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Summary

Introduction: Multiple myeloma is a plasma cell malignancy that causesnsie
osteolytic bone disease. Present treatments target end stage disease but understanding
how bone lesions are initiated may offer new approaches to prevent/suppress
colonization. It is clear that myeloma cells form specific interactions with the bone
microenvironment, where they can remain dormant and protected from current therapy
to eventually proliferate and cause disease progressiaradherin is an adhesion
molecule thathas been implicated irthe localization ofhaematopoieticstem cells

(HSCs)t o 6ni chesdé containing osteoblasts on
have tested the hypothesis that myeloma cells utilisadderin to adhere to osteoblasts

in vitro andin vivo duringthe colonizationinto thebone.

Findings: N-cadherin lRNA and protein were expressed by osteoblasts and myeloma
cells. We showed focal expression ofcBidherin in myeloma cells, whereas expression
was observed contiguously on the membranes of adjacent osteoblasighdin
expression significantly increasetlring osteoblastogenesismmunohistochemistry
demonstrated staining of -badherin when myeloma cells were in contact with
osteoblast in vitro and in vivo. Blocking N-cadherin mediated interactions, using
specific antibodies against-dadherin, signifiantly reduced adherence of myeloma
cells to osteoblasis vitro. Attempts were made to block the adhesion of myeloma cells
to bone cells in calvarial bon@svivo. These studies were in conclusion suggested that

there may be a role of-sadherin in thesmteractions.

Conclusion: These studies provide evidence that adherence of myeloma cells to
osteoblasts is mediated bydddherinin vitro andin vivo, suggesting that myeloma

cells may occupy a niche similar to that used by HSCs in bone.
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1 Chapter 1: Introduction and Background
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1.1 Bone Biology
1.1.1 General structure and function of bone

The mammaliankeleton is formed by two different tiss)done and cartilag&oneis

a dynamicconnective tissueomposed of an organized matakcollagen proteoglycan
that suppors and protec the various organs of the bodwardened bynineralization
with calcium phosphate in the forof hydroxyapatite([Ca3(PO4)2]Ca(OH)2)Bone
structure isnot a uniformly solid material, butomposed obutside solil bonecortical
or compact and inside spongy bonedrabecular(Figure 1.1) Cortical bone is an
outsidesolid bone which is dense, ordered structwred found mainly in the shaft of
long bones and the surfaces of flat borlesbecular bone is ainside spongybones,
which islighter, less compact and has an irregular strugiDedta et al., 2008 Bone
typesincludelong bonesuch as those in limbshort bone such as wrist and anklgat
bonessuch as skulandirregular bones such as spine and hpsteoclasts, osteoblast,
bone lining cells and osteocytese the cell types responsible for bone turnover and
maintenancef bone cell{Karsenty, 1999Watkins et al., 2001 The essential rolef
bone isto provide structural anchorage betweenuscles,movement of the body,
providing mineral,chiefly calcium andohosphatgbalance for the bodyn addition to
protectionof the brain, spinal cord, heart and luigG®hen, 2006

The marrow cavity within bone is the main site of hematopoiegrseiadult humarand
comprises of extracellular matrix (ECM)Hematopoietic stem cells HEC9,
Mesenchymal stem cellsMGC9, blood cells, osteoblasts, osteoclasts, fibroblasts,
endothelial cells and adipocytehe ECM is composed @n organic component and
aninorganiccomponent, in which organic matrix represesgpproximately 35% of the
total weight of bone compared with inorganic matrix which represgsfto (Downey

and Siegel, 2006 Bone growth, metabolism and remodeling are regulated by two
interacting coupled proesses; bone resorption and bone formation. Bone remodeling
regulatesalcium homeostasis and repamicroodamaged bones addition to

maintainingthe shape and sculptuie the skeleton duringrowth. Osteoclasts resorb
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bone while osteoblasts produce nbo matrix and facilitate mineralization. The
cooperative activities of osteoclasts and osteoblasts results in a healthy bone and
maintain normal skeletal developme(fliedner, 1998Wang et al., 2006Muguruma

et al., 2008.

Figure 1.1: Structure
of the long bone (tibia)
of C57BL/KalwRij
male mice. Bone is a
dynamic  connective
tissue is composed of
cortical and trabcular
bones. Cortical bone is
composed ofthe hard
outer layer of bones.
Trabecular bone is
composed of spongy
bones, which is lighter,
less compact and has an
irregular structure.
Images were captured at
2.5x resolution using
osteomeasure software
with a Leitz DMRB
microscope.

Trabecular bone

Cortical bone

1.1.2 Cells of bone

Within the skeletonthere are dasictypes ofbonecells; osteoclasts, osteoblast, bone
lining cells and osteocyte€steoclastgFigure 12A) are multinucleated cellglerived
from monocytes thaare ultimately from HSCsfirst discovered in 1873 by Kolliker.
Osteoclast maturation requires the presence ofteoep act i vator of
ligand (RANKL) and Macrophage colosstimulating factor (MCSF) (Nijweide et al.,
1986 Teitelbaum, 2000 Watkins et al., 2001 Overexpressionof osteoprotegerin
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(OPG), soluble receptor that competesvith RANK for RANKL, reduces
osteoclastogenesis imice. On the othe hand lack of OPG has been shownto
accelerateosteoclastogenesis an@PG Ko mice (OPG’ ' mice) develop severe

osteoporosi¢Bucay et al., 1993

Osteoclastsform at skeletal sites, in whicktromal cells andosteoblasts express
RANKL and M-CSFard it is theinteraction of these ligandsvith their receptors on
monocyte/macrophage celhat induce commitment to the osteoclast phenotype
Osteoclasts have a critical role time regulation of bone formatioand regulation of
bone mass in which mature and active osteoclastare responsible forresorbing
mineralized bone matrix and breaking up the organic bone (908llagen).
Differentiated osteoclasesxpressJ v b 3 i, whick Ipinds tobonematrix via RGD-
containing proteis leading tothe formation of ealed pocket for thesecretionof
cathepsin K the majorproteasenvolved in the degradation of type | collagen
(Nakamura et al., 1996lakamura et al., 200Y.a8After attachment, osteoclagghibit a
highly polarized cytoplasmic organizatiofhe intracellula pH of osteoclasts is
maintained by HC@/CI" exchanger at the antiresorptive surfadegivated steoclasts
generateuffled membrangin which CI ions pass througthe membrane increasing the
acidity chargecoupled to theracuolarH™i adenosine triptephatase ATPas@ resultsin
secretion ohydrogen chloridéHCI) into the resorptive microenvironmeand increase
the pH to ~4.5. These acidify an extraellular microenvironment resulting in

demineralizatiorof theorganic component of borfgarsenty, 1999Teitelbaum, 2000

Osteoblasts (Figure 2B) aremononucleate cells derived froputativeMSCsthat are
responsible for bone formaticandfor a regulationof osteoclastlifferentiation Bone
mor phogeni c pr o tcatéenmand Ndchistgngllirel playatmajdr role
in osteoblastogenes{€hen et al., 200Milat and Ng, 2009Engin and Lee, 2030In

addition,Runtrelated transcription factorUNX2) has been shown to be assential

transcription factorfor osteoblastogenesis. It was found that Ruflx@ice failed to
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develop calvarial bones anthice diel at birth. Runx2 also regulateanother
transcription factor necessary for osteoblastogenesi®rix (Lian and Stein, 2003
Osteoblastdifferentiation from MSCscan becharacterizedin multiple commonly
accepted stages, posteoblastspsteoblasts, dne lining cells and osteocyt€¥in and
Li, 2006, Wu et al., 2009 Mature osteblasts are identified by thetuboidalstructure
andtheir locationon the endosteal surfacéype | collagenis themajor product of the
bone-forming osteoblast, in addition tostocalcin and osteonectifDi Lullo et al.,
2002. In addition, osteoblastsxpress relatively high amounts afkaline phosphatase
(Ducy et al., 1996 Terminally differentiated osteoblasts either becdooae lining
cells ordifferentiateinto osteocytes surrounded by mineral matrixiodergo apoptosis
by activationof intrinsic (mitochondrid death gjnals Apoptosiscan mediated bgell
surface death receptoo$ the tumour necrosis factor (TNF) receptor superfamily such
as osteoprotegerin (OPG)hich subsequentlactivates caspasesnducing cell death
(Manolagas, 200Hock et al., 20011

Bone lining cellg(Figure 12C) are elongated cells with sligiitovoid nuclei. The non
remodellingbone surface isovered by a thin layer of bone lining ce{iBverts et al.,

2002). Mineralized collagen matrix synthesis stops once bone formation is inactivated
by the converson of osteoblastsnto bone lining cells in a reversible proceskich
represents one of the fates of osteoblasts that have completed their bone forming
function It is suggested that bone lining cells have a little involvement in the bone

formation mechasm (Manolagas, 2000

Following active bone formation some osteoblasts are eventually embedded within the
matrix. Matrix-producing osteobl&s expressalkaline phosphase and collagevhich

are necessary for the production of osteoidpnmineralized bone matrixA
subpopulation of osteoblasts becomes encased in osieaidteoid osteocytes, which
regulate mineralizatigrthen into mineralizinggsteocytes and mature osteocyi&en

osteoblastare differentiatednto osteocyts, alkaline phosphatase is reduced and casein
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kinase Il isincreased(Mikuni-Takagaki et al., 1995Bonewald, 201}l Osteocytes
(Figure 12D) arethe most numerouesells found in mature bonandare characterized
by a stellate morphology with a dendritic network simitathat of the nervous system.
These cellsembedded in mineralized matridirectly contact with each other w@ith
osteoblastsvia long cytoplasmic extensiongassing through bone in canatalled
canaliculi (Aarden et al., 1994Bonewald, 201 Although osteocytes are relatively
inert cells, they have an important functi@steocytes act as mechanosenstliscin
which they are sensitive to applied strefoneloadingto maintaining bone structure.
The need for bone increase @one reduction during functional adaptation of the
skeleton in addition to repair of micredamagecan be detected by osteocytes
Osteocytes express some molecules such as,phosphatgegulating neutral
endopeptidase, -Knked (PHEX), dentin matrix acidic phosphoprotein (DMP-1),
matrix extracellular phosphoglycoproteiMEPE) and fibroblast growth factor 23
(FGF23) that play an mportant role in phosphate homeostggiin-Nulend et al.,
2003 Bonewald, 2011 Osteocytexanalso detect changes in the levels of hormones,
such as estrogen and glucocorticofanolagas, 2000 In addition, they control the
bone formatia via sclerostin, SOST gene, a BMP antagoni¥tfinkler et al (2003)
demonstrated thasclerostin releasedrom osteocytesmediatesbone homeostasis
(Winkler et al, 2003. Osteocytesalsoact as inducers of osteoclast activatidhao et
al (2002) demonstrated that osteoeljie cells, MLO-Y4, support osteoclast formation
and activatiorby expressindiRANKL on their surfacend byexpression and secretion
large anounts ofM-CSF(Zhao et al., 2002
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Figure 1.2: Cellsof bone on the cortical surfaces of the calvarial bones in male

C57BL/KalwRij mice aged 6 weeksPanel A shows positive tartrate resistant acid
phosphatase (TRAP) stain for osteoclast (denoted by black arrotheacendosteal

surfaces of calvarial bones. Panel B shows osteoblasts (denoted by black arrows)
cover the cortical bone surface of calvarial bones. Panel C shows the bone lining cells
(denoted by black arrows) cover the cortical bone surface of calvariasbBanel D
shows the osteocytes (denoted by black arrows) embedded within the mineralized
matri x. Bar size equal 50 em. CB is ¢
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1.1.3 Bone modéding

In order to maintain its functiorend maintainserumcalciumlevels during vertebate

life, bone is regulated by two processes; modeling and remodBlng. modeling is an
adaptive process of generalized and continuous growth in bone shape, length and width
until the adult bone structure is attained. Tanewth requiresnormal activiy of bone

cells; osteoblasts and osteoclasts. The modeliagess differérom remodeling which

is alocally coupled process of bone resorption and formation maintaining skeletal mass
and morphologyDuring developmentmproximatelyl00% of bone surfacese active

during the modeling process until proper bone size and shape is achieved. In contrast,
only 20% of bone surfaces are active in remodefangceses at any given time
(Watkins et al., 2001

During foetal development, bone formatiols regulated through two unique
mechanisms: intramembranous ossification and endochondral ossification. In
intramembranous ossification, some bones sudhegsrefiguringpart of the skull and

the clavicles are developed through differentiation of MSCs into osteoblasts directly,
which subsequently form woven bone with characteristic irregular calcification and an
assembly of collagen fibresn endochondral ossificationhé rest ofthe bones, long
bones, are developed through differentiation of MSCs into chondrocytes forming the
cartilage anlagen. Cells from the perichondrium of cartilage anlagen differantiate
osteoblasts, anthe periphery of theartilageanlage beame hypertrophicFinally, the
matrix surroundinghese hypertrophic chondrocytes calcif®l bngitudinal growth is
stimulatedascartilaginous matrixOnce bone becomes matutiee remodelling process
starts tocontrol the reshaping, replacement of &dollowing injuriesand maintains

calcium homeostas{Karsenty, 1999Ferretti et al., 200Robling et al., 2006
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1.1.4 Bone remodding

In order to maintairstability and integrity of bone in addition to calcium homeostasis,
bonesare continuously undergoing remodelingigure 13). Bone remodelling is a
complex process, in whicmature bone tissue is removed by a process calbee
resorptionand new bone tissue is formed by a process called bone formiatitims
processcellular activity and molecular mechanisiare closely coordinatedo ensure
the one resorptiofiormation sequence is carried out at a mutual location thus
sustaining bone mas€ells responsible fobone resorptiorare osteoclasts, and cells
responsible folboneformation are osteoblast$he remodeling cycle is divideito
four conscutive phases:activation, resorption, reversaland formation which is
regulated both systemically andchlly by cytokines, hormones and growth factors,
affecing tissue quality and mas®isruptions in the interactiomf osteoclasts or
osteoblasts anaonbalance in the regulation of bone remodeloag result in irregular
bone turnover cycleand subsequentiesults in many metabolic bone diseasash as
Multiple Myeloma (MM) bone diseas@Hadjidakis and Androulakis, 200€roff and
Romer, 2009Raggatt and Partridge, 2010

During the bone remodelig process, old bone is resorbed and replaced with new bone
by osteoclasts andsteoblasts, respectively. Theellular mechanism ofbone
remodelingprocessstarts withan activation phase, in whicbsteoclasts precursors are
recruited and differentiated mtpreosteoclasts then into mature osteoclasgtier
osteochstactivation theresorptionphase takes place in whiatature osteoclasts resorb
bonesurfacesFollowing resorption, the reversal phase, in which mature osteoclasts go
into apoptosis and osiblast precursors are recruited and differentiated into- pre
osteoblasts then into mature osteoblasts at resorbed dwfeces Ultimately, the
formationphase takes place in which mature osteoblasts secrete newnatnewhich

mineralized to generate webone(Raggatt and Partridge, 2010

Paged



Determining the role oN-cadherinin the formation of the myeloma niche

1.1.4.1 Regulation of osteoclasdctivity

Osteoclastic bone reguion is controlled byeceptor activator of nucledactor kappa
B ligand (RANKL), growth factors, cytokinesnd hormonesRANKL is a tumour
necrosis factor (TNF)elated cyt@ine expressed by osteoblasts asniomal cells
RANKL hasan important role in osteoclasdifferentiation in which it binds to its
receptor receptor activator of nuclear factor kapy (RANK) on the surface of
osteoclastprecursos. Binding of RANKL to RANK stars the osteclastogenesis
processand stimulate osteoclast activityand bone resorptiofBoyle et al., 2008
Simonetet al (1997) demonstrated thaging recombinanbsteoprotegerifOPG), an
osteoclastogenesis inhibitory factbtocked the differentiation of osteoclast®m
precursor cellsn vitro. In vivo, oveexpression of OP@ transgenic mice inducedl
reduction in the later stages of osteoclast differentiatioesulting in norethal

osteopetrosi§Simonet et al., 1997

Transformingg r owt h f a ebt)®one rhorpiodetekc protein®MPs) and
fibroblast growth factor (FGFall have important roles in the regulation of osteoclast
activity. TGFb i s a factor rel easQuidn ed al r(200iy bo
demonstratethat TGFb regulatedosteoclastifferentiation In cultureTGFb inhibited
osteoclast formatigrosteoclastogenesis addition todecreased RANKIQuinn et al.,
200]). BMPsare a group of greth factorsthatinduceformation of bone and cartilage.

It was found thatBMPs stimulate the differentiation of osteoclasts and osteoblasts
during bone developmer®kamotoet al (20®) demonstrated thahice overexpressing
BMP-4 in bone developed seweerosteopeniain addition to increased osteoclast
numbes. In contrastmice overexpressing noggin (a BMP antagonist) had increased
bone volume and decreased osteoclast nun{@amoto et al., 2006 The FGF has
been shown tdamily of growth factorsalso has been shown to bevolved in he
regulation of bone formationFGF stimulate osteoclast recruitment, osteoclast

differentiation and bone resorptigurley et al., 1998Collin-Osdoby et al., 2002
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In addition to RANKL and growtlfactors discussed upon, ©kines have been shown
to play an important role duringone remodeling. Interleukih (IL-1), interleukin6
(IL-6) and Tumour Necrosis Factor ( JUNaf play a major role ininduction of
osteoclast differentiatiorand mediationof bone resorption. Thoson et al (1986)
demonstrated that ostielasts mediate Hl stimulatedosteoclast activity anthcrease
osteoclastic bone resorptighhomson et al., 19§6Kurihara et al (1990)amonstrated
that adding 10 to 100 pg/mlof IL-6 significantly increased the formation of
multinucleate osteoclasts in culturddse antrhuman IL-1 inhibited the increase of
multinucleate osteoclasts stimulated by-@L Furthermore, addindL-6 in culture
increased thelevated levebf IL-Ib. These results suggested that6listimulatel the
formation of multinucleate osteoclasts is mediated by induction efasel of IL1b
(Kurihara et al.,, 1990 TNFU i s a mul ti funct i oactwdted cyt o
macrophages. It was found that TRNF t o g et h elr indweeal tosteoclast
differentiation and mediatboneresorption(Wei et al., 200h

Osteoclastic bone resorption is controlled systemically by four main hormones:
parathyroid hormone(PTH), 1,25Dihydroxycholecalciferol (1,25(OHIp3), calcitonin

and oestrogenPTH is a potent stimulator of osteoclast function bgding to its
receptors on osteoblasts anonb marrow stromal cellsThis activates expression of
MCSF and RAIKL, thereby indirectly stimulating osteoclastic bone resorption
(McSheehy and Chambers, 19884cSheehy ad Chambers, 1986bOn the other
hand, therdnas been evidence thaflPl could be directlystimulatingosteoclastike cell
formation from hemopoietic blast cel(81SCs) (Sugimoto et al., 1993 It has been
postulated thaPTH also stimulates the production bf25Dihydroxycholecalciferol
(1,25(0OH}D3) from a circulating inactive precursof,25Dihydroxycholecalciferol
(1,25(0OH)D3) positively regulates bon@sorption indirectly, which increases RANKL
and MCSF expressiofMcSheehy and Chambers, 198Calcitonin hormone binds to

its receptors thatre expressed on osteoclasts and inhibits osteoclastic resorption
directly (Zaidi et al., 200 Estroges have an important function in the skeletal system

in female,in with they act as a bonsparing hormoneEstrogers bind to receptors
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expressed on both osteoclasts and osteoblasts causing osteoclast apgikasisira et
al.,, 2007h Krum et al.,, 2008 Nakamuraet al (2007) demonstrated thattigated
osteoclasticestrogenreceptorU (ERU) by estrogeninducedapoptosisfor osteoclasts
through activation of the Fas/Fiigand (FasL)system in whichoestrogerup-regulated
FasL expressio in osteoclastsIn vivo, ERU ablation in transgenic mice induced
trabecular bone loss females, but not male@Nakamura et al., 200YbKrum et al
(2008) eemonstratedhat oestrogen inducdeasL expression in osteoblasts and not in
osteoclasti vitro andin vivo. Osteoclastslo not underg@estrogerinducedapoptosis
unless osteoblasts weaglded Co-cultures of osteoblastsnd ERKO bone marrow
derived oseoclastamediated osteoclast apoptosigggestingestrogen prot#s bone by

inducing Faslin osteoblasts to regulate osteoclast sur(ialim et al., 2008

1.1.4.2 Regulation of osteoblasactivity

The differentiation of osteoblasts is controlled by key signaling systemsDi¢kiopf
(DKK), BMPs andinsulin-like growth factors (IGFs)The Wnt signaling pathways a
network of proteinghat hasan important role in gstnatal bone formation and bone
turnover. Wnt stimulates osteoblast proliferation, function and survival though binding
to Frizzledthatsubsequently birgto lipoprotein receptor related proté6 (LRP5/6)
(Westendorf et al., 2004Gong et al (2001) demonstrated teapression of LR by
osteoblastsn situ can transduce Wnt signallinig vitro. In addition,a mutantsecreted
form of LRP-5 can reduce bone thickness in mouseivo (Gong et al., 2001 Tamai et

al (2000) demonstrated that LRPbinds to Wnt1l to activate Wnt signalling in
Xenopus embry® Furthermore,RP6 mutant lacking the carboxyl intracellular domain
blocked Wnt signalling indicatg that LRR6 may be a component of the Wnt receptor
complex(Tamai et al., 2000 Day et al (2005) demonstrated ttwntrolling Wnt/b-
catenin signalling is essential t@rntrol osteoblast and chondrocyfeells found in
healthycartilagg differentiation. Wnt/ dsatenin signalling enhanced osteoblast
differentiation, ossification and suppressed chondrocyte formation. cémtrast,

inactvation ofb-catenincausedchondrocyte differentiatiom vitro (Day et al., 200p
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wnt antagonist (DKK), plays an important rolén regulation of osteoblast aditiy.
Four members othe DKK family; DKK-1, DKK-2, DKK-3 and DKK4 have been
identified Wnt/b-cateninpathway can be inhibited BYKK -1 and DKK:-2 by bindingto
LRP-5/6 andsingletransmembrane proteiiremen preventing their interaction with
Wnt, which is essential for osteoblast activatigNiehrs, 200%. Mao et al (2001)
demonstrated thatRP-6 is requiredfor Wnt/b-cateninsignalng in drosophila,xenopus
ard mouse Dkk-1 and Dkk2 interactwith domainsof LRP-6 that are required for
Wnt/Frizzled interactionand blocks Wnfi-catenin signaling (Mao et al., 2001
Furthemore, Mao et al (20Q) demonstrated thatansmembrane proteins énenl
and Kremer2 are higha fnify Dkk-1 receptorsindudng rapid endocytosis and
removal of the Wnt receptor LR® from the plasma membranEhis result suggested
Kremenl and KremefR2 ae moduating canonical Wnt signalinthrough LRP6 in
vertebrategMao et al., 200R

BMPs are a group of growth factorthat belong to TGFb s u p e initialymi | y
identified by their ability to induce bone development. BMPs are stored in the bone
matrix and released during bone resorptisiimulating osteoblagproliferation and
skeletogenesiby binding totwo different types of seriaareonine kinase recepsr
termed type | and type Il receptoictivities of BMPsare regulated by BMIBInding
proteins;Noggin and ChordirfKawabata et al., 199& amaguchi et al., 2000King et

al (1994) demonstrated that BMPwas expressed inthe early stage of skeletal
developmenand thatit wasexpressed in some soft tissigiggestinghat BMR5 is a
signal forboth skeldal and soft tissue developmefi€ing et al., 1994 Lyons et al
(1995) demonstrated thBMP-2 and BMP-7 were expressedn midgestation embryos
suggesting their tes during skeletal developmgihtyons et al., 1996 Yamaguchiet al
(1996) demonstrated th&MP-2, BMP-4 and BMR6 stimulated thedifferentiationof
osteoblastcell lines ST2 and MC3T352/PA6in vitro. BMP-2, BMP-4 and BMPR6
stimulated ALP activity induced PTHand generated mineralized bone in these
osteoblastic cells suggesting that BMPs inddi¢erentiation of bone marrow stromal
cellsinto osteoblastéYamaguchi et al., 1996
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The nsulinlike growth factor (IGF signalling systems comprised oftwo receptors
(IGF1R and IGF2R)two ligands (IGF1 and IGF2) andsix binding proteins (IGFBRA

to IGFBR6). It was found that IGFs stimulate osteoblast activity and increase bone

formation, andbone matrix mineralizatiarOverexpression of IGE in transgenic mice

indicated increased trabecular bone volume compartd control mice(Zhao et al.,

2000g. Osteoblasspecific knockout of IGF receptor gene induced decrease in

cancelloushbone volumetrabecular numbaexnddecreas in the rate of mineralization of
osteoid(Zhang et al., 2002
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Figure 1.3: Diagrammatic summary of bone remodeling cycleBone remodeling is
regulated by a couple of bone selbsteoclasts and osteoblasts. Remodeling cycle
firstly starts with activation phase; receptor activator of nuclear factor kapigand
(RANKL) and Macrophage colongtimulating factor (MCSF) activate and recruit
osteoclasts. Secondly bone resorptidrage; the activity of osteoclasts and bone
resorgion controlled byRANKL, FGF, IL-1, IL-6, TNFU PTH, 1,25(0OH)Ds,
TGFDb | B Mdtcgonin and oestrogens Thirdly reversal phase; osteoclasts are
removed and osteoblasts are activated and recruited by Runx2, BMPs, Wnt and Notch.
Fourthly bone formation phasepsteoblasts seceet new bone matrix which
mineralized to generate new bone. The bone formation is regulated by Wnt, BMPs
and IGFs.
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1.2 Multiple myeloma

1.2.1 Epidemiology of multiple myeloma

Multiple myeloma(MM) is the second most common hematologic cancer after non
Hodgkin lymphoma and represents 10% of all hematologic malignancies and 1% of all
deaths caused by cancdBritish Committee for Standards in Haematology, 2001
2,223 new cases of MM in men and 1,817 new cases of Mikbmen were reported in
2007 in the United Kingdom. The five year survival rates for MM patieme
approximaely 20%(Collins, 2005 Raab et al., 2009

1.2.2 Pathophysiologyof multiple myeloma

MM is a plasma cell maligincy of the B lymphocytesthat secreteantibodies
Proliferationof B cells and antibodgecretion ar@rocessesontrolled by the immune
system which can be lostvhenchromosomeandgenesare damaged B cells are
generatedn the bone marrow (BMjn the form of precursors and differentiated into
immature B cells. Immature B cells that express functional surface IgM exit the bone
marrow into secondary lymphoid tissues and differentiated madure B cells.
Interaction of mature B cells with antigen riésun the generation othortlived plasma
cells, which usually secrete IgMbome mature B cells differentiated intoemory B
cells or plasma cellsand are retaired back into the BMas longlived plasma cells
Complex chromosomal abnormalitiesnd some genetic eventsare likely to be
responsible foMM diseasevhen B cellsareat the secondary lymphoid tissu¢kuehl

and Bergsagel, 2002 For example a chromosomal translocation between the
immunoglobulin heavy chain gemeads to dysregulation of oncogenes at translocation
partner regionsdfyclin D1 at 11913,FGFR3/MMSETat 4p16.3c-MAF at 16923, and
cyclin D3 at 6p21)and isthought to be an important initiating event for MNh
addition, deletions of 13q14, the site of a putative tumour suppressqrageobserved

in about 50% of MM case®tha molecular eventepigenetic changes and iaation

of oncogenes (mutationsf N-RAS and K-RAS,and changes it-MYC) have been
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reportedto be associated with disease progressi@eidl et al.,, 2003Kyle and
Rajkumar, 200% Furthermore imbalances between RANKL and osteoprotegemin
addition tosome osteoclastic activity factors (in particulaacrophagenflammatory
proteinl U  (-MU 3Rd interleukin3 (IL-3)) are major factors responsible for the
development of myeloma bone diseéSeoucher et al., 200Choi et al., 2000Lee et
al., 2004.

1.2.3 Homing of multiple myeloma cells tobone marrow

The mechanismsf MM cellstrafficking or homing to thé&M are not well understal.
The moststudiedfactorsshown to regulat&éIM cells homing to the BMare C-X-C
chemokine receptor type (€XCR-4), hypoxia and Ecadherin During the
differentiation of B cells, plasma cellsbecome increasingly sensitive tdC-X-C
chemokineligand 12 CXCL12). It was found thatMM cells in the peripheral blood
expresshigh levels of CXCR4, but this expression level decredséen the BM
suggestinghat this receptecytokine system important inomingof MM cells to the
BM, but less involved in retentioof cells The CXCR-4 inhibitor, AMD3100, and the
antrCXCR4 antibody MAB171, inhibited the migration of MM cellén vitro andthe
homing of MM cells to theBM in vivo (Alsayed et al., 2007 In addition,CXCR-4
knockdowndemonstrated th&XCL12/CXCRA4 is a critical regulator d¥iM migration
andhomingwasregulated by th@hosphatidylinositide &inases(PI13K) and mitogen
activated protein kinasksxtracellular ggnatregulated kinase@dAPK/ERK) pathways
but not by p38 MAPK(Alsayed et al., 2007 In arother study, it was found that
hypoxia increasedthe expression of CKR-4 in MM cells resulting in increasethe
migration and homing oMM cells from the peripherablood to the BM (Azab et al.,
2012. E-cadherin is adhesion moleeuihat may have role in homing of MM cells into
the BM. Azab et al 2012 demonstrated ttie expression of €adherin decreased
MM cells isolated from MM patients with tumour progressilmaddition, it was found
that MM cells circulated in peripherablood expressed low level of -Eadherin
comparedvith MM cells in the BMin mice(Azab et al., 201R
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1.2.4 Multiple myeloma bone disease

MM is predominantlya malignacy of bone marrowbut umour is observed in nen
skeletal sites such as spleen and liver in end stage disease demortsiaatingloma

is not necessarilydependent on th8M in the later stage Within bone, myeloma
inducesa Ovi ci ous ¢ny asteodytic banes giohst in mygjtiple skeletal
locations, including log bones, vertebrae and calvariét was reported¢hat 90% of
MM patients develop osteolytic bone lesions and 60% of these patients develop
pathologic fractures over the course of teedse(Kyle and Rajkumar, 20Q4&steve
and Roodman, 200.7Healthy bone is regulated and coordinated by bone dehmg
cycle, bone formation and bone resorption throughout the skekd®tated abovene

of the most important consequencesmyeloma bone diseasethe inducedmbalance

in boneremodelling between osteoblasts and osteoctdftsting bone resotjpn and
bone formation, whichs eventuallyresponsible for théormation of osteolyticbone
lesiors (Figure 14). This appears to be mediated aatellular level withincreased
numbers ofosteoclasts andecreasesiumbers ofosteoblastsThis imbalance étween
osteoclasts and osteoblasts is responsible for an inciredsene resorption and a
reduction in bone formation resulting in osteolytic bone lesidfesder ¢ al., 2006
Esteve and Roodman, 2Q@atta et al., 200&Edwards et al., 2008

1.2.4.1 Multiple myelomainduced bone resorption

The identification of MM signalling pathways and their interactions with the
surrounding BM microenvironment are providing insights into the molecular
mechanisms which govern tumobost interactions. Croucher et al (2001)
demonstated that 5T2MM cells express RANKInd suggested that this was at least in
part responsible fothe development of osteolytic bone lesions in C57BL/KaLwRij
mice. Carrying this model for myelomaeatment of mice witlOPG protein prevented
osteolytic bondesions and increased bone mineral density (BMD) in femoral, tibial,
and vertebral bonesuggesting thaRANKL/RANK/OPG systemmay playa potential

therapeutic target to prevent osteolydame disease in MNCroucher et al., 2001
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Another factor found to indudacreased bone resorptiMIP-1 Uneda et al (2003)
demonstrated that MiRa mMRNAwas expresseth freshly purified myeloma cells
vitro. Immunohistochemical staining showttht MIP-1aexpressed ithe cytoplasm of
myeloma cells In patients MRNA expressiorof MIP-1a was detet¢ed in relation to
inducing bondesions(Uneda et al., 20Q3In addition,Choi et al (2001) demonstrated
that this chemokine stimulatedsteoclast formatiom vivo in SCID mice. Blocking
MIP-1 U a cih humantMMderived cell line ARH cellsby transfectionwith an
antisense construct to MIPU  {ARHS demonstrated that bothoie lesion and
tumour burden wersignificantly decreased in mice treated with-ARH, suggeshg
that MIRP1 U may have an i mp dothnyelomacelgroveh and
myelomabone diseasgChoi et al., 200D

Bone resorptions also induced by the activity afterleukin3 (IL-3). Lee et al (2004)
demonstrated that MM cellie ARH77 and MM.IS express 8 andMIP-1 Uh vitro.
IL-3 mRNA and proteirwere increased in CD138nyeloma cellssolated from MM
patients Also, it was found that I£3 in combination with RANKL or MIPL U
significantly increased osteoclast formation abdne resorption comparing with
RANKL or MIP-1 U  aih auliuee Targeting I1-3 byantiIL-3 neutralising antibodies
inhibited the formation of osteoclasts fromononuclear cells derived frorviM
patientsgrowing in vitro suggesting that H3 may have an iortant role in mediating

myeloma growth and bone disedkee et al., 2004

1.2.4.1.1 Targeting increagEbone resorption in MMbone disease

In addition to targeng thefactorsdiscussed previoushRANKL, MIP-1 U  a +Bas al
treatmentto supress théncreasein bone resorption in myema bone disease, other
therapiescan also be used togenerally suppress bone resorption in myelonta
particularvariousbisphosphonatehave been useroucher el (2003) investigated
the effect of the bisphosphonate zoledronic acid on osteolytic tubom# disease.
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C57BL/KaLwRij mice were injected with 5T2MM cells, resulting in induced osteolytic

bone lesionsTreatment of nte with zoledronic acid preventedetiiormation oflytic

bone lesions and bone laas well as reducingmor burder{Croucher et al., 2003
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Figure 1.4: Mechanisms responsible for multiple myeloma bone disease.
Imbalance in bone remodelling between osteoblasts and osteocldstdatidr stage

of MM induces more bone resorption. During bone resorpgoowth factors such as
TGFb, IGFs,FGFs PGFs and BMPs released by osteoclast cells permit myeloma cell
survival. Important factors such &ANKL, IL-3 andMIP-1 Weleased by MM cells
activate osteoclasts. In addition, some factors su@kks, sSFRR2, IL-3 and activin

A released by MM cells suppress osteoblasts. These together induce osteolytic bone
lesions in the late stage disease. Picture adapted Roodman, 2007
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1.2.4.2 Multiple myeloma suppress bone fomation

As mentioned beforé/Vnt signaling pathwayhasan important role in postnatal bone
formation and bone turnoveiVnt signalling pathway has a critical role in the
proliferation, expansion and survival of osteoblastsugh binding to Frizzled that
subsequently binds to lipoprotein receptor related preiéen(LRR5/6). Binding of

Wnt with its receptor complexes stimulatgdhosphorylation of LRPS, which
subsequently degradecatenin inducing osteoblast differentiatipivestendorf et al.,
2009. It was found thatMM cells producehigh level of Dkk1l, Wnt signalling
anfgonist, inpatients with multiple myelomeompared with contrdTian et al., 2008
Heath et al (2009) showed 5T2MMells expressd Dkkl an osteoblastogenesis
inhibitory factor and proposed that this contributedtt® development of osteolytic
bone lesions in C57BL/KaLwRij mice. Targeting Dkkl by é&Dkkl antibody
(BHQ880, 10 mg/kg) demonstrated a reduction in the development of osteolytic bone
lesionssupportimg the suggestiothat Dkk1 plays a role in bone formation in myeloma
(Heath et al., 2009In addition,Fowleret al (2012) showed thétere was an increase

in the hostderived Dkk1l in myelomgermissive KaLwRij mice resulting in a
significant reductiorin trabecular bone volum&nockdown of Dkkl1 in bone marrow
stromal cell§BMSCs)demonstrated a reduction in the development of osteolytic bone
lesionsin micesuggesting that novel roles MSC-derived Dkk1 inbone formation in

myelomain vivo (Fowler et al., 201

As mentioned befora/nt signalling hasmportant rols in the mediation obsteoblat
differentiation and inducesbone developmeniQiang et al (2008) demonstrated that
Wnt signalling is necessary to promote Bi4-mediated osteoblast differentiation. This
study suggested thawverexpression of Dkkinhhibit osteoblast differentiatiomducing
myeloma bone diseag®iang et al., 2008 MM cells produce another Wnt signalling
antagonist factor, soluble frizztelated proteir2 (SFRP2). Oshima et la(2005)
demonstrated that primary MM cells from patiemigh advanced bone lesion and
human MM cd lines, RPMI8226 and U26@&xpressedhe Wht antagonist sFRP&
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vitro. This study also showed that sFRP2 suppressed osteoblast differentiation and
significantly inhibited mineralised nodule formation in osteoblast cell line MCBT3
cells in vitro suggesting that sFRPzas arole in the impairment of bone formation

induced bymyeloma cell{Oshima et al., 2005

Another factor found to supressbone formation is IL-3. Ehrlich et al (2005)
demonstrated that human and murine osteoblasts expr8sedeptor (IL3R) in vitro,
which mayallow these cells taespond tolL-3 produced byosteoblast precurser
Furthermore, it was found that the levels of3lwere increased in tH®ne marrowof
myeloma patients compared with healttgntrols. This study demonstrated that 100
pg/ml of IL-3 significantly inhibited osteoba differentiation in both primary human
and murine culture, but nin MC3T3-E1 cellsor C2C12cellsin vitro. Targeting 11-:3
using antirlL-3 demonstrated partiainhibition in the suppression of osteoblast
differentiationinduced bybone marrow plasmadm patients with high 3. This sudy
suggests that H3 may play arindirectly role in the impairment of bone formation

MM bone disease, in addition stimulating osteoclas{&hrlich et al., 200b

The TGFb s uper f ami Ingreasedn osteoblastrdiffereatiatian bone los
in myeloma Activin A is amemberof theTGFb s u p e expressed dbyndantly in
bone Activin A inhibits osteoblast fferentiation in MM bone diseaséctivin A is
increased in MM patients with osteolytic disegsetentially inhibiting osteoblast
differentiation via activation omothers against decapentaplegic homolg&RAD?2).
Vallet et al (2010) demonstrated thatilsiting activin A with a soluble receptor, RAP
011, increasedosteoblast differentiation and inhied tumour growth. These results
suggesthatinhibition of activin Ahave potential newherapeutic strategy in tumoeur
related bone disea$¥allet et al., 201p In addition, Clntry et al (2010) demonstrated
that treatment of animal with an activin receptor type IIA fusion protein,
ActRIIA.muFc, couldincreaseoskeoblastdifferentiation, bone formation and bone mass
in vivo (Chantry et al., 2000
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1.3 Mouse models of multiple myeloma

1.3.1 History and characterisation of the 5TMM series

To supportour understanding dfiM bone diseasqreclinical mouse models have been
developedC57BL/KalwRij mice developa high frequencyf monoclonal proliferative
B-cell disorders Most of C57BL/KalwRij mice havemonoclonal gammopathy of
undeterminedsignificance (MGUS) similar to humans5TMM series of myeloma
models originate fronspontaneoug developed MM inaging C57BL/KalwRij mice
and havemanyof the features of the disease in hum&weyeral mrine models oMM
exist, but 5T2, 5T33and 5TGML1 are the best characterized amsked inmost recent
studies 5TMM series of models share some common featum@sding the selective
localizaton of MM cells in the BM, presence of serum-ddmponentexpression of
LFA-1, CD44, VLA4 and VLAS5 adhesion moleculesand someinduce osteolytic
bone disease similar to the human dise@Radl et al., 1978Radl et al.,, 1979
Vanderkerken et al., 1997

1.3.2 5T2 multiple myeloma model

5T2MM modeloriginated from spontaneously developed myelomaaging mice and
represents a modér the most commoifiorms of human MM These cells only grow
slowly in vivoandaremainly localised in the BNh addition tospleen C57BL/KalwRij
mice injected with 5T2MM cellsdevelop high levels of tumourelated monoclonal
immunoglobulins in thie serumwith reduction in the level 