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SFMBT?2 positively regulates SOX9 and chondrocyte proliferation
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Abstract. SRY-box 9 (SOX9) is the master regulator of the
chondrocyte phenotype, which is essential for differentiating
chondrogenic mesenchymal condensations into chondrocytes,
and is involved in regulating every stage of chondrocyte differ-
entiation. SOX9 deletion in chondrocytes at the late stages
of cartilage development results in decreased chondrocyte
proliferation; inhibited expression of cartilage matrix genes,
including Indian hedgehog and the downstream parathy-
roid hormone-related protein; and premature conversion of
proliferating chondrocytes into hypertrophic chondrocytes,
which mineralize their matrix prematurely. Therefore, SOX9
is considered vital for the majority of phases of chondrocyte
lineage, from early condensations to the differentiation of
proliferating chondrocytes, leading to chondrocyte hyper-
trophy. It has been reported that SOX9 expression is
decreased in osteoarthritis (OA) cartilage. Regeneration or
repair of cartilage degradation in OA remains a challenge.
Previous studies have indicated that overexpression of SOX9
can promote cartilage repair and can be used as a potential
therapeutic agent at the early stages of human OA. The present
study identified Scm-like with four malignant brain tumor
domains 2 (SFMBT?2) as a novel regulator of SOX9 expres-
sion in human chondrocytes. Our previous study revealed
that SFMBT?2 is negatively regulated in OA cartilage, and
decreased levels of SFMBT?2 contribute to the catabolic pheno-
type of chondrocytes. The present study detected increased

Correspondence to: Dr Jian Sun or Dr Shemin Lu, Department
of Biochemistry and Molecular Biology, School of Basic Medical
Sciences, Xi'an Jiaotong University, Health Science Center, 76 Yanta
West Road, Xi'an, Shaanxi 710061, P.R. China

E-mail: sunjianl@mail xjtu.edu.cn

E-mail: lushemin@mail xjtu.edu.cn

Key words: SFMBT?2,
osteoarthritis

SOX9, chondrocyte, proliferation,

expression levels of SFMBT?2 in early cartilage development
and during the early phases of chondrogenesis. Overexpression
of SFMBT?2 in C28/12 cells upregulated SOX9 expression in
a dose-dependent manner. Furthermore, SFMBT?2 positively
regulated C28/12 cell proliferation and restored the decreased
levels of SOX9 in chondrocytes following tumor necrosis
factor-a treatment. Additional studies may reveal novel insights
into the molecular mechanism involved and the potential role
of SFMBT?2 in cartilage repair and OA management.

Introduction

Mature chondrocytes are metabolically slow, highly differen-
tiated cells with a limited proliferation rate and, unlike other
tissues such as bone, a restricted ability to self-repair cartilage
degeneration (1,2). Despite their low numbers and being the
sole cell type of the cartilage, chondrocytes serve fundamental
roles in regulating tissue properties, such as organization,
remodeling, synthesis and degradation of the surrounding
matrix (3,4). During skeletal development, chondrocytes arise
from mesenchymal progenitors to synthesize the templates or
cartilage anlagen for the developing bone (5). Chondrogenesis
occurs as a result of condensation of mesenchymal cells. The
process can be generally divided into two phases: i) Early chon-
drogenesis, which is characterized by upregulated collagen
type II al chain (COL2A1) and SRY-box 9 (SOX9), and ii)
hypertrophy, which is characterized by upregulated collagen
type X al chain (COL10A1) and runt-related transcription
factor 2. These two stages are regulated by numerous factors
and signaling pathways (6), and they function to repress each
other (7-10).

The metabolic behavior of chondrocytes can be modified
by various factors, including aging, genetic makeup, and other
mechanical and chemical factors, such as joint loading and
inflammation. Proinflammatory cytokines, including tumor
necrosis factor-a (TNF-a) and interleukin-1f (IL-1p) exert
catabolic and anabolic effects, and serve important roles
in the degradation and synthesis of the extracellular matrix
(ECM) (11). In osteoarthritis (OA), cartilage deterioration is
associated with disruption of the metabolic homeostasis of
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chondrocytes and dysregulation of their physiological behavior,
which is reflected by the appearance of cartilage surface fibril-
lation, formation of chondrocyte clusters and alterations in the
composition of ECM components (12).

SOXO9 is considered the master regulator and a key tran-
scriptional factor in chondrocyte condensation, proliferation
and differentiation (13-16). In chondrogenesis, SOX9 acts as
a homo-dimer (17), which is stabilized by two other SOX
members of the SoxD family: L-SOXS5 and SOX6 (18). These
molecules are co-expressed with SOX9 during cell differen-
tiation, and are associated with the production of collagen
types II and IX, as well as aggrecan (ACAN), which is the
major proteoglycan (19). SOX9 is expressed in all prechon-
drocytic and chondrocytic cells during mouse embryonic
development, whereas its expression is completely abolished
in hypertrophic chondrocytes (20-22). Mutations in the SOX9
gene lead to campomelic dysplasia, a disease characterized by
skeletal malformation and 46,XY sex reversal (23).

Polycomb group (PcG) proteins are known to regulate
developmental genes, and abnormal expression of these
proteins may cause cancer (24,25). Scm-like with four malig-
nant brain tumor (MBT) domains 2 (SFMBT?2) is a member
of the PcG protein family (26), which has been reported to
be involved in prostate cancer cell growth, through repression
of the homeobox B13 gene in DU145 cells (27). SFMBT2
consists of a sterile oo motif domain and four MBT domains,
which are crucial for gene regulation by recognizing and
binding to methylated lysine residues in the tails of histones
H3 and H4 (28). However, to the best of our knowledge, no
study regarding its role in cartilage or OA has been published
to date.

Our previous study screened differentially expressed genes
in OA cartilage using the suppression subtractive hybridization
technique, and identified SFMBT?2 as a candidate gene from
the reverse-subtracted cDNA library by sequence analysis and
similarity search with BLAST (29). Our recent study verified
the negative association of this gene with OA by analyzing
the expression of SFMBT?2 in damaged cartilages from human
patients with OA compared with normal cartilages from
control individuals, and established that the down-regulation
of SFMBT?2 contributes to the catabolic phenotype of chon-
drocytes (30). The aim of the present study was to examine
the expression of SFMBT?2 in cartilage at different stages of
its development, and during the process of chondrogenesis.
Understanding the mechanisms underlying cartilage remod-
eling during development, OA and aging, and identifying the
novel factors involved in these mechanisms may lead to the
development of more effective strategies, preventing cartilage
damage and promoting repair.

Materials and methods

Rats. Dark agouti (DA) rats, which originated from Medical
Inflammation Research, Lund University (Lund, Sweden),
were bred and maintained in polystyrene cages containing
sterile wood shavings in a specific pathogen-free animal
house at the Department of Biochemistry and Molecular
Biology, Xi'an Jiaotong University (Xi'an, China). Rats were
fed standard rodent chow and water ad libitum and were
maintained in a climate-controlled environment (temperature:
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20-26°C; relative humidity: 40-70%) under a 12 h light/dark
cycle. Femoral head cartilages were surgically removed from
12 age/weight-matched rats, four for each developmental stage
(two females, two males), after sacrificing the rats on postnatal
days 0 (D0), 21 (D21) and 42 (D42). The cartilage samples
were immediately placed in liquid nitrogen after cleaning
with PBS and were stored at -80°C for further analysis. The
experiments were approved by the Institutional Animal Ethics
Committee of Xi'an Jiaotong University (Xi'an, China).

Cell culture. The ATDCS5 murine chondroblast cell line was
obtained from the European Collection of Authenticated Cell
Cultures (Salisbury, UK) and was cultured in Dulbecco's
modified Eagle's medium (DMEM)/Ham's F12 (HyClone;
GE Healthcare Life Sciences, Logan, UT, USA) supple-
mented with 5% fetal bovine serum (FBS; Shanghai ExCell
Biology, Inc., Shanghai, China). Chondrogenesis was induced
by adding ITS-supplement (insulin, 1 mg/ml; transferrin,
0.55 mg/ml; and selenium, 0.5 pg/ml) directly into the medium.
The medium was changed every 2nd or 3rd day. The cells were
harvested for RNA and protein isolation on DO, D3, D7 and
D14 post-induction.

The C28/12 human juvenile costal chondrocyte cell
line was kindly provided by Prof. Junling Cao (Institute
of Endemic Diseases, Xi'an Jiaotong University, Health
Science Center, Xi'an, China). Chondrocytes were cultured in
DMEM/F12 containing 10% FBS and 1% penicillin-strepto-
mycin (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany).
Both chondrocyte lines were maintained at 37°C in the pres-
ence of 5% CO,. Once the cells reached 90% confluence, they
were detached by treatment with 0.05% trypsin (Shanghai
ExCell Biology, Inc.) and passaged.

Transient transfection/infection with small interfering RNAs
(siRNAs)/adenovirus vectors. For the knockdown experiments,
siRNAs against SFMBT?2 (si-SFMBT?2) and SOX9 (si-SOX9),
and the scrambled negative control siRNA (si-NC), were synthe-
sized (Shanghai GenePharma Co., Ltd., Shanghai, China).
C28/12 cells were seeded in 12-well plates (1x10° cells/well),
after which, they were transfected with the 80 nM si-SFMBT2,
60 nM si-SOX9 or 60 nM si-NC using Lipofectamine® 2000
(cat. no. 11668-019; Invitrogen; Thermo Fisher Scientific, Inc.,
Waltham, MA, USA), according to the manufacturer's protocol.
Briefly, C28/12 cells were incubated with transfection complexes
in serum-free medium for 4 h at 37°C in a CO, incubator. After
4 h, the medium was replaced with fresh, complete medium
(containing 10% FBS), and cells were incubated at 37°C in the
presence of 5% CO,. Effects of siRNA interference were deter-
mined by reverse transcription-quantitative polymerase chain
reaction (RT-qPCR) and western blotting 12-72 h post-trans-
fection, as indicated. The siRNA sequences used in the present
study were as follows: si-NC, sense, UUCUCCGAACGUGUC
ACGUTT and antisense, CGUGACACGUUCGGAGAATT;
si-SFMBT?2, sense, 5'-GCACUUUGUCAGCUUCCAATT-3'
and antisense, 5'-UUGGAAGCUGACAAAGUGCTT-3"; and
si-SOXO9, sense, 5'-GCAGCGACGUCAUCUCCAAATAT-3' and
antisense, 5'-CGUCGCUGCAGUAGAGGUUdTAT-3"

The FLAG-green fluorescent protein-tagged SFMBT2
adenovirus vector (ad-SFMBT?2; 1x10'© PFU/ml) and the
control adenovirus vector (ad-NC; 2x10'© PFU/ml) were
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purchased from Hanbio Biotechnology Co., Ltd. (Shanghai,
China). For overexpression of SFMBT2, C28/12 cells
were seeded in 12-well plates (1x10° cells/well) or 96-well
plates (1x10* cells/well), and were incubated with ad-NC or
ad-SFMBT?2, which were added directly into the medium at
the indicated titers/multiplicities of infection (MOlIs) for 4 h at
37°C in a CO, incubator. After 4 h, the medium containing the
viral vectors was removed and replaced with fresh medium,
and the cells were incubated at 37°C in the presence of
5% CO,. The chondrocytes were harvested at the indicated
time intervals (0-72 h) after adenoviral infection for RNA and
protein extraction.

Chondrocyte treatment with TNF-a and IL-15. C28/12 cells
were serum starved for 10 h prior to the addition of TNF-a
(10 ng/ml) or IL-1B (10 ng/ml) (both from Sino Biological
Inc., Beijing, China) into the culture medium. The cells were
then incubated at 37°C in the presence of 5% CO, and were
harvested for protein isolation 24 h post-treatment. C28/12
cells infected with ad-NC or ad-SFMBT?2 were treated with
TNF-a 24 h post-adenoviral infection, and were harvested for
protein isolation at the indicated time points (0-48 h) following
TNF-a treatment.

Total RNA extraction and RT-gPCR. Total RNA was extracted
from the cultured chondrocytes (1x10° cells/well) using
TRIzol® reagent (Invitrogen; Thermo Fisher Scientific, Inc.)
and was reverse transcribed to cDNA using the RevertAid First
Strand cDNA Synthesis kit (Thermo Fisher Scientific, Inc.),
according to the manufacturer's protocol. Gene expression
levels were detected by qPCR (Agilent Stratagene Mx3005;
Agilent Technologies, Inc., Santa Clara, CA, USA) using the
SYBR Green system (Roche Diagnostics, Indianapolis, IN,
USA). Thermocycling conditions were as follows: 95°C for
10 min (activation), followed by 40 cycles at 95°C for 15 sec
(denaturation), 61/64°C for 30 sec (annealing) and 72°C for
30 sec (extension). Data collection was performed during each
extension phase. Relative quantification of the target genes,
normalized to the control, was calculated using the compara-
tive Cq (AACq) method (31). The primers used for RT-qPCR
analysis are listed in Table 1.

Protein isolation and quantification. Total protein was isolated
from the cultured chondrocytes (1x10° cells/well) using radio-
immunoprecipitation assay lysis buffer (Beyotime Institute of
Biotechnology, Haimen, China) containing protease and phos-
phatase inhibitor mixture (Bimake, Houston, TX, USA). The
whole cell lysates were incubated on ice for 30 min, centri-
fuged at 12,000 x g for 15 min at 4°C to remove cellular debris,
and the supernatants were transferred to clean 1.5 ml tubes.
Protein concentration in the cleared lysates was determined by
Bicinchoninic Acid Protein Assay (Tiangen Biotech Co., Ltd.,
Beijing, China).

Protein sample preparation and immunoblotting. The clear
lysates were mixed with SDS loading dye and heated at 95°C
for 5 min. Subsequently, ~20 ug proteins were separated by
10% SDS-PAGE and transferred to the polyvinylidene fluo-
ride membrane (EMD Millipore, Billerica, MA, USA). The
membrane was blocked in 5% non-fat milk or 5% bovine
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serum albumin (BSA, Amresco; VWR, Radnor, PA, USA) at
room temperature for 2 h, and then incubated at 4°C overnight
with primary antibodies. After washing three times with
Tris-buffered saline containing 0.1% Tween-20, the membrane
was incubated with a horseradish peroxidase-conjugated
secondary antibody for 2 h at room temperature. The blots
were detected using the enhanced chemiluminescence detec-
tion system (EMD Millipore). Western blots were scanned
using the GeneGnome XRQ system (Syngene, Frederick,
MD, USA), and densitometry of the bands was analyzed with
GeneTools analysis software V 4.01 (Syngene). The antibodies
and their dilutions are shown in Table II.

Immunohistochemistry. Immunohistochemical staining
was performed using the standard streptavidin peroxidase
complex method. Cartilage tissues were fixed in 4% buffered
paraformaldehyde for >2 days at room temperature, and were
decalcified with buffered EDTA (12.5% EDTA, pH 7.4) for
4 weeks at room temperature. Subsequently, the samples were
dehydrated through a graded series of alcohol, embedded in
paraffin and 5-ym sections were obtained; the tissue sections
were deparaffinized in xylene and rehydrated through a graded
series of alcohol. Following treatment with 3% H,0O, for
10 min at room temperature and enzymatic digestion (Antigen
Retrieval Buffer, cat. no. AR0022; Wuhan Boster Biological
Technology, Ltd.) for 10 min at 37°C, tissue sections were
blocked with 5% BSA for 20 min at 4°C and were incubated
with the anti-SFMBT?2 primary antibody (Table II) overnight
at 4°C. Subsequently, sections were incubated with the bioti-
nylated secondary antibody (1:1,000) for 30 min at 37°C and
horseradish peroxidase-conjugated streptavidin (1:1,000) for
30 min at 37°C, both of which were contained within the DAB
substrate kit (Wuhan Boster Biological Technology, Ltd.).
Sections were counterstained with hematoxylin and mounted
with neutral balsam. Images of the staining were captured
under a fluorescence microscope (Olympus BX51; Olympus
Corporation, Tokyo, Japan) and staining was semi-quantified
using Image-Pro® Plus (V6.0) software (Media Cybernetics,
Inc., Rockville, MD, USA).

Cell proliferation assay. Cell Counting kit-8 (CCK-8; Bimake)
assay was used to evaluate the proliferative abilities of chondro-
cytes. As previously reported (32), C28/12 cells were seeded in
96-well plates (1x10* cells/well) in DMEM/Ham's F12 and were
maintained at 37°C in the presence of 5% CO,.Subsequently,
cells were transfected/infected with si-SFMBT2/ad-SFMBT?2,
alongside the respective controls (si-NC/ad-NC). At 12, 24, 48
and 72 h post-transfection/infection, 10 1 CCK-8 solution was
added directly into each well and the cells were incubated for
a further 4 h. Absorbance was measured at 450 nm using a
microplate reader (Thermo Scientific Multiskan® Spectrum;
Thermo Fisher Scientific, Inc.). Experiments were repeated in
triplicate.

Statistical analysis. All of the cell experiments were performed
in triplicate with at least three independent biological replicates.
GraphPad Prism (V5.0) software (GraphPad Software, Inc.,
La Jolla, CA, USA) was used for statistical analyses. Data are
presented as the means + standard error of the mean from at least
three independent values. Student's t-test or one-way analysis
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Table I. mRNA-specific primers used in reverse transcription-quantitative polymerase chain reaction.

Gene Sequence (5'-3") Ta (°C)

ms-SFMBT2 F: TAACTGCTGTCCTGCCTGCT 61
R: TGTGACATGGCCTACAGCTC

ms-SOX9 F: TATGTGGATGTGTGCGTGTG 61
R: CCAGCCACAGCAGTGAGTAA

ms-COL2A1 F: AGAGCGGAGACTACTGGATTG 61
R: CGTTAGCGGTGTTGGGAG

ms-COL10A1 F: TGGGATGCCTCTTGTCAGTG 61
R: GTGGGCGTGCCATTCTTAT

ms-B-actin F: AACAGTCCGCCTAGAAGCAC 61
R: CGTTGACATCCGTAAAGACC

hsa-SFMBT?2 F: ACGAAACAGGAGGAGGAGGAGAG 64
R: GGAAGGGTCAGAAGCAGGAGTG

hsa-SOX9 F: CGCACATCAAGACGGAGCAG 61
R: TGTAGGTGAAGGTGGAGTAGAGG

hsa-GAPDH F: CACCCACTCCTCCACCTTTG 61
R: CCACCACCCTGTTGCTGTAG

COL10A1,collagentype X al chain; COL2A1,collagen type Il a1 chain; F, forward; hsa, Homo sapiens; ms,mouse; R ,reverse; SFMBT2, Scm-like

with four malignant brain tumor domains 2; SOX9, SRY-box 9; Ta, annealing temperature; F, forward; R, reverse.

of variance with Tukey's multiple comparison test were used to
compare differences between the experimental groups. P<0.05
was considered to indicate a statistically significant difference.

Results

SFMBT?2 is abundantly expressed during the early stages of
cartilage development. To examine the expression of SFMBT?2
in articular cartilage, femoral head cartilages were surgically
isolated from DA rats at DO, D21 and D42, which represent
newborn/baby (0 years old), ablactation/child (5 years old) and
juvenile (11 years old) developmental stages in humans, respec-
tively (33). Immunohistochemical staining of the cartilage
samples using a specific antibody against SFMBT2 revealed
that the protein expression levels of SFMBT?2 were markedly
higher at DO (~80%) and D21 (~63%), whereas the expression
was significantly decreased at D42 (~18%) (P<0.05; Fig. 1).

SFMBT?2 is upregulated during the proliferative phase of
chondrogenesis. Chondrogenesis was induced in ATDCS5
cells, and chondrocyte differentiation was verified through
the expression of key chondrogenic markers, including SOX9,
COL2A1 and COL10A1. The mRNA and protein expression
levels were analyzed at specific time-points by RT-qPCR and
western blotting, respectively. As shown in Fig. 2A, the mRNA
expression levels of SFMBT?2, SOX9 and COL2A1 were
markedly increased on days 3 and 7 (proliferation), but were
significantly decreased at day 14 (hypertrophy) compared
with at day 7 by >7-, >2- and >16-fold, respectively (P<0.05).
COLI10AL transcription remained low during the prolifera-
tive phase (days 3-7) but was increased at day 14 by >3-fold
(P<0.05), compared with DO-D7. Western blotting results were
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Figure 1. SFMBT2 expression in different stages of cartilage development.
Representative immunohistochemical localization of SFMBT?2 in the femoral
head articular cartilages of dark agouti rats at DO (upper left), D21 (upper
right) and D42 (lower left). Arrows indicate SFMBT2-positive cells. Scale
bar, 100 ym. The percentage of positive cells in the cartilage samples at the
three developmental stages was analyzed (lower right). "P<0.05; *“P<0.001.
D, day; SFMBT2, Scm-like with four malignant brain tumor domains 2.

consistent with the RT-qPCR data (Fig. 2B). These findings
indicated that SFMBT2 may be involved in the proliferation
of chondrocytes during chondrogenesis.

SFMBT? regulates SOX9 expression in human chondrocytes.
The expression levels of SFMBT?2 were suppressed in C28/12
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Application
Antibody (origin) Type Species specificity Cat. no. Company (dilution)
SFMBT?2 (Rb) Polyclonal Human, mouse 25256-1-AP  ProteinTech Group, Inc. WB (1:500)
(Chicago, IL, USA)
SFMBT?2 (Rb) Polyclonal Human, rat bs-21105R BIOSS (Beijing, China) IHC (1:50)
SOX9 (Rb) Monoclonal Human, mouse ab182579 Abcam (Cambridge, MA, USA) WB (1:1,000)
COL2A1 (Rb) Polyclonal Human, mouse BAO0533 Wuhan Boster Biological WB (1:200)
Technology, Ltd. (Wuhan, China)
COL10A1 (Rb) Polyclonal Human, mouse BA2023 Wuhan Boster Biological WB (1:500)
Technology, Ltd
GAPDH (Rb) Polyclonal Human, mouse 10494-1-AP  ProteinTech Group, Inc. WB (1:2,000)
HRP-conjugated IgG  Polyclonal Rabbit 31460 Thermo Fisher Scientific, Inc. WB (1:2,000)
(goat) (Waltham, MA, USA)

COL10A1, collagen type X al chain; COL2A1, collagen type II al chain; HRP, horseradish peroxidase; IgG, immunoglobulin G; IHC, immu-
nohistochemistry; Rb, rabbit; SFMBT2, Scm-like with four malignant brain tumor domains 2; SOX9, SRY-box 9; WB, western blotting.
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Figure 2. SFMBT2 expression during chondrogenesis. (A and B) Relative expression levels of SFMBT?2 and chondrogenic markers (SOX9, COL2A1 and
COLI10A1) in ATDCS cells cultured in insulin-transferrin-selenium-supplemented medium, as determined by (A) RT-qPCR and (B) western blotting.
B-actin and GAPDH were used as internal controls in RT-qPCR and western blotting, respectively. "P<0.05, “P<0.01, “"P<0.001 vs. the ‘D0’ group; ""P<0.01,
"P<0.001 vs. the indicated group(s). D, day; COLI0ALI, collagen type X al chain; COL2A1, collagen type II al chain; D, day; RT-qPCR, reverse transcrip-
tion-quantitative polymerase chain reaction; SFMBT?2, Scm-like with four malignant brain tumor domains 2; SOX9, SRY-box 9.

cells in response to si-SFMBT2. Endogenous SFMBT2 was
knocked down >70% by 80 nM si-SFMBT?2 (Fig. 3A and B).
Decreased levels of SFMBT2 in C28/I2 cells led to a
significant reduction in SOX9, both at the mRNA (>1.7-fold;
P<0.05) and protein levels (>2-fold; P<0.05), as determined
by RT-qPCR and western blotting (Fig. 3A and B), respec-
tively. Conversely, overexpression of SFMBT?2 in C28/12
cells was achieved by infecting the cells with ad-SFMBT?2.
Compared with ad-NC, chondrocytes infected with 400 MOI
ad-SFMBT?2 exhibited >18-fold higher levels of SFMBT?2
(P<0.05), which resulted in significant upregulation of SOX9
at the mRNA (>2.4-fold; P<0.05) (Fig. 3C) and protein levels
(>7-fold; P<0.05) (Fig. 3D).

SFMBT?2 suppresses SOX9 reduction in TNF-a-treated
C28/12 cells. Different titers (MOIs) of ad-SFMBT?2 were use to
observe its effects on protein levels; as expected, ad-SFMBT?2

upregulated SOX9 protein expression in a dose-dependent
manner, as determined by western blotting (Fig. 4A). To
investigate whether SOX9 could regulate SFMBT?2, si-SOX9
was used. C28/I2 cells transfected with 60 nM si-SOX9
exhibited a marked decrease (>70%) in the protein expression
levels of SOX9 compared with in cells transfected with si-NC.
However, no change in the expression levels of SFMBT?2 was
observed (Fig. 4B), thus suggesting that SFMBT?2 is located
upstream of SOX9. Subsequently, SOX9 and SFMBT?2 expres-
sion was examined in C28/12 cells treated with IL-1f (10 ng/ml)
or TNF-a (10 ng/ml). The results of a western blot analysis
revealed that SOX9 expression was decreased in response to
IL-1p and TNF-a treatment (by >2 and >3-fold, respectively).
SFMBT?2 expression was not significantly altered in response
to IL-1p3; however, it was decreased by >1.4-fold in response to
24 h of treatment with TNF-a (Fig. 4C). Furthermore, C28/12
cells were treated with TNF-a for various durations. As shown
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Figure 3. SFMBT?2 positively regulates SOX9. Relative (A) mRNA and (B) protein expression levels of SFMBT2 and SOX9 in C28/12 cells transfected with
80 nM si-NC or si-SFMBT?2, as measured by RT-qPCR and western blotting, respectively. Relative (C) mRNA and (D) protein expression levels of SFMBT2
and SOX9 in C28/12 cells infected with ad-NC or ad-SFMBT2 (400 multiplicity of infection), as determined by RT-qPCR and western blotting, respec-
tively. The C28/12 cells were harvested for RNA and protein isolation at 24 and 48 h post-treatment with siRNA or adenoviral vector, respectively. GAPDH
was used as the internal control for RT-qPCR and western blotting. “P<0.05; “P<0.01; ““P<0.001. ad, adenovirus; NC, negative control; RT-qPCR, reverse
transcription-quantitative polymerase chain reaction; SFMBT2, Scm-like with four malignant brain tumor domains 2; si, small interfering; SOX9, SRY-box 9.

in Fig. 4D, SOX9 expression was decreased in TNF-a-treated
chondrocytes in a time-dependent manner. However, infecting
cells with 400 MOI ad-SFMBT2 prevented SOX9 reduc-
tion, and increased SOX9 protein levels in TNF-a-treated
chondrocytes.

SFMBT?2 positively regulates chondrocyte proliferation.
The proliferation of C28/I2 chondrocytes was observed
using the CCK-8. C28/12 cells were transfected/infected
with si-SFMBT?2 or ad-SFMBT?2, alongside their respective
controls. The results demonstrated that si-SFMBT?2 transfec-
tion decreased the proliferation of chondrocytes compared
with in the si-NC group (Fig. 5A). Conversely, chondrocytes
infected with ad-SFMBT2 exhibited increased prolifera-
tion compared with in the ad-NC group, as measured at the
indicated time intervals (Fig. 5B).

Discussion

A previous study reported that SFMBT?2 is highly expressed in
extra-embryonic tissues, such as the placenta and yolk sac, and
is required for trophoblast maintenance and placental develop-
ment (34). The present study analyzed the expression levels of
SFMBT?2 during cartilage development. For that purpose, DA
rats were raised and sacrificed at the indicated time points.
Immunohistochemical staining of femoral head cartilage
specimens collected at various stages of cartilage develop-
ment revealed that SFMBT2 was markedly expressed during
the early stages of development (DO and D21), thus suggesting
that this gene may be involved in early cartilage development.
Notably, SFMBT?2 expression was reduced in hypertrophic
chondrocytes, and at D42 its expression was confined to the
proliferating zone, thus indicating that SFMBT?2 may partici-
pate in chondrocyte proliferation. The downregulation of

SFMBT?2 expression observed at D42 may indicate a lack of
function of this gene in mature articular cartilage. However,
due to the complex mechanism underlying maintenance of
cartilage anabolic and catabolic homeostasis, certain levels of
molecular factors are crucial to retain that balance. This was
witnessed in our previous SFMBT?2 knockdown experiments,
where C28/12 cells transfected with si-SFMBT?2 displayed
altered expression levels of metabolic marker genes, suggesting
that downregulation of SFMBT2 may disturb the homeostatic
balance of chondrocytes (30).

Chondrogenesis is a process by which cartilage is formed.
It is primarily driven by the activity and expression of the
transcription factor SOX9, which stimulates and maintains
the expression of numerous cartilage-related genes, including
COL2A1 and ACAN (14,35). As a prerequisite for chondro-
genesis in vivo, SOX9 activates COL2A1 transcription by
binding to the first intron enhancer through its high mobility
group DNA-binding domain (36,37). Later phases of chon-
drogenesis are marked and regulated by the sequential
activation of genes, including Indian hedgehog, runt-related
transcription factor 2, COL10A1 and matrix metallopro-
teinase 13 (MMP13), and the simultaneous downregulation
of SOX9 and COL2A1 (38). Following chondrogenesis,
chondrocytes remain as resting cells forming the articular
cartilage, or undergo proliferation, terminal differentiation
to chondrocyte hypertrophy and apoptosis in a process
termed endochondral ossification, whereby the hypertrophic
cartilage is replaced by bone (39).

ATDCS cells are derived from mouse teratocarcinoma
cells (40) and are characterized as prechondrogenic cells
that remain undifferentiated if cultured in regular medium.
However, when grown in medium containing a chondrogenic
differentiation supplement, these cells can replicate the events
of chondrogenesis, from cell condensation to cartilage nodule
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formation (41,42). Therefore, the ATDCS cell line is consid-
ered a promising in vitro cell model to study the sequential
events of cartilage formation and the factors that influence
chondrocyte behaviors during chondrogenesis. In the present
study, the expression levels of SFMBT2 were increased in
chondrogenic ATDCS cells during the early phase of chon-
drogenesis (proliferating chondrocytes) alongside SOX9 and
COL2A1, but were decreased in the later phases (hyper-
trophic differentiation) when COL10A1 was upregulated,
indicating that SFMBT?2 may be involved in the proliferation
of chondrocytes. The high levels of COL10A1 at D14 are in
accordance with hypertrophic degeneration, which physi-
ologically precedes endochondral ossification. Under normal

physiological conditions, mature articular cartilage behaves
quite differently; SOX9 and COL2AI levels are maintained
even in the presence of low cellular turnover. In general, in
normal tissues, cellular proliferation and differentiation are
inversely related. The chondrocytes in adult human cartilage
are normally quiescent and maintain the matrix in a low
turnover state. Healthy hyaline cartilage does not express high
levels of COL10A1 and has a very low rate of proliferation,
simultaneously maintaining high SOX9 and COL2A1 levels.
Conversely, during OA development, modifications towards
hypertrophy take place (43-47).

SFMBT?2 expression during the process of chondrogenesis
was almost consistent with that of SOX9. Therefore, it was
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hypothesized that SFMBT?2 may affect SOX9 expression in
articular chondrocyte. The present study examined the effects
of SFMBT?2 knockdown and overexpression in C28/12 cells
using siRNA and adenoviral vectors, respectively. In mature
articular chondrocytes, following SFMBT2 knockdown
in vitro, SOX9 was significantly downregulated at the mRNA
and protein levels, whereas overexpression of SFMBT?2
upregulated SOX9. SOXO9 is a pivotal transcriptional regulator,
which is essential for chondrocyte phenotypic stability, differ-
entiation (13) and proliferation (36). Downregulation of SOX9
may induce angiogenesis, cartilage resorption, and formation
of bone marrow and endochondral bone trabeculae (22), which
are associated with the progression of OA. The present study
also investigated whether SOX9 could regulate SFMBT?2
expression. For that purpose, SOX9 expression in C28/12 cells
was suppressed by targeting SOX9 mRNA using a specific
siRNA sequence; however, si-SOX9 did not affect SFMBT?2
expression levels in chondrocytes, indicating that SFMBT?2 is
upstream of SOX9.

Studies on chondrocyte behavior in OA suggest that at
different stages and/or locations within articular cartilage, the
processes of cartilage matrix anabolism and catabolism are
regulated through coordinated mechanisms that are not fully
understood. The degradation of articular cartilage due to cata-
bolic behavior of chondrocytes, thus leading to the destruction
of ECM components, is a characteristic of OA (48,49). In OA,
the normally quiescent chondrocytes undergo a phenotypic
shift and become ‘activated’ cells, characterized by cell prolif-
eration, cluster formation, and increased production of matrix
proteins and matrix-degrading enzymes (49). It is generally
considered that inflammation is absent or weakly present in
OA (50); however, numerous studies have confirmed the pres-
ence of immune cells and proinflammatory cytokines within
the synovial tissues of patients with OA (51-54). The most
acknowledged background theory is that the cartilage frag-
ments and the degraded products fall into the joint and come
into contact with the synovium (50). Considering them foreign
bodies, synovial cells produce inflammatory cytokines in
response to these cartilage fragments, which results in further
activation of chondrocytes, the production of matrix-degrading
enzymes [i.e. MMPs and a disintegrin and metalloproteinase
with thrombospondin motifs (ADAMTSs)] and subsequent
increased cartilage destruction (55).

Numerous studies have confirmed the upregulation of
IL-1p and TNF-a.in OA joints (51-54). Nuclear factor (NF)-xB,
which is a negative regulator of SOX9 expression, is mainly
regulated by TNF-o and IL-1f (56). Activation of NF-xB and
other inflammatory pathways, such as the mitogen-activated
protein kinase signaling pathway, is required for chondro-
cytes to express MMPs, ADAMTSs and inflammatory
cytokines (44,57). In vitro studies have suggested that NF-kB
is an upstream inducer of hypoxia-inducible factor-2a, which
is another transactivator of genes expressed in hypertrophic
chondrocytes, including COL10A1, MMP13 and vascular
endothelial growth factor (58). These findings suggest that
the anabolic-catabolic balance is under the influence of
a complex network of signals that regulate chondrocyte
behavior and tissue homeostasis (59). Catabolic activity is
higher in OA (60), and due to their low turnover rate, chon-
drocytes are not able to substitute the degraded ECM (61).
However, increased production of collagen type II and
ACAN is commonly considered an early response to carti-
lage degeneration in in vivo and in vitro OA models (62,63).
SOXO9 is a potent transcriptional activator of COL2A1, which
participates in cartilage development and can maintain
the chondrocyte phenotype (13,20,64,65). When C28/12
cells were incubated with various concentrations (MOIs)
of ad-SFMBT2, SOX9 protein levels were elevated in a
dose-dependent manner compared with in the ad-NC group.
Furthermore, TNF-a treatment reduced SOX9 protein
levels in C28/12 cells. Infection with ad-SFMBT?2 not only
protected the cells from a reduction in SOX9 levels, but also
increased its expression in a time-dependent manner.

The present study investigated whether alterations in
SFMBT?2 levels could affect the proliferation of C28/12
cells. SFMBT?2 was knocked down in chondrocytes, which
were subjected to a cell proliferation assay using the CCK-8.
SFMBT?2 knockdown decreased cell proliferation compared
with in the si-NC-transfected cells. Conversely, the ad-SFMBT2
group displayed an increased proliferative rate compared with
in the ad-NC group. These results suggested that SFMBT?2 may
function as a positive regulator of cell proliferation in human
chondrocytes.

In conclusion, the present study revealed that SFMBT2
could target and regulate the expression of SOX9, and could
protect chondrocytes from losing SOX9 expression under



wd 2| SPANDIDOS
) PUBLICATIONS

TNF-a treatment. SFMBT?2 also promoted chondrocyte prolif-
eration. Further studies may reveal this promising molecule as
a potential therapeutic agent against OA.
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