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Abstract
Introduction—When employing tissue engineering approaches to clinical problems, cells are
often transplanted to a distant site on a scaffold into an environment different from their original
niche. Previous studies have demonstrated the role of Noggin, a BMP inhibitor in vascular
development and angiogenesis. We hypothesized that noggin suppression in human adipose
derived stromal cells (hASCs) would enhance VEGF secretion and angiogenesis in vitro and in
vivo to a greater extent than BMP-2 alone.

Methods—hASCs were isolated from human lipoaspirate (n=6) and transfected with a Noggin
shRNA construct. Knockdown was confirmed and angiogenesis was assessed by tubule formation
and qRT-PCR. Cells were seeded on scaffolds with or without BMP-2 and implanted into a 4mm
critical size calvarial defect. In vivo angiogenic signaling was assessed by immunofluoresence and
immunohistochemistry.

Results—hASCs with noggin suppression secreted significantly higher amounts of VEGF
protein on ELISA (*p<0.05). hASCs with noggin knockdown expressed higher levels of
angionegic gene markers by qRT-PCR (VE-cadherein, VEGFA, and HIF1A), and displayed
enhanced vascular tubule formation in vitro. In vivo, calvarial defects seeded with noggin shRNA
hASCs exhibited a significantly higher number of vessels in the defect site than controls by
immunohistochemistry (*p<0.05). Additionally, BMP-2 releasing scaffolds significantly enhanced
VEGF and PECAM protein levels in the defect site.

Conclusion—hASCs demonstrate significant increases in angiogenesis both in vitro and in vivo
both with noggin suppression and BMP-2 supplementation. By creating a cell with noggin
suppressed and by using a scaffold with increased BMP-2, we can create a more angiogenic niche.
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Introduction
Despite significant strides in the understanding of vascularization and neovascularization in
cutaneous wounds and flaps, there is a paucity of research on strategies to improve
vascularization of an osseous defect microenvironment. Current techniques to reconstruct
large calvarial defects use non-vascularized bone grafts, which depend on creeping
substitution of osteocytes. Large osseous vascularized tissue, such as a microvascular fibula
or scapular flaps, do provide osteoblasts that can effect osteogenesis, however, these tissues
are limited by both in size and availability.

Tissue engineering employs the utilization of cells, and three-dimensional scaffolds. Once a
scaffold exceeds 5–8mm in thickness, cells within the scaffold require vascularization to
survive and differentiate. (1) Although placing cell seeded scaffolds in vascular regions will
aid in repair, several groups have attempted to vascularize these constructs prior to
transplantation. (2–4) However, such manipulations often require prolonged time ex-vivo
while the cells are incorporated into de novo vascular structures. With regard to bone tissue
engineering, an ideal scaffold would stimulate both robust osteogenesis and angiogenesis.
Though osteoblasts and periosteal cells are both osteogenic, neither are readily available in
large quantities. Adipose derived stromal cells are attractive candidates for tissue
engineering due to their osteogenic and vasculogenic potential, as well as their relative
abundance. (5–14) Priming these cells to secrete more Vascular Endothelial Growth Factor
A (VEGFA) to stimulate angiogenesis would make these cells even more attractive
candidates for tissue engineering.

Bone Morphogenetic Protein 2 (BMP-2) specifically has also been shown to play a key role
in vasculogenesis as BMP-2 antagonism leads to depressed angiogenesis in cancer cells in
vivo.(15) Noggin is a glycosylated cystein-knot chemokine protein that inhibits BMP-2 and
BMP-4 from binding to its receptor BMPR1B.(16–18) In our laboratory we have
demonstrated that inhibition of noggin enhances the osteogenic capability of osteoblasts and
hASCs.(19, 20) Studies have also shown that differentiation of human embroyonic cells to
endothelial cells is inhibited by noggin.(21) Along with differentiation, noggin has also been
shown to play a role in vascular patterning through its effect on BMP-4. Specifically,
BMP-4 has been shown to be required for vascular formation and outgrowth of the vascular
system.(22) Conversely, BMP inhibition through exogenous noggin supplementation has
been shown to interfere with endothelial migration.(23, 24) Dosomrphin, is another BMP
inhibitory ligand that plays a role in dorso-ventral patterning, and prevents the
phosphorylation or activation of the receptor Smads 1/5 thus inhibiting BMP-2 signaling.
(25)

Mechanistically, it is believed that BMP inhibitors such as dosomorphin and noggin lead to
the interruption of the BMP-initiated VEGF promoter activation.(26) Though direct
supplementation of rhBMP-2 is an option, this cytokine is extremely expensive and along
with increased costs, clinical outcome studies have found that high doses of BMP-2 are
accompanied by a concerning side effect profile, including ectopic bone formation, which in
spinal surgery can cause neural compression.(27, 28) Thus, an approach to lower the amount
of recombinant BMP-2 required while maintaining BMP signaling through modulation of an
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inhibitor may be safer, and more cost-effective. Recent studies have also demonstrated that
HUVEC cells over expressing noggin had a decreased capacity to form tubules, leading us
to hypothesize about the antagonistic role of noggin and BMP-2 in angiogenesis.(29) We
propose that by knocking down noggin, we can increase the angiogenic capability of hASCs,
and that, along with a BMP-loaded biomimetic scaffold, we can greatly augment the
vascularization of a calvarial defect.

Methods
Chemicals, supplies and animals

Medium, fetal bovine serum (FBS), and penicillin/streptomycin were purchased from
GIBCO Life Technologies, (Carlsbad, CA). Cell culture wares were purchased from
Corning Inc. (San Mateo, CA). Unless otherwise specified, all other chemicals were
purchased from Sigma-Aldrich. CD-1 nude mice (Crl:CD-1 Foxn1nu), were obtained from
Charles Rivers, (Wilmington, MA).

Cell Harvest
Human ASCs were harvested from human lipoaspirate derived from the abdominal and
flank regions of six women between the ages of 33 and 55 with no major medical co-
morbidities. Lipoaspirate was digested with a Type II collagenase solution at 37°C. Cells
were pelleted via centrifugation, filtered at 100 micrometer pore size, and primary cultures
were established at 37°C, 5% CO2 in DMEM with 10% FBS. Only passage 1–3 hASCs
were used for shRNA transfection. After transfection and expansion, hASCs between
passage 3 and 6 were used for in vitro and in vivo assays. As this study took place over
several months and cells were only used up to passage 3, a total of 6 lines were derived. In
each assay, 3 cell lines from 3 patients were used. Control and noggin shRNA transfected
cells were always compared between the same patient for internal consistency.

Human ASC labeling
To verify viability, for select in vivo experiments, hASCs were stably transduced with the
lentivirus carrying the triple fusion reporter genes, firefly luciferase (Fluc), red fluorescence
protein (GFP), and herpes simplex virus truncated thymidine kinase (HSV-ttk) genes. Stably
expressed hASCs were purified by fluorescence activated cell sorting based on GFP
expression as previously described.(30)

In vitro culture assays
For experiments involving isolation of RNA, hASCs were seeded in 6-well plates at a
density of 80,000 cells per well. All assays were performed in triplicate wells. Knockdown
and scramble transfected cell lines were developed from an individual patient. Thus, when
assays were performed, we compared a scramble shRNA and a knockdown shRNA line
from the same patient. We then run 3 separate lines per assay (thus 3 patients).

After attachment, cells were treated with standard growth medium (SGM) (Dulbecco’s
Modified Eagle Medium, 10% FBS), 1% penicillin/streptomycin or osteogenic
differentiation medium (ODM) (Dulbecco’s Modified Eagle Medium, 10% FBS, 100 μg/ml
ascorbic acid, 10 mM β-glycerophosphate), 1% penicillin/streptomycin. Cells were
maintained for 7 days in ODM. For select experiments, rhNoggin (400ng/ml) or
dorsomorphin (10uM) were added to SGM or ODM.(31, 32) Concentrations used were
based on data obtained from mouse ASCs and from previous studies.(33, 34) The vehicle
control used for rhNoggin and Dorsomorphin was 0.01% BSA.
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Matrigel Tubule Assay
Matrigel (BD Biosciences) was thawed and placed in four-well chamber slides at 37°C for
30 minutes to allow solidification. 50,000 shRNA control or noggin shRNA transfected
hASCs were plated alone on Matrigel and incubated at 37°C under 1% for 12 hours. Tubule
formation was defined as a structure exhibiting a length four times its width. Experiments
were performed with n = 6. Tubule counts were determined in 10 random fields per well
using an inverted Leica DMIL light microscope (Leica Microsystems GmbH, Wetzlar,
Germany) at 100× magnification as previously described.(5)

Preparation of scaffolds
Apatite-coated PLGA scaffolds were fabricated from 85/15 poly(lactic-co-glycolic acid) by
solvent casting and a particulate leaching process as previously described (6).

For BMP-2 loaded scaffolds, recombinant human BMP-2 (rhBMP-2; Medtronic,
Minneapolis, MN) was adsorbed onto fabricated scaffolds by dropping the protein solution
onto the scaffolds for 20 min and further lyophilized on a freeze drier (Labconco, Kansas
City, MO) overnight. 1.25ug of BMP-2 was applied to our scaffold, which had a volume of
6.28ul, resulting in final concentrations of 200ug/ml.

Creation of calvarial defects
Non-healing, critical-sized (4mm) calvarial defects were created in the right parietal bone of
adult (60 day-old) male CD-1 nude mice as previously described.(6)

In preparation for cell engraftment, scaffolds were seeded with hASCs 24 hours prior to
implantation. Cells (150,000) were placed on scaffolds in 125 μl of medium in 96-well
culture plates and incubated for 24 hours. Before implantation, scaffolds were copiously
rinsed with PBS. Animals were divided equally into four treatment groups: 1) Noggin
knockdown hASCs on a scaffold, in which hASCs were impregnated in a HA coated PLGA
scaffold, which was then placed in the defect site 2) Scramble shRNA and control (non-
transfected) hASCs on a scaffold, in which hASCs were impregnated in a HA coated PLGA
scaffold and then placed in the defect site. 3) hASCs with noggin knockdown placed on a
BMP-2 loaded scaffold (200ug/ml rhBMP-2), and 4) hASCs transduced with a Scramble
GFP construct, placed on a BMP-2 loaded scaffold (200ug/ml rhBMP-2). (n=4 for each
subgroup) Finally, the skin was sutured and animal monitored per established post-operative
protocols.

Histologic analyses
One week postoperatively, animals were sacrificed for histology. Calvaria were harvested,
formalin-fixed, decalcified in 19% EDTA, paraffin-embedded and sectioned at 8 um
thickness.

Immunohistochemistry of angiogenic proteins
Immunohistochemistry was performed on select slides for VEGF (Abcam, Cambridge, MA),
and PECAM (Santa Cruz Laboratories, Santa Cruz, CA). Slides were deparaffinized and
rehydrated. Endogenous peroxidase activity was quenched with 3% hydrogen peroxide;
slides were blocked with 5% goat serum in PBS. Antibodies used included anti-rabbit
polyclonal anti-VEGFA and anti-PECAM (1[ratio]80 in dilution, Santa Cruz Laboratories,
Santa Cruz, CA). Appropriate biotinylated secondary antibodies were used in 1[ratio]1000
dilution (Vector Laboratories, Burlingame, CA). The Vectastain ABC system (Vector
Laboratories, Burlingame, CA) was used according to the manufacturer’s instructions.
Visualization was achieved with diaminobenzidine solution (Zymed Laboratories, South San
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Francisco, CA). Confocal microscopy was then performed. Vessels were quantified on 7
stained slides per defect by three blinded independent examiners at 5× magnification.
Vessels were defined by their positive PECAM-1 stain and their typical round or oval
structure containing a lumen. Vessel surface was histomorphometrically quantified as
previously described.(7)

Western Blot analysis of Vascular Signaling
The endogenous activation of the VEGF signaling pathway in hASCs was investigated by
immunoblotting analysis of VEGFA as previously described.(35) Subconfluent hASCs were
washed twice with 1X PBS and starved in serum-free medium overnight. Then the cells
were washed twice with ice-cold PBS and lysed with cold lysis buffer (50 mmol/L of
HEPES, pH 7.5, 150 mmol/L of NaCl, 1 mmol/of EDTA, 10% glycerol, 1% Triton-X-100,
25 mmol/L of sodium fluoride) containing 1 mmol/L of sodium orthovanadate and Protease
Inhibitor Cocktail (Sigma-Aldrich, St. Louis, MO). Cell lysates were assayed for protein
concentration by BCA assay. Aliquots (50–100 μg) of cell lysate were electrophoresed on
12% Tris-HCl sodium dodecyl sulfate (SDS)-PAGE gels (Precast Nupage gels, Invitrogen,
Life technologies) and transferred onto Immobilon-P membrane (Millipore Corporation,
Bedford, MA). Antibodies against the VEGFA were used (Abcam, Cambridge, MA). A
horseradish peroxidase-conjugated anti-rabbit antibody (HRP) 1:8000 was used as
secondary antibody. α-tubulin antibody was used to control for equal loading and transfer of
the samples. All bands in the immunoblots were normalized with the loading controls (α-
tubulin) and quantified by densitometry.

Polymerase chain reaction
Total RNA was isolated from cells and tissue as previously described.(36, 37) Reverse
transcription was performed with 1 ug RNA using Taqman Reverse Transcription Reagents
(Applied Biosystems, Foster City, CA). Quantitative real-time PCR was carried out using
the Applied Biosystems Prism 7900HT Sequence Detection System and Sybr Green PCR
Master Mix (Applied Biosystems). Specific primers for the genes examined were based on
their PrimerBank sequences (Table 1). Gene expression was normalized to values of mouse
or human GAPDH and performed in triplicate. The PCR product was run out on a 2%
agarose gel to verify appropriate product size.

Statistical analysis
All statistics were performed with the assistance of the expert assistance of the Stanford
Department of Statistics. Means and standard deviations were calculated from numerical
data, as presented in figures, figure legends and Table 2. In figures, bar graphs represent
means, whereas error bars represent one standard deviation. Statistical analyses were
performed using a Student’s two-sample t-test when comparing two groups. When more
than 2 groups are used as in Fig. 1C, a Student’s two sample t-test was used first to compare
the control to the Noggin treatment group and subsequently to compare the control to the
Dosomorphin treated group. Though a one way anova could be used in Fig. 1C, the
Bonferonni corrections are equivalent and a Student t-test allows us to pick out all
combinations of groups 2 at a time to compare. A Bonferonni correction was used to handle
multiple hypothesis testing. The exact statistical analysis for each dataset is described in the
figure legends.
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Results
Evaluation of Noggin Suppression

In order to reduce the level of noggin transcript and protein, RNA interference was
performed using a noggin-directed shRNA construct and delivered through lentiviral
particles (Santa Cruz Biotech, CA). Transfection efficiency was evaluated using GFP-
targeted shRNA control lentiviral particles, demonstrating over 95% transfection efficiency
using our lenitviral construct based on FACS analysis (data not shown). qRT-PCR analysis
of noggin after lentiviral transfection was performed and displayed a significant reduction in
transcript level (*p<0.001) when compared to shRNA scramble control (See Figure,
Supplemental Digital Content 1A, which demonstrates Validation of transfection and
noggin-directed shRNA construct. (A) Evaluation of mean transcripts using QRT-PCR
analysis demonstrated significant suppression with noggin directed shRNA (*p<0.001) by
lentiviral transfection methodologies. A student’s two tailed t-test was used to compare
groups. INSERT LINK HERE). hASCs transfected with control GFP-targeted shRNA
construct demonstrated similar noggin levels compared to non-transfected hASCs (data not
shown). Likewise, noggin protein showed complete knockdown of detectable noggin
protein, as assessed by Western blot using lentiviral knockdown (See Figure, Supplemental
Digital Content 1B, which demonstrates Validation of transfection and noggin-directed
shRNA construct. (B) Western blot quantification of noggin protein knockdown after
lentiviral noggin knockdown. INSERT LINK HERE). We next examined the consequence
of noggin knockdown in angiogenic differentiation of hASCs.

Noggin Suppression Enhances hASC Angiogenic Signaling
We first examined the in vitro differences between our noggin shRNA and control shRNA
with regard to angiogenic gene expression. We found that in standard growth medium,
noggin shRNA hASCs had significantly higher expression levels of angiogenic genes,
including VE-cadherein (VCAD), VEGFA, and hypoxia inducing factor A (HIF1A) (Fig.
1A). Similarly, when treated with osteogenic differentiation medium (ODM), all of these
angiogenic genes were more highly expressed in the noggin shRNA hASCs than in the
control shRNA cells at 7 days, and this difference was statistically significant (Fig. 1B). To
assess the converse relationship, we subsequently treated hASCs with rhNoggin (200ng/ml),
and, as expected, we noted a significant decrease in vasculogenic gene expression (Fig.
1C,D). In order to further analyze the BMP-2 pathway effect on hASC angiogenesis, we also
treated hASCs with dorsomorphin (10uM), which has been shown to inhibit the BMPR1B
receptor. Similar to our findings with blocking the BMP-2 ligand with noggin,
dorsomorphin significantly down regulated angiogenic gene expression (Fig. 1C).

In addition to increased transcript, we set out to explore how noggin suppression would
enhance VEGFA ligand production, as this would ultimately determine how these cells
would influence surrounding cells if placed in vivo. On a protein level, Noggin shRNA
transfected cells had an increased amount of VEGFA (Fig. 1E). Similarly, when analyzing
secreted VEGF protein from hASCs using a protein ELISA, those cells with lower Noggin
expression demonstrated higher levels of VEGFA (Fig. 1F). Next, to assess if simply adding
more BMP-2 would be sufficient to enhance angiogenesis, we compared vascular gene
expression in our control shRNA and Noggin shRNA transfected cell lines. We
demonstrated, that the BMP-2 treated Noggin shRNA transfected cells had a higher up-
regulation of angiogenic genes than the BMP-2 treated, control shRNA transfected cells
indicating that both supplementing BMP-2 and removing a BMP-2 inhibitor maximally
drives vascular gene expression (See Figure, Supplemental Digital Content 2 A–C, which
demonstrates Vascular signaling is greatly enhanced with noggin knockdown and
BMP-2 over BMP-2 alone. (A) VEGFA gene expression profile of hASCs cultured in ODM
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or ODM with BMP-2 (200ng/ml). A student’s two sample t-test was used to compare
groups. (B) VEGFB gene expression profile of hASCs cultured in ODM or ODM with
BMP-2 (200ng/ml). A student’s two sample t-test was used to compare groups (mean
expression +/− S.D. *p<0.05). (C) HIF-1alpha gene expression profile of hASCs cultured in
ODM or ODM with BMP-2 (200ng/ml). An up regulation of all genes was noted in noggin-
suppressed cells. A student’s two sample t-test was used to compare groups (mean
expression +/− S.D. *p<0.05). INSERT LINK HERE).

Tubulogenesis is Enhanced by Noggin Knockdown
To demonstrate that those cells with noggin suppression had increased angiogenic gene
expression as well as tubule formation, we next performed a matrigel vascular tubule assay.
After 12 hours in hypoxia (1% O2), those hASCs with suppressed noggin demonstrated
significantly higher tubule formation in matrigel compared to control hASC (Fig. 2A,B).
Similarly, when using our tubule assay, we noted significantly more tubules in our Noggin
shRNA treated group than our control shRNA and control shRNA+BMP-2 groups indicating
that hASCs with Noggin knockdown perhaps have a superior angiogenic capacity to just
hASCs treated with BMP-2 alone (See Figure, Supplemental Digital Content 2 D, which
demonstrates Vascular signaling is greatly enhanced with noggin knockdown and
BMP-2 over BMP-2 alone. (D) Quantification of tubules of control shRNA, control shRNA
with BMP-2 (200ng/ml) and Noggin shRNA cells as counted by 5 blinded, independent
observers. A student’s two tailed t-test was used to compare groups. A Bonferonni
correction was used to handle multiple hypothesis testing (mean expression +/− S.D.
*p<0.05). INSERT LINK HERE). Such findings are potentially significant as we look to
enhance angiogenesis in vivo by suppressing noggin.

Noggin Knockdown Enhances Vascular Signaling In Vivo
Next we set out to determine if this difference carried over to in vivo angiogenesis using our
calvarial defect model. To this end, 4 mm calvarial defects were made in the parietal bone of
adult nude mice. These defects were next treated with hydroxyapatite (HA) coated PLGA
scaffolds seeded with 150,000 hASCs with either the noggin knockdown construct or GFP
control construct, transfected as previously described (6, 38). The specimens were examined
on postoperative day 7, as this time point allows for assessment of the early wound
environment as previously described.(39) First we examined VEGF signaling in the region
of the calvarial defect where hASCS with control or noggin shRNA transfected hASCs.
VEGFA protein immunoreactivity was more intense in those defects treated with hASCs
transfected with Noggin shRNA by immunohistochemistry (Fig. 3A). Interestingly, when
placing both control and noggin shRNA hASCs on a BMP-2 loaded scaffold, both groups of
cells demonstrated an enhancement in VEGFA immunoreactivity, and the difference
between the groups became even more striking, suggesting that removing a BMP-2 inhibitor
and adding BMP-2 ligand further stimulated VEGF production. Similarly, by
immunofluoresence, there was enhanced VEGF immunoreactivity in the noggin shRNA
transfected hASCs, especially around tubular like structures (Fig. 3B).

Calvarial Defects treated with hASCs with Noggin ShRNA increased angiogenesis
After demonstrating enhanced tubule formation in vitro and enhanced VEGF localization in
vivo, we next set out to explore blood vessel formation in vivo. To detect endothelial cells,
we first performed immunohistochemistry using mouse-CD31/PECAM-1. After 7 days in
vivo, we noted increased mouse specific PECAM staining in our Noggin shRNA group
when compared to control shRNA group (Fig. 4A,B). We then quantified the number of
vessels in the calvarial defect and found significantly higher number of vessels in the defect
site of mice receiving noggin shRNA treated cells than those receiving control hASCs.
Furthermore, a BMP-2 loaded scaffold appears to even further enhance tubule formation in
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both groups (Fig. 4A,B). Thus, it appears that there is an increase in vascular structures in
vivo in an osseous defect when treated with hASCs with noggin suppression or
supplemented with BMP-2.

Lastly, we performed additional immunohistochemistry analyses comparing control hASCs
on a BMP-2 releasing scaffold to our Noggin shRNA transfected hASCs on a BMP-2
releasing scaffold. The Noggin shRNA transfected cells on the BMP-2 releasing scaffold
demonstrated increased immunostain for VEGFA and significantly more tubule like
structures with PECAM (CD-31) stain (See Figure, Supplemental Digital Content 2 E, F,
which demonstrates Vascular signaling is greatly enhanced with noggin knockdown and
BMP-2 over BMP-2 alone. (E) Human VEGF immunohistochemistry in a calvarial defect
(brown color) with control non-transfected hASCs on a HA coated BMP-2 releasing
scaffold (200ug/ml) or Noggin shRNA transfected hASCs on a HA coated BMP-2 releasing
scaffold (200ug/ml). (F) CD31-Pecam stain (brown color) of calvarial defect one week after
injury treated with control nontransfected hASCs on a HA coated BMP-2 releasing scaffold
(200ug/ml) or Noggin shRNA transfected hASCs on a HA coated BMP-2 releasing scaffold
(200ug/ml). INSERT LINK HERE). These data indicate that vascular signaling is
maximally enhanced with both noggin knockdown and BMP-2 supplementation.

hASCs Participate in Angiogenesis
Though we believe that the enhanced angiogenesis comes primarily from host or
surrounding mouse tissue, we set out to determine if the hASCs participated in vessel
formation. To make this determination, we co-stained hASCs with control GFP shRNA as
well as human specific PECAM-1 and showed, indeed, that the implanted hASCs (GFP+)
express CD31 and are clustered around tubule-like structures, indicating their participation
in vessel formation (Fig. 5). Thus, along with increased BMP-2 signaling, noggin
suppression does appear to enhance VEGF secretion, angiogenic gene expression and
angiogenesis.

Discussion
When employing tissue engineering approaches to clinical problems, cells are often
transplanted to a distant site on a scaffold into an environment different from their original
niche. Tissue engineered constructs larger than 5mm require vascularization to allow for
their survival after transplantation. Regulation of BMP signaling has been shown to
stimulate differentiation of precursor cells towards an osteoblast lineage and to produce an
overall greater amount of calcified matrix. Though we have previously demonstrated the
effect of noggin suppression on osteogenesis, in this study we set out to examine its role in
angiogenesis in a calvarial defect.(19) Previous studies have demonstrated that over-
expression of noggin in HUVECs inhibits angiogenic capacity in vitro and in vivo.(29) In
addition, BMP has been shown to stimulate angiogenesis through production of VEGF-A by
osteoblasts.(40) Thus, we hypothesized that noggin suppressed hASCs on a BMP-2
releasing scaffold could create an angiogenic niche that would be ideal for tissue
engineering technology.

By transplanting a cell type that has the capability of secreting VEGFA and undergoing
differentiation into endothelial cells, we believe angiogenesis can be further enhanced.
Interestingly, recent studies have also demonstrated that in addition to angiogenesis, new
vessel formation is also created by vasculogenesis, which describes ischemia induced
recruitment of vascular progenitor cells. (41–45). Bone marrow is generally thought as the
main location of these vascular progenitor cells, though other studies have demonstrated the
participation of perivascular cells and adipose tissue. (46, 47) In our model, we are directly
applying a mesenchymal cell type (hASCs) to the region of hypoxia (calvarial defect). We
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do, believe, however, that our calvarial defect model does not necessarily mimic
appendicular skeletal models. Recent work by Zuk et al failed to demonstrate improved
healing of a femoral defect when a BMP-2 scaffold was used with or without adipose
derived stromal cells, however angiogenesis as not assessed.(48) A calvarial defect benefits
by being very vascular at baseline and receiving stimulation by surrounding periosteum as
well as underlying dura mater which has been shown to enhance the osteogenic capacity of
overlying hASCs.(49) Though other laboratories have failed to demonstrate ASC response
to BMP-2,(50) our laboratory and others have demonstrated through multiple studies, the
response of ASCs and bone marrow derived stromal cells to BMP-2 in vivo and in vitro.(34,
49, 51–53) Thus, we believe that by altering BMP signaling in hASCs, we have improved
their angiogenic capacity in vitro as well the angiogenic niche in vivo. Future studies are
underway to further explore the effect of enhanced BMP signaling on hASCs with regards to
their osteogenic and chondrogenic capacity.

By suppressing a BMP inhibitor in hASCs, while supplementing BMP-2, we have created a
niche that possesses enhanced angiogenic potential in vitro and in vivo. We believe that
BMP-2 mediated angiogenesis up-regulated by BMP-2 supplementation, however, this
signaling is further augmented through concomitant BMP-2 supplementation and noggin
suppression. Previous studies have demonstrated that both BMP-2 and BMP-4 enhance
VEGF-A protein levels in osteoblasts and we believe we are seeing a similar effect on
hASCs.(40) This augmented angiogenesis is likely due to noggin suppression leading to
increased BMP signaling and thus increased VEGF production and secretion by hASCs.

Conclusion
When suppressing noggin, and supplementing BMP-2, hASCs demonstrate significant
increases in angiogenesis both in vitro and in vivo. By creating a cell with noggin suppressed
and by using a scaffold with increased BMP-2, we can create a more angiogenic niche.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Effect of noggin suppression on angiogenesis in vitro
(A) Angiogenic gene expression profile of hASCs cultured in Standard Growth Medium
(SGM). Markers examined include angiogenic specific genes, VE-CADHEREIN, VEGFA
and HIF1A. An up regulation of all genes was noted in noggin-suppressed cells. A student’s
two sample t-test was used to compare groups (mean expression +/− S.D. *p<0.05) (B)
Gene expression profile of hASCs after seven days of osteogenic differentiation. Markers
examined include angiogenic specific genes, VE-CADHEREIN, VEGFA, and HIF1A. An up
regulation of all genes was noted in noggin-suppressed cells (mean expression +/− S.D.
*p<0.05). All transcript levels were expressed relative to shRNA control. A student’s two
sample t-test was used to compare groups. (C) Angiogenic gene expression profile of hASCs
cultured in SGM with or without addition of rhNoggin (200ng/ml) or dorsomorphin (10uM).
Markers examined include angiogenic specific genes, VE-CADHEREIN, VEGFA, and
HIF1A. A down regulation of all genes was noted in rhNoggin treated and dorsomorphin
treated hASCs (mean expression +/− S.D. *p<0.05) A two sample t-test was used to
compare the control group to each treatment groups separately and then a Bonferonni
correction was performed to handle multiple hypothesis testing. (D) Gene expression profile
of hASCs after seven days of osteogenic differentiation with or without addition of
rhNoggin (400ng/ml). Markers examined include angiogenic specific genes, VE-
CADHEREIN, VEGFA, and HIF1A. A down regulation of all genes was noted in rhNoggin
treated hASCs. A student’s two sample t-test was used to compare groups (mean expression
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+/− S.D. *p<0.05) (E) VEGFA protein levels of control shRNA and Noggin shRNA
transfected cells by Western Blot analysis. A student’s two tailed t-test was used to compare
groups (mean expression +/− S.D. *p<0.05). (F) VEGFA protein secretion by control
shRNA and Noggin shRNA transfected cells measured by VEGF ELISA. A student’s two
tailed t-test was used to compare groups (mean expression +/− S.D. *p<0.05).
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Figure 2.
(A) In vitro tubule assay of control shRNA and Noggin shRNA cells in matrigel after 12
hours of hypoxia. (B) Quantification of tubules of control shRNA and Noggin shRNA cells
as counted by 5 blinded, independent observers. A student’s two tailed t-test was used to
compare groups (mean expression +/− S.D. *p<0.05).
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Figure 3.
(A) Human VEGF immunohistochemistry in a calvarial defect (brown color) with control
shRNA or Noggin shRNA hASCs on a HA coated PLGA scaffold with or without BMP-2
(200ng/ml). (B) VEGFA expression by immunofluorsence (red color) in the region of the
calvarial defect treated either with control shRNA treated or Noggin shRNA treated hASCs.
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Figure 4.
(A) CD31-Pecam stain (brown color) of calvarial defect one week after injury treated with
either control shRNA or Noggin shRNA hASCs on an HA coated PLGA scaffold with or
without BMP-2 (200ng/ml) (B) Average vessel count per 5× field. Statistical analysis was
conducted utilizing the Mann-Whitney Test. A student’s two tailed t-test was used to
compare groups. P-values (mean +/− S.D. *p<0.05).
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Figure 5.
Co-localization of GFP+ hASCs, human specific PECAM-1 and DAPI to assess for vessel
formation in a calvarial defect.
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