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Summary

Mature osteoblasts are the cells responsible for bone formation
and are derived from precursor osteoblasts. However, the
mechanisms that control this differentiation are poorly
understood. In fact, unlike the majority of organs in the body,
which are composed of “soft” tissue from which cells can easily
be isolated and studied, the “hard” mineralized tissue of bone
has made it difficult to study the function of bone cells. Here, we
established an in vitro model that mimics this differentiation
under physiological conditions. We obtained mature osteoblasts
and characterized them on the basis of the following parameters:
the strong expression of osteoblastic markers, such as Runx2 and
Col-I; the achievement of specific dimensions (the cell volume
increases 26-fold compared to the osteoblast precursors); and the
production of an abundant extracellular matrix also called
osteoid. We demonstrated that the differentiation of osteoblast
precursors into mature osteoblasts requires the continuous
activation of Bone Morphogenetic Protein (BMP) receptors,
which we established with the immobilization of a
BMP-2 imetic peptiae 0D @ synthetic matrix mimicking in vivo
microenvironment. Importantly, we demonstrated that

the organization of the F-actin network and acetylated
microtubules of the cells were modified during the
differentiation process. We showed that the perturbation of the
F-actin cytoskeleton organization abolished the differentiation
process. In addition, we demonstrated that expression of the
Runx2 gene is required for this differentiation. These findings
demonstrate the retro-regulation of cytoplasmic and genic
components due to the continuous induction of BMP-2 and
also provide more detailed insights into the correct signaling of
BMP:s for cell differentiation in bone tissue.

© 2013. Published by The Company of Biologists Ltd. This is an
Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/
licenses/by/3.0), which permits unrestricted use, distribution
and reproduction in any medium provided that the original
work is properly attributed.
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Introduction

Unlike the majority of organs in the body, which are composed of
“soft” tissue from which cells can easily be isolated and studied,
the “hard” mineralized tissue of bone has made it difficult to
study the function of bone cells. Moreover, we have the lack of
tools to manipulate these bone cells (Bonewald, 2011; Lutolf and
Blau, 2009). Furthermore, the complexity of the spatial
arrangement and the composition of the microenvironment of
the bone cells add to the challenge. Several strategies have been
developed for the design of in vitro culture systems to mimic the
extracellular microenvironment of bone cells (Lutolf and Blau,
2009). In bone tissue, the extracellular matrix (ECM) is
composed of proteins that promote cell adhesion, and growth
factors such as BMPs that promote cell differentiation (Chen et
al., 2004; Wagner et al., 2010). These various proteins exhibit
different distributions (Marie, 2009). In addition to the
extracellular antagonists controlling the binding of the ligand to
receptor complexes to regulate BMP signaling (Sengle et al.,
2008), different adhesion components of ECM modulate BMP
signaling (Wang et al., 2008; Hynes, 2009). Therefore, the

retention of BMPs by antagonists or ECM adhesion proteins may
be an important mechanism for controlling receptor availability
at the cell surface and inducing the attenuation of signal
transduction, thereby delaying the internalization of the BMP—
receptor complex. Thus is the “solid induction mode” (Crouzier
et al., 2011; Zouani et al., 2013a). The concept of presenting a
growth factor “in the solid induction mode,” which we refer to as
“matrix-bound,” has been proposed in pioneering work
performed by Kuhl et al. on tethered epidermal growth factor
(EGF); however, this work has been neglected for many years
(Kuhl and Griffith-Cima, 1996). This matrix-bound mode of
growth factor presentation is closer to physiological conditions
because most growth factors in the ECM are bound to proteins
and glycosaminoglycans. Recent experimental studies have
shown that the matrix-bound form of presentation improves the
efficacy of different growth factors when compared to the soluble
form and that their biological function is enhanced (Chen et al.,
2010; Davis et al., 2006; Fan et al., 2007). The “punctual
induction mode” is the most commonly studied and best known
method for the presentation of BMPs in the soluble state (Shah
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et al, 1999; Sieber et al., 2009; Wagner et al, 2010)
(supplementary material Fig. S1A). In bone tissue, because of
the presence of high levels of collagens containing BMPs
interaction specific site, these BMPs are sequestered in the ECM,
and the solid induction mode is favored over the punctual
induction mode. Diseases in different tissues are caused by
malfunctions in the BMP signaling pathways (Ramirez and
Rifkin, 2009; Maciel et al., 2010; Mazzaferro et al., 2010; Sethi
and Kang, 2011).

BMPs are secretory signaling molecules belonging to the TGF-
B superfamily of growth factors. BMPs play important roles in
the induction of bone formation (Wagner et al., 2010). These
growth factors have the potential to induce different bone cell
differentiation processes at different stages (Carragee et al.,
2011). BMPs bind to dimeric receptor complexes composed of
type I and type II transmembrane serine/threonine kinase
receptors (Wagner et al., 2010; Sieber et al., 2009). The
receptors form homomeric and heteromeric complexes in
distinct membrane areas and are differentially modulated by
their ligands. BMP-2 binds to preformed heterocomplexes of the
type I and type II receptors, initiating Smad-dependent signaling.
The Smad pathway is initiated by the phosphorylation of
regulatory Smad1/5/8, which associate with the common
mediator Smad (Smad4), translocate into the nucleus, and
regulate the transcription of specific BMP target genes, such as
Runx2, by recruiting additional activators and repressors (Sieber
et al., 2009; Komori, 2010).

In the osteoblast lineage, cells progress through various stages of
differentiation and maturation. Osteoblast progenitors are derived
from adult mesenchymal stem cells, followed by osteoblast
precursors, mature osteoblasts and osteocytes (Kato et al., 2001).
In vivo, mature osteoblasts are distinguished by their dimensions in
the bone (Gohel et al., 1995; Maes et al., 2010) and are found on
the ECM (referred to as osteoid), which is produced by the
osteoblasts themselves. BMPs (particularly BMP-2, which is more
abundant in the ECM of bone tissue) play an important role during
these differentiation stages and are particularly important for the
generation of mature osteoblasts in vivo (Sieber et al., 2009)
(supplementary material Fig. S1B,C). However, the mechanisms
that control this differentiation (osteoblast precursors into mature
osteoblasts) are poorly understood. Recently, the solid induction
mode was suggested for BMPs to induce the correct intracellular
signals promoting precursor osteoblasts differentiation into mature
osteoblasts (Zouani et al., 2010). In the present study, we used a
mature osteoblast differentiation model using a modified polymer
that mimics the osteo-induced ECM and that is based on the solid
BMP-2 induction mode. With this approach, the polymer
polyethylene terephthalate (PET) was functionalized using a
BMP-2imetic peptide favoring osteogenesis. Using this system, the
activation of BMPr-1A is continuous, mimicking the physiological
ECM-containing BMP-2 that surrounds the osteoblast precursors,
because of the arrest of the BMP-2/BMP receptor complex
process. In addition, with the generation of mature osteoblasts, the
regulation of the osteoblast precursor differentiation can be
characterized, giving an indication at the physiological level.

Using this differentiation model, we showed that the mature
osteoblasts generated in vitro are characterized by cell swelling.
This study of cell size, providing a three-dimensional view, was
performed using an optimized optical profilometry (Schmidt and
Black, 1992; Chen et al., 2009; Xiao et al., 2010; Zouani et al.,
2012; Pan et al.,, 2011; Lei et al.,, 2013) and a specific cell

treatment protocol, which allowed for a vertical nanometer
resolution. Other features that are characteristic of a mature
osteoblast include (i) an increase in Runx2 and Col-I expression
and (ii) an increase in ECM (osteoid-like matrix) production.
These features signify a transformation from precursor to mature
osteoblasts. Next, we were interested in characterizing the
relationship between the genes that characterize the differentiation
of the cells and the increased volume of the mature osteoblasts.
We investigated the major components of the cytoskeleton,
such as F-actin organization and the presence of acetylated
tubulin. Therefore, we showed that whereas osteoblast
differentiation is regulated by Runx2 gene, it is also
dependent on cytoskeletal components that are responsible for
the size and shape of the cells during their transformation. In
summary, this study demonstrates that the continuous induction
mode of BMP-2 (the correct BMP-2 signaling mode in bone
tissue) is essential for the generation of mature osteoblasts. Our
findings suggest that this phenomenon is likely common to all
BMPs signaling that are regulated by the ECM on bone,
thereby regulating a number of bone—cell differentiation
processes.

Results

Generating mature osteoblasts

The interaction between the ECM components and the inducers
(e.g., BMP-2) is essential for correct signaling. Here, a synthetic
ECM-BMP-2 analogs in two-dimensional (2D) culture
systems controlling cell fate was created and their effects have
been evaluated on the behavior of a mouse osteoblastic
precursor cell line (MC3T3-El). After culturing for 24 h, the
osteoblast precursors were seeded onto the BMP-2,imcic peptides
functionalized polymer and transformed into mature osteoblasts.
The cells exhibited a radically changed phenotype with an
increased morphology, volume and height (Fig. 1A). In our
model, the activated signaling pathway is the Smadl/5/8
(Fig. 1B). In addition, the ECM quantity synthesized (the
osteoid-like matrix) by the cells was studied on this novel cell
type. The differentiated osteoblast precursors, characterized by
their increased height, produced intensive amounts of ECM
compared to the osteoblast precursors cultured on a native
polymer (on plastic or on a modified polymer grafted only with
RGD peptides derived from natural ECM proteins; data not
shown) (Fig. 1C,D). Finally, the osteoblast precursors
transformation into mature osteoblasts was verified by
analyzing the expression of the osteogenic biomarker core
binding factor ol (Cbfa-1), also called Runx2, as well as the
expression of Col-I. We observed an increase in Runx2 and Col-I
gene expression after 24 h in culture (Fig. 1E).

Mature osteoblasts are characterized by cell swelling

Accumulating evidence suggests that cell volume alterations
are a component of a wide variety of cellular functions, including
epithelial transport, metabolism, hormone release, migration,
cell proliferation and cell growth and cell death (al-Habori,
1995; Hoffmann et al, 2009). Conceivably, cell volume
regulation may play an essential role in cell growth and
proliferation (Hoffmann et al., 2009); however, the regulation
of cell volume in the osteoblastic lineage is unclear. We
demonstrated the characterization of osteoblast precursor
differentiation into mature osteoblasts by cell volume
modification (Fig. 2A; supplementary material Fig. S2). The
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Fig. 1. The generation of mature osteoblasts. (A) SEM micrographs showing cultured osteoblast precursors on different modified polymer surfaces and their
transformation. Scale bar: 20 um. (B) Smad1/5/8 pathway has been activated after 24 hours for osteoblast precursors cultured on polymer grafted with

BMP-2 imetic peptide @S s€en by phospho-Smad1/5/8 blotting. (C) An example of an OPS micrograph showing the ECM formed by the cells after 24 h culture on the
polymer surface grafted with the BMP-2 inctic peptide- The yellow square represents a zoom of a particular region. 7 to 10 measurements were performed in order to
determine the thickness of the newly synthesized ECM. Down, right, a 3D reconstruction image of the region in the yellow square. (D) A graph quantifying the
evolution of the ECM thickness at 24 h after cell seeding. Note that the ECM protein aggregates are scarce on the native PET and are abundant on the polymer
surfaces grafted with RGD and/or the BMP-2 imetic peptide (¥P<<0.001). (E) The quantitative PCR analysis for Runx2 and Col-I; significant differences were observed
between the native polymer (control) and the polymer grafted with the BMP-2imetic peptige alone (£<<0.005).

optical profilometry technique demonstrated that the cell height
and cell volume increased approximately 26-fold in the
osteoblast precursors cultured on the polymer functionalized
with the BMP-2 imetic peptide after 24 h (Fig. 2B,C). Surprisingly,
osteoblast precursors treated with BMP-2 in “the soluble state”
do not induce the differentiation from precursors to mature
osteoblasts (supplementary material Fig. S3). The data shown
here (Figs 1, 2; supplementary material Figs S1-3) demonstrate

that BMP-2 retention by covalent binding to the matrix is
essential for the induction of osteoblast precursor differentiation
into mature osteoblasts.

Mature osteoblasts are characterized by the novel organization
of the cytoskeleton

The role of the cytoskeleton in cell volume regulation has been
studied in various cell types (Pedersen et al., 2001). For example,
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Fig. 2. A mature osteoblast characterized by a substantial increase in cell height and volume. (A) OPS micrographs showing a single cell on different polymer
surfaces after culturing for 24 h. (B) A graph quantifying the cell height registered by the OPS after culturing for 24 h. The cell height varies with the level of

osteoblast precursor differentiation. (C) Volume changes in a single cultured cell.

in Ehrlich ascites tumor cells (EATC), cell shrinkage is
associated with an increase in cell swelling and a decrease in
F-actin content (Pedersen et al., 1999; Pedersen and Hoffmann,
2002). This observation suggests that the effect of F-actin
polymerization/depolymerization regulates the process of volume
decrease/increase in cells.

F-actin organization was observed in mature osteoblasts, and a
critical decrease in the percentage of stress fiber compared to
osteoblast precursors was observed (Fig. 3A,B). This decrease in
the F-actin stress fibers correlated with an increase in the cell
volume. The shape of the mature osteoblast changed compared to
the osteoblast precursor cells (Fig. 3A), and it has been
demonstrated that the cell shape and contractility regulate
ciliogenesis (Pitaval et al., 2010). To confirm the association
between the change in cell shape and dimension with
ciliogenesis, we labeled the acetylated tubulin (previously
demonstrated to exhibit primary cilia structures) and observed

the disappearance of these cytoskeletal structures on the mature
osteoblasts (Fig. 3A,C). Short cilia (approximately 1 um) were
observed only on osteoblast precursors (Fig. 3C). Thus, there is
evidence that mature osteoblasts play a specific role in bone, and
the presence or absence of a number of cytoskeletal structures
reflect the commitment of bone cells to a specific function.

Cell proliferation and nuclear morphology strongly correlate
with osteoblast status

The various osteoblastic cell functions interact; for example,
previous studies have shown that when cells migrate, the
inducting factor (such as BMP-2) induces the cells to migrate
and not to differentiate (de Jesus Perez et al., 2009).

The differentiation of osteoblast precursors to mature
osteoblasts is characterized by the inhibition of proliferation
(Fig. 4A; supplementary material Fig. S4). These results confirm
the in vivo data suggesting that the function of mature osteoblasts
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producing ECM to build bone inhibits the cells from performing
other functions, such as migration and proliferation. Indeed,
precursor osteoblasts, but not mature osteoblasts, move and
migrate into developing bones along with invading blood vessels
that stabilize the bone (Maes et al., 2010). Interestingly,
differentiating osteoblasts are also characterized by changes in
their nuclear volume, which increases in mature osteoblasts
(Fig. 4B,C). These findings suggest the importance of nuclear
morphology on the transformation of osteoblast precursors into
mature osteoblasts. These results may also explain the changes in
the organization of both the cytoskeleton and the nucleus, which
are likely essential for stabilizing the novel cell architecture.

Runx2 gene expression, integrin engagement and dynamic
actin networks regulate osteoblast precursor differentiation into
mature osteoblasts

In adherent mature osteoblastic cells, the relationship between the
cytoskeleton and the nuclei is suggested by subtle genetic cues;
however, this relationship has not been studied extensively and is
unclear. Here, we demonstrated that during osteoblast precursors
differentiate into mature osteoblasts, the F-actin cytoskeleton is
strongly correlated with cell volume (cell height and dimension).
Therefore, the next step was to investigate the components that
play key roles in this differentiation process and identify the
regulators of mature osteoblast functions. The potential of two
components was investigated: a cytoplasmic component (F-actin
organization) and a genetic component (Runx2 gene expression).
In our model, we activated the Smad1/5/8 pathway using BMP-2
mimetic peptides and induced Runx2 gene expression along with
other mature osteoblastic markers, such as Col-I. Next, we
observed that cell swelling strongly correlated with F-actin
cytoskeleton organization and with increased ECM formation.
This reasoning suggested that Runx2 gene regulates the
reorganization of the actin networks.

To confirm this hypothesis, RNAi was used to silence the
Runx?2 expression. The silencing of Runx2 gene expression using
shRNA inhibited the differentiation of osteoblast precursors into
mature osteoblasts (Fig. SA—C). No significant Runx2 gene over-
expression was observed (Fig. 5B); the initial F-actin organization
was preserved (stress fiber organization) (Fig. 5C), and there was
no cell swelling compared to the induced osteoblasts (Fig. 5A,
induced osteoblasts are osteoblast precursors cultured on polymer
grafted with BMP-2imetic peptiae). These results indicate that
Runx2 is required for the differentiation of osteoblast precursors
into mature osteoblasts. However, the organization of the F-actin
cytoskeleton is also important for the differentiation process.
Indeed, jasplakinolide, which stabilizes actin filaments by
inhibiting their depolymerization, and cytochalasin D, which
inhibits actin polymerization, both inhibit the differentiation of
osteoblast precursors into mature osteoblasts (Fig. 5D). The data
suggest that the modification of the dynamic of actin networks
perturbed the differentiation of the osteoblast precursors into
mature osteoblasts.

The addition of adhesion component (RGD peptide) to the
differentiation culture model (the polymer grafted with the
BMP-2 imetic peptide) Promotes the differentiation of osteoblast
precursors into mature osteoblasts. Indeed, the mature osteoblasts
exhibited a higher volume, increased Runx2 gene expression and
the highest level of ECM production under these conditions
(Fig. 5C,D,E). A decrease in the levels of F-actin stress fibers and
the disappearance of acetylated tubulin was also observed

(supplementary material Fig. S5). These data suggest that
integrin engagement (vie RGD ligand here) intensifies the
differentiation of osteoblast precursors into mature osteoblasts.

Discussion

The mechanisms that direct the differentiation of osteoblast
precursor cells into mature osteoblasts are of interest because of
the potential for developing biomaterials that promote bone
reparation and regeneration. In this present study, we determined
that BMP-2-mediated signaling induces the differentiation of
precursor osteoblasts, suggesting the continuous activation of the
BMP receptors. Furthermore, we demonstrated the essential role
of Runx2 in the differentiation of osteoblast precursors into
mature osteoblasts and showed that this differentiation is related
to the dynamics of the entire F-actin network.

In this study, we first validated our osteoblast differentiation
model by the identification of the following three physiological
parameters, which are typical of mature osteoblasts: (i) the
significant increase in cell height; (ii) the expression of
osteoblastic markers, such as Runx2 and Col-I; and (iii) the
production of a large quantity of ECM proteins (Figs 1, 2). Next,
we investigated the organization of the F-actin cytoskeleton
networks in osteoblast precursors and in mature osteoblasts;
mature osteoblasts are characterized by the absence of stress
fibers (Fig. 3). It is likely that the reorganization of the F-actin
cytoskeleton that promotes the volume changes is accompanied
by effects on other cytoskeletal components, such as myosin II,
as suggested in other studies (Hoffmann and Pedersen, 2007).
However, this may only play a role under extreme conditions of
swelling or shear stress. A change in the volume of the cell could
certainly initiate different signaling pathways (Pedersen et al.,
1999); for example, small G-proteins (the Rho family GTPases
Racl, RhoA and Cdc42, in particular) reversibly associate with
the actin cytoskeleton, and this likely plays a role in regulating
their activity. Conversely, the Rho GTPases are themselves
important regulators of cytoskeletal organization and integrin
signaling pathways (Pedersen and Hoffmann, 2002). In our
model, when the RGD peptides (derived from natural ECM
proteins i.e., fibronectin) and the BMP-2 imetic peptides are grafted
onto a polymer surface, the mature osteoblasts exhibit a greater
cell volume than the cells cultured on polymers grafted with the
BMP-2imetic peptide alone (Fig. 5). This result supports several
studies suggesting that integrin activation also plays a role in
sensing the cell volume changes, thus confirming that the
engagement of integrins coupled with inductors on a matrix
induces the differentiation of osteoblast precursors. The cell
swelling during the osteoblast precursor differentiation into
mature osteoblasts is associated with a decrease in F-actin stress
fiber content (Fig. 3), a process that is observed in many different
cell types (Pedersen et al., 1999; Pedersen et al., 2001; Hoffmann
and Pedersen, 2007; Hoffmann et al., 2009).

We next investigated whether the differentiation of osteoblast
precursors into mature osteoblasts is regulated by Runx2 (genetic
regulation) alone or by another cell regulator, such as F-actin.
The specific silencing of Runx2 blocked the differentiation of
osteoblast precursor cells into mature osteoblasts (Fig. 5). The F-
actin networks were synchronized using pharmacological agents
during the differentiation of osteoblast precursors on different
matrices. This perturbation of the F-actin network dynamic
(inhibiting  depolymerization/polymerization)  blocked the
differentiation of osteoblast precursors into mature osteoblasts
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(Fig. 5). These results suggest that an active actin cytoskeleton
dynamic is essential for the generation of mature osteoblasts from
precursor osteoblasts.

Mature osteoblasts produced in vitro are characterized by
novel nuclear dimensions, which also occur in mature osteoblasts
in vivo, and may be involved in the production of the high levels
of ECM proteins. In addition, this observation suggests that there
are changes in the elasticity of the nucleus (Hancock and Hadj-
Sahraoui, 2009), which likely dictates the F-actin cytoskeleton
organization to achieve cell stability. The idea of a mechano-
directed pathway between the nucleus and cytoplasm may
explain the signaling between Runx2 and the F-actin
cytoskeleton organization. A second hypothesis that may
explain this relationship is a biochemically directed pathway
that utilizes different signaling cascades, targeting proteins that
associate with actin, thereby providing a novel insight into the
understanding of osteoblast biology.

Our results support the concept that the ECM components
regulate BMP signaling (Wang et al., 2008; Hynes, 2009). The
binding affinity between the ECM components and BMPs is
greater than between the BMPs and their receptors, thus
inhibiting the internalization process of the BMPs/BMP
receptor complexes, terminating their activity and inducing the
correct BMP signaling process. Indeed, Wang et al. demonstrated
that type IV collagens regulate BMP-4 signaling in drosophila
(Wang et al., 2008). Our study illustrates this concept for the
generation of mature osteoblasts.

In summary, we propose that during the differentiation of
precursor osteoblasts into mature osteoblasts, changes in osteoblast
volume, F-actin cytoskeleton reorganization and Runx2 gene
expression occur as shown in Fig. SF. Furthermore, these results
are potentially useful for therapeutics; a number of studies have
been published regarding the impact of biomaterials on the
behavior of osteoprogenitor cells. For bone repair, the goal has
always been to differentiate osteoblasts to produce ECM and
induce rapid mineralization (Petite et al., 2000). The overall goal is
to generate materials with osteoinductive capacities that are
compatible with bone tissue. The majority of published studies
promote the use of cell adhesion molecules in the biomaterial; in
this case, the osteoblasts proliferate, but the production of the ECM
is poor and prolonged. Our study proposes to mimic the ECM and
provide a novel tool with which to generate mature osteoblasts, the
bone cells responsible for bone formation in mammals. These
mature osteoblasts cannot be generated using soluble factors alone
(see Materials and Methods for details and supplementary material
Fig. S5); therefore, a strategy to generate these cells is required.
The results of this study may be exploited to design biomaterials
for bone repair.

Conclusions

It is known that BMPs induce and regulate the fate of cells in the
bone. We demonstrated that the differentiation of osteoblast
precursors into a mature osteoblasts is induced using the solid

BMP-2 induction mode, suggesting that this mode of signaling
mimics the BMP-2 signaling that occurs in vivo in bone tissue.
The differentiation of the osteoblasts is accompanied by dramatic
changes in the morphology and dimensions of the cell. The
change in the cell dimensions is regulated by the level of Runx2
gene expression, controlling the F-actin cytoskeleton
organization. The dynamic of the F-actin networks also
controls the differentiation. The finding that BMP signaling is
controlled by ECM components and properties provides a novel
insight into the understanding of the biology of osteogenesis and
for the development and design of biomaterials for engineering
bone tissue.

Materials and Methods

Polymer surface preparation and the covalent grafting of mimetic

peptides

The polymer used in this study is poly(ethylene terephthalate) (PET), a
commercial bi-oriented film with a thickness of 100 um obtained from
Goodfellow (France). The surface of this polymer was modified according to
the methods of Boxus et al., with some modifications (Boxus et al., 1996; Chollet
et al.,, 2009). The peptide immobilization strategy was performed following a
procedure described in previous studies (Chollet et al., 2009; Zouani et al., 2010;
Zouani et al., 2013b). Briefly, the materials were treated to create COOH functions
on the PET surfaces. Next, the PET-COOH samples were immersed in a solution
of dimethylaminopropyl-3-ethylcarbodiimide hydrochloride (EDC, 0.2 M)+N-
hydroxysuccinimide (NHS, 0.1 M) in 2-(N-morpholino)-ethanesulfonic acid
(MES) buffer (0.1 M in MilliQ water), and the samples were rinsed in MilliQ
water (50 mL for 30 min). The same protocol was used for each surface. Finally,
the immobilization of the mimetic peptides was achieved using a solution of
mimetic peptides/Ix PBS (C=10">M) incubated for 15 hours at room
temperature. After grafting, the disks were rinsed in MilliQ water (100 ml)
for 1 week. The following four polymer surfaces were designed: (i) a
native polymer, PET; (ii) a polymer grafted with BMP-2upimetic peptides
(KIPKACCVPTELSAISMLYL, GENECUST®, FR), PET-BMP-2imetic peptides;
(iii) a polymer grafted with cell adhesion peptides (GRGDSPC peptides), PET-
GRGDSPC; and (iv) a polymer grafted with cell adhesion and differentiation
peptides (GRGDSPC  and  BMP-2imetic peptidgess ~ respectively),  PET-
GRGDSPC+BMP-2 imetic peptides (CRGD:1073 M; Camp-2 peptides:1073 M). We
have indeed performed the same experiments in parallel by grafting a control
peptide (KIPKACCVPTEAAAAAMAYA, GENECUST®, FR). We have found
significant differences in cell behavior compared to substrates grafted with
BMP-2 imetic peptides i terms of adhesion and also differentiation. In fact, no
phosphorylation of Smad1/5/8 and no cell swelling have been observed and no
ECM has been synthesized by the seeded osteoblast precursor cells (data not
shown). The surfaces were characterized using fluorescent peptides and other
methods, such as X-ray photoelectron spectroscopy (XPS) and a high-resolution pi-
imager. The results of these experiments have been detailed in previous
publications (Porté-Durrieu et al., 2004; Chollet et al., 2007a; Chollet et al.,
2007b; Chollet et al., 2009; Pallu et al., 2005).

Cell culture

Mouse pre-osteoblastic cells (MC3T3-El, from ATCC) were cultured in Alpha-
MEM medium supplemented with 10% fetal calf serum (FCS) and 1% penicillin/
streptomycin. All cells were used at a low passage number (passage 4), and
subconfluent cultures were used; the cells were plated at 10,000 cells/cm? for
experiments. For the soluble BMP-2 protein induction mode, the osteoblast
precursors were cultured on native polymer substrates and were exposed to 300 ng/
mL of recombinant human BMP-2 (Peprotech)-containing media for 24 hours. The
synthetic siRNA oligonucleotides specific for regions in the Runx2 mRNA were
designed and synthesized by Santa Cruz Biotechnology (sc-37146). The siRNA
oligonucleotide was screened for its silencing effect and was initially tested for its
ability to knockdown the expression of Runx2 using RT-PCR and immunoblotting.
The pharmacological agents used were 1 UM cytochalasin D (Sigma) and 50 nM
jasplakinolide (Invitrogen). The osteoblast precursors were exposed to each

Fig. 5. The Runx2 gene regulates osteoblast precursor differentiation into mature osteoblasts via the organization of the actin network. (A) OPS micrographs
showing that the silencing of Runx2, mediated by shRNA, attenuates the differentiation of osteoblast precursors into mature osteoblasts; therefore, there is no change
in the cell height and volume, no increase in Runx2 gene expression (B) (no s.d: no significant differences) and no obvious stress fibers (C). (D) The synchronization
of the polymerization of the actin cytoskeleton also attenuates the differentiation of osteoblast precursor cells into mature osteoblasts (*P<<0.005). (E) OPS

micrograph showing the single-cell dimensions of osteoblast precursors cultured for 24 hours on a polymer surface grafted with the BMP-2yimetic peptides and RGD.
(F) A schematic model illustrating the overall trends of the mechanisms by which Runx2 promotes the differentiation of osteoblast precursors into mature osteoblasts

by directing the organization of the actin networks.
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pharmacological agent for 1 hour, 4 h after seeding on a modified polymer. The
cell proliferation was measured using a fluorometric Hoechst 33258 DNA assay.

We cannot compare the results of the osteoblast precursors cultured on the
polymers grafted with the BMP-2imeiic pepti<e and the osteoblast precursors
cultured on the native polymer or on plastic treated with soluble BMP-2 protein.
First, in our differentiation model, we used a BMP-2yimeiic peptide that mimics the
monomeric form of the BMP-2 protein. In its soluble state, the BMP-2 protein is
mostly homodimeric (supplementary material Fig. S6). Second, there is a
difference in the spatial concentration of the BMP-2 in the two systems. In our
differentiation model, the osteoblast precursors do not choose their induction
intensity because these cells (osteoblast precursors) need to adhere to avoid death.
In the BMP-2 soluble mode, the growth factor can remain in the culture media and
wait for the availability of a specific BMP receptor. Therefore, we have presented
the results of the soluble BMP-2 protein mode in a separate figure (supplementary
material Fig. S3).

Real-time PCR analysis of gene expression

RT-PCR was performed as previously described (Zouani et al., 2010; Zouani et al.,
2012). Briefly, total RNA was extracted using the RNeasy total RNA kit from
Qiagen in accordance with the manufacturer’s instructions. Purified total RNA was
used to make cDNA by the reverse transcription reaction (Gibco BRL) using
random primers (Invitrogen). Real-time PCR was performed using SYBR green
reagents (Bio-Rad). The data were analyzed using iCycler IQ™ software. The
cDNA samples (1 uL in a total volume of 20 puL) were analyzed for the gene of
interest and for the house-keeping gene HPRT. The comparison test of the cycle-
threshold point was used to quantify the gene expression level in each sample. The
primers used for the amplification are listed in supplementary material Table S1.

Western blotting

After 24 hours, cells were permeabilized (10% SDS, 25 mM NaCl, 10 nM
pepstatin and 10 nM leupeptin in distilled water and loading buffer), boiled for
10 minutes and resolved by reducing PAGE (Invitrogen). Proteins were transferred
onto nitrocellulose, blocked, and labeled with HRP-conjugated antibodies
(Invitrogen). Phosphor-Smad1/5/8 was blotted by treating the nitrocellulose with
monoclonal anti-p-Smad1/5/8 (Santa Cruz Biotechnology). Our western blot was
run in triplicate, along with an additional blot for actin and Coomassie Blue
staining to ensure consistent protein load between samples.

Immunostaining

After 24 hours in culture, the cells on the polymer surfaces were fixed for 20 min
in 4% paraformaldehyde/PBS at 4°C. After fixation, the cells were permeabilized
in PBS containing 1% Triton X-100 for 15 min. The cytoskeletal filamentous actin
(F-actin) was visualized by treating the cells with 5 U/mL Alexa Fluor® 488
phalloidin (Sigma, France) for 1 h at 37°C. The acetylated tubulin was visualized
by treating the cells with 1% (v/v) monoclonal anti-acetylated tubulin (produced in
mice, Santa Cruz Biotechnology) for 1 hour at 37°C. The F(ab), fragment of rabbit
anti-mouse IgG(H+L) was coupled with Alexa Fluor® 568 for 30 min at room
temperature. The cell nuclei were counterstained in 20 ng/mL DAPI for 10 min at
room temperature. The images for this experiment were produced using a Leica
SP5 confocal microscope and MetaMorph software. The Z-series scans were
obtained to visualize the staining at different depths. The free Edit 3D software
was used for the 3D reconstruction of the confocal images and the nuclear volume
calculations. For the quantification of the percentage of stress fibers (F-actin), we
used the Image J freeware (Image J, U.S. National Institute of Health, Bethesda,
Maryland, USA, 1997-2007, W.S. Rasband, http:/rsb.info.nih.gov). After
smoothing, the resulting image, which is similar to the original photomicrograph
but with minimal background, was converted to a binary image by setting a
threshold. The threshold values were determined empirically by selecting a setting
(Chollet et al., 2009).

Histological analysis

For histologic analyses (Monfoulet et al., 2011), undecalcified bones were fixed,
dehydrated in increasing ethanol solutions at 4°C, and embedded in methyl
methacrylate according to standard protocols. For each right femur, 7-um-thick
longitudinal sections, parallel to the sagittal plane, were obtained using a Leica
Polycut E microtome (Leica, Glattburg, Switzerland) equipped with tungsten
carbide 50j knives. Sections were stained with aniline blue for osteoblastic cell
analysis.

Scanning electron microscopy (SEM)

Initially, the cells were seeded on the substrates at a density of 1x10* cells/mL.
After 24 h in culture under different polymer conditions, the cells were washed
with 1x PBS and were fixed with paraformaldehyde in PBS (4%) for 20 min at
4°C. The samples were dehydrated in increasing concentrations of ethanol (30, 70,
80, 90, 95 and 100%) and critical-point dried. The replicas were gold coated and

were examined using a scanning electron microscope (SEM Hitachi S2500) at
10 kV.

Optical profilometry

The Wyko surface profiler systems (Veeco-NT1100) are non-contact optical
profilers that use two technologies to measure a wide range of surface heights. The
phase-shifting interferometry (PSI) mode allows for the measurement of smooth
surfaces and small steps, whereas the vertical scanning interferometry (VSI) mode
allows for the measurement of rough surfaces and steps up to several micrometers
high. We used the VSI mode to measure the thickness of the extracellular matrix
produced by the cells. To compare the surface of PET or PET functionalized with
the formed extracellular matrix, we used a spatula to scratch the surfaces. The PSI
and VSI modes were used to measure the evolution of cell thickness (cell
topography) as follows: the cells were fixed with paraformaldehyde in PBS (4%)
for 30 minutes at 4°C and dehydrated with ethanol, and the samples were
metallized with gold or titanium. For the detailed calculation of the cell height and
cell volume, see supplementary material Fig. S7.

Cell volume calculation

The cell imaging with OPS involves raster scanning as follows: the profilometer
image consists of a three-dimensional map of the apical cell surface with a limited
number of points, n, where each raster scan point represents a cell height. Before
assessing the cell volume using the OPS, we measured the vertical position (Zzgr)
of the probe tip on the substrate where the cells were grown (supplementary
material Fig. S7). This process allows us to calculate the real cell height Z(x,y) by
subtracting Zggy from the measured height value (Z(x,y)). The cell volume (Vcen)
can be estimated using the equation:

n
Ve = Z Z(x.y) x dx x dy
T

where n is a number of scan points per cell, Z(x,y) is the cell height at each raster
scan point, and dx and dy are scan increments (steps of 1 um) in the x and y
directions.

Statistical analysis

In terms of cell thickness, cell volume, fluorescence intensity, and real-time PCR
assay, the data were expressed as the mean * standard error, and were analyzed
using the paired Student’s #-test method. Significant differences were designated
for P values of at least <0.01.
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