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Abstract
Objective: Chondrocytes inevitably decrease pro-
duction of cartilaginous matrices during long-term
cultures with repeated passaging; this is termed
dedifferentiation. To learn more concerning preven-
tion of dedifferentiation, we have focused here on
the fibroblast growth factor (FGF) family that influ-
ences chondrocyte proliferation or differentiation.
Materials and methods: We have compared gene
expression between differentiated cells in passage 3
(P3) and dedifferentiated ones in P8 of human cul-
tured chondrocytes. We also performed ligand
administration of the responsive factor or its gene
silencing, using small interfering RNA (siRNA).
Results: FGFs 1, 5, 10, 13 and 18 were higher at P8
compared to P3, while FGFs 9 and 14 were lower.
Especially, FGF18 showed a 10-fold increase by P8.
Ligand administration of FGF18 in the P3 cells, or its
gene silencing using siRNA in the P8 cells, revealed
dose-dependent increase and decrease respectively in
type II collagen ⁄ type I collagen ratio. Exogenous
FGF18 also upregulated expression of transforming
growth factor beta (TGF-b), the anabolic factor of
chondrocytes, in P3 chondrocytes, but P8 cells main-
tained a low level of TGF-b expression, suggesting a
decrease in responsiveness of TGF-b to FGF18 stim-
ulation in the dedifferentiated chondrocytes.
Conclusion: FGF18 seems to play a role in mainte-
nance of chondrocyte properties, although its

expression was rather high in dedifferentiated chon-
drocytes. Upregulation of FGF18 in dedifferentiated
chondrocytes implied that it may be a marker of
dedifferentiation.

Introduction

Regenerative medicine using tissue engineering tech-
niques aims to replace or support functions of defective or
injured body parts using cells cultured in the laboratory.
While researchers of various fields have focused on their
interest in regenerative medicine ⁄ tissue engineering, carti-
lage regenerative medicine has also progressed well. It is
already available for clinical use with full-thickness articu-
lar cartilage defects and repair of craniofacial or nose
deformity, using the procedure with autologous chondro-
cyte implantation (ACI). Both articular and the auricular
cartilage have been cell sources of chondrocytes used for
these treatments (1–3). ACI involves three procedures,
harvesting of a small amount of cartilage for biopsy,
in vitro proliferation of isolated chondrocytes and subse-
quent transplantation of cultured chondrocytes into
lesions. This kind of treatment reduces the number of
invasive events for patients and has good functional
biocompatibility, over long time periods in vivo.

During the ACI procedure, chondrocytes isolated from
a patient’s cartilage need to be expanded in long-term cul-
ture with repeated passaging to obtain sufficient cell num-
bers to develop a tissue-engineered prosthesis of a suitable
size. However, chondrocytes isolated from native cartilage
rapidly lose their chondrocytic properties during prolifera-
tion in culture (4). Such chondrocytes, morphologically,
are rounded in shape and are embedded in type II collagen
(COL2) ⁄proteoglcan-based cartilaginous matrix. Once
these chondrocytes are transferred to form a monolayer
in culture, the typical round morphology changes to
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fibroblast-like spindle shape, and cartilaginous protein
synthesis decreases, a phenomenon which is termed dedif-
ferentiation (4). Identifying a method to overcome dedif-
ferentiation of cultured chondrocytes remains a significant
hurdle in cartilage regenerative medicine, but little infor-
mation on molecular mechanisms involved in chondrocyte
dedifferentiation or its specific markers has yet been accu-
mulated.

One of the candidate molecules which participates in
chondrocyte dedifferentiation may belong to the fibroblast
growth factor (FGF) family. The FGF family consists of
23 growth factors, many of which regulate chondrocyte
proliferation and differentiation (5). Among the 23 FGFs
identified so far, FGFs1, 2 and 18 seem to have significant
involvement in cartilage development and regeneration
(6). FGF1 (acidic) and FGF2 (basic) were originally iso-
lated from brains and pituitary glands of freshly slaugh-
tered cows and were found to promote the proliferation of
cultured fibroblasts (7). Both factors stimulate prolifera-
tion of a wide variety of cells, including chondrocytes or
other mesenchymal cell lineages and play important roles
in angiogenesis and wound healing (8–10). Especially,
FGF2 is highly expressed in chondrocytes and is also
stored in the extracellular matrix of articular cartilage,
suggesting that it has regulatory roles in cartilage matrix
homeostasis and functions (11). FGF18 can stimulate
repair of damaged cartilage; an intra-articular injection of
FGF18 induces a dose-dependent increase in cartilage
hypertrophy and overgrowth (12). Addition of FGF18 to
cultured human articular chondrocytes also enhanced pro-
liferation and matrix production, suggesting that it also
appears to regulate cell proliferation and differentiation in
chondrogenesis as well (13,14). Regarding FGF receptors,
there are four members of the FGF receptor tyrosine kin-
ases (FGFR1, FGFR2, FGFR3 and FGFrl1). Among
them, FGFRs 1, 2 and 3 clearly contribute to development
of the skeleton (15). Significance of the FGF signalling
pathway became apparent after finding that several human
skeletal dysplasias, including achondroplasia, occur as a
result of specific mutations in FGFRs 1, 2 and 3 (5,16).
Thus, it is possible that the FGF family and its signalling
are associated with chondrocyte dedifferentiation.

Thus, ligands of the FGF family are potent mitogens
and have been used practically as additive components in
culture media for various kinds of human cells, such as
endothelial cells (FGF1), embryonic stem cell and chon-
drocytes (FGF2), or keratinocytes (FGF7) (17–22). If the
relationship of the FGF family with chondrocyte dediffer-
entiation is clearly understood, this information would
directly provide improvement in culture systems for chon-
drocytes, as well as innovation in cartilage tissue engi-
neering. To elucidate roles of the FGF family in
chondrocyte dedifferentiation and to obtain useful infor-

mation for the procedure of ACI, we have evaluated gene
expression of the FGF family, in cultured human auricular
chondrocytes, which are one of the major cell types in
used in ACI. We have exhaustively examined changes in
gene expression using microarray analysis relative to
increase in passage number, and we have investigated the
functions of responsive genes.

For comparison of the passages, we used our cells at
P3 and P8. Ability to produce cartilage matrices is barely
maintained in the primary chondrocyte culture, and rap-
idly decreases in repeated cell passaging. If possible,
chondrocytes from primary cultures should be used for
cartilage regenerative medicine. However, the volume of
cartilage which can be biopsied from the patient for initial
chondrocyte isolation is approximately 300–500 mg in
practice, and hundreds of thousands of chondrocytes on
average are harvested from the biopsied cartilage (23).
According to our previous findings (24), 108 cells are
needed for regenerating cartilage to 1 ml, the volume
which we regard as optimal for the clinical use in cartilage
regenerative medicine. This implies that cell replication
with approximately a 1000-fold increase, corresponding
to P3, should be achieved in the expansion culture. Thus,
we have established a method to judge whether chondro-
cytes in P3 have exerted suitable proliferation, or else
might have unexpectedly contained cells that profusely
multiplied as do P8 cells (108-fold increase). Our previous
report (24) showed that quality of cartilage regeneration in
tissue-engineered constructs using human chondrocytes of
P3 (103-fold increase) was acceptable, disclosing suffi-
cient accumulation of cartilage matrices, although it
became worse thereafter.

Materials and methods

Cell isolation and culture

Remnant auricular cartilage was obtained, with informed
consent, from 10 patients who underwent microtia surgery
at the University of Tokyo Hospital. Isolated cartilage was
chopped into 1 mm3 pieces and digested with 0.15% col-
lagenase (Wako Pure Chemical Industries, Osaka, Japan)
then incubated in Dulbecco’s modified Eagle’s medium
(DMEM; Sigma Chemical Co. St. Louis, MO, USA) con-
taining penicillin and streptomycin at 37 �C, for 24 h;
20 ml of the 0.15% collagenase solution was added to
0.3 g of the chopped cartilage. The digested suspension
was filtered using a sterile 100 lm nylon cell strainer (BD
Falcon, Bedford, MA, USA) and centrifuged at 430 g for
5 min. The resulting pellet of cells was washed twice in
DMEM containing the antibiotics and then resuspended in
the medium. The number of cells was calculated using a
haemocytometer and their viability was determined using
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the trypan blue vital dye exclusion technique. Isolated
chondrocytes were seeded into a 100 mm plastic tissue
culture dish containing bullet kit chondrocyte growth
medium (CGM; Cambrex Bioscience Walkersville, Inc.,
Walkersville, MD, USA) at a density of 2500 cells ⁄ cm2

and was incubated at 37 �C with 5% carbon dioxide
(CO2) incubator. The CGM contained 5% foetal bovine
serum (FBS) with an undisclosed concentration of FGF2,
insulin-like growth factor 1 (IGF-I) and insulin. We chan-
ged all volumes of medium in culture dishes three times a
week. After approximately 1 week, when cell density had
reached 4–6x104 cells ⁄ cm2, cells were detached using
0.25% trypsin ⁄1.0 mM EDTA (Sigma Chemical Co.) and
re-plated at 2500 cells ⁄ cm2. Passages were performed
until P8. Cells were then cryopreserved using CELLBAN-
KER (DIA-IATRON, Tokyo, Japan) according to the
manufacturer’s instructions at )80 �C, until used.

Total RNA extraction and conventional RT-PCR

The total RNA was extracted from the chondrocyte using
the Isogen� solution (Nippon gene, Tokyo, Japan),
according to the manufacturer’s specifications, and stored
frozen at )80 �C until needed. One microgram of the
extracted total RNA in a 20-ll volume of each sample
was reverse transcripted to obtain cDNA using the Super-
script II reverse transcriptase kit (Invitrogen, Carlsbad,
CA, USA). Conventional PCR amplification was per-
formed using a TaKaRa Ex Taq (Takara Shuzo, Shiga,
Japan) according to the manufacturer’s instructions. The
primers used for the PCR are shown in Table 1. The PCR
was carried out using a PROGRAM TEMP CONTROL
SYSYTEM Models PC320 (ASTEC, Fukuoka, Japan)
with pre-heating at 94 �C for 2 min followed by 35 cycles
at 94 �C for 30 s, 60 �C for 30 s and 72 �C for 60 s. The
PCR products were run on 1.5% agarose gels with a GAP-
DH control. The gels were imaged using a BioDoc-It Sys-
tem (UVP, Upland, CA, USA).

Real time RT-PCR

For real time RT-PCR, ABI Prism Sequence Detection
System 7700 was used. Aliquots of 1-ll cDNA template
were amplified using a QuantiTect SYBER Green PCR
Kit (Qiagen, Osaka, Japan) under the following condi-
tions: initial denaturation for 10 min at 94 �C followed by
40 cycles consisting of 15 s at 94 �C and 1 min at 60 �C.
Data on gene expression using real time RT-PCR con-
sisted of a relative ratio, which was based on comparison
of the copy units of the target gene mRNA in each total
RNA. Copy units were calculated by threshold cycles at
which increase in reporter fluorescence above baseline
signal could be detected, with reference to a standard
curve of three aliquots from one sample, and were divided
(normalized) by the copy unit of GAPDH as internal con-
trol (25). To provide a standard curve, all positive control
cDNAs, which determine gene expression, were synthe-
sized according to the following method by Alaina et al.
(26). Positive-control cDNAs were obtained using con-
ventional RT-PCR. cDNA controls were cloned into pCR
2.1-TOPO Vector (Invitrogen); plasmid DNAs were puri-
fied using standard routine laboratory procedures. To con-
struct standard curves, serial 10-fold dilutions of each
plasmid containing 1 000 000 to 1000 copies were used
as the starting template in real time PCR reactions. To be
able to calculate relative ratio in a procedure with several
groups, it is essential to first define the normalized copy
unit of a certain group as the baseline (1.0), and divide
those of other groups by value of the baseline.

Microarray gene expression profiling

Five micrograms of total RNA from chondrocyte culture
in P3 and P8 were used to direct first-strand cDNA synthe-
sis, using T7-oligo(dT)24 primer and PowerScript reverse
transcriptase (Clontech, Palo Alto, CA, USA). After
second-strand synthesis and clean-up with Qiaquick spin

Table 1. PCR primers sequence

Transcript
name

Primer sequence (5¢-3¢)
Product
size (bp)Sense Antisense

COL1A1 GTGCTAAAGGTGCCAATGGT CTCCTCGCTTTCCTTCCTCT 228
COL2A1 GAGTCAAGGGTGATCGTGGT CACCTTGGTCTCCAGAAGGA 300
FGF18 CCTGCACTTGCCTGTGTTTA GGATGTGTTTCCCACTGGTC 180
FGFR1 TACCACCGACAAAGAGATGG CTGGCTGTGGAAGTCACTCT 287
FGFR2 TGGAGCGATCGCCTCACCG CTTCCAGGCGCTGGCAGAACTGT 352
FGFR3 AGTGGAGCCTGGTCATGGAA GGATGCTGCCAAACTTGTTCTC 83
FGFrl1 CGGCTCCTACCTCAATAAGC AACGAGGGAAGGTCCTTGT 359
TGF-b1 AAGTGGACATCAACGGGTTC GTCCTTGCGGAAGTCAATGT 218
GAPDH GAAGGTGAAGGTCGGAGTCA GAAGATGGTGATGGGATTTC 226

GAPDH was used as the housekeeping gene.
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column (Qiagen), the double-stranded cDNA was used in
MEGAscript T7 RNA polymerase in vitro transcription
reaction (Ambion, Austin, TX, USA), containing biotin-
labelled ribonucleotides, CTP and UTP. Resulting labelled
cRNAs were hybridized overnight in Affymetrix Gene-
Chip Human Genome U133 Plus 2.0 arrays (Affymetrix,
Santa Clara, CA, USA), washed and scanned according to
the manufacturer’s instructions, using a GeneChip Scan-
ner 3000 and GeneChip Operating Software (GCOS;
Affymetrix).

FGF18 administration for functional analyses

Chondrocytes were cultured in a 100-mm plastic tissue
culture dish at a density of 2500 cells ⁄ cm2 with DMEM
containing 10% FBS (Thermo Fisher Scientific, Kanaga-
wa, Japan) supplemented with or without recombinant
human FGF18 (Wako Pure Chemical Industries) at each
final concentration; 1 · 10)8, 1 · 10)9 and 1 · 10)10

M.
After 7 days, total RNAwas isolated from the cell culture
plates, using Isogen� solution.

RNA interference

The small interfering RNAs (siRNAs) of FGF18 (Silen-
cer� Pre-designed siRNA, siRNA ID#: #1 for 13979, #2
for 137291) and negative control siRNA, which consisted
of a 19-bp scrambled sequence with 3-dT overhangs
(Silencer � Negative Control #1 siRNA for 4611), were
purchased from Ambion, Inc. Sequences of siRNAs are
described in Table 2.

Transfection of siRNA was performed into chondro-
cytes in P8 in 12-well plates. The cells were transferred on
to a 12-well cell culture plate at 21 000 cells ⁄ cm2 and cul-
tured in DMEM supplemented with 10% FBS on the day
before transfection. Transfections of siRNA were carried
out using FuGENE6 Transfection Reagent (Roche Diag-
nostics, Mannheim, Germany) according to the manufac-
turer’s instructions. FuGENE6 reagent (3 ll) was
incubated in 97 ll of DMEM at room temperature. After
5 min, FGF18 siRNA (#1 and #2) and negative control
siRNA were added at concentration of 100 nM and incu-
bated for 15 min at room temperature. FuGENE6-siRNA
mixture (100 ll) was then added to the cells and incubated

at 37 �C. After 72 h, total RNA was isolated from the
12-well cell culture plates using Isogen� solution.

Transfection rate of siRNA is crucial for its successful
function as an inducer of the RNA interference process.
We used Cy3-labelled siRNA to visualize transfection
kinetics of siRNA. Cy3-labelled negative control for siR-
NA (Silencer� Cy3-labelled Negative Control #1 siRNA
for AM4621) was purchased from Ambion, Inc. Cy3-
labelled siRNA was transfected into chondrocytes using
FuGENE6, as described above. For control experiments,
Cy3-labelled siRNA was transfected without FuGENE6.
At 24 hr post-treatment, Cy3 signals of siRNAs in living
cells were monitored, using Leica confocal microscopy
system TSC-SL (Leica, Wetzlar, Germany). Transfection
rate was determined in chondrocytes 24 h after transfec-
tion, by counting the number of cells with Cy3-siRNA
signal and total number of cells per microscope field, and
calculating percentage of Cy3-positive cells relative to
total cells. This process was repeated six times.

Statistical analysis

All data are expressed as mean ± SD. After homogeneity
of the data (homoscedasticity) was verified using Bartlett’s
test, means of the groups were compared by analysis of
variance. Significance of differences was determined
using post hoc testing using Bonferroni’s method. P-value
of less than 0.05 was considered significant.

Results

Expression profile of FGF family genes in chondrocytes
cultured to passage 3 and to passage 8

Human auricular chondrocytes rapidly lose their morpho-
logical phenotype when the cells are cultured in a mono-
layer. Significant increase in type I collagen aI chain
(COL1A1) expression and downregulation of type II col-
lagen aI chain (COL2A1) were found with in progression
of passaging (Fig. 1). We examined expression patterns of
23 genes, known as the FGF family, in the human auricu-
lar chondrocytes of P3 and P8. When we compared
expression intensity of the FGF family genes in chondro-
cytes originating from two donors, using microarray anal-

Table 2. siRNA primers sequence

Transcript
name

Primer sequence (5¢-3¢)

Sense Antisense

FGF18 #1 GGUUCUGGAGAACAACUACtt GUAGUUGUUCUCCAGAACCtt
FGF18 #2 CGCAAAGGGACUGUAGUCAtt UGACUACAGUCCCUUUGCGtg
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ysis, upregulation of FGFs 1, 5, 10, 13, and 18 was repeat-
edly observed in P8, compared to those of P3, although
expression of FGFs 9 and 14 decreased (Fig. 2). Specially,
gene expression of FGF18 showed more than a 10-fold
increase in P8 chondrocytes, compared to those of P3
(Fig. 2). We confirmed that this FGF18 upregulation as a
result of increase in passages was reproducible in six of
eight donors, using real time RT-PCR (Fig. 3). Normal-

ized copy units of FGF18 in P3 chondrocytes ranged
between 0.0003 and 0.005, while many of those in P8
exceeded 0.005 and in some extreme cases were more
than 0.01 (Fig. 3).

Administration of FGF18 ligands to chondrocytes and
inhibition of FGF18 expression using siRNA

To elucidate effects of FGF18 on our cultured human
chondrocytes, we administered FGF18 ligands to P3 cells.
According to increase in doses of FGF18 ligands, expres-
sion level of COL1A1 gene, significantly decreased
(Fig. 4, COL1A1). Although COL2A1 expression was
also downregulated by stimulation of FGF18 ligands, dose
dependency was not obvious and the COL2A1 ⁄COL1A1
expression ratio increased, depending on doses of the
FGF18 ligands (Fig. 4).

Next, we inhibited expression level of FGF18 gene
using siRNA in P8 chondrocytes. Transfection rate was
calculated by quantification of percentage of Cy3-labelled
siRNA positive cells relative to total cells, revealing the
result of 77.4 ± 3.7% (Fig. 5a).

Two kinds of siRNA construct (#1 and #2 in Fig. 5b)
effectively suppressed expression of FGF18. Although
expression of COL1A1 tended to increase in parallel with
the FGF18 expression levels, COL2A1 expression
decreased in contrast, resulting in decreased COL2A1 ⁄
COL1A1 expression ratio, which was not different from
the results of FGF18 administration (Fig. 4).

Molecular mechanisms of effects of FGF18 on
chondrocytes

Although we measured expression level of FGF receptors,
including FGFR1, FGFR2, FGFR3 and FGFrl1, no signif-
icant difference was observed between those at P3 or P8

(a)

(b)

Figure 1. Gene expression of COL1A1, COL2A1 and the COL2A1 ⁄
COL1A1 expression ratio in chondrocytes cultured to passages 3 (P3)
and P8. (a) Agarose gels after migration of PCR amplification products
from P3 chondrocytes (left) and P8 ones (right). GAPDH was used as
internal positive control. (b) Gene expression of chondrocytes cultured to
P3 and P8 were examined using real time RT-PCR. COL1A1 expression
in the P8 chondrocytes showed approximately 7-fold increase compared
to that in P3 cells, while COL2A1 expression in P8 cells diminished to
nearly two-thirds of P3. Consequently, the COL2A1 ⁄COL1A1 expression
ratio in P8 cells was ten times less than that in P3 cells. **P < 0.01
versus P3.

Figure 2. Expression profile of FGF family genes in chondrocytes
cultured in passage 3 (P3) and P8, by microarray analysis. Gene
expression in chondrocytes originating from two donors (samples #1 and
#2) duplicated and showed downregulation of FGFs 1, 5, 10, 13, and 18,
and upregulation of FGFs 9 and 14. Results from microarray analysis
were expressed as log-transformed fold changes in P3 and P8 cells.

Figure 3. Gene expression of FGF18 in cultured chondrocytes orig-
inating from eight donors (Samples #3–10). Normalized copy units of
FGF18 in the chondrocyte culture in passage 8 (P8) were compared to
those in P3 cells, using real time RT-PCR, showing that 6 out of 8 sam-
ples significantly increased in FGF18 expression. **P < 0.01 versus P3.
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chondrocytes (Fig. 6). On the other hand, in cultured
chondrocytes, administration of exogenous FGF18
increased gene expression level of transforming growth
factor beta 1 (TGF-b1), which is one of the candidate fac-
tors to mutually cooperate with FGF18, and controls
chondrocyte differentiation in a physiological situation
(27) (Fig. 7). However, when we compared expression
level of TGF-b1 in cultured chondrocytes at early and late
passages (P3 and P8), chondrocytes of the late passages
(P8) that were in the state of dedifferentiation showed a
significant decrease in TGF-b1, in spite of upregulation of
FGF18 expression (Figs 3 and 7), showing some discrep-
ancy in the responses of TGF-b to increase of FGF18 in

progression of passages and exogenous administration
(Fig. 7) (28).

Discussion

As the exact mechanism of chondrocyte dedifferentiation
has up to now been poorly understood, definition of
gene expression markers would be a breakthrough lead-
ing to elucidation of mechanisms. However, in spite of
several recent studies that have compared gene expres-
sion patterns between differentiated chondrocytes and
dedifferentiated ones (29–32), these findings could not

Figure 4. Gene expressions of COL1A1, COL2A1 and COL2A1 ⁄
COL1A1 expression ratio in chondrocytes cultured to passage 3 with
administration of FGF18 ligand to the culture medium. Gene expres-
sion was evaluated using real time RT-PCR. COL1A1 expression signifi-
cantly diminished due to doses of FGF18, while decrease in COL2A1
expression was significant, but partial. Consequently, COL2A1 ⁄COL1A1
expression ratio increased with doses of FGF18. *P < 0.05, **P < 0.01
versus control.

(a)

(b)

Figure 5. Gene expression of COL1A1, COL2A1 and COL2A1 ⁄
COL1A1 expression ratio in chondrocytes cultured to passage 8, with
expression level of FGF18 gene suppressed using siRNA. (a)
Cy3-labelled negative control of siRNA (Cy3-siRNA) was transfected
well into chondrocytes at passage 8. Untransfected cells (Untransfected)
at the same density and magnification were the control in this experiment.
Left: fluorescence image, Right: phase contrast image. Bar = 100 lm. (b)
Two siRNA constructs (#1 and #2) effectively suppressed expression of
FGF18, compared to negative control of siRNA (cont). Gene expressions
were evaluated using real time RT-PCR. COL1A1 expression increased
parallel to FGF18 expression levels, although COL2A1 expression dimin-
ished in contrast. Consequently, COL2A1 ⁄COL1A1 expression ratio
decreased according to FGF18 expression level. **P < 0.01 versus
control.
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converge into any common conclusions as different
combinations were applied in the comparisons and
hardly had any similar results except for significant
downregulation of a typical cartilage matrix gene, for
example, COL2A1 or aggrecan in dedifferentiated
chondrocytes (29–32).

Compared to the number of downregulated genes in
chondrocyte dedifferentiation, that of upregulated ones

were fewer, but have been reported to include growth fac-
tor ⁄ cytokine-related genes, IGF binding protein 3, IL-1b,
TNF-a receptor 1, and others, such as cyclinD1, prothym-
osin alpha, TWIST, cadherin 11, fibronectin, link protein
and TIMP-2 ⁄3 (33). Considering the clinical practice of
autologous chondrocyte implantation, a method that can
remove an exceptional case in which dedifferentiated
chondrocytes excessively increase could be established.
As we must determine increase in dedifferentiated chon-
drocytes that would usually consist of a minority in an
entire population, increase in gene expression of a marker
for minority cases rather than decrease in the majority
may be significantly detectable by using RT-PCR. Thus,
we focused on upregulated genes in dedifferentiated chon-
drocytes.

As a result, we found that FGF18 was significantly up-
regulated in chondrocyte dedifferentiation. FGF18 plays
pivotal roles in bone and cartilage cell differentiation
(14,34); it is expressed in joints of developing endochon-
dral bones (14,34–36). In the present study, we adminis-
tered ligands of FGF18 or siRNA to cultured
chondrocytes to confirm the effect of FGF18. FGF18 has
been regarded as a potent factor that can maintain differ-
entiation properties in chondrocytes in monolayer culture,
that has various effects on inhibition of progression of
chondrocyte dedifferentiation (Figs 3 and 4). However, in
a long-term culture with repeated passaging, by real time
RT-PCR, we found that chondrocytes increasingly
expressed FGF18 in six out of eight samples (Fig. 3).

To explain the reason why chondrocytes cultured with
repeated passaging lose their chondrocyte properties, in
spite of upregulation of the FGF18 expression, we con-
sidered two possibilities: (i) downregulation of FGF
receptors, which cancels the effects of FGF18 overex-
pression and (ii) participation of a third factor that func-
tions downstream of FGF18 for control of chondrocyte
phenotype. The first possibility was speculated from
well-known findings that ligands of the FGF family exert
their function under control, with expression of their
receptors, in skeletal cell growth and differentiation (37).
To evaluate this, we examined expression of FGF recep-
tors in the chondrocytes cultured to P3 and P8. As a
result, neither FGF receptors including FGFR1, FGFR2,
FGFR3 nor FGFrl1 (38,39) showed significant expres-
sional changes (Fig. 5), which negatively supports sup-
pression of FGF18 signalling by downregulation of FGF
receptors.

Regarding participation of a third factor, the typical
inhibitor of BMP signalling, noggin, had been regarded as
a candidate for downstream molecules of FGF18 (40).
Therefore, we postulated that noggin would also function
as a factor for maintenance of chondrocyte differentiation
and we attempted to detect changes in noggin expression

Figure 6. Gene expressionsof FGFR1, FGFR2, FGFR3 and FGFrl1
in chondrocytes cultured to passage 3 (P3) and P8. No significant
differences in gene expressions were found using real time RT-PCR.

Figure 7. Gene expression of TGF-b1 in chondrocytes cultured to
passage (P3) and P8, and in which FGF18 ligands were administered
to the culture medium in P4. Gene expressions were shown to be evalu-
ated using real time RT-PCR. TGF-b1 expression in chondrocytes at P8
significantly diminished when compared to those of P3. In contrast, it
significantly increased as a result of doses of FGF18 in P4. **P < 0.01
versus P4 without FGF18 administration, *P < 0.05 versus P3.
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in dedifferentiation. However, no significant upregulation
was noted in P8 cells, compared to those in P3 (data not
shown).

Otherwise, growth factors, such as TGF-b1, IGF-I,
and others have been reported to cooperate mutually with
FGFs and control chondrocyte differentiation (27). Espe-
cially, under physiological conditions, FGF18 seemed to
upregulate TGF-b expression that promotes matrix syn-
thesis of chondrocytes (28). TGF-b has been found to reg-
ulate chondrocyte proliferation and hypertrophic
differentiation in murine metatarsal organ cultures (41),
while experiments using the FGF18 inhibitor, poly(4-sty-
renesulfonic acid), showed that effects of TGF-b1 could
potentially be mediated by FGF signalling (27). These
previous findings had suggested that TGF-b may also be
associated with dedifferentiation of cultured chondrocytes,
as downstream molecules of FGF18. Here, expression of
TGF-b1 gene actually increased in cultured chondrocytes
because of the increase in administered doses of FGF18
ligands (Fig. 7). As TGF-b1 could also enhance chondro-
genic differentiation in cultured chondrocytes, TGF-b1
may work as a downstream molecule on maintenance of
the chondrocyte phenotype. However, expression of TGF-
b1 decreased in chondrocytes in P8, which showed a rela-
tively higher expression of FGF18. Responsiveness of
TGF-b to FGF18 stimulation deteriorated in the long-term
cultures, while expression of TGF-b1 was downregulated
even as FGF18 expression was increased. This may be
through mechanisms related to the long-term culture, and
possibly an underlying cause of chondrocyte dedifferenti-
ation.

Regarding mechanisms of FGF18 upregulation in
dedifferentiated chondrocytes, cytoskeletal changes in
chondrocytes may be related to repeated passaging. Dur-
ing long-term culture, chondrocytes begin to form large
actin cables (F-action) within the cells and lose their spe-
cific ability to produce cartilaginous matrices (42). Forma-
tion of large actin fibres is related to cell adhesion and is
promoted by connection with fibronectin and its receptors,
such as integrins (42). Chondrocytes cultured on poly-
(2-hydroxyethylmethacrylate)-coated plastic plates (which
material disturbs cell adhesion, extension and probably
formation of F-actin) can maintain a cartilage-specific
phenotype, whereas phenotype of chondrocytes cultured
on conventional plastic substrates leads to dedifferentia-
tion (43). Otherwise, formation of a multiprotein complex
containing S100A13 and Synaptotagmin (Syt) 1 has been
reported to evoke release of FGF in mouse fibroblast-like
cell strain NIH 3T3 (44). This complex formation was
dependent on F-actin organization (44). Therefore, as seen
in the present study, alterations of cytoskeletons, including
F-actin (which is associated with progression of chondro-
cyte dedifferentiation), may affect secretion of FGF18, a

member of the FGF family, during long-term culture with
repeated passages.

In summary, although FGF18 seemed to play a role in
maintenance of chondrocyte properties, its expression was
much higher in dedifferentiated chondrocytes (P8) than in
P3s. TGF-b, a downstream molecule of FGF18, was
downregulated in cultured chondrocytes at P8, suggesting
presence of complicated networks of growth factors in the
molecular mechanisms of chondrocyte dedifferentiation.
Further study is needed to determine the molecular mech-
anisms of FGF18 upregulation in dedifferentiated chon-
drocytes, but FGF18 expression may be useful in quality
control of culture chondrocytes when used as a marker of
dedifferentiation.

A quantitative method for comparisons of gene
expression level of FGF18 among separate experiments
is needed for quality control of chondrocytes for practi-
cal application of cartilage regenerative medicine. For
that, we have attempted to use normalized copy units
(Fig. 3), with reference to previous reports (25). As a
result, FGF18 upregulation was reproducibly observed
with increase in passages. We noticed that normalized
copy units of FGF18 in P3 chondrocytes ranged between
0.0003 and 0.005, while many of those in P8 exceeded
0.005 and some extreme ones were over 0.01 (Fig. 3). If
we attempt to judge whether the chondrocyte population
at P3 exerted suitable multiplication or unexpectedly
contained cells that profusely multiplied like P8 cells,
the threshold may be approximately 0.01 in normalized
copy unit of FGF18 gene expression by real time
RT-PCR measurement. In the future, we should be able
to establish a more precise method to quantitatively
evaluate FGF18 expression in a chondrocyte culture
which can be used for quality control in cartilage tissue
engineering.
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