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Current approaches for the treatment of skeletal defects are suboptimal, principally because the ability of bone to
repair and regenerate is poor. Although the promise of effective cellular therapies for skeletal repair is encour-
aging, these approaches are limited by the risks of infection, cellular contamination, and tumorigenicity. De-
velopment of a pharmacological approach would therefore help avoid some of these potential risks. This study
identifies transforming growth factor beta (TGF[}) signaling as a potential pathway for pharmacological modu-
lation in vivo. We demonstrate that inhibition of TGFp signaling by the small molecule SB431542 potentiates
calvarial skeletal repair through activation of bone morphogenetic protein (BMP) signaling on osteoblasts and
dura mater cells participating in healing of calvarial defects. Cells respond to inhibition of TGF[ signaling by
producing higher levels of BMP2 that upregulates inhibitory Smad6 expression, thus providing a negative
feedback loop to contain excessive BMP signaling. Importantly, study on human osteoblasts indicates that
molecular mechanism(s) triggered by SB431542 are conserved. Collectively, these data provide insights into the

use of small molecules to modulate key signaling pathways for repairing skeletal defects.

Introduction

THE INCIDENCE OF BONE PATHOLOGIES and injuries re-
quiring skeletal repair is rising exponentially. In the
United States, more than half million patients per year re-
quire repair of bone defects costing more than $2.5 billion, a
figure that is due to double by 2020."? Repair and recon-
struction of the craniofacial skeleton constitute a significant
portion of this sum, costing more than $585 million.> Jux-
taposed with burgeoning clinical need are the relatively poor
ability of bone healing compared with other tissues and the
limitations of current therapeutic approaches to deliver op-
timal solutions for these clinical challenges. Current surgical
techniques to treat craniofacial defects include the use of
autologous, allogeneic, and prosthetic materials to achieve
bone reconstruction.*® Although autologous bone grafting
has provided good results, it is limited by donor site mor-

bidity, scarring, bleeding inflammation, and chronic pain.’
Furthermore, infection and immunologic rejection are risks
for allogeneic bone. Given the dichotomy between the in-
creasing clinical need and the limitations of currently
available therapeutic options, the impetus for developing
new strategies for bone tissue engineering and for potenti-
ating endogenous bone healing remains high.

An array of signaling pathways orchestrates the matura-
tion and interplay of the key cells involved in bone physi-
ology such as osteoblasts, osteoclasts, and osteocytes.™

We have previously showed that the disparate embryonic
tissue origin of mammalian calvarium'® leads to significant
differences in the activity of key signaling pathways that
govern osteogenic and regenerative potential."'~'> Recently,
we have identified that enhanced transforming growth factor
beta (TGFp) signaling in mesoderm-derived parietal bone os-
teoblasts (PObs) has a key role in determining their elevated
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apoptotic activity and diminished osteogenic capacity.'® This
finding provides the impetus for our current study, which in-
vestigates the possibility of potentiating bone regeneration in
the mammalian calvarium through inhibition of TGFp sig-
naling by employing the small molecule SB431542.""

TGEF, prototype of TGFp superfamily, is abundant in bone
and is a key player in bone turnover and homeostasis.'®!
Depending on its context, TGFB can promote or inhibit os-
teogenesis. Administration of exogenous TGFp protein has
been shown to increase osteogenic markers in human osteo-
blasts and to be capable of inducing bone formation in peri-
osteum.”>? Studies on several in vivo bone repair models have
also provided evidence for a proosteogenic role for TGFp.?*~*
Conversely, in immature cells, TGFp has an inhibitory effect.
Alliston et al. reported that TGFp inhibits osteoblast differ-
entiation through Smad3-mediated suppression of Runx2
function and expression.28 Moreover, overexpression of
TGFP2 in transgenic mice causes osteoporosis.>’

TGFp superfamily ligands transduce their signals through
two types of serine/threonine kinase receptors.’*>* Bone
morphogenetic proteins (BMPs) bind to Alk-2, Alk-3, and
Alk-6, whereas TGFPs and activins bind to Alk-5 and Alk-4.
Smads, intracellular signal transducers for TGFp superfamily
ligands, exist as three distinct subclasses: receptor-activated
Smads (R-Smads), common—gartner Smads (Co-Smads), and
inhibitory Smads (ISmads).>**

Small molecule inhibitors are valuable tools for decipher-
ing the roles of signaling pathways in diverse biological
processes. Furthermore, they have significant potential for use
as clinical therapies.>*>° SB431542, a specific and potent
inhibitor of TGFp targeting Alk-4, -5, and -7.'7 is under-
going preclinical studies, including anticancer therapies,
wound healing, and the treatment of Chagas disease.>’

In this study, using a mouse calvarial defect model, we
demonstrate that SB431542 treatment significantly im-
proved bone regeneration in vivo. Our results also reveal the
presence of cross-talk between TGFf and BMP signaling,
with inhibition of TGFf signaling by SB4315242 potenti-
ating BMP signaling, both in vitro and in vivo. Moreover,
SB431542 treatment upregulates inhibitory Smad6 expres-
sion in response to elevated production of BMP2 ligand,
thus providing a negative feedback loop to contain excessive
BMP signaling. Interestingly, studies on human osteoblasts
indicate that the molecular mechanism(s) through which
SB431542 inhibition of TGFp signaling enhances bone re-
pair is conserved among species. Therefore, this study
provides insights into the potential therapeutic applications
of small molecule inhibitors to treat human craniofacial
skeletal defects either in isolation or as an adjunct to current
therapeutic approaches.

Materials and Methods
Animals

All animal experiments were performed in accordance
with the Stanford University Animal Care and Use Com-
mittee Guidelines (APLAC 9999); postnatal day 10 (pN10)
CD-1 mice (Charles Rivers Laboratories, Inc.) were used for
this study. Two-millimeter defects were made in the yarietal
bone of CD-1 mice (n=5) as previously described.**™* In
brief, after anesthesia and disinfection, a longitudinal inci-
sion of the skin was made. The pericranium was removed
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and 2-mm calvarial defects were created in the parietal bone of
pN10 mice with a trephine drill and meticulous care to avoid
damaging underlying dura mater (DM). Parietal bone defects
were treated with a 1.5-mm-diameter collagen sponge (Heli-
stat; Integra LifeSciences Cooperation) soaked in 1puL of
26 mM SB431542 (Sigma-Aldrich), 400 ng of human recom-
binant TGFB1 (R&D Systems, Inc.) in 1pL phosphate-
buffered saline (PBS), 1pL dimethylsulfoxide (DMSO), or
1 uLL PBS as a control. Of note, dose of SB431542 was chosen
based on a dose-response pilot assay, with 26 mM being the
most effective in repairing the calvarial defects without any
toxicity for the tissue. The collagen sponge acted as a vehicle to
deliver the molecule to the sight of the injury.

The skin incision was then closed and mice were allowed
to recover. Subcutaneous injections of SB431542 were gi-
ven on alternate days for a period of 2 weeks at the site of
the defect at the concentrations as mentioned in a volume of
100 pL. The site of the defect was marked with 10.0 Ethilon
sutures at skin level.

Micro-computed tomography imaging

Micro-computed tomography (UCT) imaging was per-
formed as previously described.'* Mice underwent pCT
scanning on a weekly basis from 1 to 8 weeks (n=>5) for each
treatment. PCT was performed using a high-resolution Mi-
croCAT II'™ (ImTek, Inc.) small animal imaging system, with
previously described settings.*® Two-dimensional projection
images were used to reconstruct tomograms with a commercial
software package (Cobra EXXIM; EXXIM Computing Corp.),
resulting in a resolution of 80 pm. Three-dimensional recon-
structions were generated by MicroView software (GE
Healthcare). Each mouse was scanned with a CT phantom,
which was used to calibrate each scan. The precise threshold
for regenerating calvarial bone was previously determined as
equivalent to 510 Hounsfield Units. The rest-defect area was
then determined with the Magic Wand Tool in Photoshop
(Adobe Systems). Percentage healing was determined by di-
viding the rest-defect area by the mean of the defect size one
day postoperatively. Student’s test was used for statistical an-
alyses. A p value <0.05 was considered statistically significant.

Mouse tissue harvesting and primary cell culture

Mesoderm-derived PObs were harvested from skulls of
(pN10) mice to match the age of mice enrolled in the in vivo
calvarial defect surgeries. The periosteum and DM were
carefully stripped off from the skull and dural membranes were
collected in cold PBS on ice for dural cell harvest. The pe-
ripheral suture complexes of each frontal or parietal bone were
also carefully removed. Parietal bones were minced separately
into small chips less than 1 mm before digestion. Parietal bone
chips were digested with 0.2% Dispase II and 0.1% Col-
lagenase A (Roche Diagnostics) in serum-free medium. The
digestion was carried out six times, each for 10 min. The first
two digestions were discarded. The later four digestions were
pooled together. All digestions were neutralized with an equal
volume of o-minimum essential medium (o-MEM) supple-
mented with 10% fetal bovine serum (FBS), 100 ITU/mL peni-
cillin and streptomycin (Gibco Life Technologies and
Invitrogen Corporation), pelleted and resuspended in the
growth medium (GM). PODb cells were plated in 100 mm tissue
culture dishes (Corning Incorporated) and incubated at 37°C
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with continuous supplement of 5% CO, The medium was
changed every other day. Only passage 0-3 cells were used for
all experiments. For DM cells, dural membranes were collected
and washed in cold PBS and dilute Betadine. After 10 min
incubation at 37°C in 0.05% trypsin, digested membranes were
placed in 100 mm tissue culture dishes and cultured with
Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% FBS and 100IU/mL penicillin and streptomycin.
Only passage 0-3 cells were used for experiments.

Human calvarial bone harvesting
and primary cell culture

Human calvarial bone samples were obtained according
to Stanford Institutional Review Board guidelines (IRB
28853). Bone chips that would otherwise be discarded after
the procedure were obtained from children undergoing
preplanned calvarial bone grafting procedures at Lucile
Packard Children Hospital. Bone chips were taken from the
peripheries of the sample and separated from the suture it-
self. All patients were between 3 and 6 months of age.
Under sterile conditions, periosteum was stripped of and the
chips were washed with dilute Betadine and PBS before
digestion according to the murine osteoblast protocol al-
ready described. DMEM supplemented with 10% FBS and
100 TU/mL penicillin and streptomycin was used for all
human primary cell cultures. Only early passage (1-3) cells
were taken for all experiments.

Osteogenic differentiation assay and alizarin
red staining

POb cells were plated in six-well plates (1x 10°/well).
Upon subconfluence, cells were incubated with the osteo-
genic differentiation medium (ODM), composite of either
o-MEM or DMEM supplemented with 10 uM glycerol
B-phosphate, 0.25 UM ascorbic acid (Sigma-Aldrich), 10%
or 3% FBS, and 100 IU/mL penicillin and streptomycin. The
medium was changed every other day. Differentiation as-
says were also performed in the presence of SB431542
(10 uM; Sigma-Aldrich), recombinant mouse noggin
(250ng/mL) or DMSO (1:1000) as a control (R&D Sys-
tems). Mineralization of the extracellular matrix was as-
sessed by alizarin red staining and quantification at days
21-28 of the differentiation as previously described.*®

RNA isolation, reverse transcription, and quantitative
real time polymerase chain reaction

Total RNA isolation, reverse transcription-polymerase
chain reaction (RT-PCR), quantitative PCR (qPCR), primers
sequence for mouse and human Runx2, Bglap, and Gapdh,
and annealing temperature were previously described.'!'*4’
Specific primers for Bmp2 and Smad6 and Id2 were de-
signed based on their GenBank sequence, and sequences are
as follows: mSmad6Fwd:TACCACTTCAGCCGGCCTCTG;
mSmad6Rev:AGTACGCCACGCTGCACCAGT; mBmp2Fwd:
ACCCGCTGTCTTCTAGTGTTG; mBmp2Rev:TCTCTGC
TTCAGGCCAAACA; mld2Fwd:GATGATCGTCTTGCCC
AGGT; mld2Rev:TCTGGTATTCACGCTCCACC anneal-
ing at 57°C. hSMAD6Fwd:CCCCCGGCTACTCCATCAA
GGTGT; hSMAD6Rev:GTCCGTGGGGGCTGTGTCTCTGG;
annealing at 65°C.
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Measurement of Caspase 3 activity

The Caspase 3 fluorometric protease assay was performed
using a Caspase 3 Apoptosis Detection Kit (sc-4263 AK; Santa
Cruz Biotechnology) as previously described protocols.'® Cells
were collected at different time points of osteogenic differen-
tiation, 40puL of cell lysate (in triplicate) was incubated
with 200 puL of reaction buffer, 5 pL. of Ac(N-acetyl)-DEVD-
AFC(7-amino-4-trifluoromethylcoumarin) (EDVD-AFC)
substrate, and dithiothreitol (DTT) (10 uM final concentra-
tion). The reaction was incubated at room temperature for
1 h. The analysis was conducted using a fluorescent micro-
plate reader (SpectraMAX Gemini XS; Molecular Devices
Corporation) at excitation/emission wavelength of 400/
505 nm. Levels of emission of POb and dural cells with or
without SB431542 treatment were compared.

Immunoblotting analysis

POb and DM cells were collected at different time points of
osteogenic differentiation assay performed with or without
either SB431542 or TGFf. Cells were lysed with cold RIPA
buffer (50 mM of HEPES, pH 7.5, 150 mM of NaCl, 1 mmol/
of ethylenediaminetetraacetic acid (EDTA), 10% glycerol,
1% Triton X-100, 25 mM sodium fluoride) containing 1 mM
sodium orthovanadate and Proteases Inhibitor Cocktail
(Sigma-Aldrich). Cell lysates (40 ng) were electrophoresed
on 12% Tris-HCI sodium dodecyl sulfate (SDS)-PAGE gels
(Precast Nupage gels; Gibco Life Technologies and Invitro-
gen Corporation) and transferred onto Immobilon-P mem-
brane (Millipore Corporation). Immunoblotting analysis was
performed using the following primary rabbit antibodies:
anti-pSmad2/3 (Ser465/467), anti-Smad2/3, anti-pSmad1/5
(Ser465/467), anti-Smad1/5 (1:500; Cell Signaling), and
anti-o-tubulin (1:1000; ab8227; Abcam). A second horse-
radish peroxidase-conjugated antirabbit antibody was used
(1:3000; Cell Signaling). Immunoblotted proteins were ob-
served by enhanced chemiluminescence (Amersham Bio-
sciences). To assess for the total amount of endogenous
Smad?2/3 and Smad1/5, and to control for equal loading and
transfer of the samples, the membranes were reprobed with
anti-Smad?2/3, anti-Smad1/5 antibodies, and anti-o-tubulin
antibody. Densitometry analysis of electrophoretic bands was
performed using the Imagel software program (NIH). The
densities of pSmad2/3 and pSmad1/5 bands were normalized
to the loading controls (a-tubulin) and presented as percent-
age increase. The results are the mean * standard deviation
(SD) of three independent experiments.

Preparation of cell-conditioned media

Cell-conditioned media (CM) were obtained from cells
undergoing osteogenic differentiation with and without
SB431542. At day 4 of osteogenic differentiation, cells were
washed three times with sterile PBS before addition of 5 mL
ODM supplemented with 1% serum. After 48h, CM were
collected and concentrated 100-fold using Centricon filters
(Centricon-3, 3000 NMWL; Millipore Corporation). The
volume of each CM was normalized by cell numbers so that
an equal volume of medium was produced by an equal
number of cells. CM for the TGFf enzyme-linked immuno-
sorbent assay (ELISA) were collected from POb and DM cells
cultured in DMEM supplemented with 1% serum. Collection
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and concentration of CM were carried out at 4°C. Protein
concentration of each medium was determined by bicincho-
ninic acid (BCA) protein assay (Pierce). Equal amount of total
proteins from each medium was analyzed for TGFB1 and
BMP2 levels as described hereunder. All experiments were
performed twice using freshly harvested media.

Enzyme-linked immunosorbent assay

Endogenous levels of TGFB1 and BMP2 were analyzed
on conditioned medium (100 pg total protein) by ELISA
(Quantakine DB100B and DBP200; R&D Systems) ac-
cording to the manufacturer’s instruction. Photometric de-
tection was done at 420-nm wavelength. Each sample was
run in triplicate. The assay was repeated twice.

Histology

Eight weeks after surgery, after sacrifice of mice by CO,
asphyxiation, calvaria were harvested, fixed in 0.4% para-
formaldehyde (PFA), and decalcified in 19% EDTA at 4°C
for 2 weeks. Specimens were then embedded in paraffin, cut
into 8-pum sections, and stained with a modified Movat’s
Pentachrome procedure.*® Sections were examined using a
Carl Zeiss Axioplan 2 (Zeiss) microscope. Images were
captured by AxioVision (Zeiss) and combined by Adobe
Photoshop (Adobe Systems).

Immunohistochemistry

Immunohistochemistry was performed on calvariae har-
vested at 24, 48, and 72h and day 6 postsurgery. Specimens
were fixed in 0.4% PFA overnight, decalcified, processed for
optimal cutting temperature frozen section embedding, and
cut into 8-pum sections. For all other immunohistochemistry,
antigen retrieval was performed by incubating the slides with
Proteinase K (Sigma-Aldrich) at 37°C for 10 min. Primary
rabbit antibodies pSmad2/3 and pSmadl1/5 antibodies (Cell
Signaling Technology) were used at a dilution of 1:50. Di-
lution for rabbit Smad6 antibody (Sigma-Aldrich) was 1:100.
Alexa Fluor 488 goat antirabbit IgG was used as secondary
antibody (Life Technologies). Frozen sections incubated with
a primary nonimmune IgG antibody diluted at 1:100 (Rabbit
IgG Control #10500C; Thermo Scientific) followed by in-
cubation with Alexa Fluor 488 goat antirabbit IgG secondary
antibody were used as negative control. Results were ob-
tained from at least three animals per time point and immu-
nohistochemistry was carried out in triplicate.

Statistical analysis

Data are expressed as mean+ SD of three independent ex-
periments. The error bars in the graphs represent 1 SD. Statis-
tical differences between the means are examined by Student’s
test. A p value <0.05 was considered statistically significant.

Results

In vivo inhibition of TGFp signaling with the small
molecule inhibitor SB431542 enhances calvarial
regeneration

Previous work from our group has established (1) that the
different embryonic tissue origin of calvarial bones influences
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their osteogenic potential and tissue regeneration and (2) that
differential activation of fibroblast growth factor (FGF), ca-
nonical WNT, and BMP pathways is responsible for these
regional differences with enhanced activity of proosteogenic
signaling in frontal bone and derived osteoblasts."'~'*"'® More
recently, we have identified that the TGFf pathway has en-
hanced activity in paraxial mesoderm-derived PObs and,
furthermore, that this correlated with increased apoptotic
activity in POb cells.'® That study also indicated a reciprocal
relationship between apoptotic activity and osteogenic ca-
pacity and demonstrated that inhibition of TGFp signaling
with the small molecule inhibitor SB431542'” increased os-
teogenic differentiation of POb cells in vitro. 16 Therefore, we
began this study to investigate whether these in vitro findings
would translate into enhanced potential for calvarial healing
in vivo, upon administration of SB431542 in mouse calvarial
defects. For this aim, 2-mm calvarial defects were created in
the parietal bone of pN10 mice as previously described.*> A
collagen sponge was then placed into the defect with either
200 pL. of 26 mM SB431542 or 200 uL of vehicle DMSO,
which served as a control. After surgery, pCT analysis was
performed at different time points (Fig. 1A, B). As early as
week 1, there was a significantly increased rate of calvarial
healing in the SB431542 treatment group (61.9%*6.5%,
n=35) versus the control DMSO group (24.5% £ 6.5%, n=5).
This statistically significant difference in the two healing
curves (p<0.05) persisted into week 6 at which point the
SB431542 healing was 73.6% * 8.9% and the DMSO control
group healing was 49.8%+9.0% (Fig. 1B). In marked con-
trast, TGFp treatment reduced calvarial healing compared
with untreated controls, thus confirming the beneficial effect
of inhibiting TGFp signaling for bone repair (Fig. 1C). To
ensure that our SB431542 treatment was effectively inhibit-
ing TGFp signaling in vivo, coronal sections of calvaria de-
fects were harvested at 24 and 72 h postsurgery and analyzed
by immunohistochemistry for endogenous levels of pSmad2/
3, a downstream effector of TGFp signaling (Fig. 1D). We
analyzed the dural membrane spanning the defect for
pSmad2/3 positive staining, because it has been previously
shown that, upon creation of calvarial defects, at early time
points DM cells migrate into the area of defects and con-
tribute significantly to endogenous calvarial healing.'"* In
representative images taken from mice treated with SB431542,
or DMSO, it can be seen that as early as 24 and 72h, our
treatment was effectively suppressing TGFp signaling, as
demonstrated by reduced pSmad?2/3 staining in the SB431542-
treated group as compared with control group (Fig. 1D). To
assess the extent of bony regenerate, histologically, coronal
sections of skulls at 8 weeks postsurgery were stained using
pentachrome procedure. This staining confirmed superior
healing capacity in SB431542-treated groups compared with
DMSO control as indicated by marked bone matrix formation
(Fig. 1E and right panel showing higher magnification of
boxed area). Moreover, ELISA indicated that DM cells pro-
duce significantly higher levels of TGFf1 than POb cells
(Fig. 1F).

Inhibition of TGFf signaling increases osteogenic
capacity and reduces apoptotic activity of DM cells

It has previously been established that DM cells play a key
role in endogenous calvarial healing.**' Therefore, we
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FIG. 1. Inhibition of TGFp signaling using the small molecule inhibitor SB431542 accelerates healing of calvarial defects
in parietal bone. (A) Time course of three representative mouse parietal defects treated with SB431542 or DMSO (control
treatment and solvent for SB431542). (B) Quantification of defect repair (n=5) according to pCT results analyzed using
magic wand tool in Photoshop after standardization of threshold for regenerating calvarial bone. (C) Quantification of
calvarial healing by pCT in TGFp (400 ng)-treated calvarial defects (n=5) versus PBS controls shows significant reduction
in the healing rates 1-week (p <0.01) and 2-week (p <0.001) postsurgery. At later stages, differences persisted with TGF[3-
treated groups healing less than untreated group. (D) Indirect immunofluorescence for pSmad2/3, a downstream effector of
TGFf signaling, performed on coronal sections through DM spanning the calvarial defect shows effective inhibition of
TGFp signaling in vivo at 24 and 72 h after calvarial defect surgery. (E) Pentachrome staining of coronal sections of skull
defect at postsurgery at week 8 showing significant differences in calvarial repair between SB431542-treated defects and
control as well TGFf-treated and corresponding PBS control. Bony tissue regenerate is observed in SB431542-treated
defects as shown in yellow. Right panel is a higher magnification (40x) of dashed box, showing new formed bony tissue in
SB431542-treated calvarial defects. Scale bar: 100 um. (F) ELISA indicates that DM cells elaborate significantly higher
amount of TGFp protein than PODb cells. *p £0.05; **p<0.01; ***p <0.001. DM, dura mater; DMSO, dimethylsulfoxide;
ELISA, enzyme-linked immunosorbent assay; nCT, micro-computed tomography; PBS, phosphate-buffered saline; POb,
parietal bone osteoblast; TGFp, transforming growth factor beta. Color images available online at www.liebertpub.com/tea
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investigated the impact of inhibition of TGFp signaling on
the osteogenic capacity of these cells. Cells were grown in
ODM for 21 days supplemented with either 10 uM SB431542
or the equivalent concentration of DMSO alone as control.
The cells were then stained with 0.2% alizarin red to assess
the mineralization of the extracellular matrix. As shown in
Figure 2A, SB431542-treated cells stained more robustly than
the control group, indicating that inhibition of TGFf signal-
ing enhanced osteogenic differentiation. Quantification of
alizarin red staining confirmed increased mineralization
in SB431542-treated cells (Fig. 1B). In contrast, DM cells

SENARATH-YAPA ET AL.

grown in GM for 21 days supplemented with either 10 uM
SB431542 or the equivalent concentration of DMSO did not
show extracellular matrix mineralization. Immunoblotting
analysis of cell lysates taken at different time points during
osteogenic differentiation revealed effective inhibition of
TGF signaling as signified by reduced pSmad2/3 (Fig. 2C,
lower panel). Furthermore, molecular analysis of specific
osteogenic markers showed enhanced osteocalcin (Bglap)
expression at late time points with a significantly higher level
at day 12 and day 18 in SB431542-treated cells (Fig. 2D).
Runx2 expression was also higher in the SB431542-treated
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FIG. 2.

Inhibition of TGFp signaling by SB431542 in DM cells enhances osteogenic capacity and protects from apoptosis. (A)

Mineralization of the extracellular matrix detected by alizarin red staining. Of note, DM cells cultured in GM with or without
SB431542 treatment did not show extracellular matrix mineralization. (B) Alizarin red quantification shows significantly
increased osteogenic differentiation in SB431542-treated cells compared with DMSO controls. (C) Immunoblotting analysis of
pSmad2/3, pan-Smad2/3, and o-tubulin. Quantification of electrophoretic bands (lower panel) using the Imagel] software
program reveals effective inhibition of TGFf signaling at different time points during osteogenic differentiation. Representative
blot of three independent experiments. (D) Gene expression analysis of early and late osteogenic markers such as Runx2 and
osteocalcin (Bglap) examined by qPCR shows that treatment with SB431542 upregulates Runx2 and Bglap expression. The
relative mRNA level in each sample is normalized to Gapdh. (E) Time course Caspase 3 activity performed on DM cells
undergoing osteogenic differentiation with or without SB431542 demonstrates reduced apoptotic activity in treated cells.
*p <0.05. GM, growth medium; ODM, osteogenic differentiation medium; qPCR, quantitative polymerase chain reaction. Color
images available online at www.liebertpub.com/tea
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group at all time points (Fig. 2D). Taken together, these data
indicate that in vitro inhibition of TGFp signaling enhances
the osteogenic potential of DM cells.

Given that TGFp signaling has been implicated in pro-
moting apoptosis in a number of different tissue types and
that we have previously demonstrated that TGF[ inhibition
reduces apoptosis in murine POb cells,'® we next investi-
gated the effect of this treatment on apoptotic activity in
DM cells.

An osteogenic differentiation assay was performed in the
presence or absence of SB431542, and cell lysates were an-
alyzed for Caspase 3 activity, a key apoptotic protease. As
shown in Figure 2E, SB431542 treatment reduced apoptotic
activity with a significant difference (p <0.05) at day 6. Si-
milar results were observed when SB431542 treatment was
applied to POD cells (data not shown), thus confirming pre-
vious findings'® and indicating that the effect of SB431542
treatment on DM cells mirrored that observed on POb cells.

Inhibition of TGFf signaling potentiates BMP
signaling and demonstrates the presence of cross-talk
between these pathways

Treatment with SB431542 has previously been shown to
promote osteogenic differentiation in immortalized osteo-
blasts. Interestingly, these treatments concurrently led to
phosphorylation of BMP-specific RSmads, such as Smad1/5,
implying the presence of cross-talk between the TGFf and
BMP pathways.”” Therefore, we first sought to establish the
presence of cross-talk in primary cultures of DM cells and
POD cells in vitro. Cell lysates were collected from both cells
undergoing osteogenic differentiation with and without
SB431542 and analyzed for endogenous pSmad2/3 and
pSmadl/5 by the immunoblotting technique. SB431542
treatment effectively decreased endogenous pSmad2/3 levels
in both DM cells (Fig. 3A) and POb cells (Fig. 3B), signi-
fying successful inhibition of TGFp signaling. Conversely,
SB431542 treatment led to increased pSmadl/5 level at 24
and 48 h (Fig. 3C, D). The effect was significant (p <0.05) at
48h for both DM cells (Fig. 3C) and POb cells (Fig. 3D).
Moreover, SB431542 treatment upregulated the expression of
1d2 (Fig. 3E, F), a direct target of Smad1/553, thus further
confirming the activation of the BMP signaling pathway.

Collectively, these data support the existence of cross-talk
between the TGFJ and BMP signaling pathways during
osteogenic differentiation either in DM or in POb cells.

Having demonstrated the presence of cross-talk between
the TGFP and BMP signaling pathways in vitro, we then
examined potential in vivo cross-talk between these path-
ways. Coronal sections of calvaria harvested from mice at
24 and 72h postsurgery were analyzed for endogenous
pSmad2/3 and pSmadl/5 by indirect immunofluorescence.
Administration of SB431542 effectively suppressed TGFf
signaling in vivo. Figure 4A shows representative images
taken of DM cells that span the defect. Intense nuclear
immunofluorescent staining is seen for pSmad2/3 at both 24
and 72 h in all treatment groups except the SB431542 group,
in which nuclear staining significantly reduced at both 24
and 72h. Figure 4B illustrates quantification of the per-
centage of nuclei positive for pSmad2/3 calculated from
six different fields of DM spanning each entire defect. Ta-
ken together, these data demonstrate that treatment with
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SB431542 suppressed pSmad2/3 and, therefore, TGFf sig-
naling in vivo. Conversely to its inhibitory effects on TGFf3
signaling, administration of SB431542 potentiated BMP
signaling, resulting in a more sustained BMP response.
Representative images taken of DM cells that span the de-
fect showed intense nuclear immunofluorescent staining for
pSmad1/5 at 24 and 72h, indicating that although at 24h
there is active BMP signaling in all treatment groups, by
72 h, BMP signaling activation waned in all groups with the
exception of SB431542 (Fig. 4C). Thus, administration of
SB431542 sustained the endogenous activation of BMP
signaling, as indicated also by quantification of the per-
centage of pSmad1/5 positive nuclei (Fig. 4D). Collectively
these data reveal a cross-talk between the TGF and BMP
pathways, thus providing one possible explanation for the
enhanced calvarial healing observed in the SB431542
treatment group relative to DMSO controls.

Upregulation of Smad6 expression in response

to elevated production of BMP2 in SB431542 cells
provides a negative feedback loop to contain
excessive BMP signaling

Downregulation of inhibitory Smad6 has been previously
suggested as a mechanism for cross-talk between the TGFj
and BMP signaling pathways.’® To investigate whether a
similar mechanism may be in play in DM and POb cells, we
performed an expression profile of Smad6 during osteogenic
differentiation. As shown by PCR analysis, SB431542 treat-
ment led to an unexpected Smad6 upregulation rather than the
expected downregulation. Increased Smad6 expression upon
TGFp inhibition was seen in both osteoblasts and DM cells
(Fig. SA, B), thus ruling out the possibility of reduced Smad6
as being the underlying mechanism for the enhanced BMP
signaling observed upon TGFf inhibition by SB431542.

Given the presence of BMP-responsive element in the
promoter of Smad6,>*>> we next investigated whether the
Smad6 upregulation we observed might be a response to
elevated BMP signaling, essentially acting as a negative
feedback loop to contain excessive BMP signaling. Indeed,
POb and DM cells treated with SB431542 expressed in-
creased levels of BMP2 ligand compared with untreated
cells as revealed by both PCR analysis (Fig. 5C, D) and
ELISA performed on conditioned media collected from cells
at day 6 of differentiation (Fig. SE, F). Furthermore, the
Smad6 upregulation in response to SB431542 treatment was
abrogated by addition of noggin (250ng/mL) (Fig. 5G, H).
The latter result suggests that Smad6 upregulation was in-
deed a response to elevated BMP signaling and, therefore,
that a potential reduction in Smad6 was not responsible for
the elevated BMP signaling in response to SB431542 as
initially hypothesized. In contrast, our data demonstrate that
the production of elevated level of BMP2 ligand by
SB431542-treated cells is responsible for a concerted acti-
vation of BMP signaling and upregulation of Smad6, with
the latter providing a negative feedback loop containing
excessive BMP signaling. The occurrence of increased
Smad6 in response to SB431542 treatment was also con-
firmed in vivo by immunofluorescence staining on calvarial
defects (Fig. 51, J). As expected, noggin treatment suppressed
also the enhanced osteogenic differentiation elicited by
SB431542 treatment (Supplementary Fig. S1; Supplementary
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FIG. 3. In vitro cross-talk between the TGFB and BMP signaling pathways. (A) Treatment of DM cells undergoing
osteogenic differentiation with SB431542 leads to effective inhibition of TGFp signaling as demonstrated by reduced pSmad?2/
3 at all time points. Quantification of electrophoretic bands (lower panel) is as already mentioned. Membranes were stripped
and reprobed with o—tubulin antibody to control for equal loading. Total Smad2/3 proteins were detected by specific anti-pan
Smad?2/3 antibody. (B) SB431542 treatment inhibits TGFJ signaling also in PODb cells undergoing osteogenic differentiation as
indicated by reduced endogenous pSmad2/3 at all time points. Lower panel shows quantification of electrophoretic bands. (C)
SB431542 treatment of DM cells undergoing osteogenic differentiation increases significantly endogenous pSmad1/5, at 24
and 48 h, signifying increased activation of BMP signaling. Quantification of pSmad1/5 electrophoretic bands (lower panel).
Membranes were stripped and reprobed with a—tubulin antibody to control for equal loading. Total Smad1/5 proteins were
detected by specific anti-pan Smad5 antibody. (D) SB431542 treatment leads to increase of endogenous pSmad1/5 also in POb
cells. Quantification of pSmad1/5 electrophoretic bands (lower panel). Representative blots of three independent experiments.
(E) qPCR analysis reveals upregulation of the pSmadl1/5 target gene, Id2 in DM cells treated with SB431542 supporting
further the activation of BMP signaling. (F) Similarly, an upregulation of /d2 expression is observed also in SB431542-treated
POD cells. *p<0.05. BMP, bone morphogenetic protein. Color images available online at www.liebertpub.com/tea

Data are available online at www.liebertpub.com/tec) as a
result of its inhibitory activity on BMP2 ligand. These data
provide further strength to the observation that the enhanced
osteogenic differentiation in SB431542-treated cells is a re-
sult of increased BMP signaling.

Molecular mechanism(s) triggered by SB431542
are conserved in primary human osteoblasts

To investigate the potential translational benefit of
SB431542 treatment in the context of large calvarial defects
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FIG. 4. In vivo cross-talk between the TGF and BMP signaling pathways in dural tissue spanning calvarial defects. (A)

Indirect immunofluorescence for pSmad2/3 performed on coronal sections through dura tissue spanning the calvarial defect
shows effective suppression of TGFP signaling in vivo at 24 and 72 h after calvarial defect surgery. (B) Quantification of the
percentage pSmad?2/3 positive nuclei in dura tissue spanning the calvarial defect showing a significant reduction of pSmad2/3
positive nuclei at both 24 and 72 h upon treatment with SB431542. (C) Indirect immunofluorescence for pSmad1/5, performed
on coronal sections through dura spanning the calvarial defect, indicates a more sustained BMP response in the SB431542
treatment group. By 72 h, only the group treated with SB431542 had significantly elevated pSmad1/5. (D) Quantification of the
percentage pSmad1/5 positive nuclei in dura spanning the calvarial defect showing a persistent increase of pSmad1/5 positive
nuclei in SB431542-treated cells, and, therefore, activation of BMP signaling at both 24 and 72 h in the presence of SB431542.
Representative blots of three independent experiments. *p <0.05. Color images available online at www.liebertpub.com/tea

in human patients, we next investigated the impact of
SB431542 treatment on osteogenic capacity of human cal-
varial osteoblast primary cultures derived from parietal
bones (hPOb). To this aim, an osteogenic differentiation
assay was performed on hPOb with and without SB431542.
This treatment enhanced extracellular mineralization of
hPOb compared with untreated cells (Fig. 6A, B), indicating
that inhibition of TGFf signaling also enhances differenti-
ation of human osteoblasts. Furthermore, qPCR analysis of
osteogenic markers revealed higher expression of RUNX2
and BGLAP in SB431542-treated cells as compared with
controls (Fig. 6C). Immunoblotting analysis of pSMAD2/3
on cell lysates from different time points of osteogenic
differentiation showed the effective inhibition of TGFf
signaling by SB431542 (Fig. 6D), while potentiating BMP
signaling as demonstrated by elevated pSMAD1/5 (Fig. 6E).
This effect was most striking at 72 h as opposed to the 48h
observed in the murine studies. In addition, we observed
higher BMP2 and SMADG6 expression also in SB431542-

treated hPOb (Fig. 6F, G), with noggin abrogating upregu-
lation of SMAD6 (Fig. 6G). These results indicate that the
molecular mechanism(s) underlying the calvarial bone re-
generative potential is conserved across species.

Discussion

In this study, by employing an established calvarial de-
fect model, we demonstrate that local administration of
SB431542 can promote more robust skeletal repair in vivo. By
performing immunofluorescence for pSmad2, on coronal sec-
tions of treated calvaria, we prove effective inhibition of TGFf3
signaling in vivo, and we show significant differences in rates
of healing between SB431542-treated and untreated defects.
As indicated by PCT and histological analysis, the healing rate
of defects treated with SB431542 was significantly higher than
control groups. To our knowledge, this is the first evidence
showing that in vivo inhibition of TGFf signaling promotes
skeletal repair through activation of the BMP pathway.
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FIG. 5. Small molecule inhibition of TGFp signaling using SB431542 upregulates Smad6 and Bmp2. (A) qPCR analysis
performed on PODb cells undergoing osteogenic differentiation reveals that inhibition of TGF} by SB431542 treatment significantly
upregulates Smad6 expression. (B) qPCR analysis on DM cells showing a similar upregulation of Smad6 in SB431542-treated
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shows that the Bmp2 expression profile in SB431542-treated DM cells mirrors that observed in treated PODb cells. (E) BMP2
immunodetection by ELISA at day 6 of osteogenic differentiation confirms significantly higher levels of BMP2 in SB431542-
treated PODb cells than in untreated cells. (F) ELISA reveals higher levels of BMP2 also in SB431542-treated DM cells. (G) gPCR
analysis showing that noggin abrogates the upregulation of Smad6 observed in SB431542-treated POb cells. (H) Similarly, noggin
suppresses Smad6 upregulation in SB431542-treated DM cells. (I) Immunofluorescence staining for Smad6 performed on coronal
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followed by incubation with Alexa Fluor 488 goat antirabbit IgG secondary antibody. Specimen used as negative control was a
coronal section of SB431542-treated calvarial defects. *p <0.05. Color images available online at www liebertpub.com/tea

Previously, Schindeler et al. showed increased expression
of osteogenic markers in SB431542-treated MC3t3-E1 mu-
rine preosteoblast cell line, whereas systemic administration
did not lead to increased intramedullary bone formation in a
model after marrow ablation and intramedullary reaming.”®
The choice of a long bone model in this previous study, rather

than a calvarial model, may account for differences in local
availability of osteoprogenitors, and, therefore, may be a
possible explanation for the disparity with our findings.
Several reports indicated that DM cells play a key role in
calvarial skeletal repair. These cells are highly proliferative
after the creation of calvarial defects and migrating into the
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FIG.6. Small molecule inhibition of TGF[} signaling using SB431542 on primary human PODb cells enhances osteogenic capacity
and leads to increased BMP signaling through cross-talk. (A) Mineralization of the extracellular matrix detected by alizarin red
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antibodies. (F) PCR analysis reveals that SB431542-treated cells express significantly more BMP2. (G) PCR showing that increased
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site of the healing defect to contribute to skeletal repair.'*  of osteoprogenitors for which TGFp signaling is required

Gosain et al. using a polytetrafluoroethylene barrier to shield
either the DM or the pericranium from the site of a calvarial
defect created in rabbit, demonstrated that DM was the main
source of cells contributing to repairing the defect.”®

In our calvarial defect model, where great care is taken to
preserve the underlying DM, the need for local recruitment

may be less pressing because of abundant local availability
of osteoprogenitors in the DM. In this context, the effect of
SB431542 on promoting terminal differentiation and ma-
trix mineralization phases of differentiation might play
the dominant role over osteoprogenitor recruitment, unlike
in long bone injury models. Furthermore, given that the
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DM cells express high levels of TGFJB (Supplementary
Fig. SID), inhibition of this pathway will have a heightened
pro-osteogenic effect by promoting osteoblastic differenti-
ation of osteoprogenitors within this layer.

Using DM cells, we also established that SB431542
treatment enhanced osteogenesis relative to controls. Al-
though there was no significant difference in Runx2 ex-
pression, there was significantly increased Bglap expression
in the maturation phase, supporting previous findings on the
role of SB431542 in the late phases of differentiation.’?
Apoptotic activity of DM cells undergoing osteogenic dif-
ferentiation was also significantly reduced, mirroring the
earlier finding in parietal osteoblasts.'®

We investigated next whether a cross-talk between TGFf3
and BMP signaling would be the mechanism for the observed
increase in osteogenic capacity. Analysis for endogenous
pSmad2 performed on both DM cells and POb cells during
osteogenic differentiation indicated that suppression of
pSmad?2/3 levels by SB431542 at 24 and 48 h was paralleled
by increase in endogenous pSmad1/5, signifying activation of
BMP signaling, and, therefore, the presence of a cross-talk
more prominent at early time points. The effects at 72h and
day 6 were not significant and appeared to follow a waning
BMP response after the 48-h time point. Cross-talk between
the TGFf} and BMP pathways was also confirmed in vivo by
immunofluoresence performed on calvarial defects, showing
that a rapid effective supression of TGFP signaling in the
SB431542-treated group was paralleled by a prolonged acti-
vation of BMP signaling. Thus, upon TGFp inhibition with
SB431542, there is a release from this natural rheostat on
BMP signaling, leading to a prolonged response and, there-
fore, faster and more robust in vivo calvarial regeneration.

To investigate the potential translational benefit of
SB431542 treatment in human bone repair, we tested the
effect of SB431542 on primary human parietal osteoblasts.
The results indicated that SB431542 enhances osteogenesis
in a molecular manner similar to that observed in mouse.

Our investigation into the potential molecular mecha-
nism(s) for cross-talk began with analysis for Smad6 ex-
pression to test whether a downregulation of this inhibitory
Smad would be responsible for mediating cross-talk between
the TGFP and BMP pathways as previously reported.’> The
initial hypothesis was that a reduction in Smad6 expression,
as a result of TGFp inhibition with SB431542, might be re-
sponsible for activation of BMP signaling. Administration of
SB431542, however, led to an unexpected rise in Smad6 in
both DM cells and osteoblasts, thereby ruling it out as a
possible mechanism for cross-talk in our study. The disparity
between ours and previous findings,”> however, may well
reflect differences between the immortilized C2C12 cells
used in the previous study and our cells that are primary cells.
Interestingly, we found that increased levels of BMP2 in cells
treated with SB431542 to be responsible for Smad6 upregu-
lation as indicated by suppression of this response with
noggin treatment. Taken together, these data suggest that
Smado is not responsible for the cross-talk between the TGFf
and BMP pathways, but rather is upregulated in response to
enhanced BMP activity in SB431542-treated cells. Smado6,
therefore, fine-tunes BMP signaling activity through a nega-
tive feedback loop to contain excessive BMP signaling
(Fig. 7). The mechanism(s) highlighted in this study represent
an opportunity to optimize and/or potentiate the osteogenic
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the healing of bone. Furthermore, SB431542 upregulates in-
hibitory Smad6 in response to elevated BMP2, thus providing
a negative feedback loop to contain excessive BMP signaling.
Color images available online at www.liebertpub.com/tea

fate of other cells, likely adipose-derived stem cells, for their
use in bone-regenerative medicine.

In conclusion, our study demonstrates that SB431542-
induced TGFf inhibition promotes calvarial regeneration by
potentiation and prolongation of the BMP signaling re-
sponse to injury and possibly by reducing apoptotic activity.
Furthermore, the conservation of these mechanism(s) in
human calvarial osteoblasts points to the possibility that
small molecule modulation of TGF signaling may be a
viable therapeutic approach either in isolation or as adjunct
to conventional therapies for large calvarial defects. This
approach could also conceivably be used as an adjunct to
novel cellular therapeutic approaches. Collectively, these
data set the stage for potential translational applications of
small molecules for skeletal repair.
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