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BIOPHYSICS

Primary cilia as the nexus of biophysical and hedgehog

signaling at the tendon enthesis

Fei Fang', Andrea G. Schwartz?, Emily R. Moore3, McKenzie E. Sup'#, Stavros Thomopoulos™**

The tendon enthesis is a fibrocartilaginous tissue critical for transfer of muscle forces to bone. Enthesis pathologies
are common, and surgical repair of tendon to bone is plagued by high failure rates. At the root of these failures is
a gap in knowledge of how the tendon enthesis is formed and maintained. We tested the hypothesis that the
primary cilium is a hub for transducing biophysical and hedgehog (Hh) signals to regulate tendon enthesis forma-
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tion and adaptation to loading. Primary cilia were necessary for enthesis development, and cilia assembly was
coincident with Hh signaling and enthesis mineralization. Cilia responded inversely to loading; increased loading
led to decreased cilia and decreased loading led to increased cilia. Enthesis responses to loading were dependent
on Hh signaling through cilia. Results imply a role for tendon enthesis primary cilia as mechanical responders and
Hh signal transducers, providing a therapeutic target for tendon enthesis pathologies.

INTRODUCTION

Tendon and its associated enthesis are essential components of the
musculoskeletal system, linking muscle to bone to allow for coordi-
nated muscle contraction, skeletal movement, and stability (1). This
critical connection between muscle and bone, however, is prone to
injury, accounting for a large number of musculoskeletal injuries in the
United States every year (1-3). These injuries are often the result of
overuse damage or underuse degeneration, leading to tendinopathy,
enthesopathy, and eventually tissue rupture. Despite the prevalence
of these injuries, no consensus treatments are available to prevent
tendinopathy or enthesopathy or to recover a torn tissue to its native
structure and full biomechanical functionality. There remains a
critical gap in knowledge in our understanding of tendon enthesis
responses to loading and the biological mechanisms that control these
responses. The development of effective therapeutics is therefore
hampered by our limited knowledge of tendon enthesis develop-
ment biology, mechanobiology, and the endogenous mechanisms
governing tendon pathogenesis and healing (3).

Both mechanical force and hedgehog (Hh) signaling are necessary
for the development and maintenance of the tendon enthesis (4, 5).
Loading deprivation of mouse shoulders during postnatal develop-
ment causes structural, compositional, and functional defects in the
tendon enthesis, including reduced collagen fiber alignment, decreased
mineral content, and impaired mechanical function (6). Conversely,
application of moderate in vivo loading by treadmill running in
both adult and aging mice shows beneficial effects, including increased
gene expression related to tenogenesis, enhanced mechanical prop-
erties, and altered tendon composition (7). Hh signaling also drives
enthesis fibrocartilage formation, mineralization, and healing. A
unique population of Hh-responsive cells build the tendon enthesis
at the postnatal stage (5, 8, 9). Ablation of these cells resulted in
decreased fibrocartilage formation and collagen disorganization.
Conditional deletion of Smoothened (Smo), a transmembrane pro-
tein necessary for Hh responsiveness, resulted in thinner fibrocarti-
lage and decreased biomechanical function of the tendon enthesis
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(5, 8, 9). Enthesis cells with high Hh activation are also involved in
enthesis healing, suggesting their importance for enhancing healing
outcomes (5, 10). Nonetheless, it has been a challenge to identify the
cellular mechanism(s) controlling downstream cascades of mechano-
transduction and the specific regulation of Hh signaling on tendon
enthesis development and adaptation.

The primary cilium, an antenna-like nonmotile organelle that proj-
ects from the apical surface, is a critical component of intracellular
biophysical and Hh signaling for many cells (11). Articular cartilage
with disrupted primary cilia had increased thickness and reduced
mechanical properties (12). Removal of primary cilia also markedly
reduced loading-induced matrix deposition in chondrocytes (13). In
bone, disruption of cilia formation in osteocytes resulted in a failure
to trigger intracellular signaling cascades upon mechanical stimula-
tion and a decrease in vivo bone formation (14). Furthermore, sev-
eral components of the Hh signaling pathway, including Smo, are
localized on or transduced inside the primary cilium itself, and Hh
signaling activation and suppression are, in part, dependent on cilia
(11). Mutation of ciliary proteins impairs Hh signaling, leading to
ciliopathies such as cleft palate and polydactyly (15). These prior
findings motivate our hypothesis that tendon enthesis formation
and function are driven by cilia-dependent biophysical and Hh sig-
naling. To test this hypothesis, we used tendon enthesis—specific
mouse models and manipulated their physiological loading envi-
ronments. We found that primary cilium incidence was temporally
synchronized with Hh signaling during enthesis development. En-
thesis cells responded to mechanical loading by inversely adjusting
cilium incidence. Genetic disruption of cilia components led to de-
fects in enthesis structure and mechanical properties. Furthermore,
enthesis cell incidence was induced by the removal of Hh signaling
and was coupled with diminished adaption to loading. Thus, our work
revealed that primary cilia were at the nexus of mechanoresponsive-
ness and Hh signaling, directing tendon enthesis development and
mediating its acclimatization to physiological loading.

RESULTS

Primary cilia are prevalent at the postnatal tendon enthesis
We previously demonstrated that Hh signaling is essential for tendon
enthesis formation; furthermore, others have shown that primary
cilia are critical for transduction of Hh signaling to musculoskeletal
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cell nuclei (5, 15). Therefore, we investigated tendon enthesis cell ~ were used for immunostaining to detect primary cilia of supraspinatus
ciliogenesis during tendon enthesis development into maturityina tendon enthesis cells from different developmental stages (Fig. 1 and
murine model. Antibodies against ciliary axoneme markers, includ-  fig. S1). Cilium incidence (the number of ciliated cells normalized by
ing acetylated o-tubulin, IFT88 (Intraflagellar transport protein 88)  the total cell number) of tendon enthesis cells increased markedly in the
(ciliary axoneme markers), and/or the centrosome marker pericentrin,  first 2 weeks postnatally, coincident with the pattern of Hh activation

C57BL/6J mice
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Fig. 1. Ciliogenesis of tendon enthesis cells during postnatal development coincides with Hh signaling and enthesis mineralization. (A to C) Immunofluorescence
staining of Hh component Gli1 (gray) at the supraspinatus tendon enthesis (A) and primary cilia via acetylated tubulin (red, white arrowheads) at the enthesis (B) and
midsubstance (C). Panels below (B) and (C) are magnified images corresponding to the colored rectangles. Arrowheads mark primary cilia; 4',6-diamidino-2-phenylindole
(DAPI) stains nuclei; P1, postnatal day 1; W1, postnatal week 1. Scale bars, 10 um (panel insets). (D and E) Safranin O staining of the tendon enthesis and midsubstance at
different developmental stages. Dashed lines mark the tendon enthesis. (F) lllustration of the transduction of Hh signaling inside the primary cilium. IFT, intraflagellar
transport protein. (G) Quantification of the incidence of ciliated cells at the tendon and tendon enthesis as well as Gli1-positive (Gli1+) cells, normalized by the total
cell number. Four to five mice were analyzed per time point; all data are represented as means + SD; n represents the number of cells counted. a, P < 0.05 compared to WO;
b, P<0.05 compared to W1; ¢, P < 0.05 compared to W2; d, P < 0.05 compared to W4; e, P < 0.05 compared to W8; f, P < 0.05 compared to W13.
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[i.e., glioma-associated oncogene (Glil) expression] (Fig. 1, A, B, D,
and G). In contrast, tendon midsubstance cells maintained a low level
of ciliogenesis throughout postnatal development (Fig. 1, C, E, and G).
The proportion of tendon enthesis cells with cilia increased signifi-
cantly between postnatal weeks 1 and 2 (W1 and W2), from 4.6 to
29.7%, and then decreased gradually to 12.1% by W13. Correspond-
ingly, expression of Glil protein, the downstream effector of Hh
signaling, changed in parallel with cell ciliogenesis during enthesis
development (Fig. 1, A and G). Enthesis cells had the highest activa-
tion of Glil and concurrent cilium incidence at W2 (Fig. 1G), coin-
ciding with the onset of mineralization of the supraspinatus tendon
enthesis (Fig. 1D) (16). These results imply that primary cilia contrib-
ute to Hh-driven and loading-regulated enthesis mineralization.

There is an inverse relationship between in vivo loading

and primary cilium incidence

Motivated by the mechanosensory role of cilia in chondrocytes and
osteocytes (17-19), we evaluated the connection between primary
cilia incidence and tendon enthesis mechanoresponsiveness during post-
natal development. Tamoxifen (TA)-inducible GliCreER"%Rosa26™"¢
mice were used to track Glil-lineage (Glil-lin) cells. Mice were in-
jected with TA at P14 (TA14) or P28 (TA28) and sacrificed at P56.
Shoulders were paralyzed starting at birth using botulinum toxin A
(BtxA) injection, a model that we previously established to unload
the supraspinatus tendon enthesis and leads to defects in tendon
enthesis formation (6). Compared to the entheses from contralateral
control shoulders, unloading increased cilium incidence by 33%
in TA14 mice and 66% in TA28 mice, respectively (Fig. 2, A to C).
Similarly, unloading increased the Glil-lin cell population by 48%
in TA14 mice and 59% in TA28 mice (Fig. 2D). Unloading did not
significantly change cilium incidence in the Glil-lin cells in TA14
mice but resulted in a 31% decrease of cilium incidence in TA28
mice (Fig. 2E). However, cilium incidence of non-Glil-lin cells was
increased by 109 and 124% in TA14 and TA28 mice, respectively,
after unloading (fig. S2). Unloading from birth through P56 led to
significant up-regulation of genes related to ciliogenesis (e.g., IFT88,
IFT80, and Dync2lil) and Hh signaling (e.g., Ptchl, Glil, Gli2, and
Gli3; Fig. 2E). These results demonstrate that biophysical forces
drive ciliogenesis and activation of Hh signaling during enthesis
development.

To determine mechanoresponsiveness of cilia in the adult enthesis,
BtxA was used to unload tendon entheses, and treadmill running
was used to overload tendon entheses (7). Consistent with the effects
of unloading during development, 2 weeks of unloading led to in-
creases of 166% in cilium incidence and 175% in Glil-positive
(Glil+) cells (Fig. 3, A and C). Similarly, 4 weeks of unloadingled to
increases of 142% in cilium incidence and 128% in Glil+ cells. In
contrast to results during postnatal development, unloading of skel-
etally mature tendon entheses did not significantly change cilium
incidence of Glil+ cells, demonstrating that cilium assembly was not
fully synchronized with Hh signaling in the adult tendon enthesis.
In contrast to the effects of unloading, overloading led to a 48.7 and
56.8% decreases in cilium incidence after 2 and 4 weeks of treadmill
running, respectively (Fig. 3, B and D). Running-induced overload-
ing did not modify the population of Glil+ cells nor did it change
cilium incidence of Glil+ cells. Overloading through 4 weeks of
treadmill running led to down-regulation of genes related to cilio-
genesis (i.e., IFT88, Kif3A, and Dync2lil) and Hh signaling (i.e., Gli2;
Fig. 3E). In summary, unloading and overloading experiments in
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postnatal and adult animals demonstrate an inverse relationship be-
tween loading and cilium incidence/Hh activation.

Primary cilia are necessary for enthesis formation

The loading and unloading data demonstrate modulation of cilio-
genesis at the tendon enthesis in response to in vivo loading. To
extend our understanding of the role of primary cilia at the enthesis,
we examined their necessity for enthesis formation. Tendon-specific
(Scx-Cre) conditional deletion of IFT88, a ciliary gene, was achieved
using ScxCre;IFT88™! (cKO) mice (20). cKO mice had a 64% decrease
in cilium incidence compared to their littermate controls (Fig. 4,
A and E). Phenotype analysis from P10 to W13 demonstrated clear
effects of cilia disruption on enthesis formation. The wild-type (WT)
entheses had rounder and apparently larger cells compared to cKO,
consistently from P10 to W13 (Fig. 4, B and C). This alteration in
fibrocartilage cell phenotype was confirmed by changes in the ex-
pression of collagen X, a marker for hypertrophic chondrocytes;
collagen X expression was significantly decreased by 67% in enthe-
ses from cKO mice compared to entheses from WT mice at 8 weeks
(Fig. 4, C and F, and fig. S3D). Cortical and trabecular bone were
not affected by IFT88 knockout until W13 (Fig. 4G). At this time
point, cKO mice had significantly deteriorated bone morphometry
of the humeral head, with thinner cortical bone and less mineralized
enthesis fibrocartilage (Fig. 4, C and G, and fig. S2, C and F). Fur-
thermore, the tendon entheses from 13-week-old cKO mice had
decreased structural properties (i.e., maximum force and stiffness)
and increased material properties (i.e., stress and modulus; Fig. 4H),
with drastically smaller cross-sectional areas in cKO tendon enthe-
ses (fig. S3A). IFT88 knockout in Scx-expressing cells led to overall
changes in mouse physiology. The growth of cKO mice was slower,
with significantly lower body weights compared to WT controls (fig.
S3A and B). Thirty percent of cKO mice died between W6 and W13,
possibly due to polycystic kidney disease directly caused by deletion
of TIFT88. Loss of IFT88 in Scx-expressing cells resulted in altered
mouse locomotion, e.g., swing speed and cadence (fig. S3A).

Ciliary Hh signaling mediates mature enthesis adaptation
toin vivo loading

To examine the interaction between primary cilia, Hh signaling, and
in vivo mechanical loading, we generated mice that harbored a tendon-
specific loss of the Hh receptor Smo (Smoothened) and subjected them
to unloading and overloading protocols (Fig. 5A). Deletion of Smo
caused a 55.0% increase in tendon enthesis cells with primary cilia,
indicating that cilia assembly was maintained or induced by Hh
disruption (Fig. 5, B and D). Overloading and unloading also induced
cilia disassembly and assembly, respectively, in the enthesis from
ScxCre;Smo”™ cKO and WT mice, further demonstrating a mecha-
nosensory role of cilia at the enthesis (Fig. 5D). Consistent with
our previous study, loss of Smo in Scx-expressing cells led to a loss
of enthesis fibrocartilage and decreased structural and material prop-
erties (Fig. 5, C and E to G, and fig. S4A). When considering enthe-
sis mechanoresponsiveness, both overloading and unloading led to
changes in enthesis mineralization (i.e., increased and decreased
densities of cortical bone after overloading and unloading), bone
morphometry, and mouse gait in WT mice (Fig. 5 and fig. $4). In
contrast, Hh deletion mitigated many of these loading-induced
changes to the tendon enthesis of WT mice: cross-sectional area in
WT mice decreased after both overloading and unloading (Fig. 5E),
stiffness and ultimate stress decreased after unloading, and ultimate
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Fig. 2. Unloading during tendon enthesis development stimulates primary cilia assembly. (A and B) Immunofluorescence for primary cilia (red, white arrowheads)
of the tendon enthesis from GliCreER™%Rosa26™ ™ mice with TA injection and BtxA-induced paralysis (unloaded, right shoulder) or saline injection (control, left shoulder)
at the time points indicated. Panels on the top left show magnified views of the orange rectangles. DAPI stains nuclei; PO, postnatal day 1; TA, tamoxifen injection; Sac,
sacrifice; scale bar, 10 um (inset). (C) Incidences of ciliated cells per all the cells at the tendon enthesis of (A) and (B) mice with TA injection at P14 and P28. n represents
the number of cells counted. The error bars show SD of tissue samples from different animals. *P < 0.05, **P < 0.01, ***P < 0.001. (D) Incidences of Gli1-lin cells per all the
cells at the tendon enthesis of (A) and (B) mice. (E) Incidences of ciliated Gli7-lin cells normalized by Gli1-lin cells at the tendon enthesis, showing the incidence of Gli7-lin
cells that were ciliated. (F) Expression of genes related to primary cilia and Hh signaling from tendon entheses of 8-week-old C57BL/6J mice paralyzed since birth.

stress increased after overloading; none of these outcomes were af-
fected by loading in ScxCre;Smo™" cKO mice (Fig. 5F). When ex-
amining the morphometry of bone adjacent to the tendon enthesis,
overloading increased and unloading decreased cortical bone den-
sities (tissue mineral density) and trabecular bone densities (bone
mineral density) in both genotypes (Fig. 5G). Similar results were seen
in other bone morphometry outcomes (fig. S4B). At the whole animal
level, both swing speed and cadence were increased by unloading
for both genotypes (Fig. 5H and fig. S4C).

DISCUSSION

The current study demonstrated that tendon enthesis formation and
function are driven by primary cilium-dependent biophysical and
Hh signaling. We first identified that the primary cilium is critical
for tendon enthesis mechanoresponsiveness. Ciliogenesis during
enthesis development and maturity was inversely driven by physio-
logical loading. In addition, cilium incidence at the tendon enthesis
increased during enthesis mineralization and was synchronized with
Hh signaling, supporting the concept of interplay between Hh sig-
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naling and cilia (21). This is consistent with previous reports that both
primary cilia and Hh components change dynamically during muscle
differentiation (22). Further evidence of this interplay was shown
through deletion of Hh signaling, which caused abnormal ciliogen-
esis and diminished mechanoresponsiveness at the tendon enthesis.
Most markedly, the deletion of primary cilia from the tendon en-
thesis caused significant structural and compositional defects to the
enthesis. Therefore, primary cilia are key regulators of enthesis for-
mation and maintenance, modulating their assembly in response to
biophysical forces and their interaction with Hh signaling.
Consistent with the current in vivo results, an inverse relation-
ship has been demonstrated previously between ciliogenesis and
mechanical loading in vitro (17, 23, 24). Mechanical stimulation
above a threshold leads to cilia shortening and disassembly, and re-
moval of mechanical loading leads to cilia elongation and assembly
(24-26). This response may be an effort of cilia to scale their sensitiv-
ity according to the loading signal. Cilium elongation or assembly
increases the mechanosensitivity of the cilium or increases the num-
ber of mechanosensors on the ciliary membrane, respectively, which
improves the cell’s ability to sense mechanical cues from its environment
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assembly and disassembly, respectively. (A) Imnmunofluorescence for primary cilia
(red, white arrowheads) of the tendon entheses from 9-week-old C57BL/6J mice with
BtxA (right, unloaded) or saline (left, control) injection at the time indicated on the
images. 2W, 2 weeks; scale bar, 10 pm (inset). (B) Immunofluorescence for primary
cilia of the tendon entheses from 9-week-old C57BL/6J mice after 4 weeks cage activ-
ity or 2 or 4 weeks treadmill running. (C) Quantification of the incidence of ciliated
cells (per total cells), Gli1+ cells (per total cells), and ciliated Gli1+ cells (per
Gli1+ cells) from (A). *P < 0.05. (D) Quantification of the incidence of ciliated cells
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from (B). (E) Expression of genes related with primary cilia and Hh signaling
from tendon enthesis of 9-week-old C57BL/6J mice after 4-week cage activity or
treadmill running.
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(15). However, the exact mechanism(s) by which mechanical load-
ing causes adjustment of cilium length or assembly of new cilia
to form this feedback loop remains unknown. Ciliary disassembly is
driven by the Aurora A-histone deacetylases 6 (HDAC6) cascade:
Aurora A activates HDAC, a tubulin deacetylase, which promotes the
depolymerization of acetylated a-tubulin as a ciliary scaffold, and
then dismantles the ciliary organelle (27). In this context, the rela-
tionship between mechanical loading and Aurora A should be eval-
uated to further understand loading-mediated ciliogenesis (28).
Additionally, mechanically induced osteogenesis may involve ciliary
adenylyl cyclase 6 and cilia-dependent cyclic adenosine mono-
phosphate, as an important early intracellular signal (29). Alter-
natively, the finding of primary cilia as enriched calcium compart-
ments in tissues like the eye suggests that mechanosensing may be
realized by calcium-permeable ion channels located at the ciliary
membrane (30, 31). However, there is still controversy about whether
fluid flow causes ciliary calcium influx in bone and kidney cells
(23, 30, 32, 33) and biophysical signaling transduced by primary
cilia may potentially be dependent on tissue-specific pathways. A better
understanding of cilia-dependent mechanotransduction could
facilitate development of small molecules to control ciliogenesis,
e.g., by manipulating tubulin deacetylase and thereby tuning tissue
sensitivity to biophysical forces.

Because of the constellation of many important signaling pro-
teins along the ciliary membrane, mounting evidence reveals that
primary cilia direct tissue developmental processes and control or-
gan function, e.g., by regulating signaling pathways such as Hh (15).
In musculoskeletal tissues, primary cilia disruption in osteogenic
progenitors led to stunted limb growth and caused diminished load-
induced bone formation (20). Loss of primary cilia in cartilage led
to significantly increased thickness and reduced mechanical prop-
erties (12). Consistent with our cKO studies illustrating abnormal
chondrocytes with reduced collagen X, mice without cilia in osteo-
chondroprogenitors had aberrant proliferation and hypertrophic
differentiation at the growth plate (18). Furthermore, cilia orien-
tation in the growth plate was found to dictate cellular polarization
and control cell stacking, although the mechanistic details were not
defined (34). For the tendon enthesis, our study revealed the impor-
tance of primary cilia for enthesis formation and cilia-dependent
mechanoresponsiveness in developing and mature tissues. Unfor-
tunately, the mice lacking cilia in the tendon enthesis had kidney-
related health issues, which precluded the implementation of unloading
and overloading protocols.

The link between primary cilia and Hh signal transduction has
been well characterized (15). Hh-related proteins are localized to
ciliary membranes and trafficked from cilia to intracellular com-
partments, making them a necessary component of Hh signal trans-
duction (15). Cilia deletion causes developmental defects such as
shortened limb bones and other defects that mimic phenotypes ob-
served in Hh-deficient mice (15). However, the potential for cross-talk
between cilia and Hh signaling is understudied; it remains unclear
whether Hh signaling contributes to cell ciliogenesis and/or medi-
ates cilia-related mechanosensing. Counterintuitively, our observa-
tions showed that disrupted Hh signaling in tendon enthesis cells
led to cilia maintenance/formation, contrary to a publication demon-
strating that cilia deletion in myoblasts suppressed Hh signaling
(22). In contrast, elongation of chondrocyte cilia after in vitro ad-
ministration of lithium chloride inhibits Hh signaling, supporting a
negative correlation between activation of Hh signaling and cilia
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Fig. 4. Primary cilia are necessary for in tendon enthesis formation. (A) Inmunofluorescence for primary cilia (red, white arrowheads) of tendon entheses from
13-week-old ScxCre;IFT88™" (cKO) mice and their WT littermates. (B) Safranin O staining of the tendon entheses from WT and cKO mice at different time points. Dashed lines
mark the tendon enthesis. (C) Immunostaining of collagen X at the tendon entheses from 8-week-old cKO and WT mice. (D) Microcomputed tomography (uCT) sections
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and 13-week-old WT and cKO mice. TMD, tissue mineral density; BMD, bone mineral density. (H) Mechanical properties of the tendon enthesis from 4-, 8-, and 13-week-
old WT and cKO mice.
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Fig. 5. Hh signaling is necessary for tendon enthesis responses to mechanical loading. (A) Experimental design. (B) Immunofluorescence of primary cilia (red, white
arrowheads) and the Hh component Smo, (green) from 9-week-old Schre;Smo”/ﬂ mice (cKO) and their WT littermates. (C) Toluidine blue staining of the tendon entheses
from 13-week-old WT and cKO mice after cage activity (control), BtxA-induced muscle paralysis (unloading), and treadmill running (overloading). Dashed lines mark the
tendon enthesis. (D to H) Primary cilium incidence at the tendon enthesis (D) of WT and cKO mice subjected to cage activity (control), unloading, and overloading condi-
tions; tendon cross-sectional area (E); tendon enthesis mechanical properties (F); bone quality of the humeral head (G); analysis of walking patterns (H). *P < 0.05, **P < 0.01,
***¥P < 0.001, ****P < 0.0001. IHC, immunohistochemistry.
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formation (35). Furthermore, since primary cilia during tumori-
genesis have a dual role in activating and repressing Hh signaling
depending on the oncogenic initiating event (36, 37), regulation of
cell ciliogenesis via Hh signaling might vary among different cell types
and under varying loading conditions. Alternatively, increased cilia
formation in ScxCre;Smo cKO mice in the current study may have
occurred as a compensatory mechanism in tendon enthesis cells
that were not from the Scx lineage and hence retained their capacity
for both Hh signaling and cilium assembly. Further evaluation of
cellular cues coordinating the interplay between primary cilia and
Hh signaling would be beneficial to decouple cilium mechanosensing
and chemosensing roles. In the context examined here, the tendon
enthesis with more ciliated fibroblasts caused by loss of Hh signal-
ing had diminished sensitivity to their in vivo loading environment.
Possibly with the increased but dysfunctional cilia, these mice lost
their capacity to modify tendon enthesis biomechanics to adapt to
their loading environment. Consistent with this hypothesis, recent
reports indicate that application of hydrostatic compression or cy-
clic tension activates cilia-mediated Hh signaling, and disruption of
cilia diminishes Hh activation by loading (38, 39).

Primary cilia have been proposed as the nexus for coordinating
responses to both mechanical loading and Hh signaling (19, 38, 39);
however, the mechanisms underlying how primary cilia initiate in-
tracellular signaling cascades induced by loading and coordinate
Hh signaling remain unclear. In adult mice, we found that both cilia
incidence and Hh signaling were activated by unloading. However,
the experiment did not clarify the sequence of events, i.e., whether
unloading induced ciliogenesis, which then prompted Hh signaling,
or whether unloading induced Hh signaling, which then prompted
ciliogenesis. In these adult mice, loading affected ciliation of cells at
the enthesis; however, ciliation of Glil+ cells (i.e., Hh-activated cells)
was not significantly affected by loading. This implies a possible
lack of synchronization of ciliogenesis and Hh signaling at the adult
enthesis. In a different experiment, suppression of Hh signaling
through deletion of Smo led to increased ciliogenesis, demon-
strating cross-talk between the two. An alternative hypothesis is
that unloading suppresses cell proliferation at the enthesis and
mediates ciliogenesis, as ciliogenesis is tightly synchronized and
regulated by the cell cycle (40). Intriguingly, we observed that un-
loading did not induce ciliation in Glil+ cells and led to decreased
ciliation in Gli-lin cells. In contrast, cells that were not from the Gli
lineage responded to unloading with increased ciliogenesis. There-
fore, a heterogeneous population of enthesis cells was ciliated
during development of the tendon enthesis. These cells demon-
strate spatial differentiation patterns, from tenocyte to chondro-
cyte to mineralized chondrocyte (4, 5), which may be driven in
part by ciliogenesis.

There were several limitations in the study. First, the musculo-
skeletal phenotype observed in Scx-driven IFT88 knockout mice
could partially be attributed to off-target kidney-related health is-
sues. Second, IFT88 has nonciliary functions such as regulation of
cell mitosis (41) and therefore IFT88 knockout may have affected
tendon enthesis cell proliferation. Second, the complexity of in vivo
models makes it difficult to determine the exact mechanism(s) un-
derlying cross-talk between primary cilia, Hh signaling, and bio-
physical forces. Better-targeted cilia knockout animal models and
additional in vitro studies are needed to clarify the detailed mecha-
nisms of the tendon enthesis formation mediated by primary cilia,
and large animal models should be developed for future translational
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application of cilia-targeted therapies. Lastly, the imaging technique
used to determine cilia presence did not have the resolution to accu-
rately determine cilia length, which is an important indication of
cell mechanoresponsiveness. Further studies are necessary to deter-
mine primary cilia orientation in tendon enthesis, and better im-
aging protocols should be established to capture cilia length with
high resolution and speed.

The primary cilium plays a central role in differentiation and
mechanosensing of many musculoskeletal tissues, and the current
study offers new insights on the necessity of cilia for maintaining
tendon enthesis health. These results have broader implications for
musculoskeletal tissue repair and regeneration. Targeting cilia to
treat musculoskeletal conditions has been demonstrated in muscle:
Diminished cilia assembly led to activated myoblast proliferation
and inhibited differentiation (22), and genetic deletion of cilia in
muscle fibro-adipogenic progenitors suppressed intramuscular ad-
ipogenesis and enlarged myofiber size in a Hh-dependent manner
(42, 43). Accordingly, we illustrated the function of primary cilia as
a hub of mechanical and Hh signal transduction using in vivo tendon-
specific animal models. Because excessive or insufficient physical
loading is a primary driver of tendon formation and enthesis
pathologies, primary cilia are prime targets whose mechanosensitivity
could potentially be tuned to prevent progression of these pathol-
ogies (44, 45). For example, a long-standing hypothesis is that en-
thesitis is triggered and exacerbated by mechanical loading (1). In
this context, desensitizing enthesis cells by suppressing cilia could
prevent or treat that pathology. Furthermore, targeting primary
cilia with small-molecule inhibitors or agonists may lead to replace-
ment or optimization of mechanically based rehabilitation strate-
gies for treating tendon disorders. Our studies provide a strong
basic science rationale for cilia as a central regulator of mechanore-
sponsiveness and Hh signaling in the tendon enthesis, thereby
providing an attractive therapeutic target for tendon and enthesis
pathologies (46).

MATERIALS AND METHODS

Mouse strains

C57BL/6] mice, GlilCreER™ mice, Rosa26" "% mice, and Smo™"
mice were purchased from the Jackson laboratory. ScxCre mice, which
drive a Cre-recombinase sequence by an Scx promoter, were pro-
vided by R. Schweitzer (47). Animals were housed and bred under
standard Institutional Animal Care and Use Committee guidelines.
The Columbia University Institutional Animal Care and Use Com-
mittee approved all experiments. To study cilia formation, postnatal
mice from breeding pairs of C57BL/6] mice were euthanized at P1,
W1, W2, W4, W8, and W13. To examine cross-talk among primary
cilia, mechanical loading, and Hh signaling, reporter mice were gen-
erated by crossing tendon enthesis—specific Glil-CreER™ mice with
Rosa26™7™% mice. TA was injected at P14 and P28 to identify Glil-
lin cells from those time points. Since IFT88 is a core intraflagellar
transport protein mediating ciliogenesis, tendon-specific cilia knock-
out mice were generated by crossing ScxCre mice with IFT88"" mice.
To evaluate mechanical responses of the tendon enthesis without
Hh signaling, ScxCre mice were crossed with Smo™” mice.

Overloading and unloading models
Overloading was achieved by running 9-week-old mice on a tread-
mill. After the training at a speed of 25 cm/s for 10 min for five
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consecutive weekdays, mice were subjected to treadmill running for
4 weeks, with an initial rate of 20 cm/s for 10 min and then 28 cm/s
for 40 min each weekday (2). Age-matched cage activity mice were
used as controls. Unloading was achieved in 9-week-old mice by
injecting BtxA (0.02 U/g; Allergan) into the supraspinatus muscles
of the right limb (4, 6). The contralateral limbs were injected with
the same amount of saline and served as controls. Glil+ cells at
the adult tendon enthesis after overloading and unloading were
identified using immunohistochemistry. For postnatal mice, 0.2 U
of BtxA in saline was delivered to mouse shoulder muscles twice per
week from birth until 4 weeks and then once per week through sac-
rifice at P56. Similarly, the contralateral limbs, injected with saline,
served as controls. To identify Glil-lin cells at P14 and P28, TA was
dissolved in corn oil and injected intraperitoneally at P14 or P28.
Similarly, Glil-lin cells of tendon enthesis from postnatal mice after
unloading were identified using immunofluorescence.

Gait analysis

Eight- and 13-week-old mice were subjected to gait functional eval-
uation (Noldus, CatWalk XT), and spatiotemporal data of footprints
were processed for forelimbs. Briefly, a high-speed color camera
captured mouse footprints with accurate spatial and temporal reso-
lution, while mice voluntarily traversed a glass walkway. To identify
changes of footfalls and locomotion, the catwalk XT software was used
to calculate numerous parameters from three complete runs with
speed variance less than 20%. Cadence was calculated as the num-
ber of steps per second. Swing speed was defined as the stride length
of the forelimb paws normalized by swing time (48).

Gene expression using real-time RT-PCR

The supraspinatus tendon and enthesis were harvested, frozen in
liquid nitrogen, and pulverized in a ball mill homogenizer (Mikro-
Dismembrator U, Sartorius). Total RNA was extracted by TRIzol
reagent and Invitrogen PureLink RNA Mini kit, as described in our
previous study (2). The High-Capacity cDNA Reverse Transcription
Kit (Invitrogen) was used to reverse transcribe RNA into cDNA. The
relative abundance of cilium- and Hh signaling-related genes was
evaluated by SYBR Green-based quantitative reverse transcription poly-
merase chain reaction (RT-PCR) on an Applied Biosystems Quant-
Studio 6 flex system. The sequences of RT-PCR primers used here
are listed in table S1. Glyceraldehyde 3-phosphate dehydrogenase
serves as housekeeping gene, and the relative mRNA expression lev-
el for each target gene was determined as 274",

Histology and immunohistochemistry

Mouse supraspinatus tendon-bone samples were dissected, fixed in
4% paraformaldehyde for 16 hours, and decalcified in 0.5 M EDTA
for 2 weeks. Following embedding in optimal cutting temperature
compound, 6-um-thick sections were cryosectioned and stained
with toluidine blue or safranin O according to standard protocols.
For immunostaining, 10-um-thick sections were predigested in hy-
aluronidase (2 mg/ml) for 1 hour and washed in 0.5% Triton X-100/
phosphate-buffered saline (PBS). After washing, blocking was
conducted with 15% goat serum/PBS, followed by incubation of
sections at 4°C overnight with primary antibody and appropriate
secondary antibody (table S2) for 1 hour at room temperature.
Slides were mounted with mounting media for imaging on a Nikon
Ti Eclipse inverted microscope with a 60x oil objective for visual-
ization of primary cilia. Cilia quantification was conducted using

Fang et al., Sci. Adv. 2020; 6 : eabc1799 30 October 2020

Image] software (National Institutes of Health). The incidences of
ciliated cells and Glil+ cells (normalized by the total cell number,
at least 100 cells for each sample) were determined from histologic
sections. The incidence of GliI-lin cells with cilia was determined as
the number of Glil-lin cells with cilia divided by the number of
Glil-lin cells. The images displayed are maximal projection of
image stacks.

Microcomputed tomography

Bone morphometry analysis was performed on supraspinatus
tendon-humeral bone samples. Samples were scanned at an energy
of 55 kilovolt peaks, an intensity of 145 uA, and a standard resolution
of 5 um [microcomputed tomography (UCT), Bruker Skyscan 1272].
After image construction, a segmentation algorithm was conducted
to separate cortical and trabecular bone of the humeral head proximal
to the growth plate (CT An, Bruker).

Tendon-bone biomechanics

Tendon-bone samples from uCT were prepared for tensile biome-
chanical testing. Humerus bone was inserted into a customized three-
dimensional printed fixture, and tendon was clamped in thin film
grips (49). Sample and grip assemblies were mounted on a testing
frame with the incubation of PBS at 39°C (44.5 N load cell; ElectroPuls
1000, Instron Corp.). The samples were preconditioned between
0.05 and 0.2 N for 5 cycles, held for 300 s, and extended to failure
with 0.2%/s. The tendon cross-sectional area was determined from
constructed pCT images. Tendon structural and material parame-
ters were calculated from recorded load-deformation data.

Statistical analysis

All data are presented as means + SD of 5 to 12 biological replicates
for gait analysis, biomechanics, and microcomputed tomography,
4 to 6 biological replicates for histology/immunohistochemistry, and
4 to 7 biological replicates for gene expression (table S3). For every
experiment, both male and female mice from at least two independent
litters were used. All data analyses were performed by a blinded an-
alyzer. GraphPad Prism 7 was used to perform paired ¢ tests, unpaired
t tests (where appropriate), and analysis of variance (ANOVA); the
mouse genotype and loading groups were considered as independent
variables. Speciﬁcallzy, cilium incidence and gene expression of un-
loaded GLI1CreER'%Ro0sa26™"™% mice were compared with paired
t tests; cilia incidence and gene expression of C57BL/6] mice were
compared by one-way ANOVA or paired ¢ tests; comparison of me-
chanical and structural properties of ScxCre;IFT88"" mice were
conducted by two-way ANOVA with Boferroni multiple compari-
sons test; mechanical and structural properties of ScxCre;Smo™ mice
under different loading conditions were compared by two-way ANOVA
with Dunnett’s multiple comparisons test. P < 0.05 was considered
significant.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/44/eabc1799/DC1

View/request a protocol for this paper from Bio-protocol.
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