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ALKBH5-mediated m6A
demethylation of HS3ST3B1-IT1 prevents
osteoarthritis progression

Yuting Tang,1,2,6 Yang Liu,3,6 Xiaoshu Zhu,1 Yanlin Chen,1 Xinluan Jiang,1 Siyang Ding,1 Que Zheng,1

Ming Zhang,1 Jiashu Yang,1 Yunfei Ma,1 Mengying Xing,1 Zongyu Zhang,4,* Huimin Ding,5,* Yucui Jin,1,2,*

and Changyan Ma1,2,7,*

SUMMARY

HS3ST3B1-IT1 was identified as a downregulated long noncoding RNA in osteoarthritic cartilage. Howev-
er, its roles and mechanisms in the pathogenesis of osteoarthritis (OA) are unclear. In this study, we
demonstrated that the expressions of HS3ST3B1-IT1 and its maternal gene HS3ST3B1 were downregu-
lated and positively correlated in osteoarthritic cartilage. Overexpression of HS3ST3B1-IT1 significantly
increased chondrocyte viability, inhibited chondrocyte apoptosis, and upregulated extracellular matrix
(ECM) proteins, whereas HS3ST3B1-IT1 knockdown had the opposite effects. In addition, HS3ST3B1-
IT1 significantly ameliorated monosodium-iodoacetate-induced OA in vivo. Mechanistically, HS3ST3B1-
IT1 upregulated HS3ST3B1 expression by blocking its ubiquitination-mediated degradation. Knockdown
of HS3ST3B1 reversed the effects of HS3ST3B1-IT1 on chondrocyte viability, apoptosis, and ECM meta-
bolism. AlkB homolog 5 (ALKBH5)-mediated N6-methyladenosine (m6A) demethylation stabilized
HS3ST3B1-IT1 RNA. Together, our data revealed that ALKBH5-mediated upregulation of HS3ST3B1-IT1
suppressed OA progression by elevating HS3ST3B1 expression, suggesting that HS3ST3B1-IT1/
HS3ST3B1 may serve as potential therapeutic targets for OA treatment.

INTRODUCTION

Osteoarthritis (OA) is a common chronic joint disorder causing pain and disability with a major impact on quality of life and socioeconomic

burden/cost worldwide. Currently, there are no effective drugs to prevent or reverse the disease progression.1 OA involves complicated and

multifactorial pathological changes in joint sites, including osteophyte formation, subchondral osteosclerosis, and synovitis. However,

destruction of articular cartilage represents its landmark.2 Cartilage is a special avascular and aneural tissue with sparse chondrocytes embed-

ding in the dense extracellular matrix (ECM). ECM accounts for 90% of the dry weight of cartilage, and changes in its physiology directly

impact the function of cartilage.3 In addition, as the only cell type in the cartilage, chondrocytes are responsible for maintaining ECM homeo-

stasis.4 Therefore, elucidating the molecular mechanisms of chondrocytes involved in OA pathogenesis is very essential for developing effi-

cacious therapies for OA.

Long noncoding RNAs (lncRNAs) are a class of functional noncoding RNA transcripts, which mediate gene expression via multiple mech-

anisms, including chromatin remodeling, interaction with miRNAs, modulation of the activity of transcriptional regulators, and recruitment of

scaffolding proteins.5,6 Recently, lncRNAs have been reported to be involved in a variety of human diseases, including cancer, neurodegen-

erative, and metabolism disorders.7–9 In fact, it has been reported that lncRNAs play essential roles in the progression of OA. For instance,

lncRNA CRNDE suppressed interleukin-1b (IL-1b)-induced chondrocyte apoptosis and attenuated cartilage damage in OA rats.10 LncRNA

PILA was elevated in damaged cartilage from patients with OA, and knockdown of PILA inhibited the ECM catabolism and chondrocytes

apoptosis.11 Importantly, several lncRNAs, including LINC00167 and XIST, have been proposed as potential biomarkers and therapeutic tar-

gets for OA.12,13 However, because of the extensive number and complex mechanism of action, the roles and mechanisms of lncRNAs in the

occurrence and development of OA remain to be explored.
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We previously performed microarray analysis to identify the differentially expressed lncRNAs and mRNA between normal and osteoar-

thritic articular cartilage.14 Among the obtained differentially expressed lncRNAs, ENST00000583262.1, which is an intronic lncRNA derived

from the intron 1 of human HS3ST3B1 gene (referred as HS3ST3B1-IT1), attracted our attention, because (1) it is one of the top five down-

regulated lncRNAs in osteoarthritic cartilage tissues based on our microarray data; (2) its maternal gene, HS3ST3B1, was simultaneously iden-

tified as a downregulated gene in osteoarthritic cartilage tissue in our microarray screening; and (3) HS3ST3B1 participates in the biosynthesis

of heparan sulfate (HS), which has been proved to regulate ECM homeostasis.15 Therefore, we focused on the roles and underlying mecha-

nisms of HS3ST3B1-IT1 and HS3ST3B1 in OA progression.

In the present study, we found that ectopic expression of HS3ST3B1-IT1 significantly promoted chondrocyte viability, inhibited chondro-

cyte apoptosis, and upregulated ECM proteins, whereas knockdown of HS3ST3B1-IT1 resulted in the opposite effects. In addition,

HS3ST3B1-IT1 significantly ameliorated monosodium iodoacetate (MIA)-induced OA in vivo. Mechanistically, HS3ST3B1-IT1 upregulated

HS3ST3B1 expression partially by blocking its ubiquitination-mediated degradation. Demethylation of HS3ST3B1-IT1 by AlkB homolog 5

(ALKBH5) was partially responsible for the elevation of HS3ST3B1-IT1. Taken together, our findings revealed thatm6A-mediated upregulation

of HS3ST3B1-IT1 suppressed OA progression by elevating HS3ST3B1 expression, suggesting that targeting HS3ST3B1-IT1/HS3ST3B1 may

be a potential therapeutic strategy for OA.

RESULTS

HS3ST3B1-IT1 and HS3ST3B1 are downregulated in human osteoarthritic cartilage

We previously performed microarray analysis to screen the differentially expressed lncRNAs and mRNAs between normal and osteoarthritic

cartilage tissues.14 HS3ST3B1-IT1 was one of the top five downregulated lncRNAs in osteoarthritic cartilage compared with the normal carti-

lage tissues (n = 3, fold change= 6.651, and p = 0.0310, Table S1). Notably, HS3ST3B1, thematernal gene of HS3ST3B1-IT1, was also screened

as a downregulated gene in osteoarthritic cartilage (Table S2). Till now, no reports have addressed the functions of HS3ST3B1-IT1. Then, we

examined the expressions of HS3ST3B1-IT1 and HS3ST3B1 in a cohort of 50 normal and 50 osteoarthritic cartilage samples. Consistent with

the microarray data, HS3ST3B1-IT1 and HS3ST3B1 were significantly downregulated in osteoarthritic cartilage samples compared with the

normal cartilage tissues by using quantitative (real-time) reverse transcriptase PCR (qRT-PCR) assay (Figures 1A and 1B). Meanwhile, immu-

nohistochemical (IHC) staining further validated the significant downregulation of HS3ST3B1 in osteoarthritic cartilage (Figure 1C). In addi-

tion, Pearson correlation analysis revealed that the expression of HS3ST3B1 and HS3ST3B1-IT1 were positively correlated in osteoarthritic

cartilage (Figure 1D). Severe cartilage loss was observed in osteoarthritic cartilage, as indicated by the reduced safranin-O staining,

decreased expression of COL2A1, and increased expression of MMP13 (Figures S1A and S1B). Moreover, logistic regression analysis indi-

cated that there were no significant differences between normal and OA group regarding age (p = 0.140), sex (p = 0.967), and BMI

(p = 0.448, Table S3). Collectively, these data indicate that both HS3ST3B1-IT1 and HS3ST3B1 are downregulated in osteoarthritic cartilage

and thus may play important roles in the pathogenesis of OA.

HS3ST3B1-IT1 increases chondrocyte viability, inhibits chondrocyte apoptosis, and upregulates ECM proteins in human

primary chondrocytes

To explore the biological functions of HS3ST3B1-IT1 in OA, we first analyzed the basic characteristics of HS3ST3B1-IT1. The online Coding

Potential Assessment Tool (CPAT, http://lilab.research.bcm.edu/cpat/) indicated that HS3ST3B1-IT1 had no protein-coding ability (Fig-

ure S2A). However, RegRNA 2.0 online software predicted anORF (315 nt) in HS3ST3B1-IT1 transcript (Figure S2B). Therefore, we constructed

Figure 1. LncRNA HS3ST3B1-IT1 and HS3ST3B1 are downregulated in human osteoarthritic cartilage

(A and B) The expression levels of (A) HS3ST3B1-IT1 and (B) HS3ST3B1 in normal and osteoarthritic cartilage were evaluated by qRT-PCR. b-actin served as an

internal control. n = 50 normal cartilage tissues from 50 individuals with no prior medical history of OA and undergoing hip arthroplasty surgery, and n = 50 OA

cartilages from 50 patients with OA undergoing total knee replacement surgery. Each dot represented one donor as calculated by log2 transform. The horizontal

lines indicated the mean G SD from different donors per group.

(C) The expressions of HS3ST3B1 in normal and osteoarthritic cartilage were determined by IHC assays. Representative images from three independent

experiments were shown in the left panel (scale bar, 200 mm). The quantification of cells positive for HS3ST3B1 was shown in the right panel. Values were

shown as mean G SD of n = 3 from three individual donors.

(D) Associations between HS3ST3B1-IT1 and HS3ST3B1 in osteoarthritic cartilage (n = 50) were assessed by Pearson correlation analysis. Statistical analysis was

performed using an unpaired Student’s two-tailed t test (A–C). OA, osteoarthritis.
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series of GFP fusion plasmids to determine whether HS3ST3B1-IT1 encodes a peptide (Figure S2C). GFP protein was detected in GFPwt-

transfected HEK 293T cells; however, no GFP protein was detected when the starting codon in GFP was mutated, as well as when GFPmut

was fused with theORF sequence of HS3ST3B1-IT1 (Figures S2D and S2E). Collectively, these data reveal that HS3ST3B1-IT1 has no encoding

ability.

To determine the function of HS3ST3B1-IT1 in the biological activity of chondrocytes, we overexpressed or knocked down HS3ST3B1-IT1

by transfection of HS3ST3B1-IT1 expression plasmid or the antisense oligonucleotides (ASO) targeting HS3ST3B1-IT1 into human primary

chondrocytes (Figure 2A). Cell Counting Kit-8 (CCK-8) assay indicated a significant increase of cell viability at 48 h upon HS3ST3B1-IT1 over-

expression and a marked decrease of cell viability at 24 h after HS3ST3B1-IT1 knockdown (Figure 2B). Flow cytometric analysis revealed that

the apoptosis rate was significantly reduced after HS3ST3B1-IT1 overexpression and increased following HS3ST3B1-IT1 knockdown (Fig-

ure 2C). In addition, after HS3ST3B1-IT1 overexpression, the expression of antiapoptotic protein Bcl-2 was significantly increased, whereas

the expression of proapoptotic protein Bax as well as cleaved Caspase-9, cleaved Caspase-3, and cleaved PARP were markedly decreased.

In contrast, HS3ST3B1-IT1 knockdown exhibited the opposite effects on the expression of these antiapoptotic and proapoptotic markers

(Figure 2D).

Because the degradation of ECM components of articular cartilage is a hallmark of OA pathogenesis, we subsequently investigated the

impact of HS3ST3B1-IT1 on the ECM component COL2A1 and Aggrecan. As shown in Figure 2E, HS3ST3B1-IT1 overexpression markedly

enhanced the expression of COL2A1 and Aggrecan; on the contrary, HS3ST3B1-IT1 knockdown exhibited the opposite effects. Furthermore,

we found that HS3ST3B1-IT1 overexpression blocked the expression of major matrix-degrading enzymes including MMP13 and ADAMTS-5,

and HS3ST3B1-IT1 knockdown upregulated MMP13 and ADAMTS-5 expressions.

HS3ST3B1-IT1 attenuates OA progression in vivo

We further explored the in vivo role of HS3ST3B1-IT1 in OA progression by administering adeno-associated virus carrying HS3ST3B1-IT1

(AAV-HS3ST3B1-IT1) or its control virus (AAV-NC) to mice with OA induced by intra-articular injection of MIA (Figure 3A). As shown in

Figures 3B and 3C, MIA treatment induced cartilage damage that resembled the pathological changes of OA, as evidenced by the reduced

safranin-O/fast green and toluidine blue staining, and increased modified Mankin score. Interestingly, we found that overexpression of

HS3ST3B1-IT1 significantly ameliorated MIA-induced OA phenotype (Figures 3B and 3C).

Moreover, we observed that chondrocyte proliferation was significantly decreased, and chondrocyte apoptosis was markedly increased in

MIA-inducedOAmice, and these effects weremarkedly reversed byHS3ST3B1-IT1 overexpression (Figures 3D and 3E). In addition, IHC stain-

ing revealed that HS3ST3B1-IT1 overexpression dramatically reversed the loss of COL2A1 expression and the increase of MMP13 expression

caused byMIA treatment (Figure 3F). The overexpression of HS3ST3B1-IT1 was validated by qRT-PCR (Figure 3G). Collectively, these findings

indicate that overexpression of HS3ST3B1-IT1 is able to attenuate MIA-induced OA.

HS3ST3B1 enhances chondrocyte viability, inhibits chondrocyte apoptosis, and increases ECM components

Given that HS3ST3B1 was downregulated in OA, we speculated that HS3ST3B1 may act a suppressor role in OA progression. To prove this

speculation, we overexpressed HS3ST3B1 via transfecting HS3ST3B1 expression plasmid and knocked down endogenous HS3ST3B1 via

transfection of two independent small interfering RNAs (siRNAs) (Figures 4A and 4B). The influence of HS3ST3B1 on chondrocyte viability

and apoptosis was evaluated by CCK-8 and flow cytometry analysis, respectively. As shown in Figure 4C, a significant increase of cell viability

was observed at 24 h after HS3ST3B1 overexpression, and a marked decrease of cell viability was observed at 48 h after HS3ST3B1 knock-

down. In addition, HS3ST3B1 overexpression significantly inhibited chondrocyte apoptosis, whereas HS3ST3B1 knockdown markedly

induced chondrocyte apoptosis (Figure 4D). Besides, HS3ST3B1 overexpression significantly upregulated Bcl-2 expression and downregu-

lated the expression levels of Bax, cleaved Caspase-9, cleaved Caspase-3, and cleaved PARP. In contrast, HS3ST3B1 knockdown exhibited

the opposite effects on the expression of these apoptosis-related proteins (Figure 4E). Moreover, we investigated the effects of HS3ST3B1 on

ECM metabolism. As shown in Figure 4F, HS3ST3B1 overexpression markedly upregulated COL2A1 and Aggrecan expressions and down-

regulated MMP13 and ADAMTS-5 expressions. Conversely, HS3ST3B1 knockdown exerted the opposite effects on the expression of these

genes. Collectively, these results suggest that, similar to HS3ST3B1-IT, HS3ST3B1 may play an inhibitory role in OA progression.

HS3ST3B1-IT1 upregulates HS3ST3B1 expression partially by blocking its ubiquitination-mediated degradation

The high co-expression between HS3ST3B1-IT1 and HS3ST3B1 and their similar roles in OA progression prompted us to investigate whether

this co-expression is caused by the mutual regulatory relationship between HS3ST3B1-IT1 and HS3ST3B1. We found HS3ST3B1 overexpres-

sion or knockdown had no obvious effects on HS3ST3B1-IT1 expression (Figure S3); however, overexpression of HS3ST3B1-IT1 resulted in

statistically elevated HS3ST3B1 abundance at both mRNA and protein levels, whereas HS3ST3B1-IT1 knockdown exhibited the opposite

trends (Figures 5A and 5B).

Given the cellular location of lncRNAs is important for their biological functions, we initially detected the subcellular localization of

HS3ST3B1-IT1 using FISH assay. Results showed that HS3ST3B1-IT1 distributed in both the cytoplasm and nucleus of the chondrocytes (Fig-

ure 5C). The secondary structure analysis based on the minimum free energy algorithm of the RNAfold server (http://rna.tbi.univie.ac.at/cgi-

bin/RNAWebSuite/RNAfold.cgi) showed that HS3ST3B1-IT1 containedmultiple stem-loop structures (Figure 5D), suggesting that HS3ST3B1-

IT1 may have the protein-binding potential.16 The RNA-protein interaction prediction database RPISeq based on Random Forest (RF) and

support vector machine (SVM) classifiers predicted that HS3ST3B1-IT1 transcript had a high affinity with HS3ST3B1 protein (Figure S4). We
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Figure 2. HS3ST3B1-IT1 increases chondrocyte viability, inhibits chondrocyte apoptosis, and regulates ECM metabolism

(A) qRT-PCR was performed to verify the overexpression and knockdown efficiencies of HS3ST3B1-IT1 in chondrocytes transfected with pcDNA-HS3ST3B1-IT1 or

HS3ST3B1-IT1 ASO. Values were shown as mean G SD (n = 3).

(B) CCK-8 assay was used to identify the viability of chondrocytes with HS3ST3B1-IT1 overexpression or knockdown. Values were shown as mean G SD (n = 3).

(C) Chondrocyte apoptosis was detected with FITC-Annexin V/PI double staining using flow cytometry following HS3ST3B1-IT1 overexpression or knockdown.

Values were shown as mean G SD (n = 3).

(D) The expression levels of apoptosis-associated proteins were evaluated by western blotting. Representative blots from three independent experiments were

shown (left panel). Densitometric analyses of the blots were presented as mean G SD (n = 3, right panel).

(E) The expression levels of ECMproteins (COL2A1 and Aggrecan) and cartilage-degrading enzymes (MMP13 andADAMTS-5) were analyzed by western blotting

in chondrocytes following HS3ST3B1-IT1 overexpression or knockdown. Representative blots from three independent experiments were shown (left panel).

Quantitative analyses of the blots were presented as mean G SD (n = 3, right panel). Statistical analysis was performed using an unpaired Student’s two-

tailed t test (A and C–E) or a two-way ANOVA followed by Sidak’s multiple comparison test (B).
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further validated the interaction between HS3ST3B1-IT1 and HS3ST3B1 via RNA immunoprecipitation (RIP) assay. We overexpressed

HS3ST3B1 by transfecting pCMV3-HS3ST3B1-Flag plasmid into human primary chondrocytes. Then, whole-cell lysate was incubated with

magnetic beads conjugated to an anti-Flag antibody. The immunoprecipitate was subjected to detect HS3ST3B1-IT1 by qRT-PCR. As shown

in Figure 5E, HS3ST3B1-IT1 appeared in the immunoprecipitate of anti-Flag antibody, suggesting a physical interaction between HS3ST3B1-

IT1 and HS3ST3B1 in primary chondrocytes.

Figure 3. HS3ST3B1-IT1 attenuates OA progression in vivo

(A) Schematic diagram illustrating the experimental design. Mice were randomly assigned into three groups: Ctrl+AAV-NC group (n = 7), MIA+AAV-NC group

(n = 7), and MIA+ AAV-IT1 group (n = 7). For the induction of OA, mice were given an intra-articular injection of MIA in the knee. One week later, AAVs were

administered once per week for 3 consecutive weeks. Six weeks later, mice were euthanized, and the knee joint tissues were separated for the subsequent

experiments.

(B) Histological sections of cartilage harvested from each group were stained with safranin-O/fast green and toluidine blue staining. Scale bar, 100 mm (n = 4 for

each group).

(C) The Mankin scoring system was used to evaluate articular cartilage of mice from each group (n = 4).

(D) The proliferation of chondrocytes in mouse cartilage tissues was detected using Ki67 immunohistochemistry. Upper panel: representative images of Ki67

staining (scale bar, 100 mm). Inset boxes indicate the areas of the articular cartilage. Lower panel: the percentage of Ki67-positive chondrocytes in mouse

articular cartilage of each group (n = 4).

(E) Apoptosis of chondrocytes in mouse cartilage tissue was evaluated using the TUNEL assay. Left panel: representative images of TUNEL staining (scale bar,

100 mm). Dotted lines indicate the area of the articular cartilages. Right panel: the quantification of TUNEL-positive cells in the articular cartilages from each group

(n = 4).

(F) The expressions of COL2A1 andMMP13 in knee articular cartilage were detected by IHC staining (scale bar, 100 mm). Inset boxes indicate the area of articular

cartilage (n = 4 for each group).

(G) The expression levels of HS3ST3B1-IT1 in the knee articular cartilage were detected by qRT-PCR. Data were presented as the mean G SD (n = 3). Statistical

differences were determined using an unpaired Student’s two-tailed t test (C–-E and G). Saf-O/FG, safranin-O/fast green; TB, toluidine blue staining; AAV,

adeno-associated virus; IT1, HS3ST3B1-IT1; MIA, monosodium iodoacetate; NC, negative control; ns, no significant difference.
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Figure 4. HS3ST3B1 increases chondrocyte viability, inhibits chondrocyte apoptosis, and regulates ECM metabolism

(A and B) qRT-PCR (A) and western blotting (B) were performed to verify the overexpression and knockdown efficiencies of HS3ST3B1 in chondrocytes transfected

with pCMV3-HS3ST3B1 plasmid or HS3ST3B1 siRNAs. Values were shown as mean G SD (n = 3).

(C) CCK-8 assay was used to identify the viability of chondrocytes with HS3ST3B1 overexpression or knockdown. Values were shown as mean G SD (n = 3).

(D) The apoptosis rates were evaluated in chondrocytes with HS3ST3B1 overexpression or knockdown by flow cytometry. Values were shown as mean G SD

(n = 3).

(E) The expression levels of apoptosis-associated proteins were detected by western blotting in chondrocytes with HS3ST3B1 overexpression or knockdown.

Representative blots from three independent experiments were shown (left panel). Densitometric analyses of the blots were presented as mean G SD (n = 3,

right panel).

(F) The expression levels of ECMproteins (COL2A1 and Aggrecan) and cartilage-degrading enzymes (MMP13 and ADAMTS-5) were analyzed by western blotting

in chondrocytes with HS3ST3B1 overexpression or knockdown. Representative blots from three independent experiments were shown (left panel). Densitometric

analyses of the blots were presented asmeanG SD (n = 3, right panel). Statistical analysis was performed using an unpaired Student’s two-tailed t test (A, D–F) or

a two-way ANOVA followed by Sidak’s multiple comparison test (C).
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Figure 5. HS3ST3B1-IT1 upregulates HS3ST3B1 expression by blocking ubiquitination-mediated degradation

(A) qRT-PCRwas performed to detect themRNA levels of HS3ST3B1 in chondrocytes after transfection with pcDNA-HS3ST3B1-IT1, HS3ST3B1-IT1 ASO, and their

respective controls. Values were shown as mean G SD (n = 3).

(B) Western blotting was performed to detect the protein levels of HS3ST3B1 in chondrocytes after transfection with pcDNA-HS3ST3B1-IT1, HS3ST3B1-IT1 ASO,

and their respective controls. Representative blots from three independent experiments were shown (left panel). Densitometric analyses of the blots were

presented as mean G SD (n = 3, right panel).

(C) FISH assay was performed to detect HS3ST3B1-IT1 subcellular localization in chondrocytes. 18S and U6 weremodified by cyanine 3 (Cy3, red), and the nucleus

was stained by 40, 6-diamidino-2-phenylindole (DAPI, blue). 18S and U6 were used as cytoplasmic and nuclear markers, respectively. Scale bar, 20 mm.

(D) The putative secondary structure of HS3ST3B1-IT1 transcript in minimum free energy mode was computationally analyzed by RNAfold WebServer.

(E) The chondrocytes were transfected with pCMV3-HS3ST3B1-Flag plasmid. RIP experiment was performed with anti-Flag antibody, and the coprecipitated

RNAs were subjected to qRT-PCR for HS3ST3B1-IT1. The fold enrichment of HS3ST3B1-IT1 in the Flag precipitate is shown relative to its matching

immunoglobulin G (IgG) control. Values were shown as mean G SD, n = 3 biologically independent samples.
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Because several lncRNAs were identified to modulate the ubiquitination or phosphorylation of proteins and thereby regulate protein sta-

bility,17–19 we wondered whether cytoplasmic HS3ST3B1-IT1 exerts its biological function by influencing the posttranslational modification of

HS3ST3B1 proteins. As shown in Figure 5F, ectopic expression of HS3ST3B1-IT1 increased the stability of HS3ST3B1 protein in the presence of

cycloheximide (CHX), an inhibitor of protein synthesis. To further determine whether HS3ST3B1-IT1 upregulates the protein level

of HS3ST3B1 via the ubiquitin-proteasome pathway, we treated the chondrocytes with proteasome inhibitor MG132 and found the protein

levels of HS3ST3B1were dramatically increased (Figure 5G). In addition, we observed that HS3ST3B1-IT1 overexpression obviously decreased

the ubiquitination of HS3ST3B1 protein, whereas HS3ST3B1-IT1 knockdown increased the ubiquitination of HS3ST3B1 protein (Figure 5H).

Altogether, these data reveal that HS3ST3B1-IT1 stabilizes HS3ST3B1 protein by reducing its decay via ubiquitin-proteasome pathway.

HS3ST3B1 mediates the effects of HS3ST3B1-IT1 on chondrocyte viability, chondrocyte apoptosis, and ECM metabolism

The aforementioned results suggested that HS3ST3B1-IT1 might exert its function in chondrocyte viability, apoptosis, and ECMmetabolism

via regulating HS3ST3B1 expression. To test this hypothesis, we knocked downHS3ST3B1 by transfecting HS3ST3B1 siRNA in HS3ST3B1-IT1-

overexpressed primary chondrocytes. As shown in Figure 6A, HS3ST3B1-IT1 overexpression resulted in an increase of HS3ST3B1 expression,

which was diminished after transfection with HS3ST3B1 siRNA. CCK-8 assay showed that knockdown of HS3ST3B1 effectively alleviated the

increase of chondrocyte viability induced by HS3ST3B1-IT1 (Figure 6B). In addition, knockdown of HS3ST3B1 markedly attenuated the inhib-

itory effects of HS3ST3B1-IT1 on chondrocyte apoptosis, as evidence by increased apoptosis rates, decreased expression of Bcl-2, and

increased expression of Bax, cleaved Caspase-9, cleaved Caspase-3, and cleaved PARP (Figures 6C and 6D). Moreover, knockdown of

HS3ST3B1 effectively inhibited the upregulation of COL2A1 and Aggrecan, as well as the downregulation of MMP13 and ADAMTS-5 induced

by HS3ST3B1-IT1 overexpression (Figure 6E). Moreover, we overexpressed HS3ST3B1 in HS3ST3B1-IT1 knockdown chondrocytes. We found

that overexpression of HS3ST3B1 significantly abolished the impacts of HS3ST3B1-IT1 knockdown on chondrocyte viability, apoptosis, and

ECMmetabolism (Figures S5A–S5E). Collectively, these findings suggest that HS3ST3B1-IT1 may attenuateOA progression, at least partially,

via upregulation of HS3ST3B1.

ALKBH5 mediates m6A demethylation of HS3ST3B1-IT1 and promotes its expression

Recently, m6A modification has been identified as the most prevalent internal RNA modification in eukaryotic cells.20 We wondered whether

m6A modification was responsible for the downregulation of HS3ST3B1-IT1 in OA. Firstly, we examined the overall m6A levels of RNAs in

osteoarthritic cartilage via dot blot assay. Osteoarthritic cartilage showed higher m6A modified RNA levels compared with normal cartilage

(Figure 7A). Online bioinformatics tool SRAMP revealed that HS3ST3B1-IT1 transcript possessed three m6A consensus motifs, 50-RRACH-3’
(Figure 7B). Methylated RNA immunoprecipitation (MeRIP) assay further validated m6A was highly enriched within the HS3ST3B1-IT1 tran-

script in chondrocytes (Figure 7C).

M6A is a dynamical and reversible modification in eukaryotic RNAs, which is catalyzed by methyltransferase, including methyltransferase-

like 3 (METTL3) and methyltransferase-like 14 (METTL14), and removed by demethylases, including fat mass and obesity-associated protein

(FTO) and ALKBH5.21 To define which m6A demethylase is involved in the regulation of HS3ST3B1-IT1, we overexpressed m6A demethylases

FTO and ALKBH5 in chondrocytes and observed that overexpression of ALKBH5, but not FTO, significantly upregulated the expression of

HS3ST3B1-IT1 (Figures 7D and S6). In addition, we found that the expression of ALKBH5was significantly downregulated (Figure 7E) and posi-

tively correlated with HS3ST3B1-IT1 in osteoarthritic cartilage (Figure 7F). Therefore, we focused on the regulatory effect of ALKBH5 on

HS3ST3B1-IT1. MeRIP analysis revealed that overexpression of ALKBH5 dramatically reduced the m6A level of HS3ST3B1-IT1 (Figure 7G).

In addition, we monitored the mRNA degradation rate of HS3ST3B1-IT1 at multiple time points after actinomycin D (ActD) treatment and

found that ALKBH5 significantly increased the stability of HS3ST3B1-IT1 transcript (Figure 7H). To further identify the specific m6A modifica-

tion sites on HS3ST3B1-IT1 RNA, we clonedHS3ST3B1-IT1 sequence containing three potential m6A sites into a dual luciferase reporter gene

vector and generated three mutant HS3ST3B1-IT1 reporter vectors by replacing the adenosine base in m6A consensus sequences with cyto-

sine to abolish m6Amodification (Figure 7I, left). Relative luciferase activity of HS3ST3B1-IT1-wt was increased upon ALKBH5 overexpression,

whereas mutant 2 and 3 almost abolished this induction, indicating that themodulation of HS3ST3B1-IT1 expression was under the control of

ALKBH5-associated m6A modification on sites 2 and 3 (Figure 7I, right).

Figure 5. Continued

(F) The chondrocytes were treated with CHX (50 mg/mL), and harvested at different time points as indicated. The protein levels of HS3ST3B1 were detected by

western blotting. Representative blots from three independent experiments were shown (left panel). Densitometric analyses of the blots were presented as

mean G SD (n = 3, right panel).

(G) The chondrocytes were treated with MG132 (20 mM) for the indicated time points, and 30 mg of total cell lysates were immunoblotted with HS3ST3B1

antibodies. Representative blots from three independent experiments were shown (upper panel). Densitometric analyses of the blots were presented as

mean G SD (n = 3, lower panel).

(H) The ubiquitination assays of cells transfected with HA-ubiquitin, HS3ST3B1-Flag, and pcDNA-HS3ST3B1-IT1 plasmids or HA-ubiquitin, HS3ST3B1-Flag, and

HS3ST3B1-IT1 ASO for 36 h and then treated with 20 mM MG132 for 6 h. The cell lysates were immunoprecipitated with anti-Flag antibody and then

immunoblotted with anti-ubiquitin antibody, and the same blot was reprobed for HS3ST3B1. Representative blots from three independent experiments were

shown. Statistical analysis was performed using an unpaired Student’s two-tailed t test (A and B, E and G) or a two-way ANOVA followed by Sidak’s multiple

comparison test (F).
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Figure 6. Knockdown of HS3ST3B1 impairs the effects of HS3ST3B1-IT1 on chondrocyte viability, chondrocyte apoptosis, and ECM metabolism

(A) Western blotting was performed to assess the protein levels of HS3ST3B1 in chondrocytes transfected with Vector+si-NC, Vector+si-HS3ST3B1, pcDNA-

HS3ST3B1-IT1+si-NC, or pcDNA-HS3ST3B1-IT1+si-HS3ST3B1. Representative blots from three independent experiments were shown (left panel).

Densitometric analyses of the blots were presented as mean G SD (n = 3, right panel).

(B) CCK-8 assay was used to evaluate the viability of chondrocytes in each group. Values were shown as mean G SD (n = 3).

(C) The apoptosis rates were evaluated by flow cytometry in each group. Values were shown as mean G SD (n = 3).

(D) The expression levels of apoptosis-associated proteins were detected by western blotting. Representative blots from three independent experiments were

shown (left panel). Densitometric analyses of the blots were presented as mean G SD (n = 3, right panel).
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ALKBH5 increases HS3ST3B1-IT1 expression through an m6A-YTHDF2-dependent pathway

The effects of m6A modification on RNA metabolism predominantly depend on the recognition by m6A-binding proteins (also called

‘‘readers’’), mainly including YTHDF1 and YTHDF2.22 YTHDF1 has been reported to promote the translation of targeted m6A-modified

mRNA, whereas YTHDF2 selectively recognizes and destabilizes m6A-modified mRNA.23,24 Our aforementioned data showed that the expres-

sion level of HS3ST3B1-IT1 was decreased in osteoarthritic cartilage (Figure 1A), whereas its m6A modification level was increased (Figure 7C).

We therefore hypothesized that YTHDF2 might regulate the m6A-modified HS3ST3B1-IT1 transcript in OA. RPISeq analysis indicated that

HS3ST3B1-IT1 transcript had a high affinity with YTHDF2 (Figure S7). RIP analysis confirmed the direct binding between YTHDF2 protein

and HS3ST3B1-IT1 transcript in chondrocytes (Figure 7J). More importantly, overexpression of YTHDF2 accelerated the degradation of

HS3ST3B1-IT1 transcript (Figure 7K). It has been shown that K416/R527 of the YTH domain of YTHDF2 are essential for binding of RNA back-

bone and that W432/W486/W491 are responsible for the recognition of m6Amodification sites.25,26 To validate YTHDF2-mediated downregu-

lation of HS3ST3B1-IT1 further, we constructed YTHDF2 expression plasmid containing K416A/R527A/W432A/W486A/W491A mutations and

found that overexpression of mutated YTHDF2 had no obvious effect on the degradation rate of HS3ST3B1-IT1 transcript (Figure 7K). Thus,

these data suggest that ALKBH5 increases HS3ST3B1-IT1 expression mainly by abolishing m6A-YTHDF2-dependent mRNA degradation.

DISCUSSION

OA is becoming a major public health problem, and the underlying mechanism has not been fully elucidated.27 Recently, accumulating ev-

idence indicated that lncRNA dysregulation plays important roles in OA progression by cartilage degradation, synovial inflammation, and

dysfunction of subchondral bone homeostasis and that lncRNAs could serve as therapeutic targets.28–30 Therefore, an expanded understand-

ing of the functions and regulatory mechanisms of lncRNAs in OA may provide potential therapeutic targets for OA.

We previously performed microarray analysis to identify differentially expressed lncRNAs between normal and osteoarthritic cartilage.

HS3ST3B1-IT1, an intronic lncRNA, was significantly downregulated and positively correlated with its maternal gene HS3ST3B1 in osteoar-

thritic cartilage. By loss- and gain-of-function experiments, we demonstrated that HS3ST3B1-IT1 and HS3ST3B1 increased chondrocyte

viability, inhibited chondrocyte apoptosis, and upregulated ECM proteins. In addition, HS3ST3B1-IT1 overexpression markedly ameliorated

MIA-induced OA in vivo. The high co-expression between HS3ST3B1-IT1 and HS3ST3B1 prompted us to investigate their mutual regulatory

relationship. We found HS3ST3B1 had no obvious effects on HS3ST3B1-IT1 expression; however, HS3ST3B1-IT1 positively regulated

HS3ST3B1 expression at both mRNA and protein levels. Besides, HS3ST3B1 reversed the effects of HS3ST3B1-IT1 on chondrocyte viability,

apoptosis, and ECMmetabolism, suggesting that HS3ST3B1-IT1 attenuatedOAprogression, at least partially, due to elevation of HS3ST3B1.

HS3ST3B1, belonging to the 3-O-sulfotransferases family, participates in the last biosynthetic steps of HS and transfers sulfate to the 3-O-

position of glucosamine residues to yield mature sugar chains.31 Previous study has shown that HS binds to many proteins that regulate carti-

lage homeostasis, including growth factors,morphogens, and proteases, andmodulates their localization, retention, and biological activity.15

Chanalaris et al. proved that the expression of HS biosynthesis andmodifying enzymes significantly differed in normal and osteoarthritic carti-

lage.32 Herein, we observed that HS3ST3B1 was significantly reduced in osteoarthritic cartilage and played a suppressor role in the develop-

ment of OA, suggesting that HS3ST3B1 may modulate the sulfation pattern of HS and alter HS affinity for a range of ligands, with varying

effects on their downstream activity in OA. However, further investigation may be required to identify the abundance of 3-O-sulfation levels

of HS and analyze its sulfation structures.

In the present study, we found HS3ST3B1-IT1 distributed in both the cytoplasm and nucleus of the chondrocytes. Cytoplasmic lncRNAs

usually regulate gene expression through posttranscriptional, translational, and posttranslational mechanisms.33,34 We demonstrated the

binding of HS3ST3B1-IT1 with HS3ST3B1 by combining bioinformatics analyses with RIP assays. Studies have revealed that lncRNAs can

directly interact with proteins and thereby regulate protein stability.17,18 Herein, we found that HS3ST3B1 was an unstable protein regulated

by the ubiquitin-proteasome system. Importantly, overexpression of HS3ST3B1-IT1 markedly enhanced the stability of HS3ST3B1 protein.

Moreover, HS3ST3B1-IT1 overexpression markedly decreased the ubiquitination of HS3ST3B1 protein, whereas HS3ST3B1-IT1 knockdown

significantly increased the ubiquitination of HS3ST3B1 protein. Together, these data revealed that HS3ST3B1-IT1 regulated the stability of

HS3ST3B1 protein via ubiquitin-proteasome pathway. UbiBrowser prediction indicated that HS3ST3B1 has multiple ubiquitination sites (Fig-

ure S8A), and several E3 ubiquitin ligases potentially interact with HS3ST3B1 (Figure S8B). Therefore, we speculate that HS3ST3B1-IT1 in-

creases the stability of HS3ST3B1 probably through competing with the E3 ubiquitin ligases, thereby reducing the ubiquitination of

HS3ST3B1 protein.

It is reported that nuclear lncRNAs control the epigenetic state of particular genes that participate in transcriptional regulation.35,36 Some

intronic RNAs can activate the transcription of the corresponding protein-coding genes in cis.37,38 Because HS3ST3B1-IT1 was localized in the

nucleus, we speculated that nuclear HS3ST3B1-IT1 may regulate the transcription of HS3ST3B1 gene by recruiting chromatin-modifying pro-

teins and coordinating interactions between distal regulatory elements or by establishing long-range chromosomal regulatory domains and

nuclear bodies.

Figure 6. Continued

(E) The expression levels of ECMproteins (COL2A1 and Aggrecan) and cartilage-degrading enzymes (MMP13 andADAMTS-5) were analyzed by western blotting

in each group. Representative blots from three independent experiments were shown (left panel). Densitometric analyses of the blots were presented asmeanG

SD (n = 3, right panel). Statistical differences were determined using an unpaired Student’s two-tailed t test (A and C–E) or a two-way ANOVA followed by Tukey’s

multiple comparison test (B).
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Figure 7. ALKBH5 increases HS3ST3B1-IT1 expression through an m6A-YTHDF2-dependent mechanism

(A) Dot blot analyses with an anti-m6A antibody using normal and osteoarthritic cartilages. Methylene blue (MB) staining served as a loading control (n = 5).

(B) The m6A modification sites in HS3ST3B1-IT1 were predicted with the online tool SRAMP (http://www.cuilab.cn/sramp).

(C) The m6A level of HS3ST3B1-IT1 in chondrocytes was determined by MeRIP assay. The fold enrichment of HS3ST3B11-IT1 in m6A pellet was relative to its

matching IgG control. Values were shown as mean G SD, n = 3 biologically independent samples.
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M6A modification modulates all phases of RNA metabolism, including RNA folding, stability, splicing, nuclear exporting, translational

modulation, and degradation.39 Increasing evidence suggest that m6A modification plays critical roles in a variety of diseases,40–43 as well

as in OA.44 Recently, it was reported that METTL3, the core component of the m6A methyltransferase, was involved in OA progression by

affecting ECM degradation and regulating the inflammatory response.45 Chen et al. proved that METTL3-mediated m6A modification of

ATG7 regulated the senescence of fibroblast-like synoviocytes and that inhibition of METTL3 could prevent OA development.46 Our previous

study identified that FTO-mediated upregulation of AC008 promoted OA progression through the miR-328-3p–AQP1/ANKH axis.14 In the

present study, we found ALKBH5 was downregulated in osteoarthritic cartilage, and overexpression of ALKBH5 dramatically decreased

the m6A level of HS3ST3B1-IT1 and increased HS3ST3B1-IT1 RNA stability. YTHDF2, an m6A reader, binds to m6A residues located in the

untranslated region through C-terminal YTD domain and renders the targetedmRNA to processing bodies for subsequent degradation.23,47

In this study, we validated the stronger YTHDF2 enrichment at HS3ST3B1-IT1 transcript. In addition, overexpression of YTHDF2 accelerated

the degradation of HS3ST3B1-IT1 transcript.More importantly, overexpression ofmutated YTHDF2 had no obvious effect on the degradation

rate of HS3ST3B1-IT1 transcript. These findings suggest that ALKBH5 increases HS3ST3B1-IT1 expression through an m6A-YTHDF2-depen-

dent pathway.

In summary, this study revealed that the downregulation of ALKBH5 in osteoarthritic cartilage increased the m6A level of HS3ST3B1-IT1,

which accelerated HS3ST3B1-IT1 decay via a YTHDF2-dependentmanner. Furthermore, decreasedHS3ST3B1-IT1 induced the ubiquitination

of HS3ST3B1 protein and promoted its degradation, ultimately inhibiting chondrocyte viability, promoting chondrocyte apoptosis, and

reducing ECMcomponents (Figure 8). Our findings suggest that HS3ST3B1-IT1 andHS3ST3B1 can act as potential therapeutic targets forOA.

Limitations of the study

Our present data showed that HS3ST3B1-IT1 increased chondrocyte viability, inhibited chondrocyte apoptosis, and upregulated ECM com-

ponents partially by stabilizing HS3ST3B1 protein. Nonetheless, the mechanisms by which HS3ST3B1-IT1 upregulated HS3ST3B1 mRNA

expression were not explored in this study.
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Figure 7. Continued

(D) qRT-PCR was performed to detect the expression levels of ALKBH5 and HS3ST3B1-IT1 in chondrocytes after transfection with ALKBH5 expression plasmid.

Values were shown as mean G SD (n = 3).

(E) The expression levels of ALKBH5 in normal and osteoarthritic cartilage were evaluated by qRT-PCR (n = 50). b-actin served as an internal control. n = 50 normal

cartilage tissues from 50 individuals with no prior medical history of OA and undergoing hip arthroplasty surgery, and n = 50 OA cartilages from 50 patients with

OA undergoing total knee replacement surgery. Each dot represented one donor as calculated by log2 transform. The horizontal lines indicated the meanG SD

from different donors per group.

(F) Associations between ALKBH5 and HS3ST3B1-IT1 in osteoarthritic cartilage (n = 50) were assessed by Pearson correlation analysis.

(G) The m6A level of HS3ST3B1-IT1 was evaluated by MeRIP assay in chondrocytes after transfecting with ALKBH5 expression plasmid. Values were shown as

mean G SD, n = 3 biologically independent samples.

(H) The chondrocytes were treated with Act D for the indicated times, and qRT-PCR was performed to evaluate the expression level of HS3ST3B1-IT1 upon

ALKBH5 overexpression.

(I) Left panel: the wild-type (wt) and m6A consensus sequence mutant (mut) HS3ST3B1-IT1 fused with firefly luciferase reporter. Right panel: luciferase reporter

assay in HEK 293T cells transfected with luciferase reporter constructs (wt or mut) and ALKBH5 expression plasmid. Values were shown as mean G SD, n = 3

biologically independent samples.

(J) RIP assay was performed in chondrocytes with anti-YTHDF2 antibody, and the coprecipitated RNAs were subjected to detect HS3ST3B1-IT1 using qRT-PCR.

The fold enrichment of HS3ST3B1-IT1 in YTHDF2 pellet is relative to its matching IgG control. Values were shown as meanG SD, n = 3 biologically independent

samples.

(K) The chondrocytes were transfected with YTHDF2 wild type or mutant expression plasmids and then treated with Act D for the indicated times. qRT-PCR was

performed to evaluate the expression level of HS3ST3B1-IT1. Values were shown as mean G SD (n = 3). Statistical analysis was performed using an unpaired

Student’s two-tailed t test (C–E, G, I–J). OA, osteoarthritis; MB, methylene blue; wt, wild-type; mut, mutant.
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Figure 8. Schematic diagram illustrating the biological roles of HS3ST3B1-IT1 in OA

Downregulation of ALKBH5 increases the m6A level of HS3ST3B1-IT1, causing the degradation of HS3ST3B1-IT1 through a YTHDF2-dependent manner.

Decreased HS3ST3B1-IT1 promotes OA progression by enhancing the ubiquitination-mediated degradation of HS3ST3B1 and consequently inhibiting

chondrocyte viability, promoting chondrocyte apoptosis, and decreasing ECM proteins.
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
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Critical commercial assays
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RiboTM FISH Kit RiboBio Cat# C10910
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for qPCR (gDNA wiper)

Vazyme Cat# R233-01

EZ-Magna RIP Kit Millipore Cat# 17-700

Anti-mouse/rabbit Immunohistochemical

Detection Kit

Proteintech Cat# PK10006

BCA Kit Beyotime Cat# P0010

QIAGEN Plasmid Plus Midi Kit Qiagen Cat# 12943

FastPure Gel DNA Extraction Mini Kit Vazyme Cat# DC301-01

(FITC)-Annexin V/Propidium Iodide (PI)

Apoptosis Detection Kit

Vazyme Cat# A211-01

MIA Sigma-Aldrich Cat# I9148-5G

One Step TUNEL Apoptosis Assay Kit Beyotime Biotechnology Cat# C1086

Experimental models: Cell lines

Human primary chondrocytes This paper N/A

HEK 293T cells ATCC Cat# CRL-11268

Experimental models: Organisms/strains

Mouse C57BL/6 Animal Laboratory Center of

Nanjing Medical University

N/A

Oligonucleotides

anti-HS3ST3B1-IT1 oligodeoxynucleotide probe RiboBio Cat# lnc1101432

anti-U6 oligodeoxynucleotide probe RiboBio Cat# lnc110101
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Changyan Ma

(cyma@njmu.edu.cn).

Materials availability

Reagents (including plasmids) generated in this study are available from the lead contact.

Data and code availability

d All data reported in this article will be shared by the lead contact on request.

d This article does not report original code.

d Any additional information required to reanalyze the data reported in this article is available from the lead contact on request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Clinical samples

Human osteoarthritic cartilage was collected from patients with OA undergoing total knee replacement surgery (n=50, aged 65-87 years).

Normal cartilage was obtained from individuals with no prior medical history of OA and undergoing hip arthroplasty surgery (n=50, aged

61-84 years). The cartilage donor information, including the age, gender, BMI, and K&L grade, was listed in Table S4. Written informed con-

sent was obtained from all participants. The experimental protocols of this study were approved by the Institutional Ethics Committee Board

of Nanjing Medical University (approval No. 2020-499). A logistic regression model was used to estimate the confounders, such as sex, age,

and BMI.

Collection of human primary chondrocytes

The human normal articular cartilage was collected from the hip joints of patients with no prior medical history of OA and undergoing hip

arthroplasty surgery. Articular cartilage collected from each donor was sliced and digested in 0.2% type II collagenase in Dulbecco’sModified

Eagle’s Medium/Nutrient Mixture F12 (DMEM/F12) supplemented with 10% fetal bovine serum (WISENT Corporation, Nanjing, China) for

16 h at 37�C. Cells were then filtered through 70 mm cell strainers and maintained as a monolayer in DMEM/F12 supplemented with 10% fetal

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

anti-18S rRNA oligodeoxynucleotide probe RiboBio Cat# lnc110102

Primer used for plasmid construction, see Table S5 This paper N/A

siRNA and ASO sequences, see Table S6 This paper N/A

Primers used for qRT-PCR assay, see Table S7 This paper N/A

Recombinant DNA

pCMV3-Flag-HS3ST3B1 Sino Biological Cat# HG21316-CF

pCMV3-Flag- ALKBH5 Sino Biological Cat# HG24078-CF

pCMV3-Flag- YTHDF2 Sino Biological Cat# HG17055-CF

HA-ubiquitin Addgene Cat# 18712

pcDNA-HS3ST3B1-IT1 This paper N/A

pEGFP-GFPmut This paper N/A

pEGFP-ORF-GFPmut This paper N/A

psi-CHECK2-HS3ST3B1-IT1 wt This paper N/A

psi-CHECK2-HS3ST3B1-IT1 mut1 This paper N/A

psi-CHECK2-HS3ST3B1-IT1 mut2 This paper N/A

psi-CHECK2-HS3ST3B1-IT1 mut3 This paper N/A

Software and algorithms

IBM SPSS Statistics 22 SPSS Software https://www.ibm.com/spss

GraphPad Prism 7 GraphPad Software https://www.graphpad.com/

RNA-Protein Interaction Prediction Lowa State University http://pridb.gdcb.iastate.edu/RPISe/
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bovine serum at 37�C incubator with 5% CO2. Chondrocytes at passage 2 were used for the following in vitro experiments. Each assay was

performed three times by using primary chondrocytes isolated from cartilage tissues of three individual donors.

Mouse model of MIA-induced OA

All animal procedures were approved by the Committee on the Ethics of Animal Experiments of Nanjing Medical University (Protocol Num-

ber: IACUC-1908017). 8-week-old male C57BL/6 mice were randomly divided into three groups: Ctrl+AAV-NC group (n=7), MIA+AAV-NC

group (n=7), and MIA+ AAV-IT1 group (n=7). For the induction of OA, mice were given an intra-articular injection of MIA (Sigma-Aldrich,

St. Louis, MO, USA) in the knee. Control mice were given normal saline in the same volume. One week later, 20 mL of AAV-HS3ST3B1-IT1

or AAV-NC (GeneChem, Shanghai, China) were injected into the knee joints of mice. Treatments were administered once per week for 3

consecutive weeks. Six weeks later, the mice were euthanized, and the knee joints were collected and store at -80�C.

METHOD DETAILS

Histological analysis and IHC staining

The mouse and human cartilage tissues were fixed with 4% paraformaldehyde, decalcified in EDTA for 6 weeks, and then embedded in

paraffin. Serial sections (5 mm)were deparaffinized in xylene, hydrated through a graded ethanol series, and stainedwith safranin-O/fast green

(Yeasen, Shanghai, China) and toluidine blue (Sigma-Aldrich). The severity of cartilage damage was evaluated by using the modified Mankin

scoring system. For IHC assay, sections were incubated with the primary antibodies at 4�C overnight and then incubated with secondary an-

tibodies at 37�C for 1 h. Primary antibodies specific for the following proteins were used: HS3ST3B1, Collagen II and MMP13 (all from Bioss,

Beijing, China), and Ki67 (Affinity Biosciences, Changzhou, China). To visualize extracellular COL2A1, the sections were pre-digested with

pepsin. Positive cells were manually counted by two pathologists blinded with respect to normal or OA group, and the percentages of cells

positive for HS3ST3B1, COL2A1, MMP13 and Ki67 were quantified accordingly.

TUNEL staining

TUNEL staining was performed with the kit obtained from Beyotime Biotechnology according to the manufacturer’s instructions (Shanghai,

China). The nuclei were counterstained with DAPI (Beyotime Biotechnology). Images were observed by fluorescence microscopy. The per-

centages of cells positive for TUNEL were calculated using ImageJ software.

Plasmid construction, RNAi, and cell transfection

Full-lengthHS3ST3B1-IT1 was amplifiedby PCR and subcloned into the pcDNA3.1 vector (Invitrogen, Carlsbad, CA, USA). GFPmut vector was

generated bymutating the starting codon of GFP at pEGFP-N2 vector (Clontech, Pal Alto, CA, USA) usingMut Express II FastMutagenesis Kit

V2 (Vazyme Biotech, Nanjing, China). ORF-GFPmut fusion plasmid was constructed by inserting HS3ST3B1-IT1 ORF into the GFPmut vector.

Wild-type HS3ST3B1-IT1 reporter (HS3ST3B1-IT1-Luc-wt) was constructed by inserting wild-type HS3ST3B1-IT1 sequence into the psi-

CHECK2 vector (Promega, Madison, WI, USA). The mutant HS3ST3B1-IT1 reporters were generated by replacing the adenosine bases

with cytosines at wild-type HS3ST3B1-IT1 reporter. The HS3ST3B1, ALKBH5 and YTHDF2 expression plasmids were purchased from Sino Bio-

logical (Beijing, China). The YTHDF2-5A-mut (containing K416A/R527A/W432A/W486A/W491A mutations) was conducted by Mut Express II

Fast Mutagenesis Kit V2 (Vazyme Biotech). The primers used for plasmid construction were listed in Table S5. HA-ubiquitin plasmid was pur-

chased from Addgene (Cambridge, MA, USA). RiboBio (Guangzhou, China) chemically synthesized the siRNA against HS3ST3B1 and nega-

tive control siRNA; and the antisense oligonucleotides (ASO) targeting HS3ST3B1-IT1 and negative control. The sequences of siRNAs and

ASOs were listed in Table S6. Cell transfection was executed with Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) according to the man-

ufacturer’s instructions.

Western blotting

Cells were lysed in radioimmunoprecipitation assay buffer (Beyotime Biotechnology) containing protease inhibitor cocktail (Yeasen). Equal

amounts of proteins were separated by 10% sodium dodecyl sulfate-polyacrylamide gel and transferred to a polyvinylidene difluoride mem-

brane (Roche, Indianapolis, IN, USA). The membrane was incubated with specific primary antibody overnight at 4�C, and was then incubated

with secondary antibody at room temperature for 1 h. Bands were visualized with an ECL detection reagent (Tanon, Shanghai, China).

qRT-PCR

Total RNA were isolated from articular cartilage and cultured cells using Trizol reagent (Takara, Otsu, Japan). Complementary DNA was syn-

thesized from 1 mg of total RNA using HiScript II Q Select RT SuperMix (Vazyme Biotech). Real-time PCR was performed using FastStart

Universal SYBR Green Master Mix (Yeasen) in a Roche LightCycler 96 Real-Time PCR System. Relative expression level was calculated using

the 2–DDCt method with normalization to b-actin. All primers used for PCR amplification were listed in Table S7.
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Cell viability assay

Cell Counting Kit-8 (CCK-8) (Yeasen) was used to assess the cell viability. The human primary chondrocytes coming from the same cartilage

donor were transfected with the indicated plasmids, siRNAs or ASO, and then seeded at a density of 53103 cells per well in 96-well culture

plates, respectively. Six replicate wells were used for each experimental group. On Days 0, 1, 2, and 3, 10 mL of CCK-8 solution was added to

each well and incubated at 37�C for 2 h. The absorbance at 450 nmwasmeasured using amicroplate reader (BioTek, Winooski, VT, USA). The

assay was repeated three times with different chondrocytes collected from three cartilage donors.We calculated averaged values from the six

wells with the same treatments, and a two-way ANOVA followed by multiple comparison test was used to analyze the between-group differ-

ences at different time points (0, 24, 48, and 72 h), based on three biological replicates.

Flow cytometric analysis

Apoptosis was detected using a Fluorescein isothiocyanate (FITC)-Annexin V/Propidium Iodide (PI) Apoptosis Detection Kit (Vazyme

Biotech). In Brief, cells were trypsinized, and resuspended in 100 mL of binding buffer containing FITC-Annexin V/PI for 15 min. Apoptosis

was analyzed by BD FACSCalibur instrument (BD Biosciences, Franklin Lakes, NJ, USA).

Protein stability

To measure protein stability, the chondrocytes were treated with CHX (final concentration 100 mg/ml, Sigma-Aldrich) for the indicated time

points. The protein level of HS3ST3B1 was measured by western blotting.

Fluorescence in situ hybridization (FISH)

The FISH assays were done by RiboTM FISH Kit (RiboBio). Cells were fixed with 4% formaldehyde for 10 min, permeabilized in 0.5% Triton

X-100 at 4�C for 5 min, and then blocked in the preliminary hybridization solution for 30 min. Anti-HS3ST3B1-IT1, anti-U6, and anti-18S

rRNA oligodeoxynucleotide probes (RiboBio) were used in the hybridization solution for incubation at 37�C overnight in the dark. Nuclear

counterstaining was conducted with DAPI, and digital images were obtained using a Zeiss LSM 710 confocal laser microscope (Carl Zeiss,

Oberkochen, Germany).

Ubiquitination assay

The chondrocytes were transfected with HA-ubiquitin, pCMV3-Flag-HS3ST3B1 and pcDNA-HS3ST3B1-IT1 expression plasmids or HA-ubiq-

uitin, pCMV3-Flag-HS3ST3B1 and HS3ST3B1-IT1 ASO for 36 h, and then treated with 20 mMMG132 for 6 h before harvesting. Cell lystes were

immunoprecipitated by anti-Flag antibody (Proteintech, Wuhan, China) or control IgG, and then immunoblotted with anti-Ubiquitin antibody

(Santa Cruz Biotechnology, San Diego, CA, USA), and the same blot was reprobed for HS3ST3B1.

RNA decay assay

The chondrocytes were seeded in 6-well plates overnight, and the ALKBH5 or YTHDF2 expression plasmids were transfected into the cells for

24 h. 5 mg/ml Actinomycin D (ActD, MCE, Shanghai, China) was added to inhibit gene transcription for various times as indicated. Then, total

RNA was extracted and analyzed by qRT-PCR. The mRNA half-life (t1/2) of HS3ST3B1-IT1 was calculated using ln2/slope, and normalized to

b-actin.

Dual-luciferase reporter assay

To identify them6Amodification sites on HS3ST3B1-IT1 RNA, HEK293T cells were transfected with ALKBH5 expression plasmid together with

wild-type or mutated HS3ST3B1-IT1 reporter plasmids. After 36 h of transfection, cells were lysed, and luciferase activity was assessed using a

Dual-Luciferase Reporter Assay Kit (Yeasen). The firefly luciferase activity of each sample was normalized by the Renilla luciferase activity.

RIP assay

RIP was performed using an EZ-Magna RIP Kit (Millipore) according to the manufacturer’s protocol. Briefly, the whole-cell lysate was incu-

bated with RIP buffer, containing magnetic beads conjugated to an anti-Flag antibody, anti-m6A antibody (Epigentek, Farmingdale, NY,

USA), or anti-YTHDF2 antibody (Abcam, Cambridge, UK) at 4�C for 6 h. IgG was used as the negative control. The beads were washed

and then incubated with 0.1% SDS/0.5 mg/mL proteinase K at 55�C for 30 min to remove proteins. Finally, the coprecipitated RNAs were

evaluated by qRT-PCR.

m6A dot blot assay

The poly (A) RNAs (100 ng) were directly spotted ontoHybond-N+membranes (Biosharp, Guangzhou, China). Themembraneswere UV cross-

linked for 5 min and washed with TBST for 5 min to remove unbound total RNAs. After being blocked with 5% non-fat milk for 1 h, the mem-

brane was incubated with specific anti-m6A antibody at 4�C overnight. Dot blots were hatched with horseradish peroxidase-conjugated goat

anti-rabbit IgG (Affinity Biosciences) for 1 h, and exposed in visualizer Tanon-5200 (Tanon). The same 100 ng poly (A) mRNAs were spotted on
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the membranes, and stained with 0.2%Methylene blue (Sangon Biotech, Shanghai, China) followed by the scanning to indicate the total con-

tent of input RNA.

QUANTIFICATION AND STATISTICAL ANALYSIS

Experimental results were analyzed with SPSS software. Data were presented as the mean G standard deviation (SD) values of three inde-

pendent experiments. For two-group comparisons with normally distributed data, the unpaired two-tailed Student’s t test was used for

data with equal variances among groups, and the unpaired Student’s t test with Welch correction was used for data with unequal variances.

Two-way analysis of variance (ANOVA) was used for multiple group comparisons. The correlation coefficients were calculated by Pearson cor-

relation analysis. P value<0.05 was considered statistically significant.

ll
OPEN ACCESS

iScience 26, 107838, October 20, 2023 21

iScience
Article


	ISCI107838_proof_v26i10.pdf
	ALKBH5-mediated m6A demethylation of HS3ST3B1-IT1 prevents osteoarthritis progression
	Introduction
	Results
	HS3ST3B1-IT1 and HS3ST3B1 are downregulated in human osteoarthritic cartilage
	HS3ST3B1-IT1 increases chondrocyte viability, inhibits chondrocyte apoptosis, and upregulates ECM proteins in human primary ...
	HS3ST3B1-IT1 attenuates OA progression in vivo
	HS3ST3B1 enhances chondrocyte viability, inhibits chondrocyte apoptosis, and increases ECM components
	HS3ST3B1-IT1 upregulates HS3ST3B1 expression partially by blocking its ubiquitination-mediated degradation
	HS3ST3B1 mediates the effects of HS3ST3B1-IT1 on chondrocyte viability, chondrocyte apoptosis, and ECM metabolism
	ALKBH5 mediates m6A demethylation of HS3ST3B1-IT1 and promotes its expression
	ALKBH5 increases HS3ST3B1-IT1 expression through an m6A-YTHDF2-dependent pathway

	Discussion
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	Inclusion and diversity
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and study participant details
	Clinical samples
	Collection of human primary chondrocytes
	Mouse model of MIA-induced OA

	Method details
	Histological analysis and IHC staining
	TUNEL staining
	Plasmid construction, RNAi, and cell transfection
	Western blotting
	qRT-PCR
	Cell viability assay
	Flow cytometric analysis
	Protein stability
	Fluorescence in situ hybridization (FISH)
	Ubiquitination assay
	RNA decay assay
	Dual-luciferase reporter assay
	RIP assay
	m6A dot blot assay

	Quantification and statistical analysis




