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Abstract

Osteocytes are the main mechanosensitive cells within bone. They detect changes in the
mechanical environment and transduce them into biochenaigabnses (RANKL, OPG, and
sclerostin) that regulate bone remodelling by osteoblasts and osteoclasts. Osteocytes have
specialised mechanosenstorgnsmembranproteins and biomolecules, in particular integrins

for mechanosensation of matrix strains g@midhary cilia for sensation of fluid shear stress.
Circulating estrogen levels are depleted during-postopausal osteoporosis and a reaent

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. Tgebal objective of this thesis is to understand the effect of
estrogen withdrawal on osteocyte mechanosensor function and how &ites el paracrine

regulation of osteoclasts.

The first study of this thesis sought to determine the roldffintegrins in osteocyte
mechanotransduction during estrogen withdrawal. Following three days of estrogen treatment,
MLO-Y4 osteocytes were dukred for a further two days in normal media to simulate estrogen
withdrawal. The results of this study revealed that following estrogen withdrawal, osteocytes
have snaller focal adhesia@) with r e d u g¢belakcalidation compared to estrogen treated
cells and an increasedRanklOpg ratio. Osteocytes that were mechanically stimulated by
oscillatory fluid shear stress following estrogen withdrawal demonstratiedfieative Cox2
response to flowcompared to estrogen treated celfgerestingly,osteocyteghat had the
integrin Ubs blocked using arantagonisalso have disruptefibcal adhesiosiand abrogated
Cox2 responses to oscillatory fluid flow. Taken togethéreseresults provide the first
evidence for a relationship beteredatede strog
signalling. Specifically, his study implicates estrogen withdrawal as a putative mechanism
responsi bl ebs dxmessioaand esulkachangks in downstream signalling in
osteocytesduring postmenopausabsteoporosis, which might provide an important, but

previously unidentified, contribution to the bone loss cascade

The second study sought to understand the effect of estrogen widhanaerimary
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



alone. Firstly, it was reported that the primary cilium \egthened in cells after a period of
estrogen withdrawal, and this was associated with increases in Hedgehog signalling markers,
PtchlandGlil, and an increasel@anklOpg ratio. The role of actin contractility and focal
adhesion assembly in the altereifia length and associated signalling was investigated.
Significant inverse relationships were identifididking increased cilia lengths with a lower

cell area and lower %ocal adhesion area/cell ardaterestingly antagonism of the integrin

U,bs resulted in an elongation of the primary cilium and increased expression of Hedgehog
markers andRanklexpression. Actin contractility inhibition also led to increases in Hedgehog
markers andRankl expression. Taken together, these results sugbestthe estrogen
withdrawal conditions associated with postnopausal osteoporosis led to a disorganisation
of Ubs integrins and reduced actin contractility, which caused an elongation of the cilium,

activation of the Hedgehog pathway and exacerbated ostigaag: 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 U/bs in this process. In a cditioned 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 ceRaW264.7 cells cultured witbonditioned
media from estrogewithdrawal 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 osteoclaR&W264.7 cells cultured withomditioned media
collected from osteocytes that underwélfis antagonism demonstrated a similar response,
with increased TRAP activity and an increase in the number of multinucleated osteoclasts.
These results further implicate the important roleUdls integrins in the altered state of
osteocytes exposed to estrogen withdrawal. When the effects of estrogen withdraidés and
antagonism on the paracrine regulation of osteoclasts by osteocytes were investigated using a
microfluidic co-culture devicea dear response could not be sed@iis study reveals that
osteocytes exposed to estrogen withdrawal have an altered paraste@wxlastogenic
response, which increased osteoclast maturation and differentiation, and implicates integrin

U/bs to play an impdant role in this response.

Together, these studies show the implications of estrogen withdrawal on osteocyte
function. Specifically, the effect of estrogen withdrawal on the regulatiahbeintegrins and

the primary cilium, Hedgehog signalling aRarkl/Opg ratio, and ultimately the paracrine



regulation of osteoclasts was demonstrated. As such, several novel therapeutic targets have
been identified which may inform the treatment of poshopausal osteoporosis.
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Chapter 1

Chapter 1: Introduction

1.1 Bone mechanobiolgy 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 conafis it can be subjected to over time. Osteocytes play a crucial
role in this adaptation, as they act as the main mechanosensitive cells withifAbdaeson

et al., 2008; Burger and KleiNulend, 1999; Han et al., 2018; Hinton et 2018; Kleir

Nulend et al., 2013; Schaffler et al., 2014; Schaffler and Kennedy, .ZDi&y 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 dect 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 junctioi€herian et al., 2003)the microtibule network
(Lyons et al., R17), spectrinlWu et al., 2017)purinergic receptor complexéSheung et al.,

2016; Sereferlengez et al., 2016)lasma membrane disruptiof¥&u et al., 2017)G-protein
coupled receptor@Maycas et al., 2014pnndthe glycocalyx(Burra et al., 2010; Reilly et al.,
2003; Wang et al., 2@), and of particular relevance to this PhD thesis, are the intbgsed
mechanosensofblaugh et al., 2015; Litzenberger et al., 2010; Thi et al., 2&@i@}he primary
cilium (Hoey et al., 2011; Kwon et al., 2010; Lee et al., 2015)

Integrins are heterodimericr ans membr ane pr o&aedsaobfnits compr
(Hughes et al., 199. They have multitude of functions including acting as a physical link
between the extracellular space and the internal cytoskeleton, allowing foeltaiteraction,
as well as playing a role as signal recep(drmaout et al., 2007; Hynes, 1992; Ramsay et al.,

2007; Sawada etal.,2006) Two main integrin subintegrinss ar e
which localise around h o st eocyt e cimdgrins, Wwhick sre fouadhah thé®
osteocyte cell process@SabahugZuckerman et al., 2017; Hughes et al., 1993; Mchlanet
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al., 2009) Osteocyte cell processes have been proposed to be important sites of osteocyte
mechanotransduction, playing a role in strain amplificatfdoNamara et al., 2009; Wang et

al., 2007; You et al., 2004; L. You et al., 2001) B a {Litzenlberger et al., 201 n & b

(Haugh et al., 2015; Thi et al., 201i8jegrins have beeshown to be important for normal

MLO-Y4 osteocyte mechanotransduction vitro. It has been degmonstr:
integrins were antagonised in ME¥®4 osteocytdike cells, it resulted in an abrogat€ax2

response to fluid shear str€staugh et al., 2015; Thi et al., 2013)

The primary cilium is a solitary nemotile cellular structure that extends into the
extracellular spacéMirvis et al., 2018; Praetorius and Spring, 2005; Satir et al., 2010; Satir
and Christensen, 20Q7)The cilium is a distinct microdomain consisting of nine
circumferentally arranged microtubule doubldtsoey et al., 2012a)lhe structural dynamics
of the primary cilium has been linked to the cytoskeleton and integritaining focal
adhesiongMirvis et al., 2018) Cilia lengh 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 contractil{fyitaval et al., 2010)nteresingly, the
U integrin subunit has been shown to regulate ciliogenesis in neurosensoriGoelttnan
and Zallocchi, 2017)Such findings demonstrate the interdependent relationships of various
organellesDue to the specific localisation of ion channels and recspwithin the ciliary
domain, the cilium is known to possess both mechanosensory and chemosensory functions in
many cells types including osteocytghen 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., 2012and a downstream effector of the cilia, AC6e et al., 2014)were
deleted or knocked out respectively in osteoblasts and osteocytes, it led to reduction in load
induced bone formation, cquared 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 dofvdireway et al., 2018)

The primary cilium las 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 markech as
PtchlandGlil (Corbit et al., 2005; Kim et al., 2009; Wong and Reiter, 2008; Yang et al.,
2015) While Hh signalling has not beesxtensivelyinvestigated in osteocytgMartin-

Guerrero et al., 2020t has beemvell studied in osteoblasts and other cell types. Hh signalling
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has been shown to be regulated by primary cilium length in chondr@éyimgpe et al., 2017)

as well as regating PTHrP and RANKL protein expressifiiak et al., 2008)n osteoblasts.
Therefore, the osteocyte primary cilium via Hh signalling may play an important role in
osteoclastogenesis and bone remodelling.

1.2. Postmenopausal osteoporosis

Postmenopausal osteoporosis is a degenerative bone disease, which results from low
circulaing 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 osteoporaotic fracture in their lifetif®5zen et al., 2017Current therapeutic
approaches include asrgsorptive medications and hormonal therapies, along with novel anti
sclerostin antibody treatmentakkawi and Zmerly, 2018; Markham, 2019; McClung, 2017;
Miller, 2009; Tu et al., 2018However, 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 disse (Tu et al., 2018) As such, the investigation of novel therapeutic

approaches are essential to fulfil the unmet need inrpestpausal treatment.

Postmenopausal osteoporosis alters both the mineral and collagenous components of
bone, leading to a lower bone mineral density, bone mass, and decreased trabecular thickness
and connectivitfDickenson et al., 1981; McNamara, 2010; Osterhoff et al., 2016; Parle et al.,
2019) However, the fundaental mechanisms by which these changes arise are less well
understood. It is known that osteoblasts derived from osteoporotic patients produced less
osteobl ast ogeni el RGEt(Makdenak, 499%xd xhibited ah impaired
biochemical response (P@Bo mechanical streqSterck 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 bgmethe Tate et al., 2004psteoclasts increase in
number and in lifespan during osteopord@sigpelmanDijkstra and Papapoulos, 201®hich
directly leads to increased bone resorpti@sterhoff et al., 2016)To improve our
understanding of the mechanisms behind -postopausal osteoporosis, it has been
investigatedn vivo, using the estrogen deficient ovariectomised (OVX) animal modeinand

vitro, using the estrogen withdrawal model.
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Studies involvingestogen deficient ovariectomise@YX) animalmodebk demonstrate
a decrease in bone volume, trabecular thickness and connectivity, compared to sham animals
(Boyd et al ., 2006; Brennan elhmieelitwassowi 1, 20
that OVX-induced estrogen withdrawal led to osteocyte apopid@siserton et al., 2010)
followed by increased RANKL productigi©abahugZuckerman et al., 2016yVhen integrin
expression in rat cortical bone was measured, it was shown that @e>had a lower
pr op or t-comaning dells,tompared to sham anin{&sisin and McNamara, 2015)
| nt er esti ngl ycontainimg calshimaaorgcal bone waé seen between OVX and
sham animals. When ML®4 osteocytes were subjectira regime of estrogen withdrawal,
an increased degree of apoptosis was measured in estrogen withdrawal cells compared to
estrogen control@rennan et al., 2014biNext, the effect of estrogen withdraveal osteocyte
fluid flow responses was investigated. When M@ osteocytes were exposed to fluid shear
stress following a regime of estrogen withdrawal, it was seen that estrogen deficient osteocytes
had attenuated &aresponses, indicating an altered mechanosensi(Digpak et al., 2017)
This altered mechanosensitivity was further confirmed when nitric oxide synthase activity and
PGE release wer measured, showing that estrogen withdrawal had much lower responses to
fluid shear stress, compared to estrogen confifdkepak et al., 2017)As mentioned
previously, MLOY4 osteocye s t h at Jbramtagoniene rasultedIn an abrogated'Ca
responsgThi et al, 2013)and Cox2 responsgHaugh et al., 201500 fluid shear stress.
However, it is not yet known whether the altered responses of estrogen deficient osteocytes are
associated wi t h/bstetpressionhTa adgress this, thefinst hiypothesls of this
PhD was AEstrogen wi t-rhemapausab dshporosisn keads éonat t o
dysregul ation i n t h¢sintedrins resulyng idefechee)ogienoyte s i o n

mechanotransducti ono.

As mentioned previously, the actin cytoskeleton and integpirtaining focal
adhesions have been shown to reguldiencilength and ciliogenesis respectivétyoodman
and Zallocchi, 2017; Pitaval et al., 201While osteocyte primary cilia have not been studied
in the OVX model, it has been shown thz deletionoE RU i n mouse oviduct
increased cilia length and altered ciledated signallingLi et al., 2017) Interestingly, an OVX
mouse model showedcreaseasteocyte apoptos(Emerton et al., 201@yhich in turn led to
increasedRANKL production by osteocytefCabahugZuckerman et al., 2016)RANKL
protein expression is regulated by Hh signalling and PTHrP release in oste(Mdsts al.,

2008) Hh signalling occurs in the primary cilium domain and has been shown to be
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dysegulated when primary cilium length was reduced in chondro¢ytespe et al., 2017)

While it has been shown that estrogen deficient conditions can regulate prifinenylength

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 segopddht hesi s i s AEstrog
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 ekpe s si on o .

The paracrine factors released from osteocytes, such as RANKL and OPG, are known
to regulate osteoclast maturation and differentiafidan et al., 2018; Schaffler et al., 2014;
Schaffler and Kennedy, 2012The relative quantity of RANKL and OPG are altered in
estrogen deficient conditions of osteopordBighbaltFatourechi 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 includeuttare of osteocytes and osteoclasts
(Tanaka et al., 1995; You et al., 2008a; Zhao et al., 2002pnditioned media studi¢slao
et al., 2017; Heino et al., 2002; Tan et al., 2007; Tanaka et al., 1995; Xu et al,, /2043
media collected from osteocytes are used to culture osteoclasts. Theesifitwapd ceculture
studies tend to involve the mixing of cell populations and as such, the effects seen may be due
to direct celicell communication, perhaps via gap junctigh&atemba et al., 2006Whereas
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
conneting channels to allow for real time paracrine signal(iMgCutcheon et al., 2020; Mei
et al., 2019; Middlein 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
thisparacrine signalling niche. Therefore, t h
osteocytes results in increased paracrine osteoclastogenic signallimgh induces

exacerbated st eocl ast maturation and di fferentiat.
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1.3. Objectives and typothesis

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:

Hypothesis 2:

Hypothesis 3:

By testing each of these hypotheses, the research questions outlined above can be answered

and the proposed research will deliver significant adea in the understanding of osteocyte

Estrogen withdrawal, inlient to postmenopausal osteoporosis, leads 1
dysregul ation i n t hgsinkedrind, riedulfing io
defectve osteocyte mechanotransduction

Estrogen withdrawal in osteocytes disrupts focal adhesion assemb
actin contractility which in turn mediates primary cilia elongati
increases in Hh signallingand leadsto osteoclastogenic paracril
signalling via enhanced RANKL expression

Estrogen withdrawal in osteocytes results in increagagacrine
osteoclastogenic signallingwhich induces exacerbatedsteoclast

maturation and differentiation

mechanobiology during estrogen deficiency, inherent topestopausal osteoporosis

1.4. Thesis structure

Thi

Chapter 2 presesita thorough review of the current literature, detailing bone structure and

S

thesis comprises the work completed

function, bone cell biology, in particular osteocytes, an overview of bone mechanobiology and

mechanosensor function, as well as current research ompostipausal osteoporosisdatme

influence of estrogen deficiency on bone cell biology, and finally, a comparison of parallel

plate bioreactors and microfluidicwou | t ur e devi ces.
integrin in estrogen deficient ML-@4 osteocytes, especiallg mechanobiological responses

to fluid shear stress (Hypothesis 1). Chapter 4 focuses on the role of the primary cilium and
primary ciliumrelated Hh signalling following estrogen deficiency in osteocytes and how this

could dictateRankl expression (Hypotsis 2). Chapter 5 aims to understand the effect of

6
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estrogen deficiency on osteocyteods paracrine
a conditioned media experiment as well as in a microfluidicutture device (Hypothesis 3).

Finally, Chapte6 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 functi¢bsake et al., 2010;
FlorencieSilva et al., 2015; Guntur and Rosen, 2018y 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
(FlorencioSilva 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.

Collagen
molecule
Cancellous bone /
£51
Collagen [
Collagen fibril

fiber

Bone
Crystals

VL
M
1 nm
Microstructure Nanostructure
Macrostructure Sub-microstructure Sub-nanostructure

Figure 2.1: Thehierarchy of bone structu(®ho 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, cdrtinalforms the
dense outer shell, accounting for 80% of total bone If@Zaske, 2008) whereas cancellous
bone found within the interior of bone is organised into a porous networlkngfttabeculae

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, adg@erytarocytes,

and megakaryocyte@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 2.3a

Interstitial

Osteocyte
lamellae g:‘ctﬁ:merenﬁal Concentric lamellae  Canaliculi
lamellae T
See (b) o ' : By,
for details e - \ ’

Medullary cavity

Inner -
circumferential
lamellae

Periosteal vein

Periosteal artery

Periosteum:
Outer fibrous layer
Inner osteogenic layer

Central canal
Perforating canal
Perforating (Sharpey's)
fibers " <

Canaliculi

Osteoclast

Osteoblasts aligned
along trabeculae of
new bone

(b) Enlarged aspect of spongy bone trabeculae (c) Details of a section of a trabecula

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 trafemtdaa 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 connectedtoeathh er and t o the periosteum |
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
Haversiancanal and Vol kmannds canal s-canaficdlar systegnet her
This lacunaicanalicular system allows for the transport of biochemical signals throughout
bone and as such is vital for bone metabolism and the transduction of mechanical anal chemic
stimuli (Burger and KleirNulend, 1999)

A

Osteon —

'5)?::1 an l‘-sé:g
A DN

)
4

Haversian canal
Osteocyte

Canaliculi

&)

Figure 2.3: The osteori the functional unit of bone. (A) A schematic of an osteon showing

the concentric arrangement of osteocytes around a Haversian €Ganah y 6 s Anat om

Bartleby.comlicensed unde€C BY-SA 4.0, (B) a section of bone showing the oste@afid

King, Southern lllinois University Carboate)

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 leadrtarerease in bone mineral density (BMD) and bone mass

(Vico et al., 2000; Woo et al.,, 1981 Canv er sel vy, astronautsd | or
microgravity has been shown to lead to a reduction in Bl\Mng et al., 2004; Vico et al.,

2000) A more terrestrial example of this is bone loss due to diseagedea@mmobilisation

(Garland et al., 2008; Vico et al., 200@)has long been understood that skeletal homeostasis
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is dictated by the magnitudes of strain imparted upon the bone s{ifast 1987, 1996; Frost

et al., 1973; McNamara and Prendergast, 2007; Mulvihill et al., 2008; Wolff, 1988
mechanismwas i r st descri bed by Julius Wolff and ac
(Frost, 1987, 1996, 2000; Frost et al.,, 1973)Mor e recent | vy, Frostos
been updated in order to describe the mecinagualation of bone in a more complete manner
(McNamara and Prendergast, 2Q03pecifically, this updated mecharegulation heory
states that | ow surface strains (<1000 OU)
(>2000 OU) |l eads t o bon ¢éMcNamar@andiRrendbrgasto2007t i o n
Mulvihill et al., 2008) That being said, excessively high
leads to bone damage. Between low and high surface strainsi(Z0000 0 ofeUninerl

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 (Se@B8ex5.1. Strain amplification in osteocyte
mechanobiology)

WS W == W=

| | |
>
= f
g Ve | ] ¢ strain |
3
— | | |
@)
B
S0 | 0 | // / I\
.cﬁd __—/8 e / strain
g . min max N
o strain N G
Q | damage
g _ve —dead zone—! | \
| | |

Figure 2.4: An updated mechanoe gul ati on theory of bone ren
mechanostat theoilyLow strains (Gwain r esul t s in bone wW@GOTr pti ol
OU) mat@® 000 OU) result in no bone resorption
Uhax (C'strain) result in bone deposition. This occurs up to a point, beyond which the strains are

large enough to cause tissue damagdgen{e (3500 OU) which result
leasing to bone remodelliiylcNamara 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, bdineng cells, osteoclasts, and osteocy{®&cNamara,
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(&pai et al., 2013; McNamara, 201T)hey

are mononuclear cuboidal cells found in areas of bone form@ioNamara, 2011)During

mineral deposition, some of the osteoblasts become embedded within the bone mineral and
differentiate into osteocytéd®allas and Bonewald, 2010; McNamara, 20 jllowing bone
formation, a proportion of osteoblasts undergo apoptosis and the remainder remain on the
surface of the bone as bel@ng cells(McNamara, 2011 )which can be reactivated at a later
timepoint. Osteoblasts are regulated by osteocytes through the release of many factors
including Prostaglandin #PGE), nitric oxide (NO), hsulinlike growth factor 1 (IGFL), and

most importantly, sclerostifHan et al., 2018; Schaffler et al., 2018{lerostin 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 studiecekt lines for the study of osteoblasts is MC3EB pre
osteoblasts. MC3T-E1 cells are immortalised pasteoblasts isolated from the calvaria of
C57BL/6 mice(Kodama et al., 1981While MC3T3EL1 cells are the most popular cell line for
studying osteoblasts, other osteoblast cell lines include Qa@$osarcoma cel(§ogh et
al., 1977)and MG63 osteosarcoma celBilliau 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., 1992kereas SaQ3 cells better represent mature
osteoblas{Czekanska et al., 2014; Pautke et al., 2@04) possibly early osteocyte behaviour
(Prideaux et al., 2014MG-63 cells appear to be only partially representative of osteoblast
behaviour (Clover and Gowen, 1994and 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 scaffwl(ocheng Wang

and Dr Zufu Lu, University of Sydngy

Osteoblasts are also known to release the osteoclastogenic paracrine RAGtKE,
and OPEChen 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
dictaied by a number of factors including the application of fluid shear $as<t al., 2006)
and the addition of estrogdBord et al., 2003; Hofbauer et al., 1999onditioned media
experiments involving osteoblast media and RAW26donocyte/macrophage lileells have
shown that these paracrine factors do indeed direct osteoclast differentitison 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 (Figur@dcl@mara,
2011; Xu and Teitelbaum, 2013pPsteoclasts resorb disused or damaged bone in order to
maintain skeletal homeostagicNamara, 2011)Such damage can include mianacks in
the bone(Rumpler et al., 2012)This resorption occurs when osteoclasts attach to the bone

mineral using a unique feature known asgbaling zone and release large amounts of acid to
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dissolve the mineralised bone tisq and Teitelbaum, 2013Yhe ruffled border, another

hallmark feature of osteoclasts, can be seen within the sealin@aonad Teitelbaum, 2).

Osteoclast

Figure 2.6: TEM image of an osteoclast with multiple nuclei and a ruffled bordey)§
(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 welknown of these paracrine factors include RANKL, OPG, an@3#

(Han et al., 2018; Nakashima et al., 20RANKL is a factor that binds to tHRANK receptor

on osteoclasts which promotes osteoclastogenesis and bone res@tptiort al., 2018;
Nakashima et al., 20L1YWhen RANKL binds to the RANK receptor, it results in a signal
cascade, wherebyN6B i s activated all owing for the in.
of NFATcl TRAR Cathepsin Ktranscription, which ultimately results in osteoclast
differentiation (Asagiri and Takayanagi, 2007M-CSF is a haematopoietic growth factor

shown to be vital for osteoclast formatifidan et al., 2018)OPG is a decoy receptor for

RANK that can bind to RANKL and antagonise the effect of RANKL on osteodldsts et

al., 2018) Therefore, the production of osteoclastargely 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 transformieg theAbelson leukaemigirus (Raschke et al., 1978RAW264.7
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cells can be differentiated into osteocla@@®llin-Osby and Osdoby, 2012; Kong et al.,
2019; Nguyen and Nohe, 2017)ypically differentiation occurs following treatment with
RANKL, but this can be additionally supplemented withO8F (Collin-Osdoby and Osdoby,
2012) However, given the fact that cells produced8F, this is not necessary for osteoclast
differentiation(Kong et al., 2019; Nguyen and Nohe, 201@¥teoclasts differentiated from
RAW264.7 cells can be distinguished by fusion into multinucleated cells, stposig/e for
TRAP (Tartrateresistant acid phosphatase) and CathepgiNdUyen and Nohe&017)

2.3.3. Osteocytes

Osteocytes are the most numerous bone cells in adult bone @ and are the most long
lived of all the bone cells, some of igh survive for decades (Figuge7) (Bonewald, 2011;
Knothe Tate et al., 20044 recent study obsteocyte lacunar density from ribs, femurs, and
radii of human cadaveric origin measured a range ofi StBDO osteocyte lacunae per Ao
bone in the cortegHunter and Agnew, 2016)

Osteocytes have a large cell body with multiple cell processes, and are found embedded
in mineralised boa (Figure 2.7YBonewald, 2005) These cell processes join neighbogr
osteocytes together at gap junctions and form a functional syncytium as well as interacting with
surface osteoblasts, vasculature, and possibly even bone niBatias et al., 2013; Kamioka
et al., 2001; Knothe Tate et al., 2004; Moorer andhS{#017) Gap junctions are responsible
for this osteocyt@steocyte communication as well as being a major component of the
osteocyte paracrine signalling infrastructkoorer 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 hillémlsyl along the bone
mineral. Interestingly, this pericellular matrix has been proposed to play a role in amplification
of strain applied on a whole bone lelMtNamara et al., 2009; Wang et al., 2007; You et al.,
2004; L. You et al., 2001)rhis will be discussed igreater 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
presen{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, intracellufanachinery, and a loss of the apical and basolateral plasma membrane
polarisation found in osteoblasts, before becoming embedded within mineralised tissue of bone
(FranzOdendaal et al., 2006; Schaffler and Kennedy, 200&feocytes are biologically
distinct from osteoblasts, and can be distinguished through phenotypic markers (dentin matrix
protein 1 (DMPR1), E11, phosphateegulating neutral endopeptidase on chroonos X
(PHEX), matrix extracellular phosphoglycoprotein (MEPE), Dickkagated protein 1
(DKK1), sclerostin, fibroblast growth factor 23 (F&RB)), but also produce OPG, and RANKL
in common with osteoblas{PelgadeCalle and Bellido, 2015; Schaffler and Kennedy, 2012;
Zhang et al., 2006)

Odgeocytes 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 (Fig(r=ag.8) al., 2018;
Schaffler et al., 2014; Schaffler and Kennedy, 20T®gether, these cells are known as the

basic multicellular unit (BMU) of bone.
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Figure 2.8: The basic multicellular unit (BMW)f bone containing osteocytes, osteoblasts, and

osteoclasts

A large amount of the osteocyte cell culture studies to date have usedrMicélls.
MLO-Y4 cells are an immortalised line of osteockke cells, which is isolated from
transgenic murine longpones 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 phenotygBonewald, 2011; Kato et al., 1990ther osteocyte cell
lines include MLGAGS cells(Kato et al., 2009)IDG-SW3 cells(Woo et al., 2011)C59 cells
(Divieti et al., 2001)and Ocy454 celléSpatz et al., 2015 hese 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. hyegenesis,

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 aralmediint 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 osigcation 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 chondroblas{dackie et al., 2008; McNamara, 2011)
Chondroblasts secrete a matrix of proteoglycans and collagen and then differentiate into
chondrocytegMcNamara, 2011)These chondrocytes undergo hypertrophy and secrete ALP
(Alkaline phosphatase) and VEGF (Vascular endothelial growth factor), which promote
mineral deposition and vascularisation respectiy®gckie et al., 2008; Yang et al., 2012)
Hypertrophic chondrocytes die leaving large septa, which are invaded by osteoclasts and
osteoblasts, allowing osteoclastspartially degrade the cartilage template with osteoblasts
using the remaining cartilage template as a scaffold for mineralig@@endsen 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 ofloog bones, such as the clavicle, skull,

etc. Ths 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, 20IBgse
osteoprogenitors differentiate further into osteoblasts and secrete a collagen based ECM. This
ECM encapsulates some of the osteoblasts, allowing them to undergo differentiation into
ostecytes(Allen and Burr, 2014; McNamara, 201The remaining osteddsts 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, 2008Eventually, this woven bone is replaced by the more

organised lamellar bor{&anczler and Oreffo, 2008; McNamara, 2011)
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2.4.3. Bone modelling and remodelling

As mentioned previously, bone adapts according tomeesds. 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 wisegoclasts and osteoblasts resorb
and deposit bone mineral respectively, in an orchestrated manner to allow for the longitudinal
and radial growth of bond#llen 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 isrthatacracks
that are a result of the normal Awear and t e
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 ascraicks, the
weakened bone is resorbed by osteocléstien and Burr, 2014; Bartl and Bartl, 2017,
Verbruggen and McNamara, 2018)ext, bondining cells activate and differentiate into

osteoblasts, and lay down mineralised bone in théyninmed cavity.

Activation

Resorption

@ Osteoblast

ﬁg}\ Osteoclast

TN

g Osteocyte

@ Bone lining cell Reversal

Formation

Figure 2.9: The cycle of bone remodelling: (A) activation, (B) resorption, (C) reversal, (D)

formation, and (E) terminatiofVerbruggen and McNamara, 2018)
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2.5. Osteocyte mechanobiology

Osteocytes are the main mechanosensitive cells within {@Burger and KleirNulend, 1999)

with ablation of osteocytes in bone resulting in a defective mechanotransdiicisumi 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) detecettteamical 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 reguldiesue physiologyBonewald, 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 devces (See section 2.1i0. vitro investigation of bone mechanobiology)

r
*%) [ Force ]
[ Cellular Response ] [ Mechanosensation ]

N ¢

[ Mechanotransduction ]

Figure 2.10: The mechanism of a mechanobiological response

Osteocytes are complex cells with chemosengangderson et al., 2008; Bonewald,
2011; Schaffler et al., 2014nd endocrine function®allas et al., 2013; Han et al., 2018;
Lanske et al., 2014but are primarily regarded to be the master coordinator of loautiuged
bone formatior{Anderson et al., 2008; Han et al., 2018; Hinton et al1,82KleinNulend et
al., 2013; Schaffler et al., 2014; Schaffler and Kennedy, 2@&eocytes respond to such
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mechanical stimuli by initiating intracellular signalling and producing biochemicals and
proteins that activate osteoblasts and osteodiastsnodel bon@ramer et al., 2010; Robling

et al., 2008; Tu et al., 26; Wijenayakaetal.,2011) n par t i c-eateranrsignalNiiN T / b
regulates bone formation by osteoblasts, and stimulates production of biochemicals (RANKL,
OPG) to inhibit resorption. Sclerostin is a protein produced by osteo@yitasstafa et al.,

2012; Papanicolaou et al., 2009; Robling et al., 2008; Spatz et al., 2013, 2015; Wijenayaka et
al.,, 2011) whi ch i n4atehin sighallinyNaimd/ Hdone formation, bubpotes
resorption. Mechanical loading decreases sclerostin production by ostedtyttsvorth et

al., 2019; Kramer et al., 2010; Tu et al.,, 2012; Wijenayaka et al., 2eb#)ling bone
formation, but this response is limited to certain areas of the (Memas et al., 2013)

2.5.1. Strain amplification in osteocyte mechanobiology

The grain of the whole bone was measured to be in the range of @34%(L. You et al.,

2001) Deformation of the whole bonand as a resudt pressure gradierst experiencegvithin

the lacunacanalicular systemwhich causes a fluid shear stress within the pericellular
environment ofosteocytes rad induces a shear stress on osteocyte cell memb{@oesn,

1999; Piekarski and Whro, 1977) Mathematical modslhavepredicted that local fluid flow
induced shear stresses around osteocytes, due to normal locomotion, were in the range of 0.8
T 3 Pa(Weinbaum et al., 19947 his was confirmed experimentally and it was shown that peak
stresses around osteocytes were up to @Ree et al., 2011)which equates to strains in the
range of I 10%(L. You et al., 2001)This level of mechanical stimulation osteocytes was

shown to lead to increased®aignallingin vivo(Lewis et al., 2017)When this range of fluid

shear stress was applied to osteocyiedro, it elicited a robust respon§&herian et al., 2003;
Deepak et al., 2017; Geoghegan et al., 2019; Haugh et al., 2015; Jacob0éDaKwn 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., 201&% outlined previouslyif you were to

apply straisof 117 10%to the whole bone, it would result in a bone frac{MeNamara and
Prendergast, 2007; Mulvihill et al., 2008)o 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 stramwhich produce a biochemical response on the whole bone

scale and on the cellular scéle 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 (btharst al.,
2004) It has been proposed that the pericellular matrix (PCM) which surrounds osteocyte cell
membranesn vivo leads to a drag force which an order of magnitude above that which is
imparted upontte overall bone (Figure 2.1@jan et al., 2004; L. You et al., 200These drag
forces are communicated to the actin cytoskeleton within the cell gesce PCM tethering
elements along the cell procesgékan et al., 2004; L. You et al., 200and at distinct
canalicular projectiongMcNamara et al., 2009; Wang et al., 2Q0These canalicular
pr ojections were found to beszimegrin€McNaméragt nt egr
al., 2009) Interestingly, finite element computational dedling 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)ntegrin binding sites along the osteocyte cell processes were also
found to be important for strain amplification in a finite elentamputational model, whereby
osteocytes modelled with integrin sites along cell processes displaying higher levels of strain

compared to osteocyte modelled without integrin gN&aighan et al., 2015)
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Figure 2.12: A schematic describing the effect of the pericellular matrix on osteccytgsa
transverse section of an osteocyte process showing the connection between the intracellular
actin cytoskeleton and the pericellular matrix; (b) a longitudinal sectionastancyte 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 efééthe drag force on the transverse element of the

pericellular matrix due to fluid flow over the osteocyte proceflse¥ou et al., 2001)

2.6. Mechanosensors

Several mechanosensors have been shown to be important in osteocyte mechanotransduction
(Figure 2.13), including gap junctiofGherian et la, 2003) detyrosination of the microtubule
network (Lyons et al., 2017)the receptor complex, P2R-pannexinl(Cheung et al., 2016;
SerefFerlengez et al., 2016)spectrifWu et al., 2017)plasma membrane disruptiofy&u et

al., 2017) PTH1R(Maycas et al., 2014}he glycocalyXBurra 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., 20T8Bg

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 ckafiBgl

cadherins, (C) integribased adhesions, and (D) gap junctions (https://www.mechanobio.info)

2.6.1. Integrins

|l ntegrins are a family of heter oanmadwbbnitsc tr an
(Figure 2.14) (Hughes et al.,, 19, which bind intracellular proteins of the internal
cytoskeleton to extracellular matrix proteins (ligandslynes, 1992) but also facilitate

interaction with other cells and ac signalling receptor@Arnaout et al., 2007; Hynes, 1992;

Ramsay et al., 2007; Sawada et al., 2008¢grin-based focal adhesiomscur between the

cell body and the underlying matrix, and lamellipodia and filopgdarusions of the cell

membrane and cytoskeleton also attach to the extracellular matrix by means of such adhesions.

24



Chapter 2

A C
W Thigh Calf-1  Calf-2

[ITITTTT Ml T W]

B-propeller domain Knee Cytoplasmic
domain

B-tail

Cytoplasmic
domain

> -

Figure 214:A schematic of integrin structure show

structure, and (C) a stable dimer of the U a

Integrins form focal adhesions, in combination with intracellular proteins such as
vincul i n, talin, ki ndl i n -actifing and paxilend dne tharebyn ki n
connect the internal cytoskeleton to the extracellular matrix (Figure @Lighes et al., 1993;
ZaidelBar et al., 2004) The formationof focal adhesions begins with the activation of
integrins from a lowaffinity state to a higfaffinity state(Sun et al., 2014)Two adapter
proteins, talin and kindlin bth t o integhiresubbini{fParsons edl., 2010; Sun et al., 2014)
which aggregates integrins and associated proteins leading to the formation of a nascent
adhesion, visible under the microscg¢pen et al., 204). A number of stable nascent adhesions
aggregate to form a focal complex, which over time aggregates further and mature to form
focal adhesiongParsons et al., 2010Dther focal adhesion proteins such as vinculin and
paxillin are recruited during this maturation process and aid in the stabilisation of new focal
adhesior(Katsumi et al., 2004; Sun et al., 201A4¥sembly and disassembly of focal adhesions

occurs frequently and is a vital mechanism for cell migrafebb 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 biocHemica
responsegArnaout et al., 2007; Cary et al., 1999; Paszek and Weaver, 2004;-Palther
and Sheetz, 2009; Sawadaaé, 2006) Integrins and their ligands (major constituents of the
ECM including collagen, vitronectin, fibronectin, fibrinogen, laminin, etc.) act together to
mediate celmatrix interactions and sense mechanical stimuli for many cells of the body by
activating intracellular signalling pathways and eliciting a biochemical resgBasezyk et
al., 2009; Gauthier and Ro€ausachs, 2018; PukhiRaucher and Sheetz, 2008pgether with
intracellular myosin motors, cells exert contractile forces on the matrix through tthestoas
to facilitate cell movementinoué and Salmon, 1995; Mitchison and Cramer, 129@) to
explore their environmen{Geiger et al., 2009; Lauffenburger and Horwitz, 1998)e

stiffness of the underlying substrate dictates how much force a cell exertseqandtes
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formation of integrin adhesiorn(®aszek et al., 2005; Plotnikov et &012)and cytoskeletal
tension (Suresh, 2007)which in turn initiates cytoskeleton adaptatiand 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.,,20@b)hese attachments

are crucial for cell survival and proliferation.

Integrins are ubiquitous in bone. In particulasteoclasts attach to the bone matrix by
means of by refde g dbsdirsig bdne resorptio(Engleman et al., 1997; Horton
et al., 1991) bdlntegrin is strongly linked to osteoclastogenesis and osteoclastic resorptive
act i vidsfprms tleesealldg zone for resorption pit formatfbnet al., 1995; Xu and
Teitelbaum, 2013) Ost eo bl ast s a nidtegnsubuwnits mganjenstiorawtip r e s s
G, 2 &, U dn dintégrin subunit{Clover et al., 1992; Grzesik and Robey, 1994; Horton
and Davies, 1989) s irfitegrins are associated within osteoblastéGronthos et al., 199&nd
osteocyteqThi et al., 2013) By immurohistochemistry, it was shown that osteocyte cell
processes have di s tbgimwvband it hasleenrp®mposed that thesee gr i
attach to the extracellular matrix (ECM) to facilitate mechanosens@ilohlamara et al.,
2009; Wang et al., 2007)

U,bs integrins are more numerous in osteocyte cell processes in comparison to the cell
body, wihnéegriasahave lbeen found along osteocyte cell bodies where they interact
with a loose pericellular matrix (Figure 2.1@IcNamara et al., 2009)rhis difference in
integrin location indicate that they are highly specialised structures and therefore may play
different roles in bone biolog§McNamara etal.,2009) | nt er est i ngl yz al on:i
integrins have been found to-tmralise with specialised structures containing pannexinl,
P2X7R, and Ca\3.2i 1 (Cabahug@Zuckerman et al., 2017).arger 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 protestsacyde cell processes
was due to space constrairf@abahugZuckerman et al., 201,7ps the cytoplasmic space
between the osteocyte process membrane and the actin filaments found within was much
smaller (<20 nm) than the cytoplasmic depthd nm) taken up by the array of adaptor proteins
seen at typical focal adhesion si{mnchanawong et al2010) T $centaibing foci seen
in vivo are distinctly different from typical focal adhesions s@enitro, and as such, it has
been proposed that they may result in altered downstream sign@hbghugZuckerman et

al., 2017) However, this has not been investigateditro.

27



Chapter 2

F-actin bundle Matrix “hillock”
on cell processes protrusions

(E) B integrin on
cell processes

B) Tethering elements

along cell process

(C) B4 integrin on
cell bodies
Figure 2.16:Schematic showing the role of integrins in osteocyte mechanotransduactioo

(Verbruggen and McNamara, 2018)

While many focal adhesion proteins are known to play mechanosensor{iedias
et al., 2003; Yao et al., 201 6htegrins are thought to be of particular importance inoogte
mechanotransductigifaugh et al., 2015; Litzenberger et al., 2010; Thile 2013) The role

o f1am dintégrins have been a recent focus in osteocyte mechanotransduction.

MLO-Y4 cell s were transfected jwntegrim and
subjected to oscillatory fluid flow using a parallel plate flow chan{Litzenberger et al.,
2010) There was no difference in €aignalling (See section 2.7.1. Calcium {Qaignalling)

bet ween t he:negativd cells,| but amathrogbted respons€ar2 and PGE

d o mi

expression was seen following fluid flow, compared to controls. Actin organisation was

unaf f e enegative celts, bbt a reduction in vinculin-localisation to focal adhesions

was seen. lerestingly, in a separate study it was reported that cyclic stretching ofY4LO

cell s |l ed to Elmegrimscattin and tubukinrcytoskeletah probeins, and Src
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kinases, which were likely assembled in small invaginations in the plasmaramennown

as caveola€Plotkin et al., 2005b)An in vivo study of mice with a conditional knockout of

corti cal i1iotegtine showed &n alterede | | mor phol aogtegringi t h f e
present along the cell body and a reduction in visible cell procgsssnberger et al., 2009)

The mice were subjected to three days of cyclic axial ulnairiga@nd this resulted in a
reduced mineralised bone f or mairttegrm conditianale 1 n 1
knockout, compared to controls. Thenteginsr esul t
in mechanically induced bone formationvivo. 1ibnt egr i ns, sb,rhavelbeen f or m
i mplicated in gap junction function shin oSt e

activation and the opening of connexin 43 hemichan(@Belza et al., 2012)

bs integrins have also been shown to play an important moleosteocyte
mechanotransduction. The application of different fluid flow stimuli (e.g. oscillatory) on-MLO
Y4 cells was shown to produce a*Caesponse oCox2 and PGE responses respectively
(Figure 2.17)Haugh et al., 2015; Thi et al., 2013) Wh e n t hyb was raritaganised n U
with a small molecule inhibitor, it led to perturbed flow responses. Given the localisation of
integi  nybs Blong osteocyte cell processasvivo (McNamara et al., 2009particular focus
was given to osteocyte cell processEsi et al. showed thathte C&" response was highly
polarised along the cell processes, with stimulation of the cell processes leading to a higher
Ca* response than stimulation of the cell b@diii et al., 2013)Haugh etals h o we d/st hat U
antagonism led to an altered cell morphology, with a smaller cell area and fewer cell processes
(Figure 2.17)(Haugh et al.,, 2015) | n pr i mar ys3 integrin e@aivaton bys , U
mechanial stimulation was shown to lead to an upregulation-fas¢ IGF1, and COX2
(Miyauchi et al., 2006) demonstrating a potent role for this integrin in osteocyte

mechanobiology.
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Figure 2.17:T h e r gihtegrinanfostdmcyte mechanotransduction. (Aj*@asponses in

MLO-Y4 cells to a Stokesian flow stimulus is highly polarised along the cell prod@$sext

al.,2013) ( B) Ant agoni dmwithafsmatl maecule mhibétay, integriSedse,

leads to a disruption in this EaesponsgThi et al., 2013)(C) Oscillatory fluid flow leads to
anincrease PGE esponse, with ant/fargsaltingis apertufbedtPBE |1 nt e
response to flowfHaugh et al., 2015 D) Ant agoni s mbsledtodnhalered nt egr
osteocyte cell morphologHaugh et al., 2015)

As mentioned previously, osteocyte cell processes are surrounded by a pericellular
matrix (or glycocalyx)jn vivowhich has been proposed to amplify the whole bone level strains
(McNamara et al., 2009; Wang et al., 2007; You et al.,, 2004; L. You et2@D1)
Immunocytochemistry revealed that hyaluronic acid was a major component of ther MLO

glycocalyx(Reilly et al., 2003) Degradation of thglycocalyx with hyaluronidase resulted in
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an abrogated PGEHEelease in response to fluid shear stress, indicating the importance of the
glycocalyx for normal MLGY4 mechaneresponseg¢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 hemichanr(@arra et al., 2010)Perlecan was also found

to be a key constituent of the pericellular mafviang et al., 2014)n perlecardeficient 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 loadingo, compared

to control mic§Wang et al., 2014)nterestingly, a decrease in pericellular matrixdidensity

was seen in aged mice (1213 months), in comparison to young micei(4é months),
indicating a possible source of decreased mechanosensitivity in #déang et al., 2014)

b1 a n & acfivation in osteoblasts has been more extensively studied compared to
osteocytes, and it h&en shown that the application of fluid shear stress activates FAK and
Shc, resulting in the activation of PK3and Akt/mTOR/p70S6K pathway®.-Y. Lee et al.,
2010) While FAK, PI3K, and Akt have been shown to be activated in response to fluid shear
stress in osteocytes, It 019 ryntegrinsgSantos ethl.et her
2010) Deletion of specific integrin subui t s o r(3p bas led to an attenuated
mechanosensitivity in osteocytiesvitro (Haugh et al., 2015; Litzenberger et al., 2010; Thi et
al., 2013) but does not lead to a complete loss of mechanosengatro (Litzenberger et
al., 2009) One hypothesis for this is that iesponse to the loss of a specific integrin subunit
in vivo, alternative integrin subunits compensate for the loss of funffilencurio, 2002)
Interestingly, ar e c e n't study Jbas dbsiirotweng rtihnast clovbsper at e
i ntegrins a theandraee cesponsiblefor fotalyadngsion maturgiiaz et al.,
20200 This dat abssnggesissthanae tec ebsbmsedogal f or m
adhesion sites. However, this coopiematis not bid i r e c t i cbfimdgrinsacard forry
mature focal adhesions sites alone. Taken together, this highlights the complerlkro$s

integrin subunits and the need for a more complete mechanistic understanding of integrins.

2.6.2. Primary cilium

Primary cilia are nomnotile solitary cellular structures that extend from the cell suffda®is
et al., 2018; Praetorius and Spring, 2005; Satir et al., 2010; Satir and Christensen]2807)
primary cilium was first discovered in mammalian lung tis€serokin, 1968)but has since

been found on most vertebrate cells. Some exceptions include hepatocytes, erythrocytes, and
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kidney collecting duct cell¢K. Lee et al., 2010)The primary cilium consists of a ciliary
compartment, which protrudes most commonly into the extracellular space, andiBasyb
compartment, which acts to anchor the primary cilium (Figure ZH®&3y et al., 2012b)rhe

ciliary compartment consists of nine doublet microtubules arranged circumferentially which
extendfrom the mother centriole. The sgbiary compartment contains the basal body of the
cilium which is in turn connected to cytoskeletgBspinha et al., 2014)These two
compartments are separated making the gik@mpartment 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 ar e(Miid etal.J2018) Theaseu tuulm het e
heterodimers can undergo pastnslational modifications. Once such modification,
acet yl atubuliocan e staingd 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., B@®@yimary 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 typesudinl osteocyte@Chen et b, 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 detaild schematic outlining (A) primary cilium structure, (B)
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Within bone, primary cilia have been found on MSCs, osteoblasts, and osteocytes
(Coughlin et al., 2015; Tonna and Lampen, 1972; Uzbekov et al.,.201estingly, it was
seen that only 4% of osteocytes in ovine cervical vertef@aaghlin et al., 20153nd 1.7
3.6% of mouse femuyfTonna and Lampen, 1978ad a primary cilium. However, it rat tibia,
itwas foundthat94% ad st eocyt es st ai ne dtubplio®zbékovwetal.,f or a.
2012) The disparity in these results maydee 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 t he -tubdinwere foanttaéxtersdt ai ne
a primary dium, when further investigated by TEKUzbekov et al., 2012)The first foray
into understanding the role of prary cilia in osteoblasts and osteocytes involved the deletion
of PC1 (Polycystifl), a mechanosensitive transmembrane recdigiprotein associated
with cilia in kidney epithelial cell¢Xiao et al., 2006) Interestingly, PC1 was shown be
important for the development of a normal skeletal phenotype, whereby mice which had the

PC1 gene inactivated displayed an osteopenic phenftyae et al., 2006)To understand the
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role of primary cilia in bone mechanotransduction,gaeeKif3A (an important component in
intraflagellar transport) was deleted in mouse osteoblasts and osteocytes, which resulted in a
decrease in loashduced bone formation, compared to contidemiyasathit 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 formatiofLee et al., 2014)Taken together, this shows the impoce of

the primary cilium and its downstream signalling in bone mechanobiaiogyo.

When studiedn vitro, the primary cilium was shown to be important in MY@
responses to fluid shear stress. When the percentage of ciliateevMllc@lls was decased
by inhibiting a central component of intraflagellar transport, IFT88, fluid Hiloduced
increases o€ox2 was abrogated (Figure 2.1®won et al., 2010)A similar abrogate€ox
2 response to flow was seen when ACG6, a key secondary messenger of cilia signalling, was
antagonisedKwon et al., 201Q)Primary cilia length was shown to be important in MY@®
mechanotransduction. When the primary ciliumswangthened artificially using lithium
chloride treatment or fenoldopam treatment, it led to an increéase@ andOpnresponse to
flow (Figure 2.19)Spasic and Jacobs, 201fterestingly, fenoldopam is known to elongate
the cilium viaactivation of dopamine receptorahd anadenylyl cyclas&eAMP mechanism,
while the mechanism by which lithium chloride lengthens the cilismot fully known
(Kathem et al., 2014; Spasic and Jacobs, 2@efjoldopam treatment of C57BI/6 mice led to
increased loathduced 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
postmenopausal osteoporogipasic, 2018)For more ifiormation on OVX, see section 2.9.
Estrogen deficiency). Interestingly, the heightened mechanosensitivity inWALEells was
lost was the primary cilium was shortened using IFT88 siRSpasic and Jacobs, 2011)
must be said that increased cilium length does not always led to increased mechanosensitivity.
Osteoblats from patients suffering from idiopathic scoliosis demonstrated an increased
primary cilium length but a decreas&bx2 and Bmp2 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 f@ox2 response to flon(Kwon et al., 201Q)(B) Fenoldopam
results in an increased primary cilium length in M@ cells(Spasic and Jacobs, 2017¢)
Fenoldopam led to increas€@ibx2 response to fluid sl stresgSpasic and Jacobs, 2017)

(D) The increased mechamusitivity 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 compartmen{Wheway et al., 2018Hh 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
asPtchlandGlil (Corbit et al., 2005; Kim et al., 2009; Wong and Reiter, 2008jle Hh
signalling has not beahoroughlyinvestigated in osteocytésartin-Guerrero et al., 2020it

has been extensively studied in osteoblasts and other cell types. Hh signalling has been shown
to be regulated by primary ciliunength in chondrocyte¢Thorpe et al., 2017)as well as
regulating PTHrP and RANKL protein expression in osteoblasts, leading to a severe
osteopenic phenotyd®lak 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 whdadeflection allows for the entry or activation of
secondary messengers within the primary cilium dongadamnson et al., 2019Dne such
secondary messenger is?Gawhich enters the cilia via the stretch activated ion channel,
TRPV4(Kéttgen et al., 2008; Lee et al., 2015; Phan et al., 200@xestngly, SiRNA against
TRPV4 was shown to reduce mechanical activation &f i@ahe primary cilium but not in the
cytosol, further proving that the primary cilia and cytosol are two separate microdghesns
et al., 2015) Another secondary messenger is CAMP, which is transiently decreased upon
mechanical stimulation and activates the ERKCREB signdcascaddgHoey 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 ailiis a microtubuldased appendage, it is
unsurprising that the cilium and the microtubule cytoskeletal network are functionally linked
(Espinha et al., 201Mirvis 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, 2018 was most clearly
demonstrated byitaval et al.where a spread cell shape or high substrate stiffness, both of
which promoted increased intracellular tension, corresponded to a reducelérglia, a
finding that was reversed by inhibiting actin contractilfBitaval et al., 2010)Integrin
containing focal adhesions have also been shown to directly connect the basal body of the
primary cilium to the actin cytoskeleton specialised structures known as ciliary adhesions
(Antoniades et al., 2014Vhile thesestudies 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 (Ca?*) signalling

Ca* signalling is an incredibly versatile signalling pathway found in almost every cell type
(Bachs and Agell, 1995; Berridge et al. 0R02003; Clapham, 2007given its versatility, it

can be quite hard to pin point its role in various cellular functions. However, it is known that
Ca* signalling plays a role in exocytosis, motility, metabolism, apoptosis, and transcription
(Berridgeet al., 2003; Clapham, 2007)

Ca&" is a positive ion that is uniquely suited to its ubiquitous functions. In comparison
to other ions (Cland K'), it has a relatively low ionic radius, allowing it to enter compact
binding site§Bachsand Agell, 1995)Whereas in comparison to Navhich has a similar ionic
radius, it has twice the charge allowing it to have stronger {®exchs and Agell, 1995WWhen
Ca&"* binds with various proteins, it can lead to changes in thin shape and charge (in a

similar manner to phosphorylatio(§lapham, 2007)

The levels of C& ions within cells in much lower to that of extracellularfC&.00 nM
compared to 2 mMjBachs and Agell, 995; Clapham, 2007)The reason for its exclusion
from the cytosol is likely due to its muftinctionality as a signal transducer. However, the cell
can increase the €aconcentration transiently, using €dound in the extracellular space or
from C&* sequestered within intracellular stores, such as the endoplasmic reti@dchs
and Agell, 1995; Berridge et al., 200®urplus C# is expelled into the extracellular space
using specialised Gapumps or into the intracellular €astores mentioned previougBads
and Agell, 1995)

Changes in intracellular €alevels can occur in response to a variety of chemical and
mechanical stimuli. One such chemical factor, ionomycin, has been shown to increase
intracellular C&" levels in MLO-Y4 cells(Morrell et al., 2018jnd in osteocytes in si{ding
et al., 2014)Mechanical stimulation, such as AFM inddita of MC3T3E1 cells(Guo et al.,

2006; Huo et al., 2010b, 2010a)d fluid shear stress applied to MX2 cells(Deepak et a).
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2017; Litzenberger et al., 2010; Lu et al., 2012a, 2012b; Thi et al., B8¥8)also been shown

to lead to an increase in intracellularrCavels. In Ocy454 cells, TRPVdependant increases

in C&*induced by fluid flow were shown to be the firs#sin a pathway leading to a decrease
in sclerostin(Lyons et al., 2017)These mechanically induced increases in intracelluldr Ca
levels in MLOY4 cells led to contractions in the actin cytoskeleton and the release of
extracellular vesicles (EVs), with the addition of neomydirogating the C4 response and
resultant EV releas@Morrell et al., 208). In a mouse model, addition of neomycin resulted in
a lack of load induced bone formation, compared to controls, indicating the importanéé of Ca
signalling in load induced bone formatig¢horrell et al., 2018) Conditioned media from
mechanically activated MLK4 cells were shown to contain various factors, incluairaqny
calcium ion binding proteins, and lead to MSC recruitnfEr¢hholz 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 inding focal adhesion kinase (FAK) and Shc signalling
Y. Lee etal., 2010; Mitra et al., 2005)

FAK is a protein tyrosine kinase ubiquitously expressed in focal adhesions and
composed of a central kinase domain, areiinal FERM domain, and at€rminal domain
that includes the focal adhesion targeting (FAT) sega(Mitra et al., 2005; Zhao and Guan,
2011) Prior to integrinmediated cell adhesion, FAK is in its inactive, closed conformation
(Zhao and Guan, 20L1Mowever, upon integrimediated cell auesion, the FERM domain of
FAK is displaced by an activation protein,
allows for FAK autophosphorylation at the tyrosine phosphorylation site, Y397, and
phosphorylation at other sites, which results in plate FAK activation(Zhao and Guan,
2011) Activation of FAK is necessary for a multitude of cell functions, including cell

migration, spreading, and adhesid#itra et al., 2005)

FAK signalling has been shown to play a role in ostemgdifferentiation of marrow
stromal/stem cells (MSCs)Salasznyk et al.,, 2007)and in osteocytes preventing
dexamethasonmduced apoptosigPlotkin et al., 2007) Interestingly, in osteoblasts, FAK
signalling ¢ i a intbgrins) has been shown to be necessary for RANKL expression
(Nakayamada et al., 2003 ovarian cancer cells, FAK has been shown to be required for

OPG expressionLane et al.,, 2013)a weltknown 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 stimalatccurs in many cell types
including osteoblast&Castillo et al., 2012; DY. Lee et al., 2010)

Shc s an adaptor protein found to be important in many signalling events, including
integrinbased signallingRavichandran, 2001)Shc isoforms contain two distinct domains,
which allow for the binding of phosphotyrosine contag sequences and a central region
which contains tyrosine phosphorylation sites, with this phosphorylation site known to be

activated at many cell surface receptor qiRsvichandran, 2001)

The antiapoptotic activity bthe estrogen receptor and androgen receptor was shown
to be mediated by the Src/Shc/ERK pathway in osteociKesisteni et al., 2001)In
0st e o bh a dbsittegring celocalise with Shc, in response to fluid shear st(égsyts
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 integoemsed foal adhesions in these

processes.

While the FAK pathway and the Shc pathway are independent pathways activated by
integrinbased focal adhesion sites, they have been known to be synergistically activated and
ultimately lead to the activation of other patys, such as the PI3K/Akt/mTOR pathway and
MAPK pathwayqD.-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 benecessary for the floomduced PGEresponse in osteoblastsvitro, but deletion of FAK
in a mouse model resulted in no change in mechanirallyced bone loading, possibly due to
a compensatory mechanism involving another of the aforementioned pail@eaitio 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 pathwiayinitiated 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 processexiuding intramembranous and endochondral ossification, and joint

formation, and Desert Hedgehog (Dhh) is important in spermatoggh¥sisy 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 targesteoporosis

treatmeniYang et al., 2015)

Hh signalling involves the binding of Hh protein to Ptch protein on the ciliary
membrane (Figure 2.2Q)Vong and Reiter, 2008; Yang et al., 2QIH)is internalises Ptch and
relives its suppression of Smo, facilitating Smo translocation to the ciliary men{arist
et al., 2005pnnd promotes the gene transcription of Hh markers, suetchandGlil (Kim
et al., 2009) Ptchl protein then acts as a negative regulator dfithpathway by inhibiting
Smo(Chen and Jiang, 2013)

A B

Ptch Smo e With Hh

" ~ hh)
Smo \J PKA/CKI/ Ptch 4 [ Gii3 J
GSK3 E3 ubiq.
oty GiAc 0 25 AN L igase
Q
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@ QW Ie 2l ligase

Hh target genes:

@Ptch, Gli1
LDr—

Hh target genes:
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C—_d E—

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 iteo ent
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 GIi3
phosphorylation and activated Gli2 allowing it to enter the nucleus armopeogene

transcription(Wong and Reiter, 2008)

Hh signalling occurs within the primary cilium domd@orbit et al., 2005; Huangfu et
al., 2003; Huangfu and Anderson, 2005; Rohatgi et al., 260v3}ignalling and pmary cilia
dynamics are linked, with changes in cilium structure (Kif3A, IFT80, IFT88, etc.) shown to
upregulate and dowregulate Hh signallingBangs and Anderson, 2017For instance,
primary cilium length has been shown to be associated with Hh signalling in chondrocytes

(Thompson et al., 2015yvith a reduced primary cilium length linked with dysregulated Hh
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signalling in chondrocyteéThompson et al., 2014; Thorpe et al., 2014 )shorted primary
cilium length has also been linked to altered Hh sigmgiin fibroblasts and neuro(Ganterini

et al., 2017)Conversely, an increased primary cilium length led to increased Hh signalling
fibroblasts(Drummond et al., 2018)

In bone, Hh signalling has been shown to ptayole in bone formation during
embryogenesiéYang et al., 2015and in mature osteoblast functi@@aht et al., 2014; Hu et
al., 2019; Mak et al., 2008; Plaisant et al., 2088)) more recently in osteocyte function
(Martin-Guerrero et al., 2020) he role of Hh signalling in osteoblast differentiation is unclear,
with Hh signalling shown to inhibit the differentiation MISCs to osteoblas{®laisant et al.,
2009) but promote the further differentiation of osteobldsts et al., 2019)During fracture
repair, Hh signalling increased osteoblast matrix depogjBaiht 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 remodéNitads 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 signallirmp when PTH1R was
continuously activated in osteoblasts, RANKL expression was increased in mice with
genetically activated Hh signallinglak et al., 2008)However, in osteocytes where PTH1R
was intermittently activated, antagonism of the Hh transcription factor, Gliig iedreased
Rankl expression(Martin-Guerrero et al., 2020)nterestingly, this Hhdirected release of
PTHrP in bone has been shown to have implications on whole body metabolism, with

alterations in adipose tissue, hypoglycaemia, and skeletal muscle aiZbpimg 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 dictatate remodelling magrovide a

novel mechanistic insight to bone physiology antkntial 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 calcitriel (1,25
dihydroxyvitamin D) and fibroblast growth factor 2Bilezikian et al., 2002; Gensure et al.,
2005a; Wein, 2017)PTH is secreted from the parathyroid chief cellgesponse to low

calcium levels or high phosphate levé@ensure et al., 2005bJhis PTH secretio causes
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calcium levels to rise in the blood by indirectly stimulated osteoclast ac{8itya and
Bilezikian, 2015; Wein, 2017A negative feedback loop regulates PTH, whereby high levels
of extracellular calcium cause PTH release to be stoffpedsure et al., 2005b)

The Parathyroidhormonerelatedproteinpeptide(PTHrP) is a member of PTH family
(Naafs, 2017; Wysolmerski, 20124 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 hypercalcem{&uva et al., 1987)PTHrP is vital for endochondral ossification
with mice lacking PTHrP terminal at birth €@do improper bone formatiofiKaraplis et al.,
1994)

PTH has many effects on osteocytes, such as alterations in cell morphology,
mitochondrial engorgement, and cell de@trein, 2017) When the PTH receptor was knocked
out in osteocytes in mice, it led to increased bmoass, loweRanklexpression, and reduced
bone resorptiorfSaini 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 expressioBenawadh et al., 20143nd inhibition of Sostgene
expression (Figure 2.2 Bellido et al., 2005; Keller and Kneissel, 200B)ice in which
PTHrP has been knocked out of the osteocytes have demonstrated low cancellous bone mass
and high sclerostin leve{&\nsari et al., 2018PTH and PTHrP has further been demonstrated
to regulate sclerostin and RANKL expression in Ocy454 ¢Altsari et al., 2018)

Interestingly, PTHrP is known to be regulated by Hh signallinigoth chondrocytes
(StJacques et al., 1999a; Vortkamp et 4R96a) osteoblastgMak et al., 2008) and
osteocytegMartin-Guerrero et al., 2020Jn chondrocytes, this Htirected PTHrP release
leads to chondrocyte differentiati¢Bt-Jacques et al., 1999b; Vortkamp et al., 199@igreas
in osteoblastsaand osteocytesthe Hhdirected PTHrP release resulted in altered RANKL
expression antherefore altered bone remodellifigak et al., 2008; Marti@Guerrero et al.,
2020)
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Figure 2.21:PTH signalling in osteocytd¥Vein, 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(@Xkawi and Zmerly, 2018; McNamara,

2010; Osterhoff et al., 2016; S6zen et al., 2017; Tu et al., 2Di8)urrently estimated that

200 million people worldwide suffer from osteoporosis, and 1 in 3 wamwenthe age of 50

and 1 in 5 men over the age of 50 will suffer an osteoporotic fracture in their lif@iaen

et al., 2017)
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Normal Bone Osteoporotic Bone

Figure 2.22: Bone microstructure from healthy and osteoporotic patients (Office of the
Surgeon General, U.S.£Service and States, 2004)

Osteoporosis affects bone by resulting in lower bone mineral density, bone mass,
decreased trabecular thickness and connecti@sterhoff et al., 2016)All of these fators
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 | ess osteobl adtRG)e(Mdrie et aly 198Bandnes (T
exhibited an impaired biochemical response (P@&&mechanical stregSterck 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 controlgCorrigan et al., 2019a)0steoclasts increase in number and in lifespan
during osteoporosifAppelmanDijkstra and Papapoulos, 2013 less connected osteocyte
network is seen in osteoporotic bone compared to healthy bone (Figurékha8)e Tate et
al., 2004)
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o .

Normal arly stage osteoporosis Late stage osteoporosis

Figure 2.23: Osteocyte network at various stages of osteopofkisisthe Tate et al., 2004)

Current treatment options for osteoporosis includerasbtrptive medicatits, such as
bisphosphonates and Denosumab, anRANKL monoclonal antibodyAkkawi and Zmerly,
2018; Miller, 2009; Tu et al., 2018Hormonal therapies include PTH analogues, calcitonin,
and estrogeiased therapie§Akkawi and Zmerly, 2018; Tu et al., 2018)Vhile these
medications have been used extensively, they do not work for all patients and can include some
serious side effects such asneased risk of breast cancer, stroke, and cardiovascular disease
(Tu et al., 2018)As such, novel therapies for osteoporosis argigually being investigated.
One such novel therapy, a monoclonal antibody against sclerostin, Romosozumab, has recently
been FDA approved for use in the treatment of-pustopausal osteoporogidarkham, 2019;
McClung, 2017; Tu et al., 20L8Romosozumabcat s by bi nding to and ne
ability to bind to the LRF5/6 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 innpaisbpausal osteoporosis; a result which
has been demonstrated in animal studieést al., 2009)as well as in human clinical trials
(McClung et al., 2014)

2.9. Estrogen deficieny

The most common type of osteoporosis studied is-mestopausal osteoporosis and it is
characterised by a decrease in circulating estrogen lgveNamara, 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 bloodstreéBui et al., 2013) Estrogen is known to be an important
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hormone in female developmieit also plays a role in many other parts of the body including
the brain, skin, liver, and borfErum et al., 2008)Estrogen acts as a regulator to maintiaé
balance of osteoblasts and osteocléstam et al., 2008)and enhances the response of bone
cells to mechanical stre@Bakker et al., 2005)t has been reported that the estrogen receptors,
ERU and ERD, thiphezhanomologicallresporisenby osteoblasts and osteocytes
(Castillo et al., 2014; Zaman et al., 200Supplementation of estrogen was shown to increase
Opg expression(Allison and McNamara, 2019; Jia et al., 20And augmen€Cox2 ( viia b
integrins and ERs) response to fluid shear stf¥ésh et al., 201Q)and decreasBRankland
SostexpressionBord et al., 2003; Galea et al., 20i8)osteoblasts. Whereas in osteocytes,
estrogen supplementation was shown to have a protective role against afMsosise et

al., 2012; Plotkin et al., 2005&p induce an intracellular €aresponsg¢Ren and Wu, 2012)
increase connexion 43 gap junction expression and mechanosen@Resityet al., 2013)and
increase osteogenic signalling by MP3 osteocyteg¢Deepak et al., 2017)

Given the importance of estrogen in bone and the decrease of estrogen levels in post
menopausal osteoporosis, estrogen deficient animal models &itcb models have uset
gain further understanding of pasenopausal osteoporosis. It should be noted that the exact
timeline of serum estradiol level depletion following menopams@ivo is unknown. In
humans, serum estradiol levels deplete over a four year g&uuekrs et al., 2008Wwhereas
in mice, serum estradiol levels were shown to be lower than normal controls one week after

ovariectomy(Smeester et al., 2016)

The most welknown estrogen deficient animal model of osteoporosis is the
ovariectomy (OVX) mode{Kharode et al., 2008he OVX rat model is well studied euo
its similarity to human bone during osteoporosis and as such, is considered the gold standard
for osteoporosis drug discovery reseafkharode et al., 2008)ollowing OVX, a greater
decrease in bone volume, trabecular thickness and connectivity, compared to sham animals,
was measured in traibia (Boyd et al., 2006) As well as alterations in the trabecular
organisation, changewere seen in the lacupeainalicular system following OVX, with
lacunar volume measured to be greater in OVX bone, compared to sham &Simaaisa 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., 204i6ng with a
lower number of dendrites per osteocyf&sang et al., 2019)nterestingly, for OVX rats that
had been given estrogen treatment there was no change in osteocyte apoptosis, when compared

to sham animalg¢Florenco-Silva et al., 2018; Tomkinson et al., 199Blowever, 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., 20@h)d sheegBrennan et al., 2014a, 2011,
2012) following OVX. Interestingly, in mice, it was shown that OVX induced estrogen
withdrawal led to osteocyte apoptogiEmerton etal., 2010)followed by increased RANKL
production(CabahugZuckerman et al., 2016Mechanosensors were shown to be altered in

t he OVX rat madoathining bonetcélls rheaswredrin cértical bone compared

to controls (Voisin and McNamara, 2015While the effect of OVX induced estrogen
deficiency has not been studied on primary cilia on bone cells, it has been shown that the
deletonofERU i n mouse oviduct cells | ed-rdlacedan i n
signalling(Li et al., 2017)

Estrogen deficiency has been modelladvitro using two means: culture with an
estrogen blocker, such as fulvestrant, or estrogen withdi@WNelon and McNamara, 2019;
Brennan et al., 2014b; Deepak et al., 2017; Geoghegan et al., E8frdgen withdrawal in
MLO-Y4 cells was shown to lead tagher levels of osteocyte apoptogBrennan et al.,
2014b) attenuate fluid flowinduced intracellular calcium signalling, thus altering osteocyte
mechanosensitivitfDeepak et al., 2017and lead to an increasBRdnklOpgratio (Geoghegan
et al., D19), compared to estrogen treated cells (Figure 2.24). This estrogen withdrawal
induced increase in tHeanklOpgratio was also seen in MC33EL osteoblastfAllison and
McNamara, 2019) Conditioned media from MC3TB1 osteoblasts, which underwent
estrogen withdrawal, were shown to uksin increased RAW264.7 cell osteoclast
differentiation, as measured by TRAP activity, osteoclast resorptiol\RAdclexpression,
compared tiRAW264.7cells 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)ereiEn
et al., 2014h)(B) Estrogen withdrawal (EW) results in lower PGElease following flow,

compared to estrogen (E) cellPeepak et al., 2017)Estrogen withdrawal leads to an

attenuated C4 response to flow compared to estrogen (E) ¢Bliepak et al., 207)

Gi

ven

t he

attenuated

osteocyt e integgnc hanos

expression seen in estrogen deficient conditions, it is not yet known whether the altered

responses of estrogen deficient osteocytes are associated with the changes sBgn i

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 mechanobiolagyivoin both healthy and estrogen deficient bone cells,
controlledin vitro systems must be employed to mimic the complex bone microenvironment.
Bioreactors are devices which alldor the delivery of nutrients and biomechanical stimuli in
order to stimulate cell behaviour for study or grogttephenson and Grayson, 201B)ese
bioreactors can facilitate cell growth in a monolayer, in suspension, or as part of a 3D
construct/scaffoldStephenson and Grayson, 20183 part of this research, we have focussed

on parallel platélow 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 stighifyybut 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 gssnmedia 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 pulsatle flow with the frequency and shear stress necessary to mimic the mechanical
environment of interest.

a (iv)

Figure 2.25:(a) A schematic of the parallel plate bioreactor set up used to create oscillatory

laminar fluid flow: () syringepump, (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 te 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 earswth,
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 thrtlug scaffoldé Mc Coy and OOGBT
2010) Another limitation is that PPFCs do not allow for the real time studyacdgoine
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 {leson and McNamara,

2019; Eichholz et al., 2019ut these lack the real time effect of these paracaicters. For
example, some paracrine factors, such as nitric oxide, have a shdirtehatid therefore their
effects may not be captured using a conditioned media experi@anty et al., 1990)

PPFCs have been used extensively for the study of bondAHiton and McNamara,
2019; Corrigan et al., 2018; Johnson et al., 2018; Kieilend et al., 1995b; Li et al., 2004;
Malone et al., 2007; Reilly et al., 2003; Stavenschi et al., 2017; J. You et al., &@Di)
particular, the study of osteocyt@eepak et al., 2017; Eichholz et al., 2019; Geoghegan et al.,
2019; Haugh et al., 2015; KleMulend et al., 1995a, 1995b; Kwon et al., 2010; Li et al., 2012;
Litzenberger et al., 2010; Reilly et al., 2003; Vaugla al., 2013; Yu et al., 2017)he
geometry of the lacureanalicular system and of osteocytes themselves can vary across bone
and therefore lead to a range in shear stresses applied to ostédeytesggen 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 mechanédgy (Vaughan et al., 2013)

The PPFC system allows the study of the effect of flow on structurabebawithin
cells(Allison and McNamara, 2019; Geoghegan et al., 2019; Malone et al.,, 2@t@&ellular
signalling(Corrigan et al., 2018; Deepak et al., 20XRHanges in gene expressi@eepak et
al., 2017; Geoghegan et al., 2019; Haugh et al., 2015; Li et al., G@ehberger et al., 2010)
and the release of paracrine factors from cells in conditioned media experiiiésis and

McNamara, 2019; Eichholz et al., 201%s such, it is a versatile tool in mechanobiology
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research. However, due to the limitations mentioned above, micticfldéevices have been
used to study the effect of real time-@dture on cell populations.

2.10.2. Microfluidic devices

Microfluidics is a field of study concerning liquids at the submillimetre 4&dekmann et al.,
2014) Therefore, microfluidic devices are used to study cell function on this scale in order to
use less reagents and allow hitghoughput studiegGriffith and Swartz, 2006; Halldorsson et

al., 2015; Sackmann et al., 201%he design of microfluidic devices can be tailored to facilitate

t h e ueedsand 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 design&riend and Yeo, 2010Wwhich are fabricated following a largely
similar process (Figure 2.26). First, a negative mould is typically manufactured usig SU
epoxy resin, a silicon wafer, or PMMA. Next, PDMS is poured into toalchand 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 customisaitlee of the microfluidics
devices is one of their greatest advantages (Tabl€Rallflorsson et al., 2015; Mestres et al.,
2019)

51



Chapter 2

PDMS pouring Release of

M | i i
astermold ¢\ eticulation  PDMS replica

nletdrillig A=A Put in contact
& treatment for bonding

Figure  2.26: Fabrication process for a PDMS  microfluidic  device
(https:/iwww.elveflow.com/microfluididutorials/microfluidicreviewsandtutorials/the

poly-di-methytsiloxanepdmsandmicrofluidics/)

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 fabricatedge edage of geometries
in order to mimic then vivo environmen{Halldorsson et al., 2015Microfluidic devices can
be used to study cells in many ways, including real time monitoring of cells,
mechanotransduction basstidies, chemical gradient studies;atdture studies, or a mix of
these study types (Figure 2.2(Mlestres et al.,, 2019More complex microfluidic devices
involving multiple cells types can be usedntamic whole organ functiofEsch et al., 2015)

These so coathieps@d@ oageant hought be an i mportan
to screen ptential therapeutics fan 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., 201p)

Macroscopic cell culture Microfluidic cell culture

O Established culture O Flexibility of device design
protocols O Reattime, onchip analysis
Typical advantages O Standardisation and O Controlledco-culture
availability of assays O Reduced reagent
consumption
Rigid culture surface O Non-standard culture
Fixed device architecture protocols

Typical disadvantages High reagent consumptior] O Novel culture surface

O O O O

Mainly endpoint analysis | O Complex operational

control and chiglesign

e Monitoring \\a Spatial configuration \\/G Mechanotransduction \\\

\

—
P DCD Y
| B |
\ lens /
L Side view g e Side view A — o
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Figure 2.27:The types of studies that can be done using a microfluidic déviestres et al.,
2019)
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Microfluidic devices have been used in bone to study osteoblast differenflagarc
et al., 2006)investigate osteoblast responses to novel therap€ddicg et al., 2008)nimic
the osteochondral region of bone to study osteoarthfitezito et al.,, 2Q3), study
vascularisation in bon@usoh et al., 2015and mimic the effect of radiation on bone marrow
(Chou et al., 2018; Torisawa et al., 2016his list is not exhaustive, but serves to show the
diversity of research using microfluidic devices in the bone field.

Given the importance obsteocytes in the bone niche, they have been studied
extensively using microfluidic devic€hen 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., 200B; Zhang et al., 2015 hese studies can be divided into two types: recreation
of the osteocyte network or the investigation of osteocyte paracrine signalling usialguce
devices. These osteocyte networks were 3D in nature and allowed for teggeaven of
osteocyte responsé a morein vivo-like environmen{Gu et al., 2015; Sun et al., 2015; You
et al., 2008b; Zhang et al., 2018)ne such approach created a 3D osteocyte network using
primary osteocyte&Sun et al., 2015; Zhang et al., 20H5d MLO-AS5 cells(Gu et al., 2015)
cultured among biphasic calcium phosphate bedtiss device demonstrated increased
mineralisation over time and increased expression of osteoblastic paracrine f8osjrs (
However, given the fact that this was not ecatiure device the effect of these factors on other

bone cells was not investigat

Osteocyte ceulture microfluidic devices have been used to study the effect of
osteocyte paracrine factors other populations of osteog@vieSutcheon et al., ZD), breast
cancer cellgMei et al., 2019)and on osteoclas{dliddleton et al., 2017(Figure 2.28). These
devices have demonstrated real time cellular response, including inteac@Ht! response to
flow (Mei et al., 2019; Middleton et al., 20174@nd long term responses, such as paracrine
regulation of osteoclast differentiatigMiddleton et al., 2017and 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 RANKICutcheon et al., 2020%5iven

their versatility, such microfluidic devices will be useful tools in future paracrine studies.
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Figure 2.28: Microfluidic devices can be used to recapitulateithevo 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 pestenopaual 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 ofnfocus h i s

tbesear cl

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 environmeniveMer, 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 ,specifically address these questions and probe whether estrogen

defic i e n c y baofgénisatian arid primary cilia structure. Nexgddress whether these

changes are important in osteocyte function. Specificdllyask whether the altered

mechanobi ol ogi cal

responses

seen

Jshinteggis t 1 o g e

function, and whether estrogen deficiency alters cilia length and cilia related signalling and if

thesedictateschanges inRankl expression during estrogen deficiency seen previously. In
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Chapter 5] address how osteocytes subjected to estregthdrawal can impact osteoclast
maturation and differentiation by means of paracrine signalling. To understand the role of
osteocyteosteoclast paracrine signalling in real time, this research will implement a nevel co

culture microfluidic device.

56



Chapter 3

Chapter 3: Estrogen debki ci e
mediated mechanosensation by osteocytes and alters

osteoclastogenic paracrine signalling

3.1. Introduction

Osteocytes are the most abundant cells in bone and are responsible for metidimignce
between bone formation and resorptificNamara, 2011) It has been proposed that
osteocytes detect mechanical stimuli using mechanosensitive proteins, include stretch activated
ion channels, gap junctions, primary cilia and integflree et al., 2015; Lyons et al., 2017;
McNamara eal., 2009)and transduce them into biochemical resporiBesmiewald, 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 QR@Gich acts as a decoy receptor for RANK and
thereby prevents osteoclast format{btan et al., 2018; Li et al., 2005; Nakashima et al., 2011;
Schaffler et al., 2014)

Integrins areh et er odi meri ¢ tr ans me mba radsgbbhnpsy ot ei n
which connect the intracellular cytoskeleton to the extracellular matrix through protein
compl exes known as focal adhesions (FA), whi
actinin, talin, and paxillin(Hughes et al., 1993; ZaidBlar et al., 2004)Focal adhesions are
involved in Focal Adhesion Kinase (FAK) and shc signal(idgY. 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, &016) Osteocytessaagpmbess
integrins(Hughes et al., 1993; McNamaraetal.,2009)and it hasiilbegi@esn s how
localiseaound osteocyte cell bodi es, \byrtegringeaacs o0 st e
both interact with the surrounding pericellular mat(@abahugZuckerman et al., 2017,
McNamara et al., 2009t has been proposed integrin based adhesions and pericellular matrix
tethers together facilitate strain amplificatidlcNamara et al., 2009; Wang et al., 2007; You
et al., 2004; L. You et al., 20Q1n vitro studieshave shown that Garesponse to a fluid

stimulus was highly polarised along osteocyte cell processes but thigeSponsewas
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compromi sed when cultured wiJsliThi &t als2043) | mo |
Mo r e o v e ryb;was blecked using an antagoni€px2 expression and PGEelease
were reduced and cell morphology was altered, whereby the cells had a reduced cell area and

fewer cell processdglaugh et al., 2015)

Postmenopausal 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 sueptibility to fracturgMcNamara, 2010)Estrogen acts as a regulator to maintain
the balance of osteoblasts and osteoclgstsm et al., 2008)and enhances the response of
bone cells to mechanical strg&akker et al., 2005)lt has been reported that the estrogen
receptors, ERU and ERb, play a role in this
osteocytegZaman et al., 2009Castillo et al., 2014)In osteoblasts, estrogen was shown to
increaséOpgexpression and augmedox2 ( v i1 iateghins and ERS) response to fluid shear
stresqJia et al., 2017; Yeh et al., 201@nd decread@ankl and Sostexpressior(Bord et al.,

2003; Galea et al., 2013 osteocytes, supraphysiological levels of estrogen (100 nM) were
shown to have a protective role against apop(déssathe et al., 2012; Plotkin et al., 2005a)

to induce an intracellular GaresponsgRen and Wu, 2012)and increaseonnexin43 gap
junction expression and mechanosensitifRen et al., 2013)In vitro supplementation of
culture media with levels of estrogen (10 nM) within the range of estrogen in healthy humans
(premenopausal), was shown to led to increased osteogenic signalling byrMb&teocytes
(Deepak et al., 2017However, mosin vitro studies of osteocyte biology use culture media
without exogenous estrogen, and thus there is a limited understandingrdpopausal levels

of estrogen on osteocyte biology.

Human ostoblastic bone cells derived from osteoporotic patients have been shown to
exhibit an impaired biochemical response (RGi& mechanical stress compared to those
derived from healthy patien{Sterck et al., 1998 strogen deficiencin vitro can be achieved
bypret r e at me n-éstradiol followed By bstrogen withdrawal or addition of an estrogen
receptor antagonigiBrennan et al., 2014b; Deepak et al., 20 3trogen withdrawal in
osteocytes was shown to attenuate fluid fladuced intracellular calciumsignalling, thus
altering osteocyte mechanosensitiv{fyeepak et al., 2017)and lead to higher levels of
osteocyte apoptosis, compared to estrogen treated (Belanan et al., 2014bEstrogen
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 reductio is-positfve cells in cortical bone compared to cont(Blennan
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et al., 2014a; Verbruggen et al., 2015; Voisin and McNamara, 2BbWever, it is unknown
whether such changes arise as a direct responrseetd uced estrogensor t hi

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 mechanotransdugtian b
integrins. Specifically, the objectives were to investigate (1) the role shpr®mpausal levels
of estrogen for regulating MLQ4 cell morphology, focal adhesion formation and
mechanotransduction response to fluid flow2 ) ¢ h a vbgexmeswin rand Upatial
organisation in osteocytes during estrogen deficiency, and (3) whether altered
mechanosensitivity of osteocytes unbder es

expression and functionality.

3.2. Materials and methods

3.2.1. Cell culture and estrogen treatment regimes

MLO-Y4 mouse osteocydlke cells were cultured on type | collagghi15 mg/mlin 0.02 M

acetic acid anghhosphate buffered salinBBS) coated 77 5 f | a-mikirsum iessentlal

me d i -WEM) suipplemented with 5% fetal calf serum (FCS), 5% fetal bovine serum (FBS),

2 mM L-glutamine, 100 U/mL penicillin, and 100 pg/mL streptomycin at 37°C in a humidified
environment at 5% C£OThe effect ofestrogen treatment and estrogen withdrawal on MLO

Y4 cells was studied using the followi-ng gro
estradi ol (Ctrl), (2) cesiradioldon Ddays (E}, and @)tpmae nt W
treatment withl O n Mestladid for 3 days and withdrawal for 2 further days (EW),
following previous approachéBeepak et al., 2017Pn day 3 (two days prior to the induction

of oscillatory fluidflow/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.

3.2.2.1 nt e gfsantagorism

The i nbsevasblocked tsingssmal | mo | e c ulbdntegringhIntdyiiSerse f o r
750 (PerkinElmerjHaugh et al., 2015; Thi et al., 2013)fter removal of culture medium, 1
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mL of meda containing 0.5 uM 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 celbnolayer using a parallel plate bioreactor
system, which consisted of a syringe pump (M0, New Era Pump Systems, Farmingdale,
NY), polycarbonate plate chambers, media reservoirs connected kyemgasable and
platinumcured silicone tubing (ColParme, 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 ostaogyegHan

et al., 2004; Li et al., 2012; Verbruggen et al., 2012; Wang et al., 2007; Weinbaum et al., 1994)
For comparison, static counterparts in efre@tment group were not subjected to laminar

oscillatory fluid flow conditions for the same tirperiod.

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 slated the cells were lysed via the freg¢zaw lysis
method in a80°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 usingspectrophotometer for an excitation of 360 nm and at an emission of

460 nm. Calf thymus DNA (Sigma Aldrich) was used as a standard.

3.25.1 nt e ghsquantifithtion

Ubsi nt egrin concentrati on/nEBSA (EnelearBioscitoe)asd by m
per the supplierds protocol . -th®wlysie méthpd, ascel | s
above. The sample |ysate was placedswan t he
added to each well. Biotin labelled antibodies and horseradishig@sexvere added to further

| abel t he bsidtegrng. he well plate whs incubated for 37°C and washed with a
buffer between each of these steps, accordi

colour visualisation were added and thiate absorbance was read at 450 nm using a
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spectrophotometer ( Sby integrig goncetffation Badmndgs ewere . U
normalised to DNA content.

3.2.6. Immunofluorescence

Immunofluorescence was used to study and quantify the spatial distribitightintegrins

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% TritorX. The cells were incubated in #DBSA to prevent nospecific binding
occurring during t hebsainiagwas perpprmpdrusingearsagibs | nt e g
antibody directly conjugated to Alexa Fluor® 488 (1:100) (Santa Cruz). Vinculin staining was
performed using a mousentivinculin primary antibody (1:800) (Sigma Aldrich) and goat
antrmouse Alexa Fluor® 647 secondary antibody (1:200) (Abcam) to label focal adhesion and
facilitate t hifesintegnirnveelscalisatoa (SeecSupplenfentady Table 3.1 for
further information on antibodies used). The cells were also stained with TRId€(nethyl
Rhodamine Isd hiocyanate) Phalloidin and DAPI (4',6-diamidino2-phenylindol¢ to
facilitate imaging of the actin cytoskeleton and nucleus respectivsiiack imagingvas 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 um.

All image analysis was completed using ImageJ soft@@&chneider et al., 2012y he
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 ovéraflumrescence
intensity were measured using the actin stained images. Cell area was measured by
thresholding the i mages to remove background
select the region of interest around each cell. Where two celis t@uching, the region of
interest was drawn manually with the #Afreeh
determined using a ImageJ plugin, known as FibrilT8audaoud et al., 2014Anisotropy
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 alighkd)vinculin staineémages
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 publishedutematic protocol
(Horzumet al., 2014) Focal adhesion area was normalised to cell area. The focal adhesion

ROls thresholded in this process vbestainingt hen u
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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 integrakeaisity subtracted and
reported as arbitrary units.

3.2.7. Real time PCR

Relative gene express was studied by quantitative Real Time Polymerase Chain Reaction
(QRT-PCR). The genes of interest includédx2, Rank| andOpg with Rpl13Aused as a

reference gene (Supplementary Table 3.2). RNA was isolated using Qiagen RNeasy kits as per
manufactue r 6 s i nstructions. RNA purity and yield
(DS-11 FX, DeNovix), with 260/280 ratios of >1.9 for all samples. 2S00 ng of RNA was

then transcribed into cDNA using Qiagen Quantinova reverse transcription kits amalther

cycler (5PRIMEG/O2, Prime). qRPCR 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 meth{fefaffl, 2001)

3.2.8. Statistical analysis

Data is presented as mean * standard devi@8bn) Statistical significance was determined
by means of unpairedtwoa i | e d -Sesta All statistiCakanalyses were performed using
GraphPad Prism version 6 (Windows, GraphPaaftware, La Jolla California USA,
www.graphpad.com) andyalue of 0.05.

3.3. Results

3.3.1. Estrogen supplementation, to mimic premenopausal levels, leads to more mature
FA assembly and actin cytoskeleton, and increase@pg expression compared to

ogeocytes cultured in standard media

In vitro studies of MLOGY 4 o0st eocyt e bi o-MEWcylture medimwithduty us e
the addition of estrogen. Howevan,vivo estrogen is important for normal bone cell function

and so, to more closely mimic the pholeigical environment of osteocytesvivo,in this study
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the effect of supplementing culture media with-prenopausal levels of estrogen (10 nM) on
MLO-Y4 osteocytes was investigated under static and oscillatory flow conditi®riso.

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 developnaegeotéllg1,083
+428.1 untvs 1,215.4 579 un¥) (p=0.0525), which have more focal adhesif&9+ 13.1
vs 30.5+ 16.1)(p<0.05) and most interestingly, these cells also have a significantly arger
focal adhesion aréeell area(1.19+ 0.91% vs 2.83+1.11%)( p<0. 01) ( N=3, nO11
group), see Figure 3.1BD. The actin fluorescence intensity was greétér052+ 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,
Moreover, estrogen treated osteocytes were shown to express higher l69pts(p£0.01,
n=7-10), but Rankl expression was unaffected, and this ultimately resulted in a lower
RanklOpg ratio (p=0.0645, N=&) (Figure 3.1Gi I). There was no difference iGox2
expression in the estrogen treated group compared to controls (FigurerBus])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 differentiati®aOkliOpg).

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 respect i v efludflow hNd 10, nO11
effect on cell area, focal adhesion area, or actin anisotropy for either cohort. Fluid shear stress
led to a highelOpg expression in the control group (p<0.05, NHD), but had no effect on
Ranklexpression, and therefore, led to a éoWwanklOpgratio in that same group (p=0.051,

N=5-7). There was no effect of fluid shear stressR@amklor Opgexpression in the estrogen
treated group. Both control and estrogen treated cells showed a Gmh2response to fluid

shear stress (p<0.@Hd p<0.05 respectively, N=5.

In summary, treatment of osteocyiesvitro with endogenous levels of estrogen, to
mimic the premenopausal status of osteocyte biology, significantly alters cell behaviour,
resulting in a more established cytoskeletod arshift towards a more osteogenic phenotype

when compared to widely used culture media for studies of MUQosteocyte biology.
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Therefore, the estrogen treated groups were used as a control for studies of estrogen

withdrawal, which are presented hereafte
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Figure 3.1: The effect of estrogen treatment and oscillatory fluid flow on M cell
morphology and downstream signalling. (A) Immunocytochemistry images showing actin
fibres and vinculin staining (N=3, n0O111 cel
(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.-BRR results of (GRankl
expression (N=80), (H)Opgexpression (N=20), (I) RanklOpgratio (N=5-7), and (JCox
2expression (N=B ) ( St -test,épxQ.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 withdrawah 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,vileesedisordered,
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 reducedaralb(1,215.4+ 579 pnt vs 948.6+ 375.3 pund)
and% focal adhesion aréeell area (2.43% 1.11% vs 1.5 0.6%) when compared to cells
cultured under continuous estrogen condition
cells per group) (Figure 3.2 B,)DThe 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
stairing confirmed that the intensi{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
group) (Figure 3.2 E, F), demonstrating a less robust and ordered actin cytoskeleton for

estrogen deficient osteocytesden static conditions.

Fluid shear stress led to a lower cell area in estrogen withdrawal cells when compared
to its static counterpart (p<O0.01, N=3, nO1:
cell area or focal adhesion area following flowthie 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, nO115 cells per group), but th
which also exhibitedhaadl | ower ani sotropy following fl uid
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.
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Figure 3.2: The effect of estrogen withdrawal and oscillatory fluid flow on MY® cell

morphology. (A) Immunocytochemistry images showing actin fibres and vinculin staining
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( N=3, nO115 cells per group) .)ceDarean€)indmber at i on
of focal adhesions per cell, (D) % focal adhesion area /cell area, (E) actin fluorescent intensity,
and (F) anisotropy -test, *p<00©], *px0.0L,i*¥*Pp<6.8001) ( St udent

3.3.3.Estrogen withdrawal resulted in reduc e dbs lbtalisation at focal adhesion sites

Given the perturbed focal adhesion assembly seen in estrogen withdrawal conditions, the effect

of estrogen wbi guardity aanwdadrganisation Was investigated. ELISA

me as ur e me n thscontent within MlzOlY4 cells showed no statistical differences

following estrogen withdrawal (p=0.0612, N=6) (Figure 3.3B). However, analysis of

i mmunocytochemi stry i magivbtensity peweeltin estrogeni f i c a
withdrawal cells, compared to estrogen supplemented cél, 107+ 14,842 vs 20,27%
11,766 ( p<0. 05, N=3, nO0115 cells per group) (Fic
| o we beirdensily in estrogen withdrawal cells was even more pronou(Téé&ds+ 497.4
vs312.6+1498)( p<0. 01, N=3, nO115 cells perbsgroup)
organisation at FA sites was also qualitatively seen in the immunocytochemistry images for

estrogen withchwal osteocytes (Figure 3.3A).
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Figure 3.3:The effect of estrogen wit hbdguamtityaahd and o

organisationin MLGY 4 cel | s. (A) | mmunocy theandhvenoolins t r y i
staining (N=3, nO115 <cells per gbsouamity. ( B)
no- mali sed to DNA content (N=6). Quatensitypef i c at i
cell, @aicdteMsibly at focal a-debtem<0.aBmp0PA) sit
****n<0.0001)

The application of oscillatory fluid flow led to highe,btkontent in both estrogen and
estrogen withdrawal groups compared to their static counterparts (p<0.01 and p<0.05
respectivel vy, N=6) . Thi s brintkehsdytacrasstisetwhope ceala s a |
area (p<0.01 and p<0.0001 respectivi®lys 3 , n0115 cells per group
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Overall, these results demonst r d@stgeantitylarelt e st 1
impaired organisation at a cédivel and, more importantly, at mechanosensitive focal adhesion
sites.

3.3.4. Estrogen withdrawal upregulated expression of genes associated with paracrine
osteoclastogenic signallingRankl/Opg), but perturbed the Cox-2 response to fluid
shear stress

Given the alterations in MLY 4 c el | mo r ahooghnisatign daringdestrey
withdrawal, the effect of estrogen deficiency on genes associated with mechanotransduction
(Cox2) and osteoclastogenesiRankl and Opg was investigated. Under static culture
conditions, estrogen withdrawal led to an upregulatioRanklexpression, in comparison to

cells cultured under continuous estrogen culture, (p=0.0587-8\=& well as a significant
downregulation irOpgexpresion (p<0.05, N=8) (Figure 3.4A, B). This resulted in a higher
RanklOpgratio in estrogen withdrawal conditions in comparison to the E group (p<0.05, N=5

7) (Figure 3.4C).

After application of oscillatory fluid flow, Rankl expression was lower in theogen
withdrawal group, compared to its static counterpart (p<0.05;8=HAowever, there was no
noticeable effect of flow o®pgexpression, and ultimately there was no significant difference
in the RanklOpgratio for cells that underwent estrogen wiitwal and were mechanically
stimulated (Figure 3.44C).

For cells cultured under static conditions, estrogen withdrawal had no significant effect
on Cox2 expression, when compared to the estrogen supplemented cells (Figure 3.4D). The
application of flud shear stress led to a higl&px2 response in the estrogen supplemented
group, when compared to its static counterpart (p<0.05-8=However, this response to

fluid flow was lost in estrogen withdrawal cells.

Taken together, these results demonstrfitat 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. gRACR results of (A)Rankl expression (N=8), (B) Opg
expression (N=8), (C) RanklOpg ratio (N=57), and (D) Cox2 expression (N=B)
(Studend stest, *p<0.05)

3.3.5. Uhbs antagonism led to an altered cell morphology, as seen with estrogen

withdrawal

Due to the f act bdomanisatiom wabiseen undea esirogen dvithdiawal
conditions, it was investigated whether the perturbed cell function and responses to flow
foll owing estrogen wit hdr alwfarctionwEhereforgassmalci at e
molecular inhibitor ¢ block U,bs function was used.

Osteocytes t Jiaantaganism demomsirated 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 unblodlia@unterparts, see Figure 3.2A. Quantification
of the images confirmed a lower cell af@a215.4+ 579 pnt vs 724+ 406.4 uni) (p<0.0001),
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% focal adhesion arézell area(2.43+ 1.11% vs 1.1& 0.86%)(p<0.01), and focal adhesion
number(30.5+ 16.1 vs 18 105)( p<0. 05) i n t he edstantaggnsm cel |
( N=3, n 09 0 oFEgurk 35 Bp @).rHoweve thepe)was no statistical difference in
cell area, focal adhesion area or number between blocked and unblocked celbssinoten
withdrawn cells. Acti n w@antagohisnpwherdbyptiere waso b e
a lower actin fluorescent intensit§0,054+ 23,054 vs 16,471 17,514)and anisotropy0.23
+0.12 vs 0.13 0.08)in estrogen supplemented cells followg vbsl@dntagonism (p<0.01 and
p<0.0001 respectively, N=3, n0O90 cells per
c e | |bsantagdhism led to lower actin intensity in cells subjected to oscillatory fluid flow,
and a lower actin anisotropy betwetlie static groups (p<0.0001 and p<0.001 respectively,
N=3, n0O90 cells per group).

A key finding was that tmantageism shgwda c el |
similar morphology to the estrogen withdrawal cells (unblocked). Quantitative analylses of t
images confirmed no difference in cell area, focal adhesion area, or actin cytoskeleton intensity
and organisation bet webgamtagerssin anu gstrogenaveghdrawal f o | |
cells (unblocked). These results clearly underpin the importarigés bh overall cell function
and i mplicate the dysfortlgeumrpared cellmorphblogy during i nt e

estrogen withdrawal.
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Figure 3.5: The ef f/® artagooigsm amtl oscillatory fluid flow on ML®4 cell
morphology. (A) Immunocytochemistry images showing actin fibres and vinculin staining
( N=3, nO90 cells per group). Quanti fication

of focal adhesions peetlt, (D) % focal adhesion area /cell area, (E) actin fluorescent intensity,
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and ( F) anisotropy o ftest, 4pxQ.05,n*p<D.01b*r* @<V.001, ( St u d ¢
**+x 0<0.000)

336.Ubsant agoni sm | sdntensity pex cell amovad FA sités

To confirm t hebsaenftfai gcoancivips quadtityt thilmeind)antagonism was
investigat ed. bF pee cell and atrFa isites usimgfimmunostaining was
investigaed (Figure 3.6A). A o w ebg intdnisity per cell(24,107+ 14,842 vs 18,612
23,081)andU,bs intensityat FA siteq746.5+ 497.4 vs 269.% 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, n0O90 cells per group) (Fi
n o c h a ybgneensityrper tell and at FA sites following antagonism was seen, indicating
that the estrogen wit hdr abyguantygprootognsgorsinr e ady
Further to this, there was niMsbest webebintkélic al di
estrogen ells and unblocked estrogen withdrawal cells. These results further confirm that
estrogen withdrawal has a negative efieat \bslhtegrin quantity and organisation. ELISA
measur e mgnarst aogfo n s m s h @wcentent aompariedy to enblockéd
counterparts (p<0.05, p<0.05, and p<0.05 respectively, N=6) (Figure 3.6B).
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Figure 36:The ef fbeant sogond sm and os cibslquastityamdy f | u
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3.3.7. Ubs antagonism affected theRankl/Opg response to estrogen withdrawal and
resulted in a perturbed Cox-2 response to fluid flow

Finally, the ybgnthe alteredRankiOpgandCaoxe rgspanses, séen during
estrogen wit hdr awbadntagerasm atienuates shighegRankleesponseU
and lowerOpgresponse seen previously in estrogen withdrawal conditions (Figure 3.7A, B)
and in turn resulted in no changeRank/Opgratio in estrogen withdrawal cells (Figure 3.7C).
This lack ofRanklOpgresponse to the estrogesthdrawal conditions following antagonism
may i mpl i cat ésa$ dndmpaortant teagsdicer of Estrogelated signalling.
Mor eover , .bkantadomsmj tm&px2esponse to flow was absent in all groups
(Figure 3.7D). Taken togethehgdse results show the importance of changes in the localisation

of t he .iintheegtrogen defitient conditions of pastnopausal osteoporosis.
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Figure 3.7:T h e e f {beaatagonsrh and oscillatory fluid flow on osteoclastogenic and
osteogenic signalling. qRPCR results of (ARanklexpression (N=&), (B) Opgexpression

(N=6-7), (C) RanklOpgratio (N=47), and (D)Cox2 expression (N=& ) (St tedtent 6s
*p<0.05)
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3.4. Discussion

Given the i mpor t @nicesteooyte mechamotransdtictog, rthie effedt of
estrogen wit hdr gyaanl dbscbediatechsgnalling was mvestigated) Here,

it is reported for the first time that, under static ditions, cell area, focal adhesion area, and

t he di st gbiabmechammsensitive foddl adhesion sites were all negatively affected

by estrogen withdrawal conditions. Moreover, downstream mechanotransduction signalling
associated with the integribs (Cox2 gene expression) was negatively affected following
estrogen withdrawal. Osteocytes, in static conditions, that underwent estrogen withdrawal also
increased expression of tRanklgene and downregulat€pg expression, which are known

to regul ate osteoclastogenesis in a pbaracrir
was responsible for the changes seelkwasn estr
blocked with an antagonist. Most inestingly, similar changes in cell morphology and
downstream signal l i ng bsmechahoeecepttrsveas remrted, s f u n
was observed for cells that underwent estrogen withdrawal. Therefore, these results implicate

a link between the estgen withdrawal conditions of pestenopausal osteoporosis and altered

Ubs functionality (Figure 3.8).

Estrogen (E) Estrogen withdrawal (EW) a,B;antagonism

AAANAARARAARAARBAAEN [N GABARRARRAARARARDA AR ARRARARARARAR) B AR A A AR AR RRAADD

M oB;atFAsitess | 4 aB,atFAsites | 4 a,B; at FA sites

1 Actin Assembly J Actin Assembly J Actin Assembly
¥ Rankl M Cox-2 ya 1 Rankl Cox-2 \ y Rankl Cox-2 N
(> 10pg ([ (following OFF) > Y opg @(fouowing oFf) @ Opg ®(following oFfp)
| | |

Figure 3.8: A schematic depicting the effect of estrogen treatment (E), estrogen withdrawal
( EW) , .bzantaonism
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Previous studies have cleadgmonstrated defective osteocyte mechanotransduction
during estrogen withdrawah vitro (Deepak et al., 2017; Voisin and McNamara, 201p)
vivoo t h e n gooritasming bonk cels in cortical bone was lower compared to controls
in an estrogen deficient rat model of pognopausal osteoporogoisin and McNamara,
2015) Here, it was demonstrated an altered osteocyte morphology, specifically byahaans
lower cell area and altered actin cytoskeleton, following estrogen withdrawal, which is in
keeping with previous researdbeepak et al., 2017)For the first time, impaired focal
adhesion assembily cells that are cultured under estrogen withdrawal conditions was reported,
al ong wi tbhintemsity abthesercompromised focal adhesion ditisperse cytosolic
staining of vinculin was clearly visible in estrogen withdraeglls. However, only distinct
focal adhesion si t/kstainmg in the asttogen treatédi celld showgdch e U
similarities to studies of ML&Y4 cells in culture media (without estrogen supplementation)
(Haugh et al., 2015; Miyauchi et al., 2006) but t he s p atbstabtherFAl at i on
proteins,sue as vinculin, has not beesnntegrinsevere ous| vy
found along mouse osteocyte cells processesvo within specialised structures containing
pannexinl, P23R, and CaV3.21. However, in that study the larger vinculin contairiogal
adhesion complexes were found around the cell body and not the tightly packed cell processes,
due to space constrainSabahugZuckerman et al., 2017)n thisin vitro study, cells do not
have space constraints, and vinculin was shown4o ooc a | i sheintegrin.tWhile @ is
k nown tzlintedrin bdinbimy sifes along osteocyte cell processes are key sites in osteocyte
mechanotransductian vivo, particulaly due to strain amplification, computational modelling
has shown that osteocytes subjected to fluid shear stregso, as seen in in this study, do
transduce this mechanical stimulation through integrin binding sites found along the cell
processes ahcell body(Vaughan et al., 2015As such, focal adhesion sites found along the

cell processes and cell body were measured in this study.

Together, these findings of an inase inRanklOpgratio, under static conditions, and
abrogation of th&€€Cox2 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., 899It has been established that the application of

oscillatory fluid shear stress to ME®¥4 cells results in a decrease in tRanklOpg 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
increasedRkanklOpgratio. Estrogen withdrawal has been shown to induce osteocyte apoptosis
(Brennan et al., 2014b; Emerton et al., 20Mich, in turn, leads to changes in RANKL
expressionCabahugZuckerman et al.2016) Interestingly, it has previously been reported
that in osteoblasts, estrogen treatment led to hi@y®y expression in a dos#ependent
manner, compared to untreated control cglia et al., 2017)COX-2 is an enzyme that
produces prostaglandins to promote inflammation, and expression©@b#tis upregulated

in osteocytes following oscillatory fluid flogiee et al., 2015; Litzenberger et al., 20XBiven

the importance ofCox2 for normal fracture repai(Forwood, 1996)and an increased
RanklOpg ratio for inducing osteoclast activitfHan et al., 2018; McNamara2010;
Nakashima et al., 2011t is proposed that under estrogen withdrawal, osteocyte signalling
would contribute to the increased bone resorption seen innpsbipausal osteoporosis
(Brennan et al., 2012; McNamara, 2010)

The i mpor t anJsén ostdocyte mecteagotransduction has been recently
demonstrateqHaugh et al., 2015; Thi et al., 2013nd, in keeping with a previous study
(Haugh et al.,, 2015) t hes e r e s/ hntagonismhreswitedtinhazsialled cell area.
| nt er e s-integringahtggonisiy in melanoma cells was shown to lead to mgarmreent
and disassembly of focal adhesion proté®astel et al., 2000and it is proposed that integrin
antagonism may have a similar effect on focal adhesion in osteocytes. It is interesting to note
t hat while focal a d h e s ivbe antaganism,asome alistinct focate r  f ¢
adhessn sites were present . OEamtdgonishdsdlayeddsinslae | | s t
cell morphology, with smaller cells and smaller focal adhesion sites which were still present
and distinc{Diaz etal.,2020) | f it i s assumed t/h&dntaitinge ant ¢
focal adhesion sites, it is likely that these remaining focal adhesion sites contained other
integg i n s ubun iintegrins(McNamara et al., 2009) ,bdhntagonism resulted in a
| owebsf Illuor escent i nJbsamagdnisny multeMio ancattentateankl U
andOpgr esponse foll owing estr ofgwasshawntohmadiatew a |
OPG protein production in a human endothdbiadast cancer cell erulture(Reid et al., 2009)
it is proposed that the intégm,bs plays a similar role in regulatir@anklandOpgsignalling
in osteocytes. Previ ouwlsinRanldaadOpgexpressionusdwnong t h
significant changes following fluid flow, and therefore it was unclear what role the integrin

U,bs played in theRanklOpgresponse to flow in this instan@daugh et al.2015) Following
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Ubs antagonism, a diminisheBlox-2 response to oscillatory fluid flow was seen. Abrogation

of thisCox2r esponse t o bslardagoni$nohad been demgnstidted previously

for MLO-Y4 cells cultured under control conditions (@dded estroger{fHaugh et al., 2015)

Ot her i ntegr i n isiotdgung, iptayg an importart broley in bsteocyte
mechanotransduction and have been shown to be necessary for Gorgakesponse to flow
(Litzenberger et al., 2009, 2010)hilet h e r @ihtegrine Wwas ot investigated in this
study, it i s i nintegrins were notdullytalde tonrecovenx2 résponsesb

to flow aht agiomg sth. Thii® nmmtggrins arddlosely tinkedt h a t
in fundion in vitro. By showing an al t er #docdisatiornat FAa d h e s i
sites, and abrogat€tbx2r e sponse to fl ow f ol | &ntaganisne st r o g
this study is the first to demonstrate a link between altered osteocytamobablogy during
estrogen wit hdbstunctiohalitand al tered U

Foll owing mechani cal bshadbeen shawn to@ativate MAPo st e o
kinase pathways leading to an upregulationios; IGF1, andCox2 (Miyauchi et al., 206).
It has been proposed that upregulation 6bscis associated with the €anflux pathway
(Miyauchi et al., 2006) whi ch has separately /h@hRealshown
2013) | n o st efmpaihway hasbeenstidied mbre extensively, with thicapion
of fluid flow leading to a synergistic activation of FAK and shc, resulting in the activation of
PI13-K and Akt/mTOR/p70S6K pathway, and ultimately increasesar2 expression(D.-Y.
Lee et al., 2010)In osteocytes, FAK, PI&, and Akt have been shown to be activated in
response to fluid shear stress, /odSabtosettal, i s un
2010) Estrogen treatment hasdn shown to induce FAK phosphorylation, and activation of
PI13-K in breast cancer cel($anchez et al., 201@nhd in HUVECYSanchez et al., 201IJhe
breast cancer cells also activated Akt and formed focal adhesion sites in response to estrogen
treatment(Sanchez et al., 2010Thus, it is proposed th&@@ox2 expression by osteocytes
foll owing oscill at or y.bsfintegrinsactivalte BAK, Pi8aapd Atr i s e b
pathways. Moreover, due to the role of estrogen in regulating FAK ani B&hways in
other cell types, it is proposed that estrogen withdrawal may result in a defect in this proposed

U,bs pathway and could account for the abrog&tes2 response to fluid flow.

There are a number of limitations that must be consideredlyFttss study involved
the use of MLQY4 osteocytdike 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 lacunaiccanalicular systerm vivo, both the MLGY4 cells and the bioreactor have
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been used a model extensivelyitro to understand the mechanobiology of osteocytes during
health and diseag@lford et al., 2003; Cheng et.aR001; Deepak et al., 2017; Haugh et al.,
2015; Litzenberger et al., 2010; Vaughan et al., 2088condly, the regime in this study
involved immediate withdrawal of estrogen, but the exact timeline of serum estradiol levels in
vivo is unknown. In hurans, serum estradiol levels deplete over a four year p@maers et

al., 2008) whereas in mice, serum estradiol levels were shown to be lower thaal controls

one week after ovariectomBmeester et al., 20167 hirdly, it was surprising that ELISA
measur e megnarst aogfo nW s m s h @wcentent aompared) to enblockéd
counterparts. It is the opinion of the author that these higher readings may be due to the fact
t hat .bdamegonidt was detected by the ELISA along with MY.@ \bdlintegrins.
However, it should be noted that the immunocytochemistry staining confirmed the
ef fecti vedaagonistf t he U

The results in this study sbfanddowrsteeam t he
gene expression is negatively affected biyogen withdrawal and therefore highlights the
i mportance \boifi postme reaqp d nns ad 0 S 4 irdegrp @xp@essionsis As
affected by estrogen deficiency in OVX animals, this study implicates estrogen withdrawal as
the mechanism responsilfileo r  a Ibdexpression abd resultant downstream signalling in
osteocytes during postenopausal osteoporosis. Further study to determine a means of
protecting the normal expression and signalling of these integrins may offer a potential novel
therapyfor postmenopausal osteoporosis. Given the altered morphology and gene expression

in both estrogen wit hdr dvaatdgonisno, it &iclear that he a n d

integkisn &ffected by estrogen wiis-mebatedwa l ar
signalling. However b bdisthe snlymachandsensoyaffactadeby t h e
estrogen withdrawal . Ma n vy i iatdging(itzembergehed al.0 s e n' s C

2010) the primary ciliumLee et al., 2015)andthe microtubule netork (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 effecttro§es on cell function,
studying the effects of estrogen withdrawal on these other osteocyte mechanosensors may

provide an exciting avenu# future research.
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3.5. Conclusions

The results in this study show thpbstmenopausabsteoporotic conditiongnduced by

estrogen withdrawal negatively affected mechanosensor function, specifically through

al t er atbsonastity iatnfocal adhesion sites, and that also resulted in impaired
mechanobiological responses to flo@ok2) and RanklOpg gene expression. These altered
responses to fl ow wmantagoaidmslbis mopased that adeltoothei n g
estrogen deficient conditionsofpeste nopausal osteoporosi s, O0sSte
organisation and resultant changesdownstream 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 contrbute to paracrine signalling to govern osteoclast resorption.
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Chapter 4. Estrogen withdrawal results in primary
cilia elongation and increased Hedgehoedirected
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 bofMcNamara, 2011)Osteocytes are complex cells with
chemosensoryAnderson et al., 2008; Bonewald, 2011; Schaffler et al., 284d)endocrine
functions(Dallas et al., 2013; Han et al., 2018; Lanske et al., 2@h4) are regarded to be the
master coordinator of loadiigduced bone formatiofAnderson et al., 2008; Han et al., 2018;
Hinton et al., 2018; KlekNulend et al., 2013; Schaffler et al., 2014; Schaffler and Kennedy,
2012) Osteocytes mediate osteoblast and osteoclast activation through numerous secreted
factors includingRecept or activator o(RANKL) andl sclarostinf act or
which promote osteoclast formation and inhibit osteoblastogenesis respectively, in addition to
OsteoprotegerifOPG), a decoy receptor for RANKHan et al., 2018; Li et al., 2005;
Nakashima et al., 2011; Schaffler et al., 2014)

Postmenopausal osteoporosis is a disease characterisedibgrease in circulating
estrogen levels and an imbalance in bone cell remodelling, which causes bone loss and an
increased susceptibility to fracturtMcNamara, 2010) Osteoblastic bone cells from
osteoporotic patients exhibited an impaired osteogenic response to mechanical stress,
compared to cells from healthy patie(Berck et al., 1998)0steocytes exposed to regime of
estrogen withdrawal, mimicking that of pesenopausal osteoporosis, displayed a greater
degree of apoptosiBrennanet al., 2014bjand an attenuated &aresponse to fluid flow
(Deepak et al., 2017Estrogen deficiency induced by ovariectomy (OVX) led to increased
RANKL production by osteocyteCabahugZuckerman et al., 2016and alterations in bone
volume and trabecular thickness and organisatigoyd et al., 2006; Sharma et al., 2012)
Interestingly, increased RANKL production was shown to be mediated by Hedgehog (Hh)
signalling in osteoblasts and osteocyfdak et al., 2008; MartiGuerrero et al., 2020a key
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signalling pathway associated with the primary ciliiéiheway et al., 2018)Most recently
pro-osteoclastogenic signalling by osteocytes was observed unitieritia model of estrogen
withdrawal (Geoghegan et al., 2019)herefore, the focus of this research was to understand
the role of Hh signalling and the primary cilium in prsteoclastogenic signalling by

osteocytes under estrogen deprived conditions representative -oh@ospausal osteoporosis.

The primary cilium is a singular nemotile microtubulebased appendage found on the
surface of most mammalian cefldoey 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 cytoskéketpmha et al., 2014)
The cilium represents a distt 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
chemoserary functions in many cells types including osteocy@sen et al., 2015; Corrigan
et al., 2018; Hoey et al., 2012a; Johnsbalg 2018; Kwon et al., 2010; Labour et al., 2016;
Lee et al., 2014, 2015; Temiyasathit et al., 20A8)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(@orbit et al., 2005; Kim
et al., 2009; Wong and Reite2008) While the function of Hh signalling has not been
extensively investigated in osteocy{®artin-Guerrero et al., 2020}t 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
phenotypgMak et al., 2008)Interestingly, Hh signalling can be regulated via modulation of
cilia length(Thompson et al., 2015; Thorpe et al., 20IIh)erefore, the osteocyte primary
cilium via Hh signalling may play an important role in osteoclemtegis and bone

remodelling.

The primary cilium interacts with many cellular components including intepased
adhesiongAntoniades et al., 2014nd the cytoskeleto(Mirvis et al., 2018) Integrins are
heterodi meric transme mbnadsbomts, whichk oonest,the c o mp r
extracellular matrix to the intracellular cytoskeleton at distinct focal adhesion (FA) sites
(Hughesetal.,1993) The ibphaesyrbenen shown to be import a
integrin sites along osteocyte cell processes weredfooirbe 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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Fur t her /bstamtagdnibn veas shdwn to effect osteocyte morphology and responses to
mechanical stimulatio@Geoghegan et al., 2019; Haugh et al., 2015; Thl.e013) The U
integrin subunit has even been shown to regulate ciliogenesis in heurosensd¢Gamimnan

and Zallocchi, 2017)Integrins are known to connect to the primary cilium via the actin
cytoskeleton, but have also been shown to directly conmetistsal body of the primary cilium

to the actin cytoskeleton in specialised structures known as ciliary adhésminsiades 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)owever, other cytoskeletal proteins such as actin
and septin have also been shown to play a role in primary cilium dyn@vhies et al., 2018;
Pitaval et al., 2010)This was most clearly demonstratedfitaval et al, where a spread cell
shape or high substrate stiffness, both of which promoted incréaisadellular tension,
corresponded to a reduced cilia length, a finding that was reversed by inhibiting actin
contractility using blebbistatin or Y2763@Pitaval et al., 2010)Y27632 acts on the actin
cytoskeleton by inhibiting ROCK ROCK:-II, and PRk2 (Darenfed et al., 2¥). The Rho
kinases are responsible for regulating actin contractility via MLK phosphorylation with actin
fibres stabilised by LIMK activation and subsequent cofilin phosphoryldfimano et al.,
2010) with this Rho kinase pathway sensitive to FROCK inhibitors such as Y2763Katoh

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, leen shown that the deletion
ofERU in mouse oviduct cells | ed-relatedsigmalingncr e a
(Li et al., 2017) Moreover, it was shown that estrogen withdrawal in MY©osteocytes led
to a disrupted FA assembly and increaRadklOpgratio (Geoghegan et al., 2019)herefore,
it was hypothesised that estrogen withdrawal disrupts FA assembly and actin contractility,
which in turn mediates a lengthing of the primary cilium, an increase in Hh signalling and
leads toosteoclastogenic paracrine signalling via enhanced RANKL expression. Specifically,
the objectives were to investigate the effect of estrogen withdrawal on (1) primary cilia
incidence, sucture, and associated Hh signalling, (2) osteoclastogenic signallin¢3)aiie
associ at i rcontainingvioeat athedion assembly and the actin cytoskeleton with
primary cilia | engthening f ol | dyantaggnismantdr ogen

84



Chapter 4

actin contractility inhibition on primary cilia incidence, structure assbciated Hh signalling,
and osteoclastogenic signalling

4.2. Materials and Methods

4.2.1. Cell culture and estrogen treatment regimes

MLO-Y4 mouse osteocytik e cells were cultured on type | collagéni mg/ml in 0.02 M

acetic acid anghhosphate buffered salinBBS) coated 77 5 f | a-mikirsum iessentlal

me d i -WEM) suipplemented with 5% fetal calf serum (FCS), 5% fetal bovine serum (FBS),

2 mM L-glutamne, 100 U/mL penicillin, and 100 pg/mL streptomycin at 37°C in a humidified
environment at 5% COThe effect of estrogen treatment and estrogen withdrawal on-MLO
Y4 cells was studied wusing the following gr
estiadiol for 5 days (E), and (2) pter e at men't w testradiolIf@ 3 dais add7 b
withdrawal for 2 further days (EW), following previous approacfi@sepak et al., 2017;
Geoghegan et al., 2019pn day 3, cells were seeded onto collagen coated substrates, and
cultured for two days imccordance with their treatment groups. For immunocytochemistry
experiments, cells were seeded at a density of 10,000 cells per coverslip (g 12 mm). For PCR

experiments, cells were seeded at a density of 200,000 cells per slide.

4.2.2. Actin contractilit y inhibition

Contractility of the actin cytoskeleton was inhibited using Y27632 (Sigaval et al.,
2010) A pilot study was conducted to determine the optimal dose of Y27632 for use on MLO
Y4 osteocytes (Supplementary FigdrB). After removal of culture medium, 1 mL of media
containing 100 uM Y27632 was added to each slide for 1 hr. Following this, slides were

washed twice with PBS.

42.3.1 nt e ghsantagorism

The i n/bsevasblocked lsing a small molecule inhibitop bs intkgrins, IntegriSense
750 (PerkinElmerjGeoghegan et al., 2019; Haugh et al., 2015; Thi et al., 281t8) removal
of culture medium, 1 mL of media containing 0.5 uM IntegriSense 750 was added to each slide

for 30 min. Following this, slides were washed twice VABS.
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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 primarjiaciength. Briefly, the cells were washed in PBS and fixed in
3.8% formaldehyde solution, and then permeabilised in 0.1% 7TXitonhe cells were
incubated in 1% BSA to prevent ngpecific binding occurring during the staining process.

Primary cilium staining was performed by
tubulin and pericentrin to stain the ciliary body and centrioles respectively. Focal adhesions
were stained using an antibody against vinculin. Secondary antibodiesiseeréo label the
proteins of interest. (See Supplementary Tdlldor detailed information on antibodies used).

The cells were also stained with TRITGeframethyl Rhodamine IsbhiocyanatePhalloidin
or FITC Phalloidin, as required, and DAR4',6-diamidinc2-phenylindolg to facilitate
imaging of the actin cytoskeleton and nucleus respectivesta@k imaging was done using
an Olympus 1X83 epifluorescent microscope with a 100 W halogep & a magnification of

100x (N.A. 1.4, oil immersion) with a step size of 0.25 um.

All image analysis was completed using ImageJ soft@@&chnéder 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 lengthetilium was calculated by taking the
projection of the cilium in the-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
of interest around each cell. Where two cells were touching, the region of interest was drawn
manually with the Afreehand t omeabubed usinghtee act i
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 FibrilBaludaoud et al., 2014Anisotropy
results are presented as a figure between 0 and 1, whereby 0 means isotropy (actin fibres not

aligned) and 1 means anisotropy (actin fibores 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 previousigipdkemautomatic protocol
(Horzum et al., 2014)ocal adhesion area per cell was normalised to cell area.

4.2.5. Real Time PCR

Relative gene expression was studied by quantitative Real Time PolyrigraiseReaction
(gRT-PCR). The genes of interest includetil, Ptchl, Rank| andOpg with Rpl13Aused as

a reference gene (Supplementary Tab®. RNA was isolated using Qiagen RNeasy kits as

per manufactureros i nstructions. RNA pur i
spectrophotometer (BD$1 FX, DeNovix), with 260/280 ratios of >1.85 for all samples. 250

500 ng of RNA was then transcribed isfdNA using Qiagen Quantinova reverse transcription

kits and thermal cycler (5PRIMEG/O2, Prime). gRTR 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 usthg Pfaffl methodPfaffl, 2001)

4.2.6. Statistical analysis

Data is presented as mean + standard devig8@). Statistical significancéetween two
sampleswas determined by means of unpairedtwa i | e d Sests dieeartredds t
between multiple groups were determined by a-pest following a OnéaVay ANOVA.
Correlation plots were analysed by deter min|
linear regression ?rStatistical significance between three samples was determined by means

of an Analysis of Vari ance ok eQ.XAstatistica s t Wi |
analyses were performed using GraphPad Prism version 6 (Windows, GraphPad Software, La

Jolla Calfornia USA, www.graphpad.com) anevplue 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 pative staining for acetylated alptabulin characteristic of a cikbke

morphology extending a length from a pericenpositive basal body (Figure 4.1A).

87



Chapter 4

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 (1.1#3.682 um), when
compared to estrogen controls (1.33D . 6 25 Om) (p<0. 05, uwpFr3, noO
(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 4.1Djterestingly the effect of estrogen
supplementation had no effect on primary cilium length compared to comt@upplemented

with estrogen)cells (Supplementary Figure 4.1J.0 determine whethethe estrogen
withdrawatinducedchangs in cilia structure could be attributed to proliferation, cell number
was quantified and no differences were found between E and EW groups (Supplementary
Figure4.2).
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4.3.2. Estrogen withdrawal influences ciliaassociated and osteoclastogenic signalling

Given the lengthening of the primary cilium following estrogen withdrawal, the effect of
estrogen withdrawal on primary ailin-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 markePdchlandGlil was investigated. A
significant 2fold increase irPtch1(p<0.05, N=810) and 2.6old increase irGlil (p<0.05,
N=71 10) gene expression was reported following estrogen withdrawal, when compared to cells
continually treated with estrogen (Figure 4.2A &)d

Next, the markers of osteoclastogenic paracrine signalRamkl and Opg were
measuredRanklexpression was significantly higher following estrogen withdrawaH@d
p<0.01, N=68), which is consistent with previous finding&eoghegan et al., 2019)
However, there was no significant chang®jgexpression (N=i78) (Figure 4.2C and D). As
such, there wasnaincrease in th&®anklOpg ratio following estrogen withdrawal (p<0.05,
N=6i 7) (Figure 4.2E). Taken together, this data demonstrates that estrogen withdrawal results
in the activation of Hh signalling and a shift towards-psteoclastogenic paracrine rsajling
by MLY -O4 osteocytes.
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4.3.3. Estrogen withdrawal disrupts focal adhesion assembly and intracellular actin
contractility corresponding to an elongation of tre primary cilium

As cilia length has been linked with cell shape and actin contra¢iitstval et al., 2010)t

was next investigated whether the changes in primary cilia length may be associated with the
recently identified estigen withdrawainduced changes in cell morpholo@yeoghegan et al.,

2019) Cells cultured under both estrogerdastrogen 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 deygtd actin cytoskeleton (Figure 4.3A). Quantification of the

images confirmed that estrogen withdrawal cells had a smaller cell area @2B unt),

compared to estrogen cells (32863 unf) (p<0. 0001, N=3, n092 cel
4.3B). Moreover, actin fluorescent intensity was significantly less intense in estrogen
withdrawal cells (43,972 35,246), compared to estrogen treated cells (31:423,000)

(p<0.01) (Figure 4.3C). However, no difference was seen in actin anisotropy between th
estrogen and estrogen withdrawal cells (Figure 4.3D). Next, it was investigated whether the
estrogen withdrawahduced primary cilium elongation was associated with changes in cell

area and actin cytoskeleton. Interestingly, a significant inverseorgsaip in cilium lengths

could be seen with increasing cell ar,ea (pc<
Supplementary Figure 4.3A An interesting inverse trend could also be seen between
increasing primary cilium length and decreasing actinréiscent intensity (p=0.054, N=6,

nOl1l cells per group). However, fibre anisot
statistical association with primary cilium length (Figure 4.3FS@plementary Figure 4.3B,

C).
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**p<0.01, ***p<0.0001. Oneway ANOVA to determine trend between groups, #p<0.05)

Following this, a potential association was investigated between estrogen withdrawal
induced changes in focal adhesion assembly seen previouklghaihges in ciliary structure
(Geoghegan et al., 201Distinct vinculincontaining 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 adhds®n s
(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 ¢

91



Chapter 4

cells per group) (Figure 4.4B). Given the lower cell area seen in #&rogen 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 estrogerthdriawal (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 asseml#lygreater 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, thex was an inverse relationship between increasing % focal adhesion area/cell
area and decreasing cilium | ength (ps0.000:
Supplementary Figure 4.4

Taken together, this data indicates that estrogen withdrawal @isiegal adhesion

assembly and intracellular actin contractility leading to an elongation of the primary cilium.

A E (Estrogen) EW (Estrogen Withdrawal)

Vinculin

los)
@]
O

2
S

Jr—— *kkk

— 3 o

S B 400 b 2 580 §
20 ~ PR 2
S+ o 02 o =9
5 & 300 a s S 60 ©
<2 s c o e
= H S = <
s = ) <
8 = 200 g @ Z40 z
23 e £% 92
5 5 100 I ] 2 S 8 I
= o g e, &

0 . « w 00 ° 0 Lo %

E EW E EW EW X E EW
#

F G H | oksox

5 o5 5 s .

* —_
* H —_ faiad
4 | | sS4 4 4 L i

w
- N oW
- N oW

w

*
Y v T T T
0-15 1530 3045 >45
No of FA per cell Focal adhesion area (um?) Focal adhesion area per cell (um?) %FA arealCell area

um length (um) (M

ghadd IREEA

0410 1020 2030 3040  >40 0005 00501 01015 >0.15

o 4 90N

Cilium length (um) (Mean+SD)
Cilium length (um) (Mean+SD)
Cilium length (um) (Mean+SD)

L
E__l ‘
7

Ci

Figure 4.4: The effect of estrogen withdrawal on the role of the focal adhesion assembly in
primary cilium dynamics. (A) Immunocytochemisttyma ges s howi 4ubulinacet yl

vinculin, and nucl el staining (N=3, n0104 ¢

92



Chapter 4

showing (B) number of focal adhesions per cell, (C) focal adhesion area, (D) focal adhesion
area per cell, and (E) % focal adhesavea/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.
(Studen t 6tesst, *p<0.05, **p<0.01, ****p<0.0001. Onwvay ANOVA to determine trend
between groups, #p<0.05)

434.Actin contract i | ibtaptagonisim mibrar the efiects ciestdbgea r U
withdrawal on cell morphology and ciliary dynamics

To detemine 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 adhesssembly via
Ubsa nt ag o n ibBsantagonist asedlhere has been used previously on-¥4L€ells
(Geoghegan et al., 2019; Haugh et al., 201b;et al., 2013)However, no record was found
regarding the use of the actin contractility/ROCK inhibitor, Y27632, on Md4Ccells. As
such, a dosage study was performed with M{Dcells treated with 10 uM, 100 uM, and 1
mM Y27632 for 1 h. While stes fibres were still clearly visible in cells treated with 10 pM,
they were no longer apparent in cells treated with 100 uM and 1 mM Y27632 (Supplementary
Figure4.5A). Quantification of the images showed that 100 uM Y27632 treatment led to a
smaller celarea (487 265 unfvs 633+ 406 unt) (p<0.01), less intense actin staining (18,274
+ 12,041vs 42,180+ 30,157) (p<0.0001), and lower degree of actin fibre anisotropy (2056
0.039vs 0.138+£ 0.073)( p<0. 0001) , compared to control
(Supplementary Figurd.5B i 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<0.000), compared to estrogen cells. Given the clear effect of 100 uM Y27632 treatment
on the actin cytoskeleton, this dose was used going forward.

Inhibition of actin contractility following Y27632 treatment (ROCK inhibition) and
U,bs antagonism significantlyl&red 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., 2007Quantification of the images demonstrated that Y27632
treatment resulted in reduced cell area #290 pntvs 547+ 374 unt) (p<0.05), lower actin
fluorescent intensity (28,54516,152v/s 40,162+ 39,116) (p<0.01), and lower degree of actin
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fibre anisdropy (0.049t 0.032vs 0.06% 0.046) (p<0.001), compared to estrogen control cells

( N=3, n095 <cell s piE), whichoiss suggestiver of g uedueced 4ell 5 C
contract i | ibtaptagonBin led tb easmallgr cell dtea (2B un? vs 547+ 374

um?) (p<0.0001), lower actin fluorescent intensity (19,9792,421vs 40,162+ 39,116)
(p<0.0001), and lower degree of actin fibre anisotropy (084¥038vs 0.069+ 0.046)
(p<0.001), compared to estrogen controls.

As expecteddistinct vinculircontaining focal adhesion sites were seen in estrogen
contr ol cell s, wh i c.b: antaganiem (Bidue el BR). Inferedtingly,wi n g
distinct focal adhesion sites were visible in Y27632 treated cells, indicating inhibitiohrof ac
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
foll owing Y276 3 20bs antagoaigmnmesulted, in dachdi nureber Wf focal
adhesion sites (55 23vs 135+ 93) (p<0.0001), smaller focal adhesion sites (0683011
um?vs 0.079+ 0.017 unf) (p<0.0001), less focal adhesion area per cell (3.059 pntvs
10.35+ 6.72 unt) (p<0.0001), and less % focallasion area/cell area (1.%10.56%vs 2.01

+t0. 82%), compared to control estrogen treate

i ).
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Figure 45: The effect of actin cont/isantagonismonthe i nhi l
actin cytoskeleton and focal adhesion assembly. Immunocytochemistry images showing (A)
actin and nucl ei staining and (B) vinculin
Quantification of the images showing (C) cell area, (Djnafluorescent 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 ANRAVA, *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 alptodoulin and pericentrin staining (Figure 4.6A). &tification of
the images identified no statistical difference in primary cilia incidence between all conditions

(Figure 4.68B). However, a significané el ong
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