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Abstract

Background: The structural and functional properties of tendon decline with age, and these changes contribute to
tendon disorder. Tendon stem/progenitor cells (TSPCs) play a vital role in tendon repair, regeneration and homeosta-
sis maintaining. Although studies have demonstrated that tendon aging is closely associated with the altered TSPCs
function on senescence, the cellular and molecular mechanisms of TSPCs senescence remain largely unknown. This
study was designed to investigate the role of Wnt5a in TSPCs senescence.

Methods: TSPCs were isolated from 2-month-old and 20-month-old male C57BL/6 mice. The expression of Wnt5a
was determined by RNA sequencing, gRT-PCR and western blotting. TSPCs were then treated with Wnt5a shRNA or
recombinant Wnt5a or AG490 or IFN-y or Ror2-siRNA. Western blotting, 3-gal staining, gRT-PCR, immunofluorescence
staining and cell cycle analysis were used for confirming the role of Wnt5a in TSPCs senescence.

Results: We found a canonical to noncanonical Wnt signaling shift due to enhanced expression of Wnt5a in aged
TSPCs. Functionally, we demonstrated that inhibition of Wnt5a attenuated TSPCs senescence, age-related cell polarity
and the senescence-associated secretory phenotype (SASP) expression in aged TSPCs. Mechanistically, the JAK-STAT
signaling pathway was activated in aged TSPCs, while Wnt5a knockdown inhibited the JAK-STAT signaling pathway,
suggesting that Wnt5a modulates TSPCs senescence via JAK-STAT signaling pathway. Moreover, knockdown of Ror2
inhibited Wnt5a-induced activation of the JAK-STAT signaling pathway, which indicates that Wnt5a potentiates JAK-
STAT signaling pathway through Ror2, and Ror2 acts as the functional receptor of Wnt5a in TSPCs senescence.

Conclusion: Our results demonstrate a critical role of noncanonical Wnt5a signaling in TSPCs senescence, and Wnt5a
could be an attractive therapeutic target for antagonizing tendon aging.
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Background

Tendon aging is an inevitable physiological process that
results in impaired structural and functional properties of
tendon, and these changes contribute to tendon disorder,
such as chronic pain, tendon rapture and limited mobil-
ity [1, 2]. At the cellular level, tendon stem/progenitor
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cells (TSPCs), which exhibit various common properties
of stem cells and have been isolated from various species
[3-5], undergo senescence along with tendon aging [6].
TSPCs express typical tendon-lineage genes and exhibit
clonogenicity, self-renewal and multiple differentia-
tion capacity. TSPCs play a critical role in tendon repair,
regeneration and homeostasis maintaining [7-9]. Studies
have shown that TSPCs senescence is closely associated
with the age-related tendon disorder. As compared with
young cells, aged TSPCs display deficient self-renewal,
migration and tenogenic differentiation capacity, as
well as substantial changes in transcriptome, leading to
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impaired tendon healing and regeneration capacity [10,
11]. Although the decline of TSPCs function on senes-
cence has been well recognized, the molecular mecha-
nisms of this process are still largely unknown.

The Wnt signaling plays critical roles in growth and
development of multiple tissues, including musculoskel-
etal system, hematopoietic system and digestive system
[12-14]. Wnt family proteins exert two signaling path-
ways based on their dependence on transduction through
[-catenin: the canonical Wnt pathway and the noncanon-
ical Wnt pathway [15, 16]. Noncanonical Wnt pathway
can inhibit canonical Wnt pathway, causing attenuated
[B-catenin stability and impaired downstream pathway
[17, 18]. Wntb5a is a prototypical ligand for the noncanon-
ical Wnt pathway and has been reported to play a critical
role in aging. In aged lung, increased Wnt5a stimulates
inflammation and maintenance of a damaging environ-
ment to the gas-exchange surface [19]. Jung et al. demon-
strated that Wnt5a is a downstream effector of UHRF1/
DNMT1-mediated senescence in human diploid fibro-
blasts (HDFs). Wnt5a overexpression in young HDFs
also induced senescent phenotypes [20]. In hematopoi-
etic stem cells (HSCs), Wnt5a expression was observed
to increase with age, which causes HSCs senescence.
Wnt5a haploinsufficiency attenuates HSCs senescence,
whereas Wnt5a knockdown results in functionally reju-
venated aged HSCs [21]. In addition, a few studies have
indicated that Wnt5a is also involved in the regulation
of tendon stem cells [22, 23]. Yu et al. reported that uni-
axial mechanical tension promoted the osteogenic dif-
ferentiation of TSPCs through the Wnt5a-RhoA pathway
[23]. Although studies have suggested the role of Wnt5a
in aging and regulation of tendon stem cells, there were
no studies focused on the role of Wnt5a in TSPCs senes-
cence during tendon aging.

Here, we showed a switch from canonical to nonca-
nonical Wnt signaling pathway due to elevated expres-
sion of Wntba in aged TSPCs. We confirmed the critical
role of Wnt5a in TSPCs senescence, and Wnt5a knock-
down could attenuate TSPCs senescence. Wnt5a regu-
lates TSPCs senescence through JAK-STAT signaling
pathway. In addition, we found that Ror2 acts as the
functional receptor of Wnt5a in TSPCs senescence. Our
results provide evidence of noncanonical Wnt5a signal-
ing WNT signaling being crucially involved in TSPCs
senescence.

Materials and methods
TSPCs isolation and culture
Isolation of TSPCs from achilles tendon was performed
as previously described [4]. Briefly, mouse achilles ten-
dons were isolated from 2-month-old (abbreviated as
Y-TSPC) and 20-month-old (abbreviated as A-TSPC)
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male C57BL/6 mice (n=20). After gently mincing the
achilles tendons, the chopped tissue was digested with
3 mg/mL collagenase type I (Sigma—Aldrich) and 4 mg/
mL dispase (Roche), subsequently percolating with a
70-pm cell strainer (Becton Dickinson) to obtain a sin-
gle-cell suspension. The released cells were washed in
phosphate-buffered saline (PBS) and resuspended in
alpha-minimum essential medium (a-MEM) contain-
ing 20% fetal bovine serum (Gibco), 2 mM L-glutamine
(Gibco), 100 uM 2-mercaptoethanol (Sigma—Aldrich)
and 1% penicillin-streptomycin (Gibco). An optimal
low cell density (50 nucleated cells/cm?) was applied to
plant the isolated nucleated cells for forming colonies at
37 °C, 5% CO,. At day 7, cell colonies were trypsinized
and mixed together as passage 0 (P0). Cells from P2 to
P6 were used for all experiments. Medium was changed
every 3 days. All surgical interventions and postopera-
tive animal care were performed according to the Guide
for the Care and Use of Laboratory Animals (National
Research Council) and were approved by the Animal
Research Ethics Committee of Southeast University.
Experimental design aimed to minimize the animal num-
ber and their sacrifice.

Cell transfection
Lentivirus-mediated Wnt5a short-hairpin RNA labeled
with GFP component (Wnt5a shRNA) and negative con-
trol lentivirus (LV-GFP) were acquired from GeneChem
Corporation (Shanghai, China), and the target sequence
of Wnt5a shRNA was as follows: gtGGATCAGTTCGT
GTGCAAA. 8x10* cells were plated on 6-well plates
and cultured to reach 20-30% confluence before trans-
fection. Lentivirus was transfected into cells by HitransG
Transfection Reagent P (Genechem) for 16 h, and then,
the transfected cells were selected with 2 pg/ml puromy-
cin (Beyotime Biotechnology) for 10 days to establish sta-
bly expressing cells and verified by western blotting.
Ror2-siRNA was acquired from GenePharma (Shang-
hai, China), and the sequence of Ror2-siRNA was as fol-
lows: 5-GGUUUGGCAAGGUCUACAATT-3, 1x10°
Cells were plated on 6-well plates and transfected at 50%
confluence. The jetPRIME transfection reagent (Polyplus)
was mixed with Ror2-siRNA and incubated for 10 min
at room temperature. Then, the mixture was added to
the cells in serum-containing medium and incubated
for 48-72 h before cells were harvested for subsequent
experiments.

RNA sequencing

The profiles of gene expression were tested in Beijing
CapitalBio Corporation (Beijing, China). In brief, with the
usage of poly-T oligo-attached magnetic beads, the puri-
fied poly(A)-containing mRNA molecules were extracted
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from total RNA (3 pg). The cleaved RNA fragments were
reversely transcribed to first-strand cDNA utilizing ran-
dom hexamers and then to second-strand cDNA syn-
thesis with DNA polymerase I and RNase H. The cDNA
fragments were purified with end blunted, A’ tailed and
adaptor ligated. Afterward, PCR was used to selectively
enrich those DNA fragments with adapter molecules
on both ends, in the purpose of amplify the amount of
DNA in the library which was certified by Agilent 2100
Bioanalyzer and quantified by Qubit and qPCR. Mean-
while, the representation of the library from skewing
with a minimized number of PCR cycles was prevented
and the produced libraries were sequenced with HiSeq
2500 platform. With robust multi-array average nor-
malization, fold change threshold>2 and P value<0.05
can be viewed as statistically significant alterations. With
Cluster3.0 software, clustering analysis and heatmap gen-
eration were executed. The functional assignments were
mapped onto gene ontology (GO). Gene set enrichment
analysis (GSEA, http://software.broadinstitute.org/gsea/
index.jsp) was performed to verify the biological pro-
cesses in the two groups as mentioned above [24]. The
calculation of normalized enrichment score (NES) and
false discovery rate (FDR) was used to verify the signifi-
cant difference for GSEA.

Western blotting

To detect the expression of target proteins, western blot-
ting was performed. Total cell protein was extracted
in cold RIPA lysis buffer (Keygen Biotech) after being
cultured with or without Wnt5a shRNA/Ror2-siRNA/
recombinant Wnt5a (R&D System)/IFN-y (Beyotime Bio-
technology)/AG490 (MCE). Protein concentration was
measured using the BCA protein assay kit (Thermo Sci-
entific). A total of 30 ug of protein was electrophoresed
on SDS-PAGE and then electrotransferred to a PVDF
membrane (Millipore). Nonspecific binding was blocked
with PBST containing 5% nonfat dry milk, followed by
incubation with primary antibody against Wnt5a (Cell
Signaling Technology), B-catenin (Abcam), pl6™NK*4
(Abcam), JAK2 (Proteintech), p-JAK2 (Abcam), STAT3
(Proteintech), p-STAT3 (Abcam) and GAPDH (Protein-
tech) at 4 °C overnight. Immunoreactive bands were
incubated with secondary antibody, before detecting it
with ECL reagents (Keygen biotech). The gray value of
each band was measured, data of which were presented
as a ratio to GAPDH.

Immunofluorescence staining

To examine localization of target proteins, cultured
TSPCs were fixed in 4% paraformaldehyde for 15 min at
room temperature. Pretreatment with 0.2% Triton X-100
in PBS for 20 min, cells were blocked with 3% bovine
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serum albumin for 30 min at room temperature. After
being washed, cells were incubated overnight at 4 °C
with anti-Wnt5a (Santa Cruz), B-catenin (Abcam) and
a-tubulin (Abcam), followed by a mixture of AlexaFluor
594-conjugated secondary antibodies (Molecular Probes)
incubated for 2 h at room temperature. Immunofluores-
cence images were captured with a Nikon Ts2R fluores-
cence microscope.

B-galactosidase staining

Cellular senescence assays were performed using the
B-galactosidase (B-gal) staining kit (Sigma) according to
the manufacturer’s protocol. Briefly, cells were plated on
12-well plates and cultured for 48 h, and then, cells were
incubated with the kit’s staining mixture for 16 h at 37 °C.
The percentages of B-gal-positive cells were then calcu-
lated in six microscopic fields. Images were captured with
an Olympus CKX53 inverted phase-contrast microscope.

Quantitative RT-PCR

To examine mRNA level of target genes, total RNA was
purified from TSPCs by using the MiniBEST universal
RNA extraction kit (Takara). The mRNA was reversely
transcribed to cDNA with the first-strand cDNA kit
(Promega). With the utilization of the ABI Step One Plus
system (Applied Biosystems), each sample with 1 pL total
c¢DNA was amplified in the final volume of 20 pL of reac-
tion mixture containing Power SYBR Green PCR Master
Mix (Invitrogen) and specific primers. Denaturation was
performed at 95 °C for 10 min, 45 cycles at 95 °C for 20 s,
optimal annealing temperature for 20 s or 72 °C for 30 s
and finally at 60 °C-95°C with a heating rate of 0.1 °C/s.
Genes were normalized to that of the -actin gene. Rela-
tive gene expression was calculated using 2722 method.
Additional file 3: Table S2 shows primer sequences used
in this study.

Cell cycle analysis

To detect cell cycle distribution, TSPCs were cultured
on 10-cm dishes in 2% FBS/DMEM for 48 h, and then,
cells were trypsinized, detached and fixed in 70% ethanol
overnight at 4 °C. Subsequently, the ethanol-fixed cells
were incubated with RNase (Keygen biotech) and pro-
pidium iodine (Keygen biotech) for 30 min. Using flow
cytometry (Becton Dickinson) with Cell Quest software,
the percentages of cells in the three phases of the growth
cycle (G1, S and G2/M phase) were measured.

Statistical analysis

Statistical analysis was performed with SPSS version
16.0 (SPSS). All data were plotted as mean 4 SEM.
Two groups were compared with unpaired t-test.
One-way analysis of variance (ANOVA) and Tukey’s
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Fig. 1 Increased Wnt5a expression correlates with a switch from canonical to noncanonical Wnt signaling. a Heatmap showed the changes in the
expression of Wnt genes in young and aged TSPCs. b Relative mRNA levels of Wnt5a in TSPCs were investigated by gRT-PCR. ¢ Western blotting
for the Wnt5a protein levels in young and aged TSPCs. d Immunofluorescence staining for Wnt5a in young and aged TSPCs. Scale bar: 20 um. e, f
Immunofluorescence staining for 3-catenin in young and aged TSPCs. Scale bar: 20 um. g Western blotting for 3-catenin protein levels in young
TSPCs, aged TSPCs and young TSPCs treated with Wnt5a (100 ng/ml). h, i gRT-PCR for Axin2 and Lgr5 mRNA levels in young and aged TSPCs. j, k
Axin2 and Lgr5 mRNA levels in young TSPCs and young TSPCs treated with Wnt5a. Values represent the mean = SD. *p < 0.05, significantly different

post hoc test were used for multiple comparisons,
with p<0.05 considered statistically significant. In
addition, there are at least three replicates per condi-
tion made up of each experiment. Groups with similar
variance were being statistically compared.

Results

Wnt5a mediates a switch from canonical to noncanonical

Whnt signaling in aged TSPCs

TSPCs were isolated from young (2-month-old) and aged
(20-month-old) mouse achilles tendon (Additional file 5:
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Fig. 2 Wnt5a knockdown attenuates TSPCs senescence. a Heatmap of aging-related genes expressions in aged and Wnt5a-knockdown aged
TSPCs. b, € B-gal staining for the senescent cells in young, aged and Wnt5a-knockdown aged TSPCs. Scale bars: 100 um. d Western blotting for
protein levels in young, aged and aged Wnt5a-knockdown TSPCs. e Flow cytometry analysis was used to measure the cell cycle distribution
of TSPCs. f, g Representative distribution of tubulin in young, aged and aged Wnt5a-knockdown TSPCs was investigated by immunofluorescence.
Scale bar: 20 um. Values represent the mean =4 SD. *p < 0.05, significantly different from the young or aged group

Fig. S1) and characterized in vitro (Additional file 6: Fig.
S2). We first examined the mRNA expression profiles by
RNA-seq analysis on young and aged TSPCs (Additional
file 7: Fig. S3), we then analyzed Wnt family microarray
data and found a marked increase in the expression of
Wntba (Fig. 1a), while other members of the canonical Wnt

family (such as Wnt2, Wnt2b, Wnt3, Wnt10a and Wnt10b)
did not present with significant changes in expression on
TSPCs senescence. We confirmed the results by qRT-PCR
to examine expression of Wnt5a gene (Fig. 1b). Consistent
with the qRT-PCR results, Wnt5a protein level was also
markedly increased in aged TSPCs (Fig. 1c, d). In addition,

(See figure on next page.)

Fig. 3 Effect of Wnt5a shRNA on SASP expression in aged TSPCs. a Heatmap of representative SASP genes expressions identified by a combination
of GO analysis in aged and Wnt5a-knockdown aged TSPCs. b—-i Relative mRNA levels of representative SASP genes (IL6, IL16, Cxcl1, Cxcl5, Cxcl12,
Ereg, Tnfsf11, Ccl2) in young, aged and aged Wnt5a-knockdown TSPCs were investigated by qRT-PCR. Values represent the mean =+ SD. *p < 0.05,

significantly different from the young or aged group
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immunofluorescence staining revealed that f-catenin was
expressed in the nucleus in young TSPCs, which suggested
the activation of canonical Wnt signaling in young TSPCs
(Fig. 1e, ). In aged TSPCs, B-catenin was predominantly
located in cytoplasm (Fig. le, f). We also found that the
protein level of B-catenin is reduced in aged TSPCs, and
recombinant Wnt5a treatment reduced the expression of
[B-catenin in young TSPCs, indicating a direct action of
Wnt5a on B-catenin expression in TSPCs (Fig. 1g). We
next investigated the direct downstream target genes of
canonical Wnt signaling, Axin2 and Lgr5, which were also
significantly reduced in aged TSPCs (Fig. 1h, i). Moreo-
ver, the expressions of Axin2 and Lgr5 were decreased in
young TSPCs after recombinant Wnt5a treatment (Fig. 1j,
k). The results suggested that TSPCs senescence is accom-
panied by a shift from canonical to noncanonical Wnt
signaling due to elevated Wnt5a expression.

Wnt5a plays a critical role in TSPCs senescence

To investigate the role of Wnt5a in TSPCs senescence,
we knockdown the cell-intrinsic Wnt5a through lentivi-
ral short-hairpin RNA (Wnt5a shRNA) in aged TSPCs.
Of note, RNA-seq analysis showed remarkable differ-
ences between aged TSPCs and Wnt5a-knockdown aged
TSPCs (Additional file 8: Fig. S4). We further found a
marked change in the expression of aging-related genes,
including genes involved in tendon aging, such as Cdknlc
and Trp53 (Fig. 2a). In addition, silencing Wntba sig-
nificantly reduced [-gal-positive senescence cells in
aged TSPCs (Fig. 2b, c), and this was also coupled with
a significant repression of senescence marker p16™NK44
in aged TSPCs (Fig. 2d). Senescence represents a state
of permanent cell cycle arrest; here, we investigated cell
cycle phase distribution of TSPCs, aged TSPCs exhib-
ited an increased proportion in the G1 phase, while the
accumulation of aged TSPCs at G1 phase was blocked
after Wnt5a shRNA treatment (Fig. 2e). Studies have
demonstrated that age-related dysfunction of several
stem cell populations correlates with altered cell polar-
ity [25, 26]. In the present study, we used tubulin as a
marker for cell polarization, and we found that tubulin
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was asymmetrically distributed in young TSPCs, while
tubulin was distributed throughout the cell body in aged
TSPCs, which suggested a unpolarized phenotype of aged
TSPCs (Fig. 2f, g). Notably, Wnt5a shRNA treatment sig-
nificantly increased the frequency of polarized cells in
aged TSPCs. To further investigate the role of Wnt5a in
TSPCs senescence, we treat young TSPCs with recom-
binant Wnt5a. The results showed that Wnt5a increased
the expression of p16™K*A, as well as the B-gal-positive
senescence cells in young TSPCs. Moreover, Wnt5a treat-
ment also induced the accumulation of young TSPCs in
G1 phase (Additional file 9: Fig. S5). Collectively, the data
showed the critical role of Wnt5a in TSPCs senescence.

Wnt5a knockdown inhibits the SASP expression in aged
TSPCs

Given the ability of Wnt5a shRNA to attenuate TSPCs
senescence, we next investigated whether Wnt5a knock-
down affects the senescence-associated secretory phe-
notype (SASP) expression of senescent TSPCs. Using
RNA-seq, we found a marked change in the expression of
genes involved in numerous categories associated with the
SASP by gene ontology (GO) analysis (including cytokine
activity, cytokine receptor activity, cytokine receptor bind-
ing, chemokine activity, growth factor activity and growth
factor receptor binding) (Additional file 2: Table SI).
We then identified the down-regulated genes from aged
TSPCs to Wnt5a-knockdown aged TSPCs (Fig. 3a). We
confirmed the results by qRT-PCR to examine expression
of several representative SASP genes, including IL6, IL16,
Cxcll, Cxcl5, Cxcl12, Ereg, Tnfsf11 and Ccl2 (Fig. 3b—i).
Compared to young TSPCs, these SASP genes were sig-
nificantly increased in aged TSPCs, and Wnt5a shRNA
treatment could rescue the increased level of the SASP
genes. Together, the results confirmed the ability of Wnt5a
knockdown attenuates SASP expression.

Wnt5a promotes TSPCs senescence through JAK-STAT
signaling pathway

To investigate critical signaling pathways involved in the
TSPCs senescence regulated by Wnt5a, we used gene set

(See figure on next page.)

significantly different from the young or aged group

Fig. 4 Wnt5a activates JAK-STAT signaling pathway in TSPCs senescence. a The GSEA KEGG analysis revealed the top 10 significantly enriched
signaling pathways in Wnt5a-knockdown aged TSPCs. b GSEA plots showed a gene set related to JAK-STAT pathway. ¢ Heatmap of relative
expression of the genes involved in the JAK-STAT signaling pathways in aged and Wnt5a-knockdown aged TSPCs. d Western blotting for the
p-JAK2, JAK2, p-STAT3 and STAT3 protein levels in young, aged and Wnt5a-knockdown aged TSPCs. @ Aged TSPCs were transfected with or without
Wnt5a shRNA and then stimulated with IFN-y at 100 ng/ml for 8 h. The protein levels of p-JAK2, JAK2, p-STAT3 and STAT3 were investigated by
western blotting. f Western blotting for the p16™“* protein levels in aged TSPCs upon Wnt5a shRNA and/or IFN-y treatment for 8 h. g, h -gal
staining in aged TSPCs upon Wnt5a shRNA and/or IFN-y (100 ng/ml, 24 h) treatment. Scale bars: 100 um. i—k Relative mRNA levels of SASP genes
(IL6, Ereg and Cxcl5) in aged TSPCs upon Wnt5a shRNA and/or IFN-y (100 ng/ml, 8 h) treatment. Values represent the mean £ SD. *p < 0.05,
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enrichment analysis (GSEA) to identify enriched sign-
aling pathways in aged and Wnt5a-knockdown aged
TSPCs (Fig. 4a and Additional file 10: Fig. S6). Notably,
JAK-STAT signaling pathway has been reported to be
linked to cellular senescence in several cell types [27, 28],
and GSEA showed that gene set related to JAK-STAT
signaling pathway was reduced in Wnt5a-knockdown
aged TSPCs (Fig. 4b). The heatmap showed the gene set
involved in JAK-STAT signaling pathway (Fig. 4c). We
then validated the expressions of genes involved in JAK-
STAT signaling pathway by western blotting, and the
result showed that the phosphorylation levels of JAK2
and STAT3 were significantly increased in aged TSPCs,
which suggested the activation of JAK-STAT signal-
ing, and Wnt5a knockdown reduced the expressions
of p-JAK2 and p-STAT3 (Fig. 4d). In contrast, Wnt5a
treatment increased the expressions of p-JAK2 and
p-STAT3 in young TSPCs (Additional file 11: Fig. S7).
We next stimulated aged TSPCs with interferon-y (IFN-
Y), an activator of JAK-STAT signaling pathway [29],
and the results showed that IFN-y treatment abolished
the inhibition effects of Wnt5a shRNA on JAK-STAT
signaling pathway and TSPCs senescence hallmarks,
including reduced p16™ 4 protein level (Fig. 4f), num-
ber of -gal-positive senescent cells (Fig. 4g, h) and SASP
genes expressions (Fig. 6i-k). In addition, we treated
young TSPCs with JAK-STAT signaling pathway inhibi-
tor AG490; of note, AG490 treatment also reversed the
Wnt5a-induced senescence of TSPCs (Additional file 11:
Fig. S7). Together, the results indicate that Wnt5a regu-
lates TSPCs senescence through JAK-STAT signaling
pathway during tendon aging.

Ror2 acts as the functional receptor of Wnt5a in TSPCs
senescence

Wnt5a mediates noncanonical Wnt signaling which
is transduced through frizzled (FZD) receptors and
receptor tyrosine kinase-like orphan receptor (Ror) co-
receptor [30, 31]. Here, we found that Wnt5a-induced
increases in p-JAK2 and p-STAT?3 levels were diminished
by Ror2 knockdown in young TSPCs (Fig. 5a), which sug-
gested that Wnt5a activates JAK-STAT signaling pathway
depending on Ror2. Moreover, knockdown of Ror2 also
suppressed Wnt5a-induced increases of p16™ 4 expres-
sion (Fig. 5b), as well as the number of [B-gal-positive
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senescent cells (Fig. 5c, d). In addition, young TSPCs
treated with Wnt5a showed increased levels of SASP
genes, including IL6, Ereg and Cxcl5, and these increases
were abolished when Wnt5a was administered together
with Ror2-siRNA (Fig. 4e—g). Collectively, our results
indicated that Ror2 acts as the functional receptor of
Wnt5a in TSPCs senescence.

Discussion

The association between tendon aging and TSPCs senes-
cence is well recognized. In the present study, we demon-
strated that Wnt5a expression is closely correlated with
TSPCs senescence. Accordingly, we found that Wnt5a
expression was significantly increased in aged TSPCs.
Noncanonical Wnt5a inhibits Wnt/p-catenin signal-
ing has been reported in various biological events [17,
18]. Consistent with previous studies, we also found that
increased Wnt5a inhibited the activation of $-catenin and
reduced canonical WNT target genes Axin2 and Lgr5
in aged TSPCs, which cause a switch from canonical to
noncanonical Wnt signaling. In addition, Wnt5a knock-
down attenuated cell senescence, resulting in decreased
p16™NK4*A expression and number of B-gal-positive cells in
aged TSPCs. Senescence represents a state of permanent
cell cycle arrest; as a cell cycle inhibitor, p16™*** has
been proved to be an ideal marker for TSPCs senescence
[32]. We also showed that Wnt5a knockdown promoted
the cell cycle progression of aged TSPCs. Contrary to
this, Wnt5a treatment promoted the young TSPCs senes-
cence. In addition, Wnt5a knockdown also restored the
age-related dysfunction of self-renewal, migration and
tenogenic differentiation in TSPCs (Additional files 12,
13, 14: Figs. S8-S10). Collectively, Wnt5a is increased in
aged TSPCs and activates noncanonical Wnt signaling,
thereby contributing to TSPCs senescence.

Stem cells can propagate themselves through sym-
metric divisions, or divide asymmetrically to generate
a daughter stem cell and a differentiating cell [33]. Dur-
ing asymmetric divisions, stem cells have the capacity to
asymmetrically segregate damaged components. Such
asymmetric division requires that a cell be polarized,
and studies have suggested that loss of polarity is linked
to stem cell aging [34]. In germ line stem cells, the age-
related cell dysfunction correlates with loss of cell polar-
ity [35]. In HSCs, elevated activity of Cdc42 correlates

(See figure on next page.)

Fig. 5 Wnt5a activates JAK-STAT signaling pathway through its co-receptor Ror2. a Young TSPCs were transfected with or without Ror2-siRNA and
then stimulated with Wnt5a at 100 ng/ml for 16 h. The expressions of p-JAK2, JAK2, p-STAT3 and STAT3 were investigated by western blotting. b
Western blotting for the p16™* protein levels in young TSPCs upon Ror2-siRNA and/or Wnt5a (100 ng/ml, 16 h) treatment. ¢, d 3-gal staining for
the senescent cells in young TSPCs upon Ror2-siRNA and/or Wnt5a (100 ng/ml, 36 h) treatment. Scale bars: 200 pm. e-g gRT-PCR for IL6, Ereg and
Cxcl5 mRNA levels in young, young TSPCs upon Ror2-siRNA and/or Wnt5a (100 ng/ml, 16 h) treatment. Values represent the mean =+ SD. *p < 0.05,

significantly different from the young or aged group
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Fig. 6 Schematic model describing the proposed mechanism of TSPCs aging. In aged TSPCs, increased noncanonical Wnt5a causes the activation
of JAK-STAT signaling pathway, leading to cell senescence and impaired cell function, thereby promoting tendon aging

with a loss of cell polarity, and inhibition of CDC42 activ-
ity restores polarity in aged HSCs [25]. Tubulin has been
used as a polarity marker for several stem cell populations
[21, 35], and our study also suggested that tubulin could
be an ideal marker in TSPCs showing distinct polarity
phenotypes. In the present study, we reported for the
first time that the polarity status of TSPCs changes upon
aging, and we showed a reduction in cells with a polar
distribution of tubulin in aged TSPCs. In addition, Wnt5a
shRNA treatment restores polarity in aged TSPCs, which
suggests a vital role of Wntba in the regulation of TSPCs
polarity. We further propose that Wnt5a promotes the
age-related dysfunction of TSPCs self-renewal and differ-
entiation, at least in part, through the repression of cell
polarity.

The SASP contains pro-inflammatory cytokines,
chemokines, growth factor and matrix metalloprotein-
ases, which constitutes a hallmark of senescent cells [36].
The SASP reinforces and spreads senescence in autocrine
and paracrine manners, causing tissue microenvironment
alteration and homeostasis disruption. Consistent with
previous studies, our study also showed a robust pattern
of SASP induction in aged TSPCs. Among these SASP fac-
tors, IL6 is a key proinflammatory cytokine playing criti-
cal roles in tendon repair [37]. EREG has been reported
to play a potential role in tendon inflammation, and pro-
inflammatory stimulation of tendon-like constructs causes
a significant increase in the expression of EREG [38]. Our
results raise the possibility that tendon aging may be driven
by the SASP activation and the senescent TSPCs may serve
as a major source of SASP factors. Moreover, we showed
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that inhibition of Wntb5a attenuated SASP expression in
aged TSPCs, which suggested an essential and specific role
of Wntb5a in regulating SASP in TSPCs. We speculated that
increased Wntb5a will induce the accumulation of SASP fac-
tors in TSPCs and thus promote cellular senescence.

The JAK-STAT signaling is one of the important
intracellular pathways, which is frequently activated in
senescent stem cell [27, 39]. The JAK-STAT signaling
pathway has a critical role in proliferation, migration
and differentiation of stem cell. Our previous study has
demonstrated that the JAK-STAT pathway was activated
in aged TSPCs, which significantly contributes TSPCs
senescence [32]. Here, we showed that overexpres-
sion of Wnt5a activates JAK-STAT pathways in young
TSPCs and this appears to be a critical mechanism for
Wnt5a-induced TSPCs senescence. Forced inhibition of
JAK-STAT pathway through AG490 attenuated Wntba-
induced TSPCs senescence. The results suggest that
Wnt5a promotes senescence and age-related dysfunction
of TSPCs might through JAK-STAT signaling pathway. In
addition, studies have demonstrated that the JAK-STAT
signaling pathway plays an important role in regulating
cytokines and growth factors productions, which suggest
that it may directly affect the SASP expression in TSPCs
[39, 40]. Consistent with this possibility, we showed that
inhibition of JAK-STAT pathway decreased the Wnt5a-
induced SASP expressions in young TSPCs. Our study
showed a novel role of JAK-STAT signaling pathway in
Wntb5a-induced SASP expressions of TSPCs, and this
could be another possible cause of TSPCs senescence.

The signal transduction of noncanonical Wnt activa-
tors requires distinct co-receptor Ror2 [41]. Ror2- and
Wnt5a-deficient mice exhibit similar abnormalities dur-
ing development, indicating that Wnt5a and Ror2 are
physically and/or functionally linked [42]. Wnt5a-Ror2
signaling has been demonstrated to be involved in various
physiological functions, such as differentiation, polariza-
tion and migration [43, 44]. In the present study, we found
that knockdown of Ror2 inhibited Wnt5a-induced TSPCs
senescence, as well as the expressions of SASP genes. The
results suggest that Ror2 is a key mediator of Wnt5a-
induced senescence in TSPCs. In addition, we showed
that knockdown of Ror2 inhibited the phosphorylation
of JAK2 and STAT3, suggesting that the activation of the
JAK-STAT signaling pathway by Wnt5a was mediated
through Ror2. Collectively, our study further revealed the
molecular mechanisms of increased TSPCs senescence by
noncanonical Wnt5a and JAK-STAT signaling pathway.

Conclusions

In summary, our study demonstrated that aberrant
expression of noncanonical Wnt5a is an important con-
tributor to cell senescence in TSPCs (Fig. 6). Functionally,
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inhibition of Wnt5a attenuated TSPCs senescence, age-
related cell polarity and the SASP expression in aged
TSPCs. We further found that Wnt5a modulates TSPCs
senescence via a previously unknown mechanism to
potentiate JAK-STAT signaling. Moreover, we showed
that Ror2 acts as the functional receptor of Wnt5a in
TSPCs senescence. Our findings suggest a novel essential
mechanism involved in TSPCs senescence, which could
be an ideal therapeutic agent for age-related tendon
disorders.

Abbreviations

TSPCs: Tendon stem/progenitor cells; Wnt5a: Wingless-type MMTV integration
site family, member 5A; JAK2: Janus kinase 2; STAT3: Signal transducer and acti-
vator of transcription 3; Ror2: Receptor tyrosine kinase-like orphan receptor 2;
SASP: Senescence-associated secretory phenotype; ShRNA: Short-hairpin RNA;
(3-gal: B-Galactosidase; HDFs: Human diploid fibroblasts; HSCs: Hematopoietic
stem cells; GO: Gene ontology; GSEA: Gene set enrichment analysis.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513287-021-02605-1.

Additional file 1. Supplementary Materials and Methods.
Additional file 2. Table S1.

Additional file 3. Table S2.

Additional file 4. Supplementary Figure Legends.

Additional file 5. Figure S1. Histological analysis of young and aged
tendons.

Additional file 6. Figure S2. Isolation and characterization of mouse
TSPCs.

Additional file 7. Figure S3. Microarray and GO analysis of differentially
expressed probe sets in young and aged TSPCs.

Additional file 8. Figure S4. Microarray and GO analysis of differentially
expressed probe sets in aged and aged Wnt5a-knockdown TSPCs.

Additional file 9. Figure S5. Recombinant Wnt5a treatment promotes
young TSPCs senescence.

Additional file 10. Figure S6. Gene expression analysis of aged and aged
Whnt5a-knockdown TSPCs.

Additional file 11. Figure S7.Wnt5a is required for the activation of JAK-
STAT signaling pathway in TSPCs.

Additional file 12. Figure $8. Wnt5a knockdown restores the self-renewal
capacity of aged TSPCs.

Additional file 13. Figure S9. Wnt5a knockdown facilitates aged TSPCs
migration.

Additional file 14. Figure S10. Wnt5a knockdown promotes tendon-
related genes expressions of aged TSPCs.

Acknowledgements
Not applicable.

Authors’ contributions

M.C, Y.L and YR designed the experiments. M.C,, L.X, G.D,, and PL performed
the experiments. Y.L and M.C performed the statistical analysis. M.C and Y.R
wrote the manuscript. All authors read and approved the final manuscript.


https://doi.org/10.1186/s13287-021-02605-1
https://doi.org/10.1186/s13287-021-02605-1

Chen et al. Stem Cell Res Ther (2021) 12:544

Funding

This work was supported by National Natural Science Foundation of China
(81572187, 81871812); Jiangsu Provincial Medical Talent, the Project of
Invigorating Health Care through Science, Technology and Education
(ZDRCA2016083); and the Six Projects Sponsoring Talent Summits of Jiangsu
Province, China (LGY2017099).

Availability of data and materials
All data generated or analyzed during this study are included in this published
article [and its supplementary information files].

Declarations

Ethics approval and consent to participate
All animal experiments were approved by the Animal Experimentation Ethics
Committee, School of Medicine, Southeast University.

Consent for publication
Not applicable.

Competing interests
The authors disclose no conflicts of interest.

Author details

'Department of Orthopaedics, Zhongda Hospital, School of Medicine,
Southeast University, No. 87 Ding Jia Qiao, Nanjing 210009, Jiangsu, People’s
Republic of China. *Orthopaedic Trauma Institute (OTI), Southeast University,
Nanjing 210009, Jiangsu, China. *Trauma Center, Zhongda Hospital, School
of Medicine, Southeast University, Nanjing 210009, Jiangsu, China. “China

Orthopedic Regenerative Medicine Group, Hangzhou 310000, Zhejiang, China.

°Department of Geriatrics, Zhongda Hospital, School of Medicine, Southeast
University, Nanjing 210009, Jiangsu, China.

Received: 21 June 2021 Accepted: 23 September 2021
Published online: 18 October 2021

References

1. Svensson RB, Heinemeier KM, Couppe C, et al. Effect of aging and
exercise on the tendon. J Appl Physiol. 2016;121:1237-46.

2. Marqueti RC, Durigan JLQ, Oliveira AJS, et al. Effects of aging and resist-
ance training in rat tendon remodeling. FASEB J. 2018;32:353-68.

3. BiY, Ehirchiou D, Kilts TM, et al. Identification of tendon stem/progeni-
tor cells and the role of the extracellular matrix in their niche. Nat Med.
2007;13:1219-27.

4. Rui YF, Lui PP, Li G, et al. Isolation and characterization of multipotent
rat tendon-derived stem cells. Tissue Eng A. 2010;16:1549-58.

5. Zhang J, Li B, Wang JH. The role of engineered tendon matrix in the
stemness of tendon stem cells in vitro and the promotion of tendon-
like tissue formation in vivo. Biomaterials. 2011;32:6972-81.

6. LiY,DaiG,Shil, et al. The potential roles of tendon stem/progenitor
cells in tendon aging. Curr Stem Cell Res Ther. 2019;14:34-42.

7. NiM, Lui PP, Rui YF, et al. Tendon-derived stem cells (TDSCs) promote
tendon repair in a rat patellar tendon window defect model. J Orthop
Res. 2012;30:613-9.

8. NiM,RuiYF, Tan Q et al. Engineered scaffold-free tendon tissue pro-
duced by tendon-derived stem cells. Biomaterials. 2013;34:2024-37.

9. Zhang X, Lin YC, Rui YF, et al. Therapeutic roles of tendon stem/pro-
genitor cells in tendinopathy. Stem Cells Int. 2016;2016:4076578.

10. Dai GC, LiYJ, Chen MH, et al. Tendon stem/progenitor cell ageing:
modulation and rejuvenation. World J Stem Cells. 2019;11:677-92.

11. Kohler J, Popov C, Klotz B, et al. Uncovering the cellular and molecular
changes in tendon stem/progenitor cells attributed to tendon aging and
degeneration. Aging Cell. 2013;12:988-99.

12. Zhang K, ZhangY, Gu L, et al. Islr regulates canonical Wnt signaling-
mediated skeletal muscle regeneration by stabilizing Dishevelled-2 and
preventing autophagy. Nat Commun. 2018;9:5129.

13. Lento W, Congdon K, Voermans C, et al. Wnt signaling in normal and
malignant hematopoiesis. Cold Spring Harbor Perspect Biol. 2013; 5.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

Page 13 of 14

. Yan KS, Janda CY, Chang J, et al. Non-equivalence of Wnt and R-spondin

ligands during Lgr5(+) intestinal stem-cell self-renewal. Nature.
2017,545:238-42.

. Logan CY, Nusse R. The Wnt signaling pathway in development and

disease. Annu Rev Cell Dev Biol. 2004;20:781-810.

. YuB, Chang J, LiuY, et al. Wnt4 signaling prevents skeletal aging

and inflammation by inhibiting nuclear factor-kappaB. Nat Med.
2014,20:1009-17.

. Baarsma HA, Skronska-Wasek W, Mutze K, et al. Noncanonical WNT-

5A signaling impairs endogenous lung repair in COPD. J Exp Med.
2017;214:143-63.

. Nemeth MJ, Topol L, Anderson SM, et al. Wnt5a inhibits canonical Wnt

signaling in hematopoietic stem cells and enhances repopulation. Proc
Natl Acad Sci USA. 2007;104:15436-41.

. Kovacs T, CsongeiV, Feller D, et al. Alteration in the Wnt microenviron-

ment directly regulates molecular events leading to pulmonary senes-
cence. Aging Cell. 2014;13:838-49.

Jung HJ, Byun HO, Jee BA, et al. The Ubiquitin-like with PHD and ring
finger domains 1 (UHRF1)/DNA methyltransferase 1 (DNMT1) axis is a
primary regulator of cell senescence. J Biol Chem. 2017;292:3729-39.
Florian MC, Nattamai KJ, Dorr K, et al. A canonical to non-canonical

Wnt signalling switch in haematopoietic stem-cell ageing. Nature.
2013;503:392-6.

Liu X, Chen W, Zhou Y, et al. Mechanical tension promotes the osteogenic
differentiation of rat tendon-derived stem cells through the Wnt5a/
Wnt5b/INK signaling pathway. Cell Physiol Biochem Int J Exp Cell Physiol
Biochem Pharmacol. 2015;36:517-30.

ShiY, FuY, Tong W, et al. Uniaxial mechanical tension promoted osteo-
genic differentiation of rat tendon-derived stem cells (rTDSCs) via the
Wnt5a-RhoA pathway. J Cell Biochem. 2012;113:3133-42.

Subramanian A, Tamayo P, Mootha VK, et al. Gene set enrichment analysis:
a knowledge-based approach for interpreting genome-wide expression
profiles. Proc Natl Acad Sci USA. 2005;102:15545-50.

Florian MC, Dorr K, Niebel A, et al. Cdc42 activity regulates hematopoietic
stem cell aging and rejuvenation. Cell Stem Cell. 2012;10:520-30.

Rozo M, Li L, Fan CM. Targeting betal-integrin signaling enhances regen-
eration in aged and dystrophic muscle in mice. Nat Med. 2016;22:889-96.
Price FD, von Maltzahn J, Bentzinger CF, et al. Inhibition of JAK-STAT sign-
aling stimulates adult satellite cell function. Nat Med. 2014;20:1174-81.
JiJ,WuY, Meng, et al. JAK-STAT signaling mediates the senescence of
bone marrow-mesenchymal stem cells from systemic lupus erythemato-
sus patients. Acta Biochim Biophys Sin. 2017,49:208-15.

O'Shea JJ, Holland SM, Staudt LM. JAKs and STATs in immunity, immuno-
deficiency, and cancer. N Engl J Med. 2013;368:161-70.

Bolzoni M, Donofrio G, Storti P, et al. Myeloma cells inhibit non-canonical
wnt co-receptor ror2 expression in human bone marrow osteoprogenitor
cells: effect of wnt5a/ror2 pathway activation on the osteogenic differen-
tiation impairment induced by myeloma cells. Leukemia. 2013;27:451-63.
Niehrs C. The complex world of WNT receptor signalling. Nat Rev Mol Cell
Biol. 2012;13:767-79.

Chen M, LiY, Xiao L, et al. AQP1 modulates tendon stem/progenitor cells
senescence during tendon aging. Cell Death Dis. 2020;11:193.

Keyes BE, Fuchs E. Stem cells: aging and transcriptional fingerprints. J Cell
Biol. 2018;217:79-92.

Schultz MB, Sinclair DA. When stem cells grow old: phenotypes and
mechanisms of stem cell aging. Development. 2016;143:3-14.

Cheng J, Turkel N, Hemati N, et al. Centrosome misorientation reduces
stem cell division during ageing. Nature. 2008;456:599-604.

Gorgoulis V, Adams PD, Alimonti A, et al. Cellular senescence: defining a
path forward. Cell. 2019;179:813-27.

Tarafder S, Chen E, JunY, et al. Tendon stem/progenitor cells regulate
inflammation in tendon healing via JNK and STAT3 signaling. FASEB J.
2017;31:3991-8.

Lehner C, Spitzer G, Gehwolf R, et al. Tenophages: a novel macrophage-
like tendon cell population expressing CX3CL1 and CX3CR1. Disease
Models Mech. 2019; 12.

Xu M, Tchkonia T, Ding H, et al. JAK inhibition alleviates the cellular
senescence-associated secretory phenotype and frailty in old age. Proc
Natl Acad Sci USA. 2015;112:E6301-10.

Harrison DA. The Jak/STAT pathway. Cold Spring Harb Perspect Biol. 2012; 4.



Chen et al. Stem Cell Res Ther (2021) 12:544

41.

42.

43.

Liu'Y, Rubin B, Bodine PV, et al. Wnt5a induces homodimerization
and activation of Ror2 receptor tyrosine kinase. J Cell Biochem.
2008;105:497-502.

Endo M, Nishita M, Fujii M, et al. Insight into the role of Wnt5a-
induced signaling in normal and cancer cells. Int Rev Cell Mol Biol.
2015;314:117-48.

Nomachi A, Nishita M, Inaba D, et al. Receptor tyrosine kinase Ror2
mediates Wnt5a-induced polarized cell migration by activating c-Jun
N-terminal kinase via actin-binding protein filamin A. J Biol Chem.
2008;283:27973-81.

Page 14 of 14

44. Maeda K, KobayashiY, Udagawa N, et al. Wnt5a-Ror2 signaling between
osteoblast-lineage cells and osteoclast precursors enhances osteoclas-
togenesis. Nat Med. 2012;18:405-12.

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



	Noncanonical Wnt5a signaling regulates tendon stemprogenitor cells senescence
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Materials and methods
	TSPCs isolation and culture
	Cell transfection
	RNA sequencing
	Western blotting
	Immunofluorescence staining
	β-galactosidase staining
	Quantitative RT-PCR
	Cell cycle analysis
	Statistical analysis

	Results
	Wnt5a mediates a switch from canonical to noncanonical Wnt signaling in aged TSPCs
	Wnt5a plays a critical role in TSPCs senescence
	Wnt5a knockdown inhibits the SASP expression in aged TSPCs
	Wnt5a promotes TSPCs senescence through JAK–STAT signaling pathway
	Ror2 acts as the functional receptor of Wnt5a in TSPCs senescence

	Discussion
	Conclusions
	Acknowledgements
	References


