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UDP-GIcNACc serves as a building block for glycosaminoglycan (GAG) chains in
cartilage proteoglycans and simultaneously acts as a substrate for
O-GlcNAcylation. Here, we show that transporters for UDP-GIcNAc to the
endoplasmic reticulum (ER) and Golgi are significantly downregulated in
osteoarthritic cartilage, leading to increased cytosolic UDP-GIcNAc and
O-GlcNAcylation in chondrocytes. Mechanistically, upregulated
O-GlIcNAcylation governs the senescence-associated secretory phenotype
(SASP) by stabilizing GATA4 via O-GlcNAcylation at S406, which compromises
its degradation by p62-mediated selective autophagy. Elevated
O-GlcNAcylation in the superficial layer of osteoarthritic cartilage coincides
with increased GATA4 levels. The topical deletion of Gata4 in this cartilage

layer ameliorates post-traumatic osteoarthritis (OA) in mice while inhibiting
O-GlcNAc transferase mitigates OA by decreasing GATA4 levels. Excessive
glucosamine-induced O-GIcNAcylation stabilizes GATA4 in chondrocytes and
exacerbates post-traumatic OA in mice. Our findings elucidate the role of UDP-
GlcNAc compartmentalization in regulating secretory pathways associated
with chronic joint inflammation, providing a senostatic strategy for the treat-

ment of OA.

Osteoarthritis (OA) is a leading cause of disability, imposing a
large socioeconomic burden. OA affects 7% of the global popu-
lation, and the number of patients living with the disease
increased globally by 48% between 1990 and 2019 (Ref. 1). Mul-
tiple etiological risk factors, including aging, obesity, and
mechanical overloads, contribute to the development and pro-
gression of OA. The progression of OA is characterized by carti-
lage degeneration and other pathological changes such as

subchondral bone sclerosis, osteophyte formation, and synovial
inflammation.

Joints exposed to the risk factors of OA gradually accumulate
senescent cells, which are mainly found in a superficial layer of the
articular cartilage>. Senescent chondrocytes reinforce senescence-
associated secretory phenotypes (SASPs), comprising inflammatory
mediators and matrix-degrading enzymes, thereby contributing to
low-grade chronic inflammation in the joints”*. Accordingly,
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chondrocyte SASPs directly mediate osteoarthritic cartilage degen-
eration and further propagate secondary senescence to their sur-
roundings such as the synovium, aggravating OA. Therefore,
senostatics, an approach to modulate the production of SASPs, are a
rational paradigm for treating OA.

Osteoarthritic cartilage degeneration primarily involves the loss
of proteoglycan (PGs) from the cartilage matrix. Cartilage PGs, com-
posed of elongated glycosaminoglycan (GAG) chains bound to core
proteins, confer a unique load-bearing function to the articular joints’.
Because uridine diphosphate N-acetylglucosamine (UDP-GIcNAc) is
used as a building block of repeating disaccharide units for GAG
chains, chondrocytes adequately maintain intracellular UDP-GIcNAc®”.
UDP-GIcNAc also serves as a substrate for O-linked-N-
acetylglucosaminylation (O-GIcNAcylation). O-GIcNAc transferase
(OGT) catalyzes the addition of GIcNAc from UDP-GIcNAc to the serine
or threonine residues of target proteins, while O-GIlcNAcase (OGA)
removes this post-translational modification®’. O-GIcNAcylation has
been recognized as a crucial post-translational modification that
integrates nutritional and metabolic sensing with the regulation of
diverse cellular responses'®". Dysregulated O-GlcNAcylation has been
associated with various human diseases, including cancer>™ and
chronic diseases such as type 2 diabetes mellitus (T2DM)" and cardi-
ovascular disease (CVD)".

We undertook this study upon observing marked changes in the
expression of transporters that may affect the intracellular distribution
of UDP-GIcNAc during the development of senescence phenotypes.
Our objective was to explore how shifts in UDP-GIcNAc compartmen-
talization could influence O-GlcNAcylation and key features of cellular
senescence.

Here, we demonstrate UDP-GIcNAc compartmentalization as a
distinct mode of controlling O-GlcNAcylation, directing chondrocyte
secretory pathways from PG synthesis towards senescence-associated
chronic inflammation. Our findings shed light on the stress-response
mechanisms underlying the emergence of SASPs in chondrocytes,
offering valuable insights for the development of senostatics as a
rational approach for treating OA.

Results
Senescent chondrocytes exhibit altered intracellular UDP-
GIcNAc flux
UDP-GIcNAc and UDP-N-acetylgalactosamine (UDP-GalNAc), capable
of interconversion, are transported from the cytosol to the endo-
plasmic reticulum (ER) and the Golgi apparatus by a range of solute
carrier family 35 (SLC35) transporters, including SLC35A2, SLC35A3,
SLC35A5, SLC35B4, SLC35D1, and SLC35D2 (Supplementary Table 1). In
the secretory organelles, the imported sugars are utilized in the
synthesis of GAG-rich PGs. Because OA is primarily characterized by
the loss of PG contents in cartilage, we sought to examine the
expression of these transporters in OA or OA-associated transcriptome
data available through the Gene Expression Omnibus (GEO) database.
The expression of UDP-GIcNAc and UDP-GalNAc transporters were
downregulated across multiple human OA transcriptome datasets
(Fig. 1a). Similarly, their expression levels were consistently decreased
in interleukin (IL)-1B-treated chondrocytes (Fig. 1b) and various animal
models of OA (Fig. 1c) compared with those of corresponding controls.
Senescent chondrocytes are implicated in the development of
OA**. DNA-damaging chemical agents such as doxorubicin or bleo-
mycin, and ionizing radiation (IR) robustly caused the cellular senes-
cence of human C28/I12 chondrocytes and primary cultured mouse
chondrocytes, as marked by increased senescence-associated [-
galactosidase (SA-B-Gal) positivity, reduced S-phase entry, upregu-
lated expression of CDKNIA and CDKN2A INK4A, and downregulated
expression of LMNBI (Fig. 1d, e and Supplementary Fig. 1). Principal
component analysis (PCA) of chondrocyte transcriptomes revealed
distinct profiles following bleomycin and doxorubicin treatments,

separating them from responses observed in vehicle- or IL-13-treated
conditions (Supplementary Fig. 2a). Differentially expressed genes
(DEGs) in bleomycin-treated and doxorubicin-treated chondrocytes
showed considerable overlap (Supplementary Fig. 2b), commonly
involving pathways related to DNA damage response, cell cycle arrest,
and inflammation (Supplementary Fig. 2c, d).

Notably, the senescence-inducing stimuli commonly reduced the
expression levels of SLC35A3, SLC35B4, SLC35D1, and SLC35D2 in these
cells (Fig. 1f, g and Supplementary Fig. 3a). We then measured the
content of UDP-GIcNAc in the ER, Golgi apparatus, and cytosol of the
chondrocytes, respectively. The total UDP-GICNAc levels remained
unaffected in human C28/12 chondrocytes following the treatment
with doxorubicin under a senescence-eliciting scheme (Fig. 1h). How-
ever, the senescence-inducing stimuli reduced UDP-GIcNAc levels in
the ER and the Golgi apparatus while conversely elevating its content
in the cytosol (Fig. 1h). The cytosolic accumulation of UDP-GIcNAc was
similarly observed in senescent mouse chondrocytes with no sig-
nificant alteration in total UDP-GIcNAc levels (Fig. 1i). In contrast,
inhibition of the hexosamine biosynthetic pathway by targeting
glutamine-fructose-6-phosphate transaminase (GFPT) using 6-diazo-5-
oxo-L-norleucine (DON) reduced UDP-GIcNAc levels in the ER, Golgi,
and cytosol simultaneously (Fig. 1h, i). These results collectively sug-
gest that senescence-inducing stimuli alter the intracellular UDP-
GlcNAc distribution by preferentially retaining it within the cytosol.
This change in the UDP-GIcNAc redistribution further correlated with a
decrease in the GAG content within the secreted PGs from senescent
chondrocytes (Fig. 1j, k and Supplementary Fig. 3b). Meanwhile, no
statistically significant changes in the expression of OGT and OGA were
observed in OA cartilage (Supplementary Fig. 4a-c) or senescent
chondrocytes (Supplementary Fig. 4d-f).

0-GIcNAcylation is associated with chondrocyte senescence in
OA cartilage

Because cytosolic UDP-GIcNAc is used as a substrate for O-GIcNAcylation,
we next explored whether the altered intracellular UDP-GIcNAc flux is
correlated with the extent of O-GIcNAcylation in the OA-affected carti-
lage. The degree of O-GlcNAcylation was markedly elevated in OA-
affected human cartilage but was marginal in undamaged regions of
arthritic cartilage (Fig. 2a, b and Supplementary Fig. 5a, b). Notably, the
expression of p16™“!, a biomarker of cellular senescence, was highly co-
localized in chondrocytes displaying O-GlcNAcylation signals such that
their double positivity is significantly higher in OA-affected cartilage than
in the undamaged counterparts (Fig. 2b and Supplementary Fig. 5b).

Given the cytosolic accumulation of UDP-GIcNAc in senescent
chondrocytes (Fig. 1h, i), we further explored how senescence-inducing
stimuli affect O-GIcNAcylation in primary cultured human and mouse
chondrocytes. Following treatment with doxorubicin, human articular
chondrocytes exhibited a markedly increased level of O-GIcNAcylation
(Fig. 2c and Supplementary Fig. 5c). Similarly, primary mouse chon-
drocytes displayed a global increase in O-GIcNAcylation along with the
onset of senescence following bleomycin treatment or long-term
exposure to hydrogen peroxide (H,0,) (Fig. 2d, e).

We then questioned whether O-GIcNAcylation is necessary for the
entry of chondrocytes into senescence. However, the bleomycin-
induced increases in DNA damage and SA-B-Gal positivity were not
alleviated by treatment with the OGT inhibitor ST045849 (Fig. 2f, g).
Similarly, the expression of biomarkers associated with the permanent
cell cycle arrest of senescent cells, Cdknla and Cdkn2a Ink4a, was not
affected by O-GlcNAcylation (Fig. 2h). These results suggested that
O-GIcNAcylation does not affect the entry of chondrocytes into senes-
cence. Therefore, we next explored whether O-GIcNAcylation affects
the development of SASPs as another major aspect of senescent cells®"s,

Damage-induced senescence in human articular chondrocytes
resulted in the expression of SASP factors, which was accompanied by
the upregulation of GATA4, a transcription regulator governing
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Fig. 1| The expression of UDP-GIcNAc transporters is downregulated in OA-
associated chondrocytes, correlating with cytosolic UDP-GIcNAc retention.
a-c Fold change (FC) heatmap of the expression levels of transporters for UDP-
GlcNAc and UDP-GalNAc in human OA cartilage and OA-relevant conditions. Public
transcriptome datasets analyzed were generated from (a) human OA cartilage
(GSE16464, GSE43923, GSE64394, GSE113825, GSE117999, GSE178557, and
GSE186220), (b) IL-1B-treated chondrocytes (GSE6119, GSE104793, and
GSE163080), and (c) cartilage from OA models of mice (GSE26475, GSE53857,
GSE101573, GSE110268, and GSE143447) and rats (GSE28958). d, e SA-B-Gal staining
and quantification of SA-B-Gal positivity (left), representative images of immuno-
fluorescence and quantification of BrdU incorporation (middle), and relative mRNA
expression levels of CDK inhibitors or LmnbI (right) in (d) C28/12 chondrocytes
treated with 100 nM of doxorubicin (n=5) or in (e) mouse chondrocytes treated

with 50 pg/mL of bleomycin (n=5). f, g Relative mRNA expression levels of trans-
porters for UDP-GIcNAc and UDP-GalNAc in (f) C28/12 chondrocytes treated with
doxorubicin (n=>5) or in (g) mouse chondrocytes treated with bleomycin (n=35).
h Quantification of UDP-GIcNAc levels in the whole cell (left) and the ER, Golgi
apparatus, and cytosol (right) of C28/12 chondrocytes treated with vehicle, DON, or
doxorubicin (n = 5). i Quantification of UDP-GIcNAc levels in the whole cell (left) and
cytosol (right) of mouse chondrocytes treated with vehicle, DON, or bleomycin
(n=6).j Sulfated GAG (sGAG) release of C28/12 chondrocytes treated with vehicle
or doxorubicin measured using an sGAG assay (n =5). k sGAG release of mouse
chondrocytes treated with bleomycin (n=5). Scale bars: d(left), e(left), 50 um,
d(middle),e(middle), 25 um. d-k Data represent means + s.e.m. P values are from
two-tailed ¢ test (d-g,j,k) or one-way ANOVA followed by Dunnett’s post-hoc test
(h,i). Source data are provided as a Source Data file.

SASPs' (Fig. 2i). Likewise, the expression levels of GATA4 and SASP
factors were markedly elevated in OA-affected human cartilage as
compared with those in the undamaged counterparts (Fig. 2j). GATA4
expression was highly co-localized with O-GlcNAcylation signals,
leading to a significant increase in their double positivity in OA-
affected articular cartilage compared to undamaged tissue (Fig. 2k and
Supplementary Fig. 5a, d). Notably, inhibition of O-GlcNAcylation

effectively suppressed the expression of SASP factors in senescent
chondrocytes (Fig. 21 and Supplementary Fig. 5e). Conversely, aug-
menting the extent of O-GIcNAcylation by treatment with the OGA
inhibitor thiamet-G further enhanced SASP expression in senescent
chondrocytes (Supplementary Fig. 5f). Because SASP is mainly com-
prised of matrix-degrading proteases and pro-inflammatory cytokines,
we further examined how gene sets related to these annotations are
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regulated in senescent chondrocytes at the whole-transcriptome level
by suppressing O-GIcNAcylation. Gene set enrichment analysis (GSEA)
revealed gene sets such as “degradation of the extracellular matrix”*°
and “positive regulation of cytokine production involved in inflam-
matory response”” were negatively enriched in the transcriptome of
senescent chondrocytes treated with the OGT inhibitor as compared
with those treated with a vehicle control (Fig. 2m and Supplementary
Fig. 5g). Collectively, our results indicate that stress-induced O-

GlcNAcylation is required for the full display of the SASP in senescent
chondrocytes.

0-GIcNAcylation of GATA4 regulates its stability and transcrip-
tional activity

Given the observed correlation between the degree of O-GlcNAcylation
and expression of the SASP regulator GATA4 in the OA cartilage, we
explored a possible mechanistic link between O-GlcNAcylation and the
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Fig. 2 | Stress-induced O-GIcNAcylation regulates the senescence-associated
secretory phenotype of chondrocytes in osteoarthritic cartilage. a Sections of
human OA cartilage stained with Alcian blue and immunostained for O-GIcNAc and
pl6™**2, Representative co-immunofluorescence images of O-GlcNAc and p16™+2,

b Pie charts showing the O-GIcNAc or p16™*? positivity from immunofluorescence in
undamaged and damaged regions of human OA cartilage (n = 6). c-e Quantification
of SA-B-Gal positivity and western blot for global O-GlcNAcylation in primary chon-
drocytes from (c) humans or (d,e) mice, treated with vehicle or (c) doxorubicin
(n=4), (d) bleomycin (n=5), or (e) H,0, (n=>5). f, g Immunofluorescence of y-H2AX
and SA-B-Gal staining in chondrocytes treated with bleomycin (50 pg/mL) for 24 h,
followed by treatment with vehicle (DMSO) or ST045849 (20 uM) for 72 h. (f)
Representative images and (g) quantification of y-H2AX and SA-B-Gal positivity (n=S5,
3 respectively). h Relative mRNA levels of senescence markers in chondrocytes
treated with bleomycin, followed by treatment with vehicle or ST045849 (n=5).

i Western blot of p16™?, GATA4, and SASPs in primary human chondrocytes treated
with doxorubicin for 14 days. The asterisks indicate active form of the MMPs (n=4).
Jj Immunohistochemistry of GATA4 and SASP factors in human OA cartilage (n=3).
k Representative images (top) and pie charts (bottom) of O-GIcNAc or GATA4 posi-
tivity in human OA cartilage (n = 6). I Relative mRNA levels of SASP factors in chon-
drocytes treated with bleomycin for 24 h followed by treatment with vehicle or
ST045849 for five days (n=38). m GSEA of RNA-seq data using “Degradation of the
extracellular matrix” gene set in chondrocytes treated with bleomycin, followed

by treatment with vehicle or ST045849. Scale bars: a(top),f(bottom),j, 50 um,
a(bottom) f(top) k, 25 pm. c-e,g,h,l Data represent means + s.e.m. P values are from
two-tailed ¢ test (c-e), two-way ANOVA followed by Tukey’s post-hoc test (g,h,l), or
one-tailed permutation test corrected for multiple comparisons with FWER (m).
Source data are provided as a Source Data file.

regulation of GATA4. The cell-based co-immunoprecipitation assay
indicated that GATA4 interacts with OGT (Fig. 3a). To examine whether
GATA4 is O-GlcNAcylated, whole-cell lysates were precipitated with
succinylated wheat germ agglutinin (SWGA) beads, which have high
affinity for GIcNAc residues, and then probed against anti-GATA4.
GATA4 was detected in SWGA precipitates, and the extent of the mod-
ifications substantially increased following treatment with thiamet-G
(Fig. 3b). To directly detect the O-GIcNAc moiety in GATA4, exogenously
expressed GATA4 was pulled down and subjected to immunoblotting
with anti-O-GIcNAc. The O-GlcNAc modifications in GATA4 were highly
detected in the presence of thiamet-G (Fig. 3c).

Next, we questioned whether O-GIcNAcylation is mechanistically
coupled to the modulation of GATA4 activity. GATA4 is subjected to
selective autophagy-mediated degradation in the absence of
senescence-associated stimuli and, therefore, generally present at a basal
level”. The global increase in O-GlcNAcylation substantially promoted
the protein levels of GATA4 (Fig. 3d), which in turn led to an augmented
GATA4-mediated transcriptional activity (Fig. 3e). Conversely, inhibition
of O-GIcNAcylation resulted in downregulation of GATA4-mediated
transcriptional activity (Fig. 3e). The cycloheximide (CHX) chase assay
further demonstrated that the stability of GATA4 protein is markedly
enhanced by increasing the extent of O-GlcNAcylation under thiamet-G
treatment (Fig. 3f). In line with our observations that OGT inhibition
suppresses GATA4 transcriptional activity (Fig. 3e), the expression of
GATA4 target genes was negatively enriched in the transcriptome
obtained from senescent chondrocytes treated with the OGT inhibitor
ST045849 (Fig. 3g). Furthermore, treatment with ST045849 inhibited
the bleomycin-induced expression of SASP factors in chondrocytes but
had no additive inhibitory effect after Gata4 silencing (Fig. 3h, i
and Supplementary Fig. 6a). These results demonstrated that
O-GlcNAcylation regulates SASP expression via the GATA4 pathway.

To map the O-GlcNAcylation sites in GATA4, we purified exo-
genously expressed GATA4, which was subjected to mass spectro-
metry (MS)-based proteomic analysis. This site-mapping experiment
identified two O-GlcNAcylation sites: S212 located near an N-terminal
zinc finger domain (217-241) and S406 adjacent to the intrinsically
disordered region (409-428) (Supplementary Fig. 6b). To dissect the
functional effects of these two evolutionarily conserved
O-GIcNAcylation sites (Supplementary Fig. 6c), we generated a panel
of mutant constructs of GATA4 in which the serine residues at 212 and
406 were replaced with alanines. We then explored how the loss of
O-GIcNAcylation in GATA4 affects the protein stabilization induced by
thiamet-G treatment. GATA4-S406A, but not GATA4-S212A, failed to
respond to thiamet-G treatment, implicating a role of GATA4
O-GIcNAcylation at S406 in protecting against autophagy-mediated
degradation (Fig. 3j). Because GATA4 is degraded by selective autop-
hagy via its association with the p62 adaptor, we examined whether
O-GlcNAcylation in GATA4 affects its association with p62. Indeed,
thiamet-G treatment substantially diminished the binding between
GATA4 and p62, accounting for its stabilization under this condition

(Fig. 3k and Supplementary Fig. 6d). In contrast, the association of
GATA4-S406A with p62 was unaffected upon thiamet-G treatment
(Fig. 3k), in line with our observation that the protein stability of this
GATA4 mutant was unaffected by increasing the overall level of
O-GlcNAcylation. Collectively, our results indicate that stress-induced
O-GlcNAcylation stabilizes GATA4 by preventing its association with
p62 and thus its inclusion in the lysosomal degradation pathway.

Genetic deletion of GATA4 in the superficial zone of the cartilage
ameliorates OA in mice

To gain better insight into the relevance of this mechanism in a phy-
siological context, we examined the expression patterns of
O-GlcNAcylation and GATA4 in the knee joint cartilage of a post-
traumatic OA mouse model. Immunohistochemical signals of
O-GlcNAcylation and GATA4 were restricted to the superficial layer of
the articular cartilage, with highly overlapping patterns between them
(Fig. 4a). Because the role of GATA4 in chondrocytes during OA
pathogenesis has not been determined, we generated tamoxifen
(TMX)-inducible, chondrocyte-specific Gata4 knockout mice, which
were subjected to post-traumatic OA by surgical destabilization of the
medial meniscus (DMM). The temporally-induced Gata4 knockout in
chondrocytes significantly ameliorated the development of OA mani-
festations, including cartilage destruction, subchondral bone sclerosis,
osteophyte maturation, and synovitis (Fig. 4b, ¢ and Supplementary
Fig. 7a). We assessed OA-associated pain by measuring weight imbal-
ance and mechanical allodynia between the surgically (sham or DMM)
treated and untreated legs. These pain-driven behaviors were alle-
viated by the genetic deletion of Gata4 in chondrocytes (Fig. 4d and
Supplementary Fig. 7b).

Based on these results, we hypothesized that if the protective
effect of Gata4 knockout is manifested through the senostatic effect
in senescent chondrocytes, topical deletion of Gata4 within the
superficial zone of the cartilage would be sufficient to exert protective
effects on OA development. To test this hypothesis, we constructed a
Gata4™"; Prg4-CreER™? mouse line that allows for the temporally-
induced knockout of Gata4 in the superficial layer of the articular
cartilage. The genetic deletion of Gata4 in superficial chondrocytes
diminished osteoarthritic cartilage destruction, subchondral bone
sclerosis, osteophyte maturation, and synovial inflammation to a
similar extent as observed in mice with cartilage-wide Gata4 knockout
(Fig. 4e, ). Microcomputed tomography (LCT) scanning of the sub-
chondral trabecular bone revealed a marked protective effect against
OA-associated bone remodeling in Gata4 knockout mice compared to
that detected in the control mice following DMM surgery (Fig. 4g). At
the molecular level, knockout of Gata4 in the superficial zone of the
knee cartilage in DMM-operated mice resulted in the suppression of
matrix metalloproteinase 3 (MMP3), MMP13, and IL-6 expression,
supporting the senostatic effects of targeting Gata4 (Fig. 4h). More-
over, the expressions of senescence biomarkers (p16™** and HMGB1)
and the inflammation-independent SASP factor (HGF) were similarly
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Fig. 3 | The O-GlcNAcylation of GATA4 prevents its degradation via selective
autophagy, driving the expression of SASPs. a Co-immunoprecipitation of FLAG-
tagged GATA4 with HA-tagged OGT in HEK293T (n = 3). bImmunoblot of pull-down
using sWGA-conjugated agarose beads with or without thiamet-G treatment in
HEK293T (n = 3). ¢ Immunoblot of O-GlcNAcylation of HA-tagged GATA4 in
HEK293T treated with vehicle or thiamet-G (n = 3). HA-tagged proteins were pulled
down using anti-HA antibodies. MG132 (10 uM) was applied for 6 h before lysis.

d Immunoblot of GATA4 in HEK293T transfected with Tet-HA-GATA4 and treated
with Doxy (1ug/mL) or left untreated, with or without thiamet-G (10 uM) for 60 h
(n=3). e GATA reporter gene assay in HEK293T transfected with TK promoter-
driven empty vector (EV) or HA-GATA4, followed by treatment with vehicle, thia-
met-G, or ST045849 for 36 h (n=5). f CHX chase analysis in HEK293T-FLAG-GATA4
treated with vehicle or thiamet-G (20 pM) (n =3). g GSEA of RNA-seq data from
chondrocytes treated with bleomycin for 24 h, followed by vehicle or ST045849 for

five days, using “GATA4 target genes” gene set. h, i Relative mRNA levels of (h)
Mmp3 and (i) /l6 in chondrocytes treated with bleomycin for 24 h followed by
transfection with control or Gata4 siRNAs, and treatment with vehicle or ST045849
for five days (n = 8). j Western blot in HEK293T transfected with FLAG-tagged
GATA4 WT or mutants (S212A or S406A) with or without thiamet-G (20 uM) for 48 h
(n =3). The Bafilomycin Al (BafAl) treatment condition blocks autophagy-mediated
protein degradation. k Co-immunoprecipitation of FLAG-tagged GATA4 WT or
S406A mutant with HA-tagged p62 in HEK293T (n = 3). Cells were treated with
vehicle or thiamet-G (20 uM, 48 h) and BafA1 (50 nM, 24 h). The asterisk indicates
IgG heavy chains. e,h,i Data represent means + s.e.m. P values are from two-tailed ¢
test (e), one-tailed permutation test corrected for multiple comparisons with FWER
(g), or two-way ANOVA followed by Tukey’s post-hoc test (h,i). Source data are
provided as a Source Data file.

reduced, indicating an overall mitigation of OA-associated cellular
senescence (Supplementary Fig. 7c). These senostatic effects were
mirrored in senescent chondrocytes treated with Gata4 siRNA (Sup-
plementary Fig. 7d) or those exposed to the small-molecule GATA4
inhibitor NSC140905 (Refs. 22,23) (Supplementary Fig. 7e). Super-
ficial chondrocyte-specific Gata4 knockout mitigated the weight
imbalance and mechanical allodynia induced by OA development

(Fig. 4i, j), suggesting effective management of OA-associated pain
development.

Pharmacological targeting of the O-GIcNAc-GATA4 axis in post-
traumatic OA in mice

Our findings indicated that O-GlcNAcylation promotes the stability
of GATA4 (Fig. 3), which fosters SASPs in chondrocytes to enhance
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Fig. 4 | The topical deletion of Gata4 in the superficial zone of the cartilage
abolishes SASP and OA development in mice. a Immunohistochemistry of
0O-GlcNAc and GATA4 in the superficial layer of the articular cartilage from 20-week-
old mouse knee joints (n=3). b Thirteen-week-old Gata4™: Col2a1-CreER™ mice
injected with vehicle or TMX received sham or DMM surgery. Joint sections were
stained with safranin O, fast green, and hematoxylin, with insets magnified in the
bottom row. ¢ Cartilage destruction, subchondral bone sclerosis, osteophyte for-
mation, and synovial inflammation were scored (n =8, 4 for sham; n=15, 10 for
DMM). d The percentage of weight placed on the DMM-operated limb versus the
contralateral limb of Gata4™: Col2al-CreER™ mice injected with vehicle or TMX,
determined using a static weight bearing test (n =15, 10 respectively). e Thirteen-
week-old Gata4™; Prg4-CreER™ mice injected with vehicle or TMX received DMM
surgery. Joint sections were stained with safranin O, fast green, and hematoxylin,
with insets magnified below and on the right. f Cartilage destruction, subchondral

bone sclerosis, osteophyte formation, and synovial inflammation were scored
(n=10, 9 respectively). g Representative nCT images of sham- or DMM-operated
Gata4™; Prg4-CreER™ mice injected with vehicle or TMX. h Immunohistochemistry
of MMP3, MMP13, and IL-6 in cartilage sections from DMM-operated Gata4"": Prg4-
CreER™ mice injected with vehicle or TMX (n = 3). i The percentage of weight placed
on the DMM-operated limb versus the contralateral limb of Gata4™: Prg4-CreER™
mice injected with vehicle or TMX, determined using a static weight bearing test
(n=10, 9 respectively). j Electronic Von Frey test in the ipsilateral hindpaw of sham-
or DMM-operated Gata4™; Prg4-CreER™ mice injected with vehicle or TMX (n=10,
9 for sham; n =10, 9 for DMM). Scale bars: a,h, 25 pm, b, 500 pm, e, 200 pm.
c,d,f,i,j Data represent means + s.e.m. P values are from Kruskal-Wallis test fol-
lowed by two-tailed Mann-Whitney U test (c), two-tailed ¢ test (d,i,j), or
Mann-Whitney U test (f). Source data are provided as a Source Data file.

post-traumatic OA in mice (Fig. 4 and Supplementary Fig. 7). Thus, we
next questioned whether controlling the extent of O-GIcNAcylation in
the joints influences the progression of OA in vivo. First, we investi-
gated whether the pharmacological inhibition of OGA to increase
O-GlcNAcylation affects the progression of post-traumatic OA in mice.

Intra-articular (IA) injection of thiamet-G caused an early onset of OA
phenotypes, including cartilage degeneration, subchondral bone
sclerosis, osteophyte maturation, and synovial inflammation (Fig. 5a, b
and Supplementary Fig. 8a). Consistently, treatment with thiamet-G
significantly aggravated OA-associated pain assessed by measuring
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weight imbalance and mechanical allodynia in DMM-operated mice
(Fig. 5c and Supplementary Fig. 8b).

By contrast, following treatment with the OGT inhibitor
ST045849, the transcriptomes of senescent chondrocytes (Supple-
mentary Fig. 8c) were negatively enriched with “genes upregulated in
OA patients” (Fig. 5d and Supplementary Fig. 8d, e). To test its
potential therapeutic effect in treating OA, we loaded ST045849 in an
injectable hydrogel system made of ascorbyl palmitate for its con-
trolled release in mouse knee joints*. IA injection of the hydrogel-
based ST045849 delivery system effectively alleviated osteoarthritic
cartilage destruction (Fig. Se), as further supported by a marked
decrease in GATA4 expression and irreversible damage of collagen and

PG detected by the neoepitopes of type Il collagen and aggrecan,
respectively (Fig. 5f). At the same time, ST045849 delivery in DMM-
operated cartilage reduced the expressions of senescence markers and
SASPs (Fig. 5g, h). Treatment with ST045849 also significantly sup-
pressed the onset of other whole-joint OA manifestations, including
subchondral bone sclerosis, osteophyte development, and synovitis,
as well as the development of OA-associated pain (Fig. 5i-k).

Excessive glucosamine supplementation exacerbates post-
traumatic OA in mice

Glucosamine, as a precursor of UDP-GIcNAc, is frequently consumed
by patients with OA and aged individuals as an easily accessible
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Fig. 5 | Pharmacological modulation of O-GIcNAcylation regulates GATA4 and
affects post-traumatic OA. a Twelve-week-old WT C57BL/6 ] mice underwent
DMM surgery followed by weekly IA injection of vehicle or thiamet-G. Joint sections
were stained with safranin O, fast green, and hematoxylin, with insets magnified
below and on the right. b Cartilage destruction and synovial inflammation were
scored (n=8, 9 respectively). ¢ The percentage of weight placed on the DMM-
operated limb versus the contralateral limb of the WT mice injected with vehicle or
thiamet-G, determined using a static weight bearing test (n =8, 9 respectively).

d GSEA of the “Upregulated genes in OA™' gene set in chondrocytes treated with
bleomycin for 24 h followed by vehicle or ST045849 treatment for five days.

e Twelve-week-old WT C57BL/6 ] mice received DMM surgery followed by weekly IA
injection of vehicle or ST045849 using a hydrogel-based drug delivery system. Joint
sections were stained with safranin O, fast green, and hematoxylin, with insets
magnified on the right. f~h Immunohistochemistry of (f) GATA4 and cartilage

matrix neoepitopes (C-telopeptide of type II collagen, CTX-Il and aggrecan
neoepitope, NITEGE), (g) MMP3, MMP13, IL-6, (h) senescence markers (p16™<*
and HMGBI), and HGF in cartilage sections from DMM-operated WT mice fol-
lowed by IA injection with vehicle or ST045849 (n =3). i Cartilage destruction,
subchondral bone sclerosis, osteophyte formation, and synovial inflammation
were scored (n=10). j Percentage of weight placed on the DMM-operated limb
versus the contralateral limb of WT mice injected with vehicle or ST045849,
determined using a static weight bearing test (n =10). k Electronic Von Frey test in
ipsilateral hindpaw of sham- or DMM-operated WT mice IA-injected with vehicle
or ST045849 using a hydrogel-based drug delivery system (n =10). Scale bars:
a,e, 200 um, f-h, 25 pm. b,¢,i-k Data represent means + s.e.m. P values are from
two-tailed Mann-Whitney U test (b,i), two-tailed ¢ test (c,j,k), or one-tailed per-
mutation test corrected for multiple comparisons with FWER (d). Source data are
provided as a Source Data file.

supplement, with the expectation of sustaining PG contents® . Glu-
cosamine, entering the pathway downstream of GFPT, circumvents
this rate-limiting step to consequently expedite the production of
UDP-GIcNAC'>"?, Thus, elevated levels of UDP-GIcNAc caused by
glucosamine uptake potentially contribute to promoting cellular
0-GIcNAc modifications®.

Treatment with glucosamine sulfate significantly elevated global
O-GlcNAcylation (Fig. 6a and Supplementary Fig. 8f), which in turn
contributed to enhancing the stability of GATA4 protein (Fig. 6b).
Next, we tested the effect of excessive glucosamine supplementation
in DMM-induced post-traumatic OA (Fig. 6c), as this condition is
dependent on GATA4 for disease progression (Fig. 4 and Supple-
mentary Fig. 7). Glucosamine supplementation had no significant
effect on the body weight of the DMM-operated mice compared to
that of control mice supplemented with water (Fig. 6d). In sham-
operated mice, excessive glucosamine intake alone did not cause any
noticeable OA-associated phenotypes (Fig. 6e, f). However, in DMM-
operated mice, glucosamine supplementation significantly exacer-
bated OA development, as evidenced by augmented cartilage
destruction (Fig. 6e) and accelerated OA-associated bone remodeling
in the subchondral trabecular bone (Fig. 6f). Substantially elevated
levels of GATA4 and OA-associated catabolic secretory factors were
observed in the cartilage of DMM-operated mice receiving excessive
glucosamine supplementation (Fig. 6g), concomitant with the elevated
production of degenerated matrix epitopes (Supplementary Fig. 8g).
Excessive glucosamine supplementation not only promoted histolo-
gical manifestations of OA phenotypes, such as cartilage degeneration
and subchondral bone sclerosis (Fig. 6h and Supplementary Fig. 8h),
but also intensified OA-associated pain, as evidenced by mechanical
allodynia (Fig. 6i) and weight imbalance (Fig. 6j), during the develop-
ment of post-traumatic OA in mice.

Discussion
Chondrocyte senescence is a central cellular event that causes carti-
lage matrix catabolism and chronic joint inflammation during OA
pathogenesis. These pathological events of senescent chondrocytes
are mainly mediated by the secretion of pro-inflammatory cytokines
and proteases, collectively referred to as SASP. Senolytics have
emerged as attractive therapeutic drugs to remove senescent chon-
drocytes, which serve as the source of OA catabolism. However,
senescent chondrocytes may still be important for structural support
of the cartilage tissue and their abrupt removal with senolytics could
be detrimental, leading to atrophy, particularly in humans with a
relatively sparse distribution of chondrocytes compared to that of
rodents®?°, Alternatively, senostatics, an approach to modulate the
SASP regulatory system without perturbing the structural integrity of
tissues, have been suggested as a rational paradigm to treat the
pathogenesis of OA*".

GATA4 has recently been described as a critical transcriptional
regulator that controls a stress-induced pro-inflammatory secretory

program associated with senescence. GATA4 expression was
reported to be upregulated in senescent nucleus pulposus cells,
indicating its potential association with intervertebral disc
degeneration®’. In OA, GATA4 was implicated in mediating the
senescence of fibroblast-like synoviocytes (FLS) in the synovial inti-
mal lining; its upregulation in FLS was attributed to the METTL3-
mediated m°A modification of ATG7 (Ref. 33). In our study, GATA4
expression was predominantly detected in chondrocytes residing in
the superficial zone of the articular cartilage, which have been
documented as a cell population that primarily contributes to
osteoarthritic cartilage damage®. Specific GATA4 knockout in the
superficial chondrocytes abolished the expression of SASPs and
delayed the development of OA in mice. Therefore, it is critical to
understand the regulatory mechanisms underlying GATA4 stabiliza-
tion to develop senostatics for the treatment of OA.

GATA4 is regulated by selective autophagy via its specific
interaction with p62, which is abolished under senescence-inducing
stress conditions”*. However, the specific mechanism by which
stress conditions compromises the interactions between GATA4 and
p62 to result in GATA4 accumulation remains unknown. In this study,
we revealed that O-GlcNAcylation serves as a stress sensor that
triggers chronic inflammatory responses in chondrocytes by sup-
pressing the selective autophagic degradation of GATA4. Specifi-
cally, we found that O-GIcNAcylation at residue S406 of GATA4
compromises its interaction with p62, which is required for the
selective inclusion of GATA4 into the autophagy-mediated lysosomal
degradation  pathway. The resulting accumulation of
GATA4 stimulates the expression of SASPs and fosters chronic
inflammation. Both in human and mouse OA cartilage, the expression
patterns of O-GlcNAcylation and GATA4 highly overlapped, sup-
porting their association in the physiological context. Pharmacolo-
gical inhibition of O-GlcNAcylation abolished GATA4 expression in
the articular cartilage, markedly reducing the degeneration of type Il
collagen and PGs and ultimately suppressing the progression of OA
in a post-traumatic mouse model.

UDP-GIcNAc is the end product of the hexosamine biosynthetic
pathway, which serves as a donor for the O-GlcNAcylation of target
proteins. Glucosamine remains one of the most frequently consumed
supplements by patients with OA and aged individuals, despite its
controversial clinical trial outcomes™?. Glucosamine has been shown
to enhance the production of UDP-GIcNAc by bypassing the rate-
limiting step of the hexosamine biosynthetic pathway, thereby facil-
itating O-GlcNAc modifications®. In this study, we demonstrated that
glucosamine enhances O-GlcNAcylation and GATA4 stability in chon-
drocytes. Excessive glucosamine supplementation exacerbated stress-
induced senescence phenotypes, thereby promoting post-traumatic
OA in mice. Thus, our study proposes a caveat that excessive gluco-
samine consumption may need to be considered cautiously in indivi-
duals experiencing joint instability. Hyperglycemia has also been
associated with upregulated UDP-GIcNAc production and O-GIcNAc
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Fig. 6 | Excessive glucosamine supplementation enhances O-GlcNAcylation and
GATAA4 stability, aggravating post-traumatic OA in mice. a Western blot of
global protein O-GIcNAcylation in primary mouse chondrocytes treated with or
without bleomycin for 24 h, followed by varying doses of glucosamine sulfate for
72 h (left) and quantification of O-GIcNAcylation levels (right) (n =4). b CHX chase
analysis in HEK293T-FLAG-GATA4 treated with vehicle or glucosamine sulfate
(2mM) (n =3). ¢ Schematic illustration of dietary glucosamine sulfate supple-
mentation in the post-traumatic OA model of WT mice. Twelve-week-old WT
C57BL/6) mice were provided with drinking water with or without glucosamine
sulfate (5 mg/mL), starting seven days prior to the sham or DMM operation. d Body
weight of the DMM-operated mice pre- and post-supplementation of glucosamine
sulfate (n = 7, 10 respectively). e Joint sections were stained with safranin O, fast
green, and hematoxylin, with insets magnified in the bottom row. f Representative

HCT images of sham- or DMM-operated WT mice provided with or without glu-
cosamine sulfate. g Immunohistochemistry of GATA4, IL-6, MMP13, and ADAMTS5
in cartilage sections from DMM-operated WT mice provided with or without glu-
cosamine sulfate (n =3). h Cartilage destruction and subchondral bone sclerosis
were scored (n=4, 5 for sham; n=7, 10 for DMM). i Electronic Von Frey test in the
ipsilateral hindpaw of sham- or DMM-operated WT mice provided with or without
glucosamine sulfate (n=4, 5 for sham; n=7, 10 for DMM). j The percentage of
weight placed on the DMM-operated limb versus the contralateral limb of the mice,
determined using a static weight bearing test (n =7, 10 respectively). Scale bars:
e, 200 um, g, 25 pm. a,d,h-j Data represent means + s.e.m. P values are from two-
way ANOVA followed by Dunnett’s post-hoc test (a), two-way ANOVA followed by
Bonferroni post-hoc test (d), two-tailed Mann-Whitney U test (h), or two-tailed ¢
test (i,j). Source data are provided as a Source Data file.
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modification'®*, Our findings suggest that the hyperglycemia-induced
O-GlcNAcylation could partially account for the well-established
association between OA and T2DM**°, Given the mechanistic con-
nection between O-GIcNAcylation and senescence-associated chronic
inflammation, a comprehensive clinical assessment of the impact of
glucosamine supplementation and blood sugar levels on OA patho-
genesis is warranted for further epidemiological investigation.

We elucidate that the compartmentalization of UDP-GIcNAc
serves as a key mechanism to control O-GlcNAcylation. The redirec-
tion of UDP-GIcNAc flux from secretory organelles to the cytosol is
closely linked with the pathological shift in chondrocyte secretory
pathways. Senescent chondrocytes cease the secretion of GAG-rich
PGs, corresponding with a reduced demand for UDP-GIcNAc in the ER
and Golgi apparatus, instead shifting toward the secretion of inflam-
matory factors. This rerouting of UDP-GIcNAc flux appears to be
orchestrated by a collective reduction in the expression of members of
the SLC35 transporter family, whose deficiencies are previously linked
to impaired cartilage and skeletal development in mammals**% Fur-
thermore, senescence-driven upregulation of miR-204, resulting in the
downregulation of SLC35B4 and SLC35D1, has been implicated in the
diminished PG synthesis observed during OA development®.

In this study, we employed two different chemical agents—dox-
orubicin and bleomycin—to induce cellular senescence. While both are
well-established senescence inducers, their distinct mechanisms of
action may result in different senescent phenotypes across cell types.
Doxorubicin induces DNA double-strand breaks by inhibiting topoi-
somerase Il during the S-phase of the cell cycle, leading to replication
stress and DNA damage accumulation®’, which ultimately trigger
senescence. In contrast, bleomycin promotes senescence by generat-
ing ROS, resulting in lipid peroxidation and both single- and double-
strand breaks*‘. Despite these mechanistic differences, we observed
that both doxorubicin and bleomycin elicited similar senescence-
associated cellular responses in mouse chondrocytes, including irre-
versible DNA damage, cell cycle arrest, and inflammation. Nonetheless,
it is important to note that the distinct damage induction mechanisms
of doxorubicin and bleomycin may influence the kinetics and pheno-
types of senescence.

The regulatory mechanisms of O-GlcNAcylation and its implica-
tions in OA have been investigated in previous studies. Differential
regulation of various isoforms of OGT and OGA has been observed in
OA cartilage®. Specifically, nucleo-cytoplasmic and mitochondrial
OGT are downregulated, while short OGT is upregulated in OA com-
pared to healthy cartilage. Conversely, the full-length isoform of OGA
is decreased, whereas the short isoform is increased in OA cartilage.
Systemic administration of thiamet-G, which enhances global O-
GlcNAcylation, led to increased hypertrophic maturation in adolescent
mice, highlighting a potential link between O-GlcNAcylation and
hypertrophic differentiation in chondrogenic stem/progenitor cells*.
In pathological conditions like OA, chondrocyte hypertrophy may be
recapitulated, accompanied by the expression of type X collagen and
MMP13*. While we cannot entirely rule out the possibility that
O-GlcNAcylation contributes to OA progression by influencing
hypertrophic differentiation in chondrogenic progenitor cells, our
findings suggest that O-GlcNAcylation is primarily localized in the
superficial layers of cartilage, where chondrocytes experience the
highest mechanical stress. It should be noted, however, that
O-GlcNAcylation is highly dynamic and tissue-specific, playing roles in
both protective and detrimental cellular processes. Its effects on dis-
ease progression may depend on quantitative factors, such as the
duration and extent of modification, as well as the surrounding
pathophysiological context'*"*5,

Potential limitations of our study include the lack of precision in
assessing site-specific O-GlcNAcylation of GATA4. To more accurately
determine whether O-GlcNAcylation of endogenous GATA4 is specifi-
cally elevated under OA-relevant conditions, it would be crucial to

develop an antibody that specifically targets the O-GIcNAcylated form
of GATA4. Recent advancements in site-specific O-GIcNAc antibodies*’
may provide valuable tools for this purpose. In this study, we used
male mice due to their higher susceptibility to OA, influenced by sex
hormones®*~2, However, human cartilage samples were obtained from
female participants, reflecting the higher prevalence of OA in women®.
Future investigations should assess whether our findings are con-
sistent across both sexes or account for sex-specific differences, par-
ticularly in relation to the influence of sex hormones. Regarding
therapeutic strategies, it is critical to target GATA4-specific O-GIcNA-
cylation rather than global O-GIcNAcylation, as broad inhibition could
lead to cytotoxicity. A promising direction for future research would
be developing strategies that specifically disrupt GATA4 O-GIcNAcy-
lation, by targeting protein-protein interactions between OGT and
GATAA4. Finally, the amount of glucosamine fed to the mice in our
study was significantly higher, corresponding to a daily intake of 5.8 g
for a 60 kg adult human, based on body surface area-equivalent dose
calculations between the two species®*. This was done to explore the
effects of excessive O-GIcNAc precursor on SASP expression under
joint mechanical instability, not to test the nutritional effect of glu-
cosamine on OA. The effects of glucosamine supplementation on OA
progression should be evaluated with careful consideration of factors
such as timing, dosage, route of administration, and formulation of
glucosamine, combined with the pathophysiological context****°, The
effect of glucosamine on OA may manifest through its linked influence
on other diseases associated with OA, such as CVD*.

Several animal studies have investigated the potential effects of
glucosamine intake in delaying aging and reducing the risk of aging-
associated diseases. D-glucosamine supplementation was shown to
extend the lifespan of aged mice by suppressing glycolysis”. Che-
mical agents that enhance O-GlcNAcylation, such as PUGNAc, have
demonstrated joint protection following mechanical trauma,
increasing type Il collagen biosynthesis and reducing catabolic
factors®™. However, high doses of glucosamine were found to
decrease cell proliferation®® and cause cytotoxic effects in
chondrocytes®, highlighting that the dosage of glucosamine can
differentially impact chondrocyte physiology. Similarly, while the
efficacy of glucosamine supplementation in OA has been investi-
gated for decades, clinical outcomes remain inconsistent, even
between major trials such as the NIH-sponsored Glucosamine/
Chondroitin Arthritis Intervention Trial (GAIT)® and the Glucosa-
mine Unum In Die (once-a-day) Efficacy (GUIDE) trial®.

Taken together, we have demonstrated the critical role of
O-GlcNAcylation in pathologically transitioning the secretory pro-
grams of chondrocytes during OA development. The stress-induced O-
GIcNAcylation of GATA4 enhances senescence-associated chronic
inflammation and OA pathogenesis. Thus, targeting stress-induced O-
GlcNAcylation of GATA4 may offer a promising senostatic strategy for
managing senescence-associated chronic inflammation in OA.

Methods

Collection of human cartilage tissue samples

Human OA articular cartilage specimens were acquired from 10
patients with OA undergoing total knee arthroplasty (TKA) at the SNU
Boramae Medical Center. The Institutional Review Board (IRB) of the
SNU Boramae Medical Center approved the collection of human bio-
logical materials (IRB No. 30-2017-48) and the IRB of Seoul National
University approved the use of these materials (IRB No. E1803/003-
009). Written informed consent was obtained from all patients prior to
the TKA surgical procedures. Patient characteristics including sex, age,
height, weight, and BMI are summarized in range in Supplementary
Table 3. We only used samples obtained from female patients. Human
cartilage tissue sections were stained with Alcian blue and graded
according to the Osteoarthritis Research Society International (OARSI)
grading system®”,
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Mice

Gata4™, Col2al-CreER™, and Prg4-CreER™ mouse lines were obtained
from The Jackson Laboratory and backcrossed with the C57BL/6)
mouse line at least six times. To establish Gata4 knockout mouse lines,
Gata4™" mice were crossed with Col2al-CreER™ (for the conditional
knockout in total chondrocytes) or Prg4-CreER™ (for the conditional
knockout in superficial chondrocytes) mouse lines. To establish the
post-traumatic OA model in Gata4 knockout mouse lines, 12-week-old
male Gata4™"; Col2al-CreER™, or Gata4™; Prg4-CreER™? mice were intra-
peritoneally injected daily with 80 pg/g body weight of TMX (Sigma
Aldrich, T5648) dissolved in corn oil (Sigma Aldrich, C8267) vehicle for
five days. Twelve-week-old male wild-type (WT) C57BL/6 ] mice (Dae-
han-Biolink Co.) were used for studies involving IA injection of thiamet-
G or ST045849 and excessive glucosamine supplementation via
drinking water.

Experimental OA in mice

All animal experiments were approved by the Institutional Animal Care
and Use Committee of SNU (IACUC No. SNU-180109-1, SNU-190105-1,
SNU-190919-6, SNU-210113-4). The design, analysis, and reporting of
animal experiments were conducted according to the Animals in
Research: Reporting of In Vivo Experiments Guidelines (https://www.
nc3rs.org.uk/arrive-guidelines). The mice were housed in a specific
pathogen-free laboratory animal facility at SNU. The animals were
maintained under constant temperature (21-23°C) and humidity
(50-65%) with controlled light-dark cycles (12:12 h) and fed standard
laboratory chow ad libitum. Glucosamine sulfate supplementation was
performed by supplying mice with glucosamine sulfate potassium
chloride (LKT Laboratories, G4581) dissolved in drinking water at a
concentration of 5 mg/mL, aiming an estimated daily intake of 30 mg.
This amount corresponds to 5.8 g daily intake in 60 kg adult human,
considering the body surface area-based equivalent dose calculation
between the two species™. Post-traumatic OA was induced by DMM
surgery® in 12-week-old (WT C57BL/6] except for the excessive glu-
cosamine supplementation experiment) or 13-week-old (Gata4™,
Gata4™; Col2al-CreER™, Gata4™"; Prg4-CreER"™, or WT C57BL/6 ] for the
excessive glucosamine supplementation experiment) mice; mice of
the same age who underwent sham surgery served as controls. The
mice were sacrificed six or eight weeks after the sham or DMM
operation. The animal experimental period is indicated in each
experiment. For IA injection of OGA inhibitor for maintenance of
O-GlcNAcylated status, vehicle or 20 nmol thiamet-G (Sigma Aldrich,
SML0244) in 10 pL of phosphate-buffered saline (PBS) was injected
intra-articularly every week in sham- or DMM-operated WT mice for six
weeks. For the controlled release of the OGT inhibitor to reduce O-
GIcNAcylation, a hydrogel containing dimethyl sulfoxide (DMSO;
Sigma Aldrich, 276855) or 2 nmol ST045489 (Tim Tec, ST045849) was
injected intra-articularly every week in the knee joints of sham- or
DMM-operated WT mice for eight weeks. Hydrogels (final concentra-
tion: 4% w/v) were prepared by dissolving 6-O-palmitoyl-L-ascorbic
acid (Sigma Aldrich, 76183) with or without ST045849 in DMSO, and
mixing with sterilized distilled water?*. The hydrogels were 1:1 diluted
in PBS prior to the injection. The degree of cartilage destruction and
OA-associated phenotypes in the knee joints was evaluated using
safranin O staining and scored according to the OARSI grading
system®*,

Histological and immunohistochemical analyses

Human OA cartilage specimens were fixed in 4% paraformaldehyde
(PFA), dehydrated in an increasing concentration gradient of ethanol,
and incubated with xylene. The samples were embedded in paraffin
and 7-pum thick sections were obtained. OA-affected cartilage samples
were acquired from the tibial plateau, and relatively undamaged
regions from the lateral side of the tibial plateau or relatively intact
regions from the femoral condyles were used as controls. For

histological staining, the sections were deparaffinized in xylene,
hydrated in a decreasing concentration gradient of ethanol, and used
for Alcian blue, immunofluorescence, or immunohistochemical stain-
ing. Knee joint tissues collected from the post-traumatic OA mouse
model and their respective controls were fixed with 4% PFA, decalcified
in 0.5M EDTA (pH 7.4), dehydrated in an increasing concentration
gradient of ethanol, and incubated in xylene. The samples were
embedded in paraffin and 5-um thick sections were obtained. For
histological staining, paraffin-embedded tissue sections were depar-
affinized in xylene, hydrated in a decreasing concentration gradient of
ethanol, and stained with safranin O or used for immunohistochemical
staining. A comprehensive histological assessment of whole-joint tis-
sues was performed by two orthopedic pathologists at the SNU Bor-
amae Medical Center with extensive experience in evaluating human
and mouse OA. The sections were reviewed by three additional
pathologists, and at least 90% agreement was achieved for the histo-
logical grades. The observers were blinded to the cartilage tissue
region of the human biological materials and the genotype, injection,
or surgical condition of the mice. Images of the sections were rando-
mized to avoid observer bias. To assess OA in mice, cartilage
destruction was assessed using safranin O staining and scored in the
medial tibial plateau using the OARSI grading system (0-6) (Ref. 64).
Medial tibial bone sclerosis (score -5 to 5) was scored by measuring the
subchondral trabecular bone to bone marrow ratio’. Osteophyte
maturity (grade 0-3) was graded by examining the anteromedial
tibia®>“¢, Synovial inflammation was scored on an arbitrary scale (0-3)
depending on the density of the infiltrating inflammatory cells, syno-
vial hyperplasia, and pannus invasion®. Primary antibodies used for
immunohistochemical staining were as follows: O-GIcNAc (clone RL2,
Abcam, ab2739, 1:50-100), p16™* (Proteintech, 10883-1-AP, 1:100;
against human p16™“), GATA4 (clone G-4, Santa Cruz, sc-25310,
1:50-100), IL-6 (clone 1, Santa Cruz, sc-130326, 1:50-100), MMP3
(clone EP1186Y, Abcam, ab52915, 1:50-100), MMP13 (EP1263Y, Abcam,
ab51072, 1:50-100), p16™“* (clone EPR20418, Abcam, ab211542,
1:50-100; against mouse p16™***), HMGBI (Abcam, ab18256, 1:100),
HGF (Novus, AF2207, 1:50), CTX-1l (Novus, NBP2-59386, 1:100), NITEGE
(clone BC-13, MD Bioproducts, 1042003, 1:100), and ADAMTS5
(Abcam, ab41037, 1:100). Secondary antibodies used for immunobhis-
tochemical staining were as follows: donkey anti-mouse immunoglo-
bulin G (IgG) (H&L) conjugated with biotin-SP (Jackson
ImmunoResearch, 715-065-150, 1:200), donkey anti-rabbit IgG (H&L)
conjugated with biotin-SP (Jackson ImmunoResearch, 711-065-152,
1:200), and donkey anti-goat IgG (H&L) conjugated with biotin-SP
(Jackson ImmunoResearch, 705-065-147, 1:200).

Immunofluorescence

For immunofluorescence studies of human OA cartilage sections,
sections of undamaged and damaged cartilage tissues were depar-
affinized in xylene and hydrated in a decreasing concentration gra-
dient of ethanol. Antigen retrieval was performed using an antigen
retrieval solution (10 mM Tris-HCI, pH 9.0, 1 mM EDTA) at 60 °C for 1 h.
Tissues were blocked with 10% normal goat serum (Sigma Aldrich, S26)
in PBS for 10 min and incubated with primary antibodies against
0O-GlcNAc (clone RL2, Abcam, ab2739, 1:100), p16™“ (Proteintech,
10883-1-AP, 1:100), GATA4 (Proteintech, 19530-1-AP, 1:100), normal
mouse IgG (Santa Cruz, sc-2025), and normal rabbit IgG (Cell Signaling
Technology, 2729S). The tissues were washed three times with PBS and
incubated with donkey anti-rabbit IgG (H&L) conjugated with Alexa
Fluor 488 (ThermoFisher Scientific, A-21206, 1:200) and donkey anti-
mouse IgG (H&L) conjugated with Alexa Fluor 594 (ThermoFisher
Scientific, A-21203, 1:200). For immunofluorescence staining of pri-
mary culture of mouse chondrocytes, the cultured cells were fixed in
4% PFA for 15 min, permeabilized with 0.1% Triton X-100 in PBS for
10 min, and blocked with 10% normal goat serum in PBS for 1 h. The
cells were incubated with primary antibodies against y-H2AX (clone
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Ser 139, Santa Cruz, sc-517348, 1:400) and normal mouse IgG (Santa
Cruz, sc-2025). The cells were washed three times with PBS and incu-
bated with rabbit anti-mouse IgG+igM (H&L) conjugated with Alexa
Fluor 488 (Jackson ImmunoResearch, 315-485-044, 1:200). After anti-
body treatment, the nuclei were stained with DAPI. Stained cartilage
tissues and chondrocytes were mounted using ProLong Gold Antifade
(ThermoFisher Scientific, P10144). The mounted slides were imaged
using the EVOS FL Cell Imaging System (ThermoFisher Scientific).

Static weight bearing

The weight distribution of the sham- or DMM-operated hindlimbs and
their contralateral hindlimbs was measured using the Incapacitance
Meter for mice/rats (IITC Life Science, 600MR) one day prior to
sacrifice. For acclimatization, mice were trained to walk into and
remain in the chamber at least three times before measurement.
Adaptation was performed until the mice remained stationary and did
not lean against either side of the chamber. Before the measurement,
each hindlimb was positioned on each recording pad of the device. The
weight placed on each recording pad was measured over 1 for at least
three independent trials, and the mean value is presented. Data are
presented as a percentage of the weight placed on the DMM-operated
ipsilateral limb versus that on the non-surgical contralateral limb.
Observers were blinded to the genotype, injection, and surgical con-
ditions of the mice.

Electronic Von Frey test

Mechanical allodynia was measured by the Von Frey test using the
Dynamic Plantar Aesthesiometer for Mechanical Stimulation (Ugo
Basile) one day prior to sacrifice. Mice were placed on the metal grid
floor of the device and adaptation was performed until they
remained stationary for at least 15 min. When the mice stopped
exploratory behavior, mechanical allodynia was tested by touching
the plantar surface of the hind paw of the surgically operated limb
with an electronic Von Frey filament in an ascending force at a ratio of
1.33g/s. When the paws of the mice were withdrawn, the device
automatically stopped applying force and recorded the force applied
at the time of withdrawal. At least three response times were recor-
ded per mouse and the mean value is presented as a measure of
mechanical allodynia.

PCT analysis

Anesthetized mice were scanned with an in vivo Micro-CT Scanner
(Bruker, Skyscan 1276) one day prior to sacrifice. Sham- or DMM-
operated hindlimbs were fixed and scanned at 0.4° for 515 scans. Scans
were obtained with a setting of 70kV X-ray source voltage, 57 pA
current, and composite X-ray filter of 0.5-mm aluminum, and images
were produced at a resolution of 20 um pixel size. The images were
reconstructed using NRecon software v1.7.3 (Bruker), and three-
dimensional reconstruction of the pCT image sets was conducted
using CTVox software v3.3.0 (Bruker).

Cell culture and treatments

For the primary culture of human articular chondrocytes, the cells
were isolated from the femoral condyles and tibial plateaus of human
cartilage specimens collected from female patients with OA under-
going TKA®S, Cartilage tissues were dissected from the bone and
treated with 0.2% pronase (Roche, 11459643001) in Dulbecco’s mod-
ified Eagle’s medium (DMEM)/F-12 containing 100 U/mL penicillin,
100 pg/mL streptomycin, and 250 ng/mL amphotericin B at 37 °C for
30 min, under continuous stirring with a magnetic bar. The tissues
were then digested with 0.025% collagenase (Sigma Aldrich, C6885) in
DMEM/F-12 containing 5% fetal bovine serum (FBS; Gibco, 26140079),
100U/mL penicillin, 100 pg/mL streptomycin, and 250 ng/mL
amphotericin B at 37°C for 16-24 h with constant stirring. Human

chondrocytes were maintained in DMEM/F-12 supplemented with 10%
FBS, 100 U/mL penicillin, 100 pg/mL streptomycin, and 250 ng/mL
amphotericin B. Cells were treated as indicated in each experiment at
passage 1 (P1). For the primary culture of mouse articular chon-
drocytes, the cells were isolated from the femoral condyles and tibial
plateaus of 5-day-old ICR mice of both male and female littermates®’.
Joint tissues were dissected from the knee of mice and digested with
0.2% collagenase and 0.05% trypsin-EDTA in DMEM containing 100 U/
mL penicillin and 100 pg/mL streptomycin at 37 °C for 2-2.5 h. Carti-
lage tissues were then isolated and digested with 0.2% collagenase at
37°C for 2-2.5h. Mouse chondrocytes were maintained in DMEM
supplemented with 10% FBS, 100 U/mL penicillin, and 100 pg/mL
streptomycin. Two days after seeding, cells were treated as indicated
in each experiment. Cultured human and mouse chondrocytes were
maintained in a humidified 37 °C, 5% CO,, and 3% O, atmosphere’®"2,
Human chondrocyte cell line C28/12 (Merck, SCC043) was maintained
in DMEM/F-12 supplemented with 10% FBS, 15 mM HEPES, 100 U/mL
penicillin, and 100 pg/mL streptomycin in a humidified 37 °C and 5%
CO, atmosphere”. HEK293T (ATCC, CRL-3216) cells were maintained
in DMEM supplemented with 10% FBS, 100 U/mL penicillin, and
100 pg/mL streptomycin in a humidified 37°C and 5% CO, atmo-
sphere. For doxorubicin-induced cellular senescence in the primary
culture of human articular chondrocytes, cells were maintained for five
days at passage O (PO), trypsinized, and seeded into new dishes. Two
days after seeding, human chondrocytes were treated with doxor-
ubicin at P1. After seeding and allowing 72 h for stable adhesion, cel-
lular senescence was induced by treating 1.5 x 10° primary cultured
human chondrocytes (in a 35 mm culture dish) with 2 ml of growth
medium containing 0, 0.2, 0.5, or 1.0 pM of doxorubicin (Cayman,
15007) for 14 days. To prevent nutrient deprivation while maintaining
the paracrine effects of SASPs, we replaced 1 ml of the medium with
fresh medium containing either 2 pL of vehicle (PBS) or an equivalent
volume of doxorubicin stock solutions (prediluted to 0.1, 0.25, and
0.5 mM) every two days. For bleomycin-induced cellular senescence in
the primary culture of mouse articular chondrocytes, the cells were
treated with hyaluronidase type I-S (4 U/mL; Sigma Aldrich, H3506) for
4 h, vehicle or 50 pg/mL of bleomycin for the next 24 h, and harvested
after five days. For IR-induced senescence, cells were irradiated with
gamma rays at a dose rate of 4 Gy/min using GC 3000 Elan irradiator
(MDS Nordion). As an oxidative stress-induced senescence model, the
mouse chondrocytes were treated with vehicle or 100 uM of H,0,
(Sigma Aldrich, H3410) for five days. For glucosamine sulfate treat-
ment in mouse chondrocytes, the cells were treated with or without
50 pg/mL of bleomycin for 24 h, and indicated doses of glucosamine
sulfate for the next 72 h.

Inhibition of GATA4 in senescent chondrocytes using small
interfering RNA (siRNA) transfection and small-molecule inhi-
bitor treatment

For bleomycin treatment in mouse chondrocytes, two days after
seeding, the cells were treated with hyaluronidase type I-S (4 U/mL) for
4 h and vehicle or 50 pg/mL of bleomycin for the next 24 h. For siRNA
transfection in bleomycin-treated mouse chondrocytes, transfection
was performed using METAFECTENE PRO (Biontex, T040) and 50 nM
of siRNA (a mixture of two siRNA sequences for Gata4 knockdown)
according to the manufacturer’s instructions. After 12 h of transfec-
tion, the cells were further incubated in a fresh medium for 120 h. All
siRNAs, including negative control siRNA (si-NC), used for RNA inter-
ference in this study were purchased from Bioneer and are listed in
Supplementary Table 4. For 2-(1,3-benzodioxol-5-ylmethyl)butane-
dioic acid (NSC140905; AA Blocks, AAOIFPKH) treatment in
bleomycin-treated mouse chondrocytes, vehicle (DMSO) or 50 pM of
NSC140905 was treated for 120 h. Fresh medium was supplemented
every 48 h.
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Immunoblotting

After the treatments, the cells were washed twice with PBS and lysed
with RIPA buffer containing a protease inhibitor (Sigma Aldrich,
$8820). For overexpression-based experiments, HEK293T cells were
transfected with a doxycycline (Doxy)-inducible GATA4 plasmid
(Fig. 3d) or a TK promoter-driven FLAG-tagged GATA4 (WT, S212A,
S406A) plasmid (Fig. 3f, j) using a polyethylenimine (PEI) polymer.
After 6 or 24 h of transfection, the medium was treated and maintained
as described in each figure legend. Next, 10 to 15 pg of cell lysates were
fractionated by SDS-PAGE and transferred onto a nitrocellulose
membrane (GE Healthcare, 10600002). Membranes were blocked with
3% nonfat milk or 2% bovine serum albumin (BSA) in Tris-buffered
saline (TBS) containing 0.1% Tween 20 for 1h and incubated with pri-
mary antibodies at 4 °C overnight. After removing unbound antibodies
by washing three times, the membranes were incubated with sec-
ondary antibodies. Immunoreactive protein bands were detected
using SuperSignal West Dura Extended Duration Substrate (Thermo-
Fisher Scientific, 34075) with iBright FLIOOO (ThermoFisher Scientific).
Primary antibodies used for immunoblotting were as follows:
0O-GIcNAc (clone RL2, Abcam, ab2739, 1:1000-3000), p16™** (Pro-
teintech, 10883-1-AP, 1:1000), GATA4 (clone G-4, Santa Cruz, sc-25310,
1:100), MMP3 (clone EP1186Y, Abcam, ab52915, 1:1000), MMP13
(EP1263Y, Abcam, ab51072, 1:500), IL-6 (clone 1, Santa Cruz, sc-130326,
1:1000), HA (Abcam, ab9110, 1:2000), FLAG (clone M2, Sigma Aldrich,
F3165, 1:4000), vinculin (clone EIE9V, Cell Signaling Technology,
13901, 1:2000-5000), and actin (clone C-11, Santa Cruz, sc-1615,
1:2000-4000). Secondary antibodies used for immunoblotting were
as follows: goat anti-rabbit IgG (H&L) conjugated with horseradish
peroxidase (HRP) (Jackson ImmunoResearch, 111-035-003), goat anti-
mouse IgG+lgM (H&L) conjugated with HRP (Jackson ImmunoR-
esearch, 115-035-044), and donkey anti-goat IgG conjugated with HRP
(Santa Cruz, sc-2020). Protein band intensity was quantified by den-
sitometric analysis using Image) software and normalized to the cor-
responding housekeeping protein bands.

Immunoprecipitation

For overexpression-based experiments, HEK293T cells were trans-
fected with FLAG-tagged GATA4 and HA-tagged OGT plasmids
(Fig. 3a), HA-tagged GATAA4 plasmid (Fig. 3b, c), or TK promoter-driven
FLAG-tagged GATA4 (WT, S406A) plasmid (Fig. 3k and Supplementary
Fig. 6d) using PEI. After 6 or 24 h of transfection, the medium was
treated and maintained as described in each figure legend. For the
antibody-based immunoprecipitation assay, cell lysates were prepared
using EBC200 buffer (50 mM Tris-HCI, pH 8.0, 200 mM NaCl, and 0.5%
NP-40) containing a protease inhibitor. For the SWGA pull-down assay,
NETN buffer (20 mM Tris-HCI, pH 8.0, 100 mM NacCl, 0.5% NP-40, and
1mM EDTA) was used. Pull-down assays were performed with the
indicated antibodies and Protein A/G-Sepharose beads (GE Healthcare,
17-5280-01 and 17-0618-01) or sWGA agarose beads. The bound pro-
teins were fractionated using SDS-PAGE and transferred onto a nitro-
cellulose membrane. Membranes were blocked with 3% nonfat milk or
2% BSA in TBS containing 0.1% Tween 20 for 1h and incubated with
primary antibodies at 4 °C overnight. After removing unbound anti-
bodies by washing three times, the membranes were incubated with
secondary antibodies. Immunoreactive protein bands were detected
using SuperSignal West Femto Maximum Sensitivity Substrate (Ther-
moFisher Scientific, 34094) with iBright FLI000 (ThermoFisher Sci-
entific). The antibodies used for the pull-down assays were as follows:
FLAG (clone M2, Sigma Aldrich, F3165, 0.5 pg) and HA (Abcam, ab9110,
0.5pg). The primary antibodies used for immunoblotting were as
follows: FLAG (clone M2, Sigma Aldrich, F3165, 1:4000), HA (Abcam,
ab9110, 1:2000), O-GlcNAc (clone RL2, Abcam, ab2739, 1:1000), actin
(clone C-11, Santa Cruz, sc-1615, 1:4000), and vinculin (clone E1E9V,
Cell Signaling Technology, 13901, 1:5000). Secondary antibodies used
for immunoblotting were as follows: goat anti-rabbit IgG (H&L)

conjugated with HRP (Jackson ImmunoResearch, 111-035-003), goat
anti-mouse IgG+IgM (H&L) conjugated with HRP (Jackson ImmunoR-
esearch, 115-035-044), and donkey anti-goat IgG conjugated with HRP
(Santa Cruz, sc-2020).

Measurement of UDP-GIcNAc level

C28/12 cells were treated with 100 pM of DON (Sigma Aldrich, D2141)
for 24 h or 100 nM of doxorubicin for four days. For treatments in the
primary culture of mouse articular chondrocytes, the cells were trea-
ted with 150 uM of DON for 24 h or 50 pg/mL of bleomycin for 24 h; the
culture medium was then replaced with fresh medium and cells were
incubated for five days. Following treatment, cells were washed twice
with PBS and subjected to distinct cellular lysis methods tailored for
their respective purposes. For the isolation of the intact ER, Minute™
ER Enrichment Kit (Invent Biotechnologies, ER-036) was used, and the
ER compartments were dissolved in Minute™ Denaturing Protein
Solubilization Reagent (Invent Biotechnologies, WA-009). For the
isolation of the intact Golgi apparatus, Minute™ Golgi Apparatus
Enrichment Kit (Invent Biotechnologies, GO-037) was used, and the cis-
and trans-Golgi compartments dissolved in the solubilization reagent
were combined. For the fractionation of the cytosol excluding
membrane-enclosed organelles, Cell Fractionation Kit - Standard
(Abcam, ab109719) was used. For whole cell lysis, cells were lysed with
RIPA buffer. UDP-GIcNAc was measured as follows: 50 pL of extract
sample was initially added to 50 pL of acetonitrile, hydrolyzed with
50 puL of 1M HCI at 80°C for 20 min, and then cooled on ice. The
sample was then briefly centrifuged, neutralized with 10 pL of 1M KOH
and 50 pL of 200 mM potassium tetraborate, incubated at 80 °C for
25min, and cooled on ice. 150 uL of Ehrlich’s reagent (0.67 M
p-dimethylaminobenzaldehyde and 11% (v/v) HCI in acetic acid, 1:2
diluted in acetic acid before use) was added and the reaction mixture
was incubated for 30 min at 37 °C. The sample was centrifuged and
200 pL of supernatant was transferred to the microtiter plate for
optical density measurement at 584 nm. The nanomolar concentra-
tions of UDP-GIcNAc were calculated using a standard curve of UDP-
GlcNAc (Sigma Aldrich, U4375), normalized to the protein content
determined using Pierce™ BCA Protein Assay Kit (ThermoFisher Sci-
entific, 23225), and expressed as a percentage content compared to
the vehicle control™.

SGAG assay

C28/12 cells were maintained in DMEM/F-12 supplemented with 10%
FBS, 15 mM HEPES, 100 U/mL penicillin, and 100 pg/mL streptomycin
with or without 100 nM of doxorubicin for four days. Primary cultured
mouse chondrocytes were treated with bleomycin for 24 h or IR (5 Gy).
Cells were maintained in DMEM supplemented with 100 U/mL peni-
cillin and 100 pg/mL streptomycin without FBS for 5 days*. The cell
culture medium was replaced daily and the sGAG content of the
medium from the last 24 h of treatment was analyzed. The sGAG
content in the culture medium was determined using a 1,9-dimethyl-
methylene blue dye assay by measuring the absorbance at 525 nm. The
sGAG content was quantified using a standard curve determined by the
range of chondroitin sulfate solutions (Tokyo Chemical Industry,
C0335) and normalized using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT; Goldbio, T-030-1) assay. For the
MTT assay, 100 pg/mL of PBS-based MTT solution was applied to the
cell culture for 2 h, followed by washing with PBS. DMSO was applied to
solubilize the precipitate and the absorbance of the solution was
measured at 570 nm.

GATA reporter gene assay

HEK293T cells were transfected with GATA reporter plasmid (0.45 pg),
constitutive Renilla luciferase plasmid (0.1pg), and TK promoter-
driven empty or HA-GATA4 overexpression plasmid (0.45pg) using
PEL. The GATA reporter gene construct contains GATA-binding
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elements in the promoter region of the firefly luciferase coding
sequence. After 24 h of transfection, the medium was replaced with
fresh medium containing 20 puM of thiamet-G, 20 pM of ST045849, or
an equal volume of DMSO, and the cells were incubated for 48 h. Cells
were washed with PBS and lysed with passive lysis buffer. The reporter
gene activity was measured using a Dual-Luciferase Assay Kit (Pro-
mega, E1910).

CHX chase analysis

For the assessment of thiamet-G effect on GATA4 stability,
HEK293T cells were transfected with GATA4 overexpression plasmid
(1ug) using PEL After 6 h of transfection, the medium was replaced
with fresh medium containing 20 uM of thiamet-G or an equal volume
of DMSO for 36 h. For the assessment of glucosamine effect on
GATA4 stability, HEK293T cells were transfected with GATA4 over-
expression plasmid (0.5 pg) using PEL. After 6 h of transfection, the
medium was replaced with fresh medium containing 2 mM of gluco-
samine sulfate or an equal volume of PBS for 36 h. Then, the cells were
treated with or without 50 uM of CHX for the indicated time before
lysis. 10 pg of cell lysates were fractionated by SDS-PAGE to analyze
protein stability.

Mapping of GATA4 O-GIcNAcylation sites using electron-
transfer dissociation-mass spectrometry (ETD-MS)

The eluted GATA4 sample was subjected to electrophoresis and the
band corresponding to GATA4 was extracted by in-gel digestion”. The
extracted peptides were resuspended in solvent A (0.1% formic acid in
water; ThermoFisher Scientific, 28905), loaded onto C18 trap column
(Acclaim PepMap100, ThermoFisher Scientific, 75 um x 2 cm, 100 A),
and separated over C18 analytical column (PepMap RSLC, Thermo-
Fisher Scientific, 75 um x 15 cm, 100 A) with a 4-12% linear gradient of
solvent B (0.1% formic acid in acetonitrile) for 50 min at a flow rate of
300 nL/min. Mass spectra were recorded using an Orbitrap Fusion
Tribrid mass spectrometer (ThermoFisher Scientific) interfaced with
EASY-nanoLC (Proxeon Biosystems). Raw data were processed using
the Trans-Proteomic Pipeline (v4.8.0 PHILAE) and compared to a
database composed of human GATA4 (P43694, UniProt) using the
SEQUEST HT search engine in Proteome Discoverer 2.2 (ThermoFisher
Scientific). Carbamidomethylation of cysteine (57 Da) was considered
as the fixed modification, and variable modifications were set for the
oxidation of methionine (16 Da) and O-GlcNAcylation of serine and
threonine (203 Da).

SA-B-Gal staining

Cultured human and mouse chondrocytes were washed twice with PBS
and fixed in a fixation solution containing 2% PFA and 0.2% glutar-
aldehyde for 5 min. Fixed cells were washed and incubated in SA-B-Gal
staining solution at 37 °C for 12-16 h. After incubation, the cells were
washed twice with PBS and mounted in a 50% glycerol solution.
Stained cells were imaged using Eclipse Ni-U microscope (Nikon). Total
cells and SA-B-Gal-positive cells were counted in three random fields
per each biological replicate’.

5-Bromo-2’-deoxyuridine (BrdU) cell proliferation assay

C28/12 cells or primary cultured mouse chondrocytes were seeded
onto coverslips placed in a culture dish. During the treatment with
doxorubicin (in C28/12 cells) or bleomycin or IR (in mouse chon-
drocytes), cultured cells were exposed to 10 uM BrdU (Sigma Aldrich,
B9285) for 12h before fixation. Fixation was performed using an
ethanol fixative (pH 2.0, 15mM glycine, 70% ethanol) at 20 °C for
20 min. Cells were blocked with 10% normal goat serum and 0.1% BSA
in PBS for 1 h and incubated with primary antibody against BrdU (clone
IIB5, Santa Cruz, sc-32323, 1:200) at 4 °C overnight. The cells were
washed three times and incubated with rabbit anti-mouse IgG+IlgM
(H&L) conjugated with Alexa Fluor 488 (Jackson ImmunoResearch,

315-485-044, 1:200) for 1h. After antibody treatment, the nuclei
were stained with DAPI. Stained human and mouse chondrocytes were
mounted using ProLong Gold Antifade. The mounted slides were
imaged using EVOS M7000 Imaging System (Invitrogen).

Quantitative reverse transcription-polymerase chain reaction
(qRT-PCR)

Total RNA was extracted from cells using TRI reagent (Molecular
Research Center, Inc., TR 118) and reverse-transcribed using EasyScript
Reverse Transcriptase (TransGen Biotech, AE101-03) and oligo(dT) pri-
mers. To quantitatively analyze mRNA transcript levels, cDNA was
amplified using qRT-PCR with Power SYBR Green PCR Master Mix
(ThermoFisher Scientific, 4367659) on StepOnePlus Real-Time PCR
System (Applied Biosystems). The primers used for qRT-PCR are listed in
Supplementary Table 4. For qRT-PCR-based quantification data com-
paring the effects of various treatments, we normalized the measure-
ments from the treatment groups to those from the control groups for
each biologically independent trial, using Hprt as an internal control. For
cell-based experiments, each set of primary cultured chondrocytes was
considered a biologically independent trial. We then averaged the nor-
malized values from multiple biologically independent trials.

RNA sequencing

Mouse primary chondrocytes were treated with hyaluronidase type I-S
(4U/mL) for 4h under serum-free condition prior to bleomycin
treatment. Cells were treated with 50 pg/mL of bleomycin or an equal
volume of PBS in serum-supplemented medium for 24 h. Then, cells
were washed twice with PBS and incubated in a fresh medium con-
taining DMSO or 20 pM of ST045849 for five days. Fresh medium was
supplemented every 48 h. Three biological replicates were used for
each experimental group. Total RNA was extracted using TRI reagent
and 1pg of total RNA was converted into cDNA libraries using the
TruSeq Stranded mRNA Sample Prep kit (lllumina) in accordance with
the TruSeq Standard mRNA Sample Preparation Guide, Part #15031047
Rev. E. Poly-adenylated RNA was purified using magnetic beads con-
jugated to oligo(dT) primers. Purified mRNA was fragmented and
converted into first-strand cDNA using reverse transcriptase and ran-
dom hexamer primers, with the addition of actinomycin D. Second-
strand cDNA was prepared by eliminating the RNA template and syn-
thesizing complementary strand in the presence of dUTP instead of
dTTP. A single A base was added to the 3’ end to enable the ligation of
sequencing adapters containing a single T overhang. The ligated cDNA
was amplified by PCR, while the polymerase stops when it encounters a
U base to render the second strand a poor template. The final cDNA
libraries were analyzed for size distribution, quantified on Agilent
Technologies 2100 Bioanalyzer using a DNA 1000 chip, and normal-
ized to 2nM for sequencing. RNA sequencing was performed using
NovaSeq 6000 (Illumina). All RNA-seq procedures were performed by
Macrogen. Reads were trimmed with Trimmomatic and aligned to the
reference genome Mus musculus (GRCm38) using STAR aligner”.
Transcript assembly and abundance estimations were performed
using StringTie v2.2.0 (Ref. 78). The aligned reads were assembled into
known, novel, and alternative splicing transcripts, and the relative
abundance of each transcript was quantified in read count using
StringTie v2.2.0. Statistical significance of differential expression was
determined using DESeq2 R package’.

Bioinformatic analysis of RNA-seq data and public datasets

For GSEA, gene lists of the RNA-seq data were ranked based on FC
values. GSEA software v4.2.2 (Ref. 80) was used in pre-ranked mode,
with all default parameters, for the “Degradation of the extracellular
matrix” (Reactome) and “Positive regulation of cytokine production
involved in inflammatory response” (GOBP) gene sets. GSEA was also
performed with a list of 752 (Ref. 81) and 150 (Ref. 24) genes sig-
nificantly upregulated in OA as a gene set representing “Upregulated
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genes in OA”. The GATA4 target gene set used for GSEA was retrieved
from TRANSFAC Curated Transcription Factor Targets (https://
maayanlab.cloud/Harmonizome/gene_set/GATA4/TRANSFAC+Curated
+Transcription+Factor+Targets). The genes used for GSEA are listed in
Supplementary Tables 5-9. Normalized enrichment score (NES) and
family-wise error rate (FWER)-corrected P value are presented on GSEA
plots. For PCA, variance-stabilizing transformation was applied to RNA-
seq data. Principal component 1 (PC1) and PC2 were calculated based
on transformed expression of 500 most variable genes using scikit-
learn 1.1.3 python library. Hallmark gene set analysis was conducted
with DEGs using Enrichr. The top most enriched gene sets were
selected based on P values calculated from Fisher’s exact test. Cano-
nical pathways analysis was performed using Ingenuity Pathway Ana-
lysis (IPA; Qiagen Inc., https:/digitalinsights.giagen.com/IPA)®.
Significantly downregulated DEGs in RNA-seq data were determined by
cutoff P<0.01 and FC cutoff <-1. The enrichment P values and acti-
vation z-scores of the top 20 canonical pathways analysis are presented
as graphs, and the pathways are listed in Supplementary Table 2. Public
transcriptome datasets for OA or OA-relevant conditions in various
in vitro and in vivo models were obtained from the GEO database.
Transcriptomes of human OA cartilage (GSE16464, GSE43923,
GSE64394, GSE113825, GSE117999, GSE178557, and GSE186220), IL-1j3-
treated chondrocytes (GSE6119, GSE104793, and GSE163080), and
cartilage from various OA animal models (DMM surgery: GSE26475,
GSE53857, GSE101573, and GSE143447; anterior cruciate ligament
transection (ACLT) surgery: GSE110268; monoiodoacetate (MIA)
injection: GSE28958) were analyzed.

Statistical analysis

All experiments were conducted with at least three independent bio-
logical replicates. For in vitro experiments, a comparison of experi-
mental groups was performed using a parametric test based on two-
tailed Student’s ¢ test, one-way analysis of variance (ANOVA) followed
by Dunnett’s post-hoc test, two-way ANOVA followed by Tukey’s post-
hoc test, or two-way ANOVA followed by Dunnett’s post-hoc test. For
in vivo experiments, each independent trial was conducted using an
individual mouse. To determine the statistical significance, a non-
parametric test based on two-tailed Mann-Whitney U test was used.
Data quantified based on ordinal grading systems such as the OARSI
grade and scores for subchondral bone sclerosis, osteophyte maturity,
and synovial inflammation, whose data points are not continuous and
do not follow a normal distribution, were analyzed using non-
parametric methods. Otherwise, two-tailed Student’s ¢ test or two-
way ANOVA followed by Bonferroni post-hoc test was applied. Sepa-
rate statistical analyses were performed for the sham and DMM groups
such that the surgical condition was not considered a variable (as in the
cases described in Refs. 83-85). Statistical significance was set at
P < 0.05. Statistical analyses were performed using IBM SPSS Statistics
25 or GraphPad Prism 10.0. All the graphs and heatmaps were plotted
using GraphPad Prism 10.0. Cell cultures and animals were randomly
assigned to each experimental group and all samples were evaluated in
ablinded manner. The sample size n required for each group of animal
studies to provide acceptable power was determined based on a power
analysis calculation (Eq. 1) and the design of previous studies®**®. No
exclusion criteria were applied for this study.

202(zo +25)*
n= % 1)
where D=1, cqtment — Beoneror» O = Standard deviation, o = significance
level (0.05), and 1-3 = power (0.90).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The original RNA-seq datasets generated in this study have been
deposited in the GEO database under accession numbers GSE275524
and GSE281015. Transcriptome data for OA or OA-relevant conditions
in various in vitro and in vivo models were obtained from the GEO
database. Transcriptomes of human OA cartilage (GSE16464,
GSE43923, GSE64394, GSE113825, GSE117999, GSE178557, and
GSE186220), IL-1B-treated chondrocytes (GSE6119, GSE104793, and
GSE163080), and cartilage from various OA animal models (DMM
surgery: GSE26475, GSE53857, GSE101573, and GSE143447; ACLT sur-
gery: GSE110268; MIA injection: GSE28958) were analyzed. All other
relevant data supporting the findings of this study are available within
the article and its Supplementary Information file or from the corre-
sponding author upon request. Source data are provided with
this paper.
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