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Abstract

Background/Aims: Mesenchymal stem cells (MSCs) are multipotent progenitors that
can differentiate into several lineages including bone. Successful bone formation requires
osteogenesis and angiogenesis coupling of MSCs. Here, we investigate if simultaneous
activation of BMP9 and Notch signaling yields effective osteogenesis-angiogenesis coupling
in MSCs. Methods: Recently-characterized immortalized mouse adipose-derived progenitors
(IMADs) were used as MSC source. Transgenes BMP9, NICD and dnNotchl were expressed
by adenoviral vectors. Gene expression was determined by qPCR and immunohistochemistry.
Osteogenic activity was assessed by in vitro assays and in vivo ectopic bone formation model.
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Results: BMP9 upregulated expression of Notch receptors and ligands in iIMADs. Constitutively-
active form of Notch1 NICD1 enhanced BMP9-induced osteogenic differentiation both in vitro
and in vivo, which was effectively inhibited by dominant-negative form of Notchl dnNotchl.
BMP9- and NICD1-transduced MSCs implanted with a biocompatible scaffold yielded highly
mature bone with extensive vascularization. NICD1 enhanced BMP9-induced expression of key
angiogenic regulators in iIMADs and Vegfa in ectopic bone, which was blunted by dnNotch1.
Conclusion: Notch signaling may play an important role in BMP9-induced osteogenesis and
angiogenesis. It's conceivable that simultaneous activation of the BMP9 and Notch pathways
should efficiently couple osteogenesis and angiogenesis of MSCs for successful bone tissue

engineering. © 2017 The Author(s)
Published by S. Karger AG, Basel

Introduction

Large bone defects and/or nonunion caused by trauma, metastatic cancers, chronic
osteomyelitis and degenerative diseases often pose a significant global health burden [1-
3]. Most surgical interventions involve the use of autograft, which causes significant donor
site morbidity, and is limited in availability. The use of alternative allograft for repairing
extensive bone defects is also limited by the possibility of infection and host immunological
reactions [2]. Thus, effective bone tissue engineering using stem cells, osteoinductive factors
and biocompatible scaffold materials holds great promise in the treatment of extensive bone
defects [1, 3-6].

While several signaling pathways play important roles in regulating osteogenesis [7-
16], bone morphogenetic proteins (BMPs) are considered as a group of the most potent
osteoinductive factors [8, 17-19]. We previously demonstrated that BMP9 (also known as
growth differentiation factor 2, or GDF2) is one of the most potent BMPs among the 14 types
of BMPs in inducing osteogenic differentiation [20-23], partially attributable to the fact that
BMP9 is more resistant to noggin inhibition [24]. Mechanistically, BMP9 has been shown to
effectively induce osteogenic differentiation of mesenchymal stem cells (MSCs) by regulating
a panel of important downstream targets [25-29], as well as through cross-talk with other
important signaling pathways [30-35]. Thus, using BMP9-expressing progenitor cells may
promote bone regeneration in large bony defects and/or fracture nonunion in clinical
settings [1, 22, 23].

Effective bone formation requires a well-coordinated coupling of osteogenesis and
angiogenesis in a 3-D microenvironment [2, 36-39]. In fact, a close spatial-temporal
association exists between the processes of angiogenesis and osteogenesis during skeletal
development and postnatal bone growth, as well as during healing of bone fractures [38]. We
recently demonstrated that BMP9-regulated angiogenic signaling plays an important role in
BMP9 or BMP2-induced bone formation [33, 40], and found that BMP9 induces the formation
of better vascularized and more mature bone in the presence of scaffold materials [41-43].
[t was reported that endothelial Notch signaling promotes osteogenesis and angiogenesis
in bone [37, 44], while Notch signaling is well recognized as an important regulator of
bone formation [45, 46]. Mammals have four Notch receptors (Notch1-4) and five Notch
ligands (Delta 1, 3, 4 and Jagged1, and Jagged2) [45, 46]. Notch signaling is activated by
ligand binding to Notch receptor, sequential proteolytic cleavages of Notch extracellular
domain, and releasing the Notch intracellular domain (NICD) [45-47]. NICD is the functional
portion of Notch signaling and interacts with DNA-binding protein CSL (CBF1/Suppressor
of Hairless/LAG-1) and regulates downstream genes [46, 47]. We previously showed that
BMP9 up-regulates Notch target Hey1 in MSCs [28], and that a blockade of Notch signaling
blunts BMP9-promoted tumor growth in osteogenic defective human osteosarcoma cells
[48], suggesting an important role of Notch signaling in BMP9-induced osteogenesis.

Here, we used the recently-characterized reversibly immortalized mouse adipose-
derived MSC cells (iMADs) [43] and demonstrate that BMP9 upregulates the expression of
Notch receptors and ligands at the intermediate stage of osteogenic differentiation. The
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use of the constitutively active form of Notch1l (NICD1) remarkably enhanced BMP9-
induced osteogenic differentiation both in vitro and in vivo, which was significantly blunted
by a dominant-negative Notchl (dnNotchl). The use of biodegradable citrate-based
thermoresponsive PPCNg scaffold [42, 43, 49] led to forming more mature bone with
extensive angiogenesis and vascularization when MSCs were stimulated by both BMP9
and NICD1. BMP9 and NICD1 up-regulated the expression of angiogenic regulators in
iMAD cells in vtro and Vegfa in ectopic bone tissues. Thus, these results demonstrate that
the simultaneous activation of BMP9 and Notch signaling pathways efficiently couples
osteogenesis and angiogenesis of MSCs in 3D scaffold environment, which may be ideal for
successful bone tissue engineering.

Materials and Methods

Cell culture and chemicals

The immortalized mouse adipose-derived multipotent (iIMAD) cells are mouse mesenchymal stem
cells as previously described [43]. 293pTP cells were derived from HEK-293 cells and overexpression
of human Ad5 pTP gene as previously characterized [50]. The cell lines are maintained in Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS, Gemini Bio-Products,
West Sacramento, CA), containing 100 U/ml penicillin and 100 mg/ml streptomycin, at 37°C in 5% CO, as
described [51-53]. Unless indicated otherwise, all other reagents were purchased from Sigma-Aldrich (St.
Louis, MO) or Thermo-Fisher Scientific (Waltham, MA).

Construction and generation of recombinant adenoviral vectors Ad-NICD1, Ad-dnNotch1, and AdBMP9

Recombinant adenoviruses were generated by using the AdEasy technology as described [54, 55].
The AABMP9 and Ad-dnNotch1 were previously characterized [20, 48, 56, 57]. Briefly, the coding regions
of human BMP9, the intracellular domain (NICD1) of human NOTCH1, and the extracellular domain with
the transmembrane region (aa #1-aa #1705) of mouse Notch1 were PCR amplified and subcloned into an
adenoviral shuttle vector, and used to generate recombinant adenoviral vectors, resulting in pAd5BMP9,
pAd5-NICD1 and pAd-dnNotchl, which were subsequently used to generate recombinant adenoviruses
in HEK-293 or 293pTP cells. AdBMP9 also co-expresses enhanced GFP (eGFP), while Ad-NICD1 and Ad-
dnNotch1 co-express monomeric RFP (mRFP). AAGFP was used as a mock virus control [30, 35, 58]. For
all adenoviral infections, polybrene (4-8pug/ml) was added to potentiate infection efficiency as previously
described [59]. Detailed information about vector construction is available upon request.

Synthesis of polyethylene glycol citrate-co-N-isopropylacrylamide (PPCN)

PPCN was synthesized by the polycondensation of citric acid, glycerol 1,3-diglycerolate diacrylate,
poly (ethylene glycol) (PEG) to form an acrylated pre-polymer, which was then reacted with poly-N-
isopropylacrylamide as described [49]. The chemical, biodegradable and thermoresponsive features were
characterized for each newly synthesized batch as reported [49]. Prior to mixing with cells, PPCN powder
was dissolved in PBS (100 mg/ml stock solution), sterilized by syringe filtration using 0.22 pm filters,
and kept at 4°C. To prepare the scaffold for cell entrapment, gelatin was added to PPCN to obtain a final
concentration of 0.1% (w/v) gelatin in the PPCN solution and corresponding hydrogel scaffold, referred to
as PPCNg.

RNA isolation and touchdown quantitative PCR (TqPCR)

At 3, 5,7, and/or 9 days after adenovirus infection, total RNA was isolated by using TRIZOL Reagent
(Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions and subjected to reverse transcrip-
tion reactions using hexamer and M-MuLV Reverse Transcriptase (New England Biolabs, Ipswich, MA). The
resultant cDNA products were diluted 10- to 100-fold and used as PCR templates. PCR primers were de-
signed by using the Primer3 Plus program [60]. The quantitative PCR analysis was carried out using our
recently optimized TqPCR protocol [61, 62]. Briefly, the SYBR Green qPCR reactions (Bio-Rad Laboratories)
were set up according to manufacturer’s instructions. The cycling program was modified by incorporating
4 cycles of touchdown steps prior to the regular cycling program. Gapdh was used as a reference gene.
All sample values were normalized to Gapdh expression. All qPCR primer sequences are listed in Table 1.
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The expression of osteogenic regulators
Runx2 and Osterix was only assessed

Table 1. List of TQPCR Primers

qPCR Primer Sequences
in day 3 and day 5 samples, while late 91 Forsard Reveree Aessan untn
osteogenic markers Opn, Ocn, Bsp and
Collal lvzed in dav 7 and d mouse Notchl  CCCGCATTCCAACATCTC  GGTCCTGCATCCCACATC NM_008714.3
ollal were ananlyzed in day 7 and day
mouse Notch2 AGCAGGAGGGGCAGGTAG GGTTCGCTCAGCAGCATT NM_010928.2
9 samples as well.
mouse Notchd ~ CTGGCTCCAGATGECTGT — GGGGACAGCACCTCACAC NM_008716.2
Alkaline phosphatase (ALP) assay =~ mouse Notch4  CCGTCCTGGTTTCACAGG GACTTCCGTCAGGGLAGA NM_010929.2
The ALP activities were assessed  mause piit CCGGTTTGTGTGTGACGA CCAGGGTCGCACATCTTC NM_DD7B65.3
using the modified Great Escape SEAP o0 pi3 GGGCTTCGATGTGAGGTG  GAAACCAGGTGGGCAATG NM_007866.2
chemiluminescence assay (BD Clon- .. 5 GGGCCTTCCTTCTGCATT — ACTCTTGGCGGGTTCACA NM_019454.3
tech) and/or histochemical staining as
d )b d/ . l [31 32 63 g64] mause [agl CCAACACGGTCCCCATTA TTGGCAAAGCGGACTTTC NM_0138225
escribed previously , 32, 63, .
: . mouse Jag2 CACGCTGGCATGATCAAC  TGTTGCAGGTGGCACTGT — NM_0105882
Early osteogenic marker ALP activity
was assessed at 3, 5, and 7 days after mouse Heyl CTCTGTGGCCTCGCTCTC  CGATCTCTGTCCCCCAAG NM_010423.2
adenovirus infection. For the histoche-  mouse Hey2 CAGCTGCACACAGCTTCC  CTGCGGATACCGACAAGG — NM_013904.1
mical staining of ALP activity, the cells  mouse Runxz ~ CCGGTCTCCTTCCAGGAT — GGGAACTGCTGTGGCTTC — NM_001146038.2
. . o
were fixed with 0.05% glutaraldehyde ;.. o5 GGGAGCAGAGTGCCAAGA  TACTCCTGGCGCATAGGG NM_130458.3
at room temperature for 10 minutes.
Af 0 hPBS cell b mouse Bsp  AGGGAACTGACCAGTGTTGG  ACTCAACGGTGCTGCTTTTT — NM_0083183
ter washing with PBS, cells were sub-
octed to hi tg hemi 1' imini ith mouse Collal GAGCGGAGAGTACTGGATCG GCTTCTTTTCCTTGGGGTTC — NM_007742.4
jected to histochemical staining with a
. se Oc CCAAGCAGGAGGGCAATA  TCGTCACAAGCAGGGTCA  NM_001305448.1
mixture of 0.1 mg/mL of napthol AS-MX M%< -
phosphate and 06 mg/mL Of Fast B]ue mouse Opn CCTCCCGGTGAAAGTGAC CTGTGGCGCAAGGAGATT NM_001204201.1
BB salt. Histochemical staining was MouseVegla  AGCACAGCAGATGTGAATGC AATGCTTTCTCCGCTCTGAA  NM_001110267.1
recorded using bright light microsco- mouse Angpti  AACCAGCGCCGAAATCCA  AATCCGGCTCCACGTGTG — NM_001286062.1
py. For chemiluminescence assay, cells . Angpt2  CCAGAACGGACCCTGCAG — TTCTCCAGCACCTGCAGC NM_007426.4
were lysed by cell culture lysis reagent
( 4 y }, and th Sy el lg mause Gapdh  GCCTCGTCCCGTAGACAAAA  TTCCCATTCTCGGCCTTGAC — NM_008084
Promega, USA), and then 5 pl cell lysis
’ ! ' humanNICD1  CCTGAGGGCTTCAAAGTGTC CGGAACTTCTTGGTCTCCAG — NM_017617.4

5 ul substrate (BD Clontech) and 15 pl
Lupo buffer were mixed well, followed

by protected from light at room temperature for 20 minutes. Each assay condition was performed in tripli-
cate, and the results were repeated in at least three independent experiments. ALP activity was normalized
by total cellular protein concentrations among the samples.

Matrix mineralization assay (Alizarin Red S staining)
The iMAD cells were seeded in 24-well plates and infected with adenoviruses. Infected cells were

cultured in the presence of ascorbic acid (50 mg/ml) and (-glycerophosphate (10 mM). On day 7 and day14
after infection, mineralized matrix nodules were stained for calcium precipitation by means of Alizarin
Red S staining as described [20, 21]. Briefly, cells were fixed with 1% glutaradehyde for 10 minutes. After
being washed with PBS, cells were incubated with 2% Alizarin Red S at room temperature for 30 minutes,
followed by washing with acidic PBS (pH = 4.2). The staining of calcium mineral deposits was documented
under bright field microscopy.

Subcutaneous stem cell implantation and ectopic bone formation

The use and care of animals in this study were approved by the Institutional Animal Care and Use
Committee. All experimental procedures were carried out in accordance with the approved guidelines.
The subcutaneous stem cell implantation was performed as described [21, 58, 65, 66]. Sterile 0.2% (w/v)
gelatin was prepared from 2% (w/v) gelatin solution (Sigma-Aldrich, Cat# G1393). Sterile PPCN solution
was prepared at 100mg/ml. Briefly, the iMAD cells were infected with different adenoviruses. At 24h after
infection, cells were collected and either added to PPCNg or used in suspension. For the PPCNg group, the
cells were resuspended in PPCNg solution (40 ul PPCN +40ul gelatin for each injection site) as described
[42, 43]. For the iMAD cell only group, the cells were resuspended in PBS (80ul each injection). PPCNg with
or without iMADs cells was kept on ice and injected subcutaneously into athymic nude mice (Envigo/Harlan
Research Laboratories; n = 5/group, female, 5-6 week old). 2 x 10° cells per injection site were used for
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all groups. The animals were maintained ad lib in the biosafety barrier facility. At the end of 4 and 6 weeks
after implantation, animals were euthanized, and the ectopic masses were retrieved from injection sites
and subjected to micro-CT imaging, followed by histological and other evaluations. PPCNg scaffold material
was biodegradable and expected to degrade completely after 4-6 weeks in subcutaneous implantation as
previously reported [42, 43].

Micro-Computed Tomographic (uCT) imaging analysis

The retrieved specimens were fixed in 10% (v/v) formalin and imaged with the micro-CT (pCT)
component of the GE triumph (GE Healthcare) trimodality preclinical imaging system. The uCT system has
a tungsten target X-ray tube, which was acquired with an X-ray source of 60 kVp and 140 pA. A single frame
of 512 projections of continuous x-ray exposure was used for CT acquisitions. Volumetric CT images were
reconstructed in a 512x512x512 format with voxel dimensions of 115 um?®. All image data analyses were
performed using Amira 5.3 (Visage Imaging, Inc.), and 3D volumetric data were determined as previously
described [67, 68].

Hematoxylin and Eosin (H&E) and Masson’s Trichrome staining

The retrieved specimens were fixed with 10% formalin, decalcified and embedded in paraffin. Serial
sections at 5pm of embedded specimens were carried out, and mounted onto treated slides. The sections
were deparaffinized and then rehydrated in a graduated fashion. H&E staining and Masson’s Trichrome
staining were done as described [35, 69, 70].

Immunohistochemical staining

Immunohistochemical staining was done as previously described [71-73]. Briefly, the sections were
deparaffinized and rehydrated in a graduated fashion, and then subjected to antigen retrieval. After being
washed with PBS, the sections were blocked with 5% donkey serum and then incubated with the VEGFa
antibody (Santa Cruz Biotechnology, sc-7269, 1:100 dilution) at 4°C overnight. After being washed, sections
were incubated with biotin-labeled secondary antibody for 30 minutes, followed by incubating cells with
streptavidin-HRP conjugate for 20 minutes at room temperature. The presence of the protein of interest was
visualized by DAB staining and examined under a microscope. Staining without the primary antibody was
used as a negative control.

Statistical analysis

All quantitative experiments were performed in triplicate and/or repeated three times. Data were
expressed as mean + standard deviation (SD). The one-way analysis of variance was used to analyze
statistical significance. A value of p < 0.05 was considered statistically significant.

Results

BMP9 up-regulates the expression of notch receptors and ligands at an intermediate stage

of BMP9-induced osteogenic differentiation of MSCs

To determine whether BMP9 exerted any effect on Notch signaling, we examined the
expression of Notch receptors and ligands upon BMP9 stimulation in MSCs. When the iMADs
were transduced with AABMP9, we found that the expression of Notch1, Notch3 and Notch4
was significantly upregulated at day 5, but not at day 3 (Fig. 1A). Similarly, the expression
of Notch ligands DII1, DII3 and DII4 was elevated at day 5, while the expression of Jagged1
and, to a lesser extent, Jag2 was up-regulated at both day 3 and day 5 (Fig. 1B). These results
strongly suggest that, compared to the induction of early response genes such as 1d1, 1d2
and Id3 [25, 26], Notch receptors and ligands may be up-regulated at an intermediate stage,
although not immediate early stage, of the BMP9-induced osteogenic differentiation.

Activation of Notch signaling by the Notchl intracellular domain (NICD1) enhances

BMP9-induced osteogenic differentiation

To effectively and specifically activate the Notch signaling pathway, we constructed an
adenoviral vector expressing the active form of Notchl, the Notchl intracellular domain
(NICD1) [48]. We showed that the viral vector AANICD1 was able to infect the iMAD
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cells effectively and was well suited for co-infection with AABMP9 (Fig. 24, panel a). The
adenoviral vector-mediated NICD1 transgene expression was readily detected and lasted at
least up to 7 days (Fig. 2A, panel b). Functionally, AANICD1 was shown to effectively induce
the expression of known Notch target genes Hey1 and Hey?2 (Fig. 24, panels ¢ & d). These
results demonstrate that AANICD1 can effectively activate the downstream events of Notch
signaling.

When iMAD cells were co-transduced with AABMP9 or AAGFP and/or AANICD1, we
found that the BMP9-induced early osteogenic marker alkaline phosphatase (ALP) activity
was significantly enhanced by AANICD1 at as early as day 3 in histochemical staining, with
continued increases at day 5 and day 7 (Fig. 2B, panel a). Quantitatively, the BMP9-induced
ALP activity was shown to be enhanced by the co-expression of NICD1 in iMADs cells (Fig.
2B, panel b). Furthermore, the BMP9-induced in vitro matrix mineralization was markedly
enhanced by co-expression of NICD1 at as early as day 7 and continued to increase at day 14
(Fig. 2C, panels a & b).

We further analyzed the effect of Notch signaling on the expression of osteogenic
regulators and bone markers. We found that BMP9-induced expression of Runx2 and Osterix
was significantly enhanced by NICD1 co-expression at day 3 (Fig. 3 a & b), coinciding with the
onset of effective osteogenic differentiation of iMAD cells. Furthermore, the BMP9-induced
expression oflate bone markers Opn, Ocn, Bsp, and Col1al was further up-regulated by NICD1
co-expression at day 5 and/or later (Fig. 3 c to f). Taken together, these results demonstrate
that the activation of Notch signaling by overexpression of NICD1 may significantly enhance
BMP9-induced osteogenic differentiation of MSCs.

A dominant-negative Notchl (dnNotchl) diminishes BMP9-induced osteogenic

differentiation in MSCs

To effectively and specifically inhibit Notch signaling, we constructed an adenoviral
vector expressing a dominant-negative mutant of Notch1, which contains the extracellular
and transmembrane region of Notchl. We showed that this Ad-dnNotch1l was able to
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Fig. 2. Activation of Notch signaling by the Notch1 introcellular domain (NICD1) enhances BMP9-induced
osteogenic differentiation in vitro. (A) Adenovirus expressing NICD1 can transduce iMAD cells with high
efficiency and can co-infect MSCs (a), and the transgene NICD1 is highly expressed (b) and is able to upre-
gulate Notch downstream targets Hey1 and Hey2 in iMADs (c & d). All samples were normalized with the
reference gene Gapdh. Each assay condition was done in triplicate. “**” p < 0.001, “*” p < 0.05, AANICD1
group vs. AAGFP group. (B) NICD expression augments BMP9-indueced ALP activity in MSCs. Subconfluent
iMADs were infected with AABMP9 or AdGFP and/or Ad-NICD1. At the indicated time points, the infected
cells were subjected to ALP activity assays by either histochemical staining (a) or quantitative the biolumi-
nescence assay (b). Each assay conditions were done in triplicate. Representative staining is shown. “**” p <
0.001, “*” p < 0.05, AABMP9 group vs. AdABMP9 + Ad-NICD1 group. (C) NICD expression augments BMP9-in-
dueced matrix mineralization in MSCs. Subconfluent iMADs were infected with AABMP9 or AdAGFP and/
or Ad-NICD1, and cultured in mineralization medium. At the indicated time points, the infected cells were
fixed and subjected to Alizarin Red S staining. Each assay conditions were done in triplicate. Representative
gross images (a) and microscopic images (b) are shown.

effectively inhibit Notch signaling in human osteosarcoma cells previously [48]. We showed
that Ad-dnNotch1 alone or with AABMP9, transduced iMADs effectively (Fig. 44, panel a).
When the iMADs were co-infected with AABMP9 and Ad-dnNotch1, we found BMP9-induced
ALP activity was significantly inhibited at day 3, and to lesser extents at days 5 and 7 (Fig.
4A, panel b), which was further confirmed by the quantitative ALP assays (Fig. 4A, panel c).
Using Alizarin Red staining, we found that BMP9-induced matrix mineralization in the iMAD
cells was significantly inhibited by dnNotch1 (Fig. 4B, panels a & b).

Furthermore, we found that BMP9-induced expression of Runx2 and Osterix was
effectively inhibited by dnNotch1 at both day 3 and day 5 (p < 0.05) (Fig. 5, panels a & b).
Accordingly, BMP9-induced expression of late bone markers Opn, Ocn, Bsp, and Collal was
significantly inhibited by dnNotch1 co-expression (p<0.001) (Fig. 5, panels cto f). Collectively,
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Fig. 3. NICD1 expression enhances BMP9-induced expression of osteogenic regulators and bone markers in
MSCs. Subconfluent iMADs were infected with AABMP9 or AdGFP and/or Ad-NICD1. At the indicated time
points, total RNA was isolated and subjected to qPCR analysis using primers for mouse Runx2 (a), Osx (b),
Opn (c), Ocn (d), Bsp (e), and Collal (f). Each assay condition was done in triplicate. Relative expression
was calculated by dividing the relative expression values (i.e., gene/Gapdh) in treatment group with that
from the GFP-treated group. “**” p < 0.001, “*” p < 0.05, AABMP9 group vs. AdBMP9 + AANICD1 group.

these results demonstrate that the inhibition of Notch signaling by overexpression of
dnNotchl may significantly attenuate BMP9-induced osteogenic differentiation, which is
consistent with the notion that Notch signaling plays an important role in BMP9-induced
osteogenic differentiation of MSCs.

Activation of Notch signaling by NICD1 significantly improves the maturity and

quality of BMP9-induced ectopic bone formation by increasing angiogenic activity and

neovascularization

We conducted ectopic bone formation assays to test the effect of Notch signaling on
BMP9-induced osteogenic differentiation in vivo. The iMADs cells were first infected with
AdBMP9 or AAGFP and/or AANICD1 or Ad-dnNotchl in vitro. The infected iMADs were
collected, mixed with or without the thermoresponsive biodegradable material PPCNg
[42], and subcutaneously injected into the flanks of athymic nude mice for 4 and 6 weeks.
Consistent with our previous report [43], no masses were retrieved from the injection sites
in the AAGFP only group, AANICD1 only group, and Ad-dnNotch1 only group.
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Fig. 4. A dominant-negative Notch1 (dnNotch1) diminishes BMP9-induced osteogenic differentiation in
MSCs. (A) Expression of dnNotch1 diminishes BMP9-indueced ALP activity in MSCs. Subconfluent iMADs
were infected with AABMP9 or AdGFP and/or Ad-dnNotch1 (a). At the indicated time points, the infected
cells were subjected to ALP activity assays by either histochemical staining (b) or quantitative the biolumi-
nescence assay (c). Each assay conditions were done in triplicate. Representative staining is shown. “**” p <
0.001, AABMP9 group vs. AdABMP9 + Ad-dnNotch1group. (B) Expression of dnNotch1 attenuates BMP9-in-
dueced matrix mineralization in MSCs. Subconfluent iMADs were infected with AABMP9 or AAGFP and/or
Ad-dnNotch1 and cultured in mineralization medium. At the indicated time points, the infected cells were
fixed and subjected to Alizarin Red S staining. Each assay conditions were done in triplicate. Representative
gross (a) and microscopic images (b) are shown.

nCT imaging indicated that all BMP9-treated iMADs groups formed robust bone at week
4 and week 6 (Fig. 6A, panels a & b). No significant differences in average bone volume were
observed among all groups (Fig. 64, panel c). Nonetheless, when compared with that of the
BMP9 only groups, the BMP9+NICD1 groups with or without scaffold materials, consistently
exhibited higher mean bone mineral density, whereas the BMP9+dnNotch1 groups had lower
mean bone density (Fig. 6A, panel d). Histologic staining shows that the BMP9+NICD1 groups
have more robust bone formation, more trabecular structure and better mineralization
than that of the BMP9 only groups’ (Fig. 6B, panels a & b). In the presence of PPCNg, NICD1
significantly facilitated the BMP9-induced osteogenic differentiation of iMADs into mature
bone matrices with less undifferentiated iMADs left at the center of the masses and inhibited
adipogenesis (Fig. 6B). On the contrary, overexpression of dnNotch1 significantly impaired
BMP9-induced osteogenic differentiation and bone formation under the same condition, and
seemingly promoted adipogenesis, especially in the absence of PPCNg (Fig. 6B panels a &
b). Trichrome staining confirmed that NICD1 expression significantly enhanced the BMP9-
induced mineralization and bone quality from the iMADs cells, while blockade of Notch
signaling by dnNotch1 effectively inhibited BMP9-induced bone formation at both weeks 4
and 6 (Fig. 6C panels a & b).

Histologic analysis of the retrieved bony samples further revealed that NICD1
overexpressionsignificantlypromotedangiogenesisand vascularizationinthe BMP9-induced,
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Fig. 5. The dnNotchlattenuates BMP9-induced expression of osteogenic regulators and bone markers in
MSCs. Subconfluent iMADs were infected with AABMP9 or AAGFP and/or Ad-dnNocth1. At the indicated
time points, total RNA was isolated and subjected to qPCR analysis using primers for mouse Runx2 (a), Osx
(b), Opn (c), Ocn (d), Bsp (e), and Collal (f). Each assay condition was done in triplicate. Relative expressi-
on was calculated by dividing the relative expression values (i.e., gene/Gapdh) in treatment group with that
from the GFP-treated group. “**” p < 0.001, “*” p < 0.05, AABMP9 group vs. AABMP9 + Ad-dnNotch1 group.

newly formed bone masses at both week 4 and week 6 (data not shown). Quantitatively,
the average numbers of blood vessels observed in the BMP9+NICD1 groups, both with and
PPCNg, are significantly higher than of the BMP9 only groups (data not shown). Collectively,
these in vivo results demonstrate that activation of Notch signaling enhances BMP9-induced
ectopic bone formation by increasing angiogenic activity and neovascularization, especially
in the presence of the scaffold biomaterial PPCNg.

Activation of Notch signaling enhances BMP9-induced angiogenic activity in MSCs

To explore the potential mechanism underlying NICD1-enhanced angiogenic activity in
BMP9-stimulated MSCs, we analyzed the effect of NICD1 and/or BMP9 on the expression
of known angiogenic factors such as Vegfa, Angiopoietin 1 (Angptl) and Angiopoietin 2
(Angpt2). We found that overexpression of NICD1 in the iMADs was able to up-regulate the
expression of Vegfa and Angpt2 at both day 3 and day 5, but that of Angpt1 only at day 5 (Fig.
7A, a & c vs. b). BMP9 stimulation alone in the iMADs was shown to effectively induce the
expression of Vegfa, Angptl and Angpt2, mostly at day 5 (Fig. 7A), which is consistent with
our earlier studies [43]. Overexpression of dnNotch1 alone did not significantly affect the
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expression of these three genes. However, co-expression of BMP9 and NICD1 in the iMADs
led to significant increases in the expression of Vegfa, Angptl and Angpt2, compared with
that of either BMP9 or NICD1 stimulation alone (Fig. 7A). Conversely, overexpression of
dnNotch1 was shown to inhibit BMP9-induced the expression of these three genes (Fig. 7A).

We further examined the Vegfa expression in the retrieved bone masses through
immunohistochemical staining. We found that, whereas BMP9 treatment led to an increase
in the expression of Vegfa, co-expression of BMP9 and NICD1 profoundly upregulated
Vegfa expression (Fig. 7). Conversely, dnNotch1l was shown to effectively inhibit BMP9-
upregulated Vegfa expression (Fig. 7). It's noteworthy that the elevation of Vegfa expression
in BMP9 alone or BMP9/NICD1 treatment group was more pronounced in the presence of
PPCNg (Fig. 7 panels a vs. b), suggesting that scaffold materials may provide a more favorable
microenvironment for neovascularization and angiogenesis. Taken together, our findings
strongly suggest that activation of Notch signaling may significantly enhance BMP9-induced
angiogenic activity in the osteogenic-angiogenic coupling process of bone formation from
MSCs.
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Fig. 7. NICD enhances BMP9-induced angiogenic factors in MSCs and bone tissues, which is blocked by dn-
Notch1. (A) Effects of NICD and dnNotch1 on BMP9-induced expression of angiogenic factors. Subconfluent
iMADs were infected with the indicated combinations of adenoviral vectors. At the indicated time points,
total RNA was isolated and subjected to qPCR analysis using primers for mouse Vegfa (a), Angptl (b) and
Angpt2 (c). Each assay condition was done in triplicate. Relative expression was calculated by dividing
the relative expression values (i.e., gene/Gapdh) in treatment group with that from the GFP-treated group.
“*7p < 0.001, “*” p < 0.05, treatment group vs. AAGFP group. (B) Immunohistochemical staining of Vegfo
expression in the retrieved ectopic bone masses (week 4). The paraffin-embedded samples were sectioned,
deparaffinized and subjected to immunohistochemical staining using the Vegfa antibody (Cat# sc-7269,
1:100 dilution, Santa Cruz Biotechnology). Species-specific IgG and minus primary antibody were used as
negative controls (not shown). Representative images are shown.

Discussion

Limited vascularization may seriously affect the overall success of the engineered bone
and bone grafts. Clinically, the lack of vascularity results in poor integration between bone
grafts and host bone and is the main cause for the failure of bone autografts or allografts
[2, 3] Thus, promoting vascularization by optimizing effective osteogenesis-angiogenesis
coupling is essential for bone formation and bone tissue engineering [3].

In this study, we demonstrated that BMP9 upregulated the expression of Notch receptors
and ligands. Activation of Notch signaling remarkably enhanced BMP9-induced osteogenic
differentiation both in vitro and in vivo. Furthermore, using the biodegradable citrate-based
thermoresponsive PPCNg scaffold [42, 43, 49] leads to the formation of more mature bone
with extensive angiogenesis and vascularization when the MSCs are stimulated by BMP9
and Notch. BMP9 and Notch were shown to up-regulate the expression of the angiogenic
regulators in iMAD cells and ectopic bone tissues (Fig. 8). Therefore, our results demonstrate
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that simultaneous activation of the BMP9 and Notch signaling pathways efficiently couples
osteogenesis and angiogenesis of MSCs in 3D scaffold environment (Fig. 8). Nonetheless,
it should be pointed out that the in vivo osteogenic activity initiated by BMP9 and Notch
crosstalk was carried out in immune-comprised athymic mice. It would be more interesting
to determine whether such enhanced osteoangiogenic activity can be reproduced in immune
competent animal models.

Notch signaling has been shown to be involved in bone and skeletal development [74,
75]. Abnormal expression of Notch signaling is associated with cancers and certain skeletal
diseases [16, 76, 77]. While endothelial Notch activity was reported as an essential source for
the coordinated osteogenesis and angiogenesis during the bone development [44], it is not
clear ifit’s necessary to include endothelial progenitors in engineered bone tissues to achieve
Notch-induced angiogenesis. It was reported that the expression of Notch ligand Jagged1
was able to induce osteogenesis [78], whereas the genetic deletion of Jagged1 resulted in
defects in osteoblast development and differentiation during maxillary ossification [79]. We
previously found that the downstream target gene of Notch signaling Hey1 was upregulated
by BMP9 [28], suggesting BMP9 may act upstream of Notch signaling. It is noteworthy that
unlike BMP9 an activation of Notch signaling (e.g., by overexpressing either NICD or Notch
ligands) fails to induce de novo osteogenic differentiation and ectopic bone formation from
MSCs as we demonstrated in this study that overexpressing NICD1 alone did not lead to
osteogenic differentiation from the iMADs. We obtained similar results using different MSCs
and/or overexpressing D11 or Jagl (data not shown). Nonetheless, our results indicate that
activating Notch signaling may be highly beneficial for the efficient coupling of osteogenesis
and angiogenesis for bone tissue engineering. It is noteworthy that both BMP9 and Notch are
reportedly to promote tumor growth, especially for bone tumors [48, 80], the combined use
of BMP9 and Notch activators may be risky for certain bone defect repair procedures, such
as osteosarcoma postoperative reconstruction.

MSCs are multipotent progenitor cells that can differentiate into multiple lineages
including osteogenic, chondrogenic, and adipogenic lineages [81-84]. MSCs can be isolated
from numerous tissues, and one of the major sources in adults is the bone marrow stromal
cells [23,83-87]. Among the various types of MSCs, adipose-derived mesenchymal stem cells
(AD-MSCs) are considered more easily and repeatable harvested using minimally invasive
techniques with low morbidity [88-90]. To facilitate more basic and translational studies on
AD-MSCs, we have recently established reversibly immortalized AD-MSC iMAD cells, which
exhibit the characteristics of multipotent MSCs and are highly responsive to BMP9-induced
osteogenic differentiation [43]. Thus, the iMADs provide a valuable resource for developing
novel and efficacious strategies for AD-MSC-based bone tissue engineering.
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We recently demonstrated that thermoresponsive biomaterial PPCNg is a promising
scaffold for stem cell-based bone engineering [42, 43]. The PPCNg is gelatin-containing
polyethylene glycolcitrate-co-N-isopropylacrylamide  (PPCN) polymer which is
biodegradable, biocompatible and intrinsically antioxidant [49]. One of the most prominent
features of PPCNg is its hierarchical architecture of micropores and nanofibers with a lower
critical solution temperature of 26°C and no significant volume reduction upon gelation
[49]. We showed that PPCNg can gel robustly at 30°C at a final concentration as low as
50mg/ml [42, 43]. Our in vivo studies showed that a significant biodegradation of PPCNg
started approximately 3 weeks after subcutaneous injection, while a complete resorption of
PPCN gel occurred at 4-5 weeks after injection [42, 43]. Thus, PPCNg can be an ideal scaffold
with the advantage of injectable substrate, easy for cell adhesion, absorbable with low
immunogenicity, and providing a structural support for the cells with a platform for growth
factor. In this study, we found that, compared with cells only group, the PPCNg group showed
a high degree of osteogenesis-angiogenesis coupling during ectopic bone formation.

In summary, using the adipose-derived MSC iMADs cells, we demonstrated that BMP9
upregulated the expression of Notch receptors and ligands at the intermediate stage of
osteogenic differentiation. The constitutively active form of Notchl NICD1 remarkably
enhanced BMP9-induced osteogenicdifferentiation bothinvitroandinvivo,which wasblunted
by a dominant-negative form of Notch1 dnNotch1. The use of biodegradable PPCNg scaffold
led to the formation of more mature bone with extensive angiogenesis and vascularization
when the MSCs were stimulated by BMP9 and NICD1. BMP9 and NICD1 up-regulated the
expression of angiogenic regulators in iMAD cells and Vegfa in ectopic bone tissues, which
was effectively blocked by dnNotch1. Collectively, these results suggest that Notch signaling
may play an important role in BMP9-induced osteogenesis and neovascularization. Thus,
a simultaneous activation of BMP9 and Notch signaling pathways should efficiently couple
osteogenesis and angiogenesis of MSCs in 3-D scaffold environment for successful bone
tissue engineering.
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