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Abstract

This thesis describes the identification and characterisation of a novel isoform of 

the GM-CSF receptor alpha subunit (GM-CSFRa). The novel isoform contains 

an insertion of 102bp encoding 34 amino acids between the transmembrane 

region and WSXWS domain. The insertion is unusual because it appears to 

have arisen through retroposition of an Alu repetitive element within the coding 

sequence of the gene. Subcloning and sequencing of a cos mid containing the 

GM-CSFRa gene revealed the presence of consensus splice donor acceptor 

sites flanking the insertion confirming that the isoform is a product of alternative 

RNA splicing. Analysis of primary human haemopoietic cells and cell lines by 

RT- PGR did not reveal any differences in expression of the novel isoform 

during differentiation or in myeloid leukaemias. Expression of GM-CSFRa4 in 

COS-7 cells showed that compared to the dominant GM-CSFRa 1 species, the 

protein is expressed at a low level. When cotransfected with the pc subunit of the 

GM-CSFR, the novel isoform gives rise to a receptor of intermediate affinity in 

contrast to GM-CSFRa 1/pc where dual high and low affinity GM-CSF binding 

results. Altering the ratio of GM-CSFRa/p cDNA in the transfection 

experiments showed that the switch in affinity results from altered 

stoicheiometry of the a and p subunits. When a subunits are limiting, 

intermediate affinity binding results whilst in conditions of a subunit excess, 

dual high and low affinity binding is seen. Analysis of GM-CSFRa mRNA and 

protein levels in cells transfected with GM-CSFRa 1 and GM-CSFRa4 showed 

that the reduced expression of the later is mediated by a post transcriptional 

mechanism.
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Chapter L  General Introduction.

1.1. Overview of the haemopoietic system

7.77. Introduction

The human bone marrow is a truly remarkable tissue. In adult life it produces 

approximately 2x10“  mature blood cells of diverse type per day, regulating 

numbers precisely in health and retaining the ability to rapidly and appropriately 

increase production when required by environmental change or disease. Not 

surprisingly this highly proliferative system requires very tight control and when 

disregulated by congenital or acquired defects, serious consequences for the 

individual such as the development of bone marrow failure or leukaemia may 

ensue. The bone marrow is also particularly vulnerable to the effects of agents 

that damage dividing cells and, as a result, bone marrow suppression is the most 

important dose limiting toxicity of the drugs currently used in cancer treatment.

The blood forming, or haemopoietic system, is all the more remarkable for the 

fact that its vast and diverse cellular output arises from a relatively small, long- 

lived population of undifferentiated haemopoietic stem cells (HSCs) whose 

biology has been the subject of intense study over the last 40 years. A major 

mechanism by which the haemopoietic system is controlled involves soluble 

regulators, termed cytokines or haemopoietic growth factors (HGFs), and their 

cell surface receptors. This thesis describes the identification and 

characterisation of a novel isoform of the receptor for granulocyte-macrophage 

colony-stimulating factor (GM-CSF) a cytokine involved in white blood cell 

formation and activation. To put this work in perspective I will first review some 

of the concepts that underlie current understanding of the haemopoietic system 

and then discuss the biology of HGFs and their receptors in greater detail.

18



1.12. Historical perspective

From ancient times blood has been recognised as vital to life \  thought by the 

ancient Hebrews to be the site of the soul and containing air condensed as vital 

spirit according to the Greeks. Disease was thought to arise because of an 

imbalance in the four humours; yellow bile, phelgm, blood and black bile and 

venesection to correct such misalignment was commonplace for centuries. The 

idea of the four humours doubtless had origins in the more general ancient view 

of the universe which was thought to be made from fire, earth, water and air. 

Interestingly it has also been suggested that the concept of four humours may 

have arisen from empirical observation. When blood is allowed to clot it 

separates into 4 layers; serum, a clot containing fibrin, platelets and white cells, 

oxygenated red cells and deoxygenated red cells corresponding to yellow bile,

phlegm, blood and black bile respectively 2 . Increases in the fibrinogen level and 

white cell count would have caused the “phlegm” to become more readily 

visible, perhaps erroneously interpreted as the cause rather than an effect of 

disease.

Although the link between bone marrow and blood is a relatively recent idea, 

marrow has long been thought to have special properties and was valued as a 

nutritious food and seen as a source of warmth and energy. Modern ideas about

the haemopoietic system  ̂ began with the observations of Van Leeuwenhoek 

who, using a primitive microscope, identified and measured the size of red blood 

cells in humans and other species. William Hewson, a collaborator of the Hunter 

brothers deduced that given their universality and large numbers, red cells must 

of great importance and by diluting blood in serum rather than water identified 

white blood cells. That blood cells derive from the bone marrow was first 

proposed by Neuman and Bizzozero in the middle part of the IQ*** century and 

the subsequent introduction of improved compound microscopes and staining 

techniques allowed Ehrlich, Pappenheim, and others to describe bone marrow

19



precursor cells in more detail. In parallel with work on blood and marrow smears 

from adults, Maximov and Danchakoff studied the embryology of mammalian 

and avian blood formation in tissue sections. Based on these purely 

morphological studies the concept of a multi potent stem cell capable of

generating all the cells in the haemopoietic system was proposed

Further progress required the development of methods for studying the 

functional properties of haemopoietic cells. Experiments performed at Harwell in 

the 1950s by Ford and colleagues  ̂ showed that the haemopoietic system in 

lethally irradiated mice could be reconstituted by small numbers of bone marrow 

cells. Subsequently Till and McCulloch  ̂ demonstrated that colonies of more 

than 10® granulocytes, macrophages, erythroid and megakaryocytic cells 

representing the progeny of a single cell could be found in the spleens of 

transplanted mice underlining both the massive proliferative capacity of 

haemopoietic stem cells and their multilineage potential. In-vitro culture systems 

revealed the existence of progenitors with restricted lineage potential and allowed 

assays to be developed for humoral factors controlling cell proliferation 

Refinements of these methods allowed interactions with the bone marrow

microenvironment to be studied

The advent of molecular biological techniques combined with these assays 

enabled the progenitor colony stimulating factors to be more fully characterised 

and a large array of others to be identified. Since then progress has been rapid 

with the delineation of growth factor receptor function and signal transduction 

pathways as well as definition of some of the factors involved in the 

transcriptional control of haemopoiesis. Most recently, traditional ideas about the 

irreversibility of differentiation have been challenged and under the correct 

circumstances, stem cells seem to have astonishing plasticity.
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L I 3. Ontogeny

The haemopoietic system develops from mesenchymal tissue in at least two 

waves. The first, and most primitive, occurs in the yolk sac where blood islands 

and the first vascular cells develop in close proximity, indicating the existence of 

a common progenitor or haemangioblast. Such a bipotent cell has now been 

grown from murine embryonic stem cells differentiated in vitro into embryoid

bodies at a time that approximates to yolk sac development  ̂ The next wave of 

definitive haemopoiesis takes place around the floor of the aorta and proximal 

umbilical and vitelline arteries from cells that migrate from a distinct haemogenic

endothelium  ̂k Early work suggested that definitive haemopoiesis arises from 

the migration of yolk sac cells once the circulatory system is established 

however more recent evidence favours a separate origin in the aorta/mesonephros

13-15 The close relationship between the vascular endothelium and primitive 

haemopoietic cells is further supported by the presence on both of surface 

molecules such as flk-1 (VEGF receptor) tie-2 (angiopoietin 1 receptor) and 

CD34. During later embryogenesis, it is assumed that cells migrate from the 

aorta/mesonephros to the liver, spleen and bone marrow however definitive proof 

of this is lacking i^.

1.14 Anatomy and ultrastructure

The distribution of the red, haemopoietically active, bone marrow changes with 

age so that in the adult, blood formation takes place only the axial skeleton and 

the ends of the long bones. The bony trabeculae form a sponge like matrix 

within the cortex that is rich in blood vessels. Haemopoiesis takes place 

extravascularly in association with macrophages, fat cells and fibroblasts which 

together constitute the cellular component of the haemopoietic microenvironment 

(figure 1.1). Within this there is functional compartmentalisation with more 

immature myeloid and lymphoid precursors localised to the paratrabecular
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regions whilst mature forms preferentially occupy the medullary spaces. 

Extracellular matrix molecules including collagen, fibronectin and 

glycosaminoglycans are important components of the microenvironment that 

serve to localise both cells and regulatory molecules 17,18

1.15. Hierarchical organisation o f the Haemopoietic system 

Using the in vivo and in-vitro assays mentioned earlier, a hierarchical model of 

haemopoiesis has evolved in which cell differentiation is linked to progressive 

lineage restriction. Haemopoietic stem cells are defined in practice by their 

ability to reconstitute long term multilineage haemopoiesis in a myeloablated 

host and as such the only direct way of measuring their number has been to use 

in-vivo transplantation models. Much of the basic work on this aspect of 

haemopoiesis has therefore been conducted in animals, most usually mice. In 

vitro progenitor assays have defined multi potent, bipotent and completely lineage 

restricted cells arranged as shown in figure 1.2.
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Figure 1.1. Structure of the bone marrow.

Basement membrane

Engrafting stem cell 

Migrating normoblast

Endothelium
Capillary

Fat cell 

Fibroblast 

Macrophage

Erythroid island

Sinusoid

o

Bone trabeculum
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Endosteum /
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Legend to Figure 1.1. Structure of the bone marrow showing haemopoiesis within the 
extravascular space. The more immature cells localise to bony trabeculae and migrate towards 
the vascular sinuses with increasing maturity. Erythroid cells are associated with macrophages 
in erythroid islands. Both egress of mature cells into the circulation and engraftment of 
circulating stem cells involve passage through the basement membrane and vascular 
endothelium. Fat cells, fibroblasts, endosteum, endothelium and macrophages make up the 
cellular microenviroment. The extracellular matrix (ECM) consists of collagen and 
glycosaminoglycans. Haemopoietic cells can adhere to both the ECM and cellular phase of the 
microenvironment which are both able to present growth factors.
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Figure 1.2. H eirarchical organisation of the haemopoietic system.
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Legend to Figure 1.2. Approximate relationship between the major in-vivo and in-vitro 
assays for haemopoietic stem and progenitor cells. Increasing maturity of each progenitor 
compartment is associated with progressive lineage restriction. Morphologically 
recognisable mature cells and precursors including neutrophils, eosinophils, macrophages, 
megakaryocytes and red blood cells are produced in the various systems. SRU=SCID/NOD 
repopulating unit(cell). CFU-S=Spleen colony forming unit. CAFC=cobblestone area 
forming cell. LTCIC=long term culture initiating cell. CFU-GEMM= colony forming unit: 
G=granulocyte, E=erythroid, M=macrophage, M or Mk =megakaryocyte. DL = dendritic or 
langerhans cell. BFU-E= Burst forming unit erythroid. CFU-C=granulocyte colony forming 
unit.
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Analysis of cell surface antigens has enabled the purification of populations 

enriched for progenitors and stem cells. The most widely used marker for 

immature haemopoietic cells has been CD34 a heavily glycosylated 

transmembrane protein that is thought to function in cellular a d h e s i o n ^  9  

Although the haemopoietic systems of humans and mice can be reconstituted by 

CD34 expressing cells, stem cell activity may not be restricted to this 

compartment as CD34- stem cells have been identified in both murine and 

human bone marrow 20,21 Functional properties such as cell cycle status, 

resistance to cytokine induced proliferation 22 and the ability to extrude 

Rhodamine 123 or Hoescht 33342 23,24 have also been used to purify stem 

cells. More recently it has been shown that such highly purified stem cell 

populations have the ability to generate non haemopoietic tissue under certain 

circumstances (q.v.).

1.2. The regulation of haemopoiesis

Over he last 30 years the regulation of haemopoiesis has been intensively 

studied. Whilst much is now known about the details, some of the most 

fundamental and interesting questions such as how a stem cell decides whether 

to self renew or differentiate, how lineage is chosen and how the body senses the 

level of circulating blood cells remain largely unanswered.

7.27. Stochastic and deterministic theories

As long ago as 1964, Till proposed that the lineage commitment of murine 

spleen colonies forming cells was random at the individual cell level 25 and 

evidence supporting a random element in the process of commitment to 

differentiation has accumulated over the years 26-28 The discovery of 

haemopoietic growth factors which appear in mass culture to direct 

differentiation in a particular direction supported the contrary so called
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deterministic view, namely that cells are instructed by environmental influences. 

Elegant experiments in which single cells were exposed to different growth 

factors showed convincingly that whilst growth factors are essential for cell 

survival and proliferation, the choice of lineage is essentially random 29 a  

consistent finding has been that once lineage commitment has occurred, 

proliferation is restricted. Indeed, by transducing the anti-apoptotic molecule 

bcl2 into a growth factor dependent cell line it was possible to observe

differentiation in the absence of proliferation Perhaps the most reasonable 

view is that the decision to differentiate and lineage choice is a largely random 

decision for an individual cell whilst whether this decision results in cellular 

output by the population as a whole depends on factors such as the haemopoietic

microenvironment and the cytokine milieu  ̂k

Recent observations have added a new dimension to this debate however since it 

has proved possible to reprogram otherwise committed lymphoid progenitors to

the myeloid lineage by overexpressing IL-2 and GM-CSF receptors The 

assumption that differentiation is irreversible has been similarly challenged by 

the remarkable observation that under certain circumstances haemopoietic stem 

cells can differentiate into hepatocytes 33, neuronal cells 34 as well as skeletal 35

and cardiac muscle 36 and similar plasticity has been found in cells in these 

tissues. It seems likely that both stochastic and deterministic mechanism operate 

however the above findings have yet to be reconciled with previous theories of 

the control of haemopoietic stem cell proliferation and differentiation.

7.22. Maintenance o f the stem cell pool

Several models for the long-term maintenance of stem cell numbers have been 

proposed. One possibility is that individuals are born with sufficient stem cells 

to maintain haemopoiesis throughout their lifespan and that stem cell replication 

does not occur. This is very unlikely, as it has been possible to reconstitute long
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term haemopoiesis in lethally irradiated mice with a single highly purified stem

cell Stem cell division may be asymmetrical; i.e. one cell generates a second 

stem cell as well as a cell that is committed to differentiation or symmetrical with 

identical progeny from a single cell but a probability of stem cell replication for 

the population as a whole that is 0.5. For obvious reasons these hypotheses have 

been difficult to test particularly in large animals. Using an experimental system 

in which female cats heterozygous for G6PD underwent autologous stem cell 

transplantation with limiting cell numbers of cells it was shown that there is 

random succession in the stem cells contributing to haemopoiesis. It was 

estimated that in this system the frequency of stem cells is approximately 6 per 

10̂  bone marrow cells and that stem cell division occurs on average every 3 

weeks 37. Studies of the clonality of human haemopoiesis showed a skewing of 

X chromosome inactivation patterns in some normal elderly women compatible 

with random loss of some stem cells 38 stem cells thus appear to be less 

frequent and more slowly dividing in larger animals than in mice and there is 

also evidence for clonal succession.

1.23. Transcriptional regulation of haemopoiesis

Cellular differentiation requires the co-ordinated expression of a large number of 

genes and progress has been made in identifying the transcription factors that act 

as master switches for the various cell lineages in the haemopoietic system 39. in 

many instances these genes were identified by cloning leukaemia specific 

breakpoints with proof of function demonstrated in murine knock out 

experiments and interacting partners identified using yeast two hybrid systems 

(table 1.1).
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T a b l e  1. 1. T r a n s c r i p t i o n  f a c t o r s  in v o l v e d  in  h a e m o p o ie s is

T ranscription  factor D e sc r ip t io n

SCLyTAL First identified in T-ALL. Emb lethal in KO mice - no definitive 
haemopoiesis

GATA-1 Zn finger TF. Exp. Prog, E, Meg, Eos, Mast. Overexp vtMy and 
TE, Meg, Eos

GATA-2 Zn finger TF. Exp. Prog, Meg, Mast. KO i  prog. Overexp iE

GATA-3 Zn finger TF. Exp Prog, T, Th2. Exp KO no T cells. Overexp 
iTh2, TThl

FOG-1 Multi-Zn finger TF. Exp Prog, E, Meg, Mast, Overexp TEos. KO 
iE , no Meg

PU.l Ets family TF. Exp Prog, My, B cell. Overexp TMy. KO no My, 
T or B cells

C/EBPa B-zipper TF. Exp My, Eos. Overexp TEos. KO no Neuts or Eos

MafB B-zipper TF. Exp Mono. Overexp TMonos.

Runxl (AML-1) Runt homologue. Exp haemopoietic cells. KO no haemopoiesis

T-bet T-box TF. Exp Thl cells. Overexp TThl, 4<Th2

Pax-5 Paired box TF. Exp B cells. Overexp T other lineages

Ikaros Zn finger TF.. Exp Prog, T cells. KO no lymphoid cells

Legend to Table 1.1. Major transcription factors (TF) involved in the regulation of 

haemopoietic differentiation. Abbreviations: Emb = embryonic, Prog = progenitors, E 

=erythroid, Meg=megakaryocytic, Eos=Eosinophils, My myeloid, Neut = neutrophil, Exp = 

expression pattern, KO knockout mouse phenotype, Overexp=overexpression phenotype, B 

cell = B lymphocyte, T cell = T lymphocyte, Thl = Type 1 T helper lymphocyte, Th2 = Type 

2 helper lymphocyte. Table modified from

Not only do particular factors direct differentiation in specific directions, they 

also inhibit progress down alternative pathways. GATA-1 for example, which is 

required for erythroid, megakaryocytic and eosinophilic differentiation inhibits 

the myelomonocytic pathway by preventing the interaction between PU-1 and its 

cofactor c-Jun whilst PU-1 displaces GATA-1 from its binding site by

competition for its C terminal Zn finger A model has been proposed in which 

the undifferentiated state is maintained by equilibrium between cross competing 

transcription factors expressed at relatively low levels. Disturbance of this by
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over or underexpression of a particular factor would release the cell from 

equilibrium and allow differentiation. Intriguingly, the introduction of a random 

element into this would provide a potential mechanism for the observed 

stochastic behaviour of cellular differentiation whilst still allowing for 

“instruction” by environmental factors such as haemopoietic growth factors.

7.24. Haemopoietic growth factors and their receptors 

The existence of soluble regulators of blood cell formation was first proposed in 

the early years of the last century ^2 and experimental support for a hormone 

regulating red blood cell production came from animal cross-circulation

experiments in the 1950s Semi solid culture techniques combined with 

advances in protein biochemistry and molecular biology allowed the 

identification in the 1980s and 90s of a wide range of polypeptides with effects 

on the haemopoietic system. Delineation of the role and mechanism of action of 

these factors has been the subject of intensive study over the last 20 years. A 

complex network of interactions is evident in which individual cytokines 

modulate responsiveness to other factors by regulating their receptor expression

Growth factor activity is further regulated by site of action; some exist solely 

as soluble factors, some have cell bound forms and others bind with high affinity 

to components of the microenvironment. Similarly there are soluble forms of 

some of the cytokine receptors, which may have agonistic or antagonistic 

activity.

At the present time there are more than 30 cytokines with effects on the lympho- 

haemopoietic system including interleukins 1-23, the classical colony stimulating 

factors, GM-CSF, G-CSF and M-CSF, as well as SCF, FL, TPO and EPO and 

factors with inhibitory effects such as TGFp, TNFa and the interferons. There

are numerous reviews on this topic, for example ^5.
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Several broad classes of growth factor receptor have been defined (figure 1.3). 

Some, such as c-kit, M-CSF and flt3 have intrinsic tyrosine kinase however the 

majority belong to the cytokine receptor family which rely on the recruitment of 

distinct intracellular kinases and adapter molecules for downstream signalling. A 

common theme within this group is that ligand binding induces 

oligmomerisation of receptor subunits. In some cases, such as Thrombopoietin, 

EPO, G-CSF, GH and prolactin the same subunit mediates ligand binding and 

signal transduction whilst in others there are distinct binding and signalling 

chains that may be shared between related cytokines. These include the GM- 

CSF/IL-3/IL-5 family which have different ligand binding a subunits and a 

common signalling p chain termed pc, the IL-2/4/9/15 family which share the IL- 

2y signalling chain and IL-6/CNTF/0SM/LIF/Cardiotrophin group which all 

use gpl30 for signal transduction.

The cytokine receptor family share a number of structural features that indicate 

evolution by gene duplication. At the genomic level, the conserved arrangement 

of phase in intron-exon boundaries (the position within the coding triplet that the

junction occurs) confirms this view 46, The defining feature of the cytokine 

receptor family is the cytokine receptor module (CRM) which is made up of two

p barrel fibronectin type III domains 47 with a number of conserved features. 

These include: a Tryptophan residue near the N terminus of each domain, 4 

cysteines involved in intrachain disulphide bonds in the first 2-3Proline residues 

near the N terminus, an alternating pattern of hydrophobic residues 

(YXV)WRVR) and a well conserved WSXWS motif near the C terminus of the 

second CRM. The solution of the crystal structure of the GH / receptor complex 

has formed the basis for the elucidation of the structure of the other cytokine 

receptors. Each domain of the CRM is made up of 7 antiparallel p sheet 

structures with strands A, B, E and D, C, F &G forming 2 pleated sheets. 

Hydrophobic residues including the conserved Tryptophan in the B strand of the
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first domain and the YXVXVRVR motif in the second form the core of the 

module with the WSXWS motif forming a bulge between the two with 

interdigitation of its Tryptophan residues with Arginine in the former. 

Subsequent analyses of other members of the family such as the prolactin

receptor and pc have confirmed this is a general arrangement 48.

A common theme in growth factor receptor function is that ligand binding 

induces homo- or hetero-dimerisation of receptor subunits. This brings 

signalling components within the intracellular portions of the receptor into 

proximity thus triggering the activation of downstream effectors. Another 

common theme is the phenomenon of receptor down modulation in which ligand 

binding results in modulation of other receptors. This may occur through several 

mechanisms. Firstly, certain non-cytokine ligands such as LPS 49 or f-met-leu- 

phe 50 may case changes in the level of expression of cytokine receptors. 

Secondly, ligand binding might induce receptor internalisation thus down 

regulating responsiveness until either receptor recycling or synthesis of new 

receptor can take place 51. Finally there is the phenomenon of transmodulation 

in which stimulation of one cytokine receptor pathway results in changes in the 

levels of the receptors for other factors 44.
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Figure 1.3. Haemopoietic growth factor receptor family.

a

IL-2 IL-4 GH
IL-15

7IL-21

EPO

IL-6 LIE CNTF
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G-CSF IL-12 GM-CSF
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Cytokine receptor superfamily domain Fibronectin type 3 domain

Immunoglobulin superfamily domain Contactin-like domain

Four helix bundle cytokine

Legend to Figure 1.3. Modular design of haemopoietin receptor superfamily. GH= growth 
hormone, EPO=erythropoietin LIF=Leukaemia inhibitory factor, CNTF=ciliary neurotrophic 
factor, OSM=Oncostatin-M. Precise stoichiometry of receptor complexes uncertain except 
for IL-6 where hexameric structure shown by epitope tagging.
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7.25. Signal transduction pathways

Cytokines exert both rapid and longer-term effects on their target cells and the 

biochemical pathways by which this occurs have been extensively studied 2̂. 

Short term effects include modification to the cytoskeleton, secretion of 

preformed granule contents and priming or modulation of the effects of other 

agents whilst longer term changes involve gene transcription and translation. 

Signal transduction by the members of the cytokine receptor family shares many 

common features. In all cases, the initiating event is subunit oligomerisation 

which activates kinases of the JAK family and the STAT transcription factors as 

well as the Ras/MAPK and PI3K/Akt pathways. The individual cytokines differ 

in their use of JAK and STAT subtypes, the importance of which have now been 

confirmed in-vivo by the generation of knock out mice and by the identification 

of disease phenotypes caused by their mutation Cytokine mediated signalling 

is downregulated by a number of mechanisms including receptor internalisation 

and the recruitment of phosphatases such as SHP-1. Specificity in response is 

due to differences in the intracytoplasmic portions of receptor signalling 

subunits that result in the recruitment of different kinases and adapter molecules. 

GM-CSF receptor signalling is discussed in more detail below

1.3. GM-CSF and its receptor

1.31. Introduction

Granulocyte-macrophage colony-stimulating factor (GM-CSF) is one of the 

four classical colony-stimulating factors discovered in the 1960s following the

introduction of semi-solid bone marrow culture techniques The cDNA for 

human GM-CSF was isolated by expression cloning from the Mo leukaemic 

cell line and a T lymphocyte line and the genomic sequence ascertained 

shortly afterwards 56,57 The availability of recombinant material over the last 15

33



years has allowed extensive characterisation of the biochemical, biological and 

clinical properties of GM-CSF which are summarised in brief below. Although 

originally identified because of its effects on haemopoietic progenitors, GM- 

CSF has proved to have wider activity with many of its most important effects 

being exerted on fully differentiated cells.

1.32 The GM-CSF gene

The human GM-CSF gene is located on chromosome 5 (q25-q31) within 10Kb 

of the Interleukin-3 (IL-3) gene and in the same region as the genes for IL-5,

IL-4 and the M-CSF receptor This finding is of interest because this region

is deleted in some cases of myelodysplasia and acute myeloid leukaemia The

human GM-CSF gene is 2.5Kb in size, contains 3 introns and shows 

considerable homology to its murine counterpart, particularly in the 5' 

untranslated region

GM-CSF is produced in response to immunological and inflammatory signals 

in a range of cell types. Expression is controlled at the transcriptional level 

through constitutive and inducible cis-acting elements and post-transcriptionally 

by changes in mRNA half-life. Control of GM-CSF transcription has been best 

studied in activated T cells where a 716bp DNAse hypersensitive site containing 

a strong enhancer element has been identified This region contains 4 binding 

sites for the fos/jun heterodimer AP I one of which also binds NFAT-1 and is 

sensitive to cyclosporin A inhibition. This composite sequence also binds 

Vitamin D which inhibits activation of the GM-CSF gene by preventing NFAT-

1 binding and locking jun/fos dimers to the site in an inactive configuration 

Further conserved elements have been defined in the GM-CSF gene including 

CLE2/GC and CLEl motifs (also known as cytokine consensus elements, CK-1 

and CK-2). The CLE2/CK-2 element, which is also found in the IL-3 gene.
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binds a phorbol ester induced factor that is immunologically identical to NF-kB 

and the GC element which binds constitutive factors such as Spl 

Transcription of the GM-CSF gene in activated T cells thus appears to be 

mediated by Ets-1, AP-1 and NF-kB which act in concert in a higher order

complex along with constitutively expressed factors such as Spl

In common with other growth factor and proto-oncogene RNAs, AU rich 

sequences have been identified in the 3' untranslated region which mediate rapid 

RNA degradation Following stimulation of fibroblasts or T cells a protein 

factor is induced which binds to this element and increases mRNA half life . 

RNA degradation is thought to be mediated by deadenylation which leads to loss 

of stabilising structures such as the 5’ cap and poly-A binding proteins.

1.33. The GM-CSF protein

Human GM-CSF protein contains 144 amino acid (aa) residues including a 

17aa signal peptide that is removed during secretion 54,55,69 (figure 1.4). 

Despite more than 50% homology between the proteins there is no functional 

cross reactivity between human and murine GM-CSF. Native GM-CSF is 

heavily glycosylated with 2 potential N and several O linked sites, resulting in a

molecular mass of 14.5-34Kd "̂ o Compared to bacterially derived, non

glycosylated recombinant GM-CSF, glycosylated forms have a lower specific 

activity and bind the receptor with a lower affinity. When human GM-CSF 

separated on the basis of the number of N linked glycosylation sites occupied 

was administered to rats, it was shown that the 2N type had a fivefold longer

half-life then the ON type Parallel in vitro studies demonstrated that the 2N 

GM-CSF had a 200 fold lower biological activity in-vitro. Changes in 

glycosylation status may also result in altered immunogenicity of recombinant 

GM-CSF from different sources '̂ 2.
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There are two intra-chain disulphide bonds in human GM-CSF, C54-C96 and 

C88-C121, but only the first is necessary for biological activity '̂ 3. The crystal 

structure of human GM-CSF has been determined 74,75̂  revealing a tertiary 

structure similar to many other cytokines with 4 alpha helices arranged in an 

"up-up, down-down" topology (figure 1.4).

A range of methods have been employed to elucidate structure function 

relationships. These have included the synthesis of truncated GM-CSF 

molecules 76̂  construction of interspecies hybrids 77,78̂  site directed 

mutagenesis 79,80̂  and mapping the epitopes to which monoclonal antibodies

bind 81-83 These studies have shown that the first and third helices are involved 

in the interaction with the affinity converting / signal transducing p subunit of the 

receptor and that Glutamine 21 is critical in this regard. Residues in the fourth 

helix, particularly Asparaginel 12 are involved in interactions with the ligand

binding alpha subunit of the GM-CSF receptor
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Legend to Figure 1.4. A) Primary structure of human GM-CSF showing O and N linked 
glycosylation sites and intrachain disulphide bridges. B) Secondary structure of GM-CSF 
showing up/up down/down configuration of helices and Asp 112 and Glu 21 that are critical 
for binding to a  and |3 subunits of GM-CSF receptor

m
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1.34. Cellular sources and production o f GM-CSF

A wide range of cell types produce GM-CSF either constitutively or in response 

to a variety of immunological and inflammatory stimuli. GM-CSF production 

occurs in T lymphocytes stimulated via the antigen receptor or

phytohaemagglutinin 54,84,85 whilst endotoxin stimulates its production in B 

lymphocytes 86, Other haemopoietic cells are capable of producing GM-CSF: 

cross linking of the Fc epsilon receptor or calcium ionophore causes mast cells 

to release IL-3 and GM-CSF 87 and monocytes express GM-CSF mRNA in

response to phagocytosis and inflammatory stimuli such as TNF 88. a  number 

of other cells including endothelial cells and fibroblasts produce GM-CSF in 

response to tumour necrosis factor (TNF), mésothélial cells produce GM-CSF 

after stimulation with TNF and epidermal growth factor (EGF) and osteoblasts 

89 can be induced to secrete GM-CSF in response to parathormone and 

endotoxin. Both mRNA and protein for GM-CSF and its receptor have been 

demonstrated in fallopian tube epithelial cells leading to speculation that it may

play a role in the normal fertilisation/implantation process 90.

1.35. Biological activities

The actions of GM-CSF have been extensively studied in-vitro as well as in-vivo, 

in animals and man. Like other cytokines its effects are to stimulate the survival, 

function, proliferation and differentiation of target cells either directly or as a 

priming agent to alter responses to other factors. Whilst earlier studies focused 

on its actions on immature cells there is now a large amount of information on 

the effects of GM-CSF on differentiated cells.
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In-vitro actions

Effects on cell survival 

In the absence of stromal cells or cytokines, primary haemopoietic progenitor

cells and factor dependent cell lines die rapidly by apoptosis Signalling 

through the IL-3/GM-CSF receptor can suppress apoptotic cell death in murine 

BaF3 cells transfected with the relevant human receptor subunits, an effect that

seems to depend on the Ras/MAP kinase pathway GM-CSF also stimulates 

cell membrane functions necessary for maintenance of viability including

glucose transport and the Na/K+ anti porter

Effects on cellular function

GM-CSF has also been shown to enhance a wide range of effector functions in 

mature neutrophils monocytes and eosinophils. Following exposure to GM- 

CSF, neutrophils undergo a rapid shape change associated with membrane

ruffling There is upregulation of a number of cell surface molecules 

including the fmet-leu-phe (fmlp) 96 and inositol trisphosphate receptors 97 and 

integrins both in-vitro 98 and in-vivo 99 Release of neutrophil secondary granule 

products also occurs in-vitro 95,ioo and in-vivo and there is mRNA synthesis 

and secretion of various cytokines, including IL-1, G-CSF, and M-CSF 102,103 

A number of other neutrophil functions are primed or enhanced by GM-CSF 

including superoxide generation 104 and platelet activating factor (FAF) 105 

release in response to chemotactic factors and 5 lipoxygenase activation and 

release of arachidonate and leukotriene B4 in response to FAF 106. Other effects 

on neutrophil function include enhanced uptake and killing of micro-organisms 

107,108̂  increased phagocytosis of IgA opsonised particles 109 and enhanced 

antibody dependent cytotoxicity nil. Neutrophil migration in-vitro is reduced 111
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as is skin window migration in patients receiving GM-CSF treatment GM- 

CSF exerts similar effects on eosinophil function. Survival, cytotoxicity to 

schistosome ova and calcium ionophore induced generation of leukotriene C4 

have been shown to be enhanced by GM-CSF 95,i 13

GM-CSF exerts analogous effects on monocyte/macrophage function. There is 

increased adhesion expression of a range of cytokines H 5,116 well as 

priming of superoxide responses Killing of tumour cells and 

intracellular parasites is enhanced *̂ 9 and there is augmentation of monocyte 

antigen presenting function 120 in addition, the dendritic/langerhans cell lineage, 

now recognised to be related to but distinct from monocytes, is profoundly 

influenced by GM-CSF both in respect of maturation and functional attributes 

121,122

Effects on proliferation & differentiation 

GM-CSF was originally defined as a factor that supports the growth of 

granulocyte, macrophage and eosinophil progenitors in semi-solid bone marrow

culture 123, Like IL-3 it can supply burst-promoting activity in erythroid 

cultures 124 and there is some effect on megakaryocyte differentiation 125 More 

recently, GM-CSF has been shown to be important in the differentiation of 

antigen presenting dendritic cells. In combination with TNFa, it supports the 

growth of DCs from a CD34+ progenitor 126 and in conjunction with IL-4 

induces their differentiation from peripheral blood monocytes 127. In addition to 

its effects on haemopoietic cells, GM-CSF has been reported to cause the 

proliferation of other cell types including oligodendrocytes 128 and other cells 

originating from the neural crest 129. An effect on cultured endothelial cells has 

been reported i^o but not reproduced 1 ̂  1.
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In-vivo effects

The first clinical study using GM-CSF in patients with HIV infection showed 

the expected rise in neutrophil, monocyte and eosinophil levels over a period of 

several days ^^2 Paralleling the rise in the numbers of mature cells in the

peripheral blood, increased numbers of progenitor cells are also observed a 

finding that has been exploited clinically. In-vivo consequences of functional 

activation of mature cells are also observed. Within the first hour of 

administration of GM-CSF, circulating levels of neutrophils, monocytes and 

eosinophils transiently fall, a phenomenon that is associated with upregulation of 

surface adhesion molecules, neutrophil degranulation and sequestration in the 

lungs 99,101,134 Neutrophil migration into skin windows is depressed during 

GM-CSF administration  ̂ whilst cytotoxicity of monocytes to tumour targets 

is increased Over a period of time, serum cholesterol levels fall in 

individuals receiving GM-CSF, probably as a consequence of 

monocyte/macrophage activation 3̂5

Physiological role of GM-CSF 

When initially described it was imagined that GM-CSF would function as a 

regulator of basal haemopoiesis. However the fact that circulating levels of GM-

CSF do not rise during neutropenia 3̂6 and that transgenic mice with a targeted

disruption of the GM-CSF gene are haematologically normal suggests that 

this is not the case. The in-vitro effects of GM-CSF on mature cells point rather 

to a function as an inflammatory mediator and in particular as a modulator of

antigen presenting cell function 1̂ 8 xhe major abnormality in GM-CSF 

knockout mice is pulmonary alveolar proteinosis, a syndrome in which there is 

defective clearance of pulmonary proteins by alveolar macrophages ^̂ 7
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1.36. The GM-CSF receptor

The GM-CSF receptor gene family 

The cDNAs for two human GM-CSF receptor components have been cloned 

139,140̂  an a subunit that binds GM-CSF with low affinity and a non ligand 

binding p chain that co-operates with the a chain to increase receptor affinity and 

mediate signal transduction. Ligand binding a subunits of the IL-3 and IL-5 

receptors share the common signal transducing p subunit (pc). In the mouse, 

there is an IL-3 specific p subunit (AIC2A) as well as a pc (AIC2B) shared by 

GM-CSF, IL-3 and IL-5 Intron exon boundaries are conserved across the 

cytokine receptor family suggesting that they may delineate functional domains.

The human GM-CSFRa gene has been mapped to the pseudo-autosomal region

of the sex chromosomes extends over 45Kb and contains 12 introns. 

Although abnormalities of the X chromosome are found in human leukaemias, 

no abnormalities in the GM-CSFRa gene have been reported 143,144 The gene 

for human GM-CSFRpc has been mapped to chromosome 22 145. No 

abnormalities in the intracytoplasmic domain of the human pc have been reported 

in human leukaemia, although like the a subunit it appears to be quite 

polymorphic 4̂6

Several isoforms of the GM-CSFRa subunit arising by alternative splicing have 

been identified. These include a soluble receptor lacking a transmembrane 

domain 147,148 and a receptor with a serine rich intracytoplasmic tail ^49 in 

addition, alternatively spliced isoforms in the 5' untranslated portion of the 

receptor transcript have been identified which appear to affect translational 

efficiency A variety of other less well characterised deletions have been 

described generating potentially soluble or membrane bound species I5i,i52 

The soluble isoform of the GM-CSF receptor has been shown to antagonise the
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effects of GM-CSF in semi-solid cultures however the functional 

significance of the other isoforms is at present unclear.

A GM-CSFRpc isoform with a truncated intracytoplasmic tail has been 

described the message for which is highly expressed in some AML blasts 

Although this isoform can bind and activate JAK kinase it does not provide a 

mitogenic signal and appears to function as a “dominant negative” when co

expressed with full length pc

GM-CSF receptor subunit structure and interactions 

The structural organisation of the cytokine receptor family has been discussed 

above. The a subunit of the GM-CSF, IL-3 and IL-5 receptors conform to this 

general pattern with a single CRM comprising a pair of domains of 7 pleated p 

sheets designated A-G and A ’-G’. Paired cysteine residues forming 

intramolecular bridges are present in each domain but in addition there is an N 

terminal non CRM cysteine containing sequence unique to the GM-CSF, IL-3 

and IL-5 a subunits. The conserved WXWS box is found in the G’ sheet 

adjacent to the transmembrane domain. The pc has two CRMs that appear to 

have arisen by exon duplication similar to that observed in the leptin receptor 

156

The structure function relationships of the GM-CSFR family subunits have been 

extensively studied by a variety of methods including site directed mutagenesis 

and domain swapping, ligand cross-linking, X ray crystallography, and epitope

mapping with monoclonal antibodies In summary, these studies reveal that a 

subunits dimerise when exposed to ligand whereas preformed non signal 

transducing pc subunits are present in the absence of ligand 157,158 

CSFRa/pc heterodimers may also exist in the absence of GM-CSF giving cells a 

low level survival signal however the stability of the interaction is increased by
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1000 fold in the presence of GM-CSF Preformed heterodimers of ligand 

and IL-3 or IL-5 receptors have not been identified. Addition of ligand results in 

the assembly of higher order complexes, possibly hexamers of 2a, 2p and 2

ligand molecules analogous to those observed in the IL-6 gpl30 system 

Heterodimerisation is associated with the formation of disulphide bridges

between the respective a  subunits and Cysteines (C)86 and C91 in pc 

Mutational analysis has defined residues 338-438 of pc as being crucial for 

ligand binding and affinity conversion and within this region Tyrosine (Y)365, 

Histidine (H)367, Isoleucine (1)368 and Y421 seem to be of particular 

importance 162,163 Using a monoclonal antibody to this sequence that blocks 

high affinity binding of GM-CSF, IL-3 and IL-5, the precise structure of this

interaction has been defined by X-ray crystallography The side chains of 

Y365, H367 and 1368 converge at their tips and probably interact with 

Glutamines (Q)21, Q22 and Q13 of GM-CSF, IL-3 and IL-5 respectively 

80,165,166 Y421 is located on the neighbouring loop and could form a hydrogen 

bond with the same conserved glutamine.

Signal transduction through the GM-CSFR 

Despite the detailed analysis described above, the exact configuration of the 

activated GM-CSF receptor complex is still unclear. Since preformed non

signalling pc homodimers are found in the absence of ligand 157,158̂  receptor 

activation presumably requires a conformational change in pc, probably induced 

by association with ligand bound to an a chain dimer. Activation of a complex 

network of signalling pathways occurs in response to the binding of GM-CSF 

to its high affinity receptor (figure 1.5).

Unlike the receptors for SCF and M-CSF which have intrinsic tyrosine kinase 

activity, type 1 cytokine receptors such as GM-CSF rely on the recruitment of
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secondary molecules which possess enzymatic activity or adapter modules such 

as SH2 or SH3 domains or both. Following receptor dimérisation, Janus (JAK) 

kinases associated with the box-1 region of pc phosphorylate each other as well 

as tyrosine residues of pc. Although pc is important for the association with

JAKs, the a subunit has also been shown to be involved in JAK activation 

Cytoplasmic STAT (Signal Transducer and Activator of Transcription) 

molecules bind tyrosine phosphorylated residues on pc and are then 

phosphorylated by JAK. The regions of pc required for JAK and STAT binding 

are however distinct since the C terminal deletion mutant pc541 is able to activate

JAK2 but not STAT5 Once STAT molecules have been phosphorylated by 

JAK, they then dimerise and translocate to the nucleus Activated STATs 

bind to a DNA motif known as a gamma interferon activated site or GAS that 

acts as a positive promoter for interferon inducible genes such as c-fos, pim- 

1, osm and cis Although multiple JAK and STAT molecules have been 

identified, GM-CSF receptor mediated signalling predominantly involves JAK2 

1'̂ ,̂ STAT-5A, B and a truncated STAT-5, p80 Involvement of other 

STATs in homo or heterodimers is cell type specific and changes the sequence 

specificity and target genes transcribed. STAT signalling has been implicated in 

both GM-CSF/IL-3/IL-5 induced proliferation and differentiation. Deletion of 

box 1 or expression of dominant negative JAK-2 leads to inability to initiate 

transcription of fos-1 and egr-1 and inhibition of proliferation 174,175 

Involvement of the JAK-STAT pathway in the control of differentiation in 

myelomonocytic i ’̂  ̂ and erythroid 177 cell lineages has been shown and 

differentiation linked changes in GM-CSF signalling through both JAK-STAT 

and MAP-K pathways have been observed in both the HL-60 cell line and 

primary cells 178,179
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Multiple MAP kinase family members are involved in signalling through the 

GM-CSF/IL-3/IL-5 receptor including ERKl and 2, p38 and JNK/SAPK. 

These are probably triggered by the binding of an adaptor protein She to 

phosphorylated tyrosine residues on pc. Activated She interacts with the Grb2 

adapter protein which in turn recruits SOS, the nucleotide exchange factor for 

Ras which then activates the Raf cascade through to ERK-1 and 2.

The PI3K pathway is also known to play an important role in GM-CSFR 

signalling. Activation of PI3K occurs through recruitment of an adaptor protein 

p80 to pc subunit in a complex containing the Src family kinases Yes and Lyn 

180 and through p i20 Cbl I8i which forms a complex with the adaptors Grb2, 

Crk and She as well as PI3K. Downstream effects of signalling through PI3K 

include activation of PKB/Akt and p70S6K which are involved in promoting cell 

survival 182 and in functional responses in mature cells such as priming of the 

neutrophil superoxide burst 183,

Although the pc subunit plays the major role in these signalling events, the 

intracellular portion of the a chain also has important functions. Studies in 

Xenopus oocytes demonstrated that signalling through the GM-CSFRa subunit 

stimulates glucose uptake 184 through a phosphorylation independent 

mechanism. Experiments in the murine pro B-cell line BaF3, where the human a 

subunit can interact with the murine pc subunit showed that the membrane 

proximal residues of the a subunit (346-382) are sufficient for cell proliferation 

185. Removal of residues 382-400 had no effect on growth or translocation of 

protein kinase C to the membrane but did prevent tyrosine phosphorylation of 

the pc subunit when this was co-transfected. More recently it has been shown 

that the membrane proximal 29 amino acids of the GM-CSFRa chain are critical 

for JAK-2 and STAT-5 phosphorylation and that mutations in this region

influence the pattern of STAT-5 activation 186. it seems that the a subunit may
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confers some signalling specificity since despite using the same signal 

transducing pc subunit, mitogenic responses caused by IL-3 and GM-CSF are 

associated with protein tyrosine phosphorylation, whilst IL-5 stimulated 

proliferation is associated with dephosphorylation 8̂7

There are several mechanism by which GM-CSFR signalling is down regulated. 

An important mechanism in this regard is the recruitment of tyrosine 

phosphatases such as HCP (Haemopoietic Cell Phosphatase, also called SHPl, 

SHPTPl or PTPIC). After ligand binding, HCP binds to Y612 of the pc subunit 

and following activation, reduces the level of tyrosine phosphorylation on pc and 

other substrates. The importance of HCP is underlined by the dramatic 

abnormalities found in “motheaten” mice with mutations in HCP which die

soon after birth from accumulation of macrophages in the lungs ^̂ 8 GM-CSFR 

signalling is also inhibited by CIS (cytokine inducible SH2 containing protein), 

which is rapidly induced through the STAT pathway following ligand binding 

and interferes with signalling by binding to pc. Related genes of the SOCS 

family (supressors of cytokine signalling) include JAB ^^9 (ja k  binding

protein), SS-1 (STAT induced STAT inhibitor) and CIS2-4 which are all 

SH2 containing proteins that are rapidly induced by various cytokines. In 

addition, STAT function is disrupted directly by PIAS (protein inhibitor of

STAT) which is also found in cytokine stimulated cells

In summary, although the signalling cascades and cellular responses to GM- 

CSF, IL-3 and IL-5 are very similar because of the shared pc signalling domain, 

fine specificity is conferred by the a subunit. The existence of multiple a chain 

isoforms adds a further potential level of regulation and this is the subject of the 

work now described.
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Figure 1.5. Signal transduction through the |3c chain of the GM-CSF receptor
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Legend to Figure 1.5. Ligand induces binding of GM-CSFRa subunit(s) to preformed 
dimers of (3c which results in cross phosphorylation of JAK-2 bound to Boxl region. Other 
residues on |3c are also phosphorylated allowing binding of SH2 domain containing proteins 
such as She to Box2. STAT proteins are phosphorylated resulting in dimérisation and 
translocation to the nucleus where gene transcription is activated resulting in cell 
proliferation as well as activation of inhibitory pathways. Target genes include c-myc, fos-1, 
egr-1, PlM-1 as well as inhibitory factors of the SOCS family which bind to phophorylated 
receptor residues and JAKs. Inhibition of signalling is also mediate by phosphatases such as 
SHP-1 which are activated by and dephosphorylate JAKs. Phosphorylated STATs are 
inactivated by PIAS (protein inhibitor of activated STATS).
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Chapter 2. Materials and Methods

2.1 General Materials

Except where indicated in the text, materials were obtained from the following 

suppliers.

M ateria l S u p p lie r

0.5, 1.5 ml polypropylene tubes Eppendorf, Germany

25 ml universal tubes Sterilin, Feltham, UK

50 ml polypropylene tubes Falcon, Becton Dickinson, Oxford UK

Tissue culture flasks

1ml pipettes LMG Smith, UK

5, 10, 25 ml pipettes Sterilin, Feltham, UK

Tissue culture dishes Greiner, Germany

Pipette tips Gilson Anachem, Luton, UK

Acrodisk filters Millipore

2.2 Molecular Biology Reagents

2.21. Water

All water used in molecular biology experiments was double distilled, deionised 

(to>18Mohms) then autoclaved to remove ionic and bacterial contaminants. For 

preparation of competent bacteria water was further treated with 1 % activated 

charcoal for 12 hours with agitation then filtered to remove residual organic

contaminants which may reduce the efficiency of competent bacteria por 

experiments with RNA where contaminating RNAses are problematic, 

diethylpyrocarbonate (DEPC) treated water was prepared by adding DEPC 

(Sigma) to molecular biology grade water 0.1% v/v. After overnight incubation at 

37°C, DEPC was removed by autoclaving.

2.22. Enzymes

Restriction endonucleases were purchased with their appropriate buffer from 

New England Biolabs (Hitchin Herts. UK) Most other DNA modifying
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enzymes including Taq polymerase, T4 ligase, polymerase and kinase were 

purchased from Promega (Southampton, UK) except where indicated in the text.

2.23 DNA

Oligonucleotides were synthesised by Oswell (Southampton, UK). PCR 

working solutions of 200ng/ml (20mers) were prepared and stored at -20°C. 

Plasmid cloning vectors were obtained from Invitrogen (San Diego CA, USA) 

and Stratagene (La Jolla, Ca, USA).

2.24 Bujfers and other solutions.

Except where indicated all chemicals were purchased from Sigma (Poole, UK). 

The following solutions were regularly used and made up as indicated.

0.5MEDTA

Disodium EOT A 93.0g

DDW 0.51

EOT A is insoluble at neutral pH but dissolves readily in alkali solution. The pH 

was therefore adjusted to 8 using NaOH granules. About 10 granules were 

required for 500mls of solution

10x“TBE” buffer

Tris 54g

Orthoboric acid 27.3g

0.5M EDTA,pH8.0 20ml

DDW To 1 litre

Originally this solution was used diluted x5 however a xlO dilution provides 

enough buffering capacity for most applications.

3M Sodium Acetate pH 5.2

NaAc3HzO 408.1 g

DDW 800ml

5M NaOH Adjust pH to 5.2
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The solution was made up to 1 litre after pH adjustment then autoclaved. 

lOx Tris EDTA buffer (TE)

Tris IM pH 8 100ml

0.5M EDTA pHS 20ml

DDW To 1 litre

Gel loading buffer for agarose gels

0.25% w/v Bromophenol blue

0.25% w/v xylene cyanol FF

40% w/v sucrose in water

Bromophenol blue migrates at approx. 300bp in O.SxTBE. Xylene cyanol FF 

migrates close to the 4Kb position.

LB medium for general bacterial culture

NaCl 5 g

Oxoid yeast extract 5g 

Difco Bactopeptone lOg 

Distilled water 1 litre

This solution, which is a general bacterial growth medium, was prepared as 

above and sterilised by autoclaving at 151b for 15 mins. In order to make 

bacterial culture plates 1.5g agar were added per lOOmls prior to autoclaving . 

Whilst still hot the solution was transferred to a 50°C waterbath and poured into 

petri dishes removing bubbles by passing over a bunsen burner flame. 

Antibiotics were added prior to solidification when the agar was cool enough to 

hold against the skin.

SOC medium

This is an enriched medium that is used for maximum growth and to recover 

stressed bacteria following transfection.

2x SOC base

Bactotryptone 4g
Yeast extract Ig
IM NaCl 2 mis

51



IM KCl 0.5mls

DDW to lOOmIs

Additional solutions for SOC medium

IM MgCb Filter, store at -20°C

IM MgSÜ4 Filter, store at -20°C

2M stock glucose Filter, store at -20°C

The base solution was autoclaved and stored at room temperature. The 

additional solutions were made as indicated and stored at -20°C. Immediately 

prior to use, 0.1 ml of each additional solution was added to 5ml of the 2x base 

which was then made up to 10ml with DDW. SOB medium was made by 

omitting the addition of glucose.

Miniprep Solutions

These solutions were used for the routine preparation of plasmid DNA as an 

alternative to commercial kits, which were reserved for situations such as 

sequencing where high quality DNA was required.

Solutionl

1ml Filter sterile IM glucose 

0.5mls IM TrisHCl pH 7.6 

0.8mls 0.25M Na^EDTA 

Sterile water to 20mls

Solution 1 was stored at 4°C.

Solution 2

Smls IM NaOH 

4mls 10% SDS 

Water to 40ml s

This was stored at room temperature as SDS comes out of solution below 20°C.

Solution 3

3M KAc (29.5g KAc in lOOmIs H 20) 60ml

Glacial acetic acid 11.5mls

DDW to 100ml
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This solution was stored at 4°C

Preparation o f competent bacteria 

Solutions for preparation of competent bacteria were made using DDW that had 

been pre-treated with activated charcoal to remove residual organic contaminants.

RFl solution (100ml)

RbCl 1 2 g
MgCl24H20 0.99g

K Acetate IM solution pH 7.5 3.0ml

CaClz2H20 0.15g

Glycerol 15.0g

After adjusting the pH to 5.2 with glacial acetic acid the solution was made up to 

100ml with charcoal treated DDW and filter sterilised through a pre-rinsed 

02pm  filter.

RF2 solution (100ml))

MOPS 0.5M solution pH 6.8 2 ml

RbCl 0.12g

CaCl22H20 1 Ig
Glycerol 15.0g

Charcoal treated water To 100 ml

The pH of this solution was adjusted to 5.8 with 0.2M Acetic Acid and sterilised 

using a pre-rinsed 02pm  filter

GTC solution for preparation o f RNA

Guanidinium thiocyanate (Fluka) 118 g

0.75M Na Citrate pH 7 8.35 ml

20% w/v Na-lauryl-sarcosine 6.25 ml

This solution was made up to 250ml with DEPC treated water and filtered 

through an OASpm filter. Prior to use, 1.8ml (3 Mercaptoethanol was added.
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Caesium chloride solution for RNA preparation (CsCl)

Caesium chloride 240 g

0.5M EDTA pH 7 5 ml

DEPC treated DDW To 250 ml

The density of the solution was adjusted to 1.69g/ml using DEPC treated DDW

Sodium acetate for RNA preparation

2M Na acetate pH 8 1.5 ml

10% w/v SDS 0.1ml

DEPC treated DDW To 10 ml

Store at room temperature.
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2.3. General Molecular Biology Methods

The techniques used in these studies were derived from several textbooks of 

molecular biology supplemented with advice from members of the Tuite 

laboratory at the University of Kent at Canterbury and from colleagues in the 

Department of Haematology, University College London. Regularly used 

methods are described below.

2.31 Preparation o f RNA

Studies using RNA require great care to minimise contamination with RNAse. 

In order to minimise this risk, sterile disposable plasticware was used whenever 

possible. Glassware was treated by immersion in 0.1% DEPC overnight 

followed by autoclaving to neutralise DEPC.

Two methods of preparing total cellular RNA were used. When cell numbers 

were not limiting, the GTC Caesium Chloride technique was employed. In 

situations where only low cell numbers were available, the QiaEasy RNA kit 

(Qiagen, Crawley UK), which is based on an affinity resin, was used according 

to the manufacturers instructions.

GTC RNA isolation method 

Cell pellets of up to 50x10^ cells were lysed by vortex mixing with 3ml of GTC 

solution then either frozen at -70°C or processed immediately. Genomic DNA 

was sheared by passing the sample several times through a syringe with a 23G 

needle. The resulting lysate was layered carefully onto 5ml of CsCl^ (1.96g/ml) 

prior to ultracentrifugation at 27000 rpm for 22 hours at 20°C. The supernatant 

was decanted and the bottom of the tube containing the RNA pellet removed 

using a clean hot scalpel blade. The pellet was removed , placed in 200^1 of 

NaAc/ethanol solution (37.5% v/v Nac/SDS solution in 100% ethanol) and left 

to precipitate for a few minutes. The precipitate was transferred to a new sterile
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1.5ml Eppendorf tube containing a further 0.9ml NaAc/ethanol and left to 

precipitate at 4°C overnight. The sample was recovered by centrifugation at 

ISOOOrpm for 20 minutes at 4°C in a microfuge. After washing in 70% ethanol 

the pellet was resuspended in 50-1000pil sterile RNAse free water.

Optical density at 260 and 280nm were measured to assess RNA concentration 

and purity. An CD at 260nm of 1 is equivalent to an RNA concentration of 

AOpig/nû. The 260/280 ratio gives an indication of the sample purity with a ratio 

of greater than 1.8 indicating good RNA purity. The samples were then stored at 

- 70°C.

2.32 Reverse transcription- polymerase chain reaction (RT-PCR)

Where possible, PCR reactions were set up using mastermixes to minimise the 

risk of contamination and to ensure uniformity and accuracy of pipetting.

For the RT reactions ,5pi\ of the oligo-dT mastermix was added to 5;<1 of each 

target containing approximately l//g of total RNA. The reactions were covered 

with mineral oil and briefly centrifuged to ensure mixing. The samples were then 

denatured for 5 minutes at 70°C to eliminate RNA secondary structure then 

transferred to ice. An equal volume of 2x RT mastermix was added and the 

samples incubated at 42°C for 1 hour then 95°C for 5 mins to inactivate the 

enzyme. To control for the presence of contaminating DNA in the template or 

reagents during the subsequent PCR in all cases a parallel reaction was 

performed omitting the reverse transcriptase enzyme. For the PCR reaction a 4/̂ 1 

aliquot of the cDNA was transferred to a fresh tube containing 6/d of PCR 

primer mix then subject to a "hot start" at 95°C for 5 minutes. The samples were 

then cooled to 85°C to allow addition of the Taq polymerase mastermix prior to 

starting the cycling program. PCR products were visualised by ethidium
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bromide stained agarose gel electrophoresis and the results recorded using 

aPolaroid camera.

Table 2,1 RT primer target mastermix

R ea g en t per tube pi

Target total RNA (l//g )

Oligo dT 0.5fig/j4\ (Promega) 1

RNAsin 40u//^l (Promega) 0.5

Water to 5j4\

Table 2.2 RT Mastermix. (2x)

R ea g en t per tube (pi) fin a l cone.

10 X Promega Taq buffer (no Mg) 2 Ix

25mm/l MgC12 4 5mmol/l

4xl0m m/l dNTP (Promega) 2 Immol

RNAsin 40u///l 0.5 lu/pl

DEPC treated Water 0.5 or 1.5

AMV RT (Promega) 1 or 0 lu/20ml

Target + oligo dT mix (10) l/jg
Total volume 20

Table 2.3 PCR primer mix

R ea g e n t A m ou n t D ilu t io n fin a l conc.

Primer 1 200ng/pl 0.3ml 1:66 0.5pM

Primer 2 200ng/ml 0.3pl 1:66 0.5pM

Water 5.4pl

(Target) (4pl)

Total vol. 10

Table 2.4 Taq mastermix for RTs (2x)

Reagent Amount Dilution final conc.

Promega Taq buffer Mg- 1.6pl Ix

25mM/l MgC12 Ipl 1:20 2.25mM

Taq pol 5u/pl 0.2pl 1:100 lu/tube

Water 7.2

(Target) (lOpl)

Total vol. 20pl

Primer sequences are given in Appendix 1 and reaction conditions in the 

appropriate results chapters.
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2.33 DNA cloning

Preparation o f competent bacteria 

Competent bacteria were produced using a modification of the Rubidium 

Chloride method ^̂ 3 which allows for storage at -70°C.

Method: Preparation of competent bacteria

An SOB agar plate was streaked from a frozen bacterial stock and used within 

24 hours. Several 2 -3  mm diameter colonies were picked and dispersed in 1ml 

SOB medium by vortexing prior to transfer to a conical flask containing SOB 

medium. For each 10ml of culture medium, one colony was inoculated and to 

ensure optimal aerobic growth, a flask 10-30x the volume of the culture was 

used. The culture was incubate d at 37°C with moderate agitation until the cell 

density was 4-7 x 10̂  viable cells/ml. With the bacteria used in these studies this 

was estimated at an OD650 of 0.7. The culture was then transferred into 50ml 

polypropylene centrifuge tubes and chilled on ice for 10-15 min. prior to 

centrifugation at 750 - 1000 x g (2000-3000 r.p.m. in a clinical centrifuge) for 

12-15 min at 4°C. The pelleted cells were drained thoroughly by inverting the 

tubes on paper towels, and tapping to remove any liquid. The cells were then 

resuspended moderate vortexing in a volume of RFl solution equal to 1/3 that of 

the original volume collected then incubated on ice for 15 mins. The bacteria 

were pelleted again under the same conditions then resuspended in RF2 solution 

at 1/12.5 of the original volume and incubated on ice for 15 min. The bacteria 

were then aliquoted into pre-chilled screw cap tubes or 1.5 ml microcentrifuge 

tubes then flash frozen in a solid CO^/alcohol bath or liquid nitrogen prior to 

storage at -70°C. Provided temperature changes are avoided, these bacteria 

should maintain a high level of efficiency for 1 year or more.
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Bacterial transformation.

Method

For transformation, tubes were thawed in air at room temperature then placed on 

ice. For each sample, 200 ]A was aliquoted into separate pre-cooled 15 ml 

polypropylene tubes and DNA solution added with gentle swirling in a volume 

of < 20 ]A prior to incubation on ice for 10 - 60 min. The cells were then heat 

shocked in a 42°C water bath for 90 sec and then chilled by returning to ice. 

After 2 minutes, 800/̂ 1 of pre-warmed SOC medium was added and the samples 

were then incubated at 37°C with moderate agitation for 30-60 min. The 

transformations were then plated onto LB 1.5% agar plates with appropriate 

antibiotic selection using 50-100//1 per plate.

Alkali lysis/Phenol DNA miniprep method 

This method was used for large scale screening of recombinants. When small 

quantities of DNA were required for sequencing, a commercial affinity resin 

method (Wizard Minipreps, Promega Southampton UK) was used.

Method: Alkali lysis, Phenol extraction miniprep

A single colony was inoculated into 1.5-2ml LB medium including antibiotic 

then incubated overnight at 37°C. With plasmids prone to rearrangement Terrific 

broth was used with incubation at 30°C limiting growth to OD550. Bacteria were 

harvested by centrifugation in an Eppendorf tube (12000g for 5mins at 4°C) 

saving an aliquot of culture for future use The medium was removed by 

aspiration and the bacterial pellet resuspended by vortexing in 100;̂ 1 of ice cold 

solution 1. 200//1 of fresh solution 2 was then added and the tube mixed by 

inverting rapidly 5 times. The tubes were stored on ice for 5 mins prior to the 

addition of 150^1 ice cold solution 3. The samples were mixed by gentle 

inversion, incubated on ice for 3-5 mins and the supernatants harvested into a 

fresh tube by centrifugation at 12000g for 5mins at 4C. The plasmid DNA was
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further purified by phenol chloroform extraction and precipitation in EtOH (q.v.) 

then redissolved in 50^1 of TE buffer pH 8 containing 20/^g/ml RNase (DNase 

free). Using this method, 2-5pig of high copy number plasmid DNA was 

routinely obtained..

Phenol Chloroform extraction 

This technique exploits the fact that phenol dissociates nuceloprotein complexes 

with DNA/RNA partitioning in the aqueous phase and protein at the interface. 

Phenol is highly hazardous by inhalation and skin contact so and it must 

therefore be handled in a fume cupboard with appropriate skin and eye 

protection.

Method: Phenol extraction o f DNA 

An equal volume of phenol / chloroform / isoamyl alcohol (25:24:1 v/v) was 

added to the DNA containing solution, mixed by vortexing then separated by 

brief centrifugation in a microfuge. The (upper) aqueous phase was removed 

into a fresh tube taking care not to disturb the interface and the phenol re

extracted using an equal volume of TE. The phenol extracted DNA was further 

purified by alcohol precipitation.

Alcohol precipitation 

Nucleic acids are insoluble at high salt concentrations in organic solvents such 

as alcohol or isopropanol. This is exploited during the purification of DNA and 

is particularly useful when a change in buffer is required during modification 

reactions such as restriction digestion.

Method: Alcohol precipitation o f DNA 

To aid precipitation, 0.1 vol. of 3M Sodium Acetate pH 5.2 was added and 

mixed by vortexing prior to the addition of 2vols 100% EtOH and incubation at 

-20°C for 6 hours (or -70°C for 3 hours). The precipitate was collected by
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centrifugation at 12000G at 4°C for 10 minutes, the supernatant carefully 

removed and the pellet washed in 1 ml 70% EtOH to remove excess salt. The 

rinsed pellet was harvested by brief centrifugation in a microfuge at room 

temperature, the supernatant removed evaporating any residue in a spin vacuum 

dryer prior to redissolving in an appropriate volume of TE buffer. When 

precipitating less than l/<g of DNA either IQpig of glycogen or tRNA was added 

at the start as a carrier to aid visualisation of the pellet. Marking the tube to 

indicate where the pellet was expected was also of help in this regard. All 

supernatants were retained until recovery of DNA was confirmed.

As an alternative to the use of 2 volumes of EtOH, 0.6 volumes of isopropanol 

may be substituted. This method has the advantage of reducing the overall 

volume to be handled so that it will fit into a 1.5ml tube. Very small DNA 

fragments (< 100Kb) precipitate less well in isopropanol than EtOH and this can 

be exploited for the removal of small molecules such as plasmids.

Restriction digestion o f DNA 

A 5 fold excess of restriction endonuclease was used in each reaction (i.e. 5u for 

each \pig of DNA) A total reaction volume more than 20x that of the added 

enzyme was used to prevent interference by glycerol present in the enzyme 

storage buffer. Reactions were incubated for 4-12 hours at the appropriate 

temperature. Heat labile enzymes were inactivated by incubation at 65°C for 20 

min prior to analysis by agarose gel electrophoresis whilst heat stable restriction 

enzymes required phenol extraction.

Agarose gel electrophoresis and gel purification o f fragments 

Agarose gels were prepared by adding 30ml of Ix TBE to the appropriate 

amount of agarose (Sigma Poole UK). Gels containing 2%, 1% and 0.8% 

agarose were used to analyse DNA fragments of 0.5Kb to 5Kb, <500Kb and
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>5Kb respectively. 0.5/<i of 10/^g/ml Ethidium Bromide solution was added to 

the gel prior to pouring into the mould. Once set, IxTBE was added to the gel 

chamber, the samples were resuspended in loading buffer then loaded into the 

wells and separated at 100-120v. DNA fragments were visualised on a UV 

transilluminator and Polaroid photographs taken for permanent record.

DNA fragments from agarose gels were extracted using a commercially 

prepared affinity resin (Qiaex versions 1 and 2, Qiagen, Crawley, UK). When 

fragments needed to be recovered, the gel was placed on a UV transilluminator 

for as short a time as possible (to prevent DNA damage) and the band excised 

into a clean 1.5ml Eppendorf tube using a new scalpel blade. Care was taken 

only to excise agarose that contained DNA and the sample was then weighed to 

allow addition of the correct amount of solublisation buffer. The samples were 

then processed according to the manufacturers instructions eluting the final 

product into 30^1 of sterile DDW.

Large scale purification o f DNA 

Large scale plasmid preparations were generally performed using a 

commercially available affinity resin (Wizard Maxi Preps, Promega) since this 

was quicker and avoided the generation of Ethidium Bromide contaminated 

CsCl. When highly pure supercoiled DNA was required in the nested deletion 

analysis a standard CsCl gradient method was used 194

Generation o f recombinant DNA molecules 

In order to perform the studies described here it was necessary to generate a 

large number of recombinant DNA molecules from PCR products and genomic 

cosmids. Standard strategies were used with some variations to increase 

efficiency when appropriate.
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Vector preparation

The vector was digested with appropriate restriction endonuclease(s) and 5' P04 

residues removed using shrimp alkaline phosphatase to prevent religation. If 

suitable restriction sites were not present, the vector was digested with an enzyme 

yielding blunt ends and the insert blunt ended using T4 DNA polymerase. If 

cloning a Taq polymerase PCR product a vector that has a "T" overhang was 

used (e.g. T/A system Invitrogen San Diego, CA, USA). Taq has a terminal 

transferase activity that adds a 3' "A" to PCR products which thus anneal to "T" 

overhangs.

Insert preparation

PCR products were purified either by Alcohol precipitation, gel electrophoresis 

or using a commercial kit such as “Promega Wizard PCR prep”. If cloning a 

restriction digestion product, enzymes were heat inactivated if possible or subject 

to Phenol extraction and EtOH precipitate or removed using a commercial kit 

such as Promega “DNA Clean Up” if heat stable. Incompatible ends were 

made compatible by “blunt ending” using T4 DNA polymerase. Gel 

purification of fragments was avoided where possible as this tends to damage 

cohesive ends and reduces the number of recombinants eventually obtained.

Ligation

Ligations were performed in \0p\ of Promega ligation buffer using a total of 

lOOng DNA and molar ratios of vector to insert of 1:1 and 1:4 and \p\ of 

Promega T4 DNA ligase. The reactions were incubated at 16°C overnight then 

transformed as described above. If during preparation of the vector a fragment 

containing a restriction site was lost then the addition of this enzyme to the 

reaction greatly increased the efficiency of ligation by cleaving any rejoined or 

uncut vector. Control reactions were routinely included to determine the

63



efficiency of vector digestion, transformation and antibiotic selection (cut vector 

only, undigested plasmid, and water respectively).

If the vector contained the bacterial LacZ gene in the cloning site then 

recombinants were detected bya colour reaction following the addition of the 

substrate Xgal and the inducer IPTG to the plates. Bacterial colonies containing 

parental vector stained blue whilst recombinants with a disrupted LacZ gene were 

white. Plasmid DNA was purified from colonies using the miniprep method and 

analysed by restriction digestion.

Preparation o f blunt termini using T4 DNA polymerase 

T4 DNA polymerase is the enzyme of choice for removing 3' and filling in 5' 

overhangs and has approximately 50% activity in most restriction enzyme 

buffers.

Method

Restriction digests were blunt ended by adding add 1̂ ,1 of 8mmol/1 dNTP 

solution (containing 2mmol/l of each dNTP) and 1-2 units of T4 DNA 

polymerase (Promega) to 0.2-5pig of DNAand incubating for 15 min. at 12°C. 

The reaction was inactivated either by phenol chloroform extraction or by 

heating to 75°C for 10 min.

Dephosphorylation of 5' termini using shrimp alkaline phosphatase 

Removal of the 5’ phosphate group from digested vectors will effectively prevent 

re-circularisation of the vector thus increasing the probability of generation of 

insert containing recombinants. The enzyme Shrimp Alkaline Phosphatase 

(SALP, Amersham Life Sciences, UK) is superior to other phosphatases since it 

is readily heat inactivated and will function adequately in most restriction 

endonuclease buffers.
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Method

lu  of SALP was added to 5 pig of plasmid DNA then incubated for 1 hour at 

37°C then 20minutes at 65°C to inactivate the enzyme.

234 Sequencing o f DNA

In the course of these studies three methods of DNA sequencing were utilised. 

Plasmid constructs were sequenced by a radioactive dideoxynucleotide 

termination method, polyacrylamide gel electrophoresis and autoradiography. 

PCR products were sequenced by cycle sequencing using a commercially 

available kit (fmol sequencing kit, Promega, Southampton UK). During the later 

portion of the study, a fluorescent automated sequencing facility became 

available and this was used to sequence some plasmid constructs.

Sequencing o f alkali denatured plasmid DNA using Sequenase 2 & 
^̂ SdATP

Using this technique, sequence is obtained from single stranded DNA using ^̂ S 

labelled primer and dideoxynucleotide chain terminators. Single stranded DNA 

can be prepare din a number of ways but in these studies alkali dénaturation was 

used.

Reagents

Sequenase v2 kit (Amersham, UK) 

lOx TBE buffer

40% Acrylamide/bisacrylamide solution (Boehringer Mannheim)

Ultrapure Urea

25% Ammonium persulphate soln. (store in dark at -20C for max of 4-6 weeks) 

TEMED (Sigma, Poole UK) 

aS^^dATP1000-1500Ci/mmol (Amersham SJ1304)

Method

Gel preparation

Glass electrophoresis plates were thoroughly cleaned using water, acetone and 

then 100% EtOH. Appropriate spacers were placed down each side of the
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bottom plate then the top plate was carefully positioned and secured using sticky 

tape and bulldog clips. For 50cm plates, 75ml of acrylamide /gel denaturing mix 

was prepared, warming the reagents to dissolve as urea is endothermie in water.

Acrylamide/denaturing gel mix.

Urea 34.5g

lOx TBE 7.5mls

40% acrylamide soln. 11.25mls

Water to 75mls

A polymerising agent (130nl of TEMED + 130 //I fresh 25% ammonium 

persulphate) was added to the gel mix, which was then poured without delay 

between the plates using a plasticine funnel. Bubbles were excluded by holding 

the plates at 45° and slowly lowering to the bench as the gel filled the space. 

Once full, sharks tooth combs were inserted upside down onto the top of the gel 

surface to give a flat surface. The gel was then set aside at room temperature to 

polymerise fully (approx 30-60mins). To facilitate later topping up of the gel, the 

remainder of the mix was kept on ice to slow down polymerisation.

Preparation o f single stranded template 

Single stranded template was prepared by adding 4p\ of ImM EDTA IM 

NaOH to 15[xl of plasmid DNA (total per 2 reactions) for 5 minutes at 

room temperature. The reaction was desalted by exclusion chromatography with 

spin column contructed using a sterile 1.5ml microfuge tube, glass wool and 

400^il of Sepharose CL4B (Pharmacia) slurry 1.5:1 in TE. After packing and 

drying the column by brief centrifugation (swinging bucket centrifuge), the 

reactions were loaded onto the gel recovered after centrifugation through the gel.

Annealing primer

Equimolar concentrations of primer and sequencing template ( 1 pmol of each) 

were annealed by heating to 65°C in a beaker of water then allowing the beaker 

to cool to room temperature (or below 30°C). In these studies 20mer primers
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and 6Kb plasmids were used at a ratio by weight of 600:1 as Ipmol of a single 

stranded primer weighs approximately 6ng. The reactions were performed in a 

\0]x\ volume in 2x reaction buffer and when completed were stored on ice prior 

to use for no more than 4 hrs.

Labelling and termination reactions 

A reaction cocktail containing Inpil of O.IM DTT, 2np,l diluted labelling mix, 

O.Snjxl aS^^A TP was made up (where n=number of reactions) including 

enough for 0.5 extra reactions to compensate for pipetting errors. For each 

reaction, 4 termination tubes containing 2.5^1 of ddNTP labelled G, A, T or C as 

appropriate were made up. The Sequenase™ enzyme was dilutedl:8 in ice cold 

enzyme dilution buffer.and stored on ice for maximum of 60 minutes. Reaction 

cocktail (3.5//1) was added to 10/̂ 1 of annealed primer/template followed by2pil 

of diluted Sequenase™ enzyme. The reaction was mixed by brief centrifugation 

then incubated for 2-5 min. at room temperature After labelling, 3.5/<l of the 

reaction was added to each of 4 pre warmed ddNTP tubes which were then 

mixed and incubated at 37°C for 3-5mins prior to arresting each reaction with 

4pil of stop dye. The samples were stored on ice prior to resolution on the 

sequencing gel. If this could not be performed on the same day then they were 

stored at -20°C for up to 1 week.

Loading and running the gel 

The bottom tape and side clips were removed from the gel mould prior to 

mounting in the tank. The top chamber was filled with IxTBE to confirm the 

integrity of the seal prior to filling the bottom reservoir. The gel combs were then 

removed and the urea removed by flushing with IxTBE using a syringe and 

blunt 19 gauge needle. The gel was pre-run for 30 -60mins at constant power of 

40Wprior to again flushing the wells and placing the points of the shark tooth 

combs to just contact and depress the gel surface. The samples were denatured
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by heating to 95°C for 2mins then 3pi\ of each tube loaded in sequence GAJ,C. 

To avoid diffusion of samples, after loading 8-12 lanes, the gel was run for a few 

minutes prior to loading the next set of reactions. Read length was maximised by 

running the gel at40W constant power until the top dye just reached the bottom 

of the gel and loading multiple lanes with the same reactions and running for 1, 2 

and 4 hours.

In order to obtain maximum resolution, urea must be removed from the gel prior 

to drying and autoradiography. Radioactive buffer was carefully drained and 

disposed of into the sink with prolonged flushing to dilute the isotope. The gel 

was then soaked in 1 litre of 5% acetic acid 15% methanol after carefully prising 

off the top plate (prior silanisation of the top plate greatly facilitates this 

process). When gentle rocking of the tray produced no change in light refraction 

removal of urea was considered complete and the fixative was then carefully 

removed with a 50ml syringe. A sheet of Whatman 3MM paper was layered 

onto gel, smoothed out and both were then pealed off the bottom plate prior to 

trimming, covering in cling-film and drying at 80°C under vacuum for 1-2 hours. 

The gel was then subject to autoradiography for 1-2 days.

Direct sequencing of PCR products 

Since direct sequencing of PCR products is often hampered by the quantity of 

product available, a method incorporating an amplification step was employed. 

PCR products were first purified using a low melting point agarose gel, prior to 

cycle sequencing using the fmoF“ kit (Promega, Southampton UK) and 

^^PdATP end-labelled primer as per the manufacturers instructions. The 

reactions were visualised on a denaturing polyacrylamide gel as detailed above.

Automated DNA sequencing 

During the latter period of these studies, an automated sequencing facility (ABI 

370) became available. This was used where indicated in the text to sequence
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plasmid constructs obtained from Promega Wizard minipreps or maxi preps 

incorporating the modifications suggested by the manufacturer for fluorescence 

sequencing methods. A dye termination kit using a modified Taq polymerase 

and incorporation of fluorescent nucleotides was used following the 

manufacturers instructions exactly. The reaction products were ethanol 

precipitated and stored as a dry pellet at -20°C prior to separation on an ABI 

370 sequencing machine (Gels prepared and run by Dr. Keith Parker, Dept, of 

Paediatrics UCL).

2.35 Southern blotting

Southern blotting involves the transfer of DNA fragments from an agarose gel to 

a nylon membrane to allow hybridisation to a suitably labelled DNA probe.

Transfer and hybridisation 

Restriction digest fragments were separated on a 1% agarose gel in IxTBE at 

lOOv for 2 hours and then depurinated in 0.25M HCl for 10 minutes longer than 

it took the dye to change colour. The gel was then washed wash for 5mins in 

DDW, denatured in 1.5M NaCl / 0.5M NaOH for 2x15 min and rinsed in 

DDW prior to adjusting the pH to neutral inl.SM NaCl, 0.5M Tris pH 7.2, 

1 mmol/1 EDTA for 15 minutes with shaking. A capillary blotting apparatus was 

set up using Hybond N+ and 0.4M NaOH and the gel left overnight to transfer 

fully to the membrane.

Prior to hybridisation with labelled probe, non specific DNA binding sites must 

be blocked using a solution containing non specific sequence DNA (e.g. 

sonicated salmon sperm DNA (ssDNA), macromolecules and an ionic detergent 

(SDS).
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Pre-hybridisation solution

20 X SSC 6.25ml

lOOx Denhardts solution 1.25ml

10% w/v SDS 1.25ml

Water to 25ml

In order to prepare this solution 0.5ml of 1 mg/ml ssDNA was denature by 

boiling for 5 minutes then chilled and added to 20mls of the above pre

hybridisation solution in a bag containing the membrane that had previously 

been briefly rinsed in 5xSSC. After removing air bubbles and sealing, the blot 

was incubated with shaking at 65°C for 1 hour. The solution was removed and 

replaced with 5ml of fresh pre-hybridisation solution containing the labelled 

probe and then allowed to hybridise overnight with shaking. Probes were 

generally annealed at 65°C except for oligonucleotides for which a temperature 

of 50°C was used.

Radiolabelled probes 

Oligonucleotides, restriction digest fragments and PCR products were all used 

as probes in the course of these studies. In each case, end-labelling was used as 

it generates probes with higher specific activity than other techniques.

End labelling of DNA probes

R ea g e n t A m ou n t D ilu t io n fin a l conc.

Probe (5|imol/l) lpt1 1:10 0.5pM

Promega T4 PNK lOxBuffer lpt1 1:10 Ix

Water 4.5(xl

Promega T4 PNK 10u/[xl Ipil

YATP 3000Ci/mmol 1.5pil lOpmol/tube

Total vol. 10

Reactions were incubated a t 37°C for 30 minutes then the T4-PNK inactivated 

by heating to 90°C for 2mins. Labelled oligonucleotides were used directly 

either as probes or added to PCR reactions to generate end labelled PCR
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products. End labelled restriction digest fragments were purified using a 

Sephadex spin column.

Washing and autoradiography 

Successful southern blotting requires that the hybridised membrane is washed in 

solutions of decreasing ionic strength to remove non-specific signal. Low ionic 

strength and high temperature removes more signal than high ionic strength 

washes at low temperature. It is usual therefore to gradually increase 

temperature and decrease ionic strength to achieve the best compromise between 

sensitivity and specificity. Conditions used in these studies were:

Oligonucleotide probes

3 washes 5x SSC 0.1% SDS@ room temperature 

1 wash 2xSSC 0.1% SDS @ room temperature.

1 wash 0.5xSSC 0.1% SDS @ room temperature.

PCR productsirestriction fragment probes

3 washes 5x SSC 0.1% SDS @ 65°C 

3 washes 2x SSC 0.1% SDS @ 65°C 

3 washes 0.5x SSC 0.1% SDS @ 65°C

Following washing, the blots were wrapped in cling-film and exposed either to a 

phospho-imager plate or X-ray film.
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2.4 Cell culture techniques

2.41 Basic Materials

R ea g en t S u p p lier

RPMI 1640 + L-Glutamine

Dulbeccos modified Eagles medium (DMEM)

Fetal Calf serum (FCS)

Trypsin/EDTA

Penicillin/Streptomycin (pen/strep) 

Recombinant human (rh)GM-CSF

Gibco, Paisley, UK 

Gibco, Paisley, UK 

Gibco, Paisley, UK 

Gibco, Paisley, UK 

Gibco, Paisley, UK 

Novartis

2.42 Cell Lines

C ell line T issue o f origin R eferen ce

TF-1 Erythroleukaemia: Human 195

COS-7 Kidney: African Green monkey 196

HL-60 Acute promyelocytic leukaemia: Human 197

All cell lines were handled in a laminar flow hood to maintain sterility and grown 

at37°C, 100% humidity 5% CO^. TF-1 cells were maintained in suspension in 

RPMI 1640 medium with 10% (v/v) FCS (heat inactivated at 55°C for 30 

minutes) and 5ng/ml rhGM-CSF. COS-7 cells were grown adhered to 75ml 

tissue culture flasks in DMEM with 10% (v/v) FCS and 5pug/ml Pen/Strep. HL- 

60 cells were maintained at 5xlO‘*-5xlO^/ml in RPMI 10% (v/v) FCS

2.43 Basic techniques

Freezing and thawing o f cells

RPMI containing 20% v/v FCS and 20% v/v DMSO 

Cell suspension at approx. 2xl0^/ml

Controlled freeze chamber (e.g. “Mr Frosty” isopropanol bath)

Adherent cells were harvested using trypsin/EDTA solution (qv) which both 

digests and inhibits the function of molecules responsible for adherence. Since 

many adhesion molecules require divalent cations, washes were performed in 

Ca^ ,̂ Mg'""" free PBS. Non-adherent cells were harvested by centrifugation. For 

cryopreservation, cells were resuspended at 20xl0^/ml, cooled and an equal
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volume of freezing medium added dropwise. Aliquots were transferred to pre

chilled labelled freezing vials and frozen in a controlled rate freezer (isopropanol 

bath) in a -70°C freezer overnight prior to transfer to liquid nitrogen for long

term storage.

Passage o f cell lines 

Cells maintain viability best if kept in logarithmic growth phase. Non-adherent 

cells exhaust their medium of nutrients which becomes acidic causing the 

indicator phenol red to turn yellow. Generally, non-adherent cells can be grown 

to l-2xl0^/ml before beginning to suffer however certain non adherent cell lines 

such as HL-60 begin to die above 5xlO^/ml. Conversely, cells do not thrive when 

at a density lower than 5xlO'^/ml. To keep between these limits requires cultures 

usually need to be split (passaged) 2-3 times per week. When splitting cells it is 

usually best to avoid completely changing the medium, demi-depletion and 

repletion is the best approach. Adherent cells maintain viability until they become 

confluent when they frequently detach and die. Robust cells such as COS-7 can 

be maintained by replacing medium twice weekly until they become confluent 

and require trypsinisation and re-seeding at lower density.

Trypsinisation o f adherent cells

Gibco trypsin/EDTA lOx liquid (2.5% trypsin, 2g/l EDTA)

Hanks buffered saline without Ca or Mg 

RPMI + 10% FCS + Pen lOOu/1 Strep lOOmcg/1

The medium was removed from the monolayer of adherent cells which was then 

washed twice in sterile PBS . Enough trypsin/EDTA (diluted in Ca"̂  ̂ and Mg'""" 

free PBS) to cover the monolayer was added and incubated for 5-10 mins. at 

37°C or until the sheet became detached. The flask was then gently agitated and 

the cells aspirated into a 50ml polypropylene tube containing enough FCS to 

neutralise the trypsin (1ml of serum needed to neutralise 1ml trypsin). The cells 

were harvested by centrifugation and washed in RPMI/10% FCS with
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antibiotics. The cells were re-suspended in growth medium and split between 

the appropriate number of flasks.

Density gradient centrifugation

R ea g e n t S u p p lier

Ficoll-Hypaque Nycomed, Norway

Phosphate buffered saline tablets Sigma, Poole, UK

Dextran 10% w/v in PBS Sigma, Poole, UK

50 ml syringe Terumo, Belgium

Blood or bone marrow cells were routinely fractionated by density centrifugation 

using Ficol-Hypaque (density 1077) and this method was also used to separate 

to remove non-viable cells in tissue culture. To separate whole blood, red cells 

were first depleted by gravity sedimentation using in 1% (w/v) Dextran 70im 

PBS. To minimise manipulation, this was performed in the same anticoagulated 

50ml syringe used to take the blood, standing the syringe on its plunger on a 

vibration free surface. After sedimentation, the buffy coat was then directly 

layered on to 25mis of Ficol in a 50ml polypropylene tube using a flexible quill. 

The gradient was centrifuged at 800x0 for 20 minutes at room temperature and 

the desired cell fraction removed and washed twice to remove residual Ficol. 

AML blasts and mononuclear cells were recovered from the interface between 

the Ficol and plasma and neutrophils (with contaminating red cells) from the 

pellet.

2.44 Transient transfection o f COS-7 cells for ligand binding studies

8-10x10^ exponentially growing COS-7 cells/cuvette (lxT175 near confluent flask).

PBS sterile Ca/Mg free

DMEM +10% v/v FCS + Pen + Strep

COS-7 cells were harvest ed by trypsinisation as described above, washed twice

in ice cold PBS and re-suspended at 5-lOxlOWml on ice. Aliquots of O.Smls 

were transferred into sterile pre-cooled electroporation cuvettes and mixed with 

lOpg of sterile supercoiled plasmid DNA (volume of DNA no more than up to
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40[xl.) A reporter plasmid and PBS without added DNA in the same volume 

were added to separate cuvettes as positive and negative controls. The DNA and 

cells were incubated on ice for 10-15 minutes then resuspended gently flicking 

the cuvette immediately before electroporation in a BioRad GenePulser at 500[xF, 

0.4kV(TC 8.2-8.6). The samples were then returned to ice and allow to recover 

for 10-15 mins. prior to addition of a 20 fold volume of DMEM/10% v/v PCS 

with Pen and Strep and transfer of 1ml aliquots to 24 well Costar plates. This

technique routinely yielded. 2.5-5x10^ cells per well.

2.45 Equilibrium binding assays & Scatchard analysis

RPMI 1640 + 25mM Hepes buffer and 5%  PCS (Binding buffer)

J25I labelled GM-CSF (Amersham)

IM NaOH solution

Ligand binding studies were performed on COS-7 cells 48-72 hours after 

transfection. In order to estimate the number and viability of cells per well, 2 

wells were harvested by trypsinisation and counted in a chamber in trypan blue. 

Typically each well contained 2-5 x 105 viable cells. Duplicate wells were 

incubated with varying concentrations of 1251 labelled GM-CSF in binding

buffer (final vol. 0.16 mis) for 2 hours at 37°C, with or without a 100 fold 

excess of unlabelled GM-CSF. Unbound GM-CSF was removed and the wells 

were carefully washed x 3 with ice cold binding buffer. The cells were then lysed 

with IM NaOH and bound GM-CSF measured in a y counter.

The specific activity of the labelled GM-CSF was derived by self displacement 

assay after correction for maximal binding capacity and analysis of binding data 

performed using the LIGAND program 198

2.46. Measurement o f ligand dissociation rate

In order to measure the rate of dissociation of GM-CSF from its receptor, 

transfected COS-7 cells were first incubated overnight with I25i labelled GM-
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CSF at 4°C in the presence or absence of unlabelled GM-CSF. Cells loaded 

with labelled GM-CSF were washed with ice cold binding buffer then exposed 

to excess unlabelled GM-CSF to prevent rebinding of labelled material. Cell 

associated GM-CSF was measured at various time points by washing in ice cold 

binding buffer then lysing with IM NaOH and counting in a y counter.
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2.5 Protein methods

2.51 General reagents

NP-40

Phenylmethylsulfonylfluoride (PMSF)

Aprotinin

Leupeptin

Pepstatin

Protein A Sepharose

All obtained from Sigma, Poole, UK

Lysis Buffer

137mM NaCl 

20mM Tris pH 8 

ImM MgCl;

ImM CaCl;

1% NP-40 

10% Glycerol 

ImM Na orthovanadate 

ImM P glycerophosphate 

ImM NaF

5mM pyrophosphate 

2mM EDTA 

ImM PMSF 

Aprotinin lOpg/ml 

Leupeptin lOpg/ml 

Pepstatin lOpg/ml

Sample Buffer (8ml)

R ea g en t V o lu m e F inal con c.

DDW 4.0 ml

0.5M Tris-HCl pH 6.8 1.0 ml 66mmol/l

10% w/v SDS 1.6 ml 2%

Glycerol 0.8 ml 10%

Dithiothreitol 0.1 g 13mg/ml

0.05% w/v Bromophenol blue 0.2 ml 0.001%
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Lysis buffer was made up without the protease inhibitors and frozen in aliquots. 

The protease inhibitors (PMSF, aprotinin, leupeptin and pepstatin) were added 

immediately prior to use.

2.52 Preparation o f cell lysates

Adherent COS-7 transfectants were washed on ice using ice cold PBS. Enough 

lysis buffer to just cover the monlayer was added and the cells detached using a 

cell scraper. The lysate was transferred to a 1.5ml microfuge tube, incubated on 

ice for 30-60 minutes then centrifuged at 13000 rpm for 10 minutes at 4°C. The 

supernatant was transferred to a new tube, mixed with an equal volume of 2 x 

sample buffer then boiled at 100°C for 10 minutes. Samples were either run 

immediately or stored -20°C.

2.53 Western Blotting 

General reagents

30%  w/v Acrylamide/bis (37.5:1) stock solution (Biorad, Hemel Hempstead, UK) 

Ammonium persulphate (APS) (Biorad)

TEMED (Biorad)

Protein Molecular weight markers Gibco, Paisley, UK 

Hybond-C extra Nitro-cellulose membrane Amersham, Bucks, UK 

Bovine serum albumin (BSA) (Sigma, Poole, UK)

Fat free milk (Marvel, Cadbury Schweppes, Birmingham UK)

5 X Running Buffer (pH 8.3)

Tris base 15 g
Glycine 72 g

Sodium dodecyl sulphate (SDS) 5 g
DDW to 1 litre

Western Transfer Buffer

Tris base 3 g
Glycine 14.8 g

Methanol 200ml

DDW was added to make up to 1 litre.
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Separating Gel (8%)

DDW 4.71 ml

Tris-HCl 1.5M, pH 8.8 2.50 ml

Acrylamide/bis 30%w/v solution 2.64 ml

10% w/v SDS 100 pi

10% w/v APS 100 pi

TEMED 10 pi

Stacking Gel (4%)

DDW 3.05 ml

Tris-HCl 0.5M, pH 6.8 1.25 ml

Acrylamide/bis 30% w/v solution 0.65 ml

10% w/v SDS 50 pi

10% w/v APS 50 pi

TEMED 5 pi

The gel apparatus (Mini-Protean II, Biorad, UK) was set up according to 

manufacturers instructions and the separating gel with polymerising agents 

added poured in. An overlay of water-saturated butanol was added and the gel 

left to polymerise for 30 minutes. The butanol was removed and the gel washed 

with distilled water. The stacking gel was then poured in, a 10 well comb inserted 

and left for 30 minutes. After the gel had set the comb was removed and the 

wells gently washed out with running buffer to remove unpolymerised 

acrylamide. Samples were loaded and after electrophoresis (typically 130V for 2 

hours) the gel was transferred to nitro-cellulose membrane (Hybond-C extra) 

using a semi-dry transfer apparatus (Milliblot, Millipore, USA) at 0.45mA for 

50 minutes. The membrane was then placed in 10% fat free milk, 3% BSA in 

PBS at 4°C overnight to block non-specific binding sites.

2.54 Immunoprécipitation

Samples were centrifuged at 1200 rpm for 5 minutes and then resuspended in 

1ml of ice cold lysis buffer with protease inhibitors. Samples were transferred to 

ice and incubated in the coldroom at 4°C for 30-60 minutes. All subsequent 

steps were performed on ice or in the coldroom at 4°C. Samples were
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centrifuged at 13000 rpm for 10 minutes in a benchtop microfuge and the 

supernatant transferred to a fresh tube containing the antiserum of interest. After 

incubation for 4-14 hours with end over end rotation, 60[xl of 50% Protein A 

Sepharose (in lysis buffer) was added and the tube rotated for a further 2-4 

hours. The Sepharose was spun down and washed 3 times in 1ml of lysis buffer 

before being resuspended in 60^1 of 2 x sample buffer and boiled at 100°C for 

10 minutes. Samples were stored at -20°C.
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Chapter 3. Identification of a novel GM-CSFRa isoform 

3.1 Introduction

Following the identification of the major GM-CSFRa, species in 1989 

(referred to here as GM-CSFRa 1) the first variant isoform to be described was a 

potentially soluble species that lacks a transmembrane domain (designated here 

hGM-CSFRa2) 147,148 Although these two publications disagreed on the exact 

position of the splice site by Ibp, the effect of the deleted 97bp sequence is the 

same introducing a frame shift, 16 new amino acids and a premature stop codon. 

The sequence coding for the hydrophobic transmembrane domain is thus lost 

resulting in a potentially soluble receptor (figure 3.1). As discussed earlier, a 

number of other RNA species have been described encoding isoforms with 

modified 5’ untranslated regions, potentially soluble species lacking a TM 

domain or with alternative intracytoplasmic regions 149-152 Some publications 

refer to the isoform with the alternative intracytoplasmic domain as GMRB or 

GM-CSFRa2 however the naming convention used here refers to the order of 

the original publications. Although readily identified at the RNA level by RT- 

PCR, it has been more difficult to determine the physiological relevance if any of 

these alternative receptor subunits.

Naturally occurring transcripts of the soluble isoform of the GM-CSFRa were 

detected by RNAse protection in the JAR and BeWO cell lines 148 proving that 

the soluble isoform is not a PGR artefact. A soluble GM-CSF binding protein of 

the appropriate molecular weight was detected in tissue culture supernatants 

from the human choriocarcinoma cell line JEG-3 i^9 but not U937 or KG-1. 

Taken together, these results indicate the presence of naturally occurring 

membrane bound and soluble GM-CSF binding proteins whose expression 

varies between cell types.
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Figure 3.1. Soluble isoform of GM-CSFRa.

GAA TTT GGT TOT GAG GAG GGG AAG-------- TM 2 4 a a  TTT AAA AGT TTG GTT
E F G S D D G N .........................................F K R F L

G earing  et al 198 9

1. A shw orth et al 1 9 9 0
2. R a in e s  e t al 1991

□

I
I

cD NA

o p e n  read ing fram e

T ran sm em b ran e
region

fram e shifted  
s e q u e n c e

1 0 9 5 /6

GAA TTT GGT TGG TTA GGA TAG AGG GGG TGT TGG GGC GAG TTG GAG AGA TGA AAG AGA AAG TGA 
E F G S L G Y S G G S R N F H R S K T N *

Legend to figure 3.1 A diagramatic representation of GM-CSFRa 1 and the soluble 
Isoform GM-CSFRa2. The soluble isoform is generated by splicing out of the 97bp 
transmembrane exon 11. This results in 16 novel amino acids (underlined) and a 
premature stop codon. The deletions proposed by Raines (1) and Ashworth (2) differ 
in position by 1 bp however the sequence of the resulting cDNA is the same.
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More recently a soluble GM-CSFRa protein has been demonstrated by Western 

blotting and ELISA in tissue culture supernatants, peripheral blood stem cell 

products and in the plasma of normal and leukaemic subjects confirming the 

presence of the isoform in primary haemopoietic cells

Sequencing of subclones from a human genomic library screened using GM- 

CSFRa exon specific oligonucleotide probes subsequently confirmed that the

soluble species is generated by deletion of the 97bp transmembrane exon 11 201.

Since the physiological significance of the soluble GM-CSFRa was unclear 

from these studies, the initial intention of this project was to analyse the pattern 

of expression of GM -CSFRa isoforms at the RNA level during haemopoietic 

differentiation. Identification of a novel receptor species subsequently broadened 

the scope of the work

A number of methods are available to quantify mRNA species. These include 

Northern blotting, primer extension assays, RNAse protection and reverse 

transcriptase-polymerase chain reaction (RT-PCR). All of these except RT-PCR 

require relatively large amounts of RNA, which limits their applicability to minor 

cell populations. The disadvantage of RT-PCR is that it is difficult to standardise 

and at best only semi-quantitative. When comparing splice variants however, it is 

possible to devise a PCR that amplifies all species using the same primer pair in 

the same reaction thus avoiding the need for external standards and this method 

was chosen for these studies. The position sequence and reaction characteristics 

of the primers used are shown in figure 3.2.
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Figure 3.2 Prim ers used in RT-PCR analysis of GM -CSFRa

l u 5u  8 u 8 d  5 d  6d

G earin g  at al 1 9 8 9

Primer Sequence 5'->3'

l u GTAGAACCCTGTACGTGCTT
5 u CAC GGAAAAC C TAC TGATTA
5 d CTTTGATCTGTGGAACTGGC
8u AATTGGAGCTCCTGGAGTGA
8d TGTACACAGAGCCGAGGTTC
6 d AGAAAACAGTTCCCCCGTGT

n cD NA

o p en  reading fram e

T ran sm em b ran e
region

Legend to figure 3.2. Position of the primers used in this study. The designations "u" 
and "d" refers to sense and complimentary primers. The optimal annealing 
temperature of these primers was 620C and the lMg2+] 2.25mmol/l
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3.2 Identification and sequencing of a novel GM -CSFRa transcript

3.22. Detection o f novel GM-CSFRa transcript by RT-PCR

Initial RT-PCR studies were performed using total RNA from the TF-1 

erythroleukaemia ceil line with the primers 5u and 5d (figure 3.2). These 

revealed the presence of the expected 296 and 199bp bands corresponding to 

membrane bound GM-CSFRa 1 and soluble GM-CSFRa2. In addition 

however, a further species of approximately 400bp was consistently present. 

Omission of reverse transcriptase from the RT reaction resulted in the 

disappearance of the novel band indicating that it derived from RNA and not 

contaminating DNA (figure 3.3).

3.23. Sequencing o f novel GM-CSFRa cDNA

In order to determine the sequence of the novel species, the band was excised 

from the agarose gel, purified using the Qiaex gel purification kit (Qiagen, 

Crawley, UK) and reamplified using a new set of nested primers (8u and 8d). 

The resulting PCR product was sufficiently pure to be sequenced directly using 

the fmol™ cycle sequencing method (Promega, Southampton, UK). This 

revealed the presence of a 102bp insertion after nucleotide 1095, the same 

position as the deletion in the soluble variant, strongly suggesting that the novel 

species represents a further isoform generated by alternative splicing. The 102bp 

insertion maintains the reading frame of the transcript and has the effect of 

introducing 34 novel amino acids between the WSXWS motif and the cell 

membrane (figure 3.3)
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Figure 3.3. Sequence and position of insertion in novel GM -CSFRa species.

□ cDNA

open reading frame 

PCR product 
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^ S c a le  3 0 0  bp

1u
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Gearing et al 1989

1u

: ;7 d  5d 6d

! /  5d 6d
RT+ RT-
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Raines et al 1991
I 5d 

1095/6

Legend to figure 3.3. RT-PCR amplification of total TF-1 R N A  using primers 5u and 
5d reveals the presence of a larger R N A  species produced by insertion of 102bp of 
additional sequence at position 1095/6. The resulting 34 amino acid insertion occurs 
between the W S W W S  motif and the transmembrane domain. In contrast to other G M -  

C S R a  isoforms there is no frame shift in the remainder of the receptor sequence.
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3.3 The novel GM-CSFR is represented equally in cytoplasmic and 
nuclear RNA

A possible explanation for the additional GM-CSFRa RNA species is that it 

represents an intermediate splicing product, that is, the insertion comprises 

intronic material that has not yet been removed by the RNA splicing machinery 

of the nucleus. To determine whether this is the case, the relative level of 

expression of the novel RNA was compared in preparations of total, nuclear and 

cytoplasmic RNA from TF-1 cells.

To facilitate visualisation of the feint bands from the nuclear RNA preparation, 

the agarose gel was blotted onto a Nylon membrane and probed with a end 

labelled PCR product generated using primers 5u and 5d.

3.31 Method: Isolation o f nuclear and cytoplasmic RNA 

Reagents: RNA extraction buffer

Final conc. S tock \il  in 0.5ml

0.14M NaCl 5M 17.5

lOmM TrisCl pH8.6 IM 500

0.5% Nonidet NP40 10% 25

ImM DTP 250mM 2

lOOOu/ml RNAsin (Promega) 40,000u/ml 12.5

l.SmM MgC12 IM 0.75

Proteinase buffer

Final conc. S to ck p i in 0.5ml

0.2M TrisCl pH 8.0 IM 17.5

25mM EDTA pH 8.0 0.5M 25

0.3M NaCl 5M 30

2% SDS 10% 100

Also: Isopropanol, Ca/Mg free PBS (both ice cold) 70% ethanol at RT 

Method

The cells were harvested by centrifugation at 4°C then washed twice in ice cold 

PBS prior to adding 10 volumes of PBS, estimating the volume of the pellet by 

weighing, and counting the cells. Cell lysis was achieved by centrifuging a 1ml
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aliquot in a sterile RNAse free eppendorf tube, decanting off the supernatant and 

adding 200^1 of lysis buffer, vortexing for 15 minutes at 4°C then incubating on 

ice for 5 minutes. The lysate was centrifuged at 12,000xG for 90 seconds at 4°C 

and the supernatant was transferred to a clean tube. Nuclear RNA was prepared 

from the pellet obtained during this step and cytoplasmic RNA from the 

supernatant by adding 200pil of proteinase buffer and Proteinase K to a final 

concentration of 50ng/ml, incubating at 3TC for 30 minutes. RNA was 

recovered by adding 400|xl of Phenol/Chloroform, mixing and then separating 

the aqueous and organic phases by centrifugation at 5,000xG for lOmins at RT. 

The aqueous supernatant was removed and RNA precipitated by adding an equal 

volume of ice cold 100% isopropanol for 30 minutes prior to centrifugation at 

4°C for 10 minutes atl2,000xG. The supernatant was removed and the RNA 

pellet washed with 70% EtOH and then air dried prior being dissolved in DEPC 

treated water.

3.32 Result o f comparison of nuclear and cytoplasmic mRNA 

No difference between the level of expression of the membrane bound, soluble 

or novel insertion bearing RNA transcripts was evident when nuclear, 

cytoplasmic and total TF-1 RNA were compared (figure 3.4). This suggests that 

the novel species represents a mature RNA transcript and not a nuclear 

intermediate.
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Figure 3.4 Nuclear and cytoplasmic levels of GM -CSFRa RNA species in T F l cells

RNA
RT

Base pairs 
398 
296 
199

TOTAL
+

Cyto
+

Nuclear
+

Legend to figure 3.4. RT PCR of total, cytoplasmic and nuclear RNA from TF-1 
erythroleukaemia cell line using primer 5u and 5d. PCR products were separated on a 
2% agarose gel, Southern blotted onto a nylon membrane and probed with a ^^P end- 
labeled 5u-5d GM-CSFRa4 PCR product
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3.4 Generation of a full length GM-CSFRa4 clone

Having established that the novel sequence in the juxtamembrane portion of the 

receptor represents a mature mRNA species and not an intermediate splice 

product, the next step was to determine whether a full length GM-CSFRa 

containing the insertion is present. An RT-PCR reaction using primers lu  and 

6d which flank the whole open reading frame of the GM-CSFRa cDNA was 

performed. The PCR products were ligated into a "T" vector and cloned as 

described in Chapter 2. When digested using a suitable restriction endonuclease 

(EcoRl), the resulting GM-CSFRa clones were of three sizes. Sequencing of 

the most frequent clone showed it to correspond as expected to the major species 

GM-CSFRal. The smallest isoform had the sequence of the soluble receptor 

GM-CSFRa2 and the largest contained an insertion identical to the sequence 

previously found when the perimembrane portion of the receptor was amplified 

using primers 5u and 5d.

An Ethidium bromide gel of restriction digests from GM-CSFRa clones 

showing all three isoforms is shown in figure 3.5.

3.5 Sequence analysis

3.51. Homology o f insertion to Alu repeat sequences

The sequence of the inserted sequence was compared to the Genbank and 

EMBL databases using the FAST A program from the University of Wisconsin

Genetics Computer Group (UWGCG) suite of molecular biology programs 

The results of this analysis show a close relationship between the insertion and 

genes containing Alu repeat sequences (Table 3.1). These sequences are the 

commonest repetitive elements in human DNA. Examples of genes in which Alu 

sequence is transcribed and translated are rare and so warnings about inclusion 

of Alu sequence are returned from the protein search.
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TABLE 3 .  I W .  DNA SEQUENCE HOMOLOGIES WITH GM-CSFRa INSERTION.

Accession Gene % I D Overlap bp

Z81365 Human DNA sequence from cosmid 97K10, 
between markers DXS6791 and DXS8038 on 
chromosome X contains STSs and CpG 
island

93 100

AC001083 /rev Homo sapiens (subclone 2_a6 from BAG 
H75) DNA sequence, complete sequence.

92.2 102

Z94055 /rev Human DNA sequence from PAG 24M15 on 
chromosome 1 Contains tenascin-R EST

92.2 102

D86979 /rev Human mRNA for KIAA0226 gene 92.2 102

AC000086 /rev Human Chromosome 2 2 q ll Cosmid 92.2 102

T a b l e  3 . 1  (b) P r o t e in  s e q u e n c e  h o m o l o g y .

Accession Gene %ID Overlap aa

P39195 homo sapiens (human). Alu subfamily warning 75.8 33

P39194 homo sapiens (human). Alu subfamily warning 76.7 30

P39192 homo sapiens (human). Alu subfamily warning 78.6 28

P39188 homo sapiens (human). Alu subfamily warning 70.6 34

P39193 homo sapiens (human). Alu subfamily warning 73.3 30

Legend to table 3 .1 .  Results of FASTA search using 102bb DNA (a) or 34 amino acid 

sequence (b) of the novel GM-CSFRa insertion against the EMBL and Swiss protein 

databases, /rev indicates that the DNA homology is with inverted sequence. Instead of 

returning actual genes, the 5 closest "hits" in the protein database returned warnings that the 

sequence derives from Alu sequence.
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Figure 3.5. Full length GM-CSFRa clones.

Kb

X EcoR1/Hind3

1 2 3 4 5 6

Legend to figure 3.5: Ethidium bromide stained 1% agarose gel of EcoRl digests of 
DNA minipreps of GM-CSFRa cloned PCR product. Three sizes of insert are seen 
(lanes 1-5) in addition to vector only (lane 6)
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3.52. The closest match is with an Alu sequence derived from the X  
chromosome

At the DNA level, the closest homology returned in the database searches is with 

cosmid 97K10 which maps to an area of the human X chromosome between 

markers DXS6791 and DXS8038. This is of interest because the GM-CSFRa 

also maps to the X chromosome and it was therefore possible that the remainder 

of the GM-CSFRagene would be found on this cosmid. The very close 

homology reported, 93% over lOObp out of 102bp, could however be misleading 

as the overlap comprises repetitive Alu sequence. Nonetheless, a comparison 

between cosmid 97K10, the novel insertion and the reverse complement of the 

Alu consensus sequence shows very strong homology (table 3.2)

T a b l e  3.2 . C o m p a r is o n  o f  c o s m id  97K 10. n o v e l  G M -C S F R a  i n s e r t i o n  a n d  A m  

REPEAT CONSENSUS.

2 1 ,6 6 0

C hrom X cosm id ACAGTCTCAC

gm ra in s . GGTCTCAC

A lu c o n s e n s u s GGTGGGTGGA TCACCTGAGG TCAGGAGTTC AAGACCAGCC TGGCCAACAT

*  * *

C hrom X cosm id TCTGTCACCC AGGCTGGAGT GCAGTGGAGC AATCTCGGCT CACTGCAACC

gm ra in s TCTGTCACCC AGGCTGGAGT GCAATGGCAC AATCTCGGCT CACTGCAACC

A lu c o n s e n s u s GGTGAAACCC CGTCTCTACT AAAAATACAA AAATTAGCCG GGCGTGGTGG

* 2 1 ,7 5 5

C hrom X cosm id TCCGCCTCCC GGGTTCAAGC GATTCTCCTG CCTCAGTCTC CCAAGTAG..

gm ra in s TCCGTCTCCC AGGCTCAAGC GATTCTCCTG CCTCAGACTC CCAG..............

A lu c o n s e n s u s CGCGCGCCTG TAATCCCAGC TACTCGGGAG GCTGAGGCAG GAGAATCGCT

Legend to Table 3.3. Comparison of human X chromosome cosmid 97K10, the novel 

insertion in the GM-CSFRa subunit and the reverse complement of the human Alu repeat 

consensus sequence. The alignment was generated with the PILEUP program of the UWGCG
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suite using default settings. Mismatches between the novel GM -CSFRa sequence and cosmid 

97K10 are indicated thus *. The numbering refers to cosmid 97KH

In order to determine whether cosmid 97K10 contains the GM-CSFRa gene, a 

comparison was made between the exons flanking the 102bp insertion and the 

cosmid. Since the genomic distance between exons 10 and 11 is less than 5Kb

203 and the insertion maps to bases 21,656-21,755 of the cosmid, if the GM- 

CSFRa gene is present on cosmid 97K10 then a match with these exons should 

be found within the first 30,000bp. Analysis of these flanking sequences using 

the GCG BESTFIT program showed only 85% homology with exon 10 over 

20bp and 90% homology with exon 11 over 20bp. Thus cosmid 97K10 does 

not include the GM-CSFRa gene. The most likely reason for the strong 

homology between 97K10 and the novel insertion is that both derive from an 

Alu repetitive element.

A recent physical map of the X chromosome confirms this finding. Cosmid 

97K10, and the proposed location of the GM-CSFRa gene 204 map to quite 

different regions of the X chromosome (figure 3.6).

5.55. The GM-CSFRa gene contains other Alu elements 

Further examination of the GM-CSFRa cDNA and the novel insertion reveals 

that an additional Alu element is present in the GM-CSFRa gene. A dotplot 

analysis in which areas of homology are shown as diagonal lines reveals that an 

Alu repeat sequence is present in the 3’UTR region of the GM-CSFRa cDNA. 

In contrast to insertion in GM-CSFRa4, the 3’UTR Alu is complete and not 

inverted (figure 3.7).
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Figure 3.6. Human Chromosome X map.

Site address: http://www.ncbi.nlm.nih.gov/genemap98/map.cgi?BIN=619&MAP=G3
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Legend to figure 3.6. Map downloaded from NCBI GeneMap98 site on 16th August 
1999. This site gives the correlation between genetic linkage maps, those derived 
from the study of radiation hybrids (RH map) the positions of known genes (blue) and 
a chromosome banding map. The GM-CSFRa gene is located within 
pseudoautosomal region of Xp within 1300Kb of the telomere (marked in red) The 
position of cosmid 97K10 is shown by the arrow.
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Figure 3.7. DOTPLOTs of Alu consensus and G M -C SFR a sequences.

(i)

DOTPLOT o f :  sdgmrag.pnt Dens ity:  1507.50 October 25, 1998 12:28  
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Legend to figure 3.7. Graphs generated with the GCG COMPARE and DOTPLOT 
programs using the default settings. Areas of homology are shown as diagonal lines, 
repeated sequence as additional lines running parallel to each other, (i) Comparison 
of the Alu repeat consensus sequence with the GM -CSFRal cDNA shows the 
presence of a complete 300bp Alu element in the 3’ UTR. (ii) Comparison of the 
inverted Alu consensus with GM-CSFRa4 showing 102bp of homology in the 
juxtamembrane region
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3.6 Discussion

These results suggest the existence of a further GM -CSFRa isoform 

(designated GM-CSFRa4) generated by alternative splicing around the 

transmembrane region. Whereas the soluble isoform is generated by deletion of 

exon 11, the new variant seems to arise by insertion of an additional exon 

between exons 10 and 11. Sequencing of splice donor and acceptor sites in 

flanking DNA confirmed the supposition that the soluble GM-CSFRa2 is 

generated by alternative splicing 201. The fact that the novel insertion occurs at a 

known intron-exon boundary strongly supports the notion that GM-CSFRa4 is 

also an alternatively spliced isoform however confirmation would require 

identification of consensus splice donor/acceptor sits in flanking intronic 

sequence. The repetitive nature of the novel exon required detailed analysis of 

the genomic structure of GM-CSFRa which is discussed in chapter 4.

3.61. The novel insertion is not a PCR artefact

Before accepting that an isoform containing an element as ubiquitous as an Alu 

repeat was genuine it was necessary to exclude the possibility that it might be a 

PCR generated artefact. Since Alu sequences are the most common repetitive 

element in human DNA, the first step was to show that the RT-PCR reactions 

were not contaminated with genomic DNA, The appropriate control to exclude 

this possibility was to perform the RT-PCR in the absence of reverse 

transcriptase (RT-). Any amplified products generated in the absence of RT 

must have originated from contaminating DNA. These controls were routinely 

performed and in no case was contamination of the RT control evident. The 

additional GM-CSFRa band thus derives from RNA not DNA.

A second less likely source of the additional GM-CSFRa4 band is that it arose 

through co-amplification of structural RNA elements containing Alu sequence. 

Such elements are often flanked by poly A sequences and accidental carryover
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of oligo-dT from the RT reaction into the PCR might have functioned as a non

specific primer for such sequence. This possibility is extremely unlikely since 

the GM-CSFRa4 species was generated in reactions using diverse primer sets 

with no homology to Alu sequence. In addition, substitution of GM-CSFRa 

specific primer for the oligo-dT in the reverse transcriptase step did not abolish 

the GM-CSFRa4 band. The fact that full length GM -CSFRa transcripts 

containing the insertion could be readily detected strongly argues against the 

additional band arising through co-amplification of a common genetic element.

A third possible source of artefact is “primer jumping” in which partially 

extended PCR products terminate because of template secondary structure in a 

region of Alu repeat only to falsely reprime on an Alu site nearer the

complementary primer so producing an apparent deletion ^05 in theory this 

mechanism could also result in an insertion however for this to be the cause of 

the GM-CSFRa4 product, multiple Alu sequences would need to be present on 

the GM-CSF cDNA. In fact there is a single Alu repeat in the 3’ UTR but this is 

orientated in the wrong direction and could not produce an artefactual insertion 

of the type observed here.

To be quite sure that GM-CSFRa4 is generated by alternative splicing and does 

not represent a novel type of Alu mediated artefact requires genomic sequence 

data however and this work is described in the next chapter.

3.62. The novel insertion arises from a mature RNA

A further possible artefactual source of the novel isoform is that it arose from an 

immature prespliced RNA. Alu elements are known to occur in long nuclear 

RNA, where multiple copies of Alu are responsible for much of the secondary 

structure. Experiments were therefore performed to determine whether RNA 

containing the inserted sequence is equally present within the nucleus and 

cytoplasm. If the insertion is a genuine exon then the cytoplasm should contain
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similar proportions of the transcript to the nucleus. If however the insertion 

containing transcripts are immature then they should predominate in the nucleus. 

PCR analysis followed by southern blotting with a 5u-5d probe showed the 

former to be the case. This result assumes that the cytoplasmic RNA preparation 

had not become contaminated with significant amounts of nuclear RNA during 

the purification process.

3.63. Analysis o f the inserted DNA sequence

Comparison of the sequence of the insertion present in GM-CSFRa4 shows 

that it is derived from part of an inverted Alu repeat. These sequences are the 

most abundant in the human genome, occurring on average every 4-6Kb. 

Repetitive DNA was first identified by analysis of the reannealing kinetics of 

heat denatured DNA. Simple DNA sequences reanneal rapidly whereas more 

complex sequences anneal slowly. Analysis of human genomic DNA in this way 

reveals 3 main components, a fast reannealing component comprising highly 

repetitive DNA, a slow component made up of non repetitive DNA sequence and 

an intermediate fraction of moderately repetitive elements. When the intermediate 

fraction is isolated by column chromatography, at least 50% can be cleaved by 

the restriction endonuclease Alul and the sequences are thus referred to as Alu

repeats ^^6

Types o f repetitive DNA: Retroposons, LINEs and SIN Es 

A large fraction of moderately repetitive DNA is made up of retroposons, mobile 

genetic elements that replicate through an RNA intermediate. In some cases, 

retroposons have clear similarities to retroviruses in that they may contain open 

reading frames for reverse transcriptase (RT) or an integrase. Their transcription 

is via RNA polymerase 2 and as they often lack promoter and enhancer elements 

they are usually inactive. Since their sequence resembles a mature transcript they 

are often referred to as “processed pseudogenes.” The commonest transposons
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of this type are the Long INtErspersed repeat family (LINE). Mammalian 

genomes contain 20-50,000 copies of a 6581 bp LINE called LI which contains 

an open reading frame homologous with a reverse transcriptase. An internal 

RNA polymerase 2 promoter is present in some examples ensuring position 

independent transcription. The mechanism of integration of LINE elements is 

thought to differ from that of mammalian retroviruses. LINE reverse 

transcription and integration are thought to occur simultaneously following 

nicking of target genomic DNA by an associated endonuclease. In contrast, 

retroviral reverse transcription occurs within the viral particle, integration 

mediated by an integrase following later. Endogenous retroviruses (HERs 

human endogenous retrovirus) are a further type of retroposon which are 

distinguished from LINES by the presence of long terminal repeat sequences 

and by their proposed mechanism of integration. 207

A third type of mammalian retroposon is the Short INtErspersed repeat (SINE). 

In contrast to LINEs and HERs, these elements replicate using RNA polymerase 

3, the promoter for which lies within the element itself. The precise mechanism 

of SINE retroposition is unknown since they do not encode an RT. It has been 

suggested that SINE transcripts might use the LINEl RT and a similar 

mechanism of integration 208

Alu repeats are the commonest type of SINE sequence comprising at least 50% 

of all moderately repetitive DNA. In total there are approximately 300,000 

members of the Alu family which are related rather than identical to each other. 

Sequence comparison studies subdivides Alu elements into 2 major families, 

Alu-J and Alu-S with at least 5 subfamilies of Alu-S designated Alu-Sx, Sq, Sp, 

Sc and Sb 209 There are estimated to be 1 million copies of the Alu repeat in 

each diploid genome.
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Structure and origin of Alu repeats 

Alu elements share a 282 bp consensus sequence which is made up of two 

monomer subunits separated by a short A rich region. Allocation of Alu family 

and subfamily depends on the base residue present at “diagnostic positions” 

within the element. Since the GM-CSFRa4 cDNA only contains 102bp it is not 

possible to designate which subfamily without genomic sequence data (q.v.).

Each complete Alu dimer is typically followed by a poly-A region and flanked 

by short direct repeats thought to represent a duplication of the original insertion 

site. Apart from a 31 bp sequence in the right hand monomer, each subunit 

shows close homology with the 7SL RNA which forms part of the signal 

recognition particle (SRP). The SRP is a ribonucleoprotein complex made up of 

7S and 118 RNAs and 6 polypeptides. It functions to recognise and bind to 

signal peptides on newly translated protein, transiently arresting protein 

synthesis and docking with a receptor on the inner face of the endoplasmic 

reticulum (ER). The ribosome is released from the SRP receptor complex 

allowing translation to resume. The hydrophobic signal peptide is inserted 

through the membrane of the ER, and cleaved as it emerges into the lumen 

(figure 3.8).
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Figure 3.8. The signal recognition particle.

Inner face of ER

ER membrane
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Legend to figure 3.8. Function of signal recognition particle. The signal recognition 
particle (SRP) is made up of 7SL and 11S RNA and 6 proteins. Translation halts when 
the signal peptide of nascent polypeptide chains bind the SRP (a). The whole complex 
along with the ribosome binds to the SRP receptor on the cytosolic face of the 
endoplasmic reticulum (ER) (b). The SRP releases the signal peptide and ribosome 
and translation recommences allowing the hydrophobic signal sequence on the 
nascent polypeptide to pass through the membrane and enter the lumen of the ER. 
The signal peptide is then cleaved by a protease (c). Translation continues and the 
protein is secreted into the lumen of the ER..
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Figure 3.9. Com parison of 7SL RNA, Alu consensus and  G M -CSFRa4 insertion.

200 
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7SL RNA

Legend to figure 3.9. Graph generated using COMPARE and DOTPLOT programs 
of GCG to show relationship between 7SL RNA on X axis, and Alu consensus and 
inverted sequence of GM-CSFRa4 insertion on Y axes. Each arm of the Alu dimer is 
made up of 7SL sequence with regions of non 7SL homology breaking (*) and 
separating (**) each arm of the dimer. A region of approximately lObp of the reverse 
complement of the GM-CSFRa4 insertion is also homologous to the 7SL RNA. This 
region is repeated within the GM-CSFRa4 insertion(!)
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Much of the insertion in the GM-CSFRa4 cDNA comprises inverted Alu repeat 

sequence not arising from 7SL RNA however a short repeat of lObp of 7SL 

sequence is present (figure 3.9). Since the GM-CSFRa4 insert sequence is the 

reverse complement of 7SL, the two sections of lObp found within GM- 

CSFRa4 mRNA will be anti sense to 7SL RNA. This raises the intriguing 

possibility that GM-CSFRa4 RNA might sequester 7SL RNA or otherwise 

interfere with the normal function of the SRP. It might be expected that this 

would adversely affect the translation of secreted or transmembrane proteins.

3.64. Potential effects o f the insertion on GM-CSFRa structure 

The insertion in GM-CSFRa4 would be expected to have significant functional 

consequences as it lies between two important structural domains; the WSXWS 

motif and the transmembrane region. The WSXWS sequence forms part of the 

membrane proximal IS sheet (designated G’). The insertion in GM-CSFRa4 

maintains the conserved amino acids in this region but inserts a 34 amino acid 

spacer between the G’ p sheet and the transmembrane region (figure 3.10)

The role of the WSXWS motif in HGFR function has been quite extensively 

studied by mutational analysis. A study in which each of the 5 residues in the 

WSXWS motif of the erythropoietin receptor was independently mutated 

showed that in the main, interference with this region results in poor cell surface 

expression. Those variants that did reach the cell surface appeared to bind ligand 

and function normally. It was hypothesised that the WSXWS region is crucial 

for correct receptor folding and that misfolded variants are incorrectly processed

and degraded within the cell
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Figure 3.10. Amino acid sequence of GM -CSFRa isoforms.

G '

al VRIL̂  
a 4 V R IL l  
a 2 V R IL b

WSSWf
WSSW£
WSSWË

E A II
E A II
E A IÏ

.................................................................................. G3
HSVTQAGVQWHNLGSLQPPSPRLKRFSCLRLPG 

SLGYSGCSRQFHRSKTN*.....................................

D D G N LG S V YIYV LL IV G TLVC G IV LG FLF
D D G N LG S V YIYV LL IV G TLVC G IV LG FLF

C o n s e r v e d  r e s i d u e s TM

Legend to figure 3.10. Comparison of GM-CSFRa 1, 2 and 4 showing conserved 
amino acids, the membrane proximal (3 sheet (O') and the transmembrane region. The 
p sheet is disrupted by the insertion however conserved amino acids are maintained.
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Mutational analysis of the growth hormone receptor on the other hand indicated 

that changes to the WSXWS region might alter receptor affinity and signal

transduction by altering the conformation of the ligand binding pocket 2 11. 

Experiments in which domains of the interleukin-2 receptor were exchanged for 

equivalent regions of the EPOR indicate that the WSXWS region is important 

for ligand binding but not specificity 212 More recently R280, close to the 

WSXWS motif of GM-CSFRa has been shown to be critical for ligand 

binding. Predictions from homology with the crystal structure of the GHR 

suggest that the charged R residue might interact electrostatically with D112 of 

the ligand.

Accordingly, mutation of this residue to a reduced or reversed charge abolished 

binding to GM-CSFRa chain alone and reduced the affinity of binding when 

mutated GM-CSFRa and pc were coexpressed. Reciprocal changes in charge on 

D112 had a similar effect suggesting that electrostatic interactions between GM- 

CSFRa R280 and GM-CSF ligand D112 are important in binding affinity. 

Taken together, these observations suggest that the inserted sequence in GM- 

CSFRa4 might either reduce the stability of the receptor and it’s expression at 

the cell surface or affect the affinity of ligand binding.

3.7 Summary

These results demonstrate the presence of transcripts for a novel GM-CSFRa 

species in the TF-1 erythroleukaemia cell line. An additional exon comprising 

102bp of inverted Alu repeat sequence is present between exons 10 and 11 at the 

same site as the deletion found in the alternatively spliced soluble isoform. A 

portion of the GM-CSFRa4 insertion is anti sense to the 7SL RNA component 

of the SRP. The insertion is predicted to add 34 amino acids to the extracellular 

domain of the receptor, between the WSXWS motif and the transmembrane 

region.
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Chapter 4, Genomic analysis of GM-CSFRa4

4.1 Introduction

The work described in chapter 3 indicated that the novel GM-CSFRa4 species 

arose through insertion of part of an inverted Alu element into the transcribed 

and translated portion of the GM-CSFRa gene. Since it is unusual for Alu 

sequences to be transcribed into mature RNA, before concluding that GM- 

C SFRa4 is generated by alternative splicing it was necessary to obtain 

information on the sequences flanking the putative new exon to confirm the 

presence of splice donor and acceptor sites.

Comparison of the GM-CSRa4 cDNA sequence with published genomic 

sequence data revealed that the additional exon present in this isoform should lie 

between exons 10 and 11. The novel exon will thus be referred to here as exon 

10a. Since the published genomic structure was largely derived by sequencing 

PCR generated fragments using primers sited in known exons and only short 

sections of the flanking introns sequenced, the GM-CSFRa4 specific exon 10a 

was not previously identified. The published information on the genomic 

structure of GM-CSFRa gene is summarised in figure 4.1 203,204

4.2 Multiple Alu repeats are present in the Exon 10-11 region

The first approach employed in obtaining intronic sequence data flanking the 

novel GM-CSFRa exon 10a involved PCR amplification across intron-exon 

junctions as described above. Primers were therefore designed that would 

amplify the introns between exons 10 - 10a and exons 1 0 -1 1  (figure 4.2). To

increase the chance of obtaining informative results a cosmid (Cosmid 3.1 ^04) 

known to contain the relevant portion of the GM-CSFRa was used as a template 

in addition to genomic DNA.
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Figure 4.1. Genomic structure of GM-CSFRa gene.

E xon  10
CTATCTCTAACTTTCTTTTTTCCTCCAAAG ATT 

AAT GTT TCT GGT GAT TTG GAA AAT AGA
TAG AAC TTT CCA AGC TCT GAG CCC AGA
GCA AAA CAC AGT GTG AAG ATC AGA GCT
GCA GAC GTC CGC ATC TTG AAT TGG AGC
TCC TGG AGT GAA GCC ATT GAA TTT GGT
AAGCGTTGGGCGGAGGTAAGGGATGTTT

E xon  11

CGCAGACGCGAACCTGTGTGTCTACTCCAG GT 
TCT GAC GAC GGG AAC CTC GGC TCT GTG
TAG ATT TAT GTG CTC CTA ATC GTG GGA
ACC CTT GTC TGT GGC ATC GTC CTC GGC
TTC CTC TTT AAA AGGTGAACCTGTGAAACAC
CTGGGGCTCCCCA

Exon 3 4 5 6 7 8 9 10 11 12 13' 13

S a d  1 k -I h - h - f H------- 1—I---1 h

EcoRI.

EcoRV.

S ail.

-H h

Legend to figure 4.1 Genomic structure of GM-CSFRa obtained by combining previously 
published information (see text). The exon 10-11 region spans 4-5Kb and is within a 4-5 Kb 
S ad  fragment. Several S ad  fragments of similar size contain other exons and these are 
indicated thus *. Consensus splice donor and acceptor sites in introns flanking exons 10 and 11 
are underlined.
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Amplification of both genomic DNA (data not shown) and cosmid 3.1 showed 

the presence of multiple bands in the 10-10a and 10a-11 reactions (figure 4.2). 

In addition, the sizes of the major exon 10-10a and 10a-11 bands did not 

correspond with the 4-5 Kb that is known to separate exons 10 and 11. These 

findings indicate either the presence of multiple copies of exon 10a like 

sequence or the presence of extensive secondary structure or both. Optimisation 

of the reactions by titration of the annealing temperature, Mg^^ concentration, or 

the addition of a hot start failed to abolish the non specific bands.

In view of these findings, PCR based strategies were not pursued any further. In 

addition, since the insertion is comprised entirely of Alu repetitive sequence, 

primers for sequencing could not originate within the insertion itself since these 

might prime at multiple sites. In this situation, the only means of generating 

reliable sequence was to subclone smaller fragments of the target DNA into a 

vector containing sites for unique sequencing primers. In this way, a total picture 

of the unknown sequence could be built up by assembling contiguous regions to 

fit a restriction digest map.

4.3 Analysis of GM-CSFRa Cosmid 3.1

Further attempts at obtaining GM-CSFRa genomic sequence data in the area of 

interest between exons 10 and 11 were based on analysis of cosmid 3.1 204 

This construct contains 40Kb of genomic GM-CSFRa sequence including the 

S ad  site present 5’ to the novel insertion in exon 10 and the EcoRl located 3 ’ 

to the insertion (figure 4.3). In order to locate and sequence the exon 10-11 

region, subcloning into smaller more manageable fragments was necessary.

Comparison of GM-CSFRa restriction digest data provided by Nakagawa and 

Rappold (figure 4.3) showed that S ad  digestion of cosmid 3.1 should yield a 

fragment of approximately 3-5Kb containing the region of interest.
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Figure 4.2. PCR amplification of exon 10-11 genomic region.

8u 7u

Exon 1 Exon 10a Exon 11

Ladder + - 3.1 + - 3.1

1 0 0 0  
5 0 6  
3 9 6

2 2 0 , 2 0 1

P r im e r S e q u e n c e T an^C
7u GGGTCTCACTCTGTCACCCA 6(
7 d TGGGAGTC TGAGGCAGGAGA 6(
8u AATTGGAGCTCCTGGAGTGA 6:
8 d TGTACACAGAGCCGAGGTTC 6:

Legend to figure 4.2. PCR of cosmid 3.1 using exon 10a and flanking primers. Multiple 
bands are seen in both 5’ and 3’ products. Ladder = GibcoBRL 1Kb ladder, sizes indicated in 
bp. Positive control ( +) = Ing of full length GM-CSFRa4 clone. Negative control (-ve) = 
water. 3.1 indicates amplification of Ing of cosmid 3.1. Reactions performed for 35 cycles 
using standard conditions as described in chapter 2.
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Unfortunately two other similar sized bands were also present and it was not 

possible to infer from either of the published maps which of these contained the 

exon 10-11 fragment.

4.31 Identification o f Cosmid 3.1 fragment containing exon 10-11 region.

In order to confirm that cosmid 3.1 contains exon 10-11 sequence and to 

identify the relevant fragment, a digest was probed with a portion of the GM- 

CSFRa cDNA containing exon 10-11. S ad  digested cosmid 3.1 was resolved 

on a 1% agarose gel, Southern blotted onto a nylon membrane and hybridised to 

a end labelled S ad  - Oral fragment of GM -CSFRal corresponding to 

exons 10-11. Strong hybridisation with a band 41 mm from the origin was 

found confirming that cosmid 3.1 contains the relevant sequence. Although there 

are three very similar sized S ad  fragments, measurements taken from the blot 

indicate that the exon 10-11 fragment is probably the middle of these (figure 

4.4).
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Figure 4.3. Cosmid 3.1 restriction digest map.

5Kb

Exon 1 3 4  5 6  7  8  9 10  11 12  13' 13

S a d - - - - - - - 1- - - - - - - - - 1- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 1- - - - - - - - -
1

E c o R I  1 I I I  1 1

1- - - - - - - - - - - - - - - - M 1- - - - - - - - - - - - - 1- - - - - - - - - 1— 1- - - - - 1- - - - - 1- - - - - - - - - - - - - - - - -

1
F m R V  1 1

1
R a h  1

1
T

C o sm id  3.1 

L a d d e r  S a d

3054

2036
1636

Legend to figure 4.3 Sad digest of cosmid 3.1 compared to composite of published genomic 
maps. There are 3 bands that could contain the exon 10-11 region
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Figure 4.4. Southern blot of cosmid 3.1.

4 0mm 
41mm*

4 3mm

41mm

Legend to figure 4.4. Sacl digest of cosmid 3.1 probed with Sacl-Dral fragment of the 
GM-CSFRal cDNA which includes 24bp of exon 10 and the entire of exon 11. 
Hybridisation to a band 41mm from the origin is seen indicating that the exon 10-11 
fragment of cosmid 3.1 is probably the middle of the 3 Sacl fragments, indicated *.
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4.32. Subcloning o f exon 10-11 fragment o f cosmid 3.1 

Since the target band was so close to other bands in the 3-5 Kb region, no 

attempt was made to purify it to homogeneity. Instead, the Sacl digest was heat 

inactivated, alcohol precipitated and the fragments “shotgun” cloned into Sacl 

digested, phosphatased, pBluescript SKII+ (Stratagene La Jolla, CA USA). 

Minipreps were analysed by Sacl digestion and plasmid DNAs from candidate 

clones were arrayed on a nylon membrane and probed with end labelled 

oligonucleotides 8u and 8d which are located in exons 10 and 11 respectively. 

Out of 15 candidate clones, 6 hybridised strongly, 3 weakly and 6 not at all 

(figure 4.5).

Sequencing of one of the strongly hybridising clones (clone 4) using a primer 

derived from known exon 11 sequence confirmed the identity of the construct.

4.4 Mapping of exon 10-11 region

4.41 Sequencing o f GM-CSFRa genomic clone 4

In case the novel exon 10a was located close to the boundaries of clone 4, 

sequencing was performed using the T3 and T7 primers from the vector 

pBluescript SKII+. This confirmed the identity of the insert in pBluescript with 

the portion of exon 10 3’ to the Sacl site and flanking intron identified by the 

T3 primer. Sequencing further into the intron using the T3 primer revealed the 

presence of Alu sequence however this diverged from that in exon 10a. 

Sequence data obtained using the T7 primer located an Xbal site which assisted 

in the subsequent construction of a restriction digest map.
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Figure 4.5. Identification of exon 10-11 clones.

A)

5 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 33 34 39 41 42 45 46 47 48 bp

3 ,0 5 4
2 ,0 3 6
1 ,6 3 6

B)

#

c 1
« #

0 y
4%
# #

Legend to figure 4.5: A) Sacl digest of minipreps from shotgun cloning of Sacl fragments 
from cosmid 3.1 into pBluescript 11 SK+ separated on ethidium bromide stained 1% agarose gel. 
Clone numbers are shown along the top of the gel. B) Candidate clones were arrayed on a nylon 
membrane and probed with 32p end labeled oligonucleotides 8u and 8d. A strong signal was 
obtained from several clones; 4, 10, 37, 41 and 43 each of which had a band of approximately 
4Kb after Sacl digestion. Ing of plasmid GM-CSFRa4 was used as a positive control (+).
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4.42 Restriction digest analysis

Having subcloned the fragment of cosmid 3.1 containing the exon 10-11 

sequence, the next step was to construct a restriction digest map to facilitate 

assembly of the final sequence data and to determine the precise location of exon 

10a. A number of restriction enzymes that cut the vector once within the multiple 

cloning site were chosen. The exon 10-11 containing construct was digested 

with these enzymes both singly and in combination and the results used to 

produce a restriction map (figure 4.6).

Localisation o f exons 10a and I I  

In order to locate exon 11 and the novel exon 10a within the clone 4 construct, 

restriction digests were Southern blotted onto a nylon membrane and probed 

with a endlabelled oligonucleotide (9d) specific for exon 11 or a labelled 

PCR product amplified from the exon 10a sequence (figure 4.7).

Multiple strong hybridisation signals were obtained using the exon 10a specific 

probe indicating that the target sequence is multiply repeated throughout the 

construct. The most intense band was found in the 2.7Kb Pstl fragment with 

very little hybridisation to the Apa 1 fragment however the non specific nature of 

the signal prevented further localisation. The exon 11 oligonucleotide hybridised 

most strongly to the 0.9Kb Apal fragment confirming the results of the previous 

sequencing which placed exon 11 at the 3’ end of the construct.
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Figure 4.6. Restriction digests of GM-CSFRa4 clone 4.

A) b a s e  p a i r s  l a d d e r  A c c l  A p a l  P s t l  S m a l l a d d e r  X b a l

1 2 , 2 1 6
7 , 1 2 6
5 , 0 9 0
4 , 0 7 2
3 , 0 5 4

2 , 0 3 6
1 , 6 3 6

1 , 0 1 8 '

5 0 6
3 9 6
34 4
2 9 8

B)

l a d d e r  S m a l  

\
S m a l / X b a l  l a d d e r  A p a lS m a l  A p a l / S m a l  l a d d e r  P s t l  S m a l P s t l / S m a l

\ \ ! y  I \ /

Legend to figure 4.6. A) Single digests locate Apal, Pstl and Xbal sites approx 1.0, 2.5 and 
0.2Kb from 3' end of exon 10-11 region. Smal digestion results in bands of 0.3, 1.4 and 1.6Kb.
B) Double digests with Smal and Xbal, Apal or Pst dlineate the arrangement on Smal sites. 
Digestion of the 0.3Kb Smal fragment by Xbal places this Smal site in the 3' regio of the 
insertion. The 1.4Kb Smal band is digested by Apal and the 1.6Kb Smal band by Pstl. For 
purposes of illustration these figures are a composite of several agarose gels.
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Figure 4.7. Southern blotting of GM-CSFRa4 genomic fragments.

L a d d e r  A c c l  A p a l  A p a l  D r a l  P s t l  S m a l S m a l X b a l  L a d d e r  A p a l  P s t l

b a s e  p a i r s

1 2 , 2 1 6

5 , 0 9 0
4 | 0 7 2
3 , 0 5 4
2 , 0 3 6
1 , 6 3 6
1 , 0 1 8

344
29 8

t

7 u  /  7 d 8 d

Legend to figure 4.7. Ethidium bromide stained 1% agarose gel of Sac4200 digests transferred 
to nylon membrane and probed with labeled exon 10a specific probe or exon 11 specific 
oligonucleotide 8d. The exon 10a probe hybridised to most fragments except 200bp Xbal 
fragment (barely visible on this reproduction) The strongest signal is within the Pst-1 fragment 
and the 1600bp Smal fragment whilst the 1Kb Apal fragment hybridised only weakly. 
Hybridisation of the Pst-1 and Apal fragments to the 8d oligonucleotide confirms that exon 11 is 
contained within these fragments.
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Restriction map o f Exon 10-11 region 

Combining the results of single and double digests with those obtained 

hybridising exon 10a and exon 11 probes allowed a quite detailed map of the 

exon 10-11 region to be generated. Although the exon 10a probe hybridised to 

all fragments, the intensity of hybridisation to the Pstl and 1600bp Smal 

fragments and lack of hybridisation to the 900bp Apal fragment suggest that 

exon 10a is located between the Apal and Pstl sites (figure 4.8).

Taking into account the more accurate sizing of the smaller fragments in this 

analysis, the size of the Sacl insert in clone 4 is approximately 4200bp. This 

construct is thus referred to as Sac4200. Other constructs are referred to by the 

appropriate enzyme name and approximate size e.g. the Sm al600 refers to a 

construct containing al600bp Smal fragment.

4.5 Sequencing of exon 10-11 region

Since multiple Alu repeats sequences appeared to be present within the target 

sequence it was decided that the best approach to generating reliable sequence 

data was to utilise the unique sequencing primers within the pBluescript SKII+ 

vector. Since a single sequencing reaction usually generates 2-300bp of reliable 

data and the Sacl fragment containing exon 10a is 4200bp further subcloning 

was necessary to cover the interior of the construct. Two approaches were tried. 

The first involved the use of exonucleases to generate overlapping nested 

deletions and the second further subcloning of the restriction digest fragments 

already identified in the map above.
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Figure 4.8. M ap of exon 10-11 region of GM -CSFRa.

I k b

e x o n  10

S a c l

S m a l P s t l  S m a l

1 L
A p a l  S m al X b a l

1 1 I
e x o n  11

T7

p B l u e s c r i p t  S K I I+  c l o n i n g  s i t e

Legend to figure 4.8. Restriction digest map of Sac4200 fragment of GM-CSFRa cosmid 3.1. 
The probable location of exon 10a is indicated by the double headed arrow.
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4.51 Nested deletions

This strategy exploits the fact that Exonuclease 3 (Exo3) will not degrade 3 ’ 

single stranded overhangs but will degrade DNA in a 3’ -> 5 ’ manner from 5 ’ 

single stranded overhangs or blunt ends. The vector pBluescript (Stratagene La 

Jolla, CA USA) is designed with restriction sites located such that it is usually 

possible to direct Exo3 activity into an insertion rather than into the vector itself. 

By digesting the DNA with Exo3 for varying times then degrading remaining 

single strands with Mung Bean Nuclease (MBN) and religating the vector it 

should be possible to generate nested deletions of the insertion which may then 

be sequenced using the T3 or T7 primer sites (figure 4.9). Exo3 / MBN 

deletions were generated according to the manufacturers protocol. Briefly this 

involved sequential restriction digests with Kpnl and Xbal thus generating 5 ’ 

and 3’ overhangs with the 3’ overhang “protecting” the vector from subsequent 

Exo3 degradation and the 5’ overhang allowing digestion into the insertion.

A number of attempts were made at generating nested deletions using this 

method however, for a variety of reasons, these were unsuccessful (figure 4.10). 

Initial efforts used DNA purified using a resin affinity method (Wizard 

Maxiprep Promega Southampton UK). The deletions produced however 

completely lacked specificity. This was probably the result of the presence of 

“nicks” in the plasmid DNA which the Exo3 was able to degrade non 

specifically. Subsequent experiments used supercoiled plasmid DNA purified 

on a CsCl density gradient. Specific deletions were then evident on agarose gel 

electrophoresis however when ligated and transformed into competent bacteria, 

no colonies were generated. The most likely explanation here was failure of the 

MBN to “polish” the DNA ends to allow blunt ended ligation.
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Figure 4.9. Generation of nested deletions.

Priming site Insert

T
Perform restriction digest with selected enzyme

V

T
Remove timed aliquots of Exolll digestion

V
V
V
V

Blunt with m un/bean nuclease

transform, plate, select colonies and sequence

Legend to figure 4.9 Generation of nested deletions using Exonuclease III and Mung Bean 
nuclease. Illustration modified from manufacturers catalogue (Stratagene).
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Figure 4.10. Results of nested deletions.

B

L a d d e r  U n c u t  K p n l  X b a l D e l e t i o n  t i m e  ( m i n u t e s )  

1 2 3 4 5 6
D e l e t i o n  t im e  ( m i n u t e s )  

1 2 3 4 5 6

I

Legend to figure 4.10. A) Test digests of plasmid Sac4200. Kpnl cuts the construct once in the 
MCS of pBluescriptll SK+ distal to the Xbal site. Xbal digestion releases a 200bp fragment 
(not visible) that does not contain exon 10a (figure 4.8). Since Kpnl leaves a 3’ overhang it is 
resistant to digestion by Exonucleaselll thus protecting the vector from being digested. Xbal 
leaves a sensitive 5 ’ overhang so that Exonuclease III will digest the insert sequence. B) Attempt 
at performing Exonuclease III deletions on DNA prepared using Wizard Maxi preps (Promega 
™). C) Nested deletions performed on DNA prepared by Caesium Chloride density gradient.
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A total of four attempts were made to overcome this problem, by modifying the 

length of incubation with MBN and adjusting the ligation parameters however 

on no occasion were colonies produced and the strategy was therefore 

abandoned.

4.52 Subcloning and restriction deletions

Having failed to generate nested deletions which would allow full sequencing of 

Sac4200, the next strategy adopted was to subclone the various restriction digest 

fragments which could then be sequenced and assembled into a contiguous 

sequence by reference to the restriction digest map produced previously.

Two methods were used and these are illustrated in figure 4.11. In the first, a 

restriction enzyme that cuts both within the MCS of pBluescript SKII+ and 

within the insertion was used to produce “restriction digest deletions” 

analogous to those that would have been produced using the Exo3 strategy. In 

the second, individual fragments were gel purified and ligated into pBluescript 

SKII+ using standard methods. The clones produced in this way are listed in 

figure 4.11.

Sequencing was then performed using the pBluescript T3 and T7 primers with a 

PCR based fluorescent dye terminator method and automated gel electrophoresis 

as described in chapter 2.37.

4.6 Assembly and analysis of sequence data

The data from overlapping clones was analysed using the gelassemble programs 

from the GCG package 202 This package calculates the optimal alignment of 

multiple overlapping sequences to arrive at a consensus contiguous sequence 

(contig). Depending on the stringency of the parameters specified, fragments 

with greater or lesser degrees of homology may be aligned.
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Figure 4.11. Subcloning of exon 10-11 region of GM -CSFRa gene.

I k b

p B l u e s c r i p t  S K I I+  c lo n in g  s i t e  
X b a l  S m a l P s t l  A p a l

S m a l P s t l  S m a l

T3

S a d

T3 Sma900 T7

Construct Strategy
Sma900 A
Apa33 00 A
Sma2500 A*
Stnal400 B
SmalGOO B
Sma3 00 B
ApallOO B
ApaSmaVOO B**

A p a l  S m a l x b a l

1

SmaieOO
Smal400
Sma3 00 [

Legend to figure 4.11. Strategies used in subcloning Sac4200. A) Deletions were generated by 
digesting with enzymes Smal and Apal which cut within the insertion and once within cloning 
site of pBluescript II SK+. After gel purifying the fragments, the vector was religated. B) 
Individual fragments of Sac4200 were gel purified and subcloned into appropriately digested 
pBluescript II SK+. * Sma2500 resulted from partial digestion yielding a construct containing the 
900 and 1600 bp Smal fragments. ** ApaSmaTOO construct generated by subcloning 700bp Smal 
fragment of Apa3300 into pBluescript II SK+.
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Sequencing the various subclones of Sac4200 revealed multiple “near misses” 

with the exon 10a sequence, each of which was a different variation on the Alu 

theme. Finally, sequencing of the entire of ApaSmaVOO showed an exact match 

with exon 10a. This was confirmed by using a new primer (lOd) within a non- 

repetitive portion of ApaSmaVOO which covered the same region on the opposite 

strand. (Table 4.1).

T a b l e  4 .1  A l ig n m e n t  o f  s e q u e n c e s  s u r r o u n d in g  e x o n  1 Oa

GELASSEMBLE P r e t t y O u t  o f  P r o j e c t  From : 1 T o : 414  

N ovem ber 8 ,  1998  1 2 :5 0  

1
60

ApSm 700T3 > CCCGGGCTCAAGCGATTCTCCTGCCTCAGCCTCCTGAGTAGCTGGGATTACAGACATGCA 

ApSmVOOlOd <  CCCGGGCTCAAGCGATTCTCCTGCCTCAGCCTCCTGAGTAGCTGGGATTACAGACATGCA 

CONSENSUS >  CCCGGGCTCAAGCGATTCTCCTGCCTCAGCCTCCTGAGTAGCTGGGATTACAGACATGCA

6 1 ...................+ .....................+ ........................+ .......................+ ........................+ ................120

e x o n lO a  > ----------------------------------------------------------------------------------------------------------------------g g tc t c a

ApSm 700T3 >  TCATGCTTGGCCATTTTTTAAATATTTTTATTTATTTATTTATTTTGACACAGGGTCTCA 

A pSm 70010d <  TCATGCTTGGCCATTTTTTAAATATTTTTATTTATTTATTTATTTTGACACAGGGTCTCA 

CONSENSUS >  TCATGCTTGGCCATTTTTTAAATATTTTTATTTATTTATTTATTTTGACACMGGTCTCA

1 2 0 ................+ .....................+ ........................+ .......................+ ........................+ ................ 180

e x o n lO a  > c t c tg tc a c c c a g g c tg g a g tg c a a t g g c a c a a tc t c g g c tc a c t g c a a c c tc c g tc t c c  

ApSm 700T3 >  CTCTGTCACCCAGGCTGGAGTGCAATGGCACAATCTCGGCTCACTGCAACCTCCGTCTCC 

A pSm 70010d <  CTCTGTCACCCAGGCTGGAGTGCAATGGCACAATCTCGGCTCACTGCAACCTCCGTCTCC 

CONSENSUS >  CTCTGTCACCCAGGCTGGAGTGCAATGGCACAATCTCGGCTCACTGCAACCTCCGTCTCC

1 8 1 ................+ .....................+ ........................+ .......................+ ........................ + ................ 240

e x o n lO a  >  c a g g c tc a a g c g a t tc tc c tg c c t c a g a c t c c c a g

ApSm 700T3 >  CAGGCTCAAGCGATTCTCCTGCCTCAGACTCCCAGGTAGATAGGATTACAGGCACCCACC 

j^ S m 7 0 0 1 0 d  <  CAGGCTCAAGCGATTCTCCTGCCTCAGACTCCCAGGTAGATAGGATTACAGGCACCCACC 

CONSENSUS >  CAGGCTCAAGCGATTCTCCTGCCTCAGACTCCCAGGrAGATAGGATTACAGGCACCCACC

2 4 1 ............... + .....................+ ........................+ .......................+ ........................ + .................280

ApSm 700T3 > ACCATGCCTGGCTAATTTTGTATTTTTTTTTTAGCAGAGATGAGGTTTCACCATGTTAGT
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i^Sm VO O lO d <  ACCATGCCTGGCTAATTTTGTATTTTTTTTTTAGCAGAGATGNAG.TTCA 

CONSENSUS >  ACCATGCCTGGCTAATTTTGTATTTTTTTTTTAGCAGAGAtGaaGkTTCACCATGTTAGT

2 8 1 ...............+ .......................+ .......................+ .......................+ .....................+ ................... 360

ApSm 700T3 > GAGGCTTGTCTCGAACTCCTGACCTCAGATGATGCGCCCGCCTCGGCCTCCCAAAGTGCT 

CONSENSUS > GAGGCTTGTCTCGAACTCCTGACCTCAGATGATGCGCCCGCCTCGGCCTCCCAAAGTGCT

3 6 1 ...............+ .......................+ .......................+ .......................+ .....................+  . 4 1 4 ............ +

^ S m 7 0 0 T 3  >  GGGATGACAGGTGTGANCCACCGTGCCTGGCCCAATTTTTGTATTTTTGGTAAA

CONSENSUS >  GGGATGACAGGTGTGAnCCACCGTGCCTGGCCCAATTTTTGTATTTTTGGTAAA

 + ........................+ ........................+ ....................... + ..................... + .........................+

Legend to table 4.1: Gelassemble printout of exon 10a region showing 100% identity. 

The underlined AG and GT in the consensus sequence represent the proposed splice junctions.

Inspection of the intronic sequence flanking the exon 10a region revealed the 

presence of the consensus splice acceptor and donor motifs (AG....GT) at the 

expected locations. Comparison of the 414bp consensus sequence shown in 

table 4.2 with that of the Alu consensus sequence using the compare and dotplot 

programs of the GCG package showed that the exon 10a region contains a 

complete inverted Alu repeat unit (figure 4.12).

When the parameters specified in the gelassembly program were slightly less 

stringent, a much longer region of overlap was identified including contributions 

from other cloned fragments. Several of the sequences did not contain any 

overlap and could not be assembled into a single contig. Comparison of the 

longest contig with the Alu consensus using the compare and dotplot programs 

revealed numerous areas of homology (fig 4.13). Although many of these are 

close matches with exon 10a, none are exact or provide flanking splice 

donor/acceptor sites. Given the number of homologous repeats, it is not 

surprising that obtaining reliable sequence data for exon 10a was so very 

difficult!
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Figure 4.12. Comparison of Alu consensus and exon 10-11 region of GM-CSFRa.
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Legend to figure 4.12. Dotplot showing close homology between exon 10a region and the Alu 
consensus. Areas of homology are indicated by the diagonal lines. The exon 10a sequence is 
between the two arrows.
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Figure 4.13. Comparison of Alu consensus with longest GM-CSFRa contig.
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Legend to figure 4.13 Output from GCG compare and dotplot programs showing presence of 
multiple Alu repeats within the exon 10-11 intron.
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4.7 Discussion

4.71 Consensus splice sites flank GM-CSFra4 exon 10a 

Alternative RNA splicing is the usual mechanism by which isoforms of gene 

products are generated. In higher eukaryotes, comparison of intron/exon 

junctions allowed relatively simple conserved sequences necessary for splicing 

to be defined xhis process has been analysed in cell free systems enabling 

the effect of mutations at various positions in the consensus to be tested. In 

higher eukaryotes, only the “AG” in the splice acceptor and the “GT” in the 

splice donor are indispensible for splicing. Examination of the 3’ portion of 

exon 10a and the following intronic sequence shows a good fit with the splice 

donor consensus. Similarly good homology is seen between the splice acceptor 

consensus and the 5’ portion of exon 10a and its adjacent intron (figure 4.14).

These results conclusively demonstrate that consensus splice acceptor and donor 

sites flank the Alu containing exon 10a in the genomic GM-CSFRa sequence. It 

was particularly important to demonstrate this since Alu repeats are commonly 

found in the immature RNA transcripts that make up heterogeneous nuclear 

RNA (hnRNA) where they may be responsible for much of the secondary 

structure. A strong initial possibility was therefore that the apparently novel GM- 

CSFRa isoform had arisen through amplification of an Alu containing nuclear 

RNA intermediate. Taken with the earlier finding that cytoplasmic and nuclear 

RNA contain exon 10a in similar amounts, these findings strongly suggest 

however that exon 10a is a mature transcript that is likely to be translated into 

protein.
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Figure 4.14. Exon 10a splice donor and acceptor regions.

S p l i c e  a c c e p t o r  S p l i c e  d o n o r

C o n s  6 P y 7 4 - 8 7  N C 6 5  A l O O  G l OO  N A 6 4  G 73  G l O O  T l O O  A 6 2  A 6 8  G 8 4  T 6 3;^7 4 - 8 7  ̂
TT TG A C  A C A  G A G A G A T

5' Intron Exon 10a 3' Intron

Legend to Figure 4.14. Relationship between introns flanking exon 10a and consensus (Cons) 
splice donor and acceptor sequences. GM -CSFRa sequence is shown within the box with 
intronic DNA unshaded and the exon shaded. The frequency of individual bases in the consensus 
splice donor acceptor sequence is shown above ie C65 = C present in 65% of cases of splicing 
sites. Py = any pyrimidine base. Where the GM -CSFRa sequence complies with the consensus 
the bases are shown in bold.
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4.72 Significance o f Alu repetitive sequences

The structure and origin of Alu repeats were briefly discussed in chapter 3. The 

finding that the GM-CSFRa gene is particularly rich in these elements however 

warrants a more detailed discussion of their evolution and possible significance.

Evolutionary significance o f Alu repeats 

As previously discussed, Alu repeats are an example of a short interspersed 

repeat (SINE) thought to have originally derived from the 7SL signal recognition 

particle RNA. Repeated retroposition has resulted in a massive accumulation of 

these elements such that there are now about 1 million examples per haploid

genome Although complete Alu repeats are unique to humans, and can be 

used to differentiate human DNA from that of other animals, analogous elements 

are found in other species and homology tracing has been utilised in mapping 

evolutionary relationships. Analysis of these elements has for example revealed

that the hippopotamus is the closest living relative of the whale family 215.

SINEs are present in all other animals so far examined however only in mice and 

primates is there a relationship with 7SL RNA. In other species, SINEs derive 

from tRNA although why SRP derived SINEs succeeded tRNA SINEs is 

unknown. “Fossilised” degenerate remnants of tRNA SINEs called “M IR s” 

are found in human DNA and these presumably predate the divergence of 

rodents and primates. Thus although the precise origin of SINEs have changed, 

they are widely distributed throughout many species.

Sequence comparison indicates that Alu sequences started to accumulate after 

the divergence of gorillas but before that of chimpanzees from the hominid 

lineage (figure 4.15).
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Figure 4.15. Evolutionary relationships of SINEs.
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Legend to figure 4.15. Modified from Schmid etl (1996) Indicates how Alu repeats may have 
accumulated in the genome of an individual. It is possible that tRNA SINEs in plants and 
animals are not directly related but were produced by "convergent evolution".
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Except for the accelerated mutation rate seen in methylated CpG dinucleotides 

and occasional losses due to unequal Alu-Alu recombination, Alus are in general

stably maintained once introduced into the genome 216 The occurrence of novel 

germline Alu insertions ^14 illustrates that the process of Alu expansion is 

ongoing and there is even an example of somatic acquisition of an Alu insertion

in a B cell t u m o u r  ^17

Function o f Alu repeats

It is difficult to believe that a sequence comprising 5-10% of the genome that has 

equivalents in organisms as diverse as plants and humans does not fulfil one or 

more essential functions. The maintenance and expansion of SINEs such as Alu 

in such a wide range of species argues that they are at least evolutionarily 

neutral. Since there are numerous examples of Alu insertions resulting in disease 

it seems likely that they must also have a “useful” purpose. These might relate 

either to the effects of Alu DNA on the genome or to the properties of Alu RNA 

transcripts

Genomic effects of Alu repeats 

Whatever other functions Alu repeats and other retroposons fulfil, they are 

clearly a potent source of change within the genome. Their insertion near or 

within coding regions might alter gene transcription, splicing signals, RNA 

stability or protein sequence whilst insertions elsewhere could affect chromatin 

structure. Recombination between repeats when unequal might result in gene 

duplication or elimination.

A number of genetic disorders resulting from Alu transposition have been 

identified. In neurofibromatosis direct insertion of Alu sequence into an intron 

results in aberrant splicing 218 whilst one type of acetylcholinesterase deficiency 

is due to gene disruption by Alu insertion into an exon 219. in some instances
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such as Brutons X linked immunodeficiency 220 or Glanzmann’s 

thrombasthenia 221 mutations have arisen through recombination events 

involving multiple Alu repeats.

Recently it has been shown that Alu mediated homologous recombination might

be responsible for mutations in somatic tissues ^^2 The mixed lineage 

leukaemia (MLL) gene contains two Alu repeats and partial tandem duplications 

generated by Alu mediated homologous recombination have been identified in 

patients with acute leukaemia. It has been suggested that a common

constitutional translocation involving this region involves Alu recombination 223 

however these results were shown to be an artefact 224̂  underlining the need for 

caution in interpreting PCR results from regions rich in repeat structures.

Overall, out of 12,700 documented mutations in human genes, retroposition 

accounts for 19, a frequency of 0.15%. This contrasts with mice where the 

frequency of retropositional mutation is estimated at about 10%. The difference 

is thought to be because of the large number of defective retroviral LTR based

mobile elements in mice 225_

Alu repeats might also affect chromatin structure. Unlike other repetitive 

elements, Alu sequences tend to cluster around coding genes in active regions of 

chromatin. It has been argued therefore that in order to avoid being a “sink” for 

RNA polymerase III transcription factors, Alu elements must be subject to 

specific repression. In vitro reconstitution experiments revealed that Alu 

sequences are capable of positioning nucleosomes 226 and this was confirmed in 

native chromatin by intranuclear footprinting assays 227 in the reconstitution 

experiments, both histone octamers / Alu complex and hi stone tetramer / CpG 

methylated Alu were unable to support RNA polymerase III transcription. These 

elements might be therefore have a role in maintaining or modulating chromatin
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structure which may in turn serve to regulate Alu transcription. The finding of 

the SV40 T antigen binding site 5’ GGAGGC 3’ within the Alu motif lead some 

workers to suggest that Alu elements may serve as an origin for DNA replication 

228. Further evidence to support this has however not been forthcoming.

It has also been suggested that méthylation of Alu repeats might be an important

mechanism controlling gene transcription 216 About 1% of human DNA is

made up of 5’ methylcytosine, with the majority occurring in CpG dinucleotides. 

Since the CpG content of young Alu elements, that have not been subject to C- 

>T conversion, is 9% and Alu repeats comprise 5-10% of the genome they must 

account for a substantial proportion of all potential méthylation sites. In contrast 

to oocytes, which contain mainly methylated Alus, those in spermatozoa are 

protected from méthylation by a specific Alu binding protein 229 This 

phenomenon is of interest because it is a possible mechanism for imprinting, a 

phenomenon in which there is differential expression of the genomes derived 

from each parent.

In addition, a link between DNA méthylation and histone deacetylation has 

recently been reported. Methylated CpG sites are thought to recruit histone 

deacetylase 230 leading to hypoacetylation of histones and reduced gene 

transcription. Thus, since they are located around transcriptional units, bind 

histones, organise nucleosome structure and contain a high proportion of 

potential méthylation sites, Alu repeats appear to be important in the regulation 

of chromatin structure and gene expression in both germ line and somatic cells.

Function o f Alu transcripts 

As mentioned earlier, Alu elements contain an internal promoter for RNA 

polymerase III, the enzyme responsible for ribosomal RNA synthesis. The Pol 

III terminator sequence TTTT is generally present in the region 3’ of most Alu
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repeats resulting in transcripts of 3-400 bp in size. Although most Alu Pol III 

promoters induce transcription in vitro, under normal conditions in-vivo, Alu 

transcripts are rare. As already discussed, méthylation suppresses the expression 

of Alu transcripts and it has even been suggested that in somatic tissues, the 

main role of DNA méthylation is the suppression of “parasitic” DNA elements 

such as Alu 231. Full length transcripts (flAlu) have a short although there is

some splicing into smaller stable transcripts referred to as scAlu 2 M cgn 

stresses such as heat shock, protein synthesis inhibitors or viral infection result 

in the rapid appearance of large numbers of flAlu transcripts 232 The recent 

observation that flAlu RNA binds and inactivates the double stranded RNA 

dependent kinase PKR 233 suggests a role for Alu transcripts in downregulating 

PKR activation in this situation (figure 4.16)

Proteins that genuinely contain Alu sequences are very rare 

A final possible role for Alu repeat sequences is that they form part of a gene 

coding sequence, as is the case for GM-CSFRa4. A survey of over 1600 entries 

in GenBank revealed the presence of Alu in 5% of fully spliced messages 234 

Of these, most (82%) were found in the 3’ untranslated region with 14% in the 

5’ UTR and only 4.6% within the coding sequence. In one of these cases 

insertion of a portion of an inverted Alu results in an alternatively spliced 

isoform of an acetylcholine receptor 235 Alu elements thus account for 

approximately 10% of the genome but fewer than 0.25% of proteins contain Alu 

derived sequence and in only one other case has this resulted in a receptor splice 

variant.
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Figure 4.16. Possible role of fl Alu in regulating PKR activity.

Cell stress 
Viral infection 
Heat shock

Inactive PKR 
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Legend to figure 4.16. Proposed role of flAlu transcripts in regulating the double stranded RNA 
dependent protein kinase PKR. Cell stress causes activation of PKR which phosphorylates the 
translational initiating factor EiF2a causing it to dissociate from the ribosome and inhibit 
translation. Certain double stranded RNAs, including adenoviral VAl and flAlu antagonise this 
effect by binding and inactivating PKR leading to the restoration of protein synthesis.

138



4.73. Genomic structure o f the GM-CSFRa gene

The GM-CSFRa gene maps to the pseudoautosomal region (PAR) of the X-Y 

chromosomes. Although physically part of the X or Y chromosome this region 

recombines with the equivalent portion of the Y or X chromosome during 

meiosis with such high frequency that it behaves as an autosome. There are 2 

human PARs, PARI on the telomere of the short arm and the smaller PAR2 

telomeric on the long arm. So far 9 genes including GM-CSFRa and IL-3Ra 

have mapped to the 2.6Mb PARI and 2 on the 320Kb PAR2 236 The border 

between PARI and the Y specific region of the Y chromosome is defined by the 

presence of an Alu repeat which is not found on the equivalent portion of X 237

Analysis of genes within PARI (including GM-CSFRa and IL3Ra) reveals that 

most have arisen by gene duplication or exon shuffling. It has been calculated 

that within the PAR there is an approximately 20 fold higher incidence of 

meiotic recombination than in the rest of the genome leading to the observation 

that the region is “a unique playground for evolution” 238 Repetitive elements 

such as SubTelomeric Interspersed Repeats (STIRs) are known to be important 

in recombination and it is therefore tempting to link the very high density of Alu 

repeats observed within in GM-CSFRa with the duplication that produced 

IL3Ra and other genes on the PAR.

4.8 Summary.

These results indicate the presence of several full length inverted Alu repeats 

within the GM-CSFRa gene. Consensus splice donor acceptor sites are present 

supporting the view that GM-CSFRa4 is generated by alternative splicing within 

one of these elements.
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Chapter 5, Expression of GM-CSF receptor alpha isoforms 
during haemopoietic differentiation

5.1. Introduction.

Alterations in receptor isoform expression represent a further potential level of 

regulation in the HGF network. Although numerous growth factor receptor 

splice variants have been identified, there is relatively little information as to their 

functional significance. HGFs have diverse and overlapping functions that 

include the maintenance of cell survival, induction of proliferation, support of 

differentiation and, in some cases, modulation of effector functions in mature 

cells. Changes in the relative levels of HGF receptor isoforms could potentially 

affect any of these responses although given the complexity of the system as a 

whole, convincingly demonstrating this is problematic.

One approach to addressing the role of receptor isoforms is to measure the 

relative expression of the individual species under different conditions. Ideally 

this would involve measurement of relative levels of receptor protein however 

this would either require isoform specific antibodies or a size difference 

detectable by Western blotting. In the case of the GM-CSFRa subunit, the latter 

technique is complicated by variable glycosylation which makes resolution of 

small changes in molecular weight impossible. In view of this, it was decided to 

assess the relative level of expression of the GM-CSFRa 1, 2 and 4 isoforms at 

the RNA level using the RT-PCR reaction described in chapter 3, Two main 

questions were addressed in these experiments:

(i) Do the levels of GM-CSFRa 1, 2 and 4 RNA changes during 

differentiation

(ii) Are there abnormal patterns of GM-CSFRa isoform expression in 

AML.
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First however it was necessary to validate the RT-PCR assay to ensure that it 

truly reflects differences in isoform RNA levels.

5.2. Validation of assay for GM-CSFRa isoform RNA levels.

Because of the nature of PCR amplification, in which there is an exponential 

increase in reaction product followed by a plateau due to exhaustion of primer 

and other components, quantitative PCR assays need to be carefully controlled. 

Ideally, measurements of reaction kinetics should be made however this requires 

expensive dedicated equipment and specially designed fluorescent primers and 

in most laboratories, quantitation is based on estimation of the amount of PCR 

product usually on agarose or acrylamide gels. When the readout of the assay is 

the amount of PCR end product it is essential that the reactions do not reach 

plateau phase. This can be achieved by limiting the number of PCR cycles 

however this can reduce sensitivity and when comparing different templates each 

reaction must be optimised individually.

RT-PCR presents further difficulties since the RT reaction is an additional 

variable that is also influenced by template structure. The ideal controls in RT- 

PCR assays are RNA templates that are amplified by the same primers as the 

analyte yielding products that can be differentiated from each other either by size 

or the presence of some other distinguishing feature such as a restriction 

endonuclease site. When the objective of the assay is the comparison of the 

levels of alternatively spliced RNA transcripts matters are simplified since the 

reaction is internally controlled. Assuming that each isoform is amplified with 

the same kinetics, each should reach plateau at the same time allowing accurate 

comparisons to be made. To test this assumption, validation of the assay with 

mixtures of known quantities of the different isoform RNAs was necessary.

In order to produce RNA transcripts for GM-CSFRa 1 and GM-CSFRa4, the 

full length cDNAs described in chapter 3 were subcloned from pCRlOOO into
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the mammalian expression vector pRCMVNeo (Invitrogen) using the Apal and 

Notl sites. The presence and orientation of the inserts was confirmed by 

restriction digest with EcoRl. COST cells were electroporated with lOj^g of the 

constructs and RNA prepared using the RNA Easy kit (Qiagen). The resulting 

preparations were subject to DNAse digestion to remove contaminating episomal 

DNA and the RNA repurified as above. In view of the small volumes and 

quantities of RNA recovered after this procedure, RNA levels were not formally 

quantified. Mixtures of GM-CSFRa 1 and GM-CSFRa4 RNA were made and 

amplified in an RT-PCR using end labelled primer 5u and unlabelled 5d as 

described in chapter 2. The PCR products were separated on a 6% non

denaturing acrylamide gel, dried and exposed on a FujiBas phosphoimager.

The relative intensities of the bands corresponding to GM-CSFRa 1 and 4 was 

assessed using the gel analysis macro of NIH Image vl.62 according to the 

instructions supplied (http://rsb.info.nih.gov/nih-image/T Confirmation of the 

validity of the overall method was obtained by analysing mixtures of GM- 

CSFRa4 and GM-CSFRa 1 RNA. A surprisingly good correlation between the 

amount of RNA added and the relative intensity of the PCR band was obtained 

(figure 5.1).

For reasons of safety and convenience, it was decided to use ethidium bromide 

stained agarose gels rather than acrylamide gels and ^^P labeling. This method 

was validated by running standards of known DNA concentration on an agarose 

gel and scanning the Polaroid photograph using a Umax Astra scanner as 

described in chapter 2.
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Figure 5.1 Validation of GM-CSFRa isoform quantitative RT-RCR 
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Legend to figure 5.1 A) Scan of autoradiograph of RT-PCR reaction using primers 5u and 
5d. B) Histograms generated using NIH Image gel analysis macro. C) Relationship between 
ratio of GM-CSFRal and GM-CSFRa4 RNA volume and ratio of band intensities in RT-PCR 
reaction, r = coefficient of regression
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Although the signal starts to saturate between 250 and 500ng of DNA, there is 

still a good correlation between the optical density and DNA concentration over 

a 100 fold range (figure 5.2) and this method was therefore adopted for the 

remainder of these studies.

5.3. Changes in GM-CSFRa isoform expression during differentiation.

5.31 HL-60 model o f dijferentiation.

The HL-60 cell line was originally derived from a patient with acute 

promyelocytic leukaemia ^39 since it’s original description in 1979, it has been 

widely used as a model of haemopoietic differentiation since it can be induced to 

differentiate down the granulocytic pathway using DMSO or retinoic acid or 

into monocytoid cells using vitamin D3. To study changes in GM-CSFRa 2 and 

GM-CSFRa4 isoforms during granulocytic differentiation, HL-60 cells were 

cultured in DMSO as described in chapter 2. Successful differentiation was 

confirmed using the nitroblue tétrazolium test which detects the development of 

the ability to generate superoxide, a feature of differentiated myeloid cells. RNA 

was prepared and the relative expression of the GM-CSFRal, 2 and 4 isoforms 

compared (figure 5.3)

Is has previously been demonstrated that the level of RNA for the soluble 

isoform GM-CSFRa2 decreases during differentiation of HL60 cells in DMSO

and this was confirmed by the results of this experiment. A reciprocal 

reduction in expression of GM-CSFRa4 was noted. The result shown was 

confirmed in a second independent experiment.
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Figure 5.2. Validation of Ethidium bromide gel DNA quantification method.
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Legend to figure 5.2 A) Ethidium bromide gel of known quantities of plasmid DNA 
scanned as outlined in text. B) Histograms generated using NIH Image gel analysis macro. 
C) Relationship between optical density and DNA quantity. A good correlation is present 
over a 100 fold change in DNA concentration, r = coefficient of regression.
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Figure 5.3. GM -CSFRa isoform expression in DMSO treated HL-60 cells.
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Legend to figure 5.3. Change in the relative expression of G M -C SFR a2 and a 4  isoforms 
during differentiation of HL-60 cells in DM SO (representative experiment). The top panel 
shows an agarose gel of 5u/5d RT-PCR products and the bottom panel the results of scanning 
the gel and m easuring area under the curve with NIH Image as described in the text. 
Differentiation was associated with a decrease in G M -C SFR a2 isoform RNA level and a 
reciprocal increase in the a 4  isoform. A m ononuclear cell RT-PCR is shown in lanel for 
comparison.
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5.32 Expression o f GM-CSFRa isoforms during normal differentiation.

Since a transformed cell line might have different properties to primary cells, 

GM-CSFRa isoform expression was then compared in normal purified CD34+ 

peripheral blood stem cells (n=4), purified neutrophils (n=15), purified 

monocytes (n=4) as well as immature and mature monocyte derived dendritic 

cells (n=4).

Cell isolation methods.

CD34 cells were purified from peripheral blood stem cell products using either a

Ceprate SC immunoaffinity column 240 or using immunomagnetic beads 

(Miltenyi Biotech, Bisley UK) as directed by the manufacturer. Neutrophils 

were prepared by density centrifugation as detailed in chapter 2 and monocytes 

using CD14 magnetic beads (Miltenyi). Dendritic cells were produced by 

culturing monocytes in RPMI +10% (v/v) PCS for 5 days in the presence of 

GM-CSF and IL-4 at 10 and 20 ng/ml. Terminal maturation was induced by 

adding lipopolysaccharide (Sigma) lOng/ml for a further 24 hours. The purity of 

the cell preparations was assessed by morphology (neutrophils) APAAP 

staining for CD34 or flow cytometry for CD 14 and CD la  and was consistently 

over 80%.RNA was prepared from up to 10 x 10̂  cells using the Qiagen RNA 

Easy kit.

Results o f isoform expression study.

No overall difference in the relative expression of either GM-CSFRa2 or 4 was 

noted between purified CD34 cells and neutrophils (figure 5.4 and table 5.1). 

There was however quite wide variation between individual samples with an 

apparent inverse relationship between GM-CSFRa2 and GM-CSFRa4. As in 

the HL-60 system, when expression of the soluble isoform was high, expression 

of the novel GM-CSFRa4 isoform tended to be low and vice-versa. The
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significance of this observation is unclear. There was slightly less of the GM- 

C SFR al and a4 isoform RNA present in the monocytes and DCs however 

again there was quite wide individual variation and the result did not reach 

statistical significance.

T a b l e  5.1 E x p r e s s io n  o f  G M -C S F R  a  i s o f o r m s  in  p r im a r y  n e u t r o p h i l s

Sample no a 4  % total a 2  % total a 4 /a 2 a l  % total

I 6 20 0.3 73

2 13 7 1.9 80

3 6 14 0.4 80

4 15 6 2.5 79

5 20 14 1.4 66

6 20 IS 1.1 62

7 20 8 2.5 72

8 9 23 0.4 68

9 14 5 2.8 81

10 21 8 2.6 71

II 13 22 0.6 65

12 5 33 0.2 61

13 14 15 0.9 71

14 14 10 1.4 76

15 19 9 2.1 72

16 20 18 1.1 62

MEDIAN 14 14 1.3 71.5

Legend to table 5.1 Neutrophil GM-CSFRa isoform RNA levels expressed as a % of total 

using a flatbed scanner and NIH Image to determine intensity of bands on an ethidium bromide 

stained agarose gel of 5u/5d RT-PCR products. The percentages were derived by using the 

formula:%an= 100* D an/(D aI+D a2+D a4) where D a l ,  2& 4  = density of a  I, 2 and 4  

bands.
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Figure 5.4. Relative level of GM-CSFRa isoform RNA in prim ary haemopoietic cells.

G M -C SFR a4

G M -C SF R al

G M -C SFR a2

CD34 Neut mono 

Cell type

DC DC LPS

Legend to figure 5.4 Relative expression of mRNA for G M -C SFR a4, 1 and 2 isoforms in 
purified CD34-I- peripheral blood stem cells, neutrophils, m onocytes, and monocyte derived 
dendritic cells without (DC) and following terminal m aturation in lipopolysaccharide (LPS). 
Results are expressed as a % of the total G M -C SFR a RNA in an RT-PCR reaction using 
primers 5u and 5d. Error bars refer to the standard error of the mean and n the number of 
samples analysed.
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5.33 GM-CSFRa isoforms in acute myeloid leukaemia

Measurements of relative isoform levels were also made on RNA prepared from 

blast cells of 5 patients with acute myeloid leukaemia. The relative levels (+/- 

SEM) of GM-CSFRa4, 1 and 2 RNAs were 17+/-3.4%, 77+/-2.4% and 7+/- 

1.5% which was not significantly different from previous observations in normal 

CD34+ cells and neutrophils.

5.4. Discussion

In order to determine whether GM-CSFRa isoforms are regulated during 

haemopoietic differentiation, an internally standardised RT-PCR assay was 

devised which allowed the detection of changes in the relative levels of GM- 

CSFRa 1 , 2 and 4 mRNA. The validity of this approach was demonstrated using 

purified RNA for the GM-CSFRa4 and GM-CSFRa2 isoforms and a 

radioactive detection system. The assay was then simplified to avoid the use of 

acrylamide and radioactivity by digitising Polaroid photographs of ethidium 

bromide stained agarose gels using a flatbed scanner and analysing the images 

with NIH Image. Using DNA standards it was shown that this detection system 

remains sensitive up to 250-500ng of dsDNA, far in excess of the amounts 

generated in any of the RT-PCR assays.

It has previously been shown that expression of the RNA for the soluble GM- 

CSFRa2 species is downregulated during the differentiation of HL-60 cells in

DMSO 201 This system was therefore used to further confirm the validity of the 

assay and to study the effects of differentiation of GM-CSFRa4 expression. As 

previously reported, GM-CSFRa2 RNA levels were downregulated during 

DMSO induced differentiation confirming the validity of the assay. A reciprocal 

increase in GM-CSFRa4 RNA level was also noted. When the GM-CSFRa 

isoform levels were measured in primary CD34+ PBSCs and peripheral blood 

neutrophils no consistent change in isoform levels were observed however a
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reciprocal relationship between GM-CSFRa2 and 4 RNA levels was again 

observed. When GM-CSFRa isoform levels were examined in a series of cases 

of acute myeloid leukaemia, no significant difference form normal cells was 

observed. These results suggest that modulation of GM-CSFRa isoform levels 

is not a feature of normal haemopoiesis and that major abnormalities are not 

generally found in patients with acute myeloid leukaemia.

Before concluding that the essentially negative conclusions of these studies are 

correct it is necessary to consider whether the assay employed was sensitive 

enough to detect any changes in receptor RNA levels that might have been 

present. Spiking RNA from COS-7 cells transfected with either a l, a4 cDNA or 

both showed that relative changes could be detected whilst the HL-60 study 

showed that the system was sensitive to RNA levels present in non-transfected 

cells. Alternative methods would have included RNAse protection and real time 

RT-PCR. It has previously been shown that there is good agreement between

RNAse protection and RT PCR assays of the type described here ^nd real 

time PCR technology was not available when these experiments were performed.

The only finding of note in the experiments described in this chapter is the 

reciprocal relationship between GM -CSFRa2 and GM -CSFRa4 transcript 

levels. One possible explanation for this finding is that it represents an artefact 

arising through the amplification of very low copy number transcripts. In this 

situation there could be “skewing” of the first few cycles of the PCR by 

annealing of primers by chance to significantly more a2 than a4 templates, or 

vice-versa. If the inverse relationship between a2 and a4 were due to random 

skewing of this type then in the majority of cases the ratio of a2 to a4 should be 

near 1 with a normal distribution around this mode value. Although the numbers 

of observations are relatively low, inspection of the neutrophil data in table 5.1 

shows that this is not the case. Assuming that the observed inverse relationship
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between GM-CSFRa2 and 4 is not an artefact of PCR of this type, a possible 

explanation is that the a4 and a2 RNA species originate from a common 

precursor as illustrated below

Unspliced message \  Precursor GM-CSFRa2

GM-CSFRa4 

GM-CSFRal

In this case, diversion of splicing towards either GM-CSFRa2 or GM-CSFRa4 

would result in depletion of the other without affecting the level of GM- 

CSFRal.

Although the HL60 system appears to show a reduction in expression of the 

soluble isoform during differentiation this could not be confirmed in primary 

cells since there was no consistent difference between purified CD34 cells and 

neutrophils. One explanation for this is that any change was masked by inter

individual variation. It would have been preferable therefore to study either 

CD34 cells and neutrophils taken at the same time from the same individual or 

unmanipulated CD34 cells compared to the same cells differentiated into mature 

myeloid cells by culture in haemopoietic growth factors. Differentiation of 

monocytes into antigen presenting dendritic cells and activation using 

lipopolysaccharide however had no effect on the relative levels of GM-CSFRa 

isoform RNA either between or within individuals (figure 5.4).

Similar results have been previously reported for other GM-CSFR isoforms in 

normal haemopoietic cells. A 5’ GM-CSFRa splice variant that affects 

translational efficiency was found to be present at similar levels in neutrophils,

monocytes, AML blasts and cell lines and an isoform of the pc subunit with 

a cytoplasmic deletion was present at similar levels in purified CD34 cells.
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neutrophils and monocytes in contrast, the soluble isoform of the IL-5 

receptor a subunit is downregulated during eosinophilic differentiation induced 

by IL-5 241, Demonstration of this however required transfection of murine 

FDCP-1 cells with an IL-5R minigene and differentiation of cord blood 

progenitors in IL-5. It is thus possible that in measuring receptor levels in bulk 

populations of immature CD34 cells and fully differentiated cells, more subtle 

changes in receptor isoform levels occurring at the progenitor stage have been 

missed in the experiments described here.

A further possibility is that changes in receptor isoform levels occur during other 

GM-CSF mediated effects such as cell survival or activation of cell function. 

Preliminary work was therefore performed on growth factor deprived TF-1 

erythroleukaemia cells undergoing apoptosis following growth factor withdrawal 

and on purified neutrophils activated by phorbol ester. No changes in GM- 

CSFRa isoform message were detected in these systems (data not shown) and it 

was decided not to proceed with this work any further.

GM-CSFRa isoform levels were also measured in 5 patients with AML and 

again no difference with purified CD34+ cells and neutrophils was found. These 

results exclude frequent changes of the type observed with the deletion variant 

GM-CSFRpc, which was present at increased levels in 80% of cases of AML 

154 although rarer changes would require examination of a far larger number of 

cases.

An alternative approach to defining the function of receptor isoforms would be 

to force their expression in primary haemopoietic cells or cell lines and then 

observe the effect on proliferation, differentiation and survival. This would 

involve the generation of suitable inducible retroviral or lentiviral vectors since 

such cells are refractory to non-viral transfection methods. Before embarking on 

studies of this type however, it was decided to measure the expression of the
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GM-CSFRa4 isoform at the protein level since if an RNA species representing 

at most 20% of the GM-CSFRa message is inefficiently translated it is unlikely 

to have major physiological importance. This work is described in chapters 6 

and 7.

5.5. Summary

A semi quantitative RT-PCR assay was validated and used to study the relative 

expression of GM-CSFRal, 2 and 4 isoform RNA levels. A reduction in GM- 

CSFRa2 and reciprocal increase in GM-CSFRa4 RNA was detected during 

differentiation of HL60 cells in DMSO whereas no significant difference was 

evident when purified CD34 peripheral blood stem cells were compared to 

purified neutrophils. Blast cells from patients with acute myeloid leukaemia 

showed a similar pattern of GM-CSFRa isoform expression to primary CD34 

cells and neutrophils

154



Chapter 6, Functional properties o f GM-CSFRa4

6.1 Introduction

The possible effects of the insertion of 34 amino acids in the region of the 

transmembrane domain and WSXWS motif on GM-CSFRa function were 

discussed in chapter 3. Extrapolation from studies on other HGFRs suggested 

that the most likely consequence of a structural change in this region is either a 

change in the affinity of ligand binding or an alteration in the level of expression 

at the cell surface. Before conducting a more detailed examination of the 

possible functional significance of GM-CSFRa4, its cell surface expression and 

ligand binding properties were investigated.

As previously noted, expression of the GM-CSFRa cDNA alone results in low 

affinity ligand binding with a Kd in the nanomolar range. Coexpression of the 

signal transducing pc subunit adds a high affinity component to GM-CSF 

binding. The pc subunit is thought to increase the affinity of ligand binding by 

reducing the dissociation rate from the receptor complex whilst the remaining

low affinity component presumably results from residual a subunits

In order to ensure efficient expression of the receptor constructs and to avoid 

interference from endogenous GM-CSFR subunits, the ligand binding studies 

were performed in COS-7 cells. This cell line derives from monkey kidney cells 

transformed by the SV40 virus and therefore expresses the “T” antigen. In the 

presence of T antigen, any plasmid containing an SV40 origin of replication is 

amplified episomally resulting in high level protein expression. In addition, 

COS-7 cells are relatively easy to transfect using a variety of chemical and 

physical methods and for both these reasons they were chosen for the studies of 

GM-CSFRa isoform expression. At the time these studies were performed, 

electroporation was the most efficient method of transient transfection. 

Unfortunately efficient electroporation is generally associated with 70-90% cell
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losses and this greatly increased the difficulty of experiments requiring high cell 

numbers such as the equilibrium binding assays. More recently, less toxic 

cationic lipid preparations have been devised that give equally good or superior 

results in most cell lines and if these studies being performed now this would be 

the method of choice.

6.2 Optimisation of electroporation parameters

6.21. Introduction

Electroporation involves the delivery of an electric field of high voltage and short 

duration to cells, usually in suspension but sometimes adherent to a solid 

surface. This induces the formation of transient membrane pores that allow entry 

of macromolecules from the extracellular environment into the cytoplasm. Most 

electroporation devices allow control over the voltage and the duration of the 

pulse. Some deliver a square wave pulse but most give an exponential pulse 

whose duration is usually denoted by the “Time constant” that is the T,/^ in 

milliseconds of the decaying wave controlled by changing the capacitance of the 

pulse generator. The parameters to be optimised are therefore

Time constant: varies with the capacitance of the pulse generator and the 

resistance of the medium. High ionic strength media give shorter pulses for a 

given charge.

Field strength V/cm: depends on distance between the cuvette electrodes and 

the voltage setting of the pulse generator.

DNA concentration in medium: Too much DNA can be toxic to cells. Too 

little can result in low efficiency transfection

In optimising the electroporation of a cell line it is recommended that a variety of 

field strengths and time constants are tested using previously published results
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as a guide wherever possible. Efficient transfection usually occurs when 70-90% 

of cells are non viable 24 hours after electroporation.

6.22. Survival o f COS-7 cells after electroporation

COS? cells were harvested when 50-90% confluent using trypsin EDTA. After a 

wash in ice cold PBS, aliquots of 5-10x10^ cells were resuspended in chilled 

0.8ml (0.4cm gap) cuvettes in ice cold PBS and subjected to a variety of field 

strengths at 400//F. The time constant was recorded and after recovery on ice for 

10 minutes the cells were returned to warmed DMEM 10% PCS for 1 hour at 

37°C in polypropylene containers to prevent adherence. Viability was assessed 

using a flow cytometer set to measure exclusion of propidium iodide.

Results o f COS-7 survival study 

After incubation for 1 hour in medium + PCS, COS-7 cells exposed to a field 

strength of IKV/cm in PBS had a viability of 85% (table 6.1). With the 

capacitance set at 500pF the time constant was 8.9ms

T a b l e  6.1 . E f f e c t  o f  e l e c t r o p o r a t io n  p a r a m e t e r s  o n  C O S-7 v ia b il it y .

Volts (V) Field (KV/cm) Cap.(fiF) Time const (ms) non viable (%)

150 0.375 500 8.6 36

200 0.500 500 8.8 48

250 0.625 500 8.3 56

300 0.750 500 8.0 71

350 0.875 500 8.2 80

400 1.000 500 8.9 85

Legend to table 6 .1  Survival of COS-7 cells 1 hour after electroporation assessed by 

propidium iodide exclusion
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6.23. Optimisation o f expression

A comparison was then made between the transfection efficiency assessed using 

10/^g of the p galactosidase reporter construct PCHlOl at the 300, 350 and 

400V settings. These revealed markedly better transfection efficiencies at the 

highest setting of 400V. Approximately 30% of surviving cells at 72 hours were 

expressing pgalactosidase and the 400V/500/<F combination was thus used in all 

future experiments.

6.3 Analysis of the ligand binding affinity of GM-CSFRa isoforms

6.31. Introduction

In order to study the affinity of GM-CSF binding to the novel isoform GM- 

CSFRa4, the GM-CSFRal and GM -CSFRa4 cDNAs were directionally 

subcloned from the PCRIIT vector into the mammalian expression vector 

pRCMVNeo using the Apal and Notl sites present in both plasmids. The 

pRCMVNeo plasmid contains the CMV early promoter driving the inserted 

cDNA, an SV40 origin of replication allowing episomal amplification in COS 

cells, and the Neomycin resistance gene (Neo') for the selection of stable 

transfectants.

Using the parameters derived in the initial optimisation experiments, the GM- 

C S F R a l and GM-CSFRa4 cDNAs subcloned into prCMVNeo were 

transfected into COS-7 cells. In some experiments the pc cDNA in the 

expression plasmid KH97 (obtained from Dr Miyajima, DNAX, CA USA) was 

cotransfected with the a subunit. A total of of plasmid was used in each 

transfection with Spg of each in the a/pc cotransfections. After 48-72 hours 

receptor affinity was measured by equilibrium ligand binding using '̂ 1̂ labelled 

GM-CSF as described in chapter 2. The data was expressed as a Scatchard plot 

and the affinity constants derived using the EBDA and Ligand programs 198
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6.32. Results o f ligand binding assays.

Transfection of the GM-CSFRal cDNA into COS-7 cells resulted in low 

affinity ligand binding with a Kd in the nanomolar range as expected from 

previous published studies 3̂9

The GM-CSFRa4 cDNA also gave rise to a low affinity receptor with a similar 

nanomolar Kd to that of GM-CSFRal. A marked difference however was noted 

in the number of binding sites per cell in the a4  compared to a l  transfectants. 

Transfection of the GM-CSFRa4 cDNA consistently gave rise to approximately 

10% of the binding sites seen in the GM-CSFRal transfectants (table 6.2 and 

figure 6.1).
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Figure 6.1. Scatchard plots of COS-7 GM -CSFRa transfectants.
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Legend to figure 6.1. Scatchard analysis of COS-7 cells transfected with: A) 
GM-CSFRa subunit or GM-CSFRa -f- (3c subunit. The GM-CSFRal subunit 
alone yields a single low affinity receptor whilst the al/(3c cotransfectant 
gives a two component high and low affinity plot. B) GM-CSFRa4 subunit 
or GM-CSFRa4 -t- (3c. The a4  subunit alone again gives low affinity binding 
but with fewer sites than the GM-CSFRal construct. The GM-CSFRa4/(3c 
cotransfectant gives a single affinity binding curve of intermediate affinity.
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T a b l e  6.2 T r a n s f e c t i o n  o f  COS-7 c e lk s  w i t h  GM -CSFRa i s o f o r m  cDN As

Isoform Mean Kd SEM Sites/cell SEM n

a l 7.9nM 1.66 429000 81000 5
a4 7.66nM 3.62 38460 18133 5

Legend to Table 6.2. Affinity and number of GM-CSF binding sites on COS-7 cells 

transfected with GM -CSFRal or GM -CSFRa4 cDNA. Despite the transfection of similar 

quantities o f the cDNA, the GM-CSFRa4 construct consistently produced only 10% of the 

number of binding sites seen with GM -CSFRal.

Cotransfection of the GM-CSFRal cDNA with the pc expression plasmid 

KH97 gave, as expected, a dual high and low affinity receptor with Kds in the

picomolar and nanomolar range as previously reported (table 6.3 and figure

6.1). In contrast, coexpression of the GM-CSFRa4 cDNA with KH97 

consistently gave a single class of GM-CSFR with an intermediate affinity in 

the low nanomolar range.

T a b l e  6.3 . C o t r a n s f e c t io n  o f  CO S-7 c e l l s  w it h  G M -C S F R a  a n d  p c  c D N  A s

Isoform Mean Kd SEM Sites/cell SEM n
alp 57.6pM 18.2 24200 12940 3
a4p 1.4nM 0.7 27300 15900 3

Legend to Table 6.3. Cotransfection of 5f4g o f Pc cDNA with 5pig of GM-CSFRa 

cDNA. The a l /p c  cotransfectant produced high and low affinity GM-SCF binding whilst 

a4/pc gave a single intermediate affinity receptor
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6.4 Mechanism of formation of the intermediate affi.nitv GM-CSF 
receptor.

The results above demonstrated that cotransfection of the GM-CSFRa4 and pc 

receptor cDNAs into COS-7 cells unexpectedly resulted in loss of the usual 

high/low affinity GM-CSFR and the formation of a single class of receptor of 

intermediate affinity. There are two possible explanations for this finding 

summarised in figure 6.2. Firstly, structural changes consequent upon the 

insertion of 34 amino acids in the membrane proximal region of the a subunit 

might alter the interaction between the a and p subunits in such a way that the pc 

can no longer stabilise the association between GM-CSF and the a subunit. The 

second possible explanation lies with the relative expression level of the two 

GM-CSFRa isoforms. If the assembled a / p complex contains more than one 

molecule of each subunit then alterations in the relative level of expression of 

each subunit could affect the composition and function of the final complex. In 

support of this idea are epitope tagging studies of the analogous IL-6R/GP130 

system in which hexamers containing 2 copies each of the ligand, the IL-6R and

GP130 have been demonstrated More recent evidence from the GM-CSFR 

suggests that the pc subunit might exist as preformed dimers which associate 

with the a subunit following ligand binding 157,158 jf model is correct then 

the intermediate affinity state might arise when only one a subunit per pc dimer 

is available whereas the high affinity state could be formed when two or more a 

subunits are available. In the later case, free a subunits, would be available for 

the formation of low affinity receptors whereas in the former, when all a 

subunits are complexed with pc dimers, none would be available for low affinity 

binding.
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Figure 6.2. Mechanism of formation of intermediate affinity GM-CSFR.
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Legend to figure 6.2. Possible mechanisms by which GM-CSFRa4 could 
give rise to intermediate affinity GM-CSF binding. A) Insertion of 34 amino 
acids in the membrane proximal region might disrupt the normal interaction 
between a  and (3c subunits thus increasing the rate of dissociation of the 
bound ligand from the complex and reducing receptor affinity. B) A change in 
the relative number of a  subunits per (3c subunits could lead to a change in 
the structure of the complex and reduced ligand binding affinity when a  
subunits are limiting.
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In order to differentiate the above structural and stoichiometric explanations for 

the intermediate affinity GM-CSFR, the COS-7 expression studies were 

repeated varying the ratios of the a/pc subunit cDNAs.

If the GM-CSFRa4 cDNA produces the intermediate affinity receptor by 

changing the number of subunits in the final complex then increasing the 

amount of a4 cDNA relative to pc in the transfection should restore the high and 

low receptor affinities. If the intermediate affinity receptor is formed because of 

structural change in the a subunit itself then overexpressing a4 should have no 

effect. Conversely, it should be possible to switch the GM-CSFRa 1/pc from a 

dual high and low affinity complex to an intermediate affinity state by limiting 

the number of a l subunits.

6.41. Results o f changing ratio ofGM-CSFRa/pc cDNA.

When COS-7 cells were transfected with the GM-CSFRal and pc cDNAs in a 

1: 4 ratio (2/<g pRCMVNeo-GM-CSFRal + Spig KH97), dual affinity binding 

was abolished and replaced by a single intermediate affinity receptor (figure 

6.3). Conversely, when the GM-CSFRa4 was overexpressed in a 10:1 ratio, 

(9//g pRCMVNeo-GM-CSFRa4 + l/^g KH97) dual high and low affinity 

binding sites were restored. Thus the intermediate affinity GM-CSFR results 

from changes in the stoichiometry of the a/pc interaction and, perhaps 

surprisingly, not directly from the structural effects of the 34 amino acid 

insertion
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Figure 6.3. Effect of GM -CSFRa/p stoichiom etry on receptor affinity.
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Legend to figure 6.3. Scatchard analysis of COS-7 ceils transfected with: A) 
G M -CSFRal 4- pc subunit at a 1:5 ratio. The receptor complex changes to a 
single intermediate binding affinity. B) GM-CSFRa4 + Pc in a 10:1 ratio. 
Relative overexpression of the a 4  subunit restores dual affinity binding with 
a high and low affinity component.

165



6.5. Effect of the 6c subunit on ligand dissociation from GM-CSFR 
isoforms.

As discussed earlier, the pc subunit of the GM-CSFR is thought to increase the 

affinity of ligand binding by reducing the rate of dissociation of bound ligand 

from the receptor complex. Accordingly, the rate of dissociation of labeled 

GM-CSF from COS-7 cells transfected with the relevant constructs was 

estimated as described in chapter 2.

6.51. Results o f ligand dissociation studies

In keeping with previous reports, the rate of dissociation of labeled GM-CSF 

from the GM-CSFRal transfectant was markedly reduced by cotransfection of 

the pc subunit. Cotransfection of the pc subunit with GM-CSFRa4 reduced the 

dissociation rate but the effect was less marked than observed with GM- 

CSFRa 1/pc (figure 6.4).

6.6 Discussion

In order for extracellular molecules to modify cellular behaviour, a means of 

transmitting signals across lipid bilayer membranes is required. Several 

mechanisms of achieving this have evolved. Rapid cellular responses such as 

muscle contraction are induced by neurotransmitters which bind to cell surface 

receptor causing the opening of ion channels and membrane depolarisation. Fat 

soluble hormones such as the retinoids which induce longer term changes in 

cells are able to cross membranes directly and induce changes in gene 

transcription by binding to cytosolic and nuclear receptors. A common theme in 

cytokine signalling, which causes both short and long term effects on cells is the 

dimérisation or oligomerisation of cell surface receptor subunits. Downstream 

intracellular events generally result from dimérisation induced activation of 

intrinsic receptor kinase activity or the recruitment of other kinase molecules 

directly to the receptor complex or indirectly through adapter molecules.
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Figure 6.4. Dissociation of GM-CSF from receptor isoforms.
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Legend to figure 6.4. Dissociation of 1251 labeled GM-CSF from COS-7 
cells transfected with GM-CSFR subunits. The presence of the ^c subunit 
reduces the dissociation rate with the greatest effect on GM -CSFRal/^c.
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The platelet derived growth factor receptor (PDGFR) was the first example of 

this type of transmembrane signalling to be fully characterised. Extracellular 

binding of PDGF to its receptor induces dimérisation and autophosphorylation 

of the intracellular region of the receptor subunits which are then able to 

phosphorylate a range of intracellular substrates. Unlike the PDGFR and related 

receptor tyrosine kinases, the GM-CSFR and other class 1 cytokine receptors do 

not possess intrinsic tyrosine kinase activity. Instead, dimérisation is induces 

binding of other molecules such kinases of the Janus family (JAK) which when 

localised to the receptor become activated and able to phosphorylate substrates 

such as the STAT (Signal Transducers and Activators of Transcription) family 

of transcription factors. Phosphorylated ST AT molecules also di merise and 

translocate to the nucleus where they directly and rapidly affect gene 

transcription. A number of other pathways, discussed in chapter 1 are activated 

in an analogous fashion. Since the assembly of the signalling complex is 

initiated by oligomerisation of cytokine receptors the existence of different 

receptor subunits and isoforms clearly allows for a great diversity in cellular 

responses to an individual cytokine.

The work presented in this chapter and similar findings reported by others 

242,243 adds a further level of complexity to cytokine signalling. Not only might 

cytokine responses be modulated by the type of receptor subunit present in a 

given cell in the manner discussed above but the relative levels of receptor units 

also exerts an effect. When GM-CSFRa subunits are present at limiting levels, 

only intermediate affinity a/(3 complexes result whereas an excess of a subunits 

allows the formation of both high and low affinity receptors. The exact 

molecular composition of the intermediate and high affinity GM-CSF/GM- 

CSFR complexes is unknown. The two simplest possibilities for the change 

from an intermediate to high affinity complex are:
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Intermediate
High

a/p aa/p

a/pp a/p

The existence of more complex higher order oligomers is also possible although 

epitope tagging of the analogous IL-6 receptor complex shows it to be a 

hexamer made up of two molecules each of the a subunit, GP130 (equivalent to

the p subunit) and the ligand itself

The physiological significance of the intermediate and high affinity GM-CSF 

receptors is unclear. Cells that express an intermediate affinity GM-CSF 

receptor will be less sensitive to the effects of GM-CSF than those with the high 

affinity form. The GM-CSF receptors of differentiated myeloid cells such as 

primary human neutrophils have a lower affinity than more immature cells and it 

is possible that, by reducing sensitivity to GM-CSF, this serves to protect the 

body from the harmful effects of inappropriate activation. The results discussed 

in chapter 5 show that at least at the mRNA level, the reduced affinity of the 

GM-CSFR in mature neutrophils is not a result of upregulation of the GM- 

CSFRa4 isoform

As discussed above, since the intermediate and high affinity GM-CSFR 

complexes have a different subunit composition it is also possible that they 

recruit different signalling molecules and trigger different pathways. In a 

separate series of experiments, we produced inducible GM-CSFRa constructs 

that when cotransfected into NIH3T3 fibroblasts with a constitutive GM-CSFRp 

subunit cDNA, allowed the intermediate and high affinity receptors to be

reconstituted and signalling pathways to be analysed in more detail 2^4 These 

studies demonstrated that, as expected, binding of GM-CSF to the intermediate
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and high affinity GM-CSFR triggers activation of the MAP kinase and JAK- 

STAT pathways with a quite different dose response. When the relative effects 

on these two pathways were examined however no difference was found so that, 

at least in this system, the differences between the intermediate and high affinity 

forms of the GM-CSFR are quantitative rather than qualitative.

6.7 Summary

When transfected into COS-7 cells, the GM-CSFRa4 cDNA is expressed at the 

cell surface with only 10% of the efficiency of an equivalent construct containing 

GM-CSFRal. In isolation, the GM-CSFRal and GM-CSFRa4 subunits have 

similar ligand affinities however the reduced expression level of GM-CSFRa4 

alters the affinity of the complex formed with the pc subunit. The affinity of the 

GM-CSFR a/pc complex can be modulated by changing the ratio of a to pc 

subunit. When a chain expression is limiting, as is generally the case for GM- 

CSFRa4, an intermediate affinity receptor is generated whereas when a subunits 

are in excess, a dual high and low affinity receptor complex results. The possible 

significance of this observation is discussed.
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Chapter 7. Investigation of the reduced expression of GM-
CSFRo4

7.1 Introduction

The work described in chapters 6 demonstrated that when the GM-CSFRa4 

cDNA is transfected into COS-7 cells relatively few cell surface receptors are 

expressed compared to similar transfections with GM -CSFRal. There are 

several possible explanations for this finding and these are discussed below.

Firstly, the differences might simply be a result of differences in transfection 

efficiency of the two plasmid preparations. Supercoiled plasmid is more 

efficiently taken up during electroporation than nicked, “relaxed” or linearised 

vector and the two preparations could have easily varied in this respect. In 

addition, carry over of bacterial endotoxin during plasmid purification is also 

known to greatly affect transfection. Since reduced expression of GM-CSFRa4 

compared to GM-CSFRal was a consistent finding over many different lots of 

vector, simple technical explanations such as these are unlikely.

A second possible reason for the difference in expression level relates to the 

COS-7 expression system itself. In these cells, once a plasmid enters the 

cytoplasm, “T” antigen mediated episomal replication of any plasmid 

containing an SV-40 origin takes place. Introduction of a repetitive element 

containing strong secondary structure might easily impair DNA synthesis and 

amplification in COS-7 cells resulting in reduced protein expression. Alu 

elements contain strong secondary structure and this might reduce amplification 

of the GM-CSFRa4 vector compared to that containing GM-CSFRal.

Assuming that transfection efficiency and episomal amplification of the GM- 

CSFRal and 4 plasmids are similar, differences in expression of the receptors 

could arise through a variety of transcriptional and post transcriptional 

mechanisms. Providing the technical factors discussed above do not apply, any
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such effects must be mediated by the additional exon encoding a partial inverted 

Alu repeat since the constructs are identical in all other respects.

The inserted Alu repeat could affect RNA levels by impairing RNA synthesis or 

processing or by reducing the T,/^ of the mature transcripts. Protein translation 

might be affected by the presence of Alu secondary structure and once protein 

synthesis is stalled, ribosomal RNAse could degrade RNA, further reducing 

expression. Following translation into protein, cell surface receptors such as 

GM-CSFRa undergo further processing. Signal peptide mediated insertion into 

the membrane takes place in the endoplasmic reticulum followed by processing 

in the golgi where glycosylation occurs prior to transport to the cell surface. As 

already noted, a region of homology with the signal recognition particle is 

present in the Alu derived GM-CSFRa4 exon and it is possible that this element 

interferes with proper transport and membrane insertion of nascent polypeptides.

In other HGFRs, mutations in the region of the WSXWS motif result in 

impaired processing and intracellular degradation presumably because abnormal 

protein folding results in degradation by the ubiquitin pathway and a similar 

mechanism might also operate in the case GM-CSFRa4. Finally, there is the 

normal constitutive turnover common to many cell surface receptors ^45 which 

are internalised and either recycled or degraded in the lysosomal pathway and it 

may be that the reduced cell surface GM-CSFRa4 levels relate to an increase in 

this process.

In addressing the problem of why GM-CSFRa4 is expressed at a reduced level 

compared to GM-CSFRal the first step was to exclude technical reasons 

associated with transfection and the COS-7 cell system. The next step was to 

determine whether GM-CSFRal and 4 expression is similar at the RNA level. 

Finally some aspects of translation and post translational modification were 

studied.
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7.2 Transfection efficiency of GM-CSFRal and GM-CSFRa in COS-7
cells.

The usual method of assessing transfection efficiency is to cotransfect a reporter 

plasmid encoding an easily detectable protein such as p galactosidase or green 

fluorescent protein. Whilst this controls for the efficiency of transfection, it 

provides no information about episomal amplification since the reporter is 

carried on a different plasmid which could have completely different 

amplification properties.

The plasmid backbone pRCMVNeo also carries the Neo' gene, which is usually 

used in selecting stable transfectants. The protein product, neomycin phosphoryl 

transferase, (NPT2) can be detected by western blotting or by 

immunocytochemistry providing a very useful internal control of overall 

transfection efficiency, episomal amplification and protein synthesis. COS-7 

cells were therefore transfected with either pRCMVNeo-GM-CSFRal or 

pRCMVNeo-GM-CSFRa4, cell lysates were made from identical numbers of 

cells and NPT-2 expression visualised by western blotting using the anti-NPT2 

antibody.

7.27. Result o f NPT-2 expression assays

Electroporation of COS-7 cells with \0p% of either the GM-CSFRal or GM- 

CSFRa4 construct resulted in similar levels of expression of NPT-2 (figure

7.1). Thus the differences in expression of GM-CSFRal and GM-CSFRa4 are 

not due to differences in transduction efficiency or episomal amplification.
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Figure 7.1. NPT2 levels in COS-7 transfectants.

GM-CSFRa1 GM-CSFRa4 WT
I

MWt Kd

220  -
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43 -

Non specifc bands

28 - NPT

Legend to figure 7.1. COS -7 cells were transfected with 10 pig of either 
pRCMVNeo-GM-CSFRal, GM-CSFRa4 or sterile water. After 48 hours, cell 
lysates were separated on a 10% acrylamide gel, tranferred to a nitrocelulose 
membrane and probed with anti-NFT2. If anything, expression of NPT was 
greater from the GM-CSFRa4 plasmid. The larger bands present at 30+ Kd 
were consistently present even in lysates from wild type (WT) cells and 
presumably reflect crossreactivity of the polyclonal rabbit NPT antiserum 
with normal cellular proteins.
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7.3 G M -C SFR al and GM-CSFRa4 are transcribed with similar 
efficiency.

The next question addressed was whether the GM-CSFRal and GM-CSFRa4 

RNA species are expressed at similar levels. Quantitation could have been 

performed by Northern blotting, by RNAse protection or by semiquantiative RT- 

PCR. Since the two RNAs are amplified by the same primers and can be 

differentiated on the basis of size their relative expression was compared using 

the RT-PCR reaction described in chapter 5.

If the presence of the insertion in GM-CSFRa4 affects RNA transcription or 

RNA stability then when the two constructs are cotransfected, the level of GM- 

CSFRal RNA should be higher than that of GM-CSFRa4. COS-7 cells were 

thus electroporated with either lO/^g of pRCMVNeo-GM-CSFRal, lOpig of 

pRCMVNeo-GM-CSFRa4 or 5//g of each. Total RNA was extracted from the 

cells at 72 hours using the Qiagen “RNA Easy” method, the samples were 

digested with DNAse to remove contaminating plasmid and RNA repurified 

using the same method. A ^^P labeled PCR was then performed using primers 

5u and 5d as described in chapter 5.

7.31. Result o f comparison o f GM-CSFRal and GM-CSFRa4 RNA level 

This experiment revealed that when cotransfected into COS-7 cells, the relative 

levels of GM-CSFRal and GM-CSFRa4 RNA are similar (figure 7.2). In the 

experiment shown, total GM-CSFRa protein levels were also estimated by 

western blotting as described in 7.4. The data shown in figure 7.2 corresponds 

to the top panel in figure 7.3. Thus in the presence of similar amounts of RNA 

transcript, the total expression of GM-CSFRa4 was far lower than GM- 

CSFRal. A post-transcriptional mechanism must therefore be responsible for 

the reduced expression of GM-CSFRa4.
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Figure 7.2. RT-PCR of G M -CSFRal and GM -CSFRa4 transfectants.

RT+ RT-
-4  ►  -4  ►

a l  a4 al/4 W a l  a4 al/4 W

Legend to figure 7.2. Demonstration that RNA levels of COS-7 cells 
transfected with GM-CSFRal and GM-CSFRa4 constructs are similar. COS 
-7 cells were transfected with 10 of either pCDNA3-GM-CSFRal, 10 pg 
of pCDNA3-GM-CSFRa4, 5p,g of each or water. After 48 hours, RNA was 
prepared, DNAse treated and repurified. A labelled RT PCR was 
performed using primers 5u and 5d as described in the text. The intensity of 
bands coresponding to the two species are similar in the cotransfectants 
indicating that the RNAs are present at similar levels. No bands are present in 
the RT- controls indicating that RNA purification and DNAse treatment had 
been successful in eliminating plasmid DNA from the samples. The 
transfectants used for this experiment were also subjected to western blotting 
and this data is presented in the top panel of figure 7.3.
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7.4 Reduced surface expression of GM-CSFRa4 is not due to 
intracellular retention

Since the reduced expression of GM-CSFRa4 relative to GM-CSFRal does 

not appear to be caused by differences in transduction efficiency, episomal 

amplification or RNA transcription, a post transcriptional mechanism must be 

operating. In order to determine whether GM-CSFRa4 protein is synthesised 

but retained within the cell, total cellular receptor levels was compared with 

surface expression. Measurements of total expression were made by transfecting 

COS-7 cells with the GM-CSFRal or GM-CSFRa4 constructs and western 

blotting with the S20 or S50 anti-GM-CSFRa antibodies. In addition to blotting 

cell lysates directly, immunoprecipitates were performed to increase the 

sensitivity of detection.

Surface GM-CSFRa expression was estimated using an indirect radioactive 

surface antibody labelling method. Transfected COS-7 cells were incubated with 

a primary antibody to an external epitope of GM-CSFRa, or the same quantity 

of an isotype matched control, washed then labelled with an '^ Î conjugated 

antibody to the primary. The cellular radioactivity was measured by spinning the 

cells through cold FCS, freezing the pellet and counting in a y counter.

7.41. Results o f GM-CSFRa protein expression studies.

All of the western blots performed showed markedly more expression of GM- 

CSFRal than GM-CSFRa4 protein which was only detectable in 2 out of 3 

transfection experiments (figure 7.3).
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Figure 7.3. Western blots of GM -CSFRa transfectants.
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C S F R a 4  RNA l e v e l s  w e r e  
p erform ed  on  t h e s e  tra n sfec ta n ts . 
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Legend to figure 7.3. Results of three separate experiments in which the 
GM-CSFTal or 4 cDNA was transfected into COS-7 cells. After 48-72 hours 
the cell lysates were separated on a 7% or 10% polyacrylamide gel, blotted 
onto nitrocellulose and probed with either the S20 or S50 GM-CSFRa 
antibody or a polyclonal antiserum to the internal control NPT2. In some 
experiments recombinant GM-CSFRal produced in baculovirus served as a 
positive control (-I-) and in all experiments mock transfected COS-7 cells were 
used as a negative control (W). Immunoprecipitates were prepared in two 
experiments and run concurrently. NPT2 expression in GM-CSFRal and 4 
transfections was similar in all experiments whilst GM-CSFRal protein 
levels were consistently far higher than GM-CSFRa4 which was undetectable 
on several occassions.
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Concurrent analysis of NPT2 expression, the gene for which is carried on the 

same plasmid, demonstrated that the differences in expression were specific to 

the GM-CSFRa cDNA and not due to technical factors such as transfection 

efficiency. The GM-CSFRal protein produced a wide and diffuse band 

compatible with variable glycosylation and as predicted, no size difference could 

be detected between it and GM-CSFRa4. The positive control GM-CSFRa 

protein synthesised in baculovirus had a smaller molecular weight presumably 

because of less extensive glycosylation.

In keeping with previous estimates of receptor density deduced from ligand 

binding studies, the indirect radiolabelled antibody method showed 4-6 fold 

lower cell surface expression of GM-CSFRa4 compared to GM-CSFRal. The 

surface expression of GM-CSFRa4 was 3 fold that of background antibody 

binding (table 7.1). The variation in total counts between experiments is 

probably due to variables such as transfection efficiency, number of cells 

analysed and the specific activity of the labeled second layer.

T a b l e  7.1 C e l l  s u r f a c e  e x p r e s s io n  o f  GM-CSFRa is o f o r m s

mean specific cpm p value

Expt no. a l a 4 WT a l  vs a 4 a 4  vs WT

1 8793 2642 815 0.06 0.166

2 27920 4531 1072 0.0008 0.034

3 17688 3734 963 0.005 0.014

Legend to Table 7.1 Expression of GM-CSFRal and GM-CSFRa4 by COS- 

7 transfectants. Cell surface receptor was measured using a monoclonal antibody 

to the extracellular portion of the receptor and an labelled secondary 

antibody. Specific binding was determined by subtracting the c.p.m. value
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obtained using an isotype matched control from that obtained with the GM- 

CSFR antibody. Three independent experiments are shown. Each sample was 

run in triplicate and results were analysed using a two tailed t test assuming 

equal variance. In all experiments GM-CSFRal transfectants had higher surface 

receptor levels than those obtained with GM-CSFRa4. When compared to 

untransfected cells, significant expression of GM-CSFRa4 was observed in 2 

out of the 3 experiments.

7.5 Translation of GM-CSFRa4 is inefficient compared to GM-CSFRal

The results above indicate that whilst GM-CSFRal and 4 RNAs are equally 

well expressed, total cellular protein levels of the a4 isoform are far lower than 

those of GM-CSFRal. This could be either because the protein is inefficiently 

translated or because the protein is unstable or degraded at a higher rate. There 

are several possible approaches to this problem. The first would be to use a cell 

free system in which RNA transcripts are translated into protein using rabbit 

reticulocyte lysate, incorporation of a labelled amino acid allowing visualisation 

of newly synthesised proteins. In this system, no protein degradation occurs and 

the amount of protein end product is proportional to the rate of synthesis. The 

second possible approach would be to load living cells with a radiolabelled 

amino acid and follow the appearance of labelled proteins in the short term. 

Whilst not completely excluding protein degradation, this technique would give 

some indication of the rate of receptor protein synthesis. Both of these 

approaches were attempted.

7.57. In-vitro translation

These experiments were performed using the commercially available coupled 

transcription / translation system described in chapter 2 (TNT Retie Lysate 

Promega Southampton, UK). Translation products were labelled with a

1 8 0



biotinylated lysine tRNA which allows visualisation on a PVDF membrane 

using avidin conjugated alkaline phosphatase and a colorimetric substrate.

Result o f in-vitro translation experiments.

In-vitro translation experiments were performed on 3 occasions using varying 

amounts of the GM-CSFRal and GM-CSFRa4 plasmids as well as a plasmid 

encoding luciferase as a positive control. A representative experiment is shown 

in figure 7.4. Although the luciferase control was identified in all cases, no 

synthesis of GM-CSFRa protein was observed.

The reason for the failure to detect GM-CSFRa translation products is unclear 

however it may relate to the sensitivity of the detection system. This could have 

been improved by using a radiolabelled amino acid instead of the colorimetric 

assay.

7.52. Metabolic labelling o f transfected COS-7 cells

Since no definite answer was obtained from the in-vitro translation studies, a 

metabolic labelling experiment was performed to compare the rate of synthesis 

of GM -CSFRal and GM-CSFRa4. COS-7 cells transfected with GM- 

CSFRal, 4 or a water control were incubated in cysteine and methionine free 

medium, pulsed with 100//Ci of 35S methionine for 90 minutes then washed, 

lysed and resolved on a 7.5% polyacrylamide gel. The gel was dried and 

exposed on X-ray film for 1 week.

Result o f metabolic labelling study 

A definite additional signal was present in the GM-CSFRaitransfectant 

whereas only background bands, which presumably reflect basal protein 

synthesis, were observed in the GM-CSFRa4 and mock transfected cells (figure 

7.5).
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Figure 7.4. In-vitro translation of GM-CSFRal, and a4 cDNAs.

8

J  - i t .

•f

1 2 3 4 5 6 7 8 9

a1 pg 0.2 1.0 0 0 0.5 0.2 1.0 0 0

a4 pg 0 0 0.2 1.0 0.5 1.0 0.2 0 0

LUC pg 0 0 0 0 0 0 0 1.0 0

Legend to figure 7.4. In-vitro transcription and translation using TNT 
reticulocyte lysate performed with the plasmids indicated in table. A clear 
specific band is seen in lane 8 corresponding to the luciferase control. All 
other bands are also present in lane 9, the water control and therefore reflect 
synthesis of normal cellular proteins.
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Figure 7.5. Metabolic labeling of COS-7 transfectants.

W a l  a4

Legend to figure 7.5. COS-7 cells transfected with GM-CSFRal, a4  cDNA 
or water as a control then labelled with 100|iCi of ^^S methionine. Cell 
lysates were separated on a 7.5% polyacrylamide gel and exposed to X-ray 
film for 1 week. Only background bands are visible in the GM-CSFRa4 and 
mock tranfectants whilst an additional band is seen in the GM-CSFRal lane.
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7.6 Discussion

The experiments described in this chapter suggest that post transcriptional 

mechanisms account for the reduced cell surface expression of GM-CSFRa4. 

The most convincing data for this is the finding that when equal amounts of the 

two cDNAs are transfected into COS-7 cells, the GM-CSFRal and a4 RNA 

levels detected in an internally controlled RT-PCR reaction are similar. The 

validity of the RT-PCR assay as a means of measuring the relative expression of 

the two species was demonstrated in chapter 5. It would have been preferable to 

measure GM-CSFRal and GM-CSFRa4 protein levels on the same a l/a 4  

cotransfectants that the RNA measurements were performed on however since 

there is no detectable size difference between the two proteins this was not 

possible. An alternative would have been to generate an antibody specific for the 

novel sequence in GM-CSFRa4 however this was not done. The difference in 

GM-CSFRa4 and 1 protein expression was consistent throughout all the ligand 

binding, surface antibody and western blotting experiments so it is reasonable to 

assume that this would have been the case in the a l/a 4  cotransfectants on which 

the RNA measurements were made.

It is of interest that the two methods of detecting GM-CSFRa protein gave 

discrepant results. Western blotting of total cell receptor levels showed that GM- 

CSFRal expression exceeds GM-CSFRa4 by a factor of 10-100 fold whereas 

at the cell surface only a 3-6 fold difference was evident. One possible 

explanation for this is that the S20 antibody did not saturate the available binding 

sites in the GM-CSFRal transfectants, falsely underestimating the level of cell 

surface expression. This is unlikely for two reasons. Firstly, similar quantities of 

antibody per input cell were used in the western blotting studies and these 

yielded differences of 10-100 fold between GM-CSFRal and GM-CSFRa4 

expression. Secondly, the estimates of surface GM-CSFRal and 4 levels from 

the antibody technique were in broad agreement with those obtained by
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Scatchard analysis of equilibrium ligand binding (chapter 6). These observations 

could be explained by the presence of either a relatively large intracellular pool 

of GM-CSFRal receptors or a very small intracellular pool of GM-CSFRa4 or 

both.

The mechanism underlying the reduced level of GM-CSFRa4 is not clear from 

the experiments described although the in-vivo cell labelling study did suggest 

that reduced synthesis is at least part of the explanation. There are several 

possibilities for a reduced synthesis of the a4 isoform. Firstly, strong secondary 

structure in the mRNA might cause a pause in ribosomal progression leading to 

degradation of the RNA by ribosomal associated RNAse. As already noted, the 

GM-CSFRa4 isoform contains a partial inverted Alu repeat that includes a 

region of homology with the signal recognition particle structural 7SL RNA. 

Because the Alu insertion in GM-CSFRa4 is inverted, its mRNA will be 

antisense to 7SL and this could lead to aberrant processing of the nascent 

polypeptide. It would be of interest to determine whether 7SL RNA or other 

components of the SRP are abnormally associated with GM-CSFRa4 compared 

to GM-CSFRa4.

A number of further experiments could be designed to explore this possibility. 

“Pull down” experiments could be performed on cells transfected with GM- 

CSFRal or GM-CSFRa4 using anti sense olignonucleotides to GM-CSFRa 

transcripts which could then be probed for SRP components. This would 

indicate whether the a4 isoform mRNA associates abnormally with the SRP. In 

addition it would be of interest to determine whether the presence of GM- 

CSFRa4 transcripts leads to a generalised reduction in the expression of 

transmembrane proteins. This might be expected if there is abnormal 

sequestration of SRP components by the inverted Alu motif. Such an 

experiment could be performed by cotransfecting GM -CSFRal or GM- 

CSFRa4 with a reporter cytoplasmic protein such as GFP and a transmembrane
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protein with an externally detectable epitope such as murine CD22. If GM- 

CSFRa4 transcripts do reduce processing of transmembrane proteins then the 

cell surface signal would be reduced in the a4 cotransfectant but not the a l cells. 

The inclusion of a cytoplasmic GFP construct would allow the results to be 

corrected for transfection efficiency.

The most important implication of the protein expression data described above 

relates to the overall physiological relevance of the GM-CSFRa4 isoform. In all 

haemopoietic cells examined, GM-CSFRa4 transcripts account for at most 20% 

and often less than 10% of total cellular GM-CSFRa RNA. If the a l and a4 

isoforms are expressed with similar relative efficiency in haemopoietic cells as in 

the COS-7 system then cell surface GM-CSFRa4 levels can at the most only 

account for 5% of all GM-CSFRa molecules. It seems unlikely therefore that in 

the cells studied here, GM-CSFRa4 plays any role in cellular signalling

7.7 Summary

The experiments described in this chapter aimed to determine why when 

transfected into COS-7 cells, the level of expression of GM-CSFRa4 is reduced 

compared to GM -CSFRal. The results obtained indicate that a post 

transcriptional mechanism is responsible for this finding. The rate of GM- 

C S F R a 4  protein synthesis appears to be reduced however additional 

mechanisms such as instability of the protein or increased turnover cannot be 

excluded.
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Chapter 8, General Discussion

8.1. Summary of findings

The results detailed in the last 5 chapters describe the identification of an 

alternatively spliced isoform of the GM-CSFRa subunit in which Alu derived 

sequence is predicted to add 34 amino acids to the membrane proximal 

extracellular portion of the receptor. Convincing evidence is advanced that the 

Alu containing exon is real and is flanked by consensus splice donor/acceptor 

sites. In all cell types studied, the novel isoform makes up 10-20% of the GM- 

CSFRa message and levels do not appear to change during differentiation. 

When expressed in COS-7 cells, the receptor binds GM-CSF with the expected 

low affinity but with approximately 10% of the binding sites compared to the 

main GM-CSFRa isoform. The reduced expression level of the new isoform is 

due to post-transcriptional factors and also affects the interaction with the 

affinity converting pc subunit. The new isoform forms a single class of 

intermediate affinity receptor when co-expressed with pc rather than the expected 

dual high and low affinity receptor. The reduced affinity GM-CSF binding 

appears to be due to changes in the ratio of a to p subunit rather than a structural 

effect of the insertion, suggesting the existence of different types of GM-CSFR 

complexes depending on the stoichimetry of the a and p subunits. These 

findings raise a number of questions which are discussed below.

8.2. Alu repeats GM-CSFRa and the pseudoautosomal region of XY

8.21. Genomic sequence ofGM-CSFRa4

Analysis of the of the intronic sequence in the exon 10-11 region of the GM- 

CSFa receptor reveals the presence of Alu repeats at a much higher frequency 

than would be expected for the genome as a whole (figure 4.13 and appendix 2). 

That these have arisen through retroposition is confirmed by inspection of 

flanking sequences which reveal the presence of characteristic direct repeats. It
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has previously been shown that the GM-CSFRa gene is located within the X-Y 

pseudoautosomal region an area that recombines so frequently during 

meiosis that it functions as an autosome. The mechanism by which such high 

recombination frequencies occur is unknown but may involve short interspersed 

repeat sequences (STIRs) found in the telomeric regions of the chromosomes. 

Linkage studies have shown very high recombination rates around these regions

particularly during male meiosis ^46 Although the PAR must recombine at a 

high rate to function as an autosome, it is crucial that the remainder of the Y 

chromosome does not. The border of the PAR on the Y chromosome has been 

shown to contain Alu repeat with the region centromeric to this associated with a 

very low recombination rate 237

Although the GM-CSFR gene has been localised to the PAR in the Xp22.3, 

consulting the latest draft of the human genome ('http://www.ensembl.org/) 

revealed that the exact location has yet to be identified. Sequence data including 

and flanking the inserted region in GM-CSFRa4 was used in a BLAST search 

against the genome. Because of the presence of repetitive DNA, the repeat 

suppression program had to be disabled. As expected, large numbers of “hits 

were obtained throughout the genome but intriguingly a number of areas of high 

homology were found on Xp22.3 (figure 8.1). Unfortunately, none of these were 

an exact match so we have not localised the GM-CSFRa gene however given the 

high density of repeats in this area, it seems likely that it will lie close by in a 

region yet to be fully sequenced.
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Figure 8.1. BLAST search of GM-CSFRa4 exon 10a and flanking introns.

I -

13

4 ^

a1

i

i
15 16

5

16 17

4 ►

g

a 4

j 1 ►

7 8

19 20

chrX band

DNA(contigs)

Markers

Genes
0XS1416 DHS7S45 ftFMbiJOx-jS

‘•XG "-MIC2 ‘•GVG2
•■NOVEL

28 Kb 34 Kb 40 Kb 48 Kb 52 Kb 58 Kb

Length   so.oo Kb --------------------------------------

I I B  I IESTs 

Genscan 

BLAST h i ts  

DNA(contigs)

BLAST h i ts  

Genscan

ESTs

I B I I

/ I t  Ï

i I
I------

64 Kb 70 Kb

i l l  II I I I

 -H

28 Kb 34 Kb 40 Kb 46 Kb 52 Kb 58 Kb 64 Kb 70 Kb

Legend to figure 8.1. The consensus sequence of exon 10a of the GM -CSFRa 
subunit and surrounding introns was queried against the October 2001 edition of the 
genome (http://www.ensembl.org/). Multiple hits were obtained in the Xp22.3
region in the area known to contain the gene.
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It is not clear why Alu repeats should concentrate in particular areas of the 

genome. Presumably, they serve some useful if as yet unknown function, as 

discussed in chapter 4. Recombination commonly involves Alu repeats and it is 

interesting therefore to speculate that they may play some part in the high level 

of recombination in the X/Y PAR. Both the cytokines and their receptors are 

thought to have evolved by duplication of domains and genes and it is possible 

that Alu mediated recombination has played a part in this also.

8.3. Mechanism of reduced GM-CSFRa4 expression

The expression of GM -CSFRa4 protein is quite markedly reduced in 

comparison to GM-CSFRal and this appear to involve a post-transcriptional 

mechanism. Interestingly although the surface expression of the a4 isoform is 

consistently about 10% of that of a l, when whole cell lysates are examined, 

there appears to be a much greater relative difference in the levels of the two. 

Whilst this could be due to technical factors, it may reflect reduced 

internalisation and degradation of a4 leading to preferential localisation at the 

cell surface.

There are several reasons why GM-CSFRa4 expression is lower than GM- 

CSFRal. Secondary structure formed by Alu sequence might cause inefficient 

translation by stalling the ribosome, a phenomenon that has been observed for 

other proteins. Secondly, as already pointed out, the Alu motif might interact 

abnormally with the signal recognition particle causing either sequestration of 

the SRP or failure of insertion of the leader peptide into the ER membrane. 

Assuming the protein is normally inserted into the ER membrane, the additional 

sequence present in GM-CSFRa4 might cause aberrant folding which would 

result in re-export into the cytosol and degradation by the ubiquitin pathway. As 

discussed in chapter 7, it was not possible to differentiate for certain between 

reduced synthesis and increased degradation although the pulse labelling
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experiment with Methionine was more suggestive of reduced synthesis. It 

would be possible to design experiments to test whether the Alu sequence does 

cause general interference the SRP system by comparing the expression levels 

of cytosolic and TM reporters in the presence and absence of the Alu element in 

GM-CSFRa4.

8.4. Functional properties of GM-CSFRa4

In all the cells examined, GM-CSFRa4 RNA comprised no more than 20% of 

the total GM-CSFRa message and compared to GM-CSFRal, similar levels of 

a4 RNA resulted in 10% of the surface binding sites in COS-7 expression 

studies. Assuming post transcriptional regulation is the same as in COS-7 cells, 

GM-CSFRa4 transcripts must therefore account for less than 2% of the GM- 

CSF binding sites in CD34 cells, leukaemic blasts and mature myeloid cells. It is 

difficult to conceive that such low-level expression could have any effect on 

signal transduction and GM-CSFRa4, rather expression should cause 

attenuation or abolition of responses to GM-CSF. Both for this reason, and the 

practical consideration that it would be difficult to get meaningful protein 

expression in stably transfected cells, no attempt to study signal transduction 

through GM-CSFRa4 was made

8.5. The role of HGFR isoforms in the regulation of haemopoiesis

8.51. Are alternatively spliced isoforms expressed as protein?

As discussed earlier, a considerable number of alternatively spliced HGFR 

isoforms have been identified. These have usually come to light when transcripts 

of unexpected size have been found by RT-PCR or through screening cDNA 

libraries. In some cases, such as the soluble GM-CSFRa isoform, it has been 

possible to find naturally occurring proteins corresponding to the alternative

transcript 200, whilst others have been able to generate specific antisera to frame 

shifted sequences. Using the later approach, a truncated isoform of the GM-

191



CSFRpc subunit was demonstrated in cultured purified CD34 cells and myeloid 

but not lymphoid cell lines Thus when it has been possible to study receptor 

isoforms at the protein level, they have been detected in haemopoietic cells and 

are therefore of potential physiological and pathological importance.

8.52. Functional properties o f HGFR isoforms

Relatively little is known about the functional properties of alternatively spliced 

HGFR isoforms. In theory they might have qualitative or quantitative effects on 

the cellular response to their ligand. Receptors with truncated cytoplasmic 

domains might have reduced signalling capabilities whilst alternative domains 

could recruit different adapter molecules and activate different biochemical 

pathways. Soluble receptors could sequester and inactivate ligand or actually 

initiate signalling.

Examples of most of these mechanisms have been found. A truncated EPO 

receptor was shown to be incapable of delivering a mitogenic signal and 

appeared to be down regulated during erythroid development ^^7 similarly, 

although the p,xcan recruit JAK kinase it does not support proliferation and 

functions as a dominant negative ^̂ 5 xhe soluble GM-CSFRa and IL-5 

isoforms bind and inactivate their ligands in solution whilst soluble IL-6 and IL- 

12 receptors when bound to ligand can directly interact with and activate their 

signal transducing components at the cell surface. So far no naturally occurring 

example has been found of an HGFR isoform that recruits alternative signalling 

components although it has been suggested that in-vitro generated mutations in 

the GM-CSFRa cytoplasmic domain influenced the choice of STAT 5 

homologue recruited in murine 32D cells ^86
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8,53. Physiological role o f HGFR isoforms

Those studies that have aimed to delineate the physiological role of HGFR 

isoforms have been generally negative. Although downregulation of in AML 

blasts differentiated by sort term culture in a cocktail of HGFs was shown, no 

difference between the levels in purified CD34 cells and neutrophils was evident 

^54 Similarly there was no difference between the levels of the GM-CSFRa 5 ’ 

isoforms in leukaemic cell lines, neutrophils and monocytes and the studies 

described here show no significant differences between variety of differentiated 

cells, purified CD34 cells and primary AML blasts. Although downregulation of 

the soluble GM-CSFRa isoform accompanied differentiation of HL-60 cell 

lines in DMSO, no parallel change could be demonstrated in primary cells. A 

different approach was taken to studying the role of the soluble isoform of the 

IL-5 receptor. By constructing a mini gene containing the IL-5 gene along with 

regulatory sequences and transfecting FDCP-1 cells it was possible to show that 

IL-5 downregulated the soluble and upregulated the transmembrane isoforms 

during eosinophilic differentiation 241. Similar changes were seen when purified 

cord blood CD34 cells were differentiated to eosinophils with IL-5.

It is clear from this preceding work that simply measuring receptor isoform 

levels in cells of various lineages is not going to reveal the physiological role of 

HGFR isoforms. Although transgenic mouse gene knockout models have been 

very useful in defining the role of the various cytokines and their receptors, so 

far this methodology has not been extended to the study of isoforms. To do so 

would be problematic since the mechanisms controlling alternative splicing are 

not fully understood. It would be possible to generate mice with inducible 

expression of particular receptor isoform cDNAs using the CRE/LOX system 

however this would be open to the criticism that uncontrolled high level 

expression is very unlike what normally happens in-vivo.
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An alternative would be to introduce inducible constructs into primary 

haemopoietic cells or cell lines and to study the effect on cell survival growth and 

differentiation. A study of this type in which a GM-CSFRa isoform with an 

alternative intracytoplasmic domain was introduced into murine FDCP-1 cells

however gave essentially negative results ^48 Other strategies might include 

measurements of receptor isoforms during HGF supported in-vitro 

differentiation down various lineages. By measuring changes at various time 

points, more subtle changes in isoform levels may be apparent than simply 

looking at bulk populations of mature and immature cells. This approach would 

also allow the study of the erythroid and megakaryocytic lineages in which fully 

mature cells are devoid of nucleic acid. This would be of particular relevance for 

isoforms such as GM-CSFRa4, expression of which is expected to result in an 

attenuated or absent signal. It may be that such “dead” receptors are of 

importance in preventing differentiation down certain pathways, much as 

transcription factors are now known to have inhibitory as well as inductive 

effects 40.

8.6. Conclusion

In conclusion these studies have demonstrated the existence of an isoform of the 

GM-CSFRa subunit that has arisen through the unusual mechanism of Alu 

retroposition into gene coding sequence. No physiological role for the isoform 

was identified. Whilst it is possible be that GM-CSFRa4 has no function, it 

seems more likely that in common with other haemopoietic growth factor 

receptor isoforms it fulfils a more subtle regulatory role than is evident from the 

experiments performed to date.
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Appendices

1. List of constructs and primers

The following clones were generated by subcloning fragments of clone4 which 

itself was produced by subcloning a 4200Sacl fragment of cosmid 3.1

List o f constructs

Construct Comment

Cosmid3.1 Genomic cosmid containing GM-CSFRa sequence

Sac4200 Subcloned fragment of cosmid 3.1 that contains exon 10-11

Sma900 Most 5 ’Smal fragment of Sac4200

Sm al600 1600bp fragment of Sac4200

Sma2500 Partial digest comprising Sma900+Smal600

Sm al400 1400bp fragment of Sac4200 contains exon 10a

Sma300 Most 3 ’ Smal fragment of Sac4200

Apa3300 3300bp A pal fragment of Sac4200. Contains exon 10a

ApaSma700 700bp fragment of Smal400. Contains exon 10a

Primer sequences

Primer Sequence

lu GTA GAA CCC TGT ACG TGC TT

6d AGA AAA CAG TTC CCC CGT GT

5u CAC GGA AAA CCT ACT GAT TA

5d CTT TGA TCT GTG GAA CTG GC

7u GGG TCT CAC TCT GTC ACC CA

7d TGG GAG TCT GAG GCA GGA GA

8u AAT TGG AGC TCC TGG AGT GA

8d TGT ACA CAG AGC CGA GGT TC

9d GAG GAC GAT GCC ACA GAC AA

lOu CAG ACA TGC ATC ATG CTT GG

lOd GAC AAG CCT CAC TAA CAT GG
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2. Sequence data

Sequence data is shown for all the constructs generated from the exon 10-11 

genomic clone derived from cosmid 3.1. Data is taken directly from the GCG 

Gel assembly suite of programs 202 ^nd the analyses performed using the 

SEQNET facility at the SERC laboratories (Daresbury, UK). The inserted 

sequence in GM-CSFRa4 is coloured red and the 5’ and 3’ splice consensus

sites in green. The Alu consensus sequence is derived from published data 209 

Sma900

GELASSEMBLE B i g P i c t u r e  o f :  C o n t i g :  Sm a900T 7 fr o m  P r o j e c t :  a u t o l  

N o v e m b e r  8 ,  1 9 9 8  1 4 : 4 7

A l l  f r a g m e n t s

a l u c o n s e  < ------------------------------------------- +

S m a 9 0 0 T 7  < ---------------------------------------------------------------------------------------- +

CONSENSUS + ----------------------------------------------------------------------------------------->

I ----------I -----------I-----------I -----------I ----------- I -----------I -----------I -----------I ------------I -

0 1 0 0  2 0 0  3 0 0  4 0 0  5 0 0  6 0 0  7 0 0  8 0 0  9 00

REVERSE-COMPLEMENT o f :  a l u c o n s e n s u s . s e q  c h e c k :  4 0 6 2  fr o m : 1 t o :  2 8 2

a l u c o n s e n s u s . r e v  L e n g th :  2 8 2  N o v em b er  8 ,  1 9 9 8  1 3 : 4 9  T y p e :  N C h e c k :  
9 5 7 0

1 GAGATGGAGT CTCGCTCTGT TGCCCAGGCT GGAGTGCAGT GGCGCGATCT

5 1  CGGCTCACTG CAACCTCCAC CTCCTGGGTT CAAGCGATTC TCCTGCCTCA

1 0 1  GCCTCCCGAG TAGCTGGGAT TACAGGCGCG CGCCACCACG CCCGGCTAAT

1 5 1  TTTTGTATTT TTAGTAGAGA CGGGGTTTCA CCATGTTGGC CAGGCTGGTC

2 0 1  TTGAACTCCT GACCTCAGGT GATCCACCCA CCTCGGCCTC CCAAAGTGCT

2 5 1  GGGATTACAG GTGTGAGCCA CCACGCCCAG GC

s e q  1 5 - 1 6 / 7 / 9 6

196



S m a 9 0 0 b p  r e l i g  o f  c l  4 i  

T3 p r im e r

S m a 9 0 0 T 3 .s e q  L e n g t h :  6 5 9  J u l y  1 9 ,  1 9 9 6  1 8 : 0 7  T y p e :  N C h e c k :  4 2 4 2  

1 CCNNNTTNNN CNACNGGGTA CGGGNCNCCC CCCANTGAAT TTGGTAAGCG

5 1  TTGGGCGGAG GTAAGGGATG TTTGTGCCGT CTGCGGCCAC CCTGGAGCAG

1 0 1  GCACAGAGGT CAGGTGCTCT GTCCTGGGCG CTGAGATCGA GTTGAGCACG

1 5 1  TCGCTGGGAG TAGTGTCAGG CTCTGAGCTT ATCGCTGAGG CTCAAAAGAA

2 0 1  GGAGGTGGTC TCGTACTTGG TCCCGCAACA TTGCTTTGCT GATGTTTTTT

2 5 1  CAGGACGGAT GAGTTGGCTC CCTTAATAAC CAGAGAAGGG CCAGGTGCAG

3 0 1  CGGTTCACGC CTGTAATCCC AGCAATTTGG GANGCTGANG CCGGCGGATC

3 5 1  ACCGGAAGTC ANGANTTTGA AGCCAGCCTG GCCAACATGG TGAAACCCCC

4 0 1  TCTCTACTAA AAATACAAAA TTAACCCANC ATTGTNGCAG GTGCCTGTAA

4 5 1  TCCCACTACT CCGGAAGCTG AAGCAGGATA TCNCTTGAAC CCAGAAGGCG

5 0 1  AGGTTGCACT GAACTGGATC ACCCCATTGC CTCCCACCTG GGTGANNCGT

5 5 1  TAAAANCCTC TCCAAAAAAA ANAAAAAATT CAAACTACCN GANTGGTGGC

6 0 1  CNTCCCNTTA TNCACTTCNC CGGAAGGTNA AGGCCGNAAA ATAATTTAAC

6 5 1  CCCGNCCCA

s e q  1 5 - 1 6 / 7 / 9 6  

S m a 9 0 0 b p  r e l i g  o f  c l 4  

T7 p r i m e r ,  v e c t o r  r e m o v e d

S m a 9 0 0 T 7 .s e q  L e n g th :  5 9 6  J u l y  1 9 ,  1 9 9 6  1 8 : 0 9  T y p e :  N C h e c k :  8 2 3 5  

1 CCCGGGTTCA AGTCATTCTC CTGCCCTCAG CCTCCCGAGT AGCTGGCATT

5 1  ACAGGAATGT GCCACCAATC CTGGTTAGTT TTTGTATTTT TTTTTCTTTT

1 0 1  TTTTTTTGAN ATGGAGTCTC ACGCTGTCAC CCAGGCTGGA GTGCAATGGC

1 5 1  GTGATCCCAG CTCAGTGCAA CCTCCGCCTC CTGGGTTCAA GTGATTCTCC
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2 0 1  TGCCTCAGCC TCCCGAGTAG CTGGGATTAC AGGCACCTGC CACAATGCTG

2 5 1  GGCTAATTTT GTATTTTTAG TANAGACGGG GTTTCACCAT GTTGGCCAAG

3 0 1  CTGGGCTCAA ACTCCTGAAC TCCGGTGATC CGCCGGCCTC AANCCCCCCA

3 5 1  AATTGGCTGG GAATAACAGG GGTTGAAACC GNTGCACCTT GGGCCCTCCT

4 0 1  CTNGGTTTTT ANGGGAACCA ACTCCNNCCG TCCTGAAAAA ANTTCANCAA

4 5 1  ANCAATTTTN NGGAACAAAT TNAAAAACNC NCCTTCCTTT TNAACCNCAC

5 0 1  AAAAACTCAA ACTNANTAAC CCCCANAAAT TNCACCNATN TCNCNCCCAA

5 5 1  AAAAAACCTN AACCTTTNTC CTGCCCCGGG NGGGCCCAAA AAGGAA

Sma2500

S e q u e n c i n g  1 5 - 1 6 / 7 / 9 6

S m a 2 5 0 0  b p  f r a g  o f  c l 4  GM_CSFra i n s t o  SMAl s i t e  o f  B l u e s c r i p t  SK2+

V e c t o r  n o t  s e e n ,  T3 p r im e r ,  r e m o v e d  NNs fr o m  4 8 0 - >

S m a 2 5 0 0 T 3 . s e q  L e n g th :  4 6 2  J u l y  1 9 ,  1 9 9 6  1 7 : 3 7  T y p e :  N C h e c k :  7 8 2 6  

1 CGCANTGGAG CTCCTGGAGT GAANCCATTG AATTTGGTAA GCGTTGGGCG

5 1  GAGGTAAGGG ATGTTTGTGC CGTCTGCGGC CACCCTGGAG CAGGCACAGA

1 0 1  GGTCAGGTGC TCTGTCCTGG GCGCTGAGAT CGAGTTGAGC ACGTCGCTGG

1 5 1  GAGTAGTGTC AGGCTCTGAG CTTATCGCTG AGGCTCAAAA GAAGGAGGTG

2 0 1  GTCTCGTACT TGGTCCCGCA ACATTGCTTT GCTGATGTTT TTTCAGGACG

2 5 1  GATGAGTTGG CTCCCTTAAT AACCAGAGAA GGGCCAGGTG CAGCGGTTCA

3 0 1  CGCCTGTAAT CCCAGCAATT TGGGAAGCTG AGCCCGGCCG GGATCACCGG

3 5 1  AANGTCAGGA NTTTTGAAGG CCAGCCTGCC ANTTTAAAAA AAANCCCCCG

4 0 1  TCCTCTACTA AAAATNCAAA ATTANCCCAN CATTGTNGCA GGTGCCTGTT

4 5 1  ANCCNCCCCG GG

s e q  1 5 - 1 6 / 7 / 9 6

S m a 2 5 0 0 b p  f r a g  o f  g e n  c l 4  i n s t o  S m al s i t e  B l u e s c r i p t S K 2 +
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V e c t o r  r e m o v e d

S m a 2 5 0 0 T 7 . s e q  L e n g t h :  61 7  J u l y  1 9 ,  1 9 9 6  1 7 : 3 9  T y p e :  N C h e c k :  4 4 6 9

1 CCCGGGAGGC GGAGGTTGCA GTGAGCCGAG ATCGTGCCAT TGCACTCCAG

5 1  CCTGGGTGAC AGAGTGAGAC CCTGTCTCAA AATAAANNAA TAAATAAAAA

1 0 1  TATTTAAAAA ATGGCCAAGC ATGATGCATG TCTGTAATCG TAGCTACTCA

1 5 1  GGAGGCTGAG GCAGGAGAAT CGCTTGAGCC TGGGAGACGG AGGTTGCANT

2 0 1  GAGCCAAGAT CGTGCCATTG AACTCCANCC TGGGTGACAC AGCGAAACTC

2 5 1  CATCTCAAAA TAAATAAATA NATAAATAAN AAGAANAATA CNANAATTGG

3 0 1  CCAAGCGTGA TGCATGTCTA ATGTAATCCC AGCTACNCCG GGAAGCTGAG

3 5 1  GCTTGANAAT CNCTTTGANC CCCCGAAGGC NNAAGGTTGT NCTTGANCTT

4 0 1  GAANATCCGT GCCNTTTGCC CTCCNACCCT GGGGTGANCG AACCAAGAAT

4 5 1  CNTTCTTCCN NTTCCCTAAA TTTATTNTNA CNANAAAATT NCCTTNTAGG

5 0 1  TGNANTCCCC CCGGCCCNCC ANANCCAAAT GCCCCNCTNT TATCCCCNTA

5 5 1  CCCNTTTTNT TCTNTNTNNT TCGGGAAGGT TAAAGGTTCN CCCCTNCCCC

6 0 1  GCCTTCCCNA TTTTTCC

Sm al600

s e q u e n c i n g  1 5 - 1 6 / 7 / 9 6

S m a l6 0 0  b p  f r a g  i n t o  B l u e s c r i p t  SK2+

T3 p r im e r  v e c t o r  r e m o v e d

S m a l6 0 0 T 3 . s e q  L e n g th :  63 3  J u l y  1 9 ,  1 9 9 6  1 7 : 2 8  T y p e :  N C h e c k :  7 2 1 4  

1 CCCGGGAGGT GGAGGTTGCA NTGAGCTGGG GTCACGCCAT TGCACTCCAN

5 1  CCTGGGTGAC ANAGTGAGAC TCTGTCTCCA ATTAAAAAAA NAAAAAAAAA

1 0 1  AAAAAAAATT TAAAGGAGGT GGTCTCATAC NCATACGGGG TCNTGCAACA

1 5 1  TNGCTTTGCT GGTNTTTTTT NCNGGGTGNA TAACCTAAAA NCCCTTANTA

2 0 1  CCCAAAAAAG GACCCCANTN ATATCCCTCC TAAATTCCCA CCNCCCNCTG
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2 5 1  CTCCNCCGGG AAACAATCNN TCATTCTNTG TCCGGTCAAA CCNTCNCCTT

3 0 1  NCCNGNNNCC CNCCCNNGGG GAAANCCCCC NCCCCCCTTC CNCCCTTCTC

3 5 1  TTTCTTTANT NCTNCTNNAA AANGGNTTTT TCCCTCTTGT TCCCAANGCG

4 0 1  CGNATTTCAA TTNCGCGCNN TTCNCNGNCC CATTTCTCAA CCCCNACCCC

4 5 1  CCTGGNGTCC NCCTCCTCNC TNCCCNTCNT NCCTCTCCCC CTTCACCGGG

5 0 1  AANTNACNGT TCCCCTCNTC CCCCNCNNCC ANNCTTTCCT NNCCTTTTCC

5 5 1  TCTTATCCAA AAACGGTTCC NCNTTTTTTC CCNCNAANNG CCCTTTNCTC

6 0 1  ACCTCCCCTA CCNCCTCNCN TTCCCCCTAA TTA

s e q u e n c i n g  1 5 - 1 6 / 7 / 9 6

S m a l6 0 0  p  f r a g  i n t o  B l u e s c r i p  SK2+

V e c t o r  r e m o v e d  T7 p r im e r

S m a l6 0 0 T 7 . s e q  L e n g t h :  5 9 3  J u l y  2 2 ,  1 9 9 6  1 3 : 0 6  T y p e :  N C h e c k :  7 4 0 0  

1 CCCGGGAGGC GGAGGTTGCA GTGAGCCGAG ATCGTGCCAT TGCACTCCAG 

5 1  CCTGGGTGAC AGAGTGAGAC CCTGTCTCAA AATAAATAAA TAAATAAAAA 

1 0 1  TATTTAAAAA ATGGCCAAGC ATGATGCATG TCTGTAATCG TAGCTACTCA 

1 5 1  GGAGGCTGAG GCAGGAGAAT CGCTTGAGCC TGGGAGACGG AGGTTGCAGT 

2 0 1  GAGCCAAGAT CGTGCCATTG AACTCCAGCC TGGGTGACAC AGCGAAACTC 

2 5 1  CATCTCAAAA TAAATAAATA AATAAATAAA AAGAAAAATA CAAAAATTGG 

3 0 1  CCAAGCGTGA TGCATGTTCT AATGTAATCC CAGCTACTCG GGAGGCTGAG 

3 5 1  GCAGGANAAT CGCTTGAACC CCAGGAAGGC ANAGGTTGTA ATTGAGCTGA 

4 0 1  NATCGTGCAT TTTGGCACTC CAACCTGGGT GACAGAACGA NANTCCGTCC 

4 5 1  CCACATAACA NAAATTAATT AACNAAAAAA TTCTTACAGG TGCATCNCCC 

5 0 1  GGCCNCCCAA NACAATGCCC NCTATCTNCC TGTNCCCNTT TGTCTGTNTN 

5 5 1  ATCNNGGAGG TAAAGTTCCC CNCTGCCTTG CACNCCNNAT TTC
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Smal400

1 5 - 1 6 / 7 / 9 6

S m a l4 0 0  = 1 4 0 0 b p  f r a g  o f  GMRA c l  4 c l o n e d  i n t o  S m a l s i t e  o f  

p B l u e s c r i p t  SK2+ T7 p r im e r

V e c t o r  r e m o v e d  p o o r  s i g n a l  s t r w n g t h  fr o m  4 0 0 - >  r e m o v e d

S m a l4 0 0 T 7 . s e q  L e n g t h :  4 0 0  J u l y  3 1 ,  1 9 9 6  1 1 : 2 1  T y p e :  N C h e c k :  7 2 0 1

1 CCCGGGTTCA AGCGATTCTC CTGCCTCAGC CTCCCGAGTA GCTGGGACTA

5 1  CAGGCGCCCG CGACCACGCC GGGCTAATTT TTTAGTANAG ACGGGGTTTC

1 0 1  ACTGTGTTAG CCANGATGGT CTCGATCTCC TGACCTCGTG ATCCACCCGC

1 5 1  CTCGGCCTCC CACAGTGCTG GGATTACAGG CATGATCCAN CNCNCCCGGC

2 0 1  CAANGCTGTG TTTCTCTTTC TCANATACNG ACACNCAGAC TGGACAANGC

2 5 1  GCTTTCCTCC CNGCCTGGCC NGTTTTCATT GGGGAGGCCC ANGTGTCTCA

3 0 1  CACGTCACCT TTTNCCNAAG AACCCGANGG ATNATNTCCN TTNNACTTNN

3 51  GGTTCCCNCC TAACCANGAA GCTNCCTNAA TNTTCCNCCG AANCCGAAGG

1 5 - 1 6 / 7 / 9 6

S m a l4 0 0 =  1 4 0 0 b p  s m a l f r a g  i n t o  sm a s i t e  o f  b l u e s c r i p t  SK2+

T3 p r im e r  

V e c t o r  r e m o v e d

S m a l4 0 0 T 3 . s e q  L e n g t h :  2 9 9  J u l y  3 1 ,  1 9 9 6  1 3 : 4 8  T y p e :  N C h e c k :  9 7 8 6

1 CCCGGGTTCA AGCGTATNCT CCTGCCNCAG CCTCCCGAGT AGCTGGGATT

51  ACNGACATGC ATCACGCTTG GCCAATTTTN GTATTTNTAT TTTTATTTAT

1 0 1  TTATTTATTT ATTTTGAGAT GGAGTTTCGC TGTGTCACCC AGGCTGGAGT

1 5 1  GCAATGGCAC GATCTTGGNT CANTGCAACC TCCGTCTCCC AGGCTCAAGC

2 0 1  GATTCTCCTG CCTCAGNCTC CTGAGTAGNT GGGATTACAG GACATGCATC

2 5 1  ATGCTCGGCC ANTTNTTTAA ATATNTNTAN TTATTTATAN ATTTNGACA

Exon 10a region

GELASSEMBLE B i g P i c t u r e  o f :  C o n t i g : GMRASMA1400T3 fr o m  P r o j e c t :  a u t o l  

A l l  f r a g m e n t s

2 0 1



G M e x o n ll

GMRAGN49d

S m a l4 0 0 8 d

A p a 3 3 0 0 T 7

s d g m r a s d

A p a S m a 7 0 0 1 0 d < -

A p aS m a700T 3 + -

A p a S m a 7 0 0 1 0 d b < -

A p aS m a700T 7 < -

S m a l4 0 0 T 3 + -----

GMRASmaApaT3 + -----

GMRASMA1400T3b + ----- ----- >

CONSENSUS

+ —

<  +

<  +

< --------

+ >
 +

 >

I - - - - - - - - - - - - 1 - - - - - - - - - - - - - 1 - - - - - - - - - - - - - - 1 - - - - - - - - - - - - - 1 - - - - - - - - - - - - - 1 - - - - - - - - - - - - - 1 - - - - - - - - - - - - - 1 - - - - - - - - - - - - - - 1

0 2 0 0  4 0 0  6 0 0  8 0 0  1 0 0 0  1 2 0 0  1 4 0 0  1 6 0 0

GELASSEMBLE P r e t t y O u t  o f  C o n t i g :  S m a l4 0 0 T 3  fr o m  P r o j e c t :  a u t o l  

A p r i l  2 4 ,  1 9 9 7  1 4 : 4 1  

From : 1 T o: 1 0 9 2

GMRASMA1400T3b > CCCGGGTTCAAGCGATTCTCCTGCCTCAGCCTCCCGAGTAGCTGGGATTACAGACATGCA 

GMRASmaApaT3 > CCCGGGTTCAAGCGATTCTCCTGCCTCAGCCTCCCGAGTAGCTGGGATTACAGACATGCA

S m a 1 4 0 0 T 3  > CCCGGGTTCAAGCGATNCTCCTGCCNCAGCCTCCCGAGTAGCTGGGATTACNGACATGCA

CONSENSUS < CCCGGGTTCAAGCGATtCTCCTGCCtCAGCCTCCCGAGTAGCTGGGATTACaGACATGCA

GMRASMA14 0 0 T 3 b  > TCACGCTTGGCCAATTTTTGTATTTTTATTTTTATTTATTTATTTATTTATTTTGAGATG 

GMRASmaApaT3 > TCACGCTTGGCCAATTTTTG. ATTTTTATTTTTATTTATTTATTTATTTATTTTGAGATG

S m a 1 4 0 0 T 3  > TCACGCTTGGCCAATTTTNGTATTTNTATTTTTATTTATTTATTTATTTATTTTGAGATG

CONSENSUS < TCACGCTTGGCCAATTTTtGtATTTtTATTTTTATTTATTTATTTATTTATTTTGAGATG

GM RASM A1400T3b > GAGTTTCGCTGTGTCACCCAGGCTGGAGTGCAATGACG. TCTTGGCTCACTGCAACCTCC 

GMRASmaApaT3 > GAGTTTCGCTGTGTCACCCAGGCTGGAGTGCAATG. CGMTCTTGGCTCACTGCAACCTCC

S m a l4 0  0T3 > GAGTTTCGCTGTGTCACCCAGGCTGGAGTGCAATGACGATCTTGGNTCANTGCAACCTCC

CONSENSUS < GAGTTTCGCTGTGTCACCCAGGCTGGAGTGCAATGaCGaTCTTGGcTCAcTGCAACctCC

GMRASMA1400T3b > GTCTCCCAGGCTCAAGCGATTCTCCTGCCTCAGCC. ACTGAGTAG

GMRASmaApaT3 >
GTCTCCCAGGCTCAAGCGATTCTCCTGCCTCAGCCTCCTGAGTAGCTGGGATTACA. GAC 

S m a l4 0 0 T 3  >
GTCTCCCAGGCTCAAGCGATTCTCCTGCCTCAGNCTCCTGAGTAGNTGGGATTACAGGAC 

A p a S m a 7 0 0 1 0 d  < ---------
CCCGGGCTCAAGCGATTCTCCTGCCTCAGCCTCCTGAGTAGCTGGGATTACA. GAC 

A p a S m a 7 0 0 1 0 d b  < ---------
CCCGGGCTCAAGCGATTCTCCTGCCTCAGCCTCCTGAGTAGCTGGGATTACA. GAC 

A p aS m a700T 3  > ---------
CCCGGGCTCAAGCGATTCTCCTGCCTCAGCCTCCTGAGTAGCTGGGATTACA. GAC 

CONSENSUS <
G tctcCCrG G cTcAAGcG aTTcTCctGCcTCAG cCTcCTGAGTAGcTG GGATTACA. GAC

2 0 2



GMRASmaApaT3

S m a l4 0 0 T 3

g m r 4 i n s s e q

A p a S m a 7 0 0 1 0 d

A p a S m a 7 0 0 1 0 d b

A p aS raa700T 3

CONSENSUS

> A.SCATCA

> ATGCATCATGCTCGGCCANTTNTTTAAATATNTNTANTTATTTATANATTTNGACA

> ---------------------------------------------------------------------------------------------------g
< ATGCATCATGCTTGGCCA. TTTTTTAAATATTTTTATTTATTTATTTATTTTGACACAGG

< ATGCATCATGCTTGGCCA. TTTTTTAAATATTTTTATTTATTTATTTATTTTGACACAGG

> ATGCATCATGCTTGGCCA. TTTTTTAAATATTTTTATTTATTTATTTATTTTGACACAGG 

< ATGCATCATGCTTGGCCA. TTTTTTAAATATTTTTATTTATTTATTTATTTTGACACAGG

g m r 4 i n s s e q

A p a S m a 7 0 0 1 0 d

A p a S m a 7 0 0 1 0 d b

A paSm a7 0 0T 3

A p a 3 3 0 0 T 7

CONSENSUS

> gtctcactctgtcacccaggctggagtgcaatggcacaatctcggctcactgcaacct.ee
< GTCTCACTCTGTCACCCAGGCTGGAGTGCAATGGCACAATCTCGGCTCACTGCAACCTCC

< GTCTCACTCTGTCACCCAGGCTGGAGTGCAATGGCACAATCTCGGCTCACTGCAACCTCC 

> GTCTCACTCTGTCACCCAGGCTGGAGTGCAATGGCACAATCTCGGCTCACTGCAACCTCC

-AACCTCC

< GTCTCACTCTGTCACCCAGGCTGGAGTGCAATGGCACAATCTCGGCTCACTGCAACCTCC

g m r 4 i n s s e q  > gtctc.ccaggctcaagcgattctcctgcctcagactcccag
A p a S m a 7 0 0 1 0 d  < GTCTCCCAGGCTCAAGCGATTCTCCTGCCTCAGACTCCCAGGTAGATAGGATTACAGGCA

A p a S m a 7 0 0 1 Odb < GTCTCCCAGGCTCAAGCGATTCTCCTGCCTCAGACTCCCAGGTAGATAGGATTACAGGCA

A p a S m a 7 0 0 T 3  > GTCTCCCAGGCTCAAGCGATTCTCCTGCCTCAGACTCCCAGGTAGATAGGATTACAGGCA

A p a 3 3 0 0 T 7  < TTTTCCCAGGTTCAAGNGATTTTCCNGCNTCAGATTCCCAGGTAGATAGGATTACAGGCA

CONSENSUS < gTcTCCCAGGcTCAAGcGATTcTCCtGCcTCAGAcTCCCAGGTAGATAGGATTACAGGCA

A p a S m a 7 0 0 1 0 d  

A p a S m a 7 0 0 1 0 d b  

A paSm a7 00T 3  

A paSm a7 0 0T 7  

A p a 3 3 0 0 T 7  

CONSENSUS

< CCCACCACCATGCCTGGCTAATTTTGTATTTTTTTTTTAGCAGAGANGAAGG

< CCCACCACCATGCCTGGCTAATTTTGTATTTTTTTTTTAGCAGAGATGNAGTT. CA 

>CCCACCACCATGCCTGGCTAATTTTGTATTTTTTTTTTAGCAGAGATGAGGTTTCACCA

< -----------------------------------------------------------ATTTTTTTTTTAGCAGAGATGAGGTTTCACCA

< CCCACCACCATGNNGGGNTAATTTTGTATTTTTTTTTTAGCAGAGATGAGGTTTCACCA

< CCCACCACCAtGcctGGcTAATTTTGTATTTTTTTTTTAGCAGAGAtGagGtTtCACCA

A p a S m a 7 0 0 T 3  > TGTT. AGTGAGGCTTGTCTCGAACTCCTGACCTCAGATGATGCGCCCGCCTCGGCCTCCC

A paSm a7 00T 7 < TGTT. AGTGAGGCTTGTCTCGAACTCCTGACCTCAGATGATGCGCCCGCCTCGGCCTCCC

A p a 3 3 0 0 T 7  < TGTT. AGTGAGGCTTGTCTCGAAATCCTGACCTCAGATGATGCGCCCGCCTCGGCCTCCC

S m a l4 0 0 8 d  <----------- AGNGNGGCTTGTTTTGAAATCNGGACCTCGGANGATGCGCCCNGCTNGGCCTCC.

CONSENSUS < TGTT. AGtGaGGCTTGTcTcGAAcTCctGACCTCaGAtGATGCGCCCgccTcGGCCTCCc

A paSm a7 00T  > AAAGTGCTGGGATGACAGGTGTGANCCACCGTGCCTGGCCCAATTTTTGTATTTTTGGTA

A p aS m a700T  < AAAGTGCTGGGATGACAGGTGTGAGCCACCGTGCCTGGCCCAATTTTTGTATTTTTGGTA

A p a 3 3 0 0 T 7  < AAAGTGCTGGGATGACAGGTGTGAGCCACCGTGCCTGGCCCAATTTTTGTATTTTTGGTA

S m a l4 0 0 8 d  < . AAGTGNTGGGATGACAGGTNNGAGCCACCGTGCGTGGCCCAATTNTTGTATTTTTGGTA

CONSENSUS < aAAGTGcTGGGATGACAGGTgtGAgCCACCGTGCcTGGCCCAATTtTTGTATTTTTGGTA

ApaSm a7 0 0T 3  > AA

A p a S m a 7 0 0 T 7  < GAGACGGGGTTTCACCATGTTGGTCAGGCTGGTCTCGAACTCCCAACCTCAGGTGATCCT

A p a 3 3 0 0 T 7  < GAGACGGGGTTTCACCATGTTGGTCAGGCTGGTCTCGAACTCCCAACCTCAGGTGATCCT

Sm a14 0 0 8 d  < GAGACGGGGTTTCACCATGTTGGTCAGGCTGGTCTCGAACTCCCAACCTCAGGTGATCCT
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C O N S E N S U S <  gAG AC G G G G TTTC AC C A T G T TG G T C A G G C TG G TC T C G A A C TC C C A A C C T C A G G TG A T C C T

A paSm a7 0 0T 7  < CCCGTGTCGGCCTCCCAAAGTGCTGGGATGACAGGCGTGAGCCACCGCATCCGGCCCATG

A p a 3 3 0 0 T 7  < CCCGTGTCGGCCTCCCAAAGTGCTGGGATGACAGGCGTGAGCCACCGCATCCGGCCCATG

Sm a1 4 0 0 8 d  < CCCGNGTCGGCCTCCCAAAGTGCTGGGATGACAGGCGTGAGCCACCGCATCCGGCCCATG

CONSENSUS < CCCGtGTCGGCCTCCCAAAGTGCTGGGATGACAGGCGTGAGCCACCGCATCCGGCCCATG

A paSm a7 0 0 T 7  < GTGGCAAAGTTTTAACAGCTCACCAGAAATTTACCTTGTGGGCAAAACATAGGGCAGGCA

A p a 3 3 0 0 T 7  < GTGGCAAAGTTTTAACAGCTCACCAGAAATTTACCTTGTGGGCAAAACATAGGGCAGGCA

GMRAGN4 9D < ----------------------------------------------------------------------------TTGTGGG. TGAACATAGGGCAGGCA

Sm a14 0 0 8 d  < GTGGCAAAGTTTTAACAGCTCACCAGAAATTTACCTTGTGGGCAAAACATAGGGCAGGCA

CONSENSUS < GTGGCAAAGTTTTAACAGCTCACCAGAAATTTaCCTTGTGGGcaaAACATAGGGCAGGCA

A paSm a7 0 0T 7  < GGTTGCTTTCATCTCAGAGCCATCTTAGTTAAGAACCAAAAACAGGGAGGCAGGTTTGGT

A p a 3 3 0 0 T 7  < GGTTGCTTTCATCTCAGAGCCATCTTAGTTAAGAACCAAAAACAGGGAGGCAGGTTTGCT

GMRAGN 4 9 D < GGTTGCTTTCATCTCAGAGCCATCTTAGTTAAGAACCAAAAACAGGGAGGCAGGTTTGCT

Sm a14 0 0 8 d  < GGTTGCTTTCATCTCAGAGCCATCTTAGTTAAGAACCAAAAACAGGGAGGCAGGTTTGCT

CONSENSUS < GGTTGCTTTCATCTCAGAGCCATCTTAGTTAAGAACCAAAAACAGGGAGGCAGGTTTGcT

A p aS m a700T 7  < GGGCCC

A p a 3 3 0 0 T 7  < GGGCCC

GMRAGN4 9D < GGGCCCAGTTCTCAGCTTGACTGTTCCCTTTGGCTAAATGCATTTGGACACCCGAAGAGA

Sm a14 0 0 8 d  < GGGCCCAGTTCTCAGCTTGACTGTTCCCTTTGGCTAAATGCATTTGGACACCCGAAGAGA

CONSENSUS < GGGCCCaGttCtCAGCttgACtGttcCCTTTGGCTAAATGCATTTGGACACCCGAAGAGA

GMRAGN4 9D 

S m a l4 0 0 8 d  

G M e x o n ll  

CONSENSUS

< TTTAATTTCCTTTCACATGTCCGTCAACGATTCACCGCAGACGCAAACCTGTGTGTCTCT

< TTTAATTTCCTTTCACATGTCCGTCAACGATTCACCGCAGACGCAAACNTGTG. NTGTNT 

> ---------------------------------------------------------------------------- CGCAGACGCGAACCTGTGTGTCTCT

< TTTAATTTCCTTTCACATGTCCGTCAACGATTCACCGCAGACGCaAACcTGTGtgTcTcT

GMRAGN4 9D 

S m a l4 0 0 8 d  

G M e x o n ll  

CONSENSUS

< CCAGGTTCTGACGACGG

< CCAGGTT. TGACGACGA

> CCAGGTTCTGACGACGGGAACCTCGGCTCTGTGTACATTTATGTGCTCCTAATCGTGGGA 

< CCAGGTTcTGACGACGgGAACCTCGGCTCTGTGTACATTTATGTGCTCCTAATCGTGGGA

G M e x o n ll

CONSENSUS

> ACCCTTGTCTGTGGCATCGTCCTCGGCTTCCTCTTTAAAAGGTGAACCTGTGAAACACC 

< ACCCTTGTCTGTGGCATCGTCCTCGGCTTCCTCTTTAAAAGGTGAACCTGTGAAACACCT

G M e x o n ll

C o n s e n s u s

> GGGGCTCCCCA

> GGGGCTCCCCA

Sma300

s e q  1 5 - 1 6 / 7 / 9 6

S m a 3 0 0 b p  f r a g  o f  c l 4  i n t o  S m al s i t e  o f  B l u e s c r i p t  SK2+  

T3 p r i m e r ,  v e c t o r  r e m o v e d
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S m a 3 0 0 T 3 .s e q  L e n g t h :  2 5 7  J u l y  1 9 ,  1 9 9 6  1 7 : 4 8  T y p e :  N C h e c k :  3 1 8 3

1 CCCGGGAGGT GGAGGTTGCA GTGAGCCGAG ATTGCACCAC TGCACTCCAG

5 1  CCTGGGCGAC AGGGCGACAC TCCTTCTCAA AATANACNAA ANAACGGAGA

1 0 1  AAACGGGAGA TCCTACAGGA ATACACAGTG ATGCTCACAG GGAATCTTTC

1 5 1  TAGAATCTTC TCTCAGCCCC TCGGGCACAG GGGATGGGAA TGGAACAGGC

2 0 1  AGTCAGCTNT GGGCNGCTTC NGGGAGTCTG AAGTCNCTGC TGTTGAANGG

2 51  CTGANCT 

s e q  1 5 - 1 6 / 7 / 9 6

Sma 3 0 0 b p  f r a g  o f c l 4  i n t o  Sm al s i t e  o f  b l u e s c r i p t  SK2+

V e c t o r  r e m o v e d ,  T7 p r im e r

S m a 3 0 0 T 7 . s e q  L e n g t h :  5 5 1  J u l y  1 9 ,  1 9 9 6  1 7 : 5 5  T y p e  : N C h e c k :  1 7 2 9

1 GAGCTCAGCC CTTCAACAGC AGTGACTTCA GACTCCCTGA AGCTGCCCAC

5 1  AGCTGACTGC CTGTTCCATT CCCATCCCTG TGCCCGAGGG GCTGAGGGAA

1 0 1  GATTCTAGAA AGATTCCCTG TGAGCATCAC TGTGTATTCC TGTAGGATCT

1 5 1  CCCGTTTTCT CCGTTCTTTT GTTTGTTTTG AGATGGAGTC TCGCCCTGTC

2 0 1  GCCCAGGCTG GAGTGCAGTG GTGCAATCTC GGCTCACTGC AACCTCCACC

2 5 1  TCCCGGGATC CACTAGTTCT AGANCGGCCG CCACCGCGGT GGAACTCCAG

3 0 1  CTTTTGTTCC CTTTANTGAA GGTTAATTGC GCGCTTGGCG TTAATCATGG

3 5 1  TCATANCTGT TTCCCTGTGT TGAAATTGTT ATCCGCTCAC AATCCNCACA

4 0 1  ACATACNAAA CCGAAACATA AATNTTAANC CTGGGGTGCC TATNATNAAC

4 5 1  TAACTCNATT AATGNTTGGC CCNTGGCCGT TTCAATCGGA AACNNTCTNN

5 0 1  CACTGCATTA ATAANCCGGC AACCCCNGGN AAAGNGGGTT GCTTTTTGGN

5 5 1  C
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