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Hypoxia promotes maintenance of the chondrogenic
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through the HIF-10/YAP signaling pathway
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Abstract. The Hippo-yes-associated protein (YAP) signaling
pathway was previously identified to serve an important role in
controlling chondrocyte differentiation and post-natal growth.
Growth plate cartilage tissue is avascular, and hypoxia-inducible
factor (HIF)-1a is essential for chondrocytes to maintain their
chondrogenic phenotype in a hypoxic environment. In the
present study, the role of hypoxia and HIF-1a in the regula-
tion of YAP in chondrocytes was investigated. The data
demonstrated that hypoxia promoted the maintenance of the
chondrogenic phenotype, HIF-1a expression and YAP activa-
tion in chondrocytes in a time-dependent manner. Hypoxia
promoted YAP activation in a Hippo-independent manner.
Inhibiting the expression of HIF-1a decreased the activation
of YAP and downregulated the expression of sex-determining
region-box 9 protein (SOX9) under hypoxic conditions, while
the upregulation of HIF-1a by cobalt chloride promoted the
expression and nuclear translocation of YAP and upregulated
the expression of SOX9 and collagen II chain under normoxic
conditions. In addition, inhibition of YAP expression under
hypoxia did not affect the expression of the HIF-1a signaling
pathway, but inhibited the up-regulation of SOX9 expression
caused by hypoxia. In addition, reoxygenation following
hypoxia inhibited the activation of YAP caused by hypoxia in
chondrocytes, whereas the upregulation of SOX9 and collagen
II chain also appeared to be inhibited. In conclusion, the results
of the present study demonstrated that hypoxia promoted YAP
activation via HIF-1a. Therefore, the HIF-10/YAP signaling
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axis may serve an important role in controlling growth plate
chondrocyte differentiation and the maintenance of the
chondrogenic phenotype in growth plate chondrocytes.

Introduction

Growth plate cartilage tissue is avascular, which restricts its
repair capabilities; consequently, once this tissue is injured or
degenerates, cartilage becomes difficult to repair. Cartilage
tissue engineering includes autologous cell-based cartilage
repair, which involves in vitro expansion of a sufficient number
of chondrocytes to be implanted (1). However, chondrocytes are
not able to maintain their phenotypic stability in vitro (2,3) and
lose the expression of sex-determining region-box 9 protein
(SOX9) and cartilage-specific markers, including collagen II
chain and aggrecan (4,5). The development of strategies to
promote the maintenance of the chondrogenic phenotype and
induce re-expression of cartilage-specific markers in order
to ensure regeneration of biochemically and mechanically
functional cartilage tissue remains a difficult challenge. Due to
the lack of vasculature in the growth plate of cartilage tissue,
chondrocytes reside in a hypoxic microenvironment, with an
oxygen content from 6% O, in the superficial zone to 1% O,
in the deep zone, and accommodate physiological chronic
hypoxia (6,7). Hypoxic conditions have been demonstrated to
promote the maintenance of the chondrogenic phenotype (8)
and induce re-expression of cartilage-specific markers in
chondrocytes (9,10). Hypoxia has also been suggested to
promote chondrogenic differentiation of stem cells through
SOX9 mediation (11,12) and inhibit chondrocyte hyper-
trophy (13). Hypoxia-inducible factors (HIFs), which consist of
an oxygen-regulatory a subunit and a constitutively-expressed
[ subunit, participate in the response of cells to hypoxia. Under
normoxic conditions, the HIF-a subunit becomes hydroxylated
by prolyl hydroxylases, followed by proteasome degradation;
conversely, under hypoxic conditions, HIF-a is stabilized,
forms a heterodimer with the HIF-f subunit in the nucleus
and drives the expression of its targets (14). All of the known
HIFs (HIF-1, 2 and 3) are involved in the regulation of the
chondrogenic phenotype under hypoxic conditions (6,15,16).
HIF-1a has been indicated to be a critical survival factor for
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chondrocytes during development (6) by inducing expression
of cartilage-specific markers (17,18).

Cartilage tissue is regulated by various endocrine, para-
crine and complex local signaling pathways (19). With the
exception of HIF-1a, the other signaling pathways involved
in the maintenance of the chondrogenic phenotype under
hypoxic conditions remain largely unknown. The present
study investigated the role of Yes-associated protein (YAP)
in the maintenance of the chondrogenic phenotype in chon-
drocytes under hypoxic conditions. The Hippo-YAP signaling
pathway serves an important role in regulating cell growth and
differentiation (20). Core components of the Hippo pathway
include the kinases mammalian Ste20 (MST) and serine/thre-
onine-protein kinase large tumor suppressor (LATS). Upon
activation of the Hippo pathway, MST phosphorylates and acti-
vates LATS, which subsequently phosphorylates and inhibits
YAP. Phosphorylation of YAP leads to its cytoplasmic reten-
tion and degradation by proteasomes. Conversely, inhibition of
the Hippo pathway results in YAP nuclear retention and acti-
vation of transcriptional activity (21). In addition to the Hippo
signaling pathway, one previous study indicated that a number
of signaling pathways interact with YAP protein and serve
important roles in regulating YAP protein activation (22). To
the best of our knowledge, the interaction between hypoxia and
YAP has not been examined in growth plate chondrocytes. We
hypothesized that hypoxia may activate YAP in chondrocytes;
the possible role of hypoxia-induced activation of YAP in the
maintenance of the chondrogenic phenotype and re-expression
of cartilage-specific markers was then investigated, including
the interaction between YAP and HIF-la under hypoxic
conditions. The aim of the present study was to improve the
current knowledge on signaling mechanisms in chondrocytes
under hypoxic conditions, in order to improve the success of
cartilage tissue engineering.

Materials and methods

Chondrocytes isolation and culture. Growth plate chondro-
cytes were obtained from 7-day old Sprague Dawley (SD) rats
(n=20, 12 g). These SD rats were provided by the Experimental
Animal Center of Tongji Hospital (Wuhan, Hubei, China) and
maintained at 25°C, a relative humidity of 60% and ad libitum
access to food and water. The present study was approved by
the Experimental Animal Ethics Committee of Tongji Hospital,
Tongji Medical College of Huazhong University of Science and
Technology (Wuhan, Hubei, China). Briefly, after the SD rats
were sacrificed by cervical dislocation following anesthesia
using sodium pentobarbital, cartilage was obtained from the
growth plate of the distal femur and proximal tibia. Cartilage
pieces were digested with 0.25% trypsin (Gibco; Thermo
Fisher Scientific, Inc., Waltham, MA, USA) for 30 min at 37°C
with gentle shaking, and then digested with 0.1% collagenase
(Invitrogen; Thermo Fisher Scientific, Inc.) for § hat 37°C. Single
cells were collected with a cell strainer, followed by centrifuga-
tion (350 x g and 25°C for 8 min) and resuspension in Dulbecco's
modified eagle's medium/Ham's F-12 (DMEM/F-12; HyClone;
GE Healthcare Life Sciences, Logan, UT, USA) supplemented
with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher
Scientific, Inc.) and 1% penicillin-streptomycin. A total of 5x10°
chondrocytes were seeded into a cell medium and the medium
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was changed every 2 days. The chondrocytes were passaged at
80% confluence up to passage 3.

Hypoxia intervention. Once the chondrocytes had reached 80%
confluence, the cells were cultured under normoxic (21% O,,
74% N,, 5% CO,, 37°C, saturated humidity) or hypoxic (1% O,,
94% N,, 5% CO,, 37°C, saturated humidity) conditions.

Drugs treatments and RNA interference. Chondrocyte culture
medium was supplemented with different concentrations of
cobalt chloride (0, 50, 10, 150 and 200 xM; Sigma-Aldrich;
Merck KGaA, Darmstadt, Germany) for the indicated times.
When the growth plate chondrocytes had reached ~50%
confluence, the original culture medium was discarded,
and OPTIMEM medium containing YAP small interfering
(s)RNA (50 nM), HIF-1a siRNA (50 nM; Guangzhou Ribobio
Co., Ltd., Guangzhou, Guangdong, China) or negative control
(NC) siRNA, and Lipofectamine 2000® (Invitrogen; Thermo
Fisher Scientific, Inc.), was transfected in chondrocytes for
6 h. The sequences of YAP siRNA were as follows: GCCATG
AACCAGAGGATCA. The sequences of HIF-1a siRNA were
as follows: CTGATAACGTGAACAAATA, TCGACAAGC
TTAAGAAAGA and GGACAATATAGACATT. Subsequent
experiments were performed after 24 h. Endogenous YAP and
HIF-1a protein knock-out efficiency was examined by western
blot analysis.

Western blot analysis. Following rinsing with pre-cooled PBS,
the chondrocytes were lysed with radioimmunoprecipitation
assay lysis buffer (Boster Biological Technology, Inc., Wuhan,
Hubei, China) containing protease inhibitors and phospha-
tase inhibitors for 30 min, and the lysate was centrifuged
at 12,000 x g at 4°C for 20 min. Subsequent to collection of
the supernatant, the protein concentration was determined
by a bicinchoninic acid assay. A total of 20 ug protein was
loaded in 10% Bis-Tris gels. Following electrophoresis, the
separated proteins were transferred onto a polyvinylidene
fluoride membrane. The membranes were blocked with 5%
BSA (Biosharp, Inc., Hefei, Anhui, China) for 1 h at room
temperature and incubated with the primary antibodies
overnight at 4°C, followed by rinsing with TBS supplemented
with 0.1% Tween-20 (TBST) and incubation with horseradish
peroxidase-conjugated goat anti-mouse or goat anti-rabbit
secondary antibody (cat no. BA1050 and BA1054, respectively;
both 1:5,000 dilution; Boster Biological Technology) for 1 h at
room temperature. Then, following rinsing again with TBST,
exposure was performed using an electrochemiluminescence
(ECL) substrate (Pierce; Thermo Fisher Scientific, Inc.) with
a Bio-Rad exposure machine (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA). Gray-scale analysis was performed using
Quantity One software version 5.1 (Bio-Rad Laboratories, Inc.)
to determine the relative expression of various target proteins,
and P-actin was used as an internal control. The primary
antibodies used were as follows: MST1 (cat. no. 3682; 1:1,000
dilution; Cell Signaling Technology, Inc., Danvers, MA, USA),
phosphorylated (p)-LATS (cat. no. 9157; 1:1,000 dilution; Cell
Signaling Technology, Inc.), LATS (cat. no. 3477; 1:1,000 dilu-
tion; Cell Signaling Technology, Inc.), p-YAP (cat. no. 13008;
1:500 dilution; Cell Signaling Technology, Inc.), YAP
(cat.no. 14074; 1:500 dilution; Cell Signaling Technology, Inc.),
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SOXO9 (cat. no. ab3697; 1:5,000 dilution; Abcam, Cambridge,
MA, USA), collagen II chain (cat. no. ab34712; 1:1,000 dilu-
tion; Abcam), aggrecan (cat. no. ab36861; 1:1,000 dilution;
Abcam) HIF-1a (cat. no. ab2185; 1:500 dilution; Abcam),
vascular endothelial growth factor (VEGF; cat. no. ab46154;
1:1,000 dilution; Abcam); connective tissue growth factor
(CTGF, cat. no. ab6992; 1:1,000 dilution; Abcam), PCNA (cat.
no. 13110; 1:1,000 dilution; Cell Signaling Technology, Inc.),
VEGF receptor 1 (cat. no. ab32152, 1:1,000 dilution; Abcam)
and (-actin (cat. no. BM5180; 1:400 dilution; Boster Biological
Technology).

Immunofluorescence. The chondrocytes were rinsed three
times with PBS, fixed with 4% paraformaldehyde for 15 min
at room temperature, permeabilized with 0.1% Triton X-100 for
5 min and blocked with 0.1% BSA for 1 h at room temperature.
The cells were incubated with the primary antibodies (YAP,
cat no. 14074; 1:200 dilution; Cell Signaling Technology, Inc.;
SOX9, cat. no. ab3697; 1:200 dilution; Abcam; collagen II
chain, cat. no. ab34712; 1:200 dilution; Abcam; HIF-1a, cat.
no. ab2185; 1:200 dilution; Abcam; VEGF, cat. no. ab46154; 1:00
dilution; Abcam) overnight at 4°C. Following rinsing with PBS,
the CY3-conjugated goat anti-rabbit immunoglobulin G (cat.
no. BA1032; 1:100 dilution; Boster Biological Technology) was
added and the cells were incubated for 1 h at room temperature.
Following rinsing with PBS, DAPI (undiluted; cat. no. AR1176,
Boster Biological Technology) was added to stain the nuclei for
5 min at room temperature. Subsequent to rinsing again, the
cells were imaged using an EVOS FL auto fluorescence micro-
scope (magnification x200; Thermo Fisher Scientific, Inc.).

Reverse transcription quantitative polymerase chain reaction
(RT-gPCR). RT-qPCR was used for quantification of gene
expression. Total RNA was isolated with the EZNA Total RNA
kit (Omega Bio-Tek, Inc., Norcross, GA, USA) according to the
manufacturer's protocol, and the A260/280 absorbance ratio of
the samples was measured to determine the RNA quality. RNA
was synthesized using the Reverse Transcription kit (Toyobo
Life Science, Osaka, Japan) and single-stranded cDNA was
stored at -20°C until use. The SYBR Green Real-Time PCR
Master Mix (Toyobo Life Science) was used to amplify the
c¢DNA under the following conditions: 40 cycles of denatur-
ation at 95°C for 30 sec, 40 cycles of amplification at 94°C
for 5 sec, and at 58°C for 30 sec. f-actin served as an internal
control. There were three duplicate wells/cDNA sample. The
sequences of the primers were as follows: MST1 forward,
5-CATGACTGCTGGGTCCTACA-3"; MST1 reverse, 5-TGC
ACGACCTTGTTAATCCA-3"; LATSI forward, 5'-CAG
CAACTACTCTGGCAGCA-3'; LATSI reverse, 5-TCGGTC
GACATCTTGTTCAG-3'; LATS2 forward, 5'-ACAGAA
GCAGCACCAGAGGT-3"; LATS2 reverse, 5'-CGACACTCC
ACCAGTCACAG-3'; CTGF forward, 5'-GAGTCGTCTCTG
CATGGTCA-3'; CTGF reverse, 5-GCAGCCAGAAAGCTC
AAACT-3"; YAP forward, 5"TTTGCCATGAACCAGAG
GAT-3"; YAP reverse, 5S-"TATCTGCTGCTGCTGGTTTG-3";
SOX9 forward, 5'-TGCAGCACAAGAAAGACCAC-3'
SOX9 backward, 5"TGGCGTTAGGAGAGATGTGA-3';
collagen a-1(II) chain forward, 5'-CTCAAGTCGCTGAAC
AACCA-3'; collagen a-1(IT) chain reverse, 5'-CTCAAGTCG
CTGAACAACCA-3'; aggrecan forward, 5~ AACTCAGTG
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GCCAAACATCC-3'; aggrecan reverse, 5-AACTCAGTG
GCCAAACATCC-3"; HIF-1a. forward, 5"-TCAAGTCAGCAA
CGTGGAAG-3"; HIF-1a reverse, 5'-GGCCAGCTAACTTTC
AGCAC-3"; VEGFa forward, 5'-GCTTCCTAGTGGGCTCTG
TG-3"; VEGFa reverse, 5'-CACACATACACTCCGGCATC-3";
CTGEF forward, 5'-GAGTCGTCTCTGCATGGTCA-3"; CTGF
reverse, 5'-GCAGCCAGAAAGCTCAAACT-3";, B-actin
forward, 5'-GAGATTACTGCCCTGGCTCCTAGC-3";
B-actin reverse, 5'-CCGGACTCATCGTACTCCTGCTT-3".

Statistical analysis. All experiments were repeated three times
and the results are presented as mean + standard deviation.
SPSS statistical software (v.19.0; IMB Corp., Armonk, NY,
USA) was used to analyze statistical differences between
groups. An unpaired Student's t-test was used to assess statis-
tical significance between two groups. A one-way analysis of
variance with Bonferroni post-hoc test was used for multiple
group comparisons. P<0.05 was considered to indicate a
statistically significant difference.

Results

Hypoxia promotes YAP activation in growth plate chondro-
cytes via a Hippo-independent signaling pathway. To explore
the effect of hypoxia (1% O,) on YAP activation in growth
plate chondrocytes at different time points, western blot anal-
ysis, PCR and immunofluorescence were used. As indicated
in Fig. 1A-C, hypoxia significantly promoted YAP mRNA
and protein expression. As the total YAP protein level was
altered following hypoxia treatment, the ratio of p-YAP/total
YAP was used to analyze YAP activation. As demonstrated
in Fig. 1A, hypoxia promoted YAP dephosphorylation in a
time-dependent manner. Similar results were also obtained
by immunofluorescence. As serum contains lysophosphatidic
acid, which is able to activate YAP protein, chondrocytes were
serum-starved for 24 h. As indicated in Fig. 1D, immunofluo-
rescence imaging of chondrocytes cultured under normoxia
revealed that YAP was inactivated and primarily located in the
cytoplasm of chondrocytes. Following culture under hypoxic
conditions for 4 h, the YAP protein was activated and trans-
located into the nucleus. These results indicated that hypoxia
activated YAP protein.

The Hippo signaling pathway serves an important role in
regulating YAP protein activation. Therefore, whether hypoxia
promoted YAP activation via inhibiting the Hippo signaling
pathway was next investigated. The expression levels of core
regulators in the Hippo-YAP signaling pathway including
MSTI, p-LATS and LATS were assessed. The western blot
analysis results demonstrated that, when chondrocytes were
cultured under hypoxic conditions, the Hippo signaling
pathway was activated and an increase in MST1 mRNA and
protein expression was observed (Fig. 1A-C). Furthermore, the
ratio of p-LATS/LATS was significantly upregulated under
exposure to hypoxic conditions for >4 h (Fig. 1B). As Hippo
signaling pathway activation may result in YAP protein phos-
phorylation and cytoplasm retention, hypoxia may therefore
promote YAP activation in a Hippo-independent manner.

Hypoxia promotes the expression of cartilage-specific
markers at the protein and gene level. The effect of hypoxia
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Figure 1. Hypoxia promotes YAP activation in growth plate chondrocytes via a Hippo-independent signaling pathway. (A) Protein expression of MST1,
p-LATS, LATS, p-YAP and YAP of growth plate chondrocytes cultured under hypoxia (1% O,) for 0, 2, 4 and 8 h. -actin served as an internal control.
(B) The density of the bands were quantified and normalized to the control group (0 h). (C) mRNA expression of MST1, LATSI, LATS2, YAP and CTGF in
chondrocytes cultured under hypoxia (1% O,) for 0, 2, 4 and 8 h. (D) Immunofluorescence imaging of YAP (red) in chondrocytes cultured under normoxia
(21% O,) or hypoxia (1% O,) for 4 h. DAPI (blue) was used for nuclear staining. Scale bar=200 ym. Data are presented as mean + standard deviation (n=3) and

s

normalized to the control group (0 h). "P<0.05, “P<0.01 and “"P<0.001 vs. the control group (0 h). YAP, Yes-associated protein; MST1, mammalian Ste20;
LATSI1/2, serine/threonine protein kinase large tumor suppressor 1/2; p, phosphorylated; CTGF, connective tissue growth factor; NO, normoxia; HY, hypoxia;

RFP, red fluorescent protein.

on the protein and gene expression of cartilage-specific
markers in chondrocytes under normoxic (21% O,) or hypoxic
(1% 0O,) conditions was then investigated. The expression of
cartilage-specific markers, including SOX9, collagen II chain
and aggrecan, was assessed. The protein expression levels
of SOXO9, collagen II chain and aggrecan were significantly
increased in response to hypoxia in chondrocytes. Notably,
when chondrocytes remained under hypoxic conditions for
8 h, the protein expression levels of SOX9, collagen II chain
and aggrecan were downregulated compared with that at

4 h, but the expression level of SOX9 and collagen II chain
remained increased compared with that in the control group
(Fig. 2A and B).

The RT-qPCR results demonstrated that hypoxia promoted
SOXO9, collagen a-1(II) chain and aggrecan gene expression,
and the mRNA levels of SOX9 and aggrecan peaked at 4 h
(Fig. 2C).

The expression levels of SOX9 and collagen II chain were
then investigated by immunofluorescence. Concordant with
the protein and gene expression data, SOX9 and collagen II
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Figure 2. Hypoxia promotes the expression of cartilage-specific markers at the protein and gene levels. (A) Protein expression of SOX9, collagen II chain and
aggrecan in growth plate chondrocytes cultured under hypoxia (1% O,) for 0, 2,4 and 8 h. B-actin served as an internal control. (B) The density of the bands
was quantified and normalized to the control group (0 h). (C) mRNA expression of SOX9, collagen a-1(II) chain and aggrecan in chondrocytes cultured under
hypoxia (1% O,) for 0,2, 4 and 8 h. (D) Immunofluorescence imaging of SOX9 (red) of chondrocytes cultured under normoxia (21% O,) or hypoxia (1% O,) for
4 h. DAPI (blue) was used for nuclear staining. Scale bar=200 ym. (E) Immunofluorescence imaging of collagen II chain (red) in chondrocytes cultured under
normoxia (21% O,) or hypoxia (1% O,) for 4 h. DAPI (blue) was used for nuclear staining. Scale bar=200 ym. Data are presented as mean + standard deviation
(n=3) and normalized to the control group (0 h). “P<0.05, “P<0.01 and "“P<0.001 vs. the control group (0 h). SOX9, sex-determining region-box 9 protein; NO,

normoxia; HY, hypoxia; RFP, red fluorescent protein.

chain deposition in chondrocytes was markedly increased by
exposure to hypoxia for 4 h (Fig. 2D and E).

These results indicate that hypoxia induces the expres-
sion of cartilage-specific markers in chondrocytes, thereby
promoting the maintenance of the chondrogenic phenotype.

Hypoxia promotes YAP activation in a HIF-1a dependent
manner. HIF-1a is key to chondrocyte survival under
hypoxic conditions. Therefore, the contribution of HIF-1a to
hypoxia-induced activation of YAP and maintenance of the
chondrogenic phenotype in chondrocytes was investigated.
Firstly, the expression of HIF-1a and its downstream target

gene VEGF was examined in a hypoxic microenvironment.
The protein expression of HIF-1a in growth plate chondrocytes
was significantly increased under hypoxia, and VEGF protein
expression was also significantly upregulated (Fig. 3A and B).
The RT-qPCR analysis yielded the same results (Fig. 3C).
Similar results were also obtained by immunofluorescence
assay (Fig. 3D and E).

Next,siRNA were used to destabilize HIF-1a under hypoxic
conditions and detect the activation of YAP. As indicated in
Fig. 3F, all three siRNA sequences effectively downregulated
the expression of HIF-1a, with sequence 2 being the most effec-
tive (Fig. 3F and G). Following inhibition of HIF-1a expression
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Figure 3. HY promotes YAP activation in a HIF-1a-dependent manner. (A) Protein expression of HIF-1a and VEGF in growth plate chondrocytes cultured under
HY (1% O,) for 0,2, 4 and 8 h. B-actin served as an internal control. (B) The density of the bands were quantified and normalized to the control group (0 h).
(C) mRNA expression of HIF-1a and VEGF in chondrocytes cultured under HY (1% O,) for 0, 2, 4 and 8 h. (D) Immunofluorescence imaging of HIF-1a (red)
in chondrocytes cultured under NO (21% O,) or HY (1% O,) for 4 h. DAPI (blue) was used for nuclear staining. Scale bar=200 ym. (E) Immunofluorescence
imaging of VEGF (red) in chondrocytes cultured under NO (21% O,) or HY (1% O,) for 4 h. DAPI (blue) was used for nuclear staining. Scale bar=200 ym.
(F) Protein expression of HIF-1a in growth plate chondrocytes following siRNA silencing of HIF-1a and then culture under HY (1% O,) for 4 h to detect the
effect of HIF-1a silencing. 3-actin served as an internal control. (G) The density of the bands was quantified and normalized to the NC group. Data are presented
as mean + SD (n=3). 'P<0.05 and “"P<0.01 vs. the NC group. (H) Protein expression of YAP in growth plate chondrocytes cultured under NO or under HY with
siRNA negative control (HY+NC group) or under HY with siHIF2 siRNA (HY+siHIF2 group) for 4 h. B-actin served as an internal control. (I) The density of
the bands was quantified and normalized to the NO group. (J) Protein expression of SOX9 in growth plate chondrocytes cultured under NO (NO group) or under
HY with siRNA negative control (HY+NC group) or under HY with siRNA siHIF2 (HY+siHIF2 group) for 4 h. 3-actin served as an internal control. (K) The
density of the bands was quantified and normalized to the NO group. “P<0.01 vs. the NO group. (L) Immunofluorescence imaging of YAP (red) in chondrocytes
cultured under NO (21% O,) or HY (1% O,) with or without siHIF-1a for 4 h. DAPI (blue) was used for nuclear staining. Scale bar=200 ym. Data are presented as
mean + standard deviation (n=3), and normalized to the control (0 h)/NC groups. ‘P<0.05, “P<0.01 and *“P<0.001 vs. the control (0 h) or NC groups. **P<0.001
vs. the HY+NC group. YAP, yes-associated protein; HIF-1a, hypoxia-inducible factor la; SOX9, sex-determining region-box 9 protein; siRNA, small interfering
RNA; NO, normoxia; HY, hypoxia; RFP, red fluorescent protein; VEGF, vascular endothelial growth factor; NC, negative control.
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by siRNA, it was identified that the activation of YAP protein
induced by hypoxia was significantly inhibited (Fig. 3H and I).
It was also identified that, following downregulation of HIF-1a
expression, the upregulation of SOX9 caused by hypoxia was
also significantly downregulated (Fig. 3J and K). To addition-
ally investigate the effect of HIF-1a on YAP localization and
activation, an immunofluorescence assay was conducted. As
demonstrated in Fig. 3L, HIF-1a siRNA treatment signifi-
cantly abolished hypoxia-induced YAP nucleus translocation
and activation (Fig. 3L).

These results suggest that HIF-1a serves an important role
in regulating chondrocyte differentiation. Notably, the results
of the present study also indicate that hypoxia-induced YAP
activation is HIF-1a-dependent.

Cobalt chloride upregulates HIF-1o expression and promotes
activation of YAP. To additionally explore the effect of HIF-1a
on YAP activation under normoxia, chondrocytes were treated
with cobalt chloride to stabilize HIF-1a under normoxic
conditions. Following treatment with different concentrations
of cobalt chloride (0-200 yM) for 24 h, the gene and protein
expression of HIF-1a and its downstream target, VEGF, were
evaluated by western blot analysis and RT-qPCR. The protein
expression of HIF-1a was significantly upregulated following
stimulation of chondrocytes with different concentrations of
cobalt chloride, and VEGF expression was also upregulated
(Fig. 4A and B). At cobalt chloride concentrations of >100 uM,
the HIF-1o. and VEGFa gene expressions were significantly
increased compared with those in the control group (Fig. 4C).

Next, 100 #M cobalt chloride was used to stimulate growth
plate chondrocytes for different lengths of time, and the changes
in HIF-1a and VEGEF protein levels were assessed. The protein
expression of HIF-1a was significantly upregulated following
stimulation of chondrocytes with 100 M cobalt chloride for
12-48 h. The protein expression of VEGF also exhibited a
significant upregulation (Fig. 4D and E).

Then, the activation of YAP in the presence of cobalt
chloride under normoxia was examined. Different concentra-
tions of cobalt chloride (0-200 M) were used to stimulate
chondrocytes for 24 h under normoxia, and the gene and
protein expression levels of YAP and its downstream target
gene, CTGF, were detected. As demonstrated in Fig. 4F-H,
cobalt chloride significantly promoted YAP activation and
the expression of CTGF. Cobalt chloride (100 #M) was used
to stimulate growth plate chondrocytes for different time
intervals, and the changes in YAP and CTGF protein levels
were assessed (Fig. 41 and J). The results of immunofluores-
cence also revealed that 100 #M cobalt chloride significantly
promoted YAP protein expression and nuclear translocation
(Fig. 4K). These results indicated that the upregulation of
HIF-1a with cobalt chloride promoted the activation of YAP
under normoxic conditions.

HIF-1a is useful for maintaining of the chondrogenic pheno-
type. Chondrocytes were then treated with cobalt chloride
to stabilize HIF-1a under normoxia and the expression of
cartilage-specific markers was detected. The western blot
analysis results demonstrated that treatment with cobalt chlo-
ride at different concentrations for 24 h upregulated the protein
expression of SOX9 and collagen II chain in chondrocytes,
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with 100 M cobalt chloride exerting the most marked effect
(Fig. 5A and B). The RT-qPCR results also revealed that cobalt
chloride stimulated the gene expression of collagen a-1(II) chain,
aggrecan and SOX9 (Fig. 5C). Subsequently, the chondrocytes
were stimulated with 100 M cobalt chloride for different time
intervals. The protein expression levels of collagen II chain and
SOX9 were significantly increased following stimulation with
100 uM cobalt chloride (Fig. 5D and E). The aforementioned
results indicated that increasing the expression of HIF-1a with
cobalt chloride in a normoxic environment effectively promoted
the expression of cartilage-specific markers in chondrocytes,
which was beneficial in promoting the maintenance of the
chondrogenic phenotype.

Effect of YAP on HIF-1a and the maintenance of the chon-
drogenic phenotype. To investigate the role of YAP in HIF-1a
and the maintenance of the chondrogenic phenotype in
chondrocytes under hypoxic conditions, siRNA were used
to downregulate the expression of YAP and investigate the
expression of SOX9 and HIF-1la in chondrocytes exposed
to hypoxia. SOX9 protein expression was downregulated
following YAP inhibition. However, the levels of HIF-1a and
VEGEF did not change significantly (Fig. 6A-C). The results
demonstrated that YAP is implicated in the maintenance of the
chondrogenic phenotype of chondrocytes induced by hypoxia,
and the downregulation of YAP expression did not affect the
expression of HIF-1a. under hypoxia.

To investigate whether reoxygenation following hypoxia
may inhibit the maintenance of the chondrogenic phenotype, the
chondrocytes were stimulated by normoxia for 1 h, following
hypoxia for 4 h, to observe the expression of cartilage-specific
markers and YAP. The western blot analysis revealed that the
levels of SOX9 and collagen II chain in chondrocytes were down-
regulated during post-hypoxia reoxygenation. YAP exhibited
the same trend. (Fig. 6D-F). Therefore, it was concluded that the
upregulation of cartilage-specific markers caused by short-term
hypoxia stimulation is reversible, and that this reversibility may
be associated with inhibition of YAP by reoxygenation.

Discussion

Cartilage tissue is a special type of connective tissue that lacks
vasculature; chondrocytes reside in a hypoxic microenviron-
ment, and produce and maintain the extracellular matrix of
cartilage, including collagen (primarily collagen II chain) and
proteoglycans (primarily aggrecan). In vitro, chondrocytes are
not able to maintain their phenotypic stability and may lose
the expression of cartilage-specific markers including SOX9,
collagen II chain and aggrecan (4,5) due to the hyperoxic
environment established in vitro relative to their physiological
state. Therefore, understanding the signaling mechanisms
that regulate the maintenance of the chondrogenic phenotype
of chondrocytes is crucial for optimizing the cultivation of
chondrocytes, in order to improve the strategies of autolo-
gous cell-based cartilage repair. In the present study, it was
demonstrated that hypoxia promoted the activation of YAP in
chondrocytes in a HIF-la-dependent manner.

HIF is a type of transcriptional factor that mediates adap-
tation of mammalian cells to hypoxia, and consists of o and
[ subunits. HIF-1a is a functional subunit that determines HIF-1
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Figure 4. Cobalt chloride upregulates HIF-1a expression and promotes activation of YAP. (A) Protein expression of HIF-1a and VEGF in growth plate chondro-
cytes cultured with cobalt chloride at concentrations in 0, 50, 100, 150 or 200 xM under normoxia (21% O,) for 24 h. $-actin served as an internal control. (B) The
density of the bands was quantified and normalized to the O uM group. (C) mRNA expression of HIF-1a and VEGF in chondrocytes cultured with cobalt chloride
at concentrations of 0, 50, 100, 150 or 200 M under normoxia (21% O,) for 24 h. (D) Protein expression of HIF-1a. and VEGF in growth plate chondrocytes
cultured with 100 #M cobalt chloride for 0, 12, 24, 36 or 48 h under normoxia (21% O,). $-actin served as an internal control. (E) The density of the bands was
quantified and normalized to the 0 h group. (F) Protein expression of YAP and CTGF in chondrocytes cultured with cobalt chloride at concentrations of 0, 50,
100, 150 or 200 ¥M under normoxia (21% O,) for 24 h. (G) The density of the bands was quantified and normalized to the O M group. (H) mRNA expression
of YAP and CTGF in growth plate chondrocytes cultured with cobalt chloride at concentrations of 0, 50, 100, 150 or 200 #M under normoxia (21% O,) for 24 h.
(I) Protein expression of YAP and CTGF in growth plate chondrocytes cultured with 100 uM cobalt chloride for 0, 12, 24, 36 or 48 h under normoxia (21% O,).
f-actin served as an internal control. (J) The density of the bands was quantified and normalized to the O h group. (K) Immunofluorescence imaging of YAP (red)
in chondrocytes cultured with 100 #M cobalt chloride under normoxia (21% O,) for 24 h. ‘C’ represents the control. DAPI (blue) was used for nuclear staining.
Scale bar=200 pm. Data are presented as mean + standard deviation (n=3) and normalized to the control (0 xM/0 h) groups. "P<0.05, “P<0.01 and “*P<0.001
vs. the 0 h/0 uM groups. YAP, yes-associated protein; HIF-1a, hypoxia-inducible factor 1a; SOX9, sex-determining region-box 9 protein; NO, normoxia; HY,
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activity and is regulated by intracellular oxygen concentration.
HIF-1p is a structural subunit that is stably expressed and
not regulated by oxygen concentration (23). Under normoxic
conditions, HIF-1a binds to Von Hippel-Lindau proteins, is
recognized by the ubiquitin ligase E3 receptor and forms an
E3 ubiquitin ligase complex, followed by ubiquitination and
degradation. When the oxygen concentration decreases, HIF-a
increases in stability and forms a heterodimer with HIF-§,
which is then translocated to the nucleus to regulate down-
stream gene expression (23). It was previously demonstrated
that HIFs may directly regulate the expression and activity of
Ras homolog (Rho) gene family, member A and Rho-associated
protein kinase in hypoxic breast cancer cells, thereby affecting
cell contraction, cell-induced matrix contraction, FA formation,
focal adhesion kinase activation and increased cell motility (24).
HIF-1a serves an important role in energy supply, erythropoi-
esis, angiogenesis and cell survival under hypoxia. Pathological
hypoxia in vitro promotes the proliferation of neural stem cells
(NSCs), upregulates the expression of HIF-1la and activates
the Wnt signaling pathway. Silencing HIF-1a decreases the
nuclear translocation of [3-catenin and the expression of cyclin
D1, and inhibits the proliferation of NSCs (25). HIF-1 serves
an important role in the normal growth and development of
cartilage, energy metabolism and survival (6,26,27). In the
present study, hypoxia promoted the expression of HIF-1a in
chondrocytes in a time-dependent manner, and cobalt chlo-
ride stabilized HIF-1a activity and induced the expression of
downstream genes under normoxic conditions in a dose- and
time-dependent manner. When the concentration of cobalt
chloride was >100 M, it induced cytotoxicity, and led to a
downregulation of HIF-1o. and VEGF. When the HIF-1a. gene
of growth plate chondrocytes was knocked out in vitro, their
proliferation capacity was significantly decreased and the
number of apoptotic cells increased (28,29). In chondrocytes,
HIF-la is involved in anaerobic metabolism and inhibits cell
apoptosis under hypoxic conditions (30); it is also crucial for
the differentiation of mesenchymal stem cells (MSCs) into
chondrocytes (29,31). Hypoxia may promote the expression
of collagen II chain and proteoglycan through HIF-1a and
promote the anabolic metabolism of chondrocytes (16). In the
present study, 1% O, was used to stimulate the growth plate
chondrocytes, and hypoxia was identified to promote the
protein and gene expression of collagen II chain and aggrecan
in a time-dependent manner. When cobalt chloride was used
to upregulate the expression of HIF-1a under normoxic condi-
tions, the expression of collagen II chain was also upregulated.
Under hypoxic conditions, the inhibition of HIF-1a by siRNA
decreased the upregulation of collagen II chain induced by
hypoxia. This suggested that hypoxia-induced upregulation
of collagen II chain is associated with activation of HIF-1a.
Examination of reoxygenation post-hypoxia revealed that this
hypoxia-induced increase in collagen II chain expression in
chondrocytes was reversible. It was previously demonstrated
that, when human MSCs were stimulated by hypoxia or HIF-1a
in vitro, the expression of collagen II chain and proteoglycans
increased, and collagen a-1(X) chain synthesis decreased. When
the HIF-1a stimulation was removed, collagen II chain and
proteoglycan expression decreased and collagen a-1(X) chain
synthesis was increased (32). In chondritis, HIF-1o was indi-
cated to protect chondrocytes from inflammatory factors (33).
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SOXO9 is a major regulator of early chondrogenic differ-
entiation and may promote chondrocyte differentiation
and interact with transcription factors SOX5 and SOX6 to
promote the proliferation and differentiation of chondrocytes
followed by expression of chondrocyte matrix components,
including aggrecan and collagen II chain. HIF-1a regulates
the formation of chondrocytes by upregulating the expres-
sion of SOX9 (34,35). In bone marrow MSCs, hypoxia
increased the nuclear accumulation of HIF-1a and SOX9
gene transcription (36). The present study demonstrated that
hypoxia upregulated SOX9 expression in chondrocytes in a
time-dependent and a HIF-1a-dependent manner.

The Hippo signaling pathway serves an important role in
controlling the size and tissue regeneration in several organs,
and may regulate cell proliferation and differentiation (35,37).
When the classical Hippo signaling is activated, MST1/2
phosphorylates and interacts with protein salvador homolog 1
to phosphorylate LATS1/2 kinase; activated LAS1/2 kinase
phosphorylates YAP, resulting in its inactivation; p-YAP then
binds to 14-3-3, followed by proteasomal degradation of the
ubiquitinated protein (38). Dephosphorylated YAP enters the
nucleus and interacts with Transcriptional enhancer factor
TEF family of transcription factors to induce the expression of
the target genes (34,37). An increasing number of studies have
demonstrated that Hippo signaling plays an important role in
stem cell proliferation and differentiation (39). YAP has been
indicated to be involved in the regulation of various cellular
processes, including mechanical conduction (40) and stem
cell differentiation (41). YAP regulates a series of biological
behaviors including self-renewal and proliferation of stem
cells (37,42). However, the role of the Hippo signaling pathway
in chondrocyte differentiation and bone repair remains
unclear. YAP1 may directly regulate the expression of SOX6
to promote the proliferation of chondrocytes (43), and inhibit
the expression of collagen a-1(X) chain by interacting with
runt-related transcription factor 2 (Runx2) to inhibit chondro-
cyte maturation (44). In the growth plate of the mouse embryo,
YAPI is expressed in the resting and proliferating layers, while
p-YAPI is expressed in the hypertrophic layer, and the expres-
sion of collagen a-1(X) chain and Runx2 in the hypertrophic
layer is marked (43). YAP1 is required for the proliferation
and maintenance of chondrogenic progenitor cells. The
overexpression of YAP1 may increase the proliferation of
chondrocytes, but inhibit their differentiation. In addition,
YAPI may inhibit chondrocyte maturation and endochondral
ossification during bone development and growth (43). YAP1
suppresses chondrogenic differentiation in MSCs, and the
downregulation of YAP expression contributes to the chon-
drogenic differentiation of MSCs (22). However, the number
of studies on the interaction between hypoxia and YAP is
limited, particularly in chondrocytes. It has been demonstrated
that hypoxia may induce YAP phosphorylation in ECO cell
lines and downregulate total YAP expression (45). Hypoxia
in prostate cancer increases YAP activity by increasing or
decreasing YAP expression in the nucleus and lowering
p-YAP levels (46). In the present study, hypoxia was used to
stimulate growth plate chondrocytes, and it was identified
that hypoxia upregulates the expression of YAP while Hippo
signaling pathway was activated concomitantly, indicating that
hypoxia promoted YAP activation via a Hippo-independent



Bzl SPANDIDOS
7] ,§, PUBLICATIONS

pathway. The RT-qPCR results also demonstrated that hypoxia
may promote the upregulation of YAP mRNA expression.
The results of the immunofluorescence assay revealed that
the expression of YAP was significantly upregulated under
hypoxic conditions, and there was marked expression in the
nucleus. Reoxygenation of the chondrocytes following treat-
ment with hypoxia demonstrated that the activation of YAP
caused by hypoxia was significantly inhibited. The use of
siRNA to inhibit YAP expression under hypoxic conditions
decreased the expression of SOX9, indicating that SOX9
expression in hypoxia may be regulated by YAP.

Studies on the interactions between HIF-1a and YAP under
hypoxia are infrequent. It has been suggested that hypoxia
may inactivate Hippo signaling, upregulate YAP expression
and promote the formation of a complex with HIF-1a, thereby
stabilizing the expression of HIF-1a in tumors in vivo (47). In
an additional study, interference with YAP in liver sinusoidal
endothelial cells significantly downregulated HIF-1 protein
expression (48). The present study used siRNA to inhibit the
expression of HIF-1a and identified that the upregulation of
YAP expression caused by hypoxia was significantly inhib-
ited. When cobalt chloride was applied to stabilize HIF-1a
expression under normoxic conditions, the expression of YAP
and CTGF was also significantly upregulated. The treatment
of chondrocytes with cobalt chloride also promoted YAP
expression and nuclear translocation, as demonstrated by
immunofluorescence assays. Therefore, we hypothesized that
hypoxia-induced activation of YAP is HIF-la-dependent.
When siRNAs were used to downregulate YAP expression,
the same inhibition was also observed in the upregulation of
SOX9 expression induced by hypoxia. However, there was
no significant effect on the HIF-1a signaling pathway. Upon
reoxygenation of chondrocytes following exposure to hypoxia,
it was identified that the activation of YAP caused by hypoxia
was significantly inhibited, and the upregulation of SOX9 and
collagen II chain caused by hypoxia was also significantly
inhibited. Therefore, we hypothesized that the activation of
YAP serves a key role in the maintenance of the chondrogenic
phenotype in hypoxia, and is closely associated with the
activation of HIF-1a.

Hypoxia may promote the HIF-1la-dependent activation of
YAP; this activation does not depend on Hippo signaling and
is reversible. Hypoxia promotes the maintenance of the chon-
drogenic phenotype in a time- and HIF-1a-dependent manner.
Inhibiting the activation of YAP under hypoxia does not affect
the HIF-1a signaling pathway, but inhibits the maintenance
of the chondrogenic phenotype. Notably, the present study
demonstrated that hypoxia ultimately affects the maintenance
of the chondrogenic phenotype in growth plate chondrocytes
through the interaction between HIF-1a and YAP.
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