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HSPB1 as an RNA‑binding protein mediates 
the pathological process of osteoarthritis
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Abstract 

Heat-shock protein beta1 (HSPB1) is a member of the small HSP family, downregulated in osteoarthritis (OA) chondro-
cytes and demonstrated the capacity to serve as an RNA-binding protein (RBP). This work aimed to explore the pro-
file of HSPB1 bound RNA and reveal the potential regulation mechanism of HSPB1 in OA. In this work, we captured 
an unbiased HSPB1-RNA interaction map in Hela cells using the iRIP-seq. The results demonstrated that HSPB1 inter-
acted with plentiful of mRNAs and genomic location toward the CDS region. Functional enrichment of HSPB1-related 
peaks showed the involvement in gene expression, translation initiation, cellular protein metabolic process, and non-
sense-mediated decay. HOMER software analysis showed that HSPB1 bound peaks were over-represented in GAG​GAG​ 
sequences. In addition, ABLIRC and CIMS algorithm indicated that HSPB1 bound to AU-rich motifs and the proportion 
of AU-rich peaks in 3′ UTR were slightly higher than that in other regions. Moreover, HSPB1-binding targets analysis 
revealed several gens were associated with OA including EGFR, PLEC, COL5A1, and ROR2. The association of OA-
related mRNAs to HSPB1 was additionally confirmed in OA tissues by the quantitative RIP-PCR experiments. Further 
experiment demonstrated the downregulation of HSPB1 in OA tissues. In conclusion, our current study confirmed 
HSPB1 as an RNA-binding protein and revealed its potential function in the pathological process of OA, providing 
a reliable insight to further investigate the molecular regulation mechanism of HSPB1 in OA.
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Introduction
Osteoarthritis (OA) is the most prevalent debilitating 
joint disease characterized with the articular cartilage 
degeneration, osteophyte formation, subchondral bone 
sclerosis, and synovial hyperplasia, influencing 10–20% 
of the population worldwide [1–4]. It causes considerable 
economic and societal burdens as its high morbidity and 
disabling symptoms, leading to a total healthcare cost 
presently evaluated to be € 400 billion annual in Europe 
[5, 6]. The present OA therapy depends on its severity. 

For low-to-mild stage OA, the utilization of painkillers, 
intra-articular injections of hyaluronic acid or corticos-
teroids, and nonsteroidal anti-inflammatory drugs, can 
relieve the pain, yet these treatments do not hinder dis-
ease progression. The gold standard treatment for end-
stage OA is the total joint arthroplasty. However, it is 
invasive and expensive [7]. Currently, there is no curative 
strategy for OA treatment since the pathogenesis of OA 
is far from clear [8]. Therefore, it is imperative to inves-
tigate the underlying molecule mechanism of OA to find 
out effective therapeutic targets.

Heat-shock protein beta1 (HSPB1), also known as 
HSP27, is a member of the small HSP family, contain-
ing ubiquitously expressed molecular chaperones that 
keeps cellular proteostasis under stress situations [9]. 
As previously reported, the small HSP family are capa-
ble of binding to unfolded proteins preserving them in a 

Open Access

© The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecom-
mons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Journal of Orthopaedic
Surgery and Research

*Correspondence:
Chunhua Shi
shichunhua2004@163.com
1 Department of Rheumatology and Immunology, Jiangxi Provincial 
People’s Hospital, The First Affiliated Hospital of Nanchang Medical 
College, Nanchang 330006, Jiangxi, China

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13018-024-04580-8&domain=pdf


Page 2 of 11Fu et al. Journal of Orthopaedic Surgery and Research          (2024) 19:156 

folding-competent state, whose release requires coopera-
tion with ATP-dependent HSPs [10]. In addition, HSPs 
also demonstrate the capacity to serve as RNA-binding 
proteins (RBPs). Davila et al. suggested that HSP27 alle-
viated oxidative stress-induced neuronal injury through 
binding to the 3′ UTR of bim mRNA [11]. HSP27 nega-
tively mediated endogenous apoptosis through binding to 
cytochrome c [12]. Sinsimer et al. found that chaperone 
HSP27 as a subunit of ASTRC shows high-affinity AU-
rich element (ARE) binding activity, and its knockdown 
contributed to proinflammatory cytokine ARE-medi-
ated mRNA stabilize [13]. All of these studies identified 
HSPB1 as an RBP. Nevertheless, the profile of HSPB1 
bound RNA is unknown.

Evidence demonstrated that HSP27 is downregulated in 
OA chondrocytes, and it shows a prominent function in 
the articular chondrocyte homeostasis through regulat-
ing cellular metabolism or interleukin (IL)-1beta-induced 
IL-6 secretion [14, 15]. However, its underly molecular 
regulation mechanism in OA needs further elucidate. In 
this work, we explored the profile of HSPB1 bound RNA 
and reveal the potential regulation mechanism of HSPB1 
in OA using improved RNA immunoprecipitation and 
sequencing (iRIP-seq). iRIP-seq is a recently developed 
technology that can capture RBP-bound RNA targets 
directly and indirectly [16]. In the method of iRIP-seq, 
UV cross-linking of cellular protein-RNA interactions, 
RNase digestion of naked RNA regions, and immuno-
precipitation of the protein-RNA complex were used to 
obtain the RNA–protein complexes including direct and 
indirect RNA–protein interactions, followed by steps of 
RNA isolation, cDNA library construction, and Illumina 
sequencing [17]. The results demonstrated that HSPB1 
may be involved in the progression of OA through bind-
ing to PLEC, ROR2, EGFR, and COL5A1.

Materials and methods
Cell culture and plasmid overexpression
HeLa cells were incubated at 37 ℃ in Dulbecco’s modi-
fied eagle’s medium supplemented with 10% fetal bovine 
serum, streptomycin (100  g/mL), and penicillin (100 U/
μl). The cells were transfected with a HSPB1-overex-
pressing plasmid using Lipofectamine 2000 (Invitrogen, 
Carlsbad, CA, USA).

Co‑immunoprecipitation
HeLa cells were first lysed in ice-cold lysis buffer (1 × PBS, 
0.5% sodium deoxycholate, 0.1% SDS, 0.5% NP40) with 
RNase inhibitor (Takara, 2313) and a protease inhibitor 
(Solarbio, 329–98–6) on ice for 5 min. The mixture was 
then vibrated vigorously and centrifuged at 13,000 × g 
at 4℃ for 20 min to remove cell debris. The supernatant 
was incubated with DynaBeads protein A/G (Thermo, 

26,162) conjugated with anti-flag antibody (Sigma, 
F1804) or normal IgG at 4 ℃ overnight. The beads were 
washed with low-salt wash buffer, high-salt wash buffer 
and 1X PNK buffer, respectively. Resuspend the beads in 
elution buffer and then divided into two groups, one for 
RNA isolation from HSPB1-RNA complexes and another 
for the western blotting assay for HSPB1.

Western blot
Resuspend sample with 40 ul elution buffer (50  mM 
Tris–Cl (pH = 8.0), 10  mM EDTA (pH = 8.0), 1%SDS 
and incubate it at 70  °C for 20  min at 1,400  rpm. Cen-
trifuge the sample at 13,200xg for a short time. Transfer 
the supernatant to a new EP tube, while the tube is on 
the magnetic separator. After that complexes were eluted 
by boiling for 10 min in boiling water with 1X SDS sam-
ple buffer and separated on 10% SDS-PAGE. With TBST 
buffer (20  mM tris-buffered saline and 0.1% Tween-20) 
containing 5% non-fat milk power for 1 h at room tem-
perature, membranes were incubated with primary 
antibody: Flag antibody (1:2,000, Sigma, F7425), actin 
(1:2000, CUSABIO) and then with HRP-conjugated sec-
ondary antibody. Bound secondary antibody (anti-mouse 
or anti-rabbit 1:10,000) (Abcam) was detected using the 
enhanced chemiluminescence (ECL) reagent (Bio-Rad, 
170,506).

iRIP‑seq library preparation and sequencing
The HSPB1-bound RNAs were isolated from the immu-
noprecipitation of anti-Flag using TRIzol (Invitrogen). 
Complementary DNA (cDNA) libraries were prepared 
with the KAPA RNA Hyper Prep Kit (KAPA, KK8541) 
based on the provided procedure and high-through-
put sequencing of the cDNA libraries was performed 
on an Illumina Xten platform for 150  bp paired-end 
sequencing.

Data analysis
After reads were aligned onto the genome with TopHat 
2 [18], only uniquely mapped reads were used for the 
following analysis. “ABLIRC” strategy was used to iden-
tify the binding regions of HSPB1 in genome [19]. Reads 
with at least 1  bp overlap were clustered as peaks. For 
each gene, computational simulation was used to ran-
domly generated reads with the same number and 
lengths as reads in peaks. The outputting reads were 
further mapped to the same genes to generate random 
max peak height from overlapping reads. The whole pro-
cess was repeated for 500 times. All the observed peaks 
with heights higher than those of random max peaks 
(p-value < 0.05) were selected. The IP and input sam-
ples were analyzed by the simulation independently, and 
the IP peaks that have overlap with input peaks were 
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removed. The target genes of IP were finally determined 
by the peaks, and the binding motifs of HSPB1 protein 
were called by HOMER software [20].

Functional enrichment analysis
To sort out functional categories of peak associated genes 
(target genes), gene ontology (GO) terms and KEGG 
pathways were identified using KOBAS 2.0 server [21]. 
Hypergeometric test and Benjamini–Hochberg FDR con-
trolling procedure were used to define the enrichment of 
each term.

Tissue preparation
Individuals were eligible if they had pain or stiffness 
of the knee, limited joint movement, and joint atrophy 
of the muscles around the knee. Patients with the pres-
ence of a clear pathological condition rather than OA 
that could explain the existing complaints, such as other 
rheumatic disease, previous knee joint replacement, con-
genital dysplasia, osteochondritis dissecans, intra-artic-
ular fractures, septic arthritis, Perthes’ disease, ligament 
or meniscus damage, and Baker’s cyst, and comorbidity 
that did not allow physical evaluation were excluded [22, 
23]. All the enrolled patients were aged 55–75 years with 
severe OA evaluated according to the Lequesne index. 
Knee tissues were collected from the patients with OA 
during surgical operation and maintained at -80 ℃ for 
subsequent RNA isolation and protein extraction. Knee 
tissues from patients without OA were classified as con-
trol group. This study was approved by the Ethics Com-
mittee of the Jiangxi Provincial People’s Hospital, and all 
the enrolled patients were informed consent.

RT‑qPCR
Total RNA was extracted from knee tissues using trizol 
(Invitrogen, 15,596,018) and reverse transcribed into 
cDNA using RevertAid First Strand cDNA synthesis 
Kit (Invitrogen, K1622). qPCR was performed to detect 
the expression of HSPB1 and other genes using Quanti-
tyNova SYBR Green PCR Kit (QIAGEN, 208,054), with 
relative mRNA expression being evaluated by 2−△△Ct 
methodology and β-actin serving as internal reference. 
The primer sequences are compiled in Additional file 1: 
Table S1.

Immunoprecipitation
RIP determination was conducted using Magna RIP 
Kit (Merck Millipore, 17–701) based on corresponding 
instructions. The obtained knee tissues were dispersed 
into individual cells and lysed, and then incubated with 
magnetic conjugated anti-HSPB1 or control anti-immu-
noglobulin G (IgG) at 4 ℃ overnight. After purification, 
RT-qPCR was performed to determine EGFR, PLEC, 

COL5A1, and ROR2 relative fold enrichment. The primer 
sequences are compiled in Additional file 1: Table S1.

Statistical analysis
Statistical analyses were conducted with SPSS software 
(Chicago, IL, USA; version 22), and outcomes are shown 
as mean ± standard deviation of at least three experi-
ments. Significance between groups was detected using 
Student’s t test, and a p-value < 0.05 was considered as 
statistical significance.

Results
Qualified sequencing data were obtained for downstream 
analysis
To investigate the HSPB1-RNA-binding activity and its 
potential contribution to OA, we obtained a transcrip-
tome-wide interaction profile of HSPB1 in HeLa cells 
using iRIP-seq method. The flag-tagged HSPB1 was uti-
lized for immunoprecipitation, and two independent 
iRIP replicates were carried out. Western blot detection 
demonstrated that Flag-HSPB1 protein was observed 
both in the total cell lysate and the IP specimens, but not 
in the IgG control (Fig. 1A). The prepared cDNA librar-
ies from anti-flag IP and the total cell lysate (input) con-
trol were sequenced using the Illumina HiSeq X Ten 
system. A total of 24,557,586 and 34,854,589 clean reads 
for the replicate 1 of anti-Flag IP and input control were 
obtained, respectively, and 22,104,701 and 33,106,061 
clean reads were obtained from those of replicate 2. The 
percentage of Q20 > 96%, Q3 > 91%, and GC ranged from 
57 to 62%, indicating the high quality of the data. Thereaf-
ter, the reads were processed and aligned onto the human 
GRCH38 genome using Tophat2, approximately 69–87% 
of them were mapped and approximately 8–23% were 
uniquely mapped. A larger faction of uniquely mapped 
reads contained the spliced junction in IP samples than 
that in the input controls (Table 1). Heatmap clustering 
analysis of sample correlation based on the normalized 
mapped reads on each gene demonstrated that the two 
immunoprecipitated samples were clustered together 
and well-separated from the input samples (Fig.  2B). 
Scatter plot of the detected gene level in each pair of the 
samples showed that transcripts from an obvious fraction 
of genes were enriched in immunoprecipitated samples 
(Fig. 2C). Collectively, these results supported the success 
of the iRIP-seq experiments.

Furthermore, genomic location analysis of the aligned 
reads from the immunoprecipitated and control sam-
ples suggested that the HSPB1-related reads were nota-
bly enriched in the 5′ UTR, 3′ UTR, CDS, and noncoding 
exon, whereas depleted in the intergenic and introns 
regions compared to those of control samples (Fig. 1D). 
In addition, we analyzed the distribution of peak reads 
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density within 1 kilobase from the transcription start site 
(TSS) and from the transcription termination site (TTS), 
indicating that peaks enrich in upstream of TTS (Fig. 1E).

Analysis of the HSPB1‑binding peaks
The rmdup reads that uniquely mapped to genomic 
locations and removed PCR duplicates were chosen 
for peak calling and further analysis. A total of 896,542 
and 3,753,096 usable reads for the replicate 1 of anti-
Flag IP and input control were obtained, respectively, 
and 854,603 and 3,597,729 reads were obtained from 
those of replicate 2 (Table  1). The peaks from HSPB1 

iRIP-seq reads were analyzed using ABLIFE algorithm, 
and a total of 2519 HSPB1-binding peaks sharing over-
lapped genomic locations were obtained between the 
two replicates (Fig.  2A, left). In addition, Piranha and 
CIMS were also utilized to capture HSPB1-related peaks, 
demonstrating that the CIMS peaks had a better overlap 
with ABLIFE peaks (Fig. 2A, right). The majority of the 
obtained peaks were located on CDS (Fig.  2B). Further 
analysis demonstrated that the densities of the CDS peak 
reads were generally higher than those of the 5′ UTR 
and 3′ UTR peaks (Fig.  2C). Moreover, GO analysis of 
the obtained peaks from the two IP replicates revealed 

Fig. 1  Qualified sequencing data were obtained for downstream analysis. A Western blot analysis of HSPB1 immunoprecipitates using anti-flag 
monoclonal antibody. Two replicates were performed. B Heatmap clustering analysis of sample correlation based on the normalized mapped reads 
on each gene, showing two immunoprecipitated samples clustered. C Scatter plot showing Pearson correlation between immunoprecipitated 
and input samples. D Percent of mapped reads on different genomic regions. E Peak reads density within 1 kilobase (kb) from the transcription start 
site (TSS) and from the transcription termination site (TTS)
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Table 1  Sample details from iRIP-seq and clean reads mapping on the reference genome

Sample ID HSPB1_IP_1 HSPB1_IP_2 HSPB1_input_1 HSPB1_input_2

Raw 25,957,138 25,957,138 36,144,380 34,484,986

Clean 24,557,586 22,104,701 34,854,589 33,106,061

Clean percentage 94.61% 95.04% 96.43% 96.00%

Q20 percentage 96.72% 96.78% 97.01% 97.07%

Q30 percentage 91.60% 91.71% 92.27% 92.40%

GC percentage 62.00% 62.00% 57.00% 57.00%

Total mapped 21,456,099
(87.37%)

19,241,555
(87.05%)

24,309,491
(69.75%)

23,087,106
(69.74%)

Total uniquely mapped 1,761,223
(8.21%)

1,679,030
(8.73%)

5,660,856
(23.29%)

5,321,046
(23.05%)

Total multiple mapped 19,694,876
(91.79%)

17,562,525
(91.27%)

18,648,635
(76.71%)

17,766,060
(76.95%)

Rmdup reads 896,546
(50.9%)

854,603
(50.9%)

3,753,096
(66.3%)

3,597,729
(67.61%)

Fig. 2  Analysis of the HSPB1-binding peaks. A Left Venn diagram showing the overlap of HSPB1 bound peaks obtained from two replicates 
of iRIP-seq which were called by ABLIRC algorithm. Right Venn diagram showing the overlap of HSPB1 bound peaks called by ABLIRC, cims 
and piranha methods, respectively. B Percent of predicted peaks on different genomic regions. C Peak reads density in 5′ UTR, CDS and 3′ UTR based 
on ABLIFE method. The reads density of HSPB1 peaks in all genes were plotted. D The top 10 enriched GO biological processes of the HSPB1-bound 
genes. E The top 10 enriched KEGG pathways of the HSPB1-bound genes
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involvement in several terms including gene expression, 
translation initiation, cellular protein metabolic pro-
cess, and nonsense-mediated decay (Fig. 2D), and KEGG 
analysis of those overlapped peaks demonstrated involve-
ment in adherens junction and HIF-1 signaling pathway 
(Fig. 2E).

Analysis of the HSPB1‑binding motifs
Furthermore, HOMER software was conducted to iden-
tify the sequence motifs enriched in HSPB1 bound peaks 
from the two IP replicates. Obviously, the sequence of 
GAG​GAG​ was over-represented in the peaks identified 
from per independent IP replication (Fig.  3A). Further 
frequency analysis suggested that GAG​GAG​ was pre-
sent in different gene region including 3′ UTR, 5′ UTR, 
CDS and introns, and its frequency in the CDS and 5′ 
UTR was slightly higher than that in 3′ UTR and introns 
regions (Fig. 3B). As well, ABLIFE and CIMS algorithm 
indicated that HSPB1 bound to AU-rich motifs (Fig. 3C), 
which was consistent with previous study [13]. CU-rich 
and C-rich motif were also identified among the bind-
ing motifs (Fig. 3C), and the binding characteristics were 
similar to that of its interacting protein PCBP1 [9]. Fre-
quency analysis suggested that all AU-rich, CU-rich, and 
C-rich were present in several gene regions including 3′ 
UTR, 5′ UTR, CDS and introns (Fig. 3D–F), and the pro-
portion of peaks containing AU-rich, CU-rich, or C-rich 
motif in 3′ UTR was slightly higher than that in other 
regions (Fig. 3D–F).

The reads density landscape of HSPB1‑binding 
peaks on OA‑related gene transcripts and additional 
confirmation
Next, we analyzed the HSPB1-binding targets through 
corresponding peaks, finding several gens associated with 
OA including EGFR (Fig. 4A), PLEC (Fig. 4B), COL5A1 
(Fig.  4C), and ROR2 (Additional file  1: Figure  S1). The 
association of EGFR, PLEC, COL5A1, and ROR2 mRNA 
to HSPB1 was additionally confirmed in OA tissues by 

the quantitative RIP-PCR experiments (Fig. 5A). In addi-
tion, HSPB1 protein were fund to be downregulated in 
OA tissues compared to that in healthy control (Fig. 5B).

Discussion
HSPB1, a subtype of the small HSP family, is involved 
in multiple biological processes containing macrophage 
infiltration [24], tumor proliferation and metasta-
sis [25], mitochondrial dysfunction [26], epithelial-
mesenchymal transition [27], as well as endoplasmic 
reticulum stress [28]. In addition, several studies have 
identified HSPB1 as an RBP associated with oxidative 
stress, apoptosis, and inflammatory [11–13]. However, 
the profile of HSPB1 bound RNA is far from clear. In 
this work, we captured an unbiased HSPB1-RNA inter-
action map in Hela cells using the iRIP-seq method. 
The results demonstrated that HSPB1 interacted with 
plentiful of mRNAs and genomic location toward the 
CDS region, suggesting its function in translational 
regulation of the bound mRNA. Moreover, functional 
enrichment of HSPB1-related peaks showed that over-
lapped peaks of two repetitions were involved in gene 
expression, translation initiation, and cellular protein 
metabolic process, consistent with previous study. 
As reported by Kuroyanagi et  al., HSPB1 suppressed 
the translation initiation process of osteoblast‑like 
cells through interacting with eukaryotic translation 
initiation factor 4E, an mRNA cap‑binding protein 
that controls translation [29]. Wang et  al. found that 
HSP27 contributes to high expression of HSPB8 in 
breast cancer cells, leading to proliferation and metas-
tasis of cancer cells [30]. Additionally, HSP27 partici-
pated in cell cycle regulation of lung fibroblast cells 
through decreasing the expression of transcriptional 
repressors E2F-4 and p130 [31]. Vicente Miranda et al. 
revealed that HSP27 led to the generation of non-
toxic α-synuclein species by decreasing methylgly-
oxal-induced cellular α-synuclein aggregation in  vitro, 
thereby regulating the glycation-mediated cellular 

(See figure on next page.)
Fig. 3  Analysis of the HSPB1-binding motifs. A Over-represented motifs in HSPB1 bound peaks from the two IP replicates. B The frequency of GAG​
GAG​ motif was higher in 3′ UTR and 5′ UTR regions in human HeLa cells. Box plot (up) showing the GAG​GAG​ motif frequency in HSPB1-binding 
peaks which was located in different gene region including 3′ UTR, 5′ UTR, CDS and intronic. The frequency was calculated by hit motif length 
per kilo base of peaks. The barplot (down) showed the proportions of HSPB1 peaks with GAG​GAG​ motifs in relative to those without. C AU-rich, 
CU-rich and C-rich motif were identified by ABLIRC and cims methods. D The frequency of AU-rich motif was higher in 3′ UTR and intronic regions 
in human HeLa cells. Box plot (up) showing the AU-rich motif frequency in HSPB1-binding peaks which was located in different gene region 
including 3′ UTR, 5′ UTR, CDS and intronic. The frequency was calculated by hit motif length per kilo base of peaks. The barplot (down) showed 
the proportions of HSPB1 peaks with AU-rich motifs in relative to those without. E The frequency of CU-rich motif was higher in 3′ UTR region 
in human HeLa cells. Box plot (up) showing the CU-rich motif frequency in HSPB1-binding peaks which was located in different gene region 
including 3′ UTR, 5′ UTR, CDS and intronic. The frequency was calculated by hit motif length per kilo base of peaks. The barplot (down) showed 
the proportions of HSPB1 peaks with CU-rich motifs in relative to those without. F The frequency of C-rich motif did not show significant differences 
on genome region in human HeLa cells
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pathologies in synucleinopathies [32]. As well, the 
present study showed that HSPB1-related peaks were 
enriched in nonsense-mediated decay, a conserved 
regulatory mechanism for mRNA quantity and qual-
ity control in eukaryotic cells that implicates multi-
ple human disease comprising neurodevelopmental 

disorders, cancer, and viral infections [33, 34]. It could 
be interesting to further investigate the regulatory 
effect of HSPB1 in nonsense-mediated decay.

Next, HOMER software analysis showed that HSPB1 
bound peaks were over-represented in GAG​GAG​ 
sequences, highly presented in the CDS and 5′ UTR 

Fig. 3  (See legend on previous page.)
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Fig. 4  Reads density landscape of HSPB1-binding peaks on osteoarthritis-related gene transcripts. A EGFR. B PLEC. C COL5A1
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Fig. 5  HSPB1 binds to OA-associated genes and is low expression in OA tissues. A RIP–qPCR validation of HSPB1-bound genes. B Relative 
expression of HSPB1 in OA tissues. Data are shown as mean ± SD of at least three repetitions. *p < 0.05, ** p < 0.01, ns, non-significant
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regions. In addition, ABLIRC and CIMS algorithm indi-
cated that HSPB1 bound to AU-rich motifs and the pro-
portion of AU-rich peaks in 3′ UTR were slightly higher 
than that in other regions. 3′ UTR-localized AREs-bear-
ing mRNAs encoding proteins required for intracellular 
signaling, cell proliferation, and inflammatory responses 
are maintained at low levels in monocytes dominantly 
due to their rapid degradation [35, 36]. Previous study 
has demonstrated HSPB1 as an ARE-binding protein vital 
for rapid degradation of ARE-bearing mRNA. As well, 
the study showed that HSPB1 bound to the TNF-α ARE 
and its inhibition contributed to dramatic stabilization of 
cytokine TNF-α [13]. Another study reported by Som-
mer et al. revealed that HSPB1 upregulation impeded the 
expression of ARE-mRNA encoding the c-Yes [37]. Our 
current study confirmed HSPB1 as an ARE-binding pro-
tein as previous studies, but its function as an ARE-bind-
ing protein requires further elucidate.

Moreover, we found several gens associated with OA 
among HSPB1-binding targets including EGFR, PLEC, 
COL5A1, and ROR2 and the association of these selected 
mRNAs to HSPB1 was additionally confirmed in OA tis-
sues. In addition, we found the low expression of HSPB1 
in OA tissues. Qin et  al. demonstrated the remarkable 
reduction of EGFR at the early OA stage and EGFR defi-
ciency accelerated Knee OA development in  vivo [38]. 
EGFR activation persistently enlarged articular carti-
lage of mice due to the elevation of proliferation ability 
and survival rate of cartilage cells, whereas EGFR sup-
pression impaired the protective function against OA 
in EGFR activation mice [39]. As reported by Rice et al., 
PLEC is a susceptibility gene of OA that encodes plec-
tin, a cytoskeletal protein involved in Wnt signaling and 
immune modulation, which were found to have a func-
tion in OA [40, 41]. Bioinformatics analysis by Zhu et al. 
revealed the association of COL5A1 to OA, and experi-
ment showed its differential expression between OA and 
matched control [42]. Thorup et al. reported that ROR2 
blocking alleviated pain and promoted cartilage integrity 
in OA through inactivating yes-associated protein (YAP) 
signaling, indicating ROR2 as a promising therapeutic 
target for OA [43].

In conclusion, results from this unbiased HSPB1-RNA 
interaction profile analyzed using iRIP-seq demonstrated 
that HSPB1 interacts with plentiful of mRNAs toward 
the CDS region, suggesting its function in translational 
regulation of the bound mRNA. Moreover, we found 
several gens associated with OA among HSPB1-binding 
targets including EGFR, PLEC, COL5A1, and ROR2, 
and the association of these selected mRNAs to HSPB1 
was additionally confirmed in OA tissues. However, this 
study is mainly based on bioinformatic analysis and lacks 
verification from cellular, animal, and clinical samples 

experiments. We will design additional studies in cellu-
lar, animal, and humans for a comprehensive understand-
ing of the function of HSPB1 in OA. Overall, the current 
study provides a reliable insight to further investigate the 
molecular regulation mechanism of HSPB1 in OA.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s13018-​024-​04580-8.

Additional file 1: Fig. S1 The reads density landscape of HSPB1-binding 
peaks on ROR2 transcripts. Table S1 Primers information of RT-qPCR.

Author contributions
QF and CS designed the experiments. QF and YL performed the experiment 
and analyzed the data. QF drafted the manuscript. CS revised the manuscript. 
All authors read and approved the final version of the manuscript.

Funding
This work was sponsored by Jiangxi Provincial Health Technology Project (No. 
202410119).

Availability of data and materials
Data supporting the findings of this study are available from the correspond-
ing author upon reasonable request.

Declarations

Competing interests
The authors declare that they have no competing interests.

Received: 25 August 2023   Accepted: 25 January 2024

References
	1.	 Jiang Y, Tuan RS. Origin and function of cartilage stem/progenitor cells in 

osteoarthritis. Nat Rev Rheumatol. 2015;11(4):206–12.
	2.	 Sellam J, Berenbaum F. The role of synovitis in pathophysiology and clini-

cal symptoms of osteoarthritis. Nat Rev Rheumatol. 2010;6(11):625–35.
	3.	 Zheng L, Zhang Z, Sheng P, Mobasheri A. The role of metabolism in 

chondrocyte dysfunction and the progression of osteoarthritis. Ageing 
Res Rev. 2021;1(66):101249.

	4.	 Lagneau N, Tournier P, Nativel F, Maugars Y, Guicheux J, Le Visage C, 
Delplace V. Harnessing cell-material interactions to control stem cell 
secretion for osteoarthritis treatment. Biomaterials. 2023;13:122091.

	5.	 Hunter DJ, March L, Chew M. Osteoarthritis in 2020 and beyond: a lancet 
commission. Lancet. 2020;396(10264):1711–2.

	6.	 Salmon JH, Rat AC, Sellam J, et al. Economic impact of lower-limb 
osteoarthritis worldwide: a systematic review of cost-of-illness studies. 
Osteoarthr Cartil. 2016;24(9):1500–8.

	7.	 de Escalopier NI, Anract P, Biau D. Surgical treatments for osteoarthritis. 
Ann Phys Rehabil Med. 2016;59(3):227–33.

	8.	 Kumar A, Palit P, Thomas S, et al. Osteoarthritis: prognosis and emerg-
ing therapeutic approach for disease management. Drug Dev Res. 
2021;82(1):49–58.

	9.	 Geuens T, De Winter V, Rajan N, et al. Mutant HSPB1 causes loss of trans-
lational repression by binding to PCBP1, an RNA binding protein with a 
possible role in neurodegenerative disease. Acta Neuropathol Commun. 
2017;5(1):5.

	10.	 Haslbeck M, Franzmann T, Weinfurtner D, et al. Some like it hot: the 
structure and function of small heat-shock proteins. Nat Struct Mol Biol. 
2005;12(10):842–6.

https://doi.org/10.1186/s13018-024-04580-8
https://doi.org/10.1186/s13018-024-04580-8


Page 11 of 11Fu et al. Journal of Orthopaedic Surgery and Research          (2024) 19:156 	

	11.	 Davila D, Jimenez-Mateos EM, Mooney CM, et al. Hsp27 binding to 
the 3’UTR of bim mRNA prevents neuronal death during oxidative 
stress-induced injury: a novel cytoprotective mechanism. Mol Biol Cell. 
2014;25(21):3413–23.

	12.	 Bruey JM, Ducasse C, Bonniaud P, et al. Hsp27 negatively regulates cell 
death by interacting with cytochrome c. Nat Cell Biol. 2000;2(9):645–52.

	13.	 Sinsimer KS, Gratacos FM, Knapinska AM, et al. Chaperone Hsp27, a novel 
subunit of AUF1 protein complexes, functions in AU-rich element-medi-
ated mRNA decay. Mol Cell Biol. 2008;28(17):5223–37.

	14.	 Lambrecht S, Dhaenens M, Almqvist F, et al. Proteome characterization of 
human articular chondrocytes leads to novel insights in the function of 
small heat-shock proteins in chondrocyte homeostasis. Osteoarthr Cartil. 
2010;18(3):440–6.

	15.	 Lambrecht S, Verbruggen G, Elewaut D, et al. Differential expression of 
alphaB-crystallin and evidence of its role as a mediator of matrix gene 
expression in osteoarthritis. Arthritis Rheum. 2009;60(1):179–88.

	16.	 Tu Y, Wu X, Yu F, et al. Tristetraprolin-RNA interaction map reveals a novel 
TTP-RelB regulatory network for innate immunity gene expression. Mol 
Immunol. 2020;121:59–71.

	17.	 Wei J, Li DK, Hu X, et al. Galectin-1-RNA interaction map reveals potential 
regulatory roles in angiogenesis. FEBS Lett. 2021;595(5):623–36.

	18.	 Kim D, Pertea G, Trapnell C, et al. TopHat2: accurate alignment of tran-
scriptomes in the presence of insertions, deletions and gene fusions. 
Genome Biol. 2013;14(4):R36.

	19.	 Xia H, Chen D, Wu Q, et al. CELF1 preferentially binds to exon-intron 
boundary and regulates alternative splicing in HeLa cells. Biochim Bio-
phys Acta Gene Regul Mech. 2017;1860(9):911–21.

	20.	 Heinz S, Benner C, Spann N, et al. Simple combinations of lineage-deter-
mining transcription factors prime cis-regulatory elements required for 
macrophage and B cell identities. Mol Cell. 2010;38(4):576–89.

	21.	 Xie C, Mao X, Huang J, Ding Y, Wu J, Dong S, Kong L, Gao G, Li CY, Wei L. 
KOBAS 2.0: a web server for annotation and identification of enriched 
pathways and diseases. Nucleic Acids Res. 2011;39(suppl_2):W316–22.

	22.	 Zhang Z, Huang C, Jiang Q, Zheng Y, Liu Y, Liu S, Chen Y, Mei Y, Ding C, 
Chen M, Gu X. Guidelines for the diagnosis and treatment of osteoarthri-
tis in China. Ann Transl Med. 2020;8(19):1213.

	23.	 Kolasinski SL, Neogi T, Hochberg MC, et al. 2019 American college 
of rheumatology/arthritis foundation guideline for the manage-
ment of osteoarthritis of the hand, hip, and knee. Arthritis Rheumatol. 
2020;72(2):220–33.

	24.	 Wang X, Zhang H, Zhang M, et al. Proteogenomic characterization of 
ferroptosis regulators reveals therapeutic potential in glioblastoma. BMC 
Cancer. 2023;23(1):415.

	25.	 Peng S, Yin Y, Zhang Y, et al. FYN/TOPK/HSPB1 axis facilitates the prolifera-
tion and metastasis of gastric cancer. J Exp Clin Cancer Res. 2023;42(1):80.

	26.	 Adriaenssens E, Asselbergh B, Rivera-Mejias P, et al. Small heat shock pro-
teins operate as molecular chaperones in the mitochondrial intermem-
brane space. Nat Cell Biol. 2023;25(3):467–80.

	27.	 Chen W, Ren X, Wu J, et al. HSP27 associates with epithelial-mesenchymal 
transition, stemness and radioresistance of salivary adenoid cystic carci-
noma. J Cell Mol Med. 2018;22(4):2283–98.

	28.	 Kim JE, Ko AR, Hyun HW, et al. P2RX7-MAPK1/2-SP1 axis inhibits MTOR 
independent HSPB1-mediated astroglial autophagy. Cell Death Dis. 
2018;9(5):546.

	29.	 Kuroyanagi G, Tokuda H, Yamamoto N, et al. Unphosphorylated HSP27 
(HSPB1) regulates the translation initiation process via a direct association 
with eIF4E in osteoblasts. Int J Mol Med. 2015;36(3):881–9.

	30.	 Wang S, Zhang X, Wang H, et al. Heat shock protein 27 enhances 
SUMOylation of heat shock protein b8 to accelerate the progression of 
breast cancer. Am J Pathol. 2020;190(12):2464–77.

	31.	 Park AM, Tsunoda I, Yoshie O. Heat shock protein 27 promotes cell cycle 
progression by down-regulating E2F transcription factor 4 and retino-
blastoma family protein p130. J Biol Chem. 2018;293(41):15815–26.

	32.	 Vicente Miranda H, Chegao A, Oliveira MS, et al. Hsp27 reduces 
glycation-induced toxicity and aggregation of alpha-synuclein. FASEB J. 
2020;34(5):6718–28.

	33.	 Nagarajan VK, Stuart CJ, DiBattista AT, Accerbi M, Caplan JL, Green PJ. 
RNA degradome analysis reveals DNE1 endoribonuclease is required 
for the turnover of diverse mRNA substrates in arabidopsis. Plant Cell. 
2023;35(6):1936–55.

	34.	 Sun L, Mailliot J, Schaffitzel C. Nonsense-mediated mRNA decay factor 
functions in human health and disease. Biomedicines. 2023;11(3):722.

	35.	 Wu X, Brewer G. The regulation of mRNA stability in mammalian cells: 2.0. 
Gene. 2012;500(1):10–21.

	36.	 Wilusz CJ, Wormington M, Peltz SW. The cap-to-tail guide to mRNA turno-
ver. Nat Rev Mol Cell Biol. 2001;2(4):237–46.

	37.	 Sommer S, Cui Y, Brewer G, et al. The c-Yes 3’-UTR contains adenine/
uridine-rich elements that bind AUF1 and HuR involved in mRNA decay 
in breast cancer cells. J Steroid Biochem Mol Biol. 2005;97(3):219–29.

	38.	 Jia H, Ma X, Tong W, et al. EGFR signaling is critical for maintaining the 
superficial layer of articular cartilage and preventing osteoarthritis initia-
tion. Proc Natl Acad Sci USA. 2016;113(50):14360–5.

	39.	 Wei Y, Luo L, Gui T, Yu F, Yan L, Yao L, Zhong L, Yu W, Han B, Patel JM, Liu JF. 
Targeting cartilage EGFR pathway for osteoarthritis treatment. Sci Transl 
Med. 2021;13(576):3946.

	40.	 Rice SJ, Tselepi M, Sorial AK, et al. Prioritization of PLEC and GRINA as 
osteoarthritis risk genes through the identification and characteriza-
tion of novel methylation quantitative trait loci. Arthritis Rheumatol. 
2019;71(8):1285–96.

	41.	 Sorial AK, Hofer IMJ, Tselepi M, et al. Multi-tissue epigenetic analysis of 
the osteoarthritis susceptibility locus mapping to the plectin gene PLEC. 
Osteoarth Cartil. 2020;28(11):1448–58.

	42.	 Zhu Z, Zhong L, Li R, et al. Study of osteoarthritis-related hub genes 
based on bioinformatics analysis. Biomed Res Int. 2020;2020:2379280.

	43.	 Thorup AS, Strachan D, Caxaria S, et al. ROR2 blockade as a therapy for 
osteoarthritis. Sci Transl Med. 2020;12(561):3063.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	HSPB1 as an RNA-binding protein mediates the pathological process of osteoarthritis
	Abstract 
	Introduction
	Materials and methods
	Cell culture and plasmid overexpression
	Co-immunoprecipitation
	Western blot
	iRIP-seq library preparation and sequencing
	Data analysis
	Functional enrichment analysis
	Tissue preparation
	RT-qPCR
	Immunoprecipitation
	Statistical analysis

	Results
	Qualified sequencing data were obtained for downstream analysis
	Analysis of the HSPB1-binding peaks
	Analysis of the HSPB1-binding motifs
	The reads density landscape of HSPB1-binding peaks on OA-related gene transcripts and additional confirmation

	Discussion
	References


