www.nature.com/cdd

ARTICLE

CDD press

W) Check for updates

H3K36 methyltransferase NSD1 protects against osteoarthritis
through requlating chondrocyte differentiation and cartilage

homeostasis
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Osteoarthritis (OA) is one of the most common joint diseases, there are no effective disease-modifying drugs, and the pathological
mechanisms of OA need further investigation. Here, we show that H3K36 methylations were decreased in senescent chondrocytes
and age-related osteoarthritic cartilage. Prrx1-Cre inducible H3.3K36M transgenic mice showed articular cartilage destruction and
osteophyte formation. Conditional knockout Nsd1”™"*"¢ mice, but not Nsd2”™"<" or Setd2"™"-c" mice, replicated the phenotype

of K36M/+; Prrx1-Cre mice. Immunostaining results showed decreased anabolic and increased catabolic activities in Nsd

IPrrxl—Cre

mice, along with decreased chondrogenic differentiation. Transcriptome and ChIP-seq data revealed that Osr2 was a key factor

affected by Nsd1. Intra-articular delivery of Osr2 adenovirus effectively improved the homeostasis of articular cartilage in Nsd

1 Prrx1-Cre

mice. In human osteoarthritic cartilages, both mRNA and protein levels of NSD1 and OSR2 were decreased. Our results indicate that
NSD1-induced H3K36 methylations and OSR2 expression play important roles in articular cartilage homeostasis and OA. Targeting
H3K36 methylation and OSR2 would be a novel strategy for OA treatment.
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INTRODUCTION

Osteoarthritis (OA) is a progressive degenerative joint disease that
affects nearly half of the elderly population worldwide and
represents a major socioeconomic challenge [1, 2]. During the
progression of OA, articular cartilage undergoes cellular changes,
matrix degradation, structural destruction and even cartilage
disappearance [3]. Normal articular cartilage contains a highly
specialized cell type, the chondrocytes, which are responsible for
extracellular matrix (ECM) production and cartilage homeostasis
maintenance by producing enzymes, inflammatory factors and
growth factors [4, 5]. Chondrocyte differentiation begins with the
recruitment and condensation of Prrx1-positive mesenchymal
cells, followed by the proliferation and differentiation of
chondroprogenitor cells [6, 7]. When chondrogenic differentiation
encounters abnormal conditions, the function and homeostasis of
articular cartilage is compromised, which can ultimately lead to
OA [8]. Understanding how chondrogenic differentiation and
cartilage homeostasis are regulated will provide insights into
novel therapeutic strategies for OA.

Methylation of Lys36 on histone H3 (H3K36) has been described
to be associated with active chromatin, alternative splicing,
dosage compensation, DNA replication, etc. [9, 10]. H3K36
methylation is regulated by methyltransferases and demethylases.

H3K36 methyltransferases include NSD1, NSD2, NSD3, SETD2,
SMYD2 and so on. The H3K36M mutant induces chondroblastoma
formation and sarcoma genesis through dysregulation of chon-
drogenic differentiation and cartilage formation [11, 12], support-
ing the role of H3K36 methylation in chondrogenic differentiation.
Among the H3K36 methyltransferases, nuclear receptor-binding
SET domain-containing protein 1 (NSD1, KMT3B), with its catalytic
SET domain [13], is responsible for mono- and di-methylation of
H3K36. Heterozygous, truncating mutations/deletions or loss-of-
function of NSD1 are associated with two autosomal dominant
overgrowth genetic disorders, Sotos syndrome and Beckwith-
Wiedemann syndrome [14, 15]. These two disorders display
overgrowth of long bones such as arms and legs, but their specific
pathogenic mechanisms are unknown [16]. It has been speculated
that the overgrowth in patients with Sotos syndrome may be due
to the effects of NSD1 mutations on chondrocyte differentiation
[17]. Our recent studies have found that NSD1 promotes
chondrogenic differentiation at the growth plate to regulate
skeletal development and bone fracture repair [18]. Articular
cartilage and growth plate chondrocytes have different programs,
which also means that the molecular interaction networks in the
two cellular taxa will be dramatically different [19]. However, it
remains unknown whether H3K36 methylation and NSD1 play a

"Institute of Microsurgery on Extremities, and Department of Orthopedic Surgery, Shanghai Sixth People’s Hospital Affiliated to Shanghai Jiao Tong University School of Medicine,
Shanghai 200233, China. State Key Laboratory of Cell Biology, CAS Center for Excellence in Molecular Cell Sciences, Shanghai Institute of Biochemistry and Cell Biology, Chinese
Academy of Sciences; University of Chinese Academy of Sciences, Shanghai 200031, China. *Department of Orthopedics, Rehabilitation center, Zhejiang Provincial People’s
Hospital, Hangzhou, Zhejiang 310014, China. “Adipocyte Biology and Gene Regulation Section, National Institute of Diabetes and Digestive and Kidney Diseases, NIH, Bethesda,
MD 20892, USA. These authors contributed equally: Rui Shao, Jinlong Suo, Zhong Zhang. ®email: zhangcq@sjtu.edu.cn; zouwg94@sibcb.ac.cn

Received: 17 August 2023 Revised: 31 October 2023 Accepted: 14 November 2023

Published online: 27 November 2023

SPRINGER
CDDpress

Official journal of CDDpress


http://crossmark.crossref.org/dialog/?doi=10.1038/s41418-023-01244-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41418-023-01244-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41418-023-01244-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41418-023-01244-8&domain=pdf
http://orcid.org/0000-0003-3389-3776
http://orcid.org/0000-0003-3389-3776
http://orcid.org/0000-0003-3389-3776
http://orcid.org/0000-0003-3389-3776
http://orcid.org/0000-0003-3389-3776
http://orcid.org/0000-0003-2516-0302
http://orcid.org/0000-0003-2516-0302
http://orcid.org/0000-0003-2516-0302
http://orcid.org/0000-0003-2516-0302
http://orcid.org/0000-0003-2516-0302
https://doi.org/10.1038/s41418-023-01244-8
mailto:zhangcq@sjtu.edu.cn
mailto:zouwg94@sibcb.ac.cn
www.nature.com/cdd

R. Shao et al.

[ Young I Aged
15

% %% P=0.0001

10 0o

O ARSI Scores (0-24)

H3K36me3

g
2
o &L
> <f
SA-B-Gal
= Vi 17KD —| s e | H3K36me1 [ 1]
é 5 1.00 1.06 0.88 0.75
0O P& i "L | 17KD—| == == — — | H3K36me2
1.00 1.63 0.38 0.49
3
.g v = oo 17KD—| s s = = | H3K36mMe3
S Gwwi "";:" 1.00 1.09 0.49 0.47
m 8% ] 5
£ — 17KD —| w——  H 3
— I
[0) O F
c €
[(e} (e}
™ [sp]
X X
™ (a2}
T T
A\ g
- : | e S
9 60— 1 Young = 50+
~ ek % P<0.0001 -~
L oo Hl Aged k2]
T T 3 40
é’ 40 f'zj 30
E o0 a
o ) Q
Q . 2 20
T 20- . %
© < 10
¢ ¢
[s2) [sp}
T 0- T 0-

Fig. 1

%% P=0.0018

J

@
o
|

1 Young [ Young

D
o
1

N
o
1

N
o
1

H3K36me3 positive cells (%)

o
|

H3K36 methylations decreased in aged cells and articular cartilage. A SA-p-Gal staining results of ATDC5 cells treated with DMSO or

Etoposide. Scale bar =200 pm. B Western blot results of H3K36 methylations in ATDC5 cells treated with DMSO or Etoposide. Safranin O
staining results (C) and OARSI Scores (D) of knee joint sections from two-month-old (Young) and two-year-old (Aged) mice (Young, n=6;
Aged, n=6). Scale bar (top) =200 pm, scale bar (bottom)= 50 pm. Immunohistochemistry results of H3K36me1 (E), H3K36me2 (G), and
H3K36me3 (I) and quantification of positive cells ((F) for H3K36me1, (H) for H3K36me2, (J) for H3K36me3) in the articular cartilages from young
and aged mice (Young, n = 6; Aged, n = 6). Scale bar (top) = 200 pm, scale bar (bottom) = 50 pm. Data are expressed as mean * SD. Unpaired t

test (D, F, H, J).

role in cartilage homeostasis and OA. NSD1’s molecular interplay
network in articular cartilage remains unknown.

Here, we investigated the functional roles of H3K36 methylation
and NSD1 in cartilage homeostasis and OA pathology and firm up
a new molecular mechanism different from that in cartilage at the
growth version. Our work elucidates that the histone methyl-
transferase NSD1 regulates chondrogenic differentiation, cartilage
homeostasis and the occurrence of OA by regulating Odd-skipped
related 2 (OSR2) expression through H3K36 methylation, and
establishes the relationship between NSD1 and OSR2 expression
in human OA.

RESULTS

H3K36 methylations were decreased in age-induced
osteoarthritic articular cartilage

The incidence of OA increases with age, and senescent cells
clearance may attenuate OA development [20]. First, we screened
for various histone methylation changes in senescent chondro-
genic ATDC5 cells induced with Etoposide [21]. SA-3-Gal staining
revealed chondrocyte senescence in the etoposide treated group
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(Fig. 1A). Screening for different histone H3 methylation levels in
chondrocyte senescence, H3K36 methylations, including mono-,
di-, and tri-methylation, showed different degrees of downregula-
tion, which caught our attention (Fig. 1B and Fig. S1A). In two-year-
old mice, osteoarthritic phenotypes such as articular cartilage
destruction were observed (Fig. 1C). Accordingly, the OARSI score
was higher in aged mice compared to younger mice (Fig. 1D).
Immunohistochemistry (IHC) results and statistical data showed
that the levels of H3K36me1, H3K36me2 and H3K36me3 were all
decreased in the articular cartilage of aged mice (Fig. 1E-J).
Taken together, these data suggest that H3K36 methylations
were decreased in senescent chondrocytes and age-induced
osteoarthritic articular cartilage, and these clues establish
a direct association between reduced H3K36 methylation and
age-related OA.

Mice with K36M transgenic or Nsd1 knockout developed OA
H3K36 methylation is regulated by both methyltransferase and
demethylase. Prrx1-positive mesenchymal stem cells (MSCs) can
differentiate into chondrocytes and give rise to articular cartilage
during postnatal development in vivo (Fig. S2A). In order to
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Fig. 2 Mice with K36M transgenic or Nsd1 knockout developed osteoarthritis. Safranin O staining results (A, D, G, J), OARSI Scores
(B, E, H, K), and CT images (C, F, I, L) of six-month-old K36M/+; Prrx1-Cre mice (A-C), Nsd1”™""" mice (D, E), Nsd2""™""“"® mice (G-I), Setd2""™"""
mice (J-L), and littermates (control, n=6; K36M/+; Prrx1-Cre, n=6; Nsd1"™"“", n=6; Nsd2"™"“", n=6; Setd2"™"", n=6). Scale bar
(top) = 200 pm, scale bar (bottom) = 50 um. Yellow arrow indicates dislocation of the patella. Green arrows indicate twisted subchondral bone.
Red arrows indicate osteophytes. Data are expressed as mean + SD. Unpaired t test (B, E, H, K).

explore whether H3K36 methylation is related to OA, we
introduced K36M transgenic mice [22] and crossed them with
Prrx1-Cre mice to achieve H3K36 methylation knockdown in MSCs.
Consistent with previous reports, three H3K36 methylation levels
were decreased in the articular cartilage of K36M/+; Prrx1-Cre mice
(Fig. S3A). Safranin O and Fast Green (SO) staining results showed
the destruction of articular cartilage and lack of proteoglycan in
K36M/+; Prrx1-Cre mice (Fig. 2A). The OARSI score was also higher
than that of wild-type littermates (Fig. 2B). In the knee joint of
K36M/+; Prrx1-Cre mice, we could see not only osteophyte
formation, but also patellar dislocation and subchondral bone
distortion (Fig. 2C). These results support that decreased H3K36
methylation in articular chondrocytes leads to OA.

SPRINGER NATURE

To identify the specific H3K36 methyltransferase that is
responsible for articular homeostasis and OA, we constructed
Nsd17™1°Cre - Nsd2P™1Cre and Setd2”™ """ mice respectively to
detect the articular cartilage development and OA phenotype.
From the SO staining results, we could see the articular cartilage
destruction in Nsd1”™"""® mice (Fig. 2D) and the OARSI score
was correspondingly higher (Fig. 2E) but no difference in
Nsd2P™1-Cr¢ mice or Setd2”™'""® mice (Fig. 2G-L). The knee
joint structure was obviously distorted, including dislocated
patella, rough and uneven subchondral bone, and abundant
osteophyte formation in Nsd1”™"“® mice (Fig. 2F and Fig.
S4A-F), similar to the phenotypes of K36M/+; Prrx1-Cre mice.
These results suggest that Nsd7 knockout mice mimic the OA
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phenotype of K36M/+; Prrx1-Cre mice, but Nsd2 or Setd2
knockout mice do not develop OA.

Nsd1 deficiency disrupted the articular cartilage homeostasis
Articular cartilage homeostasis is maintained by the balance between
anabolic and catabolic metabolism and plays a pivotal role in the
development of OA [23, 24]. Since NSD1 deficiency in Prrx1* cells
resulted in spontaneous OA, we proposed that the articular cartilage
homeostasis is disrupted in Nsd1”™" 7 mice. To investigate the
underlying histological changes in articular cartilage of Nsd1™™"®
mice, we performed IHC staining to detect metabolic changes in
chondrocytes. NSD1 IHC results revealed deletion of NSD1 in the
articular chondrocytes of Nsd1”™"“® mice (Fig. 3A). In early formed
articular cartilage, Nsd1 knockout resulted in loss of proteoglycan, an
important anabolic product, in the superficial and middle layers of
articular cartilage (Fig. 3B). With BrdU (5-bromo-2-deoxyuridine,
commonly used for cell proliferation study) injection, the articular
cartilage of Nsd17™"¢ mice showed more BrdU-positive cells (Fig. 3C,
D). TUNEL (terminal deoxynucleotidyl transferase dUTP nick end
labeling) staining results showed that there was no difference in cell
death between control and Nsd17™"" mice articular cartilage (Fig.
S5A). SOX9, a key regulator of chondrogenic differentiation, was
downregulated after Nsd1 knockout (Fig. 3E, F). The major
anabolic metabolite, type Il collagen (COL2), was also downregulated
(Fig. 3E, F). Levels of enzymes involved in the articular cartilage
catabolism were increased, including MMP3, MMP13 and ADAMTS5
(Fig. 3E, F). We also performed immunostaining in the other three
mouse models to detect metabolic changes in articular cartilages. The
results showed no significant changes in the staining results of Nsd2
and Setd2 mouse models, except for the staining results of K36M/+;
Prrx1-Cre mice, which were consistent with those of Nsd 17" mice
(Fig. S6A-Q). This is consistent with the OA phenotype we observed.
The senescence marker P16 staining results showed a significant
increase of senescent cells in the knee joint sections of two mouse
models, Nsd1”™"% and K36M/+; Prrx1-Cre, while the changes were
not significant in the other two animal models (Fig. S7A). This is
consistent with our findings that methylation of H3K36 changes
significantly during chondrocyte senescence, but the enzymes
actually involved in chondrocyte homeostasis are mainly NSD1 rather
than NSD2 and SETD2. Collectively, these data indicate that NSD1 is
an important regulator of chondrogenic differentiation and cartilage
metabolic balance.

Disturbed cell proliferation, differentiation and metabolism
after NSD1 knockout

To elucidate the underlying mechanisms of impaired chondro-
cyte cellular and metabolic changes in Nsd1”™""“"® mice, we
performed RNA-seq in Nsd1™” primary chondroprogenitor cells
infected with Egfp and Cre lentiviruses. There were 544
differentially expressed genes (DEGs), of which 366 were
downregulated and 178 were upregulated (Fig. 4A, B). Gene
Ontology (GO) enrichment analysis of these DEGs indicated that
cell differentiation, negative regulation of cell proliferation,
extracellular matrix organization, and cartilage development
were the top enriched biological process (BP) terms for down-
regulated genes in Cre cells (Fig. 4C). To assess the signaling
pathways enriched in these DEGs, we performed KEGG pathway
analysis. We identified metabolic pathways as the most enriched
KEGG pathway in downregulated genes in Cre cells (Fig. 4D). In
order to understand the changes of gene sets in Egfp and Cre
cells, we performed gene set enrichment analysis (GSEA).
Notably, Cre cells were preferentially enriched for «cell
proliferation-related processes, including G1-to-S phase transi-
tion signaling and Hippo signaling (Fig. 4E), whereas Egfp cells
were enriched for extracellular matrix assembly and reactive
oxygen species biosynthetic processes (Fig. 4F). During the cell
cycle, G1 phase transition to S phase is crucial for the control of
eukaryotic cell proliferation [25]. Hippo signaling was a key

Cell Death & Differentiation (2024) 31:106-118

R. Shao et al.

regulator of cell proliferation, fate decision, tissue growth and
regeneration [26]. Functionally, DEGs involved in metabolic
pathways included glutathione metabolism, protein glycosyla-
tion, response to hypoxia, lipid metabolism and glycolytic
process, most of which were validated by RT-PCR (Fig. 4G and
Fig. S8). Overall, our data suggest that NSD1 knockout
reprograms the transcriptome of chondroprogenitor cells,
resulting in increased proliferation, decreased differentiation,
and decreased anabolism, leaving articular cartilage in an
immature state.

Osr2 was regulated by Nsd7 through H3K36 methylation
NSD1 is an H3K36 methyltransferase and H3K36 methylation
modifications usually positively regulate gene transcription [9].
Next, we performed ChIP-seq using an antibody specific for
H3K36me2 with Nsd1™ chondroprogenitor cells infected with
Egfp or Cre virus (Fig. 5A). Through cross-analysis of RNA-seq and
ChIP-seq results, there were 139 genes that showed down-
regulated expression and decreased H3K36me2 enrichment in Cre
cells compared to Egfp cells (Fig. 5B). Among the overlapping
genes, there were 4 transcription factors: Osr2, Sox5, Mitf, Sox9 and
Osr2 showed the most significant decrease (Fig. 5C). Osr2, a zinc
finger-containing transcription factor, plays a role in regulating
Sox9 and promoting fin chondrogenesis [27]. Osr2 is expressed in
the cells of the developing synovial joint and Osr2”~ mice showed
fused tarsal elements [28]. In this study, OSR2 was downregulated
in the articular cartilage of Nsd17™"“" mice (Fig. 5D-E). To further
verify the necessity of Osr2 for chondrocyte homeostasis, we used
shRNA to knock down Osr2 in primary chondroprogenitor cells,
followed by chondrogenic differentiation. As shown by Alcian blue
staining, chondroprogenitor cells showed decreased chondro-
genic differentiation after Osr2 knockdown (Fig. 5F, G). Marker
genes related to chondrogenic differentiation and anabolism were
decreased (Fig. 5H), and cartilage catabolism related enzymes
were increased after Osr2 knockdown (Fig. 5I). We next
investigated the relationship between NSD1-mediated H3K36
methylation and Osr2 expression. Based on the H3K36me2
binding analysis on the Osr2 gene (Fig. 5J), we designed primers
for ChIP-gPCR analysis of H3K36me1 and H3K36me2 in Nsd1™?
primary chondroprogenitor cells infected with Egfp or Cre
lentivirus. Both H3K36me1 and H3K36me2 levels on Osr2 were
decreased after Nsd1 knockout as detected by ChIP-qPCR (Fig. 5K).
These data suggest that Osr2 is regulated by NSD1 through H3K36
methylation to promote chondrogenic differentiation and ana-
bolic metabolism and to inhibit catabolic metabolism.

Enhanced expression of Osr2 improved chondrogenic
differentiation and cartilage homeostasis caused by Nsd1
deficiency

In order to verify whether Osr2 regulates chondrogenic differ-
entiation and cartilage homeostasis downstream of NSD1 in vivo,
we constructed lentivirus and adenovirus expressing Egfp and
Osr2. Using primary chondroprogenitor cells obtained from
wildtype and Nsd1"™® mice, we infected Nsd7 knockout
chondro-progenitor cells with Egfp and Osr2 lentivirus and
performed micromass culture to monitor chondrogenic differ-
entiation. Alcian blue staining revealed that overexpression of
Osr2 rescued the NSD1-deficiency-induced defects in chondro-
genic differentiation (Fig. 6A). Consistent with these data, the
decreased expression of chondrogenic differentiation markers in
Nsd17™7"¢ mice was also rescued by forced Osr2 overexpression
(Fig. 6B, Q). Intra-articular injection is often used to test the effects
of compounds on articular cartilage. Here, adenovirus expressing
Egfp or Osr2 was injected intra-articularly (Fig. 6D and Fig. S9A)
and articular cartilage was harvested. SO staining results showed
that the articular cartilage homeostasis was rescued with Osr2
overexpression, the level of proteoglycan was also restored in
Nsd1P™7¢"¢ mice (Fig. 6E). Anabolism product like COL2 was
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restored to normal level according to the immunostaining results
(Fig. 6F). In a word, these results suggest that NSD1 regulation of
chondrocyte homeostasis and OA is dependent on Osr2, and Osr2
can rescue Nsd1 deficiency-induced chondrocyte differentiation

disorder and OA.

SPRINGER NATURE

NSD1 and OSR2 were downregulated in osteoarthritic
articular cartilage

To explore whether NSD1 and OSR2 expression is altered in
osteoarthritic cartilage, we collected normal and osteoarthritic
articular cartilage from samples of OA patients who underwent
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Fig. 5 Osr2 was regulated by NSD1 through H3K36 methylation. A Boxplot showing the binding levels of decreased H3K36me2 binding
peaks in Cre samples based on H3K36me2 ChIP-seq with Egfp and Cre cells. B Venn diagram showing the overlap of genes with decreased
expression and decreased H3K36me2 occupancy in Cre cells. C Quantitative expression analysis of four transcription factors in the RNA-seq
samples. Western blot (D) and IHC (E) results of OSR2 in articular cartilage of one-month-old Nsd7”™""“® ‘mice and littermates. Scale
bar =50 pm. F Alcian blue staining of wildtype chondroprogenitor cells infected with Egfp shRNA or Osr2 shRNA. Scale bar = 2 mm. G qRT-
PCR results showing the knockdown efficiency of Osr2 (n =4 for each treatment). gRT-PCR results showing the levels of genes related to
chondrogenic differentiation and anabolic metabolism (H) and catabolic metabolism (1) in cells infected with Egfp shRNA or Osr2 shRNA (n =4

for each treatment). J H3K36me2 binding peaks from the H3K36me2 ChIP-seq of immortalized Nsd 1"

M cells infected with Egfp or Cre virus.

K ChIP-gPCR analysis of H3K36me1 and H3K36me2 bindings in immortalized Nsd 1™ cells infected with Egfp or Cre virus (n = 4 for each assay).

Data are expressed as mean + SD. One-way ANOVA (G, H-1, K).
«

knee joint replacement. SO staining revealed destruction of
articular cartilage in human samples (Fig. 7A). IHC staining showed
that both NSD1 and OSR2 were decreased in osteoarthritic
cartilage (Fig. 7B, C). Detection of mRNA levels showed that both
NSD1 and OSR2 were downregulated in osteoarthritic articular
cartilage (Fig. 7D, E). Correlation analysis revealed a strong
correlation between NSD7 and OSR2 expression (Fig. 7F). Alto-
gether, these findings establish a link between decreased
expression of NSD1, OSR2 and OA.

DISCUSSION
Onset and progression of OA are closely related to age and
chondrocyte senescence [20, 29]. In this study, we first screened for
different histone H3 methylation modifications in senescent
chondrocytes and found that all three modifications of H3K36
methylation were all downregulated (Fig. 1B). In the osteoarthritic
articular cartilage of aged mice, we also detected decreased levels of
all three modifications of H3K36 methylation (Fig. 1E-J). When lysine
36 of histone H3 was mutated to methionine (H3K36M), H3K36
methylations were downregulated, impairing the differentiation of
mesenchymal progenitors and causing chondrocytes to exhibit
characteristics of cancer cells, including increased proliferation and
decreased differentiation, resulting in undifferentiated sarcoma and
chondroblastoma [11]. Prrx1, a paired-related homeobox transcrip-
tion factor, also known as Prx1, Pmx, MHox, and k2, is expressed in
the mesenchyme during embryonic development [30, 31]. Prrx1-
positive MSCs can differentiate into chondrocytes and give rise to
articular cartilage in vivo [32]. The chondrocytes in the articular
cartilage were all derived from Prrx1-positive cells (Fig. S2A). We
obtained K36M/+; Prrx1-Cre mice to study the effects of H3K36
methylation knockdown on chondrocytes and articular cartilage
homeostasis. OA phenotype observed in K36M/+; Prrx1-Cre mice
confirmed the relationship between H3K36 methylation and OA.
Different H3K36 methyltransferases are responsible for different
methylation modifications, and these enzymes also have their
own protein functions [9]. Most H3K36 methyltransferases are
responsible for the mono- and di-methylation of H3K36, NSD1
mutations have been reported to affect bone growth in Sotos
syndrome patients [16], and conditional knockout of Nsd1 in MSCs
resulted in delayed skeletal development and fracture repair [18].
NSD2 mutations and loss of function also resulted in develop-
mental delay [33, 34]. SETD2 has long been the only enzyme
responsible for catalyzing the tri-methylation of H3K36 [35], and
recently SMYD5 was found to also able to catalyze the tri-
methylation of H3K36 in the promoter region of the gene [36].
SETD2 has been reported to regulate the fate of bone marrow
MSCs [37]. To further clarify which H3K36 methylation modifica-
tion and its corresponding enzyme(s) are associated with OA, we
selected genes that have been reported to be associated with
skeletal development or the endochondral ossification process
from the enzymes responsible for catalyzing H3K36 mono- & di-
methylation or trimethylation to further construct mice. We
examined the articular cartilage phenotype in Nsd17™cre
Nsd2”™1<"¢ and Setd2”™""“"® mice respectively and found that
only Nsd1 knockout was able to reproduce the phenotype of
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K36M/+; Prrx1-Cre mice (Fig. 2). Our previous study found that
Nsd17™7-¢"¢ mice showed delayed early skeletal development with
abnormal formation of the primary ossification center and
secondary ossification center [18]. Nsd 17" mice also displayed
delayed bone fracture healing with impaired callus formation [18].
Nsd1 knockout cartilage progenitor cells showed increased
proliferation and decreased differentiation capacity with
decreased expression of Sox9, a key transcription factor for
chondrogenic differentiation [18]. The current study demonstrated
that NSD1 deficiency in articular cartilage could lead to an OA
phenotype with attenuated articular cartilage anabolism and
enhanced articular cartilage catabolism (Figs. 2, 3).

In NSD1 knockout primary chondroprogenitor cells, Osr2 expres-
sion and genomic occupancy of H3K36me1 and H3K36me2 were
decreased (Figs. 4, 5). Osr2, a zinc finger-containing transcription
factor, belongs to the odd-skipped family and plays a role in the
regulating Sox9 and promoting fin chondrogenesis [27]. Mice
lacking Osr2 exhibited supernumerary tooth development in the
molars by regulating the expression of BMP4 [38]. Osr2 is expressed
in developing articular synovial cells, and Osr2~’~ mice showed
fused tarsal elements [28]. In our study, Osr2 was regulated by Nsd1
through H3K36me1 and H3K36me?2 binding on the genomic region,
and Osr2 knockdown resulted in decreased chondrogenic differ-
entiation, decreased anabolism, and increased catabolism (Fig. 5).
Overexpression of Osr2 not only restored the decreased chondro-
cyte differentiation, but also rescued the cartilage homeostasis after
Nsd1 knockout, especially with more COL2 distribution in the
superficial zone of articular cartilage (Fig. 6). Thus far, the role of Osr2
in chondrogenic differentiation and OA has been fully elucidated in
cellular and animal models. Interestingly, we also found decreased
levels of NSD1 and OSR2 in human osteoarthritic articular cartilage
(Fig. 7). These suggest that NSD1 and OSR2 may be potential
mediators linking risk factors to OA development.

During the analysis of RNA-seq data, there were 48 metabolism-
related genes (Fig. S8A), which were further subjected to Gene
Ontology analysis, including Biological Pathway (BP), Cellular
Component (CC), and Molecular Function (MF) analysis, and the
results are detailed in Fig. S8B, C. Bioinformatics analysis revealed
that these metabolism-related genes were mainly involved in the
metabolic processed of lipid, glutathione, protein glycosylation,
and response to hypoxia, all of which are associated with cartilage
development, homeostasis maintenance, or OA development.
Lipids are nutrients for chondrocytes and are involved in cartilage
growth, injury, and regeneration in diverse ways [39]. There is high
lipid biosynthesis during chondrogenesis and specific fatty acid
could decrease proteinase involved in cartilage matrix degrada-
tion [40]. Glutathione is an important regulator of cellular redox
potential and oxidative damage, and functions as a mediator
between oxidative stress resistance and resilience in the cartilage
during the aging process and OA [41]. Protein glycosylation is
associated with chondrocyte senescence in the pathogenesis of
OA [42]. Cartilage is a chronically hypoxic tissue and cellular
responses to hypoxia are not only related to cell survival, but also
affect specific functions of chondrocytes. Hypoxia can modulate
the main cartilage matrix genes, including Col2al, Acan, and Col9
through regulating SOX9 [43].
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mice intra-articularly injected with Egfp or Osr2 adenovirus. Scale bar =50 um. Data are expressed as mean + SD. One-way ANOVA (B, C).

In summary, we elucidate for the first time the role of H3K36
methylation and NSD1 in OA from a genetic perspective. We
revealed a novel epigenetic molecular regulatory pathway in
articular cartilage and established a direct link between the
NSD1-Osr2 axis and osteoarthritis (Fig. 7G). Currently, osteoar-
thritis drugs focus on pain relief and inflammation reduction,
with few drugs available that can effectively inhibit the
osteoarthritic process and repair damaged joint tissue [44, 45].
Intra-articular drug delivery has several advantages over
systemic administration, and a number of promising treatments
are in clinical development, including small molecules, gene
therapies, biologic therapies, and devices [46]. Securing NSD1/
H3K36me3/0Osr2 levels in combination with intra-articular
injections may be a promising treatment for OA, and more
research data is needed before this can be done. This work
provides a potential epigenetic therapeutic strategy for the
treatment of OA.

SPRINGER NATURE

MATERIALS AND METHODS

Mice

The Nsd1™ mice [18], Prrx1-Cre mice [18, 37] and Setd2™" mice [37] were
mentioned before. K36M/+ mice were provided by Dr. Kai Ge (National
Institutes of Health). Nsd2™" mice were provided by Dr. Jun Qin (Shanghai
Institute of Nutrition and Health, CAS). All mice analyzed were maintained
on the C57BL/6 background and monitored in a specific pathogen-free
(SPF) environment. Experiments were carried out under the approval of the
Institutional Animal Care and Use Committee (IACUC) of the CAS Center for
Excellence in Molecular Cell Sciences, Chinese Academy of Sciences.

Cell culture

Primary chondroprogenitor cells were obtained from the femoral condyles
and tibial plateau of newborn mice. Cartilages were digested with 1 mg/ml
collagenase Il (Sigma, C6885) for two hours at 37 °C and the digestions
were discarded. The left tissues were digested with half concentration of
collagenase Il overnight at 37°C and the digestions were filtered with
70 pum cell strainer (Falcon, 352350) the next day. The cells were plated into
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Fig. 7 NSD1 and OSR2 were decreased in osteoarthritic cartilage. A Safranin O staining results of normal and osteoarthritic cartilage from
knee joint replacement samples. Scale bar = 100 pm. Immunohistochemistry results of NSD1 (B) and OSR2 (C) in normal and osteoarthritic
cartilage from knee joint replacement samples. Scale bar = 100 pm. qRT-PCR results of NSD1 (D) and OSR2 (E) in normal and osteoarthritic
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differentiation and cartilage metabolism. Data are expressed as mean = SEM. Unpaired t test (D, E).

o-MEM medium (Corning, 10-022-CVR) supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin/streptomycin.

Micromass culture

Micromass culture was performed when primary chondrocytes reached
80-90%. Digested and suspended chondrocytes to 1 x 107cells/ml, plated
a droplet of 12.5 pl cell suspension to the central of 12-well-plate, let the
plate stand at 37 °C for two hours and then gently added the chondrogenic
differentiation medium, which contains DMEM, 10 ng/ml TGFP3 (Pepro-
tech, 100-36E), 100nM dexamethasone (Sigma, D1756), 50 ug/ml
L-ascorbic acid 2-phosphate (Sigma, A8960), 1 mM sodium pyruvate
(Sigma, 25-000-CIR), 40 pug/ml proline (Sigma, P5607) and 1% ITS (Cyagen,
ITSS-10201-10). Micromass at different time was acidified with 0.1 N HCI
and then stained with 1% alcian blue (Sigma, A5268).

Senescent chondrocyte model

Chondrogenic cell line (ATDC5) was treated with the DNA-damaging agent
etoposide (“DNA damage-induced senescence”, DIS). We confirmed the
induction of the senescence phenotype in these cells by evaluation
senescence-associated (3-galactosidase (SA-B-Gal) staining.

Cell Death & Differentiation (2024) 31:106-118

Histology and immunohistochemistry
Knee joints from mice were fixed in 4% paraformaldehyde for 48 h,
decalcified in 10% EDTA and embedded in paraffin and cut into 8um thick
sections. Immunohistochemistry was performed using Vector Rabbit kit
according to the manufacturer’s instructions. Images were captured using
a microscope (Olympus BX51, Tokyo, Japan).

Immunofluorescence

Sections were blocked in PBS with 10% horse serum for 1h and then
stained overnight with specific antibody. Secondary antibodies were used
according to the species of primary antibody. DAPI (sigma, D8417) was
used for counterstaining. Slides were mounted with anti-fluorescence
mounting medium (Dako, $3023) and images were acquired with Olympus
BX51 microscope or Leica SP8 confocal microscope.

BrdU assay

Three-week-old mice were injected with BrdU (Sigma, B5002) at 50 mg/kg,
repeated the injection every two days, three times in total and collected
the knee samples on the 7th day after first injection. Fixed, decalcified and
embedded the samples in paraffin, cut into 5 um thick sections. Sections
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were first soaked in formamide/SSC (1:1) buffer for 1 hour at 65 °C to repair
the antigen. Then soaked in 2 N HCI for 30 min at 37 °C to open the DNA
double strands after rinsed with PBS. Rinsed and soaked the sections in
0.01 M Tris-HCI for 10 min to reconstruct the alkaline environment. Then
blocked with 5% sheep serum for 2h at room temperature. Incubated
sections with BrdU antibody (Cell Signaling, Bu20a) overnight at 4 °C. The
next day rinsed the sections and incubated with secondary antibody for
2h at room temperature. Rinsed and stained the nucleus with Hoechst
33342 for 10 min. Rinsed and mounted the sections. Images were obtained
by Olympus BX51.

TUNEL assay

TUNEL apoptosis assay was performed on paraffin sections following the
instructions of the DeadEnd™ Fluorometric TUNEL System (Promega,
G3250), using Pl (Thermo, P1304MP) staining as a positive control.

Human articular cartilage samples

Human articular cartilage samples were obtained with the informed
consent of the patients and the approval of the ethics committee of
Shanghai Sixth People’s Hospital and Zhejiang Provincial People’s Hospital.
Samples were obtained from individuals undergoing total knee arthro-
plasty and subjected to RNA extraction and paraffin embedding and
sectioning.

HCT analysis

Mouse knee joints were collected, soft tissues removed and fixed in 70%
ethanol. Samples were scanned with a Scanco uCT80 (SCANCO Medical,
Swiss) or Skyscan 1272 scanner (Bruker, Germany) at a resolution of 10 pm.
Bone erosion and osteophyte analysis were performed according to the
protocol provided by PerkinElmer, Inc (Application Note: MicroCT
Investigation of Bone Erosin and Deformation in an Osteoarthritic Rat
Model).

Antibodies

H3K36M (Arigo, ARG57228), NSD1 (Bioss, bs-8170R), COL2 (Abcam,
ab34712), H3K36mel (Abcam, ab9048), H3K36me2 (Abcam, ab9049),
H3K36me3 (Abcam, ab9050), SOX9 (Millipore, AB5535), OSR2 (sc-393516),
MMP3 (Abcam, ab52915), MMP13 (Abcam, ab39012), ADAMTS5 (Thermo
Fisher, PA5-27165), H3K4mel (Abcam, ab176877), H3K4me2 (Abcam,
ab7766), H3K4me3 (Abcam, ab213224), H3K9me1 (Abcam, ab176880),
H3K9me3 (Active Motif, 61013), H3K27me1 (Abcam, ab194688), H3K27me2
(Abcam, ab24684), H3K27me3 (Abcam, ab6002), H3K79mel (Abcam,
ab2886), H3K79me2 (Abcam, ab3594).

Western blot

Tissues or cells were harvested and lysed with EBC buffer (1% NP-40, 10%
glycerol, 135 nM NaCl, 20 mM Tris pH8.0) containing protease inhibitors.
Then lysates were separated through running SDS-PAGE gel and blotting
on PVDF membrane (Bio-Rad). After incubation with specific antibodies, we
used enhanced chemiluminescence kit (Millipore) to detect the protein
signals. Our method of quantification is to do a ratio between the
destination bands and their matching internal reference bands after
quantification. The ratio of each destination band is then normalized and
presented below each destination band.

Real-time PCR analysis

Total RNA was isolated from different tissues and cells with TRIzol Reagent
(Sigma, T9424) and reverse-transcribed with the PrimeScript RT Reagent Kit
(Takara, RRO37A). The real-time reverse transcriptase (RT)-PCR reaction was
performed with the Bio-Rad CFX Connect Real-Time System. The primer
sets used were mouse Gstkl: sense 5-GGTCCTATGCAGATACCAACAC-3’
and anti-sense 5-GTACTGGCCTTTTCGGGGAA-3; mouse Gstm7: sense 5-
ATGAT GCGGCTTTACTCCGAG-3’ and anti-sense 5-GCCCCAAATAGC-
CATCTTTGTG- 3% mouse Gsttl: sense 5-CCGTCGCGCCATTTATATCTT-3’
and anti-sense 5-CCCTCTTCATGGGGTTCACC-3; mouse Cth: sense 5-
TTCCTGCCTAGTT TCCAGCAT-3’ and anti-sense 5-GGAAGTCCTGCT-
TAAATGTGGTG-3; mouse Mgst1: sense 5-CTCAGGCAGCTCATGGACAAT-3’
and anti-sense 5-GTTAT CCTCTGGAATGCGGTC-3"; mouse Galnt12: sense 5~
TCAACATCTATCTGAGC GACCG-3’ and anti-sense 5-CTTGGGCAGGTTATCA-
TAATCGT-3; mouse Galnt15: sense 5-GCTCCACAACACTGGATTTGG-3’ and
anti-sense 5-GTGTG CTCCAGGTTCTGTTG-3% mouse Extll: sense 5-
TTCTGGCTGGCGTTGTCAG -3’ and anti-sense 5-GGGTTCGTCTCAGACTG
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GGA-3; mouse Gentl: sense 5-ACTTGTTTCGGAGGAGACTTITC-3’ and
anti-sense 5-GGGTCACCCTGTAA AATCTTGGT-3; mouse Aldh3al: sense
5-AATATCAGTAGCATCGTGAACCG-3’ and anti-sense 5-GGAGAGCCCCT-
TAATCGTGAAA-3; mouse Acot2: sense 5-GTTGTGCCAACAGGATTGGAA-3’
and anti-sense 5-GCTCAGCGTCGCATTT GTC-3; mouse Car9: sense 5-
TGCTCCAAGTGTCTGCTCAG-3” and anti-sense 5-CAGGTGCATCCTCTT-
CACTGG-3%; mouse Nos2: sense 5-GTTCTCAGCCC AACAATACAAGA-3’ and
anti-sense  5-GTGGACGGGTCGATGTCAC-3; mouse Acss2: sense 5™
AAACACGCTCAGGGAAAATCA-3” and anti-sense 5-ACCGTA GATG-
TATCCCCCAGG-3; mouse Hsd11b1: sense 5-CAGAAATGCTCCAG GGAAA-
GAA-3’and anti-sense 5-GCAGTCAATACCACATGGGC-3’; mouse Lipg: sense
5-ATGCGAAACACGGTTTTCCTG-3" and anti-sense 5-GTAGCTGGTAC
TCCAGTGGG-3; mouse Scdl: sense 5-TTCTTGCGATACACTCTGGTGC-3’
and anti-sense 5-CGGGATTGAATGTTCTTGTCGT-3%; mouse Scd2: sense 5-
GCATTTGGGAGCCTTGTACG-3’ and anti-sense 5-AGCCGTGCCTTGTATG
TTCTG-3; mouse Scd3: sense 5-GTTGCCACTTTACTGAGATACGC-3" and
anti-sense 5-GAAGCCCTCGCCCATACTT-3%; mouse Enppl: sense 5-CTGGT
TTTGTCAGTATGTGTGCT-3’ and anti-sense 5-CTCACCGCACCTGAATTTGTT
-3% mouse Aldoc: sense 5-AGAAGGAGTTGTCGGATATTGCT-3" and anti-
sense  5-TTCTCCACCCCAATTTGGCTC-3% mouse Col2: sense 5'-
CGGTCCTACGG TGTCAGG-3' and anti-sense 5-GCAGAGGA CATTCC
CAGTGT-3'; mouse Sox9: sense 5-TTCCTCCTCCCGGCATGAGTG-3' and
anti-sense 5-CAACTTTGCC AGCTTGCACG-3; mouse Acan: sense 5'-
AATCCCCAAATCCCTCATAC-3' and anti-sense 5-CTTAGTCCA
CCCCTCCTCAC-3; mouse Osr2: sense 5'-CTCAC CAATTACTCCTTCCTGC-3'
and anti-sense 5-GCACCGCACTGAGACCATAG-3’; mouse Mmp3: sense 5'-
ACATGGAGACTTTGTCCCTTTTG-3' and anti-sense 5-TTGGCTGAGTGGTA-
GAGTCCC-3; mouse Mmp13: sense 5-CTTCTTCTTG TTGAGCTGGACTC-3'
and anti-sense 5-CTGTGGAGGTCACTGTAGACT-3’; mouse Adamts5: sense
5-GGAGCGA GGCCATTTACAAC-3' and anti-sense 5'-CGTAGACAAGGTAGCC
CACTTT-3"; human NSD17: sense 5-AGCAAAGAAA TGAAGTGGACGG-3' and
anti-sense 5-TGAATGTGTGTTAATCAACGGA-3’, human OSR2: sense 5'-
TCCGCCTAAGATGGGAGACC-3' and anti-sense 5-GGTAAAGTGTCTGCC
GCAAAA-3',

ChIP-Seq and ChIP-qPCR

Nsd1™1 primary chondrocytes were infected with lentivirus expressing Egfp
and Cre respectively. After puromycin treatment, Egfp and Cre expressing
primary chondrocytes were fixed with 1% formaldehyde for 10 min and
terminated with glycine for 5min (final concentration = 0.125 M). After
twice washing with precooled PBS (protease inhibitor containing), cells
were scraped and resuspended in SDS-lysis buffer respectively (50 mM Tris-
HCI Ph 7.5, 10 mM EDTA, 1% SDS and protease inhibitor) and sonicated.
Cells were centrifuged to obtain cell extracts, which were then added to
pre-cleaned protein G agarose and rotated for at 4°C 1 h. Extracts were
centrifuged and supernatants were collected into new tubes. ChIP assay
was performed using H3K36me1/2 antibody. Normal IgG was used as
negative control. The raw sequencing data is store on the Figshare site
(https://doi.org/10.6084/m9.figshare.22774088). ChIP-qPCR was used to
amplify different regions of the target gene genome using the following
primers: Osr2 P1: sense 5~AGTCCCGGGCCTCGTGTTCT-3’ and anti-sense 5~
TCTTGCCGAATGCGTAAATCT-3". Osr2 P2: sense 5-TGAAATGGAGAGGGA
GGGAGCGGA-3’ and anti-sense 5-ACGA AGTTTCTGCCCCTTCCCCGT-3".

Lentiviruses and infection

Lentiviruses expressing Egfp and mouse Osr2 were constructed by
inserting the gene CDS into the Plenti vector. Virus package was prepared
according to the VSVG - delta 8.9 system. Mouse primary chondrocytes
were cultured for two days, infected with lentivirus for forty-eight hours,
digested, and passed to micromass culture.

Adenoviruses and intra-articular injection

The CDS of Egfp and mouse Osr2 were cloned into pYr-1.1. Then the LR
recombination reactions were performed between the plasmid (pYr-1.1-
Egfp/Osr2) and the destination vector (pAd/BL-DEST) using LR Clonase Il
(Invitrogen, 12538120). Finally, HEK293A cells were transfected with Pacl
linearized adenovirus vectors (pAd-Egfp/Osr2) to generate recombinant
adenoviruses Ad-Egfp/Osr2. Cerium chloride gradient centrifugation was
used to harvest purified and concentrated adenoviruses. Intra-articular (IA)
injection of Ad-Osr2 (2x10® plaque-forming units in a total volume of 5 pl)
was performed once a week for 6 weeks in 4-week-old male mice; 1A
injection of Ad-Egfp was used as a control. Mice were sacrificed 4 days
after the last IA injection for histologic analysis.
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Statistical analysis

Quantitative data were presented as the mean +SD or mean + SEM and
analyzed by unpaired t test (two-tailed) or one-way ANOVA using
GraphPad Prism 6 software. P<0.05 was considered as statistically
significant. Specific P values for each significance of difference test were
indicated in the graphs. Correlation assay was conducted with GraphPad.

DATA AVAILABILITY

All data generated or analyzed during this study are included in this published article
(and its Supplementary information files). The datasets used and/or analyzed during
the current study are available from the corresponding author on reasonable request.
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