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RNA-binding protein HNRNPD promotes
chondrocyte senescence and
osteoarthritis progression through
upregulating FOXM1

Check for updates

Huanyu Jiang 1,2,3, Yubiao Zhang1,2,3, Geliang Hu1,2,3, Piyao Ji1,2,3, Jianghua Ming1, Yaming Li1 &
Yan Zhou 1,2

Osteoarthritis (OA) is a commonage-relateddisease that is correlatedwith a high number of senescent
chondrocytes in joint tissues. Heterogeneous nuclear ribonucleoprotein D (HNRNPD) is an RNA-
binding protein whose expression imbalance is associated with cell senescence, but the role of
HNRNPD in theoccurrence anddevelopmentofOAhasnotbeen reported. In this study,HNRNPDwas
found to be associated with the chondrocyte senescence process. We determined the factors at the
posttranscriptional level that regulated the expression of the genes that induce OA and found that
HNRNPD was specifically highly expressed in OA-induced rat cartilage and in human OA cartilage.
Recombinant adeno-associated virus (rAAV)-mediated HNRNPD gene overexpression alone did not
significantly regulate the occurrence and development of OA in the physiological state of the joint.
However, rAAV-HNRNPD significantly exacerbated experimental OA in rats subjected to
destabilization of the medial meniscus. Overexpression of HNRNPD promoted mitochondrial
dysfunction and the expression of FOXM1,which acts as a direct target. Furthermore, downregulation
of FOXM1 in chondrocytes weakened the HNRNPD-mediated promotion of chondrocyte senescence
andmitochondrial dysfunction. Our results suggest that the RNA-binding protein HNRNPD promotes
chondrocyte senescence in the pathology of OA by upregulating FOXM1.

Osteoarthritis (OA) is a chronic degeneration characterized by destruction
of articular cartilage stroma and mainly manifests as subchondral bone
hyperplasia, synovial inflammation, and articular cartilage degeneration1,2.
In the comingdecades, therewill be a sharp increase in thenumber of people
suffering from OA and requiring artificial joint replacement due to OA3,4.
For the elderly individual, many factors related to senescence can lead to
OA. Previous studies revealed that under conditions of mitochondrial
dysfunction, oxidative stress, and decreased autophagy, the function of
chondrocytes changed, and abnormal phenomena such as degradation,
senescence, and apoptosis occurred5,6. Therefore, in-depth study of senes-
cence is important to elucidate the factors in OA pathogenesis and will help
identify new treatment targets to delay or block the onset of OA, an
achievement that would have great social significance.

Long-term survival of senescent cells leads not only to organ damage
but also toOAand other age-associated diseases. Cell senescence is the basis

of body aging, and in the occurrence and development ofOA, chondrocytes
show a variety of senescent characteristics7,8. Senescent cells exhibit non-
division, apoptosis and a frequent senescence-associated secretory pheno-
type (SASP); moreover, senescent cells can affect the morphology and
function of the cells and tissues around them9,10. In SASP, levels of pro-
inflammatory factors such as interleukin (IL)-1, IL-6 and matrix metallo-
proteinase (MMP)-3 have been found to increase, coinciding with the fac-
tors that promote the occurrence of OA11,12.

Studies have shown that posttranscriptional regulation of mRNA is an
important molecular mechanism in the regulation of chondrocyte senes-
cence. The regulation of mRNA stability is a crucial link influenced by both
miRNAs and target genes (RNA binding proteins)13,14. The RNA-binding
protein binds to the AU enrichment element in the target gene 3-
untranslated-UTRs, resulting in tail translocation of PolyA, which leads to
mRNA degradation15,16. In the early stage, we focused on the role of RNA
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binding protein in OA, and compared the expression of heterogeneous
nuclear ribonuclear protein D (HNRNPD) in rat and human OA cartilage
specimens, and found that the expression of HNRNPD in rat and human
OA cartilage specimens was significantly higher than that in normal carti-
lage tissues, which was shown in Fig. 1B. HNRNPD is a kind of noncoding
RNA located in cells that can bind to noncoding RNA and that plays an
important role in mRNA synthesis and transport17. HNRNPD is an
important molecule that regulates the stability of mRNA encoded by genes
involved in the cell cycle, proliferation, senescence, and apoptosis18,19. Pre-
vious studies have shown that HNRNPD can regulate aging in skin cells20,
vascular endothelial cells21, and human airway epithelium22. HNRNPD
showed contradictory functions in multiple tumor model systems, pro-
moting both pro-tumor formation events and anti-tumor formation events.
The phenotypic complexity is due to the different functions of different
HNRNPD subtypes in specific tissue contexts, and also because the
abnormally regulated mRNA is involved in many different functions23,24.
The target mRNA of HNRNPD includes both positive and negative reg-
ulators that encode the regulatory process. The complexity of these gene

regulatorynetworks precludes a commondefinitionofHNRNPDas a single
agent that promotes or resists disease formation. There may be different
regulatory modes in different cell environments and concentrations of
HNRNPD, so it is of great significance to study the relevantmechanisms for
specific subtypes and specific cell localization.However, no investigationhas
been reported on whether HNRNPD regulates mRNA and participates in
the occurrence and development of OA.

The purpose of this study was to explore the relationship between
HNRNPD and the occurrence and development of OA. The results showed
that the expression of HNRNPD was significantly increased in cartilage
tissues of patients with OA and in OA model rats. In this research, we
evaluate the effect of HNRNPD on the occurrence and development of OA
and explore its regulatory mechanism. We found that recombinant adeno-
associated virus (rAAV)-HNRNPD significantly accelerated the chon-
drocyte senescence phenotype and aggravated the occurrence of OA in a
destabilization of the medial meniscus (DMM) rat model. Further studies
revealed that HNRNPD regulates the expression of the FOXM1 gene and
may be a key molecule in regulating the senescence phenotype of articular

Fig. 1 | Chondrocyte senescence and elevated HNRNPD levels closely associates
with the progression of OA. A The MRI, general and arthroscopic observation of
OA cartilage tissues and corresponding non-lesion samples. Black arrowheads
indicate the site of cartilage damage. B The HE, Safranin O/fast green, Alcian blue
staining (scale bars; up: 600 µm, down: 240 µm), and immunohistochemical staining
of HNRNPD and P21 of the cartilage tissues of OA patient and OAmodel rat (scale

bar: 120 µm).C Immunofluorescence analysis of P16INK4AINK4a in the synovium,
cartilage surface, and subchondral bone from sham and OA model rats (scale bar:
60 µm). The ratios of immunoreactive cells of P16INK4A (D), HNRNPD (E), and
P21 (F) were analyzed. Data were expressed as mean ± SD (n = 5). ***P < 0.001 vs.
sham or control group.
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cartilage in OA. To the best of our knowledge, this is the first report
describing a causative role for HNRNPD in chondrocyte senescence and
onset of OA.

Results
Chondrocyte senescence and upregulated HNRNPD are closely
associated with the progression of OA
To explore the possible association of the RNA-binding protein HNRNPD
with OA pathogenesis, we first analyzed the levels of HNRNPD in
osteoarthritic cartilage tissues and corresponding nonlesion samples
(Fig. 1A). Prior to experimental assessment, we performed hematoxylin-
eosin (H&E), Safranin O/fast green and Alcian blue staining of each of the
human and rat cartilage tissue samples and detected HNRNPD protein
expression using an immunohistochemical staining assay (Fig. 1B).
ACLT+MMx-mediated injury reduced Safranin O and Alcian blue
staining of proteoglycans and resulted in cartilage thinning, surface irre-
gularities and joint space narrowing (specimen tissue from our previous
studies25,26). The HNRNPD protein level was markedly elevated in the OA-
damaged regions of human cartilage compared with that in normal carti-
lage. The HNRNPD protein level was also markedly increased in chon-
drocytes of osteoarthritic cartilage from rats with ACLT+MMx surgery
(Fig. 1E), and the results demonstrated that HNRNPD was significantly
upregulated in osteoarthritic cartilage.

To explore the role of cellular senescence in OA development, we
examined the expression of P16INK4A and P21, typical biomarkers of
senescent cells, in human and rat osteoarthritic cartilage. The levels of
P16INK4A and P21 were dramatically elevated in the cartilage of the
patients with OA (Fig. 1B, C). We found that compared to sham-operated
rats, ACLT+MMx-mediated rats had a greater number of P16INK4A- and
P21-expressing cells on the cartilage surface, as well as in the synovium and
subchondral bone. Moreover, cartilage degradation was significantly
aggravated during ACLT + MMx-induced OA pathogenesis, an outcome
that was tightly correlated with enhanced P16INK4A and P21 expression
(Fig. 1D, F). These results indicate that chondrocyte senescence and upre-
gulated HNRNPD are tightly correlated with OA progression.

HNRNPD overexpression alone does not modulate OA
pathogenesis
Based on the above findings, rAAV was used in this portion of the study to
transfect HNRNPD and observe the effect on the occurrence and devel-
opment of OA in vivo (Fig. 2A, B). Our previous work extensively
demonstrated that rAAV9 can efficiently transport target genes to joints26.
We observed that weekly rAAV-HNRNPD intra-articular (IA) injections
significantly increased the expression of HNRNPD in cartilage and syno-
vium, as confirmed by immunohistochemical staining (Fig. 2C, D). How-
ever, modifiedMankin score results showed that HNRNPDoverexpression
did not cause cartilage destruction in sham rats, whereas injection of rAAV-
HNRNPD into the articular cavity of sham rats resulted in thinning of
subchondral bone, as shown by the H&E and Safranin O staining
(Fig. 2E, F).

For this study, the subchondral T2 signal of the knee of rats was
analyzed by micro-MRI (Fig. 3A). While fat-suppressed, T2-weighted
micro-MRI images from the sham-operated rats exhibited a clear, thin
T2 signal consistent with themetaphyseal growth plate and cartilage surface
regularity, there was no significant difference in the T2 signal between the
sham-operated and rAAV-HNRNPD-injected rats.

The micro-CT technique was used to observe the changes in calcifi-
cation, morphology and osteophytes in the articular cavity (Fig. 3B).
Compared to the sham-operated rats, those in the rAAV-HNRNPD-
injected group exhibited reductions in the quantitative morphological
parameters (BV/TV) ratio (Fig. 3B) and increased the average trabecular
interval (Tb. Sp) (Fig. 3D), and there was no statistically significant differ-
ence in the average trabecular thickness (Tb. Th) (Fig. 3C), which were
consistent with the H&E and Safranin O staining. These results collectively
indicate that overexpressionofHNRNPDalone is not sufficient to causeOA

pathogenesis in sham-operated rats, but it led to a decrease in subchondral
bone mass with the appearance of osteoporosis.

Gene implantationofHNRNPDexacerbatesOAdevelopment ina
rat OA model
Wefurther examined the effectsofHNRNPDoverexpression in joint tissues
of rats subjected to DMM-induced OA pathogenesis. We performed gene
implantation of HNRNPD in whole-joint tissues of rats via IA injection of
rAAV9 in a DMM-induced rat OAmodel. Overexpression of HNRNPD in
the joint tissues of the DMM-operated rats significantly accelerated all
examined OA characteristics, as shown by the modified Mankin score,
osteophyte maturity, and subchondral bone plate thickness (Fig. 2E, F).
Consistent with this inhibition of osteoarthritic cartilage erosion, DMM-
induced MMP-3 upregulation and Col II downregulation in damaged
cartilage was strongly aggravated in the rAAV-HNRNPD-injected OA
model rats (Fig. 4A, C).

In the area of the bone defect, the T2 signal intensity in OAmodel rats
was significantly increased, which was consistent with the pathological
changes in bone tissue, edema-like inflammation, and cartilage surface
changes. The T2 signal intensity and cracked cartilage were aggravated in
the DMM-operated OAmodel rats that had been intra-articularly injected
with rAAV-HNRNPD relative to the untreated OA model rats (Fig. 3A).
Compared to the sham-operated rats, those in the OA model group
exhibited reductions in the BV/TV ratio (Fig. 3B) and increased Tb. Sp
(Fig. 3D), and there was no statistically significant difference in Tb. Th
(Fig. 3C). After the rAAV-HNRNPD gene was injected into OA rats, the
above changes were further aggravated (Fig. 3B, D). These results collec-
tively indicate that overexpression of HNRNPD in OA rats can cause
obvious degeneration of articular cartilage in OA rats and promote the
progression of OA.

HNRNPD accelerates chondrocyte senescence in DMM
model rats
To determine the causal relationship between the overexpression of
chondrocyte HNRNPD and cartilage senescence, we determined the
protein expression profiles of articular cartilage from rAAV-HNRNPD-
injected rats and their littermate controls. The number of P53- and
P16INK4A-positive articular chondrocytes was increased in the rAAV-
HNRNPD-injected rats compared with their littermate controls
(Fig. 4B, D). HNRNPD overexpression in vivo promoted cartilage
senescence, while in healthy cartilage, HNRNPD implantation alone
could not promote the occurrence of cartilage degeneration in the short
term, according to the results of cartilage morphological staining. The
number of P53- and P16INK4A-positive articular chondrocytes was
markedly increased in the rAAV-HNRNPD-injected DMM model rats
compared with their littermate OA rats (Fig. 4B, D). HNRNPD over-
expression induced chondrocyte senescence and accelerated experi-
mental OA in DMM model rats. Collectively, these results reveal that
HNRNPD overexpression in chondrocytes accelerates cell senescence
and leads to markedly observable cartilage destruction in rats with
traumatic OA.

HNRNPD broadly affects the gene expression profile of
chondrocytes
In this portion of the study, the pcDNA3.1-HNRNPD vector and the
HNRNPDoverexpression vectorwere constructed, and the influenceon the
occurrence and development ofOAwas explored (Fig. 5A). Comparedwith
the control group, the pcDNA3.1-HNRNPD group exhibited increased
HNRNPD protein expression (Fig. 5B). Figure5C showed that the
pcDNA3.1-HNRNPD group was significantly separated from the control
group and that the three biological replicates were grouped together
(Fig. 5C).On the basis of the fragments per kilobase of transcript permillion
mapped reads (FPKM) values of each expressed gene, six association
matrixes of unsupervisedhierarchical clusteringwere established.We found
that HNRNPD overexpression obviously changed the chondrocyte gene
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Fig. 2 | HNRNPD promotes cartilage degradation in OA model rats. A The
rAAV-HNRNPD solution was intra-articularly injected into healthy and OA rats
to examine the senescense regulation. B Schematic diagram of the time course for
the experiment. C SD rats received an intra-articular injection of rAAV encoding
HNRNPD-specific RNA for HNRNPD or GFP into the knee. HNRNPD expres-
sion in cartilage and synovium was assessed via immunofluorescence (scale bars;
up: 1200 µm, down: 30 µm). D The ratios of HNRNPD in synovium and cartilage

were analyzed. Data were expressed as mean ± SD (n = 5). ***P < 0.001 versus the
control group. E The general observation, H&E, and Safranin O-stained tissue
histology in rat articular cartilage at 10 weeks post-surgery (scale bars; up: 600 µm,
down: 120 µm). Yellow arrows indicate the subchondral bone loss. F The modified
Mankin scores were assigned to tissue samples. Data were expressed as mean ± SD
(n = 6). ***P < 0.001 vs. the sham-operated group; ##P < 0.01 vs. the DMM-
surgical group.
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expressionprofile. The clustermapof differentially expressed genes revealed
the close relationship between gene expression patterns and sample clus-
tering. The heatmap plot of the FPKMvalues of all DEGs showed that there
was a significant separation between the pcDNA3.1-HNRNPD group and
the control group, and the three replicates weremore consistent in the same
group (Fig. 5D). Through the analysis of the differential expression profiles
of the two groups, we found 70 expression profiles and 145 downregulated
expression profiles (Fig. 5E). Pre-mRNA alternative splicing in the chon-
drocytes showed changes in the alternative 5’ splice site (A5SS) (25.06%),
alternative 3’ splice site (A3SS) (23.44%), intron retention (IntronR)
(21.43%), exon skipping (ES) (9.26%), and CassetteExon (6.49%) (Fig. 5F).
Through Gene Ontology (GO) technology, all molecular processes,
including protein binding, ATP binding, transcription factor binding, RNA
binding, and cell differentiation regulation, were found to be related to
HNRNPD in chondrocytes (Fig. 5G and Supplementary Fig. 1). The Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway analyses revealed
that these genes were significantly related to cellular senescence, the NOD-
like receptor signaling pathway, the NF-κB signaling pathway, and the
PI3K-Akt signaling pathway (Fig. 5H, I and Supplementary Fig. 1). The Ras
proportional thermal analysis showed that FOXM1, Smad2, Mras, Itpr1,

Lin9, and Fbxw11 were important molecules in regulating cell senes-
cence (Fig. 5J).

HNRNPD-mediated mitochondrial dysfunction leads to chon-
drocyte senescence
Since mitochondrial dysfunction has been identified as one of the main
triggers of cellular senescence, we next tested whether mitochondrial
dysfunction was involved in HNRNPD-induced cellular senescence. The
unclear expression ofHNRNPD in the rat chondrocytes induced by IL-1β
was significantly increased, which was consistent with the expression site
of the HNRNPD nuclear protein (Fig. 6A, D). The senescence-associated
β-galactosidase (SA-βGal) assay confirmed that HNRNPD promoted
senescence in the chondrocytes (Fig. 6B).We also found that the IL-1β or
pcDNA3.1-HNRNPD plasmid induced significant mitochondrial dys-
function in the chondrocytes, and that the pcDNA3.1-HNRNPDplasmid
significantly enhanced IL-1β-induced mitochondrial dysfunction.
Mitochondrial membrane potential is an indicator of mitochondrial
function and can be determined by using rhodamine and JC-1 staining,
both of which entail fluorescent dyes sensitive to the mitochondrial
membrane potential. As shown in Fig. 6, the pcDNA3.1-HNRNPD

Fig. 3 |RegulationofHNRNPDon subchondral bone structure inOAmodel rats.
A Pixel intensity of a sampled region of epiphyseal trabecular bone and gross
morphological were assessed by micro-MRI in sham operation, rAAV-HNRNPD,
DMM, and DMM+ rAAV-HNRNPD groups. White arrows indicate the site of
cartilage damage and subchondral bonemarrow edema.BRepresentativemicro-CT

three-dimensional reconstructions of tibial and femoral subchondral bones in the
rats after DMM surgery. Micro-CT images of animals in each group were used for
measurements of BV/TV (C), Tb. Th (D) and Tb. Sp (E) Black arrowheads indicate
sparse subchondral trabecular structure. Data were expressed as mean ± SD (n = 5).
*P < 0.05 vs. sham-operated group; #P < 0.05 vs. DMM induction group.
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plasmid caused a gradual reduction in mitochondrial membrane
potential, as observed by the decreased fluorescence intensity (Fig. 6C, F)
and ratios of red/green fluorescence (Fig. 6I, J) in chondrocytes. The
mitochondrial length that was determined using MitoTracker Red
staining was significantly decreased after pcDNA3.1-HNRNPD plasmid
treatment (Fig. 6G, H). These results suggest that HNRNPD causes
mitochondrial dysfunction, which leads to cellular senescence of joints
and chondrocytes in rats.

HNRNPD overexpression activates FOXM1 to promote chon-
drocyte senescence
Studies at the cellular level showed that overexpression of HNRNPD sig-
nificantly increased FOXM1 expression in primary culture chondrocytes
(Fig. 7A). To further investigate whether HNRNPD accelerated cellular
senescence by activating FOXM1, we transfected chondrocytes with
pcDNA3.1-HNRNPD and FOXM1 short interfering RNA (siRNA)
(Fig. 7C, D). SA-βGal staining was enhanced after the HNRNPD plasmid
transfection into the chondrocytes, and the enhancement effect of
HNRNPD on SA-βGal staining was weakened when FOXM1was knocked
downbyFOXM1 siRNA(Fig. 7E, F).We found that knockdownof FOXM1
markedly alleviated HNRNPD-induced mitochondrial dysfunction, which
was further confirmed by reductions in the mitochondrial membrane
potential (Fig. 7G, H), mitochondrial length (Fig. 7I, L), and ratios of red/
green fluorescence using JC-1 staining (Fig. 7J, K). Taken together, these

results indicate that HNRNPD overexpression by a plasmid activates
FOXM1 to promote chondrocyte senescence.

FOXM1 is a senescent target of HNRNPD
We used microarray analysis to examine gene expression profiles in
primary-culture chondrocytes subjected to overexpression ofHNRNPDvia
infection with the pcDNA3.1-HNRNPD plasmid. Overexpression of
HNRNPD increased the levels of genes associated with senescence; among
these increases, a marked increase was observed for FOXM1, which was a
cellular transcription factor and a component of the cellular senescence-
related transcription factor network (Fig. 5J). We assessed the expression
patterns of FOXM1 in cartilage tissues from osteoarthritic cartilage tissues
and corresponding nonlesion samples, and the results demonstrated that
FOXM1 was significantly upregulated in osteoarthritic cartilage tissues
(Fig. 8A–C), and the FOXM1 expression trend was confirmed in vitro
(Fig. 8G). HNRNPD overexpression aggravated the IL-1β-induced
expression of P16INK4A, P53, P21, Tom 20, and Bcl-2. FOXM1 knock-
down alleviated theHNRNPD-induced expression of P16INK4A, P53, P21,
Tom 20, and Bcl-2 (Fig. 8J, K). The transmission electron microscopy
(TEM) results from the in vivo animal studies showed that themorphology
of mitochondria in the sham group was normal, and mitochondrial ridges
were clearly visible. In sham + rAAV-HNRNPD, DMM and DMM +
rAAV-HNRNPD groups, the mitochondrial structure of the synovial
fibroblasts was disordered, with mitochondrial swelling and blurring of the

Fig. 4 | HNRNPD promotes chondrocyte senescence and catabolism in vivo in
OA. A, B Immunofluorescence with antibodies to MMP-13, Col II, P53, and
P16INK4A in articular cartilage from the DMM-induced OA rats with rAAV-
HNRNPD treatment at 10 weeks post-surgery (scale bar: 80 µm). C,D The ratios of

immunoreactive cells were quantified in articular cartilage according to immuno-
fluorescence. Data were expressed as mean ± SD (n = 5). *P < 0.05, **P < 0.01 and
***P < 0.001 vs. the sham-operated group; #P < 0.05 and ##P < 0.01 vs. the DMM
induction group.
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mitochondrial ridges, and the mitochondrial pathological changes were
more serious in the DMM+ rAAV-HNRNPD group (Fig. 8D), suggesting
that the injection of rAAV-HNRNPD into the joint cavity of the sham and
DMMmodel groups could aggravatemitochondrial damage. In vivo studies
showed that the number of FOXM1-positive articular chondrocytes
increased significantly in the rats injected with rAAV-HNRNPD

(Fig. 8E, F). We examined whether HNRNPD regulates the FOXM1 as a
direct target. We performed Coimmunoprecipitation (Co-IP) assays of
chondrocytes. Endogenous HNRNPD was immunoprecipitated from
chondrocyte lysates by a FOXM1 antibody. The interaction was further
confirmed by immunoprecipitation of FOXM1 with HNRNPD antibody
(Fig. 8I).We next verified the associations betweenHNRNPD and FOXM1
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by conducting a RNA immunoprecipitation (RIP) assay. As shown in
Fig. 8L, M, the RIP assay showed significant enrichment of HNRNPD and
FOXM1 in theAgo2antibody, andverified the correlationofHNRNPDand
FOXM1. Our results collectively suggest that HNRNPD interacted with
FOXM1 to induce senescence in rat articular chondrocytes.

Hydrophobic interaction between HNRNPD and FOXM1
It was found that there was a hydrophobic interaction between HNRNPD
and FOXM1. The binding sites of HNRNPD and FOXM1 were studied by
molecular simulation.Thehydrophobic cavitypeculiar toFOXM1was large
enough to engagewith the hydrophobic surface ofHNRNPD (Fig. 8N). The

spatial filling model showed that the scope of HNRNPD and the FOXM1
inhibitory pocket were closely linked. HNRNPDhad a hydrophobic surface
interacting with FOXM1, and the interaction energy between FOXM1 and
FOXM1 was −53.88 kcal/mol.

Discussion
Wedemonstrate here that theRNA-bindingproteinHNRNPDcan regulate
the expression of FOXM1 and then affect the occurrence and development
of OA. We found that the expression of HNRNPD in rat articular cartilage
increased significantly under mechanical stimulation, such as DMM. The
upregulation ofHNRNPD is necessary for the development ofOA since our

Fig. 5 | Effects of HNRNPD overexpression on the gene expression profile of
chondrocytes. A Chondrocytes were co-treated by lipofectamine transfected
pcDNA3.1 empty plasmid and pcDNA3.1-HNRNPD plasmid (1 μg/μL), and the
RNA sequencing and AS analysis were performed. B The fluorescence expression of
chondrocytes after transfection of pcDNA3.1-HNRNPD plasmid proved successful
transfection (scale bar: 100 µm). C The clustering analysis of samples showed high
similarity, which confirmed the correctness of the experimental design and sample
sampling.D The heat map showed that the gene expression patterns and clustering
relationships of the samples were similar. E Comparisons between samples showed
the number of differentially expressed genes. FHistogram of the differential splicing

events between chondrocytes transfected pcDNA3.1 empty and pcDNA3.1-
HNRNPD plasmids. G GO analysis showed that the biological processes such as
including the protein binding, ATP binding, transcription factor binding, and RNA
binding were associated with HNRNPD in chondrocytes. H, I KEGG pathway
analyses revealed these genes to be significantly linked to pathways including the
cellular senescence, NOD-like receptor signaling pathway, NF-κB signaling path-
way, and PI3K-Akt signaling pathway. J Ras ratio heatmap of cellular senescence
pathway showed that many genes, including FOXM1, Smad2,Mras, Itpr1, Lin9, and
Fbxw11, were closely related to cellular senescence. Data were expressed as
mean ± SD (n = 5). ***P < 0.001 vs. the control group.

Fig. 6 | HNRNPD promotes chondrocyte senescence and mitochondrial dys-
function in vitro. A Immunofluorescence with antibodies to HNRNPD in chon-
drocytes (scale bar: 100 µm).BRepresentative images of SA-βGal staining (scale bar:
100 µm). C Representative images of rhodamine staining (scale bar: 100 µm). The
fluorescence intensities of HNRNPD (D), SA-βGal staining level (E), and fluores-
cence intensity of rhodamine (F) were analyzed. G Representative images of

Mitotracker staining (scale bar: 100 µm). H The ratio of mitochondrial length was
analyzed. I Representative images of JC-1 staining (scale bar: 100 µm). J The ratio of
JC-1 fluorescence (red/green) was analyzed. Data were expressed as mean ± SD
(n = 5). **P < 0.01 and ***P < 0.001 vs. control group; #P < 0.05 and ##P < 0.01 vs. IL-
1β group; &P < 0.05 and &&P < 0.01 vs. HNRNPD group.
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results reveal that genetic overexpression of HNRNPD exacerbates post-
traumatic OA in rats. We further report that overexpression of HNRNPD
exacerbates OA pathogenesis and mitochondrial dysfunction by upregu-
latingFOXM1.Therefore, this studyproposes a newapproach for inhibiting
HNRNPD and provides a new avenue for the prevention and treat-
ment of OA.

Increasing age is strongly correlated with cartilage degeneration, and
the presence of senescent cells in cartilage isolated frompatients undergoing
total knee artificial implants has been noted. In the current study, we found
that there is an obvious senescent phenomenon in the cartilage tissue of OA
patients, and there are many senescent chondrocytes around the OA focus.
There was no senescent phenomenon in normal healthy people, suggesting
that cellular senescence is closely related to the pathogenesis of OA. How-
ever, the molecular mechanism of the correlation between senescence and
the occurrence and development of OA is still unclear. A key initial finding
was obtained from the observation that HNRNPD is specifically upregu-
lated in osteoarthritic chondrocytes. Studies have shown thatHNRNPDcan

regulate RNA variable shearing and participate in cell senescence and aging
processes27,28. Here, we found that the level of HNRNPD was specifically
increased in chondrocytes subjected to stimulation of OA-associated cata-
bolic signaling. We confirmed a close relationship between HNRNPD and
OA in both in vivo and in vitro studies, showing a positive correlation. The
potential mechanism of this relationship is of great significance in revealing
the regulation ofOApathogenesis byRNA-binding proteins, and it is worth
further exploration. The subtype specificity and repetitive action of
HNRNPD may be the result of its action on some mRNA target genes. In
this study, we found that HNRNPD, a novel senescence regulator, was
significantly elevated in osteoarthritic chondrocytes. HNRNPD is a novel
type of protein that regulates senescence, and its expression is significantly
increased in OA cartilage. HNRNPD regulates mitochondrial homeostasis
and cellular senescence in aFOXM1-dependentmanner and then affects the
occurrence and development of OA.

Our studies revealed that high expression of HNRNPD can promote
the pathological process of OA in DMM-induced OA model rats, and the

Fig. 7 | HNRNPD mediates mitochondrial dysfunction through FOXM1 acti-
vation. A Immunofluorescence with antibodies to FOXM1 in chondrocytes (scale
bar: 10 µm). B The fluorescence intensity of FOXM1 was analyzed.C Chondrocytes
were treated with HNRNPD siRNA (100 nM) and non-targeting controls (100 nM)
for 24 h. HNRNPD level was assessed via Western blotting (n = 3). D Tubulin was
probed as a loading control and the HNRNPD to tubulin ratio was assessed.
E Representative images of SA-βGal staining (scale bar: 100 µm). F The SA-βGal
staining level was analyzed. G Representative images of rhodamine staining (scale

bar: 100 µm). H The fluorescence intensity of Rhodamine-123 was analyzed.
IRepresentative images ofMitotracker staining (scale bar: 100 µm). JRepresentative
images of JC-1 staining (scale bar: 100 µm). The ratio of JC-1 fluorescence (red/
green) (K) and mitochondrial length (L) were analyzed. Data were expressed as
mean ± SD (n = 5). *P < 0.05 and ***P < 0.001 vs. control group; ###P < 0.001 vs. IL-1β

group; &&P < 0.01 and &&&P < 0.001 vs. HNRNPD group; @@ P < 0.001 vs. IL-
1β+HNRNPD group.
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high expression of HNRNPD in OA chondrocytes is closely related to the
pathological process of OA. OA is a whole-joint disease that involves
multiple cell types and multiple pathological changes in all joint tissues29,30.
In the process of the occurrence and development of OA, targeted gene
transfection aiming at the whole-joint will become a new avenue for the
treatment of OA31,32. After delivery through IA administration, the rAAV9
vectors expressing transgenes did not induce cell-mediated immunity or
inflammation, indicating a viable means of treating OA26,33. We injected

rAAV9 into the knee cavity in vivo and efficiently transfected it into the
articular cartilage and synovial tissue of rats, resulting in overexpression of
the target gene, thus successfully simulating the local geneticmodification of
the articular cavity. In this study, the injection of rAAV9 into the knee joint
of rats significantly increased the expression level of HNRNPD, which was
confirmedby immunofluorescence detection.However, the high expression
of HNRNPD in normal rat joints does not lead to cartilage structural
damage or synovitis. This phenomenon occurs because under physiological

https://doi.org/10.1038/s42003-024-07407-8 Article

Communications Biology |          (2024) 7:1695 10

www.nature.com/commsbio


conditions, the excessive expression of HNRNPD does not cause normal
cartilage degeneration, especially in terms of morphology. In normal car-
tilage tissue, the genetic modification of HNRNPD in rat articular cartilage
can promote the senescence phenotype of chondrocytes, and the chon-
drocytes are in a state ofmitosis obstruction, which is an abnormal function
of chondrocytes at the microscopic level, but does not cause pathological
changes, such as articular cartilage degeneration at the macroscopic level.
Compared with OA model group, HNRNPD overexpression induced by
rAAV9 injection did not cause morphological damage to normal cartilage,
indicating that HNRNPD overexpression in normal cartilage tissue may
lead to sub-health of articular cartilage tissue, and further developmentmay
lead to abnormal cartilage morphology and OA, which requires longer
observation. However, we found subchondral bone loss, which indicates
that the early effects of rAAV on bone and joint were concentrated in
subchondral bone. The cartilage was protected by a dense cartilage matrix
and did not show significantmorphological damage. The subchondral bone
showed lacunar trabecular structure and was prone to morphological
changes. This also fully reflects that the pathological changes in the process
of rAAV acting on normal knee joints first occur in subchondral bone, and
then affects the characteristics of articular cartilage.Meanwhile, the proteins
related to catabolism and senescence phenotype in the sham+ rAAVgroup
were higher than those in the sham group, suggesting that the injection of
rAAV into normal joints could induce acceleration of cartilage catabolism
and senescencephenotype.Themorphological changes of cartilagewerenot
only reflected in the cellular and molecular level but more importantly
affected the integrity of cartilage matrix, so the cellular level changes in
cartilage tissue were earlier than the morphological changes.

Further studies showed thatHNRNPDoverexpressionnot only caused
senescence of cartilage tissue but also accelerated degeneration of cartilage
tissue in rats with DMM-induced OA model. What is the progression of
cartilage degeneration after HNRNPD overexpression under simulated
pathological conditions? We found that the direct delivery of rAAV9-
HNRNPD into the articular cartilage in the DMM-induced rat OA model
enhanced HNRNPD expression and significantly increased the modified
Mankin scores compared to those of OA model animals. With the
implantation of HNRNPD genes, the pathological degree of chondrocyte
senescence was further accelerated, presenting a gradually worsening cas-
cade of damaging effects and presenting more severe morphological
abnormalities in the articular cartilage structure. The differences in the
functional effects of HNRNPD in the physiological state and pathological
manifestations of articular cartilage are based on the scope of the timeline. If
beyond the timeline,HNRNPDwill also have a positive promoting effect on
the morphological impact of cartilage in the physiological state. These
results indicate that HNRNPD overexpression has pathological effects on
cartilage loss that occurs in preexistingOAdisease conditions.However, the
morphological effects of HNRNPD on the physiological state of articular
cartilage require further observation.

Because HNRNPD can regulate the degradation of target mRNA and
then regulate the biological behavior of cells, this study aims to explore the
mechanism ofOA cartilage injury. AfterHNRNPDoverexpression, a series
of genes were found to undergo significant changes, indicating that
HNRNPDis involved in the transcriptional regulationofmanygenes.Using

GO/KEGG and other bioinformatics analyses, it was found that HNRNPD
is related to the NOD-like receptor signaling pathway, the NF-κB signaling
pathway, and the PI3K-Akt signaling pathway in the process of cell senes-
cence. Notably, the two regulated genes, FOXM1 and Smad2, have been
closely associated with cellular senescence inOA.We found that FOXM1 is
a direct target of HNRNPD in chondrocytes. Of the mRNAs altered by the
pcDNA3.1-HNRNPD plasmid-mediated overexpression of HNRNPD in
chondrocytes, the mRNAs encoding FOXM1 showed marked increases.
FOXM1 is upregulated in osteoarthritic cartilage compared with normal
cartilage. Although accumulating evidence indicates that FOXM1 exerts
regulatory effects on cellular senescence34, previously little was known about
the upstream signaling molecules responsible for regulating FOXM1
expression. This study will lay a foundation for elucidating the regulatory
effect of FOXM1 on the function of chondrocytes.

Many studies have confirmed that mitochondria play an important
role in the occurrence and development of OA35. Analysis of mitochondrial
function in osteoarthritic chondrocytes showed decreased activity of
mitochondrial respiratory complexes II and III and increasedmitochondrial
mass compared to healthy chondrocytes36. InOA,mitochondrial damage is
an important cause of cartilage degeneration37,38. Studies have shown that
abnormal mitochondrial aggregation is closely related to aging and senile
diseases39. Mitochondrial dynamics play an important role in the natural
aging process, senescence and aging, andpotentially age-related diseases40,41.
HNRNPD plays a key role in the maintenance of mitochondrial
homeostasis42,43. To further elucidate the mitochondrial changes corre-
sponding to HNRNPD overexpression in OA, we used plasmid-transfected
chondrocytes to analyze mitochondrial function after HNRNPD over-
expression.Our study revealed a loss ofmitochondrialmembrane potential,
mitochondrial fragmentation, and disruption of mitochondrial dynamics.
Consistent with the functional decrease in the mitochondrial membrane
potential, the amount of ATP production also decreased with HNRNPD
overexpression. Our study showed that HNRNPD promotes chondrocyte
senescence, characterized by mitochondrial dysfunction in chondrocytes,
morphological swelling of mitochondria, matrix deformation, and loss of
mitochondrial cristae in synovial fibroblasts. FOXM1 can be increased by
HNRNPD as a downstream target gene of HNRNPD, synergistically pro-
moting cellular senescence. HNRNPD targets the regulation of FOXM1-
mediated chondrocyte senescence, which is caused by promoting mito-
chondrial dysfunction, causing mitochondrial membrane potential and
morphological abnormalities in both in vivo and in vitro, ultimately leading
to sustained degeneration of articular cartilage. HNRNPD, as a key and
importantRNAbinding protein in the pathogenesis andprogression ofOA,
transcriptionally regulates FOXM1-mediated mitochondrial dysfunction,
metabolic abnormalities, and the senescent phenotype, which is an
important mechanism by which HNRNPD promotes the occurrence and
development of OA. We found that HNRNPD affects the mitochondrial
metabolism of OA through the FOXM1 signaling pathway, which in turn
affects the senescence process of OA.

This study lays a theoretical foundation for elucidating the molecular
mechanism by which HNRNPD participates in the occurrence and devel-
opment of OA. HNRNPD carries out these functions by regulating mito-
chondrial homeostasis and promoting senescent phenotypes in a FOXM1-

Fig. 8 | HNRNPD-mediated chondrocyte senescence occurs in a FOXM1-
dependent manner. A, B Elevated FOXM1 levels closely associated with the pro-
gression of OA. Immunofluorescence analysis of FOXM1 in the cartilage surface
from sham or control and OA model rat (scale bars; up: 1200 µm, down: 30 µm) or
OA patient (scale bars; up: 240 µm, down: 40 µm). C The ratios of immunoreactive
cells of FOXM1 were analyzed (n = 5). D The representative TEM images of rat
synovium. Red arrowheads indicate mitochondrial structure (scale bars; up: 1 µm,
down: 500 nm). E Immunofluorescence with antibodies to FOXM1 in articular
cartilage from the DMM-induced OA rats with rAAV-HNRNPD treatment at
10 weeks post-surgery (n = 5, scale bars; up: 1200 µm, down: 30 µm). F The ratios of
FOXM1 immunoreactive cells were quantified in articular cartilage according to
immunofluorescence. G The protein expression of FOXM1 and HNRNPD was

assessed via western blotting with tubulin as a loading control. H The ratios of
FOXM1 and HNRNPD to tubulin were analyzed (n = 3). I Co-IP assay between
HNRNPD and FOXM1 was performed. J The protein expressions of P16INK4A,
P21, P53, Bcl-2, and Tom 20 were assessed via western blotting with tubulin as a
loading control. K The ratios of P16INK4A, P21, P53, Bcl-2, and Tom 20 to tubulin
were analyzed (n = 3). L,M The RIP analysis was performed to verify the correlation
of HNRNPD and FOXM1 (n = 3).NThe unique hydrophobic cavity of FOXM1was
large enough to bind the hydrophobic surface of HNRNPD. The hydrophobic
surface of HNRNPD binds the FOXM1 with a binding energy of −53.88 kcal/mol.
Data were expressed as mean ± SD. *P < 0.05 and ***P < 0.001 vs. control, sham-
operated group or input group; #P < 0.05 and ##P < 0.01 vs. IL-1β or DMM induction
group; &P < 0.05 and &&&P < 0.001 vs. IL-1β+HNRNPD group.
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dependentmanner (Fig. 9). In terms ofmechanism, activation ofHNRNPD
is driven by FOXM1 in mitochondrial dysfunction, such as mitochondrial
membrane potential and mitochondrial morphology abnormality, exacer-
bating IL-1β-induced chondrocyte senescence. Therefore, HNRNPD pro-
motes IL-1β-induced cell senescence by activating FOXM1 and inhibiting
HNRNPDmay be an attractive strategy for preventing or treatingOA. This
study reveals a new mechanism by which HNRNPD regulates the occur-
rence and development of OA and lays a theoretical foundation for
exploring new targets for the prevention and treatment of OA.

Materials and methods
Reagents and antibodies
FOXM1 antibody (#48295) was obtained from Signalway Antibody,
Maryland, USA. Antibodies HNRNPD (#ab259895) and type II collagen
(Col II, #ab307674)were obtained fromAbcam(Cambridge,UK).Anti-P53
(#21891-1-ap),TOM20 (#11802-1-ap), andP16INK4A(#10883-1-ap)were
purchased from Proteintech Group, Inc (Wuhan, China). β-tubulin
(#T0023) was obtained from Affinity Biosciences (Cincinnati, OH, USA).
Mitochondrial membrane potential assay kit with Rhodamine-123 and JC-
1, MitoTracker Red CMXRos, and SA-β-gal assay kit were purchased from
Beyotime Institute of Biotechnology, China. Fetal bovine serum (FBS) and
penicillin/streptomycin were obtained from Gibco BRL (Maryland, USA).
All other reagents were of analytical grade.

Human samples
Human OA cartilages were obtained from patients undergoing total knee
arthroplasty (n = 5). Normal control cartilages were obtained from traffic
accident patients with no history of arthritis (n = 5). Cartilages were excised
from the tibial plateau and femoral condyles during total knee replacement
surgery. Cartilage samples were fixed in 4% paraformaldehyde, decalcified
in 15% EDTA, and paraffin-embedded for further histological analysis.

All human samples were obtained from Renmin Hospital of Wuhan
University, Wuhan, China. According to Kellgren & Lawrence grading
criteria, patients with OA belong to grade III-IV. This study was approved
by the Ethics Committee of Renmin Hospital of Wuhan University
(2022K-K228).

RNA-sequencing and bioinformatics analysis
RNA samples were used for RNA sequencing to ensure a sufficient amount
of RNA and to reduce the heterogeneity. IlluminaHiSeq4000 was used in this
portion of the study to conduct RNA sequencing. Six transcriptome
sequencing samples (HNRNPD_1st, HNRNPD_2nd, HNRNPD_3rd,
Ctrl_1st, Ctrl_2nd, and Ctrl_3rd) were obtained. The FPKM was used to
refer to the expression of a given gene. The RNA marker was confirmed by
an Agilent2100 bioanalyzer (LABX, Midland, Canada). For the

determination of the RNA sequence, the template used was “RNA com-
patibility number” 6.5. Through the determination of the gene expression
profile, low-quality environmental contaminants and high-pollution sub-
stances containing a large amount of base (N) noise were screened. After-
ward, the profile was compared with the reading value of the reference gene
(NCBI Rnor6.0) by using Bowtie244. Then, the differentially expressed genes
were screened by DEseq2. MeV (https://sourceforge.net/projects/mev-tm4/)
was used to establish a heatmap to evaluate the DEG levels. For determi-
nation of the gene functions, DEGs were used as inputs to the GO and
KEGG databases.

Animal experiment
Male Sprague-Dawley (SD) rats (weight: 160–180 g)were obtained from the
Hunan SJALaboratoryAnimalCo., Ltd., Changsha, China. All experiments
were approved by the Animal Care and Use Committee of the Medical
School atWuhanUniversity. The experimental ratswere placed in a routine
environment for one week and randomly divided into four groups with 6
rats in each group. These groups were as follows: a sham operation group, a
rAAV-HNRNPD + sham group, an OA induction group, and an OA +
rAAV-HNRNPD group. The rats were anesthetized by inhalation of iso-
flurane oxygenmixture (2–5% isoflurane in 100%oxygen).OAwas induced
in the right knee joint of rats by transecting the DMM45. For the rAAV-
HNRNPD group, the animals received a weekly IA injection into the knee
with rAAV encoding a sequence-specific for HNRNPD (Shanghai Gene-
chemCo., Ltd, 1 × 1010 drp/30 μl/joint) at 4weeks postoperation.The sham-
operated and OA-induced control groups received an injection of 30 μl of
phosphate-buffered saline (PBS) into the right knee joint. At 10 weeks after
surgery, the animals were euthanized by cardiac bloodletting, and samples
were taken for further testing.

In vivo micro-MRI
The right knee joint of each rat was evaluated with 9.4 T highmagnetic field
micro-MRI (BioSpec 70/30 USR, Germany). Fat suppression, spin-echo,
and T2-weighted scan modes were used to observe the possibility of bone
marrow lesion-like/edema-like phenomena. The sagittal position of the
medial condyle of the femur was selected from each group, and ImageJ
software (National Institutes of Health, Bethesda, MD) was used for
quantitative analysis of water signals in these bones.

Micro-CT examination
Images of the knee jointwere collectedbymicro-CT (BrukerMicroCTN.V.,
Skyscan1176) provided by Kontich, Belgium, with 4000 × 2672 pixels and
9 μm voxel size in the same direction. Through the comprehensive eva-
luation of the image, the BV/TV, the Tb. Th and the Tb. Sp were measured
by a three-dimensional morphological technique.

Fig. 9 | A schematic diagram of the potential
mechanisms by which HNRNPD participates in
the pathology of OA. HNRNPD promotes chon-
drocyte senescence by upregulating FOXM1 and
inhibiting HNRNPD may be an attractive strategy
for preventing of treating OA (scale bar: 120 µm).
Reprinted with the permission from ref. 47. Copy-
right Elsevier.
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TEM
The 2mm3 synovial sample came from the iliac ligament andwasfixedwith
2.5% glutaraldehyde 0.1M PBS solution of pH 7.3. The sample was washed
with PBS, postfixed at 4 °C with 1% osmium tetroxide, washed with dH2O
after 3 h, dried with different concentrations of alcohol, and then encap-
sulated with epoxy resin. It was stained twice by H-600 IV TEM (Hitachi,
Japan), and the mitochondria and lysosomes of the synovial fibroblasts in
the surface layer of the synovial tissue were observed.

Histological analysis
The knee joint of each rat was removed and fixed with 4% paraformalde-
hyde for 24 h, followed by decalcification for 6 weeks, and then was
embedded in paraffin. Sagittal sections (5 µm)were prepared, andH&E and
Alcian blue staining were used. The two observers conducted their obser-
vationsdouble-blinded, and themodifiedMankin scoring system46wasused
for the pathophysiological study.Moreover, the articular cartilage of the rats
was observed by the Safranin O green fixation method.

Immunohistochemistry and immunofluorescence assay
Thedifferent concentrations of streptavidin-peroxidaseweredeterminedby
immunohistochemical techniques. In short, these tissueswere treatedwith a
moderate resistance and then observed under a light microscope. The
proportionof positive cellswasdetectedby immunohistochemistrymethod.
Immunofluorescence-positive cell ratios of HNRNPD, P16INK4A, P21,
MMP3, Col II, P53, and FOXM1 were assessed using Image-Pro Plus 6.0
(Media Cybernetics Co., USA). The fluorescent-conjugated secondary
antibody was cultured in the dark for 1 h and then detected by fluorescence
microscopy (AX10, Carl Zeiss).

Isolation and culture of cells
The tissue culture technique of primary knee joint cartilage from the SD rats
in a 5-day growth period was used. This procedure was carried out by
collecting slices that were washed three times with PBS and cut into thin
slices of 0.5–1mm3. The cells were then digested with 0.25% trypsin and
0.02% EDTA for 1 h, transferred to a culture plate containing 0.2% type II
collagenase, incubated at 37 °C for 4–5 h, centrifuged for 5min at 1000 rpm,
and finally added to complete DMEM/F12 (containing 10% fetal bovine
serum and penicillin/streptomycin). The third passage chondrocytes were
cultured in a 37 °C wet 5% CO2 incubator and used in the following cell
experiment study.

Synthesis of siRNA and cell stimulation
Dharacon Accell siRNA and chaos control for FOXM1 (OBio Technology,
Shanghai) were adopted in this study. The siRNAs had the following-
sequences: 5′- CCUCAGAGGAAGAAGCAAAGATT-3′ (sense) and 3′-
UCUUUGCUUCUUCCUCUGAGGTT-5′ (antisense). For preparation,
the concentration of siRNAs was 100 nm. In complete medium containing
10 μg/mL HNRNPD plasmids (Shanghai Genechem Co., Ltd) and 100 nM
FOXM1 siRNA, third-generation chondrocytes were cultured for 24 h, and
then 10 ng/mL IL-1β was added for 24 h.

Co-IP assay
The regulatory effect of HNRNPDon FOXM1 protein was analyzed byCo-
IP. Chondrocytes were dissolved in a precooled buffer containing protease
inhibitors, and incubated with anti-HNRNPD and anti-FOXM1 antibodies
at 4 °C overnight. They were then combined with protein A Sepharose,
cultured for 1 h at 4 °C, and rinsed with water three times. Then, western
blotting was performed.

RIP
RIP assay was performed by adopting the Magna RIP kit (Sigma-Aldrich)
following the manufacturer’s protocols. RIP was used to verify the binding
relationship between HNRNPD and FOXM1. Whole-cell lysates were
incubated overnight at 4 °C with RIP buffer containing magnetic beads
(GenScrip, NJ, USA) coupled with anti-Ago2 antibody (Proteintech,

Wuhan, China) or negative control immunoglobulin G. The beads were
washed, and RNA was extracted. Co-precipitated RNA was evaluated by
qRT-PCR.

SA-β-gal assay staining
After 24 h of treatment, the chondrocytes were fixed with 4% formaldehyde
(Rich Joint, Shanghai) to assess cell vitality. SA-β-gal staining assaysusing an
SA-β-gal staining kitwere performed according to theprotocol issuedby the
manufacturer.

Immunofluorescence method
An in vitro culture system with 6 pores was used to achieve a fusion rate of
70%, and serumprotein starvationwas carried out.Then, the cellswerefixed
with 4%paraformaldehyde for 20min, impregnated for 5min, and blocked
with 1% BSA for 10min. The chondrocytes were incubated with mono-
clonal antibodies against HNRNPD and FOXM1 for 2 h. The chondrocytes
were redeveloped and incubated with secondary antibody (Bost Bioengi-
neering Company, Wuhan, China) for 1 h. 4’,6-Diamidino-2-phenylindole
(DAPI) was used for nuclear staining, and a fluorescence microscope
(AX10, Carl Zeiss) was used for imaging.

Mitochondrial membrane potential assay
Amitochondrialmembrane potential analysis kit was used according to the
manufacturer’s instructions. The chondrocytes were stained with 10 µM
rhodamine-123 or 800 μL JC-1 working solution at 37 °C for 25min. Then,
after removing the staining solution, 2 mLDMEMcontaining 10%FBSwas
added to the chondrocytes. A fluorescence microscope (Olympus, Japan)
was used to observe the cells, and the fluorescence intensity and the ratio of
JC-1 fluorescence were measured.

MitoTracker Red staining
The chondrocytes were cultured with 50 nM MitoTracker Red at 37 °C for
20min. DAPI was used as a fluorescence quenching agent, and the cells were
fixed on 4% paraformaldehyde for 20min. Themorphology of the podocyte
mitochondriawasobservedby laser scanningelectronmicroscopy (Olympus,
Japan). The length ratio of mitochondria was measured by using the Image-
Pro Plus 6.0 quantitative analysis system (Bio-Rad Laboratories, USA).

Western blotting
A whole protein extraction kit was used to separate proteins from chon-
drocytes according to the manufacturer’s instructions. The protein content
was determined by a biological colorimetric protein test (Bio-Rad Labora-
tories, Inc., Hercules, CA). Approximately 30 μg of protein was analyzed by
10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS‒
PAGE, Sigma‒Aldrich). The separated protein was transferred onto a film,
which was blocked with 5% skimmilk and treated at room temperature for
1 h. Antibodies against HNRNPD (1:1000), P21 (1:1000), P16INK4A
(1:1000), P53 (1:5000), Bcl-2 (1:1000), FOXM1 (1:1000), and TOM20
(1:5000) were used for 12 h. The cell membrane was probed with anti-
tubulin, which served as a loading control.

Molecular docking
FOXM1 (PDB: 7FJ2, resolution: 3.098 Å) and HNRNPD (PDB: 5IM0,
resolution 1.7 Å) were downloaded from the RCSB protein database (www.
rcsb.org/). The X-ray crystallization protein-protein simulation was carried
out by using the ZDOCK3.0.2 program. For the combination of HNRNPD
andFOXM1, twodockingpositionswere selected.HNRNPDwas calculated
by using theTripos forcefield and theGestager-Hackl charge spectrum.The
docking simulation of HNRNPD and FOXM1 was carried out by using
Sybyl software. Finally, the 3D view was graphically processed by
UCSFPyMoL.

Statistical analysis
All trials were conducted with specimens provided by 3–5 donors. Sig-
nificant differences between groups were determined by the t-test. A one-
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way ANOVA and postoperative Bonferroni adjustment were used to ana-
lyze three ormore groups. The results are expressed as themean ± standard
deviation (SD). There were significant differences among all
indexes (P < 0.05).

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

Data availability
DEGs annotated to GO and KEGG databases are provided in the Supple-
mentary Fig. 1. Uncropped blot images are provided as Supplementary
Fig. 2 in the Supplementary Information. The numerical source data to all
graphs are provided in the Supplementary Data 1 file. The RNA sequencing
and bioinformatics analysis datasets provided in this study are available at
NCBI-Sequence Read Archive (https://www.ncbi.nlm.nih.gov/sra/). The
accession code for deposited data is PRJNA1193849.
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