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Abstract
Osteocytes are the main mechanosensitive cells within bone. They detect changes in the
mechanical environment and transduce them into biochemical responses (RANKL, OPG, and
sclerostin) that regulate bone remodelling by osteoblasts and osteoclasts. Osteocytes have
specialised mechanosensory transmembrane proteins and biomolecules, in particular integrins
for mechanosensation of matrix strains and primary cilia for sensation of fluid shear stress.
Circulating estrogen levels are depleted during post-menopausal osteoporosis and a recent in
vitro study demonstrated that osteocytes exhibit diminished responses to mechanical
stimulation following estrogen withdrawal. However, these responses are not yet fully
understood. In particular, it is not yet known whether these altered responses arise as a result
of changes in mechanosensation and mechanotransduction, or whether they play a role in the
overall bone loss cascade. The global objective of this thesis is to understand the effect of
estrogen withdrawal on osteocyte mechanosensor function and how this relates to paracrine
regulation of osteoclasts.
The first study of this thesis sought to determine the role of αvβ3 integrins in osteocyte
mechanotransduction during estrogen withdrawal. Following three days of estrogen treatment,
MLO-Y4 osteocytes were cultured for a further two days in normal media to simulate estrogen
withdrawal. The results of this study revealed that following estrogen withdrawal, osteocytes
have smaller focal adhesions, with reduced αvβ3 localisation, compared to estrogen treated
cells, and an increased Rankl/Opg ratio. Osteocytes that were mechanically stimulated by
oscillatory fluid shear stress following estrogen withdrawal demonstrated a defective Cox-2
response to flow, compared to estrogen treated cells. Interestingly, osteocytes that had the
integrin αvβ3 blocked using an antagonist also have disrupted focal adhesions and abrogated
Cox-2 responses to oscillatory fluid flow. Taken together, these results provide the first
evidence for a relationship between estrogen withdrawal and defective αvβ3-mediated
signalling. Specifically, this study implicates estrogen withdrawal as a putative mechanism
responsible for altered αvβ3 expression and resultant changes in downstream signalling in
osteocytes during post-menopausal osteoporosis, which might provide an important, but
previously unidentified, contribution to the bone loss cascade.
The second study sought to understand the effect of estrogen withdrawal on primary
cilium dynamics and primary cilia related Hedgehog signalling. Similar to the first study,
osteocytes were cultured under a regime of estrogen withdrawal, but under static conditions
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alone. Firstly, it was reported that the primary cilium was lengthened in cells after a period of
estrogen withdrawal, and this was associated with increases in Hedgehog signalling markers,
Ptch1 and Gli1, and an increased Rankl/Opg ratio. The role of actin contractility and focal
adhesion assembly in the altered cilia length and associated signalling was investigated.
Significant inverse relationships were identified linking increased cilia lengths with a lower
cell area and lower % focal adhesion area/cell area. Interestingly, antagonism of the integrin
αvβ3 resulted in an elongation of the primary cilium and increased expression of Hedgehog
markers and Rankl expression. Actin contractility inhibition also led to increases in Hedgehog
markers and Rankl expression. Taken together, these results suggest that the estrogen
withdrawal conditions associated with post-menopausal osteoporosis led to a disorganisation
of αvβ3 integrins and reduced actin contractility, which caused an elongation of the cilium,
activation of the Hedgehog pathway and exacerbated osteoclastogenic paracrine signalling.
The third study of the thesis sought to understand the effect of estrogen withdrawal on
the paracrine regulation of osteoclasts by osteocytes, with a particular focus on the role of the
integrin αvβ3 in this process. In a conditioned media study, osteocytes underwent a regime of
estrogen withdrawal followed by oscillatory fluid shear stress or static conditions, and their
conditioned media was given to RAW264.7 cells. RAW264.7 cells cultured with conditioned
media from estrogen withdrawal osteocytes led to increased osteoclastogenesis compared to
media from estrogen treated cells, as measured by an increased TRAP activity and an increase
in the number of multinucleated osteoclasts. RAW264.7 cells cultured with conditioned media
collected from osteocytes that underwent αvβ3 antagonism demonstrated a similar response,
with increased TRAP activity and an increase in the number of multinucleated osteoclasts.
These results further implicate the important role of αvβ3 integrins in the altered state of
osteocytes exposed to estrogen withdrawal. When the effects of estrogen withdrawal and αvβ3
antagonism on the paracrine regulation of osteoclasts by osteocytes were investigated using a
microfluidic co-culture device, a clear response could not be seen. This study reveals that
osteocytes exposed to estrogen withdrawal have an altered paracrine osteoclastogenic
response, which increased osteoclast maturation and differentiation, and implicates integrin
αvβ3 to play an important role in this response.
Together, these studies show the implications of estrogen withdrawal on osteocyte
function. Specifically, the effect of estrogen withdrawal on the regulation of αvβ3 integrins and
the primary cilium, Hedgehog signalling and Rankl/Opg ratio, and ultimately the paracrine
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regulation of osteoclasts was demonstrated. As such, several novel therapeutic targets have
been identified which may inform the treatment of post-menopausal osteoporosis.
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Chapter 1

Chapter 1: Introduction

1.1

Bone mechanobiology and osteocyte mechanosensor function

Bone is an adaptive material and responds to its mechanical environment. This adaptation is
necessary for the normal physiological functions of bone and allows the skeleton to withstand
the varying mechanical conditions it can be subjected to over time. Osteocytes play a crucial
role in this adaptation, as they act as the main mechanosensitive cells within bone (Anderson
et al., 2008; Burger and Klein-Nulend, 1999; Han et al., 2018; Hinton et al., 2018; KleinNulend et al., 2013; Schaffler et al., 2014; Schaffler and Kennedy, 2012). They also act as the
master regulator of the bone cell niche, releasing paracrine factors that dictate the responses
and differentiation of the other bone cells: osteoclasts, osteoblasts, and bone stromal/stem cells
(Han et al., 2018; Kramer et al., 2010; Robling et al., 2008; Tu et al., 2015; Wijenayaka et al.,
2011).
Osteocytes detect mechanical forces using specialised structures and biomolecules,
known as mechanosensors. These mechanosensors transduce mechanical stimulation into a
cellular response, such as rearrangement of cellular architecture or the release of cytokines
(Ingber, 2006). There are many known mechanosensors of importance in osteocyte
mechanobiology including gap junctions (Cherian et al., 2003), the microtubule network
(Lyons et al., 2017), spectrin (Wu et al., 2017), purinergic receptor complexes (Cheung et al.,
2016; Seref-Ferlengez et al., 2016), plasma membrane disruptions (Yu et al., 2017), G-protein
coupled receptors (Maycas et al., 2014), and the glycocalyx (Burra et al., 2010; Reilly et al.,
2003; Wang et al., 2014), and of particular relevance to this PhD thesis, are the integrin-based
mechanosensors (Haugh et al., 2015; Litzenberger et al., 2010; Thi et al., 2013) and the primary
cilium (Hoey et al., 2011; Kwon et al., 2010; Lee et al., 2015).
Integrins are heterodimeric transmembrane proteins, comprised of α and β subunits
(Hughes et al., 1993). They have multitude of functions including acting as a physical link
between the extracellular space and the internal cytoskeleton, allowing for cell-cell interaction,
as well as playing a role as signal receptors (Arnaout et al., 2007; Hynes, 1992; Ramsay et al.,
2007; Sawada et al., 2006). Two main integrin subunits are found on osteocytes: β1 integrins,
which localise around the osteocyte cell body, and β3 integrins, which are found on the
osteocyte cell processes (Cabahug‐Zuckerman et al., 2017; Hughes et al., 1993; McNamara et
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al., 2009). Osteocyte cell processes have been proposed to be important sites of osteocyte
mechanotransduction, playing a role in strain amplification (McNamara et al., 2009; Wang et
al., 2007; You et al., 2004; L. You et al., 2001). Both β1 (Litzenberger et al., 2010) and β3
(Haugh et al., 2015; Thi et al., 2013) integrins have been shown to be important for normal
MLO-Y4 osteocyte mechanotransduction in vitro. It has been demonstrated that when β3
integrins were antagonised in MLO-Y4 osteocyte-like cells, it resulted in an abrogated Cox-2
response to fluid shear stress (Haugh et al., 2015; Thi et al., 2013).
The primary cilium is a solitary non-motile cellular structure that extends into the
extracellular space (Mirvis et al., 2018; Praetorius and Spring, 2005; Satir et al., 2010; Satir
and Christensen, 2007). The cilium is a distinct microdomain consisting of nine
circumferentially arranged microtubule doublets (Hoey et al., 2012a). The structural dynamics
of the primary cilium has been linked to the cytoskeleton and integrin-containing focal
adhesions (Mirvis et al., 2018). Cilia length was reduced when retinal epithelial cells were
seeded on a stiff substrate, an environment that promoted intracellular tension; a finding that
was reversed following inhibition of actin contractility (Pitaval et al., 2010). Interestingly, the
α8 integrin subunit has been shown to regulate ciliogenesis in neurosensory cells (Goodman
and Zallocchi, 2017). Such findings demonstrate the interdependent relationships of various
organelles. Due to the specific localisation of ion channels and receptors within the ciliary
domain, the cilium is known to possess both mechanosensory and chemosensory functions in
many cells types including osteocytes (Chen et al., 2015; Corrigan et al., 2018; Hoey et al.,
2012a; Johnson et al., 2018; Kwon et al., 2010; Labour et al., 2016; Lee et al., 2014, 2015;
Temiyasathit et al., 2012). For instance, when the cilium functional component, Kif3A
(Temiyasathit et al., 2012), and a downstream effector of the cilia, AC6 (Lee et al., 2014), were
deleted or knocked out respectively in osteoblasts and osteocytes, it led to reduction in load
induced bone formation, compared to healthy controls. In addition to its sensory roles, the
primary cilium is an established cellular signalling centre, with WNT, Notch, Hippo, and
Hedgehog (Hh) pathways all linked in some way to the ciliary domain (Wheway et al., 2018).
The primary cilium has an essential role in Hh signalling whereby the Hh protein binds to Ptch
protein and results in Ptch translocating from the cilioplasm into the cytoplasm, resulting in the
Smo protein localising within the cilium and promoting transcription of Hh markers, such as
Ptch1 and Gli1 (Corbit et al., 2005; Kim et al., 2009; Wong and Reiter, 2008; Yang et al.,
2015). While Hh signalling has not been extensively investigated in osteocytes (MartínGuerrero et al., 2020), it has been well studied in osteoblasts and other cell types. Hh signalling
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has been shown to be regulated by primary cilium length in chondrocytes (Thorpe et al., 2017),
as well as regulating PTHrP and RANKL protein expression (Mak et al., 2008) in osteoblasts.
Therefore, the osteocyte primary cilium via Hh signalling may play an important role in
osteoclastogenesis and bone remodelling.

1.2. Post-menopausal osteoporosis
Post-menopausal osteoporosis is a degenerative bone disease, which results from low
circulating estrogen levels and leads to an imbalance in bone cell remodelling, resulting in bone
loss and fractures. It is currently estimated that 1 in 3 women and 1 in 5 men over the age of
50 will suffer an osteoporotic fracture in their lifetime (Sözen et al., 2017). Current therapeutic
approaches include anti-resorptive medications and hormonal therapies, along with novel antisclerostin antibody treatments (Akkawi and Zmerly, 2018; Markham, 2019; McClung, 2017;
Miller, 2009; Tu et al., 2018). However, such approaches do not work for all patients and can
include some serious side effects, such as increased risk of breast cancer, stroke, and
cardiovascular disease (Tu et al., 2018). As such, the investigation of novel therapeutic
approaches are essential to fulfil the unmet need in post-menopausal treatment.
Post-menopausal osteoporosis alters both the mineral and collagenous components of
bone, leading to a lower bone mineral density, bone mass, and decreased trabecular thickness
and connectivity (Dickenson et al., 1981; McNamara, 2010; Osterhoff et al., 2016; Parle et al.,
2019). However, the fundamental mechanisms by which these changes arise are less well
understood. It is known that osteoblasts derived from osteoporotic patients produced less
osteoblastogenic cytokines (TNFα, IL-1, PGE2) (Marie et al., 1993) and exhibited an impaired
biochemical response (PGE2) to mechanical stress (Sterck et al., 1998), compared to those
derived from healthy patients. MSCs from osteoporotic patients had a diminished ability to
undergo differentiation and an attenuated mechanosensitivity, compared to healthy controls
(Corrigan et al., 2019a). Furthermore, a less connected osteocyte network is seen in
osteoporotic bone compared to healthy bone (Knothe Tate et al., 2004). Osteoclasts increase in
number and in lifespan during osteoporosis (Appelman-Dijkstra and Papapoulos, 2015), which
directly leads to increased bone resorption (Osterhoff et al., 2016). To improve our
understanding of the mechanisms behind post-menopausal osteoporosis, it has been
investigated in vivo, using the estrogen deficient ovariectomised (OVX) animal model and in
vitro, using the estrogen withdrawal model.
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Studies involving estrogen deficient ovariectomised (OVX) animal models demonstrate
a decrease in bone volume, trabecular thickness and connectivity, compared to sham animals
(Boyd et al., 2006; Brennan et al., 2011, 2012; O’Sullivan et al., 2019). In mice, it was shown
that OVX-induced estrogen withdrawal led to osteocyte apoptosis (Emerton et al., 2010)
followed by increased RANKL production (Cabahug-Zuckerman et al., 2016). When integrin
expression in rat cortical bone was measured, it was shown that OVX rats had a lower
proportion of β3-containing cells, compared to sham animals (Voisin and McNamara, 2015).
Interestingly, no change in β1-containing cells in cortical bone was seen between OVX and
sham animals. When MLO-Y4 osteocytes were subjected to a regime of estrogen withdrawal,
an increased degree of apoptosis was measured in estrogen withdrawal cells compared to
estrogen controls (Brennan et al., 2014b). Next, the effect of estrogen withdrawal on osteocyte
fluid flow responses was investigated. When MLO-Y4 osteocytes were exposed to fluid shear
stress following a regime of estrogen withdrawal, it was seen that estrogen deficient osteocytes
had attenuated Ca2+ responses, indicating an altered mechanosensitivity (Deepak et al., 2017).
This altered mechanosensitivity was further confirmed when nitric oxide synthase activity and
PGE2 release were measured, showing that estrogen withdrawal had much lower responses to
fluid shear stress, compared to estrogen controls (Deepak et al., 2017). As mentioned
previously, MLO-Y4 osteocytes that underwent αvβ3 antagonism resulted in an abrogated Ca2+
response (Thi et al., 2013) and Cox-2 response (Haugh et al., 2015) to fluid shear stress.
However, it is not yet known whether the altered responses of estrogen deficient osteocytes are
associated with the changes seen in αvβ3 expression. To address this, the first hypothesis of this
PhD was “Estrogen withdrawal, inherent to post-menopausal osteoporosis, leads to a
dysregulation in the ability or expression of αvβ3 integrins, resulting in defective osteocyte
mechanotransduction”.
As mentioned previously, the actin cytoskeleton and integrin-containing focal
adhesions have been shown to regulate cilium length and ciliogenesis respectively (Goodman
and Zallocchi, 2017; Pitaval et al., 2010). While osteocyte primary cilia have not been studied
in the OVX model, it has been shown that the deletion of ERα in mouse oviduct cells led to an
increased cilia length and altered cilia-related signalling (Li et al., 2017). Interestingly, an OVX
mouse model showed increased osteocyte apoptosis (Emerton et al., 2010) which in turn led to
increased RANKL production by osteocytes (Cabahug-Zuckerman et al., 2016). RANKL
protein expression is regulated by Hh signalling and PTHrP release in osteoblasts (Mak et al.,
2008). Hh signalling occurs in the primary cilium domain and has been shown to be
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dysregulated when primary cilium length was reduced in chondrocytes (Thorpe et al., 2017).
While it has been shown that estrogen deficient conditions can regulate primary cilium length
in oviduct cells, and that primary cilium length can regulate Hh signalling in chondrocytes,
which in turn has been linked to RANKL production in osteoblasts, this novel mechanism has
not been investigated in osteocytes. Therefore, the second hypothesis is “Estrogen withdrawal
in osteocytes disrupts focal adhesion assembly and actin contractility, which in turn mediates
primary cilia elongation, increases in Hh signalling, and leads to osteoclastogenic paracrine
signalling via enhanced RANKL expression”.
The paracrine factors released from osteocytes, such as RANKL and OPG, are known
to regulate osteoclast maturation and differentiation (Han et al., 2018; Schaffler et al., 2014;
Schaffler and Kennedy, 2012). The relative quantity of RANKL and OPG are altered in
estrogen deficient conditions of osteoporosis (Eghbali-Fatourechi et al., 2003; Hofbauer et al.,
2000). Given the complex nature of the paracrine signalling between osteocytes and
osteoclasts, several approaches have been used to elucidate the mechanisms behind this
paracrine regulation. These approaches include co-culture of osteocytes and osteoclasts
(Tanaka et al., 1995; You et al., 2008a; Zhao et al., 2002) or conditioned media studies (Hao
et al., 2017; Heino et al., 2002; Tan et al., 2007; Tanaka et al., 1995; Xu et al., 2019), where
media collected from osteocytes are used to culture osteoclasts. The aforementioned co-culture
studies tend to involve the mixing of cell populations and as such, the effects seen may be due
to direct cell-cell communication, perhaps via gap junctions (Matemba et al., 2006). Whereas
conditioned media studies allow us to understand the effect of secreted factors alone. Novel
co-culture microfluidic devices enable the study of different cell populations separately with
connecting channels to allow for real time paracrine signalling (McCutcheon et al., 2020; Mei
et al., 2019; Middleton et al., 2017). While both conditioned media experiments and
microfluidic co-culture devices have demonstrated the paracrine regulation of osteoclasts by
osteocytes, such approaches have not been used to study the effect of estrogen withdrawal on
this paracrine signalling niche. Therefore, the third hypothesis is “Estrogen withdrawal in
osteocytes results in increased paracrine osteoclastogenic signalling, which induces
exacerbated osteoclast maturation and differentiation”.
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1.3. Objectives and hypothesis
The global objective of this thesis is to understand the effect of estrogen withdrawal on
osteocyte mechanosensor function and how this relates to paracrine regulation of osteoclasts
within the bone niche.
Hypothesis 1:

Estrogen withdrawal, inherent to post-menopausal osteoporosis, leads to a
dysregulation in the ability or expression of αvβ3 integrins, resulting in
defective osteocyte mechanotransduction

Hypothesis 2:

Estrogen withdrawal in osteocytes disrupts focal adhesion assembly and
actin contractility which in turn mediates primary cilia elongation,
increases in Hh signalling, and leads to osteoclastogenic paracrine
signalling via enhanced RANKL expression

Hypothesis 3:

Estrogen withdrawal in osteocytes results in increased paracrine
osteoclastogenic signalling, which induces exacerbated osteoclast
maturation and differentiation

By testing each of these hypotheses, the research questions outlined above can be answered
and the proposed research will deliver significant advances in the understanding of osteocyte
mechanobiology during estrogen deficiency, inherent to post-menopausal osteoporosis.

1.4. Thesis structure
This thesis comprises the work completed for the duration of the candidate’s PhD studies.
Chapter 2 presents a thorough review of the current literature, detailing bone structure and
function, bone cell biology, in particular osteocytes, an overview of bone mechanobiology and
mechanosensor function, as well as current research on post-menopausal osteoporosis and the
influence of estrogen deficiency on bone cell biology, and finally, a comparison of parallel
plate bioreactors and microfluidic co-culture devices. Chapter 3 investigates the role of αvβ3
integrin in estrogen deficient MLO-Y4 osteocytes, especially in mechanobiological responses
to fluid shear stress (Hypothesis 1). Chapter 4 focuses on the role of the primary cilium and
primary cilium-related Hh signalling following estrogen deficiency in osteocytes and how this
could dictate Rankl expression (Hypothesis 2). Chapter 5 aims to understand the effect of
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estrogen deficiency on osteocyte’s paracrine regulation of osteoclasts by studying them using
a conditioned media experiment as well as in a microfluidic co-culture device (Hypothesis 3).
Finally, Chapter 6 outlines the main findings of the thesis and places them in the context of the
current bone mechanobiology and osteoporosis fields, along with some discussions of the
recommended future studies in these fields.
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Chapter 2: Literature review
2.1. Bone structure
Bone is an organ composed of various connective tissues whose function is to provide physical
support to the body, along with fulfilling various metabolic functions (Drake et al., 2010;
Florencio-Silva et al., 2015; Guntur and Rosen, 2012). As part of its mechanical role, bone
facilitates movement by providing distinct attachment sites for skeletal muscle. Some
metabolic functions of bone include storage and regulation of calcium and phosphates
(Florencio-Silva et al., 2015). Bone is a highly structured organ that exhibits a clear hierarchical
organisation (Figure 2.1). This hierarchy is found within the two phases of bone: the mineral
phase and the organic phase.

Figure 2.1: The hierarchy of bone structure (Rho et al., 1998)

On a macro level, bone is organised into two different types of tissue; cortical bone
(also known as compact bone) and cancellous bone (also known as trabecular or spongy bone).
While different bones have different ratios of cortical:cancellous bone, cortical bone forms the
dense outer shell, accounting for 80% of total bone mass (Clarke, 2008), whereas cancellous
bone found within the interior of bone is organised into a porous network of bony trabeculae
and spaces containing bone marrow (Figure 2.2). Within the bone marrow niche,
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haematopoiesis occurs and a multitude of cell types can be found including bone marrow
stromal/stem cells (MSCs), haematopoietic stem cells, granulocytes, adipocytes, erythrocytes,
and megakaryocytes (Gurkan and Akkus, 2008). Both cortical and cancellous bone are
organised into layers known as lamellae. In cortical bone, the lamellae are organised in
concentric layers to form the functional unit of bone known as the osteon (Figures 2.2 and 2.3).

Figure 2.2: A diagram of bone hierarchy showing (a) cortical and cancellous bone, including
the osteon, (b) trabecular bone organisation, and (c) a section of a trabecula (Tortora and
Derrickson, 2015).
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The centre of the osteon contains the Haversian canal (also known as the central canal).
Within these Haversian canals are arterioles, venules, lymph vessels and nerve fibres. The
Haversian canals are connected to each other and to the periosteum by Volkmann’s canals (also
known as perforating canals). Between the lamellae of the osteons are small spaces, known as
lacuna, where osteocytes are found (Figures 2.2 and 2.3). These lacunae are contiguous with
Haversian canals and Volkmann’s canals and together form the lacunar-canalicular system.
This lacunar-canalicular system allows for the transport of biochemical signals throughout
bone and as such is vital for bone metabolism and the transduction of mechanical and chemical
stimuli (Burger and Klein-Nulend, 1999).

Figure 2.3: The osteon – the functional unit of bone. (A) A schematic of an osteon showing
the concentric arrangement of osteocytes around a Haversian canal (Gray’s Anatomy,
Bartleby.com licensed under CC BY-SA 4.0), (B) a section of bone showing the osteon (,David
King, Southern Illinois University Carbondale)

2.2. Bone mechanobiology
Bone adapts to its physical environment, and this adaptation allows bone to alter its structure
so that it is mechanically suited for its current environment. For example, weight bearing
exercise has been shown to lead to an increase in bone mineral density (BMD) and bone mass
(Vico et al., 2000; Woo et al., 1981). Conversely, astronauts’ long term exposure to
microgravity has been shown to lead to a reduction in BMD (Lang et al., 2004; Vico et al.,
2000). A more terrestrial example of this is bone loss due to disease related immobilisation
(Garland et al., 2008; Vico et al., 2000). It has long been understood that skeletal homeostasis
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is dictated by the magnitudes of strain imparted upon the bone surface (Frost, 1987, 1996; Frost
et al., 1973; McNamara and Prendergast, 2007; Mulvihill et al., 2008; Wolff, 1986). This
mechanism was first described by Julius Wolff and adapted to form Frost’s mechanostat theory
(Frost, 1987, 1996, 2000; Frost et al., 1973). More recently, Frost’s mechanostat theory has
been updated in order to describe the mechano-regulation of bone in a more complete manner
(McNamara and Prendergast, 2007). Specifically, this updated mechano-regulation theory
states that low surface strains (<1000 µε) results in bone resorption and high surface strains
(>2000 µε) leads to bone mineral deposition (Figure 2.4) (McNamara and Prendergast, 2007;
Mulvihill et al., 2008). That being said, excessively high levels of surface strains (>3500 µε)
leads to bone damage. Between low and high surface strains (1000 – 2000 µε) bone mineral
density is, on average, kept constant. This adaptation of bone structure and mineral content is
tightly regulated by bone cells, with the level of strain on the cellular level being much greater
than that seen on the whole bone surface (See Section 2.5.1. Strain amplification in osteocyte
mechanobiology).

Figure 2.4: An updated mechano-regulation theory of bone remodelling based on Frost’s
mechanostat theory – Low strains (crstrain) results in bone resorption. Strains within εmin (1000
µε) and εmax (2000 µε) result in no bone resorption or deposition (dead zone). Strains above
εmax (cfstrain) result in bone deposition. This occurs up to a point, beyond which the strains are
large enough to cause tissue damage (crdamage) (3500 µε) which results in bone resorption
leasing to bone remodelling (McNamara and Prendergast, 2007; Mulvihill et al., 2008)
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2.3. Bone cells
The cellular component of bone is made up of five cell types: bone marrow derived
stromal/stem cells, osteoblasts, bone-lining cells, osteoclasts, and osteocytes (McNamara,
2011). As part of this thesis, we will discuss osteoblasts, osteoclasts, and osteocytes.

2.3.1. Osteoblasts
Osteoblasts are bone cells responsible for the deposition of bone mineral derived from the
differentiation of stromal/stem cells (Figure 2.5) (Imai et al., 2013; McNamara, 2011). They
are mononuclear cuboidal cells found in areas of bone formation (McNamara, 2011). During
mineral deposition, some of the osteoblasts become embedded within the bone mineral and
differentiate into osteocytes (Dallas and Bonewald, 2010; McNamara, 2011). Following bone
formation, a proportion of osteoblasts undergo apoptosis and the remainder remain on the
surface of the bone as bone-lining cells (McNamara, 2011), which can be reactivated at a later
timepoint. Osteoblasts are regulated by osteocytes through the release of many factors
including Prostaglandin E2 (PGE2), nitric oxide (NO), Insulin-like growth factor 1 (IGF-1), and
most importantly, sclerostin (Han et al., 2018; Schaffler et al., 2014). Sclerostin is an antagonist
of the canonical WNT signalling pathway, a major driver of bone formation by osteoblasts
(Holdsworth et al., 2019; Li et al., 2005; Schaffler et al., 2014).
One of the most well studied cell lines for the study of osteoblasts is MC3T3-E1 preosteoblasts. MC3T3-E1 cells are immortalised pre-osteoblasts isolated from the calvaria of
C57BL/6 mice (Kodama et al., 1981). While MC3T3-E1 cells are the most popular cell line for
studying osteoblasts, other osteoblast cell lines include SaOS-2 osteosarcoma cells (Fogh et
al., 1977) and MG-63 osteosarcoma cells (Billiau et al., 1977). MC3T3-E1 cells are better at
representing early osteoblast behaviour and are useful for studying osteoblast differentiation
(Czekanska et al., 2014; Quarles et al., 1992), whereas SaOS-2 cells better represent mature
osteoblast (Czekanska et al., 2014; Pautke et al., 2004) and possibly early osteocyte behaviour
(Prideaux et al., 2014). MG-63 cells appear to be only partially representative of osteoblast
behaviour (Clover and Gowen, 1994) and are perhaps more representative of fibroblast
behaviour (Jukkola et al., 1993).
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Figure 2.5: Colourised SEM image of an osteoblast on a bone scaffold (Dr Guocheng Wang
and Dr Zufu Lu, University of Sydney)

Osteoblasts are also known to release the osteoclastogenic paracrine factors, RANKL
and OPG (Chen et al., 2018; Han et al., 2018; Kong et al., 1999; Lacey et al., 1998; Lee, 2010;
Li et al., 2000). This release of RANKL and OPG from osteoblasts has been shown to be
dictated by a number of factors including the application of fluid shear stress (Kim et al., 2006)
and the addition of estrogen (Bord et al., 2003; Hofbauer et al., 1999). Conditioned media
experiments involving osteoblast media and RAW264.7 monocyte/macrophage like cells have
shown that these paracrine factors do indeed direct osteoclast differentiation (Allison and
McNamara, 2019; Qu et al., 1999).

2.3.2. Osteoclasts
Osteoclasts are large multinucleated bone cells derived from the differentiation of
haematopoietic stem cells and are responsible for bone resorption (Figures 2.6) (McNamara,
2011; Xu and Teitelbaum, 2013). Osteoclasts resorb disused or damaged bone in order to
maintain skeletal homeostasis (McNamara, 2011). Such damage can include micro-cracks in
the bone (Rumpler et al., 2012). This resorption occurs when osteoclasts attach to the bone
mineral using a unique feature known as the sealing zone and release large amounts of acid to
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dissolve the mineralised bone tissue (Xu and Teitelbaum, 2013). The ruffled border, another
hallmark feature of osteoclasts, can be seen within the sealing zone (Xu and Teitelbaum, 2013).

Figure 2.6: TEM image of an osteoclast with multiple nuclei and a ruffled border (↑↑↑)
(McNamara, 2011)

Paracrine factors released from osteoblasts and osteocytes dictate osteoclast
differentiation (Han et al., 2018; Kong et al., 1999; Lacey et al., 1998; Li et al., 2000; Qu et al.,
1999). The most well-known of these paracrine factors include RANKL, OPG, and M-CSF
(Han et al., 2018; Nakashima et al., 2011). RANKL is a factor that binds to the RANK receptor
on osteoclasts which promotes osteoclastogenesis and bone resorption (Han et al., 2018;
Nakashima et al., 2011). When RANKL binds to the RANK receptor, it results in a signal
cascade, whereby NF-κB is activated allowing for the induction of NFATc1, and the promotion
of NFATc1, TRAP, Cathepsin K transcription, which ultimately results in osteoclast
differentiation (Asagiri and Takayanagi, 2007). M-CSF is a haematopoietic growth factor
shown to be vital for osteoclast formation (Han et al., 2018). OPG is a decoy receptor for
RANK that can bind to RANKL and antagonise the effect of RANKL on osteoclasts (Han et
al., 2018). Therefore, the production of osteoclasts is largely dependent on the ratio of RANKL
to OPG.
One of the most well studied cell lines for the study of osteoclasts is the RAW264.7
cell line. RAW264.7 cells are monocyte/macrophage like cells, originating from BALB/c mice
and have been transformed by the Abelson leukaemia virus (Raschke et al., 1978). RAW264.7
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cells can be differentiated into osteoclasts (Collin-Osdoby and Osdoby, 2012; Kong et al.,
2019; Nguyen and Nohe, 2017). Typically differentiation occurs following treatment with
RANKL, but this can be additionally supplemented with M-CSF (Collin-Osdoby and Osdoby,
2012). However, given the fact that cells produce M-CSF, this is not necessary for osteoclast
differentiation (Kong et al., 2019; Nguyen and Nohe, 2017). Osteoclasts differentiated from
RAW264.7 cells can be distinguished by fusion into multinucleated cells, staining positive for
TRAP (Tartrate-resistant acid phosphatase) and Cathepsin K (Nguyen and Nohe, 2017)

2.3.3. Osteocytes
Osteocytes are the most numerous bone cells in adult bone (90% - 95%) and are the most longlived of all the bone cells, some of which survive for decades (Figure 2.7) (Bonewald, 2011;
Knothe Tate et al., 2004). A recent study of osteocyte lacunar density from ribs, femurs, and
radii of human cadaveric origin measured a range of 500 – 1300 osteocyte lacunae per mm2 of
bone in the cortex (Hunter and Agnew, 2016).
Osteocytes have a large cell body with multiple cell processes, and are found embedded
in mineralised bone (Figure 2.7) (Bonewald, 2005). These cell processes join neighbouring
osteocytes together at gap junctions and form a functional syncytium as well as interacting with
surface osteoblasts, vasculature, and possibly even bone marrow (Dallas et al., 2013; Kamioka
et al., 2001; Knothe Tate et al., 2004; Moorer and Stains, 2017). Gap junctions are responsible
for this osteocyte-osteocyte communication as well as being a major component of the
osteocyte paracrine signalling infrastructure (Moorer and Stains, 2017; Stains et al., 2020).
Moreover, osteocyte cell processes are surrounded by a pericellular matrix (or glycocalyx)
which tethers the cell processes to ECM projections (collagen hillocks) found along the bone
mineral. Interestingly, this pericellular matrix has been proposed to play a role in amplification
of strain applied on a whole bone level(McNamara et al., 2009; Wang et al., 2007; You et al.,
2004; L. You et al., 2001). This will be discussed in greater detail later (See section 2.5.1.
Strain amplification in osteocyte mechanobiology).
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Figure 2.7: TEM image of a mouse osteocyte, showing a large cell body with cell processes
present (McNamara et al., 2009)

Osteocytes develop during the formation and maturation of new bone, through
differentiation of osteoblasts, by means of a process that involves rearrangement of the
cytoskeleton, intracellular machinery, and a loss of the apical and basolateral plasma membrane
polarisation found in osteoblasts, before becoming embedded within mineralised tissue of bone
(Franz-Odendaal et al., 2006; Schaffler and Kennedy, 2012). Osteocytes are biologically
distinct from osteoblasts, and can be distinguished through phenotypic markers (dentin matrix
protein 1 (DMP-1), E11, phosphate-regulating neutral endopeptidase on chromosome X
(PHEX), matrix extracellular phosphoglycoprotein (MEPE), Dickkopf-related protein 1
(DKK1), sclerostin, fibroblast growth factor 23 (FGF-23)), but also produce OPG, and RANKL
in common with osteoblasts (Delgado-Calle and Bellido, 2015; Schaffler and Kennedy, 2012;
Zhang et al., 2006).
Osteocytes can regulate mineral in local bone matrix themselves by perilacunar
remodelling or micropetrosis activated during apoptosis. However, the main process by which
osteocytes regulate bone mineral is through the paracrine regulation of osteoclasts and
osteoblasts. They achieve this primarily due to the release of RANKL and OPG to regulate
osteoclasts and the release of sclerostin to regulate osteoblasts (Figure 2.8) (Han et al., 2018;
Schaffler et al., 2014; Schaffler and Kennedy, 2012). Together, these cells are known as the
basic multicellular unit (BMU) of bone.
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Figure 2.8: The basic multicellular unit (BMU) of bone containing osteocytes, osteoblasts, and
osteoclasts

A large amount of the osteocyte cell culture studies to date have used MLO-Y4 cells.
MLO-Y4 cells are an immortalised line of osteocyte-like cells, which is isolated from
transgenic murine long bones and exhibits certain behaviours of osteocytes (low alkaline
phosphatase expression, high expression of connexin 43 and the antigen, E11, low levels of
DMP-1 and a dendritic phenotype (Bonewald, 2011; Kato et al., 1997). Other osteocyte cell
lines include MLO-A5 cells (Kato et al., 2009), IDG-SW3 cells (Woo et al., 2011), C59 cells
(Divieti et al., 2001), and Ocy454 cells (Spatz et al., 2015). These osteocyte cell lines capture
osteocyte function at different stages of osteocyte maturity and are necessary to understand
osteocyte function in a more complete manner.

2.4. Bone formation and adaptation
Bone formation occurs during embryonic development and throughout life. In embryogenesis,
this occurs in two distinct processes: endochondral ossification and intramembranous
ossification. Whereas throughout life, bone is continually added during bone growth in
childhood and adolescence in a process known as bone modelling and maintained in a process
known as bone remodelling. All of these mechanisms require the actions of osteoblasts,
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osteoclasts, and osteocytes working in concert with each other to form and adapt bone as
required.

2.4.1. Endochondral ossification
Endochondral ossification is the process by which most bones are formed during embryonic
development. It begins when a cartilage template of bone is formed by MSCs, followed by the
differentiation of MSCs into chondroblasts (Mackie et al., 2008; McNamara, 2011).
Chondroblasts secrete a matrix of proteoglycans and collagen and then differentiate into
chondrocytes (McNamara, 2011). These chondrocytes undergo hypertrophy and secrete ALP
(Alkaline phosphatase) and VEGF (Vascular endothelial growth factor), which promote
mineral deposition and vascularisation respectively (Mackie et al., 2008; Yang et al., 2012).
Hypertrophic chondrocytes die leaving large septa, which are invaded by osteoclasts and
osteoblasts, allowing osteoclasts to partially degrade the cartilage template with osteoblasts
using the remaining cartilage template as a scaffold for mineralisation (Berendsen and Olsen,
2015; Mackie et al., 2008). Bone mineral is deposited on the entire bone, apart from the
epiphyseal plate, which allows for the continued growth of the long bones throughout
childhood and adolescence.

2.4.2. Intramembranous ossification
Intramembranous ossification is another process by which bone formation occurs during
embryogenesis. It is responsible for the formation of non-long bones, such as the clavicle, skull,
etc. This process does not involve a cartilage template, but instead involves aggregation of
embryonic MSCs becoming encapsulated and undergoing differentiation into osteoprogenitor
cells (Allen and Burr, 2014; McNamara, 2011; Percival and Richtsmeier, 2013). These
osteoprogenitors differentiate further into osteoblasts and secrete a collagen based ECM. This
ECM encapsulates some of the osteoblasts, allowing them to undergo differentiation into
osteocytes (Allen and Burr, 2014; McNamara, 2011). The remaining osteoblasts on the surface
of the ECM form a periosteum as well as depositing bone mineral. This ossification process
continues and allows for the formation of a rudimentary trabecular structure, known as woven
bone (Kanczler and Oreffo, 2008). Eventually, this woven bone is replaced by the more
organised lamellar bone (Kanczler and Oreffo, 2008; McNamara, 2011).
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2.4.3. Bone modelling and remodelling
As mentioned previously, bone adapts according to its needs. This can occur throughout
postnatal growth in response to changes in its biochemical or biophysical environment.
Bone modelling is the continual growth and change in bone structure that occurs in
childhood and adolescence. Bone modelling occurs when osteoclasts and osteoblasts resorb
and deposit bone mineral respectively, in an orchestrated manner to allow for the longitudinal
and radial growth of bones (Allen and Burr, 2014; Bartl and Bartl, 2017).
Bone remodelling is the continuous process by which older damaged bone is replaced
by new bone. The damage which typically occurs on the bone structure is that of micro-cracks
that are a result of the normal “wear and tear” of bone. Bone cells acts in an orchestrated manner
to remodel bone, as part of the basic multicellular unit (BMU) of bone (Figures 2.8 and 2.9)
(Frost et al., 1973). Bone deposition and resorption that occurs during bone modelling and
remodelling is dictated by osteocytes. Following bone damage, such as micro-cracks, the
weakened bone is resorbed by osteoclasts (Allen and Burr, 2014; Bartl and Bartl, 2017;
Verbruggen and McNamara, 2018). Next, bone-lining cells activate and differentiate into
osteoblasts, and lay down mineralised bone in the newly formed cavity.

Figure 2.9: The cycle of bone remodelling: (A) activation, (B) resorption, (C) reversal, (D)
formation, and (E) termination (Verbruggen and McNamara, 2018)
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2.5. Osteocyte mechanobiology
Osteocytes are the main mechanosensitive cells within bone (Burger and Klein-Nulend, 1999),
with ablation of osteocytes in bone resulting in a defective mechanotransduction (Tatsumi et
al., 2007). As such, they have been the focus of a great deal of the mechanobiology research.
On a cell level, when bone is imparted with a mechanical force, specialised cellular structures
and biomolecules (known as mechanosensors) detect the mechanical force and transduce it into
a cellular response (Figure 2.10). These cellular responses can include alteration of cellular
structures, such as the cytoskeleton, or release of cytokines which can act in an autocrine or
paracrine manner to regulate tissue physiology (Bonewald, 2006; Ingber, 2006; Schaffler et al.,
2014). In vitro investigation of osteocyte mechanobiology can be achieved using a variety of
techniques including fluid flow stimulation via Parallel plate bioreactors (PPFCs) and
microfluidic devices (See section 2.10. In vitro investigation of bone mechanobiology)

Figure 2.10: The mechanism of a mechanobiological response

Osteocytes are complex cells with chemosensory (Anderson et al., 2008; Bonewald,
2011; Schaffler et al., 2014) and endocrine functions (Dallas et al., 2013; Han et al., 2018;
Lanske et al., 2014), but are primarily regarded to be the master coordinator of loading-induced
bone formation (Anderson et al., 2008; Han et al., 2018; Hinton et al., 2018; Klein-Nulend et
al., 2013; Schaffler et al., 2014; Schaffler and Kennedy, 2012). Osteocytes respond to such
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mechanical stimuli by initiating intracellular signalling and producing biochemicals and
proteins that activate osteoblasts and osteoclasts to remodel bone (Kramer et al., 2010; Robling
et al., 2008; Tu et al., 2015; Wijenayaka et al., 2011). In particular, WNT/β-catenin signalling
regulates bone formation by osteoblasts, and stimulates production of biochemicals (RANKL,
OPG) to inhibit resorption. Sclerostin is a protein produced by osteocytes (Moustafa et al.,
2012; Papanicolaou et al., 2009; Robling et al., 2008; Spatz et al., 2013, 2015; Wijenayaka et
al., 2011), which inhibits WNT/β-catenin signalling and bone formation, but promotes
resorption. Mechanical loading decreases sclerostin production by osteocytes (Holdsworth et
al., 2019; Kramer et al., 2010; Tu et al., 2012; Wijenayaka et al., 2011), enabling bone
formation, but this response is limited to certain areas of the bone (Macias et al., 2013).

2.5.1. Strain amplification in osteocyte mechanobiology
The strain of the whole bone was measured to be in the range of 0.04 – 0.3 % (L. You et al.,
2001). Deformation of the whole bone, and as a result a pressure gradient is experienced within
the lacuna-canalicular system, which causes a fluid shear stress within the pericellular
environment of osteocytes and induces a shear stress on osteocyte cell membranes (Cowin,
1999; Piekarski and Munro, 1977). Mathematical models have predicted that local fluid flowinduced shear stresses around osteocytes, due to normal locomotion, were in the range of 0.8
– 3 Pa (Weinbaum et al., 1994). This was confirmed experimentally and it was shown that peak
stresses around osteocytes were up to 5 Pa (Price et al., 2011), which equates to strains in the
range of 1 – 10% (L. You et al., 2001). This level of mechanical stimulation on osteocytes was
shown to lead to increased Ca2+ signalling in vivo (Lewis et al., 2017). When this range of fluid
shear stress was applied to osteocytes in vitro, it elicited a robust response (Cherian et al., 2003;
Deepak et al., 2017; Geoghegan et al., 2019; Haugh et al., 2015; Jacobs et al., 2010; Kwon et
al., 2010; Lee et al., 2015; Litzenberger et al., 2010; Lyons et al., 2017; Maycas et al., 2014;
Reilly et al., 2003; Thi et al., 2013; Yu et al., 2017). As outlined previously, if you were to
apply strains of 1 – 10% to the whole bone, it would result in a bone fracture (McNamara and
Prendergast, 2007; Mulvihill et al., 2008). To understand this paradox in the disparity in
magnitudes of strain between whole bone studies and cell level studies, attention turned to the
bone microarchitecture and the osteocyte cell processes (Figure 2.11).
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Figure 2.11: The disparity in strains which produce a biochemical response on the whole bone
scale and on the cellular scale (L. You et al., 2001)

The irregular microarchitecture of the bone tissue leads to stimuli being unevenly
distributed with some osteocytes experiencing a vastly higher strain than others (Han et al.,
2004). It has been proposed that the pericellular matrix (PCM) which surrounds osteocyte cell
membranes in vivo leads to a drag force which an order of magnitude above that which is
imparted upon the overall bone (Figure 2.12) (Han et al., 2004; L. You et al., 2001). These drag
forces are communicated to the actin cytoskeleton within the cell processes via PCM tethering
elements along the cell processes (Han et al., 2004; L. You et al., 2001) and at distinct
canalicular projections (McNamara et al., 2009; Wang et al., 2007). These canalicular
projections were found to be sites of integrin binding, specifically β3 integrins (McNamara et
al., 2009). Interestingly, finite element computational modelling of a realistic osteocyte
geometry showed greater levels of strains compared to an idealised osteocyte geometry and in
doing so, confirmed the importance of the canalicular projections for strain amplification
(Verbruggen et al., 2012). Integrin binding sites along the osteocyte cell processes were also
found to be important for strain amplification in a finite element computational model, whereby
osteocytes modelled with integrin sites along cell processes displaying higher levels of strain
compared to osteocyte modelled without integrin sites (Vaughan et al., 2015).
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Figure 2.12: A schematic describing the effect of the pericellular matrix on osteocytes – (a) a
transverse section of an osteocyte process showing the connection between the intracellular
actin cytoskeleton and the pericellular matrix; (b) a longitudinal section of an osteocyte process
showing the connection between the intracellular actin cytoskeleton and the pericellular matrix
in both static and flow states; (c) a schematic of the actin cytoskeletal arrangement within the
osteocyte processes; (d) the deforming effect of the drag force on the transverse element of the
pericellular matrix due to fluid flow over the osteocyte processes (L. You et al., 2001)

2.6. Mechanosensors
Several mechanosensors have been shown to be important in osteocyte mechanotransduction
(Figure 2.13), including gap junctions (Cherian et al., 2003), detyrosination of the microtubule
network (Lyons et al., 2017), the receptor complex, P2X7R-pannexin1 (Cheung et al., 2016;
Seref-Ferlengez et al., 2016), spectrin (Wu et al., 2017), plasma membrane disruptions (Yu et
al., 2017), PTH1R (Maycas et al., 2014), the glycocalyx (Burra et al., 2010; Reilly et al., 2003;
Wang et al., 2014), the primary cilium (Hoey et al., 2011; Kwon et al., 2010; Lee et al., 2015),
and integrins (Haugh et al., 2015; Litzenberger et al., 2010; Thi et al., 2013). The
mechanosensors relevant to this research are discussed in detail below.
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Figure 2.13: Mechanosensors found on cells including (A) stretch activated ion channels, (B)
cadherins, (C) integrin-based adhesions, and (D) gap junctions (https://www.mechanobio.info)

2.6.1. Integrins
Integrins are a family of heterodimeric transmembrane proteins comprised of α and β subunits
(Figure 2.14) (Hughes et al., 1993), which bind intracellular proteins of the internal
cytoskeleton to extracellular matrix proteins (ligands) (Hynes, 1992), but also facilitate
interaction with other cells and act as signalling receptors (Arnaout et al., 2007; Hynes, 1992;
Ramsay et al., 2007; Sawada et al., 2006). Integrin-based focal adhesions occur between the
cell body and the underlying matrix, and lamellipodia and filopodia protrusions of the cell
membrane and cytoskeleton also attach to the extracellular matrix by means of such adhesions.
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Figure 2.14: A schematic of integrin structure showing (A) α subunit structure, (B) β subunit
structure, and (C) a stable dimer of the α and β subunits (https://www.mechanobio.info)

Integrins form focal adhesions, in combination with intracellular proteins such as
vinculin, talin, kindlin, focal adhesion kinase (FAK), α-actinin, and paxillin, and thereby
connect the internal cytoskeleton to the extracellular matrix (Figure 2.15) (Hughes et al., 1993;
Zaidel-Bar et al., 2004). The formation of focal adhesions begins with the activation of
integrins from a low-affinity state to a high-affinity state (Sun et al., 2014). Two adapter
proteins, talin and kindlin bind to the β integrin subunit (Parsons et al., 2010; Sun et al., 2014),
which aggregates integrins and associated proteins leading to the formation of a nascent
adhesion, visible under the microscope (Sun et al., 2014). A number of stable nascent adhesions
aggregate to form a focal complex, which over time aggregates further and mature to form
focal adhesions (Parsons et al., 2010). Other focal adhesion proteins such as vinculin and
paxillin are recruited during this maturation process and aid in the stabilisation of new focal
adhesion (Katsumi et al., 2004; Sun et al., 2014). Assembly and disassembly of focal adhesions
occurs frequently and is a vital mechanism for cell migration (Webb et al., 2002).
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Figure 2.15: Composition of a focal adhesion (https://www.mechanobio.info)

Integrins work in concert with the cytoskeleton to (1) perceive external mechanical
stimuli, (2) facilitate movement by cells, (3) generate tension on their extracellular
environment, and (4) activate intracellular signalling pathways and elicit biochemical
responses (Arnaout et al., 2007; Cary et al., 1999; Paszek and Weaver, 2004; Puklin-Faucher
and Sheetz, 2009; Sawada et al., 2006). Integrins and their ligands (major constituents of the
ECM including collagen, vitronectin, fibronectin, fibrinogen, laminin, etc.) act together to
mediate cell-matrix interactions and sense mechanical stimuli for many cells of the body by
activating intracellular signalling pathways and eliciting a biochemical response (Barczyk et
al., 2009; Gauthier and Roca-Cusachs, 2018; Puklin-Faucher and Sheetz, 2009). Together with
intracellular myosin motors, cells exert contractile forces on the matrix through these adhesions
to facilitate cell movement (Inoué and Salmon, 1995; Mitchison and Cramer, 1996) and to
explore their environment (Geiger et al., 2009; Lauffenburger and Horwitz, 1996). The
stiffness of the underlying substrate dictates how much force a cell exerts, and regulates
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formation of integrin adhesions (Paszek et al., 2005; Plotnikov et al., 2012) and cytoskeletal
tension (Suresh, 2007), which in turn initiates cytoskeleton adaptation and regulate cell
behaviour. Mechanoresponsiveness and matrix attachment in many cell types is mediated by
integrins (Arnaout et al., 2007; Ramsay et al., 2007; Sawada et al., 2006), and these attachments
are crucial for cell survival and proliferation.
Integrins are ubiquitous in bone. In particular, osteoclasts attach to the bone matrix by
means of integrins αvβ1, α2β1 and αvβ3 during bone resorption (Engleman et al., 1997; Horton
et al., 1991). αvβ3 integrin is strongly linked to osteoclastogenesis and osteoclastic resorptive
activity, as αvβ3 forms the sealing zone for resorption pit formation (Li et al., 1995; Xu and
Teitelbaum, 2013). Osteoblasts and osteocytes express β1 integrin subunits in conjunction with
α1, α2, α3, α4 and α5 integrin subunits (Clover et al., 1992; Grzesik and Robey, 1994; Horton
and Davies, 1989). β3 integrins are associated with αv in osteoblasts (Gronthos et al., 1997) and
osteocytes (Thi et al., 2013). By immunohistochemistry, it was shown that osteocyte cell
processes have distinct clusters of integrin αvβ3 in vivo and it has been proposed that these
attach to the extracellular matrix (ECM) to facilitate mechanosensation (McNamara et al.,
2009; Wang et al., 2007).
αvβ3 integrins are more numerous in osteocyte cell processes in comparison to the cell
body, whereas β1 integrins have been found along osteocyte cell bodies where they interact
with a loose pericellular matrix (Figure 2.16) (McNamara et al., 2009). This difference in
integrin location indicate that they are highly specialised structures and therefore may play
different roles in bone biology (McNamara et al., 2009). Interestingly, along cell processes β3
integrins have been found to co-localise with specialised structures containing pannexin1,
P2X7R, and CaV3.2–1 (Cabahug‐Zuckerman et al., 2017). Larger focal adhesion proteins such
as vinculin and paxillin have been found around the cell body and not the tightly packed cell
processes. It was proposed that the lack of focal adhesion proteins in osteocyte cell processes
was due to space constraints (Cabahug‐Zuckerman et al., 2017), as the cytoplasmic space
between the osteocyte process membrane and the actin filaments found within was much
smaller (<20 nm) than the cytoplasmic depth (>40 nm) taken up by the array of adaptor proteins
seen at typical focal adhesion sites (Kanchanawong et al., 2010). The β3 containing foci seen
in vivo are distinctly different from typical focal adhesions seen in vitro, and as such, it has
been proposed that they may result in altered downstream signalling (Cabahug‐Zuckerman et
al., 2017). However, this has not been investigated in vitro.
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Figure 2.16: Schematic showing the role of integrins in osteocyte mechanotransduction in vivo
(Verbruggen and McNamara, 2018)

While many focal adhesion proteins are known to play mechanosensory roles (le Duc
et al., 2003; Yao et al., 2016), integrins are thought to be of particular importance in osteocyte
mechanotransduction (Haugh et al., 2015; Litzenberger et al., 2010; Thi et al., 2013). The role
of β1 and β3 integrins have been a recent focus in osteocyte mechanotransduction.
MLO-Y4 cells were transfected with a dominant negative form of β1 integrin and
subjected to oscillatory fluid flow using a parallel plate flow chamber (Litzenberger et al.,
2010). There was no difference in Ca2+ signalling (See section 2.7.1. Calcium (Ca2+) signalling)
between the control and β1 negative cells, but an abrogated response in Cox-2 and PGE2
expression was seen following fluid flow, compared to controls. Actin organisation was
unaffected in β1 negative cells, but a reduction in vinculin co-localisation to focal adhesions
was seen. Interestingly, in a separate study it was reported that cyclic stretching of MLO-Y4
cells led to ERK activation, via β1 integrins, actin and tubulin cytoskeletal proteins, and Src
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kinases, which were likely assembled in small invaginations in the plasma membrane known
as caveolae (Plotkin et al., 2005b). An in vivo study of mice with a conditional knockout of
cortical osteocyte β1 integrins showed an altered cell morphology with fewer β1 integrins
present along the cell body and a reduction in visible cell processes (Litzenberger et al., 2009).
The mice were subjected to three days of cyclic axial ulnar loading, and this resulted in a
reduced mineralised bone formation rate in the ulna in the mice with β1 integrin conditional
knockout, compared to controls. These results indicate the importance of osteocyte β1 integrins
in mechanically induced bone formation in vivo. β1 integrins, in the form of α5β1, have been
implicated in gap junction function in osteocytes, whereby fluid shear stress led to α5β1
activation and the opening of connexin 43 hemichannels (Batra et al., 2012).
β3 integrins have also been shown to play an important role in osteocyte
mechanotransduction. The application of different fluid flow stimuli (e.g. oscillatory) on MLOY4 cells was shown to produce a Ca2+ response or Cox-2 and PGE2 responses respectively
(Figure 2.17) (Haugh et al., 2015; Thi et al., 2013). When the integrin αvβ3 was antagonised
with a small molecule inhibitor, it led to perturbed flow responses. Given the localisation of
integrin αvβ3 along osteocyte cell processes in vivo (McNamara et al., 2009), particular focus
was given to osteocyte cell processes. Thi et al. showed that the Ca2+ response was highly
polarised along the cell processes, with stimulation of the cell processes leading to a higher
Ca2+ response than stimulation of the cell body (Thi et al., 2013). Haugh et al. showed that αvβ3
antagonism led to an altered cell morphology, with a smaller cell area and fewer cell processes
(Figure 2.17) (Haugh et al., 2015). In primary osteocytes, αvβ3 integrin activation by
mechanical stimulation was shown to lead to an upregulation in c-fos, IGF-1, and COX-2
(Miyauchi et al., 2006), demonstrating a potent role for this integrin in osteocyte
mechanobiology.
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Figure 2.17: The role of β3 integrin in osteocyte mechanotransduction. (A) Ca2+ responses in
MLO-Y4 cells to a Stokesian flow stimulus is highly polarised along the cell processes (Thi et
al., 2013), (B) Antagonism of the integrin αvβ3 with a small molecule inhibitor, IntegriSense,
leads to a disruption in this Ca2+ response (Thi et al., 2013), (C) Oscillatory fluid flow leads to
an increase PGE2 response, with antagonism of the integrin αvβ3 resulting in a perturbed PGE2
response to flow (Haugh et al., 2015), (D) Antagonism of the integrin αvβ3 led to an altered
osteocyte cell morphology (Haugh et al., 2015)

As mentioned previously, osteocyte cell processes are surrounded by a pericellular
matrix (or glycocalyx) in vivo which has been proposed to amplify the whole bone level strains
(McNamara et al., 2009; Wang et al., 2007; You et al., 2004; L. You et al., 2001).
Immunocytochemistry revealed that hyaluronic acid was a major component of the MLO-Y4
glycocalyx (Reilly et al., 2003). Degradation of the glycocalyx with hyaluronidase resulted in
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an abrogated PGE2 release in response to fluid shear stress, indicating the importance of the
glycocalyx for normal MLO-Y4 mechano-responses (Reilly et al., 2003). Of relevance here,
glycocalyx degradation has also been shown to lead to poor integrin attachment and a
diminished ability to open cell body hemichannels (Burra et al., 2010). Perlecan was also found
to be a key constituent of the pericellular matrix (Wang et al., 2014). In perlecan-deficient mice,
the density of the pericellular matrix fibres was lower and this, in turn, resulted in a lack of
anabolic bone formation in response to uniaxial compressive tibial loading in vivo, compared
to control mice (Wang et al., 2014). Interestingly, a decrease in pericellular matrix fibre density
was seen in aged mice (12 – 13 months), in comparison to young mice (4 – 5 months),
indicating a possible source of decreased mechanosensitivity in ageing (Wang et al., 2014).
β1 and β3 activation in osteoblasts has been more extensively studied compared to
osteocytes, and it has been shown that the application of fluid shear stress activates FAK and
Shc, resulting in the activation of PI3-K and Akt/mTOR/p70S6K pathways (D.-Y. Lee et al.,
2010). While FAK, PI3-K, and Akt have been shown to be activated in response to fluid shear
stress in osteocytes, it is unknown whether this is mediated by β1 or β3 integrins (Santos et al.,
2010). Deletion of specific integrin subunits (β1 or β3) has led to an attenuated
mechanosensitivity in osteocytes in vitro (Haugh et al., 2015; Litzenberger et al., 2010; Thi et
al., 2013), but does not lead to a complete loss of mechanosensation in vivo (Litzenberger et
al., 2009). One hypothesis for this is that in response to the loss of a specific integrin subunit
in vivo, alternative integrin subunits compensate for the loss of function (Mercurio, 2002).
Interestingly, a recent study has shown that αvβ3 and α5β1 integrins cooperate, where αvβ3
integrins are recruited by α5β1 and are responsible for focal adhesion maturation (Diaz et al.,
2020). This data suggests that αvβ3 integrins are necessary for maturation of α5β1 based-focal
adhesion sites. However, this cooperation is not bi-directional and αvβ3 integrins can form
mature focal adhesions sites alone. Taken together, this highlights the complex cross-talk of
integrin subunits and the need for a more complete mechanistic understanding of integrins.

2.6.2. Primary cilium
Primary cilia are non-motile solitary cellular structures that extend from the cell surface (Mirvis
et al., 2018; Praetorius and Spring, 2005; Satir et al., 2010; Satir and Christensen, 2007). The
primary cilium was first discovered in mammalian lung tissue (Sorokin, 1968), but has since
been found on most vertebrate cells. Some exceptions include hepatocytes, erythrocytes, and
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kidney collecting duct cells (K. Lee et al., 2010). The primary cilium consists of a ciliary
compartment, which protrudes most commonly into the extracellular space, and a sub-ciliary
compartment, which acts to anchor the primary cilium (Figure 2.18) (Hoey et al., 2012b). The
ciliary compartment consists of nine doublet microtubules arranged circumferentially which
extend from the mother centriole. The sub-ciliary compartment contains the basal body of the
cilium which is in turn connected to cytoskeleton (Espinha et al., 2014). These two
compartments are separated making the ciliary compartment a distinct microdomain from the
rest of the cytoplasm, with a tightly controlled transport of cargo between the cilium and rest
of the cell (Hoey et al., 2012b). The basic building blocks of the microtubule doublets within
the primary cilium are the αβ tubulin heterodimers (Mirvis et al., 2018). These tubulin
heterodimers can undergo post-translational modifications. Once such modification,
acetylation of α-tubulin can be stained by immunocytochemistry and used to measure primary
cilium length (Corrigan et al., 2019b; Labour et al., 2016; Oliazadeh et al., 2017; Rowson et
al., 2016; Spasic and Jacobs, 2017; Thorpe et al., 2017; Xiao et al., 2006). The primary cilium
was originally believed to be vestigial. However, due to the specific localisation of ion channels
and receptors within the ciliary domain, the primary cilium possesses both mechanosensory
and chemosensory roles in many cells types, including osteocytes (Chen et al., 2015; Corrigan
et al., 2018; Hoey et al., 2012a, 2012b; Johnson et al., 2018; Kwon et al., 2010; Labour et al.,
2016; K. Lee et al., 2010; Lee et al., 2015; Satir et al., 2010; Temiyasathit et al., 2012).
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Figure 2.18: Primary cilium. A detailed schematic outlining (A) primary cilium structure, (B)
circumferential arrangement of microtubule doublets within the axoneme, (C) a schematic of a
single microtubule doublet, and (D) the arrangement of αβ tubulin heterodimers within the
microtubule doublet (Mirvis et al., 2018)

Within bone, primary cilia have been found on MSCs, osteoblasts, and osteocytes
(Coughlin et al., 2015; Tonna and Lampen, 1972; Uzbekov et al., 2012). Interestingly, it was
seen that only 4% of osteocytes in ovine cervical vertebrae (Coughlin et al., 2015) and 1.7 –
3.6% of mouse femur (Tonna and Lampen, 1972) had a primary cilium. However, it rat tibia,
it was found that 94% of osteocytes stained positive for acetylated α-tubulin (Uzbekov et al.,
2012). The disparity in these results may be due to imaging techniques used, and the animals
and bone site examined or the criteria applied to confirm the presence of a primary cilium. In
particular, not all of the cells that stained positive for acetylated α-tubulin were found to extend
a primary cilium, when further investigated by TEM (Uzbekov et al., 2012). The first foray
into understanding the role of primary cilia in osteoblasts and osteocytes involved the deletion
of PC1 (Polycystin-1), a mechanosensitive transmembrane receptor-like protein associated
with cilia in kidney epithelial cells (Xiao et al., 2006). Interestingly, PC1 was shown to be
important for the development of a normal skeletal phenotype, whereby mice which had the
PC1 gene inactivated displayed an osteopenic phenotype (Xiao et al., 2006). To understand the
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role of primary cilia in bone mechanotransduction, the gene Kif3A (an important component in
intraflagellar transport) was deleted in mouse osteoblasts and osteocytes, which resulted in a
decrease in load-induced bone formation, compared to controls (Temiyasathit et al., 2012).
Similarly, when a downstream effector of cilia signalling, Adenylyl cyclase 6 (AC6), which
localised to the primary cilium, was globally deleted in a mouse model, it led to a decrease in
load-induced bone formation (Lee et al., 2014). Taken together, this shows the importance of
the primary cilium and its downstream signalling in bone mechanobiology in vivo.
When studied in vitro, the primary cilium was shown to be important in MLO-Y4
responses to fluid shear stress. When the percentage of ciliated MLO-Y4 cells was decreased
by inhibiting a central component of intraflagellar transport, IFT88, fluid flow-induced
increases of Cox-2 was abrogated (Figure 2.19) (Kwon et al., 2010). A similar abrogated Cox2 response to flow was seen when AC6, a key secondary messenger of cilia signalling, was
antagonised (Kwon et al., 2010). Primary cilia length was shown to be important in MLO-Y4
mechanotransduction. When the primary cilium was lengthened artificially using lithium
chloride treatment or fenoldopam treatment, it led to an increased Cox-2 and Opn response to
flow (Figure 2.19) (Spasic and Jacobs, 2017). Interestingly, fenoldopam is known to elongate
the cilium via activation of dopamine receptor 5 and an adenylyl cyclase-cAMP mechanism,
while the mechanism by which lithium chloride lengthens the cilium is not fully known
(Kathem et al., 2014; Spasic and Jacobs, 2017). Fenoldopam treatment of C57Bl/6 mice led to
increased load-induced bone formation of ulnae, in comparison to untreated mice, and was
shown to be effective as a therapeutic treatment in an ovariectomised (OVX) mouse model of
post-menopausal osteoporosis (Spasic, 2018) (For more information on OVX, see section 2.9.
Estrogen deficiency). Interestingly, the heightened mechanosensitivity in MLO-Y4 cells was
lost was the primary cilium was shortened using IFT88 siRNA (Spasic and Jacobs, 2017). It
must be said that increased cilium length does not always led to increased mechanosensitivity.
Osteoblasts from patients suffering from idiopathic scoliosis demonstrated an increased
primary cilium length but a decreased Cox-2 and Bmp-2 response to fluid shear stress
(Oliazadeh et al., 2017).
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Figure 2.19: The role of the primary cilium in osteocyte mechanotransduction. (A) A key
primary cilium component, polaris, and AC6, a secondary messenger of primary cilium
signalling, are necessary for Cox-2 response to flow (Kwon et al., 2010), (B) Fenoldopam
results in an increased primary cilium length in MLO-Y4 cells (Spasic and Jacobs, 2017), (C)
Fenoldopam led to increased Cox-2 response to fluid shear stress (Spasic and Jacobs, 2017),
(D) The increased mechanosensitivity induced by fenoldopam is lost following treatment with
IFT88 siRNA (Spasic and Jacobs, 2017)

In addition to its sensory roles, the primary cilium is known to be a key signalling centre
with WNT, Notch, Hippo, and Hedgehog (Hh) signalling all linked in some way to the primary
cilium compartment (Wheway et al., 2018). Hh signalling involves the binding of Hh ligand to
Ptch which facilitates Ptch translocation from the ciliary compartment into the cytoplasm,
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resulting in Smo localising within the cilium and promoting transcription of Hh markers, such
as Ptch1 and Gli1 (Corbit et al., 2005; Kim et al., 2009; Wong and Reiter, 2008).While Hh
signalling has not been thoroughly investigated in osteocytes (Martín-Guerrero et al., 2020), it
has been extensively studied in osteoblasts and other cell types. Hh signalling has been shown
to be regulated by primary cilium length in chondrocytes (Thorpe et al., 2017), as well as
regulating PTHrP and RANKL protein expression

in osteoblasts, leading to a severe

osteopenic phenotype (Mak et al., 2008). Hh signalling will be discussed in greater detail later
(Section 2.7.3).
Mechanical activation of the primary cilium has also been shown to activate numerous
signalling cascades. This occurs when cilia deflection allows for the entry or activation of
secondary messengers within the primary cilium domain (Johnson et al., 2019). One such
secondary messenger is Ca2+, which enters the cilia via the stretch activated ion channel,
TRPV4 (Köttgen et al., 2008; Lee et al., 2015; Phan et al., 2009). Interestingly, siRNA against
TRPV4 was shown to reduce mechanical activation of Ca2+ in the primary cilium but not in the
cytosol, further proving that the primary cilia and cytosol are two separate microdomains (Lee
et al., 2015). Another secondary messenger is cAMP, which is transiently decreased upon
mechanical stimulation and activates the ERK1/2-CREB signal cascade (Hoey et al., 2012a).
This variety of cellular signalling within the primary cilium highlights its extensive role in cell
functions.
The structural dynamics of the primary cilium are linked strongly to that of the
cytoskeleton. Given the fact that the primary cilium is a microtubule-based appendage, it is
unsurprising that the cilium and the microtubule cytoskeletal network are functionally linked
(Espinha et al., 2014; Mirvis et al., 2018). However, other cytoskeletal proteins such as actin,
septin, and intermediate filaments have also been shown to play a role in primary cilium
dynamics (Mirvis et al., 2018; Pitaval et al., 2010; Stavenschi, 2019). This was most clearly
demonstrated by Pitaval et al. where a spread cell shape or high substrate stiffness, both of
which promoted increased intracellular tension, corresponded to a reduced cilia length, a
finding that was reversed by inhibiting actin contractility (Pitaval et al., 2010). Integrincontaining focal adhesions have also been shown to directly connect the basal body of the
primary cilium to the actin cytoskeleton in specialised structures known as ciliary adhesions
(Antoniades et al., 2014). While these studies indicate that integrins and actin contractility have
the ability to regulate cilium dynamics, this relationship and its potential significance has yet
to be shown in osteocytes.
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2.7. Signalling pathways of interest in bone mechanobiology
A multitude of signalling pathways exist within bone cells. For brevity, the signalling pathways
relevant to bone mechanoadaptation and this research are discussed below.

2.7.1. Calcium (Ca2+) signalling
Ca2+ signalling is an incredibly versatile signalling pathway found in almost every cell type
(Bachs and Agell, 1995; Berridge et al., 2000, 2003; Clapham, 2007). Given its versatility, it
can be quite hard to pin point its role in various cellular functions. However, it is known that
Ca2+ signalling plays a role in exocytosis, motility, metabolism, apoptosis, and transcription
(Berridge et al., 2003; Clapham, 2007).
Ca2+ is a positive ion that is uniquely suited to its ubiquitous functions. In comparison
to other ions (Cl- and K+), it has a relatively low ionic radius, allowing it to enter compact
binding sites (Bachs and Agell, 1995). Whereas in comparison to Na+, which has a similar ionic
radius, it has twice the charge allowing it to have stronger bond (Bachs and Agell, 1995). When
Ca2+ binds with various proteins, it can lead to changes in the protein shape and charge (in a
similar manner to phosphorylation) (Clapham, 2007).
The levels of Ca2+ ions within cells in much lower to that of extracellular Ca2+ (100 nM
compared to 2 mM) (Bachs and Agell, 1995; Clapham, 2007). The reason for its exclusion
from the cytosol is likely due to its multi-functionality as a signal transducer. However, the cell
can increase the Ca2+ concentration transiently, using Ca2+ found in the extracellular space or
from Ca2+ sequestered within intracellular stores, such as the endoplasmic reticulum (Bachs
and Agell, 1995; Berridge et al., 2000). Surplus Ca2+ is expelled into the extracellular space
using specialised Ca2+ pumps or into the intracellular Ca2+ stores mentioned previously (Bachs
and Agell, 1995).
Changes in intracellular Ca2+ levels can occur in response to a variety of chemical and
mechanical stimuli. One such chemical factor, ionomycin, has been shown to increase
intracellular Ca2+ levels in MLO-Y4 cells (Morrell et al., 2018) and in osteocytes in situ (Jing
et al., 2014). Mechanical stimulation, such as AFM indentation of MC3T3-E1 cells (Guo et al.,
2006; Huo et al., 2010b, 2010a) and fluid shear stress applied to MLO-Y4 cells (Deepak et al.,

37

Chapter 2

2017; Litzenberger et al., 2010; Lu et al., 2012a, 2012b; Thi et al., 2013) have also been shown
to lead to an increase in intracellular Ca2+ levels. In Ocy454 cells, TRPV4-dependant increases
in Ca2+ induced by fluid flow were shown to be the first step in a pathway leading to a decrease
in sclerostin (Lyons et al., 2017). These mechanically induced increases in intracellular Ca2+
levels in MLO-Y4 cells led to contractions in the actin cytoskeleton and the release of
extracellular vesicles (EVs), with the addition of neomycin abrogating the Ca2+ response and
resultant EV release (Morrell et al., 2018). In a mouse model, addition of neomycin resulted in
a lack of load induced bone formation, compared to controls, indicating the importance of Ca2+
signalling in load induced bone formation (Morrell et al., 2018). Conditioned media from
mechanically activated MLO-Y4 cells were shown to contain various factors, including many
calcium ion binding proteins, and lead to MSC recruitment (Eichholz et al., 2019).

2.7.2. FAK/Shc signalling
In addition to playing a structural role in the cell, focal adhesions are responsible for
transducing signalling pathways including focal adhesion kinase (FAK) and Shc signalling (D.Y. Lee et al., 2010; Mitra et al., 2005).
FAK is a protein tyrosine kinase ubiquitously expressed in focal adhesions and
composed of a central kinase domain, an N-terminal FERM domain, and a C-terminal domain
that includes the focal adhesion targeting (FAT) sequence (Mitra et al., 2005; Zhao and Guan,
2011). Prior to integrin-mediated cell adhesion, FAK is in its inactive, closed conformation
(Zhao and Guan, 2011). However, upon integrin-mediated cell adhesion, the FERM domain of
FAK is displaced by an activation protein, such as the β cytoplasmic tail of an integrin, and
allows for FAK autophosphorylation at the tyrosine phosphorylation site, Y397, and
phosphorylation at other sites, which results in complete FAK activation (Zhao and Guan,
2011). Activation of FAK is necessary for a multitude of cell functions, including cell
migration, spreading, and adhesion (Mitra et al., 2005).
FAK signalling has been shown to play a role in osteogenic differentiation of marrow
stromal/stem cells (MSCs) (Salasznyk et al., 2007), and in osteocytes preventing
dexamethasone-induced apoptosis (Plotkin et al., 2007). Interestingly, in osteoblasts, FAK
signalling (via β1 integrins) has been shown to be necessary for RANKL expression
(Nakayamada et al., 2003). In ovarian cancer cells, FAK has been shown to be required for
OPG expression (Lane et al., 2013), a well-known paracrine factor involved in bone
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remodelling, but the role of FAK in OPG expression in bone cells remains to be studied.
Activation of FAK signalling in response to mechanical stimulation occurs in many cell types
including osteoblasts (Castillo et al., 2012; D.-Y. Lee et al., 2010).
Shc is an adaptor protein found to be important in many signalling events, including
integrin-based signalling (Ravichandran, 2001). Shc isoforms contain two distinct domains,
which allow for the binding of phosphotyrosine containing sequences and a central region
which contains tyrosine phosphorylation sites, with this phosphorylation site known to be
activated at many cell surface receptor sites (Ravichandran, 2001).
The anti-apoptotic activity of the estrogen receptor and androgen receptor was shown
to be mediated by the Src/Shc/ERK pathway in osteocytes (Kousteni et al., 2001). In
osteoblasts, β1 and αvβ3 integrins co-localise with Shc, in response to fluid shear stress (Weyts
et al., 2002). Given the fact that Shc is involved in signalling events from so many receptors,
it might be difficult to determine an exact role of integrin-based focal adhesions in these
processes.
While the FAK pathway and the Shc pathway are independent pathways activated by
integrin-based focal adhesion sites, they have been known to be synergistically activated and
ultimately lead to the activation of other pathways, such as the PI3K/Akt/mTOR pathway and
MAPK pathways (D.-Y. Lee et al., 2010; Li et al., 1997; Ravichandran, 2001; Tai et al., 2015).
The interconnectedness of these pathways is most apparent in a study where FAK was shown
to be necessary for the flow-induced PGE2 response in osteoblasts in vitro, but deletion of FAK
in a mouse model resulted in no change in mechanically-induced bone loading, possibly due to
a compensatory mechanism involving another of the aforementioned pathways (Castillo et al.,
2012). Delineating the roles of this intricate network of pathways may aid in a greater
understanding of osteocyte biology, especially in disease states.

2.7.3. Hedgehog signalling
The Hedgehog (Hh) signalling pathway is initiated by three different Hh proteins in mammals:
Sonic Hedgehog (Shh) is important in embryonic development and postnatal homeostasis
whereas Indian Hedgehog (Ihh) has been shown to be important in a number of bone related
developmental processes including intramembranous and endochondral ossification, and joint
formation, and Desert Hedgehog (Dhh) is important in spermatogenesis (Wong and Reiter,
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2008; Yang et al., 2015). Hh signalling has been shown to play a role is osteoblast
differentiation and proliferation and as such, may be an important target for osteoporosis
treatment (Yang et al., 2015).
Hh signalling involves the binding of Hh protein to Ptch protein on the ciliary
membrane (Figure 2.20) (Wong and Reiter, 2008; Yang et al., 2015). This internalises Ptch and
relives its suppression of Smo, facilitating Smo translocation to the ciliary membrane (Corbit
et al., 2005) and promotes the gene transcription of Hh markers, such as Ptch1 and Gli1 (Kim
et al., 2009). Ptch1 protein then acts as a negative regulator of the Hh pathway by inhibiting
Smo (Chen and Jiang, 2013).

Figure 2.20: Hedgehog (Hh) pathway in mammals. (A) When no Hh protein binding occurs,
Ptch localises within the primary cilia domain thus preventing Smo from entering leading to
phosphorylation of Gli2 and Gli3 which degrades Gli2 and truncates Gli3 allowing it to enter
the nucleus prevent gene transcription. (B) When Hh binds to Ptch, it enters the cytoplasm
allowing Smo to localise within the primary cilia membrane. Smo inhibits Gli2 and Gli3
phosphorylation and activated Gli2 allowing it to enter the nucleus and promote gene
transcription (Wong and Reiter, 2008)

Hh signalling occurs within the primary cilium domain (Corbit et al., 2005; Huangfu et
al., 2003; Huangfu and Anderson, 2005; Rohatgi et al., 2007). Hh signalling and primary cilia
dynamics are linked, with changes in cilium structure (Kif3A, IFT80, IFT88, etc.) shown to
upregulate and down-regulate Hh signalling (Bangs and Anderson, 2017). For instance,
primary cilium length has been shown to be associated with Hh signalling in chondrocytes
(Thompson et al., 2015), with a reduced primary cilium length linked with dysregulated Hh
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signalling in chondrocytes (Thompson et al., 2014; Thorpe et al., 2017). A shorted primary
cilium length has also been linked to altered Hh signalling in fibroblasts and neurons (Canterini
et al., 2017). Conversely, an increased primary cilium length led to increased Hh signalling in
fibroblasts (Drummond et al., 2018).
In bone, Hh signalling has been shown to play a role in bone formation during
embryogenesis (Yang et al., 2015) and in mature osteoblast function (Baht et al., 2014; Hu et
al., 2019; Mak et al., 2008; Plaisant et al., 2009) and more recently in osteocyte function
(Martín-Guerrero et al., 2020). The role of Hh signalling in osteoblast differentiation is unclear,
with Hh signalling shown to inhibit the differentiation of MSCs to osteoblasts (Plaisant et al.,
2009), but promote the further differentiation of osteoblasts (Hu et al., 2019). During fracture
repair, Hh signalling increased osteoblast matrix deposition (Baht et al., 2014). Hh signalling
has been shown to control osteoblast behaviour through PTHrP and RANKL protein
expression, thus playing an important role in bone remodelling (Mak et al., 2008). It must also
be noted that PTH signalling may be an important factor in this increased osteoclastogenic
phenotype (See section 2.7.4. Parathyroid hormone signalling), as when PTH1R was
continuously activated in osteoblasts, RANKL expression was increased in mice with
genetically activated Hh signalling (Mak et al., 2008). However, in osteocytes where PTH1R
was intermittently activated, antagonism of the Hh transcription factor, Gli1, led to increased
Rankl expression (Martín-Guerrero et al., 2020). Interestingly, this Hh directed release of
PTHrP in bone has been shown to have implications on whole body metabolism, with
alterations in adipose tissue, hypoglycaemia, and skeletal muscle atrophy (Zhang et al., 2017).
These studies show the importance of Hh signalling in primary cilia dynamics and in
bone overall. However, the role of Hh signalling in osteocytes remains to be elucidated.
Understanding the role of Hh signalling in osteocyte dictated-bone remodelling may provide a
novel mechanistic insight to bone physiology and potential disease progression.

2.7.4. Parathyroid hormone (PTH) signalling
Parathyroid hormone (PTH) signalling is one of the three key regulators of calcium and
phosphate serum levels in the body, with the other two regulators being calcitriol (1,25dihydroxyvitamin D) and fibroblast growth factor 23 (Bilezikian et al., 2002; Gensure et al.,
2005a; Wein, 2017). PTH is secreted from the parathyroid chief cells in response to low
calcium levels or high phosphate levels (Gensure et al., 2005b). This PTH secretion causes
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calcium levels to rise in the blood by indirectly stimulated osteoclast activity (Silva and
Bilezikian, 2015; Wein, 2017). A negative feedback loop regulates PTH, whereby high levels
of extracellular calcium cause PTH release to be stopped (Gensure et al., 2005b).
The Parathyroid hormone related protein/peptide (PTHrP) is a member of PTH family
(Naafs, 2017; Wysolmerski, 2012a). It is secreted by a number of cell types, including bone
(Wysolmerski, 2012b). One of its earliest known roles was as a secreted factor of tumour cells
that lead to hypercalcemia (Suva et al., 1987). PTHrP is vital for endochondral ossification
with mice lacking PTHrP terminal at birth due to improper bone formation (Karaplis et al.,
1994).
PTH has many effects on osteocytes, such as alterations in cell morphology,
mitochondrial engorgement, and cell death (Wein, 2017). When the PTH receptor was knocked
out in osteocytes in mice, it led to increased bone mass, lower Rankl expression, and reduced
bone resorption (Saini et al., 2013), similar to what is seen in humans with hypothyroidism
(Wein, 2017). In osteocytes, PTH has been shown to induce a cellular cascade which results in
activation of Rankl gene expression (Ben-awadh et al., 2014) and inhibition of Sost gene
expression (Figure 2.21) (Bellido et al., 2005; Keller and Kneissel, 2005). Mice in which
PTHrP has been knocked out of the osteocytes have demonstrated low cancellous bone mass
and high sclerostin levels (Ansari et al., 2018). PTH and PTHrP has further been demonstrated
to regulate sclerostin and RANKL expression in Ocy454 cells (Ansari et al., 2018).
Interestingly, PTHrP is known to be regulated by Hh signalling in both chondrocytes
(St-Jacques et al., 1999a; Vortkamp et al., 1996a), osteoblasts (Mak et al., 2008), and
osteocytes (Martín-Guerrero et al., 2020). In chondrocytes, this Hh-directed PTHrP release
leads to chondrocyte differentiation (St-Jacques et al., 1999b; Vortkamp et al., 1996b) whereas
in osteoblasts and osteocytes, the Hh-directed PTHrP release resulted in altered RANKL
expression and therefore altered bone remodelling (Mak et al., 2008; Martín-Guerrero et al.,
2020).
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Figure 2.21: PTH signalling in osteocytes (Wein, 2017)

2.8. Osteoporosis
Osteoporosis is a disease characterised by an imbalance in bone cell remodelling, which causes
bone loss and fractures, and results in severe pain, deformity, and in some cases, secondary
complications that may lead to death (Figure 2.22) (Akkawi and Zmerly, 2018; McNamara,
2010; Osterhoff et al., 2016; Sözen et al., 2017; Tu et al., 2018). It is currently estimated that
200 million people worldwide suffer from osteoporosis, and 1 in 3 women over the age of 50
and 1 in 5 men over the age of 50 will suffer an osteoporotic fracture in their lifetime (Sözen
et al., 2017).
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Figure 2.22: Bone microstructure from healthy and osteoporotic patients (Office of the
Surgeon General, U.S.A. (Service and States, 2004))

Osteoporosis affects bone by resulting in lower bone mineral density, bone mass,
decreased trabecular thickness and connectivity (Osterhoff et al., 2016). All of these factors
serve to reduce bone strength, making it more susceptible to fracture. Bone cells have also been
shown to be altered in osteoporotic bone. Osteoblasts derived from osteoporotic patients
produced less osteoblastogenic cytokines (TNFα, IL-1, PGE2) (Marie et al., 1993) and
exhibited an impaired biochemical response (PGE2) to mechanical stress (Sterck et al., 1998),
compared to those derived from healthy patients. MSCs from osteoporotic patients had a
diminished ability to undergo differentiation and an attenuated mechanosensitivity, compared
to healthy controls (Corrigan et al., 2019a). Osteoclasts increase in number and in lifespan
during osteoporosis (Appelman-Dijkstra and Papapoulos, 2015). A less connected osteocyte
network is seen in osteoporotic bone compared to healthy bone (Figure 2.23) (Knothe Tate et
al., 2004).
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Figure 2.23: Osteocyte network at various stages of osteoporosis (Knothe Tate et al., 2004)

Current treatment options for osteoporosis include anti-resorptive medications, such as
bisphosphonates and Denosumab, an anti-RANKL monoclonal antibody (Akkawi and Zmerly,
2018; Miller, 2009; Tu et al., 2018). Hormonal therapies include PTH analogues, calcitonin,
and estrogen-based therapies (Akkawi and Zmerly, 2018; Tu et al., 2018). While these
medications have been used extensively, they do not work for all patients and can include some
serious side effects such as increased risk of breast cancer, stroke, and cardiovascular disease
(Tu et al., 2018). As such, novel therapies for osteoporosis are continually being investigated.
One such novel therapy, a monoclonal antibody against sclerostin, Romosozumab, has recently
been FDA approved for use in the treatment of post-menopausal osteoporosis (Markham, 2019;
McClung, 2017; Tu et al., 2018). Romosozumab acts by binding to and neutralising sclerostin’s
ability to bind to the LRP-5/6 receptors on osteoblasts and leads to an activation of the WNT
pathway (Lim and Bolster, 2017). This results in increased mineralisation by osteoblasts and
leads to an attenuation of the bone loss seen in post-menopausal osteoporosis; a result which
has been demonstrated in animal studies (Li et al., 2009) as well as in human clinical trials
(McClung et al., 2014).

2.9. Estrogen deficiency
The most common type of osteoporosis studied is post-menopausal osteoporosis and it is
characterised by a decrease in circulating estrogen levels (McNamara, 2010). In order to give
a context behind the importance of estrogen deficiency in bone, the effect of estrogen on bone
shall first be described. Estrogen is steroid hormone that is produced by mammalian ovaries
and released into the bloodstream (Cui et al., 2013). Estrogen is known to be an important
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hormone in female development, it also plays a role in many other parts of the body including
the brain, skin, liver, and bone (Krum et al., 2008). Estrogen acts as a regulator to maintain the
balance of osteoblasts and osteoclasts (Krum et al., 2008), and enhances the response of bone
cells to mechanical stress (Bakker et al., 2005). It has been reported that the estrogen receptors,
ERα and ERβ, play a role in this mechanobiological response by osteoblasts and osteocytes
(Castillo et al., 2014; Zaman et al., 2009). Supplementation of estrogen was shown to increase
Opg expression (Allison and McNamara, 2019; Jia et al., 2017) and augment Cox-2 (via β1
integrins and ERs) response to fluid shear stress (Yeh et al., 2010), and decrease Rankl and
Sost expression (Bord et al., 2003; Galea et al., 2013) in osteoblasts. Whereas in osteocytes,
estrogen supplementation was shown to have a protective role against apoptosis (Marathe et
al., 2012; Plotkin et al., 2005a), to induce an intracellular Ca2+ response (Ren and Wu, 2012),
increase connexion 43 gap junction expression and mechanosensitivity (Ren et al., 2013), and
increase osteogenic signalling by MLO-Y4 osteocytes (Deepak et al., 2017).
Given the importance of estrogen in bone and the decrease of estrogen levels in postmenopausal osteoporosis, estrogen deficient animal models and in vitro models have used to
gain further understanding of post-menopausal osteoporosis. It should be noted that the exact
timeline of serum estradiol level depletion following menopause in vivo is unknown. In
humans, serum estradiol levels deplete over a four year period (Sowers et al., 2008), whereas
in mice, serum estradiol levels were shown to be lower than normal controls one week after
ovariectomy (Smeester et al., 2016).
The most well-known estrogen deficient animal model of osteoporosis is the
ovariectomy (OVX) model (Kharode et al., 2008). The OVX rat model is well studied due to
its similarity to human bone during osteoporosis and as such, is considered the gold standard
for osteoporosis drug discovery research (Kharode et al., 2008). Following OVX, a greater
decrease in bone volume, trabecular thickness and connectivity, compared to sham animals,
was measured in rat tibia (Boyd et al., 2006). As well as alterations in the trabecular
organisation, changes were seen in the lacunar-canalicular system following OVX, with
lacunar volume measured to be greater in OVX bone, compared to sham animals (Sharma et
al., 2012). OVX rat bone also had a higher degree of osteocyte apoptosis, compared to sham
animals (Florencio-Silva et al., 2018; Tomkinson et al., 1998; Ye et al., 2017), along with a
lower number of dendrites per osteocytes (Zhang et al., 2019). Interestingly, for OVX rats that
had been given estrogen treatment there was no change in osteocyte apoptosis, when compared
to sham animals (Florencio-Silva et al., 2018; Tomkinson et al., 1998). However, osteocyte
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number and dendrite number were recovered following treatment with a sclerostin antibody
(Zhang et al., 2019). Similar changes in bone architecture and osteocyte apoptosis were seen
in mice (Almeida et al., 2007; Kousteni et al., 2001) and sheep (Brennan et al., 2014a, 2011,
2012) following OVX. Interestingly, in mice, it was shown that OVX induced estrogen
withdrawal led to osteocyte apoptosis (Emerton et al., 2010) followed by increased RANKL
production (Cabahug-Zuckerman et al., 2016). Mechanosensors were shown to be altered in
the OVX rat model, with lower β3 containing bone cells measured in cortical bone compared
to controls (Voisin and McNamara, 2015). While the effect of OVX induced estrogen
deficiency has not been studied on primary cilia on bone cells, it has been shown that the
deletion of ERα in mouse oviduct cells led to an increased cilia length and altered cilia-related
signalling (Li et al., 2017).
Estrogen deficiency has been modelled in vitro using two means: culture with an
estrogen blocker, such as fulvestrant, or estrogen withdrawal (Allison and McNamara, 2019;
Brennan et al., 2014b; Deepak et al., 2017; Geoghegan et al., 2019). Estrogen withdrawal in
MLO-Y4 cells was shown to lead to higher levels of osteocyte apoptosis (Brennan et al.,
2014b), attenuate fluid flow-induced intracellular calcium signalling, thus altering osteocyte
mechanosensitivity (Deepak et al., 2017), and lead to an increased Rankl/Opg ratio (Geoghegan
et al., 2019), compared to estrogen treated cells (Figure 2.24). This estrogen withdrawal
induced increase in the Rankl/Opg ratio was also seen in MC3T3-E1 osteoblasts (Allison and
McNamara, 2019). Conditioned media from MC3T3-E1 osteoblasts, which underwent
estrogen withdrawal, were shown to result in increased RAW264.7 cell osteoclast
differentiation, as measured by TRAP activity, osteoclast resorption, and NFATc1 expression,
compared to RAW264.7 cells treated with conditioned media from estrogen treated osteoblasts
(Allison and McNamara, 2019).
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Figure 2.24: The effect of estrogen withdrawal on osteocytes. (A) Estrogen withdrawal (E-)
results in a higher degree of apoptosis after 24 hours, compared to estrogen (E2) cells (Brennan
et al., 2014b), (B) Estrogen withdrawal (EW) results in lower PGE 2 release following flow,
compared to estrogen (E) cells (Deepak et al., 2017), Estrogen withdrawal leads to an
attenuated Ca2+ response to flow compared to estrogen (E) cells (Deepak et al., 2017)

Given the attenuated osteocyte mechanosensitivity and the altered β3 integrin
expression seen in estrogen deficient conditions, it is not yet known whether the altered
responses of estrogen deficient osteocytes are associated with the changes seen in αvβ3
expression. The primary cilium has been shown to be altered in mouse oviduct cells in estrogen
deficient conditions. However, it is unknown what effect estrogen withdrawal will have on
osteocyte primary cilia.
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2.10. In vitro investigation of bone mechanobiology
To understand bone mechanobiology in vivo in both healthy and estrogen deficient bone cells,
controlled in vitro systems must be employed to mimic the complex bone microenvironment.
Bioreactors are devices which allow for the delivery of nutrients and biomechanical stimuli in
order to stimulate cell behaviour for study or growth (Stephenson and Grayson, 2018). These
bioreactors can facilitate cell growth in a monolayer, in suspension, or as part of a 3D
construct/scaffold (Stephenson and Grayson, 2018). As part of this research, we have focussed
on parallel plate flow chambers and microfluidic devices.

2.10.1. Parallel plate flow chambers (PPFC)
Parallel plate flow chambers (PPFC) are specialised bioreactors used to apply biologically
relevant shear stresses on a cell population. The designs of the PPFC can vary slightly, but they
generally involve two plates (made from stainless steel or polycarbonate) screwed together
with a recess in one of the plates for a glass slide, onto which a cell monolayer is grown (Figure
2.25). Fluid is flowed between the plates using a media filled syringe in a syringe pump, with
an outlet connected to a media reservoir. This design allows for the application of laminar fluid
flow across the cell. By programming the syringe pump, one can apply steady flow, oscillatory
flow, or pulsatile flow with the frequency and shear stress necessary to mimic the mechanical
environment of interest.

Figure 2.25: (a) A schematic of the parallel plate bioreactor set up used to create oscillatory
laminar fluid flow: (i) syringe-pump, (ii) parallel plate chamber, (iii) media reservoir, (iv)
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filtered opening to allow gas exchange; (b) the parallel plate bioreactor showing stopcocks used
to attach the bioreactor to the setup in (a) (Edited from Haugh et al., 2015)

Given the sturdy nature of PPFCs, they can be easily sterilised and reused. Due to their
relatively large size, they are easy to use. However, PPFCs do have some limitations. This
system, as is currently designed, can only accommodate a 2D monolayer and as such, cannot
be used to study cells in their native 3D environment. However, other PPFC systems have been
reconfigured to allow for perfusion of scaffolds, which is more mimetic of the 3D culture within
bone, but less reproducible due to the tortuous flow through the scaffolds (McCoy and O’Brien,
2010). Another limitation is that PPFCs do not allow for the real time study of paracrine
signalling. Conditioned media collected from cells stimulated in PPFCs has been used to study
the effect of the paracrine factors contained within on other cell types (Allison and McNamara,
2019; Eichholz et al., 2019), but these lack the real time effect of these paracrine factors. For
example, some paracrine factors, such as nitric oxide, have a short half-live and therefore their
effects may not be captured using a conditioned media experiment (Clancy et al., 1990).
PPFCs have been used extensively for the study of bone cells (Allison and McNamara,
2019; Corrigan et al., 2018; Johnson et al., 2018; Klein-Nulend et al., 1995b; Li et al., 2004;
Malone et al., 2007; Reilly et al., 2003; Stavenschi et al., 2017; J. You et al., 2001) and in
particular, the study of osteocytes (Deepak et al., 2017; Eichholz et al., 2019; Geoghegan et al.,
2019; Haugh et al., 2015; Klein-Nulend et al., 1995a, 1995b; Kwon et al., 2010; Li et al., 2012;
Litzenberger et al., 2010; Reilly et al., 2003; Vaughan et al., 2013; Yu et al., 2017). The
geometry of the lacuna-canalicular system and of osteocytes themselves can vary across bone
and therefore lead to a range in shear stresses applied to osteocytes (Verbruggen et al., 2014).
This range of shear stresses can be replicated using the PPFC and syringe pump system making
it ideally suited to study osteocyte mechanobiology (Vaughan et al., 2013).
The PPFC system allows the study of the effect of flow on structural changes within
cells (Allison and McNamara, 2019; Geoghegan et al., 2019; Malone et al., 2007), intracellular
signalling (Corrigan et al., 2018; Deepak et al., 2017), changes in gene expression (Deepak et
al., 2017; Geoghegan et al., 2019; Haugh et al., 2015; Li et al., 2012; Litzenberger et al., 2010),
and the release of paracrine factors from cells in conditioned media experiments (Allison and
McNamara, 2019; Eichholz et al., 2019). As such, it is a versatile tool in mechanobiology
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research. However, due to the limitations mentioned above, microfluidic devices have been
used to study the effect of real time co-culture on cell populations.

2.10.2. Microfluidic devices
Microfluidics is a field of study concerning liquids at the submillimetre scale (Sackmann et al.,
2014). Therefore, microfluidic devices are used to study cell function on this scale in order to
use less reagents and allow high-throughput studies (Griffith and Swartz, 2006; Halldorsson et
al., 2015; Sackmann et al., 2014). The design of microfluidic devices can be tailored to facilitate
the user’s needs and as such, are especially useful tools for small scale pilot studies.
Microfluidic devices are typically made of Polydimethylsiloxane (PDMS) and come in
a large variety of designs (Friend and Yeo, 2010), which are fabricated following a largely
similar process (Figure 2.26). First, a negative mould is typically manufactured using SU-8
epoxy resin, a silicon wafer, or PMMA. Next, PDMS is poured into the mould and cured.
Finally, the PDMS is removed from the mould, bonded with a glass or PDMS substrate, and
connectors are attached. The mould and manufacturing process can be modified to allow for
the creation of a large range of geometries. This customisable nature of the microfluidics
devices is one of their greatest advantages (Table 2.1) (Halldorsson et al., 2015; Mestres et al.,
2019).
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Figure

2.26:

Fabrication

process

for

a

PDMS

microfluidic

device

(https://www.elveflow.com/microfluidic-tutorials/microfluidic-reviews-and-tutorials/thepoly-di-methyl-siloxane-pdms-and-microfluidics/)

Cell culture within microfluidic devices is quite different to that within traditional
bioreactors, and it has many associated advantages and disadvantages (Table 2.1). Their small
size brings an added complexity of use, but they can be fabricated in a large range of geometries
in order to mimic the in vivo environment (Halldorsson et al., 2015). Microfluidic devices can
be used to study cells in many ways, including real time monitoring of cells,
mechanotransduction based studies, chemical gradient studies, co-culture studies, or a mix of
these study types (Figure 2.27) (Mestres et al., 2019). More complex microfluidic devices
involving multiple cells types can be used to mimic whole organ function (Esch et al., 2015).
These so called “organ-on-chips” are thought be an important player in future drug discovery
to screen potential therapeutics for in vivo studies, and if complete organ function can be
simulated, could even replace animal studies in the future.
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Table 2.1: Comparison of macroscopic and microfluidic cell culture (Adapted from
(Halldorsson et al., 2015))
Macroscopic cell culture


Typical advantages



Microfluidic cell culture

Established culture



Flexibility of device design

protocols



Real-time, on-chip analysis

Standardisation and



Controlled co-culture

availability of assays



Reduced reagent
consumption

Typical disadvantages



Rigid culture surface





Fixed device architecture



High reagent consumption



Novel culture surface



Mainly end-point analysis



Complex operational

Non-standard culture
protocols

control and chip design

Figure 2.27: The types of studies that can be done using a microfluidic device (Mestres et al.,
2019)
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Microfluidic devices have been used in bone to study osteoblast differentiation (Leclerc
et al., 2006), investigate osteoblast responses to novel therapeutics (Jang et al., 2008), mimic
the osteochondral region of bone to study osteoarthritis (Lozito et al., 2013), study
vascularisation in bone (Jusoh et al., 2015), and mimic the effect of radiation on bone marrow
(Chou et al., 2018; Torisawa et al., 2016). This list is not exhaustive, but serves to show the
diversity of research using microfluidic devices in the bone field.
Given the importance of osteocytes in the bone niche, they have been studied
extensively using microfluidic devices (Chen et al., 2011; Gu et al., 2015; McCutcheon et al.,
2017, 2020; Mei et al., 2019; Middleton et al., 2017, 2018; Sun et al., 2015; Wei et al., 2015;
You et al., 2008b; Zhang et al., 2015). These studies can be divided into two types: recreation
of the osteocyte network or the investigation of osteocyte paracrine signalling using co-culture
devices. These osteocyte networks were 3D in nature and allowed for the investigation of
osteocyte responses in a more in vivo-like environment (Gu et al., 2015; Sun et al., 2015; You
et al., 2008b; Zhang et al., 2015). One such approach created a 3D osteocyte network using
primary osteocytes (Sun et al., 2015; Zhang et al., 2015) and MLO-A5 cells (Gu et al., 2015)
cultured among biphasic calcium phosphate beads. This device demonstrated increased
mineralisation over time and increased expression of osteoblastic paracrine factors (Sost).
However, given the fact that this was not a co-culture device the effect of these factors on other
bone cells was not investigated.
Osteocyte co-culture microfluidic devices have been used to study the effect of
osteocyte paracrine factors other populations of osteocytes (McCutcheon et al., 2020), breast
cancer cells (Mei et al., 2019), and on osteoclasts (Middleton et al., 2017) (Figure 2.28). These
devices have demonstrated real time cellular response, including intracellular Ca2+ response to
flow (Mei et al., 2019; Middleton et al., 2017), and long term responses, such as paracrine
regulation of osteoclast differentiation (Middleton et al., 2017) and breast cancer metastasis
(Mei et al., 2019). In one study, a localised population of apoptotic osteocytes induced another
population of osteocytes to increase the release of RANKL (McCutcheon et al., 2020). Given
their versatility, such microfluidic devices will be useful tools in future paracrine studies.

54

Chapter 2

Figure 2.28: Microfluidic devices can be used to recapitulate the in vivo environment of bone
(Middleton et al., 2017)

2.11. Summary
This chapter has outlined a detailed review of bone anatomy and physiology, with a specific
focus on the mechanobiology of bone cells in healthy bone and bone during the estrogen
deprived environment of post-menopausal osteoporosis.
In summary, bone adapts to the mechanical demands of its environment. These
mechanical changes are detected by osteocytes, the most abundant cells in bone, as fluid shear
stresses via cellular mechanosensors. The mechanosensors of focus in this research, αvβ3
integrins and primary cilia, have been shown to be important in osteocyte function. They play
a key role in how osteocytes respond to fluid shear stresses and have been shown to be altered
in expression or function in an estrogen deficient environment. However, it is unknown
whether these changes in response to estrogen withdrawal play an important role in osteocyte
function and paracrine regulation of osteoclasts.
In Chapters 3 and 4, I specifically address these questions and probe whether estrogen
deficiency affect αvβ3 organisation and primary cilia structure. Next, I address whether these
changes are important in osteocyte function. Specifically, I ask whether the altered
mechanobiological responses seen in estrogen deficiency are due to an altered αvβ3 integrin
function, and whether estrogen deficiency alters cilia length and cilia related signalling and if
these dictates changes in Rankl expression during estrogen deficiency seen previously. In
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Chapter 5, I address how osteocytes subjected to estrogen withdrawal can impact osteoclast
maturation and differentiation by means of paracrine signalling. To understand the role of
osteocyte-osteoclast paracrine signalling in real time, this research will implement a novel coculture microfluidic device.
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Chapter 3: Estrogen deficiency impairs integrin αvβ3mediated mechanosensation by osteocytes and alters
osteoclastogenic paracrine signalling

3.1. Introduction
Osteocytes are the most abundant cells in bone and are responsible for mediating the balance
between bone formation and resorption (McNamara, 2011). It has been proposed that
osteocytes detect mechanical stimuli using mechanosensitive proteins, include stretch activated
ion channels, gap junctions, primary cilia and integrins (Lee et al., 2015; Lyons et al., 2017;
McNamara et al., 2009) and transduce them into biochemical responses (Bonewald, 2011;
Lanyon, 1993). Molecular factors produced by osteocytes regulate osteoclasts and osteoblasts,
in particular RANKL and sclerostin, which promote osteoclast formation and inhibit
osteoblastogenesis respectively, and OPG, which acts as a decoy receptor for RANK and
thereby prevents osteoclast formation (Han et al., 2018; Li et al., 2005; Nakashima et al., 2011;
Schaffler et al., 2014).
Integrins are heterodimeric transmembrane proteins, comprised of α and β subunits,
which connect the intracellular cytoskeleton to the extracellular matrix through protein
complexes known as focal adhesions (FA), which also comprise proteins such as vinculin, αactinin, talin, and paxillin (Hughes et al., 1993; Zaidel-Bar et al., 2004). Focal adhesions are
involved in Focal Adhesion Kinase (FAK) and shc signalling (D.-Y. Lee et al., 2010; Mitra et
al., 2005), and are widely understood to play a role in mechanosensation for many distinct cell
types (Haugh et al., 2015; le Duc et al., 2003; Le et al., 2017; Litzenberger et al., 2010; Thi et
al., 2013; von Wichert et al., 2003; Yao et al., 2016). Osteocytes express both β1 and β3
integrins (Hughes et al., 1993; McNamara et al., 2009), and it has been shown that β1 integrins
localise around osteocyte cell bodies, whereas osteocyte cell processes have αvβ3 integrins and
both interact with the surrounding pericellular matrix (Cabahug‐Zuckerman et al., 2017;
McNamara et al., 2009). It has been proposed integrin based adhesions and pericellular matrix
tethers together facilitate strain amplification (McNamara et al., 2009; Wang et al., 2007; You
et al., 2004; L. You et al., 2001). In vitro studies have shown that Ca2+ response to a fluid
stimulus was highly polarised along osteocyte cell processes but this Ca2+ response was
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compromised when cultured with a small molecule inhibitor of αvβ3 (Thi et al., 2013).
Moreover, when αvβ3 was blocked using an antagonist, Cox-2 expression and PGE2 release
were reduced and cell morphology was altered, whereby the cells had a reduced cell area and
fewer cell processes (Haugh et al., 2015).
Post-menopausal osteoporosis is a disease characterised by a decrease in circulating
estrogen levels and an imbalance in bone cell remodelling, which causes bone loss and an
increased susceptibility to fracture (McNamara, 2010). Estrogen acts as a regulator to maintain
the balance of osteoblasts and osteoclasts (Krum et al., 2008), and enhances the response of
bone cells to mechanical stress (Bakker et al., 2005). It has been reported that the estrogen
receptors, ERα and ERβ, play a role in this mechanobiological response by osteoblasts and
osteocytes (Zaman et al., 2009),(Castillo et al., 2014). In osteoblasts, estrogen was shown to
increase Opg expression and augment Cox-2 (via β1 integrins and ERs) response to fluid shear
stress (Jia et al., 2017; Yeh et al., 2010), and decrease Rankl and Sost expression (Bord et al.,
2003; Galea et al., 2013). In osteocytes, supraphysiological levels of estrogen (100 nM) were
shown to have a protective role against apoptosis (Marathe et al., 2012; Plotkin et al., 2005a),
to induce an intracellular Ca2+ response (Ren and Wu, 2012), and increase connexin 43 gap
junction expression and mechanosensitivity (Ren et al., 2013). In vitro supplementation of
culture media with levels of estrogen (10 nM) within the range of estrogen in healthy humans
(pre-menopausal), was shown to led to increased osteogenic signalling by MLO-Y4 osteocytes
(Deepak et al., 2017). However, most in vitro studies of osteocyte biology use culture media
without exogenous estrogen, and thus there is a limited understanding of pre-menopausal levels
of estrogen on osteocyte biology.
Human osteoblastic bone cells derived from osteoporotic patients have been shown to
exhibit an impaired biochemical response (PGE2) to mechanical stress compared to those
derived from healthy patients (Sterck et al., 1998). Estrogen deficiency in vitro can be achieved
by pre-treatment with 17β-estradiol followed by estrogen withdrawal or addition of an estrogen
receptor antagonist (Brennan et al., 2014b; Deepak et al., 2017). Estrogen withdrawal in
osteocytes was shown to attenuate fluid flow-induced intracellular calcium signalling, thus
altering osteocyte mechanosensitivity (Deepak et al., 2017), and lead to higher levels of
osteocyte apoptosis, compared to estrogen treated cells (Brennan et al., 2014b). Estrogen
deficiency induced by ovariectomy (OVX) has been shown to lead to an altered tissue
composition and mineral distribution within bone, altered mechanical environment of
osteocytes and a reduction in β3-positive cells in cortical bone compared to controls (Brennan
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et al., 2014a; Verbruggen et al., 2015; Voisin and McNamara, 2015). However, it is unknown
whether such changes arise as a direct response to reduced estrogen or the ability of the β3
integrins to facilitate mechanotransduction.
In this study, the hypothesis tested was that altered osteocyte mechanosensitivity during
estrogen deficiency is associated with an impairment in the mechanotransduction by β3
integrins. Specifically, the objectives were to investigate (1) the role of pre-menopausal levels
of estrogen for regulating MLO-Y4 cell morphology, focal adhesion formation and
mechanotransduction response to fluid flow, (2) changes in αvβ3 expression and spatial
organisation in osteocytes during estrogen deficiency, and (3) whether altered
mechanosensitivity

of osteocytes under estrogen deficiency correlate to defective αvβ3

expression and functionality.

3.2. Materials and methods
3.2.1. Cell culture and estrogen treatment regimes
MLO-Y4 mouse osteocyte-like cells were cultured on type I collagen (0.15 mg/ml in 0.02 M
acetic acid and phosphate buffered saline (PBS)) coated T-75 flasks in α-minimum essential
media (α-MEM) supplemented with 5% fetal calf serum (FCS), 5% fetal bovine serum (FBS),
2 mM L-glutamine, 100 U/mL penicillin, and 100 µg/mL streptomycin at 37°C in a humidified
environment at 5% CO2. The effect of estrogen treatment and estrogen withdrawal on MLOY4 cells was studied using the following groups: (1) standard culture media with no added 17βestradiol (Ctrl), (2) continuous treatment with 10 nM 17β-estradiol for 5 days (E), and (3) pretreatment with 10 nM 17β-estradiol for 3 days and withdrawal for 2 further days (EW),
following previous approaches (Deepak et al., 2017). On day 3 (two days prior to the induction
of oscillatory fluid flow/static conditions), cells were seeded onto collagen coated glass slides,
at a density of 200,000 cells/slide, and cultured for two days in accordance with their treatment
groups.

3.2.2. Integrin αvβ3 antagonism
The integrin αvβ3 was blocked using a small molecule inhibitor for αvβ3 integrins, IntegriSense
750 (PerkinElmer) (Haugh et al., 2015; Thi et al., 2013). After removal of culture medium, 1
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mL of media containing 0.5 µM IntegriSense 750 was added to each slide for 30 min prior to
flow/static conditions. Following this, slides were washed twice with PBS.

3.2.3. Oscillatory fluid flow
Laminar oscillatory fluid flow was applied to a cell monolayer using a parallel plate bioreactor
system, which consisted of a syringe pump (NE-1600, New Era Pump Systems, Farmingdale,
NY), polycarbonate plate chambers, media reservoirs connected by gas-permeable and
platinum-cured silicone tubing (Cole-Parmer, Vernon Hills, IL) (Deepak et al., 2017; Haugh et
al., 2015). The fluid flow regime subjected the cell monolayer to a shear stress of 1 Pa at 0.5
Hz for 1 h, which is within the range of shear stresses experiences by osteocytes in vivo (Han
et al., 2004; Li et al., 2012; Verbruggen et al., 2012; Wang et al., 2007; Weinbaum et al., 1994).
For comparison, static counterparts in each treatment group were not subjected to laminar
oscillatory fluid flow conditions for the same time-period.

3.2.4. DNA content
DNA content was measured using a Hoechst assay. Briefly, 1 mL of sterile deionised (DI)
water was carefully placed on each slide and the cells were lysed via the freeze-thaw lysis
method in a -80°C freezer. DNA samples were added to wells with the working dye solution
consisting of Hoechst dye: 1X Hoechst Buffer (1:1,000) (Sigma Aldrich). The fluorescence
intensity was read using a spectrophotometer for an excitation of 360 nm and at an emission of
460 nm. Calf thymus DNA (Sigma Aldrich) was used as a standard.

3.2.5. Integrin αvβ3 quantification
αvβ3 integrin concentration was quantified by means of an αvβ3 ELISA (Emelca Bioscience) as
per the supplier’s protocol. Briefly, cells were lysed used the freeze-thaw lysis method, as
above. The sample lysate was placed in the ELISA wells and an antibody against α vβ3 was
added to each well. Biotin labelled antibodies and horseradish peroxidase were added to further
label the samples for αvβ3 integrins. The well plate was incubated for 37°C and washed with a
buffer between each of these steps, according to the supplier’s protocol. Reagents to aid in
colour visualisation were added and the plate absorbance was read at 450 nm using a
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spectrophotometer (Synergy HT, BioTek). αvβ3 integrin concentration readings were
normalised to DNA content.

3.2.6. Immunofluorescence
Immunofluorescence was used to study and quantify the spatial distribution of αvβ3 integrins
in cells from each treatment group cultured statically or following application of flow. Briefly,
the cells were washed in PBS and fixed in 3.8% formaldehyde solution, and then permeabilised
in 0.1% Triton-X. The cells were incubated in 10% BSA to prevent non-specific binding
occurring during the staining process. Integrin αvβ3 staining was performed using an anti-αvβ3
antibody directly conjugated to Alexa Fluor® 488 (1:100) (Santa Cruz). Vinculin staining was
performed using a mouse anti-vinculin primary antibody (1:800) (Sigma Aldrich) and goat
anti-mouse Alexa Fluor® 647 secondary antibody (1:200) (Abcam) to label focal adhesion and
facilitate the investigation of αvβ3 integrin co-localisation (See Supplementary Table 3.1 for
further information on antibodies used). The cells were also stained with TRITC (Tetramethyl
Rhodamine Iso-Thiocyanate) Phalloidin and DAPI (4',6-diamidino-2-phenylindole) to
facilitate imaging of the actin cytoskeleton and nucleus respectively. Z-stack imaging was done
using a Fluoview FV100 confocal laser scanning microscope system (Olympus) at a
magnification of 60x (oil immersion) with a step size of 0.5 µm.
All image analysis was completed using ImageJ software (Schneider et al., 2012). The
z-stacks of the images taken were combined as maximum intensity projections and these
combined images were used for all image analysis. Cell area and overall actin fluorescence
intensity were measured using the actin stained images. Cell area was measured by
thresholding the images to remove background fluorescence and then using the “wand tool” to
select the region of interest around each cell. Where two cells were touching, the region of
interest was drawn manually with the “freehand tool”. Anisotropy of the actin fibrils was
determined using a ImageJ plugin, known as FibrilTool (Boudaoud et al., 2014). Anisotropy
results are presented as a figure between 0 and 1, whereby 0 means isotropy (actin fibres not
aligned) and 1 means anisotropy (actin fibres completely aligned). The vinculin stained images
were used to identify distinct focal adhesion sites across the entire cell. Identification of distinct
focal adhesion sites was enabled by means of a previously published semi-automatic protocol
(Horzum et al., 2014). Focal adhesion area was normalised to cell area. The focal adhesion
ROIs thresholded in this process were then used to determine the intensity of the α vβ3 staining
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at focal adhesion sites. All fluorescent intensities were measured using the integrated density
of each cell/ROI with their corresponding background integrated density subtracted and
reported as arbitrary units.

3.2.7. Real time PCR
Relative gene expression was studied by quantitative Real Time Polymerase Chain Reaction
(qRT-PCR). The genes of interest included Cox-2, Rankl, and Opg, with Rpl13A used as a
reference gene (Supplementary Table 3.2). RNA was isolated using Qiagen RNeasy kits as per
manufacturer’s instructions. RNA purity and yield were assessed using a spectrophotometer
(DS-11 FX, DeNovix), with 260/280 ratios of >1.9 for all samples. 250 – 500 ng of RNA was
then transcribed into cDNA using Qiagen Quantinova reverse transcription kits and thermal
cycler (5PRIMEG/O2, Prime). qRT-PCR was carried out with a Qiagen Quantinova SYBR
Green PCR kit and a StepOne Plus PCR machine (Applied Biosciences). Analysis of the results
was done using the Pfaffl method (Pfaffl, 2001).

3.2.8. Statistical analysis
Data is presented as mean ± standard deviation (SD). Statistical significance was determined
by means of unpaired two-tailed Student’s t-tests. All statistical analyses were performed using
GraphPad Prism version 6 (Windows, GraphPad Software, La Jolla California USA,
www.graphpad.com) and p-value of 0.05.

3.3. Results
3.3.1. Estrogen supplementation, to mimic pre-menopausal levels, leads to more mature
FA assembly and actin cytoskeleton, and increased Opg expression compared to
osteocytes cultured in standard media
In vitro studies of MLO-Y4 osteocyte biology commonly use α-MEM culture media without
the addition of estrogen. However, in vivo estrogen is important for normal bone cell function
and so, to more closely mimic the physiological environment of osteocytes in vivo, in this study
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the effect of supplementing culture media with pre-menopausal levels of estrogen (10 nM) on
MLO-Y4 osteocytes was investigated under static and oscillatory flow conditions in vitro.
A robust cytoskeleton with distinct focal adhesion sites can be seen in both control and
estrogen treated cells under static culture conditions (Figure 3.1A). Quantification of these
images showed that estrogen supplementation leads to the development of larger cells (1,083
± 428.1 µm2 vs 1,215.4 ± 579 µm2) (p=0.0525), which have more focal adhesions (18.9 ± 13.1
vs 30.5 ± 16.1) (p<0.05) and most interestingly, these cells also have a significantly larger %
focal adhesion area/cell area (1.19 ± 0.91% vs 2.43 ± 1.11%) (p<0.01) (N=3, n≥111 cells per
group), see Figure 3.1B – D. The actin fluorescence intensity was greater (15,052 ± 10,632 vs
30,054 ± 23,054) and the cells exhibited a higher degree of organisation (anisotropy) of the
actin cytoskeleton (0.15 ± 0.11 vs 0.23 ± 0.12) in estrogen treated cells compared to controls
(p<0.0001 and p<0.0001 respectively, N=3, n≥111 cells per group) (Figure 3.1 E, F).
Moreover, estrogen treated osteocytes were shown to express higher levels of Opg (p<0.01,
n=7-10), but Rankl expression was unaffected, and this ultimately resulted in a lower
Rankl/Opg ratio (p=0.0645, N=5-7) (Figure 3.1G – I). There was no difference in Cox-2
expression in the estrogen treated group compared to controls (Figure 3.1J). Thus, estrogen
supplementation leads to larger osteocytes with more mature FA assembly and a more robust
actin cytoskeleton, and these changes are accompanied by a reduction in gene expression
associated with osteoclast differentiation (Rankl/Opg).
The application of oscillatory fluid flow resulted in an increase in actin fluorescent
intensity for both control and estrogen treated cells, when compared to their static counterparts
(p<0.0001 and p<0.01 respectively, N=3, n≥111 cells per group). However, fluid flow had no
effect on cell area, focal adhesion area, or actin anisotropy for either cohort. Fluid shear stress
led to a higher Opg expression in the control group (p<0.05, N=7-10), but had no effect on
Rankl expression, and therefore, led to a lower Rankl/Opg ratio in that same group (p=0.051,
N=5-7). There was no effect of fluid shear stress on Rankl or Opg expression in the estrogen
treated group. Both control and estrogen treated cells showed a higher Cox-2 response to fluid
shear stress (p<0.05 and p<0.05 respectively, N=5-7).
In summary, treatment of osteocytes in vitro with endogenous levels of estrogen, to
mimic the pre-menopausal status of osteocyte biology, significantly alters cell behaviour,
resulting in a more established cytoskeleton and a shift towards a more osteogenic phenotype
when compared to widely used culture media for studies of MLO-Y4 osteocyte biology.
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Therefore, the estrogen treated groups were used as a control for studies of estrogen
withdrawal, which are presented hereafter.
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Figure 3.1: The effect of estrogen treatment and oscillatory fluid flow on MLO-Y4 cell
morphology and downstream signalling. (A) Immunocytochemistry images showing actin
fibres and vinculin staining (N=3, n≥111 cells per group). Quantification of the images showing
(B) cell area, (C) number of focal adhesions per cell, (D) % focal adhesion area /cell area, (E)
actin fluorescent intensity, and (F) anisotropy of actin fibres. qRT-PCR results of (G) Rankl
expression (N=5-10), (H) Opg expression (N=7-10), (I) Rankl/Opg ratio (N=5-7), and (J) Cox2 expression (N=7-8) (Student’s t-test, *p<0.05, **p<0.01, ****p<0.0001)

3.3.2.

Estrogen withdrawal alters osteocyte morphology, and this affect is further

augmented by mechanical stimulation
Next, the role of estrogen withdrawal on osteocyte morphology under both static and
mechanical loading conditions was investigated.
Under static conditions, cells cultured under estrogen withdrawal were observed to be
smaller by immunostaining, and while they had focal adhesion sites, these were disordered,
which was in contrast to estrogen treated cells that had distinct focal adhesion sites (Figure
3.2A). Quantitative analysis of the actin and vinculin staining confirmed that cells cultured
under estrogen withdrawal had a reduced cell area (1,215.4 ± 579 µm2 vs 948.6 ± 375.3 µm2)
and % focal adhesion area/cell area (2.43 ± 1.11% vs 1.57 ± 0.6%), when compared to cells
cultured under continuous estrogen conditions (p<0.0001 and p<0.05 respectively, N=3, n≥115
cells per group) (Figure 3.2 B, D). The actin staining in the estrogen withdrawal cells was less
intense and there were fewer stress fibres, when compared to the estrogen treated cells, which
had noticeable and numerous stress fibres (Figure 3.2A). Quantitative analysis of the actin
staining confirmed that the intensity (30,054 ± 23,054 vs 14,546 ± 9,386) and anisotropy of the
actin fibres (0.23 ± 0.12 vs 0.19 ± 0.1) were lower following estrogen withdrawal in
comparison to estrogen conditions (p<0.0001 and p<0.01 respectively, N=3, n≥115 cells per
group) (Figure 3.2 E, F), demonstrating a less robust and ordered actin cytoskeleton for
estrogen deficient osteocytes under static conditions.
Fluid shear stress led to a lower cell area in estrogen withdrawal cells when compared
to its static counterpart (p<0.01, N=3, n≥115 cells per group), but there was no difference in
cell area or focal adhesion area following flow in the estrogen supplemented cells. Oscillatory
fluid flow led to more intense actin staining in estrogen cells, compared to static groups
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(p<0.01, N=3, n≥115 cells per group), but this was not observed for estrogen withdrawal cells,
which also exhibited had a lower anisotropy following fluid flow (p<0.0001, N=3, n≥115 cells
per group), indicating a less ordered actin fibre organisation. Taken together, this data points
to a defect in the formation of mechanosensitive focal adhesion sites following estrogen
withdrawal.

Figure 3.2: The effect of estrogen withdrawal and oscillatory fluid flow on MLO-Y4 cell
morphology. (A) Immunocytochemistry images showing actin fibres and vinculin staining
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(N=3, n≥115 cells per group). Quantification of the images showing (B) cell area, (C) number
of focal adhesions per cell, (D) % focal adhesion area /cell area, (E) actin fluorescent intensity,
and (F) anisotropy of actin fibres. (Student’s t-test, *p<0.05, **p<0.01, ****p<0.0001)

3.3.3. Estrogen withdrawal resulted in reduced αvβ3 localisation at focal adhesion sites
Given the perturbed focal adhesion assembly seen in estrogen withdrawal conditions, the effect
of estrogen withdrawal on αvβ3 quantity and organisation was investigated. ELISA
measurements of total αvβ3 content within MLO-Y4 cells showed no statistical differences
following estrogen withdrawal (p=0.0612, N=6) (Figure 3.3B). However, analysis of
immunocytochemistry imaging showed significantly lower αvβ3 intensity per cell in estrogen
withdrawal cells, compared to estrogen supplemented cells (24,107 ± 14,842 vs 20,279 ±
11,766) (p<0.05, N=3, n≥115 cells per group) (Figure 3.3C). At focal adhesion (FA) sites, this
lowered αvβ3 intensity in estrogen withdrawal cells was even more pronounced (746.5 ± 497.4
vs 312.6 ± 149.8) (p<0.01, N=3, n≥115 cells per group) (Figure 3.3D). A less ordered αvβ3
organisation at FA sites was also qualitatively seen in the immunocytochemistry images for
estrogen withdrawal osteocytes (Figure 3.3A).
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Figure 3.3: The effect of estrogen withdrawal and oscillatory fluid flow on αvβ3 quantity and
organisation in MLO-Y4 cells. (A) Immunocytochemistry images showing αvβ3 and vinculin
staining (N=3, n≥115 cells per group). (B) ELISA measurement of total α vβ3 quantity
normalised to DNA content (N=6). Quantification of the images showing (C) αvβ3 intensity per
cell, and (D) αvβ3 intensity at focal adhesion (FA) sites (Student’s t-test, *p<0.05, **p<0.01,
****p<0.0001)

The application of oscillatory fluid flow led to higher αvβ3 content in both estrogen and
estrogen withdrawal groups compared to their static counterparts (p<0.01 and p<0.05
respectively, N=6). This relationship was also seen in the αvβ3 intensity across the whole cell
area (p<0.01 and p<0.0001 respectively, N=3, n≥115 cells per group), but not at FA sites.
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Overall, these results demonstrate that estrogen withdrawal led to a lower αvβ3 quantity and
impaired organisation at a cell-level and, more importantly, at mechanosensitive focal adhesion
sites.

3.3.4. Estrogen withdrawal upregulated expression of genes associated with paracrine
osteoclastogenic signalling (Rankl/Opg), but perturbed the Cox-2 response to fluid
shear stress
Given the alterations in MLO-Y4 cell morphology and αvβ3 organisation during estrogen
withdrawal, the effect of estrogen deficiency on genes associated with mechanotransduction
(Cox-2) and osteoclastogenesis (Rankl and Opg) was investigated. Under static culture
conditions, estrogen withdrawal led to an upregulation in Rankl expression, in comparison to
cells cultured under continuous estrogen culture, (p=0.0587, N=7-8), as well as a significant
downregulation in Opg expression (p<0.05, N=8-9) (Figure 3.4A, B). This resulted in a higher
Rankl/Opg ratio in estrogen withdrawal conditions in comparison to the E group (p<0.05, N=57) (Figure 3.4C).
After application of oscillatory fluid flow, Rankl expression was lower in the estrogen
withdrawal group, compared to its static counterpart (p<0.05, N=7-8). However, there was no
noticeable effect of flow on Opg expression, and ultimately there was no significant difference
in the Rankl/Opg ratio for cells that underwent estrogen withdrawal and were mechanically
stimulated (Figure 3.4A-C).
For cells cultured under static conditions, estrogen withdrawal had no significant effect
on Cox-2 expression, when compared to the estrogen supplemented cells (Figure 3.4D). The
application of fluid shear stress led to a higher Cox-2 response in the estrogen supplemented
group, when compared to its static counterpart (p<0.05, N=7-8). However, this response to
fluid flow was lost in estrogen withdrawal cells.
Taken together, these results demonstrate that estrogen withdrawal perturbed the
normal osteogenic responses to mechanical stimulation by osteocytes, and also lead to the
alteration in genes associated with paracrine osteoclastogenic signalling.
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Figure 3.4: The effect of estrogen withdrawal and oscillatory fluid flow on osteoclastogenic
and osteogenic signalling. qRT-PCR results of (A) Rankl expression (N=7-8), (B) Opg
expression (N=8-9), (C) Rankl/Opg ratio (N=5-7), and (D) Cox-2 expression (N=7-8)
(Student’s t-test, *p<0.05)

3.3.5.

αvβ3 antagonism led to an altered cell morphology, as seen with estrogen

withdrawal
Due to the fact that a disorganised αvβ3 organisation was seen under estrogen withdrawal
conditions, it was investigated whether the perturbed cell function and responses to flow
following estrogen withdrawal were associated with an altered αvβ3 function. Therefore, a small
molecular inhibitor to block αvβ3 function was used.
Osteocytes that underwent αvβ3 antagonism demonstrated a perturbed morphology,
with a visually smaller cell area and fewer distinct focal adhesion sites visible in the estrogen
group (Figure 3.5A), in comparison to unblocked counterparts, see Figure 3.2A. Quantification
of the images confirmed a lower cell area (1,215.4 ± 579 µm2 vs 724 ± 406.4 µm2) (p<0.0001),
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% focal adhesion area/cell area (2.43 ± 1.11% vs 1.17 ± 0.86%) (p<0.01), and focal adhesion
number (30.5 ± 16.1 vs 18 ± 10.5) (p<0.05) in the estrogen cells following αvβ3 antagonism
(N=3, n≥90 cells per group) (Figure 3.5 B – D). However, there was no statistical difference in
cell area, focal adhesion area or number between blocked and unblocked cells in the estrogen
withdrawn cells. Actin was also shown to be affected by αvβ3 antagonism; whereby there was
a lower actin fluorescent intensity (30,054 ± 23,054 vs 16,471 ± 17,514) and anisotropy (0.23
± 0.12 vs 0.13 ± 0.08) in estrogen supplemented cells following αvβ3 antagonism (p<0.01 and
p<0.0001 respectively, N=3, n≥90 cells per group) (Figure 3.5E, F). In estrogen withdrawal
cells, αvβ3 antagonism led to lower actin intensity in cells subjected to oscillatory fluid flow,
and a lower actin anisotropy between the static groups (p<0.0001 and p<0.001 respectively,
N=3, n≥90 cells per group).
A key finding was that the estrogen cells that underwent αvβ3 antagonism showed a
similar morphology to the estrogen withdrawal cells (unblocked). Quantitative analysis of the
images confirmed no difference in cell area, focal adhesion area, or actin cytoskeleton intensity
and organisation between estrogen cells following αvβ3 antagonism and estrogen withdrawal
cells (unblocked). These results clearly underpin the importance of αvβ3 on overall cell function
and implicate the dysregulation of the integrin αvβ3 for the impaired cell morphology during
estrogen withdrawal.

71

Chapter 3

Figure 3.5: The effect of αvβ3 antagonism and oscillatory fluid flow on MLO-Y4 cell
morphology. (A) Immunocytochemistry images showing actin fibres and vinculin staining
(N=3, n≥90 cells per group). Quantification of the images showing (B) cell area, (C) number
of focal adhesions per cell, (D) % focal adhesion area /cell area, (E) actin fluorescent intensity,
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and (F) anisotropy of actin fibres. (Student’s t-test, *p<0.05, **p<0.01, ***p<0.001,
****p<0.0001)

3.3.6. αvβ3 antagonism led to a lower αvβ3 intensity per cell and at FA sites
To confirm the efficacy of the αvβ3 antagonism, the αvβ3 quantity following antagonism was
investigated. The intensity of αvβ3 per cell and at FA sites using immunostaining was
investigated (Figure 3.6A). A lower αvβ3 intensity per cell (24,107 ± 14,842 vs 18,619 ±
23,081) and αvβ3 intensity at FA sites (746.5 ± 497.4 vs 269.1 ± 276.1) in the estrogen cells in
comparison to their unblocked counterparts was seen (p<0.05, p<0.0001, p<0.01, and p<0.05
respectively, N=3, n≥90 cells per group) (Figure 3.6C, D). In the estrogen withdrawal groups,
no change in αvβ3 intensity per cell and at FA sites following antagonism was seen, indicating
that the estrogen withdrawal groups already had a lowered αvβ3 quantity prior to antagonism.
Further to this, there was no statistical difference in the intensity of αvβ3 between αvβ3 blocked
estrogen ells and unblocked estrogen withdrawal cells. These results further confirm that
estrogen withdrawal has a negative effect on αvβ3 integrin quantity and organisation. ELISA
measurements of αvβ3 antagonism showed a higher αvβ3 content compared to unblocked
counterparts (p<0.05, p<0.05, and p<0.05 respectively, N=6) (Figure 3.6B).
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Figure 3.6: The effect of αvβ3 antagonism and oscillatory fluid flow on αvβ3 quantity and
organisation in MLO-Y4 cells. (A) Immunocytochemistry images showing αvβ3 and vinculin
staining (N=3, n≥90 cells per group). (B) ELISA measurement of total αvβ3 quantity normalised
to DNA content (N=6). Quantification of the images showing (C) αvβ3 intensity per cell, and
(D) αvβ3 intensity at focal adhesion (FA) sites (Student’s t-test, *p<0.05, **p<0.01,
***p<0.001)
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3.3.7. αvβ3 antagonism affected the Rankl/Opg response to estrogen withdrawal and
resulted in a perturbed Cox-2 response to fluid flow
Finally, the role of the integrin αvβ3 in the altered Rankl/Opg and Cox-2 responses, seen during
estrogen withdrawal was investigated. αvβ3 antagonism attenuated the higher Rankl response
and lower Opg response seen previously in estrogen withdrawal conditions (Figure 3.7A, B)
and in turn resulted in no change in Rankl/Opg ratio in estrogen withdrawal cells (Figure 3.7C).
This lack of Rankl/Opg response to the estrogen withdrawal conditions following antagonism
may implicate the integrin αvβ3 as an important transducer of estrogen-related signalling.
Moreover, following αvβ3 antagonism, the Cox-2 response to flow was absent in all groups
(Figure 3.7D). Taken together, these results show the importance of changes in the localisation
of the integrin αvβ3 in the estrogen deficient conditions of post-menopausal osteoporosis.

Figure 3.7: The effect of αvβ3 antagonism and oscillatory fluid flow on osteoclastogenic and
osteogenic signalling. qRT-PCR results of (A) Rankl expression (N=6-7), (B) Opg expression
(N=6-7), (C) Rankl/Opg ratio (N=4-7), and (D) Cox-2 expression (N=6-7) (Student’s t-test,
*p<0.05)
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3.4. Discussion
Given the importance of the integrin αvβ3 in osteocyte mechanotransduction, the effect of
estrogen withdrawal on the integrin αvβ3 and αvβ3-mediated signalling was investigated. Here,
it is reported for the first time that, under static conditions, cell area, focal adhesion area, and
the distribution of αvβ3 at mechanosensitive focal adhesion sites were all negatively affected
by estrogen withdrawal conditions. Moreover, downstream mechanotransduction signalling
associated with the integrin αvβ3 (Cox-2 gene expression) was negatively affected following
estrogen withdrawal. Osteocytes, in static conditions, that underwent estrogen withdrawal also
increased expression of the Rankl gene and downregulated Opg expression, which are known
to regulate osteoclastogenesis in a paracrine fashion. To investigate whether the integrin α vβ3
was responsible for the changes seen in estrogen withdrawal conditions, the integrin αvβ3 was
blocked with an antagonist. Most interestingly, similar changes in cell morphology and
downstream signalling in the absence of functional αvβ3 mechanoreceptors was reported, as
was observed for cells that underwent estrogen withdrawal. Therefore, these results implicate
a link between the estrogen withdrawal conditions of post-menopausal osteoporosis and altered
αvβ3 functionality (Figure 3.8).

Figure 3.8: A schematic depicting the effect of estrogen treatment (E), estrogen withdrawal
(EW), and αvβ3 antagonism
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Previous studies have clearly demonstrated defective osteocyte mechanotransduction
during estrogen withdrawal in vitro (Deepak et al., 2017; Voisin and McNamara, 2015). In
vivo, the number of β3-containing bone cells in cortical bone was lower compared to controls
in an estrogen deficient rat model of post-menopausal osteoporosis (Voisin and McNamara,
2015). Here, it was demonstrated an altered osteocyte morphology, specifically by means of a
lower cell area and altered actin cytoskeleton, following estrogen withdrawal, which is in
keeping with previous research (Deepak et al., 2017). For the first time, impaired focal
adhesion assembly in cells that are cultured under estrogen withdrawal conditions was reported,
along with a lower αvβ3 intensity at these compromised focal adhesion sites. Disperse cytosolic
staining of vinculin was clearly visible in estrogen withdrawal cells. However, only distinct
focal adhesion sites were quantified. The αvβ3 staining in the estrogen treated cells showed
similarities to studies of MLO-Y4 cells in culture media (without estrogen supplementation)
(Haugh et al., 2015; Miyauchi et al., 2006), but the spatial relationship of αvβ3 to other FA
proteins, such as vinculin, has not been previously investigated. Recently, β3 integrins were
found along mouse osteocyte cells processes in vivo within specialised structures containing
pannexin1, P2X7R, and CaV3.2–1. However, in that study the larger vinculin containing-focal
adhesion complexes were found around the cell body and not the tightly packed cell processes,
due to space constraints (Cabahug‐Zuckerman et al., 2017). In this in vitro study, cells do not
have space constraints, and vinculin was shown to co-localise with αvβ3 integrin. While it is
known that the β3 integrin binding sites along osteocyte cell processes are key sites in osteocyte
mechanotransduction in vivo, particularly due to strain amplification, computational modelling
has shown that osteocytes subjected to fluid shear stress in vitro, as seen in in this study, do
transduce this mechanical stimulation through integrin binding sites found along the cell
processes and cell body (Vaughan et al., 2015). As such, focal adhesion sites found along the
cell processes and cell body were measured in this study.
Together, these findings of an increase in Rankl/Opg ratio, under static conditions, and
abrogation of the Cox-2 response to oscillatory fluid flow demonstrate an altered response to
mechanical stimulation in estrogen withdrawal conditions. RANKL is a cytokine produced by
osteocytes, which binds to RANK receptors on osteoclast progenitors and regulates osteoclast
differentiation and activity, whereas OPG is also produced by osteocytes but acts a decoy
receptor for RANKL (Asagiri and Takayanagi, 2007; Boyce and Xing, 2008; Clarke, 2008;
Takayanagi, 2007; Yasuda et al., 1998). It has been established that the application of
oscillatory fluid shear stress to MLO-Y4 cells results in a decrease in the Rankl/Opg ratio
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(Litzenberger et al., 2010), which indicates that mechanically stimulated osteocytes reduce
paracrine signalling of osteoclastogenesis. It was shown that estrogen withdrawal led to an
increased Rankl/Opg ratio. Estrogen withdrawal has been shown to induce osteocyte apoptosis
(Brennan et al., 2014b; Emerton et al., 2010), which, in turn, leads to changes in RANKL
expression (Cabahug-Zuckerman et al., 2016). Interestingly, it has previously been reported
that in osteoblasts, estrogen treatment led to higher Opg expression in a dose-dependent
manner, compared to untreated control cells (Jia et al., 2017). COX-2 is an enzyme that
produces prostaglandins to promote inflammation, and expression of the Cox-2 is upregulated
in osteocytes following oscillatory fluid flow (Lee et al., 2015; Litzenberger et al., 2010). Given
the importance of Cox-2 for normal fracture repair (Forwood, 1996) and an increased
Rankl/Opg ratio for inducing osteoclast activity (Han et al., 2018; McNamara, 2010;
Nakashima et al., 2011), it is proposed that under estrogen withdrawal, osteocyte signalling
would contribute to the increased bone resorption seen in post-menopausal osteoporosis
(Brennan et al., 2012; McNamara, 2010).
The importance of integrin αvβ3 in osteocyte mechanotransduction has been recently
demonstrated (Haugh et al., 2015; Thi et al., 2013), and, in keeping with a previous study
(Haugh et al., 2015), these results show that αvβ3 antagonism resulted in a smaller cell area.
Interestingly, αv-integrin antagonism in melanoma cells was shown to lead to rearrangement
and disassembly of focal adhesion proteins (Castel et al., 2000), and it is proposed that integrin
antagonism may have a similar effect on focal adhesion in osteocytes. It is interesting to note
that while focal adhesion area was lower following αvβ3 antagonism, some distinct focal
adhesion sites were present. Endothelial cells treated with an αvβ3 antagonist displayed a similar
cell morphology, with smaller cells and smaller focal adhesion sites which were still present
and distinct (Diaz et al., 2020). If it is assumed that the antagonist blocked all αvβ3-containing
focal adhesion sites, it is likely that these remaining focal adhesion sites contained other
integrin subunits, such as β1 integrins (McNamara et al., 2009). αvβ3 antagonism resulted in a
lower αvβ3 fluorescent intensity. Moreover, αvβ3 antagonism resulted in an attenuated Rankl
and Opg response following estrogen withdrawal. As the integrin αvβ3 was shown to mediate
OPG protein production in a human endothelial-breast cancer cell co-culture (Reid et al., 2009),
it is proposed that the integrin αvβ3 plays a similar role in regulating Rankl and Opg signalling
in osteocytes. Previous research studying the role of αvβ3 in Rankl and Opg expression, saw no
significant changes following fluid flow, and therefore it was unclear what role the integrin
αvβ3 played in the Rankl/Opg response to flow in this instance (Haugh et al., 2015). Following
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αvβ3 antagonism, a diminished Cox-2 response to oscillatory fluid flow was seen. Abrogation
of this Cox-2 response to flow following αvβ3 antagonism has been demonstrated previously
for MLO-Y4 cells cultured under control conditions (no added estrogen) (Haugh et al., 2015).
Other integrin subunits, notably β1 integrins, play an important role in osteocyte
mechanotransduction and have been shown to be necessary for normal Cox-2 response to flow
(Litzenberger et al., 2009, 2010). While the role of β1 integrins was not investigated in this
study, it is interesting to note that β1 integrins were not fully able to recover Cox-2 responses
to flow following αvβ3 antagonism. This may indicate that β1 and β3 integrins are closely linked
in function in vitro. By showing an altered focal adhesion assembly, αvβ3 localisation at FA
sites, and abrogated Cox-2 response to flow following estrogen withdrawal or αvβ3 antagonism,
this study is the first to demonstrate a link between altered osteocyte mechanobiology during
estrogen withdrawal and altered αvβ3 functionality.
Following mechanical stimulation of osteocytes, αvβ3 has been shown to activate MAP
kinase pathways leading to an upregulation in c-fos, IGF-1, and Cox-2 (Miyauchi et al., 2006).
It has been proposed that upregulation of c-fos is associated with the Ca2+ influx pathway
(Miyauchi et al., 2006), which has separately been shown to be mediated by αvβ3 (Thi et al.,
2013). In osteoblasts, the αvβ3 pathway has been studied more extensively, with the application
of fluid flow leading to a synergistic activation of FAK and shc, resulting in the activation of
PI3-K and Akt/mTOR/p70S6K pathway, and ultimately increases in Cox-2 expression (D.-Y.
Lee et al., 2010). In osteocytes, FAK, PI3-K, and Akt have been shown to be activated in
response to fluid shear stress, but it is unknown whether this is mediated by αvβ3 (Santos et al.,
2010). Estrogen treatment has been shown to induce FAK phosphorylation, and activation of
PI3-K in breast cancer cells (Sanchez et al., 2010) and in HUVECs (Sanchez et al., 2011). The
breast cancer cells also activated Akt and formed focal adhesion sites in response to estrogen
treatment (Sanchez et al., 2010). Thus, it is proposed that Cox-2 expression by osteocytes
following oscillatory fluid flow may arise because αvβ3 integrins activate FAK, PI3-K and Akt
pathways. Moreover, due to the role of estrogen in regulating FAK and PI3-K pathways in
other cell types, it is proposed that estrogen withdrawal may result in a defect in this proposed
αvβ3 pathway and could account for the abrogated Cox-2 response to fluid flow.
There are a number of limitations that must be considered. Firstly, this study involved
the use of MLO-Y4 osteocyte-like cells, which were cultured in a monolayer within a parallel
plate flow bioreactor. While this cannot fully mimic the mechanical stimulation of osteocytes
within the lacunar-canalicular system in vivo, both the MLO-Y4 cells and the bioreactor have
79

Chapter 3

been used a model extensively in vitro to understand the mechanobiology of osteocytes during
health and disease (Alford et al., 2003; Cheng et al., 2001; Deepak et al., 2017; Haugh et al.,
2015; Litzenberger et al., 2010; Vaughan et al., 2013). Secondly, the regime in this study
involved immediate withdrawal of estrogen, but the exact timeline of serum estradiol levels in
vivo is unknown. In humans, serum estradiol levels deplete over a four year period (Sowers et
al., 2008), whereas in mice, serum estradiol levels were shown to be lower than normal controls
one week after ovariectomy (Smeester et al., 2016). Thirdly, it was surprising that ELISA
measurements of αvβ3 antagonism showed a higher αvβ3 content compared to unblocked
counterparts. It is the opinion of the author that these higher readings may be due to the fact
that the αvβ3 antagonist was detected by the ELISA along with MLO-Y4 αvβ3 integrins.
However, it should be noted that the immunocytochemistry staining confirmed the
effectiveness of the αvβ3 antagonist.
The results in this study show that the mechanosensor, integrin αvβ3, and downstream
gene expression is negatively affected by estrogen withdrawal and therefore highlights the
importance of integrin αvβ3 in post-menopausal osteoporosis. As β3 integrin expression is
affected by estrogen deficiency in OVX animals, this study implicates estrogen withdrawal as
the mechanism responsible for altered αvβ3 expression and resultant downstream signalling in
osteocytes during post-menopausal osteoporosis. Further study to determine a means of
protecting the normal expression and signalling of these integrins may offer a potential novel
therapy for post-menopausal osteoporosis. Given the altered morphology and gene expression
in both estrogen withdrawal conditions and following αvβ3 antagonism, it is clear that the
integrin αvβ3 is affected by estrogen withdrawal and this in turn affects αvβ3-mediated
signalling. However, it is unlikely that the integrin αvβ3 is the only mechanosensor affected by
estrogen withdrawal. Many other mechanosensors including β1 integrins (Litzenberger et al.,
2010), the primary cilium (Lee et al., 2015), and the microtubule network (Lyons et al., 2017),
have all been shown to be important in osteocyte mechanotransduction. To date, the effect of
estrogen withdrawal on the ability of these other mechanosensors to transduce mechanical
stimulation has not been reported. Given the multitudinous effects of estrogen on cell function,
studying the effects of estrogen withdrawal on these other osteocyte mechanosensors may
provide an exciting avenue of future research.
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3.5. Conclusions
The results in this study show that post-menopausal osteoporotic conditions induced by
estrogen withdrawal negatively affected mechanosensor function, specifically through
alterations in αvβ3 quantity at focal adhesion sites, and that also resulted in impaired
mechanobiological responses to flow (Cox-2) and Rankl/Opg gene expression. These altered
responses to flow were also seen following αvβ3 antagonism. It is proposed that due to the
estrogen deficient conditions of post-menopausal osteoporosis, osteocytes undergo altered αvβ3
organisation and resultant changes in downstream signalling, particularly those that govern
osteoclastogenesis. This research thus uncovers a previously unknown element of the bone loss
cascade, whereby estrogen deficiency alters the mechanosensory ability of osteocytes and they
in turn contribute to paracrine signalling to govern osteoclast resorption.
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Chapter 4: Estrogen withdrawal results in primary
cilia elongation and increased Hedgehog-directed
osteoclastogenic paracrine signalling in osteocytes via
reduced actin contractility and FA assembly

4.1. Introduction
Bone undergoes a continuous cycle of formation and resorption that is mediated by osteocytes,
the most abundant cell type in bone (McNamara, 2011). Osteocytes are complex cells with
chemosensory (Anderson et al., 2008; Bonewald, 2011; Schaffler et al., 2014) and endocrine
functions (Dallas et al., 2013; Han et al., 2018; Lanske et al., 2014), and are regarded to be the
master coordinator of loading-induced bone formation (Anderson et al., 2008; Han et al., 2018;
Hinton et al., 2018; Klein-Nulend et al., 2013; Schaffler et al., 2014; Schaffler and Kennedy,
2012). Osteocytes mediate osteoblast and osteoclast activation through numerous secreted
factors including Receptor activator of nuclear factor κB ligand (RANKL) and sclerostin,
which promote osteoclast formation and inhibit osteoblastogenesis respectively, in addition to
Osteoprotegerin (OPG), a decoy receptor for RANK (Han et al., 2018; Li et al., 2005;
Nakashima et al., 2011; Schaffler et al., 2014).
Post-menopausal osteoporosis is a disease characterised by a decrease in circulating
estrogen levels and an imbalance in bone cell remodelling, which causes bone loss and an
increased susceptibility to fracture (McNamara, 2010). Osteoblastic bone cells from
osteoporotic patients exhibited an impaired osteogenic response to mechanical stress,
compared to cells from healthy patients (Sterck et al., 1998). Osteocytes exposed to regime of
estrogen withdrawal, mimicking that of post-menopausal osteoporosis, displayed a greater
degree of apoptosis (Brennan et al., 2014b) and an attenuated Ca2+ response to fluid flow
(Deepak et al., 2017). Estrogen deficiency induced by ovariectomy (OVX) led to increased
RANKL production by osteocytes (Cabahug-Zuckerman et al., 2016) and alterations in bone
volume and trabecular thickness and organisation (Boyd et al., 2006; Sharma et al., 2012).
Interestingly, increased RANKL production was shown to be mediated by Hedgehog (Hh)
signalling in osteoblasts and osteocytes (Mak et al., 2008; Martín-Guerrero et al., 2020), a key
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signalling pathway associated with the primary cilium (Wheway et al., 2018). Most recently
pro-osteoclastogenic signalling by osteocytes was observed under an in vitro model of estrogen
withdrawal (Geoghegan et al., 2019). Therefore, the focus of this research was to understand
the role of Hh signalling and the primary cilium in pro-osteoclastogenic signalling by
osteocytes under estrogen deprived conditions representative of post-menopausal osteoporosis.
The primary cilium is a singular non-motile microtubule-based appendage found on the
surface of most mammalian cells (Hoey et al., 2012a, 2012b; Temiyasathit and Jacobs, 2010).
It consists of nine circumferentially arranged microtubule doublets which extend from the
centrosome/basal body which in turn is connected to the cytoskeleton (Espinha et al., 2014).
The cilium represents a distinct cellular microdomain with tightly controlled transport of cargo
between the cytoplasm and the organelle. Due to the specific localisation of ion channels and
receptors within this domain, the cilium is known to possess both mechanosensory and
chemosensory functions in many cells types including osteocytes (Chen et al., 2015; Corrigan
et al., 2018; Hoey et al., 2012a; Johnson et al., 2018; Kwon et al., 2010; Labour et al., 2016;
Lee et al., 2014, 2015; Temiyasathit et al., 2012). As mentioned previously, the primary cilium
has an essential role in Hh signalling, where binding of Hh ligand to the Ptch receptor initiates
the translocation of Ptch from the ciliary domain and subsequent entry of the Smo protein,
facilitating the activation of Gli transcription factors at the ciliary tip (Corbit et al., 2005; Kim
et al., 2009; Wong and Reiter, 2008). While the function of Hh signalling has not been
extensively investigated in osteocytes (Martín-Guerrero et al., 2020), it has been well studied
in osteoblasts and other cell types, where activation of Hh signalling indirectly induces
osteoclast differentiation by upregulating RANKL expression, leading to a severe osteopenic
phenotype (Mak et al., 2008). Interestingly, Hh signalling can be regulated via modulation of
cilia length (Thompson et al., 2015; Thorpe et al., 2017). Therefore, the osteocyte primary
cilium via Hh signalling may play an important role in osteoclastogenesis and bone
remodelling.
The primary cilium interacts with many cellular components including integrins-based
adhesions (Antoniades et al., 2014) and the cytoskeleton (Mirvis et al., 2018). Integrins are
heterodimeric transmembrane proteins, comprised of α and β subunits, which connect the
extracellular matrix to the intracellular cytoskeleton at distinct focal adhesion (FA) sites
(Hughes et al., 1993). The integrin αvβ3 has been shown to be important in osteocytes, with β3
integrin sites along osteocyte cell processes were found to be key sites for osteocyte strain
amplification (McNamara et al., 2009; Wang et al., 2007; You et al., 2004; L. You et al., 2001).
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Further to this, αvβ3 antagonism was shown to effect osteocyte morphology and responses to
mechanical stimulation (Geoghegan et al., 2019; Haugh et al., 2015; Thi et al., 2013). The α8
integrin subunit has even been shown to regulate ciliogenesis in neurosensory cells (Goodman
and Zallocchi, 2017). Integrins are known to connect to the primary cilium via the actin
cytoskeleton, but have also been shown to directly connect the basal body of the primary cilium
to the actin cytoskeleton in specialised structures known as ciliary adhesions (Antoniades et
al., 2014). Given the fact that the primary cilium is a microtubule based appendage, it is
unsurprising that the cilium and the microtubule cytoskeletal network are functionally linked
(Espinha et al., 2014; Mirvis et al., 2018). However, other cytoskeletal proteins such as actin
and septin have also been shown to play a role in primary cilium dynamics (Mirvis et al., 2018;
Pitaval et al., 2010). This was most clearly demonstrated by Pitaval et al., where a spread cell
shape or high substrate stiffness, both of which promoted increased intracellular tension,
corresponded to a reduced cilia length, a finding that was reversed by inhibiting actin
contractility using blebbistatin or Y27632 (Pitaval et al., 2010). Y27632 acts on the actin
cytoskeleton by inhibiting ROCK-I, ROCK-II, and PRK-2 (Darenfed et al., 2007). The Rho
kinases are responsible for regulating actin contractility via MLK phosphorylation with actin
fibres stabilised by LIMK activation and subsequent cofilin phosphorylation (Amano et al.,
2010), with this Rho kinase pathway sensitive to Rho-ROCK inhibitors such as Y27632 (Katoh
et al., 2001). While these studies indicate that integrins and actin contractility have the ability
to regulate cilium dynamics, this relationship and potential significance has yet to be shown in
osteocytes.
While the effect of OVX induced estrogen deficiency on primary cilia dynamics and
associated signalling in bone cells has not been investigated, it has been shown that the deletion
of ERα in mouse oviduct cells led to an increased cilia length and altered cilia-related signalling
(Li et al., 2017). Moreover, it was shown that estrogen withdrawal in MLO-Y4 osteocytes led
to a disrupted FA assembly and increased Rankl/Opg ratio (Geoghegan et al., 2019). Therefore,
it was hypothesised that estrogen withdrawal disrupts FA assembly and actin contractility,
which in turn mediates a lengthening of the primary cilium, an increase in Hh signalling and
leads to osteoclastogenic paracrine signalling via enhanced RANKL expression. Specifically,
the objectives were to investigate the effect of estrogen withdrawal on (1) primary cilia
incidence, structure, and associated Hh signalling, (2) osteoclastogenic signalling; and (3) the
association between αvβ3-containing focal adhesion assembly and the actin cytoskeleton with
primary cilia lengthening following estrogen withdrawal and the effect of αvβ3 antagonism and
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actin contractility inhibition on primary cilia incidence, structure and associated Hh signalling,
and osteoclastogenic signalling.

4.2. Materials and Methods
4.2.1. Cell culture and estrogen treatment regimes
MLO-Y4 mouse osteocyte-like cells were cultured on type I collagen (0.15 mg/ml in 0.02 M
acetic acid and phosphate buffered saline (PBS)) coated T-75 flasks in α-minimum essential
media (α-MEM) supplemented with 5% fetal calf serum (FCS), 5% fetal bovine serum (FBS),
2 mM L-glutamine, 100 U/mL penicillin, and 100 µg/mL streptomycin at 37°C in a humidified
environment at 5% CO2. The effect of estrogen treatment and estrogen withdrawal on MLOY4 cells was studied using the following groups: (1) continuous treatment with 10 nM 17βestradiol for 5 days (E), and (2) pre-treatment with 10 nM 17β-estradiol for 3 days and
withdrawal for 2 further days (EW), following previous approaches (Deepak et al., 2017;
Geoghegan et al., 2019). On day 3, cells were seeded onto collagen coated substrates, and
cultured for two days in accordance with their treatment groups. For immunocytochemistry
experiments, cells were seeded at a density of 10,000 cells per coverslip (ø 12 mm). For PCR
experiments, cells were seeded at a density of 200,000 cells per slide.

4.2.2. Actin contractility inhibition
Contractility of the actin cytoskeleton was inhibited using Y27632 (Sigma) (Pitaval et al.,
2010). A pilot study was conducted to determine the optimal dose of Y27632 for use on MLOY4 osteocytes (Supplementary Figure 4.5). After removal of culture medium, 1 mL of media
containing 100 µM Y27632 was added to each slide for 1 hr. Following this, slides were
washed twice with PBS.

4.2.3. Integrin αvβ3 antagonism
The integrin αvβ3 was blocked using a small molecule inhibitor for αvβ3 integrins, IntegriSense
750 (PerkinElmer) (Geoghegan et al., 2019; Haugh et al., 2015; Thi et al., 2013). After removal
of culture medium, 1 mL of media containing 0.5 µM IntegriSense 750 was added to each slide
for 30 min. Following this, slides were washed twice with PBS.
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4.2.4. Immunofluorescence
Immunofluorescence was used to study the effect of each group on primary cilium prevalence
and length. Cells were also stained for actin and vinculin to understand if they played any role
in the changes seen in primary cilia length. Briefly, the cells were washed in PBS and fixed in
3.8% formaldehyde solution, and then permeabilised in 0.1% Triton-X. The cells were
incubated in 1% BSA to prevent non-specific binding occurring during the staining process.
Primary cilium staining was performed by staining for antibodies against acetylated αtubulin and pericentrin to stain the ciliary body and centrioles respectively. Focal adhesions
were stained using an antibody against vinculin. Secondary antibodies were used to label the
proteins of interest. (See Supplementary Table 4.1 for detailed information on antibodies used).
The cells were also stained with TRITC (Tetramethyl Rhodamine Iso-Thiocyanate) Phalloidin
or FITC Phalloidin, as required, and DAPI (4',6-diamidino-2-phenylindole) to facilitate
imaging of the actin cytoskeleton and nucleus respectively. Z-stack imaging was done using
an Olympus IX83 epifluorescent microscope with a 100 W halogen lamp at a magnification of
100x (N.A. 1.4, oil immersion) with a step size of 0.25 µm.
All image analysis was completed using ImageJ software (Schneider et al., 2012). The
z-stacks of the images taken were combined as maximum intensity projections and these
combined images were used for all image analysis. Primary cilium length was measured using
a previously described method, whereby the length of the cilium was calculated by taking the
projection of the cilium in the z-direction and forming a right angle triangle to capture the true
length of the cilium (Rowson et al., 2016). Cell area and overall actin fluorescence intensity
were measured using the actin stained images. Cell area was measured by thresholding the
images to remove background fluorescence and then using the “wand tool” to select the region
of interest around each cell. Where two cells were touching, the region of interest was drawn
manually with the “freehand tool”. The actin fluorescent intensity was measured using the
integrated density of each cell with their corresponding background integrated density
subtracted, with the results presented as arbitrary units. Anisotropy of the actin fibrils was
determined using a ImageJ plugin, known as FibrilTool (Boudaoud et al., 2014). Anisotropy
results are presented as a figure between 0 and 1, whereby 0 means isotropy (actin fibres not
aligned) and 1 means anisotropy (actin fibres completely aligned). The vinculin stained images
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were used to identify distinct focal adhesion sites across the entire cell. Identification of distinct
focal adhesion sites was enabled by means of a previously published semi-automatic protocol
(Horzum et al., 2014). Focal adhesion area per cell was normalised to cell area.

4.2.5. Real Time PCR
Relative gene expression was studied by quantitative Real Time Polymerase Chain Reaction
(qRT-PCR). The genes of interest included Gli1, Ptch1, Rankl, and Opg, with Rpl13A used as
a reference gene (Supplementary Table 4.2). RNA was isolated using Qiagen RNeasy kits as
per manufacturer’s instructions. RNA purity and yield were assessed using a
spectrophotometer (DS-11 FX, DeNovix), with 260/280 ratios of >1.85 for all samples. 250 –
500 ng of RNA was then transcribed into cDNA using Qiagen Quantinova reverse transcription
kits and thermal cycler (5PRIMEG/O2, Prime). qRT-PCR was carried out with a Qiagen
Quantinova SYBR Green PCR kit and a StepOne Plus PCR machine (Applied Biosciences).
Analysis of the results was done using the Pfaffl method (Pfaffl, 2001).

4.2.6. Statistical analysis
Data is presented as mean ± standard deviation (SD). Statistical significance between two
samples was determined by means of unpaired two-tailed Student’s t-tests. Linear trends
between multiple groups were determined by a post-test following a One-Way ANOVA.
Correlation plots were analysed by determining the Pearson’s correlation coefficient, r, and
linear regression, r2. Statistical significance between three samples was determined by means
of an Analysis of Variance (ANOVA) test with a Dunnett’s post-hoc test. All statistical
analyses were performed using GraphPad Prism version 6 (Windows, GraphPad Software, La
Jolla California USA, www.graphpad.com) and p-value of 0.05.

4.3. Results
4.3.1. Estrogen withdrawal resulted in an elongation of the primary cilium
Cells cultured under both estrogen and estrogen withdrawal conditions possessed primary cilia,
as confirmed by positive staining for acetylated alpha-tubulin characteristic of a cilia-like
morphology extending a length from a pericentrin-positive basal body (Figure 4.1A).
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Quantification of the images revealed that there was no statistical difference in primary cilia
prevalence between both conditions (Figure 4.1B). However, a significant increase in the
primary cilium was identified following estrogen withdrawal (1.145 ± 0.682 µm), when
compared to estrogen controls (1.341 ± 0.625 µm) (p<0.05, N=3, n≥107 cells per group)
(Figure 4.1C). When the distribution of cilium lengths was displayed on a frequency histogram,
a clear shift to increased cilium length could be seen to occur in the estrogen withdrawal cells,
compared to the estrogen cells (Figure 4.1D). Interestingly, the effect of estrogen
supplementation had no effect on primary cilium length compared to control (not supplemented
with estrogen) cells (Supplementary Figure 4.1). To determine whether the estrogen
withdrawal-induced changes in cilia structure could be attributed to proliferation, cell number
was quantified and no differences were found between E and EW groups (Supplementary
Figure 4.2).

Figure 4.1: The effect of estrogen withdrawal on MLO-Y4 primary cilium incidence and
length. (A) Immunocytochemistry images showing acetylated α-tubulin, pericentrin, and nuclei
staining (N=3, n≥107 cells per group). Quantification of the images showing (B) primary
cilium incidence, (C) primary cilium length, and (D) distribution of primary cilia lengths.
(Student’s t-test, *p<0.05)
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4.3.2. Estrogen withdrawal influences cilia-associated and osteoclastogenic signalling
Given the lengthening of the primary cilium following estrogen withdrawal, the effect of
estrogen withdrawal on primary cilium-associated signalling was investigated, with specific
focus as to how this might influence downstream osteoclastogenic paracrine signalling.
First, the effect of EW on Hh signalling markers, Ptch1 and Gli1 was investigated. A
significant 2-fold increase in Ptch1 (p<0.05, N=8–10) and 2.6-fold increase in Gli1 (p<0.05,
N=7–10) gene expression was reported following estrogen withdrawal, when compared to cells
continually treated with estrogen (Figure 4.2A and B).
Next, the markers of osteoclastogenic paracrine signalling, Rankl and Opg were
measured. Rankl expression was significantly higher following estrogen withdrawal (3.9-fold,
p<0.01, N=6–8), which is consistent with previous findings (Geoghegan et al., 2019).
However, there was no significant change in Opg expression (N=7–8) (Figure 4.2C and D). As
such, there was an increase in the Rankl/Opg ratio following estrogen withdrawal (p<0.05,
N=6–7) (Figure 4.2E). Taken together, this data demonstrates that estrogen withdrawal results
in the activation of Hh signalling and a shift towards pro-osteoclastogenic paracrine signalling
by MLY-O4 osteocytes.

Figure 4.2: The effect of estrogen withdrawal on Hh and osteoclastogenic signalling. qRTPCR results of (A) Ptch1 expression (N=8-10), (B) Gli1 expression (N=9-10), (C) Rankl
expression (N=6-8), (D) Opg expression (N=7-8), and (E) Rankl/Opg ratio (N=6-7). (Student’s
t-test, *p<0.05, **p<0.01)
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4.3.3. Estrogen withdrawal disrupts focal adhesion assembly and intracellular actin
contractility corresponding to an elongation of the primary cilium
As cilia length has been linked with cell shape and actin contractility (Pitaval et al., 2010), it
was next investigated whether the changes in primary cilia length may be associated with the
recently identified estrogen withdrawal-induced changes in cell morphology (Geoghegan et al.,
2019). Cells cultured under both estrogen and estrogen withdrawal conditions were analysed
in terms of cell area and actin florescence intensity as indicators of intracellular
tension/contractility. Cells cultured under estrogen withdrawal conditions were observed to be
smaller and have a less developed actin cytoskeleton (Figure 4.3A). Quantification of the
images confirmed that estrogen withdrawal cells had a smaller cell area (726 ± 497 µm2),
compared to estrogen cells (328 ± 163 µm2) (p<0.0001, N=3, n≥92 cells per group) (Figure
4.3B). Moreover, actin fluorescent intensity was significantly less intense in estrogen
withdrawal cells (43,972 ± 35,246), compared to estrogen treated cells (31,492 ± 23,000)
(p<0.01) (Figure 4.3C). However, no difference was seen in actin anisotropy between the
estrogen and estrogen withdrawal cells (Figure 4.3D). Next, it was investigated whether the
estrogen withdrawal-induced primary cilium elongation was associated with changes in cell
area and actin cytoskeleton. Interestingly, a significant inverse relationship in cilium lengths
could be seen with increasing cell area (p<0.05, N=6, n≥5 cells per group) (Figure 4.3E,
Supplementary Figure 4.3A). An interesting inverse trend could also be seen between
increasing primary cilium length and decreasing actin fluorescent intensity (p=0.054, N=6,
n≥11 cells per group). However, fibre anisotropy (p=0.22, N=6, n≥25 cells per group) had no
statistical association with primary cilium length (Figure 4.3F, G, Supplementary Figure 4.3B,
C).
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Figure 4.3: The effect of estrogen withdrawal on the role of the actin cytoskeleton in primary
cilium dynamics. (A) Immunocytochemistry images showing acetylated α-tubulin, actin
cytoskeleton, and nuclei staining (N=3, n≥92 cells per group). Quantification of the images
showing (B) cell area, (C) actin fluorescent intensity, and (D) anisotropy of actin fibres.
Quantification of the images to determine correlation between primary cilium length and (E)
cell area, (F) actin fluorescent intensity, and (G) anisotropy of actin fibres. (Student’s t-test,
**p<0.01, ****p<0.0001. One-way ANOVA to determine trend between groups, #p<0.05)

Following this, a potential association was investigated between estrogen withdrawalinduced changes in focal adhesion assembly seen previously with changes in ciliary structure
(Geoghegan et al., 2019). Distinct vinculin-containing focal adhesion sites were clearly visible
in the estrogen cells, but less so in the estrogen withdrawal cells (Figure 4.4A). Quantification
of the vinculin staining showed that estrogen withdrawal led to less focal adhesion sites
(p<0.0001), smaller focal adhesion sizes (p<0.0001), and less focal adhesion area per cell
(p<0.0001) when compared to cells who were continually treated with estrogen (N=3, n≥104
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cells per group) (Figure 4.4B–D). Given the lower cell area seen in the estrogen withdrawal
cells, the focal adhesion area per cell data was normalised to cell area to determine % focal
adhesion area/cell area. This analysis further emphasised the reduction in the percentage focal
adhesion area/cell area following estrogen withdrawal (p<0.0001) (Figure 4.4E), and
demonstrated that the changes in focal adhesion assembly was not dependent on cell area. Next,
it was decided to examine whether changes in primary cilium length were correlated with
changes in focal adhesion assembly. A greater number of focal adhesions per cell (p<0.05)
(Figure 4.4F), larger individual focal adhesions (p<0.05) (Figure 4.4G), and larger focal
adhesion area per cell (p<0.05) (Figure 4.4H) were shown to lead to smaller cilium length.
Interestingly, there was an inverse relationship between increasing % focal adhesion area/cell
area and decreasing cilium length (p<0.0001, N=6, n≥31 cells per group) (Figure 4.4I,
Supplementary Figure 4.4).
Taken together, this data indicates that estrogen withdrawal disrupts focal adhesion
assembly and intracellular actin contractility leading to an elongation of the primary cilium.

Figure 4.4: The effect of estrogen withdrawal on the role of the focal adhesion assembly in
primary cilium dynamics. (A) Immunocytochemistry images showing acetylated α-tubulin,
vinculin, and nuclei staining (N=3, n≥104 cells per group). Quantification of the images
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showing (B) number of focal adhesions per cell, (C) focal adhesion area, (D) focal adhesion
area per cell, and (E) % focal adhesion area/cell area. Quantification of the images to determine
correlation between primary cilium length and (F) number of focal adhesion area per cell, (G)
focal adhesion area, (H) focal adhesion area per cell, and (I) % focal adhesion area/cell area.
(Student’s t-test, *p<0.05, **p<0.01, ****p<0.0001. One-way ANOVA to determine trend
between groups, #p<0.05)

4.3.4. Actin contractility inhibition and/or αvβ3 antagonism mirror the effects of estrogen
withdrawal on cell morphology and ciliary dynamics
To determine whether defined estrogen withdrawal induced effects on cell contractility and/or
focal adhesion assembly directly affect ciliary dynamics, cell contractility was abrogated via
inhibition of the ROCK pathway (Y27632 treatment) or inhibited focal adhesion assembly via
αvβ3 antagonism. The αvβ3 antagonist used here has been used previously on MLO-Y4 cells
(Geoghegan et al., 2019; Haugh et al., 2015; Thi et al., 2013). However, no record was found
regarding the use of the actin contractility/ROCK inhibitor, Y27632, on MLO-Y4 cells. As
such, a dosage study was performed with MLO-Y4 cells treated with 10 µM, 100 µM, and 1
mM Y27632 for 1 h. While stress fibres were still clearly visible in cells treated with 10 µM,
they were no longer apparent in cells treated with 100 µM and 1 mM Y27632 (Supplementary
Figure 4.5A). Quantification of the images showed that 100 µM Y27632 treatment led to a
smaller cell area (487 ± 265 µm2 vs 633 ± 406 µm2) (p<0.01), less intense actin staining (18,274
± 12,041 vs 42,180 ± 30,157) (p<0.0001), and lower degree of actin fibre anisotropy (0.056 ±
0.039 vs 0.138 ± 0.073) (p<0.0001), compared to control cells (N=3, n≥85 cells per group)
(Supplementary Figure 4.5B – D). 1 mM Y27632 treatment also led to a smaller cell area
(p<0.001), less intense actin staining (p<0.0001), and lower degree of actin fibre anisotropy
(p<0.0001), compared to estrogen cells. Given the clear effect of 100 µM Y27632 treatment
on the actin cytoskeleton, this dose was used going forward.
Inhibition of actin contractility following Y27632 treatment (ROCK inhibition) and
αvβ3 antagonism significantly altered cell morphology similar to that seen following estrogen
withdrawal (Figure 4.5A). Cells treated with Y27632 displayed long cell projections, as seen
previously (Darenfed et al., 2007). Quantification of the images demonstrated that Y27632
treatment resulted in reduced cell area (449 ± 200 µm2 vs 547 ± 374 µm2) (p<0.05), lower actin
fluorescent intensity (28,575 ± 16,152 vs 40,162 ± 39,116) (p<0.01), and lower degree of actin
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fibre anisotropy (0.049 ± 0.032 vs 0.069 ± 0.046) (p<0.001), compared to estrogen control cells
(N=3, n≥95 cells per group) (Figure 4.5C – E), which is suggestive of a reduced cell
contractility. Similarly, αvβ3 antagonism led to a smaller cell area (206 ± 98 µm2 vs 547 ± 374
µm2) (p<0.0001), lower actin fluorescent intensity (19,979 ± 12,421 vs 40,162 ± 39,116)
(p<0.0001), and lower degree of actin fibre anisotropy (0.047 ± 0.038 vs 0.069 ± 0.046)
(p<0.001), compared to estrogen controls.
As expected, distinct vinculin-containing focal adhesion sites were seen in estrogen
control cells, which were absent following αvβ3 antagonism (Figure 4.5B). Interestingly,
distinct focal adhesion sites were visible in Y27632 treated cells, indicating inhibition of actin
contractility had little effect on focal adhesion assembly at the timepoints investigated in this
study. Quantification of the images confirmed these observations with minimal effect seen
following Y27632 treatment, while αvβ3 antagonism resulted in reduced number of focal
adhesion sites (55 ± 23 vs 135 ± 93) (p<0.0001), smaller focal adhesion sites (0.053 ± 0.011
µm2 vs 0.079 ± 0.017 µm2) (p<0.0001), less focal adhesion area per cell (3.01 ± 1.59 µm2 vs
10.35 ± 6.72 µm2) (p<0.0001), and less % focal adhesion area/cell area (1.51 ± 0.56% vs 2.01
± 0.82%), compared to control estrogen treated cells (N=3, n ≥ 95 cells per group) (Figure 4.5F
– I).
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Figure 4.5: The effect of actin contractility inhibition (Y27632) and αvβ3 antagonism on the
actin cytoskeleton and focal adhesion assembly. Immunocytochemistry images showing (A)
actin and nuclei staining and (B) vinculin and nuclei staining (N=3, n≥95 cells per group).
Quantification of the images showing (C) cell area, (D) actin fluorescent intensity, (E)
anisotropy of the actin fibres, (F) number of focal adhesions per cell, (G) focal adhesion area,
(H) focal adhesion area per cell, and (I) % focal adhesion area/cell area. (ANOVA, *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001)

Next, ciliary dynamics in conditions of reduced actin contractility and focal adhesion
assembly was examined. Abundant primary cilia staining was observed under all conditions,
as seen by acetylated alpha-tubulin and pericentrin staining (Figure 4.6A). Quantification of
the images identified no statistical difference in primary cilia incidence between all conditions
(Figure 4.6B). However, a significant elongation of primary cilium length following α vβ3
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antagonism (1.996 ± 0.949 µm) was identified when compared to estrogen cells (1.456 ± 0.676
µm) (p<0.0001, N=3, n≥70 cells per group) (Figure 4.6C). A clear shift was displayed on a
frequency histogram in the distribution of cilia lengths towards increased cilium length
following αvβ3 antagonism (Figure 4.6D). Despite no statistical difference in primary cilium
mean length following actin contractility inhibition (1.612 ± 0.720 µm) (Figure 4.6C), the
Y27632 treatment resulted in a shift to a bimodal distribution (Figure 4.6D) of cilia length
which would suggest that the Y27632 treatment affected a subpopulation of the cells analysed.
In summary, this data indicates that inhibited focal adhesion assembly and reduced actin
contractility, as is seen following estrogen withdrawal, leads to an elongation of the primary
cilium.

Figure 4.6: The effect of actin contractility inhibition (Y27632) and αvβ3 antagonism on MLOY4 primary cilium incidence and length. (A) Immunocytochemistry images showing acetylated
α-tubulin, pericentrin, and nuclei staining (N=3, n≥70 cells per group). Quantification of the
images showing (B) primary cilium incidence, (C) primary cilium length, and (D) distribution
of primary cilia lengths. (ANOVA, ****p<0.0001)
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4.3.5. Actin contractility inhibition and/or αvβ3 antagonism mirror the effects of estrogen
withdrawal on cilia-associated and osteoclastogenic signalling
To further investigate whether changes in cilia-associated and osteoclastogenic signalling
following estrogen withdrawal are mediated by cell contractility and/or focal adhesion
assembly, Hh and Rankl/Opg gene expression following actin contractility inhibition and/or
αvβ3 antagonism was analysed.
First, the Hh signalling markers, Ptch1 and Gli1, were measured following Y27632
treatment and αvβ3 antagonism and saw a significant 3.8-fold increase in Ptch1 gene expression
(p=0.0586) and 13-fold increase in Gli1 gene expression (p<0.001) following Y27632
treatment (N=6–10). Similarly, αvβ3 antagonism led to a 4-fold increase in Ptch1 gene
expression (p=0.1538) and 6-fold increase in Gli1 gene expression (p=0.1527, N=5–6) (Figure
4.7A and B), both of which approach significance.
With regards to osteoclastogenic signalling, both Y27632 treatment (p<0.001) and αvβ3
antagonism (p<0.01) resulted in increased Rankl expression (N=5–6) (Figure 4.7C). Opg
expression was increased following Y27632 treatment (p=0.0565), but not following αvβ3
antagonism (N=6–8) (Figure 4.7D). Taken as a ratio, there was an increase in the Rankl/Opg
ratio following αvβ3 antagonism (p<0.05) (N=6–7) (Figure 4.7E), indicating a shift towards
osteoclastogenesis. However, there was no significant increase in the Rankl/Opg ratio
following Y27632 treatment (N=6–7).
In summary, this data indicates that estrogen withdrawal leads to inhibited focal
adhesion assembly and reduced actin contractility, followed by an elongation of the primary
cilium, activation of Hedgehog signalling, and a shift towards osteoclastogenic paracrine
signalling (Figure 4.8).
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Figure 4.7: The effect of actin contractility inhibition (Y27632) and αvβ3 antagonism on Hh
and osteoclastogenic signalling. qRT-PCR results of (A) Ptch1 expression (N=6-10), (B) Gli1
expression (N=6-10), (C) Rankl expression (N=6-8), (D) Opg expression (N=6-8), and (E)
Rankl/Opg ratio (N=6-7). (ANOVA, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001)

4.4. Discussion
Post-menopausal osteoporosis is a debilitating bone loss disease characterised by reduced
levels of circulating estrogen. In this study, it was demonstrated for the first time that estrogen
withdrawal leads to an elongation of the primary cilium and increases in Hh markers, Ptch1
and Gli1, in osteocytes. These increases in Hh signalling coincided with increases in Rankl
expression seen previously (Geoghegan et al., 2019), which is consistent with previous studies
linking these two pathways (Mak et al., 2008). Next, it was investigated whether this alteration
in cilia length and associated signalling was linked to alterations in FA assembly and actin
contractility following estrogen withdrawal (Geoghegan et al., 2019). Significant trends were
identified linking cilia elongation with reductions in cell area and % FA area/cell area, which
indicates that cilia elongation may occur via a disruption of FA assembly and actin contractility
following estrogen withdrawal. To further verify this, FA assembly was inhibited via αvβ3
antagonism and demonstrated an elongated primary cilia and increased expression of Hh
markers and Rankl expression. Moreover, actin contractility was inhibited via the ROCK
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inhibitor, Y27632, and found a shift towards an increased cilia length and significant increases
in Hh markers and Rankl expression. Therefore, taken together, these results suggest that the
estrogen withdrawal conditions associated with post-menopausal osteoporosis led to a
disorganisation of αvβ3 integrins and reduced actin contractility, which in turn caused an
elongation of the cilium, activation of the Hh pathway and osteoclastogenic paracrine
signalling (Figure 4.8).

Figure 4.8: A schematic depicting the effect of estrogen withdrawal, αvβ3 antagonism, and
actin contractility inhibition (Y27632) on the primary cilium and associated signalling.
Following estrogen withdrawal, (1) focal adhesion assembly becomes disrupted and (2) actin
contractility is inhibited, followed by (3) an elongation of the primary cilium, and resulting in
(4) activation of Hedgehog signalling, and (5) an increased osteoclastogenic signalling as seen
by increased Rankl gene expression. Focal adhesion assembly can also be directly disrupted
using an αvβ3 antagonist. Actin contractility can be directly inhibited using the ROCK inhibitor,
Y27632. These direct interventions result in the same elongation of the cilium and resultant
increases in Hh and osteoclastogenic signalling, as were found to occur under estrogen
withdrawal.

It is interesting to observe that estrogen withdrawal results in an elongation of the
primary cilium and activation of Hh signalling. Primary cilium length has been shown to be
altered in other pathological conditions, with cilium elongation arising in idiopathic scoliosis
patients (Oliazadeh et al., 2017), whereas shortened cilia have been identified to occur in
alkaptonuria (Thorpe et al., 2017) and Niemann-Pick C1 disease (Canterini et al., 2017). The
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primary cilium is involved in an entire class of pathological conditions known as ciliopathies.
The ciliopathies mentioned above demonstrate altered primary cilia associated signalling, in
particular Hh signalling, a key signalling pathway that occurs within the ciliary domain (Corbit
et al., 2005; Huangfu et al., 2003; Huangfu and Anderson, 2005; Rohatgi et al., 2007). Primary
cilium length has been shown to be associated with Hh signalling in chondrocytes (Thompson
et al., 2015), whereby a reduced primary cilium length was associated with dysregulated Hh
signalling (Thompson et al., 2014; Thorpe et al., 2017). A shorted primary cilium length has
also been linked to dysregulated Hh signalling in fibroblasts and neurons (Canterini et al., 2017;
Drummond et al., 2018). In this respect, it is interesting that the results of this study demonstrate
that estrogen withdrawal induces elongation of the primary cilium and results in an increase in
the Hh markers, Gli1 and Ptch1, highlighting a potential activation of Hh signalling via the
cilium in the setting of post-menopausal osteoporosis. Hh signalling has been associated with
expression of RANKL by osteoblasts (Mak et al., 2008), and thus may also play an important
role in the pro-osteoclastogenic phenotype seen in osteocytes following estrogen withdrawal.
It must also be noted that PTH signalling may be an important factor in this increased
osteoclastogenic phenotype, as when PTH1R was continuously activated in osteoblasts,
RANKL expression was increased in mice with genetically activated Hh signalling (Mak et al.,
2008). However, in osteocytes where PTH1R was intermittently activated, antagonism of the
Hh transcription factor, Gli1, led to increased Rankl expression (Martín-Guerrero et al., 2020).
Future studies involving the role of Hh signalling and activation of PTH1R in post-menopausal
osteoporosis may offer novel therapeutic interventions.
Given the role of the actin cytoskeleton and focal adhesions in primary cilia dynamics,
it was next decided to determine whether the diminished focal adhesion assembly and disrupted
actin cytoskeleton seen following estrogen withdrawal (Geoghegan et al., 2019) could be an
effector of primary cilia elongation. Interestingly, a significant trend of increasing cilium length
with decreasing cell area was identified, which is consistent with previous findings in retinal
epithelial cells, where cells cultured on smaller micropatterns had an elongated primary cilium
(Drummond et al., 2018; Pitaval et al., 2010). In this study, actin contractility was inhibited
using the ROCK inhibitor, Y27632. Interestingly, one effect of Y27632 treatment was long
cell projections, likely comprised of microtubule filaments (Darenfed et al., 2007). Moreover,
similar to these studies (Drummond et al., 2018; Pitaval et al., 2010), here it is reported that
disruption of actin contractility initiated a shift towards an increased cilia length, further
highlighting the contribution of the actin cytoskeleton in ciliary dynamics. As actin contractility
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is generated via integrin-based attachments to the extracellular matrix, it was intriguing to
identify an inverse relationship between % FA area/cell area and primary cilium length,
whereby a smaller % FA area/cell area was associated with a larger cilium length. This
relationship was further highlighted by the observation that osteocytes that underwent αvβ3
antagonism had an elongated primary cilium in comparison to continuous estrogen treated
cells. Taken together, this data highlights a mechanism whereby cilia elongation under postmenopausal conditions may occur indirectly via αvβ3 integrin-containing focal adhesions and
actin contractility. The exact mechanism of primary cilia elongation is complex, but the
primary cilium has been shown to be regulated by and to regulate many cellular components,
including the cytoskeleton and integrins. In particular, Pitaval et al. described a mechanism
whereby spread cells with a highly contracted actin network, as is seen in the estrogen control
groups (Geoghegan et al., 2019), orientate the nucleus-centrosome axis towards the ventral
surface of the cell. In this position and in proximity with actin stress fibres, the centrosome’s
ability to extend a cilium is inhibited, and this results in reduced ciliogenesis and cilia length
as a result of contractility of the cell cortex (Pitaval et al., 2010).
In the estrogen deficient environment of post-menopausal osteoporosis, the relative
quantities of RANKL and OPG proteins are known to be altered (Eghbali-Fatourechi et al.,
2003; Hofbauer et al., 2000). It has been previously reported that estrogen withdrawal leads to
increases in Rankl gene expression, decreases in Opg gene expression, and an overall increase
in the Rankl/Opg ratio in MLO-Y4 osteocytes (Geoghegan et al., 2019). These results here
provide a potential mechanism to explain this earlier finding, whereby estrogen withdrawal
results in a disrupted focal adhesion assembly, an inhibited actin contractility, elongation of
the primary cilium and increased Hedgehog signalling, which leads to a shift to proosteoclastogenic paracrine signalling (Figure 4.8).
A number of limitations must be considered. Firstly, this study involved immediate
withdrawal of estrogen from a MLO-Y4 cell monolayer. However, the precise timeline of
serum estradiol depletion in menopause is unknown. In humans, serum estradiol levels was
shown to deplete over a four year period (Sowers et al., 2008), whereas in mice, serum estradiol
levels were shown to be lower than normal controls one week after ovariectomy (Smeester et
al., 2016). Secondly, the effect of the ROCK inhibitor, Y27632, was measured immediately
following treatment. As such, sufficient time may not have been given to the cells to completely
transduce the effect of inhibited actin contractility on primary cilium length. Moreover, while
a relationship between cilia length, Hh signalling and osteoclastogenic signalling was reported,
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further analysis is required to fully elucidate the underlying mechanisms by which these
changes occur in osteocytes during estrogen deficiency. In particular, future studies should
endeavour to understand the direct involvement of the cilium in estrogen deficiency related
changes in paracrine signalling by osteocytes and whether this mechanism could be targeted
therapeutically to treat post-menopausal osteoporosis.
The results of this study show estrogen withdrawal conditions, associated with postmenopausal osteoporosis, result in an elongation of the primary cilium, increased expression
of Hh markers, and increased expression of osteoclastogenic markers as seen in the Rankl
expression. Inhibition of actin contractility and αvβ3 antagonism mirrored the results seen
following estrogen withdrawal. Therefore, this data suggests that following estrogen
withdrawal in osteocytes, αvβ3 integrins become dysregulated and actin contractility is reduced
leading to primary cilium elongation. This in turn, results in activation of the Hh pathway and
increased osteoclastogenic paracrine signalling. This research further highlights the complex
effect of estrogen withdrawal on osteocyte function and sheds new light on the possible
mechanisms underpinning osteoclastogenic paracrine signalling.
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Chapter 5: Estrogen withdrawal in osteocytes results
in increased osteoclastogenesis due to dysfunctional
osteocyte αvβ3 integrins

5.1. Introduction
Osteocytes are the main mechanosensitive cells in bone (Bonewald, 2011). When osteocytes
detect changes in the mechanical environment, they transduce the detected mechanical stimuli
into a cellular response (Bonewald, 2011; Lanyon, 1993). One such response is the release of
paracrine factors, which regulate osteoblast and osteoclast activity. These factors include
Receptor activator of nuclear factor κB ligand (RANKL) and sclerostin, which mediate
osteoclast maturation and osteoblastogenesis respectively, and Osteoprotegerin (OPG), a decoy
receptor for RANK that binds to RANKL (Han et al., 2018; Li et al., 2005; Nakashima et al.,
2011; Schaffler et al., 2014). Osteocytes detect mechanical stimuli by means of specialised
structures and biomolecules, known as mechanosensors (Bonewald, 2011; Ingber, 2006;
Lanyon, 1993). These mechanosensors include stretch activated ion channels (Lyons et al.,
2017), gap junctions (Cherian et al., 2003), primary cilia (Hoey et al., 2012b; Lee et al., 2015),
and integrins (Haugh et al., 2015; Litzenberger et al., 2010; McNamara et al., 2009; Thi et al.,
2013).
Estrogen is important for bone cells as it acts as a regulator, maintaining the balance
of osteoblasts and osteoclasts (Krum et al., 2008). It has long been established that osteoclast
activity is directly governed by estrogen. Primary osteoclasts cultured with estradiol were
shown to undergo greater rates of apoptosis compared to control cells (Hughes et al., 1996;
Kameda

et

al.,

1997).

Estrogen

supplementation

can

suppress

RANKL

and

Monocyte/macrophage colony stimulating factor (M-CSF) induced osteoclastogenesis in
mouse bone marrow macrophages and RAW264.7 cells (Huber et al., 2001; Shevde et al.,
2000; Srivastava et al., 2001) and can suppress RANKL-induced osteoclastogenesis in human
monocytes (Robinson et al., 2009). Estrogen negatively affected osteoclast resorption and led
to a decrease in lysosomal enzymes necessary for bone resorption (Kremer et al., 1995; Mano
et al., 1996) with shallower resorption pits demonstrated (Parikka et al., 2001). Moreover, it
has been shown that estrogen enhances the responses (PGE2 and NO) of osteoblasts to
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mechanical stress (Bakker et al., 2005). In Chapter 3 of this PhD thesis, it was shown that when
MLO-Y4 osteocytes were cultured with estradiol, the cells were larger and had bigger focal
adhesions and a more robust cytoskeleton compared to control cells (Geoghegan et al., 2019).
Interestingly estrogen treatment also lead to a lower Rankl/Opg ratio, which suggests a
decreased pro-osteoclastogenic paracrine signalling by osteocytes.
Post-menopausal osteoporosis is a disease characterised by a decrease in the levels of
circulating estrogen and an imbalance in bone cell remodelling, which causes bone loss and an
increased susceptibility to fracture (McNamara, 2010). In vivo osteoclasts increase in number
and in lifespan during osteoporosis (Appelman-Dijkstra and Papapoulos, 2015), as a direct
consequence of the reduction in estrogen. There was also a greater number of osteoclasts in
estrogen deficient ovariectomised mice (Jilka et al., 1992) and rats (Turner et al., 1988),
compared to sham animals, with larger osteoclasts measured following OVX (Turner et al.,
1988). Estrogen deficiency has been modelled in vitro using two means: culture with an
estrogen blocker (Fulvestrant or ICI164,384) or by estrogen withdrawal from cells that were
accustomed to estrogen supplementation for a period in culture (Allison and McNamara, 2019;
Brennan et al., 2014b; Deepak et al., 2017; Geoghegan et al., 2019; Kameda et al., 1997).
Osteoclasts cultured with estrogen and ICI164,384 demonstrated a lower degree of apoptosis,
compared to estrogen treatment alone (Kameda et al., 1997). Estrogen withdrawal in MLO-Y4
cells was shown to lead to higher levels of osteocyte apoptosis (Brennan et al., 2014b),
attenuate fluid flow-induced intracellular calcium signalling, thus altering osteocyte
mechanosensitivity (Deepak et al., 2017), and lead to an increased Rankl/Opg ratio (Geoghegan
et al., 2019), compared to estrogen treated cells. This estrogen withdrawal-induced increase in
the Rankl/Opg ratio was also recently reported in MC3T3-E1 osteoblasts (Allison and
McNamara, 2019). Interestingly, conditioned media from these estrogen deficient osteoblasts
was shown to result in increased osteoclast differentiation of RAW264.7 cells, as measured by
TRAP activity, osteoclast resorption, and NFATc1 expression, compared to RAW264.7 cells
cultured with conditioned media from continuous estrogen treated osteoblasts (Allison and
McNamara, 2019). In Chapter 3 of this thesis, it was shown that osteocyte αvβ3 integrins were
altered following estrogen withdrawal, with less intense αvβ3 staining at focal adhesion (FA)
sites. Chapter 4 reported that αvβ3 antagonism led to a disruption of actin intracellular tension
and ultimately, an increased Rankl expression, which indicated that αvβ3 integrin dysregulation
was an important step in the pro-osteoclastogenic signalling by osteocytes following estrogen
withdrawal. Interestingly, in a co-culture experiment with osteocytes and bone marrow
104

Chapter 5

macrophages (seeded on opposite sides of a porous membrane), osteocyte cell processes were
shown to be the sites of direct cell-cell transmission of RANKL to bone marrow monocytes
(Honma et al., 2013). However, although increased Rankl/Opg gene expression has been
reported for both estrogen deficient and αvβ3 antagonised osteocytes, it is not known whether
these changes in osteocyte gene expression ultimately result in modification of
osteoclastogenesis in a paracrine fashion.
Osteocytes regulation of osteoclast differentiation and maturation has been primarily
studied through the co-culture of osteocytes and osteoclasts (Tanaka et al., 1995; You et al.,
2008a; Zhao et al., 2002) or by taking conditioned media from osteocytes, containing released
paracrine factors, and culturing osteoclasts with this media (Hao et al., 2017; Heino et al., 2002;
Tan et al., 2007; Tanaka et al., 1995; Xu et al., 2019). Co-culture studies that involve mixing
of cell populations will inevitably allow for direct cell-cell communication and transmission of
membrane bound factors, such as RANKL (Honma et al., 2013). Interestingly, while direct
cell-cell contact in the major transmission route of RANKL to osteoclasts, gap junctions have
been shown to play a minor secondary role in RANKL transmission (Matemba et al., 2006).
Moreover, the role of direct cell-cell communication of RANKL on osteocyte-dictated
osteoclastogenesis has been investigated, whereby osteocytes and bone marrow macrophages
were seeded on opposite sides of a porous membrane (Honma et al., 2013). Conditioned media
studies allow the study of the effect of secreted factors alone. Another approach involves the
use of microfluidic devices to allow for real time paracrine signalling, whereby different cell
populations can be cultured separately with connecting channels (McCutcheon et al., 2020;
Mei et al., 2019; Middleton et al., 2017), which more closely mimics the in vivo environment.
In particular, Middleton et al. cultured MLO-Y4 cells and RAW264.7 cells in separate channels
within a microfluidic co-culture device, with connecting side channels to allow for real time
bi-directional cell-cell communication. In this device, it was demonstrated that osteocytes had
an effect on osteoclast differentiation and osteoclasts effected the Ca2+ responses of osteocytes
to fluid flow (Middleton et al., 2017). While both conditioned media experiments (Hao et al.,
2017; Heino et al., 2002; Tan et al., 2007; Tanaka et al., 1995; Xu et al., 2019) and microfluidic
co-culture devices (Middleton et al., 2017) have demonstrated an ability to study paracrine
regulation of osteoclasts by osteocytes, such approaches have not been used to study the effect
of estrogen withdrawal on this paracrine signalling niche.
In this study, the hypothesis that estrogen withdrawal in osteocytes results in altered
αvβ3 functionality and increased paracrine osteoclastogenic signalling, which exacerbates
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osteoclastogenesis was tested. Specifically, the objectives were to investigate whether
osteocytes exposed to estrogen withdrawal or αvβ3 antagonism lead to increased
osteoclastogenesis using (1) conditioned media experiments and (2) a microfluidic co-culture
device model.

5.2. Materials and methods
Ivor P. Geoghegan performed all experimental work in this chapter. Masters of Science
students, Susan C. Lowry (MSc Biomedical Engineering, NUI Galway) and Emmet Gallagher
(MSc by Research in Key Enabling Technologies, NUI Galway), and Prof. Gerard M.
O’Connor (National Centre for Laser Applications (NCLA), School of Physics, National
University of Ireland, Galway, Ireland) helped with the design of the microfluidic device and
construction of the mould for the microfluidic device.

5.2.1. Microfluidic co-culture device design
The microfluidic co-culture device was designed to allow for the co-culture of two distinct cell
populations, whereby each cell population would be cultured in a separate channel. These two
channels (50 mm x 1 mm x 1 mm) were in parallel and connected by side channels (1 mm x
150 µm x 1 mm) (Figure 5.1). The device was connected to a syringe pump via the inlets and
to a media reservoir at the outlets via silicone tubing (Figure 5.2).
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Figure 5.1: An overview of the microfluidic co-culture device design. (A) A schematic and
(B) an image of the plan view of the device showing the two parallel channels with connecting
side channels. (C) A schematic and (D) an image of the side view of the device showing the
inlet and outlets with blunt syringe connectors (€1 coin shown for scale).
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Figure 5.2: An overview of the apparatus used for the microfluidic co-culture experiments.
(A) A schematic showing the media filled syringe in syringe pump connected to the
microfluidic co-culture device and media reservoir via silicone tubing. An air filter is connected
to the media reservoir to allow for gaseous exchange. (B) An image of the apparatus in a cell
culture incubator.

5.2.2. Microfluidic co-culture device fabrication
Poly(methyl methacrylate) (PMMA) sheets (Goodfellow) of various thicknesses were cut using
a CO2 laser (GEM-60L, Coherent) into desired shapes (Gallagher, 2017) (Figure 5.3A, B).
These excised PMMA pieces were then aligned using a purpose built PMMA alignment tool,
bonded together using isopropyl alcohol (IPA) (Lennox Laboratory Supplies), and clamped
together overnight (Figure 5.3C) to provide PMMA moulds. Polydimethylsiloxane (PDMS)
(Sylgard184, Dow Corning) was made using a previous protocol (Lowry, 2017), by mixing
elastomer base and curing agent at a 10:1 (w/w) ratio. Following mixing and degassing using
a vacuum, the mixture was poured into the PMMA mould. The PDMS was degassed further
and then cured at 85°C for 2 h (Figure 5.3D, E). After curing, the device was excised from the
PMMA mould using a scalpel. The bonding surface was then sealed with scotch tape to stop
dust accumulation. The PDMS devices were bonded to glass using a PDMS-toluene glue at a

108

Chapter 5

1:1 (w/w) ratio (Chueh et al., 2007). The PDMS-toluene glue was added to the bonding surface
of the PDMS device and then the device was bonded with a glass slide. They were then cured
at 85°C overnight with a weight on top of the devices to aid bonding. This bonding approach
proved sufficiently efficacious for the proposed project. Next, blunt LeurLok syringe
connectors were added to the microfluidic devices using a section of silicone tubing with
uncured PDMS as adhesive, followed by curing at 85°C for 2 h (Figure 5.3E). This approach
allowed for the connectors to be water tight and have some added stability. The completed
devices were sterilised using a 70% ethanol wash followed by two PBS washes and 20 min of
UV irradiation. The device channels were then perfused with PBS and stored in this manner to
the structure of the channels and prevent drying out. The devices were then ready for cell
culture use.

Figure 5.3: The manufacturing process for the PDMS co-culture device. (A) Laser
manufacturing of the PMMA mould parts using a CO2 laser, with (B) showing the excised
PMMA mould parts (Gallagher, 2017). (C) The excised PMMA pieces were adhered together
overnight using IPA in a purpose built alignment tool (Gallagher, 2017). (D) Degassing of the
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PDMS mixture in the PMMA mould. (E) The PDMS mixture was cured in an oven following
degassing (left) and again following addition of the LeurLok connectors (right).

5.2.3. Cell culture
MLO-Y4 mouse osteocyte-like cells (kind gift from Prof. Lynda Bonewald) were cultured on
type I collagen (0.15 mg/ml in 0.02 M acetic acid and phosphate buffered saline (PBS)) coated
T-75 flasks in α-Minimum Essential Media (α-MEM) supplemented with 5% Fetal Calf Serum
(FCS), 5% Fetal Bovine Serum (FBS), 2 mM L-glutamine, 100 U/mL penicillin, and 100
µg/mL streptomycin at 37°C in a humidified environment at 5% CO2. RAW264.7 mouse
monocytes (ATCC) were cultured in Dulbecco’s modified Eagle’s medium (DMEM) with 1%
penicillin-streptomycin, 1% L-Glutamine, and 10% heat inactivated FBS (HyClone).

5.2.4. Conditioned media (CM) experiments to study osteocyte paracrine regulation of
osteoclastogenesis during estrogen deficiency and αvβ3 integrin antagonism
The effect of estrogen withdrawal on MLO-Y4 paracrine regulation of RAW264.7 cells was
studied using the following groups: (1) continuous treatment with 10 nM 17β-estradiol for 5
days (E), (2) pre-treatment with 10 nM 17β-estradiol for 3 days and withdrawal for 2 further
days (EW), and (3) continuous treatment with 10 nM 17β-estradiol for 5 days, with integrin
αvβ3 antagonism at day 5 (E + αvβ3 blocked) (See section 5.2.6 for details of αvβ3 antagonism),
following previous approaches (Figure 5.4) (Deepak et al., 2017; Geoghegan et al., 2019). On
day 3, cells were seeded onto collagen coated glass slides, at a density of 200,000 cells/slide,
and cultured for two days in accordance with their treatment groups prior to the induction of
oscillatory fluid flow/static conditions.
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Figure 5.4: A schematic of the experimental design used for the conditioned media (CM)
experiment

Following this combined 5 days of culture, laminar oscillatory fluid flow was applied
to a cell monolayer using a parallel plate bioreactor system, which consisted of a syringe pump
(NE-1600, New Era Pump Systems, Farmingdale, NY), polycarbonate plate chambers, media
reservoirs connected by gas-permeable and platinum-cured silicone tubing (Cole-Parmer,
Vernon Hills, IL) (Deepak et al., 2017; Geoghegan et al., 2019; Haugh et al., 2015). The fluid
flow regime subjected the cell monolayer to a shear stress of 1 Pa at 0.5 Hz for 1 h, which is
within the range of shear stresses experiences by osteocytes in vivo (Han et al., 2004; Li et al.,
2012; Verbruggen et al., 2012; Wang et al., 2007; Weinbaum et al., 1994). For comparison,
static counterparts in each treatment group were not subjected to laminar oscillatory fluid flow
conditions for the same time-period.
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Following fluid shear stress and static regimes, 3 mL of fresh media was applied to each
slide and cells were cultured for a following 24 h. After this culture period, the conditioned
media (CM) was collected from slides, centrifuged at 1,500 rpm, and the supernatant was
frozen at -80°C in 1 mL aliquots. RAW264.7 cells were seeded at 5,000 cells per well in a 96well plate and then treated with 50% CM and 50% expansion medium (DMEM), as outlined
previously (Allison and McNamara, 2019). RAW264.7 cells were cultured in 96-well plates
for 7 days in the presence of 15 ng/mL RANKL (R&D Systems).

5.2.5. Microfluidic co-culture device experiments to study osteocyte paracrine regulation
of osteoclastogenesis during estrogen deficiency and α vβ3 integrin antagonism
The effect of estrogen withdrawal on MLO-Y4 cells and RAW264.7 cells was studied using
the following groups: (1) continuous treatment with 10 nM 17β-estradiol for 8 days (E), (2)
pre-treatment with 10 nM 17β-estradiol for 3 days and withdrawal for 5 further days (EW), and
(3) continuous treatment with 10 nM 17β-estradiol for 8 days, with integrin αvβ3 antagonism
at day 5 (E + αvβ3 blocked) (See section 5.2.6 for details of αvβ3 antagonism), following
previous approaches (Figure 5.5A) (Deepak et al., 2017; Geoghegan et al., 2019). On day 3,
cells were seeded into the microfluidic device, with MLO-Y4 cells seeded in the collagen
coated OCY (Osteocyte) channel and RAW264.7 cells seed in the OCL (Osteoclast) channel
(Figure 5.5B). Cells were seeded at the same cell density as the conditioned media experiments
(101,200 cells/mL for MLO-Y4 cells and 156,250 cells/mL for RAW264.7 cells). The cells
were cultured for a further 5 days in the microfluidic device to study the effect of MLO-Y4
osteocyte paracrine signalling on RAW264.7 cell behaviour. RAW264.7 cells were cultured in
the presence of 15 ng/mL RANKL (R&D Systems).
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Figure 5.5: (A) Experimental design of the microfluidic co-culture experiment. (B) Osteocytes
(OCY) and osteoclasts (OCL) were seeded in separate channels and subjected to various
treatment regimes, including (E) estrogen treatment, (EW) estrogen withdrawal, and (E + αvβ3
Blocked) estrogen treatment and αvβ3 integrin antagonism

MLO-Y4 cells and RAW264.7 cells were subjected to relevant treatment conditions in
order to study their effect on osteocyte paracrine osteoclastogenic signalling (Figure 5.5B).
Specifically, the E:E (OCY:OCL) device represented the healthy bone environment, the
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EW:EW (OCY:OCL) device represented the post-menopausal state, the EW:E (OCY:OCL)
and E + αvβ3 blocked:E (OCY:OCL) represented the aim to understand the effects of estrogen
withdrawal and αvβ3 antagonism respectively on the release of pro-osteoclastogenic factors by
osteocytes. Within the device, the cells were cultured with media flowing at a continuous
steady shear stress of 0.1 Pa. This was done to continually perfuse fresh media over the cells.

5.2.6. Integrin αvβ3 antagonism
The integrin αvβ3 was blocked using a small molecule inhibitor for αvβ3 integrins, IntegriSense
750 (PerkinElmer) (Geoghegan et al., 2019; Haugh et al., 2015; Thi et al., 2013). In the
conditioned media experiment, cell culture media was removed from the MLO-Y4 cells, and 1
mL of media containing 0.5 µM IntegriSense 750 was added to each slide for 30 min.
Following this, slides were washed twice with PBS. In the microfluidic co-culture device
experiment, media containing 0.5 µM IntegriSense 750 was perfused through the OCY channel
until the channel was full. Following this, the inlet and outlet was kept sealed for 30 min after
which PBS was perfused through the channel.

5.2.7. Immunofluorescence
Immunofluorescence was used to study the effect of estrogen withdrawal, with a focus on αvβ3
integrins, on osteocyte-dictated changes in osteoclast maturation and differentiation. Briefly,
the cells were washed in PBS and fixed in 3.8% formaldehyde solution, and then permeabilised
in 0.1% Triton-X. The cells were stained with TRITC (Tetramethyl Rhodamine IsoThiocyanate) Phalloidin and DAPI (4',6-diamidino-2-phenylindole) to facilitate imaging of the
actin cytoskeleton and nucleus respectively. Imaging was done using an Olympus IX51
microscope with a mercury lamp at a magnification of 20X.
All image analysis was completed using ImageJ software (Schneider et al., 2012). Cell
area was measured by thresholding the images to remove background fluorescence and then
using the “wand tool” to select the region of interest around each cell. Where two cells were
touching, the region of interest was drawn manually with the “freehand tool”. In RAW264.7
cell images, % area covered by multinucleated (≥3 nuclei) osteoclasts and cell area were
measured.
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5.2.8. Tartrate-resistant acid phosphatase (TRAP) staining
Following fixation of RAW264.7 cells outlined previously, the cells were stained for TRAP
activity, as described previously (Allison and McNamara, 2019) using a commercial kit. The
cells were counterstained with Hematoxylin for 3 min. Images were captured at magnification
of 10X using a light microscope (DMi1, Leica Biosystems). Image analysis was completed
using ImageJ software (Schneider et al., 2012) to quantify the % area covered by
multinucleated (≥3 nuclei) TRAP+ osteoclasts.

5.2.9. TRAP activity assay
Following the experiments, cell culture media was collected from the RAW264.7 cells and
secreted TRAP activity was analysed, as described previously (Allison and McNamara, 2019).
The TRAP activity assay involved measuring enzyme activity by the conversion of pnitrophenylphosphate (20 nM) to p-nitrophenol in the presence of 80 mM sodium tartrate and
was expressed as optical density at 405nm using a microplate reader (Synergy HT, Biotek
Instruments Inc., Winooski, VT, USA).

5.2.10. Statistical analysis
Data is presented as mean ± standard deviation (SD). Statistical significance was determined
by means of unpaired two-tailed Student’s t-tests. Statistical significance between three
samples was determined by means of an Analysis of Variance (ANOVA) test with a Dunnett’s
post-hoc test. All statistical analyses were performed using GraphPad Prism version 6
(Windows, GraphPad Software, La Jolla California USA, www.graphpad.com) and a p-value
of 0.05 was considered to be statistically significantly different.

5.3. Results
5.3.1. The effect of RANKL supplementation on osteoclast differentiation
The pro-osteoclastogenic effect of RANKL supplementation on RAW264.7 cells was
confirmed by immunofluorescent staining of the actin cytoskeleton and nuclei (Figure 5.6A).
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Quantification of the images confirmed this effect and showed that RANKL treatment resulted
in an increased % area covered by multinucleated (≥3 nuclei) osteoclasts (0.43 ± 0.98% vs.
19.99 ± 17.68%) (p<0.001, N=3, n≥12 images per group) (Figure 5.6B). Although not
statistically significant, there was also a trend towards an increased in cell area of
multinucleated osteoclasts (1,957 ± 1,998µm2 vs. 9,123 ± 7,670µm2) (p=0.079, N=3, n≥4 cells
per group) (Figure 5.6C) after RANKL supplementation, and clusters of multinucleated cells
were also observed, which stained positively for TRAP+ (Figure 5.6D). Quantification of the
images revealed a greater % area covered by multinucleated TRAP+ cells, compared to control
cells (0.203 ± 0.46% vs 0.899 ± 0.534%) (p<0.01, N=3, n≥12 images per group) (Figure 5.6E).
When the TRAP activity in the media was analysed, RAW264.7 cells cultured with 15 ng/mL
RANKL supplementation had an increased TRAP activity in the media (0.101 ± 0.006 vs 0.124
± 0.009) (p<0.05, N=3) (Figure 5.6F).
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Figure 5.6: The effect of RANKL on RAW264.7 cell osteoclastogenesis. (A)
Immunofluorescent staining showing actin and nuclei staining. Quantification of the
immunofluorescent images showing (B) % area covered by multinucleated (≥3 nuclei)
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osteoclasts (N=3, n≥12 images per group) and (C) cell area of multinucleated osteoclasts (N=3,
n≥4 cells per group). (D) TRAP staining of RAW264.7 cells with Hematoxylin counterstaining.
(E) Quantification of the images showing % area covered by TRAP+ multinucleated (≥3
nuclei) osteoclasts (N=3, n≥12 images per group). (F) TRAP activity assay performed on
RAW264.7 cell media (N=3). (Student’s t-test, *p<0.05, **p<0.01, ***p<0.001)

5.3.2. Conditioned media from osteocytes that underwent either estrogen withdrawal, or
estrogen treatment with αvβ3 antagonism, resulted in increased number of
multinucleated (≥3 nuclei) osteoclasts
The effect of osteocyte paracrine signalling on osteoclastogenesis of RAW264.7 cells was
investigated by means of a conditioned media experiment. While very few multinucleated
osteoclasts could be seen in the RAW264.7 cells treated with conditioned media from estrogen
treated MLO-Y4 osteocytes, the RAW264.7 cells treated with conditioned media from estrogen
deficient MLO-Y4 osteocytes demonstrated large multinucleated cells (Figure 5.7A).
Quantitative analysis of the images revealed that the % area covered by multinucleated
osteoclasts was greater in the EW static group compared to the E static group (3.89 ± 4.78%
vs 25.77 ± 24.75%) (p<0.01, N=3, n≥12 images per group), and there was a greater cell area in
the EW static cells (3,708 ± 4,241µm2 vs 12,966 ± 17,320µm2) (p=0.099, N=3, n≥4 cells per
group) (Figure 5.7B and C).
The effect of estrogen treatment and αvβ3 antagonism on osteocyte-directed changes in
osteoclastogenesis was investigated. Large multinucleated osteoclasts were seen in the E + αvβ3
static group. Quantification of the images revealed that when conditioned media from E + αvβ3
static osteocytes was provided to RAW264.7 cells, these RAW264.7 cells differentiated to
become multinucleated cells, and there was a larger % area covered by multinucleated
osteoclasts, compared to the E static group (3.90 ± 4.78% vs 23.23 ± 18.45%) (p<0.05, N=3,
n≥12 images per group). Moreover, multinucleated osteoclasts in the E + αvβ3 static group
demonstrated a greater cell area (3,708 ± 4,241µm2 vs 16,171 ± 19,278µm2) (p<0.05, N=3, n≥4
cells per group).
The effect of flow was investigated in all three groups (E, EW, and E + α vβ3). By
immunostaining large multinucleated osteoclasts were identified in the EW flow and E + αvβ3
flow groups, whereas multinucleated cells present in the E flow were smaller. However,
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oscillatory fluid flow had no significant effect on % area covered by multinucleated osteoclasts
and cell area of multinucleated osteoclasts.

Figure 5.7: The effect of conditioned media from osteocytes subjected to estrogen withdrawal
and αvβ3 antagonism on the osteoclastogenesis of RAW264.7 cells. (A) Immunofluorescent
staining showing actin and nuclei staining. Quantification of the images showing (B) % area
covered by multinucleated (≥3 nuclei) osteoclasts (N=3, n≥12 images per group) and (C) cell
area of multinucleated osteoclasts (N=3, n≥4 cells per group). (ANOVA, *p<0.05, **p<0.01,
***p<0.001)
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5.3.3. Conditioned media from osteocytes that underwent either estrogen withdrawal, or
estrogen treatment with αvβ3 antagonism, resulted in no statistical change in the
number of TRAP+ osteoclasts, but estrogen treatment with αvβ3 antagonism resulted
in increased TRAP activity
Multinucleated osteoclasts were stained for TRAP and the TRAP activity of the RAW264.7
cells media was measured. While TRAP+ stained cells in the E static group were quite small,
large multinucleated TRAP+ cells could be seen in the EW static group (Figure 5.8A).
Quantification of the images showed no significant change in % area covered by TRAP+
osteoclasts in EW static group, compared to the E group (3.14 ± 1.42% vs 5.70 ± 3.57%) (N=3,
n≥12 images per group) (Figure 5.8B). When the TRAP activity in the media was analysed,
RAW264.7 cells cultured with conditioned media from estrogen withdrawal cells showed no
significant change in TRAP activity compared to cells cultured with estrogen conditioned
media (0.44 ± 0.02 vs 0.50 ± 0.07) (N=9) (Figure 5.8C).
The effect of conditioned media from osteocytes that underwent estrogen treatment
with αvβ3 antagonism was investigated. Similar to the EW static group, the E + αvβ3 static group
had large multinucleated TRAP+ cells. Quantification of the images demonstrated no
significant change in % area covered by TRAP+ osteoclasts in the E + αvβ3 static group,
compared to the E static group (3.14 ± 1.42% vs 5.46 ± 2.75%) (N=3, n≥12 images per group).
However, RAW264.7 cells cultured with conditioned media from E + αvβ3 antagonised cells
had a significantly greater TRAP activity compared to cells cultured with estrogen conditioned
media (0.44 ± 0.02 vs 0.76 ± 0.12) (p<0.0001, N=9).
The effect of flow was investigated in all three groups (E, EW, and E + αvβ3). While
fluid flow had no significant effect on the TRAP activity, there was a significantly greater %
area covered by TRAP+ osteoclasts in the E + αvβ3 groups (5.46 ± 2.75% vs 9.42 ± 5.25%)
(p=0.07) compared to their static counterpart (N=3, n≥12 images per group).
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Figure 5.8: The effect of conditioned media from osteocytes subjected to estrogen withdrawal
and αvβ3 antagonism on the osteoclastogenesis of RAW264.7 cells. (A) TRAP staining of
RAW264.7 cells with Hematoxylin counterstaining. (B) Quantification of the images showing
% area covered by TRAP+ multinucleated (≥3 nuclei) osteoclasts (N=3, n≥12 images per
group). (C) TRAP activity assay performed on RAW264.7 cell media (N=3-9). (ANOVA,
*p<0.05, **p<0.01, ****p<0.0001)

121

Chapter 5

5.3.4.

Co-culture of osteocytes that underwent estrogen withdrawal, or estrogen

treatment with αvβ3 antagonism, with osteoclasts in microfluidic device had no
conclusive effect
Given the demonstrated ability of osteocyte conditioned media to regulate osteoclastogenesis
(Figures 5.7 and 5.8), the next objective was to understand if this paracrine regulation of
osteoclasts could be demonstrated in a microfluidic co-culture device. A microfluidic coculture device was used as it allowed for bi-directional real time paracrine signalling as
opposed to the uni-directional paracrine signalling seen in the conditioned media experiments.
Following 5 days of culture in the device, the cells were stained for TRAP and the
media was analysed for TRAP activity. Dendritic cells and rounded cells were visible in the
same channel of the device, which could be indicative that there was cell mixing between
channels (Figure 5.9). Therefore, it is possible that not all of the cell populations were subjected
to the desired experimental conditions.

Figure 5.9: MLO-Y4 cells and RAW264.7 cells after two days in culture within the
microfluidic device. The red zoom box highlights possible cell mixing, with dendritic cells and
rounded cells visible. The blue zoom box highlights highly dendritic MLO-Y4 cells.

That being said, some trends could be seen. A small amount of TRAP+ cells could be
seen in some of the devices (Figure 5.10A), but there were not enough to do quantitative
analysis. However, the TRAP activity of the media was analysed (Figure 5.10B). No clear
significant differences were seen between group, but there was a trend of increased TRAP
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activity in the E+αvβ3:E device, compared to the E:E device (0.0823 ± 0.003 vs 0.0883 ±
0.0019) (p=0.0895, N=2-4).

Figure 5.10: The effect of osteocytes subjected to estrogen withdrawal or αvβ3 antagonism on
osteoclastogenic paracrine regulation of RAW264.7 cells, using a microfluidic co-culture
device. (A) TRAP staining of RAW264.7 cells and MLO-Y4 cells with Hematoxylin
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counterstaining. (B) TRAP activity assay performed on RAW264.7 cell media (N=2-4).
(Student’s t-test)

5.4. Discussion
In this study, it was demonstrated for the first time that estrogen withdrawal in osteocytes
results in increased osteoclastogenesis via paracrine signalling. This was demonstrated when
macrophage precursors were cultured with conditioned media collected from estrogen
withdrawal osteocytes, and it was shown that they underwent increased osteoclastogenic
differentiation, as measured by the amount of multinucleated osteoclasts present. The proosteoclastogenic regulation by osteocytes following estrogen withdrawal is consistent with proosteoclastogenic gene expression reported previously (Geoghegan et al., 2019), but shows for
the first time that this ultimately results in increased osteoclastogenic differentiation of preosteoclast macrophages. Given the role of integrin αvβ3 in osteoclastogenic gene expression as
shown in Chapter 4 (Figure 4.7C – E), its role in paracrine osteoclast regulation was
investigated. Macrophages cultured with conditioned media from osteocytes that underwent
estrogen treatment with αvβ3 antagonism similarly demonstrated increased osteoclastogenesis,
as that induced during estrogen deficiency. Therefore, taken together, this study shows the
important role of the integrin αvβ3 in the increased pro-osteoclastogenic paracrine signalling by
osteocytes in the estrogen deficient environment of post-menopausal osteoporosis.
A number of limitations must be considered. Firstly, this study involved immediate
withdrawal of estrogen from cells. However, the precise timeline of serum estradiol depletion
in menopause is unknown. In humans, serum estradiol levels were shown to deplete over a four
year period (Sowers et al., 2008), whereas in mice, serum estradiol levels were shown to be
lower than normal controls one week after ovariectomy (Smeester et al., 2016). The MLO-Y4
cells cultured in the conditioned media experiments were subjected to oscillatory fluid flow
using a parallel plate bioreactor. While this approach cannot fully mimic the mechanical
stimulation of osteocytes within the lacunar-canalicular system in vivo, both MLO-Y4 cells
and the bioreactor have been used an in vitro model extensively to understand the
mechanobiology of osteocytes during health and disease (Alford et al., 2003; Cheng et al.,
2001; Deepak et al., 2017; Haugh et al., 2015; Litzenberger et al., 2010; Vaughan et al., 2013).
One limitation of the microfluidic experiments was the use of the EW:E (OCY:OCL) group
due to the fact that estrogen in the E osteoclast channel could have diffused across to the EW
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osteocyte channel and interfered with the estrogen withdrawal conditions. Another possible
limitation of the microfluidic experiments was that there appeared to be cell mixing between
channels, as seen by dendritic cells and rounded cells visible within the same channels in Figure
5.9. This mixing of the different cell types could have been facilitated by the relatively large
side channels (150 µm wide) used in this microfluidic device, imposed by manufacturing
constraints of the CO2 laser used. These technical constrains might explain in part why the
results of the microfluidic co-culture device experiments were not conclusive, in terms of a
lack of statistically significant differences in the TRAP activity and the lack of TRAP+ cells
seen within the channels. Previous research has shown paracrine regulation of osteoclasts by
osteocytes in a microfluidic co-culture device (Middleton et al., 2017). In this study, a more
robust paracrine response was induced when using conditioned media experiments, and
osteocyte regulation of osteoclastogenesis has also been observed in other conditioned media
experiments (Hao et al., 2017; Tan et al., 2007; Xu et al., 2019) and direct co-culture
experiments (You et al., 2008a; Zhao et al., 2002). Future studies should be conducted
following approaches that can achieve smaller side channels, such as those by (Middleton et
al., 2017), which used an soft lithography approach to achieve side channels that were 20 µm
wide.
Previous research has demonstrated an increased pro-osteoclastogenic signalling in
MC3T3-E1 osteoblasts following estrogen withdrawal (Allison and McNamara, 2019). The
results in this study demonstrated a similar pro-osteoclastogenic phenotype in osteocytes
subjected to estrogen withdrawal. Given the increase in RANKL production (EghbaliFatourechi et al., 2003) and osteoclast number (Appelman-Dijkstra and Papapoulos, 2015) in
post-menopausal osteoporosis, the increased osteoclastogenesis in the current study is likely
due to the estrogen withdrawal induced-increases in Rankl expression. Using similar
approaches, estrogen withdrawal was previously reported to results in increased Rankl
expression in osteocytes in Chapter 3 of this thesis (Geoghegan et al., 2019) and osteoblasts
(Allison and McNamara, 2019) in vitro. Apart from RANKL, other factors, such as M-CSF are
known to regulate osteoclastogenesis (Han et al., 2018). Interestingly, osteoblasts are known
to be the primary source of M-CSF (Felix et al., 1996). While RAW264.7 cells do not need MCSF to undergo osteoclastogenesis (Kong et al., 2019; Nguyen and Nohe, 2017), it is a
necessary component of osteoclastogenesis in vivo (Han et al., 2018). As such, it can be inferred
that osteocytes and osteoblasts must work in concert to regulate osteoclastogenesis in vivo.
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In this chapter, increased osteoclastogenic signalling has been demonstrated in
osteocytes following either estrogen withdrawal or under conditions in which the integrin αvβ3
was antagonised. Therefore, it is proposed that the dysregulation of the integrin α vβ3 is an
important component in the estrogen withdrawal-induced osteoclastogenic signalling in
osteocytes. The results of previous chapters have shown the similarity in osteocyte behaviour
following either estrogen withdrawal or αvβ3 antagonism. For instance, in Chapter 3, an altered
cell morphology with fewer cell processes and an abrogated Cox-2 response to flow was seen
under both conditions. In Chapter 4, elongation of the primary cilium and increased
osteoclastogenic gene expression was seen under both conditions. Interestingly, osteocyte cell
processes, the site of αvβ3 integrins in vivo (McNamara et al., 2009), have been shown to
facilitate the communication of membrane-bound RANKL to bone marrow monocytes (Honma
et al., 2013). This data suggests that when the integrin αvβ3 is dysregulated following estrogen
withdrawal and there are fewer cell processes, as reported in Chapter 3, the transmission of
membrane bound RANKL could be negatively affected. Therefore, it is proposed the increased
osteoclastogenic signalling could be due to the increased release of soluble RANKL into the
conditioned media that could have influenced osteoclastogenesis of the RAW264.7 cells
receiving this media. Given the novel role of the osteocyte αvβ3 integrins in facilitating
osteoclastogenesis outlined in this chapter, it is proposed that the integrin αvβ3 could be
investigated further as a potential therapeutic target for post-menopausal osteoporosis.
This study shows that the estrogen deprived conditions of post-menopausal
osteoporosis result in increased osteoclastogenic signalling in osteocytes with increased
osteoclastogenesis seen. Conditioned media collected from estrogen deficient osteocytes
exacerbated osteoclastogenic differentiation of macrophages, when compared to conditioned
media from estrogen treated osteocytes. Conditioned media from αvβ3 antagonised osteocytes
resulted in a similar increased osteoclastogenesis. Therefore, this data further highlights the
important putative effect of estrogen withdrawal in osteocytes on αvβ3 function and its role in
pro-osteoclastogenic signalling. As such, further understanding of αvβ3 dysfunction in
osteocytes in post-menopausal osteoporosis could identify novel therapeutic targets.
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Chapter 6: Discussion and Conclusions

6.1. Introduction
This chapter summarises the main findings of the thesis, drawing together the insights obtained
from the different studies undertaken to understand the effect of estrogen withdrawal on
osteocyte behaviour, with a specific focus on the role of αvβ3 integrins and the primary cilium
in osteoclastogenic signalling. The results of the individual chapters of this thesis are
summarised in Section 6.2 and graphically represented in Figure 6.1. The key findings of this
thesis are discussed in the context of other relevant studies and the implications of the findings
of this thesis for the field of bone mechanobiology are explored in Section 6.3. Finally,
recommendations for further work based upon the findings of this thesis are discussed.

6.2. Main findings of thesis
The research described in this thesis has uncovered the effects of estrogen withdrawal on
osteocyte responses, including mechanobiological responses to fluid shear stress and paracrine
osteoclastogenic responses. Given the importance of the integrin αvβ3 in osteocyte biology, the
thesis sought to understand the effect of estrogen withdrawal on its expression and functionality
and how these integrins effected mechanobiological and paracrine osteoclastogenic responses
of osteocytes. The key contributions of each hypothesis are summarised below.

Hypothesis 1: Estrogen withdrawal, inherent to post-menopausal osteoporosis, leads to a
dysregulation in the ability or expression of αvβ3 integrins, resulting in defective osteocyte
mechanotransduction.
The results of the first study revealed that the post-menopausal osteoporotic conditions induced
by estrogen withdrawal negatively affected mechanosensor function, specifically through
alterations in αvβ3 intensity at focal adhesion sites, and also resulted in impaired
mechanobiological responses to flow (Cox-2) and Rankl/Opg gene expression. Interestingly,
similar changes in cell morphology and Cox-2 responses to flow were reported following αvβ3
antagonism, as was observed for cells that underwent estrogen withdrawal. It was thus
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proposed that the estrogen deficient conditions of post-menopausal osteoporosis led to
osteocytes undergoing altered αvβ3 organisation and resulted in changes in downstream
signalling, particularly those that govern osteoclastogenesis. The research in this first study
thus uncovers a previously unknown element of the bone loss cascade, whereby estrogen
deficiency alters the mechanosensory ability of osteocytes and they in turn contribute to
paracrine signalling to govern osteoclast resorption.

Hypothesis 2: Estrogen withdrawal in osteocytes disrupts focal adhesion assembly and actin
contractility, which in turn mediates primary cilia elongation, increases in Hh signalling, and
leads to osteoclastogenic paracrine signalling via enhanced RANKL expression.
The results of the second study demonstrated that osteocytes exposed to estrogen withdrawal,
associated with post-menopausal osteoporosis, result in an elongation of the primary cilium,
increased expression of Hh markers, and increased expression of osteoclastogenic markers as
seen in the Rankl/Opg ratio. Significant inverse relationships were identified linking cilia
elongation with reductions in cell area and % FA area/cell area, which indicates that cilia
elongation may occur via a disruption of FA assembly and actin contractility following
estrogen withdrawal. To further verify this, FA assembly was inhibited via α vβ3 antagonism
and demonstrated an elongated primary cilia and increased expression of Hh markers and Rankl
expression. Moreover, actin contractility was inhibited via the ROCK inhibitor, Y27632, and
found a shift towards an increased cilia length and significant increases in Hh markers and
Rankl expression. Therefore, this study reveals that following estrogen withdrawal in
osteocytes, αvβ3 integrins become dysregulated and actin contractility is reduced leading to
primary cilium elongation. Estrogen withdrawal has also been shown to activate the Hh
pathway and led to increased osteoclastogenic paracrine signalling, due to inhibited actin
contractility and dysregulated αvβ3-containing focal adhesions. This research further highlights
the complex effect of estrogen withdrawal on osteocyte function and sheds new light on the
possible mechanisms underpinning osteoclastogenic paracrine signalling.

Hypothesis 3: Estrogen withdrawal in osteocytes results in increased paracrine
osteoclastogenic signalling, which induces exacerbated osteoclast maturation and
differentiation.
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The results of the third study demonstrated for the first time that estrogen withdrawal in
osteocytes results in increased osteoclastogenesis via paracrine signalling. This was
demonstrated when macrophages cultured with conditioned media collected from estrogen
withdrawal osteocytes displayed an increased osteoclastogenic differentiation, as measured by
the amount of multinucleated osteoclasts present. This increased pro-osteoclastogenic
phenotype in osteocytes following estrogen withdrawal is consistent with pro-osteoclastogenic
gene expression reported previously (Geoghegan et al., 2019). Given the role of integrin αvβ3
in osteoclastogenic gene expression as shown in Chapter 4, its role in paracrine osteoclast
regulation was investigated. Macrophages cultured with conditioned media from osteocytes
that underwent estrogen treatment and αvβ3 antagonism demonstrated a similar increased
osteoclastogenesis, as measured by the amount of multinucleated cells and increased TRAP
activity of the culture media. Therefore, taken together, this study shows the important role of
the integrin αvβ3 in the increased osteocyte pro-osteoclastogenic paracrine signalling in the
estrogen withdrawal environment of post-menopausal osteoporosis and implicates the integrin
αvβ3 as a possible novel therapeutic target for post-menopausal osteoporosis.

These findings are further considered in the context of the current understanding in
bone mechanobiology and post-menopausal osteoporosis below.

6.3. Implications for bone mechanobiology
The findings of this thesis provide an enhanced understanding of osteocyte mechanosensor
function following estrogen withdrawal and the implications they have on osteoclastogenic
signalling.
The first focus of this thesis was to understand the implications of estrogen withdrawal
on αvβ3 expression and functionality in osteocytes. Integrins are ubiquitous in bone, with β3
and β1 integrins found on osteocytes (Clover et al., 1992; Grzesik and Robey, 1994; Horton
and Davies, 1989; Thi et al., 2013). Both of these integrin subunits are known to be important
in osteocyte mechanotransduction in vitro (Haugh et al., 2015; Litzenberger et al., 2010; Thi et
al., 2013). However, distinct clusters of integrin αvβ3 have been found on osteocyte cell
processes in vivo, which are known to be important sites of osteocyte mechanotransduction
(McNamara et al., 2009; Wang et al., 2007). Interestingly, Ca2+ responses in osteocytes were
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shown to be highly polarised along the cell processes, with stimulation of the cell processes
leading to a higher Ca2+ response than stimulation of the cell body (Thi et al., 2013).
Antagonism of the integrin αvβ3 in vitro was also shown to lead to an altered cell morphology,
with a smaller cell area and fewer cell processes (Haugh et al., 2015) and an abrogated response
to fluid flow (Haugh et al., 2015; Thi et al., 2013). When integrins were investigated in
osteoporotic patients, it was shown that the α2 integrin, as part of a α2β1 heterodimer, was
downregulated, unlike other β1 heterodimers (α1β1 and α11β1), compared to aged human patients
(Popov et al., 2011). In an estrogen deficient ovariectomised rat model of post-menopausal
osteoporosis, it was reported that there was a reduction in β3 integrin-positive cells in cortical
bone compared to controls, but there was no change in the amount of β1 integrin-positive cells
(Voisin and McNamara, 2015). Interestingly, in vitro investigations demonstrated that MLOY4 cells had an attenuated mechanosensitivity following estrogen withdrawal (Deepak et al.,
2017) and in a separate in vitro study, estrogen deficiency was associated with a higher
incidence of osteocyte apoptosis, when compared to estrogen treated cells (Brennan et al.,
2014b). Each of the studies of this thesis have built upon the prior work in the field, and have
advanced the understanding of integrin mechanosensation and the altered osteocyte function in
the estrogen deprived environment of post-menopausal osteoporosis (Figure 6.1). In Chapter
3, estrogen withdrawal was implicated as the putative mechanism for altered αvβ3 expression
and resultant downstream signalling in osteocytes during post-menopausal osteoporosis, which
might provide an important, but previously unidentified, contribution to the bone loss cascade.

Figure 6.1: Flowchart of the work of this thesis in the context of previous studies

130

Chapter 6

In Chapter 3, increased Rankl gene expression was reported in osteocytes following
estrogen withdrawal. RANKL is known to be released from many cell types including Tlymphocytes, lung cells, stromal cells, and osteoblasts (Kartsogiannis et al., 1999; Wong et al.,
1997; Yasuda et al., 1998). However, osteocytes are the main producers of RANKL in the bone
niche (Xiong et al., 2015; Zhao et al., 2002). RANKL regulates osteoclast differentiation along
with other factors such as M-CSF and OPG (Han et al., 2018). RANKL production can be
induced by a number of factors including WNT ligands, estrogen and mechanical loading (Bord
et al., 2003; Deschner et al., 2006; Takahashi et al., 2011). Mechanical and estrogen-induced
regulation of Rankl gene expression was seen in osteocytes in Chapter 3.
The next focus of the thesis was to investigate the mechanism of this estrogen
withdrawal-induced Rankl increase. Hh signalling is associated with RANKL production in
osteoblasts (Mak et al., 2008). When Hh signalling was genetically activated in osteoblasts in
a mouse model, it led to an increased RANKL production in conjunction with continuous
PTH1R activation (Mak et al., 2008). When these osteoblasts were cultured with bone marrow
haematopoietic mononucleated cells, an increased osteoclastogenesis was demonstrated. In a
recent study where PTH1R was intermittently activated in osteocytes, antagonism of the Hh
transcription factor, Gli1, led to increased Rankl expression (Martín-Guerrero et al., 2020). The
results of Chapter 4 reported that osteocytes subjected to estrogen withdrawal demonstrated an
elongation of the primary cilium, increased expression of Hh markers, Ptch1 and Gli1, and
increased expression of Rankl. Given the link between Hh signalling and RANKL production
described previously (Mak et al., 2008), it was proposed that the increased Hh expression in
osteocytes following estrogen withdrawal was the mechanistic basis for the estrogen
withdrawal-induced increased Rankl expression. However, given the results of MartínGuerrero et al., demonstrating an increased Rankl expression following antagonism of the Hh
transcription factor, Gli1, this proposed mechanism may not be complete and may be subject
to activation of the PTH signalling pathway.
One key component of this mechanism was the elongation of the primary cilium. The
primary cilium is a key signalling nexus, with WNT, Notch, Hippo, and Hh signalling all linked
in some way to the primary cilium compartment (Wheway et al., 2018). Primary cilium length
was shown to be regulated by pathways such as Hh signalling (Thorpe et al., 2017). In one
study, elongation of the primary cilium led to increased mechanosensitivity in osteocytes
(Spasic and Jacobs, 2017). However, another study showed an impaired mechanosensitivity
following primary cilium elongation (Oliazadeh et al., 2017). Primary cilium length has also
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been shown to be regulated by the actin cytoskeleton (Mirvis et al., 2018; Pitaval et al., 2010)
and integrin-containing focal adhesion sites (Goodman and Zallocchi, 2017). In Chapter 4, this
relationship between the primary cilium and the actin cytoskeleton and integrin-containing
focal adhesions was also reported, with increased cilium length linked to smaller cell area, less
intense actin staining, and decreased focal adhesion size. Antagonism of the integrin α vβ3 and
inhibition of actin contractility further confirmed this relationship, with primary cilia
lengthening occurring in these cases. An elongated primary cilium does not necessarily confer
increased mechano-responsiveness (Oliazadeh et al., 2017). Indeed, given the lack of Cox-2
response to flow in the EW group (Chapter 3), the estrogen withdrawal-induced elongation of
the primary cilium reported in Chapter 4 may have no beneficial effect on osteocyte
mechanotransduction. Given the results of Chapter 4, it is proposed that the elongation of the
primary cilium following estrogen withdrawal is due to perturbed actin contractility and altered
focal adhesion assembly.
The results of Chapter 3 demonstrated an altered αvβ3 expression and functionality in
osteocytes following estrogen withdrawal. The results of Chapter 4 revealed that the estrogen
withdrawal-induced αvβ3 dysfunction in osteocytes resulted in an elongation of the primary
cilium and increased osteoclastogenic gene expression. Therefore, it was necessary to
understand whether the increased osteoclastogenic gene expression in osteocytes following
estrogen withdrawal resulted in the osteoclastogenic differentiation of macrophages via
paracrine signalling. In Chapter 5, this was studied using both conditioned media and
microfluidic

co-culture

device

experiments.

Previously,

osteocyte

regulation

of

osteoclastogenesis was studied using direct co-culture studies (Tanaka et al., 1995; You et al.,
2008a; Zhao et al., 2002) and conditioned media experiments (Hao et al., 2017; Heino et al.,
2002; Tan et al., 2007; Tanaka et al., 1995; Xu et al., 2019). While these approaches were
successful, they were some disadvantages. Direct co-culture studies allow for real time
paracrine signalling between osteocytes and osteoclasts. However, direct co-culture
approaches involve the mixing of different cell types and as such, it is hard to delineate cell
responses to a specific cell type. Conditioned media studies allow the study of the each cell
type responses separately, while also determining the paracrine regulation of one cell type by
another. In Chapter 5, it was demonstrated that macrophages cultured with conditioned media
collected from estrogen withdrawal osteocytes displayed an increased osteoclastogenic
differentiation, as measured by the amount of multinucleated osteoclasts present. Macrophages
cultured with conditioned media collected from osteocytes, following estrogen treatment and
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αvβ3 antagonism, underwent a similar increased osteoclastogenic differentiation. However, the
paracrine regulation shown in conditioned media experiments is uni-directional and does not
occur in real time, but rather as a snapshot in time from when the conditioned media was
collected. One solution to these approaches was to use a microfluidic co-culture device. This
would allow for the culture of different cell types in different channels, but allow for real time
signalling between parallel channels via connected side channels. A previous study has
reported osteoclastogenic differentiation of macrophage cells following six days co-culture
with osteocytes within a microfluidic device (Middleton et al., 2017). However, no such
success was seen in this thesis, with only a small number of TRAP+ cells seen. One possible
reason for the lack of osteoclastogenic differentiation in the device used in this thesis may have
due to the apparent mixing of cell populations between channels. This mixing of the different
cell types could have been facilitated by the relatively large side channels (150 µm wide) used
in this microfluidic device, imposed by manufacturing constraints of the CO2 laser used. These
technical constrains might explain in part why the results of the microfluidic co-culture device
experiments were not conclusive, in terms of a lack of statistically significant differences in
the TRAP activity and the lack of TRAP+ cells seen within the channels. A more robust
osteoclastogenic paracrine regulation by osteocytes was demonstrated in the previous
conditioned media experiments (Hao et al., 2017; Tan et al., 2007; Xu et al., 2019) as well as
the conditioned media experiments in this thesis and direct co-culture experiments (You et al.,
2008a; Zhao et al., 2002). Therefore, future microfluidic co-culture studies involving the
paracrine regulation of osteoclasts by osteocytes should be conducted following approaches
that can achieve smaller side channels, such as those by (Middleton et al., 2017), which used
an soft lithography approach to achieve side channels that were 20 µm wide.

6.4. Recommendations for future work
Based upon the findings of the research within this thesis, the following recommendations are
made for future research.

6.4.1. A mechanistic approach to understand αvβ3 signalling in osteocytes
The integrin αvβ3 has been shown to be an important part of the osteocyte function following
estrogen withdrawal. The first study in this thesis implicated defective αvβ3 functionality as a
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key component of the bone loss cascade following estrogen withdrawal. The second study in
this thesis highlighted the fact that a diminished αvβ3-containing focal adhesion assembly
resulted in an elongation of the primary cilium. The third study in this thesis showed that the
dysregulation of αvβ3 integrins in osteocytes following estrogen withdrawal played a role in
exacerbating osteoclastogenesis. While these studies highlight the importance of αvβ3 integrins
in the estrogen deficient related bone loss, relatively little is known about the downstream
effects of αvβ3 activation in osteocytes. It is known that αvβ3 activation in primary osteocytes
results in an upregulation of c-fos, IGF-1, and COX-2 (Miyauchi et al., 2006) and αvβ3 integrins
are important in transducing Ca2+ responses (Thi et al., 2013) and Cox-2 responses (Haugh et
al., 2015) to fluid shear stress in MLO-Y4 cells. However, the direct sequence of signalling
events that result from αvβ3 activation are unknown nor how this activation is altered in postmenopausal osteoporosis. The pathway activated by β3 integrins is more understood in
osteoblasts (D.-Y. Lee et al., 2010), whereby activation of β3 and β1 integrins following fluid
flow led to activation of Akt/mTOR/p70S6K signalling pathways, mediated by FAK/Shc
signalling. This pathway ultimately resulted in increased cell proliferation and increased
expression of bone formation-related gene expression (c-fos, Egr-1, and Cox-2) (D.-Y. Lee et
al., 2010). As such, studies to investigate pathways proposed by Lee et al. would form a good
basis to start the mechanistic investigation of αvβ3 activation in osteocytes. A thorough
investigation of αvβ3 activation in estrogen withdrawal conditions may ultimately elucidate a
novel therapeutic target for post-menopausal osteoporosis.

6.4.2.

Elucidating the role of Hh and PTH pathways in osteocyte-directed

osteoclastogenic signalling
Chapter 4 of this thesis highlighted a proposed pathway in which increased Hh signalling in
osteocytes directed increased osteoclastogenic signalling. Such a pathway has been shown in
osteoblasts (Mak et al., 2008), but has not been conclusively demonstrated in osteocytes. In
osteocytes, intermittent activation of PTH1R led to increased Rankl expression following
treatment with a Gli1 antagonist (Martín-Guerrero et al., 2020). To understand the role of Hh
and PTH signalling in osteocytes, antagonists and agonists of Hh and PTH pathways should be
employed to understand how they modulate the osteoclastogenic response of osteocytes, under
both estrogen and estrogen withdrawal conditions. Suggested modulators include the Gli1 (Hh)
antagonist, GANT61, smoothed agonist (SAG), siRNA against PTH1R, and the PTH1R
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agonist, teriparatide. Both of these pathways are associated with the ciliary domain. Given the
elongation of the primary cilium shown concurrently with increased Hh signalling following
estrogen withdrawal in Chapter 4, it would be interesting to study the effect of direct
modulation of ciliogenesis on this proposed mechanism. For instance, ciliogenesis could be
interfered with by means of an IFT88 siRNA (Corrigan et al., 2018; Johnson et al., 2018;
Labour et al., 2016). Previous studies involving IFT88 siRNA have resulted in a shortened
primary cilium and altered with cilia associated signalling, such as TRPV4, cAMP, and TGFβ1
signalling (Corrigan et al., 2018; Johnson et al., 2018; Labour et al., 2016). Given the link
between the primary cilium and Hh signalling, an IFT88 siRNA approach could possibly
interfere with the increased Hh signalling and increased osteoclastogenic signalling in
osteocytes following estrogen withdrawal.

6.4.3. Suggested improvements to the microfluidic co-culture device design
While paracrine regulation of osteoclastogenic differentiation was not seen within the
microfluidic co-culture device used in this thesis, it has been demonstrated elsewhere
(Middleton et al., 2017). As such, several aspects of the microfluidic device could be improved.
Firstly, the potential mixing of cell populations between channels should be minimised. This
could be mitigated to some degree by allowing one cell population to fully adhere in one
channel prior to seeding the second cell population in the second channel. The potential mixing
of cell populations may be due to the design of the device itself, which had connecting side
channels with a width of 150 µm, imposed by the manufacturing constraints of the CO 2 laser
used. However, the side channels from Middleton et al. were 20 µm wide. These smaller side
channels were achieved due to a different laser used as part of a soft lithography approach
(Middleton et al., 2017). Another improvement which could be made to the microfluidic device
is the connector attachment method. In this thesis, Leur-Lock based blunt syringe needles were
used as connectors. This approach was prone to leakage as the interface between the needle
and PDMS device was under stress and prone to damage. An alternate approach could be to
alter the PMMA mould design to allow for a hollow PDMS tube to come out of the PDMS
device surface. This would allow for the direct connection of the silicone tubing to the device.
While the small size of the microfluidic device can be useful for the reduction of
reagents, it is not compatible with several analysis methods. For instance, ELISAs and qRTPCR methods require relatively large amounts of media and/or cells. While ELISAs and qRT135

Chapter 6

PCR have been completed previously using microfluidic device (Ahrberg et al., 2016;
Costantini et al., 2015), such devices have been custom made for that analysis technique alone.
Performing an ELISA or qRT-PCR in the microfluidic device would be a difficult task. For
example, performing an ELISA using the small amount of media would be challenging
(Middleton et al., 2017) due to the fact that the amount of protein in the small volume of media
would be on the lower end of the detectable range (ELISA standard curve). An alternative
approach would be to design a large scale co-culture device. Such a device could be a modified
PPFC design, with a porous membrane between two slides in parallel. This device could allow
for real time paracrine signalling and be suitable for the testing of released signalling factors
by ELISA and gene expression by qRT-PCR.

6.5. Conclusion
In conclusion, this thesis has presented experimental studies conducted throughout the course
of the author’s PhD studies in the fields of osteocyte mechanobiology and post-menopausal
osteoporosis. A comprehensive literature review of the present state of research was conducted,
followed by a rationale for the studies carried out. The methods and findings of each study
were detailed in each chapter, along with a discussion of the implications for the field of
research.
Together, these studies provide a novel insight into the effect of estrogen withdrawal
on osteocyte mechanosensor function. The identification of estrogen withdrawal as a putative
mechanism for altered αvβ3 functionality in the bone loss cascade was shown for the first time.
Further analysis of estrogen withdrawal in osteocytes demonstrated an elongation of the
primary cilium and activation of Hh signalling and increased osteoclastogenic signalling. This
increased osteoclastogenic signalling in osteocytes following estrogen withdrawal was
investigated further and was shown to induce the increased osteoclastogenesis of RAW264.7
cells, with the integrin αvβ3 in osteocytes implicated as an important part of this altered
osteoclastogenic paracrine signalling. Thus, this thesis highlights the key roles the integrin αvβ3
and the primary cilium in the estrogen deprived environment of post-menopausal osteoporosis
and the information elucidated from this body of work may inform future treatments for postmenopausal osteoporosis.
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Supplementary Table 3.1: List of antibodies used
Antibody
Integrin αvβ3

Supplier
Santa Cruz

Vinculin
goat anti-mouse Alexa Fluor®
647 secondary antibody

Reference

Dilution

sc-7312 AF488

1:100

V9131

1:800

ab150115

1:200

Sigma Aldrich
Abcam

Supplementary Table 3.2: Primers used for qRT-PCR analysis
Gene

Tm used
Primer
Amplicon
(°C)
Concentration
size

Sequence

Opg F

GCCACGCAAAAGTGTGGAAT

Opg R

TTTGGTCCCAGGCAAACTGT

Rankl F

CCCATCGGGTTCCCATAAAG

Rankl R

AGCAAATGTTGGCGTACAGG

Cox-2 F

CTGGAACTGGAACATGGACTCACTCAGTTT

Cox-2 R

AGGCCTTTGCCACTGCTTGTA

Rpl13a F

TACCAGAAAGTTTGCTTACCTGGG

Rpl13a R

TGCCTGTTTCCGTAACCTCAAG

137

57.5

700 nM

123 bp

58

700 nM

140 bp

62

700 nM

109 bp

57.3

700 nM

151 bp
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Supplementary Table 4.1: List of antibodies used
Antibody
Acetylated α-tubulin
Pericentrin
Vinculin
Donkey anti-mouse Alexa
Fluor 594 secondary antibody
Goat anti-rabbit Alexa Fluor
488 secondary antibody

Supplier
Abcam
Abcam
ThermoFisher

Reference
ab26410
ab4448
42H89L44

Dilution
1:1500
1:1500
1:200

Life tech

A21203

1:500

Life tech

A11008

1:500

Supplementary Table 4.2: Primers used for qRT-PCR analysis
Gene

Tm used
Primer
Amplicon
(°C)
Concentration
size

Sequence

Ptch1 F

TGTGGCTGAGAGCGAAGTTT

Ptch1 R

CACTCGTCCACCAACTTCCA

Gli1 F

CAGCATGGGAACAGAAGGACT

Gli1 R

GAGAGAGCCCGCTTCTTTGT

Rankl F

CCCATCGGGTTCCCATAAAG

Rankl R

AGCAAATGTTGGCGTACAGG

Opg F

GCCACGCAAAAGTGTGGAAT

Opg R

TTTGGTCCCAGGCAAACTGT

Rpl13a F

TACCAGAAAGTTTGCTTACCTGGG

Rpl13a R

TGCCTGTTTCCGTAACCTCAAG

138

60

700 nM

179 bp

60

700 nM

177 bp

58

700 nM

140 bp

57.5

700 nM

123 bp

57.3

700 nM

151 bp
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Supplementary Figure 4.1: The effect of estrogen supplementation and estrogen withdrawal
on MLO-Y4 primary cilium incidence and length. (A) Immunocytochemistry images
showing acetylated α-tubulin, centriole (pericentrin), and nuclei staining (N=3, n≥160 cells).
Quantification of the images showing (B) primary cilium incidence, and (C) primary cilium
length (Student’s t-test, *p<0.05)
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Supplementary Figure 4.2: The effect of estrogen withdrawal on MLO-Y4 cell number (N=3,
n≥438 cells per group). (A) Immunofluorescent images showing nuclei staining for cell that
underwent serum starvation for 48 h. (B) Quantification of the images showing the number of
cells per field of view. (C) Immunofluorescent images showing nuclei staining for cells that
did not undergo serum starvation. (D) Quantification of the images showing the number of
cells per fields of view.
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Supplementary Figure 4.3: Correlation plots to determine the relationship between primary
cilium length and (A) cell area, (B) actin fluorescent intensity, and (C) anisotropy of actin
fibres. (Pearson’s correlation coefficient, r, and linear regression, r2)
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Supplementary Figure 4.4: Correlation plots to determine the relationship between primary
cilium length and (A) number of focal adhesions per cell, (B) focal adhesion area, (C) focal
adhesion area per cell, and (D) % focal adhesion area/cell area. (Pearson’s correlation
coefficient, r, and linear regression, r2)
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Supplementary Figure 4.5: The effect of different doses of the actin contractility inhibitor
(Y27632) on MLO-Y4 cell size and actin cytoskeleton. (A) Immunofluorescent images
showing actin and nuclei staining (N=3, n≥85 cells per group). Quantification of the images
showing (B) cell area, (C) actin fluorescent intensity, and (D) anisotropy of the actin fibres.
(Student’s t-test, **p<0.01, ***p<0.001, ****p<0.0001)
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