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% Check for updates Accumulating evidence indicates that cellular senescence is closely associated

with osteoarthritis. However, there is limited research on the mechanisms
underlying fibroblast-like synoviocyte senescence and its impact on osteoar-
thritis progression. Here, we elucidate a positive correlation between
fibroblast-like synoviocyte senescence and osteoarthritis progression and
reveal that GATD3A deficiency induces fibroblast-like synoviocyte senescence.
Mechanistically, GATD3A deficiency enhances the binding of Sirt3 to MDH2,
leading to deacetylation and decreased activity of MDH2. Reduced MDH2
activity impairs tricarboxylic acid cycle flux, resulting in mitochondrial dys-
function and fibroblast-like synoviocyte senescence. Intra-articular injection of
recombinant adeno-associated virus carrying GATD3A significantly alleviates
the osteoarthritis phenotype in male mice. This study increases our current
understanding of GATD3A function. In particular, we reveal a novel mechan-
ism of fibroblast-like synoviocyte senescence, suggesting that targeting
GATD3A is a potential therapeutic approach for osteoarthritis.

Osteoarthritis (OA) is a disabling disease characterised by cartilage
degradation, synovial inflammation and subchondral bone sclerosis,
and is the most prevalent disease among ageing populations. Pre-
sently, OA affects over 500 million people worldwide, with an annually
increasing incidence'”. The current therapeutic options for OA remain
limited, and the pathological mechanism needs further investigation.

Various pathological factors, such as mechanical loading’,
inflammatory mediators®, cellular senescence’ and metabolic
dysregulation®, have been implicated in the progression of OA. Cellular
senescence has attracted considerable attention in recent years and is

characterized by cell cycle arrest and senescence-associated secretory
phenotype (SASP). Senescent cells not only exhibit changes in their
own functions but also affect the surrounding cells’. A strong corre-
lation between cellular senescence and OA has been confirmed?®, and
cellular senescence has been shown to be a crucial driver of OA’™. But
further investigation is required to establish the causes of senescence
and the mechanisms promoting progression of OA.

Numerous studies have been conducted to address these issues,
especially studies regarding chondrocyte senescence'>". Synovial fluid
serves as the primary source of cartilage nutrition, and synoviocyte

Department of Orthopaedics, The First Affiliated Hospital of Nanjing Medical University, Nanjing, Jiangsu, China. 2Department of Orthopaedics, The Second
Affiliated Hospital of Nanjing Medical University, Nanjing, Jiangsu, China. 3Department of Orthopaedics, Zhongda Hospital Affiliated to Southeast University,
Nanjing, Jiangsu, China. “The Core Facility of the First Affiliated Hospital with Nanjing Medical University, Nanjing, Jiangsu, China. °Department of Ortho-
paedics, Yixing People’s Hospital, Yixing, Jiangsu, China. 6These authors contributed equally: Kai Shen, Hao Zhou, Qiang Zuo.

e-mail: zcj13506053131@163.com; fanweimin@vip.sina.com

Nature Communications | (2024)15:10923 1


http://orcid.org/0000-0003-4699-1869
http://orcid.org/0000-0003-4699-1869
http://orcid.org/0000-0003-4699-1869
http://orcid.org/0000-0003-4699-1869
http://orcid.org/0000-0003-4699-1869
http://orcid.org/0000-0003-0988-3906
http://orcid.org/0000-0003-0988-3906
http://orcid.org/0000-0003-0988-3906
http://orcid.org/0000-0003-0988-3906
http://orcid.org/0000-0003-0988-3906
http://orcid.org/0000-0001-6897-9452
http://orcid.org/0000-0001-6897-9452
http://orcid.org/0000-0001-6897-9452
http://orcid.org/0000-0001-6897-9452
http://orcid.org/0000-0001-6897-9452
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-55335-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-55335-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-55335-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-55335-2&domain=pdf
mailto:zcj13506053131@163.com
mailto:fanweimin@vip.sina.com
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-55335-2

lesions inevitably result in chondrocyte dysfunction. The synovium
comprises fibrous and fatty tissues, fibroblast-like synoviocytes (FLSs)
and macrophages. Most studies have focused on chondrocyte senes-
cence, with insufficient attention given to the senescence of FLSs.
Recently, FLS senescence in OA has been confirmed™, and several
studies have reported an OA phenotype by injecting senescent FLSs
into knee joints""¢, thereby highlighting the role of senescent FLSs in
promoting OA progression. Senescent FLSs impair the physiological
function of the synovium, and also drive chondrocyte catabolism and
accelerate cartilage degradation through the secretion of SASP factors
such as IL-1B, TNF, IL-6, and IL-17°"7'%, Thus, the senescence of FLSs in
OA, and especially its mechanism, requires further clarification.

In addition to replicative senescence, factors such as mitochon-
drial dysfunction, DNA damage and oxidative stress have been iden-
tified as inducers of cellular senescence’ . Mitochondria use oxygen
to oxidize nutrients through the tricarboxylic acid (TCA) cycle and
oxidative phosphorylation (OXPHOS) to produce essential ATP and
metabolites. Mitochondrial dysfunction, such as decreased ATP pro-
duction and increased proton leakage induced by damaged respira-
tory capacity and decreased membrane potential, can trigger cellular
senescence*?. Targeting mitochondrial dysfunction is therefore
considered to have potential for counteracting cellular senescence®.
However, there is still a need to establish whether mitochondrial dys-
function triggers senescence of OA-FLSs, as well as to identify the
underlying mechanism of mitochondrial dysfunction.

RNA-sequencing (RNA-Seq) results have indicated marked
downregulation of GATD3A (glutamine amidotransferase-like class 1
domain-containing 3 A) in OA-FLSs. Genome-wide association studies
have provided novel insights into many diseases by identifying genetic
loci. Recent studies have identified genetic variants around the
GATD3A gene as risk factors for several phenotypes such as bone
density”, age-related hearing impairment®, and type 1 diabetes”.
However, whether GATD3A is a risk locus for OA remains unexplored.
Understanding the function of GATD3A and its impact on OA is
therefore of significant importance. A recent study reported that
GATD3A limited the formation of advanced glycation end products
(AGEs) and regulated mitochondrial dynamics®. However, the precise
mechanism by which GATD3A modulates mitochondrial function has
not been fully elucidated. Co-localization results indicated that
GATD3A was predominantly localized to the mitochondrial matrix,
which further suggested its correlation with mitochondrial function.
The TCA cycle is a crucial energy and metabolic hub in the mito-
chondrial matrix. It generates essential NADH + H" and FADH, for
OXPHOS, and regulates chromatin modification, redox homeostasis,
and post-translational modifications of proteins through its inter-
mediate metabolites, thereby controlling cellular function and fate?*",
Energy and metabolic imbalances caused by TCA cycle impairment can
lead to alterations in mitochondrial function and cellular physiology.
However, it is unknown whether the downregulation of GATD3A
mediates senescence of OA-FLSs by disrupting mitochondrial function
and metabolism through the TCA cycle.

In this study, we found that GATD3A maintains TCA cycle stability
by competitively binding MDH2 to Sirt3, thereby regulating the acet-
ylation level of MDH2. GATD3A downregulation disrupts the TCA
cycle, leading to mitochondrial dysfunction and metabolic imbalance,
resulting in FLS senescence and OA progression. Furthermore, over-
expression of GATD3A in FLSs effectively alleviates DMM-induced FLS
senescence and OA progression, highlighting GATD3A as a promising
therapeutic target for OA treatment.

Results

Senescence of FLSs is associated with OA progression

To evaluate synovial senescence in OA, we collected synovial tissues
from OA patients (who underwent total knee arthroplasty) and normal
control individuals (who underwent arthroscopic surgery and were

confirmed using arthroscopy to have no cartilage damage or synovitis).
We then determined the expression of senescence marker pl16™<*,
Compared with normal controls, the synovium of OA patients was
thickened and accompanied by inflammatory infiltration, and expres-
sion of p16™* was significantly elevated (Fig. 1a and Supplementary
Fig. 1a). To further assess the senescence of synovial FLSs in OA patients,
immunofluorescence double staining of p16™* and vimentin was con-
ducted, which showed that the percentage of p16™** positive FLSs in OA
synovium was elevated, when compared to normal synovium, and a
positive correlation was observed between FLS senescence and OA
severity (Fig. 1b, c). Compared to normal synovium, the CDKNIA
(encoding p21) and CDKN2A (encoding pl6) mRNA expressions were
also upregulated in OA synovium (Supplementary Fig. 1b). FLSs were
separated from the synovium, and mRNA levels of CDKNIA and
CDKN2A, as well as protein levels of p16™*, p21, and p53 were sig-
nificantly elevated in OA-FLSs, when compared to Nor-FLSs (Fig. 1d, e).
SA-B-Gal staining and immunofluorescence staining of p16™* further
indicated the senescence of OA-FLSs (Fig. 1f, g). The secretion of SASP
factors by senescent cells affects the function of normal chondrocytes,
which is an important factor in promoting OA progression®’. The mRNA
expression and secretion of pro-inflammatory cytokines (IL-13 and TNF-
o) were enhanced in OA-FLSs, when compared to Nor-FLSs (Fig. 1h).
Moreover, chondrocytes co-cultured with OA-FLSs exhibited reduced
matrix synthesis capability (Fig. 1i and Supplementary Fig. 1c), suggest-
ing that OA-FLSs impaired chondrocyte function through paracrine
mechanisms. A post-traumatic OA model was then constructed to con-
firm the senescence of FLSs in OA mice (Fig. 1j). Compared with the
sham group, synovial senescence was observed in the OA group, with a
significant increase in p16™“ positive FLSs in the synovium (Fig. 1k-n).
OARSI score was also highly correlated with FLS senescence (Fig. 10).
Together, the results suggest that senescence of FLSs is associated with
OA progression.

To confirm whether senescent FLSs accelerated OA progression,
stress-induced senescence in mouse FLSs was induced using H,0,, as
previously described in refs. 33,34. The senescence of FLSs induced by
H,0, was confirmed by western blotting and SA-B-Gal staining (Sup-
plementary Fig. 2a, b). Then, normal mouse FLSs or H,0,-induced
senescent FLSs were intra-articularly injected into mice without DMM
surgery (Supplementary Fig. 2c). The results showed that, when com-
pared to normal FLSs, the injection of senescent FLSs induced syno-
vitis and cartilage degradation (Supplementary Fig. 2d, e). Taken
together, these findings highlight the important role of FLS senescence
in OA progression.

Mitochondrial function is impaired in OA-FLSs
We subsequently tried to investigate the mechanisms underlying FLS
senescence in OA. FLSs from OA patients and controls were collected,
and RNA-Seq analysis was conducted. A total of 349 upregulated and
386 downregulated mRNAs were detected in the OA group compared
with the control group (Fig. 2a). The changes were enriched in several
biological process terms, such as mitochondrial function, metabolic
process, cell proliferation and aging, which were identified by Gene
Ontology enrichment analysis (Fig. 2b). Gene set enrichment analysis
showed impaired OXPHOS in OA-FLSs, suggesting mitochondrial
dysfunction (Fig. 2¢). Mitochondrial dysfunction is a major factor in
cellular senescence; therefore, we further evaluated the changes in
mitochondrial function of OA-FLSs. Mitochondrial network and
structural changes were observed by Mitotracker staining and trans-
mission electron microscopy (TEM), which revealed increased mito-
chondrial fragmentation and decreased mitochondrial cristae in OA-
FLSs compared with Nor-FLSs (Fig. 2d, e). Increased mitochondrial
superoxide and decreased mitochondrial membrane potential were
also observed in OA-FLSs (Fig. 2f, g).

Mitochondria are centres of energy production and meta-
bolism, maintaining physiological activities by balancing OXPHOS
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and glycolysis. We conducted Seahorse assays to detect whether
the balance was disrupted in OA-FLSs. Oxygen consumption rate
(OCR) and proton efflux rate (PER) indicated marked impairment
of mitochondrial respiration in OA-FLSs, while glycolysis, an
inefficient method of energy production, was enhanced
(Fig. 2h-k). ATP assay confirmed the reduced energy generation
in OA-FLSs (Fig. 2I). These data indicated significant

Synovium Cartilage Synovium

Cartilage

mitochondrial dysfunction in OA-FLSs, which could have con-
tributed to OA-FLS senescence.

Decreased GATD3A contributes to mitochondrial dysfunction
and promotes FLS senescence

The RNA-Seq data were used to analyse further the potential
mechanisms of mitochondrial dysfunction in OA-FLSs. Expression of
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Fig. 1| Senescence of FLSs is associated with OA progression. a Representative
images of immunohistochemistry staining of p16™** in normal and OA patients.
n=10 independent biological samples. Scale bar: 100 um. b Representative images
of immunofluorescence staining of p16™*? in synovium from normal and OA
patients, and quantification of the percentage of p16™* positive FLSs (n = 25 Nor,
n = 33 OA). Scale bar: 100 um. ¢ Spearman’s correlation analysis was performed
between Mankin score and the percentage of p16™“* positive FLSs in OA samples
(n = 33).d Quantitative PCR analysis of CDKNI1A and CDKN2A in FLSs. (n = 25 Nor,
n = 33 OA). e Western blotting analysis of senescent markers. n =3 independent
biological replicates. f Representative images of SA-B-Gal staining for Nor-FLSs and
OA-FLSs. n = 9 independent biological replicates. Scale bar: 100 um.

g Representative images of immunofluorescence staining of p16™** in Nor-FLSs
and OA-FLSs, and the percentage of p16™* positive cells. n = 15 independent
biological replicates. Scale bar: 50 um. h Quantitative PCR analysis (n = 3 inde-
pendent biological replicates) and Elisa assay (n = 6 independent biological

replicates) of pro-inflammatory cytokine (IL-13 and TNF-«) in Nor-FLSs and OA-
FLSs. i Western blotting assay to detect the protein levels of chondrocytes co-
cultured with Nor-FLSs or OA-FLSs. n =3 independent biological replicates.

j Representative images of Safranin O/Fast green staining of knee joints. n = 10.
Scale bar: 200 um. k Representative images of immunohistochemistry staining of
p16™4, n = 10. Scale bar: 100 um. I The severity of the OA phenotype was assessed
using the OARSI score system. n =10 independent biological animals.

m Representative images of immunofluorescence in knee joints. S, synovium; C,
cartilage. Scale bar: 500 um (Left panel), 50 um (Right panel). n Quantification of the
percentage of p16™* positive FLSs in the synovium of mice. n = 10 independent
biological animals. 0 Spearman’s correlation analysis was performed between
OARSI score and the percentage of p16™* positive FLSs in OA mice. n = 10.All data
were presented as the means + SD. P values were determined by two-tailed
unpaired Student’s t-test. P< 0.05 was considered statistically significant. Source
data are provided as a Source Data file.

GATD3A was significantly decreased in OA-FLSs (Fig. 3a), which has
been suggested to have a potential role in regulating mitochondrial
function®. Western blotting and PCR analyses of synovium and FLSs
confirmed the decrease of GATD3A in OA (Fig. 3b, ¢ and Supplemen-
tary Fig. 5a), and a negative correlation between GATD3A and senes-
cent marker CDKN2A was observed (Fig. 3d). Expression of GATD3A
detected by immunofluorescence and immunohistochemistry con-
firmed these changes (Fig. 3e and Supplementary Fig. 3a and 4a). The
immunofluorescent chip data of synovium from controls and OA
patients further indicated the negative correlation between GATD3A
and p16™* (Supplementary Fig. 4b).

Subcellular fractionation confirmed that GATD3A was mainly
localized to the mitochondria (Fig. 3f). Decreased GATD3A in the
mitochondria of OA-FLSs was also confirmed (Supplementary Fig. 4c).
Fluorescent co-localization assay showed that GATD3A was primarily
co-localized with the mitochondrial matrix protein GRP75, rather than
with the outer membrane marker TOMM20 or the inner membrane
marker ATP5A (Fig. 3g). These results suggested that the decrease in
GATD3A was correlated with mitochondrial dysfunction and senes-
cence of OA-FLSs.

To determine whether the decrease of GATD3A was an accom-
panying feature of FLS senescence, or a specific characteristic of OA-
FLSs, the expression of GATD3A in an in vitro replicative senescence
model was determined. The results showed that GATD3A in Nor-FLSs
did not decline during passage (Supplementary Fig. 4d), which sug-
gested that the GATD3A deficiency might be a characteristic feature of
OA-FLSs and could potentially drive their senescence. Then, GATD3A
was depressed in Nor-FLSs and overexpressed in OA-FLSs through
lentivirus infection, which was confirmed by detecting GATD3A
expression in whole cell lysates and mitochondria (Supplementary
Fig. 5b, d). The mitochondrial network in Nor-FLSs was disrupted by
GATD3A knockdown, while overexpression of GATD3A alleviated
mitochondrial fragmentation in OA-FLSs (Fig. 3h and Supplementary
Fig. 5c). We also found that GATD3A suppression decreased the
mitochondrial cristae and the membrane potential, and increased
mitochondrial superoxide in Nor-FLSs, while GATD3A overexpression
rescued these impaired functions in OA-FLSs (Fig. 3i and Supplemen-
tary Fig. Se, f). OXPHOS and ATP production were impaired in the
ShGATD3A group, accompanied by enhanced glycolysis. Conversely,
overexpression of GATD3A shifted OA-FLSs from glycolysis to
OXPHOS for ATP production (Fig. 3j—m). Besides alterations in mito-
chondrial function, the ShGATD3A group exhibited significant senes-
cence compared with the control group, including elevated
expressions of p16™“, p21, p53, and SA-B-Gal, while overexpression of
GATD3A mitigated the senescence of OA-FLSs (Fig. 3n-p). Knockdown
of GATD3A increased expressions of pro-inflammatory cytokines (IL-13
and TNF-a) in Nor-FLSs, whereas GATD3A overexpression in OA-FLSs
reduced their expressions (Fig. 3q, r and Supplementary Fig. 5g). The
matrix synthesis of chondrocytes co-cultured with GATD3A-

knockdowned Nor-FLSs was diminished, while GATD3A over-
expression attenuated the inhibitory effect of OA-FLSs on chondrocyte
function (Fig. 3s and Supplementary Fig. 5h). Together, the above
results demonstrated that GATD3A deficiency induced mitochondrial
dysfunction and FLS senescence, while GATD3A overexpression may
serve as an approach to alleviate OA-FLS senescence.

GATD3A overexpression in FLSs alleviates OA development

in mice

To assess whether GATD3A overexpression in FLSs alleviated OA
progression, we constructed rAAV9-GATD3A modified with HAP-1, a
synovial-fibroblast-targeting peptide. First, we evaluated the targeting
efficiency of rAAV9.HAP-1 in FLSs. Intra-articular injection of rAAV9.-
HAP-1-EGFP into mice showed significantly higher EGFP-positive
expression in the synovium compared to cartilage (Supplementary
Fig. 6), confirming the satisfactory targeting efficiency of rAAV9.HAP-1
in the synovium. Then, rAAV9.HAP-1-GATD3A (rAAV-GATD3A) and
negative control rAAV-Vec were intra-articularly injected (Fig. 4a). The
results showed that GATD3A was markedly expressed after rAAV-
GATD3A injection, accompanied with reduced p16™* (Fig. 4b, c).
Micro-CT analysis showed that GATD3A overexpression reduced
osteophyte formation and subchondral bone sclerosis induced by
DMM surgery (Fig. 4d-f). In the sham group, rAAV-GATD3A injection
did not induce an OA phenotype, confirming the safety of physiolo-
gical GATD3A overexpression. Compared to the rAAV-Vec group, the
rAAV-GATD3A group showed significant alleviation of DMM-induced
synovial inflammation, cartilage erosion, and loss of articular cartilage
proteoglycan (Fig. 4g). The results were validated through synovial
inflammation and OARSI score (Fig. 4h, i). Overall, the findings
demonstrated that FLS-targeted GATD3A overexpression alleviated
OA progression in mice.

GATD3A deficiency reduces TCA cycle flux, altering the meta-
bolic pattern of FLSs

To explore the mechanism by which GATD3A regulated mitochondrial
function leading to FLS senescence, a label-free proteomics assay was
conducted. Knockdown of GATD3A caused significant changes in FLS
proteins, with these proteins primarily participating in cellular and
metabolic processes, among other biological processes (Fig. 5a, b). IP/
MS indicated that the proteins interacting with GATD3A were mainly
associated with metabolism and cellular senescence (Fig. 5c). Thus, we
speculated that GATD3A deficiency induced mitochondrial dysfunc-
tion by altering metabolism, leading to FLS senescence.

To investigate whether knockdown of GATD3A altered the
metabolism of FLSs, an untargeted metabolomics study was con-
ducted. Based on OPLS-DA, the metabolic profiles showed significant
separation between the ShNC and ShGATD3A groups, indicating sig-
nificant changes in metabolism caused by GATD3A knockdown
(Fig. 5d). Among the pathways analyzed by KEGG, aspartate and

Nature Communications | (2024)15:10923


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-55335-2

b

Nor-FLSs OA-FLSs

extracellular matrix organization {
cell adhesion {

negative regulation of growth
positive regulation of bone mineralization {
collagen catabolic process

inflammatory response{

apoptotic process+

proteolysis |

chondrocyte differentiation |

mitochondrial translation

superoxide metabolic process{

negative regulation of fibroblast proliferation
regulation of oxidative phosphorylation {

aging

mitochondrion distribution |

stress-induced mitochondrial fusion {
mitophagy 1

positive regulation of glucose metabolic process
regulation of metabolic process-
negative regulation of cell proliferation |

' C
o, Gene Number
® 25

@ 50
@ 5
P.value
| |
0.01
0.02

0.03
004

HALLMARK_OXIDATIVE_PHOSPHORYLATION

(ES)
s s

0.2

NES=-2.97
p value=0.00

NI ARAEG \k|||||1||MIIII|m

Nor-FLSs

Enrichment score
L oo ¢
S

OA-FLSs

)
[ ]

0.1 02 03 04 05

Rich Factor

~ 259 p=686E-00 P = 4.66E-06
£ Nor-FLSs '
W £20 - =
(2] o =
c °
9 ] S1s 5
L ™ S 5
I 0 £ 1.0 ]
o < s E
z o 2
c 0.5
©
]
= 0.0
9 9
&
&K .
_ g g
. P=8.53E-08 ® Nor-FLSs OA-FLSs 3
3 ° el 10 § P = 4 88E-05
» ) 55 © g "
(72] (7] SE o S
| . | g 3 e 10° 10¢; > 4
L L S 6 = 2
= 1 z 3 5
] g 52 = 105 10, o
< 9 © o 2
4 o £5 3 <)
3 v 2
= (&) [ RN .S ST 3 - o <0
ﬂ 10° 10¢ 10° 10¢ 107 10° 10¢ (s}
=)
oF JC-1 monomers
‘\o« sl S
h I Basal Respiration ATP Production Spare Capacity Maximal Respiration
560, -8~ Nor-FLSs -@- OA-FLSs 40 P =0.0013 P =0.0005 150 P =0.0011 200 P =0.0011
30
€ 150 Fccp T 30 — = T 150
% 1/ \\ % £ 2 £ 100 %
- o
\g.’ 100 0Iig<imycin / \ g 20 g_ g_ g 100
© f o« = = o«
o - [ \ o < 10 & 50 [3]
o %0 N\ \ o 1 8 el o 50
B 0 0
0 20 40 60 80 0 B ¢ N =
Time (minutes) «f‘\? vf(\?, S (,Q\? V,Q\fo
X o ¥ NS
j k Compensatory Glycolysis I
- Nor-FLSs -e- OA-FLSs 200 P =0.0035 o
s
= £ £ 150 oo 13
£ £ £ £
3 3 3 £
E. g g 100 S
M o o g
g a a s g
&
0+ 0
0 15 30 45 60 75 ] 2
o o 2 b
Time (minutes) g\? ﬁ\? «Q\’ <
RO ¥ o0

glutamate metabolism and the TCA cycle were significantly changed
(Fig. 5e). Further analyses revealed marked changes in metabolites
related to the TCA cycle, glutaminolysis and glycolysis (Fig. 5f). As the
main sources of cellular metabolism, glucose and glutamine play
crucial roles in maintaining cellular physiology. Therefore, we assessed
the dependency of FLSs on glucose and glutamine by measuring OCR
and PER. Supplementation with glucose or glutamine alone sustained
mitochondrial respiration in FLSs, while deprivation of both impaired
respiratory capacity (Fig. 5g). These results suggested that both

glucose and glutamine were important for maintaining the TCA cycle
in FLSs. PER was also elevated under glutamine supplementation
compared with glucose and glutamine deprivation (Fig. 5Sh). Together,
these results supported the importance of glucose and glutamine
metabolism in FLSs.

To determine the specific metabolic changes caused by GATD3A
deficiency in FLSs, [Cs] glutamine and [U-®Cq] glucose were used to
monitor glutamine and glucose metabolism. Suppression of GATD3A
in FLSs significantly decreased metabolism of [Cs] glutamine. Malate
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Fig. 2 | Mitochondrial function is impaired in OA-FLSs. a The heatmap of RNA-
Seq analysis for FLSs separated from normal and OA patients. b The biological
processes of differentially expressed mRNAs were analysed by GO enrichment
analysis. ¢ GSEA of ‘OXPHOS’ gene sets in Nor-FLSs and OA-FLSs. (d) Representative
images of Mitotracker staining to observe the mitochondrial network of Nor-FLSs
(n = 12) and OA-FLSs (n = 11), and the statistical analysis of mean branch length.
Scale bar: 40 um. The white dashed box represents the enlarged image area in the
bottom right corner. e Representative images of TEM to observe Nor-FLSs (n = 5)
and OA-FLSs (n = 12) and the arrows point to the mitochondria. Scale bar: 1um.
fRepresentative images of MitoSOX staining to detect mitochondrial superoxide in

Nor-FLSs and OA-FLSs. n = 6 independent biological replicates. Scale bar: 100 um.
g Mitochondrial membrane potential detected by JC-1 assay and the statistical
analysis of aggregate-to-monomer ratio (n = 3 Nor-FLSs, n = 7 OA-FLSs). h, i OCR
of Nor-FLSs and OA-FLSs, and the analysis of mitochondrial respiration. n = 3
independent biological replicates. j, k PER of Nor-FLSs and OA-FLSs, and the ana-
lysis of basal and compensatory glycolysis. n = 4 independent biological replicates.
1 Quantification of ATP content in Nor-FLSs and OA-FLSs. n = 5 independent bio-
logical replicates. All data were presented as the means + SD. P values were deter-
mined by two-tailed unpaired Student’s t-test. P< 0.05 was considered statistically
significant. Source data are provided as a Source Data file.

GATDIA . b Synovium d
§47p =000
£ -1 Nor OA
: ] 2;

Human

o) Nor-FLSs OA-FLSs
f J
sy - o
hoa -
Histone 3 -
von, | -

&

h Nor-FLSs

ShNC
ShGATD3A

&

OA-FLSs

GATD3A
Le

GATD3A

Vec GATD3A

o Nor-FLSs . p
g|
Nor-FLSs OA-FLSs g E
or-FLS 2 g
prevce [ o s | | 4o~ oo |1okDa @ g
2]
P21 | - - - 21kDa —
p53 [ @B [ === we|53kDa OA-FLSs
B-actin | @D @ | | <> @ |42kDa F Z
C oF & o ©
> o <
S ¥ ° 3 "
Ra X 8 <]
o > e w
o

Vec GATD3A

Fig. 3 | Decreased GATD3A contributes to mitochondrial dysfunction and
promotes FLS senescence. a Volcano plot of RNA-Seq data. b Western blotting
analysis of GATD3A in synovium and FLSs (whole cell lysate) from normal and OA
patients. ¢ Quantitative PCR analysis of GATD3A in FLSs (n = 25 Nor, n = 33 OA).
d Pearson’s correlation between GATD3A expression and CDKN2A expression in
OA-FLSs (n = 33). e Representative images of immunofluorescence of GATD3A in
synovium. n =15 independent biological samples. Scale bar: 100 um. f Western
blotting localization of GATD3A. n = 3 independent biological replicates.

g Fluorescent analysis of GATD3A localization, with signal intensity profiles along a
line and Pearson’s correlation analysis (n = 5 TOMM20, n = 6 ATP5A and GRP75).
Scale bar: 5 um. Mitotracker staining (n =10 ShNC, n=12 ShGATD3A, n=13 Vec,
n=11GATD3A) (h), TEM (n =16 ShNC and ShGATD3A, n =8 Vec, n=9 GATD3A) (i)
were conducted. Scale bar: 40 um for Mitotracker staining, 1 um for TEM. OCR (n =4
ShNC and ShGATD3A, n = 5 Vec and GATD3A) (j) and PER (n=5 ShNC and

. Eeme  peoomr
150
J Nor-FLSs [ s R
150, > SING e~ SHGATOA
100

Focp 144 RotAA
00 1o

Oligamycin |
E )
Py \

s &

OCR (pmolimin)

50P=00258p < 00001
—

OCR (pmolmin)

o 2 ) 50

W
Time (minutes) &

OA-FLSs
150, o Vec o GATD3A 150

P=00031
1 P=o0ns

= vee
[ GATD3A

OCR (pmollmin)
I}
E
i
"
Ry

o ) P00 o1y
pesseas \
8N -
R N
Timo (minutes) &
2 ) & & o
< ©
¢ &
Nor-FLSs
- NC - ShGATD3A 200- B ShNC P oo
RoumA = soaron]
o
P-ooots

H{% 33

£

\» i

+ses &
Basal Compensatory

— o
10 o 15 0 45 60 75
Time (minutes)
o® OA-FLSs
250 + GATDIA 250, B Vee ooz
00, = GATDIA

-
e e S
: o

o 1 6 75 Basal  Compensatory

0 45
Time (minutes)

= shNe r = Vec
2008 ShGATD3A, B GATDIA

P=906E.00 200 P=2909

ol
Vec GATD3A P=26E00

Pa259E06

Nor-FLSs

Cytokine levels (pgimi)

< o o
2 e e g e
< S
3 Nor-FLSs  OA-FLSs
Q or-FLS ATLS
® coL2 | M o | | cum 190kDa

Aggrecan i_. ! 70kDa
OA-FLSs ¢ L L
w0q PrissEn ADAMTS5 | s wilh| | s e (102kDa
MMP13 | o - | - 54kDa
p-actin [emw eme| | @@ | 12k0a

o
Vec GATO3A LN

ShGATD3A, n=6 Vec, n=4 GATD3A) (k) assays of Nor-FLSs or OA-FLSs after dif-
ferent treatments. I, m Quantification of ATP content in FLSs after different treat-
ments. n = 6 independent biological replicates. Western blotting analysis (n = 3
independent biological replicates) (n), SA-B-Gal staining (n=6 ShNC and
ShGATD3A, n = 8 Vec and GATD3A) (o) and immunofluorescence (n = 10 ShNC
and ShGATD3A, n = 13 Vec and GATD3A) (p) of FLSs after different treatments.
Scale bar: 100 um for SA-B-Gal staining, 50 um for immunofluorescence. q, r Elisa
assay to detect the pro-inflammatory cytokines. n = 6 independent biological
replicates. s Western blotting analysis of chondrocytes co-cultured with FLSs after
different treatments. n = 3 independent biological replicates. All data were pre-
sented as the means + SD. P values were determined by two-tailed unpaired Stu-
dent’s t-test or one-way ANOVA with Tukey’s multiple-comparisons (g). P< 0.05
was considered statistically significant. Source data are provided as a Source
Data file.

(m +4) isotopologue accumulated, but other TCA cycle metabolites
including a-KG (m +5), succinate (m +4), fumarate (m +4), oxaloace-
tate (m+4) and citrate (m+4) were significantly reduced in the
ShGATD3A group compared with the ShNC group. GATD3A knock-
down also reduced the level of aspartate (m +4), which is produced
from the TCA cycle metabolite oxaloacetate (Fig. 5i, j and

Supplementary Fig. 7a). Conversely, [U-2C¢] glucose tracing revealed
enhanced glycolysis in the ShGATD3A group, including pyruvate
(m + 3) and lactate (m + 3), but not TCA-circulating metabolites such as
citrate (m+2), a-KG (m+2), succinate (m+2), fumarate (m+2),
malate (m +2), and oxaloacetate (m + 2). There was no difference in the
contribution of aspartate (m+2) from [U-"C¢] glucose (Fig. 5k and
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Supplementary Fig. 7b-d). The metabolite contents assay confirmed
accumulation of malate and reduction of downstream oxaloacetate in
the ShGATD3A group (Fig. 51). We then verified that GATD3A defi-
ciency promoted glucose uptake and lactate accumulation (Fig. 5m, n).
Overall, the results suggested that GATD3A deficiency reduced TCA
cycle flux, leading to mitochondrial dysfunction and FLS senescence.

GATD3A interacts with MDH2, a key enzyme of the TCA cycle
Considering the crucial role of energy and metabolite imbalances
caused by TCA cycle impairment in promoting cellular senescence®~¢,
we tried to elucidate the mechanism by which GATD3A deficiency
leads to mitochondrial TCA cycle blockade. Proteomics showed that
GATD3A knockdown resulted in significant changes in TCA cycle
enzymes (Fig. 6a). IP/MS suggested a potential interaction between
GATD3A and the TCA cycle enzyme MDH2 (Fig. 6b). MDH2 catalyses
the conversion of malate to oxaloacetate, and plays a crucial role in
maintaining the TCA cycle flux and the malate-aspartate shuttle®. In
the previous part of our study, we also demonstrated accumulation of
malate in GATD3A-deficient FLSs. Therefore, we speculated a strong
association between GATD3A and MDH2.

Endogenous co-immunoprecipitation (Co-IP) experiments
demonstrated the interaction between GATD3A and MDH2 (Fig. 6c).
Immunofluorescence analysis also confirmed the co-localization of
endogenous GATD3A and MDH2 (Fig. 6d). Exogenous Flag-GATD3A

and His-MDH2 were transfected into HEK 293 T cells, and the Co-IP
results also confirmed the interaction between GATD3A and MDH2
(Fig. 6e, f). Next, we investigated the domains of GATD3A and MDH2
contribute to the interaction with each other. Co-IP assay revealed that
domain D1 (residues 1-155) of GATD3A was responsible for binding to
MDH2, and the binding fragment in MDH2 was located in domain M2
(residues 169-338) (Fig. 6g, h). Molecular docking was conducted to
predict the docking sites of GATD3A and MDH2 (Fig. 6i). The predicted
binding sites were mutated (Fig. 6j) and the interaction between
GATD3A and MDH2 was verified. The interaction between GATD3A
and MDH2 was abolished by GATD3A-binding site mutations (Flag-
GATD3A-MUTI1) or MDH2 binding site mutations (His-MDH2-MUT2)
(Fig. 6k). These results confirmed the interaction between GATD3A
and MDH2, and suggested that GATD3A deficiency might reduce
mitochondrial TCA cycle flux by affecting MDH2 activity.

GATD3A deficiency induces mitochondrial dysfunction by
increasing Sirt3-mediated MDH2 deacetylation

After the interaction between GATD3A and MDH2 was confirmed, we
evaluated whether GATD3A deficiency regulated mitochondrial func-
tion and FLS senescence by impairing MDH2 activity. The synovium of
OA patients and mice with DMM-induced OA expressed a low level of
MDH2, while rAAV-GATD3A injection increased MDH2 expression
(Supplementary Fig. 3b and Supplementary Fig. 8). MDH2 activity of
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Fig. 5| GATD3A deficiency reduces TCA cycle flux, altering the metabolic
pattern of FLSs. a Heatmap of label-free proteomics assay for Nor-FLSs infected
with ShNC or ShGATD3A lentivirus. b Number of proteins involved in biological
processes was analysed through GO enrichment analysis based on proteomic assay.
¢ KEGG pathway enrichment analysis showed the number of proteins interacting
with GATD3A within these pathways based on IP/MS. OPLS-DA analysis (d) and
KEGG pathway enrichment analysis (e) of the untargeted metabolomics study for
Nor-FLSs infected with ShANC or ShGATD3A lentivirus. f Heatmap of significantly
different metabolites in the TCA cycle, glutaminolysis and glycolysis based on the
untargeted metabolomics study for Nor-FLSs infected with ShNC or ShGATD3A
lentivirus. OCR (n = 5 for glucose supplementation group, and n =4 for other two
groups) (g) and PER (n = 6) (h) assays of Nor-FLSs treated with glucose or gluta-
mine, and glucose and glutamine deprivation. i Diagram of *C isotopomer patterns
with [®Cs] glutamine and [U-*C¢] glucose as tracer. j Absolute isotopologue dis-
tribution of [®Cs] glutamine-derived glutaminolysis and TCA cycle metabolites

Relative glucose uptake rate

including glutamate, o-KG, succinate, fumarate, malate, oxaloacetate, citrate and
aspartate. n = 4 independent biological replicates. The incorporation of °C atoms
was denoted as m + n (number of *C atoms). k Absolute isotopologue distribution
of [U-3C¢] glucose-derived glycolysis metabolites including pyruvate and lactate.
n = 4 independent biological replicates. The incorporation of *C atoms was
denoted as m + n (number of C atoms). I Cellular malate and oxaloacetate content
were determined in Nor-FLSs infected with ShNC or ShGATD3A lentivirus. n = 5
independent biological replicates. The glucose uptake rate (n = 5 independent
biological replicates) (m) and the cellular lactate content (n = 4 independent bio-
logical replicates) (n) in Nor-FLSs infected with ShNC or ShGATD3A lentivirus. All
data were presented as the means + SD. P values were determined by two-tailed
unpaired Student’s ¢-test or one-way ANOVA with Tukey’s multiple-comparisons
(g, h). P< 0.05 was considered statistically significant. Source data are provided asa
Source Data file.

Nor-FLSs infected with ShGATD3A was impaired compared with that in
the control group (Fig. 7a). Previous studies have suggested that
reversible acetylation of mitochondrial enzymes plays an important
role in regulating mitochondrial function and cellular senescence, and
MDH2 enzyme activity is also regulated by acetylation’’. Western
blotting showed that GATD3A knockdown reduced acetylation of
proteins in whole-cell lysates and mitochondria of FLSs (Fig. 7b). Fur-
ther assays confirmed that acetylation of MDH2 was impaired by
GATD3A knockdown (Fig. 7c, d). Furthermore, we also observed that
loss of GATD3A dramatically reduced MDH2 acetylation, while
GATD3A-FL transfection, but not GATD3A-D2, abolished deacetylation
of MDH2 in HEK293T cells (Fig. 7e). These results confirmed that
GATD3A deficiency resulted in deacetylation of MDH2.

Nicotinamide (NAM; an inhibitor of sirtuins) but not trichostatin A
(TSA; an inhibitor of histone deacetylases) elevated acetylation of

MDH2 in the absence of GATD3A (Fig. 7f). The impaired MDH2 activity
caused by GATD3A knockdown was recovered by NAM (Fig. 7g). After
NAM treatment, as acetylation of MDH2 recovered, glycolysis induced
by GATD3A knockdown in FLSs was decreased, prompting a transition
towards OXPHOS (Fig. 7h-k). Additionally, NAM treatment reduced
the accumulation of malate caused by GATD3A knockdown, and par-
tially recovered the concentration of downstream metabolite oxaloa-
cetate (Supplementary Fig. 9a, b). Furthermore, we observed that the
acetylation of MDH2 recovered by NAM attenuated the senescence of
FLSs induced by GATD3A knockdown (Fig. 71-n and Supplementary
Fig. 9¢, d). To further confirm that acetylation of MDH2 was regulated
by GATD3A expression, the predicted acetylation sites (K185, K301,
K307 and K314) of MDH2 were mutated. Even with NAM treatment,
acetylation of the 4KR mutant group could not be restored, compared
with the wild-type group (Fig. 70). These findings indicated that loss of
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GATD3A impaired MDH2 enzyme activity by decreasing acetylation
of MDH2.

Due to the NAM treatment recovered the acetylation of MDH2, we
investigated whether GATD3A deficiency regulated MDH2 deacetyla-
tion through Sirtuins. Sirt3 is one of the most prominent deacetylases
that is expressed in mitochondria, and it regulates the TCA cycle,

OXPHOS, and other mitochondrial functions. A recent study also
confirmed that acetylation of MDH2 was regulated by Sirt3*. Our
results demonstrated that GATD3A and Sirt3 both bound to MDH2 in
FLSs, while loss of GATD3A dramatically enhanced the interaction
between Sirt3 and MDH2 (Fig. 7p). The enhanced binding between
Sirt3 and MDH2 in HEK 293 T cells, which was caused by GATD3A
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Fig. 6 | GATD3A interacts with MDH2, a key enzyme of the TCA cycle. a The
heatmap of significantly different enzymes in the TCA cycle based on proteomics
assay for Nor-FLSs infected with ShNC or ShGATD3A lentivirus. b IP/MS analysis
indicated that MDH2 is an interacting protein that binds to GATD3A. ¢ Co-IP assay
to verify the interaction between endogenous GATD3A and MDH2 in FLSs. n = 3
independent biological replicates. d Representative images of immuno-
fluorescence to verify the co-localisation of endogenous GATD3A and MDH2 in
FLSs. n = 5 independent biological replicates. Scale bar: 10 um. e Co-IP assay to
verify the interaction between exogenous Flag-GATD3A and His-MDH2 in HEK
293 T cells. n = 3 independent biological replicates. f Representative images of

immunofluorescence to verify the co-localisation of exogenous Flag-GATD3A and
His-MDH2 in HEK 293 T cells. n = 5 independent biological replicates. Scale bar:
10 um. g Design of GATD3A and MDH2 truncations. h Co-IP assay showing the
interactions between Flag-GATD3A and His-MDH2 in HEK 293 T cells. n = 3 inde-
pendent biological replicates. i Molecular docking predicted the docking sites of
GATD3A and MDH2. j Docking sites of GATD3A and MDH2, and the mutations of
binding sites between GATD3A and MDH2. k Co-IP assay showing the interactions
between Flag-tagged mutated GATD3A and His-tagged mutated MDH2 in HEK
293 T cells. n = 3 independent biological replicates. Source data are provided as a
Source Data file.

knockdown, was attenuated by NAM (Fig. 7q). Then, endogenous
GATD3A of HEK 293 T cells was inhibited and exogenous Flag-GATD3A
was transfected. Co-IP demonstrated that loss of GATD3A increased
Myc-Sirt3 binding to His-MDH2, while transfection of Flag-GATD3A
abolished Myc-Sirt3 recruitment to His-MDH2 (Fig. 7r). These results
demonstrated that GATD3A deficiency enhanced the Sirt3-MDH2
interaction, resulting in decreased MDH2 acetylation and activity.
Impaired MDH2 activity disrupted the TCA cycle, leading to mito-
chondrial dysfunction and ultimately, FLS senescence.

Oxaloacetate attenuates GATD3A-deficiency-induced mito-
chondrial dysfunction and OA development

We then investigated whether supplementation of the downstream
metabolite, oxaloacetate, restored mitochondrial function of GATD3A-
knockdown FLSs (Fig. 8a). Our results indicated that 1 mM oxaloace-
tate treatment restored the decrease of oxaloacetate in FLSs caused by
GATD3A knockdown (Fig. 8b) and recovered the impaired respiratory
capacity and inhibited glycolysis (Fig. 8c, d). Oxaloacetate supple-
mentation also attenuated the senescence of FLSs induced by GATD3A
knockdown (Fig. 8e, ), without altering the expression of GATD3A and
the acetylation of MDH2 (Fig. 8g). These results further confirmed that
GATD3A deficiency inhibited the TCA cycle by reducing MDH2 activity,
and supplementation of oxaloacetate, downstream of malate, restored
the TCA cycle and alleviated FLS senescence.

Furthermore, we evaluated the effects of oxaloacetate supple-
mentation on synovial senescence and OA development (Fig. 8h).
Immunofluorescence indicated that even though GATD3A expression
decreased, oxaloacetate treatment still attenuated the expression of
p16™*? in the synovium (Fig. 8i). Micro-CT analysis showed that oxa-
loacetate reduced osteophyte formation and subchondral bone
sclerosis induced by DMM (Fig. 8j-I). Compared with the DMM group,
the oxaloacetate group showed significantly reduced synovial inflam-
mation and cartilage erosion (Fig. 8m, n), and synovial inflammation
and OARSI score confirmed these changes (Fig. 80). The above findings
indicated that oxaloacetate supplementation could alleviate the
synovial senescence and OA progression caused by GATD3A
deficiency.

Discussion
Cartilage degeneration is a primary characteristic of OA patients, and
for a long time, synovial cell abnormalities were considered secondary
changes of cartilage destruction, but were not intensely investigated.
Increasing evidence confirms that OA is a joint disease closely asso-
ciated with synovial tissue, and suggests that synovial abnormalities
precede cartilage injury and mediate its degeneration®’. However, the
pathological mechanisms in the synovium in OA need further eluci-
dation. In this study, we confirmed the senescence of FLSs in both OA
patients and mice, and showed that senescent FLSs could induce the
OA phenotype, highlighting their crucial role in OA pathogenesis.
Interventions targeting the mechanism of cellular senescence are
expected to provide new insights into alleviating OA™*°. Mitochondria
play a pivotal role in providing essential energy for cellular physiolo-
gical functions and serve as metabolic hubs in regulating metabolic
homeostasis, thus exerting a crucial influence on cellular fate*. Cellular

senescence induced by mitochondrial dysfunction is associated with
OA progression*>*, In the current study, manifestations of mito-
chondrial dysfunction were found in OA-FLSs, and GATD3A, a novel
potential regulator of mitochondrial function®, was dramatically
decreased in OA-FLSs. In vitro results showed that GATD3A did not
decrease with increased passaging of Nor-FLSs, suggesting that the
decline of GATD3A was not a feature of replicative senescence, but
rather a specific change in FLSs under OA conditions that might drive
their senescence. Our further studies confirmed the role of GATD3A in
regulating the mitochondrial function and the senescence of FLSs. It is
important to note that cellular senescence is traditionally considered
as a static cell fate characterized by stable growth arrest**. None-
theless, we observed that GATD3A overexpression significantly
reduced the expressions of senescent markers in OA-FLSs. As senes-
cence is increasingly understood as a dynamic, multi-step process®,
we speculated that GATD3A overexpression might mitigate the mito-
chondrial dysfunction of quiescent or pre-senescent OA-FLSs and
alleviate the senescent phenotype. Further in vivo studies confirmed
that overexpression of GATD3A in FLSs significantly attenuated
senescence and alleviated OA progression induced by DMM surgery,
indicating that targeting GATD3A was a potential therapeutic
approach for OA.

GATD3A is a Parkinson-associated DJ-1/PARK7-like protein that is
considered to be associated with accumulation of advanced glycation
end products and regulation of mitochondrial dynamics®. However,
the regulatory mechanism of GATD3A in mitochondrial function and
its impact on cellular senescence remain unclear. In this study, we
demonstrated for the first time that GATD3A was primarily involved in
the regulation of metabolic processes, particularly playing a beneficial
role in maintaining the integrity of the TCA cycle. Proteomics and
metabolomics revealed that GATD3A deficiency led to a reduction in
TCA cycle flux, accompanied by increased glucose uptake and the
production of glycolytic products such as lactate. Enhanced glycolysis
in FLSs has also been confirmed to drive synovial macrophage infil-
tration and polarization in OA patients, and mediate synovitis*¢, which
further highlights the importance of investigating the functional
mechanisms of GATD3A in FLSs. The TCA cycle plays crucial roles in
both energy production and metabolism, and is closely associated with
mitochondrial dynamics and oxidative stress*’. Numerous studies have
shown that cellular senescence is closely associated with the TCA
cycle***8, Here, we confirmed that GATD3A deficiency contributed to
mitochondrial dysfunction by inhibiting the TCA cycle, inducing OA-
FLS senescence. However, the relationship between metabolic shift
and cellular senescence remains an area that requires active explora-
tion. Studies also find that senescent cells maintain high metabolic
activity and have an increased demand for energy, relying on enhanced
glycolysis to sustain their survival**~°, we cannot exclude the possibi-
lity that FLS senescence, resulting from TCA cycle blockade caused by
GATD3A deficiency, further enhanced the observed metabolic shift
towards glycolysis.

Despite reductions in TCA cycle metabolites such as a-KG,
fumarate and oxaloacetate, it is puzzling that malate shows abnormal
accumulation. Maintenance of the TCA cycle relies on enzyme activity,
with MDH2 catalyzing conversion of malate to oxaloacetate, whichis a
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crucial step in the TCA cycle’. Our study confirmed the interaction
between GATD3A and MDH2, and demonstrated that GATD3A defi-
ciency decreased acetylation of MDH2, thereby impairing MDH2
activity. Sirt3 is a mitochondrial deacetylase that primarily regulates
acetylation of mitochondrial proteins, and recent studies have con-
firmed its close association with MDH2 activity®**>. In the present
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study, we demonstrated enhanced binding between MDH2 and Sirt3
after GATD3A inhibition, resulting in MDH2 deacetylation and inacti-
vation. Studies have shown that Sirt3 deficiency in chondrocytes is
associated with OA progression, and Sirt3 has been identified as a
target for preserving chondrocyte function and preventing OA>***, Our
findings did not contradict the results of these studies. However, the
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Fig. 7 | GATD3A deficiency induces mitochondrial dysfunction by increasing
Sirt3-mediated MDH2 deacetylation. a The MDH2 activity in Nor-FLSs infected
with ShNC or ShGATD3A. n = 5 independent biological replicates. b Western
blotting analysis of protein acetylation levels in FLSs. n = 3 independent biological
replicates. ¢ Immunoprecipitation assay assessing MDH2 acetylation in FLSs
infected with ShNC or ShGATD3A. n = 3 independent biological replicates.
HEK293T cells infected with ShANC or ShGATD3A were transfected with His-MDH2
alone (d), with His-MDH2 and Flag-GATD3A (e), or with His-MDH2 and treated with
NAM or TSA (f). Immunoprecipitation with anti-His was conducted to assess His-
MDH2 acetylation. n =3 independent biological replicates. g GATD3A-
knockdowned Nor-FLSs were treated with NAM or TSA, and the MDH2 activity was
assed. n = 5 independent biological replicates. h-k OCR (n = 5NAM+TSA, n=6
other four groups) and PER assays (n = 3 ShGATD3A, n =4 other groups) of Nor-
FLSs after different treatment. I, m Representative images of SA-B-Gal staining
(n=7 ShNC, n=6 DMSO, n=4 NAM and TSA, n=5 NAM + TSA) and immuno-
fluorescence staining (n = 15) of Nor-FLSs after different treatment. Scale bar:

100 um for SA-B-Gal staining, S0 um for immunofluorescence. n Western blotting
analysis of senescent markers in differently treated Nor-FLSs. n = 3 independent
biological replicates. 0 HEK293T cells were transfected with His-MDH2 WT and 4KR
acetylation-deficient mutants, and the acetylation of His-MDH2 was detected.n = 3
independent biological replicates. p Co-IP assay to verify the interaction between
MDH?2 and Sirt3 in GATD3A-knockdowned Nor-FLSs. n = 3 independent biological
replicates. q Co-IP assay to verify the interaction between His-MDH2 and Sirt3 in
GATD3A-knockdowned HEK293T cells after NAM treatment. n = 3 independent
biological replicates. r GATD3A-knockdowned HEK293T cells were co-transfected
with His-MDH2, Myc-Sirt3, and Flag-GATD3A to assess the effect of Flag-GATD3A on
His-MDH2 binding to Myc-Sirt3 via Co-IP assay. n = 3 independent biological
replicates. All data were presented as the means + SD. P values were determined by
two-tailed unpaired Student’s t-test (a) or one-way ANOVA with Tukey’s multiple-
comparisons. P < 0.05 was considered statistically significant. Source data are
provided as a Source Data file.
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Fig. 8 | Oxaloacetate attenuates GATD3A-deficiency-induced mitochondrial
dysfunction and OA development. a Role of oxaloacetate in TCA cycle and
malate-aspartate shuttle (Created in BioRender. Shen, K. (2024) https://BioRender.
com/w90b978). b The content of oxaloacetate in Nor-FLSs after infection with
ShNC or ShGATD3A lentivirus and supplementation with oxaloacetate. n =5 inde-
pendent biological replicates. OCR (n = 4 ShNC, and n =3 other two groups) (c)
and PER (n = 4 ShGATD3A, and n =3 other two groups) d assays of Nor-FLSs after
infection with ShNC or ShGATD3A lentivirus and supplementation with 1 mM
oxaloacetate. e, f Representative images of SA-B-Gal staining (n = 10) and immu-
nofluorescence staining (n = 15) of Nor-FLSs after infection with ShNC or
ShGATD3A lentivirus and supplementation with 1 mM oxaloacetate. Scale bar:
100 um for SA-B-Gal staining and 50 um for immunofluorescence. g Western blot-
ting and immunoprecipitation analysis to detect the senescent markers and the
acetylation level of MDH2 in Nor-FLSs after infection with ShNC or ShGATD3A
lentivirus and supplementation with 1 mM oxaloacetate. n = 3 independent bio-
logical replicates. h Experimental design diagram of intraperitoneal injection of

oxaloacetate in mice (Created in BioRender. Shen, K. (2024) https://BioRender.
com/w90b978). i Representative images of immunofluorescent staining in the knee
joint from DMM-induced OA mice with or without oxaloacetate treatment. n=>5
independent biological samples. Scale bar: 50 um. j 3D reconstruction images of
micro-CT of the knees and osteophytes (arrows pointed), and the statistical analysis
of the number of osteophytes. n = 5 independent biological animals.

k Representative coronal plane images of knee joints. I Quantification of BV/TV, and
Tb. Th. n = 5 independent biological animals. Representative images of H&E
staining (m), Safranin O/Fast green staining and Toluidine Blue staining (n) for knee
joints. n =5 independent biological samples. Scale bar: 100 um. o The severity of
synovitis and OA phenotype were assessed through synovial inflammation score
and OARSI score system. n = 5 independent biological animals. MAS, malate-
aspartate shuttle; OAA, oxaloacetate. All data were presented as the means + SD. P
values were determined by one-way ANOVA with Tukey’s multiple-comparisons.
P <0.05 was considered statistically significant. Source data are provided as a
Source Data file.
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role of Sirt3 in regulating cellular function and disease is complex and
should be comprehensively considered in the context of different
mechanisms of cellular dysfunction®. Our study broadened the
understanding of the mechanisms by which Sirt3 regulated cellular
function. Additionally, an interesting finding should also be noted:
despite feedback regulation being an adaptive response following TCA
cycle blockade, we observed that MDH2 expression was reduced in OA
samples and subsequently recovered by GATD3A overexpression
(Supplementary Fig. 8). This may be because the reduction in MDH2
can facilitated the conversion of accumulated malate via the pyruvate-
malate or malate-aspartate shuttle, which then re-entered the TCA
cycle, thereby partially alleviating the TCA cycle blockade caused by
decreased MDH2 activity, and preventing the collapse of cellular
energy**%, The mechanism responsible for the decrease in MDH2 in
OA needs to be further elucidated. Overall, our results elucidated the
reasons for the reduction in TCA cycle flux in FLSs caused by GATD3A
deficiency.

Supplementing downstream metabolites of impaired enzymes
can restore the stability of the TCA cycle®. Oxaloacetate, a down-
stream metabolite of MDH2, is not only an important metabolite for
maintaining the TCA cycle, but it also participates in the malate-
aspartate shuttle to maintain its role in NAD*/NADH balance and cell
proliferation®®®', Our study confirmed that 1 mM oxaloacetate recov-
ered the oxaloacetate content in GATD3A-deficient Nor-FLSs. Since
previous studies have suggested that accumulation of excessive oxa-
loacetate inhibits succinate dehydrogenase activity and affects cellular
respiration®’, we chose 1mM instead of 10mM for subsequent
experiments. Notably, 1 mM oxaloacetate significantly enhanced the
respiratory ability and attenuated the senescence of GATD3A-deficient
Nor-FLSs. These findings further confirmed that GATD3A deficiency
disrupted the TCA cycle through MDH2. In vivo experiments demon-
strated that oxaloacetate alleviated the synovial senescence and OA
progression caused by GATD3A deficiency. However, since senescent
cells accumulate widely accumulated in various tissues in OA, and
oxaloacetate was administered via intraperitoneal injection in this
study, we could not eliminate the possibility that oxaloacetate might
have a positive effect on the metabolism of cells other than FLSs (such
as chondrocytes), potentially contributing to the alleviation of OA.
Methods for precise supplementation of oxaloacetate in FLSs could be
designed and used to further confirm the role of oxaloacetate in alle-
viating FLS senescence and OA progression.

In conclusion, we confirmed an association between FLS senes-
cence and OA development. GATD3A deficiency disrupted the TCA
cycle by Sirt3-mediated deacetylation of MDH2, inducing mitochon-
drial dysfunction, and promoting senescence of FLSs. Our study
demonstrates that GATD3A is a novel potential therapeutic target for
OA. However, this study had certain limitations. Beyond its important
role in maintaining the TCA cycle, whether GATD3A has additional
functions and whether its deficiency involves other mechanisms reg-
ulating cellular senescence (such as the accumulation of AGEs)
requires further investigation. Additionally, the decrease of GATD3A
was unexpectedly observed in OA chondrocytes (Supplementary
Fig. 4a), and whether targeting GATD3A represents an “universal”
therapeutic strategy for OA requires further investigation.

Methods

Human participants

This study has been approved by the ethics committee of the First
Affiliated Hospital of Nanjing Medical University (Approval No: 2023-
SR-291). All patients were informed and gave consent prior to sample
and information collection, and full written informed consent was
obtained. Human OA synovium tissues and cartilage were obtained
from OA patients undergoing total knee arthroplasty (n=33, age
58.79 £3.43, BMI 23.02 +2.02, Kellgren-Lawrence grade 3.73 + 0.45).
Normal synovium tissues were taken from patients undergoing

arthroscopic surgery for meniscus or anterior cruciate ligament injury,
and confirmed by arthroscopy to have no cartilage damage or syno-
vitis (n=25, age 57.36 +3.38, BMI 22.47 +1.86, Kellgren-Lawrence
grade 0.60 + 0.50). Cartilage tissues collected from OA patients were
examined by histological staining to assess OA severity according to
the modified Mankin scoring system (0-14)%. The synovitis score
(0-9) of normal and OA synovium were also assessed as described
before®’. Detailed information of patients was shown in Supplemen-
tary Table 1-3.

Isolation and culture of FLSs and chondrocytes from human
After clearing the fat and other tissues, the synovium was minced and
digested using 0.2% collagenase I (Gibco, USA) for 2h at 37°C to
separate FLSs. The digestion was then filtrated through a sterile 70 pm
filter (Fisherbrand, USA). After centrifugation, the cells were resus-
pended and cultured in Dulbecco’s Modified Eagle’s Medium (DMEM,
Gibco, USA) containing 10% fetal bovine serum (FBS, Gibco, USA) and
1% penicillin-streptomycin (P/S, Sigma-Aldrich, USA). The next day, the
nonadherent cells were aspirated and the adherent cells were washed
with complete medium to yield FLSs. Chondrocytes were obtained
from the undamaged cartilage area of OA patients, and the procedure
was conducted as we described before®. After isolation, the chon-
drocytes were cultured in DMEM complemented with 10% FBS and
1% P/S.

All cells were passaged and cultured in new medium when they
reached 80% confluence.

Recombination adeno-associated virus construction

As described before'®®, recombination adeno-associated virus 9
(rAAV9) modified with synovial fibroblast specific targeting peptide
HAP-1 (rAAV9.HAP-1, peptide sequence of HAP-1: SFHQFARATLAS) was
designed to overexpress the gatd3a in mice synovium. rAAV9.HAP-1-
Gatd3a (rAAV-GATD3A), rAAV9.HAP-1-Vec (rAAV-Vec) and rAAV9.HAP-
1-EGFP were purchased from Obio Biotechnology (Shanghai, China).

Experimental OA model and rAAYV injection

C57BL/6) mice were purchased from Nanjing Medical university and
housed under pathogen-free conditions with five or fewer mice per
cage. Mice were kept under constant temperature and humidity and
controlled 12 h light-dark cycles. Mice had free access to standard
laboratory chow and water. Due to factors such as hormone levels,
model stability, and previous research practices, ten-week-old male
mice were used for experimental OA model by DMM. Mice were
anesthetized with sodium pentobarbital and the medial meniscotibial
ligament in the right knee joints were transected. In the sham group,
the joint cavity of right knee joint was also opened without menisci
ligament section, and then closed the skin. The experimental protocol
was approved by the Animal Research Committee of Nanjing Medical
University (Approval No: IACUC-2304053). All animal experiments
were performed in accordance with ARRIVE guidelines.

To assess the efficacy of rAAV9.HAP-1in targeting synovium, 10 pL
rAAV9.HAP-1-EGFP was intra-articular injected into knee joint of mice.
The mice were sacrificed and the knee joints were collected to observe
the EGFP expression using fluorescence microscope at 5 weeks after
injection.

For local deliver of GATD3A, 10 pL rAAV (1 x 10" vg/mL) contain-
ing GATD3A (rAAV-GATD3A) and negative control (rAAV-Vec) was
administered to mice by intra-articular injection at 7-, 21- and 35-day
post DMM surgery. Same procedure was also performed on sham
group. All mice were euthanized at 8 weeks post-surgery.

Isolation, senescence induction, and intra-articular injection of
mouse FLSs

The isolation of mouse FLSs was conducted as described before®”.
Briefly, the synovium (including Hoffa’s fat pad) was dissected with
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microscopic scissors and forceps under a microscopy. After clearing
the fat and other tissues, synovial tissue was digested with 0.1% Col-
lagenase IV (Gibco, USA) and 0.01% DNase I (Invitrogen, USA) for
30 min at 37 °C. Digestions were filtered through a sterile 70 pum filter
and centrifuged to collect cells. Cells were than culture in complete
DMEM medium.

For the induction of FLS senescence, mouse FLSs were treated
with 200 puM hydrogen peroxide (H,0,) 2 h daily for 3 days as descri-
bed before®**. The senescence of mouse FLSs was confirmed by
Western blotting assay and SA-B-Gal staining.

To assess the role of senescent FLSs in promoting OA, normal
mouse FLSs and H,O,-induced senescent mouse FLSs (2 x10° cells
in 10 uL) were intra-articularly injected into mice without DMM surgery
at 0-, 14- and 28-day. All mice were euthanized at 6 weeks post-
injection.

Oxaloacetate treatment

Oxaloacetate (Sigma, USA) was dissolved in PBS and pH was adjusted
to 7.0 with NaOH, mice in experimental group were treated daily with
0.5 g/kg oxaloacetate in 200 pL via intraperitoneal injection. The Sham
and DMM groups received PBS injection. Mice were dosed for 8 weeks
post-surgery.

Micro-CT, histology and immunohistochemistry

The mouse joints were collected and fixed, and the structural were
scanned using SkyScan 1176 Micro-CT equipment (Bruker, USA) with
an 8 um scanning resolution. Then the data were reconstructed into 3D
images, number of osteophytes, trabecular bone volume per total
volume (BV/TV) and trabecular thickness (Tb. Th) were analysed using
CT Analyzer software (SkyScan).

For histological staining, the deparaffinized sections of mouse
knee joint and human synovium were stained with hematoxylin and
eosin (H&E), Toluidine Blue, or Safranin O/Fast green (Solarbio, China)
according to the manufacturer’s instructions. The severity of cartilage
degeneration was scored Osteoarthritis Research Society International
score (OARSI, grade 0-6) and synovial inflammation was scored on an
arbitrary scale (0-3) depending on the infiltration of inflammatory
cells into the synovial.

For immunohistochemistry staining, deparaffinized sections were
treated with 3% H,0, for 15 min and blocked with 5% BSA for 1 h. Then,
the sections were incubated overnight at 4 °C with anti-p16™**, anti-
GATD3A, or anti-MDH2 antibodies. After incubation, sections were
washed with PBS and incubated with HRP-conjugated secondary
antibodies (ZSGB-BIO, China) at room temperature for 1h. Subse-
quently, the sections were stained using a Diaminobenzidine kit (ZSGB-
BIO, China). All images were observed and acquired with an optical
microscope (Olympus, Japan).

Immunofluorescence

Decalcified mouse knee joint and human synovium samples were fixed
in 4% paraformaldehyde (PFA) and then embedded in paraffin. The
embedded samples were cut into 5 pm sections and subsequently
deparaffinized. The sections were subjected to antigen retrieval using
Sodium citrate antigen retrieval solution (Beyotime, China), followed
by treatment with 0.3% Triton X-100 for 15min, and subsequently
blocked with 5% BSA (Biosharp, China) for 1 h. Then, the sections were
incubated with primary antibodies overnight at 4 °C and treated with
Alexa Fluor 488 or Alexa Fluor 594-conjugated secondary antibodies
(Jackson, USA) next day. Finally, the nucleus was stained with DAPI
solution for 5 min. Furthermore, multiple immunofluorescence stain-
ing was also conducted through tyramide signal amplification (TSA)
technology according to the manufacturer’s instructions (AiFang bio-
logical, China). The immunofluorescence staining of cells was con-
ducted as the above steps described. All images were observed and

captured by using fluorescence microscope or confocal fluorescence
microscope (Leica, Germany). The intensity of p16™** were quantified
using ImageJ software.

Lentivirus infection and cell transfection

GATD3A knockdown (ShGATD3A-1: 5-GAAGCTCACGTGGACCAGAAA-3',
ShGATD3A-2: 5-AGTCTACGATGGGACCGAGAT-3), GATD3A over-
expression and control lentiviruses were purchased from GenePharma
(Shanghai, China). Cells were infected with lentiviruses (MOI for FLSs:
100, MOI for HEK 293 T:10) in the presence of 5 ug/mL polybrene. After
infection for 48 h, stable cells were selected with 2 pg/mL puromycin for
a week. FLSs infected differently were divided into ShNC, ShGATD3A,
Vec and GATD3A group respectively. The human Flag-tagged GATD3A,
His-tagged MDH2, Flag-tagged GATD3A-G1(1-155aa), Flag-tagged
GATD3A-G2(156-268aa), His-tagged MDH2-M1(26-168aa), His-tagged
MDH2-M2(169-338aa), Flag-tagged GATD3A-MUT#1, Flag-tagged
GATD3A-MUT#2, His-tagged MDH2-MUT#1, His-tagged MDH2-MUT#2,
His-tagged MDH2*® (K185, K301, K307 and K314) and Myc-tagged Sirt3
plasmids were all constructed by Genebay Biotech (Nanjing, China). FLSs
and HEK 293 T cells were transfected using Lipofectamine 3000 reagent
(Thermo Fisher Scientific, USA) according to the manufacturer’s
instructions.

Senescence associated B-galactosidase (SA-B-Gal) assay

FLSs from different groups were seeded in 24-well plates at a density of
2 x10* cells. The SA-B-Gal Staining kit (Beyotime, China) was used to
detect the senescence of FLSs according to the manufacturer’s
instructions. Briefly, FLSs were fixed at room temperature for 15 min
and washed with PBS, followed by treatment with SA-3-Gal staining
solution overnight at 37 °C. At least four random fields per group were
captured, and the percentage of positive staining was calculated using
ImageJ.

Elisa assay
The contents of IL-13 and TNF-a in the supernatant of FLSs treated
differently were analysed using IL-13 and TNF-a Quantikine ELISA kits
(R&D, SLB50 and DTAOOD, USA) according to the manufacturer’s
instructions.

Western blotting and immunoprecipitation assay

Tissue samples and cells were lysed with RIPA buffer (Beyotime,
China) and the BCA protein assay kit (Beyotime, China) was used to
measure protein concentration. For Western blotting, protein
supernatant was mixed with loading buffer and heated at 95 °C for
10 min. For immunoprecipitation (IP), an Immunoprecipitation Kit
(Beyotime, China) was used based on manufacturer’s protocol.
Briefly, protein A/G magnetic beads were washed and incubated with
required primary antibody or the control IgG at room temperature
for 1h, followed by incubation with lysates overnight at 4 °C. The
beads were separated and eluted with SDS-PAGE sample loading
buffer (1X). For the elution of tag-target protein, competitive elution
was performed with 3X Flag peptide, 6X His peptide or c-Myc peptide
(Beyotime, China). Proteins were then separated by SDS-PAGE and
transferred to polyvinylidene fluoride membranes (Millipore, USA).
After being blocked with 5% BSA for 1h, the membranes were incu-
bated with primary antibodies overnight at 4 °C, followed by incu-
bation with HRP-conjugated secondary antibodies at room
temperature for 1 h. To avoid the interference of heavy chain or light
chain, specific targeting secondary antibodies purchased from Abb-
kine’s IPKine™ were also used. The protein bands were visualized
using ECL reagent (Thermo Fisher Scientific, USA), and detected with
Tanon 5200. The primary antibodies were listed in Supplementary
Table 4. Uncropped gels have been provided in Source Data file and
Supplementary Materials.
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IP coupled with mass spectrometry (IP/MS)

Total proteins were extracted from the FLSs and IP was performed with
GATD3A antibodies and protein A/G magnetic beads as described
above. The protein gel strips were proteolyzed and the peptide sam-
ples were separated with Thermo UltiMate 3000 UHPLC. Then the
mass spectrometry detection was performed using Q-Exactive HF X
(Thermo Fisher Scientific, USA).

Quantitative RT-PCR (qRT-PCR)

Total RNA of tissues and cells was extracted using the RNA-easy Iso-
lation Reagent (Vazyme, China) according to the manufacturer’s
instructions. 1000 ng total RNA was then reverse-transcribed into
cDNA using the PrimeScript RT reagent kit (Takara, Japan). Real-time
PCR was performed with SYBR Green PCR master mix (Applied Bio-
systems, USA) using Step One Plus PCR system (Applied Biosystems,
USA). Transcript levels were normalized to the housekeeping gene (f3-
actin). The relative gene expression was evaluated using the 2 44¢T
method. Each group was performed in biological triplicates. The pri-
mers used in qRT-PCR were shown in Supplementary Table 5.

RNA-sequencing study

Total RNA of Nor-FLSs and OA-FLSs were extracted with TRIzol reagent
(Invitrogen, USA) and treated with RNase-free DNase | to remove
contaminating genomic DNA. After cDNA synthesis and PCR amplifi-
cation, the library construction and the sequence were performed on
BGISEQ-500 at BGI (Shenzhen, China). The sequence data was filtered
and HISAT was used to map clean reads to the genome of hgl9. Then,
the RSEM software was used to quantify gene expressions and differ-
entially expressed genes (DEGs) were identified using DEGseq under
the conditions of Fold change >2 or <0.5, and p-value < 0.05.

ATP content assay

To assess the content of ATP in cells, ATP assay kit (Beyotime, China)
was used. Briefly, after removing the culture medium, cells were trea-
ted with lysis buffer and centrifuged at 12,000 g at 4 °C for 5 min. The
supernatant was added into the ATP working solution and the lumi-
nescence of solution was tested using SynergyH1 (Biotek, USA). Then,
the protein concentration of each group was detected by BCA assay,
and ATP levels were normalized to nmol/mg protein. Relative ATP
contents were compared between groups.

Mitotracker and MitoSOX staining

For Mitotracker and MitoSOX staining, living FLSs from different
group were stained with MitoTracker Deep Red FM (Beyotime, China)
or MitoSOX Red (Invitrogen, USA) to observe the mitochondrial net-
work and the mitochondrial superoxide following the instructions. The
nuclear was stained with Hoechst 33342 dye (Beyotime, China). Images
were captured using confocal fluorescence microscope or fluores-
cence microscopy (Leica, Germany). The mitochondrial network was
analysed with FIJI MiNA plug-in and the MitoSOX intensity was ana-
lysed using Image)J.

Transmission electron microscopy

To observe the morphological and structural changes of mitochon-
dria, FLSs were collected and fixed in glutaraldehyde/0.1 M phosphate
buffer (pH 7.4) for 1h, and then fixed in 1% osmium tetroxide for 1 h.
After being dehydrated, samples were embedded in acetone/embed-
ding resin and cut into 60 nm ultrathin sections, followed by uranyl
acetate and lead citrate staining. Sections were observed under a
transmission electron microscope (TEM, Hitachi, Japan).

Mitochondrial membrane potential measurement

The mitochondrial membrane potential of FLSs were measured with a
JC-1 assay kit (Beyotime, China). Briefly, FLSs treated differently were
digested to prepare cell suspension, followed by incubation with JC-1

working solution for 20 min at 37°C. After incubation, cells were
washed with JC-1 buffer and detected with a flow cytometer (CytoFLEX,
Beckman Coulter, USA). The aggregate-to-monomer ratio was ana-
lysed using FlowJo software.

Seahorse assay

The mitochondrial respiration and glycolysis of FLSs were measured
by Seahorse XF96 Mitochondrial Stress Test and Proton Efflux Rate
(PER) assay (Agilent Technologies, USA). Briefly, FLSs treated differ-
ently were seeded at 15,000 cells per well in Seahorse XF96 micro-
plates and incubated overnight at 37 °C. Next day, the medium was
replaced with seahorse medium, and the cells were then incubated at
37°C for 1h in a CO, free incubator. For Mitochondrial Stress Test
assay, cells were measured in basal conditions, followed by 2 pM oli-
gomycin, 3 pM FCCP and 1M rotenone/antimycin A (Rot/AA) treat-
ment. For the Glycolytic Rate Assay, after measuring basal conditions,
cells were treated with 0.5 pM Rot/AA and 50 mM 2-deoxyglucose (2-
DG). The OCR and PER data were normalized to cell number and
analysed using WAVE software (Agilent Technologies, USA).

Micromass assay

Human chondrocytes at passage 3 were trypsinized and counted for
micromass culture. Briefly, 20 pL of medium containing 4 x 10° chon-
drocytes was spotted onto 24-well plates and incubated for 2 h. Then
the medium of FLSs treated differently was added to chondrocytes,
and the medium was changed every 2 days. The micromass was fixed
after incubation for 7 days and stained with Alcian blue (Solar-
bio, China).

Mitochondria, nuclear and cytoplasmic protein extraction

To obtain the mitochondria of cells, a Mitochondrial Isolation kit (MCE,
USA) was used. Briefly, cells were trypsinized and suspended in cold
PBS. After centrifugation, cells were treated with mitochondria isola-
tion reagent and placed in an ice bath for 15 min. Then, samples were
homogenized and centrifuged at 600 g for 10 min. The supernatant
was further centrifuged and the isolated mitochondria were treated
with mitochondria lysis buffer for further research. The nuclear and
cytoplasmic proteins were extracted with the Nuclear and Cytoplasmic
Protein Extraction kit (Beyotime, China) according to the manu-
facturer’s instructions.

Fluorescence colocalization analysis

FLSs or HEK 293 T cells were seeded in glass bottom cell culture dishes
(NEST, China) and fixed with 4% fresh PFA for 20 min. Then, cells were
washed with PBS three times, permeabilized with 0.1% Triton X-100 for
10 min, and blocked with 10% goat serum. After incubation with pri-
mary antibodies overnight at 4 °C, fluorescence conjugated secondary
antibodies were added. Images were observed and captured through a
Stellaris STED confocal laser microscope (Leica, Germany). Signal
intensity profiles along a line were measured and the colocalization
were analysed with Pearson’s correlation using Leica LAS X software.

Label-free proteomics assay

The proteins were extracted from FLSs infected with ShNC or
ShGATD3A lentiviruses (n=3 independent biological replicates per
group), and the peptides were subjected to LC-MS analysis at Allwe-
gene Technology (Beijing, China). Label-free quantification was used
to compare the abundance of proteins between the two groups, and
the significant differences was identified using Student’s ¢-test. After
database retrieval, the data was analysed bioinformatically.

Untargeted metabolomics study

The untargeted metabolomics were performed at Metabo-Profile
Biotechnology (Shanghai, China). For the preparation of samples, FLSs
(5 x10%/sample) collected from ShNC and ShGATD3A group (n=6)
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were homogenized in 400 uL extraction solution (methanol/acetoni-
trile=1:1, v/v) containing 0.02 mg/mL L-2-chlorophenylalanine for
3 min and oscillated for 15 min. Samples were centrifuged at 18,000 g
at 4 °C for 20 min to obtain supernatants. Then, the metabolites were
analysed using UHPLC-Q Exactive HF-X system (Thermo Fisher Scien-
tific). The original data were imported into the metabolomics software
ProgenesisQl (Waters Corporation, USA) for further processing. The
MS information was matched with the metabolic database (Human
Metabolome Database, HMDB), and metabolites were identified based
on the matching score.

Stable isotope tracing analysis

To analyse the isotope distributions in intracellular metabolites, the *C
metabolic flux was performed on FLSs. After reaching 85% confluence,
the media of FLSs were replaced with glutamine-free DMEM (Gibco)
supplemented with 2mM [®Cs] glutamine or glucose-free DMEM
(Gibco) supplemented with 10 mM [U-3C¢] glucose and incubated for
24 h. The [*C;] glutamine and [U-®C,] glucose were all purchased from
Cambridge Isotope Laboratories (USA). The FLSs from ShNC and
ShGATD3A group were washed with PBS and 1 ml 80% cooled metha-
nol were added, and then the cells were scraped and stored at -80 °C.
Samples were analysed at Metabo-Profile Biotechnology (Shanghai,
China). Before metabolic detection, samples were broken ultra-
sonically and centrifuged at 18,000 g for 15 min. All supernatant was
centrifugally concentrated and redissolved with 100uL of 80%
methanol solution, waiting for sample analysis. After correcting for the
natural isotope, samples were analysed using ultra-performance liquid
chromatography triple-quadrupole mass spectrometry (UPLC-TQ-MS,
Waters Corporation, USA). Peak extraction, integration, identification
and quantitative analysis of each metabolite were performed using
MassLynx software (Waters Corporation, USA) for raw data.

Glucose uptake and lactate content assay

A Glucose Uptake Assay kit (Abcam) based on 2-deoxyglucose (2-DG)
was used to detect the glucose consumption of FLSs according to the
manufacturer’s instructions. The lactate content was detected using a
CheKine Micro Lactate Assay Kit (Abbkine, China) and calculated
micromoles per 1x10° FLSs.

Malate and Oxaloacetate content, and MDH2 activity assasy
Intracellular malate and Oxaloacetate concentration were assessed
using a Malate or Oxaloacetate Assay kit (Sigma, MAKO67 and
MAKO70, USA) according to the manufacturer’s instructions. FLSs
(1x10%group) were collected and assayed at 450 nm in a microplate
reader. The MDH2 activity was assessed using the kit purchased from
Elabscience (E-BC-K561-M, China).

Statistical analysis

Results are presented as the means + SD of at least three independent
experiments and graphs were generated with GraphPad Prism
10.2.1 software. Differences between two groups were analysed using
Student’s t-tests. For comparisons of more than two groups, one-way
analysis of variance (ANOVA) followed by Tukey’s multiple comparison
test was used. For all tests, P<0.05 was considered statistically
significant.

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

Data availability

The RNA sequencing data generated in this study have been deposited
in the NCBI Sequence Read Archive under accession code
PRJNA1149351. The proteomics data generated in this study have been
deposited in the ProteomeXchange Consortium via the iProX partner

repository under accession code PXD055034. All other relevant data
supporting the findings of this study are available within the article and
its Supplementary Information file. Source data are provided with
this paper.
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