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Abstract. Chondrocytes are well adapted to hypoxia 
and produce more functional extracellular matrix in low 
oxygen environments in vitro. In our previous study, meth‑
yltransferase SET domain containing (SETD)7 regulated 
chondrocyte activity in hypoxic conditions. However, 
the precise association between SETD7 and chondrocyte 
differentiation under low oxygen partial pressure remains 
unclear. The association between SETD7 and chondrocyte 
differentiation was studied by silencing SETD7 in chon‑
drocytes in  vitro. The results showed that the silencing 
of SETD7 in ATDC5 cells inhibited the Hippo signaling 
pathway, decreased Yes‑associated protein (YAP) phos‑
phorylation and increased the levels of YAP and hypoxia 
inducible factor‑1α (HIF‑1α) in the nucleus. YAP combined 
with HIF‑1α to form a complex that promoted the expres‑
sion of genes involved in chondrogenic differentiation and 
the glycolytic pathway. Thus, SETD7 inhibited chondro‑
cyte differentiation and glycolysis via the Hippo signaling 
pathway. The present study demonstrated that SETD7 was 
a potential molecular target that maintained the chondro‑
cyte phenotype during cartilage tissue engineering and 
cartilage‑associated disease.

Introduction

Cartilage defects caused by congenital abnormality, trauma or 
inflammation in the weight bearing joint cause extensive health 
issues for the patient. Cartilage tissue engineering enables repair 
of cartilage defects, which are difficult to repair due to the lack 
of regenerative ability of chondrocytes (1,2). Although various 
types of scaffold for cartilage repair have been developed, 
dedifferentiation of chondrocytes causes a challenge to cartilage 
tissue engineering (3,4). With continuous monolayer expansion, 
chondrocytes dedifferentiate and lose phenotypical character‑
istics, displaying fibroblastic phenotype, thus affecting their 
cartilage‑forming ability (5). To reconstruct cartilage tissue, it 
is necessary to develop a method to maintain the chondrocyte 
phenotype during chondrocyte amplification.

Proliferation and differentiation of chondrocytes are 
influenced by numerous factors, such as density of cell 
inoculation (6), composition of culture medium (7) and two or 
three‑dimensional culture conditions (8). Oxygen partial pres‑
sure is another key factor affecting chondrocyte differentiation 
and cartilage formation (9). The oxygen partial pressure is 1‑5% 
inside normal cartilage because of the lack of blood vessels (10). 
Chondrocytes produce more functional extracellular matrix 
in hypoxic compared with in normoxic environments  (11). 
However, the mechanism of chondrocyte differentiation under 
low oxygen partial pressure remains unclear.

Differentiation of chondrocytes and cartilage formation 
are regulated by a variety of methylases (12). In our previous 
study, the lysine methyltransferase Su(var)3‑9, enhancer 
of zeste and trithorax (SET) domain containing 7 (SETD7) 
regulated apoptosis of chondrocytes at different oxygen partial 
pressures (13). SETD7 specifically identifies the K/R‑S/T‑K* 
amino acid sequence and transfers a methyl group to lysine 
residue of K* (14). SETD7 is involved in cell cycle regulation, 
DNA damage response, gene transcription and cell differentia‑
tion (15). To the best of our knowledge, however, the role and 
mechanism of SETD7 in regulating chondrogenic differentia‑
tion have not been studied.

Hippo signaling controls organogenesis and cell differ‑
entiation (16). When Hippo signaling is activated, a series 
of phosphorylation events occur via mammalian STE20‑like 

SETD7 regulates chondrocyte differentiation and glycolysis 
via the Hippo signaling pathway and HIF‑1α

MAOQUAN LI1,2*,  JINQIU NING1,2*,  JIWEI WANG3,   
QIQIAN YAN1,2,  KE ZHAO1,2  and  XIAOSHI JIA1,2

1Hospital of Stomatology, Guanghua School of Stomatology, Sun Yat‑sen University;  
2Guangdong Provincial Key Laboratory of Stomatology, Guangzhou, Guangdong 510055;  

3Key Laboratory of Oral Medicine, Guangzhou Institute of Oral Disease, Stomatology Hospital of 
Guangzhou Medical University, Guangzhou, Guangdong 510140, P.R. China

Received June 13, 2021;  Accepted August 30, 2021

DOI: 10.3892/ijmm.2021.5043

Correspondence to: Professor Ke Zhao or Dr Xiaoshi Jia, 
Hospital of Stomatology, Guanghua School of Stomatology, 
Sun Yat‑sen University, 56 Lingyuan West Road, Guangzhou, 
Guangdong 510055, P.R. China
E‑mail: zhaoke@mail.sysu.edu.cn
E‑mail: jiaxsh3@mail.sysu.edu.cn

*Contributed equally

Key words: SET domain containing 7, Yes‑associated protein, 
hypoxia inducible factor‑1α, Hippo, energy metabolism, 
differentiation



LI et al:  SETD7 REGULATES CHONDROCYTE DIFFERENTIATION AND GLYCOLYSIS2

T  cells (MST) and the linker for activation of T cells 
(LAT) kinases, ultimately leading to phosphorylation of 
Yes‑associated Protein (YAP) (17). Phosphorylated (p‑)YAP is 
sequestered in the cytoplasm, which decreases transcription of 
downstream genes in the nucleus (18). By contrast, inactivation 
of the Hippo pathway increases nuclear translocation of YAP, 
where YAP interacts with other transcription factors, such as 
tafazzin (19), to activate the transcription of target genes (18). 
Recently, YAP was found to be associated with chondrocyte 
differentiation. YAP promotes chondrogenic phenotype 
maintenance of rat growth plate chondrocytes and cartilage 
development in mice (20,21).

Hypoxia inducible factor‑1α (HIF‑1α) is a key regulatory 
factor involved in the adaptation process of cells to different 
oxygen partial pressures (22). The deletion of HIF‑1α leads 
to chondrocyte death in a hypoxic developmental growth 
plate, which suggests that HIF‑1α is essential for chondrocyte 
survival (23). HIF‑1α also regulates collagen synthesis and 
modification in chondrocyte differentiation (24). Both YAP 
and HIF‑1α are methylated by SETD7 (25,26). In hepatocar‑
cinoma cells, YAP forms a complex with HIF‑1α and binds 
to the promoter of the pyruvate kinase isoenzyme 2 (PKM2) 
gene to promote its transcription (27).

It was hypothesized that SETD7 may serve an important 
role in chondrocyte differentiation in hypoxic condition. 
SETD7, YAP and HIF‑1α may form a regulatory network 
during chondrocyte differentiation. Therefore, the objective 
of the present study was to investigate the regulatory role of 
SETD7 in chondrocyte differentiation and its mechanism.

Materials and methods

Cell culture. ATDC5 cells were purchased from the American 
Type Culture Collection (ATCC) cell bank and grown in 
Dulbecco's modified Eagle's medium/F12 (DMEM:F12, 1:1) 
supplemented with 10% (v/v) fetal bovine serum (FBS; both 
Gibco; Thermo Fisher Scientific, Inc.), 100 U/ml penicillin G 
and 100 mg/ml streptomycin (HyClone; Cytiva). ATDC5 cells 
were cultured at 37˚C with either 1% (low) or 20% O2 (high 
oxygen tension).

293T cells were purchased from the ATCC cell bank and 
grown in Roswell Park Memorial Institute (RPMI)‑1640 
medium (Gibco; Thermo Fisher Scientific, Inc.) supplemented 
with 10% FBS (Gibco; Thermo Fisher Scientific, Inc.) at 37˚C 
with 5% CO2.

Viral infection. Viral packaging and infection were performed 
as described previously (11). SETD7 short hairpin (sh)RNA 
and non‑specific control (NC) plasmids were purchased 
from Jintuosi Biological Technology Co., Ltd. The target 
sequences of SETD7 shRNA and NC were 5'‑GGG​ATA​
TTA​CGT​GGA​CGA​T‑3' and 5'‑TAC​TGT​TAG​GAT​CAG​G 
AG​G‑3', respectively. shRNA or NC plasmids (both 2.4 µg), as 
well as two helper vectors (pMD2G:pSPAX2:shRNA=1:2:4, 
were transfected into 2nd generation 293T cells using Neofect 
transfection reagent [Neofect (Beijing) Biotech Co., Ltd.] at 
37˚C for 48 h. The viral supernatant was collected following 
centrifugation at 25˚C (4,000 x g; 3 min) after 48 h and applied 
to transfect ATDC5 in the presence of 10 µg/ml polybrene 
(Sigma‑Aldrich; Merck KGaA) at 37˚C for 24 h at MOI=10. 

The viral supernatant was removed and changed for fresh 
growth medium after 24 h transfection. ATDC5 cells were 
inoculated and subcultured once for subsequent experiments.

Chondrogenic induction of cells. For chondrogenic differ‑
entiation, ATDC5 cells were seeded into 24‑well plates at a 
density of 2x104 cells/cm2 and grown in DMEM:F12 at 37˚C. 
At 70‑90% confluence, growth medium was replaced with 
chondrogenic differentiation medium supplemented with 1x 
insulin‑transferrin‑selenium (Corning, Inc.). The medium was 
replaced every other day and cells were cultured for 14 days 
at 37˚C. Micromass culturing was performed as previously 
described (28). Briefly, ATDC5 cells were resuspended in 
DMEM:F12 at a density of 2x107 cells/ml. The cell suspension 
(20 µl) was transferred into the middle of 24‑well plate for 3 h 
at 37˚C and chondrogenic differentiation medium was added 
for 14 days at 37˚C.

Immunofluorescence (IF) staining of cells. For IF staining, 
ATDC5 cells were fixed at 25˚C with 4% paraformaldehyde 
for 15 min, permeabilized with 0.1% Triton X‑100 for 5 min 
and blocked at 25˚C with 0.1% BSA for 1 h. The cells were 
incubated with primary antibodies against HIF‑1α (1:200; 
Abcam; cat. no.  ab16066), YAP (1:100; Cell Signaling 
Technology, Inc.; cat. no. 4912S) or SETD7 (1:50; Abcam; 
cat. no.  ab14820) overnight at 4˚C. The cells were rinsed 
three times with PBS and incubated with the corresponding 
secondary antibodies (Alexa Fluor® 488‑ or 594‑conjugated 
goat anti‑rabbit or anti‑mouse IgG; both 1:1,000; both Abcam; 
cat. nos. ab150113 and ab150080, respectively). Next, the cells 
were rinsed with PBS three times and stained with 10 µg/ml 
DAPI for 5 min at 25˚C. Images were captured with a laser 
scanning confocal microscope (x400 magnification; Zeiss 
GmbH; cat. no. LSM780). All experiments were performed in 
triplicate.

RNA extraction and reverse transcription‑quantitative (RT‑q) 
PCR. Total RNA from ATFC5 cells was extracted using an 
RNA extraction kit (Shanghai Yishan Biological Technology 
Co., Ltd.) according to the manufacturer's instructions. 
Concentration and quality of the total RNA samples were 
measured using a Nanodrop2000 (Thermo Fisher Scientific, 
Inc.). Complementary DNA was synthesized from 1 µg total 
RNA using a PrimeScript RT‑PCR kit (Takara Bio, Inc.; cat. 
no. RR047A) following the manufacturer's protocol. RT‑qPCR 
was performed using the PrimeScript RT‑PCR kit (Takara 
Bio, Inc.; cat. no. RR820A). The primers are listed in Table I. 
The thermocycling conditions were set as follows: Initial 
denaturation for 30 sec at 95˚C; followed by 40 cycles of 95˚C 
for 5 sec, 60˚C for 30 sec and 95˚C for 5 sec; melting at 65˚C 
for 60 sec and 97˚C for 1 sec and cooling at 50˚C for 30 sec. 
Relative mRNA expression of target genes was calculated 
using the 2‑ΔΔCq method (13). The experiments were performed 
in triplicate and repeated three times.

Protein extraction and western blotting. The cytoplasmic 
and nuclear proteins from ATDC5 cells were isolated using 
a nuclear and cytoplasmic protein extraction kit (Beyotime 
Institute of Biotechnology; cat. no. P0028) according to the 
manufacturer's instructions. The total protein from ATDC5 
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cells was collected with RIPA buffer (ProteinTech Group, Inc.; 
cat no. PR20001), mixed with loading buffer, and heated at 
95˚C for 10 min. The protein concentration was determined 
via bicinchoninic acid assay kit (Thermo Fisher Scientific, 
Inc.; cat. no. 23227).

Proteins were separated by sodium dodecyl sulfate‑poly‑
acrylamide 10% gel electrophoresis (GenScript; cat. 
no. M00665) and transferred to nitrocellulose membranes. The 
membranes were blocked at 25˚C using 5% skimmed milk or 
5% BSA for 60 min and then incubated with primary antibodies 
against SETD7 (1:1,000; Abcam; cat. no. ab14820), HIF‑1α 
(1:2,000; Abcam; cat. no. ab16066), large tumor suppressor 1 
(LATS1; 1:1,000; Cell Signaling Technology, Inc.; cat. 
no. 3477), p‑LATS1 (1:1,000; Cell Signaling Technology, Inc.; 
cat. no. 8654), YAP (1:1,000; Cell Signaling Technology, Inc.; 
cat. no. 4912s), p‑YAP (1:1,000; Cell Signaling Technology, 
Inc.; cat. no. 4911s), β‑actin (1:1,000; ABclonal Biotech Co., 
Ltd.; cat. no. AC004), Lamin B (1:1,000; Weiao Biotechnology 
Co., Ltd.; cat. no. WB0199) or β‑tubulin (1:1,000; Absin; cat. 
No. abs830032) at 4˚C overnight, followed by secondary anti‑
bodies (horseradish peroxidase‑conjugated goat anti‑rabbit or 
anti‑mouse IgG; both 1:10,000; both ABclonal Biotech Co., 
Ltd.; cat nos. AS063 and AS064, respectively) for 1 h at 25˚C. 

The primary and secondary antibodies were diluted in 5% 
BSA. Protein bands on the membranes were visualized using 
a Western Bright ECL HRP substrate kit (Advansta, Inc.). 
ImageJ (V 1.8.0; National Institutes of Health) was used for 
densitometry. All the experiments were performed in triplicate.

Alcian blue staining. For alcian blue staining, ATDC5 cells 
were cultured in chondrogenic induction medium at a density 
of 2x104 cells/ml in 24‑well plates for 14 days at 25˚C. The 
cells were fixed at 25˚C with 4% (w/v) paraformaldehyde for 
15 min. The cells were washed twice with PBS and stained for 
30 min at 4˚C with 0.5% alcian blue dye (Sigma‑Aldrich; Merck 
KGaA) in 1 mol/l HCl. After staining, cells were washed twice 
with distilled water and observed under a light microscope 
(x40 magnification; Axio Observer Z1; Zeiss GmbH).

Co‑immunoprecipitation (Co‑IP). ATDC5 cells at a density of 
2x107 cells/ml were pretreated at 25˚C with 5 µM MG132 for 6 h 
after transfection. The cells were then collected and incubated 
with 300 µl lysis buffer (Beyotime Institute of Biotechnology; 
cat. no. P0013) containing protease inhibitors for 40 min on 
ice. The supernatant was collected following centrifugation 
at 25˚C (4,000 x g; 5 min) and 2 µg HIF‑1α (1:2,000; Abcam; 

Table I. Primer sequences used for reverse transcription‑quantitative PCR.

Gene	 Species	 Primer sequence, 5'→3'

SETD7	 Mouse	 Forward TCCAAGGTAGCAGTTGGACCTAA
		  Reverse CCAAGGAGGCACAGTACTTGG
YAP	 Mouse	 Forward ATTTCGGCAGGCAATACGGA
		  Reverse TGCTCCAGTGTAGGCAACTG
HIF‑1α	 Mouse	 Forward AGCACAGTTACAGTATTCCAGCAGAC
		  Reverse TCATCAGTGGTGGCAGTGGTAGT
COL2A1	 Mouse	 Forward GGCCAGGATGCCCGAAAATTA
		  Reverse GGCTGCAAAGTTTCCTCCAC
SOX9	 Mouse	 Forward CTCCTACTACAGCCACGCAG
		  Reverse GCTGTGTGTAGACGGGTTGT
Aggrecan	 Mouse	 Forward AGCTTGAGGGGGAAGTGTTC
		  Reverse GGTTGACGATGGGGTATCGG
GLUT1	 Mouse	 Forward ACCACCTCACTCCTGTTACTTACCT
		  Reverse ATCCAAACCTCCTACCCTCAATCCA
LDHA	 Mouse	 Forward TAGGCTACAACAGGATTCTAGGTGGAG
		  Reverse GTCAGAGGTGGCAGAACTATTTC
PGK1	 Mouse	 Forward GAGCCAAGTCGGTAGTCCTTATGAG
		  Reverse CACAGTCCTTCAAGAACAGAACATCCT
PKM2	 Mouse	 Forward GTGCCGCCTGGACATTGATTCA
		  Reverse AGTTCAGACGAGCCACATTCATTCC
18S	 Mouse	 Forward GGCGCCCCCTCGATGCTCTTAG
		  Reverse GCTCGGGCCTGCTTTGAACACTCT
GAPDH	 Mouse	 Forward TTGCAGTGGCAAAGTGGAGA
		  Reverse GATGGGCTTCCCGTTGATGA

SETD7, SET domain containing 7; YAP, Yes‑associated protein; HIF‑1α, hypoxia inducible factor‑1α; COL2A1, collagen  II, α1; SOX9, 
SRY‑related box gene 9; GLUT1, glucose transporter 1; LDHA, lactate dehydrogenase A; PGK1, phosphoglycerate kinase 1; PKM2, pyruvate 
kinase isoenzyme 2.
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cat. no. ab16066), YAP (1:1,000; Cell Signaling Technology, 
Inc.; cat. no.  4912s) or IgG (1:1,000; ProteinTech Group, 
Inc.; cat. no. B900620) antibody was added. The samples 
(300 µl) were then incubated at 4˚C overnight. Next, 20 µl 
protein A/G‑agarose beads (Santa Cruz Biotechnology, Inc.) 
was added and the samples were rocked for 3 h at 4˚C. The 
pelleted cells were collected following centrifugation at 25˚C 
(4,000 x g; 5 min) and washed three times with 500 µl lysis 
buffer. Finally, precipitate was boiled with 40 µl loading buffer 

for 5 min and analyzed by western blotting as aforementioned. 
The experiments were repeated in triplicate.

Extracellular acidification rate (ECAR). ECAR was measured 
using a Seahorse XF glycolysis stress test kit according to the 
manufacturer's protocol and a Seahorse XF 96 Extracellular 
Flux Analyzer (Seahorse Bioscience; Agilent Technologies, 
Inc.). In brief, ATDC5 cells (2x104 cells/well) were plated in 
a Seahorse XF 96‑well cell culture plate. The loaded sensor 

Figure 1. mRNA expression of SETD7 decreases during chondrogenic differentiation. (A) Alcian blue staining of differentiated ATDC5 cells cultured in 
micromass at 1 and 20% O2. Scale bar, 100 µm. mRNA expression of (B) aggrecan, (C) SOX9, (D) COL2A1 and (E) SETD7 during chondrogenic differentia‑
tion at 1% O2. Results are representative of ≥3 independent experiments. *P<0.05, ***P<0.001 vs. 0 days. SETD7, SET domain containing 7; HIF‑1α, hypoxia 
inducible factor‑1α; COL2A1, collagen II, α1; SOX9, SRY‑related box gene 9. 
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cartridge with the utility plate was placed into the instrument 
for calibration, then glucose, oligomycin and 2‑deoxyglucose 
were sequentially added to each well at 20, 40 and 60 min. 
ECAR data were assessed using Seahorse XF‑96 Wave (V 2.6; 
Seahorse Bioscience; Agilent Technologies, Inc.) software. The 
tests were performed in triplicate.

Determination of lactate and glucose levels. Lactic acid and 
glucose levels in ATDC5 cells treated at 37˚C for 2 h in the 
presence or absence of PFI‑2 (10 µM, MedChemExpress; cat. 
no. HY‑18627A), a specific inhibitor of SETD7, were determined 
using a lactic acid assay kit II (cat. no. MAK065‑1KT) and highly 

sensitive glucose assay kit (both Sigma‑Aldrich; Merck KGaA; 
cat. no. MAK181‑1KT), respectively, according to the manufac‑
turer's instructions. ATDC5 cells at a density of 2x107 cells/ml 
were homogenized on ice with a glucose test or lactic acid buffer. 
The supernatant was collected following centrifugation at 25˚C 
(3,280 x g; 5 min). Ultrafiltration tubes (10 kDa) were used to 
remove proteins from the sample. Fluorescence intensity (exci‑
tation, 535; emission, 587 nm) was measured after diluting the 
sample with glucose determination buffer and the glucose level 
was assessed. The absorbance value at 450 nm was measured 
after sample was diluted with lactic acid determination buffer 
solution and lactic acid level was assessed.

Figure 2. Knocking down SETD7 activates chondrogenic differentiation. (A) Immunofluorescence staining of ATDC5 cells at 1% O2 incubated with secondary 
antibodies and DAPI. (B) Immunofluorescence staining with SETD7 primary antibody, secondary antibodies and DAPI in ATDC5 cells at 1% O2. (C) mRNA 
expression and (D) protein levels of SETD7 after knocking down SETD7 at 1% O2. (E) Alcian blue staining after knocking down SETD7 in cells cultured in 
micromass at 1% O2. mRNA expression of (F) aggrecan, (G) SOX9 and (H) COL2A1 after knocking down SETD7 at 1% O2. *P<0.05, **P<0.01, ***P<0.001 
vs. con. SETD7, SET domain containing 7; HIF‑1α, hypoxia inducible factor‑1α; COL2A1, collagen II, α1; SOX9, SRY‑related box gene 9; con, control; sh, 
short hairpin. 
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Cycloheximide (CHX) chase test. CHX was dissolved in PBS 
to a concentration of 100 µg/ml. ATDC5 cells at a density of 
2x107 cells/ml were treated at 25˚C with CHX for 0, 2 and 4 h 
after being treated in the presence or absence of verteporfin 
(VP, 5 µM) at 37˚C for 2 h. The cells were collected and the 
protein levels of HIF‑1α were analyzed using western blotting 
as aforementioned.

Statistical analysis. Data are presented as the mean ± SD 
of three independent experimental repeats. All tests were 
performed in triplicate. GraphPad Prism software (GraphPad 
Software, Inc.; V 8.0.1.244) was used for statistical analysis. 
Following tests of normality (Shapiro‑Wilk test) and Levene's 
test for equality of variance, paired Student's t‑test was used 
to assess the differences between the control and test groups. 

Figure 3. Knocking down SETD7 activates YAP and HIF‑1α. (A) mRNA expression of YAP and HIF‑1α after knocking down SETD7 at 1% O2. (B) Protein levels 
of LATS1, p‑LATS1, YAP, p‑YAP and HIF‑1α after knocking down SETD7 at 1% O2. Protein levels of (C) YAP and (D) HIF‑1α in the nucleus and cytoplasm after 
knocking down SETD7 at 1% O2. Lamin B and β‑tubulin were used as the reference for cytoplasmic and nuclear protein, respectively. (E) Immunofluorescence 
staining of YAP and HIF‑1α after knocking down SETD7 at 1% O2. ***P<0.001 vs. con. SETD7, SET domain containing 7; YAP, Yes‑associated protein; HIF‑1α, 
hypoxia inducible factor‑1α; LATS1, large tumor suppressor 1; p‑, phosphorylated; con, control; ns, not significant; sh, short hairpin. 
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One‑ and two‑way ANOVA followed by Dunnett's test or 
Bonferroni correction were used to analyze the differences 
of aggrecan, SOX9 and COL2A1 relative expression between 
multiple groups during cartilage induction and following 
SETD7 knockdown. Two‑way ANOVA followed by Dunnett's 
test or Bonferroni's correction were used to analyze the differ‑
ences between groups all other experiments. P<0.05 was 
considered to indicate a statistically significant difference.

Results

Expression of SETD7 decreases during chondrogenic 
differentiation. Chondrocytes in monolayer and micromass 
culture exhibited greater alcian blue staining in 1% O2 group 
(Fig.  1A). In monolayer culture, the expression levels of 
aggrecan, SRY‑related box gene 9 (SOX9) and collagen II, 
α1 (COL2A1; chondrocyte differentiation markers) increased 
(Fig.  1B‑D), while mRNA levels of SETD7 gradually 
decreased (Fig. 1E) during differentiation of ATDC5 cells 
in 1% O2. These results indicated that expression of SETD7 
decreased during chondrogenic differentiation.

SETD7 inhibits chondrogenic differentiation in a hypoxic 
environment. IF results showed that SETD7 was localized 
to the cytoplasm of ATDC5 cells (Fig. 2A and B). Following 
SETD7 knockdown (Fig. 2C and D), alcian staining was more 
pronounced (Fig. 2E) in monolayer and micromass culture 
and the expression levels of aggrecan, SOX9 and COL2A1 
increased in monolayer culture (Fig. 2F‑H). These results 
indicated that SETD7 inhibited chondrogenic differentiation 
in hypoxic environment.

SETD7 knockdown activates YAP and HIF‑1α. In monolayer 
culture, the mRNA expression levels of YAP and HIF‑1α 
showed no change following silencing of SETD7 (Fig. 3A). 
Protein levels of LATS1, p‑LATS1 (Ser909) and p‑YAP 
(Ser127) decreased. Although the protein level of total YAP 
remained unchanged, localization of YAP in the nucleus 
increased (Fig. 3B and C). The protein levels of total and 
nuclear HIF‑1α in increased in the SETD7 knockdown group 
(Fig. 3B and D). IF results showed that nuclear localization of 
both YAP and HIF‑1α in ATDC5 cells increased following 
SETD7 silencing (Fig. 3E). These results indicated that SETD7 
knockdown activated YAP and HIF‑1α.

YAP and HIF‑1α form a complex. In monolayer culture, Co‑IP 
showed that YAP bound to HIF‑1α (Fig. 4A). After inhibiting 
YAP with VP, a YAP specific inhibitor  (29), the HIF‑1α 
content decreased at 2 and 4 h compared with the control 
group (Fig. 4B and C). These results indicated that YAP and 
HIF‑1α form a complex.

Effect of SETD7 on chondrocyte glycolysis. Following inhibi‑
tion of YAP, mRNA levels of glucose transporter 1 (GLUT1), 
lactate dehydrogenase A (LDHA), phosphoglycerate kinase 1 
(PGK1) and PKM2 in ATDC5 cells decreased (Fig. 4D), as 
well as the ECAR in monolayer culture (Fig. 4E).

After inhibiting SETD7 using PFI‑2, a specific SETD7 
inhibitor (30), glucose uptake, lactic acid production rate and 
ECAR of ATDC5 cells all increased in monolayer culture 
compared with the control (Fig. 5A‑C). The mRNA expression 
of key glycolytic enzymes GLUT1, LDHA, PGK1 and PKM2 
also increased in the SETD7‑inhibited group in monolayer 

Figure 4. YAP combines with HIF‑1α following SETD7 knockdown. (A) IP results of YAP and HIF‑1α after knocking down SETD7. ATDC5 cells were 
pretreated with MG132 (5 µM) for 6 h after transfection. Following ATDC5 cell pretreatment with VP and CHX, (B) western blotting was performed and 
(C) protein expression levels of HIF‑1α were assessed. (D) mRNA expression of glycolytic enzymes GLUT1, LDHA, PGK1 and PKM2 following YAP inhibi‑
tion with VP. (E) ECAR decreased following YAP inhibition. ***P<0.001 vs. con. SETD7, SET domain containing 7; YAP, Yes‑associated protein; HIF‑1α, 
hypoxia inducible factor‑1α; VP, verteporfin; IP, immunoprecipitation; CHX, cycloheximide; GLUT1, glucose transporter 1; LDHA, lactate dehydrogenase A; 
PGK1, phosphoglycerate kinase 1; PKM2, pyruvate kinase isoenzyme 2; ECAR, extracellular acidification rate; con, control; 2‑DG, 2‑deoxyglucose. 
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Figure 5. Effect of SETD7 on chondrocyte glycolysis. ATDC5 cells were pretreated with PFI‑2 (40 nM) for 24 h to inhibit SETD7. (A) Glucose uptake and 
(B) lactic acid production increased after SETD7 was inhibited. (C) ECAR of control and PFI‑2 groups. (D) mRNA expression levels of the key glycolysis 
enzymes GLUT1, LDHA, PGK1 and PKM2 of control and PFI‑2 groups. ***P<0.001 vs. con. SETD7, SET domain containing 7; GLUT1, glucose transporter 1; 
LDHA, lactate dehydrogenase A; PGK1, phosphoglycerate kinase 1; PKM2, pyruvate kinase isoenzyme 2; ECAR, extracellular acidification rate; con, control; 
2‑DG, 2‑deoxyglucose. 

Figure 6. SETD7 regulates chondrocyte differentiation and glycolysis via the Hippo and HIF‑1α. In normal conditions, SETD7 activates the Hippo signaling 
pathway, which phosphorylates YAP and retains it in the cytoplasm. In hypoxic conditions, expression of SETD7 is inhibited, resulting in increased YAP and 
HIF‑1α in the cytoplasm. The accumulated YAP and HIF‑1α translocate into the nucleus and combine to form a complex, which further promotes expression 
of glycolysis‑associated genes and chondrogenic differentiation. SETD7, SET domain containing 7; YAP, Yes‑associated protein; HIF‑1α, hypoxia inducible 
factor‑1α; GLUT1, glucose transporter 1; LDHA, lactate dehydrogenase A; PGK1, phosphoglycerate kinase 1; PKM2, pyruvate kinase isoenzyme 2; LATS1, 
large tumor suppressor 1; SOX9, SRY‑related box gene 9; Me, methylation; P, phosphorylation. 
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culture (Fig. 5D). These results indicated that SETD7 inhibited 
chondrocyte glycolysis.

Discussion

Cartilage tissue engineering has attracted attention for its poten‑
tial to improve repair of cartilage defects (31). Chondrocytes 
tend to lose their phenotype and cartilage‑forming ability under 
normal oxygen conditions in vitro (32). The cartilage‑forming 
ability of chondrocytes is essential to the success of cartilage 
tissue engineering (33). Chondrocytes produce more functional 
extracellular matrix in hypoxic compared with normoxic 
environments (11). In the present study, chondrocytes exhib‑
ited better differentiation under hypoxic conditions in vitro. 
However, the mechanism of chondrocyte differentiation under 
low oxygen partial pressure remain unclear. The present study 
found that alcian staining was more pronounced in monolayer 
and micromass culture and the expression levels of aggrecan, 
SOX9 and COL2A1 increased in monolayer culture following 
SETD7 knockdown; this indicated that chondrocyte differentia‑
tion under low oxygen partial pressure was regulated by SETD7.

SETD7 was initially identified as a histone methyltrans‑
ferase that catalyzes methylation of H3K4, thereby promoting 
transcriptional activation  (34). Numerous non‑histone 
substrates, such as YAP (35) and E2F1 (36), of SETD7 have 
recently been described as key factors in regulating cell differ‑
entiation and proliferation (37). In the present study, SETD7 
mRNA expression gradually decreased during chondrocyte 
differentiation. The regulatory mechanism of SETD7 in chon‑
drocyte differentiation was investigated by silencing SETD7 
in ATDC5 cells. Following SETD7 knockdown, ATDC5 cells 
showed improved differentiation ability and increased expres‑
sion levels of aggrecan, SOX9 and COL2A1. These results 
indicated that SETD7 served a negative role in chondrogenic 
differentiation.

Hippo signaling pathway regulates the morphology and 
cell differentiation of various organs, such as liver (38) and 
kidney (39). When the Hippo signal is activated, a series of 
phosphorylation reactions occur via MST and LAT kinases, 
culminating in YAP phosphorylation, which initiates cyto‑
plasmic retention and ubiquitin‑mediated degradation. The 
inactivation of Hippo pathway promotes YAP translocation to 
the nucleus (40). After entering the nucleus, YAP interacts with 
TEA domain transcription factors to activate the transcription 
of target genes and promote chondrocyte differentiation (18). 
Silencing SETD7 using a lentiviral vector system demonstrated 
that SETD7 prevented YAP from entering the nucleus and 
inhibited the chondrogenic differentiation ability of ATDC5 
cells. Studies have shown that SETD7 binds to YAP to form 
a complex and methylate its lysine 494 residue, retaining 
it in the cytoplasm (26,35). The biological effect of SETD7 
inhibition of chondrogenic differentiation via inhibiting YAP 
may be caused by direct methylation of YAP or activation of 
Hippo signaling by SETD7 (41). The present study found that 
the expression of proteins associated with the Hippo signaling 
pathway increased after silencing SETD7, indicating that 
SETD7 activated the Hippo signaling pathway, resulting in 
phosphorylation of YAP protein to prevent it from entering the 
nucleus to perform its function, thus inhibiting chondrogenic 
differentiation of ATDC5 cells.

HIF‑1α is ubiquitous in human and mammalian cells, 
regulating glycolytic metabolism, angiogenesis and apoptosis 
in the absence of oxygen (42). When oxygen partial pressure 
is <5%, HIF‑1α accumulates in the cytoplasm and transfers 
to the nucleus, where it binds to hypoxic reaction elements 
and promotes downstream gene expression. HIF‑1α activates 
PDK‑1 during anaerobic glycolysis, inhibits the aerobic 
respiratory chain and decreases formation of reactive oxygen 
species. When oxygen partial pressure >5%, prolyl hydroxy‑
lase domain‑containing enzymes specifically hydroxylate 
proline residues of HIF‑1α (43). The hydroxylated HIF‑1α 
is degraded by proteasomes following ubiquitination  (44). 
Recent studies have shown that HIF‑1α enhances expres‑
sion of SOX9 induced by bone morphogenetic protein 2 and 
inhibits the expression of Runx2 in mesenchymal stem cells, 
thereby promoting chondrogenesis and inhibiting osteogen‑
esis (45,46). Other studies suggested that HIF‑1α binding with 
hypoxia response elements promotes SOX9 transcription and 
thus maintains chondrocyte phenotype (24,46). In the present 
study, HIF‑1α bound to YAP in the nucleus to form a complex, 
which promoted expression of glycolysis‑associated enzymes, 
enhanced glycolysis metabolism and provided energy for 
chondrocyte proliferation and differentiation under hypoxia. 
However, the effect of HIF‑1α on phenotype maintenance and 
chondrogenic ability of chondrocytes remains to be further 
studied.

SETD7 methylates the lysine 494 residue of YAP, retaining 
it in the cytoplasm (26). HIF‑1α contains the R‑S‑K amino 
acid sequence, which is also recognized by SETD7 (47). A 
recent study showed that YAP forms a complex with HIF‑1α 
in hepatocellular carcinoma cells and binds to the promoter of 
the PKM2 gene to promote its transcription (27). Therefore, 
a regulatory network between SETD7, YAP and HIF‑1α 
in chondrocytes may be formed to regulate chondrocyte 
differentiation.

To investigate the association between SETD7, YAP and 
HIF‑1α in chondrocytes, SETD7 was silenced. The expression 
of p‑YAP was significantly decreased after silencing SETD7, 
while total YAP was not increased; protein levels of LATS1 
and p‑LATS1, upstream regulators of YAP in the Hippo 
pathway, were decreased. These data implied that Hippo 
signaling may be inhibited by silencing SETD7. As YAP 
nuclear localization is a key regulatory mechanism for acti‑
vating YAP (48), immunofluorescence staining was performed 
to examine cellular localization of YAP. Silencing SETD7 
triggered notable YAP nuclear translocation in ATDC5 cells. 
Consistent with these data, cell fractionation showed more 
YAP protein accumulation in the nuclear fraction and less 
YAP protein in the cytoplasmic fraction of cells following 
SETD7 silencing. The results suggest that silencing SETD7 
activated YAP and induced YAP translocation to the nucleus 
by inhibiting the Hippo pathway in ATDC5 cells. However, the 
increase of nuclear YAP was not significant, but the decrease 
in cytoplasmic YAP was significant after silencing SETD7 
in ATDC5 cells. It has been reported that SETD7 binds to 
YAP in the cytoplasm to increase its stability (26). However, 
cytoplasmic YAP is degraded by hydroxylation after silencing 
SETD7. The reason why the increase of YAP in the nucleus 
was less than the decrease in the cytoplasm be associated with 
degradation of YAP after silencing SETD7.
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There was no difference in HIF‑1α transcription between 
ATDC5 cells in the SETD7‑shRNA and control group, but 
HIF‑1α protein levels increased, indicating that HIF‑1α protein 
became more stable after silencing SETD7. This may be due 
to the ability of SETD7 to degrade HIF‑1α, or because YAP 
entry to the nucleus makes HIF‑1α more stable. The results of IF 
showed that both YAP and HIF‑1α were located in the nucleus 
after silencing SETD7. The results of IP showed that YAP and 
HIF‑1α bound to each other. CHX assay showed that HIF‑1α 
was be stabilized by YAP. Thus, the increased HIF‑1α protein 
level after silencing SETD7 may be caused by the decreased 
SETD7, which degrades HIF‑1α and facilitates entry of YAP 
into the nucleus to bind to HIF‑1α and maintain its stability.

In previous studies, SETD7 was shown to be highly 
expressed in chondrocytes at 20 compared with 1% O2 (13,49). 
The present study demonstrated that at 1% O2, decreased 
SETD7 expression leads to inhibition of Hippo signaling 
and an increase in YAP entering the nucleus. YAP promotes 
the expression of genes associated with the differentiation 
of chondrocytes and maintains chondrocyte phenotype after 
entering the nucleus. It also binds and stabilizes HIF‑1α to 
promote glycolysis, which provides energy for chondrocyte 
differentiation (Fig. 6).

The present study demonstrated that hypoxia was conduc‑
tive to the differentiation of chondrocytes. SETD7 inhibited 
glycolysis and differentiation of chondrocytes via the Hippo 
signaling pathway and HIF‑1α. These findings may shed new 
light on cartilage tissue engineering and provide novel thera‑
peutic targets of chondrogenic disease.
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