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TRANSLATIONAL SCIENCE

Tenascin-C-mediated suppression of extracellular
matrix adhesion force promotes entheseal new bone
formation through activation of Hippo signalling in

ankylosing spondylitis

Zihao Li, " Siwen Chen, " Haowen Cui,"* Xiang Li,"* Dongying Chen,? Wenjun Hao, "

Jianru Wang, " Zemin Li,"* Zhaomin Zheng, " Zhongping Zhang,” Hui Liu

ABSTRACT

Objectives The aim of this study was to identify

the role of tenascin-C (TNC) in entheseal new bone
formation and to explore the underlying molecular
mechanism.

Methods Ligament tissue samples were obtained

from patients with ankylosing spondylitis (AS) during
surgery. Collagen antibody-induced arthritis and DBA/1
models were established to observe entheseal new

bone formation. TNC expression was determined by
immunohistochemistry staining. Systemic inhibition or
genetic ablation of TNC was performed in animal models.
Mechanical properties of extracellular matrix (ECM) were
measured by atomic force microscopy. Downstream
pathway of TNC was analysed by RNA sequencing and
confirmed with pharmacological modulation both in
vitro and in vivo. Cellular source of TNC was analysed by
single-cell RNA sequencing (scRNA-seq) and confirmed
by immunofluorescence staining.

Results TNC was aberrantly upregulated in ligament
and entheseal tissues from patients with AS and animal
models. TNC inhibition significantly suppressed entheseal
new bone formation. Functional assays revealed that
TNC promoted new bone formation by enhancing
chondrogenic differentiation during endochondral
ossification. Mechanistically, TNC suppressed the
adhesion force of ECM, resulting in the activation of
downstream Hippo/yes-associated protein signalling,
which in turn increased the expression of chondrogenic
genes. scRNA-seq and immunofluorescence staining
further revealed that TNC was majorly secreted by
fibroblast-specific protein-1 (FSP1)+fibroblasts in the
entheseal inflammatory microenvironment.

Conclusion Inflammation-induced aberrant expression
of TNC by FSP1+fibroblasts promotes entheseal new
bone formation by suppressing ECM adhesion forces and
activating Hippo signalling.

INTRODUCTION

Axial spondyloarthritis (SpA) is a chronic inflam-
matory disease that mainly affects the axial skeleton
and has a global prevalence of 0.32%-1.4%."* SpA
includes non-radiographic SpA and radiographic
axial SpA, which is also termed ankylosing spon-
dylitis (AS).! In addition to inflammatory back
pain, spinal ankylosis and immobilisation resulting
from entheseal pathological new bone formation
are typical features of AS.®> Given that the affected

1,2

What is already known about this subject?

» No targeted and effective treatments have been
developed to satisfactorily prevent pathological
new bone formation in ankylosing spondylitis
(AS).

» Tenascin-C (TNC) is an extracellular matrix
protein upregulated in multiple inflammatory
conditions. TNC protein synthesis is tightly
regulated with restricted distribution in adult
tissues.

What does this study add?

» TNCis aberrantly upregulated in enthesis and
ligament tissues in patients with AS and animal
models.

» Genetic ablation and pharmacological inhibition
of TNC suppress entheseal new bone formation
in animal models.

» Inflammation-induced aberrant expression of
TNC by fibroblast-specific protein-1+fibroblasts
promotes entheseal new bone formation
through suppression of extracellular matrix
adhesion force and activation of Hippo
signalling.

How might this impact on clinical practice or

future developments?

» Suppression of aberrant expression of TNC
may be a potential therapeutic strategy for
prevention of pathological new bone formation
in AS.

population is mainly young and middle-aged men,
disability caused by AS is a burden to the patients
and society, resulting in considerable socioeco-
nomic costs.

Although recent investigations and medications
have focused on the suppression of inflammation
and pain control, treatment targeting patholog-
ical bone formation is lacking, and the prognosis
of axial structural damage remains unsatisfactory.’
The pathogenesis of entheseal pathological new
bone formation that consequently leads to bony
bridging is not well understood. Although some
molecules that are critical for bone formation
have been hypothesised in the mechanism of AS,
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including bone morphogenetic proteins,® Dickkopf-17® and Wnt
proteins,” directly targeting these molecules and related path-
ways of general bone metabolism might be associated with exces-
sive side effects. Therefore, more precise therapeutic targets that
merely function in pathological process with less negative effect
on physiological function are needed for the treatment of spinal
ankylosis.

Tenascin-C (TNC) is a large molecular extracellular matrix
(ECM) glycoprotein hexameric multidomain protein. Upreg-
ulation of TNC is noted in multiple inflammatory conditions,
including traumatic injuries or light-damaged skin, bacterial
infections and asbestos-induced damaged lungs.'®"” Recent
investigations have also reported increase of serum level of TNC
in patients with rheumatic diseases,'® including systemic lupus
erythematosus, psoriatic arthritis and AS." However, whether
TNC plays a role in the process of entheseal pathological new
bone formation is unknown.

In the current study, we found that TNC was aberrantly
upregulated in ligament and entheseal tissues from patients with
AS and animal models. Systemic neutralisation with specific
antibody or genetic ablation of TNC significantly suppressed
entheseal pathological new bone formation in animal models.
Therefore, TNC might be essential for the development of
pathological new bone formation. Investigation of the role of
TNC in the process of pathological new bone formation and
the underlying molecular mechanism might shed more light on
the enigma of axial skeleton ankylosis and propose a potential
therapeutic direction for the disease.

MATERIALS AND METHODS
Additional detailed information is provided in online supple-
mental file.

Patients

With ethics committee approval and patient consent, the samples
(bone, ligamentum flavum, supraspinatus ligament and interspi-
nous ligament) involved in spinal ankylosis from patients with
AS and non-AS patients were collected during surgeries. Twen-
ty-two patients (10 with AS and 12 with non-AS) were enrolled
between September 2015 and June 2019. The indications of
surgery for patients with AS included disabling kyphosis, loss
of horizontal vision without compensation, painful spinal pseu-
darthrosis or Andersson lesion.?’ Non-AS patients without any
systemic inflammatory condition including SpA fulfilled the
indications for correction of scoliosis or spinal decompression of
thoracic or lumbar stenosis.”'

Mice

DBA/1 and C57BL/6] mice were purchased from the Charles
River Laboratories. The TNC knockout (KO) mouse model
(C57BL/6]) was created by Cyagen Biosciences via using
CRISPR/Cas-mediated genome engineering. Exon 3-5 of TNC
gene (NCBI Reference Sequence: NM 011607.3; Ensembl:
ENSMUSG00000028364) were selected as target site.

For spontaneous arthritis model, male DBA/1 mice (8 weeks)
were mixed and caged together in groups of nine mice to induce
arthritis. For antibody administration, the mice received treat-
ment intraperitoneally once a week with TNC-neutralising anti-
body (5 mg/kg) (MAB2138, R&D Systems) or the equivalent
volume of vehicle antibody (MAB006, R&D Systems) since the
second week after caging. For Hippo pathway signalling inhibi-
tion, the mice received treatment intraperitoneally three times a
week with XMU-MP-1 (2 mg/kg) (HY-100526, a reversible and

selective MST1/2 inhibitor, MedChemExpress) since the second
week after caging. Dimethyl sulfoxide (DMSO) was adminis-
tered as a negative control.

For collagen antibody-induced arthritis (CAIA) model, wild-
type (WT) and TNC KO C57BL/6] mice (male, 10 weeks) were
injected intraperitoneally with Arthrogen-CIA monoclonal anti-
body cocktail (4mg/20g) (Chondrex) on day 0. Then, 100 pg
lipopolysaccharide (LPS) was injected intraperitoneally into
each mouse on day 3. The equivalent volume of non-specific
immunoglobulin (day 0) and LPS (day 3) were used for control
purposes.

At the end of each experimental time point, mice were sacri-
ficed. Hind paw specimens were dissected and fixed with 4%
paraformaldehyde for uCT and histological analyses.

Statistical analysis

Statistical analyses were performed using SPSS V.22.0. All data
obtained from experiments repeated at least three times was
represented as mean=SD. Differences between two groups
were analysed using two-tailed Student’s t-test. Comparisons of
multiple groups were analysed via one-way analysis of variance.
The level of significance was set at p<0.05.

RESULTS

TNC is upregulated in ligament tissues from patients with AS
and animal models

To investigate the molecular mechanism of pathological new
bone formation in AS, the spinal ligament tissues were collected
from patients with AS and age-matched and sex-matched
controls who underwent correction surgeries (figure 1A, online
supplemental figure S1A). Immunohistochemical staining
showed infiltration of CD68+macrophagesand expression
of TNFa and IL-17A in the tissue samples from patients with
AS, indicating an inflamed status (online supplemental figure
S1B-D). RNA sequencing analyses showed significant enrich-
ment of ECM-related GO terms including Extracellular Matrix
Organisation (GO:0030198) and Extracellular  Structure
Organisation (GO:0043062) in differentially expressed genes
(figure 1B). The differentially upregulated genes of these two
GO terms were selected for further study (figure 1C). Gene
Set Enrichment Analysis showed a high normalised enrichment
score of the TNC_TARGETS gene set (figure 1D,E). Immuno-
histochemical staining and western blot analysis confirmed that
TNC was upregulated at the entheses of spinal ligament tissues
from patients with AS (figure 1F,G, online supplemental figure
S1E). Two standard animal models that mimic the pathological
features of entheseal pathological new bone formation of AS
were established.”*’ Entheseal pathological new bone forma-
tion was confirmed by uCT (online supplemental figure S2A-F)
and histological staining (online supplemental figure S2G,H). In
accordance with the findings from human tissues, TNC was also
aberrantly upregulated at the entheseal site of the hind paws in
these two animal models (figure TH-K).

Inhibition of TNC suppresses entheseal pathological new
bone formation

To confirm the critical role of TNC in pathological new bone
formation, a TNC-neutralising antibody was administered
systemically to DBA/1 mice model 2 weeks after caging and
to CAIA model 7days after immunisation. The results showed
that pathological bone formation was significantly suppressed
in TNC antibody-treated group, as determined by uCT anal-
ysis, H&E staining and Safranin O Fast Green (SOFG) staining
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Figure 1 TNC s upregulated in ligament tissues from patients with AS and animal models. (A) An illustration of spinal ligament tissues collection.
Scale bar: 1cm. (B) GO terms-enriched analysis of differentially expressed genes in AS entheseal tissues (top 10 significant). (C) Heat map of
differentially upregulated genes from Extracellular Matrix Organization (GO:0030198) and Extracellular Structure Organization (GO:0043062). (D)
Representative GSEA results for TNC_TARGETS gene set. (E) Significantly enriched signalling pathways of GSEA pathway enrichment analysis. (F.G)
H&E staining, immunohistochemical analysis and quantitative analysis of TNC and in entheseal tissues from patients with AS and non-AS patients.
Scale bar: 300 ym. n=8 per group. (H) H&E staining, Safranin O Fast Green (SOFG) staining and immunohistochemical analysis of TNC in hind paws of
male DBA/1 model. Scale bar: 200 um. (I) H&E staining, SOFG staining and immunohistochemical analysis of TNC in hind paws of CAIA model. Scale
bar: 100 ym. (J) Quantitative analysis of TNC-positive cells (mm~2) in (H). n=5 per group. (K) Quantitative analysis of TNC-positive cells (mm~2)in ().
n=>5 per group. Data are presented as mean+SD. **p<0.01, unpaired t-test. AS, ankylosing spondylitis; CAIA, collagen antibody-induced arthritis;
CB, cortical bone; ECM, extracellular matrix; FDR, false discovery rate; GSEA, Gene Set Enrichment Analysis; IL, interspinous ligament; LF, ligamentum
flavum; N, non-AS patients; NB, new bone; SL, supraspinous ligament; SP, spinous process; TNC, tenascin-C.
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(figure 2A-D, online supplemental figure S3A,B). Furthermore,
a CAIA model was established in TNC KO mice. The successful
creation of TNC KO mice was validated before induction
(online supplemental figure S4). TNC KO mice were born alive.
Consistent with previous reports, they show no abnormalities
physiologically.*® No significant difference was observed in the
appearance and weight of these KO mice compared with the
WT mice. However, they did show some abnormal behaviours
as reported, such as moving about their cages almost incessantly
regardless of the dark-light cycle.’’ The results showed that
the development of pathological new bone was dramatically
suppressed in TNC™~ CAIA mice, as detected by wCT analysis,
H&E staining and SOFG staining (figure 2E,F).

TNC is critical for chondrogenesis in the process of
endochondral ossification

Cartilage formation was observed in entheseal tissues from
both patients with AS and animal models (online supplemental
figure S5A,B), which was in accordance with previous reports
indicating endochondral ossification as the major mechanism
of entheseal pathological new bone formation.”> Our results
further showed that genetic ablation and pharmacological
inhibition of TNC had a suppressive effect on the formation
of cartilage templates in both DBA/1 model and CAIA model
(figure 3A,B, online supplemental figure S5C,D), indicating that
TNC was involved in the process of endochondral ossification.
Immunofluorescence staining revealed that TNC was expressed
around chondrocytes (online supplemental figure SSE). In a cell
culture system of human mesenchymal stem cells (hBMSCs)
plated on TNC-coated dishes, chondrogenic differentiation was
significantly enhanced, as detected by Alcian blue staining, qPCR
and western blot (online supplemental figure SSF-H). More-
over, the chondrogenic effect of TNC was suppressed by TNC
antibody (figure 3C-H). To confirm the chondrogenic effect of
TNC in vivo, BMSCs isolated from TNC™* and TNC™~ mice
were explanted into nude mice recipients (figure 31). Ablation
of TNC in BMSCs led to a significant reduction in chondro-
genic potential (figure 3]). Collectively, these results suggest that
TNC promotes chondrogenesis in the process of endochondral
ossification.

TNC promotes chondrogenesis by decreasing the matrix
adhesion force

The modulation of ECM mechanical properties has been proven
to regulate cell fate determination.**>” To determine whether
the chondrogenic effect of TNC was related to this under-
lying mechanism, the mechanical properties of tissues from
both humans and CAIA model were investigated by atomic
force microscopy (figure 4A). Results showed that the adhe-
sion force was significantly decreased in tissues from patients
with AS (figure 4B,C). Similarly, the adhesion force was also
significantly decreased in entheseal tissues collected from CAIA
model. However, this change was much less significant in TNC
=/~ CAIA model (figure 4D,E), suggesting that TNC deposition
and its chondrogenic effect occurred along with a decrease in
tissue adhesion force. To confirm that TNC was involved in
decreasing the matrix adhesion force, different densities of
RGD peptide were plated on Matrigel matrix with or without
TNC (figure 4F). TNC significantly reduced the adhesion force
of the matrix with RGD (figure 4G). The chondrogenesis of
mesenchymal stem cells cultured on high adhesion matrix was
suppressed compared with those cultured on low adhesion
matrix (figure 4H,I); in the presence of TNC, this suppressive

effect was alleviated (figure 4]). These results suggest that TNC
promotes chondrogenesis by modulating ECM biomechanical
properties, specifically, the adhesion force.

TNC-mediated reduction in matrix adhesion force activates
Hippo/YAP signalling

To investigate the downstream signalling of the TNC-mediated
changes in the ECM adhesion force, RNA sequencing of the
spinal ligament tissues from patients was conducted and pathway
enrichment was analysed. The results revealed a significant
enrichment of genes from Hippo signalling pathway (figure 5A).
Immunohistochemistry staining showed that phosphorylation
of yes-associated protein (YAP), which is an indicator of Hippo
signalling activation, was upregulated at the sites where TNC
was highly accumulated in the spinal ligament tissues from
patients with AS (figure 5B). To confirm the activating effect of
TNC on Hippo/YAP signalling, cells were plated on TNC-coated
dishes under chondrogenic induction. As expected, the protein
levels of pYAP and pLATS1 were upregulated with TNC-coated
treatment (figure 5C), and nuclear translocation of YAP was
therefore decreased (figure 5D). To further investigate whether
TNC activates Hippo signalling through depolymerisation of
actin cytoskeleton, lysophosphatidic acid (LPA), a bioactive lipid
that promotes actin stress fibre formation,*® was applied to cells
cultured under TNC-coated conditions (figure SE). Western blot
analysis showed that TNC-upregulated pYAP and pLATS1 were
decreased by LPA (figure 5F), and nuclear translocation of YAP
was therefore increased (online supplemental figure S6A-C).
These findings indicate that TNC is involved in actin cytoskel-
eton depolymerisation, subsequent Hippo pathway activation
and YAP degradation.

To confirm that the chondrogenic effect of TNC was depen-
dent on Hippo/YAP pathway activation and downstream phos-
phorylation and degradation of YAP, YAP was overexpressed
in ADTCS cells cultured under TNC-coated conditions. As
expected, YAP overexpression significantly decreased the chon-
drogenesis induced by TNC (figure 5G,H, online supplemental
figure S6D). Consistently, XMU-MP-1, a Hippo/YAP pathway
antagonist that decreases the phosphorylation and degradation
of YAP, also suppressed the expression of Sox9 and the chondro-
genic differentiation of ADTCS cells (figure 51, online supple-
mental figure S6E,F).

To confirm that the activation of Hippo/YAP signalling is
involved in pathological new bone formation in vivo, XMU-
MP-1 was systemically administered to DBA/1 model. Patholog-
ical new bone was reduced in the XMU-MP-1-treated group, and
the chondrogenic process was suppressed (figure 5]-M). These
results suggest that TNC-induced chondrogenesis depends on
actin cytoskeleton depolymerisation-mediated YAP inactivation
(online supplemental figure S6G,H).

TNC is majorly secreted by fibroblast-specific protein-1
(FSP1)+ fibroblasts

Single-cell RNA sequencing (scRNA-seq) of entheseal tissues
from CAIA models was performed to explore candidates
for TNC-secreting cells. Cluster analysis using t-distributed
stochastic neighbour embedding dimensionality reduction
identified 10 different cell clusters (figure 6A). TNC was
majorly expressed in cluster 1 (fibroblasts) (figure 6B-D).
Consistent with the results of scRNA-seq, immunofluores-
cence staining showed that TNC was majorly co-stained with
FSP1, which was a commonly used marker for fibroblasts in
tissues from animal models (figure 6E) and patients with AS
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Figure 2 Inhibition of TNC suppresses entheseal pathological new bone formation. (A) pCT images and quantitative analysis of pathological

new bone formation in male DBA/1 model. Red arrows indicate the new bones. n=9 per group. Scale bar: 1 mm. (B) H&E staining and Safranin O

Fast Green (SOFG) staining in hind paws of male DBA/1 model at the age of 24 w. Scale bar: 200 ym. (C) uCT images and quantitative analysis of
pathological new bone formation in CAIA model. Red arrows indicate the new bone. n=5 per group. Scale bar: 1 mm. (D) H&E staining and SOFG
staining in hind paws of CAIA model. Scale bar: 200 ym. (E) pCT images and quantitative analysis of hind paws of control mice and CAIA mice with
and without TNC knockout. Red arrows indicate the new bone. n=5 per group. Scale bar: 1 mm. (F) H&E staining and SOFG staining in hind paws of
control mice and CAIA mice with and without TNC knockout. Scale bar: 100 ym. Data are presented as mean+SD. *p<0.05, **p<0.01, determined by
unpaired, two-tailed Student's t-test. Ab, antibody; BV, bone volume; CAIA, collagen antibody-induced arthritis; CB, cortical bone; NB, new bone; TNC,

tenascin-C; Veh, vehicle.
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(figure 6F). Human fibroblasts isolated from ligament tissues
were stimulated with different inflammatory cytokines related
to AS pathogenesis, as identified in previous reports.’ > The
results showed that TNC was upregulated at both the mRNA
and the protein levels by TNFa, IL-17A and IL-22 (online
supplemental figure S7A-C).

DISCUSSION

Pathological new bone formation at the axial skeleton is one of
the hallmark features of AS and causes spinal ankylosis, func-
tional impairment and disability.” Although numerous efforts
have been made to explore the pathogenesis of this disease,
the mechanisms underlying pathological new bone formation
are not fully understood. In the current study, we identified a
secreted matrix protein, TNC, that was aberrantly upregu-
lated in ligament and entheseal tissues from patients with AS
and animal models. In addition, we found that genetic ablation
and pharmacological inhibition of TNC dramatically suppressed
entheseal new bone formation, indicating its essential role in this
pathological process.

Various types of bone formation, including endochondral
ossification, membranous ossification and chondroid meta-
plasia, have been described in AS, among which endochondral
ossification is considered to be the most important. During this
process, new bone formation occurs after the formation of a
cartilage template. Chondrocytes differentiate into hypertrophic
chondrocytes, which are then replaced by osteoblasts to form
mature bone.’” In the current study, we found that inhibiting
TNC retarded the formation of the cartilage template, thereby
suppressing subsequent pathological new bone formation. This
finding was consistent with previous studies that have suggested
the critical role of TNC in chondrogenesis and cartilage forma-
tion.'"*'® The findings reveal that TNC-mediated cartilage
formation is essential for subsequent pathological new bone
formation.

ECM constructs the basic mechanical properties of the tissue
microenvironment, including stress, strain, stiffness, elasticity
and adhesion.** It is accepted that the mechanical properties of
tissues profoundly affect the differentiation process of mesen-
chymal stem cells, including osteogenesis, chondrogenesis and
adipogenesis.” *° The remodelling of ECM components is a
pathological feature of chronically inflamed tissues.’” > In this
study, we found that aberrant TNC expression modified the
ECM adhesion force and the subsequent mechanosignalling.
TNC-mediated suppression of matrix adhesion force resulted in
reduced nuclear localisation of YAP through the activation of
Hippo pathway. Previous studies have shown that YAP is a nega-
tive regulator of chondrogenesis.** *! Deng et al*? showed that
the dephosphorylation and nuclear localisation of YAP inhib-
ited chondrocyte maturation by suppressing Col10al expres-
sion through interaction with Runx2.* Similarly, Goto et al**
found that dephosphorylation and nuclear localisation of YAP
impaired chondrocyte proliferation and differentiation through
the repression of Sox9. Consistently, we found that the dephos-
phorylation and nuclear localisation of YAP significantly inhib-
ited chondrogenesis in vitro. Systemic administration of Hippo/
YAP antagonist XMU-MP-1 led to a significant suppressive effect
on entheseal cartilage formation and subsequent pathological
new bone formation. Taken together, these results indicate that
aberrant deposition of TNC in the entheseal microenvironment
plays a vital role in influencing the mechanical properties of the
matrix, resulting in YAP inactivation, and therefore enhance-
ment of endochondral ossification.** *¢

The relationship between inflammation and new bone forma-
tion in AS is still unclear.’ However, accumulating evidence
shows that inflammation is directly involved in the patholog-
ical process of new bone formation, including enhancement of
osteoinductive protein production and promotion of osteopro-
genitor proliferation.*” *® In this study, we further propose that
inflammation potentiates new bone formation by remodelling
the ECM. The results of immunohistochemical staining showed
infiltration of inflammatory cells and expression of inflamma-
tory cytokines in the tissue samples collected from patients with
AS, indicating that the regions of potential pathological new
bone are inflamed, which is consistent with previous studies.*’~!
scRNA-seq analysis and immunofluorescence staining revealed
that TNC was primarily secreted by FSP1+fibroblasts. FSP1,
also known as S100A4, is a widely reported fibroblast marker.
FSP1 is mainly expressed in fibroblasts of various organs under-
going tissue remodelling.’** Fibroblasts are the majority of cells
in enthesis/ligament tissues and largely proliferate on inflamma-
tion stimulation.?* In addition, fibroblasts are also well acknowl-
edged as secretary cells that produce various ECM proteins or
cytokines to participate in the regulation of the microenviron-
ment during multiple pathological processes.’* In AS, a previous
study showed that fibroblast-rich granulation tissue promotes
new bone formation.’* In an in vitro study, we confirmed that
fibroblasts produced large amounts of TNC under the stimula-
tion of various AS-associated inflammatory cytokines, including
TNFa, IL-17A and IL-22. Taken together, it suggests that
inflammation-induced aberrant TNC expression and TNC-
mediated ECM remodelling contribute to the formation of an
osteoinductive microenvironment and potentiate new bone
formation via alteration of tissue mechanical cues. In addition,
the fact that multiple inflammatory cytokines can induce TNC
production explains, to a certain extent, the low pharmacolog-
ical efficacy on the radiographic progression of patients with AS
of antibodies that neutralise a single cytokine, such as adalim-
umab, ustekinumab and risankizumab.*” *®

TNC is as an intriguingly multifunctional molecule that
exhibits diverse roles in immunity, such as in the promotion
of bacterial adhesion and thrombosis, in the regulation of
innate and adaptive immunity, and in the control of ECM
synthesis and remodelling during tissue repair.”> Normally,
TNC expression is precisely regulated. During physiologic
responses to injuries or infection, it is induced at sites of
inflammation and peaks once tissue rebuilding commences
and down-regulates concomitant with the resolution of
inflammation and tissue repair.”> On the contrary, during
abnormal wound-healing responses or pathologies associ-
ated with persistent inflammation, prolonged expression of
TNC is observed. Abnormal regulation of TNC expression
is found responsible for the long-lasting inflammation and
pathological rebuilding in many diseases.'' > In the studies of
rheumatoid arthritis (RA), TNC has been demonstrated as an
endogenous activator of Toll-like receptor 4, which is respon-
sible for maintaining inflammation and joint destruction.'®%®
TNC has also been shown to exhibit proinflammatory effects
by activating 09 integrins in macrophages, resulting in the
production of various proinflammatory molecules in the
development of arthritis.’” In addition, post-translationally
citrullinated TNC achieved increased immunogenicity of
the C-terminal residues, leading to the generation of auto-
antibodies in patients with RA.>® Recently, serum level of
TNC was reported to be elevated in patients with AS and
associated with disease activity,’” but which role that TNC
plays in AS was unclear. In the current study, we found that
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TNC was involved in pathological new bone formation in
AS, which could be considered as a special form of abnormal
tissue remodelling. However, although our results provide
evidence that TNC contributed to pathological new bone
formation through modulation of the biomechanical prop-
erty of ECM and enhancement of chondrogenesis, given
that it plays multifaceted roles in immunomodulation and
inflammation, TNC might also have other critical roles in the
regulation of entheseal and ligamentous microenvironment
or the maintenance of chronic inflammation in AS. It will be
of great interest to continue to investigate the contribution
of this multifunctional molecule to the pathogenesis of AS.

There are some limitations of the current study. First,
control samples from healthy individuals are extremely
difficult to obtain. Nearly all of the age-matched and sex-
matched controls in our research were patients suffering
from adult idiopathic scoliosis. Although the sample collec-
tion location was far from the apical vertebra and sponta-
neous fusion zone, gene expression in these samples may still
be different from that in undamaged healthy human tissue
samples. Second, the AS tissue samples were collected from
patients at late-stage with extensive spinal fusion. Whether
the biomechanical changes of the spine contribute to the
pathological process of new bone formation is unclear due
to lack of available tissue samples from patients at early-
stage as proper control, which requires further investigation.
Third, although the AS animal models in the current study
are well accepted, the triggers in rodent models may not be
identical to those in human disease. For further development
of therapeutic strategies, large animal models whose genetic
background is more similar to that of human, will likely be
required.

In summary, we demonstrated that exposure of entheseal
sites to chronic inflammation causes excessive TNC deposi-
tion, which subsequently promotes chondrogenic differenti-
ation and pathological new bone formation via suppression
of ECM adhesion force and activation of the Hippo pathway.
Suppression of aberrant expression of TNC may be a poten-
tial therapeutic strategy for pathological new bone formation

in AS.
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