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Abstract: The aim of this study was to investigate the role of the mitogen-activated protein kinase kinase-extracel-
lular signal-regulated kinases 1/2 (MEK-ERK1/2) signaling pathway in chondrocyte differentiation and cartilage
tissue construction in vitro. Chondrocytes were stimulated with rat serum (RS) and fetal bovine serum (FBS), and
chondrocyte phenotypes were investigated microscopically. Chondrocyte proliferation was analyzed using fluores-
cence activated cell sorting (FACS) and the CCK8 method. Protein and mRNA expressions were assessed by western
blot and RT-gPCR. Constructed cartilage tissues were examined by Safranin O-Fast Green FCF staining and immuno-
fluorescence. In contrast to FBS, RS induced rapid dedifferentiation of chondrocytes and decreased type Il collagen
expression and proteoglycan synthesis. ERK1/2 and type | collagen expression increased during dedifferentiation
and decreased during redifferentiation. Increased MEK-ERK1/2 pathway activity resulted in chondrocyte dediffer-
entiation, and inhibition of ERK1/2 by the inhibitor PD0325901 reversed dedifferentiation and led to redifferentia-
tion. These data suggest strongly that inhibition of MEK-ERK1/2 activation prevents chondrocyte dedifferentiation
and fibrocartilage formation.

Keywords: MEK-ERK1/2 pathway, dedifferentiation and redifferentiation, fibrocartilage and hyaline cartilage,
ECM, chondrocytes

Introduction

Cartilage reconstruction is essential to repair
defects in articular joints in the head and the
neck [1]. Mesenchymal stem cells (MSCs) are
used for articular cartilage tissue engineering
despite the existence of some problems, for
example, it is difficult to obtain a high percent-
age of chondrocytes from differentiated MSCs
[2]. Because large human articular cartilage
defects cannot be repaired by the proliferation
of resident chondrocytes, there is an acute clin-
ical need for the generation of native tissues to
serve as autologous grafts. Autologous chon-
drocytes may be an ideal resource for carti-
lage tissue reconstruction because autologous

chondrocytes are easily obtained from enzy-
matic digests of small articular cartilage biop-
sies. But the number of autologous chondro-
cytes that can be obtained is limited and they
must be serially passaged to obtain a suffici-
ent number of cells. During in vitro expansion,
chondrocytes usually lose their phenotype (de-
differentiate) and become fibroblast-like chon-
drocytes that produce fewer glycosaminogly-
cans (GAGs), have decreased type Il collagen
production, and are unable to form articular
cartilage tissue [3]. Additionally, chondrocytes
gradually lose their proliferation capacity during
cell culture. To tissue engineer autologous carti-
lage, the problems that need to be solved are
how to obtain sufficient numbers of chondro-
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cytes, maintain their phenotype, and induce
them to express the required genes.

Upon culture in serum-free media with insulin
like growth factor | (IGF-1) and transforming
growth factor beta-2 (TGFB-2), chondrocytes
showed more type Il collagen expression and
more GAG production than cells expanded in
medium supplemented with 10% serum. How-
ever, chondrocytes expanded in serum-free
medium supplemented with fibroblast growth
factor 2 (FGF2) resulted in fewer cells express-
ing type | collagen and 11-fibrau (a fibroblast
membrane marker) [4, 5]. A reduction in fibro-
blastic cell outgrowths on the surfaces of chon-
drocytes was observed under low serum/ITS
culture conditions, and the formation of fibrous
capsules was observed at high fetal bovine
serum (FBS) concentrations. The amount of fib-
rous tissue on the outer surfaces of chondro-
cytes correlated with the concentration of FBS
in the media [6]. In addition, expression of spe-
cific cartilage extracellular matrix (ECM) mole-
cules and GAG expression were reduced in
chondrocytes cultured in FBS [7]. Moreover, it
has been difficult to maintain the mechanical
properties of explants in serum-supplemented
media [8]. Nevertheless, some studies have
reported that FBS is beneficial to type Il colla-
gen deposition because it inhibits the activity
of collagenases, such as MMP13 [9, 10]. The
effects and underlying mechanisms of sera in
chondrocyte culture remain unknown.

Activation of the mitogen-activated protein
kinase (MAPK) pathway, which includes MEK-
ERK1/2, JNK, and p38 MAPK, has been detect-
ed in chondrocytes [11]. Activated extracellular
signal-regulated kinase (ERK) was detected pri-
marily in hypertrophic chondrocytes and sup-
pression of ERK activation by an MEK inhibitor
caused a delay in maturation of hypertrophic
chondrocytes [12]. Furthermore, inhibition of
MEK signaling influenced chondrocyte hyper-
trophy, reduced matrix turnover, and inhibited
fracture healing [13], and inhibitors of p38
MAPK inhibited MMP13 expression [14]. Inhi-
bition of the p38 MAPK pathway downregulated
chondrogenic gene expression and increased
hypertrophic gene expression in normal chon-
drocytes [15]. In cultured murine cartilage and
human chondrocytes stimulated with [IL-1(,
JNK-2 regulated aggrecan (A-can) degradation
[16, 17].
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Recently, we found that rat serum (RS) induced
chondrocyte metabolism more than FBS, and
the aim of this study was to determine how RS
promoted chondrocyte catabolism. We used a
conventional serum-containing medium (10%
FBS) as a control when investigating the ef-
fects of RS and FBS on chondrocyte cell mor-
phology, gene expression, and cell prolifera-
tion. RS increased catabolism by increasing ex-
pression of matrix metalloproteinases (MMPs)
and a disintegrin and metalloproteinase with
thrombospondin motifs 5 (ADAMTS5) and by
increasing degradation of the ECM, including
type Il collagen and proteoglycans. Fibroblast-
like cells, which were derived from chondro-
cytes cultured in RS, were efficiently redifferen-
tiated into the normal chondrocyte phenotype
upon treatment with an MEK inhibitor. The gene
expression alterations in the RS-treated cells
were also reversed to normal levels by inhibi-
tion of the MEK-ERK1/2 pathway. Further, the
MEK inhibitor inhibited proliferation, which was
promoted by RS. These results suggest that
activation of MEK-ERK1/2 promotes chondro-
cyte metabolism and proliferation.

Materials and methods
Cell and tissue culture

Chondrocytes were isolated from the articular
cartilage of 24-hour-old Sprague-Dawley (SD)
rats and dispersed in 0.1% collagenase type I
(C6885, Sigma-Aldrich, Switzerland) for 3 h.
Chondrocytes were collected and cultured in
Dulbecco’s Modified Eagle’'s Medium (DMEM,
Biowest, France) supplemented with 10% FBS
(Biowest, France) and 1% penicillin-streptomy-
cin. Chondrocytes from passages 1 and 2 were
used in all of the experiments.

RS preparation

Male breeder rats at 2-3 months of age were
intraperitoneally anesthetized with 50 mg/kg
sodium pentobarbital. Anesthetization was con-
firmed by checking for a lack of response to
stimulation with forceps on the paws. The skin
was disinfected with 70% ethanol, and the
lower region of the abdominal wall was picked
up with a pair of forceps and the layers were cut
simultaneously toward the thorax region with a
large pair of scissors to expose the internal
organs and the abdominal aorta. The tip of a 21
G needle connected to a 20 ml syringe was
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carefully and immediately inserted into the
aorta. The syringe plunger was pulled out slowly
to collect blood that was then poured into an
ice-cold 10 ml sterile test tube. The collected
blood was centrifuged for 20 min at 1,500 g at
room temperature (RT). The upper serum layer
was carefully transferred into a 15 ml sterile
tube using a sterile pipette in a laminar airflow
cabinet. Aliquots (1.5 ml) of serum were stored
in individual sterile tubes at -20°C until further
use.

Chondrocyte treatments

Chondrocytes were cultured with either 10%
FBS in DMEM (10F group), 5% RS in DMEM
(B5R group), or 5% RS plus the MEK inhibitor
PD0325901 (Selleck-Bimake, China) at 0.25
UM, 0.5 uM, or 1 uM in DMEM (5R+0.25 pM,
5R+0.5 uyM, 5R+1 uM groups). All of these cul-
tures were grown for 24, 48, or 72 h and har-
vested for further analysis. The morphological
changes of the chondrocytes were further in-
vestigated after being cultured for several
passages.

CCK-8 assay

Cell proliferation was measured using a CC-
K8 assay (Dojindo, Japan). Rat chondrocytes
(3,000 cells/well) were incubated in 96-well
plates in the presence of different FBS and RS
concentrations, as well as various PD0325901
concentrations (0.25 yM, 0.5 yM, or 1 uM) for
24, 48, or 72 h. Then, 10 pl of CCK-8 solution
was added to each well and the plates were
incubated for 0.5 h at 37°C. The optical density
of each well was measured at 450 nm using a
microplate reader (SYNERGY4, USA). At least th-
ree independent experiments were performed.

Western blot

Cells were lysed with lysis buffer (Beyotime,
PO013B) containing PMSF. The lysates were
centrifuged at 12,000 g at 4°C for 10 min, and
protein concentrations were measured with a
BCA Protein Assay Kit (Cat. No 23227, Pierce,
USA). Proteins were separated by 15% SDS-
PAGE and transferred to PVDF membranes us-
ing a standard protocol. Membranes were in-
cubated with primary antibodies and probed
with the corresponding secondary antibodies.
Enhanced chemiluminescence (Pierce Biote-
chnology, Rockford, USA) was used for visual-
ization. The antibodies used were MMP13 (SC-
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30073), Col2al (SC-52658), PCNA (SC-25280),
CyclinD1 (#2978, CST), Collal (ab34710), and
GAPDH (#2118s, CST).

Quantitative analysis of GAG content

GAG levels were measured with a Blyscan
Sulfated Glycosaminoglycan assay kit (Biocolor
Ltd, UK) according to the manufacturer’s proto-
col. Briefly, 1 x 108 cells or 1 mg of cartilage
tissue was lysed in 1 ml of papain extraction
reagent at 65°C for 3 h and then centrifuged at
10,000 g for 10 min. One hundred microliters
of supernatant was mixed with 1 ml of Blyscan
dye reagent, the mixture was placed in a shaker
for 30 min, and then centrifuged at 12,000 g
for 10 min. The supernatant was drained care-
fully, 0.5 ml of dissociation reagent was added,
and absorbance was measured at 656 nm. To
reduce the effect of the size of cartilage nod-
ules on the GAG concentration, the weights of
the cartilage nodules were taken into account.

Cell cycle distribution analysis

The effects of different sera on cell cycle dis-
tributions were determined by flow cytometric
analysis of the DNA content in cell nuclei follow-
ing propidium iodide (PI) staining. Rat chondro-
cytes were seeded in a 6 cm dish and allowed
to attach overnight. The medium was replaced
with DMEM containing 1%, 5%, or 10% RS (1R,
5R, or 10R) or with DMEM containing 1%, 5%,
or 10% FBS (1F, 5F, or 10F) or with DMEM con-
taining various concentrations of PD0325901.
The cells were incubated for 24 h at 37°C, har-
vested, washed three times with 1 x PBS, and
then fixed with 70% ethanol overnight at 4°C.
Next, the cells were treated with 100 ug/ml
RNaseA and 100 pg/ml Pl for 30 min at 37°C.
The stained cells were transferred to FACS
tubes for flow cytometric analysis (Beckman
Coulter).

Cell immmunofluorescence

Rat chondrocytes were seeded onto cover slips
and maintained in DMEM containing 10% FBS
or 5% RS for 24 h. The culture medium was dis-
carded and the cover slips were rinsed twice
with PBS pH 7.4. The cells were fixed with 4%
paraformaldehyde, washed with PBS three
times, permeabilized with 0.1% Triton X-100 in
PBS for 30 min at RT, washed with PBS three
times, incubated in PBST with 10% BSA for 60
min to block nonspecific antibody binding, incu-
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Table 1. Primer sequences for gPCR

Gene name GenBank accession no. mRNA sequences (5’-3’)

GAPDH-F NM_017008.4 TTCAACGGCACAGTCAAGG CTCAGCACCAGCATCACC
GAPDH-R

A-can-F NM_022190.1 GCAGGGATAACGGACTGAAGGAGTAAAGTGGTCATAGTTCAGCTTG
A-can-R

Sox9-F XM_003750950.2 ATCTTCAAGGCGCTGCAA CGGTGGACCCTGAGATTG
Sox9-R

ADAMTS5-F NM_198761.1 AGCCATCCTGTTCACCAGAG CATTCCCAGGGTGTCACAT
ADAMTS5-R

Collal-F NM_053304.1 CATGTTCAGCTTTGTGGACCT GCAGCTGACTTCAGGGATGT
Collal-R

Colla2-F NM_053356.1 CCTGGCTCTCGAGGTGAACCAATGCCCAGAGGACCAG
Colla2-R

MMP9-F NM_031055.1 CCTCTGCATGAAGACGACATAA GGTCAGGTTTAGAGCCACGA
MMP9-R

Runx2-F NM_001278483.1 AAGGAGCACAAACATGGCTG TCTTAGGGTCTCGGAGGGAA
Runx2-R

MMP2-F NM_031054.2 GTCGCCCATCATCAAGTTCC GCATGGTCTCGATGGTGTTC
MMP2-R

GAPDH, glyceraldehyde-3-phosphate dehydrogenase; A-can, aggrecan; Sox9, sex determining region Y-box 9; ADAMTS5, A dis-
integrin and metalloproteinase with thrombospondin motifs 5; Collal, alphal chain of type | collagen; Colla2, alpha2 chain
of type | collagen; MMP9, matrix metalloproteinase 9; RUNX2, runt-related transcription factor 2; MMP2, matrix metalloprotein-

ase 2.

bated with primary Col2al (SC-52658), Sox9
(8C-17341), and Collagen | antibodies (ab-
34710) in 1% BSA for 60 min at RT, washed
with PBS three times, and incubated with a sec-
ondary antibody in 1% BSA for 30 min at RT.
The nuclei were stained with 10 ng/ml DAPI
(Cat. No A1001, Aleichem, Germany).

Culturing tissue-engineered cartilage in vitro

To explore the role of the MEK-ERK1/2 pathway
in cartilage tissue construction, 5 x 105-1 x 10°
cells were centrifuged at 1,000 g, and the cell
pellets were cultured in DMEM containing 10%
FBS. Cartilage nodules appeared after two
days. The chondrocytes were cultured in DMEM
supplemented with 10% FBS (10F group). For
the 5R and 5R+0.25 pM groups, the FBS was
replaced with 5% RS and 5% RS plus 0.25 uM
PD0325901, respectively. Media was changed
every other day and chondrocytes were cul-
tured for 14 days. The supernatants were col-
lected and the GAG contents were analyzed.

GAG staining

The tissue-engineered cartilage tissues were
fixed with 4% paraformaldehyde overnight at
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4°C and then dehydrated in 10%, 20%, and
30% sucrose for 24 h. The specimens were
embedded in Tissue OCT-Freeze Medium (Lei-
ca) and cut into slices. The frozen slices were
hydrated and washed with PBS three times,
incubated with Alcian blue solution or with
Safranin O-Fast Green (FCF) for 1-2 h or over-
night and then washed twice with PBS. Finally,
the samples were kept in PBS and photographs
were taken.

Tissue immunofluorescence

Frozen specimens embedded in OCT were
hydrated, incubated with 0.1% trypsin for 30
min at RT, washed with PBS three times, per-
meabilized with 0.1% Triton X-100 in PBS for
30 min at RT, washed with PBS three times,
incubated in PBST with 10% BSA for 60 min to
block nonspecific antibody binding, incubated
with primary Col2al (SC-52658) or Collal
(ab34710) antibodies in 1% BSA for 60 min at
RT, washed with PBS three times, and then
incubated with a secondary antibody in 1%
BSA for 30 min at RT. Nuclei were stained with
10 ng/ml DAPI (Cat. No A1001, Applichem,
Germany). Pictures were taken using an OLY-
MPUS IX71 inverted microscope.
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Alkaline phosphatase (ALP) activity

Chondrocytes were cultured with RS or FBS un-
til cells were at the fifth passage. Protein was
extracted with lysis buffer (Beyotime, PO0O13B)
containing PMSF. The protein concentrations
were determined using a BCA Protein Assay
Kit (Cat. No 23227, Pierce, USA). Briefly, 40 ug
of total protein was mixed with 100 uL of 1-step
TM PNPP (Cat. No 37621, Pierce, USA) and
incubated at RT for 30 min. The reaction was
stopped by adding 50 yL of 2 M NaOH. The
product of the reaction was a yellow p-nitro
phenol (pNP) compound, which was measured
colorimetrically by absorbance at 405 nm.

Real-time quantitative PCR (RT-gPCR)

Total RNA was isolated from the cultured cells
with TRIzol reagent (Cat. No 15596-026, In-
vitrogen). First strand cDNA was synthesized
with the RT Reagent Kit (Takara code DRR-
037A). Quantitative PCR (qPCR) was performed
with SYBR Premix Ex Tag™ (Cat. no. RR420R).
The delta-delta Ct method was used to analyze
the results. The primer sequences are listed in
Table 1. All of the experiments were performed
three independent times.

Statistical analysis

Statistical analysis was performed with SPSS
20.0 software (IBM SPSS Inc., Chicago, IL,
USA). The data were expressed as the mean
+ standard deviation. Statistical correlations
were evaluated for significance by one-way
ANOVA with a post-hoc Tukey’'s HSD test or
unpaired Student’s t-test for two groups or
multi-groups. P values < 0.05 were considered
statistically significant.

Results

The effects of RS on chondrocyte gene expres-
sion and morphology

ECM molecules, such as Col2al, play impor-
tant roles in maintaining cartilage function and
integrity. MMP13 plays a key role in degrading
collagen matrix molecules, including Col2al
[18]. Sex determining region Y-box 9 (Sox9) is
a master transcription factor in chondrocytes
that regulates expression of genes involved in
cartilage ECM formation, including Col2a1 and
GAG [19]. Collal is specifically expressed in
fibroblastic chondrocytes [20].
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Col2a1, Collal, Sox9, and MMP13 expression
levels were evaluated by western blot and cell
immunofluorescence. We found that chondro-
cyte morphology changed after being cultured
in DMEM containing RS (Figure 1A). Western
blots showed that in the presence of RS, Col-
2al expression decreased, whereas MMP13
and Collal expression increased (Figure 1B).
The cell immunofluorescence results demon-
strated that in the presence of RS, Sox9 and
Col2al expression decreased, whereas Collal
expression increased, which is consistent with
the western blot results (Figure 1C).

It has been demonstrated that matrix degra-
dation enzymes, such as MMP2, MMP9, and
ADAMTS5, are induced under inflammatory
conditions [21, 22]. We found that RS stimu-
lated expression of these genes and caused
A-can degradation in rat chondrocytes. Addi-
tionally, Collal and Colla2 mRNA expression
levels were upregulated, and the increased ex-
pression of these two genes in the presence of
RS is consistent with morphological changes
from the normal chondrocyte phenotype to a
fibroblast-like chondrocyte phenotype (Figure
1iD).

RS stimulated chondrocyte proliferation

Autologous serum stimulates chondrocyte pro-
liferation [23]. The CCK8 method showed that
treatment of chondrocytes with RS markedly
promoted cell growth in a dose-dependent
manner (Figure 2A). Increased Proliferating
Cell Nuclear Antigen (PCNA)and Cyclin D1 pro-
tein levels further confirmed the concentration-
dependent, proliferative effect of RS on chon-
drocytes (Figure 2B). Cell cycle analysis by PI
staining and flow cytometry showed that RS
treatment led to an increase in the proportion
of cells in the S phase and a corresponding
decrease in the proportion of cells in the GO/G1
phase (Figure 2C, left) when compared with
chondrocytes treated with the same concentra-
tion of FBS (Figure 2C, right).

MAPK pathway activity increased upon RS
stimulation in chondrocytes

Inhibition of the MAPK-MEK pathway results in
A-can and Col2al downregulation via media-
tion of Sox9 expression [24]. The loss of activity
in this pathway also influences the formation of
tracheal cartilage [25]. The downstream mole-
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Figure 1. Cell morphology and gene and protein expression of Col2al, Collal, Sox9, and MMP13 in chondrocytes
stimulated with RS. A. Rat chondrocytes were cultured with DMEM plus 5% RS (5R) or DMEM plus 10% FBS (10F)
for 24 h, and cell cultures were analyzed by microscopy. The chondrocytes dedifferentiated into fibroblastic chon-
drocytes after normal medium (DMEM plus 10% FBS, 10F) was replaced with DMEM containing 5% RS (5R). B.
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Col2a1l, Collal and MMP13 protein levels were analyzed by western blot. Collal and MMP13 protein expression
increased and Col2al protein expression decreased in the 5R group when compared to the 10F group. C. In situ
expression of Col2al, Collal, and Sox9 were detected in chondrocytes cultured with 5% RS or 10% FBS. The blue
color indicates DAPI staining of nuclei. Red indicates Col2al expression and green indicates Collal or Sox9 expres-
sion. Collal and Sox9 expression increased and Col2al expression decreased in the 5R group when compared to
the 10F group. D. Chondrocytes were cultured with RS or FBS for 24 h, mRNA was isolated from the chondrocytes,
and expression of matrix degradation enzymes and collagen synthesis genes were analyzed by qRT-PCR. Data are
expressed as the mean + SD from three separate experiments. *P < 0.05 versus 10F. The Y-axis indicates the val-

ues normalized to the 10F value.

cules of the MAPK-MEK pathway, including
p-ERK1/2, p-p38 MAPK, and p-JNK, were de-
tected in rat chondrocytes by western blot after
being cultured in different sera for 5 and 15
min. Expression of these proteins were higher
in the RS-treated groups than in the FBS-
treated groups (Figure 3).

Changes in cell morphology, ECM synthesis,
and MMP13 expression upon inhibition of the
MAPK pathway

RS treatment increased the activity of the
MAPK pathway. To understand the role of the
MAPK pathway on chondrocyte phenotype,
chondrocytes were cultured with and without
MEK, p38 MAPK, or JNK inhibitors. The mor-
phology of chondrocytes cultured in RS with-
out inhibitors was similar to the morphology of
fibroblasts cultured in RS. However, upon addi-
tion of the MEK inhibitor to the chondrocyte cul-
ture, the chondrocytes reversed to the normal
chondrocyte morphology. But, this effect was
not observed with the p38 MAPK or JNK inhibi-
tors (Figure 4A).

After inhibition of the MEK-ERK1/2 pathway
with the MEK inhibitor, the increased Collal
and MMP13 expression and the decreased
Col2al expression caused by RS treatment
reversed (Figure 4B). However, this reversal did
not occur in the presence of the p38 MAPK or
JNK-MAPK inhibitors (Figure 4C and 4D).

The MEK-ERK1/2 pathway affects GAG con-
tent and gene expression in chondrocytes

ECM molecules, including collagen and GAG,
cooperatively maintain the function and integ-
rity of cartilage tissue, and the synthesis of
cartilage tissue is regulated by MMP13 and
ADAMTS5. In our study, Safranin O staining
showed that chondrocytes in the 10F and 5R
plus PD0325901 groups stained deep red,
whereas the chondrocytes in the 5R group
stained light red suggesting that the GAG con-
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tent was lower in the 5R group than in the 10F
and 5R plus PD0325901 groups (Figure 5A,
left). Additionally, we found that the GAG con-
tent, which was reduced by RS treatment,
increased with PD0325901 treatment (Figure
5A, right). The expression levels of the matrix
degradation enzymes MMP2, MMP9, and
ADAMTSD5, which were stimulated in the pres-
ence of RS, were downregulated upon PDO-
325901 treatment. In chondrocytes, the ch-
anges in the expression patterns of Sox9 and
A-can were similar to the changes in GAG, but
were contrary to the changes in Collal expres-
sion (Figure 5B).

The MEK-ERK1/2 pathway regulates chondro-
cyte proliferation

The CCK8 method showed that RS-induced
chondrocyte proliferation was inhibited by the
MEK inhibitor in a concentration-dependent
manner (Figure 6A). The reduced expression
of the CyclinD1 and PCNA proteins in the pres-
ence of the MEK inhibitor further confirmed
the influence of the MEK-ERK1/2 pathway on
proliferation (Figure 6B). FACS data showed
that the number of cells in the S phase de-
creased and the number of cells in the GO/G1
phase increased upon inhibition of the MEK-
ERK1/2 pathway, thus inhibition of the MEK-
ERK1/2 pathway had the opposite effect of RS
treatment (Figure 6C, left). Differences in the
cell cycle distributions between the different
groups were significant (Figure 6C, right).

Cartilage tissue structure, GAG content, and in
situ expression of ECM genes in constructed
cartilage tissue under different culture condi-
tions

To explore the role of the MEK-ERK1/2 path-
way in the construction of cartilage tissue,
cell masses were cultured in vitro for 14 days,
chondrocytes were centrifuged and pelleted,
and the GAG content in the cartilage tissue and
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Figure 2. The effects of RS and FBS on chondrocyte proliferation and cell cycle phase distributions. A. Rat chondrocytes were cultured with 1% RS (1R), 5% RS (5R),
10% RS (10R), 1% FBS (1F), 5% FBS (5F), or 10% FBS (10F) for 24, 48, or 72 h. The CCK-8 method was performed on these cultures and the optical densities at
450 nm were measured to evaluate proliferation. B. PCNA and CyclinD1 expression levels were investigated by western blot after treatment with different sera for
24 h to evaluate cell proliferation. C. Chondrocytes were cultured with different sera for 24 h and then their cell cycles were analyzed by FACS (left) to determine
the percentages of cells in GO/G1, S, and G2 phases (right). Data are expressed as the mean + SD from three separate experiments. #P < 0.05 versus 1F, *P <

0.05 versus 5F, %P < 0.05 versus 10F.

3075

Am J Transl Res 2018;10(10):3068-3085



The regulatory mechanism of chondrocyte differentiation

FY ¥ ¥¥Y ESassaa
T SR S SR DS G D ED S s G
== F = = =

Expression of Col2a1l, Collal,
and MMP13 was assessed

P-Erk1/2

Erk1/2 by immunofluorescence. Col-
P-p38MAPK 2al expression was lower and

MMP13 and Collal expres-
P38MAPK sion was higher in the 5R group
P-JNK than in the 10F group (Figure

m\:JNK 7E). Col2al protein expres-
e & sion was higher and Collal

expression was lower in the

1F 5F 10F 1R 5R 10R 1F_5F 10F 1R _5R 10R
Smin 15min

Figure 3. Expression of MAPK pathway proteins in chondrocytes cultured
with RS and FBS. Levels of phosphorylated (P) and non-phosphorylated

5R+0.25 pyM group than in the
10F group. These findings we-
re consistent with the staining

ERK1/2, p38MAPK, and JNK were detected in chondrocytes by western blot results.
after 5 and 15 min of incubation with various concentrations of RS (1% RS,

5% RS and 10% RS) and FBS (1% FBS, 5% FBS and 10% FBS).

the weight of the cartilage tissue were mea-
sured. The release of GAG into the media usu-
ally indicates cartilage degeneration because
GAG is the main component in cartilage ECM.
GAG synthesis is detected with Alcian blue and
Safranin O-Fast Green FCF staining, whereas
the dimethylmethylene-blue (DMB) method is
used to measure GAG release into the super-
natant. The weight of the cartilage tissue was
lower in the BR group than in the 10F group.
There was no significant difference in the wei-
ght of the cartilage tissue in the 5R+0.25 uM
and the 10F groups. The GAG concentration in
the media was lower in the 5R group than in the
10F group, and the GAG concentrations in the
media were lower for the 5R and 10F groups
than for the 5R+0.25 uM group (Figure 7A-C).

Hematoxylin and eosin (H&E) staining showed
that the tissue in the 5R group lost its cartilage
structure and had fibrous tissue features,
whereas the tissue structures in the 10F and
5R+0.25 uM groups exhibited the typical carti-
lage tissue phenotype (Figure 7D, upper lane).
Cartilage tissue that stains a dark blue with
Alcian blue dye indicates a high concentration
of GAG, and these staining results were consis-
tent with the GAG release into the supernatant
data (Figure 7D, middle lane). Safranin O-Fast
Green FCF staining is an effective staining
method to distinguish hyaline cartilage from
fibrocartilage. Hyaline cartilage stains positive-
ly with Safranin O (red) and fibrocartilage sta-
ins positively with Fast Green FCF (green). The
Safranin O-Fast Green FCF staining confirmed
the finding that the 5R group lost its cartilage
structure, whereas the 10F and 5R+0.25 uM
groups did not (Figure 7D, lower lane).
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Discussion

It has been shown that in primary monolayer
chondrocyte cultures, synthesis of type Il colla-
gen declines steadily and ceases by the fifth
passage [26] and synthesis of collagen switch-
es from cartilage-specific type Il collagen to a
mixture of type | collagen and the type | trim-
er [27]. Initially, all chondrocytes displayed the
characteristic polygonal morphology in culture,
but after a few passages, numerous fibroblas-
tic phenotypes characterized by expression of
Collal began to appear until all of the cells
displayed the fibroblast morphology. The gradu-
al loss of molecular markers that define a dif-
ferentiated chondrocyte (type Il collagen, Sox9,
GAGs, and A-can) and an increase in fibroblas-
tic chondrocytes is defined as dedifferentia-
tion, which is induced by long expansion times
and multiple passages in vitro [28, 29].

With regard to new treatments for major carti-
lage defects, whether the repair tissue is com-
posed of hyaline cartilage or fibrocartilage is of
great concern to both orthopedic surgeons and
researchers. The culturing of chondrocytes in
vitro, which results in dedifferentiated fibro-
blast-like cells, is a difficulty in the construction
of cartilage tissue for clinical field applications.
It is necessary to understand the mechanisms
underlying cartilage degradation to develop
new biological therapies to improve outcomes
for patients suffering from joint diseases.

Our study was designed to examine the effects
and associated mechanisms of serum on chon-
drocytes cultured in vitro. We discovered more
dedifferentiation of rat chondrocytes into fibro-
blast-like chondrocytes after being cultured in
RS than FBS. Routinely, chondrocytes are cul-
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Figure 4. The effects of different MAPK pathway inhibitors on chondrocyte morphology and Col2al, Collal, and
MMP13 protein expression. A. The chondrocyte phenotype transformed from normal (10F) to fibroblast-like (5R)
after media containing 10% FBS was replaced with media containing 5% RS. B. Chondrocytes were cultured with
5% RS plus different concentrations of the MEK inhibitor PDO325901. Chondrocyte morphology is shown in the
microscope images. MMP13, Col2al, and Collal protein levels in the cells are shown in the adjacent western blot.
C. Chondrocytes were cultured with 5% RS plus different concentrations of the p38 MAPK inhibitor AK715. Chon-
drocyte morphology is shown in the microscope images. MMP13, Col2al, and Collal protein levels in the cells are
shown in the adjacent western blot. D. Chondrocytes were cultured with 5% RS plus different concentrations of the
JNK inhibitor. Chondrocyte morphology is shown in the microscope images. MMP13, Col2al, and Collal protein
levels in the cells are shown in the adjacent western blot.

tured in vitro in media supplemented with FBS.
In this study, we cultured rat chondrocytes
with RS and used FBS as a control. Chondro-
cyte gene expression, cell morphology, and cell
proliferation were compared between the dif-
ferent culture conditions. Our study showed
that supplementation with RS caused dediffer-
entiation as indicated by the increased cata-
bolic activities.

Cartilage degeneration is caused by an increa-
se in expression of proteolytic enzymes, such
as ADAMTS (ADAMTS5) and MMPs (MMP2,
MMP9), which leads to the loss of ECM compo-
nents, such as Col2al, A-can, and proteogly-
can [30, 31]. Sox9 is an essential transcription
factor for maintaining the cartilage phenotype
because it regulates Col2al expression [32].
Sox9 is characterized as the master gene of
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chondrogenesis, which regulates proliferation
and differentiation of nonhypertrophic chon-
drocytes [33]. In addition, Sox9 acts as a nega-
tive regulator of chondrocyte hypertrophy [34].
We analyzed the effects of RS on Sox9, Col2al,
A-can, ADAMTS5, MMP2, and MMP9 mRNA lev-
els. We found that when chondrocytes were
cultured with RS, the expression of anabolic
genes, including Sox9, Col2al, and A-can, de-
creased, whereas expression of catabolic ge-
nes, including ADAMTS5, MMPP2, and MMP9
increased.

Chondrocytes typically lose their original mor-
phology after being isolated from cartilage tis-
sue and being cultured in vitro [3]. We found
that chondrocytes transformed into fibroblast-
like cells after incubation in culture medium
with RS for 24 h. This phenotype change was

Am J Transl Res 2018;10(10):3068-3085
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Col1a1

Col1a1/DAPI

Figure 7. The effects of the MEK-ERK1/2 pathway on characteristics of the constructed cartilage tissue, including
weight, GAG synthesis, and ECM expression (Col2al and Collal). A. Chondrocyte pellets were cultured with 10%
FBS (10F), 5% RS (5R group), or 5% RS plus PD0325901 (5R+0.25 puM group) for 14 days in vitro, and the gross
morphologies of the cartilage tissues constructed from chondrocyte pellets are shown. B. The GAG concentrations
in the supernatants of the 10F, 5R, and 5R+0.25 uM cultures were evaluated using the DMB method. Data are
expressed as the mean + SD from three separate experiments. *P < 0.05 versus 10F. #P < 0.05 versus 5R. C. The
weights of the cartilage tissues from the 10F, 5R, and 5R+0.25 uM groups were compared. Data are expressed as
the mean * SD from three separate experiments. *P < 0.05 versus 10F. #P < 0.05 versus 5R. D. The structures of
the constructed cartilage tissues were examined by H&E staining (top panel), and the GAG contents in the cartilage
tissues were evaluated by Alcian blue (middle panel) and Safranin O-Fast Green FCF staining (bottom panel) and are
shown at 100 x magnification. E. In situ expression of Col2al and Collal was evaluated by immunofluorescence
(100 x). The blue color indicates DAPI staining of nuclei. Red indicates Col2al expression and green indicates

Collal expression.

consistent with reduced Col2al expression
and increased Collal expression, which occur
during the fibrocartilage to hyaline cartilage
transition.

MEK-ERK1/2 activity has been shown to in-
crease upon surgically induced osteoarthritis
(OA) in models of anterior cruciate ligament
transaction and meniscectomy. In vivo studies
showed that inhibition of MEK-ERK1/2 reduc-
ed the development of structural changes in
experimental rabbit OA [35]. Molecular therapy
for OA, which includes a combination of a MEK-
ERK inhibitor and hyaluronic acid, reduced ex-
pression of chondrocyte hypertrophic markers
and increased chondrogenic marker levels [36].
These studies suggest that there is a close
relationship between activation of the MEK-
ERK1/2 pathway and cartilage degeneration.
Several lines of evidence suggest that the MEK-
ERK1/2 pathway is involved in the regulation of
chondrocyte proliferation and matrix synthesis
[37, 38]. However, contrary conclusions, such
as the fact that periodic mechanical stress
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induces matrix synthesis by activating the MEK-
ERK1/2 pathway have also been reported [39].

In addition to the ERK1/2 pathway, other sig-
naling pathways, such as p38 MAPK and JNK,
have been associated with the regulation of
chondrocyte metabolism [14-17]. Based on
studies on the effects of the MAPK pathway
on cartilage and chondrocytes, we investigated
the activation of MAPK-ERK1/2, p38 kinase,
and JNK pathways in chondrocytes treated
with RS or FBS for various times. ERK1/2, p38
MAPK, and JNK are downstream components
of the MAPK pathway whose activities are de-
termined by their phosphorylation (p) state. We
observed that p-ERK1/2, p-p38 MAPK, and
p-JNK expression levels were higher in the 5R
group than in the 10F group. Our data suggest
that activation of the MAPK pathway plays an
important role in regulating the biological func-
tions of chondrocytes. We hypothesized that
the chondrogenic potential of chondrocytes as-
sociates with the synthesis of cartilage mark-
ers and the activation of key signaling proteins

Am J Transl Res 2018;10(10):3068-3085
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in the MAPK pathway, including ERK1/2, p38
MAPK and JNK, and we tested this hypothesis
by evaluating the effects of select inhibitors of
these key proteins.

The chondrocyte phenotypes in the different
treatment groups were investigated, and we
found that the dedifferentiation phenotype of
chondrocytes was induced by RS, which acti-
vated ERK1/2. We also compared expression
levels of Col2al, Collal, and MMP13 upon
treatment with various inhibitors and found
that the effects of MEK-ERK1/2 inhibition on
protein expression were consistent with the
chondrocyte phenotypes observed. The incre-
ase in Collal and MMP13 expression in chon-
drocytes, which was stimulated by RS, was
reduced to expression levels near or lower than
control levels (10F group) in the presence of
the MEK inhibitor, whereas Col2al expression
increased in the presence of the inhibitor. Our
results are similar to previous observations
that the prevention of ERK1/2 phosphorylation
inhibited dedifferentiation of serial monolayer
cultures of rabbit articular chondrocytes [40].
Activation of the p38 MAPK pathway prevented
OA cartilage degeneration and protected chon-
drocyte differentiation [15, 41]. Although p38
MAPK was activated in the presence of RS, the
protective role of activated p38 MAPK did not
neutralize the negative effect of MEK-ERK1/2
on chondrocyte differentiation. In addition, acti-
vation of the JNK-MAPK pathway by inflamma-
tory cytokines has been shown to promote
A-can degradation in cultured murine cartilage
[16, 17]. Although the MEK-ERK1/2 inhibitor
reversed RS-induced Col2al degradation, the
JNK-MAPK inhibitor did not prevent Col2al
degradation.

A-can and Sox9 mRNA expression levels were
downregulated by RS, but were upregulated by
the MEK inhibitor, whereas MMP13, MMP2,
MMP9, and ADAMTS5 expression levels were
upregulated by RS, but were downregulated by
the MEK-ERK1/2 inhibitor. Consistent with pre-
viously published studies, we found that the
MEK-ERK1/2 pathway regulated chondrocyte
cell proliferation. RS stimulated chondrocyte
proliferation, whereas the MEK inhibitor PD-
0325901 inhibited proliferation suggesting th-
at proliferation associates with activation of
the ERK1/2 signaling pathway. Treatment with
PD0325901 reverted chondrocyte proliferation
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and morphology back to the normal chondro-
cyte phenotype. Our data shows that activation
of the MEK-ERK1/2 pathway negatively regu-
lates gene expression, cell morphology, and
cell proliferation in chondrocytes.

The effects of serum on in vitro constructed
cartilage tissue were also investigated. Staining
results showed that the constructed cartilage
tissue in the 5R group had a typical fibrous tis-
sue structure. In contrast to the smooth sur-
face of the cartilage tissue in the 5R+0.25 yM
group, a superficial fibrous layer was seen on
the cartilage tissue in the 10F group.

The difference between hyaline cartilage and
fibrocartilage is the collagen fiber subtype.
Hyaline cartilage primarily contains type Il col-
lagen, whereas fibrocartilage is primarily com-
posed of type | collagen [42]. Col2al and
Collal protein expression and GAG synthesis
in constructed cartilage tissue were assessed.
Col2al expression was lower in the 5R group
than in the 10F group, whereas Col2al expres-
sion was higher in the 5R+0.25 yM group than
in the 10F group. The immunofluorescence
results for Collal expression were the oppo-
site of the immunofluorescence results for
Col2al expression in the different groups.
These data suggest that the quality of the con-
structed cartilage tissue was much better in
the 5R+0.25 yM group than in the 10F group.
The amounts of GAG released from the tissue-
engineered constructions were consistent with
the protein expression levels.

Interestingly, the weight of the chondrocyte
tissue in the 5R group was lower than in the
10F group, which conflicted with the chondro-
cyte monolayer proliferation results, perhaps
because chondrocytes in their normal environ-
ment will continue synthesizing chondroitin sul-
fate and collagen, which helps to form cartilage
tissue, rather than continue dividing, and the
chondrocytes in the cartilage tissue were sur-
rounded by ECM (chondroitin sulfate, collagen).
Several reports have shown that rapidly divid-
ing fibroblasts do not synthesize collagen in
their rapid growth phase [43, 44]. We hypothe-
sized that rat chondrocytes dedifferentiated
into fibroblastic chondrocytes and divided rap-
idly after being stimulated by RS, which indi-
cated that ECM was not synthesized by the
dedifferentiated chondrocytes, and cytoplasm
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staining with Alcian blue and Safranin O-Fast
Green FCF supported this hypothesis. Secreted
ECM was observed between chondrocytes that
were farther apart as determined by nuclei
staining in the 10F and 5R+0.25 yM groups,
which formed the larger and heavier cartilage
tissue, but ECM was not observed around the
cells in 5R group, which formed the smaller and
lighter cartilage tissue.

Inhibiting chondrocyte dedifferentiation and
maintaining proliferation are vital factors for in
vitro cartilage tissue construction. We demon-
strated for the first time that the MEK-ERK1/
2 pathway simultaneously regulates chondro-
cyte proliferation and differentiation, which
suggests that inhibition of the MEK-ERK1/2
pathway promotes hyaline cartilage formation
in vitro. We also showed that culturing chondro-
cytes in RS supplemented with PD0325901
reversed the dedifferentiation that occurred
during cell number expansion in monolayer cul-
ture and re-established the ability of chondro-
cytes to form cartilage-like tissue.

Our study provides definitive evidence to sup-
port the critical role of MEK-ERK1/2 signaling
in the dedifferentiation of chondrocytes in vitro
and the formation of hyaline cartilage. The
development of a method to expand cell num-
ber in the absence of serum supplementa-
tion may further enhance clinical translation.
Further studies are required to be able to form
a continuous layer of articular cartilage tissue
suitable for repair of focal joint surface defects.
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