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The regenerative potential for adult bone marrow-derived mesenchymal stromal cells (MSCs) has been exten-
sively investigated in the setting of arthritic disease and focal cartilage defects. In vitro chondrogenic differen-
tiation of MSCs is regularly accomplished by the widely used pellet culture system where MSCs are maintained
in high-density pellets to mimic mesenchymal condensation during development. Supplementation of chon-
drogenic MSC pellet cultures with growth differentiation factor-5 (GDF-5), a highly regulated gene in the
chondrogenic phase of endochondral ossification (EO), was investigated here under the hypothesis that GDF-5
will enhance the chondrogenic differentiation of MSCs, thereby supporting their entry into ossification. The
supplementation of chondrogenic MSC pellets with the recombinant human GDF-5 protein significantly en-
hanced MSC chondrogenic differentiation, as demonstrated by enhanced collagen type II and sulfated glycos-
aminoglycan (GAG) incorporation into the extracellular matrix. Increased P-SMADs 1-5-8 were observed in
pellets treated with GDF-5 and transforming growth factor (TGF)-$ 3 when compared to the pellets treated with
TGEF-B 3 alone, demonstrated by immunostaining and western blot analysis of the chondrogenic pellet extract. A
concurrent increase in alkaline phosphatase, collagen types I and X, and osteopontin secretion indicated a
transition of these cultures to hypertrophy. Together, these data support the application of GDF-5 to enhance

MSC chondrogenic differentiation and hypertrophy as a precursor to EO.

Introduction

HE REGENERATIVE POTENTIAL for adult bone marrow-
derived mesenchymal stromal cells (MSCs) has been ex-
tensively investigated in the setting of arthritic disease [1,2],
focal cartilage defects [3], and bone repair [4]. After trans-
plantation to the damaged knees, MSCs slow joint degrada-
tion and contribute to repair of arthritic tissue [2,5] and
cartilage defects [6]. Similar beneficial effects are observed
when bone fractures are treated with MSCs [7]. The wide-
spread demonstration of an effective outcome in preclinical
models of disease has lead to a series of clinical studies cur-
rently underway to test MSCs in cartilage repair [8-10], os-
teoarthritis [11-13], and long-bone fracture repair [14].
MSCs undergo chondrogenic differentiation in high-
density pellet cultures [15,16] that mimic the mesenchymal
condensation formed during limb development. When
transplanted subcutaneously, chondrogenically primed
MSCs develop along a pathway toward endochondral ossi-
fication (EO), exhibiting features such as development of a
bony collar, vascularization, osteoclastic resorbtion of the

cartilage, and the presence of the hematopoietic foci [17,18].
In fact, MSCs in pellet cultures express collagen type I, in-
dicating the development of osseous tissue, and markers of
chondrocyte hypertrophy such as collagen type X, osteo-
pontin (OPN), and MMP-13 expression, followed by alkaline
phosphatase (ALP) activity and mineralization [17,19-25].
Interestingly, when MSCs are directly placed in an articular
cartilage defect, their spontaneous differentiation results in
expression of collagen type II without collagen type X, in-
dicating the development of an articular-like phenotype [26].

The expression profile of growth differentiation factor-5
(GDE-5) points to its role in the early phase of EO, specifi-
cally during prechondrogenic condensation [27]. During
mesenchymal cell condensation, the presence of GDF-5 in-
creases the cell-cell adherence, thereby promoting conden-
sation. Overexpression studies in vivo have shown that
exposure to GDF-5 increases the length and width of bones
of the limb, perhaps due to this enhanced cellular ability to
condense [28-31]. Later in organogenesis, GDF-5 mRNA
expression localizes to the future joint spaces, directly cor-
relating with the position, number, and timing of developing
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joints [31,32]. Chondrogenic differentiation of human em-
bryonic stem cells [33], fetal human MSCs [34], or embryonic
chick mesenchymal cultures with recombinant GDF-5 pro-
tein [35] or adenovirally expressed GDF-5 in adipose-derived
progenitor chondrogenesis [36] reliably stimulated an upre-
gulation of the chondrogenic marker genes such as collagen
type II and aggrecan. However, concurrent with this simu-
lation was the increased transcription of collagen type X and
ALP, the indicators of chondrocyte hypertrophy [36,37], the
precursor to EO.

Therefore, this investigation assessed the in vitro supple-
mentation of human bone marrow-derived MSCs with the
recombinant human GDF-5 protein under the hypothesis
that GDF-5 will enhance the chondrogenic differentiation of
MSCs, therefore supporting their entry into EO. This study
advanced the previous investigations by using clinically
relevant adult bone marrow-derived MSCs instead of fetal
progenitors and significantly lower doses of GDF-5 to detect
a beneficial effect [34].

Materials and Methods
MSC isolation and culture

The bone marrow was obtained from the iliac crest of
healthy donors. In each assay, 3-5 biologic replicates were
performed from donors aged 18-35 years. All procedures
were performed with informed consent and approved by the
Clinical Research Ethics Committee at the University College
Hospital, Galway. The marrow was diluted 1:10 in
phosphate-buffered saline (PBS; Gibco) and centrifuged at
900 g for 10 min. The spun cells were washed and plated at a
density of 235,000 to 340,000 cells/ cam?. A complete MSC
expansion medium [alpha-MEM with Glutamax (Gibco),
10% selected Hyclone fetal bovine serum (FBS; Thermo Sci-
entific), 1% penicillin/streptomycin (Sigma), 1% nonessential
amino acids (Sigma), and 5ng/mL fibroblast growth factor
(FGF-2; Pepro-Tech, London, England or R&D Systems)] was
added to the MSC culture in support of cellular proliferation.
Cells were incubated at 37°C with 5% CO, in a humidified
chamber. After 5 days, the culture medium was replaced,
and the cells were fed twice weekly thereafter. Upon con-
fluence, the MSCs were subcultured and passaged every 5-7
days as required to passage 3 for differentiation.

Chondrogenic differentiation

MSCs were trypsinized using 0.5% trypsin EDTA (Sigma)
from the monolayer and centrifuged, and the expansion
medium was removed. After suspension in an incomplete
chondrogenic medium [ICM; DMEM high-glucose (Sigma),
100nM dexamethasone, 50 pg/mL ascorbic acid 2-phos-
phate, 40ug/mL L-proline, 1% ITS Premix supplement
(Becton Dickinson), 1 mM sodium pyruvate (Sigma), and 1%
penicillin/streptomycin (Sigma)], MSCs were pelleted by
centrifugation at 500 g for 5 min. MSCs were resuspended in
a complete chondrogenic medium [CCM; ICM with 10ng/
mL transforming growth factor B 3 (TGF-p 3; R&D Systems
or Pepro-Tech)] or a GDF-5 containing medium (CCM with
100, 150 or 200ng/mL recombinant human GDF-5; Bio-
pharm), such that 250,000 cells were included in each pellet.
Again, the cultures were centrifuged at 500 g for 5min to
create high-density cultures. Upon identifying 150 ng/mL as
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the optimal dose, pellets received 150ng/mL GDEF-5 for the
entire culture period (0-21 days) or from 0 to 7 days or 7 to
21 days of culture. The pellets were incubated at 37°C with
5% CO; in a humidified chamber, and the medium was re-
placed three times a week.

The glycosaminoglycan (GAG) content was assessed by
the 1,9-dimethylmethylene blue (DMMB) analysis. Chon-
droitin sulfate (Sigma) standards were prepared using a di-
lution buffer [50mM sodium phosphate (Sigma), 2mM
N-acetyl cysteine (Sigma), and 2mM EDTA (Sigma), adjusted
to pH 6.5] to achieve concentrations ranging from 0 to 2 pg of
GAG. Individual pellets were digested [papain (Sigma) in a
dilution buffer at 25 ug/mL] overnight at 60°C and combined
with DMMB (adjusted to pH 3). The resultant samples were
evaluated on a Wallac Victor plate reader at 595 nm. The DNA
content was assessed using the Quant-iT Pico Green dsDNA
assay kit from Invitrogen according to the manufacturer’s
protocol. Together, the results from the DMMB and DNA
analyses allowed expression of GAG normalized to DNA
content. Statistically, TGF- 3-treated cultures were compared
to individual GDF-5-treated cultures at day 21.

Quantitative reverse transcriptase-polymerase
chain reaction analysis

Chondrogenic pellets were removed from culture and
washed in PBS, and RNA was isolated using TriReagent
(Invitrogen) according to the manufacturer’s protocol.
Combinatorial retrotranscription and amplification QIAGEN
SYBR Green qRT-PCR kits and QIAGEN QuantiTect primers
were used to amplify aggrecan and collagen type I tran-
scripts, while primers for collagen type II were designed: 5"~
3" TCCCTTTGGTCCTGGTTGCCC and ATCTGCCCAACT
GACCTCGCCA (Sigma) and amplified with QIAGEN re-
agents according to the manufacturer’s protocol. Similarly,
primers for drosha, a consistently expressed transcript re-
gardless of time point or treatment, were designed to nor-
malize sample loading: 5-3° TCCATGCACCAGATTCTCTG
and TACGGACAGAGCTTGGTTTCG (Sigma) and ampli-
fied using QIAGEN reagents and protocols. Reactions were
performed at 50°C for 30 min and 95°C for 15 min, followed
by 40 cycles at 94°C for 15s and 60°C for 1 min. ABI Prism
7000 (Applied Biosystems) was used for amplification, and
the resultant data were analyzed using the AACt method
[38], normalizing to both the drosha loading control and the
day-0 CCM-treated pellets to reflect the basal transcript
levels. At each time point, the fold change in the transcript
level of TGF-B 3-treated cultures was evaluated with regard
to the GDF-5-treated cultures.

Immunohistochemical analysis

Staining for collagen type I or II was accomplished after
rehydrating paraffin-embedded sections in a decreasing al-
cohol series and a pepsin antigen retrieval. Sections were
blocked both for peroxidase and nonspecific binding, fol-
lowed by incubation with an anti-collagen type I antibody or
a collagen type II antibody (Abcam), and developed using
DakoCytomation EnVision HRP +3,3’-Diaminobenzidine
(DAB; DAKO) according to the manufacturer’s instructions.

Phosphorylated SMADs 1-5-8 and 2-3 were stained by
initially rehydrating the paraffin-embedded sections in a
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decreasing alcohol series. Antigens were retried in a warm
(60°C) 10 mM sodium citrate buffer (pH 6.0) before heating
to 97°C for 20 min before finally allowing the solution to
cool for 40 min. Sections were blocked for both peroxidase
and nonspecific binding. Primary antibodies for P-SMADs
2-3 and P-SMADs 1-5-8 (Cell Signaling Technology) were
separately diluted 1:100 in 10% equine serum and incu-
bated with the samples for 1h at room temperature.
Staining was developed using DAB+Chromogen (DAKO)
according to the manufacturer’s instructions, and then
counterstained with hematoxylin (Sigma) before dehydra-
tion and mounting.

ALP activity

To quantify the relative level of soluble ALP activity in a
pellet-conditioned medium, samples were collected at days
14 and 21 of culture and stored at —20°C. To assay, the pellet-
conditioned medium was diluted 1:13 in p-Nitrophenyl
phosphate (pNPP; Sigma), and the assay performed as indi-
cated by the manufacturer. The absorbance of each sample
was analyzed at 405 nm on a Wallac Victor plate reader, and
then converted to pM concentration using the equation:
Absorbance= (extinction coefficient) (concentration) (path
length). At each individual time point, the concentration of
ALP product was statistically evaluated by comparing TGF-f
3-treated pellets with GDF-5-treated pellets.

Western blotting

Pellets were washed in cold PBS, snap-frozen, and manually
crushed. Upon crushing, protein lysates were immediately
prepared by the addition of 0.1% nonyl phenoxypolyethoxyl-
ethanol (Sigma). The protein was loaded and separated on a
10% polyacrylamide gel, followed by transfer to a poly-
vinylidene fluoride membrane (Millipore) by electroblotting.
The type X collagen western blot contained 35 g of protein
per lane, whereas the P-SMAD 1-5-8 western blot contained
20 pg of protein per lane. Membranes were blocked for non-
specific binding in 5% bovine serum albumin followed by
incubation with a 1:1,000 diluted anti-type X collagen anti-
body (Sigma) or P-SMAD 1-5-8 antibody (Cell Signaling
Technologies) at 4°C overnight. After subsequent washing the
membranes, blots were probed with an appropriate horse-
radish peroxidase-conjugated secondary antibody (Cal Biochem
or Santa Cruz Biotechnology) diluted 1:3,000 and visualized by
an enhanced chemiluminescence system (Amersham Bios-
ciences) according to the manufacturer’s instructions. An anti-
beta actin (Abcam) or anti-GAPDH (Abcam) antibody diluted
1:1,000 was used to ensure equal protein loading between
samples.

Osteopontin enzyme-linked immunosorbent assay

OPN content in a pellet-conditioned medium was deter-
mined with R&D Systems Enzyme-linked immunosorbent
assay (ELISA), after antibody coating, according to the
manufacturer’s instructions. The conditioned medium was
diluted 1:4 in an alpha-MEM before evaluation. The resulting
plate was evaluated at 450 nm on a Perkin and Elmer Victory
3 plate reader. The resultant data were statistically evaluated
by comparing TGF-B 3-treated cultures with GDF-5-treated
cultures within each time point.
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Histological analysis

Pellets were washed twice in PBS and fixed in 10% neutral
buffered formalin (Sigma) for 1h after 21 days in culture.
Samples were placed in tissue cassettes (Simport) and dehy-
drated with an increasing series of industrial methylated
spirits (Lennox) to Histoclear (National Diagnostics). After
embedding in paraffin, the samples were cut at a thickness of
5pm using a Leica (Ashbourne) RM2235 microtome. Safranin
O (Sigma) and fast green (Sigma) staining was used to his-
tologically analyze sulfated proteoglycan deposition in the
extracellular matrix (ECM). The paraffin-embedded, sectioned
samples were deparaffinized, rehydrated, incubated in he-
matoxylin (Sigma), followed by fast green and Safranin O,
then dehydrated, cover-slipped, and photographed on an
Olympus IX71 microscope.

Statistical analysis

Data presented are either an average of at minimum three
MSC donors + the standard deviation of replicates or as a fold
change over the control +standard error of the mean, with the
exception of western blotting and immunostaining analysis
displaying one donor. To determine statistical significance,
GraphPad Prism 5 or Microsoft Excel was utilized to perform
appropriate data analysis. To evaluate the GAG:DNA content
(Fig. 1A, B), nonparametric Mann-Whitney analysis was
performed with Gaussian approximation using GraphPad
Prism. Quantitative reverse transcriptase (qRT)-polymerase
chain reaction (PCR) data were analyzed with GraphPad
Prism through two-way ANOVA with a Bonferroni post-test.
Comparison of SMAD phosphorylation was accomplished
with nonparametric one-way ANOVA with a Kruskal-Wallis
post-test on GraphPad Prism. ALP activity was evaluated by
two-sample equal variance t-test with Microsoft Excel. Analysis
of OPN levels by ELISA were compared statistically by one-
way ANOVA with a Tukey post-test. Statistically significant
changes are marked as *=P<0.05; **=P<0.01; **=P<0.001.

Results
GDF-5 enhances MSC chondrogenesis

To investigate the chondrostimulatory effect of GDF-5 on
MSCs, GAG production was quantified and normalized to
the total DNA content in the chondrogenic pellets. A statis-
tically significant increase in GAG production per cell was
observed after supplementation of chondrogenic pellets with
100 (P=0.0002) or 150 (P=0.0015) ng/mL GDEF-5 from days
0-21 of culture as compared to the control cultures (Fig. 1A).
No change in DNA content was observed as a result of GDF-
5 supplementation (data not shown). Although the mean
GAG content of 100 ng/mL treated cultures was significantly
increased over control levels, this was only reproducible in
two of the four donors assessed. However, 150ng/mL
treatment of MSCs from every donor indicated a statistically
significant increase over control, making this the optimal
treatment regime for the remainder of this investigation.
While a trend to increased GAG production was observed in
cultures treated with 200ng/mL for 21 days, the increase
was not statistically significant.

As GDF-5 is hypothesized to influence prechond-
rogenic condensation and thereby stimulate later GAG
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FIG. 1. Growth differentiation factor-5 (GDF-5) enhances glycosaminoglycan (GAG) accumulation. (A) After performing a
dose-response study incubating control pellets with transforming growth factor (TGF)- 3 alone or in combination with GDF-
5 at 100, 150, or 200ng/mL for 21 days, a 1,9-dimethylmethylene blue (DMMB) analysis was performed to quantify GAG
content. Displayed as average fold change of four donors with three replicates each and normalized to both total DNA
content and control samples, a statistically significant enhancement of GAG deposition was identified in 100 and 150 ng/mL
treated cultures. A trend toward enhancing sulfated GAG incorporation was identified in 200 ng/mL treated pellets, but this
was not statistically significant. (B) To assess specifically the effect of GDE-5 treatment on early-condensing pellet cultures,
cultures were treated with TGF- B 3 for 21 days with 150ng/mL GDF-5 on days 0-7. GAG content of five donors with two
replicates each was quantified and normalized to total DNA content and expressed relative to control pellet levels. A
statistically significant increase in GAG incorporation into the pellet extracellular matrix (ECM) was again identified in GDF-

5-treated cultures. Error bars represent SEM. *P <0.05; **P <0.01; ***P <0.001.

incorporation, chondrogenic pellets were treated with GDF-
5 on days 0-7 (Fig. 1B) to determine whether the effect of
GDF-5 is predominantly on MSC condensation. A moder-
ate, yet significant (P=0.0146), increase in GAG production
per cell was identified when cultures were treated with
GDF-5 through condensation (days 0-7; Fig. 1B). However,
the effect of GDF-5 treatment through days 0-21 had a
greater statistical validity (Fig. 1A). Therefore, the three-
week treatment protocol was utilized throughout the re-
maining investigations.

GDF-5 stimulates collagen type Il and GAG
incorporation in the ECM

The effect of GDF-5 treatment on expression of collagen
type II and aggrecan was assessed by qRT-PCR, histological
staining, and immunohistochemistry. Consistent enhance-
ment of collagen type II transcripts was observed in GDF-5-
treated cultures as compared to TGF-B 3-treated controls
beginning 2 days after the initiation of chondrogenesis and
continuing to day 21 (Fig. 2A). A statistically significant
(P=0.0172) increase in collagen type II content was observed
at day 21 as compared to control pellets at the same time
point. A similar increase in the aggrecan mRNA transcripts
were observed in GDF-5-treated cultures beginning 4 days
after chondrogenic pellet and continuing through day 14.
However, after 21 days, the level of aggrecan transcript was
comparable in both treatment groups (Fig. 2B).

Despite the increase in mRNA content, the presence of
collagen type II in the chondrogenic ECM was not qualita-
tively confirmed by immunohistochemistry (Fig. 2C). As-
sessment of day-21 chondrogenic pellets in the presence or
absence of GDF-5 demonstrated a similar pattern of collagen
type II protein deposition in the center of the pellet; however,
a greater intensity of staining was observed in control pellets
as compared to GDF-5-treated cultures.

Histological evaluation of the control and GDF-5-treated
pellets with Safranin O and Fast Green illustrates the regions
of sulfated GAG deposition in the cartilaginous pellet, of
which aggrecan would be a primary constituent. Supporting
the DMMB results demonstrating greater quantities of GAG
(Fig. 1), an enhanced Safranin O staining intensity in GDF-5-
treated cultures indicated increased quantities and breadth
of GAG incorporation into the ECM (Fig. 2D), suggesting a
more chondrogenic pellet. Although a concurrent increase
in aggrecan mRNA was not observed (Fig. 2B), the en-
hanced GAG deposition observed by Safranin O staining
(Fig. 2D) is possible by increased ECM retention in GDF-5-
treated cultures, the incorporation of greater quantities of
chondroitin sulfate, and/or an increase in its sulfation
levels, or a greater protein production from existing tran-
script levels.

GDF-5 stimulation increases SMAD phosphorylation

To investigate the mechanism of GDF-5-enhanced chon-
drogenesis, day-21 chondrogenic pellets were im-
munostained to identify phosphorylated, active SMAD
proteins. An increase in phosphorylated SMADs 1-5-8 sig-
naling in chondrogenic pellets have been demonstrated by
others to be directly associated with expression of hyper-
trophic markers such as collagen type X and ALP, as well as
mineralization [39]. Trends of increased staining for P-
SMADs 1-5-8 and P-SMADs 2-3 were observed in pellets
treated with GDF-5 (Fig. 3B, D) when compared to the
pellets treated with TGF-f 3 alone (Fig. 3A, C). As signaling
through P-SMADs 1-5-8 is of particular interest, western
blotting analysis of the chondrogenic pellet extract after 21
days of in vitro culture demonstrated minimal levels of P-
SMADs 1-5-8 in TGF-f 3-treated cultures. This basal level of
SMAD signaling was greatly enhanced upon the addition of
GDF-5 to the pellet culture medium (Fig. 3E). Comparable
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FIG. 2. GDF-5 supports collagen type II and GAG incorporation into the ECM. mRNA was isolated from TGF-B 3- and GDF-5-
treated cultures of three donors with 5-6 pellets harvested at days 0, 2, 4, 7, 14, and 21 of the chondrogenic pellet culture. (A)
qRT-polymerase chain reaction (PCR) analysis for collagen type II transcripts revealed a trend to increased transcript levels in GDF-5-
treated cultures as compared to TGF-$ 3-treated controls, beginning at day 2 and continuing to day 21 of culture. (B) qRT-PCR
analysis for aggrecan transcripts in days 0, 2, 4, 7, 14, and 21 pellet cultures treated with TGF-$ 3 alone or TGF-B 3 in combination
with GDF-5 revealed increased levels of aggrecan beginning at day 4 and continuing through day 21. Increased levels of aggrecan
transcripts were identified in GDF-5-treated cultures. All gRT-PCR analyses were normalized to the drosha transcript levels and
expressed relative to day 0, TGF-p 3-treated levels. Immunohistochemical analysis of five donors, including two replicates per donor
for (C) collagen type II protein in the ECM, revealed a similar distribution in TGF-$ 3- and GDF-5-treated cultures with a con-
centrated deposition in the center of the pellet. (D) Safranin O staining of day-21 paraffin-embedded pellets from six donors with two
replicates per donors indicates the presence of sulfated GAG in the ECM. Enhanced quantities of GAG were associated with GDF-5
treatment as indicated by the more intense staining levels and a wider distribution of positive staining to the periphery of the pellet.
qRT, quantitative reverse transcriptase. *P <0.05; **P <0.01; **P <0.001. Color images available online at www.liebertpub.com/scd

protein loading was confirmed by probing similarly with an
anti-GAPDH antibody.

GDF-5 increases the presence of hypertrophic
markers

As hypertrophic differentiation of MSCs would indicate
the initiation of EO, the effect of GDF-5 treatment on the
transition of chondrogenic MSCs into hypertrophy was
evaluated by profiling the traditional markers of ALP ac-
tivity, collagen type X and I deposition, and OPN secretion.

Evaluation of a chondrogenic pellet-conditioned medium for
ALP activity at 14 and 21 days of culture demonstrated a sta-
tistically significant increase (P=6.08x10"° and P=0.003, re-
spectively) in ALP activity in GDF-5-treated cultures as
compared to controls at the same time point. Although minimal,
ALP activity was also observed in control cultures (Fig. 4A).

Western blotting for collagen type X protein indicated the
absence of collagen type X in monolayer MSCs and the day-14
control pellet ECM (Fig. 4B). However, at 14 days of culture,
GDEF-5-treated pellets displayed the deposition of collagen
type X in the ECM. After 21 days of pellet culture, collagen
type X protein was present in both the control and GDF-5-
treated pellets, with greater quantities in pellets treated with
GDEF-5. Comparable protein loading was confirmed by prob-
ing similarly with an anti-beta actin antibody (Fig. 4B).

Similar regulation of collage type I mRNA transcripts was
observed by qRT-PCR (Fig. 4C). A consistent increase in
collagen type I transcripts was observed in GDEF-5-treated
cultures, significantly more in day-14 pellets treated with
GDF-5 as compared to day-14 controls (P=0.0012). A notable
increase in the transcript was observed at days 14 and 21 in
both the control and GDEF-5-treated cultures, with over
double the quantity of transcripts in GDF-5-treated cultures.
Immunohistochemical localization of collagen type I protein
identified a broader extent of protein distribution toward the
periphery of the pellet as compared to control samples, po-
tentially indicating a greater number of cells expressing
collagen type I protein. A similar intensity of staining was
observed (Fig. 4D).

A nonsignificant trend to increased OPN secretion was
observed as a result of GDF-5 supplementation to chondro-
genic pellets. An ELISA for OPN content in the pellet-
conditioned medium demonstrated that the addition of
GDF-5 resulted in secretion of over double the amount of
OPN in TGF-B 3-treated cultures at 21 days (Fig. 4E).

Discussion

Here, human bone marrow-derived MSCs were supple-
mented with recombinant human GDEF-5 protein in vitro to
evaluate its potential to augment of MSC chondrogenic
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FIG. 3. GDF-5 stimulation increases SMADs 2-3 and
SMAD:s 1-5-8 phosphorylation. Representative images of 21-
day chondrogenic pellets treated with TGF-$ 3 alone (A and
C) or in combination with GDF-5 (B and D). Im-
munohistochemistry was performed on pellets from three
donors with 3 to 4 replicates per donor to observe the
phosphorylation of both SMADs 1-5-8 (A-B) and SMADs 2-
3 (C-D). The DAB staining indicates a positive stain for the
relevant P-SMADs as indicated. The sections were counter-
stained with hematoxylin. The scale bars represent 100 pm.
(E) These data were supported by increased levels of P-
SMADs 1-5-8 identified in GDF-5-treated pellets as assayed
by western blot analysis at day 21 of culture, while TGF-
3-treated chondrogenic pellets expressed low levels of
P-SMADs 1-5-8. The western blot displayed was generated
with 6-8 chondrogenic pellets per treatment group from one
bone marrow donor.

differentiation and transition into EO. Together, these data
demonstrated enhanced MSC chondrogenesis in the pres-
ence of GDF-5, as well as a resultant increase in the markers
of hypertrophic differentiation.

The application of the recombinant human GDF-5 protein
to chondrogenic MSC pellets was investigated first as a
means of enhancing chondrogenic differentiation. As ob-
served through increased GAG deposition and a consider-
able increase in collagen type II and aggrecan transcripts,
supplementation of pellet cultures with GDF-5 positively
stimulated chondrogenic differentiation. This stimulation
was observed both when applied for the full culture duration
or specifically during prechondrogenic condensation, insin-
uating again that the mechanism of GDF-5 is to support
condensation and therefore differentiation [29,35]. Perhaps
the continued exposure of MSCs to GDEF-5 is in fact inhibi-
tory, while a temporal or transient exposure, as was dem-
onstrated to be beneficial with other TGF-B superfamily
members [40—42], would result in even greater chondrogenic
differentiation. Most importantly, enhanced differentiation
of MSCs in the presence of GDF-5 might be extrapolated
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clinically as a therapeutic for chondral repair or regeneration
of healthy cartilage in conditions such as arthritis.

The phosphorylation of SMADs 1-5-8, intracellular signal-
ing molecules stimulated as a result of binding to its receptor
[43], is associated with chondrocyte terminal differentiation.
An increase in phosphorylated SMADs 1-5-8 signaling in
chondrogenic pellets have been demonstrated by others to be
directly associated with expression of hypertrophic markers
such as collagen type X and ALP, as well as mineralization
[39]. To investigate the mechanism of GDEF-5-enhanced
chondrogenesis in this study, immunostaining and western
blotting for phosphorylated active SMAD proteins were per-
formed on day-21 chondrogenic pellets of MSCs. GDFE-5
treatment resulted in an increase in phosphorylated SMADs
1-5-8 in the cytoplasm and nucleus, suggesting that these
SMADs are involved in the chondrogenic differentiation of
these cultures. Simultaneously, SMADs 1-5-8 are potentially
stimulating their hypertrophic differentiation.

Because of their expression profiles and functions, colla-
gen type I and X [44,45], OPN, and ALP [46] are hypothe-
sized to be markers of cartilaginous transformation into
ossified tissue [47]. Here an increase in hypertrophic
markers, such as ALP activity, deposition of collagen types I
and X, and OPN secretion, was observed in 21-day pellet
cultures as a result of GDF-5 treatment. Notably, the control
cultures indicate low levels of ALP activity, and expression
of collagens type I and X and OPN. GDF-5 has previously
been shown to enhance the hypertrophic differentiation of
chick limb mesenchyme [37], and appears to modulate the
duration of chondrocyte hypertrophy in the growth plate
[48]. Here, GDF-5 was demonstrated to similarly induce
chondrocyte hypertrophy in adult human MSC-derived
cultures in vitro, an indicator that progenitor cells cultured
in these conditions might serve as a model of early EO,
specifically during the transition between cartilage and os-
sified bone.

Chondrogenically differentiated MSCs regularly display
the markers of chondrocyte hypertrophy such as collagen
type X and ALP activity in vitro [45,49]. This undesirable
outcome results in terminal differentiation of chondrocytes,
followed by ossification when transplanted in vivo subcu-
taneously [24,25] where they are exposed to high levels of
vascularization, unlike articular cartilage. Recent studies ar-
gue that the observed terminal differentiation of in vitro
differentiated MSCs is a direct result of the in vitro culture
conditions, not of the natural differentiation process [50,51]
inherent in these progenitor cells. Mueller and Tuan per-
formed an in-depth study investigating the contribution of
TGE- B and dexamethasone, both constituents of the in vitro
culture medium employed in the current study, concluding
that the resultant MSC-derived chondrogenic pellets reca-
pitulate EO in vitro [21]. More recently, Cals et al. have
demonstrated that individual TGF-B subtypes orchestrate in
vitro terminal differentiation [52]. Exploitation of these ob-
servations has lead to the in vitro chondrogenic priming of
MSCs, followed by subsequent implantation and natural
ossification, as an improved method to engineer bone for
regenerative applications [24,53].

In conclusion, combining MSCs with GDF-5 significantly
enhances MSC chondrogenic differentiation as well as MSC
entry to hypertrophy. This study is the first to demonstrate
that the embryonic phenomenon of GDEF-5-enhanced
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FIG. 4. GDF-5 treatment enhances mesenchymal stromal cell (MSC) hypertrophy. (A) As an indication of hypertrophy,
soluble alkaline phosphatase (ALP) activity was assessed with pNPP substrate and the concentration of the resultant product
calculated from the conditioned medium of four donors, evaluated in duplicate. At both days 14 and 21, a statistically
significant increase in ALP activity was identified in GDF-5-treated cultures as compared to the TGF-B 3-treated controls. (B)
Similarly, increased levels of collagen type X protein were identified in GDF-5-treated pellets as assayed by western blot
analysis at days 14 and 21 of culture. The data presented are representative of three comparable donors with five to six pellets
homogenized at each time point. MSC monolayer cultures and TGF-f 3-treated cultures remained negative for collagen type X
on day 14, while GDF-5 treatment stimulated collagen type X incorporation into the ECM. This trend continued at day 21 where
TGF-B 3-treated cultures expressed a basal level of collagen type X protein, but GDF-5-treated pellets contained enhanced
quantities. (C) qRT-PCR analysis of samples from three donors was assayed for collagen type I transcripts in duplicate. qRT-
PCR analysis indicated the continual presence of mRNA through the 21 days in culture with a rapid increase in quantity at days
14 and 21 of the culture. Greater quantities of collagen type I were observed in the GDF-5-treated pellets. (D) Im-
munohistochemical staining of collagen type I protein after 21 days in culture indicated the presence of collagen type I in both
control and GDF-5-treated pellets in similar quantities, but with a wider breadth of expression in GDF-5-treated pellets. The
images presented are representative of four donors, each with two biologic replicates. (E) Enzyme-linked immunosorbent assay
analysis of osteopontin content in a pellet-conditioned medium indicated a nonsignificant increase in GDF-5-treated pellets over
control levels at day 21. Data are presented as ng/mL+SEM of seven donors at day 14 and eight donors at day 21 assayed in
triplicate. *P <0.05; **P <0.01; **P <0.001. Color images available online at www .liebertpub.com/scd

mesenchymal cell chondrogenesis may be recapitulated
in vitro with adult progenitor cells at a clinically relevant
dose of recombinant protein [34]. Together, GDF-5 and
MSCs might therefore be used therapeutically in nonunion
fracture repair to regenerate damaged bone where further
pro-osteogenic or angiogenic factors may be present to
support MSC entry into EO. Ongoing investigations are
considering the in vitro and in vivo potential of MSCs in the

presence of GDE-5 to ossify, thereby creating high quality
de novo bone through EO.
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