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Abstract. The development of human induced pluripotent
stem cells (hiPSCs) is considered a turning point in tissue
engineering. However, more data are required to improve
understanding of key aspects of the cell differentiation process,
including how specific chondrogenic processes affect the gene
expression profile of chondrocyte-like cells and the relative
value of cell differentiation markers. The main aims of the
present study were as follows: To determine the gene expres-
sion profile of chondrogenic-like cells derived from hiPSCs
cultured in mediums conditioned with HC-402-05a cells or
supplemented with transforming growth factor $3 (TGF-p33),
and to assess the relative utility of the most commonly-used
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chondrogenic markers as indicators of cell differentiation.
These issues are relevant with regard to the use of human
fibroblasts in the reprogramming process to obtain hiPSCs.
Human fibroblasts are derived from mesoderm and thus
share a wide range of properties with chondrocytes, which
originate from the mesenchyme. The hiPSCs were obtained
from human primary dermal fibroblasts during a reprogram-
ming process. Two methods, both involving embryoid bodies
(EB), were used to obtain chondrocytes from the hiPSCs:
EBs formed in the presence of a chondrogenic medium with
TGF-p3 (10 ng/ml) and EBs formed in a medium conditioned
with growth factors from HC-402-05a cells. Based on reverse
transcription-quantitative polymerase chain reaction analysis,
the results demonstrated that hiPSCs are capable of effective
chondrogenic differentiation, with the cells obtained in the
HC-402-05a medium presenting with morphological features
and markers characteristic of mature human chondrocytes.
In contrast, cells differentiated in the presence of TGF-3
presented with certain undesirable hypertrophic character-
istics. Several genes, most notably runt-related transcription
factor 2, transforming growth factor p2 and transforming
growth factor 3, were good markers of advanced and late
hiPSC chondrogenic differentiation, whereas transforming
growth factor B3I, II, III receptors and bone morphogenetic
protein-2, bone morphogenetic protein-4 and growth differ-
entiation factor 5 were less valuable. These findings provide
valuable data on the use of stem cells in cartilage tissue
regeneration.

Introduction

Articular cartilage has a poor regenerative capacity which
often results in joint osteoarthritis, with cartilage degradation
as the primary characteristic. Currently available treatments
for osteoarthritis yield variable outcomes (1) and for this
reason novel treatments are required. One promising alterna-
tive is regenerative medicine using stem cells, producing cells
that it is possible to differentiate into articular chondrocytes to
replenish the damaged cartilage. Initially, researchers focused
on somatic stem cells, including bone marrow mesenchymal
stem cells, which were considered a potent cell source for
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cartilage repair (2,3). However, their limited proliferative
potential made them unsuitable for cartilage regeneration. The
search for alternative approaches led to the development of
human induced pluripotent stem cells (hiPSCs), which have
unrestricted proliferative activity and pluripotency. As hiPSCs
are developed from adult human cells, they are free from the
ethical concerns associated with human embryonic stem cells
(hESCs) (4). HiPSCs are formed by inducing a pluripotent state,
usually achieved by overexpression of transcription factors
(known as Yamanaka factors) and proteins with varied cellular
functions (including RNA-binding protein Lin28) (5,6).

There are numerous techniques used for chondrogenic
differentiation of hiPSCs, including micromass culture,
directed differentiation, pellet culture and formation of
embryoid bodies (EBs) (7-10). Of these methods, the most
common and efficient method of obtaining chondrocyte-like
cells from hiPSCs is EB formation. However, multiple aspects
of this process remain poorly understood, including how
the specific medium used for chondrogenic differentiation
affects gene expression (11). Likewise, although a wide range
of markers are used to assess cell differentiation during the
differentiation process, the relative utility of these markers is
not well understood (12). As a result, it is difficult to select the
optimal medium and markers to achieve optimal cell yield.

It was within this context that the present study was
conducted. The present study has two main aims: To deter-
mine the gene expression profile of chondrogenic-like cells
derived from hiPSCs cultured in medium conditioned with
HC-402-05a cells or supplemented with transforming growth
factor B3 (TGF-p3), and to determine the relative value of
the most commonly used chondrogenic markers as indica-
tors of cell differentiation. The cells were differentiated in
chondrogenic mediums supplemented with either TGF-33, the
member of the TGF-f§ superfamily with the most chondro-
genic potential (13) or conditioned with growth factors from
the human primary chondrocyte cell line (HC-402-05a). The
gene expression profiles of the chondrogenic-like cells derived
from the hiPSCs cultured in the TGF-f-supplemented medium
(TGF-B3 medium) was then assessed and compared with
the cells cultured in the HC-402-05a-conditioned medium
(conditioned medium). The type of medium was demonstrated
to have a large impact on the gene expression profiles. A
total of 22 different markers of chondrogenic differentiation
were also evaluated, and the most promising gene markers of
hiPSC differentiation during late stage chondrogenesis were
runt-related transcription factor 2 (RUNX2), matrix metal-
loproteinase-13 (MMP-13), and vascular endothelial growth
factor (VEGF), which engaged in the formation of hypertrophic
chondrocytes during skeletal development. Useful, however
less valuable markers included collagens and members of the
TGF-f superfamily, which serve functions in several stages
of chondrogenesis. Furthermore, the shared mesodermal
origin of fibroblasts and chondrocytes should be taken into
consideration, as several genes are common between stem
cell-derived chondrocytes and human fibroblasts, including
SMAD family member 3 (SMAD3) and bone morphogenetic
protein-2 (BMP-2), decreasing their utility in the evaluation of
chondrogenic process in vitro.

Cells differentiated in the conditioned medium were
demonstrated to present features that were characteristic of
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mature chondrocytes. In contrast, cells cultured in the presence
of TGF-B3 presented characteristics of hypertrophic chondro-
cytes, which may result in a decreased capacity to repair and
regenerate articular cartilage and impaired viscoelastic prop-
erties compared with normal chondrocytes. Consequently, the
HC-402-05a-conditioned medium offers greater potential for
in vitro chondrogenesis. The present study contributes to an
improved understanding of the changes in gene expression
during the in vitro chondrogenic process and the short-term
culture of stem-derived chondrocytes, in addition to clarifying
the relative value of a wide range of chondrogenic differentia-
tion markers.

This is a two-part study. The first part of the study (14)
described markers characteristic for the pluripotent state and
early and advanced stage chondrogenesis. Part B, presented
here, focuses on markers that are characteristic of late stage
chondrogenesis, hypertrophy, and ossification (Table I).

Materials and methods

Culturing human induced pluripotent stem cells. The hiPSCs
obtained during the reprogramming process as previously
described (15) were seeded on 10 cm Petri dishes in Matrigel
(BD Biosciences, Franklin Lakes, NJ, USA) which had
previously been coated with inactivated murine embryonic
fibroblasts as a feeder layer (1x10°). Following 24 h prepa-
ration of the feeder layer, hiPSCs were seeded at 2x10° in
hiPSC growth medium: Dulbecco's modified Eagle's medium
(DMEM) F12 with L-glutamine (Merck Millipore, Darmstadt,
Germany), 20% knockout serum replacement (Thermo Fisher
Scientific, Inc., Waltham, MA, USA), 1% non-essential amino
acids (Merck Millipore), 0.1 mM p-mercaptoethanol (Merck
Millipore), 1% penicillin/streptomycin (P/S; Merck Millipore).
Prior to use, the medium was supplemented with fibroblast
growth factor 2 (FGF-2; 10 ng/ml; Merck Millipore). The
complete hiPSC growth medium was supplemented with
ciprofloxacin (0.5 pg/ml; Sigma Aldrich; Merck Millipore) to
avoid Mycoplasma spp. contamination for the first 7 days of
culture. The culture medium was changed daily.

EB formation. At 80% confluency, hiPSC colonies were
passaged and dissociated into clumps with 0.1% collagenase
IV solution (Thermo Fisher Scientific, Inc.). The cells were
centrifuged (300 x g, 5 min, room temperature) in order to
remove the collagenase and transferred into non-adherent
96-well plates (1,000 cells per well; Brand GmbH, Wertheim,
Germany) in EB growth medium, which is a hiPSC growth
medium without FGF-2. EBs formed within 24 h and were
observed as free-floating aggregates. The culture medium was
changed every 48 h. On day 7 the EBs were used for chondro-
genic differentiation.

Chondrogenesis in vitro. A standard chondrogenic medium
was used: DMEM F12 with L-glutamine (Merck Millipore),
10% fetal bovine serum (FBS; Biowest, Nuaillé, France),
50 uM L-proline (Sigma Aldrich; Merck Millipore), 50 pM
ascorbic acid (Sigma Aldrich; Merck Millipore), 1| mM sodium
pyruvate (Biowest), 1% ITS + Premix (Corning Life Sciences,
Big Flats, NY, USA), 1% P/S (Merck Millipore) and 107 M
dexamethasone (Sigma Aldrich; Merck Millipore).
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Table I. Analysis of the usefulness of selected markers for advanced hiPSC chondrogenic differentiation in vitro.

The usefulness
of marker in

Influence on evaluation of

chondrogenesis: chondrogenic
Function of marker Positive (+) or progression
Marker (stage of presentation) negative (-) (+, ++, ++4)
TGF-BIR, TGF-BIIR, Pluripotency, chondrogenesis, ossification, osteoarthritis -/+ +
TGF-BIIR,
TGF-p2, -3 Chondrocytes/hypertrophic chondrocytes/osteoblasts + ++
BMP-2, BMP-4 Chondrocytes/hypertrophic chondrocytes/osteoblasts + ++
GDF-5 Chondrocytes/hypertrophic chondrocytes/osteoblasts + ++
SMAD3 Chondrocytes + ++
TYPE I COLLAGEN Dedifferentiated chondrocytes - ++
TYPE II COLLAGEN Chondroprogenitors/mature chondrocytes + ++
TYPE X COLLAGEN Hypertrophic chondrocytes/endochondral ossification - ++
TYPE XI COLLAGEN Mature chondrocytes + ++
IHH Hypertrophic chondrocytes + ++
PTHLH Chondrocytes-prevents from hypertrophy - ++
PTCH1 Proliferating/hypertrophic chondrocytes -+ ++
RUNX2 Chondrocytes/hypertrophic chondrocytes/osteoblasts - ++
CHI13L1 OA chondrocytes - +++
MMP-2 Chondrocytes + ++
MMP-13 Hypertrophic chondrocytes/OA chondrocytes/ - ++
endochondral bone formation
ALPL Maintenance of pluripotency/hypertrophic chondrocytes/ - +
OA chondrocytes
VEGF Angiogenesis - +++

The number of plus symbols (+, ++, +++) indicates the utility of the marker, as follows: Average (+), good (++), very good (+++). TGF-fIR,
transforming growth factor I receptor; BMP, bone morphogenetic protein; GDF-5, growth differentiation factor 5; IHH, indian hedgehog;
PTHLH, parathyroid hormone-like hormone; RUNX2, runt-related transcription factor 2; CHI13L1, chitanise-3-like protein; MMP, matrix
metalloproteinase; ALPL, alkaline phosphatase; VEGF, vascular endothelial growth factor.

Medium conditioning. Standard chondrogenic medium was
used: DMEM F12 with L-glutamine (Merck Millipore), 10%
FBS (Biowest), 50 uM L-proline (Sigma Aldrich; Merck
Millipore), 50 uM ascorbic acid (Sigma Aldrich; Merck
Millipore), | mM sodium pyruvate (Biowest), 1% ITS + Premix
(Corning, Life Sciences), 1% P/S (Merck Millipore) and 107 M
dexamethasone (Sigma Aldrich; Merck Millipore), which was
conditioned on the HC-402-05a cell line (up to 3 passages).
Medium was collected following 24 h conditioning and
administered to the differentiated EBs.

Chondrogenesis using EBs. The mature EBs were transferred
onto 6-well plates (10 EBs per well) previously coated with
0.1% gelatin (Merck Millipore) and allowed to adhere for
the next 24 h, following which the medium was replaced
with a chondrogenic medium This was either supplemented
with TGF-B3 (10 ng/ml; ImmunoTools GmbH, Friesoythe,
Germany), as a growth factor with the most chondrogenic
potential, or conditioned with the HC-402-05a cell line as
above. The positive influence of standard chondrogenic
medium with the addition of exogenous TGF-3 (10 ng/ml) on

pluripotent stem cells was previously tested and confirmed by
our group (16). The chondrogenic medium was changed every
48 h. The culture period lasted 21 days. In order to confirm
that chondrocyte-like cells had been obtained, immunofluores-
cence analysis was performed on passage 0 (p0). Subsequently,
to evaluate the expression profile of chondrogenic markers
(p3), reverse transcription-quantitative polymerase chain reac-
tion (RT-qPCR) analysis was performed (14). In all analyses,
the stable adult human articular chondrocyte cell line
(HC-402-05a) served as a positive control, as the European
Collection of Authenticated Cell Cultures recommended it for
the evaluation of the differentiation process in in vitro model
systems.

Culture of differentiated cells. The derived stem cells were
cultured in 0.1% gelatin (Merck Millipore) in DMEM F12
with L-glutamine (Merck Millipore), 10% FBS (Biowest), and
1% P/S (Merck Millipore) up to 3 passages.

RT-gPCR. Total RNA was extracted from cells (p3; 2x10° cells)
with TRIzol (Sigma Aldrich; Merck Millipore). Total RNA
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(1 ug per 20 ul reaction volume) free of genomic DNA
contamination was reverse-transcribed using the iScript™
cDNA Synthesis kit (Bio-Rad Laboratories, Inc., Hercules,
CA, USA) according to the manufacturer's protocol (25°C
for 5 min, 42°C for 30 min, 85°C for 5 min). qPCR reactions
were performed using the LightCycler 480 Probes Master
mix and appropriate probes labeled with fluorescein for each
primer (Roche Diagnostics, Basel, Switzerland). The reaction
conditions for all amplicons were as follows: Initially 95°C
for 10 min, followed by 45 cycles at 94°C for 10 sec, 60°C
for 15 sec and 72°C for 1 sec. All reactions were performed
in the presence of 3.2 mM MgCl,. cDNA samples (2.5 ul for
a total volume of 10 ul) were analyzed for genes of interest
and for the reference gene glyceraldehyde 3-phosphate dehy-
drogenase, which were selected based on the latest literature
data concerning chondrogenic differentiation of hiPSCs (17).
The level of expression of each target gene was calculated
as -224%4 (18). The reaction was performed in triplicate for
genes of interest: TGF-f receptor 1 (TGF-SIR), TGF-BIIR,
TGF-BIIIR, TGF-$2, TGF-p3, BMP-2, BMP-4, growth
differentiation factor 5 (GDF-5), SMAD3, type I collagen,
type II collagen, type XI collagen, Indian hedgehog (IHH),
parathyroid hormone-like hormone (PTHLH), patched 1
(PTCHI), RUNX2, chitanise-3-like protein (CHI3L1), matrix
metalloproteinase 2 (MMP-2), MM P-13, alkaline phosphatase
(ALPL), VEGF. Primer information is available upon request.

Statistical analysis. All experiments were performed a
minimum of three times. The results are reported as the
mean + standard deviation. Comparisons between the study
groups and controls were performed using one-way analysis of
variance. Where the analysis of variance results were signifi-
cant, post hoc analysis was performed via Tukey's multiple
comparison test with a single pooled variance. Statistical tests
were performed with GraphPad Prism (version 5.0a; GraphPad
Software, Inc., San Diego, CA, USA). 'P<0.05 was considered
to indicate a statistically significant difference.

Results

Gene expression profiles of stem cell-derived chondrocytes
revealed the presence of receptors and members of TGF-f3
superfamily. Immunofluorescence analysis confirmed that
chondrocyte-like cells were obtained (14). The presence of
the following TGF-f receptors in the cultured cells was deter-
mined: TGF-ARI, TGF-SRII, and TGF-SRIII. The presence
of members of the TGF-f3 superfamily was also observed, as
follows: TGF-B2, TGF-$3, BMP-2, BMP-4, and GDF-5.
TGF-SRI was expressed by all the cells, but most promi-
nently by cells differentiated in TGF-3 medium and by
PHDFs (Fig. 1). TGF-SRII was also expressed by all cells, but
was most prominent in cells differentiated in in conditioned
medium, HC-402-05a cells and PHDFs (Fig. 1). TGF-SRIII
was highly expressed by HC-402-05a cells and PHDFs
(Fig. 1). TGF-B2 expression was also observed at relatively
low levels in HC-402-05a cells and in cells differentiated
in the conditioned medium, but cells differentiated in the
TGF-p3 medium demonstrated relatively high expression
(Fig. 2). TGF-B3 was only present, at similar levels, in the two
types of chondrocyte-like cells differentiated in vitro (Fig. 2).
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BMP-2 was expressed by all cells, but its expression level was
highest in PHDFs (Fig. 2). BMP-4 was also expressed by all
cells, with the highest levels of expression observed in the
positive-control HC-402-05a cells. Among the differentiated
cells, BMP-4 expression was higher in those cultured in the
presence of TGF-33 (Fig. 2).

GDF-5 mRNA was present in all cells, with the highest
levels of expression in HC-402-05a cells and similar levels
of expression in the two differentiated cell groups (Fig. 3).
SMAD3 expression was observed in all cells, with the highest
level of expression in cells differentiated in the presence of
TGF-p3 (Fig. 3).

Collagen expression. Type I collagen was expressed primarily
by PHDFs, but was also detectable in HC-402-05a cells, the
two hiPSC-derived chondrocyte groups, and at very low levels
in hiPSCs (Fig. 4). No expression of type II collagen was
observed. Expression of type X collagen in PHDFs was rela-
tively high compared with the other cell groups (Fig. 4). Cells
differentiated in HC-402-05a or TGF-p3 medium presented
with a higher production of type X collagen at the mRNA level
compared with positive control HC-402-05a cells (Fig. 4).
Type XI collagen was most highly expressed by cells obtained
by TGF-B3-mediated chondrogenesis and, to a lesser extent,
by HC-402-05a (Fig. 4).

Markers of hypertrophy. Expression of /[HH was detectable
in all examined cells, with the highest levels observed in the
cells differentiated with HC-402-05a-conditioned medium
(Fig. 5). mRNA transcripts of PTHLH were most abundant
in PHDFs, followed by the chondrocyte-like cells obtained in
the TGF-B3 medium (Fig. 5). All cells expressed PTCH1, and
in decreasing order PTCH expression was highest in hiPSCs,
cells differentiated in the presence of TGF-f3, PHDFs,
HC-402-05a cells, and cells differentiated in the conditioned
medium (Fig. 5). RUNX2 was expressed most highly in cells
obtained via TGF-B3-mediated chondrogenesis, but was
also present in PHDFS and hiPSCs. By contrast, this marker
was not present in cells cultured in the conditioned medium
(Fig. 5).

Markers associated with osteoarthritis and ossification.
Only the HC-402-05a cell line expressed CHI3LI (Fig. 6).
According to a previously published study (19) this marker
is present in chondrocytes cultured in vitro. This mRNA
was not observed in the differentiated cells, which suggests
a lack of inflammatory properties in stem cell-derived chon-
drocyte cultures. In addition, the specificity of CHI3L1 was
demonstrated. All differentiated cells expressed MMP-2
(Fig. 6). The presence of MMP-2 is likely to be correlated
with extracellular matrix (ECM) remodelling that occurs
during chondrogenesis, including the reduction of the matrix
protein content. However, cells differentiated in the presence
of TGF-p3 expressed MMP-2 and also MMP-13, and this
presence in chondrocyte-like cells differentiated from hiPSCs
and chondrocytes is undesirable (Fig. 6). This observation
demonstrated that these cells were derived from late stage
chondrogenesis. Due to the capacity of MMP-13 to degrade
chondrogenic proteins, its high mRNA expression levels and
potential high levels of its protein product may explain the
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Figure 1. The hiPSC-derived chondrocytes differentiated in chondrogenic medium with TGF-$33 (10 ng/ml) or following conditioning on HC-402-05a cells
indicated the presence of mRNA characteristic for TGF-fIR, TGF-BIIR and TGF-fIIIR. The HC-402-05a cell line served as a positive control. PHDFs and
hiPSCs were used as negative controls. “*“P<0.0001 vs. HC-402-05a. hiPSCs, human induced pluripotent stem cells; TGF-f3, transforming growth factor 33;
TGF-BIR, TGF- type I receptor; TGF-BIIR, TGF-f type II receptor; TGF-BIIIR, TGF-f type III receptor; PHDFs, primary human dermal fibroblasts; EB,
embryoid bodies, COND, conditioned medium.
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Figure 2. The chondrocyte-like cells obtained following differentiation in chondrogenic medium with TGF-p3 (10 ng/ml) or on medium conditioned with
HC-402-05a cells demonstrated expression of members of the TGF-f3 superfamily: TGF-B2, TGF-p3, BMP-2 and BMP-4. The HC-402-05a cell line served
as a positive control. PHDFs and hiPSCs were used as negative controls. ““P<0.0001 vs. HC-402-05a. TGF-p, transforming growth factor 3; BMP-2, bone
morphogenetic protein-2; BMP-4, bone morphogenetic protein-4; PHDFs, primary human dermal fibroblasts; hiPSCs, human induced pluripotent stem cells;
EB, embryoid bodies, COND, conditioned medium.
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Figure 3. The chondrocyte-like cells obtained following differentiation in chondrogenic medium with TGF-3 (10 ng/ml) or on medium conditioned with
HC-402-05a cells demonstrated expression of GDF-5 and SMAD3 at the mRNA level. The HC-402-05a cell line served as a positive control. PHDFs and

hiPSCs were used as negative controls. ““P<0.001, “*P<0.0001 vs. HC-402-05a. TGF-3, transforming growth factor $3; GDF-5, growth differentiation
factor 5; SMAD3, SMAD family member 3; PHDFs, primary human dermal fibroblasts; hiPSCs, human induced pluripotent stem cells; EB, embryoid bodies;

COND, conditioned medium.
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Figure 4. Type II collagen was not expressed by the examined cells. However, the chondrocyte-like cells obtained following differentiation in chondrogenic
medium with TGF-$3 (10 ng/ml) or on medium conditioned with HC-402-05a cells demonstrated expression of type I, X and XI collagen characteristic of
dedifferentiated, hypertrophic and mature chondrocytes, respectively. The HC-402-05a cell line served as a positive control. "P<0.05, “P<0.01, ““P<0.001,
“P<0.0001 vs. HC-402-05a. PHDFs and hiPSCs were used as negative controls. TGF-3, transforming growth factor $3; PHDFs, primary human dermal
fibroblasts; hiPSCs, human induced pluripotent stem cells; EB, embryoid bodies; COND, conditioned medium.

loss of proteoglycans including type II and X collagen and
aggrecan.

Finally, cells differentiated in the TGF-pf3 medium
demonstrated relatively minor expression of ALPL (Fig. 6).
These results are consistent with other data obtained in the
present study (including RUNX2; Fig. 5), confirming that
cells differentiated in the TGF-f3 medium presented with
a hypertrophic phenotype. The highest levels of ALPL were
detectable in negative control hiPSCs, underscoring their

pluripotent properties. None of the cells in the present study
expressed VEGF, a finding that suggested that differentiated
cells, regardless of medium preparation, did not undergo
vascularization following endochondral ossification.

Discussion

In the present study, hiPSC cells were differentiated in two
different mediums: One supplemented with TGF-f33 and the
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Figure 5. The chondrocyte-like cells obtained following differentiation in chondrogenic medium with TGF-$3 (10 ng/ml) or on medium conditioned with
HC-402-05a cells expressed genes from late chondrogenesis and hypertrophic chondrocytes: IHH, PTHLH, PTCH1 and RUNX2. The HC-402-05a cell line
served as a positive control. PHDFs and hiPSCs were used as negative controls. "P<0.05, *“P<0.001, “P<0.0001 vs. HC-402-05a. TGF-3, transforming
growth factor 33; IHH, Indian hedgehog; PTHLH, parathyroid hormone- like hormone; PTCHI, patched 1; RUNX2, runt-related transcription factor 2;
PHDFs, primary human dermal fibroblasts; hiPSCs, human induced pluripotent stem cells; EB, embryoid bodies; COND, conditioned medium.
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Figure 6. The hiPSC-derived chondrocytes obtained via differentiation in chondrogenic medium with TGF-$3 (10 ng/ml), in contrast to those differentiated in
chondrogenic medium medium conditioned with HC-402-05a cells, possessed undesirable markers characteristic of mature and osteoarthritic chondrocytes:
Ch13L1, MMP-2, MMP-13 and ALPL. The HC-402-05a cell line served as a positive control. PHDFs and hiPSCs were used as negative controls. *“P<0.001,
“P<0.0001 vs. HC-402-05a. hiPSCs, human induced pluripotent stem cells; TGF-f33, transforming growth factor $3; Ch13L1, chitanise-3-like protein; MMP,
matrix metalloproteinase; ALPL, alkaline phosphatase; PHDFs, primary human dermal fibroblasts; EB, embryoid bodies; COND, conditioned medium.
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other conditioned with growth factors from HC-402-05a cells.
Notably, differentiation in the conditioned medium resulted
in greater chondrogenesis of the hiPSCs. On the other hand,
cells cultured in the presence of TGF-B3 presented with
characteristics shared with hypertrophic chondrocytes, which
may result in their decreased capacity to repair and regen-
erate articular cartilage. Thus, the HC-402-05a-conditioned
medium offers greater potential for in vitro chondrogenesis.
The differentiated cells were then evaluated using 22 different
chondrogenic markers to assess the progression of chondro-
genic differentiation, as well as to determine the relative value
of these markers in predicting chondrogenic differentiation.
Furthermore, chondrogenic properties were demonstrated
to change even during short-term culture (passage 0 vs. 3).
The aim in doing so was to identify the best markers of late
stage chondrogenesis, hypertrophy and ossification. The most
promising gene markers of hiPSC differentiation during late
stage chondrogenesis were TGF-£2, TGF-f3, type XI collagen
and PTHLH. The best markers during hypertrophy were
RUNX2, IHH and type X collagen, and during ossification
MMP-13 and VEGF were good markers. VEGF expression
was specific to old and overgrown chondrocytes only (data
not shown). Useful however less valuable markers included
TGF-f receptors and the remaining members of the TGF-3
superfamily (Table I).

TGF-p receptors are engaged in multiple cellular processes.
The TGF-p family of receptors forms a functional complex on
the cell surface, which consists of type II and type I transmem-
brane serine/threonine kinase receptors. TGF-p1 and TGF-3
bind to their type II receptors while BMP-2 and BMP-4 bind
primarily to type I receptors. Activation of the epidermal
growth factor receptor inhibits TGF-f signaling (20). TGF-3
molecules exert their effects on cells by binding to the TGF-3
receptors. The TGF-f type II receptor (TBRII) recruits and
interacts with TPRI through multiple parallel signaling path-
ways, including SMAD proteins. TBRIII acts as a co-receptor,
increasing the binding rate of ligands to TRRII. TRRII and
TPRRIIT are present in fibroblast cells, but are downregulated
in fibroblasts and myofibroblasts in patients with oral squa-
mous cell carcinoma or oral carcinoma (20,21). According
to Keller ef al (22), TBRI is expressed in proliferating but not
hypertrophic chondrocytes. These same authors also demon-
strated the negative regulation of BMP-2 in TGF-f signaling
and revealed that exogenous or upregulated TGF-f1 signifi-
cantly increases BMP signaling (22). However, it is important
to note that this negative regulation does not fully agree
with previously published data and must therefore be further
validated (23).

SMAD?2 and 3 respond to TGF-f} receptors. In response
to activation of TGF-f, the SMAD and p38 mitogen activated
protein kinase (MAPK) pathways, together with the RUNX2
gene, control mesenchymal precursor cell differentiation.
Induction of TGF-p/BMP-2 signaling, MAPK-dependent
phosphorylation and RUNX2 results in osteoblast differen-
tiation (24). The TGF-f isoforms and TGF-f receptors are
expressed in cartilage, bone and synovial tissues. In osteo-
arthritis, there is an interaction between TGF-f signaling
(in particular between RUNX2 and MMP-13) and
WNT/B-catenin and Notch, as well as THH (25). TGF-p
family signaling occurs not only in differentiation but also in
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maintenance of self-renewal and pluripotency of hESCs, due
to the interplay between TGF-f, activin, and Nodal signaling,
whose activity significantly decreases during early differentia-
tion (26).

Cells differentiated in TGF-3 and HC-402-05a condi-
tioned mediums expressed TGF-f3 receptors I, Il and III.
Nevertheless, the profiles of expression varied according to
the culture medium: Cells differentiated in the conditioned
medium presented with a greater expression of TSRII whereas
cells cultured in the TGF-f3-medium demonstrated higher
expression of TSRI (Fig. 1). In this case the usage of sequential
administration of growth factors is likely to be an interesting
approach in effective chondrogenesis of stem cells in vitro.
The available evidence indicates that TGF-f3 receptors are not
specific markers of in vitro chondrogenesis because these recep-
tors are engaged in multiple processes during several stages of
development, including maintenance of pluripotency, chondro-
genesis and ossification, and also in disease conditions including
osteoarthritis (27). The results of the present study confirm
this characteristic: The TGF-f receptors were expressed by
numerous cell types, including all differentiated cells, PHDFs,
HC-402-05a, and hiPSCs (Fig. 1). This lack of specificity makes
them unsuitable as markers for chondrogenic differentiation.

The TGF-f superfamily is involved in regulating chon-
drogenesis and is composed of two subfamilies: The TGF-f§
subfamily (TGF-B1, TGF-f2, TGF-p3, activin, nodals,
myostatin, and Mullerian inhibiting substance) and the BMP
subfamily (BMP-2, BMP-4, BMP-10, GDFs) (28). TGF-p1
and TGF-f33 are highly expressed in the proliferative and
hypertrophic zones. TGF-2 expression is observed in all
zones, particularly the hypertrophic zone. Although TGF-31
induces chondrogenesis, TGF-f2 and TGF-f33 are even more
chondrogenic, resulting in a two-fold greater production of
glycosaminoglycan (28). Tan et al (29) reported that inhibi-
tion of TGF-f signaling through addition of the SB431542
molecule may substitute for octamer-binding transcription
factor 3/4 in generating PSCs. Those authors also demon-
strated that mPSCs with an inhibited TGF-f§ signaling
pathway had greater pluripotent properties due to a decrease
in extracellular signal-related kinase (ERK) phosphorylation
and consequent modulation of FGF/ mitogen-activated protein
kinase kinase/ERK signaling (29). Overexpression of TGF-f3
during enhanced cartilage repair, apart from the accumula-
tion of proteoglycans, may lead to synovial fibrosis. The
intercellular signaling molecule SMAD7 inhibits SMAD?2 and
SMAD3 phosphorylation, thereby further blocking the TGF-f§
signaling pathway. The simultaneous overexpression of TGF-f
and SMAD?7 prevents TGF-fB-induced fibrosis by maintaining
the repair-stimulating effect of TGF-p3 on cartilage (30).
Tekari et al (31) expanded chondrocytes in a monolayer culture
and reported that the chondrocytes maintained their potential
for cartilage-like tissue formation for up to three passages.
However, exogenous TGF-f1 had to be added following three
passages to induce the formation of cartilage-like tissue. The
authors hypothesized that this may be due to the lower expres-
sion of TGF-f family members and TGF-f receptors during
prolonged culture (31). The members of the TGF-§ subfamily
additionally possess osteogenic potential, as reported by
Li et al (32), who demonstrated that miPSC-derived mesen-
chymal precursors differentiated into functional osteoblasts
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following stimulation with TGF-f1 or -p3 in the presence of
retinoic acid.

In the present study, cells differentiated in the conditioned
medium expressed TGF-f33 at high levels but TGF-52 at
lower levels. This result may indicate that these cells possess
desirable chondrogenic features at the mRNA level. Cells
differentiated in the presence of TGF-f3 also expressed
of TGF-f2 and TGF-£3 (Fig. 2). According to previously
published data (32), the expression profile of these cells is char-
acteristic of chondrocytes in the hypertrophic zone. For this
reason, it is important to administer TGF-33 at an optimized
concentration and culture period to obtain chondrocyte-like
cells from early or advanced stages of chondrogenesis, thus
avoiding hypertrophy during in vitro chondrogenesis. These
findings revealed that expression of TGF-f family members
provides a good, specific marker of chondrogenic progres-
sion. However, because TGF-fs are active during the entire
chondrogenic and osteogenic processes, it is very difficult to
classify the differentiating cells into the precise stage. Notably,
the presence of TGF-fs is observed in human chondrocytes
and chondrocyte-like cells but not in parental stem cells and
PHDFs, a finding that further underscores the selective nature
and value of these as markers.

BMP-2 is one of the predominant growth factors with
beneficial potential in cartilage repair and cartilage tissue
engineering. It has the capacity to stimulate proteoglycan
synthesis and enhance production of type II collagen. BMP-2
expression is elevated in areas surrounding cartilage injury and
in osteoarthritis (33). BMP-2 and BMP-4 induce the progres-
sion of chondrocyte hypertrophy. Thus, increased expression
of BMP-2 and/or BMP-4 is detectable during chondrocyte
proliferation and maturation to endochondral bone develop-
ment. BMP-2 stimulates the expression of other hypertrophic
markers including type X collagen through SMADI-RUNX2
interaction at the 5' promoter region in addition to ALPL.
Shu et al (34) demonstrated that BMP-2 is involved in endo-
chondral bone development, while BMP-4 is involved to a
lesser extent. BMP-2 has osteogenic properties and upregu-
lates the transcription of osteogenic genes, including type I
collagen, ALPL, osteocalcin and bone sialoprotein. However,
the SMAD signaling pathway is required for activation of
osterix, another factor involved in osteoblastic differen-
tiation. BMP-2 modulates the expression of osterix through
dependent and independent RUNX2 (via msh homeobox 2)
mechanisms (35).

Cells differentiated in the two study mediums expressed
BMP-2 and 4 (Fig. 2), the expression of which indicating
efficient chondrogenic differentiation and also hypertrophy.
Unfortunately, this marker alone is not able to indicate which
of these processes is more prevalent. Nevertheless, cells
cultured in the TGF-B3 medium are assumed to possess
hypertrophic properties, and they express BMP-2 and 4,
RUNX2, and ALPL at significantly higher levels than in
cells differentiated in the conditioned medium and positive
controls. In addition, these markers are also expressed in
PHDFs (BMP-2 and -4) and hiPSCs (BMP-2; Fig. 2). For
this reason it is difficult to use these markers to assess the
chondrogenic process in vitro.

GDF-5 belongs to the TGF-f superfamily and is involved
in cartilage development and differentiation. Mutations in
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the GDF-5 gene often result in defects in the appendicular
skeleton during development (36). The expression profile of
GDF-5 confirms its involvement in endochondral ossification.
Exposure to GDF-5 increases the expression of chondrogenic
markers including type I collagen and aggrecan. However,
prolonged stimulation by administration of GDF-5 results
in increased transcription of rype X collagen and ALPL,
which are common indicators of chondrocyte hypertrophy
and initial endochondral ossification. GDF-5 may, therefore,
provide efficient regeneration of damaged bone together
with other pro-osteogenic and angiogenic factors (37). In
osteoblast-like cells, GDF-5 stimulates the activity of gela-
tinases and matrix metalloproteinases (MMP-2, MMP-9 and
MMP-13) at matrix formation sites. The metalloproteinases
degrade denatured and native collagens (gelatin and type
I collagen, respectively) and proteoglycan core proteins.
This phenomenon involves the activation of the p38 MAPK
signaling pathway. Expression of metalloproteinases is also
under control of other members of the TGF-f3 superfamily,
the BMPs (38).

GDF-5 expression in the differentiated cells was similar
to that observed in adult articular chondrocytes. As with
BMP-2 and BMP-4 expression, GDF-5 expression may indi-
cate successful chondrogenesis and initiation of hypertrophy.
Furthermore, GDF-5 is also present in PHDFs (Fig. 3).
Consequently, to identify the chondrogenic stage of the
cultured cells or to rule out dedifferentiation, other markers are
needed. The majority of the markers evaluated in the present
study indicated the presence of chondrocyte-like cells (differ-
entiation via the conditioned medium) and chondrocyte-like
hypertrophic cells (differentiation via TGF-{33).

SMAD?3 is another relevant member of the TGF-f signaling
pathway. The TGF-BRI phosphorylates SMAD2 and SMAD3,
together with SMAD4, form a heteromeric complex. SMAD3
associates with multiple transcription factors, including
RUNX?2. Furthermore, the MH2 domain of SMAD2 and
SMAD?3 interacts with the co-activator cAMP-response-elem
ent-binding-protein-binding protein, in addition to its paralog
p300, with acetyltransferase activity. SMAD2/3 is one of the
TGF-f signaling pathways, and is involved in maintaining and
developing the chondrocyte phenotype. SMAD3 enhances the
transcriptional activity of SOX9 and increases expression of
the type Il collagen gene (39). C-terminal SMAD?3 has an effect
on [-catenin protein in a TGF-f3-dependent manner. It protects
[-catenin from ubiquitin-proteasome-dependent degradation
and mediates its nuclear transition. This SMAD3-mediated
mechanism of -catenin protein stability promotes the
activity of B-catenin, in turn affecting its downstream target
chondrogenesis-associated genes (40). SMAD3 is also respon-
sible for the balance between cartilage matrix synthesis and
degradation through increasing type Il collagen expression
with simultaneous inhibition of RUNX2-induced MMP-13
expression. SMAD3 maintains chondrocyte homeostasis and
prevents cells from hypertrophy and osteoarthritis (41).

The expression of SMAD3 was detectable in all cells,
with the highest expression in cells differentiated in the
TGF-p3-medium (Fig. 3). Given the elevated level of RUNX2,
this may indicate that these cells started to activate their
SMAD3-mediated defence mechanisms to prevent hyper-
trophy. As a marker of chondrogenesis, the specificity of
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SMAD?3 is questionable because its expression is observed
in chondrocytes, chondrocyte-like cells, and in the negative
controls (PHDF and hiPSCs).

Collagens represent a highly diverse group of ECM
proteins. The type II procollagen gene COL2AI is widely
expressed in non-chondrogenic and chondrogenic tissues. As
a result of alternate splicing, type II collagen is synthesized
and secreted into ECM as two isoforms: II1 and IIB. The
II1 isoform is expressed in chondroprogenitor cells while
the IIB isoform occurs in differentiated chondrocytes (42).
Krug et al (43) examined the change in patterns of gene
expression (type II, IX and XI collagen and aggrecan) in
ESC-derived and primary chondrocytes. The chondrocytes
lost their characteristic phenotype (including type II collagen
and aggrecan) during monolayer culture (43). Type I collagen
is a dedifferentiation marker of chondrocyte-like cells because
it is widely expressed in primary human fibroblasts. It is
characteristic in bone, tendon, cornea and skin. During carti-
lage injury or osteochondral defects, differentiation towards
fibroblasts and osteoblasts producing type I collagen and fibro-
nectin is favoured (44). Aggrecan, type X and type II collagen
are markers of late stage chondrocyte hypertrophy associated
with endochondral ossification. However, Mwale et al (45)
advise against straightforward classification of these markers,
as in certain cases type X collagen may appear earlier than
type II. Therefore, caution must be exercised in using type
X collagen as a marker of chondrogenesis or chondrocyte
hypertrophy (45). Type II collagen is synthesized as a homotri-
meric procollagen molecule [al(IT)]; in cartilage and is the
most abundant fibril-forming collagen within joints. Type XI
collagen, a heterotrimeric collagen molecule [al(XT)a2(XI)
a3(X1)], forms the core of the type II collagen fibril for type II
collagen fibrillogenesis and is responsible for fibril diameters
in cartilage. Collagen type II and XTI collagens co-polymerize
with type IX collagen to form a heteropolymeric fibrillary
framework that corresponds with the tensile strength of
cartilage (46).

Although chondrogenesis is usually assessed with markers
of the chondrocyte phenotype (including type II, X and XI
collagen), the usefulness of these markers may need to be
reconsidered given that expression of collagen (all types) may
vary as a function of the duration of the culture period and the
number of passages. In the present study, the cells cultured in
the conditioned medium primarily expressed type I and type X
collagen, which may indicate dedifferentiation or hypertrophic
processes. The human primary fibroblasts also expressed these
markers at high levels. In contrast, cells differentiated in the
HC-402-05a-condition medium did not present other hyper-
trophic markers; furthermore, they had significantly higher
levels of desired chondrogenic markers (14). Cells cultured in
the presence of TGF-f3 also expressed high levels of rype XI
collagen in addition to type I and X collagens (Fig. 4), which is
a desirable marker because it suggests that these cells present
characteristics of mature and hypertrophic chondrocytes.
Although the most accurate marker is type II collagen, this
marker was not expressed in any of the cells. This may be
because all cultured cells were obtained following the third
passage or, alternatively, due to lack of sex determining region
Y-box 5 and SOX6 expression, which are required for the
production of type II collagen.
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Indian hedgehog belongs to the hedgehog family and
is involved in the regulation of chondrocyte proliferation
and differentiation through a negative feedback loop with
parathyroid hormone related protein (PTHrP), a hypertrophy
regulator that acts in an IHH-dependent manner during chon-
drocyte proliferation and hypertrophy (47,48). IHH activates
expression of PTHrP and the resultant PTHrP protein signals
through its receptor PTHR1 and inhibits excessive expression
of IHH to prevent hypertrophy and maintain the proliferating
state in chondrocytes. Mak et al (49) demonstrated that THH
promotes chondrocyte hypertrophy independently of PTHrP
through BMP and WNT/B-catenin signaling. The canonical
WNT/B-catenin pathway controls the function of THH, via
WNT family member 9a (WNT9a), which is involved in skel-
etogenesis. WNT9a signaling may inhibit the expression of
WNT family member 4, which is characteristic for prehypertro-
phic chondrocytes (50). In mature proliferating chondrocytes,
the production of IHH is increased, which has a visible effect
on the neighbouring cells and results in activation of their
PTCHI receptor. This results in elevated production of PTHrP
and slower cell differentiation. Insulin-like growth factor 1 is a
major growth-promoting signal for skeletogenesis: It suppresses
PTHrP, thus inducing VEGF expression and controlling the
production of hypoxia-inducible factor 1-induced angio-
genesis (51). The IHH signaling pathway also interacts with
RUNX2 and RUNX3 during chondrocyte proliferation and
differentiation. Induction of osteoblast differentiation by IHH
requires other effectors, that remain to be identified, besides
RUNX2. Inhibition of ITHH activity regulating RUNX2 and
RUNX3 in the perichondrium during chondrogenesis triggers
limb shortening (52,53).

IHH expression was observed in all the cultured cells, with
the highest levels of expression in cells differentiated in the
conditioned medium. These cells may be from the pre-hyper-
trophic stage that is enriched in proliferative cells (Fig. 5).
These cells did not present the parathyroid hormone at the
mRNA level, a finding that indicated the presence of a nega-
tive feedback loop between IHH and PTHrP. The selectivity
of this marker is only moderate because it was expressed by
negative controls, in particular PHDFs, but there was a differ-
ence between the cells differentiated in the TGF- $3 medium
and the conditioned medium. In addition, the chondrocytes
obtained from TGF-f3-mediated chondrogenesis in vitro
demontrated decreased levels of /HH with elevated expression
of PTHrP (Fig.5). This result also confirmed the existence of
a negative feedback loop between IHH and PTHrP and conse-
quently the hypertrophic features of these cells. The value of
PTHrP as a specific marker of hypertrophy is significantly
diminished by the fact that PTHrP is also highly expressed
in PHDFs.

PTCHI is a transmembrane receptor expressed in the carti-
lage-bone interface, the perichondrium, and in proliferating
chondrocytes. It negatively regulates and is transcriptionally
activated by the Hedgehog signaling pathway, thus creating a
negative autoregulatory feedback loop (54,55). Sonic hedgehog
is the most prominent member of Hedgehog family. It induces
the activation of GLI family transcription factors regulating
the transcription of target genes, including GLII and PTCHI
during the generation of induced pluripotent cells from
fibroblasts (56).
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Cells differentiated in the presence of TGF-f3 possessed
features characteristic for hypertrophic chondrocytes at the
genetic level. They expressed PTCHI, which is negatively
regulated by IHH, a hypertrophic marker. The negative feed-
back loop between PTCHI1 and IHH was also demonstrated.
Compared with cells cultured in the conditioned medium,
IHH expression was downregulated in cells differentiated
with TGF-3, potentially due to activated PTCH1. However,
it should be noted that high levels of PTCHI expression
were observed in hiPSCs (Fig. 5). It is possible to ascribe
this phenomenon to a reprogramming process rather than to
the spontaneous chondrogenic differentiation of hiPSCs. For
this reason, the selectivity of this marker for chondrogenesis
in vitro is less valuable than would otherwise be expected.

The RUNX family of DNA-binding transcription factors
control cell fate determination in a variety of tissues. They
are essential for hematopoiesis, skeletal development, and
development of the digestive and nervous systems. RUNX
belongs to the small transcription factor family and is
expressed in pre-hypertrophic and hypertrophic chondro-
cytes, indicating its involvement in cartilage development.
Furthermore, there is evidence that RUNX2, a key regulator
of osteoblast differentiation, is also involved in regulating
chondrocyte and osteoclast differentiation, vascular invasion
and periosteal bone formation. During cartilaginous conden-
sation, RUNX2 forms a complex with RUNX3 to control
early chondrocyte differentiation (57,58). The expression and
activity of RUNX2 is regulated by a multiple growth factors,
including fibroblast-like growth factor 2, TGF-$/BMP-2 and
parathyroid hormone (59). RUNX?2 is highly expressed in
immature osteoblasts but its expression is abruptly down-
regulated during osteoblast maturation, when mature bone
is formed. Hence, RUNX2 determines the stage of osteoblast
maturation, bone maturity and the bone turnover rate, and
is generally considered a major driver for the later stages of
endochondral ossification (60,61).

RUNX?2 expression was particularly detectable in the
chondrocyte-like cells differentiated in the presence of
TGF-p3 (Fig. 5). This finding suggests that differentiation in
the presence of these growth factors, in contrast to culture in
the conditioned medium, favours the creation of hypertrophic
chondrocytes. Other results obtained in the present study
also confirm this, particularly the strong association between
RUNX, FGF-2, TGF-$/BMP-2, and PTHrP.

Finally, in terms of markers characteristic for chondrocytes
with osteoarthritic properties and cells undergoing ossifica-
tion, hiPSCs differentiated in TGF-3 medium expressed
mRNA indicative of cartilage degradation (Fig. 6).

In terms of study limitations, this was a two-part study
that demonstrated that hiPSCs differentiated in vitro acquire
a characteristic gene expression profile. Although this gene
expression profile is informative, it does not provide unam-
biguous data to ascertain the precise chondrogenic stage of the
differentiated cells. In addition, due to the close interrelation
among the pathways activated during chondrogenesis, it is
difficult to identify the specific contribution of each pathway
to the chondrogenic process. More research is required
to elucidate this poorly understood area of chondrogenic
differentiation. Thus, it is important to emphasize that the
classification of markers in the present study is subjective and
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is based on the authors' knowledge and understanding of the
available literature.

To conclude, in the present study, chondrocytes obtained
by differentiating hiPSCs via EB formation in different
mediums resulted in divergent gene profiles. Cells differenti-
ated in the presence of TGF-f33 expressed genes associated
with hypertrophy, whereas hiPSCs differentiated in a medium
conditioned with HC-402-05a cells expressed genes indica-
tive of early and advanced chondrogenesis, thus indicating
the superiority of this medium. The most promising gene
markers of hiPSC differentiation were as follows: RUNX2,
TGF-f2, TGF-$3, type XI collagen, type X collagen, PTHLH,
MMP-13 and VEGF. Useful but less valuable markers included
TGF-f receptors and the remaining members of the TGF-f3
superfamily.

The present study contributes to the development of a
novel, cost-effective protocol based on the use of endogenous
growth factors and metabolites in HC-402-05a-conditioned
medium. Notably, this approach does not require the use
of expensive exogenous growth factors. These preliminary
results suggest that the conditioned medium is likely to be
more efficient than the standard TGF-B3-based protocol,
which may result in hypertrophy. However, the chondro-
cyte-like cells obtained in these processes consist of a mixed
population that includes partially and fully differentiated
cells as well as undifferentiated cells. As a result, evaluation
of the chondrogenic process is challenging. Furthermore,
the origin of hiPSCs has a substantial impact on their further
differentiation toward chondrocyte-like cells deriving
from the same germ layer as the parental reprogrammed
fibroblasts. The present study contributes to an improved
understanding of chondrogenic differentiation and may
help further the development of regenerative medicine with
hiPSCs.
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