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Abstract

Skeletal regenerative medicine frequently incorporates deliverable growth factors to stimulate
osteogenesis. However, the cost and side effects secondary to supraphysiologic dosages of growth
factors warrant investigation of alternative methods of stimulating osteogenesis for clinical
utilization. In this work, we describe growth factor independent osteogenic induction of human
mesenchymal stem cells (nMSCs) on a novel nanoparticulate mineralized collagen
glycosaminoglycan scaffold (MC-GAG). hMSCs demonstrated elevated osteogenic gene
expression and mineralization on MC-GAG with minimal to no effect upon addition of BMP-2
when compared to non-mineralized scaffolds (Col-GAG). To investigate the intracellular
pathways responsible for the increase in osteogenesis, we examined the canonical and non-
canonical pathways downstream from BMP receptor activation. Constitutive Smad1/5
phosphorylation with nuclear translocation occurred on MC-GAG independent of BMP-2,
whereas Smad1/5 phosphorylation depended on BMP-2 stimulation on Col-GAG. When non-
canonical BMPR signaling molecules were examined, ERK1/2 phosphorylation was found to be
decreased in MC-GAG but elevated in Col-GAG. No differences in Smad2/3 or p38 activation
were detected. Collectively, these results demonstrated that MC-GAG scaffolds induce
osteogenesis without exogenous BMP-2 addition via endogenous activation of the canonical BMP
receptor signaling pathway.

"Corresponding author: Division of Plastic and Reconstructive Surgery, UCLA David Geffen School of Medicine, 200 UCLA Medical
Plaza, Suite 465, Los Angeles, CA 90095-6960, USA. Tel.:+1 310 794 7616; fax:+1 310 206 6833. justine@ucla.edu (J.C. Lee).
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1. Introduction

Skeletal regenerative medicine emerged as a field of investigation to address the current
limitations for treating large osseous defects secondary to congenital, traumatic, and post-
oncologic conditions. Although there is little debate that the optimal method of bone
replacement is using completely autologous vascularized or non-vascularized bone,
significant donor site morbidity occurs from harvesting bone [1-3].

Current methods for bone tissue engineering incorporate three elements: cells capable of
undergoing osteogenic differentiation, growth factors, and scaffolding material [4,5]. The
cellular component is frequently utilized to both initiate osteogenesis on the scaffold as well
as to induce migration of osteogenic and angiogenic cells of the host environment. Growth
factors are added to stimulate osteogenesis and potentially induce host site cells to
differentiate into osteogenic cells. One of the most common family of growth factors used to
induce osteogenesis is the bone morphogenetic protein (BMP) family [6]. To date, over 15
molecules of the BMP and growth and differentiation factor (GDF) subfamily have been
identified and two have been approved for use in clinical medicine [7]. However, both cost
and complications such ectopic bone formation, resorption, and decreased maxillary growth
suggest that alternative clinical methods of inducing bone regeneration are warranted [8—
10].

BMPs are first synthesized as precursor proteins that dimerize intracellularly. Upon
dimerization, precursor proteins are cleaved at the consensus Arg-x-x-Arg site, yielding
carboxy-terminal mature dimers that are secreted. Following secretion from cells, BMP
dimers activate intracellular processes by binding to BMP receptor (BMPR) complexes [11].
Depending on the method of BMPR oligomerization, activation of the canonical or non-
canonical pathways may occur (Fig. 1). In the canonical BMPR pathway, the receptor
Smads (Smad1/5/8) are recruited and phosphorylated. Phosphorylated receptor Smads
associate with co-Smad (Smad4) and translocate to the nucleus to activate transcription of
various genes. In the non-canonical pathway, activation of ERK and p38 MAPK pathways
occur. Both ERK and p38 MAPK have the capabilities to target receptor Smads for
proteasomal degradation [12]. In addition, BMP receptors can also activate the Smad2/3
pathway as an additional non-canonical pathway. Although Smad2/3 is traditionally thought
to be downstream of TGF-f receptor signaling, activation of the Smad2/3 pathway via BMP
receptors has been reported in development and cancer [13,14].

Differences in scaffolding material have differential osteogenic properties depending on the
material, porosity, and ability to mimic the organic and inorganic components of the normal
extracellular matrix of bone [4]. Without the organic component, inorganic scaffolds based
on calcium phosphate or calcium sulfate are osteoconductive but can be limited by variable
resorption rates or brittle mechanical properties [15]. Without the inorganic component,
collagen scaffolds lack structural strength and demonstrate significant contraction during
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mineralization [16-19]. The combination of collagen and mineral content has been
evaluated previously and found to have promise in osteoconduction and bone healing,
although the mechanism remains unknown and the superiority of such scaffolds in
comparison to other types of scaffolds are unclear [20-23]. We have found that combining
both the organic and inorganic components of the ECM in the form of a novel
nanoparticulate mineralized collagen glycosaminoglycan (MC-GAG) scaffold results in a
highly osteogenic and structurally stable scaffold for both primary rabbit bone marrow
stromal cells and primary human mesenchymal stem cells [18,19,24,25]. In this work, we
investigate osteogenic differentiation of human mesenchymal stem cells on MC-GAG
scaffolds in conjunction with BMP-2 stimulation.

2. Materials and methods

2.1. Fabrication of non-mineralized and mineralized collagen scaffolds

Collagen-GAG scaffolds were prepared using the lyophilization process described
previously [18,25,26]. Briefly, a suspension of collagen and GAGs or collagen-
glycosaminoglycan-calcium phosphate (CGCaP) were produced by combining
microfibrillar, type I collagen (Collagen Matrix, Oakland, NJ) and chondroitin-6-sulfate
(Sigma—Aldrich, St. Louis, MO) in a solution of 0.05 M acetic acid (pH 3.2) or with calcium
salts (calcium nitrate hydrate: Ca(NO3),-4H,0; calcium hydroxide: Ca(OH),, Sigma—
Aldrich) in a solution of phosphoric acid, respectively. The suspension was frozen using a
constant cooling rate technique (1 °C/min) from room temperature to a final freezing
temperature of =10 °C using a freeze dryer (Genesis, VirTis). The ice phase was sublimated
under vacuum (<200 mTorr, 0 °C). Disks 5.8 mm in height and 8 mm in diameter were
prepared using punch biopsies for cultures. Scaffold porosity was 85 + 3% [27], pore size
was 156 + 6 um [26,27], and morphology consisted of isotropic pores with a
transverse:longitudinal pore aspect ratio of 0.95 £ 0.01 [26] as we previously reported. All
scaffolds were sterilized via ethylene oxide.

2.2. Chemical crosslinking of mineralized and non-mineralized collagen scaffolds

Non-mineralized scaffolds (Col-GAG) and mineralized scaffolds (MC-GAG) were weighed
before chemical crosslinking. These were placed into 100% ethanol under a laminar flow
hood and left overnight. The scaffolds were then placed in serial dilutions of ethanol and
phosphate buffered saline (PBS, Sigma Aldrich) every 2 h, to a final solution of 100% PBS,
then allowed to hydrate overnight. Scaffolds were crosslinked in a solution of 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC, Sigma Aldrich) and N-hydroxysuccinimide
(NHS, Sigma Aldrich) at a molar ratio of 5:2:1 EDC:NHS:COOH where COOH represents
the amount of collagen in the scaffold in distilled, deionized water for 2 h at room
temperature [28]. The concentrations of EDC and NHS employed for crosslinking the
scaffolds were based on previously established methods [26,29,30]. The concentration of
EDC and NHS were based off of the dry weight of collagen within each scaffold. For
mineralized scaffolds 0.0111 g/scaffold EDC and 0.0026 g/scaffold NHS were used. For
non-mineralized control scaffolds, 0.0029 g/scaffold EDC and 0.0007 g/scaffold NHS were
used. Both resulted in an identical crosslinking density [28]. After crosslinking, the scaffolds
were washed in fresh PBS for an additional 2 h to remove any remaining chemical.
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2.3. Cell culture

hMSCs (Lonza, Inc., Allendale, NJ) were expanded in Corning cellgro Dulbecco’s
Modification of Eagle’s (Mod.) (DMEM) supplemented with 10% fetal bovine serum (FBS)
(Atlanta Biologicals, Atlanta, GA), 2 mM L-glutamine (Life Technologies, Carlsbad, CA),
100 1U/mL penicillin/100 pg/mL streptomycin (Life Technologies). At passage 3, 2 x 10°
hMSCs were seeded onto 8-mm Col-GAG and MC-GAG scaffolds in proliferation media.
24 h after seeding, proliferation media was exchanged for osteogenic differentiation media
consisting of 10 mM B-glycerophosphate, 50 pg/mL ascorbic acid and 0.1 uM
dexamethasone. Scaffolds were untreated or treated with rhBMP-2 at a concentration of 50
ng/mL. Fresh BMP-2 (50 ng/mL) was added to each media change every 3 days.

2.4. Quantitative real-time reverse-transcriptase polymerase chain reaction

Scaffolds were processed for total RNA extraction using the RNeasy kit (Qiagen, Valencia,
CA) at 0, 3, and 14 days. Gene sequences for -actin, alkaline phosphatase (ALP), type |
collagen (Col 1), and osteopontin (OPN) were obtained from the National Center for
Biotechnology Information gene database and oligonucleotide primers designed (Table 1).
Quantitative real-time reverse-transcriptase polymerase chain reaction (RT-PCR) was
performed on the Opticon Continuous Fluorescence System (Bio-Rad Laboratories, Inc.,
Hercules, CA) using the QuantiTect SYBR Green RT-PCR kit (Qiagen). Cycle conditions
were as follows: reverse transcription at 50 °C (30 min); activation of HotStarTag DNA
polymerase/inactivation of reverse transcriptase at 95 °C (15 min); and 45 cycles of 94 °C
for 155, 58 °C for 30°s, and 72 °C for 45 s. Results were analyzed using the comparative CT
method for analyzing reverse-transcriptase polymerase chain reaction data and presented as
representative graphs of triplicate experiments.

2.5. Western blot

Lysates for western blot analysis were prepared from scaffolds at 0, 3, 14, and 24 days of
culture using Phosphosafe lysis buffer (Novagen, Madison, WI). Equal amounts of protein
lysates were subjected to 4-20% SDS-PAGE (Bio-Rad, Hercules, CA). Western analysis
was carried out with antibodies against phosphorylated Smad1/5 (p-Smad1/5), total
Smad1/5/8, phosphorylated ERK1/2 (p-ERK1/2), total ERK1/2, phosphorylated Smad2/3
(p-Smad?2/3), total Smad2/3, phosphorylated p38 (p-p38), total p38, and B-actin followed by
1:4000 dilutions of horseradish peroxidase-conjugated IgG antibodies (Bio-Rad, Hercules,
CA) and an enhanced chemiluminescent substrate (Thermo Scientific, Rockford, IL). For
detection of p-Smad1/5 and total Smad1/5/8, 40 ug of lysate was loaded per lane. For
detection of p-ERK1/2 and total ERK1/2, 60 ug of lysate was loaded per lane. For detection
p-p38, total p38, p-Smad2/3, total Smad2/3, 50 ug of lysate was loaded per lane. All primary
phospho antibodies were obtained from Cell Signaling Technologies (Beverly, MA) and all
primary full length antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz,
CA). Imaging was carried out using ImageJ (NIH, Bethesda, MD).

2.6. Histology and immunohistochemistry

Histologic studies were performed on scaffold cultures at 24 days and 6 weeks. Scaffolds
were fixed at 10% normal buffered formalin, embedded in paraffin, and sectioned at 4
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microns using standard techniques. The sections were deparaffinized and stained with
hematoxylin and eosin, Alizarin Red, or anti-p-Smad1/5 (Cell Signaling Technologies,
Beverly, MA) and processed with the Dako automated FLEX system (Dako, Carpinteria,
CA). All slides were analyzed qualitatively using a standard microscope and digitally
photographed at 20x magnification.

2.7. Micro—computed tomographic imaging

Mineralization was followed by micro—computed tomographic imaging (LCT) using the
Scanco UCT 35 (Scanco Medical AG, Bruttisellen, Switzerland) at 6 and 12 weeks in culture
(n = 3 scaffolds per timepoint). Scaffolds were fixed using 10% formalin for 24 h and stored
in 70% ethanol at 4 °C. Scans were performed using medium resolution settings with a
source voltage of 70 E (kVp) and | (UA) of 114. The images had a final element size of 12.5
pum. Two-dimensional images were analyzed using software supplied from Scanco (Image
Processing Language version 5.6). Scaffold areas were contoured to establish volumes of
interest by visual examination of serial slices in all of the specimens. Optimum arbitrary
threshold values of 20 (showing scaffold and mineralization) and 80 (mineralization alone)
were used uniformly for all specimens to quantify mineralized areas from surrounding
unmineralized scaffold.

Histomorphometric analysis of three-dimensional reconstructions was performed using
Scanco Evaluation scripts no. 2 (three-dimensional segmentation of two volumes of interest:
solid dense in transparent low-density object) for three-dimensional images and script no. 6
(bone volume/density only bone evaluation) for volume determinations.

2.8. Statistical analysis

3. Results

Computer-assisted statistical analyses were performed using SigmasStat 3.5 (Systat Software,
Inc., San Jose, CA). Data points were composed of duplicates of at least three independent
experiments, unless otherwise indicated. Mean measurements of MRNA expression were
analyzed for statistical significance by either analysis of variance or independent Student’s t-
test, as appropriate. A value of p < 0.05 was considered significant.

3.1. Mineralized collagen glycosaminoglycan scaffolds upregulate alkaline phosphatase,
osteopontin, and collagen | expression in bone marrow derived human mesenchymal stem

cells

hMSCs (CD105*CD166*CD29*CD44"CD14-CD34-CD45™) from a bone marrow source
were cultured in osteogenic differentiation medium on Col-GAG or MC-GAG scaffolds
treated with and without BMP-2. Total RNA isolated at 0, 3, and 14 days in culture were
subjected to quantitative RT-PCR in triplicate (Fig. 2). All genes were reported as a relative
change in expression levels in relationship to day 0 expression. On day 3, expression of
alkaline phosphatase (ALP) was somewhat increased in BMP-2 treated MC-GAG scaffolds
in comparison to BMP-2 treated Col-GAG scaffolds. No statistically significant differences
were noted in treated versus untreated scaffolds for either Col-GAG or MC-GAG. By day
14, MC-GAG scaffolds expressed more ALP both with and without BMP-2 treatment in

Biomaterials. Author manuscript; available in PMC 2015 November 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Renetal.

Page 6

comparison to Col-GAG scaffolds in a statistically significant manner. Addition of BMP-2
to day 14 cultures on MC-GAG scaffolds added only a modest increase in ALP expression.
For collagen I (Col 1), minimal to no differences in gene expression occurred on day 3. On
day 14, only the MC-GAG scaffolds demonstrated an elevation of Col | transcripts both in
the absence and presence of BMP-2. Addition of BMP-2 did not result in a statistically
significant increase in Col I expression in MC-GAG scaffolds. Lastly, osteopontin (OPN)
expression displayed increases in both day 3 and 14 of culture in the MC-GAG scaffolds in
comparison to Col-GAG scaffolds with and without BMP-2 stimulation. Again, BMP-2 did
not have a statistically significant effect on OPN gene expression.

For both timepoints, all three genes showed statistically significant increases in osteogenic
gene expression for the MC-GAG scaffolds in comparison to the Col-GAG scaffolds.
Interestingly, exogenous BMP-2 stimulation had only a minor effect on osteogenic gene
expression suggesting that addition of mineral content is more osteogenic than exogenous
BMP-2 stimulation.

3.2. Mineralization of hMSCs is increased in response to nanoparticulate mineralized
collagen-GAG scaffolds

To investigate whether the increases in osteogenic gene expression translated to increased
mineralization, hMSCs-seeded on Col-GAG and MC-GAG scaffolds in the presence and
absence of BMP-2 (50 ng/mL) were subjected to histologic analysis (Fig. 3) and uCT
scanning (Fig. 4).

Similar to the gene expression studies, mineralization of hMSCs was more robust in the
MC-GAG scaffolds in comparison to the Col-GAG scaffolds at both day 24 and 6 weeks of
culture in Alizarin Red staining (Fig. 3). Again, BMP-2 had, at best, a modest effect for
hMSCs at day 24 on Col-GAG scaffolds but no obvious increases in mineralization for MC-
GAG scaffolds. Of note, all of the mineralized content in Col-GAG scaffolds at the 6 week
timepoint was found at the surfaces of the scaffold.

At 6 and 12 weeks of culture, uCT scanning confirmed that mineralization was significantly
increased in MC-GAG scaffolds in comparison to Col-GAG scaffolds (Fig. 4). While MC-
GAG scaffolds showed mineralized content throughout the entirety of the scaffold,
mineralization was limited to the surface of Col-GAG scaffolds at either timepoint. An
analysis of the percent mineralized volume to total scaffold in triplicate (Fig. 4B) showed
statistically significant differences in MC-GAG versus Col-GAG scaffolds whereas no
differences were found in the presence or absence of BMP-2. Although a small amount of
mineralization occurred in either scaffold when incubated in cell free medium for 6 and 12
weeks, the amount of mineralization was minimal in comparison to the mineralization
achieved with cellular content. This confirms that addition of mineral content to Col-GAG
scaffolds surpasses the effects of BMP-2 stimulation on osteogenesis and mineralization of
hMSCs.
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3.3. Constitutive Smad1/5 phosphorylation in hMSCs on MC-GAG scaffolds with decreased
ERK phosphorylation

To elucidate the mechanism behind increased osteogenesis in MC-GAG scaffolds in
relationship to Col-GAG scaffolds, the Smad dependent and independent pathways of BMP
receptor signaling were investigated (Fig. 5). In Col-GAG scaffolds, phosphorylated
Smad1/5 (p-Smad1/5) was demonstrated in response to BMP-2 stimulation at all three
timepoints. Minimal amounts of p-Smad1/5 were detected in the untreated Col-GAG
scaffolds. Total Smad1/5 and actin western blots showed equal total Smad1/5 expression
across all of the scaffolds. MC-GAG scaffolds were dramatically different in both the
quantity of Smad1/5 phosphorylation and response to BMP-2. Even at day 0, MC-GAG
scaffolds showed significant p-Smad1/5. P-Smad1/5 was slightly increased at days 14 and
24 in BMP-2 treated scaffolds but was also strongly detected in untreated scaffolds. Again,
total Smad1/5 and actin demonstrated equal protein expression in all scaffolds. These data
demonstrated that the BMPR canonical pathway is constitutively activated in MC-GAG
scaffolds with minimal additional activation in the presence of exogenous BMP-2.

To evaluate the non-canonical BMP receptor pathways for comparison to Smad1/5
activation, phosphorylated ERK1/2 (p-ERK1/2), phosphorylated p38 (p-p38), and
phosphorylated Smad2/3 (p-Smad2/3) were compared to the respective total protein (Fig.
5B-D). In contrast to Smad phosphorylation, p-ERK1/2 was elevated in the Col-GAG
scaffolds in comparison to the MC-GAG scaffolds. At day 0, p-ERK1/2 was found in
abundance in Col-GAG scaffolds whereas a comparatively small amount of p-ERK1/2 was
detected in MC-GAG scaffolds. At both days 14 and 24, BMP-2 stimulation resulted in a
slight reduction in p-ERK1/2 in Col-GAG and MC-GAG scaffolds. Both total ERK1/2 and
actin expression were equal in all of the scaffolds. No differences in p-p38, p-Smad2/3, or
their respective total proteins were detected (Fig. 4C and D). These data show that MC-
GAG scaffolds downregulate ERK1/2 phosphorylation. Interestingly, BMP-2 stimulation
downregulates ERK1/2 expression at later timepoints in either non-mineralized or
mineralized scaffolds.

3.4. Phosphorylated Smad1/5 translocates to the nucleus in both Col-GAG and MC-GAG

scaffolds

Following phosphorylation, Smad1/5 translocates to the nucleus to activate transcription of
downstream targets. To confirm that the p-Smad1/5 detected in western blots was capable of
nuclear translocation, Col-GAG and MC-GAG scaffolds seeded with hMSCs at 24 days and
6 weeks of culture, untreated and treated with BMP-2 stimulation, were subjected to
immunohistochemistry with an antibody against p-Smad1/5 (Fig. 6). Strong staining and
nuclear localization of p-SmadZ1/5 was seen in the presence and absence of BMP-2 in MC-
GAG scaffolds at both timepoints. Col-GAG also demonstrated nuclear p-Smad1/5 staining
at day 24. Similar to the Alizarin red staining (Fig. 3) and micro-CT data (Fig. 4A), the p-
Smad1/5 staining could only detected at the most peripheral edges of the scaffold. At 6
weeks of culture, p-Smad1/5 was no longer detected on Col-GAG scaffolds even at the most
peripheral aspects of the scaffold.
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4. Discussion

In this work, we investigated the contribution of exogenous BMP-2 stimulation to
osteogenic differentiation of hMSCs on mineralized collagen glycosaminoglycan scaffolds.
Interestingly, our data showed that MC-GAG scaffolds were independently efficient at
osteogenic gene expression and mineralization of hMSCs. The addition of BMP-2 resulted
in a modest increase of alkaline phosphatase expression and no statistically significant
differences in expression of other osteogenic genes or mineralization. To elucidate the
signaling molecules that may contribute to this effect, we demonstrated that the canonical
BMP receptor Smads (Smad1/5) were constitutively phosphorylated in MC-GAG scaffolds
with or without BMP-2 stimulation, whereas phosphorylated Smad1/5 was largely
dependent on BMP-2 stimulation in Col-GAG scaffolds. On examination of three non-
canonical BMP receptor signaling pathway molecules, ERK1/2 phosphorylation was the
only factor that demonstrated differences between Col-GAG and MC-GAG scaffolds. With
respect to Smad1/5 phosphorylation, ERK1/2 phosphorylation showed an inverse
relationship to the two scaffolds. In Col-GAG scaffolds, greater amounts of p-ERK1/2 were
found in comparison to MC-GAG, especially at the earliest time-points. At days 14 and 24,
both Col-GAG and MC-GAG scaffolds showed decreased p-ERK1/2 in response to BMP-2
stimulation. For both p38 and Smad?2/3, a baseline level of phosphorylated proteins was seen
in both scaffolds at all timepoints. Lastly, p-Smad1/5 nuclear translocation was clearly
demonstrated in both Col-GAG and MC-GAG scaffolds. Unlike MC-GAG scaffolds where
p-Smad1/5 positive cells were easily detected throughout the scaffold, Col-GAG scaffolds
only showed p-Smad1/5 positive cells at the peripheral edges of the scaffold on day 24. By 6
weeks, no p-Smad1/5 could be detected in Col-GAG scaffolds while MC-GAG continued to
show robust nuclear staining.

The combination of our current work raises several questions on scaffold biology and
osteogenic differentiation of hMSCs. First, a common theme in the hMSC-mediated
mineralization of scaffolds is that Col-GAG scaffolds reproducibly showed osteogenic
differentiation and mineralization at the periphery whereas MC-GAG demonstrated
excellent mineralization throughout the entirety of the scaffold. This phenomenon correlated
to the distribution of hMSCs on the scaffold. While there are only slight differences in
porosity of the scaffolds, previous studies showed that Col-GAG and MC-GAG scaffolds
differed in terms of both the presence of hanoparticulate calcium phosphate particles as well
as increased elastic moduli [25,26]. Several investigators have proposed a role for inorganic
ions in stimulating osteogenic differentiation of various progenitor cell types and cell lines
[31-34]. Specifically, phosphate ion has generated excitement in the field of vascular
biology due to an increased propensity for intravascular calcification with
hyperphosphatemia seen in chronic renal disease [35,36]. The mechanism behind phosphate-
induced osteogenesis has been partially elucidated to involve the ubiquitous sodium
phosphate cotransporter SLC20al, adenosine signaling, and ERK1/2 phosphorylation
[34,37,38]. Because ERK1/2 phosphorylation was seen in lower amounts in MC-GAG
scaffolds, it is likely that calcium phosphate may contribute to osteogenic differentiation and
cell migration in a slightly different manner than the reported mechanism. One possibility is
that the mineral content stimulates BMP receptor oligomerization thereby constitutively
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activating the BMP receptor signaling pathway. Another possibility is that intracellular
transport of calcium or phosphate ions inhibits negative regulators of the Smad signaling
pathway such as Smad6 or Smad7. The separate contributions of calcium versus phosphate
in osteogenic differentiation may be an interesting avenue for future studies.

MC-GAG scaffolds demonstrated a decreased amount of ERK1/2 phosphorylation in
comparison to Col-GAG scaffolds. In both Col-GAG and MC-GAG scaffolds, BMP-2
stimulation actually decreased the amount of ERK1/2 phosphorylation detected on western
blots. Similar to hMSCs, we have recently shown that ERK1/2 downregulation occurs in
primary rabbit bone marrow stromal cells undergoing osteogenic differentiation [39]. Our
laboratory has also previously reported that ERK1/2 activation inhibits osteogenic
differentiation of MC3T3-EL1 cells in three-dimensional systems [40]. In combination, our
current data and previous work suggest that the canonical BMPR signaling pathway is
preferentially induced during osteogenic differentiation in three-dimensional cultures across
multiple progenitor cell types and across species.

5. Conclusions

Clinically, the limited availability of autologous bone for skeletal replacement has resulted
in the development of various alloplastic implants and usage of recombinant growth factors.
For complicated wounds such as radiated tissues or composite tissue deficiencies, alloplastic
implant failures range from 16 to 62% from extrusion or infection [3,41-43]. Outcomes
studies of BMP-2 usage are now showing evidence of complications such as heterotopic
ossification, resorption, disturbances in maxillary growth, and elevated cancer rates [10,44].
It is clear that neither of the former methods are adequate universal solutions for clinical use.
Methods that minimize or eliminate the reliance on artificial implants and growth factors are
essential areas for investigation. In this work, our finding that a novel mineralized collagen
glycosaminoglycan scaffold independently induced robust osteogenesis without BMP-2
stimulation lays the groundwork on a host of clinical possibilities based on biomaterials and
cellular infiltration without the untoward effects of supraphysiologic growth factor
stimulation.
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Fig. 1.

BMP receptor mediated pathways. The canonical BMP receptor mediated pathway is
activated upon ligand binding with the BMPR tetramer composed of type | and type 11
dimers. Upon binding, the BMP receptor Smads (Smad1/5/8) are recruited to the receptor
complex and phosphorylated. Phosphorylated Smad1/5/8 bind to Smad4 (the co-Smad)
resulting in nuclear translocation and transactivation of osteogenic genes. In the non-
canonical pathway, BMP binds to the type | BMPR dimer thereby recruiting type 1l BMPR
dimers. The assembled receptor/ligand complex is then internalized and various intracellular
signaling molecules are activated including the p38 MAPK, ERK1/2, PI3K/Akt, and the

Smad?2/3.
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Fig. 2.
Relative mRNA expression of alkaline phosphatase, collagen I, and osteopontin in hMSCs

in response to BMP-2 on Col-GAG and MC-GAG scaffolds. Real-time RT-PCR analysis of
A) alkaline phosphatase (ALP), B) collagen | (Col 1), and C) osteopontin (OPN) expression
of hMSCs with and without BMP-2 (50 ng/mL) treatment in Col-GAG and MC-GAG
scaffolds at days 3 and 14 of culture. Data is expressed as the mean + SD of three
independent experiments. P value is shown in the figure.
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Fig. 3.

Histology of hMSCs undergoing osteogenesis on Col-GAG and MC-GAG scaffolds in the
absence and presence of BMP-2. H&E and Alizarin Red staining of histologic sections of
Col-GAG and MC-GAG scaffolds cultured with hMSCs in osteogenic medium in the
presence or absence of BMP-2 (50 ng/mL) for 24 days or 6 weeks. (Magnification, 20x).
(For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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Mineralization on UCT scanning of hMSCs cultured on Col-GAG and MC-GAG scaffolds in
the absence and presence of BMP-2. A) Representative 3D reconstructed uCT scans of
histologic sections of collagen scaffolds cultured with hMSCs in osteogenic medium in the
presence or absence of BMP-2 for 6 and 12 weeks on Col-GAG and MC-GAG scaffolds. B)
Quantification of mineralized content on uCT scans in triplicate. CF, cell free.
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Fig. 5.

Elgvated Smad1/5 phosphorylation and decreased ERK1/2 phosphorylation of hMSCs on
MC-GAG scaffolds. Western blot of A) phosphorylated Smad1/5 (P-Smad1/5) and total
Smad (Smad1/5/8), B) phosphorylated ERK1/2 (P-ERK1/2) and total ERK1/2, C)
phosphorylated p38 (p-p38) and total p38, D) phosphorylated Smad2/3 and total Smad2/3.
Actin controls are shown for each blot. All western blots were run in triplicate. A
representative blot for each is shown.
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Fig. 6.

Phosphorylated Smad1/5 is localized in the nucleus of hMSCs on both Col-GAG and MC-
GAG scaffolds. hMSCs cultured on Col-GAG and MC-GAG scaffolds were stained with
anti-P-Smad1/5 at 24 days and 6 weeks in the absence and presence of BMP-2. Arrows
denote nuclear staining. In the lower panels, high power inserts demonstrate nuclear

staining.
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Table 1

Primer sequences.

Genes Oligonuclectide sequence

B-Actin sense 5-TCACCCACACTGTGCCCCATCTACGA-3

B-Actin antisense  5’-CAGCGGAACCGCTCATTGCCAATGG-3’

ALP sense 5-TTGCGCACGTCATGGCCCTC-¥

ALP antisense 5-CCCCATTAGGGGGCGTCACAT-3’

Col | sense 5-TGCGACATGGACACTGGGGC-3

Col | antisense 5-GAGCCTTCGCTGCCGTACTCG-3’

OPN sense 5-AGTCTGATGAGTCTGATGAAGTCAC-3’

OPN antisense 5-GTGACTTTGGGTTTCCACGC-3

ALP, alkaline phosphatase; Col I, type | collagen; OPN, Osteopontin.
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