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ABSTRACT

Our group focuses on the study of mesenchymal stem cells (MSCs) from human umbilical cord stroma or
Warthonis jelly and their directed differentiation toward chondrocyte-like cells capable of regenerating
damaged cartilage when transplanted into an injured joint. This study aimed to determine whether lactogenic
hormone prolactin (PRL) or 3, 3’, 5-triiodo-L-thyronine (T3), the active thyroid hormone, modulates
chondrogenesis in our in vitro model of directed chondrogenic differentiation, and whether Wnt signalling is
involved in this modulation. MSCs from human umbilical cord stroma underwent directed differentiation
toward chondrocyte-like cells by spheroid formation. The addition of T3 to the chondrogenic medium
increased the expression of genes linked to chondrogenesis like collagen type 2, integrin alpha 10 beta 1, and
Sox9 measured by quantitative real time polymerase chain reaction (QRT-PCR) analysis. Levels of collagen
type 2 and aggrecane analyzed by immunohistochemistry, and staining by Safranin O were increased after 14
days in spheroid culture with T3 compared to those without T3 or only with PRL. B-catenin, Frizzled, and
GSK-3pB gene expressions were significantly higher in spheroids cultured with chondrogenic medium (CM)
plus T3 compared to CM alone after 14 days in culture. The increase of chondrogenic differentiation was
inhibited when the cells were treated with T3 plus ML151, an inhibitor of the T3 steroid receptor. This work
demonstrates, for first time, that T3 promotes differentiation towards chondrocytes-like cells in our in vitro
model, that this differentiation is mediated by steroid receptor co-activator 2 (SRC2) and does not induce
hypertrophy.
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The umbilical cord stroma or Warthons jelly, is a promising source of mesenchymal stem cells
(MSCs) [Arufe et al., 2011a; Subramanian et al., 2015]. The umbilical cord is a disposable tissue
and there are no limitations for obtaining umbilical cords from the maternity facilities in hospitals.
MSCs can be differentiated towards any mesoderm lineage [Arufe et al., 2011b] and also some
ectodermic lineages, such as neural progenitors [Park et al.,, 2012]. The chondrogenic
differentiation of MSCs has been achieved by our group by the use of a defined medium, but the
levels of aggrecan, the major proteoglycan involved in the composition of the extracellular matrix
of articular cartilage, did not occur homogeneously [Arufe et al., 2011a; De la Fuente et al., 2012].
Lactogenic hormone prolactin (PRL), the product of a single gene synthesized by the pituitary and
many extra-pituitary tissues, modulates growth, and chondrogenic differentiation of human bone
marrow-derived MSCs [Ogueta et al., 2002]. Several investigators have focused their studies on
the chondro-regulatory role of PRL on the tibial growth plate of lactating rats [Suntornsaratoon et
al., 2010a,2010b,2010c]. It has been established that osteoblasts are a target for PRL in the
production of new bone formation [Clément-Lacroix et al., 1999] but until now its role into
chondrogenesis is not clear. Integrin alpha 10 beta 1 (ITGal0O) is a protein expressed by
chondrocytes in hyaline cartilage joint and it is the dominating collagen-binding during cartilage
development [Camper et al., 2001; Freyria et al., 2009]. Expression of ITGal0 is initiated at the
beginning of chondrogenesis and continues throughout cartilage development in adult cartilage
and transcription factor activating enhancer-binding protein epsilon (AP-2¢) is involved in the
regulation of their transcription in chondrocytes [Wenke et al., 2006]. Transcription factor
activating enhancer-binding protein alpha (AP-2a) is expressed in the growth plate and in articular
cartilage, and has been described as a negative regulator of chondrocyte differentiation [Huang et
al., 2004]. We check the expression of all these transcription factors during our study to validate
our in vitro chondrogenic model. Several studies show that T3 activates Wnt-4 expression and
Whnt/beta-catenin signalling in rat growth plate chondrocytes [Wang et al., 2007]. Wnt antagonists,
Frzb/sFRP3 and Dkk1, inhibit T3-induced Wnt/beta-catenin activation and inhibit the maturation-
promoting effects of T3 in growth plate cells. The study by Wang et al. [2007] indicates that
thyroid hormone regulates terminal differentiation of growth plate chondrocytes, in part through
modulating Wnt/beta-catenin signalling. This study treats to clarify the role what are playing the
hormones during chondrogenesis and more concretely the mechanism of T3 action in our model
which has not been clarified yet, so we have designed our study to examine this question focused
on SRC2. The SRCs are a family of co-regulators whose interaction with thyroid receptor-f (TRp)
have been extensively studied using non-quantitative methods [Darimont et al., 1998; Moore et al.,
2004]. Our study also analyzes the role of SRC2, a steroid co-receptor of T3, in the chondrogenic
differentiation process, as well as the role of Wnt signalling during chondrogenesis when T3 was
added.
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MATERIALS AND METHODS

TISSUE COLLECTION

Human umbilical cords were obtained from caesarean deliveries of ten healthy women in the
Maternity Facility at Complejo Hospitalario Universitario A Corufia (CHUAC). The women were
between 26 and 35 years-old. All tissues were obtained with fully informed consent and ethical
approval under the supervisor of CEIC of Galicia (Ethical Committee of Galicia).

ISOLATION, CULTURE, AND CHARACTERIZATION OF CELLS

MSCs were isolated from umbilical cord stroma tissue using an established protocol [Arufe et
al., 2011b]. Briefly, the Warthons jelly tissue was washed with PBS and cut in small pieces,
incubated three times for 5 min with an enzymatic cocktail (1,2 Units/ml dispase and 112 Units/ml
type | collagenase) and cultured to form explants adhering to plastic plate. After three days, the
explants were removed, leaving only MSCs attached to the plastic surface. Monolayer cultures of
these MSCs were cultured in Dulbeccés Modified Eagles Medium (DMEM), 10% fetal bovine
serum (FBS), 1% penicillin, and 1% streptomycin (all from Sigma—Aldrich, Madrid, SP). When
the cells achieved 90% confluence, they were characterized by flow cytometry for mesenchymal
stem cells markers: CD90, CD73, CD105; hematopoietic progenitors: CD34, CDA45, and
endothelial marker: VEGF. After that they underwent directed differentiation towards
chondrocyte-like cells.

FLOW CYTOMETRY ANALYSIS

Cells were washed with PBS twice then pre-blocked with 3% bovine serum albumin (BSA), or
2-5% serum from the same species, in PBS. The following direct antibodies were used:
phycoerythrin (PE) mouse anti-human CD34 (1:20 from DakoCytomation, Barcelona, SP); FITC
mouse anti-human CD45 (1:20 BD Pharmingen, Madrid, SP); FITC mouse anti-human CD105:
(1:100 from Serotec, Bavaria, Germany): PE-Cy5.5-conjugated mouse anti-human CD90 (1:20
from BD Pharmingen); PE-conjugated anti-human CD73 (1:20 from BD Pharmingen); and rabbit
anti-human VEGF (1:20 from DakoCytomation). For detection of primary antibodies not directly
labelled, the cells were washed with PBS, then incubated with polyclonal rabbit anti-mouse
IgD/FITC Rabbit F(ab) 2 (1:1,000 from DakoCytomation) for 30 min at room temperature. The
stained cells were then washed twice with PBS and 1 x 10° cells were analyzed with a FACSAria
flow cytometer (BD Bioscience, Madrid, SP). FACS data were generated by DIVA software (BD
Bioscience). Negative control staining was performed using FITC-conjugated mouse 1gGlk
isotype, PE-conjugated mouse 1gG1k isotype and PE-Cy5.5-conjugated mouse 1gG1k isotype (all
from BD Pharmingen).

CHONDROGENIC DIFFERENTIATION

MSCs were seeded in 96-well plates (Sarsted Inc., Barcelona, SP) at 2 x 10* cells per well in
growth medium [(DMEM, 10% FBS, 1% penicillin, 1% streptomycin, 1.5x107*M
monothioglycerol (MTG), 5 mg/ml ascorbic acid (AA), 6 ug/ml transferrin (TRANS) (all from
Sigma—Aldrich)] to achieve spontaneous spheroid formation. The medium was then changed to a
chondrogenic medium (CM) to direct differentiation towards chondrocyte-like cells and was used
as the control medium for all experiments. The CM consisted of DMEM, 15% knockout serum
(GIBCO, Invitrogen, Madrid, SP), and 5 mg/ml AA, 6 pg/ml TRANS, 10 uM dexamethasone
(DEX), 1x107M retinoic acid (all from Sigma—Aldrich), and 10 ng/ml recombinant human
transforming growth factor-beta 3 (TGF-B3) or 10 ng/ml TGF-B3 plus 1, 10, or 100 ng/ml of T3
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(both from Sigma-Aldrich) or 10ng/ml TGF-B3 plus 10, 100, or 1,000 ng/ml of PRL (from
Sigma—Aldrich). In addition, several amounts (2.5, 10, or 20 uM) of ML151 (Enamine Ltd, Kiev,
Ukraine), an inhibitor of the T3 steroid receptor, alone or with 100 ng/ml of T3, were tested. The
last 200 ng/ml of recombinant human Dickkopf protein family, DKK-1 (Prepotech, London, UK),
was added to the medium alone or into combination with T3. The medium was changed every 3
days. The spheroids formed were collected, frozen, and stored at 4°C after 14 days in culture for
later analysis.

REAL TIME QUANTITATIVE POLYMERASE CHAIN REACTION (gRT-PCR) ANALYSIS

Genes codifying for human proteins: collagen type 1 (COL1); collagen type 2, (COL2);
collagen type 10 (COLX); matrix metalloproteinase-13 (MMP-13); aggrecan (ACAN), alkaline
phosphatase (ALP); activator protein 2 alpha (AP2a); activator protein 2 epsilon (APe¢), integrin
alpha 10 beta 1 (ITGA10) and Sox9 were used to determine the expression of markers for
chondrogenic differentiation or hypertrophy in the spheroids performed. All details are shown in
Table I. The amplification program consisted of initial denaturation at 92°C for 2 min followed by
40 cycles from 92°C for 15s, annealing at 61°C for 30s, and extension at 72°C for 15s. PCR
analyses were done in duplicate, with each set of assays repeated three times. To minimize the
effects of unequal quantities of starting RNA and to eliminate potential sources of inconsistency,
relative expression levels of each gene were normalized to ribosomal protein (RPLP) or
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) using the 222" method [Livak and
Schmittgen, 2001]. Control experiments utilized no reverse transcriptase.

Table 1. Specific Primers for Real-Time Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR) Amplification,
Listed With Their Annealing Temperature (A.T.)

Gene name Fw primer Rv primer Gene Bank Access AT. (°C)
COL1A1 2f2r gtgatgctggtcctgttggt caccatcgtgagccttctct NM_000088 61
COL2A1 3F3R gtgtcagggccaggatgt tcccagtgtcacagacacagat NM_001844 61
COL10A1 caccttctgcactgctcatc ggcagcatattctcagatgga NM_000493 61
RPLP tctacaaccctgaagtgcttgat caatctgcagacagacactgg NM_053275 61
MMP-13 tttcctcctgggecaaat gcagacagaaacaagttgtagcc NC_000011.10 61
ACAN gcctacgaagcaggctatga gcacgccataggtcctga NM_001135.3 61
GSK3-4 tectgectgetgaagtgaac tttagctgaggtcttgggec NM_001146156.1 61
Frizzled-7 gaggcctgectgcetagaatc ataaggccaaggagacgtgg AB017365.1 61
p-Catenin cattgtttgtgcagctgcttt caggacaaggaagctgcaga NM_001098210.1 61
SRC2 ccagcatccctgtacga catccacccagcagga AK301078.1 61
AP2a gatcctcgcagggactaca gttggacttggacagggac BC017754.1 61
AP2e gaaatagggacttagctcttgg ccaagccagatccccaactctg NM_178548.3 61
ITGal0 gtgtggatgcttcattccag gccatccaagacaatgacaa NM_003637.3 61
Sox9 ctccgggacatgatcage ggtagtgctgggacatgtgaa NM_000346.3 61
GAPDH agccacatcgctcagacac gcccaatacgaccaaatcc NC_000012.12 61

Fw, forward; Rv, reverse.
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PROTEIN ISOLATION AND IMMUNOBLOT ANALYSIS

Immunoblot analysis was performed on 45pug of total protein extracted from cultured
spheroids, as previously described [Matsushime et al., 1994]. The blots were probed with
antibodies directed against human glycogen synthase kinase (GSK-3p), which phosphorylates B-
catenin in the absence of Wnt signal resulting in its ubiquitination and proteosomal degradation;
Frizzled-7, a receptor for Wnt; and p-catenin (all from Santa Cruz Biotechnology, Heidelberg,
GE); tubulin or GAPDH (both from Sigma—Aldrich) were used for housekeeping. A secondary
anti-mouse antibody (Sigma—Aldrich) was used to visualize proteins using an Amersham™
ECL™ Western Blotting Analysis System (GE Healthcare, Amersham Biotechnology,
Manchester, UK). Ideal concentrations for each antibody were determined empirically. Working
concentrations were 1:1,000 of the recommended stock solutions.

HISTOLOGICAL, IMMUNOHISTOCHEMISTRY, AND IMMUNOFLUORESCENCE ANALYSIS

Spheroids from MSCs of umbilical cord stroma, following differentiation into chondrocyte-like
cells were frozen in OCT embedding matrix (BDH Chemicals, Poole, UK). Full-depth sections
(4 um) were cut using a cryostat and fixed in 4% (w/v) paraformaldehyde (Sigma—Aldrich) in PBS
at pH 7.6. Some sections were stained with Safranin O (Sigma—Aldrich) to evaluate the
distribution of proteoglycan in the spheroid. Other sections were immunostained with monoclonal
antibodies against COL1 (1:5,000) (Abcam, Bristol, UK), COL2 (1:200) (Chemicon, Millipore
Ibérica S.A, Madrid, SP), COLX (1:1,000) (Sigma—Aldrich), MMP-13 (1:50) (Thermo Scientific,
Cienytech, Santiago de Compostela, SP) and ALP (1:200) (R&D Systems, Millipore Ibérica S.A,
Madrid, SP) used as previously described Arufe et al. [2011b]. Biotinylated secondary antibodies
were detected using a peroxidase-labelled biotin-streptavidin complex (Vectastain Elite Kit; Vector
Laboratories, Peterborough, UK) with diaminobenzidine substrate (Vector Laboratories) (1:1,000).
Normal mouse serum was used as a negative control, and the sections were not counterstained.
Immunofluorescence analysis was performed by permeabilizing some sections with PBS
containing 0.1% Triton X-100 for 10 min, then pre-blocking with 3% BSA or 2-5% serum from
the same species in PBS. The antibodies used were human anti-p-catenin (Santa Cruz
Biotechnology) and 4', 6-diamidino-2-phenylindole (DAPI) was used to counter stain the nucleus.
Secondary antibody was PE-conjugated anti-mouse (1:1,000 from DakoCytomation).

ELECTRON MICROSCOPY

Electron microscopic evaluation and immunogold labelling of spheroids followed previously
published procedures [Lunstrum et al., 1999]. Briefly, spheroids were fixed by immersion in 1.5%
glutaraldehyde/1.5% paraformaldehyde containing 0.1% (w/v) tannic acid, followed by 1% OsOA4.
Finally, spheroids were dehydrated, embedded in Spur's epoxy and cut in an ultra microtome.
Immunogold labelling was performed on slices from spheroid before fixing. Antibody human anti-
COL2 (1:200) (Chemicon, Millipore Ibérica S.A, Madrid, SP) was used followed for incubation
with gold conjugate anti-mouse 1gG secondary antibody (Sigma—Aldrich). JEOL JEM 1010
transmission electron microscope was used in these experiments.

DENSITOMETRY ANALYSIS

AnalySIS Image Processing (Soft Imaging system GmbH V. 5.0, Olympus, Minster,
Germany) was used to quantify the expression of different antibodies obtained by histochemical
analysis shown in the plots. Three fields 200 um? in size from each antibody—COL1, COL2,
COLX, MMP-13, ALP-, and Safranin O stain-studied were quantified using arbitrary units for
histochemistry values provided by the computer program. Values expressed as percentage of
positive cells for each marker studied were used for histochemistry analysis. Control values for
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immunohistochemistry analysis were used from spheroids incubated with the secondary antibody
alone.

STATISTICS

All experiments were performed in triplicate and one representative is shown. Non-parametric
statistical analyses were performed by Mann-Whitney-U and Kruskal-Wallis tests using SPSS v
19. A P-value less than 0.05 was considered statistically significant. All the the data are presented
as standard error of the mean.

RESULTS

CHARACTERIZATION OF MSCs

Characterization of MSC populations isolated from human umbilical cord stroma was made
using flow cytometry analysis before chondrogenic differentiation studies to determine their
percentage of MSCs markers. A high percentage of MSCs were positive for CD73 (>40%), CD90
(>80%), and CD105 (>45%). The remaining tested markers, VEGF had <1% positive cells, with
CD34 and CD45 less than 1% positive, essentially negative for these markers (Fig. 1A).
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Figure 1. Characterization of mesenchymal stem cells (MSCs) from human umbilical cord stroma
and their chondrogenic differentiation through spheroid cultures. (A) Characterization of
mesenchymal stem cells population from human umbilical cord stroma by flow cytometry of the
surface markers; CD34, CD45, CD73, CD90, CD105, and VEGF. At the top is the name of the
marker, at the bottom the fluorochrome used. The percentages of positive cells are indicated at the
top right. (B) Representative images of immunohistochemistry tissue sections with antibodies against
human collagen type 1l (COL2) and collagen type | (COL1) protein in spheroids performed with
MSCs cultured in chondrogenic medium (CM), or CM plus 1,000 ng/ml of prolactin (PRL)
(CM +PRL) or CM plus 100 ng/ml of 3, 3', 5-triiodo-L-thyronine (T3) (CM + T3). All images have
the same magnification (bar=2mm). (C) Ratios of COL2/COL1 stain protein obtained from
densitometry study of slices from spheroids cultured in CM+PRL or CM+T3 after
immunohistochemistry analysis using anti-human COL1 and COL2 antibodies. (D) Real time
quantitative reverse transcriptase polymerase chain reaction (QRT-PCR) results: ratio of
COL2A1/COL1A1 gene expressions in spheroids performed with MSCs cultured in chondrogenic
medium (CM) or CM plus 10, 100, or 1,000 ng/ml of PRL (P10, P100, and P1,000 respectively) or
CM plus 1, 10, or 100 ng/ml of T3 (T1, T10, and T100 respectively). RPLP = 60S acidic ribosomal
protein large P1. *P <0.05 versus CM by Mann—Whitney-U test.



CHONDROGENESIS STUDY

COL1 and COL2 gene expression dose-response curves were analyzed for PRL at 10, 100, or
1,000 ng/ml and T3 at 1, 10, or 100 ng/ml in CM. The dose of 100 ng/ml of T3 resulted in the most
statistically significant (P <0.05) increase of COL2 gene expression compared to CM (Fig. 1B).
Densitometry analyses of COL2 and COL1 protein by immunohistochemistry after 14 days in
culture were performed using 1,000 ng/ml of PRL and 100 ng/ml of T3. The results revealed that
the best ratio of COL2/COL1 after 14 days of chondrogenesis was when T3 was added to the
medium (Fig. 1C and D). Proteoglycans were more abundant in spheroids cultured with T3
compared with CM or CM plus PRL, as shown by Safranin O staining after 14 days (Fig. 2A) and
its densitometry analysis (Fig. 2B), the difference was statistically significant (P <0.05).
Corroborating these data, the RT-PCR analysis from ACAN gene was statistically significant
highest (P <0.05) in spheroid performed into CM plus 100 mg/ml of T3 (Fig. 2C). Spheroid
cultured during 14 days into chondrogenic medium plus T3 (100 mg/ml) expressed statistically
significant (P <0.05) high levels of AP-2a, ITGal0, COL2, and AP2¢ genes compared with
spheroid cultured during 14 days into CM alone (Fig. 3A). Spheroid ultra-structure was shown at
Figure 3B, there were two MSCs where was possible observe a nucleus also was observed the gap
between cells where no structures inside. In the Figure 3C was shown a spheroid cultured into CM
after 14 days and COL2 fibers were observed by immune gold staining between cells. In the
Figure 3D and E were shown a spheroid cultured into CM plus 100 mg/ml of T3 after 14 days and
COL2 fibers were observed by immune gold staining between cells at different magnifications.
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Figure 2. Proteoglycan analyses from spheroid performed by mesenchymal stem cells (MSCs) of
human umbilical cord stroma. (A) Representative images of tissue sections of spheroids performed
by MSCs stained with Safranin O in chondrogenic medium (CM), CM plus 1,000 ng/ml of prolactin
(CM +PRL), or CM plus 100 ng/ml of 3, 3’, 5-triiodo-L-thyronine (CM +T3). All images have the
same magnification (bar=2 mm). (B) Densitometry study of proteoglycan staining by Safranin O
(Saf. O) from spheroids performed by MSCs cultured in chondrogenic medium (CM), CM plus
1,000 ng/ml of prolactin (CM+PRL), or CM plus 100ng/ml of 3, 3', 5-triiodo-L-thyronine
(CM +T3). (C) Real time quantitative reverse transcriptase polymerase chain reaction (QRT-PCR) of
ACAN gene in spheroids performed by MSCs cultured in chondrogenic medium (CM), CM plus
1,000 ng/ml of prolactin (CM+PRL), or CM plus 100ng/ml of 3, 3', 5-triiodo-L-thyronine
(CM +T3). *P <0.05 versus CM by Mann—Whitney-U test.
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Figure 3. Chondrocyte-like cells study of spheroid performed by mesenchymal stem
cell from human umbilical cord stroma. (A) Real time quantitative reverse transcriptase
polymerase chain reaction (QRT-PCR) of the AP-2a, Ap-2¢, ITGal0, and COL2A1
genes in spheroids performed by MSCs cultured in chondrogenic medium (CM) or CM
plus 100 ng/ml of 3, 3', 5-triiodo-L-thyronine (CM + T3). Similar results were obtained
from three independent experiments. *P <0.05 versus CM by Mann-Whitney-U test.
(B) Electron micrograph of a spheroid performed of MSCs from human umbilical cord
human stroma after 2 days in chondrogenic medium (CM). Small bar represents 2.5 pm.
(C) Electron micrograph of a spheroid performed of MSCs from human umbilical cord
human stroma after 14 days in chondrogenic medium (CM). Small bar represents
2.5um. (D) Electron micrograph of a spheroid performed of MSCs from human
umbilical cord human stroma after 14 days in chondrogenic medium plus 100 ng/ml of
3, 3, 5-triiodo-L-thyronine (CM+ T3). Small bar represents 2.5 um. (E) Electron
micrograph of a spheroid performed of MSCs from human umbilical cord human
stroma after 14 days in chondrogenic medium plus 100 ng/ml of 3, 3’, 5-triiodo-L-
thyronine (CM + T3). Small bar represents 1 pm.



The gene expression of SRC2 was demonstrated using gRT-PCR in MSCs before and after
chondrogenic differentiation, so chondrocytes and cartilage from healthy human donors were used
as a positive control (Fig. 4A). The chondrogenesis increase produced by T3 in our model of
MSCs was inhibited when ML151, a specific inhibitor of SRC2, was added to the medium 1 h
before T3 was added. Three dosages of ML151 (2.5, 10, and 20 pM) were assessed in CM alone
(Fig. 4B). ML151 at 2.5 uM statistically significant reduced (P <0.05) the gene expression ratio of
COL2/COL1 in our model, compared to their expression in spheroids cultured with CM plus T3
(Fig. 4C). Immunohistochemistry for COL2 and COL1 protein was also done and corroborated the
results of the expression of their respective genes; all dosages of ML151 at 2.5 uM significantly
reduced (P <0.05) the ratio of staining of COL2/COLI protein from that of spheroids cultured
with CM plus T3 (Fig. 4D and E).
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Figure 4. Role of SRC2, a steroid co-receptor of T3, on chondrogenesis of mesenchymal stem cells (MSCs) from human
umbilical cord human stroma in spheroid cultures. (A) SRC2 gene expression by real time quantitative reverse transcriptase
polymerase chain reaction (QRT-PCR) in human chondrocytes from healthy donors (CH), human cartilage from healthy
donors (CART), human undifferentiated MSCs (UC MSCs 0D), and spheroids containing MSCs after 14 days in
chondrogenic medium (CM) (UC MSCs14D). (B) Ratio COL2A1/COL1A1 gene expressions in spheroids containing MSCs
cultured in chondrogenic medium (CM), CM plus 2.5 uM (INH2.5), 10 uM (INH 10), or 20 uM (INH 20) of the inhibitor of
the T3 steroid co-receptor ML151 respectively by real time quantitative reverse transcriptase polymerase chain reaction
(gQRT-PCR). (C) Representative images of immunohistochemistry tissue sections with antibodies against human collagen
type 11 (COL2) and collagen type | (COL1) protein in spheroids containing MSCs cultured in chondrogenic medium (CM),
CM plus 100 ng/ml of 3, 3’, 5-triiodo-L-thyronine (CM + T3), CM plus 100 ng/ml of 3, 3', 5-triiodo-L-thyronine plus
25uM of MLI151 (CM+T3+INH 2.5). All images have the same magnification (bar=200um). (D) Ratio of
COL2/COL1 protein obtained from densitometry study from spheroids cultured in chondrogenic medium (CM), CM plus
100 ng/ml of 3, 3, 5-triiodo-L-thyronine (CM + T3), CM plus 100 ng/ml of 3, 3’, 5-triiodo-L-thyronine plus 2.5 uM of
MLI51 (CM + T3 +INH2.5). ¥P<0.05 versus CM + T3 and *P <0.05 versus CM by Mann-Whitney-U test.
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A study of hypertrophy in our model was made immunohistochemistry analysis to measure the
staining of MMP-13, COLX, and ALP proteins (Fig. 5A and C) and the expression of their genes
by gRT-PCR (Fig. 5B), including the study of expression of transcription factors Runx2 like a
hypertrophy marker and Sox9 like a chondrogenic marker. Staining for MMP-13 was decreased
significantly only when ML151 was added to the medium plus T3 (P <0.05). Although, similar
results were found in the gRT-PCR studies of the MMP-13 gene (Fig. 5B), the differences were
not significant. COLX stain levels were significantly (P < 0.05) decreased in the spheroids cultured
in CM when T3 was added to the medium from the levels in spheroids grown in CM. Compared to
spheroids cultured in CM plus T3, the addition of ML151 significantly (P <0.05) increased
staining for COLX. Expression of Runx2 was increased when inhibitor ML151 was in the medium
but was not statistically significant. However, the expression of Sox9 was statistically significant
(P <0.05) reduced when the inhibitor was in the medium (Fig. 5B). It is shown representative
pictures with positive controls of all antibodies used in immunohistochemistry analysis and also
the positive control of stain for Safranin O (Fig. 5D).
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Figure 5. 3, 3', 5-triiodo-L-thyronine effects on hypertrophy in a chondrogenesis model using spheroid cultures of human
umbilical cord mesenchymal stem cells (MSCs). (A) Densitometry study of human matrix metalloproteinase-13 (MMP-
13), collagen type 10 (COLX), and alkaline phosphatase (ALP) immunohistochemistry staining obtained from slices of
spheroids containing MSCs cultured in chondrogenic medium (CM), CM plus 100 ng/ml of 3, 3’, 5-triiodo-L-thyronine
(T3), and CM plus 100 ng/ml of 3, 3, 5-triiodo-L-thyronine plus 2.5 ng/ml of ML151 (Inh). (B) Representative images of
tissue sections of spheroids containing MSCs immunostained with antibodies against MMP-13, COLX, and ALP cultured
in chondrogenic medium (CM), CM plus 100 ng/ml of 3, 3, 5-triiodo-L-thyronine (CM + T3), or CM plus 100 ng/ml of 3,
3', 5-triiodo-L-thyronine plus 2.5 pM of ML151 (CM + T3 + Inh2.5). (C) MMP-13, COL10A1, and ALP gene expressions
of spheroids containing MSCs cultured in chondrogenic medium (CM), plus 100 ng/ml of 3, 3, 5-triiodo-L-thyronine (T3),
and CM plus 100 ng/ml of 3, 3, 5-triiodo-L-thyronine plus 2.5 ng/ml of ML151 (Inh) by real time quantitative reverse
transcriptase polymerase chain reaction (QRT-PCR). *P < 0.05 versus CM; #P <0.05 versus CM + T3 by Mann—-Whitney-U
test.
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Wnt EXPRESSION DURING CHONDROGENESIS

The behavior of the Wnt family was studied by gRT-PCR and immunoblotting analysis in our
chondrogenesis model. g-catenin, Frizzled, and GSK3- gene expressions were increased when T3
was present in the chondrogenic medium, all of them were statistically significant (P <0.05).
When ML151 was added to the medium, the S-catenin gene expression was statistically significant
(P <0.05) decreased versus its expression in CM plus T3 (Fig. 6A). Western blot analysis of the
proteins revealed that B-catenin, Frizzled, and GSK-3B were statistically significant (P <0.05)
increased in CM plus T3 compared to CM alone; their levels decreased when ML151 at 2.5 pM
was added to the CM plus T3 medium (Fig. 6B). 200 ng/ml of DKK-1 was added into CM
resulting a reduction of B-catenin and Frizzled genes expressions and an increase GSK-3B gene
expression respect their expression in CM alone, however, these genes inverted their expression
when T3 was present in the medium, founding statistically significant (P <0.05) increased the
levels of B-catenin and Frizzled gene expressions and statistically significant (P <0.05) decreased
GSK-3gene expression (Fig. 6C) with respect their expression into CM plus DKK. These results
were validated by Western blotting for B-catenin (Fig. 6D) and also the chondrogenic process was
evaluated by immunohistochemistry of COL2 into spheroids formed during 14 days into CM when
DKK-1 was added with or without T3. These results indicated that less COL2 was produced by
spheroid cultured into CM plus DKK than COL2 was produced by spheroid cultured into CM plus
DKK plus T3 (Fig. 6E) and these results were corroborated by qRT-PCR analysis of COL2 Al
(Fig. 6F).
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Figure 6. Wnt pathway in a chondrogenesis model using spheroid cultures of human umbilical cord mesenchymal stem
cells (MSCs). (A) Real time quantitative reverse transcriptase polymerase chain reaction (QRT-PCR) of p-Catenin,
Frizzled, and GSK-3p gene expressions in spheroids containing MSCs cultured in chondrogenic medium (CM), CM plus
100 ng/ml of 3, 3', 5-triiodo-L-thyronine (CM + T3) and CM plus 100 ng/ml of 3, 3’, 5-triiodo-L-thyronine plus 2.5 ng/ml
of ML151 (CM + T3 + Inh). *P <0.05 versus CM by Mann—Whitney-U test. (B) Detection of B-catenin, Frizzled and GSK-
3P proteins by Western blot in spheroids containing MSCs cultured in chondrogenic medium (CM), CM plus 100 ng/ml of
3, 3', 5-triiodo-L-thyronine (CM +T3), or CM plus 100 ng/ml of 3, 3', 5-triiodo-L-thyronine plus 2.5 ng/ml of ML151
(CM + T3 + INH2.5). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) or Tubulin were used as the control protein
for western blots. (C) Real time quantitative reverse transcriptase polymerase chain reaction (QRT-PCR) of g-Catenin,
Frizzled, and GSK-3p gene expressions in spheroids containing MSCs cultured in chondrogenic medium plus 200 ng/ml of
DKK-1(CM +DKK), chondrogenic medium plus 100 ng/ml of 3, 3', 5-triiodo-L-thyronine plus 200 ng/ml of DKK-1
(CM+T3+DKK). *P<0.05 versus CM+DKK by Mann-Whitney-U test. (D) Representative images of
immunohistochemistry tissue sections with antibody against human collagen type 11 (COL2) in spheroids containing MSCs
cultured in chondrogenic medium (CM), or CM plus 100 ng/ml of 3, 3’, 5-triiodo-L-thyronine (CM + T3) or CM plus
200ng/ml of DKK (CM+DKK) or CM plus 100 ng/ml of 3, 3', 5-triiodo-L-thyronine plus 200 ng/ml of DKK
(CM+T3+DKK). All images have the same magnification (bar=2mm). (E) Representative images of
immunohistochemistry tissue sections with antibody against human collagen type 2 (COL2) in spheroids containing MSCs
cultured in chondrogenic medium (CM), or CM plus 100 ng/ml of 3, 3’, 5-triiodo-L-thyronine (CM + T3) or CM plus
200 ng/ml of DKK (CM+DKK) or CM plus 100ng/ml of 3, 3’, 5-triiodo-L-thyronine plus 200 ng/ml of DKK
(CM + T3 +DKK). All images have the same magnification (bar=2 mm). F) Real time quantitative reverse transcriptase
polymerase chain reaction (QRT-PCR) of COL2A1 gene expression in spheroids containing MSCs cultured in chondrogenic
medium (CM), CM plus 100 ng/ml of 3, 3’, 5-triiodo-L-thyronine (CM +T3), CM plus 200 ng/ml of DKK (CM + DKK),

and CM plus 100 ng/ml of 3, 3’, 5-triiodo-L-thyronine plus 200 ng/ml of DKK (CM + T3 + DKK). *P < 0.05 versus CM by
Mann-Whitney-U test.



DISCUSSION

Chondrocyte proliferation and differentiation are regulated by various endocrine, paracrine,
and autocrine agents, including growth, thyroid and sex hormones, beta-catenin, bone
morphogenetic proteins, insulin-like growth factor, iodothyronine deiodinase, leptin, nitric oxide,
transforming growth factor-B, and vitamin D metabolites [Burdan et al., 2009]. Our group directed
the differentiation of MSCs from human different tissues like synovial membrane toward
chondrocyte-like cells testing different mediums and standard micromass conditions, that is, as
pellets [Arufe et al., 2009, 2010], it was demonstrated that spheroid culture of MSC is a valuable
method to direct differentiation towards chondrocyte-like cells, however, an optimum amount of
aggrecan, the most important proteoglycan in the extracellular matrix of the joint cartilage, was not
consistently achieved [Arufe et al., 2011a]. Characterization of MSCs from umbilical cord source
by flow cytometry showed in the Figure 1A confirm previous results already published [Arufe et
al., 2011b; De la Fuente et al., 2012; Kawata et al., 2012], indicating that our MSCs from human
umbilical cord stroma present MSCs markers. Different dosages of T3 and PRL were added to
chondrogenic medium to test their effect on chondrogenesis founding PRL had no effect on the
chondrogenic process that could be found by gRT-PCR or immunohischemistry analyses. These
results were in concordance with results published by Seriwatanachai et al. [2012] who provided
evidence that the PRL increased endochondral bone growth and bone elongation, presumably by
accelerating apoptosis of hypertrophic chondrocytes in the growth plate and/or subsequent
chondrogenic matrix mineralization but not related with chondrogenesis onset. After performing
dose-response experiments, qRT-PCR and immunohistochemistry results indicated that T3 at
100 ng/ml after 14 days in CM culture produced a significant increase in the expression of COL2
(Fig. 1B) and ACAN genes and Safranin O staining over that found with chondrogenic medium
alone (Fig. 2A-C). Boeloni et al. [2009] published dose-dependent results of T3 effect on the
osteogenic differentiation using rat bone marrow mesenchymal stem cells and they regarded the
conclusion that 1 pM T3 dose resulted in greater collagen synthesis and alkaline phosphatase
activity than greater dose like our work where 100 ng/ml of T3 is a bigger dose than 1 pM but it
keep being a physiological dose. We decided focusing all the experiments only at 14 days of
differentiation like several recent published papers in the field [Perry et al., 2006; Weimer et al.,
2007; Hardy et al., 2008]. The quality of our chondrogenic model was evaluated by RT-PCR
checking genes related to chondrogenesis like AP2a, ITGal0, COL2, and AP2¢ [Camper et al.,
2001; Freyria et al., 2009; Ronziére et al., 2010]. AP-2¢ is involved in the regulation of 1ITGal0
transcription in chondrocytes [Wenke et al., 2006] and it is considered a hyperthrophic marker
Niebler and Bosserhoff [2013] showed that AP-2e was increased during late chondrocyte
differentiation, especially in hypertrophic chondrocytes. However, AP-2a. is expressed in the
growth plate and in articular cartilage and has been described as a negative regulator of
chondrocyte differentiation [Huang et al.,, 2004], maintaining cells in an early differentiate
phenotype. We observed in our chondrogenic model that both factors are increased with T3
treatment but the AP-2a increase is the biggest and this result might explain the chondrogenic
action of T3 in our model as well as the statistically significant increase of COL2 and this fact
might also explain we do not find hypertrophy in our model (Fig. 3A). The electronic microscopy
analysis of our spheroids corroborated the increase of COL2 fibres in the gaps between cells (Fig.
3B-D).

We used ML151 to block SRC2 after confirming that SRC2 was present in our cells (Fig. 4A).
Although, there were differences in the expression level of the SRC2 gene between the MSCs
treated with different concentrations of inhibitor in the CM without T3 to eliminate possible
interaction of this inhibitor on chondrogenesis by itself (Fig. 4B). The inhibitor probe molecule,
ML151 (CID 5184800), blocked the TRB-SRC2 interaction. Mechanistic studies revealed that
ML151 is a covalent inhibitor and binds irreversibly to Cys298 within the AF-2 cleft of TR. This
series will be useful for in vitro mechanistic studies of TR-SRC2 interactions, as well as other
nuclear hormone receptor-co activator interactions [Johnson et al., 2011]. Our results indicated
that 2.5 uM of ML151 is enough to nullify the chondrogenesis increase achieved with T3, causing
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a significant decrease of COL2 and ACAN gene expressions, compared to their levels in CM plus
T3 (Fig. 4C-E).

Results of a previous study published by Mueller and Tuan [2008] supported the roles of T3
and TGF-B in cartilage maturation; TGF-p stimulated proliferation and suppressed hypertrophy,
although T3 stimulated hypertrophy and apoptosis. On the opposite way, in our model the role of
T3 seems to promote chondrogenesis with no hypertrophy, T3 treatment did not increase, even
reduce MMP13, COLX, and ALP signal by immunohistochemistry analysis in spheroid after 14
days (Fig. 5A and B) as expected as referred by studies published by Mueller and Tuan [2008] and
Liu et al. [2012]. Our results might be explained because of few days in culture and the source
from our MSCs was different from used for those authors and the most important was that the T3
dose used in this work was physiological and very low in front of dose used for those authors.

It is possible that combination of TGF-B withdrawal, a reduction in the level of
dexamethasone, and the addition of T3 was essential for hypertrophy induction in the Muellefs
work. Also Runx2 gene expression was evaluated by RT-PCR to check hypertrophy or increase of
osteogenesis at genetic level as made Liu et al. [2012] in their paper and it was not hypertrophy
increased in our work when T3 was added to CM (Fig. 5C). Jiang et al. [2008] used T3 to
stimulate articular chondrocyte hypertrophy and mineralization in primary chondrocyte monolayer
cultures over a long time period. However, the results obtained in our study indicate that T3,
together with TGF-B3, increased ACAN expression in the extracellular matrix from chondrocyte-
like cells engineered from MSCs of human umbilical cord stroma in our chondrogenesis model as
early as 14 days (Fig. 2). This does not contradict the possibility that hypertrophy may appear in
our model over a longer time; this point was not addressed in this study at this time.

Wht signalling pathways are the two most important signalling pathways that play key roles in
embryonic development and in the biology of MSCs, including cell proliferation, differentiation,
and epithelial-mesenchymal interaction [Sarkar et al., 2010; Centola et al., 2013; Baghaban
Eslaminejad and Fallah, 2014]. Wnt signalling pathway represents two major channels of
communication used by animal cells to control their identity and behavior during development.
Hayward and Kalmar Arias [2008] reviewed the evidence for the relationship between Wnt
signalling, which act as components of an integrated device that, rather than defining the fate of a
cell, determines the probability that a cell would adopt that fate. Our results indicated that the
presence of T3 in the chondrogenic medium increased gene expression and protein levels of -
catenin and Frizzled, as well as GSK-3p (Fig. 6A and B). These results agree with those published
by Wang et al. [2007], who suggested that this accumulation of proteins could be resulted from a
decrease in their degradation. Day et al. [2005] demonstrated that B-catenin was essential in
determining whether mesenchymal progenitor cells would become osteoblasts or chondrocytes
regardless of regional locations or ossification mechanisms. Similarly, our results seem to indicate
that an increase of chondrogenesis produced by adding T3 in the chondrogenic medium would be
mediated by B-catenin because of it was increased in the cells treated with T3 (Fig. 6A and B) as
well as increased the COL2AL expression and COL2 in those cells (Fig. 1B and C). On the
opposite way the decrease of B-catenin produced by ML151, which blocks SRC2 precluding the
T3 actuation, also decreased the chodrogenesis process, as indicated by the decrease of COL2
production (Fig. 4C and D). However ML151 looks like be affecting expression of B-catenin
independently of Frizzled and GSK-3B expression how demonstrate the results found by RT-PCR
and Western blotting analysis (Fig. 6C and D). Dickkopf-related protein 1 (DKK-1) is a member
of the DKk protein family and an antagonist for Wnt signalling [Guerrero et al., 2014; Liu et al.,
2014], which inhibits the translocation of B-catenin into the nucleus and its link on LRP5/6
component. Supplementation of Dkk-1 into CM plus T3 did not diminished levels of pB-catenin in
spheroid after 14 days because the expression of B-catenin increased comparing with CM alone
plus DkKk-1 and this increasing was statistically significant (P <0.05) by western blot analysis (Fig.
6E), these results were corroborated by gRT-PCR and immunohistochemistry analysis (Fig.
6C,D,F). Leijten et al. [2012] using human cartilage found similarly than we found into our in
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vitro analysis, where it looks like indicate that T3 is acting through SRC2 directly on B-catenin
preventing the union of DKK-1 on LRP5/6 component.

CONCLUSION

T3, in a physiological amount, stimulates the chondrogenesis process without stimulating
hypertrophy in an in vitro model using human MSCs; this effect is mediated through SRC2. T3
chondrogenic effect is modulated by Wnt pathway independently of LRP5/6 component. Overall
our results present new possibilities for cellular plus hormonal treatments as therapeutic strategies
for regeneration of tissues, including cartilage.
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