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Abstract

Purpose of Review The purpose of this review is to provide a background on osteocytes and the primary cilium, discussing
the role it plays in osteocyte mechanosensing.

Recent Findings Osteocytes are thought to be the primary mechanosensing cells in bone tissue, regulating bone adaptation
in response to exercise, with the primary cilium suggested to be a key mechanosensing mechanism in bone. More recent
work has suggested that, rather than being direct mechanosensors themselves, primary cilia in bone may instead form a key
chemo-signalling nexus for processing mechanoregulated signalling pathways. Recent evidence suggests that pharmaco-
logically induced lengthening of the primary cilium in osteocytes may potentiate greater mechanotransduction, rather than
greater mechanosensing.

Summary While more research is required to delineate the specific osteocyte mechanobiological molecular mechanisms
governed by the primary cilium, it is clear from the literature that the primary cilium has significant potential as a therapeutic
target to treat mechanoregulated bone diseases, such as osteoporosis.
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Introduction

Osteocytes are by far the most abundant cell type in bone,
numbering more than 90% of the bone cell population [1],
but are perhaps the most difficult to study given their micro-
environment entombed within bone matrix. While much
early research into the regulation of bone modelling and
remodelling focussed on bone-forming osteoblasts and bone-
resorbing osteoclasts, osteocytes have received less atten-
tion. Over the past decade or so, the key role of osteocytes in
regulating the recruitment and behaviour of other bone cells
has been highlighted, particularly in response to mechanical
stimulation or exercise [2]. Thus, an ever-increasing body of
evidence now supports the paradigm that the osteocyte is the
principal cell type responsible for integrating the mechanical
and chemical signals that govern modelling and remodelling,
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and is key to initiating both bone resorption and formation.

Key to this role is the ability of osteocytes to sense
mechanical stimulation, integrate these external signals,
and transduce them into a biochemical response [1]. For
this, the osteocyte is thought to rely on a number of impor-
tant mechanosensing molecular mechanisms or mecha-
nosensors [1]. The primary cilium has emerged as a key
organelle within osteocytes and is known to play a role
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in the mechanosensitivity of osteocytes and in the adap-
tive response of bone to mechanical loading [3]. However,
whether the primary cilium is a mechanosensor in its own
right, or an important integrating microdomain for mecha-
notransduction, remains debated.

This review begins with a primer on the osteocyte and
its major functions within bone tissue, with an emphasis on
its role as the key mechanosensing cell within bone tissue.
This is then followed by a review of the primary cilium, its
biology, and its link with human diseases. The article then
explores the putative role for the osteocyte primary cilium in
bone mechanosensing, discussing the state-of-the-art, before
concluding with a future perspective on the potential of the
primary cilium as a therapeutic target in diseases such as
0steoporosis.

Osteocytes

Osteocytes are distributed abundantly and represent the ter-
minal differentiation of the mesenchymal derived osteogenic
lineage [4]. This occurs as former osteoblasts become sur-
rounded by unmineralised matrix (osteoid) during bone for-
mation, the result of a complex phenotypic transition. This
transition comprises a remarkable shift in both form and
function, from a cuboidal morphology organised to secrete
extracellular matrix to a dendritic cell with a much reduced
cell body and various long, slender processes that connect
to their neighbours—both nearby osteocytes and cells on
the surface of bone, i.e. osteoblasts and bone lining cells [5].
This stellate morphology results in a distinctive network of
interconnected lacunae (cavities containing osteocyte cell
bodies) and canaliculi (channels in bone matrix that envelop
the osteocyte processes), with this network a defining feature
of bone tissue. This unique network of dendritic processes
allows contact and communication with other osteocytes via
gap junctions and paracrine signalling [6]. These canaliculi
are believed to provide a vital system for nutrient supply and
waste disposal to the cells and allow transduction of bio-
chemical signals to other cells, both in the matrix and on the
bone surface. Osteocytes generate a large number of these
canaliculi, numbering between 30 and 50 canaliculi per indi-
vidual cell [7]. In fact, the network generated by osteocytes
is so vast that average canalicular density in the bone of mid-
dle-aged women has been calculated as 0.074 £0.015 pm/
pm3 [8], the astonishing equivalent of 74 km/cm? [9]. So
crucial is this network that disruption of it in old bone,
with a loss of canaliculi and changes in lacunar geometries
[10-12], is thought to underly the decreased mechanosensi-
tivity observed with aging [13]. A mesh-like glycocalyx, or
pericellular matrix (PCM), surrounds the osteocyte and is
thought to tether it to the extracellular matrix (ECM), while
punctate integrin attachments between the cell processes and
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the matrix have been identified in the canaliculi [14]. It has
been proposed that both of these extracellular attachments
may act to amplify strain signals to the osteocyte through
their connections with the cytoskeleton [15], and experimen-
tal studies have shown that osteocyte cell processes are sig-
nificantly more mechanosensitive than the cell bodies [16].

The osteocyte processes themselves form before the bone
matrix mineralises [5] and, while the mechanisms under-
lying this process are not fully understood, they appear to
be dynamically regulated rather than random. Osteocytes
in vitro, for example, can elongate their cell processes by
secreting E11/gp38 dendritic proteins in response to fluid
shear stress [17]. Matrix metalloproteinases (MMPs) are
also required to complete the extension of processes through
bone matrix in vivo [17]. Holmbeck and colleagues showed
that transgenic mice lacking membrane type matrix met-
alloproteinase 1 (MT1-MMP or MMP-14) form osteocyte
processes but never develop pericellular space around them
[18]. Inoue et al. also demonstrated that MMP-2 is essential
for the formation of osteocyte canaliculi and networks in
calvarial bone [19].

Upon terminal differentiation and mineralisation of their
surrounding osteoid, osteocytes are entombed until they die,
often living for years in situ until the bone in which they
are located is replaced with new bone via remodelling. In
extreme examples of bones that do not remodel, such as
the bones of the inner ear, evidence suggests that even in
95-year-old humans the osteocytes present are as old as the
individual [20].

Osteocytes as Mechanosensors

Bone has long been recognised as a most mechanosensitive
tissue, with research theories in this field stretching back to
those of Julius Wolff in the 1800s. The basic rule of adap-
tation of bone structure in response to mechanical loading
is, to this day, commonly referred to as Wolff’s Law, with
further work carried out in orthodontics by his contempo-
rary Rudolf Virchow. Yet, despite this well-established para-
digm, the precise mechanism through which this mechani-
cal stimulation is perceived and transduced into a biological
outcome has eluded researchers ever since. While osteocytes
were gradually accepted to be the key sensors of mechani-
cal loading in bone tissue, these complex cells and their
intricate environment have presented a bewildering array
of experimental challenges, molecular sensors, and signal-
ling pathways that have hampered attempts to pinpoint the
mechanism underpinning their mechanosensitivity (Fig. 1).

In the unique mechanical environment of the lacuno-
canalicular network, osteocytes experience a range of
mechanical stimuli, including substrate deformation, fluid
shear, or changes in hydrostatic pressure; and osteocytes
experience all of these stimuli to some degree. During



Current Osteoporosis Reports

F-actin bundle
on cell processes

(B) Tetherig elements
along cell process

Matrix “hillock”
protrusions
R - e

(E) Bsintegrin on
cell processes

(C) B4 integrin on
cell bodies

Mechanosome

Fig.1 Osteocytes sense mechanical stimulation in vivo, with a
number of potential sensing mechanisms identified (black and
white arrows indicate mechanosensors): (A) TEM image of an oste-
ocyte process displaying the actin cytoskeleton; (B) TEM image of
proteoglycan pericellular matrix (PCM) tethering elements (black
arrows) bridging an osteocyte cell process to the bony canalicular
wall; (C) fluorescent immunohistochemical staining showing that
B1 integrins (white arrows) are located only on osteocyte cell bod-
ies; (D) TEM image demonstrating the discrete extracellular matrix
(ECM) projections from the canalicular wall that contact osteocyte
processes (black arrows); (E) fluorescent immunohistochemical stain-

normal physiological loading (e.g. walking), interstitial
fluid pressure causes flow into and out of the lacuno-cana-
licular network and produces shear stresses along osteocyte
membranes [23]. Changes in interstitial hydrostatic pres-
sure also result [24], as does deformation of bone matrix
itself [25], though the rigidity of the tissue indicates that
such deformations are very small [26]. Physiological

ing for B3 integrins (white arrows) that are present in a punctate pat-
tern along osteocyte processes, with similar periodicity and spacing
pattern to ECM projections; and (F) the primary cilium (white arrow)
on the osteocyte cell body. These sensing mechanisms may experi-
ence either interstitial fluid flow or strain of the surrounding matrix:
(G) combined fluid shear and matrix strain via tethering elements or
focal adhesions along the dendritic cell processes; (H) matrix strain
via focal adhesions on the cell body; and (I) direct fluid flow sensing
via the primary cilium in the lacunar cavity. Adapted from Schaffler
et al. [1], Verbruggen and McNamara [21], and Duffy and Jacobs [22]

tissue strain experienced by bone ranges from 400 to 3000
microstrain (pe, 0.04-0.3%) [26], with the vast majority
of in vivo loading occurring at the low end of this range
[26]. However, mechanical strains that elicit biological
responses from osteocytes in vitro range from 5000 to
10,000 pe (5-10%) [27], similar to all connective tissue
cells in vitro. Moreover, whole bone tissue typically breaks
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at approximately 1% strain [27]. Thus, it was thought to be
unrealistic for healthy osteocytes to be experiencing such
high strains in vivo. These findings implied that osteocytes
must experience something very different from mechanical
strain at the cellular scale in situ. A theory of strain ampli-
fication due to the local geometries and micro-architecture
around osteocytes was developed over time by Weinbaum,
Schaffler, and others [15, 28-30], with direct experimental
evidence of amplification of loads to stimulatory strain lev-
els shown in individual osteocytes in situ [31]. However, it
is important to note that the observed strains in this study
may themselves have been induced by fluid flow.

Therefore, the broad sweep of evidence has led to the
general consensus that mechanical loading-induced fluid
flow in the lacuno-canalicular network is likely the pre-
dominant force that osteocytes recognise and respond to
by regulating bone modelling and/or remodelling activ-
ity [27]. However, exactly how this fluid flow is sensed
remains a topic of debate, with a number of different
mechanisms of action proposed. This review will focus on
perhaps the most hotly debated of these putative osteocyte
mechanosensors, the primary cilium.

The Primary Cilium

The primary cilium is a solitary, immotile organelle that pro-
trudes from the cell surface of almost all mammalian cells.
Cilia in general were discovered with the advent of microbiol-
ogy, first described in protozoa by the Dutch lens maker and
founder of the field, Antony van Leeuwenhoek, more than
300 years ago. Primary cilia were first observed in mammalian
cells by Swiss anatomist Karl Zimmermann in 1898 [32]. Not-
ing their presence in several cell types from tissues as diverse
as the kidney and pancreas, Zimmerman presciently hypoth-
esised a sensory function for these cilia. This hypothesis was
neglected for more than a century, with the primary cilium
thought to be a vestigial organelle of negligible importance in
human biology or medicine [33]. The past couple of decades
have turned this thinking on its head, with renewed interest and
numerous studies demonstrating its importance to basic cell
structures and functions. In this review, we will focus on the
body of evidence implicating the primary cilium in bone biol-
ogy and disease, shedding particular light on recent advances
in our understanding of the osteocyte primary cilium. We first
give a brief overview of primary cilium biology, along with
a discussion of observed ciliopathies. We will then discuss
recent advances in primary cilia research in bone, focusing
on proposed roles of osteocyte primary cilia in mechanobiol-
ogy and potential related signalling pathways. We conclude by
exploring future areas of research and unanswered questions.
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Primary Cilium Biology

The primary cilium is a microtubule-based structure, con-
structed to protrude from the cell body. It is similar in
structure to motile cilia and flagella in eukaryotic cells, as
all three comprise an axoneme of nine microtubule dou-
blets extending from the basal body into the extracellular
space. A key common feature is the microtubule doublets,
which serve as the basis for structure and rigidity in these
organelles. In contrast to the motile cilium and flagellum,
the primary cilium lacks two central microtubules, result-
ing in a 9+ 0 arrangement (Fig. 2A) [34]. The primary
cilium also lacks other axonemal components, including
radial spokes, dynein arms, and nexin links [35]. Motile
cilia display an order of magnitude greater flexural rigidity
than primary cilia, and it is likely these missing compo-
nents that reinforce the axoneme and provide this extra
stiffness [3].

The formation and maintenance of the primary cilium
occur in the G1 or GO phase of the cell cycle, through a
process called intraflagellar transport (IFT). As primary
cilia do not contain protein-forming cellular machinery
themselves, all constituent ciliary proteins are formed else-
where in the cell and transported to the cilium through
IFT. IFT comprises a bidirectional trafficking system that
transports proteins along the ciliary axoneme, with kine-
sin-2 responsible for anterograde movement and dynein
serving as the retrograde motor. Kif3a and polaris, two
proteins previously identified for their implications in pol-
ycystic kidney disease, are now known to play key roles in
IFT [39-41]. The anterograde motor kinesin-2 is formed
by Kif3a and Kif3b proteins [41]. Polaris forms a critical
component of a multi-protein IFT complex used in carry-
ing other proteins [39, 40], and is now also known as Ift88.

As mentioned briefly above, while primary cilia are
found on nearly all human cell types, with the exception
of those of myeloid and lymphoid lineages [3], they are
not a constant presence on these cells. Instead, the occur-
rence of primary cilia is cell cycle-dependent and the
result of a dynamic process of assembly and resorption.
Assembly of the cilium occurs in the interphase with the
most cilia found on non-proliferating GO-G1 cells [3]. The
mother centriole converts into the basal body, providing
an anchor from which IFT and kinesin-2 can extend the
primary cilium length. Disassembly and resorption of the
primary cilium occur prior to mitosis and re-entry into
the cell cycle.

The primary cilium maintains this structure and also
fulfils many of these functions in the biology of bone cells.
As we will discuss, evidence has emerged, including in the
form of cilia-related conditions, that imply additional roles
for the primary cilium in bone tissue and bone diseases.
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Fig.2 (A) Configuration of

the osteocyte primary cilium
when cultured in vitro, or when
in situ in its lacuna in vivo.
Adapted from Qin et al. [36].
(B) Computational models
predict that high strain is likely
experienced by both integrin
attachments and the primary
cilium under in vitro flow
conditions. However, while
integrin attachments were simi-
larly stimulated under in vivo
flow, the primary cilium was
only sufficiently mechanically
stimulated if connected to the
surrounding matrix. Adapted
from Vaughan et al. [37]. (C)
Evidence of hyaluronic acid
(red), a key component of the
cell glycocalyx and the pericel-
lular matrix, present on the
entire cell surface of MLO-AS
osteoblastic cells in vitro, an
co-localising along the length of
the primary cilium (acetylated
a-tubulin, green) [38]. Mechani-
cal loading upregulates collagen
type I and osteopontin by MLO-
AS osteoblastic cells, with this
effect blocked by pre-treatment
with chloral-hydrate to disrupt
primary cilia, as measured by
relative gene expression via RT-
PCR, shown as (D) gels and (E)
fold-change compared to their
controls as measured by band
density relative to GAPDH.
(¥*p<0.05, Tukey’s post hoc
pairwise comparison, n=3)
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Ciliopathies

A large number of disorders have implicated defects in pri-
mary cilia structure and function as key mediators, with con-
ditions related to these defects referred to as ciliopathies.
As the primary cilium is ubiquitous in mammalian cells,
defects regularly present clinically as multisystemic dysfunc-
tion [3]. Common clinical hallmarks of ciliopathies include
renal disease, retinal degeneration, and cerebral anomalies
[42]. Renal disease in particular is highly linked to primary
cilia defects and has been studied in detail, with the first hint
of a link between primary cilia and polycystic kidney dis-
ease observed by Murcia et al. in 2000 [43]. Using the Oak
Ridge Polycystic Kidney mouse model for polycystic kid-
ney disease, the authors found mutations in the Tg737 gene
led to left-right axis defects and primary cilia defects [43].
Given the importance of the protein encoded by Tg737 for
polarity defects in the positioning of the associated receptors
and to the left-right polarity defects in the early embryo,
the study authors named the protein ‘polaris’, with pleasing
connotations as a star guiding development [43]. Later, other
ciliary proteins in addition to polaris, such as Kif3a, were
also associated with polycystic kidney disease [44]. Interest-
ingly, proteins such as polycystin-1 and polycystin-2, which
are linked to polycystic kidney disease, have been found to
localise to the primary cilium [45]. Though much less well
studied, a common feature of ciliopathies is a range of var-
ied skeletal abnormalities, and it has recently been shown
that the bone cells of polycystic kidney disease and chronic
kidney disease patients display abnormal primary cilia [46].
The link between these findings and skeletal abnormalities
is possibly due to the role of primary cilia in controlling
cell alignment and patterning during bone development [47].

The most common skeletal abnormalities observed with
ciliopathies include congenital defects of the extremities,
craniofacial defects, and ossification disorders. The ciliopa-
thies underlying Joubert syndrome [48], Mainzer-Saldino
syndrome [49, 50], and polycystic kidney disease [51] are
all known to affect the extremities of the body, with abnor-
mal structure or physiology observed in the hands and feet.
Simpson Golabi Behmel syndrome [52] and Oral-Facial-
Digital syndrome [53, 54] exhibit craniofacial defects along-
side the extremities, while patients with ciliopathies known
as asphyxiating thoracic dystrophy [55], Ellis-van Creveld
syndrome [56], and nephronophthisis [57, 58] present with
abnormal stature or skeletal dysplasia in addition to extrem-
ity defects. Meckel-Gruber syndrome [59] is particularly
severe and includes all of the above.

A final set of ciliopathies are known to additionally
cause spinal abnormalities, including scoliosis and kypho-
sis. Senior-Loken syndrome [60] includes this presenta-
tion along with extremities and skeletal dysplasia defects,
while in Bardet-Biedl syndrome [61, 62] the spine, skull,
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and extremities are most affected. The most complex cili-
opathy known to affect the skeleton is Alstrom syndrome
[63], with shortened stature and abnormalities of the spine,
skull, and extremities.

Mechanosensors or Mechanosignalling Mediators?

It took more than a century after the primary cilium’s sen-
sory function was first hypothesised before its mechanosen-
sory function was clearly defined [3]. It was first shown
in kidney cells that the primary cilium bends under fluid
flow [64], with this bending then being modelled to pro-
pose a role as a flow sensor in the kidney [35]. This idea
was subsequently supported by experimental evidence,
showing that primary cilia could sense fluid flow and that
this mechanosensation formed part of a calcium signalling
system [65]. This led to the development of the field of pri-
mary cilium mechanobiology, and the idea that it may pre-
sent a novel and widespread therapeutic target in cellular
mechanotransduction.

The primary cilia of osteoblasts and osteocytes were first
reported in 1972 [66], but did not receive significant atten-
tion until 2003 when Whitfield proposed that the solitary
cilium could be a mechanosensing organelle in bone by sens-
ing flow of interstitial lacuno-canalicular fluid [67]. While
less evidence for a mechanosensory role for primary cilia is
available in bone [68] and they appear to have low expres-
sion in the bone marrow [69], since the bending of a kidney
cell’s primary cilium enables the cell to sense fluid flow, the
bending of a primary cilium of a bone cell by moving extra-
cellular fluid is thought to behave similarly [67, 70]. This
led to the emerging role of the primary cilium as an area of
interest for bone [71] and biomechanics [72, 73] research-
ers. Early evidence suggested the importance of the primary
cilium in regulating mechanotransduction in human bone
MSCs, indicating primary cilium-mediated mechanoregula-
tion of osteogenic fate [74]. It was later observed that spe-
cific mechanosensing molecular mechanisms localise to the
primary cilium, with TRPV4-mediated mechanotransduction
partly reliant on the presence of a cilium [75], while general
cilium-regulated mechanotransduction by MSCs is reliant
on a novel mechanosensitive G-coupled protein receptor
(Gprl61) [76]. While this promising research focused earlier
in the osteogenic lineage, evidence also suggested that par-
acrine signalling between the primary mechanosensory cell,
the osteocyte, was also governed by the primary cilium [77].

Using mechanical theory to follow this logic, studies have
modelled the bending of the osteocyte primary cilium under
applied fluid flow, using both analytical models [78] and
finite element (FE) modelling [79]. A more recent study has
combined FE with computational fluid dynamics (CFD) to
generate an advanced in silico model of the flow around
osteocytes and the deformation this would induce in the
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cells [37]. Crucially, this study modelled both in vitro and
in vivo conditions, and compared the primary cilium with
other mechanosensors, such as integrin attachments between
the surface of the cell and the ECM [37]. Under in vitro fluid
flow stimulation, both integrin attachments and primary cilia
were found to be highly stimulated (Fig. 2B) [37]. While
integrin attachments resulted in similarly high amounts of
strain transfer under in vivo flow conditions, the primary
cilium was only sufficiently stimulated if partly attached to
the surrounding extracellular matrix [37]. Therefore, while
primary cilia likely play a role in mediating bone mecha-
notransduction in vitro, it remains to be seen whether a typi-
cal primary cilium could undergo sufficient strain in vivo to
directly sense mechanical loads [37]. Interestingly, chondro-
cytes have been shown to express a number of a and p inte-
grins on their primary cilia, alongside other ECM receptors
[80], indicating that the osteocyte primary cilium may have
a similar capability to attach directly to the lacunar wall in
this manner. Similarly, primary cilia of MLO-AS5 osteoblas-
tic cells have been shown to produce hyaluronic acid when
cultured in vitro (Fig. 2C) [38]. Hyaluronic acid is a critical
component of the cell glycocalyx and is present in the osteo-
cyte PCM. Given evidence that degradation of hyaluronic
acid results in destruction of the glycocalyx and a reduc-
tion in mechanosensitivity in osteocytes in vitro [81], this
may provide a potential molecular mechanism by which the
osteocyte primary cilium is mechanically stimulated in vivo.

Testing the relationship between osteocyte primary cilia
and bone remodelling, two in vivo studies applied a con-
ditional knockout of kif3a using a Cre-lox system (global
knockouts are embryonically lethal [82]) and found lower
rates of bone formation compared to wild type. By breeding
a Colal(I)2.3-Cre, Temiyasathit et al. deleted kif3a expres-
sion in osteoblasts. While Cola1(I)2.3 is not expressed in
osteocytes, this ablation is carried through as the osteoblasts
mature [83]. No skeletal abnormalities were observed in
young or mature mice, in either control or knockouts [83].
However, when mechanical loading was applied in the form
of cyclic axial compression of the forelimb, control mice
produced significantly more new bone than the knockouts
[83]. This implies a mechanosensory or intermediary role
for the primary cilium or the kif3a pathway in bone, though
whether via osteoblast or osteocyte activity was unclear.

A similar study attempted to differentiate between osteo-
blast and osteocyte effects by instead tying the kif3a knock-
out to osteocalcin, which is expressed in late-stage osteo-
blasts and in osteocytes [84]. Osteopoenia was observed in
peri-adolescent knockout mice but not in controls, and osteo-
genic gene expression in tibiae was significantly downregu-
lated [84]. The authors isolated and immortalised osteoblasts
from these mice, and found a less osteoblastic differentia-
tion and an abrogated calcium response to fluid flow [84].
This again implies a disruption of mechanosensing via this

primary cilium pathway for skeletal development, though
it remains unclear through which cell type. Added to this,
recent unpublished work by ourselves has demonstrated
that the primary cilium may mediate the matrix-forming
response of bone cells to mechanical loading when grown in
3D cultures typical of tissue-engineering protocols (Fig. 2D,
E). Mechanical loading of MLO-AS5 osteoblastic cells cul-
tured in 3D polyurethane scaffolds led to upregulation of
COL1 and OPN mRNA expression, whereas pre-treatment
with chloral-hydrate, a chemical that disrupts microtu-
bule assembly, inhibited the mechanobiological response
(Fig. 2D, E).

Further evidence for the mechanosensory role of primary
cilia in osteocytes arises from work investigating the locali-
sation of proteins to the primary cilium, which itself forms
a unique microdomain within the cell to which proteins are
trafficked [85]. Examples of these include mechanosensi-
tive ion channels such as transient receptor potential vanil-
loid 4 (TRPV4) and the polycystin 1/2 (PC1/2) ion channel
complex [85]. At present, the exact role of primary cilia in
downstream mechanotransduction cascades, and whether
signalling arises directly as a result of ciliary bending in
response to fluid shear, is much debated. Disruption of cilia-
localised proteins has been shown by a number of groups to
diminish cell mechanotransduction, as we will now discuss.
Knockdown of osteocyte primary cilia was recently shown
to downregulate receptors for parathyroid hormone (PTH)-
related protein, a known mechanosensitive signalling mol-
ecule, via a Gli-1-dependent mechanism [86]. Abrogating
the polycystin channel in osteocytes and osteoblasts reduces
load-induced bone formation, while knockdown of TRPV4
in osteocytes abrogates fluid flow-induced cyclooxygenase-2
expression [85, 87, 88]. As well as these mechanosensitive
ion channel proteins, studies have investigated disruption
of adenylyl cyclases, which are required to convert adeno-
sine triphosphate (ATP) to the important second messenger
cyclic adenosine monophosphate (cAMP) [89]. One particu-
lar adenyl cyclase, AC6, is known to localise to primary cilia
in osteocytes [89], knockdown of which in vitro disrupts
osteocyte mechanosensing [89]. A global knockout in vivo,
as well as knock-outs targeted to bone MSCs [90], attenuates
whole-bone adaptation in response to load [85, 89]. Further-
more, knockdown of another adenyl cyclase that localises to
the primary cilium in osteocytes, AC3, was recently shown
in vitro to moderate both primary cilium length and osteo-
cyte mechanotransduction, presenting a new therapeutic
avenue for bone disease treatments [91].

A particular question in the field has been whether
increased primary cilium length causes increased ciliary
membrane strain under mechanical stimulation, inducing
transduction though stretch-activated ion channels [92]. A
counter-argument is that increased primary cilium length
would likely be coupled with increased production of ciliary
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proteins and thus inherently potentiates greater mecha-
notransduction signalling. Indeed, the osteocyte primary
cilium has been shown to be a key mediator in response to a
range of sensing mechanisms, including pulsed electro-mag-
netic fields [93, 94] and simulated microgravity [95]. This
research problem has been made more tractable by evidence
suggesting that primary cilia length can be pharmacologi-
cally manipulated to control cellular mechanotransduction,
as we will now discuss.

An example of pharmacological lengthening is fenoldo-
pam, an agonist for dopamine-like 1 receptor that localises
to the primary cilium, treatment with which increases pri-
mary cilia length in endothelial cells, kidney epithelial cells,
and osteocytes [92, 96, 97]. When delivered as an intrave-
nous injection fenoldopam is known to lower blood pres-
sure in hypertensive patients and mice, an effect produced
by increasing the primary cilia-mediated flow-induced nitric
oxide production [96]. It has been shown that treatment of
osteocytes with fenoldopam significantly increases primary
cilia length while enhancing osteocyte mechanosensitivity
and osteogenic signalling [92]. Conversely, pharmacological
intervention by treatment with tubastatin, an HDAC6-specific
deacetylase inhibitor that causes an increase in primary-cilia
microtubule acetylation, both stabilises the primary cilium
and increases its stiffness. By making the primary cilium more
resistant to fluid flow deformation in this manner, the Jacobs
group demonstrated reduced osteogenic signalling in vitro
[98]. Additionally, in vitro testing using a range of pharma-
cological treatments (chloral hydrate, Gd**, Li*, rapamycin)
to both shorten and lengthen the primary cilium of osteocyte
cells indicates a close structure-function relationship between
primary cilium length and mechanosensitivity [99].

By manipulating osteocyte primary cilia and ciliary-
associated proteins via altered gene expression, we can also
direct mechanically induced intercellular communication.
Knockdown of a key ciliary structural protein (IFT88) [92],
mechanosensitive ion channels (TRPV4 and PC2) [85], and
ciliary-localised signal transduction proteins (AC3 [91],
AC6 [89]) have all resulted in decreased mechanically stim-
ulated pro-osteogenic paracrine signalling to osteoblasts.
Interestingly, it has been shown that TRPV4, and not PC2,
is the main ciliary mechanosensitive ion channel over short
periods of mechanical stimulation [85]. TRPV4 and PC2,
however, may form a heteromeric channel within the cilium,
suggesting that their function may in fact be linked, warrant-
ing further investigation into their long-term ciliary mecha-
nosensing function [100].

Taken together, the studies discussed in this section sug-
gest there is a clear link between osteocyte primary cilium
length and mechanosensitivity, as well as production of
mechanosensitive proteins. However, a recent study has
shown that changes in ciliary, but not cytosolic, CAMP regu-
late transcriptional activity via the hedgehog pathway, which
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is traditionally strongly linked to cilia structure and function
[101]. As well as providing further evidence that the primary
cilium is a unique therapeutic target, distinct from the rest of
the cell, the current literature also suggests that, rather than
direct mechanosensation by the cilium, it is increased size of
this microdomain, and associated mechanosensory proteins
and channels, that is the mechanism of action of these cilia-
lengthening interventions.

Osteocytes and Primary Cilia in Osteoporosis

Despite being one of the most studied bone diseases, pre-
cisely how osteoporosis affects bone mechanosensitivity
i1s not well understood. However, disease traits have been
linked to changes in osteocyte lacunae in human bone [102],
and there now exists a body of evidence that osteoporosis
may be, in part, a disease of impaired osteocyte mechano-
sensitivity [103]. While osteocytes are clearly affected, the
impact of osteoporosis on primary cilium function is not
yet clear, leading to its proposal as a disease candidate for
ciliotherapies. Using ovariectomised models to induce post-
menopausal osteoporosis, it has been shown that oestrogen
deficiency alone does not affect load-induced bone forma-
tion, at 1 week post-surgery [104]. Similarly, ovariectomy
has been shown to have no effect on load-induced periosteal
bone formation [105], again suggesting that ovariectomy
does not alter the mechanosensitivity of bone. However, it
has been shown that ovariectomy in rats results in increased
lacuno-canalicular porosity and vascular porosity [106].
Computational modelling suggests that this increase in
porosity could possibly lead to decreased interstitial fluid
velocity and thus decreased shear stress mechanical stimu-
lation [37, 107], but this has not yet been explicitly shown
in vivo. Taken together, these findings suggest reduced fluid-
induced mechanical stimulation in ovariectomised animals,
potentially decreasing the mechanotransduction response of
osteocytes. Moreover, when cultured under oestrogen defi-
ciency in vitro, osteocyte response to oscillatory fluid flow
stimulation was abrogated [108]. Conversely, it has also been
demonstrated experimentally that osteoporotic bone cells
actually experience greater strains than osteocytes in healthy
bone, due to the loss of bone mass to resist loading, and thus
potentially receive greater mechanical stimulation [31].

At present, it is clear that the exact manner through
which oestrogen deficiency-induced disruption of bone
architecture leads to changes in strain, mechanical stimu-
lation, and mechanotransduction is not fully understood.
Irrespective of precise disruption to mechanosensing
mechanisms at play during osteoporosis, it is well estab-
lished that mechanical stimulation can moderate the nega-
tive effects of osteoporosis on bone mass [109]. Previous
work by the Jacobs group has shown that fenoldopam, a
primary cilium lengthening compound, can also increase
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osteocyte mechanosensitivity in vitro [92]. Furthermore,
their results suggest that in animal models, pharmacologi-
cally induced lengthening of primary cilia via fenoldopam
promotes load-induced bone adaptation in ovariectomised
mice [98]. Lastly, by focusing on another bone cell type,
osteoclasts, the group showed that loss of primary cilia is
required for osteoclastogenesis [110]. Indeed, treatment
with the same primary cilium-lengthening agent fenoldo-
pam was capable of reducing osteoclast formation through
maintenance of macrophage primary cilia, and therefore
may also have a role as an anti-resorptive treatment [110].
However, it has also recently been shown that oestrogen
withdrawal from osteocytes in vitro, to mimic osteoporotic
conditions, can itself cause primary cilium elongation and
results in pro-osteoclastogenic paracrine signalling [111].
Therefore, while further study is still required to unpick
this mechanism, manipulation of primary cilia to either
sensitise bone to mechanical stimulation, or to inhibit
osteoclastogenesis, remains a promising approach to pre-
venting and treating osteoporosis.

Conclusions

Research over a number of decades has now firmly estab-
lished the primary cilium, once considered a vestigial
organelle, as an important chemosensory and mecha-
nosensory nexus in a range of tissues. Mounting evidence
from both in vitro and in vivo studies suggests that the
primary cilium of the osteocyte plays a key role in bone
mechanobiology, acting at least as an important mediating
signalling domain for transduction of mechanical stim-
uli into biochemical signals. A range of key molecular
mechanisms appear to be mediated in this manner: Pkdl1,
adenylyl cyclases, and Wnt signalling. However, while
major steps have been taken in understanding osteocyte
primary cilia function and the development of methods to
manipulate its structure pharmacologically, whether it acts
as a mechanosensor for osteocytes in and of itself remains
unclear. Furthermore, whether defects in osteocytes
have direct implications for the skeleton as ciliopathies,
and whether primary cilia offer intervention pathways
in bone diseases such as osteoporosis, requires further
investigation.
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