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Abnormal mechanical load is a main risk factor of intervertebral
disc degeneration (IDD), and cellular senescence is a patholog-
ical change in IDD. In addition, extracellularmatrix (ECM) stiff-
ness promotes human nucleus pulposus cells (hNPCs) senes-
cence. However, the molecular mechanism underlying
mechano-induced cellular senescence and IDD progression is
not yet fully elucidated. First, we demonstrated that mechano-
stress promoted hNPCs senescence via NF-kB signaling. Subse-
quently, we identified periostin as the main mechano-responsive
molecule in hNPCs through unbiased sequencing, which was
transcriptionally upregulated by NF-kB p65; moreover, secreted
periostin by senescent hNPCs further promoted senescence and
upregulated the catabolic process in hNPCs through activating
NF-kB, forming a positive loop. Both Postn (encoding periostin)
knockdown via siRNA and periostin inactivation via neutral-
izing antibodies alleviated IDD and NPCs senescence. Further-
more, we found that mechano-stress initiated the positive feed-
back of NF-kB and periostin via PIEZO1. PIEZO1 activation by
Yoda1 induced severe IDD in rat tails without compression, and
Postn knockdown alleviated the Yoda1-induced IDD in vivo.
Here, we reported for the first time that self-amplifying loop
of NF-kB and periostin initiated via PIEZO1 under mechano-
stress accelerated NPCs senescence, leading to IDD. Further-
more, periostin neutralizing antibodies, which may serve as po-
tential therapeutic agents for IDD, interrupted this loop.

INTRODUCTION
Intervertebral disc degeneration (IDD) is a chronic and multifactorial
skeletal disease, considered as the leading cause of low back pain.1–3 It
is caused by an imbalance between anabolism and catabolism of the
intervertebral disc (IVD), especially extracellular matrix (ECM)
degradation of the nucleus pulposus (NP).4–6 The IVD is a special
cartilaginous organ connecting the adjacent vertebral bodies, consist-
ing of the central NP and the outer annulus fibrosus (AF).7,8 The IVD
Molecu
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distributes mechanical load on the adjacent vertebral bodies,9 and
recent studies have shown that mechanical overload is a risk factor
of IDD.10–15 Evolutionarily, the upright posture is associated with a
higher incidence of spine lesions in humans, compared with crawling
mammals.16 Frequent posture changes, fatigue load, and long-time
sitting increase the risk of IDD, owing to elevated load on IVDs.17

The NP senses and responds to mechanical stimuli, and ECM stiff-
ness increases with aging and degeneration.18 It is known that NP
cells (NPCs) prefer a softer matrix (0.3 kPa),19 while a stiffer matrix
(25 kPa) leads to NPCs senescence.20 However, the interplay between
mechanics and biology during NPCs senescence and IDD progression
has not yet been fully elucidated, and further elucidation of the under-
lying molecular mechanisms is needed.

Cellular senescence is a stable cell-cycle arrest, characterized by
enhanced b-galactosidase (b-Gal) activity and the senescence-associ-
ated secretory phenotype (SASP).21 Senescent cells were first detected
in human IVDs by b-Gal staining, and NPCs senescence was posi-
tively related to IDD progression.22 SASP is featured by the upregu-
lation of pro-inflammatory factors such as interleukin-1b (IL-1b),
IL-6, and IL-8, triggering inflammatory cascades and accelerating
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the development of IDD.23,24 Recent studies showed that p16Ink4a, a
master regulator of cellular senescence,25 was upregulated in the
IVDs of IDD patients, and knockout of Cdkn2a (encoding p16Ink4a)
partially alleviated IDD in a tail suspension mouse model.26 However,
conditional knockout of Cdkn2a in IVD cells did not attenuate age-
dependent IDD in mice,23 indicating that cellular senescence and
SASP might play a more important role in mechano-induced IDD.
Thus, a more profound understanding of the regulatory mechanisms
underlying cellular senescence and SASP contributing to IDD pro-
gression might provide new targets for IDD therapy.

Periostin (encoded by POSTN) was first identified in the periodontal
ligament and periosteum of adult mice.27 It is predominantly ex-
pressed in connective tissues sensing mechanical load, such as heart
valves, skin, periodontal ligaments, tendons, and bones.28 It is a me-
chano-responsive molecule involved in skin wound healing pro-
cesses29 and maintenance of periodontium integrity.30 Recently, it
was reported that the expression of POSTN was significantly
increased in the IVDs of IDD patients,31 suggesting a potential role
of periostin in IDD progression, but the regulatory function of peri-
ostin in IDD has not been experimentally examined.

In this study, unbiased mRNA sequencing and assay for transposase-
accessible chromatin sequencing (ATAC-seq) were employed to
examine the changes of human NP cells (hNPCs) under mechano-
stress conditions, and positive feedback of periostin and NF-kB p65
was identified as a key regulator involved in accelerating NPCs senes-
cence and IDD progression. We also found that periostin knockdown
by small interfering RNA (siRNA) or inactivation by neutralizing an-
tibodies attenuated the progression of NPCs senescence and IDD pro-
gression in vitro and in vivo. Furthermore, we demonstrated that the
positive loop was initiated by ECM stiffness via PIEZO1-Ca2+ to pro-
mote cellular senescence and IDD progression in vitro and in vivo.

RESULTS
Mechano-stress promotes hNPCs senescence and SASP via

NF-kB p65

To examine how stiff ECM promoted hNPCs senescence and SASP,
we seeded hNPCs on hydrogels with different stiffness (1 and
40 kPa) for 24 h, and then performed b-Gal staining to label senescent
Figure 1. Mechano-stress promotes hNPCs senescence and SASP via NF-kB p

(A) Representative bright field (upper) and b-Gal staining (bottom) images of hNPCs cultu

cells (right panel). n = 4 biologically independent samples. Scale bar, 100 mm. (B and C

Values were presented as the fold change compared with the 1 kPa group. n = 3 biologi

the cell culture medium as determined by ELISA. n = 3 biologically independent sample

KEGG pathway enrichment analysis (H) of upregulated genes in 40 kPa hNPCs compar

munostaining of NF-kB p65 (green) in hNPCs cultured on indicated hydrogels for 24 h

sented as mean ± SD (right panel). N < C, less NF-kB p65 in nucleus than in cytoplasm. N

in nucleus than in cytoplasm. Three fields were randomly selected for each biological re

were analyzed. *Represents the statistical analysis was conducted in terms of the propo

samples. Scale bar = 25 mm. (J) Representative b-Gal staining images of hNPCs cultured

cells (right panel). BAY, BAY 11–7085. n = 4 biologically independent samples. Scale ba

SASP markers was measured in hNPCs cultured under indicated conditions for 24 h.

*p < 0.05.
cells. As expected, hNPCs on stiff hydrogels (40 kPa) showed a
more spreading cell morphology and more b-Gal+ senescent cells
compared with hNPCs on soft hydrogels (Figure 1A). The senescence
markersCDKN2A (encoding p16) andCDKN1A (encoding p21) were
upregulated in 40 kPa hNPCs, and CDK4 and CDK6 expression were
downregulated (Figure 1B), suggesting cell-cycle arrest in 40 kPa
hNPCs. Then, we examined the mRNA expression of IL1A, IL1B,
IL6, and CXCL8 (encoding IL-8) by qPCR, and the concentrations
of IL-1b, IL-6, and IL-8 in cell culture medium by ELISA. These cy-
tokines were significantly upregulated in 40 kPa hNPCs (Figures 1C–
1F), indicating matrix stiffness promoted SASP of hNPCs as well.

Next, to explore the underlying molecular mechanisms, mRNA from
hNPCs cultured on different hydrogels was collected for unbiased
sequencing. Differentially expressed genes with fold change > 8 and
p < 0.05 were analyzed by Gene Ontology (GO) term enrichment
analysis in the biological processes (BP) category and Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) pathway enrichment analysis.
GO termmapping of upregulated genes in 40 kPa hNPCs showed that
IL-1b secretion, replicative senescence, and I-kappaB phosphoryla-
tion were upregulated (Figure 1G). Meanwhile, KEGG pathway
enrichment analysis of upregulated genes in 40 kPa hNPCs suggested
that the calcium signaling pathway and the NF-kB signaling pathway
were highly upregulated (Figure 1H). To confirm the increased activ-
ity of the NF-kB signaling pathway in 40 kPa hNPCs, immunostain-
ing of NF-kB p65 was performed. As expected, stiff hydrogels pro-
moted NF-kB p65 translocation into the nucleus, indicating higher
NF-kB p65 activity (Figure 1I). Last, we treated hNPCs on different
hydrogels with BAY 11–7085 (BAY), an inhibitor of NF-kB signaling,
and found that BAY significantly reduced the number of b-Gal+ se-
nescent cells and mRNA expression of the senescence markers
CDKN2A and CDKN1A, and SASP markers IL1B and IL6, but
increased CDK4 and CDK6 expression on stiff hydrogels (Figures 1J
and 1K). Together, these data suggested that mechano-stress pro-
moted hNPCs senescence and SASP via NF-kB p65.

Mechano-stress upregulates the transcription of POSTN via

NF-kB p65

Among the cytokines and secretory proteins upregulated by high ma-
trix stiffness, we noticed that POSTN expression increased most
65

red on indicated hydrogels for 24 h (left panel), and quantitation of b-Gal+ senescent

) Relative mRNA expression of the senescence markers (B) and SASP markers (C).
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r, 100 mm. (K) Relative mRNA expression of the matrix metabolism, senescence, and

n = 3 biologically independent samples. Data were presented as the mean ± SD.
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(Figure 2A and Figure S1). We then examined POSTN expression and
periostin secretion of hNPCs on different hydrogels by qPCR and
ELISA. POSTN mRNA expression of 40 kPa hNPCs was increased
significantly (Figure 2B), and the periostin concentration in cell cul-
ture medium was also highly upregulated (Figure 2C). Since chro-
matin remodeling occurs during senescence,32 we next investigated
the underlying mechanism using a genome-wide approach. ATAC-
seq was used to determine chromatin accessibility in hNPCs on
different hydrogels. The number of ATAC-seq peaks increased in
the 40 kPa hNPCs (Figures 2D and 2E), and GO BP term mapping
of genes with a transcriptional start site (TSS) at the unique ATAC
peaks of the 40 kPa hNPCs showed that collagen catabolic process,
negative regulation of chondrocyte differentiation, and ECM disas-
sembly were upregulated (Figure 2F). To identify NF-kB p65-medi-
ated gene regulation, we tested whether chromatin was more acces-
sible around the NF-kB p65 binding sites in 40 kPa hNPCs. NF-kB
p65 motifs were assessed in all ATAC peaks, showing that ATAC-
seq signal intensities were higher around NF-kB p65 motif in
40 kPa hNPCs (Figure 2G). Together, our ATAC-seq data analysis
supported the notion that NF-kB p65 transcription activity in
40 kPa hNPCs was activated.

In addition, to confirm that NF-kB p65 promoted periostin expres-
sion, hNPCs were treated with tumor necrosis factor (TNF)-a.
TNF-a treatment increased the phosphorylation level of NF-kB p65
and upregulated the expression and secretion of periostin, as exam-
ined by immunoblotting and ELISA (Figures 2H and 2I). Next, to
investigate whether mechano-stress induced POSTN expression via
NF-kB p65, we examined the POSTN expression level of BAY-treated
40 kPa hNPCs and found that BAY treatment abolished the
mechano-induced POSTN expression (Figure 2J). Moreover, we
observed that ATAC-seq signal intensities of 40 kPa hNPCs were
strongly enhanced at the POSTN promoter and enhancer (https://
www.ensembl.org/), in agreement with the upregulation of POSTN
expression, suggesting that the chromatin comprising POSTN-regula-
tory regions was more accessible in 40 kPa hNPCs compared with
1 kPa hNPCs (Figure 2K). To test whether POSTN was a direct tran-
scriptional target of NF-kB p65 in hNPCs, the POSTN promoter and
enhancer were further analyzed, and an NF-kB p65 binding site in the
promoter was predicted based on the ATAC-seq results and JASPAR
(http://jaspar2016.genereg.net/). To determine whether the predicted
NF-kB p65 binding site was required for POSTN expression under
Figure 2. Mechano-stress upregulates the transcription of POSTN via NF-kB p

(A) mRNA fold changes of cytokines and secretory proteins expression in 40 kPa hNPCs

POSTN in 1 kPa and 40 kPa hNPCs. n = 3 biologically independent samples. (C) Conc

logically independent samples. (D) ATAC-seq signal intensities near transcriptional start

1 kPa or 40 kPa hNPCs. (F) GO term enrichment analysis in the biological process categ

bars marked in red were the ones we focused on. (G) ATAC-seq signal intensities near

indicated treatment for 48 h. (I) Concentration of periostin as determined by ELISA in the

independent samples. (J) POSTNmRNA expression wasmeasured in hNPCs cultured u

peaks at promoter and enhancer regions of the POSTN locus. P, promoter; E, enhancer.

PBS, TNF-a, or Yoda1 for 24 h to identify the binding between NF-kB p65 and the PO

hNPCs under indicated conditions. The NF-kB p65 binding site in the POSTN promot

n = 3 biologically independent samples. Data are presented as the mean ± SD. *p < 0
mechano-stress, we conducted chromatin immunoprecipitation
(ChIP)-qPCR analysis using anti-NF-kB p65, where immunoglobulin
(Ig) G served as a negative control. As shown in Figure 2L, activation
of NF-kB p65 via TNF-a increased the binding of NF-kB p65 to the
POSTN promoter. Furthermore, the NF-kB p65 binding site in the
POSTN promoter region was functionally inhibited by targeting a
nuclease-deficient (d) Cas9-Krüppel associated box (KRAB) fusion
protein (dCas9-KRAB) to the NF-kB p65 binding site with small
guide RNA (sgRNA) via lentivirus infection. Targeting dCas9-
KRAB to putative enhancers or promoters recruits the H3K9 methyl-
transferase SET domain bifurcated histone lysine methyltransferase 1
(SETDB1), which increases local H3K9me3 binding and represses
target gene expression.33 As expected, dCas9-KRAB guided by
sgRNA targeting the NF-kB p65 binding site in the POSTN promoter
greatly reduced POSTN expression under TNF-a treatment (Fig-
ure 2M). In addition, we generated a luciferase reporter construct
driven by the POSTN promoter (Figure S2B) and performed a
dual-luciferase reporter assay. TNF-a treatment increased the lucif-
erase activity, while NF-kB p65 knockdown by specific siRNAs abol-
ished these increases (Figures S2A and S2C). Together, these data
demonstrated that POSTN was a direct transcriptional target of
NF-kB p65 under mechanical stimuli.

Self-amplifying loop of NF-kB and periostin accelerates hNPCs

senescence

Our data showed that mechano-stress prompted hNPCs to secrete
periostin. We next investigated whether the secreted periostin in
turn accelerated hNPCs senescence. hNPCs were treated with
1 mg/mL recombinant human periostin (rhPeriostin) for 24 h, and
b-Gal staining showed that rhPeriostin significantly promoted
hNPCs senescence (Figure 3A). The SASP was also upregulated by
rhPeriostin, as indicated by the increase of IL1A, IL1B, and IL6
expression (Figure 3B). Meanwhile, rhPeriostin decreased the expres-
sion of the anabolic markers COL2A1 and ACAN and increased the
expression of the catabolic marker MMP13 (Figures 3C and 3D).
Together, these data demonstrated that periostin promoted hNPCs
senescence. Interestingly, rhPeriostin treatment increased the expres-
sion of periostin (Figure 3D, red arrow indicated the endogenous
periostin). Moreover, rhPeriostin upregulated the phosphorylated
p65 (p-p65) level (Figure 3D) and promoted p65 nuclear transloca-
tion (Figures 3H and 3J), suggesting that periostin increased NF-kB
p65 activity to promote periostin expression in hNPCs. BAY
65

compared with 1 kPa hNPCs according to the mRNA-seq results. (B) qPCR result of

entration of periostin in the cell culture medium as determined by ELISA. n = 3 bio-

sites (TSS). (E) Venn diagram showing the number of ATAC-seq peaks detected in

ory of genes with TSS present in the unique ATAC peaks of the 40 kPa hNPCs. The

p65 motif. (H) Immunoblotting of periostin, p-p65 and p65 in hNPCs cultured under

cell culture medium of hNPCs under indicated treatments for 24 h. n = 3 biologically

nder indicated treatments for 24 h. n = 3 biologically independent samples. (K) ATAC

(L) ChIP-qPCR assay was performedwith anti-NF-kB p65 using hNPCs treated with

STN promoter. n = 3 biologically independent samples. (M) POSTN expression in

er region was occupied by dCas9-KRAB. Left panel: schematics of dCas9-KRAB.
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alleviated the rhPeriostin-induced increase of b-Gal+ senescent cells
(Figures 3E and 3F), and abolished the upregulation of MMP13
expression (Figure 3G). Together, these data demonstrated that NF-
kB and periostin formed a positive feedback loop that accelerated
hNPCs senescence. Because integrin aVb3 is the receptor of periostin,
we next investigated whether periostin activated NF-kB and acceler-
ated hNPCs senescence via integrin aVb3 by using the integrin aVb3
antagonist SB-273005. SB-273005 reduced the increase of b-Gal+ se-
nescent cells (Figures 3H and 3I) and abolished the rhPeriostin-
induced nuclear localization of NF-kB p65 (Figures 3H and 3J). These
data suggested that periostin interacted with integrin aVb3 to activate
NF-kB p65 and accelerate hNPCs senescence.

Subsequently, to examine whether periostin secreted by hNPCs under
mechano-stress accelerated hNPCs senescence, we collected the cell
culture medium of 40 kPa hNPCs as conditioned medium (CM).
As expected, 40 kPa CM promoted 1 kPa hNPCs senescence
(Figures 3K–3M). Periostin neutralizing antibodies (neuAbs) were
used to further confirm that periostin in CM accelerated hNPCs
senescence. b-Gal staining showed that periostin neuAbs alleviated
1 kPa hNPCs senescence induced by 40 kPa CM (Figures 3K and
3L), indicating it was periostin secreted by 40 kPa hNPCs that accel-
erated hNPCs senescence.

Since AF breakdown is a feature of IDD, we then investigated whether
periostin secreted by hNPCs disturbed the matrix homeostasis of hu-
man AF cells. rhPeriostin decreased the expression of the anabolic
markers (COL1A1, COL3A1, and FN1) and increased the expression
of the catabolic marker MMP13 (Figure 3N). Moreover, 40 kPa CM
treatment increased MMP13 expression and downregulated the
expression of the anabolic markers (COL1A1, COL3A1, and FN1)
in human AF cells (Figure 3O) compared with 1 kPa CM treatment.
Furthermore, periostin neuAbs reversed the effects of 40 kPa CM on
human AF cells (Figure 3O). Together, these data demonstrated that
SASP of hNPCs induced by mechano-stress further disturbed the ho-
meostasis of human AF cells, contributing to IDD progression.
Figure 3. Self-amplifying loop of NF-kB and periostin accelerates hNPCs sene

(A) Representative b-Gal staining images (top) of hNPCs treated with IgG or 1 mg/mL rhPe

independent samples. Scale bar, 100 mm. (B and C) Relative mRNA expression of the se

by qPCR in hNPCs treated with IgG or rhPeriostin for 24 h. n = 3 biologically independ

hNPCs treated with IgG or rhPeriostin for 24 h. The red arrow indicates endogenous perio

with IgG treated hNPCs after normalized to GAPDH. (E and F) Representative b-Gal sta

titation of b-Gal+ senescent cells (F). n = 3 biologically independent samples. Scale bar

markers as determined by qPCR in hNPCs cultured under indicated conditions. n = 3 bi

hNPCs treated with indicated conditions for 24 h and immunostaining images (middle an

(blue) indicates nuclei. Scale bar, 25 mm. (I) Quantitation of b-Gal+ senescent cells in (H

presented as mean ± SD. In total, 308, 200, and 281 cells were analyzed in the IgG, rhP

tistical analysis was conducted in terms of the proportion of N > C among the three gro

b-Gal staining images (K) of hNPCs treated with indicated conditional medium or neutra

tioned medium; neuAbs, periostin neutralizing antibodies. n = 3 biologically independen

medium or neutralizing antibodies. n = 3 biologically independent samples. (N) Expres

treated with IgG or rhPeriostin for 24 h. n = 3 biologically independent samples. (O) Expr

treated with indicated conditioned medium from hNPCs or neutralizing antibodies for 2

*p < 0.05.
Targeting periostin attenuates IDD in vivo

To probe the correlation between IDD progression and the positive
feedback of NF-kB and periostin, we examined the expression of peri-
ostin, total p65, and p-p65 in human NP tissues by immunoblotting.
The expression of periostin and p-p65 was highly increased in the
degenerated human NP tissues compared with control tissues
(Figure 4A). Furthermore, the immunohistochemistry (IHC) score
of periostin increased with the increase of degeneration grade
(Figures 4B and 4C), and periostin expression was also correlated
positively with NF-kB p65 expression (Figure 4D), indicating a pos-
itive correlation among NF-kB, periostin, and IDD progression
in vivo.

Next, a mechano-induced IDD rat model was generated (Figure 4E)
3 days after knocking down Postn by a specific siRNA delivered via
AAV2 to explore whether periostin was a potential therapeutic target
for IDD treatment. MRI showed that 2-week mechanical load led to
severe disc degeneration in rat tails, while Postn knockdown attenu-
ated the degenerative phenotype (Figure 4E). Disc degeneration was
evaluated according to the Pfirrmann grading system, in which higher
grades indicated more severe degeneration. The discs were degraded
quickly under mechano-stress, and Postn knockdown alleviated the
degeneration significantly (Figure 4F). After mechanical pressure,
disc heights decreased and the proteoglycan levels in NP reduced;
these effects were alleviated by Postn knockdown, as indicated by
H&E staining and Safranin O staining (Figure 4G). Expression of
the senescence marker p16 was also increased in the IDD rat model,
while Postn knockdown reversed this effect (Figure 4H). Moreover,
mechano-stress upregulated periostin and NF-kB p65 expression,
as well as NF-kB p65 nuclear localization, and these effects were
reversed by Postn knockdown in rat NP (Figures 4I–4K). These
data demonstrated that targeting periostin attenuated IDD in vivo
and inspired us to explore the potential benefits of periostin neutral-
izing antibodies in IDD therapy. Periostin neutralizing antibodies
were injected locally into rat tails during mechano-stress. MRI
showed that periostin neutralizing antibodies significantly attenuated
scence

riostin for 24 h, and quantitation of b-Gal+ senescent cells (bottom). n = 3 biologically

nescence and SASP markers (B) and matrix metabolism markers (C) as determined

ent samples. (D) Immunoblotting of periostin, p-p65, p65, COL2A1, and MMP13 in

stin. Densitometry results were expressed as fold change in protein levels compared

ining images (E) of hNPCs cultured under indicated conditions for 24 h, and quan-

, 100 mm. (G) Relative mRNA expression of the matrix metabolism and senescence

ologically independent samples. (H) Representative b-Gal staining images (upper) of

d bottom) of NF-kB p65 (red) in hNPCs under indicated treatments for 30 min. DAPI

). n = 3 biologically independent samples. (J) Quantification of p65 localization in H,

eriostin, and rhPeriostin and SB-273005 groups, respectively. *Represents the sta-

ups and p < 0.05. n = 3 biologically independent samples. (K and L) Representative

lizing antibodies for 24 h, and quantitation of b-Gal+ senescent cells (L). CM, condi-

t samples. Scale bar, 100 mm. (M) qPCR results of hNPCs treated with conditioned

sion of the matrix metabolism markers as determined by qPCR in human AF cells

ession of the matrix metabolism markers as determined by qPCR in human AF cells

4 h. n = 3 biologically independent samples. Data are presented as the mean ± SD.
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disc degeneration (Figures 4L and 4M). Together, these data demon-
strated that periostin might serve as a new therapeutic target for IDD
treatment.

Mechano-stress initiates the positive loop of NF-kB and

periostin via PIEZO1

The mechanisms by which mechano-stress triggered the positive loop
of NF-kB and periostin in hNPCs remained unknown. PIEZO1 is a
well-characterized mechanosensitive channel that is involved in pro-
cesses as diverse as skeletal development and NPCs senescence.20,34

Thus, we explored whether PIEZO1mediated the initiation of the pos-
itive loop. First, we examined the expression of PIEZO1 in human NP
tissues by immunoblotting. PIEZO1 expression was increased in de-
generated NP compared with control NP tissues, and PIEZO1 was
hardly detected in control NP tissues (Figure 5A). Then, to test whether
PIEZO1 functioned in normal hNPCs, Ca2+ flux was detected and
imaged using Fluo-8 AM, of which fluorescence significantly increased
if intracellular Ca2+ levels increase. Yoda1, a specific activator of
PIEZO1, induced Ca2+ influx in hNPCs, which reached peaks quickly
after treatment (Figure 5B and Video S1), suggesting that PIEZO1
functioned in hNPCs. Next, relative intracellular Ca2+ levels in hNPCs
on different hydrogels were detected via Fluo-8 AM, and images were
taken under the same parameters (exposure time and contrast ratio);
40 kPa hNPCs showedmore fluorescence compared with 1 kPa hNPCs
(Figure 5C), indicating higher intracellular Ca2+ levels in 40 kPa
hNPCs. Together, these data indicated that PIEZO1 was expressed in
hNPCs and perceived matrix stiffness changes.

Subsequently, we examined the role of PIEZO1 in the self-amplifying
loop of NF-kB and periostin. Yoda1 increased the number of b-Gal+

senescent cells (Figure 5D), upregulated the expression of CDKN1A
and CDKN2A, and decreased the expression of CDK4 and CDK6 (Fig-
ure 5E), suggesting PIEZO1 activation in hNPCs promoted senes-
cence. Moreover, Yoda1 upregulated the expression of the SASP
markers IL1A, IL1B, and IL6 and catabolic markers MMP3 and
MMP13, and decreased the expression of the anabolic marker
COL2A1 (Figures 5F and 5G). Moreover, Yoda1 promoted NF-kB
p65 nuclear localization (Figures 5H and 5I), indicating higher NF-
kB activity, and increased periostin expression (Figure 5J). Further-
more, co-treatment with Yoda1 and BAY abolished Yoda1-induced
periostin expression (Figure S3). In addition, Yoda1 treatment pro-
moted NF-kB p65 binding to the POSTN promoter (Figure 2L),
and dCas9-KRAB guided by sgRNA targeting the NF-kB p65 binding
Figure 4. Targeting periostin attenuates IDD in vivo

(A) Immunoblotting results of three control and three degenerated humanNP tissues. C,

kB p65 in NP tissues from patients with different degeneration grades. Scale bar, 100 mm

degenerated NP tissues. (D) Pearson correlation between the periostin IHC score and th

static compressive loading apparatus (left panel), and representative T2-weighted imag

GFP; siPostn, AAV2-Postn-siRNA. (F) MRI Pfirrmann grade of different groups. n = 5

Safranin O/Fast Green (bottom) staining of rat tail IVDs with indicated administration. Sc

IHC staining in different groups. Scale bar, 100 mm. (J and K) Periostin IHC score (J) and p

Representative T2WI images (L) andMRI Pfirrmann grade (M) of rat tail IVDs treated with

samples. Data are presented as the mean ± SD. *p < 0.05.
site in POSTN promoter greatly reduced POSTN expression
under Yoda1 treatment (Figure 2M). NF-kB p65 knockdown dimin-
ished the increased luciferase activity under Yoda1 treatment
(Figures S2A and S2C). Taken together, our results indicated that
Yoda1 induced periostin expression via NF-kB p65. Then GsMTx4,
a gating modifier peptide from spider venom, was used to block the
activation of PIEZO1.35,36 PIEZO1 inhibition by GsMTx4 reduced
the number of b-Gal+ senescent cells in 40 kPa hNPCs (Figures 5K
and 5L) and reversed the matrix stiffness-induced increase in expres-
sion of the catabolic marker MMP13 and POSTN (Figure 5M). To
examine whether PIEZO1 activation initiated the positive loop and
caused IDD in vivo, 5 mmol/kg Yoda1 was injected locally into rat tails
3 days after AAV2-siPostn injection. MRI showed that Piezo1 activa-
tion by Yoda1 led to severe disc degeneration in rat tails even without
mechanical pressure, and Postn knockdown significantly reversed this
Yoda1-induced effect in vivo (Figures 5N and 5O). Taken together,
these data demonstrated that mechano-stress initiated the self-ampli-
fying loop of NF-kB and periostin via PIEZO1.

DISCUSSION
Excessive mechanical load on the NP is known to exacerbate IDD
progression, and ECM stiffness is a main mechanical factor that the
NP perceives.37 ECM stiffness in the NP increases with aging and
grade of the degeneration,18 and plays a crucial role in maintaining
NP homeostasis. Soft ECM (0.3 kPa) regulated the clustered
morphology and helped the NP maintain a healthy condition,19

and a recent study showed that 25 kPa hydrogels promoted hNPCs
senescence compared with 1 kPa hydrogels.20 However, how the me-
chanics promoted hNPCs senescence and the following biological
processes were not yet fully elucidated. Through unbiased high-
throughput sequencing, we confirmed that hNPCs preferred a soft
ECM, and matrix stiffness promoted hNPCs senescence as well as
SASP, which was consistent with previous studies. Furthermore, we
illustrated that mechano-stress promoted hNPCs senescence via
NF-kB p65, because NF-kB p65 inhibition by BAY reduced the in-
crease of senescent hNPCs on stiff matrix.

We for the first time identified periostin as a key player in the accelera-
tionofhNPCs senescenceundermechano-stress. Periostin is amatricel-
lular protein in the fasciclin family, andmodulates cell-to-ECM interac-
tions.38,39 It is predominantly expressed in connective tissues, such as
bone and tendon, and is also expressed in human IVDs.40 As for oste-
oarthritis (OA), a joint degenerative disease, periostin was reported to
control; D, degenerated. (B) Representative IHC staining images of periostin and NF-

. (C) IHC score of periostin in moderately (II and III, n = 7) and severely (IV and V, n = 8)

e percentage of p65+ cells in human NP tissues. n = 15. (E) Rat tail with the controlled

es (T2WI) of rat tails 2 weeks after surgery (right panel). OP, operation; GFP, AAV2-

biologically independent samples. (G) Representative images of H&E (upper) and

ale bar, 400 mm. (H and I) Representative images of p16 (H) and periostin and p65 (I)

65+ cells (%) (K) in different groups. n = 3 biologically independent samples. (L andM)

IgG or periostin neutralizing antibodies after operation. n = 3 biologically independent
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be upregulated in the damaged cartilage of anOAmousemodel andOA
patients.41–44 In vitro experiments showed that periostin might accel-
erate the progression of OA via activating NF-kB p65 and upregulating
pro-inflammatory factors in cultured human articular cartilage cells.42

A recent study showed that periostin expression was increased in hu-
man degenerative IVD cells31; however, less was known about the
role of periostin in disc loading and degeneration. Our unbiased
mRNA-seq results revealed that POSTN expression was increased
most under mechanic stimuli in hNPCs, and we also found that NF-
kB p65 upregulated POSTN transcriptionally. Furthermore, our results
showed that secreted periostin accelerated hNPCs senescence and pro-
moted periostin secretion via activating NF-kB p65, which formed a
positive feedback loop to accelerate IDD.We illustrated themechanistic
role of periostin indisc loadingand IDDprogression.BothPostnknock-
down via siRNA and periostin inactivation via neutralizing antibodies
attenuated IDD progression in vivo, suggesting that periostin was a po-
tential therapeutic target for IDD treatment.

PIEZO1 is known to regulate diverse biological processes, such as bone
development andhomeostasis.34,45However, the functionof PIEZO1 in
the IVD is far from well known. Very recently, it was reported that
PIEZO1knockdownby siRNAattenuatedECM-inducedhNPCs senes-
cence and partially ameliorated the progression of IDD in puncture rat
models,20 and another study showed that activation of Piezo1 signifi-
cantly upregulated catabolic metabolism.46 In our study, we found
that PIEZO1 was hardly detected in non-degenerated NP tissues by
western blot, consistent with the low expression of Piezo1-tdTomato
in adult mouse IVDs (Figure S5). However, treatment with the
PIEZO1-specific agonist Yoda1 induced calcium influx in cultured
healthy hNPCs (Figure 5B), suggesting that PIEZO1 might function
and sensemechano-stress in healthy hNPCs. Furthermore, Yoda1 treat-
ment inducedperiostin andp-p65 expression (Figures 5J andS3),which
was reversed by BAY treatment (Figure S3), suggesting that PIEZO1
induced periostin expression via NF-kB p65. Since PIEZO1 expression
in degenerated tissues was quite elevated (Figure 5A), we further exam-
ined PIEZO1 expression at 0, 6, 12, 24, and 48 h after Yoda1 treatment.
Interestingly, PIEZO1 expression was elevated in a time-dependent
manner after Yoda1 treatment (Figure S4). Meanwhile, Whasil Lee
and her colleagues recently reported that inflammatory signaling upre-
gulated and sensitized PIEZO1mechanotransduction in articular chon-
drocytes.47 Here, our data showed that PIEZO1 expression, as well as
Figure 5. Mechano-stress initiates the positive loop of NF-kB and periostin via

(A) Immunoblotting results of three control and three degenerated human NP tissues. C,

Yoda1 stimulation (left panel), and representative fluorescence images at indicated time

Fluo-8 AM in hNPCs cultured on different hydrogels. Scale bar = 100 mm. (D) Representa

and quantitation of b-Gal+ senescent cells (right panel). n = 3 biologically independent

matrix metabolism (G) markers in hNPCs treated with vehicle or Yoda1 for 24 h. n = 3 bio

p65 (red) in hNPCs under indicated treatments for 30 min. DAPI (blue) indicates nuclei. (

from the vehicle group and 232 cells from the Yoda1 group were analyzed. *Represents t

two groups and the p < 0.05. n = 3 biologically independent samples. Scale bar = 25 mm.

Representative b-Gal staining images of hNPCs under indicated conditions for 24 h (K), a

Scale bar, 100 mm. (M) Relative mRNA expression of the matrix metabolism and senes

independent samples. (N and O) Representative T2WI image (N) and MRI Pfirrmann grad

the mean ± SD. *p < 0.05.
periostin and p-p65 expressions, was significantly increased after
Yoda1 treatment, but howPIEZO1 expressionwas regulated underme-
chano-stress needs further investigation. Furthermore, whether the
increased PIEZO1 expression in diseased tissues elevates the calcium
baseline and renders hNPCs mechanically hypersensitive requires
more investigation as well. In vivo, we found that Yoda1 induced IDD
quickly after injection, even in the absence of physical pressure, and
periostin knockdown by AAV2-siPostn attenuated Yoda1-induced
IDD in rat tails, indicating that PIEZO1 activation triggered IDD pro-
gression via periostin.

In conclusion, our study first characterized the mechanistic role of
periostin in mechano-induced hNPCs senescence and IDD progres-
sion, and further demonstrated the self-amplifying loop of NF-kB
and periostin, which was initiated via PIEZO1, and was involved in
accelerating hNPCs senescence and IDD progression (Figure 6).
Our research revealed a new mechanism by which mechano-stress
promoted senescence and SASP in IDD, and periostin neutralizing
antibodies may serve as new therapeutic agents for the treatment of
mechano-induced IDD.

MATERIALS AND METHODS
Hydrogel preparation and cell culture

The hydrogels with different stiffness were prepared as previously
described.34 Briefly, a solution of 40% acrylamide (Sigma-Aldrich),
2% bis-acrylamide (Sigma-Aldrich), ammonium persulfate (1:100),
and TEMED (1:1000) was prepared to obtain the desired modulus
of elasticity. The solution was then allowed to polymerize for
30 min, followed by cross-linking to Sulfo-SANPAH (Thermo Fisher
Scientific) under 365-nmUV light at a distance of 3 inches for 10min.
The cross-linked hydrogels were coated with collagen type I (BD Bio-
sciences) at 37�C overnight and sterilized under UV for 30 min before
cells were seeded.

hNPCs and human AF cells were obtained from ScienCell and cultured
in corresponding complete culture medium (ScienCell) in a humidity
incubator at 37�C with 5% CO2. BAY 11–7085 (GLPBIO, 1 mM),
TNF-a (Peprotech, 10 ng/mL), recombinant human periostin (R&D,
1 mg/mL), SB-273005 (GLPBIO, 1 mM), Yoda1 (GLPBIO, 5 mM) and
GsMTx4 (GLPBIO, 2 mM) were purchased from indicated companies
and administrated with indicated concentration.
PIEZO1

control; D, degenerated. (B) Quantitation of Ca2+ influx changes in hNPCs after 5 mM

points (right panel). Yoda1 was administrated at 10 s. (C) Representative images of

tive b-Gal staining images of hNPCs treated with vehicle or Yoda1 for 24 h (left panel),

samples. Scale bar, 100 mm. (E–G) qPCR results of senescence (E), SASP (F), and

logically independent samples. (H) Representative immunostaining images of NF-kB

I) Quantification of p65 localization in (H), presented as mean ± SD. In total, 237 cells

he statistical analysis was conducted in terms of the proportion of N > C between the

(J) Immunoblotting results of hNPCs treated with vehicle or Yoda1 for 48 h. (K and L)

nd quantitation of b-Gal+ senescent cells (L). n = 3 biologically independent samples.

cence markers and POSTN in hNPCs under indicated conditions. n = 3 biologically

e (O) of rat tail IVDs with indicated administration. n = 9 discs. Data are presented as
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Figure 6. Proposed schematic representation of the

self-amplifying loop of NF-kB and periostin

accelerating mechano-induced senescence of the

NP and IDD

In NPCs, mechano-stress activates NF-kB p65 via

PIEZO1-Ca2+ to transcriptionally upregulate periostin, while

the periostin secreted by senescent NPCs in turn activates

NF-kB p65, forming a self-amplifying loop to accelerate

senescence and IDD progression.
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Senescence-associated b-galactosidase staining

Senescence-associated b-galactosidase (SA-b-gal) staining (Beyotime)
was performed according to the manufacturer’s protocol. In brief, cells
were washed with PBS and fixed in SA-b-Gal fixative for 15 min at
room temperature, followed by incubation with SA-b-Gal working so-
lution at 37�C without CO2 overnight. After staining, three random
fields of each group were imaged under an optical microscope, and
the ratio of b-Gal+ cells was calculated.

Quantitative real-time polymerase chain reaction

Total RNA was extracted using TRIzol reagent (Invitrogen), and then
reverse transcribed into cDNA by M-MLV Reverse Transcriptase
(TaKaRa). Quantitative real-time polymerase chain reaction
(qPCR) was performed using SYBR Green Real-Time PCR Master
Mix (TaKaRa) following the manufacturer’s instruction. The relative
mRNA expression was determined by the 2-DDCt method and normal-
ized to GAPDH expression. The primers used in this study were listed
in Table 1.

Enzyme-linked immunosorbent assay

The culturemedium of hNPCs cultured under different conditions was
collected, and the concentrations of IL-1b (NeoBioscience), IL-6
(NeoBioscience), IL-8 (NeoBioscience), and periostin (Boster) were
determined with human enzyme-linked immunosorbent assay
(ELISA) kits according to the manufacturer’s protocols.

RNA sequencing and analysis

Total RNAwas extracted from hNPCs cultured on different hydrogels
and libraries were generated using the VAHTS Stranded mRNA-seq
Library Prep Kit for Illumina (New England Biolabs). Library quality
was checked by a Bioptic Qsep100 Analyzer (Bioptic Inc.), and li-
braries were sequenced using a NovaSeq 6000. Genes with a fold
3252 Molecular Therapy Vol. 30 No 10 October 2022
change > 8 and p < 0.05 were identified as differ-
entially expressed genes and analyzed using
DAVID Bioinformatics Resources 6.8.48,49 Two
biological replicates in each group were included
for the RNA sequencing (RNA-seq) experiment
in the study.

Immunofluorescence staining

hNPCs seeded on cover slips were treated with
indicated stimuli and then fixed with 4% parafor-
maldehyde for 15 min, followed by permeabiliza-
tion with 0.5% Triton X-100 for 5 min. After blocking with 5% bovine
serum albumin for 30 min, the slips were incubated with primary an-
tibodies overnight at 4�C, washed, and incubated with secondary an-
tibodies at room temperature for 1 h. The cover slips were finally
mounted with Fluoroshield with DAPI (Sigma-Aldrich) and photo-
graphed under a fluorescence microscope.

ATAC-seq and analysis

hNPCs were cultured on different hydrogels for 24 h and then
collected for ATAC-seq. Two replicates were prepared for each group.
ATAC-seq was performed and the results were analyzed as described
previously.33 Briefly, nuclei were isolated from 50,000 cells for trans-
position reaction with Epi ATAC-seq kit (Epibiotek). DNA was puri-
fied with a DNA purification kit (Qiagen) and amplified with
NEBNext high-fidelity 2� PCR Master Mix (New England Biolabs)
to generate libraries. Libraries were quantified with a Bioptic
Qsep100 Analyzer (Bioptic Inc.) and paired-end sequenced with
read lengths of 150 using a NovaSeq 6000. After removing low-quality
reads (quality < 15) and adapters using Cutadapt, ATAC-seq reads
were mapped to the human genome (hg38) using Bowtie2. Only
uniquely mapped paired reads were sorted using SAMtools and
kept for subsequent analysis. Significant peak regions of each sample
were identified using MACS2. Viewable bigwig files were generated
using Deep tools and presented by Integrative Genomics Viewer soft-
ware. The genomic region of the peak was annotated using the
ChIPseeker R package. Differentially sites were detected from
ATAC-seq experiments using the DiffBind R package. Ontologies
of genes were identified by DAVID Bioinformatics Resources 6.8.48,49

CRISPRi/sgRNA plasmid construction and lentivirus infection

The pLV hU6-sgRNA hUbC-dCas9-KRAB-T2a-Puro plasmid
(Addgene, #71236) was obtained from Addgene. The sgRNA



Table 1. Primers for qPCR

Gene Primer sequence (50-30)

GAPDH Forward: ACAACTTTGGTATCGTGGAAGG

Reverse: GCCATCACGCCACAGTTTC

CDKN1A Forward: CGATGGAACTTCGACTTTGTCA

Reverse: GCACAAGGGTACAAGACAGTG

CDKN2A Forward: GGGTTTTCGTGGTTCACATCC

Reverse: CTAGACGCTGGCTCCTCAGTA

CDK4 Forward: TCAGCACAGTTCGTGAGGTG

Reverse: GTCCATCAGCCGGACAACAT

CDK6 Forward: TCTTCATTCACACCGAGTAGTGC

Reverse: TGAGGTTAGAGCCATCTGGAAA

IL1A Forward: TGGTAGTAGCAACCAACGGGA

Reverse: ACTTTGATTGAGGGCGTCATTC

IL1B Forward: AGCTACGAATCTCCGACCAC

Reverse: CGTTATCCCATGTGTCGAAGAA

IL6 Forward: ACTCACCTCTTCAGAACGAATTG

Reverse: CCATCTTTGGAAGGTTCAGGTTG

CXCL8 Forward: ACTGAGAGTGATTGAGAGTGGAC

Reverse: AACCCTCTGCACCCAGTTTTC

MMP3 Forward: CTGGACTCCGACACTCTGGA

Reverse: CAGGAAAGGTTCTGAAGTGACC

MMP13 Forward: TCCTGATGTGGGTGAATACAATG

Reverse: GCCATCGTGAAGTCTGGTAAAAT

ACAN Forward: GTGCCTATCAGGACAAGGTCT

Reverse: GATGCCTTTCACCACGACTTC

COL1A1 Forward: GAGGGCCAAGACGAAGACATC

Reverse: CAGATCACGTCATCGCACAAC

COL2A1 Forward: TGGACGATCAGGCGAAACC

Reverse: GCTGCGGATGCTCTCAATCT

COL3A1 Forward: GCCAAATATGTGTCTGTGACTCA

Reverse: GGGCGAGTAGGAGCAGTTG

FN1 Forward: AGGAAGCCGAGGTTTTAACTG

Reverse: AGGACGCTCATAAGTGTCACC

POSTN Forward: GCTATTCTGACGCCTCAAAACT

Reverse: AGCCTCATTACTCGGTGCAAA
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sequence targeting NF-kB p65 binding site in the POSTN promoter
region (50-CACCGCAGTCTAAAGATGAAAAGTG-30) was in-
serted into the plasmid using BsmBI sites. Lentivirus was packed us-
ing the GeneCopoeia Lenti-Pac kit (GeneCopoeia). In brief, HEK
293T cells were cultured in DMEM (Thermo Fisher Scientific) con-
taining 10% fetal bovine serum and 1% penicillin-streptomycin. Pol-
yethylenimine (Sigma-Aldrich) was used to co-transfect 2.5 mg dCas9
plasmid (described above) and packing plasmids (pLP1, pLP2, and
pLP-vsvg) into HEK 293T cells. hNPCs were infected with lentivirus
for 48 h and then treated with either Yoda1 or TNF-a for 24 h. Finally,
the cells were collected for RNA extraction and qPCR analysis.
Chromatin-immunoprecipitation-quantitative real-time

polymerase chain reaction

ChIP assays were performed using the Cell Signaling Technology
(CST) SimpleChIP Enzymatic Chromatin IP Kit (CST, #9003).
Briefly, hNPCs (1 � 107) were treated with PBS, 10 ng/mL TNF-a,
or 5 mM Yoda1 for 24 h, followed by cross-linking and lysis. The
sheared chromatin was incubated with anti-NF-kB p65 (CST,
#6956) and magnetic protein A/G beads. IgG was used as control.
The immune complexes were purified and further analyzed using
qPCR for the POSTN promoter. qPCR results were represented as a
percentage of input DNA. qPCR primers for ChIP were as follows:
POSTN promoter Forward: 50-AAAAGAAAGGAAATGAG-30,
Reverse: 50-AAAACAAACTCTGGATAG-30.

Dual-luciferase reporter assay

The reporter vector (pVG238-POSTN) containing the POSTN pro-
moter (�2042 to �1 bp) and the firefly luciferase reporter gene was
purchased from GeneChem. After transfection with siRNAs targeting
p65 (RIBOBIO) for 48 h, the pVG238-POSTN vector was co-trans-
fected with the internal control pRL-TK vector (Beyotime) in hNPCs
using Lipofectamine 3000 (Invitrogen). After 48 h, hNPCs were
treated with PBS, 10 ng/mL TNF-a, or 5 mMYoda1 for 24 h and lucif-
erase activity was assessed using the Luciferase Reporter Assay System
according to the manufacturer’s instructions (Beyotime). The siRNA
sequences were listed in Table S1.

Immunoblotting

Cell lysates or tissues were prepared using RIPA buffer (Beyotime)
containing protease inhibitor mixture (Roche) and quantified by a
BCA protein assay kit (EpiZyme Scientific). Total cell lysates were
analyzed by western blot according to standard procedures. The
following primary antibodies were used: anti-PIEZO1 (Affinity Bio-
sciences, #DF12083, 1:1000), anti-periostin (Proteintech, #66491-1-
lg, 1:3000), anti-NF-kB p65 (CST, #6956, 1:1000), anti-phospho-
NF-kB p65 (CST, #3033, 1:1000), anti-MMP13 (Proteintech,
#18165-1AP, 1:1000), anti-COL2A1 (Abcam, #ab188570, 1:1000),
anti-b-Actin (Affinity Biosciences, #AF7018, 1:1000), and anti-
GAPDH (Proteintech, #60004-1-Ig, 1:3000).

Human subjects

The study was approved by the Medical Ethics Committee of the First
Affiliated Hospital of Sun Yat-sen University, and signed informed
consent forms were obtained from each subject before operation. In
total, 18 clinical specimens (15 degenerated discs and three control
discs) were collected between July 15 and September 15, 2021. Details
of the specimens are shown in Table 2. The severity of disc degener-
ation was evaluated according to the Pfirrmann grading system.50

Discs from patients with trauma or deformity were considered as con-
trol discs.

Immunohistochemistry

Tissue slides were immunoreacted with anti-periostin (Proteintech,
#66491-1-lg, 1:500), anti-NF-kB p65 (CST, #6956, 1:400), and anti-
p16 (Bioss, #bs-0740R, 1:200) and further processed according to
Molecular Therapy Vol. 30 No 10 October 2022 3253
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Table 2. Details of clinical samples

Case Gender Age Affected IVD Pfirrmann grade

1 female 68 L4/5 IV

2 female 55 L4/5 III

3 male 58 L5/S1 II

4 male 50 L4/5 III

5 female 71 L5/S1 III

6 male 53 L5/S1 IV

7 male 64 L4/5 V

8 male 41 L4/5 I

9 female 65 L5/S1 I

10 male 20 L3/4 I

11 female 63 L5/S1 IV

12 male 59 L4/5 IV

13 male 63 C3/4/5 III

14 female 48 C4/5/6 III

15 male 64 C3/4/5 IV

16 male 69 L4/5 IV

17 male 53 L4/5, L5/S1 III

18 female 69 L1-5 IV

Affected IVD: L, lumbar; S, sacral; C, cervical.
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standard procedures. Immunostaining evaluations were performed
independently by experimenters blinded to sample identity. The
staining intensity was scored as described before.51 Staining inten-
sity was scored as follows: 0 (negative), 1 (weakly positive), 2
(moderately positive), and 3 (strongly positive). The percentage of
positivity was also scored according to five categories: 0 (<5%), 1
(5%–25%), 2 (25%–50%), 3 (50%–75%), and 4 (>75%). The value
of the percentage positive score was multiplied by the staining in-
tensity score to generate final expression scores, which ranged
from 0 to 12.

Animals

The experimental procedures were approved by the Animal Care and
Use Committee of the First Affiliated Hospital of Sun Yat-sen Univer-
sity. A total of 30 specific pathogen-free (SPF) Sprague-Dawley rats
(female, 12 weeks old) were purchased from Charles River Labora-
tories and housed under 12/12-h light/dark conditions. Rats were
randomly assigned to different groups (n R 3 per group). The
controlled static compressive loading apparatus and surgical proced-
ures were as previously described.52,53 Rats in the Sham group under-
went surgical pin placement without the application of any external
mechanical load, which was used to exclude any surgical stab
injury-induced adverse effects on the subject IVDs. Two weeks after
surgery, the external apparatus of each rat was uninstalled. AAV2-
eGFP-RNAi and AAV2-Postn-RNAi were constructed by
GeneChem, and locally injected into rat tails (1010 v.g/mL) 3 days
before loading.
3254 Molecular Therapy Vol. 30 No 10 October 2022
Magnetic resonance imaging

Rats from different groups were examined with magnetic resonance
imaging (MRI). T2-weighted spin-echo sequences in the sagittal
and horizontal planes were selected to evaluate the disc water content
changes. The degeneration of discs was scored by the Pfirrmann
grading system from 1 to 5 as previously described.50

Histological analysis

H&E staining and Safranin O/Fast Green staining were performed as
previously described.54 The slides were photographed under a light
microscope (Olympus).

Calcium flux imaging

Calcium flux imaging was performed according to the manufacturer’s
instruction. Cultured hNPCs were incubated with 1 mM Fluo-8 AM
(Sigma-Aldrich) in Hank’s Balanced Salt Solution (HBSS) for
30 min at 37�C. Then cells were rinsed three times with HBSS at
room temperature. Imaging was performed with a fluorescence mi-
croscope (Olympus). Fluorescence was recorded for 10 s in HBSS
and then recorded for 1 min and 50 s after Yoda1 treatment
(5 mM). Fluorescent images of hNPCs cultured on hydrogels were
taken at 160 ms exposure time.

Statistical analysis

The experiments were performed with at least three biological repli-
cates. The results were presented asmean ± SD. Statistical significance
was determined by the two-tailed independent Student’s t test for
comparisons of two independent groups and by one-way ANOVA
followed by Holm-Sidak test for multiple comparisons. In all cases,
a p value of less than 0.05 was considered statistically significant.
All statistical analyses were conducted with the SPSS 13.0 statistical
software package.
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Supplemental Figure 1. Heatmap of the expression of cytokines and secretory 

proteins in 1 kPa and 40 kPa hNPCs.



 

 

Supplemental Figure 2. A. Immunoblotting of p65 in hNPCs transfected with 

siRNAs targeting p65 for 48 h. B. The schematics of the POSTN promoter 

dual-luciferase reporter assay. C. The dual-luciferase reporter assay in hNPCs were 

conducted after transfection with siRNAs targeting p65 and firefly luciferase 

constructs containing the POSTN promoter (-2042 to -1 bp), followed by treatment 

with PBS, TNF-α, or Yoda1 for 24 h. Data were presented as the mean ± SD. 

*represented p < 0.05, compared to PBS group. 
#
represented p < 0.05, compared to si 

NC + TNF-α group. 
&

represented p < 0.05, compared to si NC + Yoda1 group. 

 

 

 

 

 

 

 



 

 

 

 

 

Supplemental Figure 3. Immunoblotting of periostin, p-p65, and p65 in hNPCs 

treated with vehicle, Yoda1, or Yoda1 and BAY for 24 h. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Supplemental Figure 4. Immunoblotting of PIEZO1, periostin, p-p65, and p65 in 

hNPCs treated with 5 μM Yoda1 for different time periods. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Supplemental Figure 5. Immunostaining of red fluorescent protein (RFP) and DAPI 

in the IVD of Piezo1-tdTomato adult mouse.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Supplemental Table 1. The sequences of siRNAs targeting p65. 

 

siRNA Sequences 

p65-siRNA #1 Forward: 5'-GAUUGAGGAGAAACGUAAA-3' 

Reverse: 5'-UUUACGUUUCUCCUCAAUC-3' 

p65-siRNA #2 Forward: 5'-CCCACGAGCUUGUAGGAAA-3' 

Reverse: 5'-UUUCCUACAAGCUCGUGGG-3' 

p65-siRNA #3 Forward: 5'-GCAUCCAGACCAACAACAA-3' 

Reverse: 5'-UUGUUGUUGGUCUGGAUGC-3' 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Video 1. Video of Ca
2+

 influx in hNPCs after Yoda1 stimulation. The fluorescence 

baseline was set using the first 10 s of the video. After 10 s, hNPCs were treated with 

5 μM Yoda1 and significant intracellular Ca
2+

 influx was immediately observed. The 

fluorescence intensities of hNPCs decreased gradually over time. 
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