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Abstract For the cartilage repair, the cell sources currently adopted are primarily chondrocytes or mesenchymal stem cells
(MSCs). Due to the fact that chondrocytes dedifferentiate during 2-dimensional (2D) expansion, MSCs are generally more
studied and considered to have higher potential for cartilage repair purposes. Here we question if the dedifferentiated
chondrocytes can regain the chondrogenic potential, to find potential applications in cartilage repair. For this we chose
chondrocytes at passage 12 (considered to have sufficiently dedifferentiated) and the expression of chondrogenic phe-
notypes and matrix syntheses were examined over 14 days. In particular, the chondrogenic potential of MSCs was also
compared. Results showed that the dedifferentiated chondrocytes proliferated actively over 14 days with almost 2.5-fold
increase relative to MSCs. Moreover, the chondrogenic ability of chondrocytes was significantly higher than that of MSCs,
as confirmed by the expression of a series of mRNA levels and the production of cartilage extracellular matrix molecules in
2D-monolayer and 3-dimensional (3D)-spheroid cultures. Of note, the significance was higher in 3D-culture than in 2D-
culture. Although more studies are needed such as the use of different cell passages and human cell source, and the
chondrogenic confirmation under in vivo conditions, this study showing that the dedifferentiated chondrocytes can also be a
suitable cell source for the cell-based cartilage repair, as a counterpart of MSCs, will encourage further studies regarding
this issue.
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1 Introduction

Articular cartilage damages including joint trauma or
osteoarthritis are one of the challenging issues in clinics.
Cartilage is almost intractable to regenerate due to the
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absence of vascularity [1]. Current techniques to treat
traumatic cartilage injuries include mosaicplasty and
microfracture which can help the repair of the articular
cartilage lesions and reduction of pain in joints to some
degree. However, these techniques often generate fibrous
cartilage and hold the issues of donor-site morbidity, an
alternative method needs to be developed [2]. More
recently, cell-based therapy is considered one of the most
promising approaches to repair the damaged cartilage tis-
sue [3, 4].

Cells used for cartilage therapy include chondrocytes,
mesenchymal stem cells (MSCs), embryonic stem cells
(ESCs), and induced pluripotent stem cells (iPSCs).
Although some studies have demonstrated that the
pluripotent stem cells (ESCs and iPSCs) have the potential
to undergo efficient chondrogenic differentiation [5, 6],
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their clinical applications still remain due to biosafety and
side effects [7]. Therefore, the chondrocytes and the MSCs
are currently considered two primary cell sources for car-
tilage repair.

Chondrocytes are the cells responsible for the produc-
tion of cartilage extracellular matrix (ECM) including type
Il collagen and proteoglycans. Therefore, chondrocytes
represent the logical choice for cell-based therapies in
cartilage tissue regeneration [8—12]. The most conventional
cell-based treatment is autologous chondrocyte implanta-
tion (ACI) [8, 13]. This treatment is based on the implan-
tation of expanded autologous chondrocytes that isolated
from the non-load-bearing site of the same donor. Due to
the relatively low cellularity of the cartilage biopsies,
in vitro expansion procedure is necessary to obtain a suf-
ficient number of chondrocytes. Unfortunately, the expan-
sion is associated with a progressive loss of the
chondrogenic phenotype resulting in dedifferentiated
chondrocytes [14, 15]. Interestingly, some studies have
demonstrated that the dedifferentiated chondrocytes can be
redifferentiated during culture in gels of alginate and
agarose in the absence of the TGF-f superfamily [16, 17].

On the other hand, MSCs are used as another alternative
source for cartilage regeneration owing to their abundance
in various tissues including bone marrow, adipose tissue,
umbilical cord, and synovial membrane, and a vast dif-
ferentiation potential towards chondrogenesis [18, 19].
Cartilage defects were treated with MSCs alone [20, 21], or
their combination with biomaterials to enable tissue-engi-
neered cartilage regeneration [22-25]. Importantly, it is
necessary to supplement the TGF-f superfamily for suc-
cessful chondrogenic differentiation of MSCs in hydrogel-
based or scaffold-free cell cultures [26]. Moreover, carti-
lage formed by differentiated MSCs displays more typical
signs of hypertrophic differentiation than articular chon-
drocytes [27, 28]. The articular chondrocytes inhibit
hypertrophic chondrocyte differentiation of MSCs [29],
although the exact mechanism underlying this phenomenon
is yet to be clarified.

In the present study, we question if the dedifferentiated
chondrocytes can restore the chondrogenic potential to find
potential applications in cartilage repair. For this, we chose
chondrocytes of passage 12 and examined their chondro-
genic potential under 2D-monolayer and 3D-spheroid cul-
ture conditions. In general, the chondrocytes are considered
to dedifferentiate after an average of about five monolayer
passages [30, 31]; thus the passage 12 used in this study is
considered to reflect a cell source sufficiently dedifferen-
tiated. For comparison purpose, the MSCs of passage 4
from rats were also used as the passage 3—5 cells have been
shown to hold high purity and stable biological character-
istics [32, 33]. As a pilot experiment, we briefly analyzed
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the proliferative potential and
expressions of the cells.

chondrogenic marker

2 Materials and methods
2.1 Isolation and culture of rat chondrocytes

Rat articular chondrocytes were collected according to the
procedures in a previous study [34]. Briefly, the chondro-
cytes were harvested from articular cartilage of the knees
of a Sprague-Dawley rat. The cells were incubated in
chondrocyte growth medium, consisting of Dulbecco’s
Modified Eagle’s medium (DMEM, 4.5 g/L. glucose;
Gibco-BRL) supplemented with 10% fetal bovine serum
(FBS; Gibco-BRL) and 1% penicillin/streptomycin in a
humidified incubator containing 5% CO, at 37 °C. The
cells were used after twelve passages for the following
experiments.

2.2 Isolation and culture of rat MSCs

Rat bone marrow-derived MSCs were isolated according to
the procedures in a previous study [35]. Briefly, the MSCs
were harvested from the excised proximal and distal epi-
physes of the femora and tibiae of the Sprague-Dawley rat.
These cells were grown and maintained in DMEM sup-
plemented with 10% FBS and 1% penicillin/streptomycin
in a humidified incubator containing 5% CO, at 37 °C. The
cells were used after four passages for the following
experiments.

2.3 F-actin observation

The cell growth image was observed by Alexa Fluor
488-conjugated phalloidin (Invitrogen, USA) staining
using an inverted fluorescence microscope. Cells grown on
each group were fixed with 4% (v/v) paraformaldehyde
(PFA) for 30 min, treated with 0.2% Triton X-100 for
5 min, blocked with PBS containing 1% (w/v) bovine
serum albumin for 30 min, and then incubated with 20 nM
Alexa Fluor 488-conjugated phalloidin diluted in PBS for
30 min. The nuclei of the cells were counterstained with
4',6-diamidino-2-phenylindole (DAPI) for 5 min. Fluores-
cence images were obtained using an inverted fluorescence
microscope equipped with a DP-72 digital camera
(Olympus Co., Tokyo, Japan).

2.4 Cellular proliferation assay
To quantify the proliferation of the cells, the MSCs and the

chondrocytes were plated at density of 1 x 10* cells/well
in 24-well plates in 2 mL growth medium and cell counting
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Table 1 Primer sequences of chondrogenic genes for gPCR

Gene Forward sequence Reverse sequence

SOX9 5'-CGTCAACGGCTCCAGCA-3’ 5'-TGCGCCCACACCATGA-3'

Type II collagen 5'-GAGTGGAAGAGCGGAGACTACTG-3' 5'-CTCCATGTTGCAGAAGACTTTCA-3'
Aggrecan 5'-CTAGCTGCTTAGCAGGGATAACG-3' 5'-TGACCCGCAGAGTCACAAAG-3’
GAPDH 5'-TGAACGGGAAGCTCACTGG-3’ 5'-TCCACCACCCTGTTGCTGTA-3’

140pm

140 um

140pm

140pum

140 um

140um

Fig. 1 Cell morphology and proliferation. Chondrocytes and MSCs and fluorescence microscopy with phalloidin (green) and DAPI (blue)
at day 1, and grown for 7 and 14 days. A, D day 1; B, E day 7; C, double staining (B, C, E and F, scale bar = 140 pm). (Color

F day 14. Phase-contrast microscopy (A and D, scale bar = 100 um), figure online)
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was performed by the trypan blue exclusion test as previ-
ously described [36]. Briefly, a uniform suspension con-
taining the cells was added to the trypan blue dye by a 1:1
dilution. The number of viable cells was obtained by
counting the cells of four 1 x 1 mm? squares of a hemo-
cytometer and averaging. The total cell number of viable
(unstained) cells was calculated directly as mean values of
viable cells. Cell counting results were obtained from three
independent samples and presented as average.

2.5 Chondrogenic differentiation in 2D-monolayer
and 3D-spheroid cultures

To obtain a chondrogenic differentiation in 2D culture, the
MSCs and the chondrocytes were plated at density of
5 x 10* cells/well in 24-well plates in 2 mL chondrogenic
differentiation medium, consisting of chondrocyte growth
medium supplemented with 1% insulin-transferrin-sele-
nium (PAA Laboratories, Inc.), 37.5 mg/mL ascorbic acid,
100 nM dexamethasone, and 10 ng/mL transforming
growth factor-B1 (PeproTech), and incubated for 14 days,
respectively. The medium was refreshed every 2 days.

To observe the chondrogenic potential in 3D culture,
spheroids were formed by polydimethylsiloxane-based
concave micromolds (Prosys® StemFit 3D; Prodizen Inc.,
Seoul, Korea) with 600 pm diameters as described previ-
ously [37]. Briefly, the MSCs and the chondrocytes were
seeded at a density of 2 x 10° cells/mL in the concave
micromolds and subsequently cultured in 5 mL chondro-
genic differentiation medium for 7 days, respectively. The
medium was refreshed every 2 days.

2.6 Quantitative real-time polymerase chain
reaction (qPCR)

Quantitative analysis of the chondrocyte-related genes was
conducted by qPCR as described previously [38]. RNAs

®MSC ®m Chondrocyte
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Fig. 2 Cell proliferation, as assessed by the cell counting at 1, 7, and
14 days after plating. Statistical analysis by student ¢ test showing a
significance at **p < 0.01 (n = 3). (Color figure online)
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were extracted respectively from the 2D culture samples
from day 14 and the 3D culture spheroids from day 7 using
TRIzol reagent (Invitrogen). The first strand cDNA was
synthesized from the total RNA (1 pg) using a SuperScript
first strand synthesis system for real-time PCR (Invitrogen)
according to the manufacturer’s instructions. The reaction
mixture was made up to 50 pL. Real-time PCR was con-
ducted using SYBR GreenER qPCR SuperMix reagents
(Invitrogen). The relative transcript quantities were calcu-
lated using the 272A% method with glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) as the endogenous
reference gene amplified from the samples. The primer
sequences of the genes are summarized in Table 1.
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Fig. 3 qPCR analysis of chondrogenic gene expression at 14 days of
the MSCs and chondrocytes cultured in 2D condition. A SOXO9,
B type II collagen, C aggrecan. Statistical analysis by student ¢ test,
showing a significance at **p < 0.01 (n = 3)
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Fig. 4 A, B Immunofluores
cence images of the MSCs and A
chondrocytes in 2D culture for
14 days. FITC-conjugated type
II collagen (green), DAPI-
stained nuclei of cells (blue).
Scale bar: 140 um.

C Biochemical assay of GAG
production expressed as GAG/
DNA. A significant difference
between groups was noted at
*p < 0.05 (n = 3). (Color
figure online)
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2.7 Immunofluorescence staining

The 2D culture samples from day 14 and the 3D spheroids
from day 7 were used to detect the expression of type II
collagen by immunofluorescence staining. The samples
were fixed with 4% PFA for 10 min, blocked with 1% (w/
v) bovine serum albumin for 30 min to suppress non-
specific staining, and then incubated with a primary anti-
body, anti-type II collagen (1:150 dilution, sc-52658; Santa
Cruz Biotechnology), for 24 h at 4 °C. The specimens
were subsequently incubated with the FITC-conjugated
antibody against mouse IgG (1:100 dilution, 115-095-003;
Jackson Immunoresearch) for 50 min at room temperature.
The nuclei of the cells were counterstained with DAPI for
5 min. The samples were examined with an inverted flu-
orescence microscope equipped with a DP-72 digital
camera (Olympus Co., Tokyo, Japan).

2.8 GAG content assay

The 2D culture samples from day 14 were digested with
300 pg/mL Papain in 20 mM PBS (pH 6.8) at 60 °C for
1 h. After digestion, the sulfated GAG content was mea-
sured by dimethyl methylene blue (DMMB, Cat# 8000,
Astartebio Ltd., USA) using chondroitin sulfate from
bovine trachea (Astartebio Ltd., USA) as described

MSC

Chondrocyte

previously [38]. An absorbance was read at 525 nm using a
spectrophotometer. The DNA content was determined
using the PicoGreen quantitation assay kit (Molecular
Probe) with supplied lambda DNA as previously described
[39]. The fluorescence intensity at 530 nm with excitation
at 485 nm was measured with a multimode microplate
plate reader (Spectra Max M2e, Molecular Devices). GAG
values were normalized to the DNA content.

2.9 Histological analysis of 3D spheroids

For the assessment of GAG production, the 3D spheroids
from day 7 were harvested and fixed with 4% PFA for
10 min, and then stained with Alcian blue (Sigma-Aldrich,
USA) for 30 min. Images were observed under an optical
microscope.

2.10 Statistical analysis

All conditions were done in triplicate and at least three
independent experiments were performed unless otherwise
stated. All data are shown as the mean =+ standard devia-
tion (SD), or otherwise stated in the figure captions. Sta-
tistical comparisons were made using the Student’s ¢ test.
p < 0.05 was considered to be statistically significant, with
* = p <0.05; ** = p < 0.01; **** = p < 0.0001.
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Fig. 5 qPCR analysis of chondrogenic gene expression at 7 days of
the MSCs and chondrocytes cultured in 3D environment. A SOX9,
B type II collagen, C aggrecan. Statistical analysis by student ¢ test,
showing a significance at **p < 0.01, ****p < 0.0001 (n = 3)

3 Results
3.1 Cell morphology and proliferation

Both chondrocytes at passage 12 and MSCs at passage 4
were cultured in the growth medium, and the cell mor-
phologies were observed. At 1 day after plating, the
chondrocytes showed a flattened morphology under a
phase-contrast microscope (Fig. 1A). The chondrocytes
were then cultured over 14 days. Cells proliferated rapidly

@ Springer

and formed almost confluent monolayer by day 7. From
day 7 to day 14, the chondrocytes expanded substantially.
Under a fluorescence microscope, a number of chondro-
cytes were well revealed, with an active cytoskeletal
development (Fig. 1B, C). The morphology of MSCs at
day 1 exhibited mostly a spindle morphology (Fig. 1D).
The cells proliferated actively over the culture of 14 days,
as visualized on a fluorescence image (Fig. 1E, F). Com-
pared to MSCs, chondrocytes appeared to show more
aggregated grow morphology.

The cell proliferation over the culture period of 14 days
was then quantified by a trypan blue exclusion method
(Fig. 2). The results showed that both the chondrocytes and
the MSCs had an active proliferation rate. During the
14-day culture period, expansion of the chondrocytes was
significantly greater than that of MSCs. After 7 days of
culture, the MSCs and chondrocytes showed an expansion
of 6.5-fold and 10.3-fold, respectively. After 14 days of
culture, the expansion was 10.5-fold and 28.7-fold for the
MSCs and chondrocytes, respectively.

3.2 Chondrogenic phenotypes expression
and matrix production in 2D

The expression of chondrocyte-related genes, SOX9, type
II collagen and aggrecan, was firstly assessed in 2D con-
dition at day 14 by gqPCR. The expression of genes
demonstrated that the chondrocytes showed significantly
higher expression of SOX9, type II collagen, and aggrecan
than the MSCs, by a significant difference of 6.1-fold,
12.6-fold, and 4.7-fold, respectively (Fig. 3).

Next, the production of cartilage matrix molecules was
analyzed. The immunofluorescence staining of type II
collagen was conducted, because it is the basis for hyaline
cartilage, and a well-documented marker of articular car-
tilage. The results showed that the chondrocytes have more
intense green fluorescence signal with respect to the MSCs
(Fig. 4A, B), suggesting that the chondrocytes might secret
more cartilage extracellular matrix. The GAG production
was also measured (Fig. 4C). The results showed that the
production of GAG was significantly higher in the chon-
drocytes than in the MSCs.

3.3 Chondrogenic phenotypes expression
and matrix production in 3D

Similar to the previous analysis, the expression of chon-
drocyte-related genes was analyzed in 3D spheroids at day
7 by qPCR. Figure 5 showed that the chondrocytes have
significantly greater expression of SOX9, type II collagen,
and aggrecan than the MSCs, by a significant difference of
10.3-fold, 25.6-fold, and 48.6-fold, respectively. Mean-
while, the production of cartilage matrix was examined by
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Fig. 6 Histological analysis for
the production of cartilage
matrix in 3D condition.
Immunofluorescence staining of
A MSCs and B chondrocytes for
type II collagen. FITC-
conjugated type II collagen
(green), DAPI-stained nuclei of
cells (blue). Alcian blue staining
of C MSCs and D chondrocytes
for GAG production. Scale bar:
140 pm, (A, B); 50 um (C, D).
(Color figure online)

A

the immunofluorescence staining of type II collagen and
Alcian blue staining of GAG content.

As shown in Fig. 6, the green fluorescence signals were
found to be more robust in chondrocytes than in MSCs.
The production of GAG was observed to be more positive
for Alcian blue staining in chondrocytes than in MSCs.

4 Discussion

Cell therapy for cartilage regeneration needs a large
number of progenitors with chondrogenic potential. While
chondrocytes are one of the major cell sources for this
purpose, the dedifferentiation behaviors under 2D expan-
sions are considered to limit the potential uses of chon-
drocytes. Therefore, substantial effort has been made to
overcome the dedifferentiation of chondrocytes, which
includes three-dimensional culture systems, like embed-
ding chondrocytes in natural polymer gels [14, 40-42] or in
synthetic polymer gels [43], and high-density cultures to
form spheroid more extensively [44—46]. Those culture
environments could favor the maintenance of the chon-
drocyte phenotypes and support the redifferentiation of the
dedifferentiated characteristics.

On the other hand, as an additional cell source for car-
tilage repair, the MSCs, either derived from bone marrow
or adipose tissues, have recently been considered to be a
more potential cell source than the chondrocytes. However,

the hypertrophy of chondrogenic MSCs could often lead to
an ossification of the repaired tissue [47-50], often raising
a concern on the extensive clinical applications of MSCs
for the cartilage repair.

Here we examined the proliferative and chondrogenic
potential of dedifferentiated chondrocytes, to provide use-
ful information for future cartilage repair. The cell prolif-
eration data demonstrated that the chondrocytes have
excellent expansion capacity (even higher than the MSCs),
suggesting the excellent potential for cell therapy. From
literatures, human chondrocytes cultured on 2D dishes
were shown to have a high proliferative capacity through
optimizing the culture and cryopreservation conditions of
cells [14, 51-53]. To enable successful cell therapy, a
prerequisite is the large population of cells; thus, the cel-
lular capacity to expand rapidly is considered an important
asset of cell sources to be clinically available.

However, the dedifferentiated chondrocytes following
about five monolayer passages were shown to fail to pro-
duce cartilage matrix and lose their phenotypes [30, 31].
Even so, when the dedifferentiated chondrocytes were re-
cultured in 3D environments such as a gel [8, 16], a pellet
[54], or a 3D scaffold [55], they were shown to regain
sufficient chondrogenic potential, suggesting the dediffer-
entiated characteristics of chondrocytes could be overcome
and thus the cell source might be used with a clinical rel-
evance. All these culture systems are based on high-density
cell cultures preventing the cells from adhesion and
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therefore creating a suitable environment for mimicking
embryonic cartilage development [56].

Although this study was conducted limitedly in terms of
using one-passage cells and in vitro assays, the results
showed the chondrocytes at a passage of 12 expressed
substantial levels of chondrogenic genes (SOX9, type II
collagen, and aggrecan) and matrix molecules (type II
collagen protein and GAGs), even higher than the MSCs.
In fact, from clinical reports, patients younger than
45 years of age have shown significantly better improve-
ments than those older than 45 years in the repair of
articular cartilage when autologous chondrocytes were
used rather than the MSCs [57].

In conclusion, this study demonstrates that the prolif-
eration and chondrogenic potential of the dedifferentiated
rat chondrocytes was higher than that of bone marrow
MSCs over the culture period of 14 days, from a set of
comparison experiments, and the potential was more
obvious in 3D-culture conditions. It is thus considered that
the chondrocytes might be a more suitable source for the
cell-based cartilage repair, as a counterpart of the MSCs.
However, more in-depth in vitro and in vivo studies are still
needed to confirm the potential of dedifferentiated chon-
drocytes in comparison to the MSCs. For example, detailed
characterization of the passage-dependent dedifferentiation
of chondrocytes, the mechanistic study of their rediffer-
entiation under specified conditions (like 3D gels and high
density cultures), and the use of human cells with in vivo
findings, will help extending the clinical usefulness of
chondrocytes as an alternative cell source of MSCs.
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