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Summary  

Introduction: Multiple myeloma is a plasma cell malignancy that causes extensive 

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 progression. N-cadherin is an adhesion 

molecule that has been implicated in the localization of haematopoietic stem cells 

(HSCs) to ónichesô containing osteoblasts on endosteal bone surfaces. In this study, we 

have tested the hypothesis that myeloma cells utilise N-cadherin to adhere to osteoblasts 

in vitro and in vivo during the colonization into the bone.  

 

Findings: N-cadherin mRNA and protein were expressed by osteoblasts and myeloma 

cells. We showed focal expression of N-cadherin in myeloma cells, whereas expression 

was observed contiguously on the membranes of adjacent osteoblasts. N-cadherin 

expression significantly increased during osteoblastogenesis. Immunohistochemistry 

demonstrated staining of N-cadherin when myeloma cells were in contact with 

osteoblasts in vitro and in vivo. Blocking N-cadherin mediated interactions, using 

specific antibodies against N-cadherin, significantly reduced adherence of myeloma 

cells to osteoblasts in vitro. Attempts were made to block the adhesion of myeloma cells 

to bone cells in calvarial bones in vivo. These studies were in conclusion suggested that 

there may be a role of N-cadherin in these interactions.  

 

Conclusion: These studies provide evidence that adherence of myeloma cells to 

osteoblasts is mediated by N-cadherin in vitro and in 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 mammalian skeleton is formed by two different tissues, bone and cartilage. Bone is 

a dynamic connective tissue composed of an organized matrix of collagen proteoglycan 

that supports and protects the various organs of the body, hardened by mineralization 

with calcium phosphate in the form of hydroxyapatite ([Ca3(PO4)2]Ca(OH)2). Bone 

structure is not a uniformly solid material, but composed of outside solid bone, cortical 

or compact, and inside spongy bones, trabecular (Figure 1.1). Cortical bone is an 

outside solid bone, which is dense, ordered structure and found mainly in the shaft of 

long bones and the surfaces of flat bones. Trabecular bone is an inside spongy bones, 

which is lighter, less compact and has an irregular structure (Datta et al., 2008). Bone 

types include long bones such as those in limbs, short bones such as wrist and ankle, flat 

bones such as skull and irregular bones such as spine and hips. Osteoclasts, osteoblast, 

bone lining cells and osteocytes are the cell types responsible for bone turnover and 

maintenance of bone cells (Karsenty, 1999, Watkins et al., 2001). The essential role of 

bone is to provide structural anchorage between muscles, movement of the body, 

providing mineral, chiefly calcium and phosphate, balance for the body, in addition to 

protection of the brain, spinal cord, heart and lungs (Cohen, 2006).  

 

The marrow cavity within bone is the main site of hematopoiesis in the adult human and 

comprises of extracellular matrix (ECM), Hematopoietic stem cells (HSCs), 

Mesenchymal stem cells (MSCs), blood cells, osteoblasts, osteoclasts, fibroblasts, 

endothelial cells and adipocytes. The ECM is composed of an organic component and 

an inorganic component, in which organic matrix represents approximately 35% of the 

total weight of bone compared with inorganic matrix which represents 65% (Downey 

and Siegel, 2006). Bone growth, metabolism and remodeling are regulated by two 

interacting, coupled processes; bone resorption and bone formation. Bone remodeling 

regulates calcium homeostasis and repairs micro-damaged bones in addition to 

maintaining the shape and sculpture of the skeleton during growth. Osteoclasts resorb 



Determining the role of N-cadherin in the formation of the myeloma niche 

  

 Page 3 

 

bone while osteoblasts produce bone matrix and facilitate mineralization. The 

cooperative activities of osteoclasts and osteoblasts results in a healthy bone and 

maintain normal skeletal development. (Fliedner, 1998, Wang et al., 2006, Muguruma 

et al., 2006).  

 

 

 

 

 

 

 

 

 

 

 

 

1.1.2 Cells of bone  

Within the skeleton there are 4 basic types of bone cells; osteoclasts, osteoblast, bone 

lining cells and osteocytes. Osteoclasts (Figure 1.2A) are multinucleated cells derived 

from monocytes that are ultimately from HSCs first discovered in 1873 by Kolliker. 

Osteoclast maturation requires the presence of receptor activator of nuclear factor əɓ 

ligand (RANKL) and Macrophage colony-stimulating factor (M-CSF) (Nijweide et al., 

1986, Teitelbaum, 2000, Watkins et al., 2001). Overexpression of osteoprotegerin 

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 trabecular 

bones. Cortical bone is 

composed of the 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.  
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(OPG), soluble receptor that competes with RANK for RANKL, reduces 

osteoclastogenesis in mice. On the other hand, lack of OPG has been shown to 

accelerate osteoclastogenesis and OPG Ko mice (OPG
ī/ī

 mice) develop severe 

osteoporosis (Bucay et al., 1998).  

 

Osteoclasts form at skeletal sites, in which stromal cells and osteoblasts express 

RANKL and M-CSF and it is the interaction of these ligands with their receptors on 

monocyte/macrophage cells that induce commitment to the osteoclast phenotype. 

Osteoclasts have a critical role in the regulation of bone formation and regulation of 

bone mass, in which mature and active osteoclasts are responsible for resorbing 

mineralized bone matrix and breaking up the organic bone (90% collagen). 

Differentiated osteoclasts express Ŭvɓ3 integrin, which binds to bone matrix via RGD-

containing proteins leading to the formation of sealed pocket for the secretion of 

cathepsin K, the major protease involved in the degradation of type I collagen 

(Nakamura et al., 1996, Nakamura et al., 2007a). After attachment, osteoclasts exhibit a 

highly polarized cytoplasmic organization. The intracellular pH of osteoclasts is 

maintained by HCO3
-
/Cl

-
 exchanger at the antiresorptive surfaces. Activated osteoclasts 

generate ruffled membranes in which Cl
-
 ions pass through the membrane increasing the 

acidity charge-coupled to the vacuolar H
+
ï adenosine triphosphatase (ATPase) results in 

secretion of hydrogen chloride (HCl) into the resorptive microenvironment and increase 

the pH to ~4.5. These acidify an extracellular microenvironment resulting in 

demineralization of the organic component of bone (Karsenty, 1999, Teitelbaum, 2000).  

 

Osteoblasts (Figure 1.2B) are mononucleate cells derived from putative MSCs that are 

responsible for bone formation and for a regulation of osteoclast differentiation. Bone 

morphogenic proteins (BMPs), Wnt/ɓ-catenin and Notch signalling all play a major role 

in osteoblastogenesis (Chen et al., 2004, Milat and Ng, 2009, Engin and Lee, 2010). In 

addition, Runt-related transcription factor 2 (RUNX2) has been shown to be an essential 

transcription factor for osteoblastogenesis. It was found that Runx2-/- mice failed to 
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develop calvarial bones and mice died at birth. Runx2 also regulates another 

transcription factor necessary for osteoblastogenesis, osterix (Lian and Stein, 2003). 

Osteoblast differentiation from MSCs can be characterized in multiple commonly 

accepted stages, pre-osteoblasts, osteoblasts, bone lining cells and osteocytes (Yin and 

Li, 2006, Wu et al., 2009). Mature osteoblasts are identified by their cuboidal structure 

and their location on the endosteal surface. Type I collagen is the major product of the 

bone-forming osteoblast, in addition to osteocalcin and osteonectin (Di Lullo et al., 

2002). In addition, osteoblasts express relatively high amounts of alkaline phosphatase 

(Ducy et al., 1996). Terminally differentiated osteoblasts either become bone lining 

cells or differentiate into osteocytes surrounded by mineral matrix or undergo apoptosis 

by activation of intrinsic (mitochondria) death signals. Apoptosis can mediated by cell 

surface death receptors of the tumour necrosis factor (TNF) receptor superfamily such 

as osteoprotegerin (OPG), which subsequently activates caspases inducing cell death 

(Manolagas, 2000, Hock et al., 2001).  

 

Bone lining cells (Figure 1.2C) are elongated cells with slightly ovoid nuclei. The non-

remodelling bone surface is covered by a thin layer of bone lining cells (Everts et al., 

2002). Mineralized collagen matrix synthesis stops once bone formation is inactivated 

by the conversion of osteoblasts into bone lining cells in a reversible process which 

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 mechanism (Manolagas, 2000).  

 

Following active bone formation some osteoblasts are eventually embedded within the 

matrix. Matrix-producing osteoblasts express alkaline phosphase and collagen, which 

are necessary for the production of osteoid, unmineralized bone matrix. A 

subpopulation of osteoblasts becomes encased in osteoid as osteoid osteocytes, which 

regulate mineralization, then into mineralizing osteocytes and mature osteocytes. When 

osteoblasts are differentiated into osteocytes, alkaline phosphatase is reduced and casein 
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kinase II is increased (Mikuni-Takagaki et al., 1995, Bonewald, 2011). Osteocytes 

(Figure 1.2D) are the most numerous cells found in mature bone and are characterized 

by a stellate morphology with a dendritic network similar to that of the nervous system. 

These cells, embedded in mineralized matrix, directly contact with each other or with 

osteoblasts via long cytoplasmic extensions passing through bone in canals called 

canaliculi (Aarden et al., 1994, Bonewald, 2011). Although osteocytes are relatively 

inert cells, they have an important function. Osteocytes act as mechanosensor cells, in 

which they are sensitive to applied stress of bone loading to maintaining bone structure. 

The need for bone increase or bone reduction during functional adaptation of the 

skeleton in addition to repair of micro-damage can be detected by osteocytes. 

Osteocytes express some molecules such as, phosphate-regulating neutral 

endopeptidase, X-linked (PHEX), dentin matrix acidic phosphoprotein-1 (DMP-1), 

matrix extracellular phosphoglycoprotein (MEPE) and fibroblast growth factor 23 

(FGF-23) that play an important role in phosphate homeostasis (Klein-Nulend et al., 

2003, Bonewald, 2011). Osteocytes can also detect changes in the levels of hormones, 

such as estrogen and glucocorticoids (Manolagas, 2000). In addition, they control the 

bone formation via sclerostin, SOST gene, a BMP antagonist.Winkler et al (2003) 

demonstrated that sclerostin released from osteocytes mediates bone homeostasis 

(Winkler et al., 2003). Osteocytes also act as inducers of osteoclast activation. Zhao et 

al (2002) demonstrated that osteocyte-like cells, MLO-Y4, support osteoclast formation 

and activation by expressing RANKL on their surface and by expression and secretion 

large amounts of M-CSF (Zhao et al., 2002).  
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Figure 1.2: Cells of bone on the cortical surfaces of the calvarial bones in male 

C57BL/KalwRij mice aged 6 weeks. Panel A shows positive tartrate resistant acid 

phosphatase (TRAP) stain for osteoclast (denoted by black arrow) on the endosteal 

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 calvarial bones. Panel D 

shows the osteocytes (denoted by black arrows) embedded within the mineralized 

matrix. Bar size equal 50 ɛm. CB is cortical bone. 
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1.1.3 Bone modeling  

In order to maintain its functions and maintain serum calcium levels during vertebrate 

life, bone is regulated by two processes; modeling and remodeling. Bone modeling is an 

adaptive process of generalized and continuous growth in bone shape, length and width 

until the adult bone structure is attained. This growth requires normal activity of bone 

cells; osteoblasts and osteoclasts. The modeling process differs from remodeling which 

is a locally coupled process of bone resorption and formation maintaining skeletal mass 

and morphology. During development approximately 100% of bone surfaces are active 

during the modeling process until proper bone size and shape is achieved. In contrast, 

only 20% of bone surfaces are active in remodeling processes at any given time 

(Watkins et al., 2001).  

 

During foetal development, bone formation is regulated through two unique 

mechanisms: intramembranous ossification and endochondral ossification. In 

intramembranous ossification, some bones such as the prefiguring part 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 fibres. In endochondral ossification, the rest of the bones, long 

bones, are developed through differentiation of MSCs into chondrocytes forming the 

cartilage anlagen. Cells from the perichondrium of cartilage anlagen differentiate into 

osteoblasts, and the periphery of the cartilage anlage become hypertrophic. Finally, the 

matrix surrounding these hypertrophic chondrocytes calcifies and longitudinal growth is 

stimulated as cartilaginous matrix. Once bone becomes mature, the remodelling process 

starts to control the reshaping, replacement of bone following injuries and maintains 

calcium homeostasis (Karsenty, 1999, Ferretti et al., 2002, Robling et al., 2006).  
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1.1.4 Bone remodeling  

In order to maintain stability and integrity of bone in addition to calcium homeostasis, 

bones are continuously undergoing remodeling (Figure 1.3). Bone remodelling is a 

complex process, in which mature bone tissue is removed by a process called bone 

resorption and new bone tissue is formed by a process called bone formation. In this 

process, cellular activity and molecular mechanisms are closely coordinated to ensure 

the bone resorption-formation sequence is carried out at a mutual location thus 

sustaining bone mass. Cells responsible for bone resorption are osteoclasts, and cells 

responsible for bone formation are osteoblasts. The remodeling cycle is divided into 

four consecutive phases: activation, resorption, reversal, and formation, which is 

regulated both systemically and locally by cytokines, hormones and growth factors, 

affecting tissue quality and mass. Disruptions in the interaction of osteoclasts or 

osteoblasts and imbalance in the regulation of bone remodeling can result in irregular 

bone turnover cycles and subsequently results in many metabolic bone diseases such as 

Multiple Myeloma (MM) bone disease (Hadjidakis and Androulakis, 2006, Proff and 

Romer, 2009, Raggatt and Partridge, 2010).  

 

During the bone remodeling process, old bone is resorbed and replaced with new bone 

by osteoclasts and osteoblasts, respectively. The cellular mechanism of bone 

remodeling process starts with an activation phase, in which osteoclasts precursors are 

recruited and differentiated into pre-osteoclasts then into mature osteoclasts. After 

osteoclast activation, the resorption phase takes place in which mature osteoclasts resorb 

bone surfaces. Following resorption, the reversal phase, in which mature osteoclasts go 

into apoptosis and osteoblast precursors are recruited and differentiated into pre-

osteoblasts then into mature osteoblasts at resorbed bone surfaces. Ultimately, the 

formation phase takes place in which mature osteoblasts secrete new bone matrix which 

mineralized to generate new bone (Raggatt and Partridge, 2010).  
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1.1.4.1 Regulation of osteoclast activity  

Osteoclastic bone resorption is controlled by receptor activator of nuclear factor kappa-

B ligand (RANKL), growth factors, cytokines and hormones. RANKL is a tumour 

necrosis factor (TNF)-related cytokine expressed by osteoblasts and stromal cells. 

RANKL has an important role in osteoclast differentiation, in which it binds to its 

receptor, receptor activator of nuclear factor kappa-B (RANK) on the surface of 

osteoclast precursors. Binding of RANKL to RANK starts the osteoclastogenesis 

process and stimulates osteoclast activity and bone resorption (Boyle et al., 2003). 

Simonet et al (1997) demonstrated that using recombinant osteoprotegerin (OPG), an 

osteoclastogenesis inhibitory factor blocked the differentiation of osteoclasts from 

precursor cells in vitro. In vivo, overexpression of OPG in transgenic mice induced a 

reduction in the later stages of osteoclast differentiation resulting in non-lethal 

osteopetrosis (Simonet et al., 1997).  

 

Transforming growth factor ɓ (TGF-ɓ), Bone morphogenetic proteins (BMPs) and 

fibroblast growth factor (FGF) all have important roles in the regulation of osteoclast 

activity. TGF-ɓ is a factor released during bone resorption. Quinn et al (2001) 

demonstrated that TGF-ɓ regulated osteoclast differentiation. In culture TGF-ɓ inhibited 

osteoclast formation, osteoclastogenesis in addition to decreased RANKL (Quinn et al., 

2001). BMPs are a group of growth factors that induce formation of bone and cartilage. 

It was found that BMPs stimulate the differentiation of osteoclasts and osteoblasts 

during bone development. Okamoto et al (2006) demonstrated that mice overexpressing   

BMP-4 in bone developed severe osteopenia in addition to increased osteoclast 

numbers. In contrast, mice overexpressing noggin (a BMP antagonist) had increased 

bone volume and decreased osteoclast numbers (Okamoto et al., 2006). The FGF has 

been shown to family of growth factors also has been shown to be involved in the 

regulation of bone formation: FGF stimulate osteoclast recruitment, osteoclast 

differentiation and bone resorption (Hurley et al., 1998, Collin-Osdoby et al., 2002).  
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In addition to RANKL and growth factors discussed upon, cytokines have been shown 

to play an important role during bone remodeling. Interleukin-1 (IL-1), interleukin-6 

(IL-6) and Tumour Necrosis Factor-Ŭ (TNF-Ŭ) all play a major role in induction of 

osteoclast differentiation and mediation of bone resorption. Thomson et al (1986) 

demonstrated that osteoblasts mediate IL-1 stimulated osteoclast activity and increase 

osteoclastic bone resorption (Thomson et al., 1986). Kurihara et al (1990) demonstrated 

that adding 10 to 100 pg/ml of IL-6 significantly increased the formation of 

multinucleate osteoclasts in cultures. Use anti-human IL-1 inhibited the increase of 

multinucleate osteoclasts stimulated by IL-6. Furthermore, adding IL-6 in culture 

increased the elevated level of IL -lɓ. These results suggested that IL-6 stimulated the 

formation of multinucleate osteoclasts is mediated by induction of release of IL-1ɓ 

(Kurihara et al., 1990). TNF-Ŭ is a multifunctional cytokine produced by activated 

macrophages. It was found that TNF-Ŭ together with IL-1 induced osteoclast 

differentiation and mediated bone resorption (Wei et al., 2005).  

 

Osteoclastic bone resorption is controlled systemically by four main hormones: 

parathyroid hormone (PTH), 1,25-Dihydroxycholecalciferol (1,25(OH)2D3), calcitonin 

and oestrogen. PTH is a potent stimulator of osteoclast function by binding to its 

receptors on osteoblasts and bone marrow stromal cells. This activates expression of 

MCSF and RANKL, thereby indirectly stimulating osteoclastic bone resorption 

(McSheehy and Chambers, 1986a, McSheehy and Chambers, 1986b). On the other 

hand, there has been evidence that PTH could be directly stimulating osteoclast-like cell 

formation from hemopoietic blast cells (HSCs) (Sugimoto et al., 1993). It has been 

postulated that PTH also stimulates the production of 1,25-Dihydroxycholecalciferol 

(1,25(OH)2D3) from a circulating inactive precursor. 1,25-Dihydroxycholecalciferol 

(1,25(OH)2D3) positively regulates bone resorption indirectly, which increases RANKL 

and M-CSF expression (McSheehy and Chambers, 1987). Calcitonin hormone binds to 

its receptors that are expressed on osteoclasts and inhibits osteoclastic resorption 

directly (Zaidi et al., 2002). Estrogens have an important function in the skeletal system 

in female, in with they act as a bone-sparing hormone. Estrogens bind to receptors 
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expressed on both osteoclasts and osteoblasts causing osteoclast apoptosis (Nakamura et 

al., 2007b, Krum et al., 2008). Nakamura et al (2007) demonstrated that activated 

osteoclastic estrogen receptor Ŭ (ERŬ) by estrogen induced apoptosis for osteoclasts 

through activation of the Fas/Fas ligand (FasL) system, in which oestrogen up-regulated 

FasL expression in osteoclasts. In vivo, ERŬ ablation in transgenic mice induced 

trabecular bone loss in females, but not males (Nakamura et al., 2007b). Krum et al 

(2008) demonstrated that oestrogen induced FasL expression in osteoblasts and not in 

osteoclasts in vitro and in vivo. Osteoclasts do not undergo oestrogen-induced apoptosis 

unless osteoblasts were added. Co-cultures of osteoblasts and ERŬKO bone marrow-

derived osteoclasts mediated osteoclast apoptosis suggesting oestrogen protects bone by 

inducing FasL in osteoblasts to regulate osteoclast survival (Krum et al., 2008).  

 

1.1.4.2 Regulation of osteoblast activity   

The differentiation of osteoblasts is controlled by key signaling systems Wnt, Dickkopf 

(DKK), BMPs and Insulin-like growth factors (IGFs). The Wnt signaling pathway is a 

network of proteins that has an important role in postnatal bone formation and bone 

turnover. Wnt stimulates osteoblast proliferation, function and survival though binding 

to Frizzled that subsequently binds to lipoprotein receptor related protein-5/6 (LRP-5/6) 

(Westendorf et al., 2004). Gong et al (2001) demonstrated that expression of LRP-5 by 

osteoblasts in situ can transduce Wnt signalling in vitro. In addition, a mutant-secreted 

form of LRP-5 can reduce bone thickness in mouse in vivo (Gong et al., 2001). Tamai et 

al (2000) demonstrated that LRP-6 binds to Wnt-1 to activate Wnt signalling in 

Xenopus embryos. Furthermore, LRP6 mutant lacking the carboxyl intracellular domain 

blocked Wnt signalling indicating that LRP-6 may be a component of the Wnt receptor 

complex (Tamai et al., 2000). Day et al (2005) demonstrated that controlling Wnt/ɓ-

catenin signalling is essential to control osteoblast and chondrocyte (cells found in 

healthy cartilage) differentiation. Wnt/ɓ-catenin signalling enhanced osteoblast 

differentiation, ossification and suppressed chondrocyte formation. In contrast, 

inactivation of ɓ-catenin caused chondrocyte differentiation in vitro (Day et al., 2005).  
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Wnt antagonist, (DKK), plays an important role in regulation of osteoblast activity. 

Four members of the DKK family; DKK-1, DKK-2, DKK-3 and DKK-4 have been 

identified. Wnt/ɓ-catenin pathway can be inhibited by DKK-1 and DKK-2 by binding to 

LRP-5/6 and single transmembrane protein, Kremen, preventing their interaction with 

Wnt, which is essential for osteoblast activation (Niehrs, 2006). Mao et al (2001) 

demonstrated that LRP-6 is required for Wnt/ɓ-catenin signaling in drosophila, xenopus 

and mouse. Dkk-1 and Dkk-2 interact with domains of LRP-6 that are required for 

Wnt/Frizzled interaction and blocks Wnt/ɓ-catenin signaling (Mao et al., 2001). 

Furthermore, Mao et al (2002) demonstrated that transmembrane proteins Kremen-1 

and Kremen-2 are high-afýnity Dkk-1 receptors inducing rapid endocytosis and 

removal of the Wnt receptor LRP-6 from the plasma membrane. This result suggested 

Kremen-1 and Kremen-2 are modulating canonical Wnt signaling through LRP-6 in 

vertebrates (Mao et al., 2002).  

 

BMPs are a group of growth factors that belong to TGF-ɓ superfamily initially 

identified by their ability to induce bone development. BMPs are stored in the bone 

matrix and released during bone resorption, stimulating osteoblast proliferation and 

skeletogenesis by binding to two different types of serine-threonine kinase receptors, 

termed type I and type II receptors. Activities of BMPs are regulated by BMP-binding 

proteins; Noggin and Chordin (Kawabata et al., 1998, Yamaguchi et al., 2000). King et 

al (1994) demonstrated that BMP-5 was expressed in the early stage of skeletal 

development and that it was expressed in some soft tissues suggesting that BMP-5 is a 

signal for both skeletal and soft tissue development (King et al., 1994). Lyons et al 

(1995) demonstrated that BMP-2 and BMP-7 were expressed in midgestation embryos 

suggesting their roles during skeletal development (Lyons et al., 1995). Yamaguchi et al 

(1996) demonstrated that BMP-2, BMP-4 and BMP-6 stimulated the differentiation of 

osteoblast cell lines, ST2 and MC3T3-G2/PA6 in vitro. BMP-2, BMP-4 and BMP-6 

stimulated ALP activity, induced PTH and generated mineralized bone in these 

osteoblastic cells suggesting that BMPs induce differentiation of bone marrow stromal 

cells into osteoblasts (Yamaguchi et al., 1996).  



Determining the role of N-cadherin in the formation of the myeloma niche 

  

 Page 14 

 

The insulin-like growth factor (IGF) signalling system is comprised of two receptors 

(IGF1R and IGF2R), two ligands (IGF-1 and IGF-2) and six binding proteins (IGFBP-1 

to IGFBP-6). It was found that IGFs stimulate osteoblast activity and increase bone 

formation, and bone matrix mineralization. Overexpression of IGF-1 in transgenic mice 

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

2000a). Osteoblast-specific knockout of IGF receptor gene induced decrease in 

cancellous bone volume, trabecular number and decrease in the rate of mineralization of 

osteoid (Zhang et al., 2002).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3: Diagrammatic summary of bone remodeling cycle. Bone remodeling is 

regulated by a couple of bone cells; osteoclasts and osteoblasts. Remodeling cycle 

firstly starts with activation phase; receptor activator of nuclear factor kappa-B ligand 

(RANKL) and Macrophage colony-stimulating factor (M-CSF) activate and recruit 

osteoclasts. Secondly bone resorption phase; the activity of osteoclasts and bone 

resorption controlled by RANKL, FGF, IL-1, IL-6, TNF-Ŭ, PTH, 1,25(OH)2D3,   

TGF-ɓ, BMPs, calcitonin and oestrogens. Thirdly reversal phase; osteoclasts are 

removed and osteoblasts are activated and recruited by Runx2, BMPs, Wnt and Notch. 

Fourthly bone formation phase; osteoblasts secrete 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 cancers (British Committee for Standards in Haematology, 2001). 

2,223 new cases of MM in men and 1,817 new cases of MM in women were reported in 

2007 in the United Kingdom. The five year survival rates for MM patients are 

approximately 20% (Collins, 2005, Raab et al., 2009).  

 

1.2.2 Pathophysiology of multiple myeloma  

MM is a plasma cell malignancy of the B lymphocytes that secrete antibodies. 

Proliferation of B cells and antibody secretion are processes controlled by the immune 

system, which can be lost when chromosomes and genes are damaged. B cells are 

generated in the bone marrow (BM) in 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 into mature B cells. 

Interaction of mature B cells with antigen results in the generation of short-lived plasma 

cells, which usually secrete IgM. Some mature B cells differentiated into memory B 

cells or plasma cells and are retained back into the BM as long-lived plasma cells. 

Complex chromosomal abnormalities and some genetic events are likely to be 

responsible for MM disease when B cells are at the secondary lymphoid tissues (Kuehl 

and Bergsagel, 2002). For example, a chromosomal translocation between the 

immunoglobulin heavy chain gene leads to dysregulation of oncogenes at translocation 

partner regions (cyclin D1 at 11q13, FGFR3/MMSET at 4p16.3, c-MAF at 16q23, and 

cyclin D3 at 6p21) and is thought to be an important initiating event for MM. In 

addition, deletions of 13q14, the site of a putative tumour suppressor gene, are observed 

in about 50% of MM cases. Other molecular events, epigenetic changes and activation 

of oncogenes (mutations of N-RAS and K-RAS, and changes in c-MYC) have been 
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reported to be associated with disease progression (Seidl et al., 2003, Kyle and 

Rajkumar, 2004). Furthermore, imbalances between RANKL and osteoprotegerin in 

addition to some osteoclastic activity factors (in particular macrophage inflammatory 

protein-1Ŭ (MIP-1Ŭ) and interleukin-3 (IL-3)) are major factors responsible for the 

development of myeloma bone disease (Croucher et al., 2001, Choi et al., 2000, Lee et 

al., 2004).  

 

1.2.3 Homing of multiple myeloma cells to bone marrow  

The mechanisms of MM cells trafficking or homing to the BM are not well understood. 

The most studied factors shown to regulate MM cells homing to the BM are C-X-C 

chemokine receptor type 4 (CXCR-4), hypoxia and E-cadherin. During the 

differentiation of B cells, plasma cells become increasingly sensitive to C-X-C 

chemokine ligand 12 (CXCL12). It was found that MM cells in the peripheral blood 

express high levels of CXCR-4, but this expression level decreased in the BM 

suggesting that this receptor-cytokine system important in homing of MM cells to the 

BM, but less involved in retention of cells. The CXCR-4 inhibitor, AMD3100, and the 

anti-CXCR4 antibody, MAB171, inhibited the migration of MM cells in vitro and the 

homing of MM cells to the BM in vivo (Alsayed et al., 2007). In addition, CXCR-4 

knockdown demonstrated that CXCL12/CXCR4 is a critical regulator of MM migration 

and homing was regulated by the phosphatidylinositide 3-kinases (PI3K) and mitogen-

activated protein kinases/ extracellular signal-regulated kinases (MAPK/ERK) pathways 

but not by p38 MAPK (Alsayed et al., 2007). In another study, it was found that 

hypoxia increased the expression of CXCR-4 in MM cells resulting in increased the 

migration and homing of MM cells from the peripheral blood to the BM (Azab et al., 

2012). E-cadherin is adhesion molecule that may have role in homing of MM cells into 

the BM. Azab et al 2012 demonstrated that the expression of E-cadherin decreased in 

MM cells isolated from MM patients with tumour progression. In addition, it was found 

that MM cells circulated in peripheral blood expressed low level of E-cadherin 

compared with MM cells in the BM in mice (Azab et al., 2012).  



Determining the role of N-cadherin in the formation of the myeloma niche 

  

 Page 17 

 

1.2.4 Multiple myeloma bone disease  

MM is predominantly a malignancy of bone marrow, but tumour is observed in non-

skeletal sites such as spleen and liver in end stage disease demonstrating that myeloma 

is not necessarily dependent on the BM in the later stages. Within bone, myeloma 

induces a óvicious cycleô resulting in osteolytic bone lesions in multiple skeletal 

locations, including long bones, vertebrae and calvariae. It was reported that 90% of 

MM patients develop osteolytic bone lesions and 60% of these patients develop 

pathologic fractures over the course of the disease (Kyle and Rajkumar, 2004, Esteve 

and Roodman, 2007). Healthy bone is regulated and coordinated by bone remodeling 

cycle, bone formation and bone resorption throughout the skeleton. As stated above, one 

of the most important consequences of myeloma bone disease is the induced imbalance 

in bone remodelling between osteoblasts and osteoclasts affecting bone resorption and 

bone formation, which is eventually responsible for the formation of osteolytic bone 

lesions (Figure 1.4). This appears to be mediated at a cellular level with increased 

numbers of osteoclasts and decreased numbers of osteoblasts. This imbalance between 

osteoclasts and osteoblasts is responsible for an increase in bone resorption and a 

reduction in bone formation resulting in osteolytic bone lesions (Heider et al., 2006, 

Esteve and Roodman, 2007, Datta et al., 2008, Edwards et al., 2008).  

 

1.2.4.1 Multiple myeloma induced 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 tumourïhost interactions. Croucher et al (2001) 

demonstrated that 5T2MM cells express RANKL and suggested that this was at least in 

part responsible for the development of osteolytic bone lesions in C57BL/KaLwRij 

mice. Carrying this model for myeloma treatment of mice with OPG protein prevented 

osteolytic bone lesions and increased bone mineral density (BMD) in femoral, tibial, 

and vertebral bones, suggesting that RANKL/RANK/OPG system may play a potential 

therapeutic target to prevent osteolytic bone disease in MM (Croucher et al., 2001).  
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Another factor found to induce increased bone resorption is MIP-1Ŭ. Uneda et al (2003) 

demonstrated that MIP-1a mRNA was expressed in freshly purified myeloma cells in 

vitro. Immunohistochemical staining showed that MIP-1a expressed in the cytoplasm of 

myeloma cells. In patients, mRNA expression of MIP-1a was detected in relation to 

inducing bone lesions (Uneda et al., 2003). In addition, Choi et al (2001) demonstrated 

that this chemokine stimulated osteoclast formation in vivo in SCID mice. Blocking 

MIP-1Ŭ activity in human MM-derived cell line ARH cells, by transfection with an 

antisense construct to MIP-1Ŭ (AS-ARH) demonstrated that both bone lesion and 

tumour burden were significantly decreased in mice treated with AS-ARH, suggesting 

that MIP-1Ŭ may have an important role in mediating both myeloma cell growth and 

myeloma bone disease (Choi et al., 2000).  

 

Bone resorption is also induced by the activity of interleukin-3 (IL-3). Lee et al (2004) 

demonstrated that MM cell line ARH-77 and MM.IS express IL-3 and MIP-1Ŭ in vitro. 

IL-3 mRNA and protein were increased in CD138
+
 myeloma cells isolated from MM 

patients. Also, it was found that IL-3 in combination with RANKL or MIP-1Ŭ 

significantly increased osteoclast formation and bone resorption comparing with 

RANKL or MIP-1Ŭ alone in culture. Targeting IL-3 by anti-IL-3 neutralising antibodies 

inhibited the formation of osteoclasts from mononuclear cells derived from MM 

patients growing in vitro suggesting that IL-3 may have an important role in mediating 

myeloma growth and bone disease (Lee et al., 2004).  

 

1.2.4.1.1 Targeting increased bone resorption in MM bone disease  

In addition to targeting the factors discussed previously; RANKL, MIP-1Ŭ and IL-3 as a 

treatment to supress the increase in bone resorption in myeloma bone disease, other 

therapies can also be used to generally suppress bone resorption in myeloma. In 

particular various bisphosphonates have been used. Croucher et al (2003) investigated 

the effect of the bisphosphonate zoledronic acid on osteolytic tumour-bone disease. 
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C57BL/KaLwRij mice were injected with 5T2MM cells, resulting in induced osteolytic 

bone lesions. Treatment of mice with zoledronic acid prevented the formation of lytic 

bone lesions and bone loss as well as reducing tumor burden (Croucher et al., 2003).  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4: Mechanisms responsible for multiple myeloma bone disease. 

Imbalance in bone remodelling between osteoblasts and osteoclasts in the latter stage 

of MM induces more bone resorption. During bone resorption, growth factors such as 

TGF-ɓ, IGFs, FGFs, PGFs and BMPs released by osteoclast cells permit myeloma cell 

survival. Important factors such as RANKL, IL-3 and MIP-1Ŭ released by MM cells 

activate osteoclasts. In addition, some factors such as Dkk1, sFRP-2, IL-3 and activin 

A released by MM cells suppress osteoblasts. These together induce osteolytic bone 

lesions in the late stage disease. Picture adapted from (Roodman, 2007). 
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1.2.4.2 Multiple myeloma suppress bone formation  

As mentioned before, Wnt signaling pathway has an important role in postnatal bone 

formation and bone turnover. Wnt signalling pathway has a critical role in the 

proliferation, expansion and survival of osteoblasts though binding to Frizzled that 

subsequently binds to lipoprotein receptor related protein-5/6 (LRP-5/6). Binding of 

Wnt with its receptor complexes stimulates phosphorylation of LRP5/6, which 

subsequently degrade ɓ-catenin inducing osteoblast differentiation (Westendorf et al., 

2004). It was found that MM cells produce high level of Dkk1, Wnt signalling 

antagonist, in patients with multiple myeloma compared with control (Tian et al., 2003). 

Heath et al (2009) showed 5T2MM cells expressed Dkk1 an osteoblastogenesis 

inhibitory factor and proposed that this contributed to the development of osteolytic 

bone lesions in C57BL/KaLwRij mice. Targeting Dkk1 by anti-Dkk1 antibody 

(BHQ880, 10 mg/kg) demonstrated a reduction in the development of osteolytic bone 

lesions supporting the suggestion that Dkk1 plays a role in bone formation in myeloma 

(Heath et al., 2009). In addition, Fowler et al (2012) showed that there was an increase 

in the host-derived Dkk1 in myeloma-permissive KaLwRij mice resulting in a 

significant reduction in trabecular bone volume. Knockdown of Dkk1 in bone marrow 

stromal cells (BMSCs) demonstrated a reduction in the development of osteolytic bone 

lesions in mice suggesting that novel roles of BMSC-derived Dkk1 in bone formation in 

myeloma in vivo (Fowler et al., 2012).  

 

As mentioned before, Wnt signalling has important roles in the mediation of osteoblast 

differentiation and induces bone development. Qiang et al (2008) demonstrated that 

Wnt signalling is necessary to promote BMP-2-mediated osteoblast differentiation. This 

study suggested that overexpression of Dkk1 inhibit osteoblast differentiation inducing 

myeloma bone disease (Qiang et al., 2008). MM cells produce another Wnt signalling 

antagonist factor, soluble frizzle-related protein-2 (sFRP-2). Oshima et al (2005) 

demonstrated that primary MM cells from patients with advanced bone lesion and 

human MM cell lines, RPMI8226 and U266 expressed the Wnt antagonist sFRP2 in 
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vitro. This study also showed that sFRP2 suppressed osteoblast differentiation and 

significantly inhibited mineralised nodule formation in osteoblast cell line MC3T3-E1 

cells in vitro suggesting that sFRP2 has a role in the impairment of bone formation 

induced by myeloma cells (Oshima et al., 2005).  

 

Another factor found to supress bone formation is IL-3. Ehrlich et al (2005) 

demonstrated that human and murine osteoblasts express IL-3 receptor (IL-3R) in vitro, 

which may allow these cells to respond to IL-3 produced by osteoblast precursors. 

Furthermore, it was found that the levels of IL-3 were increased in the bone marrow of 

myeloma patients compared with healthy controls. This study demonstrated that 100 

pg/ml of IL-3 significantly inhibited osteoblast differentiation in both primary human 

and murine culture, but not in MC3T3-E1 cells or C2C12 cells in vitro. Targeting IL-3 

using anti-IL-3 demonstrated partial inhibition in the suppression of osteoblast 

differentiation induced by bone marrow plasma from patients with high IL-3. This study 

suggests that IL-3 may play an indirectly role in the impairment of bone formation in 

MM bone disease, in addition to stimulating osteoclasts (Ehrlich et al., 2005).  

 

The TGF-ɓ superfamily is intimately increased an osteoblast differentiation in bone loss 

in myeloma. Activin A is a member of the TGF-ɓ superfamily expressed abundantly in 

bone. Activin A inhibits osteoblast differentiation in MM bone disease. Activin A is 

increased in MM patients with osteolytic disease potentially inhibiting osteoblast 

differentiation via activation of mothers against decapentaplegic homolog 2 (SMAD2). 

Vallet et al (2010) demonstrated that inhibiting activin A with a soluble receptor, RAP-

011, increased osteoblast differentiation and inhibited tumour growth. These results 

suggest that inhibition of activin A have potential new therapeutic strategy in tumour-

related bone disease (Vallet et al., 2010). In addition, Chantry et al (2010) demonstrated 

that treatment of animals with an activin receptor type IIA fusion protein, 

ActRIIA.muFc, could increase osteoblast differentiation, bone formation and bone mass 

in vivo (Chantry et al., 2010).  
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1.3 Mouse models of multiple myeloma  

1.3.1 History and characterisation of the 5TMM  series  

To support our understanding of MM bone disease, preclinical mouse models have been 

developed. C57BL/KalwRij mice develop a high frequency of monoclonal proliferative 

B-cell disorders. Most of C57BL/KalwRij mice have monoclonal gammopathy of 

undetermined significance (MGUS) similar to humans. 5TMM series of myeloma 

models originate from spontaneously developed MM in aging C57BL/KalwRij mice 

and have many of the features of the disease in humans. Several murine models of MM 

exist, but 5T2, 5T33 and 5TGM1 are the best characterized and used in most recent 

studies. 5TMM series of models share some common features including the selective 

localization of MM cells in the BM, presence of serum M-component, expression of 

LFA-1, CD44, VLA-4 and VLA-5 adhesion molecules, and some induce osteolytic 

bone disease similar to the human disease (Radl et al., 1978, Radl et al., 1979, 

Vanderkerken et al., 1997).  

 

1.3.2 5T2 multiple myeloma model  

5T2MM model originated from spontaneously developed myeloma in aging mice and 

represents a model for the most common forms of human MM. These cells only grow 

slowly in vivo and are mainly localised in the BM in addition to spleen. C57BL/KalwRij 

mice injected with 5T2MM cells develop high levels of tumour-related monoclonal 

immunoglobulins in their serum with reduction in the level of normal polyclonal 

immunoglobulins. Radiography and histology show 5T2MM cells induce osteolytic 

bone lesion similar to the human disease. Treatment of tumour bearing animals with 

bisphosphonate zoledronic acid significantly reduced the production of osteolytic bone 

lesions and decrease tumour burden in bone in 5T2MM-bearing mice (Radl et al., 1985, 

Vanderkerken et al., 1997, Asosingh et al., 2000b, Croucher et al., 2003).  
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1.3.3 5T33 multiple myeloma model  

5T33MM model originated from a spontaneously developed myeloma in aging mice. 

These cells can grow in vitro as well as in vivo. In culture, 5T33MM cells grow as non-

adherent single cells or in small loosely adherent clusters. 5T33MM grow rapidly in 

C57BL/KaLwRij mice and mainly localised in the BM in addition to spleen and liver. 

5T33MM cells cause myeloma disease in inoculated C57BL/KaLwRij mice after 5-8 

weeks of injection with 10
5
 marrow cells of 5T33 myeloma mice. C57BL/KalwRij mice 

post injected with 5T33MM cells develop high levels of tumour-related monoclonal 

immunoglobulins in their serum with reduction in the level of normal polyclonal 

immunoglobulins similar to 5T2MM cells. In contrast to human disease, radiography 

and histology show 5T33MM cells do not induce osteolytic bone lesions (Manning et 

al., 1992, Vanderkerken et al., 1997, Asosingh et al., 2000b).  

 

1.3.4 5TGM1 multiple myeloma model  

5TGM1 model was derived from the 5T33 model. 5T33MM cells were passaged in 

mice, and cells were then obtained from the marrow of 5T33MM-bearing mice cultured 

and cloned. These cells have all the features of human disease including the 

characteristic lytic bone lesions, in contrast to 5T33MM cells that do not induce 

osteolytic bone lesions in mice. 5TGM1 cells grow rapidly in vitro as well as in vivo. In 

culture, 5TGM1 cells grow as non-adherent single cells or in small loosely adherent 

clusters. C57BL/KalwRij mice injected with 5TGM1 cells develop high levels of 

tumour-related monoclonal immunoglobulins in their serum similar to 5T2MM cells 

and 5T33MM cells. Radiography and histology shows that 5TGM1 cells produce 

osteolytic bone lesions similar to the human disease. The bisphosphonate ibandronate 

has been shown significantly reduce the osteolytic bone lesions in 5TGM1-bearing mice 

(Garrett et al., 1997, Dallas et al., 1999).  
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1.4 The early stages of multiple myeloma disease and the myeloma niche  

The general localisation of myeloma to the skeleton and recent studies suggest that the 

early stages of myeloma development are dependent on the surrounding BM 

microenvironment, however the characteristics of the early stage óBM-dependentô 

microenvironment remains unknown. In contrast, in late stage disease; the myeloma 

cells are not BM microenvironment dependent, but appear to survive and grow 

interdependent of the bone (Pagnucco et al., 2004, Damiano et al., 1999, Hideshima et 

al., 2002, Damiano and Dalton, 2000). It is unclear whether myeloma cells attach to 

sites of bone formation, quiescent bone lining cells or remain close to a collagen matrix, 

a known store of growth factors. The effects of colonising myeloma cells on the 

adjacent micro-anatomical sites post-attachment are also unknown. Despite the present 

therapeutics there is an urgent clinical need for new therapies, and one such strategy 

targets the early stages of disease including myeloma cell colonisation and survival, 

where myeloma is more dependent on the bone microenvironment. Characterising the 

putative ómyeloma nicheô (a myeloma permissive microenvironment) may offer novel 

therapeutic targets to treat patients. It is not unfeasible that colonising myeloma cells 

may retain the molecular machinery of haematopoietic stem cells (HSCs) and modify 

the HSC niche into a myeloma permissive niche or exploit the HSC niche to establish 

disease. These following sections will describe HSCs and the HSC niche, and evaluate 

the potential mechanisms colonising myeloma cells may exploit to establish colonies 

within the BM microenvironment.  

 

1.4.1 The haematopoietic stem cell niche  

The marrow cavity within bone is the main site of haematopoiesis in adult human. Adult 

BM comprises of ECM, HSCs, MSCs, blood cells and their precursors, osteoblasts, 

osteoclasts, fibroblasts, endothelial cells, and adipocytes (Fliedner, 1998, Wang et al., 

2006, Muguruma et al., 2006). Stem cells are defined as the earliest undifferentiated cell 

types characterised by extensive capacity for self-renewal and the ability to differentiate 

into a range of specialized cell types (Zhang et al., 2003). HSCs differentiate into blood 
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progenitor cells and all blood cell types that have characteristic morphologies and 

specialized functions including myeloid; monocytes, granulocytes, erythrocytes and 

megakaryocytes, lymphoid cells; natural killer cells, T-cells and B-cells (Figure 1.5) 

(Akashi et al., 2000, Kondo et al., 1997). HSCs can be divided into two groups: long-

term reconstituting (LTR) cells, which are seen frequently at the bone-lining 

osteoblastic cell surface and the short-term reconstituting (STR) cells. The LT-HSCs are 

characterised by their ability to support haematopoiesis for more than six months while 

ST-HSCs are characterised by their ability to repopulate blood elements for several 

weeks (Harrison and Zhong, 1992, Zhong et al., 1996, Zhao et al., 2000b).  

 

The term ónicheô was firstly described by Schofield in 1978, who proposed HSCs are 

associated with bone by cell-cell contacts providing a microenvironment for HSCs self-

renewal, proliferation and preventing their differentiation (Schofield, 1978). The HSC 

niche is defined as a specific regulatory microenvironment in adult bone marrow, which 

acts as a soil for HSCs where these stem cells are housed and maintained by self-

renewal. Outside this niche HSCs cannot self-renew, but differentiate to large numbers 

of progeny as well as to other cell types and ultimately produce mature blood cells 

(Wilson and Trumpp, 2006, Yin and Li, 2006). The HSC niche is composed of the 

osteoblastic niche (endosteum) and vascular niche (sinusoidal vessels) (Figure 1.6). 

Zhang et al (2003) showed that an increase in trabecular bone and/or trabecular           

N-cadherin
+
 osteoblasts correlated to an increase in HSCs (Zhang et al., 2003). 

Subsequently, Visnjic et al (2004) identified a reduction of HSCs can be observed in the 

bone marrow following ablation of osteoblast-lineage cells in transgenic mice.  

Extramedullary hematopoiesis was found in alternative sites such as spleen and liver 

(Visnjic et al., 2004). These together provide strong evidence that osteoblastic niche 

supports hematopoiesis in the HSC niche.  
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Zhang et al (2003) used immunohistochemistry technology to identify the HSC niche. It 

was found that LT-HSCs reside in the osteoblastic niche (Figure 1.5) and were only 

attached to the N-cadherin
+
 osteoblasts (Zhang et al., 2003). Xie et al (2009) developed 

new ex vivo real-time imaging technology. Green fluorescent protein expressing (GFP
+
) 

HSCs homed through the vascular niche to the osteoblastic niche and attached to         

N-cadherin
+
 osteoblast cells in irradiated mice (Xie et al., 2009). Lo Celso et al (2009) 

Figure 1.5: Differentiation of HSCs in bone marrow. ST-HSCs differentiate to CLP 

(common lymphoid progenitor) and CMP (common myeloid progenitor). GMP 

(granulocyte-macrophage precursor) and MEP (megakaryocyte-erythrocyte precursor) 

are progeny of the CMP, generating monocytes, granulocytes megakaryocytes and 

erythrocytes respectively. On the other hand, pro-T cell and pro-B cell are the progeny 

of the CLP, generating T-cells and B-cells, which differentiation into plasma cells in 

lymph nodes. MM cells are terminal plasma B cell malignancy derived from bone 

marrow plasma cells. Picture adapted from (Huntly and Gilliland, 2005). 


























































































































































































































































































































































































































































