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Abstract

Trauma-induced heterotopic ossification (HO) is a complex disorder after musculo-
skeletal injury and characterized by aberrant extraskeletal bone formation. Recent
studies shed light on critical role of dysregulated osteogenic differentiation in aber-
rant bone formation. Krupel-like factor 2 (KLF2) and peroxisome proliferator-
activated receptor gamma (PPARYy) are master adapter proteins that link cellular
responses to osteogenesis; however, their roles and relationships in HO remain
elusive. Using a murine burn/tenotomy model in vivo, we identified elevated KLF2
and reduced PPARY levels in tendon stem/progenitor cells (TSPCs) during trauma-
induced HO formation. Both KLF2 inhibition and PPARy promotion reduced mature
HO, whereas the effects of PPARy promotion were abolished by KLF2 overexpres-
sion. Additionally, mitochondrial dysfunction and reactive oxygen species (ROS) pro-
duction also increased after burn/tenotomy, and improvements in mitochondrial
function (ROS scavenger) could alleviate HO formation, but were abolished by KLF2
activation and PPARY suppression by affecting redox balance. Furthermore, in vitro,
we found increased KLF2 and decreased PPARY levels in osteogenically induced
TSPCs. Both KLF2 inhibition and PPARy promotion relieved osteogenesis by improv-
ing mitochondrial function and maintaining redox balance, and effects of PPARY pro-
motion were abolished by KLF2 overexpression. Our findings suggest that KLF2/
PPARYy axis exerts regulatory effects on trauma-induced HO through modulation of
mitochondrial dysfunction and ROS production in TSPCs by affecting redox balance.
Targeting KLF2/PPARYy axis and mitochondrial dysfunction can represent attractive

approaches to therapeutic intervention in trauma-induced HO.
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1 | BACKGROUND

Acquired or traumatic heterotopic ossification (HO) is a condition that
leads to the formation of mature lamellar bone in extraskeletal soft
tissues, triggered by combat-related injuries, fractures and disloca-
tions, deep burns and central nervous system injuries.! HO causes
joint dysfunction, which seriously affects the quality of life and
imposes a heavy health and economic burden on families and soci-
ety. Non-steroidal anti-inflammatory drugs and radiation therapy are
the main treatment methods for the prevention of HO.%® However,
the incidence of post-traumatic HO remains high, with reports of up
to 40%.*° Thus, it is important to fully understand the complex
mechanism of HO formation and explore effective methods for
prevention.

There is increasing evidence suggesting that stem cells are
capable of self-renewal and multidirectional differentiation to
repair damaged tissues.® Ideally, when a tendon injury occurs,
stem cells accumulate in damaged tissue and differentiate to gen-
erate repair. However, in a local inflammatory microenvironment,
some stem cells undergo osteogenesis, which is an important
pathological basis for HO formation.” Previous studies have
shown that tendon stem/progenitor cells (TSPCs), typically
marked by platelet-derived growth factor receptor alpha
(PDGFRa), play a key role in the formation of chondrocytes and
osteocytes during HO development.® However, the mechanisms
underlying TSPCs osteogenic differentiation at the time of HO
formation remain unclear.

Krupel-like factor (KLF) is a member of the zinc finger transcrip-
tion factor family and 17 members of the mammalian family have
been identified. KLF2 is an important member of the KLF family and
plays an important regulatory role in many cellular biological
processes,”° including osteogenesis.!! Previous studies have
shown that KLF2 stimulates osteogenic differentiation of stem cells
from the periodontal ligament and promotes the regeneration of
damaged teeth.'? However, to our knowledge, the role of KLF2 in
HO formation remains unclear.

Peroxisome proliferator-activated receptor gamma (PPARY) is a
member of the nuclear hormone receptor superfamily of ligand-
responsive transcription factors. PPARY is an important cellular and
metabolic switch that mediates several physiological and disease
processes.’® Previous studies have shown that PPARy is a meta-
bolic switch that determines the fate of bone marrow mesenchymal
stem cells (BMSCs), and its activation promotes adipogenic differ-
entiation, whereas its inhibition promotes osteogenic differentia-
tion.**1> Furthermore, PPARy has also been reported to regulate
the osteogenic response to some extent via KLF2.'® To date, no
studies have investigated whether PPARY influences the forma-
tion of HO.

Mitochondria are the main sources of cellular energy and play an
irreplaceable role in a wide range of biological cellular processes. Pre-
vious studies have reported that mitochondrial dysfunction promotes
osteogenic differentiation of BMSCs.?” Additionally, a recent Biosign

report revealed 3547 differentially expressed proteins during HO

formation, which were primarily enriched in oxidative phosphorylation
and regulation of mitochondrial function.*® This implies that mito-
chondria may play an overwhelming regulatory role in HO formation.
Furthermore, recent studies have found that PPARY inhibition impairs
mitochondrial function, indicating a close relationship between PPARY
and mitochondrial function.’

The objective of this study was to identify the role of the KLF2/
PPARYy axis in traumatic HO and to reveal the potential contribution
of mitochondrial dysfunction as the effector mechanism of the KLF2/
PPARYy axis in the formation of HO.

2 | METHODS

21 | Reagents and materials

Alpha-minimum essential medium (a-MEM) medium and fetal bovine
serum (FBS) were purchased from Gibco. The penicillin/streptomycin
were purchased from HyClone. Rosiglitazone (Cat #S2556) and
GW9662 (Cat #52915) were purchased from Selleck Chemicals. XJB-
5-131 (Cat #HY-129460) was purchased from MedChemExpress.
Adeno-associated virus (AAV) and plasmids were purchased from
Genomeditech Co., Ltd. The anti-Runx2 (Cat #20700), OPN
(Cat #22951), OCN (Cat #23418), PPARY (Cat #16643) and SOD2
(Cat #24127) antibodies were purchased from Proteintech. The anti-
PDGFRa (Cat #AF1062) and CAT (Cat #AF3398) antibodies were pur-
chased from R&D Systems. Anti-KLF2 (Cat #A16480) antibody was
purchased from Abclone. The GAPDH (Cat #GB1100C2) and f-actin
(Cat #GB15001) antibodies were obtained from Servicebio. The anti-
SREBP1 (Cat #28481) antibody was obtained from Abcam
Biotechnology.

2.2 | Establishment of the murine burn/tenotomy
model (trauma-induced HO) murine model, specimen
collection and histological observations

C57BL/6 male mice aged 8-10 weeks were raised under special
pathogen-free conditions at the Animal Experimental Center of the
Shanghai Sixth People's Hospital. Mice had free access to food and
water and were acclimatized to the environment for at least 1 week
before modelling. All experimental protocols for animals were
approved by the Institutional Animal Care and Use Committee of
Shanghai Sixth People's Hospital (IACUC no. DWLL2023-0398), and
the experimental procedures were conducted in accordance with the
National Institutes of Health Guidelines for the Care and Use of Labo-
ratory Animals.

In this study, a murine burn/tenotomy model was used to mimic
trauma-induced HO referring to Peterson.2’ Mice were anesthetized
with 1% pentobarbital sodium and a longitudinal incision of approxi-
mately 0.5 cm was made on the medial aspect of the bilateral distal
hindlimbs. The Achilles tendon was exposed and transected at its mid-

point, followed by closure of the skin incision with a 5-0 vicryl stitch.
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Then an aluminium block of 2 cm x 2 cm x 3 cm, weighing 35 g and
covering approximately 30% of the body area surface, was preheated
to 60°C in a water bath. After the tenotomy, the block was placed on
the exposed shaved dorsal skin and maintained for 17 s. Sham surgery
was performed only by exposing the Achilles tendon without tenot-
omy or burn injury.

Mice were sacrificed at different time points for histological
observation at 3 and 10 weeks to detect chondro-osteogenesis and
mature HO, respectively. Specifically, the harvested skin of the
lower extremities was carefully removed and soft tissue was
acquired from the musculotendinous junction to the calcaneus
enthesis. The tissues were fixed in 10% (v/v) formalin. After
10 weeks, an additional decalcification step was performed using a
19% ethylenediaminetetraacetic acid solution. The decalcified tis-
sues were dehydrated and embedded in paraffin. The tissue sections
were obtained longitudinally along the Achilles tendon at a thickness
of 5pum. The stained sections on Thermo Superfrost®Plus slides
were further deparaffinized and rehydrated for staining preparation.
High-throughput whole transcriptome sequencing, routine histologi-
cal (Safranin O and Fast Green [SOFG] staining, haematoxylin and
eosin [H&E] staining), immunohistochemistry (IHC) and immunofluo-
rescence (IF) staining, micro-computed tomography (micro-CT),
quantitative real-time reverse transcriptase polymerase chain reac-
tion (QPCR) and western blot (WB) were carried out to analyse the
changes in tissue morphology and composition.

2.3 | High-throughput whole transcriptome
sequencing

Whole transcript genome sequencing was performed on the soft
tissue at the Achilles tendon (provided by Shanghai OE Biotech.
Co., Ltd). The steps are as follows: total RNA was extracted and
ribosomal RNA was digested using ribo-Zero kit. After interrupt
reagent was added to break the RNA into short fragments, a
chain was synthesized with random primer of six bases using the
interrupted RNA as template cDNA and then prepared a two-
strand synthesis reaction system to synthesize two-strand
cDNA, dUTP instead of dTTP in the synthesis of cDNA and then
one strand containing dUTP was digested by UNG enzyme
method, and only the cDNAs of the different junctions of the
strand were retained. A chain used kit to purify a strand of
cDNA, a strand of purified cDNA was then repaired at the end,
an a-tail was added and sequenced. Then the fragment size was
selected and PCR was performed. The constructed libraries were
qualified by Agilent 2100 Bioanalyzer. lllumina sequencer was

used for sequencing.

24 | IHC and IF staining

After the sections were prepared, citrate buffer was used for ther-

mal remediation to retrieve antigens. The sections were then
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inactivated using hydrogen peroxide and blocked with goat serum.
Sections were then incubated overnight with primary antibodies
against KLF2 (1:200), PPARY (1:200), PDGFRa (1:1000) and RUNX2
(1:100). On the second day, for IHC staining, sections were incu-
bated with horseradish peroxidase (HRP)-conjugated secondary
antibody (1:500). For IF staining, sections were incubated at 37°C
for 1 h using Alexa Fluor 488 conjugated secondary antibody or cy3
matching species (1:500) and 4,6-diamidino-2-phenylindole (DAPI,
Cat #P0131, Beyotime Institute of Biotechnology) was used for

nuclear counterstaining.

2.5 | Quantitative real-time reverse transcriptase
polymerase chain reaction

Relative expression levels of KLF2, PPARy, SOD2 and CAT mRNA
were detected using qPCR, with GAPDH as an internal control.
Total RNA was isolated from tissues using TRIzol reagent
(Invitrogen) according to the manufacturer's instructions and using
reverse transcriptase was converted to complementary DNA using
M-MLYV reverse transcriptase (Takara). Target gene expression was
quantified using SYBR Green Premix Ex Taq (Takara Bio). The

27AAC(

qPCR data were exported and processed using the method.

The primer sequences are listed in Table S1.

2.6 | Western blotting

Tissues (in vivo) or whole cells (in vitro) from different groups were
collected and lysed with radioimmunoprecipitation assay lysis buffer
(Servicebio) containing a protease inhibitor cocktail (Servicebio). The
lysate was sonicated on ice and the entire tissue protein was
extracted at 12,000 RPM for 10 min. Protein concentrations were
determined using a bisphenol acid protein detection kit (Servicebio).
Equal amounts of protein (30 pg) were suspended in sodium dodecyl
sulfate-polyacrylamide electrophoresis gel loading buffer (SDS-PAGE)
(Servicebio), heated at 100°C for 5 min and separated by electropho-
resis on 12% SDS-PAGE. The proteins were then transferred onto a
polyvinylidene difluoride membrane. After blocking the membrane
with 5% non-fat milk or bovine serum albumin for 1 h at room tem-
perature, it was incubated with the corresponding primary antibodies
(KLF2, PPARY, RUNX2, OCN, OPN, TFAM, PGC1a, SREBP1, SOD2
and CAT) and against glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) overnight at 4°C. After incubation with HRP-conjugated
secondary antibodies for 1 h at room temperature, an enhanced
chemiluminescence reagent was applied to form a signal, which was
detected using a ChemiDoc CRS imaging system (Bio-Rad). The corre-
sponding relative density of the grey protein bands was calculated
using ImageJ software (version 1.32, National Institutes of Health).
Briefly, the integrated optical density (IntDen) of each protein band of
interest was determined. The relative grey level was obtained by nor-
malizing the IntDen of each protein of interest to that of the internal
reference protein GAPDH.
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2.7 | Micro-CT scanning

At 10 weeks, the mice were sacrificed and the hindlimbs of each
group were collected and fixed with 10% formalin (v/v) for 48 h.
The acquired hindlimbs were subsequently scanned using a
Skyscan 1176 high-resolution micro-CT scanner (software version 1.1
[build 6], Bruker). The isometric resolution was 18 mm and the
voltage was 70 kV. The CTvox software (version) was used to
obtain 3D reconstructed images. Bone volume was calculated
using CTan software (Version 1.15.4.0+, Bruker), and a high-
density mass in soft tissue with Hounsfield units greater than
272 was considered HO.

2.8 | Reactive oxygen species staining

The frozen sections were re-warmed at room temperature and
dried. The sections were then placed in phosphate-buffered saline
(PBS; pH = 7.4) and washed three times with shaking on a deco-
lourization shaker for 5 min each. The nuclei were stained with
DAPI staining solution and incubated for 10 min in the dark. The
slides were washed and sealed with an antifluorescence quench-
ing sealer. Finally, images were acquired using a fluorescent
microscope.

2.9 | Cell culture and osteogenic induction

TSPCs were isolated from the Achilles tendon of 4- to 6-week-
old C57BL/6 mice as previously described.?! The tendon tissue
was minced and digested with type | collagenase (Sigma-Aldrich)
on a shaker at 37°C for 2 h. Cell suspensions were cultured in a
basic medium (a-MEM, 10% FBS, 100 U/mL penicillin and
100 pg/mL streptomycin [all from Gibco]) in an incubator at 37°C
and 5% CO,. The medium was changed every 3 days to maintain
adequate nutritional conditions for the cells. The fully grown cells
were trypsinized, spread in 6-well or 24-well plates, and incu-
bated with osteo-inductive medium (containing 10% serum,
50 pug/mL vitamin C, 10 mmol/L p-glycerophosphate disodium
salt and dexamethasone 0.1 umol/L) when the cells reached an
abundance of 80%-90% in the well plates; different treatments
were applied to the cells depending on the different groups.
gPCR, WB analysis, cell IF staining, alkaline phosphatase (ALP)
staining, Alizarin red S (ARS) staining, JC1 staining and mito-
tracker staining were carried out to analyse the changes in cell

morphology and composition.

210 | Cell IF staining

After treatment, cells were fixed in 4% paraformaldehyde and per-
meabilized with 0.5% Triton X-100. Cells were blocked with BSA
(1%) and incubated at 4°C overnight with anti-KLF2 (1:100), anti-

PPARY (1:200), anti-RUNX2 (1:200), anti-OCN (1:200), anti-OPN
(1:500), anti-SREBP (1:200), anti-SOD2 (1:100), anti-CAT (1:50)
and anti-TOMM20 (1:500) antibodies. Cells were stained with
conjugated secondary antibodies in the dark. The nuclei were
counterstained with DAPI and the cells were scanned using a digi-
tal slide scanner (Pannoramic MIDI; 3DHISTECH Ltd.).

211 | JC1 staining

After treating the TSPCs under different conditions and performing
osteogenic culture, the cells were washed three times with PBS and
then incubated with JC1 dye for 20 min at 37°C. After washing again
with PBS, the cells were mounted on glass slides and viewed under a
fluorescent microscope (Olympus Corporation of the Americas, Slide
book 5.0 x 64 software ix81).

212 | Mitotracker staining

Petri plates were covered with an appropriate amount of medium
to cover the coverslips for climbing culture. When cells had grown
to 70% abundance, the culture medium was aspirated and the
working solution for MitoTrackerRed/Green FM staining was
added before washing at 37°C. Incubate for 15-45 min under nor-
mal culture conditions for the cells used (optimal incubation time).
After staining, the staining solution was replaced with fresh cul-
ture medium or buffer and observed under a fluorescent

microscope.

213 | ALP staining

TSPCs were washed three times with pre-cooled PBS and lysed on ice
in pre-cooled 1% Triton X-100 for 30 min. Cell lysate ALP activity was
determined and its value at 405 nm was normalized to the total pro-
tein concentration. TSPCs were washed three times with PBS, fixed
with 4% paraformaldehyde for 10 min and incubated with NBT-BCIP
solution (Beyotime Biotech Company) for another 15 min. The images
were captured under a microscope (Olympus DP73 Microscope;
Olympus). ALP activity was measured using an ALP assay kit (Nanjing
Jiancheng Biotechnology Co., Ltd.) according to the manufacturer's
instructions.

2.14 | ARS staining

The osteogenesis of TSPCs was induced for 14 days. The cells were
washed, fixed in 95% ethanol for 14 min and stained with 2% ARS-
Tris-HCL solution (pH 4.3). Mineralized nodules were observed using
an inverted microscope. ARS staining was eluted with 10% cetylpyri-
dine chloride and absorbance was measured at 570 nm using a Spec-

traMax i3x (Molecular Devices).
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215 | Oil Red O staining

Adipogenic differentiation medium A (Induction medium) and medium
B (Maintenance medium; Cyagen) were prepared according to product
instructions. The cells were inoculated in 24-well plates and induced
when the cell density reached 80%. About 2 mL of medium A was
added to each well for 3 days, and replaced by medium B for 24 h.
Then change the medium back to medium A. After 3 weeks of incuba-
tion, TSPCs were washed with PBS and fixed with 10% formalin for
20 min. After washing the cells two times with PBS, Qil red O staining
was performed to observe the extent of lipid drop accumulation
respectively.

216 | Statistical analysis

Data analysis was performed using GraphPad Prism 9. Data are
expressed as mean + standard deviation (SD). Data were checked for
normality using the Shapiro-Wilk test, and homogeneity of variance
was determined using one-way analysis of variance (ANOVA).
Comparisons between groups were performed using one-way ANOVA
followed by Tukey's test for post hoc comparisons when the data were
normally distributed; otherwise, Kruskal-Wallis tests for non-normally
distributed data. Categorical data were compared using the chi-square
test. Statistical significance was established at p < 0.05, and two-tailed

tests were performed.

3 | RESULTS
3.1 | The expression of KLF2 was elevated in
tendon lesions in burn/tenotomy mice

A mouse burn/tenotomy model was established according to the
literature (Figure 1A). To explore the underlying mechanism of HO,
high-throughput whole transcriptome sequencing was performed
on tendon lesions after 3 weeks, and the data were uploaded into
the NCBI repository (bioproject no. GSE233201). Between the two
groups (i) SHAM and (ii) BTT, both the heat map (Figure 1B) and the
volcano map (Figure 1C) indicated a significantly elevated KLF2
expression in BTT group. Further, qRT-PCR (KLF2; Figure 1D), WB
analysis (KLF2; Figure 1E) and IF staining (KLF2, co-localized with
PDGFRa, a marker for the detection of tendon stem cells,
Figure 1F) also indicated increased KLF2 expression in BTT group

at 3 weeks.

3.2 | KLF2 promoted trauma-induced HO
formation in burn/tenotomy mice

Now that confirming that elevated levels of KLF2 were present in
the chondro-osteogenesis stage, to determine the effects of KLF2

on trauma-induced HO formation in vivo, the mature HO and

chondro-osteogenesis indicators were evaluated between burn/
tenotomy mice and the same model administrated with AAVs
down-regulated or overexpressed KLF2 (Figure 2A). Between the
two groups (i) sh-NC, and (ii) KLF2—, micro-CT (Figure 2B), H&E
staining (Figure 2C), SOFG staining (Figure 2D) and IHC staining
(RUNX2; Figure 2E) all confirmed that KLF2— group had markedly
decreased matured HO at 10 weeks and chondro-osteogenesis
at 3 weeks post-tendon injury. However, between the two
groups (i) ov-NC, and (ii) KLF2+, opposite effects were
observed (Figure 2B-E). The above results indicated that KLF2
deficiency attenuated trauma-induced HO formation in burn/

tenotomy mice.

3.3 | PPARYy participated in the regulation of KLF2
in trauma-induced HO formation in burn/
tenotomy mice

Taking into account the central role of PPARY in osteogenesis sup-
ported by recent studies, the potential relationship between KLF2 and
PPARY in the formation of HO was further investigated.

To investigate the role of PPARYy in trauma-induced HO, PPARy
expression was evaluated first. Between the two groups (i) SHAM and
(i) BTT, both the heat map (Figure 3A) and the volcano map
(Figure 3B) of the high-throughput whole transcriptome sequenc-
ing of tendon lesions at 3 weeks showed a significantly reduced
PPARY expression in BTT group, as well as qRT-PCR (PPARYy;
Figure 3C), WB analysis (PPARy; Figure 3D) and IF staining
(PPARY, co-localized with PDGFRa; Figure 3E). Further, the
effects of PPARy on mature HO and chondro-osteogenesis indi-
cators between burn/tenotomy mice and the same model admin-
istrated with PPARy activator (Rosiglitazone) or inhibitor
(GW9662) were compared (Figure 3F). Between the two groups
(i) DMSO+ov-NC, and (ii) PPARy+, micro-CT (Figure 3G), H&E
staining (Figure S1A), SOFG staining (Figure S1B) and IHC staining
(RUNX2; Figure 3H) all confirmed that PPARy-+ group had mark-
edly decreased matured HO at 10 weeks and chondro-
osteogenesis at 3 weeks post-tendon injury. However, between
the two groups (i) DMSO+sh-NC, and (ii) PPARy—, opposite
effects were observed (Figure 3G,H, Figure S1A,B). Taken
together, these results suggested that PPARy participated in
trauma-induced HO formation in burn/tenotomy mice.

Next, to explore whether the effects of PPARy on trauma-
induced HO were regulated by KLF2, the PPARy expression was
tested between the two groups, sh-NC and KLF2—, as well as ov-NC
and KLF2+. gRT-PCR, WB analysis and IF staining (Figure 3C-E) all
showed increased PPARY expression in KLF2— group when compared
with sh-NC group, whereas reduced PPARYy expression in KLF2+
group when compared with ov-NC group. Furthermore, mature HO
and chondro-osteogenesis indicators were compared between burn/
tenotomy mice administrated with PPARYy activator (Rosiglitazone) or
inhibitor (GW9662), and the same model co-with AAVs overex-
pressed or down-regulated KLF2 (Figure 3F). As expected, when
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compared with PPARy+ group, KLF2 overexpression in PPARy+/
KLF2+ group reverse the effects of PPARy promotion on mature HO
and chondro-osteogenesis indicators (Figure 3G,H, Figure S1A,B); and
similar reversed results were shown for KLF2 suppression between
PPARYy- and PPARy—/KLF2— groups (Figure 3G,H, Figure S1A,B).
Taken together, the results suggested that the KLF2/PPARY axis plays
a key role in trauma-induced HO formation.

3.4 | KLF2/PPARYy axis participated in trauma-
induced HO formation by regulating mitochondrial
dysfunction in burn/tenotomy mice

Based on previous reports indicating that PPARYy affects mitochondrial
function,?? it was investigated whether KLF2/PPARy mediated mito-
chondrial dysfunction participates in trauma-induced HO formation.
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To investigate the role of mitochondrial in trauma-induced HO,
mitochondrial function was evaluated first. Between the two groups
(i) SHAM and (ii) BTT, WB analysis (TFAM and PGC1la; Figure 4A),
and reactive oxygen species (ROS) staining (Figure 4B) showed more
mitochondrial dysfunction in BTT group. Further, the effects of mito-
chondrial function on trauma-induced HO between burn/tenotomy
mice and the same model administrated with mitochondrial function
protector (XJB-5-131, ROS and electron scavenger) were compared
(Figure 4C). Between the two groups, (i) DMSO+ov-NC, and (ii) ROS-,
micro-CT (Figure 4D), H&E staining (Figure S2A), SOFG staining
(Figure S2B) and IHC staining (RUNX2; Figure 4E) all confirmed that
ROS— group had markedly decreased matured HO at 10 weeks and
chondro-osteogenesis at 3 weeks post-tendon injury. These results
indicate that mitochondrial dysfunction participates in the trauma-
induced HO formation process in burn/tenotomy mice.

Next, to explore whether regulation of mitochondrial dysfunction in
trauma-induced HO was mediated by the KLF2/PPARYy axis, the mito-
chondrial function was tested among the three groups, DMSO-sh-NC and
PPARy+ and KLF2—, as well as DMSO+ov-NC and PPARy— and
KLF24-. WB analysis and ROS staining (Figure 4A,B) showed
reduced mitochondrial dysfunction in both PPARy+ and KLF2-
groups when compared with DMSO+sh-NC group, whereas
increased mitochondrial dysfunction in both PPARy— and KLF2+
groups when compared with DMSO+ov-NC group. Furthermore,
mature HO and chondro-osteogenesis indicators were compared
between burn/tenotomy mice administrated with mitochondrial
function protector (XJB-5-131, ROS and electron scavenger), and
the same model co-with PPARY inhibitor (GW9662) or AAVs over-
expressed KLF2 (Figure 4C). As expected, when compared with
ROS- group, both PPARYy inhibition in ROS—/PPARy— group and
KLF2 overexpression in ROS—/KLF2+ group reverse the effects of
mitochondrial  function protector on trauma-induced HO
(Figure 4D,E, Figure S2A,B). Taken together, the KLF2/PPARYy axis-
dependent mitochondrial dysfunction and played a key role in

trauma-induced HO formation.

3.5 | The expression of KLF2 was elevated in
TSPCs during osteogenic induction

Subsequently, these findings were validated in vitro using TSPCs to
further explore the role of KLF2 in the regulation of stem cell osteo-

genesis. TSPCs were successfully obtained, and showed osteogenic,

adipogenic and chondrogenic differentiation potential after 3 weeks
of induction (Figure 5A-C). The MSC properties of TSPCs were
characterized by identifying cell surface markers. TSPCs were positive
for the mesenchymal markers cluster of differentiation 44 (CD44,
99.0%), CD90 (98.8%) and CD105 (98.2%), but negative for the endothe-
lial progenitor marker CD34 (1.92%) and haematopoietic marker CD45
(1.46%) in flow cytometric analysis (Figure 5D-H). These results sug-
gest that TSPCs were successfully isolated and had good osteogenic
differentiation ability. Osteogenic induction medium (Cyagen) was
used to culture TSPCs (in vitro cell model; Figure 5I). Between the
two groups () NORMAL and (ii) INDUCED, gPCR and WB analysis
(Figure 5J,K) showed gradually elevated levels of KLF2 in osteogenic-
induced TSPCs at weeks 1, 2 and 3, respectively, which was also con-
firmed by IF staining (KLF2; Figure 5L) at 3 weeks.

36 |
TSPCs

KLF2 promoted osteogenic differentiation of

After confirmation that elevated KLF2 levels were detectable during
osteogenic differentiation of TSPCs, the effects of KLF2 on osteogen-
esis in vitro were examined between osteogenic-induced TSPCs and
the same model administrated with plasmids down-regulated or over-
expressed KLF2 (Figure 6A). Between the two groups (i) sh-NC and
(i) KLF2—, WB analysis (Runx2, OCN and OPN; Figure 6B), cell IF
staining (Runx2, OCN and OPN; Figure 6C) and ALP and ARS staining
(Figure 6D-G) confirmed that KLF2— group had markedly decreased
osteogenesis. However, between the two groups (i) ov-NC and
(i) KLF2+-, opposite effects were observed (Figure 6B-G). In addition, as
for adipogenic differentiation of TSPCs, WB analysis (sterol regulatory
element-binding protein 1 [SREBP1], Figure S3A), cell IF staining
(SREBP1, Figure S3B) and Qil Red O staining (Figure S3C) all showed
markedly increased adipogenesis for KLF2— group when compared with
sh-NC group, and decreased adipogenesis for KLF2+ group when com-
pared with ov-NC group. These results indicate that inhibition of KLF2
could attenuate osteogenesis and promote adipogenesis in TSPCs.

3.7 | PPARYy participated in the regulation of KLF2
in osteogenic differentiation of TSPCs

From in vivo study above, KLF2/PPARY axis has been approved to

play a key role in the process of trauma-induced HO formation. Here,

FIGURE 2 Reduced trauma-induced HO formation after KLF2 inhibition in vivo after burn/tenotomy. (A) Schematic depiction of the
intervention protocols for animal experiments. The mice were randomly assigned into four groups: (i) sh-NC (burn/tenotomy with locally tendon
downregulation vehicle [AAV harbouring no downregulation sequence] injection), (ii) KLF2— (burn/tenotomy with locally tendon sh-KLF2

[AAV downregulate KLF2] injection), (iii) ov-NC (burn/tenotomy with locally tendon overexpression vehicle [AAV harbouring no overexpression
sequence] injection) and (iv) KLF2+ (burn/tenotomy with locally tendon ov-KLF2 [AAV overexpress KLF2] injection). (B, C) Micro-CT (B) and H&E
staining (C) were used to detect HO formation at 10 weeks in the tendon lesions. The volume of HO was quantified from each group. N = 5;
scale bar = 100 um; ****p < 0.0001. (D) SOFG staining was used to detect chondrogenesis at 3 weeks in the tendon lesions. N = 5; scale

bar = 100 um. (E) IHC staining was used to detect osteogenesis by the positive cells of RUNX2 in the tendon lesions at 3 weeks. N = 5; scale

bar = 250 pm (original magnification) and 50 um (insert magnification of the boxed area, 5.0x); ****p < 0.0001, ***p < 0.001. H&E, haematoxylin
& eosin; HO, heterotopic ossification; IHC, immunohistochemistry; micro-CT, micro-computed tomography.



SUN ET AL. ¢ 1 g

" WILEY- 2o

(A) (B) ©

Volcano Plot: p-value<0.05 && [log2FC[>1

L = i SN sHER i
<005 3512 <005 960 i i i
ot <1:2305 loar> 12508 € { i
So. 1768 So 201 S :
15 ] i !
0 - i '
. $ oo ! ;
s ; i
© X i
Chd Signifcant Up Zu ]
Sinifcant Down ]
o oo <3 06 i
-0.5 Down & [4 H
i o Non-sigicant £ i
g :
15 [ 2 034 !
5 K i
£ o
; [4
0. T T T T T T
“ EQNF OV SRR O
S & & & & ¢
\“\* A\" <\\ NN <\\
523' A2 A2 6}3‘ L2 A2

log; FoldChange

(D)

PPARy L- - I

GAPDH I — — — |

(GAPDH)

2
(3
A '
PPARYy Protein Level

A (P
50 B B P P L © o ENOI
KO O O S AR A S 5 < PR
A LR & & ¢ ¢ & @
D AR TR A SRR R g M & & QAT
i e s & ¢ & &

(E) PPARY/ Immunofluorescence Staining

SHAM (sh-NC) BTT (sh-NC) BTT (KLF2-) SHAM (0v-NC) BTT (ov-NC) BTT (KLF2+) °
' 3 os
il RRRk Kk kR K
; 2
1
1
1
1
! 2
1 "6 "
1 o2
1 =3
1 e0
1
1
1
1
1
1 [
H >
! g
i a
1 o
1
1
H
20m
(F) W\Gll“(
y « & ’ '
; y /A
Male CS7BL/6 mice
0d (surgery) 3w 10w (Heterotopic Ossification)
group 2: PPARy+ group 5: PPARy-
PPARy promotor Rosigliazone, i i PRARy inhibitor GW9662,ip.
group 1: DMSO+0v-NC & negative control AAV of ov-KLE2, localy tendon | aroup 4: DMSO+5h-NC & negatve control AAV of s-KLF2, locally endon
control of PPARy promator (DMSO), ip. I control of PPARy inhibitor (DMSO), ip.
& negative control AAV of ov-KLF2, locally tendon | & negative control AAV of sh-KLF2, locally tendon group 6: PPARy-/KLF2-
I PRARy nbibior Y963, i
& AAVs overexpress KLF2, locally tendon & AAVs downregulate KLF2, locally tendon
DMSO+ov-NC PPARy+ PPARy+/KLF2+ DMSO+sh-NC PPARYy- PPARy-/KLF2-
G =
& '
=
& ! . s
) ! £
- H
3 | 3 .
5 £ ' 5
— 1 k 3
E 7 i H
1 8
9 I g% =
i g
H g . ;
] H
250 pm E I
g T i
(H) EREIrIrgr.
& F o
e
9 e
2%
z 4 3E
5 3
S L

FIGURE 3 Legend on next page.



w2t | WILEY_"

SUN ET AL

the potential relationship between KLF2 and PPARY on TSPCs osteo-
genesis was further investigated in vitro.

To investigate the role of PPARy on osteogenic differentiation of
TSPCs, PPARYy expression was evaluated first. Between the two
groups (i) NORMAL and (ii) INDUCED, gRT-PCR and WB analysis
(PPARY; Figure 7A) and IF staining (PPARYy; Figure 7B) showed a sig-
nificantly reduced PPARYy expression in INDUCED group. Further, the
effects of PPARy on osteogenesis in vitro between osteogenic
induced TSPCs and the same model administrated with PPARY acti-
vator (Rosiglitazone) or inhibitor (GW9662) were compared
(Figure 7C). Between the two groups, (i) DMSO+ov-NC, and
(ii) PPARY+, WB analysis (Runx2, OCN and OPN; Figure 7D), cell IF
staining (Runx2, OCN and OPN; Figure S4A-C) and ALP and ARS
staining (Figure 7E,F) all revealed that PPARy+ group had markedly
decreased osteogenic differentiation. However, between the two
groups (i) DMSO+sh-NC, and (ii) PPARy—, opposite effects were
observed (Figure 7D-F, Figure S4A-C). In addition, as for adipo-
genic differentiation of TSPCs, WB analysis (SREBP1, Figure S5A),
cell IF staining (SREBP1; Figure S5B) and Oil Red O staining
(Figure S5C) all showed markedly increased adipogenesis for
PPARyY+ group when compared with DMSO+ov-NC group, and
decreased adipogenesis for PPARy— group when compared with
DMSO+sh-NC group. These results suggested that activation of
PPARY could attenuate osteogenesis and promote adipogenesis in
TSPCs.

Subsequently, to explore whether the effects of PPARy on osteo-
genic differentiation of TSPCs were regulated by KLF2, the PPARy
expression was tested between the two groups, sh-NC and KLF2—, as
well as ov-NC and KLF2+. qRT-PCR, WB analysis and IF staining
(Figure 7A,B) all showed increased PPARY expression in KLF2— group
when compared with sh-NC group, whereas reduced PPARY expres-
sion in KLF2+ group when compared with ov-NC group. Furthermore,
osteogenesis in vitro was compared between osteogenic induced
TSPCs administrated with PPARY activator (Rosiglitazone) or inhibitor
(GW9662), and the same model co-with plasmids overexpressed or

down-regulated KLF2 (Figure 7C). As expected, when compared with
PPARy+ group, KLF2 overexpression in PPARy-+/KLF2+ group
reverse the effects of PPARy promotion on osteogenesis
(Figure 7D-F, Figure S4A-C); and similar reversed results were shown
for KLF2 suppression between PPARy— and PPARy—/KLF2— groups
(Figure 7D-F, Figure S4A-C). In addition, as for adipogenic differenti-
ation of TSPCs, WB analysis (SREBP1; Figure S5A), cell IF staining
(SREBP1, Figure S5B) and Oil Red O staining (Figure S5C) all showed
markedly reversed adipogenesis for PPARy+ and PPARy-+/KLF2+
groups, as well as PPARy— and PPARy—/KLF2— groups. Taken
together, the KLF2/PPARY axis played a key role in the osteogenesis

and adipogenesis of TSPCs.

3.8 | KLF2/PPARYy axis participated in osteogenic
differentiation by regulating mitochondrial
dysfunction in TSPCs

From the in vivo study above, the KLF2/PPARYy axis-mediated mito-
chondrial dysfunction and played a key role in trauma-induced HO
formation. Here, we further investigate whether this pathway partici-
pated in osteogenesis of TSPCs in vitro.

To investigate the role of mitochondrial on osteogenic differen-
tiation of TSPCs, mitochondrial function was evaluated first.
Between the two groups (i) NORMAL and (ii) INDUCED, WB analy-
sis (TFAM and PGCla; Figure 8A), JC1 and Mitotracker staining
(Figure 8B), cell IF staining (TOMM20, a marker to observe the mor-
phological changes of mitochondria; Figure S6A), and the content of
ATP level (Figure S6B) showed more mitochondrial dysfunction in
INDUCED group. Further, the effects of mitochondrial function on
osteogenesis in vitro between osteogenic induced TSPCs and the
same model administrated with mitochondrial function protector
(XJB-5-131, ROS
(Figure 8C). Between the two groups, (i) DMSO+ov-NC, and
(ii) ROS—, WB analysis (Runx2, OCN and OPN; Figure 8D), cell IF

and electron scavenger) were compared

FIGURE 3 Role of PPARY in regulation of KLF2 on trauma-induced HO formation in burn/tenotomy mice. (A, B) High-throughput whole-
transcriptome sequencing was performed and showed by heat map and volcano plot in the tendon lesions at 3 weeks. N = 3. (C) gPCR was used
to detect the relative mRNA levels (normalized to GAPDH) of PPARY from the tendon lesions at 3 weeks. N = 5; **p < 0.01, ****p < 0.0001.

(D) WB analysis was used to detect the expression of PPARY in the tendon lesions at 3 weeks. N = 3; *p < 0.05, ****p < 0.0001. (E) IF staining
was used to detect the positive cells of PPARY (red), co-localized with PDGFR-« (green), in the tendon lesions at 3 weeks. N = 5; scale

bar = 250 pm (original magnification) and 50 um (insert magnification of the boxed area, 5.0x); *p < 0.05, ***p < 0.001, ****p < 0.0001.

(F) Schematic depiction of the intervention protocols for animal experiments. The mice were randomly assigned into six groups: (i) DMSO+-ov-NC
(burn/tenotomy with intraperitoneally vehicle [DMSQ] injection, along with locally tendon overexpression vehicle injection), (ii) PPARy-- (burn/
tenotomy with intraperitoneally Rosiglitazone injection, a promotor for PPARYy, along with locally tendon overexpression vehicle injection),

(iii) PPARY+/KLF2+ (burn/tenotomy with intraperitoneally Rosiglitazone injection, along with locally tendon ov-KLF2 injection), (iv) DMSO+sh-
NC (burn/tenotomy with intraperitoneally vehicle injection, along with locally tendon downregulation vehicle injection), (v) PPARy— (burn/
tenotomy with intraperitoneally GW9662 injection, an inhibitor for PPARy, along with locally tendon downregulation vehicle injection) and

(vi) PPARY—/KLF2— (burn/tenotomy with intraperitoneally GW9662 injection, along with locally tendon sh-KLF2 injection). (G) Micro-CT was
used to detect HO formation at 10 weeks in the tendon lesions. The volume of HO was quantified from each group. N = 5; **p < 0.01,

*okokok

p < 0.0001. (H) IHC staining was used to detect osteogenesis by the positive cells of RUNX2 in the tendon lesions at 3 weeks. N = 5; scale

bar = 250 pm (original magnification) and 50 um (insert magnification of the boxed area, 5.0x); **p < 0.01, ****p < 0.0001. IF,
immunofluorescence; micro-CT, micro-computed tomography; qPCR, quantitative real-time reverse transcriptase polymerase chain reaction; WB,

western blot.
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staining (Runx2, OCN and OPN; Figure S7A-C) and ALP and ARS
staining (Figure 8E-H) all revealed that ROS— group had markedly
decreased osteogenic differentiation. These results indicated that
mitochondrial dysfunction participates in the osteogenic differentia-
tion process in TSPCs.

Next, to explore whether the regulation of mitochondrial func-
tion in TSPCs osteogenesis was mediated by the KLF2/PPARYy axis,
the mitochondrial function was tested among the three groups,
DMSO+sh-NC and PPARy+ and KLF2—, as well as DMSO+ov-NC
and PPARy— and KLF2+. WB analysis, JC1 and Mitotracker stain-
ing, cell IF staining (TOMM20) and the content of ATP level
(Figure 8A,B and Figure S6A,B) all showed reduced mitochondrial
dysfunction in both PPARy+ and KLF2— groups when compared
with DMSO+sh-NC group, whereas increased mitochondrial dys-
function in both PPARy— and KLF2+ groups when compared with
DMSO+ov-NC group. Furthermore, osteogenesis in vitro was com-
pared between osteogenic induced TSPCs administrated with mito-
chondrial function protector (XJB-5-131, ROS and electron
scavenger), and the same model co-with PPARY inhibitor (GW9662)
or plasmids overexpressed KLF2 (Figure 8C). As expected, when
compared with ROS— group, both PPARYy inhibition in ROS—/
PPARy— group and KLF2 overexpression in ROS—/KLF2+ group
reverse the effects of mitochondrial function protector on osteo-
genesis (Figure 8D-H, Figure S7A-C). Taken together, mitochon-
drial dysfunction dependent by the KLF2/PPARYy axis plays a key

role in the osteogenesis process of TSPCs.

3.9 | KLF2/PPARYy axis regulated mitochondrial
function and ROS production by affecting
mitochondrial redox balance

With the above experimental results, we demonstrate that reducing
the level of ROS leads to a reduction in trauma-induced HO and oste-
ogenic differentiation of TSPCs, as well as a negative regulatory rela-
tionship between PPARy, ROS and mitochondrial membrane
potential. Inhibition of mitochondrial anti-oxidative damages compo-
nents of electron transport chain, decreases mitochondrial membrane

potential and promotes production of ROS.22-24 Emerging evidence

has also shown that PPARY plays an oncogenic role via mitochondrial
antioxidative function, such as downregulating PPARy causes down-
regulation of key ROS scavenger proteins, superoxide dismutase
2 (SOD2) and catalase (CAT).2>2¢ SOD2, the primary mitochondrial
oxidative scavenger, plays a crucial role during the regulation of mito-
chondrial ROS by catalysing O2— conversation to H,O,, and can be
further neutralized by conversion to H,O through the CAT, both of
which (SOD2 and CAT) are the vital proteins to maintain the mito-
chondrial redox balance 2427:28

Further, to investigate how KLF2/PPARYy axis regulated mito-
chondrial function and ROS production in trauma-induced HO forma-
tion, SOD2 and CAT expressions were evaluated first. In vivo,
between the two groups (i) SHAM and (ii) BTT, both the heat map
(Figure 9A) and the volcano map (Figure 9B) of the high-throughput
whole transcriptome sequencing of tendon lesions at 3 weeks
showed a significantly reduced SOD2 and CAT expression in BTT
group. Next, to explore whether SOD2 and CAT were regulated by
KLF2/PPARY axis, the SOD2 and CAT expression was tested among
the three groups (Figure 9C), DMSO+ov-NC, PPARy+ and
PPARY+/KLF2+, as well as DMSO+sh-NC, PPARy— and PPARy—/
KLF2—. gPCR (SOD2 and CAT; Figure 9D) and WB analysis (SOD2
and CAT,; Figure 9E) showed increased SOD2 and CAT expression in
PPARy+ group when compared with DMSO+ov-NC group, and
reversed in PPARy+/KLF2+ group, whereas reduced SOD2 and
CAT expression in PPARy— group when compared with DMSO+sh-
NC group, and reversed in PPARy—/KLF2— group. In addition,
in vitro (Figure 9F), gPCR and WB analysis (SOD2 and CAT,;
Figure S8A,B) and cell IF staining (SOD2 and CAT; Figure 9G) all
showed similar results. Therefore, we suggested that KLF2/PPARy
axis regulated mitochondrial function and ROS production by
influencing the expression levels of SOD2 and CAT (redox balance)
in mitochondria, and ultimately affecting the formation of trauma-
induced HO.

4 | DISCUSSION

The complex pathological nature of trauma-induced HO has received

considerable attention, particularly with respect to the crucial role of

FIGURE 4 Role of mitochondrial dysfunction under KLF2/PPARYy pathway in trauma-induced HO formation in burn/tenotomy mice. (A) WB
analysis was used to detect the expression of mitochondrial function-related proteins in the tendon lesions at 3 weeks. N = 3; *p < 0.05,

**p < 0.01, ****p < 0.0001. (B) ROS staining was used to detect mitochondrial dysfunction in the tendon lesions at 3 weeks. N = 5; scale

bar = 100 um (original magnification) and 20 um (insert magnification of the boxed area, 5.0x). (C) Schematic depiction of the intervention
protocols for animal experiments. The mice were randomly assigned into four groups: (i) DMSO+ov-NC (burn/tenotomy with intraperitoneally
vehicle injection, along with locally tendon overexpression vehicle injection), (i) ROS— (burn/tenotomy with intraperitoneally XJB-5-131
injection, a mitochondrial function protector, ROS and electron scavenger, along with locally tendon overexpression vehicle injection), (iii) ROS—/
PPARY— (burn/tenotomy with intraperitoneally XJB-5-131 and GW9662 injection, along with locally tendon overexpression vehicle injection)
and (iv) ROS—/KLF2+ (burn/tenotomy with intraperitoneally XJB-5-131 injection, along with locally tendon ov-KLF2 injection). (D) Micro-CT was
used to detect HO formation at 10 weeks in the tendon lesions. The volume of HO was quantified from each group. N = 5; ****p < 0.0001.

(E) IHC staining was used to detect osteogenesis by the positive cells of RUNX2 in the tendon lesions at 3 weeks. N = 5; scale bar = 250 um
(original magnification) and 50 pum (insert magnification of the boxed area, 5.0x); ****p < 0.0001. HO, heterotopic ossification; IHC,
immunohistochemistry; micro-CT, micro-computed tomography; ROS, reactive oxygen species; WB, western blot.
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identifying cell surface markers. (1) Schematic depiction of the establishment of TSPCs osteogenic induction. The cells were randomly divided into
two groups: (i) NORMAL (sham medium) and (ii) INDUCED (osteo-inductive medium). (J) gPCR was used to detect the relative mRNA levels
(normalized to GAPDH) of KLF2 in the osteogenic-induced TSPCs. N = 6; ***p < 0.001, ****p < 0.0001, ns = no significance. (K) WB analysis was
used to detect the expression of KLF2 in the osteogenic-induced TSPCs. N = 3; ***p < 0.001, ****p < 0.0001. (L) IF staining was used to detect
the expression of KLF2 (red), co-stained with phalloidin (green) and DAPI (blue) in the osteogenic-induced TSPCs. N = 6, scale bar = 100 um
(original magnification) and 25 pm (insert magnification of the boxed area, 4.0x). ARS, Alizarin red S; IF, immunofluorescence; MSC, mesenchymal
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FIGURE 6 Reduced osteogenesis after KLF2 inhibition in vitro for osteogenic induced TSPCs. (A) Schematic depiction of the intervention
protocols for TSPCs experiments. The cells were randomly assigned into four groups: (i) sh-NC (osteo-inductive medium with downregulation
vehicle [plasmids harbouring no downregulation sequence]), (i) KLF2— (osteo-inductive medium with sh-KLF2 [plasmids downregulate KLF2]),
(iii) ov-NC (osteo-inductive medium with overexpression vehicle [plasmids harbouring no overexpression sequence]) and (iv) KLF2+ (osteo-
inductive medium with ov-KLF2 [plasmids overexpress KLF2]). gPCR was used to detect the relative mRNA levels (normalized to GAPDH) of
KLF2 in the osteogenic-induced TSPCs after using plasmids. N = 6; ****p < 0.0001. (B) WB analysis was used to detect the expression of
osteogenesis-related proteins in the osteogenic-induced TSPCs. N = 3; **p < 0.01, ***p < 0.001, ****p < 0.0001. (C) IF staining was used to detect
the expression of RUNX2 (red), OCN (red) and OPN (red), co-stained with phalloidin (green) and DAPI (blue), in the osteogenic-induced TSPCs.
N = 6, scale bar = 100 um. (D, F) ALP and (E, G) ARS staining were used to detect the osteogenesis of TSPCs. N = 6; ****p < 0.0001. ALP,
alkaline phosphatase; ARS, Alizarin red S; IF, immunofluorescence; gPCR, quantitative real-time reverse transcriptase polymerase chain reaction;
TSPC, tendon stem/progenitor cell; WB, western blot.

TSPCs in osteogenic differentiation. To our knowledge, this is the first by KLF2-PPARYy signalling (Figure 10). Our study provides new infor-
study to reveal the osteogenic commitment of TSPCs driven by mito- mation on potential therapeutic strategies for trauma-induced HO

chondrial dysfunction in the development of HO, which is mediated and other mitochondrial dysfunction-related diseases.



SUN ET AL Wl LEY 150f 21
-
| I HC ] alLit i
(A) pa g “ (B) PPARy Immunofluorescence Staining
5 i ;
g 12 H 3 i
H 2 o]
28 oo gg phalloidin
23 85 oe
& o ;,9 NORMAL (sh-NC)  INDUCED (sh-NC)  INDUCED (KLF2-) NORMAL (ov-NC)  INDUCED (ov-NC)  INDUCED (KLF2+)
2
E o3 g 100 jum
s -_—
|
— — |
SO GO (P O O an R |
A \* N \° N . \*
o :“""t“v\""ce:ﬁ' ;x“"é:\@‘p 2 *""";““c@\@ﬁo E
I
; I
PPARy l-—-l H I-.—- --l :
P |
i o i
caron [ | [—— & :
5 F] !
o © & o o & =
F & & 5 |
S N & & -_—
& & € &
group 1: contral of PPARy promotor (DMSO) & negative control plasmids of ov-KLF2
group 2: PPARy promotor Rosiglit & negative control pl ids of ov-KLF2
group 3: PPARy promotor Rosiglitazone & plasmids overexpress KLF2
group 4: contral of PPARYy inhibitor (DMSO) & negative control ids of sh-KLF2
group 5: PPARYy inhibitor GW9662 & negative control plasmids of sh-KLF2
culred TSPG: osteogenic induced medium group 6: PPARy inhibitor GW9662 & plasmids downregulate KLF2
57 Fokkk *okk 57
" tda e
R (- - - | T T .
: 3 TR TR 2 g
ooy [ e | | [em——] s | . i
- £6 1 £8
1 o i 3 2
; [+ ¢ 25 &8
ory [~ g | | [ma——]  ° L8 g
- g Poog z
! E o o
e
 §
<O ar 1l SO v v C o N0 v ¥ C o N0 v ¥ O ot N0 ar ¢V
0X°4 Q?PS~ X\(.\’e SR L ,‘,\‘6\’ oxo“"\ va‘“ ‘.r#\‘? sous“xx 9‘?‘& ﬁ,\*‘j su,o“» qv"‘d*.r*\g so./s“"\ 9?“6 P"‘ng su.,o“"\ QVP& ‘.\‘#\‘? 60;9“» 9?'?’ ﬁ.ﬂ‘\’?
0@$ ?VPS“ o ) N o LA & o & o & o o o e
(E) Alkaline Phosphatase Staining
3.5
g_ % DMSO+ov-NC PPARy+ PPARy+/KLF2+ DMSO+sh-NC PPARy- PPARy-/KLF2-
E‘E 25
£z
g5 0
SE 1o
<
0.5
NC Sy Gl N o 2
o L ST g 205
Rl N o Bl EL
F Alizarin Red S Staining
35

DMSO+ov-NC PPARy+ PPARy+/KLF2+ DMSO+sh-NC PPARY- PPARY-/KLF2-

© N ¢ e
aoxo«-“ oo 60‘.\"“ @Y e
o RIS R

FIGURE 7 Role of PPARYy in regulation of KLF2 on osteogenesis in osteogenic induced TSPCs. (A) gPCR and WB analysis were used to
detect the relative mRNA (normalized to GAPDH) and protein expression of PPARYy in the osteogenic-induced TSPCs. N = 6; ***p < 0.001,

***¥p < 0.0001. (B) IF staining was used to detect the expression of PPARY (red), co-stained with phalloidin (green) and DAPI (blue), in the
osteogenic-induced TSPCs. N = 6, scale bar = 100 um (original magnification) and 25 pum (insert magnification of the boxed area, 4.0x).

(C) Schematic depiction of the establishment of TSPCs osteogenic induction. The cells were randomly assigned into six groups: (i) DMSO-+ov-NC
(osteo-inductive medium with drug vehicle [DMSQ], along with overexpression vehicle), (i) PPARy+ (osteo-inductive medium with Rosiglitazone,
along with overexpression vehicle), (iii) PPARy+-/KLF2+ (osteo-inductive medium with Rosiglitazone, along with ov-KLF2), (iv) DMSO-+sh-NC
(osteo-inductive medium with drug vehicle, along with downregulation vehicle), (v) PPARy— (osteo-inductive medium with GW9662, along with
downregulation vehicle) and (vi) PPARy—/KLF2— (osteo-inductive medium with GW9662, along with sh-KLF2). (D) WB analysis was used to
detect the expression of osteogenesis-related proteins in the osteogenic-induced TSPCs. N = 3; ****p < 0.0001. (E, F) ALP and ARS staining were
used to detect the osteogenesis of TSPCs. N = 6; ****p < 0.0001. ALP, alkaline phosphatase; ARS, Alizarin red S; IF, immunofluorescence; gPCR,
quantitative real-time reverse transcriptase polymerase chain reaction; TSPC, tendon stem/progenitor cell; WB, western blot.
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KLF2 contains amino-acid sequences similar to Drosophila
embryonic pattern regulator Krippel, which is reported as a tran-
scription factor for reprogramming somatic cells into induced plurip-
otent stem cells.?’ KLF2 has a vital role in maintaining cells
stemness with a strong differentiation capacity, enabling them to
differentiate into different directions in different culture environ-
ments, such as bone regeneration in osteogenic environment.*°
Through immunoprecipitation assay, KLF2 could physically interact
with the osteogenesis-related gene RUNX2, to promote osteogenic
differentiation.’ In BMSCs, a previous study showed that KLF2
could repress the transcriptional activity of NF-kB to induce osteo-
genic differentiation,®* and the same trend was observed in peri-
odontal ligament stem cells.1? This evidence of participation of KLF2
in metabolic orchestration of osteogenesis prompted us to investi-
gate its role in HO. In this study, we found that inhibition of KLF2
reduced HO formation and osteogenesis of TSPCs, which is similar
to that reported in above studies. Further, in Figure 1, apart from a
statistically elevated KLF2 level at 3 weeks after burn/tenotomy,
the KLF expression was also upregulated at 7 days. In fact, from our
previous study, stem cells began to appear at the injury site in early
inflammatory stage, and gradually accumulated and increased during
the chondro-osteogenesis stage.®? Therefore, KLF2 already begins
to stimulate osteogenic differentiation in the inflammatory stage
around the first week after injury, and this effect reaches its peak at
3 weeks in the chondro-osteogenesis stage.

Emerging evidence has suggested that PPARy plays an impor-
tant role in skeletal homeostasis. PPARY is a master differentiation
transcription factor in adipogenesis of MSCs, reflecting its lineage
commitment shaping potential in stem cell biology.>® When PPARY
expression is reduced, adipocyte differentiation is inhibited,
whereas osteoblast differentiation is enhanced. PPARy-mediated
osteogenesis plays an important role in various diseases such as
vascular calcification®* and postmenopausal osteoporosis.>®> There-
fore, elevation in PPARY expression could be a powerful force for
the shift in the differentiation tendency of TSPCs, thus reprogram-
ing the healing process for the formation of HO. In this study, we
demonstrated that PPARYy overexpression could decrease HO vol-
ume and osteogenesis of TSPCs, as also observed in previous stud-
ies. The mechanism by which KLF2 could inhibit PPARyY expression
has yet to be fully elucidated. There are two possible mechanisms,
both direct and indirect. Studies found that KLF2 was able to
exert an inhibitory effect on PPARY at the promoter level 3437

" WILEY 7o

Two-tandem Kruéppel binding sites, 5-CCCACCTCTCCCA-3 (base
pairs 82-93), are present in the proximal promoter region of
PPARYy. Electrophoretic mobility gel shift showed that KLF2 was
able to bind this sequence and directly repress the PPARy pro-
moter, resulting in a 70% inhibition of promoter activity. Other
studies reported that KLF2 inhibited factors such as C/EBP and
ADD1/SREBP-1c, which positively regulated PPARY expression and
function.®83? In line with these evidence, we also showed that the
effects of PPARy on HO and osteogenic differentiation of TSPCs
was reversed by KLF2, confirming their contradictory and balanced
role in the regulation of HO.

Current evidence suggests that changes in mitochondrial mor-

149 Mitochondria play

phology and function are critical for stem cel
a key role in the redox balance of cells, as they are the primary
source of ROS.*! The ROS is an important factor in cellular homeo-
stasis, which is important for the proper functioning of the cell.*?
The redox balance is mainly regulated by the electron transport
chain (ETC), located in the inner mitochondrial membrane,** which
consists of four enzyme complexes located in the mitochondrial
inner membrane.** These complexes are responsible for transfer-
ring electrons from electron donors to electron acceptors. This
process produces ATP, as well as ROS, which are generated when
electrons escape from the ETC. It has reported that when the
redox balance of the mitochondria is disturbed, ROS can damage
mitochondrial DNA, proteins and lipids, leading to cell differentia-
tion defects which further aggravating mitochondrial dysfunc-
tion.*®> For example, it has reported that Hedgehog signalling
regulates antioxidant pathway and affects ROS generation in oste-

ogenic differentiation of TSPCs,*¢

suggesting redox balance and
ROS may be partially involved in the regulation of trauma-induced
HO. Previous study has reported that PPARy can regulate the
expression of antioxidant enzymes such as SOD22%> and CAT,?¢
which can further influence the mitochondrial electron transport
chain and convert ROS into less harmful molecules.*” It is also con-
sistent with our study. Furthermore, previous studies have also
shown that PPARYy influences mitochondrial redox balance and
therefore its supply of cellular energy, which in turn has an impact
on stem cell differentiation.*® Therefore, in this study, we further
explored the role of mitochondrial redox balance in HO and osteo-
genic differentiation of TSPCs, and the effects of the KLF2/PPARy
axis on mitochondrial metabolism. The results showed that PPARy
led to enhanced presence of mitochondrial antioxidant component

FIGURE 8 Role of mitochondrial dysfunction under KLF2/PPARYy pathway on osteogenesis in osteogenic-induced TSPCs. (A) WB analysis
was used to detect the expression of mitochondrial function-related proteins in the osteogenic-induced TSPCs. N = 3; *p < 0.05, **p < 0.01,

okokok

p < 0.0001. (B) JC1 and mitotracker staining were used to detect mitochondrial dysfunction in the osteogenic-induced TSPCs. N = 6;

****p < 0.0001; scale bar = 100 pum. (C) Schematic depiction of the establishment of TSPCs osteogenic induction. The cells were randomly
assigned into four groups: (i) DMSO+ov-NC (osteo-inductive medium with drug vehicle, along with overexpression vehicle), (ii) ROS— (osteo-
inductive medium with XJB-5-131, along with overexpression vehicle), (i) ROS—/PPARy— (osteo-inductive medium with XJB-5-131 and
GW9662, along with overexpression vehicle) and (iv) ROS—/KLF2+- (osteo-inductive medium with XJB-5-131, along with ov-KLF2). (D) WB
analysis was used to detect the expression of osteogenesis-related proteins in the osteogenic-induced TSPCs. N = 3; ****p < 0.0001. (E, G) ALP
and (F, H) ARS staining were used to detect the osteogenesis of TSPCs. N = 6; ****p < 0.0001. ALP, alkaline phosphatase; ARS, Alizarin red S;
ROS, reactive oxygen species; TSPC, tendon stem/progenitor cell; WB, western blot.
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FIGURE 10 Graphical summary of effects and mechanisms of KLF2/PPARy pathway-mediated mitochondrial dysfunction that regulate
traumatic HO progression. After burn/tenotomy, tendon stem/progenitor cells (TSPCs) accumulate in the tendon lesions, and the elevated
expression of KLF2 further promotes PPARy-dependent mitochondrial dysfunction and ROS production by affecting redox balance in the TSPCs,
resulting in enhanced expression of osteogenic genes and inducing osteogenesis differentiation, and finally leads to HO formation. Further, all of
the AAVs downregulate KLF2, PPARyY promotor Rosiglitazone and ROS scavenger XJB-5-131 could suppress mitochondrial dysfunction involved
in these biological processes, thereby inhibiting the HO formation. AAV, adeno-associated virus; HO, heterotopic ossification; ROS, reactive
oxygen species.

that damaged the redox balance in TPSCs, which, however, could
readily reversed by the KLF2 overexpression. Considering our find-
ings that HO formation could be coordinated by the KLF2/PPARYy
axis, we concluded that the osteogenesis of TSPCs during the for-
mation of HO is dependent on KLF2/PPARY axis by regulating the
mitochondrial function and ROS production through affecting
redox balance.
However, we must also point out that our study presents sev-
eral limitations. First, despite the lack of consensus regarding the
gold standard model of trauma-induced HO, and although the

mouse burn/tenotomy model may reflect the classical pathological

model, the lack of bone damage and mechanical loading often
demonstrated in the actual clinical setting may overshadow the
clinical interpretation and translation of the results of this study
Therefore, further validation of the study results in other models
and testing in large animals with anatomical similarities to humans are
required. Second, we used chemical agonists, antagonists and AAVs in
the knockdown and overexpression strategies used in this study. As the
target specificity of these small molecule chemicals cannot be fully con-
firmed the conclusions drawn from the knockout paradigm, and our
findings in this study should be confirmed in KLF2 transgenic cells or
mice, which would provide stronger evidence.

FIGURE 9 Mitochondrial redox balance regulated by KLF2/PPARYy axis in both burn/tenotomy mice and osteogenic induced TSPCs. (A, B)
High-throughput whole-transcriptome sequencing was performed and showed by heat map and volcano plot in the tendon lesions at 3 weeks
N = 3. (C) Schematic depiction of the intervention protocols for animal experiments. (D) gPCR was used to detect the relative mRNA levels

(normalized to GAPDH) of SOD2 and CAT from the tendon lesions at 3 weeks. N

= 5; **p < 0.01, ***p < 0.001, ****p < 0.0001. (E) WB

, . .(E
analysis was used to detect the expression of SOD2 and CAT in the tendon lesions at 3 weeks. N = 3; ****p < 0.0001. (F) Schematic depiction

of the establishment of TSPCs osteogenic induction. (G) IF staining was used to detect the expression of SOD2 (red) and CAT (red), co-stained
with phalloidin (green) and DAPI (blue), in the osteogenic-induced TSPCs. N = 6, scale bar = 100 um (original magnification). IF

immunofluorescence; gPCR, quantitative real-time reverse transcriptase polymerase chain reaction; TSPC, tendon stem/progenitor cell; WB
western blot.
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5 | CONCLUSIONS

In summary, KLF2/PPARy axis regulates the mitochondrial function
and ROS production by affecting redox balance in TSPCs, thereby
promoting trauma-induced HO formation. This study also demon-
strated for the first time that mitochondrial dysfunction of TSPCs pro-
motes HO formation, which may provide a new rationale for the

development of future treatments.
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