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Inhibition of IKKb/NF-kB signaling facilitates
tendinopathy healing by rejuvenating
inflamm-aging induced tendon-derived
stem/progenitor cell senescence
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Degenerative rotator cuff tendinopathy (RCT) is a chronic
tendon disease caused by degeneration and inflammation,
which often affects the elderly population. Mesenchymal stem
cell senescence is generally recognized as an important patho-
physiological mechanism in many age-related skeletal diseases.
Herein, we collected human tendon-derived stem/progenitor
cells (TSPCs) from degenerative supraspinatus tendons and
found that TSPC senescence is closely related to RCT. We
further identified that nuclear factor kB (NF-kB) pathway acti-
vation is involved in age-related inflammation (inflamm-aging)
of degenerative RCT. Moreover, whole genome RNA
sequencing revealed that in vitro inhibition of the I kappa B ki-
nase b (IKKb)/NF-kB signaling pathway could reverse the aged
TSPC phenotype with decreased TSPC senescence and
increased tenogenic potential. To achieve effective in vivo inhi-
bition of IKKb/NF-kB signaling, we fabricated IKKb small
interfering RNA (siRNA)-loaded gold nanoclusters (AuNC-
siRNA) for efficient and convenient intra-articular delivery of
IKKb siRNA. We found that AuNC-siRNA prevented in-
flamm-aging-induced TSPC senescence and dysfunction in a
degenerative RCT aged rat model. Together, these data show
that inflamm-aging causes degenerative RCT through inducing
TSPC senescence, which can be reversed by blocking the IKKb/
NF-kB pathway in vivo. Thus, our study provides a promising
therapeutic strategy for degenerative RCT via intra-articular
delivery of IKKb siRNA using AuNCs.

INTRODUCTION
Shoulder pain owing to degenerative rotator cuff tendinopathy (RCT)
is the third most common musculoskeletal complaint.1,2 As degener-
ative RCT progresses, it may lead to a partial or complete tear of the
tendon, which generally requires reparative surgery. Each year,
approximately 250,000 patients undergo rotator cuff repair surgery
in the United States3; however, the surgical repair failure rate is almost
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40% owing to the degenerative pathologies of the patients’ rotator cuff
tendons.4 Hence, understanding the cellular and molecular mecha-
nisms underlying degenerative RCT is vital for clinicians to design
novel therapeutics to prevent the occurrence of tendon tears as well
as improve surgical outcomes.

Degenerative RCT is commonly recognized as an age-dependent,
intrinsic, degenerative disease.5 Mesenchymal stem cell (MSC)
senescence is an important pathophysiological mechanism related
to many degenerative skeletal disorders.6,7 Age-related inflammation
(inflamm-aging) is characterized by sterile, chronic, low-grade
inflammation that contributes to the aging process and to the path-
ogenesis of age-related diseases.8,9 It is deemed to be a major
contributor to MSC senescence.10 However, the impact of in-
flamm-aging on tendon-derived stem/progenitor cell (TSPC) senes-
cence in degenerative RCT is still unclear. To fill this knowledge
gap, we hypothesized that inflamm-aging induces TSPC senescence,
which thereby contributes to degenerative RCT development in the
elderly population. Recently, Josephson et al.11 reported that nuclear
factor kB (NF-kB) signaling is closely related to inflamm-aging-trig-
gered skeletal stem/progenitor cell dysfunction and impaired bone
Author(s).
://creativecommons.org/licenses/by-nc-nd/4.0/).
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healing in aged mice. Meanwhile, Abraham et al.12 observed an in-
crease in NF-kB signaling in chronic overuse-induced RCT. They
found that genetic conditional knockout of I kappa B kinase b

(IKKb) in tendon fibroblasts can alleviate chronic overuse-induced
tendinopathy.12 Despite this, the efficacy of in vivo IKKb/NF-kB
signaling inhibition on reversing inflamm-aging-induced TSPC
senescence and treating degenerative RCT is still unclear and re-
quires further study.

In this study, we first separated TSPCs from healthy human
hamstring tendons and degenerative supraspinatus tendons to
explore the association between TSPC senescence and degenerative
RCT. Then, we assayed the NF-kB pathway to determine its potential
role in inflamm-aging-induced TSPC senescence. Thereafter, we used
a one-step reaction to fabricate IKKb siRNA-loaded gold nanoclus-
ters (AuNC-siRNA) for efficient and convenient intra-articular
administration, leading to IKKb/NF-kB pathway blocking, with the
aim of improving the function of senescent TSPCs. Our results indi-
cated that the inhibition of IKKb/NF-kB signaling prevents the devel-
opment of degenerative RCT through stimulating improved TSPC
senescence, which provides a novel potential target and approach
for treating inflamm-aging-induced degenerative RCT.

RESULTS
Senescent TSPCs accumulate in human degenerative rotator

cuff tendons

We first compared the difference between TSPCs isolated from
healthy hamstring tendons (H-TSPCs) and degenerative supraspina-
tus tendons (S-TSPCs). Pronounced morphological differences were
noticed between H-TSPCs and S-TSPCs. For example, the H-TSPCs
were spindle- or cobble-stone-shaped, while the S-TSPCs were round
and flattened (Figures 1A, 1B, and S1). Through flow cytometric anal-
ysis, we found no difference in the expression of stem cell-related sur-
face markers on the S-TSPCs and H-TSPCs (Figure S2). Regarding
tri-lineage differentiation, S-TSPCs showed reduced osteogenic and
chondrogenic differentiation potential, as well as increased adipo-
genic differentiation potential when compared with those of H-
TSPCs (Figures 1C and 1D).

Cellular senescence assay showed that the proportion of senescence-
associated b-galactosidase (SA-b-gal)-positive S-TSPCs was mark-
edly higher than that of SA-b-gal-positive H-TSPCs (Figure 1E).
Moreover, immunofluorescence staining of aging markers showed
significantly higher p16INK4A and p21CIP1 expression in S-TSPCs
than in H-TSPCs (Figures 1F and 1G). Quantitative reverse transcrip-
tion-polymerase chain reaction (qRT-PCR) analysis also showed that
the expression of senescence-associated secretory phenotype (SASP)-
related genes (IL6, IL1A, CXCL1, CXCL2, and CDKN2A (P16)) was
upregulated in S-TSPCs (Figure 1H). In addition, Picrosirius red
staining and tenogenesis-related gene analysis (SCX, BGN, TNMD,
DCN, COL1, and COL3) showed that the tenogenic differentiation ca-
pacity of S-TSPCs was inferior to that of H-TSPCs (Figures 1I and 1J),
which accounts for the impaired tendon regeneration potential in
aged patients.
NF-kB signaling pathway is activated in senescent TSPCs

Nuclear localization is a prerequisite for NF-kB p65 phosphorylation,
which activates the NF-kB pathway. To clarify the role of NF-kB
signaling in TSPC senescence, we assayed NF-kB signaling activation
using Western blotting for phosphorylated NF-kB p65 (NF-kBp-
p65). The Western blotting results showed that the p-p65/p65 level
in S-TSPCs was significantly higher than that of H-TSPCs (Figures
2A and 2B). We also found that the nuclear NF-kB p65 localization
in S-TSPCs was increased three-fold compared with that in H-TSPCs
(Figures 2C and 2D). These data demonstrate that the NF-kB
signaling pathway is activated during TSPC senescence.
In vitro blocking of NF-kB mitigates TSPC senescence

To screen IKKb siRNA sequences for the most effective IKKb/NF-kB
pathway inhibition, four different IKKb siRNAs were designed and
transfected to TSPCs. The qRT-PCR and Western blotting assay
demonstrated that IKKb siRNA sequence 2 could achieve the most
effective knockdown of IKKb (Figure S3). Thus, it was used for sub-
sequent experiments.

Pre-transfection with IKKb siRNA suppressed IL-1b-induced NF-kB
signaling activation (Figures 2E–2H), which subsequently mitigated
TSPC senescence with decreased percentage of SA-b-gal-positive cells
(Figures 2I and 2J) and p16INK4a- and p21CIP1-positive TSPCs (Fig-
ures 2K and 2L).

The whole messenger RNA (mRNA) expression in IL-1b-treated
TSPCs with or without IKKb knockdown was detected using RNA
sequencing. Hierarchical clustering analysis showed a stark separa-
tion between IL-1b-treated and IL-1b + IKKb siRNA-treated TSPCs
(Figure 3A). Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analysis demonstrated that IKKb blocking downregulated
signaling pathways in cellular senescence and proinflammatory phe-
notypes (Figure 3B). In addition, a gene set enrichment analysis
further revealed that IKKb blocking increased the expression of genes
associated with stemness and proliferation, while it also decreased the
expression of genes associated with cellular aging and adipogenic po-
tential (Figure 3C). Taken together, these data reveal that IKKb
silencing decreases TSPC senescence.
AuNCs efficiently load and deliver IKKb siRNA

Core AuNC has a diameter of 2.6 ± 0.2 nm (Figures 4A and 4B). After
IKKb siRNA binding, the diameter of the AuNC-siRNA increased to
100 ± 10.6 nm (Figures 4C and 4D). Owing to the amine-derived pos-
itive charge of glutathione (GSH) and oligoarginine, the surface
charge of the AuNCs was 18.47 ± 0.59 mV. After absorbing the
anionic siRNA, the surface charge of AuNC-siRNA decreased to
16.90 ± 0.72 mV (Figure 4E). To further confirm siRNA adsorption
into the AuNCs, the changes in atomic composition were monitored
using X-ray photoelectron spectra (XPS) analysis. After siRNA bind-
ing, the surface Au and S content of AuNC-siRNA decreased, while C,
N and O content slightly increased. Owing to the presence of phos-
phates and nucleotides in the siRNA molecules, the surface P content
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Figure 1. Histological staining reveals senescent

TSPCs accumulate in human degenerative

supraspinatus tendons

(A) Phalloidin-stained green actin fibers of H-TSPCs and

S-TSPCs. (B) Quantification of cell area (n = 7 per group).

Two hundred cells in each donor group were analyzed. (C)

Alizarin Red S, Alcian blue, type II collagen, and Oil Red O

staining for osteogenesis, chondrogenesis, and adipo-

genesis analysis of H-TSPCs and S-TSPCs. (D) Quantifi-

cation of Alizarin Red S, Alcian blue and Oil Red O staining

(n = 7 per group). (E) SA-b-gal staining and quantification

of senescent cells in H-TSPCs and S-TSPCs (n = 7 per

group). (F) Immunofluorescence staining (red) and quan-

tification of p16INK4A positive cells (n = 7 per group). (G)

Immunofluorescence staining (green) and quantification of

p21CIP1 positive cells (n = 7 per group). (H) qRT-PCR

analysis of SASP-related gene expression in H-TSPCs

and S-TSPCs (n = 7 per group). (I) Sirius red staining for

evaluating tenogenic differentiation ability of H-TSPCs and

S-TSPCs (n = 7 per group). (J) qRT-PCR analysis of te-

nogenesis-related gene expression in H-TSPCs and S-

TSPCs (n = 7 per group). H-TSPCs, TSPCs isolated from

healthy hamstring tendons. S-TSPCs, TSPCs isolated

from degenerative supraspinatus tendons. *p < 0.05,

**p < 0.01, ***p < 0.001.
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of AuNC-siRNA was substantial (Figure 4F). Hence, these data
demonstrated the successful adsorption of siRNA into AuNCs.

The live/dead staining assay (Figures 4G and 4H), CCK-8 assay
(Figure 4I), and flow cytometry analysis (Figure 4J) showed no sig-
nificant influence of 1–100 ng/mL AuNCs on cell proliferation,
564 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
viability, or cell cycle. Thus, these results
confirmed the in vitro biocompatibility of
AuNCs with TSPCs.

Next, an electrophoretic mobility shift assay was
performed to evaluate the effect of AuNCs on
siRNA stability by antagonizing RNase degrada-
tion. After incubating with various RNase con-
centrations, the free siRNA was completely
degraded, and no free siRNA was detected on
the gel (Figure 5A). After adsorbing into the
AuNCs, AuNC-siRNA consistently resisted
siRNA degradation by RNase (Figure 5B). Dur-
ing the cellular uptake assay, almost no free
siRNA could enter the TSPCs owing to its nega-
tive charge and high molecular weight. In
contrast, AuNC-siRNA successfully entered
into TSPCs (Figure 5C). This demonstrated
that the AuNC-siRNA complex can elevate
siRNA internalization efficiency. The IKKb
gene knockdown efficiency of the AuNC-siRNA
complex was 76.9%, which was significantly
greater than that of free siRNA (8.8%) and
AuNC-nonsense siRNA (AuNC-nsRNA, 6.4%) (Figure 5D). The ef-
ficiency of AuNC-siRNA showed no significant difference from
that of RNAiMAX-transfected siRNA (RNAiMAX-siRNA) in inhib-
iting IKKb mRNA expression (78.6%). Levels of IKKb protein was
consistently the lowest in AuNC-siRNA-treated TSPCs (Figures 5E
and 5F).
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In vivo blocking of NF-kB activation by AuNC-siRNA attenuates

inflamm-aging-triggered rat RCT

Hematoxylin and eosin (H&E)-stained supraspinatus tendons in
young rats seemed to be fine, organized, straight, and polar collagen
bundles. In contrast, the collagen fiber alignment was disrupted and
altered in the old rats, which is consistent with the histological char-
acterization of degenerative tendons in humans.13 The cellularity
increased around the tendon-to-bone insertion site in the old rats.
Subacromial AuNC-siRNA injection improved collagen fiber orienta-
tion; however, free siRNA and AuNC-nsRNA administration did not
improve the altered collagen fiber structure (Figure 6A). As the major
structural and mechanical component of tendon tissue, type I
collagen was stained and quantified. Type I collagen staining intensity
was significantly decreased in the old group. Intra-articular adminis-
tration of AuNC-siRNA prevented the loss of type I collagen (Figures
6B and 6C). Contrary to this, levels of type III collagen were increased
in the old group and decreased by AuNC-siRNA administration (Fig-
ures 6D and 6E). According to a previous study, an increase in type III
collagen levels generally occurs as a repair response to tendon degen-
eration. This may inhibit the regeneration of collagen fibrils and lead
to tendons that are less resistant to stress and prone to rupture.14

Therefore, our results suggest that AuNC-siRNA exerted a positive
influence on the regeneration of tendon tissue as opposed to the
development of scar tissue in degenerative rotator cuff tendons.
Consistent with the results of histological analysis, biomechanical
testing revealed that the maximum load, stress, and modulus
decreased in old rats. After AuNC-siRNA treatment for 3 months,
the biomechanical properties of tendons were significantly improved
(Figures 6F and 6G).

AuNC-siRNA attenuates degenerative RCT by inhibiting TSPC

senescence

To further explore whether the therapeutic effects of AuNC-siRNA
on degenerative RCT include the inhibition of TSPC senescence, rat
TSPCs were isolated and analyzed ex vivo. First, NF-kB activation
was analyzed using p65 immunofluorescence. Consistent with that
in TSPCs from human degenerative RCT tendons, the NF-kB
pathway was activated and inhibited by AuNC-siRNA in TSPCs
from the supraspinatus tendons of old rats. However, the free siRNA
and AuNC-nsRNA failed to decrease in vivo NF-kB pathway activa-
tion (Figures 7A and 7B). Then, we found that the percentage of SA-
b-gal-positive TSPCs significantly increased in old rats, which was
subsequently significantly mitigated by AuNC-siRNA administration
(Figures 7C and 7D). Immunofluorescence staining of aging markers
showed p21CIP1 and gH2AX-stained TSPCs were less abundant in the
Figure 2. NF-kB signaling is activated during RCT development

(A) Western blotting for NF-kBp-p65 andNF-kBp65 and (B) quantification conforming the

group). (C) Immunofluorescence (green) staining and (D) quantification for NF-kBp65 rev

H-TSPCs. The red triangle indicates nuclear localization of NF-kBp65 (n = 3 per group). (

that IKKb siRNA can significantly decrease NF-kB activation in IL-1b-induced senescen

NF-kBp65 revealing that IKKb siRNA can significantly decrease IL-1b-induced nuclear N

3 per group). (I) SA-b-gal staining and (J) quantification of senescent human TSPCs (n =

and p21CIP1 (green) (n = 3 per group). NF-kBp-p65, phosphorylated NF-kB p65. NF-k
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AuNC-siRNA group than that in the old, free siRNA, and AuNC-
nsRNA groups (Figures 7E–7H).

Moreover, Picrosirius red staining and tenogenesis-related gene
expression (Scx, Tnmd, and Col1) in TSPCs showed the improved te-
nogenic potential of TSPCs isolated from AuNC-siRNA-treated rats
(Figures 7I and 7J). Thus, we conclude that AuNC-siRNA alleviates
inflamm-aging-triggered degenerative RCT by inhibiting TSPC
senescence (Figure 8). Alongside this, the H&E-stained organ tissues
(liver, lung, kidney, heart, and spleen) were used to assay in vivo
AuNC toxicity. No noticeable inflammation or injury was observed,
further demonstrating its in vivo biocompatibility (Figure S4).

DISCUSSION
Degenerative RCT is closely linked with chronic cuff tissue degener-
ation. Inflamm-aging (a chronic, sterile, low-grade inflammation
state) is one of the most probable causes of chronic degenerative dis-
eases.15,16 Inflamm-aging leads to proinflammatory enzyme secre-
tion, which negatively affects tissue homeostasis and, thus, adversely
impacts tissue resident cells. Of all the impaired resident cells in
degenerative cuff tendons, the senescence of TSPCs causes arguably
the most detrimental effects of inflamm-aging, such as self-renewal
defects and decreased differentiation potential to regenerate teno-
cytes.17–19 In this study, we revealed that senescent TSPCs accumulate
in degenerative rotator cuff tendons, which may serve as a potential
therapeutic target for treating degenerative RCT.20,21 Several studies
have reported that the intrinsic pathogenic mechanisms of tendon
degeneration can be traced back to TSPC senescence and dysfunc-
tion6,11,22,23; however, the intrinsic mechanisms underlying TSPC
senescence are still unknown. Thus, further exploration of the mech-
anisms underlying inflamm-aging-induced TSPC senescence is an
important first step for designing novel regenerative therapies.

During the aging process, the host defenses concurrently activate the
inflammatory network and induce the release of SASP, including
many proinflammatory factors.24 The inflammatory network is
largely related to the NF-kB pathway.25 Meanwhile, recent clinical ev-
idence has revealed that the NF-kB pathway plays a central role in
RCT progression and therapy.26–28 Hence, we hypothesized that
NF-kB may serve as an intermediary of inflamm-aging-induced
TSPC senescence. Increased NF-kBp-p65 expression and nuclear
NF-kB p65 activation in S-TSPCs demonstrated NF-kB pathway acti-
vation in degenerative RCT. To further explore whether inhibiting the
NF-kB pathway can improve inflamm-aging-induced TSPC senes-
cence, the NF-kB pathway was blocked using siRNA transfection.
significantly increased NF-kB activation in S-TSPCs than that in H-TSPCs (n = 3 per

ealing significantly increased nuclear NF-kBp65 localization in S-TSPCs than that in

E) Western blotting for NF-kBp-p65 and NF-kBp65 and (F) quantification conforming

t TSPCs (n = 3 per group). (G) Immunofluorescence (green) and (H) quantification for

F-kBp65 localization. The red triangle indicates nuclear localization of NF-kBp65 (n =

3 per group). (K) Immunofluorescence staining and (L) quantification of p16INK4A (red)

Bp65, unphosphorylated NF-kB p65. *p < 0.05, **p < 0.01, ***p < 0.001.



Figure 3. Blocking IKKbmitigates TSPC senescence

(A) Heatmap representing the differential expression of

108 genes in IL-1b- and IL-1b + IKKb siRNA-treated

TSPCs. (B) Representative 10 downregulated pathways in

IL-1b + IKKb siRNA-treated TSPCs analyzed using the

KEGG pathway. (C) Gene set enrichment analysis plots

demonstrate that IL-1b- and IL-1b + IKKb siRNA-treated

TSPCs positively correlate with gene sets for stemness

(BOQUEST STEM CELL UP), decreased cellular senes-

cence (NEGATIVE REGULATION OF CELLULAR AGING),

proliferation (STEM CELL PROLIFERATION), and

decreased adipogenic potential (TSENG ADIPOGENIC

POTENTIAL DN).
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However, directly targeting the NF-kB protein complex (RelA/p65,
RelB, c-Rel, p50/p105, and p52/p100) may alter its other essential
biological functions.29,30 IKKb, one of the two homologous catalytic
subunits essential for NF-kB activation, may serve as a target for in-
hibiting the release of NF-kB dimers from cytoplasmic inhibition and
thus preventing NF-kB pathway activation.30 Hence, four different
siRNAs were designed and assayed for checking the highest IKKb
silencing efficiency in this study.

SiRNA is a class of double-stranded, non-coding RNA molecules that
specifically interfere with gene expression by degrading mRNA and in-
hibiting targeted protein translation.31 Unfortunately, rapid in vivo
naked siRNAdegradation and low penetration efficiency across cellular
Molecular Th
membranes currently restrict its clinical applica-
tion.32,33 RNase activity in human synovial fluid
is similar to that in the serum, which is to catalyze
naked siRNA degradation.34 Therefore, an effi-
cient delivery system that facilitates endocytosis
and siRNAaccumulation to interferewith specific
genes in vivo is needed.35,36 Numerous materials,
such as viruses, cationic liposomes, inorganic
nanoparticles, and polymers, have been devel-
oped to improve siRNA delivery.36,37 Lately,
AuNCs with excellent biocompatibility, low/
non-cytotoxicity, and good stability have drawn
increased attention to their potential for gene de-
livery.38–40 Hence, self-assembled AuNC-siRNA
was fabricated to achieve effective and convenient
intra-articular IKKb/NF-kB pathway silencing.
To the best of our knowledge, AuNCs have not
been used for intra-articular gene delivery previ-
ously. During the course of this study, AuNC-
delivered siRNA was adopted to treat patients
with recurrent glioblastoma in a first-in-human
phase 0 clinical study, which further demon-
strates the clinical translational potential of
gold-based siRNA delivery in the human body.41

After blocking the NF-kB pathway, the unbi-
ased sequencing approach and hierarchical
clustering analysis revealed that NF-kB pathway suppression
reversed the TSPC senescent phenotype. Cellular signaling mech-
anisms show that chronic inflammation stimulates p38MAPK
signaling, thus inducing NF-kB pathway activation with a cellular
senescence response.42,43 Hence, NF-kB pathway blocking could
be used as a target to downregulate inflamm-aging. To target block
the NF-kB signaling pathway in tendon disease, IKKb has been
genetically deleted in mice tendon fibroblasts.12 Conditional
IKKb knockout partially protected patients from overuse-induced
tendinopathy, such as that caused by treadmill overuse. Addition-
ally, both genetic deletion and pharmacological inhibition of
IKKb enhanced the tendon-to-bone repair of acute supraspinatus
tendon tears.12,44 While these studies reveal the potential role of
erapy: Nucleic Acids Vol. 27 March 2022 567
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Figure 4. Preparation and characterization of AuNCs and AuNC-siRNA

(A) TEM images of AuNCs. (B) The mean diameter of AuNCs (n = 10 per group). (C) TEM images of AuNC-siRNA. (D) Mean diameter of AuNC-siRNA (n = 10 per group). (E)

Surface charge of IKKb siRNA, AuNCs, and AuNC-siRNA (n = 3 per group). (F) XPS for the C, N, O, S, P, and Au on AuNC and AuNC-siRNA surface. (G) Live/dead cell

staining for TSPCs treated with different concentrations of AuNCs. Green fluorescence indicates live cells and red fluorescence indicates dead cells. (H) Quantification of

TSPCs viability (n = 3 per group). (I) A Cell Counting Kit-8 assay for the effects of different AuNC concentrations on TSPCs proliferation (n = 3 per group). (J) The effects of

different AuNCs concentrations on cell cycle distribution (n = 3 per group).
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the IKKb/NF-kB pathway in tendon disorders, relatively young
animals and those with non-spontaneous degeneration-induced
tendinopathy or tears only represent a small fraction of the rotator
cuff disease cases seen clinically. Previous studies have revealed
568 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
that advanced age impairs rotator cuff tendon-to-bone repair45

and contributes to high-repetition, low-force, handle-pulling over-
use-induced inflammation in supraspinatus tendons46; however,
the underlying cellular mechanism is still vague. In this study,



Figure 5. SiRNA protection and delivery efficiency of

AuNC-siRNA

(A) Free siRNA degradation by RNase. (B) SiRNA pro-

tection in AuNC-siRNA against RNase. (C) Free siRNA

and AuNC-siRNA uptake in TSPCs. SiRNA was labeled

with Cy5 dye (Cy5–siRNA). Scale bars, 20 mm. (D) qRT-

PCR assay of IKKbmRNA expression (n = 3 per group). (E)

Western blotting assay of the levels of IKKb protein. (F)

Relative IKKb protein quantification in TSPCs normalized

to GAPDH expression (n = 3 per group). **p < 0.01.

www.moleculartherapy.org
old rats (18 months old) with spontaneous inflamm-aging were
used to understand the underlying intrinsic pathogenic mecha-
nisms of degenerative RCT.46,47 Although cellular senescence is
generally seen as irreversible, the impact of inflamm-aging on skel-
etal stem and progenitor cells is thought to affect cell-extrinsic
mechanisms instead of cell-intrinsic mechanisms inducing cellular
senescence.11,48,49 Hence, the detrimental effects of inflamm-aging
on TSPC senescence are reversible by inhibiting IKKb/NF-kB
pathway, as demonstrated in this study.

Our study has certain limitations. First, we used healthy hamstring
tendons as control samples. Clinically, the excision of healthy cuff
tendons for research is not in line with ethical requirements and
would not be approved by an ethics committee. Additionally,
hamstring tendons are seldom affected by degenerative patholog-
ical changes, which can be demonstrated by the low percentage
of senescent H-TSPCs. Second, the AuNC-assisted IKKb siRNA
delivery was not TSPC targeted. Thus, it may impair immune
cell-mediated tendon repair. Hence, this therapeutic strategy
should be optimized in future studies to target the TSPCs without
Molecular Th
impairing inflammation, which is necessary
for tendon regeneration.16

All in all, this study demonstrates that the in-
flamm-aging-activated NF-kB pathway ac-
counts for the underlying biological mechanism
of TSPC senescence in degenerative RCT. The
AuNC-assisted IKKb siRNA delivery reduced
inflamm-aging-triggered TSPC senescence by
blocking the NF-kB pathway. Thus, intra-artic-
ular AuNC-siRNA administration may provide
a novel therapeutic strategy for degenerative
RCT.

MATERIALS AND METHODS
Study approval

This study was approved by the Ethics Com-
mittee of Shanghai Jiao Tong University Affil-
iated Sixth People’s Hospital (Approval No:
2019-KY-047). Full informed consent was ob-
tained from all patients before surgery. All an-
imal studies were approved by the Institutional
Animal Care and Use Committees of Shanghai Sixth People’s
Hospital.

Clinical samples

Degenerative supraspinatus tendons to be used as tendinopathy sam-
ples were taken from patients (n = 8; age 57–63 years; mean age,
60.9 ± 2.5 years) undergoing reverse shoulder arthroplasty surgery.
The exclusion criteria are listed in Table S1.50 Hamstring tendons
were obtained from patients (n = 10; age 53–58 years; mean age,
54.8 ± 1.8 years) undergoing anterior cruciate ligament or posterior
cruciate ligament reconstruction surgery to be used as healthy control
samples.

Human TSPC isolation and culture

The tendon tissues were cut into small pieces and digested with 2 mg/
mL collagenase type I (Sigma) for 2 h at 37�C. The digested tissue was
washed using phosphate-buffered saline (PBS) and centrifuged at
1000 rpm for 5 min. The pelleted tissue was resuspended and cultured
in a-MEM supplemented with 10% fetal bovine serum (FBS; Bibco)
and 1% penicillin-streptomycin-neomycin at 37�C in a 5% CO2
erapy: Nucleic Acids Vol. 27 March 2022 569
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atmosphere. One-half of the culture medium was changed every
3 days. The tissues were removed on day 9. The passage-2 human
TSPCs were used for in vitro study.51

TSPC identification

Flow cytometry analysis

TSPCs (5 � 105) were immunolabeled with 1 mg antigen-presenting
cell (APC)- or PE-conjugated mouse human-specific antibodies for
1 h at 4�C. APC- or fluorescein isothiocyante-conjugated isotype-
matched IgGs were used as controls. After washing three times
with PBS containing 3% FBS, the stained TSPCs were subjected to
fluorescence-activated cell sorting analysis (Beckman Coulter).
The percentage of CD44, CD90, CD105, CD146, CD18, and
CD34-positive cells was analyzed using FlowJo software. The
details of antibodies used for flow cytometry analysis are listed in
Table S5.

Multipotent differentiation

The TSPCs were induced for osteogenic, adipogenic, and chondro-
genic differentiation analysis using previously established methods.22

After induction, the cells were stained with Alizarin Red S (Service-
bio) for osteogenesis analysis. The cell pellets, stained with Alcian
blue (Servicebio) solution and type II collagen (1:400, Sigma, CP18)
antibody, were used for chondrogenesis analysis. Oil Red O staining
(Servicebio) was used for adipogenesis analysis. To quantify mineral-
ization of Alizarin Red S staining, calcium deposits were incubated
with 10% cetylpyridinium chloride (Sigma), and their concentration
was measured at 570 nm absorbance. Quantification of the aggre-
can-positive area and Oil Red O-positive area was performed using
Image J software.

Senescent TSPC identification

Cell morphology

Phase-contrast images of primary S-TSPCs and H-TSPCs were
captured to observe cell morphology. In addition to this, the S-TSPCs
and H-TSPCs were stained with Phalloidin-iFluor488 (Abcam) and
DAPI (Thermo) and imaged using a fluorescence microscope (Leica)
to observe the actin cytoskeleton.

SA-b-gal staining

SA-b-gal staining was performed using an SA-b-gal staining kit
(Beyotime Biotechnology) according to the methods used in several
previous studies.22,52,53 Briefly, the cells in 12-well plates were washed
with PBS and fixed using 4% paraformaldehyde for 15 min. After
washing three times with PBS, the SA-b-gal solution was added and
incubated for 16 h at 37�C. Six random areas within each well were
imaged to count 300 cells and calculate the percentage of SA-
b-Gal-positive cells (blue in color).
Figure 6. Histological and biomechanical testing of supraspinatus–humerus co

(A) H&E staining. (B) Immunohistochemical staining of type I collagen. (C) The average

group). (D) Immunohistochemical staining of type III collagen. (E) The average optimal de

Images of the supraspinatus-humerus complex and biomechanical testing. (G) Tendon

group). AOD, average optimal density. *p < 0.05.
Immunofluorescence

The S-TSPCs and H-TSPCs were routinely fixed with 4% paraformal-
dehyde (Servicebio), permeabilized with 0.5% Triton X-100
(Thermo), and blocked with 5% BSA (Beyotime). The cells were
then incubated overnight with primary antibodies against p16INK4A

(1:500, Abcam, ab54210) and p21CIP1 (1:500, Abcam, ab109520)
and incubated with Alexa Fluor 594- (1:1000, Abcam, ab150120) or
Alexa Fluor 488-conjugated (1:1000, Abcam, ab150077) secondary
antibodies.

Senescence marker mRNA level analysis

To analyze the expression of senescence-related genes, total RNA was
extracted using TRIzol (Invitrogen) and reverse transcribed to cDNA
using a TaqMan Reverse Transcription Kit. qRT-PCR assay was per-
formed using the ABI7900 PCR system (Applied Biosystems) with
SYBR green. The relative gene expression was calculated using the
2–DDCt method. The primer sequences are listed in Table S2.

Tenogenic potential

Tenogenic induction of H-TSPCs and S-TSPCs was performed as
described in previous studies.54,55 Briefly, H-TSPCs and S-TSPCs
were seeded into 24-well plates with 90% confluence and cultured
in low-glucose Dulbecco’s modified Eagle’s medium supplemented
with 25 mM ascorbic acid (Sigma) and 25 ng/mL human connective
tissue growth factor (PeproTech) to induce tenogenic differentiation.
The medium was changed every 3 days. After 2 weeks, collagen depo-
sition was visualized using Sirius red staining. Tenogenesis-related
gene expression levels (Scx, Bgn, Tnmd, Dcn, Col1, and Col3) were as-
sayed using qRT-PCR. The primer sequences are listed in Table S2.

NF-kB activation in senescent TSPCs

Western blotting analysis

To perform the Western blotting analysis, proteins were extracted
from S-TSPCs and H-TSPCs using radioimmunoprecipitation assay
buffer (Thermo) supplemented with protease inhibitors (Thermo)
and phosphatase inhibitors (Thermo). After completing total protein
quantification using the BCA Protein Assay Kit (Beyotime Biotech-
nology), equal amounts of total protein in each group were assayed
and probed with antibodies against phospho-NF-kB p65 (1:1000,
CST, 8242), NF-kB p65 (1:1000, CST, 3033), and GAPDH (1:1000,
Abcam, ab8245). Horseradish peroxidase-linked anti-rabbit or anti-
mouse IgG (Abcam) were used as a secondary antibody.

Immunofluorescence for p65 localization

To observe nuclear NF-kB p65 activation, the S-TSPCs and H-TSPCs
were fixed in 4% paraformaldehyde for 10 min, washed three times
with PBS, and permeabilized in 0.5% Triton X-100 (Thermo) for
15 min. After incubating with 5% BSA at room temperature for 1
mplex

optimal density of type I collagen expressed in rat supraspinatus tendon (n = 7 per

nsity of type III collagen expressed in rat supraspinatus tendon (n = 7 per group). (F)

mechanical properties including maximum load, stiffness, and modulus (n = 7 per
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h, the cells were incubated overnight at 4�C with a primary antibody
against NF-kB p65 (1:500), followed by a secondary antibody conju-
gated to Alexa Fluor 488 (1:200). The nuclei were labeled with DAPI
(1:1000) for 5min at room temperature. Images were captured using a
fluorescence microscope (Leica Microsystems). Quantification of the
percentage of positively stained cells was performed using the ImageJ
software.

Screening effective IKKb siRNA sequences

To determine the most effective IKKb siRNA sequence, four
different siRNA duplexes against human IKKb and a nonsense
siRNA (nsRNA) were purchased from GenePharma Biotechnology
Company. The detailed siRNA sequences are listed in Table S3.
For transfection, 60% confluent TSPCs in six-well plates were
combined with 25 pmol siRNA duplex (each well) and 7.5 mL
Lipofectamine RNAiMAX Reagent (Thermo). After transfecting
for 48 h, IKKb mRNA expression levels were assayed using
qRT-PCR. The total proteins were extracted to analyze the IKKb
protein level using Western blotting. The siRNA that silenced
the IKKb/NF-kB pathway most effectively was selected for further
studies.

Effect of IKKb/NF-kB pathway blocking on TSPC senescence

H-TSPC senescence was induced in vitro using 10 ng/mL recombi-
nant human IL-1b (PeproTech) for 24 h, as reported in a previous
study.56 To determine the effect of IKKb blocking on preventing
TSPC senescence, we pre-transfected TSPCs with IKKb siRNA
before incubating with IL-1b. After induction, nuclear NF-kB p65
activation, SA-b-Gal staining, and p16INK4A and p21CIP1 immuno-
fluorescence staining were assayed as mentioned above. Then, the
RNA was sequenced (OE Biotechnology Company) to analyze the
impact of IKKb/NF-kB pathway blocking on TSPC senescence.

AuNC preparation, characterization, and biocompatibility

The AuNCs were synthesized through one-step reduction of Au3+,
oligoarginine peptide CRRRRRRRRR (CR9, GL Biochem), and GSH
(Sigma). Briefly, 100 mM HAuCl4 (Sigma), 75 mM CR9, and
150 mM GSH were blended in ultrapure water at 25�C. Then, the
mixture was gently heated to 70�C and stirred at 500 rpm for 24 h.
After fabrication, the size distribution and surface charge of the pre-
pared nanomaterials were determined using dynamic light scattering
(DLS; Malvern & Nano ZS). The morphology of the AuNCs was
examined using a transmission electron microscope (TEM; Talos
L120C G2).

To test the impact of AuNCs on TSPC proliferation, TSPCs (2 � 103

cells/well) were plated in 96-well plates and incubated with 0, 1, 10, or
100 nM AuNCs. After incubating for 24, 48, and 72 h, the number of
Figure 7. AuNC-siRNA retards rat TSPC senescence in vivo

(A and B) Immunofluorescence and quantification of NF-kBp65 in rat TSPCs isolated from

from different groups (n = 7 per group). (E and F) Immunofluorescence and quantificatio

Immunofluorescence and quantification of gH2AX in rat TSPCs isolated from different gro

group). (J) qRT-PCR analysis of tenogenesis-related gene expression. *p < 0.05.
viable TSPCs wasmeasured using a Cell Counting Kit-8 (Dojindo) ac-
cording to the manufacturer’s instructions. To determine the in vitro
cytotoxicity of AuNCs, TSPCs seeded into 24-well plates were incu-
bated with 0, 1, 10, or 100 nM AuNCs for 24 h and stained using a
Live/Dead Cell Double Staining Kit (Sigma). To analyze the effect
of AuNCs on the cell cycle, TSPCs incubated with 0, 1, 10, or
100 nM AuNCs were stained using a DNA Content Quantitation
Assay Kit (Solarbio) and assayed using flow cytometry (Beckman
Coulter).

AuNC-siRNAcomplex fabrication, characterization, and stability

The anionic IKKb siRNA (3 mg/mL) was mixed with cationic AuNCs
(1 mg/mL) in ultrapure water and shaken on a benchtop incubator
shaker (Eppendorf) for 1 h. After shaking, the self-assembled
AuNC-siRNA was fabricated through electrostatic interaction. The
nsRNA absorbed AuNCs (AuNC-nsRNA) were used as control.

The AuNC-siRNA surface charge was assayed using DLS. After this,
the AuNC-siRNA morphology was examined by TEM. To detect its
elemental composition, the samples were assayed using XPS. The sta-
bility of the AuNC-siRNA was evaluated using an RNase degradation
assay. Briefly, the free siRNA and AuNC-siRNA were treated with 5,
10, or 20 mg/mL RNase for 10 min, and then RNase inhibitor was
added to quench the enzymatic activity. The free siRNA and
AuNC-siRNA were further run on a 20% (w/v) polyacrylamide gel
at 160 V for 45 min, which was then stained using GelRed and imaged
on a Gel Doc imaging system (Bio-Rad).

In vitro siRNA delivery and gene silencing efficiency of AuNC-

siRNA

To observe the in vitro cellular uptake of siRNA, IKKb siRNA was
labeled with far-red fluorescent dye Cy5 (Cy5–siRNA, GenePharma
Biotechnology Company). TSPCs (1 � 105 cells/well) were seeded
in a 20-mm confocal dish (Nest) and incubated with 25 pmol free
Cy5-siRNA, AuNC-Cy5-siRNA (Cy5-siRNA equivalent), or Cy5-
siRNA with RNAiMAX Reagent. After incubating for 2 h, the me-
dium was changed, the cells were washed three times with PBS, and
cultured with fresh medium for another 48 h. Then, the total RNA
and proteins were extracted to determine the levels of IKKb mRNA
and protein expression.

Animal experiments

Ten young (6 months old) and 40 old (18 months old) male Sprague-
Dawley rats were used for in vivo studies. The 40 old rats were
randomly assigned into four groups: old group (n = 10, non-treated),
siRNA group (n = 10, siRNA treated), AuNC-siRNA group (n = 10,
AuNC-siRNA treated), and AuNC-nsRNA group (n = 10, AuNC-
nsRNA treated). The old rats were subacromially injected with
different groups (n = 7 per group). (C and D) SA-b-gal staining of rat TSPCs isolated

n of p21CIP1 in rat TSPCs isolated from different groups (n = 7 per group). (G and H)

ups (n = 7 per group). (I) Sirius red staining of tenogenic induced rat TSPCs (n = 7 per

Molecular Therapy: Nucleic Acids Vol. 27 March 2022 573

http://www.moleculartherapy.org


Figure 8. Schematic diagram of AuNC-siRNA for

intra-articular NF-kB silencing to treat inflamm-

aging triggered RCT by retarding TSPC senescence

Molecular Therapy: Nucleic Acids
1.5 nmol/20 mL siRNAs after identifying the posterolateral corner of
the acromion with a 25G needle using methods reported in a previous
study.57 Three injections were administered at a intervals, according
to methods established through previous studies.58,59 One month af-
ter the third injection, the rats were euthanized to isolate the supra-
spinatus-humerus samples.
Ex vivo assay of rat TSPC senescence

The rat supraspinatus tendons were separated to isolate TSPCs with
the method of human TSPC isolation described above. Passage-2
rat TSPCs were used for ex vivo assay of cellular senescence. Immu-
nofluorescence staining and quantification of NF-kBp65 were
performed to determine the in vivo efficiency of AuNC-siRNA on
blocking IKKb/NF-kB signaling. SA-b-gal staining and immunofluo-
rescence staining of p21CIP1 and gH2AX were performed and quan-
tified to assay the in vivo effects of AuNC-siRNA on improving in-
flamm-aging-triggered TSPC senescence.
Ex vivo assay of rat TSPC tenogenic potential

Tenogenic induction of rat TSPCs was performed as described above.
After induction for 2 weeks, collagen deposition was visualized using
Sirius red staining. The expression of genes (Scx, Tnmd, Col1) associ-
ated with tenogenic differentiation was assayed using qRT-PCR. The
primer sequences used are listed in Table S4.
Histological analysis

The samples used for histological analysis were routinely fixed in 10%
neutral buffered formalin, decalcified with 10% EDTA, embedded in
paraffin, and cut into 4 mm-thick sections.

To obtain an overview of the supraspinatus tendon, the sections were
stained with H&E. To detect the specific expression levels of type I
collagen and type III collagen, the sections were stained with collagen
I antibody (1:500, Abcam, ab270993) and collagen III antibody
(1:400, Abcam, ab6310).
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Biomechanical testing

Before testing, the width and thickness of
supraspinatus tendon insertion site on the
greater tubercle were measured using a digital
caliper to calculate the cross-sectional area.
The specimens were fixed at a 0� abduction
angle using a custom-designed material
testing system (Instron Corp.) as described
in a previous study.60,61 Briefly, the humerus
was secured using a 0.8-mm Kirschner wire,
and the supraspinatus belly was secured using
a screw grip. The specimen was preloaded
with 0.1 N and loaded to failure at the rate of 10 mm/min. The
ultimate load-to-failure and load-displacement curves were re-
corded to calculate the stiffness and modulus.

Statistical analysis

All data are shown as mean ± standard deviation. One-way analysis of
variance with the post hoc Tukey test or Student t test was used to
analyze the statistical differences between different groups using
GraphPad Prism 8 software. A p value of less than 0.05 was consid-
ered statistically significant.
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