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Summary

Multiple myeloma (MM) ischaracteried by destructive bone disease, mediated by an
increase in osteoclastic bone resorption and iregasteoblastic banformation(Boise,
Kaufman et al. 201% The cawnical Winglesgype (Wnt) and bone morphogenimpein
(BMP) signalling pathways have both been implicated inasteoblastogenes{€hen,

Deng et al. 2012Kim, Liu et al. 2013. Datafrom our group in Sheffieldgunpublished)
show that SOSTDC1 is upregulated in the bone marrow (BM) of mice with osteolytic
bone disease associated with myelomaisltunclear whether SOSTDC1 regeais
signalling in bone directly angthich cells in the BM express SOSTDC1. Wigothesis

that SOSTDC1 disrupts Wnt and BMP signalling in bone and is expressed by both

myeloma cells (MC) and osteobld€B) progenitorsasa result ofdirectMC/OB contact.

In the first part of the work presented in this thesiscHaracterisedhe murine OB
progenitor modelin-vitro establishingthat these cells differentiated exponentially
between day 8 and 15 of cultutehenassessdthe effect of SOSTDCin OB progenitor
differentiation in the presence of activated BMP and Wnt signallinghowed that
Wwnt3a, BMP2 and BMP7 stimulated OB progenitor differentiation and downstream
signallingof the Wnt and BMP pathwayRecombinanhumanSOSTDC1(rhSOSTDC1)
protein reduced the Wnt and BMRduced differentiatiofsignalling in OB progenitors
on a protein and gene levdlhis effect waobservedn early differentiation indicating
that theinhibitory effect of SOSTDC1 on Wnt/BMihducedsigralling is specific to
osteoprogenitors rather than mature QBalso showedthSOSTDC1lhad the highest
affinity for BMP7 out of the BMP2, BMP7 and/nt-receptor LRFG, interactions tested.

In the second part | assessedvhether OB progenitors and 5TMM myaia cells
producel SOSTDC1 and sougho determine the distribution of SOSTDC1 in MC/OB
progenitor cultures and ceultures. SOSTDC1 wasdetected inMC but not OB
progenitorsand that SOSTDC1 was upregulated in both myeloma and OB progenitors
following direct OB/MC contacin co-cultures.SOSTDC1proteinwas also detecteith-

vivo in myelomainfiltrated bone section®locking SOSTDCIin-vitro using an antibody
specific to SOSTDCZIeversd the suppression of OB progenitor differentiatiofaken
togetherfrom these resultd concludethat targeting SOSTDC1 may redube osteolytic

bone disease observed in MM
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Chapter 1 - Introduction







1.1 Multiple Myeloma

Multiple Myeloma (MM) is a Bcell malignancy characterised by clbpaoliferation of
plasma cell§Egan, Shi et al. 20J2MM accounts for more than 10% of haematological
cancers and accounts for approximately 1% of all caretated deaths in Western
countries(Kyle and Rajkumar 2008 Myeloma is the 17th most common cancer in the
UK (2011), accounting for around 1% of all new cases. In males, it is the 15th most
common cancer (2% of the male total) and the 17th in females Tt#)atesistatistics
showed that in 204,792 new cases of myelom&re diagnoseth the UK From this
total 568% were men and 44% weveomen resulting in anale:emale ratio of 12:10 for
the incidence of myelomgCancer Research UK 2014in the United States, it is
expected that by the end of 2104 o4 000 na MM wikh Beedsagnosed
resulting inapproximately half of these individuéls die(Siegel, Ma eal. 2014.

In most cases, MM develops from a Monoclonal Gammopathy of Undetermined
Significance (MGUS), a premalignant stage of clonal plasma cell proliferation displaying
no obvious symptoms. Over 3% of the over 50 population will carry MGUS andill %
develop myeloma or other related malignancies. Smouldering Multiple Myeloma (SMM)
is another type of this disorder found in some patients who present with clinically
recognisable symptoms of MM accompanying a more advanced premalignant stage
(Mahindra, Hideshima et al. 20110

The acronym CRAB summarizes the typical clinical manifestat of MM:
hypercalcemia, renal insuffency, anaemia and bone lesionéinternational Myeloma
Working 2003. The CRAB features of MM can be used to distinguish between active,
symptomaticMM and its precursor stateslGUS and smouldering myeloma. The
distinction is relevant not only for classification and diagnosis, but also for therapy:
CRAB symptoms are critical for deciding when to initiate antineoplastic therapy, as
asymptomatic casesf M do not obtainsurvival benefit from treatmeniKyle and
Rajkumar 200Y. Beyond the usual CRAB symptonsatients with MM can present with
other rdéevant clinical manifestations including hyperviscosity syndromeyrologic
impairment from spinal cord compression, nephrotic syndrome or other signs of
amyloidosis, cryoglobulinemia, recurrent infections, axtedullary involvement of

various organsand other complication®IM patientscan be diagnosed only by chance,

3]



in asymptomatic patients, often when tested for annual exaoninby primary care

physician(Talamo, Farooq et al. 2010

MM is the mostcommon cancer to involve the skeleton with i80% of patients
developing boa lesions during the course of tiseasg Hameed Brady et al. 2014

The bone lesions in yeloma are purely osteolytic and are associated with severe and
debilitating bone pain, pathologic fractures, hypercalcemia, and spinal cord compression,
as well as increased mortali{yerpos, Berenson et al. 201 is estimated that 20% of

MM patients present with pathologic fractures, 40% develop a fracture in the first year
after diagnosis, and up to 60% develophp#igic fractures over the course of their
disease. Additionally, patients with pathologic fractures have a 20% increase in mortality
when compared to patients without pathologic fracty&ssad, Lipton et al. 200.7The

bone destructive lesions can be extensive and severe and bone pain, frequently centred on
the chest or back and exacerbated by movement, is presardre than twehirds of

patients at diagnos{Sezer 200p

The increasing evidence highlighting the crucial role of tumour cells and the bone
microenvironmenh in the pathogenesis of myeloma has created novel targets for the
therapy of myeloma bone disea$®wler, Edwards et al. 20L1The tightly controlled
physiological process of bone metabolism can be disrupted by various genetic and
environmental fadrs. These include factorelated to the onset of age, menopause
hormone related changes, gsy mechanical loading and secondary diseases leading to
bone disordergFeng and McDonald 20)0Disruptionsin the interaction and regulation

of the various osteotropic cytokines and hormones involved in maintaining the bone
formation/resorption balance can result in irregular bone turnover cgrRlegan and
Martin 2000.

Treatment of myeloma bone disease requires management of both the underlying
malignancy and the increased bone destruction and suppressed new bone focmation.

the 1990sthere werefew advances irthe treatment ofMM the dseaseand a result
myeloma wasleemedncurabk with a median survival of-2 years. Thentroduction of
high-dose melphalan and autologous bone maxi®M) transplantation towards the end

of the 199006s was a major br e amenthirpateng h i n
survival (Attal, Harousseau et al. 1996A decade later sawhe introductionof highly
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active agentsncluding Thalidomide and bortezomitid not target DNA damagend
subsequently, imomodulatory drugs (IMiDs) and proteasome inhibitors. The
combinations of these novel agents re=siiiin positive responsedo treatmentin the
majority of myelomapatients and are now routinely used for the treatnoérmewly
diagnosed myeloma followed by stem cell transpid@monial and Boise 20)3 Bone
disease is managed with a combination of bisphosphonate therapy, localized radiation,
(for control of bone pain, treatment of impending fractures or solitary plasmacytomas)
and kyphoplaty, vertebroplasty, or surge(flameed, Brady et al. 20L4raken together,

the overd survival of myeloma patients has improwetith 20-30% of patients surviving

for >10 yeargBoise, Kaufman et al. 2014

Bisphosphonatespotent inhibitors of bone resorptiosurrently reman the standard
therapy of MMrelated bone diseasBisphosphonateslow theprogression of lytidoone
disease, preventinthe developmat of new pathologic fractureand improvng bone
pain. (Zhang, Chang et al. 201Zerpos, Roodman et al. 2013 here is alscsomein-
vitro evidence to suggesitat bisphosphonatesvea direct antmyeloma effec{Avcu,
Ural et al. 200h However, there are now thought to t@mplications associated with
bisphosphonate therapy associated wikeonecrosis of the jaw (ONJ), with reports of
1.6i 11% ofmyelomapatients developing ON{Van den Wyngaert, Huizing et al. 2007
Importantly,bisphosphonatesannot restore bone formation agtic lesions do not heal
even in patients in prolonged remission. These evidence highlidhe need forhe
development of anabolic agentghich could potentially reverse osteolytic bone disease
and reverse the loss of skeletal integray sites of previous bone destructionMM
patientgHameed, Bradgt al. 2014

1.2Boneremodelling

The skeleton is a sophisticated metabolically active structure that functions to protect
major organs, supports locomotion and stature and is involved in maintaining plasma
calcium homeostasi¢Crockett, Rogers et al. 20Ll1Bone is composed of various
components including minerals (most of which are calcium), phosphates, proteins and
bone cellgStrewler 2001 The cells of the bone are osteoclasts (OC), osteoblasts (OB)

and osteocyteOC are giant multinucleated cells often containing between two and ten
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nuclei and are responsible for the removal of bone through the process of bone resorption.
These cells are mobile and morphologically structured to maintain optimal contact with

t h e bhoneraligdssurface. OC precursors have a haemopoietic origiar@nderived

from monocytemacrophage lineage. OC progenitor cells are recruited from
haemabpoietic compartments and proliferate and differentiate into mature OC cells
(Vinholes, Coleman et al. 1996

OB cellsare responsible for bone formation aratmally attach to the surface of bone in

a monolayer(Vinholes, Coleman et al. 19960B cells are derivedrédm mesenchymal

stem cells (MS{, which undergo diffrentiation to become pusteoblasts. The pre
osteoblasts further differentiate to become matrix synthesisingv/@Boles, Coleman et

al. 1996. OB are locatd on a narrow area of newly produced organic matrix known as an
osteoid seam and regulate formation ofcaitified matrix (osteoid)Osteoid mainly
comprisestype | collagen, and subsequently mineralises to become {arsenty,
Kronenberg et al. 2009 The basophilic ytoplasm of OB cellsproduce alkaline
phosphatase (ALP), an enzyme involved in bone mineralization, and hormones that target
the bone itsel{Ducy, Schinke et al. 2000In addition, OB produce both type | collagens

and noncollagenousproteins (Vinholes, Coleman et al. 19p6ncluding osteopontin,
osteonectin, osteocalcin, fibronectin, decorin, bone sialoprotein (BSP) and traces of others
(Strewler 2001 Following active bone formation, some OB cells becambedded

within the bone matrix where they difentiate into osteocytes.

In order to maintain its multitude of functions during veratbrlife, bone is under
continual adptation. These adaptationsragulated through the two distinct mechanisms

of bone modelling and remodelling. Bone modelling involves the coordinated yet
independent processes of bone formation and bone removal atediffanatomical
locations(Raggatt and Partridge 201@nce bone becomes mature, it is continuously
renewed to ensure microfractures are repaired and calcium homeostasis is ndaintaine
though the remodelling process. The tightly regulated process of remodelling involves the
removal and replacement of measurable bone packets (bone structural units) at the same
anatomical location consistent with an activation, resorption and formataer of
activity (Robling, Castillo et al. 2006 The process of bone remodelling involves
resorption by OC and is followed by matrix formation via OB activiigyre 1.1) (Feng

and McDonald 2010 The molecular mechanisms and cellular activity involved in
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remodelling are closely codrdhited which ensures thathe bone resorptieformation
sequence is carried out at a mutual location thus sustaining bone(Reaggtt and
Partridge 201
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Precursor 7 ~" Precursor
) o
Pre-osteoclast G) 8\ b reoblast
/@ . Pre-osteoblas
@ (0\} \0' / '8\ |

Mature Osteoclast l

Figure 1.1- Bone remodelling: Mature osteoclasts (OC) are recruited to the bone t:
site. Mature OC originates from haemopoietic precursor cells, which differential
pre-OC and then furthedifferentiate into mature OC. Mature OC remove bone di
bone resorption phase of bone remodelling. Once the resorption process is comp
undergo apoptosis and mature osteoblast (OB) cells are recruited to the site. Ma:
originate from Mesertymal Stem Cells (MSC), that undergo differentiation to be
pre-osteoblasts, and subsequently matrix synthesising OB responsible for bone fc
(Vinholes,Coleman et al. 1996
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1.2.1 Regulation of bone resorption

The remodelling processccursin different partsand at different times of the skeleton
asynchronously, highlightinthe importance of locally generated and regulated factors in
ensuringeffective communication mechasms betweenthe cells involved (Henriksen,
Karsdal et al. 2014 Osteoclastogenesis is predominantly regulatethbyexpression of
cytokines which are produced by MSGnd their derivative OB in response to {ro
resorption stimuli, and regulate OC formation, activation, and fun¢Wfaananen, Zhao
et al. 2000. The role of the cytokinemacrophage colongtimulating factor (MCSF)in
osteoclastic activity has been demonstrated using mice deficient-@GS® which
develop osteopetrosis characterised by significant reduction in OC nuifdeaka,
Takahashi et al. 1993M-CSF functions through interaction with its receptor colony
stimulating factor 1 (¢dms) located on the OClhe c-fms is atransmembrangyrosine
kinae receptor that activategrosine kinase (Src). Bothfms and Src are required for
osteoclastogenesis and the differentiation of OC preculga@schlimann andevans
20049.

The recognition of the RANKIRANK/OPG system in bone biology first brought to light

in 1997 in a paper by Simonet al(Simonet, Lacey et al. 9). Receqor activator of
nuclear factotkappa B(RANK) also referred to as TRANCE Receptor, is a Type |
membrane protein expressed on OC, which is activated upon adhesion to its ligand
receptor activator of nuclear factkappa B ligandRANKL). RANKL is a member of
Tumour Necrosis Factor (TNF) family and is a key cytokine that operates as a system to
maintain the bone resorption and bone formation cycle, ultimately sustaining skeletal
integrity. RANKL couples to the soluble decoy receptsteoprotegém (OPG) expressed

on OB progenitor cells and MSMPG competes with RANK for RANKL binding.
RANKL-RANK interaction promotes differentiation of monocytic precursor cells to

octeoclastic lineag@ohli and Kohli 201).

Studies demonstrate osteotropic factors and hormones such as BZH,
Dihydroxyvitamin D3 (1,25(OHPp3), interleukinll (IL-11), interleukinlb (IL-16 )
TNF-Uor prostaglandin HPgE) promote RANKL expression in OB/stromal cells. Also
PgE has shown to suppress OPG expression, wheoeasrogensup-regulate its
expression(Hofbauer, Khosla et al. 20R0Cytokines 1l-:11 and leukaemia inhibiting
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factor (LIF) have also shown evidence of stimulating bone resorption through induction

of OC differentiation(Girasole, Passeri et al. 1994n-vitro studies have shown that

other cytokines such as interlewdn(IL-4) and interferorgamma (IFNo ) I nhi bit ocC
differentiation.Tr ansf or mi ng gr-mwthad axztmor & ddmgl i cat
it suppresses the proliferation of OC precursors and bone resofpibarx and Orcel

2000.

1.22 Regulation of Bone Formation

Bone formation isactivated through a series of complex cascadeshimg the
proliferation of MSCand formation of matrix that subsequgnbecomes mineralised.
When bone resorption is terminated, bone formation is activated in the resorption lacunae,
mediated by local factors produced during the resorption mechanism. The release of local
factors by bone during resorption results in thehition of OC function, coupled with
induction of OB activity. The OC release factors that have inhibitory effects, thus
enhancing OB function. On completion of the @@duced resorption cycle, the OC
produce proteins that are substrates for OB adhesmewvitro studies show resorbing
bone produce chematiic factors for OBlike cells (Suda, Takahashi et al, 1999B
proliferation is activated following the formation process. Although the exact mechanism
is unknown, growth factors and proteinases inclgdiGFRb , i -ike grdwth factorI

(IGF-I), IGF-II and plasminogen activators, have been implicated in OB proliferation.
Other autocrine and paracrine presenting factors that stimulate OB proliferation and are
sequestrated in bone matrix include fidesh growth factors (FGF) and platetigrived

growth factor (PDGF)In-vitro, these growth factors appear to prevent OB apoptosis
(Suda, Takahashi et al. 19%®aggatt and Partridge 2010

10|



1.2.3 The Role of Wnts in Osteoblast Differentiation

An important pathway implicated iroptnatal bone formation is tharmwnical Wingles

type (Wnt) signalling pathwayComponerd of the Wnt pathway have been shown to
effect OB proliferation, function and survival. Members of the Wnt protein family are a
large group of soluble glycoproteins formed from a combination of two homologous
genes: the wingless (Wg) gene and the Int géhe. Wg gene was initially identified
owing to arecessive mutation in Drosophila melanogaster causing defects in the wing and
haltere(Sharma and Chopra 1976'he Int genes were established as vertebrate genes
located close to sites of mouse mammary tumour virus (MMRY$ewijk, Schermann

et al. 1987 resulting in overproduction of a Wnt gen@susse 200BThe Wnts are
secreted glycopteins involved in a range of biological processes including
embryogenesis, organogeneg¥avropoulou and Yovos 2007and tumour formation.
The central roleof the Wnts in OB development is well documented. The Wnts initiate
cell signalling by interacting with receptor complexes consisting of-demsity
lipoprotein receptdrelated protein 5/6 (LRP5/6) and frizzled (Fz}p@teincoupled
receptor(Zhong, ZylstraDiegel et al. 2012 As a result, molecular groups are formed,
stimulating nuclear production of transcription factors via activation of various
intracellular signalling cascadegKikuchi 2003. The mutationof LRP5 can lead to
osteoporosipseudoglioma syndromehaacterised by childhood onset of osteoporosis
and loss of visior{Gong, Slee et al. 20D1Alternatively, there aregain of Wnt function
mutatiors such as G171V in LR5 which leadto increased bone ma@sttle, Reckeret

al. 2003.

The canocnical Wnt signalling involves stabalisationbafatenin(Figure 1.2), which

aids transcription of genes controlled by lymphoid enhabreting factor 1/T ceil

specific transcription factor (LEF/TCF) enhanc@rens, Wilsonet al. 2005. There is

evidence that Wntb-catenin signalling is a physiological response to mechanical loading
(Robinson, ChatterjeKishore et al. 2006and is involved in the repair @Wone fractures

(Chen, Whetstone et al. 2007Adhesion of Wnt glycoproteins to Frizzled/LRP 5/6
complex stimulates phosphorylation of Dishevel|Bdh) and LRP 5/6Dsh and LRP 5/6

bind to Axin and prevent act i v arnsistiogof o f a
adenomatous polyposis coli protein (APC), glycogen synthase Kinase (-&8®8 K and
serine/threonine kinase (BBKLCK1o c¢ompbexj o
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b-c at e ni 4tatehimis fsee to franslocate to the nucleus and interact withTICH-/
transcription factors to stimulate specific gene transcripfidestendorf, Kahler et al.
2004).

Extracellular Wnt antagonists are produced naturally amgbair OB function,
suppressing bone formation. The soluble Wnt antagonist family members are sub
categorised into the secreted Frizztethted proteins (SFRPs) and the dickkopfs (Dkks),
each group specific in its Winglated function. sFRPs directly adbdo Wnt to block
receptor binding, whereas Dkks inhibit Wnt receptor complex activity via adhesion to the
Wnt coreceptors LRP5/@Pearse 2006
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Figure 1.2- The proposed mechnism of the @nonical Wnt signalling pathway.
Axin and DSHare key proteins that bind to Wnt receptor complexes and result i
i nhibition of the O6destr ucAPC/EHMD/ GQH-Lk
catenin is stabilised in the cytoplasm and translocates into the nucleus, wh
interacts with LEF/ TCF transcripti-c
catenin is phosphorylated by the APC/Axin/lGBKR and subsequ:
the proteasome where it is degraded. Soluble Wnt antaganists as Dkk1l anc
SFRPsblock the interaction between Wnt ligands and their receptors suppre
osteoblast differentiation

13|



1.2.4The Role of BMPs in Osteoblast differentiation

As an extensive subgroup of the T6F f ami | y, the bone morphoger
play an important role in embryogenesis by targeting the genes involved. Originally
associated with bone formation by Wozretyal (Wozney, Roseet al. 1988, the BMPs

are now known to bexhibit a broadspectra of biological activés in various tissues,
includingblood vessels, heart, kidneyurons, liver, lung cartilage and baiviyazono,

Kamiya et al. 2010Chen, Deng et al. 20).2Furthermoreafter birth,BMPsregulate the
pathophysiology of several diseases including osteoporasilritis renal diseases

pulmonary hypertensioand cancer(Walsh, Godson et al. 2010

Once TGFb i s released from the bone foll owing
precursors, OB cells undergo proliferation. As TGF e xirp ie Isrief, proliferating cells

differentiate and then express BMPs. BMPs are produced in the bone marrow (BM) and

adhere to their corresponding receptors, which in turn results in the production of the
transcription factor Rupntelated transcription faor 2 (Runx2) also referred to as core

binding factorl (Cbfal) Runx2/Cbfal is expressed on OPG cells and plays an essential

role in the differentiation of OB cells from stromal cells of the BM,MBC of the

connective tissue. Of the 16 BMPs identifigdlyiP2 through to BMP7 and BMP9

primarily mediate MSC differentiation into O®hen, Deng et al. 20)2

BMP signalling occurs throdgactivation of Smad proteingigure 1.3). Extracellular

BMPs bind to type | and type Il ligargpecific receptors. BMPs bind with a stronger
affinity to type | and type Il receptor heteromeric complexes. Upon binding of the BMP
to a receptor heteromeric complex, the type | receptor becomes phosphorylated by the
constitutively active serine/threonine kinase of the type Il receptor. The Smad progeins a
downstream intracellular messengers and are subdivided into repegl@ted Smads
(R-Smads), the common mediator SmadSi@ad) and the inhibitory SmadsS§imads).
Smadl, 5 and 8 are-8mads, which are phosphorylated by activated receptor complexes
and are ligand specific. Smad4 is theStnad and forms a complex with theSfads

once they have been activated by the type | receptor. The Smad complex translocates to
the nucleus where it binds directly or indirectly (through BMRding partners) to
specifc promoters sequences within BMP target genes and regulates gene transcription

(varga and Wrana 2005Although the mechanism by which the BMPs target genes is
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not entirely understood, the Indian hedgehog (lhh) gene has been identified as a BMP
signalling target. Evidence of PTH and PTHLH regulation mediated througtwitibh

in turn maintains chondrocyte hypertrophy, has been determined in past 6Badiesnd

Hata 2004.

In addition to theexpression otissuespecific BMP molecules andheir associatedell
surface receptors, BMP sigtiah is also tightly regulated by a family of soluble,
extracellular secreted BMP antagonisihe relationship between BMP and their
antagonistscontrols a variety ofcellular processesncluding establishment of #h
embryonic dorsé@lentral axis, formation of neural tissue, developn@njoints in the
skeletal systemand brain neurogenesisBMP antagonists function through direct
interactionwith BMP molecules an@re characterized by thebility to block the action
of BMPs through direct bindingtopping theBMPs from binding theirreceptor{Walsh,
Godson et al. 20)0BMP antagonists are charactedsby their ability toprohibit BMP
signalling and include theCerberus and DANCAN) family of proteinsthat include
Cerberusand Gremlin (Pearce, Penny et al. 1998eung, Gossan et al. 201 4Twisted
gastrulation, Chordin and Crossveinl¢@glgeschlager, Larrain et al. 2Q@®®»rsman, Ng
et al. 2013 and Noggin (Tylzanowski, Mebis et al. 2006 Uterine sensitiation
associated genk (USAG1) (Kiso, Takahashi et al. 20)4nd Sclerostinare also more
recently characterise®@MP antagonists expressed in the kidneys and bones, respectively
(Kiso et al. 2014Krause et al. 201QbThe timing and concentration of BMé&hd their
antagorstsis essentiato normal developmental processkkdifications tothe levels of
BMP and BMP-antagonist camesult indeformities inbone, limb and kidney formation,
highlighting their role in theprogression of human disess including cancefWalsh,
Godson et al. 2020
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Figure 1.3 - BMP-dependent Smad phosphorylation: BMP ligands bind tathe
BMP heterotetrameric receptor complexes activating signalling through typ
receptormediated phosphorylation of the type | receptor on the GS domain.
inducesphosphorylation of regulatormad1,5&8. The ceSmad4 forms a new
complex with thgphosphorylatedSmadl,5&8 proteins. This newly formedpmad
1,5&8/Smad4 complex translocates into the nucleus where it binds to transcrij
factors/enhancers and regulates gene expression necessary for the differentic
osteoblasts. BMP signallings both extracellularly modulated (e.g., Noggi
SOSTDC1, Gremlin) and intracellularly modulated (e$nad).
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1.3 Dysfunction of bone remodellingin MM: Cellular and molecular mechanisms

Reduced formation of bone resorbing or forming cells, an increase in resogsti
formation activity and abnormal mineral crystal formation, are all characteristic of
di sruptions in bone remodelling, which i ne
osteoporosigRussell, Mueller et al. 2001 The osteolytic and osteoblastic features of
these diseases are characteristic of secondary tumours within the skeleton. Metastasis of
the bone is the third most prevalent form of metastasieadie and most commonly results

from tumours within the breast, prostate, thyroid, lung, bladder, kidney and@Wing

and Massague 2008MM differs to bone disease occurring in other cancers, as the
resorption of bone is not followed by further formation, &8 activationis reduced
Histomorphometric analysis of bone fromtients with advanced MM shows a lack of

bone formation within lesions, coupled by an increase in OC number at resorption sites.
In addition, levels of bone resorption markers, including carbtyhinal telopeptide of

type | collagen and tartratesistat acid phosphatase are elevat@dodman 2000

The OC and OB activity that occurs during infiltration of MM through the marrow does
not follow through when thelisease advances. The coupling interaction between up
regulated osteoblastic activity and increased bone resorption was initially reported in
1991 by Batailleet al. They showed that this interaction occurs during early stages of
MM, secondary to MGUS, ah osteolytic disease does not develop in patients that
maintained increased OB activit{Bataille, Chappard et al. 1991Based on the
observations that there is increased osteoclastic bone resorption coupled with decreased
osteoblastic bone formation in myeloma bone diseasearch has focused on OC and,

more latterlyOB activity.

As reviewed by Fowler and Edwards et abrsnrecent research in MM bone disease has
targeted the influence of other BM cell types, including immune del&C and bone

marrow stromal cells (BSC) to determine potential therapeutic targéiowler,

Edwards et al. 201 The Osl@dt medr ys of iPagettoutlideslsher i bed
mechanisms existing between cancer cells and the bone microenvironment, where bone is
the preferable soil in which cancer cells are seeded and go on to flourish. Growth factors
within mineralized bone matriare activated in the local microenvironment. Their release

stimulates the physiological mechanisms between OC an@@@0Be and Mundy 1998
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In MM these mechanisms are disrupted, leading to aggressive bone disease in

approximately 80% of patien{§¥'accoby 201

1.3.1Dysfunction of bone resorption in MM

Generation of OC activating factors by myeloma cells or the BM micrmemaent can
potentially result in the excessive bone resorption activity observed inTWb&e factors
function through mutual regulatory pathway involving RANKL/RAN{Roux and
Mariette 2004 Myeloma cells may express RANKL, while OPG binds both surface and
soluble RANKL inhibiting OC development and bone resorptioroubé 5T33MM
myeloma modehas been utilised to determine Olpt&diated changasa thelocal bone
microenvironment and their effectnotumour activity/progressiofVanderkerken, De
Leenheer et al. 2003Inhibition of the RANK/RANKL-OPG interaction inteeres with

the progression of myeloma within bone and may reduce tumour growth and increase

patient life sparfRoux and Mariette 2004

Myeloma cells bind to BISC via coupling of vascular cell adhesion moleell&/CAM-

1) expressed on stromal&ll and t he U 4-bldcatédron tkegsurface of WIM A
cells. The interaction between MM cells anM8C stimulates production of RANKL,

OC activating function (OAF) cytokine activity and-®SF and at the same time inhibits
OPG production(Pearse 2006 Therefore the role of RANKL in MM has mainly been
researched on OPG, peptidominetics, -&ANKL antibodies and soluble receptor
constructs as targegBuckle, NevilleWebbe et al. 20)0RANKL/RANK deficient mice

and those with oveexpression of OPG present a reduction in OC activity resulting in
ostopetrosis, abnormal increased hardening of éime${Dougall, Glaccum et al. 1999

OPG deficiency and excessive RANKL activity in mice has been linked to osteoporosis,
although the mechanisms responsible ao¢ clear (Mizuno, Amizuka et al. 1998
Evidence indicates that the crucial events in osteoclastic resorption in MM not only occur
due to deregulation of the RANL/OPG coupling(Brounais, Ruiz et al. 2008but also
through the variosi cytokines with OAF activity produced by MM cells and cells of the
microenvironment. The OAFs that primarily mediate osteoclastogeaesiTNF, kL1,

IL-6 and specific chemokines including macrophage inflammatory prbtéin (-IMU )P,
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macrophage inflammatory proteinb (-BM)l Pand st r omallU d<4%DiFved
(Roodman 2004

Production of MIP1 Uhepatocyte growth factors (HGFs)p-regulate OC precursor
proliferation and differentiation(Terpos and Dimopoulos 2005HGF and the HGF
receptor(c-met) are found on myeloma cells and promote OC activation, epithelial cell
proliferation and angiogenesis. HGF increased1lexpression on Odike cells and both

IL-1 and TGFb 1 di s r acpvity onl (B-E1 (Seidel, Lenhoff et al. 2002 The
cytokine VEGF is expressed on myeloma cells and increases osteoclastic bone resorption
and survival, as it dres to its OC receptor VEGFR Studies have shown that in-M

CSF deficient mice, VEGFR is expressed as a substitute for OC recruitment. In addition,
the cells increase 16 expression from stromal cells in response to the increased levels of
VEGF (Dankbar, Padro et al. 2000
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Figure 1.47 Myeloma vicious cycle:MM cells interact with OB precursors induc
RANKL, OAF and MCSF. Tumowderived osteoclast activatinigctors upregulate O
precursor differentiation and osteoclastic resorption. Turbenived osteobla
supressing factor inhibit OB differentiation . RANKL/OPG ratio favours RA
promoting OC activity.
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1.3.2Dysfunction of Bone Formation in MM

Based on the literature, it can be deduced that our understanding oppression of

bone formation in myeloma disease is poor. Recently, animal models have been used to
further investigate the pathways and molecules involved in the mechanisms responsible
for the suppression of bone formation. Although a number of molecules leen
implicated in these mechanisms, there is a lack of functional data supporting an
underlying role. In myeloma patients, abnormalities in osteoprogenitors and the
production of OB inhibitors by both myeloma cells and myelomatous bone
microenvironmentells results in a reduction in osteoblastogenesis. In MM the osteolytic
lesions arise in close proximity to the tumour, indicating that in addition to the soluble
factors that regulate osteoblastogenesis suppression, the close contact between myeloma
cells andMSC also influence bone remodellifgaccoby 201D

The importance of the transcription factor RUNX2/Cbfal, in the formation and
differentiation osteoblastic cells has to date been established. RUNX2 interacts with other
transcription factors including osterix, to activate thendo formation process. The
activation of Runx2/Cbfal in humarMBC and osteoblastic cells induces the expression

of the OB markers collagen I, ALP, and osteocalcin duringd®®rentiation(Giuliani,

Rizzoli et al. 2008 The paential involvement of Runx2/Cbfahediated transcription in
MM-induced OB inhibition hagreviouslybeen reportedGiuliani, Colla et al. 2006
Giuliani et alshowed that blocking Runx2/Cbfal activity in human osteoprogenitors in
myelomaosteoprogenitor ceoultures resulted in myeloriaduced inhibition of OB
differentiation in longterm bone marrow culture determined by a decrease in ALP,

osteocalcin, and coligen I(Giuliani, Colla et al. 2006

The concept that myelo@B cell contact induces a detrimental effect on the
differentiation of OB has been demonstratediuliani et al findings showing that when
stimulated by myeloma celldSC reduced expression of Runx2 through cell surface
molecules VLA4 and VCAML1. Their data strongly suggests that the effect of myeloma
cells on Runx2/Cbfal activity is primarily mated by ceHto-cell contact between
myeloma and osteoprogenitor cells (Giuliani, Colla et al. 2005). It has previously been
reported that direct contact between human myeloma antik®Rells resuls in the
inhibition of osteocalcimproductionin OB-like cells (Barille, Collette et al. 1995 In

20|



addition, other adhesion molecules appear to be involved in the inhibition of
osteoblastogenesis by human myeloma cells. For example, Neural Cell Adhesion
Molecule (NCAM)}NCAM interactions between myeloma and -G cells decreased
osteoid and bone matrix production by osteoblastic e¢eHdtro (Griffiths and Ling

1991). Based on these reports, regardless of the molecular interaction, it appédr

that myelomaOB interaction is linked to the development of osteolytic bone disease in

myeloma.

There is mounting evidence indicating OB differentiation is inhibited by factors secreted
by myeloma cells including Whrgignalling inhibitor Dkk1 (Tian, Zhan et al. 2003
sFRR2 (Oshima, Abe et al. 2005IL-7 (Standal, Abildgaard et al. 200and HGF(Lee,
Chung et al. 2004and by micrenvironmental cells within myelomatous bone (e.g3)L
(Ehrlich, Chung et al. 2005In the past decade, extensive research on myejwothuced
soluble inhibitos of Wnt ligands has been carried out. Data implicates the critical
inhibitory role of Wnt in MM bone disease. These implications have been strengthened
by in-vitro studies that determine the impact of Wnt in the formation of 0ia@, Zhan

et al. 20030shima, Abe et al. 2005

The relationship betwedbdkk1 and inhibition of OB activity has been establishe@nBt

al analysed ALP activity of C2C1RISC treated with BMP2 in human MM patient
samples with higlDkk1 levels. The findings determined the inhibitory function of the
patients BM plasma and recombinant huridk1 on the cells ALP activityTian, Zhan

et al. 2003 More recentin-vivo studies using 5T2MM murine myeloma model in the
investigation ofDkk1 inhibitory effects on osteolytic lesions, show that adminisinatf
5T2MM cells into C5BL/KaLwRjj mice leads to osteolytic bone lesion formation
consistent with increased OC number, decreased OB numbers and reduced bone
mineralisation. Although no effect was seen on OC number, treatment of 5T2MM cell
with antiDkk1 antibody increased both mineralised surface by 28% and rate of bone
formation by 25%(Heath, Chantry et al. 20R9These findings are consistent with the
earlier stdlies by Tianet al using neutralising antbkkl antibodies on BM plasma in
C2C12 cellgTian, Zhan et al. 20Q3in that suppressinDkk1 promotes bone formation

ard is therefore an effective therapeutic target for preventing development of myeloma
induced osteolytic bone disegsteath, Chantry et al. 2009
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Other Wnt ardgonists including sFRP and sFRFB have been identified during MM
related transcript screening. Although analysis of MM cell lines and primary samples
showed evidence of SFRPexpression, the link between sFRRnd MM has yet to be
establishedPearse 2006 In-vitro studies by Oshima&t al on MC3T3E1 and human
BM-derivedMSC, suggest that recombinant mouse S2&ZRR the presence of BMP,
inhibits ALP activity and mineralisation. Sirail to Dkkl, antisFRR2 antibodies
expressed neutralising effects on the myeloma ¢@l&hima, Abe et al. 2005 Taking

into consideration the role of Wnts irsteoblastic activity, Wnt antagonists may be
responsible for the mechanism in which MM affects OB and OC fun{Btass, Bialek

et al. 2005Holmen, Zylstra et al. 2005

As themost abundant cell in theone, we have extensive knowledge of tin@ogy of
osteocyte (Bonewald 2011l However, the contribution ofosteocyte cellsto MM
development and progressionkane remains unclea@steocytes produce molecules that
modulatebone formabn and resorptiofXiong, Onal et al. 2011 Receniy, the Giuliani
group showed thathe osteocytedife spanis compromised ifMM patients with bone
lesions (Giuliani, Ferretti et al. 2002 They also showed thaiM cells affect the
osteocytdranscriptional profilestesulting in the upregulation of RANKL aridcreasingy
osteoclastogenesis.atents with activeMM also have increasetévels of osteocyte
producedcirculatingsclerostin, a potent inhibitor of bone formati@runeti, Oranger et
al. 201). Therefore, nderstanding theole of osteocytesn mechanismsssociated with
MM bone diseaseould provide important new therapeutic stratedileat target MM -

osteocyte interaction®elgadeCalle, Bellido et al. 2014
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1.3.3 MM Models

The development oéffective MM drug therapyis required for the development of
biological systemdor preclinical evaluation of potential therapeutic molecules and for
better understanding of the diseab#tgiades, Anderson et al. 2007). Most established
human myeloma cell lineHMCL) are derived from the advanced or extramedullary
phases of MM and are obtained from BM, peripheral blood, ascites or pleural effusion.
HMCL have revealed many of the molecular and biological aspects of myeloma including
the complicated cytokine netwoinfluencing angiogenesis and the growth of plasma
cells (Moreaux, Klein et al. 2011). RPMI 8266 ane2§6 were the first MM cell lines
which were established in the in the 1960s (Matsuoka, Moore et al. 1967; Nilsson,
Bennich et al. 1970). In the followgntwenty years, an estimated 112 MM cell lihese

been described since in the literatdee availability of the HMCLhasalso meant that the
function of the target genes of chromosomal translocations and the activity of novel
candidate therapeutic agertan be investigated (Seidl et al., 2003; Bergsagel and Kuehl,
2005). However, the establishment of HMCL are rare and samples are usually derived
from patients who have erslage disease. This means that the cells retain oncogenic
abnormalities found athé time ofisolation and areonly partially reflective of the
heterogeneity found in MM patients (Chiron, Surget et al. 2012). In addition, the clinical,
immunophenotypic, cytogenetic and cell culture features of the majority of these HMCL
are either pardlly characterized or, in some cases, have not been described at all (Drexler
and Matsuo 2000).

An animal model that accurately reflects human myeloma and takes into account the
protective nature of BMSC would be powerful defining the efficacy of thenaeutic
agentsin-vivo, and accelerate the drug development process. A number of different
animal models are currently used to study myeloma, and these include the severe
combined immunodeficiency (SCliu/rab xenograft model and the Radl 5TMM
models (Fryg Graham et al. 2013). Several mousedels of MM bone disease have
been developed exhibiting OB suppression (Hjbtdmsen, Seifert et al. 1999;
Vanderkerken, Asosingh et al. 2003; Epstein and Yaccoby 2005). Recently Italian
scientists Pierfrancesco Tasg and bioengineer Filippo Causa devisieel Xenograft

model using HMCL (Calimeri, Battista et al. 20ihlwhich, small cylindrical plastic

scaffoldings punctured with pores are used as a substitute for human bone. The purified
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MM cells (CD138+) from humanBM aspirates are injected into the artificial bone
scaffolds and the whole structure implanted under the skin of imghefi@ent mice.
Once the human MM cells start interacting with the artificial bone, it is possible to study
the interaction between tihéM cells and BM (DeWeerdt 2011).

The 5T series are another MM mouse model in which the MM cells can be transferred
between syngeneimouse modelsin the Radl 5T murine model, young mice are injected
with myeloma cells, which originated spontaneously iaged C57BL/KaLwRij mice.
Originally, the well characterised 5T2MM and the 5T33MM cell lines derived from these
elderly C57BL/KaLwRij mice where used to study the mechanisms associated with
myeloma ceHBM homing, myeloma tumour interaction with the boneménvironment

and to assess novel aMiM therapies (Radl, De Glopper et al. 1979; Radl, Croese et al.
1988). Both the 5T2MM and 5T33MM models were characterised by the MM cell
infiltration restricted to the BM and spleen. The main difference betwedwthmodels

was that only the 5T2MM cells caused the osteolytic disease observed in thmiwsy

of patients with MM. In a further development of the modelyitro sub-clones of the
5T33MM model were established, and subsequently named the 5T33kihdthe
5TGM1MM cells. It wasfound that mice intravenously injectedith 5STGM1MM cells
developed MMdiseasgqAsosingh, Radl et al. 2000). The 5TGM1 cells have since also
been labelled with green fluorescent protein (GFP) and luciferase-foro imaging in

MM studies. Despite the advantages of the syngeneic 5TMM models, one major
limitation is their dependency on the specific C57BL/KaLwRij mouse strain
(Vanderkerken, Asosingh et al. 2003). Both the Xenograft and 5T series models show
suppression of OB actityi and bone formation, coupled with OC activation in the MM
infiltrated BM. These model®iave beenimportant in determining which molecules
modulate bone lesion formation, induced by MM, and in helping to evaluate novel
therapeutic approaches aimed at rewg osteolytic bone disease in MM patients.
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1.4 The role of novel SOSTDCL1 in Wnt and BMP signalling in osteoblasts

Sclerostin domain containing 1 (SOSTDC1) is also known as SOSTL (Scldis}in

due to its homology with the SOST gefBrunkow, Gardner et al. 20R1Expression of
SOSTDC1 also referred to as uterine sensitisata@sociated genk (USAG-1), Ectodin

and Wise in the literaturenas been @monstrated in various tissues including surface
ectoderm of the posterior axis, branchial arches, hair follicles, rat endometrium, vibrissae,
mammalian tooth cusps, developing testis, interdigital tissues and the kidmn&gsn,
Guidato et al. 2009 SOSTDC1was originally isolated as a secreted molecule by a
functional screen of chick cDNA library of embryonic cells. SOSTDCL1 (referred to as
Wise in this studykgltered the anterposterior character of neutralised Xenopus animal
caps, stimulating Wnt signallin@tasaki, Jones et al. 2003n other studies, SOSTDC1

was isolated from a functional screen of specifically expressed rat endometrium genes
sensitised to implantation, and named USAGSimmons and Kennedy 2002The
protein was again identified, this time called ectodin, as a mouse and human cDNA
encoding antagonist of BMP for mouse -psteoblastic MC3T-E1 cells (Laurikkala,
Kassai et al. 2003

Within the literature reports suggesthat SOSTDC1 and its orthologs modulate Wnt
signalling and inhibit BMP activity. Data implicates that SOSTB&it signalling is
regulated via interactions with Wnt -teceptor LRP6 and S&XDC1 induced BMP
inhibition is regulated via adhesion to BMP ligar{@isitern, Guidato et al. 2009The
SOSTDC1 protein is very likely structured to form aethtooped cystine kngAvsian
Kretchmer and Hsueh 20p4nd binds to RP5/6 through one of these loops. SOSTDC1
deletion construct lacking this loop domain, still bind BMP4 and inhibit BMP signals.
BMP4 does not disrupt SOSTDERP6 interaction, implicating separate domains for
binding. The information that we now have idat®n to the interactions of SOSTDC1
with the BMP family members, LRP6 and its molecular characteristics, has given some
perspective into the proteins©6 mhterrn, funct: i
Guidato et al. 2009

There is evidence of SOSTDCL1 inhibitory effect on BMP in the dental ectoderm, where
SOSTDC1 expression is seen to suppress BMP2 and BMP7 activity. Mice deficient in
SOSTDC1 (referredo USAG1 in this study) display altered tooth morphology and
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increased tooth growtfLaurikkala, Kassai et al. 20R3In other studies, SOSTDCL1 is
seen tomhibit BMP2,-4, or-7 induced bone differentiation in a mouse myeoblast cell
line (C2C12)(Yanagita, Oka et al. 2004 More recent research in tooth develeom)
demonstrates the importance of SOSTDC1 expression in mesenrepyimaial tooth
formation. Munneet al investigated SOSTDC1 induction of mouse incisors and
determined SOSTDC1 an antagonist of BMP signalling mesenchymal induced tooth
formation. Munneet al alsoshow that reductions in dental mesenchyme in SOSTDC
deficient incisors result in development of additiodal novoincisors resembling those
that develop from activated Wnt signalling. In this study the inhibitory rolBkidl is
determined apreventing additional incisor development, thus implicating BMP and Wnt
signalling inhibition promotes the inhibitory function of tooth mesenchyManne,
Tummerset al. 2009 Munne, Felszeghy et al. 2010n a similar study by Ahret al,
SOSTDC1 is shown to suppress of tooth cells via inhibition of LRRGced Wnt
signalling. SOSTDC1 suppression-tggulateswnt signalling, consequently tooth buds
in toothless regions proliferate and result in tooth developrffdm, Sanderson et al.
2010.

| n Waoateinbmediated hair follicle regeneration, SOSTDCL1 is seen to express an
inhibitory role. SOSTDC1 is repressed by nuclear receptoeceptor Hairless (HR) in
progenitor keratinocytes consistent with the timing of follicle regenergBeaudoin,

Sisk et al. 200p Other data suggest SOSTDC1 function in the inhibition of Wnt
antagonists; Wntl, Wnt3a and Wnt({¥anagita, Oka et al. 2008eaudoin, Sisk et al.
2005. There is little data on the role of SOSTDC1asteoblastogensend bone disease.

In onerecent study oi€hinese women, a common variation in the SOSTDC1 gene was
associated with increased bone méds, Yue et al. 2001 In earlierin-vitro studies,
SOSTDC1 was seen to inhibit BMP24, or-7 induced bone differentiation in a mouse
myoblast cell line (C2C12)Yanagita, Oka et al. 2004Although this data isrhited, it

does provide a rational for studyitizge potential role of SOSTDC1 in thlysfunction of

osteoblastogenesis.

There is evidence of crosstalk between Wnt and BMP signalliMfSi@ (Bennett, Longo
et al. 200% and preosteoblast¢Bain, Muller et al. 2003Mbalaviele, Sheikh et al. 2005
Data has shown that the loss of BMRR results in increased levels of Wnt signalling in

OB cells, correlating to an increase in bone n{Esgniya, Ye et al. 2008 Findings from

26|



other studies suggest that BMP4/BMP6 and Wnt1/3 regulate OB differentiation through a
GS Kdke p e n d e-pateninmdependent mechanisfRukuda, Kkabu et al. 2010
Although this data is indicative of a dependency of the BMP and Wnt signalling in OB,
the underlying mechanisms are poorly understood. The role of SOSTDC1 iBMMt
dependent signalling has not bemportedin OB differentiation. Uderstanding the
molecular mechanisms associated with SOSTD@#ulated WnBMP signalling
crosstalk in OBs a novel understanding whiclould produce new therapeutic targets in

osteolytic bone disease.

1.5SOSTDC1 expression in cancer: Could SOSTDCL1 ke a role in MM?

Although dataare limited, there is evidence that SOSTDC1 can regulate cell activity
through BMP and Wnt signalling pathways within cancer of the breast and Kiglinly,

Wang et al. 2008Clausen, Blish et al. 20L0Findings from numerous studies show that
both BMP and Wnt signalling are modulators of breast caddarmo, Rauta et al. 2006
Alarmo, Kuukasjarvi et al. 2007Studies by Clauseet alinto SOSTDCL1 secretion and
BMP/Wnt signalling in brest cancer cells, link decreased SOSTDC1 expression to
increased tumour size. Intriguingly, this group showed that SOSTDC1 modulated Wnt
and BMP signalling very selectively in that within breast tissue, SOSTDCL1 increased
Wnt3a signalling, reduced BMP7 sidirag and had no significant effect on BMP2
signalling (Clausen, Blish et al. 20).0This data suggests that SOSTDC1, through its
ability to regulate Wnt or/and BMP signalling, may contribute to the development of
breast cancer. Similarly, the function of SOSTDCL1 as a potential tumppressor has

also been implicated in Wilms paediatric renal tumour development. The gene encoding
SOSTDC1 is proven relevant to tumour activity consistent with evidence that the protein
is downregulated in adult renal cancer and regulates BMP and Wrdllgngnactivity
(Blish, Clausen et al. 2010

The evidence indicating that SOSTDC1 modulates tumourgenesis in breast and rental
cancer suggests that SOSTDCI1 Idoplay a similar role in other cancers. There is

currently no evidence to show that SOSTDC1 has any role in MM or bone disease
secondary to MM. As mentioned previously there are a few well characterised molecules

known to be involved in osteoblastic supggion secondary to MIgAlarmo, Rauta et al.
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20096 including Dkk1 which is perhaps the best characteri@@idzone, Hall et al. 2009

As mentioned previouslpverexpression oDkk1l has been associated with MM bone
disease and the use of abtkl neutralizing Ab has demonstrated a-prabolic effect
with associated antnyeloma activityin-vivo (Heath, Chantry et al. 2009Nevertheless,
data shows thdDkk1 is not detectable in all serum samples obtained from MM patients
(Tian, zhan et al. 2008 The Dkkl absence from MM clones that still expressed
morphological characteristics of OB dysfunction suggest other-rivediating factors
may exist{Pearse 2006

In thesearch to identify other molecules that that could have a potential causal role in the
suppression of osteoblastogenesis in MM, our group identi8€@ISTDC1 (data

unpublished), as a gene that was highly upregulated in the 5T2MM C5BL/KaLwRjj mice
comparedt o napve animals using Af FguedbA,i x Genet
***P<0.002). The expression c8OSTDC1lin 5T2MM compared to naive mice was
further confirmed wusing TaRguaenk BgEise expr e
compelling data coupled with repstighlighting the role of SOSTDC1 in Wnt and BMP

signalling modulation encouraged the rational that SOSTDC1 may have a key role in the
suppression of osteoblastogensis in MM. Targeting SOSTDC1 could be the ideal therapy

for the reversal of osteolytic bomksease in MM, specifically in cases where patients do

not exhibit elevated levels a@fkk1.
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1.6 Overall aims and objectives of the study

1.6.1 Aims

To date, there has been no evidence of work investigatingpldeot SOSTDC1 in the
suppression of bone formation in myeloma. Determining the effect of SOSTDC1 on OB
differentiation and proliferationn-vitro is key to understanding the role of this novel
protein in myelomanduced suppression of bone formation arthpps bone resorption.
Our recent data (unpublished) suggest a putative role for SOSTDC1 protein in Wnt
signalling modulation, resulting in suppression of bone formation. Following array
analysis and using experimental models of myeloma bone diseasajggestthat
SOSTDC1 may be a modulator of Wnt signalling in MM. The regulatory role of
SOSTDC1 has beemplied in BMP signalling in other tissug#®hn, Sanderson et .al
201Q Blish, Clausen et al. 201@lausen, Blish et al. 20),0and BMPs are known to
have a regulatory role in bone developm@hen, Deng et al. 20)1.2This provides the
rational for investigating the effect of SOSTDC1 on Wnt and BMP signalling in
differentiating OB cells at various stages cell development.

There have been recent reportsegfdence of WnRBMP crosstalk in pr@®steoblasts
providing some insight intohte role of other antagonists such as Sclerostinnaggin
(Itasaki and Hoppler 20)0The potential regulatory role of SOSTDC1 in \ABWIP
signalling in OB diffeentiation may be another target for osteolytic bone disease therapy
in myeloma. Interestingly, there is no data in the literature to suggest that either myeloma
cells, osteoblasts or cells in the BM actually express SOSTDC1. Here, | aim to determine
whettrer the 5TMM series of mouse myeloma models and differentiating OB progenitor
cells do produce SOSTDC1 boifvitro and in-vivo. In MM disease, there is a link
between increased suppression of osteoblastogenesis and m@Bomteraction(Chen,
Orlowski et al. 2011 In this study | wanted to further investigate a potential role for
SOSTDC1 in myelom®B interaction using am-vitro co-culture system. The overall

aim of this study is to provide insight into the molecumechanisms involved in
SOSTDC1regulated WnBMP signalling and establish the conditions required for

SOSTDC1 expression myeloma bone disease.
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1.62 Objectives

This study will address the hypotheses @OSTDC1 suppressesOB progenitor

differentiationd a n dnyeloma cells express SOSTDC1 and promoteCSTDC1

expr

ession in OB progenitorsao.

The hypotheses will be tested by addressing the following objectives:

To determinethe proliferation, differentiation and mineralisation profile of
murineOB progenitors in culture.

To determinethe effect of SOSTDC1 on Wnt and BMiRduced differentiation,
mineralisation and downstream intracellular signalling in differentia@ig)
progenitorgn-vitro.

To determine a modulatory role for SOSTDC1 in BMit signdling crosstalk
in differentiatingOB progenitorgn-vitro.

To determine whether the 5TMM series myeloma cells and differenti@ihg
progenitors produce SOSTD@#tvitro andin-vivo.

To determinethe optimal conditions under which SOSTDC1 in produced in
myeloma andB contact dependent microenvironment.
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Chapter 21 Materials and Methods
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All equipment, chemicals and solutions used in this research were assessed fondealth a
safety precautions (Control of Substances Hazardous to Health (COSHH). All appropriate
safety measures were used, including latex examination gloves amGhttalp coat
(Kimerley-Clarke).

2.1 Cell wilture

Cell Culture Equipment

[ITEM SUPPLIER
Haemocytometer- depth 0.1mm, 1/400mrh Hawksley

Cell culture flat bottom platesi 6, 12, 24, 48& 96 Corning® Costar®
NuncE cell <cultur e taps Nalgene, Nunc Ltd.
I T25cm3, T75cm3, T175cm3

BD Fal ceatrifufe tubei 15ml, 5aml Fisher Scientific
Cryovials, 1.5ml Nalgene, Nunc Ltd.
Bjoux tubes (5, 15, 15, 50ml) Starstedt
Eppendorph tubes (0.05 abd 1.5ml) Starstedt

Cell scrapers Nalgene, Nunc Ltd.
GPR centrifuge Beckman Coulter
Microcentrifuge IEC Micromase
Water bath Fisher Scientific
Vortex mixer VLP® Scientifica
Heater Thermomixer Comfort Eppendorf

Z?2 counter Bechman Coulter Inc.
Coulter Counter Beckman Coulter Inc.
Syringe filters, 25mm Acrodisc® Pall® Life Sciences
BD Sterifill SCFE syr i BDBiosciencs
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Cell Culture Reagents

ITEM SUPPLIER
Minimum Essential Media (MEM) -Alpha + Gilbco™, Invitrogen
GlutaMAX

Roswell Park Memaial Institute (RPMI) 1640 Gilbco™, Invitrogen

(1x)+ GlutaMAX

Dulbeccos Modified Eagle Medium (DMEM) + Gilbco™, Invitrogen
GlutaMAX

Keratinocyte-SFM Medium (Kit) with L -
glutamine, EGF, and BPE

MEM Non -Essential Amino Acids (NEAA)x100  Gilbco™, Invitrogen

Gilbco™, Invitrogen

Sodium pyruvate Gilbco™, Invitrogen
Fetal calf serum (FCS) PAA Laboratories
Penicillin: streptomycin solution (PenStrep) Gilbco™, Invitrogen

Fungizone® Antimycotic 250ug/ml amphotericin ~ Gilbco™, Invitrogen
B and 205pg/ml sodium deoxycholate

Phosphate buffered aline (PBS) SigmaAldrich

0.05% Trypsin EDTA (0.53mM) SigmaAldrich

Collagenase | SigmaAldrich

Hank's Balanced Salt Solution (HBSS) Gilbco™, Life Technologies
Ethylenediaminetetraacetic acid (EDTA) SigmaAldrich

L -ascorbic aid SigmaAldrich
b-glycerophosphate disodium salt hydrate SigmaAldrich

Trypan blue SigmaAldrich

Dimethyl sulphoxide (DMSO) SigmaAldrich

70% Industrial methylated spirits (IMS) Fischer Scientific

All cell culture procedures were carried out within microbiologicasslll safety cabinets
(Walker, UK), using sterile equipment. Media were always filtered and warmed to 37°C
prior to cell treatment. All cell cultures were incubated in a humidified atmosphere at
37°C and 5% C®
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2.1.1 Osteoblast progenitor cell culture

Osteoblast cultures were prepared withadification of the method oEcarotCharrieret

al (EcarotCharrier, Glorieux et al. 1983Viouse prmary osteoblast (OB) progenitor cells
were isolated from the calvarial bones of 2 to 4 dayGBdBLKaLwRij mice, (Harlan,

UK) using Collagenase | digestioffrigure 2.1). Typically, 12-15 dissected calvarial
bones were cut into small pieces using a scalpel and placed inBEDfalcorE tubes
containing 3ml of 1mg/ml Collagenase | digestion solution and placed in a water bath at
37°C on a shaker for 10 minutes. The Colfegge | solution (fraction 1) was then
removed and the calvaria submerged in 3ml of fresh Collagenase | solution. The calvaria
were incubated for 30 minute$37°C with the fresh Collagenase | solution and the cells
collected (fraction 2). The solution daiming fraction 2 were transferred to a new 15ml

BD falcorE tubes. The calvaria bone cells were washed with 7ml of PBS and
centrifuged at 1000 RPM for 5 minutes. The supernatant containing the cells added to
fraction 2. The calvaria bone cells were inatgd with 4uM EDTA solution for 10

minutes at 37C (fraction 3).

The calvariawere washed in 7mHank's Balanced Salt Solution (HBSS) and the wash
added to fraction 3. 3ml of fresh Collagenase | solution was added to the calvaria and
incubated for 30 minutes at 3Z (fraction 4). The solution colleaerom calvarial cell
cultures from thdraction 4 digestions containing were centrifuged at 250g RPM for 5
minutes and rsuspended in standarMlinimum Essential Medium (MEM) alpha
containing 10% fetal calf serum (FCS), 1% Streptomycin (PenStrep) (1@€nuni
Penicillin/ 100 Fumgigohehtimycoticn @0udind amphotericin B
/205pg/ml sodium deoxycholatdylEM-Alpha and all its constituents witle referred to

as standard MEMIpha media unless specified otherwis@B progenitor cells were
cultured in 7ml of MEM-Alpha in T25cm culture flasks for a minimum of 2 days until
the cells were 80% confluent and ready for use. All experiments using OB progenitors

were carried out with cells that had been passaged up to an including passage 4.

37|



Collagenase |
Calverial Digestion =
Dissection Fraction 1

A— Fraction { ‘ .
Fraction ! _“/ Fraction 2, 3

and 4
removal of
White blood
cells
Fraction 2
Fraction
Fraction 3,4
removal of
Adipogenic
and muscle
cells
Fraction 3
Pure OB
population

4
rs
/
/

Fraction 4 = Osteoblast progenitors

Figure 2.1 - Calvarial osteoblast isolation: Osteoblast prognitor cultures were
derived from the calvaria of neonatal C57BLKaLwRij mice using Collagene
digestion in 4 stages (fractions) of digestion.
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2.1.2 Cell Lines

2.1.2.15TMM myeloma Series

The 5TMM myeloma series of cell lines were used as their featunéso are highly
similar to human disease wherein they home and grow in the Bone Marrow (BM)J as we
as causing osteolytic bone disease. The 5TGM1MM murine multiple mygleiki

cells were derived from the 5T33MM murine myeloma ogiswvler, Mundy et al. 2009

Both 5TGM1MM-GFP and 5T33MMGFP myeloma cells were kindly provided by
Claire Edwads at The University of Oxford, UK.

The 5T3MM-GFP or 5TGMMM-GFP cells were resuspended in 200ul PBS and
injected via tail vein into 17-19 weeks old female C57BL/KaLwRISD
(C57BLKaLwRij) miceat a cell density of 2 xf0At the same time naive mice were

injected with PBS and used as tumoegative controls. The growth of myeloma tumour
wasviat he measur ement of h unorstared bygnaymelimkedmur i ne
immurnosorbent assay (ELIQAHuman Lambda ELISA Kit; Bethyl Laboratories )nc

The assay was carried o uol Baefly, 10@lof startdaad ma n u f
or serumwas added to designated wells and the plate incdlbat®@om temperaturer 1

hour. Next, D0 pl of antrLambda detection rdibody was addedio each welland

incubatel at room temperature for 1 holwRroteins were incubated wittOQul of HRP

Solutionfor 30 minutes followed by the addition ®0Qul of TMB Substrate in the dark

at room emperaturdor 30 minutes.The reactionwas stoppedby adding 10l of Stop

Solution to each wellThe absorbancevas measured on a plate readgpdctramax M5

Sunnyvale) at a 450 nm wavelength.

5T33VIM and 5TGM1MM mice developed myeloma withirl@ weels of inoculation.

At thefirst signs of iliness (36 days 5T33Mbkaring miceand 21 day$or 5TGM1MM-

bearing mice) animals were sacrificed by injection of pentobarbitone. In sterile
conditions, the femora and tibiae were diss#déteeof soft tissue andhie bone marrow

of the animals were flushed out with 1000c¢
3ml Roswell Park Memorial InstitutdRPMI) medium and slowly arlaid onto 4ml of a

Ly mp h o p Fielp dgtadi¢ny. The cells were centrifuged at 400g for Binutes

without any brakes. The mononuclear layer of cells were collected and washed twice in
RPMI media. Isolated 5T33MM or 5TGMMM cells were then cultured in a T25 flask
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containing 3 ml of RPMI medium with the following additive; 10% FQ%5 PenStrep,
1% sodium pyruvate and 1% NEAACells were then sortagsinga murine CD138 kit
(Milteny Bioteg accordingt 0 manuf act ur @l vesecuitured forr2days i ons .
and therfrozen as outlined isection 2.1.4All in-vivo animal work requiring an animal

handling licencencluding the paraprotein ELISA and 5TMM cell isolation from the bone

was kindlyperformedby Dr Shelly Lawson.
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2.1.2.2SA0S2 cells

Human osteobladike SAOS2 cell were purchased from American Type Culture
Collection (ATCC®). SAOSZcells are particular useful for the study of molecular
mechanisms associated with OB differentiation due to thelik#Bphenotype SAOS2
cells were cultured in T75 flasks containing 12 mDoflbeccos Modified Eagle Medium
(DMEM) + GlutaMAX medium withthe following additive; 10% FC3,% PenStrep, 1%
sodium gruvate and 1% NEAASAOS?2 cells were passaged or frozen when not required

for experimental purposgas outlined irsections 2.2.2nd2.2.3 respectively.

2.1.2.3Human Kidney Epithelial (HK -2)

Human Kidney Epithelial (HK2) cells were purchased from ATCC®. HKcells are
immortalised proximal tubule epithelieglls isolated from normal adult human kidney.
HK-2 cells expresSOSTDC1 and were used in experiments as a positive control for
SOSTDC1 production. HK-2 cells were maintained in Keratinocy®M media
containing L-glutamine. Keratinocyt&FM was supplied withprequalified human
recombinant epidermalrgwth factor 153 (EGF 153) and bovine pituitary xéract
(BPE). The Keraticonyte mediaas supplemented with 30g/ml of BPE, 0.2 ng/ml

rEGF, 10% FCS,1% PenStrep, 1%oslium pyruvate and 1% NEAA. TheélK-2 cells

were passaged or frozen when not required for experimental purposes as outlined in

sections 2.2.2nd2.2.3 respectively.

2.1.2.4Endothelial STR-10 cells

Human endothelial STRO cells were purchased from ATCC®. The SRJX cellswere
maintained in DMEMsupplemented with 10% FC3$% PenStrep, 1% sodiunynovate
and 1% NEAA. STR-10 cells were passaged or frozen when not required for

experimental purposes as outlinedgattions 2.1.2nd2.1.3 respectively.
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2.1.3 Cell passage antbutine counting using a haemocytometer

OB progenitor cultures and cell lines were maintained in their standard media and
passaged when cell confluenbad reached 780%. All media was removed from T25,

T75 or T175 flasks and discarded. Adherent cells were washed with sterile PBS to

remove debris and remaining media, and 0.05% trypsin was usedstspend the

adherent cells. The volume of trypsin dge detach cells from the culture surface was

dependent on the size of flask i.e.0.5ml for T25, 1.5ml for a T75 and 3ml for Tab.

of media was added to the trypsinised cells teutralise the effect of trypsin Cell
suspensions were transferred iasto BD Fal conE tubes and centrif
5 minutes. Nomdherent cells were transferred direc
also centrifuged at 1000 RPM for 5 minutes to pellet cells. The supernatant from cell

pellets were discarded and ttedls re-suspended in 10 ml of fresh media. Approximately

1/5 or 1/10 dilution of the cells (dilution depended on the cell density and speed that was
required for cell growth in preparation for an experiment) were placed in fresh flasks
containing media andhaintained in culturet 33 and 5% CQ Cells were routinely

passaged every2 days when they became approximate800% confluent.

Routine cell counting was performed on passaged cells prior to the sétexperiments

or freezing down of cells, sing the Neubauer democytometer The Neubauer
haemocytometenas4 large squares consisting of 16 smaller squares, each with a volume
of 0.1mn¥. Each of the 4 large squares of the haemocytometer, with a cover slip in place,
represents a total volume oflOmnt (1.0mm X1.0mmX 0.1mm) or Icm?® (Figure

2.2). The marked grid within the counting chamber allowed for the number of cells to be
estimated. 10pl of this cell suspension was mixed with 10ul of 0.4% trypan blue solution
in a 1:1 raticand inserted it the counting chamber of the haemocytomé&tee number

of cells in each of the 4quaresvas counted manually using a count@he number of

cells counted was divided by 4 to equate the average number of cells pefhgrid.
calculated result was then rtiplied by 2 to account for the dilution factor of adding
trypan blue and then multiplied by the total volume of the large squaré? &m0 Since

1 cn? is equivalent to approximately 1 ml, the final value obtained was representative of
the total numbeof cells per ml.The final number of cells/ml was used to calculate the

volume of cell suspension required to seed the desired number of cells with a fresh flask.
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Figure 2.2 - Cells were counted using a Neubauer haemocytometerThe
haemocytometer comprises 4 large squares consisting of 16 smaller square
with a volume of 0.1miEach individual square from the 16 squares has a voli
of 0.00625 mrh Therefore each of the 4 largeuares of the haemocytomet
represents a total volume of 0.1 ffh.0mm X1.0mmX 0.1mm) or-4@&nT.
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2.1.4 Cell counting using Coulter Counter

The Colter Countettechnology is used for determining the number and size of cells in a
suspension. Similar to the flow cytometer, the cell suspensipassedhrough a small
apertureand cell number/size assessed by chamg®e electricatonductance withithe
apertre. The coulter count was performed as described by Wood\&toald, Requa et

al. 2007. Cells were harvested from culture surfaces using 0.05% trggssoutlined in
secton2.13and centrifuged at 1000 RPM for 5 minut
supernatants were removed and cells were resuspended in 10ml of isotonic solution. The
cell suspensions were transferred to plastic cuvettes and theecuesttinserted in the
sample holder of the counter. The courgampled500pul of cell suspension per run and
recorded the cell number and modal size. A threshold on the counter was set to only
consider cells with a diameter of between 10 to 30um. THenoehber within each
sample was counted 3 timgsconsecutive analysis. The average of these 3 readings was
then multiplied by 20 to account for the dilution fac(@rsml samples from 10ml)rhe

final value calculated was the estimated total numberlisfwéhin the cell suspension.

44



2.1.5Freezing and hawing of cell cultures

Cells were frozen down and maintained in liquid nitrogen until required for experimental
purposes. OB progenitor cells were frozen down betwe2pd&ssages and céties were

frozen down between-20 passages to be used when required. Briafijrerent cells

were washed with sterile PBS and 0.05% trypsin was useddospend the adherent
cells. Media was added to the tryspinised cells to neutralise the effagpsint Cell
suspensions from adherent or rexherent cultures were transferred into the BD
FalconE tubes and counted usi rsegctiorm2.183ae mocy
Following cell counting,1x1& cells per sample were centrifuged at 1000 RPM for 5
minutes at room temperature. Each sample was resuspended in 1 ml of 10% dimethyl
sulphoxide (DMSO) diluted in 90% FCS (10ul of DMSO and 90l of neat FCS). The
cells were transferred into cryovials and placed immediately into a rydrdezing
container. The freezing container was transferred-802C freezer ovenight and the

vials were placed in liquid nitrogen for lotgrm storage.

When cells were required, they were removed from the liquid nitrogen storage and
immediatelyagtated at 37C in a water bath to aid efficient thawing. The cells were
transferred into BD Fal cowafnedstamdard medimand ai ni
centrifuged at 1000 RPM for 5 minutes. On discarding of supernatant, the pellets-were re
suspendedn fresh medium and harvested into fresh, sterile flasks. Cell pellets were
usually resuspended into T75 flasks at a cell densityxif® cells in ~12ml of media

and maintained in cultur 33 and 5% CQ
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2.2 Osteoblast progenitor differentiation using osteogenic media

OB progenitors were counted using a haemocytometer as outlirssgttion 2.1.3and

cultured in plates or fiks in standard MEM\Ipha media.OB progenitor cultures wer

differentiated as reported ligcarotCharrier et a(EcarotCharrier, Glorieux et al. 1983

Briefly, isolated OB progenitors weliacubated at 37°C and 5% G@r 72 hours,to

allow the cells to adhere to the culture surface in optimal conditions. Standard MEM

Al pha osteogenic media was prepared- contaimr
glycerol and 50ug/ml tascorbic aid (vitamin C) according toTable 2.1 The b
glycerophosphte was prepared to a stock solution of 1000mM diluteistilled water

and L-ascorbic aid was prepared in a stock solution of 50m m| in dist-ill ed we
glycerophosphate and-ascorbic aid stock solutions were aliquoted and storeeR@fC

until use. On each occasion, the osteogenic media was prepared fresh and filtered prior to

use using 25mm syringe filters. All future references made to standard osteogenic media

refer to media prepared as outlined in this section unless stated otherwise.

Preparation of Osteogenic Media
INGREDIENT Final Volume from Stock (ml) to make
Concentration 500ml of osteogenic media
L -ascorbic aid 10mM 5
b-glycerophosphate 50pg/ml 0.5
Alpha-MEM + Neat 470
GlutaMAX
Penstrep 1%
Fungizone 1%
FCS 4% 20

Table 2.1- Preparation of standard MEMAIpha osteogenic media
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Standard MEMAIpha media was removed from the OB progenitor cultures and cells
were washed once with PBS. The PBS was aspirated from the cells and osteogenic media
was added in a volume specific to the size of the well within the culture plates or size of
the culture flasks, as specifiedTable 2.2 OB progenitor cultures were difflentiated in
osteogenic media for up to 4 weeks. Osteogenic media from OB progenitor cultures were

discarded and replaced with fresh media every three days.

PBS Wash Volumes

Cell Culture Plate Volume of PBS, per wellor flask
96 well plate 100 pl

48 well plate 250 pl

24 well plate 500 pl

6 well plate 1.5 ml

T25cm Flask 7 ml

T75cm Flask 10 ml

T175cm Flask 20 ml

Table 2.2- Volume of PBS used to wash each well or flask prior to media change.
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2.3 Alkaline phosphatase activity

Alkaline phosphatase Assay

ITEMS SUPPLIER
p-Nitrophenyl phosphate (pNPP) Sigma Aldrich
1.0mg/ml PNPP, 0.2 MTris buffer

0.1% Triton - 5ul of Triton X into 5ml of PBS SigmaAldrich
Plate readerSpectramax M5 Sunnyvale

The pNitrophenyl phosphate (pNPP) & soluble substrate used for the detection of
alkaline phosphatase (ALP) activity. ALP hydrolyses colourless pNPP to a yellow
coloured product, which is determined by reading the absorbance (OD) aAl4®5.
activity was assayed aaciing to the method dkumegawa (Kumegawa, Hiramatsu et

al. 1983 with adaptionsutlined by Gartlanet al (Gartland, Rumney et al. 2002ALP
assays were carried out on differentiated cells cultures in 96 well culture plates at a cell
density of 6000cell/ch Briefly, the cell supernatant was removed from each well and the
cells weregently washed twice with PBS, avoiding detaching the cells. Cells were then
per meabil i sed Twtontwih agitator on a $hakér fod 2 minutes at 200
RMP at room temperature. At the same time, one tablet of pNPP and one of Tris buffer
were alded to 20ml of distilled water and dissolved with agitation on a shaker for 20
mi nutes at 200 RMP and at room temperature.
to each well and immediately analysed for ALP using SoftMax Pro software on a plate
reader ALP was determined by taking OD readings at A405 every 5 minutespfar 90
minutes using the Bedrambert law (Figure 2.3. To maintain uniformly across
biological experimental repeats, the most linear part of ALP curve was used to calculate
the ALP aaltvity of the cell cultures within each well. The ALP values were normalised to
DNA contents (ng/ml) by PicoGreen analysis as outlinesgdantion 2.4,taking into

account dilution factors.
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U = ALP activity (hnmol Pi per min).

ODt; = absorbance at 405 nM of sample at the end time point.

ODt o= absorbance at 405 nM of sample at start (background).

V = volume in microlitre of sample andagent in well that is measured.

t = reaction time in min.

e = 17.8 m L/nM/cm fop NPP.

| = path length of light in cm (specific to the plate reader which is 0.639).

Figure 2.3 - Alkaline phosphatase analysis (A) The ALP was determined L
taking absorbance (OD) readings at A405rgve minutes for up to 90 minutes. Tl
OD values at the most linear part of the ALP curves were used to calculate th
activity (U). (B) ALP activity was calculated using Bdeambert Law.
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2.4 Pico Green asay

PiocoGreen Reagents

ITEM SUPPLIER
Quanti TEPIi c o Gr e ereafedts DN A Invitrogen
Lambda DNA standard Invitrogen

X20 TE buffer; 200mM Tris-HCI, 20mM EDTA, pH 7.5 Invitrogen
1 ml X20 diluted in 19 ml of PBS
0.1% Triton X SigmaAldrich

Plate readerSpectramax M5 Sunnyvale

PicoGreen® doublstranded DNA (dsDNAjuantitation reagent is a fluorescent nucleic

acid stain used to quantify dsDNA and is used as a surrogate for cell number. PicoGreen
analysis was performed according to the protocol outlined by Gartfaatl Picogreen

assays were carried out on cellstaxes in culture plates at a cell density of 6000cefticm

Media from cell cultures was discarded and the cells were gently washed twice with

200ul of PBS, avoiding detaching the cells. Cells were then permeabiised h 2 0 ¢ | of
0.1% Triton with agitation on a shaker for 20 minutes at 200 RMP at room temperature.

A 2ug/ml dsDNA standard solution was prepared from a stock of 100 pg/ml dsDNA

supplied with the PicoGreen kit. 8ul of the 100ug/ml was diluted in 392ul ofTEX

buffer in a 1 ml eppendorf tube. Increasing concentrations of 0, 50, 100, 200, 400, 600,

800 and 1000ng/ml of dsDNA standard were prepared in a fresh 96 well plate, using
appropriate volumes of 1X TE buffer and the prepared 2ug/ml dsDNA staritaote (

2.3 . Next, 50¢ | of the unknown permeabilised
culture plate, and 50¢l of 1 X TEHBHf 1I200f f er wa:
dilution of PicoGreen reagent was added to each standard and unknown sample and
placed @ a shaker at room temperature for 5 minutes in the dark. Quantitation of DNA

was determined by exciting samples at 485nm and detecting fluorescence emission

intensity at 530nm using theate reader.

50|



Plate well Final DNA Volume of Volume of X1 TE
Concentration 2 ug/ml DNA Buffer (ul)
(ng/ml) standard (ul)
Al +A2 0 0 100
Bl+ B2 50 2.5 97.5
Cl+C2 100 5 95
D1+ D2 200 10 90
El+ E2 400 20 80
F1+F2 600 30 70
Gl+G2 800 40 60
H1 + H2 1000 50 50

Table 23 - Preparation of dsDNA standat curve fa PicoGreen analysis

The fluorescence readings were exported into an Excel template and used to generate the
linear regression analysis with coefficient of determinatiof).(Rfhe concentration

(ng/ml) of DNA for unknown samples were extrapolated fromm $tandard curve linear
regression using the formula= a + bX; whereeach point on the line hasYavalue that

by Xmal u bofslopeiofdhg line) lared thpncaddimg 6 s

| iohkedi 6t was mplbtted threughtO)at the T h e

intercept §=0). TheR?was used as a measure of the consistency of prepared standard

is calcul ated
@ di(stance of the
dilutions. The extrapol atXd waaesn cneunl ttriaptliioend
account for the dilution factor of the DNA thin each well (100ul of PicoGreen reagent

+ 50ul TE for every 50ul of DNA samplelrigure 2.4).
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Known DNA Standard (ng/mL)
0 50 100 200 400 600 800 1000
Fluorescence 6| 68 122 217 430 627 817 961
5 62 112 212 408 597 771 930
Average 5 65 117 215 419 612 794 946
DNA Standard Curve
1000
| y = 0.9824x %
900 - R? = 0.9959
800
700 -
8 600 -
3
2 500
3
u_s_ 400 -
300
200 -
100 -
0 e 4 T T T 1
0.0 200.0 400.0 600.0 800.0 1000.0
Known DNA Standard (ng/mL)
For example:
The DNA contents (ng/ mII)u(Drfesucnekr‘rﬂci)vm1
can be determined using the above
standard curve:
= X + b
Y=500
a O=
b 0= 982
X =00 / 0.982
X 509. 2 ng/ ml
Final concentration of unknoovmn fsaaon
= 509.2 x 4
= 2039 ng/ ml

Figure 2.4 - Cell DNA contents were determined using PicoGreen analysis
PicoGreen® doublstranded DNA (dsDNA) quantitation was used to quantify
concentration of total dsDNA (ng/ml) of unknown samples. DNA for owkr
samples were extrapolated from the DNA standard curve using the linear regre
formulaY =a + bX.
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2.5 Mineralisation

Osteoblastsproduce an extracellular collagenous matrix that subsequéettpmes
mineralisel by hydroxyapatite depositiq€oelho and Fernandes 2000, Jiang, eDalk2
McQuillan, et al 1995). Ascorbic acid promotes collagen secretion and serves as a
cofactor for prolyl hydroxylase which catalyses the hydroxylation of proline residues,
integral to the stability othe collagen triple helix (Franceschi, at 1994, Muad, et al
1981). Ascorbicacidalso upregulatessteoblastic ALP and osteocalgenesexpression
(Franceschi, et al 1994, Rickard, et al 1994). Inorganic phosphates initiate mineralisation
by providing a source of phosphate€dB cellsfor the formatiorof hydroxyapatite

OB progenitormineralisationwas assessed usiidizarin red stairing, an anthraquinone
dye that binds tanineraldeposits as confirmed by energy dispersivea)X spectroscopy
(Chang, et al 2000)0OB progenitors were seeded in dell plates at aell density of
6000cn? and cultured in 250ul per well of standard MEpha media for 72 hours. OB
Cultures were differentiated in standard osteogenic AMEM media containing 4%
FCS for up to 21 days. Osteogenic media was replaced fror®Bheultures every 3
days. Mineralisation was assessed on various time points throughout differentiation. On
these time pointghe OB cultureswere washed wittb00ul of PBS and fixedn 100%
ethanolfor 1 hour on iceTo stain formineraldeposits, the wis were washed with PBS
and incubated withl% Alizarin red stain for 20 min on an orbital shaking platform.
Excess stain was washeudater until water ran clear. Stained cultures were also washed
once with 200ul 0095% etlanol and plates attried overnigh. The culture plates were
scanned on a flatbed scanner ahd percentage area of mineralisation per well was
quantified using Imagehitp://imagej.nih.gov/i). Values werexpressed aspercentage

responsef the control.
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2.6 Cell protein extraction

Cell protein extraction

ITEM SUPPLIER
Mammalian cell lysis buffer kit SigmaAldrich
Protease inhibitor cocktail SigmaAldrich
Phosphatase inhibitor ocktail 2 SigmaAldrich

Protein was extracteddm cultured cells for protein quantification and subsequently
western blotting analysidammalian cell lysis buffer was prepared according able

2.4, 1ml of mammalian cell lysis buffer was prepared and 1/100 dilution of protease
inhibitor cocktail was added immediately prior to cell lysing procedure. For
phosphorylation studied/100 dilution of mosphatase inhibitor cocktail was also added
to the lysis buffer. Cells were initially counted to establish cell humber using the

haemocytometer counting pozol outlined in the methoskction 2.13.

Mammalian cell lysis kbuffer

INGREDIENT Quantity
Mammalian cell lysis kuffer (kit):
5X buffer TrisEDTA Iml

5X Deoxycholic acid sodium salt
5X Igepal CA 630

5X Sodium dodecyl sulphate (SDS)
5XSodium dloride

Protease inhibitor cocktail 10ul

Phosphatase inhibitor ocktail 2:

Sodium athovanate 10ul
Sodium molybdate
Imidazole

Table 2.4- Preparation of mammalian cell lysis buffer.
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Media containing nomdherent cells were transferred into BD Faffont ubes and
pelleted by centrifugation at 2000 RPM for 3 minutes. Media was removed from the cell
pellets and pellets resuspended in 1ml of ice cold PBS. The PBS solution containing
resuspended cells were transferred into 1.5ml eppendorf tubes IEndecdrifuged for

1000 RPM for 5 minutes. PBS wash was removed from cell pellets. Lysis buffer was
added to cell pellets and the cell/lysis buffer solution vortexed for 2 minute to ensure
membranes had sheared. The volume of lysis buffer added was éependhe number

of cells counted before seeding. Generally for every 500,000 cells, 100ul of lysis buffer
was added to the cell pellets. After the vortex mix, eppendorfs containing cells/lysis

buffer were placed on ice on an orbital shaker and agitat@DaRPM for 30 minutes.

Adherent cells culired in 6 well culture platesontaining adherent cells were placed on
ice and the media removed carefully and quickly as to not disturb the cells. Cells were
washed once with 1ml of ice cold PBS and lysisfdruddded one well at a timBased

on proliferation assayst was estimated that following cell seeding at a density of 6000
cell/cn? and at around 8 days in culture, each well within a 6 well plate contained
approximately between 400,000 to 500,000scdlDOpl of lysis buffer was addéal each

well and aherent cells were scraped off well surface using a plastic cell scraper one well
at a time. The lysed cell kmionswere transferred into 1.5ml eppendafsl vortexed for

2 minute to ensure membraniead sheared. Samplegere placed on ice on an orbital

shaker and agitated at 5B®M for 30 minutes.

Cells cultured in large T75 flasks were detached from the plastic surface by trypsination
and resuspended in 1ml of ice cold PBS and counted using a tydemeter as outlined

in methodsection 2.1.3 Cell suspensions were transferred into 1.5ml eppendorf tubes
and cells centrifuged for 1000 RPM for 5 minutes. PBS wash was removed from cell
pellets and lysis buffer added. The volume of lysis buffer addetetaell pellet was
dependent on the number of cells counted before seeding; in general the T75 flasks
containing proliferating cells that were cultured for 8 days contained approximately
1.5x1C cells and were therefore lysed with 300ul of lysis buffgspendorfs containing
cell/lysis buffer solution were vortexed for 2 minute to ensure membranes had sheared

and placed on ice on an orbital shaker and agitated at 500 RPM for 30 minutes.
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Cel | | ysates were centrifugedrembvednBcell 00 RPM
debris from the protein solution. The purified protein containing supernatants were
transferred into fresh eppendorf tubes and the pellets discarded. A small volume (10

20pl) of lysate was retained to perform protein assay and the resradantoted to avoid

protein degradation as result of freeze thawing. Protein lysate aliquots were either stored

at-20 C or di |l ut ed reparatibngdos wesiérn blotingdcfior2.8. i n p
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2.7 Bicinchoninic acid protein quantification assay

Bicinchoninic acid protein assay

ITEMS SUPPLIER
Mammalian cell lysis buffer SigmaAldrich
7.5 % Bovine serum albumin (BSA) SigmaAldrich
Bicinchoninic acid (BCA) solution In-house
Copper (II) sulphate solution (4%) SigmaAldrich
Plate reader Spectramax M5 Sunnyvale

Bicinchoninic &id (BCA) protein assay was performed to measure the concentration of
protein in each sample. Copper {€uions were added to the sample and consequently
reduced to Cl ions by the peptide bonds the protein. As a result, the greater the
amount of protein in the sample the greater the amount 6f @ms present. Two
molecules of BCA chelate with each &uions and result in a green to purple colour
product that strongly absorbs light at 563mvavelength. At higher temperatures of
around 37°C to 60C, peptide bonds stimulate the formation of the reaction product
(Olson and Markwell 2007

BCA was prepared by diluting Copper Il sulphate $Cx) 1:50 n BCA (for one 96 well

pl at e, 285 Ywds odddCeud to 12. 25ml of BCA) .
Bovine Serum Albumin (BSA) was prepared from 7.5% BSA; 10ul of 7.5% BSA was
diluted in 740ul of distilled water. Next, 7.4% BSA and cell lysis buffer veerabined

to obtain 1000, 800, 600 asodtihéd,inmaBl®205,1 00 0

of each BSA concentration was added to duplicate columns A and B on a 96 well culture

pl at e. Unknown samples wer e disamplke watalsei t h

added to duplicate columns on a 96 well plate.
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BSA standard curve for BCA assay
BSA Concentration BSA Volume Lysis Buffer Volume

(e9) (el) (el)
1000 10 0

800 8 2

600 6 4

400 4 6

200 2 8

100 1 9

0 0 10

Table 2.5- Preparation BSA standards ranging from 0 to 1000ug for the BCA assay.

200¢ |l of BCA/ Copper 1 sul phate solution
performed at 37 C in an incubator for 30
plate reader and values extrapethstandard protein solution. The absorbance was read

at 562nm using a plate reader (Spectramax M5) and compared to the standard curve.
Values from the standard curve were exported into Graphpad software (Prism V5) and
urnrknown values extrapolated. Calcidd values gave a standard amount of protein per
sample (mg/ml). Based on the concentrations calculated, all protein samples within an
experiment were diluted with lysis buffer to same concentration so limit any variability as

a result of protein loadinguiding western blot analysis.
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2.8 Western bot

Western blotting

EQUPTMENT SUPPLIER
Mini PROTEAN electrophoresis system Bio Rad

Mini Trans -blot cell Bio Rad

Filter paper SigmaAldrich
Kodax Biomax MS film SigmaAldrich
Gel Doc XR+ Systermand the Quartity O ne Bio Rad
software

GS-710 Calibrated imaging censitometer Bio Rad

Curix 60 film processor Curix, AGFA
REAGENT SUPPLIER
Molecular weight marker Bio Rad

3 Mercaptorethanol SigmaAldrich
Glycerol Fisher

Bromophenol blue

ProtoGel resolving buffer- 0.4 M Tris-HCI, 0.1%

SDS, pH 8.8

ProtoGel gacking buffer 1.0M Tris-HCL pH6.8

Sodium dodecyl silphate (SDS)

30% Acrylamide

Ammonium persulfate (AP

TEMED

Bovine serum albumin (BSA)

NationalDiagnostics

National Diagnostics

Life Sciences
SigmaAldrich
Geneflow, LTD
SigmaAldrich
SigmaAldrich
SigmaAldrich

SuperSighal*West Dura chemiluminescent sbstrate ~ Thermaoscientific

Methanol
Ethanol

Skimmed milk powder

0.05% PBS Tween
PBS tablets
Tween X20

Sigma Aldrich
VWR International
Marvel

In-house

Oxoid

VWR International
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Western blotting is a technique used to identify and locate proteins based on their ability
to bind to specific antibodies against these proteins. The proteins within a sample are
separated using polyacayhide gel electrophoresis (PAGE), where polyacrylamide gels
and buffers are loaded with sodium dodecyl sulfate (SDS).-BAGE maintains
polypeptides in a denatured state once they have been treated with strong reducing agents
to remove secondary and tariy structures and allows separation of proteins according to

their molecular weight.

2.8.1 Sample peparation

Protein samples (either recombinant protein or cell lysate) were mixedXitmemmli
buffer, one part buffer and four parts sample, in 0.Bmpendorf tubes according to
Table 26. Protein sample and buffer solutions were mixed by vortex and briefly pulsed
in a microcentrifuge. Protein samples were denatured for 5 minute§ @td®6a hot
block. Boiled samples were maintained on ice until geé loading stage. Denatured
protein samples were aliquoted into 0.®ppendorfs and frozen& 0 C.

5X Laemmli loading buffer
INGREDIENT Quantity
SDS 29
0.5M TrisHCI pH 6.8+ 0.4% SDS 2.13ml
3 Mercaptorethanol 2.56ml
Glycerol 5.0ml
Bromophenoblue 0.1g

Table 2.6- Preparation of 5X Laemmli loading buffer

60|



2.8.2 SDSPAGE and protein migration

For each experiment, two SDS gels wprepared constituting of separating gelayer

and stacking gellayer. The separating gel ingredients wetombined in a 50ml BD

Fal con Eaccarding ¢éoTable 2.7 and TEMED was added last to initiate the
polymerisation reaction. The combined ingredients were mixed by vortexing the
separating gel solution for 1 minute. Immediately the separating gel wdsebasten two

glass plates. To maintain an even gel level and inhibit gel dehydré@&en ethanoivas

added covering approximately 0.5cm of the top of the separating gel. Once the separating
gel had set, all traces the ethanolwere removed by washingetgel three times using
distilled water. All traces of water were removed by inserting a flat resorbing paper

between the casting classes.

Separating ¢l
INGREDIENT 12% 10%
Volume (ml)
Distilled water 3.35 4.05
Resolving buffer 2.5 2.5
10% SDS 0.1 0.1
30% Acrylamide 4.0 3.3
10% APS 0.05 0.05
TEMED 0.05 0.05

Table 2.7- Preparation separatingyel solutionfor 1 gel.

Theingredientdor the stacking gel were combinadcordingto Table 2.8 TEMED was
added to the stacking gedlation last, and the solutiomixed by vortex for 1 minutelThe
stacking gel solution was poured immediat®lyhe top of the separating gel &dLO or
15 plastic tooth combs were inserted between the casting glass plates into thengeparat
gel to crate wells for loading of proteirsamples. The gelwere allowed to set

completely, usually requiring5-20 minutes and the comslwvereremoved.
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Stacking el

INGREDIENT Volume (ml)
Distilled water 6.1
Stacking buffer 2.5

10% SDS 0.1

30% Acrylamide 1.3

10% APS 0.1

TEMED 0.01

Table 2.8- Preparation stacking gel solution for 1 gel.

The glass casting plates were placed into an electrophoresis tank. The central portion of
the tank were the gel wasaped, was filled with cold X1unning buffer andhe buffer
allowed to overflow into the tank to ensure bubbles did not interfere with the
electrophoresis. Each tank required approximately 1 Litre of buffer. Each gel was loaded
with 5-100ug of proten sample and 5ul of a 1B50kD horse adish peroxidas@HRP)
conjugated molecular marker was pipetted into the first (and sometimes last) lane of each
gel. For the migration of proteins, samples were run through the stacking get86r 45

minutes at 6(/olts per gel at room temperature and further run thrahghseparating gel

for a further 66120 minutes at 10Qolts.

10 X Running buffer

100ml added to 900ml distilled,8i for X1 working solution

INGREDIENT Amount
Distilled water 500m|
0.25M Tris 15.13g
0.2M Glycine 75.05¢g
1% SDS 59

Table 2.9- Preparation of 1 itre of 10X running buffer.
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2.8.3 Transfer

Following protein migration, the stacking gels were cut off from the remainder of the gel
and discarded. The separating gel was carefully dislodged from the glass pane. An
arrangement constitutingf a scouring pad, two pieces of cellulddetting paper and a
piece of plyvinylidene fluoride(PVDF) membrane previously soaked in methanol for 20
seconds, were placed within an open transfer cassette. The gel was placed onto the PVDF
membrane (markdiacing top left of membrane). The PVDF membrane was cut slightly
on the left upper corner to indicate the position of the first lane containing protein sample.
The PVDF membrane was sandwiched with another two pieces of cellulose blotting paper
and a scoung pad. The cassette was closed firmly and placed into an electrophoresis
tank. The tank was then filled with 1 Litre of 1X transfer byffarepared according to
Table 2.10 The transfer buffer was kept cool using an ice pack, which was placed at one
side of the tank. A magnetic stirrer was also placed in the centre of tank to distribute the
temperature within the tank and also stir the buffer solution. Membranes were blotted at
70V for 6070 minutes (depending on the size of the protein) at 4°C irda@oin.

10 X Transfer buffer
100ml added to 900ml distilled,Bi for X1 working solution
INGREDIENT Amount
Distilled water 500ml
20% Methanol 100ml
0.25M Tris 15.13g
0.2M Glycine 75.05¢g

Table 2.10- Preparation of 1 litre of 10Xransfer buffer.
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2.8.4 Blocking andimmunological detection

Each membrane was removed from the transfer cassettes and placed in 20ml of 5% milk
blocking solution for 1 hour on an orbital shaker at room temperature. Probing with
primary antibody varied depending d¢ime antibody being used. Primary antibody was
added in the membrane blocking solution and either incubated overnight at 4°C or for 2
hours at room temperature. Each membrane required at least 10ml of primary antibody
solution to be submerged completelydaevenly in flat square polystyrene containers.
The primary antibody was removed and the membraag washed 3 times in 0.05%
PBSTween,for 20 minutes per wash on an orbital shaker at room temperature. Next,
membranes were incubated with secondary anyilprdpared in 5% milk for 1 hour on

an orbital shaker at room temperature. Membravere washed again with 0.05% PBS

tween X3 20 minute washes.

5 .
0.05% PBSTween washing luffer 5% Milk blocking s olution

INGREDIENT Quantity

_ INGREDIENT Quantity
Distilled water 2L Skimmed Tk 5g
PBS ablets 20 Tablets powder
Tween X20 Imi 0.05% PBS Tween | 100ml

Table 2.11- Preparation of0.05%MS-Tween washing buffer and 5% itk blocking

solution.

The detection method for protein is dependent on thgnemzo which the secondary
antibody is conjugated. HRP is the most common enzyme used in western blotting, and
the substrate used for detection is known as chemiluminescent sulistgyate @.4). For
visualisation of bands, the membranes were incubatdéteirdark for 5 minutes with
Supersignal West Dura chemiluminescent substrate made éaqual volumes of
peroxidase and enhancer mixed togetlglots were developed in a dark room on
photographic paper using an automated film processor. Protein bandsagriilhs were
inspected using th&S-710 Calibrated imaging eshsitometerand the Quantity @e

software.
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Figure 2.5 - Diagrammatic
representation of
immunological protein
detection using
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2.8.5Membrane dripping

Antigens on the membranes were Oanttboady pped?d
complexes using a mildrgpping buffer according to the Abcam® protocol. Membrane
stripping was performed for the detection of multiple proteors the same blot, for

instance a protein of interest and a loading controlbrief, the gripping kuffer was

prepared according able 212 and adjusted to pH 2.2. Each membrane waghated

with 10ml of dripping kuffer for 10 minutes on an orbital shakdhe buffer was
discarded and the membrane washed twice with 10ml of PBS followed by one wash with
0.05% PBS Tween. The membrane wamtblocked in 5% milk solution as outlined in

section 2.8.4

Stripping buffer

INGREDIENT Quantity
Distilled water 1L

Glycine 159
SDS 1lg

Table 2.12- Preparation of1 litre of mild stripping buffer.
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2.9Flow cytometry

Flow Cytometry

ITEM SUPPLIER
Formalin solution Sigma Aldrich
Bovine serum albumin (BSA) SigmaAldrich
FACS perm buffer BD Phospflow
Triton X Invirtrogen

BD FalconE round bott omed BDBiosciences
BD FACSCal i burE pl at ffiowaren BD Biosciences

Flow cytometry is a quantitative method used for the analysis of various parameters
including cell surface expression, detection of intracellular moleculestardcterisation

of different cells types within a heterogeneous peljpulation. Flow cytometry enables
simultaneous analysis of single cells by measuring the fluorescence intensity produced by
fluorescent labeled antibodies that are specific for the molecule of interest. Cells are
pushed through a fluidic system in a mayar and severglrisms and lenses direct a

laser light to the cuvette where it intercepts with the cells. It is at this point that the
information associated with the fluorescence and scatter of each individual cell can be
obtained. Light scattered in tHerward direction is collected by the Forward Scatter
Channel (FSC) photodiode and provides information on the cells relative size. Light
measured at a 90° angle to the excitation beam of the laser is collected by the Side Scatter
channel (SSC) photomuyttier tube (PMT) and is used as a measure of the relative
granularity of the cellFluorescent light associated with a cell is detected by individual
fluorescence channels (FLJhe data generated is either plotted in a single dimensional
histogram or in awo-dimensional dot plot or in some cases, in three dimensions. Based
on fluorescence intensity, the regions on plots can be separated using subset extractions or

6gat esb.
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Flow cytometry was used to determine the presence of specific proteinssicudaires.

Cells were seeded at a density of 6008othin T25or T75 flasks Media was removed

from the cell cultures. The cells 25 flasks were washed wit of ice cold PBS and

cells cultured in 75 flasks were washed with m0 of ice cold PBS. Alerent cell
cultures were detached from the plates or flask surface by trypsinisation as outlined in
section 2.1.3.Adherent cells were resuspended in 1ml of ice cold PBS in 1.5ml
eppendorfs, transferred to 1.5ml eppendorfs and chilled on iceatitwarentell cultures

were centrifuged at 2000 RPM for 3 minutes and the supernatant discarded. The cell

pellets were resuspended in 1ml of ice cold PBS in 1.5ml eppendorfs and chilled on ice.

The cell pellets resuspended in PBS were centrifuged at 2000 RP3/nfiarutes on a

bencht op mi crocentri fuge. The supernatant wa
4% Formalin per 1xIells for 10 minutes at room temperature in the dark on a rotator.

Cells were washed twice in 1ml of PBS (washing refers to thiti@ddf PBS followed

by centrifugation at 2000 RPM for 3 minutes). Cell pelleessenresuspended in 0.1%

Triton-X to permeabilise membranes for 10 minutes at room temperature in the dark on a
rotator. Cells were washed twice with PBS to remove all trat&zative and detergent.

Cells were then blocked in 10% normal serum originating from the species in which the
secondary antibody was produced. The 10% normal serum was made up in 0.5% BSA
solution and cell pellets were blocked in 300p! serum per °lgélls in the dark for 30

minutes at room temperature. Cells were washed twice with PBS. Supernatant was
removed thoroughly by inversion on an absorbent paper surface to remove all liquid.
Pell ets were resuspended in 40¢flthiscéll X1 S
suspension was transferred to another tub
incubated with either 100l of primary antibody or 100ul of isotype control antibody (at

the same concentration of as the primary antibody) made up in 3% BSA foinutes in

the dark. Cell suspensions were washed twice with PBS ensuring all the liquid was
removed completely following the final was
of speciesspecific biotinylated secondary antibody and incubated inddmé& for 30

mi nut es. Cells were washed twice in PBS a
added to cells. The cells were centrifuged at 2000 RPM for 3 minutes-anspended in

300c¢l of Sample Perm buffer. Samgsbprorsto wer e
anal ysi s. FI ow cytometric analysis was per

and the data analysed using the Cell Quest software. Cells of interest were sorted through
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three modes of scatter plot; FSC vs SSC, single color vs. SSC awd-@lour
fluorescence plot. GFEells were detected through FL4 fluorescence channel and all
other through the FL2 fluorescence channel. Analysis of results was carried out by gating
around the viable cells and the presence of the protein of interesteteated through
comparison with isotype antibody staining. The threshold for the isotype controls were set
at >1% on the scatter plots. The same gating used for the isotype controls were copied

and pasted onto the scatter plots of corresponding samples.

2.10Cell sorting

Flow cytometers are capable of sorting g@lpulations ofpurified cells with specific
characteristidrom mixed cell populationsThe stream of cellsvhich have been passed
though the sheath fluid and are required for sorting, asseplathrough a narrow vibrating
orifice. This results in the breakup of the cell steam into droplets containing cells. The
period of time between the cells passing through the laser as a stream and then as
droplets, is regulated. The cells of interest witthe droplets become charged and
subsequently flow through higloltage deflection plates. The charged droplets are
deflected appropriately into a collection vessel and any uncharged droplets are disposed
into the waste containeCo-cultures were sepasd into their individual populations

using the FACS Aria Cell sorte€ells were cultured alone or-oultured with a different

cell type. Media was removed from the cells cultured in T25 or T175 and the cells
washed once with 5ml or 10 ml of PBS, respety. Adherent cell cultures were
detached from the culture surface by trypsinisation as outlinegkgtion 2.1.3.Cell

pellets were resuspended in 1ml of PBSnadherent cell cultures were transferred from
the culture fl asks ienttifiagedBD200D &PM for 18 Eninutes.b e s
The supernatant was discarded and the cell pellets were resuspended in 1ml of PBS.
Protein and RNA were isolated from sorted samples as outlirggttions 2.5and2.12

respectively.
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2.11Immunofluorescent microscopy

Immunofluorescent microscopy

REAGENTS SUPPLIER
Poly-L-lysine SigmaAldrich
Sterile distilled water In-house
Formalin solution, neutral buffered Sigma Aldrich
Triton -X Invirtrogen
DAPI in mounting reagent Duolink

Glass cover slips MenzelGlasser

Immunofluorescent microscopy is performed to detect the presence of proteins of interest
in microbiological samplewith the use of a fluorescentieroscope. This technique uses

the specificity of antibodies to their antigen to target fluorescemes do specific
biomolecule targets within a cell, allowing the distribution of the target molecules within

a sample to be visualised. Immunofluorescence is a widely used example of
immunostaining which effectively makes use of fluorophoregdoalisethe location of

the antibodies.

Immunofluorescent microscopy was performed to determine the presence of specific
cellular intracellular and extracellular proteins. Naherent cells were attached to the
surface of culture plates using sterile tissue celgrade PohL-lysine polymer reagent.

The culture surface was aseptically coated with 1.0 mL/Z5ofrthe PolyL-lysine, with

gentle rocking to ensure even coating of the culture surface and aspirated after 5 minutes.
The culture surface was thoroughipsed using sterile tissue culture grade water. The
culture surface was allowed to dry thoroughly for 4 hours before introducing cell cultures.
Cells were cultured at the same cell density of 606don8 well slide chambers (BD
Falcor™™), 24 or 48 well mtes. Media was removed from the adherent cell cultures and
the cells washed once with 1ml of ice cold PBS (washing refers to the addition of PBS to
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the cell cultures and removal of PBS). The cell cultures were fixed with 4% Formalin for
10 minutes at roortemperature in the dark. Cells were washed twice in 1ml of PBS and
cell membranesvere permeabilised using 0.1%riton X for 10 minutes at room
temperature in the dark. The volume of PBS, fixative and permeabilisation reagent was
dependent on the well sicell density Table 2.13.

Cell culture plate Volume of PBS, 4% brmalin and 0.1
Triton X per well

8 well slide tnamber 200ul

24 well plate 500ul

48 well plate 300pl

Table 2.13 - The volume of PBS, fixative and permeabilisation reagent used in
immunofluorescencemicroscopy were dependent the size of each well within the
culture plate.

Cells were washed twice with PBS to remove all traces of fixative and detergent. Non
specific antigerantibody binding in cell cultures was minimized by usif@o normal
serum diluted in 0.5% BSA solution. The normal serum used originated from the species
in which the secondary antibody was produced. Cell cultures were blocked in 10%
normal serum in the dark for 30 minutes at room temperature on a shakero@kiagl
solution was removed from cell cultures and the cells incubated with a primary antibody

specific to the antigen of interest or an antibody isotype control.

Unconjugated antibodies were made up (concentrations optimised) to the required
concentratns in 3% BSA solution. Depending on the size of the plate/chamber, cells
were incubated with 20800l of unconjugated primary/isotype antibody over night at

4 C. Cell cultures using a biotinylatgimary antibody system (no secondary antibody
required)were incubated with the antibody for 1 hour at room temperature in the dark.
The culture plates were wrapped in parafilm to prevent evaporation and cell dehydration.

The cell cultures were washed twice with PBS for 3 minutes on a rotator.
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Cell culturesthat had been stained with an unconjugated primary/isotype antibody were
incubatel with biotinylated secondary antibody prepared in 3% BSA for 1 hour at room
temperature in the dark on a rotator. The cell cultures were washed twice with PBS for 3
minutes @ a rotator. All PBS was removed completely from the cell cultures and one
drop of DAPI mounting reagent added to visualise nuclear staining. Slides and wells were
mounted with coverslipand cellular staining observédxy the Leica DM16000 Inverted
micros@pe and analysed by corresponding AF6000LX softwEne DAPI blue staining

was visualised through filter cube A4, f@d APC staining visualised though filter cube

Y5 and the green staining via the L3 filter. To allow for direct comparisons between the
isotypecontrol and positive staining, images were captured at the same exposure, gain

and intensity setting within each experiment.
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2.12Immunohistochemistry

Immunohistochemistry

ITEMS

Ethanol

Xylene

Haematoxylin solution

1% Eosin solution

Trypsin enzyme dgestionkit
Formalin solution, neutral buffered
Hydrogen peroxide 30%

DAB substrate-chromogen system
Glass cover slips

Aperio® ScanScope slidecanner
Microscope DMI4000

SUPPLIER

VWR

VWR

Merck

VWR

Menarini Diagnostics
Sigma Aldrich
Suprapur®
Vector
MenzelGlasser
Leica Biosystems
Leica Biosystems

Immunohistochemistris the technique used for the detection of antigens within cells of a

tissue section using the principle of speditibodyantigeninteraction.

Immunohistochemical staining is widely used in basic research to establish the

distribution and localization of biomarkers in biological tissue. Antibadiygen

interactions can be visualised using an antiboalyjugated enzyme, such @esroxidase

which catalyses a coloyoroducing reaction Immunohistochemistry analysis was

performed according to Nakane et @Nakane and Pierce 1966with protocol

modifications proposed by Clausen e{@lausen, Blish et al. 2011

In brief, issue fixation, embedding and processing were performed tip-tlwuse Bone

Analysis Laboratory facility. Brieflytissue sections were fixed inag@formaldehyde

(PFA) and decalcified for 7 days, with solution change every 3 days. The tissue sections

were processed through graded alcohol solutions ad xylene dwerBigctions were

embedded longitudinally in paraffin wax contained in a square mould, according to

embeddi ng machine

manufactur er 6 Sumitmckt ructi o

sections at 2 levels 50um apart, using a rotatory microtome (Leica Mitzosg)sand
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mounted on positivelgharged Superfrost®PLUS slideswhen required for
immunohistochemical analysisiet tissue sections were first-dexed by immersing the
tissues in various solvents solutions istéps for 4 minutes per step; xylenglexe 99%
ethanol, 99% ethanol, 95% ethanol and 70% ethanol. Tissue sections were hydrated in

running water for 2 minutes.

A humid environment was prepared for tissue sections by moistening
immunohistochemistry staining slide trays with distilled water. faetivated antigen
retrieval was prformed using 1:3 dilution ofytpsin enzyme. The Trypsin was greated

in a 37°C incubator for 30 minutes. Tissue slides were placed in thegstned
staining slide trays and 100ul @fypsin placed on each tissuection for 10 minutes at

room temperature. Tissue sections were placed in staining racks containing PBS and
placed on a rotator for 3 minutes. The PBS was discarded and tissue slides submerged in
fresh PBS and washed again for 3 minutes. The tissue slides removed from the
staining racks and returned to the staining tray. The slides were tapped to discard any
remaining PBS. A wax isolator pen was used to circle the area around the tissue, creating

a reservoir surrounding the tissue.

Tissue sections &e incubated with 100ul of 3% hydrogeerpxide for 30 minutes at

room temperature. The tissue sections were placed into staining racks containing PBS and
washed twice. Sections were placed back in the staining trays and blockdd®yitlof

10% normal seim blocking solution for 30 minutes at room temperature. The species
from which the normal serum originated was dependent on the species from which the
secondary antibody was producedJnconjugated antibodies were made up

(concentrations optimised) to thequired concentrations in 3% BSA solution.

Tissue sections were tapped gently on absorbent paper to remove blocking serum and
then incubated with 100ul of unconjugated primary/isotype antibody over nightGit

The tissue sections were placed intairshg racks containing 0.05% PBSveen.
Sections were washed twice for 3 minutes per wash on a rd&wondary biotinylated
antibody was made up in normal serum to an optimal concentration. Sections were
replaced into staining trays and incubated wif®Oul of 1:500 dilution of secondary
biotinylated antibody.The tissue sections were placed into staining racks and washed

twice with 0.05% PBS'ween for 3 minutes per wash on a rotator. To enhance artibody

73]



antigen detection, sections were placed backhen dtaining trays and incubated with
100ul of 1:300 Streptavidin solution for 30 minutes at room temperature. Sections were

washed twice with 0.05% PBBwveen for 3 minutes per wash on a rotator.

Antibody-antigen specifictaining was developed with DABhcomogen as per supplied

kit; 1 drop of DAB was placed into 1ml of DAB buffer. Tissue sections were incubated
with 100pul of the DAB solution for 5 minutes in the dark at room temperature. The tissue
sections were placed into staining racks and washed tapeater for 5 minutes. Tissue
sections were counterstained with Gills haematoxylin for approximately 20 seconds and

excess stain removed by washing sections gently under running tap wat@rrfunates.

The tissue sections were dehydrated in solwerbnsecutive steps; 70% ethanol for 12
seconds, 95% ethanol for 12 seconds, 99% ethanol for 12 se@8% ethanol for 12
seconds, xylene for 30 seconds aglkre for 2 minutes. The sections were mounted with
DPX and coveslips and allowed to dry ia ventilated environmenglides were scanned
and images captured agi the Aperio® ScanScope slideasner or arupright light
microscope PMI4000, Leica Biosystems
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2.13RNA Extraction

RNA Extraction

ITEM SUPPLIER

Rel i aPr e p Emirfiphpsysteent Progema
Re |l i a P mieofurins (B0/pack)
Collection tubes (50/pack)

Elution tubes (50/pack)

BL buffer

Column washalution (CWE)
1-Thioglycerol (TG)

Nucleasefree water

Yellow core luffer

RNA wash slution (RWA)

MnCI2, 0.09M

DNase | (lyophilizegl

Molecular-grade isopropanol SigmaAldrich
95% Molecular-grade ehanol SigmaAldrich
Individual PCR tubes, 0.5 ml and 1.5ml ThermaScientific
384-Well standard PCR plates ThermaScientific
Microseal® 'B' adhesive gals Bio Rad

Prior to RNA extraction, the following reagents were prepared:

DNase |

Lyophilised DNase | was recstitut e d wi t hlcle@sdréecwater f(provided) as

indicated on the vial label. The vial was gently mixed by swirling the vial of solution. A

tot al of 3¢l of rehydrated DNase | was r e

DNase | was stored a20°Cfor up to 6 months.

BL-TG buffer
The BL-TG buffer was preparedlyd d i n g 3ttddglgceérol @&) 6 32.5ml of BL
buffer. The BLTG huffer was stored at 29Q0°C for up to 30 days.
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RNA wash olution

RNA wash slution wasprepared by adding 60mf 95% molecular iade ethanol to the
bottle contaning 35ml of concentrated RNA washblstion and stored at +15°C to +30°C.

Colum wash solution

Column wash solution was prepared lithe addition of 7.5ml of 95% molecularage
ethanol to the bd# cortaining 5ml of CWE. The columnagh solution was stored at
+15°C to +30°C.

2.131 Column based RNA isolation

RNA was extracted from cell cultures using the coldrmased ReliaPrep RNA cell
Miniprep kit. RNA was extracted from adherent celigltared in multiwall plates or
flasks. The media from the cell cultures was removed and the cells washed eitkdice
sterile PBS followed by the addition of BLG buffer in a volume that was dependent on
the estimated number oélts within each well or flaskRNA shearing was assisted with
repeated pipetting of the lysate over the well surface.-&lirerent cell cultures were
transferred into cé&bdfugedat 0@ REM forbsbnstes atmoom
temperature. The supernatant was discarded and thgetlelis were washed in ia®ld

PBS followed by the addition of BILG buffer in volumes according tdable 214.
Lysates for adherent and nadherent cell cultures were collected and transferred to
PCRgrade microcentrifuge eppendorfisopropanol was add to cell lysate in 1:3
ratios; as an example, cells cultured in 6 well plates were lysed with 250l of lysis buffer
and 85pl of isopropanol was added to the lysed cells. The cell lysate and isopropanol

were mixed thoroughly by vortex for ~10 seconds.
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Manufacturer recommended wash and lysis volumes for harvesting adhererglts
Plate/flask PBS washvolume Volume of BL-TG Volume of
per well buffer Isopropanol
96-well 100 pl 100 pl 35ul
48-well 250 pl 100 pl 35 ul
24-well 500 pl 100 pl 35 ul
6-well 2.0 ml 250 pl 85 ul
T-25 5.0 ml 500 pl 175

Table 2.147 The manufacturer ecommeunded wash and lysis buffer volumes used for
harvesting adherentells

For each sample, Re | i a P iniegtufin was placed into a collection tube and cell

lysate trasferred to the micolumn. The lysate was centrifugetl 2,000 RPM for 30

seconds at room temperatufée supernatant was disdad from the collection tube and
500c¢l of RNA Was h S ominicolimm and wemtsfugeddad12,800t o  t
RPM for 30seconds. The collection tube was removed the supernatant discCBinged.

RNA samplewasDNase treated to remove any genomic DNA contaminaklioa.sterile

tube, 300l of DNase | solution was prepare
3el 0. 09a&Mn aMnXd 12 of DNase | enzyme per samp
pi petting and 3¢l of freshly predptathed DNa:

membrane inside the imcolumn. RNA was incubated with DNase | solution for 15

minutes at room temperature

Next, 2 0 0 £ Waslo dolutiGhoMasuachded to théenrmolumn and centrifuged at
12,000 RPM for 15 s econuim.wasSran@ferred imdof the RN A\
minicolumn and centrifuged at 12,000 RPM for 30 seconds and the supernatant was
discardedrom the collection tube. Theinicolumn membrangvaswashed a final time

with 300¢l of RNA Wash Sol utfor@mines.dThecent r i
minicolumn wastransferredo a new Elution tuheand nucleas&ee water added to the
membranes, euring the entire surface of membrane was covered with the water
provided with the ReliaPrepE Kit. The wvolu

dependent on the original number of cells cultured within the well/daslkecommended
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by the manufacturgTable 215). The mnicolumnwascentrifuged at 13,000 RPér 1
minute. The Rition tubecontaining the purified RNA asstored ai 80°C.

Recommended wlume ofnucleasefree water

Cell number Nucleasefree water
1x10to5 x 10 15¢ |
>5 x 10to 2 x 10 30¢ |
>2 x 10to 5 x 10 50¢l

Table 2157 The addition of nucleasdree water required tceludethe purified RNA
was dependent on the original number of cells cultured in the well or flask

2.132 RNA quantification

Nucleic acid concentration and purity were quantified using the NaneDD0p
spectrophotometer (Thermo scientific) at an absorbance of 260nb) @nd 280nM
(A2s0). 1pl of RNA or DNA sample were required for the NanoDropalgsis. The
concentration of nucleic acid was determined using the -Bambert law, which
calculates the change between light absorbaAgethie sample concentratiomw) (the
specific extinction coefficientJ and the length of the pathway the light travels through

the absorber), which is specific for every spectrophotometer:

The BeerLambertLaw: A=UT ¢

As an Ao reading of 1.0 was equivalent to approximately 40 pg/ml of RNA, the
absorbance at 260 was used to determine the RNA concentration in an unknown
sample. A AsoPA20r at i 0 bet ween 1.8 and 2.2 was

RNA, which was free from contamination.
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2.14Reverse tanscription-polymerase chain eaction (RT-PCR)

Revease Transcription and PCR

REAGENTS
RNAasefree eppendorfs
DEPC-treated water
100mM DNTP mix

Random primers supplied at 3ug/ul in
3mM
Oligo(dT) 20 primer supplied at 50 uM.

5X First-strand buffer 375 mM KCI
0.1M DTT

RNasIN recombinant RNase mhibitor
Superscript® Il supplied at 200Unites/ul
End-point PCR primers

KAPATaq ready mix kit

Gel Doc XR+ gstem

Quantity One software

Tagman gene expression ssays

2X Tagman universal master nix
ABI 7900HT Platform

Agarose

Tris/Borate/EDTA (TBE) bu ffer
Ethidium bromide

Full range100 BP DNA hdder

X5 DNA loading buffer

SUPPLIER

Alpha Laboratories
Ambion® Life Technologies
Thermaoscientific

Invirtrogen

Invirtrogen
Invitrogen
Invitrogen
Invitrogen
Invitrogen
Eurofins/MWS
KappaBiosystems
BioRad

BioRad

Applied Biosystem
Applied Biosystem
Applied Biosystem
SigmaAldrich
Applichem

BioRad

Norgen

Kappa Biosystems
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PCR is thein-vitro enzymatic amplification of a specific DNA sequence involving
multiple cycles of template denaturation, primer ahing, and primer elongation. In the
denaturation stage, the two strands of cDNA are cleaved. A temperature of 94°C is
required to denature the DNA due to the extremely strong stacking interactions and
hydrogen bonds between the two stands. In the angesiép, specific oligonucleotide or
primers anneal with their specific target sequences in each of the single stranded DNA
templates. The annealing temperature typically ranges between 53°C and 65°C, depending

on the length and guanine/cytosine (G/C) rafithe primer.

In the final elongation step, therrstable Tag polymerase replicates a DNA strand
starting from the 3' end of the primer and synthesising new DNA in a 5' to 3' direction.
The Taq polymerase is stable and active at high temperatures|lyypyctemperatures of

72°C. The PCR process is exponential in that the amplified products from each previous
cycle serve as a template for the next amplification cycle. Typically, abundant
amplification product is produced following 20 to 40 cycles olRP@s a result this
technique is highly sensitive and effective for detecting specific nucleic acids sequences.
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2.141 Primer design

Primer pairs were designédrough the NCBI/BLASTsoftware and ordered from Sigma
Aldrich. Primers were designl on separate exons were possible, wer20l&8mino acids
and contained 50% G/C ratidhe sequences of primers were checked by Bf@st.
arrival, the lyophilised primers were dissolved in DEfP€ted water to obtain a working

concentration of 10uM.

OligoName |[Sequenee 30)560 Melting Amplicon
temperature | size

SOSTDC1f | CCGTCATGCTTCTCAGTTTC (20) | 65 198 bp

SOSTDC1r | GCTGTCACACTCCAAGGGCC (20) 65 198 bp

GAPDH f TTGTCAGCAATGCATCCTGC (20)| 57 354bp

GAPDH r GCTTCACCACCTTCTTGATG (20) | 57 354bp

Step Temperature Time

Hot start PCR- T=9%3 2 minutes

denaturation

Second denaturation step | T=953 1 minute

Primer annealing hSOSTDC1= 6% 1 minute

temperature GAPDH=5%

Extension T=723 1 minutes

Repeating 35 cycles

Last extension T=723 5 minutes

Hold at 43

Table 2.16- The sequenceand the optimal PCR condition®r the reverse and
forward primers specific to SOSTDC1 and GAPDH.
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2.142 Reverse Transcription and cDNA production

Reverse transcription (RT) is a procedure basethe activity of theeverseanscriptase
enzyme to catalyze the conversion of RNA template to complementary DNA (GDNA
required for the process of polymerase chamction (PCR (Figure 2.5). Synthesis of
cDNA is performed using a short piece of singleanded DNA knowras oligo(dT),
which anneals to the stretch of the pélytail at the 3' end omost mMRNA molecules.
Although digo(dT) primers are highly specific to mRNA, they have the limitation of

initiating RT at the 3" end of the transcript resulting in incomplBdA synthesis.

5’ Cap
Structure AAA(A)

mRNA 3’ Poly(A) tail

\ VWWWVYW\ Oligo (dT)12-18 Primer
AAA(A)

dATP 3’
dTTP
dGTP
dcTp

3 5
5, ;
AAA(A) ,
N 5’
ANV
AAA(A) g,

c¢DNA mRNA hybrid

l Reverse Transcriptase

Figure 2.6 - Reverse Transcription (RT) and cDNA production: Oligo(dT) and
random primers can be used in RT to enable higher cDNA vyield. Deoxynucl
triphosphates dNTP9 and under optimal daand pH conditions, the RT enzyn
extends a primer complementary to the Rpraducing cDNA.
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In all experiments, RNA samples were converted to cDNA using SuperScript Il
foll owing manufacturerdéds instruction. Bri e
from the-80°C storage were placed on ice for 20 minutesr gadhe RT reaction. The

working environmentvas sterilised usiniRNas&ap® RNase decontamination solution

to eliminate RNases and this was followed by sterilisation with 70% ethanol. Ridase
eppendorfs, DEP@eated water, pipettes and eppendorf ragkse placed into a UV

hood and irradiated for 20 minutes.

In the RNasdree eppendorfs150ng2ug of total RNA wassolated andquantified as
outlined in Section 2.12.RNA was prepared in a total volume of 11 pl with DEPC
treated water. For each RNA spl@, a corresponding ART sample (Rive) was also
prepared containing no RT enzyme (SuperScript ll) to detect any DNA contamination. In
addition, for every biological experiment, a-RBIA control was also included, in which
DEPGCtreated water was substied for RNA in order to detect any contamination in the
water (RFH.0).

The following were added to 11pul of RNA; 0.25pf random primers, 0.25ul ofligo

(dT), 1.0pl 200mM dNTP and 1.0ul of DEP@ated water. The reaction was heated to

65 C f otes oda TiermouCycler and chilled on ice for approximately 2 minutes.

The second part of the RT reaction was prepared in two separate tubes; one tube
containing RT Superscript lll enzyme and the other containing Diegdfed water as a
substitute for Supwscript lll. Each cDNA synthesis reactions containgd of First

Strand buffer, 1pl of 0.4M DTT, 1ul of RNAseIlN and 1pl Superscript 1l (RT+ve) or

DEPC (RFve). Each tube containing a total volume of 20ul of RNA/Supercript Il or
RNA/DEPGtreated water waincubateda2 5 C f or 5 minutes, 50 C
i nactivated at 70 C f ecDNAW& stonedre@ 0 e €. f Dhe s b g
perordand8 0 C for | onger term storage.
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2.143 Polymerase Chain Reaction

Polymerase chaineaction(PCR is thein-vitro enzymatic amplification of a specific

DNA sequence involving multiple cycles of template denaturation, primer annealing, and
primer elongation. In the denaturation stage, the two strands of cDNA are cleaved. A
temperature of 94°C is required to dime the DNA due to the extremely strong stacking
interactions and hydrogen bonds between the two stands. In the annealing step, specific
oligonucleotide or primers anneal with their specific target sequences in each of the single
stranded DNA template§.he annealing temperature typically ranges between 53°C and

65°C, depending on the length and guanine/cytosine (G/C) ratio of the primer.

In the final elongation step, therrstable Tag polymerase replicates a DNA strand
starting from the 3' end of theiprer and synthesising new DNA in a 5' to 3' direction.

The Taq polymerase is stable and active at high temperatures, typically to temperatures of
72°C. The PCR process is exponential in that the amplified products from each previous
cycle serve as a tempda for the next amplification cycle. Typically, abundant
amplification product is produced following 20 to 40 cycles of PCR. As a result this

technique is highly sensitive and effective for detecting specific nucleic acids sequences.

2.143.1 End-point PCR

The traditional PCR method of using agarose gels for the detection of final phase PCR
amplification is referred to as EwmbintPCR. Products ofEndpoint PCR can be
visualized on an ethidium bromiggained agarose gel. The reaction includes a teeplat
(genomic/plasmid DNA and cDNA), forward primer, reverse primer, reaction buffer,
magnesium, dNTP mix, and a thermostable DNA polymerase. The forward and reverse
primers are specific to a sequence within the template and determine the length of the
amplified product. Tag DNA polymerase is the most routinely used thermostable
polymerase in amplifications. The concentration of magnesium ions have a direct effect
on a range of factors including; enzyme activity, primer annealing, the template melting

temperatire and primedimer formation.

PCR was performed using KAPATag Ready Mix kit (Kappa Biosystems) following

manufacturer os i nstructions. Pri mer pairs
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(http:Frodo.wi.mit.edu/primer3) and ordered from Sigma Aldriébn arrival, the

lyophilised primers were dissolved in DER@ated water to obtain a working
concentration of 10uM. The PCR reactionx per cDNA sample comprised-3 ¢ | of
cDNA (synthesised from 150r2ug of RNA) 2 ¢ | of 50mMhimagneéds | uftek
10x NHyreaction o f f e r |, 1mi x ol OWMMTP1el of 10 eM for
10 &M rreivmeers,e Ipe | of DNA pol ymer astreded 1 ¢ | o]

water to make up 20¢l tot al reaction vol um

For each experiment, the cDNA was also replaced with D&E®died control for one

sample and used as a negative contra@ddition to the Rive control §ection 2.14.2

PCR was performed setting thetial and secondary denaturing temperatures at 95°C and

an elongation temperature of 2 according the manufactur e
annealing temperature was specific to the melting temperatyye{the primer and was

optimised for each primer set.

The annealing and extension stelps of PCI
Il ni tial deemLt Amiarn u toens
Secondary debCatfuwrralt™~
Anneabb®@: for 30s 35 Cyc
Ext ensg2Cordlmirn/ kb

Fi nal e X PG nfsoiro n2zmi n
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2.143.2 Agarose gel electrophoresis

The presence of PCR products were verified using agdi®Eegel electrophoresis. Gel
electrophoresis was used to separate PCR productions based on their size (Bp). A 1.5%
agarose gel was made by shtving 1.5g of agarose (Sigma Aldrich) in 1X
Tris/borate/EDTA(TBE) buffer. The agarose was dissolved by heating in a microwave
for 2 minutes after which ethidium bromide was added to the agarose solution at a
dilution of 1:100. A 16 or 32 well comb wasaped in the gel plate and the agarose was
poured into the gel cast and left to set for approximately 1 hour at room temperature. The
set gel was placed in the electrophoresis tank and filled with TBE buffer. The comb was
removed carefully from the set gdlOpl of DNA ladder (full range100 BP Norgen) was
loaded into the first well. 5ul of DNA loading buffer was added to 20ul of PCR product

in a ratio. Each PCR product was loaded into the agarose gel at a volume of 10ul. The gel
ran in TBE at 100V for 30 mutes andDNA fragments wereénspected under UV light

using theGel Doc XR+ system and the Quantitp®software.

2.14.3.3 PCR product sequencing

PCR products were sent into the DNA sequencing Core Facility housed within the
University of Sheffield, Mdical School and sequenced to ver8@STDClexpression
(http://genetics.group.shef.ac.uk/dsmguencing.htmil Sequencing was performed using
the Applied Biosystems' 3730 DNA AnalyseA 10ul of the 100ngll PCR product
obtained from engboint PCRwere initially purifiedby the Core Genomics Facility

remove excess primers and dNTPs using the Ampure bead purification kit (Beckman
Coulter). Sequencing results were analysed using Finsbffware version 1.4.0 and the

base pair sequences were assessed for nucleotide similarities to SOSTDC1 using the
databasen Basic Local Alignment Search To@@LAST)®.
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2.143.4Real Time quantitative ReverseTranscription -PCR

Real tme quantitatie RT-PCR (gRT-PCR) enables accurate measurement of products
generated during PCR cycles. This technique involesgMan oligonucleotide pobes

have a fluorescent probeefrorter) bound to th& end and a oOquench
attached to the 3' end. During PCR amplification, these probes hybridize to the target
sequences in thamplicon As the polymerase enzyme replicates the TagMan beund
template, the reported is cleaved due to the polyméraseiclease activity. The close

distance between the reporter and quencher molecule prevents fluorescence from being
detected througRkluorescence resonance energy transfer (FRET). The uncoupling of the

two molecules results in an increase in fluoreseamtensity, whichis proportional to the

number of the probe cleavage cycles.

Speciesspecific TagMaf® Assays were used to determine the expression gehes
interest For each gene of intereat7ul reaction mixwas prepared containingul of
TagMar® gene expression mastermix, QI5STagMan® Assay and 1.5l nucleasdree
water 3ul of cDNA template as preparedsection 2.13.2and 7ul of reaction mix were
loaded into a well in a 384 well PCR plaach cDNA sample was loaded in duplicates.
The reactionmix was also loaded witl2ul of nucleasdree water instead of cDNA
templateto detect any contamination in the PCR reaction mix. glaés were sealed
using an optical adhesive cover®CR pates were analysed using Apied Biosystems
7900HT RealTime RCR system and data analysis performed on the SDS 2.2.1 software.
The cycle threshold (CTyalue that was measured by the RBahe PCR system was
representative of theumber of cycles at which each specific reaction cobasselected
threshold The CT vdues were used as a relative measure of the concentration of the
template sequences in a samplee thresholds were positionaallie in the middle of the
linear region ofthe logarithm amplification plagt in an areawhere theincreasing
amplification was exponential High CT values meant thahigher numbers of
amplification cycleswere required to reach tHeiorescence intensitthresholddue to

lower anount of sampleDNA template.
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The baselineof a PCR reactiorwas set in the SDS 2.2.1 software temove any
background fluorescence. To maintain uniformity across samples, a constant threshold
was set at 0.2CT and a constant baseline alssset at 315 cycles. Sample replicates
were analysed by thepopCT me t h o dby diwalsand $chratenLivak and
Schmittgen 2001 Relative quantification of genexpression wasperformed by
normalisingto b Znicroglobulin (B2M) and hypoxanthine phosphoribostiansferase 1
(HPRTLD housekeeping genesising the formulappC T =targelc TCT housekeeping FOId
changes in target gene expression veateulated using thep ¢p C method, in which data

are normalisethy the 2*®“f uncti on (cal cul ated by taki

TagMan® assays

ITEM ID SUPPLIER
Mouse hypoxanthine MmO00446968m1 Life Technologies
phosphoribosyltransferase 1

(HPRTL)

Mo u s emicfodlobulin (B2M) MmO00437762m1 Life Technologis

Runt related transcription factor 2 | Mm00501584_m1 Life Technologies
(Runx2)
MouseCTNNB1 mmO00483033an1l Life Technologies

MouseCOL1A2 MmO00483888m1 Life Technologies

Table 2.17- The TagMan assaysspecific for genes studied usirgRT-PCR in this
study.
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2.15Bio-Layer Interferometry

BLItz analysis

ITEM SUPPLIER
Amine reactive 2nd generation (AR2G) ForteBio
Biosensor

96-well, black, polypropylene flatbottom ForteBio
microplate

NHS/EDC ForteBio
BLItz® Systembioanalyser ForteBio

Biosensor technology is commonly us#te specific and sensitivenvestigaton of
biomolecular interactions. e Bio-Layer Interferometry (BLI)developed by ForteBio
(www.ForteBio.con), is amongst the wekstablshed biosensor platforms used to
evaluateprotein/protein interactions in gearch and routine applicatiof\&allner, Lhota

et al. 2013 The BLI technologyuseal by the BLIt® system provides redgime data on
protein interactions. The BLI& system emits white light doweabiosersor,and the light
reflected back is then collected by a dete¢tgure 2.6). The molecule of interest is
biochemically bound to theurface of the biosensor, where it forms complexes with
partner molecules (analyté)he carboxylatéd biosensosurface allows covalent coupling
of proteins viaN-Hydroxysuccinimide (NHSgthyl(dimethylaminopropyl) carbodiimide
(EDC) mediated amide bonardmation.The thickness of the coating on the optical layer
affects the reflected wavelengthche wavelength interference, which is categorised as
constructiveor destructive, iscaptured by a spectrometer and is reported in relative
intensity units (nm)Changesn the number of molecules bound to the biosenssult in

c h a n g shifts @ the wavelengthinterferencewhich is measured in real time. The
interference shifts ar@ direct measure of the change in optical thickredéghe biologtal
layer. Based on these principles,range of kinetic applicatiorsre possiblancluding

protein kineticand affinity characteration.
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Incident white
light

Immobilised
molecules

Analyte

Biosensor surface

2.151 BLI kinetics

Relative Intensity units

Blitz Signal processing

EEES =
Wavelength

Figure 2.71 BLIltz system:
The BLItz system emits whi
light down the biosensor, an
collects reflected light.
Wavelengths interference ar
constructie interference (blue)
or destructive (red).
Interference shifts captured b
a spectrometer and reported i
relative intensity units (nm;
and are a direct measure of th
change in optical thickness c
the biological layer. Image
adapted from
www.ForteBio.com

The affinity of one molecule for another is calculated usingasmciation castant (ka)

and dissociation constant (kd). The ratiobetween the kd/kagives rise to the affinity

constantKD. Thekais defined as the rate of complex formation per second in a 1 molar

solution of two reaction partners. Tk (1/9) indicates the stality of this complex. The

affinity constantKD is calculated by the ratio of the kd/K&atsamba, Navratilova et al.

2006. This relation can béescribed by dasic equation shown below, whekes the

analyte and B is the molecule of interest:

Ka

A+B — AB

Kb

Interferometry data were globally fit to a simple 1:1 Langmuir m¢délé Shannes sy

1993), calculating the affinities and rate constants (Octet softwaresidfer6.4,
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ForteBio). This modeldescribes a 1:iInteraction where one lamd molecule interacts
with one analyte moleculeTo produce a complete kinetic prolife for the molecule of
interest and its associated analyte, the interaction is measured at enaliglyte
concentration (ug/ml) and the data is uged Langmuir model fitting. Ligand-analyte
associations were run at amection period length longenough taobservea curvature of
the binding respons&he association and dissociation responses baseline corrected
and processedisingthe Octet $ftware (Version 6.4, ForteBio)lhe individual signal
responses at each concentration as well as the maximsponses (Rmax) were

calculated.

2.152 Determining protein-analyte interaction using ARG2 bisensors

A BLI assay involves an equilibrium step, ligand immobilizatsbep,analyteassociation
andanalytedissociation stefFigure 2.7). An example ofoading conditions and curves
for the association of a target protein (termed ligand) and itsfisp@calyte are shown in
Figure 2.7. The assayvas initiatedby establishing theequilibration ofAmine reactive
2nd generation (AR2Gbiosensor tips with PBS bufféo measure the baseline signal
(Step ). Biosensors were hydrated for 10 minutes priouge by inserting the biosensor
i nt o o2 PB®buffer within a 96well microplate.Biosenors were activated with
EDCNHS mixture is a tube $tep 2). For the immobiligtion step, the protein
concentratios and loading performance were optimizeédyand sdutions were prepared
for the loading stepo bringto a concentration ofill 0 0 ¢ gAR@®biosensor tips were
captured to saturation witthe ligand to obtain a loading sign&tép 3. Subsequently,
an additional equilibration stepas appliedwvith buffer to remove the excesigand and

to obtain a constant loading basel{&ep 4. In the final dissociation stef e biosensor
was @uenched@with quenching solutioriStep 5. The £nsogram data was collected in
real time and presented as binding (nminéff at the start ofigand-analyte association

and the start of complex dissociation. The measured affinity of the inter&daiv)

between the two proteinswasrepped by the BLItz ProE soft w:
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Figure 2.81 BLItz system association/dissociation binding curve sensogram

run settings
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2.16Statistical analysis

Statistical analyses were performed with stegtistical software packagéraphRdPrism

6 version 6.4 for Windows. Firstlyhe data wereanalysed for normal distributicumsing
the D'Agostino and Pearson normality te$he chta were analysed using an ANOVA test
(one way analysis of variance) for more than two groamparison. A Hime-Sidaks
test was used as pdsvc analysis when ANOVA test was used in normal distribution
data. When data not normally distributed, ANOVA test (pamametric KruskalWWallis
test) was used for more than two group comparisbhe Dunns test was used @ost
hoc analysis when ANOVA test was used in not normally distributed ldatawo group
compari sons an taestpasiperferched svhen the data avas normally
distributed or nonparametric ManiWhitney test fortwo group comp@sons in case
were data was not normally distributeddata were considered $dically significant
when a pvalue was equal to or less thau5.Results are expressed as mean + vabfies
standard error Mean (SEM).
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Chapter 3 1 In-Vitro Characterisation of the
Osteoblast Progenitor Model
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3.1 Introduction

To study themolecular mechanisms involved in the regulation of osteoblast (OB)
differentiation and mineralisatiorl wanted to first establishn in-vitro culture system
usingmurine OB progenitor cells derived froralvariaprimary bone cells, reflecting the
different stages of osteogenic maturation from proliferation to differentiation. OB
progenitor cells isolated from thealvaria of 2-4 daysold neonatalC57BL/KalLwRij
mouse pups were selected for the optimisation ofrthvitro model of osteoblastogensis
These cells have been shown to differentiate into cells witlclear OB phenotype
including ALP expression and extracellular matrix matisation (EcarotCharrier,
Glorieux et al. 1988 OB cellsare derivedfrom multipontent mesenchymal stem cells
(MSC) and regulate the deposition and maintenance of skeletal tis§hes.OB
phenotype isdefined by the genes expredsand the proteins produdeby the cells
Characterising the expression of bepecific genes and proteins provide valuable
markers that are characteristic of bone OB phenotype deteetetio (Del Fattore, Teti

et al. 2012

MSC produce progenitor cells of restricted OB lineage that have the potential to
proliferate or continue onto amplification stages where they express specific osteoblastic
markersMSC committed to an osteo/chondpoogenitorlineage become osteoprogenitor
cells that subsequently differentiate into fsteoblasts, followed by differentiation into
active mature OB cellsH{gure 3.1). Runx2, osterix ang-catenin are essential for OB
differentiation. Runx2 plays a fundamental role in directingNt&C to an osteoblastic
lineage instead of an adipocytic or chondrocytic lineage. M€ have differentiated

into preosteoblasts, Runx2, osterix gnetatenn drive diferentiation into immature OB
cellsthat produce bone matrix proteirssippressinghe cells potential to differentiate into

the chondrocyte lineage. RuneXpression prevents the OB cells from developirig
osteocytesmaintaining them in th@B phenotypéKomori 2006 Sila-Asna, Bunyaratvej

et al. 2007. Mature OB cellssynthesize dense creBsked collagen in addition to other
proteins produced in smaller quantities including osteocalcin and osteopontin which make
up the matrix of the bone. Mature OB produce calcium and phospaséel minerals in a
tightly regulated manner. These minerale deposited into the organic matrix forming

the dense and strong mineralats tissue which forms the matrix. OB mineralisation
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components such as calcium a@@mmonly usedas markersto determine the level of

mineralisation using chemical staini(@rnett 203).

Osteoblastic cells are usually cultured in MEpha or DMEM. Studies have shown that
variations in components arttleir concentrations added tbe mediacan lead in the
differences obtained within proliferation and differentiation assayfoelho and
Fernandes 20Q0Media additives that have been shown to drive osteoblastic cell function
in culture include dexamethasone, 1,25(¢lH) -glfycerophosphate and ascorbic acid
(Jorgensen, Henriksen et al. 2D0fihe addition of scorbic acido the cell culture media

is necessary for the hydrdayion of proline and lysine residues in collagen to synthesis
of collagenous extracellular matr(Xakamizawa, Maehata et al. 2004 the literature
50ugMmL of ascorbic eid is generally the standard concentration used in mouse primary
OB cultures and is a sufficient concentration to upregulate proliferation, collagen and
ALP expression in these cells. Phosphate substrateslsereadded tin mediaand are
necessary for matrix meralisation in primary OB celtultures. Supplementation of
primary OB cell cultures isolated from mice witHl50  m-iylycdrophosphate leads to

spontaneous mineral depositi@zekanska, Stoddart et al. 2012

Primary cells isolated from neonatal mice difficult to isolateand culture routinely To

study molecular mechanisfsgnalling in OB cells, fast growing and well characterised
OB-like cell lines are commonly used. The Sarcoma osteogenic (SAOS2) cell line was
originally derived from the primary osteosarcoma of an 11 yea€altcasiamirl in the

1973 by Fogh et al anldter determined as possessing osteoblastic features which would
be useful as a permanent line of @B cells(Fogh, Fogh et al. 197Rodan, Imai et al.
1987. The SAOS2 cells present a more mature OB phenotype in comparison to primary
OB progenitor cells, making the SAOS2 cells a good model for studying events

associated with late OB differentiation stage in humells(Gundle and Beresford 1995

It is important to be able to correlate transcription factors, proteins production and
mineralisation levels to develop a timetable for OB differentiatimett 2003. In this
chapter Iselectedgene, protein and mineralisation markers that were clearly established
markers of OB cell differentiation armghalysedthese markers across a range of time
points.The primary aim of this analysis was to create a pralifen, differentiation and

mineralisation profile for the murine calvarial OB progenitor cultures. This profile could
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then be used as the foundations for future experimental design and contribute in the

understanding of the molecular mechanisms involwedB dysfunction.

Mesenchymal
Stem Cell

Osteoblast progenitor

Pre-osteoblast
progenitor

Mature Osteoblast

- BoneMatrix

Bone

Figure 3.1 - Schematic diagram of the osteoblastogenesissteoblasts aris from

MSC which under the required stimuli are driven toward an osteo/chepdsgenitor

lineage that then differentiate into osteoblast progenitor cells, followed differentiation
pre-osteoblasts and finally become active, mature osteoblasts. Madgteeblasts produce
calcium and phosphateased minerals which are deposited into the organic matrix forn
the mineralised matrix.
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3.2 Hypothesis and Objectives

3.2.1 Aims
The aim of this study was to characteriseranitro culture system usingurine
osteoblast progenitor cells.

To achieve this, theoflowing hypothesis was teste

3.2.1 Hypothesis
Murine osteoblast progenitor cells differentiate into mahodule forming osteoblasts in
osteogenic media.

3.2.2 Specific Objectives

To test this hypothesis the following were determined:

Determine lhe conditions under which ostaast progenitor cells proliferate, differentiate
and mineralise

Determine viich dfferentiation markersirespecific tothe differentstage of osteoblast
differentiation
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3.3 Chapter specific methods

3.3.1 Assessing the relationship beeen total cél DNA contents and cell number

PicoGreen analysis of total DNi#as beerirequently used as a surrogate for cell number
(Kumar, Gittings et al. 2030In my studies investigating ALP activity of Oprogenitor
cells, the PicoGreen method of detaring total DNA contents theells was to be used
as ameasure otell number. PicoGreen and Coulteouhter analysis were used to assess
the direct correlan between total DNA contents per cell and cell number, respectively.
OB progenitors were used to asstssrelationship between &tDNA contents and cell
number OB progenitorcells wereharvested from a near confluent T75 flask following
trypsinisaton, pelleted by centrifugatigrresuspended in 10ml of PB®d counted using

a haemocytometer as describedsattion 2.1.312,500cells were transferred into 15ml
BD Fal c o anf counted essig a Coultep@hter as described Bection2.14 to
verify the haemocytometer count. Th2,000cells wereserially diluted1:2 to obtain
approximatecell densities 062500, 3125, 1562, 781, 390 and Tefs

Using the same batch @B progenitors, cellsf thesamedensitiesvere alsglaced into
1.5ml eppedorfs. Cells were centrifuged at 1000 RPM for 5 minutes to pellet the cells.
The supernatants were remdvand cells lysed with 40ul dfriton-X for 30 minutes at
room temperature with agitation. 20ul of the cell lysate was transferred into a well within
a 96 well culture plateThe ptal DNA conterdg (ng/ml) of the cellpopulations inthe 96

well plates were determined with a PicoGreen dsDNA quantitation kit as described
section 2.4. Data from the PicoGreen and Coulter Counter asgagye exported to an

excel spreadsheet and fivear regresion determined.
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3.3.2 Determining the optimal FCS concentration in which calvarib osteoblast
progenitor cells proliferate and differentiate

OB progenitor cells were obtained from bone cell cultures swlabm thecalvariasof

2-4 days old neonatal57BL/KalLwRij mice using collagenase with the modified time
sequential enzymatic digestion described by Bakker et al and outlined in detail in the
main methodsection 2.1.1 (Bakker and KleifNulend 2012 To reduce variability and

OB phenotypic modificationsll experiments using OB progenitors were carried out with
cells that had been gsaged up to an including passagMousecalvarial OB progenitor

cells were harvested from a near confluent flask following trypsinisation. Cells were
pelleted by centrifugation and counted using a haemocytometer, as descrieetian

2.1.3

To determine the optimal growth conditions under which OB progenitors pradifenat
differentiate, cells wereseeded in 96 well plates at a density of 2000 cells per well.
Following a 72 hour period in culturéhe OB progenitorcells were carefully washed
once withPBS and the media placed with 100ul of osteogenic MEMIpha media
containing 0, 0.1, 0.25, 1, 4, 6, 8 or 10 % FCS. Ostd@ogdphaMEM media containing
various FCS concentrations were replaced every three dalyB. analysis which was
used as a marker of differentiation in OB progenitoas warried out on day 8, day,11
and day 15 ofdifferentiation. In separate experimen@ssessing the OB progenitor
differentiation in the minimum FCS concentration required (4%) by the, 0B
progenitorswere cultured up to day 19 of differentiatiohotal DNA content of OB
progenibr cultures were also determined with a PicoGreen dsDNA quantitation reagent
as outlined irsection 2.4 Total DNA values were usdd normalise ALP activity to total

cell DNA content, as describedsection2.3.
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3.3.3 Assessinfrunx2, CTNNB1 and COL1A2gene expression in differentiating OB
progenitor cells

R u n x zatenirb andCollagen have been established as gene markers of OB cell
differentiation in the literaturéBeck, Zerler et al. 20Q1Prince, Banerjee et al. 2001
Matsuo, Tanaka et al. 2008aron and Kneissel 20)3 The expression ofRunx2
CTNNBL1 (gene ecodin the protein fércatenin andCOL1A2( encodes tlhe pro
type | collagen)genesduring the differentiation stages of OB progenitoeyaassessed

using qRTPCR Mouse calvarial OB progenitor cells were harvested from a near
confluent flask following trypsinisationCentrifuged cell pellets wenesuspended and
counted using a haemocytometer, as described in the methcicbn 2.1.3 OB
progenitors wereulturedin 6 well culture plates at a density of,800 cells pewell in
standard MEMAIpha mediacontaining 10% ES. Cells were differentiatefor up to 21

days in standard MEMIpha osteogenic mediaontaining4% FCS prepared according

to section 2.2 Following a 72 hour period in cultur@B progenitorcells were washed

once with PBSper well,and the media repladewith 15ml of osteogenidEM-Alpha

media. The osteogenic media on the OB progenitors were replaced every three days.
RNA was extracted from the differentiating OB progenitors on day 8, 11, 15 and 21 of
differentiation and quantified using a NanoDrop bialgseraccording tosection 2.13
Following cDNA synthesis from 1000ng of RNRunx2 CTNNBland COL1A2gene
expression were quantified using fRCR analysiss described isection2.14

3.3.4 Assessing meralisation in differentiating osteoblast prayenitor cultures

To determine the level of mineralisation in differentiating OB progenitor ,c€lB
progenitor cellsvere harvested from a near confluent flagkirypsinisation.Cells were
pelleted by centrifugation and counted using a haemocytomstdesaribed insection
2.1.3 Cells wereseeded in 48 well culture plates at a density,80® cells per well in
standard MEMAIpha containing 10% FCS. Following a 72 hour period in cult@®,
progenitorcells were carefully washed once with PB& wel| and the media replaced
with 250ul of osteogenidIEM-Alpha media containing 4% &S prepared according to
section 2.2 Osteogenic media in which Qidogenitors were differentiating wasplaced
every three daysfor up to 21 daysMineral depositionwas ugd as a marker of

mineralisationn OB culturesandwas assesdusingAlizarin redstaining on days, 11,
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15 and 21 of OB differentiation as described section 2.5 Percentage raa

mineralisation of OB cells was quantified per well using ImageJ Sadtwar

3.3.5 Characterisation of differentiated SAOS2 cells culture system

SAOS2 are OBike cells that have a similar phenotype to primary murine cells and are
commonly used in studies in OB studi€zekanska, Stoddart et al. 201Zhe SAOS2

cells have previously been shown to have a mature OB phenotype with high levels of
ALP activity (Saldana, Bensiamar et al. 2Q1h this study | wanted to establish anathe
in-vitro OB-like culture system with a more mature OB phenotype to compare to murine
OB progenitor cells. SAOS2 cells were harvested from a near confluent flask following
trypsinisation as described in the method section. SAOS2 cells were pelleted by
certrifugation and counted using a haemocytometer, as describegciion 2.1.3
SAOS2 cells were seedad96 well plates at a density of 2000 cells per well@@ul of
standardDMEM media containing 10% FCS. Cells were given 48 hours to adhere to the
culture surface and DMEM media was rensaly washed once with PB&nd replaced

with 100ul of osteogenb MEM me di a ¢ o nt adlyoerophgsphhté anchdd o f
e g/ ml-asaoibic dcid additives as described by Saldana (&a#dana, Bensiamar et

al. 201). SAOS2 cells were differentiated for 8 days and osteogeMIEM media was
replaced every three days. ALP analysis of SAOS2 cells wasctauteon days 2, 4, 6

and 8 of differentiation. Total DNA content of SAOS2 cells per well were also
determined with a PicoGreen dsDNA quantitation reagent to normalise ALP activity to

total cell DNA content, as describedsactions 2.3 and 2.4
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3.4 Results

3.4.1 Total DNA contents within cells determined by PicoGreen anadis correlated
with cell number

OB progenitors of various cell densities ranging frapproximatelyl2,50 to 200 cells
were counted using the Coultep@hter and this countag compared tthe total DNA
contens usingPicoGreen dsDNA quantitatioifhe regression analysis between the two
sets of data obtained from the PicoGreea Coulter Gunter assay showed that as the
number of cells increased, the total DNA contents péats® increased linearlyFigure
3.4.1, R=0.094.
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Cell Number counted by Coulter

Figure 3.4.1 - Analysis of cell DNA contents correlated with cell number
determined by Coulter Counter analysis Coulter Counteranalysis of cell numbel
showed thatn increase in the number of cells correlated waih increase in total DNA
contents. N=4 independent experiments, Linear Regression analysis. ***P<O0.(
R=0.092.
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3.4.2 Osteoblast progenitor cells differetiate exponentially from 8 to 15days in
osteogenic media

To establish ann-vitro primary cell culture system to utilise in future expesnts, |
initially establisled the optimal growth conditions under which OB progenitors
proliferated and differentiated. To ensure that the OB progenitor cells used in my studies
also behaved comparably to those used in the literature under similar ewditfost

tested the optimal FCS concentration (%) in which OB progenitor cells proliferated and
subsequently differentiated. OB progenitors isolated fronc#heariasof neonatal pups
C57BL/KaLwRij mice were differentiated for up tol5 days in osteogen media
containing various FCS concentrations ranging from 0 to 10 % ROS analysis of OB
progenitors s carried out on day 8, day 11 atay 15 of differentiation and the results
normalised to total DNA content of OB progenitor cells per well detethiwith a

PicoGreen dsDNA quantitation assay.

PicoGreen analysis showed that total DNA of OB progenitor cell in culture plate wells
increased as FC8oncentrationincreased. The exponential increase in total DiMas
evident with as little as% FCS up @ 10% FCS. By day 15 of differentiation, the total
DNA contents of OB progenitors cultured in 10% FCS no longer increased indicated by
the plateau phase of the growth curvé&iggre 3.4.2 A. The ALP analysis of OB
progenitors showed that ALP activity wapregulated with increasing doses of FCS

during all time points of diffeentiation, peaking in 10% FQ&igure 3.4.2 B.

Although| showedthat the OB progenitor cultures differentiated optimally in 10% FCS, |
wanted tocarry out future experiments usitige minimum dosage of FCS required by the
cells. The rational for using a minimum FCS dosagd diluting the concentration of
proteins in the FCSany effects resulting from treatment with exogenous recombinant
protein would not be maskeBased on theesultsin Figure 2.4.2 similar exgriments
were performed in whictALP analysis of OB progenitorsultured in 4%FCS were
carried out on day 8, day Mday 15and 19of differentiation.The OB progenitor cells
proliferated and differentiated % FCS conaatration (Figure 2.4.2 C, D. The total
DNA of OB progenitor cultures increased exponentially by approximately 40%
(=30Mhg/mlto ~500 ng/ml¥rom day 4 to day 8 of differentiation. Subsequently, 4% FCS

concentration was used in subsequent experiments.
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Figures 3.4.2- Osteoblasts exponentially differentiate in 4.0% FCS from day 8
to day 15 of differentiation: Theoptimal FCS concentration (%) which OB progenitor
cells proliferated was determined using PicoGreen analysis of total DNA anc
differentiation profile determined using ALP analygi#\, B) Total DNA increased as FC¢
concentration increased throughout day 8 to day 15 of diffeisian. (C, D) OB
progenitors proliferated and differentiated in a minimum concentration of 4% FCS.
independent experiment®neway AnovaData are displayed with mean + SEMP=0.01,
***P=0.001.
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3.4.3 Runx2 and CTNNB1 gene expressiondecreased andCOL1A2 expression
increasedduring OB progenitor differentiation

QuantitativeRT-PCR was used to assd3snx2 CTNNB1 andCOL1A2geneexpression
during thedifferentiation of OB progenitorgCells were differentiated for up to 21 days in
standard osteogenic media containing 4% FEGNA was extracted from the
differentiating OB progenitors on day 8, 11, 15 and 21 of differentidanx2 CTNNB1

and COL1A2gene expressn were quantified using gRPCR analysisThe gRT-PCR
analysis showed th&unx2gene was present at detectable levels on day 8, 11, 15 and 21
of differentiationin OB progenitor cellsThe OB progenitoRunx2expressiorwas at its
highest level on day 8f differentiation and decreased significantly compared to day 11,
15 and 21 (**P<0.05,Figure 3.4.3 A.There were no differences between the level of
Runx2 gene expressiorbetweenday 11 and 21 of differentiationThe CTNNB1
expression of differentiatgy OB progenitors was at its highest level on day 8 of
differentiation and decreased exponentially until day 21 of differentiation (***FX0.0
Figure 3.4.3 B. Expressionof COL1A2gene was detected throughout the various time
points of OB progenitor diffentiation.COL1A2expression did not change between day
8 and day 11 of differentiation, btite expression decreased on day 15 compared to day 8
(***P<0.001). Collagen expression of differentiating OB progenitor cells increased on
day 21 compared to day(*P<0.05) Figure 3.4.3 Q.
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Figures 3.4.3- Runx2 and CTNNBL1 expression decreased an€€COL1A2 gene
expression increased during OB progenitor differentiation Runx2, CTNNB1 anc
COL1A2gene expression of differentiating OB progenitors were quantified usindg®GmRT
analysis and the restd normalised to B2M expression and day 8 val(®sExpression of
Runx2 within OB progenitor was present at detectable levels on day 8 and
differentiation and increased on day 15 and 20. (B) Collagen gene expression was d
throughout day 8 to day 21 of OB progenitor differentiatid®3 independent experiment:
Unpaired t testData are displayed with mean + SEM. *P=0.6%=0.01, ***P=0.001.
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3.4.4 Osteoblast progenitor cells form visible nodules anahineralise from day 15 of

differentiation

To determine the level of mineralisation in diffetiating OB progenitor cells, OB

progenitorswere differentiated in osteogenic media containing 4% FCSvane stained

with Alizarin red on days8, 11, 15 and 21 of OB progenitor differentiatiorhe

percentage area of mineralisation in differentiation ©&ls was quantifiedand

normalised to the day 8 valueSlizarin red stainingrepresentative ahineraldeposition

showed that day mineralisation in OB was significant on day 15 and 21 of differentiation

(***P<0.001). Nodules were visible to the eye @y d5 and 21 of differentiation.
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Figure 3.4.4 - Osteoblast mineralisation increased fom day 15 to day 21 of
differentiation: OB progeniors were stained with Alizariredto detect mineralisatioon

days 8, 11, 15 and 21 of OB progenitor differentiatiofihe percentage (%@rea of

mineralisation in differentiating OB cells was quantified sing ImageJ Software an
normalised to day 8Mineralisation in OBprogenitorswas significant on ay 15 and 21 of
differentiation.Nodules were visible to the eye on day 15 and 21 of differentiai@aph

and image is representative of one experimentmfrbl=3 independent experiment:
Unpaired t testData are displayed with mean + SEN:P<0.001.
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3.4.5 SAOS2 cells had high basal levels of ALP activity, indicative of a mature
osteoblast phenotype

SAOS2 cells were differentiated asteogenidMEM media containing 4% FCS for up

to 8 days in cliure. ALP analysis of SAOS2 ceNgas carried out on day 2, 4, 6 and 8 of
differentiation and the results normalised to total DNA content of SAOS2 cells per well
determined with a PicoGreen dsDNA quantitation asdaye to a high rate of
proliferation, he SAOS2 cellsbecame oveconfluent within wells,lifted and died
beyondthe day 4time point PicoGreen analysis showed that total DNA of differentiating
SAOS?2 cells increasddom day 2up to day 4 of differentian (Figure 3.4.5 A. SAOS2

ALP activity wasalsoupregulated from day 2 to day 4 of diffatiation (Figure 3.4.5 B.
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Figure 3.4.5- SAOS2 cells proliferated and differentiated up to day 4 of
differentiation determined by PicoGreen and ALP analysis:SAOS2 cells were
differentiated inosteogenieDMEM media containing 4% FCS for up to 8 days in cultu
ALP analysiswas normalised to total DNA contengser well determined with PicoGree
quantitation. (A) The total DNA of differentiating SAOS2 cells increased up to day ¢
differentiation. (B) ALP activity was upregulated from day 2 toydd of differentiation.
Graph is representative one experiment from Niependent experimentdnpaired t test
Data are disphyed with mean + SEM**P<0.001.
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3.5Discussion

The primary objective of this chapter was to characterise the proliferation, differentiation
and mineralisation profile of progenitor Ilisolated fromcalvarial primary bone
culturesobtained from neonatal mice. Characterisation and optimising ah-aitro

culture systenreflecting the different stages of osteogenic maturatising progenitor

OB cellswasrequired to understand andlidate future experimental data studying the
molecular mechanisms involved in regulation of osteoblastogensis. Primary murine cells
are commonly used in the bone cell studies as a source of osteoprogenitors as the cells are
extracted directly from the bosef animal and there is the possibility of controlling the
selection of the donor animals. The disadvantages associated with primary cell cultures
are that there are interspecies and genomic differences and cell phenotype is sensitive to
age and site ofblation. Although cells lines such as SACG82 MC3T3E1-E1 cellsare
abundant in number and homogeus in charactethey do not reflect the entire range of

OB phenotypic changesnaking primary OB cultures a more preferable OB model
(Wang, Christensen et al. 19%®rnandes, Harkey et al. 2007

Flourimetricassessment of DNA contents using PicoGreenislyn established method of
correlating DNA to cell number that oth sensitive and accuraf(®ao and Otto 19920tto

2005. To measure changes in cell number in future OB proliferation studies the PicoGreen
method was validated to ensure it did correlate to cell number, in line with the literature. The
Coulter Counter analyser has previously been used to adguaatkefficiently determine
human OB cell numbers in the literatuBapnicka, Fassmann et al. 2D08B progenitor

cells were used to assess the direct correlation between total DNA contentsland cel
number via PicoGreen and Coulteoter analysis, respectively. The data obtained from
the PicoGreen an@oulter Counter analyser shdhat as the number of cells increased,
the total DNA contents (ng/ml) also increased. These results validate thedolegyoof

using PicoGreen analysis of DNA contents as a surrogate for cell number.

The preosteoblasts are the first recognisable cell of the differentiating OB lindéuje.
pre-osteoblast maintain their proliferative capacity, they can simultane@xgyess
various proteins associated with a more mature OB phenotype, including ALP enzyme
(Birmingham, Niebur et al. 20)2As a result, ALP is suitable marke be to be used in

determining the optimal conditions under which tbavarial OB progenitor cells
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proliferated and differentiated. Quantification of DNA contents and ALP enzymatic
activity of FCS dose response experiments showed that OB progenisoprodiferate

and differentiate optimally in 10% FCS from day 8 to day 11 of differentiation
PicoGreen analysis of DNA contents and analysis of ALP activity showed that the
exponential differentiation period of OB cells initiated at approximately dayi@ving
treatment with osteogenic media, and continued increasing up to day 15 and plateaued
beyond this timgoint indicating that OB progenitor cells had differentiated into mature
OB cells by day 19 of differentiatiorgimilar results were observed biasegawa et al ,
who found that primargalvarialcells increased in cell number up to 10 days in culture and
the ALP activity of these cells increased up to 15 days in culldesegawa, Shimada et al.
2008. | wanted to further determine the minimum concentration of FCS which was
require for the OB progenitor cells to differentiate in a similar #fraene to those cells
cultured in the optimal 10% FCS doséhelrational forusing a lower dose of FCi&
osteogenic media relates to future pkedh experiments investigating the effect of OB
signalling pathways/moleculegihenthe levels of growth factorin the FCS may mask
effectsof exposure taecombinant exogeusgrowth factors In addition other studies
have shown that the use of 10% FCS in culture media may lead to reduced ALP and type
| collagen coupled with increase cell multiplicatifradel, Mai et al. 2008From the
PicoGeen and ALP resultave can infethat OB progenitors exponentially proliferate
and differentiate within roughly the same tiiname 8 to 15 days in osteogenic media
containing 4% FCS. Undéhe light microscope, by day 15 of differentiation the adherent
OB progenitors present normal morphology in 4% FCS and st signs of physical

stress.

Although there are no one set of defined markers of OB differentiation that relate to the
various sages of OB maturation ranging from osteoprogenitors to mature osteoblast
phenotype, Runx2 and Collagen are amongst the well characterised. Based on the
literature, Runx2 gene expression is detectable throughout OB differentiation but is
suggested to be wggulated in differentiating progenitors and-psgeoblasts compared to
mature OB cell{Ducy, Zhang et al. 1997In line with the literature,ite qRFPCR
analysisof Runx2expression showetthe high levels ofRunx2on day 8of OB progenitor

differentiationreduced during differentiation as cells become mature
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In addition toRunx2, Wn t -¢atenin signding is essential t@B differentiation during
embryonic devel opment . -c&@enin thiskeletal pregenitorsnna ct i v a't
mouse embryos blocke&dB differentiation(Day, Guo et al. 2005The gRFPCR results

in this chapter s ho w-eatkennCTiNNB] wab exprggsecha a enc o d i
high level in OB progenitor cultures on day 8 of differentiation compared to subsequent

time poirts. Thi s dat a s ugg e-catersn ist reqaited tarbughbud ©B h b
differentiation, it may have a more predominant role in osteoprogenitotsers have

reported that W e ncaténinis inactivated in early skeletal progenitors, low levels of

Runx2, but not OB differentiationspecific transcription factor Osterixis detected.

Reports show thait later stages of OB maturatioh,h e i n a c tcateniadoesmin o f D
inhibit Osterixexpressionindicatingthat b-cateninis not requiredfor Osterix expession

in OB with a more mature phenotygRodda and McMahon 200&hang, Cho et al.

2008. These results caglate with the decrease CTNNBlexpressiorobservedduring

OB differentiationin this chapter.

COL1A2gene expression was also detected throughout the various time points of OB
progenitor differentiation. However, there were no significant differeraresrends
between the levels dEOL1A2expression orifferentiation stageThe level of Type |
Collagendid appear to increase on day @mpared to day 8 and this in line with the
similar gRT-PCR studies by Chitteti et al investigating OB specific boa&imnmarkers

in during OB maturatiofChitteti, Cheng et al. 20}0

To further characterise the OB model, the tipeent at which differentiating OB
progentor cells started to mineralise was determined. Assessma@iizafin redstaining

of mineraldepositsshowed that mineralisation in differentiating OB progenitor cells was
significant on day 15 and 21 of differentiation, with matrix nodules visibledaje on

both these occasions. These results are similar in terms of mineralisatigootitgeto

the studies carried out by other gropsisegawa, Shimada dt 2008 Kawazoe, Katoh

et al. 2008 These observations are in context with the results obtained from the ALP
analysis and gene expression suggesting that the OB progenitor cells acquire a more
matue phenotype following 2 weeks imsteogenicculture. Based on the optimisation
studies carried out on murir@lvarial OB progenitor cells, it can be concluded these

cells can be classified as progenitorfpeteoblasts up to day 11 of differentiation.
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Beyond this time point, differentiating OB progenitors presumably amplify into mature

functional OB cells with the capability of forming mineralised matrix.

The analysis of ALP activity of SAOS2 cells showed that these cells in line with
information in theliterature had a high basal level of ALP, increasing up to day 4 of
differentiation and decreasing beyond this time p@Ruidan, Imai et al. 198 Pautke,
Schieker et al. 2004The more mature OB phenotype of the SAOS2 cells makes this OB
model adequate for future comparison with thévarialprimary OB progenitor celldn
summary,these studies support thegpothesis that OB differentiation is induced in
murine OB progenitor cultures by treatment with osteogenic media as measured by an
increase in ALP and mineralisatiap to 21 days. The lowest serum concentration that
reliably supported the growth and diéatiation of these cells was 4% FCS. Analysis of
known genes involved in OB differentiation supported that these were expressed at their
maximum on day 8 of differentiation with the exceptiorC@L1A2which did appear to

increase at day 21.
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Chapter 417 SOSTDC1: An antagonist of Wnt
and BMP signalling in Osteoblast Progenitors
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4.1 Introduction

In the canonical Wnpathwaytheact i vati on of -categcinstabilisatos r e s u

andt r ansl ocati on i nt-cateriinhirgeractsunstiraasarption f&€tors | e a r
such asTcf or Lef andinduces theranscription of target genéMiller, Hocking et al.

1999. Wnt-induced stabilisation di-cateninis suggested to be the basis of the effect of

Whnt ligands orproliferation and differentiationRecentlyit was shown thatin postnaal

humans and micdpss of functon of the Wnt cereceptor LRP5 resulted in decreased

bone formationGong, Slee et al. 200Kato, Patel et al. 2002A point mutation inthe

LRP5 receptoralso causedhigh bone mas¢Boyden, Mao et al. 2002Although hese
studieshighlight the crucial role of WRLRPS5 signal transductiom bone development,
theexact mechanisms by which Wnt sifimeg regulate bone formation remainclear.

The transcption factor Runxdlays an importantole in OB differentiation(Ducy 2000

as mentioned previouslit has been reported thaice deficient in LRP5 expreg&unx2
normally (Kato, Patel et al. 20Q02vhich suggestshat the nechanism by which LRP5
regulates OB function is independent of Runixerestingly, although several OB genes
are controlled by Runx2ALP is not one of theseOn the other handBMP proteins are
capable of inducind\LP in MesexchymalStem Cells (MSC) (Gong, Slee et al. 2001
Thesereportsshowthat Runx2 is relevarib both the Wnt and BMP signalling pathways
in OB differentiation and can be used asnutual marker studies ingggating the

molecular mechanisms of Wnt and BMP signalling.

SOSTDC1 has been characterised as a BMP antag@aisagita, Oka et al. 20D4There

is less nformation on the effect of SOSTDC1 on Wnt signalling. In contrast to ltasaki

al identification of SOSTDC1 as a Watimulator in their genetic scre€hasaki, Jones

et al. 2003, other studies suggested SOSTDC1 can function as an inhibitor of canonical
Whnt signalling, specifically in relation to Wnt1, Wnt3a and Wn{Y@anagita, Oka et al.
2004 Beaudoin, Sisk et al. 20p5Data implicatethat SOSTDCMnt signalling is
regulded via interactions with Wnt eeceptor LRP5/6 and that SOSTD@tuced

BMP inhibition is regulated via direct adhesion to BMP ligafidetern, Guidato et al.
2009).
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Previous studies have @hin that BMP2, 4 and-ihduced alkaline lposphatase (ALP)
activity was inhibited by Ectodin, the mouse ortholog of SOSTDGUrikkala, Kassai

et al. 2003. Similarly recombinant SOSTDC1was found to bind directly to specific
BMPs and suppress BMPz and-7 stimulated ALP activity in the ause myoblast cell

line, C2C12(Yanaita, Oka et al. 2004 Taken together, these data provide compelling
evidence that SOSTDC1 may suppress BNiRuced bone formation. BMP signals are
regulated through type Il and type | serine/threonine kinase receptors and are central for
signal transdection. The Smad proteins which are typBMP receptorsubstrates, are
involved in transmitting thdBMP signal from the receptor to target genes within the
nucleus(Cho, Kwak et al. 2011 Although the mechanism by which SOSTDCL1 inhibits
BMP activity is unclear, there are suggestions that there is a direct interaction between
SOSTDC1 and BMP, in which BMP (BMP24 and-7 specifically) is prevented from
binding to itsco-receptors(Yanagita, Oka et al. 2004There is some evidence of the
inhibitory effect of SOSTDC1 on BMP action in the dental ectoderm, where SOSTDC1
expression was shown tsuppres8MP2 and BMP7 activity. In a similar study by Akh

al, SOSTDC1 is shown to suppress development of tooth cells via inhibition of LRP5/6
induced Wnt signalling. SOSTDC1 suppressiorregulated Wnt signalling, stimulating
proliferation of tooth bud growth in toothless regiqAsin, Sanderson et al. 2010'he
evidence taken from Ahndés studies initiated
in BMP and Wnt signalling in OB cells.

In theprevious chapter, | characterised dadvarial OB progenitor model and established

the time points at which these cells exponentially proliferated and differentiated. In the
literature, the studies investigating the effect of SOSTDC1 on Wnt/BMP signatiin

bone have been carried out using cell lines. In my studies | have provided data to support

the functional role of human recombinant SOSTDC1 (rhSOSTDC1) in Wnt and BMP

induced differentiation of OB progenitor cells. In this chagtaritially assesse the dose

responses of Wnt and BMP ligands on OB differentiation. Based on this, | investigated
whetherSOSTDC1 suwppgrfesseend i ati on i ndiGB upt o @a@n iotf
Wn t andsiBMRI |l ing via mechani sms similar t o

amtgoni st s
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4.2 Hypothesis and @jectives
4.2.1 Aims
The aim of this study was to determine whether Wnt and 8MBcedOB progenitor

differentiation could be suppressed in the presence of SOSTDCI.

To achieve this, the following hypothesis was tested

4.2.1 Hypothesis

SOSTDC1 suppresses Wnt and Bliduced celkignalling in differentiating OB
progenitors.

4.2.2 Specific bjectives

To test this hypothesis the following were determined:

The effects of Wnt and BMP dose respons®©a&mprogenitor poliferation and
differentiation

The effects of SOSTDC1 on Wnt and BNluced markers dDB progenitor
differentiation and mineralisation

The effect of SOSTDC1 on Wnt and BMiduced acute intracellular signalling in
differentiatingOB progenitors
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4.3 Chapter specific methods

Recombinant Proteins

ITEM

Human bone morphogenic potein 2 (BMP2) 10ug/mi
10ug lyophilised stock Reconstituted in 1ml of sterile 4 mM HCL

containing 0.1% BSA.

Human bone morphogenic potein 7 (BMP7) 10ugmi
10pg lyophilised stock Reconstituted in 1ml of sterile 4 mM HCL

containing 0.1% BSA.
Mouse Wnt3a 10ug/ml

10ug lyophilised stock Reconstituted in 1ml of sterile PBS.

Human Sclorstin Domain Containing 1 (SOSTDC1)

38ug/ml

Supplied as a 38ug/miI®0® mM TrisHCI, 10 mM reduced

Glutathione, pH=8.buffer.

Mouse Dikkopf 1 (Dkk1) 10pg/ml

10ug lyophilised stock Reconstituted in 1ml of sterile PBS contai

0.1% BSA.
Human noggin 25ug/ml

25ug lyophilised stock Reconstituted in 1ml of sterile PBS contai

0.1% BSA.

Human glutatione Stransferase (GST) 200ug/ml

Supplied at 200ug/ml in 25% Glycerol, 50mM Tri€H150mM
Sodium chloride, 0.25mM DTT, 0.1mM PMSF, pH 7.5buffer

CATALOGUE SUPPLIER
NUMBER
355BM-010 R&D
Systems
354-BP-010 R&D
Systems
1324WN-002 R&D
Systems
H00025928P01 Abnova
5439DK-010 R&D
Systems
6057~NG-025 R&D
Systems
ab70456 Abcam

Recombinant Proteins doses require(

Combined Recombinant Protein
treatments

Recombinant
protein

Combination
Recombinant
Protein

Wnt3a

SOSTDC1

Dkk1

GST

BMP2

SOSTDC1

Noggin

GST

Recombinant protein Dose
Treatment (ng/ml)
PBS n/a
Wnt3a 50
BMP2 30
BMP7 30
SOSTDC1 250
GST 250
Dkk1 100
Noggin 100

BMP7

SOSTDC1

Noggin

GST

Table 4.1- Recombinant protein doses required for sole and combined treatme
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4.3.1 Assessing Wnt3a and BMP2 and BM7ose effect on OB progenitor
differentiation using ALP analysis

ALP enzyme levels were quantified bone cell cultureso assesshe effects oWnt3a

and BMP2 and BMP7 protesnat differentdoses on OB progeitor differentiation.OB
progenitor cells were seeded in 96 well plates at a density of 2000 cells per well. Cells
were differentiated for 11 days in standard osteogenic meximnential differentiation

time point for the cells wagreviously determineth section 3.4.2Following 72 hours in
culture, cells were carefully washed once with PBS aemitured with 100pl/well of
osteogenic media containing various concentrations of recombinant mouse Wnt3a
(rmWnt3a) protein; 0, 10, 30, 50, 100 and 150ng/misdparate wells, OB progenitors
were also treated withOOul of various concentrations of recombinant human BMP2
(rhBMP2) or recombinant human BMP7 (rhBMP7); 0, 10, 30, 40, 50 60ngmal.
progenitor cells which were treated with osteogenic media only wsed as control.
Osteogenic media containing recombinant protein treatments were removed from OB
progenitor cultures and replaced witbOpl of fresh mediaand trearmenevery three

days. Total DNA content of OB progenitors was determined with a PicoGsefNAd
guantitation reagent as describedg@ttion2.4 and total cell DNA wasised to normalise

ALP activity analysed on day 11 of differentiation accordingeoction 2.3

4.3.2 Assessing the effect of SOSTDC1 on the ALP activity of differentiating OB
progenitors

Preliminary experiments were carried out to investigate the dose efféttitathione S
transferase (GST) taggedSOSTDC1 on OB progenitor differentiation, OB progenitors
were cultured in 96 well plates at a density of 2000 cells per well iMMipha.
Following a 72 hour incubation period, OB progenitor cultures were carefully washed
once with PBS and sutultured with 100ul/well of osteogenic media containing various
doses of rhSOSTDC10, 14, 8, 32, 63, 125, 250 and 500ng/ml. To determiranyf
effect of rhSOSTDC1 observed on OB progenitor differentiation was solely as a result of
the SOSTDC1 molecules and not the GST tag protein, OB progenitors were also cultured
with rhGST protein at the same concentrations as rhSOSTDC1 pnaaied culres.

OB progenitors were differentiated in osteogenic media for up to 15 dayssteutjenic
media containing the rhSOSDC1 or rhGST proteins were removed from the OB

progenitor cultures and replaced with fresh media every 3 dayal DNA content of
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OB cultures determined using PicoGreen dsDNA quantitation reagent was used as
surrogate for of cell proliferation. ALP analysis was used as a marker of OB progenitor
differentiation and performed on cultures on day 8, 11 and 15 of differentiation.
CalculatedPicoGreen values for total cell DNA contents were used to normalise ALP
activity. Based on the results of the SOSTDC1 dose responses on OB progenitor
proliferation and differentiation in preliminary studies, the same experiments were
repeated using a low0Bg/ml and high 250ng/ml dose of rhSOSTDC1 compared to cells
cultured with PBS control. The experiments were set up in an identical manner to the
experimental design outlined in the preliminary studies. The objective of these subsequent
studies was to bebk to select an optimal concentration of rhSOSTDCL1 to be used in

future studies.

4.3.3 Determining the effect of SOSTDC1 on Wnt and BMRinduced alkaline
phosphatase Activity in OB progenitorsand SAOS2 cells

Analysis of the ALP activity of OB progenit®was performed to investigate the effect of
SOSTDC1 on Wnt and BMihduced cell differentiation. OB progenitors were harvested
from a near confluent flask following trypsinisation as outlined in the main method
section. Cells were pelleted by centrifugatand counted using a haemocytometer as
described in the method section. OB progenitor cells were resuspended irANEMat

2000 cells per well in 96 well culture plates (6000cell$jciFollowing a 72 hours period

in culture, the media was removedrrahe adherent OB progenitor cultures and the cells
were washed twice with PBS. Wnt3a protein was diluted to 50ng/ml concentration and
BMP2/7 diluted to 30ng/ml concentration in a volume of osteogenic media that was
sufficient for all replicates within pte/s. To test the effect of SOSTDC1 abikl on

Wnt3a, osteogenic media containing 50ng/ml of rmWnt3a was combined with either
250ng/ml rhrSOSTSDC1 or 100ng/nDkk1. To test the effect of SOSTDC1 andggin

on BMP2/7, osteogenic media containing 30ng/miridBMP2/7 was combined with
either 250ng/ml rhSOSTSDC1 or 100ngihhoggin To establish whether the G8dg
attached to the SOSTDC1 molecule had any effect on OB progenitor differentiation,
rhGST protein was used as a control. In all experiments, @si@ogiedia containing

PBS was used as a negative control and 250ng/ml of rhGST at the same dose as the
corresponding rhSOSTDCL1 concentration was used as the vehicle. 100 pul of osteogenic

media containing the required protein/protein combination was adwesach well
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containing OB progenitor cells. Osteogenic media from the OB progenitors was replaced
every three days with 100 pl of fresh media containing the required recombinant proteins.
ALP for OB progenitors was analysed as described in the methodrsettiay 8, 11 and

15 of differentiation. The total DNA content of OB progenitor cultures were also
determined with a PicoGreen dsDNA quantitation reagent to normalise ALP activity to

cell DNA content, as described in the method section.

In previous stdies, | investigated the effect of SOSTDC1 on Wnt and BiiRced
differentiation in OB progenitors with differentiating potential. | wanted to compare this
SOSTDClinduced effect on differentiation in the OB progenitors to the SAOS2 cells
which have a mare OB phenogtpe as established in Chapter 3.eT$ame experiment
designwhich wasused to analyse ALP activity of primary OB progenitor cultures was
also used to investigate the effect of rhSOSTDC1 on Wnt and -iBMRed
differentiation in SAOS2 cells. Ehonly difference between the SAOS2 and primary OB
progenitor culture experiments was ti#dtP activity of SAOS2 cells was analysedh

day 4 and 7 of differentiation. The total DNA content of SAOS2 cultures were also
determined with a PicoGreen dsDNA qutaiton reagent to normalise ALP activity to

cell DNA content, as described in the method section.

ALP and PicoGre:¢

4 8 11 12 15

T F 4 ]

progentlt change osteogenic me
Seeded| ‘wnt3a, BMP2, BMP7 in
cell s/ Wt nresence of DR®ITPILn

Figure 4.1 - A time line for ALP and PicoGreen Analysisf OB progenitors
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4.3.4 Determining the effect of SOSTDC1 on Wnt an@MP-induced Runx2 gene
expression in differentiating OB progenitors

Runx2 expression was used as a second marker of OB progenitor differentiation to
investigate the effect of SOSTDC1 on Wnt and BMP activity. OB progenitor cells were
harvested from a nearonfluent flask by trypsinisation and cell pellets were counted
using a haemocytometer as described in the method section. OB progenitor cells were
resuspended in MEMIpha at 57,000 cells per well in 6 well culture plates containing
1.5ml of media withireach well. Following 72 hours in culture, the media was removed
from the adhered OB progenitor culture and cells were washed twice with PBS. OB
progenitors were differentiated in 1500pell of standard osteogenic media for up to 11
days and osteogenic oiea was replaced with fresbsteogenianedia every three days.

On day 7 and 10 of differentiation, OB progenitor cultures were treated with recombinant
protein for 24 hoursThe rmWnt3a protein was diluted to 50ng/ml in 65ul of osteogenic
media in a 0.5mkterile eppendosf The rhBMP2 and rhBM7 proteins were diluted to
30ng/ml concentration in 65ul of osteogenic media in 0.5ml stedlypropylene
centrifuge tubes.

To assess the effect of SOSTDC1 dnkkl on Wnt3a, 50ng/ml of rmWnt3a was

combined with 28ng/ml rhSOSTSDC1 and 50ng/ml of rmWnt3a was combined with

100ng/ml rnDkk1l in a 65pl volume of osteogenic media. To assess the effect of
SOSTDC1 andchogginon BMP2/7, 50ng/ml of BMP2/7 was combined with 250ng/ml
rhSOSTSDC1 or 100ng/mthnoggin in a 65ul vdume of osteogenic media. All
eppendorfs containing 65¢l of protein/protei
for 1 hour at 37C to allow interaction between combined proteins. From thé 66
protein/ protein combi nat il containing OB progenitors added
cultures and the media containing protein treatments were mixed gently within wells by
pipetting. Culture plates were placed in 37°C culture incubators for 24 hours. RNA was

isolated from the OB progenitor culag using the RNAnini Prep kitand quantified with

a Nanodrop as described irsection 2.12 The expressionof Runx2, COL1A2 and
housekeepeB2M gene were quantified usinfpgMan® Assays for gRPCR analysis

using the SDS2.2.1. Relative quantification ggne expressionwvere performed by

normalising to the house keeping B2M gene using the forgu@aT = g6 T CT

housekeeping@S described irection2.13.3
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Figure 4.2- A time linefor RNA extractionfor the analysis of Runx2 genexpression
of differentiating OB progenitors by RPCR.

4.3.5 Determining the effect of SOSTDC1 on Wnt and BMihduced OB progenitor
mineralisation

To investigate the effect of SOSTDC1 on Wnt and BiMéuced mineralisation i©B
progenitor cells,Alizarin red staining was used to deteatineral deposition. OB
progenitor cultures were harvested from a near confluent flask by trypsinisation.
Centrifuged cell pellets were counted using a haemocytometer, as descrissdion

2.13 OB progenitors cellsvere resuspended in MEMIpha at 5700 cells per well in 48
well culture plates. Following a 72 hours period in culture, the media was removed from
the adhered OB progenitor cultures and cells were washed with PBS. Recombinant
proteins were diluted to theorrect concentrations from their stock solutions in a volume
of osteogenic media that was sufficient for all replicates within a plateésrmWnt3a
protein was diluted to 50ng/ml concentration ahé rhBMP2/7 diluted to 30ng/ml
concentration in a volae of osteogenic media that was sufficient for all replicates within
plate/s. To test the effect of SOSTDC1 &kl on Wnt3a, osteogenic media containing
50ng/ml of rmWnt3a was combined with either 250ng/ml rh'SOSTSDC1 or 100ng/ml
rhDkk1l. To test the effacof SOSTDC1 andhoggin on BMP2/7, osteogenic media
containing 30ng/ml of rhBMP2/7 was combined with either 250ng/ml rhrSOSTSDC1 or

127



100ng/ml rhnoggin 250 ul of ostegenic media containing protein gorotein
combinatiors was added to each well. Osteogeniedm from the OB progenitors were
removed every three days and 250 pl of fresh media containing the required protein
treatmentgeplaced Alizarin red staining of OB progenitor cultures was carried out and
guantified on day 8, 11 and 15 of OB progenitdfedentiation as desitred in section

2.5

Al'i zarin mRegd

I
o_—

-2 11 14

o0 4 b4

222323 %6‘6"”93 osteogeni c me

Cells/welq 3 a BMP2, BMP7 in|the absence ar
presence of SOSTDC1,

Figure 4.3- A time line forthe analysis of differentiating OB progenitor
mineralisation.
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4.3.6 Determining the effect of SOSTDC1 on acute Wnt and BM#hduced
intracellular protein signalling in OB progenitors

Primary and sscondaryantibodies for western blot

Antibody CATALOGUE SUPPLIER
NUMBER
PhospheSmadl (Ser463/465)/ Smad5 9511 Cell Signalling

(Ser463/465)/ Smad8 (Ser426/428) antiboc
Rabbit polyclonal

Anti -b-catenin (phosphoY142) antibody Ab-27798 Abcam

Rabbit polyclonal

Anti -GAPDH (6C5) antibody Ab-37168 Abcam

Mouse monoclonal

Goat anti-Rabbit 1gG 1 HRP antibody 9511 Life Technologies
Rabbit 1IgG Novex®

Goat anti-Mouse IgGi HRP antibody SG2031 SantaCruz

Mouse IgG

Table 4.27 Primary and secondary antibodies used in western blotting for investigating
the effect of SOSTDC1 on acute Wnt and BMiRduced intracellular protein signalling

in OB progenitors.

To investigate the effect of SOSTDC1 on the acute regulationndfard BMRinduced
intracellular signalling in OB progenitors, phosphorylated Smads 1,5&8 and

p hos p h o rcatdnia pratain lefiels were quantified using western blot analysis. OB
progenitor cultures were harvested from a near confluent flask usingntigpd cells

counted using a haemocytometer, as describeddtion2.1.3 OB progenitor cells were
resuspended in MEMIpha at 57,000 cells per well in 6 well culture plates containing
1500¢ |l of media within each wealialasremavédl o wi n
from the adherenOB cells and cells were washedth PBS. OB progenitors were
differentiated in 1500kwell of standard osbgenic media for up to 15 days.

On day 8, 11 and 15 of differentiation, OB progenitor cultures were treatdd wit
recombinant proteind.he rmWnt3a protein was diluted to 50ng/ml in 65ul of osteogenic
media in a 0.5ml sterile eppendofihe rhBMP2 and rhBM7 proteins were diluted to
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10ng/ml concentration in 65l of osteogenic media in a 0.5ml sterile eppendorséss as

the effect of SOSTDC1 anidkkl on Wnt3a, 50ng/ml of rmWnt3a was combined with

250ng/ml rhSOSTSDC1 and 50ng/ml of rmWnt3a was combined with 100ngDidkin

in a 65ul volume of osteogenic media. To assess the effect of SOSTDCibggid on

BMP2/7, 10ngml of BMP2/7 was combined with 250ng/ml rhSOSTSDC1 or 100ng/mi

rhnoggin in a 65ul volume of osteogenic media. All eppendf s cont aining 6
protein orprotein combinations were placed in a water bath for 1 hour & &vallow

interaction between cdomed proteins. From the @bof protein/protein combination,

50l was added to each well containing OB pr
protein treatments were mixed gently within wells by pipetting. Culture plates were

immediately placed in®C culture incubators for 20 minutes.

The protein from OB progenitor cultures were isolated using Mammalian cell lysis kit

(Sigma Aldrich)containingphosphatasand protease inhibitor cocktails as described in

section2.6. Protein concentration withi@B progenitor cell lysates were quantified using

the BCA assay as outlined section 2.7. The effect of SOSTDC1 on Wimduced

signalling in OB progenitors wastdee r mi ned by quantifying | evel
catenin (92kD). The effect of SOSTDC1 on BMP2 and BNWRIuced signalling in OB

progenitors was determined by quantification of phosphorylateddS 1,5&8 protein

complex (52kD. Phosphorylated e v e | -eateninfandSmads 1,5&8 were assessed

using western blotting as outlinedsaction2.8.

Inbrief,l2 0% pol yacryl amide gels were | oaded with
also loaded with 10ul of a 350kD protein molecular marker at the firsdaast lane.
Proteins were run through the stacking gel for 40 minutes @6 and then separated

out for 2 hours at 10¥0olts. Proteins were transferred onto PVDtembranes for 70
minutes at 70/olts. Membranes were washed once in 0.05% HB8en anctcut across

at just above the 75kD and just above the 35kD mark using thetgoned molecular
markers as reference points. All three pieces of membrane were blocked in 3% BSA
solution for 45 minutes. The blot cut just above the 35kD mark was placed15G0Q
dilution of anttGAPDH mouse antibodyThe blot cut above 75kD was placed in a 1/300
dilution of enti-p BCatenin rabbit antibodgnd the blot cut between 5®kD was probed

with 1/3000 of rabbit artiPsmad15&8 antibody.Antibody incubations were latarried

out overnight at 4C on a roller. Blots probed with aBAPDH antibody were incubated
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with 1/30,000 dilution of secondary HR#®njugated amtmouse IgG antibody. Blots
probed with antp bcatenin or antpSmadl,5&8 antibody were incubated wittb,000
dilution of secondary HRonjugated antrabbit IgG antibody. The average density of
SOSTDC1 protein was normalised to the average density of GARDId the GS3710

Calibrated Imaging Densitometer.

4.4. Results

4.4.1 Wnt3g BMP2 and BMP7 dose apendently induced differentiation of OB
progenitors

PicoGreen quantification and ALP assays were used to analyse the proliferation and
differentiation of OB progenitors, respectively. In experiments in which differentiating
OB progenitors were cultured it increasing concentrations of rmWnt3a protein,
PicoGreeranalysisshowed that continuous exposurand/N/nt3a induced OB progenitor
proliferation (***P=<0.0001,Figure 4.4.1.1 A. ALP levels increased doskependently

in differentiating OB progenitor dsl cultured with 50 to 150ng/ml rmWnt3a protein,
with 100ng/ml rmWnt3a maximally increasing ALP levels (***P=<0.00Bigure
4.4.1.18.

PicoGreeranalysisshowed that continuous exposure to rhBMP2 and rhBMP7 stimulated
OB progenitor proliferation (*P=014, ***P=0.0001,Figure 4.4.1.2 A, B. ALP activity

of OB progenitors treated with rhBMP2 increased in a concentrdgpendant manner
with significant increases in ALP observed from-@M ng/ml concentrationsFigure
4.4.1.2 C) Maximal BMP2induced ALP upregulation was achieved when differentiating
OB progenitors were cultured with 40ng/ml of rhBMP2 (***P= <0.0001). Although ALP
levels rose at >40ng/ml rhBMP2 concentrations compared to control, ALP levels
plateaued beyonthe 40ng/mltreatmentof rhBMP2. ALP levels of differentiating OB
progenitors cultured with rhBMP7 increased in a ddspendent manner with significant
increases in ALP observed from-80 ng/ml of rhBMP7 Figure 4.4.1.2 D) Maximal
BMP7-induced ALP upregulation was observed when @&ypnitors were treated with
50ng/ml of BMP7 (***P= <0.0001) and ALP levels fell beyond this concentrafidr

ALP levels observed as a result of rhBMP2 inductiori§8/ml/min/ng/ml) were on a
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comparatively higher scale than the rhBMRd@uced ALP levels (~0.51.2
U/ml/min/ng/ml).
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Figure 4.4.1.1- Wnt3a increased ALP actvity of differentiating OB progenitors
in a dose dependent mannerOB progenitor cellsvere differentiatedn osteogenic
media containing ioreasing doses of mrWnt3a. Pia@8n quantification of total DNA
contents and ALP analysis were performed to deterdose effect on cell proliferation ar
differentiation.(A, B) Total DNA contents and ALP activity of differentiating OB progeni
cells increased following treatment with Wnt3a in comparison to control and that this
was dose dependemi=3 independent experimenDne way ANOVA an#ilolmeSi d a
posttest Data are displayed with mean + SEM. ***P<0.0001.
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Figure 4.4.12 - BMP2 and BMP7 increased ALP activity of differentiating OB
progenitors in a dose dependent manneir OB progenitor cellsvere differentiated
in osteogenic media containing increasing dosesrhMP2 or rhBMP7 PicoGreen
guantification of total DNA contgs and ALP analysis were performed to determine c
effect on cell proliferation and differentiatiprespectivelyGraphs are representative ohe
of two independenexperiments(A, B) rhBMP2 and rhBMP7 induced proliferation of C
progenitors. (C, DYOB progenitor ALP levelsncreased following treatment withBMP2
or rhBMP7 in comparison to control and that this effect was dose depender8.
independent experimen@ne way ANOVA andolmeS i d a k -dest Datapasetdisplayed
with mean + SEM:P<0.05, **P=<0.01, ***P<0.0001.
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4.4.2 SOSTDC1 had no effect on ALP levels of differentiating OB progenitors

ALP analysis was performed to analyse the effect SO8TDC1 orthe differentiation

of OB progenitor culturesPicoGreen analysis of total DNA contents within cells was
used to normalise the ALP leveBased on the reliminary datal showedthat ALP
levels of differentiating OB progenitors were not affeicéehen cultured with increasing
concentrations of either rhSOSTDC1 or GST vehicle proteB0@hg/ml). There was no
difference in ALP levels of OB progenitors cultured in rhSOSTDC1 compared to GST
vehicle on any of the day 8, 11 or 15 analysis {pomts(Figure 4.4.2 A)

In subsequent SOSTDC1 dose response studies, direct comparisons of the effect 50ng/ml
SOSTDC1 and 250 ng/ml SOSTDC1 showed that the ALP levels of differentiating OB
progenitors did not differ in cells cultured with either concentnafagure 4.4.2 B) In

addition there was no difference between ALP levels of OB progenitors cultured with
rhSOSTDC1 or PBS control. This effect was applicable throughout all differentiation

time points
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Figure 4.4.2- SOSTDC1 had no
effect on the activity of primary
osteoblasts at day 8, dayll ol
day 15 (A) ALP levels of OB
progentor cells were not affected
following treatment with
rhSOSTDC1 in comparison GST
vehicle at any dose. (B) Direct
comparison of ALP levels i
differentiating OB  progenitors
cultured in PBS, 50ng/m
rhSOSTDC1 or 250 ng/ml c
rhSOSTDC1 showed that theresv
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4.4.3 SOSTDC1 suppressed BMinduced but not Wnt-induced ALP activity in
differentiating OB progenitors

Differentiating OB progenitor cells were treated with rhSOSTDCL1 in the presence or
absence ofecombinantVnt3a, BMP2 or BMPproteinsand differetiation was assessed

via analyses of OB progenitors ALP activity. OB progendoltureswere also treated

with ligands in the presence of a well characterised antagonist specific to that ligand. The
ALP activity of OB progenitors cultured with 50ng/ml rnmt8a combined with
100ng/ml rnDkkl and 30ng/ml rhBMP2/7 combined with 100ng/mhinoggin were
assessed. To ensure that the GST protein tag attached to the rhrSOSTDCL1 protein did not
affect ligandinduced OB progenitor differentiation, each experiment coethan control

in which 250ng/ml rhGST proteiwhich wasadded to the Wnt or BMP ligandLP
analysis showed that there were no differences between the ALP activity of rmWnt3a,
rhBMP2 and rhBMP7 treated with or without rhGST suggesting that any effect of
rhSOSTDC1 observed was solely due to the rhSOSTDC1 protein, and not the rhGST
(Appendix 1).

ALP analysisshowed that 50ng/ml Wnt3a only had an inductive effect on OB progenitor
differentiation on day 8 of differentiation (*P= <0.0Z€gure 4.4.3.1, A. This Wnt3a
induced ALP activity was not significant on any other time point during OB progenitor
differentiation Fig. 4.4.3.1 B, §. TherhSOSTDC1 had no effect on OB progenitor ALP
activity when in the presence of rmV8at Canonical WrantagonisDkk1 similarly had

no significant effect on Wnt3amduced ALP activity.

Experiments assessing the effect of rhnBMP on OB progenitor ALP activity showed that
rhBMP2 upregulated ALP activity throughout dayl 8 of OB progenitor differentiation,
although this effediessened throughout as the OB progenitor cells matured (Day 8 ***P=
<0.0001, Day11 *P=0.005Figure 4.4.3.9. TherhBMP7 also induced ALP activity of

OB progenitor cells from day-81 of differentiation (Day 8 *P= <0.032, Dayll
*P=0.021,Figure 4.4.3.3. The rhBMP2 and rhBMP7 and had no significant effect on
OB progenitor cells on day 15 of differentiatiohe rhSOSTDC1 had a modest
suppressive effect on rhBMA&2duced ALP activity on day 8 of differentiation only
(*P=0.038, Figure 4.4.3.2, A. SOSTDC1 hd no effect on rhBMRihduced ALP

activity in OB at any time point during differentiation. In the presence of rhBMP2 or
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rhBMP7, rhnoggin had a suppressive effect on ALP activity up to dayai1OB
progenitor differentiation (BMP2; Day 8 ***P= <0.0002,Dayll *P=0.022,Figure
4.4.3.2BMP7; Day 8 *P= <0.006, Day11 *P=0.028jgure 4.4.3.3.

In similar experiments assessing the effect of SOSTDC1 on Wnt andiiBiPed ALP
activity in SAOS2 cellsl showedthatneither Wnt3a, BMP2 ndBMP7 had any effect on
ALP activity on any of the differentiation tim@oints. The 250ng/ml rhSOSTSDC1 did

not have any effect in the absence or presence of either ligapdridix 2).
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Figure 4.4.3.1- SOSTDC1 had no effect on Wninduced ALP activity in
differentiating OB progenitors: Differentiatig OB progenitorswere treated with vehicle
or 250 ng/mirhSOSTDC1 and also separately with 50ng/miWnt3a in the presence ¢
absence ofhSOSTDC1(A) OB progenitorcells treated withrmWnt3a had increased ALI
activity in comparison t&BScontrol on day8 of differentiatiorand neither risOSTDClr
rmDkklhadan effect on Wnt3anduced ALP activity(B, C) Wnt3a and SOSTDC1 had |
effect on day 11 or 15 of differentiation. N-#dependent experiment®ne wayANOVA
and HolmeS i d a k best Datavare tdsplayed with mean + SEM. *P<0.05.
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Figure 4.4.3.2 - SOSTDC1l reduced BMP2induced ALP activity in
differentiating OB progenitors: OB progenitor cells were trated with vehicle or
250ng/ml rhSOSTDC1 and also separately with 30nghmBMP2 in the presence o
absence ofhSOSTDC1(A, B) The riBMP2 induced OBrogenitorALP activity up to day
11 of differentiation andhSOSTDC1 reducediBMP2 induction of OBrogenitor ALP on
day 8 of differentiation onlyhnogginstrongly suppressed BMR&duced ALP activity up
to day 11 of OBprogenitordifferentiation N=4 independent experimen®ne way ANOVA
and HolmeS i d a k dest. Data ard displayed with mean + SEMP%0.05, **=P<0.01,
***=pP<0.001
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Figure 4.4.3.3- SOSTDC1 had no effect on BMP4nduced ALP activity in

differentiating OB progenitors: OB progenitors were ctliredwith vehicle or 250ng/m!
rhSOSTDC1 and also separately with 30ngfiBMP7 in the presence or absence
rhSOSTDC1(A, B)ALP activity of OBprogenitor culturedreated withrhBMP7 increased
up to day 11 of OBprogenitor differentiation. The riSOSTIZ1 protein had no effect on
rhBMP7-stimulated ALP on any differentiation time point analysduhoggin strongly
supressed BMRhduced ALP activity up to day 11 of QiBogenitor differentiation N=4
independent experimentdne way ANOVA and Holr&i d adstdest. Dpta are displayec

with mean + SEM. *=P<0.05, **=P<0.01.
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4.4.4 SOSTDC1 inhibited Wnt and BMRinduced Runx2 gene expression in
differentiating OB progenitors

QuantitativeRT-PCR was performed to assess to effect of rhSOSTDC1 on Wnt and
BMP-induced Runx2 gene expression in differentiating OB progenitor cultufRNA
from OB progenitor cells was isolated on day 8 and 11 of differentidtibowing
protein treatments in culture for 24 hourRsinx2and houskeepingB2M gene expression
were quantified usingRT-PCR Differences inRunx2gene expression were normalised
to B2M expression and overall fold changes in gene exioresgere calculated using the
gapCT method.The effect of 100ng/mihDkk1 on rmWnt3ainducedRunx2expression
was also assessed as a known -@ftagonist control. 100ng/mmloggin was used as a
known BMP antagonist in experiments investigatiRgnx2 expres®on. Data were
normalised td®BS control Data obtained from gRPCR analysis showed that 250ng/ml
SOSTDC1 inhibited Wnt3anducedRunx2gene expression on day 8 of OB progenitor
differentiation and this relationship was not statistically significant gnodimer occasion
with the differentiation time course (**P=0.0092igure 4.4.4.1 A. TherhDkk1 had no
significant effect on rmWnainduced Runx2 expression during OB progenitor
differentiation(Figure 4.4.4.1 A B).

Analysis of gRFPCR analysisshowed hat rhnBMP2inducedRunx2gene expression on
day 8 of OB progenitor differentiation and rhSOSTDCL1 inhibited this inductive effect
(**P=0.0047, Figure 4.4.4.2, A. Furthermore,rhnoggin had a similar effect to
rhSOSTDC1 in that is also dowegulated rhBMP2anduced Runx2 gene expression
levels in OB progenitors on day 8 of differentiation (*P=0.08®jure 4.4.42, A).
Similarly, gRT-PCR showed that rhBMP7 stimulateRunx2 expression in the early
stages of OB progenitor differentiation and rhSOSTDC1 was tbteverse this effect
significantly (*P=0.024,Figure 4.4.43, A). The rhnoggin had no effect orRunx2
expression in OB when in presence of rhBMP7.
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Effect 0f SOSTDC1 Wnt3a-induced Runx2 CT values
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Figure 4.4.4.1- SOSTDC1 suppressed Wnt3anduced Runx2 gene expression ir
differentiating OB Progenitors: Differentiating OB cells were treated with 50ng/n
rmWhnt3a in the presence or absence of 250ng/ml rhSOSTDC1 or 100niPkilrigA) OB
progenitors stimulated with Wnt3a resulted in significant induced leveRuok2 which
were dowrregulated in the presence of rhSOSTD@1day 8 of differentiation and (B) nc
day 11 N=4 independent experiment©ne way ANOVA andHolmeSi da k 6 s
comparisons test. Data are displayed with mean + SEM. *P=0.05, **P=0.01.
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BMP2-induced Runx2 CT values

Effect of SOSTDC1

on BMP2-induced Runx2 in OB On Day 8 of OB differentiation
on day 8 of differentiation Protein Average CT
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© 3007 BMP2 21.1
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Figure 4.4.4.2- SOSTDC1 suppressed BMP2nduced Runx2 gene expression ir
differentiating OB progenitors: Differentiating OB progenitor cells were treated wit
30ng/ml BMP2 in the presence or absence of 250ng/ml rhSOSTDIODeg/mirhNoggin
(A) OB progenitors stimulated with rhBMP2 resulted in significant induced levésiak2
which were reduced in the presence of rhSOSTDE@lay 8 of differentiation and (B) nc
day 11 N=4 independent experiment©One way ANOVA andHolme-Si dak 6 s
comparisons test. Data are displayed with mean + SEM. *P=0.05, **P=0.01.

144



on BM P?-irlwz:;fj((::;:fRsl’Jcr: i;zslressio non BMP?-induced Runx2 CT Values
Day 8 of diffe,emiaﬁon On Day 8 of OB differentiation
. Protein Average CT
= Treatment Value
£ 500+ , * § * . Control (CT) 21.7
L R SOSTDC1 22.2
< Noggin 215
© 3004
3 BMP7 21.2
g 2001 BMP7+SOSTDC1 21.8
& 1001 = = % BMP7+noggin 21.8
,‘02: 0 T T N T
o \ N «
2 0®° 06<0° OQQ‘\Q %Vl\?/\ 506«00 $0g%‘
+ BMP7
(30ng/m)

BMP7-induced Runx2 CT values

Effect of SOSTDC1 On Day 11 ofOB differentiation

on BMP7-induced Runx2 expression on

Day 11 of differentiation Protein Average CT

_ Treatment Value
2 Control (CT) 21.4
E 400 7 SOSTDC1 22.3
= ns ns -
= 300 ' . ' Noggin 20.9
° BMP7 20.8
2 2] BMP7+SOSTDC1 20.9
% 100 T T BMP7+noggin 22.5
Ll
% 0 T T T
© « 5 «
= e ;0% : IR 905«00 0o

+ BMP7

(30ng/m1l)

Figure 4.4.4.3- SOSTDC1 suppressed BMP-nduced Runx2 gene expression ir
differentiating OB progenitors: Differentiating OB progenitor cells were treated wi
30ng/ml rhBMP7 in the presence or absence of 250ng/ml rhSOSTDC1 or 10(C
rhnoggin. (A) OB progenitor stimulated with BMP7 resulted in significant induced leve
Runx2 which were reduced the presence of rhSOSTDC1 on day 8 and (B) not day :
differentiation. N=4 independent experiments, One way ANQ@WA HolmeSi d a
multiple comparisons test. Data are displayed with mean +.SB&D.05, **P=0.01.
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4.4.5SOSTDC1 suppressed Wnt and BMRnduced OB progenitor mineralisation

Ali zarin redstaining was usetb investigate the effect of rhrSOSTDC1 on OB progenitor
mineralisation in the presence of rmWnt3a, rhBM&2 rhBMP7. Percentage (%)
mineralisation relative to area was measured at day 8, day 11 and day 15 of differentiation
following treatment and values were normalised P8BS control. As in the ALP
experiments, the effect of 100ng/ml Dkl on mineralisation Wwen in the presence of
rmWnt3awas used as an antagonist control. 100ngimdgginwas also used as a known
BMP antagorst in dl mineralisation experimentsWhen compared td®BS control,
50ng/ml rmWnt3a stimulated mineralisation of OB progenitor cells on day 8 of
differentiation which was apparent visually as a result of a darker red colour in staining
(***P=0.0001, Figure 4.451 A, C). A trend in Wnt3anduced OB progenitor
mineralisation was evident up to day 11, although this was not statistically significant
using a OnaVay Anova test. Addition of rhSOSTDC1 to rmWnt3a treated OB
progenitors, resulted in a moderate rechn of OB progenitor mineralisation on day 8 of
differentiation (*P=0.016Figure 4.4.51, A). The rhSOSTDC1protein did not inhibit
Wnt3ainduced OB progenitor mineralisation at any further differentiation -poiat.

The rhDkk1l had no suppressive eftescon Wnt3anduced mineralisation onng
differentiation timepoints. Analysis of Alizarin red staining showed that rhBMP2
significantly induced OB mineralisation up to day 11 of differentiation (Day 8 **P=
<0.0026, Dayll **P=0.0023,Figure 4.4.52). The rhBMP7 also stimulated
mineralisation in differentiating OB progenitor cells (Day 8 *P= <0.049, Dayll
***P=0.,0004, Figure 4.4.53). Although not significant, rhSOSTDC1 appeared to have
some suppressive effect on rhBMP2 and BNMiRiuced OB progenitor mindrsation on

day 8 of differentiation. On day 11 of OB progenitor differentiatidnfSOSTDC1
significantly inhibited BMP2stimulated OB progenitor mineralisation (*P=0.0&gure
4.4.52, B) and also suppressed BMiitluced OB progenitor mineralisation £@.018
Figure 4.4.53, B). When OB progenitor cultures were treated wikimoggin in the
presence of rhBMP2 or rhBMP7, thdizarin red staining of OB progenitors did appear

to be reducedisually. However this suppressive effect was not statisticallyfgignt at

any timepoint during OB progenitor differentiation.
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Figure 4.451 - Wnt3a induced

mineralisation in OB progenitor cultures
and SOSTDC1 reduced this effect on

day 8 of differentiation: OB progenitor
cells were treated with 250 ng/ml rhSOSTD!
or 100ng/ml rnbkk1 and also segrately with

50ng/ml rmWnt3a in the presence or absel
of SOSTDCDkkl The image is
representative ofnineralisationon day 11 of
differentiation.(A) On day 8 of OB progenitol
differentiation, rmWnt3a induce(
mineralisation and rhSOSTDC1 reduced tt
effect. ThermDkk1 had no significant effect ol
Whnt3astimulated mineralisation. (B, C)

SOSTDC1 had no effect on mineralisation

day 11 or 15 of differentiation.N=4

independent experiment©One way ANOVA
andHolmeSi dakds mul ti pl

Data ae displayed with mean + SEM
*P=0.05, ***P=0.001.
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mineralisation in OB progenitors and
SOSTDC1 reduced this effect on day 11
of differentiation: OB progenitor cultures
were treated with 250 ng/ml rhSOSTDC1
100ng/mirhNoggin and also separately witt
30ng/ml rhBMP2 in the presence or absence
SOSTDCMoggin.The image isepresentative
of mineralisationon day 11 of differentiation
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and SOSTDC1teduced this effect significantl
on day 11 of differentiatioanly. TherhNoggin
had no gnificant effect on BMP2atimulated
mineralisation. N=4independent experiment:
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Figure 4.453 - BMP7 induced

mineralisation in OB progenitors and
SOSTDC1 reduced this effect on day 1:
of OB differentiation. OB progenitor
cultures were treated with  250ng/ml
rhSOSTDC1 or 100ng/mihnoggin and also
separately with 30ng/ml rhBMP7 in th
presence or absence of SOSTONRIggin. The
image is representativef mineralisationon
day 11 of differentiationA, B, C) ThehBMP7
induced OB progenitor minalisation up to
day 15 of differentiation and SOSTDC1reduc
this effect significantly on day 11 ¢
differentiation. The rhnoggin had no
significant  effect on  BMRStimulated
mineralisation. N=4independent experiment:
One way ANOVA andilolmeS i d a k tipke
comparisons test. Data are displayed w
mean + SEM. *P=0.05, **P=0.001.
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4.4.6SOSTDC1 inhibited acute Wnt and BMRinduced intracellular signalling

To investigate the effect of SOSTDC1 on Wnt and BisdRuced intracellular signalling,
downstream signalling molecules of the Wnt and BMP pathways were separately
assessed following addition of rhSOSTDC1 protein treatment tocOfires OB
progenitor cultures were ftierentiated for up to 15 days and day 8, 11 and 15, cells

were stimulated with single or combinatiorof@in treatments for 20 minutesfter which

OB progenitor cultures were lysetio assess the effect of rhSA3T1 on Wntinduced
intracell ul ar signal | i-cnagt, e ngChtens()pphbtein ywvera t e d
measured using western blot analysis. The effect of SOSTDC1 on BMP2 and BMP7
induced downstream signalling was further determined via quantificatibn o
phosphorylated levels of Smads 1,5&8 protein using the same western blotting technique.
100ng/ml rnDkk1 and 100ng/mkhnoggin were used in all experiments as known Wnt
and BMP antagonists, respectiveline average density of the bands on thaxXimags
representing each OB progenitor sample were quantified and normalised to the
corresponding GAPDH relative density and the calculated values normalideBSto

control.

Western blot analysis showed that rhSOSTDCL1 in the presence of rmWnt3a, suppressed
p ECatenin protein levels in OB progenitor cultures on day 8 of differentiation
(**P=0.0059, Figure 4.4.61, A, C). Although the post hoc test between the average
density values oPBS controland rmWnt3a was not statistically significant, the overall
trendi n -Cpténin levels between CT, rmWnt3a and rmWnt3a+rhSOSTDC1 were
statistically significant on day 8 (**P=0.009Ejgure 4.4.61, A). No further inhibitory
effects of rhSOSTDC1 on Wntdan d u c-Eatenirplévels were evident at other time
points in diferentiation.The rmDkk1 proteinhad no significant effect on Wamduced

p ECatenin protein leveldensitometry showed that rhBMP2 and rhBMP7 both induced
pSmad 1,5&8 level®n day 8 of differentiation and rhSOSTDC1 reversed this effect
(BMP2; *P=0.032,Figure 4.4.6.2, BMP7; ***P=0.0002 Figure 4.4.63). Similarly,
rhnoggin also downregulated BMFnduced pSmad 1,5&8 protein levels in the early
stages of OB progenitor differentiation (BMP2; *P=0.033gure 4.4.62, BMP7;
#*P<(.0001 Figure 4.4.63).
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SOSTDC1 suppressed acute Wnt3a n d u c -eadenin f

phosphorylation protein levels in differentiating OB progenitors: Phosphorylated
levels ofp BCateninprotein were measured using western blottifige western blot imagt

is representative of one out of three experime#g.T h e

rmwWnt 3a ac-u

Catenin protein levels in OB progenitors on day 8 of differentiadimh (B, C) not on day 1:
or 15 .N=4 independent experiments, One way ANOVA and H8lmed a k 6 s
compaisons test. Data are displayed with mean + SEM.*P=0.05, **P=0.01.
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Figure 4.4.6.2- SOSTDC1 suppressed acute BMPRiduced phosphorylation of

Smad 1,5&8 omplex levels in differentiating OB progenitors Phosphorylated
levels of Smads 1,5&8 (pSmads 1,5&8) protein were measured using western blotting
represents the average density normalised to GAPDHe western blot image i
representative of one ohree experiments on day 8 of differentiati¢A) The rhBMP2
acutely induced pSmad protein levels in OB progenitors on day 8 of early different
only. The rhSOSTDC1 and rhNoggin inhibited pSmad levels on day 8 of differentitic
C) SOSTDC1 had neffect on BMP2 induced Smad phosphorylation on day 11 or 1¢
differentiation.N=4 independent experiments, One way ANOVA and H8lmed a k 6 s

comparisons test. Data are displayed with mean + SEM.*P=0.05.
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Figure 4.4.6.3- SOSTDC1 suppressed acute BMRihduced phosphorylation of
Smad 1,5&8 complex levels in differentiating OB progenitors:Phosphorylated
levels of Smads 1,5&8 (pSmads 1,5&8) proteére measured using western blot analy:
The western blot image is representative of one of three experiments on day
differentiation (A) The rhBMP7 acutely induced pSmad protein levels in OB progenitol
day 8 of early differentiatioonly and lmth rhSOSTDC1 and rloggin strongly inhibited
pSmad levels on day 8 of differentiati, C) SOSTDC1 had no effect on BMmhduced
Smad phosphorylation on day 11 or 15 of differentiatidr4 independent experiment:
One way ANOVA and Holnfei d a k tiple compatisons test. Data are displayed w

mean * SEM. ***P=0.0001.
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4 5 Discussion

In this chapter, | investigadehe effect of rhSOSTDCL1 othe Wnt and BMP pathways in

OB progenitors during various maturatistages of differentiation. The aim of this part of
the study was to firstly determine whether SOSTDC1 antagonised Wnt and BMP
signalling in OB progenitors on a similar level to well characterised Wnt and BMP
antagonists. The second aim was to determingtiveln any antagonistic SOSTDC1 effect
observed was dependent on OB maturfy data support the hypothesis of this
particular part of the study in that SOSTDC1 suppresses Wnt andiiMPed cell

signalling in differentiating OB progenitors.

ALP and Run® were selected as well characterised markers of OB differentiation. ALP
is an early marker of OB differentiation and is secreted by differentiating OB cells.
Runx2 is an early to mitharker of OB differentiation and is detected in-psteoblasts,
with the expression increasing in immature OB and decreasing in matui@& asori
2010. OB matrix mineralisation was assessed by detectioming&ral depasition by
guantification of Alizarin red staining as described by Hesegawa et(Hédsegawa,
Shimada et al. 20083

Firstly to observe theeffects of SOSTDC1 onNnt/BMP-induced OB progenitor
differentiation, each experiment contained a controlvinch GST protein at the same
concentration as thegGST component of the GSFOSTDCL1 fusion proteiwas added to

the ligand.ALP analysis showed that there were difference between Wnt3a, BMP2

and BMP7induced differentiation of OB progenitor cultures treated with or without GST.
This data confirmed that the GST protein component of the SOSTDC1 molecule had no
regulatory effect on Wnt3a/BMiPduced OB differentiationSecondly, as can be seen
from the presented data demonstrating the effects of potential regulators of OB
differentiation systematic and exhaustive experimentatias requiredver time courses

in low doses of FCS and specific concentrations of Wnt and BiiRecules and
antagonists. At least three independent experiments with a minimum of four replicates

were used in each of analysis.
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In preliminary experiments investigating the effect of SOSTDC1 on ALP activity of OB
progenitors, my findings show that SO&DC1 has variable effect on OB progenitor
differentiation depending on cell maturity. In agreement with the literature my findings
showed that continuous exposure to recombinant Wnt3a, BMP2 and BMP7 induced ALP
in cultured OB cells(Rawadi, Vayssiere et al. 2003n the later stages of the OB
progenitor cell differentiation (day 11 onwards), the same dosage of 50ng/ml Wnt3a and
30ng/ml BMP2/7 no longer signifiadly induced differentiation. Presumably as towards
the end of the exponential phase of OB progenitor differentiation when differentiation
potential of cells reaches their peak, OB progenitor cultures require a higher
concentration of ligand to induce ALRctivity. Interestingly insimilar experiments
assessing the effect of SOSTDC1 on Wnt and BimRiced ALP activity in SAOS2
cells, | showed thaSOSTSDCL1 did not have any effect in the absence or presence of
either Wnt or BMP ligand, even in thery stags of differentiation Appendix 2) This

data is not surprising as the SAOS2 cells have a more mature/differentiated OB
phenotype compared to primary OB progenitor cells and the all the effects of SOSTDC1
observed in my studies have been in early diffea¢ion timepoints.

Similar to the effect Laurikkala, Kassei al found using MC3T&L1 cells(Laurikkala,
Kassaiet al. 2003, | showedthat SOSTDC1 inhibited BMR&duced ALP activity. This
antagoistic effect of SOSTDC1 was only observed in BMP2 and not Bivid@dced

ALP activity. | further showed that SOSTDC1 had no significant effect on Wnt3a
induced ALP activity. This differed from the data in the literature, where an inhibitory
effect of SOSTDClwas seen in MC3TE1 cells over expressing Wnt3&awadi,
Vayssiere et al. 2003The contradictory results may be due to the phenotypic differences
observed bwveen ceHlines and primary OB cells and also the differences in

methodology.

To compareresults obtained from ALP analysis, the more sensitive approach of
investigatingRunx2gene expression by gRACR was utilisedFrom the he gRFPCR
datal showedthat on the early day 8 time point whBunx2expression is known to be
high in immature differentiating OB progenitor celBrince, Banerjee et al. 2001
SOSTDA had a clear inhibitory effect dRunx2when in the presence oécombinant
Wnt3a, BMP2 or BMP7 proteiridext the effect of SOSTDC1 on Wnt and BNtluced

mineralisation in OB usindlizarin redstaining was investigated. Again, the antagonistic
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effect of SOSTDC1 when in the presence of Wnt and BMP ligands was evident when OB
progenitor cells were in imature stages of differentiatiollthough results indicated
towards the inhibitory role of SOSTDC1 in OB progenitor differentiation and
mineralisation, whgth was in line with the data in the literature, we wanted a clearer
insight into the molecular mechanisms by which SOSTDC1 interfered with Wnt and
BMP signalling. To determine whether SOSTDC1 antagonised acute Wnt/BMP
signalling in OB progenitors, westerplotting was used to quantify protein levels
downstream of either Wnt or BMP signalling pathways. Western blot analysis showed
that when differentiating OB progenitors were treated with SOSTDC1 in the presence of
Wnt3a, the protein level of molecular media r -catpnfin reduced significantly.
Similarly, western blotting was used for the quantification of pSmad 1,5&8 protein
complex levels following treatment with rhSOSTDC1 in the presence of BMP2 or BMP7.
In line with the literature, addition of recombin®MP2 and BMP7 for jus20 minutes

was able to inducggSmad levels in differentiating OB progenitor cells. Addition of
rhSOSTDC1 to OB progenitor cells was able to effectively reverse-Biliiced Smad
phosphorylation

Whnt-antagonists such aBkkl function by interacting physically with Wnateceptor
LRP5/6 and as a  rcatenin Ipioteini levels arec duted. [lIlmthe p b
experiments investigating ALRRunx2and mineralisation, only a trend Dkk1-induced
Wnt3a suppression was observed. Interestinghere SOSTDC1 inhibitory effects on
Wnt3ainduced differentiation and mineralisation were significddkkl appeared less
effective (no significant effect) in the same experiments. This could mean that LRP5/6
may have higher affinity for SOSTDCL1 in coarson toDkk1l. BMP antagonishoggin

had variable suppressive effect on OB progenitors throughout differentiation and
mineralisation.Noggin inhibited BMPRinduced ALP activity andRunx2expression on

day 8 and 11 of OB progenitor differentiation. Interegy, the negative effect afoggin

on OB progenitor mineralisation was not significant at any time point throughout

differentiation compared to SOSTDC1 in the same experiments.

In this chapterl showed that SOSTDC1 suppressatht-induced differentiatio and
mineralisation in immature OB progenitor cells by blocking the -8igmalling pathway.
| also showed that SOSTDC1 suppressed BivRiced differentiation and mineralisation

via interference with the regulation of Smad phosphorylafitvus, my data fport the
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hypothesis of this particular part of the study in that SOSTDC1 suppresses Wnt and

BMP-induced cell signalling in differentiating OB progenitors.

It is interesting to note that the suppressive SOSTDC1 effects within this study were only
observed when OB progenitar were in the presence diVnt or BMP ligand.
Immunohistochemical and situh y br i di zati on analyses carri e
demonstrated that OB express BMPs and their receptors during bone formation, skeletal
development anttacture repai(Helder, Ozkaynak et al. 199byons, Hogan et al. 1995
Yamaguchi, Komori et al. 2000The canonical Wnt proteins have been shown to induce

OB differentiation (Westendorf, Kahler et al. 200&Kubota, Michigami et al. 2009

These studies correlate witlatathatindicate towardS OSTDC106s regul atory

is evident when BMP and Wnt protein levels in OB are very high.
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Chapter 517 SOSTDCL1 is a Dual Regulator of
Wnt-BMP Crosstalk
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5.1 Introduction

In the regulation of differentiation and haemostasis, it is highly likely treattions of

one signalling pathway can influence thatodhers resulting in cellular responses that
differ from the one achieved by just one single signalling cascade. The availability of
intrinsic factors including cofactors and target genes, and the link between signalling
pathways amplifies both the level and compigf cell responses. The dependency
bet ween two signalling pathways is often
signalling pathways. The Wnt and BMP signalling pathways are function independently
of each other according to their own unique ligandseptors and cytoplasmic/nuclear
signal transducers, without requiring components of the other pathway. However recent
studies have shown that in some biological contexts there is evidence a3MMmt
crosstalk. Depending on the cellular context, thig\BMP crosstalk is found to be either
synergistic or antagonistic (Azpiazu et 996 Carmena et all998. For example, in

early Xenopus embryos, Wnt8 and BMP4 areegpressed in overlapping domains and
are both reliant on each other to regulate normal vertebeatelapment (Hoppler and
Moon,1998. On the other hand, Wnt signalling is required for melanocyte development,

whereas BMP signallingepresses melanogenesis (Jin e2@07)).

In bone formation, Wnt and BMP pathways function cooperatively. The activation of Wnt
sigralling stimulates the differentiation of pluripoteMSC into OB progenitors and
maintains the precursor lineage of these osteoprogenitors. BMP signalling then stimulates
these cells to further differentiate into OB cells. Once the OB progenitors hauadeco
mature functional OB cells, both the Wnt and BMP pathways induce differentiation,
evidenced by increased ALP activity and mineralizatain, Muller et al. 2003Hill,

Spater et al. 2005Studies have shown the interaction between BMP and Wnt signalling
results in synergistic effects on OB differentiation and bone develop(Rekuda,
Kokabu et al. 200 Zhouet al s howed BMP2 -gateninrlegetssreld t he
the expression of Wnt15,a35b in preosteoblastic cel(Zhou 201). The same group

al so s howaenhin dirbces tostebgenic lineage allocation by enhancing MSC
responsiveness to BMP via Tcf/Lef response elements (TREs). This synergism is
known to increasaew bone formatiom-vivo (Mbalavieleand Sheiklet al, 2009).

161|


http://onlinelibrary.wiley.com/doi/10.1002/dvdy.22009/full#bib7
http://onlinelibrary.wiley.com/doi/10.1002/dvdy.22009/full#bib26
http://onlinelibrary.wiley.com/doi/10.1002/dvdy.22009/full#bib80
http://onlinelibrary.wiley.com/doi/10.1002/dvdy.22009/full#bib95
http://www.ncbi.nlm.nih.gov/pubmed/?term=Mbalaviele%20G%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Sheikh%20S%5Bauth%5D

Various molecular studies hawhown that the functional communication which exists
between Wnt and BMP signalling pathways involves several mechanisms. On an
intracellular level, Smads have been shown to form complexes with molecules
downstream of the Wnt signalling pathway includigatenin, Dishevelled, Axin and
GSK3. The formation of these complexes consequently regtletghosphorylation and
activity of-catehim@dund, ben e al.b2005Liu, Tang et al. 2006
Fuentealba, Eivers et al. 2Q0Tnterestingly, the transcriptional regulation \Wint and

BMP common target gees can involvdboth Smad and TRE# response to BMRVNt
dependent signalling he Smads can form transcriptionaomplexes wi t h b
catenin/Tcf/Lef and c@ctivate transcription of various target gemeduding Msx2 and

Myc viathese binding elemengblussein, Duff et al. 2003u and Rosenblum 2005

Some extracellular proteins, such as sclerostin, cerberus and sFRPs, are known to bind
ligands and/or receptors of both the BMP and Wnt path\Riggolo, Agius et al. 1999

Kusu, Laurikkala et al. 2008/isra and Matise 20)0Data suggests & SOSTDCIWnt

signalling is regulated via interactions with Wntrezeptor LRP5/6 and that SOSTDC1

induced BMP inhibition isregulated via direct adhesion to BMP ligangsntern,

Guidato et al. 2009 X-raycrystallography has revealed that th8§OSTDCL protein

consists of 3 cystine loops, 2 of which provide stability whilst the third has a functional

role in receptor/ligand binding, specifically bindibg LRP56 (Avsian-Kretchmer and

Hsueh 200% Linternds st udyetios boostmetdackBi@tBerllRE1 d e
specific loop domain still bound BMP4 and consequently inhibited BMP signalling

(Lintern, Guidato et al. 2009 This data suggées that SOSTDC1 may function
simultaneously as a dual Wnt and BMP antagonist. However, to my knowledge no studies

have investigated the regulatory role of SOSTDCL1 in-BMP cooperative signalling in

OB progenitors. In light of my previous data sugges&@STDC1 dowsregulated both

Wnt and BMP signalling in OB progenitor cultures at early stages of differentiation, the
objective of this study were to investigate the potential regulatory ro@S TDC1 i n
the cooperative mechanissaml ibeg wean dWhf ermaammt
progenitors. In this study I al so assessed
SOSTDICRP receptorBMPRPdI|I BE@8mMBDELto provide <cl ea
regul atory rol eBMP 8EDGHnoONnsWgnallin
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5.2 Hypothesis and ®jectives

5.2.1 Aims
The aim of this study was to determine whether SOSTDC1 had an antagonistic effect on
Wnt-BMP dependent signalling within O@ogenitor cells

To achieve this, the following hypothesis was tested.

5.2.2 Hypothesis

SOSTDC1 suppresses WBMP crosstalk in signallin@B progenitor cells.

5.2.3 Specific bjectives

To test this hypothesis the following were determined:

Whether intracellular downstream signalling molecules of Wnt and BMP pathw& in
progenibr cells are dependent on each other

The effect of SOSTDC1 on Wnt and BMi®duced acute intracellular signalling@B
progenitors

163|



5.3 Chapter specific methods

Recombinant Proteins

ITEM

Human bone morphogenic potein 2 (BMP2)

10pg/ml

CATALOGUE SUPPLIER

10ug lyophilised stock Reconstituted in 1ml of sterile 4 mM HC

containing 0.1% BSA

Human bone morphogenic potein 7 (BMP7)

10pg/ml

NUMBER

355BM-010 R&D
Systems

354BP-010 R&D

10ug lyophilised stock Reconstituted in 1ml of sterile 4 mM HC

containing 0.1%BSA.
Mouse Wnt3a 10ug/ml

Systems

1324WN-002  R&D

10ug lyophilised stock Reconstituted in 1ml of sterile PBS.
Human Sclorstin Domain Containing 1 (SOSTDC1) H00025928P01 Abnova

38ug/ml

Supplied as a 38ug/ml in50 mM TF#HECI, 10 mM reduced

Glutathione pH=8.buffer.

Human glutatione Stransferase (GST) 200ug/ml

Supplied at 200ug/ml iB5% Glycerol, 50mM Tris HCI, 150mM
Sodium chloride, 0.25mM DTT, 0.1mM PMSF, pH 7.5buffer.

Mouse Dikkopf 1 (Dkk1) 10ug/mi
10ug lyophilsed stock Reconstituted in 1ml of sterile PBS

containing 0.1% BSA.
Human noggin 25ug/ml

Systems

ab70456 Abcam

5439DK-010 R&D

Systems

6057~NG-025 R&D

25ug lyophilised stock Reconstituted in 1ml of sterile PBS

containing 0.1% BSA.

Systems

Table 5.1- Recombinant proteinsequired for investigating the effect of SOSTDGdn
Wnt-BMP dependensignalling in OB progenitas.

Recombinant Protein doss

Recombinant protein Dose
Treatment (ng/ml)
PBS n/a
Wnt3a 50
BMP2 30
BMP7 30
SOSTDC1 250
Dkk1 100
Noggin 100

Combined Recombinant Protein
treatments
Recombinant| Combination
protein Recombinant Protein
Wnt3a SOSTDC1
Dkk1
BMP2 SOSTDC1
Noggin
BMP7 SOSTDC1
Noggin

Table 5.2 - Recombinant protein doses required for sole and combined treatntents
investigatethe effect of SOSTDCbn WntBMP dependent signallingn OB

progenitas.

164|




5.3.1 Determining the effect of SOSTDC1 on WRBMP dependent intracellular
protein signalling in differentiating OB progenitors

Primary and Secondaryantibodies for western blot

ITEM CATALOGUE SUPPLIER
NUMBER

PhosphaSmadl (Ser463/465)/ Smad5 9511 Cell Signalling

(Serd463/465)/ Smad8 (Ser426/428)

antibody

Rabbit polyclonal

Anti -b-catenin (phospho Y142) Ab-27798 Abcam

antibody

Rabbit polyclonal

Anti-GAPDH (6C5) antibody Ab-37168 Abcam

Mouse monoclonal

Goat anti-Rabbit 1gG 1 HRP antibody 9511 Life Technologies

Rabbit IgG Novex®

Goat anti-Mouse IgGi HRP antibody  SG2031 SantaCruz

Mouse I1gG

Table 5.3- Recombinant protein doses required for sole and congoitreatmentso
investigate the effect 8OSTDC1 h on WnRBMP dependent signallingn OB
progenitas.

The objective of the first part of this chapter was to establish whether intracellular Wnt
signalling was dependent on BMP signalling. At the same tiadlso wanted to determine
whether SOSTDC1 had a regulatory role on potential -BMP dependency. OB
progenitor cultures were harvested from a near confluent flask using trypsin and cells
counted using a haemocytometer, as descriheskction 2.1.3 OB progenitos were
resuspended in MEMIpha at 57,000 cells per well in 6 well culture plates containing
1500¢ |l of media within each well. Foll owin
from the adherent OB progenitors and cells were wasghibd®BS. OB progenits were
differentiated in 1500iwell of standard osteogenic media for up to 15 days and
osteogenic media was replaced with fresh media every three days. On day 8, 11 and 15 of
differentiation, OB progenitor cultures were treated with recombinant praiaingy 8,

11 and 15 of differentiationThe rmWnt3a protein was diluted to 50ng/ml in 65ul of
osteogenic media in a 0.5ml sterile eppenddhie rhBMP2 and rhBM7 proteins were

diluted to 10ng/ml concentration in 65l of osteogenic media in 0.5ml stepkndprfs.
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50ng/ml of rmWnt3a was combined with 250ng/ml rhSOSTSDC1 and 50ng/ml of
rmWnt3a was combined with 100ng/ml bkl in a 65ul volume of osteogenic media.

In separate tubes, 10ng/ml ohBMP2 or rhBMP7 was combined with 250ng/ml
rhSOSTSDC1 or 100mgM rhnoggin in a 65ul volume of osteogenic media. All
eppendorfs containing 65¢l of protein/protei
for 1 hour at 37C to allow interaction between combined proteins. From the 65pul of
protein/ protein c¢omboeachtwellbocontainibgOCBlprogsrater a d d e
cultures and the media containing protein treatments were mixed gently within wells by
pipetting. 6 well culture plates were immediately placed in 37°C culture incubators for 20
minutes. The protein from OB progegritcultures were isolated using Mammalian cell

lysis kit containing phosphatase and protease inhibitor cocktails as desdtiet 2.6

Protein concentrati@within OB progenitor cell lysates were quantified using the BCA

assay asutlined in the methtsection 2.7

The effect of Wnt3a ligand on downstream intracellular BMP signalling was tested via
guantification of Wnt3anduced phosphorylated levels of Smad 1,5&8 protein complex

(52kD). The effect of BMP2 and BMP7 ligand on downstream intracell\Wat

signalling was determined by quantifying the level of BMPR duced phosphoryl ¢
catenin protein (92kD). The influence of SOSTDC1 on Mduced Smad
phosphorylation and BMP n d u coatdnin fphosphorylation in differentiating OB

progenitors was detained by western blotting as outlinedsiection 2.8

Inbrief,l2 0% pol yacryl amide gels were | oaded with
also loaded with 10pul of a 350D protein molecular markeat the first and last lane

and the proteins wereim through the stacking gel for 40 minutes at\@its. Proteins

were separated with the separating gel according to their molecular weight for 2 hours at
100 Volts. Proteins were transferred onto PVDF membranes for 70 minutes\ailtg0
Membranes were ashed once in 0.05% PBSveen. Membranes were blocked in 3%
BSA solution for 45 minutes. Transferred proteins from \dtuiced OB progenitor cell
lysates were cut just below the 50kD mark using thestamed molecular markers as
reference points and thencubated with 1/3000 ofabbit antiPsmadl,5&8 antibody.
Transferred proteins from BMiaduced OB progenitor cell lysates were cut just above
the 75kD mark and incubated with a 1/300 dilution wfi-a BCatenin rabbit antibody.

The remainder of the bla@bntaining proteins <50kD was placed in a 1/15000 difutf
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antrtGAPDH mouse antibodyAntibody incubations were all carried out overnight at 4

on a roller. Blots incubated with afgdi bcatenin or antpSmadl,5&8 antibody were
probed with 1/5,000 dilian of secondary HRIonjugated antrabbit IgG antibody.
Blots incubated with aGAPDH antibody were incubated with 1/30,000 dilution of
secondary HRRonjugated artimouse IgG antibody. Protein bands were visualised and
the average density quantifieding GelDoc software. The average density of SOSTDC1
protein was normalised to the average density of GAPDH to account for any loading
variability.

5.3.2 Determining the effect of SOSTDC1 on WRABMP dependentCTNNB1 gene
levels indifferentiating OB prog enitors

To investigate the effect of SOSTDC1 on BMuced Wnt signalling in differentiating

OB progenitors on a gene expression Ie&,NNB1 (the gene encodindg-catenin
protein) was determined using gRACR as described isection 2.143. Wnt3ainduced
CTNNBlexpression was also assessed as a positive cont@TfdNBlexpression. OB
progenitor cells were harvested from a near confluent flask by trypsinisatibreell
pellets were counted using a haemocytometer as describestction 2.1.3 OB
progenitor cells were resuspended in MAlpha at 57,000 cells per well in 6 well
culture plates containing 1.5ml of media within each well. Following 72 hours irreultu
the media was removed from the adhered OB progenitor culture and cells were washed
with PBS. OB progenitors were differentiated in 15@@gll of standard osteogenic
media for up to 11 days and osteogenic media was replaced with fresh media every three
days. On day 7 and 10 of differentiation, OB progenitors were cultured with recombinant
protein for 24 hours. To determine the effect of Wnt and BMEONNB1expression in
differentiating OB progenitors, rmWnt3a protein was diluted to 50ng/ml in 65ul of
osteogenic media in a 0.5ml sterile eppendorf. The rhBMP2 or rhBM7 proteins were
diluted to 30ng/ml concentration in 65ul of osteogenic media in 0.5ml sterile eppendorfs.
To assess the effect of SOSTDC1 dbkkl on Wnt3ainduced CTNNB1expression,
50ng/ml of rmwWnt3a was combined with 250ng/ml rhSOSTSDC1 and 50ng/ml of
rmWhnt3a was combined with 100ng/ml Bkk1 in 65ul volumes of osteogenic media.
The effect of SOSTDC1 ambgginon BMP2/7ZinducedCTNNB1levels were assessed

by combining50ng/ml of rhBMP2/A&vith 250ng/ml rhSOSTSDC1 or 100ng/nhinoggin

in a 65ul volume of osteogenic media. All eppendoreésnct ai ni ng 65¢l
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sample/protein combinations were placed in a water bath for 1 hour @tt87allow

interaction between combined proteins. From the 65ul of protein sample/protein
combinati on, 50¢ |l was added tuturesand mixedve | | cCo
gently within wells by pipetting. Culture plates were placed back in 37°C culture

incubators for 24 hours.

RNA was isolatechnd quantifiedfrom the OB progenitor culturas described isection
2.13 TheCTNNBlandB2M gene expressiomwere quantified usinagMan® Assays for
gRT-PCR analysis using the SDS2.2.1. Relative quantificatio@T0fINB1 expression
was performed by normalising to the house kee@Bll gene using the formulgpC T =
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5.3.3 Determining the affinity (KD) of recombinant SOSTDC1 for LRR6, BMP2
and BMP7 by Bio-layer interferometry

Recombinant Proteins

ITEM CATALOGUE SUPPLIER
NUMBER
CF Human bone morphogenic potein 2 355BM-010-CF R&D
(BMP2) 10ug - lyophilised Systems
CF Human bone morphogenic potein 7 354BP-010CF R&D
(BMP7) 10ug- lyophilised Systems
CF Mouse Wnt3a 10ug/mi 1324 WN-002 R&D
Lyophilised CF Systems
Human Sclorstin Domain Containing 1 H00025928P01 Abnova
(SOSTDC1) 38ug/ml
Human glutatione S-transferase (GST) ab70456 Abcam

200ug/ml

Table 5.4- Recombinant proteis required for determininghe affinity of SOSTDC1
for LRP-6, BMP2 and BMP7 by Bidayer interferonetry

The affinity of Wise, the mousarthologueto SOSTDC1 for LRFS receptor, BMP2 and
BMP7 ligands has been previously been tested using BlAcore technology and
Immunoprecipitation analysis (Laurikkala, Kassai et al. 20R3 However to my
knowledge, there are currently no repordd values associated with the binding affinity

of rhSOSTDCL1 for LRFS, BMP2 or BMP7. In this study the affinity of rhSOSTDCL1
protein for LRR6, BMP2 and BMP7 was determined using the-Biger Interferometry
technology of the Blitz Aalysis system according section2.15.

Briefly, all recombinant proteins were purchased in the cainger state in a lyophilised

form. The rmLRP6 protein was reconstituted to 1@§ml concentration in the
recommended buffer. The rhBMP2 and rhBMP7 proteins were reconstitutedpig/h00
concentration in the recommended buffer. Recombinant protein samples were prepared in
their corresponding buffet® 1, 10, 25, 50 and 100 pug/ml (neat) concentrations within
sterile 0.5ml eppndorfs. 100 pg/ml of rhrSOSTDGAasimmobilizedon a prehydrated
disposable ARG2 biosensor. For each SOSTHafdlyte binding assay, a blank (buffer

only) negative control was a@aperformed to establish any nepecific binding.
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Eppendorf tubes containing LR& BMP2 or BMP7 recombinant proteins in their various
concentrations were placed on the Blitz Analyser one at a time starting with the highest
100 pg/ml concentration. ThdhSOSTDC1coated ARG2 biosensor was placed into an
eppendorf containing the analyte (LIEPBMP2 or BMP7 recombinant proteins). The
molecular interaction between rhSOSTDC1 and decreasing concentrations of the protein
analyte were assessed one at a timewqusheBL | t z ProE software.
Biosensorswere replaced following the assessment of the association of rhSOSTDC1
with each concentration of analyte. Due to the fact that the rhSOSTDC1 had-@a@;ST

the binding interaction between rhGST protein amilRP-6, rhBMP2 and rhBMP7 was

also assessed as a control. The 100ug/ml rhGST protein was immobilised on an ARG2
disposable biosensor and the binding affinity of rhGST for 100ug/ml of rrfb,RP
rhBMP2 or rhBMP7 assessedhe ®nsogram data was collected ieak time and
presented as binding (nm) affinity at the start of rhrSOSTaHlyte association and the
start of complexdissociation. The measured affinity of the interactidn (M) between

the two proteinswasrepode by t he BLI t z PrdmnEectiso2flflwar e as
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5.4 Results

5.4.1 SOSTDC1 down regulated WRBMP dependent intracellular in differentiating
OB progenitors

Western blotting was performed to determine whether Wnt3a upregulated Smad
phosphorylation downstream of the BMdtgnalling pathway in differentiating OB
progenitors. Wninduced levels of phosphorylated Smads1,5&8 protein were quantified
as the average density of the bands -@ayximages and normalised to the corresponding
GAPDH relative densityWestern blot anabis showed that 50ng/ml Wnt3a acutely
induced pSmad1,5&8 protein levels in differentiating OB progenitors and this effect was
significant on day 8 of differentiationFigure 5.4.1.1 A *P<0.05). In the same
experiments, the effect of SOSTDCL1 dpkk1 on Wht3ainduced Srad plosphorylation
wasassessed.showed rhSOSTDC1 antiDkk1 both suppressed Wnt3aduced pSmad
1,5&8 protein levels on day of OB progenitor differentiation Rigure 5.4.1.2 A
*P<0.05). The pSmad protein levels within OB progenitorsrevaot affected in the
presence of rhSOSTDC1 or Bkk1 (Figure 5.4.1.2 D).

The effect of BMP ligands on downstream canonical Wnt signalling was assessed by
western bl ot t i +Catenin phbsphorylagon evithin differentiating OB
progenitors wasassessed following stimulation with rhBMP2 or rhBMP7 protein.
showedt h at both rhBMP2 and r h-Ba#Rid proremrdeeelsa bl e
downstream of the Wnt signalling pathwdydure 5.4.1.3 A and B 5.4.1.5 B'P<0.05).

The BMP2induced phosphoy | a t iCatenin prbteinblevels was significant on day 8

and day 11 of differentiation whereas BMP*H d u c-€atkenirpldévels significantly on

day 11 only (*P<0.05). Within the same experiments, the effect of SG3EDdnoggin

on BMP-induced phosphygrl at i oGCatenim fprotéin was assessed using western
blotting. | showedrhSOSTDC1 andhnogginboth suppressed BMH2 n d u c-@atenimp b

levels on day 8 and 11 of OB progenitor differentiatibiggre 5.4.1.4 A *P<0.05).The
rhSOSTDC1 andhnoggin recombnant proteinsalso suppressed BMH7nduc-ed pb
Catenin levels on day 11 of OB progenitor differentiatibrgre 5.4.1.6 B *P<0.05).
Thephosphor yl a{Caahinprowin withis OBopfogehitors were not affected

in the presence of rhSOSTDC1rbnogginalone Figure 5.4.1.6 D).
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Effect of Wnt3a on
pSmadl,5&8 levels
on Day 8 of OB differentiation

Effect of Wnt3a on
pSmadl,5&8 levels
on Day 11 of OB differentiation
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Figure 5.4.1.1 - Wnt3a induced phogphorylated Smad protein levels
downstream of the BMP pathway in differentiating OB progenitors: Western
blot analysis was used to determine whether Wnt3a upregulated pSmad 1,588 |enatls
in differentiating OBprogenitors.Data represent the Averageensity ofpSmad 1,5&8
levels normalised to GAPDHThe western blot image is representative of one out of t
experimentsRecombinant rWwnt3a acutely induce@Smad1,5&8 protein levels in OB
progenitors on day 8 of differentiatiofA) and not on any ber occasion (B, C). N=2
independent experimentStudents unpaired-test. Data are diplayed with mean %
SEM.*P=0.05.
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Figure 5.4.1.2 - SOSTDC1 reduced
Wnt3a-induced Smad phosphorylation
in differentiating OB  progenitors:

Western blot analysis was used to determ
whether SOSTDC1 downregulated Wnt3a
induced pSmad 1,5&8 pratin levels
downstream of the BMP signalling pathway
differentiating OBprogenitors.Data represent
the Average Desity of pSmad 1,5&8levels
normalised to GAPDH The western blot
image is representative of one out of thr
experiments. 250ng/ml rhSOSTDC1 an
100ng/ml rmDkk1l reduced Wnt3anduced
pSmad1,5&8 protein levels in OB progenitor:
on day 8 of differentiatio (A). N=3

independent experimentStudents unpaired t
test. Data are diplayed with mean z
SEM.*P=0.05.
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Figure 5.4.1.3 - BMP 2 i nduced p h-Gatepirh protgin levels
downstream of the Wnt pathway in differentiating OB progenitors: Western blot
analysis was used to determine whetB@ng/ml rhBMP2upregulatedp BECatenin levels in
differentiating OBprogenitors.Data represent the Average Density pfCatenin levels
normalised to GAPDH The western blot image isepresentativeof one out of three
experiment. Recombinant hBMPZ2acutely inducedp BECatenin protein levels in OE
progenitors on day &nd 11 of differentiation (A, B). N=3 independent experiment:
Students unpairedtest.Data are diplayed with mean + SE*P=0.05.
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Figure 5.4.1.4 - SOSTDC1 reduced
BMP2-i nduced phosp-h
Catenin protein levels in differentiating

OB progenitors: Western blot analysis wa
used to determine whetheBOSTDCldown

regulated BMPZ n d u c €atenirppiotein

levels downstream of the canonical W
signalling pathway in differentiating OF
progenitors. Data represent the Averag
Density of p fCatenin levels normalised tc
GAPDH The wstern blot image is
representative of one out of three experimel
250ng/ml rhSOSTDC1 reduced BMR2duced
p BCateninprotein levels in OB progenitors o
day 8 and 11 of differentiation (A, B) N=3

independent experimentStudents unpaired t
test. Data are diplayed with mean %
SEM.*P=0.05.
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Figure 5.4.15- BMP7 i nduced p h-Gasepirh protgin laviele

downstream of the Wnt pathway in differentiating OB progenitors: Western blot
analysis was used to determine whetB@ng/ml rnBMP7upregulatedp BCatenin levels in
differentiating OBprogenitors.Data represent the Average Density mfCatenin levels
normalised to GAPDH The western blot image is representative of one out of t
experiments.Recombinant hBMP7 acutely inducedp ECatenin protein leels in OB
progenitors on dayll of differentiationonly (B). N=3 independent experimentStudents
unpaired ttest.Data are diplayed with mean + SEM.*P=0.05.
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Catenin protein levels in differentiating
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5.4.2 SOSTDC1 inhibited BMRinduced CTNNB1 gene expression in differentiating
OB progenitors

To determine whether BMP could upregulate the expressi@TdiNBldownstream of

the Wnt signalling pathway, the effect of Wigiand onCTNNBlexpression was initially
assessedlhe levels o£ TNNBlandB2M expressiorwere quantified by qR'PCR in OB

progenitor cells obtained on day 8 and 11 of differentiatidime effects ofDkk1l on
Wnt3ainduced and the effect obgginon BMP-inducedCTNNBlexpression were also
assessedDifferences INCTNNB1gene expression were normalisedB®M expression

and overall fold changes in gene expressn wer e cal c@Clamethadd. usi ng
Data were normalised to tHeBS control The data obtained from gRACR analysis

showed 50ng/ml rmWnt3a upregulaté@TNNB1 expression in differentiating OB
progenitors on day 8 of differentiatioRigure 5.4.2.1 A, *P=0.022).

In the same experiments, 250ng/ml rhSOSTDC1 and 100ng/Bikkinreduced Wnt3a
inducedCTNNBL1levels (*P<0.05). Th&€ TNNBlexpression of OB progenitors was not
affected in the presence of rhrSOSTDC1 obkil alone.Further gRTPCR analysi®f
CTNNBL1 expression in BMBtimulated OB progenitors showed that 30ng/ml rhBMP2
and rhBMP7 induce@ TNNB1geneexpressioron day 8 of OB progenitor differentiation
on a similar level observed in WntBaduced CTNNB1expression Kigure 5.4.2.2 A,
**P=0.005/ and Figure 5.4.2.3 A*P=0.025). In the presence of rhBMP2, 250ng/ml
rhSOSTDC1 reduced@TNNB1levels in OB progenitors on day 8 of differentiation
(Figure 5.4.2.2 A,**P=0.0001). The 100ng/mirhnoggin also had a suppressive effect
on rhBMP2inducedCTNNRBL levels in OB progenitors on the same occasieigure
5.4.2.2 A ,**P=0.0057). The gRFPCR analysis further showed that rhBMiRduced
CTNNBlexpression was reduced in the presence of 250ng/ml rhSOSTDC1 on day 8 of
OB progenitor differentiation Higure 54.2.2 A, *P=0.01). 100ng/mirhnoggin also
reduced rhBMP4nducedCTNNB1levels in OB progenitors on day 8 of differentiation
(Figure 5.4.2.3 A**P=0.0081).
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Effect of SOSTDC1
on Wnt3a-induced CTNNB1 on Day 8
of OB differentiation
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Figure 5.4.2.1 - SOSTDC1 inhibited Wnt-induced CTNNB1 expression in
differentiating OB progenitors: OB progenitor cells were cultured with 50ng/r
rmWnt3a in the presce or absence of 250ng/ml rhSOSTDC1 or 100ng/@kkbhand the
CTNNB1expression quantified using gHPICR. Data represent the relative expression
CTNNB1normalised to B2M. (AThe rmWnt3a upregulateBTNNB1expression in OB
progenitors on day 8 of dédrentiation. On this occasion rhSOSTDC1 andkil reduced
the Wnt3anducedCTNNB1levels N=4 independent experiment®ne way ANOVA anc
Holm-Sidak multiple comparisons tedbata are displayed with mean £ SEM.*P=0.05.
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A Effect of SOSTDC1
on BMP2-induced CTNNB1 on Day 8
of OB differentiation
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Figure 5.4.2.2- SOSTDC1 inhibited BMP2induced CTNNB1 expression in
differentiating OB progenitors: OB progenitor cells were cultured with 30ng/r
rhBMP2 in the presence or absence of 250ng/ml rhSOSTDC1 or 10Ghgbghin and the
CTNNB1expression quantified using gfPICR. Data represent the relative expressioh
CTNNB1normalised to B2M. (A)fhe rhBMP2 upregulate€ TNNB1expression in OB
progenitors on day 8 of differentiation. On this occasion rhSOSTDC thaevagjginreduced
the rhBMP2inducedCTNNB1levels N=4 independent experimentdolm-Sidak multiple
comparisons tesData are displayed with mean + SEM. *P=0.01, ***P=0.001
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Effect of SOSTDC1
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of OB differentiation
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Figure 5.4.2.3- SOSTDCL1 inhibited BMP7-induced CTNNB1 expression in
differentiating OB progenitors: OB progenitor cells were cultured with 30ng/r
rhBMP7 in the presence or absence of 250ng/ml rhrSOSTDC1 or 25@hgbgginand the
CTNNB1expression quantified using gfPICR. Data represent the relative expression
CTNNB1to B2M. (A)The rhBMP7 upregulate@ TNNB1lexpression in OB progenitors o
day 8 of differentiation. On this occasion rhSOSTDC1 dmbgginreduced the rhBMP7
inducedCTNNB1levels N=4 independent experimentdolm-Sidak multiple comparison:
test.Data are disblaved with mean + SEM. *P=0.05. **P=0.01.
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5.4.3 Recombinant SOSTDC1 protein bound with high affinity to recombinant LRP
6, BMP2 and BMP7 determined by Bielayer interferometry

The affinity of 200pug/ml rhSOSTDC1 protein for purified cariere rmLRR6, rhBMP2

and rhBMP7 were determined ugithe Blitz Analysis systenas outlined insection
2.15.1 The measured affinity of the interacti&® (M) between the rhSOSTDCL1 protein
and rmLRP6 , r hBMP 2 or rhBMP7 was reported
Interferometry data were globally fit to a 1:Aigmuir model calculating ¢haffinities

and rate constants. The interaction of rhSOSTDCnfatiple concentratioi(pug/ml) of
rmLRP-6, rhBMP2 or rhBMP&vasused forthe Langmuir model fitting. The association
and dissociation responses were baselinegectsd and prassed using the Octet

Software tarise to the affinity constanD.

In addition, the interactions between 100ug/ml rhGST protein and 100ug/ml GLRP
rhBMP2 and rhBMP7 were also assessed. The ra@filyte binding assays were carried
out to ensure that th&D values obtained for interaction between rhSOSTDC1 and
rmLRP-6, rhBMP2 and rhBMP7 were not affected by the presence of thet&SThe
sensogram data collected in real time showed that rhSOSTDC1 bound with high affinity
to rmLRR6, rlBMP2 and rhBMP7Kigure 5.4.3.

The binding affinity of rhSOSTDC1 for the Wnt receptor rmLBRvas determined as
8.502e10M KD (Figure 5.4.3 A). The affinity of rhSOSTDC1 for rhBMP2 was
determined a®9.569e9M KD (Figure 5.4.3 B) and the affinity of rhSG@TDC1 for
rhBMP7 was calculated at <1:0@M KD (Figure 5.4.3C). The affinity of rhSOSTDC1
for the rmLPR6 receptor proteinwas onefold higher compared to thaffinity of
rhSOSTDC1rhBMP2 ligand proteinSubsequentlyl showedthat rhSOSTDC1 had the
highest binding affinity for the ligand BMP7 protein out of all three rhSOSTIpfiein
interactions. The rhSOSTDC1 protein had a tHod@ higher binding affinity for
rhBMP7 compared to rmLRB. The 100ug/ml of rhGST did not bind at detectable levels
to rmLRP-6 or rhBMP7 protein and thikD value of 1.096€IM calculated for rhGST
rhBMP2 interaction waregligible, ndicating little or no bindingAppendix 3).
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A 100pg/ml SOSTDCL1 interaction with
LRP-6
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Figure 5.4.3 - Recombinant SOSTDC1 protein bound with high affinity to
recombinant LRP, BMP2 and BMP7 proteins The affinity KD (M) of rhSOSTDC:
for purified carrierfree rmLRP6, rhBMP2 and rhBMP7 proteins were determinesing
the Blitz Analysis system. (A) Binding (nm) association showed 100ug/r
rhSOSTDC1bound tamLRRP6 with a kD of 8.50240M (B) rhBMP2 with a kD of 9.569¢
9M and (C) rhBMP7 with a kD of <1.082M.
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5.5 Discussion

This chapter focused on the role of SOSTSDC1 in-BMP crosstalkm OB progenitor

differentiation, in which thenain aim of thestudy was to determine whether SOSTDC1

had an antagonistic effect on WBMP dependent sigrialg within OB progenitor cells.

The hypothesis c8OSTDC1 suppresses WBMP crosstalk in signallin@B progenitor

cells was supported by my finding?reviously my data provided evidence for the
antagonistic actions of SOSTDC1 on Wnt and BMP signalling in differentiating OB
progenitors Evidence of regulation betweenaronical Wnt signalling and BMP

signdling has previously been demonstrated in embryonic development and
tumourgenesi§Zhang, Yan et al. 2009In studies by Bill et al, Wnt signalling was found

to induce expression of BMP2, BMP4, BMP7 and BMP target genes inclivbrg and

gremlin in the mesenchyme (Bil]l edatenm | , 2006
induced BMP2 expressidKim, Crooks et al. 2002 The downstream tget genes of

BMP signalling and crosmteraction between BMP ligands and Wnt signalim@B are

poorly wunderstood. Recent studies demonstr at
catenin orOB differentiationin-vitro (Rawadi, Vayssiere et al. 200@balaviele, Sheikh

et al. 200%. However, the effects of Wnt signalling on BMP expressio®@Band the

associated molecular mechanisms remain unclear.

Specific secreted molecules have an effect on Wnt and BMP signalling by binding to the
extracellular components of both pathways. For exan@péeberus which is known to
induce head formation iKenopusnhibits Wnt and BMP signalling by binding directly to
Wnt and BMP ligands, regulating head formati@ilva, Filipe et al. 2003 Another
secreted molecule includes connective tissue growttorfd€TGF) which can bind
BMP4, T GF b 1(Silaa EilipeLeRaP @003 As mentioned previously Sclerostin

is another molecule that can inhibit bone formation by binding to BMP ligéfalsu,
Laurikkala et al. 2008 and the LRP5/6 receptoréEllies, Viviamo et al. 200k
Interestingly the interaction of Sclerostinvhich has a very similar homology to
SOSTDC1,with BMP ligands and LRP5/6 has been shown to interfere with Wnt
signalling (ten Dijke, Krause et al. 20P8It would therefore seem that extracellular
mechanismsnodulatingboth Wnt and BMP signalling regulate simultaneous suppression
of both signalling pathways providing a rational for investigatirgrtie of SOSTDCL1 in
Wnt-BMP crosstalk.
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A limited number of studies have investigated the role of SOSTDC1 inBMR
crosstalk and these studies have been specific to tooth development and kidney disease. |
a study by Liu et al SOSTDGhouse mutants exbited supernumerary teeth, which were
thought to be a r es ul-dateninfactivityiLa rCawesat 2008B MP  a n
| investigated the effect of Wnt3agand on phosphorylated levels of Regulatory Smad
protein complex downstream of the BMP pathway and subsequently assessed this effect
in the presence of recombinant SOSTDC1 in differentiating OB progenitiorany

study, Wnt3a induced phosphorylation &mad1,5&8 protein in OB progenitoend
SOSTDC1 reversed this effedtiring the early stage of differentiatidn. similar studies

by Rawadi et al investigating the crosstalk between-BMP signalling, blocking
Wnt/LRP5 signalling resulted in the inhilmh of BMP2induced ALP activity inMSC.
Moreover, MC3T2EL1 cells overexpression Bkk1 reduced BMPanduced extracellular

matrix mineralization{(Rawadi et al, 2003).

In the same experimentsl showed that SOSTDC1 suppressed WntBiced
phosphorylated i8ad 1,5&8 levels in in differentiating OB progenitor cells on a similar
level toDkk1. Based on the literature it can be deduced that SOSTSDC1 antagonises Wnt
signalling in a similar mechanism to that of antagobiskl. SOSTDC1 andkk1 both

bind to the IRP/Frz Wnt receptor and in doing so block Wnt ligand interaction with the
LRP/Fz receptor. In the same study by Liu et al, overexpressi®kidf blocked tooth
formation and this was accompanied by denegulation of BMP and Msx1/2 expression
domains. TheBMP4 induction of Msx1/2 expression was not affected iDkk1-
overexpression suggestingh a t -cétentn/signals are required upstream of BMP4
function (Liu, Chu et al. 2008 Based on the similarities between the antagonistic role of
SOSTSDC1 an®kkl in Wnt-BMP crosstalk in differentiating OB progenitors, it may be
assumed that both molecules have a similar detrimental effect in osteolytic bone disease.
One possibility for this similarity may be that in osteolytic bone disease, if one molecule
is not in abundance, then the other is produced at high levels to compensate.

In my studies investigating BMP stimulation of downstream intracellular Wnt signalling,
| found that both BMP2 and BMP7 increagatbsphorylated e v e |-catenm forotdin
and activeCTNNB1gene expression. SOSTSDC1 reduced BMR d u eaetin |bvels

in the early stages of OB progenitor differentiatidhis data is similar to that found by

Papathanasiou et al showing treatment of chondrocytieresiwith BMP2 resulted in an
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up-regulationo f -catenin nuclear translocation and LBRexpressionPapathanasiou

showed thaBMP2-induced LRP5 expression was mediated through Smad1/5/8 binding

on theLRP-5 promoter. In these studies, LEFsilencing esulted in reduction of nuclear
b-catenin protein, MMPs ancbllagen X expression, wherepsh 0 s p h o rcgtdniat ed D
protein levels in BMP2-treated chondrocytencreased(Papathanasiou, Malizos et al.

2012.

Fukuda et al showed that in the presence of BM&anonical Wntl and Wnt3aut not
nortcanonicalWnt5a and Wntlktimulated ALP activity ofOB-like C2C12 cells. This
group also showed that Type lllegen and osteonectin expression increased in response
to Wnt3a and BMP4 stimulation and batbggin and Dkk1 suppressed the synergistic
effect of BMR4 and Wnt3gFukuda, Kokabu et al. 20066t i mul ati on of GSK3D
in the presence of BMR caused induction of ALP activitfhe Fukuda et adhowed that
Whnt3a did not stimulatBMP reeptor/Smadinduced ALP level and overexpressioh
b-catenin did not affec BMP4-induced ALP levels in C2C12cells Fukuda et al
concludedthat WntBMP regulation ofOB differentiation, especially at the early stages,
through a GSKB-dependent bub-cateninindependent mechamis(Fukuda, Kokabu et

al. 2010. In comparison th&hang et atlata was contradictory as in these stu@ibd2
stimulatedLrp5 expression and enhancpibtein levels othea ct i v e -¢ateninnm of b
OB. The in-vitro deletion of the CTNNB1 gene supresse®B proliferation and
differentiation andreduced BMP2-induced OB differentiation BMP2 also increasd
nuc | eaanin firotein levels suggestitge interaction between Wnt and BMP2
signalling duringOB differentiatian is (Zhang et al, 2009)Recently Zhag et al also
showed that similar to BMP2, Wnt3a increased transcriptional activity of BMP/Smad
reporter anchoggin blocked this Wnt3anduced effect, concluding that Wnt signalling
acts as an upstream regulator of BMP signal{ifitgang, Oyajobi et al. 20)3There data

is complimatary to mine in that in my studiespggin significantly suppressed BMP

i nduc ed -catenin lewela.r b

It is of particular interest thathe WntBMP crosstalk relationship that Fukada et al
demonstrated was especially specific to the early stages of OB differentiatikudé,
Kokabu et al. 2010 The increase in BMHhducedb-catenin levels was also observed in

preosteblastic cells in Zhang et al study (Zhang et al, 2009). The data from these studies
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are in line with my results in showingahthe WntBMP crosstalk may be occur on when

OB cells have a more immature phenotype.

Having established that SOSTD®@iay potentially have animportant roleWnt-BMP
crosstalk in osteoprogenitors cells, | wanted to determine réiative binding
characteistics d this molecule for BMB and Wnt receptors. To produce informative
results, the bindg affinity of SOSTDC1 for each potentiphrtner ligand/receptor was
determined using the same recombinant proteins used for all functional and signalling
assaysl showed that recombinant SOSTDCL1 had a higher binding affinity for the LRP6
(8.502e10M) receptor protein compared to the recombinant BMP2 pr¢@ett9e9M).
Interestingly, SOSTDC1 had the highest affinity for BMR1.0e12M) out of the three
SOSTDC1protein partner interactions assesska.my knowledge there are no studies
that have investigated the binding affinity of rhrSOSTDC1 for LPR6, BMP2 and BMP?7.
However Laurikkala et atid examine the binding of Ectodin (recombinant mouse
SOSTDC1)Yo BMP2,BMP4, BMP6, and BMP7 ligandssing the BIAcore system with
recombinant Etodin proteirfixed sensor tip.This group found thaEctodin boundto
BMP2, BMP4, BMP6, and BMP7 with high affinitfLaurikkala, Kassai et al. 20P3
similar to my datalintern et al did attempt to quantify binding affinity of Wise to LRP6
and to compare it with that to BMPs, however they were unsuccessful in express p
Wise proteinn bacteria (intern et al, 2009)Krause et al also investigated thieding of

the SOSTDCIhomologSclerostin for LRB using the Biacore system. Thegvealed a
relatively low binding affinity withKDv al ues ranging fr-lemgth2 t o
murine and human sclerostin, respectividyause, Korchynskyi et al. 201.0This data is
interesting in the sense that if SOSTDC1 has a higher binding affinity R&5I6
receptor compared to sclerostin, SOSTDC1 may potentially have a more important role in

OB dysfunction in osteolytic bone disease.

In summarymy findings provide compelling evidence for the molecular mechanisms by
which SOSTDC1 antagonises both tbanonical Wnt pathway and BMP signalling
pathways in OB differentiation through WBMP dependency. The data in my studies
suggests thathe functional communication between WBtMP i n v-oatenireaxd D
SOSTDC1 mayplay an important role in integrating the anabolic functions of both

pathways in bone
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Chapter 6 T The Role of SOSTDC1 in
Myeloma Bone Disease
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6.1 Introduction

The formation of lytic lesions in the skeleton is an established hallmark of MM growth in
bone. However, our understanding of the processes involved in MM bone disease is
limited. Recently, animal models have been used toifgaghe pathways and molecules
involved in the mechanisms responsible for the suppression of bone formation and
although a number of molecules have been implicated, there is a lack of functional data
defining the roles of the latter in MM bone disease.

Preliminary gene array data (unpublished) produced by the Myeloma group in Sheffield
has identified SOSTDC1 as a molecule upregulated in the bone of syngeneic mice
bearing the 5T2MM mouse myeloma model compared to naivetumsour bearing
animals. Initiallydescribed by Radidt al, the 5TMM series of MM were aging immune
competent C57BL/KalwRij mice that displayed numerous clinical characteristics of
human MM disease. These characteristics included spontaneouglagd origin,
plasma cell proliferation whin the BM, elevated paraprotein levels, reduced levels of
normal immunoglobulin, and development of osteolytic bone legiRadl, Croese et al.
1988. The 5TMM models have since been nmained via the injection of tumour cells
isolated from tumoumfiltrated C57BL/KalLwRij mice into 8 week old mice of the
same strain. The 5TGM1MM model similar to 5T33MM is an aggressive form of the
disease that develops over a 4 week period. The twdeilsiodo vary in that the
5TGM1MM cells appear to be independent of their environment and growth of myeloma
tumours develop in numerous locations including the bone, spleen and liver. Another
important variable between the two models is that osteolytic dm@ase occurs in the
5TGM1MM model and not in the 5T33MM modéCroese, Vas Nunes et al. 1987
Vanderkeken, De Raeve et al. 1997

In previous chapters, my functional and signalling data identified SOSTDC1 as a Wnt and
BMP signalling antagonist in OB cells. It is not clear which cells in the BM express
SOSTDC1 and whether the interaction between OB amgtloma cells, induce
production of SOSTDCL1. Although data is limited, there is evidence that SOSTDC1 can
regulate cell activity through BMP and Wnt signalling pathways within other cancers.
Studies by Clausert al into SOSTDC1 secretion and BMP/Wnt saidjimg in breast

cancer cells, link decreased SOSTDCL1 expression to increased tumour size, highlighting
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the role of SOSTDCL1 as a potential clinical tarf@dausen, Blish et al. 201.0However,
the function of SOSTDC1 in relation to bone disease secondary to cancer growth in bone

has nobeen studied to date within any type of cancer.

In myeloma patients, abnormalities in osteoprogenitor cells and the production of OB
inhibitors by both myeloma cells and myelomatous bone microenvironment cells result in
a reduction in osteoblastogeneffaccoby 201D In MM the ostetytic lesions arise in
close proximity to the tumour indicating that in addition to the soluble factors that
regulate osteoblastogenesmsuppression, the close or direct contact between myeloma
cells andMSC may also influence bone remodelling. As an exampyeloma cells
partially suppress osteocalcin levels in osteogenic cells through direct cell contact
(Roodman 200¢ This data supports the rational that dirsmyeloma and OB interaction
may induce SOSTDCL1 production in either myeloma, OB or indeed both cell types.
Determining the conditions under which SOSTDC1 is expressed in myeloma is key in

understanding the role of this protein in MM osteolytic bone disea
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6.2 Hypothesis and Objectives

6.2.1 Aims
The aim of this study was to determine the conditions under which myelon@Band
progenitorcells produce SOSTDCL.

To achieve this, the following hypothesis was tested.

6.2.1 Hypothesis

The 5T Sees of MM produce SOSTDC1
OB progenitors produce SOSTDC1

Direct myeloma an®B progenitor interaction upregulatthe production of SOSTDC1
in myeloma andB progenitorcells

6.2.2Specific Objectives

To test this hypothesis the following were determied:

Whether SOSTDC1 is produced by 5T33MM/5TGM1MM myeloma cellSBr
progenitors

Whether ceculture of myeloma an@®B cells upregulates SOSTDCL1 levels
The distribution of SOSTDC1 in 5T33MM and 5TGM1MM tibia

Whether SOSTDC1 is expressed at higheelein myeloma cells that produce lytic
versus nodytic lesionsin-vivo
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6.3 Chapter specific methods

Primary and Secondary Antibodies

Antibody Concentration CATALOGUE  SUPPLIER
of stock NUMBER

Anti -SOSTDC1 antibody 0.5mg/ml Ab56079 Abcam

Rabbit polyclonal

Normal Rabbit IgG (Isotype  1.0mg/ml AB-105C R&D

Control)

Rabbit polyclonal

PE Rat IgG2a Isotype 0.2 mg/ml 400508 BioLegend

Control

Anti-GAPDH (6C5) antibody 1.0mg/ml Ab-37168 Abcam

Mouse monoclonal

PE Rat Anti-Mouse CD138  0.2mg/ml 581070 BD

Mouse monodnal Phar min

Donkey Anti-Rabbit IgG 1.0mg/ml NLOO5 R&D

NL637 NorthernLights 637
Rabbit polyclonal

HRP-Rabbit Anti -Mouse 2.0mg/ml 613420 Cell Signalling
IgG Mouse polyclonal

HRP-Goat Anti-Rabbit IgG ~ 2.0mg/ml HAFO008 R&D

Rabbit polyclonal

Biotinylated Goat Anti 1.0mg/mi ab64256 Abcam

Rabbit 1IgG (H+L)

Table 6.1- Recombinant proteins required for theetkection of SOSTDC1 in OB
progenitors and myeloma cells cultures and-coltures.

6.3.1 Detection of SOSTDCL1 in OB progenitaand myeloma cells cultured on their

own and cacultured together by immunofluorescent microscopy

There are currently no publications that show SOSTDCL1 is expressed in OB or myeloma
cells. The aim of the first part of this study was to qualitativelgtaishh whether OB or
myeloma cells produced SOSTDC1. Human kidney cells were used as a positive control
in this study as they are known to secrete SOST[EIith, Clausen et al. 20)0To
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validate immunological methods of SOSTDC1 detection, protocols were optimised with
Human Kidney2 (HK-2) cells derived from the cortex/proximal tubules of the human
kidney. Immunofluorescent microscopy was initially used to detexwhether there was

any production of SOSTDC1 protein in OB progenitors, 5T33MM and 5TGM1MM cells
cultured on their own. HR, OB progenitors, 5T33MM and 5TGM1MM were plated in

48 well culture plates at a cell density of 5700 cells per (@00 cell/cni) and allowed

to adhere to the plate surface for 48 hours. OB progeniters eifferentiated in standard
osteogenic meditor up to 8 days. HR cells were maintained in standard keratinocyte
media and 5T33MM and 5TGM1MM were maintained in standard RBiMhe duration
ofthe8d ays. Medi a was removed and 500¢l of
To determine whether SOSTDCL1 production was affected by contact between myeloma
and OB, 5T33MM or 5TGM1MM myeloma cells were counted andudtured on the
differentiating OB prognitors on day 8 of differentiationMyeloma cells were co
culturedat a cell density of approximately2000 cell/crfior 11400 cells per welh a 48

well plate that was similar to the estimated OB progenitor cell number on day of 8 of
differentiation. Ths cell density was based on the OB progengoowth curves
performed in Chapter 3, suggesting that OB cultures approximately doubled in DNA
contents/cell number by day 8 of differentiatidyeloma cells were coultured with the

OB progenibrs for 24 hots in 1ml of RPMI The immunostaining method for
microscopy was carried out accordingstextion2.11

Cells were stained with py/ml (1:500 dilution) anti-SOSTDC1 antibody or isotype

control at the same concentratiomernight at 4°C and then stainedttwa secondary
3.3ug/ml (1:300)dilution of Donkey antiRabbit IgG NL637 atibodyfor 1 hour at room
temperature. Cells were -&tained with6.6 pg/ml (1:300 dilution) PE Rat AntiMouse
CD138for 1 hour.Images of phase contrast, DAPI, CD138 and SOSTD&ist were
visualised simultaneously and represented as a single stain on their own or merged as one
image. Blue staining represented positive nuclear staining for DAPI and the green
staining represented positive nuclear staining for CD138. Any SOSTR@1ng, both

intra and extracellular, were represented by the red colour within imagiegi(e 6.3.1).

195|



s & e AP T ey W TN
o~ T = Y ~ S
ST ASSIR
m— N ,/ ol ot o
S 2, O -
e —

-

Immunofluorescent Microscopy Detection
of DAPI, CD138 and SOSTDC1

Figure 6.3.17 Diagrammatic representation of 5T33MM/ 5TGM1MM and
osteoblast ceculture: OB progenitorswere seededat 5700 cells per wein 48 wel
plates andthen differentiated in osteogenic media fordays. Differentiating OB
progenitor cells were cecultured with myeloma cells at a cell densityla#00 cell per
well for 24 hours. Co-cultures were stained with antiCD138 and antSOSTDC1
antibadies.
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6.3.2 Flow Cytometric analysis of SOSTDC1 production in myelom®B progenitor
co-cultures

Flow cytometrywas used as a qutitative method for SOSTDC1 detection in myelema
OB progenitor cecultures. Using HK2 cells as a positive control, HK OB progenitors,
5T33MM-GFP andl5TGM1MM-GFP were seeded in 25¢nulture flasks at a density of
150,000 per flask (6000 cell/én Cédls were allowed to adhere to the plate surface for 48
hours in 7ml of media. OB progenitowere differentiated in standard osteogenic media
for up to 8 daysOn day 8 of OB progenitor cell differentiatioBT33MM-GFP or
5TGM1MM-GFP myeloma cells were coied and seeded onto the differentiating OB
progenitors at a cell density of 300,000 cells per flask (12000 céjl/étyeloma cells
were cecultured with the OB progenitor cells for 24 hounsl4ml of RPMI. After 24
hoursHK-2 cells, OB progenitor and ralomaOB progenitor cecultures were detached
by trypsinisation & outlined in section 2.1.3 Media containing 300,000
5T33MM/5TGM1MM cells cultured on their own were transferred to 1%5alcorE
tubes and myeloma celtentrifugedat 1000 RPM for 5 minutes

1ml of ice cold PBS was added to the cell pellets and cell/PBS solution transferred to
1.5ml eppendorfs in preparation for flow cytometric analysis. The method for flow
cytometry analysis was carried out according to the protocol outlinegation 29.

Cells were stained with 1pg/ml (1:5@blution) anti-SOSTDC1 antibodyor 30 minutes

and then stained with a secondary 2ug/ml (1:800tion) of Donkey antiRabbit 19G
NL637 antibody for 30 minutes at room temperature in the darke percentage of
SOSTDCL1 positive (%SOSTDC1+) cells within separate OB progenitors, 5T3&WM

and 5STGM1IMMGFP cell population were determined first and following this the co
cultures samples containing both myeloma and OB progenitor populations were analysed.
Gating was seso that separate GHdsitive and negative cell populations could be
distinguished. The GHpositive myeloma cells appeared at the top half of the scatter plot
gate and GHPegative OB progenitor at the bottom half of the scatter plot. A right shift
in the population of either myeloma or OB progenitor cells indicated positive for
SOSTDC1 staining.
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6.3.3 Detecting SOSTDC1 levels in sorted myeloma and OB progenitor populations
in-vitro by western blotting and endpoint PCR

FACS Aria flow cytometry technlmgy was used to sort myeloma and OB progenitor cells
from myelomaOB progenitor cecultures to determine the level of SOSTDC1 in
individual cell populations. OB progenitor cells were seeded into T175 culture flasks at
cell density of 1,050,000 cells (60@6lls/cm?2) containing 24ml of standard Alp&M

media. Following 48 hours in culture, the Alph#EM was removed from the OB
progenitor cells and replaced with standard osteogenic media and OB progenitors were
differentiated for 8 days. At the same tim&42 cells, 5T33MMGFP and 5TGM1MM

GFP were cultured separately in 175ml culture flasks at a cell density of 1,050,000 cells
(6000 cell/cri).

On day 8 of OB progenitor differentiation, 5T33MGFP or 5TGM1MMGFP myeloma
cells were counted and -woltured wth the OB progenitors at a cell density of
approximately 2,000,000 cells (12000 cellfyriMyeloma cells were ceultured with the
differentiating OB progenitor cells for 24 hours in 50ml of RPMI. Following the 24 hour
culture peiod, the OB progenitocultures and cecultureswere detached fronsulture
surfaces by trypsinisation as outlinedsection 2.1.3 The 5T33MM/5TGM1MM cells
cultured on their own were transferred to 50k | ¢ dubes and myeloma cells
pelleted by centrifugatioat 1000 RPM for Sminutes 1ml of PBS was added to the cell

pellets and cell/PBS solution transferred to fibwml BD flow cytometry tubes.

Whole 5T33MM/5TGM1MM and OB progenitor exultures were sorted into separate

OB and myeloma cell gpulations using the FACS Ariaoflv cytometeraccordingto

section 2.10 MyelomaGFP and OB progenitor cells cultured alone were sorted first so

that the correct gating could be applied for each individual populéfigure 6.3.2.

Cells from OBmyeloma cecultures were sorted into 1raf RPMI for approximately 30

mi nutes. 1ml sorted cell popul ations were th
from which protein or RNA was extractextcording to section 2.6 and section 2.12,

respectively(Figure 6.3.3.
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Figure 6.3.2- Sort gating for OB progenitor-5TMM -GFP cao-cultures using the
FACS Aria flow cytometer: Cells were sorted on the basis of fluorescence and sc
characteristics i.e. GFP fluorescence vs +@®h cells. Nonviable cells that fell outsi@f the
gates were excluded from the counts. OB progenitor cultures and 5T-&3MMand
5TGM1MMGFP were sorted separately and the appropriate gating applied. This g
was used as a sorting template for separating the OB progenitor and myélBme

popuktion.
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Western blotting was used to detect SOSTDC1 protein levels in 5T3G®ARI and
5TGM1MM-GFP myeloma cells eoultured with differentiating OBas outlined in

section 2.8 Briefly, 12% polyacrylamide gels were loaded wittD € g o fanddOulot e i n
of a 10250kD protein molecular marker at the first lane. Proteins lysates were run
through the stacking gel for 40 minutes at\Gflts and then separated out for 1 hour at
100Volts. Proteins were transferred onto PVDF membranes for 70 minutes/aitgon

4 C.Membranes were washed once i@5% PBST ween and probB08& with 1
dilution) primary aniSOSTDC1 antibody overnight at@. Blots were ioubated for 1

hour at RT wi0Oi0e0dil@ionp of getondary KIREonjugated antrabbit

IgG antibaly to detect SOSTDCL1 protein. HK cell lysates were used as a positive
control for SOSTDC1 protein production. SOSTDCL1 protein bands were visualised at
~47kD using the molecular marker as a reference point and the average density quantified
using theGS-710 Calibrated Imaging Densitometer.

The same membranes were O6strippedg@ectiorsi ng Mi |
2.85. The newly exposed proteins on the blots werprodedwith 0.0& g (1:15000
dilution) of antrGAPDH mouse antibody overnight atGl Blots were incubatedith

0.1e g / mR0,000 dilution) of secondary HRfonjugated artimouse IgG antibody.
GAPDH bands were visualised at ~35kD ahe taverage density of SOSTDCL1 teio
was normalised to the average density of GAPDH to account for any loading variability.
Endpoint PCR was used to qualitatively determiB©STDC1expression in OB
progenitors, myeloma cells and sorted myelgdia progenitor ceculture cell
populations.Following cDNA synthesis endoint PCR reaction was performed to detect
SOSTDCZxpression usinthe forward and reverse primers set ®STDClequences

as described isection2.14.31. PCR products were run onla5% agarose geltained
with ethidiumn bromideand band detected using the Gel Doc XR Systamd Quantity
One Software as describedsaction 2.14.3.2SOSTDClexpressiorwasindicaed by a
product size of 198. PCR products wersequenced verifsOSTDClxpression byhe
DNA sequencing Qe Facility housed witin the University of Sheffield, Medical School

asdescribedn section2.14.3.3
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5T33MM/5TGM1MM Differentiating 5T33MM/5TGM1MM
cultured alone Osteoblast and osteoblast

progenitors progenitors co-
cultured alone cultured for 24 hours

&380ase,

;
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l l Cell Sorte
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em| ~30
Protein extraction o | minutes of
' [mm]| sorting
°
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Sorted Sorted

5T33MM/ Osteoblast
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Figure 6.3.3 - Myeloma-OB progenitor co-cultures sorted into separate
populations by FACS Aria and SOSTDCL1 level detection using engoint PCR

and western blotting: 5T33MM/5TGM1MM and differentiating OB progenitors we
culturedin T175 culture lasks on their owrfior 8 days after which the RNA and protein w
extracted. In separate flasks, differentiating day 7 OB progenitors werilttoed with
5T33MM/5TGM1MM cells for 24 hours. G@mltures were then sorted for approximately
minutes by FACS\ria into separate myeloma and OB progenitor populations. RNA
protein were extracted from sorted cells. SOSTDCL1 levels were determined by weste
and endpoint RFPCR.
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6.3.4 Assessing the dependency of SOSTDC1 production on direct myelo®g
progenitor interaction

To test the concept @ah SOSTDCL is upregulated in myeloma cells as a result of direct
interaction between OB progenitors and myeloma cellguttore experiments were set

up as previously described section 6.2 In these experiments, @ulture of 5T33MM

GFP or 5TGM1MMGFPwith differentiating OB progenitor cells for 24 hours resulted in
some myeloma cells adhering to the OB progenitor cells. From theseltaces, the

media that contained the nadhering myeloma population wasmoved and transferred

to 50ml FalcorE tubesand cells pelleted by centrifugation. 1ml of PBS was added to the
cell non adherent myeloma cell pellets and cell/PBS solution was transferred to 1.5ml
eppendorfs tubes. Flow cytometry was used to determine the percentage of SOSTDC1+
myeloma cells that Ith physically attached to the OB progenitors compared to the
percentage of SOSTDC1+ myeloma cells that had not adhered to the OB progenitors but

were present in coulture.

In separate experiments, myelo@8 progenitor cecultures were set up and sortey
FACS Aria into separate populations as previously describsdation 6.3.3 Again the
media from the myelom@®B progenitor ceculture that contained the naahering
myeloma cells was transferred to 50rfla | ¢ otub&s and cells pelleted by
centrifugaton. 1ml d PBS was added to the nadherent myeloma cell pellets and
cell/PBS solution weretransferred to 1.5ml eppendorfs tubes in preparation for the
protein lysing, BCA and western blotting procedure outlinedaations 2.6:-2.7 and -

2.8, respectrely. Western blotting was used to compare SOSTDCL1 protein levels n non
adherent 5T33MMGFP/5TGM1IMMGFP myeloma cells taken from the media of
myelomaOB progenitor cecultures and compared to adherent 5T33MM
GFP/5STGM1MMGFP cells sorted from ecultures.Briefly, 12% polyacrylamide gels
were loaded withL 0 ¢ g o f protein and bl(bi0Gdiluvan)y e pr ob
primary antSOSTDC1 antibody overnight at@. Blots were incubated with.1% g / ml
(1:15,000 dilution) of secondary HRfeonjugated antrabbit IgG antibody to detect
SOSTDC1 protein. Membnes were stripped using mild stripping buffer as described in
section2.8.5and proteins r@robed with0.1e g / m20,000 diilution)dilution of mouse
anttGAPDH overnight at 4C. Theaverage density of SOSTDCL1 protein was normalised
to the average dengiof GAPDH using the GS10 Calibrated Imaging Densitometer.
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6.3.5 Detection of SOSTDCL in tibiae bearing myelomamour in-vivo

Leading groups have characterised the 5TMM series myeloma cell lines which include
the 5T33MM and 5TGM1MMand have reported rmptocols for the production and
maintenance of the 5T model in C57BL/KaLwRijHsd m{geosingh, Radl et al. 2000
Oyajobi, Munoz et al. 20070ur Myeloma group in Sheffield has used these protocols to
reproduce the 5T33MAGFP and 5TGM1MMGFP myeloma model in our laboratoig

brief, bone marrow isolated from the long bones of 5TMM bearing mice were injected
into the lateral tail of young naive syngeneic mice. The growth of myeloma tumour was
monitored by ELISA quantification of serum paraprotein. The long bones were then
dissected from the terminally diseased mice and the bone marrow contents flushed out of
the bones. Isolated bone marrow contents were purified by Lymphocyte M gradient
centrifugation and the mononuclear layer of cells retained. 1,000,000 mononuclear cells
were reinjected back into other naive syngeneic mice. At the same time naive mice were
injected with PBS and used as tumoegative controls. 5T33 and 5TGM1MM mice
developed myeloma within -62 weeks of inoculation. The 5TGM1MM animals
developed osteolytic bone disease associated with myeloma tumour burden and the 5T33
animals did not. Naivanimals were sacrificed at the same time as terminally ill
5T33MM and 5TGM1MM animals.

Tibiae from all animals were dissected and fixed in 4% paraformaldehyde ready for tissue
processing and sectioning. Immunohistochemical analysis of mouse tibiaensecti
infiltrated with 5T33MM and 5TGM1MM myeloman-vivo were used to detect
SOSTDC1 staining in tumour bearing mice compared to naive animals. Details of
immunohisochemical staining are outlined gection 2.12 5T33MM and 5TGM1MM
tibiae sections were desaxed and antigen removal was performed using 1/4 dilution of
trypsin reagent. Noespecific binding was blocked using 10% normal goats serum and
sections were stained with theanmufactured 4 g / (500 dilution) primary anti
SOSTDC1 rabbit antibody or rhaib IgG isotype control overnight at 4°Sections were
further stained with 2 . 5 ¢ g / 0@ ldilutibn) diluition of goat antrabbit biotinylated
secondary antibody. SOSTDC1 staining was developed using DAB and estamed

with Gills haematoxylin.
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6.3.6 Comparing SOSTDC1 expression in lytic 5TGM1MM versus non-lytic
5T33MM myeloma cellsin-vitro

As mentioned previously, mice injected with 5STGM1MM cells developed lytic bone
disease similar to that observed in MM patients. Howeg&B3MM mice did not
develop bone disease associated with tumour burden. To test the hypothesis that
SOSTDC1 expression was upregulated in lytic 5TGM1MM myeloma cells compared to
nonlytic 5T33MM cells, the data obtained from the SOSTDC1 western blot and cDNA
samples obtainedrom the experiment outlined igection 6.3.3and 6.3.4 were re

analysed.

6.3.7Blocking SOSTDC1 production in myelomaOB progenitor co-cultures

In previous chapters | had shown that recombinant SOSTDC1 suppfgegdand
CTNNB1lexpression via Wnt anBMP signalling in differentiation OB progenitor cells.

To relate this mechanism to MM bone disease, | investigated the effect of the SOSTDC1
produced by Iytic 5TGM1 cells oRunx2 and CTNNB1 gene expression. If the
5TGM1MM cells were indeed producing SO3C1 and this SOSTDC1 was suppressing
markers ofOB differentiation, then blocking the effect of SOSTDC1 would revérse

suppressive effect.

Quantitative RT-PCR was used to determine whetherblocking SOSTDC1 in
5TGM1MM-OB progenitor cecultures had m effect on Runx2 and CTNNB1 gene
expression OB progenitor cells were harvested from a near confluent flask by
trypsinisation and cell pellets were counted using a haemocytometer as described in
section 2.1.3 OB progenitor cells were resuspended in MBlha mediumat 57,000

cells per well in 6 well culture plates containing 1.5ml of media within each well.
Following 72 hours in culture, the media was removed from the adhered OB progenitor
culture and cells were washed with PBZlls were differentiatedn 1500y/well of
standard osteogenic media for up&alays On day 8of differentiation,5TGM1MM
myeloma cells were counted and-@dtured on the differentiating OB progenitors at a
cell density of approximatel{00,000cells per well. Myeloma cells wercocultured

with the OB progendrs for 24 hours in 1ml of RPMIn the same experiments, OB

progenitors cultured alone, 5TGM1MM cultured alone and 5TGMZXMBI progenitor
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co-cultures were also incubated with 1.5ug/ml é8@STDC1 polyclonal antibodiyom

Abcamfor the 24 hour duration.

RNA was isolated from the OB progenitor cudisrusing the RNA mini Prep kénd
quantified with aNanodropas described irsection 2.13 The expressionof Runx2,
CNTTBland housekeepeB2M gene were quantified usinbpgMan® Assays for gRT
PCR analysis. Relative quantification ggne expressiowere performed by normalising
to the house keepinB2M gene using the formulepC T = taghe T CT housekeeping@S

described irsection 213.3
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6.4 Results

6.4.1 The leel of immunofluorescent SOSTDC1 staining in myeloma and OB
progenitor co-cultur es increased in both cell types

Using HK-2 cells as a SOSTD@droducing positive control, immunofluorescent
microscopy was used to determine the presence of SOSTDC1 prote pmogenitor
cells, 5T33MM and 5TGM1MM cells cultured on their own. Images obtained from
immunofluorescent microscopy of permeabilised -BiKstained with atBOSTDC1
antibody showed that HR cells were positive for SOSTDC1 throughout the culture
period(Figure 6.4.1.1 A. The red staining representing SOSTDC1 protein was apparent
in both the nucleus and membrane of cells.-HKells stained with isotype control
antibody were negative for SOSTDC1 stainiRgy(re 6.4.1.1 B.

In the same experiments, imnufluorescent microscopy of permeabilised OB
progenitors stained with either at80STDC1 antibody or isotype control showed that
OB progenitor cells were negative for SOSTDC1, indicated by the lack of red staining
(Figure 6.4.1.2 A and B. Permeabilised 533MM and 5TGM1MM cells stained with
anttSOSTDC1 antibody showed variable SOSTDC1 stainiRggufe 6.4.1.3 and
6.4.1.9 in that in some experiments, some of the cells were positive for SOSTDC1 and in
others no staining was visible. In summary, immunoflsoeat microscopy data
indicated that 5T33MM and 5TGM1MM cells produced low levels of SOSTDCL.

Co-culture of 5T33MM or 5TGM1MM myeloma cells with OB progenitor cells for the
duration of 24 hours resulted in some myeloma cells adhering to the OB pragenitor
whilst other myeloma cells that were not bound were washed off during the
immunocytochemistry procedure. In contrast to the variable staining associated with the
5T33MM and 5TGM1MM cells cultured on their own, the immunofluorescent images
taken from theco-culture cells showed clear and strong SOSTDCL1 staining compared to
the isotype controlsHigure 6.4.1.5and Figure 6.4.1.§. The SOSTDCL1 staining
appeared to be both intracellular and membrane bound. Furthermore, the red staining
representing the SOBIC1 protein was highly distinct and intense where there was direct
contact between a myeloma cell and a OB within both 5T33MM and 5TGM1MM
experiments. Both the OB progenitors and myeloma cells appeared to be positive for
SOSTDCL red fluorescence when imtawt.
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Figure 6.4.1.1- SOSTDC1 was detected in HK2 cells by immunofluorescent
microscopy. (A) The red colour in the images indicated SOSTDC1 could be det
throughout permeabilised HR cells using 1ug/ml of arRBOSTDC1 antibody(B) No
staining was detected in HK cells incubated with 1ug/ml isotype control antibody. Ima
of phase contrast, DAPI, CD138 and SOSTDC1 staining were visualised simultane
Images are representative of at least two replicates across three inégpengeriments
(N=3).
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Figure 6.4.1.2- SOSTDC1 could not be deteetd in OB progenitors cultured on
their own using immunofluorescent microscopy (A) Red staining for SOSTDC
could not be detected in permeabilised OB progenitors stained wits&8TDC1. (B) Nc
staining was detected in OB progenitor cells incubated vg@ttype control antibody.
Images of phase contrast, DAPI, CD138 and SOSTDC1 staining were visu
simultaneously. Images are representative of at least at least two replicates acres:
independent experiments (N=3)
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SOSTDC1

Figure 6.4.1.3- SOSTDCL1 could be detected in low levels in 5T33MM cell
cultured on their own using immunofluorescent microscopy (A) 5T33MM cells
were CD138+ and red staining representing SOSTDC1 was detectedhim permeabilisec
5T33MM cells. (B) No SOSTDC1 staining was detected in 5T33MM cells incubate:
isotype control antibodyimages of phase contrast, DAPI, CD138 and SOSTDC1 stai
were visualised simultaneously. Images are representative of atweaseplicates within
three independent experiments (N=3).
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Figure 64.14 17 SOSTDCL1 could bedetected in 5TGM1MM cells cultured on
their own using immunofluorescent microscopy.(A) 5TGM1MM cells were CD138-
and red staining representing SOSTDC1 was detected in permeabilised 5TGM1MNM
(B) No SOSTDC1 staining was detected in 5TGM1MM celldated with isotype contro
antibody.Images of phase contrast, DAPI, CD138 and SOSTDC1 staining were visu
simultaneously. Images are representative of at least two replicates within three indep
experiments (N=3).
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Figure 64.15 1 The levels of SOSTDC1 immunofluorescent staining ir
5T33MM and OB co-cultures increased in both cell types(A) SOSTDC1 staining
was detected in permeabilisedEZBMM and OB progenitor ecoultures (B) The SOSTDC
staining detected in 5T33MI@B progenitor cecultures appeared intense where there v
direct contact between 5T33MM and the OB progenitor. Images of phase contrast,
CD138 and SOSTDC1 staining wetisualised simultaneously. Images are representativ
at least two replicates within three independent experiments (N=3).
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Figure 6.416 - The levels of SOSTDC1 immunofluorescent staining ir
5TGM1MM and OB progenitor co-cultures increased in both cell typesi(A)

SOSTDC1 staining was detected in permeabilised 5TGM1MM and OB progenitc
cultures. (B) The SOSTDC1 staining detected in 5TGMAMBViprogenitor cecultures
appeared to be more intense within both OB progenitor and 5TGM1MM cells that w
direct contact compared to cells that were not in contactages are representative of i
least two replicates within three independent experim@i=3).
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6.4.2 The populdion of SOSTDCZLpositive cells detected by Flow cytomtery
increased in cecultured myeloma and OB cell populations compared to either
population cultured alone

Data obtained from immunofluorescent microscopy showed that SOSTDC1 was not
produced by OB pragnitors but was produced at low levels in 5T33MM and
5TGM1MM myeloma cells when cultured on their own. There was evidence that co
culture of OB progenitors and myeloma cells stimulated SOSTDC1 production. The
immunocytochemistry results were qualitativel dnerefore flow cytometric analysis was
used to quantify SOSTDC1 production in individual OB progenitors and myeloma cells

cultured on their own compared to cellsadtured together.

Scatter plots obtained from flow cytometric analysis of permeathiliie-2 stained with
antrSOSTDC1 antibody showed that on average approximately 40% «f eH{ls were
postive for SOSTDCL1. Less than 1% the HK-2 cell population were positive for
SOSTDC1 when stained with isotype control antibdéig(re 6.4.2.1 Q. A population

of the permeabilised 5T33MMEFP and 5TGM1MMGFP cells that were cultured on
their own and stained with asfiOSTDC1 antibody were SOSTDC1Fidure 6.4.2.].

This data confirms that myeloma cells do produce SOSTDC1 and this production can be
seenusing a more sensitive assay such as flow cytometry. Data also showed that in the
population of OB progenitor cultured alone and stained with eitherS&@&GTDC1
antibody or isotype control, there was no significant right shift (<1%) on the scatter plots
suggesting no specific staining. This flow cytometry data was confirmatory of the
immunofluorescent microscopy data, suggesting that OB progenitor cells cultured on
their own do not produce SOSTDidure 6.4.2.9.

Flow cytometry scatter plots obtainfdm myelomaOB progenitor cecultures showed

that some cells within the 5T33MM/5TGM1MM myeloma population as well as within

the OB progenitor population were SOSTDC1+ compared to their respective isotype
controls Figure 6.4.2.3 and Figure 6.4.2.94. Findings showed that 5T33MMNDB
progenitor cc ul t ure resulted in the O0Oswitch onbo
population. However, the percentage of SOSTDC1+ 5T33MM cells from ticeltoe

did not increase compared to percentage of SOSTDC1+ 5T33MM chkiisecuon their

own (Figure 6.4.2.9. Flow cytometry data from the 5TGM1MM @ulture experiments

also showed that that 5STGM1MKAB progenitorcec ul t ur e resul ted I n t
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SOTSDC1 in the OB progenitor populatioRiqure 6.4.2.3 A, B). Interestngly, the
proportion of SOSTDC1+ 5TGM1MM cells from the-calture increased in comparison

to the proportion SOSTDC1+ 5TGM1MM cells cultured on their own. This data provides
evidence for the rational that if SOSTDCL1 has a key role in OB progenitor suppress
then its upregulation by myeloma cells is dependent on contact between tumour and the
bone microenvironmentThis data suggested that interaction between myeloBia
progenitors stimulated the OB progenitor cells to produce SOSTDC1, illustrated by the
right shift in the OB progenitor population in the scatter plots.
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Figure 64.2.11 SOSTDC1 was detected in 5T33MM and 5TGM1MM myeloma
cells by Flow cytometry HK-2 cells were used as a positive control. The percentac
SOSTDCL1 positive cells was determined by settingg#treshold at <1% for the isotyp
control. (A) A population of 5T33MIM&FP cells were positive for SOSTDC1 protein
comparison to the isotype control (B) A comparably sized population of 5TGMANM
cells were also positive for SOSTDCL1 protein in catigpa to the isotype control. (C
SOSTDC1+ cells are represented by a right shift irZH&nd myeloma cell population:

N=8, ManWhitney, **P<0.001, ****P<0.0001)
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Figure 64.2.2- SOSTDC1 was upregulated in OB progenitor cells that were €0

cultured with 5T33MM cells as detected by flow cytometry (A) OB progenitors
cultured on their own were not SOSTDC1+ (<1%). OB progenitorcuttured with
5T33MMGFP cells were positive for SOSTDC1 protein. Some 5T38WH cells cultured
alone produced SOSTDC1. (B) SOSTDC1+scale represented by a right shift in O
progenitors and 5T33MM-GFP populations in the scatter plots. N=idependent
experiments, MafVhitney, **P<0.01.
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Figure 64.2.3- SOSTDC1 was upregulated in both OB progenitor and 5TGM1
populations cocultured together as detected by flow cytometry (A) OB
progenitors cultured on their own were not SOSTDC1 positive (<1%). SOSTDC]
switched on in OB progenitors that were-adtured with 5TGMAGFP cells. Some
5TGM1IMMGFP cells cultured alone were positive for SOSTDCl.mgared to
5TGM1IMMGFP cells cultured alone, a larger proportion of 5TGM1MBFP cells that
were cecultured with OB progenitors produced SOSTDC1. (B) SOSTDC1+ cells
represented by a right shift in OB progenitor and 5TGM1MM populations on the sc
plots. N=3independent experiments, Mavhitney, *P=<0.05, **P<0.001.
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6.4.3 SOSTDCI1protein and RNA levels increased in myeloma/OB progenitor cells
sorted from co-cultures

To confirm that SOSTDCL1 levels were upregulated in both individual myeloma and OB
progenitor cell populations from amultures, whole caultures were sorted into septe

OB and myeloma cell populations using FACS Aria technology. Western blotting was
used to detect SOSTDCL1 protein levels in sorted 5T338MP and 5TGM1MMGFP
myeloma cells cecultured with differentiating OB progenitors. Similar to results obtained
from flow cytometric analysis, western blot analysis confirmed SOSTDCL1 detection in
the OB progenitor population sorted from both 5T33MMN8 progenitor and
5TGM1MM-OB progenitor cecultures in comparison to an absence of SOSTDCL1 in OB
progenitors cultured alon&urthermore, there was no difference between the SOSTDC1
levels in 5T33MM cells ca@ultured with OB progenitors compared to 5T33MM cultured
on their own Figure 6.4.3.1 A. However, there was an increase in SOSTDCL1 protein in
the 5TGM1MM cells sorted fro the cecultures compared to 5TGM1MM cultured on
their own Figure 6.4.3.1 B.

Endpoint RT-PCR was performed to assess the expression of SOSTDC1 as an RNA
gene transcript. Endoint PCR confirmedOSTDClexpression in the OB progenitor
population sodgd from both 5T33MMOB progenitors and 5TGM1MNDB progenitors
co-cultures (band was visible) in comparison$0@STDClxpression in OB progenitors
cultured alone (no band detected). In addition, the PCR product band representative of
SOSTDCZexpression ilmyeloma cells sorted from myelor@B progenitor cecultures
appeared stronger suggesting a higher levelSGISTDClexpression compared to
myeloma cells cultured on their owRigure 6.4.3.2 A, B) Sequencing of the erabint
RT-PCR products were used\erify that themyeloma and caultured cells did express
SOSTDC1. The sequence of bases obtained from the sequencing analysis of OB
progenitorscultured aloneshowed that these cells did not have a similar homology to any
form of SOSTDGspecific nucleotidecollection using the BLAST softwar@ppendix

4). However, data did show that the 5T33MM, 5TGM1MM, OB and
5T33MM/5TGM1sorted from myelom@B progenitor cecultures did have between-98
100% homology to thius musculusSostdcl mMRNA (NM_025312.3 sequenceHigure

6.4.3.3.
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Figure 643.1 17 SOSTDC1 protein levels detected by western blotting wer:
upregulated in ogeoblast and myeloma cell populations sorted from osteoblast
myeloma cacultures: Protein was extracted from sorted samples and-adimerent
5T33MM cells obtained from emulture media. HK2 cell lysates were used as a positi
control for SOSTDC1 proteiproduction. The western blot image is representative of tt
independent experimental repeats. (A and B) SOSTDC1 was detected in the OB poj
sorted from OBT33MM and OBBTGM1MM ceculture in comparison to an absence
SOSTDC1 in OB cultured alongP<0.05). (B) SOSTDC1 protein levels obtained frc
adherent 5TGM1MM cells increased compared withhadberent 5TGM1MM. N=3
independent experiments, Mavhitney, *P<0.05.
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Figure 64.3.2- SOSTDCL1 expression was detected by engoint RT-PCR in

sorted OB progenitor and 5T33MM/5TGM1MM cells that had been ce

cultured together. (A, B) SOSTDC1 was expressed in the OB progenitor popul:
sorted from 5T33MM/5TGM1MMDB progenitor cecultures in comparisonto no
SOSTDC1 expression in OB progenitors cultured alone. SOSTDC1 expressio
detectable in 5T33MM and 5TGM1MM cells cultured on their own. N=3 indeper
experiments. The HR was used as a positive control for SOSTDC1 expression at 2I
The gelimage is representative of three independent experimental repeats.

220



|
il
I

i

1 y ’ I |
‘m ‘H ‘rw "||'u|“\l||||| m | 'uﬂ I \\

)| | M
l; s HLJ ,JL.L‘.

\Mll ll

Score Expect Identities Gaps Strand
241 bits(1301e-60 131/132(99% 0/132(0% Plus/Minus
Query 1 TTTGTAGGTGCGCGTGCTGCCGTCCTGACACTGCAGCTGGNTCCTCTGGGTGCGCGT

IIIIIIIII|IIIIIIIIIIIIIIIIIIIIIIIIIIIIII IIIIIIIIIIIIIIIIIII
Sbjct 593 CTGCCGTCCTGACAGUI GGATCCTCTGGGTGCGCGTCTT

Query 61 GTCGTTGACACACCGCCACTCCTGAGAGCTCCTCCGGCTCCAGTACTTTGTTCCATA

IIIIIIIIIII|IIIIIIIIIIIIIIII|IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
Sbjct 533 CCPGA3ICCTCCGGCTCCAGTACTTTGTTCCATAGCC

Query 121 TCCTCCGATCCA 132

I
Sbjct 473 TCCTCCGATCCA 462

5STGM1 MN

Score Expect Identities Gaps Strand
165 bits(89 7638 106/118(90% 0/118(0% Plus/Plu:
Query 1 CGTACCCAGAGAATCCAGCTGCAGTGCCNTTANGGCAGCACACGCACCTACAAAATCACA

o TR
Shict 606 CGTACCCAGAGAATCCAGCTGCAGTGCCAAGATGGCAGCACACGCACCTACAAAATCACA 665

Query 61 GTANTCCCTGCCTGCCAGTGCAAGANGACACCCGGCAGGanna GTCCAGCCACA 118

AT AT T QAN 1 LA
Shict 666 GTAGTCACTGCCTGCAAGTGCAAGAGGTACACCCGGCAGCACAACGAGTCCAGTCACA 723

Figure 6.4.3.3- SOSTDC1 cDNA sequencing of 5T33MM and 5TGM1MM cellsEnd
point RFPCR products obtained from 5T33MM/5TGM1MM myeloma cells were sequ
for SOSTDCusing SOSTDG%pecific primersThe (A)5T33MM and (B) 5TGM1MHkkad
>98% homology with the SOSTDGpecific sequence identified in BLAGICBI Reference
Sequence: NM_025312.3). Images are representative of one sequencing assay \
reverse primer for S®T D C 1-TGTGELTGGACTCGTTGTGE 6 ) . N=3 i
experiments.
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http://www.cancerresearchuk.org/cancer-info/cancerstats/types/myeloma/uk-multiple-myeloma-statistics
http://www.cancerresearchuk.org/cancer-info/cancerstats/types/myeloma/uk-multiple-myeloma-statistics
























































































