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Abstract

Cartilage is a connective tissue in the skeletal system and has limited regeneration
ability and unique biomechanical reactivity. The growth and development of carti-
lage can be affected by different physical, chemical and biological factors, such as
mechanical stress, inflammation, osmotic pressure, hypoxia and signalling transduc-
tion. Primary cilia are multifunctional sensory organelles that regulate diverse signal-
ling transduction and cell activities. They are crucial for the regulation of cartilage
development and act in a variety of ways, such as react to mechanical stress, medi-
ate signalling transduction, regulate cartilage-related diseases progression and af-
fect cartilage tumorigenesis. Therefore, research on primary cilia-mediated cartilage
growth and development is currently extremely popular. This review outlines the

role of primary cilia in cartilage development in recent years and elaborates on the
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1 | INTRODUCTION

Cartilage, an integral part of the skeletal system, has unique func-
tions of secreting the cartilage matrix, buffering stress concussion,
conducting weight-bearing and maintaining the normal activity of
joints. Chondrocytes, the main cells in cartilage tissue, are highly
differentiated with a limited capacity for proliferation and redif-
ferentiation. It is difficult for chondrocytes to perform self-repair
quickly and effectively after injury or degeneration.1 Therefore,
promoting cartilage regeneration and injury reparation are urgent
and critical challenges in orthopaedic clinical practice. The reg-
ulatory mechanism of cartilage development is complex and can
be affected by many factors, such as mechanical stress, inflam-
mation, osmotic pressure, hypoxia and signalling transduction.?®
Chondrocytes have biomechanical reactivity and stress tolerance
capacities. Mechanical stress is an indispensable stimulus for main-
taining the biomechanical properties of cartilage and affecting
chondrocyte activities. For example, mechanical stress is crucial

in regulating cartilage nutrient acquisition and wastes removal,”®

potential regulatory mechanisms from different aspects.

! and

helping maintain the phenotype and cartilage function,’?
affecting cartilage and limb formation during embryonic develop-
ment.*? Similarly, the occurrence of cartilage-related diseases and
cartilage tumorigenesis can also be affected by complex regulatory
mechanisms.

Currently, many studies have linked the development of car-
tilage with the function of primary cilia. In this review, we pres-
ent comprehensive views on the roles of primary cilia in cartilage
development, especially highlighting the roles of primary cilia in
regulating cartilage matrix secretion, endochondral ossification,
mechanical signalling transduction, cartilage tumorigenesis and
cartilage disease, such as osteoarthritis. An overview regarding
the structure and physiological functions of primary cilia pre-
cedes the discussion of ciliary-mediated cartilage development.
Detecting the regulatory mechanism of cartilage development
and illuminating the pathogenesis of cartilage-related tumorigen-
esis and diseases are valuable research topics and may eventually
providing new ideas for the treatment of cartilage disease and

cartilage injury repair.
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2 | PRIMARY CILIA

Primary cilia, as antenna-like highly conserved sensory organelles,
were once considered incompletely degraded organelles in evolu-
tion. They mainly assembly and protrude on the surface of most
eukaryotic cell membranes when they progress into the quiescent
phase of the cell cycle.!® The abnormal expression of primary cilia
has been associated with some hereditary diseases, such as poly-
cystic kidney disease, Joubert syndrome, Bardet-Biedl syndrome,
Jeune asphyxiating thoracic dystrophy and short rib polydactyly
syndrome.’**® Furthermore, the dysfunction of primary cilia and
ciliogenesis disorder is involved in the regulation of diverse tumo-
rigenesis‘19 In malignant cartilage tumours, aberrant primary cilia
are associated with the abnormal proliferation and differentiation
of chondrocytes during the process of chondosarcomagenesis.?° In
benign cartilage tumours, primary cilia are randomly located on os-
teochondroma cell surfaces, which implies the loss of polarity in this
benign tumour.?

Moreover, primary cilia, as sensory organelles, have multiple
functions, including receiving physical and chemical signals and
regulating signalling transduction.'*?” Recently, detecting the
regulatory mechanism of primary cilia on cartilage development
has become a popular topic in the research of cartilage disease
and regeneration.22'24 Exploring the regulatory mechanism of pri-
mary cilia is crucial for understanding the pathogenesis of carti-
lage diseases and can provide new ideas for facilitating cartilage
regeneration via regulating ciliogenesis. The purpose of this re-
view is to discuss and summarize the recent findings of primary
cilia and their regulatory mechanism on cartilage growth and

development.

2.1 | The structure of primary cilia

Primary cilia are antenna-like structured organelle protruding from
cell membranes (Figure 1A,B), which can be divided into two parts:
the axon portion and the basal body. The axon portion of the pri-
mary cilia protrudes from the surface of the membrane and the basal
body anchors to the inner cell membrane (Figure 1C). The skeleton
of primary cilia is mainly assembled by "9+0" pairs of microtubules.
Primary cilia (one per cell) differ from motile cilia (multiple per cell)
in that they lack a central pair of microtubules and the inner and
outer dynein arms, and are known as the non-motile cilia in cell's
membrane.?>2¢ Primary cilia are microtubule-based organelles origi-
nating from the basal body, which is a modified form of the cen-
triole. The microtubules of primary cilia are homologous to mitotic
spindle filaments that are regulated and organized by the centri-
ole.?”7 Primary cilia protrude in quiescent or differentiated cells and
can be treated as indicators for cells in the quiescent phase of mito-
sis.?®2% Furthermore, the microtubules of primary cilia experience
acetylated modification during polymerization and assembly and
can be observed by the fluorescence staining of acetylated a-tubulin
(Figure 1A).%°

2.2 | Substance transportation in primary cilia

In primary cilia, the microtubule assembly, axon elongation and sig-
nalling transduction depend on the intraflagellar transport system.
Ciliary intraflagellar transport (IFT) proteins dominate the transpor-
tation of ciliary substances. This pattern of transport is reciprocated
along the axonal microtubules with the help of IFT proteins. As
Figure 1D shows, The IFT complex A is transported from the api-
cal apex to the basal body, which is driven by the protein dynein,
while the IFT complex B mediates the protein from the basal to the
apical forward transportation and kinesin involved in this driving
process.31 Furthermore, some studies have revealed that the muta-
tion of the core part of IFT complex B can lead to primary cilia dis-
assembly and disturb their biological functions.®¥3% Therefore, the
transport function of primary cilia is essential for maintaining the

normal function of cells.

2.3 | The sensory functions of primary cilia

As sensory organelles, many kinds of ion channels and signalling
receptors are localized in primary cilia. The biological and physico-
chemical stimuli in the microenvironment can promote the protein
association or dissociation from primary cilia to conduct signal-
ling transduction, which eventually triggers cell activities, such as
proliferation and differentiation.?” A pressure-gated ion channel-
TRPV4 (transient receptor potential vanilloid 4) is anchored to the
surface of the primary cilia, which can sense the osmotic pressure
in the microenvironment and cause the Ca?* flow to change in and
out of articular chondrocytes.>* When culturing chondrocytes in
a hypertonic or hypotonic environment, primary cilia quickly sink
into the basal body to shorten the length of the cilia. However,
the responses of chondrocytes to the changes of osmotic pressure
can be attenuated by inhibiting TRPV4 activity in primary cilia of
articular cartilage.3*%> Furthermore, the changes in inflammatory
factors in extracellular microenvironments can also be detected
by primary cilia. When treating chondrocytes with IL-1, nitric
oxide and prostaglandin E2 releasing as well as primary cilia elon-
gation can be detected in the articular chondrocytes. However,
the structure of primary cilia was disrupted, and the inflamma-
tory response of IL-1 was attenuated significantly in IFT88 mutant
cells, indicating that primary cilia were involved in the regulatory
process of intracellular inflammatory responses.36 Recently, the
roles of primary cilia in mechanical signalling transduction have
attracted increasing attention. A recent study reported that fluid
stress in microenvironments can force primary cilia bending,
thereby triggering the opening of calcium sensitive channels to
allow Ca®* to flow into the primary cilia. Furthermore, intracellu-
lar signalling transduction can be activated by the cascade effect
of Ca?" influx, which can affect the downstream gene expression
and initiate adaptive changes in cell activities.®” In addition, cyclic
compressive stress can induce the prevalence and length changes

of primary cilia in articular cartilage and facilitate chondrocytes
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FIGURE 1 The structure of primary cilia under immunofluorescence staining and electron microscope observation. A,
Immunofluorescence staining of primary cilia (red) and F-actin (green). B, Primary cilia on the cell surface (black arrow). C, Microtubules
extending from the basal body to the distal tip of primary cilia and ciliary functional proteins scattered around the adjacent microtubules
(black arrows). D, Substance transportation in primary cilia. Kinesin and IFT complex B mediate the anterograde transportation from the
cytoplasm to the tip of the primary cilia, and dynein and IFT complex A mediate the retrograde transportation from the tip to the cytoplasm.
B and C, were reprinted with permission from Ref.3° Copyright 2002 John Wiley and Sons

function changes simultaneously.38 The sensory functions of pri-
mary cilia are indispensable for cells to respond to the physico-
chemical stimulation in microenvironments to regulate cell growth

and development.

2.4 | Signalling transduction in primary cilia

Recently, nearly 1000 cilia-related proteins have been screened
and identified in primary cilia. Some of these proteins are anchored
on the ciliary membrane, some are distributed in the basal body,
and some can be transported bi-directionally along the axons by
the IFT complex. Most of these proteins are involved in different
signalling pathways with diverse functions.®*° Primary cilia par-
ticipate in Hedgehog, Wnt, PDGFR, Notch, TGF-p, mTOR and other
signalling transduction.®” For example, primary cilia can be treated
as an adjustment switch to regulate non-canonical Wnt signalling
transduction. In the non-canonical Wnt signalling pathway, an ex-
ternal stimulus can act on the primary cilia to increase Ca?" influx
into cells, and the ciliary-related protein inversin distributes to the
basal body, which can promote the ubiquitination and degradation
of APC/C after targeted binding to cytoplasmic disheveled.**43
Platelet-derived growth factor receptor (PDGFR «), as a G protein-
coupled receptor, is located on the membrane of primary cilia. The
PDGFR pathway can be activated through PDGF ligands binding
to the receptors and inducing cellular responses through activat-
ing downstream MEK/ERK cascades.** In the Notch pathway, the
Notch3 receptor is anchored to the primary cilia membrane and
can be activated via interacting with presenilin-2 which is localized

at the basal body of primary cilia.*> Furthermore, the activation of

the Notch pathway can play an important role in regulating primary
cilia elongation and affecting structural symmetry.*>#” In the pres-
ence of TGF-p ligands, the activated TGF-p receptors can migrate
from the surface of primary cilia to the vicinity of the basal body
to activate smad2/3 and up regulate the target gene expression by
binding to SMAD4.*8 The cilia-dependent TGF-p pathway can also
exert promotive effects by activating ERK1/2 signalling or affecting
IFT88 expression in chondrocytes.‘w’50 In addition, the mTOR path-
way and primary cilia are involved in the pathogenesis of cilia-related
polycystic kidney diseases.’> When primary cilia underwent bend-
ing deformation under hydrodynamics condition, the downstream
signalling mTORC1 could be blocked through regulating the LKB-
1-AMPK-mTOR cascade reaction at the basal body of primary cilia,
thereby affecting the volume of cells.>? Therefore, it is believed that
maintaining the integrity of primary cilia signalling transduction can
help regulate the hypertrophy and proliferation of cells and affect
the progression of disease.”®

Additionally, primary cilia have recently been found to have se-
cretory functions. A previous study reported that the exfoliation of
photoreceptors was observed, and the phagocytosis of retinal pig-
ment epithelium on the exfoliated disc was confirmed, suggesting
that it is possible to exfoliate the membrane or membranous vesi-
cle from the tip of primary cilia.’* Later, the budding and release of
apical membranous vesicle were found in Chlamydomonas cilia, and
the exfoliated ciliary bodies were found in the extracellular microen-
vironment.>®> When phosphatidylinositol 5 phosphatase E (INPP5E)
was inhibited, the accumulation of phosphatidylinositol 4,5 diphos-
phate (Pl (4,5) P2) in primary cilia led to the formation and shedding
of vesicular at the top of the cilia and resulted in the depolymeriza-

tion of primary cilia.>® The extracellular bodies secreted by primary
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cilia were gradually recognized, but there are still many problems

needing to be solved in the near future.

3 | PRIMARY CILIA IN SKELETAL SYSTEM
DEVELOPMENT

Primary cilia regulate the chondrogenesis and osteogenesis processes
of skeletal system development in the embryonic stage.3**’ They also
affect the development of the growth plate cartilage and articular car-
tilage after birth.’®> During cartilage development, primary cilia are
treated as a signalling nexus and considered to be a type of attractive
therapeutic target for the diseases or disorders of the skeletal system.60
Abnormal disturbance of primary cilia can lead to a series of diseases
called "ciliary-related cartilage dysplasia," such as short rib polydactyly
syndrome, which is a kind of hereditary disease characterized by symp-
toms of dysplasia and mainly affects the development of long bones,
ribs and craniofacial bones.®%%? Similar phenomena can be found in
cilia-related genes mutants. For example, Tg737 is an important gene
that can regulate primary cilia assembly, while the abnormal mutation of
Tg737 can cause the loss of cell polarity and lead to primary cilia disas-
sembly. Skeletal developmental disorders have been observed in Tg737
mutated mice. The length and width of the growth plates in mutant
mice limbs were shorter than those in wild mice. In addition, the density
of articular chondrocytes also changed, accompanied by the abnormal
expression of primary cilia as well as cartilage dysplasia.®® The knock-
out of primary cilia functional gene IFT80 can also lead to the loss of
primary cilia and cartilage dysplasia. Mice with embryonic knockout of
IFT80 had short limbs at birth with decreased chondrocyte volumes
and changed chondrocyte morphology in all layers of the growth plate.
The knockout of IFT80 after birth can cause cartilage dysplasia charac-
terized by a shortened growth plate and thickened articular cartilage.
This phenomenon may be caused by the disturbance of chondrogenic
differentiation via inhibiting Hedgehog signalling and activating Wnt
signalling.®® The dysfunction of the primary cilia can also lead to poly-
dactyly in the Bardet-Biedl syndrome. The knockout of ciliary proteins
Bbs1, Bbs2 and Bbsé can reduce the thickness of articular cartilage
and decrease the secretion of proteoglycan in mutant mice, as well as
change the distribution and arrangement of chondrocytes in cartilage
tissue.r In addition, the deficiency of kinesin motor complexes Kif3a
and Kif5b can cause delayed bone growth and post-natal dwarfism due
to the disorganized columnar structure in the growth plate of the long
bone.””%* Therefore, primary cilia play critical roles in maintaining the
normal development of the skeletal system.

4 | PRIMARY CILIA AND CARTILAGE
DEVELOPMENT

4.1 | Primary cilia in cartilage matrix secretion

Cartilage is an indispensable tissue for maintaining the proper

functioning of the body skeletal system, such as the resisting of

overloaded mechanical stress, helping maintain normal joint ac-
tivity and promoting longitudinal bone growth. Chondrocytes
achieve their physiological functions by synthesizing and secret-
ing a cartilage matrix which predominantly contains of collagen
fibres and glycosaminoglycan to enhance tensile strength and
hydration.65 However, the environment in which cartilage growth
occurs lacks vessels and is deficient in oxygen and nutrients.
Chondrocytes are highly differentiated cells with limited prolif-
erative ability and easily to dedifferentiate and degenerate under
certain conditions. The regulatory mechanism of chondrocyte
development and adaptation to the complex microenvironment
remains unclear. Primary cilia were once considered organelles
that had not degenerated completely but have been confirmed as
serving diverse functions recently, such as sensing external stimu-
lus and mediating signalling transduction. The important roles of
primary cilia in regulating cartilage growth and development have
gradually been recognized.

Primary cilia are involved in the regulation of articular cartilage
matrix secretion. Early studies confirmed that the secretion of the
cartilage matrix is regulated by the signalling axis of the cartilage ma-
trix-primary cilia-Golgi apparatus. Primary cilia can act as a "bridge"
in this process and help transmit environmental information from
the external matrix to regulate the exocytosis of the Golgi vesicles.%°
The basal body of the primary cilia was observed physiologically
connected to the Golgi apparatus in chondrocytes, which implied
that the secretory function of the extracellular matrix could be
regulated, in part, by primary cilia.® Furthermore, the ciliary func-
tional intraflagellar transport protein IFT20 is essential in regulating
Hedgehog signalling transduction and affecting Golgi size to main-
tain a cartilaginous matrix and maintain the homeostasis of condylar
cartilage (Figure 2).*’ Disruption of ciliary trafficking protein IFT88
can also affect the extracellular protease activity and regulate the
extracellular matrix remodelling of articular chondrocyte via regu-
lating LRP-1-mediated endocytosis.%®

The elongation of longitudinal bone is inseparable from the
extracellular matrix secretion and calcification in the multilayered
growth plate at the metaphysis. Primary cilia play indispensable
roles in the regulation of proliferation, hypertrophy and cartilage
matrix secretion in the oriented column-like chondrocytes of the
growth plate. The knocking out of the Tg737 gene can disrupt cil-
iogenesis. The growth plates in articular epiphyseal of Tg737orpk
mice were smaller in width and length, and a marked decreased
secretion of collagen X delayed the hypertrophy differentiation
of chondrocytes.®® The normal function of the IFT/cilia axis can
contribute to maintaining the columnar organization of the growth
plate. The disruption of IFT inhibits proliferation but enhances
aggrecan and collagen X secretion to accelerate the hypertrophic

|.59

differentiation in growth plates of articular epiphysea Xue et

al®® also revealed that short limbs could be observed in IFT80-
deficient mouse models with a reduction of proteoglycans secre-
tion and a shortened cartilage in tibias growth plates. Therefore,
the primary cilia mediating cartilage matrix secretion and hyper-

trophic differentiation in growth plates is particularly critical for
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FIGURE 2 Primary cilia functional protein IFT20 is required for cartilage matrix maintenance in condylar cartilage. A, Safranin O staining
in the mandibular condyle of Ift20 conditional knockout mice (cKO) and wild-type controls (WT). B, PCNA immunohistochemistry in I1ft20
cKO and WT mice. C, The localization of IFT20 and the size of GM130 (cis-Golgi marker) in condylar cartilage. D, Primary cilia and Hedgehog
signalling-related Smo protein expression in ATDCS5 cells were transfected with si-1ft20 and treated with Hedgehog agonist Purmorphamine
(Puro) or Smoothened agonist (SAG). E, Primary cilia in the cartilage tissues of WT and Ift20 cKO mice. F, COL-X expression in WT and

I1ft20 cKO mice. G, The potential mechanism of IFT20 is to regulate the Golgi size and Hedgehog signalling transduction to control the
maintenance of the condylar cartilage. Reprinted with permission from Ref.” Copyright 2019 Elsevier

the development of limbs, especially promoting the normal pro-

gramme of endochondral ossification.

4.2 | Primary cilia in endochondral ossification

Endochondral ossification is one of the two essential processes of
bone development in vivo. Recently, primary cilia have been found to
be important cellular organelles in regulating endochondral ossifica-

tion. Generally, the mutations of the Pkd1 gene are associated with

the occurrence of primary cilia-related polycystic kidney disease,
and mice with Pkd1l mutations can exhibit endochondral ossifica-
tion disorders in the embryonic stage. Delaying growth plate chon-
drocyte hypertrophy differentiation and bone mineralization, the
shortening of long bones, and vertebral dysplasia can be observed
in these Pkd1 mutant mice.®® In IFT88 mutant mice, the disorder of
embryonic endochondral ossification can also be observed, which
has been found accompanied by accelerating hypertrophy differen-
tiation of the growth plate chondrocytes and delayed angiogenesis

in the ossification center.’®%’ The defective expression of ciliary
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kinesin Il motor complex Kif3 cause post-natal dwarfism because

the reduced proliferation and accelerated hypertrophic differentia-
tion of chondrocytes can result in the abnormality of endochondral
ossification in the growth plate of long bones. Furthermore, chon-
drocytes exhibited alterations in cell orientation and shape, as well
as the loss of columnar organization within the growth plate of lone
bones in Kif3a mutant mice.”® Additionally, deficiency of G protein-
coupled receptor Gpr1é1 on the surface of primary cilia can cause
chondrocytes to lose the ability to differentiate into columnar chon-
drocytes, which can eventually lead to the disorder of endochondral
ossification and affect the development of embryonic forelimbs.”®
The development of long bones is inseparable from endochondral
ossification, and it is a complex regulatory process. The detailed
mechanisms of primary cilia-mediated endochondral ossification
need to be fully deciphered, especially for elucidating the regulatory

mechanism of signalling pathways and other factors.

4.3 | Primary cilia in cartilage mechanical signalling
transduction

Various kinds of mechanical stress exist in the extracellular environ-
ment, such as compressive stress, tensile stress, hydrostatic pressure
and fluid shear stress.”*”> Mechanical stress is an essential physical
stimulus in regulating cell growth and development. Cells undergo-
ing mechanical stress need to respond appropriately to avoid dam-
age caused by the changes in the mechanical environment. Primary
cilia have been found crucial in biomechanical signalling transduction
and are recognized as mechanosensors.?”” When chondrocytes suf-
fer from mechanical stress, primary cilia bending can be observed,
and this change is considered the response of chondrocytes to me-
chanical stress, which eventually facilitates the secretion of the ex-
tracellular matrix.”

Furthermore, cartilage matrix can be periodically compressed and
relaxed under mechanical stress, causing water content and osmotic
pressure changes in the proteoglycan space of the cartilage matrix in
a short time. Primary cilia protruding on the surface of chondrocytes
can respond to mechanical stress-induced osmotic pressure changes
by changing the length. The results indicate that primary cilia have

good biomechanical reactivities under mechanical stress conditions.*”

4.3.1 | Mechanical stress-sensitive receptors on
primary cilia

A variety of mechanoreceptors is embedded in the membranes of
primary cilia, which are involved in mediating intracellular and ex-
tracellular mechanical signal transduction and ultimately regulate

cell growth and development.34

TRPV4, an ion channel on primary
cilia, can sense mechanical stress-induced osmotic pressure changes
in the cartilage matrix. TRPV4 can then initiate intracellular calcium
flow changes so that cells can make timely and appropriate re-

sponses to external stimuli. Mutations of the TRPV4 gene can cause

skeletal system dysplasia and joint degeneration.”” Connexin 43, a
mechanically sensitive adenosine triphosphate (ATP) release chan-
nel located on primary cilia, can initiate ATP release when undergo-
ing mechanical stress and can act as a second messenger binding to
purine receptors P2X and P2Y on articular chondrocytes.”® Integrin,
a cellular bridge between the intracellular skeleton and extracellular
matrix, is involved in the transduction process of mechanical signal-
ling.””8% A study previously reported that integrin strengthens the
connection with the extracellular matrix by changing the molecular
conformation when cells were subjected to external force. Different
conformations of integrin molecules a2, a3 and p1 expressed on the
primary cilia of chondrocytes were thought to be the key molecules
maintaining the connection with the extracellular matrix.?* Ca?*
channels are also widely distributed on the surface of primary cilia.
Mechanical stress can activate Ca?* signalling in cartilage by acting
on primary cilia. Intracellular Ca?* flow changes can be treated as a
common manifestation of other signalling transduction in response
to external mechanical stress. Bending deformation of the primary
cilia can be observed when cells are subjected to mechanical stress
in the microenvironment. Mechanical sensitive receptors PC1 and
PC2 located on the primary cilia membrane can form a stress recep-
tor complex, and the activation of the PC2 receptor can induce the
increase of intracellular Ca?* flow in response to external mechanical
stimuli.}*7 Primary cilia can transduce mechanical signalling by reg-
ulating the ATP-mediated Ca? pathway under mechanical stress.®?
Additionally, the TRP channel (transient receptor potential channel)
anchored on the surface of the primary cilia can participate in the
regulation of Ca®* signalling, which promotes adaptive cell adaptive

responses to various physical and mechanical stimuli.8

4.3.2 | Primary cilia in mechanical stress-mediated
chondrogenesis

Cartilage tissue is a semi-rigid connective tissue with unique me-
chanical reactivity. Recently, several studies have proved that
primary cilia can be involved in the regulation of mechanical stress-
mediated cartilage development.®* When precursor and hyper-
trophic chondrocytes were subjected to the appropriate intensity
of mechanical stress, the expression of COL-1l, COL-X and BMP-2
genes was upregulated, while these corresponding genes were in-
hibited after the disruption of the primary cilia assembly. In contrast,
mechanical stress can only promote COL-X gene expression in hy-
pertrophic chondrocytes, but the disturbance of the ciliary structure
did not affect COL-X expression. The results indicate that primary
cilia can regulate precursor chondrocyte differentiation and affect
terminally differentiated hypertrophic chondrocyte development
under mechanical stress.®> He et al revealed that mechanical stress
of appropriate intensity can inhibit metalloproteinases MMP-1 and
MMP-13 expression, and initiate the activation of CITED2 mediated
signalling transduction in primary cilia. Furthermore, intra-articular
injection of IFT88 siRNA can reduce the expression of exercise

training induced CITED2. The regulatory mechanism should be that
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mechanical stress transactivates CITED2 through regulating the
primary cilia-ATP-purine calcium-ERK1/2 signalling axis.8¢ In adult
bovine articular chondrocytes, cyclic tensile strain (10% strain) can
activate Hedgehog signalling transduction and affect ADAMTS-5
expression in a primary cilia-dependent manner, whereas high-in-
tensity mechanical stress can induce acetylase 6-mediated depo-
lymerization of primary cilia and block both Hedgehog signalling and
ADAMTS-5 expression simultaneously.®”

Nowadays, the sensory functions of primary cilia in mechan-
ical stress-mediated signalling transduction have been widely
recognized. However, there is no consensus on the regulatory
mechanism of primary cilia-mediated mechanical responses. A
previous study reported that the expression of primary cilia in
growth plate chondrocytes of proximal tibia could be upregu-
lated after four days of 10% body weight loading in chicks. The
results indicate that mechanical loading can enhance primary cilia
expression in chondrocytes.®® The low-frequency oscillatory me-
chanical stimulus can be produced by ultrasound, which can ex-
hibit reversible changes in cells. In bovine articular chondrocytes,
primary cilia elongation, axon bending and downstream ERK
pathway activation can be observed under this ultrasound-in-
duced mechanical stress.®? The prevalence and length changes
of primary cilia have also been proven to be related to the inten-
sity and action time of mechanical stress.%® Primary cilia can be
“stretched” by mechanical intervention, or “cut” by the excessive
intensity of a mechanical stimulus. The variable regulation mode
can reflect the capacity of cells to adapt to external mechanical
stress.”®?2 As Figure 3 shows, primary cilia are involved in the
mechanical stress-induced inhibitory regulation of chondrocyte
inflammatory factor secretion in articular chondrocytes. The po-
tential mechanism is the activation of HDAC6-mediated microtu-
bule acetylation and primary cilia elongation in an IFT-dependent
manner.”® Mechanical stress can also exert biological effects by
regulating the interaction between primary cilia and autophagy
in articular chondrocytes.”® Moreover, the loss of primary cilia in
Col2aCre;ift88(fl/fl) mice can reduce the mechanical stiffness and
compressive modulus of articular cartilage and eventually lead to
the pathological changes of OA.%”

Primary cilia are indispensable signal transduction units of the
classical Hedgehog pathway, which is essential for regulating chon-
drocyte proliferation and differentiation.”® Mechanical stress can
affect the activation of the Hedgehog pathway by acting on primary
cilia. A previous study reported that hydrostatic stimulation could
promote the activation of the Hedgehog pathway in chondrocytes,
but it is blocked after disrupting the ciliary structure. The findings
indicated that chondrocytes could respond to external mechanical
stress by activating the primary cilia-related Hedgehog pathway.”
Dicam, located at the primary cilia of chondrocytes, facilitates the
proliferation and maturation of growth plate chondrocytes in limbs.
The elongation of long bones can be regulated by Dicam through the
promotion of primary cilia assembly and increase functional protein
IFT88/Polaris expression, as well as enhancing Hedgehog/PTHrP

signalling transduction.”®

Proliferation

Additionally, the hyperactivity of the Hedgehog pathway has
been found with tumorigenesis promotive effects, while primary
cilia with normal functions can inhibit the excessive activation of
Hedgehog signalling in neoplastic chondrocytes such as chondro-
sarcoma.”’ The dysfunction of primary cilia can lead to the altered
responsiveness of Hedgehog signalling which can contribute to the
development of arthropathy, such as alkaptonuria.’®®1°! These re-
sults highlight the importance of primary cilia in Hedgehog signal-
ling transduction. Therefore, primary cilia are involved in mechanical
stress-mediated chondrogenesis and play essential roles in the regu-

lation of cartilage development.

4.4 | Primary cilia in cartilage tumorigenesis

Recently, the abnormal expression of primary cilia or ciliary dysfunc-
tion has been associated with the occurrence of neoplastic cartilage
diseases. Some studies have reported that primary cilia disassembly
can be observed in tumour-like changes of cartilage, whether benign
or malignant lesions. The abnormal activation of the Hedgehog path-
way can lead to cartilage neoplasia, while primary cilia with normal
structures and functions can inhibit cartilage tumorigenesis by regu-
lating Hedgehog signalling transduction.”” In Ext1 gene mutant mice,
the loss of primary cilia and cell cycle disorders can be observed,
which causes cell polarity loss and promotes the transformation of
benign osteochondroma to malignant chondrosarcoma.?® In chon-
drosarcoma, the expression of primary cilia is at a lower frequency
than normal chondrocyte, and regulating the occurrence of primary
cilia can affect the malignant biological properties of chondrosar-
coma cells. The inhibition of intracellular HDAC6 activity can affect
the acetylation modification of ciliary microtubules, which can regu-
late primary cilia assembly in chondrosarcomas through the Aurora
A-HDACS6 signal cascade and eventually downregulate the malig-
nant properties of chondrosarcomas.?? Meanwhile, inhibition of the
Hedgehog pathway can suppress the proliferation, migration and
invasion capacities of malignant chondrosarcoma cells by disturbing
ciliogenesis. 1%

In addition, some regulatory factors in cartilage development
can achieve their functions by affecting primary cilia expression.
It has been confirmed that fibroblast growth factor receptor 3
(FGFR3) mutations are closely related to chondrodysplasia. The
aberrant activation of FGFR3 can disturb the elongation of pri-
mary cilia and affect the transport function of IFT20, while inhib-
iting FGFR3 can restore the normal length and function of primary
cilia. The results reveal that the FGFR3 mutations inducing carti-
lage dysplasia have a close relationship with the dysfunction of
primary cilia.'® PTH, another active growth factor, plays an im-
portant role in regulating cartilage development. Regulating PTH
signalling can affect the malignant properties of chondrosarcoma
by affecting primary cilia expression and function.'%® These results
may provide new ideas for exploring the pathogenetic mechanisms
of cartilage tumorigenesis and the potential treatments for carti-

lage tumours.
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4.5 | Primary cilia in the cartilage disease
osteoarthritis

Osteoarthritis is the most common degenerative disease of car-
tilage, which causes pain and the limitation of joint movements.
Promoting cartilage repair and delaying cartilage degeneration
possesses great value for osteoarthritis treatment. Recently, some
studies have revealed that primary cilia play very important roles
in regulating the pathogenesis of osteoarthritis.1°¢%7 Primary cilia
disassembly and cartilage morphology changes can be found in
many ciliary-related gene mutants. For example, the abnormal de-
velopment of cartilage can be found in the joints of Bardet-BiedI
syndrome mutant mice.*®> The loss of primary cilia can also be de-
tected in the cells of Col2aCre;lft88fl/fl mutant mice, accompanied
with osteoarthritis-like cartilage changes. Furthermore, the ex-
pression of osteoarthritis marker proteins, such as COL-X, RUNX2,
MMP-13 and ADAMTS-5 increased, while a decrease in the hard-
ness of cartilage tissue can be observed.”® Low-level expression of
GLI3 inhibitor in Col2aCre;Ift88fl/fl mutant mice might be associ-
ated with the abnormal activation of the Hedgehog pathway. The
aberrant activation of the Hedgehog pathway can be initiated in

1M390R/M390R

mutant cartilage tissues.'®® In Bbs mutant ciliopathy

mice, osteoarthritis-like changes can be observed in the cartilage,

and the dysfunction of primary cilia is involved in the regulation of
degradative and pro-inflammatory signalling transduction in these
mutant mice.®? A previous study compared and analysed the dif-
ferences in the prevalence and length of primary cilia between
normal cartilage and osteoarthritis cartilage. The results revealed
that the expression of primary cilia in the surface ciliated chondro-
cytes was lowest, and the length of cilia was the shortest in normal
cartilage, while the prevalence and length of primary cilia in the
deep layer chondrocytes increased correspondingly. In osteoar-
thritis cartilage, the incidence and length of primary cilia increased
in the eroding articular from the surface to the tidal line with the
severity of grading. These findings indicate that primary cilia are
involved in the pathogenesis of osteoarthritis.*'° Primary cilia can
also be found in the regulation of chondrocyte inflammatory re-
actions.'** When chondrocytes were stimulated by IL-1, primary
cilia on the chondrocytes extended adaptively in a short time and
controlled inflammatory factor release. After the knocking out of
ciliated functional gene IFT88, the corresponding inflammatory
response was suppressed remarkably.3¢

Primary cilia with a normal structure and function are beneficial
for delaying the progression of osteoarthritis. Mechanical signalling
transduction mediated by primary cilia can inhibit the expression of
MMP-1 and MMP-13 in chondrocytes by transactivating CITED2
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through the ATP-purine calcium-ERK1/2 signal axis, and MMP-1
and MMP-13 are considered the key proteins in regulating cartilage
matrix catabolism, especially in the pathogenesis of osteoarthritis.8
Similarly, when chondrocytes are subjected to the appropriate in-
tensity of mechanical stress, mechanical signals can be transduced
by primary cilia and upregulate the activation of the Hedgehog
pathway, as well as affect ADAMTS-5 expression during cartilage
development. However, the high intensity of mechanical stress can
cause primary cilia dysfunction and lose the capacity of regulating
Hedgehog signalling and ADAMTS-5 expression in chondrocytes.®”
Therefore, during the development of osteoarthritis, different inten-
sities of mechanical stress can affect cartilage redifferentiation and
development through primary cilia-dependent regulatory signalling
activation. Regulating the structure and function of primary cilia can
be an effective choice for early intervention and delaying the pro-
gression of osteoarthritis. Additionally, a previous study reported
that the injection of LiCl in an animal model of osteoarthritis could
protect the joints and reduce cartilage damage by regulating primary
cilia elongation and inhibiting the Hedgehog pathway in chondro-
cytes.!? Therefore, studies on primary cilia proteomics and cilia-re-
lated regulatory factors can provide new choices for the treatment

of osteoarthritis.

5 | CONCLUSION AND PROSPECTS

Primary cilia, organelles with versatile functions, are involved in
multiple regulatory mechanisms of cartilage development. The
structural and functional integrity of primary cilia affects diverse
life activities. For example, primary cilia disassembly and dysfunc-
tion can lead to achondroplasia, cartilage tumorigenesis and other
degenerative diseases. lllustrating the regulatory mechanism of
primary cilia in cartilage growth and development can provide new
ideas for clarifying the pathogenesis of cartilage-related diseases.
However, there are still many problems to be resolved, for instance,
whether the expression and function of primary cilia are related to
cartilage matrix secretion; whether there is any quantitative rela-
tionship between the morphological changes of primary cilia and the
mechanical forms; whether there is any dose-effect relationship be-
tween the morphological changes of primary cilia and the mechani-
cal resistant capacity of chondrocytes; what the specific roles of
primary cilia in inflammatory responses are during the progression of
osteoarthritis; and whether regulating the structure and function of
primary cilia is useful to achieve the promotive effects on cartilage
injury repair and regeneration in vivo. In summary, further research
on the regulatory mechanism of primary cilia on cartilage growth and
development will provide new ideas and prospects for the develop-
ment of cartilage tissue engineering and new therapeutic choices for
cartilage diseases.

ACKNOWLEDGEMENTS
This work was supported by the National Natural Science
Foundation of China (Grant No. 81902300) and the Central

Proliferation
University Basic Scientific Research Business Expenses Special
Funds (2042019kf0064).

CONFLICTS OF INTEREST

The authors declare no conflicts of interest.

AUTHORS CONTRIBUTION

Fenghua Tao and Ting Jiang wrote the manuscript and provided the
critical revisions, Hai Tao and Hui Cao collected the update refer-
ence and drew the figures, Wei Xiang provided the conception and

design of the study.

DATA AVAILABILITY STATEMENT
Research data are not shared.

ORCID
Wei Xiang https://orcid.org/0000-0002-4443-3620
REFERENCES

1. Sophia Fox AJ, Bedi A, Rodeo SA. The basic science of articular
cartilage: structure, composition, and function. Sports Health.
2009;1(6):461-468.

2. Salinas EY, Hu JC, Athanasiou K. A guide for using mechanical
stimulation to enhance tissue-engineered articular cartilage prop-
erties. Tissue Eng Part B Rev. 2018;24(5):345-358.

3. Woodell-May JE, Sommerfeld SD. The role of inflammation and the
immune system has in the progression of osteoarthritis. J Orthop
Res. 2019. https://doi.org/10.1002/jor.24457. [Epub ahead of print].

4. O'Conor CJ, Case N, Guilak F. Mechanical regulation of chondro-
genesis. Stem Cell Res Ther. 2013;4(4):61.

5. Fernandez-Torres J, Martinez-Nava GA, Gutierrez-Ruiz MC,
Gomez-Quiroz LE, Gutierrez M. Role of HIF-1alpha signaling path-
way in osteoarthritis: a systematic review. Rev Bras Reumatol Engl
Ed. 2017;57(2):162-173.

6. Huang J, Zhao L, Chen D. Growth factor signalling in osteoarthri-
tis. Growth Factors. 2018;36(5-6):187-195.

7. Evans RC, Quinn TM. Solute diffusivity correlates with mechanical
properties and matrix density of compressed articular cartilage.
Arch Biochem Biophys. 2005;442(1):1-10.

8. Evans RC, Quinn TM. Solute convection in dynamically com-
pressed cartilage. J Biomech. 2006;39(6):1048-1055.

9. Liu Q, Hu X, Zhang X, et al. Effects of mechanical stress on chon-
drocyte phenotype and chondrocyte extracellular matrix expres-
sion. Sci Rep. 2016;6:37268.

10. Diao HJ, Fung HS, Yeung P, Lam KL, Yan CH, Chan BP. Dynamic
cyclic compression modulates the chondrogenic phenotype in
human chondrocytes from late stage osteoarthritis. Biochem
Biophys Res Commun. 2017;486(1):14-21.

11. Xiang W, Zhang J, Wang R, et al. Role of IFT88 in icariin-regu-
lated maintenance of the chondrocyte phenotype. Mol Med Rep.
2018;17(4):4999-5006.

12. Responte DJ, Lee JK, Hu JC, Athanasiou KA. Biomechanics-
driven chondrogenesis: from embryo to adult. FASEB J.
2012;26(9):3614-3624.

13. Satir P. CILIA: before and after. Cilia. 2017;6:1.

14. AbouAlaiwi WA, Takahashi M, Mell BR, et al. Ciliary polycystin-2 is
a mechanosensitive calcium channel involved in nitric oxide signal-
ing cascades. Circ Res. 2009;104(7):860-869.

15. Kaushik AP, Martin JA, Zhang Q, Sheffield VC, Morcuende JA.
Cartilage abnormalities associated with defects of chondrocytic


https://orcid.org/0000-0002-4443-3620
https://orcid.org/0000-0002-4443-3620
https://doi.org/10.1002/jor.24457

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

et

TAO ET AL.

Proliferation
primary cilia in Bardet-Biedl syndrome mutant mice. J Orthop Res.
2009;27(8):1093-1099.

Xu W, Jin M, Hu R, et al. The Joubert syndrome protein Inpp5e
controls ciliogenesis by regulating phosphoinositides at the apical
membrane. J Am Soc Nephrol. 2017;28(1):118-129.

Nauli SM, Alenghat FJ, Luo Y, et al. Polycystins 1 and 2 mediate
mechanosensation in the primary cilium of kidney cells. Nat Genet.
2003;33(2):129-137.

Kakar N, Horn D, Decker E, et al. Expanding the phenotype asso-
ciated with biallelic WDR60 mutations: siblings with retinal degen-
eration and polydactyly lacking other features of short rib thoracic
dystrophies. Am J Med Genet A. 2018;176(2):438-442.

Hassounah NB, Bunch TA, McDermott KM. Molecular path-
ways: the role of primary cilia in cancer progression and ther-
apeutics with a focus on Hedgehog signaling. Clin Cancer Res.
2012;18(9):2429-2435.

de Andrea CE, Zhu JF, Jin H, Bovee JV, Jones KB. Cell cycle de-
regulation and mosaic loss of Extl drive peripheral chondrosar-
comagenesis in the mouse and reveal an intrinsic cilia deficiency. J
Pathol. 2015;236(2):210-218.

de Andrea CE, Wiweger M, Prins F, Bovee JV, Romeo S,
Hogendoorn PC. Primary cilia organization reflects polarity in the
growth plate and implies loss of polarity and mosaicism in osteo-
chondroma. Lab Invest. 2010;90(7):1091-1101.

Yuan X, Yang S. Primary cilia and intraflagellar transport proteins in
bone and cartilage. J Dent Res. 2016;95(12):1341-1349.

Wei X, HuM, Mishina, Liu F. Developmental regulation of the growth
plate and cranial synchondrosis. J Dent Res. 2016;95(11):1221-1229.
Yuan X, Serra RA, Yang S. Function and regulation of primary cilia
and intraflagellar transport proteins in the skeleton. Ann NY Acad
Sci. 2015;1335:78-99.

Park SM, Jang HJ, Lee JH. Roles of primary cilia in the developing
brain. Front Cell Neurosci. 2019;13:218.

Venkatesh D. Primary cilia. J Oral Maxillofac Pathol. 2017;21(1):8-10.
Muhammad H, Rais Y, Miosge N, Ornan EM. The primary cilium
as a dual sensor of mechanochemical signals in chondrocytes. Cell
Mol Life Sci. 2012;69(13):2101-2107.

Goto H, Inoko A, Inagaki M. Cell cycle progression by the repres-
sion of primary cilia formation in proliferating cells. Cell Mol Life Sci.
2013;70(20):3893-3905.

Joukov V, De Nicolo A. The centrosome and the primary cilium: the
Yin and Yang of a hybrid organelle. Cells. 2019;8(7):701.

Poole CA, Zhang ZJ, Ross JM. The differential distribution of
acetylated and detyrosinated alpha-tubulin in the microtubular
cytoskeleton and primary cilia of hyaline cartilage chondrocytes.
J Anat. 2001;199(Pt 4):393-405.

Serra R. Role of intraflagellar transport and primary cilia in skeletal
development. Anat Rec (Hoboken). 2008;291(9):1049-1061.

Yoder BK, Tousson A, Millican L, et al. Polaris, a protein disrupted
in orpk mutant mice, is required for assembly of renal cilium. Am J
Physiol Renal Physiol. 2002;282(3):F541-F552.

McGlashan SR, Haycraft CJ, Jensen CG, Yoder BK, Poole CA.
Articular cartilage and growth plate defects are associated
with chondrocyte cytoskeletal abnormalities in Tg737orpk
mice lacking the primary cilia protein polaris. Matrix Biol.
2007;26(4):234-246.

Phan MN, Leddy HA, Votta BJ, et al. Functional characterization of
TRPV4 as an osmotically sensitive ion channel in porcine articular
chondrocytes. Arthritis Rheum. 2009;60(10):3028-3037.

Rich DR, Clark AL. Chondrocyte primary cilia shorten in response
to osmotic challenge and are sites for endocytosis. Osteoarthritis
Cartilage. 2012;20(8):923-930.

Wann AK, Knight MM. Primary cilia elongation in response to in-
terleukin-1 mediates the inflammatory response. Cell Mol Life Sci.
2012;69(17):2967-2977.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

48.

49.

50.

51.

53.

54.

55.

56.

57.

58.

59.

Pala R, Alomari N, Nauli SM. Primary cilium-dependent signaling
mechanisms. Int J Mol Sci. 2017;18(11):2272.

McGlashan SR, Knight MM, Chowdhury TT, et al. Mechanical load-
ing modulates chondrocyte primary cilia incidence and length. Cell
Biol Int. 2010;34(5):441-446.

Gherman A, Davis EE, Katsanis N. The ciliary proteome database:
an integrated community resource for the genetic and functional
dissection of cilia. Nat Genet. 2006;38(9):961-962.

Ishikawa H, Thompson J, Yates JR 3rd, Marshall WF. Proteomic
analysis of mammalian primary cilia. Curr Biol. 2012;22(5):414-419.
May-Simera HL, Kelley MW. Cilia, Wnt signaling, and the cytoskel-
eton. Cilia. 2012;1(1):7.

Otto EA, Schermer B, Obara T, et al. Mutations in INVS encoding
inversin cause nephronophthisis type 2, linking renal cystic dis-
ease to the function of primary cilia and left-right axis determina-
tion. Nat Genet. 2003;34(4):413-420.

Park TJ, Mitchell BJ, Abitua PB, Kintner C, Wallingford JB. Dishevelled
controls apical docking and planar polarization of basal bodies in cili-
ated epithelial cells. Nat Genet. 2008;40(7):871-879.

Theisen CS, Wahl JK 3rd, Johnson KR, Wheelock MJ. NHERF links
the N-cadherin/catenin complex to the platelet-derived growth
factor receptor to modulate the actin cytoskeleton and regulate
cell motility. Mol Biol Cell. 2007;18(4):1220-1232.

Chang CF, Schock EN, Attia AC, Stottmann RW, Brugmann SA. The
ciliary baton: orchestrating neural crest cell development. Curr Top
Dev Biol. 2015;111:97-134.

Krebs LT, Iwai N, Nonaka S, et al. Notch signaling regulates left-
right asymmetry determination by inducing Nodal expression.
Genes Dev. 2003;17(10):1207-1212.

Lopes SS, Lourenco R, Pacheco L, Moreno N, Kreiling J, Saude
L. Notch signalling regulates left-right asymmetry through ciliary
length control. Development. 2010;137(21):3625-3632.

Rys JP, DuFort CC, Monteiro DA, et al. Discrete spatial organiza-
tion of TGFbeta receptors couples receptor multimerization and
signaling to cellular tension. Elife. 2015;4:e09300.

Clement CA, Ajbro KD, Koefoed K, et al. TGF-beta signaling is
associated with endocytosis at the pocket region of the primary
cilium. Cell Rep. 2013;3(6):1806-1814.

Kawasaki M, Ezura Y, Hayata T, Notomi T, Izu Y, Noda M. TGF-beta
suppresses Ift88 expression in chondrocytic ATDC5 cells. J Cell
Physiol. 2015;230(11):2788-2795.

Ibraghimov-Beskrovnaya O, Natoli TA. mTOR signaling in polycys-
tic kidney disease. Trends Mol Med. 2011;17(11):625-633.

Boehlke C, Kotsis F, Patel V, et al. Primary cilia regulate
mTORC1 activity and cell size through Lkb1. Nat Cell Biol.
2010;12(11):1115-1122.

Bell PD, Fitzgibbon W, Sas K, et al. Loss of primary cilia upregulates
renal hypertrophic signaling and promotes cystogenesis. J Am Soc
Nephrol. 2011;22(5):839-848.

Young RW, Bok D. Participation of the retinal pigment epi-
thelium in the rod outer segment renewal process. J Cell Biol.
1969;42(2):392-403.

Wood CR, Rosenbaum JL. Ciliary ectosomes: transmissions from
the cell's antenna. Trends Cell Biol. 2015;25(5):276-285.

Phua SC, Chiba S, Suzuki M, et al. Dynamic remodeling of mem-
brane composition drives cell cycle through primary cilia excision.
Cell. 2017;168(1-2):264-279 e215.

Haycraft CJ, Serra R. Cilia involvement in patterning and mainte-
nance of the skeleton. Curr Top Dev Biol. 2008;85:303-332.
Haycraft CJ, Zhang Q, Song B, et al. Intraflagellar transport
is essential for endochondral bone formation. Development.
2007;134(2):307-316.

Song B, Haycraft CJ, Seo HS, Yoder BK, Serra R. Development of
the post-natal growth plate requires intraflagellar transport pro-
teins. Dev Biol. 2007;305(1):202-216.



TAO ET AL.

e

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Moore ER, Jacobs CR. The primary cilium as a signaling nexus for
growth plate function and subsequent skeletal development. J
Orthop Res. 2018;36(2):533-545.

Schmidts M. Clinical genetics and pathobiology of ciliary chondro-
dysplasias. J Pediatr Genet. 2014;3(2):46-94.

Duran I, Taylor SP, Zhang W, et al. Destabilization of the IFT-B
cilia core complex due to mutations in IFT81 causes a spectrum of
short-rib polydactyly syndrome. Sci Rep. 2016;6:34232.

Yuan X, Yang S. Deletion of IFT80 impairs epiphyseal and articular
cartilage formation due to disruption of chondrocyte differentia-
tion. PLoS ONE. 2015;10(6):e0130618.

Gan H, Xue W, Gao YA, et al. KIF5B modulates central spindle or-
ganization in late-stage cytokinesis in chondrocytes. Cell Biosci.
2019;9:85.

Coveney CR, Collins I, Mc Fie M, Chanalaris A, Yamamoto K,
Wann AKT. Cilia protein IFT88 regulates extracellular prote-
ase activity by optimizing LRP-1-mediated endocytosis. FASEB J.
2018;32(12):6771-6782.

Luesma MJ, Cantarero |, Ranera B, et al. Primary cilia in chondro-
genic differentiation of equine bone marrow mesenchymal stem
cells: ultrastructural study. J Equine Vet Sci. 2016;47:47-54.

Kitami M, Yamaguchi H, Ebina M, Kaku M, Chen D, Komatsu Y.
IFT20 is required for the maintenance of cartilaginous ma-
trix in condylar cartilage. Biochem Biophys Res Commun.
2019;509(1):222-226.

Lu W, Shen X, Pavlova A, et al. Comparison of Pkd1-targeted mu-
tants reveals that loss of polycystin-1 causes cystogenesis and
bone defects. Hum Mol Genet. 2001;10(21):2385-2396.
Kolpakova-Hart E, Jinnin M, Hou B, Fukai N, Olsen BR. Kinesin-2
controls development and patterning of the vertebrate skele-
ton by Hedgehog- and Gli3-dependent mechanisms. Dev Biol.
2007;309(2):273-284.

Hwang SH, White KA, Somatilaka BN, Shelton JM, Richardson
JA, Mukhopadhyay S. The G protein-coupled receptor Gpri161
regulates forelimb formation, limb patterning and skeletal mor-
phogenesis in a primary cilium-dependent manner. Development.
2018;145(1):dev154054.

Huang X, Das R, Patel A, Nguyen TD. Physical Stimulations
for bone and cartilage regeneration. Regen Eng Transl Med.
2018;4(4):216-237.

Inamdar SR, Barbieri E, Terrill NJ, Knight MM, Gupta HS.
Proteoglycan degradation mimics static compression by altering
the natural gradients in fibrillar organisation in cartilage. Acta
Biomater. 2019;97:437-450.

Matsubara S, Onodera T, Maeda E, et al. Depletion of glycosphin-
golipids induces excessive response of chondrocytes under me-
chanical stress. J Biomech. 2019;94:22-30.

Ogura T, Minas T, Tsuchiya A, Mizuno S. Effects of hydrostatic
pressure and deviatoric stress on human articular chondrocytes
for designing neo-cartilage construct. J Tissue Eng Regen Med.
2019;13(7):1143-1152.

Yang H, Zhang M, Liu Q, et al. Inhibition of Ihh reverses temporo-
mandibular joint osteoarthritis via a PTH1R signaling dependent
mechanism. Int J Mol Sci. 2019;20(15):3797.

Jensen CG, Poole CA, McGlashan SR, et al. Ultrastructural, tomo-
graphic and confocal imaging of the chondrocyte primary cilium in
situ. Cell Biol Int. 2004;28(2):101-110.

O'Conor CJ, Leddy HA, Benefield HC, Liedtke WB, Guilak F.
TRPV4-mediated mechanotransduction regulates the metabolic
response of chondrocytes to dynamic loading. Proc Natl Acad Sci
USA. 2014;111(4):1316-1321.

Knight MM, McGlashan SR, Garcia M, Jensen CG, Poole CA.
Articular chondrocytes express connexin 43 hemichannels and
P2 receptors - a putative mechanoreceptor complex involving the
primary cilium? J Anat. 2009;214(2):275-283.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Proliferation

Ross TD, Coon BG, Yun S, et al. Integrins in mechanotransduction.
Curr Opin Cell Biol. 2013;25(5):613-618.

Vaughan TJ, Mullen CA, Verbruggen SW, McNamara LM. Bone cell
mechanosensation of fluid flow stimulation: a fluid-structure in-
teraction model characterising the role integrin attachments and
primary cilia. Biomech Model Mechanobiol. 2015;14(4):703-718.
McGlashan SR, Jensen CG, Poole CA. Localization of extracellular
matrix receptors on the chondrocyte primary cilium. J Histochem
Cytochem. 2006;54(9):1005-1014.

Wann AK, Zuo N, Haycraft CJ, et al. Primary cilia mediate mech-
anotransduction through control of ATP-induced Ca?* signaling in
compressed chondrocytes. FASEB J. 2012;26(4):1663-1671.

Nauli SM, Pala R, Kleene SJ. Calcium channels in primary cilia. Curr
Opin Nephrol Hypertens. 2016;25(5):452-458.

Ruhlen R, Marberry K. The chondrocyte primary cilium.
Osteoarthritis Cartilage. 2014;22(8):1071-1076.

Deren ME, Yang X, Guan Y, Chen Q. Biological and chemical re-
moval of primary cilia affects mechanical activation of chon-
drogenesis markers in chondroprogenitors and hypertrophic
chondrocytes. Int J Mol Sci. 2016;17(2):188.

He Z, Leong DJ, Zhuo Z, et al. Strain-induced mechanotransduc-
tion through primary cilia, extracellular ATP, purinergic calcium
signaling, and ERK1/2 transactivates CITED2 and downregu-
lates MMP-1 and MMP-13 gene expression in chondrocytes.
Osteoarthritis Cartilage. 2016;24(5):892-901.

Thompson CL, Chapple JP, Knight MM. Primary cilia disassembly
down-regulates mechanosensitive hedgehog signalling: a feed-
back mechanism controlling ADAMTS-5 expression in chondro-
cytes. Osteoarthritis Cartilage. 2014;22(3):490-498.

Rais Y, Reich A, Simsa-Maziel S, et al. The growth plate's response
to load is partially mediated by mechano-sensing via the chondro-
cytic primary cilium. Cell Mol Life Sci. 2015;72(3):597-615.
Subramanian A, Budhiraja G, Sahu N. Chondrocyte primary cil-
ium is mechanosensitive and responds to low-intensity-ultra-
sound by altering its length and orientation. Int J Biochem Cell Biol.
2017;91(Pt A):60-64.

Hierck BP, Van der Heiden K, Alkemade FE, et al. Primary
cilia sensitize endothelial cells for fluid shear stress. Dev Dyn.
2008;237(3):725-735.

Van der Heiden K, Hierck BP, Krams R, et al. Endothelial primary
cilia in areas of disturbed flow are at the base of atherosclerosis.
Atherosclerosis. 2008;196(2):542-550.

Rydholm S, Zwartz G, Kowalewski JM, Kamali-Zare P, Frisk T,
Brismar H. Mechanical properties of primary cilia regulate the re-
sponse to fluid flow. Am J Physiol Renal Physiol. 2010;298(5):F1096
-F1102.

Fu S, Thompson CL, Ali A, et al. Mechanical loading inhibits car-
tilage inflammatory signalling via an HDAC6 and IFT-dependent
mechanism regulating primary cilia elongation. Osteoarthritis
Cartilage. 2019;27(7):1064-1074.

Xiang W, Jiang T, Hao X, et al. Primary cilia and autophagy inter-
action is involved in mechanical stress mediated cartilage develop-
ment via ERK/mTOR axis. Life Sci. 2019;218:308-313.

Irianto J, Ramaswamy G, Serra R, Knight MM. Depletion of chon-
drocyte primary cilia reduces the compressive modulus of articular
cartilage. J Biomech. 2014;47(2):579-582.

Xu K, Guo F, Zhang S, et al. Blocking Ihh signaling pathway inhibits
the proliferation and promotes the apoptosis of PSCs. J Huazhong
Univ Sci Technol Med Sci. 2009;29(1):39-44.

Shao YY, Wang L, Welter JF, Ballock RT. Primary cilia modulate Ihh
signal transduction in response to hydrostatic loading of growth
plate chondrocytes. Bone. 2012;50(1):79-84.

Han S, Park H-R, Lee E-J, et al. Dicam promotes proliferation and
maturation of chondrocyte through Indian hedgehog signaling in
primary cilia. Osteoarthritis Cartilage. 2018;26(7):945-953.




12 of 12 WILEY—

99.

100.
101.

102.
103.

104.
105.

106.

TAO ET AL.

Proliferatio

Ho L, Ali SA, Al-Jazrawe M, Kandel R, Wunder JS, Alman BA.
Primary cilia attenuate hedgehog signalling in neoplastic chondro-
cytes. Oncogene. 2013;32(47):5388-5396.

Thorpe SD, Gambassi S, Thompson CL, Chandrakumar C, Santucci
A, Knight MM. Reduced primary cilia length and altered Arl13b ex-
pression are associated with deregulated chondrocyte Hedgehog
signaling in alkaptonuria. J Cell Physiol. 2017;232(9):2407-2417.
Gambassi S, Geminiani M, Thorpe SD, et al. Smoothened-
antagonists reverse homogentisic acid-induced alterations of
Hedgehog signaling and primary cilium length in alkaptonuria. J
Cell Physiol. 2017;232(11):3103-3111.

Xiang W, Guo F, Cheng W, et al. HDAC6 inhibition suppresses
chondrosarcoma by restoring the expression of primary cilia.
Oncol Rep. 2017;38(1):229-236.

Xiang W, Jiang T, Guo F, et al. Hedgehog pathway inhibitor-4 sup-
presses malignant properties of chondrosarcoma cells by disturb-
ing tumor ciliogenesis. Oncol Rep. 2014;32(4):1622-1630.

Martin L, Kaci N, Estibals V, et al. Constitutively-active FGFR3
disrupts primary cilium length and IFT20 trafficking in vari-
ous chondrocyte models of achondroplasia. Hum Mol Genet.
2018;27(1):1-13.

Xiang W, Jiang T, Guo F, et al. Evaluating the role of PTH in
promotion of chondrosarcoma cell proliferation and in-
vasion by inhibiting primary cilia expression. Int J Mol Sci.
2014;15(11):19816-19831.

Kouri JB, Jimenez SA, Quintero M, Chico A. Ultrastructural study
of chondrocytes from fibrillated and non-fibrillated human osteo-
arthritic cartilage. Osteoarthritis Cartilage. 1996;4(2):111-125.

107.

108.

109.

110.

111.

112.

Kouri JB, Arguello C, Luna J, Mena R. Use of microscopical tech-
niques in the study of human chondrocytes from osteoarthritic
cartilage: an overview. Microsc Res Tech. 1998;40(1):22-36.

Chang CF, Ramaswamy G, Serra R. Depletion of primary cilia in
articular chondrocytes results in reduced Gli3 repressor to acti-
vator ratio, increased Hedgehog signaling, and symptoms of early
osteoarthritis. Osteoarthritis Cartilage. 2012;20(2):152-161.
Sheffield ID, McGee MA, Glenn SJ, et al. Osteoarthritis-like
changes in Bardet-Biedl syndrome mutant ciliopathy mice
(Bbs1(M390R/M390R)): evidence for a role of primary cilia in car-
tilage homeostasis and regulation of inflammation. Front Physiol.
2018;9:708.

McGlashan SR, Cluett EC, Jensen CG, Poole CA. Primary cilia in
osteoarthritic chondrocytes: from chondrons to clusters. Dev Dyn.
2008;237(8):2013-2020.

Wann AK, Thompson CL, Chapple JP, Knight MM. Interleukin-
1beta sequesters hypoxia inducible factor 2alpha to the primary
cilium. Cilia. 2013;2(1):17.

Thompson CL, Wiles A, Poole CA, Knight MM. Lithium chloride
modulates chondrocyte primary cilia and inhibits Hedgehog sig-
naling. FASEB J. 2016;30(2):716-726.

How to cite this article: Tao F, Jiang T, Tao H, Cao H, Xiang W.
Primary cilia: Versatile regulator in cartilage development. Cell
Prolif. 2020;53:e12765. https://doi.org/10.1111/cpr.12765



https://doi.org/10.1111/cpr.12765

