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Osteogenic Differentiation of Mesenchymal Stem Cells
by Mimicking the Cellular Niche of the Endochondral Template

Fiona E. Freeman, PhD,1 Hazel Y. Stevens, PS,2 Peter Owens, PhD,3

Robert E. Guldberg, PhD,2 and Laoise M. McNamara, PhD1

In vitro bone regeneration strategies that prime mesenchymal stem cells (MSCs) with chondrogenic factors, to
mimic aspects of the endochondral ossification process, have been shown to promote mineralization and
vascularization by MSCs both in vitro and when implanted in vivo. However, these approaches required the
use of osteogenic supplements, namely dexamethasone, ascorbic acid, and b-glycerophosphate, none of which
are endogenous mediators of bone formation in vivo. Rather MSCs, endothelial progenitor cells, and chon-
drocytes all reside in proximity within the cartilage template and might paracrineally regulate osteogenic
differentiation. Thus, this study tests the hypothesis that an in vitro bone regeneration approach that mimics the
cellular niche existing during endochondral ossification, through coculture of MSCs, endothelial cells, and
chondrocytes, will obviate the need for extraneous osteogenic supplements and provide an alternative strategy
to elicit osteogenic differentiation of MSCs and mineral production. The specific objectives of this study were
to (1) mimic the cellular niche existing during endochondral ossification and (2) investigate whether osteo-
genic differentiation could be induced without the use of any external growth factors. To test the hypothesis,
we evaluated the mineralization and vessel formation potential of (a) a novel methodology involving both
chondrogenic priming and the coculture of human umbilical vein endothelial cells (HUVECs) and MSCs
compared with (b) chondrogenic priming of MSCs alone, (c) addition of HUVECs to chondrogenically primed
MSC aggregates, (d–f) the same experimental groups cultured in the presence of osteogenic supplements and
(g) a noncoculture group cultured in the presence of osteogenic growth factors alone. Biochemical (DNA,
alkaline phosphatase [ALP], calcium, CD31+, vascular endothelial growth factor [VEGF]), histological (alcian
blue, alizarin red), and immunohistological (CD31+) analyses were conducted to investigate osteogenic dif-
ferentiation and vascularization at various time points (1, 2, and 3 weeks). The coculture methodology
enhanced both osteogenesis and vasculogenesis compared with osteogenic differentiation alone, whereas
osteogenic supplements inhibited the osteogenesis and vascularization (ALP, calcium, and VEGF) induced
through coculture alone. Taken together, these results suggest that chondrogenic and vascular priming can
obviate the need for osteogenic supplements to induce osteogenesis of human MSCs in vitro, while allowing
for the formation of rudimentary vessels.

Introduction

Bone tissue engineering is a promising strategy for
treating bone diseases and reconstructing bone de-

fects.1–3 It typically involves the culture of mesenchymal
stem cells (MSCs), which are often grown on biomaterial
scaffolds in an in vitro environment and in the presence of
osteogenic growth factors and cell culture nutrients. How-
ever, these strategies have been associated with complica-

tions such as fibrous tissue encapsulation4–6 and degradation
of the tissue-engineered constructs when implanted
in vivo.5–8 Moreover, in vitro cultured mineralized tissue
constructs lack a vascular supply, which may contribute to
their poor performance after implantation.4–8

The standard procedure to induce osteogenic differentia-
tion of MSCs in vitro is through the culture of the cells in
the presence of a cocktail of dexamethasone, ascorbic acid,
and b-glycerophosphate.9–17 Dexamethasone is a steroid
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that causes MSC differentiation into osteoblasts by activa-
tion of the WNT/b-catenin signaling pathway, which in turn
activates Runx2 expression and induces the differentiation
of MSCs into immature osteoblasts.18–20 Ascorbic acid acts
as a cofactor for enzymes that hydroxylate proline and ly-
sine in collagen21 and participates in collagen chain for-
mation.22 It is also the predominant regulator of collagen
type 1 secretion.18 b-Glycerophosphate is an inorganic
phosphate needed to produce hydroxyapatite mineral and
has been shown in many studies to play an important role in
the osteogenic differentiation of MSCs.12,23–25 It also regu-
lates expression of genes including osteopontin and BMP-2.26–28

Exposure of rat MSCs,12,14–17 human MSCs (hMSCs),9,11,13

or murine osteoblasts22,29 to dexamethasone, ascorbic acid,
and b-glycerophosphate can significantly increase alkaline
phosphatase (ALP) activity in vitro.

However, in vivo none of these in vitro supplements are
present or regulate the physiological differentiation of osteo-
progenitor cells. Instead, paracrine factors produced by various
cell types, such as MSCs, endothelial progenitor cells, and
chondrocytes, contribute to osteogenic differentiation. Recent
studies have investigated the physical and chemical signaling
that occurs because of the culture of MSCs with other cell
types, including chondrocytes, endothelial cells, osteoblasts,
and osteocytes. One such study confirmed for the first time the
synergistic relationship between osteocytes and osteoblasts in
stimulating osteogenic differentiation of MSCs.30 However, to
date knowledge about MSC behavior, particularly the inter-
actions between MSCs and endothelial cells within the stem
cell niche in vivo, remains largely unknown.31–35

During endochondral ossification, MSCs, endothelial stem
cells, and chondrocytes all reside in proximity within the
cartilage template before the invasion by osteoblasts and bone
formation. The anatomical location of MSCs and vascular
endothelial cells suggests that these two cell types are in
direct cell–cell interaction and experience juxtacrine or
paracrine signaling within the stem cell niche during endo-
chondral ossification. Previous in vitro studies have shown
that direct coculture of MSCs or osteoblasts with endothelial
cells can upregulate production of the early osteogenic mar-
ker ALP,36–39 without the presence of osteogenic supple-
ments. Other studies have investigated whether coculture of
MSCs and endothelial cells can increase ALP production in
three-dimensional (3D) polymer scaffolds40,41 or 3D cellular
aggregates,42–45 but the majority of these studies were con-
ducted in the presence of osteogenic growth supplements.42–45

The osteogenic potential of MSC/chondrocyte or osteoblast/
chondrocyte cocultures has been variable and inconclusive
in both two-dimensional (2D) and 3D cultures.46–48

One study investigated the effect of coculture of hMSCs
and chondrocytes, without the use of osteogenic supple-
ments, and found that there was no ALP production/
expression in 3D aggregate culture.47 However, direct 2D
coculture of rat osteoblasts and bovine chondrocytes re-
ported a significant increase in ALP production over a pe-
riod of 6 weeks and there was significantly higher ALP
activity in the coculture group than the osteoblast group
alone.48 Coculture of MSCs and endothelial cells through
transwell inserts induced MSCs to undergo both osteogen-
esis and chondrogenesis, through the endothelin-1 phos-
phatidylinositol 3-kinase/AKT (AKT) signaling pathway.34

Moreover, a novel coculture technique was investigated,

which involved the coculture of human umbilical vein en-
dothelial cells (HUVECs) and MSCs with MSCs that have
been predifferentiated toward the chondrogenic lineage.49

This study showed that the HUVEC/MSC coculture group
did not produce as much mineral as coculture with HUVECs
alone. However, this approach involved the use of osteo-
genic supplements, which might interfere with the signaling
occurring because of the direct coculture.

This study tests the hypothesis that an in vitro bone re-
generation strategy that mimics the cellular niche of the
endochondral template, through the coculture of MSCs,
endothelial cells, and chondrocytes, will provide an alter-
native strategy for in vitro mineralization of MSCs, and
thereby obviate the need for external osteogenic growth
factors to induce osteogenesis in vitro in a 3D culture en-
vironment. The objective of this study was to evaluate the
mineralization potential of (a) a novel methodology in-
volving both chondrogenic priming and the coculture of
HUVECs and MSCs without the use of osteogenic supple-
ments compared with (b) chondrogenic priming of MSCs
alone, (c) addition of human umbilical vein endothelial cells
(HUVECs) to chondrogenically primed MSC aggregates,
(d–f) the same experimental groups cultured in the presence
of osteogenic supplements, and (g) a noncoculture group
cultured in the presence of osteogenic growth factors alone.
These studies involved the use of biochemical (DNA, ALP,
calcium, CD31, and vascular endothelial growth factor
[VEGF]) assays and histological (alcian blue and alizarin
red) and immunohistological (CD31+) staining.

Materials and Methods

Cell culture

Human donor MSC: isolation and characterization. Bone
marrow-derived hMSCs harvested from two male donors
20–25 years old, with established multipotency, were pur-
chased from the Texas A&M University Health Science
Centre (Temple, TX). The hMSCs were expanded in
Minimum Essential Medium alpha (aMEM; Invitrogen,
Carlsbad, CA) containing 16.7% fetal bovine serum (FBS;
Atlanta Biologicals, Lawrenceville, GA) and 100 U/mL
penicillin/100 mg/mL streptomycin/2 mM l-glutamine (PSL;
Invitrogen) at 37�C and 5% CO2. For all cell cultures per-
formed in this study, cell culture medium was changed twice
weekly unless stated otherwise. At passage 2, cells from
each donor were detached using 0.25% trypsin-EDTA (In-
vitrogen) and combined 1:1 after which they were further
cultured to passages 3–4.

HUVECs culture. HUVECs were commercially avail-
able and purchased from Lonza (Walkersville, MD) and
cultured in Clonetics endothelial growth medium (EGM)
SingleQuots (Lonza). The medium was replaced every
3 days and, upon reaching 80–90% confluency, cells were
passaged using 0.25% trypsin-EDTA (Invitrogen). HUVECs
were further cultured to passage 3.

Aggregate formation

Once the hMSCs reached a confluency of *80%, the cells
were trypsinized, counted, and centrifuged at 650 g at a
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temperature of 22�C for 5 min. The cells were then re-
suspended in expansion medium at a density of 0.25 · 106

cells/mL. This cell suspension was divided into 1.5 mL tubes
so that there were 250,000 cells in each tube, and these were
then centrifuged for 5 min (Eppendorf Centrifuge 5430R;
Vashaw Scientific, Norcross, GA) at 400 g to create cellular
aggregates. Carefully avoiding the newly formed aggregate,
the medium was removed from each of the aggregates and
0.5 mL of chondrogenic medium was added. The chondro-
genic medium consisted of a chemically defined medium,
which contained high-glucose Dulbecco’s modified Eagle
medium (DMEM) GlutaMAXTM (Invitrogen), 10 ng/mL
TGF-b3 (Invitrogen), 50mg/mL ascorbic acid (Sigma-Aldrich),
4.7 mg/mL linoleic acid–oleic acid (Sigma-Aldrich), 100 nM
dexamethasone (Sigma-Aldrich), and 1· insulin–transferrin–
selenium (Invitrogen). For all experiments, aggregate cultures
were fed twice per week by performing a 50% medium
exchange. During each feed, the aggregates were agitated,
so as to prevent them from adhering to the microtube. This
was achieved through aspirating the medium beneath the
aggregate with a micropipette.

After 21 days, the aggregates were separated into three
different experimental conditions. (1) CP21-HUVECs: ag-
gregates were chondrogenically primed for a period of
21 days and then cultured in EGM for a further 21 days
[hereafter known as the CP21-HUVECs (-OM)]. (2)
CP21+HUVECs: aggregates were chondrogenically primed
for 21 days after which 250,000 suspended HUVECs in
EGM were added to the cellular aggregate and cultured in
EGM for further 21 days [hereafter known as the CP21+
HUVECs (-OM)]. (3) CP21+HUVECs:MSCs: aggregates
were chondrogenically primed for 21 days after which
250,000 suspended HUVECs and MSCs at a ratio of 1:1
(125,000:125,000 cells) in EGM were added and further
cultured in EGM for 21 days [hereafter known as the
CP21+HUVECs:MSCs (-OM)]. These experimental groups
were then compared with the same groups cultured in the
presence of osteogenic supplements after the chondrogenic
priming period [CP21-HUVECs (+OM), CP21+HUVECs
(+OM), and CP21+HUVECs:MSCs (+OM)], similar to those
described previously.49 In brief, osteogenic growth factors
(100 nM dexamethasone, 50mg/mL ascorbic acid, and 10 mM
b-glycerol phosphate; all Sigma-Aldrich) were added to the
EGM for the remaining 21 days for each of experimen-
tal conditions already described (chondrogenic priming for
21 days and number of cells). These experimental groups
were also compared with a control group of 250,000 MSCs
cultured in osteogenic growth medium (DMEM supple-
mented with 10% FBS, growth factors already described)
for 21 days (hereafter known as the Osteo alone).

HUVECs/MSCs were added to the relevant aggregates by
suspending the cells depending on experimental conditions
so that there were 0.5 · 106 cells/mL. In the case of the
CP21+HUVECs:MSCs, the ratio of cells was 1:1 HU-
VECs:MSCs. The cells were suspended in EGM alone (no
osteogenic supplements were added) and 20% methocel
from a stock solution that was generated by dissolving 6 g of
carboxymethylcellulose (Sigma-Aldrich) in 500 mL of
DMEM as previously described.50 After 24 h, the medium
that contained methocel was removed and was replaced with
EGM alone and the aggregates were cultured for a further
20 days.

Histochemical and biochemical analyses

Aggregates were examined using histochemical and bio-
chemical techniques at day 21 (preaddition of coculture
cells), and also 1, 2, and 3 weeks after the addition of the
cells. Aggregates were prepared for either histochemical
analysis or biochemical analysis. At each of the time points,
the culture medium from the aggregates was collected,
frozen, and stored at -80�C until biochemical assays could
be performed. The remaining aggregates were washed with
phosphate-buffered saline (PBS) and then treated in one of
the following two ways: (1) frozen and stored at -80�C for
biochemical analysis or (2) fixed overnight in paraformal-
dehyde before being placed in PBS and refrigerated for
histochemical analysis as previously described.49,51 Two
independent experiments were carried out with at least two
replicates in each experiment (n = 4 for histological analysis
and n = 10 for biochemical analysis).

Quantitative biochemical analysis. DNA content. To as-
sess DNA content, 500 lL of papain digest (100 mM sodium
phosphate buffer containing 10 mM l-cysteine [Sigma-
Aldrich], 125 lg/mL papain [Sigma-Aldrich], and 5 mM
Na2EDTA [Sigma Aldrich] in ddH2O at pH 6.5) was added
to the aggregates and the aggregates were placed in an oven
at 60�C overnight, as previously described.52 Once the ag-
gregates were digested, DNA content was performed using
Picogreen DNA assay (BD Biosciences) with calf thymus
DNA (Sigma-Aldrich) as a standard. In minimal light, 40 lL
of papain digest of the sample/standard was added to a 96-
well plate in triplicate. To this, 200 lL of working solution
(1· Tris EDTA [TE] buffer and 5 lL/mL Picogreen solution
[Bio-Sciences]) was added. The plate was incubated away
from light for 5 min and then read on a microplate reader
(Perkin Elmer HTS 7000 Microplate Reader) at an excita-
tion wavelength of 485 nm and emission of 535 nm.

ALP production. Extracellular ALP production was de-
termined using a colorimetric assay of enzyme activity,
which uses p-nitrophenyl phosphate (pNPP) as a phospha-
tase substrate with ALP enzyme (Sigma-Aldrich) as a
standard. Solutions of 2-amino-2 methyl-1-propanol (AMP;
1.5 M with a pH 10.25), pNPP (20 mM), and magnesium
chloride (MgCl2; 10 mM) were prepared. Each of these
solutions was combined in a ratio of 1:1:1 to make the
substrate working solution (AMP–pNPP–MgCl2). Next,
50 mL of the medium was added to a 96-well plate in trip-
licate with 50mL of substrate working solution. The samples
were shielded from direct light at 37�C for 1 h. After this,
100 mL of stop solution (1 M NaOH) was added to the wells
and the plate was read at 405 nm in a microplate reader.

Calcium content. Calcium deposition within the aggre-
gates was measured using Arsenazo III calcium reagent
(Sekisui Diagnostics) according to the manufacturer’s pro-
tocol. In brief, aggregates were digested by adding 0.5 mL
of 1 M acetic acid and the solution was rotated overnight in
a cold room. If the samples were not fully digested, the
samples were homogenized until fully digested. Next, 25 lL
of each of the digested samples and assay standard was
added to a 96-well plate and 300 lL of the calcium reagent
was added. The plate was incubated for 30 s at room
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temperature and analyzed on a microplate reader at an ab-
sorbance of 650 nm.

Enzyme-linked immunosorbent assay for vascular growth
factor and CD31+. An enzyme-linked immunosorbent assay
(ELISA; R&D Systems) was used to quantify the levels of
vascular endothelial growth factor (VEGF) and CD31+ ex-
pressed by the pellets. The cell culture medium was col-
lected and analyzed at the specific time points. Assays were
carried out according to the manufacturer’s protocol (R&D
Systems) and analyzed on a microplate reader at a wave-
length of 450 nm.

Histology

Each sample was fixed overnight in 4% paraformalde-
hyde and then dehydrated and embedded in paraffin using an
automatic tissue processor (Leica ASP300; Leica). All
samples were sectioned with a thickness of 8mm using a
rotary microtome (Leica microtome; Leica). Sections were
stained with 1% alcian blue 8GX solution for sGAG, as
previously described,49,51,52 and finally with 2% alizarin red
solution for mineralization (all Sigma-Aldrich) as previ-
ously described.49,51

CD31+ immunohistochemical analysis

Immunohistochemical analysis was used to detect CD31+

as previously described.49 In brief, sections were depar-
affinized overnight before a series of rehydration steps. The
samples were then treated with 40 mg/mL of proteinase K for
20 min at 37�C (Sigma-Aldrich), rinsed with PBS-Tween,
and blocked with PBS with 1% w/v bovine serum albumin
(BSA) and 3% w/v normal goat serum (NGS; Sigma-
Aldrich) for 60 min. Sections were then incubated overnight
at 4�C with rabbit polyclonal anti-CD31+ (ab28364, 1:50;
Abcam). After three washing steps with PBS with 1% w/v
BSA, the sections were incubated with Dylight488 goat
antirabbit secondary antibody (115-485-209, 1/200; Jackson
Immunoresearch) for 1 h at room temperature in the dark.
Finally, samples were washed three times with PBS with 1%
w/v BSA and sections were mounted using 4¢,6-diamidino-
2-phenylindole (DAPI) mounting medium (Sigma-Aldrich).

Statistical analysis

Results are expressed as mean – standard deviation. For
all the biochemical analyses, two-way analysis of variance
with time and medium type as the independent factors fol-
lowed by a pair-wise multiple comparison procedure (Tu-
key’s HSD test), was used to test for significance. For
quantitative analysis on vessel cross-sectional area, a stan-
dard student t-test was performed. All analyses were per-
formed with Graphpad. For all comparisons, the level of
significance was p £ 0.05.

Results

DNA content

There was no statistical difference in number of cells for
the CP21-HUVECs (-OM) group over the course of the ex-
periment (Fig. 1). However, there was a significant increase
( p < 0.05) in DNA content at the 3 week time point, in both

the CP21+HUVECs (-OM) and the CP21+HUVECs:MSCs
(-OM) groups, compared with the baseline condition before
cells were added (preaddition of cells). The CP21+HU-
VECs:MSCs (-OM) group had significantly higher DNA
content than both the CP21-HUVECs (-OM) ( p < 0.001) and
the CP21+HUVECs (-OM) groups ( p < 0.001) at 1, 2, and 3
weeks postaddition of cells. The CP21+HUVECs (-OM)
group had significantly higher DNA content than the CP21-
HUVECs (-OM) group ( p < 0.01) after 3 weeks.

There was no difference in DNA content in the CP21-
HUVECs group cultured with osteogenic supplements
compared with the same group cultured without relevant sup-
plements. However, at both 2 and 3 weeks, the CP21+HU-
VECs:MSCs group cultured with osteogenic supplements
(+OM) had significantly higher ( p < 0.05, p < 0.0001, respec-
tively) DNA content than the same group cultured without
osteogenic supplements (-OM). Moreover, the CP21+HU-
VECs group cultured with osteogenic supplements (+OM) had
significantly higher ( p < 0.0001) DNA content than its coun-
terpart cultured without osteogenic supplements (-OM) after 3
weeks of coculture.

Production of cartilage template

Alcian blue staining. All three culture groups cultured
without osteogenic factors stained positive blue for sGAG 1
week into culture and after 3 weeks of culture (Fig. 2).

In the CP21+HUVECs group cultured in osteogenic me-
dium (+OM), HUVECs were identified around the periphery
of the aggregate throughout the course of the experiment (as
indicated by pink staining around the periphery of the car-
tilage template in Fig. 2). However, in the CP21+HUVECs

FIG. 1. DNA content/sample of all three experimental con-
ditions cultured without osteogenic supplements (-OM) com-
pared with the results from our previous study49 of the same
groups cultured in the presence of osteogenic supplements
(+OM). ^p < 0.05 versus CP21+HUVECs group, ap < 0.05
versus CP21-HUVECs.*p < 0.05, and ****p < 0.0001. (n = 6
samples per group per time point.) Error bars denote standard
deviation. HUVECs, human umbilical vein endothelial cells.
Color images available online at www.liebertpub.com/tea
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group cultured without osteogenic supplements (-OM), the
HUVECs invaded the cartilage template by 2 weeks. The
size of aggregates also differed; in general, the average
cross-sectional area of the groups cultured without osteo-
genic growth factors was smaller than that of their corre-
sponding groups cultured in the presence of the osteogenic
growth factors. However, there was no significant difference
in size between any of the groups at any time point.

Mineralization of the cartilage template

ALP production. There was no significant increase in
ALP expression in either the CP21-HUVECs (-OM) or the
CP21+HUVECs (-OM) groups, without osteogenic supple-
ments, over the course of the experiment (Fig. 3A). How-
ever, there was a significant increase in ALP expression in
the CP21+HUVECs:MSCs (-OM) group from 1 to 2 weeks
( p < 0.0001) and from 2 to 3 weeks ( p < 0.0001) of cocul-
ture. Moreover, the CP21+HUVECs:MSCs (-OM) group
had significantly higher ALP expression than the CP21+
HUVECs (-OM) group after 2 weeks ( p < 0.0001) and 3
weeks ( p < 0.0001) of coculture and significantly higher ALP
expression than the CP21-HUVECs (-OM) group at all three
time points ( p < 0.0001). The CP21+HUVECs:MSCs (-OM)
group also had significantly higher ALP expression than the
osteogenic group (MSCs cultured in osteogenic medium
alone) at both 2 ( p < 0.001) and 3 weeks ( p < 0.0001) after
the addition of cells.

At all three time points, the ALP expression in the CP21-
HUVECs and CP21+HUVECs groups cultured in osteogenic
medium (+OM) was significantly higher ( p < 0.05) than the
same groups cultured without (-OM) (Fig. 3B). However, the
opposite was seen in the CP21+HUVECs:MSCs groups.
There was significantly higher ( p < 0.0001) ALP expression

in the CP21+HUVECs:MSCs (-OM) group than in the same
group cultured with osteogenic supplements as well as in all
other groups at both 2 and 3 weeks into coculture.

Calcium content. There was no significant difference in
calcium content in both the CP21-HUVECs (-OM) and the
CP21+HUVECs (-OM) groups over the course of the co-
culture period (Fig. 4A). However, in the CP21+HUVECs:
MSCs (-OM) group, there was a significant increase in
calcium content from 2 to 3 weeks into coculture. Moreover,
there was significantly higher ( p < 0.05) calcium content in
the CP21+HUVECs:MSCs (-OM) group than in the osteo-
genic group alone after 3 weeks of coculture.

Interestingly, there was no significant difference in calcium
content in both the CP21-HUVECs (-OM) and the CP21+
HUVECs (-OM) groups, compared with their counterparts
cultured in the presence of osteogenic supplements (+OM) at
all time points (Fig. 4B). There was, however, significantly
higher calcium content in the CP21+HUVECs:MSCs group
that was cultured in the presence of osteogenic supplements
(+OM) than in its counterpart cultured without osteogenic
supplements (-OM) at both 1 ( p < 0.0001) and 2 weeks
( p < 0.0001) into coculture. However, this significant differ-
ence was lost by 3 weeks into coculture.

Alizarin red staining. There was no positive alizarin red
staining in any of the groups cultured without osteogenic
supplements before the coculture period (Fig. 5). Interest-
ingly, in the groups cultured without osteogenic supple-
ments (-OM), there was positive red staining throughout the
aggregate after 1 week of coculture, (Fig. 5). No difference
was seen between the coculture groups cultured without
osteogenic supplements and the CP21-HUVECs (-OM)

FIG. 2. Alcian blue stain-
ing of all three groups cul-
tured with (+OM) and
without osteogenic supple-
ments (-OM) over the course
of the experiment. Each of
the images was imaged at a
magnification of 20 · . Color
images available online at
www.liebertpub.com/tea
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group at all time points as positive red staining was seen
throughout all the aggregates. However, in the same groups
cultured in the presence of osteogenic supplements, miner-
alization was only seen in the formation of nodules within
the aggregate, and the only group to have mineralization

throughout the aggregate was the CP21+HUVECs (+OM)
group 3 weeks after the addition of cells (Fig. 5).

Vascularization of the cartilage template

VEGF production. There was no significant difference in
VEGF content between the CP21-HUVECs (-OM) and the
CP21+HUVECs (-OM) groups over the course of the ex-
periment (Fig. 6). However, there was a significant increase
( p < 0.01) in VEGF content in the CP21+HUVECs:MSCs

FIG. 3. (A) ALP activity of all of the experimental groups
cultured without osteogenic supplements compared with os-
teogenic group alone at 1, 2, and 3 weeks after the addition of
HUVECs/MSCs. ^p < 0.05 versus CP21+HUVECs group,
ap < 0.05 versus CP21-HUVECs, and bp < 0.05 versus Osteo
alone. (B) ALP activity of all three experimental groups
cultured without osteogenic supplements compared with the
same groups cultured in the presence of osteogenic supple-
ments and the osteogenic group alone. *p < 0.05, **p < 0.01,
***p < 0.001, and ****p < 0.0001. (n = 6 samples per group
per time point.) Error bars denote standard deviation. ALP,
alkaline phosphatase; MSCs, mesenchymal stem cells. Color
images available online at www.liebertpub.com/tea

FIG. 4. (A) Calcium content of all of the experimental
groups cultured without osteogenic supplements (-OM)
compared with osteogenic group alone at 1, 2, and 3 weeks
after the addition of HUVECs/MSCs. bp < 0.05 versus Osteo
alone. (B) Calcium content of all three experimental groups
cultured without osteogenic supplements compared with the
same groups cultured in the presence of osteogenic sup-
plements (+OM) and the osteogenic group alone. **p < 0.01,
n = 6 samples per group per time point. Error bars denote
standard deviation. Color images available online at
www.liebertpub.com/tea
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(-OM) group from 1 to 2 weeks into coculture and a sig-
nificant decrease ( p < 0.05) in VEGF content from 2 to 3
weeks into coculture. There was also significantly higher
( p < 0.0001) VEGF content in the CP21+HUVECs:MSCs
(-OM) group than in the CP21+HUVECs (-OM) group at all
time points and significantly higher VEGF content ( p <
0.001) than the CP21-HUVECs (-OM) group at both 2 and 3
weeks into coculture. Moreover, the CP21-HUVECs (-OM)
group had significantly higher ( p < 0.05) VEGF expression 2
weeks into coculture than the CP21+HUVECs group.

There was no significant difference in VEGF expression
of both the CP21-HUVECs (-OM) and the CP21+HUVECs
(-OM) groups compared with their counterparts cultured
with osteogenic supplements (Fig. 6). However, at both 1
and 2 weeks into coculture, there was significantly higher
( p < 0.01) VEGF content in the CP21+HUVECs:MSCs
(-OM) group than in its counterpart cultured in the presence
of osteogenic supplements. This significant difference was
lost by 3 weeks into coculture.

CD31+ production. At all time points, there was no de-
tectable CD31+ content in the CP21-HUVECs (-OM) group,
because of the lack of endothelial cells present (Fig. 7).
However, there was CD31+ content in both the CP21+HU-
VECs (-OM) and the CP21+HUVECs:MSCs (-OM) groups.

There was no significant increase or decrease in CD31+

content in either group over the course of the experiment.
Moreover, 1 and 3 weeks after cells were added, there was
significantly more CD31+ content in the CP21+HUVECs
(-OM) group than in both the CP21-HUVECs (-OM) and the
CP21+HUVECs:MSCs (-OM) groups.

CD31+ staining. At all time points, there was a lack of
positive (green) staining for CD31+ in the CP21-HUVECs
(-OM) group cultured without osteogenic supplements, as
there was no endothelial cells present (Fig. 8). However, for
both the CP21+HUVECs (-OM) and the CP21+HU-
VECs:MSCs (-OM) groups, there was positive (green)
staining seen around the periphery of both groups at 1 and 2
weeks into coculture. By 3 weeks into coculture, both groups
had positive green staining present within the center of the
aggregates; however, the CP21+HUVECs:MSCs (-OM)
group was the only group to have rudimentary vessels be-
ginning to form. The structure of these vessels was the same
in all of the aggregates, characterized by a circular CD31+

positive wall with irregularly shaped nuclei present within
the lumen (indicated by white box in Fig. 8A).

At all time points, there was positive green staining
around the periphery of the aggregate in the CP21+HU-
VECs (+OM) group cultured in the presence of osteogenic

FIG. 5. Alizarin red stain-
ing of the aggregates cul-
tured without osteogenic
supplements before addition
of cells and all three groups
cultured with (+OM) and
without osteogenic supple-
ments (-OM) at 1, 2, and 3
weeks after the addition of
cells. Each of the images
was imaged at a magnifica-
tion of 20 · . Arrows denote
mineralization nodules pres-
ent within the cellular ag-
gregates. Color images
available online at www
.liebertpub.com/tea
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supplements (Fig. 8). However, its counterpart cultured
without osteogenic supplements had positive staining pres-
ent both at the periphery and within the center of the ag-
gregates. Moreover, by 3 weeks, preliminary vessels were
present in the center of the aggregates in the CP21+HU-
VECs:MSCs group irrespective of whether it was cultured
with or without osteogenic supplements. Interestingly, the
cross-sectional area of the preliminary vessels present within
the CP21+HUVECs:MSCs (-OM) group cultured without
osteogenic supplements was significantly higher ( p < 0.001)
than the vessels present within its counterpart cultured with
osteogenic supplements (Fig. 8B).

Discussion

This study investigated whether an in vitro bone regen-
eration strategy that mimics the cellular niche existing
during endochondral ossification, through the coculture of
MSCs, endothelial cells, and chondrocytes, could obviate
the need for osteogenic supplements to induce osteogenesis
in a 3D cellular aggregate in vitro. The results from this
study showed that the application of both chondrogenic and
vascular priming could significantly enhance the production
of both early (ALP) and late (calcium) osteogenic markers
of MSCs, in the coculture group with MSCs/HUVECs ad-
ded, even without the use of osteogenic supplements. The
increase in early osteogenic markers, seen with the MSCs/
HUVECs added coculture group, was also found to be sig-
nificantly higher than the same group cultured in the pres-
ence of osteogenic supplements. The results from this study
also show that the presence of osteogenic supplements had a
significant effect on the way mineralization is deposited
within a construct. Without osteogenic supplements, mineral
was deposited throughout the construct. However, when
osteogenic supplements were added, mineralization was
deposited through the formation of discrete mineralization
nodules. Thus, the addition of osteogenic supplements in-
hibits the expression of early osteogenic markers (ALP),
while promoting mineral deposition in the form of discrete
mineralization nodules.

Various in vitro bone regeneration strategies have relied
on the use of the osteogenic supplements (dexamethasone,
ascorbic acid, and b-glycerophosphate) to induce minerali-
zation in vitro,12,13,49,51,53–62 and each supplement has been
shown to be imperative to induce mineralization of MSCs
in vitro.9,11–17,22,29,63–67 The main rationale behind the use
of these supplements is to provide signaling proteins or
enzymes to activate mineral production by MSCs. Previous
in vitro 2D studies have shown that the direct coculture of
MSCs with endothelial cells36–39 or chondrocytes68 can
provide the necessary factors to induce early markers of
osteogenic differentiation (ALP expression) without the
need for these supplements. A recent 2D study found that
indirect coculture of MSCs with osteocytes led to increased
calcium deposition compared with MSCs cocultured with
osteoblasts.30 This study was conducted without the use of
any osteogenic supplements and the results suggested that
osteocytes are more influential than osteoblasts at inducing
osteogenesis in MSCs in vitro.30 However, in vivo, endo-
chondral ossification involves the direct interaction of car-
tilage cells with both MSCs and endothelial stem cells. We
recently investigated a novel coculture technique, which

FIG. 6. An ELISA of VEGF expression of all three ex-
perimental groups cultured without osteogenic supplements
(-OM) compared with the same groups cultured in the
presence of osteogenic supplements (+OM). ^p < 0.05 versus
CP21+HUVECs group, ap < 0.05 versus CP21-HUVECs,
**p < 0.01 and ****p < 0.0001, n = 6 samples per group per
time point. Error bars denote standard deviation. ELISA,
enzyme-linked immunosorbent assay; VEGF, vascular en-
dothelial growth factor. Color images available online at
www.liebertpub.com/tea

FIG. 7. An ELISA of CD31 content of all of the experi-
mental groups cultured without osteogenic supplements at 1,
2, and 3 weeks after the addition of HUVECs/MSCs.
ap < 0.05 versus CP21-HUVECs, and *p < CP21+HUVECs:
MSCs. (n = 6 samples per group per time point.) Error bars
denote standard deviation. Color images available online at
www.liebertpub.com/tea
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involved not only the coculture of HUVECs and MSCs but
also the coculture of HUVECs and MSCs with MSCs that
had been predifferentiated toward the chondrogenic lineage.49

However, that previous study49 was conducted in the pres-
ence of osteogenic growth factors and as such whether
mimicking the cellular niche existing during endochondral
ossification alone (without the use of any external growth
factors) could induce mineralization was still unknown.

The results from this study found that a combination of
both chondrogenic priming and vascular priming obviated
the need for osteogenic supplements, and enhanced both
early (ALP) and late (calcium) osteogenic markers com-
pared with MSCs cultured in osteogenic supplements alone.
Moreover, similar to previous studies,37,40–44,46–49,69 the
coculture group with both HUVECs and MSCs added had

significantly higher ALP production than the control groups
(osteogenic and noncoculture group) after 3 weeks of co-
culture. However, unlike previous studies, there was also an
increase in late osteogenic markers (calcium) compared with
the control group (osteogenic). Importantly, and in contrast
to previous studies,37,40–44,46–49,69 this increase in ALP and
calcium content was achieved in a 3D scaffoldless construct,
without the use of any osteogenic supplements. When
compared with the calcium content results,49 the increase in
calcium content in the coculture group with added MSCs/
HUVECs, but no osteogenic supplements, was significantly
higher than in the same group cultured in osteogenic sup-
plements as reported by Freeman et al.49 There was sig-
nificantly higher calcium content in the group cultured
with osteogenic supplements than in the group without

FIG. 8. (A) CD31 staining
(green) of all three experi-
mental groups cultured with
(+OM) and without (-OM)
osteogenic supplements over
the course of the experiment.
Each of the images was im-
aged at a magnification of
40· with either a nuclei
counterstain DAPI (blue) or
propidium iodide (red).
Boxes denote examples of
the rudimentary vessels
present within the aggre-
gates. (B) Quantitative anal-
ysis of cross-sectional area of
the rudimentary vessels
present in the aggregates.
***p < 0.001 and error bars
denote standard deviation
(n = 9). DAPI, 4¢,6-
diamidino-2-phenylindole.
Color images available
online at www.liebertpub
.com/tea
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osteogenic supplements 1 and 2 weeks after the addition of
the cells. However, although calcium content was lower in
the groups cultured without osteogenic supplements, the
mineral was deposited throughout the aggregate. In contrast,
mineral deposition in the aggregates cultured with osteo-
genic supplements was in the form of mineralization nod-
ules within the aggregate (as seen in alizarin red staining).
The reduction in size seen in all three groups cultured
without osteogenic growth factors may also indicate that
these aggregates are undergoing mineralization through the
endochondral ossification process, as in vivo there is a re-
duction of matrix volume per tissue volume70 through the
contraction of matrix before mineralization. However, our
current study did not address this directly and thus future
studies are required to investigate whether the mineraliza-
tion seen through this study was initiated by an endochon-
dral ossification-like process, by examining the expression
of specific endochondral ossification markers including Ihh,
osterix, and noggin.71,72

It has been widely documented that osteogenic supple-
ments are needed to produce mineralization in vitro. How-
ever, the results from this study show that a coculture
technique can actually provide all the necessary signaling to
induce mineralization of a 3D construct in vitro, while al-
lowing for the formation of rudimentary vessels. Dex-
amethasone can induce mineralization in MSCs by activating
Runx2 expression through the (WNT/b-catenin) signaling
pathway.18–20 However, in this coculture model, the Runx2
expression is likely produced by chondrocytes within the
cellular aggregates, which undergo hypertrophy because of
the addition of endothelial cells to the cartilage template,73 as
seen in the collagen type X staining in our previous study.49

Moreover, the formation of mineralization nodules in the
aggregates cultured in osteogenic supplements might be ex-
plained by the use of dexamethasone within the osteogenic
medium, as similar results have been reported in costochon-
dral chondrocyte cultures exposed to dexamethasone.74

Therefore, we proposed that if dexamethasone is not
supplemented, MSCs are free to form mineral throughout
the aggregates rather than in discrete nodules. Ascorbic acid
has been shown to be the main regulator of collagen type X
production18 and ALP expression. Studies have shown that
coculture of endothelial cells with chondrocytes induces
both collagen type X and ALP expression,75 as was also
shown in the collagen type X staining presented in our
previous study.49 Finally, b-glycerophosphate is the source
of phosphate needed to produce hydroxyapatite,26–28 but we
propose that in this coculture model, these phosphates are
naturally provided by cartilage cells undergoing hypertro-
phy within the cartilage template,76 or from the serum
contained in the expansion medium. The results suggest that
a direct coculture technique can obviate the need for oste-
ogenic supplements to induce osteogenesis in vitro. How-
ever, further studies are needed to elucidate the exact
molecular mechanisms that underpin the changes in mineral
production and deposition as a result of the coculture
technique seen in this study. Future studies should determine
the messenger RNA (mRNA) expression level for markers
for different stages of osteogenic differentiation, including
Runx-2, osteopontin, osteonectin, osteocalcin, and particu-
larly osterix, a specific maker at early stages of endochon-
dral ossification.

Current bone tissue engineered constructs have had limited
success postimplantation, which has been attributed to poor
nutrient delivery and waste removal arising from a lack of
vasculature.4–8,53,77,78 Previous studies have investigated
whether prevascularizing 3D constructs in vitro would erad-
icate this limitation, through the coculture of endothelial stem
cells with MSCs40–43,79–83 or osteoblasts,45,84,85 and found
that prevascular networks are formed both in vitro and
in vivo. Our previous study previously found that rudimentary
vessels were formed in vitro when both MSCs and HUVECs
were added to the already formed cartilage template.49 The
results from this study agreed with the results from our pre-
vious study as rudimentary vessels were only formed in the
aggregates with added HUVECs/MSCs (as seen by CD31+

staining). However, unlike the results seen previously,49 the
average vessel cross-sectional area was significantly higher in
aggregates cultured without osteogenic supplements than in
those seen in the aggregates cultured in their presence.

Furthermore, unlike the results seen previously,49 when
HUVECs alone were added to an already formed cartilage
template, in the absence of osteogenic supplements, they did
not just attach and proliferate around the periphery, but also
began to invade into the center of the construct (as identified
by CD31+ and alcian blue staining). Moreover, the omission
of osteogenic supplements not only influenced vessel for-
mation but VEGF expression as well. VEGF is well docu-
mented as a stimulator of vascular cells to undergo the
formation of early vessels.53,68,86–89 The results from both our
previous study49 and this study corroborate this as the group
with the highest VEGF content in both studies was also the
only group to have rudimentary vessels present within the
aggregate. However, in this study VEGF expression was seen
to peak after 2 weeks of coculture without any osteogenic
factors, whereas the group with osteogenic factors continued
to have an increase in VEGF expression for up to 3 weeks of
coculture. Moreover, even after 3 weeks of coculture, the
VEGF expression in the coculture groups with osteogenic
growth factors never reached the same levels as that of the
coculture group without any osteogenic factors. This suggests
that the addition of osteogenic supplements to the medium
might delay the vascularization of in vitro bone constructs;
however, further studies are needed to verify this.

In our previous study, we saw that vascularization was a
precursor to mineralization49; therefore, the vascularization
potential was analyzed, by CD31+ immunostaining and
quantitative VEGF expression, to compare the results with
our previous study. The goal of this study was not to derive
an understanding of the effect of excreted VEGF on the
maintenance and progress of vasculogenesis at different
experimental conditions, but rather to observe whether vas-
cularization occurred before mineralization. Our results
demonstrated that vascularization did occur in our coculture
group with added HUVECs and MSCs without the presence
of any osteogenic growth factors. Future studies should use
Western blotting or quantitative polymerase chain reaction to
investigate how coculture without osteogenic growth factors
enhances the vascularization potential of MSC aggregates.

Although little is known about the direct interaction be-
tween hMSCs and endothelial cells in vivo,31–35 because of
their anatomical position these cells are either in direct cell–
cell contact or communicate through paracrine signaling
within the endochondral template. The results from this
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study show that the direct interaction between the two cell
types has a significant effect on both the migration and the
vascularization potential of the endothelial stem cells, as
well as the osteogenic potential of hMSCs, even without the
use of any osteogenic supplements. By replicating the cel-
lular niche existing during endochondral ossification, we
were able to obtain an insight into the symbiotic relationship
between hMSCs and endothelial stem cells that might exist
during endochondral ossification in vivo. We proposed that
the MSCs undertake a perivascular role during vasculari-
zation within the cartilage template, as no vessels were
formed unless both MSCs and HUVECs were added to the
already formed cartilage template. Moreover, the addition of
HUVECs to a cartilage template also seemed to increase the
osteogenic potential of the MSCs, even without the use of
any osteogenic supplements, compared with MSCs only
cultured in osteogenic supplements. Taken together, this
study elucidates that the direct coculture of MSCs and en-
dothelial cells, which mimics the cellular niche existing
during endochondral ossification in vivo, induces endothelial
cells to form preliminary vessels within the cartilage tem-
plate, and also induces MSCs to begin mineralizing the
cartilage template. However, the exact signaling pathways
that occur because of this direct cell–cell interaction need to
be further investigated.

A possible limitation of the study is that MSCs from two
male donors were pooled and we did not directly explore
whether the hMSCs displayed a donor-dependent response to
mineral formation. Previous studies have reported donor
variability in the expression of osteogenic supplements
in vitro.90 However, the control groups also contained pooled
cells, so the differences observed between the groups cannot
be explained by donor variability. Another limitation of this
study is the use of ascorbic acid and dexamethasone in the
chondrogenic medium, which might be expected to cause
MSCs to differentiate toward the osteogenic lineage. How-
ever, the use of dexamethasone and ascorbic acid in the
chondrogenic medium is well documented53,60,66,78,91–102 and
has not been shown to cause mineralization. Moreover,
alizarin red staining of the aggregates before the coculture
showed no positive staining and the control groups were all
exposed to the same chondrogenic medium, so any differ-
ences seen between the groups were not because of exposure
to these growth factors. Finally, there was a significant in-
crease in DNA content in the CP21+HUVECs and
CP21+HUVECs:MSCs groups cultured in the presence of
osteogenic supplements compared with the same groups
cultured without. Dexamethasone has been shown to induce
MSC proliferation18,103 and ascorbic acid has been shown to
promote endothelial cell proliferation,104–106 which might
account for this increase in DNA content. However, the
additional cells did not appear to influence mineralization or
vascularization potential.

Conclusions

The results of this study show that both chondrogenic
priming (for 21 days) and subsequent vascular priming can
induce osteogenesis of a 3D MSC aggregate (scaffoldless)
without the use of any osteogenic supplements. Most in-
terestingly, the inclusion of osteogenic supplements in vitro
actually inhibits the promotion of ALP content, calcium

content, and VEGF content produced through coculture
alone. Moreover, the results showed that chondrogenic and
vascular priming not only increased the expression of ALP,
calcium content, and VEGF expression but also allowed for
the formation of rudimentary vessels, seen within all of the
aggregates in which both MSCs and HUVECs are added.
These rudimentary vessels were larger in cross-sectional
area than those seen in the same groups cultured in the
presence of osteogenic growth factors. Taken together, these
results indicate for the first time the beneficial effect that
coculture of MSCs, endothelial cells, and chondrocytes has
on both osteogenesis and vasculogenesis of 3D MSC ag-
gregate (scaffoldless) constructs in vitro. We propose that
the application of both chondrogenic and vascular priming
of hMSCs can obviate the need for osteogenic supplements
to induce osteogenesis by hMSCs, while allowing for the
formation of rudimentary vessels in vitro in 3D bone tissue-
engineered constructs.
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