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THESIS SUMMARY

Cytokines are important biological molecules involved in a wide range of cellular

processes. The classic mode of cytokine action involves interaction of the secreted molecule

with a specific cell surface receptor that transduces a signal into the cell' This signal is

transmitted into the nucleus, by a series of signalling pathways, producing an alteration in gene

transcription and a cellular response. This mechanism of cytokine action may require

modification due to the identification of cytokines that are localised within the cell, with

intracellular localisation required for the cytokine response in some cases.

Leukemia inhibitory factor (LIF) is a member of the IL-6 family of cytokines and elicits

a wide variety of effects on various cell types, in vitro and in vivo . The mouse LIF gene has

been shown to express two proteins arising from alternate transcripts consisting of novel first

exons spliced onto common second and third exons. The first exons of both transcripts contain

an in-frame initiation codon that mediates translational initiation in exon 1, yielding secreted

proteins of identical sequence that are localised to different cellular locations, one being a

diffusible protein (LIF-D) and the other localised to the extracellular matrix (LIF-M). The two

transcripts are differentially regulated indicating distinct biological functions for each protein'

In this work a third novel LIF transcript (LIF-T) was identified and cloned from murine,

human and porcine sources. This transcript, which also contains an alternate first exon spliced

onto common third and second exons, was differentially regulated in cultured cell lines and

mouse tissues, indicating an important biological function. Genomic sequence comparison

indicated a conserved, complex genomic organisation of the mammalian LIF gene in which

three alternate transcripts containing novel first exons are expressed by differential promoter

usage. Two classes of transcript are produced from the mammalian LIF gene; transcripts

containing an in-frame initiation codon in exon 1, which include LIF-D from all species and

murine LIF-M, and those that contain no initiation codon in exon 1, including LIF-T from all

species and LIF-M from all species except mouse.

The absence of an in-frame ATG in the first exon of the LIF-T transcript was shown to

direct initiation of translation to the first in-frame ATG in exon 2. This produced a truncated,
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biologically active l7 kÐa LIF protein that does not contain a signal sequence and is retained

within the cell. Immunohistochemical detection of overexpressed intracellular LIF protein

showed nuclear and cytoplasmic protein localisation.

Transfection studies showed that high and low level overexpression of intracellular LIF

caused cells to undergo apoptosis, via a specific cellular pathway that was inhibitable by CrmA

but not Bcl-2. Therefore, the cellular effect of the LIF-T protein was different to that of the

extracellular cytokine, indicating an alternate mechanism of action and novel biological function

for intracellular LIF. LIF-T induced apoptosis was shown to be a function of LIF intracellular

localisation, and mutational analysis demonstrated that LIF-T action was independent of LIF

receptor interaction and signalling. A novel, conserved structural motif was identified,

containing a leucine repeat structure similar to a leucine zipper. Mutation of single leucines in

this structure abolished nuclear LIF localisation and intracellular activity, without affecting

extracellular LIF activity, demonstrating that extracellular and intracellular activity domains are

localised in different regions of the protein. It was postulated that the intracellular LIF protein

adopts an alternate structure to the extracellular molecule, involving a leucine repeat protein-

protein interaction domain. This structure may act in the nucleus by dimerisation with other

leucine repeat containing proteins, affecting gene transcription and causing a cellular response.

This study demonstrates a conserved structural organisation of the mouse LIF gene that

produces three differentially localised proteins. This provides a mechanism for specific control

of the sites of LIF action and mechanisms for mediating the variety of putative actions for the

LIF gene. Intracellular localisation of the LIF protein provides another example of intracellular

cytokine action, mediated by a novel mechanism and provides a system for separate analysis of

intracellular and extracellular cytokines.
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CHAPTER 1: INTRODUCTION

1.1 General Introduction

The coordinated regulation of cellular decisions is critical for a wide variety of biological

processes, including development and homeostasis. Mammalian development is a complex,

controlled series of cellular events including proliferation, differentiation, migration and death

that culminate in the production of the large variety of different cell types that constitute an adult

animal, from the single cell that is the fertilised egg. Cellular decisions must be tightly

controlled, with each different cell type being formed at the precise position in the developing

organism and at the appropriate time during the developmental process. Homeostasis within the

adult organism also requires precise regulation of cellular decisions. Disruption of these

processes can have disastrous consequences for the organism including production of tumours

by cells that escape the normal proliferative controls.

Regulation of cellular events is controlled by the alteration of gene expression by

specific nuclear transcription factors. The repertoire of transcription factor expression

determines cellular identity and varies according to developmental programming of the cell or

stimuli received from the external environment. Extracellular signals can arise from

environmental stimuli or from interactions with specific extracellular signalling molecules.

These molecules can take many forms including components of extracellular matrix, steroids,

organic molecules, peptide hormones and diffusible glycoproteins, termed growth factors and

cytokines. These stimuli are usually received by the cell via interaction with receptor molecules

expressed by the target cell. Upon binding of the extracellular ligand, these molecules

transduce a signal to the cell nucleus, often via a cascade of second messengers, causing

alteration of the repertoire of transcription factors and the gene transcription they modulate.

1.2 Growth factors and cytokines

Communication between cells is often mediated by extracellular signalling molecules,

such as growth factors and cytokines, which are secreted polypeptides that can mediate the

control of cellular decisions. The distinction between growth factors and cytokines is ill-
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defined. Growth factors were originally identified as molecules that could promote the

proliferation of cell types in culture (James and Brayshaw, 1984) but now identifies molecules

that elicit a wide variety of different cellular events. Similarly, cytokines were originally

identified as molecules that elicit effects on the haemopoietic system (Nicola, 1989), however,

these molecules were subsequently shown to have a wide variety of effects on different cell

types. Thus the distinction between growth factors and cytokines is ambiguous.

In this thesis the term growth factor is used to refer to all secreted, signalling

polypeptides that act via interaction with membrane bound receptors including members of the

fibroblast growth factor family, the transforming growth factor-p family, the epidermal growth

factor family, interferons, the insulin like growth factor family and the growth hormone family.

The term cytokine is used to refer to the family of haemopoietin cytokines that is a sub-family of

the growth hormone family of growth factors. This group consists of the interleukins (n'-2,3,

4,5,6,7, g, 11, 13), granulocyte macrophage-colony stimulating factor (GM-CSF),

oncostatin M (OSM), ciliary neurotrophic factor (CNTF), cardiotrophin-1 (CT-1) and leukemia

inhibitory factor (LIF). Following is a discussion of the general biological and biochemical

properties of growth factors and cytokines.

1.3 Growth factor function and action

Upon growth factor stimulation cells can undergo processes as diverse as proliferation,

differentiation and cell death. A specific growth factor can mediate these alternate effects on

different cell types by activation of the same receptor; a phenomenon known as pleiotropy.

Therefore, growth factors provide ideal molecules to control the different cellular decisions that

occur in the development and homeostasis of an organism'

1.3.1 Growth factor localisation

Growth factors are generally translated as preproteins that contain amino terminal

stretches of hydrophobic amino acids which act as signals for secretion of the growth factor via

the endoplasmic reticulum/golgi pathway. Growth factors involved in cell signalling can be
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secreted from cells distant from the target cell (endocrine), near but removed from the target cell

(paracrine), adjacent to the target cell (uxtacrine) or from the target cell itself (autocrine).

Upon secretion from the cell the growth factor is localised to its site of action, which

varies depending on whether its effect is autocrine, juxtacrine, paracrine or endocrine. Many

growth factors are thought to be diffusible molecules with no specific site of localisation' Other

growth factors can be localised to the extracellular matrix to mediate a paracrine or juxtacrine

effect. In the case of fibroblast growth factors (FGFs) (Klagsbrun., 1990; Chintala et al.,

Igg4), vascular endothelial growth factor (VEGF) (Park et al., 1993) and platelet derived

growth factor (PDGF) (Pollock and Richardson, 1992) extracellular matrix localisation can be

mediated by the ability to bind heparin. Heparin and heparan sulfate can also occur in soluble

forms that can act as inhibitors of FGF action by partitioning the growth factor from cell

surface and extracellular matrix heparan sulphates, thereby promoting movement of FGF from

its site of release (Flaumenhaft et al., 1990) and increasing the affinity of FGF for its receptor at

an alternate location (Roghani et al., 1994). Furthermore, heparin-binding epidermal growth

factor-like growth factor mediates juxtacrine effects by interaction with heparin which localises

the growth factor at the cell membrane (Higashiyama et al., 1995; Nakagawa et al., 1996)'

Other growth factors can be localised to the cell membrane by the lack of cleavage of their signal

peptide. For example, transforming growth factor (TGF)-o (Derynck et al., 1984),

schwannoma derived growth factor (SDGF) (Kimura et a1.,1990) and epidermal growth factor

(EGF) (Bell et al., 1986) can be localised to the membrane providing a mechanism for

juxtacrine action.

Binding proteins that can effect protein localisation exist for many growth factors. They

can be soluble forms of the cellular receptors (Valenzano et al., 1995; Hannekan et al., 1995;

Kendall et al., 1996;) or novel protein binding molecules with affinity for growth factors

(Bashir et al., 1996; Bach et a1.,1994). TGF-BI and insulin like growth factor (IGF)-1 can be

localised to the extracellular matrix as a complex with their binding proteins (Parker et al., 1996;

Taipale et al., 1994; Arai et a1.,1996). Binding proteins can also act as stabilising agents for

diffusible growth factors, aiding in their transfer to distant target cells (Valenzano et al., 1995;

Rutanen and Pekonen, 1990) or as growth factor antagonists regulating sites of growth factor
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action in a negative manner (Bashir et al., 1996; Bach et al., 1994; Kendall et al., 1996).

Therefore, cytokine localisation is a method of controlling sites of growth factor action and the

subsequent sites of cellular developmental decisions.

1.3.2 Receptor mediated growth factor action

Once secreted and localised, growth factors elicit an effect on a target cell by interacting

with and activating specific cell surface receptors. Receptor activation results in the

transduction of the growth factor signal into the cell and activation of second messenger

pathways. This culminates in an alteration of transcription factor expression and gene

transcription, causing a cellular response. To illustrate how activation of a growth factor

receptor occurs, causing transduction of a signal that results in an alteration of gene expression,

the epidermal growth factor receptor (EGFR) and its well characterised signal transduction

pathways will be discussed (figure 1).

1.3.2.1 The epidermal growth factor receptor as an example of growth factor

signalling.

Epidermal growth factor (EGF) is a 53 amino acid secreted polypeptide that has a

variety of cellular effects (Carpenter and Cohen, 1979). These effects are mediated via

interaction of EGF with its membrane bound receptor (EGFR). The EGFR is a transmembrane

glycoprotein that consists of an external domain of 622 amino acids, a 23 amino acid

transmembrane domain and a 542 amino acid intracellular domain (Carpenter and Zendegui,

1936). 300 amino acids of the intracellular domain show significant homology to the src family

of oncogenes demonstrating that it is a member of the tyrosine kinase receptor family (Boonstra

et al., 1995).

Activation of the EGFR by binding of the cytokine ligand, occurs via ligand induced

dimerisation of two EGFR molecules (Ullrich and Schlessenger, 1990) as demonstrated by

cross-linking studies (Cochet et aL.,1989; Defize et al., 1989). It is thought that EGF binding

to EGFR induces a conformational change that increases the affinity of EGFR for other EGF

receptors. Dimerisation of two EGF receptors causes activation of the intracellular tyrosine



Figure L.1 Signalling from a tyrosine kinase receptor

Schematic diagram of the EGF receptor and the signal transduction pathways that can be

stimulated upon receptor activation. Ligand binding induces receptor homodimerisation which

activates the tyrosine kinase activity of the roceptor intracellular domain. The tyrosine kinase

can phosphorylate several different substrates and activate the Ras/MAPK signalling pathway,

the JAIISTAT pathway and/or the phospho-inositol signalling pathway transmitting the signal

to the nucleus.
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kinase domains (Spaargaren et al., l99l; Koland and Cerione, 1988) and intermolecular

autophosphorylation (Honneger et al., 1990; Lammers et al., 1990) at specific tyrosine residues

in the EGFR intracellular domain (Downward et al., 1994).

Receptor autophosphorylation is essential for receptor signalling as it produces binding

sites for cytoplasmictargetproteins. Target proteins recognise phosphorylated tyrosines via a

conserved structural motif called the SH2 domain (Koch et al., 1991). Different target proteins

bind to different phosphotyrosines. The specificity of this interaction results from the sequence

surrounding the tyrosine and the sequence of the SH2 domain (Songyang et al., 1993). Several

different target proteins are recruited by the EGFR, indicating that several alternate signals can

be produced from this signalling molecule, providing a mechanism for mediating the pleiotropic

effects that have been described for this molecule (Margolis et al., 1990) (figure 1.1).

After receptor activation, down regulation of the growth factor response is thought to

occur by receptor mediated endocytosis of the ligand receptor complex and targeting to the

lysosomal pathway for degradation (James and Bradshaw, 1984).

1.3.2.2 From the EGF receptor to the nucleus

One second messenger pathway initiated by the EGF receptor is the phosphatidyl

inositol bisphosphate (PIP2) pathway. Phospholipase Cy interacts with receptor

phosphotyrosines via its SH2 domain (Margolis et al., 1990) and, via its lipase activity,

catalyses turnover of the membrane phospholipid PIP2 into the second messengers inositol-

triphosphate (IP3) and diacylglycerol (DG). DG acts in the membrane to activate protein kinase

C (Kikkawa and Nishizuka, 1986) which in turn activates a variety of downstream proteins by

phosphorylation on serine and threonine residues, including cell membrane spanning calcium

pumps, regulating intracellular calcium levels, and transcription factors (Ullrich and

Schlessinger, 1990). IP3 is released into the cytoplasm and induces the release of calcium from

intracellular stores such as the endoplasmic reticulum (Berridge and lrvine, 1984). Increased

levels of intracellular calcium cause the activation of the calmodulin dependent CAM-

serine/threonine kinase. CAM kinase is a multifunctional kinase and can phosphorylate a

multitude of downstream target proteins (Hanson and Schulman,1992), potentially inducing a
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wide variety of responses. CAM kinase can be targeted to the nucleus, suggesting that it can

directly activate nuclear transcription factors (Srinivasan et al., 1994)'

Other second messenger pathways utilise receptor mediated phosphorylation of

intracellular proteins that activate transcription factors in the nucleus. This can occur via a direct

mechanism provided by the Janus kinase (JAK)/signal transducers and activators of

transcription (STAT) pathway (Horvath and Darnell Jr., 1997). In the case of the EGFR,

receptor dimerisation and phosphorylation causes binding of STAT transcription factors to

phosphorylated tyrosines on the receptor intracellular domain via the STAT SH2 domain (Shuai

et al., lg93). STAT proteins are activated by tyrosine phosphorylation, which appears to occur

independently of JAK kinases, even though JAKs are associated with the EGF receptor

(Leaman et al., 1996). STAT phosphorylation mediates homodimerization of STATs (Gupta et

al., 1996; Shuai et al., lgg4) or heterodimerization of STATs to other STAT molecules (Gupta

et al., 1996;Zhonget al., 1994) or other regulatory molecules (Horvath et al., t996; Horvath

and Darnell Jr., 1997) via the SH2 domain, and translocation to the nucleus (Ruff-Jamison et

a1.,1993). In the nucleus STATs can act directly as transcription factors, altering transcription

by binding response elements in the promoters of target genes (Horvath and Darnell Jr., 1997).

Tyrosine phosphorylation second messenger pathways exist that utilise many rounds of

protein kinase phosphorylation and activation. An example of this for the EGFR is the Ras

mediated kinase cascade. This pathway is initiated by interaction of the Grb2 adaptor protein

with the activated, phosphorylated EGF receptor, via the Grb2 SH2 domain (Lowenstein et al.,

lgg2). This mediates an interaction with the guanidine releasing factor Sos, via a SH3 protein-

protein interaction domain on Grb2 (Egan et al., 1993). Sos, which has a guanine nucleotide

exchange activity, interacts directly with and activates the membrane associated Ras protein by

promoting the exchange of a Ras bound GDP molecule for GTP (Buday and Downward,

Igg3). These interactions link the activated growth factor receptor to the Ras mediated

intracellular signalling cascade.

Activated Ras causes stimulation of the mitogen-activated protein kinase (MAPK) signal

transduction pathway. Ras activation mediates formation of a signalling complex, involving the

serine/threonine kinase Raf. Raf binds to activated Ras, causing Raf activation (Zhang et al.,
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lgg3),although it appears that Raf activation may be a consequence of localisation at Ras' and

the activity of an unknown tyrosine kinase, and not by direct Ras-mediated phosphorylation

(Leevers et al., lgg4). Raf activates the tyrosine kinase Mek by phosphorylation of two serine

residues (Alessi et al., 1994; Zheng and Guan, Ig94). Mek subsequently phosphorylates and

activates the MAp kinase ERK (Crews et al., 1992) which can phosphorylate and activate a

variety of downstream proteins in the cytoplasm and the nucleus.

The RasiRaf/IvIEKÆRK pathway is one example of a group of pathways, termed MAP

kinase pathways, that link cell surface signals to the nucleus via a MAP kinase module. These

pathways consist of a serine/threonine protein kinase (MAPKKK; eg. Raf) that phosphorylates

a tyrosine kinase (MApKK; eg. MEK) which in turn phosphorylates another serine/threonine

kinase (MApK; eg. ERK) (Marshall, 1995). A second Ras-activated MAP kinase module

involves MEKK-I (MAPKKK), SEK-1 (MAPKK) and MAPK Jun kinase (JNIISAPK) (Hibi

et al., 1993; Minden et al., 1994; Sanchez et al., 1994; Yan et al, 1994). Different extracellular

signals utilise these different MAP kinase pathways to elicit their cellular response. The recent

identification of multiple MAP kinase molecules suggests that there may be many different

pathways remaining to be discovered. The different pathways all appear to operate by a similar

mechanism, with MAPKKK and MAPKK activating MAPK which acts as an effector molecule

on a multitude of substrates.

Control of signal transduction pathways is mediated by the activity of phosphatases,

which downregulate the response produced by protein kinase activity and protein

phosphorylation (Sun and Tonks, 1994). For example, the EGF receptor has been shown to

activate the type-2A protein phosphatase by phosphorylation (Chen et al., 1992). Similarly,

binding of SH-PTP2 family tyrosine phosphatases to the EGF receptor, via their SH2 domains,

causes activation of their phosphatase activity (Case et al., 1994). MAP kinase can also

regulate the EGF receptor through tyrosine phosphatase activation (Griswold-Prenner et al.,

lgg3). Phosphatase action provides a mechanism for precise control of signal transduction

pathways by specific down-regulation of effector molecule activation.
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1.3.2.3 Transcription factor activation

Activated MAP kinase can be localised to the nucleus of cells (Chen et al., 1992)

making it available to phosphorylate nuclear transcription factors. Many transcription factors

have been shown to be substrates for MAP kinases and genetic and biochemical studies in a

variety of systems are increasing our understanding of MAPK transcription factor activation.

For example, Ets-l and Ets-2 are direct targets of ERK kinase (Yang et a1., 1996) as are the

rernary complex factors (TCFs) Elk-l, SAP-I and possibly SAP-2 (Price et al., 1995; Gille et

al.,1995; Janknecht et al., 1995). Elk-l is also atatgetfor JNIISAPK (Cavigelli et al., 1995)

as is the 1ZIP protein ATF-2 (Van Dam et al., 1995; Gupta et al., 1995). Interestingly the

Drosophila melanogaster Jtn transcription factor is activated by a homologue of ERK (Treier et

al., 1995) whereas the mammalian counterpart is acted on by JNK/SAPK (Karin and Smeal,

1992). Less direct evidence exists linking other transcription factors, including Fos, CREB and

SRF, to MAPK pathways, demonstrating that MAPK modules that activate various

transcription factors are consefved from yeast to mammals (Treisman, 1996)'

Transcription factors containing a wide variety of DNA binding domains can be

activated by MAP kinase pathways, potentially affecting transcription of many target genes.

Activation of transcriptional activity upon transcription factor phosphorylation can occur by

several mechanisms. Transcription factor phosphorylation can increase its affinity for the

transcriptional machinery or other activator proteins, increasing transcription. In the case of

CREB, activation by phosphorylation allows it to associate with a coactivator protein CBP

(Chrivia er al., 1993; Kwok et al., 1994), possibly mediated by a phosphorylation induced

conformational change (Gonzalez., l99l). Phosphorylation of Fos and Jun causes an increase

in protein stability, potentially increasing their availability to activate gene transcription (Okasaki

and Sagata, lgg5). Transcription can also be altered by an alteration of DNA binding

specificity affecting the repertoire of transcription factors binding at a promoter. An increase in

dephosphorylation of Jun at the C-terminal end, as a consequence of JNIISAPK dependent

phosphorylation at the Jun amino-terminus, causes a decrease in Jun DNA binding

(Papavassiliou et al., 1995). Conversely, phosphorylation of TCFÆlk-1 can potentiate DNA

binding of the ternary complex (Gille et al., 1995). Phosphorylation of cytoplasmic
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transcription factors causes activation by inducing their transport to the nucleus. For example,

NF-Kts is transported to the nucleus after phosphorylation of its inhibitor, ItcB, and dissociation

of the NF-KB-IrG complex (Kishimoto et al., 1994).

1.3.2.4 Complexity of intracellular signalling

The activation of the EGF receptor can potentially activate several different signal

transduction pathways (figure 1.1). Each pathw ay can, in turn, activate a variety of second

messengers resulting in the phosphorylation and activation of intracellular protein kinases,

which can phosphorylate and activate aî array of cellular transcription factors. This causes an

alteration in the expression of a variety of genes and a large number of possible cellular

responses. This highlights the enormous complexity of this cellular signalling pathway and

indicates that it must be tightly controlled in order to elicit the correct cellular response'

Further complexity of growth factor action results from the complex networking of

intracellular signalling pathways. The above examples demonstrate separate, well defined

pathways of receptor second messengers, and the complexity of phosphorylation and molecular

activation involved, however, further levels of complexity exist in intracellular signalling

pathways. For example, MAP kinase can be activated not only by Ras/Raf pathway but by

JAK kinases ('Winston and Hunter , 1996), by the production of ceramide (Yao et al., 1995)' by

integrins (Chen et al., 1996) and calcium/calmodulin-dependent protein kinase cascade (Enslen

et al., 1996). Conversely, evidence exists that the MAP kinases may be able to activate STAT

transcription factors (David et al., 1995; 'Wen et al., 1995). MAP kinase can activate a variety

of different downstream transcription factors, as previously described, as well as cytoplasmic

molecules like Rsk protein kinase (Blenis, 1993) and phospholipase A2 (Spiegel et al., 1996),

indicating MAP activation may induce other cellular effects not involving direct action on

transcription factors.

Activation of growth factor receptors can conceptually induce a cellular response by an

enormous variety of mechanisms. Therefore, the possible effects of receptor stimulation can

vary enormously dependent on which pathway or pathways are expressed and activated in

various cell types, providing a mechanism for eliciting growth factor pleiotropy. This
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phenomenon can explain the wide variety of effects that growth factors may elicit, making them

ideal molecules for controlling the wide variety of cellular decisions that occur in the animal'

Differential activity of growth factors in vivo is suggested by the wide diversity of expression

sites of different growth factors which correlates with the observed pleiotropic effects of these

molecules in vitro.

1.3.2.5 Growth factor receptors lacking intrinsic tyrosine kinase domains

Many growth factor receptors exist that do not contain intrinsic tyrosine kinase activity

in their intracellular domain. However, activation of these receptors causes rapid

phosphorylation of intracellular proteins (Morla et al, 1988; Lord et al.,I99l Mills et al., 1990;

yin et al.,1992). Upon ligand binding and receptor dimerisation, these receptors recruit and"/or

activate intracellular, non-receptor tyrosine kinases to phosphorylate the receptor and various

intracellular proteins and initiate intracellular signal cascades (figure 1.2) (Hibi etal',1996).

An example is the receptor for interleukin 6 (IL-6) (Taga et al., 1989; Hibi et al., 1990).

Binding of the IL-6 molecule to the IL-6 receptor induces the formation of a multi-component

receptor complex (Paonessa et al., 1995) and recruitment and phosphorylation of intracellular,

non-receptor tyrosine kinases of the JAK family (Lutticken et al., 1993 Stahl et al., 1993).

JAK family kinases are thought to phosphorylate tyrosine residues on the growth factor

receptor, allowing binding of STAT transcription factors (Stahl et al., 1995) which are

subsequently phosphorylated by the receptor associated JAKs and activated (Hibi et al., 1996)'

Different growth factor receptors utilise different JAK kinases (Silvennoinen et al., 1993:'

Miyazaki et al., Ig94) and activate different STATs (Horvath and DarnellJr.,1997), providing

a mechanism for specificity of STAT activated cell responses.

Alternatively, receptor associated JAK kinases can activate pathways that lead to Ras

dependent MAP kinase activation and signalling (Han et al., 1996; Ihle and Kerr, 1995; Frank

et a\.,1995). Receptor associated JAK kinase phosphorylation is thought to allow the binding

of adaptor protein Shc to the activated receptor (de Koning et al., 1996; Miura et al., 1994).

Shc subsequently binds Grb-2lSos (Han et a1.,1996), recruiting the Ras/l\4APK pathway' Shc

associates with the activated receptor by binding phosphorylated tyrosines, however it is



Figure 1.2 Signalling from a receptor lacking an intrinsic tyrosine kinase

domain

Schematic diagram of the IL-6 receptor and the signal transduction pathways that can be

stimulated upon receptor activation. Ligand binding induces receptor heterodimerisation which

recruits intracellular non-receptor tyrosine kinases to activate downstream signalling pathways'

Pathways similar to those activated by tyrosine kinase receptors, can be activated from this type

of receptor, due to the activation of intracellular tyrosine kinase molecules.
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unknown whether interaction occurs with phosphorylated tyrosines on the receptor or with

those on the receptor associated JAK kinase ('Winston and Hunter, 1996)'

The resultant effect of activation of receptors without intrinsic tyrosine kinase domains

is similar to that of tyrosine kinase receptors due to the recruitment of intracellular, non-receptor

tyrosine kinases. Activation of these kinases causes activation of similar downstream signalling

pathways to those activated by receptor tyrosine kinases and culminates in the activation of

transcription factors altering gene expression'

1.3.3 Intracellular growth factors

1.3.3.1 Evidence for intracellular growth factors

Recent evidence indicates that intracellular localisation, as well as receptor mediated

signalling, may be important for cytokine action. Table 1 shows a list of growth factors that

have been detected within the cell and indicates their intracellular localisation (adapted from

Prochiantz and Theodore, 1995). Intracellular localisation of growth factors occurs by two

mechanisms, internalisation of extracellular growth factors via receptor interaction and possible

receptor mediated endocytosis, or endogenous production of growth factors which lack signal

sequences for secretion (figure 1.3) (Prochiantz andTheodore, 1995). The former implicates

endocytosis and internalisation of the growth factor/receptor complex as part of the signalling

process and challenges the classic model of growth factor action, where endocytosis of the

ligand/receptor complex was thought to down regulate the growth factor signal (James and

Bradshaw, 1984).

A number of growth factors, including IL-1, GH, EGF, NGF and PDGF (Curtis et al.,

1990; Lobie et al., 1994; Rakowicz-Szulczynska et al., 1986) have been shown to be

internalised following binding to their extracellular receptor, and subsequently targeted to the

nucleus as a complex with their receptor. Several of these molecules contain nuclear

localisation sequences (NLS) for intranuclear targeting after internalisation (table 1), as

demonstrated by mutational analysis (Imamura et al., 1990; Kimura, 1993;), however it is not

known how nuclear localisation is mediated by those molecules which lack a consensus NLS.



Figure 1.3 Two possible modes of intracellular growth factor action

Schematic diagram demonstrating the two possible modes of action of a growth factor inside

the cell. One mode involves secretion of the growth factor and subsequent receptor interaction.

The receptor and ligand are internalised and translocated to the nucleus to elicit their cellular

effect. Alternatively, growth factors may be synthesised within the cell and have a direct,

receptor independent action on the nucleus'
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Table L List of intracellularly localised growth factors

SS-signal sequence

NlS-nuclear localisation sequence

NID-not determined

Modified from Burwen and Jones, 1987; Prochiantz and Theodote,7995
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Nerve growth factor
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Alternatively, many growth factors including aFGF and bFGF, ciliary neurotrophic

factor (CNTF), cardiotrophin-1 (CT-1), IL-lcr and B and brain derived growth factor (BDGF)'

contain no signal sequence (table 1). bFGF, IL-l8, BDGF and CT-l can be secreted via an

unknown, endoplasmic reticulum-Golgi independent secretion mechanism (Mignatti et al',

1992; Rubartelli et al., 1990; Leibrock et al., 1989; Pennica et al., 1995). CNTF is not secreted

when overexpressed in cos-7 cells (Lin et al, 1989), suggesting that CNTF, and possibly

FGFs, IL-1p, BDGF and CT-1, may be available in the cell for internal retention and nuclear

action (Prochiantz and Theodore, 1995;Wetmore et al', 1991)'

Multiple proteins are translated from the bFGF transcript, when expressed in Cos-7

cells, by initiation at alternate CUG and AUG start sites and are localised to the nucleus and the

cytoplasm respectively (Florkiewicz et al., 1991). The AUG initiated cytoplasmic protein is

almost exclusively produced by normal cells and the CUG initiated nuclear proteins are

produced by transformed or stressed cells (Vagner et al., 1996). Also, externally applied acidic

and basic FGF have been shown to be internalised and accumulate in the nucleus of cells

(Bouche et al., lggi; Wiedlocha et al., 1994) . Nuclear translocation of both basic and acidic

FGF was shown to correlate with mesoderm induction in Xenopus, a process thought to

require FGF action. The regulated nuclear localisation of FGF suggests that intracellular

targeting of the growth factor may be required for biological function (Shiurba et al., 1991).

t,1.3,2 Biological significance of intracellular growth factor localisation.

Functional relevance of growth factor nuclear localisation has been demonstrated.

Acidic FGF activity was demonstrated to require nuclear localisation for mitogenic activity' The

mitogenic activity of exogenously applied acidic FGF on murine lung capillary cells was

abolished by deletion of a nuclear localisation signal (NLS) in the FGF sequence, at

concentrations where receptor-mediated tyrosine phosphorylation and c-fos expression, early

responses to FGF receptor activation, were unaffected. Addition of a yeast histone 28 nuclear

localisation signal to the FGF molecule lacking an NLS, restored nuclear localisation and

mitogenic activity demonstrating that nuclear localisation was essential for aFGF activity

(Imamura et al., 1990).
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Acidic FGF fused to diptheria toxin was shown to translocate to the cytosol

independently of the FGF receptor, via interaction with, and internalisation by, the diptheria

toxin receptor. FGF/ diptheria toxin fusion protein was able to stimulate DNA synthesis in cells

lacking the FGF receptor but expressing the diptheria toxin receptor, without a detectable

increase in tyrosine phosphorylation, demonstrating intracellular FGF action was independent

of FGF receptor signalling (V/iedlocha et al., 1994)'

Mutation of a bipartite nuclear localisation signal on schwannoma derived growth factor

(SDGF) abolished mitogenic activity on Swiss 3T3 fibroblasts, with no effect on early response

genes and c-fos activation (Kimura, Ig93). Wildtype SDGF can stimulate DNA synthesis in

NIH 3T3 cells expressing a mutant receptor which is incapable of intracellular signalling,

however, mutant SDGF, lacking an NLS, cannot, implying that nuclear localisation, and not

receptor signalling, is required for the SDGF mitogenic effect.

Antisense IL-6 oligonucleotides prevented PDGF-induced proliferation of human

fibroblast, vascular smooth muscle and mesangial cells. However, neutralisingl--6 antibodies

added to the cells had no effect implying that this effect is mediated by an intracellular IL-6

molecule (Roth et al, 1995). Furthermore, the stimulation of DNA synthesis in hairy cell

leukemia cells by tumour necrosis factor (TNF) was shown to be specifically blocked by

antisense IL-6 oligonucleotides. Neutralising antibodies had no effect suggesting this response

is mediated by intracellular IL-6 action (Barut et al., 1993). Similarly, antisense IL-6

oligonucleotides inhibit the growth of melanoma cells producing endogenous IL-6, howevet,

neutralising antibodies have no effect suggesting 'private' intracellular cytokine action (Lu and

Kerbel, 1993).

These data suggest that intracellular and, possibly, nuclear localisation of these growth

factors is required for growth factor action. However the relative requirements of receptor

mediated protein phosphorylation and ligand internalisation are undefined.

1.3.3.3 Mechanism of intracellular growth factor action

The mechanism by which intracellular growth factors elicit a cellular response is largely

unknown. Direct regulation of transcription could provide a mechanism by which intracellular
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bFGF could elicit a cellular response directly in the nucleus. Exogenously applied purified

bFGF accumulation in the nucleolus of adult bovine aortic endothelial cells correlates with an

increase in ribosomal gene transcription at the Go-Gl transition of the cell cycle (Bouche et al.,

l9g7). In a cell free system, bFGF was shown to mediate a direct effect on gene transcription

(Nakanishi et al., lgg}). Transcription of the phosphoglycerate kinase (pgk)-1 and pgk-2

genes was inhibited and stimulated, respectively, by bFGF. Stimulation of Pgk-2 was

mediated via a DNA sequence in the upstream region of the Pgk gene as shown by deletion

analysis. These results demonstrate that bFGF can regulate transcription in the nucleus, in a

gene specific manner, independent of receptor binding. However, the binding of bFGF to

DNA was shown to be sequence independent and the mechanism by which specificity of

promoter response is achieved was not determined (Nakanishi et aL., 1992). A second study

confirmed the activation of ribosomal RNA transcription but detected specific DNA binding of

bFGF to a sequence in non-transcribed spacer DNA between histones (Amalric et al', 1994).

bFGF also showed a strong affinity for histone Hl and directly interacted with and activated the

nuclear protein kinase CKII. This provides a mechanism whereby FGF nuclear localisation

could mediate alteration of gene transcription by interacting with chromatin and inducing

phosphorylation of nuclear proteins.

The mechanism by which other intracellular growth factors mediate an effect on gene

transcription is unknown. IL-l, growth hormone (GH), EGF, NGF and PDGF appear to be

internalised and localised to the nucleus and chromatin as a complex with their extracellular

receptor (Curtis et al, 1990; Lobie et al., 1994; Rakowicz-Szulczynska et al., 1986) raising the

possibility that transcription could be regulated by domains of the receptor. For example,

protein-protein interaction domains within the receptor could be used to form regulatory

interactions in the nucleus, with signalling molecules, transcription factors or other nuclear

proteins. Alternatively, receptor kinase domains could phosphorylate nuclear proteins causing

activation or inhibition of these proteins.

A significant body of evidence therefore suggests a role for growth factor

intracellularisation in the production of a growth factor signal. It has been proposed that the full

repertoire of growth factor effects requires both signal transduction via the receptor subunit and
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the second messenger pathways, and intracellular localisation and possible direct action of the

growth factor or growth factor/receptor complex on the nucleus (Prochiantz and Theodore,

1995) however the relative contribution of each pathway is unknown. Importantly, however,

the existence of growth factors which are localised inside the cell, provides a potential

mechanism for an intracellular, autocrine function of these molecules that may be independent

of receptor interaction.

1..4 Cytokines

1.4.L Cytokine action

Haemopoietin cytokines are a family of structurally related signalling molecules that

exhibit all the biochemical and biological properties of other growth factor families. They act

via the haemopoietin family of heteromeric cytokine receptors which do not contain cytoplasmic

kinase domains (Kishimoto et al., 1994). The cytokine initially binds to a specific ligand

binding receptor subunit which contains no intracellular signalling domain and utilises a

transmembrane, non-tyrosine kinase signalling molecule to transduce the signal into the cell.

Dimerisation of these receptor components produces a high affinity heteromeric receptor

complex to which intracellular non-receptor tyrosine kinases can bind and activate intracellular

signalling. Several protein kinases can interact with the receptor cytoplasmic domain (Hibi et

al., 1996). For example JAK2 and Fes kinase both interact with the IL-3 and GM-CSF

receptor (Hanazono et a1., 1993) while Lck, Lyn and Fyn kinases can all interact with the IL-2

receptor complex (Hatakeyama et al., 1992; Torigoe et al., 1992; Kobayashi et al., 1993).

Each kinase could conceivably phosphorylate and activate different downstream signalling

pathways, providing a molecular explanation for cytokine pleiotropy, with the activation of the

receptor complex in different target cell types activating different intracellular signalling

pathways.

Cellular responses to haemopoietin cytokines can often be mimicked by other related

members of a cytokine sub-family (Kishimoto et al., 1994). For example, the haematopoietic

cytokines interleukin-3 (IL-3), IL-5 and granulocyte/macrophage colony-stimulating factor
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(GM-CSF) have overlapping functions in various haematopoietic cells including monocyte

activation and eosinophil colony formation (Miyajima et al., 1992). This property is known as

cytokine redundancy and occurs within closely related members of cytokine sub-families

(Kishimoto et al., lgg4). Redundancy is explained by the utilisation of common signal

transduction components within different heteromeric receptor complexes (Miyajima et al.,

I9g2). Thus, ligand binding to different cytokine receptor subunits induces heterodimerisation

with a common transmembrane signalling molecule resulting in activation of the same

intracellular, non-receptor tyrosine kinases and downstream signalling pathways (Kishimoto et

al., 1994).

1.4.2 The IL-6 Family of CYtokines

The IL-6 family of cytokines represents a sub-family of the haemopoietin cytokines, and

includes interleukin-6 (IL-6) (Kishimoto et al., 1992), interleukin-l1 (IL-l1) (Kobayashi et al.,

lgg1),oncostatin M (OSM) (Rose and Bruce, 1991), ciliary neurotrophic factor (CNTF) (Lin

et al., 1989), cardiotrophin-1 (CT-l) (Pennica et al., 1995) and leukemia inhibitory factor (LIF)

(Hilton, lgg}). The members of the IL-6 sub-family are related both structurally and

functionally. Although there is limited homology at the primary sequence level, all members

exhibit a four helical bundle structure, where the four o-helices are arranged in an up-up-down-

down orientation (Sprang and Bazan, 1993; Robinson et al., 1994). Members of the IL-6

family are functionally related as they act via extracellular receptors which recruit the gpl30

receptor subunit to transduce the cytokine signal into the cell (figure 1.4) (Kishimoto et al.,

lgg4). As a result, these molecules exhibit functional redundancy, as different ligands activate

the same signal transduction pathway producing the same intracellular signal and biological

effect. For example,IL-6, LIF, and OSM mediate macrophage differentiation of the M1

myeloid leukaemia cell line, activation of acute phase response in hepatocytes and various

effects on the neuronal system in vitro (Reviewed by Hibi et a1., 1996). The extent of

pleiotropy of IL-6 family members is controlled by expression of the specific cytokine receptor

component required by each ligand on the target cell. For example, inhibition of ES cell

differentiation can be mediated by LIF, CNTF and OSM but not IL-6 (Piquet-Pellorce et al',



Figure L.4 The IL-6 haemopoietin receptor family

Schematic diagram of the IL-6 family of cytokine receptors and the subunits that comprise the

heteromeric receptor complexes. Receptors consist of cytokine specific subunits and the

common gp130 signalling subunit which transduces the signal into the cell. JAK kinases are

representative of intracellular tyrosine kinase molecules that mediate phosphorylation of

intracellular proteins and cellular signalling'
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Igg4). This can be explained by the lack of IL-6 specific receptor expression by ES cells (Taga

et al., 1992).

Several lines of evidence imply potential intracellular activities for members of this

cytokine family. CNTF and CT-1 are both expressed without a secretory signal sequence.

CNTF is not secreted when expressed in Cos-7 cells (Lin et al., 1989) and therefore may be

available for intracellular action. CT-1 has been found in medium conditioned by transfected

cells but still may be available to play an intracellular role (Pennica et al., 1995). Furthermore,

IL-6 has been shown to act as an intracellular, autocrine cytokine in melanoma progression (Lu

and Kerbel, lgg3), the TNF response in hairy cell leukemia (Barut et al., 1993) and PDGF

induced proliferation of non transformed human fibroblasts, vascular smooth muscle cells and

mesangial cells in cells (Roth et al,1995) as previously described (chapter 1.2.3.2)' These

results raise the possibility of autocrine, intracellular roles for members of the IL-6 family of

cytokines.

1.5 Leukaemia Inhibitory Factor (LIF)

1.5.1 The LIF protein

Leukaemia inhibitory factor (LIF) is a 180 amino acid, secreted glycoprotein of

approximately 40 kilodaltons, with a 20 kilodalton polypeptide backbone. Structural

determination by X-ray chrystallography (Robinson et al., 1994) revealed that the LIF protein

contains four helices, designated A (27 residues), B (29 residues), C (27 residues) andD (23

residues) linked by two long loops between helices A and B, and C and D, and a short loop

between helices B and C (figure 1.5). The four helices are anÍanged around a compact

hydrophobic core. Two disulphide bonds (Cys 12-Cys 134; Cys 18-Cys 131) tether the N-

terminal region to the four helical bundle and one (Cys 60-Cys 163) links the AB loop to the

helical core. The secreted LIF molecule is extensively glycosylated at asparagine residues,

accounting for variations in the apparent molecular weight of LIF (Gascan et al., 1989),

however glycosylation has no effect on receptor mediated LIF action (Williams et al., 1988).



Figure L.5 The LIF gene and protein

A. Schematic diagram of the reported LIF gene layout demonstrating the differential promoter

usage that gives rise to two alternate transcripts. The two transcripts are represented showing

the position of translational initiation codons and the regions encoding the hydrophobic signal

sequence and the protein cleavage site. The two proteins that arise from this gene are shown

with the position of the hydrophobic signal sequence and the proteolytic cleavage site of the

mature secreted protein indicated. The small, alternate N-terminal regions are shown. The

position ofthe four cr-helices and their relation to the regions required for LIF receptor/gpl3O

binding are also shown.

LIFR]- rnajor region required for LIF/LIFR interaction. LIFR2- secondary region of

LIF/LIFR interaction. gp130- region required for gp130 interaction.

B. Diagram showing the tertiary structure of the LIF protein as determined by X-ray
crystallography (taken from Robinson et aI.,1994). The four cr-helices are clearly visible with

the polypeptide fold coloured in rainbow order, from blue at the N-terminus through to red at

the C-terminus. The three disulphide bonds are indicated in red.
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1.5.2 LIF mechanism of action

1.5.2.1 The LIF recePtor

LIF mediated signal transduction is initiated by interaction with a specific cell surface

receptor (LIFR). LIFR is a member of the haemopoietin receptor family that includes receptors

for IL-6 (Taga et a1., 1989; Hibi et al., 1990; Yamasaki et al., 1988), IL-3 (Itoh et al., 1990),

IL-5 (Mosley et al., 1989), IL-7,11--9, erythropoietin (EPO), G-CSF, OSM, CNTF, GM-CSF

and G-CSF, (Ihle et al., 1995; Taniguchi, 1995). Receptors for the IL-6 family of cytokines

constitute a sub-family of the haemopoietin receptors, which exhibit conservation of their

extracellular domains (Shields et al., 1995). Intracellular domains are not conserved or not

present since signal transduction is mediated via the common gp130 subunit and associated

intracellular tyrosine kinases (Hibi et a1.,1996; Kishimoto et al., 1994). The conserved region

of the extracellular domain exhibits a modular structure containing two, approximately 100

amino acid domains arranged into seven B-sheets, forming a barrel like structure (Bazan,

1990). Two conserved motifs exist; four cysteine residues located at the amino terminal region

of the extracellular domain and a Trp-Ser-X-Trp-Ser (WS) motif just outside the transmembrane

domain (Shields et al., 1995). The WS motif is required for the ligand binding ability of the

receptor (Yawata et al., 1993).

The LIF receptor contains no intrinsic intracellular signalling domain and binds LIF with

low affinity (Gearing et al., 1991). A high affinity receptor complex for LIF is produced when

LIF/LIFR dimerises with the structurally similar gp130 signalling receptor subunit (Gearing et

al., 1992). The gp130 receptor subunit is utilised by all members of the IL-6 cytokine family

for signal transduction (Hibi et al., 1996; Kishimoto et al., t994). The IL-6 receptor consists

of two molecules of gp130 and a single IL-6 specific receptor producing a trimeric complex

(Taga et al., 1939). The LIF receptor protein is utilised by CNTF, OSM and CT-l in their

heteromeric receptor complexes. The active CNTF receptor comprises LIFR, gp130 and a

CNTF specific receptor subunit (Ip et al., 1992), while it appears that CT-l and OSM can act in

a complex containing just LIFR and gp130 (Pennica et al., 1995; Lin et al., 1994). OSM has

recently been shown to also bind and activate a specific OSMR/gp130 complex, that is not

activated by LIF (Mosley et al., 1996). Despite variations in the receptor systems for the
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different molecules of the IL-6 family, they all culminate in activation of the gp130 signalling

molecule, producing a similar cellular response (Hibi et al.,1996; Kishimoto et al., 1994).

LIFR is expressed in several forms. A truncated form of the LIF receptor that contains

no transmembrane domain, acts as a soluble LIF binding protein (Layton et al',1992)' This

molecule is found in mouse serum and could potentially act as a stabiliser for LIF transport

within the circulatory system, in endocrine action, as an inhibitor of LIF by competition for

binding with LIFR, or as a potentiator for LIF action on target cells that do not express LIFR.

Another form of LIF binding protein has been localised to the extracellular matrix (Mereau et

al., 1993). This molecule is thought to be the soluble form of the LIF receptor (Gearing et al.,

1991) and, therefore, may be involved in paracrine and juxtacrine LIF action, specifically

controlling the site of action of LIF and its interaction with the cellular LIFR.

1,.5.2.2 LIFR interaction

Interaction of the human LIF protein with its receptor has been well studied. Three sites

of interaction of the LIF molecule with its high affinity receptor complex have been determined.

The primary site for human and mouse LIF interaction with the LIFR has been mapped to the

C-rerminus of the CD loop and the beginning of the D helix, residues 150-160 (figure 1.5)

(Robinson et al., 1994). Mutational analysis has shown that two residues at the beginning of

the D helix, phenylalanine 156 and lysine 159, are essential for binding of human LIF to LIF-R

and that surrounding residues play a lesser role (Hudson et al., 1996).

An interesting phenomenon of LIF/LIFR interaction is that human LIF can bind to both

mouse and human LIFR but mouse LIF cannot bind to the human receptor. Furthermore,

human LIF binds with a higher affinity to mouse LIF receptor than mouse LIF (Owczarek et

al., 1993). These properties were utilised to analyse LIF receptor binding in studies using

chimeras of mouse and human LIF proteins. The determinant responsible for the species

specific binding of human LIF to its receptor, and the region that determines the high specificity

binding of hLIF to the mouse LIF receptor, mapped to the same region of the molecule,

residues in the CD loop and to a lesser extent residues in the third helix and the B-C loop.

These residues are clustered on one face of the LIF molecule (Owczarek et al., 1993). This
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determinant was refined to six mLIF residues that, when changed to those residues present in

human LIF (Glu 57-Asp, Thr 107-Ser, Gln 112-Ser, Val 113-Ser, Ala 155-Val, Arg 158-Lys),

convert the normal mouse LIF molecule to a mutant molecule exhibiting the high affinity

binding of human LIF to mouse LIFR (Layton et al', 1994).

A second site of interaction with the LIF receptor was identified at the C terminal end of

the D helix, residues 161-180 (Robinson et al., 1994; Hudson et al., 1996), separated from the

first site by the AB loop, which crosses the D helix in the LIF four helical bundle structure

(figure 1.5). Two residues on the A-B loop (Asp 57 and Lys 58) were involved in this site.

The region required for LIF binding to gp130 was localised to residues within the amino

rerminus of the A helix (Gln 25, Ser 28 and Gln 32) and residues in the C helix (Asp 120, Ile

I2l, Gly 124 and, Ser 127) (figure 1.5). Mutation of these residues produced hLIF antagonists

(Hudson et al., 1996).

1.5.2.3 LIFR signalling

Relatively little is known about the transduction of the LIF signal to the nucleus. Btk

and Tec tyrosine kinases have been shown to be stimulated by activation of gp130 in BAF-803

pro-B cells, and both kinases associate constitutively with gp130 (Matsuda et al., 1995),

presumably via their SH2 domain. LIF action on ES cells, via the gp130 signalling subunit,

has been shown to require both JAK kinase activation and Hck dependent activation of the

Ras/MAPK pathway (Ernst et al., 1996). A LIF response element in the o(2 macroglobulin

gene has been identified that confers LIF induced gene expression in ES cells and binds the

STAT transcription factor STAT3 (Hocke et al., 1995). This provides insight into the

mechanism by which IL-6 family cytokines transmit their intracellular signal however the details

of these signalling pathways are yet to be elucidated.

L.5.3 Expression of the LIF gene

Expression studies of the LIF gene have shown that it is expressed in a wide variety of

embryonic and adult cell and tissue types. LIF has been shown to be expressed in ES cells,

with expression levels increasing with ES cell differentiation. This lead to the proposal that LIF
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could be involved in the maintenance of stem cell populations by a feedback mechanism

(Rathjen et al., 1990b). LIF expression in differentiated cells can be regulated via factors

produced by ES cells, implying a paracrine mechanism of stem cell maintenance involving

controlled production of LIF from differentiated cells (Rathjen et al', 1990b)'

Consistent with a potential role in pluripotent stem cell maintenance, LIF expression has

been detected in early murine embryos, specifically in the trophectoderm of day 3.5 blastocysts

and the trophoblast and ectoplacental cone of 5.5 day post implantation embryos (Nichols et a1.,

1996), in the extraembryonic tissues of the 6.5 and 7.5 day mouse embryo (Rathjen et al.,

1990b; Conquet et al., 1990) and in the placentas of day 9.5, 10.5 and 12'5 embryos.

Sensitive RNase protection analysis of murine embryonic and adult tissues also demonstrated

low level LIF expression in the extraembryonic tissues of the early embryo. Increasing levels

of LIF expression were detected in developing skin, lung, intestine and calvaria (Robertson et

al., 1993).

LIF expression has been detected in the rat brain and peripheral tissues, specifically in

regions of developing sympathetic, cholinergic neurones (Yamamori, l99l) and expression

levels increase after injury to adult peripheral nerves and ganglia (Banner and Patterson,1994).

Low level expression is detectable in a variety of tissues in the adult mouse, with increased

levels in intestine, lung, skin and uterus (Robertson et al., 1993). Uterine LIF expression has

been localised to the human endometrium (Kojima et a1., 1994; Cullinan et al., 1996)' In situ

hybridisation demonstrated that the major site of mouse LIF expression was the endometrial

glands just prior to blastocyst implantation (Bhatt et al., 1991), suggesting a role for LIF in this

process

Limited data are available on expression of the LIF receptor components. LIF receptor

expression was detected in liver, lung and placenta, with low levels expressed in heart (Tomida

et al., lgg4). Expression levels were also shown to decrease with nerve injury (Banner and

Patterson, lgg4). LIF receptor expression was detected in the early embryo, being localised to

the inner cell mass, with expression also present in the uterine epithelium lining and endometrial

glands at 4.5 days post coitum and, along with gp130, in the decidual tissue adjacent to the

embryo at 5.5 days post coitum (Nichols et a1., 1996). gp130 appears to be expressed
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constitutively across tissues by northern blot, however, expression levels vary in several

cultured cell types (Saito et al., lgg2). The significance of such data for in vivo function is

unknown due to the utilisation of these receptor components by several cytokines of the IL-6

family.

1.5.4 LIF effects

1.5.4.1 In vitro Llß effects

Exogenous LIF exhibits a wide variety of effects on a range of different cell types ln

vitro and in vivo. The wide variety of LIF effects correlates with the wide range of LIF

expression in embryonic and adult cell types and tissues (chapter 1.5.3). LIF was originally

identified as a factor that can cause macrophage differentiation in the monocytic leukaemia cell

line Ml (Metcalf et a1.,1988; Lowe et al., 1989). LIF has also been shown to inhibit the

differentiation and maintain the pluripotency of embryonic stem cells by addition of recombinant

and purified protein (Williams et al., 1988; Smith et al., 1988), block the formation of primitive

ectoderm (Shen and Leder, 1992), cause embryotrophic effects in early mouse embryos

(Lavranos et al., l9g5), promote the growth of the murine Il-3-sensitive DAl a cell line

(Gascan et al., 1989), induce cholinergic function in cultured rat sympathetic neurons while

suppressing noradrenergic function (Yamamori et al., 1989), inhibit plasminogen activator

activity by production of its inhibitor, and increase the retinoic acid response in osteoblasts

(Allan et al., 1990), stimulate bone resorption by osteogenic precursor cells (Martin et al.,

IggZ), induce proliferation of human haematopoietic stem cells (Leary et al., 1990), promote

primordial germ cell survival by suppression of programmed cell death (Pesce et al., 1993),

stimulate production of acute phase plasma proteins in rat H-35 hepatoma cells (Baumann et al.,

1993) and HepG2 cells (Piquet-Pellorce et al., 1994), induce murine 7TD1 hybridoma cell

growth (Piquet-Pellorce et a1., 1994), induce apoptosis of cultured sympathetic neurons

(Kessler et al., 1993) and promote the survival of cultured sensory neurons (Murphy et al.,

lggl). Many of these effects can be mimicked by other members of the IL-6 family (Piquet-

Pellorce et al., 1994). LIF is also internalised and retrogradely transported in sensory (Hendry

et a1., 1992) and sympathetic neurones (Ure and Campenot, 1994).
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An autocrine role for LIF has been postulated in teratocarcinoma formation.

Teratocarcinomas are thought to arise undifferentiated germ cells and contain nests of stem

cells, similar to LIF responsive ES cells. The LIF gene is localised to chromosome 11, where a

large preponderance of chromosomal abnormalities occur in teratocarcinomas and embryonal

carcinoma cells (Kola et al., 1990).

An intracellular effect of LIF has been postulated in hepatoma cells. Basal level

expression of a LIF responsive reporter gene in cells transfected with LIF receptor cannot be

inhibited by anti-LIF antibodies, possibly explained by an intracellular, autocrine action of LIF

(Baumann et al., 1993).

1.5.4.2 In vivo LIF effects

In vivo overexpression studies have shown a variety of LIF effects which were

dependent on the mode of administration of the LIF protein. Mice containing LIF

overexpressing cells in the bone marrow, spleen and lymph nodes showed excess new bone

formation, calcification of muscle tissues and altered calcium levels, implying a role for LIF in

osteoblast regulation and calcium metabolism (Metcalf and Gearing, 1989), as well as elevated

acute phase proteins. Mice injected with recombinant LIF at various levels showed a variety of

effects including a decrease in spleen lymphocytes, a decrease in bone marrow cell numbers,

particularly lymphocytes, and an elevation of blood platelets, erythrocyte sedimentation, serum

calcium to albumin ratios, erythroid populations, and a ten-fold rise in megakaryocyte

progenitor cells and other types of spleen progenitor cells (Metcalf et al., 1990).

Overexpression of diffusible LIF in T cells produced B cell hyperplasia, polyclonal

hypergammaglobulinemia and mesengial proliferative glomerulonephritis, similar to IL-6

overexpression, as well as novel effects on CD4+ CD8+ lymphocyte numbers in the thymus

and lymph nodes, and an altered thymic epithelium (Shen et al., 1994). Overexpression of

matrix localised LIF in chimeric embryos showed an inhibition of mesoderm formation during

gastrulation, whereas overexpression of diffusible LIF showed no effects (Conquet et al.,

1992).
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Several of these reports are consistent with in vitro studies demonstrating LIF effects on

cell types associated with the early mouse embryo, osteoblasts and calcium metabolism, acute

phase protein production and haemopoiesis. These results demonstrate that LIF induces a wide

variety of effects when artificially applied to different cell types in vitro and in vivo, however

the relationship of these effects to in vivo function is difficult to determine.

Production of homozygous null mice by inactivation of the LIF gene in ES cells

indicated in vivo roles for LIF in blastocyst implantation (Stewart et al., 1992), thymic T cell

activation, regulation of myeloid progenitors in the spleen (Escary et al., 1993) and the support

of motor neuron function (Sendtner et al., 1996). Effects on the neural system and the

haemopoietic system correlate with in vitro effects observed on neural and haematopoietic cell

types and with LIF expression in neural cells. The effect on blastocyst implantation can be

directly correlated with LIF expression in the endometrial glands of the uterus (Bhatt et al.,

l99l; Stewart et al., 1992). LIF knockout mice develop to adulthood, although a25-35Vo

decrease in animal size is observed (Stewart et al.,1992).

Many of the biological activities predicted from activity in vitro and expression in vivo

do not appear to be reflected in the phenotype of knockout mice. The previously described

functional redundancy of the IL-6 cytokine family is thought to explain the development of LIF

knockout mice to adulthood, with other LIF family members compensating for the absence of

LIF.

1.5.5 The LIF gene

LIF is expressed from a single copy gene that is localised near the centromere on

chromosome 11 at sub-bands AllA2 in the mouse (Kola et al., 1990) and chromosome 22q12

in the human (Sutherland et al., 1939). LIF is localised within 19 kb of the oncostatin M gene

indicating that the two genes may be evolutionary related (Jeffery et a1.,1993). The LIF gene

consists of three exons (figure 1.54). The first exon encodes the 5'untranslated region, and

the amino terminal end of the pre-protein. Exon 2 encodes the LIF hydrophobic leader

sequence, the mature protein cleavage site and the first third of the mature protein. Exon 3

encodes the rest of the mature protein and the extensive 3' untranslated region (Stahl et al.,
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1990). Four TATA or TATA like elements exist in the 5' region of the LIF gene, with the

TATA-box at -31plus 72 nucleotides upstream acting as the promoter for LIF transcription

(Stahl and Gough, lgg3). The 3' untranslated region contains several UnA repeats that are

involved in the rapid turnover of unstable messenger RNAs (Stahl et a1.,1990). The structure

of the LIF gene is conserved between five LIF genes sequenced (Stahl et al., 1990; Willson et

a1.,1992; Kato et al., 1995) with sequence conservation being highest in the regions encoding

the protein sequence. Regions of sequence conservation also exist outside the coding sequence,

corresponding to the TATA promoter elements, a pyrimidine rich region and the M exon in

intron 1 and regions in the 3'untranslated region corresponding to the UnA instability elements

and the 3' end of the message (Stahl et a1., 1990).

1.5.6 Alternative transcription of the LIF gene.

Two different transcripts arise from the murine LIF gene (figure 1.54). These

transcripts contain different first exons that are thought to arise from alternate promoter usage,

which are spliced onto common second and third exons of the LIF gene (Rathjen et al., 1990a).

In-frame ATG initiation codons in the first exons of these transcripts direct production of

precursor proteins that differ in the first few amino terminal amino acids encoded by the first

exons. Both preproteins contain signal sequences and upon proteolytic cleavage during

secretion, produce secreted glycosylated proteins with a peptide backbone of 20 kd' The

proteins produced from the two transcripts can be differentially localised following

overexpression in vitro, with one being a diffusible protein (LIF-D) and the other localised to

the extracellular matrix (LIF-M). The two mature proteins are identical in sequence indicating

that the alternative localisation of the two molecules is directed by an unknown mechanism

utilising determinants in the novel first exons of the messenger RNAs or in the different amino

terminal regions of the precursor proteins.

The first exon of the LIF-M transcript is located downstream of the LIF-D exon in

intron 1. The two LIF transcripts have been shown to be differentially regulated both in cell

culture and in tissues. For example, in Ehrlich ascites cells the diffusible transcript

predominates but in Pys-2 cells the matrix transcript is expressed more strongly (Rathjen et al.,
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1990b). In femur the LIF-D transcript predominates, however in the brain the LIF-M transcript

is almost exclusively expressed (Robertson et a1., 1993). The LIF-M transcript has also been

shown to be predominantly expressed in the hypothalamus and the pituitary with expression of

LIF-D induced in response to lipopolysaccharide endotoxin (V/ang et al., 1996)' Differential

expression indicates distinct biological roles for the two proteins, which is supported by the

alternate effect of overexpression of the LIF-D and LIF-M transcripts in chimeric mouse

embryos (Conquet et al., lgg2). LIF-D overexpressing embryos look essentially normal

whereas LIF-M overexpressing embryos showed an abnormal proliferation of tissues and the

absence of differentiated mesoderm, demonstrating markedly different effects of the two

differentially localised proteins.

The novel first exon encoding the matrix associated form of LIF is conserved in the

human and pig LIF genes (Voyle et al., in manuscript) but does not contain an in frame ATG.

Regardless, the existence of a matrix associated LIF binding protein (Moreau et al., 1993),

differential activities of matrix and diffusible LIF in mouse embryos overexpressing the two

isoforms (Conquet et al., lgg}), and the differential regulation of the two transcripts, indicate

an important function for this form of LIF protein in the mouse'

1.6 Aims and Approaches

Sensitive RNase protection studies demonstrated the existence of two LIF transcripts

encoding the diffusible and matrix localised LIF proteins, and identified a possible third LIF

transcript. This, along with questions concerning the reality of the matrix form of LIF in

species other than the mouse (Stahl et al., 1990; Willson et al,1992), prompted us to further

investigate the expression of the LIF gene. The aim of this work was to analyse the expression

of the LIF gene and to determine the origin and conservation of the three LIF transcripts in

relation to the LIF genomic sequence. Molecular cloning and expression analysis were utilised

to isolate new LIF transcripts from several species, and their origin determined by analysis of

the LIF genomic sequence. Cross-species sequence comparison allowed further analysis of

LIF gene homology, and combined with expression data, demonstrated a complex conserved

genomic organisation of the LIF gene. The functional relevance of the complex LIF genomic
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organisation was analysed by overexpression studies of the novel mLIF transcript (LIF-T).

This identified a novel LIF protein with an alternate intracellular localisation which inferred

possible new functions for the LIF gene and a novel mechanism of action for the intracellular

LIF protein.

A further aim was to determine the function of the intracellular LIF protein by

overexpression studies of the LIF-T transcript in cultured cells. Intracellular LIF elicited an

alternate biological activity compared to the secreted forms of LIF, indicating a possible new

function for this protein. Alternate biological activity of intracellular and extracellular LIF

proteins produced from separate transcripts provided an excellent assay system for analysis of

the LIF protein sequence for alternate structural requirements necessary for intracellular LIF

activity. Mutational analysis and overexpression studies were performed in an attempt to

identify an intracellular mechanism of action for this novel protein. This work provides further

insight into the structure and function of the LIF gene and provides a novel mechanism by

which LIF may mediate alternate biological effects, adding to the wide range of possible

functions performed by this gene.



CHAPTER 2:

IDENTIFICATION AND CHARACTERISATION
OF A NOVEL LIF TRANSCRIPT
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CHAPTER 2: IDENTIFICATION AND CHARACTERISATION OF A NOVEL

LIF TRANSCRIPT.

2.1 Introduction

Expression studies have shown that LIF is expressed in a variety of cell types in vitro,

and in various mouse embryonic and adult tissues in vivo (Rathjen et el., 1990b; Robertson et

al., 1993). Sensitive RNase protection studies have shown the expression of two murine LIF

transcripts that consist of alternate first exons, arising from differential promoter usage, spliced

onto common second and third exons (Rathjen et al, 1990a). Differential regulation of the two

transcripts implies they are likely to have distinct biological functions requiring cells to express

them in an alternate fashion (Rathjen et el., 1990b; Robertson et al., 1993). Alternate function

of the two transcripts was demonstrated by the induction of alternate effects by overexpression

of each transcript in chimeric embryos (Conquet et al., 1992).

This chapter describes the identification and isolation of another novel murine LIF

transcript. This transcript also consisted of a novel first exon spliced onto the common second

and third exons of LIF. The novel first exon contained no in-frame ATG indicating that

translation initiates downstream of exon 1. This transcript was differentially regulated

compared to the other LIF transcripts implying a novel biological function for this transcript,

and added complexity to the in vivo expression and function of the LIF gene. Investigation of

the interspecies conservation of the three LIF transcripts identified a conserved, complex

organisation of the LIF gene.

2.2 Identification and cloning of a third LIF transcript.

2.2.1 Identification of a novel LIF transcript

Ribonuclease (RNase) protection assays, using a probe specific for the diffusible form

of LIF (LIF-D) identified a novel LIF transcript that produced an alternate protein localised to

the extracellular matrix (LIF-M) (Rathjen et al, 1990a). Further RNase protection studies were

performed, in collaboration with Dr. Peter Rathjen, as described by Rathjen et al (1990a), on
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embryonic stem cell RNA using the described probe specific for LIF-D (mLIF-DSI; described

as pDR2 by Rathjen et al, 1990a) and a shorter LIF-D probe (mLIF-DH1) (figure 2.14 and

chapter 1.4.20).

Protection with the longer LIF-D probe (mLIF-DSI) showed the presence of a 345 bp

protected species corresponding to the transcript encoding the diffusible form of LIF (LIF-D)

and two bands separated by a few nucleotides at the region near the exon l/exon 2 boundary

(figure 2.lB), one corresponding to the matrix associated form of LIF (LIF-M) and the other to

an as yet unidentified transcript. The difference in size between these transcripts was attributed

to incidental homology at the exon l/exon 2 boundary.

The third protected species was expressed in multiple independent ES cell lines isolated

ftom I29 (lines E14, S17, CP1 (Rathjen et al, 1990b)) and C57BL (Ioffe et al., 1995) strain

mice (data not shown) indicating that it represented a new transcript and not a strain-specific

genetic polymorphism. The absence of this band in diverse cell lines of embryonic (l0Tl/2,

STO) and tumour (Ehrlich ascites) origin (figure 2.lB) indicated that it resulted from protection

of a novel mLIF transcript with a restricted distribution that includes undifferentiated ES cells.

Protection with the shorter LIF-D probe (mLIF-DHI) provided clear resolution of the

three protected species described above demonstrating that the new transcript differed at the 5'

end, near the exon l/exon 2 boundary (figure z.IC). Several other bands were detected in this

region which may be artefacts of the protection system or further novel transcripts. This

indicates the presence of at least three LIF transcripts in ES cells, one encoding the diffusible

form of LIF, another encoding the matrix associated form (Rathjen et al., 1990a) and a third

previously unidentified transcript, also containing a differential first exon spliced onto the

coÍrmon second and third exons.

2.2.2 Cloning of a third LIF transcript

The novel third transcript of LIF (designated LIF-T) was cloned by polymerase chain

reaction-rapid amplification of cDNA ends (PCR-RACE) in association with Dr. Peter Rathjen,

using the method described by Rathjen et al (1990a). Cytoplasmic RNA from embryonic stem

(ES) cells was reverse transcribed using a LIF specific 3' oligonucleotide (mLIF-3', chapter



Figure 2.1 Identification of a novel LIF transcript expressed in embryonic

stem cells.

A. Diagrammatic representation of two mLIF-D riboprobes (mLIF-DSI [pDR2] and mLIF-

DHI) used for RNase protection analysis of ES cell RNA. mLIF-DSI probe yields a complete

protection product of 369 bp, corresponding to the mLIF-D transcript, and 345 bp product,

corresponding to transcripts that diverge from mLIF-D at the exon 1/exon 2 boundary (mLIF-

M/T). mLIF-DHI yields protection products of 158 bp and l34bp, corresponding to mLIF-D

and mLIF-I\{/T transcripts, respectively.

B. RNase protection analysis of 10 pg of RNA from Ehrlich ascites (E A), STO, 10T1/2, PYS

and ES cells using the probe mLIF-DSI. The size of the protected fragments in base pairs is

indicated.

C. RNase protection of 20 pg of MBL-5 ES cell RNA using the probe mLIF-DHI.

Differences at the exon 712 boundary are due to incidental homology at the 3' end of the

alternate mLIF-D and mLIF-M first exons.
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1.2.g), and a novel LIF transcript was amplified, using another 3' oligonucleotide specific for

LIF (6LIF-RACE 3') and a five prime anchor oligonucleotide (RACE 5'). PCR products were

digested with XhoIlSmaI and cloned into SølI/SmøI digested pT7T3 19U. A clone was

sequenced corresponding to a LIF cDNA that diverged at the exon l/exon 2 boundary (p.LF-

TSI) compared to the two known LIF clones (figure 2.2A). The LIF cDNA in pmLIF-TS1

contained a novel first exon of 91 base pairs, the sequence of which corresponded to a region in

the LIF gene (nucleotides 1790 to 1881 in the mouse genomic sequence in Stahl et al (1990))

that lies between the first exon of the matrix form of LIF and the beginning of exon 2 (figure

Z.2B). This exon contains a conserved splice donor site and a 5' in frame stop codon. No in

frame ATG is present in this novel first exon, compared to exon 1 of the mLIF-D and mLIF-M

transcripts which both contain ATG's for translational initiation (Fig.2.21\), indicating that

translation of LIF protein from this transcript must occur downstream of exon 1. A complete

cDNA of LIF-T was reconstructed by cloning the 3' SmaAEcoRI fragment of the murine LIF

çDNA from pmLIF-D (pDRI; Rathjen et al, 1990a) into SmaUEcoRI cut pmLIF-TSI producing

the plasmid pmLIF-T (figure 2.2C).

2.2.3 Confirmation of the third LIF transcript

The existence of the LIF-T transcript was confirmed by RNase protection and PCR

analysis of ES cell RNA. A riboprobe synthesised from the 5' end of the LIF-T cDNA (figure

2.3A; chapter 7.4.20) protected a fragment of approximately I34 bp (figure 2.38), the distance

between the 3' end of the cDNA and the exon l/exon 2 boundary. This band corresponded to

the mLIF-D and mLIF-M transcripts which are homologous to this part of the probe. An

additional protected fragment of 225 bp in ES cell RNA (figure 2.38) confirmed that a mLIF

transcript with complete sequence homology to the LIF-T cDNA was expressed by ES cells.

PCR analysis of ES cell cDNA was carried out using a primer specific for the murine

LIF-T first exon (mLIF-RT) and a primer specific for the common LIF third exon (583G)

(figure 2.3A, chapter 7.2.9). Amplification of a single PCR product of 443 bp confirmed the

authenticity of the LIF-T transcript (figure 2.3C)'



Figure 2.2 Nucleotide sequence of the novel first exon of mLIF-T

A. Alignment of the mLIF-T, mLIF-D and mLIF-M nucleotide sequences upstream of posiúon

41 of LIF-D nucleotide sequence (Gearing et al, 1988). ATG initiation codons in exon I of

6LIF-D and mLIF-M are underlined and translated sequences are in bold type. In-frame stop

codons in exon I of mLIF-T and mLIF-M are boxed.

B. Schematic diagram of the layout of the murine LIF gene. The relative position of the cloned

first exons (Ex. 1D, Ex. 1M, Ex. 1T) is shown with nucleotide distances between cloned

sequences indicated.

C. Schematic diagram showing the cloning strategy used to reconstruct the complete LIF open

reading frame from LIF-T clones isolated by PCR-RACE. The 3' SmnIlEcoRI fragment from

pmLIF-D (pDRI) was isolated and cloned into SmaIlEcoRI digested pmLIF-TSI to produce

prnLIF-T.
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Figure 2.3 Validation of the mLIF'T cDNA.

A. Diagrammatic representation of a mLIF-T specific riboprobe (rILIF-THI) used for RNase

protection analysis of ES cell RNA. A protection product of 225 bp corresponds to the mLIF-T

transcript and a product of 134 bp corresponds to transcripts diverging from mLIF-T at the

exon l/exon 2 boundary. Arrows indicate the location of primers utilised for RT-PCR

amplification of mLIF-T from MBL-5 ES cell RNA.

B. RNase protection analysis of 20 pg of MBL-5 ES cell RNA with riboprobes mLIF-THI

(Lane 2) mdmLIF-DHI (Lane 1). The position of DNA markers is shown.

C. Sourhern analysis of an RT-PCR amplification of ES cell cDNA using the mLIF-T specific

primers 2360 and 583G (lane 2), compared to a negative control containing no oDNA (lane 1),

probed with a mLIF oDNA probe. Lanes 3 and 4 show RT-PCR of ES cell oDNA using

internal mLIF primers 585G and 583G (chapter 7.2.9). The position of DNA markers is

shown.
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2.3 LIF-T is a conserved mammalian LIF transcript.

2.3.1 Cloning of LIF-T from other species

To confirm that the LIF-T transcript was conserved in other species, RT-PCR (chapter

1 .4.15116) was utilised to isolate LIF-T transcripts from human and porcine sources. RNA

samples from human embryonal carcinoma cells (GCT-27; Pera et al., 1989) (a kind gift from

R. Voyle) and primary porcine fibroblasts (a kind gift from L. Crocker, Bresagen Ltd.) were

reverse transcribed and LIF-T cDNAs isolated by PCR using 5' primers specific for the

genomic sequence predicted to encode LIF-T first exons. Primers were designed to regions

exhibiting sequence homology to the genomic sequence encoding the murine LIF-T first exon.

A porcine LIF-T cDNA was amplified by first round amplification using the 5'primer

pLIF-TRT2 and the 3' primer pLIF-3UT followed by second round amplification using the 5'

primer pLIF-TRT2 and a nested 3' primer pLIF-seq4 (see chapter 7.2.9). A pLIF-T cDNA

was cloned, by digestion of PCR products with EcoRI and PvuII and ligation into EcoRUPvUII

cut pBluescript II KS yielding the plasmid ppLIF-TPII, and sequenced.

A human cDNA LIF-T was amplified using the 5'primer hLIF-TRT and the 3'primer

hLIF 3' (see chapter 7.2.9). A hLIF-T cDNA was cloned, by digestion of PCR products with

EcoRI and SmaI and cloning into SmaIlEcoRI cut pBluescript II KS yielding the plasmid

phLIF-TSI, and sequenced.

The sequences of cloned human and porcine first exons are displayed in figure 2.4.

Comparison of the first exons of LIF-T between species demonstrated moderate overall

homology with several regions being more highly conserved. The human and porcine LIF-T

first exons showed similar characteristics to the mouse clone including the absence of an in-

frame ATG and presence of an in-frame stop codon. The position of the LIF-T splice site was

not conserved in human and porcine sequences, with the porcine LIF-T transcript containing a

longer first exon due to utilisation of a downstream splice site. The human LIF-T cDNA

contained a 9 bp insertion absent from the human LIF genomic sequence (Stahl et al 1990), that

displayed significant homology to the LIF-T first exons from other species (figve 2.4).



Figure 2.4 Comparison of murine, human and porcine LIF'T first exon

sequences

A. Comparison of the nucleotide sequences of the cloned first exons of LIF-T transcripts from

murine (m), human (h) and porcine (p) sources. hLIF-T was originally cloned by PCR-RACE

however the sequence presented is of a longer clone isolated by RT-PCR. Sequences are

aligned at the exon 1/exon 2 boundary with exon 2 in bold type. A 9 bp insertion and 2 bp

subsútution, not present in the reported human LIF genomic sequence (Staht et al, 1990), are

underlined. In-frame stop codons are boxed. 51 nucleotides of extra sequence in the porcine

cDNA, due to the downstream splice site, is indicated.

B. Diagram of the genomic layout of novel cloned LIF-T first exons from murine, human and

porcine sources compared to the previously cloned first exons. In-frame initiation codons and

in-frame stop codons are shown. Nucleotide distances of LIF-T first exons from exon 2 is

indicated.
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2.3.2 Genomic conservation of the LIF-T transcript

The relative position of the cloned LIF-T first exons is conserved in the mouse, human

and porcine genes, with respect to the LIF-D first exon and exon 2 (figute.2'48). The known

mammalian genomic LIF sequences in the region surrounding the LIF-T first exons are aligned

in figure 2.5. Homology extended further to the genomic sequences of the ovine and bovine

genes indicating that the LIF-T transcript is likely to be conserved more widely (figure 2.5).

Predicted splice donor sites in the ovine and bovine genes were not consetved, as observed for

the known splice donor sites from the mouse, human and porcine genes. Homology extended

further downstream in those species with a downstream splice donor site or predicted

downstream splice donor site (figure 2.5). All splice donors fit the consensus described by

Mount (1982).

An homologous region of approximately 130 base pairs, well conserved between the

mouse, human, porcine, bovine and ovine LIF genes, exists around the LIF-T first exons.

Homology extended both upstream and downstream of the transcribed regions, and was

flanked by regions showing limited homology (figure. 2.5). The LIF-T first exons, therefore,

represent a localised region of sequence homology located between the LIF-D first exon and

exon 2. The homology between species extended beyond the 5' end of the mLIF-T transcript

as defined by PCR-RACE cloning of the murine LIF-T transcript. This region is the predicted

proximal promoter region for expression of the LIF-T transcript. Although it did not contain a

TATA box consensus sequence, potential binding sites for several transcription factors

including IRF-2 (Tanaka et al., 1993), Sp1 (Kadonaga, et al., 1986; Letovsky, et al., 1989),

AP-4 (Unk et al., 1994), Ets-l (Nye et al., 1992), õEFl (Sekido et al., 1994), SCLÆAL-I

(Hsu et al., 1994), and a barbiturate inducible element (barbie) (Liang et a1., 1995) were

conserved in this region (figure. 2.5). The consensus binding sites for these transcription

factors were localised to the most highly conserved sequences in this upstream region.



Figure 2.5 Interspecies comparison of mammalian LIF genes in the region of

the LIF-T first exons.

A. Schematic diagram of the LIF gene showing the position of LIF-D, LIF-M and LIF-T first

EXONS

B. Comparison of genomic nucleotide sequences in the region of the LIF-T first exon, between

LIF genes isolated from five mammalian species. Cloned first exons are in bold type. The nine

base pair insertion between the cloned human sequence and the reported genomic sequence

(Stahl et al, 1990) is underlined. Horizontal boxes show splice donor sites. Asterisks indicate

residues conserved between adjacent sequences and vertical boxes indicate blocks of homology

shared by all five species. Brackets designate putative consensus transcription factor binding

sites that are conserved between all LIF genes with the highly conserved consensus residues

shaded.

Consensus sequences: MrZF-L, agtGGGGAngt (Morris et al', 1994); Sp1, glt

GGGg/aGGg/aglaclt(Kadonaga, et a1., 1986; Letovsky, et al., 1989); AP-4, CAGCTG (Unk

et a1., 1994); Ets-l, a/gccGGAaltgttc (Nye et al., 1992); Ik-2, tGGGAa/t (Molnar and

Georgopolous, 1994). Highly conserved consensus residues are in upper case. Variant

residues are in lower case with more frequent residues indicated.

m, murine (nucleotides 1710-1982; Stahl et al, 1990); h, human (nucleotides I478-I744; Stahl

et al., 1990); p, porcine (nucleotides 899-1174; Willson et al., 1992); b, bovine (nucleotides

gl2-1191; Kato et al., 1995); o, ovine (nucleotides 1187-1459; Willson et al., 1992)'
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2,4 LIF-M is a conserved mammalian LIF transcript

2.4.1 Cloning of LIF-M transcripts from other species

Conservation of the LIF-T transcript across species prompted similar analysis of the

LIF-M transcript to determine its interspecies conservation. Human and porcine LIF-M

transcripts were isolated in collaboration with Roger Voyle and Dr. Peter Rathjen, via PCR-

RACE and RT-PCR using RNA from human embryonal carcinoma cells (GCT-21;Petaet a1.,

1989) and primary porcine fibroblasts (Voyle et al, in manuscript).

The sequences of cloned human and porcine first exons are displayed in figure 2'6.

Comparison of the first exons of LIF-M between species demonstrated significant sequence

conservation. The human and porcine transcripts differed from the murine LIF-M transcript in

two respects. Firstly, they utilised a splice site conserved between the human and porcine

clones that is located at the position of the mLIF-M initiation codon and upstream of the mLIF-

M splice site. Secondly they contained no in-frame ATG in the first exon indicating that

translation must initiate downstream of exon 1.

2.4.2 Genomic conservation of the LIF-M transcript

The relative positions of the alternate LIF-M first exons, with respect to the LIF-D and

LIF-T first exons, is conserved in the mouse, human and porcine genes (figure. 2.68)'

Alignment of the known mammalian LIF sequences around the LIF-M first exons is shown in

figure 21. Sequence homology extended further to the genomic sequences of the ovine and

bovine genes indicating that the LIF-M transcript is likely to be conserved more widely (figure

2.7). Predicted LIF-M first exon sequences for ovine and bovine genes contained no in frame

ATG. Predicted splice donor sites for the oLIF-M and bLIF-M first exons, and demonstrated

splice donors in the hLIF-M and pLIF-M, were conserved (figure 2.1). ALI splice donors fit the

consensus described by Mount (1982).

There was substantial sequence homology between species within the transcribed region

of the LIF-M first exon, as identified by RACE-PCR cloning of the human and mouse

transcripts, 5' of the transcribed region and downstream of the splice donor site. This



Figure 2.6 Comparison of murine, human and porcine LIF-M first exon

sequences.

A. Comparison of nucleotide sequences of the cloned first exons of LIF-M transcripts from

murine, human and porcine sources. Sequences are aligned at the exon l/exon 2 boundary

with exon 2 in bold type. The in-frame initiation codon in mouse LIF-M is shaded. An in-

frame stop codon in porcine LIF-M is boxed.

B. Diagram of the genomic layout of novel LIF first exons cloned from murine, human and

porcine sources. In-frame initiation codons and in-frame stop codons are shown. Nucleotide

distances between splice donor sites and presumed transcription start sites of alternate first

exons, as defined by the most 5'sequences cloned, are given.
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Figure 2.7 Interspecies comparison of mammalian LIF genes in the region of

the LIF-M first exons.

A. Schematic diagram of the LIF gene showing the position of LIF-D, LIF-M and LIF-T first

EXONS

B. Comparison of nucleotide sequences in the region of the LIF-M first exon, between genes

isolated from five mammalian species. Cloned first exons are in bold type. Horizontal boxes

show splice donor sites. Asterisks indicate residues conserved between adjacent sequences and

vertical boxes indicate blocks of homology shared by all five species. Brackets designate

putative consensus transcription factor binding sites that are conserved between all LIF genes

with the highly conserved consensus residues shaded.

Consensus sequences: Barbie, atcaAAAGctggagg (Liang et à1., 1995); IRF-2,

gçA.AglcttcGAAAg/clc (Tanaka et al, 1993); Spl, git GGGc/aGGg/aglaclt (Kadonaga, et al.,

1986, Letovsky, et al., 1939); AP-4, CAGCTG (Unk et al., 1994); Ets-1, a/gccGGAaltgtlc
(Nye et al.,1992); õEFl, alttlctc\CCTgan (Sekido et al., ß9Ð; SCLÆAL-I, aaCAGATGgt

(Hsu et aI.,1994). Highly conserved consensus residues are in upper case. Variant residues are

in lower case with more frequent residues indicated.

m, murine (nucleotides 1216-1524; Stahl et al, 1990); h, human (nucleotides 1012-1299; Stahl

et a1.,1990); p, porcine (nucleotides 484-728; Willson et al., 1992); b, bovine (nucleotides

416-134; Kato et al.,1995); o, ovine (nucleotidesTl3-1028;Willson et al., 1992).



A

B

LIF.D LIF-M LIF.T

Barbie

m:
h:
p:
b:
o:

m:
h:
p:
b:
o:

m:
h:
p:
b:
o:

CCGTGTC

rt
********
********TCTTTTTC

********TTTCCGC

CGC

TGCTCGC

SCL/TAL-1

*******t

IRF-2

Ets-1

AP-4

m:
h:
p:
b:
o:

A

TCCC

TC

ôEF1

** ******
*** ******

cG----------

* ** *** *

--GAC

** * ***** *

******** ****** ** **
** * ** *

TGGGTAC C C CCGCAGC TATCAGC TATTC CGGGGC C CTAÄCAGTGT

aâa

-CC

CCTCCCGCAGCCCCGCAGCCACCCCGGGGCCTCAGC

CCCCAGCCATCCCAGCCATCCTGGGGCCTCAGCA

TGTGGGGCACCCCCCGCCCCCCCGCCAGCCATCCTGGGGCCTGAG

Exon 3Exon 2@@¡@

CCTC

CTC

CCTC

*******

*******
TCC

*********
********

*********
**********

GC
** * **

CTCTCCCCTCCCCAGCCGTCTCCCGGCC



34

homology has been r$entified previously by others (Stahl et al, 1990; Willson et al 1993). The

LIF-M first exons, therefore, represent a localised region of sequence homology between the

LIF-D exon 1 and the LIF-T exon 1. Sequence conservation 5' of the transcribed region was

identified as the predicted proximal promoter region for the LIF-M transcript' Although it did

not contain a TATA box consensus sequence, consensus binding sites for the transcription

factors MZF-I (Morris et al., Igg4),Sp1 (Kadonaga, et al., 1986, Letovsky, et al., 1989), Ets-

1 (Nye et al., l99Z), Ap-4 (Unk et al., 1994) and Ik-2 (Molnar and Georgopolous, 1994)

were conserved between species (figure 2.6). The conserved consensus binding sites for these

transcription factors were localised to the most highly conserved sequences in this upstream

reglon.

RT-PCR using primers directed against LIF-D, LIF-M or LIF-T first exon sequences

results in amplification of a single product (Fig.2.3C; data not shown). This demonstrates the

existence of transcripts containing one of the possible three novel first exons and suggests that

the three LIF transcripts arise from alternate transcription rather than alternative splicing.

All the novel transcripts, including mLIF-T, hLIF-T, pLIF-T, pLIF-M and hLIF-M,

lacked an in frame ATG within the first exon. In the case of hLIF-T, pLIF-T and pLIF-M,

there was a stop codon in frame with the LIF open reading frame which indicated that

translation could not initiate upstream of this position (figute 2.4).

2.5 Expression of the LIF T transcript

The expression of the diffusible and matrix associated forms of LIF has been previously

mapped by RNase protection (Rathjen et al., I99Oa; Robertson et a1.,1993). These transcripts

have been shown to be differentially regulated in different cell and tissue types and the

expression of these transcripts is upregulated upon stem cell differentiation. To determine if

LIF-T was expressed in various cell and tissue types, and if differential regulation of LIF-T

occurs, the expression of the LIF-T transcript in cellular and tissue RNAs was analysed by

RNase protection. A high specific activity, LIF-T specific riboprobe (mLIF-THI), described in
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figure 2.3A, was used to screen l0 pg of mouse adult and day 16 embryonic tissues or 20 pg

of total cytoplasmic RNA samples from cultured ES cell lines and differentiated progeny.

RNase protection analysis of mouse tissue RNA showed that a low level of LIF-T

expression could be detected in many tissues. This confirmed that the mLIF-T transcript was

not an afiefact associated with deregulated expression in vitro. mLIF-T was expressed at

variable levels in embryonic and adult mouse tissues, and at higher levels in the adult lung and

embryonic intestine (figure 2.84). Quantitative comparison of in vivo mLIF-T expression

levels to those of mLIF-D and mLIF-M indicated that the mLIF-T transcript was regulated

independently of the other mLIF transcripts (figure 2.88).

RNase protection analysis of different ES cell types, and ES cells and their differentiated

progeny, further supported the differential regulation of LIF transcripts (figure 2.94)'

Quantitation of RNase protection assays using RNA from different ES cell types showed a

similar ratio of LIF-T expression levels compared to the other LIF transcripts. Analysis of ES

cells, XpO and Xp3 cells, intermediate cell types in ES cell differentiation (Chapter 7 '5.I;

Rathjen et al., in manuscript), and ES cell types terminally differentiated by chemical inducers,

showed an increase in LIF-D and LIF-M expression with ES cell differentiation, as previously

reported (Rathjen et al., 1990b), but relatively constant expression levels of the LIF-T transcript

(figure 2.98). This further confirmed the differential regulation of the mLIF-T transcript

compared to the other mLIF transcripts.

2.6 Discussion

2.6.1 The complex conserved structure of the LIF gene includes a novel LIF

transcript

A novel LIF transcript, containing a novel first exon, was isolated from mouse ES cells

and termed LIF-T. Its existence in ES cells was confirmed by RNase protection and PCR.

Equivalent transcripts were isolated from human EC cells and porcine fibroblasts with the

genomic localisation of the first exons being conserved. Moderate sequence conservation was

observed which was identified more widely in ovine and bovine genomic sequences, indicating

wider conservation of this transcript. Each transcript lacked an in-frame ATG for translational



Figure 2.8 Differentially regulated expression of mLIF-T in mouse tissues.

A. RNase protection analysis of mLIF transcripts expressed in murine embryonic and aduit

tissues. 10 pg of total RNA from day 16 embryonic and adult tissues was protected with the

riboprobe pmLIF-THI (Fig. 2B) and a rat glyceraldehyde-3-phosphate dehydrogenase (rGAP)

loading control.

B. Graphical representation of mLIF-T expression levels compared to expression levels of

transcripts D and M. Protection products from figure 2.84 were quantitated (Molecular

Dynamics, ImageQuant software package), and LIF-T expression level expressed as a percent

of mLIF-D and M expression.
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Figure 2.9 Differentially regulated expression of mLIF'T in mouse cell lines.

A. RNase protection analysis of mLIF transcripts expressed by undifferentiated and

differentiated ES cells. Protections were performed on 20ltg of total RNA from MBL5, D3,

F;14 TGZA, E14 and J1 ES cell types, using the riboprobe pmLIF-THI (Fig. 2B). XpO and

Xp3 refer to MBL-5 ES cells rreated with MED-2 conditioned media (Rathien et al., in

rnanuscript). RA, DMSO and Mba refer to RNA from MBL5 ES cells chemically differentiated

with retinoic acid, dimethylsulphoxide and 3-methoxybenzamide, respectively.

B. Graphical representation of mLIF-T expression levels compared to expression levels of

transcripts D and M. protection products from figure 2.9A were quantitated arid LIF-T

expression level expressed as a percent of rnLIF-D and M expression.
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initiation and contained an in frame stop codon in the first exon, indicating that translation from

the LIF-T transcript started downstream of the first exon. This may explain the lack of high

conservation of the first exons and the lack of splice site conservation between species, as the

exons do not encode protein or direct translational initiation. Some conservation does exist

however and is likely to be necessary for transcriptional initiation and exon splicing.

Interestingly, sequence conservation between the first exons of those species with known or

predicted downstream splice sites was much higher than between those species where the

corresponding region encodes intron. This indicated some sequence requirements within the

LIF-T first exons, possibly involved in recognising the splice donor.

Transcripts homologous to the reported murine LIF-M transcript were also isolated and

cloned from the human and porcine sources described above (Voyle et al, in manuscript). The

first exon for these transcripts was located in an analogous position in the human and porcine

genes, with sequence and positional conservation extending to the ovine and bovine genes.

This, along with RNase protection and PCR analysis, confirmed the existence of the LIF-M

transcript (Voyle et al, in manuscript). Significant sequence conservation was identified in the

LIF-M first exons of all species. Conservation of splice donor sites for LIF-M was more

evident than for LIF-T which may indicate some functional importance of the size of the LIF-M

first exon. The murine LIF-M first exon differed from the other first exons in that it contains an

in frame ATG and a downstream splice site, indicating possible functional differences in the

murine transcript.

LIF-D transcripts have been identified in each of the mammalian genes by cDNA

cloning or sequence homology. In conjunction with this work, this points to a complex

organisation of the mammalian LIF gene in which 3 alternative first exons can be spliced to

coÍìmon second and third exons to generate three distinct transcripts. This arrangement of the

LIF gene is conserved across all cloned mammalian LIF genes'

2.6.2 Alternate LIF transcripts are produced by differential promoter usage

RT-pCR analysis of mouse and human LIF transcripts has only revealed the existence

of transcripts containing one of the potential three first exons spliced to the second and third
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exons of the LIF gene. This, along with the differential regulation of the three LIF transcripts

and identification of putative promoter elements for each transcript, indicates that production of

the alternate transcripts is regulated by differential promoter activity rather than differential

splicing.

The 5' ends of the mouse and human LIF-T and LIF-M transcripts have been identified

by pCR-RACE cloning (chapter 2.3;Voyle et al., in manuscript). Homology between species

at the genomic level extended beyond the transcribed region and into the upstream region (fig

2.5 and 2.7). Conservation of these upstream regions between species identified them as

potential promoter elements directing transcription of the first exons (stahl et al., 1990; Willson

et al., lgg1,Kaspar et al., lgg3). Neither region contained a TATA box or an obvious initiator

(Inr) element, as described for many TATA-less promoters (Javahery et al., 1994), however,

several properties of these regions corresponded with those of other TATA-less promoters.

Conservation of potential transcription factor binding sites was shown in both putative

promoters most notably a conserved Sp-l binding site, a transcription factor shown to be

involved in the activation of many TATA-less promoters (Faber et a1.,1993; Parks and Schenk'

1996;Lu et a1., 1993), and an Ets-l binding site, a transcription factor shown to interact with

Sp-l on the megakaryocyte specific crllb gene TATA-less promoter (Block et al., 1996)

indicating these regions may act as similarly regulated TATA-less promoters. RNase protection

of the LIF-T transcript produces several shorter protected sub-species (figure 2.38) which may

indicate multiple start sites of transcription, as observed for other TATAless promoters lacking

Inr elements (Geng and Johnso n, 1993; Cha and Deisseroth , 1994; Lu et al., 7994; Ince and

Scotto, 1995).

Another conserved transcription factor binding site in the LIF-T and LIF-M promoter

was an Ap-4 element. The LIF-M promoter also contained conserved binding sites for the

transcription factors TAL-1 (SCL), which is implicated in the LIF receptor/gp130 signalling

pathway in macrophage differentiation of Ml leukemia cells (Tanigawa et al., 1995),IRF-2,

ôEF-l and a barbiturate inducible element, which were not found in the LIF-T proximal

promoter. Binding sites for transcription factors MZF-I and Ik-2 were found in the putative

promoter element for LIF-T but not LIF-M.
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The core binding sites for each promoter element corresponded to the most conserved

regions of the putative promoters, indicating that the LIF-T and LIF-M transcripts are likely to

be regulated similarly in different species. The presence of different conserved regulatory

sequences in each of the LIF-D (Willson et al., 1992; Stahl and Gough, 1993), LIF-M and LIF-

T upstream sequences supports the observation reported here and elsewhere (Rathjen et a1',

lgg0b; Robertson et al., Igg3) that expression of each of the alternative LIF transcripts is

regulated independentlY.

Experimental evidence from other groups supports the identification of promoters

downstream of exon 1D in the LIF gene, in the region expected for the LIF-T and LIF-M

transcripts. A CpG island, indicative of promoter regions and located in the 5' region of many

genes, was identified in the LIF gene, between the first exon of the LIF-D transcript and the

common second exon (Kaspar et al., 1993). This region encompasses the putative promoter

regions for the LIF-M and LIF-T transcripts and has been predicted to be conserved between

LIF genes from other species. The authors define the CpG island as a regulatory element for

the LIF-M transcript, however, the high content of G and C nucleotides and the existence of

CpG dinucleotides extends downstream to the region of the LIF-T first exon. HpaII restriction

sites that are non-methylated localise precisely to the putative promoters for the LIF-T and LIF-

M transcripts, between residues 1351 and 1420, and ll07 and 1784, respectively (Stahl et al.,

1990), confirming this region as a CpG island and supporting the existence of proximal

promoters in this region.

promoter analysis of the mouse LIF gene led to functional definition of two regulatory

regions located between exon lD and exon 2 (Hsu and Heath, 1994). The first region, located

between exon lD and exon lM, corresponds to part of the CpG island identified by Kaspar et

al. (1993) and is likely to be the proximal promoter for the LIF-M transcript' Promoter

sequences and transcription initiation downstream of exon 1M were also identified by these

workers. Although the sequences were not defined closely in this analysis, they point to the

existence of functional control sequences and transcriptional initiation in the region of the

putative LIF-T proximal promoter and first exon.
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Expression studies have indicated that the three LIF transcripts are regulated

independently in vitro and !:!y"_ Differential regulation occurs in both absolute levels of

expression and in relative levels of each transcript and is consistent with the putative, alternative

promoters identified for each transcript. Whether the levels indicated by RNase protection t -l

indicate consistent levels of expression throughout a tissue or expression of the transcripts in

restricted sub-populations of cells within a tissue is unknown and requires resolution of

expression at the cellular level. Regardless, the specific regulation of alternative LIF transcript

expression indicates that distinct biological functions may be served by the alternative

transcripts.
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CHAPTER 3: TRANSLATION OF THE LIF.T TRANSCRIPT

3.1 Introduction

The LIF gene exhibits a complex, conserved organisation that produces three alternate

transcripts consisting of alternate first exons spliced onto common second and third exons.

Analysis of the murine LIF gene has shown that these transcripts are likely to arise from

differential promoter usage and are differentially regulated, implying distinct biological roles for

each transcript. Alternate function of these transcripts is further sqppg¡ted by the production of

distinct, alternately localised proteins from the two previously reported murine transcripts, LIF-

D and LIF-M. Alternate function of these transcripts was demonstrated in chimeric embryos

where overexpression of the LIF-D transcript had no effect but overexpression of the LIF-M

transcript showed an inhibition of gastrulation (Conquet et al., 1992). The first exons of both

the LIF-D and LIF-M transcripts contain an in-frame ATG. Therefore, translation is initiated in

the first exon and continues through the hydrophobic secretion signal encoded by the 5' end of

exon2, producing alternate precursor proteins, which differ in the amino terminal amino acids

encoded by the differential first exons. Both preproteins contain signal sequonces and are

cleaved at identical protein cleavage sites producing mature, glycosylated, extracellular proteins,

with a core peptide of approximately 20 kilodaltons. The two mature proteins are targeted to

different extracellular locations following overexpression in vitro, one being a diffusible protein

(LIF-D), the other being localised to the extracellular matrix (LIF-M), by a mechanism which is

not understood (Rathjen et al., 1990a).

This chapter shows that the third alternate LIF transcript, LIF-T, produces a novel

truncated form of LIF arising by translational initiation downstream of exon 1, at the first in-

frame ATG in exon 2. This produces a LIF protein that lacks a signal sequence for extracellular

secretion and therefore remains intracellular. The intracellular LIF-T protein is localised to the

nucleus and cytoplasm of cells in which it is overexpressed.
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3.2 Translation of the third transcript.

In contrast to the other known mouse LIF transcripts, the murine LIF-T first exon

contains no ATG initiation codon. Therefore, initiation of protein translation must occur

downstream of exon l. This led us to investigate the identity of the protein produced from this

transcript and the site of translational initiation of this protein.

Three potential initiation sites for protein synthesis were observed downstream of exon

1; three CTG's at the beginning of exon 2,the first in-frame ATG in exon 2 and a second in-

frame ATG at the beginning of exon 3 (figure 3.14). ATG initiation codons are utilised by

most genes to initiate protein synthesis however several examples exist where initiation of

translation occurs at CTG trinucleotides (Mehdi et a1.,1990; Kevil et al., 1995; Blackwood et

al., 1994). To determine which potential start site was utilised for translation of the LIF-T

cDNA, 5' deletion clones of LIF-T were constructed (LIF-91 andLIF-296; figure 3'14) and

analysed for protein expression.

Deletion clones produced were spontaneous deletions of the LIF sequence isolated from

LIF-T PCR-RACE cloning reactions. Clone LIF-91 was a 5' deletion of the mLIF-T cDNA to

position 91 (Gearing et al., 1988), between the potential CTG initiation codons and the first in-

frame ATG. Lß-269 was a 5' deletion of the mLIF-T cDNA to position 269 (Geating et al.,

1988), between the first and second in-frame ATG codons. As described for PCR-RACE

clones (chapter 2.2.2; figure 2.2C), PCR products were digested with XhoI and SmaI and

cloned into SølIl,SmaI cut pBluescript II KS producing plasmids pmLIF-91SI and pmLIF-

26gSL Complete LIF cDNAs were reconstructed for each deletion clone by ligating the 3'

SmaIlEcoRI fragment of the murine LIF cDNA from pDRI (Rathjen et al., 1990a) into

SmøllEcoRI digested pmLIF-91SI and pmLIF-269SI, producing the plasmids pmLIF-9l and

pml-ß-269 (see figure 2.2C).

LIF cDNA overexpression was directed by the expression vector pXMT2 (Rathjen et

al., 1990a) which contains the SV40 origin of replication, for plasmid amplification in Cos-1

cells, and the adenovirus major late promoter, for expression of cDNAs cloned into the

polylinker site (Wong et al., 1985). An XMT2 based expression vector for LIF-D, designated

pmLIF-DX, has been previously described as pDRl0 (Rathjen et al., 1990a). Expression



Figure 3.1 Translation of the mLIF-T and hLIF-T cDNAs'

A. Diagrammatical representation of the mLIF-T cDNA and two deletion clones used to

analyse translational initiaúon site selection. mLIF-91 contains sequences downstream of

nucieotide 91 of the mLIF sequence (Gearing et a1.,1988). nLIF-269 contains sequences

downstream of nucleotide 269 of the mLIF sequence. Relative positions of three potential

translational initiation sites, the signal sequence and the protein cleavage site are shown.

B. Western blot analysis of protein extracts from Cos-1 cells transfected with expression

vecrors pmLIF-DX (pDR10), pmLIF-TX, pmLIF-9lX and pmLIF-269X. Recombinant LIF is

bacterially expressed, 20 kDa mature LIF protein (Amrad). Position of protein molecular

weight standards are shown.

C. Immunoprecipitation of 35S-methionine labelled protein extracts from Cos-1 cells

rransfected wirh phLIF-TX (hLIF-T), phLIF-DX (hLIF-D) and vector alone (XMT2). Position

of protein molecular weight standards are shown.
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vectors for mLIF-T, mLIF-91 and mLIF-269 were produced by digesting pmLIF-T (chapter

Z.Z.Z),pmLIF-91 and pmLIF -269 withPs/I and EcoRI and cloning into PstUEcoRI digested

pXMT2, producing expression vectors pmLIF-TX, pmLIF-9lX and pmLIF-269X,

respectively. The above expression vectors were transfected into Cos-l cells to direct LIF

cDNA overexpression. Transfected cells were harvested 3 days post-transfection and protein

extracts analysed by western blot, using a polyclonal antiserum Sgqingt murine LIF (antibody 1;

chapter 7.2.5)

positive control extracts from Cos-1 cells transfected with pmLIF-DX yielded LIF

proteins ranging in size from 20 kilodaltons, the size of mature unglycosylated LIF, increasing

in molecular weight to approximately 40 kilodaltons, the size of secreted glycosylated LIF

(Gascan et al., 1989), indicative of different glycosylation intermediates of secreted LIF-D

protein. Cells transfected with vector alone (data not shown) and pmLIF-269X yielded no

detectable LIF protein. This demonstrated that LIF protein detected by Western blot was being

produced from overexpressed LIF cDNAs, and that no detectable LIF protein was produced by

initiation at the second in-frame ATG within exon 3. Cells transfected with pmLIF-TX and

pmLIF-9lX produced a single LIF protein of approximately 17 kDa (figure 3.18). This

indicated that translation initiation must occur from the first in frame ATG in exon 2 as both

cDNAs, *LIF-T and mLIF-91, containing this initiation codon produced LIF protein of 17

kDa. Ij kDa is the predicted molecular weight for a 158 amino acid protein produced by

initiation of translation at this site'

Translation of the human LIF-T transcript was investigated, in collaboration with Roger

Voyle, by overexpression of cDNA clones in Cos-l cells and immunoprecipitation of

radiolabelled Cos-1 cell extracts with a polyclonal antisera for human LIF (Chaptet 7 .2.5)' An

expression vector for human LIF-D in pXMT2 (phLIF-DX) was derived from pC10-6R as

described by Smith et al. (1988). A human LIF-T expression vector (phLIF-TX) was produced

from phLIF-TSI as described by Voyle et al. (in manuscript). The above expression vectors

were transfected into Cos-l cells and cellular protein was radio-labelled witn 35S- methionine

(chapter 1.4.22). protein extracts were isolated 3 days post-transfection, immunoprecipitated

with an anti-human LIF antibody (chapter 7 '2'5) and analysed by SDS-PAGE'
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Cos-1 cells transfected with phLIF-DX produced LIF glycosylation variants increasing

from 20 kDa to approximarely 40 kDa (figure 3.1C). The ladder of glycosylation was

abolished by treatment of transfected cells with the N-linked glycosylation inhibitor

tunicamycin, confirming that these proteins represent glycosylation intermediates (R' Voyle,

pers. comm.). Transfection with pXMT2 alone produced no detectable LIF protein (figure

3.1C). Transfection of Cos-1 cells with phLIF-TX produced a protein of approximately 17

kilodaltons, similar to mouse LIF-T (figure 3.1C), that was unaffected by treatment with

tunicamycin (R. Voyle, pers. comm.) indicating that the protein was likely to be

unglycosylated.

3.3 Intracellular localisation of the LIF'T protein

As a result of translation initiation at the first in-frame ATG in exon 2, atruncated LIF

protein of 17 kDa is produced. Initiation of this protein occurs downstream of the LIF secretion

signal, suggesting that the LIF-T protein has an intracellular localisation or is secreted by a

novel secretory mechanism.

To determine the cellular localisation of the LIF-T protein Cos-1 cells were transfected

with expression vectors for mLIF-D (pmLIF-DX) and mLIF-T (pmLIF-TX) and radiolabelled

with 35S-methionine. Immunoprecipitations were performed on cellular extracts and

conditioned medium (chapter 7.4.22) to determine the quantity and type of LIF protein

expressed within the cell and secreted into the medium, respectively.

Immunoprecipitations of protein extracts and medium from Cos-1 cells transfected with

vector alone showed no detectable LIF protein in either sample (figure 3,2). Transfections with

pmLIF-DX showed a ladder of LIF protein of various sizes within cells, corresponding to the

different glycosylation variants previously described. Immunoprecipitation of medium

conditioned by Cos-1 cells transfected with pmLIF-DX showed a large amount of LIF protein

present in the medium, as expected for a protein secreted via the endoplasmic reticulum (figure

3.2A). This protein exhibited a similar ladder of glycosylation variants to LIF-D protein

isolated from cell extracts. Transfections with pmLIF-TX yielded the expected 17 kDa LIF-T

protein expressed in the cellular fraction. Negligible levels of 1l kDa LIF-T protein were



Figure 3.2. Cellular localisation of the LIF'T protein'

A. Immunoprecipitation of protein extracts from 35S-methionine labelled Cos-1 cells',=

transiently transfected with pmLIF-TX, pmLIF-DX (pDR10) and pXMT2, using an anti-ml-lF

antibody.

B. Immunoprecipitation of conditioned medium from 35S-methionine labelled Cos-1 cells

rransiently transfected with pmLIF-TX, pmLIF-DX (pDRl0) and pXMT2, using an anti-ml-lF

antibody. Position of protein molecular weight standards are shown.

C. A rypical ES cell LIF activity assay using medium conditioned by Cos-l cells transiently

rransfecred with p6LIF-TX, pmLIF-DX (pDR10) and XMT2. Staining of small cell colonies

i¡dicates the maintenance of undifferentiated ES cells and the presence of LIF. Staining of

large cell colonies indicates ES cell differentiation and the absence of LIF. Media dilutions of

1/10 to 1/10000 were used.

D. Diagrarnmatical representation of the LIF activity assay in 3-2C.

+ indicates inhibition of ES cell differentiation; - indicates differentiation of ES cells



BA Er
Itr-Fl
¡.r

ti
¡trItj
H:

ô¡FItà
X

3
¡tr
I
L

â
I

tu-Fì
¡r

ôl
ts
-à
X

J å'-l'J

å--¡r.i!¡+ <- 34 kDa
<- 29kÐa

<- 19 kDa

INTRACELLULAR
LIF

(cell extracts)

EXTRACELLULAR
LIF

(media)

C

D

XMT2

LIF.T

LIF.D

XMT2

LIF.T

urL uso llr00 1/s00 1/1000 1/10000

UtD us0 1/100 1/s00 1/1000 1/10000

I

+ +l- -

+ + + + + +LIF.D



44

detected in the medium conditioned by pmLIF-TX transfected cells (figure 3.2A) indicating that

the protein produced from the LIF-T transcript is retained within the cell.

The cellular localisation of the novel LIF protein was further confirmed by bioassay

(chapter 7.5.8) of conditioned medium from Cos-l cells transfected with alternate mLIF cDNAs

(figure 3.2C,D). Medium conditioned by cells transfected with pmLIF-DX supported the

maintenance of undifferentiated ES cells at dilutions of up to 1/20,000 indicating the presence of

high levels of extracellular LIF protein. By contrast, medium conditioned by cells transfected

with pmLIF-TX could not support the growth of undifferentiated ES cells past dilutions of

1/10-1/50. This indicated low levels of LIF protein present in this medium, as medium

conditioned by Cos-l cells transfected with pXMT2 did not support the growth of

undifferentiated ES cells (figure 3.2C, D). These data support the intracellular localisation of

the protein translated from the mLIF-T transcript determined by immunoprecipitation.

3.4 LIF-T is localised to the nucleus and cytoplasm of transfected cells.

To confirm LIF-T protein intracellular localisation and determine the subcellular

localisation of the intracellular LIF protein, transfected Cos-1 cells were immunohistochemically

stained for LIF protein, two days post-transfection, using a polyclonal anti-LIF antibody

(Antibody 2, chapter 7 .2.5) and a secondary antibody conjugated to a flourescein (FITC) tag,

for visualisation by fluorescent microscopy.

Immunohistochemical staining of Cos-l cells transfected with pmLIF-DX showed high

levels of LIF protein adjacent to the nucleus, with filamentous protein staining extending into

the cytoplasm (figure 3.3, A and C), indicative of the Golgi afparatus and endoplasmic

reticulum, respectively (Gu et a|.,1989; Bristol et al., 1996; Mullis and Kornfeld, 1994). This

staining pattern is typical of a protein secreted via the classical secretory pathway. Co-staining

with Hoechst DNA stain (Hoechst No. 33258, see chapter I .5.4) showed that mLIF-D protein

was restricted to the cytoplasm of transfected cells. Cos-1 cells transfected with pXMT2

showed no LIF staining (data not shown). Cells transfected with the mLIF-T expression vector

(pmLIF-TX) showed two cellular morpholo gies. 54Vo (l l.l Eo) of LIF staining cells exhibited

a rounded, compact cell morphology, raised out of the plain of focus of non transfected cells,



Figure 3.3 Subcellular localisation of the mLIF-T protein.

Immunohistochemical staining of transfected Cos-1 cells with a polyclonal anti-ml-lF antibody

and a FITC conjugated secondary antibody (LIF) costained with Hoechst DNA stain (DNA).

A. Cells transfected with a mLIF-D expression vector (pmLIF-DX). 100X magnification.

B. Cells rransfected with a mLIF-T expression vector (pmLIF-TX). 100X magnification.

C. Cells transfected with a mLIF-D expression vector (pmLIF-DX). 250X magnification.

D. Cells transfected with a mLIF-T expression vector (prnLIF-TX). 250X magnification.
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with a uniform protein staining, that is discussed in chapter 4. All healthy LIF staining cells

(46Vo + 137o) demonstrated LIF protein localised to the nucleus and the cytoplasm (figure

3.38 and D). Nuclear LIF protein was detectable throughout the nucleoplasm but was excluded

from regions of the nucleus exhibiting intense Hoechst DNA staining. Cytoplasmic localisation

of intracellular LIF protein exhibited an alternate staining pattem to that of secreted LIF.

LIF-T protein localisation was further confirmed by overexpression of a LIF-T cDNA

containing the LIF-T initiation codon in a more favourable context for translational initiation, to

produce higher levels of LIF-T protein expression. A LIF clone, designated LIF-TK, starting at

the first in frame ATG in exon 2 (position 151; Gearing et al., 1988) was generated by PCR

with the 5' primer mLIF-T 3640 (chapter 7 .2.9) and the T3 sequencing primer using pml-lt'--T

as a template. PCR products were end-filled and blunt cloned into EcoRV digested pBluescript

II KS and the translation initiation sequence altered by digestion with Sa[I and NdeI, end filling

with Klenow and religation, producing pmLIF-T¡ç. This yielded a LIF-T cDNA with the

sequence surrounding the initiation codon being altered from CTCATGAAC to GATATGAAC

making it closer to the consensus translational initiation sequence (A/GNNATGGI'IN) (Kozak,

1989). An expression vector for LIF-T¡1 was produced by digestion of pmLIF-TKwith XhoI

and EcoR[ and cloning into XhoUEcaRI cut pXMT2, producing pmLIF-TçX.

Transfection of pmLIF-TKX into Cos-1 cells and analysis by immmunohistochemical

staining, as previously described, demonstrated the production of higher levels of LIF-T protein

from this cDNA (figure 3.4 compared with figure 3.3B and D). This cDNA also provided

clearer representation of nuclear and cytoplasmic localisation of intracellular LIF protein upon

overexpression in Cos-1 cells. Intracellular LIF-T protein exhibited an alternately structured

cytoplasmic localisation that was distributed more diffusely throughout the cytoplasm,

extending to the extremities of the cell, with less concentration around the nucleus (figure 3.4).

The subcellular localisation of the intracellular LIF protein was also examined in a

human kidney cell line. 293 cells transformed with the large T-antigen (293T) were utilised as

they contain the ability to replicate expression vectors, like pXMT2,that contain the SV40

origin of replication. 293T cells were transfected with pmLIF-DX and pmLIF-T¡çX were

subjected to immunohistochemical staining,2 days post transfection, with an anti-LIF antibody.



Figure 3.4 Increased overexpression of the LIF-T protein.

Immunohistochemical staining of Cos-1 cells transfected with the mLIF-Tç expression vector

(pmLIF-T¡çX) using a polyclonal anti-ml-lF antibody and a FITC conjugated secondary

antibody (LIF) costained with Hoechst DNA stain (DNA).

A. 100X magnificatron

B. 250X magnificatron
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The compact morphology and small cytoplasm of 293T cells makes protein localisation more

difficult to visualise. However, cells transfected with pmLIF-DX showed LIF protein

localisation in the cytoplasm of transfected cells, indicative of endoplasmic reticulum staining,

and co-staining with Hoechst DNA stain showed mLIF-D protein was absent from the nucleus

(figure 3.54). 2g3T cells transfected with pXMT2 showed no LIF staining (data not shown).

Cells transfected with pmLIF-TKX showed uniform staining throughout the cell incorporating

the nucleus and the cytoplasm, as determined by co-staining for DNA (figure 3.58).

Therefore, 293T cells yield similar intracellular LIF protein localisation to that observed in Cos-

I cells suggesting that localisation of the intracellular LIF protein is unlikely to be cell line or

species specific.

3.5 Discussion

3.5.1 A novel, intracellular LIF protein

Unlike the first exon of the LIF-D transcript, the novel first exon of the LIF-T transcript

described in this work contains no in frame ATG for translational initiation. Initiation of

translation within exon 1 results in translation of the LIF signal sequence, at the 5' end of exon

2, yielding a pre-protein that produces a secreted, mature LIF protein. The lack of an ATG

within exon I of the LIF-T transcript causes protein translation to initiate downstream of exon

1. This work indicates that initiation of translation of both the mouse and human LIF-T

transcripts occurs at the first in frame ATG in exon 2 (figure 3.6), which encodes the first

internal methionine of the secreted LIF protein. This has been confirmed by mutation of this

ATG in the human LIF-T transcript which abolishes protein production (R. Voyle pers.

comm.). Although this ATG is not surrounded by a consensus translational initiation sequence,

it is conserved between all LIF genes isolated from mammalian species (Stahl et al., 1990;

V/illson et al., 1992). As stated previously, the lack of exon 1 translation provides an

explanation for the reduced interspecies conservation within the LIF-T first exon and the lack of

conservation of the LIF-T splice donor site. Therefore, despite only moderate sequence

conservation of the LIF-T first exons, functional conservation exists in that all LIF-T first exons



Figure 3.5 Localisation of the LIF-T¡ç proteiri in 293T cells.

Immunohistochemical staining of transfectedzg3T cells with a polyclonal anti-ml-lF antibody

and a FIIC conjugated secondary antibody (LIF) costained with Hoechst DNA stain (DNA).

100X magnification.

A. Cells transfected with a mLIF-D expression vector (pmLIF-DX)

B. Cells transfected with a mLIF-Tç expression vector (pmLIF-TçX).
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contain no in-frame ATG and potentially direct translational initiation downstream, at the first

in-frame ATG in exon2.

The protein translated from the mLIF-T transcript, reported in this work, initiated at the

conserved ATG initiation codon located 66 nucleotides downstream of the cleavage site of the

mature secreted LIF protein (figure 3.6). In the case of the mouse and human LIF-T

transcripts, a 17 kDa LIF protein, N-terminally truncated by 22 amino acids compared to

mature, secreted LIF, was produced. The initiation codon for LIF-T was located downstream

of the LIF signal sequence so that the 17 kDa LIF protein haslno knownlmechanism for cellular

secretion and was retained within the cell, as demonstrated by immunoprecipitation, bioassay

and immunofluorescence (figure 3.3). The presonce of low levels of LIF-T protein in media

shown by immunoprecipitation and bioassay can be explained by lysis of transfected cells and

release of the 17 kd LIF protein. The low levels of LIF biological activity in medium

conditioned by cells expressing the LIF-T protein suggests that removal of the N-terminal 17

amino acids does not abolish biological activity. This is not surprising as LIF protein domains

required for binding to the LIF receptor and extracellular LIF biological activity, do not include

the first 22 amino acids of the LIF protein (Robinson et al, 1994; Owczarek et al., 1993).

The absence of an in frame ATG initiation codon distinguishes the human and porcine,

and predicted ovine and bovine, LIF-M transcripts, from the reported mouse LIF-M transcript.

Lack of an in frame initiation codon in the LIF-M transcripts, and its relevance to the secreted

form of LIF-M produced by the murine transcript, is unknown. Sequences within the mouse

LIF-M first exon, or the protein sequence encoded by this exon, direct the translation of a

secreted LIF protein which is localised to the extracellular matrix when overexpressed in vitro

(Rathjen et al., 1990a). It is possible that this represents a genuine difference between the

mouse and other mammalian LIF genes. Alternatively, the LIF-M transcripts from other

species may direct the production of a form of LIF that is secreted by an alternate mechanism,

as seen for other growth factors (Mignatti et al., 1992; Rubartelli et al., 1990), or produce a

protein selectively initiated from one of several CTGs at the beginning of exon 2, producing a

protein that is secreted via the endoplasmic reticulum and localised to the extracellular matrix.



Figure 3.6 Alternate proteins produced from alternate LIF transcripts'

Schematic diagram illustrating the two types of murine LIF transcript produced from the LIF

gene and the proteins translated from these transcripts. Position of initiation codons and an in-

frame stop codon are shown. The signal sequence and cleavage site are shown' The size and

cellular localisation of the proteins is indicated'
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Conversely, an intracellular protein could be produced from the mouse LIF-M transcript' The

question of LIF-M translation and function is an area requiring further investigation'

The localisation of the alternate LIF-T protein to the nucleus and cytoplasm of cells is

intriguing. Alternate localisation by utilisation of alternate translational initiation sites has been

observed for several proteins, including FGF-2 (Florkiewicz et al',1990), the Int-2 oncogene

(Acland et al., 1990), probasin (Spence et al., 19S9) and malonyl-CoA decarboxylase

(courchesne-smith et al., lgg2). LIF provides an example whereby alternate protein

localisation produced by utilisation of different translational initiation sites, is achieved by

alternative transcription mediated by differential promoter activity'

3.5.2 The significance of an intracellular LIF molecule

There is increasing evidence that many cytokines can be found within the cell and be

localised to the nucleus. This may be achieved by internalisation of an extracellular ligand

(curtis et al., l99o; Lobie et al., 1994; Rakowicz-Szulczynska et al., 1986; Roghani and

Moscatelli ,lgg¿) or translation of a cytokine that lacks a secretory signal sequence (Renko et

al., 1990;wetmore et al., I99l;Lin et al., 1989). The intracellular LIF protein described in

this work utilises the latter form of intracellular localisation. The lack of a signal sequence

causes intracellular expression and subsequent nuclear localisation. Nuclear localisation of the

LIF-T protein is absent frgm densely staining regions of the nucleus which.may conespond to

nucleoli (Van Etten dt al,. l9g9): The mechanism of LIF nuclear localisation is unknown. No

obvious bi-partite nuclear localisation sequence exists in the LIF open reading frame (Garcia-

Bustos et aI.,1991). A small basic sequence (arginine, lysine, lysine IRKKI residues 181-183

from methionine initiation codon; Gearing et al., 19ss) that is part of the receptor interaction

domain, exists in the LIF protein sequence that may be a simple nuclear localisation sequence.

Several proteins contain similar short basic sequences that direct nuclear protein localisation

(reviewed by Boulikas, 1993) and the basic nature of this sequence is conserved between

species. However, sequences such as this can also be non-functional in nuclear localisation so

its significance is unknown. The possibility exists that nuclear localisation of the 17 kDa

intracellular LIF molecule may occur by diffusion, as proteins of a molecular weight lower than
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2O-40kDa can freely move through the nuclear pore (Paine et al', 1975)' Alternatively' the

intracellular LIF molecule may be transported to the nucleus by interaction with another cellular

protein containing a nuclear localisation sequence or possibly by interaction with the LIF

receptor, as has been proposed for other intracellular growth factors (Curtis et al', 1990; Lobie

et al., !994;Rakowicz-szulczynska et al., 1986; Bouche et a1.,1987).

Intracellular and nuclear localisation of LIF raises the possibility of a putative function

for LIF within the cell. In some cases, intracellular action of growth factors has been shown to

be required for full growth factor activity, potentially via direct action in the nucleus (Imamura

et al., 1990; Kimura, 1992;Roth et al., 1995). Localisation of the LIF-T protein in the nucleus

also implies a novel nuclear mechanism of LIF action. Several growth factors have been shown

to be associated with chromatin (curtis et al., 1990; Lobie et al., L994;Rakowicz-szulczynska

et al., 19g6) and FGF-2 has been shown to interact with DNA and nuclear proteins (Amalric et

a1.,1994). Therefore, LIF-T may have an intracellular effect on a cell by direct action in the

nucleus, possibly leading to an alteration in gene transcription.

The intracellular location of the 17 kDa LIF protein provides a mechanism for autocrine

LIF action as has been hypothesised to occur for IL-6 in pleural mesothelial cells and GM-CSF'

G-CSF, IL- 1, Oncastatin M, and PDGF in a variety of cancerous cell types (Fujino et al., 1996;

Lu and Kerbel, I993;Freedman et al., 1993; Russell, 1992; Harsh et al., 1990; Cai et al',

tgg4). Intracellular and/or autocrine action has been suggested for several members of the LIF

family of cytokines. CNTF and cardiotrophin-1, like LIF-T, have no secretion signals

indicating they may be available for an intracellular activity (Pennica et al, 1995). Results

suggest that IL-6 acts as an intracellular, autocrine cytokine late in melanoma progression' the

TNF response in hairy cell leukemia and in PDGF-induced proliferation of non-transformed

cells (Lu and Kerbe1,l993;Barut et al., 1993; Roth et al., 1995). An autocrine role for LIF

has been proposed in the regulation of embryo implantation (Cullinan et al, 1996) however this

appears to involve secretion and LIF receptor activation, rather than an intracellular molecule'

An autocrine function of LIF has also been postulated in deregulated pluripotent cell

proliferation in teratocarcinomas (Kola et al., 1990). The resistance of several cytokine

activities to neutralising antibodies has been interpreted as the existence of intracellular activity.
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The resistance of LlF-responsive transcription to neutralising antibodies in hepatoma cells led

Baumann et al. (1993) to predict the existence of an intracellular LIF protein. Therefore, there

exists a precedent for the existence of an intracellular form of the LIF protein'

The complex organisation of the LIF gene produces three differentially expressed

transcripts, resulting in the production of proteins that are targeted to different cellular

localisations. This provides a mechanism for specific control of the wide variety of possible

effects mediated by the LIF gene. The identification of an intracellular localised LIF molecule

suggests that new functions may exist for the LIF protein mediated by a novel mechanism of

actron.
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CHAPTER 4: FUNCTION OF THE LIF.T PROTEIN

4.1 Introduction

Alternate expression of the murine LIF gene produces three proteins with distinct

cellular localisations. The two secreted forms of LIF, one being diffusible and the other being

localised to the extracellular matrix, provides a mechanism of controlling the location of receptor

mediated extracellular LIF action. The identification of an intracellular form of the LIF protein,

expressed from the LIF-T transcript, raises the question of the possible function of this protein.

Expression of some growth factors without secretory signal Sequences leads to

intracellular accumulation of these proteins (Florkiewicz et al., l99l; Lin et al., 1989)' The

existence of extracellular receptors for these molecules led to the hypothesis that they may be

stored within the cell, for later release and subsequent action via receptor interaction and

activation. The release of these molecules could be mediated by cell lysis. Therefore'

intracellular growth factors may act in response to cell damage, inducing a cellular response

after injury (McNeil et al., 1989; Jackson et al.,1992). Alternatively, controlled release of an

intracellular growth factor could occur by an unidentified mechanism that does not involve the

classic endoplasmic reticulum pathway. This has been observed for IL-lP (Rubartelli et al.,

1990) and CT-l (Pennica et al., 1995). Thus, an intracellular growth factor may act by

controlled release from a cell upon administration of an external stimulus, providing an effect on

surrounding cells via receptor interaction and activation. These mechanisms of action would

yield a response on the target cell type equivalent to that of a secreted cytokine and provide an

alternative mechanism for controlling the location and timing of cytokine action.

Alternatively, an intracellular growth factor could act in conjunction with receptor

activation and signal transduction to produce a cellular response. This has been demonstrated

for several growth factors, including acidic FGF and SDGF, where internalisation and nuclear

localisation of the growth factor is required for a mitogenic response (Imamura et al., 1990;

Kimura et al., lg93). This has also been postulated for several other cytokines that are

localised to chromatin with their receptors (Rakowicz-Szulczynski et al., 1986). The

intracellular LIF molecule could provide a variation on this mechanism where receptor signal
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transduction is mediated by an extracelular molecure, with the nucrear requirement for activity

being achieved by the production of an intracellular form of the cytokine that is not secreted'

This mechanism could also be postulated for those cytokines,like the FGFs, that are translated

without a signal sequence. The cellular response would not rely solely on the expression of the

intracellular cytokine, but utilise it as part of the signal transduction pathway activated by

interaction of extracellular ligand with its receptor'

The action of the LIF cytokine inside the cell could also be mediated by a completely

novel mechanism producing a novel cellular fesponse. This response would be wholly

determined by the expression of the LIF-T transcript and intracellular protein, and could differ

from that induced by extracellular LIF. Alternate action of intracellular LIF, compared to the

extracellular LIF proteins, is suggested by the differential expression and localisation of the

three mouse LIF transcripts 3nd proteins (Chapters 2 and 3; Robertson et al', 1992; Rathjen et

al., 1990a and b).

The production of three LIF transcripts which encode differentially localised LIF

proteins potentially provides enormous diversity in the functions of the LIF gene. In this

chapter the possible function of the third LIF transcript, and the novel intracellular protein

produced from this transcript, is addressed. O¡'erexpression of the LIF-T protein is shown to

cause apoptosis of Cos-l and293T cells, which is inhibited by the apoptosis inhibitor CrmA

but not Bcl-2. This indicates that the LIF protein can mediate a normal intracellular function via

interaction with a specific cellular pathway, that is alternate to the secreted LIF molecule.

4.2 Apoptosis

Cell death occurs in vertebrates by two mechanisms;necrosis and apoptosis (Kerr et al.,

lg1z). Necrosis occurs in response to cellular damage and involves lysis of the cell membrane,

excretion of the cellular contents and an inflammatory fesponse without de novo gene

transcription. Specific deletion of single cells, with minimal effect on surrounding cells, occurs

by apoptosis (Wyllie et al., 1980). Apoptosis, unlike necrosis, is a genetically controlled

process in which the dying cell follows a specific, characterised pathway of events, mediated by

transcription of specific genes (Davies, 1987). These events include cellular shrinkage,
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activation of endogenous endonucleases causing internucleosomal fragmentation of DNA

(Arends et al., 1990), compaction of the chromatin into distinct condensed masses, destruction

of the nucleus and blebbing of the cellular membrane followed by fragmentation of the cell into

apoptotic bodies which are rapidly phagocytosed by macrophages or neighbouring cells

(Whyllie, 1980; Savill et al., 1990). The process of apoptosis is very rapid, occurring in as

little as 15 minutes. However, induction of apoptosis can take days with a variable period of

commitment required before the apoptotic process is initiated (Earnshaw, 1995).

The importance of apoptosis has been recognised in a wide range of biological

processes including development, homeostasis, aging and defence against cell damage and viral

infection (reviewed by Vaux and Strasser,1996; Collins and Rivas, 1993)' The induction of

cellular apoptosis can occur in response to a cue from the environment, such as viral infection,

exposure to a drug or toxin, or cell damage, or as a predetermined fate of the cell, known as

programmed cell death (Martin et al., lgg4). The developmental importance of apoptosis can

be seen in events such as cavitation of the early mouse embryo (Coucouvanis and Martin,

1995), the removal of webbing between digits in development (Zou and Niswander, 1996) and

the determination of cell fate in the nemato de Caenorhabditis elegans (Ellis et al', l99I), where

prografnmed cell death is an invariant part of the developmental program.

The ced (cell death) family of apoptosis genes was identified genetically in C. elegans.

Mutation of these genes caused abnormalities in the apoptotic deletion of cells during

development (Ellis et al., 1991). The majority of ced genes were involved in disposal of the

dead cell corpse. However, homologues of ced 3 and cedg have been isolated from vertebrates

(interleukin-18-converting enzyme (ICE) and Bcl-2 respectively) indicating that the general

mechanism of apoptosis has been conserved during evolution and is a fundamental biological

process (Miura et al., 1993: Hengartner et al., 1994; reviewed by Vaux and Strasser, 1996).

The biochemical pathways that lead to induction of endonuclease activation and the

cellular events that lead to apoptosis have only recently started to be elucidated. Activation of

apoptosis can occur by many different stimuli, indicating the existence of several different

apoptotic pathways, that culminate in the activation of similar cellular machinery, producing

equivalent apoptotic responses. Stimuli usually originate from the extracellular environment
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and must be transduced into the cell. Activation of a cellular pathway then occurs resulting in

activation of gene transcription, which culminates in the activation of endonuclease by an

unknown mechanism. Therefore, many different types of molecules are expected to be

involved in apoptosis and only recently have significant advances been made in the

identification of different families of proteins which control this process. Figure 4.1

schematically represents the different biochemical pathways that control apoptosis.

4.2.1 The interleukin-LB-converting enzyme (ICE) related cysteine protease

gene family.

The ICE related cysteine protease family includes the ced-3 gene, ICE (Miura et al.,

lgg3), Nedcl2 (Kumar et al., l9g4), CPP32 (Alnemri et al,. 1995; Tewari et al', 1995), ICErel-

II (Kamens et al., 1995; Munday et al., 1995), ICErel-I[ (Munday et al., 1995) and mch2

(Fernandez-Alnemri et al., lgg4) (reviewed by Martin and Green) which all cause apoptosis

when overexpressed in cells. These proteases contain a conserved active site (QACRG)

containing the active cysteine residue required for substrate cleavage. They are synthesised as

inactive preproteins that are present in most cell types. These preproteins are activated by

protease cleavage and assembled into heterotetramers to cause apoptosis. Members of the ICE

protease family appear to act well downstream in the apoptotic pathway (Hsu et al., 1995; Orth

et al., 1996) (figure 4.1).

Inhibitors of ICE family proteases, like the cowpox virus serpin protease inhibitor,

CrmA, inhibit apoptosis induced by many different stimuli. This suggests that cysteine

proteases are required to mediate many forms of apoptotic cell death (Enarl et al., 1995;

Gagliardini et al., 1994; Los et al., 1995; Miura et al., 1993; Tewari et al., 1995; Clem and

Miller, 1994; Grether et al., 1995; Hay et al., 1994; Rabizadeh et al., 1993; Sugimoto et al'

I994;Bump et al., 1995; Xue and Horvitz, 1995; Ray and Pickup,1996; reviewed by White

1996). These protease inhibitors inhibit many but not all ICE family proteases (Orth et al.,

1996) and do not inhibit all types of apoptosis, indicating that different apoptotic stimuli may

activate different cysteine proteases, producing equivalent apoptotic responses (White and

Gilmore 1996; Orth et al., 1996; Vaux and Strasser, 1996). Consistent with this, genetic



Figure 4.L Alternate pathways that induce apoptosis.

Schematic diagram showing the various stimuli that induce apoptosis and the current

knowledge of the molecules involved in the alternate pathways activated by these stimuli.

Taken from Vaux and Strasser,1996.
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inactivation of the ICE gene in mouse had no effect on most types of apoptosis, suggesting

functional redundancy in cysteine protease action (Li et al-,1995; Kuida et al', 1995)' It is

thought that activation of some member or members of the ICE cysteine protease family may be

required to mediate all apoptotic processes (Vaux and Strasser' 1996)' The present theory

implies that generation of an apoptotic signal results in the activation of several cysteine

proteases which instigate apoptotic cell death by an unknown mechanism, presumably via

protease cleavage of several key substrates. Protease action could cause activation of apoptotic

substrates and inactivation of cell survival substrates, causing resultant cellular events of

apoptotic cell death.

Relatively little is known about the substrates for ICE related cysteine proteases'

Preprotein activation may occur by cysteine proteases acting on themselves and other members

of the family (Tewari et al., 1995), producing a cascade of protease activation leading to

apoptosis. Other substrates include poly-ADP ribose polymerase (PARP) (Kaufmann et al'

lgg3,Lazebnik et al.,lgg4,Tewari et al., 1995) which is involved in DNA repair, conversion

of proll-lp to active IL-lp (Thornberry et al., 1992; Friedlander et al', 1996), lamins

(Lazebnik et al., l995;Oberhammer et al., lgg4), B-actin (Kayalar et al., 1995) and u1 small

nuclear ribonucleoprotein (ul snRNP) (Casciola-Rosen et al., 1994). Although these are

cleaved by ICE family proteases, their relevance to the induction of apoptosis is poorly

understood. presumably other unknown substrates exist that lead to activation of the cellular

events associated with apoptosis.

4.2.2 The Bcl-2 gene familY.

Members of the Bcl-Zfamily of genes all have homology to the founding member, Bcl-

2, an apoptosis inhibitor which was identified as an oncogene in human follicular lymphoma

(Tsujimoto et al., 1985), and are related to the C elegans cell death gene ced-9 (reviewed by

Reed, lgg4). Several forms of apoptosis are not inhibitable by Bcl-2 but are mediated by ICE-

like proteases (Hsu et al., 1995; Orth et al', 1996; reviewed by Reed, 1994) suggesting that

members of the Bcl-2family of genes act upstream of the ICE family of proteases. Bcl-2 is an

inhibitor of apoptosis induced by growth factor withdrawal (Collins et al' 1993), DNA damage
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(Collins et al., I992;Miyashita and Reed, 1993) or myc overexpression (Fanidi et al', 1993,

Lotem and Sachs, l9g3) but cannot inhibit apoptosis induced by activation of two cell surface

cytokine receptors, the Fas antigen and the tumour necrosis factor 1 (TNF 1) receptor (Hsu et

al., 1995), indicating that this protein lies on a specific apoptotic pathway, that may culminate in

cysteine protease activation (figure 4.1)'

Bcl-2 family proteins can be divided into two groups; those which inhibit apoptosis,

including Bcl-2 (Hockenbery et al., 1990), Bcl-xl (Boise et al,, 1993), Mcl-1 (Kozopas et al.,

1993; Reynolds et al., I9g4), Bcl-w (Gibson et al., t996), and those which induce apoptosis,

such as Bax (Oltvai et al., l9g3), Bak (Chittenden et al., 1995a; Kiefer et al., 1995), Bikl

(Boyd et al., 1995), Bad (Yang eta1.,1995) and Bcl-xS (Boise et al., 1993)' Bcl-2 family

members contain three conserved domains (designated BH1, B}{2 and BH3) which appear to

be involved in protein-protein interactions (Yin et al., 1994; Boyd et al', 1995; Chittenden et

al., 1995b). These proteins form heterodimers with other family members, with the level of

each member of the heterodimer in the cell being balanced for or against apoptosis (Oltvai and

Korsmeyer , lgg4). For example,Bcl-2 forms a heterodimer with Bax. High levels of cellular

Bcl-2 inhibit apoptosis whereas high levels of Bax induce apoptosis, with the apoptotic state of

the cell presumably determined by which protein is present in excess (Yang et al., 1995).

4.2.3 Death Domain proteins

Another group of proteins involved in apoptosis includes the Fas antigen and TNF 1

receptors, and several other related proteins, including FADD (Chinnalyan et al', 1995), RIP

(Stanger et a1., 1995) and TRADD (Hsu et al., 1995). Fas antigen and TNF 1 receptor induce

apoptosis upon activation by binding of their ligand (Baglioni, 1992,Itoh et al., 1991, Dhein et

al., 1995). FADD and RIP are intracellular proteins that bind to the Fas antigen and cause

apoptosis when overexpressed within cells (Chinnaiyan et al., 1995; Stanger et al., 1995).

Similarly, overexpression of TRADD causes apoptosis via interaction with the TNF-1 receptor

(Hsu et al., 1995). Members of this family of proteins contain a conserved domain, termed the

death domain, that is thought to mediate interaction between the cytoplasmic domains of the

receptors and the intracellular members of this family. The intracellular members can be
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truncated without inactivation of their apoptotic ability and their ability to interact with their

protein partner, defining the extremities of the death domain (Hsu et al', 1995; Chinnaiyan et

al., 1995). Apoptosis involving these proteins is inhibited by cysteine protease inhibitors but

cannot be inhibited by Bcl-2, indicating that they act on an apoptotic pathway separate to the

Bcl-Zpathway, which culminates in cysteine protease activation and apoptosis (Hsu et al''

1995, Tewari and Dixit, lggs,Miura et al', 1995)'

4,2.4 Growth factors/cytokines and apoptosis

Growth factors and cytokines can often act as survival factors, inhibiting the apoptotic

death of cell types that would normally undergo apoptosis in the absence of the growth factor

(reviewed by collins et al., lgg3). For example, platelet derived growth factor (PDGF)

inhibits the apoptosis of glial cells (Barres et al, 1992), ciliary neurotrophic factor (CNTF)

inhibits apoptosis of mature oligodendrocytes (Louis et al., 1993), NGF inhibits sympathetic

neuron cell death (Batistatou and Green, lg91), epidermal growth factor (EGF) inhibits

apoptosis of mouse embryo cells (Rawson et al., 1991) and fibroblast growth factor (FGF)

inhibits vascular endothelial cell apoptosis (Araki et al', 1990)' Also stem cell factor and

leukemia inhibitory factor (LIF) can promote the survival of primordial germ cells in culture by

inhibiting apoptosis (Pesce et al., 1991)'

Several examples have also been identified where growth factor activation can induce

apoptosis. TNF induces apoptosis in many cell types by activation of its receptor, TNFR, a

member of the death domain family. Transforming growth factor (TGF) -B can also induce

apoptosis in a variety of cell types (Sanchez et a1.,1996; Jacobsen et al., 1995; Marushige et

al.,1994) and CNTF and LIF have been shown to induce apoptosis in cultured sympathetic

neurons (Kessler et al., lgg3). Bone morphogenetic protein (BMP) receptor signalling in vivo

has been shown to be essential for apoptosis in the formation of digits (Zou and Niswander,

r9e6).

Therefore, growth factors can act as positive or negative regulators of apoptosis by

interaction through their extracellular receptors, however, the mechanism by which they

regulate the apoptotic effect has not been completely elucidated'



58

4.2.4 Alternate apoptotic pathways'

The observation that apoptosis inhibitory molecules, such as B}L-Z and CrmA' have

different effects on apoptosis induced by different stimuli indicates the presence of distinct

pathways that result in induction of the apoptotic response (figure 4'1) (Hsu et al'' 1995'Datta

et al., 1996;Geley et al., 1991;White and Gilmore,1996, Orth et al',1996; Vaux et al'' 1996)'

Differences have been observed in the effect of inhibitory molecules on different cell types

exposed to the same apoptotic stimuli, presumably dependent on the type of apoptotic pathway

or even the repertoire of cysteine proteases expressed by specific cell types (Hsu et al, 1995,

Grimm et al 1996). FADD and RIP proteins, two members of the death domain group of

proteins that induce apoptosis when ovefexpressed in mammalian cells' appear to activate

different apoptotic pathways, since RIP can induce cell death in293T cells that are resistant to

apoptosis induced by Fas, TNF and FADD (Grimm, 1996)' Other evidence suggests that

different apoptotic pathways may occur at different locations within cells (Zhu et al 1996). The

identification of alternate apoptotic pathways suggests that many more molecules remain to be

discovered. Many steps in apoptotic pathways still remain ill-defined' especially the step

between activation of ICE related cysteine proteases and the cellular events involved in

apoptosts.

4.3 Results

4.3.1 Overexpression of the LIF-T protein causes apoptosis.

To determine a possible function of the LIF-T transcript and protein, the effect of

overexpression in cultured cells was analysed. As previously mentioned, immunohistochemical

staining of Cos-l and293T cells transfected with pmLIF-TX,2 days post-transfection, showed

that intracellular LIF-T protein was localised in both the nucleus and cytoplasm (chapter 3).

The effects of LIF-T overexpression were investigated in time coufse experiments using

pmLIF-TX and pmLIF-DX (chapter 3.2). Cos-l cells were transfected with pmLIF-DX and

pmLIF-TX and immunohistochemically stained for LIF protein aftet 2 or 3 days in culture. 2
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days post-transfection, pmLIF-DX transfected cells showed endoplasmic reticulum protein

localisation. Co-staining with Hoechst DNA stain (chapter 7.5.4) showed that the nuclei of

LIF-D staining cells were round and uniformly staining, similar to nuclei of untransfected cells

(figure 3.3A and C, figure 4.4A). Staining of cells transfected with pmLIF-TX 2 days post-

transfection, showed 46Vo (+ l.7Vo) of transfected cells demonstrating the nuclear/cytoplasmic

LIF staining reported in chapter 3.4. These cells contained a round, uniform nucleus as

revealed by Hoechst staining (figure 4.2^). All other LIF staining cells displayed a rounded,

compact cell morphology which was raised out of the plane of focus of non-transfected cells,

with intense LIF protein staining (54Vo + l.7%o) (figure 4.2A). Hoechst DNA staining

demonstrated that cells exhibiting the latter morphology showed either a compacted, globular

nuclear morphology, containing condensed masses of DNA, or a severely reduced or absent

nuclear DNA staining (figure 4.2;4.38). These features are indicative of apoptosis where the

cells shrink and become rounded, and rising out of the plane of non-apoptotic cells' The DNA

compacts into condensed masses and becomes fragmented by endonucleases (Arends et al.,

1990;Whyllie, 1980; Savill et al., 1990).

Immunohistochemical staining of pmLIF-TX transfected cells aftet 3 days showed that

the majority of cells staining for LIF exhibited an apoptotic morphology (75Vo t 8.07r), with

few cells showing LIF-T nuclear/cytoplasmic staining (25Eo !8.0Vo) (figure 4'28), compared

to cells transfected with pmLIF-DX where the majority of cells showed endoplasmic reticulum

staining and uniform, round nuclei (85Vo + 1.87o) (see figure 4.4A). There was a 3 fold

decrease in the overall number of LIF staining cells in transfections with pmLIF-TX 3 days post

transfection compared to pmLIF-DX transfections, reflecting the loss of attachment of LIF-T

transfected cells that had undergone apoptosis (data not shown; see figure 4.4). This has been

observed for many cultured cell types induced to undergo apoptosis whereby shrinkage and

rounding of the cells causes loss of attachment to the culture dish (Chinnaiyan et al., 1995; Hsu

et al., 1995; Kumar et al., 1994).

Apoptosis of pmLIF-TX transfected cells was confirmed by co-staining of transfected

cells for apoptosis-specific internucleosomal DNA fragmentation. Internucleosomal DNA

fragments, produced by endonucleolytic DNA cleavage during apoptosis, were labelled with



Figure 4.2 LIF-T oyerexpression causes progressive apoptosis of Cos-l cells.

Immunohistochemical staining of Cos-1 cells transfected with pmLIF-TX using a polyclonal

anti-mllF antibody and a FITC conjugated secondary antibody (LIF), costained with Hoechst

DNA stain (DNA). 100x magnification.

A. 2 days post transfection

B. 3 days post transfection
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Figure 4.3 Apoptosis is confirmed by staining with an apoptosis detection kit.

Immunohistochemical staining of Cos-1 cells transfected with pmLIF-TX after 3 days culture.

100x magnification.

A. Stained with a polyclonal anti-ml-lF antibody

B. Stained with Hoechst DNA stain.

C. Stained with the Apoptag apoptosis detection kit.



A

B

C

ß
a

@

o?



Figure 4.4 Increased levels

overexpression.

of apoptosis are induced by mLIF-T¡¡

Immunohistochemical staining of transfected Cos-1 cells stained with a polyclonal anti-mllF

antibody and a FITC conjugated secondary antibody (LIF) costained with Hoechst DNA stain

(DNA). 50X magnification.

A. Cos-1 cells transfected with pmLIF-DX'

B. Cos-1 cells transfected with pmLIF-T¡çX'
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digoxygenin labelled dUTP using terminal transferase, and detected with an anti digoxygenin

antibody conjugated to horse radish peroxidase (Apoptag In situ Apoptosis Detection Kit

(Oncor)). This, along with the cellular morphology and Hoechst staining, distinguishes the

apoptosis induced by overexpression of LIF-T from necrotic cell death. LIF-T transfected cells

exhibiting condensed chromosomal DNA showed weak Apoptag staining for internucleosomal

DNA fragments (figure 4.3), indicative of early apoptosis with a limited amount of DNA

fragmentation. Apoptotic cells that contained little or no Hoechst DNA staining showed strong

internucleosomal DNA fragment staining (figure 4.3), indicating a high number of

internucleosomal fragments due an advanced state of chromosomal degradation and apoptosis.

The staining level correlates with the amount of internucleosomal DNA fragments, detected by

DNA ladder analysis, in nuclei of a cell free system exhibiting the same nuclear morphology as

the apoptotic cells described above (Lazebnik et al., 1993). DNA laddering could not be

investigated in this analysis due to low transfection efficiencies compared to the level of

background apoptosis in cell cultures, and the inability to produce cell lines stably expressing

LIF-T (chapter 4.3.3). The high background staining with the LIF specific antibody was an

artefact of co-staining with the Apoptag kit.

Apoptosis appeared to be dependent on the expression level of LIF-T protein. Cells

exhibiting an apoptotic morphology 2 days post-transfection showed strong LIF staining

compared to non apoptotic cells, indicative of higher levels of LIF protein expression (figure

42A). This was supported by analysis of cells overexpressing the LIF-T¡ cDNA which

expresses LIF-T protein at higher levels in Cos-1 cells (chapter 3.4). Cells transfected with

pmLIF-T¡çX showed a stronger intensity of LIF staining, indicating a higher level of protein

expression. Transfections with pmLIF-T¡X yielded 657o (+ 3.5Vo) of cells staining for LIF

protein exhibiting an apoptotic morpholo gy 2 days post-transfection (figure 4.48), compared to

54Vo (+ l.7%o) in transfections with pmLIF-TX. A 3 fold decrease in the number of LIF-Tç

transfected cells was observed after 2 days (figure 4.48), when compared to cells transfected

with pmLIF-DX (figure 4.44).

The specificity of LIF-T induced apoptosis was investigated by analysis of the human

kidney cell line 293T. This cell line has been transformed with the SV40 large T-antigen such
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that pXMT2 based expression vectors are replicated. 293T cells were transfected with pmLIF-

T¡X and pmLIF-DX and immunohistochemically stained for LIF expression 3 days post-

transfection. Similar results were observed to Cos-l cell experiments. 293T cells

overexpressing LIF-D showed predominantly cytoplasmic, endoplasmic reticulum staining and

round, uniformly staining nuclei (figure 4.5A). Cells transfected with LIF-T¡ showed an

apoptotic morphology, with a rounded cell staining out of the plane of focus of non-transfected

cells, and compacted or absent DNA morphology (figure 4.58). A 4-5 fold decrease in the

number of transfected cells between pmLIF-DX and pmLIF-TrX transfections was detected,

similar to experiments with Cos-1 cells. The apoptosis exhibited by 293T cells showed similar

properties to Cos-l cell apoptosis, with an increase in apoptosis with time and higher LIF

expression correlating with apoptosis. The reduction in cell number with LIF-T¡¡ transfected

cells can again be attributed to loss of adherence of apoptotic cells and their release into the

medium (figure 4.5, C and D).

These experiments demonstrated that expression of intracellular LIF induced apoptosis

by a mechanism that was not cell line or species specific. Induction of the apoptotic process

appeared to be dependent on protein expression levels and was associated with a long

commitment process prior to the induction of apoptosis.

4.3.2 LIF-T induced apoptosis is inhibited by CrmA but not Bcl-2

Apoptosis can be induced by a variety of distinct, separate pathways that are shown in

figure 4.1. The mechanism of LIF-T induced apoptosis was investigated to determine whether

it proceeded via a previously defined apoptotic pathway. Cotransfection experiments were used

to determine whether LIF-T induced apoptosis was inhibited by the apoptosis inhibitors, Bcl-2

and CrmA. These were chosen as they have been shown to inhibit apoptosis induced via

distinct cellular pathways. A non-replicating Bcl-Z expression vector (pRSV-hBcl-2),

containing a human Bcl-2 cDNA under the control of the Rous sarcoma virus 3' UTR promoter

(Kumar et aI., 1994), and a non-replicating CrmA expression vector (pCXN2-CrmA),

containing the cowpox virus CrmA cDNA under the control of a chicken B-actin promoter

(Niwa et al., l99I), were cotransfected in a 3:1 ratio with pmLIF-DX or pmLIF-TrX.



Figure 4.5 LIF-T overexpression causes apoptosis in 293T cells.

Immunohistochemical staining of transfected2g3T cells stained with a polyclonal anti-mllF

anribody and a FITC conjugared secondary antibody (LIF) costained with Hoechst DNA stain

(DNA).

A. 293T cells transfected with pmLIF-DX. 100X magnification.

B. 2g3T cells transfected with pmLIF-TçX. 100X magnification

C. 293T cells transfected with pmLIF-DX. 50X magnificatron.

D. 2g3T cells transfected with pmLIF-T1X. 50X magnification
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pBluescript II KS was cotransfected with LIF expression plasmids as a negative control. The

experiment was carried out in both Cos-l and293T cells. LIF transfected cells were detected

by immunohistochemical staining three days post-transfection, as previously described.

Cos-1 cells cotransfected pmLIF-DX and pBluescript II KS showed cytoplasmic,

endoplasmic reticulum staining (figure 4.6.1A,4.6.2A) and a similar number of healthy LIF

staining cells (82Vo + 2.9Vo) as previously described for cells overexpressing LIF-D.

Cotransfection of pmLIF-DX with pCXN2-CrmA or pRSV-hBcl-2 did not affect the LIF-D

staining pattern (data not shown) or the number of healthy, LIF staining cells (pmLIF-DX with

pCNX2-CrmA,87Vo + l.2Vo). This supported the previous observation that overexpression of

the secreted form of LIF does not induce apoptosis and that apoptosis seen in pmLIF-TX

transfected Cos-1 cell assays was not background apoptosis within the population.

Cells cotransfected with pmLIF-T¡X and pBluescript II KS showed the apoptotic

morphology previously described (figure 4.6.1B), and a reduced number of staining cells

(figure 4.6.28), when compared to cells transfected with pmLIF-DX (figure 4.6.21^). Cells

cotransfected with pmLIF-TçX and pRSV-hBcl-2 exhibited an apoptotic morphology similar to

cells transfected with pmLIF-T¡çX and pBluescript (figure 4.6.1D), indicating that LIF-T

induced apoptosis was not inhibited by Bcl-2. Cells cotransfected with pmLIF-TçX and

pCXN2-CrmA showed an increase in the number of cells demonstrating nuclear and

cytoplasmic LIF staining and a round, uniform nucleus staining with Hoechst (69Vo + 2.6Vo)

(figure 4.6.IC), compared to pmLIF-T¡X cotransfections with pBluescript II KS (IZVo +

2.9Vo) (figure 4.6.18). A 3 fold increase in transfected cell number (figure 4.6.2C) compared

to cotransfection of pmLIF-T¡X and pBluescript II KS (figure 4.6.28) was also observed.

Non apoptotic cells cotransfected with pmLIF-T¡X and pCXN2-CrmA (figure 4.6.2C),

showed higher levels of intracellular LIF protein expression than non-apoptotic cells

cotransfected with pmLIF-TçX and pBluescript II KS (figure 4.6.28, figure 4.4). The number

of LIF-T¡ç staining cells in cotransfections with pmLIF-TçX and pCXN2-CrmA was similar to

cell numbers observed in cotransfections containing pmLIF-DX and either pBluescript II KS,

pRSV-Bcl-2 or pCXN2-CrmA (figure 4.6.1, A and C; figure 4.6.2, A and C).



Figure 4.6.1 Apoptosis in Cos-l cells is inhibitable by CrmA but not Bcl-2.

Immunohistochemical staining of Cos-1 cell cotransfections with a polyclonal anti-mllF

antibody and a FITC conjugated secondary antibody (LIF) costained with Hoechst DNA stain

(DNA). 50X magnification.

A. LIF-D expression vector (pmLIF-DX) + control plasmid (pBluescript)

B. LIF-TK expression vector (pmLIF-TçX) + control plasmid (pBluescript)

C. LIF-TK expression vector (pmLIF-T¡çX) + CrmA expression plasmid (pCNX-CrmA)

D. LIF-TK expression vector (pmLIF-T¡1X) + Bcl-2 expression plasmid (phBcl-2 RSV)
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Figure 4.6.2 Apoptosis is inhibitable by crmA in cos-1 cells.

Immunohistochemical staining of Cos-1 cell cotransfections with a polyclonal anti-mllF

antibody and a FITC conjugated secondary antibody (LIF) costained with Hoechst DNA stain

(DNA). 25X magnification.

A. LIF-D expression vector (pmLIF-DX) + control plasmid (pBluescript)

B. LIF-TK expression vector (pmLIF-T*X) + control plasmid (pBluescript)

C. LIF-TK expression vector (pmLIF-TçX) + CrmA expression plasmid (pCNX-CrmA)'
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Cotransfection experiments in 293T cells showed similar results to Cos-1 cells,

however, the morphology of non-apoptotic cells was more difficult to discern due to the

rounded morphology of 293T cells. A large increase in number and intensity of staining cells

was seen with 293T cells cotransfected with pmLIF-TçX and pCXN2-CrmA (figure 4.1 .IB;

figure 4.7.28) compared to those cotransfected with pmLIF-T¡X and pRSV-hBcl-2 (figure

4..1 .2C) or pBluescript II KS (figure 4.1.1A; figure 4.1 .2ê^).

4.3.3 Lower level overexpression of LIF-T in Cos-l cells causes CrmA

inhibitable apoptosis

Apoptosis induced by overexpression of LIF-T protein was demonstrated using

replicating expression vectors, which produce high levels of protein overexpression (chapter

4.3.1). To determine that LIF-T induced apoptosis was not a toxic effect of overexpressing

large amounts of a foreign protein inside the cell, lower levels of LIF-T overexpression were

assessed by the use of non-replicating expression vector systems. Attempts were made to

produce stable Cos-1 cell lines which expressed LIF-T. These were unsuccessful for two

reasons. Firstly, compared to the generation of other stable cell lines, there was a low

frequency of integration of transfected LIF-T expression vector. Secondly it proved impossible

to maintain cell lines which stably overexpressed the LIF-T transcript. Thus, low levels of LIF-

T overexpression appeared to be detrimental to Cos-1 cells implying that at low levels LIF-T

may also induce apoptosis.

Expression from non-replicating vectors reduced the level of LIF protein below the

levels detectable by immunohistochemical staining using the available anti-mouse LIF antibody

(data not shown). Lower level LIF expression was detected by coupling LIF expression to B-

galactosidase expression via an internal ribosome entry site (IRES). Expression vectors for LIF

cDNAs were constructed in the expression vector pIRES-pgeoT7T3, which was produced by

cloning the IRES-B geo XbaUBamHl fragment from pIRES-Bgeo (Mountford et al., 1994) into

XbaABømHl digested pT7T3 19U (Pharmacia) (figure 4.8A). The expression vectors pmLIF-

TXIres (LIF-T), pmLIF-DXIres (LIF-D) and pXlres (control-no cDNA) were produced by

BamHIlA,f/II excision of LIF cDNAs and the adenovirus major late promoter from the



Figure 4.7.1 Apoptosis in 293T cells is inhibitable by crmA.

Immunohistochemical staining af 293'I cell cotransfections with a polyclonal anti-ml-lF

antibody and a FITC conjugated secondary antibody (LIF) costained with Hoechst DNA stain

(DNA). 50X magnification.

A. LIF-TK expression vector (pmLIF-TçX) + control plasmid (pBluescript).

B. LIF-TK expression vector (pmLIF-T¡çX) + CrmA expression plasmid (pCNX-CrmA)'
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Figure 4.7.2 Arpoptosis in 293T cells is inhibitable by CrmA but not Bcl'2.

Immunohistochemical staining of 293T cell cotransfections with a polyclonal anti-ml-lF

antibody and a FITC conjugated secondary antibody (LIF) costained with Hoechst DNA stain

(DNA). 25X magnification.

A. LIF-TK expression vector (pmLIF-T¡çX) + control plasmid (pBluescript).

B. LIF-TK expression vector (pmLIF-T¡qX) + CrmA expression plasmid (pCNX-CrmA).

C. LIF-TK expression vector (pmLIF-T¡çX) + Bcl-2 expression plasmid (phBcl-2 RSV)
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Figure 4.8 Non replicating expression vector for LIF cDNAs'

A. Schematic diagram of the cloning strategy used to produce the lower level expression

vectors for LIF cDNAs.

B. Schematic diagram of the non replicating expression vector for LIF cDNAs and the

dicistronic message produced from this construct upon overexpression in Cos-1 cells. The

promoter used was the adenovirus major late promoter from the replicating expression vector

pXMT2. IRES= internal ribosome entry site. Bgeo refers to a fusion protein between p-

galactosidase and the neomycin resistance gene, used for detection of expression from this

construct by staining with x-gal. Plasmids were generated where LIF cDNA was equivalent to

LIF-T (pmLIF-TXIres) or LIF-D (pmLIF-DXIres) cDNA, or was absent from the construct

(pXlres).
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appropriate XMT2 expression vector (pmLIF-TX, pmLIF-DX or pXMT2). Fragments were

blunt cloned into an end-filled SaII site of pIRES-BgeoTlT3 (figure 4.84) .

These vectors contained no SV40 origin for replication meaning that replication of the

vector would not occur in Cos-l cells. The adenovirus major late promoter directs production

of a dicistronic message containing the LIF cDNA and the Þ-g"o gene separated by the internal

ribosome entry site (figure 4.8B). Therefore, both LIF protein and B-galactosidase protein are

translated from this transcript, and expression of p-galactosidase can be directly correlated with

LIF protein expression in transfected cells.

The above plasmids were cotransfected into Cos-1 cells with pCXN2-CrmA or

pBluescript II KS, in a 1:3 ratio, as described in chapter 4.3.2, and stained 2-3 days post-

transfection for B-galactosidase activity. B-galactosidase positive cells were counted in at least

3 separate experiments and the mean and standard deviation of these counts are presented in

figure 4.9.

Cos-1 cells cotransfected with pmLIF-TXIres and pBluescript II KS showed an

approximate 2 fold decrease in staining cell number compared to cells cotransfected with

pmLIF-DXIres or pXlres and pBluescript (figure 4.9). To confirm that the reduction in p-

galactosidase positive cell number with pmLIF-TXIres was caused by LIF-T induced

apoptosis, Cos-l cells were cotransfected with pmLIF-TXIres, pmLIF-DXIres or pXlres and

the CrmA expression vector pCXN2-CrmA (chapter 4.3.2). Cotransfection of pmLIF-DXIres

and pXkes with pCXN2-CrmAdid not significantly alter the number of staining cells compared

to cotransfection of these expression vectors with pBluescript, indicating that LIF-D

overexpression did not cause apoptosis. This also demonstrated that background apoptosis was

not affected by CrmA transfection. Cotransfection of pmLIF-TXIres with pCXN2-CrmA

resulted in a two fold increase in staining cell numbers to levels equivalent to control

transfections, with pmLIF-DXIres or pXlres (figure 4.9). This demonstrated that the loss of

cell staining seen in pmLIF-TXIres transfections was not an effect of variable transfection

efficiency but the result of LIF-T induced apoptosis that, similar to apoptosis induced by higher

level LIF-T overexpression (chapter 4.3.1), was inhibitable by CrmA (chapter 4.3.2). This



Figure 4.9 Low level LIF-T transfection causes CrmA inhibitable apoptosis.

Graphical representation of cell counts from cotransfections of pmLIF-TXIres, pmLIF-DXIres

or pXlres with pCNX-CrmA or pBluescript. Number of staining cells was represented as a

percent of staining cells in cotransfections with pmLIF-DXIres and pBluescript. Mean and

standard deviations are presented from three experiments'
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indicated that the apoptosis induced by low level LIF-T overexpression, was likely to occur by

a similar apoptotic pathway to that induced by high level LIF-T overexpression.

4.4 Discussion

4.4.1 Overexpression of LIF'T causes apoptosis

Overexpression analysis of the LIF-T cDNA was used to determine a possible function

for the LIF-T transcript and protein. Initial experiments were carried out using replicating

expression vectors that contained the SV40 origin of replication that drives 500 fold vector

amplification in cell types that express the large T-antigen (Gluzman, 1981), including Cos-1

and 293T cells. This produced high levels of LIF protein overexpression such that LIF

expressing cells could be visualised directly by staining with an anti-ml-lF antibody. Cells

transfected with LIF-T exhibited a nuclear and cytoplasmic localisation of LIF-T protein, as

previously described. Time course experiments showed that overexpression of LIF protein

inside cells induced apoptosis, as identified by the rounded morphology of LIF-T transfected

cells, typical of cells undergoing apoptosis, and the alternate nuclear morphology, exhibiting

dense, compacted masses of DNA or absence of DNA as revealed by Hoechst staining.

Internucleosomal DNA fragmentation, a specific indicator of apoptosis, was confirmed by in

situ staining for digoxygenin labelled DNA fragments. Lower level overexpression of LIF-T,

directed by non-replicating expression vectors, was also shown to induce apoptosis,

demonstrating that LIF-T induced apoptosis was unlikely to be a non specific, toxic effect of

overexpressing high levels of foreign protein inside the cell. This was supported by the

observation that overexpression of ul-4-galactosidase (R. Voyle, pers. comm.) and B-

galactosidase (data not shown; Kumar et aL.,1994) proteins inside Cos-1 cells using replicating

expression vectors, does not induce an apoptotic response. LIF-T induced apoptosis was also

observed in 293T cells, which exhibited a similar cellular localisation of LIF-T protein. This

demonstrated that apoptosis induced by LIF-T was not specific to Cos-1 cells and was unlikely

to be cell line specific or species specific.

Some non-apoptotic, B-galactosidase positive cells were detected in transfections with

pmLIF-TXIres, and some cells transfected with pmLIF-TX exhibited a healthy cell
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morphology. This may correlate with the idea that apoptosis is a two step process involving a

latent phase where the cells exhibit an apparent normal cell morphology even though they are

committed to cell death, and an active phase, with all the hallmarks of apoptosis. The latent

phase is variable, ranging from several hours to days (Lazebnik et al., 1993; Earnshaw, 1995).

Therefore, assays for apoptosis have been performed from 8 hours after application of the

apoptotic stimuli, for apoptosis induced by UV irradiation or by incubation with Kreb's

Ringer's buffer (Casciola-Rosen et al., 1994), up to 72 hours, for apoptosis induced by

overexpression of ICErel-II and ICErel-III (Munday et al., 1995), with the majority of assays

being performed after 1 day (Hsu et al., 1995; Kumar et a1., 1994; Stanger et al 1995). The

proportion of cells that undergo apoptosis also varies between different experiments, dependent

on the cell type, the apoptotic stimuli and the method of assay (Hsu et a1.,1995; Kumar et al.,

1994; Stanger et al., t995). This demonstrates variability in the length of the commitment

phase of apoptosis within a cell population. Apoptosis induced by LIF-T is comparable to that

induced by other stimuli, exhibiting a two step pathway of apoptotic induction with a long, but

variable, commitment phase.

Many cells transfected with pmLIF-DXIres and pXlres exhibiting a healthy cellular

morphology stained strongly with B-galactosidase, indicating transfected cells can tolerate

relatively high levels of B-galactosidase and LIF-D expression, presumably dependent on the

amount of expression vector transfected. Healthy, strongly staining cells were not observed in

.transfections with pmLIF-TXIres,.with healthy cells staining faintly for B-galactosidase. This

suggested that the level of overexpression is important in induction of apoptosis. These

observations imply that cells can tolerate low levels of LIF-T overexpression but that apoptosis .'- 
i

is triggered when expression levels reach a certain threshold. This can be comelated with the

increase in proportion of apoptotic cells with time after transfection which suggests an

accumulation of LIF-T protein is required for initiation of apoptosis. The effect of expression

level on apoptosis is also supported by the observation that cotransfection of LIF-T expression

vector with pCXN}-CrmLyielded transfected cells exhibiting a healthy morphology, staining

strongly for B-galactosidase in the non-replicating system (pmLIF-TXIres) and LIF in the
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replicating vector system (pmLIF-TX), indicating CrmA expression allowed cells to survive

despite high levels of LIF-T overexpression.

4.4.2 LIF-T induced apoptosis occurs via a specific pathway

Investigation of the mechanism of apoptosis induced by overexpression of LIF-T

showed that it was inhibitable by the apoptosis inhibitor CrmA. CrmA is a serpin protease

inhibitor that acts by inactivating specific ICElike cysteine proteases involved in eliciting the

apoptotic response (Komiyama et al., 1994; Tewari and Dixit, 1995). Cysteine proteases act

downstream in the apoptotic pathway (figure 4.1) and are thought to be involved in all types of

apoptosis (Hsu et al., 1995; Orth et al., 1996) with members of the cysteine protease family

being specific for certain apoptotic pathways (Martin and Green, 1995). LIF-T induced

apoptosis must therefore occur via a specific apoptotic pathway, utilising a member of the

cysteine protease family which is inhibited by CrmA. LIF-T induced apoptosis was not

inhibited by another common apoptosis inhibitor Bcl-2, which further confirms that LIF-T

induced apoptosis occurs via a distinct apoptotic pathway not involving the Bcl-2 family of

genes. This pathway must be conserved between monkey and human cell types, as inhibition

of LIF-T induced apoptosis by CrmA, but not B,cl-Z, was observed in both Cos-1 and293T

cells. Apoptosis inhibited specifically by CrmA has been demonstrated in response to several

stimuli, most notably apoptosis induced by activation of the TNF receptor and Fas antigen

(Miura etal., 1995; Hsu et al., 1995; Strasser et al., 1995; Tewari and Dixit, 1995), This

indicates that LIF-T induced apoptosis lies on a specific conserved apoptotic pathway, possibly

similar to the pathway utilised by activation of TNF-Fas/APO-1.

The identification of CrmA inhibitable apoptosis indicates that the intracellular LIF

protein can interact with and initiate a normal cellular signalling pathway, presumably by

interacting with existing intracellular proteins. It also demonstrates that 
1!? 

I-,[F-T prolein can

mediate an alternate cellular function from extracellular LIF. The àlteruate effects of the

different LIF molecules support'$ tfr" conclusion of differential action of the alternate proteins,

deduced from alternate expression of the LIF-D, LIF-M and LIF-T transcripts. The differential

activity of the LIF-T protein suggests that intracellular LIF action is not part of the normal LIF
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signalling pathway. This is in contrast to FGFs and SDGF, where nuclear localisation is

required for mitogenic activity, implying that intracellular localisation of the cytokine is

required, at least in part, for transmission of the receptor mediated cytokine signal into the cell

(Imamura et al., 1990; Kimura et al., 1993). This mechanism has been proposed for other

growth factors which are localised to the nucleus as a complex with their receptor (Curtis et al,

1990; Lobie et al., 1994; Rakowicz-Szulczynska et al., 1936). LIF-T has a different effect to

LIF-D in overexpression experiments, suggesting that it acts independently of the LIF receptor

signalling pathway, and is likely to perform its own function by a novel mechanism. This has

been proposed for aFGF, which is localised to the nucleus when overexpressed in cells

(Florkiewicz et a1.,1991) and has been shown to interact with DNA and nuclear proteins

(Amalric et al., Ig94) providing a mechanism for a novel mode of action. The same could be

postulated for other growth factors that are expressed without signal sequences for cellular

secretion (Lin et al, 1989; Mignatti et al., 1992; Rubartelli et al., 1990; Leibrock et al., 1989;

Pennica et a1., 1995).

4.4.3 Considerations for in vivo LIF''T function

Several mechanisms can be postulated to explain how overexpression of LIF-T may

induce apoptosis. LIF-T may be involved in an apoptotic pathway and overexpression may

activate this pathway causing apoptosis. Alternatively, LIF-T may be involved in an essential

cellular pathway and overexpression disrupts this pathway, causing the cell to undergo

apoptosis, as a default mechanism for deleting a compromised cell. Similarly, LIF-T

overexpression may disrupt an unrelated essential cellular pathway which induces cellular

apoptosis.

As with many overexpression studies on the LIF cytokine, the relevance of apoptosis

induced by LIF-T overexpression to the in vivo function of the LIF-T transcript and protein

remains to be determined. Fn" lack of cellular expression data make the significance of

overexpression studies difficult to determine. Although differentially regulated expression of

the mLIF-T transcript was demonstrated, it is not known whether LIF-T is expressed

throughout a tissue, or at higher levels in a subset of cells within a tissue. If LIF-T is expressed
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in a small subset of cells, expression levels detected by RNase protection may be comparable to

those produced in overexpression studies. However, if LIF-T is expressed throughout a tissue

expression levels will be low questioning the biological significance of the overexpression data.

Any correlation between LIF-T expression and apoptosis in vivo would require resolution of

LIF-T expression at the cellular level which has not been possible in most tissues using existing

techniques. Induction of apoptosis by LIF-T would provide an attractive explanation for the

low expression levels, whereby high level LIF-T expression would yield an apoptotic response

causing that expression to be rapidly terminated.

The significance of LIF-T action in in vitro cell culture systems must also be considered

when diìcerning in vivo LIF-T function. The biological effect of LIF-T expression may differ

in different cell types. It has been shown that various cell types respond differently to

extracellular cytokines, such as LIF, which induces effects as diverse as proliferation,

differentiation and apoptosis (Leary et a1., 1990; Metcalf et al., 1988; Kessler et al., 1993).

Also, many in vitro effects exhibited by cytokines, including LIF, may not be relevant to in

.vlyo function.. Various cell types also respond differently to various inducers and inhibitors of

apoptosis (Hsu et a1.,1995; Grimm et al,. 1996), presumably dependent on the expression of

specific apoptotic pathways within different cell types. Similarly, the effects of individual

signalling molecules are also cell-type specific and may not necessarily reflect true in vivo

function. However, these data indicate that there is a biochemical pathway in place by which ',i

these molecules can achieve biological function.

The biological significance of apoptosis induced by LIF-T overexpression is unknown.

The data presented in this chapter show that LIF-T can perform an alternate function to the other

forms of LIF, indicating an alternate role for the intracellular cytokine, presumably mediated by

a novel mechanism of action. It also demonstrates that LIF, when expressed inside the cell, can

induce a specific, normal cellular response, by activating a normal cellular pathway, mediated

via direct or indirect intracellular interaction.
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CHAPTER 5: MECHANISM OF INTRACELLULAR LIF ACTION

S.L Introduction

The identification of growth factors localised within the cell indicates that the classic

model of growth factor action may require modification. Two possible mechanisms exist by

which intracellular growth factor molecules may caffy out their function inside the cell. Several

growth factors have been shown to be internalised and targeted to the nucleus (reviewed by

Prochiantz and Theodore, 1995) and acidic FGF and SDGF require intracellular localisation and

nuclear translocation to produce their mitogenic response on various cell types (Imamura et al.,

1990; Kimura., 1993). This identifies intracellular growth factors as part of the extracellular

signalling pathway, with nuclear localisation of the growth factor required for the cellular

response to receptor activation. The lack of any obvious catalytic or interaction domains in

growth factors indicates that a direct action on gene transcription may be mediated by

internalisation of the growth factor receptor, with the receptors catalytic or interaction domains

mediating an alteration in gene transcription, possibly by interacting with nuclear proteins such

as histones or transcription factors.

Alternatively, intracellular growth factors may have a direct action inside the cell,

independent of receptor interaction. Experiments suggest that nuclear localised FGF-2 can

produce a cellular response via a direct effect on gene transcription (Amalric et al., 1994;

Bouche et a1.,1987; Nakanishi et a1.,1992) by interaction with DNA or nuclear proteins. This

mode of action might be shared with growth factors that are expressed without secretory signal

sequences and are unable to interact with their cell surface receptor. They may utilise undefined

determinants in their amino acid sequence to modify gene transcription and cause a cellular

response.

The intracellular LIF protein produced from the LIF-T transcript can interact with the

normal cellular machinery, producing an alternate cellular function to the secreted form of LIF

(chapter 4). This, coupled with the probable unavailability of this protein to cell surface

receptors, suggests that intracellular LIF action is mediated by a mechanism that does not

involve receptor interaction. In this chapter PCR mutagenesis is used to demonstrate that
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intracellular LIF action is independent of LIF receptor interaction. Intracellular LIF function

appears to be mediated by a conserved leucine-repeat domain that is not required for

extracellular receptor mediated LIF action.

5.2 Apoptosis results from intracellular localisation of the LIF protein

Protein synthesis from the LIF-T transcript produces an intracellular LIF protein that is

truncated by 22 amino acids at the amino (N)-terminal end. The first 22 amino acids of LIF

encodes the N-terminal tail and the first three amino acids of helix A (Robinson et al., 1994),

including two cysteine residues involved in the formation of two disulphide bonds that tether

the N-terminal tail of the secreted LIF protein to the four helical core (see figure 1.4). These

bonds are unlikely to exist in the intracellular protein due to the reducing environment inside the

_îgll The novel apoptotic effect of the LIF-T protein could potentially result from the

intracellular localisation of the protein, with LIF-D protein being sequestered in the endoplasmic

reticulum. Alternatively, truncation of the N-terminal 22 amino acids could alter the activity of

the LIF protein.

LIF cDNAs were produced to express the 20 kDa mature LIF protein inside the cell, to

analyse the effect of the first 22 amino acids on apoptosis, and to express the N-terminal

truncated 17 lÐa LIF protein outside the cell, to investigate if truncated LIF could interact with

and activate the LIF receptor. The first clone, LIF-TEXTR4, consisted of the LIF-D signal

sequence and cleavage site added to the LIF-T coding sequence (figure 5.18), producing a

secreted protein equivalent to the LIF-T protein and truncated by 22 amino acids at the N-

terminus (figure 5.2ê^). The LIF-D cDNA was excised from pmLIF-D (pDRl) with EcoRI and

cloned into EcoRI cut pUCl8 BanII- (a pUC 18 cloning vector without a Ban II restriction site;

L. Whyatt, PhD thesis) to produce pmLIF-D Ban-. PCR was performed on pmLIF-D Ban-

with the 5' primer LIF-Tp¡1p4 and the 3' primer T3 (chapter 7.2.9) to amplify the region of

LIF downstream of the lirst 22 amino acids (figure 5.1A). PCR products were digested with

BanII and HindIII and cloned into BanlUHindIII cut pmLIF-D Ban- producing the plasmid

pmLIF-TsxrRA (figure 5. 1A).



Figure 5.1 Construction of LIF mutants mLIF-Tnxrn¡, and mLIF'DrNrn¡..

A. Schematic diagram showing construction of the plasmid prnLIF-Tg¡1RA.

B. The amino acid sequence encoded by the 5' end of the LIF-D cDNA and its relation to the

amino acid sequence encoded by LIF-TEXTRA. The region encoding the secretory signal

sequence and the position of the proteolytic cleavage site are shown. The amino acids deleted

in the LIF-TEXTRA protein are indicated'

C. Schematic diagram showing construction of the plasmid pmLIF-D¡,t1RA
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The second clone, LIF-DNç,q, had the signal sequence and cleavage site of the LIF-D

gDNA deleted to intracellularise the 20 kDa mature LIF protein (figure 5.2A). PCR was

performed on pmLIF-D Ban- using the 5'primer LIF-7015 and the 3'primer LIF-Z to amplify

the region encoding the2O kDa mature LIF protein with an ATG initiation codon at its 5'end.

PCR products were digested with EcoRI and cloned into EcoRI cut pBluescript II KS

producing pmllF-Dry.¡pa (figure 5. 1 C).

Expression vectors for LIF-DINTRA and LIF-TEXTRA were generated by digesting

pmLIF-DINTRA and pmLIF-TBxrR¡. with EcoRI and cloning the LIF cDNAs into EcoRI cut

pXMT2 to produce pmLIF-DryTRAX and pmLIF-TBxrRRX, respectively.

pmLIF-D1¡TRAX, pmLIF-TSXTRAX, pmLIF-TX and pmLIF-DX were transfected into

Cos-1 cells and assayed for intracellular and extracellular LIF activity. Intracellular protein

localisation was analysed 2 days post-transfection by immunohistochemical staining and

immunoflourescent photomicroscopy to determine the cellular localisation of LIF protein

(chapter 3.4). Intracellular activity was assayed 3 days post-transfection by

immunohistochemical staining and visualisation by flourescent microscopy (chapter 4.3.1).

Apoptotic activity was determined by counting the number of LIF staining cells exhibiting an

apoptotic morphology and expressing them as a percentage of the total number of LIF staining

cells. Extracellular, receptor mediated LIF activity was assayed by transfecting Cos-1 cells and

allowing them to condition incomplete ES cell medium for 2 days. Conditioned medium was

assayed for its ability to inhibit ES cell differentiation (chapter 7.5.8).

Cos-l cells transfected with pmLIF-TBXTRAX showed endoplasmic reticulum staining

identical to cells transfected with pmLIF-DX (figure 5.28), indicating that the signal sequence

was sufficient to ensure secretion of LIF-Tg¡.¡p6 protein. Cell populations transfected with

pmLIF-TsxTRAX and pmLIF-DX showed equivalent percentages of healthy cells (79Vo !

6.37o andS2Vo !3.7Vo, respectively; figure 5.11) demonstrating that sequestering the LIF-T

protein to the endoplasmic reticulum reduced its apoptotic activity to levels equivalent to

secreted LIF. Conditioned media from cells transfected with pmLIF-DX inhibited ES cell

differentiation when diluted to 1/10 000. Conditioned media from cells transfected with

pmLIF-TsxTRAX showed extracellular LIF activity at l/10 000 dilution, but activity was



Figure 5.2 Subcellular localisation and extracellular activity of intracellular

LIF-D protein and extracellular LIF-T protein

A. Schematic diagram showing cDNAs used to assess the effect of the first22 amino acids of

the mature LIF protein sequence on intracellular and extracellular LIF activity'

S S- hydrophobic signal sequence; C S- proteolytic cleavage site.

B. Immunohistochemical staining of Cos-l cells transfected with pmLIF-DX, pmLIF-

TBxrnnX, pmLIF-TX and pmLIF-D1¡TRAX 2 days post transfection using an anti-ml-lF

polyclonal antibody. 50x magnification.

C. Representation of the results of an ES cell assay showing the amount of LIF activity in

media conditioned by Cos-l cells transfected with pmLIF-TX, pmLIF-DX, pmLIF-TexrnnX

and pmLIF-Dl¡rrneX. Media dilutions of 1/10 to l/10000 were assayed.

+ indicates inhibition of ES cell differentiation; - indicates differentiation of ES cells.
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reduced relative to media from cells transfected with pmLIF-DX (figure 5.2C). This

demonstrated that secreted LIF protein was produced from both cDNAs and that the fftst 22

amino acids of LIF, which are deleted from the LIF-T protein, were not required for receptor

binding and activation.

Immunohistochemical staining of cells transfected with pmLIF-DINTpRX showed a

staining pattern equivalent to cells transfected with pmLIF-TX, with healthy transfected cells

showing LIF staining in the nucleus and cytoplasm (figure 5.28) and apoptotic LIF staining

cells showing a compact rounded morphology, out of the plane of focus of non-transfected

cells, with an apoptotic nuclear morphology. An equivalent number of apoptotic LIF staining

cells were present in transfections with pmLIF-D5TRAX (79Vo + l.2Vo) and pmLIF-TX (8070

+ LgVo) 3 days post-transfection (figure 5.11). Therefore, intracellular retention of the LIF-D

protein resulted in protein localisation and induction of apoptosis similar to that of the LIF-T

protein, and demonstrated that the first 22 amino acids of the LIF protein play no role in

intracellular apoptotic LIF function. Conditioned media from cells transfected with pmLIF-TX

and pmLIF-DrNrnaX inhibited ES cell differentiation when diluted to 1/50 and 1/100,

respectively. These low levels of LIF protein in conditioned medium supported the conclusion

that LIF protein produced from both these constructs is retained within the cell. The low level

of protéin detected in the media most likely results from the release of intracellular LIF protein

by cells that have undergone apoptosis.

These results demonstrate that the first 22 amino acids of the mature LIF protein, deleted

in the LIF-T protein, are not required for intracellular or extracellular LIF activity. The two

disulphide bonds utilising cysteines in this region are, therefore, unnecessary for formation of

the active extracellular LIF structure. Furthermore, the alternate apoptotic activity of the LIF-T

protein is mediated by the localisation of the cytokine inside the cell, and not from deletion of

the amino terminal 22 amino acids of the mature LIF protein.

5.3 Activity of the intracellular LIF protein is receptor independent

The intracellular localisation and alternate biological activity of the LIF-T protein

suggested that intracellular LIF action may be mediated by a mechanism that is independent of
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interaction and signalling through the cell surface receptor. To address this hypothesis, PCR

mutagenesis of the LIF coding sequence was carried out to introduce a mutation that would

abolish LIF/LIF receptor interaction. A primer, designated FK-A, was designed to mutate

phenylalanine ll9 and lysine 182 (residues numbered from the initiation methionine of

extracellular LIF, Gearing et aL.,1988), residues critical for LIF receptor binding (Hudson et

a1.,1996), to alanine (figure 5.44). PCR was performed with the 5'primer T7 and 3'primer

FK-A (chapter 7 .2.9), using pmLIF-T as a template. PCR product was digested with SmaI and

Pfttr{I and cloned into SmaIIPfIMI cut pmLIF-T (chapter 2.2), producing a LIF-T cDNA

carrying the FK-A mutation (pmLIF-T FK-A) (figure 5.3A). A corresponding LIF-D cDNA

was produced by digesting pmLIF-T FK-A with NcoI and cloning the mutated LIF sequence

into NcoI digested pmLIF-D (pDRl; Rathjen et al., 1990a) to produce pmLIF-D FK-A (figure

5.3B). Expression vectors for these cDNAs were generated by cloning PstUEcoRI digested

pmLIF-T FK-A, and EcoRI digested pmLIF-T FK-A into pXMT2, digested with the

appropriate enzymes, to produce pmLIF-D FK-AX and pmLIF-T FK-AX respectively. Thus,

expression vectors were generated that produced intracellular and extracellular LIF proteins

carrying the FK-A mutation.

The expression vectors were transfected into Cos-l cells and analysed by

immunohistochemical staining (chapter 7.5.4) 2 days post-transfection, as an assay for

intracellular localisation, and 3 days post-transfection, as an assay for intracellular activity.

Extracellular activity was analysed by ES cell assay (chapter 7.5.8). Cells transfected with

pmLIF-D FK-AX showed endoplasmic reticulum staining equivalent to cells transfected with

pmLIF-DX (figure 5.48), with similar numbers of healthy LIF staining cells (86Vo + l.lTo;

figure 5.11), indicating that secretion of the LIF-D FK-A protein was occurring via the

endoplasmic reticulum, without causing an apoptotic effect. Western blot analysis of extracts

from Cos-1 cells transfected with pmLIF-DX and pmLIF-D FK-AX (figure 5.4C) confirmed

the presence of similar levels and glycosylation variants of LIF-D and LIF-D FK-A proteins.

No extracellular LIF activity could be detected by bioassay of medium conditioned by Cos-1

cells transfected with pmLIF-D FK-AX, compared to the high level of LIF activity in medium

conditioned by Cos-1 cells transfected with pmLIF-DX (figure 5.4D). This confirmed that the



Figure 5.3 Construction of LIF mutants LIF'T FK-A and LIF'D FK-A

A. Schematic diagram showing construction of the plasmid pmLIF-T FK-A.

B. Schematic diagram showing construction of the plasmid pmLIF-T FK-A from the plasmid

pmLIF-T FK-4.

Cloning strategy B was used for the construction of all mutant pmLIF-D plasmids from their

pmLIF-T counterParts.
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Figure 5.4

activity.
Analysis of LIF receptor binding in relation to intracellular LIF

A. Schematic diagram of the LIF protein coding region, and the mutation of phenylalanine 155

(179) and lysine 15g (132) to alanine that abolishes LIF receptor binding and signalling. The

four helices of the LIF structure are shown.

B. Immunohistochemical staining of Cos-l cells transfected with the expression vectors

pmLIF-DX, pmLIF-D FK-AX, pmLIF-TX and pmLIF-T FK-AX. 50x magnification'

C. Western blot of _protein extracts from Cos-1 cells transiently transfected with pmLIF-DX

and pmLIF-D FK-AX using an anti-LIF polyclonal antibody (antibody 3; chapter 1 .2.5) and a

secondary antibody conjugated to alkaline phosphatase.

Recomb. LIF represents 20 kDa, recombinantly expressed, mature LIF (Amrad).

D. Representation of the results of an ES cell assay showing the amount of LIF activity in

media conditioned by Cos-1 cells transfected with pmLIF-TX, pmLIF-DX, pmLIF-T FK-AX

and pmLIF-D FK-AX. Media dilutions of 1/10 to l/20000 were assayed.

+ indicates inhibition of ES cell differentiation; - indicates differentiation of ES cells.
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FK-A mutation abolishes binding to the LIF receptor (Hudson et al., 1996) and activation of the

extracellular signalling pathway.

Immunohistochemical staining of Cos-1 cells transfected with pmLIF-T FK-AX

showed a nuclear/cytoplasmic staining pattern equivalent to cells transfected with pmLIF-TX,2

days post-transfection (figure 5.48). A similar number of apoptotic LIF staining cells were

present in transfections with pmLIF-T FK-AX (82Vo !2.6Vo) and pmLIF-TX (807o ! 1.97o) 3

days post-transfection (figure 5.11). This indicated that the intracellular apoptotic action of

LIF-T was not affected by the FK-A mutation. ES cell assay showed no extracellular activity in

conditioned media from Cos-1 cells transfected with pmLIF-T FK-AX but a small amount of

LIF activity in conditioned media from pmLIF-TX transfected cells.

Therefore, the alternate intracellular activity of the LIF-T protein is mediated by a

mechanism that is independent of interaction with the LIF receptor. This suggests that other

determinants exist in the LIF protein sequence that can mediate intracellular activity and

intranuclear transport of the LIF-T protein by interaction with existing cellular pathways.

5.4 LIF-T intracellular activity requires conserved leucines that are not

required for extracellular action

5.4.1 A conserved leucine zipper exists in the LIF amino acid sequence

Intracellular LIF-T activity is receptor independent and mediated by the intracellular

localisation of the LIF-T protein and not truncation of the first 22 amino acids of mature LIF.

Therefore, a determinant must exist in the LIF protein, outside the first 22 amino acids and the

primary receptor interaction domain, that mediates intracellular activity. This prompted analysis

of the LIF protein sequence to identify possible regions that may be utilised as functional

intracellular domains.

A leucine repeat sequence was identified in the mouse LIF sequence (Leu 106, Leu 113,

Ile 120 and Leu 127 and Leu 134) (referenced from the initiation methionine of intracellular

LIF, Gearing et al., 19S8) that was located outside the region required for interaction with and

signalling through the LIF receptor. This repeat comprised a heptad repeat of leucine residues,
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similar to the leucine zipper protein dimerisation domain common to many intracellular

transcription factors (Kerppola and Curran,l99l; figure 5.5). Classical leucine zippers consist

of a repeat of five leucine residues each separated by six amino acids. These residues are

alanged around an cr-helix such that they align along one face of the helix (position 1; figure

5.6). Residues that reside on the same face of the helix (position 5) are generally well

conserved and often hydrophobic, producing a conserved, hydrophobic interaction interface'

The residues between the conserved leucines are not conserved, however proline, which

disrupts cr-helices, is not found within leucine zippers (Kerppola and Curran, l99l).

The putative LIF leucine zipper does not correspond to the region of the LIF molecule

required for extracellular receptor activation (figure 5.5A; Robinson et al., 1994; Owczarek et

al., 1993: Hudson et al., 1996). Comparison between LIF coding sequences showed

widespread conservation of this sequence throughout evolution (figure 5.5B), including the

marsupial Sminthopsis crassicaudata (Cui et al, unpublished), which has been separated from

eutherian mammals by 75-l5O million years (O'Brien and Marshall Graves, 1990). The third

residue of the repeat is an isoleucine which is tolerated within a leucine zippet structure

(Kouzarides and Ziff, 1988; Metzstein et aL,1996; Kerppola and Curran, 1991). A conserved

proline present between the fourth and fifth leucines (position I29) is not expected to be

tolerated within a leucine zipper cr-helix, however, leucine zipper structures that contain only

four leucines have been shown to be competent for dimerisation (Kerppola and Curran 1991).

Examination of the putative LIF leucine zipper, represented as a wheel diagram

demonstrating how amino acids would appear around an c-helix (figure 5.6), shows

conservation and hydrophobicity of residues in position 5, as observed for leucine zippers of

the jun family (Kerppola and Curran, 1991). Thus, the LIF leucine repeat could form a

hydrophobic interaction interface utilising the leucines at position I and the hydrophobic

residues at position 5, similar to a jun family leucine zipper transcription factor.

Therefore, a conserved leucine repeat, similar to a leucine zipper, exists in the LIF

protein sequence, and provides a putative intracellular protein dimerisation motif by which the

LIF molecule could mediate an intracellular effect by interaction with other cellular proteins.



trigure 5.5 A putative, conserved leucine zipper in the LIF amino acid

sequence.

A. Schematic diagram of the LIF protein showing the location of the putative leucine zipper.

The four cr-helices formed in the extracellular LIF structure are hatched. The regions reported

to be involved in receptor interaction and signalling (Robinson et al., 1994: Hudson et al.,

1996) are shown.

B. Comparison of the amino acid sequence of the potential leucine zipper present in the LIF

amino acid sequence, between known LIF proteins from six species. Amino acids 100 to 140

are shown in relation to the methionine initiation codon in the mouse sequence (Gearing et al.,

19gg). Conserved leucines are boxed. The conserved proline residue is indicated by an arrow.

*Dunnart refers to the marsupial Sminthopsis crassicaudata'

Adapted from Willson et al. (1992)
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Figure 5.6 \ilheel diagram of the putative LIF leucine zipper.

Comparison of schematic diagrams of the putative LIF leucine zipper and jun-related leucine

zippers, drawn as the amino acids would appear around an cr-helix. Conserved residues are in

upper case. Partially conserved residues are in lower case. Non-conserved positions are

indicated by dashes. Hydrophobic residues are boxed. Numbers indicate position of Leucine

residues in the murine LIF sequence (Gearing et al., 198S). Arrow heads indicate non-zipper

residues selected for mutation (see chapter 5.4.3).
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5.4.2 Conserved leucines within the zipper are required for intracellular but

not extracellular LIF activity

To determine if the conserved leucine repeat is utilised as a functional domain for LIF-T

intracellular activity, mutations were generated where one or more of the leucines were mutated

to alanine. Standard analysis of leucine zipper dimerisation has previously been performed by

mutation of the conserved leucine residues to other hydrophobic non-leucine residues (Turner

and Tjian, 1989; Ransone et al., 1989). These conservative mutations do not effect the overall

helical structure of the zipper motif. A single leucine mutation is often tolerated within leucine

zippers, however decreased interaction of leucine zipper proteins is observed in some cases,

dependent on which leucine is mutated. Mutation of two conserved leucines generally abolishes

the dimerisation of leucine zipper molecules (Schuermann et al., 1989; Gentz et al., 1989;

Turner and Tjian, 1989; Ransone et al., 1989).

cDNAs containing mutations of leucine 2 and isoleucine 3 (L2I3-A), leucine 2 alone

(Lz-A),leucine 4 alone (L4-A) and leucine 5 alone (L5-A) to alanine were constructed (figure

5.84) by PCR mutagenesis and cloned into the conserved SmaI site in the LIF sequence (figure

5.1). L2I3-A and L2-Amutations were made by PCR on pmLIF-T with 3'primers L2I3-ALA

andLZ-A, and 5' primer T7 (chapter 7 .2.9). PCR products were digested with SmaI and PsrI

and the LIF-T open reading frame was reconstructed by cloning into SmaUPsfl cut pmLIF-T

generating pmLIF-T L2I3-A and pmLIF-T L2-A, respectively (figure 5.7A). L4-^ and L5-A

mutations were made by PCR on pmLIF-T with 5'primers L4-A and L5-4, which encode the

appropriate leucine to alanine substitutions, and 3' primer T3 (chapter 7.2.9). PCR products

were digested with SmaI and EcoRl and the LIF-T open reading frame reconstructed by cloning

into SmaUEcoRI cut pmLIF-T to produce pmLIF-T L4-A and pmLIF-T L5-4, respectively

(figure 5.78). Expression vectors for intracellular (LIF-T) proteins containing leucine zipper

mutations were produced by digesting pmLIF-T L2I3-A, pmLIF-T Lz-A, pmLIF-T IA-A and

pmLIF-T L5-A with PsrI and EcoRI and cloning into PstUEcoR[ digested pXMT2, producing

pmLIF-T LZI3-AX, pmLIF-T L2-AX, pmLIF-T L4-AX and pmLIF-T L5-AX.

The activity of LIF proteins containing these mutations was tested in both the

intracellular and extracellular environment. Extracellular (LIF-D) proteins containing the leucine



Figure 5.7 Construction of LIF cDNAs containing mutations in the putative

leucine zipper.

A. Schematic diagram showing the construction of the plasmid pmLIF-T L2I3-A. This

procedure was utilised for the construction of plasmids pmLIF-T Lz-A and pmLIF-T Ll 17-4.

B. Schematic diagram showing the construction of the plasmid pmLIF-T L4-A. This

procedure was utilised for the construction of plasmids pmLIF-T L5-A and pmLIF-T V126-A'
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Figure 5.8 Mutation of conserved leucines does not affect extracellular LIF

activity.

A. Schematic diagram of the LIF protein showing the position of the putative, conserved

leucine zipper compared to the four cr-helices of the extracellular LIF structure. The sequence

of the leucine zipper is shown in expanded form with the leucine to alanine mutations

introduced into the LIF protein sequence boxed.

B. Western blot analysis of protein extracts from Cos-1 cells transiently transfected with

pmLIF-D LZI3-AX,pmLIF-D L2-AX,pmLIF-D L4-AX and pmLIF-D L5-AX using an anti-

LIF polyclonal antibody (antibody 3; chapter 7.2.5) and a secondary antibody conjugated to

alkaline phosphatase.

Recomb. LIF represents 20 kilodalton, bacterially expressed, mature LIF (Amrad).

C. Representation of the results of an ES cell assay showing the amount of LIF activity in

media conditioned by Cos-l cells transiently transfected with pmLIF-D L2I3-AX, pmLIF-D

L2-AX, pmLIF-D L4-AX and pmLIF-D L5-AX. Media dilutions of 1/10 to 1/10000 were

assayed.

+ indicates inhibition of ES cell differentiation.
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zipper mutations were generated by digesting pmLIF-T L2I3-A, pmLIF-T L2-A, pmLIF-T L4-

A and pmLIF-T L5-A with NcoI and cloning the mutated LIF sequence into NcoI digested

pmLIF-D producing pmLIF-D L2I3-A, pmLIF-D Lz-A, pmLIF-D L4-A and pmLIF-D L5-4,

respectively (see figure 5.38). Expression vectors for LIF-D cDNAs containing leucine zipper

mutations were generated by digesting pmLIF-D L2I3-A, pmLIF-D L}-A, pmLIF-D lA-A and

pmLIF-D L5-A with EcoRI and cloning into EcoRI digested pXMT2, producing pmLIF-D

LZI3-AX, pmLIF-D L}-AX, pmLIF-D IA-AX and pmLIF-D L5-AX.

The above expression vectors were transfected into Cos-l cells for analysis by

immunohistochemical staining 2 and 3 days post-transfection, and ES cell assay 3 days post-

transfection, as previously described. Cos-l cells transfected with pmLIF-D LZI3-AX, pmLIF-

D L2-AX, pmLIF-D L4-AX and pmLIF-D L5-AX showed endoplasmic reticulum staining

equivalent to cells transfected with pmLIF-DX (data not shown) with similar numbers of

healthy LIF staining cells (LIF-D L2I3-A, 83Vo !2.4Vo; LIF-D L4-A, 827o !2.9Vo; figure

5.1 1). Analysis of protein extracts by western blot showed the production of similar levels of

protein with identical glycosylation patterns by cells transfected with pmLIF-D L2I3-AX,

pmLIF-D L}-AX, pmLIF-D IA-AX and pmLIF-D L5-AX compared to wild type LIF-D (figure

5.88, 5.4C). LIF activity assays using conditioned medium from cells transfected with

pmLIF-D LZI3-AX, pmLIF-D L}-AX, pmLIF-D IA-AX and pmLIF-D L5-AX demonstrated

biological activity equivalent to cells transfected with pmLIF-DX (figure 5.8C), indicating that

mutation of conserved leucine residues had no effect on extracellular LIF function.

Cos-l cells transfected with pmLIF-T LZI3-AX, pmLIF-T L}-AX, pmLIF-T L4-AX

and pmLIF-T L5-AX showed a markedly different intracellular LIF staining pattem, with a loss

of nuclear LIF localisation and altered cytoplasmic staining (figure 5.9), when compared to the

localisation of LIF protein from cells transfected with pmLIF-TX (see figures 3.3,5.2, 5.4).

Cytoplasmic staining of cells overexpressing mutant LIF-T protein showed localisation into

vesicular structures, concentrated around the nucleus (figure 5.9).

Alternate localisation of the mutant LIF-T proteins also correlated with a reduction of

apoptosis of transfected Cos-1 cells. The majority of cells transfected with pmLIF-T LZI3-AX

and pmLIF-T L5-AX exhibited a healthy morphology with a distinct cytoplasm (figure 5.9) and



Figure 5.9 Mutation of conserved leucines alters intracellular LIF-T
localisation at high overexpression levels.

Immunohistochemical staining of Cos-l cells transfected with pmLIF-T LZI3-AX.

A. 50x magnification

B. 100x magnification

C. 2íOxmagnification
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round, uniformly staining nucleus in the plane of focus of non transfected cells. A markedly

reduced numbers of apoptotic cells (32Vo Ll.7Eo and35Vo Lz.l%o, Íespectively) was

observed, compared to cells transfected with pmLIF-TX (807o +.I.97o) 3 days post

transfection (figure 5.11). Cells transfected with pmLIF-T L4-AX and pmLIF-T L2-AX

exhibited an intermediate level of apoptosi s (537o ! 4.8Eo and 52Vo ! 3 .IVo , respectively ; figure

s.1 1).

These results indicate that residues located within the leucine repeat are required for the

intracellular, apoptotic activity of LIF-T, but not for the extracellular, receptor mediated LIF-D

activity. This domain also appears necessary for cellular localisation of LIF-T protein to the

nucleus and cytoplasm, as mutation of this domain causes an alternate cytoplasmic localisation

into vesicular structures.

5.4.3 A conserved non-repeat leucine affects LIF-T intracellular localisation

and activity

Although the leucine repeat in the LIF structure contains the classic heptad repeat similar

to a leucine zipper, the existence of a conserved proline between leucine 4 and 5, and the

existence of other conserved leucine residues not part of the heptad repeat (figure 5.5), raised

the possibility that the putative LIF dimerisation motif may be another form of leucine rich

interaction domain. Several known protein interaction domains, for example leucine rich

repeats (Kobe and Deisenhofer, 1994), contain conserved leucine residues.

Mutation of residues that are not part of the heptad repeat is tolerated in the formation of

active leucine zipper structures (Turner and Tjian, 1989; Gentz et al., 1989). Therefore, to

analyse whether this domain is a classic leucine zipper, mutation analysis of hydrophobic

residues between the leucine heptad repeat residues was performed.

Leucine 117 (LII7-A) and valine 126 (Y126-A) (figure 5.5) were selected and mutated

to alanine (figure 5.10). Leucine 117 is located at position 5 of the cr-helix adjacent to the

heptad repeat (figure 5.6), and has been conserved throughout evolution (figure 5.5), indicating

it may be part of the hydrophobic interaction domain. Valine 126 shows no evolutionary



Figure 5.10 Mutation of ^ conserved, non-repeat leucine alters LIF-T
intracellular localisation without affecting extracellular activity'

A. Schematic diagram of the LIF protein showing the position of the putative, conserved

leucine zipper compared to the four o-helices of the extracellular LIF structure. The sequence

of the leucine zipper is shown in expanded form with the leucine to alanine mutations of leucine

117 and valine 126 introduced into the mLIF protein sequence identified by boxes.

B. Immunohistochemical staining of Cos-l cells transfected with pmLIF-D LllT-AX, pmLF-

D Vl26-AX, pmLIF-T L117-AX and pmLIF-T V126-AX. 50x magnification.

C. Representation of the results of an ES cell assay showing the amount of LIF activity in

media conditioned by Cos-l cells transiently transfected with pmLIF-D Ll17-AX and pmLIF-O

Vl26-AX. Media dilutions of 1/10 to l/10000 were assayed.

+ indicates inhibition of ES cell differentiation.
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conservation and is situated on the opposite side of an cr-helix to leucine ll7 at position 7

(figure 5.5, 5.6).

cDNAs and expression vectors containing the L117-A mutation (pmLIF-T Ll17-AX

and pmLIF-D Ll17-AX) were constructed as previously described for the L2I3-A andL2-A

mutations (figure 5.7A,5.38), except that PCR was performed with the 3'primer Llll-^
which encodes the leucine to alanine substitution (chapter 7.2.9). cDNAs and expression

vectors containing the V126-A mutation (pmLIF-T V126-AX and pmLIF-D V126-AX) were

constructed as previously described for the L4-A and L5-A mutations (figure 5.78, 5.38),

except that PCR was performed with the 5'primerYl26-A (chapter 7.2.9).

Transfection of pmLIF-D Ll17-AX and pmLIF-D V126-AX into Cos-l cells produced

results identical to those obtained with cells transfected with pmLIF-DX. Immunohistochemical

staining showed endoplasmic reticulum localisation of LIF protein equivalent to cells transfected

with pmLIF-DX (figure 5.10B) with similar numbers of healthy, LIF staining cells (79Vo +

3.3Vo and 83Vo ! l.4Vo, respectively), 3 days post-transfection (figure 5.11). ES cell assay

showed high levels of LIF biological activity in medium conditioned by cells transfected with

both cDNAs (figure 5.10C). These results demonstrated that the Ll17-A and Vl26-^

mutations had no effect on extracellular LIF secretion and receptor interaction.

Cos-l cells transfected with pmLIF-T Yl26-A showed nuclear/cytoplasmic localisation

of LIF protein in non-apoptotic cells 2 days post-transfection (figure 5.10B), and induction of

apoptosis 3 days post-transfection (77Vo ! 5.4Vo), similar to cells transfected with pmLIF-TX.

This indicated that valine 126 is not essential for intracellular LIF function. Cos-1 cells

transfected with pmLIF-T Ll17-A showed a loss of nuclear localisation and vesicular

cytoplasmic localisation of LIF-T protein carrying the L117-A mutation, similar to transfections

with pmLIF-T L2I3-AX, pmLIF-T L}-AX, pmLIF-T L4-AX and pmLIF-T L5-AX (figure

5.108). Furthermore, a reduction in apoptosis of transfected cells was observed (68Vo + 2.IVo¡

compared to transfections with pmLIF-T (80Vo + 1.97o; figure 5.11).

These results demonstrate that leucine ll7 , in addition to the five heptad repeat leucine

residues, is required for nuclear/cytoplasmic localisation of intracellular LIF and is involved in

intracellular LIF apoptotic activity. This indicates that conserved residues adjacent to the leucine



Figure 5.11 Summary of the apoptotic activity of mutant intracellular and

extracellular LIF proteins.

Graphical representation of the percentage of cells transfected with XMT2 based expression

vectors for the various LIF mutants, exhibiting an apoptotic cell morphology 3 days post-

transfection. Results of a typical experiment are shown with three areas from a single

transfection containing approximately 100 cells counted, and the meatt and standard deviation

shown.
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repeat are necessary for the function of this particular leucine zippu or, alternatively, the LIF

intracellular leucine repeat domain does not function as a classical leucine zipper.

5.4.4 Conserved leucine mutations abolishes apoptosis induced by lower level

LIF-T expression

To further analyse the apoptotic activity of leucine zipper mutants, LIF-T cDNAs

containing the mutations L2I3-4,L2-A,L4-A and L5-A (chapter 5.4.2), under the control of

the adenovirus major late promoter, were cloned into the non-replicating IRES expression

vector (see chapter 4.4.2, figure 4.8). LIF-T cDNAs containing leucine zipper mutations from

pmLIF-T L2I3-AX, pmLIF-T L}-AX, pmLIF-T IA-AX and pmLIF-T L5-AX were digested

with BamHI and AfIII, end-filled and cloned into Sal[ cut, end-filled pkes T7T3 to produce the

non-replicating expression vectors pmLIF-T L2I3-AXIres, pmLIF-T L2-AXIres, pmLIF-T L4-

AXIres and pmLIF-T L5-AXIres (see figure 4.8).

The above expression vectors, and pmLIF-TXIres, pmLIF-DXIres and pXlres, were

transfected into Cos-1 cells and stained for B-galactosidase activity 3 days post-transfection

(chapter 7.5.5). The means and standard deviations of B-galactosidase positive cell numbers

from three separate experiments were calculated and expressed as a percentage of B-

galactosidase positive cell numbers observed in transfections with pXlres. Transfection of

pmLIF-T L2I3-AXIres, pmLIF-T L2-AXIres, pmLIF.T L,+-AXIres and pmLIF-T L5-AXIres

yielded B-galactosidase positive cell numbers similar of those produced by control transfections

with pmLIF-DXIres and pXlres (figure 5.12), demonstrating that mutation of single leucine

residues within the putative leucine zipper domain abolished LIF-T induced apoptosis in the low

level IRES expression system. Transfection with pmLIF-TXIres showed the previously

described two fold decrease in transfected cell number (figure 4.9), shown to be a result of

CrmA inhibitable apoptosis (chapter 4.3.3).



Figure 5.12 Mutation of conserved leucines abolishes LIF-T induced

apoptosis in the low level overexpression system'

Graphical representation of cell counts of Cos-1 cells transfected with pXlres, pmLIF-TXIres,

pmLIF-DXIres, pmLIF-T LzI3-AXIres, pmLIF-T L2-AXIres, pmLIF-T L4-AXIres and

pmLIF-T L5-AXIres, stained for p-galactosidase 3 days post-transfection, counted and

expressed as a percent of control transfections with pXlres. Experiments were performed three

times and mean and standard deviations are shown.
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5.6 Discussion

The novel intracellular LIF protein produced from the LIF-T transcript can elicit a

distinct biological activity compared to the secreted, 20 kÐa diffusible form of LIF. The novel

apoptotic activity of the intracellular protein is an effect of intracellular localisation of the

molecule, and not truncation of the amino terminal 22 amino acids. In fact, the first 22 amino

acids of the LIF protein is functionally redundant in both intracellular and extracellular contexts

since the 17 kDa N-terminal truncated LIF protein is able to interact with and activate the LIF

receptor, and the 20 kDa mature LIF protein is able to induce apoptosis when overexpressed

within the cell. Extracellular activity of the truncated LIF protein induced by the addition of a

signal sequence, was slightly lower than activity of the mature LIF molecule. V/hether this was

due to a decrease in the amount of LIF protein in the conditioned medium or a decrease in LIF

activity is not known. However, loss of the first 22 amino acids abolishes two disulphide

bonds present in the extracellular LIF structure, by deletion of cysteine residues 35 and 4l

(numbered from the mLIF-D methionine initiation codon, Gearing et al, 1988; figure 1.5)

which may reduce the stability of the extracellular LIF protein.

5.6.1 An alternate domain mediates intracellular LIF function

Mutational analysis showed that apoptotic, intracellular LIF action was independent of

LIF receptor interaction, as predicted from the differential function of the intracellular and

extracellular LIF proteins in overexpression studies. This demonstrated that the mechanism of

intracellular LIF action was not via controlled release from the cell and subsequent action via the

cell surface receptor nor via an intracellular, autocrine mechanism involving LIF receptor

interaction. This also indicated that the protein sequence of the LIF molecule encodes the ability

for intracellular LIF to interact with a normal intracellular signalling pathway, inducing

apoptosis. The possibility exists that other growth factors that do not contain secretory signals,

such as CNTF, may also perform their function by a receptor independent intracellular

mechanism.

Analysis of the LIF protein sequence and its conservation between species (Stahl et al.,

1990; V/illson et a1.,1990; Kato et al., 1995; Cui et al., unpublished) identified a conserved
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leucine zipper sequence that did not localise to the region of the mature LIF molecule essential

for LIF receptor interaction and signalling. The existence of this domain, a well known

intracellular protein motif involved in protein-protein interaction of many nuclear transcription

factors (Kerpolla and Curran, l99I), along with the nuclear localisation of the LIF-T protein,

led to the proposal that this motif may allow protein-protein interaction of LIF-T with other

intracellular molecules, mediating a cellular response. Mutational analysis of this sequence

abolished LIF-T induced apoptosis and caused alternate localisation of the intracellular LIF

protein into unidentified vesicular structures, demonstrating that individual conserved leucine

residues within this putative zipper structure were required for subcellular localisation of the

LIF-T protein and intracellular LIF apoptotic function. This provides an attractive mechanism

by which intracellular LIF may mediate a cellular response. The LIF protein may form an

alternate structure inside the cell involving a leucine zipper. This motif could interact with other

leucine zipper containing molecules or transcription factors, causing an alteration of gene

transcription and subsequent cellular response. Alternatively, overexpression of this molecule

could cause activation or disruption of intracellular pathways, via leucine zipper-mediated

interactions, inducing apoptosis.

Nuclear localisation of the LIF protein can be combined into this model in two ways.

Nuclear localisation may be mediated by the LIF molecule itself, either by passive diffusion or

active transport to the nucleus, making it available to interact with other nuclear, leucine zipper

containing transcription factors. Alternatively, intracellular LIF may be transported to the

nucleus by interaction with another nuclear targeted, leucine zipper protein. Thus, intracellular

LIF with a mutant leucine zipper domain would remain cytoplasmic and may be targeted for

degradation via the lysosomal pathway. l

Several leucine zipper transcription factors have been identified as involved in

apoptosis. For example, c-Myc induces apoptosis in many cell types, by interaction of its

leucine zípper with other zipper proteins (Kohlhuber et al., 1995; Vastrik et al., 1994).

Interestingly, c-Myc is involved in TNF-induced apoptosis that is inhibited by CrmA but not

Bcl-2 (Janicke et al., 1996), similar to apoptosis induced by LIF-T. Other leucine zipper

proteins that are involved in apoptosis include the C. elegans cell death protein, ces-2 (Metzein
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et al., 1996), par-4 (Johnstone et al., 1996), SREBP-I and SREBP-2 (Wang et al., 1996),

CHOP (Matsumoto et al., 1996) and the E2A-HLF oncogene (Inaba et al., 1996).

5.6.2 The LIF leucine zipper ?

Several pieces of evidence question whether the LIF intracellular activity domain is a

classical leucine zipper. Mutation of one of several conserved leucine residues (leucine 117),

not contained in the classic heptad repeat, demonstrated that this residue was involved in

intracellular LIF localisation and activity. As previously stated, mutation of residues between

the conserv ed zippu leucines is tolerated in other leucine zipper proteins. Leucine 1 17 lies on

the same side (position 5) of the putative helix as the leucine zipper (position 1) and is

conserved across species implying some importance of this residue, possibly in the formation

of a helical structure and hydrophobic interface.

A conserved proline residue is present between leucine 4 and 5. Proline residues

disrupt the formation of cr-helices and have not been found in previously described leucine

zippers (Kerpolla and Curran,l99l). However, several examples of leucine zippers exist that

contain a four leucine repeat motif (Kerpolla and Curran, l99l), indicating this sequence may

still be able to act as a leucine zipper interaction motif. The fifth leucine of the LIF heptad

repeat, however, was shown by mutation to be essential for intracellular LIF activity. This

suggests that the proline may not totally disrupt the ct-helix, possibly inducing a bend in the

helix without destroying the interaction interface. The alternate properties of the LIF leucine

zipper may provide specificity in selecting specific protein binding partners inside the cell.

Alternatively, intracellular LIF may form another protein-protein interaction domain that

contains conserved leucine residues. Leucine rich repeat containing proteins exhibit a

conserved structure that is involved in protein-protein interaction (reviewed by Kobe and

Deisenhofer,1994). They contain conserved leucines at specific positions in a repeat structure,

and some of these residues have been shown, by mutation, to be essential for protein-protein

interaction. The arrangement of conserved hydrophobic residues in the LIF sequence,

including the conserved leucines, shows some similarity to the position of conserved leucines in

the consensus sequence for a leucine repeat (figure 5.13). Also, several leucine rich repeats



Figure 5.13 The LIF leucine repeat shows homology to a leucine rich repeat.

Alignment of the LIF leucine repeat to the consensus sequence for the leucine rich repeat

protein-protein interaction domain described by Kobe and Deisenhofer (1994)' Amino acids

105 to 142 are shown in relation to the methionine initiation codon in the mouse sequence

(Gearing et al., 19SB). Asterisks indicate rgsidues that affect intracellular LIF activity when

mutated. Dashes indicate residues that dqlìot effect intracellular LIF activity when mutated.

Boxes show consensus residues conserved in the LIF sequence.
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exist that contain conserved proline residues within the repeat structure. The leucine repeat

domains vary in the length of the repeat, the identity of hydrophobic residues and the number of

repeats present in the protein (Kobe and Deisenhofer, 1994), so the possibility exists that the

intracellular LIF protein may form a structure of this type.



CHAPTER 6:

FINAL DISCUSSION
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6 FINAL DISCUSSION

The work presented in this thesis has involved analysis of the transcription and

translation of the mouse LIF gene, increasing our understanding of its expression and

transcriptional regulation. This study has identified a novel mechanism of alternate cytokine

localisation that is mediated by alternate transcription and translation, providing a system for the

precise control of the site of LIF action. Alternate translation produces a novel intracellular LIF

protein which utilises a novel, receptor independent mechanism of cytokine action. This adds

to the possible functions of the LIF gene and increases our understanding of the mechanisms by

which cytokines can act.

6.1 Complex genomic organisation of the LIF gene.

Transcriptional analysis and sequence comparison demonstrated a complex genomic

organisation of the LIF gene that is conserved between all known mammalian LIF genes. This

results in the production of three alternate LIF transcripts that contain novel first exons spliced

onto common second and third exons (figure 6.1). The three LIF first exons are likely to arise

from alternate promoters with the LIF-T and LIF-M first exons likely to be transcribed from

TATA-less promoters. Expression of alternate transcripts containing differential first exons,

transcribed from alternate promoters, has been observed for many genes (Frederikse et al.,

1994; Jameson et a1., 1988; Magnuson and Shelton, 1989; Robb et al., 1996; Saitta et al.,

1992) including the genes for insulin-like growth factor-l (Adamo et al., 1989) and acidic

fibroblast growth factor (Philippe et a1., 1992). The first exons and putative promoter regions

form blocks of interspecies homology within the region between the LIF-D first exon and the

common exon 2. The most conserved regions of the putative promoters correspond to possible

transcription factor binding sites, implying that these transcripts are regulated similarly in

different mammalian species, with utilisation of different promoter elements providing a

mechanism for controlling the alternately regulated expression of each transcript.

The alternate LIF transcripts fall into two classes. The first class contains an in-frame

ATG in its first exon and includes LIF-D from all species (Gearing et a1.,1988; Willson et al.,



Figure 6.1 Alternate structure model for mLIF'T.

A. Schematic diagram of the 6LIF gene, the three alternate transcripts produced and the two

different proteins translated from alternate mLIF transcripts. The positions of initiation codons,

the signal sequence and the proteolytic cleavage site, are shown. The four a-helices that

constitute the extracellular protein, and the region required for receptor binding and extracellular

activity are shown. The leucine repeat domain required for activity of the intracellula¡ protein is

also shown.

B. Table summarising the different properties of the alternate proteins produced from the LIF

gene.
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1992) and murine LIF-M (Rathjen et al., 1990a). The presence of an in-frame ATG causes

translational initiation in the first exon, which proceeds through exon two and the signal

sequence which it encodes. The protein produced from these transcripts is a secreted molecule

that is cleaved at a proteolytic cleavage site to produce a mature, glycosylated, secreted protein

with a core peptide of 2O kDa (figure 6.1; Gearing et a1., 1987). The protein produced from the

mouse LIF-M transcript is localised to the extracellular matrix following overexpression in vitro

(Rathjen et al., l99}a), whereas the protein produced from the LIF-D transcript is a diffusible

protein (Gearing et a1., 1981).

The second class of transcript contains no in-frame ATG in the first exon and includes

LIF-T from mouse, human, porcine, ovine and bovine species and LIF-M transcripts from

human, porcine, ovine and bovine species. The consequence of the novel first exons of these

transcripts is that initiation of translation must occur downstream of exon 1. It was

demonstrated that mouse and human LIF-T transcripts yield a protein that initiates from the first

ATG in exon 2, producing a 17 kDa intracellular form of the LIF protein (figure 6.1). The

identity of the protein produced from the LIF-M transcripts of non-mouse species raises

important questions as to the role of the matrix associated form of LIF that exists in the mouse.

Matrix associated LIF in non-mouse species could be produced by directed secretion of a Il
kDa LIF-M encoded protein by an unknown mechanism, or production of a secreted 20kÐa

protein by initiation of translation at the conserved CTG residues encoding the secretory signal

sequence at the beginning of exon 2. Recent results demonstrate that both 20 kDa secreted

protein and I7 kDa intracellular protein are produced from the human LIF-M transcript in vitro

(R. Voyle, unpublished), indicating that the human LIF-M transcript, like mouse LIF-M, can

produce a secreted protein despite the lack of conservation of the initiation codon in the first

exon. These results confirm the existence of the LIF-M transcript in other species, which has

been questioned by other workers (Stahl et al., 1990; Willson et al., 1992), and raises the

possibility that similar LIF-M proteins are produced in different species. The relative

importance of the intracellular and extracellular proteins produced from the human LIF-M

transcript in vitro, and the mechanism by which alternate translational initiation is controlled

requires further investigation. However, the high conservation of the splice sites for LIF-M
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first exons compared to those for the LIF-T transcript indicates that the nucleotide sequence of

the first exon may be involved in the regulation of translation from the LIF-M transcript.

The complex organisation of the mouse LIF gene results in the production of three

alternate transcripts which yield three proteins with different cellular localisations. Alternate

growth factor localisation has been demonstrated for many growth factors (Chintala et al.,

1994; Park et a1.,1993; Pollock and Richardson, 1992; Nakagawa et al., 1996; Derynck et al.,

1984; Kimura et al., 1990; Bell et al., 1986; Parker et al., 1996) where restriction of the

cytokine to the extracellular matrix, cell membrane or to a diffusible fate results in the regulation

of its site of action. The existence of three differentially localised LIF proteins provides

possible mechanisms for controlling the wide variety of putative effects elicited by the LIF

gene, by tightly regulating the target cells on which LIF can act. The production of a diffusible

form of LIF provides a mechanism for paracrine action, as demonstrated by LIF expression in

endometrial glands during blastocyst implantation (Stewart et al., 1992; Cullinan et al., 1996).

The site of action of this molecule can be controlled by the regulation of LIF receptor or gp130

expression (Nicholls et al., 1996; Saito et al., 1992) or by expression of LIF binding proteins

(Mereau et al., 1993: Layton et al., 1992). The specific localisation of the secreted LIF-M

protein to the extracellular matrix provides a mechanism for mediating juxtacrine LIF action,

possibly involving the matrix localised LIF binding protein (Mereau et al., 1993). The novel

intracellular form of LIF, identified in this work, may provide a mechanism for autocrine LIF

action that is independent of expression of LIF receptor/gp130 complex. Alternatively, it may

provide a mechanism for regulated LIF action on suffounding cells by release of the intracellular

cytokine from within the cell after application of an extracellular stimulus, or following cell

lysis. Thus, a precise regime exists for the control of expression the LIF gene products,

whereby differential regulation of alternate LIF transcripts by distinct promoters can control the

exact location of LIF protein production and function.
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6.2 Potential function of the LIF-T protein

The identification of an alternate LIF-T transcript from which an intracellular form of

LIF protein is translated, provides further sophistication to the possible in vivo function of the

LIF gene and expands the wide variety of cellular effects that may be controlled by this gene.

The intracellular LIF molecule may act as a store of LIF cytokine that can be released to

produce a cellular effect by interaction with the cell surface receptor. Secretion of intracellular

LIF may occur by cell lysis, providing a mechanism for production of LIF in response to injury

or stress. A role for LIF in the injury response has been implied in the response of nerve and

muscle cell types to damage (Rao et al., 1993; Banner and Patterson, 1994; Curtis et al., 1994;

Kurek et al., 1996; Kurek et al., 1997). Intracellular LIF may also be secreted upon reception

of a stimulus by the cell, via an unknown mechanism. Either method would provide a supply

of LIF that can act in the extracellular environment via receptor interaction. Alternatively, a cell

autonomous role for intracellular LIF may exist, involving a novel intracellular mechanism of

action that is independent of receptor interaction and alternate to that of the secreted LIF protein.

Overexpression and gain of function analysis have provided clues to the function of the

extracellular LIF molecules (Lowe et al., 1989; Smith et al., 1988; Piquet-Pellorce et al., 1994;

Metcalf and Gearing, 1989; Metcalf et al., 1990). Similar experiments were utilised to identify

possible effects of the intracellular LIF protein and determine its subcellular localisation.

Overexpression of the LIF-T protein demonstrated a nuclear/cytoplasmic localisation. Cells

overexpressing LIF-T subsequently underwent apoptosis via a specific cellular pathway that

was inhibitable by CrmA but not Bcl-2. This effect was different from the effect of

overexpressing the secreted forms of LIF.

The relevance of LIF-T induced apoptosis to in vivo function depends on the levels at

which the protein is expressed in individual cells. If LIF-T expression is spread throughout a

tissue then the low expression levels would suggest that apoptosis induced by overexpression

may not be relevant . However, if expression was confined to a small subset of cells within a

tissue the expression level in individual cells may be comparable to those experience d in in vitro

overexpression experiments. The low levels of LIF-T expression detected in tissues may be
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explained by increased expression of the LIF-T transcript and protein causing cells to undergo

apoptosis, which in turn abolishes gene expression.

In vitro experiments have identified an affay of putative functions for the secreted forms

of LIF. However, many of these putative in vitro functions are not observed in vivo in mice

lacking a functional copy of the LIF gene (Stewart et al., 1992), making determination of the

precise in vivo function of LIF difficult (Heath, 1992). Further analysis of LIF deficient mice

is likely to identify additional subtle defects, implying further effects in vivo. For example, an

altered injury response by skeletal muscle from these mice has recently been observed (Kurek et

al., 1997; Rao et al., 1993). Furthermore, some effects observed in LIF deficient mice,

lfu_4tnS 
the reduced size of LIF-/- animals (Stewart et al., 1992), can not be fully explained in

terms of known in vitro functions. These observations indicate that the in vivo function of the

LIF gene is poorly understood and that several effects produced by LIF gene knockout may not. ,

be entirely explained by the function of extracellular LIF molecules.

6.3 Mechanism of LIF-T action

LIF belongs to the IL-6 group of cytokines which all exhibit a four helical bundle

structure, with helices existing in the up-up-down-down arrangement (Sprang and Bazan,

1993; Robinson et al., 1994). Amino acids necessary for binding to and activation of the LIF

receptor (Robinson et al., 1994: Hudson et al., 1996) are not required for the apoptotic function

of intracellular LIF which is mediated by a novel structural motif (figure 6.1). This

demonstrates that the sequence and structural requirements for intracellular and extracellular

action are separate.

A leucine-rich motif that contains several conserved leucines essential for nuclear

localisation of the LIF-T protein and induction of apoptosis by LIF-T overexpression, was

identified within the LIF amino acid sequence . The similarity of this domain to a leucine

zipper, a protein motif utilised by many nuclear transcription factors to mediate intracellular

protein-protein interaction (Kerppola and Curran, I99l), along with the nuclear localisation of

the intracellular LIF molecule, provides a mechanism by which intracellular LIF action could be

mediated. Intracellular expression of the LIF protein may cause the adoption of an alternate
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intracellular structure containing a leucine repeat motif arranged around a helix. This structure

could result from the different folding environment experienced by a protein translated within

the cell, compared to the extracellular environment experienced by a molecule secreted via the

endoplasmic reticulum. The existence of a reducing intracellular environment in which

disulphide bonds do not form and the presence of chaperonins are examples of alternate folding

conditions an intracellular protein may encounter.

The formation of this alternate structure yielding a leucine repeat and hydrophobic

interaction interface, could allow interaction of intracellular LIF with another protein or proteins

of the leucine zipperhepeat family, causing interaction with and alteration of an intracellular

signalling pathway. Nuclear localisation of the LIF protein raises the possibility of intracellular

LIF interacting directly with nuclear proteins, for example leucine repeat containing

transcription factors, causing a direct effect on gene transcription and a cellular response.

Factors that contain leucine zippers and are involved in apoptosis, like c-Myc (Janicke et al.,

1996), ces-2 (Metzein et al., 1996), par-4 (Johnstone et al., 1996), SREBP-I and SREBP-2

(Wang et al., 1996), CHOP (Matsumoto et al., 1996) or the E2A-HLF oncogene (Inaba et al.,

1996), would be candidate interaction partners.

Nuclear localisation of intracellular LIF could occur by passive diffusion or active

localisation, or by cytoplasmic interaction with an intracellular protein containing a nuclear

localisation sequence. Thus, intracellular LIF could act by interacting with transcription factors

in either the nucleus or the cytoplasm, causing a positive effect on gene transcription or

sequestering these proteins in an inhibitory role. Alternatively, intracellular LIF may interact

with and activate a cytoplasmic signalling pathway that culminates in an alteration of gene

transcription and a cellular response.

Apoptosis induced by overexpression of intracellular LIF may occur by a direct or

indirect mechanism. LIF may interact with a cytoplasmic apoptotic pathway causing its

activation or interact directly with transcription factors that control an apoptotic response.

Alternatively, the excess of intracellular LIF-T caused by overexpression may produce incorrect

interaction with molecules not usually targets for LIF-T interaction. This may intemrpt essential

cellular pathways, compromising the cell and inducing apoptosis.
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The identification of an intracellular protein adds LIF to the growing list of growth

factors and cytokines that can be localised within the cell (Prochiantz and Theodore, 1995; table

1.1). The utilisation of alternate transcripts to produce alternate intracellular and extracellular

proteins is a novel for production of an intracellular cytokine. The lack of secretion of the

intracellular LIF protein and the independence of intracellular activity and receptor interaction'

indicates that intracellular LIF acts via a mechanism alternate to that used by many other

intracellular growth factors, which are thought to undergo receptor dependent internalisation

and be localised to the nucleus as a complex with their receptor (Imamutaet a1.,1990; Kimura,

1993; prochiantz and Theodore, 1995). LIF may act in a manner similar to other signalling

molecules, like CNTF and FGFs, which are translated without signal sequences (Lin et al.'

19g9; Florkiewicz et al., 1991). FGF-2 has been shown to alter transcription and interact with

DNA and intracellular proteins independently of its receptor (Nakanishi et al.,1992; Amalric et

a1.,I994),indicating it may produce a direct effect inside the cell, similar to the intracellular LIF

molecule. The formation of a novel intracellular structure by the LIF molecule appears to be

novel to this protein.

6.4 Future work

The utilisation of alternate transcripts of the LIF gene to produce differentially localised

proteins provides a powerful tool for analysing intracellular and extracellular cytokine activity.

The ability to express the intracellular and extracellular proteins independently provides a

system for analysis of the proposed alternate structures and mechanisms of action of

intracellular and extracellular forms of LIF, in vitro and in vivo. Similarly, the ability to

separate the intracellular and extracellular protein activities by mutation of the alternate

functional domains allows specific analysis of the intracellular and extracellular activities.

Thus, the LIF gene provides an excellent system for analysis of intracellular cytokine function.
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6.4.I Analysis of LIF Protein

The production of alternate, differentially regulated LIF transcripts implies that each

transcript and its protein product have distinct biological roles. The proteins produced from the

LIF-T and LIF-D transcripts have been identified, however, the exact nature of the protein

produced from the LIF-M transcript remains to be resolved. Therefore an important line of

research is to determine the nature of the LIF protein produced from the LIF-M transcript in

species other than the mouse. Immunoprecipitation could be employed to identify the LIF-M

protein from other mammals and determine whether, like mouse LIF-M protein, it is localised to

the extracellular matrix. Immunoprecipitation analysis could also be used to confirm the I

existence of the intracellular LIF protein and the matrix associated LIF protein in vivo, either

from cultured cell lines or tissue, although this may prove difficult due to the low level of LIF

protein expression in the cell types analysed to date. 
Ì

6.4.2 Analysis of LIF gene expression

A focus of future research into LIF would revolve around determination of the in vivo

function of the different LIF molecules. Determination of precise in vivo function will be

difficult until the exact site of expression of the different LIF transcripts is elucidated at the

cellular level. To determine the cellular expression of each LIF transcript in vivo, gene targeting

could be employed to introduce a reporter gene into the LIF gene such that expression of each

transcript could be individually marked (Whyatt et al, 1997). This would yield information on

the exact sites of action of each LIF transcript and their translation products.

Mutational analysis of the putative promoters identified for the alternate LIF first exons

would determine the sequence elements that control the differential expression of the alternate

transcripts. Promoter analysis would be carried out in several tissue culture cell types, for

example Cos-1, 293T or 3T3 cell lines, using expression plasmids containing an appropriate

marker gene under the control of the LIF promoter. However, more realistic information on

LIF promoter activity could be obtained by mutation of these promoter elements by in vivo gene

targeting and analysing their effect on the expression of the individual LIF transcripts.
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6.4.3 Analysis of intracellular LIF protein function

Two main foouJ", exist for future research into the intracellular LIF protein' Further ln

vitro overcxpression analysis of LIF-T in cell types other than those investigated in this study

may be useful in determining its function. The effect of LIF-T overexpression on embryonic

stem cells, from which the transcript was originally isolated, would be of particular interest.

This would be investigated using inducible expression vectors for ES cells (Whyatt et al.,

1993). Analysis of LIF-T expression in teratocarcinoma cell lines is also of particular interest

as an autocrine effect of LIF has been implied in teratocarcinoma formation (Kola et al., 1990).

Several in vivo effects of LIF have been identified by inactivation of the LIF gene in

mice. Some defects, including the small size of LIF deficient mice, are poorly understood

while other defects, like that observed in the LIF response to injury, ffiâY be hidden in normal

analysis of knockout mice. Similarly, other effects of LIF may not yet be identified due to

compensation by other IL-6 family cytokines. Therefore, it would be of interest to inactivate'

the specific LIF transcripts and analyse their individual effects compared to effect of inactivation

of the entire LIF gene. This may provide information on the role of individual LIF transcripts

on developmental decisions, in vivo. The intracellular and extracellular protein activities could

also be separately inactivated using gene targeting in vivo, by introducing the leucine repeat

mutations that abolish intracellular activity or the receptor binding mutations that abolish

extracellular activity. This could identify the biological processes involving the differentially

localised LIF proteins.

Analysis of LIF deficient ES cells could also provide information on the effects of the

alternate LIF transcripts at cellular cellular level. A second round of gene targeting could be

employed to inactivate or alter both alleles of the LIF gene and the role of the subsequent

transcripts on different cellular processes could be examined. The in vitro differentiation of

these cells could be analysed by induction of their differentiation using chemicals or by cytokine

withdrawal. Controlled in vivo differentiation using embryoid body formation could also be

performed to analyse processes like differentiation, proliferation and apoptosis. The reverse

experiment could be performed by reintroduction of the individual transcripts into LIF-/- ES
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cells. LIF-/- ES cells would be stably transfected with expression vectors for the individual LIF

transcripts and the effects of overexpression of each transcript analysed in vitro and in vivo.

6.4.4 Analysis of intracellular LIF structure

Another major line of investigation would involve the mechanism by which the

intracellular LIF protein acts and the downstream target genes that it may activate' LIF-T

intracellular function has been proposed to be mediated by a leucine repeat protein interaction

domain. Determination of the proteins with which LIF-T interacts, by utilisation of yeasttwo

hybrid technology or coimmunoprecipitation, may provide information on the function of LIF-

T. Identification of a protein partner of known function may determine the cellular pathways

with which LIF-T interacts. Alternatively, novel proteins that interact with LIF-T may be

identified. Since overexpression of LIF-T causes apoptosis, a protein interaction assay may

provide information on novel apoptotic pathways or determine which apoptotic pathway LIF-T

interacts with.

Differential gene expression analysis of cells either overexpressing or lacking the LIF-T

transcript, could be employed to analyse possible downstream genes affected by the intracellular

LIF protein. Altered expression of LIF-T would yield changes in gene expression that could be

examined by differential display PCR analysis or subtractive library screening, identifying

genes activated or suppressed by expression of the intracellular LIF protein.

The approaches described above would provide information identifying the cellular

pathways that involve LIF-T and the mechanism of intracellular LIF action. These studies

would hopefully provide information on the in vivo roles of the LIF-T transcript and protein

and aid in our understanding of the expression and function of the LIF gene.



CHAPTER 7:

MATERIALS AND METHODS
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CHAPTER 7: MATERIALS AND METHODS

7.I Abbreviations

Abbreviations are as described in "Instructions to authors" (1978) J. Biol' Chem.27l,

15845-15848.

In addition:

A** absorbance at xxx nm

APS Ammonium PersulPhate

BCIG 5-bromo-4-chloro-3-indolyl-beta-D-galactoside

BCIP 5-bromo-4-chloro-3-indolyl-phosphate

bis-acrylamide N, N'-methylene-bisacrylamide

p-ME B-mercaptoethanol

bp base pairs

BSA Bovine serum albumin (Fraction V)

CIP Calf intestinal PhosPhatase

DMEM Dulbecco's ModifiedEagle Medium

DMF dimethylformamide

DMSO dimethylsulfoxide

DNA deoxyribonucleic acid

dNTP deoxynucleotide triphosphate

DTT dithiothreitol

E. coli Escherüchia coli

EDTA Ethylene diamine tetra acetic acid

EGTA Ethylene glycol-bis(B-aminoethyl ether) N,N,N',N', tetra acetic acid

ES cells Embryonic stem cells

EtBr Ethidium Bromide

FBS Fetal bovine serum

FITC Flourescein isothiocYanate

GLB gel loading buffer
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HEPES

IP

IPTG

IRES

kb

kDa

MBA

MOPS

NP-40

NBT

OD

PAGE

PBS

PBST

PCR

PCR-RACE

PEG

PMSF

RA

rNTP

RNA

tRNA

RNase

RNasin

rpm

RT-PCR

SDS

TEMED

UV

N-2-hydroxyethyl piperazine-N-ethane sulphonic acid

Immunoprecipitation

Isopropylthiogalactoside

internal ribozyme entry site

kilobase pairs

kilodaltons

3-methoxybenzamide

3-(N-morpholino)propane sulphonic acid

nonidet P-40

nitro blue tetrazolium chloride

optical density

polyacrylamide gel electrophoresis

phosphate buffered saline

PBS plus 0.I7o Tween20

polymerase chain reaction

PCR-rapid amplification of cDNA ends

polyethylene glycol

Phenyl methyl sulfonyl chloride

all - t r an s -Retinoic acid

ribonucleotide triphosphate

ribonucleic acid

transfer RNA

ribonuclease

ribonuclease inhibitor

revolutions per minute

reverse transcription-PCR

sodium dodecyl phosphate

N,N,N',N'-tetramethyl-ethenediamine

ultra violet
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7.2 Materials

7,2.1 Chemicals and reagents

All chemicals and reagents used in this study were of analytical grade or of the highest purity

available.

The following chemicals were supplied by Sigma Chemical Co: acrylamide, agarose (Type

1), ampicillin, bis-acrylamide, BSA, P-ME, Coomassie brilliant blue, EtBr, EDTA, Hoechst No'

33258 Trihydrochloride (bisBenzamide), IPTG, L-glutamine, PMSF, RA, salmon sperm DNA,

SDS, TEMED, Tris base, tRNA (from brewer's yeast) and Tween 20.

Sources for other important reagents were as follows: MBA; Aldrich. BCIP, dNTPs,

glycogen, NBT, rNTPs and tRNA; Boehringer Mannheim. Ammonium persulphate, NP-40,

phenol and PEG 6000;BDH Chemicals. Bacto-agar, Bacto-tryptone, yeast extract; Difco. G418,

DMEM; Gibco BRL. Sequagel; National Diagnostics. Sepharose CL-68, Sepharose G-50;

Pharmacia. Gluteraldehyde; Probing and Structure. BCIG, DTT; Scimar.

7.2.2 Radiochemicals

[alpha-32p] dATP, [alpha-33p] dATP, [alpha-3s5] dATP and [alpha-32P] UTP were

supplied by Bresatec.

7.2.3 Buffers

All buffers were sterilised by autoclaving.

CIP Buffer (10x):

0.5 M Tris, 1 mM EDTA, pH 8.5. (stored at4oC).

Denhardt's solution:

0.lVo (wlv) Ficoll, O.I7o (w/v) polyvinylpyrrolidone,0.IVo (w/v) BSA.

Formamide GLB:

957o (wlv) deionised formamide,0.02Vo (w/v) bromophenol blue.

Gel elution buffer:

500 mM NH4 Ac, 10 mM MgAc, I mM EDTA,0.17o (w/v) SDS.
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GET:

50 mM glucose, 25 mM Tris-HCl, 10 mM EDTA pH7.6.

GLB (10x):

50Vo (vlv) glycerol, 0.17o SDS (w/v), 0.05Vo (w/v) bromophenol blue, 0.O5Vo (w/v) xylene

cyanol.

IP Labellins Mix:

2 ml methionine i cysteine-deficient DMEM: complete DMEM (14:1), 2mM L-glutamine,

50 pCi Tran-35s Label.

Ligation buffer (10x):

250 mM Tris-HCl pH 7.8, 50 mM MgCl2, 100 mM DTT, 5 mM rATP pld7,

250 ¡tg/nn BSA.

NP-40 Lvsis Buffer:

17o NP-40, 50 mM Tris pH 8.0, 150 mM NaCl, 1 mM EDTA, lmM PMSF.

RIPA buffer:

150 mM NaCl, 1 mM EDTA, 50 mM Tris-HCl pH 8.0, O.SVo (wlv) sodium deoxycholate,

O.l%o (w/v)SDS.

SDS GLB (2x):

125 mM Tris-HCl pH 6.8, 4Vo (wlv) SDS, 207o (viv) glycerol, 0.lVo (wlv) bromophenol blue,

200 mM DTT (added immediately prior to use).

SDS-PAGE Running Buffer:

25 mM Tris-Glycine pH 8.3, O.IVo (wlv) SDS.

10x Suoer Duoer Buffer:

350 mM Tris-Acetate pH 7.8, 100 mM Mg(CH¡COO)2, 625 mM KCH3COO,

40 mM Spermidine, 5 mM DTT.

SSC:

150 mM NaCl, 15 mM sodium citrate pH 7.0'

STET:

50 mM Tris-HCl pH 8.0, 50 mM EDTA, 8Vo (wlv) sucrose, 57o (vlv) Triton-Xl0O'

TAE:
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40 mM Tris, 20 mM sodium acetate,l mM EDTA pH8.2.

Tao Buffer (10x):

100 mM Tris-HCl pH 8.3, 500 mM KCl, 20 mM MgCl2,o.ÙlVo (w/v) Gelatin.

TBE:

90 mM Tris, 90 mM boric acid,2.5 mM EDTA, pH 8.3.

TBST:

136 mM NaCl, 2.7 mi[l4Kc|25 mM Tris-HCl pH 7 .5,0'l7o (vlv) Tween 20'

TE:

10 mM Tris, 0.1 mM EDTA, pH7.4.

Tfb 1:

30 mM KAc, 100 mM RbCt, 10 mM CaCl2, líVo (vlv) glycerol, adjusted to pH 5.8 with acetic

acid.

Tfb2:

10 mM MOPS, 10 mM RbCl, 75 mM CaCl2,l5Vo (v/v) glycerol, adjusted to pH 6.5 with KOH.

TNM:

30 mM Tris-HCl pH7.6,150 mM NaCl, 15 mM MgCl2, 0.4Vo (vlv) NP-40.

Tris-SDS Buffer (4x):

1.5 M Tris-HCl pH 8.8, 0.4% SDS.

TUNES:

10 mM Tris-HCl pH 8.0,7 M urea, 0.35 M NaCl, 1 mM EDTA, 2Vo (wlv) SDS

Western buffer 1:

100 mM Tris-HCl pH7.5,lM NaCl, O.lVo (vlv) Tween 20.

Western buffer 2:

100 mM Tris-HCl pH 9.5, 100 mM NaCl, 5mM MgCl2.

7.2.4 Enzymes

All restriction endonucleases were supplied by New England Biolabs and Pharmacia. Other

enzymes were obtained from the following sources: Calf intestinal phosphatase (CIP), Proteinase

K, Ribonuclease T1 (RNAse Tl) and T7 RNA polymerase; Boehringer Mannheim. E. coli DNA



polymerase I (Klenow fragment), Taq DNA Polymerase, RNAsin, DNAse 1, and

Bresatec. RNAse A; Sigma. T7 DNA polymerase; Pharmacia. Avian Myelobl

(AMV) reverse transcriptase; Molecular Genetic Resources.

7.2.5 Antibodies

Anti mouse LIF antibody 1 was a gind gift from Dr. Austin smith.

Anti mouse LIF antibody 2 was a kind gift from Prof. John Heath,

Anti mouse LIF antibody 3: T. Pelton, Honours thesis.

Anti human LIF antibody: R. Fotrest, Honours thesis.

Anti rabbit-FlTc conjugate: Silenus.

Anti rabbit-alkaline phosphatase conjugate: Sigma.

7.2.6 Kits

T7 Sequencing kit:

Gigaprime oligo-labelling kit:

BresacleanrM kit:

Alkaline Phosphatase staining kit:

ApoptagrM kit:

Pharmacia.

Bresatec.

Bresatec.

Sigma Diagnostics

Oncor.

7.2.7 Cloning and expression vectors

pT7T319U: Pharmacia.

pBluescript II KS: Stratagene.

pCHl10: Pharmacia.

pXMT2 was supplied by Prof. Peter Rathjen.

plres ßgeo was a kind gift from Dr. Austin Smith.

plOX, p3OX and P3OT expression vectors were kindly supplied by Dr. Linda Whyatt

pPGKNeoB construct was kindly supplied by Dr. Linda V/hyatt.

pNeo bluescript was a kind gift from Dr. Ian Lyons.
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7.2.8 Cloned DNA sequences

hBcl-2 cDNA expression vector (pCXN2-B cl-2) and CrmA cDNA expression vector (pRSV-

CrmA) was kindly provided by Dr. Sharad Kumar.

A porcine LIF-D CDNA was kindly provided by Ms. Lesley crocker.

Human and murine LIF-D cDNAs were provided by Prof. Peter Rathjen.

7.2.9 Oligonucleotides

Synthetic oligonucleotide primers were synthesised by Bresatec. All primer sequences are

5'-3'.

General Sequencing Primers:

T7: TAATACGACTCACTATAGGGAGA

T3: ATTAACCCTCACTAAAGGGA

MI3: GTfuAJqACGACGGCCAGT

RSP: AACACCTATGACCATG

PCR orimers

mLIF-3':

mLIF-RACE 3':

RACE 5'

pLIF-TRT2:

pLIF 3UT:

pLIF-seq4:

pLIFI:

hLIF-TRT:

hLIF-3':

583G:

585G:

mLIF-RT:

ACACGGTACTTGTTGCA

TTCTGGTCCCGGGTGATATTGGTCA

CCATGGCCTCGAGGGCCCCCCCCCCCCCC

AAGAATTC 1 O1OCCACCTGGCAGCATGCGACCT 1 O3O

AAGAATTC33 21 GAGGGAACAAGGTGGTGA33O4

2995 6ç4çAGGCGGCAGAGC AC ATT297 4

TAGAATTCCTGGA A \GCTGTGAT

ATGAATTC 1 55sTGTCACCTTTCACTTTCCTI 577

ATAGGATCC3 s62GGCGTTGAGCTTGCT G3 547

TTCTGGTCCCGGGTGATGTT

CTGTTGGTTCTGCACTGGA

CACCTTTCC'CTTTCCT



Nucleotide numbers corresponding to LIF genomic sequences specified from Willson et al.

(1gg2) and Stahl et al. (1990) are superscripted with numbers positioned 3' of engineered

restriction sites.

LIF Mutagenisis Primers

LIF-3640: ATCATATGAACCAGATCAAG

LIF-7015: ATGAATTCGATATGs5AGCCCTCTTCCCAT98

Lß-2: AAGAATTC6SSAGTCCATGGTACATTCAAGA636

LIF-TE¡TRA ATAGAGCCCTT5IATGAACCAGATCAAGI65

FK-A: 5 8 6TCCCCAGAAGCTGGCAACCCAACTT

cTs43
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3 SsGGTCCCGGGTAGCATTGGTCAGGGAGGCGCTAGCGTATG346

3 s5GGTCCCGGGTGATATTGGTCAGGGAGGCGCTAGCGTATGC345

:Z+1ç4ç6CGGGACCAGAAGGTCGCTAACCCC4O2

II +.¡ ç ¡ççCGGGACCAGAAGGTCCTGAACCCCACTGCCGTGAGCGC

6ç4661ç+zi
3 S6GGTCCCGGGTGATATTGGTAGCGGA36 1

37 4T C ACCC GGGAC CAGA AG G C C CTG3 9 6

AAGAATTCTA4gsACGGTACTTGTTGCA4s4

L2T3-éJ-A:

L2-A:

IA-A:

L5-A:

L117-A:

Yt26-A:

3'DEL:

Nucleotide numbers corresponding to the position in the mLIF cDNA sequence published by

Gearing et al. (1988).

7.2.10 DNA markers

Hpalldigested pUC19 markers were purchased from Bresatec Ltd. Band sizes (bp): 501,

499, 404, 331, 242, 190, 147, I 1 1, 1 10, 6J, 34, 26 bp.

EcoRl digested SPP-1 markers were purchased from Bresatec Ltd. Band sizes (bp): 8.51,

7.35, 6.11, 4.84, 3.59, 2.8r, 1.95, 1.86, 1.51, 1 .39, 1.16, 0.98, 0.J2, 0.48,0.36 kb.
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Eco p-l/Hind III lambda DNA markers were prepared by digestion of lambda DNA (New

England Biolabs). Band sizes (bp): 2I.23, 5.15, 4.9'1, 4.2'7,3.53,2.03, 1.90, 1'58, 1 '38, O'97,

0.83, 0.56, 0.13 kb.

7.2.11 Bacterial strains

The E. coli strainDHscr (phenotype -supE44 deltalac U169 (phi80 lacZdeltaMI') hsdRll

recAl endAlgyrAgî thiIretAl) was used as a host for all recombinant plasmids.

7.2.12 Bacterial growth media

Growth media were prepared in double distiled water and sterilised by autoclaving'

Luria (L) broth:

lVo (wlv) bacto-tryptone (Difco),O.5Vo (w/v) yeast extract (Difco), l%o (wlv) NaCl, adjusted to

pH 7.0 with NaOH.

FT broth:

l.2Vo (w/v) bacto-tryptone,2.47o (w/v) bacto yeast extract,0.4Vo (v/v) glycercl,IJ rnM KH2POa,

12 mM K2HPOa.

Psi broth:

O.5Vo (wlv) bacto yeast extract,2To (wlv) bacto tryptone, 0.5Vo (wlv) MgSOa, adjusted to pH 7'6

with KOH.

Solid Media:

Agar plates were prepared by supplementing the above media wtth I.57o bacto-agar.

Ampicillin (100 pglrnl) was added where appropriate for growth of transformed bacteria to

maintain selective pressure for recombinant plasmids.

7.2.13 Miscellaneous materials

3MM chromatography paper: \ù/hatman Ltd.

Pan F and Ektachrome 100 positive photographic film: Kodak.

Medical grade X-ray film: Konica.
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Molecular biology grade X-ray film: Kodak.

Nitrocellulose nucleic acid and protein transfer membrane: Schleicher and Schuell.

Phosphorimager screens : Molecular Dynamics.

7.3 Tissue Culture Materials

7.3.1, Cell lines

MBL-5 and D3 ES cells: were provided by Dr' Lindsay Williams.

Cos-1 cells were obtained from the American Type Culture Collection.

293T cells were a kind gift from Dr. Kieth Hudson.

7.3.2 Solutions

ß-Galactosidase Stain:

0.45 mM KzFe(CN)6,0.4 5mM K+Fe(CN)6, 1 mM MgCl2,400 pg/ml BCIG (added immediately

prior to use).

ß-merc aotoethanolÆB S :

100 mM p-mercaptoethanol in 14 rnl PBS.

Electroooration buffer :

20 mM Hepes, 137 mM NaCl, 5 mM KCl, 6 mM glucose

PBS:

136 mM NaCl, 2.6 mM KCl, 1.5 rnM KH2POa, 8mM NazHPO¿ pH7.4.

PBST:

PBS plus 0.lVo (v/v) Tween 20.

Trvosin:

0.1 Vo (w/v) trypsin (Difco) and I X EDTA Versene buffer solution (CSL).
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67 .4 gDMEM, 23.g g HEPES and 6.25 ml Gentamycin (40 mglml) dissolved in 5 litres sterile

water pH 7 .4 (HCl).

Cos-1/293T cell medium:

DMEM, 107o FBS (CSL).

Cos-1 cell selection medium:

Cos-l cell medium with 750 ¡tg/ml G418

ES DMEM medium:

67 .4gDMEM, 18.5g NaHCO3 and 6.25 ml (40 mg/ml) Gentamycin dissolved in 5 litres sterile

water.

Incomplete ES cell medium:

90VoES DMEM medium, 157o FBS, IVo glutamine,O.lVo p-mercaptoethanol/PBS.

Complete ES cell medium:

Incomplete ES cell medium with l%o Cos-l cell conditioned medium containing LIF (Smith,

19e1).

All tissue culture media was filter sterilized.

7.3.4 Miscellaneous materials

Ektachrome 1 60T photographic film:

Tissue culture plasticware:

Electroporation apparatus and cuvettes (Gene Pulser):

Minisart O.22mM syringe end filters:

Ektachrome 160T slide tilm:

Freezing vials:

Kodak.

Corning, Falcon

Biorad.

Sartorius.

Kodak.

Nunc Inc.
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7.4 Molecular Methods

7.4.1 General recombinant DNA techniques

The following techniques were performed as described by Sambrook et al.(1989):

-propagation and maintenance of bacterial strains.

-agarose and polyacrylamide gel electrophoresis'

--ethanol precipitation and phenoVchloroform extraction.

-dephosphorylation of linearized DNA using Calf Intestinal Phosphatase.

-transformation of plasmid DNA into competent E.coli using the heat shock

procedure.

-Southern blotting.

The following methods were performed following the protocols described for the kits used:

-dideoxy chain termination sequencing.

--oligolabelling of DNA.

-isolation of DNA fragments using the BresacleanrM kit'

-alkaline phosphatase staining of ES cells.

-Apoptag staining of Cos-1 cells.

7.4.2 Restriction endonuclease digestion of DNA

Plasmid DNA was digested with 4 units of enzymel¡tg of DNA and was incubated at the

appropriate temperature for a minimum of t hour. Genomic DNA was digested overnight with 4

units of enzymel¡tg of DNA. All digests were performed in super duper buffer. Plasmid and

genomic DNA was assayed for complete digestion by agarose gel electrophoresis.

7.4.3 End-filling DNA fragments

Digested DNA fragments were end-filled by addition of Klenow buffer, 2 mM dNTPs, and

Klenow DNA polymerase (5 units) to the restriction digestion reaction, and incubation at 37oC for

30 min.



108

7.4.4 Purification of DNA fragments

Linear DNA fragments greatü than 500 bp were separated by electrophoresis on agarose

gels and purified using the BresacleanrM kit. Smaller DNA fragments were separated by

electrophoresis on agarose or non-denaturing polyacrylamide gels. Fragments were isolated from

the gel slice by overnight elution in 400 pl gel elution buffer. DNA was recovered by ethanol

precipitation of the eluate with 40 ¡rl 3 M NaAc, 800 pl ethanol and 1 pl glycogen.

7.4.5 DNA ligation reactions

Ligation reactions contained 25 ng purified vector, 50-100 ng DNA insert, ligation buffer

and 1 unit T4 DNA ligase, and were incubated at room temperature for 1-5 hours. Ligation of

blunt ended DNA fragments was performed using 5 units of T4 DNA ligase and incubated at 16oC

lor 4-24 hours

7.4.6 Preparation of competent cells

E. coli cells were streaked out on L plates and grown at 3'7oC overnight. A single

colony was used to inoculate 5 ml of Psi broth and incubated at3loC overnight with agitation.

A 1:30 subculture was made in 15 ml of Psi broth and incubated at 37oC, with agitation, for

90 minutes or until OD 0.6 was obtained. A 1:20 subculture was made in 100 ml of Psi broth

and incubated at 37oC, with agitation, for 90 minutes or until OD 0.5-0.6 was obtained. The

bacterial cells were chilled on ice for five minutes and pelleted by centrifugation (6000 rpm,

4"C, 5 minutes). After resuspension in 40 ml of Tfb I the cells were chilled on ice for a

further 5 minutes. The cells were pelleted by centrifugation (as above) and resuspended in 4

ml of Tft 2. After incubation on ice for 15 minutes aliquots of the cell suspension (100 pl)

were transfened to Eppendorf tubes and snap frozen in a dry ice/ethanol bath. The cells were

stored at -80"C until required.

7.4.7 Rapid small scale preparation of DNA (Mini'prep)

1.5 ml L broth (ampicillin 100 pg/ml) was inoculated with a single transformant colony and

incubated overnight at37oC with shaking. Cell cultures were transferred to eppendorf tubes, spun
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for 1 minute, and bacterial pellets thoroughly resuspended in 200 Frl STET buffer. Bacteria were

lysed at 100oC for 45 seconds and centrifuged for 15 minutes. Cell debris and chromosomal DNA

was removed with a sterile toothpick. Plasmid DNA was precipitated by addition of 200 pl

isopropanol and incubation on ice for 5 minutes. Plasmid DNA was centrifuged for 10 minutes,

washed withTo%o ethanol, and resuspended in 30 pl sterileF2O.

7.4.8 Double stranded sequencing of plasmid DNA

Denaturation of plasmid DNA

10 pl mini-prep DNA (2.3.8) was diluted to 14 pl with MQ H2O, and 1 ¡rl RNase A (20

mg/ml) was added and incubated at 37oC for 15 minutes. Plasmid DNA was denatured with by

the addition of 3 pl of 1 M NaOH/1 mM EDTA and placed at3loC for 15 minutes. Denatured

plasmid was purified by centrifugation at 1.8 K for 3 minutes on a Sepharose CL-6B column.

Seouencins of olasmid DNA

Dideoxy sequencing reactions were carried out using the Pharmacia TJ polymerase

sequencing kit according to manufacturer's instructions. Reaction products were sepafated on a

6Vo polyacrylamide denaturing gel.

7.4.9 Large scale plasmid preparation

500 ml FT broth + ampicillin (100 pg/ml) was inoculated with a single bacterial colony, and

incubated overnight at37oC in an orbital shaker. The cells were harvested by centrifugation at 5 K

for 5 minutes at 4oC, and bacterial pellets briefly drained. Pellets were resuspended in 6.5 ml

GET buffer and 13 ml of lysis solution (0.2 M NaOH, IVo (wlv) SDS) added, mixed and

incubated on ice for 10 minutes. 6.5 ml of 3M sodium acetate (pH 5.8) was added and the

solution was mixed well before incubating on ice for 10 minutes. Bacterial debris was pelleted (12

K i 10 minutes I 4oC), and the supernatant transferred to a new tube before precipitation with 15

ml of isopropanol. The plasmid DNA was recovered by centrifugation (10 K / 10 minutes / 4oC)

and gently resuspended in 7 ml of lX TE. Once the DNA pellet was thoroughly resuspended, 7 g

CsCl was dissolved, 700 pl EtBr (10 mg/ml) added, and any remaining debris removed by

centrifugation at 3 K for 10 minutes at room temperature. The supernatant was transferred to a 10
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ml Nalgene Oakridge tube and overlayed with mineral oil. After centrifugation at 45 K for 24

hours atZooC,the super-coiled plasmid DNA was visualised under long wavelength UV light and

recovered using a pasteur pipette. EtBr was removed by repeated extraction with NaCl/TE

saturated isopropanol. The DNA solution was diluted four times with MQ water before

precipitation with 2 volumes of ethanol at -80oC for 30 minutes. Plasmid DNA was recovered by

centrifugation (10 K / 30 minures I 4oC) and resuspended in 400 pl MQ water. The DNA solution

was transferred to an eppendorf tube and reprecipitated before final resuspension in MQ water'

Plasmid yields were calculated from the 4266 value determined by spectrophotometric analysis.

7.4.10 Preparation of genomic DNA

Genomic DNA was isolated from cell pellets stored at -80oC. Cells were resuspended in

700 pl Tris/saline (25mM Tris 1 .6,75 mM NaCl, 24 mM EDTA pH 8.0) before lysis with 70 ¡rl

10% SDS and gentle inversion. Cellular protein was degraded by the addition of 8 pl Proteinase K

(25 mg/rnl) and incubation at 37oC for 2.5 hours with occasional mixing. Genomic DNA samples

were extracted twice with Tris-saturated phenol and twice with chloroform before precipitation

with 1/10th volume 2M KCI and2 volumes ice-cold I00Vo ethanol. Genomic DNA was spooled

out and transferred into 1 ml MQ H2O and resuspended overnight.

7.4.11, Synthesis of radioactive DNA probes

Single stranded DNA probes were prepared using a Gigaprime labelling kit with 10-60 pCi

alpha 32-PdATP. To remove unincorporated label, probe reactions were diluted to 100 pl with MQ

H2O, loaded onto a Sephadex G-50 column and centrifuged at 3K for 5 minutes.

7.4.12 Bacterial colony lift
A circular nitrocellulose filter was placed briefly onto the surface of the bacterial plate and marked

to determine the orientation of the filter. The filter was then sequentially placed on 3M filter paper

soaked in the denaturation solution (0.5 M NaOH, 1.5 M NaCl) and neutralising solution (100 mM

Tris-HCl pH7.5,1.5 M NaCl) and then washed in 2x SSC and dried on 3M filter paper. DNA

was immobilised to filters by UV cross-linking (Stratagene, UV Stratalinkerru 1800).
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Hybridisation of radioactive probes to DNA immobilised to nitrocellulose7.4.L3

filters

All hybridisations were carried out using a Hybaid Hybridisation Oven.

Filters were placed in a Hybaid cylinder and prehybridised with 10 mls of 1 M NaCl, 407o

(v/v) deionized formamide, lVo (wlv) SDS, 10 Vo (w/v) PEG, 50 mM Tris-HCl pH 7 .4 and 5x

(w/v) Denhardt's solution. Filters were prehybridised for a minimum of 4 hours at 42oC. DNA

probes were denatured at 95oC for 3 minutes with 500 pg sonicated salmon sperm DNA, snap-

cooled on ice and added to the prehybridisation solution. All hybridisations were incubated 4-24

hours at 42oC.

7.4.I4 PCR.RACE

Polymerase chain reaction-rapid cloning of cDNA ends (PCR-RACE) was performed as described

by Rathjen et al (1990a).

7.4.15 Reverse Transcription

10 pg cytoplasmic RNA in a volume of 6.5 pl was denatured at 65oC for 15 minutes before

snap cooling on ice. The denatured RNA was added to a reverse transcription reaction containing

50 mM Tris-HCl pH 8.5,6 mM MgC12,40 mM KCl, I mM DTT, 1.5 mM each dNTP,40 units

RNasin, 500 ng oligo d(T) primer and 8 units AMV reverse transcriptase and incubated at 4IoC

for 2 hours. After incubation, the cDNA solution was diluted to 500 ¡rl with MQ H2O.
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7.4.1.6 Polymerase Chain Reaction

(i) PCR with cDNA template

PCR reactions contained 5 pl of diluted cDNA, 10 mM Tris-HCl pH 8.3, 50 mM KCl, 1.5-

3 mM MgCl2, g.O¡lVo (w/v) gelatin, 200 pM each dNTP, 20 pmol each primer and 1 unit Tun

polymerase in a final volume of 20 pl.

(ii) PCR with plasmid DNA template

PCR reactions contained 100 ng plasmid DNA, 10 mM Tris-HCl pH 8.3, 50 mM KCL2-3

mM MgCl2,g.OOIVo (w/v) gelatin, 200 pM each dNTP, 20 pmol of each primer and 1 unit Tun

polymerase in a final volume of 20 pl.

PCRs were performed using the following thermal profile:

Denaturation 94oC

Annealing 55oC

Extension 72oC

5 seconds

5 seconds

I minute

PCR reactions were amplified in a capillary thermal cycler (Corbett Research).

PCR products were analysed by separation on a2Eo agarose gel and Southern blot using an

oligolabelled LIF cDNA probe (nucleotides lI-657; Gearing et al, 1988).

7.4.I7 PCR mutagenisis

All LIF mutants were generated by PCR of plasmid DNA using a mutant primer (1.2.9)

incorporating a convenient restriction site for reconstruction of the open reading frame.

7.4.L8 Isolation of cytoplasmic RNA from cultured cells

Cytoplasmic RNA was isolated using the method of Edwards et al. (1985). Cells were

harvested by trypsinisation and stored at -80oC until used. Cell pellets were thoroughly

resuspende d in 2 ml ice cold TNM and lysed by vigorous pipetting. After incubation on ice for 5

minutes, nuclei were pelleted by centrifugation (3 K for 5 minutes) and the supernatant decanted

and mixed thoroughly with 2 ml TUNES. This solution was extracted twice with
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phenol/chloroform (1:1) and the aqueous layer was transferred to a sterile corex tube. RNA was

precipitated by addition of 1/l0th volume NaAc plF.5.2 and.2.5 volumes RNAse free ethanol, and

incubated at -gooC for 30 minutes or overnight at -20oC. After centrifugation at 10 K for 30

minutes at 4oC,the RNA pellet was resuspended in 450 pl of sterile water, and transferred to an

eppendorf tube for re-precipitation as above. The RNA was pelleted by centrifugation (15 K, 15

minutes), resuspended in an appropriate volume of water, and the concentration was determined by

spectrophotometry. RNA samples were stored at -2OoC'

7.4.19 Isolation of RNA from tissue samples

RNA from tissue samples was isolated using the acid guanidium thiocyanate method

(Chomcvynski and Sacchi, 1987).

7.4.2O Ribonuclease Protection

mLIF-D specific RNA probes were generated from pmLIF-DSI (described as pDR2 by

Rathjen er al, 1990) and pmLIF-DH1. Probe was transcribed from HindlII linearised pDR2.

pmLIF-DH1 was prepared by digesting pDR2 with EcoRI and Hinfl, end-filling and cloning

the 5' fragment of the mLIF-D cDNA from position 11 to position 168 (Gearing et al, 1988)

into Smal digested pT7T319U. Probe was transcribed from EcoRl linearised pmLIF-DH1.

mLIF-T specific probe was generated from pmLIF-TH1. This was prepared by digesting

pmLIF-T (chapter 2.2) with PstI andHinfl, end-filling and cloning the 5' fragment of the

mLIF-T cDNA from position I to position 225 (equivalent to position 168 of the mLIF-D

gDNA) into Smal digested pT7T3 19U. Probe was transcribed from EcoRl linearised pmLIF-

THl. All probes were transcribed with T7 RNA polymerase (Boehringer Mannheim).

The generation of radioactive riboprobes for RNase protection was performed using the

method of Krieg and Melton (1987). Riboprobe transcription reactions contained 250 ¡rCi of

[¡¿-rz]P-rUTP (Bresatec Ltd.), Unincorporated radionucleotides were removed via

centrifugation through Sephadex G-50 at 3000 rpm for 5 minutes.

RNase protections were performed on 10-20 pg of RNA, using the protocol of Krieg and

Melton, except 150 000 counts per minute of RNA probe was added to each RNA sample'
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Digestions were performed at 31oC for I hour. RNase digestion products were separated on a 7

M urea, 67o polyacrylamide gel and visualised by Phosphorlmager analysis (Molecular

Dynamics, ImageQuant software package).

7.4.21 Whole cell protein extracts and Western blotting.

Cos-1 cells were transiently transfected with LIF expression plasmids (7.5'2,7.5.3) and

cultured for'72 hours. Cells were harvested, washed lx with PBS, resuspended in250 ¡tl NP-

40lysis buffer and incubated on ice for 30 minutes. Samples were centrifuged at 12,000 rpm

for 2 minutes, supernatant concentrated two fold under vacuum, and analysed by Western blot.

10 pl of protein extract was added to 10 pl of 2x SDS GLB and separated by SDS-PAGE

(Laemmli, 1970) on a líVo polyacrylamide gel and transferred to nitrocellulose using a semi-

dry western transfer apparatus (Pharmacia) according to the manufacturer's instructions.

Western filters were blocked overnight with Western buffer 1 containing2Vo (w/v) BSA, then

washed once with buffer 1 and incubated overnight with anti-LIF antibody diluted 11250-Il50O

in buffer 1. Filters were then washed three times with buffer 1 and incubated with alkaline

phosphatase-conjugated anti-rabbit secondary antibody (Sigma, 1/10000 dilution in buffer 1)

for 3 hours. Filters were subsequently washed once with buffer 1, twice with Western buffer

2, and developed by addition of NBT (300 mg/ml) and BCIP (200 mg/ml) in buffer 2.

7.4.22 35s-labelling of cellular proteins and immunoprecipitation with anti-

LIF antibodies

Cos-1 cells were transiently transfected with LIF expression plasmids (1.5.3).

Transfected cells were cultured for 48 hours and washed once in PBS and once in

methionine/cysteine deficient DMEM, starved in methionine/cysteine deficient DMEM

supplemented with 2 mM L-glutamine for 30 minutes and labelled in 2.5 ml of labelling mix

(2.5 mlmethionine/cysteine deficient DMEM: complete DMEM (14:1), 2mMl-glutamine and

50 pCi Tran-35s Label (ICN)) for 5 - 6 hours. Following labelling, immunoprecipitation of

samples was carried out at 4oC. Labelled cells were washed once with cold PBS before lysing
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by the addition of 1 ml Np-40lysis buffer for 30 minutes, with periodic agitation' Cells were

harvested and centrifuged at 15 K for 10 minutes to pellet cell debris.

The cell lysate was transferred to a fresh tube and pre-cleared by incubation with a IÙVo

protein A-sepharose slury (100 pl) for 30 minutes with gentle agitation and centrifugation to

remove protein A-sepharose beads. A 1/50 dilution of caprylic acid-purified anti-ml-lF or hLIF

polyclonal antibody was added to the supernatant and incubated for 2 hours with agitation. 100

¡il of lOVo Protein A-sepharose slurry, previously blocked by incubation with 2Vo non-fat mllk

powder for 2 hours, was added and incubated for 2 hours. Sepharose beads were pelleted by

centrifugation and washed three times with NP-40lysis buffer (1 ml). Beads were resuspended

in 20 pl of SDS-PAGE loading buffer and incubated at 100oC for 3-5 minutes to elute bound

proteins. 10pl of eluted protein in load buffer was analysed by SDS-PAGE on 18.'75 Vo

polyacrylamide gels. Gels were dried onto Whatman paper and radiolabeled proteins analysed

by phosphorimager analysis (Molecular Dynamics, ImageQuant software package). To analyse

secreted LIF protein, I ml of the culture supernatant from labelled cells was retained, precleared

and immunoprecipitated as described for cell lysates.

2.4.23 Transcription factor recognition sequence comparison

Analysis of LIF genomic sequences for putative transcription factor binding sites was

performed using Matlnspector to search the Transfac transcription factor database (Quandt et al,

lees).

2.4.24 Containment Facilities

All manipulations involving viable organisms which contained recombinant DNA were

carried out in accordance with the regulations and approval of the Australian Academy of Science

Committee on Recombinant DNA and the University Council of the University of Adelaide'

2.4.25 Phosphorimager Analysis and Autoradiograph scanning

Gels and filters were exposed to Storage Phosphor Screens (Molecular Dynamics) and

processed using a Molecular Dynamics Phosphorlmager running the ImageQuant software
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package. Autoradiographs were scanned using a Hewlett Packard ScanJet IIcx scanner running the

DeskScan II2.O software package. Phosphorlmager and DeskScan files were manipulated using

the AdobephotoshoprM and Mac Draw Pro programs, and printed using a Hewlett Packard

LaserJet4 printer.

7.5 Tissue Culture Methods

7.5.1 Maintenance of cell cultures.

Cos-1 and293T cells were cultured in DMEM containing ljVo (vlv) FBS at 37oC under

57o COz and passaged at confluence.

ES cells were cultured as described by Smith (1991) except cells were grown in ES cell medium

containing l5Vo (v/v) FBS under lOVo CO2.

XpO cells are produced by treatment of ES cells with llr'4ed2 conditioned media. Xp3 cells are

XpO cells passaged 3 times (Rathjen et al., in manuscript)'

7.5.2 Electroporation of Cos'l cells.

LIF gDNA overexpression was directed by the expression vector pXMT2 (Rathjen et al,

1990a) which contains the SV40 origin of replication, for plasmid amplification in Cos-1 cells,

and the Adenovirus major late promoter, for expression of cDNAs cloned into the polylinker

site.

For transfection, Cos-l cells were grown to -90Vo confluence, harvested by

trypsinisation, washed twice with electroporation buffer and resuspended in electroporation

buffer at 1x106 cells/ml. 5x106 cells were added to an electroporation cuvette containing 50 pl

FBS, 50 pl salmon sperm DNA (10 mg/ml) and 10 pg of experimental plasmid DNA and

incubated at 4oC for l0 minutes. Cells were electroporated at 270 volts (capacitance250

pFarads), using a Biorad gene pulser electroporator, incubated at room temperature for 10

minutes and plated into 10 cm tissue culture plates containing 10 rnl of DMEM containíng llVo

FBS.
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7.5.3 Lipofection of Cos-1 and 293T cells

Cos-1 and293T cells were seeded at a density of 2 x 105 cells i 35 mm well in a 6 well

tray and allowed to grow to 7O-807o confluence. A solution containing 1 pg circular plasmid

DNA and 100 pl Opti-MEM medium per well and combined by gentle mixing with a solution

containing 8 pl lipofectamine and 100 ¡rl gentamycin-free DMEM per well, and incubated at

room temperature for 30 minutes, after which 0.8 rnl of Gentamycin-free DMEM was added to

the mixture. The cells were washed once with 2 ml / well gentamycin-free DMEM and the

lipofection mixture overlaid. Cells were then incubated with the lipofection mix for 5 hours at

37oC in 57o CO2, after which the mix was removed and replaced with 3 ml DMEM/FBS'

7.5.4 Immunohistochemical staining of transiently transfected cells

Cells were transfected by either electroporation or lipofection and cultured post

transfection in 10 cm plates or 6 well trays respectively, containing a 22 x 22 mm coverslip.

Coverslips were removed 48-72 hours post-transfection and washed three times with PBS.

The cells were then permeabilised in methanol for 2 minutes and rehydrated in PBS for 15-30

minutes. The appropriate antibody preparation was diluted 1 / 100 in PBS containing 3Vo (w/v)

BSA, and 120 pl applied to each coverslip. The coverslips were incubated for 1-3 hours at

room temperature and washed three times in PBST for 5 minutes each wash. Anti-rabbit FITC-

conjugated secondary antibody was diluted 1/30 in PBS and 120 pl applied to each coverslip

and incubated at room temperature for 45 minutes in the dark. The coverslips were then washed

three times in PBST, and incubated for 60 seconds in 1 pg / ml Hoechst No. 33258

Trihydrochloride (bisBenzimide) (chapter J.2.1) in PBS before three subsequent washes in

PBST. Coverslips were mounted in 80Vo glycerol and viewed using a Zeiss Axioplan

microscope equipped for three channel fluorescence (Zeiss filter sets II, IX and XV) and

photographed with aZiessMc 100 camera attachment using 35 mm ektachrome 160T film.
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7.5.5 Staining for B-galactosidase activity

B-galactosidase activity was detected 2 days post-transfection. Cells were washed three

times in pBS and fixed in0.2Vo glutaraldehyde in PBS for 5 minutes. After a further 3 washes

in pBS, cells were incubated in B-Galactosidase Stain solution for three hours to overnight at

370C.

7.5.6 Stable transfection of Cos-1 cells

Cos-1 cells were transfected by electroporation as for transient tranfections except a2.5 ¡t'g of

expression vector andi.5 pg of pNeo bluescript selection plasmid were cotransfected and plated

into 10 cm plates. Transfected cells were grown in DMEM and lOTo (v/v) FBS for a 24 hours

recovery period, then placed into Cos-1 cell selection media containing 750 ¡t'glml G418 to select

for resistant colonies. Resistant colonies were expanded and genomic DNA analysed by southern

b1ot.

7.5.7 Maintenance of ES cells

ES cells were maintained on gelatinised 10 cm petri dishes in complete ES medium at3loC

in IOVo CO2. Cells were harvested as follows: cells were washed twice in PBS, incubated with

trypsin (l ml) at3'loC and transferred into 4 ml complete ES cell medium. The cells were spun at

I.Z K for 5 minutes, gently resuspended in 10 ml complete ES medium and re-seeded at clonal

density (30-50 fold dilution). ES cells were re-seeded every 3-4 days.

7.5.8 ES cell LIF biological activity assay

Cos-1 cells were transiently transfected with LIF expression vectors as previously

described (1.5.2,7.5.3.),plated into lOcm plates containing DMEM:107o FBS and cultured for

a 24 hour recovery period. Cells were washed once with incomplete ES cell media and

incubated for 48 hours in 10ml of incomplete ES cell media. After incubation, Cos-l cell

conditioned media was removed and filter sterilised. ES cells were subsequently grown in 24

well trays, seeded at 500 cells per well, in various dilutions of Cos-1 cell conditioned media.



119

LIF activity was determined by assaying for ES cell differentiation after 5-6 days by staining

with an alkaline phosphatase detection kit (Sigma) and counterstaining with Haemotoxylin'

7.5.9 Differentiation of ES cells

(i) Preparation of X cells

ES cells were seeded at clonal density in X cell medium (with or without LIF). X cell

colonies were detected within 24-48 hours after induction. X cells were maintained in X cell

medium, and passaged and harvested as described for ES cells (7.5.7.).

(ii) Spontaneous induction

ES cells were seeded at 1000 cells/cm2 in incomplete ES medium. After an initial T2 hours of

culture, the medium was changed daily and cells cultured for a further 5-6 days and harvested'

(iii) Retinoic Acid Induction

ES cells were seeded at 1 X 104 cells/cm2 in incomplete ES medium containing 10 units/ml

recombinant LIF (Amrad) and allowed to adhere overnight. The following day the medium was

replaced with identical medium containing either 2 ttlr'4 (low) or 10 pM (high) retinoic acid, and the

cells cultured for a further 72 hours with daily changes of (RA containing) medium. The cells were

cultured for a further 2-4 days in incomplete ES cell medium (without LIF) before harvesting.

(iv) 3-methoxybenzamide Induction

ES cells were seeded at 1000 cells/cm2 in incomplete ES medium containing 100 units/ml

recombinant LIF (Amrad) and allowed to adhere overnight. The following day, the medium was

replaced with identical medium containing 5 mM 3-methoxybenzamide (MBA), and cell

differentiation induced for 48 hours. Cells were cultured for a further 2-4 days before harvesting.

(v) DMSO Induction

ES cells were seeded at 1000 cells/cm2 in incomplete ES medium containing 100 units/ml

recombinant LIF (Amrad) and allowed to adhere overnight. On the following day the culture

medium was replaced with identical medium plus I .5Vo (vlv) DMSO. DMSO induction was

maintained for 12 hours with daily medium changes. Following induction, cells were cultured in

medium without LIF for a further 3-4 days and harvested (2.4-l).
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