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Abstract

Abstract

The gene that encodes the Lymphoblastic Leukemia proteinJ. (LYL-1) (Cleary, et al, 1988) 

was identified originally through the characterisation of a tumor specific t(7;19) 

chromosomal translocation involving the T-cell receptor (TCR) Cp gene. The LYL-1 protein 

is a member of the class II basic helix-loop-helix (bHLH) family of transcriptional factors 

(Mellentin, et al, 1989; Massari and Murre, 2000). LYL-1 forms heterodimers, both in-vitro 

and in-vivo, with class I bHLH proteins E2A, and HEB (Miyamoto, et al, 1996), and has 

been shown to interact with motifs present in the NFkBI precursor pi 05 (Ferrier, et al,

1999). LYL-1 inRNA is expressed primarily within the haematopoietic system (Kuo, et al, 

1991) and displays a pattern of expression that overlaps considerably with stem cell leukemia 

protein (SCL) (Visvader, et al, 1991). Both SCL and LYL-1 mRNA are expressed in 

erythroid and myeloid cell lineages as well as in megakaryocytes, but not in normal T-cells 

(Mellentin, et al, 1989; Mouthon, et al, 1993). LYL-1, unlike SCL, is expressed in cell lines 

estabhshed from leukemias of B lymphocyte origin (Visvader, et al, 1991; Miyamoto, et al, 

1996).

The amino acid sequence of the LYL-1 protein shares 78% overall identity with ifs human 

counterpart (Visvader, et al, 1991; Kuo, et al, 1991) and possess an identical bHLH domain 

except for a conservative amino acid substitution in the loop region. Although the role of 

LYL-1 protein in the oncogenic transformation of T-cells has not been defined, as a 

consequence of the translocation ifs de-regulated expression may alter the precise balance of 

transcriptional regulators, and thereby precipitate leukaemogenic events in T-cell. The almost 

identical E-box DNA-binding site for SCL and LYL-1 bHLH heterodimers (Miyamoto, et
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al., 1996), in conjunction with tiie critical function SCL haematopoiesis (Begley and Green,

1999), suggests a role for LYL-1 within the haematopoietic cells. The function of LYL-1 in 

haematopoiesis was examined by disruption of the LYT-1 gene by homologous 

recombination in ES cells. A lacZ/ neomycin gene cassette was cloned in-tirame into the 

fourth exon, replacing a 0.7kb Hpal fragment encoding the bHLH, as well as the entire 3’- 

end of tlie LYL-1 gene.

The absence of a functional LYL-1 protein was associated with increased numbers of c-Kit- 

positive cells, early (BFU-e) and late (CFU-e) eiythroid progenitors (approximately 3-5 

times) in the spleen. These progenitors generated haemoglobinised erythroblasts in vitro. 

More BFU-e in the LYL-L^’ spleen responded to Epo only, and in the presence of Epo and 

SCF some of these BFU-e produced colonies that comprised a large number of erythroid 

cells. In vivo, splenic eiythroid progenitors and precursors expressed SCL mRNA, GATA-1, 

TER-119, and haemoglobin, and were distributed throughout the red pulp. LYL-1^ spleen 

comprised 5 to 10-fold more erythroblasts than normal, which were arranged into clusters 

that often contained megakaryocytes. There was a 2-fold increase in the number of CFU- 

GEMM in the LYL-T^ spleen, but no change in CFU-G. The bone marrow ofLYL-T^" mice 

contained 1.4-fold more CFU-e compared to LYL-1 controls, but there was no change in 

BFU-e number. The erythroblasts in the LYL-1 spleen were not apoptotic. The loss of a 

functional LYL-1 protein was furtiier associated with a reduction in the number of 

erythrocytes, and the amount of stored iron, in the spleen, but no change in the number of 

erythrocytes in the peripheral circulation, or in the amount of stored iron in the bone marrow.
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Abstract

The results presented suggest that LYL-1 has a role in events associated with mobilisation of 

haematopoietic progenitors from the bone marrow. Expression of a non-functional LYL-1 

protein in LYL-L^' mice induced mobilisation of erythroid progenitors, followed by their

expansion in the spleen.
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Chapter 1. Introduction.

Chapter 1. Introduction

Section 1,1 Haematopoiesis,

Mammalian blood formation originates from a small common pool of pluripotent cells called 

haematopoietic stem cells (HSCs) (Figure D). Along with the bone marrow, HSCs can be 

found in umbilical cord blood and in peripheral blood, particularly after mobilisation 

treatments (To, et al., 1997). The stem cell concept originated from the work of Till and 

McCulloch (Till and McCulloch, 1961), which showed the formation of nodules of 

haematopoietic cells in the spleens of lethally irradiated mice after reconstitution with bone 

marrow from normal syngeneic donors (Till and McCulloch, 1961). HSCs are responsible for 

sustained production of sufficient numbers of blood cells of all lineages. This complex 

process is strictly regulated by intrinsic genetic programs involving the expression of cell- 

type and stage-specific regulators, and by the haematopoietic microenvironment, which 

comprises stromal cells, extracellular matrix molecules and soluble regulatory factors.

Section 1,2 Characteristics o f  the haematopoietic stem celL

Several decades of research to elucidate the biology of HSCs have revealed three defining 

properties of these cells (Figure A). First, the HSC can generate more HSCs by a process of 

self-renewal (Godin, et al., 1999). Second, the HSC can differentiate into multipotential 

progenitor cells, which commit to further maturation and give rise to at least eight different 

cell types (Orkin, 1996) (Figure D). Third, HSCs have the capacity to provide long-term 

reconstitution of the haematopoietic system when injected intravenously into adult recipients 

(Krause, et al., 2001).

The mechanisms that govern the fate decisions of HSCs are under t i ^ t  yet flexible control, 

and although a number of molecules have been shown to play a role at early stages their

1
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Self-renewal

Differentiation
Apoptosis

Mobilisation

Figure A. The potential fates of HSCs. HSCs are capable of self-renewal; HSCs can 

differentiation into any of the haematopoietic lineages; HSCs can undergo apoptosis; 

HSCs can be mobilised to enter, or leave, the peripheral circulation.
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development (Phillips, et al., 2000), the molecular nature of these mechanisms are only now 

starting to become clear. This is, in part, due to the elusiveness of the HSC (Scott and 

Gordon, 1995) present in the mouse bone marrow at a frequency of 1 in 10  ̂cells (Harrison, et 

al., 1990), and the absence of specific markers for the HSC (Donnelly, et al., 1999) and 

appropriate in vitro assays for HSCs (Weilbaecher, et al., 1991; Choi, et al., 1998). Currently, 

the only reliable functional assay system for the most primitive HSC compartment is long­

term in vivo transplantation. The majority of HSCs are normally quiescent, as shown by their 

resistance to treatment with 5-fluorouracil or 4-hydroperoxycyclophosphamide, which 

eliminated dividing cells vWthout adversely affecting the long-term repopulating ability of 

bone marrow derived HSCs (Morrison, et al., 1995). Estimates of periodicity of mitosis vary 

widely (once a month to once in a few years), and direct examination of the cell cycle of 

long-term cells indicated that at any moment only 4% of them are in the S/ 02/ M phases 

(Morrison, et al., 1995). Separation of progenitor and precursor cell populations on the basis 

of surface marker expression and developmental potential in functional assays has established 

the hierarchical model of haematopoiesis (Figure B). In this model, HSCs give rise to 

progenitors, which develop into precursors that are committed to a specific cell fate (Orkin,

2000). Intrinsic genetic programs and microenvironmental factors influence the decision to 

self-renew or differentiate (Morrison, et al., 1995). Upon induction to cycling, HSCs may 

undergo symmetric divisions i.e. self-replication or differentiation, and/or asymmetric 

divisions i.e. generation of a self-replicated and a differentiated cell (Brecher, et al., 1993). 

HSCs differentiation has been interpreted in terms of stochastic (Till, et al, 1964), inductive 

(Curry and Trentin, 1967) or hybrid models (Just, et al., 1991). The stochastic hypothesis 

submits that random intrinsic molecular events are responsible for committment, while 

exogenous hematopoietic growth factors allow survival and proliferation of cells already 

programmed to a particular fate (Suda, et al., 1984). According to the inductive model.
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BSC

Multipotentia)

progenitor cell

Precursor cell

Mature haematopoietic cell

Figure B. The hierarchical model of haematopoiesis. HSCs give rise to progenitors, 

which develop into precursors that are committed to a specific cell fate.
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growth factors and cell-mediated regulatory mechanisms trigger HSCs to differentiate along 

a particular lineage or lineages (Metcalf, 1991). Alternatively, the hybrid model proposes that 

stochastic events prevail at early developmental stages, and growth factor-mediated inductive 

events function later (Testa, et a l, 1996). Regardless of which model is correct, it is accepted 

that lineage committment involves activation of specific differentiation programs through a 

network of factors that regulate these programs at the level of transcription (Orkin, 1995).

Section L3 The location o f  haematopoietic stem cells

The origin of the HSC has been, and still is a controversial issue for debate (Moore and 

Metcalf, 1970; Dieterlen-Lievre, 1975; Lord and Dexter, 1995; Cumano, et al., 2000). 

Although HSCs proliferate and differentiate in haematopoietic organs such as fetal liver, 

bone marrow, thymus and spleen, HSCs do not originate in these organs. Rather, the HSC has 

an exogenous origin, arising through specification of mesodermal cells that, after several 

stages of development, become HSCs.

In the mouse extra- and intra-embryonic areas are well defined at 7.5 days post-coitum (dpc). 

The extra-embryonic territory comprises the yolk sac, which is derived from mesodermal and 

primitive endodermal cells, whereas the intra-embryonic area is demarcated by the embryo 

proper, which comprises the ectoderm, mesoderm and endoderm formed during gastrulation. 

The mesoderm of the embryo proper divides to form close associations with the ectoderm 

(somatopleura), and the endoderm (splanchnopleura). The vasculature of the paired dorsal 

aortas develops from the splanchnopleura at 8 dpc, and is linked to the yolk sac vasculature 

through the vitelline artery by 8.5dpc (Garcia-Porrero, et a l, 199). Primoridiums of the 

mesonephros and gonads are apparent at 9dpc (Kaufmann, 1992) and develop into the 

metanephros (kidney), and the gonads by 12 dpc (Kaufinann, 1992). The region that
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comprises the aorta-gonad-mesonephros (AGM region) extends from the forelimbs to the 

hindlimbs between 9.5dpc and 12.5dpc (Kaufmann, 1992). Each of the three developing 

organ systems has been associated with haematopoietic cells (de Bruijn, et al., 2000; 

Medvinsky, et al., 1996; Rich, et al., 1995).

Section L4 Development o f  haematopoietic stem cells during embryogenesis.

The first haematopoietic cells to form are the embryonic red cells located within structures 

known as blood islands in the yolk sac at about 7.5 dpc (Moore and Metcalf, 1970). These 

cells were large nucleated erythrocytes that expressed embiyonic isoforms of haemoglobin 

pHl and e and did not require erythropoietin for late stages of differentiation (Palis, et a l,  

1999). Embryonic red cell production in the yolk sac, known as primitive erythropoiesis, 

signifies the first wave of blood cell development that supplies the growing embryos’ 

increasing demand for oxygen. The second wave of blood cell development, known as 

definitive haematopoiesis, occurs in the fetal liver at about 14.5pdc, and continues in the bone 

marrow throughout adulthood. Erythrocytes generated by definitive haematopoiesis were 

small, express a l ,  o2, pmaj and Pmin adult isoforms of haemoglobin, and required activation 

of eiythropoietin-mediated differentiation pathways for complete development (Palis, et a l, 

1999).

The proposition that HSCs responsible for definitive haematopoiesis originated from an 

intraembryonic site rather than the yolk sac came from studies on avian embryos, which 

found that yolk sac derived stem cells did not contribute to definitive erythropoiesis, whereas 

cells isolated from the splanchnopleura-AGM provided long-term reconstitution of 

haematopoietic progenitors (Dieterlen-Lievre, 1975). HSCs derived from the yolk sac, unlike 

those from bone marrow, and fetal liver, are not capable of long-term reconstitution of
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haematopoiesis when injected into an irradiated recipient mouse (Muller, et al., 1994; 

Medvinsky and Dzierzak, 2000; Orlic and Bodine, 1994). Furthermore, HSCs derived from 

the yolk sac prior to establishment of circulation do not generate haematopoietic 

multipotential progenitors in vitro (Nishikawa, et al., 1998). These observations indicated that 

yolk sac derived HSCs are different to those responsible for blood cell development in the 

adult. It has also been suggested that the microenvironment of the bone marrow may not 

provide the conditions for the yolk sac derived HSCs to develop into multipotential 

progenitors. This is because yolk sac derived cells isolated between 8 and 10.5 dpc provided 

long term reconstitution of the haematopoietic system when injected into the newborn liver or 

in-utero (Yoder, et a l, 1997). Although the possibility that HSCs migration from intra- 

embryonic sites to the yolk sac once circulation was established could not be ruled out, this 

report suggested that the microenvironments of fetal liver and adult bone marrow regulated 

development of HSCs through distinct mechanisms.

There is now a considerable body of work that supports the concept that intra-embryonic sites 

such as the AGM generate HSCs independently, and that these cells are different to yolk sac 

derived HSCs in their capacity to reconstitute bone marrow (Medvinsky, et al., 1993; Godin, 

et a l, 1993). Cells from the AGM with the capacity for long-term reconstitution of the 

haematopoietic system in mice comprised cells that generated colonies of haematopoietic 

cells in the spleen (CFU-S) as well as lymphocyte precursors (Muller, et a l, 1994;

Medvinsky and Dzierzak, 1996). In vitro studies in mice have shown that AGM derived 

HSCs generated haematopoietic progenitors prior to blood circulation, which confirmed a 

purely intraembryonic site for these HSCs (Nishikawa, et al., 1998).
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Section 1.5 The relationship between haematopoietic stem cells and the

vasculature during development.

The presence of independent intra-embryonic sites for HSCs has been elucidated further by 

studies using Xenopus embryos (Ciau-Utiz, et al., 2000). The Xenopus equivalent yolk sac 

and AGM were found to develop from different blastomeres (Ciau-Utiz, et al., 2000). 

Furthermore, clusters of haematopoietic cells associated with the aorta were derived from the 

same blastomere as the splanchnopleura-AGM region (Ciau-Utiz, et al., 2000). These results 

were consistent with studies in mice, which showed that of all components o f the AGM, 

haematopoietic cells were most highly concentrated around the aorta between 9 and 12.5 dpc 

(Godin, et al., 1999). A close relationship between blood vessel and blood cell development 

was confirmed by studies that identified HSCs in the mesenchyme around the umbilical and 

vitelline arteries (De Bruijn, et al., 2000).

The apparent generalization of HSCs to blood vessels such as the aorta could be the result of 

a common progenitor for endothelium and haematopoietic cells, known as the 

haemangioblast (Pardanaud, Dieterlen-Lievre, 1999). The spatial and temporal association of 

embryonic red cell and vascular cell development within the yolk sac eluded to the existence 

of the haemangioblast, an elusive cell type that has be generated by in vitro differentiation of 

murine embryonic stem cells (Choi, et al., 1999). These cells established both haematopoiesis 

and vasculogenesis in embryos, and may be related to another putative bipotential progenitor 

cell in the AGM, the haemogenic endothelium (Jafifedo, et al., 1998). Studies have shown 

that cells, which expressed either of the endothelium-specific markers TIE2/ TEK 

(Hamaguchi, et al., 1999) or VE-cadherin (Nishikawa, et al., 1998) isolated from the AGM, 

as well as yolk sac, differentiated in vitro and generated endothelial and 

lymphohaematopoietic progeny. Although the molecular mechanisms responsible for
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Yolk sac Aorta (splanchnopleura/ AGM)
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Figure C. Haematopoietic cells (red) may develop from several cell types (i) piuripotent 
mesodermal cells (white) or (ii) haemangioblasts (yellow) in the yolk sac and aorta, 
or (iii) haemogenic endothelium (green) in the aorta.
(Image taken from Cumano and Godin, 2001 )
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differentiation of the haemangioblast or haemogenic endothelium from the mesoderm into 

vasculogenic or haematopoietic cell types are not understood fully, these studies show that a 

close relationship exists between haematopoietic and vascular endothelial cell development at 

an early stage of embryogenesis (Figure C).

At about 14.5dpc the fetal liver is the site of definitive haematopoiesis (Orkin, 1996). At birth 

and throughout adult life, the bone marrow is responsible for the generation of blood cells, 

although during periods of stressed bone marrow haematopoiesis, the spleen can also become 

a site for blood cell production (Broudy, et al., 1996). The mechanisms responsible for these 

ontogenic shifts are not well known, but are likely to involve changes in the developing 

haematopoietic cells (Houssaint and Hallet, 1988), and in the haematopoietic 

microenvironment (Slaper-Cortenbach, et al, 1987; Friedriclh, et al, 1996). Experimental 

dissection of the mechanisms involved in decisions of self-renewal versus differentiation of 

the HSC has yielded valuable information on the contribution of intrinsic genetic programs, 

and extrinsic factors (Ogawa, 1993; Lansdorp, 1995) to the decision-making processes during 

HSCs development.

Section L 6 Regulation of haematopoietic stem cell differentiation.

Blood cells generated by the haematopoietic system are classified into two main classes, 

lymphoid (B, T and natural killer lymphocytes) and myeloid (erythrocytes, megakaiyocytes, 

granulocytes and monocytes) (Figure D). The life span of the fully differentiated mature 

blood cell varies considerably, ranging from several hours for granulocytes, several weeks for 

erythrocytes to several years for memoiy cells. Alterations in the balance between self- 

renewal and differentiation can lead to the emergence of cells that survive and grow in 

situations unfavorable to the growth of normal cells and hence to the establishment of

10
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Figure D. The different haematopoietic lineage fates o f a HSC. 
Regulated diffrentiation of the HSC can generate eight different cell types.
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leukemias. Haematopoiesis produces about 1 trillion cells each day (in a 70-kg man), 

including 200 billion erythrocytes and 70 billion neutrophilic leukocytes as well as 

maintaining a pool of undifferentiated stem cells for rapid response to situations such as acute 

stress (Ogawa, 1993). Stress situations can lead to production of a specific cell type such as 

haemolysis induced erythroid hyperplasia and granulocyte hyperplasia in response to 

bacterial infection.

The transition from HSC to mature haematopoietic cells occurs through several intermediate 

steps characterized by the progressive loss of the self-renewal capacity and the commitment 

to a specific cell lineage (Orkin, 1996; Paulson and Bernstein, 1996). The progenitor cell 

compartment, which can be identified by the expression of specific lineage markers, 

comprises cell types that are determined to differentiate into precursor cells. The 

developmental potential of progenitor cells is generally limited to only one or two of the 

haematopoietic lineages. Precursor cells progressively display the antigenic, biochemical, and 

morphological features characteristic of the mature cells of the appropriate lineages (Orkin, 

2000). Proliferation of both progenitor and precursor cell compartments is tightly controlled, 

so that mature cells leaving the bone marrow possess little or no proliferative potential. 

Immunohistological analyses of the haematopoietic system, in conjunction with experimental 

assays such as the colony formation assay, have identified regulatory mechanisms that govern 

development of the HSCs, multipotential progenitor cells, and precursor cells.

Section 1.7 The role o f transcription factors in haematopoiesis.

Discovery of transcription factors unique to haematopoietic cells and subsequent gene 

knockout experiments argue strongly for a predetermined differentiation program that is 

modulated by cytokines. For example, disruption of the gene encoding the haematopoietic

12
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transcription factor SCL blocked haematopoiesis completely (Shivdasani, et al., 1995; Robb, 

et al., 1995a). Gene targeting of GATA-1 also severely affected erythropoiesis. (Penvy, et al.,

1991). However, the ability of cytokines to initiate haematopoiesis both in vitro and in vivo 

suggests that the transcriptional regulators ultimately controlling differentiation are 

influenced by haematopoietic cytokines (Orkin, 1996).

Section 1.8 Erythropoiesis.

Erythropoiesis is a process that describes the production of erythrocytes. In vertebrates 

erythrocytes are generated early in embryogenesis (see section 1.4) reflecting commitment of 

mesoderm to a haematopoietic fate. As circulation is established, generation of primitive 

erythrocytes is vital for survival and subsequent development of the embryo. The production 

of definitive erythrocytes in the bone marrow during adult life maintains the supply of 

oxygen to respiring cells.

Section 1.9 Development o f erythroid cells.

As mentioned above HSCs give rise to multipotential progenitors that generate precursors 

committed to differentiation along selected lineages (see section 1.6). Progenitor cells that 

generate erythroid precursors are not distinguishable form other progenitors morphologically, 

but can be detected by in vitro colony assay (Romeo, et al., 1990). Indeed, unlike 

lymphocytes the erythroid precursor cells cannot be distinguished by expression of stage 

specific surface markers and must be defined morphologically after histological staining with 

May-Grunwald and Giemsa stain. This stain produces a range of cytoplasmic and nuclear 

colour, and allows the erythroblast to be distinguished by its large nucleus and basophilic 

cytoplasm (Figure E). Erythroid burst-forming units (BFU-e), and colony-forming erythroid 

units (CFU-e) are early and late stage

13
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Figure E. May-Grunwald and Giemsa stained eiythroid cells. Erythoid cells are 
characterised by their large nucleus and basophilic cytoplasm. As the cells develop the 
nucleus condenses and the haemoglobin content increases. The mature 
erythrocyte contains no nucleus (pyknosis).
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erythroid progenitors that generate proerythroblasts. These proerythroblasts develop into 

basophilic, polychromatic, and orthochromatic erythroblasts. Each stage of development 

involves increased production of haemoglobin and further condensation of the nucleus 

(pyknosis) with eventual enucleation (Bernard, 1991) characteristic of the mature erythrocyte. 

A complex network of signaling pathways within cells regulates erythropoiesis.

Section 1,10 Transcription factors criticalfor erythropoiesis.

The role of cell restricted DNA binding proteins that mediate erythroid specific gene 

transcription has be dissected by two approaches. Genes discovered by analysis of 

chromosomal translocations and deletions associated with leukemia have been associated 

with essential proliferation and/ or differentiation decisions in haematopoietic cells (Rabbitts, 

1994). Loss of function and gain of function experiments have identified a number of genes 

critical for eiythropoiesis (Orkin and Zon, et al, 1997). Indeed, some of these genes, such as 

SCL, are involved at early stages in haematopoietic development (Yamaguchi, et al., 1993; 

Gering, et al, 1998). A preliminary hierarchy of transcriptional regulators with distinct and 

overlapping patterns of expression in erythroid progenitors and precursors has been fashioned 

from these studies (Orkin and Zon, 1997).

SCL, LM02, FOGl, GATA-1 and GATA-2, and EKLF (as well as many others) have a role 

in either early and/ or late stages of erythropoiesis (Green et al., 1991; Apian, et al., 1992; 

Penvy, et al., 1991; Simon, et al., 1992; Porcher, et al, 1996; Robb, et al, 1995a; Tsang, et al., 

1998; Nuez, et al., 1995; Warren, et al., 1994; Tsai, et al., 1994). SCL was activated 

ectopically by chromosomal translocations in T-cell acute lymphoblastic leukemia (T-ALL) 

(Begley, et al, 1989; Chen, et al, 1990), and is essential for the development of all 

haematopoietic cell lineages (Porcher, et al, 1996). Disruption of the SCL gene in mice led to
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early embryonic lethality and a complete absence of blood (Robb, et al, 1995a). Specifically, 

immature erythrocytes were lacking in the embryo, placenta, or yolk sac of mutant mice 

(Shivdasani, et al, 1995). SCL protein was found to be a positive regulator of normal 

erythroid differentiation (Apian, et al, 1992) and growth (Green, et al, 1991) and may act 

with GATA-1 to form an erythroid specific multimeric DNA binding complex (see Section 

1.16).

Many erythroid specific genes contain a GATA-1 motif in cis-regulatory sequences (Evans, 

et al., 1988). Extensive analysis of the role of this zinc finger protein, found exclusively in 

haematopoietic cells, with the exception of sertoli cells in the testis (Yamamoto, et al., 1997), 

has shown it to essential for maturation of erythroblasts (Penvy, et al., 1991; Weiss and 

Orkin, 1995; McDevitt, et al., 1997). GATA-T " embryos contained proerythroblasts in their 

yolk sac (Fujiwara, et a l, 1996). However, erythroid precursors generated by in vitro 

differentiation of GATA-1'^' ES cells, arrested at the proerythroblasts stage and underwent 

apoptosis (Weiss, et a l, 1994; Weiss and Orkin, 1995). GATA-1 appears to be expressed in 

erythroid progenitors (Silver and Palis, 1997), so their development into proerythroblasts in 

the absence of GATA-1 may be explained by an increase in GATA-2 expression (Weis, et a l,

1994), although recent evidence suggests that during adult erythropoiesis GATA-1 and 

GATA-2 are not functionally equivalent (Takahashi, et a l, 2000).

An interesting role for GATA-1 later in erythroid development has been elucidated recently. 

Studies suggest that erythroid cell signaling through the erythropoietin receptor (EpoR), and 

activation of death receptors may compete through GATA-1 to elicit differentiation, 

reversible maturation arrest or death of developing erythroid cells (Dai, et a l, 1998; DeMaria, 

et a l, 1999; Whyatt, et a l,  2000). Normal GATA-1 function was therefore critical for
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controlling red blood cell production (Orkin, and Weiss, 1999). The importance of GATA-1 

in primitive and definitive erythropoiesis appears to involve independent functions of, as well 

as collaborative relationships between the two zinc fingers and N-terminal region of the 

protein (Shimizu, et al, 2001).

GATA-2 is not the functional equivalent of GATA-1, and targeted mutation of the GATA-2 

gene reduces yolk sac and fetal liver erythropoiesis dramatically (Tsai, et al, 1994). GATA-2" 

ES cell contribution to adult haematopoiesis was marginal (Tsai, et al., 1994). As such, 

GATA-2 is believed to maintain survival and/ or cytokine responsiveness of early 

multipotential progenitors.

The function of erythroid-specific genes in later erythropoiesis is qualified by lacZ knock-in 

experiments targeted to the erythroid Kruppel-like factor (ELKF) gene (Nuez, et al., 1995). 

ELKF is a zinc finger protein that regulated adult p-globin expression (Kulozik, et al., 1991) 

and facilitated the switch from y to p haemoglobin isoform expression (Perkins, et al., 1995). 

The yolk sac of EKLF^" mouse embryos contained erythroid progenitors, but embryos died 

when haematopoiesis switched to the fetal liver (Perkin, et al., 1995; Nuez, et al., 1995). 

Interestingly, mature erythrocytes formed in the fetal liver contained reduced amounts of 

haemoglobin (Nuez, et al., 1995). ELKF was required for appropriate terminal erythroid 

maturation but is dispensable for erythroid progenitor commitment and expansion of 

precursors (Perkins, et al., 1995; Nuez, et al., 1995). GATA-1 has also been associated with 

steps in heme synthesis, since GATA-1 induced expression of a mitochondrial specific 

transporter during erythroid differentiation (Shirihai, et al., 2000).
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Section L l l  Growth factor receptors involved in haematopoiesis.

Cytokines produce multiple biological effects that are often dependent upon the stage of 

differentiation of the target cell (Wu, et a l, 1997). The pleiotropic actions of cytokines can be 

explained by the array of signaling components and transcription factors present in a cell at 

the time of exposure to the cytokine (Smithgall, 1998). Furthermore, a given cytokine 

receptor can activate a variety of downstream signaling pathways, so many cytokines have 

overlapping effects in a cell. The molecular basis for this lies in the fact that the receptors for 

cytokines share common subunits that are important for signal transduction (Lowry, 1995).

Haematopoiesis is regulated in part through the differential expression and activation of 

lineage- and stage-specific hematopoietic growth factor receptors of the type I superfamily 

(Ihle, et a., 1998). For example, lymphocyte production depends on interleukin-7 (IL-7) 

receptor expression and signaling (von Freeden-Jeffry, et a l, 1995), whereas EpoR 

expression and activation is required for the development of erythroid progenitor cells 

beyond the colony-forming unit-erythroid stage (Wu, et al., 1995). One key effect exerted by 

growth factors and their receptors is an inhibition of apoptosis. For example, T-cell 

development in IL-7 receptor-deficient mice can be rescued by transgenic expression of the 

survival factor Bcl-2 (Akashi, et a l , 1997). However, certain growth factors affect more than 

the survival of targeted lineage-restricted progenitor cells. Neither Bcl-2 nor Bcl-xL 

expression in erythroid progenitor cells was able to rescue eiythropoiesis in the absence o f an 

Epo signal (Laronique, et 1 , 1997; Gregory, et a l, 1998; Chida, et al., 1999). Efforts have 

focused on establishing the nature of Epo receptor-induced signals that promote erythroid 

progenitor cell survival, growth, and/or differentiation (Krantz, 1991).
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Section 1.12 Growth factors critical to erythropoiesis.

Section 1.12.1 Erythropoietin (Epo).

The Epo is the principal regulator of erythropoiesis (Krantz and Goldwasser, 1984). Its 

cognate receptor, EpoR consists of a single polypeptide chain with an extracellular portion 

for high-affinity binding of Epo and a cytoplasmic portion essential for the transmission of 

signals (Wells and de Vos, 1996; Ihle, 1995). Distinct domains of the EpoR appear to control 

different functional responses via discrete downstream signaling pathways (Watowich, et al., 

2000; Zochodne, et al., 2000). Epo bound to EpoR dimers on the surface of BFU-e and CFU- 

e and activated the tethered Janus family kinase (JAK) 2 (Remy, et al., 1999). JAK2 

(Klingmuller, et al., 1995) can mediate the phosphorylation of eight cytoplasmic tyrosine 

sites within the Epo receptor, and via these sites, a complex set of Src homology 2 domain- 

encoding effectors (and associated cofactors) were engaged, including STAT 5A and B 

(Wojchowski, et al., 1999). Negative effectors are likely to be important in Epo-mediated 

events during erythropoiesis. These include Cis, which appeared to compete with STATS for 

binding at Tyr-343 (Quelle, et al., 1996), an amino acid site that was indispensable for EpoR 

function (Matsumoto, et al., 1997).

Epo stimulated erythroid cell proliferation and differentiation of erythroid progenitors 

capable of colony forming unit activity (CFU-e) (Krantz, 1991). CFU-e required Epo for 

their survival (Sawyer and Penta, 1996; Ruff-Jamison, et aL, 1993), and Epo/ EpoR signaling 

induced an increase in P-globin mRNA production (Kouiy and Bondurant, 1990) consistent 

with erythroid differentiation. Studies indicated that Epo/ EpoR signals contributed to 

preventing committed erythroid progenitors from undergoing apoptosis (Kelley, et al., 1993). 

Embryonic lethality in EpoR'^" mutant mice was due to a block in differentiation of erythroid 

cells at the proerythroblasts stage in the fetal liver but had little effect on yolk sac
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erythropoiesis (Lin, et al., 1995). Unlike erythroid precursors, which required Epo/ EpoR 

signaling for proliferation (Koury and Bondurant, 1990) and differentiation (Imada, et al., 

1992), the generation of BFU-e and CFU-e did not require EpoR (Wu, et al., 1995). The 

capacity of Epo to promote proliferation, as well as differentiation of erythroid precursors 

may result from the differential effect of Epo concentration on cell cycle (Carroll, et al,

1995). Low concentrations of Epo induced a lag in cell growth and a prolongation of G1 that 

was associated with enhanced P-globin expression. Higher concentrations of Epo did not 

promote a lag in cell growth or a prolongation of G1 (Carroll, et al., 1995). Interestingly, 

Epo-induced differentiation was blocked by IL-3, which induced exit of cells from G1 and 

entry into S phase. These data indicated that Epo exerted its differentiation activity by 

regulating the cell cycle of responsive eiythroid progenitors (Carroll, et al, 1995).

Interaction of cytokine signal responses was responsible for the SCF/ c-kit and Tpo/ c-mpl 

mediated rescue of EpoR' " derived erythroid precursors in vitro (Kieman, et al., 1996). This 

result showed that Epo/ EpoR and SCF/ c-Kit signaling shared similar transduction pathways 

during erythropoiesis.

Section L12,2 c~Kit

c-Kit is the cellular tyrosine kinase receptor for stem cell factor (SCF) and a member o f the 

type HI subfamily (Fleischman, 1993). Loss of function of c-Kit or SCF caused a lack of skin 

and hair pigmentation, lack of intestinal pacemaker activity, sterility, and anemia. These 

effects correlated with the normal expression of c-Kit on melanocytes, (Orr-Urtreger, et al., 

1990; Funasaka, et a l, 1992) the interstitial cells of Cajal in the gut (Huizinga, et a l , 1995) 

germ cells (Orr-Urtreger, et a l, 1990; Manova, et a l, 1990) and many hematopoietic cell 

lineages, including stem cells and erythroid progenitors (Broudy, 1997; Broudy, et a l, 1994;
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Ashman, et al., 1991; Papayannopoulou, et al., 1991; Simmons, et a l, 1994; Avraham, et a l, 

1992; Ogawa, et a l, 1994) and demonstrated a requirement for c-Kit activity in the 

development of these cell lineages. Two naturally occurring mutations in mice led to the 

identification of the tyrosine kinase receptor c-Kit and its ligand SCF (Chabot, et a l ,  1988; 

Fleischman, 1993). These mutations, known as W and S/ respectively, both resulted in mice 

with haematopoietic defects. Mutations in the W gene (encoding c-Kit) generated abnormal 

HSCs, while mutations in S/ gene (encoding SCF) impaired normal stromal cell function, c- 

Kit-deficient mice exhibited a severe reduction of CFU-e in the fetal liver and died o f anemia 

(Nocka, et a l, 1989). Inhibition of c-Kit function with an anti-c-Kit monoclonal antibody 

blocked myelopoiesis but had no effect on lymphopoiesis (Ogawa, et a l, 1994). c-Kit 

signaling promoted survival of early HSCs (Okada, et a l, 1991) as well as erythroid 

progenitors (Wu, et a l, 1997). The important function of c-Kit in haematopoietic cell 

development was further emphasized by studies that shoed transduction of c-Kit into selected 

progenitor cells enhanced proliferation and decreased apoptosis (Lu, et a l ,  1999). c-Kit 

mediated proliferation of haematopoietic progenitors, may, in part, be regulated by 

differential c-Kit expression, which selected progenitors for recruitment into a proliferative 

state (Lu, et a l, 1999). In most haematopoietic lineages, particularly the erythroid lineage, c- 

kit is down modulated after early commitment (Katayama, et a l ,  1993; Lyman and Jacobsen,

1998). In the later stages of erythropoiesis, i.e. from CFU-e through to proerythroblast, c-kit 

expression declined (Gabbianelli, et a l, 1995). c-Kit was also capable of synergistic 

interaction with the EpoR (Wu, et al, 1996), which induced differentiation of erythroid 

precursors (Wu, et a l, 1997).
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Section 1.13 Interaction between Epo/EpoR and SCF/ c-Kit signaling during

erythropoiesis.

c-Kit and EpoR co-operate during distinct stages of haematopoietic cell development 

(Kieman, et al., 1996; Wu, et al., 1995). It has been proposed that interaction between Epo-R 

and c-Kit (Wu, et al., 1995) was required for erythroid colony formation at a stage prior to 

that at which EpoR-deficient precursors were arrested (Kieman, et al, 1996). This was 

supported by studies that showed c-Kit was able to promote survival and proliferation of 

erythroid progenitors (Broudy, 1997) and interacted with the EpoR (Wu, et al, 1996) to 

induce differentiation of erythroid precursors (Wu, et al., 1997). Through colony-forming 

assays (Wu, et al., 1997; Miller, et al., 1999; Sui, et al., 1998) and in vivo analyses (de Haan, 

et al., 1995), SCF and Epo have been shown to act in synergy on co-targeted erythroid 

progenitor cells. The interaction seemed to involve the trans-phosphorylation of the EpoR by 

c-Kit (Wu, et al., 1996). GATA-1 has been shown to bind the EpoR promoter directly and 

induce its expression (Gregory, et a l, 2000). GATA-1 induced the expression of Bcl-xL and 

co-operated with Epo to promote the survival of G1E-ER2 cells (Gregory, et a l ,  1999). 

Recently, utilising an embryonic stem cell-derived erythroid progenitor cell line from GATA- 

1' " mice, restoration of GATA-1 function resulted in terminal erythroid differentiation (Kapur 

and Zhang, 2001), which was associated with down regulation o f c-Kit and Bcl-2, up- 

regulation of Epo-R and Bcl-xL, and survival of differentiating erythroid progenitors.

These data confirmed that committed erythroid progenitors could not survive, proliferate, or 

differentiate unless both the c-Kit and the EpoR signal transduction pathways were 

functional. Although the nature of the synergy between c-Kit and EpoR is not known 

precisely, it is likely that EpoR activation occurs by distinct mechanisms that generate
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different intracellular signals essential for proliferation and terminal differentiation of 

committed erythroid progenitors (Wu, et al., 1997).

Section 1.14 Regulation o f haematopoietic cell development, and migration,

through adhesion receptors.

Hematopoietic chimerism after liver transplantation suggests that extramedullary 

transplantable progenitor cells exist (Starzl, et al., 1993), and may contribute to the 

mobilizable pool of HSCs (Rao, et al., 1997; Wright, et al., 2001). The general consensus of 

opinion is that mobilized blood progenitor cells originate from the bone marrow. Modulation 

of the progenitor cell: bone marrow stroma interaction, followed by directed migration 

toward marrow sinuses and eventual egression through the basement membrane and the 

endothelial layer, represent several critical events during progenitor cell mobilization (Figure 

F):

The localization of haematopoiesis to the bone marrow involves developmentally regulated 

adhesive interactions between primitive hematopoietic cells and the stromal-cell-mediated 

hematopoietic microenvironment (Simmons, et al., 1992). These interactions, along with the 

broad range of agents that can induce transient increases in blood progenitor cells (To, et al., 

1994) suggested that mobilization involved a perturbation of the adhesive interactions with 

stromal elements which, under steady-state conditions, are responsible for the physiologic 

retention of primitive hematopoietic progenitor cells in the bone marrow (Turner, et al., 

1992). Many of the receptors expressed on the surface o f HSCs and multipotential progenitor 

cells have adhesive properties (Watowich, et al., 1996; Long, 1999; Telen, 2000). Bone 

marrow stromal cells express ligands for these cell adhesion molecules (CAMs) (Long, et al.,

1992).
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H om ing Mobilisation
SCF/ c-Kit 
VLA-4/ VC A M  
L-, P-selectin

bctal-intcgrin
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CD44

c-K il

—  Fibroncctin
Fibroncctin

SCF/ c-Kit
bcta2-integrin/ ICAM-1 
VLA-4/ VC A M

Stem cell niche

Figure F. Homing of HSCs and progenitors involves adhesion to the surface of 
endothelial cells, transmigration through the endothelium and anchorage 
to the stem cell niche in the bone marrow. Mobilisation involves release 
from the niche, and migration out through the endothelial layer, a process 
presumed to involve the reverse o f processes involved in homing to the stem cell niche, 
(im age taken from Prosper, et al., 2001 )
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CAMs including members of the integrin, selectin, immunoglobulin superfamily and CD44 

families of adhesion molecules are involved in regulating haematopoiesis (Prosper and 

Verfaillie, 2001) (Figure F). Adhesion of €034"^® cells to bone marrow stromal cells through 

the very late antigen-4 (VLA-4), a member of the Pi-intergin family, as well as vascular cell 

adhesion molecule-1 (V-CAM 1), rescued them from apoptosis (Wang, et al., 1998). VLA-4 

has been shown to be essential for normal differentiation and homing of progenitor cells 

(Arroyo, et al., 1999; Papayannopoulou, 1998). The very late antigen-5 (VLA-5), another 

member of the Pi-intergin family, also mediates adhesion of haematopoietic progenitors to 

the bone marrow stroma. Proliferation of committed progenitors (Verfaillie, 1992) and long­

term culture initiating cells (Verfaillie and Cantazarro, 1996) was inhibited when C D 34^  

cells were cultured in contact with stroma. Gi/S progression of progenitor cells was blocked 

through Pi-integrin (Hurley, et al., 1997), and activation of VLA-5/ fibroncctin signalling 

pathways have been shown recently to inhibit progenitor cell proliferation (Jiang, et al., 

2000). Pi-integrin mediated adhesion of C D 34^ cells was associated with up-regulation of 

p2?Kip (Jiang, et al., 2000). Although mechanisms involved in adhesion-mediated inhibition 

of proliferation are not well understood, they are likely to have a critical role in physiological 

migration of HSCs and multipotential progenitors.

c-Kit was involved in the mobilization of BFU-e from the bone marrow to the spleen (To, et 

al., 1994), and could modulate haematopoietic progenitor cell adhesion/ mobilization by 

regulation of p i integrins (Papayannopoulou, 1998). Blockage of c-Kit with an anti-c-Kit 

monoclonal antibody attenuated splenic erythropoiesis to a greater extent than bone marrow 

erythropoiesis in mice with phenylhydrazine-induced haemolytic anemia (Broudy et a l ,

1996). In this study the spleen was the primary site of erythropoietic expansion during 

stressed bone marrow erythropoiesis and suggested that splenic erythropoiesis was more
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dependent on SCF/ c-Kit signaling than bone marrow erythropoiesis. Furthermore, homing of 

HSCs pre-treated with anti-c-Kit antibody from bone marrow to the spleen was severely 

perturbed (Broudy, et al., 1996).

Epo was shown to induce migration of BFU-e from the bone marrow to the spleen where they 

differentiated into CFU-e (Kato, et al, 1999). Epo-mediated migration of BFU-e from the 

bone marrow, after repeated administration of recombinant human Epo, was responsible for 

up-regulation of uptake clearance by the spleen (Kato, et al., 1998). Since W/W failed to up- 

regulate up take clearance (Kato, et al., 1998), BFU-e migration to the spleen was considered 

to be dependent on the presence of functional c-Kit.

An adhesion molecule expressed on HSCs and progenitor cells specifically has not been 

characterised, so the pathways that provide specificity to entering, or leaving the bone 

marrow are not known. It is likely that interaction between these cells and stromal elements 

are mediated by as yet unidentified receptors and ligands.

Section 1.15 Class I  bHLHproteins in haematopoiesis.

Several bHLH transcription factors have been implicated in normal and malignant 

development of haematopoietic cells (Begley and Green, 1999; Bain, et al., 1997; Bain, et al., 

1994; Engel and Murre, 1999). The E2A gene encodes for the class I bHLH proteins E12 and 

E47, which are capable of forming homodimers and heterodimers (Murre, et al., 1989b) that 

function as transcriptional activators (Henthom, et a l ,  1990). Transactivation activity has 

been mapped to two N-terminal domains named ADI and AD2 (Massari, et a l, 1996). A 

motif termed LDFS within ADI was responsible for interaction with chromatin modifying 

enzymes (Massari, et a l, 1999). E2A mediated recruitment of molecules with HAT activity
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(Qiu, et al., 1998) may be the mechanism by which E2A gene products regulate 

transcriptional activation in haematopoietic cells.

E2A homodimers can bind B cell specific E-box sites (Murre, et al., 1991; Shen and 

Kadesch, 1995; Bain, et al., 1993) and mediate B cell specific gene expression (Kee and 

Murre, 1998). Gene targeting experiments have shown that the E2A gene was essential for 

normal development of B-lymphocytes (Bain, et al., 1994; Zhuang, et al., 1994). However,

E2 A null mutant mice not only lacked mature B cells and had fewer B cell progenitors, they 

also suffered from defective development of ag- and Àô- T lymphocytes (Bain, et al., 1997). 

Interestingly, E2A null mutant mice developed T cell lymphomas (Bain, et al., 1997; Yan, et 

al.,1997), a result that was consistent with their proposed role as tumor suppressors (Park, et 

al., 1999; Engel and Murre, 1999). It has been postulated that de-regulated expression of class 

II bHLH proteins such as SCL and LYL-1 may sequester E l2/ E47, or conspire with other 

proteins to form aberrant complexes, that contribute to the block in development of T cells 

(Bain, et al., 1997; Park, et al., 1999).

Section 1,16 Role o f the class II bHLH protein, SCL, in haematopoiesis.

SCL and tal-2 are activated ectopically by chromosomal translocations in T-ALL cells 

(Begley, et al., 1989; Chen, et al., 1990). Several groups of transcriptional regulators are 

associated with chromosomal breakpoints and deletions (Kennedy, et al., 1991; Cleary,

1991). This is of particular relevance with regard to SCL, since lesions within this gene were 

the most common molecular abnormality found in human T cell leukaemia (Robb and 

Begley, 1997). The SCL protein appears to modulate apoptosis in leukemic T-cells (Leroy- 

Viard, et al., 1995), and ectopic expression of SCL can protect human leukaemia T-cells from 

cytotoxin-induced apoptosis (Bernard, et al 1998). Ectopic expression of SCL in T-cells
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disturbs normal transcriptional regulation and leads to development of tumors (Condorelli et 

al., 1996; Kelliher, et al., 1996). However, the leukemogenic potential of SCL in transgenic 

studies manifested in a proportion of mice only, and appeared context dependent (Robb, et 

al., 1995). Indeed, the incidence of tumor development was increased in mice that over­

expressed both SCL and Lmol (Apian, et al., 1997), or SCL and Lmo2 (Larson, et al., 1996). 

Lmol and Lmo2 are members of the LIM-only family of genes. Lmo2 has been shown to 

form part of an erythroid DNA binding complex with SCL, E47, Ldbl and GATA-1 that 

bound a bipartite E-box-GATA-1 recognition site (Wadman, et al., 1997). A similar complex 

was found in T-cell lines derived from CD-2-Lmo2 transgenic mice, which bound to an E- 

box-E-box site (Grutz, et al., 1998) and may regulate T cell specific expression of genes 

different to those putative genes controlled by the SCL-Lmo multimeric complex in erythroid 

cells. It is possible that deregulated expression of SCL, and Lmo proteins, facilitate formation 

of an aberrant complex that influence the T cell developmental program. However, it is also 

conceivable that the leukaemogenic effect of de-regulated SCL expression may be to 

sequester individual proteins and inactivate normal patterns of gene expression.

Transgenic studies indicate that the relative concentration of Lmo proteins is related to 

development of tumors (Fisch, et al., 1992), and that SCL interacts, and interferes with E2A 

transcriptional activity (Hai-Ling, et al., 1994; Park and Sun, 1998). Furthermore, recent 

work by Herblot et al (Herblot, et al., 2000) demonstrated that ectopic expression o f SCL and 

Lmol specifically targeted to the thymus both delayed and decreased expression of the pTa 

gene leading to decreased numbers of Tyô+ thymocytes, a block in aPT cell differentiation at 

the double negative (CD4 CD8') to double positive (CD4^CD8^) transition and marked 

atrophy in double positive cells. These phenotypic features were displayed by E2A and HEB 

homozygous null mutant mice (Bain, et al., 1997; Bamdt, et al., 1999). The phenotype of
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SCL-Lmol transgenic mice, was caused by a block in HEB-E2A mediated activation of pTa 

and TCRa genes, a process that was critical for normal T-cell development (Bain, et a l,

1997). SCL-mediated conversion of E2A-HEB transcriptional activity from activation, to 

repression, may underlie the role of SCL in T-ALL. Unraveling the precise mechanism of 

action will require a better understanding of the role of class I and II bHLH proteins in 

thymopoiesis (Bamdt, et a l, 1999).

The SCL gene is expressed in early haematopoietic cells throughout ontogeny, in endothelial 

cells of the spleen, and in the developing brain (Baer, 1993; Mouthon, et a l,  1993; Green, et 

a l, 1992; Hwang, et a l, 1993; Visvader, et a l, 1991; Elefanty, et a l,  1998; Sanchez, et a l,

1999). SCL protein forms heterodimers with class I b HLH proteins E l2 and E47 (Hsu, et al, 

1991; Hsu, et al, 1994). Although a role for SCL in neurogenesis has not been described, Tal2 

(a member of the TAL subfamily of bHLH genes) is required for normal development of the 

brain in mice (Bucher, et a l, 2000). SCL may have a role in angiogenesis since the yolk sac 

capillary network in chimeric mice generated with SCL^ null mutant ES cells tagged with an 

endothelial expressing lacZ gene did not undergo remodeling into vitelline vessels (Visvader, 

et a l, 1998). Within the haematopoietic system SCL was expressed in myeloid progenitors, 

erythroid and myeloid cells as well as in megakaryocytes (Visvader, et a l, 1991; Elefanty, et 

a l, 1998) but not in mature T-cells (Visvader, et a l, 1991). SCL has been shown to be 

essential for the development of all haematopoietic cell lineages (Porcher, et a l,  1996); 

specification of haemangioblast development from the early mesoderm in zebrafish (Gering, 

et al, 1998), and was required for transition of mesodermal cells to a haematopoietic fate 

(Robertson, et a l, 2000). Disruption of the SCL gene in mice caused early embryonic 

lethality and a complete absence of blood (Robb, et a l ,  1995a). Specifically, immature 

erythrocytes were absent in the embryo, placenta, or yolk sac of mutant mice (Shivdasani, et
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al., 1995). These studies indicated a key role for SCL in primitive erythropoiesis, definitive 

haematopoiesis, and angiogenesis.

In adult haematopoiesis the SCL protein was a positive regulator of normal erythroid 

differentiation (Apian, et al., 1992) and growth (Green, et al., 1991). Ectopic expression of 

SCL by retroviral transfer into erythroid, megakaryocytic, and granulomonocytic colony 

forming units augmented erythroid and megakaryocytic progenitor cell growth, but 

attenuated granulopoietic differentiation (Valtieri, et al., 1998). More recently SCL has been 

identified as a target for the acetyltransferases p300 and P/CAF in erythroid cells (Huang, et 

al., 2000), an effect that augmented SCL DNA binding and inhibited interaction with the co­

repressor mSin3 A. The results elucidated possible mechanisms for SCL-mediated 

transcriptional regulation. Interaction of SCL wdth specific co-activators, or co-repressors, 

may explain how SCL can act as a transcriptional activator or repressor (Huang and Brandt, 

2000a; Huang, et al., 1999).

Based on their sequence and structural homologies and patterns of expression, LYL-1, Tal2 

and SCL may constitute a subfamily of bHLH proteins, which possess leukemic properties 

mediated by recognition of a common group of target genes (Baer, 1993).

Section 1.2 The Lymphoblastic Leukaemia protein-1 (LYL-1).

Section L 2J The LYL-1 gene,

A chromosomal 19pl3 transcriptional unit named LYL-1 was identified provisionally by

Cleary and co-workers (Cleary, et al, 1988) through the characterisation of a tumor specific

t(7;19) chromosomal translocation involving the T-cell receptor (TCR) CP gene (Figure G).

The structural effect of this breakpoint on the LYL-1 gene was assessed by limited nucleotide
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sequence and restriction endonuclease analyses of the human SUP-T7 cell line, which was 

established from patients with T-cell acute lymphoblastic leukemia (T-ALL) and harbored 

the t(7;19) translocation. These studies showed that the breakpoint occurred in intron 1 of the 

LYL-1 gene and resulted in loss of exon 1 and juxtaposition of the LYL-1 gene with the TCR 

(3 chain gene in opposite transcriptional orientations (Figure G). The 5' end of the LYL-1 

gene, along with it's promoter and start site for transcription are also lost as a consequence of 

the translocation, and truncated LYL-1 mRNA species could be detected in the SUP-T7 cell 

line by Northern blot analysis (Mellentin, et al, 1989). The transcription start site in the 

human LYL-1 gene is about 291 bp upstream of a CTG site and lies in a GC- rich region 

containing four Spl binding sites but no TATA box homology sequence. Although no 

activators of LYL-1 protein expression have been identified, the presence of Spl binding 

sites within the transcription start site may suggest a role for Spl family proteins (Lin J-X. 

and Leonard W.J., 1997) or other transcription factors such as Egr-1 in regulating LYL-1 

gene expression (Pagliuca, et al, 1998).

Isolation of the mouse LYL-1 gene was achieved through reduced stringency hybridisation of 

a mouse genomic DNA library with a human genomic DNA probe containing exons 2 and 3 

(Kuo, et al, 1991). Restriction hybridisation and Southern blot analyses of two overlapping 

clones confirmed the presence of the complete LYL-1 gene on a 3.5kb BamHI/ EcoRI 

fragment (Kuo, et al, 1991). The LYL-1 gene was located on the central region of 

chromosome 8 and linked to Jund, Ucp, and Junb loci (Kuo, et al, 1991). Analysis of the 

nucleotide sequence of the LYL-1 gene revealed that, like its human counterpart, it consists 

of four exons (Figure G). Three ATG codons at nucleotides 1615,1654 and 1672 (at the 5' 

end of exon 2), along with an in-frame CTG codon at nucleotide 894 (located at the 3' end of 

exon 1) provide alternative sites of translation initiation that are also shared by the human
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Figure G . (A ) The LY L-1 gene comprises four exons (solid black regions are protein coding regions, 
and hatch regions are alternative translation initiation sequences from the 5' CTG codon). (B) The nucleotide 
sequence and predicted am bio acid sequence; tiie overline show s the CTG codon favoured for 
translation initiation. (C) Schematic representation o f  LYL-1. Ihe proline-rich.basic DNA-binding. 
and helix-loop-helix regions o f the protebi are indicated in boxes (Mellentin. et al.. 1989).
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LYL-1 gene, with the ATG at 1654 being the most favourable site (Kozak, 1986). Although 

the t(7;19) translocation harbored by the SUP-T7 cell line leads to loss of the LYL-1 

promoter and transcription start site (Cleary, et al, 1988), cryptic promoter sites in intron 1 

allow transcription of truncated mRNA molecules that do not hybridise with 5’ exon probes 

as do the full-length L5kb mRNA transcripts synthesized from the intact human LYL-1 locus 

(Mellentin, et al, 1989).

In the mouse the expression of LYL-1 was complex (Visvader, et al, 1991). Screening of a 

mouse macrophage cDNA library with oligonucleotides specific for the HLH motif identified 

four clones with different 5' un-translated and 5’ coding regions. LYL-1 mRNA expression 

was found to be regulated differentially in different haematopoietic cell types and lead to the 

generation of two size classes of transcript with distinct 5' un-translated regions. The smaller 

class size of between 1.5kb and 1.8kb was expressed in erythroid, macrophage and myeloid 

cell lines whereas the higher molecular weight transcript of between 2.0kb and 2.3kb was 

found in B-lymphoid and some myeloid cell lines. Furthermore, the difference in size was 

found to be due to variation at the 5' terminus of the LYL-1 transcripts with the 1.5kb to 

1.8kb class consisting of a shorter 5' terminus. These differences in gene products reflects 

either alternative promoter usage or differential splicing o f the LYL-1 gene, and that different 

haematopoietic cell types can use distinct 5' exons to process LYL-1 proteins with diverse 

structure. To this end it is interesting that the SUP-T7 cell line can express a 4kd amino 

terminal truncated 29kd human LYL-1 protein but not the predicted full-length 33kd protein 

(the 29kd protein comprises an intact, and presumably functional bHLH domain), and that the 

1.5-1.8kb LYL-1 mRNA specie may encode a N-terminally truncated LYL-1 protein. LYL-1, 

like other bHLH proteins, possesses a transactivation domain at the N-terminal.
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Section 1.2,2 The LYL-1 protein.

The LYL-1 protein is a member of the basic helix-loop-helix (bHLH) family of 

transcriptional regulators (Mellentin, et al, 1989; Massari and Murre, 2000). These proteins 

have been shown to be involved in important cellular activities such as differentiation and 

determination (Davis, et al, 1987; Murre, et al, 1989), gene regulation (Massari and Murre, 

2000; Weintraub, 1993) and oncogenesis (Begley and Green, 1999; Bain, et al, 1997; Robb 

and Begley, 1997; Engel and Murre, 1999; Cleary, et al, 1988). bHLH proteins share a 

sequence motif comprising a region of hydrophilic (often basic) amino acid residues 

immediately adjacent to two amphipathic helices separated by an intervening loop (Murre, et 

al., 1989a). Dimérisation of LYL-1, as for all bHLH proteins, is mediated through association 

of the hydrophobic residues of the corresponding faces of the two helices (Murre, et al, 1989; 

Davis and Halazonetis, 1993; Murre, et al, 1994). bHLH protein dimers recognize the short 

palindromic sequence CANNTG, known as the E-box, such that each protein in the dimer 

contributes one half of the binding site. Therefore, DNA binding specificity resides in the 

combination of the two basic domains in the dimer (Massari and Murre, 2000).

LYL-1 is a class II bHLH protein that has been shown to form heterodimers, both in-vitro 

and in-vivo, with E2A proteins (Miyamoto, et al, 1996) that bind preferentially to the DNA 

sequence 5’-AACAGATGT(T/g)T-3'. The 3’ ATGTT comprises the LYL-1 half site and 

displays a strong preference for A at position 6 of the overall consensus. The dimérisation, 

and DNA-binding features of LYL-1 was shared by another class II bHLH protein stem cell 

leukemia protein (SCL), which bound E47 and had a similar DNA-binding site to that of 

LYL-1 (Hsu, et al, 1994a; Hsu, et al., 1994b). Indeed, LYL-1 and SCL are unique amongst 

HLH proteins in preferring the AT to the CG base pair (Blackwell and Weintraub, 1990;
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Blackwell, et al, 1993). LYL-1 was also reported to form heterodimers with HEB that bound 

the same site as LYL-1-E2A heterodimers (Miyamoto, et al, 1996).

LYL-1 has also been shown to interact with motifs present in the NFkBI precursor pi 05 

(Perrier, et al, 1999). A yeast two-hybrid screen of a cDNA library derived from Jurkat T 

cells and transfection experiments showed that the HLH domain of LYL-1 interacts with the 

C-terminal ankyrin -like repeats of p i 05. A minority of the LYL-1 was bound to pi 05, which 

was postulated to be the result of transient interaction within the nuclear compartment (pi 05 

being retained in the cytoplasm). Dysfunction of the NF-kB system is associated with T-cell 

neoplasia (Gilmore, et al, 1996), and over-expression of LYL-1, but not SCL, in Jurkat T- 

cells decreased NF-KB-dependent transcriptional activity (Perrier, et al, 1999). A relationship 

between de-regulated expression of LYL-1 and dysfunctional NF-kB activity, although not 

proven experimentally, may provide a potential mechanism for oncogenic transformations in 

T-cells mediated by LYL-1. The N-terminus of the LYL-1 protein contains a proline rich 

region (Figure G), which in c-myc and ATP/ CRBP transcription factors has been shown to 

have a role in transactivation (Schwab, 1989; Mermod, et al, 1989). When fused to the 

heterologous DNA binding domain GAL4, LYL-1 did not display activator properties 

(Miyamoto, et al, 1996). However, the accuracy of this assay in determining the activity of 

this domain on promoters in vivo has not be examined experimentally and therefore its role in 

LYL-1 mediated transactivation remains to be elucidated.

The amino acid sequence of the LYL-1 protein shares 78% overall identity with ifs human 

counterpart (Visvader, et al, 1991; Kuo, et al, 1991) and possess an identical bHLH domain 

except for a conservative amino acid substitution in the loop region. The LYL-1 protein also
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lacks a single amino acid residue in the N- and C- termini leaving it two amino acids shorter 

than human LYL-1.

Although the role of LYL-1 protein in the oncogenic transformation of T-cells has not been 

defined, as a consequence of the translocation, ifs de-regulated expression may alter the 

precise balance of transcriptional regulators in cells, and thereby mediate T-cell 

leukaemogenesis. The similarity of the SCL and LYL-1 bHLH domains, and almost identical 

DNA-binding sites, in conjunction with the known effect of other HLH proteins such as c- 

myc on cellular proliferation suggests a role for LYL-1 within the haematopoietic cells.

Section L2.3 Expression o f L YL-1.

The association of LYL-1 with chromosomal abnormalities in T-ALL suggested a role for 

this bHLH protein in the regulation of haematopoiesis. Northern hybridisation analysis of 

mouse tissues indicated that LYL-1 was found in the spleen, but was un-detectable in thymus, 

liver, lung, brain and kidney (Kuo, et al, 1991). LYL-1 was not detected in T-lymphoma and 

non-leukaemic T-cell lines, or in stimulated splenic T-cells (Visvader, et al, 1991). However, 

a low level of LYL-1 mRNA was identified in the thymus (presumably due to resting T-cells 

in this organ) whereas high levels were found in splenic B-cells and mesenteric lymph nodes 

(Visvader, et al, 1991). These studies indicated a role for LYL-1 expression in population of 

cells in the spleen. Further northern blot analysis of a range of haematopoietic cell lines 

showed LYL-1 expression in non-lymphoid as well as in B-lymphoma cell lines (Visvader, et 

al, 1991). A range of myeloid, macrophage, mast and erythroid cell lines expressed LYL-1 

mRNA along with high levels of expression in immature B-cell lines (Visvader, et al, 1991; 

Kuo, et al, 1991). Interestingly, the level of LYL-1 mRNA appeared to decrease in
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plasmacytoma cells indicating that LYL-1 expression was down regulated upon terminal B- 

cell differentiation.

Hybridisation of polyA PCR-amplified cDNAs from single normal explant marrow 

progenitor cells harvested from colony starts grown under growth factor permissive 

conditions showed a highly restricted pattern of LYL-1 expression compared to that of SCL, 

E l2/ E47 and Idl (Quesensberry, et al, 1996). One neutrophil progenitor and several 

neutrophil/ mast and erythroid/ megakaryocytic progenitors expressed LYL-1 mRNA 

whereas expression was absent in tri-lineage progenitors. This was in contrast to SCL 

expression in tri-, bi-, and uni-lineage progenitors and E12/E47 expression in tri-, bi-, and 

most uni-lineage progenitor cells (Quesensberry, et al, 1996). In the presence of cytokines 

LYL-1 expression decreased gradually in synchronised FDC-Pl cells during progression 

from G1 into S phase, while in the absence of cytokines LYL-1 mRNA expression fluctuated 

through the cell cycle and had decreased at 12hr post-feed, indicating that cytokines have 

little effect on LYL-1 mRNA expression.

The study of Quesensberry (Quesensberry, et al., 1996) suggested a role for LYL-1 in the 

development of lymphoid cells and committed haematopoietic progenitors. The restricted 

pattern, and complex regulation of LYL-1 expression is indicative of a role in the 

development of haematopoietic cells but does not elucidate the function of LYL-1 within 

these cells e.g. its role in regulating proliferation, differentiation and apoptosis. To this end, 

studies on the function of the LYL-1 protein have lagged behind its somewhat richer cousin 

SCL, so our understanding of LYL-1 function is limited comparatively. The functions of SCL 

may elucidate the function of LYL-1 in haematolymphoid cells. However, since LYL-1 

cannot compensate for loss of SCL (Robb, et al, 1995a; Shivdasani, et al, 1995), LYL-1 and
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SCL may possess unique, non-overlapping functions similar to those described for the 

myogenic-specific bHLH proteins (Weintraub, 1993).

Section 1,2,4 Function o f LYL-1,

The LYL-1 gene was targeted by homologous recombination in ES cells (Rupping, B., Ph.D. 

thesis). The bHLH motif, and entire 3’ non-coding region was replaced by a lacZ/neomycin 

reporter gene cassette (Figure H). This allowed the expression pattern of LYL-1 to be 

followed by the P-galactosidase function of the LYL-l’̂ *"̂  fusion protein (Rupping, E., Ph D. 

thesis).

LYL-l^*^  ̂was expressed in the blood islands of the yolk sac, endothelial cells of blood 

vessels, and in mesenchyme of the hindbrain at 8.5dpc. At lO.Sdpc, LYL-1^“ ^ expression was 

high in the endothelial cells of the dorsal aorta and aortic arch arteries, and could be seen also 

in the fetal liver. Sections of 14.5dpc fetal liver stained with X-GAL showed LYL-1^‘'̂  

expression in megakaryocytes and presumed pro-myelocytes. Both megakaryocytes and c- 

Kit^® cells from bone marrow were found to express LYL-1*̂ ®̂ . With the exception of a few 

LYL- 1^^-positive cells in the subcapsular region of the thymus, L Y L -1 ^  expression was 

not identified in any other cell type, including the spleen. Although this study did not show 

LYL-l’̂  expression in spleen cells, LYL-1 mRNA expression in the spleen had been shown 

in previous studies (Kuo, et al, 1991; Visvader, et al, 1991). Further studies showed that the 

number of platelets; the development, and number of bone marrow and splenic T and B- 

lymphocytes, and the growth of bone marrow-derived CFU-GM and CFU-mixed colonies 

were normal in LYL-1 mice. X-GAL staining ofLYI^l^^' and LYL-1 embryos showed 

that loss of LYL-1 had no obvious effect on development.
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It was concluded that a functional LYL-1 protein was not required for normal development of 

the haematopoietic or endothelial system.
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Section 13  Aim o f the study.

The lack of an obvious phenotype in LYL-T ' mice raises several issues regarding the role of 

LYL-1 in haematopoiesis. The loss of a functional LYL-1 protein in haematopoietic cells in 

the yolk sac, fetal liver, and bone marrow suggests that this protein has a redundant role in 

the formation of haematopoietic cells. However, it is evident that bHLH proteins act in a 

combinatorial manner (Murre, et al, 1989a; Hu, et al., 1992; Bockamp, et al., 1994), and can 

affect transcription in different ways depending on the choice of heterodimer (Ma, et al., 

1999; Zhuang, et al., 1996), and the specific combinations of transcription factor binding sites 

(Bain, et a l, 1993; Wadman, et a l, 1997; Gruntz, et a l, 1998). Furthermore, ubiquitous and 

cell-type, or cell-stage restricted forms of bHLH proteins possess both distinct and 

overlapping functions that determine cell-specific patterns of gene expression (Weintraub, 

1993; Amati and Land, 1994; Bockamp, et al, 1994; Zhuang, et al, 1996). In the case of 

MyoD, a muscle-specific bHLH protein, the lack of effect on skeletal muscle cell 

development in MyoD mutant mice was associated with upregulation of Myf5 (Rudnicki, et 

a l, 1992). Gene targeting experiments have shown that MyoD, Myf5, and the related bHLH 

proteins myogenin and MRF4 have overlapping functions in skeletal muscle development 

(Rudnicki, et al, 1993; Braun, et al, 1992; Weintraub, 1993). A quantitative neurogenic 

phenotype was absent in neurogenin2 (Ngn2) single mutant mice due to compensation by 

Mashl, which was up-regulated in Ngn-2 mutant cortical progenitors (Fode, et al, 2000). 

Therefore, it is possible that the role of LYL-1 could be compensated via mechanisms similar 

to those operating for skeletal muscle-, and neuronal-specific bHLH proteins. Interestingly, 

up-regulation of GATA-2 in erythroid precursors generated by in-vitro differentiation of 

GATA-T^' ES cells (Weiss, et a l, 1994; Weiss and Orkin, 1995) may allow erythroid 

progenitors to develop into proerythroblasts in the yolk sac of GATA-L^' mutant mice 

(Fujiwara, et a l, 1996). This suggests that changes in the level o f expression of related
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transcriptional regulators may result in functional compensation of haematopoietic-specific 

transcription factors.

It may be that the effect of disrupting the LYL-1 gene was subtle. For example, disruption of 

the murine (3-globin locus control region (LCR) 5’ hypersensitive 3 (HS3) had a minimal 

effect in yolk-sac derived erythroid cells, and reduced and p"™ expression by 30% in 

adult erythrocytes (Hug, et a l, 1996). Loss of Ngn2 changed neuronal identity without 

affecting neuronal progenitor number, organization, or proliferative properties (Fode, et a l, 

2000). Small changes in haematopoietic cell development and/ or function may occur as a 

consequence of LYL-1 loss rather than overt defects

With these considerations in mind, we proposed the following hypothesis. The absence of an 

obvious phenotype in the LYL-L^'mice was the result of functional compensation through 

altered expression of another gene. Since LYL-1 and SCL constitute a subfamily of bHLH 

proteins, which may regulate haematopoiesis by recognition of a common group of target 

genes (Baer, 1993), SCL was considered an appropriate candidate.

41



Chapter 2. Methods and Materials

Chapter 2. M ethods and M aterials.

Section 2.1 Histology and histochemistry.

Section 2.1.1 Prelude.

Microscopic analysis was performed using an Axiophot 2 MOT microscope and Axiocam 

digital camera with supporting AxioVision imaging software (Carl Zeiss). Animals were 

handled in accordance with the terms of the Personal License and local guidelines.

Section 2.1.2 Genotyping o f LYL-1 mice.

LYL-1 mice were genotyped by PGR amplification, and Southern hybridisation of EcoRV 

digested genomic DNA. Genomic DNA was extraction and purified from the tail of LYL- 

1+/+, LYL+/-, and LYL-/- mice.

Section 2.1.3 Extraction and purification o f genomic DNA.

Approximately 0.3cm of mouse tail was incubated for at least 6 hours at 55^C whilst shaking 

in 0.7mL of Lysis buffer (see Section 2.12.9) comprising 50mM Tris-HCl (pH 8), lOOmM 

Na^EDTA, lOOmM NaCl, 0.2% SDS and O.SmgmL"  ̂Proteinase K. After incubation the 

lysate was centrifuged at 14,000 rpm for 15 minutes to pellet un-digested tissue, and the 

supernatant removed to a clean microcentrifuge tube. 20pl of a 13pgmL * RNAse A solution 

was added to the sample followed by a 2 hour incubation at 37°C. The samples were then 

mixed with an equal volume of isopropanol and centrifuged at 14,000 rpm for 15 minutes. 

The supernatant was removed so not to disturb the genomic DNA pellet and replaced with 

ImL of 70% ethanol followed by centrifugation at 14,000 rpm for 10 minutes. The 70% 

ethanol was removed by aspiration and the pellet allowed to air dry thoroughly. The pellet of 

genomic DNA was dissolved in 50-100pl of sterile H2O overnight at 37^0, and Ipl used to 

assess both concentration and integrity by ethidium bromide (0.5p.gmL *) stained agarose gel
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(0.8%/ IX TBE (pH 8.3) electrophoresis (Figure lA). The concentration of genomic DNA 

was also be determined by preparing a 1:50 dilution of the genomic DNA and measuring the 

OD at 260nm.

Approximately 500ng of genomic DNA was used in LYL-1, and lacZ-specific PCR reactions 

(see Tables 1,2, and 3). Figure IB shows that a LYL-1 cDNA fragment of 0.391 kb, and a 

0.5kb lacZ fragment was generated by PCR amplification of genomic DNA.

Section 2.1.4 Preparation of high purity genomic DNA.

The genomic DNA used in Southern hybridisation was extracted by mixing the tail lysate 

(after centrifugation to remove debris-see Section 2.1.3) with an equal volume of phenol 

(pH8) (Sigma, Cat No- P4557) for 60 minutes at room temperature by continual rotation. The 

sample was then centrifuged at 14,000rpm for 15 minutes to separate the phases, and the 

upper aqueous phase removed to a clean microcentrifuge tube containing an equal volume of 

phenol: chloroform (Sigma, Cat No- P2069). The sample was mixed by rotation for 45 

minutes, centrifuged at 14,000rpm for 15 minutes, and the aqueous phase removed to a tube 

containing an equal volume of chloroform (BDH, Cat No- 100776B). The sample was mixed 

for a further 30 minutes and, following centrifugation at 14,000rpm for 15 minutes, the 

aqueous phase, containing the purified genomic DNA, was added to 0.6 volumes of 

isopropanol (BDH, Cat No- 102244J) and centrifuged at 14,000rpm for 15 minutes to 

precipitate the genomic DNA. The isopropanol was removed by aspiration and replaced with 

ImL of 70% ethanol The sample was vortexed for a few seconds and the sample centrifuged 

at 14,000rpm for 10 minutes. The ethanol was removed and the pellets allowed dried 

completely. The genomic DNA was incubated overnight at 37^C in 25-50pL of sterile H2O.
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Figure 1. Genomic DNA (A) (see Section 2.1.3) was used in LYL-1-specific, and lacZ- 

specific PCR to routinely genotype LYL-1 mice (see Table 2). A 0.39kb LYL-1 fragment 

and, and a 0.5kb lacZ fragment (B) was generated with specific primers (Tables 3) and 

thermal profiles (Table 4). For establishment of LYL-1 mouse colonies, high purity genomic 

DNA (see Section 2.1.4) was digested with EcoRV, separated by ethidium bromide stained 

agarose gel electrophoresis, transferred to hybridisation membrane, and hybridised with an 

a^^P-dCTP labeled 2.6kb Sall-EcoRl (C). Wildtype LYL-1 loci generate a lOkb fragment 

whereas targeted LYL-1 loci generated a 4.6kb fragment.
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Chajrter 2. M ethod and Materiah

The concentration, and integrity of the genomic DNA was determined by agarose gel 

electrophoresis, and spectrometry (as described in section 2.1.3).

Approximately 500pg to Img of genomic DNA (20pl of a 25-50pgpf^) was incubated for 

18-24 hours at 37°C with an EcoRV digestion mixture comprising 3pl of a lOX BSA 

(fraction V), 3pi of lOX reaction buffer, 2pi of EcoRV (40U/pl) and 2pi of sterile H2O to 

give a total volume of 30pl. After incubation the samples were separated by agarose (0.8% / 

IX TBE) gel electrophoresis. After electrophoresis the gel was submerged in 0.25M HCl and 

shaken gently until the bromophenol blue has changed colour (approximately 15 minutes). 

The gel was then transferred to 0.4M NaOH and shaken gently until the bromophenol blue 

colour had returned. The gel was prepared for alkali capillary transfer to Hybond N+ nylon 

transfer membrane (Amersham) overnight at room temperature. The membrane was 

hybridised with a radiolabeled (see Sections 2.8.6 to 2.8.8) 2.6kb Sall-EcoRI probe and then 

exposed to X-ray film. Figure 1C shows the results of southern hybridisation of EcoRV 

digested genomic DNA from LYL-1 '̂^ ,̂ LYL^ ’̂, and LYL' '̂ mice. A lOkb fragment was 

obtained from a wildtype LYL-1 locus, whereas a targeted LYL-1 generated a fragment of 

4.6kb (refer to Figure G).

Section 2. L 5 Fixation o f tissues.

Tissues were dissected and rinsed immediately in ice cold IX PBS (pH 7.5) and placed 

directly into 4% paraformaldehyde/ IX PBS (pH 7.5) (see Sections 2.2.1 and 2.2.2) at 4^C. 

Tissues were cut e.g. brain and liver, or perforated with a needled (271/2 gauge) syringe 

(ImL) e.g. spleen and thymus. Samples of spleen were also fixed in Helly's fluid (see Section 

2.2.3) at room temperature. The volume of fixative exceeded the specimen volume by 

approximately 10 times, and incubation was for 12 to 24 hours. Samples of tissue fixed in 4%
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paraformaldehyde/ IX PBS (pH 7.5) were rinsed in IX PBS (pH 7.5), and processed for 

histological analysis as either frozen or paraffin wax-embedded specimens. Samples of spleen 

fixed in Helly's fluid were washed in running H2O for 12 to 24 hours and processed as 

paraffin wax-embedded specimens.

Section 2.1,6 Cytocentrifugution o f bone marrow, spleen, and peripheral blood

cells.

Peripheral blood cells were collected into 0.5mL microcentrifuge tubes containing 250fiL of 

1.5mgmL'^ K2EDTA in IX PBS (pH7.5). Spleen and bone marrow (flushed from the femur 

and tibia of both hind legs) cells were collected into IX PBS (pH7.5). Spleen, bone marrow, 

and peripheral blood cells were diluted to 1:50 and 1:100 in 3% acetic acid in H2O (see 

Section 2.2.11), and the number of nucleated cells counted on a haematocytometer 

(Neubauer). Cells were diluted to 1x10^, 1x10^, and 1x10^ in IX PBS (pH7.5) and 

centrifuged at 1500g for 1 minute onto poly-L-lysine treated glass microscope slides (Sigma, 

Cat No- P0425) in a Megafuge 1.0 (Heraeus Sepatech D37520). Excess solution was blotted 

onto filter paper, and the cytocentrifuged cells and allowed to air dry.

Section 2.1.7 Paraffin wax embedding of tissue.

The tissues were dehydrated by incubation in 70% ethanol for 5 hours, 90% ethanol for 12 

hours and absolute ethanol for 1 and 2 hours with 1 change of absolute ethanol at room 

temperature. Following dehydration, specimens were incubated in Clearing solution (see 

Section 2.2.6) for 12 to 24 hours at room temperature. Specimens were removed from the 

Clearing solution and incubated in toluene (BDH, Cat No-30454 5Q) for 10 minutes. This 

was followed by a 2 hour incubation in liquid paraffin wax (Sigma, Cat No- A6630), 

followed by a further 2 hours in liquid paraffin wax under vacuum. Each specimen was
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orientated appropriately in a mould filled with liquid paraffin wax, which was then solidified 

on a cold plate. 5)Lim serial sections were cut with a microtome (Leica DCSl), and placed on 

a drop of sterile H2O on poly-lysine treated glass slides at 45^C. The sections were dried 

overnight at 45^C and stored in a dry, dust-ffee slide rack, protected from light, at room 

temperature until use.

Section 2,1.8 Cryoprotection andfreezing o f tissue.

Specimens were blotted to remove excess fixative and placed in a Falcon tube containing 

50mL of 30% sucrose/ IX PBS (pH 7.5) containing 2mM MgClz (see Section 2.2.5) at 4®C. 

The specimens were allowed to sink to the bottom of the Falcon tube. The cryo-protected 

specimens were placed into a mould filled with O.C.T. compound (BDH- Cat No- 361603E) 

and orientated appropriately. The mould was lowered into isopentane (BDH, Cat No- 

103616V) cooled in liquid nitrogen until the O.C.T. solidified. Specimens were stored at - 

80^C. Alternatively, specimens were frozen by a crushed dry ice and, immediately prior to 

sectioning, mounted in O.C.T. and orientated appropriately. 10pm sections were cut on a 

cryostat (Leica, CM1850) at -20°C, mounted onto poly-lysine treated microscope slides and 

stored at -20^C until use.

Section 2, L 9 Preparation o f tissue sections and cytocentrifuged cells fo r

histological analysis.

5pm paraformaldehyde-fixed paraffin sections were de-waxed in xylene (BDH, Cat No- 

360716 Y) for 5 minutes, and re-hydrated through absolute, 90%, 70% ethanol (see Section 

2.2.17) and sterile H2O for 5 minutes each.
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Sections from spleen fixed in Helly’s fluid were bleached in order to remove mercury 

pigment Each section was incubated in approximately ImL of Lugol’s solution (Sigma, Cat 

No- L6146) for 2 minutes. The Lugol’s solution was drained from each section, and replaced 

by ImL of 5% sodium thiosulphate (Sigma, Cat No- S1648) for 5 minutes. The sections were 

washed in running H2O for 5 minutes and then equilibrated in sterile H2O or IX PBS (pH 

7.5). Cryosections were washed with 3 changes of sterile H2O for 10 minutes each. 

Cytocentrifuged bone marrow, spleen and peripheral blood cells were fixed in methanol/ 

glacial acetic acid (see Section 2.2.10) for 1 minute and washed 3 times in sterile H2O for 5 

minutes each. After analysis, sections to be mounted in DPX (BDH, Cat No- 360294H) were 

dehydrated through 70%, 90% and absolute ethanol and cleared in xylene for 1 minute each, 

whereas sections to be processed in an aqueous mountant were washed in 3 changes of sterile 

H2O for 1 minute each.

Section 2.1.10 TUNEL assay for apoptotic cells.

Apoptotic cells were detected using the principal of TUNEL (Terminal Deoxynucleotidyl 

Transferase (TdT)-mediated fluorescein-12-dUTP Nick End Labeling) with the Apoptosis 

Detection System, Fluorescein (Promega, Cat No- G3250). De-waxed and re-hydrated 5pm 

paraformaldehyde fixed paraffin sections (see Section 2.1.7) were equilibrated in IX PBS 

(pH 7.5) for 5 minutes and then post-fixed in 4% paraformaldehyde/ IX PBS (pH 7.5) for 10 

minutes at room temperature, followed by incubation in 2 changes of sterile H2O, and once in 

IX PBS (pH 7.5), for 10 minutes each. lOOpL of Proteinase K (20pgmL'^) (see Sections

2.6.2 and 2.6.3) was added to each section for 10 minutes at room temperature followed by 3 

changes of IX PBS (pH 7.5), for 10 minutes each, and a further post-fixation in 4% 

paraformaldehyde/ IX PBS (pH 7.5) for 5 minutes at room temperature.

49



Chapter 2. Methods and Materials

The excess fixative was removed by immersing the sections in IX PBS (pH 7.5) for 10 

minutes. The sections were incubated in lOOjuL of Equilibration Buffer for 10 minutes, and 

then in 50pL o f  reaction mixture comprising 45pL Equilibration Buffer, 5pL Nucleotide mix, 

and IpL TdT, for 1 hour at 37^C. Following incubation in reaction mixture, the sections were 

washed in 2X SSC (se Section 2.12.2), and immersed in a solution of propidium iodide (PI)/ 

IX PBS (pH7.5) for 15 minutes at room temperature. After nuclear staining in PI solution, 

the sections were washed in sterile H2O 3 times for 5 minutes each. A drop o f  anti-fade 

solution (Molecular Probes, Cat No- S7461) was placed on each section, and covered with a 

glass coverslip (ESCO, Cat No- 92600). Apoptotic cells were identified by fluorescence 

microscopy using FITC, and rhodamine filter settings on an Axiophot 2 MOT microscope 

and Axiocam digital camera with supporting AxioVision imaging software (Carl Zeiss).

Section 2.1.11 May~Grunwald and Giemsa stain o f haematopoietic cells in sections

o f spleen.

Paraformaldehyde and mercuric-fixed spleen sections (see Section 2.1.6) were placed directly 

into May-Grunwald solution (BDH, Cat No- 352065W) for 5 minutes. An equal volume of 

buffered H2O (pH 6.S) (see Section 2.2.16) was added to the staining solution and the 

sections incubated for a further 5 minutes, after which the sections were transferred directly 

to Giemsa solution (BDH, Cat No- 350865P) and incubated for 15 minutes. Sections were 

then washed in sterile H2O for 1 minute and mounted in DPX.

Section 2.1.12 May-Grunwald and Giemsa stain o f cytocentrifuged bone marrow,

and peripheral blood cells.

Cytocentrifuged bone marrow, spleen and peripheral blood cells were immersed in May- 

Grunwald solution (BDH, Cat No-352065W) for 3 to 5 minutes. An equal volume of buffered
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H2O (pH 7.3) (see Section 2.2.16) was added to the May-Grunwald solution and the slides 

incubated for a further 5 minutes. Slides were then transferred directly to Giemsa solution 

(BDH, Cat No- 350865P) and incubated for 15 minutes. Excess Giemsa solution was 

removed by a single wash in sterile H2O for 1 minute and allowed to air dry.

Section 2, L 13 Perl's Prussian blue stain for ferric iron in sections o f spleen and

cytocentrifuged bone marrow cells.

Spleen sections, and cytocentrifuged bone marrow cells were immersed in a solution of 5% 

K4Fe(CN)6 and 5% HCl in equal volumes (preheated in a microwave at 750W for 30 seconds- 

see Section 2.2.12) for 5 minutes. The sections were then rinsed with 3 changes of sterile 

H2O for 5 minutes each and counterstained in 1% neutral red for 2 to 3 minutes (see Section 

2.2.14). Following the counter-stain, sections were washed in sterile H2O for 1 minute, and 

mounted in DPX. Blue haemosiderin deposits, indicating, were examined microscopically.

Section 2,1,14 p-galactosidase assay in cryosections o f tissue,

Cryosections (see Sections 2.1.5 and 2.1.6) were equilibrated in Rinse buffer (pH 7.6) (see 

Section 2.2.7) with no X-GAL at 37^C for 1 hour. Ciyosections were then incubated in X- 

GAL staining solution (see Section 2.2.8) containing X-GAL (Eurogentec, Cat No- OP-0020- 

10) at ImgmL'^ in dimethyformamide (DMF) (BDH, Cat N o -103224J), for between 2 and 18 

hours at 37^C. After incubation, the sections were washed in 3 changes of sterile H2O and 

counterstained with either 1% neutral red or eosin Y (see Sections 2.2.14 and 2.2.15) solution 

for 2 to 3 minutes. Sections were then rinsed in sterile H2O for 1 minute and mounted in 

DPX.
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Section 2. LI 5 1,2-diaminoftuorene (DAF) stain o f haemoglobin in cytocentrifuged

bone marrow and spleen cells and sections o f spleen.

A solution comprising 0.1% 1,2-DAF in 0.2M Tris (pH 7) and 0.3% H2O2 was prepared 

immediately prior to use (see Section 2.2.13). Cytocentrifuged bone marrow and spleen cells 

(1x10^ cells) or 10pm cryosections of spleen were immersed in the DAF solution for between 

2 and 4 minutes at room temperature. The DAF solution was drained from each slide and the 

samples dried completely. Cells that contained haemoglobin were blue in colour.

Section 2.2 Materials used in histology and histochemistry.

Section 2.2.1 1 OX Phosphate buffered saline (PBS).

COMPOSITION AMOUNT

NaCl 80g

KCl 2g

Na2HP04 14.4g

KH2PO4 2.4g

H2O lOOOmL

80g of NaCl (Fisher, Cat No- S/ 3160/ 63), 2g of KCl (Sigma, Cat No- ), 14.4g of Na2HP04 

(Sigma, Cat No-S7907), and 2.4g KH2PO4 (Sigma, Cat No- P5655) were dissolved in 900mL 

of sterile H2O and the pH acÿnsted to 7.5 with dilute HCL The solution was autoclaved and 

used at a working concentration of IX. This solution was stored at room temperature for up 

to 6 months.

Section 2.2.2 4% paraformaldehyde solution in IX  PBS (pH7.5).
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COMPOSITION

Paraformaldehyde 

1 OX PBS (pH7.5) 

MgCl2 

NaiEDTA 

DEPC- treated H2O

AMOUNT

4g

lOmL

0.2mL of IM 

0.25mL of 0.5M 

lOOmL

4g of paraformaldehyde powder (Sigma, Cat No-P6148) was added to 80mL of DEPC- 

treated H2O (see Section 2.6.1) and heated to 65®C until paraformaldehyde had dissolved. 1-2 

drops of lOMNaOH (Fisher, Cat No- S/4880/53) fecilitated solubilisation of the 

paraformaldehyde. Once cooled to room temperature, lOmL of lOX PBS (pH7.5) was added 

to the solution and the pH adjusted to 7.5 with dilute HCl. 0.2mL of IM MgCli and 0.25mL 

of 0.5M Na2EDTA was added to the solution to give 2mM and 1.25mM final concentrations 

respectively. The volume was adjusted to lOOmL with DEPC- treated H2O and stored at 4^C 

for up to 2 weeks.

Section 2,2,3 Helly^s fluid.

COMPOSITION AMOUNT

Mercuric chloride 5g

Potassium dichromate 2.5g

Sodium sulphate Ig

10% Formalin (pH7) 5mL

Sterile H2O lOOmL
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5g mercuric chloride (Sigma, Cat No- M6529), 2.5g potassium dichromate (Sigma, Cat No- 

P6435), and Ig of sodium sulphate (Sigma, Cat No- 6547) were added to lOOmL of sterile 

H2O. Immediately prior to use, lOmL of buffered 10% Formalin (see Section 2.2.4) was 

added to the fixative. The solution (minus 10% Formalin) was stored at room temperature for 

up to 4 months.

Section 2.2,4 Buffered 10% formalin (pH7).

COMPOSITION AMOUNT

37% paraformaldehyde solution lOOmL

acidic NaH2PO4.H20 4g

anhydrous Na2HP04 6.5g

Sterile H2O 900mL

4g of acidic sodium phosphate (Sigma, Cat No- S-7907) monohydrate was added to 900mL 

of sterile H2O, followed by 6.5g of anhydrous disodium phosphate (BDH, Cat No- 102454R) 

and lOOmL of 37% paraformaldehyde solution (Sigma, Cat No- F 1635). This fixative 

solution was stored at 4®C for up to 2 weeks.

Section 2.2.5 30% sucrose/IXPBS (pH 7.5) witk 2mMMgCl2.

COMPOSITION AMOUNT

Sucrose 30g

MgCb 0.2mL of IM stock solution
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lOmL of lOX Stock solution

89.8mL

30g of sucrose (BDH, Cat No- 102744B) were dissolved in 89.8mL of sterile H2O. lOmL of 

lOX PBS (pH7.5) was added to the sucrose solution followed by 0.2mL of IM  MgCli to give 

a final concentration of 2mM MgC^, and IX PBS (p H7.5). The sucrose solution was stored 

at 4^C for 1 week.

Section 2.2.6 Clearing solution.

COMPOSITION

Benzyl alcohol 

Benzyl benzoate

AMOUNT

50rnL

lOOmL

Clearing solution was prepared by mixing 50mL of benzyl alcohol (Sigma, Cat No- B1042) 

and lOOmL of benzyl benzoate (Sigma, Cat No- B6630). Approximately 10 times the tissue 

volume of clearing solution was used and the solution stored at room temperature for 6 

months.

Section 2.2.7 Rinse buffer forX-GAL staining.

COMPOSITION

N a 2 H P 0 4

MgCl2

Sodium deoxycholate

AMOUNT

50mL of IM stock solution 

ImL of IM stock solution 

0.05g
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O.lmL 

up to 500mL

0.5g of sodium deoxycholate (Sigma, Cat No- D5670) was added to 400mL of sterile H2O 

followed by 0. ImL NP40 (BDH, Cat No- 560092L), 50mL of IM Na2HP04, and ImL of IM 

MgCL (Merck, Cat No- S832). The volume was adjusted to 500mL with sterile H2O to give a 

final concentration of lOOmM Na2HP04,2mM  MgCb, 0.1% sodium deoxycholate, and 

0.02% NP40. Rinse buffer was stored at room temperature for 4 months.

Section 2,2,8 X-GAL staining solution.

COMPOSITION

KsFeCNk

K4Fe(CN>6 

X-GAL 

Rinse Buffer

AMOUNT

0.5mL of 0.5M stock solution

O.SmL o f 0.5M stock solution

2mL of 25mgmL’‘ stock solution in DMF

47mL

50mL of X-GAL staining solution was prepared by adding O.SmL of 0.5M K]Fe CN)6 

(Sigma, Cat No- P3667) and O.SmL of O.SM KaF^CN)^ (Sigma, Cat No- P3289) to 47 mL of 

Rinse buffer (see Section 2.2.7). Immediately before use, 2mL of 2SmgmL‘  ̂X-GAL in DMF 

was added to the solution to give a final concentration of ImgmL'^ X-GAL and SmM ofKgFe 

CN)6 and K4Fe(CN)6. X-GAL/ DMF stock solutions were stored at -20^C, and K3Fe(CN)6 

and K4Fe(CN)6 solutions were kept protected from light at room temperature.

Section 2.2.9 May-Grunwald and Giemsa staining solutions.
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May-Gnmwald staining solution (BDH, Cat No-352065W) and Giemsa staining solution 

(BDH, Cat No- 350865P) were used to stain for haematopoietic cells in the spleen according 

to a protocol modified from Sheehan’s Modified May-Grunwald technique (Sheehan D, 

Hrapchak B, Theory and practice of Histotechnology, 2nd Ed, 1980, pp217-218, Battelle 

Press, Ohio). Cytocentrifuged bone marrow, spleen and peripheral blood cells were stained 

with May-Grunwald and Giemsa staining solutions according to the Pappenheim’s panoptic 

technique (Atlas of Clinical Hematology, Begemann, H , and Rastetter, J, 4* edition, 1989, 

Springer-Verlag Berlin Heidelberg) (see Sections 2.1.11 and 2.1.12).

Section 2,2.10 Fixative solution for cytocentrifuged cells.

COMPOSITION

Glacial acetic acid

95% methanol

AMOUNT

3mL

lOOmL

5mL of sterile H2O was mixed with 95mL of methanol (Fisher, Cat No- M/ 4000/17), 

followed by 3mL of glacial acetic acid (Fisher, Cat No- A/ 0400/ PB 17). The fixative was 

prepared immediately prior to use.

Section 2.2.11 3% acetic acid in H2O.

COMPOSITION

Glacial acetic acid

Sterile H2O

AMOUNT

3mL

lOOmL
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3mL of glacial acetic acid (Fisher, Cat No- A/ 0400/ PB 17) was mixed with with lOOmL of 

sterile H2O. Nucleated cells counted on a haematocytometer were diluted to 1:50, and 1:100. 

This solution was prepared j ust prior to use.

Section 2.2.12 PerVs Prussian blue stain for ferric iron.

COMPOSITION

K4Fe(CN)6

HCl

AMOUNT

lOOmL of 5% stock solution 

lOOmL of 5% stock solution

5% K4Fe(CN)6 was prepared by dissolving 5g of K4Fe(CN)6 (Sigma, Cat No- P3289) in 

lOOmL of sterile H2O. 5% HCl was prepared by adding 5mL of concentrated HCl (Sigma, 

Cat No- 920-1) to lOOmL of sterile H2O. lOOmL of 5% HCl was added to lOOmL of 5% 

K4pe(CN)6, and the solution heated in a microwave on high power (800W) for 30 seconds.

Section 2.2.13 1,2 diaminofluorene (1,2-DAF) solution.

COMPOSITION AMOUNT

1,2-DAF Ig

Glacial acetic acid in sterile H2O lOmL of 90%

Tris-HCl 1 OmL of 0.2M stock solution

H2O2 0. ImL of 30% stock solution

lOmL of a 1% 1,2-DAF stock solution was prepared by dissolving O.lg of 1,2-DAF 

(FLUKA, Cat No- 32980) in lOmL of 90% acetic acid (ImL of glacial acetic acid and 9mL
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of Sterile H2O). This 1% 1,2-DAF stock solution was stored at 4%  for up to 1 month. A 

working concentration of 0.1% 1,2-DAF solution was prepared by adding ImL of 1% 1,2- 

DAF to 9mL of 0.2M Tris-HCl (pH7). Immediately prior to use, 0. ImL of 30% H2O2 (Sigma, 

Cat No- H-1009) was added to lOmL of the 0.1% 1,2-DAF solution.

Section 2.2.14 1% Neutral red.

COMPOSITION AMOUNT

Neutral red Ig

Sterile H2O lOOmL

Ig of Neutral red (Sigma, Cat No- N6634) was dissolved in lOOmL of sterile H2O. The 

staining solution was stored at room temperature for 6 months.

Section 2.2.15 Eosin Y solution.

Eosin Y solution (Sigma, Cat No- HTl 10-2-32) was used as a cytoplasmic counter-stain for 

paraffin and cryosections. Sections were stained for approximately 2 minutes in the Eosin Y 

solution and then processed as described in section 2.1.6.

Section 2.2.16 Buffered H2 O.

Buffer tablets dissolved in lOmL of sterile H2O produced buffered H2O solutions of pH6.8 

(BDH, Cat No- BDH 362242D), and pH7.2 (BDH, Cat No- 362232B) that were stored at 

room temperature.

Section 2.2.17 Preparation o f 90%, and 70% ethanoL
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COMPOSITION AMOUNT %

Absolute ethanol 450mL

Sterile H2O 50mL 90%

Absolute ethanol 350mL

Sterile H2O 150mL 70%

500mL of 90% ethanol was prepared by mixing 450mL of 99.7% ethanol (BDDH, Cat No- 

10107) with 50mL of sterile H2O. Similarly, 70% ethanol was prepared by mixing 350mL of 

99.7% ethanol with 150mL of sterile H2O.

Section 2.3 Immunohistochemistry.

Section 2.3.1 Prelude.

Microscopic analysis was performed using an Axiophot 2 MOT microscope and Axiocam 

digital camera with supporting AxioVision imaging software (Carl Zeiss). Gene frames 

(65pL) (Abgene, Cat No-HB-OS-SSEZ2E) were used routinely to prevent dehydration.

Section 2.3.2 Immunohistochemical detection o f target molecules in sections of

spleen.

Mouse antigens were detected in 10pm cryosections, and 5pm paraformaldehyde fixed 

paraffin sections by immunoperoxidase assay. Cryo-, and paraffin sections were prepared as 

described in section 2.1.6. The sections were then incubated in target retrieval solution 

(DAKO), pre-heated to 95-99^C (pH 6) (see Section 2.4.1) in a water bath for 20 minutes.
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The solution was allowed to cool for 20 minutes at room temperature, washed in sterile H2O 

3 times for 5 minutes each, and incubated in 0.0IM periodic acid for 10 minutes (see Section 

2.4.2). The sections were rinsed rapidly in sterile H2O, and then incubated in O.lmgmL'^ 

sodium borohydride for 10 minutes (see Section 2.4.3). Incubation in periodic acid and 

sodium borohydride inhibited endogenous peroxidase activity in the spleen cells (see Chapter 

3 Results Figure 15a). The sections were washed in sterile H2O 3 times for 5 minutes each 

and incubated in normal swine serum (1:20)/ IX PBS (pH7.5) (see Section 2.4.4) at room 

temperature for 1 hour. The sections were then washed in IX PBS (pH7.5) 3 times for 5 

minutes each, followed by incubation at 4°C overnight, or at room temperature for 1 hour, in 

1.5%7v normal swine serum/ IX PBS (pH7.5) containing an anti-mouse primary antibody at 

optimal concentration (see Sections 2.4.5, and 2.4.6, see Table 1).

Sections incubated with a biotinylated anti-mouse primary antibody were washed in IX PBS 

(pH7.5) 3 times for 5 minutes each (see Section 2.4.6 and Table 1), followed by incubation in 

40pgmL^ horseradish peroxidase (HRP)-conjugated ExtrAvidin (see Section 2.4.8) in IX 

PBS (pH7.5) for 60 minutes at room temperature. Sections incubated with an un-conjugated 

anti-mouse primary antibody were incubated with a species-specific biotinylated secondary 

antibody (see Section 2.4.7) for 1 hour at room temperature immediately proceeding the wash 

in IX PBS (pH7.5). This was followed by 3 washes in IX PBS (pH7.5) for 5 minutes each 

and a further 1 hour incubation at room temperature with HRP-conjugated ExtrAvidin/ IX 

PBS (pH7.5). After incubation, die sections were washed with IX PBS (pH7.5) twice for 5 

minutes each and once in sterile H2O for 5 minutes before development of DAB colour.

Section 2.3,3 3,3-diarmnobenzidie (DAB) colour development
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Table 1. Concentration antibodies used for immunohistochemistry.

Anti-mouse primary antibody. Dilution
Biotinylated rat anti-mouse T E R -119 1:100

(Clone Ly-76- IgG2A; Pharmingen, Cat No- 09082D)

Rat anti-mouse GATA-1

(Clone N6- IgC2A; Santa Cruz, Cat No- sc-265)

1:200

Biotinylated rat anti-mouse c-Kit

(Clone 2B8- lgC2B; Pharmingen, Cat No- 01902D)

1:50

Species-specific secondary antibody.
Goat anti-rat biotinylated IgG

(Santa Cruz, Cat No- sc-2041 )

D ilu tion
1:200

PPypecMtrét ,

Biotinylated rat IgGzA 1:100/1:200

(Clone KLH/ G2a-1-1; Insight Biotechnology, Cat N o-13-4321-81))

Biotinylated rat IgGas 1:50

(Clone KLH/ G2b-l-2; Insight Biotechnology, Cat No- 13-4331-81))
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One DAB tablet (Sigma, Cat No- D4418) was dissolved in 0.05M Tris-HCl (pH7.6) to give a 

final concentration of lmgmL'\ 4pL of an 8% NiCl] solution (1.3mM final concentration) 

was added per 0.5mL of DAB solution. Sections were immersed in the solution and 

immediately followed by addition of lOOpL of 30%7v H2O2 per lOmL of DAB solution, 

providing a final concentration of 0.3% ̂ /v H2O2 (see Section 2.4.9). The sections were 

incubated in this solution and the colour development monitored microscopically (typically 5 

to 10 minutes). Sections were washed 3 times in sterile H2O. The sections were processed 

and mounted in DPX (see Section 2.1.6).

Section 2,4 Materials used for immunohistochemistry.

Section 2.4,1 Target retrieval solution.

Target retrieval solution (pH6) was purchased from DAKO (Cat No- S I700). Coplin jars 

were filled vrith approximately 25mL of Target retrieval solution, placed in a water bath and 

heated to 95°C-98^C. De-waxed, re-hydrated spleen sections were immersed in the preheated 

Target Retrieval Solution for approximately 20 minutes. The coplin jar was removed from the 

water bath and allowed to cool for 20 minutes at room temperature. Sections were then 

washed with 3 changes of IX PBS (pH7.5) for 5 minutes each.

Section 2,4,2 Periodic acid (9,01M).

COMPOSITION AMOUNT

Periodic acid 2.279g

Sterile H2O lOOmL
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2.279g of periodic acid (BDH, Cat No- 298422P) was dissolved in lOOOmL of sterile H2O to 

give a final concentration of 0.0 IM. The solution stored for 1 week at room temperature.

Section 2,43 Sodium borohydride (O.lmgmL'^)

COMPOSITION AMOUNT

Na2-borohydride 0.1 g

Sterile H2O lOOOmL

lOOmg of sodium-borohydride (Sigma, Cat No- S9125) was dissolved in lOOOmL of sterile 

H2O. 0. ImgmL * sodium-borohydride solution was stored at room temperature for up to 1 

week.

Section 2.4,4 Normal swine serum (1:20)/IXPBS,

COMPOSITION AMOUNT

Normal swine serum 0. ImL

lXPBS(pH7.5) 1.9mL

Normal swine serum was purchased from DAKO (Cat No- X0901). A 1 in 20 dilution of the 

normal swine serum in IX PBS (pH7.4) was used to block non-specific binding of anti­

mouse antibodies in spleen sections. Typically, 100p.L of normal swine serum was mixed 

with 1.9mL of IX PBS (pH7.4), and aliquots of 1 OOpL stored at -20°C until use.

Section 2,4,5 I,5%^Af normal swine serum/IX PBS
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COMPOSITION AMOUNT

Normal swine serum 15)liL

lXPBS(pH7.5) 985jLiL

Antibodies were prepared in 1.5% normal swine serum in IX PBS (pH7.5). ISpL of normal 

swine serum was mixed with 985pL of IX PBS (pH7.5) and stored in lOOpL at -20^C. 

Antibodies were diluted to the optimal working concentration (see Table 1) freshly thawed 

1.5% normal swine serum in IX PBS (pH7.5) immediately prior to use.

Section 2,4.6 Anti-mouse biotinylated primary antibody and isotype control

The working concentration of primary antibody used to detection of specific antigens in 

section of spleen was determined by titration experiments over a dilution range of 1:25, 1:50, 

1:100,1:200,1:400, and 1:800 in 1.5% normal swine serum/ IX PBS (pH7.5). Dilutions were 

prepared fi’om antibody stock solutions (see Table 1). Experiments were performed in the 

presence of isotype control rat biotinylated IgG (see Table 1).

Section 2.4.7 Species-specific biotinylated secondary antibody.

As in section 2.4.6, the working concentration of the species specific secondary antibody 

used detection the primary antibody was determined by titration experiments over a dilution 

range of 1:25,1:50, 1:100,1:200,1:400, and 1:800 in 1.5% normal swine serum/ IX PBS 

(pH7.5). Dilutions were prepared from antibody stock solutions (see Table 1).

Section 2.4.8 ExtrAvidin/ IX PBS.
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ExtrAvidin (Sigma, Cat No- E2886) was diluted to a working concentration of 40jLigmL'  ̂ in 

IX PBS (pH7.5). The ExtrAvidin/ IX PBS (pH7.5) solution was prepared immediately prior 

to use.

Section 2,4,9 3f3*~Diaminobenüdine (DAB) solution.

COMPOSITION

DAB

Tris-HCl (pH7.6)

NiCli

H2O2

AMOUNT

lOmg

9mL of a 0.5M stock solution 

4pL of an 8% stock solution 

lOOpL of a 30%7v stock solution

DAB was dissolved in 9mL of 0.05M Tris-HCl (pH7.6) to give a final concentration of 

ImgmL'*. 80pL of an 8% NiCl2 solution (4pL per O.SmL of DAB solution) was added to the 

DAB solution. Sections were inunersed in the solution and immediately followed by addition 

of lOOpL of 30%7v H2O2 per lOmL of DAB solution (comprising a final concentration of 

0.3% ̂ /v H2O2). The sections were incubated in this solution and the colour development 

monitored microscopically (typically 5 to 10 minutes). Washing the sections in sterile H2O 3 

times for 5 minutes each stopped the reaction. Sections were mounted in DPX (see Section 

2 . 1.6).
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Section 2,5 In situ Reverse Transcription (RT)- Polymerase Chain Reaction

(PCR) by direct incorporation o f digoxigenin labeled dUTP.

Section 2.5.1 Prelude.

The in situ RT-PCR experiments were performed on 5pm paraformaldehyde fixed paraffin 

sections of spleen using a Primus 96 plus in situ thermal block (MWG Biotech). Gene frames 

(65pL) (Abgene, Cat No- HB-OS-SSEZ2E) were used routinely to prevent dehydration.

Section 2,5,2 Digestion o f spleen sections with Proteinase K,

De-waxed and re-hydrated spleen sections (see Section 2.1.6) were equilibrated in IX PBS 

(pH 7.5) for 5 minutes and then post-fixed in 4% paraformaldehyde/ IX PBS (pH 7.5) (see 

Section 2.2.2).for 10 minutes at room temperature. Following incubation in 3 changes of 

sterile H2O for 10 minutes each, sections were completely covered with 2,4 , 8, or lOpgmL'^ 

Proteinase K in 0. IM Tris-HCl (pH 7.4) containing 50mM NaiEDTA (see Section 2.6.2, and 

2.6.3) for 20 minutes at 37^C. Sections were then immersed in 0.1 M glycine/ IX PBS (pH 

7.5) (see Section 2.6.4) for 10 minutes, and incubated in 3 changes of sterile H2O for 5 

minutes each. To remove genomic DNA, sections were incubated in lUpL'^ RNAse-free 

DNAse I (Roche Biochemicals, Cat No-776 785) in IX DNAse I buffer (see Section 2.6.5) at 

37^C for at least 12 hours. After DNAse treatment, the sections were placed in ImM 

Na2EDTA solution (pH 8.0) for 15 minutes at 70^C, and washed 3 times in 50mM Tris-HCl 

(pH 7.4) for 10 minutes each at room temperature.

Section 2,5,3 In situ Reverse Transcription,

The spleen sections were incubated in a solution containing 2.5pg Oligo-dTis (see Section 

2.6.6) at 70^C for 10 minutes and then placed on ice immediately for 1 minute. Each section
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was incubated in reverse transcription mixture containing 50mM Tris-HCl (pH 8.3), 75mM 

KCl, 30mM DTT, 3mM MgCb, lOOOU MMuLv Superscript RT II (GIBCO BRL, Cat No- 

18064-014) and 1.5mM each of dATP, dCTP, dGTP, and dTTP (see Section 2.6.7). The 

sections were subjected to the following thermal profile: 10 minutes at 25^C, 50 minutes at 

42°C, 15 minutes at IQPc and then 1 minute on ice.

Section 2.5,4 In situ Polymerase Chain Reaction.

Excess reverse transcriptase mixture was blotted from each section and replaced with PCR 

mixture (see Sections 2.6.8, and 2.6.9). The thermal profile for SCL specific RT-PCR was 

optiinized in soluble phase experiments. SCL cDNA was amplified in situ with the following 

thermal profile: 30 cycles of 95^C for 30 seconds; 62^C for 30 seconds and 72^C for 30 

seconds with a final extension for 5 minutes at 72^C. After the PCR, the sections were 

washed twice with 0. IX SSC (pH 7) (see Section 2.12.2) at 60®C for 15 minutes, and then 

processed for colour development.

Section 2.5.5 Signal development for in situ RT-PCR.

Sections were incubated in Buffer 1 (see Section 2.6.10) for 2 hours at room temperature. 

Excess Buffer 1 was blotted from the sections and replaced with fresh Buffer 1 containing 

alkaline phosphatase (AP)-conjugated anti-digoxigenin antibody (Roche, Cat No- 1 175 041) 

at a dilution of 1:500. Sections were incubated in the antibody solution for 1 hour at 37®C, 

washed twice in Buffer 1 for 10 minutes each at room temperature, and then equilibrated 

Buffer 2 (see Section 2.6.11) for 10 minutes. The sections were transferred to fresh Buffer 2 

containing IX NBT/ BCIP (Roche, Cat No- 1 681 451) and incubated at 37^C in the dark. 

Colour development was monitored microscopically and the reaction stopped by immersing 

the sections in Buffer 3 (see Section 2.6.12) when the desired colour intensity was reached.
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Sections were mounted in a permanent aqueous mountant (Sigma, Cat No- 1000-4), covered 

with a coverslip and examined under appropriate magnification.

The initial step in designing an SCL cDNA-specific in situ RT-PCR protocol was to 

determine the length of time required to make the target accessible to the enzymes and 

substrates in the RT and PCR solutions without removal o f the paraformaldehyde amplicon 

migration barrier (Nuovo, et al., 1993; Nuovo, 1996). Detection of the SCL cDNA PCR 

product by ethidium bromide stained gel electrophoresis and southern hybridisation with an 

a^^-dCTP labeled SCL specific probe (see Sections 2.8.4- 2.8.9) was taken as a measure of 

the extent of Proteinase K digestion on sections processed by in situ RT-PCR. In was clear 

that the integrity of the spleen sections was lost after incubation with 8 and lOpgmL'* (Figure 

2C and 2D respectively). The sections appeared to remain intact with 2 and 4pgmL'^ 

Proteinase K (Figure 2A and 2B respectively). However, hybridisation showed that SCL 

cDNA was released into the surrounding PCR solution from spleen sections incubated in 

4pgmL‘* Proteinase K (Figure 2E and 2F), but not with 2pgmL'^ Proteinase K (Figure 2E and 

2F). This result showed that digestion of 5pm paraformaldehyde-fixed paraffin sections of 

spleen with 2pgmL'* for 20 minutes at 37%  retained tissue integrity and the amplicon 

migration barrier. Figure 3 shows that SCL mRNA specific signals can be seen in cells in 

both LYL""̂  ̂(Figure 3 A-C) and LYL^' (Figure 3D-F) spleen. These SCL cDNA^-cells were 

absence in experiments performed without reverse transcriptase (Figure 3G) and SCL 

specific primers (Figure 3H), indicating that the NBT/ BCIP-stained cells contained 

digoxigenin-labeled SCL cDNA. Although cells expressing SCL mRNA specifically can be 

seen, it was evident that the high background obscured clear discrimination of SCL cD N A ^ 

and SCL cDNA '® cells. Since DNase treatment of the sections is known to generate non­

specific signals (Martinez, et al, 1995), the DNase treatment was omitted. It was predicted
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Figure 2. Proteinase K digestion of 5pm paraformaldehyde-fixed paraffin sections of LYL-1 

spleen. Each section was incubated in 65pL of 2pgml^ (A), 4pgml * (B), Spgmf* (C), and 

lOpgml'^ (D) Proteinase K for 20 minutes at 37®C (see Section 2.5). Following the PCR step, 

the PCR solution was aspirated fi’om each section, separated by ethidium bromide stained 

agarose gel electrophoresis (see Section 2.8), and transferred to a hybridisation membrane. 

The membranes were hybridised with an a^^P-d CTP labeled SCL probe and exposed to X- 

ray film for 48 hours at -80^C (E, and F). SCL cDNA was detected in PCR solution after 

digestion with 4, 8 and lOpgml'^ proteinase K, whereas no SCL cDNA was present in the 

PCR solution after digestion with 2pgmf^ proteinase K. Images A-D are taken at I Ox 

magnification. Images E and F are from separate sets of experiments.
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Digeston of spleen sections with proteinase K
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Figure 3. SCL specific in situ RT-PCR protocol included DNAse treatment and reverse 

transcription of oligo dTig-primed mRNA in situ (see Section 2.8). SCL mRNA^^ cells were 

located in the red pulp of LYL-1 (A-C), and LYL-T^ (D-F) 5pm paraformaldehyde-fixed 

paraffin sections of spleen. SCL m R N A ^ cells were arranged into clusters (E, F). SCL 

mRNA^'* cells were absent in spleen sections when either the reverse transcriptase (G), or thê  

SCL-specific primers (H) were omitted from the in situ RT-PCR protocol. Images A J),G, 

and H were taken at lOx magnification; images B, C, E, and F were taken at 20x 

magnification.
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SCL specific in situ RT-PCR protocol including DNAse and oligodT.
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that this would not increase staining due to amplification of SCL nucleic acid from a genomic 

template because the SCL primers were designed to amplify cDNA specifically.

Figure 4 shows that omitting the DNAse treatment reduced the non-specific background 

signal from spleen sections. SCL cDNA^®-cells could be seen clearly in LYL"̂ "̂̂  (Figure 4A- 

C) and LYL ̂ ' (Figure 4D-F) spleen, and were absent when reverse transcriptase (Figure 4G) 

and SCL-specific primers (Figure 4H) were omitted from the reaction solutions. There 

appeared to be an increase in the number of SCL mRNA expressing cells in the LYL^ spleen 

(Figure 4D) compared to LYL^^  ̂controls (Figure 4A). In general, cells in LYL" ' spleen were 

stained more intensely. To improve the signal to noise ratio further, the reverse transcriptase 

step was performed with an SCL-specific primer instead of o lig o d T (see  Chapter 2 Section 

2 .6.8).

Figure 5 shows the result of in situ RT-PCR optimized for specific amplification o f SCL 

mRNA in 5pm paraformaldehyde-fixed paraffin sections of spleen The background staining 

was reduced considerably by using SCL-specific primers, rather than oligodTig. SCL mRNA 

expressing cells were located in the subcapsular region ofLYL"^' (Figure 5D) and LYL^^ 

spleen (Figure 5A). SCL mRNA expressing cells were also present in the red pulp of LYL^^ 

(Figure 5B, C, and G) and LYL" '̂ (Figure 5E, F, and H) spleen. The SCL cDNA^-cells were 

not present in experiments performed without reverse transcriptase (Figure 51) and SCL- 

specific primers (Figure 5J). Under high magnification, SCL cDNA^^-cells were found 

individually, and in clusters, in LYL^^ and LYL’̂’ spleen (see Results section 3.3),
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Figure 4. SCL in situ RT-PCR protocol performed by reverse transcription of oligo dTig- 

primed mRNA in situ (see Section 2.8) but without DNAse treatment, improved the signal to 

noise ratio from 5pm paraformaldehyde-fixed paraffin sections of LYL-1 (A-D) and LYL- 

(E-H) spleen. The SCL-specific primers were designed to amplify from a cDNA template 

only, and SCL m R N A ^ cells were distinct in both LYL-1 (A, B), and LYL-1'^' (B, F) 

spleen. There were more SCL mRNA^'^ cells in LYL-1^ spleen (G, H) compared to LYL- 

spleen (C, D), and spleen sections processed for in situ RT-PCR in the absence of reverse^ 

transcriptase (I), or SCL-specific primers (J) did not display any SCL m R N A ^ cells. Images 

A, E, I, and J were taken at lOx magnification; images B and F were taken at 15x 

magnification; images C, D, G, and H were taken at 40x magnification.
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SCL specific in situ RT-PCR protocol including oligodT, and without DNAse.
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Figure 5. SCL mRNA specific in-situ RT-PCR performed on 5^un paraformaldehyde-fixed 

paraffin sections of L Y L -1 (A , B, C, and G) and LYL-L^' (D, E, F, and H) mice (see 

Section 2.5) with SCL specific primers and without DNAse treatment. SCL m R N A ^ cells 

were not present in the spleen sections processed for in situ RT-PCR in the absence of reverse 

transcriptase (I) and in the absence o f SCL specific primers (J). SCL-specific reverse 

transcription improved the signal to noise ratio significantly. Cells expressing SCL mRNA 

were located in the subcapsular region o f LYL-1 (A) and LYL-1 spleen (D, and F), as 

well as in the internal parenchyma ofLYT,-l^^^ (B, C, and G) and LYL-1 (E, H) spleen. The 

LYL-1 spleen contained 5 to 10 times more cells expressing SCL mRNA than LYL-1 

controls. All images were taken at 20x magnification.
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SCL specific in situ RT-PCR protocol 
in the presence of SCL specific primers, and without DNAse.
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SCL in situ RT-PCR protocol 
in the presence o f SCL specific primers and without DNAse.
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Materials used for in situ RT-PCR.

Section 2.6.1 Diethylpropylcarbonate (DEPC)-treated H2 O.

COMPOSITION

DEPC 

Sterile H2O

AMOUNT

lOO îL

0.9mL

lOOpL of DEPC (BDH, Cat No- 441703D) was added to 0.9mL of sterile H2O to give a final 

concentration of 0.1%. The solution was incubated at 37^C overnight and then autoclaved. 

DEPC-treated H2O was used routinely during the preparation of solutions used for in situ RT- 

PCR.

Section 2.6.2 Proteinase K solution.

COMPOSITION AMOUNT

Proteinase K 0.1 g

0.1MTris/50mMNa2EDTA ImL

0. Ig of proteinase K (Sigma, Cat No) was added to ImL of 0. IM Tris containing 50mM 

Na2EDTA (pH8.0), to give a final concentration of lmgmL"\ The stock solution was 

incubated at 37^C until the proteinase K was dissolved completely and lOOpL aliquots stored 

at -20 V . Serial dilutions of the proteinase K stock solution at 1 ,2 ,4 , 8, and 10|LigmL'̂  were 

stored in lOOpL aliquots at -20^C for up to 2 months.
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Section 2.6.3 Proteinase K  buffer in 0.IM  Tris/ SOmMNazEDTA.

COMPOSITION

Tris

NaiEDTA 

DEPC-treated H%0

AMOUNT

ImL

ImL

98mL

lOOmL of 0. IM Tris/ 50mM Na%EDTA solution was prepared by adding ImL of IM Tris 

(GIBCO BRL, Cat No- 15504-020), and ImL of 0.5M Na2EDTA (pH8) (BDH, Cat No- 

100935 V) to 98mL of DEPC-treated H2O.

Section 2.6.4 O.IMglycine in IXPBS.

COMPOSITION

Glycine

10XPBS(pH7.5) 

DEPC-treated H2O

AMOUNT

L875g 

25m L 

225mL

1.875g of glycine (Sigma, Cat No- G7403) was dissolved in 225mL DEPC-treated H2O. The 

volume was adjusted to 250mL by addition of 25mL lOX PBS (pH7.5) to give a working 

concentration of O.IM glycine/ IX PBS (p H7.5). The solution stored at 4®C for up to one 

week.

Section 2.6.5 lOX DNAse buffer.
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COMPOSITION AMOUNT

Tris-HCl (p R 5) 5mL of IM Tris-HCl (p H7.5)

MgCli 1 OOpL of 1M stock solution

BSA ImL of ImgmL'^ BSA stock solution

DEPC- treated H2O up to 1 OmL

lOmL of lOX DNAse buffer comprising 500mM Tris-HCl (p H7.5), lOmM MgCb and 

ImgmL'^ bovine serum albumin (BSA) fraction V (Sigma, Cat No- A-4503) was prepared by 

adding 5mL of IM Tris-HCl (p H 5), lOOpL of IM MgClz, and ImL of ImgmL * BSA to 

3.9mL of DEPC- treated H2O. The buffer was stored in lOOpL aliquots at -20^C. The buffer 

was used at a working concentration of IX.

Section 2.6.6 Oligo^Tn solution,

COMPOSITION AMOUNT

oligodTis 5pL o f a O.SjigjoL'* stock solution

DEPC- treated H2O up to 65 pL

OlligodTig was purchased as part of the Superscript™ Preamplification system (GIBCO 

BRL Cat No- 18089-011) at a concentration of 0.5pgpL"\ 5pL of oligodTig solution was 

added to 60pL of DEPC- treated H2O. 65pL aliquots of oligodTig containing 2.5pg of 

oligodTig were stored at -20%  until use.

Section 2.6.7 In situ reverse transcriptase mixture.
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First strand buffer

dNTP mixture

Dithiotherol (DTT)

DEPC- treated H2O

Chapter 2. Methods and Materials

AMOUNT

13)jL of 5X stock solution

9.75^L

\9.5[xL

\1.15\xL

Reverse transcriptase purified from E. coli containing the pol gene of Moloney Murine 

Leukemia virus (MMuLV) (Superscript RTII- GIBCO BRL Cat No- 18064-014) was used 

to synthesize cDNA from polyA^ mRNA in situ. The reverse transcriptase mixture comprised 

13pL of 5X First strand buffer (GIBCO BRL Cat No- 18064-014); 9.75pL of a dNTP 

mixture containing lOmM of each dATP, dCTP, dGTP, and dTTP; 19.5|liL of O.IM 

dithiotherol (DTT), and 17.75pL DEPC- treated H2O. Each 65pL of mixture comprised 

50mM Tris-HCl (pH 8.3), 75mM KCl, 30mM DTT, 3mM MgClz, lOOOU MMuLV reverse 

transcriptase and 1.5mM each of dATP, dCTP, dGTP, and dTTP. 5pL of MMuLV reverse 

transcriptase (20UpL‘ )̂ was added to freshly thawed 65pL aliquots of stock solution 

immediately prior to use. OligodT (2.5pg) or SCL primer (IpM ) was added prior to use.

Section 2.6,8 In situ polymerase chain reaction mixture.

COMPOSITION

PCR buffer

dNTP mixture

Digoxigenin-11-d UTP 

SCL sense primer

AMOUNT

6.5pL of lOX stock solution 

13pL

6.5pL of lOjuM stock solution 

3.25pL of a 4pM stock solution
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SCL anti-sense primer

MgCli

Q-solution

Taq DNA polymerase 

DEPC- treated H2O

3.25|liL of 4jliM stock solution 

5.2pL of 25mM 

13pL of 5X solution 

3.6pL of a 0.42UpL'* solution 

10.7pL

Each 65pL of PCR mixture comprised 6.5pL of lOX PCR buffer (Helena Biosciences, Cat 

No- HP3002), 13pL of a dNTP mixture containing ImM of each dATP, dCTP, dGTP, and 

dTTP, 6.5)liL of lOpM digoxigenin-11-d UTP (Roche, Cat No- 1 093 088), 3.25pL of 4|jM 

SCL sense and anti-sense primers, 5.2pL of 25mM MgCb, 13pL of 5X Q-solution (Qiagen, 

Cat No- 1-271-318), 3.6pL of a 0.42UpL"^ Taq DNA polymerase (Helena Biosciences, Cat 

No- HP3002) solution (see Section 2.6.9), and 10.7pL DEPC-treated H2O. In situ PCR 

mixture comprised comprising 50mM Tris-HCl (pH9.1 ), 16mM NH4SO4, ISOpgmL'^ BSA, 

200pM of each dNTP, lO^iM digoxigenin labeled dUTP; 0.2pM of each sense and anti-sense 

primer; 2mM MgCb, IX Q-solution, and 1.5U Taq Polymerase was prepared prior to use 

from stock solutions stored at -20^C.

Section 2.6.9 Taq DNA polymerase-Taq antibody fo r  hot start o f in-situ PCR.

COMPOSITION

TaqStart antibody 

Dilution buffer 

Taq DNA polymerase

AMOUNT

4.4|iL

17.6pL

4.4pL of a 2.5UpL'  ̂ solution
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4.4|iL (1.4pM) of TaqStart antibody (Clontech, Cat No- 5400-1) was mixed with 17.6|liL  of 

Dilution buffer (50mM KCl, lOmM Tris-HCl (pH 7.0)). 4.4pL of a 2.5U|liL'* Taq DNA 

polymerase solution (Helena Biosciences, Cat No- HP3002) was added to the TaqStart 

antibody mixture, which was incubated at room temperature for 15 minutes. 3.6 |liL  of the Taq 

DNA polymerase-TaqStart antibody was used in each in situ PCR.

Section 2,6.10 Buffer 1.

COMPOSITION

Tris

NaCl

MgCb

BSA

Sterile H2O

AMOUNT

12.11g

5.84g

0.4g

30g

up to lOOOmL

12.1 Ig of Tris base, 5.84g of NaCl, 0.4g ofMgClz, and 30g of BSA (fraction V) were 

dissolved in 900mL of sterile H2O and the pH adjusted to 7.5 with dilute HCl. The volume 

was adjusted to lOOOmL with sterile H2O. Buffer 1 was stored at 4^C for 2 weeks.

Section 2.6,11 Buffer 2.

COMPOSITION

Tris

NaCl

MgCb

AMOUNT

12.11g

5.84g

lOg
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Up to lOOOmL

12.1 Ig of Tris base, 5.84g of NaCl, and lOg ofMgClz were dissolved in 900mL of sterile 

H2O and the pH adjusted to 9.5 with dilute HCl. The volume was increased to lOOOmL with 

sterile H2O and stored at 4^C for 3 months.

Section 2,6.12 Buffer 3

COMPOSITION

Tris

Na2EDTA 

Sterile H2O

AMOUNT

2.42g

l-86g

up to lOOOmL

2.42g of Tris base and 1.86g of Na2EDTA was dissolved in 900mL of sterile H2O and the pH 

adjusted to 7.5 with dilute HCl. The volume was increased to lOOOmL with sterile H2O and 

stored at 4^C for 3 months.

Section 2.6.13 Nitro blue tétrazolium chloride (NET) and 5-bromo-4-chloro~3- 

indolyl phosphate, toluidine salt (BCIP) substrate solution.

COMPOSITION

NBT/ BCIP solution

Levamisole 

Buffer 2

AMOUNT

ImL of 50X stock solution 

50pL of IM stock solution 

48.95mL
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50mL of NBT/ BCIP substrate solution was prepared by adding ImL of 50X NBT/ BCIP 

(Roche, Cat No- 1 681 451) and 50pL of IM levamisole (Sigma, Cat No- L9756) to 48.95mL 

of Buffer 2 (see Section 2.6.10). The substrate solution was prepared immediately prior to 

use.

Section 2.7  Semi-quantitative RT-PCR.

Section 2.7.1 Prelude.

The PCR experiments were performed on 96- and 25-well Primus PCR thermal cyclers 

(MWG Biotech).

Section 2.7.2 Estimation of PCR cycles required to remain within the exponential

range o f amplification o f cDNA.

In order to determine the number of cycles of PCR required to remain within the exponential 

range of amplification for each mRNA species, 10% (5pi) of total cDNA synthesized from 

2.5pg of oligodTi2-i8 primed total RNA, isolated from LYL-1^^^ 14.5dpc fetal liver, was used 

in individual reactions amplified over a range of cycles (see Sections 2.8.1- 2.8.4). p-actin is 

an abundant gene, so the signal generated after 10, 15, 20,25 30 and 35 cycles was 

determined, whereas SCL and LYL-1 signals were determined after 20,25,30 and 35 cycles 

of amplification because they are both expressed at lower levels than P-actin (Figure 1).

Under these conditions (see Tables 2 ,3 , and 4), p-actin RT-PCR generated an amount of 

product, after 20, 25,30, and 35 cycles of amplification, that was clearly visible on an 

ethidium bromide stained agarose gel following electrophoresis (Figure 6A, Table 5). The
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Table 2: PCR mixture compositions.

p-actin, and lacZ specific PCR mixture composition.

C O M PO SITIO N

PCR Buffer

dNTP mix 

BSA (fraction V) 

MgCb
Sense primer (5’) 

Anti-sense primer (3’) 

H2O
Total volume

A M O U N T

2|iL  o f  a lOX stock solution

l|iL  o f a 4mM stock solution 

1 |xL o f  a 2mM stock solution 

1.2|xL o f  a 25mM stock solution 

1 )iL o f a 4pM  stock solution 

1 |iL  o f  a 4pM  stock solution 

3.3|iL 

10.5|iL

M O LA RITY

50mM Tris-HCl (pH9.1), 16mM NH^-suiphate

200|LiM each dNTP

0. ImgmL*

l.SmM

0.2piM

0.2|.iM

SCL, and LYL-1 specific PCR mixture composition.

C O M PO SITIO N A M O U N T M O LA RITY

PCR Buffer 2|iL  o f  a 1 OX stock solution 50mM Tris-HCl (pH9.1), 16mM NHU-sulphate

dNTP mix 1 |iL  o f  a 4mM stock solution 200^iM each dNTP

BSA (fraction V) 1 pL o f  a 2mM stock solution O.lmgmL''

MgClz 1 2pL o f  a 25mM stock solution 1.5mM

Sense primer (5’) 1 |iL  o f a 4(oM stock solution 0.2nM

Anti-sense primer (3’) 1 |iL  o f  a 4 |iM  stock solution 0.2^M

DMSO l.SpJ 9%

Tween-20 l|il  o f  a 1% stock solution 0.01%

H2O 3.3^iL

Total volume lO.SuL
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Table 3. Sense and Anti-sense prim er sequences used in PCR.

Product Sense primer Anti-sense primer

P-actin 5 -TAA AAC gCA gCT CAg TAA CAg 
TCC g-3’

5 -Tgg AAT CCT gTg gCA TCC ATg AAA 
C-3’

LYL-1 5’ CAA CCC Cag AAg gTg gCT Cg-3 5’ CTC Agg gAC gTC TgC TCC 3'

SCL 5' ACT AgA ggg ACA ggA CgC gg-3’ 5 -TTC CCC AAA gAA CCC ACT gCC-3'

GATA-1 5 -TCA gCA CTg gCC TAC TAC Ag-3’ 5 -TAA gCA CTg CCg gTg ACA gg-3’

lacZ 5 -CgT CgT gAC Tgg gAA AAC CC-3’ S’-CgC gTA AAA ATg CgC TCA gg-3’

Table 4. Thermal profiles used for PCR.

Product Initial
Dénaturation Dénaturation Annélation Extension cDNA

(kb)
Genomic 
DNA (kb)

Cycle
n®

P-actin 95^C for 5mm 95®C for Imin 69C for Imin 72®C for Imin 0.348 0.472 32

LYL-1 95°C for 5min 95®C for Imin 62®C for 30sec 72®C for 30sec 0.391 0.391 32

SCL 95®C for 5min 95°C for Imin 62®C for 30sec 72®C for 30sec 0.418 1.5 32

GATA-1 95®C for 5min 95°C for Imin 55^0 for 30sec 72®C for Imin 0.27 0.7 32

lacZ 95^C for 5min 95®C for Imin 62°C for 1 min 72^C for 2min 0.498 0.498 32
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Figure 6. Determination of cycle number required to remain within the exponential range of 

amplification for p-actin (A), SCL (C), and LYL-1 (C) cDNA. cDNA (10% of total 

preparation) was prepared fi'om LYL-L^^^14.5dpc fetal liver and amplified by PCR with 

specific primers (see Tables 1, 2, and 3). p-actin-specific reactions were performed with 10, 

15,20, 25, 30, and 35 cycles of amplification (A), whereas SCL-specific and LYL-l-specific 

reactions were amplified with 20,25,30, and 35 cycles of PCR (C). The reaction products 

were separated by ethidium bromide stained agarose gel electrophoresis (see Sections 2.8.5, 

2.12.10,2.12.13), visualized with UV illumination () controlled by Alphalmager software. 

The intensity of the signal from each P-actin PCR was measured with Alphalmager software 

and plotted against cycle number (B; see Table 4). SCL- and LYL-l-specific PCR after 20, 

25, 30, and 35 cycles did not generate enough cDNA to be reliably measured by ethidium 

bromide stained agarose gel electrophoresis (C).
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signals could be measured from the gel by Alphalmager software, but 10 and 15 cycles of 

amplification did not generate a signal that could be measured reliably (Figure 6B- see Table 

5). SCL and LYL-1 (Figure 6C) RT-PCR, using the same amount of cDNA as in the P-actin 

specific reactions, produced signals that were weak and could not be reliably measured from 

an ethidium bromide stained agarose gel. It can be seen in Figure 6C, 30 and 35 cycles of 

amplification are required to generate an SCL signal, while LYT-l RT-PCR generates a 

signal that can be measured only after 35 cycles. To improve the sensitivity of the assay, SCL 

and LYL-1 reaction products were transferred to hybridisation membranes by capillary action 

under alkali conditions (see Section 2.8.5). Membranes were hybridised with a^^-dCTP 

labeled SCL and LYL-1 cDNA probes see Section 2.8.6). Pre-ftashed X-ray film was 

exposed to the membranes, which generated SCL (Figure 7A) and LYL-1 (Figure 7B) RT- 

PCR signals that were measured by densitometry (Figure 7C- Table 6).

The data showed that 25 cycles was sufficient to remain in the exponential range of 

amplification for P-actin (Figure 6B, Table 5), while 30 cycles was required for both SCL 

and LYL-1 (Figure 7C, Table 6).

Section 2,7,3 Experiments to determine the sensitivity o f the semi-^antitative RT-

PCR assay.

The intensity of the RT-PCR signals measured by densitometry was dependent on the length 

of time the radioactivity on the membrane was exposed to the X-ray film (Figure 8). Optimal 

exposure times determined for signals from 10% of LY L-1^ 14.5dpc fetal liver cDNA 

amplified in p-actin specific reactions (Figure 8A) were linear between 10 and 40 minutes of 

exposure to the X-ray film (Figure 8A and 9A, Table 7). LYL-1 (Figure 8B and 9B, Table 8) 

and SCL (Figure 8C and 9C- Table 8) specific reactions generated linear signals between 60
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Figure 7. The amount of SCL and LYL-1 specific PCR product generated by 20, 25, 30, and 

35 cycles of amplification was determined by densitometry. PCR products separated by 

electrophoresis (see Section 2.7.2) were transferred to membranes and hybridised with a^^P- 

dCTP labeled SCL or LYL-1 cDNA probes (see Sections 2.8.5- 2.8.9). The membranes were 

exposed to X-ray film for 30 minutes prior to development, and the intensity of each signal 

measured with a Densitometer (). Signals generated from SCL (A) and LYL-1 (B) PCR were 

plotted against cycle number (C), and showed that the number of cycles of required to remaii 

within the exponential range of amplification was 30 for both SCL and LYL-1 RT-PCR (see 

Table 5).
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Figure 8. Estimation of exposure time required for a linear change in signal intensity. 

Membranes hybridised with a P-actin (A) labeled a^^P-dCTP probe was exposed to X-ray 

film for 5, 10,20,40, and 80 minutes, whilst those hybridised with LYL-1 (B) or SCL (C) 

labeled a^^P-dCTP probes were developed after 30,60,120, and 240 minutes exposure (see 

Tables 7 and 8).
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Figure 9. The signal intensity from 10% of the total cDNA synthesized from 14.5dpc

fetal liver (Figure 3) was plotted against exposure time of the membrane to the X-ray film foi 

P-actin (A), LYL-1 (B), and SCL (C). The optimal exposure time for membranes hybridised 

with a p-actin labeled a^^P-dCTP probe was 20 minutes (see Table 7), whereas 90 minutes o 

exposure was required for those hybridised with LYL-1 (B), or SCL (C) labeled a^^P-dCTP 

probes (see Table 8). Each data set followed a linear distribution according to y=mx+b.
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No oftydes 0-àctin isigrial
10 7.42
15 8.37
20 11.16
25 41.3
30 91.74
35 179.81

Table 5. The intensity of the signal obtained after p-actin specific PCR amplification of 

cDNA derived from LYL^  ̂14.5dpc fetal liver (refer to Figures lA  and IB- 

for details see Section 2,7).

N oofcydés SCL signal LYL signal
20 0.62 0.37
25 0.42 0.38
30 1.88 0.66
35 2.28 0.8

Table 6. The intensity of the signal obtained after SCL and LYL-1 specific PCR 

amplification of cDNA derived from LYL^  ̂14.5dpc fetal liver (refer to 

Figure 1C, and Figure 2- for details see Section 2.7).

Exposure time 3-nctin dénal .
5 min 1.85
10 min 3.18
20 min 7.47
40 min 13.49
80 min 14.37

Table 7. The intensity of the signal obtained after different lengths of exposure time of 

the membrane to X-ray film was determined by densitometry (refer to Figure 

3A). 10% of the total cDNA synthesized from LYL^^ 14.5dpc fetal liver total 

RNA was amplified by p-actin specific PCR (for details see Section 2.7).
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Exposure timè L Y L l signal SCL/tal-1 signal
30 min 2.90 3.07
60 min 5.81 6.14
120 min 11.05 12.25
240 min 13.37 13.87

Table 8. The intensity of the signal obtained after different lengths of exposure time of 

the transfer membrane to X-ray film was determined by densitometry (refer to 

Figures 3B and 3C). 10% of the total cDNA synthesized from LYL 14.5dpc 

fetal liver total RNA was amplified by SCL and LYL-1 specific PCR (for 

details see Section 2.7).

% Total eDNA iSCL signal LYLrl signal P actih signal
0.63% 1.17 0.71 0.64
1.25% 3.38 1.56 1.36
2.50% 5.21 3.77 4.48

5% 6.49 4.88 6.24
10% 7.99 5.14 8.82

Table 9. The intensity of the signal generated by p-actin, SCL, and LYL-1 specific PCR 

amplification of serial dilutions of 10% of the total cDNA (refer to Figure 4) 

synthesized from LYL^^ 14.5dpc fetal liver total RNA (for details see Section 

2.7).

Total cDNA à-a cth is i^ a l SCL signal sent
0.63% 1.21 0.30 1.53 0.18
1.25% 2.53 0.69 2.87 0.56
2.50% 4.97 0.91 3.92 0.64

5% 6.75 0.44 5.75 1.03
10% 8.44 0.21 6.89 0.62

Table 10. The signal generated by P-actin and SCL specific PCR amplification of cDNA 

was measured by densitometry (refer to Figure 5), and the average obtained 

from three independent experiments (for details see Section 2.7).
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and 120 minutes of exposure. P-actin signals measured after 20 minutes of exposure, and 

SCL and LYL-1 specific signals after 90 minutes, were used to assess the relationship 

between signal intensity and concentration of cDNA (Figure 10). The signals obtained from 

serial dilutions of 10% of the total cDNA (5%, 25%, 1.25%, and 0.625%) fitted a linear 

distribution (y=mx+b) for p-actin, SCL and LYL-1 RT-PCR reactions (Figure 10- Table 9).

The p-actin signals from three independent RT-PCR reactions performed with LYL-1^^^ 

14.5dpc fetal liver cDNA (Figure 1 A) showed that the signals from 10%, 5%, 2.5%, 1.25%, 

and 0.625% of the total cDNA were significantly different, indicating that no less than a 2- 

fold difference in the relative expression level of P-actin mRNA can be measured accurately 

(Table 10). The SCL signal from 10% of the total cDNA was not significantly different to 

that obtained with 5% total cDNA (Figure 1 IB- Table 10). The difference between the signal 

from 10% total cDNA and 2.5% total cDNA was significant, indicating that no less than a 4- 

fold difference in the level of SCL mRNA expression can be measured accurately with the 

semi-quantitative RT-PCR assay.

These data show that differences in the relative level of a transcript that has a high copy 

number, such as P-actin, can be measured more accurately than differences in the relative 

level of a low copy number transcript, such as SCL. With this assay differences of at least 2- 

fold in the expression level of P-actin mRNA, and at least 4-fold in the level of SCL mRNA 

can be measured accurately (Figure 11, Table 10). The signal intensity from the P-actin RT- 

PCR experiments performed with LYIv-1^^% LYL-1^ ', and LYL-T' '̂ cDNA samples were 

used to standardize the SCL and LYL-1 signals. This allowed for comparison of relative 

mRNA expression levels in LYL-1^ \  LYL-1^% and LYL-1^' mice. The relative level of 

expression of SCL and LYL-1 mRNA was determined for brain, liver, thymus,
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Figure 10. The change in signal intensity generated by 10%, 5%, 2.5%, 1.25%, and 0.625% 

of the total cDNA (input cDNA) in p-actin (A), SCL (B), and LYL-1 (C) specific PCR is 

linear. Serial dilutions (1:2 to 1:16- fold) were prepared from 10% of the total LYL-1 

14.5dpc fetal liver cDNA and each used in p-actin, SCL, and LYL-1 specific PCR. Signal 

intensity was measured by densitometry (see Table 8).
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Figure 11. P-actin (A), and SCL (B), PCR using 10% to 0.625% of the total cDNA were 

repeated 3 times and the average signal intensity plotted against total input cDNA. A 2-fold 

change in input cDNA generated a P-actin specific RT-PCR signal was significantly different 

(P<0.05), whereas a 4-fold change in the input cDNA was required to generate a significantly 

different SCL-specific RT-PCR signal (see Table 9).
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spleen, and bone marrow of adult LYL-l^ \  LYL-1^% and LYL-1  ̂ mice, as well as for 

14.5dpc fetal liver (Figure 7).

Section 2,8 Materials used for semi-quantitative RT-PCR

Section 2.8,1 Extraction and purification of total RNA from tissue.

RNAzol™B (Biogenesis- Cat No- CS-105) was used to isolate and purify total RNA from 

tissues according to manufacturer protocols. The tissue sample was placed in a sterile 50mL 

Falcon tube with 2mL of RNAzolB per lOOmg of tissue. The tissue was homogenized for at 

least 30 seconds with a homogeniser (Janke and Kunkel, IKA Labortechnik, Ultra Turrax 

T25) and then placed on ice. 0.2mL of chloroform was added to the homogenate and the 

sample shaken vigorously for 15 seconds. The sample was placed on ice for 5 minutes, and 

then centrifuged at 14,000 rpm for 15 minutes. After centrifugation, the upper aqueous phase 

containing the RNA was transferred to an RNAse-free microcentrifuge tube containing an 

equal volume of isopropanol. The sample was stored for 30 minutes at 4^C, and then 

centrifuged at 14,000 rpm for 15 minutes at 4°C. After centrifugation, the supernatant was 

removed and the pellet washed in ImL of 70% ethanol by centrifugation at 14,000 rpm for 10 

minutes at 4^C. The ethanol was discarded and the pellet allowed to dry. The RNA was 

dissolved 10-20pL of RNAse-free H2O. The integrity, and concentration of the total RNA 

was determined by measuring the 260nm:280nm ratio, and by formaldehyde agarose gel 

(1%) electrophoresis in IX MOPS (pH 7) (see Sections 2.12.1,2.12.11, and 2.12.12).

Section 2.8.2 Reverse transcription mixture.

COMPOSITION AMOUNT
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Total RNA 2\xL of a 1.25|LigmL'  ̂ solution

oligodT 18 2|iL of a SO îM stock solution

DEPC-treated H2O 8pL

Reverse transcriptase mixture 7|il

Superscript RTII 1 pL (2 0 0 U )liL'  ̂)

First-strand cDNA was synthesized from total RNA in accordance with the Superscript II RT 

protocol (GIBCO BRL, Cat No- 18064-014). 2.5pg of total RNA was mixed with oligodTig 

(5pM), and DEPC-treated sterile H2O in a microcentrifuge tube to a final volume of 12pL, 

then heated at 70^C for 10 minutes. The oligodTis-primed total RNA was placed on ice 

immediately for 1 minute and then mixed with 7pL of reverse transcriptase reaction mixture 

comprising 25mM Tris-HCl (pH8.4), 37.5mM KCl, l.SmMMgCb, lOmMDTT, and 500pM 

of each dNTP. The reverse transcriptase reaction was equilibrated at 42^C for 1 minute and 

IpL of Superscript RT II (200UpL*^) added to initiate cDNA synthesis, which was allowed 

to proceed for 50 minutes at 42^C. The reaction was heated at 70°C for 15 minutes to 

inactivate the reverse transcriptase, and then incubated with RNAse H (2U) (GIBCO BRL, 

Cat No- 18021-014) at 37^C for 20 minutes to degrade the RNA templates.

Section 2,8.3 Purification o f cDNA,

The cDNA was purified with the GlassMax DNA Isolation Spin Cartridge System (GIBCO 

BRL, Cat No- 15590-052) according to manufrcturers instructions. 120pL of Nal-binding 

solution (6M) was mixed with the 20pL cDNA sample (section 2.8.2) at room temperature, 

and the mixture transferred to a GlassMax spin cartridge and centrifuged at 13,000x g for 20 

seconds. The column was washed 4 times with ice cold IX wash buffer containing ImM
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Na2EDTA, 40mM Tris-HCl (pH7.4) and 400mMNaCl, followed by 2 washes with ice cold 

70°C ethanol by centrifugation at 13,000x g for 20 seconds each. The spin column was 

centrifuged at 13,000x g for 1 minute to remove residual 70% ethanol and the first-strand 

cDNA eluted from the column, into a clean microcentrifuge tube, with 50pL RNAse/ 

DNAse-free H2O at 65^C. The cDNA preparation was either placed on ice for immediate use, 

or stored at -20 0̂ .

Section 2.8.4 Polymerase chain reaction mixture.

cDNA, plasmid DNA or genomic DNA was mixed with PCR mixture comprising 50mM 

Tris-HCl (pH9.1), 16mM ammonium sulphate, ISOpgmL'^ BSA, 200pM each dNTP, 0.2pM 

each sense and anti-sense primer (see Table 2 and 3) and MgClz Taq Supreme (Helena 

Biosciences, Cat No- HP3002) (1.25U) was added to each 50pL PCR prior to initial 

dénaturation or, in experiments that used cDNA, Taq Supreme was added by hot start. Each 

PCR reaction was subjected to a specific thermal profile (see Table 4) for amplification of 

target cDNA.

Section 2.8.5 Southern hybridisation o f PCR amplified cDNA.

The PCR amplification products were separated on an ethidium bromide (O.SjigmL’̂ ) stained 

agarose (0.8% / IX TBE) gel by electrophoresis (see Section 2.12.10). cDNA products were 

visualized by UV illumination recorded on a gel documentation system and analysed with 

Alphalmager software. Capillaiy transfer apparatus was constructed (see Section 2.12.6) and 

the cDNA products transferred from the gel to Hybond N+ hybridisation membrane 

(Amersham, Cat No- RPN 303B) with 0.4M NaOH transfer buffer (see Section 2.12.5). The 

transfer was allowed to proceed overnight at room temperature, after which the hybridisation 

membrane was air dried and stored at 4^C until use.
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Section 2.8,6 Radiolabeling of nucleic acid probes.

COMPOSITION AMOUNT

cDNA 24)aL

random oligonucleotide primers lOpL

dCTP buffer 1 OpL of a 5X solution

[a-^^P]-dCTP 5pl of a lOpCipL'^ solution

Exo(-) Klenow fragment (5Upf^) 1 pL

The Prime-It^ Random Primer Kit (Stratagene, Cat No-300385) was used to generate a^^P- 

dCTP labeled DNA probes according to manufactures protocol. 25 to 50ng of purified double 

stranded DNA in a volume of 24pL was mixed with lOpL of random oligonucleotide primers 

in a sterile microcentrifuge tube and heat to lOO^C for 5 minutes. The sample was allowed to 

cool to room temperature, then lOpL of 5X dCTP buffer comprising 0. ImM of each 

unlabeled deoxynucleotide was added to the sample followed by 5pL of [a-^^P]-dCTP 

(lOpCipL'^) (Amersham, Cat No- AA0005) and IpL of Exo(-) Klenow fragment (5Upf^). 

The sample was mixed gently but thoroughly and incubated at 37^C for 1 to 3 hours. After 

incubation 2pL ofNa%EDTA (0.5M) was added to stop the reaction. The radiolabeled probe 

was denatured by heating to lOO^C for 5 minutes, and then cooled on ice for 1 minute. The 

reaction was collected by centrifugation at 14,000 rpm for 1 minute, and then added to the 

hybridisation solution.

Section 2.8.7 Probe hybridisation.
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Nucleic acid transfer membranes comprising p-actin, SCL and LYL-1 cDNA products were 

pre-hybridised in Church and Gilbert hybridisation solution comprising 0.5M Na2HP04.2 

H2O, lm M Na2EDTA (pH 8), 7% SDS, 1%BSA (fraction V) and lOpgmL'^ denatured 

sonicated salmon sperm DNA (GIBCO BRL, Cat No- 15632-011) (see Section 2.8.9) for 2 to 

3 hours at 65®C. Then approximately 25ng of denatured a^^P-dCTP labeled probe (see 

Section 2.8.6) was added to the hybridisation solution and the hybridisation allowed to 

proceed for at least 14 hours at 65^C. After hybridisation the membranes were washed in 

Church and Gilbert high stringency solution (see Section 2.8.8) comprising 40mM Na2HP04 

(pH7.2), ImM Na2EDTA and 1%SDS four times for 30 minutes each at 65^C. The 

radioactive signal from the membranes was measured by autoradiography using pre-flashed 

X-ray Fuji Film and processed on an automated system (Kodak M35 X-OMAT).

Section 2.8,8 Church and Gilbert Wash solution for southern hybridisation,

COMPOSITION AMOUNT

Na2HP04 40mL of IM stock solution

Na2EDTA 2mL of 0.5M stock solution

SDS 50mL of 20%w/v stock solution

Sterile H2O up to lOOOmL

40mL of IM Na2HP04,2mL of 0.5M NaiEDTA, and 50mL of 20%w/v sodium dodecyl 

sulphate (SDS- Fisher, Cat No- S/ P530/53) was added to 908mL of sterile H2O at room 

temperature to give a final concentration of 40mM Na2HP04, ImM Na2EDTA, and 1% SDS. 

The Wash solution was stored at room temperature for up to 3 months.
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Church and Gilbert hybridisation solution for Southern 

hybridisation.

COMPOSITION

N a2H P 04.2H 20

Na2EDTA

SDS

BSA (fraction V) 

Sterile H2O

AMOUNT

500mL of IM stock solution (pH 7.2) 

2mL of 0.5M stock solution (pH 8) 

350mL of 20%w/v stock solution 

lOg

up to lOOOmL

lOg of BSA (fraction V- Sigma, Cat No- A-4503) was dissolved slowly in 500mL of sterile 

H2O. Afrer complete dissolution of the BSA, SOOmL of IM Na2HP04.2 H20,2mL of 0.5M 

Na2EDTA, and 350mL of 20%w/v SDS was added to the solution and the volume made up to 

lOOOmL with sterile H2O to give a final concentration of 0.5M Na2HP04.2 H2O, Im M  

Na2EDTA, 7% SDS, and 1% BSA. The solution was then filtered through 0.45pm filters and 

stored in 50mL aliquots at -20^C. Immediately prior to use, freshly denatured sonicated 

salmon sperm DNA (GIBCO BRL, Cat N o -15632-011 ) was added to the hybridisation 

solution to a final concentration of 10pgmL'\

Section 2.8.10 Na2HP0 4 . 2  H2 O solution (IM).

COMPOSITION

N a2H P 04.2H 20  

Sterile H2O

AMOUNT

71g

up to lOOOmL
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71g of Na2HP04-2 H2O (BDH, Cat No- 103834G) was slowly added to 900mL of sterile 

H2O. The pH was adjusted to 7.2 with concentrated phosphoric acid (Sigma, Cat No- P6560) 

and the volume made up to lOOOmL with sterile H2O to give a final concentration of IM 

Na2HP04-2 H2O. The solution was autoclaved and stored at room temperature for up to 3 

months.

Section 2,9 In vitro colony assays in methylcellulose media.

Section 2.9.1 Preparation o f cells for in vitro colony assays in methylcellulose.

Spleen and bone marrow cells (flushed from the femur and tibia of both hind legs) were 

collected in 200pl of Iscove’s modified Dulbeccos medium (IMDM) containing 2% fetal 

bovine serum (FBS). The cells were diluted to 1:50 and 1:100 in 3% acetic acid in H2O, and 

the number of nucleated cells counted on a haematocytometer.

Section 2.9.2 In vitro colony assay o f bone marrow and spleen cells in the presence

of stem cell factor (SCF), erythropoietin (Epo), interleukin-3 (IL-3) 

and interleukin-6 (IL-6).

Cells were diluted to 1.5x10^ mL'^ in IMDM. 0.3mL was mixed thoroughly with 3mL of 

Methocult™ GF (see Section 2.10.1). l.lm L  of the cell suspension was dispensed evenly into 

two 35xl0mm culture dishes at a final concentration of 1.5x10"  ̂cells per dish, and incubated 

at 37*̂ C in a 5% CO2 humidified (>95%) incubator. Immature BFU-e and CFU-GM colonies 

were scored at day 7, and day 10 respectively. CFU-GEMM was scored at day 12.

Section 2.9.3 In vitro colony assay o f bone marrow and spleen cells in the presence

of Epo.
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Cells assayed in the presence of Epo only were diluted to 2x10^ cells mL'^ in IMDM, and 

0.3mL mixed thoroughly with 3mL of Methocult™ (see Section 2.10.1). 1. ImL of the cell 

suspension dispensed evenly into two 35x10mm culture dishes at a final concentration of 

2x10^ cells per dish. CFU-e colonies were scored at day 2, and mature BFU-e scored at day 4.

Section 2,10 Materials used for in vitro colony assay.

Section 2,10,1 Colony assay in the presence of Epo only.

Colony assay of murine spleen and bone marrow cells was performed using methylcellulose- 

based medium. Cells assayed in the presence of Epo only were mixed with MethoCult (Stem 

Cell Technologies- Cat No M3434) comprisingl% methylcellulose in Iscoves MDM, 15% 

FBS, lO^M 2-mercaptoethanol, 2mM L-glutamine, 1%BSA, lOpgmL * human transferrin, 

and 3UmL'' Epo.

Section 2,10,2 Colony assay in the presence o f SCF, Epo, IL~3, and IL-6,

Colony assay of murine spleen and bone marrow cells was performed using methylcellulose- 

based medium. Cells assayed in the presence of SCF, Epo, IL-3, and IL-6 were mixed with 

MethoCult (Stem Cell Technologies- Cat No M3334) comprising 1% methylcellulose in 

Iscoves MDM, 15% FBS, lO^M 2-mercaptoethanol, 2mM L-glutamine, 1%BSA, lOpgmL'^ 

bovine pancreatic insulin, 200pgmL'^ human transferrin, 3UmL'^Epo, lOngmL'^ IL-3, 

lOngmL'^ EL-6 and 50ngmL'^SCF.

Section 2,11 Other molecular biology techniques employed in this study.
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Section 2.11.1 Northern hybridisation.

Approximately 30ng of total RNA (see Section 2.8.1 ) was mixed with 25pl of 

Electrophoresis Sample Buffer (see Section 2.12.16) and heated at l ( fC  for 15 minutes. 

Samples were placed on ice for 1 minute, centrifuged at 14,000 rpm for 30 seconds and 

mixed with IpL of ImgmL'^ RNAse-free ethidium bromide. The total RNA samples were 

loaded on to a formaldehyde/ agarose gel immersed in IX MOPS (pH 7) (see Section 2.12.1). 

Samples were separated by electrophoresis (typically 80V for 1 hour), examined by UV 

illumination and transferred to a Hybond™ N nylon membrane (Amersham, Cat No- RPN 

303N) by capillary transfer in lOX SSC transfer buffer (see Section 2.12.2). The membrane 

was then baked in an oven at 80^C for 2 hours and stored in a dust-ffee environment at room 

temperature until used in hybridisation experiments (see Sections 2.8.8 and 2.8.9).

Section 2.11.2 Southern hybridisation o f genomic DNA.

Southern hybridisation was used to determine the genotype of LYL-1 mutant mice. 

Approximately 500pg-lmg of genomic DNA (20pl of a 25-50pgpL‘*) extracted from tail 

(see Section 2.11.2) was incubated for 18-24 hours at 37^C with an EcoRV digestion mixture 

comprising 3pL of a lOX BSA (fraction V) (Sigma, Cat No- 4503), 3jxL of lOX Reaction 

Buffer (Boehringer Mannheim, Cat No- 85116922-34), 2pL of EcoRV (40U/pl) (Boehringer 

Mannheim, Cat No- 84787320-43) and 2pL of sterile H2O to give a total volume of 30pL. 

After incubation the samples were separated by agarose (0.8% / IX TBE) gel electrophoresis. 

The gel was submerged in 0.25M HCl (see Section 2.12.3) and shaken gently until the 

bromophenol blue has changed colour (approximately 15 minutes). The gel was then 

transferred to 0.4M NaOH and shaken gently until the bromophenol blue colour returned. 

Alkali capillary apparatus was set up to transfer the contents of the gel to Hybond N+ nylon 

transfer membrane (Amersham, Cat No- RPN 303B) overnight at room temperature. The
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membrane was air dried and stored in a dust-free environment until used in hybridisation 

experiments (see Sections 2.8.7, 2.8.8, and 2.8.9).

Section 2.1 L3 Restriction endonuclease digestion o f plasmid DNA.

The method used for restriction digestion of plasmid DNA was modified from the protocols 

described in Sambrook, et al, 1989 (Molecular Cloning, A Laboratory Manual, 2 ^  edition 

1989, Book 1, section 5.28). 0.2 to l.Opg of plasrnid DNA was used routinely in restriction 

endonuclease experiments. The plasmid DNA was mixed with 2pL of restriction enzyme 

digestion buffer (lOX), 1 to 2U of restriction enzyme and sterile H2O up to 20pL in a 0.2mL 

microcentrifuge tube. Digestion reactions were incubated at 37^0 for 1 to 2 hours then 

stopped by addition of IpL of Na2EDTA (0. IM) (BDH, Cat No-100935V). Reaction 

products were precipitated by addition of 2 volumes of absolute ethanol and one quarter 

volume ammonium acetate (7.5M) (BDH, Cat No-100134T), followed by incubation at -80^C 

for 1 hour and centrifugation at 14,000 rpm for 15 minutes at 4°C. The supernatant was 

removed and replaced by 0.5mL of 70% ethanol proceeded by centrifugation at 14,000 rpm 

for 10 minutes. The supernatant was removed by aspiration and the pellet air dried 

thoroughly before re-suspension in sterile H2O. When double digestions were performed the 

re-suspended DNA was mixed with the appropriate buffer and restriction enzyme and 

incubated for a further 1 to 2 hours, after which the reactions products were precipitated as 

just described. The reaction products were examined by ethidium bromide (0.5pgmL'^) 

stained agarose gel (0.8%) electrophoresis in IX TBE electrophoresis buffer containing 

0.5pgmL‘’ ethidium bromide (see Section 2.12.10, and 2.12.13).

Section 2.11.4 Electroporetic transformation o f competent bacterial strain JM l 09

with plasmid DNA.
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IfiL of plasmid DNA (approximately 250ng) was mixed with 50pL JMl 09 (strain of E. coli) 

in a sterile microcentrifuge tube. The mixture was transferred to an ice cold electroporation 

curvette and place in an electroporator (BioRad Gene Puiser II) pre-programmed to deliver an 

electric current of 2.5kV, at 25pF capacitance and 200 ohms resistance across the plasmid 

DNA/ cell mixture. Immediately after electroporation 0.5mL of Liquid Broth was added to 

the curvette and the sample mixed thoroughly before being transferred to a microcentrifuge 

tube and shaken for 40 minutes at 37^C. IpL, lOpL and lOOpL of sample was smeared onto 

separate Luria agar Petri dishes containing lOOmgmL'^ ampicillin. The plates incubated in an 

oven at 37^C for 12 to 18 hours.

Section 2,11.5 Amplification of plasmid DNA

10 individual colonies were isolated with the narrow end of a sterilised pipette tip and the tip 

placed in a 50mL Falcon tube containing 2mL of LBA. The culture was stirred vigorously in 

an oven at 37®C for 12 to 18 hours, and then between lOOpL and 500pL of the 2mL culture 

was added to a sterilised SOOmL Conical flask containing lOOmL of LBA. The culture was 

stirred vigorously at 37^C for 12 to 18 hours.

Section 2,11.6 Extraction and Purification of plasmid DNA.

The Qiagen Mini- and Midi Plasmid Prep Kits (Qiagen, Cat No- 12243) were used for the 

routine extraction and purification of plasmid DNA in accordance with manufacturer 

protocols.

Section 2,11,7 Ligation o f PCR products into pGemTplasmid vector.

Ligation of PCR products in to pGemT vector (Promega- Cat No- A3610) was performed 

according to manufacturers guidelines. 25ng of pGemT vector (SOngpL'^) was placed in a
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0.5mL centrifugation tube and mixed with 25ng of cDNA insert (1:1 molar ratio), 2X DNA 

Ligase buffer (lOX), and 3U of T4 DNA ligase (3U)liL'^). The final volume was made up to 

lOpL with sterile H2O. The reaction mixture was incubated at 4^C overnight. The ligation 

products were precipitated by incubating the lOpL with 2.5 volumes of ice-cold absolute 

ethanol, and one-quarter-volume ammonium acetate (7.5M) for 1 hour at -80^C, followed by 

centrifugation at 14,000 rpm for 30 minutes at 4°C. The supernatant was removed and 

replaced with 70% ethanol, followed by a further centrifugation at 14,000 rpm for 15 minutes 

at room temperature. The ethanol was removed and the pellets air-dried completely before 

addition of lOpL of sterile H2O. The pellet of ligation product was allowed to dissolve at 

room temperature for 1 hour, and then 2pL was mixed with 50pL JM l09 competent cells and 

the sample prepared for transformation (see Section 2.11.4).

Section 2,12 Materials used in molecular biology.

Section 2,12,1 lOX 3-[N~MotpholinoJpropane sulphonic acid (MOPS),

COMPOSITION

MOPS 

Na2.acetate 

Na2EDTA 

Sterile H2O

AMOUNT

41.2g

SOOmL of lOOmM stock solution 

20mL of 0.5M stock solution 

up to lOOOmL.

41.2g of MOPS (Sigma, Cat No-.M5162) was dissolved in SOOmL of lOOmM Na2-acetate 

solution. The pH was adjusted to 7 with 2N NaOH. Then, 20mL of 0.5M Na2EDTA (pH S) 

was added and the volume adjusted to lOOOmL with sterile H2O to give a final concentration
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of 0.2M MOPS, 0.5M Na2.acetate, and 0.0 IM NaiEDTA. The MOPS is used at a working 

concentration of IX. MOPS buffer was stored at room temperature.

Section 2.12.2 20XSSC.

COMPOSITION

NaCl

Nag- citrate 

Sterile H2O

AM OUNT

87.7g 

44. Ig

up to lOOOmL

87.7g of NaCl (Fisher, Cat No- S/ 310/ 63) was dissolved in 900mL of sterile H2O. 44. Ig of 

tri-sodium citrate (Fisher, Cat No- S/ 3320/ 53) was added to the solution, and the pH 

adjusted to 7 with 0.25M HCl (see Section 2.12.3). SSC was autoclaved, and stored at room 

temperature. This stock solution was used to prepare working concentrations e.g. 2X.

Section 2.12.3 0.25MHCL

COMPOSITION

HCl

Sterile H2O

AM OUNT

7.7mL

up to lOOOMl

7.7mL of concentrated HCl (Sigma, Cat No- 920-1,32M stock solution) was added to 

992.3mL sterile H2O. 0.25M HCl was stored at room temperature for 3 months.

Section 2.12.4 lOXTBE.
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COMPOSITION

Tris

Boric Acid 

NazEDTA (pH8) 

Sterile H2O

AMOUNT

108g

55g

40mL of a 0.5M stock solution 

up to lOOOmL

108g of Tris (GIBCO BRL, Cat No- 15504-020) and 55g of boric acid (BDH, Cat No- 

274094Q) was dissolved in 900mL of sterile H2O, followed by 40mL of 0.5M Na2EDTA 

(pH8). The pH of lOX TBE was adjusted to 8.3 with 0.25M HCl. The final volume was made 

up to lOOOmL with sterile H2O. The TBE was autoclaved, and used at a working 

concentration of IX (89mM Tris- borate, 2mM Na2EDTA).

Section 2.12.5 0.4MNaOH.

COMPOSITION

NaOH pellets 

Sterile H2O

AMOUNT

16g

lOOOmL

16g of NaOH pellets were dissolved in lOOOmL sterile H2O. The solution was used as a 

buffer in alkali capillaiy transfer procedures (see Section 2.12.5).

Section 2.12.6 IX  TBE (pH8.3) electrophoresis buffer for agarose gel

electrophoresis o f DNA.
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Ethidium bromide

Sterile H2O
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AMOUNT

lOOmL of lOX TBE (pH8.3) stock solution 

50)iiL of a lOmgmL’  ̂ stock solution 

up to 900mL

lOOmL of lOX TBE (p H.3) was added to 900mL of sterile H2O, followed by 50pL of a 

lOmgmL'* ethidium bromide stock solution to give a final concentration of 0.5pgmL ' 

ethidium bromide and a working concentration of IX TBE (89mMTris-borate, 2mM 

Na2EDTA).

Section 2,12.7 40X Wash buffer for GlassMax cDNA Purification.

COMPOSITION

Na2EDTA 

Tris-HCl (pH 7.5) 

NaCl

Sterile H2O

AMOUNT

8mL of 0.5M stock solution 

40mL of IM stock solution 

23.37g 

up to lOOmL

23.7g of NaCl was dissolved in 50mL of sterile H2O. 8mL of 0.5M Na2EDTA, and 40mL of 

IM Tris-HCl (pH 7.5) was added to the solution and the volume made up to lOOmL with 

sterile H2O. The wash buffer was autoclaved and used at a working concentration of IX to 

give a final concentration of ImM Na2EDTA, lOmM Tris-HCl (pH 7.5) and 0. IM NaCl.

Section 2.12.8 Rinse solution forformaldehyde/agarose gel
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AMOUNT

125mL

50mL

up to lOOOmL

125mL of 0.4M NaOH, and 50niL of 20X SSC was added to 825niL of sterile H2O, to give 

final concentrations of 0.05M NaOH and IX SSC. This solution was stored at room 

temperature for 6 months.

Section 2,12.9 Lysis buffer for extraction o f genontic DNA.

COMPOSITION

Tris-HCl (pH 8)

Na2EDTA

NaCl

SDS

Sterile H2O

AMOUNT

6g

18.6g

2.92g

5mL of a 20%w/v stock solution of SDS 

up to 500mL

6g of Tris (GIBCO BRL, Cat No-15504-020), 18.6g of NajEDTA, and 2.92g of NaCl were 

dissolved in 450mL of sterile H2O. 4mL of a 20%w/v SDS (Fisher, Cat No- S/ P530/ 53) was 

then added to the solution and the volume made up to 500mL with sterile H2O. Tail lysis 

buffer comprised 50m M Tris-HCl (pH 8), lOOmM Na2EDTA, lOOmM NaCl, and 0.2% SDS. 

Immediately prior to use, 35pL of a lOmgmL^ stock solution of Proteinase K was added to 

each 0.7mL of tail lysis buffer used to digest the tail. This gave a final concentration of 

0.5mgmL'^ Proteinase K.
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Section 2.12.10 Preparation o f agarose gel for electrophoresis o f DNA.

COMPOSITION

Agarose 

TBE(pH8.3) 

Ethidium bromide 

Sterile H2O

AMOUNT

1.6g

20mL of lOX stock solution 

lOpL of a lOmgmL'* stock solution 

up to 200mL

1.6g of agarose (Boehringer, Cat No- 85525620/20 ) was added to 150mL of sterile H2O and 

heated until completely dissolved. 20mL of lOX TBE (pH8.3), and lOpL of a lOmgmL'* 

ethidium bromide solution was added to the agarose solution, and the volume made up to 

200mL with sterile H2O to give a final concentration of 0.5pgmL'^ of ethidium bromide, IX 

TBE and 0.8%'^/v agarose.

Section 2.12.11 Preparation o f formaldehyde/agarose gel fo r electrophoresis o f 

RNA.

COMPOSITION

Agarose 

MOPS (pH7)

Formalin (37% formaldehyde) 

Sterile H2O

AMOUNT

l-5g

lOmL of lOX stock solution

5. ImL

87mL
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1.5g of agarose (Boehringer Mannheim, Cat No-85525620/ 20) was added to 87mL of sterile 

H2O. The solution was heated until the agarose completely dissolved. The agarose solution 

was cooled to 50^C and then lOmL of lOX MOPS (pH7), followed by 5. ImL of Formalin 

(Sigma, Cat No- F I635) was added and the solution mixed thoroughly. The formaldehyde/ 

agarose gel solution was poured and allowed to set for at least 60 minutes. Once set, the gel 

was immersed in IX MOPS (p H7) (Sigma, Cat No- M5162), and electrophoresed at 50V for 

15 minutes, and the gel wells flushed to remove residual formaldehyde prior to loading RNA 

samples.

Section 2.12,12 Preparation o f RNA electrophoresis buffer.

COMPOSITION

Deionised formamide 

MOPS (pH8) 

Formaldehyde 

Glycerol

Bromophenol blue 

H2O

AMOUNT

0.75mL

0.15mL of a 1 OX stock solution

0.24mL of 37% stock solution

O.lmL of autoclaved stock solution

0.08mL of a 10%w/v stock solution

O.lmL

5pL of total RNA (10-30pg) was mixed with 25pL of RNA electrophoresis buffer (5 

volumes). The sample was incubate at 70^C for 15 minutes, chilled on ice for 1 minute and 

centrifuged for 30 seconds at 14,000 rpm to collect the sample. IpL of a ImgmL'* ethidium 

bromide stock solution was added to the sample, which was loaded onto a formaldehyde/ 

agarose gel (see Section 2.12.15). The samples were separated by electrophoresis at 5 to lOV 

for 18 hours.
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Section 2.12.13 Preparation o f 1 OX DNA electrophoresis buffer.

COMPOSITION AMOUNT

Xylene cyanole 0.04g

Glycerol 5mL

Bromophenol blue 0.04g

H2O up to lOmL

0.04g of bromophenol blue (BDH, Cat No-44305), and 0.4g of xylene cyanole (Sigma, Cat 

No- X4126) was dissolved in 5mL of sterile H2O. 5mL of 50% glycerol was added to the 

mixture and the volume made up to lOmL with sterile H2O to give a final concentration of 

0.4% bromophenol blue, 0.4% xylene cyanole, and 50% glycerol. The lOX DNA 

electrophoresis buffer was stored in lOOpL aliquots at -20°C.
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Section 2,13 Statistical analysis.

All values are reported as mean +SEM. Statistical significance for two unpaired groups was 

assessed by the Student’s t  test (P<0.05). ANOVA was used to assess variance between 

multiple groups.
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Chapter 3. Results.

Section 3,1 Relative expression o f SCL and LYL-1 mRNA in mouse tissues.

Semi-quantitative RT-PCR was used to determine the relative expression of SCL mRNA 

between samples of cDNA derived from the brain, thymus, liver, 14.5dpc fetal liver, spleen 

and adult bone marrow of LYL-C'^^, LYL-C% and LYL-L " mice (for details see Chapter 2 

Methods and Materials section 2.7).

Figures 12 show the p-actin, SCL and LYL-1 signals for brain, liver, thymus, 14.5dpc fetal 

liver, bone marrow and spleen of LYL-C'^^, LYL-C% and LYL-L'^* mice. Disruption of the 

LYL-1 locus was confirmed by the absence of LYL-1 mRNA in LYL-1 mice, and the 

presence of lacZ transcript in RT-PCR experiment specific for the E coli derived lacZ (data 

not shown). The intensity of the signals from the P-actin RT-PCR reactions were directly 

related to the amount of cDNA used in each reaction. Therefore, the relative amount of 

cDNA in each LYL̂ '̂ ,̂ LYL̂ "̂, and LYL-L^ P-actin RT-PCR could be estimated. For 

example, the amount of 14.5dpc fetal liver cDNA used in SCL and LYL-1 specific RT-PCR 

reactions was highest in LYL^ '̂, followed by LYL-1 and LYL^^ (Figure 12). Therefore, the 

SCL and LYL-1 signals from the LYL-1' ", and LYL^^  ̂14.5dpc fetal liver could be corrected 

for the difference in the amount of cDNA relative to the LYL^ '̂ p-actin signal. Using this 

analysis, level of LYL-1 mRNA expression was found to be highest in the bone marrow and 

14.5dpc fetal liver (Figure 12). LYL-1 mRNA expression was 16-fold lower in the spleen and 

thymus, and at least 32-fold lower in the brain. The liver had an almost undetectable level of 

LYL-1 mRNA. These results confirm the presence of LYL-1 mRNA at highest levels in 

haematopoietic organs. However, LYL-1 mRNA may also expressed in cells present in non- 

haematopoietic organs, such as brain, in the adult mouse.
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Figure 12. Semi-quantitative RT-PCR for SCL mRNA isolated from brain, thymus, liver, 

14.5dpc fetal liver, spleen and bone marrow of LYL-1^ \  LYL-1^ ' and LYL-L ' mice. 5pi 

(1:1) of each cDNA, and 5pl of 5%, 2.5%, 1.25%, and 0.625% of the total cDNA (see 

Section 2.7) were amplified in LYL-1 (top panel), SCL (middle panel), and p-actin (bottom 

panel) specific PCR reactions. Reactions with water replacing cDNA, and with water 

replacing the reverse transcriptase were performed as negative controls. Targeting of the 

LYL-1 locus was confirmed by the absence of LYT-1 mRNA in each tissue examined. There 

was no significant difference in the relative expression of SCL mRNA between LYL-1" ' 

(left), LYL-1 (middle), and LYL-1 '̂^  ̂(right) brain, thymus, liver, 14.5dpc fetal liver, and 

bone marrow. The spleen of LYL-1 " mice expressed more SCL mRNA than LYL-1 and 

LYL-1 littermate controls.
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SCL mRNA expression mirrors that of LYL-1 with highest levels in the 14.5dpc fetal liver 

and bone marrow (Figure 12). Correction of the SCL mRNA signals for differences in cDNA 

input showed that these organs expressed approximately 8-fold more SCL mRNA than the 

spleen. The brain expressed 16-fold less SCL mRNA, and the liver expressed at least 32-fold 

less SCL mRNA than 14.5dpc fetal liver. The thymus expressed the lowest level of SCL 

mRNA (Figure 12). These data show that SCL mRNA expression is highest in 

haematopoietic organs such as bone marrow, fetal liver and spleen, but was also expressed at 

a somewhat lower level in the brain and liver. The rank order of expression of LYL-1 mRNA 

was 14.5dpc fetal liver/ bone marrow, thymus/ spleen, brain and liver; and for SCL the order 

of expression was 14.5dpc fetal liver/ bone marrow, spleen, brain, liver and thymus. As 

predicted, the level of LYL-1 mRNA in cDNA samples derived from LYL-1^ ' tissues was 

approximately half the level in corresponding LYL-1 tissues (data not shown).

Section 3.2 SCL mRNA expression is increased in the spleen o f LYL-T^' mice.

The semi-quantitative RT-PCR assay employed in this study was able to identify changes of 

no less than 4-fold in the level of SCL mRNA expression in heterogeneous cell populations 

from the different tissues analysed (for details see Chapter 2 Methods and Materials section 

2.1). With this degree of sensitivity, there was no difference in the level of SCL mRNA 

expression in the 14.5dpc fetal liver, brain, thymus and liver ofLYL-1^^, LYL-1^% and 

LYL-1  ̂ mice (Figure 12). There was no difference in level of SCL mRNA expression in 

LYL-L " bone marrow or fetal liver compared to controls, although a marginal increase in the 

bone marrow may have been at the very limit of the assay and therefore could not be 

determined accurately. However, the level of SCL mRNA in the LYL-1'^' spleen was 

markedly increased compared to controls (Figure 12). Results from five independent sets of 

data are represented in Figure 13. The LYL-1 " spleen expressed 22.2 +2.9-fold more SCL
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Figure 13. Enhanced expression of SCL mRNA in LYL-1 ' spleen. (A). SCL signals 

corrected for differences in the amount of cDNA in each reaction showed LYL-1'^' spleen to 

contain more SCL mRNA than controls. (B). The P-actin signals from the semi-quantitative 

RT-PCR reactions were used to standardize the SCL signals from LYL-1^% LYL-1 '̂ '̂ and 

LYL-1' ' spleen. LYL-L' '̂ spleen expressed 22.2 + 2.9-fold more SCL mRNA than LYL-1^^  ̂

littermates (n=4) (P<0.05), and 5.8 + 2.2-fold more than LYL-T̂ "̂ ' littermates (n=4) (P<0.05). 

The level of SCL mRNA in LYL-1^ '̂ mice (n=6) was not statistically different to SCL 

mRNA in the LYL-1^^  ̂spleen (n=6) (P<0.05) but was significantly lower than SCL mRNA 

expression in the LYL-1 spleen.
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mRNA than the spleen of LYL-1 mice. Although there was a tendency towards increased 

SCL mRNA expression in the LYL-1^ ' spleen compared to LYL-1̂ "̂̂  spleen, this increase 

was not significant (Figure 13). The increase in SCL mRNA expression in the LYL-1 

spleen was not gender specific, and was not affected by age, since it was observed in the 

spleen from male and female mice, and in mice of eight weeks up to nine months of age (data 

not shown).

These data showed that in the absence of a functional LYL-1 protein, there is a dramatic, and 

specific increase in the level of SCL mRNA in the spleen.

The increase in SCL mRNA in the spleen of LYL-1'̂ ' mice could be due to an increase in the 

number of cells expressing SCL mRNA, or to an increase in the level of SCL mRNA 

expression in individual cells. The semi-quantitative RT-PCR data did not elucidate the 

contribution of these (or other) causes for the increase in SCL mRNA. In order to determine 

the expression of SCL mRNA at the cellular level, in situ RT-PCR specific for SCL mRNA 

was performed in 5pm paraformaldehyde-fixed paraffin sections of spleen from LYL-1^^  ̂

and LYL-T' '̂ mice.

Section 3.3 The spleen of L YL-T '̂ mice comprised more cells expressing SCL

mRNA than the spleen of LYL-1^^ mice.

Figures 5, and 14 show the result of in situ RT-PCR specific for SCL mRNA in the spleen of 

LYL-1^^  ̂and LYL-l’̂ ' mice (see Chapter 2 Methods and Materials section 2.5). Cells 

positive for SCL mRNA (SCL mRNA^'^ were located in the red pulp of the spleen of both 

LYL-1^^  ̂(Figures 5A-C, G) and LYL-1" "̂ mice (Figures 5D-F, H). The specificity of the 

signals was confirmed by negative control experiments performed in the absence of reverse
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Figure 14. Many of the SCL mRNA"^® cells are arranged into clusters in the LYL-1^^^ (A-D) 

and LYL-1'^' (E-H) spleen. LYL-l ' spleen contained more clusters that were larger (G, H) 

than those found in LYL-1^^  ̂spleen (C, D). The level SCL mRNA expression in some cells 

in the LYL-1 ' spleen (E, F, and G) was higher than in the majority of cells in LYL-l '̂^^ 

spleen (A, B, and C). All images were taken at 60x magnification.
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LYL-1 -/- spleen comprise more cells that 
express SCL mRNA than LVL-1+/+ spleen.
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transcriptase (Figure 51) or in the absence of SCL specific primers (Figure 5 J). SCL

cells were found in the splenic parenchyme (Figures 5B, C, and G; 5E, F, H) and 

the subcapsular region (Figures 5 A; 5D, and F). LYL-L' '̂ spleen contained more SCL 

mRNA'^® cells (Figure 5D-E, H) than LYL-1+/+ spleen (Figure 5A-C, 0). Many of the SCL 

mRNA^^® cells were arranged in clusters in the spleen ofLYL-1^^^ (Figures 14A-D), and 

LYL-l ’̂ ' (Figures 14E-H) mice. Most clusters in the LYL-L^' spleen were composed of more 

SCL mRNA"^® cells (Figure 14E, G, H) than in LYL-l '̂^  ̂spleen (Figures 14A-C). It was 

apparent that some of the cells in the LYL-L' '̂ spleen stained stronger (Figures 14G) than 

many of the SCL mRNA"^® cells in the LYL-1^^  ̂controls (Figure 14C). Although the number 

of SCL m R N A ^ cells in the LYL-1^^  ̂and LYL-1  ̂ spleen were not quantified accurately, 

the spleen of LYL-1 '̂ mice comprised approximately 5 to 10 times more SCL m R N A ^ cells 

than the LYL-1 spleen.

These data showed that the increase in SCL mRNA in the LYL-r"^' spleen determined by 

semi-quantitative RT-PCR was primarily due to an increase in the number of cells expressing 

SCL mRNA. It also suggested that in the absence of a functional LYL-1 protein, the number 

of cells expressing SCL mRNA was increased in the spleen.

The spleen can serve as a site for erythroid expansion when bone marrow erythropoiesis is 

stressed (Broudy et al., 1996) and serves as a station for the scavenging of aged erythrocytes 

by macrophages (a process known as erythrophagocytosis) (Caceci,

http://www.cvm.tamu.edu/). Development of the most primitive HSCs and progenitors in the 

spleen is documented in many studies (Broudy, et al., 1996; Hendrikx, et al., 1996; Hunt, 

1998) and the spleen is the major site of regenerative re-population of haematopoietic 

progenitors in mice (Saitoh, et al., 1999). Furthermore, Epo induced splenic erythropoiesis
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can be optimized by manipulation of the spleen microenvironment (Nijhof, et al., 1993). 

Since SCL is expressed in day 12 spleen colony forming units (CFU-S), in almost all 

erythroid colony forming cells (CFCs) (Elefanty, et al., 1998), and is up-regulated upon 

erythroid differentiation (Elefanty, et al., 1998; Apian, et al., 1992) and growth (Green, et al.,

1991), it was likely that many of the cells expressing SCL mRNA in the spleen of LYL-1 ' 

mice were erythroid. To examine this proposition, sections of spleen were subjected to 

specific histological and immunohistochemical analyses to establish the presence, and 

distribution of erythroid cells.

Section 3,4 The spleen o f L mice comprised more erythroid cells than the

spleen o f LYL-J '̂'̂  mice.

The May-Grunwald and Giemsa stain was used to identify haematopoietic cells in sections of 

spleen from LYL-1^^  ̂and LYL-1 ' mice (see Chapter 2 Methods and Materials section 

2.1.11). This stain allowed the different types of blood cell to be distinguished 

morphologically. Several different haematopoietic cell types were identified in the spleen of 

LYL-1^^  ̂and LYL-T'^* mice including granulocytes (Gra), macrophages (Mac), erythrocytes 

(Ery) and erythroblasts (ProEry, Poly, Baso) (Figure 15). Spleens of both LYL-1^^  ̂(Figure 

15 A, B) and LY L-1(Figure 15C, D) LYL-1 mice contained clusters o f erythroblasts. 

However, the clusters in the LYL-1'^' spleen (Figure 15C, D) were more frequent and 

comprised many more cells than in LYL-L '̂^  ̂spleen (Figure 15A, B). The clusters in LYL-1^' 

spleen were larger because they composed more proerythroblasts, polychromatic and 

basophilic erythroblasts (Figure 15C, D). It was apparent that the red pulp ofLYL-1^^ spleen 

(Figure 15 A, B) contained more erythrocytes than the LYL-T^' spleen (Figure 14C, D). These 

results supported the proposition that the clusters of SCL mRNA^^® cells, identified in the 

LYL-T' '̂ spleen by SCL-specific in situ RT-PCR, were erythroid.
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Figure 15. May-Grunwald and Giemsa stain of haematopoietic cells in mercuric-fixed 

paraffin sections of LYL-1 (A, B) and LYL-1' ' (C, D) spleen (see Section 2.1.8). Several 

different haematopoietic cells can be identified including erythroblasts (Poly- polychromatic; 

Baso- basophilic; ProEry- proerythroblasts); erythrocytes (Ery), macrophages (Mac), 

granulocytes (Gra), and megakaryocytes (Mega) in spleen sections. Erythroid clusters were 

larger and more frequent in the LYL-1 ' spleen (C, D) compared to LYL-1^^  ̂erythroid 

clusters (A, B). Erythrocytes (stained pink) were less frequent in the LYL-l ' spleen sections 

(D) compared to LYL-l^"^  ̂controls (B). All images were taken at 20x magnification.
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Increase in erythroid cells in the LYL-1-/- spleen.
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Sections of spleen were processed for immunoperoxidase staining of cells expressing GATA- 

1 (see Chapter 2 Methods and Materials section 2.3). GATA-1 is an erythroid lineage- 

restricted zinc finger transcription factor (Yamamoto, et al., 1997) that is critical for 

development of erythroid cells (Whyatt, et al., 2000; Penvy, et al., 1991; Simon, et al., 1992; 

Orkin, 1994) (see Chapter 1 Introduction section 1.10). 5|Lim paraformaldehyde-fixed paraffin 

sections of LYL-1’̂ 'spleen stained for GATA-1 contained many more cells expressing 

GATA-l (GATA-r™) (Figure 16E-H) than found in L Y L - s p l e e n  (Figure 16A-D). 

Although the immunohistochemical assay was not quantitative, there were approximately 5 to 

10 times more GATA-1^'^ cells in LYL-1^ spleen (Figure 16E, F) compared to LYL-1 

controls (Figure 16A, B). These cells were located in the red pulp exclusively and were found 

in clusters (Figures 16C, D: G, H). The clusters of cells in the spleen of LYL-T^'mice were 

larger and composed of more cells (Figure 16G, H) than those in LYL-1^^  ̂controls (Figure 

16C, D). The specificity of the assay was confirmed by the lack of stained cells after 

incubation with an irrelevant rat biotinylated IgGia isotype control (Figure 161), without a 

secondary antibody (Figure 16J), and in the absence of ExtraAvidin (Figure 16K). Analysis 

of serial sections indicated that the GATA-1^ cells co-expressed SCL mRNA.

SCL and GATA-1 are co-expressed in erythroid cells (Apian, et al., 1992) and contribute to 

formation of an erythroid DNA-binding complex in vivo (Wadman, et a l, 1997). The 

increased number of SCL m RN A ^ and GATA-1^ cells in the LYL-l '̂ ' spleen suggested 

that in the absence of a functional LYL-1 protein, there was an enhancement of splenic 

erythropoiesis. Although SCL and GATA-1 are co-expressed in erythroid cells, they are 

found in other cell types. Indeed, megakaryocytes were stained for GATA-1 in LYL-1'^" 

spleen (Figure 16G), which was consistent with previously published data (Visvader, et a l,

1992). LYL-1 ̂ -positive cells (LY L-l^*^^ were found in fetal liver and bone marrow
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Figure 16, 5pm paraformaldehyde-fixed paraffin sections of LYL-1 (A-D) and LYL-1 

(E-H) spleen immunoperoxidase stained for GATA-1 (see Section 2.3). Cells expressing 

GATA-1 were found in the red pulp of LYL-1^^ (A, B) and LYL-1  ̂ (E, F) spleen 

exclusively. LYL-1 spleen contained many more GATA-1-expressing cells (E, F) than 

LYL-1^^ controls (A, B). Many of the GATA-1-expressing cells were in clusters in both 

LYL-1^^  ̂(C, D) and LYL-1 (G, H) spleen. The clusters in LYL-1^' spleen comprised more 

cells (H) than LYL-1^^  ̂clusters (D). Specifically stained cells were not present in 

experiments performed in the presence of a biotinylated IgG2a isotype control (I), rabbit anti­

rat biotinylated immunoglobulins (J) and strepavidin/ avidin conjugated HRP (K) (see Table 

1). Images A, BJE, and F were taken at 5x magnification; images C, D, G, and H were taken 

at 20x magnification; images 1 and J were taken at 40x magnification.
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Increased numbers of GATA-l+ve cells in the LYL-1-/- spleen
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Negative controls for GATA-1 immunohistochemistry.
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(Rupping, E. Ph. D. thesis), and LYL-1 mRNA was expressed in cells in the spleen as well as 

in erythroid cell lines (Visvader, et al, 1991; Kuo, et al, 1991). To determine whether LYL-1 

was expressed in the erythroid cells identified in LYL-1  ̂ spleen, cryosections of LYL-1^% 

LYL-1^ '̂, and LYL-l'^ spleen were assayed for p -galactosidase activity.

Section 3.5 The majority o f erythroid cells in the spleen of L YL-T '̂ mice do not

express LYL-1^*^fusion protein.

The spatial pattern of LYL-1 expression in the spleen was examined by X-GAL staining 

10pm paraformaldehyde-fixed cryosections (see Chapter 2 Methods and Materials section 

2.1.14). Figure 17 shows LYL-1 expressing cells were located in the red pulp of the spleen 

(Figure 17B-E), particularly in the subcapsular region (Figure 17E), but were also located in 

the marginal zone (Figure 17F-H). The frequency of X-GAL stained cells was similar in the 

spleen of LYL-1 and LYL-l "̂ ' (data not shown). The intensity of the blue staining of the 

cells ranges from weak (Figure 17C) to strong LYL-l'®*  ̂expression (Figure 17D). Non­

specific blue staining was found in the sections of LYL-1^^  ̂(Figure 17A) and L Y L - s p l e e n  

(Figure 17B) but was clearly distinguishable from positively stained cells. The identity of the 

LYL-l*®*^^  ̂cells in the spleen could not be elucidated from the P -galactosidase assay. 

However, it was evident that LYL-1^^^^ population of cells was heterogeneous, since their 

size varied from small, blast-like cells (Figures 17C, and F) to larger cells (Figure 17D, and 

E).

X-GAL staining of spleen cryosections showed that most of the erythroid cells, which 

expressed SCL mRNA and GATA-1, did not co-express LYL-1. Co-expression of SCL 

mRNA, GATA-1 and LYL-1 in the same cell could not be excluded by the experiments 

described in sections 3.2- 3.5. However, it was evident fi*om the spatial expression pattern of
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Figure 17. X-GAL stained lO^im cryosections of L Y L - 1 ( A )  and LYL-1 ̂  (B-H) spleen 

allowed detection of L Y L - 1 c e l l s  (see Section 2.1.11). L Y L - 1 c e l l s  were located in 

the red pulp (C, D), the subcapsular region (E), and the marginal zone (F, G) of the spleen. 

Images A and B were taken at 4x magnification; images C and D wee taken at 20x 

magnification; images E, F, G, and H were taken at 60x magnification.
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Cells in the LYL-1-/- spleen express the LVL-l-lacZ fusion protein.
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LYL-l^*^  ̂that the population of cells, which expressed SCL mRNA and GATA-1 in LYL-1 ' 

spleen, did not express LYL-1. This suggested that LYL-1 was not required for development 

of erythroid cells in the spleen of LYL-1'̂ ' mice. In order to assess the number, and 

distribution of erythroid cells specifically, expression of the erythroid-specific antigen TER- 

119 was determined by immunoperoxidase assay of spleen sections from LYL-1̂ ^̂  and LYL- 

1 mice.

Section 3.6 The spleen of L YL-V '̂ mice contained more erythroblasts but fewer

erythrocytes than LYL-1̂ ^̂  mice.

To examine the presence of erythroid precursors and their differentiated progeny including 

erythrocytes in the spleen, 5pm paraformaldehyde-fixed paraffin sections were 

immunoperoxidase-stained for the eiythroid cell-specific membrane protein TER-119 (see 

Chapter 2 Methods and Materials section 2.3). TER-119 is expressed on early erythroblasts 

through to mature erythrocytes but not in erythroblasts with BFU-e or CFU-e activity (Ikuta, 

et al., 1990). The red pulp of L Y L - s p l e e n  stained more strongly for TER-119 (Figure 

18A, C and Figure 19A) than LYL-1'^' spleen (Figure 1 SB, D and Figure 19E). The TER-119 

signal was absent in sections that were incubated with an irrelevant IgGia isotype control 

(Figures 18E) and HRP-conjugated streptaidin/avidin (Figure 18F).

Closer examination of the sections showed that the difference in TER-119 staining intensity 

was due to reduced numbers of erythrocytes in the red pulp ofLYL-1^ spleen (Figures 18B, 

D; 19E) compared to LYL-1^^  ̂spleen (Figures ISA, C; 19 A). Further examination of the red 

pulp revealed TER-119 expression on cells (TER-119^^ that displayed blast-like 

morphology (Figure 19B, F, and G). TER-119. These TER-11 9 ^  erythroblasts were found in 

clusters in both LYL-1^^  ̂(Figure 19D) and LYL-1' '̂spleen (Figure 19G). However, these

146
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Figure 18. 5pm paraformaldehyde-fixed paraffin sections of LYL-1 (A, C) and LYL-1 ^

(B, D) spleen immunoperoxidase stained for TER-119 (see Section 2.3 and Table 1). The red 

pulp of the LYL-l '̂ ' spleen stained weaker than LYL-1^^ controls for TER-119. Assays 

performed in the presence of a biotinylated JgG2a isotype control (E), or strepavidin/ avidin 

conjugated HRP (F) did not stain cells in the red pulp, and confirmed the specificity of the 

primary antibody stain in sections of spleen. All images were taken at 1 Ox magnification.
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LYL-1-/- spleen contains less 
erythrocytes than LYL-1+/+ spleen.
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Figure 19. LYL-1^^  ̂spleen sections stained for TER-119 contained more erythroid cells in 

the red pulp (A) than LYL-1'^* spleen (E) (see Section 2.3, and Table I). Erythrocytes were 

reduced in number in LYL-1 spleen (G) compared to LYL-1^^  ̂controls (C) (also see Figure 

18), but LYL-1'^ sections contained more erythroblasts (F) than LYL-1^^^ control spleen (B). 

Many of the erythroblasts in LYL-1^' spleen were in clusters (G) that were more frequent and 

comprised more cells (G, H) than those in LYL-1^^  ̂spleen (D). Images A, and E were taken 

at 20x magnification; C and G were taken at 40x magnification; images B, D, F, and H were 

taken at 60x magnification.
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LYL-1 -/- spleen contains more erythroblasts than LYL-1+/+ spleen.
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were more frequent, and larger in the LYL-1  ̂ spleen (Figure 19G, H). The LYL-1  ̂ spleen 

appeared to comprise at least 5 times more TER-119-positive erythroblasts than LYL-1^^^ 

spleen. These data confirmed that the population of cells expressing SCL mRNA and GATA- 

1 in the LYL-1'̂ " spleen were erythroblasts, and showed the presence of increased numbers of 

erythroblasts specifically in the spleen of LYL-1 ' mice.

Based upon the results of the TER-119 specific immunohistochemical experiments, two 

conclusions were reached. First, in the absence of a functional LYL-1 protein, the spleen 

became a site for expansion of erythroid precursor cells. Erythroid precursor cells were 

defined morphologically by histological staining of haematopoietic cells, and by expression 

of GATA-1, SCL mRNA, and TER-119. Second, as indicated by the May-Grunwald and 

Giemsa and TER-119 staining, the absence of a functional LYL-1 protein was associated 

with reduced numbers of erythrocytes in spleen. The increased numbers of erythroid 

precursors could be the consequence of more progenitor cells in LYL-r"^’ spleen. A rise in the 

number of haematopoietic progenitors in the LYL-L^' spleen could result in more erythroid 

precursor cells. However, reduced numbers of erythrocytes in LYL-1" "̂ spleen suggested that 

these erythroid precursors did not differentiate into mature erythrocytes. Alternatively, the 

erythrocyte development in the LYL-l'^* spleen may be normal, but erythrocytes leave the 

spleen and enter the peripheral system more rapidly in LYL-1'^’ mice.

In order to test the hypothesis that the LYL-1 spleen comprised more haematopoietic 

progenitor cells than LYL-1^^ spleen, sections of spleen were immuno-stained for the 

tyrosine receptor kinase c-Kit, an antigen that is expressed on haematopoietic progenitor 

cells.
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Section 3.7  LYL-V^' spleen contained ntore cells that expressed c-Kit than LYL-

spleen

To establish whether LYL-l '̂ ' spleen comprised more haematopoietic progenitors than LYL- 

l̂ '̂  ̂spleen, 5pm paraformaldehyde-fixed paraffin sections were immunoperoxidase- stained 

for the tyrosine kinase receptor c-Kit (see Chapter 2 Methods and Materials section 2.3). c- 

Kit has been associated with proliferation, differentiation and mobilization of haematopoietic 

cells (Ogawa, et al, 1991; Ashman, 1999; Paulson and Bernstein, 1996), and is a marker for 

early multipotential haematopoietic progenitor cells (Ikuta and Weissman, 1992) capable of 

long term reconstitution of the haematopoietic system (Jong, et al., 1996; Lian, et al, 1997). 

c-Kit positive cells (c-K it^) were located almost exclusively in the red pulp in both LYL- 

l̂ '̂  ̂and LYL-r'"' spleen (Figure 20). c-Kit^^  ̂cells displayed different staining intensities, in 

both LYL-1^^  ̂and LYL-T^' spleen. The LYL-T " spleen (Figure 20E- G) contained more c- 

Kit'̂ '"® cells than LYL-l^"^  ̂controls (Figure 20A- C). When the sections were incubated with 

an irrelevant rat biotinylated IgGzb isotype control (Figure 200), or when the ExtrAvidin was 

omitted from the reaction (Figure 20H), the c-Kit specific signals were absent from spleen 

sections. LYL-T'^’ spleen comprised approximately 4 times more c-Kit^^ cells than LYL-1^^^ 

controls. (Figures 20E, F, G and 20A, B, and C respectively).

Although the fate of an individual c -K it^  cell could not be determined from this assay, these 

data suggested that the expansion of eiythroid cells in the LYL-l "̂ spleen was the result of 

increased numbers of c-Kit^'^ haematopoietic progenitor cells. Proliferation and 

differentiation of these cells in the spleen may account for the increased numbers of eiythroid 

cells. Since c-Kit is expressed on cells that display eiythroid burst- forming unit activity 

(BFU-e) (To, et al., 1994), it is possible that many of the cells in the LYL-1" "̂ spleen were 

committed erythroid progenitors, which migrated from the bone marrow. In order to
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Figure 20. 5]Lim paraformaldehyde-fixed paraffin sections of LYL-1 (A-C) and LYL-1 

(E-G) spleen immunoperoxidase stained for c-Kit (see Section 2.3, and Table 10). The LYL- 

r^’ spleen contained more c-Kit^'^ cells (G) than LYL-I^^^ spleen (C) and these cells were 

almost exclusively in the red pulp of L Y L - ( E ,  F) and LYL-1 (A, B) spleen. Cells did 

not stain when spleen sections were immunoperoxidase stained in the presence of a rat 

biotinylated IgGib isotype control (D), or strepavidin/ avidin conjugated HRP (H). Images A 

to H were taken at 20x magnification.
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investigate the developmental potential of the c-Kit^® cells in the LYL-1 mouse, cells were 

isolated from the spleen and bone marrow and grown in vitro in semi-solid methylcellulose 

based media containing fetal bovine serum (FBS) and defined cytokines.

Section 3.8 L YL-1'̂ ' spleen contained nwre CFU-e, BFU^ and CFU-GEMM

than LYL-1̂ ^̂  spleen.

In vitro colony assays using methylcellulose media were employed to compare the growth 

and differentiation of haematopoietic progenitor cells isolated from the spleen and bone 

marrow of LYL-1 and LYL-L^’ mice (for details see Chapter 2 Methods and Materials 

section 2.9.1). Progenitor cells grown in the presence of Epo (3Umf^) generated CFU-e and 

mature BFU-e. After 2 days incubation in the presence of Epo (3Umf^), the LYL-l  ̂ spleen 

produced 7.2 +2 (n=4) CFU-e per 2.5x10"  ̂cells compared to 3.25+0.9 (n=4) from LYL-L̂ '^̂  

controls (Figure 21 A), an increase of 2.2x in the number of CFU-e in the LYL-L' '̂ spleen. 

Bone marrow from LYL-L' '̂ mice produced 14+0.6 (n=3) CFU-e per 2.5x10'^ cells compared 

to 10+0.07 (n=3) CFU-e from LYL-1^^  ̂bone marrow (Figure 21 A), corresponding to an 

increase of 1.4x in CFU-e in LYL-L ' bone marrow. After 4 days incubation under the same 

conditions, the LYL-1'^' spleen generated 2+0.5 (n=4) mature BFU-e per 2.5x10"* cells 

compared to 0.4+0.07 (n=4) from LYL-1^^  ̂controls, an increase of 5.5x in the number of 

mature BFU-e in the LY L-1spleen (Figure 21B). This was in contrast to the bone marrow 

where no significant difference in mature BFU-e number was found between LYL-1^^  ̂and 

LYL-l'^' mice (Figure 2 IB). The mature BFU-e colonies derived from in the LYL-1 spleen 

and bone marrow were red in colour, which indicated production of haemoglobin and mature 

erythrocytes.
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Figure 21. Bar graphs represent the number of CFU-e and BFU-e colonies isolated from 

LYL-1 spleen and bone marrow, and LYL-l'^' spleen and bone marrow, grown in the 

presence of Epo only (3UmF^) (A and B), and in the presence of Epo (3UmF^), IL-3 (lOngml 

*), IL-6 (lOngmf*) and SCF (50ngmF’) (C) (see Section 2.5). After 2 days incubation in Epo 

only, LYL-L^' spleen contained 7.16+2.17 (n=4) CFU-e per 2.5x10"  ̂cells compared to 

3.25+0.97 (n=4) from LYL-1 controls (A), an increase of 2.2-fold (P<0.05) (Table 11). 

Bone marrow from LYL-l '̂* mice produced 13.75+0.6 CFU-e per 2.5x10"* cells compared to 

10+0.07 CFU-e from LYL-1 bone marrow (A), an increase of 1.4-fold (P<0.05) (Tables 

12).

After 4 days of incubation in Epo only, the LYL-T^' spleen produced 2+0.56 (n=4) mature 

BFU-e per 2.5x10"* cells compared to 0.37+0.07 (n=4) from LYL-1 controls (B), an 

increase of 5.5-fold (P<0.05) (Table 11). This is in contrast to the bone marrow where no 

significant difference in mature BFU-e number was found between LYL-T^" (1.66 + 0.04, 

n=3) and LYL-l" '̂^ (2 + 0.14, n=3) mice (B) (Tables 12).

After 7 days of incubation in Epo (3Uml*), IL-3 (lOngmf*), IL-6 (lOngmF*) and SCF 

(50ngml *), the number of immature BFU-e isolated from LYL-T^' spleen was 14.4+2.42 

(n=3) per 2.5x10"* cells compared to 4.44+0.55 (n=3) from LYL-1 controls, an increase of 

3.2-fold (P<0.05) (Table 11). This was in contrast to the bone marrow where no significant 

difference in immature BFU-e number was found between LYL-T^" (52.2+4.3, n=3) and 

LYL-l*"'^ (41.7, n=3) mice (Table 12).

After 10 days incubation in Epo (3Uml*), IL-3 (lOngmf*), IL-6 (lOngml*) and SCF 

(50ngml *), the LYL-T^' spleen generated 4.4 +0.55 (n=3) CFU-GEMM colonies per 2.5x10"*
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cells compared to 1.7 (n=3) colonies per 2.5x10"  ̂cells from LYL-1^^  ̂spleen (D), an increase 

of 2.6-fold (P<0.05) (Table 11). The number of CFU-GEMM in LYL-l ' ' bone marrow was 

similar to LYL-1^^  ̂bone marrow (Table 12).
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Colony number (per 2.5x10"* cells)

S p l e e n LYL-l'
CFU-e 3.25+0.97 (n=4) 7.16 +2.17 (n=4)

Mature BFU-e 0.37 +0.07(n=4) 2 +0.56 (n=4)

Immature BFU-e 4.44 +0.55 (n=3) 14.4 +2.42 (n=3)

CFU-GEMM 1.7+0.15 (n=3) 4.4 +0.55 (n=3)

Table 11. The number of CFU-e (Day 2), and mature BFU-e (Day 4) in the spleen 

were scored in the presence of Epo only. Immature BFU-e (Day 7), 

and CFU-GEMM (Day 10) were scored in the presence of SCF, 11^3, 

IL-6, and Epo (for details see Section 2.9).

Colony number (per 2.5X10"* cells)

B o n e  m a r r o w LYL-1 LYL-l'
CFU-e 10+0.07(n=4) 13.75 +0.6

Mature BFU-e 2+0.14(n=4) 1.66 +0.04 (n=4)

Immature BFU-e 41.7+3.3 (n=3) 52.2 +4.3 (n=3)

CFU-GEMM 4.6+0.51 (n=3) 3.9 +0.40 (n=3)

Table 12. The number of CFU-e (Day 2),and mature BFU-e (Day 4) in the bone 

marrow were scored in the presence of Epo only. Immature BFU-e 

(Day 7), and CFU-GEMM (Day 10) were scored in the presence of 

SCF, IL-3, IL-6, and Epo (for details see Section 2.9).
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These data confirmed the presence of increased numbers of CFU-e and mature BFU-e in the 

spleen ofLYL-l'^' mice (see Table 11). Under in vitro conditions, these cells formed colonies 

at the same rate, and of similar size to those grown from LYL-T^^”̂ spleen. Therefore, mature 

BFU-e and CFU-e from LYL-T^' spleen were capable of normal growth that was independent 

of the splenic microenvironment. It is known that the expression of c-Kit on immature BFU-e 

has declined at the CFU-e stage (Gabbianelli, et al., 1995). c-Kit^^ in both LYL-l^" '̂ and 

LYL'' stained with different intensities, a result consistent with the presence of both early, 

and late stage erythroid cells. These data also showed the LYL-1^' bone marrow contained 

1.4x more CFU-e than LYL-1^^  ̂bone marrow.

In vitro colony assays were also performed in the presence of defined cytokines SCF 

(50ngml'^), IL-3 (lOngmf^), IL-6 (lOngmT^) and Epo (SUmT*) (for details see Section 2.9.2). 

Under these conditions, colonies were generated from immature BFU-e, and CFU-GM 

progenitors after 7 days, and CFU-GEMM progenitors after 12 days incubation 

(www.stemcell.com). LYL-1'^'spleen contained 14+2.4 (n=3) immature BFU-e per 2.5x10"* 

cells compared to 4+0.6 (n=3) immature BFU-e from LYL-1^^  ̂spleen (Figure 21C), an 

increase of 3.2x in the number of immature BFU-e. Bone marrow from LYL-1  ̂ mice did not 

have a significantly difference number of immature BFU-e (52.2+ 4,3, n=3) compared to 

LYL-I^^^ mice (41.6+ 3.3, n=3) (Figure 21C, Table 12). A population of immature BFU-e 

from LYL-r" '̂ spleen generated very large colonies (Figure 22C) that contained about lOx 

more eiythroid cells than BFU-e colonies generated from LYL-1 spleen (Figure 22A). 

Approximately 2 such colonies were present in each dish (1.5x10"* cells), but they were not 

present in the LYL-1^^  ̂spleen. Interestingly, the number of CFU-GEMM colonies increased 

in the LYL-1"̂ " spleen. 1.7 +0.15 (n=3) CFU-GEMM colonies per 2.5x10"* cells were 

generated fi-om LYL-1^^  ̂spleen, compared to 4,4 +0.55 (n=3) colonies generated fi'om
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Figure 22. Progenitors isolated from LYL-1^' spleen generated BFU-e colonies that were 

haemoglobinised (B), and some were very large (C) compared to the BFU-e colonies 

generated from progenitors isolated from LYL-1 spleen (A). CFU-GEMM colonies derived 

from LYL-L^' spleen after 12 days of incubation (D) were 2.75 +0.25-fold (n=2) more 

frequent than in LYL-1^^  ̂(data not shown). Images A and B were taken at 5x magnification; 

C was taken at 2x magnification; image D was taken at lOx magnification.
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BFU-e and CFU-GEMM colonies grown 
in vitro from LYL-1 spleen cells.
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LYL-r^'spleen (figure 2 ID), an increase of 2.6-fold in the number of CFU-GEMM in the 

LYL-1'^' spleen (see Table 11). There was no significant difference in the number of CFU- 

GEMM in the LYL-1 bone marrow (4.6 +0.55, n=3), compared to LYL-1^^  ̂controls (3.9 

+0.55, n=3) (Figure 2 ID, Table 12). This suggested that a proportion of the c-Kit"^® cells 

identified in LYL-1'^' spleen were multipotential progenitors capable of developing into 

colonies that comprised granulocytes, erythrocytes, and megakaryocytes. There was no 

difference in the number of CFU-GM scored at day 10 from LYL-l '̂^^ and LYL-1 " mice 

(data not shown), a result that was consistent with those of the previous study on LYL-F^" 

mice (Rupping, E., Ph. D. thesis).

Synergy between the effects of Epo, IL-3, IL-6, and SCF on BFU-e in spleen and bone 

marrow elicited approximately 7-1 Ox more BFU-e colonies in spleen, and 20-25x more BFU- 

e colonies in the bone marrow (Table 11 and 12). This was consistent with the effects of SCF 

and Epo on erythroid progenitor cells (Wu, et al., 1997; Miller, et al., 1999; Sui, et al., 1998). 

These data confirmed that the majority of BFU-e in the LYL-1^^ and LYL-F^' spleen and 

bone marrow were immature, and that LYL-F " spleen contained more immature, as well as 

mature, BFU-e.

The results of the in vitro colony assays confirmed the presence of more BFU-e and CFU-e 

progenitor cells in the spleen of LYL-F^' mice. These results were consistent with the 

increase in c-Kit^® cells identified by immunohistochemistry (see Section 3.7). It is proposed 

that these progenitors are responsible for the clusters of cells that expressed SCL mRNA, 

GATA-1, and TER-119 identified in LYL-F^' spleen.
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The CFU-e and BFU-e progenitors in the spleen of LYL-1  ̂ mice formed cells that developed 

normally in vitro i.e. synthesized haemoglobin. However, TER-119 staining of erythrocytes 

in LYL-L^' spleen was less than in LYL-L '̂^  ̂controls (see Chapter 3 Results section 3.6). One 

explanation for this difference could be that the microenvironment of the LYL- l '  spleen did 

not provide the required signals necessary for terminal differentiation of the erythroblasts. 

Therefore, the development of the erythroblasts was blocked. A block in development would 

have occurred at a late stage in erythropoiesis, since polychromatic and basophilic 

erythroblasts were identified in the erythroid clusters in LYL-U^' spleen. These clusters 

comprised cells that expressed GATA-1 (Chapter 3 Results section 3.4), which further 

indicated that BFU-e and CFU-e in LYL-F^ spleen were able to develop into late stage 

erythroblasts in vivo, and the putative block occurred at point prior to terminal differentiation. 

Alternatively, the reduced number of erythrocytes in the LYL-F^' spleen may be explained by 

an increase in the number of erythrocytes released into the peripheral circulation of LYL-F^‘ 

mice. The peripheral blood of LYL-1 LYL-1^ ", and LYL-F^' mice was examined on a 

Coulter-like cell counter for differences in a range of haematological parameters.

Section 3,9 LYL-1^' mice have similar numbers o f peripheral erythrocytes to

LY L -f^  mice.

Analysis of peripheral blood collected from the tail vein revealed that LYL-F^' mice had 

similar numbers of erythrocytes to LYL-1^ '̂, and LYL-1^^  ̂mice (Figure 23). The number of 

erythrocytes per pi of peripheral blood was highest for LYL-F^' mice and lowest for LYL- 

l̂ '̂  ̂mice (Figure 23A). However, this number varied greatly for LYL-F^', LYL-1^% and 

LYL-1^^  ̂mice resulting in no significant difference between genotypes. Erythrocytes from 

LYL-F^' mice displayed normal haematological parameters such as the mean corpuscular 

volume (MCV) (Figure 23B), mean corpuscular haemoglobin (MCH) (Figure 23C), platelet
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Figure 23, Haematological parameters ofLYL-l  ̂ peripheral blood were normal. Peripheral 

blood isolated by tail vein bleed, was collected into potassium-EDTA and analysis on a 

Coulter-like counter. There was no statistically significant difference in the number of 

erythrocytes (A), platelets (E), white blood cells (F), or lymphocytes (G) between groups. 

Mean corpuscular volume (B), mean corpuscular haemoglobin (C) and mean corpuscular 

haemoglobin content of erythrocytes did not vary significantly between genotypes.

165



P la te le t n u m b e r (x 1 (f/ L)Lymphocyte number
(x10'/ L)

White blood cell count 
(x10®/ L)

K) O) 00

Mean C orpuscular 
Haemoglobin (pg)

□
> $

o

Mean Corpuscular 
Haemoglobin Content (g/dL)

Erythrocyte num ber 
(x10"y L)

Mean C orpuscu lar 
Volume (fL)

> $

?

0 3

I I
p- w

I I

Î
"2
3
B

e



Chapter J. Results

number (Figure 23E), white blood cell count (Figure 23F), and lymphocyte number (Figure 

23G). The absence of a statistically significant difference in peripheral erythrocyte number 

between LYL-1 '̂^ ,̂ LYL-1^% and LYL-l'^' mice suggested that the splenic erythropoiesis in 

the LYL-T^' mice did not increase the number of erythrocytes in peripheral blood. To 

establish that the LYL-l’̂ ' mice possessed normal levels of stored iron, bone marrow 

cytospins and sections of spleen were stained for haemosiderin.

Section 3.10 L YL-1'̂ ' mice have less haemosiderin stores in the spleen, and

normal stores in the bone marrow compared to LYL~1̂ ^̂  mice.

Perl's stain showed that the red pulp of the LYL-l " ' spleen (Figures 24C, D) contained much 

less haemosiderin than LYL-1^^  ̂controls (Figure 24A, B). Haemosiderin deposits were 

found throughout the red pulp and, to a lesser extent, in the marginal zone of the LYL-1^^  ̂

spleen (Figure 24A). The reduced amount of haemosiderin in the LYL-T''" spleen may have 

been the result of increased utilization of iron by increased numbers of developing 

erythroblasts in-situ. Alternatively, defective recycling of scavenged iron through 

macrophage- mediated eiythrophagocytosis, or insufficient total iron could explain these 

observations. If the level of iron was not sufficient to supply enhanced splenic erythropoiesis, 

the bone marrow iron stores may have been affected. The PerTs stain was performed on bone 

marrow cytospins comprising 1x10^ cells (see Section 2.1.13) and showed no qualitatively 

significant difference between the amount of haemosiderin in LYL-1^^  ̂(Figure 25A-D) and 

LYL-L^' (Figure 25E-H) bone marrow cells. Reticular cells, sideroblasts and 

sideromacrophages were present in both populations of cells, as well as erythroblasts that 

stained with a characteristic blue hallow. These results showed that by Perl’s stain, LYL-1'^" 

spleen contained less haemosiderin than LYL-1^^  ̂controls, and that bone marrow 

erythropoiesis in LYL-1""mice was not iron deficient.
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Figure 24. Perl’s stain of haemosiderin in 5fim paraformaldehyde-fixed paraffin sections of 

LYL-1^^  ̂(A and B), and LYL-1'^ (C and D) spleen (see Section 2.1.10). LYL-1^^  ̂spleen 

contained more haemosiderin (A) than LYL-l ’̂ ' spleen (C). Analysis at high magnification 

showed much of the haemosiderin to be associated with macrophages (B and D), those in 

LYL-1^^  ̂spleen comprise heavy deposits of haemosiderin (B) compared to macrophages in 

the LYL-1^' spleen (D). Images A and C were taken at 20x magnification and images B and 

D were taken at 60x magnification.
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LYL-1-/- spleen contain less haemosiderin than LYL-1+/+ spleen.
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Figure 25. The amount of haemosiderin in cytocentrifugedLYL-r^' (E-H) bone marrow cells 

(Ix  10  ̂cells) was similar to that of L Y L - c o n t r o l s  (A-D) (see Section 2.1.10). LYL-L" 

(G-H) and LYL-1 '̂^  ̂(B-D) bone marrow contained sideroblasts, and sideromacrophages (E- 

F, and A respectively). All images were taken at 60x magnification.
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The amount of haemosiderin in the LYL-1-/- bone marrow is normal
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As mentioned above, the reduced number of erythrocytes in the LYL-1  ̂ spleen may be the 

result of a block at the late stages of erythropoiesis, or apoptosis of erythroblasts prior to 

terminal differentiation in to erythrocytes. TUNEL assay was performed on sections of spleen 

to identify apoptotic cells.

Section 3.11 Erythroblasts in the LYL-1' ’̂ spleen do not undergo apoptosis.

Figure 26 shows the results of TUNEL assay performed on paraformaldehyde-fixed paraffin 

sections of LYL-1 and LYL-T" spleen (see Section 2.1.10). Lipofuscin deposits 

compromised the effectiveness of fluorescent methods of detection in the spleen (Figure 26A, 

C). Lipofuscin is the accumulation of lysosomes within cells from the oxidation of lipids and 

lipoproteins. Lipochrome, the wear and tear pigments found most commonly in the spleen, 

exhibits a strong orange autofluorescence in paraformaldehyde-fixed, unstained paraffin 

sections. Nonetheless, it was clear that the red pulp of LYL-T ' spleen did not comprise more 

apoptotic cells than that ofLYL-1^^^ mice (Figure 26C-D and Figure 26A-B). This result 

suggested that the relatively normal number of peripheral erythrocytes in LYL-l"^" mice was 

not due to premature death of the erythroid progenitors or erythroblasts in the LYL-T " 

spleen.

An alternative mechanism may be responsible for the apparent block in erythroblast 

development in LYL-T' '̂ spleen, but it was not identified in this study. It is possible that the 

normal erythrocyte number, in the presence of increased splenic erythroid progenitors and 

erythroblasts, was the result of haemolysis. However, the data presented in this study does 

not address this possibility, and the reason(s) for reduced erythrocytes in the in LYL-T^' 

spleen remains to be elucidated.
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Figure 26. LYL-1 (C and D) and LYL-1̂ ^̂  (A and B) spleen comprised similar numbers of 

apoptotic cells. Apoptosis was determined by TUNEL assay using the fluorescein detection 

kit (see Section 2.1.7). Image E represents a positive control (spleen sections exposed to 

DNAse I to promote DNA fragmentation) and F is a negative control showing propidium 

iodide staining alone (fluorescein 12 dUTP was omitted from the reaction). Images A and C 

were taken at 5x magnification; images B and D were taken at lOx magnification; images E 

and F were taken at lOOx magnification.
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LYL-1-/- spleen does not contain 
more apoptotic cells than LYL-1+/+ spleen.
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Section 3.12 Summary.

Based upon the results described above, a phenotype was attributed to the LYL-1' ' mouse. 

The absence of a functional LYL-1 protein was associated with increased numbers of 

immature BFU-e (3.2-fold), mature BFU-e (5.5-fold), CFU-e (2.2-fold), and CFU-GEMM 

(2.6-fold) in the spleen specifically. Erythroid progenitors from the LYL-1  ̂ spleen generated 

haemoglobinised erythroblasts in vitro. The LYL-T^' spleen also comprised BFU-e that 

produced very large colonies of erythroblasts in the presence of Epo and SCF. In vivo, splenic 

eiythroid progenitors and precursors expressed SCL mRNA, GATA-1, and TER-119, and 

were distributed throughout the subcapsular region and red pulp. Erythroblasts in the LYL-T^' 

spleen were 5 to 10 times more frequent than normal, and were arranged into clusters that 

were occasionally associated with megakaryocytes. The loss of a functional LYL-1 protein 

was further associated with a reduction in the number of erythrocytes, and amount of stored 

iron, in the spleen, but no change in the number of erythrocytes in the peripheral circulation, 

or levels of haemosiderin in the bone marrow.
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Chapter 4. Discussion.

Section 4,1 SCL does not compensate for the loss o f a functional L YL-1

protein in haematopoietic cells.

Disruption of the LYL-1 gene by homologous recombination in murine ES cells generated 

animals that displayed a phenotype consistent with a role for the LYL-1 protein in 

haematopoiesis. The results described in Chapter 3 do not support the hypothesis that SCL 

was able to compensate for the loss of LYL-1 in LYL-1 mice. Increased numbers of 

haematopoietic progenitors in the LYL-1'^' spleen, in the presence of a functional SCL 

protein, showed that SCL was not able to functionally compensate for the loss of LYL-1, and 

thereby maintain normal numbers of splenic haematopoietic progenitors.

Several lines of evidence support this conclusion. The distribution of cells expressing the 

LYL-1^^^  ̂fusion protein in LYL-C^ and LYL-T^" spleen sections (Figure 17) did not match 

that of erythroblasts expressing SCL mRNA (Figures 5 and 14), GATA-1 protein (Figure 16) 

and TER-119 protein (Figure 18 and 19). Therefore, LYL-1 expression did not overlap with 

that of SCL in erythroblasts in the LYL-T^" spleen. The increase in SCL mRNA determined 

by semi-quantitative RT-PCR in LYL-1'^' spleen (Figure 13) was shown, by SCL-specific in 

situ RT-PCR, to be due to an increase in the numbers of eiythroid cells expressing SCL 

mRNA, and not to an increase in the level of SCL mRNA expressed in individual erythroid 

cells (Figure 5, and 14). This showed that, unlike Myf-5 in myoblasts of the MyoD ̂  mouse 

(Rudnicki, et al, 1993), Mash-1 in Ngn-2"^" mutant cortical progenitors (Fode, et al, 2000), 

and GATA-2 in erythroid precursors generated by in-vitro differentiation of GATA-1" '̂ ES 

cells (Weiss, et al., 1994; Fujiwara, et al., 1996), an increase in SCL mRNA expression in
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individual murine erythroblasts was not able to functionally compensate for loss of LYL-1 

protein.

Section 4.2 LYL-1 was not expressed in erythroblasts, but may be expressed

in activated splenic B cells.

Absence of the LYL-l^'"^ fusion protein in the clusters of erythroblasts in the LYL-1^' spleen 

indicated that LYL-1 was not involved in transcriptional regulation during erythropoiesis. 

Examination of May-Grunwald Giemsa/ X-GAL double stained bone marrow 

cytocentrifuged cells from LYL-1^ ' mice confirmed the absence of LYL-1 fusion protein 

expression in morphologically distinct erythroblasts (data not shown). LYL-1 transcript was 

identified in several erythroid cells by northern hybridisation analysis (Visvader, et al, 1991). 

However, the expression of LYL-1 in erythroid cell lines may be different during normal 

development of erythroid cells, and its presence in these cell lines may not represent LYL-1 

protein expression during normal erythropoiesis. This may not be the case for B lymphoid 

cell lines, which were shown to express the highest levels of LYL-1 mRNA (Kuo, et al., 

1991). Along vrith LYL-1 mRNA expression in B-cell lines, LYL-1 mRNA was also 

identified in activated splenic B cells, mesenteric lymph nodes, and spleen (Visavder, et al., 

1991; Kuo, et al., 1991). In the present study, few LYL-l^'^^^ cells were identified within 

the white pulp of spleen from LYL-1^^" and LYL-L^' mice (Figure 17). Indeed, these cells 

were almost exclusively located in the red pulp and marginal zone. The marginal zones in the 

spleen comprised activated B cells (Nolte, et al., 2000). It is interesting to speculate that the 

LYL-l̂ *̂̂ "*̂ ® cells identified in the marginal zone of the LYL-1^ '̂ and LYL-T^' spleen were 

activated B cells. The LYL-l^^*^^® cells found in the splenic red pulp were not identified 

morpholgically. However, their modest frequency within a heterogeneous population of 

mature haematopoietic cells, would suggest an immature cell type, possibly progenitor cell. It
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can be concluded that LYL-1 may be expressed in a population of haematopoietic cells in the 

spleen including activated B-cells.

In the present study, LYL-1 was found in spleen, brain, thymus, and liver (Figure 12). RT- 

PCR is a more sensitive assay than northern hybridisation for detection of mRNA, and would 

reveal lower levels of LYL-1 mRNA expression. The presence of LYL-1 mRNA in the liver 

may result from haematopoietic cell contamination, rather than hepatocytes-specifrc LYL-1 

expression. The presence of LYL-1 mRNA in brain was not due to blood cells, but X-GAL 

stained cryosections of brain were negative for the LYL-1^“*̂  ̂fusion protein (data not shown). 

SCL was identified in the developing brain (Green, et al., 1992) but not in the adult. The 

absence of a neuronal phenotype showed that the role of LYL-1 was redundant in murine 

brain cell development.

Section 4.3 LYL-1 does not have a role in regulating proliferation of

haematopoietic progenitor cells.

Analysis of X-GAL stained bone marrow cytocentrifuged cells (Rupping, Ph.D. thesis) 

revealed that the majority of c-Kit^^ cells expressed LYL-1^^^ fusion protein. This 

association may allude to a relationship between LYL-1 and c-Kit expression, which has been 

confirmed for SCL (Vandenbark, et al., 1996; Vitelli, et al., 2000). However, in the present 

study, the distribution pattern, and number o fL Y L -1^^^  cells in the spleen ofLYL-1^' and 

LYL-1" '̂ mice were similar, while the number of c-Kit^® cells increased by approximately 4- 

fold in LYL-1" '̂ spleen compared to LYL^^  ̂(Figure 20). This was consistent with an increase 

in splenic CFU-e and BFU-e (Figure 21) determined by in vitro assay. The rate of 

development, and in the majority of cases (see below), the size ofLYL^^^ and LYL-1'^' 

splenic CFU-e and BFU-e colonies were similar (data not shown). LYL^^\ and LYL-1" "̂
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splenic BFU-e generated colonies comprising haemoglobinised cells (Figure 22). These data 

showed that LYL-1 was not expressed in the majority of c-Kit̂ '"® cells in the LYL-T^" spleen 

and its absence in haematopoietic progenitor cells did not affect their normal development in 

vitro, LYL-T^' bone marrow BFU-e and CFU-e colonies also developed normally in vitro 

and, with the exception of a marginal, but significant change in CFU-e, the numbers of 

haematopoietic progenitor cells remained normal in LYL-T^' bone marrow. It can be 

concluded that LYL-1 does not have a role in the proliferation and/ or differentiation of c- 

Kit^® haematopoietic progenitors in mice.

Section 4,4 LYL-1 does not negatively regulate SCL expression.

The possibility that LYL-1 was expressed in a proportion of c-Kit^^ cells in the spleen 

cannot be ruled out, since c-Kit^^, and cells were present within the red pulp of

LYL̂ '̂  ̂spleen (Figures 17 and 20). Co-localisation of c-Kit and LYL^^ to individual cells 

was not confirmed in this study, so a function for LYL-1 in these LYL̂ ®‘̂ ^'^c-Kit^'^ cells in 

the LYL' '̂ spleen cannot be elucidated. Assuming that LYL-1 was expressed in a 

subpopulation of c-Kit^^  ̂progenitors in the spleen, their development may indicate a role for 

LYL-1 in these cells. The in situ RT-PCR protocol revealed cell-to-cell changes in staining 

intensity in LYL-1 and LYL-T^" sections of spleen (Figures 5 and 14). Some cells in the 

LYL-T^" spleen appeared to express higher levels of SCL mRNA than seen in LYL-1 

spleen. These apparent differences in the level of SCL expression may be the result of 

discrete differences in the integrity of the amplicon migration barrier. The proteinase K- 

mediated digestion of the parafoimaldehyde-fixed spleen sections was sufficient to provide 

access of enzymes and substrates e.g. Taq DNA polymerase-Taq antibody, nucleotides (see 

Section 2.5.4) to the target, without disrupting the paraformaldehyde lattice to the extent that 

cDNA synthesized in situ, was able to migrate from its site of production, and into the
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surrounding solution. However, the variables inherent to the protocol for in situ RT-PCR 

allow for discrimination between cells that express, and those that do not express SCL 

mRNA, but do not allow accurate estimation of SCL mRNA in cells that express different 

levels of the SCL transcript. It is tempting to speculate that within a subpopulation of c-Kit^'^ 

progenitors in the LYL-L^' spleen, the absence of LYL-1 promoted up-regulation of SCL 

mRNA expression. SCL mRNA expression was induced upon erythroid differentiation 

(Apian, et al., 1992), and patterns of SCL transcript expression differed in distinct erythroid 

subpopulations (Green, et al., 1991), consistent with the differential level of SCL mRNA 

expression in the clusters of erythroid cells in LYL-L " spleen (Figure 14). Increased SCL 

mRNA expression was correlated with proliferation of BFU-e, and SCL protein was required 

for self-renewal of erythroid progenitors (Green, et al., 1991). Enforced SCL protein 

expression in haematopoietic progenitor cells increased the number and size of BFU-e as well 

as the number of megakaryocytic colony-forming units (Valtieri, et al., 1998). Although the 

size of BFU-e colonies was normal in LYL-1^ spleen, BFU-e as well as CFU-GEMM 

numbers increased significantly.

Clearly, negative regulation of SCL mRNA expression by LYL-1 does not occur in the 

erythroblastic clusters identified in the LYL-T^' spleen. The effect, of a putative increase in 

SCL mRNA expression within a sub-population of c-Kit^'^-LYL-l^‘̂ ^  haematopoietic 

progenitor cells in the LYL-l '̂ ' spleen, on erythroid development would require assessment 

of SCL protein expression in this population of cells. SCL mRNA levels undergo biphasic 

modulation during HBMA-induced erythroid differentiation of MEL cells (Green et al.,

1991). Differentiation produced a transient fall followed by a rise in SCL mRNA levels. The 

discordant regulation of SCL mRNA and protein during erythroid differentiation (Murrell, et 

al., 1995) suggested that additional levels of control regulated SCL expression. The
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mechanisms involved in regulating SCL expression are poorly understood. Measurement of 

SCL mRNA expression in individual c-Kit '̂'®-LYL-l^^‘̂ ^̂ ®- progenitors would confirm 

whether SCL mRNA expression was elevated in a sub-population of c-Kit^^-LYL-l^"®^"^ 

haematopoietic progenitors.

Several lines of evidence from the data presented in this study argue against a role for LYL-1 

as a negative regulator of SCL mRNA expression in c-Kit^^ haematopoietic progenitor cells. 

First, there was not a dramatic increase in the level of SCL mRNA expression in LYL-l'^' 

bone marrow (Figure 12), as seen in the spleen. This was consistent with the normal number 

of BFU-e in the LYL-1^ bone marrow. The marginal increase in CFU-e in LYT-T^" bone 

marrow (Figure 21 A) may have been responsible for the small, but insignificant increase in 

SCL mRNA expression (Figure 12). However, this was not comparable to the increase in 

splenic BFU-e and CFU-e (Figure 21 A, B, C), and SCL mRNA"^’® (Figure 13) in LYL-L^ 

mice. If the absence of LYL-1, in a sub-population of c-Kit^® progenitors in LYT-1^' spleen, 

facilitated erythroid proliferation and differentiation through elevated SCL mRNA 

expression, the number of BFU-e and CFU-e in LYL-T^' bone marrow would have increased, 

as seen in the spleen. Second, the majority of c-Kit^^ progenitors in the LYL-T^' spleen do 

not express LY L-1^. As mentioned in Chapter 3, the expression of c-Kit on cells in the 

spleen does not indicate their fate. However, since the rise in c -K it^  progenitors is consistent 

with elevated BFU-e, CFU-e and erythroblasts in the LYT-T^* spleen, an increase in the 

number of LYL-1̂ ^^^® cells in the spleen would be expected if  LYL-1 were involved in the 

regulation of SCL mRNA expression in c-Kit^® progenitors. Third, semi-quantitative RT- 

PCR did not identify any change in SCL mRNA expression in 14.5dpc fetal liver (Figure 12). 

Fourth, there was no difference in the rate of growth or the number of cells in BFU-e and 

CFU-e colonies in vitro. It can be concluded that the phenotype of LYL-1  ̂ mice was not due
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to elevated SCL mRNA expression in a sub-population of c-Kit^® haematopoietic 

progenitors. Therefore, LYL-1 is not a negative regulator of SCL mRNA expression in 

erythropoiesis.

Section 4.5 The LYL-1 phenotype resultedfrom ntigration o f haematopoietic

progenitor cells.

Over-expression of SCL mRNA in a sub-population of haematopoietic progenitors was not 

consistent with the experimental data, and therefore does not explain the increased numbers 

of eiythroid progenitors and precursors in the spleen of LYL-1'̂ ' mice. Since the proliferation 

of L Y L - s p l e n i c  BFU-e and CFU-e was normal (Figure 20), the most reasonable 

explanation for the LYL-1'^' phenotype was an increase in the migration of c-K it^  

haematopoietic progenitors from the bone marrow to the spleen.

Extramedullary haematopoietic progenitor cells have been identified (Starzl, et a l, 1993), but 

progenitors are known to migrate from the bone marrow to the spleen via the peripheral 

blood (To, et a l, 1994). Since LYLl was expressed in the majority of c-Kit*̂ ® cells in the 

LYL '̂* bone marrow (Rupping, Ph.D. thesis), the role of LYL-1 in these cells may elude to its 

function in their migration.

Section 4.6 A possible role fo r LYL-1 in c-Kit mediated migration of

haematopoietic progenitor cells from the bone marrow.

Migration of haematopoietic progenitors involved perturbation of their adhesive interactions 

with stromal elements that were, under steady-state conditions, responsible for retention of 

the progenitor cells in the bone marrow (Turner, 1994). Haematopoietic progenitor cells are 

known to express a wide range of cell adhesion molecules (CAMs) including integrin,
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selectin, immunoglobulin superfamily and the CD44 family of CAMs (Simmons, et al.,

1994). The importance of the pi-integrin very late antigen-4 (VLA-4) to homing, lodgment 

and retention of primitive haematopoietic progenitor cells has been confirmed by studies that 

identified mobilized CD34^ cells consistently demonstrated reduced expression of VLA-4 

(Mohle, et al., 1993), and that perturbation of VLA-4 function, by administration of anti- 

VLA-4 antibodies, induced progenitor cell mobilization (Papayannopoulou, et al., 1993). 

Interestingly, the action of the anti- VLA-4 antibodies required functional c-Kit 

(Papayannopoulou, et al., 1998).

SCF and c-Kit interactions have been shown to play an important role in cell adhesion and 

migration (To, et al., 1997; Papayannopoulou, et al., 1998; Kinashi and Springer, 1994; 

Kodama, et al., 1994). SCF was a potent agent for mobilization of progenitors from the bone 

marrow to the peripheral blood (To, et al., 1994). A decrease in the density of c-Kit on the 

surface of CD34^ cells in mobilized peripheral blood compared to levels on steady-state bone 

marrow and peripheral blood CD34^ cells after four types of mobilisation protocol (To, et al., 

1994) indicated that mobilisation events involved signaling pathways, which down-regulated 

c-Kit expression. Although the mechanism responsible for this reduction remains unknown, 

the change in c-Kit density occurred in the bone marrow before the egress of haematopoietic 

progenitors into the circulation (Simmons, et al., 1994). Further support for the role of c-Kit 

in haematopoietic progenitor cell mobilisation has come from studies that have used W/W 

mice. G-CSF mediated mobilization of haematopoietic progenitors was less efficient in these 

mice compared to wildtype control (Cynshi, et al., 1991). WAV mice were also unable to 

respond to Epo in the same way as normal mice (Kato, et al., 1998). These workers proposed 

that up-regulation of uptake clearance by the spleen, after repeated administration of 

recombinant human Epo, was due to Epo-mediated migration of BFU-e from the bone
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marrow to the spleen (Kato, et al., 1999), and since WAV failed to up-regulate up take 

clearance, BFU-e migration to the spleen was dependent on the presence of functional c-Kit. 

These studies supported a role for c-Kit in regulating migration of different haematopoietic 

cell types, particularly the BFU-e, from the bone marrow to the spleen.

The absence of a functional LYL-1 protein in LYL-1^‘̂ ^'^ cells in the bone marrow o f LYL- 

V'' mice may have had an effect on c-Kit expression, which led to an increase in the 

migration of eiythroid progenitor cells from the bone marrow to the spleen. As such, LYL-1 

would function as a positive regulator of c-Kit expression, promoting adhesion of progenitor 

cells to the stromal cell matrix.

Section 4.7 A mechanism for LYL-1 control o f c-Kit mediated haematopoietic

progenitor cell migration.

Studies of the human c-kit promoter (Vandenbark, et al., 1996; Yamamoto, et a l, 1993) 

revealed that c-kit expression was controlled at the transcriptional level, and that regulation of 

transcription involved several activators and repressors, cis-acting sequences in the promoter 

included putative binding sites for Spl, AP-2, Ets-like proteins, GATA-1, and c-Myb. Myb 

and Ets proteins acted cooperatively as positive regulators of c-kit (Ratajczak, et a l ,  1998).

In addition, selective Spl binding was critical for c-kit core promoter activity (Park, et a l, 

1998). The c-Kit promoter has also been shown to contain a consensus binding site for SCL 

(Vandenbark, et a l,  1996). Anti-sense SCL inhibited c-Kit expression in several 

haematopoietic cell lines (Krosl, et al., 1998), which suggested that c-Kit was a downstream 

target for SCL in primitive haematopoietic progenitor cells. Recent studies have indicated 

that SCL forms part of a pentamer transcriptional complex with pRb, E2A, Lmo2, and Ldbl 

in human adult proerythroblasts and erythroblasts (Vitelli, et a l , 2000). However, this
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complex negatively regulated c-Kit expression by binding to two inverted E box-2 type 

motifs in the c-kit promoter. These differences could be due to the effect of SCL on c-Kit 

expression in different haematopoietic cell types (Krosl, et al., 1998; Vitelli, et al., 2000). 

Sequence analysis of the c-kit promoter revealed two adjacent E boxes at 374 and 381 that 

are conserved between human and mouse (Tsujimura, et al., 1996). These E boxes may 

contribute to SCL-mediated c-Kit promoter activity (Vandenbark, et al., 1996; Vitelli, et al., 

2000). Since LYL-1 and SCL have almost identical preferred E-box binding sequences, and 

share the same heterodimer partners (Miyamoto, et al., 1996), it was possible that LYL-1 

might regulate c-Kit expression.

A putative role for LYL-1 in c-Kit-mediated migration would be to maintain the adhesive 

interactions between progenitor cells and stromal elements in the bone marrow. The absence 

of a functional LYL-1 protein would facilitate the release of erythroid progenitors from the 

bone marrow into the peripheral circulation. It is clear that the expression of c-Kit is not 

dependent on LYL-1 expression, and the release of progenitors from the LYL-L'^’ bone 

marrow is not due to the absence of c-Kit on cells. However, as mentioned above, a reduction 

in c-Kit antigen density was inversely correlated with the presence of CD34^ progenitors in 

the peripheral circulation (To, et al., 1994). Mobilised CD34^ cells still expressed c-Kit (To, 

et al, 1997), as did cells in the LYL^ % and LYL-1^' spleen. Therefore, one could speculate 

that the LYL-1 protein positively modulated c-Kit expression in progenitors, and thereby 

mediated retention of c -K it^  cells in LYL-1^^  ̂bone marrow. A non-functional LYL-1 

protein could not form transcriptionally active elements that could either bind to sites in the 

c-Kit promoter directly, or elicit transcription of genes that induced c-Kit mediated-anchorage 

of progenitor cells. The putative mechanism of action proposed for LYL-1 function in c- 

Kit^'^ cells would explain the presence of increased numbers of haematopoietic, particularly
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erythroid progenitors in the spleen in terms of increased cell migration from the bone 

marrow.

Section 4,8 LYL-1 was not essentialfor the maintenance o f normal

haematological parameters.

Since expression of a non-functional LYL-1 protein did not affect the proliferation, 

differentiation or survival of erythroid progenitors from LYL-L ' spleen and bone marrow in 

vitro, other factors must be involved in maintaining apparently normal numbers of 

erythrocytes in LYL-l '̂ ' mice (Figure 23). The absence of an increase in erythrocytes in the 

peripheral circulation, as well as haematological parameters such as the MCV, and MCHC 

suggested a block in the later stages of erythroid cell development in the LYL-1  ̂ spleen. It is 

possible that the tail vein method of blood retrieval may have affected the number of intact 

erythrocytes (and platelets) in the sample due to un-avoidable clotting of the severed blood 

vessel. Blood collected by cardiac puncture would not have been compromised in this way 

and may have provided less variable data. However, the results of the cell count showed a 

general increase in all the haematological parameters for LYL-1  ̂ blood (Figure 23) including 

the white blood cell count (Figure 23F). The haematological data suggested that increased 

numbers of haematopoietic progenitors, particularly erythroid progenitors in the LYL-1" '̂ 

spleen did not contribute cells to the peripheral blood system.

It was also conceivable that haemolysis at an unknown site could maintain an apparently 

normal number of erythrocytes in the peripheral circulation, even though production of 

erythrocytes in the spleen was enhanced. Haemolytic anemia induced by phenylhydrazine 

increased the erythropoietic demand on bone marrow (Broudy, et al., 1996). Under these 

conditions, bone marrow erythropoiesis became stressed, and promoted mobilisation of
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erythroid progenitors to the spleen (Broudy, et al., 1996). Mobilisation was associated with 

enhanced splenic erythropoiesis that was responsible for expansion of the erythroid 

compartment during, and some time after re-establishment of normal erythrocyte numbers in 

the peripheral blood (Broudy, et al., 1996). The LYL-T' '̂ mice were not anemic, and had 

normal levels of iron stored in the bone marrow (Figure 25), which indicated that migration 

of increased numbers of erythroid progenitors from the bone marrow in LYL-T^' mice 

occurred when bone marrow erythropoiesis was apparently capable of producing a sufficient 

number of erythrocytes. It can be concluded that bone marrow erythropoiesis was not 

defective in LYL-l'^* mice, and that migration of increased numbers ofLYL-T ' erythroid 

progenitor cells from the bone marrow to the spleen occurred when haematopoiesis was 

normal.

Section 4,9 LYL-1 does not perform an anti-apoptotic function in

haematopoietic progenitor cells.

The spleen of LYL-1^^ and LYL-T " mice comprised similar numbers of apoptotic cells 

(Figure 26). Differentiation of eiythroid precursors did not require a functional LYL-1 

protein because, as mentioned above, LYL-1*®*̂  was not expressed in erythroblasts (Figure 

17). Furthermore, there was no indication that the progenitors from LYL-T^' spleen died 

prematurely, or that colonies generated from LYL-l' '̂ '̂ spleen survived longer in vitro. The 

method for detection of apoptotic cells used in this study was not ideal for spleen sections due 

to significant autofluorescence in the tissue (Figure 26). Nevertheless, marked differences in 

apoptotic cell numbers between LYL-1^^ and LYL-T^' spleen, and in vitro development of 

progenitors in methylcellulose medium comprising Epo, IL-3, IL-6, and SCF, were not 

apparent.
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c-Kit mediated signals have been shown to protect serum-deprived erythroid cells from 

apoptosis (Endo, et a l, 2001), and SCF, in conjunction with Epo, promoted development of 

BFU-e (Dai, et a l, 2000; von Lindem, et a l, 1999; Wessely, et a l ,  1999). SCL was able to 

secure the survival of primitive haematopoietic cells through upregulation of c-Kit (Krosl, et 

a l, 1998) It would be interesting to speculate on whether the block in differentiation of 

erythroid progenitors at the late erythroblast stage was related to the loss of LYL-1, given the 

putative role of LYL-1 in c-Kit expression. Clearly, the absence of LYL-1 in erythroblasts in 

the LYL-1 spleen rules out a possible role in erythropoiesis. As discussed above, the 

majority of c-Kit^® cells in the LYL-1'^' spleen did not express LYL-1^^^ ,̂ and grew normally 

in semi-solid methylcellulose media. The physiological conditions presented within the 

microenvironment of the spleen are altogether different to the in vitro assay medium, so an 

effect on the proliferation of LYL-1 ̂ ^^®c-Kit^® progenitor cells in the absence of a 

functional LYL-1 protein, in vivo, cannot be ruled out completely. Examination of the growth 

of LYL-1 ̂ *̂ ^̂ ®c-Kit̂ '̂ ® progenitors specifically, under different conditions, would be useful in 

this regard.

Section 4,10 LYL-1 has a limited role in the regulation o f haematopoietic

progenitor cell migration to the spleen.

The role of the spleen in haematopoiesis is well documented (Till and McCulloch, 1964; 

Moore and Metcalf, 1970; Krause, et a l,  2001). The spleen served as a site for erythroid 

expansion when bone marrow erythropoiesis was stressed (Broudy et al., 1996) and was the 

major organ for regenerative re-population of haematopoietic progenitors in mice, in 

particular CFU-e progenitors (Saitoh, et a l ,  1999). As mentioned above, Epo is capable of 

stimulating migration of BFU-e from the bone marrow to the spleen, which was followed by 

differentiation into CFU-e (Kato, et al., 1999). Prolonged treatment of mice with recombinant
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human Epo revealed differences in the development of BFU-e, CFU-e, and erythroid 

precursors in the bone marrow and spleen (Nijhof, et al., 1993). BFU-e produced CFU-e, 

which developed into erythroblasts with much higher efficiency in spleen compared to bone 

marrow (Hendrikx, et al., 1996). The distribution of ̂ H-radiolabeled BFU-e into rats 

appeared to be selective, and indicated that unlike in the lung and liver, erythroid progenitors 

were capable of moving into the spleen specifically (Kato, et al., 1999). The increase in 

erythroid progenitor cell migration from the LYL-F^' bone marrow to the spleen is modest in 

comparison to the expansion of splenic erythropoiesis associated with phenylhydrazine- 

induced haemolytic anemia (Broudy, et al., 1996). Indeed, the consequent increase in splenic 

erythropoiesis restored hematocrit and reticulocyte count (Boudy, et al., 1996), whereas no 

change in haematological parameters was found in LYL-1'^ peripheral blood compared to 

LYL-1^^  ̂controls (Figure 23).

The BFU-e and CFU-e pool of erythroid progenitors did not re-distribute to the spleen, so the 

ability of LYL-1’̂’ haematopoietic progenitor cells to adhere to the bone marrow was not 

completely dependent on LYL-1 expression. It may be surmised that LYL-1 was able to 

regulate c-Kit-mediated anchorage in a population of c-K it^  haematopoietic progenitors in 

the bone marrow, but was not required in all LYL-l^** '̂^® c -K it^  progenitors. In this regard, 

the prominent increase in erythroid progenitors in the LYL-1^’ spleen may suggest that the 

proposed function of LYL-1 in the regulation of c-Kit-mediated anchorage of haematopoietic 

progenitors was specific for committed BFU-e. Alternatively, the absence of LYL-1 may 

have affected migration of all c -K it^  cells in the bone marrow, but only a proportion of 

these cells lodged in the spleen. Interestingly, the ability of haematopoietic progenitors pre­

treated with anti-c-kit antibody to migrate, or ‘home’, to the spleen was severely perturbed 

(Broudy, et al., 1996). Similarly, a defect in the ability of c-K it^  progenitors to anchor in the
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Spleen ofLYL-1 ' mice would be consistent with increased migration from the bone marrow. 

Furthermore, it may explain the 1.4-fold increase in LYL-1'^' bone marrow CFU-e as the 

result of elevated CFU-e generated in the spleen, circulating through the bone marrow. We 

can predict that, under steady-state conditions, more c-Kit^^ progenitor cells are circulating 

in the peripheral blood of L Y L - m i c e  than normal. An assessment of the number of LYL- 

li^c^^e c-Kit '̂® cells in the LYL-l '̂* peripheral blood would provide an estimate of how many 

of the LYL-l^^ '̂^®c-Kit'^® progenitor cells in the bone marrow migrate into the blood, and 

then into the spleen.

Section 4.11 LYL-1 regulates ntigration o f distinct haematopoietic progenitor

cell types.

An interesting feature of the LYLv-1 knockout phenotype was the presence of progenitor cells 

that generated very large BFU-e colonies in vitro (Figure 22C), and increased numbers of 

CFU-GEMM colonies, which comprised megakaryocytes in vitro (Figure 22D).

LYL-1 was expressed in megakaryocytes in the bone marrow (Rupping, Ph. D. thesis), but 

it’s absence did not affect either megakaryocyte or platelet numbers. In this study, the spleen 

of L Y L - m i c e  comprised more progenitors that gave rise to CFU-GEMM (Figure 20, 

Tables 11 and 12) with no change in the number of CFU-GM from LYL-T^' bone marrow 

(data not shown). Recently, a bipotent eiythroid and megakaryocytic precursor was identified 

in the spleen of phenylhydrazine (PHZ)-treated mice (Vannucchi, et al., 2000). These authors 

reported high numbers of these precursor cells in PHZ-spleen, and suggested that normal 

BFU-e expressed megakaryocyte-specific genes, and gave rise to morphologically and 

biochemically distinct megakaryocytes when cultured in the presence of Tpo. The bipotential 

nature of BFU-e, and the erythroid-megakaryocytic precursor cells may arise from qualitative
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and/ or quantitative changes in the equilibrium of the shared transcriptional regulators such as 

GATA-1 (Shivdasani, et a l, 1997). Some of the LYL-1’̂ ' splenic megakaryocytes expressed 

GATA-1 (Figure 16G, H), and may have developed from c-Kit"̂ ® erythroid-megakaryocytic 

bipotential progenitor cells that migrated from LYL-l '̂ ' bone marrow to the spleen.

Progenitors that gave rise to large BFU-e may be a different cell type to those responsible for 

the majority of BFU-e in the LYL-1 spleen. Since these progenitors, as well as those that 

generated CFU-GEMM, probably expressed c-Kit, the putative role of LYL-1 in these 

progenitors as a regulator of c-Kit mediated migration is likely to be the same in these 

different types of haematopoietic progenitor cell. One may conclude that a lack of LYL-1 in 

c-Kit^'^ haematopoietic progenitors affected migration of cells with different developmental 

programs.
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Section 4.12 Conclusion

A complex network of signaling pathways exist to regulate haematopoietic cell development 

and migration (Laronique, et al., 1997; Wright, et al., 2001). The precise role of LYL-1 in c- 

Kit-mediated migration of haematopoietic progenitor cells from the bone marrow to the 

spleen would require further research. The data presented does not define a function of LYL- 

1, but does describe a phenotype in the LYL-T^ mice consistent with a role for the LYL-1 

bHLH protein in regulating events associated with migration of haematopoietic progenitor 

cells in the adult mouse. It is proposed that LYL-1 may mediate these events by regulating 

the expression of c-Kit in haematopoietic progenitor cells.
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Section 4.2 Future work.

The first set of experiments to investigate the role of LYL-1 in c-Kit expression would be to 

examine the level of c-Kit on LYL-1" "̂ haematopoietic progenitor cells. It is hypothesized that 

the level of c-Kit expression is reduced on these cells, and that progenitors egress the bone 

marrow due to dysfunctional c-Kit mediated anchorage. Flow cytometry could be used to 

analyse FDG- and c-Kit-stained haematopoietic progenitor cells from LYL-1^^* and LYL-L' '̂ 

bone marrow. It is predicted that c-Kit expression would be reduced on LYL-l’®‘̂ ^'^c-Kit^^ 

cells from LYL-F'^' spleen and bone marrow compared to LYL-1 controls.

Measurement of the number of c-Kit"^® progenitors in the peripheral blood would indicate 

whether the number of circulating progenitors in the LYL-1 mice was higher than normal. It 

is predicted that the peripheral blood ofLYL-1" mice contains more c-Kit "̂® haematopoietic 

progenitors than the blood ofLYL^ ' mice. Mobilisation assays, in conjunction with in vitro 

colony assays could also be employed to examine whether LYL-l^“ ^^c-Kit^® progenitors 

were able to mobilize to bone marrow and spleen. It is hypothesized that, due to deregulated 

expression of c-Kit in the absence of a functional LYL-1 protein, these progenitors would not 

locate to haematopoietic organs normally.

The proposed action of LYL-1 on c-Kit expression may be direct, or indirect. A direct action 

would be LYL-1 heterodimer DNA-binding to E-boxes within the c-Kit promoter. The 

hypothesis that LYL-1 acts directly on c-Kit promoter activity could be examined using gel 

shift, co-immunoprecipitation, and reporter assays. It is predicted that bHLH-dependent 

LYL-1 DNA-binding to the E-box binding sites within the c-Kit promoter would enhance 

expression of the c-Kit gene.

193



Chapter 4. Future work.

The discovery that the bHLH of SCL was dispensable for primitive erythropoiesis in ES 

cells, and not absolutely necessary for emergence of definitive haematopoietic cells (Porcher, 

et a l, 1999) raises the possibility that the function of LYL-1 in haematopoietic progenitor 

cells was not entirely dependent on an intact bHLH domain. Although the proposed 

mechanism of LYL-1 '̂ ’ function in haematopoietic progenitors must be mediated by DNA- 

binding of LYL-1 heterodimers such as LYL-1-B47, or indeed LYL-l-HEB (Miyamoto, et 

a l, 1996), the role of other regions in regulation of c-Kit expression carmot be ruled out 

Transfection assays using LYL-1 variants comprising different regions of the protein would 

identify whether, for example, the N-terminal proline rich region of LYL-1 was associated 

with c-Kit promoter activity in vivo.

The role of c-Kit in haematopoietic progenitor cell migration is closely associated with the 

function of (31- integrins. It is conceivable that the absence of a functional LYL-1 protein 

affected expression of these, and may be other genes encoding adhesion molecules such as P, 

and E-selectin, and CD44. Semi-quantitative RT-PCR would show whether expression of, for 

example VLA-4, or VLA-5, was altered in LYL-l^*^^^® haematopoietic progenitor cells.

Examination of the growth of LYL-1̂ ^̂ ^̂  ̂c-Kit^® erythroid progenitors isolated from LYL- 

V'~ spleen would reveal LYL-1 involvement in proliferation and differentiation of these cells 

in vitro. Experiments using in vitro colony assays could be designed to thoroughly investigate 

the effect of cytokines, such as Epo and SCF, on development of L Y L -1 ^ ^  c-K it^  

erythroid progenitors from LYL-T^' spleen, as well as bone marrow. In this context, 

comparison of bone marrow and spleen would elucidate differences in the role of 

haematopoietic organs on erythroid cell development in LYL-T^' mice. A study of this type 

could also reveal if the development of erythroblast in the LYL-T^* spleen was blocked.
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CORRECTIONS.



INTRODUCTION,

Section 1.2.4 Function ofLYL~l.

The LYL-1 gene was targeted by homologous recombination in ES cells (Rupping, E., Ph D. 

thesis). The bHLH motif, and entire 3’ non-coding region was replaced by a lacZ/neomycin 

reporter gene cassette (Figure 1). This allowed the expression pattern of LYL-1 to be followed 

by the p-galactosidase function of the LYL-1 fusion protein (Rupping, E., Ph.D. thesis).

Section 1.2.5 Expression of LYL-1 mRNA in mice.

Determination of the normal expression pattern of the LYL-1 by RT-PCR indicated that 

LYL-lmRNA was up-regulated during embryogenesis and was highly expressed in fetal 

Hver (Figure HI). In adult organs LYL-1 mRNA was abundant in bone marrow, and was 

detectable in spleen and brain, but not in testis, kidney or hver (Figure HI). LYL-1 mRNA 

was weakly expressed in an endothelial cell line (sEnd.l), but not in ES cells (D), or in 

carcinoma cells (F3) (Figure HI).

Section L2,6 Expression LYL-1^^fusion protein of during embryogenesis^

To determine the temporal and spatial pattern of expression of the LYL-1^^ fiision gene during 

embryogenesis, whole embryos and/or sections of them were sttdned with X-GÆ. L Y L -l^  

was expressed in the blood islands of the yolk sac, endothehal cells of blood vessels, and in 

mesenchyme of the hindbrain at 8.5dpc (Figure H2). At 11.5dpc, LYL-1^^  ̂expression was 

absent in the brain, but high in endothehal cells of the dorsal aorta and aortic arch arteries, and 

could be seen in the fetal hver (Figure H2). At 14.5dpc a network of LYL-1^^^^ blood vessels 

were visible including in the umbihcal cord (data not shown).



Sections of 14.5dpc fetal liver were stained with X-GAL and showed LYL-1^“^ expression in 

large, polymorphonuclear cells that were positive for acetylcholinesterase in their cytoplasm 

f ig u re  H3). This indicated that LYL-1 was expressed in megakaryocytes. Furthermore, small 

blast-like cells expressed the LYL-1*“^ fusion protein (Figure H4).

Section L2.7 Expression LYL-1^fusion protein in adult mice,

X-GAL staining of cytocentrifuged cells isolated from the bone marrow of adult LYL-1" '̂ mice 

showed tiiati as in the fetal liver, LY L-1^ was ex^nessed m megakaryocytes, as well as snail 

blast like cells (Figure H4). To further characterise the latter cells, c-Kit^^ cells were sorted from 

LYL-l"̂ * bone marrow by FACS, cytocentrifuged and stained with X-GAL. Almost all c-Kit^® 

cells w ^e found to e s p r ^  thc L Y L -l^  whereas c-Kif^ cells wc ’̂euastained (data Aown).

Fetal and adult peripheral blood cells, spleen cells and thymocytes did not stain with X-GAL. 

However, LYL-1 ̂ -positive cells were identified in the subcapsular region of the thymus 

(Figure H5). These cells were not characterised. Although this study did not show LYL-1 

expression in spleen cells, LYL-1 mRNA expression in the spleen had been shown in previous 

süidies <&o, et al, 1991;Visvader, et aî, 1991). In this sftidy, the absence o fL Y L -1 ^ ^  cells in 

the spleen may be due to the inabihty of the X-GAL staining solution to penetrate the intact 

spleen, or the limited sensitivity of the P-galactosidase assay.

Section 1.2.8 Development of L YL-l null mutant mice

The development of LYL-1 '̂ '̂ and LYL-l'^' mice during embryogenesis was examined in X-GAL 

stained whole mount embryos (Figure H6). No quantifiable differences were observed in 

development of LYL-1'̂ " embryos. Both the haematopoietic and vascular compartments (as well 

as brain) were unaffected by the absence of LYL-1 protein comprising an intact bHLH domain.



Furfliermorei LYL-l" '̂ pups were bom and grew normally, and displayed no obvious phenotype 

e.g. neonatal lethality, abnormal growth, premature death, and infertihty (data not sown).

To further establish the developmental potential of haematopoietic progenitor cells in LYL-l"^' 

mice, bone marrow cells were isolated and the frequency of colony-forming units (CFUs) 

determined in vitro. The frequency of granulocyte, macrophage and mixed CFUs in LYL-l^ 

bone marrow was similar to that of LYL-1^' and LYL-1^^ bone marrow, indicating that LYL-1 

was not required for development of these haematopoietic cell types (Figure H7). Indeed, the 

nund>er of platelets was normal in LYL-1^ mice, suggesting that although expressed sîronÿ^y in 

megakaryocytes, LYL-1 was not necessary for apparently normal megakaiyopoiesis and platelet 

production.

Furthermore, the lymphoid compartments in thymus, spleen and bone marrow were analysed by 

flow cytometry. B-cell development was assessed using CD45R/B220, CD43/ S7and IgM and 

was found to be normal in LYL-1"̂" mice (Figure H8) . The development of thymocytes and 

splenic T cells vras also normal in these mutant mice.

It was concluded that afunctional LYL-1 protein was not required for normal development of 

the haematopoietic or endothelial system.



Clarification of Aims.

Section 1.3 Aim of the study.

The lack of an obvious phenotype in LYL-l’̂* mice raises several issues regarding the role of 

LYL-1 in haematopoiesis. The loss of a functional LYL-1 protein in haematopoietic cells in the 

yolk sac, fetal liver, and bone mairow suggests that this piotein has a  redundant role in die 

formation of haematopoietic cells. However, it is evident that bHLH proteins act in a 

combinatorial manner (Murre, et al, 1989a; Hu, et al., 1992; Bockamp, et al., 1994), and can 

affect transcription in different ways depending on the choice of heterodimer (Ma, et al., 1999; 

Zhuang, et al., 1996), and the specific combinations of transcription factor binding sites (Bain, et 

al., 1993; Wadman, et al., 1997; Gruntz, et al., 1998). Furthermore, ubiquitous and cell-type, or 

cell-stage restricted forms of bHLH proteins possess both distinct and overlapping functions that 

determine cell-specific patterns of gene expression (Weintraub, 1993; Amati and Land, 1994; 

Bockamp, et al, 1994; Zhuang, et al, 1996). In the case of MyoD, a muscle-specific bHLH 

protein, the lack of effect on skeletal muscle ceU development in MyoD'^'mutantmice was 

associated with upregulation of Myf5 (Rudnicki, et al., 1992). Gene targeting experiments have 

shown that hfyoD, Myf5, and the related bHLH {n̂ oteins myogenin and MRF4 have overlappmg 

functions in skeletal muscle development (Rudnicki, et al, 1993; Braun, et al, 1992; Weintraub, 

1993). A quantitative neurogenic phenotype was absent in neurogenin2 (Ngn2) single mutant 

mice due to compensation by Mash 1, which was up-regulated in N ^-2  mutant cortical 

progenitors (Fode, et al, 2000). Therefore, it is possible that the role of LYL-1 could be 

compensated via mechanisms similar to those operating for skeletal muscle-, and neuronal- 

specific bHLH proteins. Interestingly, up-regulation of GATA-2 in erythroid precursors 

generated by in-vitro differentiation of GATA-L^' ES cells (Weiss, et al., 1994; Weiss and Orkm, 

1995) may allow erythroid progenitors to develop into proerythroblasts in the yolk sac of GATA-

mutant mice (Fujiwara, et a l, 1996). This suggests fimt changes in the level of expression of
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related transcriptioiial regulators may result in iunctional compensation of haematopoietic- 

specific transcription factors.

It may be that the effect of disrupting the LYL-1 gene was subtle. For example, disruption of the 

murine p-globin locus control region (LCR) 5’ hypersensitive 3 (HS3) had a minimal effect in 

yolk-sac derived erythroid cells, and reduced and e^qjression by 30% in adult 

erydirocytes (Hug, et al., 1996). Loss of Ngn2 changed neurond identity without affecting 

neuronal progenitor number, organization, or proliferative properties (Fode, et al,, 2000). Small 

changes in haematopoietic cell development and/ or function may occur as a consequence of 

LYL-1 loss rather than overt defects

With these considerations in mind, we proposed the following hypothesis. The absence of an 

obvious phenotype in the LYL-F^'mice was the result of functional compensation through 

altered expression of another gene. Since LYL-1 and SCL constitute a subfamily of bHLH 

proteins, which may regulate haematopoiesis by recognition of a common group of target genes 

(Baer, 1993), SCL was considered an appropriate candidate. The aims of the study are as 

follows:

• To identify changes in the expression of SCL that may elucidate the apparent absence of 

a haematopoietic phenotype in LY L-m ice .  To achieve this, a detailed analysis of the 

relative level of SCL mRNA expression in lymphoid, as well as non-lymphoid, organs of 

LYL-1" '̂, LYL-1 and L Y L - m i c e  will be performed using semi-quantitative reverse 

transcription- polymerase chain reaction (RT-PCR).



• To develop a reproducible and sensitive semi-quantitative RT-PCR assay for the purpose 

of assessing relative SCL mRNA levels. This will be determined by autoradiography and 

densitometry. A difference in the amount of cDNA synthesized and amplified in each 

reaction will be corrected by comparing densitometric signals fi*om p-actin RT-PCR 

experiments.

• To examine in more detail the expression of the LY L-1^ fiision protein in the spleen. 

To achieve this, spleen from adult LYL-T^', LYL-1̂ '̂and LYL-l^^mice will be 

jmx^ssed for 10pm sectioning on a  cryostat. Srxtions^wili then be mounted onto slides 

and stained with X-GAL to identify LYL-1^^^^ cells.

• To develop the results of the semi-quantitative RT-PCR using histochemical and 

immunohistochemical techniques.



RESULTS,

LYLrl^^’ spleen LYL 1 spleen

duster Number of SCL mRNA^® cells in cluster Cluster Number of SCL mRNA^® cells in cluster

1 5 1 15

2 5 2 35

3 10 3 >40

4 >40

5 >50

Table 13» The number of individual clusters of SCL mRNA^^  ̂cellSrUnd the number of 

SCL mRNA^® cells in each cluster in the spleen of LYL-1^^ and LYL-1^' mice are 

tabulated above. LYL-1^’spleen comprised more SCL mRNA"^ clusters (about 4 to 5- 

fold) and each cluster contained more SCL mRNÂ '̂ ® cells (about 4 to 8-fold) than the

spleen of LYL-1^^  ̂littermates.



Colony description- CFU-GEMM.

Section 3.8 L YL-T̂ ' spleen contain more CFU-e, BFU~e and ^CFU-Mk/ CFU-

GEMM-dike^progenitors than LYL-1^  ̂spleen.

In vitro colony assays using methylcellulose media were employed to compare the growth and 

differentiation of haematopoietic progenitor cells isolated from the spleen and bone marrow of 

LYL-1 and LYL-l"^" nnce (for details see Chapter 2 Methods and Materials section 2.9.1). 

Interestingly, the number of colonies counted on Day 12 of incubation that comprised 

megakaryocytes increased in the LYL-1 ̂  spleen, L7 -H), 15 (n=3) megAaiyocyte-containing 

colonies per 2,5x10'* cells were generated from LYL-1^^ spleen, compared to 4.4 +0.55 (n=3) 

colonies generated from LYL-l'^'spleen (Figure 21D), an increase of 2.6-fold in the number of 

these p'ogenitor cells in the LYL-1 spleen (see Table 11), Close examination of the colonies 

did not allow the progenitors to be defined as CFU-GEMM. The appearance of these colonies 

after 12 days of incubation is consistent with the development of CFU-GEMM under these assay 

conditions (www.stemcelltechnoIogies.coml However, the contribution of erythroid and 

granulocytic-type cells to the colonies derived from both LYL-1^ and LYL-L^"spleen did not 

suggest that the progenitors were CFU-GEMM. Rather, tiiese progenitors were more like a 

megakaryocyte colony-forming unit (CFU-Mk), and also generated cells that appeared red in 

colour and may have been erythroid cells (Figure 21D). There was no significant difference in 

the number of these CFU-Mk/ CFU-GEMM-like progenitors in the LYL-1^' bone marrow (4.6 

+0.55, n=3), compared to LYL-1^^  ̂controls (3.9 +0.55, n=3) (Figure 2 ID, Table 12). This 

suggested that a proportion of the c-Kit^^ cells identified in LYL-1' '̂ spleen were multipotential 

progenitors capable of developing into colonies that comprised megakaryocytes. May-Gnmwald 

and Giemsa staining of the cells in these colonies would have identified the type(s) of cells that 

comprised them, and have provided a clearer definition of the type of progenitor (CFU-Mk/

CFU-GEMM-like) from which they were derived.
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fusion protein expression* correlation to endogenous expression.

Section 3,5 The majority of erythroid cells in the spleen of L YL-1̂ ' mice do not

egress (he LYL-l^jusion protein.

The spatial pattern of LYL-1 expression in the spleen was examined by X-GAL staining of 

10|Lun paraformaldehyde-fixed cryosections (see Chapter 2 Methods and Materials section 

2.1.14). Figure 17 showed LYL-1 expressing cells were located m the red pulp of die LYL-1"̂  

spleen (Figure 17B-E), particularly in the subcapsular region (Figure 17E), but were also located 

in the marginal zone (Figure 17F-H). The frequency of X-GAL stained cells was similar in the 

LYL-1 spleen (data not shown). The intensity of the blue staining of the cells ranges frmn weak 

(Figurel7C) to strong LYL-1^^^ expression (Figure 17D). Non-specific blue staining was found 

in die sections of LYL-1 (Figure 17A) and LYL^l"  ̂spleen (Figure 17B) but was cleWy 

distinguishable fi'om positively stained cells. The identity of the LYL-1^^^^ cells in the spleen 

could not be elucidated fi'om the p -galactosidase assay. However, it was evident that LYL- 

1̂ ^ ®  population of cells was heterogeneous, since their size varied fiom small, ‘blast-like’ cells 

(Figures 17C, and F) to larger ‘megakaryocyte-like’ cells (Figure 17D, and E).

X-GAL staining of spleen cryosections showed that most of the erythroid cells, which expressed 

SCL mRNA and GATA-1, appeared not to co-express the LYL-1^^ fusion protein. Co- 

e?q)ression of LYL-1 in the same cells that expressed SCL mRNA, GATA-1 could not be 

excluded by the experiments described in sections 2.1.14 and 3.5. The absence of visible blue 

stain in the erythroid cells could be due to the limited sensitivity of the P-galactosidase, so that 

althou^ present, the activity of the LYL-l’®̂  fusion protein was not sufficient to generate a 

discernable chromagenic pigment. Therefore, the LYL-1 reports gene may not “report” the 

endogenous LYL-1 gene expression. Indeed, LYL-1 mRNA was detected in brain and hver by



semi-quantitative RT-PCR (see section 2.7), whereas no X-GAL stained cells were found in 

either tissue. Furthermore, whole mount in situ hybridisation experiments (Neidhardt, L., et al. 

Mechanisms of Development, vol 98, .p77-93,2000) showed a more extensive pattern of LYL-1 

mRNA expression than that of the L Y L-1^ fusion protein observed in X-GAL stained of LYL- 

1̂ ^̂  mutant embryos (see section 1.26 and 1.28). It is possible that the level of LYL-1 expression 

varied in different haematopoietic cell types and could not be detected in eiythroid cells in the 

LYL-L^’ spleen (and L Y L -sp le e n )  with the X-GAL staining metiiod of the P-g^actosidase 

assay employed in this study. The population of cells,  ̂which expressed SCL mRNA and GATA- 

1 in LYL-l" '̂ spleen, either did not express the LY L-1^ fiision protein, or did so at a level that 

could not be detected by X-GAL staining of 10pm cryosections. Experiments to assess the 

expression of LYL-1 mRNA at the single cell level in spleen sections by lacZ- specific in situ 

RT-PCR were compromised by significant background signal (data not shown). Detection of P- 

galactosidase activity in hving single cells with a fluorescent substrate such as fluorescein di-p- 

galact(^Tanoside ̂ TKj) would allow a more sensitive andysis o f LYL-1 expression in

spleen cells by flow cytometry. Co-staining for erythroid-specific antigens, such as TER-119, 

would allow an accurate assessment of LYL-1 expression during splenic erythropoiesis.
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DISCUSSION.-Interpretation of results.

The involvement of LYL-1 in the development of haematopoietic cells cannot be ruled out 

categcnic^y. The phmotype described is consistent with a ftmcticm &r LYL-1 in regulatmg 

mobilisation of haematopoietic cells in the bone marrow. However, limitations in the 

sensitivity of the X-GAL staining procedure, which may have compromised the abüity of the 

LYL-1 hision protein to report endogenous LYL-1 mRNA egression, in conjunction with 

an increase in the number of erythrocytes, platelets, viiite blood cells and lymphocytes in the 

percherai blood ofLYL-1^' compared to LYL-l^^^ mice (Figure 23), allow alternative 

interpretations of the results presented in Chapter 3.

Alterations in c-Kit signaling may also interfere with proliferation and/ or differentiation 

programs in haematopoietic progenitor cells (Ogawa, et al., 1994). Since expression of LY L-1^ 

hision protein in the c-Kit^® progenitors, and the SOL mRNA^®, GATA-T^^, and TER-119^^ 

erythroid precursors comprising the erythroid clusters cannot be ruled out, enhanced proliferation 

and differentiation of Aese cells specificaSy m fee spleen due to 1ms of a functioml LYL-1 

protein may explain fee results described in Chapter 3. As such, fee phenotype of fee LYL-1"̂ " 

mice suggests a role for this bHLH protein as a negative regulator of c-Kit mediated proliferation 

and/ ordifferentiatKm of splenic eryferoki and megakaryocytic cells. The absence of an intact 

bHLH in fee LYL-1 protein resulted in an increase c-Kit mediate proliferation and differentiation 

of erythroid cells in spleen. This is consistent wife an increase in fee number of c-Kit^^̂  cells 

(Figure 20), as well as SCL mRNA'"' "̂ (Figure 14), GATA-1^" (Figure 17), and TER-119'^^ 

(Figure 19) erythroblasts in fee LYL-1 spleen, as well as increased numbers of splenic BFU-e 

and CFUtc ̂ ip reJZ l, Tables 11 and L2). Frequent association of fee erythroid clusters in fee 

LYL-l" '̂ spleen wife megakaryocytes (Figure 15), and an increase in fee number of
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megakaryocyte-like colonies in vitro (Figure 22, Tables 11 and 12) suggests that LYL-1 protein 

may also regulate megakaryocyte development in the spleen. The bipotential nature of BFU-e, 

and the erythroid-megakaryocytic precursor cells may arise from qualitative and/ or quantitative 

changes in the equilibrium of the shared transcriptional regulators such as GATA-1 (Shivdasani, 

et al., 1997). Some of the LYL-1^' splenic megakaryocytes expressed GATA-1 (Figure 16G  ̂H), 

and may have developed from c-Kit^® erythroid-megakaryocytic bipotential progenitor cells in 

the spleen. However, with the exception of the cells responsible frs: die large e ry tan d  colomes 

present only in LYL-l"^" spleen* die majority of the LYL-l'^’ splenic erythroid progenitor cells did 

not generate colonies sooner, or colonies that remained longer, when grown in vitro (data not 

Aown). Neither wm there any clear difeence in the number of apr^ohc cells m die LYL-i"^' 

splenic erythroid clusters (Figure 26), Taken together, these data indicate no change in the 

intrinsic ability of most of the LYL-1 splenic erythroid progenitors to proliferate, differentiate, 

and survive, and that enhanced growth was targeted to a subpopulation of splenic progenitors in 

the absence of a functional LYL-1 protein, and these cells generated large numbers of erythroid 

cells, and possibly contributed to the increase in megakaryocytes. Alternatively, the semi-solid 

media used to culture the LYL-1 splenic progenitors may not have provided an appropriate 

environment for an intrinsic difference in their proliferation and/ or differentiation to manifest.

As mentioned above, the spleen provides a complex microenvironment that was not recapitulated 

by the semi-soHd methylcellulose medium. Therefore, without rejecting the possibility that the 

phenotype of the LYL-1 mice was the result of non-cell autonomous effects due to changes 

specifically in the splenic microenvironment of LYL-1 compared to control mice, enhanced 

proliferation of the majority of LYL-1splenic erythroid progenitors may not be observed in 

vilm.
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The absence of a significant change in the number of eryfhroid progemtors in LYL-1bone

marrow suggests that the LYL-1phenotype is spleen specific, such that enhanced

prtÆ&îi^onof, at least a subpopulation of eryfiiroid eehs, was ch^knged m LYL- l*̂ ' bone

marrow, and did not lead to die generation of more erythroid progenitors. Indeed, the

development of BFU-e, CFU-e, and erythroid precursors in the spleen differed to bone

marrow (Nijhof, et al., 1993). BFU-e produced CFU-e, which developed into erythroblasts

with much higher efficiency in the splenic microenvironment compared to that of bone

marrow (Hendrikx, et al., 1996), and erythroid expansion can be optimized by exploitation of

the splenic microenvironment (Nijhof, et al, 1993). Once in the splenic microenvironment,

conditions may be optimal for expression of the LYL-F^' eiythroid progenitor cell phenot)^e,

which manifested as enhancement proliferation and differentiation of splenic erythroid

progenitws and erythroblasts. c-Kit signaling is more closely associated with expansion of

haematopoietic cells, particularly erythroid progenitors and precursors, in the spleen tiian the

bone marrow following phenylhydrazine treatment (Broudy, et al, 1996). Enhanced

proliferation of erythroid cells in the spleen was also observed after mice were treated witii

erythropoietin (Kato, et al, 1999) and was shown to be the result of migration of BFU-e fi’om

the bone marrow to ^leen, followed by differentiation into CFU-e. The feature(s) peculiar to

spleen that is responsible for expression of the erythroid and megakaryocytic cell phenotype

in LYL-l" '̂ mice remain to be elucidated. The close association of c-Kit signaling and splenic

erythropoiesis under normal conditions in the mouse, and when bone marrow haematopoiesis

is stressed (Broudy, et d , 1996), in conjunction with expression of LY L-1^ in o-Kit̂ ^® cells

in the bone marrow (Rupping, E. PhD thesis- refer to section 1.2.7 for details) may, taken

together with the data presented in this study, elude to a role for LYL-1 in regulating

development of a population of c-Kit'^® erythroid/ megakaryocytic progenitors in the spleen,

such that in the absence of an intact bHLH in the LYL-1 protein, c-Kit mediated proliferation
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and differentiation of these progenitor cells is augmented, leading to an expansion in the 

numbers of erythroblasts and megakaryocytes in the spleen.

The importance of c-Kit signaling in the proliferation, differentiation, and survival of

haematopoietic progenitor/ precursor cells has been confirmed in many studies. c-Kit-

deficient mice exhibited a severe reduction of CFU-e in the fetal hver and died of anemia

(Nocka, et al., 1989). Inhibition of c-Kit function with an anti-c-Kit monoclonal antibody

blocked myelopoiesis but had no effect on lymphopoiesis (Ogawa, et al., 1994). c-Kit

signaling promoted survival of early HSCs (Okada, et al., 1991) as well as erythroid

progenitors (Wu, et al., 1997). The important fimction of c-Kit in haematopoietic cell

development was further emphasized by studies that showed transduction of c-Kit into

selected progenitor cells enhanced proliferation and decreased apoptosis (Lu, et al., 1999). c-

Kit mediated proliferation of haematopoietic progenitors, may, in part, be regulated by

differential c-Kit expression, which selected progenitors for recruitment into a proliferative

state (Lu, et al., 2000). Recently, matrix-metalloproteinase-9 (MMP-9) mediated release of

soluble SCF was shown to enable translocation of bone marrow HSCs to a permissive

vascular environment that favored differentiation into progenitors (Heissig, et al, 2002), and

SCF-mediated chemotaxis involved SRC family kinase and P13-kinase that required intact c-

kit tyrosine residues 567 and 719 respectively (Ueda, et al, 2002). These studies indicate a

strong association between signaling pathways involved in HSC/ MHPC mobilisation, and

those responsible for proliferation and differentiation events. Clearly, c-Kit has important

roles in both mobihsation and development of HSCs/ MHPCs (Ueda, et al, 2002; Heissig, et

al, 2002). Therefore, as proposed in this thesis, a putative function for LYL-1 in regulating c-

Kit mediated haematopoietic progenitor cell mobihsation may also necessitate changes in the

regulation of proliferation and/ or differentiation events. This may also be considered in the
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reverse» and a change in c-Kit mediated development may precipitate shifts in the 

mobihsation of progenitors. The very late antigen-5 (VLA-5), a member of the pi-intergin 

ûmiîy, also m a ^ c s  adhesion o f haianat#oietic pro^nitors to &e bone marrow stroma. 

Prohferation of committed progenitors (Verfailhe, 1992) and long-term culture initiating 

cells (Verfaillie and Cantazarro, 1996) was inhibited when 0034"^® cells were cultured in 

contact with stroma. Gi/S progression of progenitor cells was blocked throu^ pi-integrin 

(Hurley» et al.» 1997), and activation of VLA-5/ fibronectin signalling pathways have been 

shown recently to inhibit progenitor cell proliferation (Jiang, et al., 2000). Pi-integrin 

mediated adhesion of CD34̂ ^® cells was associated with up-regulation of p27^^, and could 

be overcome by addition of higher concentrations of cytokines (Jiang, et al„ 2000). Although 

mechanisms involved in adhesion-mediated inhibition of proliferation are not well 

understood, they are likely to involve c-Kit. As proposed, a reduction in c-Kit mediated 

adhesion of a population of LYL-1- expressing haematopoietic progenitor cells to the bone 

marrow stroma, and consequent mobilisation into die peripheral blood in the LYL-1 mice 

may underlie their abihty to expand in the splenic microenvironment. Once in the spleen, the 

LYL-L^' erythroid and/ or megakaryocytic progemtors do not receive adhesion^ediated 

signals through c-Kit sufficient to inhibit proliferation. Under these conditicais, the LYL-T^" 

progenitors expand in number, giving rise to more BFU-e and megakaryocytic progenitors, 

which undergo differentiation and generate mwe GFU-e, erythroblasts and megakaryocytes. 

A detailed analysis of the immunophenotype of the erythroid/megakaryocytic and lymphoid 

compartments ofLYL-1"^" spleen, in conjunction with assessment of c-Kit, pi-intergin and 

LYL-1̂ ^

the haematopoietic cells in the spleen of LYL-1' '̂ mice.
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The increased number of erythrocytes in the LYL-l" '̂ peripheral blood may explain the 

reduction in erythrocyte number in the LYL-T' '̂ spleen. Since LYL-l' '̂ progenitors grew 

normally in vitm {Figures 21 and 22) and did not apoptose premahirdy in vivo ̂ i^ n e  26), it 

seems likely that more erythrocytes are being produced and expelled from the spleen into the 

periphery via the splenic vein. Peripheralisation of erythrocytes is regulated, in part, through 

a member of the Ig superfamily, CD147 (Coste, et al, 2001). Blockade of CD147 binding to 

an unidentified hgand on endothelial cells, with F(ab’)2 fragments of anti-CD147 monoclonal 

antibody disrupted circulation of erythrocytes and promoted their selective trapping in the 

spleen. Enhanced peripherahsation of erythrocytes from the LYL-1 '̂ spleen may suggest that 

the absence of a functional LYL-1 protein in erythroid progenitor cells causes the production 

of erythrocytes with increased CD 147 expression and/ or fimction, which detach from the 

surrounding endothelial cells, and lead to a reduction in the number of splenic erythrocytes in 

LYL-F^’ mice. Alternatively, the reduced number of splenic erythrocytes in LYL-1mice 

may result from an up-regulation in the release of erythrocytes from the spleen following 

expansion of splenic erythroid cells.
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