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ABSTRACT

The aim of this study was to create a gene expression profile to better define the phenotype of human
adipose-derived stromal cells (HADSCs) during in vitro chondrogenesis, osteogenesis and adipogenesis.
A novel aspect of this work was the analysis of the same subset of genes during HADSC differentiation
into all three lineages. Chondrogenic induction resulted in increased mRNA expression of Sox transcrip-
tion factors, COL2A1, COL10A1, Runx2, and Osterix. This is the first report demonstrating significant upreg-
ulation in expression of osteogenesis-related transcription factors Runx2 and Osterix by TGF-B3 induction
of HADSCs during in vitro chondrogenesis. These findings suggest that the commonly-used chondrogenic
induction reagents promote differentiation suggestive of hypertrophic chondrocytes and osteoblasts. We
conclude that alternative strategies are required to induce efficient articular chondrocyte differentiation
in order for HADSCs to be of clinical use in cartilage tissue engineering.
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Pluripotent mesenchymal stem cell-like populations that have
the capacity to differentiate toward cells of connective tissue ori-
gins including bone, cartilage, adipose, and muscle have been iso-
lated from a number of different sources including adult bone
marrow aspirates, adipose, synovium, and skeletal muscle [1-4].
By definition, true stem cells lack tissue-specific characteristics,
maintain an undifferentiated phenotype until they are exposed to
appropriate signals and have the capacity for extensive self-renew-
al. In terms of nomenclature, we use the term “stromal cells” rather
than “stem cells” as this is a more appropriate term to describe the
heterogeneous population of cells that are isolated from adult tis-
sues and subsequently cultured in vitro to obtain cells with plurip-
otent qualities.

Standardized protocols have been developed for mesenchymal
stromal cell (MSC) isolation, enrichment, expansion, and differen-
tiation. With respect to chondrogenesis, MSCs are normally
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cultured in high density, three-dimensional aggregates/pellets
[5,6] to attempt to mimic the mesenchymal cell condensations
and cell to cell contacts that are required to initiate chondrocyte
differentiation in vivo. Addition of transforming growth factor-f
(TGF-B) is also commonly added to induction media to promote
chondrocyte differentiation in vitro. Confirmation of proper
chondrogenesis, osteogenesis and adipogenesis is usually deter-
mined by analysis of “end-stage” differentiation markers such as
type II collagen (COL2A1) and aggrecan for chondrocytes and type
I collagen (COL1A1) and alkaline phosphatase for osteoblasts.
However, it is also necessary to understand the molecular mecha-
nisms that regulate expression of these differentiation markers in
order to generate a more complete picture of the intracellular
pathways being activated in response to exogenous induction fac-
tors in vitro.

In the present study, we analyzed transcription factor expression
as well as end-stage differentiation markers in human adipose-de-
rived stromal cells (HADSCs) during in vitro chondrogenesis, osteo-
genesis and adipogenesis at early (day 3) and late time points (day
28) of differentiation. We examined expression levels of three Sox
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transcription factors (Sox5, Sox6, and Sox9) that are essential for car-
tilage formation [7-9], two osteogenesis-promoting transcription
factors (Runx2 and Osterix) [10,11] and two important adipogenic
regulatory nuclear proteins (C/EBP« and PPAR-y2) [12]. Our studies
indicate that TGF-B3 chondrogenic induction of HADSCs results in
a mixed population of cells including hypertrophic chondrocytes
and osteoblasts, as evidenced by significant expression of COL10A1,
Runx2, and Osterix. This suggests that commonly-accepted protocols
being utilized to promote in vitro chondrogenesis of HADSCs do not
induce an articular chondrocyte population and, as such, alternative
methods are required to benefit the field of cartilage tissue
regeneration.

Materials and methods

Isolation of mesenchymal stromal cells and primary articular
chondrocytes

Human adipose-derived stromal cells (HADSCs) were obtained
from subcutaneous adipose tissue of six patients (5 female, 1 male;
median age 42.8 years) undergoing elective procedures (gastric by-
pass, panniculectomy, and liposuction). All protocols were ap-
proved by Washington University School of Medicine Human
Studies Committee. Adipose tissue was washed thoroughly with
sterile phosphate-buffered saline (PBS), finely diced and digested
with 0.05% collagenase solution (Worthington Biochemical Corpo-
ration) at 37°C for 60-90 min. After centrifugation (10 min,
1500 rpm), the cell pellet was resuspended in proliferation media
[DMEM-low glucose, 10% FBS, penicillin/streptomycin mixture
and FGF-2 (10 ng/ml)] and plated at a density of 3 ml processed
lipoaspirate/cm?. Proliferation medium was replaced the following
day and thereafter every 3-4 days. Cells were passaged 2-5 times
at a density of 5000 cells/cm? and FGF-2 supplementation was dis-
continued immediately prior to differentiation. Human primary
articular chondrocytes were isolated using a previously published
method [13].

Differentiation of HADSCs

HADSCs were induced toward adipogenic, chondrogenic, and
osteogenic lineages using Poietics Mesenchymal Stem Cell Differ-
entiation Systems according to the manufacturer’s instructions
(Lonza; formerly Cambrex BioScience Walkersville Inc.). Refer to
the User Manual for details of media components.

Adipogenesis. HADSCs in monolayer (2.1 x 10* cells/cm?) were
allowed to reach confluence (4-5 days) before incubation in adipo-
genic induction media for 3 days followed by adipogenic mainte-
nance media for 1-3 days. This was repeated for a total of 3 cycles.

Osteogenesis. HADSCs in monolayer (3.1 x 10> cells/cm?) were
cultured in osteogenic induction media, which was changed every
3-4 days. Chondrogenesis. High density pellet cultures were gen-
erated (2.5 x 10° cells/pellet), plated in 96-well v-bottom, poly-
propylene plates and cultured in chondrogenic induction media
containing TGF-B3 (10 ng/ml). Media was changed every 2-3
days.

Isolation of mRNA from cells and tissue

Total RNA was isolated using TRIzol reagent (Invitrogen). High
density cell pellets were digested in 3 mg/ml collagenase (Wor-
thington Biochemical Corporation), 0.25% trypsin (Sigma), 1 mg/
ml hyaluronidase (Sigma), and 4 mU/ml chondroitinase (Sigma)
for 1-3 h at 37 °C followed by homogenization in TRIzol using a
motorized pestle (Fisher Scientific). Following chloroform extrac-

tion, RNA was then purified using RNeasy Mini Kit (Qiagen) accord-
ing to the manufacturer’s instructions.

Semi-quantitative RT-PCR

Reverse transcription of mRNA (1 pg) was done using Super-
script II Reverse Transcriptase (Invitrogen). Resulting cDNA was
amplified by Taq polymerase PCR in the linear phase using a
specific primer pair (see Supplementary Table S1 for the list of
genes analyzed, primer sequences and PCR cycle numbers).
mRNA expression was normalized to GAPDH and then averaged
within each group. mRNA expression at days 3 and 28 of HADSC
differentiation was calculated relative to mRNA expression of
that same gene at day O from undifferentiated HADSCs. HADSCs
from 2 to 4 donors were used to analyze gene expression at each
time point.

Analysis of end-stage differentiation

Adipogenesis. At day 21, cells were fixed in 10% buffered formalin
and stained with 1.8 mg/ml Oil red O (Sigma) in 60% isopropranol.

Osteogenesis. At day 28, cultures were stained with von Kossa to
detect calcified matrix. Cells were fixed in 10% buffered formalin,
incubated in 5% AgNO3 for 1 h in the absence of light, rinsed with
5% sodium thiosulfate and then incubated under UV light for 1 h.

Chondrogenesis. At day 21, HADSC pellets were fixed in 10% buf-
fered formalin at room temperature for 4 h. Alcian blue staining was
performed on paraffin sections of cell pellets according to the manufac-
turer’s instructions (Rowley Biochemical Inc.) to detect the presence of
proteoglycans.

Statistical analysis

Comparison between groups was performed using a 2-tailed
student’s t-test, assuming unequal variances. P < 0.05 was consid-
ered significant. Error bars represent the standard error of the mean in
all figures.

Results
Proliferation and differentiation of HADSCs

FGF-2 supplementation prior to differentiation was utilized in
order to increase proliferation rate of HADSCs and resulted in phe-
notypic stabilization over increasing passage numbers (Supple-
mentary Figs. S1 and S2). This self-renewal function of FGF-2 on
HADSCs has previously been reported [14]. Analysis of end-stage
differentiation revealed that the HADSCs were able to differentiate
toward adipocytes (positive Oil Red O staining) and osteoblasts
(positive von Kossa staining) (Supplementary Fig. S2). However,
chondrogenic induced pellets weakly stained with alcian blue,
indicating low levels of proteoglycan synthesis.

Expression transcription factors PPAR-y2 and C/EBP-« (adipocyte
markers)

Higher levels of adipogenic transcription factors PPAR-y2 and
C/EBP-o were detected in HADSCs during adipogenesis at day 3
and day 28 of differentiation when compared to the other two
lineages (Fig. 1). There was a statistically significant difference
in PPAR-y2 expression between unstimulated HADSCs (day 0)
and day 3 of adipogenesis. Expression of these transcription fac-
tors was, as expected, higher in primary human adipose tissue
when compared to expression in cortical bone or primary artic-
ular chondrocytes.
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Fig. 1. Expression of adipogenic transcription factors PPAR-y2 and (/EBP-« during differentiation of HADSCs. Checkered bars represent levels of mRNA from undifferentiated
HADSCs (Day 0). Gray, white and black bars represent mRNA levels from HADSCs after induction of chondrogenesis, osteogenesis and adipogenesis, respectively. C, human
primary articular chondrocytes; B, human cortical bone; A, human subcutaneous adipose tissue. P < 0.05 relative to Day 0.

Expression of Sox transcription factors and COL2A1 (chondrocyte
markers)

Expression levels of each Sox mRNA were significantly upregu-
lated in HADSC pellets at day 28 of in vitro chondrogenesis when
compared to unstimulated HADSCs (Fig. 2). Abundant expression
of each was also detected in primary articular chondrocytes. Inter-
estingly, high endogenous expression of Sox 5 was detected in hu-
man adipose tissue and bone tissue. COL2A1 gene expression was
low in undifferentiated HADSCs and in all three lineages at day 3.
However, there was a statistically significant increase in COL2A1
expression in pellet cultures of HADSCs after 28 days in chondro-
genesis induction medium. COL2A1 expression was also shown to
be higher in human primary articular chondrocytes when com-
pared to levels in bone and adipose tissue.

Expression of Indian Hedgehog and COL10A1 (pre-hypertrophic/
hypertrophic chondrocyte markers)

Expression patterns of the pre-hypertrophic marker, Indian
Hedgehog, did not reveal any statistically significant changes dur-
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ing differentiation toward all three lineages (Fig. 3). However,
there was a statistically significant increase in expression of the
hypertrophic chondrocyte marker, type X collagen (COL10A1), at
day 28 of chondrogenesis. COL10A1 expression was highest in bone
rather than the primary chondrocyte cells (an expected result since
the primary chondrocytes were isolated from articular cartilage
rather than growth plate cartilage).

Expression of Runx2, Osterix, alkaline phosphatase, and COL1A1
(osteoblast markers)

Levels of alkaline phosphatase and type I collagen (COL1A1) were
high in human cortical bone tissue and negligible in primary articular
chondrocytes and adipose tissue, as expected (Fig. 4). Although not
statistically significant, we consistently found similar expression
levels of COL1A1 in HADSCs after 28 days of chondrogenic and osteo-
genic induction. Levels of Runx2 and Osterix transcription factors
were highest in human cortical bone when compared to articular
chondrocytes and adipose tissue. At day 28 of differentiation, there
was a statistically significant increase in Runx2 in osteogenesis-in-
duced HADSCs as well as in chondrogensis-induced cell pellets. Inter-
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Fig. 2. Expression of chondrogenesis-related genes during differentiation of HADSCs. Checkered bars represent levels of mRNA from undifferentiated HADSCs (Day 0). Gray,
white and black bars represent mRNA levels from HADSCs after induction of chondrogenesis, osteogenesis and adipogenesis, respectively. C, human primary articular
chondrocytes; B, human cortical bone; A, human subcutaneous adipose tissue. 'P < 0.05 relative to Day 0.
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Fig. 3. Expression of Indian Hedgehog (IHH) and type X collagen (COL10A1) during differentiation of HADSCs. Checkered bars represent levels of mRNA from undifferentiated
HADSCs (Day 0). Gray, white and black bars represent mRNA levels from HADSCs after induction of chondrogenesis, osteogenesis and adipogenesis, respectively. C, human
primary articular chondrocytes; B, human cortical bone, A, human subcutaneous adipose tissue. ‘P < 0.05 relative to Day O.
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Fig. 4. Expression of osteogenesis-related genes during HADSC differentiation. mRNA levels of transcription factors Runx2 and Osterix, and matrix markers alkaline phos-
phatase (Alk Phos) and type I collagen (COL1A1) were analyzed. Checkered bars represent levels of mRNA from undifferentiated HADSCs (Day 0). Gray, white and black bars
represent mRNA levels from HADSCs after induction of chondrogenesis, osteogenesis and adipogenesis, respectively. C, human primary articular chondrocytes; B, human

cortical bone; A, human subcutaneous adipose tissue. P < 0.05 relative to Day 0.

estingly, there was a significant increase in the expression of Osterix
in chondrogenesis-induced cell pellets at day 28, while expression
during osteogenesis was negligible at all time points analyzed.

Discussion

Defining the molecular pathways of mesenchymal stromal
cell (MSC) commitment into chondrocytes and osteoblasts has
significant implications in orthopaedic trauma and skeletal repair
[15]. In the present study, we carried out detailed gene expres-
sion analyses in human adipose-derived stromal cells (HADSCs)
during in vitro chondrogenesis, osteogenesis and adipogenesis.
In addition to monitoring “end-stage” differentiation markers,
we also analyzed expression of transcription factors that are
known to regulate chondrocyte, osteoblast and adipocyte differ-
entiation. A novel aspect to this work was our analysis of each
gene during differentiation toward all three lineages as well as
in adult human tissue controls.

With respect to chondrogenesis, we observed a significant
increase in COL2A1 and the three Sox transcription factors in chon-
drogenic induced HADSC pellet cultures, suggesting that some de-
gree of chondrocyte differentiation had occurred. However, low

levels of alcian blue staining (Supplementary Fig. S1), and type Il
collagen protein expression (results not shown) indicated ineffi-
cient in vitro chondrogenesis. Previous reports have demonstrated
the chondrogenic potential of HADSCs [2,16-18]. However, other
studies have also shown that chondrogenic differentiation of MSCs
from adipose tissue is not as effective as differentiation of MSCs
from bone marrow aspirates when directly compared in the same
study [19-22]. Therefore, it is apparent that the commonly-used,
commercially available growth cocktail (containing TGF-B and
dexamethasone) is not effectively conducive to chondrocyte differ-
entiation in HADSCs.

Our results also showed a significant increase in type X collagen
(COL10A1) mRNA during in vitro chondrogenesis. This has also been
reported in many other studies [5,6,19,23-25] and is indicative of
advanced hypertrophic chondrocyte maturation that occurs prior
to endochondral ossification in vivo, where matrix mineralization
and blood vessel formation within hypertrophic cartilage occurs
leading to invasion of osteoblasts and other cells to form bone
and bone marrow [26]. Further indication of hypertrophy was also
found in the present study by Runx2 upregulation. Knock-out
mouse studies showed that, as well as hypertrophy, Runx2 also
regulates osteoblast formation [10] therefore suggesting that some
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degree of osteogenesis had occurred in our cultures. Since the stro-
ma fraction of adipose tissue contains a heterogeneous cell popu-
lation, the expression of osteogenic genes may be due, in part, to
the presence of osteoprogenitor cells. Direct induction of osteogen-
esis during chondrogenic induction of HADSCs was also suggested
in a previous study [27] due to upregulation in COL1A1 expression;
the present study also showed an increase in COL1A1 expression
during in vitro chondrogenesis. Further evidence suggesting induc-
tion of osteogenesis in response to chondrogenic cues was shown
by a significant increase in expression of Osterix. Osterix has been
shown to function more specifically than Runx2 in regulating
osteoblast differentiation, since Osterix knock-out mice lack bony
skeletons while the cartilage anlagen are fully formed [11]. Inter-
estingly, Osterix expression was not detected during our in vitro
osteogenesis assays, even though calcified extracellular matrix
was detected by von Kossa staining. This raises important ques-
tions regarding the quality of osteogenic differentiation that is
occurring in vitro. It may be that expression of Osterix peaked at
earlier time points, as has been reported in other studies of osteo-
blast differentiation [28,29]. However, the fact that mature cortical
bone control tissue was shown to express high levels of Osterix
suggests that persistent Osterix expression is required for proper
osteogenesis.

This is the first report to show significant upregulation in
expression of osteoblast-inducing transcription factors Runx2 and
Osterix during TGF-B3 chondrogenic induction of HADSCs in vitro.
Upregulation of Runx2 and Osterix provides a plausible regulatory
mechanism for the hypertrophy and potential osteoblast differen-
tiation occurring during in vitro chondrogenesis of HADSCs. Upreg-
ulation of Runx2 and Osterix may also partly explain the observed
calcification and vascular invasion of chondrogenic induced bone
marrow-derived MSC pellets when transplanted subcutaneously
into SCID mice [25]. Therefore, it is apparent that these non-phys-
iologic and artificial methods of chondrogenic induction in vitro do
not result in articular chondrocytes consistent with hyaline carti-
lage, but rather result in hypertrophic chondrocytes and osteo-
blasts suggestive of endochondral ossification. Such “derailed”
differentiation would have a deleterious effect on cartilage tissue
regeneration as a treatment for conditions such as osteoarthritis
where the ultimate goal is to generate permanent hyaline cartilage.

The concept of manipulating transcription factor levels to select
for a specific differentiation pathway is an interesting one that is
currently being tested. Recent reports have shown enhanced oste-
ogenic activity of MSCs that were programmed to over-express
either Runx2 or Osterix [30-32]. Similarly, over-expression of
Sox9 in either embryonic stem cells or primary chondrocytes re-
sulted in increased COL2A1 and proteoglycan expression [33,34].
Clearly, we need to understand the specific factors that should be
switched on/off to regulate articular chondrocyte differentiation
in order to prevent production of “transient” or hypertrophic chon-
drocytes that are present in growth plate cartilage. We therefore
propose that correct terminologies be used to clearly distinguish
the type of chondrocyte differentiation being induced rather than
using the general term “in vitro chondrogenesis”. Finally, we pre-
dict that adopting strategies to modulate expression of one or more
tissue-specific regulatory factors will hold more promise for induc-
ing articular chondrocyte differentiation than exposing MSCs to
induction media containing exogenous recombinant growth fac-
tors, hormones and other reagents.
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