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S1SThe following revisions to the 'Transcriptional Regulation

of the GM-CSF Gene in T LYm

should be noted:

Cameron Stuart Osborne,

The sentence on page 3, line 8 should reference Bagby and Segal, 1995

The sentence on page 4, line 9-10 should reference Shaw and Kamen'

1 986

page 5, Line 20 should read 'IL-3 induces the differentiation of B cell

progenitors into mature cells'.

Page 7, Line 24 should read 'an intracellular phosphatase'.

The sentence 'calcineurin functions by dephosphorylating the cytosolic

component of NFAT, allowing its translocation into the nucleus (Luo et

al., 1996)' should be added aftet page7, line24'

Page 10, Line 7 should read 'transcription initiation site'.

page 13, Line 12 should read 'Secondly, actively transcribed genes such

as the osteocalcin gene are often associated with the nuclear matrix'.

page 16, Line 9 should read 'Spl is a constitutive transcription factor'.

Page 18, Line 2 should read 'between -49 and -63 from the

transcriptional start site'

page !8, Line 23 should read 'T cell specificity of IL-3 gene expression'.

page 18, Line 3 should read 'The GM-CSF gene in endothelial cells'.

Page 19, Line 10 should read 'Like the CK-l and CK-2 elements in the

IL-2 and GM-CSF gene Promoters'.



Page 19, Line 19 should read'DBl is able to synergise with Tax to

promote constitutive IL-3 expression.'

Page 19, Line 20 should read 'upstream of the IL-3 gene'.

Page Lg, Line 25 should read 'that binds to an unidentified repressor.'

Page 20, Line 17 should read 'blocks the formation of the NFAT

complex. (Flanagan et al, 1991)'.

Page 22, Line16 should read 'apparent molecular weight'.

Page 22, Line 22 should read ' calf intestinal phosphatase'

Page 23, Line 9 should read 'NFATp is indeed a component of this

complex.'

Page 23, Line 10 should read 'cytosolic component of NFAT'

Page 34, Line 4 should read 'Another subset of AML'5, however,

constitutively produce cytokines that appear to promote their growth in

an autocrine manner.'

Page 47, Line 17 should read '2 M acetic acid'.

Page 57, Line 2-3 should read 'Equivalent amounts of protein were

added'.

Page 109, Line 15 should read 'may be co-ordinately expressed.'
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SUMMARY

Cytokines play an important role in regulating haemopoiesis and

inflammation. Granulocyte-macrophage colony-stimulating factor

(GM-CSF) and interleukin-3 (IL-3) aÍe two cytokines whose genes are

very closely linked, just 10 kb apart on human chromosome 5, and 14

kb apart on mouse chromosome 11. Previous work in this laboratory

had identified an enhancer, located 3 kb upstream of the human GM-

CSF gene, that is thought to be involved in the transcriptional

regulation of GM-CSF and possibly IL-3'

This thesis describes the investigation as to whether the mouse GM-

CSF and IL-3 genes are regulated in a similar manner as those of the

human, focussing on regulation through an enhancer.

Initial work found a mouse homologue to the human GM-CSF gene

enhancer located 2.0 kb upstream of the mouse GM-CSF gene' This

element contained 767o sequence homology with the human GM-CSF

gene enhancer within a core region of 417 bp, with many conserved

transcription factor consensus binding sites. Transient transfection

assays demonstrated that the mouse homologue to the human

enhancer had enhancer activity, as it was able to increase the

inducible activity of heterologous promoters such as the herpes

simplex thymidine kinase promoter or the human GM-CSF promoter'

The mouse enhancer was also able to increase the induction through

the mouse IL-3 gene promoter. The mouse GM-CSF enhancer had

little effect, however, when tested in its natural context, upstream of

the mouse GM-CSF gene promoter. The mouse GM-CSF gene promoter



alone was sufficient for high induction, to a level comparable to

constructs containing the human GM-CSF gene promoter and enhancer'

Considering the human and mouse GM-CSF gene proximal promoters

share a very high degree of sequence homology, yet have different

induction capacities, the nature of these differences was investigated.

Transcription factor binding studies demonstrated that the mouse GM-

CSF promoter contained higher affinity binding sites for Spl and TBP,

however attempts to correlate these differences with functional

differences in transient transfection assays were largely unsuccessful.

putative binding sites for the transcription factor core-binding factor

were conserved in the promoter and enhancer of the GM-CSF gene.

Functional assays were carried out to determine whether these sites

contribute significantly to regulation of the GM-CSF gene. Specific

mutations to the CBF site within the promoter significantly reduced

the inducible activity of the promoter in transient transfection assays.

Coupling the enhancer CBF site to a truncated GM-CSF promoter

increased the inducible activity. These results suggested an important

role for CBF in regulating GM-CSF transcription'

This srudy has highlighted both similarities and differences of the GM-

CSF/IL-3 locus regulation in the mouse and human. The nature of the

differences remains unknown. This may represent an evolution of the

mouse GM-CSF gene with less dependence upon an enhancer for its

activation. Alternatively, it may suggest a greater role of the

enhancer beyond that of a classical enhancer, perhaps in regulating

transcription by altering chromatin structure, as has been found for

locus control regions.
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1..1. HAEMOPOIESIS AND IMMUNITY

A constant turnover of blood cells requires the production of 101 0

erythrocytes and 108- 109 leukocytes every hour in an adult human.

This rate of renewal is increased in times of stress, such as blood loss

or infection. All blood cells are derived from a common, self-renewing

precursor cell, called the stem cell (reviewed in Williams, 1995)'

These stem cells, which are located in adult bone marrow, proliferate

to keep a constant pool of stem cells, yet they have the potential to

differentiate into any blood cell type, if given the appropriate signals

to do so. Once a, stem cell begins to differentiate into a given cell

lineage, it becomes committed to that differentiation pathway. In the

initial steps of differentiation, the stem cells commit to either a

lymphoid of myetoid cell lineage. These partially differentiated

progenitor cells can also proliferate, or may undergo subsequent

differentiating steps to change into more defined cell types. The final

differentiating steps yield mature blood cell types that can carry out

the requirements of the circulatory system.

A major function of blood is to protect the individual from infection.

This requires pathogens to be recognised from host cells, and be

killed. Immunity is the domain of the leukocytes, and is divided in to

two classifications: cell-mediated immunity and humoral immunity

(reviewed in André-Schwartz and Schwartz, 1995; Fitch, 1992; Berek,

lgg2) " The cell-mediated response involves a direct recognition of

pathogen infected host cells by cytotoxic T cells. The infected cell

di splays a fragment of the pathogen on a clas s I maj or
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histocompatability complex (MHC) molecule. This is recognised by a

cytotoxic T cell which directly kills the infected cell. B cells mediate

the humoral immunity. Macrophages presenting antigen on a. class II

MHC molecule activate helper T cells through the T cell receptor. The

activated T cells, in turn, act on B cells that produce immunoglobulins

specific to the antigen, causing them to clonally proliferate and secrete

immunoglobulin.

1.1.1

The cell-to-cell interactions of both haemopoiesis and immunity rely

on an intricate communication network. This network is mediated in

part by intercellular signalling polypeptides called cytokines '

Cytokines that signal the haemopoietic cells to proliferate and to

differentiate are collectively called haemopoietic . growth factors

(HGFs) (Bagby and Segal, 1995). These HGFs, when supplemented in

vitro, can induce progenitor cells to proliferate or differentiate into

various cell lineages, depending on the HGFs that are provided. Many

of these HGFs also participate in the functioning of the immune

system. This highlights a major characteristic of HGFs; they have

multiple biological activities. For example, granulocyte colony-

stimulating factor (G-CSF) supports the proliferation of stem cells, but

also activates the phagocytic function of neutrophils (Ikebuchi et al,,

1988; Nathan, 1989). Another important characteristic of HGFs is that

they often function synergistically with other HGFs to elicit various

functions. Interleukin-6 (IL-6), in conjunction with IL-4,
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synergistically supports T cell proliferation (Hodgkin et al., 1988)' IL-

6 and granulocyte-macrophage CSF (GM-CSF), however, synergistically

supports the differentiation of granulocytic progenitor cells (Caracciolo

et al., 1989), demonstrating that different combinations of HGFs have

varying effects. Clearly, the regulation of when and where HGFs are

expressed plays a key role in controlling proper haemopoiesis and

immune responses. Dysregulated cytokine production is associated

with many diseases. Activities and expression patterns of the

individual HGFs are described in Bagby and Segal, (1995). The

properties of GM-CSF and lL-3, two HGFs that ate central to this

thesis, will be discussed.

1.1.2. REGULATION OF CYTOKINE GENE ÐGRESSION

Tight regulation of cytokines production is necessary to ensure a rapid

response to host infection by the appropriate cell types, and that they

are not produced when and where they are not needed. Cytokines caî

be regulated at several intracellular levels. A condensed chromatin

environment can render a gene locus inaccessable to binding of

transcription factors (Davie, 1995). It is interesting to note that genes

for multiple human cytokines are situated in relative close proximity

on chromosome 5 (Thangavelu et à1., 1992), hinting there may be a

general encompassing regulatory mechanism for these genes in

certain cell types. Gene transcription of cytokines is usually found to

be tightly regulated. Genes such as lL-2 and G-CSF are responsive to

rapid induction by a number of pre-existing transcription factors such

3



as NFATp and NF-kB, and transcription factors that are rapidly

transcribed such as fos and jun (Riegel et Ã1., 1992; Shannon et â1.,

lgg2). These cytokine genes also often contain binding sites for

transcription suppressors in order to maintain tight control in

inactivated cells, and to rapidly halt transcription when needed. Some

cytokines exhibit some degree of post-transcriptional control by

altering the rate at which their mRNA is degraded (Shaw and Kamen,

1986). This allows mRNA that is transcribed at basal levels to be

quickly degraded. During cell activation, the mRNA is stabilised to

increase the amounts of cytokine translated. Newly translated

cytokine can also be the point of regulation. Cytokines can be stored

in a precursor form that can be quickly processed upon cell activation.

For example, IL-1 precursor is enzymatically cleaved by IL-1-

converting enzyme and subsequently secreted from monocytes,

possibly in response to apoptotic signals (Hogquist et al., 1991). As

they are central to the work presented in this thesis, the regulation of

two cytokines, GM-CSF and IL-3, will be discussed in detail.

1 .1 .3.

FACTOR

GM-CSF is a pluripotent cytokine with roles in both haemopoiesis and

immunity. It is a heavily glycosylated single peptide, approximately

23 kDa (Nicola et al., I979b). GM-CSF is expressed by many cell types.

In fact, most tissues isolated from mice that have been injected with

endotoxin will produce GM-CSF when cultured in vitro (Nicola et al.,
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I979a). Major sources of GM-CSF include T cells, macrophages,

endothelial cells and fibroblasts (Gough and Nicola, 1990). The

general roles of GM-CSF aÍe three-fold: proliferation, differentiation

and activation. GM-CSF supports the proliferation of both stem cells

and myeloid progenitor colonies (Metcalf et al., 1986). GM-CSF also

promotes the maturation of neutrophils, macrophages and eosinophils

(Metcalf et al., 1986). Activating functions of GM-CSF include the

stimulation of eosinophils, neutrophils, monocytes and macrophages

(Gasson et al., 1984; Lopez et al., 1986; Morrisey et al., 1989)'

1.1,4. INTERLEUKIN-3

Interleukin-3 is a single peptide glycoprotein of approximately 28 kDa

(Morris et al., 1990). Unlike GM-CSF, IL-3 is expressed by very few

cell types. Its predominant source is activated T cells, although it can

also be expressed in mast cells (Niemeyer et 41., 1989; Wodnar-

Filipowicz et al., 1989). The biological activities of IL-3 are mainly

proliferative and, to a lesser degree, differentiating. The proliferative

activities of IL-3 are more general than GM-CSF, encompassing the

stem cells as well as both myeloid and lymphoid progenitor cells

(Lopez et 41., 1988; Clark and Kamen, 1987). IL-3 stimulates the

differentiation of B cell progenitor into mature cells (Tadmori et a1.,

1 98e).
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1 .1 .5. THE GM-CSF/IL-3 GENE LOCUS

The genes for GM-CSF and IL-3 are located on chromosome 5q23-q3l

in humans and chromosome 11 subband B1 in mice (Yang et a1', 1988;

Lee and Young, 1989). In both species, these genes afe very closely

linked; they are only g kb apart in humans, and 14 kb apafi in mice'

The human genes reside in a cluster of cytokine and cytokine receptor

genes that includes IL-4, IL-5, M-CSF, M-CSFR, and PDGFR

(Thangavelu et al., 1992). The human and mouse GM-CSF genes are

similarly arranged, both with four exons, and they share

approximately 54Vo amino acid sequence homology (Miyatake et al.,

1985). In addition, their promoters share 8O7o DNA sequence

homology within 350 bp, and 907o homology within 120 bp of the

transcription start Site. The human and mouse IL-3 genes 
^re 

also

similarly arranged, both consisting of five small exons (Yang and Clark

et al., 1988). However, the amino acid homology of the mouse and

human IL-3 proteins is only 29Vo. The 5' flanking regions are more

conserved with 597o homology within 350 bp from the coding regions

(Yang and Clark et al., 1988).

In T cells, both GM-CSF and IL-3 are produced in response to T cell

receptor (TCR) signalling (reviewed in Masuda et al', I993a). This

occurs when the TCR comes into contact with antigen coupled to an

antigen presenting cell. TCR signalling activates at least two separate

intracellular signalling pathways, increasing cytosolic calcium levels,

and activating protein kinase C. These pathways can be individually

activated with calcium ionophore, which causes a calcium influx, and
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phorbol esters which are analogues of diacylglycerol and activate

protein kinase C. TCR induced expression of GM-CSF and IL-3 can be

inhibited by the immunosuppressive drug cyclosporin A (CsA) (Kelso

and Gough, 1989; Tocci et a1., 1989). For maximal GM-CSF and IL-3

production, a secondary signalling pathway transduced through the

CD28 receptor must be activated as well (Thompson et al., 1989)' T

cells can also produce GM-CSF in response to IL-l stimulation, and in

response to IL-z stimulation. These stimuli, however, result in lower

levels of GM-CSF production than through TCR signalling (Kelso et al,,

1g86). Macrophages produce GM-CSF in response to

lipopolysaccharides, whereas endothelial cells and fibroblasts produce

GM-CSF in response to TNFc¡¿ and IL-1 signalling (Gough and Nicola,

1990). IL-3 is produced in mast cells after immunoglubulin E

signalling (Wodnar-Filipowicz et al., 1989).

CsA is a lipid soluble immunosuppressive drug isolated from a fungus,

and is able to block T cell, B cell and mast cell activation and

proliferation by inhibiting calcium dependent signalling pathways

(reviewed in Schreiber and Crabtree, 1992; Kunz and Hall, 1993). It is

commonly administered to organ transplant patients for its ability to

prevent organ rejection. In T cells, CsA inhibition affects the

expression of cytokine genes such as IL-z, IL-3, IL-4, IL-5, GM-CSF,

TNFcr and IFNy (Tocci eÍ. al., 1989). CsA has been demonstrated to bind

cyclophilin, and thereby inhibit the cyclophilin dependent activation

of calcineurin, and intracellular phosphatase (Liu et al., l99l). The

activity of calcineurin has been directly linked to the expression of

7



cytokine genes (Kubo et al., 1994; O'Keefe et a1., 1992; Tsuboi et a1',

tee4).

There is evidence for post-transcriptional regulation of both GM-CSF

and IL-3. Shaw and Kamen (1936) described a sequence located in

the 3' untranslated region of human GM-CSF that confers selective

mRNA stability. This element has been further defined as

AUUUAAIUAIU (Lagnado et al., 1994). The rate at which IL-3 mRNA

degrades has also been shown to be slower in stimulated T cell than in

resting T cells (Ryan et al., 1991). Of note, there is 597o nucleotide

sequence homology in the 3' untranslated regions of the mouse and

human IL-3 genes suggesting the presence of conserved elements

(Yang and Clark, 1988).

I.2. REGULATION OF GENE TRANSCRIPTION

The transcription of eukaryotic protein-encoding genes into mRNA

requires the recruitment of RNA polymerase II (RNAPII) (reviewed in

Zawel and Reinberg, 1995). This recruitment is mediated by a core

DNA sequence element, the TATA box, which is usually 30 bp

upstream of the transcription start site, and a multiprotein complex of

general transcription factors (GTFs) that bridges between the TATA

box and the RNAPII. Some genes possess an initiator site either in

conjunction with or instead of a TATA box, that spans the

transcription start site and binds to the RNAPII recruiting GTFs. The

initial step in TATA box mediated recruitment of RNAPII involves the

8



binding to the TATA box by a multi-subunit GTF, called TFIID. The

DNA binding ability of TFIID is contained within a single protein

subunir, TATA binding protein (TBP). The other components of TFIID,

the TBP-associated factors (TAFs), associate strongly with TFIID, and

ane able to associate with other GTFs and with transcriptional

activators binding to cis-acting DNA sequences. The second step

OCCUTS ONCE TFIID hAS bOUNd tO TBP. TFIID thEN biNdS tO TFIIB, A GTF

that, with the aid of TFIIF, recruits RNAPII to the transcription

initiation site. RNAPII can then engage the DNA at the transcription

start site. The finat step involves the release of RNAPII from the

initiation complex. This requires the recruitment of two additional

GTFs, TFIIE and TFIIH. TFIIH possesses kinase activity and is able to

phosphorylate the C-terminal domain of RNAPII. Once RNAPII is

phosphorylated, it is released from the initiation complex, and begins

to transcribe RNA.

The GTFs are both necessary and sufficient to initiate transcnptron

(Tyree et al., 1993). However both cis- and trans-acting elements can

either promote or suppress transcription initiation. The transcription

factor binding sites that aÍe located immediately upstream of the

transcription initiation site are collectively called the promoter.

Transcription factors that promote or suppress transcription initiation

af e referred to aS activators and repressors respectively. Some

activators promote transcription initiation by directly or indirectly

associating with the TAFs to stabilise the binding of TFIID at the TATA

box. For example, the activator Sp1 can directly interact with TAF110

to stabilise TFIID binding (Hoey et al., 1993). Conversely, repressors
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suppress transcription initiation by either directly or indirectly

interfering with the binding of TFIID, or the recruitment of other

GTFs. For example, the thyroid hormone receptor, when unbound to

thyroid hormone, can directly inhibit the formation of the initiation

complex (Fondell et al., 1996).

Genes ane often partially regulated by elements that are distal to the

transciption initiation site. These include enhancers, which are

elements that promote transcription, and silencers, which are

elements that suppress transcription. These elements ate special in

that they can operate at great distances from the gene, at least up to

50 kb, as seen in the ß-globin locus (Tuan et al., 1989), either

upstream or downstream. 'Whereas promoters are required to be in a

set orientation with respect to the gene to function properly,

enhancers and silencers can function in either orientation (reviewed

in Atchison, 1988). Enhancers and silencers cannot replace the

requirement of promoters, but appear to work in conjunction with the

promoters. A type of regulatory element that has come into

prominence over the past few years is the locus control region (LCR).

LCRs are composed of arrays of regulatory elements distal to one or

more genes within a gene locus (Dillon and Grosveld, 1993). Like

enhancers, they are able to convey increased rates of transcription. In

contrast, LCRs can exert their effect, regardless of the local chromatin

environment. LCRs have been identified in a number of gene loci. For

example, in the human ß-globin locus, at least four far upstream

regulatory elements act in synergy to sequentially enhance the

10



expression of five developmental stage and cell type specific globin

genes (Grosveld et al., 1987, reviewed in Wood, 1996)'

It is unclear how distal elements can exert their effects from such

great distances. One model suggests that these regulatory elements

can loop over to the promoter to allow protein:protein interactions

between their respectively bound transcription factors (Ptashne,

1986). Another model referred to at the tracking model, hypothesises

that the binding of transcription factors to distal regulatory elements

sends transcriptional activating signals, perhaps by modifying

chromatin structure of the locus (Travers, 1992). An additional model

suggests that distal regulatory elements may direct its locus into

compartments in the nucleus that afe transcriptionally active (Stein et

al., lgg5). It is important to note that none of these models of action

for distal regulatory elements afe mutually exclusive.

The chromatin structure of DNA is likely to play a role in the

regulation of gene transcription. All chromosomal DNA is packaged by

histone proteins into structures called nucleoSomes, each

encompassing 146 bp of DNA (Richmond et al., 1984). Lengths of

nucleosome-packaged DNA are further condensed into varying higher

order structures (reviewed in V/oodcock and Horowitz, 1995). When

DNA is packaged in a condensed chromatin structure, transcription

factors are generally excluded from binding. Regions of chromosomes

that contain frequently transcribed genes tend to be packaged in a

less condensed chromatin structure than those that are rarely or

never transcribed. The ß-globin locus has a more relaxed chromatin
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configuration in cell types expressing the globin genes (Forrester et al.,

1990). This would suggest that a condensed chromatin packaging of

DNA may act to suppress transcription of genes. DNaseI is aî eîzyme

that can cleave unprotected DNA. Inactive loci are tightly packaged in

chromatin, and are generally insensitive to DNaseI cleavage. Active

loci, however, have a loosened chromatin structure, and hence have an

increased sensitivity to DNaseI (Elgin, 1988). V/ithin these active loci,

some small regions of approximately 200 bp have a heightened

sensitivity to DNaseI, and aÍe called DNaseI hypersensitive (DH) sites

(reviewed in Gross and Garrard, 1988). DH sites are thought to

represent sites of altered chromatin structure due to the presence of

DNA-binding proteins. It is thought that some transcription factors

can displace nucleosomes and thereby open up the binding sites of

factors that are normally excluded (Becker, 1994; Felsenfeld, 1992)'

The nucleus is a highly structured organelle with discrete domains

that separate nuclear processes such as the transcription of genes

encoding proteins, the transcription of genes encoding ribosomal RNA,

DNA replication, DNA repair and RNA processing (reviewed in

Nickerson et al., 1995). Within the nucleus is an extensive network of

protein scaffolding called the nuclear matrix (Berezney, 1974). The

nuclear matrix may play a role in compartmentalising the various

processes. The chromatin is anchored by proteins to the nuclear

matrix at sequences called nuclear matrix association regions (MARs)

(Cockerill and Garrard, 1986). The sequence between MARs form

loops which range in size between 5 and 200 kb (Jackson et al, 1990)'

Studies of the human apolipoprotein B gene locus and the chicken
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lysozyme gene locus show that the relaxed chromatin structure that is

associated with these loci, ends at their flanking MAR sites (Phi-Van

and Stratling, 1988; Levy-Wilson and Fortier, 1989). Some MARs are

found within active loci, particularly near enhancers; the

immunoglobulin kappa enhancer, for example, is closely associated

with a MAR (Cockerill and Garrard, 1936) There is growing evidence

that gene transcription is also associated with the nuclear matrix.

Firstly, there afe cell type and developmental stage specific nuclear

matrix proteins, suggesting that they may play a role in recruiting

specific loci to the nuclear matrix in a regulated manner (Fey and

Penman, 1988; Bidwelt et a1., 1993; Dworetzky et al., 1992). Secondly,

actively transcribed genes aÍe often associated with the nuclear

matrix, such as the osteocalcin gene (Jackson and Cook, 1985 ;

Dworetzky et al., 1992). Finally, many transcription factors such as c-

Myc, Sp1, Oct1, and AP-l can associate with the nuclear matrix (V/aitz

and Loidl, l99l; van V/ijnen et al., 1993). The nuclear matrix has

been suggested to coordinate gene transcription. One model put forth

by Cook and colleagues suggests that transcription occurs in highly

localised foci on the nuclear matrix in so-called transcriptional

'factories' (reviewed in Jackson and Cook, 1995). Evidence that

supports this hypothesis includes the observation that RNA

polyermases associate with the nuclear matrix (Jackson and Cook,

1985). Furthermore, when cells were pulsed with bromodeoxyuridine

(Br-dUTP), and then immunolabeled with a fluorescently labeled

antibody against Br-dUTP, 300-500 foci appear in the nucleus

(Jackson et al., 1993). If cells are pretreated with a RNAPII specific

inhibitor, the foci fail to form. Based on immunofluorescence staining

I3



intensity, there are an estimated 50 active polymerases in each

transcription focus (Jackson et â1., 1993). Stein et al. (1994) expand

the transcription factory model in suggesting that transcription factors

aÍe bound to the matrix in these foci, thereby concentrating

transcription factors in sites of transcription.

1.2.T. GM-CSFGENETRANSCRIPTIONALREGULATION

Considerable effort has been spent in elucidating the transcriptional

regulatory mechanisms of the GM-CSF gene in T cells. In initial

studies by Chan et al. (1986), the 5' flanking sequences of the human

GM-CSF gene were linked to a chloramphenicol acetyl transferase

(CAT) reporter gene (Chan et â1., 1986). They found that a fragment

containing sequence up to 660 bp 5' of transcriptional start was able

to increase CAT expression in T cells when the cells were activated.

Nimer et a|. (1988) further characterised the 5'regulatory regions of

human GM-CSF by testing serially deleted 5' sequence constructs in T

cells, and found that sequences contained within 5 3 bp of

transcriptional start were sufficient for full inducible activity'

Furthermore, Nimer et al. found that these sequences contained a high

constitutive activity suggesting that upstream elements were

responsible for inhibiting basal activity. However, this finding is in

contrast to that which is observed by others in both the mouse and

human GM-CSF promoters (Miyatake et al., 1988a; Himes et al., 1993;

Jenkins et al., 1995). These workers found that sequences up to 96 bp

upstream of the mouse GM-CSF transcriptional start site are required
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for a full response to phorbol ester and calcium ionophore signalling

(Miyatake et al., 1988a). Indeed, others have found that the human

GM-CSF promoter truncated at -53 bp is considerably less active than

a promoter construct that contains sequence up to -620 bp (Himes et

al., 1993; Jenkins et al., 1995). It is unclear as to the reasons for this

discrepancy, however it is of note that the plasmid vectors used by

Nimer et al. differ from those used by both Himes et al. and Jenkins et

al.

It is convenient to separately consider the sequences upstream and

downstream of -53 bp in the human GM-CSF promoter (equivalent to

-60 bp in the mouse). The sequence contained between -53 bp and

-30 bp (the location of the TATA box) has been shown to be important

for GM-CSF promoter function (Nimer et î1., l99O; Miyatake et al.,

IggI), and in fact, an element termed the conserved lymphokine
\

element 0 (CLEO), located between -54 and -40 bp, is loosely

conserved in the IL-4 and IL-5 gene promoters (Miyatake et al.,

1991). In the GM-CSF promoter, a binding site for the transcription

factor AP-l has been identified within the CLEO, at 42 bp upstream of

transcriptional start (Tokumitsu et â1., 1993; Masuda et al., 1993b;

Wang et al., 1994). Immediately 3' to the AP-1 binding site is a site

that can bind NFATp, Elf-l and Ets-l (Tokumitsu et al., 1993; Masuda

et al., 1993b; Tsuboi et â1., 1994; Jenkins et al., 1995; Wang et al.,

1994; Thomas et a1., 1995; Nimer et al., 1996). The binding sites for

both AP- 1 and NFATp/Elf- l/Ets- t have been demonstrated to

function as activators of GM-CSF expression. AP-l and NFATp appear

to be able to bind to their sites co-operatively (Jenkins et al., 1995).
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Fig. 1.1.
GM.CSF

Regulatory elements and binding proteins of the
gene promoter.

Schematic representation of the major transcriptional regulatory
elements of the GM-CSF gene promoter within 100 bp of the
transcription start site are shown as boxes and labelled in italics.
Putative transcription factors which may bind these sites are
indicated above the map. The arrow indicates the transcription start
site.
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Immediately upstream of the AP-l binding site is a site that has been

suggested to bind YY-l, a transcription factor that can function as an

activator in Some gene promoters, and as a. repressor in others (Hahn,

l9g2). In the GM-CSF gene promoter, it appears that YY-l functions

as a transcriptional repressor (Ye et al., 1994).

The sequences upstream of -53 bp of GM-CSF also have transcription

factor binding sites. The transcriptional activator Sp1 has been

demonstrated to bind to a GC-rich region in the mouse GM-CSF

promoter (Masuda et al., 1994). Sp1 is a constitutively present

transcription factor that is involved in the transcriptional regulation of

a wide variety of cellular and viral genes (McKnight and Tjian, 1986;

Kadonaga et al., 1987). Upstream of the GC-rich region are two

elements, CK-l and CK-2 (also called CLE1 and CLE2 respectively), that

are conserved in the regulatory elements of other cytokine genes. The

CK-2 element, which is also found in the IL-3 promoter, while the CK-

1 element is conserved in the regulatory elements of G-CSF, IL-z, IL-

3, IL-4, IL-5 and IL-6. Deletion of the CK-l and CK-z elements from

mouse GM-CSF promoter reporter plasmids led to a decrease of

inducible activity (Miyatake et al., 1988b). NF-kB like transcription

factors bind to a site that overlaps the CK-2 and GC-rich region (Tsuboi

et a1., I99l; Koyano-Nakagawa et al., 1993). The CK-l element is

responsive to CD28 signalling (Fraser and Weiss, 1992), which in both

the GM-CSF and IL-2 gene promoters, has been shown to interact with

NF-kB related transcription factors (Dunn et al., 1994; Ghosh et al.,

Igg3). Human T cell leukaemia virus I (HLTV I)-infected T cells

encode a viral protein, tax, that activates transcription of GM-CSF and
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other genes such as IL-z, IL-3 and IL-5, through the CK-l and CK-2

elements (Miyatake et al., 1988b; Himes et al., 1993; Himes et al.,

19e6)

Regulatory elements upstream of the GM-CSF promoter have been

suggested to regulate GM-CSF expression. Of note, an inducible

enhancer is present in the human GM-CSF locus, approximately 3.0 kb

upstream of the GM-CSF gene, and may regulate its expression

(Cockerill et al., 1993). The chromatin structure within this enhancer

undergoes significant modification upon T cell activation as evident by

the formation of a DNaseI hypersensitive (DH) site. Just as the TCR

induced expression of GM-CSF is blocked by CsA, so too is the

formation of the GM-CSF DH site, suggesting that CsA may directly

affect the enhancer's functioning. The enhancer contains four binding

sites for NFAT, three of which can function as enhancers of

transcription in their own right (Cockerill et 41., 1993; Cockerill et a1.,

1995b). These NFAT sites are composed of adjacent AP-l and NFATp

binding sites that co-operatively bind their factors (Cockerill et al.,

1 99sb).

Another regulatory element has been identified between -L92 and

-161 bp upstream of the human GM-CSF gene that consists of a repeat

element (Staynov et al., 1995). While initial studies show that it binds

several activating factors, they remain unidentified.

There have been some studies of the transcriptional regulation of GM-

CSF expression in cell types other than T cells. Endothelial cells
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produce GM-CSF in response to IL-1 signalling, which is dependent

upon sequences between -49 bp and -63 bp of transcriptional start

(Kaushansky, 1989). GM-CSF in endothelial cells is also regulated by

the enhancer 3.0 kb upstream of the GM-CSF gene (Cockerill et al',

1995a). In fibroblast cells, a transcription factor that is related to cold

shock domain proteins binds to a single strand of the CK-1 and CK-2

elements, thereby repressing GM-CSF expression (Coles et al., 1994;

Coles et al., 1996).

1,2.2, IL-3 GENE TRANSCRIPTIONAL REGULATION

Like the GM-CSF gene, many laboratories ane attempting to dissect the

transcriptional regulation of the IL-3 gene (Fig. 1.2). Serially deleted

IL-3 promoter fragments linked to reporter genes have led to the

demonstration that there are both activating and repressing factors

that bind to the promoter, and that sequence up to -300 bp can

convey maximal promoter activity (Mathey-Prevot et â1., 1990; Park

et al., 1993; Gottschalk et al., 1993; Ryan et al., 1994; Cameron et al.,

lgg4) Prominent activating elements include a site called ACT-I (or

NF-IL3-A). This is the binding site for the constitutive transcription

factor Oct-1 and AP-1 (Shoemaker et al., 1990; Davies et al., 1993;

Park et al., 1993). Recently, a transcription factor called NF-IL3A has

been cloned, and demonstrated to bind to the NF-IL3-A binding site in

an inducible, T cell-specific mannef (Zhang et al., 1995). Therefore,

NF-IL3A may contribute to the T cell specificity of the IL-3 gene

expression. Directly downstream of the ACT-I site is a binding site for
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Fig. 1.2. Transcription factor binding elements of the
interleukin-3 gene promoter.

Schematic representation of the transciption factor binding sites
within 300 bp of the transcription start site. The DNA elements are

shown as boxes, and the putative transcription factors are indicated.
The arrow indicates the transcription start site.
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the transcription factor core binding factor (cBF) (Cameron et aJI,

tgg¡). CBF binding appears to functionally synergise with the binding

factors of ACT-I. CBF will be discussed further in section 1.3.2.

Between -128 and -109 bp upstream of transcriptional start of the

human IL-3 gene afe consensus sequences for CK-1 and CK-2/GATA

elements. Limited work has been performed on these elements,

however some evidence suggests that this region is responsible for

repression of basal transcription (Ryan et al', t994). This repression

appears heightened in T cells that have been infected with HTLV I

(V/olin et a1., 1993). Like the CK-l and CK-2 elements in IL-2 and GM-

CSF, mutation of these elements in the IL-3 gene promoter abrogated

its response to CD28 signalling (Fraser and Weiss, 1992). A CT/GC-rich

region is located at position -76 to -47 and appears to bind to

transcriptional activators, and be a target of HTLV I tax

transactivation (Nishida et al., 1991). Proteins binding this region

have been identified to be Egr-1 , Egr-2 and DBl (Koyano-Nakagawa et

â1., tgg4). Egr-1 and Egt-2 appear to have roles in the inducible

activation of IL-3, while DB1 maintains basal transcription levels. DBl

is able to synergise with tax to constitutively express IL-3.

A strong activator is located approximately 300 bp upstream of IL-3

(Mathey-Prevot et al., 1990; Shoemaker et al., 1990). This element

consists of a binding site for AP-l adjacent to an Elf-l binding site,

both which are required for maximal IL-3 expression (Gottschalk et

al., 1993). Downstream of the AP-l/Elf-l site is a repressor element,

nuclear inhibitory protein (NIP), that binds to a yet undetermined
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repressor (Mathey-Prevot et al., 1990; Shoemaker et al., 1990;

Engeland et al., 1995).

1.3. TRANSCRIPTION FACTORS FOR CYTOKINE GENES

A comparison of the regulatory elements of cytokines demonstrate

that while there are many different transcription factors involved in

their regulation, there are some transcription factors that are common.

Two transcription factors, nuclear factor of activated T cells (NFAT),

and core-binding factor (CBF), are involved in the regulation of several

cytokine and receptor genes; they aÍe discussed below.

1.3,1. NUCLEAR FACTOR OF ACTTVATED T CELLS

Nuclear factor of activated T cells (NFAT) is a heterodimeric

transcription factor that has been implicated in the transcriptional

regulation of some cytokine genes. It was initially identified as a

factor that footprinted to the IL-z enhancer in activated T cells,

appearing within 25 minutes of activation (Shaw et ã1., 1988).

Subsequently, it was shown that CsA and FK506, which block IL-2

production and that of other cytokines, blocks the binding of NFAT

(Flanagan et ãI., 1991). Combining either unstimulated cytosolic

extracts or cytosolic extracts stimulated in the presence of CsA or

FK506, with stimulated nuclear extracts with or without CsA or FK506,

led to the formation of the complex. This indicated that NFAT forms
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through the association of a pre-existing component that is

translocated to the nucleus in a CsA sensitive manner, and a' CsA

insensitive component that is synthesised de novo (Flanagan et al.,

19e 1).

Activator protein-1 (AP-1) is an inducible heterodimeric transcription

factor that appears in the nucleus very soon after cell activation

through protein kinase C signalling pathways (Jain et al., 1992b)' It

was first identified as a protein that bound to the human

metallothionein IIA gene promoter and the SV40 enhancer (Lee et al.,

1987). It has subsequently been shown to regulate a wide variety of

both cellular and viral genes. AP-1 is composed of two subunits, from

the fos and jun gene families (Bohmann et â1., 1987, Franza et al',

1988). These families encode basic region/leucine zíppet proteins

where the basic region binds to DNA and the leucine zippet is

required for heterodimeric interaction. The Jun family members, c-

Jun, JunB and JunD, can form homodimers or heterodimers with Fos

family members (Halazonetis et al., 1988; Nakabeppu et al', 1988)'

The Fos family members, c-Fos, Fra-l, Fta-2 and fosB appear to only

form heterodimers with Jun family members (Chiu et ã1., 1988). Both

c-Fos and FosB are able to interact with TATA binding protein

suggesting a role in recruiting and stabilising the basal transcriptional

machinery (Metz et al., I994a, Metz et al., 1994b). A c-jun gene

disruption is lethal (Johnson et aL., 1992), while mice with disruptions

to the c-fos gene have many developmental and neurological defects

(Johnson et â1., 1992; Wang et ã1., 1992), showing the importance of

these families of transcription factors.
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Ap-1 was demonstrated to be the CsA-insensitive component of NFAT

(Jain et al., I992a). Binding studies of the NFAT complex showed the

formation of two DNA-protein complexes with the IL-z NFAT site in

stimulated T cells. The formation of the lower mobility complex could

be blocked with the addition of AP-1 binding sites as cold competitors.

The formation of the complex could also be blocked with antibodies

specific to c-fos, fra-1, c-jun and junB. In experiments linking an

NFAT binding site to reporter genes, cotransfection with constitutively

expressing c-jun, junD, c-fos and fra-1 plasmids could overcome the

need for signalling through the protein kinase C pathway, leaving the

NFAT driven expression under the control of calcium signalling alone.

(Northrop et al., 1993). This shows that the AP-1 component of NFAT

can contain various members of the fos and jun families.

The CsA sensitive component of NFAT was identified soon after by

two groups. Rao and coworkers purified NFATp (p-pre-existing), and

found it to have an apparent moeclular weight of 110-140 kDa in

resting T cells, and 90-t25 kDa in activated T cells (McCaffrey et al.,

1993a). Purified NFATp was shown to form a DNA-protein complex

with recombinant jun homodimers and fos-jun heterodimers (Jain et

ã1., 1993). The difference in size in resting and activated cells was

believed to represent a dephosphorylated state in activated cells, as

treatment of NFATp from resting cells with calf intestinal phosphotase

yielded a protein of equivalent size to the NFATp isolated from

activated cells (Jain et ã1., 1993). Furthermore, it was shown that

NFATp was a target for calcineurin; NFATp underwent a decrease in
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its apparent molecular weight in the presence of calcineurin in vitro,

which was blocked by calcium chelators such as EGTA, or by specific

peptide inhibitors of calcineurin. NFATp was subsequently cloned

(McCaffrey et â1., 1993b; Hoey et al., 1995; Masuda et al., 1995).

NFATp expressed from a truncated cDNA clonewas demonstrated to

bind to the IL-2 enhancer NFAT site and complex with fos and jun.

Anribodies raised against NFATp reacted with the NFAT complex from

nuclear extracts bound to the IL-2 enhancer NFAT site thereby

confirming that NFATp is indeed a component. Crabtree and

colleagues also purified a cytosolic component to NFAT, called NFATo

(c=cytosolic). It was found to have a molecular weight between 94

and 116 kDa (Northorp et al., t993). Upon cloning of NFATc, it was

revealed it has similarities with NFATp, yet is distinct (Northorp et al.,

Igg4). When co-transfected, NFATc was able to increase the

transcription through a NFAT binding site driven reporter plasmid,

demonstrating its ability to transactivate through this site.

Significantly, NFATc mRNA expression appears to be inducible in T

cells in response to PMA and calcium ionophore signalling, but NFATp

mRNA is not inducible in these conditions (Northorp et al., 1994).

To date, four family members of NFAT have been described: NFATp,

NFATc, NFAT3 and NFAT4 (or NFATx) (McCaffrey et al., 1993b;

Northorp et al., 1994; Hoey et al., 1995: Masuda et al., 1995). All four

members contain a highly conserved domain that is similar to the DNA

binding and dimerisation domain of the Rel family of transcription

factors. Other similarities within the NFAT family have been noted.

There are conserved serine and proline rich regions in the N-terminal
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regions (Hoey et al., 1995). The N-terminal regions have recently

been shown to be responsible for the association with calcineurin (Luo

er al., 1996).

In contrast to its name, the NFAT family of transcription factors are

expressed in a cell types other than T cells. NFATp RNA is detected in

almost all human tissues, with especially high levels present in the

placenta, spleen and in leukocytes (Northorp et al., 1994; Hoey et aI.,

t995; Masuda et al., 1995). NFATc RNA is detected at low levels in

many cell types, with high levels present in skeletal muscle and

thymus. NFAT3 RNA is highly expressed in placenta, lung, kidney,

ovary and testis (Hoey et al., 1995). However its expression is very

weak in tissues associated with the immune system. NFAT4 is

strongly expressed in skeletal muscle, and to a lesser extent in thymus

and kidney (Hoey et al., 1995; Masuda et al., 1995).

The abitity of NFATp/c/3/4 to tranlocate into the nucleus is tightly

associated with its phosphorylation state. T cell stimulation leads to a

rapid dephosphorylation of NFATp which occurs before its

translocation (Shaw et al., 1994). This dephosphorylation is very

closely linked to the activity of calcineurin, as the addition of CsA or

EGTA to calcium ionophore stimulated T cells, or the removal of

calcium ionophore, leads to a rapid rephosphorylation of NFATp, and

its return to the cytosol. A recent report has demonstrated that

calcineurin is translocated into the nucleus upon calcium-dependent

signalling (Shibasaki et al., 1996). V/hen signals stimulating

calcineurin are removed from the cell, both calcineurin and NFAT4 afe
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shuttled back into the cytosol. Another report has shown that protein

kinase C signalling contributes to gradual NFATp rephosphorylation,

demonstrating an active return to resting state after TCR stimulation

(Loh et al, 1996a).

Mice with disrupted NFATp genes have been generated (Hodge et a1.,

1996; Xanthoudakis et al., 1996). Interestingly, mice lacking

functional NFATp exhibit heightened immune response with increases

in leukocyte numbers. These mice did, however, show a major early

defect in IL-4 expression, and to a lesser extent, GM-CSF, IL-13 and

TNFcr (Hodge et al., 1996). IL-4 levels were raised at latet time points

to levels greater than that which is seen in normal mice, suggesting a

dynamic role for NFATP.

Numerous genes appear to be regulated by NFAT in T cells. Within

the IL-2 gene regulatory elements aÍe five NFAT sites (Rooney et al.,

1995). NFAT also regulates cytokine genes such as GM-CSF, IL-3, IL-

4, IL-5, TNFcr, and gp39 (Cockerilt et al., I995b; Szabo et al., 1993;

Tsuruta et al., 1995; Goldfeld et al., 1993; Schubert et al., 1995;

Tsytsykova et a1., 1996; McCaffrey et al., 1993b). A comparison of

NFATp/c/3/4 binding sites has highlighted a consensus binding

sequence of AIf CGARAR/CA/T (Co.kerill et â1., 1995b; R=purine,

Y-pyrimidine). The binding of the NFAT complex is often co-

operative, as is seen in NFAT sites of the human GM-CSF enhancer and

IL-2 promoter, with strong binding of the complex, yet only weak

binding of the individual components (Cockerill et al., 1995b; Rooney

et al., 1995). NFATp/c/3/4 is able to cooperatively bind with partners
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other than AP-1. The TNFcr promoter binds NFATp/c/3/4 in

conjunction with ATF-2/jun binding to a cAMP responsive element

(Tsai et al., 1996). In T cells, activation of the IL-4 gene involves AP-

1 in the NFAT complex, whereas in mast cells, AP-l does not appear to

bind ('Weiss et al., 1996). Hence the partner with which NFATp/c/3/4

associates may influence cell type specific regulation of certain genes.

1.3.2. CORE BINDING FACTOR

Core Binding Factor (CBF) is a heterodimeric transcription factor that

binds to regulatory elements of genes involved in cell differentiation.

CBF was independently isolated by numerous groups. Ito and

colleagues isolated CBF as a factor (PEBP2) that bound to the

polyomavirus enhancer A in mice (Satake et al., 1988; Kamachi et al.,

1990). PEBP2 was shown to be undetectable in F9 embryonal

carcinoma cells, yet was upregulated when the cells began to

differentiate (Kryszke et a1., 1987; Satake et al., 1988; Furukawa et a1.,

1990). Speck and co-workers identified CBF as a DNA-binding protein

that associated with the Molony murine leukaemia virus enhancer

core site (V/ang et al., 1992), a site that is highly conserved in many

enhancers of Mammalian Type C retroviruses (Golemis et al., 1990).

Purification of CBF/PEBP2 showed that it was composed of two

families of polypeptides, o( and ß (Kamachi et a1., 1990)' and that it

could also bind to the enhancer core motif of a simian

immunodeficiancy virus, and to cellular enhancers of the

immunoglobulin p chain and T-cell receptor 1-chain genes (Wang et al,,
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lgg2). Isolation of cDNA clones for CBFc¡¿ lPEBP2a revealed that this

protein is encoded by the AMLI gene (Bae et al., 1993; Ogawa et al.,

t993b; Wang et al., 1993), that was identified by Miyoshi et al.

(1991). Furthermore, CBFo has a strikingly high degree of homology

with a region in the Drosophita segmentation protein, Runt, and

appear to belong to a family of transcription factors (Bae et al., 1993;

ogawa er al., t993b; Wang et â1., 1993). The ß subunit of cBF was

cloned by several groups (Liu et al., 1993; Ogawa et al., 1993a; 'Wang

et al., lgg3). While CBFß was found to not directly bind to DNA, it

could increase the binding affinity of the CBFa subunit (Ogawa et al,

I993a; Wang et aL., 1993).

The Runt family of transcription factors all contain a highty conserved

Runt domain that is required for binding to DNA and CBFß (Ogawa et

a1. 1993b; Lenny et al., 1995). Outside the runt domain, the sequence

diverges considerably (Ogawa et al., 1993b). A nuclear localisation

signal sequence is present in both the Runt domain and in the C-

terminal sequences to the Runt domain (Lu et â1., 1995). The

transactivation potential of these proteins appears to also reside in the

C-terminal domain (Bae et al., L994).

Three related genes, AMLI, AML2 and A ML3 have been found to

express CBFo subunits in humans. These genes aÍe homologous to

mouse genes PEBP2aB, PEBP2uC and PEBP2aA respectively. AML1 is

expressed primarily in haemopoietic cells (Satake et al., 1995). Hence,

it is expressed in the thymus, spleen, foetal liver, and bone marrow

(Satake et al., 1995). It is also transcribed in low amounts in the
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heart, lungs, skeletal muscle and testes (Satake et al., 1995; Zhu et al.,

Igg4). The A M L I gene can generate at least three alternatively

spliced mRNA isoforms, AML1a, b and c (Miyoshi et al., t995; Bae et

al., 1993). Whereas AMLIb and c are both able to transactivate and

positively regulate transcription, AML1a, a, smaller isoform missing

the C-terminus, is able to bind to DNA with a greater affinity than

AMLIb and c, but is unable to transactivate, and hence appears to act

as a negative regulator (Bae et al., 1994; Tanaka et al., 1995; Miyoshi

et al., 1995). The A ML2 gene generates at least two alternatively

spliced isoforms and is ubiquitously expressed (Speck et al., 1995;

Levanon et al., 1994). AML3 appears to be expressed in the thymus'

primarily in T cells (Ogawa et al.,I993b; Satake et a1., 1995).

Thus far, only one gene for CBFß, which is located on human

chromosome 16, has been isolated although at least four isoforms of

this gene exist (Zaiman et al., 1995). ln Drosophila, two genes have

been isolated that are able to interact with Runt, both which show

considerable homology with CBFß within the domain required for

dimerisation with AMLl (Golling et al., 1996; Hajra et al., 1995).

Interestingly, whilst AML1 is restricted in the types of cells in which

it is expressed, CBFß appears to be ubiquitously expressed, suggesting

that it may have other roles than associating with AML1 in cells that

don't express AML1 (Ogawa et al., 1993a; Satake et al., 1995; Wang et

ã1., 1993).

The AMLl/Runt family of binding proteins binds to the consensus

sequence YGYGGTY (Y=pyrimidine) (Melnikova et â1., 1993).
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Interestingly, the most commonly found AMLl binding site in

mammalian genes is TGTGGTTT, whereas mammalian retroviruses

usually contain TGTGGTCA (Melnikova et al., 1993). The Runt protein

has been implicated in Drosophila developmental genes involved in

segmentation, Sex determination and neurogenesis (Gergen et al.,

1985; Duffy et al., I99Ia; Duffy et â1., 1991b). Recently, a Runt

homologue, lozenge, was found to be required for proper Drosophila

eye development (Daga et a1., 1996). AML1 has been shown to be

required for the expression of a number of haemopoietic related genes

such as the T-cell receptor-T,-ô, and -B genes, M-CSF receptor gene,

interleukin-3 gene, myeloperoxidase gene, neutrophil elastase gene,

granzyme B gene, and the CD36 gene (Giese et al., 1995; Redondo et a1.,

1992; Hsiang et al., 1993; Prosser et al., 1992; Zhang et al., 1994;

Cameron et al., 1994; Nuchprayoon et a1., 1994;'Wargnier et aL., 1995;

Armesilla et al., 1996). It has also been found to regulate a bone

specific gene, osteocalcin, involved in osteoblast differentiation

(Merriman et al., 1995).

In all cases reported, CBF acts as a positive regulator of transcription.

Mutagenesis and transactivation experiments show that CBF is

necessary for full activation of TCR-o, -ô, -Y, CSF-IR and CD36 genes,

and in some cases, CBF is able to synergise with adjacent transcription

factors such as c-Myb, Ets- 1 and C/EBP, to activate transcription

(Hernandez-Munain et al., I994; Hernandez-Munain et al., 1995;

Hsiang et al., 1995; Wotton et al., 1994; Zhang et al., L996). One report

has found that whilst c-Myb and CBF functionally synergise, they bind

independently, suggesting that they act on different aspects of
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transcription (Hernandez-Munain et al., 1995). In contrast, CBF and

Ets-l have been demonstrated to cooperatively bind to their sites in

the T-cell receptor o( and ß enhancer sites (Giese et a1., 1995; V/otton

et al., lgg4), suggesting that CBF interacts differently with certain

transcription factors.

When AMLIb was overexpressed in NIH3T3 cells the cells became

transformed, suggesting a role in myeloid proliferation and

differentiation (Kurokawa et al., 1996). Deletions of the AML1 gene

are lethal, with the mice dying around embryonic day I2.5 with a lack

of foetal liver haemopoiesis, and haemorrhaging in the central

nervous system (Okuda et ã1., 1996; 'Wang et al., 1996). Chimaeric

mice that contained both wild type and homozygous AMLl gene

knockout embryonic stem cells had only wild type embryonic stem

cells contributing to haemopoiesis suggesting that AMLl is required

for the production of all haemopoietic cell types (Okuda et al., 1996).

A study of CBF function in regulating the osteocalcin gene has been

informative. NMP-2, a osteoblast specific AML-1 homologue, is able to

transcriptionally activate the gene through its promoter (Merriman et

â1., 1995; Banerjee et al., 1996). NMP-2 has been shown to be

exclusively associated with the nuclear matrix. suggesting a role of

nuclear compartmentalisation (Merriman et à1., 1995; Banerjee et 41.,

1996). Hiebert et al. (1996) have also shown that AML-lb is

partitioned in nuclear fractions isolated under high salt conditions.

This suggests that AML1 is also associated with the nuclear matrix.

Indeed, preliminary studies from our laboratory have demonstrated

that T cells immunofluorescently stained with antibodies to AML-1
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show that AML1 is concentrated in highly localised foci in the nuclei,

remeniscent of transcriptional 'factories' where transcription is

postulated to take place (G. Cockerill, unpublished data; Jackson et al.,

1993; Cook, 1995).

Chromosomal translocations within both the o( and ß subunits of CBF

have been associated with acute myelogenous leukaemias (AML)

(Miyoshi et al., l99l; Mitani et al., 1994; Golub et al., 1995; Liu et al.,

1993). AML is one of the most common haemopoietic disorders,

affecting the proliferation of haemopoietic precursor cells, resulting in

the overproduction of immature myeloid cells (Rowley, 1990). The

genes for AML1 and CBFß are often found to be affected by

chromosomal translocations in AML's resulting in the production of a

fusion protein. Several AMLl fusion proteins have been described

(Erickson et al., 1992; Miyoshi et al., 1993; Mitani et al., 1994; Nucifora

et al., 1993; Golub et al., 1995; Liu et al., 1993).

The (8;2l)(q22;q22) translocation is found in approximately 4O7o of all

AML-M2 cases (Nucifora and Rowley, 1995). This translocation yields

a fusion of AML1 of chromosome 2I with ETO of chromosome 8, a

gene with an unknown function. The resulting fusion encodes a 83kD

protein that contains the first 177 of 250 amino acids of AML1 and

the last 575 of 604 amino acids of ETO (Miyoshi et al., I99I). This

protein retains the runt homology domain of AML1, and can bind to

DNA and to CBFß (Miyoshi et al., l99I; Meyers et a1., 1995). However,

AMLl/ETO is unable to transactivate genes with AMLl regulatory

elements suggesting that either a section of the AML1 transactivation
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domain is missing, or the ETO fusion is able to interfere with AML1

action (Meyers et â1., 1995). Furthermore, when the AMLl/ETO

protein is mixed with wildtype AMLIb (the active isoform of AMLI),

the AMLl/ETO fusion protein is able to block transactivation by

AML1b, showing that it is able to function as a dominant negative

regulator (Meyers et ã1., 1995; Lenny et al., 1995). When antisense

oligonucleotides complementary to the RNA of the chimaeric protein

was introduced into a leukaemic t(8;21) cell line, the uninhibited

proliferation of these cells was halted and they were induced to

differentiate, suggesting that the AMLI/ETO fusion gene is central to

the leukaemic phenotype (Sakakura et ãL., 1994).

The AMLl/Evi1 fusion protein is a result of the (3;21)(q26;q22)

translocation and is found in a small percentage of leukaemia patients

(Nucifora and Rowley, 1995). Evil is a DNA binding protein whose

expression is spatially and temporally controlled, and is required for

proper development of the kidneys, the brain and the peripheral

nervous system (Nucifora and Rowley, 1995). The AMLl/EviI fusion

truncates the AMLI gene at the end of the runt domain and links it to

the entire Evil gene, including a region of its 5' untranslated region

(Mitani et al., 1994). Like the AMLI/ETO chimaera, the AMLl/Evi1

fusion protein is able to bind DNA and is likely to bind CBFß, but is

unable to transactivate at AMLl binding sites (Tanaka et al., 1995).

In addition, it is also able to dominantly suppress the binding of

AMLIb (Tanaka et al., 1995). However, it appears that the Evil

region of the protein may also contribute to the leukaemic phenotype.

Both Evil and AMLl/Evil are able to transactivate the c-fos and c-jun
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promoters, thereby increasing cellular AP-1 activity (Tanaka et â1.,

ß95; Kurokawa et a1., 1995). This activation is dependent on a zinc

finger domain in the Evil protein (Kurokawa et al., 1995). AMLl/Evil

is able to transform Ratl fibroblasts, but deletion of this zinc finger in

AMLl/Evi1 inhibited its ability to transform fibroblasts (Kurokawa et

al., lgg1). Cellular AP-l levels correlated with the transformation of

these ce||s. This is consistent with the proto-oncogenic potentials of c-

Fos and c-Jun

CBFß gene chromosomal translocations has also been implicated in

subtype M4Eo AML's in which the CBFIS gene is fused to a smooth

muscle myosin heavy chain gene (S M M H C) via a chromosome 16

inversion (Liu et al., 1993). This inversion links the first 165 of I87

amino acids of CBFß to various portions of the SMMHC protein (Liu et

al., 1994). This fusion protein is able to complex with AMLI, but the

transactivation potential is disturbed (Hajra et al., 1995).

CBFß/SMMHC is able to transform NIH3T3 fibroblasts and form rod-

like structures in the nucleus, possibly due to the aggregation of the

SMMHC component (V/ijmenga et al., 1996).

Proper cytokine regulation is required for normal differentiation of

haemopoietic cells. AML's ate often characterised by an inability of

haemopoietic precursor cells to differentiate into the various myeloid

cell lineages One would expect a nonfunctional CBF transcription

factor to downregulate the production of cytokines and their

receptors, contributing to this block in the differentiation potential of

haemopoietic cells. Indeed, some AML cell lines caÍL be forced into
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differentiation by the administration of cytokines such as GM-CSF and

IL-3 (Lotem et â1., 1988; Shabo et al., 1990; Bassan et ã1., 1994),

implying a deficit in the production of differentiation inducing factors.

However, another subset of AML's constitutively produce cytokines

and induce themselves to proliferate in an autocrine loop. Cytokines

such as GM-CSF, G-CSF, M-CSF, IL-1 and IL-6 have been found to be

expressed in some AML cells cultured in vitro (Young et al., 1988;

Russell, L992; Rogers et al., 1994). In some cases, AML blast cell

growth can be inhibited with the treatment of antisense GM-CSF or

anti-GM-CSF antibody showing that, for these AML lines, GM-CSF

plays a major role in their tumourigenicity (Rogers et al., 1994:

Freedman et â1., 1993). The mechanisms by which some AML's

proliferate and others differentiate in response to cytokines, and their

relationship to CBF and its fusion proteins remains undetermined.
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I.4 THESIS AIMS

The aims of this project were as follows:

1). To determine whether a homologue to the human GM-CSF gene

enhancer exists in the mouse GM-CSF gene locus.

2). To compare the mechanisms of gene regulation of the mouse and

human GM-CSF gene loci.

3). To investigate whether the transcription factor CBF participates

in the regulation of the GM-CSF locus.
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CHAPTER 2.

MATERIALS AND METHODS



2.I. ABBREVIATIONS

adenosine triphosphate

base pair

bovine serum albumin

chloramphenicol acetyltransferase

cytokine- 1

conserved lymphokine element

cyclosporin A

dibutyryl cyclic adenosine monophosphate

dimethylsulphoxide

dithiothreitol

ethylenediaminete tr a- acetic acid

ethylene glycol- bi s - (ß - amino - ethyl ether)N, N' -tetr a- acteíc

acid

foetal calf serum

granulocyte-macrophage colony-stimulating factor

N-2-hydroxyethylpiperazine-N'-2-ethane-sulphonic acid

interleukin

kilobase

kilodalton

luciferase

polyacrylamide gel electrophoresis

phosphate buffered saline

phytohaemagglutinin

phorbol 12-myristate 13-acetate

phenyl-methyl sulphonyl fluoride

ATP

bp

BSA

CAT

CK-1

CLE

CsA

dbcAMP

DMSO

DTT

EDTA

EGTA

FCS

GM-CSF

IIEPES

IL
kb

kDa

LUC

PAGE

PBS

PHA

PMA

PMSF
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RT

SDS

SSC

SV

TAE

TBE

TE

TK

Tris

room temperature

sodium dodecyl sulphate

saline sodium citrate

Simian Virus

Tris/Acetic Acid/EDTA buffer

Tris/Boric Acid/EDTA buffer

Tris/EDTA buffer

thymidine kinase

tris(hydroxymethyl) aminomethane

2.2. CHEMICALS AND REAGENTS

Major sources of important reagents and chemicals were as follows:

ampicillin, EGTA, HEPES, Tris base, PMA, PMSF, aprotinin, leupeptin,

dibutyryl cyclic AMP: Sigma Chemical Company, St. Louis, MO.;

agarose, DTT: Promega Corporation, Madison V/I.;

SDS, acrylamide, bisacrylamide, N, N, N'

diamine (TEMED): Bio-RAD, Richmond, CA.;

N' - tetramethyl- ethene-

BSA: CSL, Melbourne Vic.;

EDTA, urea: BDH Chemicals, Kilsyth Vic.;
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phenol: 'Wako Pure Chemical, Osaka, Japan;

deoxyribonucleotide triphosphates (dNTPs): Pharmacia, Uppsala,

Sweden;

calcium ionophore

triphosphates (dNTPs)

NSW;

A23187, D-luciferin, deoxyribonucleotide

Boehringer Mannheim Australia, Castle Hill,

PHA: Wellcome Pharmaceuticals, Kent, UK;

forskolin: Calbiochem, San Diego, CA.;

Proteinase K: Merck, Rahway, NJ.;

Super-base sequencing kit: Bresatec, Adelaide, SA.;

CsA: gift of Sandoz, Basel, Switzerland

2.3. RADIOCHEMICALS

Radiochemicals were obtained from the following sources:

[0(-32P]dATP, [y-32p]dAtp: Bresatec, Adelaide, Australia

[¡ss]¿RtP, [T-33P]dATP: NEN-Dupont.
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2.4. ENZYMES

All restriction enzymes were purchaced from Amersham, New

England Biolabs, Beverly, MA, Pharmacia, or United States Biochemical

Corporation (USB), Ohio.

Other enzymes were obtained from the sources listed

acetyl coenzyme A,

M annheim;

calf instestinal phosphatase: Boehringer

T4 ligase, T4 polymerase, T7 polymerase, T4 polynucleotide kinase

New England Biolabs;

ribonuclease A: Sigma;

deoxyribonucleasel: Worthington, Freehold, NJ

2.5. BUFFERS

luciferase harvest buffer: 100 mM KHzPO+ pH 7.4, 2 mM DTT, 10

MM EDTA

luciferase assay buffer: 100mM KHzPO¿ pH 7.4, 20mM DTT, 80

mM MgSOa,,7.5 mM ATP, I.75 mM CoenzYme A

PBS: 136 mM NaCl, 2.6 mM KCl, 8 mM NazHPO+, 2 mM KHzPO+,

pH 7.3
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SSC:

TAE:

TBE:

TE:

150 mM NaCl, 15 mM sodium citrate, pH 7.1

40 mM Tris-HCl pH 8.2, 20 mM sodium acetate, 1 mM

EDTA

50 mM Tris-HCl pH 8.3, 50 mM boric acid, 1 mM EDTA

10 mM Tris-HCl pH 7.4, 0.1 mM EDTA

2.6. CLONING VECTORS

pXPlluc and pTK8lluc were gifts from Dr. S. Nordeen, University of

Colorado, Denver, USA (Nordeen et al,. 1988)

pGL3basic and pGL2promoter were purchased from Promega,

Madison, V/I.

2.7 . CLONED DNA SEQUENCES

pAOGM (Stanley et al., 1988) and pMUP were gifts from Drs. E. Stanley

and A. Dunn, Ludwig Institute for Cancer Research, Melbourne,

Australia.

pGMluc was a gift from Dr. R. Himes, this department (Himes et al.,

re93).

pGMEluc was a gift from Dr. F. Jenkins, this department (Jenkins et al.,

tges).
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2.8. SYNTHETIC OLIGONUCLEOTIDES

Early in the project, oligonucleotides were synthesised on an Applied

Biosystems model 3814 DNA synthesiser. Subsequent

oligonucleotides were prepared by Bresatec, Adelaide. All

oligonucleotides were electrophoresed on a 0.5x TBE, l)Vo

polyacrylamide gel, and excised using UV shadowing. The purified

oligonucleotide was eluted from the gel fragment in 5 ml 50 mM

NaAcetate at 56'C. The supernatant was transferred to a new tube, its

volume reduced by butanol extraction, and then ethanol precipitated

and dissolved in TE. Oligonucleotide concentration was determined by

measuring its absorbance at 260 nm where ODzeg 30 = 1 mg/ml.

Complimentary oligonucleotides were annealed into duplexes by

heating 5 og of the two strands to 90'C for 2 minutes in 25 ul 50 mM

NaCl, and allowing the mixture to cool slowly to room temperature.

Sequences for oligonucleotides are indicated in section 2.13.L

2.9 . CONSTRUCTION OF LUCIFERASE PLASMIDS

The plasmid pGM was made in this department by R. Himes (Himes et

al., 1993) (Fig. 2.1). pGME was made by F. Jenkins, this department,

by cloning the 716 bp BgUI human GM-CSF enhancer fragment into a

BgUI site in the polylinker of pGM. Similarly, pGM+M703 was made

by cloning the 703 bp MscI mouse GM-CSF enhancer fragment of

pAOGM into a StuI site within the polylinker of pGM.
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Fig. 2.1 Schematic diagram of the luciferase reporter gene

construct, pGMluc.

The expanded section of the plasmid map represents the multiple
cloning sites, into which the human GM-CSF gene promoter (-627 bp

to +28 bp relative to the transcription start site) was cloned. The
following abbreviations have been used for restriction eîzyme sites:
Ap, ApaI; Ba, BamHI; Bg, BgIII; Bs, BstEII; Hi, HindIII; Kp, KpnI; Nr,
NruI; Ps, PstI; RV, EcoRV; Sa, SacI; Sl, SalI; St, StuI; Xh, XhoI. The
luciferase reporter gene is represented as a thick black arrow.



BatBglXhlSa/Kp/RV/Xh/Bg/Ap/Ba/Ps/SVHi/N /Bs/ G M-CSF -627 to +28 /S l/H i

Luciferase

pGMluc



pMGM3.1 was constructed by digesting pGM with SacI to remove the

sequence between -Ig bp of the human GM-CSF gene promoter, and a

SacI site within the polylinker, upstream of the promoter. Into this

vector, a 3.1 kb SacI mouse GM-CSF gene promoter fragment, isolated

from pAOGM (Stanley et al., 1985), was cloned. All subsequent mouse

GM-CSF gene promoter constructs were derived from pMGM3.1 .

pMGM3.1ÂE was made by removing a 703 bp MscI fragment from

pMGM3.1, and religating. pMGM}.3 was constructed by digesting

pMGM3.1 with BglII, before religation, to remove all insert sequence

upstream of -2.3 kb. pMGMI .6 was made by cutting pMGM3.1 with

BgtII and MscI, to remove all insert sequence upstream of -1.6 kb,

before end-filling and religating. pMGM1.6+8716 was made by

inserting a 716 bp BgUI human enhancer fragment into a BamHl site

within the upstream polylinker of pMGM1.6. pMGMO.2 was

constructed by digesting pMGM3.1 with BgUI and StuI, to remove all

insert sequence between -0.2 kb and the upstream polylinker, before

end-filling and religating. pMGMO.06 was constructed by cutting

pMGM3.1 with BgIII andBstEII, to remove all insert sequence

between -60 bp and the upstream polylinker, before end-filling and

religating. The 8716 human enhancer fragment and the M703 mouse

enhancer fragment were subsequently cloned into the polylinker of

pMGMO.06 ro make pMGMO.06+8716 and pMGMO.06+M703,

respectively.

pTK+M703 and pTK+M703R were made by inserting the 703 bp MscI

mouse GM-CSF enhancer fragment, in both orientations, into a SmaI

site within the polylinker of pTK81 (Nordeen, 1988). Likewise,
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pTK+B176 was constructed by inserting the 7t6 bp BgUI human GM-

CSF enhancer fragment into a BamHI site within the polylinker of

pTK81.

pSV40+M703 and pSV40+8716 wefe made by inserting the mouse

and human enhancer fragments into the polylinker of the SV40

promoter driven luciferase plasmid (pGL2-promoter), respectively.

The pMIL3 construct was made by inserting a 560 bp Hindlll PCR IL-

3 promoter fragment from the pMUP plasmid into a HindIII site

within the polylinker of pXPl (Nordeen, 1988). pMIL3+M703 and

pMIL3+8716 were subsequently constructed by inserting the 703 bp

MscI mouse enhancer fragment and the 716 bp BgIII human enhancer

fragment, respectively, upstream of the mouse IL-3 promoter in the

pMIL3 plasmid.

The constructs pGM116, pHSpl and pHCAT were constructed by

inserting an oligonucleotide with XhoI and B stEII ends, into

XhoIlBstEII cut pGM. The constructs pMGM119, pHMl16, pMSpl and

pMCAT were all constructed by inserting an oligonucleotide with XhoI

and BstEII ends, into XhoIlBstEII cut pMGM3.1. The constructs

pM4bp and pMTATA were constructed by inserting oligonucleotides

with BstEII and SacI ends, into the BstEII/SacI cut pMGM119.

Likewise, pH4bp and pHTATA were made by inserting

oligonucleotides with BstEII and SacI ends, into BstEIIlSacI cut

pGM116. These plasmids are described in chapter 4.
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pGM627, pGM69, pGM69^CBF, pc}ji,l627 ACBF and pGM55 were

designed by P. Cockerill, A. Bert and J. Burrows (this laboratory)

(Cockerill et al., 1996). pGM47 was created by inserting a 3l bp

oligonucleotide sequence, containing bases -47 bp to -20 bp of the

human GM-CSF gene promoter, into a pGM627luc construct that had

been cut with SacI to excise the promoter from -19 bp to -627 bp.

This created a plasmid that contained the human GM-CSF promoter up

to -47 bp. The pGM lCBFe construct was created by inserting a 52 bp

oligonucleotide sequence, containing -47 bp to -20 bp of the human

GM-CSF promoter, linked to a 19 bp fragment encompassing the GM-

CSF enhancer CBF site, into a SacI cut pGM627 vector. pGM627CBF3e

and pGM55CBF3e were constructed by inserting XhoIlNruI cut

multimers of three enhancer CBF sites (designed by A. Bert), into

XhollSmaI cut pGM627 and pGM55 respectively.

2.I0. BACTERIAL CULTURE

The E. coli strains Xl.lblue and JM109 were used as a host for

recombinant plasmids. Cultures were grown in LB-broth or on LB-

agar plates.

LB-broth IVo (w/v) Tryptone (Gibco), 0.5Vo (w/v) yeast extract (Gibco),

l%o (wlv) NaCl, pH 7.0.

LB-agar plates: LB-broth containing 1.57o (w/v) a'gar (Gibco).
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Where appropriate, media and plates

ug/ml ampicillin after autoclaving.

were supplemented with 100

2.1I. RECOMBINANT DNA METHODS

2,TI .1 ISOLATION OF DNA FRAGMENTS

Typically, DNA was cleaved with restriction enzymes as per the

recommended digestion conditions supplied by New England Biolabs.

DNA digests were then electrophoresed through a 0.7 cm thick 0.87o

agarose gel in lx TA buffer with 0.5 ug/ml ethidium bromide. The

band of interest was then cut out of the gel over a UV light box with a

scapel blade. The DNA band was removed from the gel fragment

using a Gene Clean kit (Bresatec). The DNA fragment was quantitated

by electrophoresing a sample volume on an agarose gel along with a

standard marker of known concentration.

2.I1,.2 LIGATION OF DNA FRAGMENTS

In a 10 ul reaction, 100 ng of vector (linearised and phosphatased)

was ligated to a three molar excess of the insert fragment. The

ligation buffer contained 1x one-phor-all buffer (Pharmacia), 2.O mM

DTT and 0.5 mM ATP. 0.5 ul of T4 ligase (1 unit/ul) was added and

the reaction was incubated at l4"C for one hour.
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2,11.3 PREPARATION OF COMPETENT BACTERIA

A colony from a plate of a bacterial strain such as Xl-lblue or JM109

was picked and used to inoculate a small volume of LB broth and

grown overnight at 37"C. This starter culture was used to inoculate

500 ml of LB broth which was grown at 37'C until the culture reached

an ODosg of 0.5. The culture was then transferred to 50 ml plastic

Falcon tubes and incubated on ice for 30 minutes. The cells were then

centrifuged at 2500 rpm for 10 minutes at 4"C. The supernatant was

removed and the cells were pooled and resuspended in 250 ml of ice

cold 0.1 M CaClz. The resuspended cells were incubated on ice for one

hour after which time, 2.6 ml of glycerol was added. Cells were then

aliquoted into 520 ul volumes in Eppendorf tubes and stored at -70'C

for future use.

2.II .4 BACTERIAL TRANSFORMATION

One hundred microlitres of freshly thawed competent bacteria were

added to 5 ul of the ligation mixture, and incubated on ice for 10

minutes. The cells were then heat shocked at 42"C for 1.5 minutes,

and then cooled on ice. Fifty microlitres of the cells were then added

to 150 ul of LB broth, and incubated at 3J"C for 45 minutes. These

cells were then plated on plates containing ampicillin, and incubated

overnight at 37"C. Colonies on plates of transformed bacteria were

screened for the correct plasmid construct by picking the colony with

a sterile toothpick, growing it in LB broth with 100 ug/ml ampicillin,
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preparing a miniprep purification of the plasmid, and then either

performing diagnostic restriction enzyme digests and/or sequencing

the insert region of the Plasmid.

2.ll .5

-ALKALINE LYSIS METHOD

A sterile 5 ml polysterene tube was used to grow a 2 ml culture of the

plucked colony. The miniculture was grown overnight in LB broth

plus 100ug/ml ampicillin, in a 37"C shaking incubator. One and a half

millilitres of culture was transferred to a 1.5 ml Eppendorf tube, and

centrifuged for one minute in a microcentrifuge at 6000 rpm. The LB

broth was completely aspirated, and the cell pellet was resuspended

by vortexing in 100 ul of cold 50 mM glucose, 10 mM EDTA, 25 mM

Tris-HCt (pH 8.0), O.O27o sodium azide. The cells were incubated on ice

for 2 minutes, and then 2OO ul of freshly prepared 0.1 M NaOH, IVo

SDS solution was added to the cells. This mixture was mixed gently by

inverting the tube several times, and placed on ice. To this mixture,

150 ul of cold 3 M potassium acetate, 2 acetic acid (pH 5.8) was added.

The mixture was again mixed gently by inverting the tube several

times, and then incubated on ice for 10 minutes. The mixture was

then spun at 13000rpm for 10 minutes at 4'C. The supernatant was

transferred to a new Eppendorf tube, and an equal volume of 1:1

phenol:chloroform was added. The tube was vortexed, centrifuged,

and the supernatant was transferred to a new Eppendorf tube. To

precipitate the plasmid DNA, 900 ul of l0)7o ethanol was added, the
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tube was incubated at -20"C for 20 minutes, and then centrifuged at

13000 rpm for 10 minutes. The DNA pellet was washed with 200 ul

75Vo ethanol, 50 mM NaCl, and then with 200 ul 1007o ethanol. The

pellets were allowed to dry with open lids in a 37"C heating block for

5 minutes, then dissolved in 40 ul TE, 20 ug/ml RNaseA, and

incubated for one hour at 37"C with periodic mixing. DNA preps were

then stored at -20"C for future use.

2.tL.6

PREP METHOD

This is a rapid small scale plasmid preparation devised by Dr. P.

Cockerill that yields plasmid DNA that is suitable for enzymatic

digestion but not for DNA sequencing. Essentially, 1.5 ml of overnight

bacterial culture was centrifuged for one minute at 6000 rpm in an

microcentrifuge. After removing the supernatant, 50 ul TE was added,

and the pellet was resuspended by vortexing. An Eppendorf tube

containing approximately 500 mg of silicone grease was spun down

briefly to bring the grease to the bottom of the tube. To the

resuspended pellet, 100 ul phenol/chloroform was added, and the

tube was mixed gently by inverting the tube several times. The

contents of the tube were then transferred to the silicone grease

containing tube, and spun at high speed for one minute. Two hundred

microlitres of chloroform was added, and the tube was mixed gently

before spinning for one minute. The liquid left at the top of the

silicone grease that contains the plasmid in approximately 50 ul TE.
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This was transferred to a new Eppendorf tube and mixed with 5 ul of

3 M NaAcetate and 100 ul ethanol. The tube was incubated on ice for

5 minutes before spinning in a microfuge for 5 minutes at 13000 rpm.

The ethanol was removed, the pellet was dissolved in 50 ul TE, 20

ug/ml RNaseA, and incubated at 37"C for 30 minutes. The DNA was

stored at -20"C for future use.

2,II .7 LARGE SCALE PREPARATION OF CSCI PURIFIED PLASMID

The following method typically yielded 0.5-4 mg of DNA per 250 ml

bacterial culture, depending on the plasmid grown up. A small starter

culture from a freshly picked colony or a mid-log phase glycerol stock

was grown up during the day in 2 ml LB broth, 100 ug/ml ampicillin.

One hundred microlitres of this culture was used to inoculate 250 mL

LB broth, 100 ug/ml ampicillin in a 2 litre flask, which was incubated

overnight in a 37"C shaking incubator. The confluent culture was then

poured into a 500 ml Beckman centifuge pots and centrifuged for 10

minutes at 4000 rpm (Beckman JA10 rotor) at 4oC. The supernatant

was poured off, and the pellet was suspended in 8 ml of cold 50 mM

glucose, 10 mM EDTA, 25 mM Tris-HCl (pH 8.0), O.O2Vo sodium azide,

100 ug/ml RNase A. This was transferred to a 40 ml Oakridge tube

and chilled on ice. Sixteen millilitres of t%o SDS, 0.2 M NaOH was

added, and the tube was mixed very gently by inverting the tube

several times. Then 12 ml of chilled 3 M Potassium Acetate, 2M

Acetic acid was added, the tube was again mixed very gently, and

stood on ice for 10 minutes with occasional gentle mixing. The tube

49



was spun at 18000 rpm (Beckman JA20 rotor) for 25 minutes at 4"C.

The supernatant was carefully removed with a pipette and

transferred to a 50 ml Falcon tube. To this supernatant, 0.6 volumes

of isopropanol was added, and the tube was incubated at RT for 10

minutes before spinning at 3700 rpm in a. Beckman benchtop

centrifuge. The pellet was washed in 5 ml TOVo ethanol and dissolved

in 3 ml TE. When the pellet completely dissolved, 3.0 g CsCl was

added and dissolved, followed by 60 ul ethidium bromide. This was

then transferred to a Beckman TLN100 centrifuge tube, and the

volume was brought up with TE to fill the tube. Tubes were then

balanced within 0.005 g of their partners, heat sealed, and spun

overnight at 85000 rpm in a Beckman benchtop ultracentrifuge at

20"C. The centrifuge was then stopped with no deceleration program,

and the plasmid bands were harvested by piercing the top of the tube

and extracting the band in a volume of approximately 400-500 ul

using a 1 ml syringe and 19 gauge needle, and transferred to an

Eppendorf tube. The ethidium bromide was removed by I butanol

extractions, and the volume was made up to 500 ul with HZO. The

plasmid was then ethanol precipitated with the addition of 1.5 ml 50

mM NaAcetate and 4.0 ml ethanol. This was mixed gently and

incubated at -20"C for 30 minutes. The tube was spun at 3700 rpm

for 15 minutes in a Beckman benchtop centrifuge at 4"C. The

supernatant was removed, and the pellet was dissolved in 400 ul TE

for 20 minutes at 37"C. The DNA was transferred to an Eppendorf

tube, and mixed with 20 ul 3 M NaAcetate and 900 ul ethanol. This

mixture was incubated on ice for 10 minutes before spinning at 13000

rpm in a microcentrifuge. The supernatant was removed, the pellet
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was washed in 500 ul 7O7o ethanol, dried briefly, and redissolved in

500 ul sterile TE at 37'C for an hour. The plasmid concentration was

quantitated by taking an absorbance reading at 260 ûfl, where an

ODzoo of 1 contains 50 ug/ml. The quality and quantity of plasmid

was confirmed by electrophoresing a sample on an agarose gel along

with standards of known concentration.

2,II .8 DNA SEOUENCING

The Sequenase, version 2.0 (United States Biochemical) method was

generally followed. Essentially, 8 ul of miniprep DNA was mixed with

2 ú 2 M NaOH for 5 minutes to denature the plasmid. The DNA was

then ethanol precipitated with the addition of 30 ul 400 mM

NaAcetate and 100 ul 1007o ethanol. The DNA was precipitated at

-20"C for 20 minutes before spinning in a microfuge at 13000 rpm for

10 minutes at 4"C. The DNA pellet was washed with 100 ul 70Vo

ethanol and dried briefly, then dissolved in 7 ul HzO. Two microlitres

of reacrion buffer (200 mM Tris-HCl pH 7.5, 100 mM MgCl2,250 mM

NaCl) was added with 5 ng of DNA primer. The tube was heated at

65'C for 2 minutes, and then allowed to cool slowly to room

temperature over an hour. To the annealed template-primer, a

cocktail containing 1.0 ul 0.1 M DTT, 2 ul lx labelling mix (1.5 uM

dGTP, dCTP, dTTP), 0.5 ul 10 uM [cr -3 ¡P]-dATP, and 2 ul T7

polymerase (5.25 units, diluted in 10 mM Tris-HCl pH 7.5, 5 mM DTT,

0.5 mg/ml BSA) was add. This mixture was incubated at RT for 2

minutes to extend the primer. To terminate the reaction, 3.5 ul of the
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mixture was added to each of four 2.5 ul aliquots of termination mix

(ddGTP, ddATP, ddTTP, ddCTP), prewarmed to 37"C. These

termination reactions were incubated at 37"C for 5 minutes before the

addition of 4 ul of stop solution (957o formamide,2O mM EDTA,0.05Vo

bromophenol blue, O.05Vo xylene cyanol). These reactions were then

loaded on to a seqencing gel immediately or stored at -20"C for future

use. To prepare a sequencing gel, sequencing plates were cleaned and

rinsed, and then washed with ethanol. The plates were assembled

using 0.4 mm spacers and taped together. A 6Vo denaturing

acrylamide was prepared by dissolving 50 g urea in 20 ml 5x TBE, 20

ml 3O7o acrylamide solution (29.2:0.8 w/w acrylamide:bisacrylamide),

600 ul l\Vo ammonium persulphate, IIZO up to 100 ml. Just prior to

pouring the gel, 48 ul TEMED was added. The gel solution was mixed

well and poured into the plates. Two 24 well sharks tooth combs

were inserted with the straight surface down to create a flat interface.

The top of the gel was then wrapped in Gladwrap and allowed to set

for at least two hours. To electrophorese the sequencing reactions, the

gel was assembled in the electrophoresis apparatus. The upper and

lower buffer chambers were filled with 1x TBE. The comb was

removed, and excess urea was flushed from the top of the gel. The gel

was pre-electrophoresed for one hour at 55 W. The samples were

heated to 80'C for 2 minutes prior to loading. The sharks tooth combs

were replaced with the teeth facing down, excess urea was flushed

once again, and 4 ul of the samples were loaded. The gel was run at

80 W until the bromophenol blue dye front reached 30 cm from the

top of the gel. NaAcetate was added to the lower reservoir to an

approximate concentration of 300 ffiM, and the gel was
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electrophoresed until the bromophenol blue dye front reached the

bottom of the gel. The gel apparatus was then disassembled, and the

gel was fixed by soaking in lOVo acetic acid, 20Vo methanol for 20

minutes. The gel was then blotted on to Whatman 3MM paper and

dried at 80'C before setting up autoradiography. Sequencing gel

autoradiographs were read manually to determine the sequence'

2.II .9 POLYMERASE CHAIN REACTION

The polymerase chain reaction (PCR) was carried out to isolate a' 560

bp mouse IL-3 promoter fragment from the mouse IL-3 gene

containing plasmid, MuP (-502 to +64, Stanley et al., 1985). PCR

primers were designed with internal HindIII restriction eîzyme sites

to facilitate cloning. The PCR reaction was performed using 10 ng MuP

plasmid in 50 ul containing 10 mM NaCl, 5 mM Tris-HCl pH 7.9, 1 mM

MgCl2, 0.1 mM DTT, 200 ng of each primer, 0.2 mM each of dATP'

dCTP, dGTP and dTTP. One and a quarter units of Pfu polymerase was

added to the reaction, which was then overlayed with wax. The PCR

protocol consisted of 30 cycles: 94"C for one minute to denature the

DNA template; 52C for 2 minutes to anneal the primers, and 72"C for

one minute for Pfu polymerase extension. The PCR product was then

phenol extracted, ethanol precipitated, dissolved in water, and

digested with HindIII. The digest was then electrophoresed on a 0,8Vo

agarose gel, and the PCR product band was cut out and extracted from

the gel using a Gene Clean kit (Bresatec).
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2.I2. EUKARYOTIC CELL CULTURE AND PROCEDURES

2.T2.1 CELL CULTURE

Cell lines used were Jurkat cells, a human T lymphoblastoid cell line

provided by Dr. W Greene, Gladstone Institute of Virology and

Immunology, San Francisco, USA; and the murine thymoma cell line,

EL4, obtained from Dr. J Gamble, this department. All cells were

maintained at 37'C,57o COz and 957o htmidity in a NAPCO 4100 COz

incubator. Cells were grown in RPMI 1640 supplemented with IOVo

heat-inactivated FCS (CSL, Parkville, VIC.) , 20mM HEPES pH 7.3, 1 mM

L-glutamine, 28 mM NaHCO: , 100U/ml penecillin, and 40 ug/ml

gentamycin. Cells were maintained between a density of 5x104 and

1x 106 cells/ml.

2.t2.2 TRANSIENT TRANSFECTION OF PLASMID CONSTRUCTS IN

TISSUE CULTURE CELLS

Jurkat or F)L4 T cells were grown to a density of approximately 5x105

cells/ml. Cells were pelleted by centrifugation for 5 minutes at

1000xg and resuspended in RPMI 1640 medium containing 207o FCS at

a concentration of 1.33x107 cells/ml. Three hundred microlitre

(4x106 cells) were mixed with either 5 or 10 ug of reporter plasmid in

a 0.4 cm electroporation cuvette (Biorad). After standing at room

temperature for 10 minutes, cuvettes were gently flicked to mix the

contents and supend the cells, then exposed to a single voltage pulse
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of 270 V from the 960 uF capacitor of a Bio-Rad Gene Pulser

electroporation unit. Cells were allowed to recover for 10 minutes

before being plated in a 25 cm3 culture flask containing 10 ml of fresh

medium. cells were left for 20-24 hours (approximately one cell

division cycle) to allow the plasmid to be packaged in the nucleus.

Cells were then left unstimulated, or stimulated with combinations of

pMA (20 nglml), calcium ionophore A23187 (2 uM), cyclosporin A

(0.1 uM), PHA (1 ug/ml), forskolin (10 uM) and dibutyryl CAMP (1

mM). Cells were incubated with stimuli for nine hours before

harvesting To harvest, cells were pelleted, washed once in 10 ml PBS,

and resuspended in 100 ul harvest buffer (0.1 M KZHPO+ PH 7.8,2mM

DTT, 10 uM EDTA), before freezing at -20'C. The extracts were then

assayed using the luciferase assay.

2.t2.3

TISSUE CULTURE CELLS

The luciferase reporter plasmids were digested with ScaI to linearise

the plasmid, and the marker plasmid, pEoTKneo, was digested with

pvul to linearise it. Ten micrograms of linearised reporter plasmid

and 1 ug of linearised pE'TKneo were transfected into Jurkat cells

using the method described in the transient transfection section. Cells

were allowed to recover for 2 days before commencing G418 selection.

The cells were incubated with 600 ug/ml G418 for 15 days, after

which time cells in an unelectroporated control flask were all dead.
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To determine the copy number and number of integration events,

nuclei were isolated from the stable cell lines, and digested with EcoRI

and S p e I, respectively. The copy number and integration was

analysed by Southern blot using a 850 bp EcoRIlEcoRV luciferase gene

probe.

To test the activity of the constructs, cells were removed from G418

selection for 24 hours before stimulating 1x106 cells in 10 ml with

PMA (20 ng/ml) and calcium ionophore A23187 (2uM). Cells were

stimulated for nine hours, and then harvested by pelleting the cells,

washing in 10 ml PBS, and resuspending in harvest buffer (0.1 M

KzHPO¿ pH 7.8, 2 mM DTT, 10 uM EDTA), and freezing at -20"c. The

extracts were then assayed using the luciferase assay.

2.T2.4 LUCIFERASEASSAY

Extracts wefe prepared from transfected cells, and harvested as

described above. After removing cells from the -20"C freezer, cells

were lysed by two additiona! heeze-thaw rounds in liquid NZ and

room temperature water. Cell debris was removed by centrifugation

at 3700 rpm in a Beckman benchtop centrifuge for 10 minutes. The

supernatant was transferred to Eppendorf tubes and placed on ice.

The protein concentration of the cytoplasmic extracts were

determined using a BioRad protein assay kit. Equal amounts of

protein were assayed, generally between 0.5 and 20 u8, depending on

the activity of the constructs being tested. If required, samples were
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diluted in harvest buffer containing 0.5 mglml BSA to ensufe that

volumes pipetted ranged between 5 and 30 ul. Equivalent amounts of

protein was added to 400 ul assay buffer (0.1 M KzPO4 pH 7.8, 8 mM

MgSO4, 2 mM DTT, 750 uM ATP, 150 uM co-enzyme A) and mixed

well. Eighty microlitres of 1 mM D-luciferin was added to commence

the reaction, and the sample was immediately quantitated by using a

scintillation counter with the coincidence curcuit switched off.

2.12.5 PREPARATION OF GENOMIC DNA

To investigate the integration of the plasmids into stable cell lines,

genomic DNA was prepared. 2xIO7 cells of each stable cell line were

pelleted was washed twice in 10 ml PBS. The cell pellet was then

resuspended in 5 ml of digestion buffer (100 mM NaCl, 10 mM Tris-

HCl, pH 7.4, 25 mM EDTA, O.5Vo SDS, 0.1 mg/ml proteinase K). The cell

suspension was mixed on a rotating wheel for one hour and then

incubated at 56"C overnight. The DNA was phenol extracted, ethanol

precipitated and dissolved in TE.

2.12.6 DNaseI HYPERSENSITIVITY ANALYSIS

EL4 cells wefe cultured to 6.5x105 cells/ml in l2O ml of RPMI

medium. Cells were either left unstimulated or were stimulated with

PMA (2O nglml) and calcium ionophore (2 uM), with or without CsA

(0.1 uM), and incubated for 7 hours. The following steps to isolate the
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nuclei were performed in an ice bucket, in the cold room. Cells were

centrifuged at 4"C in three 40 ml volumes, resuspended in ice cold

PBS, and pooled together. The volume was brought up to 40 ml with

ice cold PBS to wash the cells, and the cells were centrifuged. The PBS

was then decanted. Five millilitres of cold lysis buffer (60 mM KCl, 15

mM NaCl, 5 mM MgCl2, 10 mM Tris-HCl pH 7.4,300 mM sucrose, 0.1

mM EGTA, 0.5 mM PMSF, 5 ug/ml leupeptin, 10 ug/ml aprotinin, 0.I7o

NP40) was added, and the cells were suspended by forcing them five

times out of a 10 ml pipette held hard on the bottom of a 50 ml Falcon

tube. The volume was brought up to 20 ml with cold lysis buffer, and

then spun at 1500 rpm in a Beckman benchtop centrifuge for 5

minutes, stopping with no brake when the speed reached 300 rpm

upon deceleration. The supernatant was drawn off with a pipette, and

the tube was briefly respun to draw off the final traces of

supernatant. The pellet was then resuspended in 1 ml cold

resuspension buffer (60 mM KCl, 15 mM NaCl, 5 mM MgCl2, 10 mM

Tris-HCl pH J.4,300 mM sucrose, 0.1 mM EGTA). The nuclei were

quantitated by mixing 10 ul nuclei with 1 ul 15 mM CaClz and 0.5 ul 2

mgiml DNaseI. This mixture was incubated for one minute at room

temperature, after which time, 500 ul 1 M NaOH was added and the

mixture was vortexed. The light absorbance was taken at 260 nm

where ODzOo 0.54 = 1 mg/ml. The samples were diluted to 0.4 mg/ml.

The nuclei then were digested with a series of DNaseI concentrations.

Four hundred microlitres of the diluted nuclei were added to a 10 ml

polypropylene tube containing 4 ul of 100 mM CaClz. The samples

were incubated in a, 22'C water bath for 3 minutes to equilibrate to

room temperature. To the nuclei, 40 ul of diluted DNaseI (diluted in
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resuspension buffer) was added, and incubated at room temperature

for 3 minutes. The digestion was stopped with the addition of 3.5 ml

0.3 M NaAcetate, 0.57o SDS, 5 mM EDTA, 0.1 mg/ml proteinase K. The

samples were then incubated at 55"C for one hour. An aliquot of each

sample was electrophoresed on a 0.7Vo agarose gel in TA buffer.

Samples that had a slight smear from the main band to approximately

20 kb were deemed to be suitable for the assay. To these samples, an

additional 40 ul of 0.1 mg/ml proteinase K was added, and these

samples were digested for another hour at 55"C. The samples were

then extracted with phenol, then phenol-chloroform, then chloroform.

The DNA was then ethanol precipitated. The pellets were dissolved in

100 ul TE (Il4 of the original digest volume). Ten micrograms of DNA

from each sample was digested with 30 units KpnI for 3 hours. The

samples were then analysed by Southern blot using a 900 bp

KpnllSacl fragment of the mouse GM-CSF gene.

2.12.7 SOUTIIERN BLOT ANALYSIS

After restriction enzyme digestion, the samples were electrophoresed

on a 0.7 cm thick, 15 cm long, 0.8Vo agarose gel in TA buffer and 0.5

ug/ml ethidium bromide at 30 volts for 15 hours. The gel was

washed 2 x 15 minutes in 0.5 M NaOH, 1.5 M NaCl, then 2 x 15

minutes in lM Tris pH 7, 1.5 mM NaCl. The DNA was transferred to a

Hybond N nylon membrane (Amersham) in 20x SSC buffer overnight.

The membrane was washed briefly in 2x SSC, dried, then UV

crosslinked for 30 seconds. The membrane was prehybridised
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overnight in a sealed bag with 20 ml Rapid Hyb (Amersham) and 0.25

mglml sonicated herring DNA, at 68'C. 32P-labelled DNA probes for

Southern blot analysis were prepared using a GIGAPrime kit

(Bresatec). Two nanograms of radioactively labelled probe was added

to the bag in 1 ml Rapid Hyb, and incubated at 68'C for 3 hours. The

filter was then washed twice in 500 ml of 2x SSC, 25 mM NaPO¿ pH 7,

0.17o SDS at room temperature for 10 minutes, then twice in 250 ml of

0.1x SSC, 1 mM NaPO+ PH'1,0.17o SDS at 68'C for 15 minutes. Then

membrane was then blotted dry, wrapped in plastic wrap, and

autoradiographed.

2.13. PROTEIN:DNA BINDING ANALYSES

2.13.1 OLIGONUCLEOTIDES

To study Spl and TBP binding to the mouse and human GM-CSF gene

promoters, the following oligonucleotides were synthesised and

annealed as described earlier. The binding sites are underlined:

Spl-M 22-mer mouse GM-CSF -85 to -64

Sp 1-H

5'

22-mer human GM-CSF -82 to -61

TATA-M 46-mer mouse GM-CSF -55 to -10

5' CACCATTAATCATTTCCTCTAACTGTGTAIAIAAGAGCTCTTTTGC3'
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TATA-H 42-mer human GM-CSF -52 to -11

5' CACCATTAATCATTTCCTCTGTGTA:ITTAAGAGCTCTTTTGC3'

To prepare 5' end-labelled probes, 20 ng of double stranded

oligonucleotide was diluted in 10 ul of a buffer containing 50 mM

Tris-HCl p]H7.4, 10 mM MgCl2 and 50uCi ¡"y-rzp]4tn. One microlitre of

T4 kinase was added and the reaction was incubated at room

temperature for 30 minutes. The kinase reaction was then purified on

a lx TAE, 7.5Vo polyacrylamide gel, and the labelled oligonucleotide

band was cut from the gel and eluted in 300 ul 50mM NaCl in TE.

Probe concentration was estimated by measuring the counts per

second of both the gel slice and supernatant, and the supernatant

alone to estimate the percent recovery. The volume of the

supernatant was measured to calculate the probe concentration.

2.15.2 Sp1 BINDING ASSAYS

One nanogram of recombinant human Spl (Promega) was incubated

with 0.2 ng of SplM or SplH probe oligonucleotide and 0, 0.5, I.0, 2.0,

4.0, 6.0, 10.0 ng of SplM or SplH cold competitor oligonucleotide in a

buffer including 100 uM ZnSO4, 5 ug/ml leupeptin, 5 ug/ml aprotinin,

12.5 mM HEPES pH 7.4,2 mM DTT, 0.1 mM PMSF, I}Vo glycerol. The

mixture was incubated at room temperature for 25 minutes before

loading on a pre-electrophoresed 4Vo actylamide, 0.5x TBE gel. The gel

was electrophoresed at 250 V until the BPB dye front reached 9.5 cm
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from the bottom of the wells. The gel was fixed in O.I7o CTAB and

dried. DNA binding was measured using a' Phosphorlmager

(Molecular Dynamics, CA.) coupled with ImageQuant Software version

3.21.

2.T3 .3 TBP BINDING ASSAYS

0.2 ng of TATA-M or TATA-H probe was mixed with O.l, 0.2, 0.4, 0.6,

0.8, of 1.0 ng of recombinant human TBP (Promega) in a buffer

containing l\vo glycerol, 20 mM Tris, 80 mM KCl, 10 mM Mgcl2, 2 mM

DTT. The mixture was incubated at room temperature before

electrophoresis on a 9Vo acrylamide gel with 0.5x TBE, 4 mM MgCl2

and 0.27o NP40 The gel was run at 250 V for 40 minutes, fixed in

o.Ivo CTAB, dried. DNA binding was measured using a

Phosphorlmager (Molecular Dynamics, CA.) coupled with ImageQuant

Software version 3.2I.
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CHAPTBR 3.

ISOLATION AND CHARACTERISATION OF AN

ENHANCER UPSTREAM OF THE MOUSE GM.CSF GENE
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3.1.. INTRODUCTION

At the initiation of the work described in this thesis, an enhancer had

been identified in the human GM-CSF/IL-3 locus, approximately 3 kb

upstream of the GM-CSF gene (Cockerill et al, 1993). This enhancer

was first identified as a DNaseI hypersensitive (DH) site that, like the

expression of GM-CSF and IL-3, was inducible upon signalling through

T cell receptor pathways, and inhibitable by the immunosuppressive

drug cyclosporin A (CsA). In this study, segments of DNA from

upstream of the human GM-CSF gene were subcloned into plasmid

constructs in front of the chloramphenicol acetyl transferase (CAT)

reporter gene, and transient transfection assays showed that the

inclusion of the DH site significantly increased the level of inducible

CAT expression, indicating that the DH site possesses inducible

enhancer activity.

The human GM-CSF enhancer was found to be contained within a 716

bp BgIII fragment has been further defined as a 425 bp BamHIlMscI

fragment (Cockerill et al. 1995b). The enhancer contains the bindings

sites for several transcription factors that could contribute to its

function. Three of four binding sites for the transcription factor NFAT

that are present in the enhancer have been shown to have the

capacity to support enhancer activity, and are thought to be largely

responsible for the inducible, CsA sensitivity of the enhancer.

At the start of the work described here, Dr. Peter Cockerill had shown

by Southern blot analysis that a element homologous to the human
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GM-CSF enhancer existed in the mouse genome (Fig.3.1; Osborne et al.,

1995). The experiments detailed in this chapter were aimed at

isolating and characterising the mouse homologue of the human GM-

CSF enhancer. This work was carried out in order to more closely

define the essential enhancer core through sequence homology, and to

investigate the practicality of initiating transgenic studies to analyse

the role of the enhancer in vivo.
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Fig. 3.1. Southern blot
in the mouse genome
enhanc er.

hybridisation analysis of an element
homologous to the human GM-CSF

Mouse genomic DNA isolated from EL4 T cells was cut with KpnI,
BamHI, XbaI or HindIII, and probed by Southern blot analysis with
the 716 bp BgUI human GM-CSF enhancer fragment.

A restriction enzyme map indicating the DNA fragments containing
regions homologous to the human GM-CSF enhancer is shown.
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3.2. RESULTS

3.2.1

MOUSE GM-CSF LOCUS.

To determine whether an inducible, CsA-sensitive DH site could form

in the mouse GM-CSFIIL-3 locus, similar to the one that forms over

the human GM-CSF enhancer, nuclei isolated from a mouse EL4 T cell

line were partially digested with DNaseI, purified, digested with Kpnl,

electrophoresed on a 0.87o agarose gel and blotted on to a

nitrocellulose membrane that was probed with a 32P-labelled 0.9 kb

SacIlKpnI fragment of mouse GM-CSF gene DNA. This method of

indirect end-labelling identifies the location of upstream DH sites with

respect to a fixed, radioactively labelled KpnI site within the mouse

GM-CSF gene. Three DH sites were identified upstream of the GM-CSF

gene, within a DNA fragment extending from a KpnI site at 0.9 kb

within the gene, to a Kpnl site at 6.7 kb upstream (Fig. 3.2). One site,

located 4.9 kb upstream of the gene, was strongly present in both

unstimulated and stimulated cells, and was unaffected in the presence

of CsA. The two remaining sites were inducible upon stimulation with

calcium ionophore and phorbol ester (PMA). One of these inducible

DH sites, at -0.1 kb, was partially suppressed by CsA, and

encompassed the GM-CSF proximal promoter. The other inducible DH

site was located 2.0 kb upstream of the GM-CSF gene and was

completely suppressed by CsA. This site resembled the DH site that

forms over the human GM-CSF enhancer.

65



Fig. 3.2. DNaseI hypersensitivity of the mouse GM'CSF
locus in mouse EL4 T cells.

Nuclei of EL4 cells that were unstimulated (nil, lanes 1 and 2),
stimulated for 6 hours with PMA (20 nglml) and calcium ionophore
(2 uM) (PMA/I, lanes 3 and 4), or PMA and calcium ionophore with
cyclosporin A (0.1 uMXPMA/I/CsA, lanes 5 and 6), were partially
digested with either 10 or 12 ug/ml DNaseI, then to completion with
KpnI, and electrophoresed on an agarose gel. The DNA was blotted on

to a membrane and probed with a fragment of the mouse GM-CSF
gene. The upper band at -7.6 kb is the intact KpnI fragment, whereas
the lower bands at -4.9, -2.0 and-0.1 kb upstream of the GM-CSF gene

are fragments generated by DNaseI digestion. The DNA in lane 7 was

not digested with DNaseI prior to KpnI digestion. Lane 8 contains EL4
cell DNA partially digested with MscI, indicating that the DH site at
-2.0 kb is midway between two MscI sites.
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The DH site located 2.0 kb upstream of the mouse GM-CSF gene was

encompassed by a 839 bp MscI/ApaI fragment (Fig. 3.3). This

fragment was subcloned into pUC19 and sequenced in both directions

using sets of oligonucleotide primers designed to produce overlapping

sequences. The mouse DNA sequence exhibits a high degree of

homology with the human GM-CSF enhancer (Fig. 3.4). A segment of

417 bp of DNA within the MscI fragment possesses 76Vo sequence

homology with the human GM-CSF enhancer, corresponding largely to

the functional core of the human enhancer Sequence homology

breaks down significantly outside this core region. Within the highly

conserved region of the mouse M s c I fragment are several putative

transcription factor binding sites, many of which are conserved in the

human enhancer. Conserved sites include those for general

transcription factors such as Sp 1 and AP- 1 . There afe, however,

conserved putative binding sites for transcription factors implicated in

the regulation of genes involved in haemopoiesis, including conserved

potential binding sites for Ets, GATA, E2A, CBF, and NFATp/c families

of transcription factors.

Of interest is any conservation of NFAT sites, as these may account for

the CsA-sensitivity of the element. However, only two of the four

NFAT sites present in the human GM-CSF enhancer aÍe conserved to

any extent in the mouse. The GM170 NFATp/AP-1 site is absent in

the mouse enhancer homologue. The GM330 NFAT site has a

conserved APl site but the NFATp/c site is not present in the mouse.

However, a NFATp/c site that is not present in the human enhancer is

present in the mouse, 25 bp downstream of the GM330 AP1 site. This
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Fig. 3.3.
upstream

Sequence spanning
of the mouse GM-CSF

the D H site at -2.0 kb
gene.

A. A restriction enzyme map of the GM-CSF locus. Letters
represent restriction enzyme cleavage sites: A, ApaI; B, BçIII; Ba,

BamHI; H, HindIII; M, MscI; S, StuI; Sa, SacI; X, XbaI; and Xm, XmnI.
Numbers on top map represent -kb from transcriptional start of GM-
CSF. Numbers in expanded map represent bp from MscI stte at -2.3

kb.

B. Nucleotide sequence of the M s c I /Ap aI 839 bp fragment
between -2.3 and -I.6 kb upstream of the mouse GM-CSF gene. The

fragment was subcloned from pAOGM (Stanley et al., 1985) into
pUC19 and sequenced in both directions using sets of oligonucleotide
primers designed to produce overlapping sequence. Restriction
eîzyme cleavage sites are underlined.
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]- TGGCCAGAAT TTGCTGTGTG GCCCATTCCC CTAGAGCAGG ÀGA,¡U\GCATC CATGTATGGA

MscI

61 CTGAGCTGCA AGTGGTCTCT TAGATCTCAG ACTCCATTAA GGACGAÀGGC CT.CCCTGAAG

BgIII StuI

121- AATGTTGATC ATCAGGATGG GTCAGACCAT CTTAAÀTGCT CATGTGTCTG TCCCGTGGGA

181 TGAGAGGGAC TTTGGGGCCC ATTTCCTTCC CTCCTGGTGT TGACTTCCTC TTGTGÀTAÀA

ApaI

24]. GATCCTGGGG CAGCCACACG CTTCTGGTTC CCCCAGGGCC IATGTCAAGG GACACTCCCC

Apaï

301 GGAAACTCCT TCCAGAGGGT TCTCTCCTGG CCTTGTGGGC TGGGAGGCCA AAGAGGGGTC

361 ACTCCÀCCCA TCTGGTCCCC ACCTCCGCCC TGCCACAGCC CCACTGAGGC CCTTGAGTCA

421 GCAAGGCTGT CTGATGCTAT TGCCGCTTCT TTCCATGCGT GCAATCTAGG AATGCCTGCC

481 CGTGTCACCG CCTCCACCCT GATGTCATCT TTCTAGGAGA AAGATACATA TCTACCCACA

541 AÀCTGCATCC CCAAGCCCTT AGAATCCTGC CCCATAAGTG ACAACTTTGG CACCTGTAGA

601 CCATATCCTT GACGTGAGTC TTGACTCTGG GGCCTCTGCT TTCCTCTTAG CCACCACCCT

661 GCCACACGCT TGGGCTAAGA CGAATGCCTT TAGTTCTTCA ACATGGCCAT TCTGGCCCCC

Mscf

?2]- CAGTCTCTCT TTCTACATGA TTCCTGTGGT CTTGTCCTGA GTTCCACCTG TTATCTGACC

?81- CTCGAÀAGCC CTCACTTCTG TCTGGTTTCA TCAGTCCÀCT GAATCAGCTT CTTGGGCCC

ApaI

-0

AM



Fig. 3.4. Alignment of the 703 bp MscI mouse fragment
with a 625 bp human GM-CSF enhancer fragment.

Sequence alignment was performed using the DNASIS computer
program. Maximum sequence homology of 76Vo was obtained within
a 4I7 bp span (large shaded region). An additional region of high
homology corresponding to the GM550 human enhancer site is also

indicated (small shaded regions). Sequences were analysed for
putative transcription factor binding sites using the Signal Scan

computer program. Sites that are likely to be relevent in mammalian
haemopoietic cells are cited and marked by bars. Restriction enzyme
sites afe shown in italics.
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putative NFATp/c site has a sequence that is identical to the human

NFATp/c site within the GM420 element. The two NFAT sites at

GM420 and GM550 afe not really conserved. Within the GM420

element, the CRE is strictly conserved, but a two base pair difference

has likely disrupted the NFATp/c site yet formed another potential

site immediately downstream; this site, however, is in an opposite

orientation, and may not be functional in this context. The NFATpic

site at GM550 is conserved, however, the spacing between the AP-l

and NFATp/c binding sites differ in the two species. Another putative

Apl and a CRE binding site is present directly upstream of the mouse

GM550 site. A CBF site is conserved, and is 25 bp downstream of the

CRE site in both the mouse and human. It is unclear whether NFATp/c

can bind cooperatively with AP-l and CREB at their respective sites in

the mouse GM330 and GM420 sites as their binding sites are not

directly coupled as is seen in the functional sites of both the human

GM-CSF enhancer and the IL-2 promoter. (Cockerill et a1., I995b; Jain

et al., 1992a).

3 .2.2

To determine the functional role of the mouse homologue to the GM-

CSF enhancer, plasmids were constructs linking various regions from

upstream of the mouse GM-CSF gene to a luciferase reporter gene (Fig

3.5. Two plasmid constructs containing DNA sequences from upstream

of the mouse GM-CSF promoter were transiently transfected into

Jurkat T cells, and the samples were harvested at various times. One
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Fig. 3.5.
constructs

Schematic
used for

representation of luciferase reporter
detection of enhancer activitY.

The mouse GM-CSF promoter constructs contain 5' serial deletions of
the mouse GM-CSF 5' UTR sequence from -3.1 kb to -23 bp, and

human GM-CSF 5' UTR from -22 to +28 bp. The human GM-CSF
promoter constructs contain human GM-CSF sequence from -627 bp

to +28 bp. The mouse IL-3 promoter constructs contain mouse IL-3
promoter sequence from -502 to +64 bp. All constructs contain a

transcription start site.
For details of cloning, see chaptet 2, section 2.9.

ffi mouse GM-CSF promoter

H human GM-CSF promoter

I human GM-CSF enhancer
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construct, pMGM3.1, contained mouse GM-CSF promoter sequence up

to -3.1 kb from the gene. The second construct, pMGM3.1^E contained

a 700 bp internal deletion that removed enhancer homologue from

the pMGM3.1 construct. After stimulation, luciferase levels for both

pMGM3.1 and MGM3.l^E steadily increased reaching a peak between

8 and 12 hours. Luciferase levels then declined, reaching near

background levels by 20 hours (Fig. 3.6). Based on this time course,

all subsequent assays were harvested at nine hours in order to

harvest the maximum amount of luciferase eîzyme. Unexpectedly,

the construct that did not contain the enhancer homologue was two to

three fold more active than the construct containing the enhancer

homologue.

A deletion series containing various lengths of sequence 5' to the

mouse GM-CSF gene linked to a luciferase gene was made (Fig. 3.5).

These constructs were transiently transfected into Jurkat T cells.

Again, the inclusion of DNA containing the mouse enhancer homologue

did not significantly increase the levels of induction of luciferase over

those constructs that contained the mouse GM-CSF promoter alone,

suggesting that the mouse homologue does not exert an effect on the

mouse GM-CSF promoter in these transient transfection assays (Fig.

3.7). Furthermore, a construct that included only 200 bp of the

promoter of the mouse GM-CSF gene (pMGMO.2) gave level of

induction equivalent to that obtained with a the construct that

contained the enhancer homologue (pMGM2.3). This suggested that

there were no regulatory elements up to and including the enhancer

homologue that can exert an effect on the induction of the mouse GM-
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Fig. 3.6. Time
CSF promoter
Jurkat T cells.

course for luciferase activity of mouse GM'
constructs in transient transfection assays in

Jurkat T cells were transfected with pMGM3.1 and pMGM3.1^E, and

stimulated 20 hours later with PMA (20 nglml) and calcium
ionophore A23187 (2 uM). Cells were then harvested at the indicated
time points, and assayed for luciferase activity. Luciferase activity is
expressed as raw counts per minute.
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Fig. 3.7. Relative transcriptional activity
deleted mouse GM-CSF upstream constructs in
in transient transfection assays.

of
Jurkat

serially
T cells

Jurkat T-cells were transfected with 10ug of pMGM3.1, pMGM3.1^E'
pMGM2.3, pMGM1.6, pMGMO.2 and pMGM0.06. After 20 hours, cells

were either left unstimulated (O) or stimulated with PMA (20 ng/ml)
and calcium ionophore A23187 (2 uM) (P/I), then harvested nine
hours later and assayed for luciferase activity. Luciferase activity is

expressed relative to the level of activity in stimulated pMGM1.6
samples, assigned a value of 1. Error bars represent the standard

error and numbers in parentheses are the number of aSSayS

performed.
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CSF gene in transient transfection assays. A construct that contained

sequence upstream of the enhancer homologue up to -3.1 kb

(pMGM3.1) was able to increase induction levels, however this

increase was not statistically significant. A construct that contained

only sequence up to -60 bp was greatly less induced than constructs

contain more upstream sequences, indicating that there aÍe important

regulatory elements between -60 and -200 bp.

It is possible that the mouse enhancer needs to function in the context

of a mouse cell to be able to exert an effect on mouse GM-CSF

transcription. There may be factors that are lacking in the human

Jurkat T cells that aÍe needed for mouse GM-CSF gene transcription.

To determine if there are species-specific differences in the signalling

of these regulatory elements between humans and mice, the mouse

GM-CSF gene promoter constructs were also transfected into a mouse

EL4 T cell line. As was observed with the Jurkat T cell transfections,

no significant increase of induction was observed in the construct

containing the mouse enhancer homologue compared that which

lacked it (Fig. 3.8).

It was of interest to examine how the regulation of the mouse GM-CSF

promoter and promoter/enhancer constructs compared to the

regulation of the human promoter and promoter/enhancer constructs.

Both sets of the human and mouse constructs were transiently

transfected into Jurkat T cells It was observed that the level of

induction that was obtained through the proximal promoter of the

mouse GM-CSF gene was comparable to that which was obtained with
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Fig. 3.8.
upstream
cell s.

Relative transcriptional
constructs in transient

activity of
transfection

mouse
assays

GM.CSF
in E,L4

EL4 cells were transfected with pMGM3.1 and pMGM1.6, and

stimulated 20 hours later with PMA (20 ng/ml) and calcium
ionophore A23187 (2 uM) (P/I), or left unstimulated (O). Cells were

harvested nine hours later and assayed for luciferase activity.
Luciferase activity is expressed relative to the level of activity in
stimulated pMGM1.6, which has been assigned a value of 1. Each

sample was assayed once.
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the human GM-CSF promoter linked to the human enhancer (Fig. 3.5,

Fig. 3.9). Nevertheless, an increase in induction over that of the

mouse GM-CSF promoter was observed when the human enhancer

was linked to the mouse GM-CSF promoter (MGM1.6+B716). This

shows that the mouse GM- CSF promoter activity is still able to be

augmented by a strong enhancer.

It is possible that the strength of the mouse GM-CSF gene promoter

greatly masks the effects of the mouse GM-CSF enhancer homologue.

Alternatively, the mouse GM-CSF enhancer homologue may not be

functional. To determine whether the mouse GM-CSF enhancer

homologue had any inducible enhancer activity in other contexts, it

was linked to the promoter of the herpes simplex virus thymidine

kinase (TK) gene, coupled to a. luciferase reporter gene, and tested in

transient transfection assays (Fig. 3.5). The TK promoter was chosen

for this purpose because it was poorly induced by T cell activation,

mediating just a l.7-fold induction of luciferase in response to PMA

and calcium ionophore in the human Jurkat T cell line, and hence

would be less likely to mask any weak enhancer activity. When the

mouse 703 bp MscI fragment (M703) was linked to the TK promoter,

a 4.3-fold induction of the luciferase gene activity was obtained in

response to PMA and calcium ionophore, indicating that this element

does indeed function as an enhancer (Fig. 3.10). When the M703

fragment was linked in reverse orientation to the TK promoter, a 4.2-

fold induction of luciferase was obtained. In each case, the activation

of the enhancer/TK constructs were suppressed in the presence of

CsA. For comparison, the 716 bp fragment containing the human

70



Fig. 3.9. Comparison
of the mouse and
transfection assays in

of the relative transcriptional activity
human GM- CSF loci in transient

Jurkat T cells.

pMGM1.6, pMGM2.3, pGM and pGME were transfected into Jurkat T
cells and left unstimulated (O), or stimulated with PMA (20 ng/ml)
and calcium ionophore A23187 (2 uM) (P/I) 20 hours later. After
nine hours, cells were harvested and luciferase activity was assayed.

Luciferase activity is expressed relative to the stimulated level of
pMGM1.6, assigned a value of 1. Error bars represent standard error,

and numbers in parentheses , represent the number of assays

performed.
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Fig. 3.1.0. Relative transcriptional activities cells of
mouse and human GM-CSF enhancers when coupled to
TK promoter in transient transfection assays in Jurkat T.

the
the

Jurkat T cells were transfected with pTK, pTK+M703, pTK+M703R and

pTK+8716. After 24 hours, cells were stimulated with PMA (20

ng/ml) and calcium ionophore A23187 (2 uM)(P/I), or with PMA,
calcium ionophore A23I87 and CsA (0.1 uMXP/VCsA), or left
unstimulated (O). Cells were harvested after nine hours, and assayed

for luciferase activity. Luciferase activity is expressed relative to the

stimulated level of pTK, assigned a value of 1. Error bars represent

standard error, and numbers in parentheses represent the number of
assays performed.
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enhancer (8716) was linked to the TK promoter coupled to the

luciferase gene, and tested in transient transfection assays (Fig.3.5).

Here, a 6.9-fold induction was obtained from the luciferase gene. It

therefore appeared that while the mouse enhancer is not as efficient

as its human counterpart, it can function as an enhancer (Fig.3.10).

Considering that the human GM-CSF promoter has weaker inducible

activity than its mouse counterpart, it was felt that the mouse GM-CSF

enhancer may be able increase its induction Therefore, the M703

mouse enhancer fragment was next coupled to the human GM-CSF

promoter in front of a luciferase gene (Fig. 3.5). Unlike the mouse

GM-CSF promoter, the human GM-CSF promoter is dependent on its

enhancer for high level of induction of the human GM-CSF gene.

When tested in transient transfection assays in Jurkat T cells, the

human GM-CSF promoter alone gave 27 -fold induction of luciferase in

response to PMA and calcium ionophore (Fig. 3.11). When linked to

the M703 mouse enhancer fragment, induction through the human

GM-CSF promoter was increased to 72-fold over unstimulated levels.

Again, the induction was suppressed to basal levels in the presence of

CsA. V/hen the B716 human enhancer fragment was linked to the

human GM-CSF promoter a 37  -fold induction over unstimulated

levels was obtained. In comparing the absolute levels of the induced

constructs, the construct containing the mouse enhancer was induced

five-fold higher than the human GM-CSF promoter alone. The

construct containing the human enhancer was induced 23-fold higher

than the human GM-CSF promoter alone This data supports evidence
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Fig. 3.L1. Relative transcriptional activities of
and human GM-CSF enhancers when coupled to
GM-CSF promoter in transient transfection assays

T cells.

the
the
in

mouse
human
Jurkat

Jurkat T cells transfected with pGM, pGM+M703 and pGME. After 24

hours, cells were stimulated with PMA (20 ng/ml) plus calcium
ionophore A23I87 (2 uM) (P/I), or PMA plus calcium ionophore plus

cyclosporin A (0.1 uM) (P/I/CsA), or left unstimulated (O)' then

harvested nine hours later and assayed for luciferase activity.
Luciferase activity is expressed relative to the stimulated level of
pGM, assigned a value of 1. Error bars represent standard error, and

numbers in parentheses represent the number qf assays performed.
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suggesting that the human enhancer is stronger however the mouse

enhancer is indeed functional.

To determine whether the mouse enhancer needs to function in the

context of a mouse cell to induce transcription at a level comparable to

the human GM-CSF enhancer, the human GM-CSF promoter constructs

coupled to the human or mouse enhancers wefe transiently

transfected into mouse EL4 T cells. Similar to what was seen in the

Jurkat T cells, the mouse enhancer yielded a 2.7-fold increase in

inducible activity over the human GM-CSF promoter alone, compared

to a 5.8-fold increase by the human enhancer (Fig. 3.12).

The mouse and human GM-CSF enhancers were also tested in front of

an SV40 promoter (Fig. 3.5). In contrast to what was seen with the TK

and human GM-CSF promoter constructs, the presence of the mouse

enhancer actually decreased the level of induced transcription,

whereas the human enhancer contributed to a 4.7 -fold increase in

induced transcription (Fig. 3.13). In each sample, the addition of CsA

inhibited any increase in inducible activity. It is noteworthy,

however, that the uninduced levels of expression by the mouse

enhancer containing construct was half that of the SV40 promoter

alone and a quarter of that seen with the human enhancer containing

plasmid. V/hen induction relative to the unstimulated sample is

analysed, the mouse enhancer containing plasmid is induced to a'

slightly higher level (3.2-fold) than the promoter alone (2.3-fold), yet

less than the human enhancer containing construct.
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Fig. 3.12. Relative transcriptional activity of the mouse and
human GM-CSF enhancers when coupled to the human GM'
CSF promoter in transient transfection assays in EL4 T cells.

EL4 T cells were transfected with pGM, pGM+M703 and pGME, and

were stimulated 24 hours later with PMA (20 nglml) and calcium
ionophore A23187 (2 uM) (P/I), or left unstimulated (O). After nine
hours, cells were harvested, and luciferase activity waS assayed.

Luciferase activity is expressed relative to the stimulated level of
pGM, assigned a value of 1. Error bars represent standard error, and

numbers in parentheses represent the number of assays performed.
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Fig. 3.13. Relative transcriptional activity of the mouse and
human GM-CSF enhancers when coupled to the sv40
promoter in transient transfection assays in Jurkat T cells.

Jurkat T cells were transfected with pSV40, pSV40+M703 and

pSV40+8716. After 24 hours, cells were stimulated with PMA (20

ng/ml) plus calcium ionophore A23I87 (2 uM) (P/I), or PMA plus

calcium ionophore plus cyclosporin A (0.1 uM) (P/I/CsA), or left
unstimulated (O), then harvested nine hours later and assayed for
luciferase activity. Luciferase activity is expressed relative to the

stimulated level of pSV40, assigned a value of 1. Error bars represent

standard error, and numbers in parentheses represent the number of
assays performed.
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It was of interest to determine whether the mouse enhancer could

function through a truncated mouse promoter, as upstream promoter

elements may mask its action. The mouse enhancer was linked to a'

60 bp minimal mouse GM-CSF promoter upstream of luciferase and

transiently transfected into Jurkat T cells (Fig.3.5). No increase in

inducible activity was observed when compared to the 60 bp

promoter alone (Fig. 3.14). However, the human enhancer, when

linked to the 60 bp mouse promoter, yielded a large increase in

inducible activity, suggesting that the lack of function of the mouse

enhancer on the full length mouse promoter is not merely due to

masking by the strongly induced promoter.

One possible role of the mouse GM-CSF enhancer is to regulate the

mouse IL-3 gene which is located 12 kb upstream of the enhancer. To

ascertain whether the mouse enhancer could exert an effect on mouse

IL-3 induction, the M703 mouse enhancer fragment was linked

directly upstream of the mouse IL-3 promoter, and transiently

transfected into Jurkat T cells (Fig. 3.5). Upon stimulation with PMA

and calcium ionophore, a 4.4-fold increase in induction was observed

over the mouse IL-3 promoter alone (Fig.3.15). As was seen with the

assays using TK and human GM-CSF promoters, the human GM-CSF

enhancer was able to exert a greater effect on the mouse IL-3

promoter.

To investigate whether the mouse and human GM-CSF enhancers

respond to different stimuli, promoter only, and promoter with

enhancer constructs of both the mouse and human GM-CSF genes were
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Fig. 3,14. Relative transcriptional activity of the mouse and
human GM-CSF enhancers when coupled to a 60 bp minimal
mouse GM-CSF promoter in transient transfection assays in
Jurkat T 'cells.

pMGM0.06, pMGM0.06+M703 and pMGM0.06+B716 were transfected

into Jurkat T cells and stimulated 24 hours later with PMA (20

nglml) and calcium ionophore A23787 (2 uM) (P/I), or left
unstimulated (O). Cells were harvested nine hours later and assayed

for luciferase activity. Luciferase activity is expressed relative to the

level of stimulated pMGM0.06, assigned a value of 1. Error bars

represent standard error, and numbers in parentheses represent the

number of assays performed.
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Fig. 3.15. Relative transcriptional
human GM-CSF enhancers when
promoter in transient transfection

activity of the mouse and
coupled to the mouse IL-3
assays in Jurkat T cells.

Jurkat T cells were transfected with pMIL3, pMIL3+M703 and

pMIL3+8716. After 24 hours, cells were stimulated with PMA (20

ng/ml) and calcium ionophore A23187 (2 uM) (P/I), or left
unstimulated (O). Cetls were harvested nine hours later and assayed

for luciferase activity. Luciferase activity is expressed relative to the

level of stimulated pMIL3, assigned a value of 1. Error bars

represent standard error, and numbers in parentheses represent the

number of assays performed.
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transiently transfected into Jurkat T cells and stimulated with a panel

of stimuli. Cells were stimulated with combinations of PMA and Ca2+

ionophore with, phytohaemagglutinin (PHA), forskolin or dibutyryl

cAMP. PHA is a lectin that can activate the TCR. Forskolin and

dibutyryl cAMP afe both activators of the cAMP signalling pathways.

Combinations of PMA and PHA, PMA and forskolin, or Ca2+ ionophore

and forskolin had little effect on the induction of either the human or

mouse constructs containing or lacking the enhancer (Fig.3.16).

Forskolin and dibutyryt cAMP were both able to synergise with

PM A/ Ca2+ ionophore to increase the human GM-CSF promoter

activation (pGM). pGME did not appear to be significantly more

responsive to PMA/calcium ionophore/forskolin or PMA/calcium

ionophore/dbcAMP than was pGM. The mouse promoter (pMGM1.6)

also responded to the addition of forskolin or dbcAMP to PMA/Ca2+

ionophore with greater than a two-fold increase in induction of

luciferase. This induction increased even further when the construct

contained the mouse enhancer (pMGM2.3), but in this series of

experiments, the pMGM2.3 construct was almost twice as inducible as

the pMGM1.6 construct, in contrast to what had been observed in

previous assays. Nevertheless, it appears that the mouse GM-CSF

constructs are more responsive to cAMP signalling pathways in

combination with PMAlCa2+ ionophore than the human GM-CSF

constructs.

The mouse GM-CSF enhancer may function in the context of chromatin

structure; studying its role in transient transfection assays may not be

an appropriate measure of its activity. To investigate the role of the
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Fig. 3.L6. Response
various stimuli in
cells.

of the mouse and human GM-CSF loci
transient transfection assays in Jurkat

to
T

Jurkat T cells were transfected with pGM, pGME, pMGM1.6 and

pMGM2.3. After 24 hours, cells were either left unstimulated (O) or

were stimulated with PMA (20 ng/ml) and calcium ionophore (2 uM)
(p/I), PMA and PHA (1 ug/ml) (P/P), PMA and forskolin (10 uM)
(P/F), calcium ionophore and forskolin (I/F), PMA and calcium
ionophore and forskolin (P/I/F), or PMA and calcium ionophore and

diburyryl cAMP (1 mM) (P/I/dbcAMP). Cells were harvested after
nine hours and assayed for luciferase activity. Luciferase activity is

expressed relative to the level of PMA/calcium ionophore stimulated
pHGM, assigned a value of 1. Error bars represent standard deviation

of two experiments.
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mouse enhancer in a more natural chromatin environment, mouse

GM-CSF promoter (pMGM 1 .6) and promoter/enhancer (pMGM2.3)

constructs linked to luciferase were stably transfected into Jurkat T

cells. In parallel, human GM-CSF promoter (pGM) and

promoter/enhancer (pGME) luciferase constructs were also stably

transfected. In an effort to control for plasmid integration position

effects, each transfection was grown without isolating individual

clones in order to prepare a polyclonal population. A Southern blot

was performed on the resulting cell populations to determine the

number of integration events and the average copy number of the

construct per cell (Fig. 3.Il). Digestion of the stable cell line genomic

DNA with SpeI, a restriction enzyme that does not cut within the

reporter construct, revealed that each stable line is polyclonal, as

evident by the presence of multiple bands (Fig. 3.1'7, lanes 1 through

4). Digestion of the genomic DNA with EcoRI produced a 2.7 kb

fragment that was recognised by the probe. This demonsrated that all

four stable cell lines had an average of less than one copy of the

construct per cell: pMGM1.6 had an average of 0.24 copies/cell;

pMGM2.3 had an average of 0.17 copies per cell; pGM had an average

of 0.07 copies per cell, and pGME had an average of 0.15 copies per

cell (stable lines, lanes 5 through 8; standards, lanes 9 through 12).

The fact that there appear to be less than one copy per cell could

mean that there are clones within the population that contain only the

neomycin selectable marker construct, but not the reporter construct.

It is also possible that, because DNA fragments of different sizes can

transfer to membranes with different efficiencies, the 850 bp copy

number standard fragments transferred more efficiently than the 2.7
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Fig. 3.17. Southern blot showing integration site number
and copy number of mouse and human GM-CSF loci
constructs stably transfected into Jurkat T cells.

Genomic DNA isolated from stably transfected Jurkat T cell lines, and

10 ug samples were digested with restriction enzymes to determine

the integration site number and copy number of the constructs,
pMGM1.6 (1.6), pMGM2.3 (2.3), pGM (G), and pGME (E)' SpeI did not

õut within the constructs, and was used to detect the number of
integration events (lanes 1 through 4). E c o RI excised ã 2.7 kb

fragment from the construct, and was used to determine the aYerage

number of copies of the construct per cell (lanes 5 through 8). A 850

bp EcoRIlEcoRV fragment of the luciferase gene corresponding to 1

copy, 3 copies, 10 copies and 30 copies per genome, combined with 10

ug salmon sperm carrier DNA, was used as a standard (lanes 9

through l2). Uncut genomic DNA samples wefe run in lanes 13

through 16. A EcoRI cut SPP1 marker (M), was included (lane l7),
and fragment sizes are indicated. The top figure shows the ethidium
bromide stained agarose gel. The bottom figure shows the Southern

blor, probed with a radiolabetled 850 bp EcoRIlEcoRV luciferase gene

fragment.
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kb reporter construct fragments. Uncut genomic DNA from the stable

lines was included to determine whether any of the constructs

remained unintegrated (bands 13 through 16). No band was visible

suggesting that all constructs had integrated into the genomic DNA,

however, no band was seen at the top of the gel, suggesting that the

DNA may not have entered the gel. The stably transfected cell lines

were stimulated with PMA and Ca2+ ionophore and tested for

luciferase activity after nine hours. Surprisingly, neither the inclusion

of the human nor mouse enhancer affected the induction of the

human or mouse GM-CSF enhancer respectively (Fig. 3.18).
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Fig. 3.18. ComParison of
of the mouse and human
assays in Jurkat T cells.

the relative transcriptional activity
GM-CSF loci in stable transfection

Jurkat T cells were transfected with linearised pMGM1.6, pMGM2'3'
pGM, pGME along with linearised pEoTKneo. Cells with stably

integratèd plasmid were selected in neomycin containing medium for
3 weeks. Cells were then stimulated with PMA (2O nglml) and

calcium ionophore (2 uM) (P/I) or left unstimulated (O). After nine

hours, cells were harvested and assayed for luciferase activity.
Luciferase activity is expressed relative to stimulated pGM levels,

asigned a value of 1. Error bars represent standard erfor' and

nu-b"rt in parentheses represent the number of assays performed.
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3.3. DISCUSSION

The work described in this chapter was undertaken to isolate and

characterise the element homologous to the human GM-CSF enhancer'

The identification of this mouse enhancer has added to the

considerable structural conservation of the mouse and human GM-

CSF/IL-3 loci. With the high degree of conservation between the two

species with respect to gene distance, orientation, intron/exon

organisation and promoter conservation, it is not surprising to find a'

homologous enhancer that also forms an inducible CsA sensitive DH

site.

As a guide to which elements are functionally important within the

enhancers, it is useful to look at the regions that are conserved. It is

of note that the area of highest homology almost directly corresponds

to the 425 bp BamHIlMscI fragment defined as the full length human

enhancer (Cockerill et â1., 1995b). It's likely that this region also is

central to the functioning of the mouse enhancer. Indeed, a 230 bp

human enhancer fragment that spans this region, including the only

rwo conserved NFAT sites (GM420 and GM550), is able to convey the

full human enhancer activity (Cockerill et al., 1995b). In contrast, the

human GM170 site, which is not conserved at all in the mouse

enhancer is the weakest of all four NFAT sites (Cockerill et al., 1995b).

The sequence conservation has also highlighted other elements which

may play important roles in the enhancer function. A core-binding

factor site is well conserved, very close to the GM420 NFAT site. This

binding site will be discussed in Chapter Five. Sequence homology

studies have also highlighted putative binding sites for other
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haemopoietic specific transcription factors such as EzA, Ets and GATA

family members. These factors may contribute to the tissue/stage-

specific regulation of GM-CSF expression. The pfesence of long

stretches of homology with no obvious transcription factor binding

sites may suggest that these sequences contain transcription factor

binding sites that are yet to be defined. DNA footprinting and

methylation interference of these regions need to be performed to

help identify such factors.

Despite there being a high degree of sequence homology, there are

also some significant differences between the mouse and human

enhancers. Only two of the four NFAT sites present in the human

enhancer are conserved to any extent in the mouse enhancer (GM420

and GM550), and neither of these afe strictly conserved. In both

cases the AP-l and NFATp/c components aÍe spaced further apart in

the mouse, and are therefore less likely to cooperatively bind' Gel

shift assays need to be performed to address the question binding

affinity of NFAT to the NFAT-like elements in the mouse enhancer.

With such a structural similarity in the organisation of the locus and a

high degree of homology between the mouse and human enhancers, it

is surprising that they appear to function differently. Whilst both

enhancers are able to augment the inducible activity of heterologous

promoters Such aS the TK promoter, the mouse enhancer had no

significant effect on the activation through the mouse GM-CSF

promoter in transient transfection assays. This lack of function

appears to be compensated by a higher inducible activity of the
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mouse GM-CSF promoter, compared to a weaker inducible activity of

the human GM-CSF promoter. The differences between the mouse and

human GM-CSF promoters will be discussed in chapter Four. The

apparent lack of function of the mouse enhancer on the mouse

promoter cannot be simply explained as a masking of its effects by

the already strongly inducible promoter. Linking the enhancer to a

truncated mouse promoter (pMGM0.06) that was weakly inducible did

not support an increase in activation, whereas the human enhancer

was still able to augment this minimal promoter's activity.

Additionally, the mouse enhancer was unable to function on the SV40

promoter, suggesting that the human enhancer may be more

indiscriminate than the mouse enhancer.

It is unclear why the TK and SV40 promoters were sensitive to CsA.

It casts doubt as to whether the CsA-mediated suppression of the

constructs containing the enhancer is due to a CsA sensitivity of the

enhancer, or due to more general cellular inhibitory mechanisms.

Some of these effects may be due to CsA sensitive sites within the

vector, or perhaps a CsA sensitivity of other transcription factors

Although the mouse enhancer is able to increase induction through

the mouse IL-3 promoter, this does not necessarily suggest that this is

indeed a function of the mouse enhancer, merely that these two

elements aÍe compatible. In these assays, both the human and mouse

enhancers were linked directly upstream of the mouse IL-3 promoter.

In the natural context, there may be structural barriers such as
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boundary elements that block interactions between the IL-3 promoter

and GM-CSF enhancer.

It is important to recognise the limitations of transient transfection

assays. Some regulatory elements may need to be packaged in a

chromatin context to be able to function, and may operate by altering

the chromatin to promote transcription. These characteristics are

usually associated with LCR activity. Within the ß globin locus, only

one of the four elements composing the LCR has classical enhancer

activity when tested in transient transfection assays (Tuan et àl',

1989), but all four elements are required in vivo for proper globin

gene regulation (Grosveld et al, 1987). Supercoiled circular plasmids

may not generate some higher orders of chromatin structure on DNA,

and hence these chromatin modifying abilities may be unnecessary in

this context. If the role of the mouse GM-CSF enhancer is largely to

alter chromatin structure, this function would be less likely to be

detected in transient transfection assays. Studying the role of this

element when stably integrated into DNA is more likely to address

this issue. In the one stable transfection assay performed, neither the

human nor the mouse enhancers had any significant effect on their

respective promoters. However, this study is not conclusive. As the

constructs can be integrated anywhere in the genome, and in

numerous a1¡ay configurations, variability can be expected depending

on the degree of packaging of the chromatin structure of the

integration site, and interaction between multiple copies at each

integration site. To normalise for these effects, these stable

transfections should be repeated several times. Also, these constructs
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may not be appropriate if the enhancers need to interact with other

regulatory elements within the locus. The mouse enhancer may need

to interact with upstream elements that are not included in these

constructs, such aS Sequences immediately upstream; the construct

containing sequence up to -3.1 kb was more inducible than the

construct up to -2.3 kb. Alternatively, the mouse enhancer may need

to function with more distal elements, such as the constitutive DH site

that is located 4.9 kb upstream of the GM-CSF gene. Larger fragments

of the mouse GM-CSF locus need to be stably integrated to address

this. The lack of function of the human enhancer was surprising. This

might be due, however, to the fact that in this construct the enhancer

is directly coupled to the promoter without any of the intervening

sequence. This length of sequence may be too short to allow the

enhancer to loop over and interact with the promoter. A construct

containing the human enhancer in its natural position with respect to

the promoter may be more appropriate. An additional explanation for

lack of apparent enhancer function may be that the luciferase

expression kinetics are different when the constructs are stably

integrated into DNA. A new time course mapping luciferase

expression would be required to determine this'

The mouse GM-CSF locus appears to be more responsive than the

human GM-CSF locus to cAMP signals in combination with PMA and

Ca2+ ionophore, but it is difficult to say how much of this effect is

elicited by the promoter and how much by the enhancer. In these

assays, the mouse enhancer construct pMGM2.3 was more highly

induced with respect to the mouse promoter construct pMGM1.6, that
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had been previously observed, hence its corresponding activities seen

in the presence of cAMP signals may be artificially high. Another

manner by which one could address the cAMP responsiveness of the

enhancer would be to link it to a non-cAMP responsive promoter and

compare its activity in response to PMA/Ca2+ ionophore versus

PMA/Ca2+ ionophore/dbcAMP. The generally higher responsiveness

to cAMP signals in the mouse locus is not conclusive. The mouse

promoter construct contains 1600 bp of upstream sequence whereas

the human promoter construct contains 627 bp. It is possible that a

cAMP responsive element is present in the mouse construct but its

counterpart is not included in the human construct.

The are other possible reasons for the inability of the mouse enhancer

to activate the mouse GM-CSF promoter. The mouse GM-CSF enhancer

may not be required for the rapid induction of GM-CSF expression in

response to T cell activation. Its role may be involved in the

developmentally programmed regulation of the GM-CSF locus during

haemopoiesis. A mouse GM-CSF enhancer transgene model would be

useful for investigating this possibility as this would provide

information on its temporal and tissue specific requirements for

function. Another possibility is that the mouse GM-CSF enhancer

responds to the activation of pathways other than those invoked

through T cell receptor signalling. Whilst a small panel of stimuli was

tested, a more extensive search would be beneficial. The human

enhancer has been shown to function in other cell types such as

endothelial cells (Cockerill et â1., L995a), and preliminary evidence

from this laboratory shows that an inducible DH site forms over the
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human GM-CSF enhancer in fibroblasts and monocytes (P. Cockerill,

unpublished data). However, the physiological stimuli involved in

these cells have not been determined. The mouse enhancer may

activate the mouse GM-CSF promoter in response to the activation of

pathways other than those invoked through T cell receptor signalling,

and in cell types other than T cells.
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CHAPTER 4.

COMPARISON OF THE MOUSE AND HUMAN

GM.CSF GENE PROMOTERS



4.I. INTRODUCTION

An interesting observation to emerge from the study of the mouse

GM-CSF enhancer was the apparent difference in inducible potentials

of the mouse and human GM-CSF gene promoters. These studies

showed that the induced activity of the mouse GM-CSF gene promoter

was approximately three-fold higher than that of its human

counterpart. Indeed, Miyatake et al. (1988b) also observed a

significant difference in the induced activities of these promoters.

such a. difference is surprising considering the high degree of DNA

sequence homology between the human and mouse GM-CSF

promoters; there is approximately SOVo homology within 350 bp of the

transcriptional start site, and approximately gOVo homology within I20

bp (Fig. a.1).

Deletion analyses of the mouse and human GM-CSF gene promoters

suggest that full inducible activity is contained within I2O bp from

the transcriptional start site (Miyatake et al., 1988a; Nimer et al',

1988). V/ithin this sequence aÍe conserved elements; the CK-l, CK-z

and CLES elements are all strictly conserved, as is a potential GATA

binding site. There are differences, however, which could affect

transcription factor binding. In the sequence between -120 bp and

the BstEII site, at -54 bp and -57 bp in the human and mouse

promoters respectively, there are three sequence differences that may

account for the different inducible activities observed: a two bp

difference is located between the CK-l and CK-2 elements at -89 bp in

the human; a one bp difference exists within the GC-rich region at -70
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Fig. 4.1.
promoters

Alignment of the mouse and human GM-CSF gene

within 120 bp of the transcriptional start site.

Sequence alignment between the mouse and human GM-CSF gene

promoters was performed using the DNASIS computer program.
Sequence is numbered from the transcriptional start site at +1.

Within 119 bp of the mouse transcription start site, and 116 bp of the

human transcription start site, there is 90Vo DNA sequence homology,
and is shown shaded. Sequence differences between the mouse and

human promoters within the -119 to +1 bp region are printed in bold.
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bp in the human; and difference in the most distal of three CATT

repeats at -59 bp in the human. Downstream of the BstEII site, there

aÍe three sequence differences that could account for the differing

inducible activities. There are four additional bases between the CLE0

element and the TATA box in the mouse, and there is a one bp

difference within the TATA box. There is also an additional one base

pair in the human promoter, 10 bp from the transcription start site.

The aim of this study was to determine which DNA sequence

differences could account for the induction differences of the mouse

and human GM-CSF gene promoters. A series of luciferase reporter

gene plasmid constructs containing mutations within the mouse and

human GM-CSF gene promoters were made, and tested in transiently

transfected Jurkat T cells. DNA-protein binding studies were also

conducted to test the affinities of Sp1 binding to the human and

mouse GC-boxes, and TATA-binding protein (TBP) binding to the

human and mouse TATA boxes'
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4.2. RESULTS

4.2.1

AND HUMAN GM.CSF GENE PROMOTERS

The GC-boxes of the mouse and human GM-CSF gene promoters were

tested for their ability to bind to the transcription factor Sp1'

Differential binding affinities of the sites could contribute to the

differences in inducible activity. Recombinant human Sp1 was able to

bind to both radioactively labelled mouse and human probes

containing the GM-CSF gene promoter GC-box (Fig. 4.2). Binding of

Spl to the mouse GM-CSF GC-box has also been observed by Masuda

et al. (lgg4). Unlabelled oligonucleotides of the mouse and human

GM-CSF GC-boxes were used to compete for spl binding with the

probes. The mouse GC-box functioned as a stronger competitor for

Spl binding than the human GC-box. Against the human GC-box

probe, the mouse GC-box competitor competed 1.5 to 2 times more

strongly than the human GC-box competitor. Against the mouse GC-

box probe, the mouse GC-box competitor competed 2 to 3 times more

strongly than the human GC-box competitor. Such a difference in

binding affinities for Sp1 could partially account for differences seen

in inducible activitY levels.

The mouse and human GM-CSF gene TATA boxes were also tested for

their binding to TBP in a DNA-protein binding assay. Radioactively

labelled oligonucleotides probes spanning the mouse and human

TATA boxes were incubated with varying amounts of recombinant
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Fig. 4.2. Competition for recombinant human sp1 binding
to the GC-boxes of the human and mouse GM'CSF promoters.

A. Recombinant human sp1 (1.0 ng) was combined with
radiolabelled human GC-box oligonucleotide (0.2 ng)(Sp1-H).
Unlabelled competitor oligonucleotides were added to the binding
reactions in the nanogram amounts indicated. Lanes 2 through 7

contained Spl-H competitor, and lanes 8 through 13 contained Sp1-M

competitor. Lane t had no competitor added. The Sp1 complex (Spl)
and unbound probe (F) are indicated.

The amount of shifted Spl-H probe was quantitated as a percentage

of total probe. Values are presented as percent binding where no

competitor represents IÙOVo binding.

B. Recombinant human Sp 1 ( 1 .0 ng) was combined with
radiolabelled mouse GC-box oligonucleotide (0.2 ng)(Sp1-M).
Unlabelled competitor oligonucleotides were added to the binding
reactions in the nanogram amounts indicated. Lanes 15 through 20

contained Sp1-H competitor, and lanes 2l through 26 contained Spl-
M competitor. Lane 14 had no competitor added. The Spl complex
(Spl) and unbound probe (F) ate indicated.

The amount of shifted Spl-M probe was quantitated as a percentage

of total probe. Values are presented as percent binding where no

competitor represents I007o binding.
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human TBP. TBP was able to bind to both the mouse and human

probes (Fig 4.3). However, TBP bound more 2 to 3 times strongly to

the mouse TATA box probe than the human probe. This difference

may also partially account for differences observed in the inducible

activities of the two Promoters.

4.2.1

GENEPROMOTERS

To directly compare the inducible activities of the human and mouse

GM-CSF gene promoters, it was necessary to test promoters of

equivalent lengths. DNA sequences contained within 116 bp and 119

bp of the human and mouse transcription start sites, respectively,

were chosen because these regions have been previously

demonstrated to contain full inducible activity (Miyatake et al., 1988;

Nimer et al., 1988), and DNA sequence homology is reduced upstream

of this region. The inducible activities of the 116 bp human GM-CSF

gene promoter construct (pGM116) and the tlg bp mouse GM-CSF

gene promoter construct (pMGM119) were compared to the activities

of the 627 bp human and 200 bp mouse promoters (pGM and

pMGMO.2, respectively) (Fig. 4.4; Fig. 4.5). The induced activity of

pGM116 was over 4-fold higher than pGM, and the induced activity of

pMGM119 was over 3-fold higher than pMGMO.2. This suggests that

there may be negative regulatory elements that are contained within

pGM and pMGMO.2 that are not present in their truncated promoters.

The fold difference of induced pMGM119 over pGM116 appeared to

87



Fig. 4.3.
boxes to

Binding of
recombinant

the mouse and human GM-CSF TATA
human TBP.

Nanogram amounts of recombinant human TBP were combined with
radiolabelled 0.2 ng human TATA box oligonucleotide (TATA-H, lanes

2 through 7), or 0.2 ng mouse TATA box oligonucleotide (TATA-M'
lanes g through l4). Lanes 1 and 8 had no TBP added. The TBP

complex (TBP) and unbound probe (F) are indicated.

The extent of binding of TBP to the mouse and human TATA box

probes was quantitated by ImageQuant version 3.2.1 computer
ioftware. The amount of probe shifted by TBP binding is presented

as a percentage of total probe.
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Fig. 4.4.
used to
GM.CSF

Schematic representation of luciferase constructs
detect differences between the mouse and human
promoters.

Oligonucleotides were cloned into mouse and human GM-CSF gene

promoter constructs to create promoters with specific mutations. The

white shapes represent sequence motifs of the mouse GM-CSF
promoter. The black shapes represent sequence motifs of the human
-CVI-CSF promoter. Both the mouse and human constructs contain
human GM-CSF promoter sequence from -19 bp to +28 bp. The

arrows indicate a deletion between the NFAT-I site and the TATA
box of pM4bp or an insertion between the NFAT-I site and the TATA
box of pH4bp. For details of cloning, refer to chapter 2, section 2.9.
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Fig. 4.5. Relative
mouse GM-CSF
transfection assaYs

transcriptional activitY of
gene promoter constructs
in Jurkat T cells.

human and
in transient

Jurkat T cells were transfected with 5ug of pGM, pGM116, pMGMO'2'

pMGM119 and pHM116. After 24 hours, cells were either left
unstimulated (Ot of stimulated with PMA (2onglml) and calcium

ionophore (2uM) (P/I), then harvested nine hours later and assayed

for luciferase activity using 20ug cytoplasmic extract. Luciferase

activity is expressed relative to the level of activity in stimulated

pGM 
-samples, 

assigned a value of 1. Error bars represent the

itandard error and numbers in parentheses aÍe the number of assays

performed.
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be less than that of pMGMO.2 ovef pGM. There may be elements

upstream of - 1 19 bp that contribute to the different inducible

activities. There is still, however, a two-fold difference in induced

activity of the pMGM119 and pGM116 constructs, implying that there

are differences within this sequence that contributes to variance of

induction levels.

A chimaeric 116 bp GM-CSF gene promoter plasmid was constructed

which coupled mouse promoter sequence downstream of the BstEII

restriction enzyme site at -57 bp, with human promoter sequence

from the BstEII site to -lt6 bp (pHM116). This plasmid was

compared to pMGM119 and pGM116 to determine whether sequence

differences contributing to the difference in inducible activities

resided upstream or downstream of the B stEII site. The induced

activity of pHM116 was midway between the activities of pGM116

and pMGM119. Its activity, however, was not significantly different

from either pGM116 or pMGM119, as determined by a student T test

Gie. a.s).

To determine the significance of individual sequence differences

between the mouse and human GM-CSF gene promoters, mutations

were introduced into pGM116 and pMGM119. Upstream of the BstEII

site, two sequence differences between the mouse and human

promoters were investigated. The GC-box forms a good Spl consensus

binding site (Kadonaga et al., 1986) in the mouse promoter; a 1 bp

difference in the human GC-box is likely to make it a less favourable

Spl binding site. A mutation was introduced to pGMllí at the GC-box
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to form a mouse GC-box (pHspl). Likewise, a mutation was

introduced into pMGM119 to form a human GC-box (pMspl). The

furthest upstream of three CATTA/T repeats (termed CATT-3) present

in the human GM-CSF gene promoter is absent in the mouse GM-CSF

promoter. This site has been suggested to bind to a transcriptional

repressor (Nimer et al., 1990; Fraser et al., 1994), and hence could

account for the induction differences between the mouse and human

promoters. Mutations were introduced into pMGM119 to form a

CATT-3 element (pMCAT). Again, a complementary mutation was

introduced into pGM116 to replace the CATT-3 element with the

mouse equivalent (pHCAT). The GC-box and CATT-3 mutant

constructs were compared to the wild type pMGM119 and pGM116

constructs in transient transfection assays (Fig. 4.6). In these assays,

there was no significant difference between the inducible activities of

pGM116 and pMGM119, in contrast to what had been observed

previously. The activities of pHSpl and pMSpl were both higher than

those of pGM116 and pMGM119, but were variable. pHCAT was

significantly less active than both pGM116 and pMGM119. There was

no significant difference between the activities of pMCAT and the wild

type promoters.

Downstream of the BstEII site within the GM-CSF gene promoter, two

differences between the mouse and human wefe considered. An

additional 4 bp afe present in the mouse GM-CSF promoter between

the binding sites for Ets/NFATp/c and TATA box binding protein

(TBP). There are approximately 10 bp within one helical twist of

double stranded DNA, hence, this 4 bp difference would constitute
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Fig. 4.6. Relative transcriptional activity of
mouse GM-CSF gene promoter constructs
mutations in the GC'box or the CATT'3 box,
transfection assays in Jurkat T cells.

human and
containing

in transient

Jurkat T cells were transfected with 5ug of pGM116, pMGM119'
pHSpl, pMSpl, pHCAT and pMCAT. After 24 hours, cells were either

left 
-unstimulated (O) or stimulated with PMA (2}nglml) and calcium

ionophore (2uM) (P/I), then harvested nine hours later and assayed

for luciferase activity using 20lg cytoplasmic extract. Luciferase
activity is expressed relative to the level of activity in stimulated
pGM 1 16 samples, assigned a value of 1 . Error bars represent the

standard error and numbers in parentheses are the number of assays

performed.
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approximately half a twist. This may affect protein-protein

interactions between the transcription initiation complex and the

activator and repressors of the promoter. A mouse GM-CSF gene

promoter construct was made that contained a mutation which

deleted the additional 4 bp (pMabp). Conversely, a, human GM-CSF

gene promoter construct that contained the additional 4 bp was made

(pHabp). There is a one bp difference within the TATA boxes of the

mouse and human GM-CSF gene promoters. As the mouse TATA box

more closely matched the selected TBP consensus binding site (Wong

and Bateman, 1994), it was felt that this may also contribute to the

differences in inducible activities. Mouse and human GM-CSF gene

promoter constructs were made that each contained the TATA box of

the other species (pMTATA and pHTATA). When these constructs

were assayed in transiently transfected cells, unexpected results were

seen (Fig. 4.7). Again, no significant difference in inducible activity of

the wild type promoters, pMGM119 and pGM116, was observed.

pH4bp had a similar activity to pMGM119 and pGM116, whereas

pHTATA was significantly less active. The pM4bp construct was less

active than both wild type promoter construct. pMTATA was not

significantly different to the wild type promoter constructs.

The reasons for the discrepancies between the induction differences of

earlier and later experiments are unclear. DNA sequencing confirmed

that the promoters within all constructs were all as expected.

Multiple large scale DNA preparations were performed from separate

isolates of each construct, but the activities of pGM116 and pMGM119

remained equivalent. A series of plasmid preps of pMGM119 were
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Fig. 4.7. Relative transcriptional activity of human and

,rrõor. GM-CSF gene promoter constructs containing
mutations in the TATA box, and region immediately
upstream of the TATA box, in transient transfection assays

in Jurkat T cells.

Jurkat T cells were transfected with 5ug of pGMl16, pMGM119'
pH4bp, pM4bp, pHTATA and pMTATA. After 24 hours, cells were

èith". left unstimulated (o) or stimulated with PMA (2jng/ml) and

calcium ionophore (2uM) (P/I), then harvested nine hours later and

assayed for luciferase activity using 20rtg cytoplasmic extract.

Luciferase activity is expressed relative to the level of activity in

stimulated pGM 1 16 samples, assigned a value of 1 . Error bars

represent the standard error and numbers in parentheses are the

number of assays Performed.
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compared, including the prep which was used to generate the data in

figure 4.5. The plasmid prepared in the first large scale preparation

was significantly more inducible than subsequent preps (fig' 4'8)'

Because of these difficulties with obtaining consistent data, transient

transfection assays were not continued.

9t



Fig. 4.8. TranscriPtional
bp GM-CSF Promoter
assays in Jurkat T cells.

activity of a panel of
constructs in transient

mouse L19
transfection

Jurkat T cells were transfected with 5 ug of pMGM119 from different

large scale preparations, A, B, C and D. After 24 hours, cells were

stimulated with PMA (20 nglml) and calcium ionophore (2 uM) (P/I),

then harvested nine hours later and assayed for luciferase activity
using 20ug cytoplasmic extract. Luciferase activity is expressed as

raw counts per second. Error bars represent the standard deviation

of two assays.
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4.3. DISCUSSION

The work described in this chapter was initiated based on the

observation that the activity obtained through the mouse GM-CSF

promoter in activated cells was much greater than that of the human

promoter. In fact, its level of induction was comparable to that which

is seen when the human GM-CSF promoter is coupled to the human

GM-CSF enhancer. This suggested that the mouse GM-CSF promoter

evolved as a more active promoter than its human counterpart to

compensate for the presence of a weaker enhancer in the mouse locus.

Studies carried out to observe the functional significance of

differences between the mouse and human GM-CSF promoter were

troublesome. The differences in inducible activities that were seen in

early experiments became insignificant in subsequent experiments.

part of the problem lies with the degree of variability obtained with

the luciferase assays. Experiments must be repeated many times in

order to get statistically relevant data. This is generally not a problem

when one is comparing constructs with large differences in activities.

V/hen one is comparing constructs with similar activities, however, it

is difficult to obtain meaningful data. For example, in this study, the

construct pHM 1 16 was made to determine whether sequence

differences upstream and/or downstream of the B stEII site were

responsible for the different inducibilities. While the activity of

pHM116 was in between those of pGM116 and pMGM119, suggesting

that there may be elements contributing to the differences on both

sides of the BstEII site, this finding was not statistically significant,
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despite a reasonable number of samples being tested. If there were

actually multiple sequence differences contributing to the different

inducible activities, each may be expected to contribute only a minor

portion of the difference. These individual differences may be too

subtle to detect with this assay system.

The difficulties encountered with the drop in activities of constructs

are pttzzling. The initial preparations of plasmids gave significant

differences in the activities of pGM116 and pMGM119. All

subsequent preparations, however, showed no difference in their

induced activities. Multiple preparations from different isolates of the

constructs did not account for the changes seen. Sequencing of the

inserts of these constructs confirmed that there were not errors in this

region. There may, however, be mutations outside this region that

have arisen which could affect the activities of the pMGM119

construct and those derived from it. It could also be argued that the

activity of the first pMGM119 preparation was artificial, and that the

subsequent preparations represent the true activity of this construct.

Regardless, it was decided that the differences being sought were too

subtle for this assay sYstem.

Binding affinities for spl and TBP were found to be greater in the

mouse GM-CSF gene promoter than in the human GM-CSF gene

promoter. The differential binding affinity of both factors could

possibly contribute to the differential inducible activities. However,

without the functional data to support it, it is difficult to speculate as
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to the degree of effect these binding differences would cause in

inducible activitY.
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CHAPTER 5.

REGULATION OF THE HUMAN GM.CSF GENE

LOCUS BY CORE.BINDING FACTOR



5.1.. INTRODUCTION

Sequence analyses led to the identification of conserved putative

binding sites for the transcription factor core Binding Factor (cBF) in

the proximal promoters and enhancers of both the human and mouse

GM-CSF genes. CBF has been shown to play an important role in the

regulation of many haemopoietic specific genes such as T cell receptor

Þ, T, ô chains , IL-3, and M-csF receptor (Prosser, et al.' 1992; Hsiang

et a1., lg93; Redondo et al., 1992; Cameron et al., 1994; Zhang et a1',

Lgg|). A comparison of the the putative human and mouse CBF

binding sites within the GM-CSF promoter and enhancer shows a high

degree of homology with the known CBF binding sites of other genes

(Fig.5.1). These putative CBF binding sites are located in the minimal

promoter and the enhancer cofe' in close proximity to other

transcription factor binding sites. CBF has been shown to functionally

co-operate with other transcription factors such as c-Myb and Ets-l in

similar configurations (Herndandez-Munain et â1., t994; Wotton et â1.,

199aXFig. 5.2). We therefore postulated that it plays a role in the

regulation of the GM-CSF gene. CBF is expressed in many cell types in

which GM-CSF is expressed (Nucifora and Rowley , t995) '

Additionally, Acute Myeloid Leukaemia patients ate sometimes found

to have abnormal GM-CSF expression (Young et al., 1988; Rogers et al.,

1994; Freedman et al., 1993).

The aim of the work described in this chapter was to determine

whether the cBF site within the human GM-CSF promoter played a

significant role in the expression of the GM-CSF gene, and whether the
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Fig. 5.1. Comparison of Core Binding tr'actor binding sites.
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Fig. 5.2.
associated

comparison of transcription factor binding sites
with CBF binding sites.

Numbers in parentheses represent base pairs separating the CBF

binding site and adjacent transcription factor binding sites.
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enhancer CBF site could influence transcriptional induction when

directly linked to the human GM-CSF proximal promoter. Work

performed concurrently in the laboratory by Mr. Andrew Bert and Ms.

Rina Grotto showed that a DNA binding protein from a nuclear extract

prepared from Jurkat T cells could bind to the GM-CSF promoter and

enhancer CBF sites, and in both cases, be competed by a known CBF

binding sequence, and supershifted by both CBFc¡¿ and CBFß specific

antibodies (Cockerill et al., 1996). Furthermore, CBF binding to the

mouse and human GM-CSF promoter has recently been confirmed by

other groups (Takahashi et al., 1995; Frank et al., 1995')'

In order to test the functional importance of these potential CBF sites,

I investigated their contribution to the function of the human GM-CSF

promoter and enhancer in transient transfection aSSays.
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5.2. RESULTS

5.2.1

To determine the effect of serially deleting the promoter past the CBF

site, a series of truncated human GM-CSF promoters in a luciferase

vector were designed (Fig. 5.3).

When transiently transfected into Jurkat T cells, a plasmid construct

containing 621 bp of the proximal promoter of the human GM-CSF

gene (the full length promoter) gave a 2O-fotd induction of luciferase

when cells were stimulated with PMA and CaZ+ ionophore (Fig.5.4).

'When a construct containing the CBF site, but truncated just before the

Sp1 site, was assayed (pGM69) it was found to have approximately

one third the inducible activity of the full length promoter. Note that

this construct has a higher constitutive expression of luciferase

suggesting that elements negatively regulating uninduced expression

have been deleted. A construct that was truncated within the CBF site

(pGM55) dropped its inducible activity to approximately I5Vo of that

of the full length promoter, or half that of pGM69, suggesting the loss

of a positive regulatory element. A construct that was further

truncated to delete the YY-l binding site, yet retain the AP-1 binding

site (pGMa7), showed no significant differences to the pGM55

construct.
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Fig. 5.3.
constructs

Schematic representation
used for detection of CBF

of luciferase rePorter
binding site function

Human GM-CSF promoter fragments were cloned into the multiple
cloning sites ,rp.tr"u* of the luciferase gene. The full length

promoter construct, pGM627, contains sequence from -627 bp to +28

ùp. Other constructs are 5' deletions of pGM627. Details of cloning

ui" described in chapter 2, section 2.9. The white shapes represent

transcription factor binding sites within the human GM-CSF promoter.

The 
"rosr 

through the CBF binding site indicates a specific mutation

within the CBF site. The thickened line and black CBF box represent

human GM-CSF enhancer sequence, and the parentheses indicate an

affay of three copies.
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Fig. 5.4. Relative transcriptional activity
deleted human GM-CSF promoter constructs
cells.

of serially
in Jurkat T-

Jurkat T cells were transfected with 5ug of pGM627, pGM69, pGM55

and pGM47. After 24 hours, cells were either left unstimulated (O) or

stimutated with PMA (Z}nglml) and calcium ionophore (2uM) (P/I),

then harvested nine hours later and assayed for luciferase activity
using 2}lg cytoplasmic extract. Error bars represent the standard

"troi and numbers in parentheses are the number of assays

performed.



1

0,9

0.8

0.7

0.6

0.5

0.4

0.3

o.2

0.1

0
GM627

(24)

GM69

(18)

GM55

(16)

lo
IP,|

GM49

(8)



5 .2.2

To further determine the functional role of the GM-CSF promoter CBF

site, witd type promoter constructs were compared to those which

conrain a 2 bp mutation that inhibits cBF binding (Fig. 5.3), in

transiently transfected Jurkat T cells. 'When compared to the wild

type pGM69 construct, the pGM69ÂCBF construct, which contains the

specific mutation within the CBF binding site (Fig.5.3), gave only a

third of the inducible activity (Fig. 5.5), suggesting that this binding

site is crucial for the induction of this truncated promoter. Likewise,

the construct pGM627 A,CBF, containing the same specific mutation as

pGM6SACBF in the full length GM-CSF promoter (Fig. 5.3), was able to

be induced only from a third to half of the level that was seen for the

wild type promoter, pGM627 (Fig. 5.5). This also shows that the CBF

site plays an important role in the regulation of the full length

promoter. However, factors binding upstream of the CBF site were

able to partially compensate for its loss.

5.2.3.

To determine whether the enhancer CBF site can function to increase

transcription, the enhancer CBF site was linked to the pGM47 proximal

promoter construct so as to locate it in a similar position as the

promoter CBF site, in a construct resembling pGM69 (pGM47CBFe, Fig'

5.3). 'When assayed in transiently transfected Jurkat T cells, this

construct gave approximately a two-fold increase in inducible activity
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Fig. 5.5.
promoter
site.

Relative transcriptional activity
constructs containing mutations

of human GM-CSF
in the CBF binding

Jurkat T-cells were transfected with 5ug of pGM69, pGM69ÂC B F,

pGM627 and pGM627ACBF. After 24 hours, cells were either left
unstimulated (O) or stimulated with PMA (2Ùng/ml) and calcium

ionophore (2uM) (P/I), then harvested nine hours later and assayed

for luciferase activity using 20ug cytoplasmic extract. Luciferase
activity is expressed relative to the level of activity in stimulated
pGM627 samples assigned a value of 1. Error bars represent the

standard error and numbers in parentheses aÍe the number of assays

performed.
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over rhar of pGM47 (Fig. 5.6). This level of inducible activity was

comparable to that which is seen for pGM69. This result suggested

that the GM-CSF enhancer CBF binding site does indeed function as a

transcriptional activator.

5.2.4

PROMOTER

To test the enhancer CBF site for its abilty to function as a distal

enhancer of transcription of the human GM-CSF promoter, an affay of

three enhancer CBF sites was inserted upstream of either the full

length 627 bp (pGM627CBF3e) promoter or the truncated 55 bp

(pGM55CBF3e) promoter in a, luciferase reporter gene plasmid (Fig'

5.3). When tested in transiently transfected Jurkat T cells, both CBF

array constructs gave a lower activity in both stimulated and

unstimulated cells than those of their wild type counterparts (Fig. 5.7).

This result suggests that the enhancer CBF array may not function as a

transcriptional activator, and indeed may act as a negative regulator

of transcription.
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Fig. 5.6. Relative transcriptional
promoter constructs linked to
binding site.

Jurkat T-cells were transfected with 5ug of pGM47, pGM4TCBFe and

pGM69. After 24 hours, cells were either left unstimulated (O) or

stimulated with PMA (2}nglml) and calcium ionophore (2uM) (P/I)'

then harvested nine hours later and assayed for luciferase activity
using 20ug cytoplasmic extract. Luciferase activity is expressed

relative to the level of activity in stimulated pGM627 samples

assigned a value of 1 (data not shown). Error bars represent the

standard error and numbers in parentheses ate the number of assays

performed.

activity of
a human
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Fig. 5.7. Relative transcriptional activity
promoter constructs linked to an array
CBF binding sites.

of human
of three

GM.CSF
enhancer

Jurkat T-cells were transfected with 5ug of pGM55, pGM55CBFe3,
pGM627 and pGM627CBFe3 After 24 hours, cells were either left
unstimulated (O) or stimulated with PMA (20nglml) and calcium
ionophore (2uM) (P/I), then harvested nine hours later and assayed
for luciferase activity using 2}ug cytoplasmic extract. Luciferase
activity is expressed relative to the level of activity in stimulated
pGM627 samples assigned a value of 1. Error bars represent the
standard error and numbers in parentheses are the number of assays

performed.
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5 .3. DISCUSSION

The work described in this chapter details the functional importance

of cBF in rhe regulation of GM-csF. It adds GM-csF ro a growing list of

genes involved in haemopoiesis and differentiation that afe regulated

by CBF.

Serially deleted human GM-CSF promoter constructs wefe made to

more finely study the cBF site in the promoter. A 3-fold decrease in

inducible activity was observed when the promoter was truncated to

-69 bp from the full length promoter (pGM627luc), presumably due to

the loss of the Sp1, NF-rB and CD28RE sites that sit immediately

upstream of -69 bp. The next deletion, pGM55luc, truncated the cBF

site and decreased activity by apprximately 7.5-fold from that of the

full length promoter. This construct has been reported to contain a

large constitutive activity (Nimer et al. 1990), yet in our hands, we

observe a very low activity compared to the 627 bp promoter' The

next truncation deleted the promoter to 47 bp, which removed a

reported YYl binding site (Ye et al. 1994). Although this site has been

reported to have negative regulatory properties on GM-CSF

transcription, no change in activity was seen by us upon its deletion'

Binding studies performed in this laboratory (cockerill et al., 1996)

revealed that the 2 bp mutation incorporated in pGM69ACBF was

sufficient to eliminate cBF binding to the GM-CSF promoter sequence'

This 2 bp mutation dropped inducible activity by 3-fold in the 69 bp

construct in transient transfection assays. A comparable result was
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obrained by Frank et al. (1995) where they completely obli

cBF site with a 5 bp mutation. It is interesting that the pGM69

mutation drops the inducible activity below that of pGM55 and

pGM47. A possible reason for this could be due to a reported negative

regulatory transcription factor binding to the upstream CATT box

(termed CATT-3) (Nimer et al. 1990); in the absence of CBF binding to

the pGM6SACBF construct, the CATT-3 element may exert a more

noticable inhibitory effect. To determine this, one could add a

mutation to this CATT-3 region in the pGM6gacBF construct to see if

an alleviation of low activity is observed. Alternatively, one could

make a murine pGM69Â CBF which lacks this CATT-3 box. An

additional reason for a very low inducible activity of pGM69ÀC B F

could be that the YY-l site, with the absence of CBF binding, may be

able to bind to its factor. The CBF and YY-1 binding sites overlap by

about 2 bp. The inhibition of cBF binding may allow YY-1 binding

which may normally be outcompeted by a stronger binding affinity of

CBF. It is unclear however why the pGM55 construct, which lacks a

complete CBF binding site yet retains a YY-l bindings, does not show a

reduced inducible activity. This may be due to YY-1 requiring some

specific flanking sequence for its binding, or perhaps YY-1 is not

involved in GM-CSF regulation in our Jurkat cells. The comparison of

rhe full length promoter , pGM627 with the pGM627 A'CBF plasmid also

showed that there was a three-fold decrease in inducible activity. A

decrease of such magnitude suggests that CBF plays a crucial role in

the inducible activity of the GM-CSF gene'
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To investigate the role of the CBF binding site within the enhancer, the

CBF binding site was linked to a pGM47 promoter construct. This was

designed to place the enhancer in a position comparable to that of the

promoter CBF site, thereby giving the enhancer CBF site the

opportunity to interact within the promoter environment in the same

manner as the promoter CBF site. When linked to the pGM47

construct, the enhancer CBF site led to approximately a two-fold

increase in inducible activity, compared to a minimal increase of

induction seen in the pGM47 construct. The stimulated level of

induction was comparable to that which is seen for the pGM69

construct in stimulated cells. Of note, the overall activity of the

pGM4TCBFe consrruct is higher than those of pGM47 and pGM69. This

cannot be explained by CBF binding affinities, as the promoter CBF

binding site appears to be stronger than that of the enhancer

(Cockerill et a1., 1996). The higher activity of pGM TCBFe may be due

to flanking sequences present in the enhancer CBF insert (ie. upstream

of the enhancer CBF site), which may bind positive regulatory

proteins. Alternatively, the absence of a YY-1 binding site may

alleviate some general basic repression. It is also possible that the

absence of the CATT-3 box may also prevent some basic inhibition. A

more definitive test of the enhancer CBF site function would be to

observe it in its natural context. To this aim, a mutation of the

enhancer CBF site within a construct containing the enhancer linked to

the promoter would need to be compared to a natural

enhancer/promoter construct.
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Unexpectedly, an array of three CBF sites linked to the full length GM-

CSF construct actually decreased activity. It is possible that CBF needs

to function in a specific context with other transcription factors. This

might explain a lack of activity, but perhaps not a decrease in activity.

A plausible explanation correlates with the suggestion that CBF is a

transcription factor that can interact with the nuclear matrix; CBF

binding sites within a promoter may localise the promoter into regions

of active tarnscription (Merriman et al. 1995; Meyers et al. 1995; G.

cockerill and P. cockerill, unpublished data). Multiple copies of cBF

sites that are distal to the promoter may bind very strongly to the

nuclear matrix, and due to their distance from the other elements in

the promoter, they may localise the promoter elements aways from

sites of active transcription. Another explanation is that the affay of

CBF sites may bind so strongly to the nuclear matrix that it hinders

the transcription of the gene.

The environmental context in which CBF is located is likely to be

important in GM-CSF regulation. Indeed, a recent report has

demonstrated that the cBF site within the human IL-3 promoter is

dependent on its position relative to other transcription factor binding

sites to affect IL-3 transcription (Taylor et al,. 1996). As has been

found for many regulatory elements containing CBF sites, the GM-CSF

CBF sites are closely linked with other key transcription factor binding

sites. Because both the enhancer and promoter CBF sites ate situated

in the functional cores of their respective elements adjacent to AP-

l/NFATp/c binding sites, it is feasible that this atray of transcription

factors can act as a functional unit. Upon T cell activation, NFATp/c is
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quickly translocated into the nucleus (Flanagan et al., 1991)' Data

from our laboratory has demonstrated that an array of three NFATp/c

binding sites is sufficient to form an inducible DH site when stably

integrated in T cells (P. Cockerill, unpublished data). This suggests

that NFATp/c has the capacity to disrupt chromatin structure. AP-l is

rapidly transcribed in activated T cells. It is able to directly interact

with TFIID to stabilise its formation (Metz et al. I994a). One could

envision a scenario where upon T cell activation, NFATp/c disrupts the

chromatin structure, thereby presenting binding sites to CBF and AP-

1, which may localise the gene into a region of active transcription,

and stabilise the RNAPII initiation complex, respectively.

It is unclear what role CBF plays in the regulation of GM-CSF gene

expression in AML patients. One would predict that the dominant

negative effects possessed by most AML-I and CBFß fusion proteins

would downregulate the expression of GM-CSF. This would be

consistent with a subset AML's that avoid programmed differentiation

by suppressing the expression of differentiation causing genes, such as

GM-CSF or other cytokines and their receptors (Bassan et al., 1994;

Shabo et a1., 1990).

A proportion of AML's possess a constitutive expression of GM-CSF

(Young et al., 1988; Rogers et al., 1994; Freedman et al., 1993). This

possibly represents a form of AML's that don't involve AML-I, but do

affect another factor involved in myeloid differentiation. However, it

is possible that whilst the fusion of AML- 1 to another protein inhibits

the action of CBF , the fusion counterpart, now under the
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transcriptional control of the AML- I promoter, may act on other

genes, which may affect GM-CSF expression indirectly' An example of

an AML-I fusion protein that retains the activity of the fused partner

is the result of the t(3;21) translocation fusing AML- I to Evi- l

(Kurokawa et al., 1995). The aberrant expression of Evi-l in the form

of this fusion protein has been shown to increase levels of c-Fos and c-

Jun, thereby increasing cellular AP-1 levels (Tanaka et al' 1995 '

Kurokawa et aL. 1995). Artificially high AP-1 levels have been

associated with cellular transformation, and GM-CSF expression has

been associated with elevated AP-l levels in some myeloid leukaemic

cell lines (Shabo et al., 1990). Other factors may be induced by the

AMLl/Evi-l fusion protein and other AML1 fusion proteins that also

indirectly activate GM-CSF expression'
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CHAPTER 6.

CONCLUDING DISCUSSION



The studies described in this thesis were commenced to isolate and

characterise regulatory elements within the mouse GM-CSF gene locus'

Primary studies focussed on the isolation of a homologue to the

human GM-CSF gene enhancer. Identification of such a homologue

would help further define the function of the human GM-CSF gene

enhancer, and could lead to the establishment of a model system to

determine if the GM-CSF gene expression is dependent on the

enhancer; enhancer knockouts could be made to determine the

importance of the enhancer in vivo, and GM-CSF regulatory region-

driven transgenes could elucidate the temporal and spatial

dependencies of the GM-CSF gene on its enhancer'

While a transcriptional enhancer homologous to the human GM-CSF

gene enhancer was found in the mouse GM-CSF gene locus, it was

shown to function differently than the human GM-CSF enhancer. In

fact, in transient transfection assays, the mouse and human GM-CSF

genes appear to have reciprocal promoter and enhancer functions; the

mouse GM-CSF gene has a strongly inducible promoter, with little or

no contribution from its enhancer, while the human GM-CSF gene has

a weaker promoter that is several times more active in the presence

of the upstream enhancer. The different regulatory mechanisms of

the mouse and human GM-CSF gene appear to be characteristics of the

mouse and human GM-CSF loci, and not the source of T cells; the

differences are seen in both human Jurkat and mouse EL4 T cell lines.

The outcome, however, is that the combination of the mouse promoter

and enhancer is induced to a comparable level to that of the human,

suggesting that while the contribution of individual elements may
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vary, the overall induction is equivalent. This illustrates that the

mouse GM-CSF gene locus may not be a suitable model for defining

the function of regulatory elements in the human GM-CSF gene locus'

Although there is much conservation of the GM-CSF IIL-3 locus with

regards to overall gene structure and regulatory mechanisms, there

are some significant differences, and one must be cautious with

assumptions that aÍe made.

Although the mouse GM-CSF enhancer is not required for strong

inducible activity through the mouse GM-CSF promoter in transient

transfection assays, there exist a remarkable degree of conservation

between the human and mouse GM-CSF enhancers. As there is no

apparent need for the mouse GM-CSF enhancer in transient

transfection assays, there may be other, perhaps more important roles

for both the human and mouse GM-CSF enhancers. As the mouse and

human enhancer can both increase induction through the IL-3

promoter, it might participate in its activation in T cells '

Alternatively, another role of the GM-CSF gene enhancer may be to

increase GM-CSF expression in another cell type, another

developmental stage, or in response to signalling pathways other than

those invoked in T cell stimulation; GM-CSF is expressed by a wide

variety of cell types in response to varying signals. This putative role

of the GM-CSF enhancer, howevef, may be separable from that of a

classical transcriptional enhancer. It may, for instance, participate in

governing gene regulation by organising changes in the chromatin

structure of the locus, akin to a locus control region. Such a role may

not be detectable in a transient transfection assay system, as LCRs
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often need to be stably integrated into chromatin to exert an effect.

The GM-CSF enhancer may require interactions with other regulatory

elements to exert an effect, thus larger fragments of the GM-CSF/IL-3

locus may need to be studied. one approach that has been used to

investigate the regulation of the ß-globin gene locus has been to insert

large fragments of the locus, up to 230 kb, into a yeast artificial

chromosome (YAC) (Gaensler et al., 1990). These YACs can be

transferred into cell lines, or microinjected into mouse germlines to

produce transgenic animals. Efficient homologous recombination in

yeast allows for simple introduction of mutations to the regulatory

elements. This would provide a system in which to study the effects

of regulatory elements in the context of an intact locus.

The identification of functional core-binding factor binding sites

within the GM-CSF gene promoter and enhancer has added to a'

greater understanding of the mechanisms involved in GM-CSF

transcriptional control. Evidence that suggests CBF associates with the

nuclear matrix would imply that GM-CSF transcriptional regulation is

also associated with the nuclear matrix, and perhaps localises the GM-

CSF gene into transcriptionally active regions of the nucleus. Other

genes that contain CBF binding sites within their regulatory regions

include genes which are involved in cell differentiation and in

haemopoiesis. These genes are often transiently expressed. Rapid,

transient expression of these genes may require nuclear matrix

associating transcription factors such as CBF to quickly localise the

gene into sites of active transcription.
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A clearer description of the events that occur after T cell receptor

signalling, resulting in the transcription of GM-CSF and other cytokine

genes, is emerging. The T cell receptor signalling cascade is believed

to culminate in the binding of NFAT to sites within the GM-CSF gene

enhancer and promoter. Additionally, combinations of T cell receptor

activation and costimulation of the CD28 cell surface' molecule likely

results in the binding of NF-rB related transcription factors to sites

within the GM-CSF gene promoter. These transcription factors, in

conjunction with other transcription factors such as CBF, Sp1, Ets

family members, and GATA family members may interact to allow

properly regulated transcription of the GM-CSF gene. some of these

transcription factor binding motifs afe conserved in many cytokine

regulatory elements, suggesting that there afe common themes to the

activating signals of these cytokines, and that in some instances, they

may co-ordinatelY exPressed.

***
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