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A number of previous studies documented the angiogenic potential of outgrowth endothelial cells in vitro and
in vivo and provided evidence that therapeutic success could depend on coculture or coimplantation strategies.
Thus, deeper insight into the molecular mechanisms underlying this pro-angiogenic effect of cocultures might
provide new translational options for tissue engineering and regenerative medicine. One promising signaling
pathway in bone repair involved in neoangiogenesis and bone formation is the sonic hedgehog (Shh) pathway. In
this article, we focus on the effect of Shh on the formation of microvessel-like structures and osteoblastic dif-
ferentiation in cocultures of primary osteoblasts and outgrowth endothelial cells. Already after 24 h of treatment,
Shh leads to a massive increase in microvessel-like structures compared with untreated cocultures. Increased
formation of angiogenic structures seems to correlate with the upregulation of vascular endothelial growth factor
or angiopoietins (Ang-1 and Ang-2) studied at both the mRNA and protein levels. In addition, treatment with
cyclopamine, an inhibitor of hedgehog signaling, blocked the formation of microvessel-like structures in the
cocultures. However, exogenous Shh also resulted in the upregulation of several osteogenic differentiation
markers in real-time polymerase chain reaction, as well as in an increased mineralization and alkaline phos-
phatase activity. The present data highlight the central role of the Shh pathway in bone regeneration and vas-
cularization. Further, Shh might have the potential to improve both angiogenesis and osteogenesis in clinical
applications in the future.

Introduction

Coculture systems constitute a promising instrument
to mimic physiological processes in bone regeneration

and vascularization and may provide new insights into the
underlying molecular mechanisms. Further, several studies
demonstrated that coculture or coimplantation strategies
are essential, especially in the context of prevascularization
strategies involving endothelial cells or vascular structures
that aim to improve the neovascularization in tissue con-
structs after implantation.1–3 The generation of complex bio-
engineered tissues such as prevascularized bone constructs,
for instance, still represents a major challenge with respect to
both the selection of suitable cell sources for cellular therapy
and the identification of new molecular targets for further
therapeutic intervention.

In a series of studies outgrowth endothelial cells (OECs), a
subpopulation of endothelial progenitor cells from periph-

eral blood has proven their therapeutic potential by con-
tributing to the formation of actively perfused vessels within
the implanted constructs or the peri-implant tissue.4–6 Based
on these observations OECs are currently being discussed as
a potential cell source for therapeutic applications aiming
to enhance neovascularization during tissue repair. Never-
theless, perfused vessels formed by OECs were only ob-
served when OECs were coimplanted with other cell types
such as mesenchymal stem cells,1 smooth muscle cells,7

or primary osteoblasts (pOBs).8 It is widely accepted that
coculture or coimplantation of endothelial cells with other
cell types induces the formation of microvessel-like struc-
tures and positively influences their angiogenic potential
in vitro9–12 or in vivo. Induction of the angiogenic pheno-
type of endothelial cells by coculture approaches seems to
be mediated by proangiogenic growth factors such as
vascular endothelial growth factor (VEGF),13 but matrix
components and direct cellular communication via gap
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junctions14 are additional essential elements involved in an-
giogenesis.

However, the detailed mechanisms and molecular signal-
ing pathways guiding angiogenic activation are still poorly
understood. In addition, identification of molecular signaling
pathways capable of influencing both fundamental processes
in bone regeneration, namely, osteogenesis and angiogene-
sis, might lead to new translational approaches. One inter-
esting group of signaling pathways is mediated by hedgehog
morphogens known to play a pivotal role in numerous tis-
sues during embryonic development.15–17

Three human homologs of the Drosophila hedgehog gene
are currently recognized, Indian hedgehog, Desert hedgehog,
and sonic hedgehog (Shh).18 Shh signaling occurs through
the interaction of the morphogen with the patched1 (Ptch1)
receptor, which then activates the Gli family of transcrip-
tion factors. There is increasing evidence from the literature
that the Shh pathway plays a significant role in vasculogen-
esis. During embryogenesis, for example, transgenic over-
expression of Shh in the dorsal neural tube of zebrafish results
in hypervascularization of the neuroectoderm. Further, zeb-
rafish embryos lacking Shh activity show no arterial dif-
ferentiation.19 Recently, several publications indicated the
importance of Shh in postnatal vascularization processes.20,21

In addition, there is also evidence that Shh is involved in bone
regeneration processes in adults and initiates osteoblastic
differentiation during endochondral bone formation.22,23

Due to the importance of Shh signaling in angiogenesis as
well as in osteogenic differentiation, this morphogen might
be useful as a new therapeutic approach in bone tissue en-
gineering. The purpose of this present study was to investi-
gate Shh signaling in a coculture system consisting of human
pOBs and OECs with regard to its influence on angiogenesis
or osteogenesis, respectively.

Materials and Methods

Isolation and expansion of OECs

Mononuclear cells were isolated from peripheral blood
buffy coats by Ficoll Histopaque density gradients as previ-
ously described.24 The mononuclear cell fraction was cul-
tured in endothelial cell growth medium-2 (EGM-2) (CC-3162;
Lonza, Verviers, Belgium) with supplements from the kit (5%
fetal calf serum [FCS; Gibco Life Technologies, Karlsruhe,
Germany] and 1% penicillin=streptomycin [P=S]) on collagen-
coated (BD Europe, Heidelberg, Germany) well plates. A total
number of 5�106 cells per well were seeded on 24-well plates.
After 3–4 weeks, colonies with a cobblestone-like morphology
appeared. These cells, the so-called late OECs, were collected
and expanded over several passages.

Isolation of pOBs

Human pOBs were isolated from human cancellous
bone fragments as previously published25,26 from healthy
donors in accordance with rules of the local ethics committee.
Bone explants were washed with phosphate-buffered saline
(PBS) several times, and collagenase type IV (C-5138; Sigma,
Deisenhofen, Germany) at a concentration of 1 mg=mL was
added for 1 h at 378C for enzymatic digest. After washing in
PBS, bone fractions were placed onto six-well plates cultured

in Dulbecco’s modified Eagle’s medium (DMEM-Ham F12;
Gibco) containing 20% FCS and 1% P=S. During culture, cells
were fed with DMEM–Ham F12 with 10% FCS. Cells were
used from several donors up to the third passage.

Coculture of OECs and pOBs

Cocultures were grown on fibronectin-coated Thermanox
coverslips (12 mm in diameter) by seeding pOBs at a density
of 300,000=well in a first step. After 24 h 200,000 OECs were
added per well and cocultures were further cultured in
EGM-2 with supplements from the kit (5% FCS and 1% P=S)
for different time periods.

Shh stimulation of cocultures consisting
of pOBs and OECs

Cocultures were seeded as previously described. After
1 week of cocultivation, cells were treated with 5mg=mL
recombinant human Shh-N (R&D Systems, Wiesbaden,
Germany) in EGM-2 with supplements from the kit (5% FCS
and 1% P=S) for various time points as indicated in the text.
In control experiments, cocultures were treated with the Shh
inhibitor cyclopamine (Merck, Darmstadt, Germany) at dif-
ferent concentrations (5, 10, and 20mM) in EGM-2 with
supplements from the kit (5% FCS and 1% P=S) for 3 weeks.
Additionally, cocultures were treated for 24 h simultaneously
with 5mg=mL Shh plus cyclopamine at different concentra-
tions (5, 10, and 20 mM) in EGM-2 with supplements from the
kit (5% FCS and 1% P=S).

Immunofluorescent staining

Cultures seeded on Thermanox coverslips were prepared
for immunofluorescent staining for the endothelial marker
PECAM-1 (CD31). After fixation with 3.7% paraformalde-
hyde (Merck), cells were washed with PBS and permeabi-
lized using 0.1% Triton-X=PBS. Cells were incubated with
primary antibodies: anti-human CD31 (Dako, Hamburg,
Germany) diluted 1:50 in 1% bovine serum albumin=PBS for
45 min at room temperature. After washing three times with
PBS, cells were incubated with the secondary antibody Alexa
488 anti-mouse (Molecular Probes, MoBiTec, Göttingen,
Germany) diluted 1:1000 in 1% bovine serum albumin=PBS
for 45 min at room temperature. Finally, cell nuclei were
counterstained by Hoechst stain, and cells were mounted
with Gelmount (Biomeda, Foster City, CA) and examined
using a confocal laser scanning microscope (LeicaTCS-NT,
Leica Microsystems, Wetzlar, Germany).

Quantitative real-time reverse
transcriptase–polymerase chain reaction

RNA was extracted from Shh-treated and untreated pOB
and OEC monocultures as well as from cocultures using
RNeasy Kit (Qiagen, Hilden, Germany). One microgram of
extracted RNA was used to transcribe RNA into cDNA ac-
cording to a standard protocol using Omniscript RT kit
(Qiagen). Quantitative real-time polymerase chain reaction
(PCR; 7300 Real Time PCR System; Applied Biosystems,
Applera Deutschland GmbH, Darmstadt, Germany) was
performed in triplicate with the following cycler program:
958C for 15 min, 948C for 15 s, 558C for 30 s, 728C for 35 s,
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958C for 15 s, 608C for 1 min, and 958C for 15 s, 40 cycles. Four
nanograms of cDNA was used for one reaction. Then, real-
time primers were used: VEGF A (VEGFA), angiopoietin-1
(Ang-1), angiopoietin-2 (Ang-2), Ptch1, von Willebrand fac-
tor (vWF), osteocalcin, osteonectin, and alkaline phosphatase
(ALP) (all primers were ordered from Qiagen). CD31 was
synthetisized and purchased from Microsynth (Belgach,
Switzerland): forward 50- CCGGATCTATGACTCAGGGAC
CAT-30; rev 30GGATGGCCTCTTTCTTGTCCAG-50. Riboso-
mal protein 13A was used as endogenous standard. Gene
expression of Shh-stimulated and nonstimulated co- and
monocultures was compared by setting control cultures to 1
(reference value) as indicated in the relevant figures.

Enzyme-linked immunosorbent assay

Culture supernatants from Shh-treated pOB monocultures
and OEC monocultures as well as from Shh-treated cocul-
tures were collected 24 h and 14 days after stimulation. The
concentration of VEGF, Ang-1, and Ang-2 was measured and
compared with that of untreated cells using enzyme-linked
immunosorbent assay (ELISA) DuoSets� (R&D Systems).
ELISA was performed according to the manufacturer’s pro-
tocol in triplicates. A streptavidin–horseradish peroxidase
colorimetric reaction was used to observe protein concen-
trations. The optical density of each well was measured using
a microplate reader (GENios plus, TECAN, Crailsheim,
Germany) and a wavelength of 450 nm.

Quantification of mineralization using alizarin red

To quantify the mineralization of Shh-treated pOB mono-
cultures or cocultures compared with nontreated controls, an
Osteogenesis Quantitation Kit (Chemicon� International,
Hofheim, Germany) was used according to the manufacturer’s
protocol. Quantitative analysis of alizarin red staining was
performed by the extraction of the stain, and concentrations
were measured in triplicate at OD405 using a microplate reader
(TECAN; GENios plus). Alizarin red concentration was de-
fined as mM alizarin red=mg protein. A bicinchoninic acid
protein Assay Reagent Kit (Pierce, Thermo Fischer, Bonn,
Germany) was used to determine the protein concentration
according to the manufacturer’s protocol.

Determination of ALP activity within the cell lysate

Quantitative determination of ALP activity within the
cell lysates of Shh-stimulated and unstimulated cocultures
and pOB monocultures was performed using p-nitrophenyl
phosphate (Sigma Aldrich, Steinbach, Germany). Briefly,
cells were lysed with 0.1% Triton X-100 in 0.1 M Tris buffer
(pH 7.2), harvested with a cell scraper, and incubated at
room temperature for 45 min while vortexing every 15 min.
Twenty microliters of each sample was incubated with 40mL
of substrate solution (0.2% p-nitrophenyl phosphate in 1 M
diethanolamine HCl) in triplicates in a 96-well plate for
30 min at 378C. After incubation period, 80 mL of stop solu-
tion (2 M NaOH=0.2 mM EDTA) was added to each well, and
absorbance was measured at 405 nm using a microplate
reader (TECAN; GENios plus). ALP activity was standard-
ized to the protein content and results were depicted as mM
pNP=mg protein.

Determination of angiogenesis-related
proteins in response to Shh stimulation

Cells from three different donors were pooled in equal
ratios and lysed for protein extraction. The total protein
concentration of Shh-stimulated and unstimulated cocultures
and monocultures was determined as described above and
measured at 550 nm using a microplate reader (TECAN;
GENios plus). Subsequently, a Proteome Profiler� Human
Angiogenesis Array study (R&D Systems) was performed ac-
cording to the manufacturer’s protocol to detect angiogenesis-
related proteins (55 different proteins in total) within the
treated and nontreated cultures. Samples were analyzed
using Array-Pro Analyzer Version 4.5 (Media Cybernetics,
Bethesda, MD). The protein content of Shh-stimulated and
nonstimulated cocultures and monocultures was compared
by setting control cultures to 100% (reference value).

Image quantification

Microscopic images were analyzed using the software
ImageJ 1.4327 as described previously.28 Statistical analysis
was performed with MS-Excel (Student’s t-test, paired, two-
tailed distribution), and significant differences of means are
indicated in Figure 1B (*p< 0.05 and **p< 0.01).

Statistical analysis

All data are presented as mean values� standard error of
the mean. Statistical significance was evaluated using the
paired Student’s t-test. This test was chosen to compare trea-
ted and untreated samples or samples at different time points
from the same individuals. Statistical analyses were per-
formed with Excel (Microsoft Office; Microsoft, München,
Germany), and significance was assessed by p-value< 0.03
or< 0.05, respectively.

Results

Shh enhances the formation of capillary-like structures
in a coculture system of pOBs and OECs

Cocultures of OECs and pOBs under control conditions
are characterized by an abundant appearance of microvessel-
like structures that seem to increase with progressing culture
(Fig. 1A). In our initial experiments this vessel formation in
cocultures was blocked by the incubation with the Shh in-
hibitor cyclopamine in a concentration-dependent manner, as
indicated in Figure 1A. Cocultures treated with 10 or 20 mM
cyclopamine showed practically no formation of angiogenic
structures. On the other hand, stimulation of cocultures with
5mg recombinant Shh resulted in a considerable increase in
the formation of vessel-like structures compared with control
cells cultured in EGM-2 (Fig. 1B). The increase in angiogenic
structures in the coculture in response to Shh was already
observed after 24 h, as indicated by the formation of tube-like
structures and interconnected networks (Fig. 1B, upper row).
Quantitative analysis of angiogenic structures in Shh-treated
cocultures documented a significantly enhanced formation of
angiogenic structures after 24 h and 14 days compared with
untreated controls (Fig. 1B, lower row). The effect of the an-
giogenic stimulation by Shh was reduced when cocultures
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were incubated simultaneously for 24 h with Shh and cyclo-
pamine, depending on the cyclopamine concentration (Fig.
1C). In control experiments using OEC monocultures seeded
on Matrigel�, Shh also stimulated the formation of angio-
genic structures in OEC monocultures (data not shown).

Analysis of angiogenic factors in response
to Shh on the RNA and protein level

We investigated several proangiogenic molecules on the
RNA and on the protein level in the cocultures in response to

FIG. 1. Effect of Shh treatment on cocultures consisting of pOBs and OECs. (A) Immunofluorescent staining for CD31 after
treatment of cocultures consisting of OECs and pOBs with cyclopamine in different concentrations (5, 10, and 20mM) for
3 weeks compared with a nontreated coculture (n¼ 6). (B) Cells were cocultured 1 week before stimulation with 5mg=mL
recombinant Shh for 24 h (n¼ 6) and 14 days (n¼ 6) as described previously and stained immunohistochemical for the
endothelial marker CD31. The area and the total skeleton length of vascular structures formed by stimulated and non-
stimulated cocultures (n¼ 3) after 24 h and 14 days were assessed quantitatively (diagrams lower row). Significance was
assessed by p-value *p< 0.05 and **p< 0.01. (C) Twenty-four-hour treatment of cocultures simultaneously with 5mg Shh and
cyclopamine in different concentrations (5–20 mM) stained for CD31. Cell nuclei were counterstained with Hoechst. Scale bars
(A–C): 300 mm. OECs, outgrowth endothelial cells; pOBs, primary osteoblasts; Shh, sonic hedgehog.
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Shh stimulation. In addition, we studied Shh-stimulated or
unstimulated monocultures and used indirect cocultures on
Transwell� systems (Supplemental Fig. S1, available online at
www.liebertonline.com=ten) to gain insight into the potential
origin of the growth factors. In quantitative real-time PCR,
expression of VEGF, Ang-1, Ang-2, and the hedgehog receptor
Ptch1, used as control to document hedgehog pathway acti-
vation, was significantly upregulated in Shh-treated cocul-
tures after 24 h of stimulation ( p< 0.03), as depicted in Figure
2A. In addition, relative gene expression of the endothelial
markers, CD31 and vWF, seems to increase slightly after 24 h
of stimulation. During long-term stimulation with Shh for 14
days, VEGF expression was downregulated compared with
24 h of treatment, whereas Ang-1 or Ang-2 expression, respec-
tively, was not significantly changed after 14 days (Fig. 2A).

Similar findings for the cocultures were observed on the
protein level after determining the free VEGF levels in the cell
culture supernatants by ELISA. Results from ELISA for the
angiogenic factors VEGF, Ang-1, and Ang-2 are depicted as
percentage change compared with untreated cultures (Fig.
3A, C, E), as well as absolute concentrations (Fig. 3B, D, F) to
document differences in mono- and cocultures or culture
time-dependent changes. The temporal relation of gene ex-
pression and protein concentrations found in the cell culture
supernatants of Shh-treated cocultures is also depicted in
Figure 4 for the first 24 h and documented the induction of
VEGF, Ang-1, and Ang-2 release timely delayed to increased
expression of the related genes. The release of VEGF (Fig. 3A)

was significantly increased in Shh-treated cocultures after 24 h
and after 14 days of stimulation ( p< 0.05). In addition, Ang-1
concentrations (Fig. 3C) were significantly higher in Shh-
stimulated cocultures than in controls after 24 h ( p< 0.03) and
14 days of stimulation ( p< 0.05). Cocultures of pOBs and
OECs as well as pOBs in monocultures showed a higher
concentration of Ang-1 in the supernatant after 14 days
compared with 24 h (Fig. 3D). The release of Ang-2 in the
cocultures was higher in response to Shh treatment compared
with nonstimulated controls after 24 h and 14 days of treat-
ment (Fig. 3F).

In pOB monocultures we observed similar effects of Shh
treatment on VEGF expression, comparable to the results
of the cocultures. In real-time PCR VEGF expression was
significantly upregulated in Shh-treated pOBs after 24 h
( p< 0.05), followed by downregulation of VEGF expression
after 14 days (Fig. 2B) of Shh treatment. On the protein level,
monocultures of pOBs showed a significant increase of free
VEGF in the supernatant in response to Shh treatment for
24 h ( p< 0.03) (Fig. 3A). At the same time expression of
Ang-1 and Ptch1 in real-time PCR was significantly higher in
Shh-stimulated pOBs after 24 h of treatment ( p< 0.03),
whereas no significant effect on expression of Ang-2 was
observed (Fig. 2B). On the protein level the release of Ang-2
(Fig. 3E, F) was increased in pOB and OEC monocultures
already 24 h after stimulation with Shh ( p< 0.05; p< 0.03).

In general, the concentration of free VEGF in the super-
natants of pOB monocultures was higher compared with

FIG. 2. Shh treatment of cocultures (A) and pOB monocultures (B) results in an upregulation of proangiogenic factors at the
mRNA level. (A) Mean values of relative gene expression of the proangiogenic factors VEGF, Angiopoietin1 (ANGPT1), and
Angiopoietin2 (ANGPT2), the Shh receptor Ptch1 and the endothelial markers CD31 and in Shh-treated and untreated co-
cultures for 24 h (n¼ 6) and 14 days (n¼ 3). (B) Mean values of relative gene expression of VEGF, Angiopoietin1, Angiopoietin2,
and Ptch1 in Shh-treated and untreated pOB monocultures for 24 h (n¼ 6) and 14 days (n¼ 3). RPL13A was taken as
endogenous standard in both experiments (A, B). Gene expression of Shh-stimulated and nonstimulated cocultures and
monocultures was compared by setting control cultures to 1 (reference value). Ptch1, Patched1; RPL13A, ribosomal protein
13A; VEGF, vascular endothelial growth factor; vWF, von Willebrand factor.
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OEC and cocultures (Fig. 3B). These observations suggest
that VEGF originates mainly from pOBs and are in accor-
dance with experimental data from indirect cocultures on
Transwell filter systems that show a secretion of VEGF by
osteoblasts but not by OECs (Supplemental Fig. S1). We as-
sumed that in the coculture, free VEGF concentrations might
be lower compared with the corresponding monocultures of
pOBs due to binding of VEGF by endothelial cells or matrix
components. Thus, we also performed Proteome Profiler
Human Angiogenesis studies to detect surface bound or in-
tracellular protein levels of VEGF as well as other angiogenic
factors in response to Shh treatment. Three different donors
of cocultures of pOBs and OECs as well as pOB monocul-
tures and OEC monocultures were stimulated with Shh for
24 h, as previously described. The Shh-stimulated cocultures
showed an enhanced VEGF protein content (þ23.7%) in cell

lysates compared with nonstimulated cocultures (Fig. 5A),
whereas Shh-treated pOB monocultures and OEC monocul-
tures exhibited decreased levels of VEGF (Fig. 5A) in the
lysate. Shh treatment of pOBs in monoculture resulted in
lower amounts of VEGF, Ang-1 (Fig. 5B), and Ang-2 (Fig. 5C)
compared with unstimulated pOBs in the cell lysates, but
higher amount of free VEGF, Ang-1, and Ang-2 released to
the culture supernatant (Fig. 3). This suggests that Shh leads
to the secretion of growth factors to the cell culture medium.

Protein profiler arrays also indicated an influence of Shh
on other molecules involved in the cellular crosstalk during
angiogenic activation and vessel stabilization. Endothelin
protein amounts in cell lysates were found to be highly en-
riched in response to Shh in OEC monocultures and in co-
cultures. In addition, IL-8 protein synthesis was increased in
all types of cultures by stimulation with Shh (Fig. 5).

FIG. 3. Effect of Shh treatment on the release of proangiogenic factors in cocultures, pOB monocultures, and OEC
monocultures. The concentrations of VEGF (A, B), Angiopoietin1 (C, D), and Angiopoietin2 (E, F) in the supernatants of
pOBs, OECs, and cocultures consisting of both cell types were measured in an enzyme-linked immunosorbent assay after 24 h
and after 14 days of stimulation. Results are demonstrated in percentage ratio (control¼ 100%; A, C, E) and additionally
shown as absolute values (B, D, F). *p< 0.05 and **p< 0.03.
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Shh treatment results in an upregulation
of osteogenic markers at the mRNA level

To assess the effect of Shh treatment on osteogenic differ-
entiation, quantitative real-time PCR detecting expression of
several molecules involved in osteogenic differentiation was
performed for cocultures (Fig. 6A), as well as for pOB (Fig. 6B)
and OEC monocultures (data not shown) serving as controls.
After 24 h of Shh stimulation, cocultures as well as pOB
monocultures showed a tentative upregulation of the osteo-
genic markers osteocalcin, osteonectin, osteopontin, and ALP,
whereas statistical significance was only documented for the
upregulation of osteonectin ( p< 0.05) and ALP ( p< 0.03) in
cocultures after 24 h of treatment (Fig. 6A). Nevertheless, Shh
stimulation for 14 days resulted in a decrease in expression of
osteogenic markers compared with 24 h in cocultures (Fig. 6A)
as well as in pOB monocultures (Fig. 6B).

Shh stimulation promotes osteoblastic differentiation
in the coculture of pOBs and OECs

The potential effect of Shh on osteoblastic differentiation
as indicated by real-time PCR was further investigated by

analyzing the effect of Shh on the mineralization of mono-
cultures and cocultures after 24 h, 7 days (data not shown),
and 14 days using alizarin red staining and quantification
(Fig. 7A). In general, mineralization was consistently higher
in Shh-treated cocultures and pOB monocultures compared
with nontreated cultures at all time points of investigation
(24 h, 7 days, and 14 days), as indicated by alizarin assays
and depicted in mM alizarin red=mg protein. The mineraliza-
tion of the culture increased continuously during the course
of Shh stimulation from 24 h to 7 days (data not shown) then
to 14 days in cocultures and pOB monocultures and was
found to be statistically significant in the coculture after
14 days of Shh treatment ( p< 0.05; Fig. 7A).

This positive effect of Shh on osteogenic markers was
further confirmed by comparing ALP activity in the stim-
ulated and unstimulated cocultures or pOB monocultures
(Fig. 7B, C) investigated after 24 h, 7 days (data not shown),
and 14 days. ALP activity is depicted as percentage change
compared with controls (Fig. 7B), as well as in standardized
concentrations given as mM=mg protein to identify influ-
ences by mono- or coculture or culture time, respectively
(Fig. 7C). ALP activity was significantly increased in Shh-
treated cocultures and pOB monocultures during 14 days of
stimulation compared with the corresponding controls (Fig.
7B, p< 0.05). In general, the cocultures showed a higher ALP
activity than the pOB monoculture after 24 h as well as after
14 days ( p< 0.05) (Fig. 7C).

Discussion

New approaches simultaneously enhancing the two fun-
damental processes in bone regeneration, namely, osteogen-
esis and angiogenesis, could be of considerable therapeutic
potential. One of the most promising molecular targets for
therapeutic intervention is the Shh signaling pathway due
to its pivotal role in the initiation of angiogenesis and oste-
ogenic differentiation. Using a coculture system based on
human OECs isolated from the peripheral blood and pOBs,
we demonstrated that the formation of microvessel-like
structures in vitro depends on the functional activity of the
Shh signaling pathway. In addition, we provide experimen-
tal evidence for a beneficial influence of Shh treatment on the
formation of microvessel-like structures, as well as on oste-
ogenic differentiation in the coculture model.

The effect of angiogenic activation of OECs by coculturing
with pOBs was the focus of our previous studies.8,25,28 These
studies implied a proangiogenic effect on OECs by the co-
culture with pOBs leading to the formation of luminal vas-
cular structures in vitro and perfused microvessels in vivo
connected to the host’s vasculature. In this study, treatment
with the Shh inhibitor cyclopamine reduced the formation of
vascular structures by OECs in the coculture system, indi-
cating that the Shh pathway might be involved in the an-
giogenic activation of OECs in the coculture system.

The stimulation of the angiogenic activity of OECs in the
coculture system might be due to direct effects of Shh on
OECs, as previously reported for other endothelial cell
types29 or endothelial progenitor cells.30 A direct effect of Shh
on the angiogenic activity of OECs was clearly observed in
our control experiments using OEC monocultures seeded on
Matrigel. In these controls Shh induced capillary-like struc-
tures in OECs. Similar observations were reported in the

FIG. 4. Time course of gene and protein expression in re-
sponse to Shh. The effect of Shh on expression of VEGF (A),
Angiopoietin1 (B), and Angiopoietin2 (C) at the mRNA level
as well as the protein amount of these molecules in the
supernatants of cocultures (n¼ 3) were determined after 3,
6, 12, and 24 h of Shh stimulation. Gene expression was
compared by setting control cultures to 1 (reference value).
RPL13A was taken as endogenous standard. Protein release
is shown as absolute values (pg=mL).
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literature and seem to correlate with upregulation of mole-
cules such as ICAM-1 and RhoA or the activation of Focal
adhesion kinase31,32 involved in the migratory activity of
angiogenic activated endothelial cells. A direct influence
of Shh was documented in our study by the upregulation of
Ptch1 in response to Shh treatment in OECs as well as in
osteoblasts and their cocultures, thus indicating the activa-
tion of Shh signaling pathway in all investigated cell types.
On the other hand, treatment of cocultures with cyclopamine
reduced the formation of angiogenic structures by OECs and
the simultaneous treatment with Shh and its inhibitor cy-
plopamine reduced the angiogenic effect in cocultures in a
concentration-dependent manner.

Direct effects of Shh on the angiogenic activity might also
be present in the Shh-treated coculture systems, but it is
difficult to distinguish between direct and indirect mecha-
nisms in the coculture system. Nevertheless, there are
several indications that the angiogenic activation of OECs
in this study is at least partly mediated by indirect
paracrine mechanisms in the cocultures. In this study Shh
exerts positive effects on expression and secretion of pro-
angiogenic factors such as VEGF and angiopoietins in the

coculture system. These observations were proven on the
mRNA level using quantitative real-time PCR and on the
protein level by ELISA and protein array studies. By com-
paring the effects of Shh treatment on monocultures and
cocultures utilizing ELISA and protein arrays, we assume
that Shh treatment results in the increased secretion of VEGF
by pOBs, which in turn might be responsible for the acti-
vation of endothelial cells. In addition, increased levels of
Ang-1 in the cocultures after Shh treatment seem to originate
from the pOBs. These observations are in accordance with
reports from the literature documenting increased levels of
VEGF and Ang-1 in Shh-treated mesenchymal cells21,33 and
expression of Ang-134–36 and VEGF in osteoblasts.35 The
upregulation of Ang-2 gene expression or its increased re-
lease into cell culture supernatant is probably mediated by
OECs in the cocultures in accordance with the origin of Ang-
2 from endothelial cells, as reported in the literature.37 Ad-
ditional experiments using indirect cocultures of pOBs and
OECs on Transwell filter systems analyzed by ELISA fur-
ther confirmed the origin of VEGF and Ang-1 as products
from pOBs and Ang-2 as product from OECs (Supplemental
Fig. S1).

FIG. 5. Determination of the intracellular protein level of proangiogenic factors in cocultures, pOB monocultures, and OEC
monocultures in response to Shh stimulation (black bars) compared to untreated controls (grey bars). The amount of VEGF
(A), Angiopoietin1 (B), Angiopoietin2 (C), endothelin (D), and IL-8 (E) in the cell lysates of cocultures, pOB monocultures,
and OEC monocultures was evaluated using a Proteome Profiler Human Angiogenesis Array (n¼ 3). Results are referred to a
positive control and exhibited as mean pixel densities, which were finally converted into percentage values. All individual
values were referred to control coculture set to 100%.
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FIG. 6. Shh treatment of cocultures (A) and pOB monocultures (B) results in an upregulation of osteogenic factors at the
mRNA level. (A) Mean values of relative gene expression of different genes involved in osteogenesis in Shh-treated and
untreated cocultures for 24 h (n¼ 6) and 14 days (n¼ 3). (B) Mean values of relative gene expression of different genes
involved in osteogenesis in Shh-treated and untreated pOB monocultures for 24 h (n¼ 6) and 14 days (n¼ 3). RPL13A was
taken as endogenous standard in both experiments (A, B). Gene expression of Shh-stimulated and nonstimulated co- and
monocultures was compared by setting control cultures to 1 (reference value).

FIG. 7. Effect of Shh on osteoblastic differentiation in the coculture system consisting of pOBs and OECs. (A) Quantification
of calcification in Shh-treated cocultures and pOB monocultures after 24 h (n¼ 6) and 14 days (n¼ 3) of Shh stimulation
compared with unstimulated cultures evaluated by quantitative analyses of alizarin red staining. Values represent averages
and alizarin red concentration is defined as mM alizarin red=mg protein. (B, C) ALP activity within the cell lysate in Shh-
treated cocultures and pOB monocultures compared with untreated cultures after 24 h (n¼ 3) and 14 days (n¼ 3) of stim-
ulation. Results are represented in averages. The standardized ALP activity is defined as mM pNP=mg protein and is
depicted in (C). (B) The results in percentage to control¼ 100%. ALP, alkaline phosphatase.
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VEGF and angiopoietins cooperatively orchestrate the
individual steps during vessel formation and stabilization.
VEGF induces angiogenic activation of endothelial cells,
which is facilitated in the presence of Ang-2, leading to the
destabilization of cell–cell and cell–matrix interactions in
endothelial cells.38,39 On the other hand, successful vascu-
larization and formation of functional vessels depends on
stabilization of vascular structures. This vessel stabilization is
promoted by Ang-1 through recruitment of smooth muscle
cells and pericytes40,41 often summarized as mural cells. In
accordance with the temporal increase in vascular structures
with culture time as reported previously and indicated in
the present study, VEGF, Ang-1, and Ang-2 levels increased
with progressing culture time and were further enhanced
by Shh treatment. Although the coculture process itself is
beneficial for the angiogenic process leading to angiogenic
structures, Shh might be an interesting therapeutic option
to further accelerate the formation of capillary structures in
coculture systems leading to an effect on the angiogenic ac-
tivation of OECs already after 24 h of treatment. This might
be of particular importance for a fast connection to the vas-
cular supply of the host after the implantation of a tissue-
engineered construct. Further, therapeutic application of
Shh might contribute to the reduction of the preculture time
of prevascularized tissue constructs in vitro. Shh treatment
provides several advantages in comparison to stimulation
with other angiogenic factors by exerting effects on multiple
factor families that influence both angiogenesis and vessel
stabilization. Besides its effects on VEGF and angiopoietins,
Shh enhanced expression of other angiogenic factors and
cytokines in the cocultures, such as endothelin-1 and IL-8, as
shown by our protein arrays data. IL-8 is known to play an
important role in endothelial cell survival42 and exerts pro-
angiogenic effects on endothelial cells,43 whereas endothelin-1
is involved in the control of the cellular cross talk of endo-
thelial cells and osteoblasts controlling the levels of VEGF.44

Further, endothelin is thought to be involved in the differen-
tiation of osteoprogenitors.45

In addition to the effects of Shh on the angiogenic poten-
tial of endothelial cells in the coculture, Shh further enhanced
multiple key features involved in osteogenic differentiation,
suggesting a synergistic effect of Shh on both processes,
namely, angiogenesis and osteogenic differentiation. Positive
influence of Shh on gene expression of osteogenic markers
such as ALP, osteonectin, osteopontin, and osteocalcin1,46–48 was
observed in real-time PCR. The assessment of calcification in
the cocultures using alizarin red and the quantification of
ALP activity further supported the improvement of osteo-
genic differentiation as a result of Shh treatment.

The stimulatory action of Shh on osteogenic differentiation
was already reported in previous studies,22,49 suggesting a
close interaction of Shh with BMP-250 or with parathyroid-
hormone-related peptide.51 As discussed above we also ob-
served increased levels of Ang-1 and VEGF in response to
Shh treatment enhancing the vascularization process. Im-
proving the vascularization process in bone tissues in turn
enhances bone formation in vivo as reported by several
studies from the literature.52–54

Further, the coculture procedure of OECs and osteogenic
cells itself exerts a positive effect on ALP activity compared
with monocultures of pOBs and is in agreement with recent
reports.55 Collectively with results from previous studies, the

present data suggest several advantages of cocultures for
bone tissue engineering applications.

In summary, new concepts to stimulate and control bone
regeneration or to develop constructs for bone replacement
are needed that take into consideration both osteogenesis
and angiogenesis. This is of particular importance in terms of
their potential clinical application. Coculture techniques in
combination with additional treatment with growth factors
or morphogens represent a promising approach with sev-
eral advantages with respect to the formation of a stable
vasculature and osteogenic differentiation. The present study
highlighted the potential of Shh to stimulate both processes
in a human coculture model of OECs and pOBs.
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