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ReGENERATIVE MEDICINE

Autocrine Action of Thrombospondin-2 Determines
the Chondrogenic Differentiation Potential and
Suppresses Hypertrophic Maturation of Human
Umbilical Cord Blood-Derived Mesenchymal

Stem Cells

SANG YOUNG JEONG,? JUEUN HA,? MivounG Leg,® HYe JiN JiN,? DonG HYun Kim,?
S00 JIN CHOI,® WONIL OH,? YOON SUN YANG,? JAE-SUNG KiM,® BYunG-Gyu Kim,©
JEonG Ho CHANG,d DonG-HyunG CHO,® HONG BAE JEON?®
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ABSTRACT

Previous studies have shown that mesenchymal stem cell (MSC)-based therapies have varying
efficacies for the treatment of various diseases, including cartilage defects. In this study, we
demonstrated that the chondrogenic differentiation potential of human umbilical cord blood-
derived MSCs (hUCB-MSCs) obtained from different individual donors varies, and we investi-
gated the molecular basis for this variation. Microarray gene expression analysis identified
thrombospondin-2 (TSP2) as a candidate gene underlying the interindividual variation in the
chondrogenic differentiation potential of hUCB-MSCs. To assess the association between TSP-2
and the differentiation potential, we evaluated chondrogenic differentiation of hUCB-MSCs
treated with TSP2 siRNA. In addition, we studied the effect of supplementing exogenous
recombinant TSP-2 on TSP2 siRNA-treated hUCB-MSCs. We found that TSP-2 autocrinally pro-
moted chondrogenic differentiation of hUCB-MSCs via the Notch signaling pathway, which was
confirmed in MSCs from other sources such as bone marrow and adipose tissue. Interestingly,
we observed that TSP-2 attenuated hypertrophy, which inevitably occurs during chondrogenic
differentiation of hUCB-MSCs. Our findings indicated that the variable chondrogenic differentia-
tion potential of MSCs obtained from different donors is influenced by the TSP-2 level in the
differentiating cells. Thus, the TSP-2 level can be used as a marker to select MSCs with superior
chondrogenic differentiation potential for use in cartilage regeneration therapy. STEM CELLS
2015;33:3291-3303

SIGNIFICANCE STATEMENT

This study demonstrated MSCs obtained from different donors vary in their chondrogenic dif-
ferentiation potential, which is influenced by TSP-2 levels. It also provided further data showing
that autocrine action of TSP-2 promotes chondrogenic differentiation of MSCs via Notch signal-
ing pathway and suppresses hypertrophy of hUCB-MSC by inhibiting the osteogenic pathway
that involves the WNT/f-catenin and TGF-3/BMP signal cascades. Based on this dual role of
TSP-2, this study suggested that TSP-2 is a new marker for prediction and selection of MSCs
with superior chondrogenic differentiation potential for cartilage regeneration therapy.

INTRODUCTION

tilage tissue has low self-regeneration poten-

Articular cartilage disorders commonly cause
restricted mobility and disability in older adults
[1]. Articular cartilage degeneration affects car-
tilage, synovium, and subchondral bone, and
progressive breakdown of joint surfaces leads
to degenerative disorders such as osteoarthri-
tis. Furthermore, cartilage degeneration is
accompanied by pain and loss of function. Car-
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tial because it is not vascularized and thus has
limited access to progenitor cells or factors in
the blood and bone marrow (BM) that facili-
tate regeneration [2]. Therefore, development
of cartilage regeneration and repair treatments
remains a challenge.

Mesenchymal stem cells (MSCs) can differ-
entiate into cells of mesodermal lineages such
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as cartilage, bone, and fat cells [3, 4]. MSCs can be isolated
from various adult tissues including BM [5], adipose tissue
(AT) [6], Wharton's jelly [7], and umbilical cord blood (UCB)
[8, 9]. Human UCB-derived MSCs (hUCB-MSCs) are preferred
because they can be obtained using anon-invasive procedure
and have hypoimmunogenicity [10], high differentiation
potential [11], high proliferation rate [12], and superior tro-
pism [13, 14]. These characteristics of hUCB-MSCs are particu-
larly attractive for clinical application. Therapeutic use of
hUCB-MSCs for cartilage repair has been approved by the
Korea Food and Drug Administration (KFDA). A phase I/lla
clinical trial (ClinicalTrials.gov identifier: NCT01733186) is cur-
rently ongoing under approval of the FDA.

Similarly, based on the cell proliferation and chondrogenic
differentiation characteristics of MSCs, potential preclinical and
clinical applications of MSCs for treating damaged cartilage
have been investigated [15]. However, cartilage regeneration
treatments using MSCs are not consistently efficacious in ani-
mal models and clinical trials. For instance, new cartilage struc-
ture was not produced after transplantation of BM-MSCs in a
gelatin sponge containing transforming growth factor beta 1
(TGF-p1) into an ovine model of growth plate cartilage injury
[16]. After injecting injured porcine discs with allogeneic MSCs
and juvenile chondrocytes, proteoglycan matrix synthesis in the
MSC-treated group was lower than that in the juvenile
chondrocyte-treated group [17]. Furthermore, Wakitani et al.
[18] reported that autologous BM-MSCs did not differentiate
into hyaline cartilage in the cartilage lesions of some patients.

We speculated that failure of cartilage regeneration after
MSC transplantation is related to insufficient chondrogenic
differentiation of MSCs in the transplanted site. Adult tissue-
derived MSCs vary in their chondrogenic potential, which is
influenced by the age and genetic makeup of the donor [19,
20]. Thus, interindividual differences in MSC chondrogenic
potential may be an important factor influencing the success
of MSC-based treatments for damaged cartilage. Therefore, a
method for selecting MSCs with superior chondrogenic differ-
entiation potential would be useful to improve outcomes of
cartilage repair. However, no such markers have been charac-
terized to date. In this study, we evaluated the variability in
the chondrogenic differentiation potential of hUCB-MSCs
obtained from different donors, and we investigated the
underlying mechanism responsible for this variation by using
comparative transcriptome analysis.

MATERIALS AND IMETHODS

MSC Isolation and Culture

Neonatal UCB samples were collected from the umbilical vein
after delivery of the infant. All samples were obtained after
obtaining informed consent from the mothers. In all cases,
UCB harvests were processed within 24 hours of collection,
and the cell viability in all samples was above 90%. Mononu-
clear cells (MNCs) were isolated by layering the UCB samples
on a Ficoll-Hypaque gradient (Sigma, St Louis, MO, http://
www.sigmaaldrich.com) followed by centrifugation at 300g at
25°C. The separated MNCs were suspended in a-minimum
essential medium (2-MEM, Gibco BRL, Carlsbad, CA, http://
www.gibcobrl.com) supplemented with 10% fetal bovine
serum (FBS; HyClone, Logan, UT, http://www.hyclone.com).
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The cells were seeded in a culture plate at a density of 5 X
10° cells per cm® and incubated at 37°C in a humidified
atmosphere containing 5% CO,. The culture medium was
replaced with fresh medium twice a week. Adherent MNCs
with fibroblast-like morphology were observed. After 1-3
weeks of growth, the monolayer colonies reached 80% conflu-
ence and the cells were detached using 0.25% trypsin contain-
ing EDTA (HyClone), washed, resuspended in culture medium
(¢-MEM supplemented with 10% FBS) and subcultured at a
concentration of 5 X 10% cells per cm?. hUCB-MSCs were char-
acterized by expression of surface markers (Supporting Informa-
tion Table S1) and tested for mesodermal lineage
differentiation potential (Supporting Information Table S2).
Human BM (hBM)- and AT (hAT)-MSCs were isolated from BM
aspirates and lipoaspirates, respectively, as described previously
[21], and purchased from certified suppliers (Promocell, Heidel-
berg, Germany, http://www.promocell.com; ATCC, Manassas,
VA, http://www.atcc.org; Life Technologies, Carlsbad, CA, http://
www.lifetech.com; Lonza, Basel, Switzerland, www.lonza.com).
Passage 5-7 MSCs were used for all experiments.

In Vitro Chondrogenic Differentiation and
Hypertrophy-Inducing Culture

To induce chondrogenic differentiation, approximately 2 X
10° cells were suspended in chondrogenic medium in a 15-mL
polypropylene tube and centrifuged at 500g for 5 minutes at
room temperature. The cell pellet was cultured in chondro-
genic medium for 4 weeks; the medium was replaced with
fresh medium twice a week. Chondrogenic medium consisted
of high-glucose Dulbecco’s modified Eagle’s medium (DMEM)
(Gibco BRL) supplemented with 0.6 pg/mL dexamethasone
(Sigma), 50 pg/mL L-ascorbic acid (Sigma), 100 pug/mL sodium
pyruvate (Sigma), 40 ug/mL L-proline (Sigma), 10 ng/mL trans-
forming growth factor-fi3 (TGF-f3, R&D Systems, Minneapolis,
MN, http://www.rndsystems.com), 500 ng/mL bone mor-
phogenic protein-6 (BMP-6, R&D Systems), and 1% insulin-
transferrin-selenium (ITS+) Premix (6.25 pg/mL insulin,
6.25 pg/mL transferrin, 6.25 ng/mL selenious acid, 1.25 mg/
mL bovine serum albumin (BSA), and 5.35 ug/mL linoleic acid;
Becton Dickinson, Franklin lakes, NJ, http://www.bd.com).
After 14 days, chondrogenic medium was replaced with
hypertrophy-inducing medium composed of high-glucose
DMEM (Gibco BRL), 50 ug/mL L-ascorbic acid, 40 ug/mL L-pro-
line, 1% ITS+ premix, and 1 nM triiodothyronine (T3, Sigma).
The cells were then cultured for an additional 2 weeks.

Determination of Sulfated Glycosaminoglycan Contents

The chondrogenic hUCB-MSC, hBM-MSC, and hAT-MSC pellet
was digested with papain in 100 mM sodium acetate (Sigma),
10 mM EDTA (Gibco BRL), 5 mM L-cysteine (Sigma) at 65°C
for 16 hours. The sulfated glycosaminoglycan (sGAG) contents
were measured using a Blyscan sGAG assay kit (Biocolor, Car-
rickfergus, U.K., http://www.biocolor.co.uk) following the man-
ufacturer’s instructions.

Quantitative Real-Time Polymerase Chain Reaction

Relative transcript expression levels of 13 Notch signaling-
related genes were analyzed by quantitative real-time polymer-
ase chain reaction (PCR) method using TagMan probes. Gene-
specific primers were designed using the ProbeFinder software
provided by the Universal Probelibrary Assay Design Center
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(Roche Diagnostics, Indianapolis, IN, http://www.roche-applied-sci-
ence.com). All real-time PCR reactions were performed using the
LightCycler 480 Il (Roche Diagnostics) and LightCycler 480 Probes
Master Mix (Roche Diagnostics). Relative quantification of gene
expression was determined using the 2724 method [22] and
normalized to an internal control gene (GAPDH).

Histological and Immunohistochemical Analysis

Chondrogenic pellets of hUCB-, hBM-, and hAT-MSCs cultured
under each experimental condition were frozen in OCT com-
pound (Tissue-Tek, Torrance, CA, http://www.sakura-americas.
com), and 5-um sections were cut. For histological evaluation,
sections were stained with Safranin-O (Sigma). For immuno-
histochemistry, frozen sections were fixed for 10 minutes in
ethanol after brief immersion in distilled water to remove the
OCT compound. Nonspecific antibody-binding sites were
blocked by incubating the slides in phosphate-buffered saline
with 5.0% BSA for 1 hour. The slides were incubated overnight
at 4°C with primary antibody against type Il collagen (Milli-
pore, Billerica, MA, http://www.millipore.com) diluted in
0.05 M Tris-HCI with 1.0% BSA. Reactivity was detected by
using the DAKO EnVisionSystem Peroxidase (DAB) kit (K4006,
DAKO, Carpinteria, CA, http://www.dako.com) according to
the manufacturer’s instructions.

Statistical Analysis

Gene expression, protein expression, and ELISA data were
analyzed using Microsoft Excel (Microsoft, Redmond, WA,
www.microsoft.com) and Student’s t test. p values <.05 were
considered significant. Values are expressed as the mean = SD
of at least four independent experiments.

RESULTS

Variation in Chondrogenic Differentiation of
hUCB-MSCs Obtained from Different Donors

We assessed interindividual differences in the chondrogenic
differentiation potential of hUCB-MSCs obtained from 24
donors. After 28 days of chondrogenic differentiation, we
evaluated the pellet cultures for size, Safranin-O staining
intensity, and lacunae formation. These characteristics varied
in hUCB-MSCs derived from different donors (Supporting
Information Fig. S1). To investigate the differentiation poten-
tial of the hUCB-MSC samples further, we selected eight pel-
lets on the basis of size (four large and four small pellets) and
the extent of Safranin-O staining (Fig. 1A, 1B). The pellets
were assessed for proteoglycan content and localization of
collagen type Il, which represent the chondrogenic differentia-
tion status. Lacunae structures, which are seen in hyaline car-
tilage, were also monitored (Fig. 1B, 1C). The results indicated
that the large pellets consisted of highly chondrogenic-
differentiated MSCs (HC-MSCs).

For validation of the chondrogenic differentiation of the
hUCB-MSCs, the expression of cartilage-specific markers was
evaluated. Collagen type I, aggrecan, hyaluronan and proteo-
glycan link protein 1 (HAPLN1), and the chondrogenic tran-
scription factor SOX-9 were highly expressed in the HC-MSC
group (Fig. 1E, 1F). These results were corroborated by mRNA
expression analysis results (Fig. 1G, 1H). In contrast, the pro-
tein and mRNA expression of the cartilage-specific markers in
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the small pellet group were lower than those in the HC-MSC
group. Additionally, the sGAG content of the small pellets was
considerably lower than that of the large pellets (Fig. 1D).
These findings indicated that the small-pellet samples con-
sisted of MSCs with low chondrogenic differentiation potential
(LC-MSCs).

Furthermore, we assessed the chondrogenic differentia-
tion potential of MSCs from other sources including BM and
AT. The results confirmed donor-dependent potential differ-
ence (Supporting Information Fig. S2), similar to that of the
hUCB-MSCs. Taken together, our results showed that the
chondrogenic differentiation potential of hUCB-MSCs varied
among different donors.

TSP2 Expression in hUCB-MSCs with High
Chondrogenic Differentiation Potential

To identify the factors related to the chondrogenic differentia-
tion potential of hUCB-MSCs, we performed microarray analy-
sis to assess gene expression in HC-MSC pellets and LC-MSC
pellets that had been allowed to differentiate for 28 days.
Heat map analysis revealed that the gene expression pattern
of HC-MSCs differed from that of LC-MSCs (Fig. 2A). To deter-
mine the fold-change ratio, the signal of HC-MSCs was divided
by that of LC-MSCs. Genes with a ratio higher or lower than
2 were selected as differentially expressed between both
groups (Supporting Information Table S3).

We previously reported that chondrogenic differentiation
of chondroprogenitor cells was enhanced by TSP-2 from
hUCB-MSCs through paracrine action [23]. Based on this fact
and the potential role of autocrine action in chondrogenic dif-
ferentiation, this study focused on the TSP family. Among the
five TSP subtypes (TSP-1, 2, 3, 4, and 5), the level of TSP-2
was higher in HC-MSCs than in LC-MSCs (Supporting Informa-
tion Table S4). The remaining four TSP subtypes were not sig-
nificantly differentially expressed.

To validate quantitative changes, the TSP-2 level in the
supernatants was quantified using ELISA. The secreted TSP-2
level was higher in the HC-MSCs than in the LC-MSCs (Fig.
2B). Additionally, the TSP-2 protein and mRNA levels in the
HC-MSC group were higher than those in the LC-MSC group
(Fig. 2C-2F). Similarly, we found that TSP-2 expression in
hBM- and hAT-MSCs was higher in pellets with high chondro-
genic differentiation potential (Supporting Information Fig.
S3). Taken together, the data indicated that TSP-2 expression
differed between HC-MSCs and LC-MSCs. Interestingly, when
we analyzed TSP-2 expression in the MNC fraction of whole
hUCB, the MNCs unable to form MSC colonies did not express
TSP-2, while MNCs containing an MSC population did (Sup-
porting Information Fig. S4). This result indicated that TSP-2 is
specifically expressed in the MSC population of hUCB cells.

TSP-2 Mediates Chondrogenic Differentiation
of hUCB-MSCs

We studied the correlation between TSP-2 expression and the
chondrogenic potential of hUCB-MSCs by inhibiting the
expression of TSP2 with siRNA. Additionally, we evaluated the
chondrogenic potential of TSP2 siRNA-treated hUCB-MSC pel-
let cultures in the presence of exogenous recombinant human
TSP-2 (rhTSP-2) during differentiation.

To verify downregulation of TSP2 expression by TSP2
siRNA treatment, we measured secreted TSP-2 levels on day

©AlphaMed Press 2015
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Figure 1. Donor-dependent chondrogenic differentiation potential of human umbilical cord blood-derived mesenchymal stem cells (hUCB-
MSCs). hUCB-MSC pellets obtained from different neonates were cultured in chondrogenic medium for 28 days. (A): An image depicting
eight chondrogenic-differentiated hUCB-MSC pellets. (B): Pellets frozen in OCT compound were sectioned and stained with Safranin-O and
hematoxylin. (C): To assess chondrogenic differentiation, expression of collagen type Il was analyzed by immunohistochemical staining. (D):
The contents of sulfated glycosaminoglycan were assayed. (E): The expression of the chondrogenic markers collagen type I, aggrecan, and
HAPLN1, and the chondrogenic transcription factor SOX-9 was determined using Western blotting and quantified (F) using Image) software.
(G): To validate the expression of the four chondrogenic markers, RT-PCR was performed and (H) quantified using Image) software. Data
are shown as the mean = SD of at least five independent experiments. *, p < .05. Scale bars =200 um (in HC-MSC group), 500 pm (in LC-
MSC group). Abbreviations: GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HAPLN1, hyaluronan and proteoglycan link protein 1; HC-
MSC, highly chondrogenic-differentiated-MSC; LC-MSC, lowly chondrogenic-differentiated-MSC.
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days, RNA microarray analysis was performed. The data are depicted as a heatmap. (B): Secreted TSP-2 was quantified by ELISA. (C):
Expression of TSP2 mRNA in HC-MSCs and LC-MSCs was analyzed by reverse transcriptase polymerase chain reaction and (D) the data
were quantified using Image) software. (E): Western blotting was performed to evaluate TSP-2 expression in lysates of pellet and the
data were quantified (F) with Image) software. Data are shown as the mean = SD of at least four independent experiments.*, p <.05.

Abbreviations: GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HC-MSC, highly chondrogenic-differentiated-MSC; LC-MSC,

chondrogenic-differentiated-MSC; TSP-2, thrombospondin-2.
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28 of chondrogenic differentiation. The TSP-2 level in the con-
ditioned medium of TSP2 siRNA-treated pellets was 42%
+9.7% of that in the naive pellets (Fig. 3E). The degree of
chondrogenic differentiation was determined by comparing
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the pellet sizes. On day 28, TSP2 siRNA-treated pellets were
smaller (16% = 3%) than the naive pellets, while the size of
the rhTSP-2-treated pellets was 45% *= 7.8% of the pellets
grown under naive conditions (Fig. 3A, 3B).
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A previous study showed that the period of initial differen-
tiation affects chondrogenic differentiation of BM-MSCs [24].
Therefore, we treated chondrogenic-differentiating pellets with
rhTSP-2 only during the initial 7 days of differentiation. Inter-
estingly, the size of these pellets recovered markedly and was
similar to that of the naive pellets (Fig. 3A, 3B).

To analyze the degree of chondrogenic differentiation, cry-
osectioned pellets were stained with Safranin-O and collagen
type Il antibody. The proteoglycan content of the TSP2 siRNA-
treated pellets was lower than that of the naive pellets. Colla-
gen type Il expression was significantly reduced in the sec-
tions of siRNA-treated pellets (Fig. 3C), and lacunae were
virtually absent. Pellets treated with rhTSP-2 for 28 days
showed lacunae structures and proteoglycan expression. The
pellets treated with rhTSP-2 during the initial 7 culture days
also showed lacunae structures and proteoglycan expression
similar to that of the naive pellet (Fig. 3C).

The sGAG content of the TSP2 siRNA-treated group signifi-
cantly decreased (5% of that of the naive pellets). In contrast,
in TSP2 siRNA-treated pellets supplemented with rhTSP-2 for
28 days, the sGAG concentration was restored to 56% of that
of the naive pellet. In pellets treated with rhTSP-2 during the
initial 7 days, the sGAG content significantly recovered to the
level in naive pellets (Fig. 3D).

TSP2 siRNA treatment decreased the expression of
chondrocyte-specific factors including collagen type |l, aggre-
can, and SOX-9 (Fig. 3F, 3G). Treatment with rhTSP-2 for 28
days increased the expression of these factors to 30%—65% of
the levels in the naive pellets. Addition of rhTSP-2 during the
initial 7 days augmented the expression levels of these factors
to those in naive pellets or higher (Fig. 3F, 3G). The mRNA
expression data corroborated the protein expression data and
indicated that chondrogenic marker expression was lowered
by TSP2 siRNA treatment and was reconstituted by rhTSP-2
treatment (Fig. 3H, 3l). From these results, we concluded that
chondrogenic differentiation of hUCB-MSCs is regulated by
TSP-2. Moreover, similar findings were obtained for hBM- and
hAT-MSCs (Supporting Information Fig. S5).

TSP-2 Mediates Chondrogenic Effects through Notch
Signaling During Chondrogenic Differentiation
of hUCB-MSCs

Previous reports have indicated that Notch signaling is associ-
ated with initial chondrogenic differentiation of BM-MSCs
[24]; thus, we assessed Notch signaling during early chondro-
genic differentiation (initial 8 days) of hUCB-MSCs. Among the
four Notch receptors tested, only NOTCH3 showed increased
expression during the first 4 days of differentiation, while the
expression of the other receptors did not increase (Supporting

Information Fig. S6). Of the five Notch ligands tested, only
JAGGED-1 was gradually induced during chondrogenic differ-
entiation (Supporting Information Fig. S7).

To confirm the involvement of the Notch pathway in early
chondrogenic signaling, chondrogenic hUCB-MSC pellets were
cultured in chondrogenic medium containing DAPT (N-[N-(3,5-
difluorophenacetyl-L-alanyl)]-(S)-phenylglycine t-butyl ester), a
y-secretase inhibitor, for the initial 8 days of the differentia-
tion period. Subsequently, the pellets were further cultured in
chondrogenic medium without DAPT for 20 days. The histolog-
ical and immunohistochemical analyses of the pellets showed
that chondrogenic differentiation was inhibited by DAPT (Fig.
4A). DAPT-treated pellets were poorly formed as compared to
the naive pellets; lacunae structures were absent and collagen
type Il expression was reduced. Additionally, the sGAG level
was decreased to 17% of that in the naive pellets (Fig. 4B).

To evaluate DAPT-induced changes in the expression of
downstream targets of Notch signaling, we focused on HEY1.
HEY1 mRNA expression increased during the initial differentia-
tion period in chondrogenic pellets; DAPT treatment inhibited
this response (Fig 4C). Since Notch signaling was related to
chondrogenic differentiation of the hUCB-MSCs, we assessed
whether TSP-2 expression also affected HEY1 expression. TSP2
siRNA treatment reduced HEY1 expression and the decrease
in expression was similar to that observed in cells treated
with DAPT during early differentiation (Fig. 4C). However,
addition of rhTSP-2 recovered the HEY1 expression level to
61% of that of the naive pellets at day 8. These results indi-
cated that TSP-2 mediates chondrogenic differentiation of
hUCB-MSCs via Notch signaling, which was confirmed in hBM-
and hAT-MSCs (Supporting Information Fig. S8).

TSP-2 Inhibits Hypertrophy-Associated Marker
Expression in hUCB-MSCs Undergoing Hypertrophic
Differentiation In Vitro

Our data indicated that the secreted TSP-2 levels decreased
during the first 14 days of chondrogenic differentiation of
hUCB-MSCs, after which they continuously increased (Fig. 5A).
We speculated that consistent expression of TSP-2 might
induce hypertrophy because of its chondrogenic promotional
effect. We investigated this hypothesis by assessing the expres-
sion of TSP-2 in hUCB-MSCs under hypertrophy-inducing condi-
tions in vitro. We observed increased TSP-2 levels throughout
the experimental period. Interestingly, the TSP-2 level in hUCB-
MSCs cultured underhypertrophy-inducing conditions were
higher than that in hUCB-MSCs cultured under chondrogenic
differentiation-inducing conditions, from 7 days after induction
of hypertrophy (Fig. 5A, Day 21). By 17 days after hypertrophy
induction (Day 31), theTSP-2 levels in both naive and control

Figure 3.

Effects of TSP-2 on chondrogenic differentiation of human umbilical cord blood-derived mesenchymal stem cells (hUCB-

MSCs). (A): Images of chondrogenic differentiated pellets of hUCB-MSCs treated with TSP2 siRNA or with TSP2 siRNA plus exogenous
TSP-2. The recombinant TSP-2 was added to the chondrogenic medium during 28 days or initial 7 days (Short). (B): The pellet size was
measured using IMT i-solution software. (C): Pellets of hUCB-MSCs cultured under each experimental condition were assessed during a
28-day differentiation period. The pellets were sectioned and stained with Safranin-O. Expression of collagen type Il was analyzed using
immunohistochemical staining. (D): The sGAG contents were measured using the Blyscan sGAG assay kit. (E): Except in case of exoge-
nous TSP-2 treatment, the concentration of secreted TSP-2 was measured using commercially available ELISA kits. (F): The expression of
the chondrogenic markers collagen type Il and aggrecan, and the chondrogenic transcription factor SOX-9 was determined by Western
blotting and (G) quantified using ImageJ software. (H): To validate transcript expression of the four chondrogenic markers, reverse tran-
scriptase polymerase chain reaction was performed and (I) quantified using ImageJ software. Data are shown as the mean = SD of at
least five independent experiments. *, p <.05. Scale bar = 250 pm. Abbreviations: GAPDH, glyceraldehyde-3-phosphate dehydrogenase;
SGAG, sulfated glycosaminoglycan; TSP-2, thrombospondin-2.
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Figure 4. TSP-2 affects Notch signaling in differentiating hUCB-MSCs. (A): 50 nM DAPT, a y-secretase inhibitor of Notch signaling, was
added to chondrogenic medium for the initial 8days of differentiation. On day 28 of chondrogenic differentiation, the pellets were sec-
tioned and analyzed using Safranin-O dye and collagen type Il antibody. (B): On day 28, chondrogenic pellets were digested by papain
and the sGAG contents were measured using the Blyscan sGAG assay kit. (C): Chondrogenic differentiation of hUCB-MSCs was induced
for 8 days. During the culture period, pellets were harvested daily. Of the downstream target genes, HEY1 showed decreased expression
in pellets withTSP2 suppression and increased expression in pellets supplemented with exogenous TSP-2. Data are shown as the
mean = SD of at least five independent experiments. *, p <.05. Scale bar = 250 um. Abbreviations: DMSO, dimethyl sulfoxide; DAPT, N-
[N-(3,5-difluorophenacetyl-L-alanyl)]-(S)-phenylglycine t-butyl ester; sGAG, sulfated glycosaminoglycan; TSP-2, thrombospondin-2.

siRNA-treated cells under hypertrophy conditions decreased
gradually (Fig. 5A).

To assess hypertrophy in the hUCB-MSC pellets, expres-
sion of collagen type X was analyzed using a collagen type X
antibody. Naive pellets obtained under chondrogenic condi-
tions showed low collagen type X expression (Fig. 5B). How-
ever, in pellets cultured in hypertrophy-inducing medium, the
level was increased in all cross-sections. Under hypertrophy-
inducing conditions, siRNA-mediated inhibition of TSP-2
expression enhanced collagen type X expression. Addition of
rhTSP-2 to TSP2siRNA-treated pellets significantly inhibited
this increase; the collagen type X expression level was similar
to that in the naive pellets (Fig. 5B).

For further investigation of the effect of TSP-2 on hyper-
trophy of chondrogenic-differentiated hUCB-MSCs, we meas-
ured the protein expression of the hypertrophy markers runt-
related transcription factor 2 (RUNX2) and matrix
metallopeptidase-13 (MMP-13). Under hypertrophy-inducing
conditions, the level of the osteogenic transcription factor
RUNX2 was 2.2-fold higher than that in naive pellets grown
under chondrogenic conditions (Fig. 5C, 5D), while the level in
TSP2 siRNA-treated pellets was 2.1-fold higher than that in
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the naive pellets. Addition of rhTSP-2 reduced the RUNX2
content to a level comparable to that in the naive pellets cul-
tured under hypertrophy-inducing conditions (Fig. 5C, 5D).
The MMP-13 level in pellets of hUCB-MSCs treated with TSP2
siRNA was also markedly increased (ninefold higher than
those of the naive pellets cultured under hypertrophy-
inducing conditions). Addition of rhTSP-2 to the hypertrophy-
inducing medium resulted in recovery of the MMP-13 level to
that in the naive pellets. These expression patterns were par-
alleled by the mRNA expression results (Fig. 5E, 5F). Taken
together, these data indicated that TSP-2 attenuated the
expression of hypertrophy-associated markers in hUCB-MSCs
that were cultured under hypertrophy-inducing conditions.

Inhibition of Osteogenesis Signaling by TSP-2 During
Hypertrophic Differentiation of hUCB-MSCs

To characterize TSP-2-mediated suppression of hypertrophy
markers in hUCB-MSCs further, we investigated the signaling
pathways associated with inhibition of TSP-2 during hypertro-
phy. We evaluated the expression of phosphorylated (p)GSK-
3, p-catenin, and pSMAD1 in the WNT/f-catenin and TGF-f/
BMP osteogenic signaling pathways. The level of pGSK-3f in
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Figure 5. Effect of TSP-2 in in vitro hypertrophic differentiation of human umbilical cord blood-derived MSCs (hUCB-MSCs). For 2
weeks, hUCB-MSC pellets were cultured in chondrogenic medium and then in hypertrophy-inducing medium for an additional 2 weeks.
(A): The cell culture supernatants were collected twice a week. Secreted TSP-2 in the supernatants was quantified using an ELISA. (B):
To validate the induction of hypertrophy in the hUCB-MSCs, the pellets were sectioned and the expression of the hypertrophy marker
collagen type X was detected by immunohistochemical staining. (C): To investigate the effect of TSP-2 on hypertrophic differentiated
hUCB-MSCs, two hypertrophy markers (RUNX2, MMP-13) were assessed using Western blotting and (D) quantified with Image) software.
(E): Transcript expression of RUNX2and MMP13 was determined using reverse transcriptase polymerase chain reaction and (F) quantified
with Imagel software. Data are shown as the mean = SD of at least four independent experiments. *, p <.05. Scale bar =250 pum.
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Figure 6. Attenuation effect of TSP-2 on osteogenic signaling pathway during hypertrophic differentiation of human umbilical cord
blood-derived MSCs (hUCB-MSCs) in vitro. (A): hUCB-MSC pellets were cultured in chondrogenic medium for 2 weeks, and medium was
replaced with hypertrophy-inducing medium. After an additional week of cultivation, the pellets were harvested and lysed. The expres-
sion of GSK-3f and ff-catenin in WNT/[5-catenin signaling and SMAD1 in TGF-3/BMP signaling was analyzed by Western blotting and (B)
quantified with Imagel) software. Data are shown as the mean = SD of at least four independent experiments. *, p < .05. Abbreviations:
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; pGSK-3f, phosphor GSK-3f; rhTSP-2, recombinant human TSP-2; TSP-2, thrombo-

spondin-2.

hUCB-MSCs with hypertrophic differentiation was higher than
that in the chondrogenic-differentiated pellet. pGSK-3f
expression was 3.8-fold higher in hUCB-MSC pellets treated
with TSP2 siRNA than in naive pellets cultured under
hypertrophy-inducing conditions. In addition, in TSP2 siRNA-
treated pellets, the f-catenin and pSMADL1 levels were 2.6-
fold and 2.1-fold higher, respectively, than those in naive pel-
lets cultured under hypertrophy-inducing conditions. The lev-
els of pGSK-3f, p-catenin, and pSMAD1 in rhTSP-2-treated
pellets were lower than those in the naive pellets cultured
under hypertrophy-inducing conditions (Fig. 6A, 6B). Taken
together, these results demonstrated that TSP-2 can attenuate
hypertrophy of hUCB-MSCs through the osteogenic WNT/f-
catenin and TGF-f3/BMP signaling pathways.

Currently, MSC-based therapies are used to treat various dis-
eases, including cartilage defects [25], myocardial infarction
[26], liver failure [27], hyperoxic lung injury [28], and Alzhei-
mer disease [29, 30], with varying success [31]. The stem cell
differentiation potential, proliferation, and colony-forming
capacity decreases with increasing donor age [32, 33], and
MSCs with different genetic backgrounds have distinct gene
expression profiles that determine the differentiation potential
[34]. Therefore, variation in the therapeutic effects of MSCs
may be attributed to donor-related variability in the adult
stem cell proliferation rate, differentiation potential, and
senescence [35]. Recently, there has been a focus on identify-
ing MSCs with desirable characteristics to increase the thera-
peutic success rate. For instance, hUCB-MSCs with high levels
of N-cadherin were found to be most effective for repairing
tissue in a myocardial infarction animal model [36], and cell
adhesion moleculel has been identified as a predictive
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marker for MSCs that can promote effective bone formation
[37]. However, reliable markers of the cartilage regeneration
potential of MSCs have not yet been characterized. Here, we
showed that there are considerable differences in chondro-
genic differentiation potential of hUCB-MSCs, hBM-MSCs, and
hAT-MSCs obtained from different donors and that this is
affected by TSP-2; thus, TSP-2 expression levels in MSCs could
be used as a marker for optimal MSC selection for effective
cartilage regeneration.

To date, TSP-2 has been known as a multifunctional, anti-
angiogenic protein that interacts with the extracellular matrix
and various binding partners [38, 39]. Recent studies indicated
that TSP-2 is also involved in cartilage biology. TSP-2 is
expressed in chondrocytes [40] and its absence results in con-
nective tissue abnormalities in mice [41]. In embryonic and
adult mice, TSP-2 is distributed in areas of chondrogenesis
[42]. Moreover, we have previously shown that TSP-2 from
hUCB-MSCs promotes chondrogenic differentiation of chon-
droprogenitor cells through paracrine action [23]. Here, we
demonstrated that siRNA-mediated TSP2 knockdown, as well
as recombinant TSP-2 supplementation, affects the chondro-
genic differentiation of hUCB-MSCs via autocrine signaling.
Interestingly, we observed that hUCB-MNCs without MSCs did
not express TSP-2, while an MNC fraction containing MSCs
did, indicating that TSP-2 is specifically expressed by MSCs in
hUCB. In accordance with this result, Hankenson et al. [43]
reported that TSP-2 is not expressed in hematopoietic lineage
cells and MSCs are the primary source of TSP-2 in marrow.

Several studies have characterized signaling pathways
involved in chondrogenic differentiation of MSCs [44, 45]. Var-
ious studies have shown that Notch signaling plays a role in
chondrogenic differentiation [24, 46-49] and that Notch
receptors are expressed in articular cartilage and are involved
in chondrogenesis [50, 51]. Indeed, chondroprogenitor cells
and MSCs have been confirmed to express Notch signaling

STEM CELLS



Jeong, Ha, Lee et al.

3301

components [46, 47, 52]. Systemic inhibition of Notch led to
reduced cartilage formation in vivo [53] and Notch inhibition
by DAPT resulted in blockage of chondrogenesis in vitro [54,
55]. Similarly, we previously observed that TSP-2 enhances
chondrogenic differentiation of chondroprogenitor cells via
Notch signaling, which was inhibited by DAPT treatment [23].
Therefore, we assessed the association between chondrogenic
differentiation of hUCB-MSCs and Notch signaling. We found
that, similar to BM-MSCs, the Notch signaling pathway regu-
lates chondrogenic differentiation of hUCB-MSCs, and that
this differentiation is TSP-2-dependent. Moreover, recent
reports have shown that TSP-2 potentiates Notch signaling
[56, 57]. Unexpectedly, in the TSP-2 knockdown hUCB-MSCs,
the chondrogenic differentiation of cells treated with exoge-
nous TSP-2 during the first 7 days only was higher than that
of the cells treated for 4 weeks. This seems to indicate that
the role of Notch signaling is dependent on the chondrogenic
differentiation status of MSCs. Oldershaw et al. [24] showed
that, to complete chondrogenic differentiation of MSCs, Notch
signaling must be turned off after the initiation of differentia-
tion. Temporary activation of Notch signaling is also important
during the early stages of chondrogenic differentiation of
embryonic stem cells [49]. In contrast, continued activation of
Notch signaling prevents chondrogenic differentiation of MSCs
by interrupting SOX9 binding to HEY1on the COL2A1 enhancer
site [58]. These findings suggest that the potentiation effect
of TSP-2 on Notch signaling is required in the initial period
but must be reduced in the late stages of chondrogenic differ-
entiation. In our study, the endogenous TSP-2 levels were
actually reduced during the initial stages of chondrogenic dif-
ferentiation of hUCB-MSCs. Thus, we speculated that the 4-
week treatment with TSP-2 maintained Notch signaling, which
interrupts chondrogenic differentiation throughout the differ-
entiation period. Overall, we found that TSP-2 secreted from
MSCs mediates their chondrogenic effect by activating the
Notch signaling pathway during differentiation.

Induction of chondrogenic differentiation in MSCs inevita-
bly induces hypertrophy in vitro [59]. Additionally, trans-
planted chondrogenic MSC pellets show a hypertrophic
phenotype in vivo due to terminal differentiation through
endochondral ossification of the chondrocytes [60]. To date,
several factors such as TGF-f [61], BMP [62-64], and GDF-5
[65] have been used for accelerating chondrogenic differentia-
tion of MSCs. These factors can induce hypertrophy by termi-
nal differentiation after  accelerating chondrogenic
differentiation of MSCs. A previous study showed that cocul-
ture with chondrocytes promoted chondrogenic differentiation
of MSCs without hypertrophy [66]. Additionally, a recent
report demonstrated that intermittent treatment with para-
thyroid hormone-related protein (1-34) reduced hypertrophy
of MSCs [67]. However, to our knowledge, it had not yet
been demonstrated that an endogenous factor from MSCs
could enhance chondrogenic differentiation and simultane-
ously attenuate hypertrophy of MSCs, as we have shown for
TSP-2. In previous studies, TPS-2 has been partially suggested
to have antihypertrophy or antiosteogenic activities [43,
68-70]. In this study, we provided direct evidence for these
activities as TSP-2 inhibited the expression of the hypertrophy
markers MMP-13 and RUNX-2 and downregulated the
upstream WNT/f-catenin and TGF-f/BMP signaling pathways,

www.StemCells.com

which have previously been implicated in chondrogenic hyper-
trophy [71] and osteogenic differentiation of MSCs [72].

Our data indicated that TSP-2 expression was markedly
higher during hypertrophy-inducing conditions than during
chondrogenic conditions, from day 3 after hypertrophy induc-
tion, and decreased from day 17 after hypertrophy induction,
possibly due to the role of TSP-2 in a rate-limiting step of the
hypertrophic process. We propose that high levels of TSP-2
during the early hypertrophy-inducing period are required to
maintain chondrogenic differentiation and to simultaneously
inhibit initiation of hypertrophy. Several previous studies have
shown that Notch signaling inhibits the transition from prehy-
pertrophic to hypertrophic chondrocytes [46, 73, 74], in par-
ticular, via suppressing WNT/[f-catenin signaling [75]. Thus,
high levels of TSP-2 in the early hypertrophic stage may sus-
tain Notch signaling, resulting in delay of hypertrophic pro-
gression. If hypertrophy-inducing conditions are maintained,
TSP-2 expression may be downregulated by a negative feed-
back mechanism for hypertrophy induction. A similar reciproc-
ity between TSP-2 expression and angiogenesis has been
shown in tumor growth studies. For instance, TSP-2 is down-
regulated by a negative feedback mechanism during tumor
growth in skin papillomas [76]. Taken together, TSP-2 not only
promoted chondrogenic differentiation but also attenuated
hypertrophy during in vitro chondrogenesis of hUCB-MSCs,
thus regulating chondrogenic differentiation in hUCB-MSCs.

CONCLUSIONS

Our findings indicated that hUCB-MSCs obtained from various
donors vary in their chondrogenic differentiation potential,
which we found to be influenced by the TSP-2 level. TSP-2
promotes chondrogenic differentiation through Notch signal-
ing and suppresses hypertrophy of hUCB-MSCs by inhibiting
the expression of osteogenic signaling factors through auto-
crine action. The chondrogenic effects of TSP-2 were recon-
firmed in MSCs from other sources such as BM and AT.
Therefore, our results suggested that TSP-2 could be a marker
for prediction and selection of MSCs with superior chondro-
genic differentiation potential for regeneration of cartilage
defects. Furthermore, induced expression of endogenous TSP-
2 in MSCs with low chondrogenic differentiation potential
may enhance cartilage regeneration.

ACKNOWLEDGMENTS

This work was supported by a grant HI12C1821 (A121968)
from the Korean Healthcare Technology R&D Project spon-
sored by the Ministry of Health, Welfare & Family Affairs, and
Republic of Korea.

AUTHOR CONTRIBUTIONS

S.Y.J.: conception and design, collection and/or assembly of
data, data analysis and interpretation, and manuscript writing;
J.E.H., MY.L.,, HJ.J., and D.H.K.: collection and/or assembly of
data; S.J.C,, W.L.O,, J.-S.K,, J.H.C., and D.-H.C.: data analysis and
interpretation; Y.S.Y.: data analysis and interpretation and
financial support; B.-G.K.: provision of study material and data
analysis and interpretation; H.B.J.: conception and design,

©AlphaMed Press 2015



3302

Dual Role of TSP-2 in Chondrogenesis of hUCB-MSCs

data analysis and interpretation, manuscript writing, and final

approval of manuscript.

DisCLOSURES OF POTENTIAL CONFLICTS OF INTEREST

The authors indicate no potential conflicts of interest.

1 Peat G, McCarney R, Croft P. Knee pain
and osteoarthritis in older adults: A review
of community burden and current use of pri-
mary health care. Ann Rheum Dis 2001;60:
91-97.

2 Vinatier C, Bouffi C, Merceron C et al.
Cartilage tissue engineering: Towards a
biomaterial-assisted mesenchymal stem cell
therapy. Curr Stem Cell Res Ther 2009;4:318-
329.

3 Caplan Al. The mesengenic process. Clin
Plast Surg 1994;21:429-435.

4 Pittenger MF, Mackay AM, Beck SC
et al. Multilineage potential of adult human
mesenchymal stem cells. Science 1999;284:
143-147.

5 Nemunaitis J, Andrews DF, Mochizuki DY
et al. Human marrow stromal cells: Response
to interleukin-6 (IL-6) and control of IL-6
expression. Blood 1989;74:1929-1935.

6 Zuk PA, Zhu M, Mizuno H et al. Multili-
neage cells from human adipose tissue:
Implications for cell-based therapies. Tissue
Eng 2001;7:211-228.

7 Wang HS, Hung SC, Peng ST et al. Mes-
enchymal stem cells in the Wharton'’s jelly of
the human umbilical cord. Stem Cews 2004;
22:1330-1337.

8 Mareschi K, Biasin E, Piacibello W et al.
Isolation of human mesenchymal stem cells:
Bone marrow versus umbilical cord blood.
Haematologica 2001;86:1099-1100.

9 Lee OK, Kuo TK, Chen WM et al. Isola-
tion of multipotent mesenchymal stem cells
from umbilical cord blood. Blood 2004;103:
1669-1675.

10 Lee M, Jeong SY, Ha J et al. Low immu-
nogenicity of allogeneic human umbilical
cord blood-derived mesenchymal stem cells
in vitro and in vivo. Biochem Biophys Res
Commun 2014;446:983-989.

11 Kogler G, Sensken S, Airey JA et al. A
new human somatic stem cell from placental
cord blood with intrinsic pluripotent differen-
tiation potential. J Exp Med 2004;200:123-
135.

12 Jin HJ, Bae YK, Kim M et al. Comparative
analysis of human mesenchymal stem cells
from bone marrow, adipose tissue, and
umbilical cord blood as sources of cell ther-
apy. Int J Mol Sci 2013;14:17986-18001.

13 Kim DS, Kim JH, Lee JK et al. Overex-
pression of CXC chemokine receptors is
required for the superior glioma-tracking
property of umbilical cord blood-derived
mesenchymal stem cells. Stem Cell Dev
2009;18:511-519.

14 Kim SM, Oh JH, Park SA et al. Irradiation
enhances the tumor tropism and therapeutic
potential of tumor necrosis factor-related
apoptosis-inducing ligand-secreting human
umbilical cord blood-derived mesenchymal
stem cells in glioma therapy. Stem CeLs 2010;
28:2217-2228.

15 Qi Y, Feng G, Yan W. Mesenchymal stem
cell-based treatment for cartilage defects in

©AlphaMed Press 2015

osteoarthritis. Mol Biol Rep 2012;39:5683—
5689.

16 McCarty RC, Xian CJ, Gronthos S et al.
Application of autologous bone marrow
derived mesenchymal stem cells to an ovine
model of growth plate cartilage injury. Open
Orthop J 2010;4:204-210.

17 Acosta FL, Jr., Metz L, Adkisson HD et al.
Porcine intervertebral disc repair using allo-
geneic juvenile articular chondrocytes or
mesenchymal stem cells. Tissue Eng Part A
2011;17:3045-3055.

18 Wakitani S, Nawata M, Tensho K et al.
Repair of articular cartilage defects in the
patello-femoral joint with autologous bone
marrow mesenchymal cell transplantation:
Three case reports involving nine defects in
five knees. J Tissue Eng Regen Med 2007;1:
74-79.

19 Siegel G, Kluba T, Hermanutz-Klein U
et al. Phenotype, donor age and gender
affect function of human bone marrow-
derived mesenchymal stromal cells. BMC
Med 2013;11:146.

20 Jansen BJ, Gilissen C, Roelofs H et al.
Functional differences between mesenchymal
stem cell populations are reflected by their
transcriptome. Stem Cell Dev 2010;19:481-
490.

21 Kern S, Eichler H, Stoeve J et al. Com-
parative analysis of mesenchymal stem cells
from bone marrow, umbilical cord blood, or
adipose tissue. Stem CeLts 2006;24:1294-1301.
22 Livak KJ, Schmittgen TD. Analysis of rela-
tive gene expression data using real-time
quantitative PCR and the 2(-Delta Delta C(T))
method. Methods 2001;25:402—-408.

23 Jeong SY, Kim DH, Ha J et al. Thrombo-
spondin-2 secreted by human umbilical cord
blood-derived mesenchymal stem cells pro-
motes chondrogenic differentiation. Stem CeLs
2013;31:2136-2148.

24 Oldershaw RA, Tew SR, Russell AM et al.
Notch signaling through Jagged-1 is neces-
sary to initiate chondrogenesis in human
bone marrow stromal cells but must be
switched off to complete chondrogenesis.
Stem CeLLs 2008;26:666—674.

25 Baghaban Eslaminejad M, Malakooty
Poor E. Mesenchymal stem cells as a potent
cell source for articular cartilage regenera-
tion. World J Stem Cell 2014;6:344-354.

26 Chang SA, Lee EJ, Kang HJ et al. Impact
of myocardial infarct proteins and oscillating
pressure on the differentiation of mesenchy-
mal stem cells: Effect of acute myocardial
infarction on stem cell differentiation. Stem
CeLs 2008;26:1901-1912.

27 Zhou R, Li Z, He C et al. Human umbili-
cal cord mesenchymal stem cells and derived
hepatocyte-like cells exhibit similar therapeu-
tic effects on an acute liver failure mouse
model. PLoS One 2014;9:e104392.

28 Chang YS, Ahn SY, Jeon HB et al. Critical
role of vascular endothelial growth factor
secreted by mesenchymal stem cells in
hyperoxic lung injury. Am J Resp Cell Mol
Biol 2014;51:391-399.

29 Kim JY, Kim DH, Kim JH et al. Soluble
intracellular adhesion molecule-1 secreted by
human umbilical cord blood-derived mesen-
chymal stem cell reduces amyloid-beta pla-
ques. Cell Death Differ 2012;19:680-691.

30 Shin JY, Park HJ, Kim HN et al. Mesen-
chymal stem cells enhance autophagy and
increase beta-amyloid clearance in Alzheimer
disease models. Autophagy 2014;10:32-44.
31 Mastri M, Lin H, Lee T. Enhancing the
efficacy of mesenchymal stem cell therapy.
World J Stem Cells 2014;6:82-93.

32 Kanawa M, lIgarashi A, Ronald VS et al.
Age-dependent decrease in the chondrogenic
potential of human bone marrow mesenchy-
mal stromal cells expanded with fibroblast
growth factor-2. Cytotherapy 2013;15:1062—
1072.

33 Huang S, Feng C, Wu Y et al. Dissimilar
characteristics of umbilical cord mesenchymal
stem cells from donors of different ages. Cell
Tissue Bank 2013; 14:707-713.

34 De Kock J, Najar M, Bolleyn J et al. Mes-
oderm-derived stem cells: The link between
the transcriptome and their differentiation
potential. Stem Cells Dev 2012;21:3309-
3323.

35 Stolzing A, Jones E, McGonagle D et al.
Age-related changes in human bone marrow-
derived mesenchymal stem cells: Consequen-
ces for cell therapies. Mech Ageing Dev
2008;129:163-173.

36 Lee EJ, Choi EK, Kang SK et al. N-cad-
herin determines individual variations in the
therapeutic efficacy of human umbilical cord
blood-derived mesenchymal stem cells in a
rat model of myocardial infarction. Mol Ther
2012;2:155-167.

37 Mentink A, Hulsman M, Groen N et al.
Predicting the therapeutic efficacy of MSC in
bone tissue engineering using the molecular
marker CADM1. Biomaterials 2013;34:4592—
4601.

38 Streit M, Riccardi L, Velasco P et al.
Thrombospondin-2: A potent endogenous
inhibitor of tumor growth and angiogenesis.
Proc Natl Acad Sci USA 1999;96:14888—
14893.

39 Bornstein P, Armstrong LC, Hankenson
KD et al. Thrombospondin 2, a matricellular
protein with diverse functions. Matrix Biol
2000;19:557-568.

40 Carron JA, Bowler WB, Wagstaff SC
et al. Expression of members of the throm-
bospondin family by human skeletal tissues
and cultured cells. Biochem Biophys Res
Commun 1999;263:389-391.

41 Kyriakides TR, Zhu YH, Smith LT et al.
Mice that lack thrombospondin 2 display
connective tissue abnormalities that are asso-
ciated with disordered collagen fibrillogene-
sis, an increased vascular density, and a
bleeding diathesis. J Cell Biol 1998;140:419—
430.

42 Kyriakides TR, Zhu YH, Yang Z et al The
distribution of the matricellular protein
thrombospondin 2 in tissues of embryonic

STEM CELLS



Jeong, Ha, Lee et al.

3303

and adult mice. J Histochem Cytochem 1998;
46:1007-1015.

43 Hankenson KD, Bain SD, Kyriakides TR
et al. Increased marrow-derived osteoproge-
nitor cells and endosteal bone formation in
mice lacking thrombospondin 2. J Bone
Miner Res 2000;15:851-862.

44 Kolf CM, Cho E, Tuan RS. Mesenchymal
stromal cells. Biology of adult mesenchymal
stem cells: Regulation of niche, self-renewal
and differentiation. Arthrit Res Ther 2007;9:
204.

45 Augello A, De Bari C. The regulation of
differentiation in mesenchymal stem cells.
Human Gene Ther 2010;21:1226-1238.

46 Watanabe N, Tezuka Y, Matsuno K et al.
Suppression of differentiation and prolifera-
tion of early chondrogenic cells by Notch.
J Bone Miner Metab 2003;21:344-352.

47 Oldershaw RA, Hardingham TE. Notch
signaling during chondrogenesis of human
bone marrow stem cells. Bone 2010;46:286—
293.

48 Mead TJ, Yutzey KE. Notch pathway reg-
ulation of chondrocyte differentiation and
proliferation during appendicular and axial
skeleton development. Proc Natl Acad Sci
USA 2009;106:14420-14425.

49 Haller R, Schwanbeck R, Martini S et al.
Notch1 signaling regulates chondrogenic line-
age determination through Sox9 activation.
Cell Death Differ 2012;19:461-469.

50 Hayes AJ, Dowthwaite GP, Webster SV
et al. The distribution of Notch receptors and
their ligands during articular cartilage devel-
opment. J Anat 2003;202:495-502.

51 Dowthwaite GP, Bishop JC, Redman SN
et al. The surface of articular cartilage con-
tains a progenitor cell population. J Cell Sci
2004;117:889-897.

52 Hu YH, Wu DQ, Gao F et al. Notch sig-
naling: A novel regulating differentiation
mechanism of human umbilical cord blood-
derived mesenchymal stem cells into insulin-
producing cells in vitro. Chin Med J 2010;
123:606-614.

53 Dishowitz MI, Mutyaba PL, Takacs JD
et al. Systemic inhibition of canonical Notch
signaling results in sustained callus inflamma-
tion and alters multiple phases of fracture
healing. PLoS One 2013;8:e68726.

54 Karlsson C, Jonsson M, Asp J et al.
Notch and HESS5 are regulated during human

cartilage differentiation. Cell Tissue Res 2007;
327:539-551.

55 Vujovic S, Henderson SR, Flanagan AM
et al. Inhibition of gamma-secretases alters
both proliferation and differentiation of mes-
enchymal stem cells. Cell Prolif 2007;40:185—
195.

56 Meng H, Zhang X, Hankenson KD et al.
Thrombospondin 2 potentiates notch3/
jaggedl signaling. J Biol Chem 2009;284:
7866—-7874.

57 Meng H, Zhang X, Lee SJ et al. Low den-
sity lipoprotein receptor-related protein-1
(LRP1) regulates thrombospondin-2 (TSP2)
enhancement of Notch3 signaling. J Biol
Chem 2010;285:23047-23055.

58 Grogan SP, Olee T, Hiraoka K et al.
Repression of chondrogenesis through bind-
ing of notch signaling proteins HES-1 and
HEY-1 to N-box domains in the COL2A1
enhancer site. Arthritis Rheum 2008;58:
2754-2763.

59 Mueller MB, Fischer M, Zellner J et al.
Hypertrophy in mesenchymal stem cell chon-
drogenesis: Effect of TGF-beta isoforms and
chondrogenic  conditioning. Cells Tissues
Organs 2010;192:158-166.

60 Pelttari K, Winter A, Steck E et al. Pre-
mature induction of hypertrophy during in
vitro chondrogenesis of human mesenchymal
stem cells correlates with calcification and
vascular invasion after ectopic transplanta-
tion in SCID mice. Arthrit Rheum 2006;54:
3254-3266.

61 Cicione C, Muinos-Lopez E, Hermida-
Gomez T et al. Alternative protocols to
induce chondrogenic differentiation: Trans-
forming growth factor-beta superfamily. Cell
Tissue Bank 2014;16:195-207.

62 Sekiya |, Colter DC, Prockop DJ. BMP-6
enhances chondrogenesis in a subpopulation
of human marrow stromal cells. Biochem
Biophys Res Commun 2001; 284:411-418.

63 Toh WS, Liu H, Heng BC et al. Combined
effects of TGFbetal and BMP2 in serum-free
chondrogenic differentiation of mesenchymal
stem cells induced hyaline-like cartilage for-
mation. Growth Factors 2005;23:313-321.

64 Miljkovic ND, Cooper GM, Marra KG.
Chondrogenesis, bone morphogenetic
protein-4 and mesenchymal stem cells.
Osteoarthritis Cartilage 2008;16:1121-1130.
65 Coleman CM, Vaughan EE, Browe DC
et al. Growth differentiation factor-5 enhan-

ces in vitro mesenchymal stromal cell chon-
drogenesis and hypertrophy. Stem Cells Dev
2013;22:1968-1976.

66 Cooke ME, Allon AA, Cheng T et al.
Structured three-dimensional co-culture of
mesenchymal stem cells with chondrocytes
promotes chondrogenic differentiation with-
out hypertrophy. Osteoarthritis Cartilage
2011;19:1210-1218.

67 Fischer J, Aulmann A, Dexheimer V et al.
Intermittent PTHrP(1-34) exposure augments
chondrogenesis and reduces hypertrophy of
mesenchymal stromal cells. Stem Cells Dev
2014;23:2513-2523.

68 Hankenson KD, Bornstein P. The secreted
protein thrombospondin 2 is an autocrine
inhibitor of marrow stromal cell proliferation.
J Bone Miner Res 2002;17:415-425.

69 Delany AM, Hankenson KD. Thrombo-
spondin-2 and SPARC/osteonectin are critical
regulators of bone remodeling. J Cell Com-
mun Signal 2009;3:227-238.

70 Alford Al, Reddy AB, Goldstein SA et al.
Two molecular  weight  species  of
thrombospondin-2 are present in bone and
differentially modulated in fractured and
nonfractured tibiae in a murine model of
bone healing. Calcified Tissue Int 2012;90:
420-428.

71 Studer D, Millan C, Ozturk E et al.
Molecular and biophysical mechanisms regu-
lating hypertrophic differentiation in chon-
drocytes and mesenchymal stem cells. Eur
Cells Mater 2012;24:118-135; discussion 135.
72 James AW. Review of Signaling pathways
governing MSC osteogenic and adipogenic
differentiation. Scientifica 2013;2013:684736.
73 Crowe R, Zikherman J, Niswander L.
Delta-1 negatively regulates the transition
from prehypertrophic to hypertrophic chon-
drocytes during cartilage formation. Develop-
ment 1999;126:987-998.

74 Hilton MJ, Tu X, Wu X et al. Notch sig-
naling maintains bone marrow mesenchymal
progenitors by suppressing osteoblast differ-
entiation. Nature medicine. 2008;14:306-314.
75 Deregowski V, Gazzerro E, Priest L et al.
Notch 1 overexpression inhibits osteoblasto-
genesis by suppressing Wnt/beta-catenin but
not bone morphogenetic protein signaling.
J Biol Chem 2006;281:6203-6210.

76 Kazerounian S, Yee KO, Lawler J. Throm-
bospondins in cancer. Cell Mol Life Sci 2008;
65:700-712.

@ See www.StemCells.com for supporting information available online.

www.StemCells.com

©AlphaMed Press 2015




