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Chondrogenic differentiation of human umbilical
cord blood-derived mesenchymal stem cells by
co-culture with rabbit chondrocytes
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Abstract. The objective of the current study was to investigate
the ability of human umbilical cord blood-derived mesenchymal
stem cells (HUCB-MSCs) to undergo chondrogenic differen-
tiation, by co-culture with rabbit chondrocytes. The aim was to
obtain more seed cells for tissue engineering research and lay
the foundation for the clinical repair of cartilage defects. The
studies were performed using isolated rabbit cartilage cells
and HUCB-MSC:s in vitro, which were co-cultured in a 2:1 or
3:1 ratio with or without insulin-like growth factor-1 (IGF-1).
Following 7 and 14 days in culture, cell morphology was
observed in each group. RNA and protein were extracted to
assess the expression levels of aggrecan (ACAN) and collagen
type II (COL2A) using quantitative polymerase chain reac-
tion (QPCR) and western blotting, respectively. Groups of cells
that were co-cultured exhibited significantly higher expression
levels of ACAN and COL2A mRNA and protein, compared
with the reduced effect of IGF-1 at days 7 and 14 in culture.
The addition of IGF-1 was found to potentiate these effects.
Specifically, at day 7, cells co-cultured at a ratio of 2:1 had
a greater induction of ACAN and COL2A compared with
cells co-cultured at a 3:1 ratio. However, following 14 days
culture, cells co-cultured at a 3:1 ratio with additional IGF-1
exhibited a greater induction of ACAN and COL2A compared
with cells co-cultured at a ratio of 2:1. Human chondrocytes
may be successfully induced by co-culture of HUCB-MSCs
with rabbit chondrocytes, thus providing a theoretical basis to
obtain seed cells with the capacity to differentiate into multiple
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cell types, with low immunogenicity. Notably, these cells may
provide a valuable resource for tissue engineering.

Introduction

Articular cartilage is an integral component of joint surfaces,
however it has limited ability to repair itself and is difficult
to repair once damaged (1). Previous developments in the
bone tissue engineering field have provided hope for clinical
repair of cartilage defects. The primary material used in
tissue engineering is seed cells, which may be isolated and
expanded in culture. Co-culture has been widely used in tissue
engineering in previous years to induce human stem cells to
differentiate into the desired cell type, typically using cells
of animal origin, which secrete the appropriate cytokines (2).
However, determining the optimal ratios of cell types to obtain
specific cells and selecting the best type of human stem cells
has been problematic. In 2005, Broxmeyer (3), first described
that umbilical cord blood is rich in hematopoietic stem cells
and subsequent studies have shown that these cells have the
potential to differentiate into bone and cartilage tissue, similar
to bone marrow mesenchymal stem cells (BMSCs) (4-6). A
subsequent study established that human umbilical cord blood
mesenchymal stem cells (HUCB-MSCs) were more suitable
than BMSCs, as they did not trigger the immune response
caused by the graft-versus-host disease following transplan-
tation (7). Thus, HUCB-MSCs are considered to be of great
value for the research and development of novel therapies (6).
The aim of the current study was to isolate and co-culture
HUCB-MSCs with rabbit chondrocytes in various proportions
and to induce the differentiation of HUCB-MSCs into human
chondrocytes. Notably, this technique provides a new method
for obtaining more suitable seed cells for tissue engineering
purposes and provides a theoretical basis for the clinical treat-
ment of cartilage defects.

Materials and methods

Experimental materials. HUCB-MSCs (OriCell) were
purchased from Biotechnology Co., Ltd. (Cyagen, Guangzhou,
China). Newborn New Zealand white rabbits (1-3 days old)
were provided by the Experimental Animal Center of
Nanjing Medical University. The use of laboratory animals in
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these experiments was in accordance with the guidance and
standards of the Ministry of Science and Technology of the
People's Republic of China (8). Table I provides a detailed list
of the reagents used in these experiments.

Culture and identification of HUCB-MSCs. HUCB-MSCs
were cultured in DMEM (F-12) containing 15% fetal bovine
serum, and 100 U/ml penicillin and streptomycin, respectively.
Culture medium was changed on average every three days,
depending on the rate of cell growth. The third generation of
HUCB-MSCs was used to confirm their identity. The cells
were washed twice with trypsin and analyzed for the expres-
sion of CD29 and CD34 by flow cytometry.

Isolation and culture of rabbit chondrocytes. Newborn New
Zealand white rabbits (1-3 days old) were sacrificed and
cartilage from the limb joints was removed under aseptic
conditions. Cartilage was sliced into 1-3-mm? sections, placed
in sterile tubes, washed three times with PBS and centrifuged
at 80 x g for 3 min. Chondrocytes were isolated by incuba-
tion with 2 g/l trypsin for 30 min, followed by digestion
with 2 g/l type II collagenase for 6-8 h. Digested cartilage
was centrifuged at 80 x g for 3 min and washed twice with
culture medium. Cells were counted and transferred into a
25 ml culture flask containing DMEM, at a seeding density
of 5x10° cells/I. Tsolated cells were cultured in an incubator
at 37°C with 5% CO,. Media was changed every two days.
Isolated chondrocytes and HUCB-MSCs were randomly
assigned to experimental groups for further analysis (Table II).

Analysis of chondrocyte-specific markers. Aggrecan (ACAN)
and collagen type II (COL2A) were used as chondro-
cyte-specific markers. TRIzol was used to extract RNA from
cells at days 7 and 14 of the experiment. [solated RNA was
reserve transcribed into cDNA which was used for quantita-
tive polymerase chain reaction (QJPCR). PCR products (5 ul)
were separated on agarose gels (20 g/l) and visualized with
ethidium bromide under ultraviolet light. Primer sequences
are listed in Table III. Protein was also extracted from cells
at days 7 and 14 of the experiment. Extracts of total cellular
protein were used for western blotting to detect the expres-
sion of ACAN and COL2A and relative expression levels were
assessed by grayscale analysis of digital images.

Statistical analysis. Data are presented as mean * SD.
Differences among groups were assessed with SPSS version
11.0 statistical software (SPSS Inc, Chicago, IL), using an
independent-samples t-test. P<0.05 was considered to indicate
a statistically significant difference.

Results

Identification of HUCB-MSCs. Third generation HUCB-MSCs
were analyzed to confirm their identity (Fig. 1). Expression
of CD29 (95.87%) and CD34 (3.1%) were confirmed by flow
cytometry.

Quantification of chondrocyte-specific marker mRNA.
Expression levels of ACAN and COL2A mRNA were
assessed following 7 days in culture (Fig. 2). Following 7 days,
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Table I. Summary of experimental reagents.

Reagents Company

TIAN script RT kit

RNA simple total-RNA kit
2X Tag PCR Master mix
Fetal bovine serum

Tiangen, Beijing, China
Tiangen, Beijing, China
Tiangen, Beijing, China
Sijiging, Hangzhou, China
DMEM/F12 medium Gibco-BRL, Carlsbad, CA, USA
Aggrecan IgG Abcam, Cambridge, MA, USA
Collagen type II protein IgG Abcam, Cambridge, MA, USA
PVDF Millipore, Billerica, MA, USA

PCR, polymerase chain reaction; PVDF, polyvinylidene fluoride.

Table II. Summary of experimental groups.

Stem cell Chondrocyte

suspension  suspension

Group (5x10°/1) (5x10°/1) IGF-1
A, simple stem cell-

induced 6.0 ml None 100 pg/l
B, 2:1 co-culture 40 ml 20ml None
C, 2:1 co-culture+IGF-1 4.5 ml 1.5 ml 100 ug/l
D, 3:1 co-culture 4.0 ml 20ml None
E, 3:1 co-culture+IGF-1 4.5 ml 1.5 ml 100 pg/l

IGF-1, insulin-like growth factor-1.

co-cultured cells in group D exhibited a slight increase in
the expression levels of ACAN and COL2A mRNA with the
addition of insulin-like growth factor (IGF-1), however, all
other groups exhibited a higher expression level of ACAN and
COL2A mRNA compared with the control group (P<0.05). In
co-cultures of the two cell ratios tested, ACAN and COL2A
mRNA expression increased following the addition of IGF-1
(P<0.05). Under the same culture conditions, the effects in
groups with different ratios of cells were compared. ACAN
and COL2A mRNA expression were observed to be higher
in group B compared with group D (P<0.05) and ACAN and
COL2A mRNA expression were higher in group C compared
with group E (P<0.05).

Expression levels of ACAN and COL2A mRNA were
also assessed following 14 days in culture (Fig. 3). Following
14 days, the groups containing co-cultured cells exhibited
a higher expression level of ACAN and COL2A mRNA
compared with the control group (P<0.05). However, the
expression of ACAN and COL2A only increased slightly in
group B, with no statistically significant difference observed
(P>0.05), indicating that co-culture induced slightly
improved chondrocyte differentiation compared with the
reduced effect of IGF-1. In co-cultures of the two cell ratios,
ACAN and COL2A mRNA expression increased following
the addition of IGF-1 (P<0.05). Under the same culture condi-
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Table III. Oligonucleotide primer sets for reverse transcription-polymerase chain reaction.
Gene Sequence (5'-3") Length, nt Tm, °C Size, bp
Aggrecan-F CACCTACAAACGCAGACTACAGA 23 57.6 167
Aggrecan-R AAAGCGACAAGAAGAGGACACC 22 60.2
COL2A-F CAGCAAGAGCAAGGAGAAG 19 53.1 126
COL2A-R AGGCGTAGGAAGGTCATC 18 51.7
p-actin-F CTTAGTTGCGTTACACCCTTTCTTG 25 62.0 156
pB-actin-R CTGTCACCTTCACCGTTCCAGTTT 24 644
COL2A, collagen type II.
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Figure 1. HUCB-MSCs cell surface markers. Third generation HUCB-MSCs were analyzed to confirm their identity by flow cytometry. Expression of CD29
and CD34 was 95.87 and 3.1%, respectively. HUCB-MSCs, human umbilical cord blood-derived mesenchymal stem cells.

tions, the effects in the groups with different ratios of cells
were compared. COL2A mRNA expression was higher in
group D compared with group B (P<0.05) and ACAN expres-
sion was higher in group B compared with group D, however,
this difference was not statistically significant (P>0.05).
ACAN expression was higher in group B compared with D,
however, this difference was also not statistically significant
(P>0.05). When groups C and E were compared, COL2A
mRNA expression was higher in group E (P<0.05) and
ACAN mRNA expression was higher in group C (P<0.05).
Comparions of days 7 and 14 for groups C and E showed that
ACAN mRNA expression was higher at day 14, similar to the
level observed in group B.

Protein expression levels of chondrocyte-specific markers.
The protein expression levels of ACAN and COL2A were
assessed following 7 days in culture (Fig. 4). Following 7 days,
groups containing co-cultured cells exhibited higher protein
expression levels of ACAN and COL2A compared with
the control group (P<0.05), with the exception of group D,
which indicated that IGF-1 induced improved differentiation
in co-culture compared with IGF-1 alone. In co-cultures of
the two cell ratios, ACAN and COL2A protein expression
increased following the addition of IGF-1 (P<0.05). Under the
same culture conditions, the effects in groups with different
ratios of cells were compared. ACAN and COL2A protein
expression was found to be higher in group B compared

with D (P<0.05) and ACAN and COL2A protein expression
were higher in group C compared with E (P<0.05).

The protein expression levels of ACAN and COL2A were
also assessed following 14 days in culture (Fig. 5). Following
14 days, the groups containing co-cultured cells exhibited
a higher expression level of ACAN and COL2A protein
compared with the control group (P<0.05). In co-cultures
with the two cell ratios tested, ACAN and COL2A protein
expression increased following the addition of IGF-1 (P<0.05).
Under the same culture conditions, the effects in groups
with different ratios of cells were compared. COL2A protein
expression was found to be higher in group D compared
with B (P<0.05) and ACAN expression was higher in group B
compared with D, however, this difference was not statisti-
cally significant (P>0.05). ACAN expression was higher in
group B compared with group D, however, this difference was
not statistically significant (P>0.05). When groups C and E
were compared, COL2A protein expression was observed to
be higher in group E, but this difference was not statistically
significant (P>0.05). However, ACAN protein expression
levels were significantly higher in group E compared with
group C (P<0.05).

Discussion

In previous years, bone tissue engineering has been applied
for the repair of articular cartilage defects in basic and clinical
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Figure 2. Electrophoretogram and gradation analysis chart of ACAN, COL2A and f-actin mRNA expression in human umbilical cord blood-derived mesenchymal
stem cells co-cultured with rabbit chondrocytes at day 7. A) Simple stem cell-induced, B) 2:1 co-culture, C) 2:1 co-culture + insulin-like growth factor-1 (IGF-1),
D) 3:1 co-culture and E) 3:1 co-culture + IGF-1. "P<0.05 indicates significant differences between compared groups.. ACAN, aggrecan; COL2A, collagen type II.
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Figure 3. Electrophoretogram and gradation analysis chart of ACAN, COL2A and f3-actin mRNA expression in human umbilical cord blood-derived mes-
enchymal stem cells co-cultured with rabbit chondrocytes at day 14. A) Simple stem cell-induced, B) 2:1 co-culture, C) 2:1 co-culture + insulin-like growth
factor-1 (IGF-1), D) 3:1 co-culture and E) 3:1 co-culture + IGF-1. "P<0.05. P<0.05 indicates significant differences between compared groups. ACAN, aggrecan,

COL2A, collagen type II.

research and has gained increasingly wider attention from inves-
tigators and clinicians. Studies have shown that co-culturing
chondrocytes with BMSCs and the use of chondrocyte
paracrine secretions, may help to regulate the differentiation
of mesenchymal stem cells into chondrocytes and may signifi-
cantly reduce the requirements of chondrocytes. This has
provided a practical method to solve the insufficient source of
chondrocytes for tissue engineering (2). Results of recent studies
have shown that animal-derived cartilage cells secrete the same
cytokines and induce human stem cells to differentiate into
chondrocytes (7,9). This observation was a major breakthrough
in tissue engineering and allow the possibility of using animal
cells in co-culture with human stem cells to promote chondro-
genic differentiation.

HUCB-MSCs have numerous advantages compared with
BMSCs, including convenient collection, easy separation and
preservation, reduced immunogenicity, the absence of tumor
cell contamination, a lower risk of latent virus and pathogenic
microorganism infection and transmission and less ethical
controversy (10). IGF-1, transforming growth factor-f§ (TGF-f),
bone morphogenetic protein and fibroblast growth factor 2
have all been shown to induce bone and cartilage differentia-
tion in HUCB-MSCs, similar to BMSCs (11-13). The ability of
co-culture of HUCB-MSCs and chondrocytes to obtain large
numbers of chondrocytes has not been reported in previous
literature and the majority of stem cells and chondrocytes
are co-cultured at a ratio of 1:1 or 2:1. As HUCB-MSCs may
be obtained more readily than chondrocytes, inducing more
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Figure 4. Electrophoretogram and gradation analysis chart of ACAN, COL2A and (-actin protein expression in human umbilical cord blood-derived mes-
enchymal stem cells co-cultured with rabbit chondrocytes at day 7. A) Simple stem cell-induced, B) 2:1 co-culture, C) 2:1 co-culture + insulin-like growth
factor-1 (IGF-1), D) 3:1 co-culture and E) 3:1 co-culture + IGF-1. "P<0.05. ACAN, aggrecan, COL2A, collagen type II.
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Figure 5. Electrophoretogram and gradation analysis chart of ACAN, COL2A and f-actin protein expression in human umbilical cord blood-derived mes-
enchymal stem cells co-cultured with rabbit chondrocytes at day 14. A) Simple stem cell-induced, B) 2:1 co-culture, C) 2:1 co-culture + insulin-like growth
factor-1 (IGF-1), D) 3:1 co-culture and E) 3:1 co-culture + IGF-1. "P<0.05. ACAN, aggrecan, COL2A, collagen type II.

chondrogenic differentiation of stem cells with fewer chondro-
cytes is likely to be the focus of future studies. In the current
study, HUCB-MSCs and rabbit chondrocytes were co-cultured
at a ratio of 2:1 and 3:1, in the presence or absence of IGF-1,
to assess the feasibility of using fewer chondrocytes to induce
HUCB-MSC differentiation and thus, provide an improved
source of cells for tissue engineering.

To determine the relative levels of HUCB-MSC differ-
entiation into chondrocytes, the expression of the markers
of chondrocyte differentiation, ACAN and COL2A, were
compared at the protein and mRNA levels. Primers specific to
human transcripts and human-specific antibodies were used to
exclude the possibility of interference from endogenous rabbit
chondrocytes. The results showed that co-culture with rabbit
chondrocytes induced greater differentiation of HUCB-MSCs
into chondrocytes compared with a reduced effect of IGF-1.

This observation was confirmed by higher mRNA and
protein levels of ACAN and COL2A. The addition of IGF-1
to the culture medium increased chondrocyte differentiation.
Although cells co-cultured at a ratio of 2:1 exhibited higher
rates of differentiation compared with cells co-cultured at a
3:1 ratio, the addition of IGF-1 yielded superior results. This
indicates that the addition of cytokines, specifically IGF-1,
induces HUCB-MSC differentiation in the presence of fewer
chondrocytes.

In conclusion, the co-culture of HUCB-MSCs and rabbit
chondrocytes induces the differentiation of HUCB-MSCs into
human chondrocytes. The current study provides evidence of
a principle for a theoretical source of multi-potent stem cells
with low immunogenicity, yielding a rich source of seed cells
for tissue engineering. Although seed cells are an important
consideration in tissue engineering, other factors, including
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the tissue scaffold and micronutrient environment are also
significant. Accordingly, to obtain the desired tissue with the
maximum efficiency, exploration of total culture time (14),
the use of growth factors, including IGF-1 and TGF-f (15),
hierarchical co-culture, conditioned medium and joint specific
scaffolds (16), requires further study.
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