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changes are driven by activation of Hh signaling.

Introduction

Heterotopic ossification (HO) is a pathological process in which
ectopic bone forms within muscles, tendons, or other soft tissues
(1). HO currently develops after trauma induced by deep burns,
fractures, total hip arthroplasty, and so on (2, 3). HO is also a typ-
ical symptom of some rare genetic diseases, such as fibrodyspla-
sia ossificans progressiva and progressive osseous heteroplasia
(POH) (4). HO often affects tendons and ligaments containing
progenitor cells. To date, various types of progenitors, including
tendon-derived progenitor cells (TDPCs), circulating progenitor
cells, and progenitor cells from peripheral nerves, have been iden-
tified as the origin of HO (5-12). TDPCs have been well studied
in vitro. Bi et al. identified and characterized a unique cell popu-
lation of tendon stem/progenitor cells expressing Scal, CD90.2,
and CD44 (13). Additionally, bone-cartilage-stromal progenitors
characterized by Tie2"CD45Thyl'6C37a,"CD105" contribute to
HO (14). Previous studies have shown that TDPCs characterized
by the tendon marker Scleraxis (Scx) contribute to the formation of
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Heterotopic ossification (HO) is pathological bone formation characterized by ossification within muscle, tendons, or
other soft tissues. However, the cells of origin and mechanisms involved in the pathogenesis of HO remain elusive.
Here we show that deletion of suppressor of fused (Sufu) in cathepsin K-Cre-expressing (Ctsk-Cre-expressing) cells
resulted in spontaneous and progressive ligament, tendon, and periarticular ossification. Lineage tracing studies and
cell functional analysis demonstrated that Ctsk-Cre could label a subpopulation of tendon-derived progenitor cells
(TDPCs) marked by the tendon marker Scleraxis (Scx). Ctsk*Scx* TDPCs are enriched for tendon stem cell markers and
show the highest self-renewal capacity and differentiation potential. Sufu deficiency caused enhanced chondrogenic
and osteogenic differentiation of Ctsk-Cre-expressing tendon-derived cells via upregulation of Hedgehog (Hh)
signaling. Furthermore, pharmacological intervention in Hh signaling using JQ1 suppressed the development of HO.
Thus, our results show that Ctsk-Cre labels a subpopulation of TDPCs contributing to HO and that their cell-fate

chondrocytes and osteoblasts in HO (5, 6). However, in vivo stud-
ies of TDPCs contributing to HO and the regulatory mechanisms
involved in HO are limited.

Hedgehog (Hh) signaling plays critical roles in cartilage and
bone development, and the dysregulation of Hh signaling contrib-
utes to many bone diseases, such as bone tumors, osteoarthritis, and
HO (15-19). Suppressor of fused (Sufu), the major negative regulator
of Hh signaling, sequesters full-length Gli proteins in the cytoplasm
to restrict their activity, and inactivation of Sufu leads to severe ecto-
pic Hh pathway activation (20, 21). The HO in POH suggests that
elevated basal Hh signaling is sufficient to induce ectopic osteogenic
differentiation of the soft tissues through intramembranous ossifi-
cation (19). Studies have demonstrated the participation of Hh sig-
naling in HO by endochondral ossification, but have not shown the
cell-autonomous effects of dysregulated Hh signaling or identified
the cell population that responds to Hh signaling.

Here, we identified a subpopulation of TDPCs labeled by
cathepsin K-Cre (Ctsk-Cre) that contribute to HO. Ctsk has been
proven to be a marker of mature osteoclasts, perichondrial progen-
itors in the perichondrial groove, and periosteum stem/progenitor
cells (22-25). We found that upregulation of Hh signaling by inac-
tivation of Sufit in Ctsk-Cre-expressing cells induced progressive
HO in tendons and ligaments. Lineage tracing studies showed
that Ctsk-Cre could label a subpopulation of TDPCs expressing the
tendon marker Scx in the midsubstance of the tendon that exhibit
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a strong self-renewal capacity and differentiation potential. Fur-
thermore, pharmacological intervention in Hh signaling using the
Hh signaling inhibitor JQI suppressed the development of HO.
Overall, our results identified a subpopulation of TDPCs labeled
by Ctsk-Cre, and demonstrated that activation of Hh signaling
drives HO in tendons and ligaments in a cell-autonomous manner.

Results

Sufu deletion in Ctsk-Cre-expressing cells induces spontaneous ligament,
tendon, and joint HO. A previous study reported that Ptpnll dele-
tion in Ctsk-Cre-expressing cells resulted in metachondromatosis,
which is believed to be associated with overactive Hh signaling (25).
To identify the mechanism of Hh signaling in cartilage tumors, we
crossed Sufif! mice with mice expressing Cre under the control of
the endogenous Ctsk promoter (Supplemental Figure 1A; supplemen-
tal material available online with this article; https://doi.org/10.1172/
JCI132518DS1). From 4 weeks, the Ctsk-Cre Sufi’? (hereafter Ctsk-
CKO) mice began to show mobility problems. Surprisingly, x-ray/pnCT
(micro-CT) radiographs of the 4-, 9-, and 20-week-old Ctsk-CKO
mice showed spontaneous and progressive periarticular, ligament,
and tendon ossification, which was distinguished from the phenotype
of the Ctsk-Cre Ptpnl11"# mice mimicking human metachondromato-
sis (Figure 1A and Supplemental Figure 1C). However, the Ctsk-Cre
Suf’+ mice (hereafter Ctsk-Ctrl) showed normal bone character-
istics (Supplemental Figure 1B). Ectopic ossification was detected

COLII/DAPI
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Figure 1. Sufu deletion in Ctsk-Cre-
expressing cells induces sponta-
neous HO in the ligament and ten-
don. (A) X-ray images and uCT scans
reveal that spontaneous ossification
(red arrows) of the tibiotalar ligament
and Achilles tendon progresses grad-
ually in Ctsk-CKO mice at 4, 9, and 20
weeks. Images are representative of
3 different sets of experiments. n =3
per group. (B) H&E staining, Safranin
0/fast green (SOFG) staining, and
immunofluorescence staining of the
chondrogenic marker type Il collagen
(COLI) and the osteogenic marker
osteopontin (OPN) of the Achilles
tendon from 20-week-old Ctsk-Ctrl
and Ctsk-CKO mice. Images are
representative of 3 different sets of
experiments. Scale bars: 100 um (2
left panels); 20 um (8 right panels).

20 weeks

OPN/DAPI

in the ligaments and tendons of the hind paws in the 20-week-old
Ctsk-CKO mice by pCT analysis (Supplemental Figure 1E). Moreover,
ossified lesions were found in the ligaments and tendons of the fore-
paws and radius in the 40-week-old Ctsk-CKO mice (Supplemental
Figure 1F). Histologically, Safranin O/fast green (SOFG) staining
showed ectopic ossification at the patellar tendon (Supplemental Fig-
ure 1D, a). SOFG staining and immunofluorescence staining of type
11 collagen (COLII) showed chondrocytes in the midsubstance of the
Achilles tendon from the 20-week-old Ctsk-CKO mice (Figure 1B).
In addition, H&E staining and osteopontin (OPN) staining showed
ectopic ossification at the Achilles tendon (Figure 1B). Furthermore,
SOFG staining showed that osteochondroma, which is formed in the
proximal tibia and femur, featured a cartilaginous cap and a marrow
cavity with 100% penetrance (Supplemental Figure 1D, b). Interest-
ingly, unlike the phenotype of Ctsk-Cre Ptpnl1"/ mice, enchondroma,
which is a benign tumor that forms in the central part of the bone
where bone marrow is stored, was not observed in the Ctsk-CKO mice
(25). These results suggest that Sufit deletion in Ctsk-Cre-expressing
cells induces spontaneous periarticular, ligament, and tendon ossifi-
cation and osteochondromas.

Ctsk-Cre-expressing cells in the tendons and ligaments contribute
to HO. To identify the cell origin for HO in the Ctsk-CKO mice, we
performed lineage tracing studies using Ai9 reporter mice to label
all Ctsk-lineage cells with tdTomato fluorescence (Figure 2A).
Notably, Ctsk-Cre was expressed in the majority of cells within the
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Figure 2. Ctsk-Cre-expressing cells in tendons and ligaments contribute
to HO. (A) Schematic of the Ctsk-Cre Rosa26-Ai9 reporter mice. (B) Con-
focal images of hind limbs from Ctsk-Cre Rosa26-Ai9 mice showing Ctsk
expression in the cells of the Achilles tendon, patellar tendon, and quad-
riceps tendon. Scale bars: 50 um. (€) Immunofluorescence showing Ctsk*
(Ai9*) cells in the Achilles tendon of 6-week-old Ctsk-CKO Rosa26-Ai9 mice
displays the chondrogenic marker COLII (green) and the osteogenic marker
OPN (green). Scale bars: 50 um (left panels); 25 pm (right panels). (D)
Quantitative analysis of the percentage of Ctsk* (Ai9*) cells that express
the chondrogenic marker COLII in Achilles tendons. n = 4 per group. (E)
Quantitative analysis of the percentage of Ctsk* (Ai9*) cells that express
the osteogenic marker OPN in Achilles tendons. n = 4 per group. (F-I)
gRT-PCR analysis of Hh target gene (F), chondrogenic gene (G), osteogenic
gene (H), and tendon-related gene (I) expression in sorted Ctsk* Achilles
tendon cells from 6-week-old Ctsk-CKO Rosa26-Ai9 mice compared with
Ctsk-Ctrl Rosa26-Ai9 mice. n = 3 per group. () and K) Immunofluorescence
showing Ctsk*Scx* (orange) cells in the Achilles tendon of 6-week-old Ctsk-
CKO Rosa26-Ai9 ScxGFP mice displays the chondrogenic marker COLII and
aggrecan (gray). Scale bars: 20 um. Results are presented as the mean +
SEM; unpaired t test, *P < 0.05, **P < 0.01, ***P < 0.001.

Achilles tendon, quadriceps tendon, and tendinous insertions of
the patella (Figure 2B). We found increased expression levels of
the chondrogenic marker COLII and the osteogenic marker OPN
in the Ctsk* (Ai9*) cells from the Achilles tendons of the 6-week-
old Ctsk-CKO Rosa26-Ai9 mice compared with those in the Ctsk-
Ctrl Rosa26-Ai9 mice (Figure 2, C-E). We isolated Ctsk* cells from
the Achilles tendon by FACS and found that the expression of
Sufu was substantially decreased in the sorted Ctsk* cells from the
Ctsk-CKO Rosa26-Ai9 mice compared with those from the Ctsk-
Ctrl Rosa26-Ai9 mice (Figure 2F). And expression levels of the
Hh target genes Glil and Ptchl were much higher in the Ctsk-CKO
Rosa26-Ai9 mice than in the Ctsk-Ctrl Rosa26-Ai9 mice (Figure
2F). The Ctsk* cells in the Ctsk-CKO Rosa26-Ai9 mice displayed
increased chondrogenic markers (Sox9, Col2al, Aggrecan) and
osteogenic markers (Alp, Ocn, Opn) (Figure 2, G and H). Moreover,
the Ctsk* cells showed decreased expression of the tendon-related
genes Scx, Mkx, and Tnmd (Figure 2I). Importantly, HO initiates
in the midsubstance of the tendon, as shown by immunostaining
for COLII and OPN of 4-, 5-, and 6-week-old Ctsk-CKO Rosa26-
Ai9 and control mice (Supplemental Figure 2A). The fact that the
COLIT* cells are organized in a row typical of tenocytes suggests
the intrinsic changes to tenocytes (Figure 2C). To further confirm
this finding, we crossed the Ctsk-CKO Rosa26-Ai9 mice with ScxG-
FP mice. Cells expressing both the tenogenic marker ScxGFP and
the chondrogenic markers COLII and aggrecan were observed
in the HO at the midsubstance of the Achilles tendon (Figure 2, ]
and K). As CD31"Emen® (type H) vessel formation is specifically
coupled with new bone formation, type H vessels were found to
be increased in the midsubstance of HO in the 20-week-old Ctsk-
CKO mice (Supplemental Figure 2, B and C) (26, 27).

In addition, the Ctsk* cells expressed the chondrogenic dif-
ferentiation marker COLII, the osteogenic differentiation marker
OPN/OCN (osteocalcin), and the osteoclast marker TRAP (tar-
trate-resistant acid phosphatase) in the patellar tendons of the
6-week-old Ctsk-CKO Rosa26-Ai9 mice (Supplemental Figure 2, D
and E). Consistent with previous studies, Ctsk-Cre was expressed
in a subset of perichondrial cells within the groove of Ranvier
(Supplemental Figure 3A) (25). The Ctsk-Cre-expressing chon-
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droid cells in osteochondroma at the proximal tibia displayed var-
ious developmental stages, including COLII* proliferative chon-
drocytes and COLX* hypertrophic chondrocytes (Supplemental
Figure 3, B and C). Taken together, these data indicate that the
Ctsk-Cre-expressing cells at the tendons and ligaments contribut-
ed to the development of HO in this model.

Ctsk-Cre labels a unique subpopulation of TDPCs. The above
research indicated that Ctsk-Cre may label a group of stem/progen-
itor cells in response to Hh signaling in the tendons and ligaments.
These Ctsk-Cre-expressing cells in the tendinous insertions of the
patella, quadriceps tendon, and Achilles tendon expressed the
tenogenic marker Scx after crossing with SexGFP mice (Figure 3A
and Supplemental Figure 4A). Then, 4 distinct populations, Ctsk-
Scx (84.9% * 14.3%), Ctsk'Scx* (2.1% * 1%), Ctsk*Scx™ (10.2%
* 1.6%), and Ctsk*'Scx* (2.9% * 1.9%), were identified by FACS
analyses (Figure 3B). Moreover, the Ctsk*Scx* cells were showed
to be enriched in the TDPC markers CD44, CD105, Nestin, and
Scal, as well as other stem/progenitor cell surface markers, such
as CD24 and CD200 (Figure 3C and Supplemental Figure 4C).
In vitro colony formation has been identified as a progenitor cell
characteristic. For analysis of the colony-forming ability of the 4
populations, Ctsk'Scx,, Ctsk*Scx, Ctsk'Scx*, and Ctsk*Scx* cells
were isolated and cultured. By culture day 7, the Ctsk*Scx* cells
exhibited much higher colony-formation efficiency than the other
cells (Figure 3, D and E). As previous studies have suggested that
TGF-B ligands can induce the expression of Scx, we also found that
TGF-B3 maintained Scx expression in the Ctsk*Scx* cells in vitro
(Figure 3F) (28-30). Next, we compared the multipotent differ-
entiation potential of the 4 subpopulations for osteogenesis, adi-
pogenesis, and chondrogenesis. Neither Ctsk'Scx™ nor Ctsk'Scx*
tendon-derived cells showed multipotent differentiation potential
in vitro. Interestingly, Ctsk'Scx* tendon-derived cells showed a
higher capability of differentiating into all of the 3 lineages than
Ctsk*Scx™ tendon-derived cells (Figure 3G and Supplemental Fig-
ure 4D). Taken together, these data indicated that Ctsk-Cre could
label a unique subpopulation of TDPCs marked by ScxGFP, which
represents a novel cell origin of HO.

Sufu-deficient tendon-derived cells exhibit enhanced chondro-
genic and osteogenic differentiation. Previous histological analysis
showed increased chondrocytes and osteoblasts in the tendons of
the Ctsk-CKO mice, which prompted us to test whether Sufit was
critical for the differentiation of TDPCs. We isolated and cultured
Ctsk* cells from the Achilles tendons of the 4-week-old Ctsk-Ctrl
Rosa-Ai9 mice and Ctsk-CKO Rosa-Ai9 mice. The Ctsk* cells from
the Achilles tendons of the Ctsk-CKO Rosa-Ai9 mice showed
enhanced chondrogenic differentiation (Figure 4A). Quantitative
reverse transcriptase PCR (QRT-PCR) showed higher expression
of chondrogenic genes (Sox9, Col2al, Aggrecan) in the Sufu-defi-
cient tendon-derived cells than in the control cells (Figure 4B).
Tendon-derived cells from the 4-week-old Ctsk-CKO Rosa-Ai9
mice revealed enhanced ALP staining and higher supernatant
ALP activity after 7 days of culture compared with the cells from
the Ctsk-Ctrl Rosa-Ai9 mice (Figure 4, C and D). Sufu deficiency
resulted in increased mineralization by alizarin red staining after
14 days of culture (Figure 4C). qRT-PCR showed higher expres-
sion of Hh target genes (Glil, Gli2, Patchl) and osteogenic genes
(Alp, Bsp, Ocn, Runx2, Osx) in the Sufu-deficient tendon-derived
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Figure 3. Ctsk-Cre labels a unique subpopulation of TDPCs. (A) Fluorescence imaging of the Achilles tendon of 2-week-old Ctsk-Cre Rosa26-Ai9 ScxGFP mice.
Scale bars: 50 um. (B) FACS analysis of percentages of Ctsk*Scx*, Ctsk™Scx*, and Ctsk*Scx tendon-derived cells from the Achilles tendon of 4-week-old Ctsk-
Cre Rosa26-Ai9 ScxGFP mice. Images are representative of 3 independent experiments. (C) FACS analysis of stem cell surface markers of Ctsk*Scx*, Ctsk-Scx®,
and Ctsk*Scx™ tendon-derived cells from the Achilles tendon of 4-week-old Ctsk-Cre Rosa26-Ai9 ScxGFP mice. Images are representative of 3 independent
experiments. (D) Colony formation assay using Ctsk™Scx”, Ctsk*Scx-, Ctsk™Scx*, and Ctsk*Scx* tendon-derived cells from the Achilles tendon of 4-week-old
Ctsk-Cre Rosa26-Ai9 ScxGFP mice. Colonies were stained with crystal violet after 7 days of culture (n=5). (E) Colony numbers were counted, and colony-forma-
tion efficiencies in each group are shown (n= 5). Data are presented as the mean + SEM; 1-way ANOVA with Tukey's test was used for comparison of multiple
groups; ***P < 0.001. (F) Fluorescence imaging of the cultured Ctsk*Scx* TDPCs after 96 hours with or without TGF-f3. (G) In vitro differentiation of sorted
Ctsk*Scx* TDPCs into osteogenic lineage (3 weeks) by alizarin red S staining, adipogenic lineage (1 week) by Oil Red O staining, and chondrogenic lineage (2
weeks) by Alcian blue and Safranin O staining.
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Figure 4. Sufu-deficient tendon-derived cells exhibit enhanced chondrogenic and osteogenic differentiation. (A) Chondrogenic differentiation of
high-density sorted Achilles tendon cells from 4-week-old Ctsk-CKO Rosa26-Ai9 mice and Ctsk-Ctrl Rosa26-Ai9 mice cultured in chondrogenic medium

was assessed by Alcian blue staining at day 10 (n = 4). (B) gRT-PCR analysis of gene markers of chondrogenesis. (C) Osteogenic differentiation analysis of
Sufu-deficient tendon-derived cells and control cells by ALP staining (1 week) and alizarin red S staining (2 weeks) (n = 5). Insets represent the fluorescence
signals of cells after differentiation. (D) Quantification of ALP activity relative to cell numbers. n = 5 per group. (E and F) Osteogenic differentiation of sort-
ed Achilles tendon cells from 4-week-old Ctsk-CKO Rosa26-Ai9 mice and Ctsk-Ctrl Rosa26-Ai9 mice. Gene expression analysis of markers of Hh signaling
and osteogenesis by gRT-PCR. (G) TUNEL assays revealed apoptosis of the Achilles tendon from 4-week-old Ctsk-CKO Rosa26-Ai9 mice and control mice.

n =3 per group. DNase | was used as positive control. Scale bars: 50 um. Results are presented as the mean + SEM; unpaired t test, **P < 0.01, ***P < 0.001.

cells than in the control cells (Figure 4, E and F). TUNEL was
performed to determine whether Sufu deficiency could affect the
apoptosis of TDPCs. However, the Achilles tendons of both the
4-week-old Ctsk-Ctrl Rosa-Ai9 mice and the Ctsk-CKO Rosa-Ai9
mice showed rare TUNEL-positive cells (Figure 4G). These data
suggest that Sufit deficiency leads to enhanced chondrogenic and
osteogenic differentiation, but not apoptosis of TDPCs.

Glil/Gli2 deficiency prevents HO progression in Ctsk-CKO mice.
In canonical Hh signaling, SUFU deficiency led to dysregulation
of Smoothened (SMO) to regulate mobilization of the zinc fin-
ger transcription factor GLI2. GLI2 translocates to the nucleus

from cilia and transactivates the GLI1 promoter. GLI1 and GLI2
directly activate transcription of Hh target genes (31). To deter-
mine whether activated Hh signaling is essential in HO and osteo-
chondroma development, we deleted Glil or Gli2 in the Ctsk-CKO
mice by crossing Glil“*%" knockin mice or G/i2"# mice, and the
knockout efficiency was verified by Western blot (Supplemental
Figure 5, A and B). X-ray and pCT radiographs demonstrated that
HO in the periarticular and Achilles tendons was almost rescued
in the 20-week-old Ctsk-CKO Glil*?#"«Z and Ctsk-CKO Gli2#
double-knockout mice (Figure 5A and Supplemental Figure 5C).
Osteophytes in the periarticular region of the double-knockout
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Figure 5. Gli1/Gli2 deficiency prevents HO progression in Ctsk-CKO mice. (A) X-ray and pCT radiographs show HO formation of the Achilles tendon of Ctsk-
Ctrl, Gliec2/cZ | Ctsk-Cre Gli2f/, Ctsk-CKO, Ctsk-CKO Gli1°<?/a2| and Ctsk-CKO Gli2"/f mice. (B) Quantitative analysis of the HO volume around the ankles of
Ctsk-Ctrl (n = 4), Gli1e?/Z (n = 4), Ctsk-Cre Gli2™" (n = 4), Ctsk-CKO (n = 6), Ctsk-CKO Gli1*?/aZ (n = 6), and Ctsk-CKO Gli2"/f (n = 5) mice. (C) SOFG staining
shows HO of the Achilles tendon of Ctsk-Ctrl, Gli1e?/aZ Ctsk-Cre Gli2"/f, Ctsk-CKO, Ctsk-CKO Gli1*?/e<z, and Ctsk-CKO Gli2"/f mice. Scale bars: 100 um. (D)
Immunofluorescence staining of the osteogenic marker OCN in the Achilles tendon of Ctsk-Ctrl, Gli1c?/<Z, Ctsk-Cre Gli2™", Ctsk-CKO, Ctsk-CKO Gli1az/1acz,
and Ctsk-CKO Gli2"/f mice. Scale bars: 50 um. Data are presented as the mean + SEM; 1-way ANOVA with Tukey's test was used for comparison of multiple

groups; **P < 0.01, ***P < 0.001.

mice disappeared (Supplemental Figure 5C), and the HO vol-
umes of the ligaments around ankle joints and Achilles tendons
were significantly decreased (Figure 5, A and B). SOFG staining
showed that no HO occurred in the periarticular region of the dou-
ble-knockout mice, and osteochondromas were also rescued (Sup-
plemental Figure 5D). The hind paws of these 2 double-knockout
mice appeared normal (Supplemental Figure 5E).The Safranin O-
positive chondrocytes and OCN-positive osteoblasts in the Achil-
les tendons of the double-knockout mice were decreased (Figure
5, C and D). These results indicate that a stabilized level of Hh sig-
naling activity is essential for the maintenance of progenitors in
ligaments, tendons, and perichondrium.

Pharmacological inhibition of Hh signaling by JQI1 ameliorates
HO progression in the Ctsk-CKO mice. Gant61 can block the tran-
scription of Glil, which has been used in the treatment of various

jei.org  Volume130  Number12  December 2020

types of Hh-overactive tumors in mice (32, 33). To verify the effects
of Gant61l on the Sufu-deficient TDPCs, we treated the sorted
4-week-old tendon-derived cells from the Ctsk-CKO Rosa26-Ai9
mice with gradient concentrations of Gant61l. As expected, the
expression of Hh target genes (Glil, Gli2, Patchl) decreased after
treatment (Supplemental Figure 6A). Gant61 treatment inhibited
the chondrogenic and osteogenic differentiation of the tendon-de-
rived cells from Ctsk-CKO Rosa-Ai9 mice in vitro (Figure 6, A-D;
and Supplemental Figure 6B). The Ctsk-CKO mice were intraper-
itoneally injected with 50 mg/kg Gant61 every 2 days for 3 weeks
starting at the age of 4 weeks in vivo. However, the Ctsk-CKO mice
treated with Gant61 showed no obvious change compared with
the Ctsk-Ctrl mice (Supplemental Figure 6C). JQl, a small-mol-
ecule inhibitor targeting BRD4, has been reported to inhibit the
transcription of GLII and GLI2 and treat Hh-driven tumors with
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resistance to SMO antagonists (34). We found that JQ1 could
dramatically inhibit the transcription of Hh target genes of the
tendon-derived cells from the Ctsk-CKO Rosa-Ai9 mice (Supple-
mental Figure 6A). This molecule also inhibited the chondrogenic
and osteogenic differentiation of the tendon-derived cells of the
Ctsk-CKO Rosa-Ai9 mice (Figure 6, A-D; and Supplemental Fig-
ure 6B). Then the Ctsk-CKO mice were injected intraperitoneally
with 50 mg/kg JQ1 daily for 3 weeks starting at the age of 4 weeks.
The mobility of the treated Ctsk-CKO mice was improved signifi-
cantly. Both osteochondroma and HO in the periarticular and
Achilles tendons were notably ameliorated by JQ1, as determined
by nCT radiographs (Figure 6, E and F). In addition, this dosage
of JQ1 showed no apparent detrimental effects on the growth of
long bones of the treated control mice (Figure 6E). The HO areas
of the patellar tendon and Achilles tendon were decreased nota-
bly as assessed by SOFG staining (Figure 6G and Supplemental
Figure 6D). The chondrocytes within osteochondroma were also
decreased after JQ1 treatment (Supplemental Figure 6D).

In conclusion, these results suggest that enhancement of Hh
signaling by deletion of Sufit in Ctsk-expressing cells can induce
HO in tendons and ligaments and that JQ1 might function as a
potential therapeutic drug in the treatment of Hh-driven HO.

Discussion

Tendon progenitor cells had so far been studied in vitro (13, 14,
29). The identification of tendon progenitor cells in vivo and study
of these cells are significant. We report, for the first time to our
knowledge, that Ctsk-Cre could label a subpopulation of TDPCs
that contribute to HO in vivo. Previous studies demonstrated that
Ctsk is also a marker of mature osteoclasts, chondroprogenitors in
the perichondrial groove of Ranvier, and periosteal mesenchymal
stem/progenitor cells (22-25). On the basis of our data, Ctsk* ten-
don-derived cells are also rich in TDPCs in combination with an
ScxGFP reporter. Previous studies have shown that tendon pro-
genitor cells marked by Scx contribute to HO in tendons and liga-
ments (5, 6). We identified a unique population, Ctsk*Scx* TDPCs,
from Scx* progenitor cells by Ctsk. The Ctsk*Scx* TDPCs showed
stronger clonogenic abilities and expressed higher levels of ten-
don stem/progenitor cell markers than other populations. The
Ctsk*Scx* TDPCs also showed higher mutipotential abilities and
tended to differentiate into chondrocytes and osteoblasts with the
overactive Hh signaling.

Hh signaling has been reported to be involved in HO (1). A
recent study showed that GliI-labeled adult mesenchymal stem/
progenitor cells contributed to endochondral HO (7). Ablation of
Hh signaling can inhibit the HO process in an Mkx-deficient mouse
model and a trauma-induced HO mouse model (35, 36). Activation
of Hh signaling is involved in intramembranous ossification in a
POH mouse model (PrxI-Cre Gnas"# mice) (19). Our mouse model
provides direct evidence that dysregulation of Hh signaling leads to
chondrogenic differentiation of TDPCs. The fact that activation of
Hh signaling induces 2 different HO phenotypes may be due to the
different cell types that Hh signaling affects. Our data show that
activation of Hh signaling with abnormal GIiI expression induces
Sox9 expression in the midsubstance. This finding indicates that
abnormal Hh signaling has a major impact on the cell properties
and functions of TDPCs in tendons and ligaments.
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Alimitation of this study is that the Ctsk-Cre mouse is a nonin-
ducible mouse line. We cannot distinguish when these progenitor
cells are marked. A CreERT2 mouse line is needed to address this
question. With the CreERT2 mouse line, we can also define the
role of Ctsk-lineage cells involved in trauma-induced HO and the
distribution pattern of Ctsk-lineage cells in HO stages by tracing.

Our study suggests that the cell fate of tendon progenitor
cells is regulated by Hh signaling. The fact that Scx* tendon pro-
genitor cells expressed the chondrogenic markers in HO provides
additional evidence that tendon progenitor cells can differentiate
into chondrocytes. As in previous studies, disturbance of Bmp
signaling can also induce chondrogenic differentiation of tendon
progenitor cells (5, 6). However, we cannot exclude the possibility
that some HO cells are externally recruited Ctsk* cells, especially
during new bone formation for vessel invasion.

Ptpnll deletion in Ctsk-Cre-expressing perichondrium cells
causes metachondromatosis, a rare inherited disorder featur-
ing multiple exostoses and enchondromas, which results from
enhanced Hh signaling (25). Our model provides evidence that
upregulation of Hh signaling can lead to the formation of osteo-
chondromas that originate from the groove of Ranvier. Howev-
er, enchondroma was not observed in our model instead of het-
erotopic ossified lesions. A previous study reported that IHH/
PTHrP signaling contributes to the genesis of enchondromas by
delaying terminal chondrocyte differentiation (37). The dele-
tion of Ptpnllleads to an increase in the Hh ligand Ihh (25). Sufu
deletion can lead to activation of Hh signaling independent of
Hh ligand (31, 38). The difference between the Ptpnll and Sufu
mouse models indicates the difference between ligand-depen-
dent Hh signaling and cell-autonomous Hh signaling induced by
deletion of Sufu. Interestingly, we found that upregulation of Hh
signaling by inactivation of Sufu in the Ctsk-Cre-expressing cells
could induce osteochondroma and progressive HO in tendons
and ligaments, while overactive Bmp signaling can also induce
these phenotypes (6). Inhibition of Hh signaling by targeting of
Glil can prevent the HO process of BMP4 and trauma-induced
HO (35). It is likely that all HO cases share a common pathway
that leads to the conversion of mesenchymal progenitor cells to
osteoblast lineages or chondrocytes from other cell lineages.
The mechanism of crosstalk between them remains to be fur-
ther determined.

Hh inhibitors including SMO antagonists and GLI antago-
nists were reported to treat different types of Hh-driven cancers
(39, 40). Our study showed that JQ1, a BET inhibitor that has
been proven effective in treating Hh-driven tumors resistant to
SMO antagonists (34), can ameliorate HO in the Ctsk-Cre Sufu/"
mouse model. A previous study showed that upregulation of Hh
signaling is found in human HO samples of the posterior longi-
tudinal ligament and that Hh signaling promotes chondrocyte
differentiation in endochondral ossification (41). Moreover, Hh
signaling has been reported to contribute to endochondral HO of
tendons in an injury-induced transgenic mouse model, and HO
was prevented by ablation of Hh signaling (7, 35). JQ1 could inhib-
it the enhanced chondrocyte differentiation of TDPCs caused by
upregulation of Hh signaling in vitro and in vivo. Our study indi-
cates that JQ1 may be a new therapeutic drug for endochondral
HO in ligaments and tendons.
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Figure 6. Pharmacological inhibition of Hh signaling by Q1 ameliorates
HO progression in Ctsk-CKO mice. (A) Alcian blue staining of high-den-
sity sorted Achilles tendon cells from 4-week-old Ctsk-CKO Rosa26-Ai9
mice and Ctsk-Ctrl Rosa26-Ai9 mice cultured in chondrogenic medium
treated with Gant61and JQ1at day 10 (n = 4). (B) gqRT-PCR analysis of
gene markers of chondrogenesis. (C) ALP staining (day 7) and alizarin red
S staining (day 14) of sorted Ctsk* cells from the Achilles tendon of Ctsk-
CKO Rosa26-Ai9 mice and Ctsk-Ctrl Rosa26-Ai9 mice treated with Gant61
and JQ1in osteogenic medium for 14 days (1 = 4). Insets represent the
fluorescence signals of the cells after differentiation. (D) Gene expression
of markers of Hh signaling and osteogenic differentiation after Gant61
and JQ1 treatment. (E) uCT radiographs showed the HO of Ctsk-Ctrl mice
with vehicle treatment (n = 3), Ctsk-Ctrl mice with JQ1 treatment (n = 4),
Ctsk-CKO mice with vehicle treatment (n = 6), and Ctsk-CKO mice with
JQ1treatment (n = 6). (F) Quantitative analysis of the whole HO volume
of Ctsk-Ctrl mice treated with vehicle (n = 3), Ctsk-Ctrl mice treated with
JQ1 (n = 4), Ctsk-CKO mice treated with vehicle (n = 6), and Ctsk-CKO mice
treated with JQ1 (n = 6). (G) SOFG staining of the Achilles tendon of Ctsk-
Ctrl and Ctsk-CKO mice with JQ1 or vehicle treatment. Images are repre-
sentative of 4 different sets of experiments. Scale bars: 100 pm. Data are
presented as the mean + SEM; 1-way ANOVA with Tukey’s test was used
for comparison of multiple groups; *P < 0.05, **P < 0.01, ***P < 0.001.

Methods

Mice. Suf”" mice containing loxP sites flanking exons 4-8 of Sufu
and Glil"?/«Z knockin mice were generated in-house (42, 43).
Gli2" mice were provided by Zunyi Zhang (Hangzhou Normal
University, Hangzhou, China) (44). ScxGFP transgenic mice were
obtained from Hongwei Ouyang (Zhejiang University, Hangzhou,
China) (45). Ctsk-Cre mice were provided by S. Kato (University
of Tokyo, Tokyo, Japan) (24). Ai9 reporter mice were provided by
Zilong Qiu (Chinese Academy of Sciences, Shanghai, China) (46).
All mice analyzed were purified and maintained on the 129/Sv
background. Sex-matched littermate controls were used in all anal-
yses. Both male and female mice were analyzed. All mice were bred
and maintained under specific pathogen-free conditions.

Radiographic assessment. All mice were euthanized by carbon diox-
ide, and the hind limbs or whole bodies were kept in 70% ethanol. The
skeletons were analyzed using Faxitron MX-20 for x-ray image analysis.

For pCT analysis, the hind limbs or whole bodies isolated from the
same age and sex were fixed in 70% ethanol and scanned using Sky-
Scan 1272 (Bruker, Kartuizersweg, Belgium) at a resolution of 18 um.
Then 3D reconstruction was performed by the same threshold.

Histology analysis. For paraffin sections, femurs and tibiae were
fixed in precooled 4% paraformaldehyde for 48 hours at 4°C, and
decalcified in 10% EDTA (pH 7.5). After PBS washing, the specimens
were dehydrated with 70%, 95%, and 100% ethanol, embedded with
paraffin after xylene immersion, and cut into 7-um-thick sections. The
sections were stained with H&E and Safranin O/fast green (SOFG) fol-
lowing standard steps (47).

For frozen sections, the hind limbs and tendons were fixed in
precooled 4% paraformaldehyde for 48 hours at 4°C. After complete
decalcification in 10% EDTA, they were dehydrated in 30% sucrose
overnight and then embedded with OCT compound (Tissue-Tek,
4583) and sectioned at 10 um thickness using a Leica CM3050 S freez-
ing microtome.

Immunofluorescence. Frozen sections were air-dried and rehy-
drated with PBS, blocked, and permeabilized with 10% horse serum
and 0.2% Triton X-100 in PBS at room temperature for 1 hour. The
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sections were then probed with the following primary antibodies
overnight at 4°C: goat anti-OPN (R&D Systems, AF808; 1:400),
goat anti-CD31 (R&D Systems, AF3628; 1:200), mouse anti-COL2
(Abcam, ab185430; 1:200), rabbit anti-TRAP (Abcam, ab185716;
1:200), rabbit anti-osteocalcin (Abcam, ab93876; 1:200), rabbit
anti-Col10al (ABclonal, a6889; 1:200), rabbit anti-aggrecan (Milli-
poreSigma, ab1031x;1:100), and rat anti-EMCN (Santa Cruz Biotech-
nology, sc-65495; 1:200). Fluorescence-labeled secondary antibod-
ies (1:1000) were incubated for 1 hour under shielding from light at
room temperature after washing with PBS. Nuclei were stained with
DAPI (MilliporeSigma, D9542). Sections were mounted using fluo-
rescence mounting medium (Dako, $3023). Imaging was performed
with an Olympus FV1200 confocal microscope.

Cell sorting and culture. Primary tendon-derived cells were iso-
lated from the Achilles tendons of 4-week-old mice. After the tendon
sheath was dissected, the tendon was cut into pieces and digested with
collagenase II (1.5 mg/mL; MilliporeSigma) and dispase II (2 mg/mL;
Roche) for 30 minutes at 37°C. Digestion solution was collected and
centrifuged at 500g for 5 minutes. The isolated cells were cultured in
a 24-well plate with a-MEM (Corning) containing 10% FBS. Then the
fluorescence-labeled tendon-derived cells were sorted by Aria SORP.

FACS analysis. For the analysis of the cells from Achilles ten-
dons of Ctsk-Cre Rosa26-Ai9 ScxGFP mice, a previously described
method was used (13, 23). After RBCs among the acquired ten-
don-derived cells were removed by RBC lysis buffer (Beyotime,
C3702), the acquired tendon-derived cells were stained with APC-
anti-mouse CD24 (BioLegend, 138505), APC-anti-mouse Nes-
tin (BioLegend, 655108), APC-anti-CD44 (BioLegend, 559250),
APC-anti-mouse CD200 (BioLegend, 123809), PE/Cy7-anti-
mouse CD105 (BioLegend, 120409), and APC-anti-Scal (eBiosci-
ence, 17-5981-81). After PBS washes, flow cytometric analysis was
conducted and analyzed using Beckman CytoFlex FCM.

Colony formation assay and in vitro multipotent differentiation. For
the colony formation assay, approximately 20 cells of sorted Ctsk Scx,
Ctsk'Scx*, Ctsk*Scx, and Ctsk*Scx* cells from the Achilles tendons of
the Ctsk-Cre Rosa26-Ai9 ScxGFP mice were cultured for 7 days. In vitro
multipotent differentiation toward osteogenesis, adipogenesis, and
chondrogenesis was performed as previously described (13, 23). For
osteogenesis, briefly, approximately 2 x 10* cells were seeded per well
in 96-well plates in a-MEM (Corning) supplemented with 10% FBS
and 1% penicillin/streptomycin (Thermo Fisher Scientific). After 12
hours, the medium was switched to osteogenic differentiation medi-
um including 50 pg/mL ascorbic acid (MilliporeSigma) and 1 mg/mL
glycerophosphate (MilliporeSigma). The medium was changed every
2 days. After 21 days of induction, the osteogenic differentiation abili-
ty was determined by alizarin red S staining.

For adipogenesis, the differentiation medium contained solution
A and solution B. Solution A contained o-MEM with 10% FBS, 50
mM dexamethasone (MilliporeSigma), 100 nM rosiglitazone (Mil-
liporeSigma), 500 nM 3-isobutyl-1-methylxanthine (IBMX) (Milli-
poreSigma), 10 mg/mL insulin (MilliporeSigma), and 1% penicillin/
streptomycin (MilliporeSigma). Adipogenic differentiation was deter-
mined by 0.5% Oil Red O staining (MilliporeSigma) and BODIPY
(Invitrogen) after 7 days of induction.

For chondrogenesis, briefly, cells were harvested and resuspend-
ed in 0-MEM supplemented with 10% FBS and 1% penicillin/strepto-
mycin. Droplets (15 uL) containing 2.5 x 10° cells were carefully placed
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in the middle of each well of a 24-well plate. After cells adhered at
37°C for 2-4 hours, 500 mL of chondrogenic medium including 1%
insulin-transferrin-selenium solution (ITS, MilliporeSigma), 10 ng/
mL TGF-B3 (PeproTech), 100 nM dexamethasone (MilliporeSigma),
40 pg/mL proline (MilliporeSigma), 50 pg/mL L-ascorbic acid 2-phos-
phate (MilliporeSigma), and 1 mM sodium pyruvate (Thermo Fisher
Scientific) was added. The medium was changed every 2 days. Micro-
mass cultures were stained with Alcian blue at day 10.

Quantification of relative ALP activity. For quantitative analysis
of the relative ALP activity, cells cultured after 7 days were incubated
with alamarBlue (Thermo Fisher Scientific) for 4 hours at 37°C, and the
cellularity was determined using EnVision (PerkinElmer) at 580 nm.
Then the supernatants were removed, cells were incubated with ALP
substrate solution containing 6.5 mM Na,CO,, 18.5 mM NaHCO,, 2 mM
MgCl,, and 1 mg/mL phosphatase substrate (MilliporeSigma) for 30
minutes, and ALP activities were determined with EnVision at 405 nm.

TUNEL. TUNEL assays for apoptosis testing were performed as
described by Promega.

Real-time RT-PCR analysis. Total RNA was prepared using TRIzol
(MilliporeSigma) and was reverse-transcribed into cDNA with the Pri-
meScript RT Reagent Kit (TaKaRa). Real-time quantitative PCR was
performed with the Bio-Rad CFX96 system. The sequences of oligonu-
cleotides used for quantitative PCR are listed in Supplemental Table 1.

Western blot. Cells from Achilles tendons of mice were homoge-
nized in cold lysis buffer supplemented with protease inhibitor cock-
tails (MedChemExpress, HY-KO010). Proteins were separated by
SDS-PAGE and transferred to PVDF membrane. After blocking with
5% Non-Fat Powdered Milk (Sangon Biotech, A600669) in 1x TBST
buffer, membranes were hybridized at 4°C overnight with the following
primary antibodies: Glil (Cell Signaling Technology, 2534S; 1:1000)
and Gli2 (Abcam, ab26056). Then, the membranes were incubated
with HRP-conjugated secondary anti-rabbit IgG (Dako, P0217;1:5000)
for 1 hour at room temperature. Signals were visualized with the ECL
Reagent (MilliporeSigma, 345818). Full, uncut gels are available in Sup-
plemental Figure 7.

Gant61/]JQl treatment. For in vitro treatment, Gant61 (MedChe-
mExpress, HY-13901) and JQ1 (MedChemExpress, HY-13030) were
dissolved in DMSO, and cells were treated using gradient concentra-
tions. For in vivo treatment, JQ1 and Gant61 were dissolved and used
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according to the recommended guidelines (48, 49). Four-week-old
Ctsk-CKO mice and littermate controls were injected with 50 mg/kg
Gant61 or vehicle intraperitoneally every 2 days or 50 mg/kg JQ1 or
vehicle intraperitoneally daily. After 3 weeks, we performed radio-
graphic assessment and histological analysis on these hind limbs.

Statistics. All results are presented as the mean + SEM. Compar-
isons between 2 groups were analyzed using 2-tailed, unpaired Stu-
dent’s ¢ test. ANOVA followed by Tukey’s post hoc test was used when
the data involved multiple-group comparisons.

Study approval. All experiments were performed according to
the protocol approved by the Animal Care and Use Committee of the
Institute of Biochemistry and Cell Biology, Shanghai Institutes for Bio-
logical Sciences, Chinese Academy of Sciences.
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