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Abstract 

 
Haematopoietic stem cells (HSC) are strictly regulated by intrinsic regulators 
and extrinsic signals from the microenvironment. Nov (CCN3), a matricellular 
protein of the CCN family, has been reported as a suppressor gene in solid 
tumours and chronic myeloid leukaemia (CML). Recent study identified Nov as 
a positive regulator in human cord blood CD34+ stem cells. However, the 
functions of Nov in haematopoiesis and adult HSC remain largely unknown. 
 
Gene expression analysis of Nov showed that Nov was expressed in mouse 
bone marrow HSCs and was rapidly down regulated during differentiation. 
Overexpression of Nov in HSCs could induce apoptosis and reduce their long 
term reconstitution efficiency in bone marrow transplantation. Overexpression 
of Nov in HSCs also resulted in a bias of lineage reconstitution with impaired 
CD3+ T cell differentiation. On the other hand, knockdown of Nov expression in 
HSC did not affect cell growth, differentiation and long term reconstitution 
activity in bone marrow transplantation. Analysis of Nov3del mutant mice showed 
normal haematopoiesis and HSC function in vitro and in vivo. However, there 
was an increased frequency of HSCs in Nov3del mutant bone marrow which 
indicated a role of Nov in HSC microenvironment. 
 
Analysis of Nov function in HSC interaction with microenvironment showed that 
knockdown of Nov in FDCPmix haematopoietic cells resulted in a reduction of 
cell adherence and migration capacity. At the same time, overexpression of 
Nov in stromal cells enhanced haematopoietic cell migration in vitro and could 
increase their HSC maintaining capacity in co-culture system. 
 
Taken together, these results suggested that Nov negatively regulates mouse 
bone marrow HSC growth and long term reconstitution activity, and plays an 
important role in HSCs interaction with their bone marrow microenvironment. 
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1.1 Haematopoietic stem cells and haematopoiesis  

The blood system is a complex, multifunctional tissue which is composed of 

at least 8 distinct cell lineages, including erythrocytes, megakaryocytes, 

granulocytes, macrophages and lymphocytes. These mature blood cells are 

produced via a process known as haematopoiesis, which occurs mainly in 

the bone marrow of an adult animal. Each cell lineage has a distinct and 

important function such as supplying oxygen to tissues around the body by 

red blood cells, blood clotting and wound healing by platelets, and protecting 

the body against foreign bodies and pathogens by lymphocytes. 

Mature blood cells have a high turnover rate and are continuously produced 

throughout the lifetime of an animal. This demand is fulfilled by rare 

pluripotent bone marrow stem cells, called haematopoietic stem cells 

(HSCs). HSCs can give rise to additional HSCs and maintain the HSC pool 

size through self-renewal. Upon differentiation, HSC can produce all of the 

different mature blood cell types. Understanding the regulation of HSC 

function and fate decisions is of great importance not only for understanding 

basic stem cell biology but also for providing clinical therapy cues for many 

diseases. 
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1.1.1 Haematopoietic stem cells  

HSCs are rare cells within the bone marrow. HSCs are defined by their 

capability of long-term self-renewal to propagate themselves and their 

potency to differentiate into all blood cell lineages. In addition to self-renewal 

and differentiation, HSCs can also undergo apoptosis which is important in 

haematopoietic homeostasis and in regulating HSC numbers (Domen J, 

2000a). 

Most HSCs are in G₀ phase of the cell cycle, and only a small number of 

HSCs are in cycling and responsible for self-renewal or for producing 

mature cells at any specific time (Fleming W.H, 1993; Cheshier S.H, 

1999).  Quiescence of HSCs is critical for protecting the stem cell 

population and sustaining stem cell pools over long periods (Cheng T, 2000). 

It is suggested that quiescence of HSC protects stem cells by minimizing 

their accumulation of replication-associated mutations (Mohrin M.E, 2010; Li. 

J, 2011). 

In homeostasis, the majority of HSCs reside in the bone marrow; however, a 

small number of HSCs are constantly released into the circulation and 

migrate among various haematopoietic tissues (Wright D.E, 2001; Wright 

D.E, 2002).  Circulating HSCs can home to the bone marrow and lodge into 

specific niche which is the principal site for the self-renewal and proliferation 

of HSCs (Abkowitz J, 2003; Sugiyama T, 2006; Kiel M, 2006). 
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The gold standard assay to evaluate HSCs is the long term repopulation 

assay (Metcalf D, 2007). After being transplanted into lethally irradiated 

recipient mice, HSCs should be able to reconstitute the entire blood system 

of the recipient for at least 4-6 months. The donor derived cells are then 

transplanted into secondary lethally irradiated recipients to evaluate their 

ability of long term self-renewal.  

1.1.2 Haematopoiesis 

Haematopoiesis describes the ordered and continuous process of blood cell 

formation. Through a series of developmental steps, HSCs give rise to their 

downstream multipotent progenitors which are committed to limited blood 

lineages and have reduced self-renewal capacity. The hierarchy of blood 

cell development has been proposed on the basis of cellular development 

and functional readout assays. Roadmaps are often used to describe the 

sequence of development events and to show the different paths for a 

haematopoietic cell. The understanding of the determinants and 

mechanisms in the lineage fate decisions during normal haematopoiesis is 

of great importance for understanding the aberrations that may occur in 

haematological diseases.  

Figure 1.1 shows the roadmap of the updated classical model and surface 

markers used for purifying each cell population. The primitive HSC 
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population in bone marrow is enriched in lineage-cKit+Sca1+ (KLS) 

compartment (Spangrude G.J, 1988; Ikuta K, 1992). As a heterogeneous 

population, KLS is made up of the truly long term self-renewing HSC 

(LT-HSC), followed by ST-HSC with limited self-renewing ability and lastly 

multipotent progenitors (MPP) which exhibit low or no self-renewal ability 

(Christensen J.L, 2001; Kiel M.J, 2005; Kim I, 2006). 

In the classical model of the haematopoietic development, the first lineage 

fate decision is taken at the MPP stage and gives strictly separated 

lymphoid and myeloid progenitors. This model was supported on the basis 

of the prospective isolation and characterization of common lymphoid 

progenitors (CLPs) and common myeloid progenitors (CMPs) in bone 

marrow (Kondo M, 1997; Stinicka E, 2002; Akashi K, 2005; Karsunky H, 

2008). CLPs can only differentiate into all types of lymphoid lineages, 

including B, T and NK cells but not myeloid lineages. CMPs on the other 

hand can give rise all types of myeloid cells, including granulocyte, 

monocyte, megakaryocyte and erythroid cells, but not B or T cells. 

Intermediated progenitors of granulocyte/monocyte progenitor (GMP) and 

megakaryocyte/erythroid progenitor (MEP) generated by CMP will finally 

give rise to myeloid cells. The only exceptional cell type is dendritic cells 

which can be derived from both CLPs and CMPs (Inaba K, 1993; Gatly A, 

1995; Martin P, 2000; Manz M.D, 2001; Lu M, 2005). 
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As more progenitors are identified and characterized, the classical model of 

haematopoiesis has been challenged and modified.  The identification and 

prospective isolation of a MPP progenitor population in KLS compartment 

has been demonstrated to have robust lymphoid and G/M potential with little 

MK/E potential. This lymphoid-primed multipotent progenitor (LMPP) 

expressing high level of FLT3 is largely committed to the myelo-lymphoid 

lineage (Adolfsson J, 2001; Adolfsson J, 2005; Yang L, 2005; Mansson R, 

2007). Based on the differential cell surface expression of signalling 

lymphocytic activation molecule family member 1 (Slamf1/CD150), Endoglin 

(Eng/CD105), and Integrin α 2b (Itgα2b/CD41), a range of myeloid 

progenitor subsets with developmentally restricted lineage potentials were 

identified, including early lineage-restricted precursors for the 

granulocyte/macrophage, erythroid, and megakaryocytic lineages (Cornelis 

J.H. Pronk,2007). 

An alternative model is proposed as myeloid-based model (Kawamoto H, 

1997; Lu M, 2002; Kawamoto H, 2009). The model is based on the 

observations of lineage outcomes from mainly fetal liver cells, in which 

myeloid potential is retained in an early stage of branches toward erythroid, 

T-cell, and B-cell lineages. In the myeloid-based model, HSC first diverges 

into the common myelo-erythroid progenitor (CMEP) and a common myelo–

lymphoid progenitor (CMLP); the CMLP then generates T and B cell 
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progenitors through a bipotential myeloid–T progenitor and a myeloid–B 

progenitor stage, respectively. The myeloid-base model assumes that blood 

cells are capable of differentiating into myeloid cells through more than one 

pathway until their final differentiation into erythrocytes, B lymphocytes, and 

T lymphocytes. Moreover, there is no CLP like cells in this model. Latest 

evidence supporting the myeloid-base model came from the study of adult 

thymus where T-cell thymus progenitors have lost B-cell potential but retain 

macrophage potential (Wada H, 2008; Kawamoto H, 2010). 

1.1.3 Intrinsic regulators of HSC  

Both intrinsic and extrinsic mechanisms are involved in the regulation of 

HSC fate decision and processes of self-renewal, differentiation, apoptosis 

and quiescence (Zhu J, 2002; Krause D, 2002; Zon L.I, 2008). Intrinsic 

regulation of HSC refers to the transcription factors, modification of 

chromatin components and cell cycle status (Orkin S.H, 1995; Park I.K, 

2003; Ito K, 2004; Attema J.L, 2007; Pietras E.M, 2011). Recent papers 

suggested that mitochondrial function and energy homeostasis also 

contribute to the regulation of HSC function (Nakada D, 2010; Gan B, 2010; 

Gurumurthy S, 2010; Suda T, 2010). 

Transcription factors regulate HSC self-renewal and maintenance through 

either an activating or repressive manner. Deficiency of transcriptional 
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repressor Gfi1 causes increased proliferation and exhaustion of stem cells 

(Zeng H, 2004; Hock H, 2004). HoxB4 potently expands HSC in vivo and in 

vitro and conversely, deficiency of HoxB4 leads to reduced proliferative 

capacity of HSC (Helgason C.D, 1996; Thorsteinsdottir U, 1999; Antonchuk 

J, 2002; Björnsson J.M, 2003). Oncogene Bmi-1 is required for maintenance 

of adult self-renewing haematopoietic stem cells (Park I.K, 2003). 

Transcription factors play key roles in lineage choice during differentiation, 

such as GATA-1 for megakaryocyte and erythrocyte development, PU.1 for 

the myeloid lineage commitment and Ikaros for lymphoid development. 

Potentially, committed haematopoietic progenitors can also be 

reprogrammed by the instructive action of transcription factors. For example, 

forced expression of GATA-1 can reprogram common lymphoid progenitors 

as well as granulocyte/monocyte (GM) progenitors to differentiate into MegE 

lineages and inhibit normal lymphoid or GM differentiation (Kulessa H, 1995; 

Iwasaki H, 2003). 

Accumulating evidence shows that transcription factors work in networks 

called genetic regulatory networks (GRNs) which consist of the interactions 

between transcription factors and extracellular signals and govern 

haematopoietic stem cell development and identity (Matt Loose, 2007; Graf 

T, 2009). Simple module includes as few as two transcription factors. 

Transcription factors could work in antagonism manner such as the balance 
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between Bmi1 and Mel-18 regulating self-renewal of HSCs （Kajiume T，

2009); or as the reciprocal activation of GATA-1 and PU.1 marking initial 

myeloerythroid and myelolymphoid lineage choice（Arinobu Y，2007）. They 

can also work like GATA-1 and FOG-1 which induce terminal erythroid 

differentiation with FOG-1 acting either as an activator or repressor in 

conjunction with GATA-1 (Letting D.L, 2004). GATA-1 itself plays a direct 

role in activating FOG-1 expression through binding to GATA sites 

throughout the FOG-1 locus (Welch J.J, 2004).  More complicated example 

of regulatory circuit is made up of Gata2, Fli1, and Scl/Tal1 and their 

enhancers, Gata2-3, Fli1+12, and Scl+19 operates during specification of 

haematopoiesis in the mouse embryo. (Pimanda, J, 2007, Pimanda J.E, 

2010). Gene expression profiles of 38 distinct purified populations of human 

haematopoietic cells and the probabilistic models of gene expression and 

analysis of cis-elements in gene promoters were combined to decipher the 

general organization of their regulatory circuitry. The results revealed many 

densely interconnected cis-regulatory circuits and a large number of 

transcription factors that are differentially expressed across haematopoietic 

states, indicating a complex regulatory system for haematopoiesis 

(Novershtern N, 2011). 

A recent study, armed with advanced techniques of CHIP-seq and 

mathematical modelling, proved genomic evidence for the existence of a 
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core network for erythoid of >300 genes that are co-occupied and regulated 

by GATA-1, SCL, and Klf1. Furthermore, the mathematical modelling 

revealed that the dual mechanism used by both GATA-1 and PU.1 to 

repress an alternative lineage-specific transcriptional program for lineage 

specification (Wontakal S.N, 2012).  

1.1.4 Extrinsic regulators of HSC 

HSCs are also regulated by combinatorial extrinsic signals produced from 

the bone marrow microenvironment, including cytokines, signalling 

pathways and cell-ECM, cell-cell interactions with bone marrow niche 

(Lymperi S, 2010).  

1.1.4.1 Cytokines and signalling pathways  

Cytokines are secreted proteins and were identified and purified on the basis 

of their abilities to support in vitro formation of haematopoietic colonies from 

progenitors (Kaushansky K, 2006; Zhang C, 2008). For many 

haematopoietic lineages, one principal cytokine has been identified, such as 

thrombopoietin (TPO) for platelets (Kaushansky K.,1994; Kobayashi M, 

1995, Kaushansky K.,1999); erythropoietin (EPO) for erythroid cells (Koury 

M.J, 1990; Wu H, 1995), IL-15 for NK cells(Carson, W. E,1994), IL-7 for B 

and T cells(Grabstein, K.H,1993), and GM-CSF for granulocytes (Metcalf D, 

1986). Many cytokines were shown to regulate many HSC functions such as 
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SCF, Flt3, and TPO to enhance haematopoietic stem and progenitor cells 

proliferation, prevent apoptosis and support HSC quiescence (Henschler R, 

1994; Zandstra P.W, 1997; Buza-Vidas N, 2006; Yoshihara H, 2007). 

G-CSF has been clinically used to mobilize HSC in order to increase the 

number of progenitors in the circulation (Weaver A, 1996). Many soluble 

cytokines can bind directly to receptors on HSC cell, such as thrombopoietin 

(TPO) and its receptor Mpl (Yoshihara H, 2007; de Graaf C.A, 2011), SCF 

and cKit receptor (Ikuta K, 1992).   

Chemotactic cytokines, also known as chemokine, are capable of inducing 

directed chemotaxis in nearby responsive cells including both HSC and 

lymphocytes. Stromal cell-derived factor-1 (SDF-1/CXCL12), one of 

well-known chemokine, is responsible for HSC homing towards bone 

marrow and for retaining HSCs within the bone marrow (Christensen J. L, 

2004; Suarez-Alvarez B, 2012).  

Many signalling pathways have also been identified that regulate HSC 

self-renewal and expansion by ligand stimulation or by activation of their 

internal signals, including Notch, Wnts, TGF-β   d BMP  (Calvi L.M, 2003; 

Duncan A.W, 2005; Reya T, 2003; Trowbridge J.J, 2006; Sugimura R, 2012; 

Trowbridge, J.J, 2006; Yamazaki S, 2009; Zhang J, 2003) and arguably Shh 

(Bahardwaj G.B, 2001; Gao J. 2009; Hofmann I, 2009). 
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1.1.4.2 Extracellular matrix (ECM)  

The extracellular matrix (ECM), a three-dim   i     fibri   r pr t i  scaffold 

is an essential no cellular component of the adult stem cell niche (Lu P, 2012; 

Brizzi M.F, 2012). Both subendosteal reticulocytes and osteoblasts 

contribute to the production of extracellular matrix molecules, including 

collagen I, laminin, fibronectin, and decorin (Balduino A, 2005). The function 

of bone marrow ECM was suggested as allowing some HSCs to lodge at the 

subendosteal niche and regulating the migration of HSPCs (Reilly G.C, 2009; 

de Barros A.P, 2010). Analysis of the migratory behaviour of murine 

haematopoietic progenitor cells factor-dependent-cell-paterson (FDCP)-mix 

cells on ECM showed that migration on fibronectin (Fn) or laminin (Lam) 

were β1-integrins dependent (Strobe E.S, 1997). Recent studies, using 3D 

culture models of human bone marrow mesenchymal stem cells that mimic 

the subendosteal region or with Fn coated microcavities, showed that 

human haematopoietic progenitor cells migrated dynamically in and out of 

these complex structures and lodged within discrete regions (Kurth I, 2009; 

de Barros A.P, 2010).   

ECM proteins could also regulate growth factor bioavailability by 

establishing stable gradients of growth factors. SDF-1/CXCL12 induction of 

transendothelial migration in haematopoietic cells was suggested to depend 

on the immobilized chemokine fraction in the extracellular matrix (ECM) and 
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bone marrow stromal cells, which could be envisioned as a molecular road 

map for the migrating HSC (NetelenbosT, 2003; Kopp H.G,2005).    

1.1.4.3 Cell-cell interactions 

In the bone marrow microenvironment, HSCs are in cell-cell contact with 

some of the niche forming cells. In vitro expansion of HSC was achieved to 

certain level in co-culture system with stromal cells (Breems D.A, 1998; Jing 

D, 2010). 

It was suggested that HSCs receive messages from adjacent cells via gap 

junctions of which the expression of Connexin43 (Cx43) was critical in 

nonhaematopoietic cells of bone marrow (Cancelas J.A, 2000; 

Montecino-Rodriguez E, 2001; Gonzale-Nieto D, 2012). Cx43 can also play 

a protective role and regulates the ROS content in HSC through ROS 

transfer to the microenvironment (Taniguchi Ishikawa E, 2012).Moreover, 

the secretion of functional SDF-1/CXCL12 from human bone marrow 

stromal cells (BMSCs) was a cell contact-dependent event mediated by 

Cx43 and Cx45 gap junctions (Schajnovitz A, 2011).  

Cell adhesion molecules (CAM) are also shown to be involved in the 

crosstalk between HSCs and their niche. Cadherins promote cell-cell 

adhesion by binding to cadherins expressed by adjacent cells. N-cadherin 

molecules expressed on osteoblasts and HSCs anchor HSCs within their 

niche by homotypic adhesion and promote HSC quiescence (Zhang J, 2003; 
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Xie Y, 2009). However, the role of N-cadherin in HSC regulation within the 

niche and HSC homeostasis remains controversial (Li P, 2010; Levesque 

J.P, 2012).  

Other than the interaction with ECM proteins, integrin is also the main 

binding partner of vascular cell adhesion molecule 1(VCAM1), which is 

expressed on the surface of endothelial cells and osteoblastic lineage 

(Ulyanova T, 2007; Nakamura Y, 2010). Ingegrins are heterodimetric 

molecules and can also function as mechanosensors and bi-directional 

signalling receptors (outside-in and inside-out signalling) (Altrock, E. 2012). 

Among them, CD41 (Integrinα2b) is a marker of megakaryocytic lineage and 

key to platelet aggregation. CD41 expression has also been reported to 

mark the onset of murine primitive and definitive hematopoiesis (Robin C. 

2011; Dumon, S, 2012). Latest report shows that CD41+HSCs are mainly 

quiescent and exhibit myeloerythroid and megakaryocyte gene priming. 

(Gekas, C, 2013)  

1.1.4.4  Cellular compartments of bone marrow niches  

Two types of niches in bone marrow have been identified according to its 

location in the bone as well as their key component cells and they are 

believed to play different roles in HSC regulation. The osteoblastic-niche is 

located close to bone endosteal surface, and is later referred as endosteal 

bone-marrow HSC niche after new cells types along endosteum were 
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identified to contribute niche forming. Endosteal niche is important for HSC 

self-renewal and quiescence. The vascular-niche, on the other hand, exists 

in the centre of bone marrow, close to sinusoids, and is believed to 

contribute to the regulation of HSC expansion and differentiation (Figure 1.2.) 

(Kopp, H.G, 2005; Wilson A, 2006; Mendez-Ferrer S, 2010). 

 Osteoblast (OB) 

Osteoblasts are bone-forming cells and interact with HSCs at the interface 

between the bone and the marrow space.  An increase in the number of 

osteoblasts by administration of parathyroid hormone (PTH) or conditional 

inactivation of BMP receptor type IA (BMPRIA)  resulted in increased HSC 

numbers (Calvi L.M, 2003; Zhang J, 2003), while osteoblast ablation 

ultimately results in the loss of HSCs (Visnjic D,2004). HSCs are found in 

contact with a population of osteoblasts cells on the bone surface, termed 

spindle-shaped N-cadherin+CD45-osteoblastic (SNO) cells, which express 

a high amount of N-cadherin (Zhang J, 2003).  Osteoblasts secrete 

cytokines, such as granulocyte colony-stimulating factor (G-CSF), 

granulocyte-macrophage CSF (GM-CSF) and interleukin-6 (IL-6), which 

support HSC survival and differentiation. Osteoblasts also express factors 

that regulate HSC numbers, including angiopoietin, thrombopoietin, WNT, 

Notch, N-cadherin and osteopontin. 
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 Mesenchymal stem cells (MSCs) 

A recent study identified a unique niche component, Nestin+ mesenchymal 

stem cells (MSCs) that exhibit features of both osteoblastic and endothelial 

niches (Méndez-Ferrer S, 2010). This nestin-expressing MSC population is 

closely associated with putative HSCs, and is tightly associated with 

adrenergic nerve fibers of the sympathetic nervous system (SNS) that 

regulate HSC mobilization and are responsible for the circadian oscillations 

in circulating HSC numbers (Katayama Y, 2006; Méndez-Ferrer S, 2008). 

These MSCs express high levels of HSC maintenance factors, including 

SDF-1/CXCL12, stem cell factor (SCF), angiopoietin-1 (Ang-1), IL-7, 

vascular cell adhesion molecule 1 (VCAM1), and osteopontin (OPN), 

compared with any other stromal cell type including osteoblast cells.  

Osteoblast cells and mesenchymal stem cells are key cellular components 

of bone marrow endosteal niche and can be separated with ALCAM 

(activated Leukocyte Cell Adhesion Molecule) and Sca-1 expression within 

endosteal populations. Immature mesenchymal cell-enriched 

ALCAM-Sca-1+ cells express high level of cytokines related genes. 

Osteoblast-enriched ALCAM+Sca-1-cells significantly enhance the long 

term reconstitution activity of HSCs by the up-regulation of homing- and cell 

adhesion–related genes in HSCs (Nakamura Y, 2010). 
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 Bone marrow macrophages 

G-CSF mobilization results in a rapid depletion of endosteal osteoblast cells 

as well as a population of trophic endosteal macrophages (osteomacs or 

osteoclasts) that support osteoblast function. Depletion of bone marrow 

macrophages, in particular, a novel CD11b-F4/80-Ly6-G- phagocytic 

macrophage population, was sufficient to suppress endosteal osteoblasts 

and inhibit the expression of HSC-supportive cytokines at the endosteum 

and resulted in the reduction of HSC number (Kollet, 2006; Winkler I.G, 

2010; Lymperi S, 2010; Mansour A, 2012). Bone marrow CD169+ 

mononuclear phagocytes have been lately proved to play a role in 

HSC/progenitor retention by regulating maintenance of retention gene 

expression specifically in Nestin+ niche cells (Chow A, 2011). 

 Sinusoid endothelial Cell (EC) 

Endothelial cells (EC) line the interior of all blood vessels, composing the 

endothelium. Bone marrow ECs were found to support the proliferation and 

differentiation of haematopoietic progenitors in vitro via production of various 

cytokines and via physical contact (Rafii S, 1994; Rafii S, 1995). In vivo, 

HSCs expressing SLAM markers were detected adjacent to sinusoidal blood 

vessels throughout the bone marrow revealing a role of sinusoid endothelial 

cells in bone marrow niches (Kiel M.J, 2005). It has been recently reported 
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that HSCs require SCF from endothelial cells (Ding L, 2012) 

 CXCL12-abundant reticular (CAR) cells 

CXCL12-abundant reticular (CAR) cells are predominantly found in the more 

central areas of the marrow, with some tightly associated with sinusoidal 

endothelium and have a similar morphology to vascular pericytes (Sugiyama 

T, 2006; Crisan M, 2008). CAR cells express HSC maintenance proteins 

such as CXCL12 and SCF (Sugiyama T, 2006; Ding L, 2012). HSCs from 

CAR cell-depleted mice were reduced in number and cell size, were more 

quiescent, and had increased expression of early myeloid selector genes, 

similar to the phenotype of wild-type HSCs cultured without a niche(Yoshiki 

Omatsu,2010). 

 Bone marrow adipocytes  

In human, all bone marrow space is occupied with haematopoietic red 

marrow at birth, but with age, non-haematopoietic fatty marrow gradually 

dominates the space in bone marrow. It is generally believed that adipocytes 

act as passive space fillers in the marrow (Gimble J.M, 1996). A recent study 

showed that HSCs and progenitors are reduced in number, frequency and 

cycling capacity in adipocyte-rich bone marrow during homeostasis and that 

BM-derived adipocytes reduce the expansion of haematopoietic cells in 
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stromal transwell co-cultures in vitro (Naveiras O, 2009). These results 

indicate that adipocytes may act as a negative regulator in HSC niche. 

 Sympathetic nervous system (SNS) 

Study showed that signals from the sympathetic nervous system (SNS) 

trigger G-CSF induced mobilization (Katayaman Y, 2006). In steady state 

animals, photic cues which are processed in the central nervous system 

could influence the trafficking of HSCs. The secretion of SDF-1/Cxcl12 in 

bone marrow stromal cells was regulated through signals from the 

sympathetic nervous system. (Méndez-Ferrer S.D, 2008). Recent study 

showed that nonmyelinating Schwann cell w   r  p   ib   f r TGFβ 

activation for HSC maintenance. These glial cells ensheathed autonomic 

nerves and were in contact with a substantial proportion of HSCs. 

Autonomic nerve denervation reduced the number of these active 

TGFβ-producing cells and led to rapid loss of HSCs from bone marrow 

(Yamazaki S, 2011). Furthermore, signalling from the sympathetic nervous 

system was proved to regulate HSC emergence during embryogenesis 

(Fitch S.R, 2012). 
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 Regulatory T cells 

The niche is also suggested to protect stem cells from environmental insults, 

including cytotoxic chemotherapy and perhaps pathogenic immunity. Latest 

study with high-resolution in vivo imaging proved that regulatory T cells were 

co-located with HSPS on the endosteal surface in the bone marrow after 

allogeneic bone marrow transplantation and provided immune privilege to 

the haematopoietic stem cell niche (Fujisaki J, 2011; Mercier F.E, 2012). 

 

Notably, each cell type described was in close adjacent with one or more of 

the other cell types in bone marrow and worked in cohort to support HSC 

function in vivo. These results suggest that a single HSC can receive 

signalling instructions from multiple, distinct types of niche cells and HSCs 

may move among niches quite readily. One model of marrow 

haematopoietic cell regulation proposes that the entire bone marrow 

compartment should be visualized as a niche, with discrete areas and 

cellular elements serving distinct functions at different stages of 

haematopoietic development and differentiation (Ehninger A, 2011; Wang 

L.D, 2011; Ema H, 2012)  
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1.1.5 Coordination of intrinsic and extrinsic regulators 

Accumulating evidence has shown that HSC fate decision is regulated 

co-ordinately by intrinsic and extrinsic cues. Through their receptors 

expressed in HSC, many extrinsic signals, such as cytokines and signalling 

pathway ligands, trigger a cascade of biochemical events and eventually 

result in the activation or suppression of target genes (Duncan A.W, 2005).   

On the other hand, the intrinsic regulators play critical roles in controlling the 

HSC interaction with the environment. Oncogene c-Myc is essential for 

proliferation of lineage-committed haematopoietic cells in vivo and can 

negatively regulate HSC quiescence by controlling N-cadherin and other 

adhesion molecules expression.  Impaired differentiation of c-Myc-deficient 

HSCs is linked to their localization in the differentiation-preventative BM 

niche environment. (Wilson A, 2004). Rho GTPase Cdc42 maintains HSC 

quiescence and retains HSCs in the correct location in the BM niche by 

regulating the expression of key cell cycle regulators (including c-Myc and 

p21Cip1) and cell adhesion molecules (such as β1-integrin and N-cadherin) 

and the actin structure (Yang L, 2007; Cancelas J. A, 2009). 
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1.2 Nov  

1.2.1 Nov and CCN family  

NOV (Nephroblastoma overexpressed gene, CCN3) was first identified as a 

proto-oncogene in myeloblastosis-associated virus (MAV)-1-induced avian 

nephroblastoma, a model of Wilms tumor (Soret J, 1989; V Joliot, 1992). It is 

one of the three founding members of the CCN family of growth regulators 

which include CCN1 (Cyr61) and CCN2 (CTGF). The CCN family of proteins 

are secreted extracellular matrix (ECM) associated proteins and are 

involved in a wide range of important functional pathways, including 

adhesion, mitogenesis, migration and chemotaxis, cell survival, 

differentiation, angiogenesis, chondrogenesis, tumourigenesis and wound 

healing (Holbourn K.P, 2008). This family of proteins share several common 

structural modules: a signal peptide for secretion, an insulin-like growth 

factor binding protein domain (IGFBP), Von Willebrand type C repeat 

(VWC), thrombospondin type I domain (TSP-1) and cysteine knot carboxyl 

terminal (CT) (Figure 1.3.) (Perbal B, 2001; Perbal B, 2004; McCallum L, 

2009). 

Latest study using small angle X-ray scattering technique revealed the 3D 

structure of Nov protein as a long elongated flexible molecule that is 
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extended and may act as a scaffold for binding and coordinating ligand 

partners (Figure 1.4.) (Holbourn K.P, 2011). 

NOV protein has several isoforms lacking one or two of the basic modules 

which are found in many types of tissues and tumours (Lazar N, 2007). The 

full length NOV and its truncated isoforms are believed to have different 

biological functions (Bleau, A. M, 2007; Katsuki Y, 2008; McCallum L, 2009). 

For example, the amino-truncated variants of NOV but not the full length 

protein could be driven to the nucleus by the CT domain (Planque N, 2006). 

CT domain was also shown to associate with the epidermal growth 

factor-like repeats of Notch1 and activate the promoters of HES1 and HES5 

which are the downstream transducers of Notch signaling (Sakamoto K, 

2002). 

1.2.2 Regulation and function of Nov  

NOV is expressed in many tissues, including brain, lung, heart, kidney, liver, 

spleen, thymus and skeletal muscle (Liu C, 1999). Many reports suggested 

that Nov regulates cell proliferation, adhesion, migration, differentiation, 

apoptosis, and extracellular matrix production in a cell-dependent manner 

(Perbal B, 2001; Manara M.C, 2002; Vallacchi V, 2005).  

In fibroblasts, 3T3 cells, treated with recombinant NOV protein, showed a 

dose-dependent increase in proliferation and an induction of tyrosine 
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phosphorylation of an unknown 221 kDa protein (Liu C, 1999). Knockdown 

Nov using small interfering RNA in primary liver cells or cell lines could 

enhance expression of profibrogenic genes and inhibit cell migration 

(Borkhan-Kamphorst E, 2012).  

Melanoma cells, overexpressing NOV showed increased adhesion to ECM 

proteins, whereas inhibition of NOV expression decreased adhesion to 

laminin and vitronectin. Moreover, NOV secreted by melanoma cells acted 

as an adhesion matrix protein for melanoma cells themselves (Vallacchi, V, 

2008). 

In human sarcoma, NOV increases cell motility and MMP-13 and 

cyclooxygenase (COX) expression through integrin dependent pathway 

(Tzeng, H. E.2011; Huang C.Y, 2010). Nov promoter could be induced by 

p53 through a response element +47-+336 in the first intron, and as a result, 

Nov could be up-regulated by p53 expression (Bohlig L, 2008). 

In breast cancer cells, NOV could bind to the cytoplasmic tail of the gap 

junction protein connexin43 (Cx43). Overexpression of NOV reduces growth 

and increases the activity of the small GTPase Rac1 and intercellular 

adhesion. (Sin, W. C., 2009) 

In glioma cells, overexpression of Cx43 up regulated the expression of NOV 

which resulted in reduced growth rate (Gupta, N, 2001; Sin, W. C, 2008). At 

the stationary growth phase of glioma C6-Cx43H cells, NOV protein could 
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be observed in Cx43 gap junction plaques by immunofluorescence imaging 

(Sin, W. C., 2008). 

1.2.3 Nov mutant transgenic mice 

Several Nov transgenic mouse lines have been reported recently. The first 

Nov mutant mice (Nov3del) were generated by replacing Nov exon 3(VWC 

domain) with a TK neomycin cassette which results in production of a barely 

detectable level of mutant NOV protein instead of full length NOV protein 

(Figure 1.5.) (Heath E, 2008). Nov3del mutant mice exhibit several 

abnormalities including enlarged vertebrae, elongated long bones, enlarged 

and abnormal modelled endocardial cushions in heart and muscle atrophy. 

Primary embryo fibroblast (PEF) from Nov3del mutant embryos showed 

enhanced chondrogenesis and osteogenesis (Heath E, 2008). Although the 

Nov knockout mice reported later showed no apparent skeletal 

abnormalities, there was a similar increase in osteoblast surface, bone 

formation and bone remodelling in older mice (Canalis E, 2010). The 

Nov12del mutant mice were generated by replacing exon 1, 2 and part of exon 

3 with a PGK-neo cassette. Analysis of Nov12del mutant mice indicated the 

function of Nov in vascular homeostasis, especially on injury (Shimoyama T, 

2010). 
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On the other hand, transgenic mice overexpressing Nov under the control of 

the human osteocalcin promoter had normal weight and exhibited a 35% 

decrease in femoral trabecular bone volume and trabecular cell number. In 

contrast to Nov3del mice, there was a decrease in osteoblast number per 

area, but not per surface, indicating no actual change in osteoblast number 

(Canalis E, 2007). 

1.2.4 Nov in HSC and leukaemia 

NOV can be detected in human serum (Thibout H, 2003; Gellhaus A, 2007) 

and is expressed in haematopoietic cells at various stages during 

haematopoiesis. A micro array study comparing haematopoietic stem and 

progenitor cells with committed progenitors from human cord blood and 

bone marrow showed that NOV expression level decreases along with 

differentiation (Eckfeldt C.E, 2005). The function of NOV in HSC was 

reported recently in human cord blood where NOV was identified as a 

positive regulator of haematopoietic stem and progenitor cells and 

knockdown of NOV in HSC abrogates their function (Gupta R, 2007).  

In mouse primary haematopoietic cells, Nov was found highly expressed in 

N-cadherinlo HSCs which were proposed to be primed to respond to 

migratory cues and other regulatory signals (Haug J.S, 2008). Nov 

expression could be induced by GM-CSF treatment in GMP (Kimura A, 2009) 
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or by IL3 treatment in KLS through STAT5A/B which binds Nov promoter 

(Kimura A, 2010).  In FDCPmix cells, a haematopoietic multipotent mouse 

progenitor cell line, Nov expression was down regulated during 

differentiation (Bruno, L.2004). Furthermore, ChIP-chip analysis of mouse 

ES cell–derived HSCs/HPCs for Hoxb4, a critical transcription factor of 

HSCs self-renewal, identified Nov as a target gene as well as Gfi1, Gata2, 

Runx1 (Ohshima M, 2011). 

NOV has been related to leukaemia (McCallum L, 2006; McCallum L, 2009). 

Transfecting NOV into K562, a Chronic Myeloid Leukaemia (CML) cell line, 

inhibited proliferation, decreased clonogenic potential and enhanced 

apoptosis (McCallum L, 2009). Cells from CML patients responding to the 

tyrosine kinase inhibitor, imatinib, showed a decrease in BCR-ABL and 

increase in NOV expression. This correlation between BCR-ABL and Nov 

expression can also be observed in FDCPmix where Nov was down 

regulated as a direct consequence of BCR-ABL kinase activity (McCallum L, 

2006). Mi r  NA 130α/β has been identified as a target of BCR-ABL to 

down regulate expression of CCN3 in CML (Suresh S, 2011). A recent study 

showed a reduced mitogenic signaling in NOV overexpressing K562 at the 

phosphorylation levels of ERK and AKT. NOV overexpressing K562 cells 

also di p  y d i  r    d  d   i   t  m trig  ™   mp r d t  K562    tr   

where a similar increased expression of the alpha 6 and beta 4 integrins 
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were observed (McCallum L, 2012). 

1.2.5 Mechanism of Nov function in HSC regulation and HSC 

niche 

The study of Nov in haematopoiesis is just beginning. The function and its 

mechanisms of Nov in haematopoiesis remain largely unknown. 

At the molecular level, knockdown of NOV expression (Novi) in human cord 

blood CD34+ cells resulted in down regulation of Bmi1 and Gfi1 which may 

explain the impaired HSC function. There was also an indication that NOV 

may be involved in the Notch signalling pathway as Novi cells showed an 

impaired Hes1 transcriptional response after addition of the Notch ligand 

Jagged1(Gupta R, 2007). 

Lessons learned from other cell types, especially osteoblast, mesenchymal 

stem cells and endothelial cells present in the HSC niche, may shed light on 

the function of Nov in HSC and niche regulation (Table 1.1). Nov is 

expressed by osteoblasts in bone marrow and Nov expression inhibits 

osteoblast differentiation by binding to bone morphogenic protein-2 (BMP-2), 

preventing phosphorylation of SMAD proteins and simultaneously activating 

the Notch signalling pathway (Tokutaro Minamizato, 2007; Kawaki H, 2011; 

Ouellet V, 2012). In cultured osteoblast, treatment with Nov protein was 

shown to increase BMP4 expression and bone nodule formation. 
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Furthermore, m            tib di   f r α5β1   d αvβ5 i t gri  ,   d 

inhibitors of integrin-linked kinase (ILK), p38, and JNK, all inhibited 

Nov-induced bone nodule formation and BMP-4 up regulation of 

osteoblasts.(Tan T.W,2012) . 

In osteogenic mesenchymal stem cells, Kusa-A1, Nov is shown inhibit 

osteogenic differentiation and cell proliferation; accompanied by up 

regulation of Hes/Hey, Notch downstream targets, and p21, a CDK inhibitor. 

Deletion of CT domain abrogated the regulation of Hes/Hey and p21 

(Katsuki Y, 2008).  

In a recent study, the endosteal niche populations in bone marrow were 

isolated and characterized for their HSC support activity. The endosteal 

CD45-TER119-CD31- population could be dissected into 3 populations 

using ALCAM and Sca1 antibodies: immature mesenchymal cell-enriched 

ALCAM-Sca-1+cells, osteoblast-enriched ALCAM+Sca-1-, and 

ALCAM-Sca-1- cells. All three populations were able to maintain the long 

term repopulation (LTR) activity of HSC in vitro. But, the osteoblast enriched 

ALCAM-Sca-1+ cells showed significantly greater potential for maintenance 

of LTR activity of HSCs. Interestingly, the immature mesenchymal 

cell-enriched ALCAM-Sca-1+cells showed reduced capacity to maintain 

HSC LTR activity after co-culture, in the meantime, these cells could 

increase the CFU frequency of HSC in the co-culture system. Gene 
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expression analysis by microarray showed that this immature mesenchymal 

cell-enriched population expressed higher level of growth factors, cytokines, 

chemokines and adhesion molecules known to be involved in the regulation 

of quiescence and proliferation of HSCs.  Interestingly, Nov is highly 

expressed in this population compared to the other two. (Nakamura Y, 

2010). 

In endothelial cells, Nov has been shown to be a positive growth regulator 

and supports cell-adhesion, migration and survival, possibly through multiple 

cell surface receptors, including integrins α5β3, α5β1, α6β1, and heparan 

sulfate proteoglycans (Lin C.G, 2003).  

Taken together, these results indicate that Nov may also be involved in the 

regulation of HSC through niche. Accordingly, it has been hypothesized that 

NOV secreted by mesenchymal stromal cells may regulate the growth and 

differentiation of neighbouring osteoblasts and HSCs through Notch and 

BMP signalling pathways (Katsube K, 2009) (Figure 1.6.). 

This model describes a possible functional mechanism of Nov in 

haematopoietic stem cells and indicates a role of Nov in the stem cell niche. 

Indeed, Nov expression level is higher in HSC-supportive stromal cells lines 

than those non-supportive stromal cells (Charbord P, 2005). Nov expression 

can also be up regulated in OP9 stromal cells as a result of direct contact 

with B-cell progenitors in culture (Zetterblad J, 2010). 
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However, the proposed model is incomplete as there are some fundamental 

elements missing: 

1) In this model, the function of Nov in HSC is based on the observation of 

human cord blood. It has not been investigated for Nov function in adult 

HSCs yet. It is not clear whether the function of Nov in adult HSCs is the 

same as in cord blood HSCs. Other than their fetal developmental stage, 

HSCs derived from cord blood show distinctive cell division kinetics (da 

Silva CL, 2009) and reside in a very different microenvironment (Dao 

M.A, 2007). Umbilical cord is more highly oxygenated than the BM 

microenvironment, and there is lack of osteoblast cells which is a key cell 

component in bone marrow niche (Dao M.A, 2007). Therefore, to 

validate the model, it is necessary to examine the function of Nov in adult 

HSC.   

2) In this proposed model, Nov is described as an extrinsic regulator only 

for HSC function. However accumulating evidence showed that Nov is 

also endogenously expressed in HSCs. In human cord blood CD34+ 

HSCs, knockdown of Nov resulted in the reduction of long term 

reconstitution activities of HSC. Therefore, in order to understand the 

role of Nov in HSC and niche, it is important to compare the function of 

endogenous Nov and how HSC response to Nov cue from outside.  
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3) As a protein expressed and possibly secreted by HSC and three key cell 

components in the niche, does Nov represent a bi-directional interaction 

between HSCs and their niche? 

1.3 Aims of the thesis and project outline 

The function of Nov in haematopoiesis is poorly understood and the 

mechanisms of Nov function in the haematopoietic system remains largely 

unknown. In this thesis, I aim to delineate the mechanism of Nov functions in 

mouse haematopoiesis using the following approaches: 

1). Lentiviral based approach were deployed to modulate Nov expression in 

mouse haematopoietic stem and progenitors to understand the function of 

Nov and to identify its cellular targets during haematopoiesis.  

2). The haematopoietic system of Nov3del mutant mice was characterized in 

order to understand the function of Nov during haematopoiesis in 

homeostatic stage.  

3). Nov function was examined in haematopoietic stem and progenitor cells’ 

interaction with HSC microenvironment. Nov function was examined for cell 

adherence and migration with FDCPmix cells. HSC supportive stromal cells 

were manipulated for Nov expression and tested for their HSC supportive 

activity in co-culture.  
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Figure.1.1: Road map of HSC differentiation to mature lineage cells: 

the classical model 

 



45 

 

In the classic model of the haematopoiesis, the HSC resides at the top of the 

hierarchy and is defined as the cell that has both the self-renewal capacity and the 

potential to give rise to all haematopoietic cell types. Throughout differentiation, 

HSCs gradually lose their self-renewal capacity and lineage potential as they 

commit to become functional cells of a certain lineage. 

T   gr     v   r pr    t  t   primitiv  KLS (Li −S  -1+ Kit+) “HSC” 

compartment, which can be divided into LT-HSC, ST-HSC and LMPP according to 

the timing of repopulation and lineage output in bone marrow reconstitution assays. 

In the classic model of haematopoiesis, the earliest fate decision downstream of 

HSC is the separation of common myeloid and common lymphoid commitment 

pathways, giving rise to CMP and CLP respectively. It is currently believed that 

restriction of erythroid lineage is the first step of HSC start to commit for 

differentiation. Recent evidence suggests that CMP may not constitute a single 

compartment and can be separated into pre-MegE and pre-GM progenitors. 

Dashed arrows represent differentiation pathway of which the intermediate 

precursors are yet to be identified. Surface markers for mouse HSC and myeloid 

progenitors are indicated. 

KLS, lineage-, cKit+, Sca1+ cells; LT-HSC, long-term HSC; ST-HSC, short-term 

HSC; LMPP, lymphoid-primed multipotent progenitor; CLP, common lymphoid 

progenitor; CMP, common myeloid progenitor;  preMegE, early 

lineage-restricted precursors for erythroid and megakaryocytic lineages; MkP, 

megakaryocyte progenitor population ; preCFU-E, early lineage-restricted 

precursors for erythroid; CFU-E colony-forming unit erythrocyte; preGM, early 

lineage-restricted precursors for the granulocyte/macrophage; GMP, 

granulocyte/macrophage progenitor; EPT, early T cell progenitor. 
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Figure.1.2: Schematic representation of the key compartments of the 

HSC niche in bone marrow 

The HSC microenvironment or niche in bone marrow is made up of a complex of 

molecular and cellular structures. Two types of niches in bone marrow have been 

identified according to location in the bone as well as their key component cells and 

are believed to play different roles in HSC regulation. The endosteal niche, close to 

bone endosteal surface is important for HSC self-renewal and quiescence. The 

vascular niche, on the other hand, exists in the centre of bone marrow close to 

sinusoids, and is believed to regulate HSC expansion and differentiation (Kopp, 

H.G, 2005; Wilson A, 2006; Mendez-Ferrer S, 2010). 

HSC, haematopoietic stem cell; OB, osteoblast; MSC, mesenchymal stem cells; 

EC, endothelial cells; CAR, CXCL12-abundant reticular cells; SNS,  the 
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sympathetic nervous system; Treg, regulatory T cells; ECM , extracellular matrix ; 

OPN, osteopontin ; SCF , stem cell factor; CAM, Cell Adhesion Molecules 
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Figure.1. 3: Structure of the CCN protein family 

 

CCN proteins are comprised of a signal peptide (SP) followed by four structurally 

distinct domains: insulin-like growth factor binding protein domain (IGFBP), von 

Willebrand type C repeat (VWC), thrombospondin type I domain (TSP-1) and 

cysteine-rich carboxyl terminal (CT). CCN proteins share 60% amino acid 

homology and contain highly conserved residues (dark grey) and sequences 

associated with domain function (light grey). 

Adapted from L. McCallum, 2009.  
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Figure.1.4: The 3D modular arrangement of Nov protein  

The small angle x-ray scattering model revealed the molecular shape and possible 

general three-dimensional modular arrangement of Nov proteins in solution: long 

elongated flexible molecules that are extended and may act as a scaffold for 

binding and coordinating ligand partners. The protein was made with an N-terminal 

thioredoxin (Trx) to help with the formation of disulfide bonds.  The domains are 

colored with the Trx tag in black, the IGFBP domain in red, the VWC domain in 

blue, the TSP domain in yellow, and the CT domain in green.  

From Holbourn K P et al. J. Biol. Chem. 2011 
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Figure.1.5: Strategy of making Nov3del mutant mice and the expression 

level of Nov3del mutant protein 

A. Schematic diagram showing wild type and targeted Nov alleles, the targeting 

construct, and the positions of the primers used for genotyping. The 

TkneopolyA cassette replaces exon 3 in the targeted allele while the HSV TK 

cassette allows negative selection with Gancyclovir. 

B. Western blotting of whole cell lysates and conditioned media from Nov3del 

homozygous and wild type E13.5 primary embryonic fibroblast cells (PEF), 

using an anti-NOV antibody. Although NOV protein is readily detectable in wild 

type PEF whole cell lysates, no NOV protein can be detected in Nov3del 

homozygous PEF. Conditioned medium from wild type PEF contains high levels 
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of secreted NOV, whereas that from Nov3del-/- PEF contains trace amounts of 

mutant NOV protein lacking the VWC domain. 

 

Adapted from E. Heath et al. 2008
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Table 1.1: The functions of Nov in key cellular components of bone marrow HSC niche 

Cell type Roles in HSC regulation and niche Endogenous expression 

level of Nov 

Functions of Nov References 

Osteoblast express high levels of HSC maintenance 

factors;  

direct contact with HSC;  

important for HSC self-renewal  

+ inhibit osteoblast 

differentiation and cell 

proliferation 

Tokutaro Minamizato, 

2007; Katsuki Y, 2008; 

Kawaki H, 2011; Ouellet V, 

2012;  

Mesenchymal stem cells express high levels of HSC maintenance 

factors;  

direct contact with HSC; 

regulate HSC mobilization;  

++ inhibit osteogenic 

differentiation and cell 

proliferation 

Katsuki Y, 2008; 

Katayama Y, 2006; 

Méndez-Ferrer S, 2008; 

Nakamura Y, 2010 

Osteoclast HSPC mobilization and retention in niche; 

regulation of osteoblast for bone formation 

? suppresses osteoclast 

differentiation ; enhance 

osteoclastogenesis and 

bone resorption 

Kollet, 2006; Winkler I.G, 

2010; Lymperi S, 2010; 

Mansour A, 2012; Chow A, 

2011Canalis E, 2010; 

Ouellet V, 2012 

Endothelial support the proliferation and differentiation 

of HSPC  in vitro via production of 

various cytokines and via physical contact; 

SLAM+ HSCs were detected adjacent to 

sinusoid endothelial cells 

+ positive growth regulator 

and support cell adhesion, 

migration  

Rafii S, 1994; Rafii S, 

1995; Lin C.G, 2003; 

Kiel M.J, 2005; 

Ding L, 2012 
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Figure.1.6: A hypothetical role of Nov in HSC and the bone marrow 

niche 

In the original model, Nov (yellow) secreted by mesenchymal stromal cells 

regulates the growth and differentiation of neighbouring osteoblasts and HSCs 

through Notch and BMP signalling pathways. However there are some important 

elements missing from this model. Firstly, although it is clear that Nov negatively 

regulates osteoblast differentiation; its function in HSCs that reside in the bone 

marrow niche remains unexplored (red arrow). Secondly, Nov is also expressed 

and may be secreted by osteoblast and HSCs, as indicated by blue arrows. Does 

Nov affect HSC function as an intrinsic regulator or an extrinsic signal, or both? 
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Finally, as a secreted protein produced by three key components in bone marrow 

niche, could Nov represent bi-direction interaction between HSC and their niche?  

 

Modified from Katsube K., 2009. 
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CHAPTER2. 

MATERIALS AND METHODS 
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Mice 

C57BL/6 (CD45.2) and B6SJLCD45 (CD45.1) were purchased from and 

kept at the BioMedical Service in John Radcliffe Hospital (BMS), or at 

Cancer Research UK London Research Institute (Lincoln Inn field).  

Nov3del mutant mice (129 backgrounds, CD45.2+) were kindly provided by 

Dr. Boulter. A (Cambridge University). The re-derivation was performed by 

Harlan to achieve the Specific Pathogen Free (SPF) health status before 

the mice were transferred to the BMS.  

Animal care and experiment procedures were strictly in accordance with 

the Guidelines of University of Oxford and London Research Institute 

(Lincoln Inn field). 

Lethal irradiation for bone marrow transplantation was performed 

according to the regulation of our Project License. Whole body irradiation 

with maximum dose of 10 Gy was split into two equal fractions with at least 

4 hours interval between them. The mice were given antibiotic water one 

week before the irradiation in order to minimize the possible adverse 

effects and infection caused by the irradiation. The mice would be 

humanely killed using a schedule 1 method if severe side effects were 

observed, such as acute considerable body weight loss.  
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Cell preparation and flow cytometry analysis 

Red blood cell lysis 

Peripheral blood, or spleen or bone marrow cells were treated with ACK 

buffer (0.15M NH4Cl, 1.0mM KHCO3, and 0.1mM EDTA) for red blood cells 

lysis before antibody staining or microbeads incubation.  

Cell enrichment 

Before cell sorts for KLS or progenitor populations, bone marrow cells were 

enriched by lineage depletion or cKit enrichment using MACS® Cell 

Separation (Miltenyi Biotec): either MACS magnetic column or autoMACS 

f    wi g t   m  uf  tur r’  r   mm  d ti   . T    t i i g buff r f r 

antibodies were PBS/10%FBS (Fetal bovine serum). The MACS buffer 

used for microbeads incubation was PBS/0.5% FBS. 

Lineage depletion  

For lineage depletion, cells were incubated with lineage antibody cocktails 

at 1 in 100 dilution, including: B220, CD3, CD4, CD8, Mac1, Gr1 and 

Ter119. 

If purifi d   tib di   w r  u  d, 100μ  108       w r  i  ub t d wit  10μ  

Goat-anti-rat IgG microbeads for 15min at 4°C. After washing with PBS, a 
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maximum of 109 cells were applied onto a MACS LD column. The lineage 

depleted cells were later identified with Goat anti-rat F(ab')2 IgG(H+L) 

Tricolor/PECY5 antibody by FACS. 

If bi ti    b    d   tib di   w r  u  d, 100μ  108 cells were incubated with 

10μ    ti-biotin microbeads for 15min at 4°C. After washing with PBS, all 

cells were applied onto auto MACS machine. The lineage depleted cells 

were later identified with anti-biotin antibody by FACS. 

cKit enrichment  

cKit enrichment was performed without red blood cell lysis. Total bone 

marrow cells were harvested and counted. Up to 108 cells were incubated 

i  100μ  wit  2.5μ   Kit mi r b  d   t 4°C for 20min. After washing with 

PBS, maximum of 109 cells were applied to a MACS LS column. cKit 

enriched cells were later identified with cKit antibody. 

Cell staining for FACS analysis or cell sorts 

The instruments used for FACS analysis or cell sorts are listed in Table 2.1. 

All antibodies used for FACS were titrated before use to optimise the 

dilution and incubation time. The staining procedures were performed in 

PBS/10%FBS on ice avoiding direct light. The appropriate unstained, 

single color controls and isotype controls were used for compensation and 



 
 

59 

 

gate definition. Table 2.2 lists all the antibodies used in this thesis and their 

applications. Information on fluorochromes conjugated to antibodies is 

listed in Table 2.3.   

Representative histograms for KLS, Akashi progenitor dissection and 

Pronk progenitor dissection are shown in Figure 2.1.A with the gating 

strategy (Akashi K, 2000; Adolfsson J, 2005; Pronk C.J, 2007). The lineage 

distribution in bone marrow is showed in Figure 2.1.B. for the staining 

combination and gate definition. In transplantation experiments, the donor+ 

and GFP+ cells were gated before lineage analysis (Figure 2.1.C).  

Complete blood count (CBC) test 

Fresh peripheral blood was evaluated for Nov3del mutant mice. The 

parameters were assessed using an automated instrument (Hemavet 

FS950; Drew Scientific) according to the m  uf  tur r’  r   mm  d ti   .  

Bone marrow reconstitution assay 

2×104 virally transduced KLS from C57BL6 (CD45.2) mice were harvested, 

mixed with 2×105 fresh competitor bone marrow cells obtained from 

congenic B6SJL (CD45.1) mice, and were injected via the tail vein into 

lethally-irradiated (10 Gy) CD45.1 recipient mice. 
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2×106 freshly prepared Nov3del (CD45.2+) bone marrow cells were mixed 

1:1 with B6SJL (CD45.1) competitor bone marrow and transplanted into 

lethally-irradiated CD45.1 recipients. 

Peripheral blood was collected at 1 month, 2 month and 4 months to 

determine engraftment efficiency and lineage reconstitution. Engrafted 

cells detected in peripheral blood at 1 month and 2 month represent the 

progenitor and short-term stem cells from donors. By 4 months, engrafted 

multi-lineages cells are mainly derived from long-term stem cells of donor 

(Yang L. 2005). At the end of the 4th month, recipient animals were 

sacrificed and analysed for reconstitution in bone marrow and spleen. In 

some experiments, thymus were collected and analysed for T cell 

development. 

For secondary transplant experiments, whole bone marrow from primary 

recipient mice were harvested and counted for nucleated cells. Around 

5-6×106 total nucleated cells were injected via the tail vein of 

lethally-irradiated recipient (B6SJLCD45.1). Peripheral blood was collected 

at 1 month, 2 month and 4 months to analyse engraftment efficiency and 

lineage reconstitution.  
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Cell culture 

Establishment of bone marrow stroma 

Flushed or crushed mouse bone marrow was resuspended into single cells 

wit  ut r d       y i    d  u tur d i  My   Cu t™ M5300 wit  10-6 M 

hydrocortisone. The culture was incubated at 33°C with half-medium 

changes weekly for up to three weeks or until an adherent layer has 

established.  

For the CAFC assay, stromal cells were trypsinized and irradiated at 15Gy 

before being plated into 96-well plates at 106 cells per plate in M5300 

medium.  

To test the stroma function after manipulating Nov expression, confluent 

stromal cells were split the one day before the transduction of lentivirus. 

The cells were left to grow in M5300 for another 6-7 days until confluent. 

GFP+ cells were sorted and plated either in 24 wells plate at 105 cells per 

well for migration assay or in 96 wells plate at 104 cells per well for KLS 

co-culture. The cultures were kept in M5300 with hydrocortisone and were 

ready to be used within 7 days.   
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Culture of cell lines 

K562 cells (Human Chronic Myelogenous Leukaemia) were cultured in 

RPMI 1640 medium (Gibco) supplemented with 10% FBS. The cells were 

fed twice a week. 

293T cells (Human Embryonic Kidney 293 cells that contain the SV40 

Large T-antigen) were cultured with DMEM (Dulbecco's Modified Eagle 

Medium, Gibco) supplied with 10%FBS. Cells were routinely split every 2-3 

days. 

FDCPmix (Factor-Dependent Cell Paterson-mix) is a multipotent cell line of 

haematopoietic stem cells obtained by long-term mouse bone marrow 

culture. FDCPmix were cultured with Fischer's medium (Gibco) supplied 

with 20% horse serum (HS) and 2% mIL3 conditioned medium. Both horse 

serum and IL3 conditioned medium were batch tested before use. SFEM 

(St mSp  ™ S rum-Free Expansion Medium, STEMCELL 

Technologies) was used for FDCPmix serum free culture supplied with 

10ng/ml recombinant mIL3. Cells were split every 3 or 4 days at 3-5×104/ml 

into fresh medium. 
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In vitro analysis of HSPC function 

Cell proliferation assay 

To analyse the effects of manipulating Nov expression on HSC/HPC cell 

growth, cells transduced with either CSGW-mNov virus or LLX-Novi virus 

were examined for GFP expression 2 days after transduction. In some 

experiments, GFP+ cells were purified by FACS sorting. Cells were further 

cultured in expansion or differentiation conditions for another 6-14 days. 

Cell growth was determined by viable cell counts and GFP+ percentage as 

checked by FACS. 

CAFC assay 

The Cobblestone-Area-Forming Cell (CAFC) assay permits determination 

of frequencies of haematopoietic cells with proliferation potential at limiting 

dilution in vitro (Ploemache R.E, 1989; de Haan G, 2000; Olesen G, 2001). 

Testing bone marrow cells were plated in five serial dilutions from 105 to 

6,250 cells each well on pre-irradiated stroma in 96-well plates. For 

transduced KLS cells, cell density and dilutions were adjusted according to 

total GFP+ cell number collected. Each dilution was plated in 10 replicate 

w    . C     w r  k pt i  My   Cu t™ M5300 wit     f m dium     g d 

weekly. After 5 weeks, individual wells were evaluated for the presence of 
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a cobblestone area. Only wells containing clusters of at least 3 cells 

growing underneath the stroma were scored as positive. CAFC frequency 

was then calculated based on the frequencies of negative wells per test cell 

dilution using Poisson statistics (L-Calc software, Stem Cell Technologies). 

CFC assay 

Haematopoietic progenitors that are committed to differentiating into a 

limited number of cell lineages can be detected by the colony forming cell 

(CFC) assay. Test cells were plated in methylcellulose-based medium to 

allow individual haematopoietic progenitors to form a discrete colony which 

contains mature progeny cells. Colonies were scored after 9-14 days. 

M3234 supplemented with cytokine cocktails of 10ng/ml rmIL3, 10ng/ml 

rmIL11, 100ng/ml rmSCF, 10ng/ml rmGM-CSF, 10ng/ml rmTPO and 

10U/ml hEPO was used for primary cell populations. M3234 supplemented 

with 10ng/ml rmIL3, 100ng/ml rmSCF and 10U/ml hEPO was used for 

FDCPmix. M3434 adding 10ng/ml rmTPO was used for whole bone 

marrow cells. Colony types were scored as described below: CFU-MIX, 

colony forming unit granulocyte, erythrocyte, monocyte/macrophage, 

megakaryocyte; CFU-GM, colony forming unit granulocyte, monocyte; 

CFU-M, colony forming unit monocyte; CFU-G, colony forming unit 

granulocyte; and BFU/CFU-MegE, burst-forming unit erythrocyte and 
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colony forming unit megakaryocyte and erythrocyte. Representative colony 

morphology is shown in Figure 2.2. 

For replating experiments, the cells were harvested from the whole dish 

after colony scoring, and were washed with PBS twice. Cells were counted 

and plated again into new methylcellulose-based medium. 

BrdU cell cycle analysis 

The immunofluorescent staining of incorporated bromodeoxyuridine (BrdU) 

and 7-amino-actinomycin D (7-AAD) that binds to total DNA were used to 

define cell cycle position (i.e., G0/G1, S, and G2/M phases). APC BrdU 

F  w Kit (BD P  rmi g  ™) w   u  d f    wi g t   m  uf  tur r’  

protocol. 

Ki67 cycle analysis 

The Ki-67 protein (also known as MKI67) is a cellular marker for 

proliferation which is present during all active phases of the cell cycle (G1, 

S, G2, and mitosis), but is absent from resting cells (G0).  Ki67 PE kit (BD 

P  rmi g  ™) was used to determine the cell cycle position to replace 

BrdU assay for primary cells culture. The cells were prepared according to 

t   m  uf  tur r’  pr t    . 
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Annexin V apoptosis detection 

A   xi  V (BD P  rmi g  ™) t  t bi d  m mbr    p   p   ipid 

phosphatidylserine (PS) was used to detect the early apoptosis signal 

f    wi g t   m  uf  tur r’  pr t    . DNA stains Hoechst33258 

(pentahydrate (bis-benzimide)) was added to the cells at a final 

concentration of 5μg/ml at the end of staining to detect dead cells within the 

culture.  

Cell migration assay 

Transwell inserts (Costar, 5.0um polycarbonate membrane, 6.5mm inserts) 

were used for cell migration     y     rdi g t  t   m  uf  tur r ’ 

instruction. Briefly, fresh medium were first added to the multiple well plate 

with/without confluent growing stromal cells. Then the Transwell inserts 

were placed into the wells, and medium added to the inside compartment 

of the transwell insert. The plates with transwell insert and medium were 

either incubated for overnight or used straight for testing cell migration. 

2×105 FDCPmix cells were applied onto the top of the transwell inserts and 

incubated for 3-4 hours in 37°C with 5% CO2 for the cells to migrate 

through pores to the bottom wells. Cells from both top and bottom of the 

well were harvested and scored by Trypan Blue viable counts. The 
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migration rate was calculated as the percentage of the migrated cells at 

bottom versus the total cell number tested. 

Preparation of lentivirus and lentiviral transduction 

Production of high titre lentivirus  

Lentiviruses pseudotyped with the vesicular stomatitis virus G (VSVG) 

protein were packaged by transient transfection of 293T cells with 

FuGene6 (Roche) following the manufactur r’  instructions, with 

modifications. Briefly, 80-90% confluent 293T cells in T75 flask fed with 8ml 

fresh medium were co-transfected with the plasmids encoding vector 

  mp    t  (3rd G   r ti   P  k gi g Sy t m ) i  t   pr        f 25μ  

Fug   6. P   mid mixtur  w   r  u p   d i  19.3μ  TE b f r   ddi g t  

Fugene6, containing: 

 

1μg pMDLg/p  E        encodes Gag and Pol (not Tat) 

1μg p SVr v         encodes only Rev 

1μg pMD2-G(VSV-G)   encodes VSVG 

2μg v  t r  f i t r  t 
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The medium was changed the following morning and the cells were 

cultured for an additional 48 hours prior to virus collection. Viral stocks 

were concentrated by ultracentrifugation at 22,000g for 2-4 hours at 4°C. 

Titration of lentivirus  

Virus titration was performed on 293T cells followed by FACS analysis. 

Briefly, 105 293T cells were plated per well of a 24-well plate, and left for 

2-4   ur  t   d  r . T    0.01, 0.1,   d 1 μ   f fr    y pr p r d  r t  w d 

lentiviral stock were added to each well. 48 hours later, cells were 

trypsinised from the wells, and washed with PBS 3 times to remove live 

viral particles. Cells were then FACS analysed to determine the percentage 

of GFP+ cells. The viral titre was calculated from the viral dose which 

provided around 5-15%GFP+ cells, using the formula:  

Viral particles/ml = (%GFP+ cells x 105) ÷ v  um   f viru   dd d (μ ) x 1000 

Lentiviral transduction 

Viral transduction was performed at a viral multiplicity of infection (MOI) of 

10-200. Freshly sorted primary cells or cell lines were incubated overnight 

in their normal conditions with virus and were washed with PBS for 3 times 

before the next step 
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General molecular biology techniques 

Bacteria transformation and clone selection 

Bacterial strains used for cloning were E. coli: Sub    i g Effi i   y™ 

DH5α™ C  mi    y C mp t  t C       d MAX Effi i   y® Stb 2™ 

Chemically Competent Cells (Invitrogen). Bacterial transformation was 

performed according to m  uf  tur r’  i  tru ti   . A   p   mid v  t r  

used contained an Ampicillin resistance cassette for positive selection. 

Bacterial clone selection was performed by growing transformed bacteria 

overnight at 37 °C on LB (Luria-Bertani medium) agar plates containing 

100μg/m  Ampi i  i .  

For expansion of bacterial clones, freshly picked clones were added to 5ml, 

100ml or 250ml (mini, midi or maxi DNA preparation sizes) of LB broth 

containing 100μg/ml of Ampicillin and incubated for 16-20 hours at 37°C 

with shaking . 

Plasmids extraction and DNA purification  

For the extraction of plasmid DNA, FastPlasmid Mini Kit (Eppendorf), 

HiSpeed Plasmid Midi Kit (Qiagen) and HiSpeed or EndoFree Plasmid 

Maxi Kits (Qiagen) were used according to the culture volumes. DNA 
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concentration and purity was determined by NanoDrop 1000 

Spectrophotometer (Thermo Scientific). 

For the purification of DNA from PCR and gel bands between enzymatic 

steps, the GFX PCR DNA and Gel Band Purification Kit (GE Healthcare) 

were u  d f    wi g t   m  uf  tur r’  i  tru ti   . 

Cloning and ligation for overexpression constructs 

For overexpression of Nov, full length mouse Nov (mNov) was amplified 

from cDNA of FDCPmix cells. Primers were designed according to the 

sequence of mNov mRNA (NCBI: NM_010930) with added FLAG tag at 

C-terminus (mNov) or N- terminus (mNovB).  

The cloning primers are listed below:  

mNov:  BamHI-Kozak-mNov-FLAG 

Forward:  5’  ACGT GGA TCC GCC ACC ATG AGC CTC TTC CTG CGA 

AAG 3’ 

Reverse:  5’  ACGT GGA TCC TCA TCA GGG GGG ATC TTT GTC ATC 

GTC GTC CTT GTA GTC CAT AAT TTC TCC TCT GCT TGT 3’ 

mNovB:  BamHI-Kozak-FLAG –mNov 

Forward:  5’ ACGT GGA TCC GCC ACC ATG GAC TAC AAG GAC GAC 

GAT GAC AAA GAT CCT CCT ATG AGC CTC TTC CTG CGA AAG 

Reverse: 5’ ACGT GGA TCC TCA TTA AAT TTC TCC TCT GCT TGT 
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PCR product was first cloned into pGEM T-easy vector (Promega) 

according to manufa tur r’  i  tru ti   . T   i   rt w   r   v r d fr m 

T-easy vector by restriction digestion with BamHI, and was then sub-cloned 

into a lentiviral expression construct pHR-SIN-CSGW-IRES-emGFP(CSI).   

The CSI vector was obtained from Enver lab general plasmids stock. CSI 

vector was digested with BamHI at 37°C for overnight. Purified vector 

backbone was dephosphorylated (calf intestine alkaline phosphatase – 

CIAP, NEB or Fermentas) before ligation in order to minimize self-ligation 

in the reaction. The ligation of insert DNA with backbone vector was 

performed with T4 DNA ligase (NEB or Fermentas), following 

m  uf  tur r’  pr t     .  

 

Constructs for gene expression knockdown 

Short-hairpin RNAs (shRNA) directed at mNov (NCBI: NM_010930) were 

designed according to the algorithms available at 

http://www.rockefeller.edu/labheads/tuschl/sirna.html by identifying targets 

with the sequence AAG(N)18TT. The target sequence was subjected to 

BLAST analysis with no near full-length or in-common homologies to other 

known transcripts.  

http://www.rockefeller.edu/labheads/tuschl/sirna.html
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LVTHM oligos: 

Upper: 

5’-cgcggtGCGAGAATTGCACTAGCTTGTTCAAGAGAACAAGCTAGTGC

AATTCTCGTTTTTTgaattc-3’ 

Lower: 

5’-cggaattcAAAAAACGAGAATTGCACTAGCTTGTTCTCTTGAACAAGCT

AGTGCAATTCTCGCac-3’ 

 

LLX 

Upper: 

5’-tCGAGAATTGCACTAGCTTGTTCAAGAGACAAGCTAGTGCAATTCTC

GTTTTTTc-3’ 

Lower: 

5’-tcgagAAAAAACGAGAATTGCACTAGCTTGTCTCTTGAACAAGCTAGT

GCAATTCTCGa-3’ 

 

The synthesized sense and antisense strands were annealed in OAN 

annealing buffer at 100μM concentration under the following condition: 

95°C, 4min, 

70°C, 10min, 
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69°C, 1min, 

68°C, 1min, 

then gradual temperature reduction at 1°C per minute until 4°C,  

final hold step at 4°C for 10min. 

 

OAN annealing buffer: 

10mM Tris-HCl (pH7.5) 

100mNNaCl 

1mM EDTA  

In DEPC treated H2O 

 

The annealed product includes either MluI/ClaI or XhoI compatible 

sequence overhang for cloning purposes with LVTHM or LLX vector. The 

ligation to enzyme digested and non-dephosphorylated LVTHM or LLX 

lentiviral backbone was performed overnight at room temperature and used 

  ≥500-fold molar excess of insert. 

Recombinant clones were identified on the basis of product size by 

restriction digestion. 
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DNA sequencing 

The inserted elements of vector constructs were sequenced before 

packaging for viral transduction. The sequencing services were provided 

by the sequencing team at WIMM or by Source Bioscience Cambridge UK.  

Primers used for sequencing were as followed: 

 

CSI-mNov overexpressing construct:   

SFFV-F:  5’-TGCTTCTCGCTTCTGTTCG-3’ 

IRES-R:  5’-ATAGACAAACGCACACCG-3’ 

 

LVTHM-Novi knockdown construct: 

LVTHM-F: 5'-GTGCGCCCTGGCAGGAAGATG-3'  

LVTHM-R: 5'-TCTGAGCCTGGGAGCTCTCTGGCTAACTAGG-3' 

 

LLX-Novi knockdown construct: 

Lenti-lox3.7-F:  5'-CAGTGCAGGGGAAAGAATAGTAGAC-3' 
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Genomic DNA extraction and genotyping PCR for Nov3del transgenic 

mice 

M u     r   t     mp    w r  i  ub t d wit  550μ  dig  ti   buff r 

  d 30μ  pr t i     K (10 mg/m   t  k)  t 55°C f r  v r ig t f    w d by 

5 minutes treatment at 70°C to inactivate proteinase K. The digested 

samples were centrifuged at 13000rpm for 5-10 minutes to get rid of 

insolvable fur and dust. The clear supernatant was transferred into a new 

tube and an equal volume of phenol/chloroform/isoamyl alcohol 

(25:24:1) was added. The mixture was shook by hand but not vortex. 

The samples were spun at the top speed for 10minutes and the aqueous 

phase transferred to a new tube. DNA was precipitated with 1 ml ethanol 

at room temperature for 10 minutes and spun at 13000rpm for 5 minutes. 

DNA pellet was washed with 70% ethanol and air dried for 5-10 minutes 

at room temperature. DNA was resuspended i  100μ  TE   d i  ub t d 

at 55°C for 10 minutes to facilitate dissolution. Genomic DNA samples 

were stored at 4°C before use. 

 

Digestion Buffer (100 ml)   

1 ml, 1M TRIS, pH 7.8 (final 10 mM) 

1 ml, 500 mM EDTA (final 5 mM)   
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10 ml, 10% SDS (final 1%) 

20 ml, 1.5 M NaOAc (final 0.3 M) 

67 ml ddH20  

 

The PCR primers and programs were specifically designed by our 

collaborator who made the Nov3del mutant mice.  

Primer pairs of Neo86 and Ex4R using PCR program DT1 will identify a 

700bp band for the mutant deletion. Primer pairs of Ex3.1 and Ex4R using 

PCR program CB5 will give a 1.2kb band for the normal allele 

 

Neo86      5' GGACGAAGAGCATCAGGGGCTCGC 3' 

Nov Ex4R    5' CACACTGGCGATTCCTGTTG 3' 

Nov Ex3.1     5' GAGTGCTGCGAAAAGTGGAC 3' 

 

Program DT1 

Step Number Temp (°C)   Time (min) 

  1         96           1 

  2         94           1 

  3         62           1 

  4         72           1 

Repeat steps 2-4 for 35 times 

  5          4         hold 

 

Programme CB5  
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Step Number Temp (°C)  Time 

  1        95           5 min 

  2        93           30 sec 

  3      65           50 sec 

  4        70           6 min 

Repeat steps 2-4 for 3 times 

  5        93           30 sec 

  6        64           50 sec 

  7        70           6 min 

  8        93           30 sec 

  9        63           50 sec 

  10      70            6 min 

  11     93           30 sec 

  12     62           50 sec 

  13     70           6 min 

  14     93           30 sec 

  15     61           50 sec 

  16     70           6 min 

  17      93           30 sec 

  18     60           50 sec 

  19     70           6 min 

Repeat steps 17-19 for 29 times 

  20      4           hold 

 

Gene expression analysis 

Total RNA extraction 

Cell pellets were resuspended and homogenised in Trizol reagent 

(I vitr g  )   d t t    NA w   i    t d f    wi g t   m  uf  tur r’  

protocol. RNA pellets were dissolved in DEPC-treated water and 

concentrations determined by NanoDrop 1000 Spectrophotometer 

(Thermo Scientific). 
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Quantitative RT-PCR analysis 

Equivalent amounts of total RNA from test and control samples were 

DNase treated (RNase-free DNase, Promega) and reverse transcribed 

using Superscript II and random primers (250ng/reaction), according to 

m  uf  tur r’  pr t     . T    DNA   mp  s were then analysed using 

either inventoried Taqman gene expression assays (Applied Biosystems) 

or SYBR Green master mix (Qiagen) in ABI Prism Sequence Detector 

Systems 7000 (Applied Biosystems). Primers used for SYBR Green 

assays were designed using Roche ProbeFinder online service. The 

sequences of those primers were listed in the table2.4. 

Western blots 

Cell pellets were lysed in RIPA buffer (150 mM NaCl, 1.0% Triton X-100, 

0.5% Na Deoxycholate, 0.1% SDS, 50 mM Tris HCl, pH 8.0) on ice for 30 

minutes, followed by centrifugation at 12000g for 20 minutes at 4°C. Clear 

supernatants were removed to a fresh tube and stored at -80°C. 

Supernatants from K562 cells were taken directly from culture and stored in 

-80°C. All samples were then mixed 1:4 with 4× NuPAGE loading buffer 

(Invitrogen) and denatured by heating at 95°C for 2-4 minutes before 

loading. Lanes were loaded with approximate cell equivalents onto Bis-Tris 



 
 

79 

 

4-12% NuPAGE gel and run in MES running buffer. Proteins were 

transferred to pre-equilibrated Novex membrane using a wet transfer 

system (transfer buffer: 192 mM glycine, 25mM Tris HCl pH 8.0, 0.0375% 

SDS, 20% methanol). Membranes were blocked in TBS/0.05% Tween/5% 

fat-free milk and incubated with anti-Nov (CCN3) antibody (R&D) or anti 

β-tublin antibody (Santa Cruz) followed by HPR( horse radish 

peroxides)-conjugated secondary antibody. Protein binding was detected 

by ECL (Enhanced chemiluminescence) detection system (GE 

Healthcare). 

Statistical analysis 

Significance of differences between groups was determined using a 

two-tailed t-test. Significance was achieved at value p<0.05. 
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Table 2.1. FACS instruments configurations 

Instrument 
laser 

wavelength 
laser power 

CyAn ADP Flow Cytometer Violet 413nm 25mW 

  Blue 488nm 25mW 

  Red 638nm 60mW 

      

MOFLO sorter Violet 413nm 100mW 

  Blue 488nm 100mW 

  Red 638nm 40mW 

      

Gallios Flow Cytometer Violet 405nm 40mW 

  Blue 488nm 22mW 

  Red 638nm 25mW 
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Table 2.2. Antibodies used in FACS analysis and their applications 

Antibody Clone Supplier  Catalogue No. Application Dilution 

B220 APC RA3-6B2 eBioscience 17-0452-83 peripheral blood analysis 1 in 100 

B220 biotin RA3-6B2 eBioscience 13-0452-85 lineage cocktail for BM HSPC staining 1 in 100 

B220 PE/Cy5 RA3-6B2 Biolegend 103210 lineage cocktail for BM HSPC staining 1 in 100 or 1 in 300 for lineage cocktail 

B220 purified RA3-6B2 Biolegend 16-0452-85 lineage cocktail for BM HSPC staining 1 in 100 

CD105 PE MJ7/18 eBioscience 12-1051-82 BM progenitor staining 1 in 100 

CD11b(MAC1) APC M1/70 eBioscience 17-0112-83 peripheral blood analysis 1 in 100 

CD11b(MAC1) biotin M1/70 eBioscience 13-0112-85 lineage cocktail for BM HSPC staining 1 in 100 

CD11b(MAC1) PE/Cy5 M1/70 Biolegend 101210 lineage cocktail for BM HSPC staining 1 in 100 or 1 in 300 for lineage cocktail 

CD11b(MAC1) purified M1/70 eBioscience 16-0112-85 lineage cocktail for BM HSPC staining 1 in 100 

CD150 APC TC15-12F12.2 Biolegend 115910 BM HSPC staining 1 in 30 

CD16/CD32 (FC Receptor block) biotin 93 eBioscience 13-0161-82 lineage cocktail for BM HSPC staining 1 in 100 

CD16/CD32 (FC Receptor block) PE 2.4G2 BD Pharmingen 553145 BM progenitor staining 1 in 100 

CD16/CD32 (FC Receptor block) PE/Cy7 93 eBioscience 25-0161-81 BM progenitor staining 1 in 100 

CD16/CD32 (FC Receptor block) purified 2.4G2 BD Pharmingen 553142 lineage cocktail for BM HSPC staining 1 in 100 

CD25 APC 3C7 Biolegend 101910 thymus lineage 1 in 100 

CD31 APC 390 eBioscience 17-031-80 BM endothelial staining 1 in 100 

CD31 PE MEC13.3 Biolegend 102508 BM endothelial staining 1 in 100 

CD34 -biotin MFC14.7 Biolegend 119304 BM HSPC staining 1 in 100 

CD34 eFluor660(APC) RAM34 eBioscience 50-0341-82 BM HSPC staining 1 in 100 
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Table2.2. Antibodies used in FACS analysis and their applications: continued 

 

Antibody Clone Supplier  Catalogue No. Application Dilution 

CD34 FITC RAM34 eBioscience 11-0341-85 BM HSPC staining 1 in 20 

CD3e biotin 145-2C11 eBioscience 36-0031-85 lineage cocktail for BM HSPC staining 1 in 100 

CD3e PE eBio500A2 eBioscience 12-0033-83 peripheral blood analysis 1 in 100 

CD3e PE/Cy5 145-2C11 Biolegend 100310 lineage cocktail for BM HSPC staining 1 in 100 or 1 in 300 for lineage cocktail 

CD3e purified 17A3 eBioscience 16-0032-85 lineage cocktail for BM HSPC staining 1 in 100 

CD4 biotin GK1.5 eBioscience 36-0041-85 lineage cocktail for BM HSPC staining 1 in 100 

CD4 PE/Cy5 GK1.5 Biolegend 100410 lineage cocktail for BM HSPC staining 1 in 100 or 1 in 300 for lineage cocktail 

CD4 purified GK1.5 eBioscience 16-0041-85 lineage cocktail for BM HSPC staining 1 in 100 

CD41 PE MWReg30 BD Pharmingen 558040 peripheral blood analysis 1 in 100 

CD41 purified MWReg30 BD Pharmingen 553847 lineage cocktail for BM HPC staining 1 in 100 

CD45 APC LCA.Ly.5(30-F11) BD Pharmingen 559864 BM reconstitution readout 1 in 100 

CD45.1 APC A20 eBioscience 17-0453-82 BM reconstitution readout 1 in 100 

CD45.1 APC/Cy7 A20 Biolegend 110716 BM reconstitution readout 1 in 100 

CD45.1 FITC A20 eBioscience 11-0453-85 BM reconstitution readout 1 in 100 

CD45.1 Pacific Blue A20 Biolegend 110722 BM reconstitution readout 1 in 100 

CD45.1 PE/Cy5 A20 eBioscience 15-0453-82 BM reconstitution readout 1 in 100 

CD45.1 PE/Cy7 A20 eBioscience 25-0453-82 BM reconstitution readout 1 in 100 

CD45.2 APC 104 eBioscience 17-0454-82 BM reconstitution readout 1 in 100 

CD45.2 APC/Cy7 104 Biolegend 109824 BM reconstitution readout 1 in 100 
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Table2.2. Antibodies used in FACS analysis and their applications: continued 

 

Antibody Clone Supplier  Catalogue No. Application Dilution 

CD45.2 Pacific Blue 104 Biolegend 109820 BM reconstitution readout 1 in 100 

CD45.2 PE 104 eBioscience 12-0454-83 BM reconstitution readout 1 in 100 

CD45.2 PE/Cy7 104 Biolegend 109830 BM reconstitution readout 1 in 100 

CD71 PE R17217 eBioscience 12-0711-82 peripheral blood analysis 1 in 100 

CD8 biotin 53-6.7 eBioscience 13-0081-85 lineage cocktail for BM HSPC staining 1 in 100 

CD8 PE/Cy5 53-6.7 Biolegend 100710 lineage cocktail for BM HSPC staining 1 in 100 or 1 in 300 for lineage cocktail 

CD8 purified 53-6.7 eBioscience 16-0081-85 lineage cocktail for BM HSPC staining 1 in 100 

ckit eFluor780(APC/Cy7) 2B8 eBioscience 47-1171-82 BM HSPC staining 1 in 100 

ckit-APC 2B8 eBioscience 11-1171-82 BM HSPC staining 1 in 100 

ckit-PE/Cy7 2B8 Biolegend 105814 BM HSPC staining 1 in 100 

CXCR4 APC 2B11 eBioscience 17-9991-82 FDCPmix mobility assay 1 in 50 

CXCR4 PE 2B11 eBioscience 12-9991-82 FDCPmix mobility assay 1 in 50 

FLT3 biotin A2F10 eBioscience 13-1351-85 BM HSPC staining 1 in 100 

FLT3 PE A2F10 eBioscience 12-1351-83 BM HSPC staining 1 in 50 

GR1-biotin RB6-8C5 eBioscience 36-5931-85 lineage cocktail for BM HSPC staining 1 in 100 

GR1-Pacific Blue RB6-8C5 Biolegend 108430 peripheral blood analysis 1 in 100 

GR1-PE/Cy5 RB6-8C5 Biolegend 108410 lineage cocktail for BM HSPC staining 1 in 100 or 1 in 300 for lineage cocktail 

GR1-PE/Cy7 RB6-8C5 eBioscience 25-5931-82 peripheral blood analysis 1 in 100 

GR1-purified RB6-8C5 eBioscience 16-5931-85 lineage cocktail for BM HSPC staining 1 in 100 
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Table2.2. Antibodies used in FACS analysis and their applications: continued 

 

Antibody Clone Supplier  Catalogue No. Application Dilution 

IL7-R eFluro450 (violet1) A7R34 eBioscience 48-1271-80 BM progenitors staining 1 in 100 

IL7-R PE/Cy5 A7R34 Biolegend 135016 BM progenitors staining 1 in 100 

IL7-R purified A7R34 eBioscience 16-1271-85 BM progenitors staining 1 in 100 

SCA1 Pacific Blue E13-161.7 Biolegend 122520 BM HSPC staining 1 in 30 

SCA1 PE E13-161.7 BD Pharmingen 553336 BM HSPC staining 1 in 50 

SCA1 PE/Cy5 E13-161.7 Biolegend 122510 lineage cocktail for BM HPC staining 1 in 100 

SCA1 PE/Cy7 E13-161.7 BD Pharmingen 558162 BM HSPC staining 1 in 100 

SCA1 purified D7 eBioscience 14-5981-82 lineage cocktail for BM HPC staining 1 in 100 

ter119 APC TER119 eBioscience 17-5921-82 peripheral blood analysis 1 in 100 

ter119 biotin TER119 eBioscience 13-5921-82 lineage cocktail for BM HSPC staining 1 in 100 

ter119 PE/Cy5 TER119 eBioscience 15-5921-82 lineage cocktail for BM HSPC staining 1 in 100 or 1 in 300 for lineage cocktail 

ter119 purified TER119 Biolegend 116202 lineage cocktail for BM HSPC staining 1 in 100 

            

Goat anti-rat F(ab')2 IgG(H+L) 

Tricolor/PECY5 
  Invitrogen A10691 lineage cocktail for BM HSPC staining 1 in 100 

Strepavidin APC   eBioscience 17-4317-82 lineage cocktail for BM HSPC staining 1 in 100 

Strepavidin PE/Cy7   eBioscience 25-4317-82 lineage cocktail for BM HSPC staining 1 in 100 
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Table2.2. Antibodies used in FACS analysis and their applications: continued 

 

Antibody Clone Supplier  Catalogue No. Application Dilution 

Hoechst 33258, 

pentahydrate(bis-benzimide) 
  Invitrogen H3569 viability, cell cycle staining 5mg/ml stock, 1 in 1000 

Propidium Iodide (PI)   Invitrogen P3566 viability 1mg/ml stock, 1 in 1000 

7-aminoactinomycin D (7-AAD)   BD Pharmingen 559925 viability, cell cycle staining 1 in 100 

AQUA    Invitrogen L34957 viability 1in 300 

            

Annexin-PE Apoptosis Detection kit   BD Pharmingen 559763 viability, apoptosis staining   

APC BrdU  Flow Kit   BD Pharmingen 557892 cell cycle staining   

PE Mouse Anti-human Ki67 set   BD Pharmingen 556027 cell cycle staining   
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Table 2.3. Fluorochromes used in FACS analysis 

Fluorochrome Excitation(nm) Peak 

Emission 

(nm) 

channel used 

in 

Cyan/Moflo 

channel 

used in 

Gallios 

bandpass 

filter 

FITC/GFP 488 525 FL1 FL1 530/30 

PE 488 575 FL2 FL2 575/26 

PI 488 617 FL3 FL3 610/20 

7-AAD 488 647 FL4 FL4 660/20 

PE/Cy5 488 667 FL4 FL4 670/14 

PE/Cy7 488 785 FL5 FL5 780/60 

Hoechst 

33258 

351 460 FL6 FL9 450/50 

Pacific Blue 360,405,407 455 FL6 FL9 450/50 

eFluor450 405,407 450 FL6 FL9 450/50 

aqua 405 512 FL7 FL10 550/40 

APC 595,633,635,647 660 FL8 FL6 660/20 

eFluor660 355,405,407,633 650 FL8 FL6 660/20 

APC/Cy7 595,633,635,647 774 FL9 FL8 780/60 

APC 

eFluor780 

633, 635, 640 780 FL9 FL8 780/60 
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Table 2.4 Primers used for gene expression assay with 

SYBR GREEN Q-PCR 

primers 

name 

Position Tm %GC Sequence 

ALCAM-F 1334 - 1353 60.0  50.0% CTTCAGTGTTTGGGGAATGG 

ALCAM-R 1390 - 1409 59.0  50.0% TTATGCCTTCAGGCTGTCCT 

CXCR4-F 516-536 60.0  66.7% CGCCACCAACAGTCGAGGCC 

CXCR4-R 736-755 59.2  65.0% ATGACGATGCCGGGCAGGAC 

HPRT1-F 104 - 122 59.0  53.0% TCCTCCTCAGACCGCTTTT 

HPRT1-R 173 - 193 59.0  48.0% CCTGGTTCATCATCGCTAATC 

ICAM1-F 97 - 114 59.0  67.0% CCCACGCTACCTCTGCTC 

ICAM1-R 148 - 168 59.0  52.0% GATGGATACCTGAGCATCACC 

MMP2-F 1458 - 1475 59.0  61.0% GGGCTTCTGTCCTGACCA 

MMP2-R 1565 - 1589 60.0  44.0% AAGTTCTTGGTGTAGGTGTAGATCG 

MMP3-F 912 - 935 60.0  50.0% CCAAGTCTAACTCTCTGGAACCTG 

MMP3-R 1019 - 1038 60.0  45.0% AGAGATTTGCGCCAAAAGTG 

MMP9-F 1307 - 1325 60.0  53.0% ACGACATAGACGGCATCCA 

MMP9-R 1374 - 1393 60.0  55.0% GCTGTGGTTCAGTTGTGGTG 

NCAD-F 334-3363 60.2  70.0% CTGGCGGACATGTACGGCGG 

NCAD-R 3479-3498 59.6  65.0% AGCCTCCAGCAAGCACGGTG 

Nov F1 779-798 53.1  52.6% AGTGTCTCCGCACCAAGAA 

Nov R1 861-881 55.1  60.0% CACTGCAGACCCCACAGAAC 

OSN-F 205-225 60.2  70.0% GCCTCAGTCCCCAGCCCAGA 

OSN-R 363-382 59.6  65.0% GCCAAAGCCGAGCTGCCAGA 

OPN-F 45-64 60.0  65.0% GCAGTCTTCTGCGGCAGGCA 

OPN-R 172-192 57.3  57.1% AGCTTCTCCTCTGAGCTGCCA 

SDF1-F 427-450 60.6  62.5% GAGAAGGCTGACATCCGTGGGAG 

SDF1-R 587-608 60.4  63.6% CGGGCGAGGGCAGGGATGAATA 

VCAM-F 1788 - 1808 59.0  43.0% TGGTGAAATGGAATCTGAACC 

VCAM-R 1855 - 1873 59.0  53.0% CCCAGATGGTGGTTTCCTT 
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Figure.2.1: Representative FACS plots for bone marrow 

analysis 

Continued opposite 
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Figure2.1: Representative FACS plots for bone marrow analysis 

A. The gating strategies for KLS, Akashi progenitor dissection and Pronk 

progenitor dissection. 

B. Staining combination and lineage gates for bone marrow analysis, showing 

the B220+, CD3+, Mac1+ gates. CD41 and Ter119 were analyzed in some 

experiments. 

C. The representative reconstitution profiles of donor+ and GFP+ cells in 

transplantation experiments.   
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Figure.2.2: Representative colonies in CFC assay 

It should be noted that, in CFC assays from cultured HSPCs which had been 

stimulated by TPO, there could be megakaryocytic blast cells presented in BFU-E 

colonies. I therefore scored both types as CFU-MegE. 

  

CFU-GM, 40× CFU-GEMM, 40× 

CFU-G, 40× CFU-M, 40× 

BFU-E, 60× 
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CHAPTER3. 

EFFECTS OF NOV OVEREXPRESSION IN 

HAEMATOPOIETIC STEM AND PROGENITOR 

CELLS 
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3.1 Introduction 

In this chapter, I characterized the expression of Nov along the 

haematopoiesis hierarchy in bone marrow and investigated the functional 

effects of Nov overexpression in haematopoietic stem and progenitor cells. 

Cell growth and function of haematopoietic stem and progenitor cells with 

forced expression of Nov were examined in vitro with liquid culture, CAFC 

assay and CFC assay. Effects of Nov overexpression on stem cell function 

were also tested in vivo by bone marrow transplantation. 

3.2 Results 

3.2.1 Characterisation of Nov expression during the early 

stages of haematopoiesis in bone marrow 

In order to determine the profile of Nov expression during the early stages 

of haematopoiesis in mouse bone marrow, cells were purified from adult 

C57BL/6 mouse bone marrow for LT-HSC, ST-HSC, LMPP, CMP, GMP 

and MEP populations within the haematopoietic hierarchy (chapter 2, 

Figure 2.1 for the sorting strategy). Quantitative real-time PCR (RT-qPCR) 

with TaqMan oligos showed that Nov expression could only be detected in 

populations within the KLS compartment including LT-HSC, ST-HSC and 

LMPP. The expression of Nov could not be detected in any other progenitor 

compartments tested, including CMP, GMP and MEP (data not shown). 
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Within the KLS compartment, Nov expression level was highest in LT-HSC 

which is the most primitive stem cell population (Figure 3.1.). Expression 

levels in each population were normalised to the housekeeping gene 

β-actin. These results were consistent with the microarray data of Nov 

expression in human HSPC where NOV expression level decreases along 

with differentiation (Eckfeldt C.E, 2005). These results suggested that Nov 

is likely to be involved in HSC function in self-renewal and early stages 

during differentiation. 

3.2.2 Cloning of mouse Nov cDNA and lentiviral 

overexpression constructs 

Full length mouse Nov was amplified from cDNA derived from FDCPmix 

cells. Primers were designed according to the sequence of Nov mRNA 

(NCBI: NM_010930) with added FLAG tag at either the C- terminus (mNov) 

or N- terminus (mNovB). The FLAG tagged mNov PCR product was 

subcloned into Teasy-vector and then subcloned into lentiviral vector CSI 

(Figure 3.2.A). The internal ribosome entry site (IRS) in CSI vector enables 

translation of both Nov and eGFP from the same transcript; therefore cells 

that express GFP also express Nov. Both constructs were sequence 

verified. The purpose of making two constructs with FLAG tag added at 
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either C- or N- terminus was to monitor the possible defect of steric 

hindrance where FLAG tag may affect the protein expression and function.   

K562 cells is a human CML cell line with no NOV expression, which make 

the cell line an ideal material to test the expression of Nov protein from 

mNov and mNovB constructs. K562 cells were transduced with either 

mNov or mNovB virus and cultured for 2-3 days. GFP+ cells were purified 

by FACS, and cell pellets were checked for protein expression by western 

blot (Figure 3.2.B). hNOV (CSI-human NOV) (kindly provided by Dr R. 

Gupta: Gupta.R,2007) was tested in parallel as a positive control. Protein 

expression was detected by anti-Nov specific antibody or anti-FLAG 

antibody. Western blots showed that Nov was expressed in both mNov and 

mNovB transduced cells, but the expression from mNovB constructs was 

lower compared to mNov and hNOV constructs. Anti-FLAG antibody could 

detect the C-terminal FLAG signal from mNov transduced cells, but did not 

detect the N-terminal FLAG signal from mNovB transduced cells. This 

result indicated that the N-terminal FLAG peptide of mNovB may be 

cleaved inside the cells before the secretion. 

To verify the secretion of Nov protein from transduced cells, the 

supernatant was collected from purified GFP+ cell culture and tested with 

anti-Nov antibody. The results of western blots showed that the secretion of 

Nov protein was normal from mNov transduced cells (Figure 3.2.C). Nov 
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protein could also be detected in the supernatant of mNovB transduced 

cells which was designed with FLAG at the N-terminus in front of the 

secretion signal. These results indicated that, although the FLAG peptide is 

cleaved inside the cell, the secretion signal is not affected. 

The bands at 32kDa from mNov, mNovB and hNOV K562 cells 

supernatants might be the putative N-terminal truncated isoform (Lazar N, 

2007; Su B.Y, 2001). It was noticed that there were also bands at 50kDa 

detected by anti-Nov antibody from K562 negative and CSI control cells 

supernatants. These bands may represent the homologue Nov proteins 

from the serum used in the medium (Thibout.H, 2003).  

Because of the low protein level detected from mNovB by western blots, 

only the mNov construct was tested in this thesis. 

3.2.3 Functional analysis of Nov overexpression in 

FDCPmix cells  

In order to understand the function of Nov in mouse haematopoietic cells, 

FDCPmix, a multipotent haematopoietic stem and progenitor cell line, was 

tested first for cell growth and colony forming activity after the transduction 

with CSI and mNov virus. 
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3.2.3.1 FDCPmix cell growth was impaired by Nov overexpression 

FDCPmix cells were transduced with either CSI or mNov virus and  

cultured for 2 days in normal expansion condition with 20% horse serum 

and 2% IL3 conditioned medium. GFP+ cells were purified by FACS for 

RNA extract. RT-qPCR was performed to confirm the overexpression of 

Nov (Figure 3.3.A).  Virally transduced cells were cultured for 7-8 days in 

expansion medium and were monitored for cell growth. The results showed 

that mNov transduced FDCPmix cells expanded at a significantly lower rate 

in expansion medium compared to CSI control (Figure 3.3.B).  

3.2.3.2 Overexpression Nov in FDCPmix cell did not affect cell cycle 

status 

To understand the impacts of Nov overexpression on cell growth, cell cycle 

status was analysed using the APC BrdU F  w Kit (BD P  rmi g  ™). 

FDCPmix cells transduced with CSI or mNov were incubated with BrdU 

and monitored for cell cycle status with FACS f    wi g t   m  uf  tur r’  

protocol. On average, there were around 60% cells at G0/G1 phase and 35% 

cells at S phase from both CSI and mNov FDCPmix cells (Figure 3.3.C). 

The percentage of cells in G2/M phase as detected by BrdU and 7AAD 

staining in FDCPmix cells were low (data not shown) which could be due to 

the fast proliferation rate and short G2/M phase. The results showed that 

there was no obvious change in cell cycle status in mNov FDCPmix cells.  
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3.2.3.3 Apoptosis levels were increased in mNov FDCPmix cells 

FDCPmix cells overexpressing Nov showed impaired cell growth but this 

growth defect was not due to changes in the cell cycle. I therefore tested 

the effect of Nov on apoptosis in FDCPmix cells. AnnexinV staining showed 

an increase of apoptosis in mNov FDCPmix cells. Figure 3.3.D shows one 

representative experiment of 3 experiments. 

In summary, overexpression of Nov in FDCPmix impaired the cell growth in 

their expansion condition via apoptosis. 

3.2.4 Functional analysis of Nov overexpression in KLS in 

vitro 

3.2.4.1 Growth of mNov KLS was impaired in expansion culture  

In order to determine the function of Nov in primary haematopoietic stem 

cells, KLS cells were purified and transduced with CSI or mNov virus. KLS 

cells were first tested for their growth in liquid culture under different 

cytokine combinations. The growth of GFP+ KLS cells was monitored after 

7-10 days culture. 

The first test condition was serum free medium SFEM with the addition of 

expansion cytokines including SCF, FLT3 and TPO  which were shown to 

be able to maintain and expand mice HSC in vitro (Ramsfjell V, 1999; Chou 

S, 2010).  In agreement with the FDCPmix growth result, KLS cells 
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transduced with mNov grew significantly slower than CSI control cells 

(Figure 3.4.A). 

I then tested the cell proliferation and differentiation in IMDM with 10% FCS 

and complete cytokines including IL3, IL11, GM-CSF, SCF, TPO and EPO 

(Akashi K, 2000). This condition contains cytokines that can promote 

differentiation to both myeloid and erythroid pathways. mNov KLS cells 

showed a trend of reduction in growth compared to CSI control, but it was 

not statistically significant (Figure 3.4.B). This result indicated that under 

differentiation condition, Nov may have little or no effects on KLS cell 

growth. 

The results of liquid culture experiments showed that the Nov impaired KLS 

cells growth in expansion condition but not in differentiation conditions. It 

implies that Nov plays a negative role in HSC expansion. 

3.2.4.2 Nov overexpression induced apoptosis in KLS growing in 

expansion condition without changing the cell cycle 

In order to understand the mechanism of impaired growth of mNov KLS in 

expansion condition, I did FACS analysis of expanded cells to determine 

the cell types within the culture. The expressions of cKit varied from 

experiment to experiment but were always comparable between CSI 

control and mNov transduced cells (data not shown). The profile of CD41 

and Mac1 showed that, after 7-9 days cultured in SCF, FLT3 and TPO, 
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cells showed signs of differentiation by expressing CD41 (megakaryocytic 

differentiation marker) and Mac1 (myeloid differentiation marker). Figure 

3.5.A. shows representative FACS plots of CSI and mNov transduced cells 

where an increased expression of CD41 and a reduction of Mac1 

expression were observed in mNov transduced cells compared to CIS 

control. These results indicated Nov overexpression in KLS may favour a 

spontaneous differentiation towards megakaryocytes in vitro. 

The overexpression of Nov induced apoptosis in FDCPmix. Therefore, I 

checked the apoptosis of KLS proliferated cells in expansion conditions. 

Consistent with the observation of mNov FDCPmix cells, the level of 

apoptosis was increased in mNov KLS cells (Figure 3.5.B). 

Because the protocol for BrdU staining for cell cycle required a large 

amount of cells which proved to be difficult for primary KLS cells, I chose 

Ki67 and DNA stain Hoechst33258 to determine the cell cycle status of 

mNov KLS cells as it requires fewer cells. The results showed no difference 

in cell cycle between CSI and mNov cells (Figure 3.5.C). 

The results indicated that the negative regulation of Nov overexpression in 

primary KLS cell growth in expansion in vitro may due to the induction of 

apoptosis but not altered cell cycle.  
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3.2.4.3 Nov overexpression in KLS did not affect the CAFC and CFC 

activity 

To investigate the effect of Nov overexpression on the function of primary 

HSC in vitro, Cobblestone-Area-Forming Cell (CAFC) assay and 

colony-forming cell (CFC) assays were performed. CAFC assay permits to 

determine the frequencies of haematopoietic stem cells with proliferation 

potential at limiting dilution in vitro. CFC assay is used to study the 

proliferation and differentiation pattern of haematopoietic progenitors by 

their ability to form colonies in a semisolid medium.  

For the CAFC assay, KLS cells were transduced with CSI or mNov virus 

under expansion conditions and cultured for 2 days. GFP+ cells were 

purified by FACS sort and plated on to 96 wells pre-prepared with stromal 

cells growing at the bottom. For limiting dilution, cell density and dilutions 

were adjusted in each experiment according to total GFP+ cell number 

collected. Each dilution was plated in 10 replicate wells. Cells were kept in 

My   Cu t™ M5300 wit     f m dium     g d w  k y. Aft r 5 w  k , 

individual wells were evaluated for the presence of a cobblestone area and 

the frequency of CAFC was calculated with L-Calc software. The results of 

showed that, on average, the frequency of CAFC in mNov KLS cells was 

similar to CSI control (Figure 3.6.A). 
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In the CFC assay, GFP+ purified KLS were plated into Methocult M3234 

plus cytokine cocktails of IL3, IL11, SCF, GM-CSF, TPO and EPO to 

support the growth of all types of myeloid lineage colonies. 10-14 days later, 

colonies were scored according to their morphology. The results showed 

that colony forming activity was similar between mNov and CSI KLS cells. 

The output of different colony types was also similar between mNov and 

CSI KLS cells (Figure 3.6.B). 

Overall, the results of the in vitro functional assays suggested that 

overexpression of Nov did not affect the stem and progenitor cell frequency 

and colony forming efficiency in vitro. 

3.2.5 Effects of Nov overexpression in CMP  

CMP is a progenitor cell population in bone marrow which can give rise to 

myeloid lineages including both megakaryocyte/erythrocyte and 

granulocyte/macrophage. In order to test if Nov could affect the function of 

haematopoietic progenitors downstream of KLS, primary CMP were 

transduced with CSI and mNov virus and were examined for cell growth 

and CFC activity.  

CMP cells were purified as Lineage-cKit+Sca1-CD34+FcR- by FACS. Cells 

were cultured in SFEM supplemented with IL3, IL6 and SCF (Luskey B.D, 

1992; Bryder D, 2000). CSI or mNov transduced CMP cells were cultured 
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for 7-9 days and were monitored for GFP+ cells growth. The results 

showed that mNov CMP cells proliferated at a similar rate as the CSI 

control (Figure 3.7.A). In CFC assay, GFP+ purified CMP were plated into 

Methocult M3234 supplemented cytokine cocktails of IL3, IL11, GM-CSF, 

SCF, TPO and EPO. Colonies were scored according to their colony 

morphology 10-14 days later. The results of 2 experiments showed a trend 

of increased colony forming activity in mNov transduced cells (Figure 

3.7.B).  

In summary, CMP progenitor functional analysis indicated that Nov did not 

affect cell growth in liquid culture, and it may enhance progenitors’ colony 

forming activity in vitro. 

3.2.6 Functional analysis of Nov overexpression in KLS in 

vivo 

To investigate the capacity of mNov HSC to proliferate and repopulate 

lethally irradiated animals, I performed the bone marrow reconstitution 

assay with KLS cells overexpressing CSI or mNov. Purified 

C57BL/6(CD45.2) KLS cells were transduced with CSI or mNov virus under 

expansion condition (SFEM with SCF, FLT3 and TPO) overnight. The cells 

were washed three times with PBS to remove the virus. Around 2×104 KLS 

cells were mixed with 2×105 B6SJCD45.1 helper bone marrow cells for 
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each recipient animal. Cell mixtures were injected into B6SJCD45.1 

recipient mice through the tail vein. In each experiment, 1-2×103 KLS 

transduced cells were kept in the same condition for another 2 days to 

examine transduction efficiency by GFP. Peripheral blood of recipient was 

examined at 1 month, 2 month and 4 month for GFP and lineage 

reconstitution (Figure 3.8.A). The engraftment efficiency of transduced KLS 

cells was calculated using the formula:  

  

Animals were then sacrificed and were analysed for lineage reconstitution 

in bone marrow and spleen, and HSC and progenitor frequency in bone 

marrow. 

3.2.6.1 Nov overexpression in KLS showed a reduced engraftment 

efficiency 

The results showed that the percentage of GFP+ within donor cells was the 

same as the input GFP+ percentage in CSI control recipients. In contrast, 

in the mNov recipients, the GFP+ percentage within donor cells was only 

around 25% of input GFP. These data indicated that there were no effects 

in KLS reconstitution activity caused by the treatment of viral transduction 

and overnight culture, as there was no change in transplant efficiency in 

%GFP+ within donor cells 

%GFP+ of input 

Engraftment efficiency =  
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control CSI recipients. But there was a significant reduction of engraftment 

from mNov KLS cells. The significant reduction of GFP+ cells after 1 month 

of transplantation was maintained throughout the rest of the experiment 

(Figure 3.8.B). These results indicated that there may be a transient effect 

of Nov overexpression which reduced the engraftment efficiency within 1 

month of transplantation. The engrafted cells were persisted in the recipient 

and contributed to the production of circulating peripheral blood cells at a 

steady frequency.  

3.2.6.2 Nov overexpression in KLS reduced CD3+ T cells 

reconstitution and enhanced Mac1+and CD41+ myeloid reconstitution 

in peripheral blood 

The lineage reconstitutions in peripheral blood were analysed by FACS for 

B220 (B-cell), CD3 (T-cell), Mac1 (myeloid cell) and CD41 (megakaryocytic 

cell) expression after 1 month, 2 month and 4 month of transplantation. 

After one month of transplantation, around 70% of engrafted GFP+ cells 

were B220+ from both CSI and mNov KLS derived cells indicating no 

difference in B cell reconstitution capacity between CSI and mNov KLS 

cells (Figure 3.9.A, panel 1). However, there was a 4 fold reduction of 

CD3+ T cell reconstitution from mNov cells, with 16% CD3+ in CSI cells 

and only 3.8% in mNov cells. This reduction of CD3+ cells at 1 month was 

statistically significant at p=0.0161 (Figure 3.9.A, panel 2). Interestingly, 
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there was a statistically significant increase of Mac1+ myeloid cell 

reconstitution in mNov derived cells, at around19.8% comparing to only 7.3% 

in CSI cells (Figure 3.9.A, panel 3). And consistent with the results of in 

vitro experiments (Figure 3.5.A) where overexpression of Nov favoured the 

differentiation towards CD41+ cells, there was also a statistically significant 

increase of CD41+ cells derived from mNov KLS cells (Figure 3.9.A, panel 

4).These lineage biases were maintained in mNov derived cells when 

checked at 2 months (Figure 3.9.B) and 4 months (Figure 3.9.C), except 

the B220+ cell percentage at 2 month where there was a mild increase in 

mNov derived cells.  

These results showed that there was an impact in lineage choice during 

differentiation after forced expression of mNov in KLS in transplantation in 

peripheral blood. 

3.2.6.3 Lineage reconstitution in bone marrow and spleen 

The lineage distributions were also analysed in bone marrow and spleen 

after 4 months of transplantation with FACS for B cell, T cell, myeloid cell 

and megakaryocytic cell lineage reconstitution. 

In bone marrow, the reconstitutions of B220+, Mac1+ and CD41+ cells 

were similar in mNov donor cells compared to CSI control (Figure 3.10.A). 

The percentage of CD3+ T cells were low in the bone marrow from both 

CSI and mNov donors but were similar between the two groups. 
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In spleen, the lineage distribution bias was similar to the bias seen in 

peripheral blood from mNov recipients. The CD3+ T cells percentage was 

significantly reduced in mNov donors and Mac1+ and CD41+ cells were 

increased, compared to CSI control (Figure 3.10.B).  

3.2.6.4 Nov overexpression in KLS showed no changes in primitive 

HSC frequency but a reduction in progenitor frequencies in bone 

marrow  

In order to understand the cellular mechanism of Nov induced reduction of 

  gr ftm  t  ffi i   y   d  i   g  bi  , r  ipi  t ’ b    m rr w w r  

FACS analysed for HSC and progenitor frequency. 

Because the percentage of total GFP+ in some of mNov recipients were 

very low (<1% within donor cells, data not shown), the GFP+ 

subpopulations within KLS compartment which was of low frequency in 

total bone marrow failed to form a proper population for gating. Therefore, 

the data were analyzed as the ratio of the GFP percentage in each 

population compared to the total GFP percentage within donors and the 

HSC population was analyzed as FLT3- HSC only which included both 

LT-HSC and ST-HSC populations.   

FACS analysis showed that the frequency of HSC and LMPP were similar 

between mNov and CSI donors (Figure 3.11.A). At progenitor level, the 

frequency of GMP was also similar between mNov and CSI donors. 
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However, the frequencies of CMP, MEP and CLP were significantly 

reduced in mNov donors (Figure 3.11.B). 

The MEP progenitor frequency was reduced in bone marrow which seemed 

to be inconsistent with the observation of increased CD41+ cell in 

peripheral blood and spleen. Several studies reported that Nov could 

regulate integrin expression (Benini S, 2005; Vallacchi V, 2008; Huang C.Y, 

2011). However, it was not clear the functional meaning of the correlation 

between Nov overexpression and CD41 expression in haematopoietic cells 

in vivo.  

The unaltered GMP frequency in mNov donor cells was consistent with the 

myeloid functional assay in vitro where Nov overexpression did not affect 

the myeloid colony forming activity (Figure 3.6.B). And the unaltered 

frequency in GMP but reduced frequency in MEP and CLP may contribute 

to the phenotypes observed in peripheral blood with increased Mac1+ 

myeloid cells. 

However, the reduced CLP frequency alone could not explain the reduced 

CD3+ T cell reconstitution because B220+ B cells reconstitution was 

normal in peripheral blood and spleen (Figure 3.9; Figure 3.10.B). Although 

T cells are originated from HSC and progenitors in bone marrow, mature T 

cells are produced in the thymus.  I therefore decided to test the 

differentiation of T cells in thymus.  
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3.2.6.5 Nov overexpression blocked the T cell development in thymus 

at the stage of CD4/CD8 Double Negative 

The thymus is a specialized organ of the immune system for T cell 

differentiation and selection. Circulating T-lymphoid progenitor cells 

originated from bone marrow need to migrate into the thymus for T cells 

development and maturation. The most primitive progenitor in thymus is 

called the ETP (early T cell progenitor) which can be found in the DN1 

(double negative 1) compartment. DN1 has been defined as 

Lineage-cKit+CD25- and can differentiate into DN2 cells (Lineage- 

Kit+CD25+) cells that migrate from the entry site in the perimedullary cortex 

to the inner cortex (Lind E.F., 2001; Porritt H.E., 2003). DN2 cells then 

further differentiate to become DN3 cells (Lineage- Kit-CD25 +) at the outer 

cortex of thymus. DN3 cells are committed to the T cell lineage and start 

r  rr  g m  t  f TC β, γ,   d δ g       i. CD4-CD8- (DN) cells then 

proliferate and generate CD4+CD8+ double positive (DP) thymocytes, 

which are the most abundant cells within the thymus(Ciofani M., 2006). 

These DP thymocytes develop into CD4 and CD8 single positive (SP) 

immunocompetent T cells through serial changes in TC α    u  

rearrangement and selection (Bhandoola A., 2007). 

In Figure 3.12.A, typical FACS profiles of T cell development compartments 

in thymus are presented for staining and gating strategy. 
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To address at which stage Nov overexpression affects T cell development, 

the frequency of subpopulations during T cell development were analyzed 

by FACS. The percentage of double negative (CD4-CD8-) was almost 23% 

within mNov derived cells, compared to only 11% within CSI donors (Figure 

3.12.B). The two fold increase of total CD4-CD8- DN population in mNov 

donor cells was statistically significant at p=0.0007.When the 

subpopulations within the heterogeneous DN cells were examined, the 

results showed a clear trend of increased frequency of early T cell 

precursors (DN1, DN2 and DN3) in mNov donor cells (Figure 3.12.C).  

In contrast, as the most abundant population in thymus, the percentage of 

double positive cells was significantly reduced in mNov donors to 50% 

compared to 70% in CSI donors. However, the frequencies of more mature 

single positive populations, both CD4+CD8- and CD4-CD8+, were 

comparable between CSI and mNov donors. Despite the significant 

reduction of CD3+ cells in peripheral blood and spleen in mNov donors, 

CD3+ cell frequency in thymus was similar between CSI and mNov donors 

(Figure 3.12.C).   

The increased frequency of DN population and reduced frequency of DP 

population in mNov donor cells suggested a negative role of Nov during DN 

to DP transition. The difference of CD3+ frequency between thymus and 
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peripheral blood and spleen implied another role of Nov in T cell migration 

from thymus into circulating blood. 

3.2.6.6 Secondary transplantation of KLS overexpressing Nov 

To test the mNov HSC function in serial transplantation, bone marrow 

collected from first recipients were tail-vein injected into secondary 

recipients. The engraftment efficiency was calculated as the ratio 

of %GFP+ donors in secondary recipient to %GFP+ donors in primary 

recipient.  

On the basis of the observations in primary recipients that the CMP and 

CLP frequencies were reduced while GMP frequency were intact, it was 

predicted that the short-term secondary engraftment efficiency would be 

reduced in mNov donors together with a reduction in lymphoid cell 

reconstitution. Indeed, after one month of secondary transplantation, there 

was a significant reduction in engraftment efficiency from mNov donors 

(Figure 3.13.A). The engraftment efficiency after 2 months of 

transplantation, the reduction of GFP+ percentage in mNov recipient was 

maintained, except one mNov recipient.  

The lineage reconstitution in peripheral blood after 1 month of 

transplantation was altered in mNov donors compared to CSI controls. 

There was a significant reduction of both B220+ and CD3+ lymphoid cells 

and an increase of Mac1+ myeloid cells in mNov donors compared to CSI 
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control. 2 months after transplantation, B220+ cells repopulation in mNov 

donors recovered to normal level as CSI control while the bias of CD3+ 

between Mac1+ cells was maintained. 

Although preliminary, the data from the secondary transplantation 

experiments was consistent with the results that Nov overexpression 

impaired the expansion of HSC and inhibited T cell development. 

3.3 Summary and discussion 

RT-qPCR of HSC and downstream populations showed that Nov was 

expressed in HSC and was down regulated rapidly during differentiation in 

vivo. To elucidate the functional effects of Nov down regulation 

accompanying the differentiation of HSC, I attempted to counter Nov 

down-regulation by forcing expression of Nov and examined its effects on 

HSC growth and differentiation. 

The growth of Nov overexpressed FDCPmix and KLS was significantly 

reduced in expansion condition in vitro (Figure 3.3.B; Figure 3.4.A), while 

the growth of KLS was not affected in differentiation condition (Figure 3.4.B. 

C). This data indicated a role of Nov specifically in HSC growth. To 

understand the inhibitory effect of Nov in HSC in vitro expansion, I analyzed 

the cell cycle status and apoptosis of Nov overexpressing KLS and 

FDCPmix. The results showed that Nov overexpression impaired the 
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growth of KLS by induction of apoptosis, but did not affect cell cycle. 

Consistent with the observation in vitro, the engraftment efficiency was 

significantly reduced in mNov KLS cells in bone marrow transplantation and 

serial transplants.  

The inhibitory effect of Nov on cell growth has been reported in many 

transformed cell types including melanoma, glioblastoma, adrenocortical 

tumors and in CML (Fukunaga-Kalabis M, 2006; Fukunaga-Kalabis M, 

2008; Fu C.T, 2004; Sin W.C, 2008; Gupta N, 2001; Benini S, 2005; 

Martinerie C, 2001; McCallum L, 2006; McCallum L, 2009). These reports, 

together with my data on Nov overexpression in mouse HSPC were not in 

agreement with the results reported for human where overexpression of 

hNOV in human cord blood CD34+ cells increased the CAFC frequency 

and enhanced the HSC engraftment efficiency in secondary transplantation 

into mice. Discrepancies between these two experimental systems will be 

discussed further in the final discussion after more functions of Nov have 

been examined in mouse haematopoietic cells and HSC niche.  

It is noted that overexpression of Nov in primary KLS cells also increase the 

expression of integrin CD41 both in vitro and in vivo. CD41 has been 

known as a specific marker for megakaryocyte differentiation, and is 

expressed in HSCs which are primed for myeloerythroid and 

megakaryocyte differentiation (Gekas C, 2013).  Nov has been reported to 
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r gu  t  t    xpr   i    f i t gri  α7, β1, αv,   d β5 i  m     m        

(Vallacchi V,2008) and activate a signal transduction pathway that included 

αvβ3 i t gri , i t gri -linked kinase (ILK), Akt and nuclear factor-kappaB 

(NF-κB) i  prostate cancer cells (Chen P. C, 2012). Possible explanation 

between the expression of CD41 and Nov in hematopoietic cells could be 

similar to the mechanism in other cell types. However, the effect of Nov 

overexpression in megakaryocyte development has not been reported 

before, and further experiments should be carried out to look into the 

function of Nov in megakaryocyte differentiation. 

Also emerging from these data is the negative effects of Nov on T cell 

development during bone marrow transplantation. There was significant 

reduction of CD3+ T cell reconstitution from Nov overexpressed donor in 

peripheral blood and spleen. In thymus, there were a significant increase of 

DN population and a reduction of DP population in mNov donor cells. 

There are two possible mechanisms to explain this phenotype. The first is 

through the block of DP development. During T cell development in 

thymus, Notch signalling is active and critical in DN, CD4+, and CD8+ 

single positive (SP) thymocytes, but is down regulated in CD4+8+ double 

positive (DP) thymocytes (Hasserjian R. P,1996; Deftos M. L, 1998). NOV 

has been reported to associate with the epidermal growth factor-like 

repeats of Notch1 by the CT domain and activate the promoters of HES1 
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and HES5, which are the downstream transducers of Notch signalling 

(Sakamoto K., 2002). It is possible that overexpression of Nov in 

thymocytes activated the activity of Notch signalling pathway. During the 

transition from DN to DP, the mNov cells would therefore fail to switch off 

the downstream targets of Notch signalling pathway, resulting in a block in 

DP development.   

The other possible explanation is related to the apoptosis effect induced by 

Nov. During the development of T cell in thymus, DP thymocytes are highly 

sensitive to apoptosis in order to eliminate inappropriate or auto-reactive T 

lymphocytes.  Caspase-3 and caspase-8-like proteases activities have 

been reported to be involved in the T-cell receptor (TCR)-mediated 

apoptosis (Jiang D, 1999).  In the CML line K562, NOV has been reported 

to reduce cell growth and increase apoptosis through reducing the level of 

phosphorylation of Erk and enhancing caspase 3 cleavages (McCallum, 

L.2012). Therefore, it is reasonable to argue that overexpression of Nov at 

the DP stage enhanced the level of apoptosis and results in the reduction 

of DP population in thymus. 

Another interesting phenomenon was that there was no obvious reduction 

of CD3+ and single positive CD4+ or CD8+ population in thymus although 

there was significant reduction of CD3+ T cell in peripheral blood and 

spleen. This data indicated that there may be another inhibitory effect 
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induced by Nov overexpression for CD3+ cells to leave the thymus and 

enter the peripheral blood. 

Taken together, the results of overexpressing Nov in mouse 

haematopoietic cells indicated that i). Nov overexpression impaired the 

growth of HSC in expansion condition in vitro and increased the apoptosis 

level; ii). Overexpression of Nov in KLS cells reduced the engraftment 

efficiency and T cell reconstitution in bone marrow transplantation. 
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Figure.3.1: Endogenous expression of Nov in mouse 

haematopoietic stem and progenitor cells 

Within the KLS compartment, Nov expression levels in ST-HSC and LMPP were 

compared to LT-HSC  ft r   rm  iz ti   wit  β-actin. The expression of Nov was 

highest in LT-HSC and decreased rapidly during differentiation. The expression of 

Nov could not be detected in progenitors CMP, GMP and MEP (data not shown). 

There was one experiment where LMPP showed an unusual high expression of Nov. 

Each dot represents one sample analysed; the line indicates the medians of 5 

independent samples.  
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Figure.3.2: Constructs for overexpression of Nov   

A.  Schematic representation of the lentiviral constructs for overexpression of mNov 

and hNOV (kindly provided by Dr. R. Gupta). mNov has FLAG tag at the C-terminus 

of full length mouse Nov cDNA; mNovB has FLAG tag full at the N-terminus of full 

length mouse Nov cDNA in the front of the signal peptide; hNOV has FLAG tag and 

HIS tag at the N-terminus of full length human NOV. The expressions of mNov and 

hNOV are driven by the SFFV promoter. Emerald-GFP is the reporter for expression 

and purification.  
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B.  Western blot of transduced K562 cell pellets showed the expression of Nov 

protein was detected from all 3 constructs using anti-Nov antibody. The expression 

level of mNovB was much lower than the mNov and hNOV constructs in K562. The 

anti-FLAG antibody failed to detect mNovB expression in cell pellets.  

C. Western blot of supernatant from GFP+ cell culture showed that cells transduced 

with all three overexpression constructs could secrete Nov protein into medium, even 

though mNovB was designed with a FLAG tag in front of the signal peptide. Two 

bands can be seen: 50kDa for the full length Nov and 32kDa for a putative N-terminal 

truncated isoform. Bands detected at 50kDa in Negative and CSI control supernatant 

might represent the homologue Nov proteins from serum. 
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Figure.3.3: Overexpression of Nov in FDCPmix induces 

apoptosis  

A. RT-qPCR of FDCPmix cells transduced with CSI or mNov virus confirmed the 
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increased expression levels of Nov. n=3 

B. Relative growth rate of FDCPmix cells transduced with mNov virus compared 

to CSI control cells in expansion conditions (Fishers’ medium with 20% Horse 

serum and 2% IL3 conditioned medium). n=3+SD, p=0.0007  

C. BrdU cell cycle analysis of FDCPmix cells transduced with CSI or mNov virus 

showed that there was no obvious difference between mNov transduced cells 

and control cells indicating cell cycle was not affected by Nov overexpression. 

n=3+SD 

D. Representative FACS plots of Annexin V staining showing an increase in 

apoptosis in mNov transduced cells. Cells were gated on Hoechst333258- for 

live cells. 
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Figure.3.4: KLS cells transduced with mNov virus grew 

differently under different culture conditions  

A. Relative growth rate of KLS cells transduced with CSI or mNov virus in serum 

free expansion medium SFEM with cytokines SCF, FLT3 and TPO. n=3+SD 

B. Relative growth rate of KLS cells transduced with CSI or mNov virus in 

IMDM/10% FCS medium with cytokine cocktails IL3, IL11, SCF, GM-CSF, 

TPO and EPO to support proliferation and differentiation. n=3+SD  
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Figure.3.5: Overexpression of Nov in KLS induces apoptosis 

in expansion condition  

A. Overexpressing Nov in KLS induced CD41 expression and reduced 

expression of Mac1 in SFEM supplemented with SCF, FLT3 and TPO. Plots 

showed one representative experiment from 3 experiments. 

B. Representative FACS plots of AnnexinV staining showed a mild increase of 

apoptosis in mNov transduced cells.  
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C. Ki67 staining of KLS cells growing in expansion condition showed no 

difference in cell cycle status between CSI and mNov cells. n=3+SEM  
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Figure.3.6: In vitro functional assay of Nov overexpression in 

KLS  

A. Overexpression of Nov in KLS did not change their cobble-stone- area forming 

frequency in CAFC assay. Each dot represents one experiment performed. 

The lines represent the mean value with SEM. 

B. CFC assay of KLS transduced with CSI or mNov showed no difference in 

colony forming activity and colony output. n=3+SD  
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Figure.3.7: In vitro functional assay of Nov overexpression in 

CMP 

A. Growth rate of CMP cells transduced with CSI or mNov virus in serum free 

medium SFEM with SCF, IL3 and IL6. n=2+SD 

B. CFC assay of CMP transduced with CSI or mNov showed a trend of enhanced 

colony forming cell potential. Cells were cultured in M3234 supplemented with 

IL3, IL11, GM-CSF, SCF, TPO and EPO. n=2+SD   
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Figure.3.8: Overexpression of Nov in KLS showed reduced 

engraftment efficiency in bone marrow reconstitution assay.  

A. Schematic representation of the experimental protocol for bone marrow 

transplantation.  

B. The engraftment efficiency of KLS transduced with CSI or mNov is presented 

as the ratio between the percentages of GFP+ cells within donor cells to the 

input GFP percentages. The results indicated a significant reduction of GFP+ 

cells after 1 month of transplantation of mNov donor cells and the GFP 

expression was maintained at low percentage. The line shows the mean of 

engraftment efficiency with SEM.  
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Figure.3.9: Overexpression of Nov in KLS impaired the CD3+ T 

cell reconstitution in bone marrow reconstitution assay.  

The lineage distribution of GFP+ donor cells in peripheral blood at each month A. 

1month, B.  2month and C. 4month. There was a consistent reduction of CD3+ T cell 

reconstitution which was statistically significant at each time point. In parallel, the 
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reconstitutions of Mac1+ and CD41+ cells were increased in mNov donor cells. Each 

dot represents one recipient analysed. The line shows the mean of the percentage of 

each lineage within GFP+ donor cells.  p-value is indicated under each group of 

comparison.  
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Figure.3.10: Lineage reconstitution of mNov KLS in bone 

marrow and spleen.  

The lineage distribution of GFP+ donor cells in A. bone marrow and B. spleen after 

4month of transplantation. In bone marrow, the lineage distribution was similar 

between CSI and mNov donors. In spleen, there was a significant reduction of CD3+ 

T cells reconstitution and increases of Mac1 and CD41 reconstitution. Each dot 

represents one recipient analysed. The line shows the mean of the percentage of 

each lineage within GFP+ donor cells with SEM.  p-value is indicated under each 

group of comparison.   



130 
 

 

Figure 3.11: The frequency of HSC and progenitors in mNov 

KLS transplantation. 

The data showed the ratio of the GFP percentage in each population compared to the 

total GFP percentage within the donor derived cells.  The HSC population was 

analysed as FLT3- HSC (LT-HSC and ST-HSC). 

A. The GFP+ percentages within KLS compartments were comparable to total 

GFP+ percentage within donors in both CSI and mNov cells. This result 

indicated normal KLS compartment frequencies within both CSI and mNov 

donor cells. 

B. The GFP+ p r   t g   i  pr g  it r ’   mp rtm  t  w r  r du ed compared 
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to total GFP+ percentage within donors in mNov cells, except GMP 

progenitors. This result indicated an impaired differentiation of mNov cells 

toward CMP, MEP and CLP.  

Each dot represents one recipient analysed. The lines show the mean of the 

percentage of each lineage within GFP+ donor cells+SEM.  p-value is 

indicated under each group of comparison.  
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Figure.3.12: T cell developments of mNov donors in recipient 

thymus in bone marrow transplantation. 

A. Representative FACS plots of T cell development in thymus. Lineage negative 

cells defined as B220-, Mac1-, Gr1-, CD4-, CD8-, CD3- and Ter119- were 

gated before defining DN subpopulations. 
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B. The frequencies of DN in GFP+ donors were increased in mNov cells. Each dot 

represents one recipient analysed. The line shows the mean of the percentage 

of each lineage within GFP+ donor cells + SEM. 

C. There was a clear trend of increase of DN subpopulation in GFP+ donors in 

mNov cells. Each dot represents one recipient analysed. The line shows the 

mean of the percentage of each lineage within GFP+ donor cells + SEM.  

D. The frequency of double positive cells in GFP+ donors was decreased in mNov 

derived cells. However, the frequencies of more mature single positive CD4+ or 

CD8+ cells were not altered. The frequency of CD3+ was similar between CSI 

and mNov donors.  Each dot represents one recipient analysed. The line 

shows the mean of the percentage of each lineage within GFP+ donor cells + 

SEM.  
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Figure.3.13: The secondary transplantation of mNov cells 

shows a reduced engraftment capacity. 

A. The engraftment efficiency was calculated as the ratio of %GFP+ donor cells 
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in secondary recipients to %GFP+ donor cells in primary recipient. The results 

indicated a significant reduction of GFP+ cells after 1 month of secondary 

transplantation. 2 months and 4 months after secondary transplantation, the 

reduction of engraftment efficiency remained in all but one mNov recipients. 

n=6+SEM 

B. The lineage distribution of GFP+ donor cells in peripheral blood after 1 month 

of secondary transplantation. The B220+ and CD3+ lymphoid cells were 

significantly reduced in mNov donor cells compared to CSI control donor cells. 

The frequency of Mac1+ was increased in mNov cells.  Each dot represents 

one recipient analysed. The line shows the mean of the percentage of each 

lineage within GFP+ donor cells with SEM. 

C. The lineage distribution of GFP+ donor cells in peripheral blood after 2 months 

of secondary transplantation. B220+ B cell reconstitution recovered to normal 

level in mNov donors compared to CSI control donors. CD3+ T cells were still 

significantly reduced in mNov donor derived cells. The frequency of Mac1+ 

was increased in mNov cells.  Each dot represents one recipient analysed. 

The line shows the mean of the percentage of each lineage within GFP+ donor 

cells with SEM. 

D.  The lineage distribution of GFP+ donor cells in peripheral blood after 4 

months of secondary transplantation. B220+ B cell reconstitution maintained 

at normal level in mNov donor cells compared to CSI control donor cells. 

CD3+ T cells were reduced in mNov donor cells, but not statistically 

significant. The frequency of Mac1+ was increased in mNov cells.  Each dot 

represents one recipient analysed. The line shows the mean of the percentage 

of each lineage within GFP+ donor cells with SEM. 
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CHAPTER4. 

EFFECTS OF KNOCKING DOWN NOV 

EXPRESSION IN HSPC 
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4.1 Introduction 

Forced expression of Nov appeared to negatively regulate cell growth in vitro 

and overall engraftment efficiency in vivo; however, these results did not 

answer whether Nov is genetically required for HSC maintenance. 

To determine the impact of Nov loss on cell intrinsic HSC function, I analysed 

the effects of Nov knockdown in HSC growth and differentiation in vitro and 

long term bone marrow reconstitution activity in vivo. 

4.2 Results 

4.2.1 LVTHM Novi construct and the limitation  

The lentiviral LVTHM knockdown construct was chosen to test Nov knockdown 

effects. Schematic representation of the LVTHM vector for knocking down Nov 

is shown in Figure 4.1.A. Reporter GFP is driven by EF1α (elongation factor 

1α) promoter and short hairpin interfering RNA (shRNA) is driven by H1 

promoter. shRNA was designed by targeting at the C-terminal of Nov coding 

sequence with the sequence AAG(N)18TT.  

In order to determine the effects of knocking down Nov expression on 

progenitor output, FDCPmix cells were transduced with control LVTHM and 

Novi lentivirus overnight. GFP+ cells were sorted 2 days after transduction. 

RT-qPCR results of FDCPmix cells confirmed that Nov expression was 

efficiently knocked down by 50% on average in the cells transduced by Novi 
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virus comparing to LVTHM control (Figure 4.1.B). In CFC assay, Nov 

knockdown did not affect total colony forming efficiency but resulted in a 

reduction of mixed (CFU-GEMM) colony output from 30% in LVTHM to 20% in 

Novi transduced cells (Figure 4.1.C.D). 

To investigate the capacity of Novi HSC to proliferate and repopulate lethally 

irradiated animals, I performed a bone marrow reconstitution assay with KLS 

cells transduced with LVTHM or Novi virus. KLS cells were transfected with 

virus under SFEM medium supplemented with SCF, FLT3 and TPO for 

overnight.  Transduced KLS cells were tail-vein injected into lethally irradiated 

recipient mice. The engraftment efficiency was checked after 1 month of 

transplantation by FACS analysis of peripheral blood. The results indicated a 

reduction of GFP expression in both LVTHM and Novi donor cells. In one of 

the experiments, the transduction efficiency was around 50% in both LVTHM 

and Novi KLS cells as checked 2 days after transduction (Figure 4.2.A). 1 

month after transplantation, the average GFP+ percentage within the donor 

cells was only around 2% in LVTHM and 0.5% in Novi recipients in peripheral 

blood. Representative FACS plots are presented in Figure 4.2.B. At the end of 

4 months, the GFP+ cells remained lower than 2% of donor cells in all 

recipients but one LVTHM recipient (Figure 4.2.C).  

The overall low detection of GFP expression in recipient peripheral blood from 

both LVTHM and Novi cells prevented a detailed analysis of reconstitution and 
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a proper interpretation of lineage reconstitution. Therefore, LVTHM Novi 

transplantation experiments failed to provide any useful information to 

understand the effects of Nov knockdown in primary KLS cells.  

4.2.2 LLX Novi knockdown construct 

The LVTHM knockdown lentivirus showed an unexpected problem in the 

detection of GFP reporter in bone marrow transplantation. I therefore switched 

to the LLX3.7 vector in which U6 promoter drives the shRNA and a separate 

CMV promoter for GFP expression. Schematic representation of LLX construct 

for knocking down Nov is shown in Figure 4.3.A. 

The same shRNA sequence directed at the C-terminal of Nov coding 

sequence was designed and cloned into LLX vector. The GFP expression was 

monitored in FDCPmix for at least 3 weeks as shown in Figure 4.3.B. 

RT-qPCR results of FDCPmix cells confirmed that Nov expression was 

knocked down and maintained at low level during the culture of FDCPmix Novi 

cells (Figure 4.3.C). 

4.2.3 Cell growth of FDCPmix was not affected by knocking 

down of Nov expression 

The FDCPmix cells transduced with LLX and Novi virus were purified for GFP+ 

cells and cultured in their normal self-renewal condition which was Fischer 

medium containing 20% horse serum and 2% IL3 conditioned medium. The 
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cell growth rate was monitored for 3 passages, and the results showed that 

there were no obvious defects in Novi FDCPmix cells in cell growth (Figure 

4.4.A). 

It has been reported that Nov protein is present in serum (Thibout.H, 2003) 

and, indeed, the western blots of supernatant from K562 culture detected a 

band at similar size as Nov protein while no Nov was detected in cell pellets 

(Chapter 3, Figure 3.2.B and C). Therefore, the lack of phenotype in cell 

growth from Novi cells could be due to the presence of homologue Nov protein 

in serum in the culture condition. In order to test this hypothesis, I tested the 

cell growth of FDCPmix in a serum free medium SFEM supplemented with 

10ng/ml IL3. During the culture of FDCPmix in serum free condition, no 

obvious change was observed in Novi cells compared to LLX control (Figure 

4.4.B). This result indicated that, although highly expressed in FDCPmix cells, 

Nov was dispensable for FDCPmix cell growth with or without serum. 

4.2.4 In vitro analysis of knocking down Nov in KLS  

In order to determine the consequences of Nov expression knockdown on 

primary HSC cells, I tested its effects in KLS cells. KLS are a heterogeneous 

population which contains LT-HSC, ST-HSC and LMPP.  Previous work 

showed that these three primitive populations are the only populations 

expressing Nov along the haematopoietic hierarchy (Chapter 3, Figure 3.1). 
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4.2.4.1 Proliferation assay and FACS analysis 

I firstly tested the proliferation rate of KLS in expansion condition of SFEM with 

100ng/ml SCF and 10ng/ml FLT3. The cell growth rate was monitored after 7- 

9 days of virus transduction. Knocking down Nov in KLS cells showed no 

obvious effects in cell growth compared to LLX control (Figure 4.5.A). This 

result was in agreement with the observation of Nov knockdown in FDCPmix 

cells (Figure 4.4.A.B), which indicated that Nov was dispensable for cell growth 

in vitro.  

In the previous chapter, overexpression of mNov in KLS could increase 

spontaneous differentiation toward CD41+ megakaryocyte in vitro. However, 

when cultured in the same condition, proliferated Novi cells showed that Nov 

knockdown cells contained a similar percentage of Gr1+ cells (myeloid) and 

CD41+ cells (megakaryocyte) (Figure 4.5.B).  

4.2.4.2 CAFC and CFC assay with KLS Novi cell 

The function of Novi KLS cells was tested in vitro with CAFC assay and CFC 

assay for their self-renewal and differentiation outcome. 

In CAFC assay, GFP+ KLS transduced with LLX or Novi virus were sorted 

directly onto stroma in 96 well plates at 1:2 serial dilutions. The cobble-stone 

forming areas were scored 5 weeks later. Of the two experiments performed, 

there seemed to be no difference between LLX and Novi cells in CAFC forming 
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capacity. These results indicated that CAFC frequency of KLS was not 

affected by Nov knockdown (Figure 4.6.A).  

In CFC assay, the total colony forming frequency was comparable between 

Novi and control cells (Figure 4.6.B). However, in agreement with the data 

obtained from CFC assay with LVTHM-Novi FDCPmix cells (Figure 4.1.D), the 

mixed-lineage colony output was reduced in Nov knockdown cells. When the 

colonies were plated again, there was an indication of a mild increase in 

secondary colony forming efficiency, but it is not statistically significant (Figure 

4.6.C).  

In vitro analysis of Nov knockdown in both FDCPmix cells and primary KLS 

cells showed that Nov was dispensable in cell growth, CAFC frequency and 

colony forming efficiency.   

4.2.5 Bone marrow transplantation of KLS transduced with 

Novi virus 

4.2.5.1 The engraftment efficiency of Novi KLS was comparable to LLX 

control 

To investigate the capacity of HSC transduced with Novi virus to repopulate 

lethally irradiated animals, I performed a bone marrow reconstitution assay 

with KLS cells transduced with LLX or Novi virus. KLS cells were transfected 

with virus under SFEM medium supplemented with SCF, FLT3 and TPO 
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overnight.  Transduced KLS cells were injected into lethally irradiated 

recipient mice through tail vein. The engraftment efficiency was checked after 

1 month by FACS analysis of peripheral blood. Although the expression of 

GFP was maintained and could be detected in vitro for at least 2 weeks in 

transduced KLS and for more than 2months in transduced FDCPmix cells 

(data not shown), the GFP level in recipient mice was reduced by almost 40% 

in both LLX and Novi donors. There was a further reduction of GFP percentage 

from both donor cells, where there was only 20% of input GFP percentage 

detected two months after transplantation. The GFP percentage remained at a 

similar low level throughout the rest period of the experiment in both LLX and 

Novi recipients (Figure.4.7.A).  

Two possibilities could be considered to explain this phenotype of reduced 

GFP level. The first is that the reduction of GFP level was due to the limitation 

of lentiviral construct where the promoter was prone to be inactivated in vivo by 

methylation (Almarza E, 2007; Gilhan D.E, 2010; Gonzalez-Murillo A.2010). 

The second possibility is that the transduced cells were heavily contaminated 

by progenitors which failed to long term reconstitute in recipient bone marrow 

and resulted in a gradual reduction of engraftment. In a similar project in our 

group, we purified GFP+ and KLS double sorted cells before transplantation in 

order to avoid the contamination with transduced progenitors. In that 

experiment, the percentage of GFP + cells within LLX donor was still reduced 
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as well (data not shown). This result argued against the possibility that 

contamination was the possible reason for reduced GFP+ engraftment.  

Despite the reduction of GFP percentage, because the reduction of GFP 

percentage were similar and stable in both LLX and Novi donors, I considered 

the engraftment efficiency as reliable and valid by comparing GFP+ cells in 

recipients of both groups. The data observed so far indicated that Novi KLS did 

not affect the engraftment efficiency in bone marrow transplantation. 

4.2.5.2 The lineage reconstitution capacity were normal in Novi KLS 

comparing to LLX control 

The lineage distributions in peripheral blood were analysed by FACS for B220 

(B cell), CD3 (T cell), Mac1 (myeloid cell) and CD41 (megakaryocytic cell) 

expression at 1month, 2 month and 4 month after transplant (Figure 4.7.B). 

The results showed that, at each time point, the percentages of each lineage 

within the GFP+ cells were similar between LLX and Novi recipients.  In 

contrast to the lineage bias in mNov KLS in transplantation, where there was a 

reduced CD3+ T cells reconstitution and an increased Mac1+ myeloid 

reconstitution, there was no effects in lineage reconstitution by knocking down 

of Nov in KLS (Figure 4.7.B).  

After 4 months of transplantation, bone marrow and spleen cells were 

collected and FACS analysed for lineage reconstitution. The results were 

consistent with the peripheral blood results where the percentages of each 
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lineage were comparable between LLX and Novi KLS derived cells in both 

bone marrow and spleen (Figure 4.8.).  

These results indicated that knocking down of Nov in KLS cells did not affect 

their lineage differentiation in transplantation in vivo. 

4.2.5.3 The HSC and progenitor frequencies were similar in LLX and Novi 

donor cells 

In order to understand the effects of Nov knockdown during the most primitive 

levels of the haematopoietic hierarchy, I analysed the frequency of HSCs and 

progenitors within the LLX and Novi transduced cells in bone marrow. The 

results showed that the frequency of HSC and progenitors were comparable 

between the LLX and Novi cells. These results were consistent with the 

engraftment efficiency and lineage reconstitution in peripheral blood, bone 

marrow and spleen and suggested that Nov knockdown in KLS did ’t affect the 

lineage choice and differentiation of HSC in vivo (Figure 4.9.). 

4.2.5.4 Novi cells showed a similar reconstitution efficiency in secondary 

transplant assay  

In order to test the Novi HSC self-renewal capacity, I performed the secondary 

transplantation of Novi KLS cells. Bone marrow collected from first recipient 

was injected into secondary recipient through tail vein. The engraftment 
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efficiency was calculated as the ratio of GFP% in secondary recipient to GFP% 

in first recipient. 

The GFP expression level decreased mildly in secondary recipients comparing 

to their first recipients (Figure 4.10.A). Between LLX and Novi groups, the 

engraftment efficiencies were similar. Although there was an increase of 

Mac1+ and CD41+ cells derived from Novi donors after 1 month of 

transplantation, this phenotype disappeared after 2 months of transplantation 

which indicated that the lineage bias observed at 1 month was a transient 

phenotype induced by Nov knockdown. 6 months after the secondary 

transplantation, the GFP+ percentage were very low in some recipients 

(<0.5% of total donor CD45.2 cells) which prevented a proper analysis for 

lineage distribution (Figure 4.10.B). Although only 3 recipients in LLX group 

and 2 in Novi group were valid for analysis of lineage distribution, the results 

showed no difference between LLX and Novi cells.   

Taken together, these results showed that Novi cells had a normal function in 

long term reconstituting secondary recipients and a normal lineage 

differentiation capacity.  These data suggested that Nov knockdown in HSC 

didn’t affect their self-renew and differentiation capacity which was in line with 

the observations of unaltered HSC and progenitor frequencies in first 

transplanted recipients.   
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4.3 Summary and discussion 

In this chapter, I tested the effects of Nov knockdown in HSC and progenitors. 

The results of knocking down Nov in FDCPmix did not affect the cell growth 

and total colony forming efficiency in CFC assay, but reduced the mix colony 

output. Knocking down of Nov expression in primary KLS cells did not affect 

cells growth and CAFC forming efficiency. The total CFC activity was not 

affected, but the mix colony output was reduced which was also shown in 

FDCPmix as well. Bone marrow transplant experiment showed a similar 

reconstitution efficiency and lineage distribution in both LLX and Novi donor 

KLS cells. The secondary transplantation of Novi cells showed normal 

reconstitution efficiency. These data indicated Novi HSC function was normal 

compared to LLX control, indicating that Nov may be dispensable for HSC 

function. 

However, there is a possibility that may mislead the results of Nov knockdown 

in HSC in bone marrow transplantation and also those assays with serum. In 

the bone marrow transplantation, the recipient animals were wild type and 

could produce Nov protein. Novi HSC engrafted into recipients may take up 

Nov from their microenvironment and function normally as a result. 

Another limitation of the transient knockdown of Nov by lentiviral approach is 

introduced by lack of suitable antibodies that are specific to Nov protein and 

can detect weak expression of Nov protein (data not shown). For this chapter, I 
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have tried several commercially available antibodies, but failed to detect the 

knockdown level of Nov protein, even though the RT-qPCR results clearly 

indicated that, at mRNA level, Nov expression has been effectively reduced. 

Half-life of Nov protein within alived cells is not clear. Therefore, the possibility 

that Novi cells may still contain enough active Nov proteins to maintian their 

key functions can not be excluded. 

In order to understand the function of Nov in haematopoiesis at steady state 

and without extrinsic or residue Nov activity, in the next chapter, I decided to 

look at the haematopoiesis and HSC function using Nov3del mutant mice.  
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Figure. 4.1: LVTHM shRNA virus constructs and effects in LVTHM-Novi 

transduced FDCPmix cells.  

A. Schematic representation of the pLVTHM vector. (EF1α: Pr m t r f r 

    g ti   f  t r 1α; GFP: Gr    f u r     t pr t i ; WP E: w  d  u k 

hepatitis virus post-transcriptional regulatory element; LTR: long-terminal 

repeat; tetO: tet operator; H1: Histone H1 promoter ;) 

B.  RT-qPCR of FDCPmix cells transduced with LVTHM-Novi virus.  The results 

confirm the effect of the shRNA and showed 50% of remaining endogenous 

expression on average. n=3  
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C. Nov knockdown does not affect the colony forming efficiency in CFC assay. 

GFP+ cells were plated in M3234 with 10ng/ml rmIL3, 100ng/ml rmSCF and 

10U/ml hEPO. n=3+SD 

D. Nov knockdown impairs mixed colony output in FDCPmix CFC assay. 

n=3+SD  
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Figure. 4.2: Bone marrow transplantation of KLS transduced with 

LVTHM-Novi virus.  

A. Representative flow cytometry plots of KLS with LVTHM Novi virus shows 

transduction efficiency.  

B.  Representative flow cytometry plots show the GFP percentage in donor 

derived cells after 1 month of bone marrow transplantation.  This result 

indicates a significant reduction of GFP+ cells in donor derived cells.  
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C. Summary of GFP+ percentage remaining in donor cells at 1 month and 4 

month. There were less than 1% of GFP+ cells in donor derived cells at 4 

month from both LVTHM and Novi KLS transplantation except 1 LVTHM KLS 

recipient mouse. The low frequency of GFP+ cells in both Novi and control 

recipients make it difficult to analyse the lineage distribution and draw a 

conclusion on the effects of Nov knock-down on KLS cells in bone marrow 

transplantation. Each dot represents one recipient analysed. The line shows 

the mean of the percentage of input GFP.  
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Figure. 4.3: LLX3.7 shRNA virus construct and consistent expression in 

FDCPmix cells. 

A. Schematic representation of the pLLOX3.7 vector (LLX); LTR: long-terminal 

repeat; Ψ: HIV packaging signal; CPPT: central polypurine track; U6: U6 

promoter; CMV: cytomegalovirus promoter; GFP: enhanced GFP; WPRE: 
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woodchuck hepatitis virus post-transcriptional regulatory element. 

B. Expression of GFP in FDCPmix 18 days after GFP+ sort. 

C. RT-PCR check of Nov expression in Novi FDCPmix cells after GFP+ sort and 

the result shows effective Nov knock-down even after 18 days.  
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Figure. 4.4: Knock down of Nov in FDCPmix cells did not affect cell 

growth.  

A. The cell growth rate of Novi FDCPmix in complete medium containing horse 

serum and 2% IL3 conditional medium. The cell growth rate was monitored for 

3 passages, and the results showed that there were no obvious defects in 

Novi FDCPmix cell growth. n=2+SEM 

B. The cell growth rate of Novi FDCPmix cells in SFEM medium with 10ng/ml 

rmIL3. The cell growth rate was monitored for 3 passages, and the results 

showed that there were no obvious defects in Novi FDCPmix cell growth in 

serum free condition. n=2+SEM 
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Figure. 4.5: KLS Novi cells showed no obvious change in cell growth. 

A. Cells growth rate of viral transduced KLS cells cultured in SFEM with 100ng/ml 

SCF and 50ng/ml FLT3. Proliferated cells were counted 9 days after 

transduction with LLX-Novi virus. There was no obvious difference in cell 

growth between LLX and Novi transduced cells. n=2+SD 

B. Representative FACS plots of KLS proliferated cells showed no difference in 

Gr1 and CD41 expression in LLX and Novi cell in expansion condition. 
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Figure. 4.6: KLS Novi cells showed normal CAFC and CFC frequency.  

A. GFP+ sorted KLS cells were cultured on stroma to test their CAFC forming 

capacity at 5 weeks. The result shows no obvious difference between control 

and Novi cells. n=2+SEM 

B. GFP+ Novi KLS cells were plated in M3234 with Weissman cytokine cocktails 

(10ng/ml rmIL3, 10ng/ml rmIL11, 100ng/ml rmSCF, 10ng/ml rmG-CSF, 
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10ng/ml rmTPO and 10U/ml hEPO).  The total colony number in Novi KLS 

cells is similar to LLX cells, but the mix colony output is reduced to a 

statistically significant degree in Novi cells. n=3+SEM, *p=0.043 

C. Secondary plating of CFC assay, Novi cells, despite the reduction in mixed 

colony output, showed no statistically significant difference in colony forming 

efficiency. n=3+SEM, p=0.20 
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Figure. 4.7: Bone marrow transplantation, KLS Novi cells showed a 

similar reconstitution capacity to LLX controls.  

A. The engraftment efficiency of KLS transduced with LLX or Novi. The 

percentage of GFP+ cells within donor cells were compared with the input 

GFP percentage. The results indicated a reduction of GFP+ cells during the 



160 
 

period of transplantation in both LLX and Novi cells. n=5. The line shows the 

mean of the percentage of input GFP with SEM. 

B. The lineage distribution of GFP+ donor derived cells in peripheral blood at 

each time point indicated. The FACS results showed that there were no 

differences in B cell (B220+), T cell (CD3+), myeloid cell (Mac1+) and 

megakaryocytic cell (CD41+) differentiation between Nov knockdown cells 

and the controls. Each dot represents one recipient analysed. The line shows 

the mean of the percentage of each lineage within GFP+ donor cells.  
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Figure. 4.8: In long term bone marrow transplantation, Novi cells showed 

a normal lineage distribution in bone marrow and spleen. 

  The lineage distribution of GFP+ donor cells in bone marrow and spleen 4 

months after transplant. Each dot represents one recipient analysed. The line shows 

the mean of the percentage of each lineage within GFP+ donor cells with SEM.  
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Figure. 4.9: In long term bone marrow transplantation, KLS Novi cells 

showed a similar HSC and progenitor frequency in bone marrow. 

  The frequencies of HSC and progenitors within GFP+ donor cells in bone marrow 

4 months after transplant were similar between LLX and Novi cells. Each dot 

represents one recipient analysed. The line shows the mean of the percentage of 

each lineage within GFP+ donor cells with SEM.  
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Figure. 4.10: In secondary transplantation, KLS Novi cells showed a 

similar reconstitution capacity as LLX control KLS. 

A. The engraftment efficiency of LLX and Novi donor in secondary recipients are 

similar. There was a mild and continuous decrease of GFP+ percentage within 

the CD45.2 donors derived cells which was also observed during the first 
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transplantation. The percentages of GFP+ cells within donor derived cells 

were comparable between the LLX and Novi cells. These results indicated that 

Novi HSCs have a similar secondary reconstitution capacity to the controls. 

n=4; the line shows the mean of the percentage of input GFP with SEM. 

B. The lineage distribution of GFP+ donor derived cells in peripheral blood at 

each time point indicated. There was a statistically significant increase of 

Mac1 output and a significant reduction of CD41 output after 1 month of 

secondary transplantation. However, this lineage bias disappeared at 2 

months, and there were similar lineage distributions from Novi and LLX 

control. 6 months after the secondary transplantation, the GFP+ percentage 

were very low in some recipients (<0.5% of donor CD45.2 cells), and only 3 

recipients in LLX group and 2 in Novi group were valid for analysis of lineage 

distribution. The results showed no difference in lineage distribution between 

LLX and Novi cells. Each dot represents one recipient analysed. The line 

shows the mean of the percentage of each lineage within GFP+ donor derived 

cells with SEM.  p-value is indicated under each comparison group. 
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Chapter5. 

Analysis of Nov
3del

 mutant mice 
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5.1 Introduction      

The Nov mutant mice (Nov3del) were generated by replacing Nov exon 3(VWC 

domain) with a TK neomycin cassette which resulted in production of a barely 

detectable level of mutant NOV protein instead of full length NOV protein 

(Heath E, 2008). Nov3del mutant mice exhibit several abnormalities including 

enlarged vertebrae, elongated long bones, enlarged and abnormal modelled 

endocardial cushions in heart and muscle atrophy. Primary embryo fibroblast 

(PEF) from Nov3del mutant embryos showed enhanced chondrogenesis and 

osteogenesis. Our collaborators also observed some features of early aging in 

Nov3del mice indicating a general role of Nov in maintenance of tissue viability 

in adults.  

In this chapter, I characterized the haematopoiesis of Nov3del mutant mice in 

order to understand Nov function in vivo under homeostatic conditions. The 

complete blood test was performed to examine the erythroid and 

megakaryocytic differentiation and function. The myeloid and lymphoid 

differentiations were assessed by FACS for lineage distribution in peripheral 

blood and bone marrow. The frequencies and function of Nov3del HSC and 

progenitors were determined by FACS analysis and in vitro CAFC and CFC 

assay. The Nov3del HSC function was further tested in bone marrow 

reconstitution assay and serial transplantation. The haematopoiesis in aged 

Nov3del mice were also examined by FACS analysis and bone marrow 
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reconstitution assay.  

5.2 Results 

5.2.1 Breeding of Nov 3del mutant mice 

The original paper describing Nov3del mutant mice reported that 35% of 

heterozygote and 55% of homozygote were lost prior to postnatal day 10, 

resulting in only 17% homozygote and 46% heterozygote from a total of 30 live 

born. However, during the period of expanding the Nov3del colony in Oxford, 

the loss of homozygote and heterozygote within the live born pups were not 

observed. Within the 241 offspring from mating of F1 and F2 Nov3del 

heterozygote, there were 108 mice were heterozygote, 67 homozygote and 66 

wild type, representing 45%, 28% and 27% of total respectively.  

5.2.2 Nov3del mutant mice showed normal blood counts and 

lineage distribution 

The blood tests were performed to measure the peripheral blood counts in 

Nov3del mutant mice and their wild type littermates. Table 5.1 showed the 

average readings of blood tests for wild type, heterozygous and homozygous 

mice with standard deviation. In general, the Nov3del mutant mice had normal 

blood counts in all parameters compared to their wild type littermates.  
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The lineage distributions of white blood cells in peripheral blood were then 

checked by FACS analysis. The results (Figure 5.1.) showed that the 

distributions of both lymphoid B-cells (B220+), T-cells (CD3+) and myeloid 

cells (Mac1+) were similar in Nov3del homozygous mice and wild type controls. 

Interestingly, in heterozygous peripheral blood, there is a tendency of 

decreased frequency of B-cells (B220+) although it is not statistically 

significant.  And there was a statistically significant increase of T-cells (CD3+) 

frequency in heterozygous peripheral blood which was 60% comparing to 

around 40% in their wild type and homozygous litter mates.  

The original report described a phenotype of enlarged long bone in Nov3del 

mutant mice. However, of all the animals I analysed, there were no obvious 

differences of the sizes of femur and tibia noticeable between wild type and 

mutant mice. Other than the size, there were also no differences in total bone 

marrow cellularity. On average, the total number of mononuclear cells from 

one femur of each mouse is around 1.5×107 cells and 1.7×107 cells in wild type 

and homozygous respectively (Figure 5.2.A). 

In the bone marrow, the lineage distributions of myeloid and lymphoid cells 

were again similar between wild type and homozygous animals as shown in 

Figure 5.2.B. Consistent with the observation in peripheral blood, there was a 

mild decrease of B220+ cells in heterozygous bone marrow, though no 

difference in CD3+ cells (Figure5.2.B).    
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5.2.3 FACS analysis showed an increased frequency of HSC in 

Nov3del bone marrow 

Given that Nov is expressed only in the KLS compartments of haematopoietic 

cells, the next question investigated was whether loss of Nov affected the 

frequency of the various HSC/HPC subpopulations in the bone marrow. 

On average, the percentage of KLS cell in total bone marrow in wild type mice 

was around 0.41%; 0.63% in homozygous bone marrow. The increase of KLS 

frequency was mild (1.5 fold) but statistically significant. The KLS population is 

a heterogeneous population and can be dissected into more primitive stem cell 

population and multipotent lymphoid and myeloid progenitors with the surface 

marker of FLT3. When dissecting the KLS compartment into LT-HSC, ST-HSC 

and LMPP, the results indicated that this frequency increase was due to the 

increase of LT-HSC and ST-HSC compartments, but not LMPPs. In 

heterozygotes, the increases of all the compartments were less obvious and 

not statistically significant (Figure 5.3).  

Downstream of haematopoietic stem cells differentiation, the percentages of 

myeloid progenitors (CMP, GMP and MEP) were similar between homozygous 

and wild type animals. However, there seemed to be a mild increase in all the 

progenitor populations in heterozygote bone marrow (Figure 5.4).  



170 
 

5.2.4 In vitro assays showed an increased CAFC frequency but 

normal CFC output from Nov3del bone marrow  

Limiting dilution CAFC assay is widely used to test the frequency of HSCs in 

vitro. Cobble-stone-forming-areas were scored after 5 weeks and the 

frequency of long-term stem cells were calculated by L-Calc program from 

Stem Cell Tech. On average, there were 1.5 CAFC per 105 wild type bone 

marrow cells plated; 2.2 and 3.4 CAFC per 105 heterozygous and homozygous 

mutant bone marrow cells plated. The increases were 1.4 fold and 2.2 fold in 

Nov3del heterozygote and homozygote bone marrow respectively, and the 

increase was statistically significant between wild type and mutant littermates 

(Figure 5.5.A). This result was consistent with the observation of mild increase 

in LT-HSC frequency in mutant bone marrow by FACS. 

CFC assays were used to test the progenitor frequency and function in vitro. 

Total of 2×105 bone marrow mononuclear cells from Nov3del homozygous and 

wild type mice were plated into M3434 with 10ng/ml TPO. The colonies were 

scored according to their morphologies 10-14 days later. The results showed 

that Nov3del cells had a normal colony forming efficiency. And the outputs of 

different colony types were also similar between Nov3del cells and their wild 

type counterparts. There was a mild increase of the total colony number from 

heterozygous cells which was in line with the FACS results (Figure 5.5.B).  
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There was no obvious reduction of colony forming efficiency in Nov3del cells in 

secondary replating experiments (Figure 5.5.C). These results indicated a 

normal progenitor function of Nov3del cells in vitro. 

5.2.5 Nov3del mutant mice bone marrow could long-term 

reconstitute lethally irradiated recipients 

To test the function of HSC, currently the golden standard is to examine their 

reconstitution capacity of lethally irradiated recipients in the competitive bone 

marrow transplant assay.  

The same amount of Nov3del (CD45.2) mutant bone marrow and CD45.1 

competitive bone marrow cells were injected into lethally irradiated recipients. 

After one month, the peripheral bloods were checked by FACS for the 

engraftment efficiency and lineage constitution. The results showed that 

Nov3del bone marrow had a similar efficiency to reconstitute lethally irradiated 

recipient comparing to their wild type littermate (Figure 5.6.A). They could also 

give all lineages of blood cells analysed with normal distribution (Figure 5.6.B).  

After 4 months, the engraftment efficiency was maintained in Nov3del mutant 

donor cells in both peripheral blood and bone marrow (Figure 5.7.A). The 

lineage distribution in peripheral blood (Figure 5.7.B) and bone marrow (Figure 

5.8.C) were also comparable between wild type and Nov3del donors. Although 

the KLS frequency was increased in Nov3del mutant primary bone marrow as 
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detected by FACS analysis, this phenotype was not carried over in the 

transplant recipient bone marrow with enhanced long term engraftment 

efficiency. There were also no differences of KLS and LT-HSC (CD34-KLS) 

frequencies within wild type and Nov3del mutant donor cells (Figure 5.7.D). The 

progenitor fr qu   i    f b t  Ak   i’  (Figur  5.7.E)   d Pr  k’  (Figur  

5.7.F) dissections were also comparable between Nov3del derived cells and the 

wild type donor cells.  

5.2.6 Nov3del mutant bone marrow showed increased 

reconstitution efficiency in serial transplantation 

The primary transplants showed normal lineage distribution in primary 

recipients and no difference in the engraftment efficiency. However, this was 

not compatible with the observations of increased HSC frequency from both in 

vivo FACS analysis and in vitro CAFC assay. Therefore I decided to perform a 

serial transplant with those reconstituted bone marrows in hope to read out the 

HSC frequency in a more strict setting. 

The same amounts of bone marrow cells from first recipients were collected 

and injected into lethally irradiated recipients.  After 4 months, the peripheral 

blood was FACS analysed to determine the engraftment efficiency. Of the 

engrafted recipients in the secondary transplant experiments, as judged by 

more than 0.3% of donor cells within total mononuclear cells, the average 



173 
 

engraftment efficiency was around 15.3% from wild type donors and 43.6% 

from Nov3del donors. Consistent with the peripheral blood results, the 

percentages of Nov3del donors were also higher in spleen and bone marrow 

which were 46.9% and 46% respectively; instead, the percentages of wild type 

donors were only 20% and 12% respectively in spleen and bone marrow 

(Figure 5.8.A). 

The lymphoid cell reconstitutions in recipients were similar from both wild type 

and Nov3del donors. However, there was an unexpected augment of myeloid 

reconstitution from Nov3del donors, and the increase was statistically significant 

in bone marrow (Figure 5.8.B). 

Even though there was significantly increased secondary engraftment capacity 

from Nov3del donor cells and disruption in lineage distribution, the frequencies 

of KLS and HSC subpopulations were not significantly increased in Nov3del 

donors comparing to the wild type control (Figure 5.9.A); and the frequencies 

of progenitors were also similar between the Nov3del and wild type donors 

(Figure 5.9.B). 

The result of enhanced reconstitution efficiency in a serial transplant 

experiment reflected the observation of increased HSC frequency in Nov3del 

mutant bone marrow. However, it was not clear what might cause the 

enhanced differentiation into myeloid cells in secondary recipients. 
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5.2.7 The analysis of haematopoiesis in aged Nov3del mutant 

mice  

The observation in the original Nov3del mice paper indicated that Nov had a 

general role in maintenance of tissue viability in adults. Especially, these mice 

showed some early aging features. In Nov knock-out mice, the phenotype of 

increased osteoblast surface, bone formation and bone remodelling was more 

obvious in older mice. These observations indicated that Nov may have a role 

in aging and it would be possible that the haematopoietic phenotype shown in 

Nov3del young mice will be more readily observed. To test this hypothesis, I did 

the FACS analysis and transplant experiments with aged (more than14 

months old) Nov3del mutant bone marrow.   

Just as there was no obvious increase of bone size and cellularity in young 

Nov3del mutant bones, the aged Nov3del mutant mice showed no differences in 

bone cellularity. The average numbers of total bone marrow mononuclear cells 

in one femur were around 2.1×107 and 2.4×107 in wild type and homozygote 

respectively. (Figure 5.10.A) 

The lineage distribution of aged Nov3del mutant peripheral blood was similar to 

that of young mice. The B cells, T cells and myeloid cells were around 43.5%, 

42.8% and 10.3% respectively in Nov3del mutant peripheral blood which were 

similar in their wild type control. (Figure 5.10.B)  
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The lineage distributions were also similar in aged mice bone marrow. There 

were 16%, 9% and 15% of B cell, T cell and myeloid cells in Nov3del mutant 

bone marrow respectively with similar lineages distribution in wild type bone 

marrow (Figure 5.10.B). 

Surprisingly, the frequencies of KLS and HSCs were decreased to a level 

comparable to their wild type control. Similar frequencies of all progenitors 

were observed in both aged wild type and Nov3del cells (Figure 5.10.C).  

5.2.8 The function of HSC from aged Nov3del mutant mice was 

normal in bone marrow transplantation. 

To test the function of aged Nov3del HSC, I performed a competitive bone 

marrow reconstitution assay. After 4 months of engraftment, the percentages 

 f d   r       i  t   r  ipi  t’  p rip  r   b   d w r   r u d 70% fr m b t  

wild type and Nov3del derived cells (Figure 5.11.A). In peripheral blood, the 

lymphoid (B220+ and CD3+) and myeloid (Mac1+) cells were replenished at 

similar frequencies as their wild type control (Figure 5.11.B).  

The percentages of donor cells in bone marrow were also similar at around 86% 

and 87% for both wild type and Nov3del donors (Figure 5.11.A). There were 

also no differences in lineage distributions in bone marrow (Figure 5.11.B). 
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The frequencies of haematopoietic stem and progenitor cells derived from 

aged donor cells were similar for Nov3del mutant and wild type controls, 

implicating an unaltered function of Nov3del HSC (Figure 5.11.C). 

5.3 Summary and discussion  

In this chapter, I characterized haematopoiesis in Nov3del mutant mice and 

tested Nov3del HSC function with both in vitro and in vivo assays. In general, 

the Nov3del mice showed normal haematopoietic cell differentiation and 

function in peripheral blood and bone marrow. There was a mild increase of 

HSC frequency in Nov3del mice bone marrow by FACS analysis. This result 

was later confirmed by the in vitro CAFC assay with the increased frequency of 

cobble-stone-forming cells and by the secondary transplantation with the 

enhanced engraftment efficiency in secondary recipients. The haematopoiesis 

and HSPC function appeared to be normal in aged Nov3del mutant mice as 

well. 

In the original paper, the author reported a loss of 35% of heterozygote and 

55% of homozygote prior to postnatal day10 which resulted in only 17% 

homozygote and 46% heterozygote from a total of 30 live born (Heath, E.2008). 

However, of the total 241 offspring I obtained from breeding between 

heterozygote in the BMS oxford, there were 45% heterozygote, 28% 

homozygote and 27% wild type. The similar percentage of homozygous 
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offspring with wild type indicated there was no homozygote lost prior to 

postnatal. The increased survival rate of homozygote during the successive 

breeding could be explained partly by a selection for a less severe phenotype 

through generations which was also suggested in the paper (Heath, E.2008) to 

explain the reduced levels of neonatal loss comparing to surviving littermates. 

Nov3del mutant mice exhibited several abnormalities including enlarged 

vertebrae, elongated long bones at both embryonic and adult stages in the 

original paper (Heath, E.2008). It is therefore reasonable to predict that the 

Nov3del mice will contain more bone marrow cells per long bone. Surprisingly, 

the bone marrow cellularity in each femur counted showed no difference 

between Nov3del and their wild type controls. This observation, together with 

the increased survival rate of homozygote, indicated that this Nov3del 

transgenic mouse line may have adapted to the mutation in Nov gene during 

the successive breeding and lose certain severe phenotypes. There are two 

possible explanations for these changes. Firstly, the phenotypes caused by 

losing normal Nov expression may be compensated by the upregulation of 

other genes during breeding, although it is not clear which candidate genes 

are involved. Secondly, Nov3del mutant mice I used have been rederived to 

clean out the viruses, bacterias and pathogens, such as mouse Hepatitis virus, 

mouse Norovirus and Helicobacter spp, found in these animals before they 

were imported in BMS Oxford. Several proteins from CCN family, including 
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Nov, have been reported to involve in the response of inflammation and viral 

infection (Perbal B, 2006; Kular L, 2011). The presents of these pathogens 

may activate the CCN proteins; therefore, contribute the severe phenotypes 

observed in the original paper.  

In general, Nov3del mice had normal haematopoiesis throughout their 

adulthood. Nov3del HSC showed an unaltered function as tested by both in vivo 

and in vitro assays. Obviously, there is the possibility that the low level 

expression of Nov3del mutant protein in the mutant animal could act as the full 

length protein and therefore mask the phenotype in haematopoiesis which 

would have been induced by loss of Nov.  However, these results were also 

consistent with the results described in Chapter 4 where Nov knockdown KLS 

showed no effects in cell growth and viability or the reconstitution capacity in 

lethally irradiated recipients. It may therefore be reasonable to conclude, 

based on these results above, that Nov may be dispensable for mouse HSC 

function under differentiation or self-renewal condition. 

Despite all the normalities observed in haematopoiesis, interestingly, there 

was an increase of HSC frequency in Nov3del mice. Accumulating evidence 

revealed that Nov regulates bone turnover and is a novel regulator of skeletal 

metastasis (Minamizato T, 2007; Canalis E, 2007; Heath E. 2008; Katsube 

K,2009; Canalis et al. 2010; Ouellet, V., 2012) . Nov inhibits osteoblast 

differentiation and would cause significantly diminished bone mineral density in 
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transgenic mice when overexpressed specifically in osteoblasts (Canalis E, 

2007). In Nov null mice, though no obvious skeletal abnormalities were 

observed during development, female mice at ten months old showed an 

increase in osteoblast numbers/bone surface, mineralization and bone 

formation. As a known key component of the HSC niche, altered osteoblast 

cell number and function in bone marrow will often affect the HSC number and 

self-renewal ability (Zhang, J.2003; Calvi, L.M.2006). HSC niche function in 

Nov3del mice has not been examined. It is intriguing then to propose that the 

increased frequency of HSC in Nov3del mice is due to either increased niche 

forming osteoblast cells or enhanced osteoblast function that contribute to the 

interaction of HSC and its microenvironment. 

In order to understand the Nov function in HSC niche and the interaction 

between HSC and its microenvironment, I carried out the following in vitro 

assays which are described in Chapter6. 
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   WBC  

(10
^3

/mm
3
)  

RBC  

(10
^6

/mm
3
)  

HGB  

(g/dl)  

HCT 

 (%)  

MCV 

 (um
3
)  

MCH 

 (pg)  

MCHC  

(g/dl)  

RDW 

 (%)  

PLT   

(10
^3

/mm
3
)  

MPV 

 (um
3
)  

PCT 

 (%)  

WT  8.54 

+2.09  

9.81 

+2.37  

15.43 

+3.54  

47.74 

+11.85  

48.50 

+1.37  

15.68 

+0.55  

32.35 

+1.59  

13.23 

+0.56  

438.88 

+130.75  

5.613 

+0.20  

0.25 

+0.08  

Nov
3del+/- 

 

 

6.76 

+3.29  

9.10 

+1.41  

14.51 

+2.00  

44.75 

+6.79  

49.13 

+0.74  

15.97 

+0.35  

32.48 

+0.69  

13.30 

+0.60  

376.13 

+91.29  

5.69 

+0.28  

0.21 

+0.05  

Nov
3del-/- 

 

 

6.86 

+1.11  

9.13 

+1.82  

14.50 

+3.00  

45.18 

+9.93  

49.20 

+1.48  

15.88 

+0.34  

32.22 

+0.74  

12.74 

+0.10  

374.80 

+98.08  

5.58 

+0.25  

0.21 

+0.05  

Table.5.1: Complete blood test for the wild type, Nov3del+/- and Nov3del-/- mice. 

Blood counts were assessed in 8 wild-type (WT), 8 age-matched Nov3del+/- and 5 age-matched Nov3del-/- mice at 8-12 weeks old. All 

hematologic parameters measured for both genotypes were in the normal range. The mean value + SD are presented for each 

parameter. 
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Figure.5.1: Lineage distributions were normal in Nov3del 

mice peripheral blood. 

Peripheral blood from wild type and Nov3del mutant mice were analysed by FACS. 

The results showed that there were no difference in B220, CD3 and Mac1 

expression except from the CD3 expression in heterozygous mice. There was a 

tendency of reduced frequency of B220 expression in heterozygotes, but it was 

not statistically significant.  Each dot represents individual mouse analysed; the 

line indicates the mean with SEM.  * indicate that the t-test result between wild 

type and heterozygous group is statistically significant at p<0.05.  
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Figure.5.2: Cellularity and Lineage distributions were 

normal in Nov3del mutant mice bone marrow.  

A. Total mononuclear cell numbers from one femur of each type of animals 

were flushed and counted after red blood cell lysis. The results showed no 

obvious increase of cellularity in both heterozygous and homozygous 

animals compared to their wild type littermates. 

B. Lineage distributions were analysed by FACS and showed no difference 

between wild type and Nov3del homozygous mice. But in heterozygotes, 

there was a mild reduction in B220+ cell frequency, which was consistent 

with the observation in peripheral blood.  
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Each dot represents an individual mouse analysed; the line indicates the 

mean with SEM.  * indicate the t-test result between wild type and 

heterozygous group is statistically significant at p<0.05.  
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Figure.5.3: FACS analysis of HSC in Nov3del bone marrow 

The frequency of KLS in total bone marrow was increased by 1.5 fold in 

homozygote bone marrow. This enrichment could be observed in the LT-HSC and 

ST-HSC compartments, but not LMPPs. In heterozygotes, the increases of all the 

compartments were less obvious and not statistically significant. 

Each dot represents an individual mouse analysed; the line indicates the mean 

with SEM.  * indicate the t-test result between wild type and homozygous group 

is statistically significant at p<0.05.  
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Figure.5.4: FACS analysis progenitors in Nov3del bone 

marrow 

The percentages of myeloid progenitors (CMP, GMP, and MEP) were similar 

between homozygote mutant and wild type animals. There seemed to be a mild 

increase in all the progenitor populations in heterozygote bone marrow, though 

this is not statistically significant.  

Each dot represents an individual mouse analysed; the line indicates the mean 

with SEM.   
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Figure5.5: In vitro analysis of Nov3del HSC/HPC 

A. The frequency of CAFC from 5 weeks limiting dilution CAFC assay. The 

results showed that there were 1.4 fold and 2.2 fold increase of CAFC 
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frequency in Nov3del heterozygous and homozygous bone marrow 

respectively. Each dot represents an individual mouse analysed; the line 

indicates the mean with SEM.  * indicate the t-test result between wild 

type and heterozygous group is statistically significant at p<0.05.  

B. CFC assay. Bone marrow from Nov3del homozygote mice had similar 

colony forming ability as their wild type control. There was a mild increase 

of total colony number from heterozygote bone marrow. Cells were 

cultured in Methocult M3434 with TPO. (n=5, mean + SD).  

C. Secondary replating of CFC assay. There was no obvious difference in the 

replating efficiency between wild type and Nov3del mutant cells.  (Average 

of 3-5 mice analysed for each genotypic group, mean + SD).  
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Figure.5.6: Short term engraftment efficiency of Nov3del cells 

in competitive reconstitution assay.  

A. The engraftment efficiency at one month from wild type and Nov3del cells. The 

results showed comparable engraftment efficiency at short term from wild 

type and Nov3delcells. n=8+SEM 

B. The reconstitutions of different lineages in peripheral blood derived from 

Nov3del cells were similar to wild type donors. n=8+SEM  
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Figure.5.7: Long term engraftment of Nov3del cells in 

competitive reconstitution assay.  

A. This graph showed the engraftment efficiency at 4 month in peripheral 

blood and bone marrow.  The Nov3del donor cells had a similar long term 
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reconstitution capacity compared to their wild type control. n=6+SEM 

B. The lineage distribution of engrafted donor cells in peripheral blood. 

n=8+SEM 

C. The lineage distribution of engrafted donor cells in bone marrow. 

n=8+SEM 

D.  In the donor derived cells, the KLS and CD34-HSC frequency were 

similar between the wild type and Nov3del cells n=8+SEM 

E.F. The progenitors frequencies were similar in both wild type and Nov3del 

donor cells. n=8+SEM  
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Figure.5.8: Serial transplantation of Nov3del bone marrow 

cells 

A. This graph showed the engraftment efficiency of donor cells in peripheral 

blood, spleen and bone marrow 4 months after being transplanted into 

secondary recipients. There was a significant increase in reconstitution 

from Nov3del donor cells in all three organs comparing to the wild type 

control. Each dot represents an individual mouse analysed; the line 

indicates the mean with SEM.   

B. The lineage distributions were examined in peripheral blood, spleen and 

bone marrow.  The Nov3del cells that reconstituted secondary recipients 

showed no difference in lymphoid (B220+, CD3+) reconstitution. The 

myeloid outputs (Mac1+) were increased in all three organs checked; and 
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the increase was statistically significant in bone marrow. n=8 wild type and 

5 homozygote +SEM. * indicate the t-test result between wild type and 

heterozygous group is statistically significant at p<0.05. 
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Figure.5.9: Serial transplantation of Nov3del cells 

A. FACS results of the haematopoietic stem cell frequency of donor cells in 

bone marrow 4 months after being transplanted into secondary recipients. 

The frequencies of all HSPC subpopulations were similar between Nov3del 

donor cells and the wild type control. 

B. FACS analysis of the progenitor cell frequency in bone marrow 4 months 

after being transplanted into secondary recipients. The frequencies of 

progenitors (Akashi dissection) were similar between Nov3del donor cells 

and the wild type control. 

n=8 wild type and 5 homozygote +SEM.  
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Figure.5.10: Analysis of haematopoiesis in aged Nov3del 

mice 

A. The bone marrow cellularities of aged Nov3del mice were assessed and 

showed no difference to their wild type control. Each dot represents 

individual mouse analysed; the line indicates the mean with SEM. 

B. FACS analysis of lineage distribution in peripheral blood and bone marrow 

showed a normal lineage distribution in Nov3del aged mice. n=6 +SEM  
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C. The frequencies of KLS, HSC and progenitors in aged mice were 

comparable between wild type and Nov3del. n= 5wild type and 8 

homozygote + SEM  
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Figure.5.11: Bone marrow reconstitution of Nov3del aged 

cells 

A. The engraftment efficiency at 4 months. The results showed a comparable 

reconstitution capacity of Nov3del aged cells to their wild type counterparts. 
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B. FACS analysis of lineage distribution in peripheral blood and bone marrow 

showed a normal lineage distribution in Nov3del aged donors. 

C. The frequencies of HSPC in aged donor cells were comparable between 

wild type and Nov3del.  n=4+SEM 
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CHAPTER6. 

ANALYSIS OF NOV FUNCTION IN HSC 

MICROENVIRONMENT 
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6.1 Introduction 

In previous chapters, I tested the function of Nov in HSC through gain and 

loss of function analysis.  Forced expression of Nov in KLS cells induced 

apoptosis and reduced their long term reconstitution activity. Nov 

knockdown in haematopoietic stem and progenitor cells did not affect cell 

growth, differentiation and long term reconstitution activity. Nov3del mutant 

mice also showed normal HSC function in differentiation and self-renewal. 

However, Nov3del mutant mice showed an increased HSC frequency 

possibly due to the enlarged bone and enhanced osteoblast cell function. 

This raised the possibility that Nov could play a role in the interaction 

between HSC and the microenvironment. Therefore, I moved on to 

investigate the role of Nov in HSC interaction with microenvironment. 

To model the interactions between HSCs and bone marrow stromal cells 

and to test the function of Nov in HSC microenvironment, I set up several in 

vitro assays with FDCPmix cells and bone marrow stromal cells. Firstly, 

Nov functions in haematopoietic cell adherent and migration capacity were 

tested with FDCPmix cells. Secondly, the expression levels of Nov were 

compared by RT-qPCR in bone marrow stromal cells, primary bone 

marrow endothelial cells and osteoblast cells to identify the expression 

pattern of Nov within bone marrow. To model the function of Nov in HSC 

microenvironment, stromal cells were manipulated for Nov expression and 

examined for their function as HSC niches. 
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6.2 Results 

6.2.1 Novi FDCPmix cells showed impaired adherent 

capacity 

During the serum free culture of FDCPmix, I consistently observed a layer 

of adherent cells at the bottom of flask in LLX cell culture but not in Novi 

cell culture (Figure 6.1.A). The majority of these adherent cells were round 

and bright under the light field microscope. There were also some cells 

showing fibroblast-like morphology which could be fully differentiated 

macrophage cells.  

This interesting phenotype of Nov knockdown in FDCPmix indicated that, 

as a matrix protein, Nov may be involved in the process of cell adhesion. A 

role for Nov in cell adhesion had been reported in many different tissues 

(Benini S, 2005; Vallacchi V, 2008; Bohlig L, 2008), and a recent study 

showed that Nov-overexpressing K562 CML cells displayed increased 

adhesion to matrigel (McCallum L, 2012). In order to test whether the 

observed reduction of adherent cells from Novi culture was due to the loss 

of Nov, I did a rescue experiment by adding recombinant murine Nov 

protein (R&D) into the culture (Figure 6.1.B). The addition of exogenous 

Nov protein did not affect the percentage of adherent cells within the LLX 

culture.  However, when rmNov was added to Novi cells at increasing 

concentrations, the percentage of adherent cells increased as the 
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concentration of rmNov was increased from 0 to 0.1 and then 0.5 μg/ml. 

However, at the highest concentration tested 1μg/ml, adherence was 

reduced (Figure 6.1.B).  

These results indicated that Nov may be a positive regulator for cell 

adherent capacity and could enhance cells adherent capacity in a 

concentration dependent manner. As a secreted protein, the level of Nov 

produced by LLX FDCPmix cells may have reached its saturated level and 

this could explain why there was no effect on cell adherence when rmNov 

was added to LLX culture.  

6.2.2 Nov knockdown in FDCPmix reduced the migration 

capacity  

An important aspect of haematopoietic stem and progenitor cells 

interaction with the microenvironment is the capacity of HSPC to respond 

and migrate to chemokine and other signals released from bone marrow. It 

has been reported that primed HSC (N-cadherinlow HSCs) are specifically 

prepared for tasks involving reconstitution, mobilization, or response to 

stimuli and may have more flexible interactions with their environment. 

Gene expression assays showed that Nov is highly expressed in this 

population (Haug J.S, 2008). Moreover, accumulating evidence observed 

from other tissue system such as sarcoma (Tzeng, H. E.2011, Huang, C. 

Y.2011, Benini, S2005), prostate cancer (Chen, P. C.2012), smooth 



 

202 
 

muscle cells (Shimoyama, T.2010) and glioblastoma cell line (Lin C.G, 

2003) showed that Nov functions in cell migration and mobility. Therefore, I 

decided to investigate whether Nov also plays a role in HSC migration. 

I performed an in vitro transwell assay with FDCPmix cells which are 

known to express a high level of Nov (Bruno., 2004) and can home to bone 

marrow in recipient mice (data not shown). This assay provides a quick and 

simple model to test Nov function in haematopoietic stem and progenitor 

cell migration. All experiments using FDCPmix for migration assays 

employed serum free conditions to reduce the possible effects of serum 

present in normal culture. 

Novi FDCPmix cells were maintained in SFEM medium with 10ng/ml rmIL3 

for one passage before the transwell assay. 500μ   f SFEM (10 g/m  

rmIL3) was applied onto the top chamber and left in the incubator overnight 

to equilibrate the transwell. 1-2×105 FDCP Novi or control cells were added 

onto the top chamber and incubated for up to 3-4 hours at 37°C with 5% 

CO2. Then cells were washed off from both top and bottom chambers and 

counted. The migration rate was calculated as the number of cells migrated 

to the bottom chamber as a fraction of the total number of cells in both top 

and bottom chambers (Figure 6.2.A).  

When no chemoattractants such as SDF-1 were added in the bottom 

chambers the migration rate should represent the intrinsic capacity for cell 

mobility. After 4 hours of incubation, around 15% of total plated LLX cells 
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migrated through the membrane and entered the bottom chamber in 

control wells, while only 10% of Novi FDCPmix cells migrated to the bottom 

chamber (Figure 6.2.B, left panel). The difference of migration rate 

between Novi and control FDCPmix cells is statistically significant. This 

result indicated that reducing the level of Nov expression may impair the 

capacity of FDCPmix cells to migrate and thus Nov could play a positive 

role in the migration capacity of haematopoietic stem and progenitor cells.  

In order to test how Novi FDCPmix cells respond to homing signals, 

100ng/ml SDF-1 was added to the bottom of the well before adding 

1-2×105 FDCPmix cells into the top chamber.  After 3-4 hours of 

incubation, the average migration rate of Novi FDCPmix cells to SDF-1 was 

48% compared to 58% of LLX FDCPmix cells (Figure6.2.B, right panel). 

The mild decrease of migration rate in Novi cells was not statistically 

significant, but the level was consistent with the observation of decreased 

intrinsic migration capacity of Novi cells.  

FACS analysis of CXCR4, the receptor of SDF-1, showed that FDCPmix 

cells have high expression of CXCR4 and Nov knockdown did not affect 

CXCR4 protein level at cell surface (Figure 6.2.C). This result indicated that 

the mild reduction of Novi FDCPmix response to SDF-1 was not due to 

reduced receptor expression but rather due to reduced intrinsic capacity of 

migration.  
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6.2.3 Gene expression analysis of Novi FDCPmix cells by 

RT-qPCR  

In order to understand the molecular mechanism of Nov involvement in 

FDCPmix adherence and migration, I checked the gene expression of 

known cell adherence molecules (CAMs) and matrix metalloproteinase 

(MMPs). Consistent with the protein level, the expression of CXCR4 was 

not changed at mRNA level in Novi cells. Moreover, there was no obvious 

change in the expression of the other genes analysed (Figure 6.3).  

These results implied that Nov did not affect cell adherence and mobility 

via effects on expression of these adherence/migration related genes. The 

mechanism of Nov function in cell adherence and mobility could be either 

through protein interaction or other pathways.   

6.2.4 Characterization of Nov expression pattern in bone 

marrow cells  

Katsube.K. (2009) proposed that Nov expressed by bone marrow 

mesenchymal stem cells could be the main source of Nov supply in the 

bone marrow to suppress the osteoblast function and enhance the HSC 

function. Stromal cells derived from long term bone marrow culture have 

been used to support and test HSC function in various in vitro assays 

(Alberico T.A, 1987; Toksoz D, 1992; Jing D, 2010; de Barros A.P, 2010; 

Zetterblad J, 2010). Stromal cells derived from bone marrow or fetal liver 
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are immature and heterogeneous populations. A prominent cell type in 

these cultures is a multipotential population which can differentiate into 

osteoblasts, chondrocytes and adipocytes under suitable conditions, and is 

therefore referred to as a mesenchymal stem cell. The other populations in 

the culture include adipocytes, macrophages, fibroblasts and endothelial 

cells. Stromal cells derived from bone marrow culture provide a unique in 

vitro system to study HSC microenvironment. 

In order to verify if these stromal cells derived from long term bone marrow 

culture could be used as a model to investigate Nov function in HSC 

microenvironment, I firstly tested whether Nov was expressed in stromal 

cells and what the level of Nov expression was. 

I compared the expression of Nov in stromal cells to LT-HSC and primary 

bone marrow osteoblast and endothelial cells (Figure 6.4). Primary 

endosteal osteoblast (CD45-Ter119-CD31-) and endothelial 

(CD45-Ter119-CD31+) cells were isolated by FACS from bone marrow. 

RT-qPCR results using TaqMan oligos showed that Nov was expressed in 

stromal cells at a similar level to LT-HSC. The expression was lower in 

endothelial cells and osteoblast cells compared to stromal cells and 

LT-HSC. These results suggested that stromal cells derived from long term 

bone marrow culture could be used as an in vitro model to test Nov function 

in HSC microenvironment.  
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6.2.5 Overexpression of Nov in stromal cells enhanced 

FDCPmix migration but Nov did not function as 

chemoattractant per se 

The niche cells provide not only ECM and the cell-cell contacts with HSC to 

provide them an anchor; they are also known to secret critical cytokines 

and signals for HSC homing and other functions. Therefore, I tested the 

homing capacity of FDCPmix towards Nov overexpressing or Nov 

knockdown stromal cells in transwell assay. 

Long term bone marrow culture cells were maintained as normal in M5300 

for two weeks and split one day before viral transduction. The cells were 

cultured for another week and GFP+ cells were purified with FACS sorts. 

Stromal cells were transduced with either mNov virus to overexpress Nov 

or Novi virus to knockdown Nov with empty virus as controls. GFP+ cells 

were sorted and plated into 24 well plates at 105 cells per well in M5300. 

The plates were incubated at 33°C and were ready to be used within 7 

days. Effects on Nov expression were confirmed by RT-qPCR (Figure 

6.5.A). The day before the experiment, the medium was changed to SFEM 

to avoid the possible effects of serum in the system. The transwell inserts 

were placed into the well with stromal cells growing at bottom. 105 

FDCPmix cells were added onto the top chamber and incubated for 3-4 

hours. Then cells from both top and bottom chambers were collected and 

counted for calculation of migration rate (Figure 6.5.B). The results showed 
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that FDCPmix cells had higher migration rate towards Nov-overexpressing 

stromal cells while knocking down of Nov in stromal cells did not affect 

FDCPmix migration towards them. 

 SDF-1/CXCL12 is a known chemoattractant produced by bone marrow as 

a signal for HSC homing to bone marrow. I next checked if Nov 

overexpression in stromal cells induced SDF-1 expression which in turn 

enhanced the migration of FDCPmix cell towards mNov stromal cells. 

RT-qPCR results however indicated that Nov did not regulate the 

expression of SDF-1/Cxcl12 in stromal cells (Figure 6.5.C).  

The lack of changes in SDF-1/Cxcl12 expression indicated that the 

enhanced FDCPmix cell migration toward mNov stromal cells was not due 

to an increased level of homing signal SDF-1. I therefore asked whether 

Nov itself plays a role as a chemoattractant in HSC homing and whether 

Nov affects cell response to SDF-1. These were tested by adding 100ng/ml 

recombinant mouse Nov protein into medium in the bottom wells in the 

absence or presence of SDF-1. The results (Figure 6.5.D) showed that the 

overall migration rates were similar between the wells with or without 

rmNov indicating Nov alone did not affect the migration efficiency. In 

agreement with the enhanced migration towards mNov stromal cells, when 

adding rmNov into wells with SDF-1, there was a tendency of enhanced 

migration towards SDF-1, from 56% to 65%, although this result was not 

statistically significant. 



 

208 
 

These results indicated that Nov did not work as chemoattractant per se, 

but may enhance the effect of SDF-1 to FDCPmix cells migration.  

6.2.6 Overexpression of Nov in stromal cells can enhance 

the HSC expansion and CFC frequency in vitro  

In order to avoid the activity of Nov or similar proteins from serum, a serum 

free co-culture system was designed to test the function of Nov in the HSC 

microenvironment. GFP+ stromal cells transduced with either CSI/mNov or 

LLX/Novi virus were sorted and plated into 96 well plates at 104 cells per 

well in M5300. When the cells grew to about 80% confluent in 96 well 

plates, the whole plate was irradiated to deactivate the growth of 

haematopoietic cells from the culture. Medium of the culture was changed 

from M5300 to SFEM one day before adding KLS cells. This step allowed 

the secretion of cytokines and other essential proteins into the medium 

from stromal cells before KLS cells were seeded onto the stromal cells. 

Half-medium change was performed every week for up to 4 weeks.  

The KLS cells proliferated rapidly on the stromal cells for the first two 

weeks even though there was no serum or cytokines present in the culture. 

KLS cells can retain their progenitor capacity even after two weeks 

co-culture in serum and cytokine-free condition. However, the cells grown 

in serum-free condition lost their haematopoietic morphology gradually 

after 3 weeks culture (data not shown).  
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The assay therefore did not allow long-term analysis of Nov function in 

 tr m        ’  upp rti g haematopoietic stem cell culture. However, it still 

provided a good indication for stromal functions in short term assay. The 

proliferation rates of KLS cells on the Nov manipulated stromal cells after 

two weeks were compared. On average, KLS expanded more than 

700-fold in two weeks when cultured on the mNov stromal cells (Figure 

6.6.A). There was only around 300-fold proliferation of KLS on control 

stromal cells. Knocking down Nov in stromal cells did not affect KLS cell 

proliferation.       

After two weeks co-culture with mNov or Novi stromal cells, KLS derived 

cells were taken out from 96 wells and put into methylcellulose with 

cytokines to test their progenitor function. The progenitor frequency was 

determined by the number of colonies formed per 100 KLS initially plated 

on stroma. The results showed that Nov overexpressing stromal cells can 

not only enhance the proliferation of KLS cells, but also help maintaining 

their progenitor function (Figure 6.6.B). In contrast, Nov knockdown stromal 

cells showed an impaired capacity to support progenitors although they 

can support KLS cell proliferation as effectively as their vector controls.  

Taken together, these results suggested that Nov plays an important role in 

stromal cells for supporting haematopoietic stem and progenitor cells in 

vitro. 
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In order to investigate the possible mechanism of Nov function in HSC 

supportive stromal cells, I did a preliminary test for expression of some 

genes known to be involved in interactions of HSC and niche cells, namely 

CAMs and MMPs. The results showed that mNov stromal cells had 

reduced expression at the mRNA level of Mmp9 and N-cadherin.  

6.3 Summary and discussion 

Migration and adherent capacity are critical for homing of HSC to their 

bone marrow niche and replenishing the blood cells both during 

homeostasis and in lethally irradiated recipients. Many studies have tried to 

develop an in vitro experimental system mimicking the functional 

haematopoietic stem cell niche to recapitulate the specialized properties of 

the marrow microenvironment and achieve the expansion of functional 

HSC in vitro (Ferreira M.S, 2012; Sharma M.B, 2012). These in vitro 

models also provide powerful tools to investigate the interaction between 

HSCs with their microenvironments (de Barros A.P, 2010; Shen Y, 2012). 

In this chapter, I deployed in vitro analysis to investigate the function of Nov 

in the interactions between HSCs and their microenvironment. Serum free 

culture of FDCPmix cells showed that Nov knock down reduced the 

capacity of FDCPmix cells to adhere to flask. The defect of adhesion in 

Novi cells could be rescued by adding recombinant Nov protein into the 

culture medium. These data suggested that Nov impacts cell adherent 
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functions through an extra cellular mechanism, which also explains the 

normal reconstitution of Novi KLS observed in wild type recipients.  

In vitro transwell assay of Novi FDCPmix cells showed a reduction of 

spontaneous migration capacity and a trend of reduced migration capacity 

towards chemoattractant SDF-1 in vitro. Interestingly, overexpression of 

Nov in stromal cells could enhance the migration of FDCPmix cells. The 

further migration assays suggested that Nov did not function as a 

chemoattractant, but could enhance the homing effect of SDF-1. These 

data identified an important role of Nov in HSC migration and were 

consistent with a recent study where Nov was found highly expressed in 

N-cadherin+ HSCs, a subpopulation of primed HSC that was proposed to 

response to microenvironmental cues (Haug J. S, 2008).  

RT-qPCR results of some known Nov targets involved in cell migration and 

adherence (Tzeng H.E, 2011; Liu S, 2012; Shimoyama T, 2010; Lin 

C.G, 2003) showed no obvious changes in gene expression at mRNA 

level. These data suggested that the function of Nov in cell adherence and 

migration involves in other mechanisms without CAM and MMP. 

When KLS cells were cultured in serum-free medium in the presence of 

stromal cells without any cytokines, significant expansion was observed in 

wells with Nov overexpressing stromal cells. CFC assay of the expanded 

cells showed increased colony forming activity from mNov stromal cells 

co-cultured KLS. These results indicated that Nov overexpression in 
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stromal cells can enhance the function of stromal cells in HSC 

microenvironment which efficiently expand and maintain HSC progenitor 

function in co-culture. These results were in line with several recent 

reports. Microarray assay and cDNA subtraction studies comparing HSC 

supportive fetal liver stromal cells cell lines versus non-supportive lines 

showed that Nov was highly expressed in HSC supportive stromal cells 

(Charbord, P.2005). Nov has also been reported to be highly expressed in 

ALCAM-Sca1+ endotheal population in bone marrow which could enhance 

the progenitor read out of HSC in CFC assay after coculture (Nakamura, 

Y.2010).  

Overexpression of Nov in stromal cells reduced the expression of Mmp9 

and N-cadherin.  Recent studies showed that MMP-9 activated the HSC 

mobilizing factor cytokines (e.g. SCF), degrades osteopontin, induces HSC 

cycling and reduces HSC anchorage to the osteoblastic niche (Heissig, B. 

2002). N-cadherin is expressed in osteoblasts, mesenchymal stem cells 

and haematopoietic stem and progenitor cells (ZHANG.J, 2003; Haug.J.S, 

2008; Xie.Y, 2009; Wein.F, 2010). In vitro culture of HSCs with osteoblasts 

that expressed high levels of N-cadherin or primary N-cadherinhi ALCAM+ 

Sca- osteoblast cells enhanced the long term reconstitution activity of 

HSCs (Nakamura, Y. et al. 2010). However, the studies of N-cadherin 

function in HSC and niche had been controversial. There are also 
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evidences showed that N-cadherin is not required for maintenance of HSC 

(Kiel, M.J, 2007; Greenbaum.A.M, 2012).  

Further studies of the interaction among Nov, Mmp9 and N-cadherin may 

shed light on the mechanism of HSC interaction with microenvironment.  
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Figure.6.1: Adherence was impaired in FDCPmix Novi cells 

and could be rescued by adding Nov protein.   

A. The photos show the adherent cells at the bottom of flasks after being 

washed with PBS.  There were much less cells attached to the bottom of 

the flask from culture of Novi cell comparing to the LLX culture. This result 

indicated that Nov is involved in the process of cell adherence.  

B. The rescue of Novi FDCPmix cell adherence by adding rmNov in the 

SFEM medium. The result indicates that the impairment of Novi cell 

adherence could be rescued by adding rmNov to culture and this rescue is 

concentration dependent. n=3+SEM  
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Figure.6.2: The migration capacity was impaired in 

FDCPmix Novi cells. 

A. Schematic representation of the transwell migration assay. 

B. The transwell assay shows an impaired spontaneous migration capacity in 
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FDCPmix Novi cells when there is no chemoattractant SDF-1 in the 

bottom well.  There is a trend of reduced migration capacity towards the 

SDF-1 in FDCPmix Novi cells, but it is not statistically significant. 

N=6+SEM  

C. The FACS analysis plots of CXCR4 expression show that FDCPmix cells 

have high expression level of CXCR4 which is not affected by Nov 

knock-down. 
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Figure.6.3: FDCPmix Novi cells show no obvious change in 

gene expression of CAM and MMP genes by RT-qPCR. 

The RT-PCR results show that CXCR4 expression is not changed in Novi cells 

which are consistent with the FACS analysis. The expression level of various 

adherent molecules (CAMs) and matrix metalloproteases (MMPs) are not 

changed by Nov knock-down. n=6+SEM 
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Figure.6.4: The expression of Nov in stromal cells and 

primary bone marrow cells. 

The RT-qPCR results showed that Nov is expressed in cultured bone marrow 

stromal cells and primary bone marrow cells. The expression level is comparable 

between the LT-HSC and stromal cells and the expression levels were lower in 

primary bone marrow endothelial (CD45-Ter119-CD31+) and osteoblast 

(CD45-Ter119-CD31-) cells. The expression level of Nov is relative to the 

expression of Hprt1. Each dot represents one sample tested. The line shows the 

mean +SEM.  
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Figure.6.5: The effects of Nov in cell migration as extrinsic 

signal. 

A. RT-qPCR results show that Nov expression is altered in CSI-mNov and 

LLX-Novi stromal cells. 

B.  Migration assay of FDCPmix towards stromal cells in the bottom wells.  

The results showed that overexpression of Nov in stromal cells could 

enhance FDCPmix cells migration while knocking down of Nov did not 
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affect the FDCPmix cells migration. Each dot represents individual well 

tested. The line indicates the mean +SEM. 

C.  The RT-qPCR of SDF-1/Cxcl12 mRNA was not changed in Nov 

overexpressing stromal cells. The expression of SDF-1 in one of the 

LLX-Novi samples was extremely high which contributed the high mean 

value.  

D. The migration rates of FDCPmix cells are similar between wells with or 

without rmNov in the bottom chambers. However, when SDF-1 was added 

to the bottom wells, there was a trend of increased migration toward 

rmNov and SDF-1, although it was not statistically significant. Each dot 

represents individual well tested.  

The line indicates the mean +SEM.  
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Figure.6.6: The growth rate and CFC frequency of KLS after 

being cultured with stromal cells for 7-10 days.  

A. KLS were sorted directly onto stromal cells in SFEM without any cytokines 

and the proliferation rate was calculated after 7-10 days of co-culture.  

The results showed that stromal cells overexpressing Nov can increase 

KLS cells growth in co-culture. However, knock-down of Nov did not affect 

their supportive capacity.  

B. Proliferated cells from KLS co-cultured with stromal cells were collected 
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and plated in M3434 to check their progenitor frequency. The results 

showed that there was significant increased frequency of colony forming 

cells expanded from KLS co-cultured with mNov stromal cells. In the 

meantime, cells expanded from KLS co-cultured on Novi stromal cells 

showed a decreased frequency of progenitors in CFC assay. 

       n=6, mean+SEM; p value is indicated under each group of comparison.  
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Figure.6.7: RT-qPCR results of stromal cells transduced 

with CSI/mNov or LLX/Novi virus.  

 All expression levels were normalized with Hprt1. The expression in cells 

transduced with control virus were set to 1 and compared with test cells.  There 

were no significant changes of expression in CAM genes and MMPs except 
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Mmp9. There was also a consistent reduction of N-cadherin expression in mNov 

stromal cells. Nov had no effects on Opn (Osteopontin) and Oc (Osteocalcin) 

expression which were markers for osteoblast and osteoclast cells which were 

also presented in the stromal cells culture.  
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CHAPTER 7 

FINAL DISCUSSION AND FUTURE EXPERIMENTS 
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Haematopoietic stem and progenitor cells (HSPC) are strictly regulated by 

intrinsic regulators and extrinsic signals from the microenvironment. Nov 

(CCN3), a matricellular protein of the CCN family, has been reported as a 

tumor suppressor gene in solid tumors and chronic myeloid leukaemia 

(CML), and as a positive regulator of HSPC function in human cord blood 

CD34+ cells. However, the functions of Nov in haematopoiesis of adult 

HSCs remain largely unknown. The studies described in this thesis aim to 

elucidate the function of Nov in mouse haematopoiesis in the hope of 

understanding the regulation of HSC and its interaction with the 

microenvironment. 

Microarray data of human cord blood HSPC showed that Nov expression 

decreases during differentiation (Eckfeldt C.E, 2005). Similarly, I observed 

that the expression of Nov in mouse bone marrow HSC was down regulated 

rapidly during differentiation. Nov overexpression in mouse KLS cells could 

reduce their expansion rate and increase apoptosis in vitro. Moreover, 

overexpression of Nov in mouse KLS cells significantly reduced their long 

term reconstitution efficiency in bone marrow transplantation assay. Another 

interesting phenotype identified in bone marrow transplantation assay was 

that Nov overexpression could impair T cell differentiation in the thymus of 

irradiated recipients.  
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Surprisingly, ablation of Nov expression in mouse HSC did not affect their 

growth and differentiation in vitro and long term reconstitution in vivo. The 

analysis of Nov3del mutant mice also showed normal haematopoietic and 

HSC function. On the whole, the data suggest that haematopoietic stem 

cells do not depend on Nov to regulate their maintenance and differentiation.  

However, the increased frequency of HSC observed from Nov3del mutant 

mice indicated that Nov may play an important role in the interaction 

between HSCs and their niche. Indeed, the analysis showed that Nov is a 

positive regulator in HSC adhesion and migration. Further analysis of 

primary bone marrow stromal cells showed that Nov plays a positive role in 

stromal cells function in HSPC maintenance and may be involved in 

regulation of HSC niche through N-cadherin and MMP9. 

Nov function in HSC: species specific or tissue specific 

It was noted that Nov function in mouse bone marrow HSCs appeared to be 

a negative regulator and was dispensable for HSC maintenance and 

differentiation. Overexpression of Nov in mouse bone marrow HSC resulted 

in apoptosis and reduction of long term bone marrow reconstitution, while 

ablation of Nov expression in mouse HSC did not affect the growth and 

differentiation in vitro and long term reconstitution in vivo. In contrast, in 

human cord blood CD34+ HSCs, forced expression of Nov resulted in 

enhanced HSC function in CAFC assay and xenotransplantation assay of 
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immunodeficient NSG mice (Gupta R, 2007). Moreover, in human cord 

blood, knockdown of Nov expression significantly reduced their CAFC 

frequency and secondary bone marrow reconstitution in immunodeficient 

NSG mice. These data indicated that Nov was a positive intrinsic regulator 

for human HSC function (Gupta R, 2007).  The conflicting observations on 

mouse bone marrow HSC from this thesis could be due to the fundamental 

difference between the two experimental systems deployed: the species 

difference- i.e. human vs. mouse; and the tissue and developmental 

difference- i.e. cord blood vs. bone marrow.  

Firstly, the orthologous Nov proteins of human and mouse share more than 

90% conservation (Figure 7.1). Therefore, it is unlikely that the difference 

observed in these two systems is due to sequence differences between the 

two proteins. This hypothesis is supported by preliminary experiments of 

overexpression of human Nov in mouse HSCs where hNov HSC showed 

similar defects in cell growth and reduction in bone marrow reconstitution 

efficiency (data not shown).  

Alternatively, Nov may function differently in human and mouse 

haematopoiesis. It is not unusual for one gene to function differently in 

different species, for example, the contrasting expression of and response to 

FLT3 and cKIT in mouse and human HSCs (Sitnicka E, 2003). However, 

hNov function in human haematopoietic cells has been controversial as Nov 
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was initially reported as growth inhibitor in human haemotopoietic cells. 

Forced expression of Nov in human CML cells has been reported to confer 

growth regulation by causing growth inhibition and regaining sensitivity to 

the induction of apoptosis (McCallum, L 2006; McCallum, L 2009). Nov can 

also be down-regulated in CML by BCR-ABL through microRNAs 130a/b 

(Suresh, S, 2011). It is possible that the conflicting observation of Nov 

function in CML cells is simply due to the deregulation of stem cell function 

in leukemic cells. Notably, similar growth defects are induced by Nov in 

mouse HSC and human CML cells. In FDCPmix cells, a multipoint 

hemaetopoietic cell line derived from mouse, down-regulation of Nov has 

been shown to be a direct consequence of BCR-ABL kinase activity similar 

to the observation in human CML CD34+ cell (McCallum L, 2006).  

Therefore, the different effects observed in human cord blood HSCs and 

mouse bone marrow HSCs may not simply due to the species difference.   

The other fundamental difference between the two test systems was that the 

human experiments were performed with cord blood HSCs while the mouse 

experiments were with adult bone marrow HSCs. It has been known that 

there are certain biologic differences between HSCs in cord blood and bone 

marrow, including cloing efficiency in culture and cell division kinetics (Hao 

QL, 1995; da Silva C.L, 2009).  
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Other than the biological differences between their developmental stages, 

cord blood HSCs and bone marrow HSCs are located in different 

microenvironments. Cord blood HSCs are located in a microenvironment 

where there is more oxygen and no osteoblast cells compared to bone 

marrow (Dao M.A, 2007). Different microenvironment will provide different 

extrinsic regulation signals to HSC. Especially, Nov is expressed in several 

cell types in bone marrow and is an important regulator for bone formation 

(Katsube K, 2009). The in vitro analysis of Nov function in HSC cultured on 

stroma cells showed a positive effect in cell growth and cloning efficiency 

(Figure 6.6, page 221). It is therefore reasonable to consider that Nov 

function in haematopoiesis is tissue specific through bone marrow HSC 

niche. 

General picture of Nov in HSC and bone marrow niche 

It has been hypothesized that Nov secreted by mesenchymal stromal cells 

may regulate the growth and differentiation of neighbouring osteoblasts and 

HSCs through Notch and BMP signalling pathways (Katsube K, 2009). This 

model describes the functional mechanism of Nov in bone marrow and 

indicates a role of Nov in the HSC niche. Data from my thesis provides more 

detailed information of Nov function in the HSC and niche. In bone marrow, 

Nov is expressed in both HSC and niche cells. The expression levels are 
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similar in HSC and stromal cells, but lower in osteoblast and endothelial 

cells. In agreement with the model (Katsube K, 2009), forced expression of 

Nov in stromal cells enhanced the maintenance of HSC. Nov was also 

shown to positively regulate HSC adhesion and migration.  These results 

indicate that the expression of Nov in mesenchymal stromal cells, although 

not the sole source of Nov in bone marrow, is a critical player in HSC niche; 

and Nov is involved in the intrinsic regulation of HSC interaction with niche, 

namely, adhesion and migration (Figure 7.2). RT-qPCR results suggest that 

N-cadherin and MMP9 as possible candidates in the regulation of HSC 

niche through Nov. Recent studies show that Connexin-43 (Cx43), a gap 

junction protein, controls the cellular content of the BM osteogenic 

microenvironment and prevents haematopoietic stem cell senescence 

through transfer of reactive oxygen species to bone marrow stromal cells 

(Gonzalez-Nieto D, 2012; Taniguchi Ishikawa  E, 2012). It is worth noting 

that an interaction of Nov protein with the C terminus of Cx43 has been 

reported in glioma cells and overexpression of Cx43 in glioma cells could 

reduce proliferation and leads to production of soluble growth-inhibitory 

factors, including Nov (Fu C.T, 2004).   Therefore, more detailed molecular 

analysis, especially the interaction of Cx43 and Nov in niche may shed light 

on the mechanism of Nov function in HSC niche.  
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Possible future directions 

Data from this thesis have raised several interesting questions. Firstly, the 

experiments identified different responses of human HSC and mouse HSC 

to Nov and therefore further studies should address whether these two 

distinct results are due to the distinct HSC niche in which these cells 

normally reside in vivo. This could be achieved by comparing the function of 

Nov in human bone marrow HSC and cord blood HSC; and by comparing 

the function of Nov in mouse HSC from different HSC residing tissues, such 

as fetal liver, cord blood and bone marrow.  

Further studies should also be focused on the mechanism of Nov function in 

the HSC niche which will lead to better understanding of where HSCs reside 

and how they are regulated. The detailed mechanism of Nov function in 

bone marrow stromal cells could be revealed by microarray assay of 

Nov-perturbed stromal cells. Examination of the interaction between Nov 

and Cx43 within HSC niche will also add detailed information to the 

mechanism of HSC niche regulation of HSC.   

Lastly, an interesting phenotype observed from mNov KLS bone marrow 

transplantation assay showed that Nov may regulate T cell differentiation in 

thymus. A relationship between Nov and T cell development has not been 

reported before, therefore, further study should be performed to understand 

the function of Nov in thymus and T cell development.   
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Figure 7.1: Alignment of orthologous human and mouse Nov 

proteins  

The amino acid sequences of human and mouse proteins were aligned using 

MacVector software. The result shows that Nov proteins are highly conserved 

proteins with more than 90% identity between human and mouse. 
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Figure 7.2: Nov function in bone marrow HSC niche 

In bone marrow, Nov is expressed in both HSC and niche cells including MSC, OB 

and EC cells. The expression levels are similar in HSC and MSC cells, but lower in 

osteoblast and endothelial cells. Overexpression of Nov in HSC would result in 

apoptosis and reduction of long term bone marrow reconstitution with impaired T 

cell differentiation. Endogenous Nov is dispensable for HSC maintenance and 

differentiation, but is a positive regulator for HSC adhesion and migration.  

The expression of Nov in stromal cells could enhance the maintenance of HSC 

which is possibly regulated through N-cadherin, MMP9 and Cx43. 

HSC, haematopoietic stem cell; OB, Osteoblast; MSC, mesenchymal stromal cells; 

SNS,  the sympathetic nervous system; T reg, Regulatory T cells; ECM , 

Extracellular matrix ; , Nov protein.   
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