchymal stem cells

(Additional file 3). This is of particular interest, because

Id1 transcription is not only under the control of Smads

but also of early growth response protein one (Egr-1), a

transcription factor rapidly induced by mechanical stress

[50]. c-fos, known to be a major target of mechanotrans-

duction [22], was strongly induced by mechanical load-

ing, while BMP treatment had negligible effects (Figures

3 and 5). However, Smad4 was shown to interact with

c-fos, which modulates activating protein one (AP-1)

activity [51]. Whether different strain amplitudes trigger

different responses or whether there exists a certain

strain threshold remains to be elucidated.

Autoregulation of BMP ligand or antagonist expres-

sion is one possibility to modulate the signalling path-

way endogenously. It has been shown that mechanical

loading of osteoblasts leads to a transcriptional up-regu-

lation of several BMP ligands, such as BMP2, -4, -6, and

-7 [32,52-54]. We instead found that different BMP

ligand subtypes are differentially affected by loading.

While BMP4 and BMP7 tend to be down-regulated

under loading conditions, BMP6 expression was posi-

tively affected by mechanical loading, even more so

when BMP2 was present (Figure 5). These findings are

in line with in vivo data obtained during fracture healing

and distraction osteogenesis [55,56]. Different BMP

ligands not only exhibit a distinct spatiotemporal

expression pattern but also respond differently to

mechanical forces. Interestingly, BMP4 and -6 also differ

in their susceptibility to the BMP inhibitor Noggin, with

BMP6 being not inhibited by this antagonist [25].

Expression analysis revealed that Noggin mRNA was sig-

nificantly up-regulated by BMP2 and this up-regulation

was further enhanced by mechanical loading. Thus Nog-

gin regulation is a crucial event during osteogenic differ-

entiation to balance signalling intensity and is also

sensitive to mechanical stimulation. Also other TGFb

-superfamily antagonists, such as sclerostin, gremlin and

follistatin, are regulated by mechanical forces [53,57,58].

The BMP antagonists may represent an important target

to improve bone healing when inter-related to adequate

mechanical boundary conditions. Furthermore, other

growth factor pathways, such as Wnt or insulin-like

growth factor (IGF) signalling, are influenced by

mechanical loading. They share many downstream part-

ners and target genes with the BMP pathway and might

be also involved in BMP pathway regulation [16].

Conclusions

This study highlights the complex interaction of

mechanical forces with the BMP signalling cascade. We
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demonstrated that BMP signalling is directly regulated

by mechanotransduction pathways, without the involve-

ment of autocrine ligand secretion. We also gave evi-

dence that crosstalk of both pathways over longer time

periods might occur on several signalling levels. A

hypothetical model on the interplay between both path-

ways has been proposed (Figure 6). Direct crosstalk is

possible as early as at the receptor level at the plasma

membrane, in the cytosol or in the nucleus by altering

transcription factor properties. Finally, mechanosensing

by inner nuclear membrane proteins, which have been

shown to also anchor Smad proteins, may participate in

this relationship [59-61].

Although the fine-tuned course of osteogenic differen-

tiation during bone healing still remains unclear, the

present work is the first to illustrate the tight interaction

of BMP- and mechanical stimuli-associated signalling

cascades. These cascades are spatiotemporally highly

balanced and are fine-tuned processes that need further

analyses for a deeper understanding of their interplay.

The general principles, however, have been illustrated

and are discussed in the present work. To transfer that

knowledge into improvements in bone healing, such as

the required stiffness of bone fixations in BMP-treated

cases, requires further in vivo analyses and in vitro char-

acterization. Such knowledge will ultimately help to

improve treatments in the majority of clinical cases and,

thus, avoid failures of BMP-initiated stimulation of

healing.

Materials and methods

Cell culture and reagents

hFOB 1.19 (ATCC, Manassas, Virginia, USA) cells

were cultured in a 1:1 mixture of Dulbecco’s Modified

Eagle Medium and Ham’s F12 Medium (Invitrogen,

Carlsbad CA, USA) supplemented with 10% fetal calf

serum (FCS) (Biochrom AG, Berlin, Germany), penicil-

lin (50 units/mL)/streptomycin (5 μg/mL) (PAA,

Coelbe, Germany) and 0.3 mg/mL G418 (Invitrogen).

Cells were grown under a permissive temperature of

34°C. For loading experiments, cells were seeded on

macroporous Optimaix® collagen-I scaffolds (Matricel)

at a density of 3.2×105 cells/scaffold (cylindrical shape

of the scaffold; diameter 5 mm, height 3 mm). Scaffold

mean pore size was 84 μm as analysed by the manu-

facturer. Cells were maintained in static scaffold cul-

ture for two days prior to any experiment. After

transferring scaffolds to the bioreactor system, cells

were starved for 3 hours. All experiments were per-

formed under serum starvation conditions to exclude

signalling effects by growth factors being present in

the FCS. For stimulation of up to 2 hours duration,

medium containing 0% FCS was used. For 24 hours

stimulation, medium was supplemented with 1% FCS

for optimal cell survival. In the bioreactors, cells were

mechanically loaded, stimulated with 5 nM BMP2 or

treated with a combination of both.

Mechanical loading parameters

Cyclic axial compressive loading was performed using

a custom-made bioreactor system described by Peter-

sen et al. [29], which is briefly described as follows.

Because axial inter-fragmentary movement was shown

to be the main straining component in animal osteot-

omy models with external fixators, these loading con-

ditions were realized in the bioreactor [62,63]. The

compression magnitude was chosen to mimic the

mean strain distribution in the fracture gap of a sheep

osteotomy model that is known to achieve successful

healing within 9 weeks after osteotomy [64]. The

selected frequency represents the time pattern of load-

ing during walking and the sine wave is a simplified

load pattern based on data gained from patients with

instrumented hip implants [65,66]. In detail, cyclic

axial compression along the scaffold pore orientation

was applied in a sine wave form with a frequency of 1

Hz and a magnitude of 10% scaffold height (= 300

μm). Three hours prior to stimulation, cell-seeded

scaffolds were transferred to the bioreactor device. All

scaffolds, also non-loaded controls, were positioned

between the lower and upper plunger and a small

Figure 6 Crosstalk between bone morphogenetic protein and

mechanotransduction pathways might occur on several

signalling levels. Schematic model of possible crosstalk levels

between mechanical triggers and the BMP signalling cascade as

indicated by arrows. BMP: bone morphogenetic protein; BRI-II: bone

morphogenetic protein receptor I or II.
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preloading force of 5 mN per scaffolds was adjusted.

After 3 hours of starvation, loading and/or BMP stimu-

lation were initiated. Since collagen scaffolds may

deform slightly over time, readjustment of scaffold

position was conducted for long-term stimulations of

24 hours. The preloading force for each scaffold was

automatically readjusted by a positional change of the

lower plunger after 2, 4, 8, 12, 16 and 20 hours. Details

of the loading protocol are given in Additional file 4.

Antibodies and western blotting

Protein lysates were subjected to SDS-PAGE and trans-

ferred on nitrocellulose membranes by western blot.

Membranes were blocked for 1 hour in 3% dry milk

powder and incubated with the indicated primary anti-

bodies overnight at 4°C following manufacturer’s

instructions. The following antibodies were used: glycer-

aldehyde-3-phosphate dehydrogenase (GAPDH; #2118,

Cell Signaling, Danvers, MA, USA), phosphorylated-

Smad1/5/8 (#9511, Cell Signaling), total Smad1 (#9743,

Cell Signaling), total Smad4 (sc-7966, Santa Cruz), phos-

phorylated-p38 Thr180/Tyr182 (#V1211, Promega),

phosphorylated-ERK 1/2 (pp42/p44 MAPK Thr202/

Thy204, #9101, Cell Signaling), phosphorylated-Akt

Ser473 (#4051, Cell Signaling) and histone (#9715, Cell

Signaling). To guarantee highly quantitative western

blots, we avoided stripping the membranes and applied

lysates on several gels. Each blot was separately probed

for proper loading visualized by GAPDH. Western blot

images were quantified using BioProfile Bio1D software

(Vilber Lourmat, Eberhardzell, Germany).

Dual luciferase assay

Cells were transfected with a BMP responsive reporter

construct, BRE-Luc [67], using Lipofectamine2000®

reagent (Invitrogen). As internal control, a constitutively

expressed construct, encoding for Renilla luciferase, was

co-transfected. Cells were starved for 3 hours in culture

medium containing 0.5% FCS and stimulated for 24 hours

with different concentrations of BMP2. Cells were lysed in

1× passive lysis buffer (Promega, Madison, WI, USA) and

firefly and Renilla luciferase activity was measured. Firefly

values were normalized to the internal control and firefly/

Renilla ratios are depicted as relative luciferase activity.

Nuclear and cytoplasmic protein fractionation

Nuclear and cytosolic protein extracts were generated

using ProteoJET® Cytoplasmic and Nuclear Protein

Extraction Kit (Fermentas, Helsinki, Finland). Isolation

was done according to the manufacturer’s protocol. In

order to prevent protein degradation and dephosphory-

lation, all buffers were supplemented with 1× Com-

plete® protease inhibitor cocktail (Roche, Penzberg,

Germany) and 50 mM sodium fluoride.

Quantitative real-time PCR

Total RNA was isolated using NucleoSpin® isolation kit

(Macherey&Nagel, Dueren, Germany) and 1 μg of RNA

was subjected to reverse transcription. For all used pri-

mers, amplification efficiencies were determined and

mean normalized expression ratios, using HPRT as the

reference gene, were calculated using the ∆∆cT method

with efficiency correction. Primer sequences as well as

gene accession numbers are depicted in Additional file

5. Constant expression of the house-keeping gene HPRT

was validated by geNorm software (Center for Medical

Genetics, Ghent University Hospital, Ghent, Belgium)

(Additional file 6).

Immunofluorescent staining

For immunofluorescent staining, collagen scaffolds were

fixed with 4% paraformaldehyde (PFA), quenched in 50

mM ammonium chloride and subsequently transferred

in 5% warm gelatine solution. Doing so, the sample’s

geometry was stabilized by gelatine gelation at 4°C. Scaf-

folds were then embedded in Tissue-Tek® O.C.T. Com-

pound (Sakura, Alphen aan den Rijn, Netherlands) and

25 μm cryosections were cut. Sections were fixed again

with 4% PFA for 5 minutes and the actin cytoskeleton

was visualized by Phalloidin-Alexa594 (Invitrogen).

Staining of nuclei was performed by 4’-6-diamidino-2-

phenylindole. Collagen structures are depicted by their

autofluorescent properties in the HE38 filter set (Zeiss,

Jena, Germany) with an excitation of 470/40 nm and an

emission of 525/50 nm. Images were acquired by epi-

fluorescence microscopy (Zeiss Axiovert 200 M).

Statistical analysis

Comparison of multiple groups was done by one-way or

two-way analysis of variance (ANOVA) with Bonferroni

multiple comparison post-test analysis for one-way

ANOVA and Sidak-Holm multiple comparison post-test

analysis for two-way ANOVA. Statistical calculations

were performed using SigmaPlot software (Systat Soft-

ware Inc., Chicago, USA) and a P-value below 0.05 was

considered statistically significant.

Additional material

Additional file 1: BMP2 and mechanical loading synergistically

regulate BMP-induced Smad phosphorylation events. (a and b)

hFOBs were seeded on collagen scaffolds and subjected to BMP2

stimulation, mechanical loading or a combination of both. Protein lysates

were analysed by western blot using specific antibodies.

Additional file 2: Smad2 is not phosphorylated by BMP2

stimulation, mechanical loading or a combination of both. hFOBs

were seeded on collagen scaffolds and subjected to BMP2 stimulation,

mechanical loading or a combination of both for indicated time points.

As positive control, hFOBs were stimulated for 30 minutes with 100 pM

TGF-b1. Protein lysates were analysed by western blot using specific

antibodies.
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Additional file 3: BMP2 and mechanical load synergistically regulate

Id1 gene expression in primary human mesenchymal stem cells.

Data of one representative experiment is depicted. Human primary

mesenchymal stem cells (hMSCs) were embedded in fibrin gels and

loaded for 3 days in the absence or presence of 10 nM BMP2.

Embedding and loading was performed as described previously [68].

Total RNA was extracted and Id1 gene expression was analysed by qRT-

PCR.

Additional file 4: Mechanical loading protocol. Running protocol for

short-term (up to 120 minutes) and long-term (up to 24 hours)

mechanical loading.

Additional file 5: Primer sequences. Sequence of primers used for qRT-

PCR.

Additional file 6: Validation of a reference gene for qRT-PCR.

Validation of HPRT as house-keeping reference gene using geNorm

software [69].

Acknowledgements

BMP2 was a generous gift from Walter Sebald (University of Würzburg,

Germany). This work has been supported by Deutsche

Forschungsgemeinschaft (DFG) SFB 760 to PK and by the Berlin-

Brandenburg School for Regenerative Therapies (BSRT) Graduate School 203

through a fellowship to JK. We especially thank Daniel Horbelt for statistical

advice and Eva Heining and Jan Börgermann for critical revision of the

manuscript and fruitful discussions.

Author details
1Institute for Chemistry/Biochemistry, FU Berlin, Berlin, Germany. 2Julius Wolff

Institute, Charité-Universitätsmedizin Berlin, Germany. 3Berlin-Brandenburg

Center for Regenerative Therapies, Berlin, Germany. 4CMSC, Charité-

Universitätsmedizin, Berlin, Germany.

Authors’ contributions

JK carried out all biochemical and cell biology experiments, made a

substantial contribution to the conception and design as well as data

analysis and drafted the manuscript. AP contributed to the conception and

design, was responsible for technical optimisation of the mechanical loading

parameters and critically revised the manuscript. GND conceived the study,

helped in data interpretation, provided a clinical point of view and

participated in critical manuscript revision. PK conceived the study, and

helped in data interpretation, and drafting and revising the manuscript. All

authors read and approved the final manuscript.

Competing interests

The authors declare that they have no competing interests.

Received: 17 April 2012 Accepted: 30 April 2012

Published: 30 April 2012

References

1. Garrison KR, Donell S, Ryder J, Shemilt I, Mugford M, Harvey I, Song F:

Clinical effectiveness and cost-effectiveness of bone morphogenetic

proteins in the non-healing of fractures and spinal fusion: a systematic

review. Health Technol Assess 2007, 11:1-150, iii-iv.

2. Marsell R, Einhorn TA: The role of endogenous bone morphogenetic

proteins in normal skeletal repair. Injury 2009, 40(Suppl 3):S4-7.

3. Tsuji K, Bandyopadhyay A, Harfe BD, Cox K, Kakar S, Gerstenfeld L,

Einhorn T, Tabin CJ, Rosen V: BMP2 activity, although dispensable for

bone formation, is required for the initiation of fracture healing. Nat

Genet 2006, 38:1424-1429.

4. Axelrad TW, Einhorn TA: Bone morphogenetic proteins in orthopaedic

surgery. Cytokine Growth Factor Rev 2009, 20:481-488.

5. Gautschi OP, Frey SP, Zellweger R: Bone morphogenetic proteins in

clinical applications. ANZ J Surg 2007, 77:626-631.

6. Sieber C, Kopf J, Hiepen C, Knaus P: Recent advances in BMP receptor

signaling. Cytokine Growth Factor Rev 2009, 20:343-355.

7. Bessa PC, Casal M, Reis RL: Bone morphogenetic proteins in tissue

engineering: the road from the laboratory to the clinic, part I (basic

concepts). J Tissue Eng Regen Med 2008, 2:1-13.

8. Boergermann JH, Kopf J, Yu PB, Knaus P: Dorsomorphin and LDN-193189

inhibit BMP-mediated Smad, p38 and Akt signalling in C2C12 cells. Int J

Biochem Cell Biol 2010, 42:1802-1807.

9. Fuentealba LC, Eivers E, Ikeda A, Hurtado C, Kuroda H, Pera EM, De

Robertis EM: Integrating patterning signals: Wnt/GSK3 regulates the

duration of the BMP/Smad1 signal. Cell 2007, 131:980-993.

10. Chen JH, Liu C, You L, Simmons CA: Boning up on Wolff’s Law:

mechanical regulation of the cells that make and maintain bone. J

Biomech 2010, 43:108-118.

11. Ozcivici E, Luu YK, Adler B, Qin YX, Rubin J, Judex S, Rubin CT: Mechanical

signals as anabolic agents in bone. Nat Rev Rheumatol 2010, 6:50-59.

12. Zhang P, Hamamura K, Yokota H: A brief review of bone adaptation to

unloading. Genomics Proteomics Bioinformatics 2008, 6:4-7.

13. Strube P, Sentuerk U, Riha T, Kaspar K, Mueller M, Kasper G, Matziolis G,

Duda GN, Perka C: Influence of age and mechanical stability on bone

defect healing: age reverses mechanical effects. Bone 2008,

42:758-764.

14. Klein P, Schell H, Streitparth F, Heller M, Kassi JP, Kandziora F, Bragulla H,

Haas NP, Duda GN: The initial phase of fracture healing is specifically

sensitive to mechanical conditions. J Orthop Res 2003, 21:662-669.

15. Hoffman BD, Grashoff C, Schwartz MA: Dynamic molecular processes

mediate cellular mechanotransduction. Nature 2011, 475:316-323.

16. Papachroni KK, Karatzas DN, Papavassiliou KA, Basdra EK, Papavassiliou AG:

Mechanotransduction in osteoblast regulation and bone disease. Trends

Mol Med 2009, 15:208-216.

17. Huang C, Ogawa R: Mechanotransduction in bone repair and

regeneration. Faseb J 2010, 24:3625-3632.

18. Holle AW, Engler AJ: More than a feeling: discovering, understanding,

and influencing mechanosensing pathways. Curr Opin Biotechnol 2011,

22:648-654.

19. Discher DE, Mooney DJ, Zandstra PW: Growth factors, matrices, and forces

combine and control stem cells. Science 2009, 324:1673-1677.

20. Schmierer B, Hill CS: Kinetic analysis of Smad nucleocytoplasmic shuttling

reveals a mechanism for transforming growth factor beta-dependent

nuclear accumulation of Smads. Mol Cell Biol 2005, 25:9845-9858.

21. Ruzinova MB, Benezra R: Id proteins in development, cell cycle and

cancer. Trends Cell Biol 2003, 13:410-418.

22. Peake MA, El Haj AJ: Preliminary characterisation of mechanoresponsive

regions of the c-fos promoter in bone cells. FEBS Lett 2003, 537:117-120.

23. Rangaswami H, Schwappacher R, Marathe N, Zhuang S, Casteel DE, Haas B,

Chen Y, Pfeifer A, Kato H, Shattil S, Boss GR, Pilz RB: Cyclic GMP and

protein kinase G control a Src-containing mechanosome in osteoblasts.

Sci Signal 2010, 3:ra91.

24. Rangaswami H, Marathe N, Zhuang S, Chen Y, Yeh JC, Frangos JA, Boss GR,

Pilz RB: Type II cGMP-dependent protein kinase mediates osteoblast

mechanotransduction. J Biol Chem 2009, 284:14796-14808.

25. Song K, Krause C, Shi S, Patterson M, Suto R, Grgurevic L, Vukicevic S, van

Dinther M, Falb D, Ten Dijke P, Alaoui-Ismaili MH: Identification of a key

residue mediating bone morphogenetic protein (BMP)-6 resistance to

noggin inhibition allows for engineered BMPs with superior agonist

activity. J Biol Chem 2010, 285:12169-12180.

26. Nickel J, Sebald W, Groppe JC, Mueller TD: Intricacies of BMP receptor

assembly. Cytokine Growth Factor Rev 2009, 20:367-377.

27. Engler AJ, Sen S, Sweeney HL, Discher DE: Matrix elasticity directs stem

cell lineage specification. Cell 2006, 126:677-689.

28. Mammoto T, Ingber DE: Mechanical control of tissue and organ

development. Development 2010, 137:1407-1420.

29. Petersen A, Joly P, Bergmann C, Korus G, Duda GN: The impact of

substrate stiffness and mechanical loading on fibroblast-induced

scaffold remodeling. Tissue Engineering Part A 2012.

30. Rath B, Nam J, Deschner J, Schaumburger J, Tingart M, Grassel S, Grifka J,

Agarwal S: Biomechanical forces exert anabolic effects on osteoblasts by

activation of SMAD 1/5/8 through type 1 BMP receptor. Biorheology 2011,

48:37-48.

31. Kido S, Kuriwaka-Kido R, Umino-Miyatani Y, Endo I, Inoue D, Taniguchi H,

Inoue Y, Imamura T, Matsumoto T: Mechanical stress activates Smad

pathway through PKCdelta to enhance interleukin-11 gene transcription

in osteoblasts. PLoS One 2010, 5:e13090.

Kopf et al. BMC Biology 2012, 10:37

http://www.biomedcentral.com/1741-7007/10/37

Page 11 of 12

http://www.biomedcentral.com/content/supplementary/1741-7007-10-37-S3.PDF
http://www.biomedcentral.com/content/supplementary/1741-7007-10-37-S4.PDF
http://www.biomedcentral.com/content/supplementary/1741-7007-10-37-S5.PDF
http://www.biomedcentral.com/content/supplementary/1741-7007-10-37-S6.PDF


32. Wang L, Zhang X, Guo Y, Chen X, Li R, Liu L, Shi C, Guo C, Zhang Y:

Involvement of BMPs/Smad signaling pathway in mechanical response

in osteoblasts. Cell Physiol Biochem 2010, 26:1093-1102.

33. Margadant C, Sonnenberg A: Integrin-TGF-beta crosstalk in fibrosis,

cancer and wound healing. EMBO Rep 2010, 11:97-105.

34. Lai CF, Cheng SL: Alphavbeta integrins play an essential role in BMP-2

induction of osteoblast differentiation. J Bone Miner Res 2005, 20:330-340.

35. Sotobori T, Ueda T, Myoui A, Yoshioka K, Nakasaki M, Yoshikawa H, Itoh K:

Bone morphogenetic protein-2 promotes the haptotactic migration of

murine osteoblastic and osteosarcoma cells by enhancing incorporation

of integrin beta1 into lipid rafts. Exp Cell Res 2006, 312:3927-3938.

36. Zouani OF, Chollet C, Guillotin B, Durrieu MC: Differentiation of pre-

osteoblast cells on poly(ethylene terephthalate) grafted with RGD and/

or BMPs mimetic peptides. Biomaterials 2010, 31:8245-8253.

37. Wong WK, Knowles JA, Morse JH: Bone morphogenetic protein receptor

type II C-terminus interacts with c-Src: implication for a role in

pulmonary arterial hypertension. Am J Respir Cell Mol Biol 2005,

33:438-446.

38. Zakrzewicz A, Hecker M, Marsh LM, Kwapiszewska G, Nejman B, Long L,

Seeger W, Schermuly RT, Morrell NW, Morty RE, Eickelberg O: Receptor for

activated C-kinase 1, a novel interaction partner of type II bone

morphogenetic protein receptor, regulates smooth muscle cell

proliferation in pulmonary arterial hypertension. Circulation 2007,

115:2957-2968.

39. Du J, Chen X, Liang X, Zhang G, Xu J, He L, Zhan Q, Feng XQ, Chien S,

Yang C: Integrin activation and internalization on soft ECM as a

mechanism of induction of stem cell differentiation by ECM elasticity.

Proc Natl Acad Sci USA 2011, 108:9466-9471.

40. Hartung A, Bitton-Worms K, Rechtman MM, Wenzel V, Boergermann JH,

Hassel S, Henis YI, Knaus P: Different routes of bone morphogenic protein

(BMP) receptor endocytosis influence BMP signaling. Mol Cell Biol 2006,

26:7791-7805.

41. Heining E, Bhushan R, Paarmann P, Henis YI, Knaus P: Spatial segregation

of BMP/Smad signaling affects osteoblast differentiation in C2C12 cells.

PLoS One 2011, 6:e25163.

42. Chang SF, Chang CA, Lee DY, Lee PL, Yeh YM, Yeh CR, Cheng CK, Chien S,

Chiu JJ: Tumor cell cycle arrest induced by shear stress: roles of integrins

and Smad. Proc Natl Acad Sci USA 2008, 105:3927-3932.

43. Liu J, Zhao Z, Li J, Zou L, Shuler C, Zou Y, Huang X, Li M, Wang J:

Hydrostatic pressures promote initial osteodifferentiation with ERK1/2

not p38 MAPK signaling involved. J Cell Biochem 2009, 107:224-232.

44. Lewthwaite JC, Bastow ER, Lamb KJ, Blenis J, Wheeler-Jones CP,

Pitsillides AA: A specific mechanomodulatory role for p38 MAPK in

embryonic joint articular surface cell MEK-ERK pathway regulation. J Biol

Chem 2006, 281:11011-11018.

45. Alarcon C, Zaromytidou AI, Xi Q, Gao S, Yu J, Fujisawa S, Barlas A, Miller AN,

Manova-Todorova K, Macias MJ, Sapkota G, Pan D, Massagué J: Nuclear

CDKs drive Smad transcriptional activation and turnover in BMP and

TGF-beta pathways. Cell 2009, 139:757-769.

46. Ott CE, Bauer S, Manke T, Ahrens S, Rodelsperger C, Grunhagen J, Kornak U,

Duda G, Mundlos S, Robinson PN: Promiscuous and depolarization-

induced immediate-early response genes are induced by mechanical

strain of osteoblasts. J Bone Miner Res 2009, 24:1247-1262.

47. Capulli M, Rufo A, Teti A, Rucci N: Global transcriptome analysis in mouse

calvarial osteoblasts highlights sets of genes regulated by modeled

microgravity and identifies a “mechanoresponsive osteoblast gene

signature”. J Cell Biochem 2009, 107:240-252.

48. Rath B, Nam J, Knobloch TJ, Lannutti JJ, Agarwal S: Compressive forces

induce osteogenic gene expression in calvarial osteoblasts. J Biomech

2008, 41:1095-1103.

49. Kim IS, Song YM, Cho TH, Kim JY, Weber FE, Hwang SJ: Synergistic action

of static stretching and BMP-2 stimulation in the osteoblast

differentiation of C2C12 myoblasts. J Biomech 2009, 42:2721-2727.

50. Morawietz H, Ma YH, Vives F, Wilson E, Sukhatme VP, Holtz J, Ives HE: Rapid

induction and translocation of Egr-1 in response to mechanical strain in

vascular smooth muscle cells. Circ Res 1999, 84:678-687.

51. Lai CF, Cheng SL: Signal transductions induced by bone morphogenetic

protein-2 and transforming growth factor-beta in normal human

osteoblastic cells. J Biol Chem 2002, 277:15514-15522.

52. Aspenberg P, Basic N, Tagil M, Vukicevic S: Reduced expression of BMP-3

due to mechanical loading: a link between mechanical stimuli and

tissue differentiation. Acta Orthop Scand 2000, 71:558-562.

53. Mitsui N, Suzuki N, Maeno M, Yanagisawa M, Koyama Y, Otsuka K,

Shimizu N: Optimal compressive force induces bone formation via

increasing bone morphogenetic proteins production and decreasing

their antagonists production by Saos-2 cells. Life Sci 2006, 78:2697-2706.

54. Lau KH, Kapur S, Kesavan C, Baylink DJ: Up-regulation of the Wnt,

estrogen receptor, insulin-like growth factor-I, and bone morphogenetic

protein pathways in C57BL/6J osteoblasts as opposed to C3H/HeJ

osteoblasts in part contributes to the differential anabolic response to

fluid shear. J Biol Chem 2006, 281:9576-9588.

55. Sato M, Ochi T, Nakase T, Hirota S, Kitamura Y, Nomura S, Yasui N:

Mechanical tension-stress induces expression of bone morphogenetic

protein (BMP)-2 and BMP-4, but not BMP-6, BMP-7, and GDF-5 mRNA,

during distraction osteogenesis. J Bone Miner Res 1999, 14:1084-1095.

56. Ai-Aql ZS, Alagl AS, Graves DT, Gerstenfeld LC, Einhorn TA: Molecular

mechanisms controlling bone formation during fracture healing and

distraction osteogenesis. J Dent Res 2008, 87:107-118.

57. Robling AG, Bellido T, Turner CH: Mechanical stimulation in vivo reduces

osteocyte expression of sclerostin. J Musculoskelet Neuronal Interact 2006,

6:354.

58. Eliasson P, Fahlgren A, Aspenberg P: Mechanical load and BMP signaling

during tendon repair: a role for follistatin? Clin Orthop Relat Res 2008,

466:1592-1597.

59. Wang N, Tytell JD, Ingber DE: Mechanotransduction at a distance:

mechanically coupling the extracellular matrix with the nucleus. Nat Rev

Mol Cell Biol 2009, 10:75-82.

60. Pan D, Estevez-Salmeron LD, Stroschein SL, Zhu X, He J, Zhou S, Luo K: The

integral inner nuclear membrane protein MAN1 physically interacts with

the R-Smad proteins to repress signaling by the transforming growth

factor-{beta} superfamily of cytokines. J Biol Chem 2005, 280:15992-16001.

61. Buxboim A, Ivanovska IL, Discher DE: Matrix elasticity, cytoskeletal forces

and physics of the nucleus: how deeply do cells ‘feel’ outside and in? J

Cell Sci 2010, 123:297-308.

62. Epari DR, Taylor WR, Heller MO, Duda GN: Mechanical conditions in the

initial phase of bone healing. Clin Biomech (Bristol, Avon) 2006, 21:646-655.

63. Kenwright J, Richardson JB, Cunningham JL, White SH, Goodship AE,

Adams MA, Magnussen PA, Newman JH: Axial movement and tibial

fractures. A controlled randomised trial of treatment. J Bone Joint Surg Br

1991, 73:654-659.

64. Checa S, Prendergast PJ, Duda GN: Inter-species investigation of the

mechano-regulation of bone healing: comparison of secondary bone

healing in sheep and rat. J Biomech 2011, 44:1237-1245.

65. Bergmann G, Deuretzbacher G, Heller M, Graichen F, Rohlmann A, Strauss J,

Duda GN: Hip contact forces and gait patterns from routine activities. J

Biomech 2001, 34:859-871.

66. Morlock M, Schneider E, Bluhm A, Vollmer M, Bergmann G, Muller V,

Honl M: Duration and frequency of every day activities in total hip

patients. J Biomech 2001, 34:873-881.

67. Korchynskyi O, ten Dijke P: Identification and functional characterization

of distinct critically important bone morphogenetic protein-specific

response elements in the Id1 promoter. J Biol Chem 2002, 277:4883-4891.

68. Ode A, Kopf J, Kurtz A, Schmidt-Bleek K, Schrade P, Kolar P, Buttgereit F,

Lehmann K, Hutmacher DW, Duda GN, Kasper G: CD73 and CD29

concurrently mediate the mechanically induced decrease of migratory

capacity of mesenchymal stromal cells. Eur Cell Mater 22:26-42.

69. Vandesompele J, De Preter K, Pattyn F, Poppe B, Van Roy N, De Paepe A,

Speleman F: Accurate normalization of real-time quantitative RT-PCR

data by geometric averaging of multiple internal control genes. Genome

Biol 2002, 3:RESEARCH0034.

doi:10.1186/1741-7007-10-37
Cite this article as: Kopf et al.: BMP2 and mechanical loading
cooperatively regulate immediate early signalling events in the BMP
pathway. BMC Biology 2012 10:37.

Kopf et al. BMC Biology 2012, 10:37

http://www.biomedcentral.com/1741-7007/10/37

Page 12 of 12


	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Bone morphogenetic protein signalling dynamics in human fetal osteoblasts under two- and three-dimensional culture conditions
	Mechanical loading parameter
	Bone morphogenetic protein 2 and mechanical loading cooperatively regulate immediate early bone morphogenetic protein-induced signalling events
	Bone morphogenetic protein target gene expression is differentially regulated by bone morphogenetic protein 2 and mechanical loading

	Discussion
	Conclusions
	Materials and methods
	Cell culture and reagents
	Mechanical loading parameters
	Antibodies and western blotting
	Dual luciferase assay
	Nuclear and cytoplasmic protein fractionation
	Quantitative real-time PCR
	Immunofluorescent staining
	Statistical analysis

	Acknowledgements
	Author details
	Authors' contributions
	Competing interests
	References

