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ABSTRACT

Cold shock domain (CSD) family members, as a whole, have been shown to play

roles in either transcriptional activation or repression of many genes in various cell types'

Previous experiments undertaken in our laboratory indicate that CSD proteins, dbpAv and

dbpB (also known as YB-1) act to repress granulocyte macrophage-colony stimulating

factor (GM-CSF) transcription in human embryonic lung (IIEL) fibroblasts. This

repression is mediated via binding of CSD factors to single stranded DNA regions across

the non-coding () strand of domain 1 in the GM-CSF proximal promoter. Subsequent

work, presented here, identifies two additional CSD binding sites on the opposite coding

(+) srrand in domain 2 of the GM-CSF proximal promoter. These additional CSD binding

sites bind nuclear and recombinant CSD factors and also function as repressors sites in the

GM-CSF promoter in FIEL fibroblasts. Deletion of specific domains in dbpB show that

the highly conserved, central CSD domain, implicated in sequence specific DNA binding,

is essential for the observed transcriptional repression in IIEL fibroblasts. These results

lend further evidence to previous work suggesting that CSD factors function to repress

GM-CSF transcription via DNA binding to single stranded regions across the proximal

promoter.

Since Jurkat T cells express high levels of GM-CSF in response to T cell receptor

and co-receptor signalling, experiments were designed to examine if CSD factor regulation

of GM-CSF transcription in Jurkat T cells involved the same mechanisms as identified in

IIEL fibroblasts. Transient transfection assays with the GM-CSF proximal promoter and

CSD factors show that the CSD factors (dbpAv and dbpB) that repress GM-CSF

transcription in IIEL fibroblasts are involved in GM-CSF transcriptional activation in

Jurkat T cells but only when the cells are stimulated to mimic T cell receptor activation'

Unlike the mechanisms of CSD repression in FIEL fibroblasts, CSD mediated activation in

Jurkat T cells is not mediated through DNA binding but presumably through



protein:protein interactions via the C-terminus of the CSD protein with transcription

factors such as NF-KB p50 / RelA. Analysis of IIEL fibroblasts and Jurkat T cell nuclear

extracts using CSD specific antibodies, DNA competitions and South-Western assays

demonstrate that Jurkat T cells lack truncated CSD factor subtypes present in IIEL

fibroblasts. This observation raises the possibility that the cellular content of CSD proteins

may determine their final role as activators or repressors.
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Chapter 1

Introduction

From the moment I picked up your book up until I laid it down I was convulsed

with laughter. Some day I intend reading it.

Groucho Marx



Chapter I'. Introduction

1.1 The Immune svstem

The body's immune system is made up of a vast number of cells, functioning by

mechanisms designed to identify and eliminate a wide variety of invading pathogens. This

array of mechanisms include physical barriers, phagocytic cells (present both in the blood

and tissues), lymphocytes and various blood-borne molecules (like complement), all of

which play integral parts in defending the body from invading pathogens. The immune

system can be divided into two broad categories, governing innate and specific or adaptive

immunity.

Mechanisms that make up innate immunity do not discriminate among most foreign

substances, are present prior to exposure to foreign macromolecules or infectious pathogens

and are not enhanced by exposures to the pathogen. Specific or adaptive immune system

mechanisms are induced or stimulated by exposure to foreign substances, are very specific

for distinct macromolecules and increase in magnitude and defensive capabilities with each

successive exposure to a particular invading pathogen. The specific immune responses can

be further classified into two types based on the components of the immune system that

mediate the response. The first type is humoral immunity, which is defined as an immune

response that can be transferred to unimmunised individuals by cell free portions of the

blood (plasma or serum). Humoral immunity is mediated by the B lymphocyte population,

which produce antibodies whose physiological function is to neutralise and facilitate the

elimination of the antigen that induce their formation. The second type of specific immunity

is cell-mediated immunity. Cell-mediated immunity can be transferred to naive individuals

with T lymphocytes from an immunised individual but not with plasma or serum' Cell

mediated immunity is a response of T lymphocytes recognising foreign molecules presented

in the context of major histocompatibility complex (MHC) class I or II on the surface of

cells. The class of MHC molecule in which the foreign epitope is presented dictates the
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Chapter I: Introduction

subset of T lymphocyte activated. Virally infected cells express viral antigens on their

surface in the context of MHC class I, resulting in activation of cytotoxic T lymphocytes,

which in turn destroy the virally infected cell. Professional antigen presenting cells process

endogenous foreign antigens and display them on their surface in the context of MHC class

II molecules. Foreign molecules presented in the context of MHC class II activate helper T

lymphocytes which in turn promote proliferation and differentiation of both T and B

lymphocytes as well as macrophages.

The components of the immune system, from the cells that first detect inflammatory

signals to the lymphocytes and various effector cells that clear antigen and repair tissue

damage, travel the body in the circulation, travel through organs and tissues and sometimes

form more organised structures in the lymphoid tissues. The transitory state of the cells of

the immune system, presents a challenge to a system that must raise a rapid, integrated

response to invading pathogens anywhere in the body. Cells of the immune system require

communication networks that can act locally or at a distance, specifically or globally, and

transiently or in a sustained manner. The networks that allow such sophistication in the

mammalian immune response exploit a variety of cell membrane-bound and soluble

messengers (Kelso 1998). One group of these messengers are cytokines.

1.2 Cvtokines in haemopoisis and immunitv

Cytokines are a large group of non-enzymatic soluble or membrane bound protein

hormones whose actions are diverse and affect wide and overlapping target cell populations

(Kelso 1998); (Metcalf 1989). Cytokines are produced in conjunction with both the innate

and specific immune systems and their secretion is usually brief and well controlled. Most

cytokines are pleiotropic, exhibiting a wide range of biological effects on different cells.

Cytokines can be redundant, with several cytokines acting on the same cell type to mediate

5



Chapter I: Introduction

similar effects. For example interleukins (IL) IL-6,1--2,1--4,IL-s and gamma interferon

(y-INF) can all induce antibody production in B cells (Kishimoto et al., L994). Cytokines

often influence the synthesis of other cytokines, for example IL-1 induces fibroblasts,

endothelial and bone maffow cells to synthesise G-CSF, GM-CSF, M-CSF, IL-6, TNF0 as

well as IL-l itself (Bagby et a\.,1936); (Fibbe et al., 1988); (Zuculi et aI., 1986). Cytokines

often influence the action of other cytokines, they can have opposite effects, for example IL-

3 and GM-CSF act to stimulate proliferation of haemopoietic progenitor cells while IL-8 and

TGF-B act to inhibit progenitor cell proliferation (Alexander 1993). Cytokines can also act

synergistically, for example, IL-l and IL-6 enhance the effect of IL-3 and GM-CSF on

survival and differentiation of haemopoietic progenitor cells (Hoffbrand et al., 1995).

Cytokines initiate their action by binding to specific receptors on the surface of target cells.

The relevant target cells may be the same cell that secreted the cytokine (autocrine

stimulation), a nearby cell (paracrine stimulation) or a distant cell by secreting the cytokine

into the circulation (endocrine stimulation). Cytokines can also act as growth factors,

stimulating differentiation and cell division.

For the body to maintain an effective immune system a vast quantity of cells are

required, it is estimated that there is a constant turnover of 1010 erythrocytes and 10e

leukocytes every hour in a human adult. This rate of renewal is increased in times of stress,

such as blood loss or infection. Blood cells originate from a self-renewing population of

multipotential haemopoietic stem cells located mainly in the bone marrow, which generate

progenitor cells committed ireversibly to one or other of the various haemopoietic lineages

(Metcalf Lgg2). One of the major factors that control and direct haematopoiesis are

cytokines. Cytokines that signal haemopoietic cell proliferation and differentiation are

collectively called haemopoetic growth factors (HGF) (Metcalf 1989). HGF are produced by

6



Chapter l'. Introduction

haemopoietic cells but are also produced by many non-haemopoietic cells such as stromal,

endothelial, epithelial and fibroblast cells (Baird et al',1995).

1.3 Granulocyte macrophage'colonv stimulating factor

The work presented in this thesis will focus on the HGF, granulocyte macrophage-

colony stimulating factor (GM-CSF). GM-CSF is a pluripotent cytokine with roles in

survival, activation, proliferation and differentiation of cells from the haematopoietic lineage

of granulocytes and macrophages (Cleavinger et al., 1996); (Shannon et aI., 1997);

(Swamynathan et aL, 1997). GM-CSF is a heavily glycosylated, single peptide of

approximately 23 kDa (Nicola 1989), which is expressed by a wide variety of cells including

myeloid, mesenchymal and lymphoid cells in response to stress signals such as those derived

from infection, inflammation and blood loss (Reviewed in Shannon et al', 1997). GM-CSF

receptors have been identified on most types of myeloid progenitors and on mature

monocytes, neutrophils, eosinophils, basophils and dendritic cells (Nicola L994). The GM-

CSF receptor consists of a ligand-specific cx subunit (GMRcr) (Gearing et a1.,1989) and a B

subunit (Êc) which is common between a range of cytokine receptors like IL-3 and IL-5

(Hayashida et a1.,1990). The cr subunit is the major ligand-binding subunit but on its own

does not seem to transduce any of the biological activities ascribed to GM-CSF in

haemopoietic cells. The Bc subunit, on the other hand, enables high affinity GM-CSF

binding by the receptor and is responsible for most, if not all, of the signal transduction

(Reviewed by Guthridge et a1.,1998).

7



Chapter l: Introduction

cells

GM-CSF supports the proliferation of both stem cells and myeloid progenitor cells

(Metcalf 1986). GM-CSF has the unusual property of stimulating the proliferation of a

progressively broader spectrum of progenitor cells as concentrations are increased: first

macrophage progenitors, then granulocyte-macrophage, followed by granulocyte, eosinophil,

megakaryocytic and finally multipotential progenitors (Metcalf 1989). Cytokines are

essential for the progression of haematopoietic cells through the cell cycle. Induction of

cells from the resting Go state to Gr in the cell cycle is mediated by competence factors (G-

CSF, SCF, IL-6 and IL-11), with progression factors (GM-CSF, IL-3 and M-CSF) needed to

enter the S-G2 phase. High levels of these factors results in a decrease in the cell cycle times

of progenitor cells, thereby increasing the number of progeny cells generated (Metcalf 1980).

In addition to it's proliferative effect, GM-CSF has also been shown to stimulate the

function of mature end cells. GM-CSF acts in a paracrine or autocrine fashion being

released at local sites of infection, which attracts effector cells to the site of infection and in

turn directly activates these cells (Fibbe et aL, 1999). For example GM-CSF is directly

chemotactic for neutrophils (Wang et aI., 1987), it also primes neutrophils for oxidative

bursts (Weisbart et aI., 1987), enhances phagocytosis and increases the expression of certain

adhesion molecules on their surface (Arnaout et al., 1986). GM-CSF also activates

eosinophils, monocytes and macrophages (Metcalf 1989).

When haematopoietic cells are grown in vitro in the absence of exogenously added

growth factors the cells undergo apoptosis (Williams et a1.,1990). It has been shown that

apoptosis can be prevented by the addition of cytokines like IL-1, GM-CSF or M-CSF, with

cytokine mediated cell survival occurring at all stages of differentiation (Mangal et al.,
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Chapter I: Introduction

1991). Since the secretion of cytokines is only transitory during times of inflammation and

infection, it is thought that one of the functions of apoptosis, in the absence of cytokines,

may be a physiological mechanism to rapidly reduce the number of cells in a population that

has been expanded by the action of cytokines after successful removal of the invading

pathogen (Fibbe et a\.,1999).

L.5 Mechanisms of GM-CSF reeulation

GM-CSF is expressed by a wide variety of cells but of particular interest to the work

presented in this thesis both T lymphocytes and fibroblasts produce GM-CSF in response to

a variety of immune and inflammatory stimuli. Fibroblasts express GM-CSF in response to

activation by IL-l and tumor necrosis factor alpha (TNFcr). GM-CSF expression in activated

T cells is triggered by activation of the T cell receptor by antigen complexed with either

MHC class I or II molecules on the surface of antigen-presenting cells (Fibbe et al., t999)'

GM-CSF expression is regulated at both the transcriptional and post transcriptional

levels (Gasson 1991). Very briefly the post transcriptional control is mediated at the level of

6RNA stability, with AUUUAA/UAru sequences located in the 3' untranslated region

conferring selective stability (Lagnado et aI., 1994). However, GM-CSF expression is

primarily controlled at the level of transcription and the data presented in this thesis will

focus on this area. The human GM-CSF gene is located on chromosome 5q23-q31 and

resides in a cluster of cytokine and cytokine receptor genes that include n-3,n'-4,IL-5, IL-

13, M-CSF, M-CSF receptor and PDGF receptor (Thangaveltt et aI., 1992). A detailed

examination of the GM-CSF gene has identified a promoter and an upstream enhancer (3 kb

upstream of the transcription initiation site), both of which are essential for efficient GM-

CSF expression (Cockeli^ll et a\.,1993); (Cockerill et al',1999)'

9



Chapter I: Introduction

Transcriptional regulation is mediated by two mechanisms, global regulation of a

region of DNA in the context of chromatin and gene specific transcription factors. Both of

these mechanisms are intimately linked and appear to play important roles in GM-CSF

regulation. As with all cytokines, GM-CSF expression is tightly regulated. Most

I
experiments to try and understand the mechanism of gene regulation have primarily focusfed

I
on gene activation but the correct regulation, of not only GM-CSF but most other genes,

requires not only gene activation but also gene silencing. A recent increase in interest in this

area of research has identified that silencing gene expression and maintaining genes in this

silenced state is a highly organised, multi-protein, ATP-dependent process. Mechanisms of

gene activation and repression, both of which are critical for correct GM-CSF expression,

will be discussed in detail.

1.6 Mechanisms of sene regulation

1.6.L DNA architecture mediated reeulation of GM-CSF expression

1.6.1.1 Chromatin

Recent work has begun to identify the importance of the structure or architecture of

DNA as a mechanism for transcriptional regulation. In eukaryotes, DNA is packaged with

histone proteins to form structures known as nucleosomes. The nucleosome consists of

dimers of the four histone proteins IJ2A,IJZB, H3 and H4 binding to each other to form an

octamer histone core, with approximately 143 bp of DNA wrapped twice around the core

(Fletcher et al., 1996). A fifth class of histone proteins, the HI or "linker" histones, bind at

the exit and entry points of DNA from the nucleosome core. The presence of H1 is

necessary for the condensation of nucleosome core. The presence of H1 is necessary for the

condensation of nucleosome chains into higher order chromatin structures (Thomas 1984).

10



Chapter I: Introduction

The formation of chromatin is a physiological mechanism that allows up to one thousand-

fold compaction of the DNA length in chromosomes. The histone proteins have a globular

body and a highly basic tail, which helps neutralise the overall negative charge on DNA,

hence facilitating DNA folding into this compact chromatin structure (Wolffe et a1.,2000b).

It was once thought that nucleosomes were static, non-participating structures merely utilised

as a scaffold for DNA storage in a compact state, now it is clear that histone/DNA

interactions are an integral and dynamic part of the machinery responsible for regulating

gene transcription.

The degree of DNA compaction of chromatin appears to be one of the major

controlling factors in regulation of gene expression. DNA that is tightly packed in chromatin

(heterochromatin) is associated with regions of no or poor gene activity whereas DNA that is

not tightly packed in chromatin (euchromatin) is associated with regions of high gene

expression. During the course of gene activation, a significant degree of chromatin

remodelling occurs. For example, circulating, resting T cells contain nuclei which are small

and compacted, whereas soon after T cell receptor and co-receptor stimulation the nucleus

increases up to ten fold with regions of euchromatin appearing (Zhao et a!., 1998a).

1.6.1.2 Histone modification

One possible mechanism responsible for the degree of DNA compaction in the

nucleosomes is dependent on post translational modifications of the core histones. The

histone tails are sites for acetylation, phosphorylation, methylation, ubiquitination and ADP-

ribosylation, all of which affect the chromatin architecture by altering histone/DNA and

histone/histone interactions (Van Holde 1 998).

Of all the histone modifications listed acetylation has been the most extensively

studied. The acetylation state of histones has been correlated with whether associated DNA
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regions are active or silenced. Hyper acetylated histones are associated with

transcriptionally active regions of chromatin, whereas deacetylated histones are associated

with transcriptionally silent regions of chromatin (Strahl et a\.,2000). However, a direct link

between chromatin function and acetylation was only established by the discovery that

coactivation complexes required for transcriptional activation contained histone

acetyltransferases, whereas co-repressor complexes contained histone deacetylases (V/olffe

et a\.,2000a).

Acetylation occurs on specific lysine residues present on the N-terminal histone tails.

Acetylation of histone tails neutralises the positive charges on histones, decreasing the

affinity of histones with other components of chromatin, including nucleosomal DNA, linker

DNA and the histones of adjacent nucleosomes, thereby setting up an open and potentially

transcriptionally active chromatin structure (Strahl et a1.,2000). Deacetylation of histones

leads to stabilisation of the nucleosome and higher order chromatin structure, setting up a

transcriptionally inactive chromatin structure (Covault et aI., 1 980).

L.6.L.3 DNase I Hvpersensitive sites

The changes in nucleosome arrangement have been identified and examined via

experiments using DNase I enzyme digestion. DNase I cleaves DNA that is not associated

with protein, (these regions are known as DNase I hypersensitive sites (DH sites)).

Therefore, DNA in the context of tightly packaged nucleosomes is relatively protected from

DNase I digestion compared to naked DNA. It has been shown that regions of chromatin

that are transcriptionally active or have been remodelled so they contain no nucleosomes, are

generally more sensitive to DNase I digestion than regions of inactive chromatin (Gross e/

at.,1988). DH sites appear to co-localise with euchromatic regions of chromatin and hence
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suggest that the DNA is in an open structure facilitating transcription factor binding and

initiation of transcription.

Examination of the GM-CSF regulatory regions has identified two DH sites, one

within the proximal promoter and the other in a region 3 kb upstream, which was later

identified as an enhancer region (Cockerill et aI.,1993). These DH sites were found to be

inducible by stimulation of T cells, myeloid cells and endothelial cells with factors know to

stimulate GM-CSF production in these cells (Cocke'rl^ll et a1.,1999). In T cells the DH site

formation was blocked by cyclosporin A treatment, which has been shown to block signals

transmitted by the T cell receptor, indicating that T cell receptor signals were responsible for

this DH site formation (Cockei^ll et at., L993). Work done in the Cockerill laboratory has

recently shown that the GM-CSF DH sites are not present in resting T cells but formation is

induced upon T cell receptor stimulation (P.N. Cockerill personal communication). In

activated T cells the GM-CSF proximal promoter and enhancer DH sites are either

maintained, even in the absence of T cell receptor stimulation, or are able to form much

more rapidly on subsequent T cell receptor activation. This observation suggests a

mechanism for the rapid response and synthesis of GM-CSF in activated T cells in response

to T cell receptor and co-stimulatory stimulation without a great deal of chromatin

reaffangement (Cockerill laboratory, unpublished).

L.6.L.4 Nucleosome modifTcation complexes

Destabilisation of the nucleosome complex by histone modification is involved in

both activation and repression, but on its own appears not to be sufficient to confer either

active or silent states of chromatin. Disrupting the nucleosome core is thought to create a

platform for other chromatin remodelling factors to interact with the histones to either bring

about activation or repression. In yeast, two of these nucleosome-remodelling complexes,
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the SWySNF and ISWI, have been studied in detail. The SWVSNF complexes have been

shown to be involved in further disruption of the histone core and display some ability to

shift nucleosomes while the ISWI complex is involved in shuttling the nucleosome along

DNA (reviewed by Kornberg 1999). SWVSNF like complexes have been identified in

higher order eukaryotes, for example Brahma related gene (BRG) protein complex, BRG1

associated factors (BAF) (Wang et a\.,1998) and Mi-2 (Wade et a1.,1999).

There are many examples that now show nucleosome modification proteins are

targeted to sites of transcriptional activation or repression. Both activation and repression of

transcription involves the coordinated binding of many factors to form a functional unit.

When these units form, leading to activation of a gene, the unit has been termed an

enhanceosome. Factors within this enhanceosome actively recruit nucleosome rearranging

factors like SWVSNF family members BAF, and histone acetyltransferases p300, CREB-

binding protein (CBp) and p300/CBP-associated factor directly to sites of transcriptional

activation (Li et at., 1999). It has been shown that T cell receptor signalling induces the

rapid association of the BAF complex with chromatin. BAF is recruited to sites of chromatin

remodelling by a complex containing PIP2, whose function is regulated by T cell receptor

activation signalling. This recruitment is specific, with PIP2 having no effect on other

related chromatin remodelling complexes containing SWVSNF or ISWI like factors.

purification and peptide sequencing of the subunits of the complex revealed many proteins,

which act as docking platforms for enhanceosome formation and interaction with chromatin

(Zhao et a1.,1998b). These results, in conjunction with the results observed by Cockerill,

indicate that T cell receptor signals can directly mediate chromatin regulation.

Large protein units that form on DNA to repress transcription have been shown to

recruit histone deacetylases and nucleosome rearranging co-repressor complexes like SIN 3

and MI-2 (Vermaak et al., ßgg) (Wade et al., 1999). Unlike activation, where a gene is
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targeted specifically for activation by processes like T cell receptor mediated signalling, it is

not well understood how a region of DNA is actively repressed. It has been shown that

repression is not merely due to the absence of activation factors but by specific mechanisms.

One mechanism by which site specific repression is achieved is CpG island

methylation of DNA. Methylated DNA is often associated with regions of silenced

chromatin (El Osta et a1.,2000) (Wolffe et al., 2000b). Methyl-CpG-binding proteins,

MeCpl, MeCpZ, MBO2 and MB03 have been shown to recruit co-repressor complexes like

SIN 3 and Mi-2 (El Osta et a1.,2000). The Mi-2 complex consists of 6 proteins but is often

found associated with major nucleosome reorganising complexes consisting of up to forty

proteins (Xtse et at., 1998). The Mi-2 protein itself is a nucleosomal ATPase from the

SWVSNF family and is involved in nucleosome destabilisation (Guschin et a1.,2000). Two

major factors often found associated with these co-repressor complexes are the histone

binding protein RbAp48 and associated histone deacetylases (Wolffe et a\.,2000b). RbAp48

has been shown to bind to the histone core but is unable to gain access to the histone core

when assembled into nucleosomes (Vermaak et al., 1999). Therefore the Mi-2 complex is

recruited, which disrupts the nucleosome structure, facilitating RbAp48 binding to the

histone core. RbAp48 can also directly interact with histone deacteylases, enhancing their

activity, presumably by positioning the deacetylase next to it target site on the core histone,

thereby setting up a transcriptionally silent chromatin structure (V/olffe et a\.,2000b).

1.6.L.5 Hish mobilitv eroup L proteins

Another family of proteins that have been shown to affect DNA architecture and are

important in GM-CSF promoter regulation are the high mobility group I (HMGI) family of

proteins. The HMGI family of proteins consists of three family members HMGI, HMG(Y)

and HMGI-C. These proteins are approximately 10 kDa in size and have in common three
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conserved DNA binding motifs. They bind to the minor groove of A/T rich DNA and appear

to recognise structure rather than sequence of DNA. Because of the presence of three DNA

binding domains in these proteins it is postulated that they can contact DNA at several

regions along a stretch of DNA, thereby significantly altering DNA structure (Shannon et al.,

2001). HMGI proteins have been shown to: alter DNA supercoiling, both enhance and

inhibit transcription factor binding to sites that are overlapping or adjacent to their AIT rich

binding sites, enhance transcription factor binding through protein:protein interactions, alter

the DNA packaging into nucleosomes and may play a role in nucleosome positioning and

shuffling (Reviewed by Shannon et a1.,200I). HMGI proteins can be modified by both

phosphorylation and acetylation, both of which affect their protein:DNA interactions. Of

particular interest to GM-CSF gene regulation HMGI proteins have been shown to interact

with the transcription factors NF-rB/c-Rel, NFAT and AP-l. HMGI(Y) has been shown to

be important in enhanceosome formation on the intetferon p promoter by recruiting

transcription factors, in particular NF-rB (Thanos et a\.,1995) (Yie et aL,1997). HMGI(Y)

is able to be acetylated by a co-activator protein CBP, which results in a loss in HMGI(Y)'s

ability to enhance NF-KB binding and general enhanceosome formation. It is thought that

this may be a mechanism by which to disassemble the enhanceosome complex thereby

switching off gene transcription (Shannon et a\.,2001).

GM-CSF is expressed in a variety of cell types but of interest to the work presented

in this thesis, I will focus in particular on GM-CSF expression in T cells. GM-CSF is
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expressed in activated T cells, of both the Thl and Th2 phenotype. GM-CSF expression is

triggered by intracellular signalling cascades resulting from activation of the T cell receptor

by interactions with antigen presented in the context of major histocompatibility class I or II

molecules on the surface of antigen presenting cells. Activation of T cells through the T cell

receptor alone is not sufficient for high levels of cytokine production. Full T cell activation

requires both the activation of the T cell receptor and costimulatory signals provided by

antigen presenting cells, resulting in the induction of a sustained and proliferative T cell

response (Weiss et a\.,1987). These costimulatory signals arise from paracrine stimulation

by cytokines or from the interaction of ligands on antigen-presenting cells with receptors on

the T cell surface. For example the antigen presenting cell ligand B7 interacts with the

CD28 receptor on the T cell surface initiating costimulatory signalling (Bluestone 1995).

Both resting and activated T cell recognition of antigen in the absence of costimulatory

signals induces either T cell apoptosis or functional unresponsiveness, characterised by the

failure to proliferate or synthesise cytokines on re-exposure to antigen presented with the

conect costimulatory signals (Ragazzo et aI.,20OI); (Shang et aI., 1999). Costimulatory

signals are a crucial for adequate responses to infectious pathogens but are also important in

preventing inappropriate responses to self-antigens.

T cell receptor activation initiates two major intracellular signalling cascades which

result in the activation of a series of transcription factors needed for GM-CSF transcription.

One of these T cell receptor mediated signals results in an increase of intracellular calcium

leading to activation of the calmodulin-dependent phosphatase, calcineurin. The second

signal activates a number of tyrosine kinases that subsequently leads to activation of protein

kinase C. T cell receptor activation can be mimicked by the treatment of T cells with

phorbol myristate acetate (PMA) and calcium ionophore (Caz* ionophore).
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GM-CSF expression is regulated at the level of transcription by a proximal promoter

and enhancer region, found 3 kb upstream. The GM-CSF proximal promoter can be divided

into functional domains, domain 1 and domain 2 (Figure 1.1). Domain I (-lL4 to -71)

contains the CK-l (also known as the CD28-responsive element CD28RE) and CK-2

elements conserved in a number of cytokine genes and is responsive to T cell receptor

activators and costimulators, like CD28 (Himes et aI., I996a); (Himes et al., I996b);

(Jenkins et aI., 1995). This regions binds a number of transcription factors including NF-

rB/Rel, SP-l, NFAT and HMGI(Y) (Gasson 1991); (Shannon et a1.,1995); (Shannon et al.,

1997). Domain 2 (-10 to -31) binds CBF, AP1, ETS andNFAT transcription factors, and

also responds T cell receptor activation (Cockerill et al., 1996); (Jenkins et al., 1995);

(Thomas et aI., 1997). The CBF, AP1, ETS and NFAT transcription factor binding sites

have been shown to be essential for T cell receptor signalling in conjunction with the domain

1 NF-KB site (Cockenll et al., 1996); (Jenkins et a\.,1995); (Thomas et al., 1997)'

Signalling mediated via the CD28 co-receptor functions through the CD28RE,

located upstream of the NF-KB site in domain 1 (Figure 1.1). The CD28RE is a variant NF-

rB binding site which has been shown to bind not only NF-rB/Rel family members but

NFAT and HMGI(Y) as well (Shang et al., 1999) (Himes et al., I996a). The CD28RE,

however, can not function on its own, requiring downstream sequences including the NF-I<B

and SP-l binding sites to function (Figure 1.1) (Himes et al.,I996a); (Himes et a1.,1996b);

(Shannon et al., 1997). This observation correlates with the observation that CD28RE

activity is only seen when both of the T cell receptor and co-receptor signals are provided,

indicating the need for transcription factors upregulated by these signals to function (Shang

et al., 1999). This region including the CD28RE, NF-KB and SP-l binding sites has been

collectively called the CD28 responsive region (CD28RR).
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Fieure L.1

The sequence of the GM-CSF proximal promoter

Domain I (-114 to -71) and Domain2 (-70 to -31) regions are indicated. The binding

sites for double stranded transcription factors which mediate GM-CSF expression

including: NF-rB/Rel family members (RelA, p50), CBF, SP-1, AP-I, ETS and NFAT are

underlined {8} i260}. The CD28 response element (CD28RE) and NF-rB sites are

indicated. Transcription factors known to bind, to each of these sites are shown

underneath. GM-CSF proximal promoter regions responsive to T cell receptor stimulation

and CD28 co-receptor stimulation are indicated.
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In addition to the GM-CSF proximal promoter, an enhancer has been identified 3 kb

upstream of the transcriptional start site (Cockenll et a\.,1993). The GM-CSF enhancer has

cell specific activity that mirrors GM-CSF expression, being active only in cells that are

known to express GM-CSF and hence is postulated to play an important role in regulating

high levels of cell specific GM-CSF expression (Cockerill et aI., 1993) (Bert et aI.,2O0Oa)

(Cockerill et aI., 1999). GM-CSF enhancer function is readily blocked by cyclosporin A,

which has been shown to disrupt T cell receptor mediated calcium signalling, suggesting that

factors upregulated by T cell receptor stimulation were involved in its regulation.

Examination of this region identified three composite NFAT/AP-I binding sites. Co-

operative binding of NFAT/AP-I complexes to these enhancer binding sites are critical for

GM-CSF enhancer function (Cockerill et al., 1999) (Cockerill et al., 1993) (Bert et al.,

2000a) (Cockerill et a|.,1995). The relative roles in transcriptional regulation of GM-CSF

expression by NFAT and NF-rB/Rel family members will be now discussed in detail.

1.6.2.2 Nuclear factor of activated T cell (NFAT)

One of the important factors for GM-CSF activation is NFAT. NFAT is a family of

at least four related proteins that regulate inducible cytokine gene transcription not only in T

cells but also in myeloid and endothelial cells (Rao e/ aI., 1997). NFAT does not usually

function alone, but in strict co-operation with other factors where it has been implicated in

different patterns of expression of certain cytokines. This specific regulation of cytokine

expression is mediated by NFAT protein:protein interactions with specific transcription

factors. For example, NFAT has been shown to be important in T cell specific expression of

tr--z, tr--3 and [--4 by interacting with AP-1, Oct, NIP45 and Oca-B proteins (B,ert et al.,

2000a). NFAT is activated by T cell receptor mediated activation of the phosphatase,

calcineurin (Rao er al., 1997). Calcineurin has been shown to dephosphorylate NFATp, a
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preformed cytoplasmic NFAT family member which enables its translocation into the

nucleus where it has a high affinity for DNA (Shaw et a1.,1988). T cell receptor signalling

also results in activation of activator protein -1 (AP-l) (Weiss et al., 1994). NFATp and

AP-l proteins cooperatively bind in the nucleus to form a functional higher-order complex,

binding with significantly higher affinity than either of the individual proteins (Crabtree

1999). The main role of NFAT/AP-I in mediating GM-CSF transcription is via its binding to

the enhancer region, where three composite NFATiAP-1 sites have been identified (Bert et

a1.,2000a); (Cockerill et a\.,1995). The ability of NFAT and AP-l to cooperatively bind to

these sites is primarily determined by the relative spacing of the binding sites to one another

(Cockerill et al., 1995).

Domain 2 of the GM-CSF proximal promoter also contains both NFAT and AP-1

sites, but unlike the enhancer, no cooperative NFAT/AP-I binding is observed. The change

in order and the slight change in the spacing of the AP-1 and NFAT binding sites in the

proximal promoter, compared to the functional NFAT/AP-I sites in the enhancer, is thought

to be the reason for the lack of cooperative binding (Bert 4 al., 2000a); (Jenkins et al.,

1995). NFAT has been shown to also bind the CD28RE and is thought to play a role in the

activity of the GM-CSF CD28RR (Shang et aI., 1999). Gel shift experiments have shown

that AP-l is not able to bind to the CD28RE. NFAT is only able to transactivate CD28RR

when both T cell receptor signals are provided suggesting that NFAT interacts with factors,

other that AP-1, which are induced by T cell receptor activation (Shang et a\.,1999).

In addition to directly recruiting factors like AP-l, NFAT is also thought to play a

major role in decondensing chromatin and mediating the formation of DH sites by directly

recruiting the histone acetyl transferase CBP/p300 (Avots et al., 1999); (Garcia-Rodnguez et

at., 1998). The NFAT/AP-I complex has even greater potential to remodel chromatin

bccause AP-1 can also directly disrupt nucleosome organisation (Ng et al., 1997). NFAT's
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function is therefore postulated to be more than just a docking site for factors. NFAT is

thought to indirectly increase transcription factor binding by recruiting chromatin

remodelling machinery and thereby increasing access to their binding sites (Bert et al',

2000a). NFAT may also rely on recruiting partners that can interact directly with the

polymerase complex to facilitate transcriptional activation. In the case of the NFAT/AP-I

complex, AP-l is a strong activator of the TFIID complex, suggesting a potential direct link

between the enhancer and proximal promoter (Ng er a1.,1997)'

1.6.2.3 Nuclear factor 'kappa B (NF-rB)

NF-rB/Rel factors are activated by T cell receptor and co-receptor mediated signals,

and are essential in the regulation of GM-CSF transcription via the CD28RE and NF-KB

sites present in domain 1 of the proximal promoter. NF-kappa BlRel family members are

found in essentially all cell types and are important regulators of a large number of genes

important in response to infection, inflammation, and other cellular stress signals requiring

rapid reprogramming of gene expression. The NF-rB/Rel family members consists of NF-

rB1 (also know as p50, which is derived from the NF-r81p105 precursor), NF-tcB2 (also

known as p52, which is derived from the NF-rBp100 precursor), and the Rel proteins RelA

(also known as p65), RelB and c-Rel. The Rel proteins share a highly conserved N-terminal

300 amino acid region called the Rel homology domain (RFD). The RHD is responsible for

dimerisation, DNA binding, protein:protein interactions and also contains a nuclear

localisation sequence (Reviewed by Karin et a\.,2000).

The NF-rB/Rel proteins bind DNA as either homo or heterodimers, each of which

have different DNA specificity and function. Homodimeric complexes of p50 and p52 arc

proposed to have inhibitory function, whereas protein complexes containing RelA, RelB and

c-Rel proteins activate transcription (reviewed by (Ghosh et al., 1998)). In unstimulated
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cells, NF-rB/Rel proteins are sequestered in the cytoplasm complexed with specific inhibitor

proteins, called kBs. All kBs contain ankyrin repeats which mediate binding to the RHD

of Rel proteins, masking the nuclear localisation signal thereby leading to cytoplasmic

retention (Ghosh et aL,1998).

Of all the IrB's (kBcr, IKBP, IrBy and Irlle, NF-rB1p105 and NF-rBp100) kBcx

and kBp have been the best characterised. Activation stimuli, including signals derived

from T cell receptor and co-receptor stimulation, result in rapid phosphorylation of kBo.

Once phosphorylated, kBcr is ubiquitinated and becomes a target for degradation by the

ubiquitin-26S proteosome pathway. Phosphorylation, ubiquitination and proteosome

degradation all take place while the kBcr is still bound to NF-rB/Rel proteins in the

cytoplasm (Chen et a\.,1995b). Once kBa is degraded, the nuclear localisation signal of

NF-rB/Rel proteins is exposed resulting in binding to karyopherins and translocation into

the nucleus. NF-KB/ReI and kBcr regulate each other via an autoregulatory feedback loop.

Nuclear NF-rB/Rel induces the synthesis of kBcr, which in turn translocates to the nucleus

where it binds to NF-rB/Rel proteins shuttling them back to the cytoplasm. This shuttling is

mediated via a nuclear export sequence located in both the C- and N-terminal regions of

IrBcr (Johnson et aI., 1999); (Schmid et a1.,2000). The kBB protein is also regulated by

similar mechanisms upon T cell receptor and co-receptor stimuli. Unlike kBs, kBp is

thought to play a role in both repressing and prolonging the action of NF-rB/Rel proteins.

Phosphorylated kBp acts in a similar manner to kBct, in that it inhibits the DNA-binding

ability of NF-rB/Rel proteins, via shutting them back into the nucleus. However, newly

synthesised, unphosphorylated IxBB acts as a chaperone, binding to DNA associated NF-

rB/Rel proteins, thereby blocking the inhibitory effect of IxBct in the nucleus. By this

process kBB is able to maintain NF-rB/Rel activity even after kBcx resynthesis and is
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thought to be initiated by costimulatory signals like CD28 costimulation (Suyang et aL,

1996).

The specific response of regions of the GM-CSF promoter to either T cell receptor or

CD28 signals is related to the formation of distinct NF-rB/Rel complexes. Regulation is

determined by which NF-rB/Rel subunits are activated and the selective binding abilities of

the different NF-KB/Re1 dimers. The GM-CSF domain 1 NF-KB site, which is responsive to

T cell receptor or PMA/Ca2* Ionophore mediated signals only binds RelA/p50 dimers

(Figure 1.1). Upon CD28 stimulation, the CD28RE is able to bind RelA and c-rel NF-

rB/Rel family members resulting in high levels of GM-CSF expression levels (Figure 1.1).

High level c-rel binding to the CD28RE is dependent on the presence of HMGI(Y). This

HMGI(Yyc-rel binding appears to be specific, with the binding of RelA to either the

CD28RE or the NF-KB site not affected by HMGI(Y) (Himes et al.,I996a).

Many of the proteins described above, have been shown to have multiple associations

with other transcription factors and chromatin remodelling proteins. For example, RelA has

been shown to associate with the histone actyl transferase CBP/p300 (Gualerzi et aL,1990)

and HMGI(Y) has been associated with not only c-rel but also NFAT (Shang et aL, 1999),

suggesting that the recruitment of these DNA remodelling factors is important in creating a

open chromatin structure for efficient GM-CSF transcription. The NFAT/AP-1/II{F-rB/ReI

factors also have been shown to synergistically interact with other transcription factors

including Elf-l, ETS1, CBF and SP-l potentially forming an enhaceosome structure for

efficient GM-CSF transcription (Himes et al., 1996a); (Meier et al., 1992); (Ozer et al.,

1990a); (Thomas et a\.,1997).
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1.7 Cold shock ICSD) factors

CSD factors, also known as Y-box proteins, were originally identified in bacteria where they

are involved in the cold-shock response (Jones et aL,1987). The cold shock response is a

specific pattern of gene expression that occurs in response to abrupt shifts to low

temperatures. This pattern includes the induction of CSD proteins, synthesis of proteins

involved in transcription and translation and the specific repression of heat shock proteins

(Jones et aL, l9S7); (Jones et aI., L992). The major bacterial CSD protein identified is

CspA, and has been shown to play an essential role in the bacterial cold shock response.

Sequence comparison of CSD family members has identified a central 100 amino

acid domain called the Cold Shock Domain, which is highly conserved throughout evolution

in CSD proteins isolated from bacteria to plants and humans, with the notable exception of

Saccharomyces cerevisiae (Graumann et al., 1998); (Wolffe et al., 1992); (Wolffe 1993). In

bacteria, CSD factors act as RNA chaperones, preventing RNA secondary structure, thereby

keeping RNA in a linear state which is an essential prerequisite for efficient initiation of

transcription in prokaryotes (Gualerzi et al., 1990); (Jiang et al., 1997). Bacterial CSD

factors have also been shown to bind DNA and contribute to transcriptional control by

sustaining the expression of genes necessary for cell growth at low temperatures (Jones e/

al., 1994).

CSD factors of higher organisms have been reported to bind double and single

stranded DNA and RNA and can interact with a wide and diverse anay of proteins. By

virtue of their diverse nucleic acid and protein interaction abilities, CSD proteins have been

shown to be involved in multiple aspects of gene regulation. CSD proteins are involved in

transcriptional repression and activation and in mRNA packaging, transport, localisation,

masking, stability and translation (Wolffe et al., 1992) (Wolffe 1993) (Graumann et al.,
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1998) (Ladomery et al., 1995) (Sommervllle et aL, 1996) (Matsumoto et aL, 1998)

(Sommerville 1999) (Shannon et a\.,1997)

1.7.1 CSD structure

CSD proteins have three functional domains, an N-terminal domain, the central

highly conserved cold shock domain and the C-terminal domain. The crystal structure for

the bacterial CSD proteins CspA and CspB have been resolved (Figure 1.2), lending

structural evidence to functional studies that have determined the role of each of the domains

(Newkirk et al., 1994); (Schindelin et aI., 1993); (Schindelin et al., 1994); (Schnuchel et al.,

tee3).

The N-terminal region of the CSD protein has not been well characterised. The N-

terminal region on its own has no intrinsic function, but when in the context of the whole

protein has been shown to contribute to single stranded DNA binding and protein:protein

interactions (Ansari et aI., 1999); (Kolluri et al., 1992); (Nambiar et al., 1998). The central,

highly conserved cold shock domain is composed of five antiparallel p-strands forming a

closed, five stranded p-barrel (Newkirk et a\.,1994); (Schindelin et a\.,1993); (Schindelin er

a1.,1994); (Schnuchel et al., 1993) (Figure 1.2). The cold shock domain also contains two

highly conserved motifs termed RNP1 and RNP2 which are conserved in a number of single

strand nucleic acid binding proteins (Graumann et aI., 1996); (Landsman 1992) and are

required for sequence-specific, single stranded DNA and RNA binding (Bouvet et a|.,1995);

(Kolluri et aL, L992); (Schroder et al., 1995). Three consecutive B-strands, þI, þ2 (which

contains the RNP1 motif,) and B3 (which contains the RNP2 motif) create a surface rich in

aromatic and basic residues that are involved in nucleic acid binding (Figure 1.2) (Schindelin

et al., 1993).
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A) Sequence alignment of CSD region from different species of Cold shock domain

proteins.

Sequence alignment of the CSD domain from different cold shock domain proteins. In the

alignment, identical residues are idicated by dashes and insertions by colons. The percent

identity with the bacterial CSD protein CspA is shown on the right and is calculated by

one-by-one comparisons of the aligned sequences.

E. coli, Escherichia coli

B. Sub., Bacillus subtilis

S. CIav., Streptomyces clavuligerus

Figure reproduced from Schindelin et al. L994

B) Three-dimensional structure of the bacterial csD protein cspA.

p-Strands are given as coloured curved ¿Irïows and numbered B1-p5 and loops between p-

strands are numbere d Ll-L4.

Figure reproduced from Schindelin et al. 1994
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Chapter I: Introduction

The C-terminal domain of CSD proteins are generally composed of alternating basic

and acidic regions, each about 30 amino acids in length. The alternating blocks of basic and

acidic amino acids are proposed to function as a charge zipper domain, mediating

protein:protein interactions (Ozer et a\.,1990a). The C-terminal domain has been implicated

in both non-sequence specific RNA binding and protein:protein interactions with

transcription factors like RelA, Zo-I, TBP, NF-Y, YY-l and Ap-2 and structural proteins

such as actin. These proteins have been shown to interact with different regions of the C-

terminus, providing the option for CSD factors to interact with a number of partners, or

factors on different parts of the promoter (Shnyreva et a1.,2000) (Li et al., 1997) (Ansari er

al., 1999) (Ise et aL, 1999) (Moorthamer et aI., 1999) (Ruzanov et al., 1999). The

alternating basic and acidic regions found in the C-terminal domain of CSD proteins are

similar to sequences found on proteins that bind to ribonucleoprotein complexes and shuttle

between the nucleus and cytoplasm (Meier et aI., 1992). CSD factors were originally

identified in humans as ribosome associated proteins, and while CSD factors lack an obvious

nuclear localisation sequence, they afe found in both the nuclear and cytoplasmic

compartments (Shnyreva et aI., 2O0O). Sequence similarities with these shuttling proteins

suggests that the C-terminus may play a role in the shuttling of CSD proteins (Ranjan et al.,

1993). CSD proteins have been shown in vitro to homodimerise and form large protein

aggregates. This homodimerisation is dependent on C-terminal mediated protein:protein

interactions (Bouvet et a\.,1995); (Nambiar et aI., 1998); (Wolffe et al., L992). Unlike the

Cold shock domain, the C-terminal domains of different CSD factors display large

variations, which are attributed to the wide and varied functions of CSD factors. The main

role, however, for the C-terminus is in transcriptional activation (Ansari et al., 1999); (Kerr

et a\.,1994).
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1.7.2 CSD familv subtvpes

There have been alarge number of CSD proteins reported from many species. Of all

the ubiquitously expressed mammalian and avian CSD protein reported, sequence analysis

had deduced they could be grouped into two subtypes. The first subtype consists of

homologues of dbpB, also commonly known as YB-l (Human), they include EFIA

(chicken), p50 (rabbiÐ, MSY1 (mouse) and FRGYI (Xenopus) (Evdokimova et al., 1995);

(Ozer et al., 1990b); (Sapru et aI., 1996); (Tafuri et al., 1993); (Tekur et aL, 1999). The

second subtype is dbpA (human) with homologues reported EFII (chicken), M1Y/NI1Ya

(mouse), YB-2 (human) and the recently described CSD protein ZONAB (dog) (Balda et al.,

2000); (Cleavinger et al., 1996); (Sapru et al., L996); (Swamynathan et al., 1997). The

remaining CSD proteins can be subdivided into two groups. The first of these groups

represents germ cell specific CSD factors, Contrin (human), MSY2 (mouse) and FRGY2

(Xenopus) (Bouvet et a\.,1995); (Gt et a|.,1998); (Tekur et al., L999). The main role of this

subset of CSD factors appears to be in RNA binding. For example, during oogenesis, the

Xenopus laevis CSD factor FRGY2, binds specific nascent mRNA during transcription,

sequestering them in the cytoplasm, preventing translation and degradation (Bouvet et al.,

1995). The C-terminus of FRGY2 binds mRNA in a non-sequence specific manner

mediating the translational repression, while sequence specificity is conferred by the RNP1

and RNP2 motifs in the cold shock domain (Matsumoto et al., 1996). Post-fertilisation,

phosphorylation of residues in the C-terminus of FRGY2 results in the specific release of

mRNA from CSD proteins, enabling translation (Sommerville et aL.,1996). The final subset

of CSD factors includes CSD-related proteins. An example of a protein that falls into this

subset is UNR. UNR has been identified in humans, guinea pigs and D. melanogaster and

contains several repeats of cold shock domain motifs but lacks a C-terminal like domain

region @oniger et a1.,1992); (Thieringer et al., L997).
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Work done in our laboratory and by others have identified variants of CSD factors.

These variants are proposed to arise from either splice variants or post translational

proteolytic cleavage. The major splice variant, reported in chicken, arises from the dbpA

gene and has been termed YB-z and has been shown to bind to the Rous sarcoma long

terminal repeat promoter. This splicing event results in a 69 amino acid deletion in the C-

terminal region which does not affect single strand DNA binding but could have an effect on

the ability of the truncated protein to interact with other regulatory proteins (Cleavinger ef

at., 1996); (Swamynathan et ctt., 1997). Human homologues of YB-2 have also been

identified (Balda et aL,2000); (Kudo et a\.,1995). Post-translational proteolytic cleavage of

CSD proteins has been demonstrated in dbpB. In this example the C-terminal region of

dbpB is cleaved resulting in its translocation into the nucleus where it is involved in the

thrombin inducibility of PDGF B-chain expression (Stenina et a\.,2000). Since full length

dbpB is found in the nuclear compartment in other systems, it is known that C-terminal

cleavage is not required for import of CSD factors into the nucleus.

1.8 CSI) factors and transcriptional resulation

L.8.1 CSD factors and transcriptional activation

CSD factor mediated transcriptional activation has been reported in a few cellular

genes (crl (I) procollagen and IvINI-2lgelatinase A (Dhalla et al., 1998); (Mertens et al.,

IggT)) but the most extensively studied cases have been on viral promoters. CSD factors

have been implicated in transcriptional activation of human immunodeficiency virus, Rous

sarcoma virus, human T lymphotrophic virus and human neutropic JV polymavirus (JCV)

promoters (Greuel et a\.,1990); (Kashanchi et aL,1994); (Ken et a|.,1994); (Sawaya et al.,
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1998). The mechanisms by which CSD factors mediate transcriptional activation are not

well understood but appear to involve both DNA binding and protein:protein interactions.

1.8.1.1 CSD activation of human neutropic .IV polymavirus (JCV)

Of all the viral promoters studied, the role of CSD factors in activation of the JCV

promoter is the most understood and represents a good example of both DNA binding and

protein:protein interactions for CSD factors. The primary role of CSD factors in JCV

activation involves a complex interplay between host cell factors Purcr and NF-rB/Rel and

the JCV T-antigen protein. The JCV regulatory domain contains the origin of replication,

promoters for early and late gene transcription, a NF-rB site, two 98 bp tandem repeats and a

region called the D domain (Ken et aI., 1994) (Chen et al., 1995a) (Safak et a1.,1999). A

pentameric repeat sequence called the lytic control element (LCE) found in the 98 bp tandem

repeats, is responsible for modulating viral early and late promoters and contributes to tissue

specificity and viral DNA replication (Tada et a1.,1992). The JCV genome is hypervariable

and variants have been identified that contain a 23bp insertion in the LCE. These variants

show changes in virulence and tissue specificity, indicating the importance of the LCE

(Safak et al., 1999). Binding studies on the LCE demonstrated that two single stranded

DNA binding proteins dbpB and Purcr bound to opposite strands of the JCV LCE. Purcr

bound to the LCE early strand, inducing viral early gene transcription and dbpB bound to the

complementary LCE late strand, inducing viral late gene transcription (Chen et al., 1995a)

(Safak et al., 1999). Purcr and dbpB are able to modulate each others binding to their

respective LCE targets. Purcr increases binding of dbpB to its DNA target but in contrast

Pura binding to its strand of the LCE is decreased by dbpB (Chen et aL, I995a) (Gallia et
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al., tggS). Purg early gene transcription leads to synthesis of the viral T-antigen protein' T-

antigen has been shown to induce late gene transcription and is also able to increase dbpB

binding to the late promoter, thereby further increasing the level of viral late gene

transcription. Purcr reduces the extent of T-antigen late gene transactivation, however T-

antigen is able to in turn, decrease the induced level of early gene transcription by Pura. The

functional antagonism observed between Puro and T-antigen is determined by

protein:protein interactions with one another (Gallia et aL,1998).

The model for regulation of the JCV viral promoter by this interplay between Puro,

dbpB and T-antigen is as follows. Early stages of infection result in strong binding of Purcx,

to the LCE leading to early viral gene transcription (including the synthesis of T-antigen).

As the infection progresses the level of T-antigen increases, which in turn stabilises dbpB

binding to the LCE late strand. Stabilised binding of dbpB to the LCE results in the

dissociation of purcr from the early strand of the LCE which leaves dbpB and T-antigen free

to enhance late viral gene transcription (Gallia et a\.,1993) (Chen et a\.,1995a) (Safak et al.,

t999).

The binding of Purcr and dbpB to the JCV promoter in variant strains containing the

23bp insertion within the LCE is however, dramatically different. Where previously Purcr

and dbpB affected early and late gene transcription respectively, in variant JCV strains both

purcr and dbpB act synergistically to stimulate both early and late gene transcription (Safak

et al., ßgg). The different activity of dbpB and Purcr on the variant JCV promoter suggests

that structural organisation of the viral promoter can dictate the activities of these proteins.

Another layer of control and complexity of JCV transcriptional regulation is added

by the introduction of the NF-rB/Rel family members. The JCV promoter contains two NF-

rB/Rel-responsive regions, a consensus NF-rB site and a region called the D domain, both
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of which affect JCV early/late gene expression (Raj er aL,1996). The NF-rB site binds NF-

rB/Rel family members p50, p52 and p65 whereas the D domain binds all these NF-rB/Rel

family members and the CSD factor dbpB. NF-KB binding to these sites is independent of

Purcr and T-antigen but is regulated by interactions with dbpB. JCV late gene transcription

is decreased when p50 and p52 bind to the NF-KB site but transcription is increased when

p65 binds to the NF-KB site. The converse pattern is seen on the D domain, where p50 and

p52 NF-rB/Rel factors act to increase transcription and p65 acts to decrease transcription.

These results can be explained by p65 and dbpB being able to modulate each others binding

to DNA. It is known that p50/p52 NF-KB/ReI factors often have inhibitory effects whereas

p65 activates viral late gene expression (Ghosh et a1.,1998). dbpB augments the affinity of

p65 binding to the JCV NF-KB site thereby synergistically activating viral late gene

expression. On the D domain p65 binds to dbpB, reducing dbpB binding to its target thereby

repressing late viral gene expression. This p65 mediated repression is relieved by p50lp52

NF-rB/Rel family members titrating p65 away from interactions with dbpB, enabling dbpB

to bind to the D domain enhancing JCV late gene transcription (Raj et aL,1996).

1.8.2 CSD factors and transcriptional repression

Whereas CSD factors have primarily been shown to act as activators of viral genes,

they act as repressors of many cellular genes. The majority of genes regulated by CSD

factors fall into three categories, growth factor genes (GM-CSF, G-CSF, fÅ 8. Erb B2)

(Coles et al., 2000) (Balda et al., 2000), stress response genes (MHC Class I & II,

thyrotropin receptor, grp78, nicotine acetylcholine receptor ô and multidrug resistance gene

D (Hu et a1.,2000); (Li et a1.,1997); (Ohmori et a1.,1996); (Sapru et a1.,1996); (Ting et al.,

1994), and the cell cycle gene thymidine kinase (Kim et aL.,1997).
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The mechanisms by which CSD factors are proposed to act to repress transcription

are two fold. The most common of the two mechanisms is brought about by the ability of

CSD proteins to bind to single stranded DNA. CSD factors have been shown in vitro to

induce or stabilise single strand regions within double strand DNA containing CSD sites

(Horwitz et aI., 1994); (Kolluri et al., 1992); (MacDonald et al., 1995); (Mertens et aI.,

1998); (Schwartzba\ef et a\.,1998). The binding of CSD factors to single stranded regions

of DNA would thereby prevent the binding of activator factors which are dependent on

double stranded DNA for binding. For example, dbpB has been shown to bind to two single

stranded regions of DNA in the thyrotropin receptor gene promoter, repressing insulin and

cAMP mediated induction of transcription (Ohmoi et al., 1996). Another example is

regulation of the cell stress induced protein chaperone, grp78. The transcription factor YY1

binds to the grp78 promoter, activating gene transcription under periods of cellular stress.

CSD factors, dbpA and dbpB, repress this stress mediated activation of grp78 by binding to

single stranded DNA regions across the grp78 promoter, thereby preventing YY1 from

binding to its double stranded DNA target (Li et al., 1997). There is some evidence that

CSD factors themselves can induce single stranded regions of DNA (MacDonald et al.,

1995) but the latest evidence suggests that their role is more one of stabilisation of the single

stranded DNA structure. CSD proteins have recently been found associated with protein

complexes containing nucleosome remodelling factors suggesting a potential mechanism by

which regions of single stranded DNA are induced (Shnyreva et al.,2000).

The second mechanism of CSD mediated transcriptional repression is via

protein:protein interactions. Protein:protein interactions involving CSD factors generally are

associated with transcriptional activation but in some reported cases CSD factors have been

shown to bind to activator proteins, thereby preventing them binding to their DNA targets.

For example, CSD factors dbpA and dbpB have been shown to regulate the expression of the
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MHC class I-AB. Efficient transcription of I-AB requires the formation of the NF-YA/|{F-

YB complex. CSD proteins repress activation of the I-Ap gene by blocking formation of the

NF-YA/NF-YB complex via two mechanisms. The first mechanism is by dbpA directly

binding to NF-YA, replacing NF-YB and forming a non-functional NF-YA/dbpA complex.

The second mechanism is not fully understood, but involves dbpB preventing the formation

of a functional NF-YAJt{F-YB complex (lloberas et aL.,1995).

Due to the type of genes that CSD factors have been shown to regulate (growth

factor, stress response, cell cycle) repression of these genes in the absence of appropriate

stimuli is important. The role of CSD factors in the regulation of these genes may be critical

in preventing inappropriate cell growth and disease.

fîbroblasts

Experiments performed in our laboratory to examine the regulation of GM-CSF

transcription identified that the GM-CSF promoter could be divided into two functional

domains: Domain 1 (-I14 to -7I) and Domain 2 (-70 to -31). Domain 1 contains the

CD28RE and NF-rB sites and Domain 2 contains the binding sites for several transcription

factors (Figure 1.3). Using FIEL fibroblasts and transfection of chloramphenicol acetyl-

transfease (CAT) GM-CSF proximal promoter report constructs, it was observed that domain

2 of the GM-CSF proximal promoter was highly TNFo inducible (Coles et aI., 1994); (Coles

et al., 1996); (Coles et a1.,2000). This TNFcr induction of domain 2 is mediated via TNFø

inducible and constitutive factors CBF, APl and ETS/NFAT binding to sites in domain 2

(Figure 1.3)(Coles et a1.,2000). Interestingly, when the reporter construct was extended to

encompass domain 1, there was a dramatic reduction in the level of TNFa inducible

expression. Mutational analysis of sequences in Domain 1 relieved this repression,
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Fieure L.3

Cold Shock Domain binding sites in Domain I and Domain 2 of the GM-CSF

proximal promoter

Domain I (-114 to -71) and Domain2 (-70 to -31) regions are indicated. The CD28

responsive element (CD2SRE) and the binding sites for double stranded transcription

factors which mediate GM-CSF expression including: NF-rB/Rel family members (RelA,

p50), CBF, SP-I, AP-l, ETS and NFAT are underlined {8} {260}. Binding sites

identified for nuclear NF-GMb/c complexes are indicated on the non-coding (-) strand of

domain I and the coding strand (+) of domain 2. The Domain 2, TNFa responsive region

is also highlighted.
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suggesting that Domain 1 contained repressor binding sites. Gel shift experiments using 32P-

labelled oligonucleotides spanning domain 1 and nuclear extracts from IIEL fibroblasts and

HUT78 T cells, identified two complexes, NF-GMb and a faster migrating complex NF-

GMc that bound only to single stranded oligonucleotides across this region. Fine mutational

analysis across domain 1, identified that these two complexes were contacting two repeated

5'-CCTG-3' sequences (one overlapping the CD28RE and the other overlapping the NF-rB

element) on the non-coding strand of the GM-CSF domain 1 (Figure 1.3). Binding of the

NF-GMb complex required the presence of both sequences whereas the NF-GMc complex

could form when only one site was present. Binding of NF-GMb and NF-GMc complexes to

the sites identified in the GM-CSF domain 1 region was implicated in repression of the

domain 2 TNFcr response (Coles et a1.,1994). UV cross-linking experiments carried out on

these complexes identified that the NF-GMb complex was composed of 42 and 22 kDa

proteins, while the NF-GMc complex was composed of only a 22þ'Da protein (Coles et aL,

1994); (Coles et a\.,2000).

In an attempt to isolate the protein components of the NF-GMb/c complexes, a single

stranded oligonucleotide spanning the domain 1 region, was used to screen a HUT78 T cell

Àgtl1 cDNA expression library. This screen isolated two cDNA clones, which encoded

proteins with NF-GMb-like binding activity. Sequencing of these clones identified two

proteins from the group of proteins known as cold shock domain (CSD) proteins. One of the

sequences was identified as the CSD factor dbpB and the other was a variant of the CSD

factor dbpA, which was called dbpAv (Coles et a1.,1996). Subsequent gel shift and UV

cross-linking analysis using single stranded DNA oligonucleotides spanning domain 2,

identified that NF-GMb/c complexes could also form on the non-coding strand of domain 2.

Mutational analysis of domain 2 identified a further two NF-GMb/c CSD binding sites. One

of the CSD binding sites identified was the same as the two identified in domain 1 5'-CCTG-
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3' while the other site was identified as 5'-ACCA-3' (Figure 1.3). Mutational analysis of the

domain 2 NF-GMb/c CSD binding sites resulted in an increase of domain 2 TNFa-inducible

expression, implying that these sites were also acting as repressor elements (Coles et al.,

2000). The spacing between the four CSD sites in domains 1 and 2 was conserved, bringing

about an ordered regularly spaced alrangement of CSD repressor sites across the GM-CSF

promoter. It is proposed that CSD factors themselves or interactions with chromatin

remodelling machinery induce regions of single stranded DNA across the GM-CSF

promoter. Binding of CSD factors to these single stranded binding sites is postulated to

prevent the double stranded DNA activating factors from binding and initiating transcription.

In addition to GM-CSF, the promoter sequences of two other myeloid growth factor

genes, the human G-CSF and IL-3 genes, were analysed. G-CSF and IL-3 have overlapping

patterns of expression with GM-CSF. It was observed that the unique affangement of CSD

binding sites seen in GM-CSF was present across the G-CSF and IL-3 proximal promoters.

In each of the three genes the domain 1 NF-GMb/c CSD binding sites were on the non-

coding strand, whereas the domain 2 sites were on the coding strand. Similar to what was

observed in the GM-CSF promoter, CSD sites in the G-CSF and IL-3 genes overlap or are

adjacent to activator sites like SP-1, CBF, NF-KB and the CD28-responsive element (Coles

et a1.,2000). The sequence, spacing and strand conservation of CSD sites in the three genes

suggests an important role not only for binding of CSD proteins to DNA but also for CSD

interactions with other regulatory proteins and ultimately, the architectural DNA structure

resulting from binding of these factors.
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1. 20 Proiect Rationale

An objective of our laboratory over the years has been to investigate the

transcriptional regulation of the human GM-CSF proximal promoter. Most of the emphasis

has been on positive regulatory factors like NF-rB/Rel and HMGI-Y which are important in

T cell receptor and co-receptor mediated signalling of GM-CSF expression. Another focus

of our laboratory has been on negative regulatory elements of the GM-CSF promoter which

have led us to investigate cold shock domain (CSD) proteins. CSD proteins are expressed in

all cell types and appear to play a role in the strict regulation of expression of genes involved

in growth regulation and stress response. Therefore we wanted to determine if CSD factors

could regulate GM-CSF transcription in Jurkat T cells, since they express high levels of GM-

CSF in response to T cell receptor and co-receptor signalling.

At the time this project coÍìmenced nuclear CSD complexes (NF-GMb and NF-

GMc) had been detected binding to single stranded DNA regions across the GM-CSF

proximal promoter in IIEL fibroblasts. Mutational analysis across the GM-CSF proximal

promoter identified four CSD binding sites, two across the non-coding strand of domain 1

and two across the coding region of domain 2 (Coles et al., 1994) (Coles et aI., 1996).

Transient transfection experiments identified that these CSD binding sites were acting as

repressor sites in the GM-CSF promoter in IIEL fibroblasts. The work presented in this

thesis continues work previously undertaken in our laboratory examining the role of CSD

proteins in FIEL fibroblasts and extends this work to examine the role of CSD proteins in the

regulation of the GM-CSF promoter in Jurkat T cells.

1. 2L The specific aims of this proiect are:

1) To compare GM-CSF promoter transcriptional regulation by CSD factors dbpAv and

dbpB in FIEL fibroblasts and Jurkat T cells.
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2) To determine which regions of the CSD proteins were involved in transcriptional

repression and activation.

3) To express recombinant CSD GsT-fusion proteins dbpAv-GST, dbpB-GST and to

examine binding to CSD sites across the GM-CSF proximal promoter.

4) To generate CSD specific antibodies.

5) To characterise the sub-components of nuclear CSD NF-GMb and NF-GMc complexes

in FIEL fibroblasts and Jurkat T cells.

6) To identify potential mechanisms for CSD mediated activation in Jurkat T cells.
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Materials and Methods

Once you eliminate the impossible, no matter how improbable, must be the truth

Sherlock Holmes
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2.L Chemicals. reagents and consumables

The following chemicals were obtained from Sigma Chemicals: agarose (type 1),

ampicillin, ATP (disodium, grade I), B-mercaptoethanol, BSA, bromophenol blue, xylene

cynol, DTT, ethidium bromide, PMSF, Tween 20,Iysozyme and Triton X-100. TEMED,

acrylamide and bisacrylamide were purchased from BioRad Laboratories. Agar, foetal calf

serum, ammonium persulphate were purchased from Gibco BRL. Trypsin, DMEM, RPMI,

L-glutamine, Penicillin, Gentamycin were purchased from CSL laboratories. Phenol was

purchased from WAKO Pure Chemical Industries Ltd. Poly(dl:dC), Protein A Sepharose

and Glutathione Sepharose 48 were purchased from Amersham Pharmacia Biotec. DC)-

Luciferin, acetyl Co-A were purchased from Boehringer Mannheim. All other fine

chemicals were purchased from Merck.

2.2 Enzymes and protein molecular weight markers

All restriction enzymes were purchased from New England Biolabs or Promega. T4

DNA ligase and T4 polynucleotide kinase were purchased from New England Biolabs. Calf

intestinal phosphatase and RNAseA were purchased from Boehringer Mannheim.

BenchmarkrM protein ladder and BenchmarkrM prestained protein ladder were purchased

from GIBCO BRL.

2.3 Radiochemicals

[y-32p]Atp (4,000 Ciimmol) and L - 35S Methionine (LIl5 Cilmmol) were purchased

GeneWorks. toc Chloramphenicol (0.2 ¡tCil4 nmol) was purchased from NEN.
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2.4 Buffers and solutions

IxTBE 50 mM Tris, 1 mM EDTA,42 rnNI Boric Acid, pH 8.3

IxTAE 40 mM Tris, 20 mM Acetic acid, 0.9 mM EDTA

1 x SDS-PAGE Buffer 250 mM Tris, 34 mM SDS, 1.9 M Glycine

3 x Urea Load Buffer 4 M lJrea, 507o Sucrose (w/v), 50 mM EDTA, 0.17o

Bromophenol blue (w/v)

5 x Acrylamide load 50% Sucrose (w/v), 5 mM EDTA, 50 mM Tris-HCl pH 7.4,

0.I7o Bromophenol blue (w/v), O.lVo Xylene cynol (w/v)

Formamide load 807o deionized formamide (w/v), O.0I7o bromophenol blue

(w/v), 0.0I7o Xylene cynol (w/v), 0.1 mM EDTA in 0.5 x TBE

2 x SDS-PAGE load 125 mM Tli.ls, 207o glycerol (v/v), 2%o SDS (w/v), 27o 2-þ-

mercaptoethanol (v/v), 0.0017o Bromophenol blue (w/v),

adjusted to pH6.8 with HCI

TE Buffer 10 mM TrisHCl p}J7.5,0.1 mM EDTA.

LB broth l7o Bacto-tryptone (w/v), 0.57o yeast extract (w/v), 17o NaCl

(w/v), adjusted to pH 7.0 with NaOH.

Made by adding l.5ToBacto-agar (w/v) to the LB brothLB agæ plates:
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2.5 E. coliBacterial Strains

MC1061 F-, hsdR2, aruDI39, A(araABC-lett)7696, LlacXT4 galEl5, galU, galK16,

rpsl-, (Stf), (rr- mr*), mcrA, mcrB1, thi

JM109 F'[traD36, proAB, lacIqZ^ M15], recAl, endA1, gry{96, (Naf), thi, hsdRl7,

(rr- mx*), supE44, relAl, A(lac-proAB), mcrA (Stratagene)

BL}I (DE3) F-, ompT, Ion, hsdSs, (rs- ms*), À DE3 (Stratagene)

2.6 Plasmids

pSG5 with modified polylinker (Stratagene) (Figure 2.I)

pXPl luciferase vector (Promega) modified by Peter Cockerill HCCR

(Bert d aI.,2O00b) (Figure2.2)

pGEX-4T-1 (Amersham Pharmacia Biotech) (Figure 2.3)

pRcCMV (Invitrogen)

pBLCAT2 (Luckow et a\.,1987)

pSV2CAT (Gorman et al., L982)

2.7 Eukawotic cell lines

HUT78 a T-Lymphoblastoid cell line derived from a patient with Sezary syndrome (Gazdar

et aL,1980)

Jurkat T lymphocyte line derived from a patient with acute T cell leukaemia
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Fieure 2.1

Eukaryotic Expression vector pSG5

The eukaryotic expression vector (pSGs) used in all transient transf-ection expedments is

shown. The restliction enzyme sites present in the modified multiple cloning site are also

shown.



MCS

eukaryotic expression vector
4.1 kb

psGs

Bcll
EcoRV
EcoRI
Asp718
Banl
KpnI
XhoII
BstYI
BgIII
CcrI
PacR7l
XhoI
AvaI
AguI
BønI
EheI
AayI
Ahø2
NurI
BbeI
HaeII
PstI
NheI
XhoII
BstYI
BgIII
CfrI
EøeI
EøgI
Eco521
NotI
XmaIII
Bgll
sÍiI
CfnI
EdeI

@ Stratagene



Fisure 2.2

Plasmid map of the luciferase reporter pXPl

The plasmid map of the luciferase reporterpXPl is shor,vn (Bert,2000). The restriction

enzyme sites in the moditìed multiple cloning site are also indicated.



HindIII SalI Smal KpnI SacI BamHI NcoI

-t-1.-'l

GcATcr'AAccricrcceicccecdccraci-ceccrccGATccIGGcATTccc'crAcrcrrccrAlÄcccAccATGG

EcoRI

40 early
poly(A) signal

Lucifease Coding Region

V40 small
T intron

2 x SV40 early
poly(A) signal

HindIII
XbaI

I

orl

aa

I

È\

u

pxPl
6158bp



Fieure 2.3

Plasmid map of the bacterial expression vector pGBX-4T-1

The plasmid map of pGEX-4T-l is presented, highlighting the restriction enzyme sites

present in the multiple cloning site, the origin of replication (ori), Ptac promoter and

Ampicillin, Lac Iq and glutathione S-transferase coding regions.





Chapter 2'. Materials and Methods

2.8 Mini-Prep purification of plasmid DNA (Alkaline Lvsis Method)

A single colony was used to inoculate 3 mls of L-Broth + 100 pdml Ampicillin and

grown overnight in a 31"C shaking incubator. One and a half millilitres of the culture was

transferred to a 1.5 ml Microcentrifuge tube and centrifuged at 13000 xg for 20 seconds.

(The rest of this method was done at room temperature unless otherwise indicated.) The L-

Broth supernatant was completely removed by aspiration and the cell pellet was resuspended

in 100 pl of Solution 1 (25 mM Tris-HCL pH 8.0, 10 mM EDTA pI{7.6,157o Sucrose) plus

a small amount of Lysozyme powder. The cells were incubated for I minute then 200 ¡^tl of

Solution 2 was added (0.2 M NaOH, 1% SDS). The tubes were inverted to achieve mixing

and then incubated for 5 minutes. To this mixture 125 ¡tl of 3 M Sodium Acetate pH 4.6 was

added and again the tubes were inverted to achieve mixing and incubated for 15 minutes.

The mixture was then spun at 13000 xg for 15 minutes to pellet chromosomal and cellular

debris. The supernatant was removed to a new 1.5 ml Microcentrifuge tube, 2 ¡tl of a I0

mg/ml solution of RNaseA added and incubated at 37"C for 15 minutes to digest RNA.

After incubation 100 pl of TE buffered phenol and 100 pl of chloroform were added, the

tube vortexed briefly, spun at 13000 xg for 5 minutes and the supernatant was removed to a

new Microcentrifuge tube. To precipitate the plasmid DNA 1 ml of 1007o ethanol was added

and spun at 13000 xg for 5 minutes. The DNA pellet was washed with 30 ¡rl of TOVo ethanol

and spun again for 1 minute. The DNA pellet was then resuspendedin20 pl of TE Buffer.

2.9 Laree Scale purification of plasmid DNA (Alkaline Lvsis)

Glycerol stocks of bacterial strain MC1061, transformed with the appropriate plasmid

were used to inoculate 400 mls of L-Broth + 100 pglml Ampicillin and the culture was

grown overnight in a 3J"C, shalcing incubator. The following day the culture was spun at
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2830 xg for 10 minutes at 4"C to pellet the bacteria. The supernatant was removed and the

pellet was resuspended in 3 mls of Solution 1(25 mM Tris-HCL pH 8.0, 10 mM EDTA pH

7.6, I57o sucrose). The cell suspension was transferred to an Oakridge tube where a small

amount of lysozyme was added, the mixture mixed and incubated on ice for 10 minutes. Six

millilitres of Solution 2 (0.2 M NaOH, 1% SDS) was added, gently mixed and incubated on

ice for 5 minutes. Next 3.75 mls of 3 M Sodium Acetate pH 4.6 was added mixed gently and

incubated on ice for 10 minutes. The mixture was spun at 39200 xg for 20 minutes to pellet

chromosomal DNA and cellular debris. The superrratant was transferred to a new Oakridge

tube, 60 pl of a RNaseA solution (10 ¡lglpl) was added and then incubated at 31"C for 30

minutes. The solution was extracted twice using Phenol/Chloroform, the DNA precipitated

by adding 20 mls of ice cold 1007o ethanol to the Phenol/Chloroform supernatant and then

pelleted by spinning at 18600 xg for 10 minutes. The resulting DNA pellet was washed with

30 mls of 707o ethanol and resuspended in 0.8 mls of dHzO. When fully resuspended 0.2

mls of 4 M NaCl and 1 ml of Polyethylene Glycol was added, mixed thoroughly and

incubated on ice for t hour. The mixture was then separated into 2 Microcentrifuge tubes

and spun at 13000 xg for 10 minutes. The supernatant was removed and the DNA pellet was

resuspended in 200 ¡rl of dH2O. The tubes were vortexed until the pellet was fully dissolved

then 20 pl of 3 M Sodium Acetate pH 5.5 and 500 ¡tl of 1007o ethanol was added. The tubes

were inverted to mix the solutions then spun at 13000 xg to pellet the DNA. The supernatant

\ryas removed and the pellet dissolved in 100 ¡.tl of TE buffer.

A slice of agarose containing a DNA fragment was excised under UV-

transillumination and put in a 1.5 ml microtube. DNA was eluted from the agarose gel

fragment according to procedure of manufacturer.
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2. 1L DNA Lieation

Plasmid DNA and the DNA insefi were digested with restriction enzymes that

generated compatible ends. The ligation was routinely carried out in a total volume of 10 pl

containing DNA insert:vector of 3:1 (molar ratio), 1 x ligation buffer (50 mM Tris-HCL pH

7.8, 10 mM MgClz, 10 mM DTT, I mM ATP) and 2 units of T4 DNA ligase at room

temperature for one hour.

2. 12 Preparation of Comrretent bacteria for Calcium Chloride mediated

transformation

A single colony was inoculated into 10 mls of L-Broth grown overnight in a 37"C

shaking incubator. One millilitre of this starter culture was used to inoculate 50 mls of L-

broth and was grown at 3J"C, shaking until the culture reached OD ooo of 0.6. The bacteria

were pelleted in pre-cooled tubes at 3000 xg, 4oC for 5 minutes and the cells resuspended in

ice cold 0.1 M MgC12. The cells were then pelleted again at 3000 xg,4"C for 5 minutes

The pellet was resuspended in 2 mls of ice cold 0.1 M CaClz and incubated on ice for one

hour. (200 ¡rl of cells were used per transformation).

2. 13 Transformation of bacterial Competent cells

For transformation of ligations,2 ¡tl of the ligation reaction was added to 200 pl of

competent cells, gently mixed and incubated on ice for 30 minutes. The cells were heat

shocked at 42oC for 2 minutes then placed back on ice for 5 minutes. One millilitre of L-

Broth was added and incubated at 31"C for 30 minutes. The cells were briefly pelleted,

resuspended in a small volume of L-Broth and plated onto L-Agar plates containing 100
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pglml Ampicillin and incubated at 37oC overnight. Transformed colonies were picked and

used to inoculate 3 mls of L-Broth with 100 ¡rglml Ampicillin and grown overnight in a

37oC shaking incubator. Miniprep purification of the plasmid was then undertaken followed

by diagnostic restriction enzyme digests and sequencing analysis.

2. 14 Sequencinq

Plasmid DNA was isolated and purified as described previously. Sequencing was

undertaken using the ABI PRISMTM dye terminator cycle sequencing ready reaction kit

according to the procedure of the manufacturer, Perkin Elmer. Sequencing reactions were

analysed by the sequencing service at the Institute of Medical and Veterinary Science,

Adelaide.

Glycerol stocks of bacterial strain MC1061, transformed with the appropriate plasmid

were used to inoculate 40 mls of L-Broth + 100 pdml Ampicillin and supplemented with

glucose to a final concentration of 2Vo. The culture was grown overnight in a37"C, shaking

incubator. The following day the overnight culture was diluted 1i10 in L-Broth + 100 pldml

Ampicillin (supplemented with glucose, 27o final), and grown in a 37"C, shaking incubator

for 2 hours (OD 260 0.5). Once the cells had reached the appropriate optical density IPTG

(isopropyl-1{hio-B-D-galactopyranoside) was added to a final concentration of 0.1 mM (for

dbpB-GST expression) or 0.5 mM (for dbpAv-GST expression) and the cells were grown for

either 3 hours for dbpB-GST or 4 hours for dbpAv-GST expression. The cells were pelleted

at 4420 xg for 5 minutes, the supernatant removed and the pellet resuspended in PBS plus

Triton X-100 (IVo final), Lysozyme (5 mg), incubated for 30 minutes on ice. The pellet was
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then sonicated three times for 10 seconds, on ice for complete lysis of the bacteria. The

cellular debris was removed by centrifugation 13000 xg for 15 minutes at 4 degrees. The

supernatant was removed and 150 ¡t"I of 507o glutathione sepharose beads was added. The

mixture was mixed on a rotating wheel at room temperature for 30 minutes. The beads were

pelleted at 500 xg for 5 minutes. The beads were washed 3 times with 10 mls of PBS.

a) GST-fusion proteins were eluted from the sepharose via three rounds of 150 pl

reduced glutathione (15 mM reduced glutathione in Tris-HCL pH 7.6). The elutions were

assayed for protein concentration via Bradford assay. The recombinant proteins were stored

at 4"C.

b) CSD protein without a GST tag were produced by cleaving the GST tag via

thrombin. Once the GST-CSD fusion proteins had been bound to the glutathione sepharose

column and washed the beads were resuspended in 300 pl of 1 x PBS and 3 units of

thrombin and left on a rotating wheel at room temperature for 72 hours. The beads were

pelleted at 500 xg for 5 minutes and the supernatant containing thrombin cleaved CSD

proteins collected. The elutions were assayed for protein concentration via Bradford assay.

The recombinant proteins were stored at 4"C.

2. 16 Fractionation of Nuclear and Cvtoplasmic Proteins

Nuclear and Cytoplasmic extracts were prepared by two alternate methods, labelled

technique 1 and technique 2. Technique 1 is the method described by Dignam et aI.

(Dignam et a\.,1983). Technique 2 is a modification of the method described by Schriber er

ø/. (Schreiber et aI., 1989) 50 mls of cells (6x105 cells/ml) were spun at 1300 xg for 5

minutes at 4"C and washed twice with ice cold PBS. The pellet was resuspended in 800 pl

of Buffer A (10 mM HEPES pH 7.8, 10 mM KCl, 1.5 mM MgClz, 0.1 mM EDTA, 0.1 mM
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EGTA, 1 mM PMSF, 10 ¡lg/ml Aprotinin, 5 pglml Leupeptin, 1 mM DTT) and left on ice

for 15 minutes for the cells to swell. The cells were lysed upon addition of 50 pl of I07o

Nonident P-40 and vortexed for 30 seconds. Lysates were then microcentrifuged for 30

seconds at 13000 xg to collect the nuclei. The supernatant containing the cytoplasmic

fraction was removed and stored at -70"C. The nuclear pellets were then resuspended in 75

pl of Buffer C (400 mM NaCl, 7.5 mM MgCl2, 0.2 mM EDTA, 0.1 mM EGTA, 1 mM DTT,

1 mM PMSF, 257o glycerol (v/v), 10 ¡rg/ml Aprotinin, 5 pglml Leupeptin) and left shaking

for 15 minutes on ice, to disrupt the nuclear membrane. Spinning at 13000 xg for 1 minute

pelleted the nuclear debris and the supernatant containing the nuclear proteins was removed

and stored at -70"C.

2. 17 Olieonucleotides and 32P-labelled Probe Preparation

All oligonucleotides were purchased from GeneWorks and full-length product was

purified from non-denaturing polyacrylamide gels (Maniatis et al., 1982). Single stranded

DNA probes for gel retardation assays were prepared by endJabelling 100 ng of

oligonucleotide with T4 polynucleotide kinase and ¡y-32P1 ATP in a 10 pl reaction. The

reaction was incubated for t hour at37"C. Following incubation 3pl of Formamide load was

added and the sample heat denatured at 100oC for 3 minutes. Full length end labelled

oligonucleotide was separated on a IOTo-127o nín-denaturing polyacrylamide gel, exposed to

X-ray film, bands excised and oligonucleotide eluted from gel in 200 pl of TE overnight at

4"C.
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2. 18 Gel shift Analvsis

Gel retardations were done using 0.25 ng of either single or double stranded 32P-

labelled oligonucleotide probes in a 10 pl reaction mix of 0.5 x TM buffer (1 x TM 50 mM

Tris-HCL pH 7.9, 12.5 mM MgCl2, 1 mM EDTA, 2O7o Glycerol, 1 mM DTT ) containing

200 mM KCL, 0.4 ttg of poly (dI-dC) and either 1 pg of nuclear extract or 25 ng of

recombinant CSD fusion proteins or recombinant RelA. Retardation assays using

recombinant protein also contained 1 pg of bovine serum albumin. Reactions were

incubated at room temperature for 2O minutes then acrylamide load was added and the

reactions were run on l27o (for nuclear extracts) or 67o (for recombinant proteins) non-

denaturing polyacrylamide gels run in 0.5 x TBE (Shannon et al., 1989). The gels were

dried and exposed to X-ray film overnight.

2.19 W Cross-Linking

Nuclear extracts from HUT78 T cells, FIEL Fibroblasts and Jurkat T cells were bound

to 32P-labelled single stranded DNA probes in a gel retardation reaction. The IJV cross

linking experiment was performed in a 25 ¡rl reaction mix volume of 0.5 X TM buffer

((Coles et aI., 1994); (Coles et al., 1996); (Shannon et aI., 1988)) containing 200 mM KCL,

0.4 ttgof poly (dI-dC), 4 ¡t"g of nuclear extract and 1 ng of 32P-labelled single stranded DNA

probe. The reaction was left for 20 minutes at room temperature then the complexes were

separated on a I27o non-denaturing polyacrylamide gel run in 0.5 x TBE buffer. The gel was

exposed to UV light (340 nm) for 15 minutes to cross-link bound protein to the DNA. The

gel was exposed to X-ray film for 12 hours at 4"C and the retarded complexes were excised.

The resulting gel slices were incubated in 100 ¡rl of SDS-PAGE load buffer for 30 minutes at

37"C. The gel slices were then placed into the wells of a l2%o Laemmli SDS-polyacrylamide
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gel (Laemmli 1970) and electrophoresed at 30 mA for 2-3 hours to fractionate the individual

proteins in the complex on the basis of their size (Coles et al., 1994); (Maniatis et al., 1982).

The gels were dried down and exposed to X-ray film overnight at -7OoC using an

intensifying screen.

2.20 Competitions

Competitions with unlabelled single strand oligonucleotides were performed by

adding protein and unlabelled probe into a reaction mix as described above, followed by

immediate addition of the 3'P-labelled probe (Coles et al., 1996). The reaction was left to

incubate for 2O minutes as room temperature before being analysed on I27o (for nuclear

extracts) and 67o (for recombinant proteins) non-denaturing polyacrylamide gels run in 0.5 x

TBE. The gels were dried and exposed to X-ray film overnight.

2.21 South Westerns

Proteins were separated on a Laemmli SDS-PAGE protein gel (Laemmli 1970) and

then transferred to nitrocellulose using a BIO-RAD protein transfer apparatus in

South/Western transfer buffer (125 mM Tris, 950 mM Glycine) at 100 mA over night. After

transfer, the filter was washed briefly in transfer buffer then the proteins were renatured on

the filter in renaturation buffer (10 mM Tris-HCL p}J7.5,150 mM NaCl, 2.57o NP-40,107o

Glycerol, 5% Skim milk powder, 10 mM DTT) at room temperature for t hour, then the

buffer was replaced twice with new buffer each time with a further t hour incubation. The

filter was rinsed briefly in Renaturation Buffer minus poly(dl:dC) (25 mM Tris-HCL p}J7.9,

6.3 mM MgCl2, 0.5 mM EDTA, LOTo Glycerol,2O0 mM KCl, 0.L257o Skim milk powder, 10

þglmt Poly(dl:dC;¡. 32P-labelled oligonucleotide probe was added at a concentration of 25

nglml to complete Binding Buffer, and incubated with the filter overnight gently rocking at
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room temperature. The filter was washed 2 times for 5 minutes in ice cold Wash buffer 1

(100 mM Tris-HCL p}J7.5,100 mM KCI) then once for 5 minutes in ice cold Wash buffer 2

(10 mM Tris-HCL pH 7.5, 200 mM KCI). The filter was sealed in plastic and exposed to x-

ray film overnight.

2.22 Antibodv production and purification

Antibodies were made in rabbits to both full-length recombinant dbpA-GST and

dbpB-GST and 3 short peptides to regions of dbpA and dbpB. Peptides were conjugated to

the hapten keyhole limpet hemocyanin via the Pierce Imjet@ Immunogen EDC conjugation

kit. The Veterinary Services Division of the Institute of Medical and Veterinary Science

injected conjugated peptides or GST-fusion proteins into rabbits. Blood from immunised

rabbits was collected and allowed to clot, serum was collected and stored at 4"C.

Immunoglobulins were partially purified via ammonium sulphate precipitations (Harlow et

aI., 1988). Proteins were removed from the sera via precipitation with 257o (final)

ammonium sulphate (mixing on a wheel at 4oC overnight) and then centrifugation at 1600

xg, 30 minutes. The supernatant was removed and immunoglobulins precipitated with 507o

(final) ammonium sulphate (mixing on wheel at 4"C for 24 hours) before centrifugation at

1600 xg, 30 minutes. The immunoglobulin pellet was washed 3 times with saturated

ammonium sulphate with centrjfugation step (1600 xg, 30 minutes) in between each wash.

The immunoglobulin pellet was resuspended in a tenth of the original volume of PBS and

dialysed against PBS for 24 hours. The IgG immunoglobulin fraction was isolated via

Protein A Sepharose (Amersham Pharmacia Biotec). A 507o protein A slurry was made in

PBS and added to a chromatography column. Ammonium sulphate purified sera was added

to the column and allowed to drip through. The column was washed 8 times with 2 column

volumes of wash buffer (25 mM Tris-HCL pH 8, 100 mM NaCl, 0.027o Tween 20). Bound
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IgG was eluted from the column with 4 column volumes of 0.1 M Glycine-Hcl pH2.7. The

eluted antibody was brought to a neutral pH with un-pH'ed 1 M Tris-HCL'

2.23Western Blot

Proteins were separated on a Laemmli SDS-PAGE protein gel (Laemmli 1970) and

then transferred to nitrocellulose using a BIO-RAD protein transfer apparatus in SDS-PAGE

transfer buffer at 100 mA over night. (20 mM Tris-HCL, 150 mM Glycine, 207o Methanol

(vlv) 0.17o SDS). The filter was then blocked in a l7o Boehringer blocking reagent made up

in a PBS/Tween 20 solution, (PBS plus 0.27o Tween 20 (v/v)) for t hour. The blocking

reagent was then removed, the filter placed in an appropriate volume of PBSÆween 20

solution plus I7o BSA (w/v) and primary antibody and left gently shaking for t hour. To

remove any excess binding the filter was washed 2 times in PBS/Tween 20 + 17o BSA

followed by 4 washes in the PBS/Tween 20 solution. Each wash was for a duration of 10

minutes. The secondary antibody (Horseradish peroxidase conjugated goat-anti-rabbit

DAKO) was diluted 1:2000 in PBS/Tween 20 solution and incubated with the filter for 1

hour, gently shaking. The secondary antibody solution was removed and the filters were

washed as described above. Antibody binding was detected using ECL reagents as described

by the manufacturer Amersham Pharmacia Biotec and exposed to X-ray film.

2. 24 Antibodv blockine experiments

Antibody blocking experiments were performed by adding protein and antibody to a

gel retardation reaction mixture as described above with the exception that the poly (dI:dC)

concentration was increased to 2 ¡tg. The antibody and protein were incubated for 5 minutes

at room temperature before adding 0.25 ng of the appropriate "P-labelled probe. The

reaction was then incubated for a further 20 minutes at room temperature before being
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analysed on lOTo or l27o polyacrylamide gels run in 0.5 x TBE buffer. The gels were dried

and exposed to X-ray film overnight.

2. 25 Human Embryonic Lung (HEL) Transient Transfections and CAT assays

FIEL (passage 7) cells were thawed from liquid nitrogen storage and grown in

Dulbecco Modified Eagle Medium (DMEM) supplemented with LO% heat inactivated foetal

calf serum (FCS), 2 mM L-glutamine, 100 U/ml Penicillin and 100 U/ml Gentamycin

antibiotics and 0.257o sodium bicarbonate until passage 9. Cells were then trypsinised and

seeded into 10 cm petri dishes containing DMEM and left to grow for 2 days to semi-

confluence. Two days later all of the media was aspirated off and 4 mls of fresh DMEM was

added. The DNA (15 pg for each transfection) was diluted into 80¡tl of TBS (1.3 M NaCl, 51

mM KCl, 5.6 mM Na2IIPOa, 0.25 mM Tris, 0.1 mM CaClz, 50 mM MgCl2, pH',d to 7.5)

(Maniatis et al., 1982)and mixed. This mixture was then added drop-wise to 160 ¡rl of

DEAE-Dextran (10 mg/ml stock of 2 x 106 molecular weight Dextran made up in TBS) and

mixed well. The mixture was then added drop-wise around the plate and the plate gently

rocked to disperse the DEAE-Dextran/DNA mix. The plates were then incubated in a 37"C

tissue culture incubator for 2 hours. Two hours later the media was removed from the cells

by aspiration and the cells were 'shocked' with 5 mls of L07o DMSO (DMSO diluted in

PBS). The DMSO solution was left for 1 minute then removed by aspiration, followed by a

5 ml PBS wash. The PBS was aspirated, 10 mls of fresh DMEM added and the cells left to

recover overnight in the incubator. The next day the cells were stimulated with TNFo (100

units per ml of media final) and left for 24 hours. For each transfection there was a

stimulated and un-stimulated sample. The next day the media was aspirated and the cells

washed once with 5 mls of PBS. The cells were then scraped off the plate into 1 ml of ice

cold PBS and pelleted for 1 minute 13000 xg. The supernatant was removed and the cells
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were resuspended in 50-200 ¡rl of ice cold 0.25 M Tris- HCL pH 7.6 (depending on pellet

size). The cells were lysed via three freeze thaw cycles in liquid nitrogen and a 37oC water

bath respectively. The cell debris was removed by centrifugation at 13000 xg for 5 minutes

at 4"C and the resulting supernatant extract removed to a new Microcentrifuge tube and kept

on ice. The protein concentration in the extracts was determined using Bradford reagent

comparing to known concentrations of BSA standards. Forty micrograms of each protein

extract was used in the Chloramphenicol Acetyl Transferase (CAT) assay. (40 pg of protein

extract, 0.2 M Tris-HCL pH 8, 0.7 mM Acetyl Co-enzyme A, 0.2 ¡.rCi @ nM¡ 1aC

Chloramphenicol) The mixture \ryas incubated for 60 minutes at 37"C. Five hundred

microliters of ethylacetate was added to each tube, vortexed and the phases separated by

centrifugation, 5 minutes at 13000 xg. The top phase was removed to a new Microcentrifuge

and the ethylacetate dried down using the spedi-vac vacuum dryer. The pellet was

resuspended in 5 ¡rls of ethylacetate and spotted onto a TLC chromatography plate. The

acetylated and un-acetylated toc Chloramphenicol was separated using a 957o chloroform,

57o methanol (v/v). When the chloroform/methanol mixture had run three quarters up the

TLC plate, the plate was removed from the mixture and allowed to dry. It was then wrapped

in plastic wrap and exposed to a phosphoimager plate for 2 days before analysis. The

phosphoimager plate was scanned using Molecular Dynamics Phosphoimager and Image

Quant software. The acetylated and un-acetylated fractions for each transfection (both

stimulated and unstimulated) were measured and compared to the backbone vectors control

(SV2CAT + SG5) to give a final relative measurement.

2.26 Jurkat

The Jurkat T cell line was cultured in RPMI medium containing lOTo heat inactivated

foetal calf serum (FCS), supplemented with 2 mM L-glutamine, 100 U/ml Penicillin and 100
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U /ml Gentamycin antibiotics andO.257o sodium bicarbonate. Jurkat T cells were pelleted at

400 xg for 5 minutes in a bench top centrifuge, the supernatant removed by aspiration and

the cell pellet resuspende d to 4.5 x 106 cells per 500 pl in RPMI medium with 20% FCS,

DNA was added to electroporation cuvettes (5 pg of reporter plasmid and 10 pg of

expression plasmid) then the 500 ¡rl of Jurkat T cells was added and the cell/DNA mix

allowed to sit for 10 minutes prior to electroporation. Electroporation with a Bio-Rad Gene

Pulser was used for transfection at 270 Y and a capacitance of 960 pF. The cells were left to

rest for 10 minutes post electroporation then 1 ml of RPMI medium was added and the entire

contents of the cuvette transferred to a tissue culture flask with 9 mls of RPMI medium. The

cells were left for 24 hours to recover then stimulated with 20 nglml (final) Phorbol-l2-

myristate-l3-acetate (PMA Sigma) and 1 pM (final) Calcium ionophore (A23181

Boehringer Mannheim) and 8 hours post-stimulation, were assayed for luciferase activity.

Cells were pelleted at 400 xg for 5 minutes and washed 2 times in PBS. The resulting pellet

was then resuspended in 200 ¡rl of Lysis Buffer (100 mM potassium phosphate buffer, 2 mM

DTT, 0.01 mM EDTA) and freeze thawed 3 times in liquid nitrogen and a 3J"C water bath.

The cellular debris was pelleted by centrifugation for 5 minutes at 1500 rpm and the protein

concentration was assayed using Bradford reagent. Using a 96 well black Packard Lite-

PlaterM 400 ¡rl of Luciferase Assay Buffer (100 mM potassium phosphate buffer, 2 mM

DTT, t0 mM MgSOa, 320 mM Coenzyme A and 500 mM ATP) was placed into the

appropriate amount of wells then 20 pg of protein extract was added. Just before reading the

plate in a Packard Topcount Luminometer 40 pl of 1 mM D-Luciferin was added to each

well. Luminocity was measured in counts per second and all values were compared back to

the empty vector unstimulated transfection to give a relative measurement.
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Chapter 3: Dffirential regulation of the human GM-CSF proximal promoter by CSD proteins in fibroblasts
an.d. T ccl.l..ç

3.1 Introduction

At the commencement of this project, repressor sites that functioned in Human

Embryonic Lung (fßL) fibroblasts had been identified in both Domain I (-Il4 to -71) and

Domain 2 (-70 to -31) regions of the proximal human granulocyte macrophage-colony

stimulating factor (GM-CSF) promoter. Two sites were identified on the non-coding (-)

strand of domain 1 (5'-CCTG.3') and two sites on the coding (+) strand of domain 2 (5'-

CCTG-3' and 5-ACCA-3') (Coles et al.,1994); (Coles et a\.,1,996); (Coles et a\.,2000).

Analysis of these sites identified the binding of single stranded DNA specific nuclear

factors called NF-GMb and NF-GMc (Coles et al., 1994). These factors were

subsequently cloned and identified as members of the Cold Shock Domain (CSD) family

of proteins (Coles et a|.,1996). Cold shock domain family members generally have three

domains, 1) a N-terminal domain, which has no defined function but is postulated to aid in

the overall functions of the protein, 2) the highly conserved central cold shock domain,

which is responsible for sequence specific DNA and RNA interactions and, 3) a C-terminal

region which is implicated in protein:protein interactions. The two CSD family members

isolated were dbpB (also known as YB-1, p50, EFIA) and a variant of dbpA called dbpAv

(Coles et a\.,1996). The variant dbpAv has four amino acid changes and an additional 30

C-terminal amino acids compared to the original dbpA in the Genbank database (Coles er

al., 1996). The two CSD factors identified have a high degree of homology, especially

within the cold shock domain region, but display variation within the C-terminal

protein:protein interaction domain.

Here I further investigate the mechanisms of GM-CSF promoter repression by CSD

proteins dbpAv and dbpB in IIEL fibroblasts. One of the major focuses in the laboratory is

also the study of GM-CSF regulation in T cells. Since T cells are major sources of GM-

CSF in vivo and differences have been observed in the regulation of the GM-CSF promoter
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in T cells and fibroblasts (Shannon et ctl., 1991), the role of CSD proteins in GM-CSF

regulation in Jurkat T cells was also investigated.
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cells.

To analyse GM-CSF promoter function, a series of promoter constructs were made

in either chloramphenicol acetyltransferase (CAT) or luciferase reporter vectors. Reporter

vectors pBLCAT2 (Luckow et al., 1987) and pXPl (Befi et al., 20OOb) are shown in

Figures 1 and 2 in Íhe material and methods section and all reporter constructs used in this

chapter are shown in Figure 3.1. The sequence of the human GM-CSF proximal promoter

(-II4 to +28) from which constructs are derived, is shown in Figure 3.14. Sequences

contained within CAT (Figure 3.18) and luciferase (Figure 3.lC) reporter constructs used

in transient transfection experiments are indicated. The regions of the GM-CSF promoter

(-ll4 ro -31 for pGM43-CAT and -65 to -31 for pGM41-CAT) that were cloned upstream

of the basal thymidine kinase (TK) promoter present in the CAT reporter vector pBLCAT2

as shown in Figure 3.18. The pGM43-CAT and pGM41-CAT constructs were obtained

from Dr. Leeanne S. Coles (Coles et aL., L994).

Sequences contained within luciferase reporter constructs pGMCK-1(2)-TK/Luc,

pGMl-Luc, pGMl(mut1)-Luc, pGM2-Luc, pGM4-Luc and pGM-Luc are indicated in

Figure 1C. The number following the pGM in each construct name indicates how many

CSD binding sites are present. The pGMCK-1(2)-TK/Luc construct was created by

cloning 2 copies of the GM-CSF domain l region (-114 to +28) upstream of the minimal

TK promoter present in the pTK81 luciferase reporter vector. The full GM-CSF promoter

(-627 to +28) was cloned into the pXPl luciferase vector to create pGM-Luc. The

pGMCK-1(2)-TKtLtc and pGM-Luc constructs \¡/ere obtained from Dr S. Roy Himes

(Himes et aL, 1993); (Himes et al., I996a). All other luciferase reporter plasmids

represented in Figure 3,1C were constructed by inserting oligonucleotides encoding human

GM-CSF promoter fragments into the pXPl luciferase vector. The plasmids pGMl-Luc,

pGM2-Luc and pGM4-Luc were constructed by cloning oligonucleotides (with HindTII5'

56



3.1

GM-CSF promoter and transfection constructs used in transient transfections of

HEL fibroblast and.furkat T cells.

A) The sequence of the human GM-CSF proximal promoter.

Domain I (-114 to -71) and Domain2 (-10 to -31) regions are indicated. The binding

sites for many double stranded transcription factors which mediate GM-CSF expression

including: NF-KB, CBF, SP-1, APl, ETS/NFAT and the CD28RE are underlined (Shannon

et al., 1995); (Shannon et al., 1997). Nuclear NF-GMb/c and recombinant CSD factor

binding sites are indicated on the non-coding (-) strand in Domain I and the coding (+)

strand in Domain 2.

B) GM-CSF promoter CAT reporter constructs used in HEL fTbroblast transient

transfections.

GM-CSF promoter, CAT reporter constructs used, pGM43-CAT and pGM41-CAT are

shown diagrammatically. Numbers indicate distance from the transcriptional start site and

boxes represent wild type CSD binding sites.

C) GM-CSF promoter luciferase reporter constructs used in Jurkat T cell transient

transfections.

GM-CSF promoter, luciferase reporter constructs used, pGMCK-1(2)-TK./Luc, pGMl-Luc,

pGMl(mut1)-Luc, pGM2-Luc, pGM4-Luc and pGM-Luc are shown diagrammatically.

Numbers indicate distance from the transcriptional start site and boxes represent wild type

CSD binding sites. Mutation of the CSD binding site in pGMl(mut1)-Luc is represented

by a box containing a 'X' and the altered sequence is given below it.
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and BamHI 3' ends) spanning regions of the GM-CSF promoter (-65 to +28), (-10 to +28)

and (-114 to +28) respectively into the HindIIUBamIII sites of the multiple cloning site of

pXPl (Figure 3.1C). The Stratagene QuickChangerM Site-Directed Mutagenesis kit was

used to mutate the CSD binding site in pGMl-Luc from 5'-ACCA-3' to 5'-AGGA-3' to

create the pGMl-(mut1)-Luc reporter plasmid. Mutation of the CSD binding site in the

construct pGMl(mut1)-Luc is represented by a box with an "X" in it with the altered

sequence given below it (Figure 3.1C).

fibroblasts.

It has been previously reported in I{EL fibroblasts that the domain 2 region of the

GM-CSF promoter is TNFo inducible (via ETS, APl, CBF binding sites, Figure 1A) and

that the upstream domain I region contained sequences which acted to repress this TNFcr-

mediated induction (Coles et al., 1996); (Coles et a1.,2000). Domain 1 sequences were

also found, in part, to contribute to TNFcr activation through the NF-rB sites (Coles et al.,

1,996). From binding analysis of IIEL fibroblast nuclear CSD complexes, four CSD sites

have been identified across the proximal (-l 14 to +28) region of the human GM-CSF

promoter, 2 sites 5'-CCTG-3' on the non-coding (-) strand along domain I (-Il4 to -71)

and 2 sites along the coding strand (+) of domain 2 (-10 to -31) a 5'-CCTG-3' and 5'-

ACCA-3' (Coles et aL.,1994); (Coles et aI.,1996); (Coles et a|.,2000) (Figure 1A). At the

commencement of this work, it had been confirmed by mutation analysis that the domain 1

CSD sites acted as repressor sequences (Coles et a|.,1994). To determine the function of

the cloned CSD factors dbpAv and dbpB on the GM-CSF proximal promoter in FIEL

fibroblasts, transient transfection overexpression experiments were performed (Section

2.25 of the materials and methods section).
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The eukaryotic expression constructs for dbpAv (pSGdbpAv) and dbpB

(pSGdbpB), used in all the transient transfection experiments, were created by cloning the

respective dbpAv and dbpB coding regions from Àgt cDNA expression library clones into

the eukaryotic overexpression vector pSG5 (Figure 2.1 in materials and methods section).

The pSGdbpAv and pSGdbpB constructs were obtained from Dr. Leeanne S. Coles (Coles

et al., 1996). CAT reporter constructs containing both the domain 1 and 2 regions of the

human GM-CSF proximal promoter pGM43-CAT (- 1 14 to -3 1, all 4 CSD sites) or only the

domain 2region pGM41-CAT (-70 to -31, only 2 CSD sites) were usedin the transient

transfections. These GM-CSF promoter CAT reporter constructs were co-transfected into

IIEL fibroblasts with either the empty expression vector (pSG5), or expression constructs

for either full-length dbpAv (pSGdbpAv) or dbpB (pSGdbpB) and cells were treated with

or without TNFa. As reported previously, TNFcr stimulation of F{EL fibroblasts resulted

in activation of the GM-CSF promoter. As expected when the GM-CSF promoter

construct pGM43-CAT, which contains the domain 1 CSD repressor sites and domain 2,

was co-transfected into I{EL cells with the CSD factors dbpAv and dbpB, they both acted

to repress the TNFcr mediated activation (Figure 3.21'). When the domain 2 GM-CSF

promoter construct pGM41-CAT, which is highly inducible with TNFcr, was co-

transfected with CSD factors dbpB or dbpAv, TNFcx induced expression was also

repressed (Figure 3.28). Subsequent experiments in our laboratory, where CSD sites were

mutated, revealed that the domain 2 CSD sites, as for domain 1, acted as repressor binding

sites (Coles et aL,2000). Hence four CSD binding repressor sites, located across both

GM-CSF promoter domains involved in response to TNFcr, have been identified (Coles er

ctl., 1994); (Coles et al., 1996); (Coles et a\.,2000). To test if the CSD factors were having

an effect on the backbone vector, dbpAv and dbpB were co-transfected with pBLCAT2

into HEL fibroblasts. No significant change in CAT activity was observed with either
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Fieure 3.2

Overexpression of dbpAv and dbpB results in repression of the GM-CSF promoter in

HBL fibroblasts.

The reporter plasmids pBLCAT2 and pGM43-CAT (Figure A) and pGM4I-CAT and

pSV2CAT (Figure B) rvere co-transfected into F{EL Fibroblasts with empty pSG5

expression vector and either the expression plamids encoding tbr full length dbpAv

(pSGdbpAv) or full length dbpB (pSGdbpB). Cells were treated with or without TNFo tbr

24 hours, harvested and assayed for CAT activity. The transfection results represent the

average of three replicates. All CAT activities are given relative to untreated pBLCAT2 +

SG5, which is given a value of 1. The graphed values have standard errors of less than

207o.

Domain L Domain 2

CD28RE NT'.KB

CBF APl

pGM43-CAT

Æ* pGM41-CAT

The human GM-CSF proximal promoter and CAT reporter plasmids used in these experiments are

represented diagrammatically above (sequences are shown in Figure 3.1). Boxes represent CSD binding sites

and ovals the binding sites of the corresponding transcription factor as defined in the diagram above it.
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dbpAv or dbpB irrespective of TNFcr stimulation (data not shown). As a control, a

construct containing the viral SV40 early promoter was used (Gormaî et a\.,1982). The

pSV2CAT construct was co-transfected into I{EL fibroblasts with CSD factors dbpAv and

dbpB. As can be seen in Figure 3.2B, dbpAv had no effect on the pSV2CAT promoter

construct while dbpB repressed it slightly. It has been reported that Xenopus CSD proteins

can effect translation (Wolffe et al., 1992); (Wolffe 1993) and since there were only minor

effects of dbpAv and dbpB overexpression on pSV2CAT this ruled out major, general

effects on CAT reporter protein levels due to changes in translation.

CSF promoter in HEL fibroblasts.

CSD proteins have three functional domains: the N-terminal regions, the function

of which is not well defined though it has been attributed with some DNA binding

function; the highly conserved CSD domain, essential for sequence specific DNA and

RNA binding and the C-terminal region implicated in protein:protein interactions

(Nambiar et al., 1998) (Kolluri et al., 1992) (Schroder et al., 1995) (Landsman 1992)

(lloberas et aL.,1995) (Li et a\.,1997) (Raj et a|.,1996). To determine which region of the

CSD proteins was involved in repression of the GM-CSF promoter in FIEL fibroblasts

truncations of dbpB were made, removing either the C-terminal (pSGdbpBAl) or C-

terminal plus CSD domains (pSGdbpBA2) of the protein (Figure 3.3). pSGdbpBAl, which

encodes the first 47 amino acids of dbpB, (Figure 3.3), was created by digesting the

eukaryotic dbpB expression construct pSGdbpB with NarL followed by religation.

pSGdbpBA2, which encodes the first 173 amino acids of dbpB, (Figure 3.3), was created

by digesting pSGdbpB with EcoRI and Sau3AI, and ligating this fragment into

E c oRA B glII di gested pSG5.
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3.3

Eukaryotic expression constructs encoding for dbpB and truncations

The coding regions of dbpB contained in the expression constructs pSGdbpB, pSGdbpBAl

and pSGdbpBA2 are shown. Translational start and stop codons and restriction enzyme

sites used to ligate dbpB tiagments into pSG5 are indicated both at the end of the DNA

insefts and in the pSG5 vector multiple cloning site (MCS).
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To determine which region of the CSD protein was involved in repression of the

GM-CSF promoter observed in FIEL fibroblasts, constructs expressing full length dbpB

(pSGdbpB) and truncations of dbpB (pSGdbpBAl and pSGdbpBA2) were co-transfected

with the CAT reporter constructs pGM43-CAT and pGM4l-CAT. As was previously

observed, dbpB (pSGdbpB) was able to repress the TNFo mediated activation on both

GM-CSF reporter constructs (Figure 3.4A &. B), Removal of the potential protein:protein

interacting C-terminal domain of dbpB, in dbpBA2 (pSGdbpBA2), resulted in a some loss

in the ability of this protein to repress the TNFcx mediated activation on both pGM41-CAT

and pGM43-CAT constructs (Figure 3.4A &. B). This result suggested that the C-terminal

region and hence protein:protein interactions probably plays some role in the repression

observed. Truncating the CSD dbpB protein further, in dbpBÂ1 (pSGdbpBAl) removing

both the C-terminal region and the single stranded DNA interaction CSD domain, resulted

in a reduced ability of this truncated protein to repress the TNFcx mediated activation on

both promoter constructs (Figure 3.44 & B). This result suggested, that the ability of the

CSD protein dbpB to repress the GM-CSF promoter, was determined mainly by the CSD

domain and hence most likely its ability to bind to DNA.

in.Iurkat T cells.

Having shown that the CSD factors, dbpAv and dbpB repress TNFo mediated

activation of the human GM-CSF proximal promoter in I{EL fibroblasts, we wished to

determine if CSD proteins also acted as repressors of the GM-CSF promoter in Jurkat T

cells. To determine this, the whole human GM-CSF promoter (-627 to +28) luciferase

construct pGM-Luc, was initially co-transfected into Jurkat T cells with CSD

overexpression constructs for dbpAv (pSGdbpAv) and dbpB (pSGdbpB). Surprisingly,
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Fieure 3.4

The CSD domain is important tbr the dbpAv and dbpB mecliated repression of the

GM-CSF promoter in HEL fìbroblasts.

GM-CSF promoter CAT reporter plasmids pGM4I-CAT (Figure r\) and pGM43-CAT

(Figure B) were co-trrnsf'ected into F{EL fibroblasts with: empty vector pSG5, expression

plamsids encodin-s tull length dbpAv (pSGdbpAv), full length dbpB (pSGdbpB) and

expression vectors encoding dbpB deletions dbpbAl (pSGdbpBA2) and dbpBAl

(pSGdbpBAl). Cells rvere treated with or without TNFc for 24 hours, harvested and

assayed for CAT activity. The transfection results represent the average of three replicates.

All CAT activities are given relative to untreated pBLCAT2 + pSG5 which is given a

value of 1. The graphed values have standard errors of less than207o.

Domain 1 Domain 2

CD28RE NF.KB

CBF APl

pGM43-CAT

[]c- pcM41-CAr

pSGdbpB

pSGdbpBA2

pSGdbpBAl

The human GM-CSF proximal promoter and CAT reporter plasmids used in these experiements are

represented diagrammatically above (sequences are shown in Figure 3.1). Boxes represent CSD binding sites

and ovals the binding sites of the corresponding transcriptio¡ factor as defined in the diagram above. The

regions of dbpB encoded by the deletion constructs are also shown.
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dbpAv and dbpB were found to activate pGM-Luc (Figure 3.54). This activation was only

observed when the cells were stimulated with PMA/Ca2+ ionophore to mimic T cell

receptor activation (Figure 3.54). Since the CSD factors dbpAv and dbpB were only

involved in activation of the GM-CSF promoter construct when the cells were stimulated

with PMA/Ca2* ionophore, this indicates that the CSD proteins need to be activated to

function or that they co-operate with other inducible proteins to function.

To determine the minimal region needed for the observed CSD mediated activation

of the GM-CSF promoter, a shorter construct was made (pGM4-Luc) containing only the

GM-CSF proximal promoter (-114 to +28) which included the four defined CSD sites

(Figure 3.1C). The luciferase repofter construct pGM4-Luc was similar to the CAT

repofter construct pGM43-CAT, used in the previous HEL fibroblast transient transfection

experiments, except pGM4-Luc contained the GM-CSF promoter TATA box and

transcriptional start site (-31 to +28). When pGM4-Luc was co-transfected into Jurkat T

cells with expression constructs for dbpAv (psGdbpAv) and dbpB (pSGdbpB) they again

acted as activators only when the cells were stimulated with PMA/Ca2* ionophore (Figure

3.5B). The level of co-activation observed over PMA/Ca2* ionophore activation levels on

the shorter pGM4-Luc construct was similar when compared to the longer pGM-Luc

construct approximately three fold activation by pSGdbpAv over pSG5 and two fold

activation by pSGdbpB over pSG5 (Figure 3.54 & B). This indicated that the minimal

region needed for the observed CSD mediated activation of the GM-CSF promoter was

contained within the first 114 bases of the proximal promoter.

activation

I wished to determine which region of the GM-CSF proximal promoter (-114 to

+28) was required for CSD mediated activation and the role, if any, that the four CSD
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Figure 3.5

Overexpression of dbpAv and dbpB results in co-activation of the GNI-CSF promoter

in Jurkat T cells.

The reporter plasmids pGM-Luc, (Figure A) and pGM4-Luc (Figure B) were co-

transt'ected into Jurkat T cells with the empty pSG5 expression vector and with expression

plasmids containing tull length dbpAv (pSGdbpAv) and full length dbpB (pSGdbpB).

Cells were treated with or r,vithout PMA/Ca2* Ionophore tor 8 hours, harvested and assayed

for luciferase activity. The transfection results represent the average of three replicates.

All luciferase activities are given relative to untreated pXPl co-transfècted with pSG5,

which is given a value of L

Domain 1 Domain 2

CD28RE NF.KB

CBF APl
CSD D

pGM-Luc

pGM4-Luc

The human GM-CSF proximal promoter and Luciferase plasmids used in these experiments are represented

diagrammatically above (sequences are shown in Figure 3.1). Boxes represent CSD binding sites, and ovals

the binding sites of the corresponding transcription factor in the top diagram.
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binding sites played in this activation. To do this, CSD overexpression constructs were co-

transfected into Jurkat T cells with GM-CSF promoter luciferase constructs containing

variable numbers of CSD sites (Figure 3.6). Initially the pGMCK-l(2)-TKn-uc construct

(-lI4 to -70) containing only the two domain 1 CSD sites of the GM-CSF promoter was

used in experiments. Co-transfections showed that both CSD factors (pSGdbpAv and

pSGdbpB) could co-activate this construct in the presence of PMA/Ca2* ionophore (Figure

3.6). Since the domain 1 region was cloned upstream of the basal thymidine kinase (TK)

promoter in pGMCK-I(2)-TKlLuc, CSD factors were tested for activator function on the

TK promoter. As shown in Figure 3.6, CSD factors could not activate the TK promoter in

the presence of PMA/Ca2* ionophore. A construct containing only the domain 2 sites was

also tested to determine if they too were targets for CSD mediated activation. When

pGM2-Luc (-71 to +28, containing only the domain 2 CSD sites) was used in co-

transfection experiments, CSD mediated activation was still observed but both basal

(pSG5) and CSD (pSGdbpAv, pSGdbpB) co-activated expression was dramatically

reduced relative to pGM4-Luc (Figure 3.6). When, however the pGM2-Luc construct was

truncated by five bases to create pGMl-Luc, higher levels of activity and CSD factor

mediated activation were restored (Figure 3.6). The five base truncation removed the 5'

CSD site in domain 2, leaving only the single 3' domain 2 CSD site. These results

therefore indicated that the 5' domain 2 CSD binding sites had repressor activity.

To determine if CSD mediated co-activation of pGMl-Luc was acting through the

single CSD site in this construct, co-activation levels were compared between pGMl-Luc

(which contains one CSD site) and pGMl(mutl)-Luc (where the one CSD site has been

mutated) (Figure 3.6). Both pGMl-Luc and pGMl(mutl)-Luc were co-transfected into

Jurkat T cells with constructs encoding for CSD factors dbpAv and dbpB. The PMA/Ca2+

ionophore stimulated levels of both basal and CSD mediated co-activation in

pGMl(mut1)-Luc were greater than those seen on pGMl-Luc (up to 2lold greater) (Figure
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Fieure 3.6

Overexpression of dbpAv and dbpB on GM-CSF promoter truncations.

The reporter plasmids pTKS I -Luc, pGM4-Luc, pGMCK- I (2)-TIlLuc, pGM2-Luc,

pGMl-Luc and pGMl(mutl)-Luc were co-transfècted into Jurkat T cells r,vith the empty

pSG5 expression vector and with expression plasmids containing full length dbpAv

(pSGdbpAv) and full length dbpB (pSGdbpB).

Cells were treated with or without PMA/Ca2* ionophore for 8 hours, harvested and assayed

for luciferase activity. The transfection results represent the average of three replicates.

All luciferase activities are given relative to untreated pXPl co-transfected with pSG5,

which is given a value of 1. Only PMA/Ca2*Ionophore treated values are shown, all

untreated values were below a relative luciferase activity of 10.
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The human GM-CSF proximal promoter and Luciferase plasmids used ìn these experiments are represented

diagrammatically above (sequences are shown in Fig 3.l). Boxes represent CSD binding sites, crossed boxes

where the CSD binding sites have been mutated and ovals the binding sites of the corresponding transcription

factor in the top diagram. The regions of dbpB encoded by the deletion constructs are also shown.
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3.6). This data taken altogether, therefore demonstrates that both the Domain 2 CSD sites

have repressor activity. These results also show that the co-activation effects of CSD

proteins on the GM-CSF promoter did not require contact with these CSD sites. I was

unable to repeat similar experiments on domain 1 CSD sites due to the overlap of the NF-

rB binding sites with the CSD sites. Mutation of the domain 1 NF-KB sites results in a

loss of GM-CSF promoter activity (Jenkins et a|.,1995); (Shannon et a\.,1,991).

GM-CSF proximal promoter.

As interactions between CSD factors and other transcriptional regulators have been

implicated in mechanisms of activation of a number of viral and cellular genes, a potential

mechanism for the co-activation effect seen here was via interaction of CSD factors with

other proteins. The C-terminal domain of dbpB has been demonstrated to be required for

protein:protein interactions (tsalda et a1.,2000) (Shnyreva et a1.,2000) (lloberas et al.,

1995) (Li et al., 1997) (Mertens et aI., 1998) (Raj et al., 1996) (Safak et al., 1999) (Ise et

al., 1999). To explore the possibility that the co-activation effect was mediated via CSD

protein:protein interactions, expression constructs were made encoding truncations of the

dbpB CSD protein pSGdbpBAl and pSGdbpBA2, as described above. The dbpB full

length and truncation constructs were co-transfected into Jurkat T cells with either pGMl-

Luc, pGMl(mut1)-Luc domain 2 constructs or the pGMCK-1(2)-TK/Luc domain 1

construct and the cells stimulated with PMA/ Ca2* ionophore. Removal of most of the C-

terminal region of dbpB in pSGdbpBA2 resulted in a significant decrease in the level of

PMA/ Ca2* ionophore co-activation on all constructs, implying that this region was

important for co-activation (Figure 3.7). Removal of both the C-terminal and CSD domain

of dbpB in pSGdbpbAl resulted in reduced co-activation on both domain I and 2

constructs (Figure 3.7).
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Fieure 3.7

The C-terminal region of dbpAv and dbpB is required for co-activation

The reporter plasmids pGMl-Luc, pGMCK-l(2)-TIlLuc and pGMl(mutl)-Luc were co-

transfected into Jurkat T cells with the empty pSG5 expression vector and with expression

plasmids containing full length dbpAv (psGdbpAv), dbpB (pSGdbpB) and expression

vectors encoding dbpB deletions dbpBA2 (pSGdbpBA2) and dbpBAl (pSGdbpBAl).

Cells were treated with or without PMA/Ca2* ionophore for 8 hours, harvested and assayed

for luciferase activity. The transfection results represent the average of three replicates.

All luciferase activities are given relative to untreated pXPl co-transfected with pSG5,

which is given a value of 1. Only PMA/Ca2*ionophore treated values are shown, all

untreated values were below a relative luciferase activity of 10.

Domain 1 Domain 2

CD28RC NF-KB

CBF APl
pGMCK-

r(2)-
pGML-Luc

pGMl(mut1)-Luc

pSGdbpB

pSGdbpBÂ2

pSGdbpBAL N-Term

The human GM-CSF proximal promoter and Luciferase plasmids used in these experiments are

represented diagrammatically above (sequences are shown in Fig 3.1). Boxes represent CSD

binding sites, crossed boxes where the CSD binding sites have been mutated and ovals the binding

sites of the corresponding transcription factor in the top diagram. The regions of dbpB encoded by

the deletion constructs are also shown.

C-Terminal
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3.8 Summary and Discussion

Experiments described here and othelwork done in our laboratory show that the

function of the CSD binding sites in I{EL fibroblasts is clearly one of repression (Coles er

al., 1994) (Coles et al., 1996) (Coles et a1.,2000). CSD factor overexpression experiments

and CSD binding site mutational analysis suggests that the CSD factors act via these sites

to repress TNFcr mediated induction of the GM-CSF proximal promoter in F{EL

fibroblasts. CSD factor truncations indicate that the central CSD domain mediates the

repressor function seen in IIEL fibroblasts. The CSD domain has been shown to be

essential for sequence specific single stranded DNA binding (Kolluri et aI., 1992) (Bouvet

et a|.,1995) (Schroder et a|.,1995) and therefore suggests a DNA binding mechanism for

the observed CSD mediated repression of the GM-CSF promoter in FIEL fibroblasts.

Since CSD factors dbpAv and dbpB have been shown to only bind single stranded regions

of the GM-CSF promoter this may prevent double stranded transcription t'actors fïom

binding and hence result in repression. 'Work done in our laboratory has found that the IL-

3 and granulocyte-colony stimulating factor (G-CSF) genes have the same anangement of

CSD sites across their proximal promoters as observed in the GM-CSF promoter (Coles er

aI., 2000). As for the GM-CSF gene, these sites are adjacent to or overlap activator

elements, some of which are in common with the GM-CSF gene (SP-1, CBF, NF-rB and

the CD28-responsive element sites). Transient transfection experiments show that CSD

factors also act to repress TNFcx mediated activation of the G-CSF promoter in I{EL

fibroblasts (unpublished results), suggesting a potential common means of repression of

these cytokine genes. A similar mechanism of transcriptional repression, where CSD

factors bind to single stranded regions of DNA thereby preventing the binding of double

stranded transcription factors, has also been reported in the thyrotropin receptor and grp78

promoters (Ohmori et al., 1996) (Pelletier et a|.,2000).
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In contrast to what was observed in FIEL fibroblasts, when CSD factors were co-

trasfected into Jurkat T cells with the GM-CSF promoter, they acted as co-activators of

P}/rNCa2* ionophore mediated activation. This co-activation acted primarily via the c-

terminal domain of dbpB. The C-terminal domain of CSD proteins has been implicated in

protein:protein interactions where these interactions has been shown to regulate gene

transcription (Ozer et al., 1990a) (Shnyreva et a1.,2000) (Li et at., 1997) (Ansari et aL,

1999). These results suggest that protein:protein interactions is the mechanism for the

observed CSD mediated activation of the GM-CSF promoter in Jurkat T cells. A potential

duel role for CSD factors in GM-CSF transcriptional regulation in Jurkat T cells was

discovered by mutational analysis of the CSD binding sites across the GM-CSF proximal

promoter. CSD experiments with GM-CSF domain 2 promoter constructs containing CSD

binding site mutations, resulted in increased expression. This suggested that at least the

domain 2 CSD binding sites acted as repressor elements. A potential model for CSD

function in Jurkat T cells could be that the pool of CSD factors in the nucleus can act either

as repressors (via DNA binding) or co-activators (via protein interactions) in the same

system, but that any co-activation effect achieved by CSD factors is enough to overcome

the repression. A similar mechanism whereby CSD factors act as both activators and

repressors in the same system has also been reported for JCV early/late viral gene

transcriptional regulation (Gallia et a\.,1998) (Chen et aI.,I995a) (Safak et a\.,1999).

This is the first example where CSD factors have been shown to regulate the

expression of a cellular gene differently in two different cell types that normally express

the gene. These results also suggest that CSD factors may play multiple roles in gene

transcription in the one system.
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Chapter 4'. Chctracterisation of nuclear cold shock domain complexes in fibrobLasts ancl T cells

4.1 Introduction

In the previous chapter I demonstrated that overexpression of the CSD factors

dbpAv and dbpB had a different affect in Jurkat T cells compared with FIEL fibroblasts.

CSD co-trasfection experiments demonstrated that CSD factors could repress TNFcx

induction of the GM-CSF promoter in FIEL fibroblasts, whereas the same CSD factors

functioned to co-activate the GM-CSF promoter in Jurkat T cells, but only in the presence

of PMA/ Ca2* ionophore. To investigate this difference initial experiments focused on

examining the CSD factors present in these cell types. Using gel shift analysis, we have

previously demonstrated in this laboratory, that nuclear CSD proteins in FIEL fibroblasts

and HUT78 T cells form as two complexes NF-GMb and NF-GMc and bind to single

stranded CSD binding sites across the GM-CSF proximal promoter (Coles et al., 1994);

(Coles et aL, 1996); (Coles et a1.,2000). Four CSD binding sites have been identified

across the GM-CSF proximal promoter, two sites on the non-coding strand of domain 1

and two sites on the coding strand of domain 2 (Figure 4.1). UV cross-linking of the FIEL

fibroblasts/}{IJT78 T cell NF-GMb/c complexes that were shown to form on these sites

identified that the NF-GMb complex consisted of 42,25 and 22 kÐa CSD proteins, while

the NF-GMc complex consisted of only the 25 and 22 kDa CSD proteins (Coles et aI.,

1994) (Coles et a\.,1996) (Coles et a\.,2000), Here I utilise gel shift, UV cross-linking and

DNA competition techniques to determine if the same CSD factors and corresponding

CSD factor subtypes identified in IIEL fibroblasts are present in Jurkat T cells.

4.2 Nuclear CSD complex formation on the human GM-CSF promoter domain 1 and

2 resions in urkat T cells

Previous work undertaken in our laboratory has shown that both FIEL fibroblasts

and HUT78 T cells contain nuclear CSD proteins which bind to the human GM-CSF

proximal promoter as two complexes NF-GMb and NF-GMc (Coles et a\.,1994); (Coles er
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Fieure 4.1

GM-CSF promoter and domain 1 & 2 oligonucleotides used in gel shift assays.

The sequence of the coding (+) and non-coding (-) wildtype domain I (-l14 to -79)

oligonucleotides GM and GM- are shown. Sequences needed lbt nucle:lr NF-GMb/c and

recombinant CSD factor binding to the non-coding strand are indiclted by a box. Base

changes in CSD binding sites of the non-coding (-) strand for each mutant oligonucleotide

GMml9-, GMm22-, GMm23- are shown (Coles et al. 1996).

The sequence of the wild type coding strand (+) domain 2 GM93+ oligonucleotide

(-70 to -31) is given with CSD, CBF, API and ETS/I\{FAT sites. Nuclear and recombinant

CSD binding is exclusively to the coding (+) strand along domain 2. Base changes in the

CSD binding sites of the coding (+) strand for each mutant oligonucleotide GMm95+,

GMmlO3+, GMm105+ are shown.
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a\.,1996); (Coles et aL.,2000). These nuclear CSD complexes were detected binding only

to the non-coding (-) strand of domain 1 (GM-) and the coding (+) strand of domain 2

(GM93+) of the human GM-CSD proximal promoter (Coles et al., 1994); (Coles et al.,

1996); (Coles et a\.,2000) (Figure 4.1). No NF-GMb/c complex formation was detected

on the opposite strands ie. either the coding strand of domain 1 (GM+) or the non-coding

strand of domain 2 (GM93-) (Coles et al., 1994); (Coles et al., 1996); (Coles et al., 2000).

This CSD factor complex formation was consistent with the arrangement of CSD binding

sites along the GM-CSF promoter; two sites along the non-coding strand of domain 1 and

two sites along the coding strand of domain 2 (Figure 4.1). Originally nuclear extracts were

made as described by (Dignamet a1.,1983) (labelled as 1 in Figures 4.2 and4.5feg. HUT1

= HUT78 T cell technique 1l) but subsequently nuclear extracts in our laboratory were

made by a simpler and more efficient procedure as described by (Schreiber et al., 1989)

(labelled as 2 in Figures 4.2 and4.5 leg.HUT2 = HUT78 T cell technique 2l).

To directly compare the two isolation techniques, nuclear extracts prepared by

either technique were used in gels shift assays and run side by side. Gel shift and UV

cross-linking experiments have shown that the nuclear CSD complexes that form on both

GM-CSF proximal promoter domain 1 and 2 in ÍßL fibroblasts/HuT78 T cells prepared

viatechnique 1, arethe same (Coles et al., 1,994) (Coles et a\.,1996) (Coles et a\.,2000).

Therefore, HUT78 T cell nuclear extract prepared via technique I was compared to

HUT78 T cell and FIEL fibroblasts nuclear extracts prepared via technique 2. Technique 1

HUT78 T cell nuclear extract material formed the two previously described complexes NF-

GMb and NF-GMc on both GM-CSF domain 1 and 2 oligonucleotides (Figure 4.2,lane 2

eq.

When nuclear extracts were prepared from FIEL fibroblasts and HUT78 T cells via

technique 2 and bound to both domain 1 and 2 GM-CSF oligonucleotides in a gel shift

assay, the binding seen was again only to the non-coding (-) strand GM- of domain 1 and
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Fieure 4.2

Jurkat T cell NF-GMb complexes tbrm an NF-GMb-like complex

Jurkat T cell, HUT78 T cell (Technique I and 2) and F{EL f ibroblast Technique 2 nuclear

extracts were bound to 32P-labelled wild type domain l, non-coding (-) strand GM- (Lanes

1-4) and domain 2, coding (+) strand GM4l+ (Lanes 5-8) single stranded oligonucleotides

in a gel shift assay.

(x represents non-specitìc binding)

(ss indicates free 3tP-labell"d single stranded oligonucleotides)

Jkt: Jurkat T cell

HUT 1: HUT78 T cell (Technique 1)

HUT 2: HUT78 T cell (Technique 2)

Fibro 2:IßL fibroblast (Technique 2)

Domain 1 Domain 2

RE

CBF AP1

Gtvt-g

The human GM-CSF proximal promoter and oligonucleotides used in these experiments are represented

diagrammatically above. Boxes represent CSD binding sites and ovals the binding sites of the corresponding

transcription factors indicated above. The oligonucleotide sequences are presented in Figure 4.1.
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Chapter 4: Characterisation of nuclear cold shock domain complexes in fibroblasts ancl T cells

the coding (+) strand GM93+ of domain 2. When nuclear extracts prepared via technique 2

from HUT78 T cells and IIEL fibroblasts were bound to the non-coding (-) strand of

domain 1 GM-, the NF-GMb complex migrated in multiple apparent conformational forms

NF-GMb(1) and NF-GMb(2) (Figure 4.2,lane 3 & Dr. L. Coles unpublished) whereas the

NF-GMc complex again was only represented by a single band (Figure 4.2,lane 4). Using

HUT78 T cell and I{EL fibroblast nuclear extracts in a gel shift assay with the coding (+)

strand of Domain 2 (GM93+), three bands were observed making up the NF-GMb

complex, while only a single NF-GMc band was observed (Figure 4.2, lanes 7 8. 8).

Extensive analysis performed in our laboratory, some of which is presented later in this

chapter, demonstrated that the NF-GMb/c complexes isolated from HUT78 T cells or IIEL

fibroblasts by either technique contain the same CSD protein subtypes despite the apparent

multiple conformational forms of NF-GMb observed in the gel shift experiments.

To determine if Jurkat T cells contained CSD proteins, Jurkat T cell nuclear extract

was prepared via technique 2 and bound in a gel shift assay to the same single stranded

oligonucleotides spanning domain 1 and domain 2 of the human proximal GM-CSF

promoter (Figure 4.2). When Jurkat T cell nuclear extract was used with the domain 1

GM- oligonucleotide, complexes were observed that co-migrated with the HUT78 T cell

and FIEL fibroblast technique 2 NF-GMb doublet, but a NF-GMc like complex could not

be detected (Figure 4.2, lane I). Jurkat T cell nuclear extract bound to the coding (+)

strand of domain 2 (GM93+) gave two bands which co-migrated with the two slowest

migrating HUT78 T cell and IIEL fibroblast NF-GMb bands and again no NF-GMc like

complex was seen (Figure 4.2,lane 5).

To further examine if the complex formation seen in Jurkat T cells represented

CSD factor binding, nuclear extracts from both Jurkat and HUT78 T cells were bound to

three GM-CSF oligonucleotides: the full domain 1 oligonucleotide GM-, the full domain 2
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oligonucleotide GM93+ (both GM- and GM93+ contain 2 CSD binding sites) and to

GM41+ which is a shorter domain 2 oligonucleotide containing only one CSD binding site

(Figure 4.1). Experiments using FIEL fibroblasts and HUT78 T cell nuclear extracts have

demonstrated that to get full NF-GMb complex formation in these cell types two CSD

binding sites are required, whereas NF-GMc complex forrnation required only one CSD

site (Coles et al., 1994); (Coles et al., 1996); (Coles et al., 2000). Binding Jurkat or

HUT78 T cell nuclear extracts to either full length domain I or 2 oligonucleotides gave the

previously reported binding pattern, that is, NF-GMb/c complex formation in HUT78 T

cells and only a NF-GMb-like complex in Jurkat T cells (Figure 4.3, lanes 1,2,5 &. 6).

'When Jurkat T cell nuclear extract was bound to the shorter domain 2 GM41+

oligonucleotide, no NF-GMb like complex formed, as expected, given that this

oligonucleotide contained only a single CSD binding site (Figure 4.3,lane3). Consistent

with binding to GM- and GM93+ oligonucleotides no NF-GMc complex formation was

observed on GM41+ from Jurkat T cell nuclear extracts (Figure 4.3,lane 3). In contrast,

when HUT78 T cell nuclear extract was bound to the shorter domain 2 GM4I+

oligonucleotide, which contains one CSD binding site; only the NF-GMc complex was

detected (Figure 4.3,lane 4). Therefore the NF-GMb like complexes in Jurkat and HUT78

T cells appear to bind to the GM-CSF oligonucleotides in a similar manner but in contrast

to HUT78 T cells and FIEL fibroblasts, the Jurkat T cells lacked a NF-GMc complex.

oligonucleotides.

To verify that the Jurkat T cell NF-GMb-like complexes seen on Domain I and 2

were authentic CSD-containing complexes, competition assays, using oligonucleotides

containing CSD binding sites, were performed. Competitions on Domain 1, non-coding (-)
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Fieure 4.3

Jurkat T cells lack the NF-GMc complex.

Jurkat T cell and HUT78 T cell nuclear extracts were bound to GM-CSF promote. "P-
labelled single stranded oligonucleotides: non-coding (-) strand of domain I GM- (Jurkat

[Lane L], HUT [Lane 2]), the coding (+) strand of domain 2 GM4l+ (Jurkat [Lane 3], HUT

[Lane 4]) and the extended coding (+) strand of domain 2 GM93+ (Jurkat fl-ane 5], HUT

llane 6l)

ss indicates free 32P-labelled single stranded oligonucleotides

x represents non-specific binding

Jkt: Jurkat T cell HUT: HUT78 T cell

Domain 1 Domain 2

CBF APl
Gtvt-5 GM 41+

GM 93+

The human GM-CSF proximal promoter and oligonucleotides used in these experiments are represented

diagrammatically above. Boxes represent CSD binding sites and ovals the binding sites of the corresponding

transcription factors indicated above. The oligonucleotide sequences are presented in Figure 4.1.
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strand GM- and Domain 2 coding (+) strand GM93+ oligonucleotides showed the same

results. As shown in Figure 4.44 &. B, the unlabelled, wildtype, non-coding (-)

oligonucleotide GM- (contains 2 CSD sites), when used as a competitor inhibited

formation of the Jurkat T cell NF-GMb-like complex on both Domain 1 (GM-) (Figure

4.4\,Lane 2), and Domain 2 (GM93+) probes (Figure 4.48, Lane 2). Competing with the

GMm23-, Domain 1, non-coding strand oligonucleotide, which has both CSD sites

mutated, had no effect on NF-GMb-like complex formation (Figures 4.4A 8. B, Lane 3),

As a positive control an oligonucleotide from the coding (+) strand of the human

papillomavirus 18 enhancer (FIPV+) which has been shown to bind recombinant CSD

proteins, was used (Coles et aI., 1996); (Spitkovsky et al., 1992). Adding the same amount

of HPV+ oligonucleotide as GM- oligonucleotide to the competition reaction indicated that

FIPV+ was able to compete the Jurkat T cell NF-GMb-like complex binding almost as well

as the wildtype GM- oligonucleotide (Figures 4.4^ &. B, Lane 4). The NF-GMb-like

complex was not competed by the oligonucleotide (N.S.) that we and others have shown is

unable to bind nuclear or recombinant CSD proteins (Figures 4.4A 8. B, Lane 5) (Coles er

al., 1996); (Horwitz et aI., 1994); (Kolluri et al., 1992). These competition experiments

suggest that the Jurkat T cell NF-GMb-like complex is an authentic CSD containing

complex and that both bands represent CSD factor binding.

To further verify that the Jurkat T cell NF-GMb-like complexes contained CSD

proteins the complex was analysed by UV cross-linking, which allows determination of the

size of proteins within a protein:DNA complex. Nuclear extracts derived either via

technique 7 or 2 from FIEL fibroblasts, Jurkat and HUT78 T cells were again bound to the

full length GM-CSF domain 1 oligonucleotide (GM-) and the domain 2 oligonucleotide

(GM93+) (Figure 4.54). Nuclear extracts from each of the cell types gave rise to the
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Fieure 4.4

Jurkat T cell NF-GNIb complex contains CSD proteins.

Jurkat T cell nuclear extract was bound in a gel shift assay to labelled GM-CSF Domain I

non-coding (-) strand oligonucleotide GM- (Figure A, Lanes I to 5) and to Domain 2

coding (+) strand oligonucleotide GM93+ (Figure B, Lanes 6-t0). A minus sign indicates

no competitor. The NF-GMb-like complex was competed with (GM-) (Lane 2, Figures A

& B), the CSD site mutant (GMm23-) (Lane 3, Figures A & B), the control CSD-binding

site (IIPV+) (Lanes 4, Figures A & B) and a non-specific single stranded oligonucleotide

(N.S) (Lanes 5, Figures A & B).

(ss indicates free "P-lob.ll.d single stranded oligonucleotides)

Domain 1 Domain 2

RC

CBF AP1

GM.

GMm23- tjcl-- I Y I

The human GM-CSF proximal promoter and oligonucleotides used in these experiements are represented

diagrammatically above. Boxes represent CSD binding sites, boxes with an 'X' in them indicate mutated

CSD binding sites and ovals the binding sites of the corresponding transcription factors indicated above. The

oligonucleotide sequences are presented in Figure 4.1.
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previously described complexes (FIEL fibroblasts/HuT78 T cell giving rise to NF-GMb/c

complexes, while Jurkat T cells only formed a NF-GMb complex, Figure 4.54). Using

UV cross-linking, it has been previously shown that the NF-GMb/c complexes seen with

both HUT78 T cells and IIEL fibroblasts (prepared using technique 1) contain proteins of

42, 25 and 22 kDa (Coles et aI., 1994); (Coles et al., 1996); (Coles et al., 2000). As can be

seen in Figure 4.58 and reported previously (Coles et aL,1994); (Coles et aL.,2000), the

HUT78 T cell and ÉIEL fibroblast (technique 1) NF-GMb complex formed on the non-

coding (-) strand of domain 1 (GM- oligonucleotide) contained both 42 and 22 kDa

proteins (HUT78 data Figure 4.5B,lane 3), whereas the NF-GMc complex contained only

a 22 l<Da protein (HUT78 data Figure 4.58, lane 4). The 42 kDa protein apparently

represents full length CSD, while published reports suggest that proteins in the 22-25IÐa

size range are potential splice variants of the full length product. When HUT78 T cell

nuclear extract prepared using technique 2 was bound to GM-, the NF-GMb complex was

seen to form as a doublet (Figure 4.5^,lane 3). UV cross-linking both of the complexes

(top labelled NF-GMb(1) and the bottom NF-GMb(2)) identified that these complexes

were comprised of the same size, 42 and 22 kDa proteins, as seen in the NF-GMb HUT78

T cell, technique 1, complex. (Figure 4.58, lanes 5 & 6 compared to lane 3). The NF-GMc

complex from HUT78 T cell Technique 2 also was comprised of the same sized 22IÐa

protein seen in HIJT78 T cell Technique 1 NF-GMc complex (Figure 4.58, lane 7

compared to, lane 4). UV cross-linking either band of the Jurkat T cell NF-GMb-like

complex doublet formed on domain 1, GM- oligonucleotide (Figure 4.5A, Lane 1),

identified only a 42k<Daprotein (Figure 4.5B,lane I &2).

On the coding (+) strand oligonucleotide of domain 2 (GM93+) in HUT T cells

prepared by technique 1, the NF-GMb complex contained the 42,22 and an extra 25lrDa

protein (Figure 4.sB,lane 10) whereas the NF-GMc complex contained only the 22 and25

kDa sized proteins (Figure 4.5B,lane 11). IJV cross-linking any of the HUT78 T cell
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Fieure 4.5

Jurkat T cell NF-GNIb complexes contain CSD-like proteins.

A) Jurkat T cell, HUT78 T cell (Technique I and 2) and HEL fìbroblast Technique 2

nuclear extracts were bound to 32P-labelled wild type domain l, non-coding (-) strand GM-

(Lanes 1,2,3,4) and domain 2, coding (+) strand GM4l+ (Lanes 5,6,7,8) single stranded

oligonucleotides in a gel shift assay.

(x represents non-specific binding)

(ss indicates free "P-lobelled single stranded oligonucleotides)

B) Jurkat T Cell and HUT78 T cell (Technique I and 2) NF-GMb and NF-GMc gel shift

complexes [fV crosslinked and Laemmli SDS-polyacrylamide protein gel fractionated.

Fractionated NF-GMblc gel shift complexes from Jurkat T cell and I{UT78 T cell nuclear

extracts bound to Domain 1, non-coding (-), GM- wild type 32P-labelled oligonucleotide

[Jurkat Lanes | &.2], [HUT (Technique 1) Lanes 3 to 51, IHUT (Technique 2) Lanes 5 to

7l and bound to Domain 2, coding (+), GM93+ wild type 32P-labelled oligonucleotide

[Jurkat Lanes 8 & 9], [HUT (Technique l) Lanes 10 & 111, IHUT (Technique 2)Lanes L2

ro 151.

Jkt: Jurkat T cell

HUT 1: HUT78 T cell (Technique 1)

HUT 2:}IÍI178 T cell (Technique 2)

Fibro 2:IßL fibroblast (Technique 2)

Domain 1 Domain 2

CD28RE NF'-KB

CBF AP1
GM. l_ï- I I GM 93+

The human GM-CSF proximal promoter and oligonucleotides used in these experiments are represented

diagrammatically above. Boxes represent CSD binding sites and ovals the binding sites of the corresponding

transcription f'actors indicated above. The oligonucleotide sequences are presented in Figure 4.1.
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Chapter 4'. Characterisation of nuclear cold shock domain complexes in fibroblasts and T cells

(technique 2) complexes from the NF-GMb triplet (Figure 4.5A,lane 7) identified proteins

of 42,22 and25lÐa in size (Figure 4.5B,lanes 12 - I4). UV cross-linking the HUT78 T

cell technique 2 NF-GMc complex seen on domain 2, GM93+ oligonucleotide, resulted in

proteins of the size 22 and 25 kDa (Figure 4.5B,lane 15). In Jurkat T cells again, only the

42 l<Da protein could be detected in either of the NF-GMb-like complex doublet bands

formed on the domain 2 GM93+ oligonucleotide (Figure 4.58, lanes 8 & 9).

The multiple NF-GMb complexes observed with Technique 2 Jurkat and HUT78 T

cell nuclear extracts may be explained by the 42k<Da protein binding to DNA in multiple

conformational forms. Another possibility could be post-translation modification of the

protein, although there has been no evidence in the literature to support this, and finally

there may be other proteins in this complex which do not cross-link to the DNA and hence

are not detected by this method. This method of UV cross-linking, as described in the

materials and methods section, does not result in cross-linking between proteins.

4.5 Rindinp of the Iurkat T cell nucl NF-GMb-like comnlex to the GM-CSF

promoter

To determine if the 42IÐa protein in the Jurkat T cell NF-GMb complex bound to

the GM-CSF promoter CSD binding sites, nuclear extract was used in a gel shift analysis

with wildtype Domain 1 (GM-) and Domain 2 (GM93+) oligonucleotides (each contain

two CSD binding sites) and their respective CSD binding site mutants. These CSD

binding site mutations (see Figure 4.1) have been previously described and characterised

for HUT78 T cell and FIEL fibroblast CSD binding (Coles et al., 1994); (Coles et al.,

1996); (Coles et a\.,2000). Gel shift analysis using the CSD mutant oligonucleotides on

the non-coding (-) strand of Domain 1 were compared to the binding on the wild type

domain 1 GM- oligonucleotide (Figurc 4.6, Lane 2). Mutating one CSD site, in GMm19-,

decreased binding significantly (Figure 4.6, Lane 3) whereas mutating the other CSD
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Fieure 4.6

Jurkat T cell nuclear extract binding to GM-CSF promoter mutant oligonucleotide

series.

Jurkat T cell nuclear extract was bound to 32P-labelled wild type domain I coding (+) and

non-coding (-) oligonucleotides GM+, GM- and corresponding mutant oligonucleotides

GMmlg-, GMm2l-, GMm23- (lanes l-5). Nuclear extract was also bound to 32P-labelled

wild type domain 2 coding (+) and non-coding (-) oligonucleotides GM93+, GM93- and

conesponding mutant oligonucleotides GMm95+, GMml03+, GMml05+ (lanes 6-10).

ss indicates free 32P-labelled single stranded oligonucleotides

x represents non-specific binding

Jkt: Jurkat T cell HUT: HUT78 T cell

Domain 1

CD28RE NF

Domain 2

CBF APl
GM.

GMml9-

GMm21-
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l_J- I I
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D(:- l\' I

The human GM-CSF proximal promoter and oligonucleotides used in these experiments are represented

diagrammatically above. Boxes represent CSD binding sites, boxes with an 'X' in them indicate mutated

CSD binding sites and ovals the binding sites of the corresponding transcription factors indicated above. The

oligonucleotide sequences are presented in Figure 4.1.
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Chapter 4.. Characterisation of nuclear cold shock domain complexes in fibroblasts and T cells

site, in GMm21-, resulted in an altered mobility of the complex but no decrease in NF-

GMb binding was observed (Figure 4.6, Lane 4). Only when both CSD sites were

mutated, in the GMm23- oligonucleotide, was all binding abolished (Figure 4.6, Lane 5).

Similar results were seen as observed for domain 1 when binding of Jurkat T cell nuclear

extract on the wild type coding (+) strand of Domain 2 (GM93+) (Figure 4.6,Lane 6) was

compared to the CSD binding site mutant oligonucleotides. Mutating one CSD binding

site in GMm95+ almost abolished binding (Figure 4.6, Lane 8) and mutating the other

CSD site in GMm103+ also significantly reduced binding (Figure 4.6,Lane 9). Again, it

was not until both CSD binding sites were mutated, in the oligonucleotide GMm105+, that

all binding was lost (Figure 4.6, Lane 10), indicating that both CSD binding sites were

needed for full binding. These results agree with the previous observations for NF-

GMb/CSD complex binding in HUT78 T cells and ÉIEL fibroblasts.

4.6 Summarv and Discussion

Previous work performed in our laboratory identified that IIEL fibroblastÆ{UT78 T

cell nuclear extracts could form two complexes (NF-GMb, NF-GMc) on CSD binding sites

contained within single stranded DNA oligonucleotides that spanned the GM-CSF

proximal promoter (Coles et al., 1994) (Coles et al., 1996) (Coles et aL.,2000). UV cross-

linking experiments identified that these NF-GMb/c complexes contained factors of the

size 42,25 and22l<Da, which has been re-examined and confirmed in this chapter. The 42

kDa protein apparently represents full length CSD, while published reports where CSD

proteins have been isolated in the range of 22-25 kDa, indicate that these proteins are

potential splice variants or proteolytic cleavage products of the full length protein (Coles er

at.,1994) (Coles et aI.,1996) (Coles et a\.,2000) (Balda et a\.,2000) (Cleavinger et al.,

1996) (Kudo et a\.,1995) (Swamynathan et al.,I99l) (Stenina et a1.,2000).
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Chapter 4: Characterisation of nuclear cold shock domain complexes in fibroblasts and T cells

Work presented in this chapter identified that Jurkat T cells contain CSD-like

proteins that can form NF-GMb-like complexes on domains 1 and 2 of the GM-CSF

proximal promoter. Competition analysis with oligonucleotides containing CSD binding

sites from the GM-CSF proximal promoter (Coles et aL.,1994) (Coles et al., 1996) (Coles

et a\.,2000) and the human papillomavirus 18 enhancer (Spitkovsky et al., 1992) showed

that these oligonucleotides could readily compete Jurkat T cell NF-GMb complex binding.

These experiments suggested that the Jurkat T cell NF-GMb-like complex did contain CSD

factors. This was verified by mutational analysis across the GM-CSF proximal promoter,

identifying that Jurkat T cell NF-GMb complex formation was dependent on the presence

of the previously defined CSD binding site. However, unlike other cells previously

examined, Jurkat T cell nuclear extracts did not form a NF-GMc complex on the GM-CSF

promoter. UV cross-linking experiments on the Jurkat T cell NF-GMb-like complex

identified only a 42þ,Ðaprotein while the25 and22 kDa CSD factor subtypes identified in

F{EL fibroblasts/HUT78 T cells are lacking in Jurkat T cells.

These experiments identified a primary difference between FIEL fibroblastsÆIUT78

T cells and Jurkat T cells in respect to CSD factor subtypes. This difference is examined in

further chapters and is discussed as a possible mechanism for the functional differences

observed in CSD transient transfection assays between I{EL fibroblasts and Jurkat T cells.
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Recombinant CSD protein expression
and binding to CSD sites spanning the
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One of the symptoms of an approaching nervous breakdown is the belief that
one's work is terribly important.

Bertrand Russel



Chapter 5: Recombinant CSD protein expression and binding to CSD sites spanning the GM-CSF
proximal prontoter

5.L Introduction

Work done previously by Dr. L. S. Coles identified two CSD proteins (dbpAv and

dbpB) from a HUT78 T cell cDNA expression library that bound to sequences containing

CSD binding sites, including those in the GM-CSF promoter, human papilloma virus 18

enhancer, c-myc promoter and epidermal growth factor receptor promoter (Coles et al.,

1996). The coding sequences of these two CSD proteins were inserled into an eukaryotic

expression vector and used in transient transfection assays with the GM-CSF proximal

promoter. CSD factors functioned to repress the TNFcr mediated activation of the GM-

CSF promoter in FIEL fibroblasts while acting as co-activators of PMA/Ca2* ionophore

mediated GM-CSF activation in Jurkat T cells (chapter 3). Results presented in chapter 4

suggested that the NF-GMb/c complexes observed binding to the CSD binding sites across

the GM-CSF proximal promoter consisted of both potential full length and truncated CSD

factors.

To further analyse CSD factor binding to the GM-CSF proximal promoter CSD

binding sites, full length recombinant GST fusion proteins (dbpAv-GST and dbpB-GST)

were produced. The bacterial - GST fusion system was chosen because bacterial

expression systems produce high levels of proteins and the GST tag facilitated purification

of full length recombinant CSD proteins. Conditions were determined for optimal

expression of the recombinant CSD-GST fusion proteins and purified protein was used in

binding assays to the GM-CSF domain 1 and domain 2 regions. This work was performed

to further verify that the nuclear NF-GMb/c binding sites defined on the GM-CSF

promoter (chapters 3 &.4) were authentic CSD binding sites.

The recombinant CSD-GST fusion proteins were also used to raise polyclonal

antibodies in rabbits (discussed in chapter 6). The GST tag was useful here since it is

highly immunogenic, circumventing the need to conjugate a chemical hapten to the
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proximal promoter

immunising protein. A highly immunogenic hapten is generally required to elicit an

effective specific immune response to the injected protein.

Finally recombinant CSD proteins were used for structure function experiments

designed to dissect regions of the CSD protein involved in DNA binding (discussed in this

chapter) and potential protein:protein interactions (discussed in chapter 7).

76



Chapter 5: Recombinant CSD protein expression and binding to CSD sites spanning the GM-CSF
proximal promoter

CSD protein purification

The coding regions of CSD factors dbpAv and dbpB were sub-cloned into the

bacterial expression vector pGEX-4T-1 (Figure 2.3 material and methods section). The

bacterial expression construct for dbpAv (pdbpAv-GST) was created by digesting the

eukaryotic dbpAv expression construct pSGdbpAv with EcoRI, isolating the 1.4 kb

fragment and ligation into fhe EcoRI site of the bacterial GST fusion expression plasmid

pGEX-4T-1 (Figure 5.14). The bacterial expression construct for dbpB (pdbpB-GST) was

created by digesting the eukaryotic dbpB expression construct pSGdbpB with EcoRI,

isolating the 1.04 kb fragment and ligation into the EcoRI site of the bacterial GST fusion

expression plasmid pGEX-4T-1 (Figure 5.18).

In a preliminary experiment to determine if the bacterial expression and glutathione

sepharose purification systems were working efficiently, recombinant GST was bacterially

expressed and purified. To achieve this, the bacterial expression vector pGEX-4T-1,

which encodes for GST alone, was transformed into the bacterial strain MC1061.

Unpurified MC1061 bacterial lysate containing recombinant GST (Figure 5.2A,lane 6)

and recombinant GST purified from this lysate by glutathione sepharose (Figure 5.2A,lane

5) were analysed on a Laemmli SDS-PAGE gel and stained with coomassie blue to

visualise the protein bands. Many bands were seen in the unpurified material, including an

intense band at approximately 27 kDa, which is the predicted size for recombinant GST

(Figure 5.2A,lane 6). The lane containing purified GST material contained only the single

27 kÐa GST band with no discernible protein degradation (Figure 5.2A,lane 5), indicating

that the bacterial expression and purification systems were both working efficiently.

The bacterial expression constructs for dbpAv (pdbpAv-GST) and dbpB (pdbpB-

GST) were transformed into two different bacterial strains, JM109 and MC1061 which

were chosen for their different growth and protein expression profiles (Section 2.5 material



Fisure 5.L

Construction of GST-fusion bacterial expression constructs for dbpAv (pdbpAv-

GST) and dbpB (pdbpB-GST).

A) & B) The coding regions of either dbpAv (Figure A) or dbpB (Figure B) were excised

from the SG5 based eukaryotic expression vectors and cloned into the pGEX-4T-l

bacterial expression vector.

Abbreviations: ori, bacterial origin of replication; Amp', ampicillin resistance gene; laclq,

lactose operon repressor protein; T7, T7 transcriptional start site; MCS multiple cloning

slte
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Figure 5.2

Recombinant CSD protein expression.

Recombinant GST fusion proteins dbpAv-GST and dbpB-GST were expressed in either

JMl09 or MC106l bacterial strains then purified by binding to Glutathione Sepharose

beads and eluting GST fused proteins using reduced glutathione (as described in the

materials and methods section).

A) The eluted GST-fusion proteins were run on a L27o Laemmli SDS-PAGE protein gel

[dbpAv-GST (expressed in: (JM109, Lane l) (MC1061, Lane 2)], [dbpB-GST (expressed

in: (JMl09, Lane 3) (MC1061, Lane 4)1, GST (expressed in MC106l, Lane 5), unpurified

GST bacterial lysate (MC1061, Lane 6) and stained using coomassie stain to visualise the

protein bands.

B) A replica of the l27o Laemmli SDS-PAGE protein gel in Figure A was transferred to a

nitrocellulose filter using a BIO-RAD protein transfer apparatus and probed in a Western

blot with an antibody raised to recombinant GST (as described in the materials and

methods section).
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and methods section). The transformed bacteria were initially induced with IPTG for 3

hours, lysed and CSD-GST fusion proteins, dbpAv-GST and dbpB-GST, purified by

binding to glutathione sepharose beads and eluted with reduced glutathione (Section 2.I5

material and methods section). To deterrnine protein yield and integrity, glutathione

sepharose purified dbpAv-GST and dbpB-GST were analysed on a Laemmli SDS-PAGE

gel and stained with coomassie blue to visualise the bands (Figure 5.24). Many bands

were seen in both the dbpAv-GST and dbpB-GST fusion protein materials, regardless of

expression in MC1061 or JM109 bacterial strains but slightly more bands \ryere present in

the JM109 expressed material (Figure 5.24, lanes I-4). Since the purification of

recombinant GST was so effective and the same method of purification was used to purify

dbpAv-GST and dbpB-GST, this suggested that these extra bands represented degradation

products. These degradation products were present despite the addition of protease

inhibitors to all solutions used to make the bacterial lysates. The predicted size for the GST

fusion protein dbpA-GST is 74 kDa and dbpB-GST is 70 kDa. A faint band possibly

representing full length dbpAv-GST (14 kDa) can be seen in MC1061 expressed protein

(Figure 5.2A,lane 2). Although a band of the expected size for full length dbpB-GST (70

kDa) was not observed, a very faint band of approximately 60 kDa was the largest product

identified (Figure 5.2A, Lanes 3 e. Ð. Work performed in our laboratory and reported by

others (Stenina et a1.,2000) have observed that dbpB does not migrate true to its predicted

molecular weight on SDS-PAGE, therefore I have predicted that this 60 kDa band

represents full length dbpB-GST fusion protein.

To confirm that the observed proteins identified on SDS-PAGE were GST-fusion

proteins, duplicates of the gels in Figure 5.2Awere transferred to nitrocellulose filters and

probed in a'Western blot with an antibody generated against GST (kindly supplied by

Joanne Woodcock) (Figure 5.28). To determine the specificity of the GST antibody,

protein extracts containing purified and unpurified recombinant GST were again examined.
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The GST antibody recognised two major bands in the unpurified material, a band

migrating at approximately 27 kDa representing GST and another band at approximately

64kÐa representing an unknown protein (Figure 5.28, lane 6). GST antibody recognised

only the 27 l<Da GST protein in the GST purified material (Figure 5.28, lane 5)

demonstrating that the GST antibody was highly specific. The GST antibody recognised

all bands observed on the coomassie blue stained gel (Figure 5.2A), confirming that these

bands represented CSD-GST fusion protein degradation products (Figure 5.28, lanes l-4).

As indicated in Figure 5.28, the degradation seen in both CSD recombinant

proteins was slightly more pronounced when the proteins were synthesised in the JM109

bacterial cell type, with a higher proportion of full length protein, albeit small, in the

MC1061 synthesised proteins (Figure 5.28 compare lanes I &.2 for dbpAv-GST and lanes

3 &. 4 for dbpB-GST). In MC1061 the full length dbpAv-GST protein (14I<Da) is better

visualised (Figure 5.2B,lanes 1 &2) and again no band I kDa was detected

for dbpB-GST (Figure 5.28, lanes 3 & 4). The 60 kDa therefore probably

represents full length dbpB-GST. Again as previously mentioned, others have observed

similar differences when comparing the predicted molecular weight and apparent

molecular weight of dbpB by mobility on SDS-PAGE (Stenina et a\.,2000).

To further test the recombinant CSD proteins, glutathione sepharose purified

dbpAv-GST and dbpB-GST isolated from both JM109 and MC1061 bacterial cell types

were bound to wildtype, domain 1 GM- single stranded oligonucleotide in a gel shift assay.

As can be clearly seen in Figure 5.34, for both dbpAv-GST and dbpB-GST, proteins

expressed in MC1061 gave a single complex whereas proteins expressed in JM109 gave

multiple bands. These extra bands observed in the JM109 expressed material presumably

arise from the higher percentage of degradation products observed in JM109 expressed

material compared to MC1061 where more full length protein was observed (Figure 5.28).
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Fieure 5.3

Recombinant CSD protein purification.

A) Purified recombinant CSD fusion proteins dbpAv-GST and dbpB-GST expressed in

either JM109 or MCl06l bacterial strains were bound in a gel shif't assay to 32P-labelted

GM-CSF domain I non-coding (-) strand GM- oligonucleotides.

Recombinant dbpAv-GST expressed in JMl09 [Lane I (0.15ng), Lane 2 (0.25ng)], and

expressed in MCl06l fl-ane 3 (0.l5ng), Lane 4 (0.25ng)].

Recombinant dbpB-GST expressed in JM109 [Lane 5 (0.l5ng), Lane 6 (0.25ng)], and

expressed in MC1061 fl-ane 7 (0.l5ng), Lane 8 (0.25ng)].

(ss indicates free 32P-labelled single stranded oligonucleotides)

B) Final purified recombinant CSD fusion proteins dbpB-GST (Lane 1), dbpAv-GST

(Lane 2) and GST (Lane 3) fractionated on a I2Vo Laemmli SDS-PAGE protein gel and

stained with coomassie to visualise the protein bands.

Domain 1.

CD28RE NF.KB

Domain 2

CBF APl.
Gtvt-g

The human GM-CSF proximal promoter and oligonucleotides used in these experiments are represented

diagrammatically above. Boxes represent CSD binding sites and ovals represent the transcription factor

binding site as indicated above. The oligonucleotide sequences are presented in Figure 4.1.
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In an effort to increase both yield and protein integrity many different strategies

were undertaken, including experimenting with bacterial concentration before induction,

final concentration of IPTG used to induce protein synthesis, induction time and bacterial

cell type (data not shown). The major difficulty encountered was obtaining reasonable

yields of proteins without protein degradation. In an attempt to overcome this problem the

protease deficient bacterial strain BL2|(DE3) was used but this again did not improve

either yield or protein integrity (data not shown). The poor yield and integrity of these

proteins may be due to toxicity of the proteins to bacteria or that the proteins are

intrinsically unstable and easily degraded. Problems were also encounteted with storage,

with the recombinant CSD proteins unable to be frozen for storage, once thawed these

proteins lost all DNA binding ability (Data not shown). Therefore recombinant proteins

were stored at 4oC and in some instances had a shelf life of only a couple of weeks.

Individual conditions were deduced for optimal yield and integrity for both dbpAv-GST

and dbpB-GST. Optimal expression of dbpAv-GST was achieved with a 4 hour 0.5 mM

(final concentration) IPTG induction, whereas optimal expression of dbpB-GST was

achieved with a 3 hour 1 mM (final concentration) IPTG induction. Recombinant CSD

proteins expressed in a MC106I bacterial strain using these optimised conditions were

used in all subsequent experiments and the material visualised on a coomassie blue stained

SDS-PAGE gel is presented in Figure 5.38.

oligonucleotides spanning the GM-CSF promoter.

To determine if recombinant, glutathione sepharose purified CSD proteins bound to

the GM-CSF promoter CSD binding sites, recombinant CSD proteins (dbpAv-GST and

dbpB-GST) were bound in gel shift assays to wildtype domain 1 (GM-) and domain 2

(GM93+) single stranded oligonucleotides (each containing two CSD binding sites) and to
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oligonucleotides containing CSD binding site mutants. Gel shift analysis with recombinant

CSD protein dbpAv-GST, indicated that binding was only to the non-coding (-) strand of

the wildtype domain 1 oligonucleotide (GM- Figure 5.44, Lanes 4 and 5), as seen with

nuclear CSD NF-GMb/c factors in Jurkat and HUT78 T cells and FIEL fibroblasts (Chapter

4). Mutating any of the CSD binding sites in domain 1 (GMm l9-,21- & 23-) resulted in

loss of dbpAv-GST binding (Figure 5.44, Lanes 1 to 3). When the full domain 2

oligonucleotide GM93+ was used in a gel shift binding was the same as nuclear cold shock

domain proteins, i.e. strong binding only to the coding (+) strand (Figure 5.4A,lanes 6 &

7). Using the domain 2 CSD mutant oligonucleotide GMm103+, which has one CSD

binding site mutated, resulted in a significant decrease in dbpAv-GST binding (Figure

5.4A, Lane 8). Mutating both domain 2 CSD binding sites in GMm105+ resulted in

complete loss of binding (Figure 5.4A, Lane 9). Therefore these results suggest that

dbpAv-GST binding to the GM93+ oligonucleotide requires both CSD binding sites for

complete binding.

To determine if both CSD proteins had the same binding affinity and specificity,

recombinant CSD, dbpB-GST was also bound to the same series of GM-CSF domain 1 and

2 wildtype single stranded oligonucleotides and mutants. Recombinant CSD protein dbpB-

GST bound only to the non-coding (-) strand of domain 1 and the coding (+) strand of

domain 2 of the GM-CSF proximal promoter (Figure 5.48, GM lanes I e.Ð. This binding

pattem was the same as that observed for either the Jurkat and HUT78 T cells and FIEL

fibroblast NF-GM complexes or recombinant dbpAv-GST CSD protein. When dbpB-GST

was bound to domain 1, single CSD site mutant oligonucleotides (Figure 5.48, GMm19-,

Lane 3 and GMm21-, Lane 4, dbpB-GST) binding was reduced but not abolished. It was

only when both CSD binding sites were mutated in GMm23-, that all dbpB-GST binding

was lost (Figure 5.48, Lane 5). As expected when the full domain 2 GM93+

oligonucleotide was used dbpB-GST binding was only seen to the coding (+) strand
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Fieure 5.4

Recombinant dbpAv-GST and dbpB-GST binding to GM-CSF promoter mutant

oligonucleotides.

A) Recombinant dbpAv-GST was bound to 32P-[abelled wild type domain I coding (+) and

non-coding (-) oligonucleotides GM+, GM- and cotresponding mutant oligonucleotides

GMmlg-, GMm2l-, GMm23- (lanes 1-5). Recombinant dbpAv-GST was also l¡ound to

3'p-lab"lled wild type domain 2 coding (+) and non-coding (-) oligonucleotides GM93+,

GM93- and corresponding mutant oligonucleotides GMm95+, GMmlO3+, GMm105+

(lanes 6-9).

B) Recombinant dbpB-GST was bound to 32P-labelled wild type domain I coding (+) and

non-coding (-) oligonucleotides GM+, GM- and corresponding mutant oligonucleotides

GMm19-, GMm2l-, GMm23- (lanes 1-5). Recombinant dbpB-GST was also bound to 32P-

labelled wild type domain 2 coding (+) and non-coding (-) oligonucleotides GM93+,

GM93- and corresponding mutant oligonucleotides GMm95+, GMm103+, GMm105+

(lanes 6-10).

(ss indicates free ttP-labelled single stranded oligonucleotides)
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CBF APl
GM.
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ttr ll

The human GM-CSF proximal promoter oligonucleotides used in these experiemtns are represented

diagrammatically above. Boxes represent binding sites and boxes with an 'X" in them indicate mutated CSD

binding sites, ovals represent the transcription factor binding site as indicated above. The oligonucleotide

sequences are presented in Figure 4.1.
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proximal promoter

(Figure 5.48, lanes 6 811). Mutating either of the domain 2 CSD binding sites resulted in

a decrease in dbpB-GST binding sites (Figure 5.48 GMm95+, lane 8 and GMm103+, lane

9) but not until both sites were mutated in GMm105+ was all dbpB-GST binding lost

(Figure 5.4B,lane 10). These experiments indicate that the two recombinant CSD proteins

recognise the same NF-GMb/c CSD binding sequences on the GM-CSF proximal

promoter. While there appears to be some differences in binding affinity between the two,

with CSD binding site mutations on domain t having a greater affect on dbpAv-GST

binding than dbpB-GST, the same principle applies to either protein, that both CSD

binding sites are required in each domain for full CSD binding. Consistently both CSD

binding sites in either domain 1 or domain 2 are also required for full binding of the

nuclear NF-GMb/c complexes in Jurkat T cells (Chapter 2) and HUT78 T cells and IIEL

fibroblasts (Coles et al., 1994): (Coles et al., 1996); (Coles et a|.,2000).

The recombinant CSD proteins expressed from the pGEX-4T-1 bacterial

expression plasmid were expressed as GST fusions to enable purification. To more

accurately determine the apparent molecular weight and to determine if the GST tag

affected binding or protein structure, the GST tag was cleaved from the CSD proteins with

thrombin. Recombinant dbpB-GST was digested with thrombin and the resulting dbpB

protein bound to wildtype domain 1 GM- oligonucleotide alongside dbpB-GST to compare

binding affinity and complex formation (Figure 5.54). Recombinant dbpB-GST was

bound to GM- resulting in a single band of strong binding intensity as seen previously

(Figure 5.54, lane 1). When dbpB thrombin-cleaved material was bound to the GM-

oligonucleotide two complexes rwere seen, (complexes b and c, Figure 5.54, lane 2).

Neither of the two complexes observed in the dbpB thrombin-cleaved material co-migrated

with the full length dbpB-GST complex and hence could not be attributed to incomplete
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Fieure 5.5

Binding of recombinant dbpB-GST compared to dbpB thrombin cleaved.

A) Recombinant GST lusion protein dbpB-GST (Lane l) and dbpB-GST with the GST tag

cleaved via thrombin (Llne 2) were bound in a gel shilt assay to 32P-labelled GM-CSF

domain I non-coding (-) strand GM- oligonucleotide.

B) Gel shift complexes observed in Figure A r.vere UV cross-linked and fractionated on a

Laemmli SDS-PAGE protein gel. Figure B shows the resulting UV cross-tinked

complexes, recombinant dbpB-GST (Lane 3), the single unit complex (b) fiom the GST

cleaved dbpB (Lane 4) and the GST cleaved dbpB multimer complex (c) (Lane 5). Protein

sizes are indicated in kilodaltons and determined by subtracting the size of the free probe

(13.5 kDa).

C) Recombinanr GST cleaved dbpB was bound to 32P-labelled wild type domain I coding

(+) and non-coding (-) oligonucleotides GM+, GM- and corresponding mutant

oligonucleotides GMm19-, GMm2l-, GMm23- (lanes 1-5). Recombinant GST cleaved

dbpB was also bound to 32P-labelled wild type domain 2 coding (+) and non-coding (-)

oligonucleotides GM93+, GM93- and corresponding mutant oligonucleotides GMm95+,

GMml03+, GMm105+ (lanes 6-10).

(ss indicates free "P-lab.ll"d single stranded oligonucleotides)

Domain 1 Domain 2

NF-KB

CBF AP1

GM.

GMmL9-

GMm21.-

GMm23-

The human GM-CSF proximal promoter and oligonucleotides used in these experiments are represented

diagrammatically above. Boxes represent binding sites and boxes with an 'X' in them indicate mutated CSD

binding sites, ovals represent the transcription factor binding site as indicated above. The oligonucleotide

sequences are presented in Figure 4.1.
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Chapter 5'. Recombinant CSD protein expression and binding to CSD sites spanning the GM-CSF
proximal promoter

thrombin cleavage of the GST tag. A scan of the dbpB sequence did not identify any

known internal thrombin cleavage sites and experiments done by Stenia et al. (Stenina et

a1.,2000) confirm that thrombin does not cleave dbpB.

To determine the size of these two dbpB thrombin-cleaved complexes in relation to

the full length dbpB-GST protein, all three complexes were subjected to UV cross-linking

analysis. The molecular weight of the proteins in UV cross-linking analysis is determined

by subtracting the molecular weight of the oligonucleotide probe (13.5 kDa for GM-) from

the observed molecular weight on the gel. The kDa sizes shown in Figure 5.5 have had the

molecular weight of the probe removed. UV cross-linking analysis of full length

recombinant dbpB-GST identified a protein with the correct predicted molecular weight of

70 kDa (45 kDa dbpB plus 2l lÐa GST) (Figure 5.58, complex (a), lane 1). This was in

contrast to the observed molecular weight of recombinant dbpB-GST on SDS-PAGE,

which gave an approximate molecular weight of 60 kDa. As stated previously I and others

(Stenina et a1.,2000) have shown that CSD proteins on their own do not migrate true to

their predicted molecular weight on SDS-PAGE. Experiments in our laboratory show that

size estimation for CSD proteins via UV cross-linking can be more accurate that SDS-

PAGE analysis ((Coles et aI., 1994) (Coles et al., 1996) (Coles et aI., 2000) & unpublished

results). UV cross-linking of the (b) and (c) complexes seen in the dbpB thrombin-cleaved

material identified that neither of the bands represented thrombin-cleaved dbpB migrating

to its predicted size of 45 kDa. Surprisingly both (b) and (c) complexes UV cross-linked a

protein of approximately 38 kDa (Figure 5.5B, lanes 4 & 5). These results suggest that the

bottom (b) complex seen in the gel shift assay represents thrombin-cleaved protein binding

(even though it doesn't migrate to its predicted molecular weight) and the higher (c)

complex represents multimer binding of this dbpB thrombin cleaved protein.

Multimerisation of CSD proteins has also been observed for Xenopus CSD factors (Tafuri

et aI.,1992).
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To determine the GM-CSF CSD binding site specificity of dbpB thrombin cleaved

material and if the number of CSD binding sites could effect the ability of the protein to

form multimers, dbpB thrombin-cleaved material was bound to GM-CSF domain I and 2

oligonucleotides and respective CSD binding site mutants (Figure 5.5C). As expected the

binding specificity of dbpB was the same as that seen for dbpB-GST with binding only to

the non-coding (-) strand of domain 1 and to the coding (+) strand of domain 2 (Figure

5.5C, lanes 1,2 domain I & 6,'7 domain 2). Mutation of either CSD binding site reduced

binding and mutation of both CSD sites resulted in loss of binding (Figure 5.5C, lanes 3 to

5 domain I and lanes 8 to 10 domain 2). Potential multimerisation was observed on

oligonucleotides containing one or two CSD sites, hence two CSD sites are not required

for multimerisation to occur (Figure 5.5C). The thrombin cleaved dbpB material was very

unstable, rapidly losing DNA binding ability and therefore \ryas not used in further gel shift

experiments (data not shown).

5.5 The CSD domain of dbnB is I for bindins to the GM-CStr'nromoter

Experimental analysis of CSD proteins has lead to the division of CSD proteins

into three domains, each of which has been attributed function: the C-terminal region for

protein:protein interaction and non-sequence specific RNA interactions, the CSD domain

for sequence specific single stranded DNA/RNA interactions and the N-terminus which

contributes to single stranded DNA binding (Shannon et a\.,2001). In HEL fibroblasts and

HUT78 T cells a 22 l<Da protein was identified in both the NF-GMb and NF-GMc

complexes (Chapter 4 & (Coles et al., 1994) (Coles et al., 1996) (Coles et al., 2000)). This

protein is proposed to be a splice or proteolytic cleavage variant of the full length CSD

protein (42 kDa) which lacks a significant proportion of the C-terminal protein:protein

interaction domain. To determine if a CSD protein lacking either the C-terminus or both

CSD and C-terminal domains could bind to DNA, dbpB bacterial expression constructs
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Chapter 5'. Recombinant CSD protein expression and binding to CSD sites spanning the GM-CSF
proximal promoter

encoding dbpB truncations were made. The truncations of dbpB used were the same as the

dbpB truncations encoded by the eukaryotic expression constructs pSGdbpBAl and

pSGdbpBA2 used in previous transient transfections.

The bacterial expression construct for the dbpB deletion dbpBÄl (pdbpBÂl-GST)

was created by digesting the dbpBAl eukaryotic expression vector (pSGdbpBAl) with

EcoRI / NotI to release a fragment which encodes for the lirst 47 amino acids of dbpB

followed by ligation into the EcoRI / Narl sites of pGEX-4T-1 (Figure 5.6). The bacterial

expression construct for the dbpB deletion dbpBÀ2 (pdbpBA2-GST) was created by

digesting the dbpBA} eukaryotic expression vector (pSGdbpBA2) with EcoRI / NotI

releasing a fragment which encodes for the first 173 amino acids of dbpB followed by

ligation into the EcoRI / Bgl11sites of pGEX-4T-1 (Figure 5.6).

Full length recombinant dbpB-GST and the dbpB-GST truncation proteins,

encoded by bacterial expression constructs pdbpB-GST, pdbpBAl-GST and pdbpBÄ2-

GST, were synthesised using the Promega E. coli T7 S30 extract in vitro transcription

translation system and the l3sS]methionine labeled proteins were run on a Laemmli SDS-

PAGE gel to check for appropriate expression (Figure 5.7). Full length dbpB was not

efficiently transcribed/translated in the Promega in vitro kit (Figure 5.7A,lane 1). The

majority of the bands seen in this track were also observed in the no DNA control reaction,

indicating that they were non-specific (Figure s.JA, compare lanes 1 &,4). Previous

experiments where recombinant dbpB-GST was analysed by SDS-PAGE, indicated the

mobility of dbpB-GST was approximately 60 kDa (Figures 5.2B & 5.38). In this

experiment a very faint band can be seen migrating at this molecular weight (Figure 5.7 A,

lane 1). This result again indicates the apparent instability of the full length dbpB protein.

Intense bands were observed for protein migrating at the predicted molecular weight for

dbpBAl-GST (32 kDa, Figure 5.7 A,Lane 2) and dbpBA2-GST (46 l<Da, Figure 5.74, lane

85



Fisure 5.6

Construction of the bacterial expression dbpB truncation constructs pdbpBÀl-GST

and pdbpB^2-GST.

A) & B) The coding region from the eukaryotic dbpB truncation expression constructs fbr

either dbpBAl (Figure A) or dbpBA2 (Figure B) were excised and cloned into the

bacterial expression vector pGEX4T- 1.

Abbreviations: ori, bacterial origin of replication; Amp', ampicillin resistance gene; laclq,

lactose operon repressor protein; T7, T7 transcriptional start site; MCS multiple cloning

site
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Fisure 5.7

In vitro transcribed/translated dbpB-GST truncations.

A) The coding region tbr lull length recombinant dbpB-GST (encoding 313 amino acids)

was truncated to give 2 constructs encoding for the filst 173 amino acids (pdbpBA2-GST)

and the first 47 amino acids (pdbpBAl-GST). Constructs fbr tull length and dbpB-GST

truncations were used to express ¡3sslMethionine labelled recombinant truncated dbpB-

GST proteins in a bacterial in vitro transcription/translation system. The expressed

proteins: dbpB-GST (lane l), dbpBAl-GST (lane 2), dbpBA2-GST (lane 3) were run out

on a l27o Laemmli SDS-PAGE protein gel, along with a no DNA control reaction (lane 4).

B) The in vito transcribed/translated dbpB-GST truncation proteins dbpBAl-GST and

dbpBA2-GST along with bacterial expressed full length dbpB-GST and a negative control

no DNA in vitro reaction mix were bound to 32P-labelled wild type domain l, non-coding

(-) strand GM- (lanes 1,3,6 & 9), coding (+) strand GM+ (lanes 2, 5 & 8) and the non-

coding (-) strand CSD mutant GMm23- (Lanes 4,7 &.10) single stranded oligonucleotides.

(ss indicates free "P-labell"d single stranded oligonucleotides)

(x represents non-specific binding)

Domain 1 Domain 2

CD28RE r\F-

CBF APl
GM.

GMm23- Dcr- I \z 
I

1 313

N-TermdbpB

dbpBA2

dbpBAl

The human GM-CSF proximal promoter and oligonucleotides used in these experiments âre represented

diagrammatically above. Boxes represent binding sites, boxes with an 'X' in them indicate mutated CSD

binding sites and ovals the binding sites of the corresponding transcription factors indicated above.. The

oligonucleotide sequences are presented in Figure 4.1. The regions of dbpB encoded by the deletion

constructs are also shown with numbers indicating amino acid number.
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Chapter 5: Recombinant CSD protein expression and binding to CSD sites spanning the GM-CSF
proximal promoter

3). Many smaller bands were visible in these tracks but the full length bands were of a

higher intensity,

To determine the function of the CSD and C-terminal domains of CSD proteins in

relation to binding to the GM-CSF proximal promoter, fhese in vitro expressed proteins

were bound in a gel shift to wildtype non-coding (-) and coding (+) domain I GM-CSF

promoter oligonucleotides and the double CSD domain 1 mutant oligonucleotide GMm23-

(Figure 5.78). Since the full length dbpB-GST protein was not efficiently

transcribed/translated in the in vitro system, bacterially expressed full length dbpB-GST

was used in the gel shift assay as a positive control instead. The bacterially expressed

dbpB-GST material bound strongly as a single complex to the GM-CSF domain 1 GM-

oligonucleotide (Figurc 5.JB,lane 1). When either of the in vitro transcribed/translated

proteins dbpBAl-GST, dbpBA2-GST were bound to oligonucleotides in the gel shift assay,

two major bands were seen (Figure 5.78, lanes 2-7). To determine if these bands

represented specific CSD protein binding, a no DNA control reaction mix from the in vitro

kit, was also used in the gel shift assay as a negative control. These two major bands were

also seen when the no DNA control reaction mix was used in the gel shift (Figure 5.J8,

lanes 8-10), indicating that they did not represent in vitro transcribed/translated dbpBÂl-

GST or dbpBA2-GST. Therefore, these bands may represent non-specific bacterial single

stranded DNA binding proteins present in the E. coli extract included in the in vitro

transcription/translation kit.

When the dbpB truncation dbpBAl-GST (lacks both the C-terminus and CSD

domain) was used in the gel shift assay, apart from the two previously discussed non-

specific bands, no binding could be detected to any of the oligonucleotides (Figure 5.78,

lanes 5-7). This result confirms those observed by others indicating that while the N-

terminal region aids in single stranded DNA binding, it is not sufficient to confer binding

on its own. When the dbpBA2-GST truncated protein (lacks the C-terminal domain) was
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used in the gel shift assay, in addition to the two non-specific bands an extra faint band

could be seen binding to the non-coding (-) strand of GM (Figure 5.78, lane 6).

Surprisingly this band representing truncated dbpB-GST, co-migrated with the full length

dbpB-GST. The reason for this observation is unclear and would require further

experiments like UV cross-linking and shorter dbpB deletion constructs to be undertaken

to further investigate this. This complex was not detected on either the coding (+) strand

of GM or the double CSD mutant oligonucleotide suggesting that it represented dbpBA2-

GST binding (Figure 5.78, lanes 5 e.7). Since dbpBA2-GST was in vitro derived material

and the recombinant full length dbpB-GST was bacterially derived, relative binding

intensities between the two proteins could not be compared. Consistent with what has

been observed in other gene systems these results suggest that the C-terminal region of

dbpB is not essential for DNA binding to the GM-CSF proximal promoter, whereas the

CSD domain appears to be required (Kolluri et al., 1992); (Schroder et al., 1995);

(Shannon et a\.,200I); (Wang et a1.,2000).

5.6 Summarv and Discussion

In summary, conditions were deterrnined for optimal expression of recombinant

CSD-GST fusion proteins dbpAv-GST and dbpB-GST. Although examination of these

recombinant proteins by SDS-PAGE revealed that these proteins were highly unstable,

giving rise to several truncated products. Recombinant CSD proteins expressed in the

bacterial strain MC1061 gave rise to the formation of a single complex when used in gel

shift experiments. Presumably the smaller sized protein products observed on SDS-PAGE

had lost some essential part of the CSD protein required to bind DNA. Full length

recombinant CSD factors dbpAv and dbpB bound the CSD binding sites across the GM-

CSF proximal promoter in the same fashion as did the nuclear NF-GMb/c complexes

(Chapter 4 (Coles et aI., 1994) (Coles et aL, 1996) (Coles et a1.,2000)). Recombinant
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CSD factor binding to the GM-CSF proximal promoter was observed on the non-coding (-)

strand of domain 2 and the coding (+) strand of domain 1. While it appears that there are

some differences in binding affinity to individual CSD sites between dbpAv and dbpB,

both factors bound in a similar fashion to CSD nuclear proteins, requiring both CSD

binding sites in domain 1 or both sites in domain 2 for full binding to each of the domains

(Coles et aI., 1994) (Coles et al., 1996) (Coles et a1.,2000). It is not known what affect, if

any, that these differences between dbpAv and dbpB would have to the function of CSD

proteins in vivo. Analysis of dbpB truncations demonstrated that the C-terminus of dbpB

is not essential for DNA binding to the GM-CSF proximal promoter CSD sites whereas the

CSD domain is (Kollui et aL, 1992) (Bouvet et a\.,1995) (Schroder et a\.,1995). While

the N-terminus of the protein may aid in DNA binding as previously suggested (Nambiar

et aI., 1998), in our system it is not sufficient alone to allow DNA binding. The

differences in binding affinity to individual CSD sites between dbpAv and dbpB may be

related to the very different C and N-terminal regions of the proteins. (An amino acid

comparison of the two CSD proteins is presented in the following chapter Figure 6.1.) As

mentioned previously regions outside the CSD domain, which do not bind DNA directly,

have been shown to influence DNA binding via the CSD domain. These differences in

binding affinity may also correlate to the observed differences in activation and repression

ability of the individual CSD proteins on GM-CSF promoter domain 1 and 2 regions in

Jurkat T cells and IIEL fibroblasts respectively (Chapter 3). Fine and detailed mutational

analysis of the C and N-terminal regions of dbpAv and dbpB would have to be undertaken

to determine if this is the case.

Results of binding studies of CSD factors to the GM-CSF proximal promoter

suggest that this is the first example where CSD binding sites are proposed to act as pairs.

Full nuclear and recombinant CSD complexes are only observed when two CSD binding

sites in domain 1 or domain2 are present. The interleukin 3 (IL-3) and granulocyte-colony
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stimulating factor (G-CSF) proximal promoters also contain this affay of CSD binding

sites, two on the coding strand and two on the non-coding stand, with the spacing between

the CSD sites similar to what is observed in the GM-CSF promoter (Coles et a\.,2000, and

L.S. Coles unpublished results). Binding experiments to determine CSD binding to one or

two of the CSD binding site pairs in these promoters has not been undertaken. The

observed conservation in arrangement of CSD sites between GM-CSF, IL-3 and G-CSF

promoters suggests that CSD binding to these sites may be similar and CSD factors may

regulate transcription of these cytokine genes in a similar way.
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Chapter 6: Generation of antibodies specific for cold shock domain proteins

6.1 Introduction

In this chapter I discuss the generation and purification of antibodies specific for

CSD proteins. I have described previously (Chapter 4) that gel shift and UV cross-linking

analysis identified only a 42IÐa protein in Jurkat T cell NF-GMb complexes but in IIEL

fibroblast and HUT78 T cells NF-GMb/c complexes contained the 42 kDa protein with

extra 25 and 22 kDa proteins as well. All these proteins are capable of binding DNA and

are proposed to be CSD family members. Antibodies were generated primarily to directly

examine the components of the NF-GMb and NF-GMc complexes that formed on GM-

CSF proximal promoter oligonucleotides (Chapter 4) and to compare CSD protein sub-

populations between HUT78 and Jurkat T cells. CSD proteins are highly conserved

between rabbits and humans (Matsumoto et al., 1998) (Grant et aI., 7993) and the

generation of antibodies to highly conserved proteins in rabbits is often difficult.

Immunization of rabbits with highly conserved proteins often results in poor or no

antibody response due to immune self tolerance (Ye et al., 1996). In an attempt to

circumvent these difficulties two strategies were undertaken to generate specific CSD

antibodies. The two strategies used to generate CSD antibodies involved using either the

whole CSD-GST fusion protein (which may induce self tolerance) and peptides encoding

for specific regions of CSD proteins (which are less likely to generate a self tolerance

response but may not result in high levels of specific antibody production) (Harlow et aL,

1988). A majority of this chapter is devoted to strategies undertaken to purify polyclonal

antibodies raised against either the recombinant CSD-GST fusion protein or CSD peptides.

Once this was achieved the partially purified serum was then used in 'Western blot assays

to determine if the 22 and 25 lcDa nuclear CSD proteins identified in HUT78 T cells and

FIEL fibroblasts by UV cross-linking (Chapter 4) were completely lacking from Jurkat T

cells or simply unable to bind DNA. Finally, antibody/gel shift experiments were used to
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Chapter 6: Generation of antibodies specific for cold shock domain proteins

observe the effect of polyclonal CSD antibody on NF-GMb/c complex formation in both

Jurkat and HUT78 T cells.
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Chapter 6'. Generation of antibodies specific for cold shock domaitt proteins

6.2 Generation of Antibodies

6.2.1 CSD used to raise Dolyclonal antibodies

Antibodies were generated to three CSD peptides Peptide A, Peptide B and Peptide

CSD (Figure 6.1). The peptides, pepA (AGATTTTTTTLPQA) amino acids 4-18 from

dbpAv and pepB (AETQQPPAAPPA) amino acids 5-16 from dbpB were generated from

sequences at the N-terminus end of the respective CSD proteins (Figure 6.1). These

peptides, pepA and pepB were chosen because they represent distinct sequences from the

CSD proteins and hence subsequent antibodies raised to these peptides would have a

greater possibility of being specific for either dbpAv (pepA antibody) or dbpB (pepB

antibody). A general CSD antibody was also raised to a peptide pepCSD

(IKKNNPRKYLRSVGD amino acids 89-103 in dbpB and 12I-136 in dbpAv), which

represents a region within the highly conserved CSD domain with IO07o homology

between dbpAv and dbpB. X-ray crystallography studies on bacterial CSD proteins

suggest that this region loops out of the core protein structure therefore presenting a

potentially good epitope for antibody binding (Figure 6.1) (Matsumoto et al., 1998);

(Newkirk et al., 1994); (Schindelin et aL, 1993); (Schindelin et al., 1994); (Schnuchel er

al., 1993). To stimulate an immune response against the peptides, (since peptides

themselves aÍe rarely immunogenic), they were chemically coupled to the highly

immunogenic KLH. With the recombinant CSD-GST fusion proteins the GST tag is likely

to be sufficiently immunogenic to elicit an immune response. Rabbits were inoculated four

times with either the full length CSD-GST proteins or the KlH-coupled peptides and

polyclonal sera collected after approximately 16 weeks for analysis. Pre-immune serum,

before inoculation was also collected. Atl the sera collected were initially fractionated by

ammonium sulphate precipitation to obtain an enriched fraction of total immunoglobulin.
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Fieure 6.L

Amino acid alignment of dbpB and dbpAv

The CSD proteins dbpB and dbpAv have been aligned and separated into the three

previously defined regions N-Terminal, CSD Domain and C-Terminal. A key is presented

at the bottom of the figure. The RNP-I 8L 2 sequences are highlighted as well as the

predicted loop region in the CSD Domain. The basic regions are highlighted in both the

CSD and C-Terminal domains. The amino acid sequence for the peptides used to make

antibodies: nepB (AETQQPPAAPPA), pq\ (AGATTTTTTTLPQA) and pepCSD

(IKKNNPRKYLRSVGD) are indic ated.
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proteins.

To test the specificity of the purified rabbit polyclonal antibodies raised to both full

length recombinant CSD-GST fusion proteins and to CSD peptides, equal amounts of a

series of proteins and peptides (dbpB, dbpAv (with the GST tags cleaved off), dbpB-GST,

dbpAv-GST, pepA, pepB, pepCSD, a non-specific peptide and GST) were dotted onto

nitrocellulose filters for use in Western blot assays (Figure 6.2A). To determine the

optimal titre of polyclonal serum required in Westerr blot assays to be able to discriminate

between specific and non-specific binding, ammonium sulphate fractionated rabbit pre-

immune serum was used to probe the panel of recombinant CSD proteins and peptides. No

signal to any of the proteins or peptides was detected at dilutions 1:1000 or below using

rabbit pre-immune serum (Figure 6.28). Ammonium sulphate fractionated antibodies,

raised to each of the recombinant CSD-GST fusion proteins were therefore diluted at

1:1000, 1:3000 and 1:10000 and used to probe the protein/peptide panel in Western blot

assays (Figures 6.2). Since CSD-GST fusion proteins were used to immunize the rabbits, it

was observed that the majority of the immune response was directed against the highly

immunogenic GST tag (Figure 6.2C &. D). As can be seen in Figures 6.2C 8L D, both

antibodies raised against the CSD-GST fusion proteins (cr-dbpAv-GST and o-dbpB-GST)

recognized both the CSD-GST fusion proteins dotted onto the membrane. Therefore, to

analyze for antibody/CSD specificity, recombinant CSD proteins with the GST tag cleaved

off, were also included in the panel. It was observed that both dbpAv-GST and dbpB-GST

antibodies cross-reacted to both GST-cleaved dbpAv and dbpB recombinant CSD proteins

(Figure 6.2C &. D). This result was not surprising given the high sequence similarity in the

CSD domain between the two proteins (Figure 6.1). Another possible explanation for this

result could be antibodies raised to the GST tag are cross-reacting to residual GST present

in the GST cleaved dbpA and dbpB recombinant material. Neither of these antibodies
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Fieure 6.2

Antibodies generated to full length dbpAv'GST and dbpB-GST.

A) Key fbr following figures indicating where each of the proteins/peptides (dbpB and

dbpAv (with GST tag cleaved) dbpB-GST, dbpAv-GST, peptides A, B & CSD, a non-

specific peptide and GST) has been dotted onto the nitrocellulose tìlter. Immunoglobulins

were purified from all the sera using ammonium sulphate precipitations. and were

standardised to the same protein concentration as assayed via Bradford reagent. Dilutions

of sera were made and used to probe the filters in a Western blot.

B) Rabbit pre-immune sera

C) Rabbit anti-dbpAv-GST sera

D) Rabbit anti-dbpB-GST sera
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displayed a strong specific cross reactivity with any of the CSD peptides or the negative

control peptide (Figure 6.2C &D).

6.2.3 Analvsis of antibodies eenerated to CSD peptides

Ammonium sulphate fractionated antibodies raised to the three CSD peptides were

also tested for specificity and cross-reactivity at dilutions between 1:1000 and 1:10000 in a

Western blot against the same array of CSD proteins and peptides as shown in Figure 6.2.

Western blot data using either the pepA or pepB antibodies demonstrated that they both

weakly cross-reacted with both peptide A and peptide B at the 1:1000 dilution but could

not be seen cross-reacting to any of the peptides in the lower dilutions (Figures 6.38 & C).

Even though the peptide A and B antibodies were designed to be specific for dbpAv and

dbpB respectively, they both appeared to cross-react with both full-length dbpAv and dbpB

equally, even at the lowest 1:10000 dilution (Figure 6.38 & C). Peptide CSD was

designed to a highly conserved, potential looped out region of the CSD domain (Figure

6.1). This region is identical in both dbpAv and dbpB and therefore should react equally

well with both proteins. When used in a Western blot the peptide CSD antibody

recognized the CSD peptide and cross-reacted well to both dbpAv and dbpB CSD proteins

(Figure 6.3D). All three of the CSD peptide antibodies appear to recognise GST in the

1:1000 dilution but the level of cross-reactivity to GST drops well below that of the CSD

proteins in the 1:3000 and 1:10000 dilutions of sera (Figure 6.3). This suggests that this

cross-reactivity is background. Taking these results into account, further purification

strategies were undertaken to optimise experiments using these sera.

6.2.4 Further on of CSD antibodies

Initial experiments where the ammonium sulphate fractionated antibodies were

used in 'Western blot assays to screen nuclear extracts for CSD proteins resulted in very
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Figure 6.3

Antibodies raised to peptides.

A) Key for following figures indicating where each of the proteins/peptides (dbpB and

dbpAv (with GST tag cleaved) dbpB-GST, dbpAv-GST, peptides A, B & CSD, a non-

specific peptide and GST) has been dotted onto the nitrocellulose filter. Immunoglobulins

were purified from all the sera using ammonium sulphate precipitations, and were

standardised to the same protein concentration as assayed via Bradford reagent. Dilutions

of sera were made and used to probe the filters in a Western blot.

B) Rabbit anti-peptide A sera

C) Rabbit anti-peptide B sera

D) Rabbit anti-peptide CSD sera
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Chapter 6: Generation of antibodies specific for cold shock domain proteins

high background levels which were too high to discern specific CSD binding (data not

shown). Therefore a strategy of further antibody purification was undertaken.

6.2.4.1 Protein sepharose A purification

Due to the time period of inoculations of rabbits, (over a period of 16 weeks), the

primary group of antibodies generated against the injected immunogen would be of the

IgG class (Ye et al., 1996). To further purify the antibody, the IgG antibodies were

fractionated via protein A sepharose (as described in the material and methods section).

Antibody raised against peptide B was initially fractionated via ammonium sulphate

precipitations to isolate all classes of immunoglobulin followed by IgG purification with

protein A sepharose. Antibody at each stage of purification was collected and then used in

a'Western blot against a panel of peptides and proteins to determine yield and specificity.

The panel of peptides consisted of peptide B, peptide B coupled to KLH, a non-specific

peptide, dbpB with the GST tag cleaved off and BSA (Figure 6.4A). As can be seen in

Figure 6.4C, ammonium sulphate fractionation of the peptide B antibody resulted in a

reduction of background binding compared to crude serum (Figure 6.48) while still

retaining good cross reactivity to GST cleaved dbpB but displayed poor cross-reactivity to

peptide B, Protein A purification of peptide B antibody resulted in a very poor yield of

antibody, which while still weakly cross-reacting with GST cleaved dbpB, did not cross-

react with peptide B (Figure 6.4D). These results indicated that purification of CSD

antibodies by Protein A was not effective for future experiments.

6.2.4.2 Affinitv purification of the CSD peptide antibodv.

It appeared, from the previous Western blots, that the majority of the antibodies

being purified were directed towards the hapten, GST in the case of the full-length proteins

or KLH in the case of the peptides (Figures 6.2 8.6.3). Pre-clearing the serum with either
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Fieure 6.4

Purification of o-peptide B antibodies

A) Key for following figures indicating where each of the proteins/peptides (peptide B,

peptide B coupled to KLH, a non-specific (N.S) peptide, bovine serum albumin (BSA) and

dbpB with the GST tag cleaved) have been dotted onto the nitrocellulose filter.

B) Western blot using rabbit anti-peptide B crude sera

C) Western blot using rabbit anti-peptide B ammonium sulphate purified sera

D) Western blot using rabbit anti-peptide CSD Protein A purified sera
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of the haptens bound to a column had little or no effect despite several rounds of pre-

clearing (data not shown). Therefore binding the immunogen, without hapten (either full-

length CSD protein or CSD peptide) to a column and affinity purifying the specific

antibodies was proposed. However, since CSD proteins with the GST tag cleaved off

appeared to be very unstable, purification of the antibodies to full length recombinant

CSD-GST fusion proteins by this means was not possible. Hence, an antibody generated

to the CSD peptide, was purified by these means. Peptide CSD was bound to a CNBr-

activated sepharose column as described in the material and methods section. A sample of

CSD peptide taken before coupling to the column and effluent taken from the column after

several rounds of coupling were analyzed on IIPLC (Kindly performed by Mark Van Der

Hoek, IMVS). HPLC results indicated that all the CSD peptide was bound to the column

after three rounds of coupling (Figure 6.54). This CSD peptide coupled CNBr-sepharose

column was then used to affinity purify antibodies specific for the CSD peptide. A panel

of peptide and proteins (dbpB-GST, peptide CSD, peptide CSD coupled to KLH, GST and

BSA) were dotted onto nitrocellulose membranes and CSD peptide antibodies purified by

either ammonium sulphate or CSD peptide affinity column were used to probe the panel in

a Western blot (Figure 6.58). The ammonium sulphate fractionated antibodies cross-

reacted well to recombinant dbpB-GST, CSD peptide coupled to KLH and to a lesser

extent the CSD peptide (Figure 6.5C). When this material was further purified using the

CSD coupled CNBr-sepharose column the yields were very low. Even though the affinity

purification of the CSD specific antibodies appeared to work, with no KLH antibodies

coming through the purification procedure (observed by no cross reaction to the peptide

CSD coupled to KLH), the antibody did not cross react with peptide CSD alone (Figure

6.5D). Considerably more CSD peptide CNBr-column purified antibody, compared to

ammonium sulphate purified material, was needed to detect dbpB-GST in this Western

Blot (Figure 6.5D). Since only an estimation of the amount of immunoglobulin present in
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Fisure 6.5

Purification of cr-CSD peptide antibody.

A) CSD peptide was coupled to CNBr-activated sepharose and used to purify anti-CSD

specific antibodies. High Pressure Liquid Chromatography graphed results showing CSD

peptide before coupling and the effluent from the column after several rounds of coupling.

B) Key for following figures indicating where each of the proteins/peptídes (dbpB-GST,

bovine serun albumin (BSA), gutathione-S-transferase (GST), peptide CSD and peptide

CSD coupled to KLH) have been dotted onto the nitrocellulose filter.

C) Western blot using rabbit anti-CSD ammonium sulphate purified sera

D) Western blot using rabbit anti-CSD purified using CSD coupled to CNBr-activated

sepharose
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Chapter 6: Generation of antibodies specific for cold shock domain proteins

the ammonium sulphate fractionated material could be undertaken it was not possible to

directly ascertain the efficiency of CSD specific antibody purification by CNBr-column

purification. What can be deduced from this experiment however, is that CNBr-column

purification did not result in sufficient immunoglobulin material for use in experiments and

hence made purification of the CSD specific antibodies by this means not optimal for

future experiments.

6.2.4.3 Multiple Ammonium sulphate precipitations

Therefore, to decrease the background levels seen, when the ammonium sulphate

fractionated antibodies were used in'Western blots against nuclear extracts, a third protocol

was attempted. This protocol involved a further round of ammonium sulphate

precipitation with a slight variation in final ammonium sulphate concentration (final

concentration of ammonium sulphate 30%o) (Ye et a|.,1996). This extra purification of the

CSD peptide antibody resulted in Western blots with less background, while the antibody

retained its ability to rccognize both the CSD peptide and recombinant dbpB-GST (data

shown in subsequent experiment, Figure 6.6). This double ammonium sulphate

fractionated material was then used in all future antibody experiments.

6.3 Use of CSD antibodies to analyse nuclear NF-GMb/c complexes

Gel shift and UV cross-linking experiments have shown differences in CSD factors

between Jurkat T cells and FIEL fibroblasts/HuT78 T cells (Chapter 4). The Jurkat T cell

nuclear NF-GMb complex has been detected binding to both domain 1 and 2 of the GM-

CSF proximal promoter and UV cross-linking experiments show that both domain I and 2

NF-GMb complexes contain a 42kDa protein. Nuclear extracts from FIEL fibroblasts and

HUT78 T cells form NF-GMb and NF-GMc complexes on both GM-CSF domain I and2

oligonucleotides. UV cross-linking of these NF-GMb/c complexes identified that as well
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as the 42\Ða protein identified in Jurkat T cells NF-GMb/c complexes that formed on

domain 1 contained a22kDa protein and NF-GMb/c complexes that formed on domain 2

contained the 42,22 and a further 25l<Da protein (Chapter 4).

identifïed in HUT78 T cells and HEL fibroblasts

To determine if the 22 and 25 kDa proteins identified in IIEL fibroblasts and

HUT78 T cells by UV cross-linking (Chapter 2) were completely lacking from Jurkat T

cells or simply unable to bind DNA, Western and South-Western experiments were

performed. Jurkat and HUT78 T cell nuclear extract and purified recombinant dbpB-GST

fusion proteins were fractionated on a Laemmli SDS-PAGE gel and transferred to

nitrocellulose membranes resulting in five replicate filter panels. One panel was probed

with the double ammonium sulphate fractionated CSD peptide antibody in a Western blot.

The CSD antibody recognized a single protein of approximately 60 kDa for recombinant

dbpB-GST which is the approximate size for full length dbpB-GST previously seen on

Laemmli SDS-PAGE (Chapter 5) (Figure 6.6A,lane 3). In the Jurkat and HUT78 T cell

nuclear extract lanes the CSD antibody cross-reacted with many proteins (Figure 6.64,

lanes 1 & 2). Proteins of the approximate size for the CSD proteins identified in the UV

cross-linking experiments (42,25 &. 22 V,Ða) were detected. A strongly reacting band of

approximately 42 kDa was seen in both Jurkat and HUT78 T cell extracts, whereas the

smaller 25 8L 22 kDa proteins were seen only in the HUT78 T cell extract (Figure 6.64,

lanes 1 & 2).

To confirm that these were the CSD factors identified by previous UV cross-linking

experiments, South-'Western experiments were performed. In the South-Western

experiments one panel was probed with the wildtype GM-CSF, domain 1 GM-

oligonucleotide (contains two CSD binding sites Figure 6.68, lanes 1-3), and the other

98



Fieure 6.6

Detection of CSD proteins in Jurkat T cells and HUT78 T cells.

Jurkat T cell and HUT78 T cell nuclear extracts and recombinant dbpB-GST were

fractionated by Laemmli SDS-PAGE and transtèrred to nitrocellulose membranes reaulting

in five identical panels.

A) The first filter was used for a Western blot using the ammonium sulphate purified

antibody raised to the CSD peptide to identify all CSD proteins present. The 42,25 and 22

kDa CSD proteins are indicated.

B) The second and third filters were probed with either the wild type domain l, non-coding

(-) strand GM- oligonucleotide or the corresponding CSD mutant GMm23- oligonucleotide

in a South-Western. The 42,25 and22l<Da CSD proteins are indicated.

C) The fourth filter was used for a Western blot using an antibody raised to the Xenopus

CSD protein FRGY2 (obtained from Alan Wolffe). The 42,25 and 22l<Da CSD proteins

are indicated.

D) The fifth filter was used for a Western blot using the ammonium sulphate purified

antibody raised to the CSD peptide. The 42,25 and22 kDa CSD proteins are indicated.

Jkt: Jurkat T cells HUT: HUT78 T cells

Domain I Domain 2

CBF APl.
GM. l"rll

GMm23- l-ffi l\¡ I

The human GM-CSF proximal promoter and oligonucleotides used in these experiments are represented

diagrammatically above. Boxes represent binding sites, boxes with a 'X' in them indicate mutated CSD

binding sites and ovals the binding sites of the corresponding transcription factors indicated above. The

oligonucleotide sequences are presented in Figure 4.1.
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panel was probed with the double CSD binding site mutant of the GM- oligonucleotide,

GMm23- (Figure 6.68, lanes 4-6). Recombinant dbpB-GST can be seen to bind to the

wildtype GM- probe (Figure 6.68, lane 3) but not to the CSD mutant GMm23- probe as

expected (Figure 6.68, lane 6). Proteins of the same size as detected by UV cross-linking

the HUT78 T cell NF-GMb/c complexes (42, 25 &. 22I<Da), were detected binding to the

GM- probe in this assay (Figure 6.68, lane 2), but were significantly reduced or not

detected binding to the GM23- mutant oligonucleotide (Figure 6.6B,lanes 4 & 5). Several

other bands were also observed that might represent CSD family members. In Jurkat T cell

extracts, a band of 42 kDa (and a smaller protein of 39 kDa) were the strongest bands

observed when the GM- oligonucleotide was used as a probe. Significantly the 22 and 25

kDa bands were not observed in Jurkat T cells but were present in HUT78 T cell nuclear

extract (Figure 6.6B,lane 1). Other proteins are seen binding to the GM- probe and not to

the CSD mutant GMm23-. CSD proteins of greater than 42 kDa in size have been detected

in nuclear extracts by other groups and these proteins, seen binding here to the GM- probe,

may represent other CSD family members which do not form part of the NF-GMb/c

complexes.

To further confirm these results a CSD antibody raised to the Xenopus CSD protein

FRGY2 (kindly provided by Alan Wolffe (Tafuri et a\.,1992) ) was also used to probe one

panel of the same recombinant CSD protein and nuclear extracts. The same banding

pattern was detected when either the Xenopus CSD antibody (Figure 6.6C) or the CSD

peptide antibody (Figure 6.6D) was used in the Western blots. Importantly, the NF-GMb/c

CSD proteins identified by UV cross-linking experiments (chapter 4) (42, 25, 22 lÐa)

were also detected by the Xenopus CSD antibody (Figure 6.6C).

These experiments confirm UV cross-linking results of Jurkat T cell NF-GMb

complexes and IIEL fibroblast/HUT78 T cell NF-GMb/c complexes indicating that Jurkat

T cells lack the 25 and22kDa CSD proteins.
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6.3.2 CSD peptide antibodv blocks dbpB-GST bindine to DNA

To determine if the addition of CSD specific antibodies could affect NF-GMb/c

complex formation gel shift antibody assays were performed. Antibodies could either

block NF-GMb/c complex formation, if the antibody binds to the CSD domain, or result in

a further retardation of the complex (or supershifÐ if the antibody binds to a region of the

protein which is not involved in binding. To determine if the CSD peptide antibody had

blocking or supershifting ability it was initially used in a gel shift assay with the

recombinant CSD-GST fusion protein dbpB-GST. Since the antibody \¡/as raised against

the CSD peptide and not full length CSD-GST fusion protein any blocking or supershifting

seen could be attributed to a specific CSD/antibody interaction. As can be seen in Figure

6.J, increasing the amount of antibody in the gel shift assay with recombinant dbpB-GST

demonstrated that the CSD peptide antibody could block recombinant CSD protein binding

to the GM- domain 1 oligonucleotide with no corresponding antibody/CSD protein

supershift complex observed (Figure 6.7 , Lanes 2 to 6). The addition of pre-immune (P.f

serum, to the binding reaction mixture, at the maximal concentration of CSD antibody

used, showed no effect on the mobility or complex formation of the recombinant dbpB-

GST protein (Figure 6.7 ,lane 7).

6.3.3 CSD peptide antibody blocks bindine of NF-GMb/c complexes in .Iurkat and

HUT78 T cells on GM-CSF domain 1.

Gel shift analysis of Jurkat and HUT78 T cell nuclear extracts identified that NF-

GMb/c complexes formed in HUT78 T cells whereas only NF-GMb complexes formed in

Jurkat T cells. IfV cross-linking experiments identified a 42 kDa protein present in the

Jurkat T cells and 42 and 22 kDa proteins in HUT78 T cells when nuclear extracts were

bound to GM-CSF domain 1 oligonucleotides (Chapter 4).
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Fieure 6.7

o-CSD peptide antibody blocks dbpB-GST binding.

Recombinant dbpB-GST was bound to "P-labelled witd type domain l, non-coding (-)

strand GM- oligonucleotide in a gel shift assay. Increasing ùmounts ol anti-CSD peptide

antibody was added to the reaction (Lanes 2 to 6). No antibody was added to the reaction

(denoted by a minus (-) sign) in Lane I and rabbit pre-immune was added to the reaction as

a negative control (denoted by P.I) in Lane 7.

(ss indicates free "P-labelled single stranded oligonucleotides)

Domain I Domain 2

NF-kB

CBF APl.
Gtu-5

The human GM-CSF proximal promoter and oligonucleotide used in this experiment is represented

diagrammatically above. Boxes represent CSD binding sites and ovals the binding sites of the corresponding

transcription factors indicated above. The oligonucleotide sequences are presented in Figure 4.1.
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To test if the NF-GMb/c complexes seen forming on domain 1

promoter in Jurkat and HUT78 T cell nuclear extracts contained CSD

peptide antibody was added to gel shift reactions to determine if it had any affect on NF-

GMb/c complex formation. Increasing amounts of CSD antibody in the gel shift reaction

resulted in a decrease, and at higher concentrations, a total block of NF-GMb complex

formation (Figure 6.84, lanes 3 to 6), indicating that CSD proteins are present in the Jurkat

T cells and are essential for NF-GMb doublet formation. Pre-immune serum had no effect

on Jurkat T cell NF-GMb binding or mobility and no complex was seen when antibody

alone was added to the gel shift reaction (Figure 6.84, Lanes 7 e. D. To test if the HUT78

T cell nuclear NF-GMb/c complexes also contained CSD factors, HUT78 T cell nuclear

extract was bound to GM-CSF domain 1, GM- oligonucleotide in a gel shift assay in the

presence of CSD antibody (Figure 6.88). Adding increasing amounts of CSD antibody to

the gel shift reaction resulted in a decrease and then total blocking of both NF-GMb (42

kDa) and NF-GMc (42 and22Y,Da) complex formation (Figure 6.8B, Lanes 2 to 5). Pre-

immune serum used at the same maximum antibody concentration had no effect on HUT78

T cell NF-GMb/c complex formation or mobility (Figure 6.8B, lane 6). These results

confirm that the 42 and22kÐaproteins identified in IIEL fibroblast, Jurkat and HUT78 T

cells by UV cross-linking experiments were CSD factors.

HUT78 T cell NF-GMc proteins to GM-CSF domain 2

As described previously (Chapter 4) UV cross-linking experiments identified that

the Jurkat T cell NF-GMb complex detected binding to the GM-CSF domain 2 GM93+

oligonucleotide consisted of the same 42 kDa protein identified binding to the GM-CSF

domain 1 GM- oligonucleotide. UV cross-linking experiments on HUT78 T cell showed

that both NF-GMb and NF-GMc complexes formed on the GM-CSF domain 2 GM93+

GM
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Fieure 6.8

cl-CSD peptide antibody blocks binding of NF-GlVIb/c complexes in Jurkat and

HUT78 T cells.

A) Jurkat T cell nuclelr extract was bound to 32P-labelled wild type domain l, non-coding

(-) strand GM- oligonucleotide in a gel shifì assay. Increasing amounts of anti-CSD

peptide antibody was added to the reaction (Lanes 3 to 6)(2,3 & 5 fbld more antibody in

each lane). No antibody was added to the reaction (denoted by a minus (-) sign) in Lane 2,

as negative controls anti-CSD sera was added to the reaction without Jurkat T cell nuclear

extract (Lane 1) and rabbit pre-immune was added to the reaction (denoted by P.I) in Lane

7.

B) HUT78 T cell nuclear extract was bound to 32P-labelled wild type domain 1, non-

coding (-) strand GM- oligonucleotide in a gel shift assay. Increasing amounts of anti-

CSD pepride antibody was added to the reaction (Lanes 2 to 5) (2, 3 & 5 fold more

antibody in each lane). No antibody was added to the reaction (denoted by a minus (-)

sign) in Lane 1, and rabbit pre-immune was added to the reaction (denoted by P.I) in Lane

7 as a negative control.

(x denotes non-specific binding)

(ss indicates free 32P-labelled single stranded oligonucleotides)

Domain L Domain 2

CD28RE

CBF APl
GM-ffi

The human GM-CSF proximal promoter and oligonucleotide used in this experiment is represented

diagrammatically above. Boxes represent CSD binding sites and ovals the binding sites of the corresponding

transcription factors indicated above. The oligonucleotide sequences are presented in Figure 4.1.
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oligonucleotide. The HUT78 T cell domain 1 NF-GMc complex consisted of only a 22

kDa protein whereas the HUT78 T cell domain 2 NF-GMc complex consisted of 22 and25

kDa proteins. By using CSD binding site mutant oligonucleotides the 22 kDa protein has

been shown to bind exclusively to the domain 2, 5' CSD binding site and the 25 kDa

protein to the 3'CSD binding site (Coles et a1.,2000). To directly observe the22 and25

kDa proteins present in the HUT78 T cell NF-GMc complex, domain 2 oligonucleotides

with either the 5' or 3' CSD binding sites mutated were used in gel shift experiments. As

seen previously full NF-GMb complex formation requires both CSD binding sites (Figure

4.3A) whereas NF-GMc complex formation requires only one CSD binding site, therefore

on these mutant oligonucleotides only NF-GMc complexes form. Using these CSD

binding site mutant oligonucleotides it was possible to directly observe if the CSD

antibody had an effect on either the 22 or 25 kDa proteins. Firstly HUT78 T cell nuclear

extract was bound to wildtype GM-CSF domain 2 GM93+ oligonucleotide with increasing

amounts of CSD peptide antibody. As seen on domain 1 both the NF-GMb and NF-GMc

complexes were blocked by the addition of the highest concentration of the CSD antibody

(Figure 6.9, Lanes 1 to 4). Using the domain 2 CSD mutant oligonucleotide GMm95+,

which mutates the 5' domain 2 CSD site, results in a loss of the HUT78 T cell NF-GMb

complex with the remaining NF-GMc complex containing only the 22\Ða protein (Figure

6.9,lane 5) (Coles et a|.,2000). Addition of increasing amounts of CSD antibody resulted

in blocked NF-GMc complex formation (Figure 6.9, lanes 6 to 8). Using the domain 2

CSD mutant oligonucleotide GMm103+, which mutates the 3' CSD site, also results in a

loss of the HUT78 NF-GMb complex while retaining the NF-GMc complex containing

only the 25 lÐa protein (Figure 6.9, lane 9) (Coles et a1.,2000). Again addition of the

CSD antibody readily blocked NF-GMc complex formation (Figure 6.9, lanes 10 to 12).

NF-GMb/c complex formation or mobility was not affected by the addition of pre-immune
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Fieure 6.9

c-CSD peptide antibody specifically blocks the22 and 25 kDa HUT78 T cell NF-GMc

proteins.

HUT78 T cell nuclear exrract was bound in a gel shift assay to 32P-labelled GM-CSF wild

type domain 2 coding (+) strand oligonucleotide GM93+ and to the mutant GMm95+ and

GMml03+ oligonucleotides. Increasing amounts of anti-CSD antibody (2 fotd and 5 fold

more antibody) was added to the reaction with each oligonucleotide (Lanes 2 to 4 with

GM93+), (Lanes 6 to 8 with GMm95+) and (lanes 10 to l2 with GMm103+). No antibody

was added in the reaction with each oligonucleotide (indicated by a minus (-) sign Lanes

1,5 and 9) as was pre-immunne as a negative control (indicated by P.I, Lanes 13 to l5).

(x represents non-specific binding)

(ss indicates free "P-labelled single stranded oligonucleotides)

Domain 1 Domain 2

CD28RE

CBF APlETS

GM 93+

GMm95

GMm1.03

The human GM-CSF proximal promoter and oligonucleotides used in these experiements are represented

diagrammatically above. Boxes represent CSD binding sites, boxes with a 'X' in them indicate mutated CSD

binding sites and ovals the binding sites of the corresponding transcription factors indicated above. The

oligonucleotide sequences are presented in Figure 4.1.



r'{'n$t"probe:

HUT Nuclear Extract:

cr - CSD antibody:

x

NF-GMc

ss

NF-GMb - 
*xry q**ffi

GMm95+ GMm103+

P.I

H
*'*ffillhr;*mm r#tpe

GM93+

+++++++++++++++

l;#m 5

I 2 3 4 5 6 7 I 9 101112 1314 15



Chapter 6: Generation of antibodies specific for cold shock domain proteins

on any of the oligonucleotides (Figure 6.9, lanes 13 to 15). These results strongly suggest

that both the 22 and25 kDa proteins are CSD proteins.

6.4 Summary and Discussion

Sequence alignment of CSD factors from different species have shown that they are

highly conserved throughout evolution, especially the CSD region which has a 437o

homology between bacteria and humans (Wolffe 1993). Experiments described in the

literature indicate that generation of antibodies in rabbits to such highly conserved proteins

is often problematic, resulting in low specific antibody titres due to immune self tolerance

(Harlow et a\.,1988). This characteristic poor antibody response was observed when the

highly conserved full length CSD factors dbpAv and dbpB were used to immunize rabbits.

New techniques in antibody production indicate that generation of antibodies to highly

conserved proteins are best undertaken in chickens, where large titres of specific antibodies

have been isolated from eggs. If these experiments were to be repeated, chickens would be

the ideal choice of immunizing animals.

Generation of antibodies to peptides usually results in generation of lower serum

titres of specific antibody compared to when proteins are used as immunogens but usually

are not constrained by immune self tolerance. Antibodies were raised in rabbits to three

peptides, peptide A, peptide B and peptide CSD (Figure 6.1). Difficulties were

encountered when trying to purify the peptide antibodies, which was attributed to the low

titre of antibody present in the rabbit serum. Therefore, partial purification of peptide CSD

antibodies by two rounds of ammonium sulphate fractionation was found to be the most

effective means of obtaining antibody material useful for subsequent experiments.

UV cross-linking experiments, described in chapter 4, identified that Jurkat T cell

NF-GMb complexes contained only a 42kÐa protein whereas HUT78 T cell NF-GMb/c

complexes contained 42, 25 and 22 kDa proteins. To determine if the 25 and 22 IÐa
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Chapter 6: Generation of antibodies specific for cold shock domain proteins

proteins were not present at all in Jurkat T cells or present and did not bind to the GM-CSF

proximal promoter, western blot analysis was undertaken. 'Western blot analysis showed

that the peptide CSD antibody cross reacted with a large number of proteins in both Jurkat

and HUT78 T cell nuclear extracts. South western analysis of the same nuclear extracts

highlighted fewer bands but of particular interest confirmed that the 42IÐa protein was

present in both Jurkat and HUT78 T cells whereas the 25 and 22 kDa proteins were only

present in HUT78 T cells. Several other bands were identified in both the western and

south western experiments. This suggested that there could be other CSD factor family

members present in HUT78 and Jurkat T cells that are not part of the NF-GMb/c

complexes that form on the GM-CSF proximal promoter. Several CSD factors of various

sizes have been reported which fall into the size range identified in these experiments

(Matsumoto et a\.,2000) (Hipfel et a\.,2000) (Thieringer et ctl.,1991) (Balda et a|.,2000)

(Swamynathan et a\.,7997). This was confirmed when an antibody raised to a Xenopus

CSD protein was used to probe the same set of nuclear extracts from Jurkat and HUT78 T

cells. The banding pattem observed with the Xenopus CSD antibody was identical to the

peptide CSD antibody suggesting that these other bands did represent CSD family

members.

To directly examine the components of the HUT78 and Jurkat T cell NF-GMb/c

complexes antibody gel shift experiments were performed. Peptide CSD antibody could

block complex formation of NF-GMb/c complexes in both Jurkat and HUT78 T cells as

well as recombinant CSD factor binding, indicating that the 42, 25 and 22 kDa proteins

identified in the IJV cross-linking experiments were CSD factors. These results confirm

all previous results indicating that Jurkat T cells lack the 25 and 22 kÐa CSD protein

identified in FIEL fibroblasts and HUT78 T cells.
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Chapter 7: Potential CSD protein interactions

T.l Introduction

In Chapter 3, data was presented demonstrating that CSD factors dbpAv and dbpB,

acted to co-activate the GM-CSF proximal promoter in Jurkat T cell co-transfection assays

in the presence of PMA/Ca2* ionophore. CSD binding site mutational analysis also

showed that the co-activation affect of CSD proteins seen on the GM-CSF promoter did

not require contact with the CSD sites. When the C-terminal deletion of dbpB was used in

co-transfection experiments, the PMA/ Ca2* ionophore mediated co-activation was

significantly reduced, indicating that the co-activation was mediated primarily through the

C-terminal domain of the CSD protein. The C-terminal domain of many CSD factors are

composed of alternating basic and acid regions which have been implicated in

protein:protein interactions (Wolffe et al., 1992); (Wolffe 1993). Several examples of

transcriptional regulation by CSD factors involving protein:protein interactions have been

repofied. For example CSD factors have been shown to interact with the transcription

factors Puro and viral T antigen which regulate early and late viral gene expression in

human neutropic JV polyomavirus (JCV) (Safak et al., 1999) (Chen et al., 1995a).

Another interesting example is CSD factor interaction with the tight junction associated

protein, ZOl. This CSD:ZO-I interaction has been shown to regulate ErbB-2 expression,

indicating that tight junctions directly participate in the control of gene expression (Balda

et a1.,2000) (Sakura et aI., 1988). Other proteins shown to interact with CSD factors

include hnRNPk, NF-Y, SP-l and the viral Tat protein (Shnyreva et a1.,2000) (lloberas er

at., 1995) (Sawaya et a\.,199S) (Ansari et al., 1999). Many transcription factors involved

in GM-CSF gene regulation are upregulated upon PMA/ Ca2* Ionophore stimulation, but of

particular interest to our laboratory are the p50 and RelA NF-KB proteins. We have shown

that NF-xB proteins are key regulators of the GM-CSF gene in T cells in response to T cell

receptor and co-receptor signalling (Jenkins et al., 1995); (Shannon et al., 1991). Of

particular interest to the work presented here, F aj et. al. have demonstrated an interaction
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Chapter 7', Potential CSD protein interactions

between CSD factors and NF-rB/Rel family members involved in the regulation of a viral

promoter (Raj et al., 1996). Since the GM-CSF NF-KB/RoI and CSD binding sites in

domain 1 overlap (Figure 7.1) and experiments show that CSD mediated activation acts

through the C-terminus of the CSD proteins only when cells are PMA/ Ca2* ionophore

stimulated, NF-rB/Rel factors presented a potential CSD:protein interaction candidate in T

cells. Therefore, a series of experiments were designed to look for a potential interaction

between CSD factors dbpAv and dbpB with the NF-rB/Rel factors p50 and RelA, resulting

in effects on factor binding to the GM-CSF proximal promoter. In this chapter I discuss

these potential CSD:NF-rB/ReI interactions and show that CSD factors and RelA can

synergistically activate the GM-CSF promoter.
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Fieure 7.1

GM-CSF promoter and oligonucleotides used in gel shift assays.

The sequence of the coding (+) and non-coding (-) wildtype human GM-CSF proximal

promoter is shown. Domain I (-114 to -71) and Domain 2 (-70 to -3[) regions are

indicated. The NF-kB p5O/RelA site and the CD28-responsive complex are shown.

Nuclear NF-GMb/c and recombinant CSD factor binding sites are indicated on the non-

coding (-) strand in domain I and the coding (+) strand in domain 2. Below are the

sequences of the coding (+) and non-coding (-) wildtype oligonucleotides GM+/- and

GM35+/-. The coding (+) strand of the mutant oligonucleotides GMm49+, GMm5l+,

GMm53+ is shown with the altered bases indicated.
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Chapter 7: Potential CSD protein interactions

GM-CSF proximal Promoter.

It is known from all the previous work presented here and performed in our

laboratory, that nuclear NF-GMb/c complexes and recombinant CSD factors dbpAv and

dbpB can only bind to single stranded DNA, whereas NF-KB proteins p50 and RelA will

only bind ro double stranded DNA (Shannon et al., 1997). The GM-CSF proximal

promoter contains two NF-rB binding sites, the CD28RE and the NF-KB site, both of

which are present in domain 1 of the promoter (Figure 7.1). The binding of NF-rB/Rel

factors p50 and RelA to these sites has been extensively studied in our laboratory'

Experiments show that both p50 and RelA can bind to the NF-KB site, whereas only RelA

can bind to the CD28RE site (Shannon et al., 1991) (Ranjan et al., 1993) (Jenkins et al.,

1995). In rhe GM-CSF proximal promoter the CD28RE, NF-KB and CSD binding sites

overlap (See Figure 7.1), therefore binding of one protein may preclude the binding of the

other protein due to the requirement of double or single stranded targets respectively.

Using this difference, I was able to directly examine the effect of either CSD factors on

NF-KB binding to double stranded DNA or the effect of NF-rB factors on CSD factor

binding to single stranded DNA. NF-rB/Re1:CSD factor interaction was examined by gel

shift experiments using two GM-CSF proximal promoter oligonucleotides. The first of

these was the GM oligonucleotide (-114to -75) (Figure 7.1), which has been used for gel

shift analysis in previous chapters. The GM oligonucleotide contains both domain 1 CSD

binding sites but only the CD28RE and was used to examine RoIA/CSD factor interactions.

The second oligonucleotide used was GM35 (-90 to -66), which spans the 3' end of

domain 1 and the 5' end of domain 2 of the GM-CSF proximal promoter. The GM35
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Chapter 7'. Potential CSD protein interactions

oligonucleotide contains the NF-KB site and only one CSD binding site (Figure 7.1). The

GM35 oligonucleotide was used to examine NF-KB pSO/CSD factor interactions.

Before this could be done it was necessary to determine if the CSD factors could

bind to the GM35 oligonucleotide. All previous binding experiments were done using

either GM-CSF domain I or 2 oligonucleotides, whereas the GM35 oligonucleotide spans

a small proportion of both of these regions and contains only one CSD binding site on the

non-coding (-) strand (Figure 7.1). Previous mutational analysis (Chapter 5) indicated that

recombinant CSD factors could bind to only one CSD site but with reduced efficiency.

Since it was not known if the sequence surrounding the domain 1 and 2 CSD binding sites

were critical for CSD binding it was not known if the CSD factors would bind to the

GM35 oligonucleotide. Recombinant CSD-GST fusion proteins, dbpAv-GST and dbpB-

GST, were bound to the GM-CSF domain 1 (GM-) oligonucleotide (shown previously to

bind CSD factors, Chapters 4 5.5) and to both the coding (+) and non-coding (-) strands of

GM35 in a gel shift assay. Both dbpAv-GST and dbpB-GST bound well to GM- (Figure

J .2,Ianes I 8.2), but surprisingly the CSD factors bound to the coding (+) strand of GM35

and not to the CSD site present on the non-coding (-) strand of GM35 (Figure J '2,lanes 3-

6). This binding was surprising, firstly because of the lack of binding to the GM35-

oligonucleotide. This indicated that in this context this CSD site was not able to bind CSD

factors, even though in previous gel shift experiments, recombinant CSD factors were able

to bind to an oligonucleotide (GMm19-) containing this single CSD binding site (Chapter 5

Figure 5.48). Even more surprising was the binding to the GM35+ oligonucleotide since

there were no apparent CSD binding sites on the GM35+ coding strand. The partial

domain 2, CSD binding site present in this GM35+ oligonucleotide is not sufficient for

binding (Figure 7.1). These results indicated the presence of another CSD binding site in

the GM-CSF proximal promoter.
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Fi 7.2

Jurkat T cell nuclear NF-GMb complex, dbpAv-GST and dbpB-GST bind to the 35+

oligonucleotide.

A) Recombinant dbpB-GST and dbpAv-GST were bound in a gel shitt assay to 32P-

labelled wild type GM-CSF domain I non-coding (-) strand GM- oligonucleotide (Lanes I

&2) and to the wild type coding (+) strand GM35+ oligonucleotide (Lanes 3 e. Ð.

B) Recombinant dbpB-GST was bound in a gel shift assay to 32P-labelled coding (+) and

non-coding (-) strand oligonucleotides GM35+ and GM35- and to the coding (+) strand

mutants GMm49+, GMm5l+ & GMm53+ (Lanes l-6). Jurkat T cell nuclear extract was

bound in a gel shift assay to 32P-labelled coding (+) and non-coding (-) strand GM35

oligonucleotides (lanes 6 & 7) and to the coding (+) strand of the mutant GMm51

oligonucleotide (lane 8)

A: dbpAv-GST

B: dbpB-GST

(ss indicates free "P-labelled single stranded oligonucleotides)

Domain L Domain 2

RE

CBF APlETS

GM35+

@GMm51+
GM- l_l- I I

The human GM-CSF proximal promoter and oligonucleotides used in these experiments are represented

diagrammatically above. Boxes represent CSD binding sites, a 'X' represents mutated GM-CSF promoter

sequence and ovals the binding sites of the corresponding transcription factors indicated above. The

oligonucleotide sequences are presented in Figure 7.1.
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Chapter 7'. Potential CSD protein interactions

To determine where the CSD binding site was on the GM35+ coding strand,

recombinant dbpB-GST was bound to the coding (+) strand of the mutant oligonucleotides

(GMm49+, GMm51+ and GMm 53+) which were originally designed to examine NF-xB

binding (Figure 7.2). Of the three GM35+ oligonucleotide mutations, GMm49+, GMm51+

and GMm53+, only the mutation in GMm51+ had an effect on dbpB-GST binding (Figure

7.28, lanes 1 to 5). This mutation alters bases from 5'-GGTAGTTCCC-3' to 5'-

GGTAGCGGCC-3'. While there is no CSD factor consensus binding site, CSD factors

have a preference for CT rich regions of DNA. Binding studies have also shown that while

the core binding site is important, flanking sequence also play an important role in CSD

factor binding (Wolffe et al., 1992) (Wolffe \993) (Shannon et al., 1991) (Ohmori et al.,

1996). The mutation present in the GM51+ oligonucleotide suggest that the core of the

potential new CSD binding site is TTCC.

7.3 Jurkat T cell NF-GMb and HUT78 T cell NF-GMc nuclear CSD complexes can

form on the GM35+ olieonucleotide

To determine if the nuclear NF-GMb complex could also form on this new

potential CSD binding site, Jurkat T cell nuclear extract was bound in a gel shift assay to

both coding (+) and non-coding (-) strands of GM35 and the GM51+ mutant

oligonucleotide. When Jurkat T cell nuclear extract was used in the gel shift, two doublet

complexes formed on the GM35+ oligonucleotide (Figure J.28, lane 6). As for

recombinant dbpB-GST neither of these complexes formed on either the GM35- or

GMm51+ oligonucleotides (Figure 7.2B,lanes 7 & 8) suggesting that these complexes

could represent CSD factor binding.

To further examine CSD factor binding to the GM35+ oligonucleotide Jurkat and

HUT78 T cell nuclear extracts were bound to both GM- and GM35+ oligonucleotides in a

gel shift assay. The expected pattern of complex formation on GM- domain 1
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oligonucleotide was observed for both Jurkat T cell (NF-GMb complex doublet only

Figure 7.3A,lane 1) and HUT78 T cell (single NF-GMb and NF-GMc complexes Figure

7.3A, lane 2). Since previous experiments have indicated that full NF-GMb complex

formation requires 2 CSD binding sites whereas NF-GMc complex formation requires only

1 CSD binding site, it was not surprising to see only HUT78 T cell NF-GMc complex

formation on the GM35+, which has only one proposed CSD site (Figure 7.3A,lane 3).

The two doublet NF-GMb complexes were however, seen when Jurkat T cell nuclear

extract was bound to the GM35+ oligonucleotide (Figure 7.3A,lane 4). To determine the

size of the components of the complexes seen forming on the GM35+ oligonucleotide,

complexes were subjected to UV cross-linking analysis. As a comparison the previously

characterised NF-GMb/c complexes formed on domain 1 GM- oligonucleotide (Chapter 5)

were also UV cross-linked. As seen previously the GM- Jurkat T cell NF-GMb complex

contained only the 42kÐa protein, the HUT78 T cell NF-GMb complex contained both the

42 and 22 l<Da proteins and the HUT78 T cell NF-GMc complex contained only the 22

kDa protein (Figure 7 .3B,lanes 1 to 3). UV cross-linking analysis of the GM35+ HUT78

T cell NF-GMc complex also only contained a 22 kÐa protein (Figure 7 .3B,lane 4). The

differences in mobility of the HUT78 T cell NF-GMc complex on GM35+ compared to

GM- is due to differences in probe length (Figure 7.1). On the GM35+ oligonucleotide

Jurkat T cell nuclear extract bound as 2 doublet NF-GMb complexes. The higher complex

(denoted NF-GMb(l)), when UV cross-linked contained a 52kÐa protein and the lower

complex (denoted NF-GMb(2)), contained the 42 lÐa protein seen previously (Figure

7.3B,lanes 5 e q. CSD proteins of approximately 55 kDa in size have been reported

(Evdokimova et al., 1995), suggesting that the 52 kDa protein identified here may

represent another CSD factor. The reason for formation of the 42 kDa NF-GMb complex

on GM35+ in Jurkats but only the truncated22 kDa NF-GMc complex in HUT78 T cells is

not clear (Figure 7.38, lane 4). The Jurkat T cell results however are consistent with
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Fieure 7.3

Jurkat T cell nuclear NF-GMb and HUT78 T celt NF-GMc complexes bind to the 35+

oligonucleotide.

A) Jurkat T and HUT78 T cell nuclear extracts were bound in a gel shitt assay to 32P-

labelled GM-CSF domain l, non-coding (-) strand GM- oligonucleotide (lanes I & 2) and

to coding (+) strand GM35+ oligonucleotide (lanes 3 & 4).

B) Jurkat and HUT78 T cell NF-GMb and NF-GMc gel shift complexes were UV cross-

linked and Laemmli SDS-polyacrylamide protein gel fractionated. Fractionated NF-

GMb/c gel shift complexes from Jurkat and HUT78 T cells formed on domain I non-

coding (-) strand GM- (Jurkat, lane I & HUT78, lanes 2 &.3) and complexes formed on

coding (+) strand GM35+ (HUT78, lane 4 &. Jurkar, lanes 5 & 6) 32p-labeued

oligonucleotides.

Jkt: indicates Jurkat T cell nuclear extract

HUT: indicates HUT78 T cell nuclear extract

(ss indicates free 32P-labelled single stranded oligonucleotides)

Domain 1

CD28RE NF.

Domain 2

CBF APl ETS

Gtvt- GM35+

The human GM-CSF proximal promoter and oligonucleotides used in these experiments are represented

diagrammatically above. Boxes represent CSD binding sites and ovals the binding sites of the corresponding

transcription factors indicated above. The oligonucleotide sequences are presented in Figure 7.1.
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results described previously (Chapter 4) where some NF-GMb complex formation is

detected on oligonucleotides containing only one CSD site, but maximal levels of NF-

GMb complex binding require two CSD binding sites.

DNA tareet

Having shown that CSD factors can bind to the GM35 oligonucleotide I was able to

proceed with experiments outlined previously, which were designed to examine the

possible interaction of CSD and NF-rB factors. Recombinant RelA was obtained from Dr.

S. Gerondakis and recombinant p50 was obtained from Promega Corp. Double stranded

domain 1 GM+/- oligonucleotide was used in the first gel shift experiment, to detect RelA

binding but only the GM- strand of the double stranded probe (which does not bind CSD

factors) *as t'P labelled. This was done to prevent any detection of CSD binding to single

stranded DNA that may be present due to probe denaturation. This recombinant RelA

material has been previously characterised by gel shift analysis using both RelA specific

antibodies and GM-CSF NF-KB mutant oligonucleotides (Shannon et aI., 1995) and Dr. L.

S. Coles unpublished) and can be seen binding to the double stranded GM+/- probe in

Figure 7.4A,lane 3. As mentioned, the CSD factors dbpAv and dbpB do not bind to

double stranded DNA GM+/-, this can be seen in Figure J.4A,lanes 1 & 2. To determine

if the presence of CSD proteins could affect RelA binding to its double stranded DNA

target, increasing concentrations of either dbpAv-GST or dbpB-GST were mixed with a

constant amount of RelA in a gel shift reaction. Mixing CSD factor dbpAv-GST with

recombinant RelA acted to inhibit, and at higher concentrations of dbpAv-GST to block

RelA binding to the GM+/- double stranded oligonucleotide (Figure 7.4A,lanes 4 to 6).

Mixing CSD factor dbpB-GST with RelA appeared to have no effect on RelA binding to
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Fieure 7.4

dbpAv-GST is able to disrupt RelA binding to its double stranded DNr\ target.

A) Recombinant dbpAv-GST, dbpB-GST and RelA were bound in a gel shift assay

separately or in combination to a wildtype, domain [, double stranded oligonucleotide

GM+-/GM- where only the coding (+) strand (that does not bind CSD factors) was 32P-

labelled (denoted by *). Recombinant dbpAv-GST, dbpB-GST and RelA were bound to

the GM+-/GM- double stranded oligonucleotide on their own (Lanes 1,2 &.3 respectively).

Progressively increasing amounts of dbpAv-GST was added to a constant amount of RelA

in lanes 4 to 6. Progressively increasing amounts of dbpB-GST was added to a constant

amount of RelA in lanes 7 to 9.

(ds indicated free double stranded 3tP-lab"lled oligonucleotide)

RelA is able to disrupt dbpB-GST binding to its single strand DNA.target.

B) Recombinant dbpAv-GST, dbpB-GST and RelA were bound in a gel shift assay

separately or in combination to a 32P-labelled, wildtype, non-coding (-) strand, domain I

GM-oligonucleotide. Recombinant RelA, dbpAv-GST and dbpB-GST were bound to the

GM- oligonucleotide on their own (Lanes 1,2 & 3 respectively). Progressively increasing

amounts of RelA was added to a constant amount of dbpAv-GST in lanes 4 to 7 and to a

constant amount of dbpB-GST in lanes 8 to 11.

(ss indicated free single stranded 3'P-lub"lled oligonucleotide)

(x represents non-specific bindin g)

A: indicates dbpAv-GST B: indicates dbpB-GST)

Domain 1 Domain 2

NF.KB

CBF APl. ETS

GM35+

GM. L_:r I I

The human GM-CSF proximal promoter and oligonucleotides used in these experiments are represented

diagrammatically above. Boxes represent CSD binding sites and ovals the binding sites of the corresponding

transcription factors indicated above. The oligonucleotide sequences are presented in Figure 7,1.
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its double stranded DNA target at any concentration used (Figure J .4A,lanes 7 to 9). To

determine if the presence of RelA could effect CSD factor binding to its single stranded

DNA target a constant amount of CSD factors dbpAv-GST and dbpB-GST were each

mixed with increasing amounts of RelA. RelA requires a double stranded binding site to

bind and therefore did not bind to the single stranded GM- oligonucleotide (Figure 7.48,

lane 1). In contrast to what was seen on double stranded DNA, RelA had no effect on

dbpAv-GST binding, at any concentration (Figure 7.4A,lanes 4 to 7), whereas increasing

amounts of RelA acted to inhibit dbpB-GST binding to its single stranded target (Figure

7.4B,lanes 8 to 11). A band (marked x in Figure 7.48) was detected binding to the single

stranded GM- oligonucleotide in the recombinant RelA extract. This band was present

whenever recombinant RelA was added to the reaction but did not increase in intensity

when the amount of RelA was increased and therefore was deemed non-specific. Previous

experiments done in our laboratory by Dr. L. S. Coles has also shown that binding of this

non-specific band is not affected by NF-rB mutations or NF-rB specific antibodies (Dr. L.

S. Coles unpublished).

Since NF-KB p50 can bind the NF-KB site on the GM-CSF promoter (Figure 7.1)

(Shannon et al., 1995), similar experiments were undertaken to determine if there was a

similar NF-KB p50/CSD interaction. To assay for NF-rB p50 binding, the GM35+l

double stranded oligonucleotide was used in gel shift assays. This recombinant NF-rc8 p50

material has been previously characterised by gel shift analysis using both NF-rB p50

specific antibodies and GM-CSF NF-KB mutant oligonucleotides (Shannon et al., 1995

and Dr. L. S. Coles unpublished) and can be seen binding to the double stranded GM35+/-

oligonucleotide in Figure 7.5A, lane 3. Again, as for the RelA experiments only one

strand, GM35- (which does not bind CSD factors) was 3'P labelled. Neither CSD factor

dbpAv-GST or dbpB-GST could be detected binding to this double stranded probe,
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Fieure 7.5

dbpAv-GST is able to disrupt NF-KB p50 binding to its double stranded target.

A) Recombinant dbpAv-GST, dbpB-GST and NF-rB p50 were bound in a gel shift assay

separately or in combination to a wildtype, domain l, double stranded oligonucleotide

GM35+/GM35* where only the non-coding (-) strand (that does not bind CSD factors) was

t'P-tabelled (denoted by 
- 

).

Recombinant dbpAv-GST, dbpB-GST and NF-KB p50 were bound to the GM35+/GM35.

double stranded oligonucleotide on their own (Lanes 1,2 & 3 respectively). Progressively

increasing amounts of dbpAv-GST was added to a constant amount of NF-rB p50 in lanes

4 ro 6. Progressively increasing amounts of dbpB-GST was added to a constant amount of

NF-KB p50 in lanes 7 to 9.

(ds indicated free double stranded "P-labelled oligonucleotide)

NF-KB p50 had no effect on dbpAv-GST or dbpB-GST binding to their single strand

target.

B) Recombinant dbpAv-GST, dbpB-GST and NF-rB p50 were bound in a gel shift assay

separately or in combination to a 32P-labelled, wildtype, coding (+) strand, domain I

GM3 5+ oligonucleotide.

Recombinant dbpAv-GST, dbpB-GST and NF-rB p50 were bound to the GM35+

oligonucleotide on their own (Lanes I,2 8. 3 respectively). Progressively increasing

amounts of NF-rB p50 was added to a constant amount of dbpAv-GST in lanes 4 to 6 and

to a constant amount of dbpB-GST in lanes 7 to 9.

(ss indicated free single stranded 
32P-labelled oligonucleotide)

Domain L Domain 2

NF-

CBF APl- ETS

#GM35+

The human GM-CSF proximal promoter and oligonucleotides used in these experiments are represented

diagrammatically above. Ovals represent the binding sites of the conesponding transcription factors indicated

above. The oligonucleotide sequences are presented in Figure 7'1.
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Chapter J: Potential CSD protein interactions

whereas NF-KB p50 bound well (Figure J.5A,lanes 1 to 3). When CSD factor dbpAv-

GST was mixed with NF-rB p50, dbpAv-GST could inhibit NF-KB p50 binding to its

double stranded target, as was seen with RelA (Figure 7 .5A,lanes 4-6). CSD factor dbpB-

GST had no effect on NF-rB p50 binding to its double stranded DNA target at any of the

concentrations used (Figure 7.5A,lanes 7-9).

To determine the effect of NF-rB p50 on CSD binding, mixing experiments were

performed using the GM35+ single stranded oligonucleotide. As seen previously both

CSD factors dbpAv-GST and dbpB-GST can bind to the single strand oligonucleotide

whereas NF-KB p50 can not (Figure 7.58, lanes 1 to 3). It was observed that NF-rB p50

had no effect, at any concentration, on either CSD factor dbpAv or dbpB binding to the

GM35+ oligonucleotide (Figure J.SB,lanes 4 to 6 for dbpAv-GST, lanes 7 to 9 for dbpB-

GSr).

To determine if RelA could act to dissociate dbpB-GST once it was bound to its

single stranded target, dbpB-GST was first bound to single stranded DNA (GM- Domain

1) for 10 minutes prior to the addition of RelA for a further ten minutes. As can be seen in

Figure 7.6, dbpB-GST binding after 10 minutes was the same as that of protein bound for

20 minutes (Figure 7.6, lanes I e. Ð. The addition of RelA after 10 minutes of dbpB-GST

incubation resulted in a decrease in the level of dbpB-GST binding seen (FigureJ.6,lane

3). To make sure that this effect was apparent on all CSD binding sites the same

experiment was repeated on the GM35+ oligonucleotide. The same results were seen on

the GM35+ as the GM- oligonucleotide, RelA could reduce dbpB-GST binding after it had

bound to its single strand DNA target (Figure 7.6,lanes 5 to 7). Again the non-specific

band seen when recombinant RelA was bound to GM- was observed whenever RelA was

added to the gel shift mix (marked x in Figure 7.6, lanes 3 8. 4) and can be seen binding

faintly to the GM35+ oligonucleotide (FigureJ.6,lanes 7 & 8).
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Fieure 7.6

RelA is able to dissociate dbpB-GST from its single strand DNA target.

Recombinant dbpB-GST and RelA were bound separately or together in a gel shift assay to

"P-l"belled wildtype, domain l, non-coding (-) strand GM- or to wildtype, coding (+)

strand GM35+ oligonucleotides. Recombìnant dbpB-GST was incubated with labelled

GM- or GM35+ oligonucleotides for a period of 20 minutes (Lanes I & 5 respectively).

Recombinant dbpB-GST was also incubated with labelled GM- or GM35+

oligonucleotides for a period of l0 minutes followed by addition of RelA and incubated for

a further 10 minutes (Lanes 3 & 7 respectively). Recombinant RelA alone was incubated

with either GM- or GM35+ oligonucleotides for a period of 20 minutes as a negative

control (Lanes 4 &8 respectively).

(x indicates non-specific binding)

(ss indicates free "P labelled oligonucleotide)

Domain 1 Domain 2

CBF APl ETS

GM35+
GM.

The human GM-CSF proximal promoter and oligonucleotides used in these experiments are represented

diagrammatically above. Ovals represent the binding sites of the corresponding transcription factors

indicated above. The oligonucleotide sequences are presented in Figure 7.1.
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Chapter '7: Potential CSD protein interactions

Experiments undertaken to determine if CSD factors and RelA could affect each

other binding indicated differences between dbpAv and dbpB. The CSD factor dbpAv was

able to inhibit RelA binding to its double stranded DNA target while dbpB had no effect on

RelA binding. However, RelA had no effect on dbpAv binding to its single stranded

binding site while inhibiting the binding of dbpB. This difference in effect suggests

differences in the mechanism of interaction of RelA with the two different CSD factors.

The effect of CSD factors on NF-rB p50 binding was limited to dbpAv inhibiting binding

to its double stranded target.

7.5 CSD factors and RelA co-operatively activate the GM-CSF proximal promoter

To investigate the potential role of a CSD:ReIA interaction, in the CSD mediated

activation of the GM-CSF promoter domain 1 sequences, RelA and CSD expression

constructs were co-transfected with the GM-CSF domain 1 reporter construct pGMCK-

l(2)TK-Luc into Jurkat T cells. In Figure 7.1 it can be seen, as previously reported, that

RelA was able to activate the pGMCK-1(2)TK-Luc construct in unstimulated cells

whereas the CSD factors could not (Chapter 3 and Shang et al., 1999). When the

pGMCK-1(2)-TK/I-uc reporter construct was co-transfected with expression constructs for

both RelA (pRcCMVRelA) and dbpAv (pSGdbpAv) or dbpB (pSGdbpB) co-operative

activation was observed (Figure 7.7). Repeating the triple co-transfection with the dbpB C-

terminal truncation (pSGdbpBA2) significantly reduced the co-operative activation (Figure

7.7), suggesting that the C-terminus of the CSD protein dbpB protein may be involved in

interactions with RelA to bring about activation. Co-transfecting with the dbpB construct

pSGdbpBAl (missing both the C-terminal and CSD domains) further reduced the

activation to near basal pSG5 levels (Figure 7.7). These experiments show that RelA and
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Fieure 7.7

RelA and dbpAv or dbpB are able to co-operatively activate the GIVI-CSF promoter.

A) The GM-CSF promoter luciferase reporter plasmid pGMCK-l(2)-TIlLuc was co-

transfected into Jurkat T cells with: pRcCMV, pRcCMVRelA, pSG5, pSGdbpAv and

pSGdbpB. pGMCK-l(2)-TK/Luc and pRcCMVReIA were co-transfected together into

Jurkat T cells with: pSG5, pSGdbpAv, pSGdbpB, pSGdbpBA2 and pSGdbpBAl. Cells

were harvested 24 hours post transfection and assayed for luciferase activity. All

luciferase activities are given relative to pGMCK-1(2)-TIlLuc co-transfected with

pRcCMV which is given a value of l.

Domain L Domain 2

NF.KB

CBF APlETS

pGMCK-1(2)-TK/Luc

Above is a diagrammatic representation of the GM-CSF proximal promoter and luciferase reporter construct

used in this experiment, Boxes represent CSD binding sites and ovals the binding sites of the corresponding

transcription factors indicated above. The sequence of the GM-CSF promoter contained within pGMCK-

1(2)-TK/Luc construct is shown in Figure 3.1.
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Chapter 7: Potential CSD protein interactions

the CSD proteins can co-operate to activate GM-CSF promoter function and that the C-

terminus of dbpB is essential for this co-operation.

7.6 PMA/Ca2* Ionophore stimulation does not alter CSD factor levels

As well as protein:protein interactions being involved in the PMNCa2* ionophore

co-activation of the GM-CSF promoter by CSD factors, we also considered the possibility

that levels of CSD proteins themselves may be affected by PMA/Ca2* ionophore

stimulation. In preliminary experiments designed to determine the sub-cellular localisation

of CSD proteins, it was observed that CSD proteins were present in abundance in both the

nuclear and cytoplasmic fractions (data not shown). A possible explanation for the

observed CSD mediated activation only when the cells were PMA/Ca2* ionophore

stimulated was that CSD factor levels in the nucleus were increased due to stimulation. To

determine if mimicking T cell receptor stimulation with PMA/ Ca2* ionophore resulted in

increases of cellular CSD proteins, Jurkat T cells were stimulated with PMA/ Ca2*

ionophore and cells harvested at time points 0, 0.5, 1, 1.5, 3 and 5 hours post stimulation.

Cytoplasmic and nuclear proteins were prepared and used in gel shift assays with the

wildtype domain 1 GM- oligonucleotide. As can be seen in Figure 7.8, stimulating the

cells with PMA/ Ca2* ionophore did not result in an increase of either cytoplasmic or

nuclear CSD factors. These results suggest that changes in CSD levels are probably not

involved in the CSD mediated co-activation of the GM-CSF promoter seen in previous

experiments (Chapter 3).

7.7 Summary and Discussion

Previous characterisation of CSD factor binding across the GM-CSF proximal

promoter identified four CSD binding sites, two on the non-coding strand of domain 1 and
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Fieure 7.8

The level of Jurkat T cell NF-GNIb in the nucleus and cytoplasm does not change

with PMA and Ca2* lonophore stimulation.

Jurkat T cells were either unstimulated or stimulated with PMA and Cal* Ionophore over a

time course of 5 hours with samples of cells being taken at 0,0.5, l, 1.5,3 and 5 hour post

stimulation time points. The cells were then lysed and the nuclear and cytoplasmic

proteins fractionated. The cytoplasmic extracts and nuclear extracts from both

unstimulated and stimulated cells were bound in a gel shift assay to 32P-[abelled GM-CSF

domain l, non-coding C) strand oligonucleotide GM-.

(ss indicates free 3'P-labelled single stranded oligonucleotides)

Domain 1 Domain 2

CD28RE

CBF AP1

Givt-g

The human GM-CSF proximal promoter and oligonucleotide used in this experiment are represented

diagrammatically above. Boxes represent CSD binding sites and ovals the binding sites of the corresponding

transcription factors indicated above. The oligonucleotide sequences are presented in Figure 7.1.
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Chapter J: Potential CSD protein interactions

two on the coding strand of domain 2 (Coles et al.,1994) (Coles et al., 1996) (Coles et al.,

2000). Gels shift analysis using oligonucleotides spanning either domain 1 (GM-) or

domain 2 (GM93+) indicated that CSD factors could bind to one CSD site but both sites

were needed for full CSD factor binding (Chapter 4). However, gel shift analysis using the

GM35- oligonucleotide (which spans a region of both domain 1 and 2 and contains only

the downstream domain 1 CSD binding site), indicated that in the context of this GM35-

oligonucleotide, CSD factors could not bind to this one CSD binding site. This result was

in contrast to what had been observed previously where this same single downstream CSD

binding site was present in an oligonucleotide spanning only domain 1 and could bind CSD

factors (Chapter 5). These results lend further evidence to experiments done in our

laboratory which suggest that not only was the core CSD binding site important for binding

but flanking sequences could also dictate CSD factor binding (Coles et al., 1994).

Surprisingly, CSD factor binding was observed on the opposite, coding strand of GM35.

Mutational analysis across this oligonucleotide identified a new CSD binding site at the

end of the domain 1 region but on the opposite strand to the two previously identified

domain 1 CSD binding sites. This binding site consists of a CT rich sequence, and is in

keeping with previous reports indicating that CSD factors show a preference for CT rich

sequences (Wolffe et al., 1992) (V/olffe 1993) (Shannon et al., 1991). Gel shift analysis

using recombinant and nuclear extracts from both Jurkat and HUT78 T cells demonstrated

that CSD factor complexes could form on this sequence, identifying it as a real CSD

binding site.

Co-transfection data presented in chapter 3, indicated that CSD mediated co-

activation of the GM-CSF proximal promoter only occurred when the cells were stimulated

with PMA/Ca2* ionophore. One possible explanation for this observation was that

PMA/Ca2+ ionophore stimulation resulted in an increase in the level of CSD proteins.

Increases in levels of CSD proteins have been previously reported when cells undergo
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Chapter J: Potential CSD protein interactions

periods of stress and DNA damage, for example during treatment with chemotherapeutic

agents or exposure to UV-light (Li et al., 1991) (Ohga et al., 1997) (Metcalf 1991) (Bargou

et al., 1997). Increases in nuclear CSD factors have also been reported in breast cancer

and ovarian serous adenocarcinoma and are implicated in the pathogenesis of the disease

(Bargou et al., 1997) (Kamura et al., 1999). Gel shift analysis using extracts from

unstimulated and PMA/Ca2* ionophore stimulated Jurkat T cells indicated that both the

total level of CSD factors and the cytoplasmic to nuclear ratio of CSD factors did not

change with stimulation. This suggests that the PMA/Ca2* ionophore CSD mediated

activation of the GM-CSF promoter was not due to increases in the level of CSD factors.

Co-transfection data also presented in chapter 3, showed that removal of the C-

terminal protein:protein interaction domain of the CSD factor dbpB, resulted in a reduction

of CSD mediated co-activation. This suggested that protein:protein interactions were a

potential mechanism for CSD mediated activation of the GM-CSF promoter. The

interaction of CSD factors with transcription factors has been implicated in the mechanism

of activation of several viral and cellular promoters (Reviewed by (Shannorr et a\.,200I)).

Experiments designed to directly examine the effect of CSDA{F-rB interactions indicated

that each of the CSD and NF-rB/Rel factors had different effects on each others binding.

The CSD factor dbpAv acted to inhibit RelA binding to its double stranded DNA target

while RelA had no effect on dbpAv binding to its single stranded target. In contrast, dbpB

had no effect on RelA binding to its double stranded target, while RelA could readily

inhibit dbpB binding to its single stranded target even after dbpB had already bound.

Experiments where NF-KB p50 was mixed with CSD factors indicated that only dbpAv

had an effect on NF-rB p50 binding to its double stranded target, whereas dbpB had no

effect. NF-KB p50 had no effect on either CSD factors binding to their single stranded

DNA target. Since RelA and CSD factors required double and single stranded binding

sites respectively, the effect on each others binding was not one of simple binding site
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Chapter J: Potential CSD protein interactions

competition, therefore suggesting a direct protein:protein interaction. Such a CSDÂ\F-KB

interaction has also been described by F.aj et al. (Raj et al., 1996). One possible

explanation for the differences seen in effect of RelA on dbpAv and dbpB binding and vice

versa, could be attributed to the CSD C{erminal region. It has been shown that different

regions of the CSD protein C-terminus can interact with various heterologous proteins,

providing the option for CSD proteins to interact with a number of partners (Shnyreva er

al., 2000) (Li et al., 1997) (Ansari et al., 1999) (Safak et aI., 1999) (Ise et al., 1999)

(Moorthamer et a\.,1999). In this instance RelA may interact with different regions of the

dbpAv and dbpB C-terminal regions. It is also possible that the C-terminus between the

two CSD factors is sufficiently different for there to be a different affect on binding.

Interactions between RelA and dbpAv effect RelA's binding but not dbpAv's suggesting

that dbpAv may block or cover the DNA binding region of RelA, whereas RelA doesn't

block dbpAv's DNA binding region. The opposite situation may apply to the dbpB and

RelA interactions. While no evidence was provided here for a direct NF-KB/CSD

protein:protien interaction Raj et al. have shown by co-immunoprecipitation experiments

that recombinant RelA and CSD factors could interact (Raj et a\.,1996).

RelA and CSD factors were also co-transfected into Jurkat T cells to determine if

the effect on each others binding had a downstream effect on transcriptional regulation of

the GM-CSF promoter. Co-transfection of CSD factors and RelA indicated that they could

co-operatively activate domain 1 of the GM-CSF proximal promoter, in the absence of

PMA/Ca2* ionophore stimulation. This co-operative activation was also dependent on the

C-terminus of the CSD protein, again suggesting a protein:protein interaction. The ability

of CSD and NF-xBlRel factors to co-operate and activate transcription has also been

demonstrated to be important for regulation of the JCV early and late viral genes (Raj er

a\.,1996). The co-operative activation seen in the co-transfection experiments however,

was inconsistent with the recombinant gel shift data, where neither of the CSD factors
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Chapter 7: Potential CSD protein interactions

acted to increase RelA binding to its double stranded DNA target. One possible

explanation for this inconsistency may be the lack of post-translational modifications of

bacterially expressed recombinant proteins. The post-translational modifications of

proteins that interact with NF-KB factors have been shown to be important in regulating

NF-KB function. For example, the kB protein, IKB-P when un-phosphorylated maintains

NF-KB binding to its target, whereas when IKB-P is phosphorylated it acts to dissociate

NF-KB from its binding site, shuttling it out of the nucleus (Suyang et aI., f996). A similar

mechanism may apply for CSD/NF-rB interactions.

The ability of NF-rB/Rel and CSD factors to decrease each others binding may

play an important role in the transition from activation to repression. Removing

transcription activators like NF-rB/Rel factors from their double stranded DNA binding

targets could be an important step in the transition from activated to repressed transcription

states. Conversely removing CSD factors from their single stranded DNA binding sites,

which has been implicated in transcriptional repression, could be an important step in

transitions from repressed to activated states of transcription. The co-trasfection results

suggest that once CSD factors have been removed from their single stranded DNA targets

they then are able to function with RelA via protein:protien interactions to activate the

GM-CSF promoter, indicating that CSD factors are able to play multiple roles in

transcriptional regulation.
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Final Discussion
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Chapter 8: Final discussion

8.1 Final Discussion

Cold shock domain family members have been associated with diverse functions

including the ability to both activate and repress transcription and translation. The main

aim of the work presented in this thesis was to investigate the role of the CSD proteins

dbpAv and dbpB in regulation of the GM-CSF promoter in FIEL fibroblasts and Jurkat T

cells. Work presented here and done previously in our laboratory has shown that HUT78 T

cell and FIEL fibroblast nuclear CSD proteins bind to defined single stranded regions along

domain 1 and domain 2 of the GM-CSF promoter as NF-GMb and NF-GMc complexes

(Coles etaL,1994) (Coles etaI.,1996) (Coles etaL.,2000). UVcross-linkingexperiments

indicated that the NF-GMb complex contained 42, 25 and 22 kDa factors, whereas the NF-

GMc complex contained only 25 and 22 l<Da factors. Transient transfections in IIEL

fibroblasts showed that the CSD proteins, dbpAv and dbpB repressed the TNFo induction

of the GM-CSF proximal promoter. Mutational analysis of the CSD binding sites in both

domains of the GM-CSF promoter indicated that the CSD repression was mediated via

DNA binding. This was confirmed by transient transfections where a dbpB deletion

construct, removing the central CSD domain, was co-transfected with the GM-CSF

promoter into FIEL fibroblasts. This CSD/dbpB deletion lost the ability to repress GM-

CSF transcription. The highly conserved central CSD domain has been shown to be

involved in sequence specific DNA binding (Kolluri et al., 1992) (Bouvet et al., 1995)

(Schroder et a\.,1995), and hence indicated that DNA binding was required for GM-CSF

transcriptional repres sion in FIEL fibroblasts.

It has been proposed that the binding of nuclear NF-GMb/c or recombinant CSD

proteins along the GM-CSF promoter in HEL fibroblasts resulted in or stabilised a single

stranded DNA structure, thereby preventing the binding of transcriptional activators that

are dependent on double stranded DNA for binding and activity (Figure 8.1). This

proposed structure would be an efficient means of silencing the GM-CSF promoter and
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8.1

A potential model for transition between repression and activation states of GNI-CSF

transcription.
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many other promoters where NF-GMb/c CSD proteins have been shown to act as

repressors of transcription (Coles et a1.,2000) (Ting et al., 1994) (MacDonald et a1.,1995)

(Saji er al., 1997) (Ohmori et al., 1996) (Sapru et al., 1996) (Li et aI., 1997). The specific

affangement of NF-GMb/c CSD binding sites observed on the GM-CSF promoter, a pair of

distal sites binding on the non-coding strand and a pair of proximal sites binding the

coding strand, can also be found in the promoters of the granulocyte-colony stimulating

factor and interlukin-3 cytokine genes, which have overlapping patterns of expression with

GM-CSF (Nagata et a1.,1986) (Yang et a\.,1988).

Analysis of Jurkat T cell extracts identified nuclear CSD proteins binding to the

CSD binding sites across the GM-CSF promoter as a NF-GMb-like complex, with no NF-

GMc-like complex detected. Competitions with single stranded DNA, CSD site sequences

and CSD antibody experiments in addition to UV cross-linking, indicated that the Jurkat T

cell NF-GMb complex was made up of only a 42lcDa CSD protein. With the lack of the

NF-GMc complex in Jurkat T cells a coffesponding lack of the 22 and 25 kDa CSD

proteins previously identified in ÉIEL fibroblasts and HUT78 T cells was also observed

(Coles et al., 1994) (Coles et a1.,2000). These 22 and 25 l<Da CSD proteins probably

represent CSD splice variants or proteolytic cleavage products, as reported by others,

which lack the C-terminal protein:protein interaction domain (Coles et aI., 1996) (Saji er

a.1.., 1997) (Dhalla et al., 1998) (Swamynathan et al., L997) (Ken et al., 1994) (Stenina er

aL.,2000).

Transient transfections in Jurkat T cells showed that in contrast to the repression

observed in FIEL fibroblasts, the CSD proteins, dbpAv and dbpB, functioned as co-

activators on this 140 bp region of the human GM-CSF proximal promoter. This

activation was only observed when T cells were activated with PMA/Ca2* ionophore.

Experiments showed that both the GM-CSF domain 1 region (containing NF-rB/RelA

sites) and the domain 2 region (containing the CBF, API and ETS/NFAT sites) are able to
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independently respond to CSD mediated activation. Experiments also showed that this

response to CSD mediated activation did not require the CSD binding sites, at least in the -

60 to +28 region of domain 2. The CSD binding sites, however, still retain repressoÍ

function as defined by deletion and mutation analysis.

CSD factors have been reported to activate a few cellular genes including c-myc,

cxl(I) procollagen and metaloproteinase (MMP-2) and also regulate many viral promoters

including HIV LTR, HTLV LTR, RSV LTR and the JCV viral promoter (Kollun et al.,

1992) (Dhalla et al., 1998) (Mertens et al., 1997) (Kashanchi et al., 1994) (Swamynathan

et al., 1997) (Kerr et al., L994). To determine the mechanism of CSD mediated activation

in Jurkat T cells experiments were performed to examine the possible role of CSD protein

interactions with other transcription factors. The data indicates that CSD factors dbpB and

dbpAv are able to act with RelA in transient transfections to co-operatively activate the

GM-CSF promoter in the absence of PMA/Ca2* ionophore stimulation. These results

suggests that the co-activation of GM-CSF by CSD and RelA proteins is via

protein:protein interactions. This was demonstrated by truncating dbpB, removing the C-

terminus of the protein, which has been shown to be essential for CSD protein:protein

interactions (Shnyreva et a1.,2000) (Li et al., 1997) (Ansari et aI., 1999) (Safak et al.,

1999) (Ise et aI., 1999) (Moorthamer et aI., 1999).'When the dbpB deletion construct

removing the C-terminus was used, PMA/Ca2* ionophore mediated co-activation was

significantly reduced as was the ability of dbpB and RelA to co-operativetly activate,

indicating that the co-activation was mediated primarily through the C-terminal region of

the CSD protein and therefore most likely via protein:protein interactions. Raj et al. have

found that CSD and RelA can interact in solution and that this interaction leads to

increased RelA binding to the JCV viral promoter (Raj et a1.,1996) (Kerr et a1.,1994).In

these experiments RelA conversely decreased CSD/dbpB binding to its single stranded

DNA binding site. This CSD:RoIA interaction was implicated in activation of the JCV
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promoter (Kerr et al., 1994). Similarly, experiments described here using recombinant

proteins indicate that RelA can decrease CSD/dbpB binding to its GM-CSF single stranded

DNA binding site. Conversely it was demonstrated here that CSD/dbpAv can decrease

RelA binding to its GM-CSF double stranded DNA binding site. Unlike the experiments

described by Raj (Raj et al., 1996) no CSD mediated increase in RelA binding was

observed. This was in contrast to the results shown in chapter 7, where CSD factors and

RelA functioned to co-operatively activate the GM-CSF promoter in the absence of

PMA/Ca2* ionophore. The reason for this difference is unknown but may be due to the

lack of post-translational modifications in bacterially expressed recombinant proteins. The

mechanisms for the co-activation by RelA and CSD factors of the GM-CSF promoter is

unclear but may require post-translational modifications of either CSD or RelA proteins to

bring about effects on each others binding. Such effects may not be revealed by use of

bacterial recombinant proteins, which are not modified.

Taken together our data suggests a model for CSD mediated regulation of GM-CSF

transcription. Firstly in unstimulated Jurkat T cells, CSD proteins bind to single stranded

DNA in a structure as described for the repression of the GM-CSF gene by CSD proteins

in IIEL fibroblasts (Figure 8.1) (Coles et al., 1994) (Coles et aL, 1996) (Coles et a\.,2000).

This model has been suggested for a number of other genes repressed by CSD proteins

(MacDonald et al., 1995) (Ohmori et al., 1996) (Horwitz et al., 1994). Upon T cell

stimulation (mimicked by PMA/Ca2* ionophore) it has been well documented that many

transcriptional activators (like NF-KB p50 and RelA) are upregulated. Binding

experiments with Jurkat T cell cytoplasmic and nuclear fractions indicated, however, that

there was no changes in the overall level of CSD proteins and subcellular localisation in

response to PMA/Ca2* ionophore stimulation (chapter J and reviewed in (Shannon et al.,

1995) & (Shannon et a\.,1997)). As experiments described here and those done by others

show, RelA is able to dissociate dbpB from it's single stranded target (Raj et al., 1.996). It
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is proposed that this interaction results in destabilisation of the single stranded DNA

structure facilitating a retum of the DNA to its double stranded conformation (Shannon er

al., 1997) (Coles et al., 1996) (Coles et a1.,2000) (Shannon et a1.,2001). This would

allow the transcriptional activators Qike NF-rB, AP-1, CBF, ETS/I\FAT) to bind initiating

transcriptional activation and may aid in enhanceosome formation (Figure 8.1).

I have presented data here that indicates a functional CSD/ReIA interaction, which

is involved in activation of the GM-CSF promoter Domain 1 region. This requires CSD

factors to have a dual function, swapping from repressors to co-activators. I have also

shown CSD mediated activation via the domain 2 region that contains no RelA sites.

Hence CSD proteins may also be able to interact with other transcription factors binding to

this region. There is a growing list of proteins where interactions with CSD protein have

been implicated to affect promoter function (NF-KB, mtSSB, ZO-I, hnRNPk, TBP, NF-Y,

YY-l, AP-z,SP-l, Tat, PuRcx) (Raj et al., 1996) (Coles et al., 2000) (Balda et al., 2000)

(Kolluri et al., 1992) (Shnyreva et al., 2000) (lloberas et al., 1995) (Li et al', 1997)

(Mertens et al., 1999) (Sawaya et aI., 1998) (Ansari et aI., 1999) (Chen et al., 1995a).

Potential targets, for CSD interactions on the GM-CSF promoter domain 2, could be SP1

and YY1, both of which have been shown to regulate GM-CSF function in T cells (Figure

8.1) (Shannon et a\.,1997) (Ye et al., L996) (Ye et aL.,1994).

While activation of gene transcription is obviously important in correct gene

expression in response to stimulus, equally important is 'shutting off' and maintaining a

transcriptionally silent state upon the withdrawal of stimulus. Withdrawal of the stimulus

results in a decrease in the level of many transcriptional activators in the nucleus, but the

level of CSD factors remains the same (reviewed in (Shannon et al., 1995) & (Shannon er

at., 1997) and unpublished results). Binding experiments, discussed in chapter 7, indicate

CSD factors are able to effect RelA binding to its double stranded DNA target, thereby

displacing RelA and freeing overlapping CSD binding sites. CSD factors may be directly
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involved in the formation of a single stranded structure across the promoter or may bind to

a pre-existing structure to stabilise it. This may involve recruitment of chromatin

remodelling machinery. This would therefore retull the promoter to a transcriptionally

repressed state (Figure 8.1).

The complement of CSD protein subtypes in the cell may also affect CSD function.

Experiments show that in I{EL fibroblasts (with 42, 22 and 25 Y,Da CSD proteins) that

CSD proteins acted to repress activation, whereas in T cells (with only the 42 kDa protein)

CSD factors function to activate, when the cells were PMA,/Ca2*ionophore stimulated. The

reason for this difference between the cell types is as yet unclear, but may be related to the

proposed lack of C-terminal protein interaction sequences in the 22 and 25 kDa CSD

subtypes observed in F{EL fibroblasts (Coles et a\.,1996) (Saji er a\.,1997) (Dhalla et al.,

1998) (Swamynathan et al., 1997) (Kerr et al., 1994) (Stenina et a1.,2000). Taking inro

account previously reported results and the reported function associated with each of the

CSD protein domains, the 42 kDa CSD factor is implicated in repression (via the CSD

domain) and activation (via the C-terminal domain) while the 22 kDa CSD factors may be

involved only in repression (Coles et al., 1994) (Coles et al., 1996) (Coles et a\.,2000). In

fibroblasts, where CSD factors act to repress GM-CSF promoter function, UV cross-

linking experiments indicated that the 22 kDa CSD protein sub-population makes up a

greater proportion than the 42I<Da sub-population suggesting that the CSD intracellular

environment is predisposed towards truncated forms of the CSD proteins and hence

repression(Coles etal., 1994) (Coles etal.,1996) (Coles eta\.,2000). InJurkatTcells,

where CSD factors act to mediate activation of the GM-CSF promoter, only the full length

42IÐa CSD protein is present. The 42 kDa CSD protein while still being able to bind

DNA and potentially repress in the unstimulated state, is also able to interact with proteins

in a stimulated cell via the C-terminal protein:protein interaction domain to bring about

activation. Therefore the differences in effect when full length CSD factors were
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overexpressed in Jurkat T cells and IIEL fibroblasts may be due to the intrinsic difference

in the ratio of CSD factor subtypes and resulting intracellular environment already present

in the two cell types.

In this thesis I have shown that CSD proteins can act to repress or activate the GM-

CSF gene in different cell types. Repression is associated with the CSD binding sites

located across the promoter whereas activation may relate to CSD co-operation with other

transcription factors. I also raise the possibility that the cellular content of CSD proteins

pre-determines the functional outcome in the transcription response.
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Corrections and discussion of examiners comments

for the PhD thesis of Peter Diamond

"Regulation of granulocyte macrophage-colony

stimula nq factor bv cold shock domain roteinstt

Typographical errors

Abstract, line 10: repressors should read repressor

P 10, line 5: focuses should read focused

p 65, line 9: duel should read dual

p67 ,line 15: gel shifts should read gel shift

p79,Iine 13 : that should read than

Examiners Comments

Figure 4.5 A is the same gel as presented in Figure 4.2. This diagram is presented in

Figure 4.5 Aonly to enabie quick reference to the different NF-GMb/c complexes UV

cross-linked in Figure 4.5 B.

GM-CSF gene expression has not been examined in HUT78 T cells and therefore no

direct comparison can be made between NF-GMb/c complex formation and GM-CSF

expression in HUT78 T cells, Jurkat T cells and HEL fibroblasts. HUT78 T cells are

a tumour derived cell line which have not been extensively analysed for T cell

receptor mediated gene expression, whereas Jurkat T cells have been extensively

studied and are the model system for determining T cell receptor activation of gene

expression.

Nuclear proteins prepared from HUT78 T cell by technique 1 and 2 gave different

migrational patterns when used in gel shift assays (Chapter 4, p68). Despite the

presence of these different conformational forms, UV cross-linking experiments

indicated that the same CSD subtypes are present. There was not an obvious

explanation for these observed results but potential reasons could include differences

in salt and pH conditions between the two extraction techniques.
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matopoietic cells of the myeloid lineage. GM-CSF expression is
normally tightly regulated, and it is produced by a number of
cell types following appropriate stimulation. These include my-
eloid, mesench;.rnal (frbroblast and endothelial cells), and
lymphoid cells (1-4). Inappropriate or constitutive expression
of GM-CSF is implicated in a number of disease states, includ-
ing myeloid leukemia, prostate and colorectal cancers, arthri-
tis, and asthma (1, 2, 5-g). Because the GM-CSF gene is pri-
marily regulated at the level of transcription, it is important to
investigate the mechanisms of repression as well as activation
ofthis gene. Such studies are necessary to defrne the means by
which the GM-CSF gene is maintained in a strictly silent state
in the absence of stimulation and also to determine the mech-
anisms ofrapid derepression ofthe gene and subsequent acti-
vation upon stimulation. This will then allow identifrcation of
defective regulatory pathways in diseases where GM-CSF dis-
regulation is important.

Numerous transcriptional activators bind to and regulate
the proximal GM-CSF promoter, which can be divided into two
functional domains (see Fig. 1). Domain | (-7I4 to -71) con-
tains the CK-1 and CK-2 elements conserved in a number of
cytokine genes and binds a number of transcription factors
including NF-kB, Sp1, and the CD28-responsive complex (1-4).
This region is responsive to T cell receptor activators and
costimulators (10-12), is involved in response to TNF-a in
frbroblasts (73, 14), and is required for constitutive expression
in juvenile myelomonocytic leukemia cells (15). The NF-kB site
is criticaÌ for expression in these cell types. Domain 2 (-70 to
-31) binds CBF, AP1, ETS, and NFAT transcription factors
(10, 16-18). This region responds to TNF-a and interleukin
(IL)-1 stimulation of frbroblast (13, 14) and endotheliat (19)

cells and T cell receptor activation (10, 16-18) and is required
for constitutive expression in certain acute myeloid leukemia
cell lines (20). The CBF, APl, and ETS/NFAT transcription
factor-binding sites have been shown to be essential for T cell
receptor signaling in conjunction with the domain 1 NF-kB site
(10, 16, 18), but it is not known which of these sites in domain
2 are required for activation in fibroblasts and endothelial cells.

In addition to the activators described above, we have iden-
tifred nuclear complexes called NF-GMa, NF-GMb, and NF-
GMc that bind to domain 1 of the GM-CSF promoter (I3,14,2I,
22). T}'e NF-GMa complex was found to also bind to the CK-1/
CK-2 equivalent regions of the genes for two other myeloid
growth factors, granulocyte colony-stimulating factor (G-CSF)

and IL-3 (23,24). The GM-CSF gene is coordinately regulated
with the G-CSF gene in frbroblasts (25) and with the IL-3 gene
in T cells (2), respectively, in response to certain stimuli. This
complex was found to be TNF-a-inducible in frbroblasts and
was implicated in G-CSF promoter activation (23,24,26). The
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The tumor necrosis factor-c-responsive region of the
human granulocyte-macrophage colony-stimulating fac-
tor (GM-CSF) promoter (-LL4to -31) encompasses bind-
ing sites for NF-rB, CBF, AP-l, ETS, and NFAT families
of transcription factors. We show both here and previ-
ously that mutation of any one of these binding sites
greatly reduces tumor necrosis factor-a induction of the
GM-CSF promoter. Interspersed between these ele-
ments are sequences that when mutated lead to an in-
crease in GM-CSF promoter activity. We have previously
shown that two of these repressor elements bind pro-
teins known as cold shock domain (CSD) factors and
that overexpression of CSD proteins leads to repression
of GM-CSF promoter activity in fibroblasts. CSD pro-
teins are single strand DNA- and RNA-binding proteins
that contact 5'-CCTG-3' sequences in the GM-CSF re-
pressor elements. We show here that two newly identi-
fied repressor sequences in the proximal promoter can
also bind CSD proteins. We have cha,racterized the CSD-
containing protein complexes that bind to the GM-CSF
promoter and identified a novel protein related to mito-
chondrial single strand binding protein that forms part
of one of these complexes. The four CSD-binding sites on
the promoter occur in pairs on opposite strands of the
DNA and appear to form an ordered array of binding
elements. A similar ordered array of CSD sites are pres-
ent in the promoters of the granulocyte colony-stimulat-
ing factor and interleukin-3 genes, implying a cornrnon
mechanism for negative regUlation of these myeloid
growth factors.

Granuloc¡te-macrophage colony-stimulating factor (GM-
CSF)I is one of a family of hematopoietic growth factors that
control the survivaÌ, proliferation, and differentiation ofhemo-
poietic progenitor cells as well as the functional activation of
tnature celÌs. GM-CSF functions in particular to regulate he-
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protein composition of this complex was not determined. In
contrast, the NF-GMb/c complexes are implicated in repres-
sion. These complexes bound to two repressor sites in domain 1

that were functional in frbroblasts (3, 4, 13, 14). NF-GMb
contains two separate complexes, one containing a 42-kDapro-
tein and the other containing a dimer of a 22-kDa protein,
whereas NF-GMc represents the binding of a single 22-kDa
protein. We identifred these proteins as cold shock domain
(CSD) proteins Ø, 27-32) by cloning of factors contacting the
repressor elements and by subsequent analysis of the NF-
GMb/c complexes (4, 14). An interesting property of these pro-
teins is that they bind to single-stranded DNA and in the case
of the GM-CSF sites, to two repeated 5'-CCTG-3' elements on
the noncoding (-) strand ofdomain 1 (13, 14). CSD factors are
expressed in all cell types, and consistently we have observed
NF-GMb/c complexes in all cell types examined, including fr-
broblasts, endothelial cells, T cells, and myeloid cells (13, 14).2
CSD factors in addition to binding to single strand DNA can
bind to double strand DNA and RNA. By virtue of their varied
binding activities, these proteins are obserwed to be involved in
transcriptional repression and activation and also in transla-
tional regulation (27-32). In particular CSD factors appear to
play a role in the strict regulation of expression of genes in-
volved in g¡owth regulation and stress responses (13,14,29,
33-36). Analysis of CSD protein function on hematopoietic
growth factor genes is at present restricted to the GM-CSF
gene, where we found that overexpression ofrecombinant CSD
proteins led to repression of domain 1 activity (14). Surpris-
ingly, overexpression of CSD proteins was also shown to di-
rectly repress domain 2 in the absence of a similar arrange-
ment of CSD-binding sites (14). The reason for this repression
was unknown.
' We now report the identifrcation of two new CSD sites across
domain 2 of t}i'e GM-CSF promoter that function as repressor
elements in frbroblasts. We also defrne the TNF-a-responsive
sequences in domain 2 and find that they flank the CSD sites.
The CSD-binding sites across domains 1 and 2 form an ordered
regularly spaced array ofrepressor elements across the entire
TNF-a-responsive proximal GM-CSF promoter. We also frnd a
similar array of CSD sites across the promoter regions of the
G-CSF and IL-3 genes. We performed a detailed analysis of the
protein composition of NF-GMbic and NF-GMa complexes and
find that distinct nuclear complexes bind to the different CSD
sites across the GM-CSF promoter and determine that NF-
GMa is also composed of CSD proteins. We propose mecha-
nisms by which the different CSD complexes regulate growth
factor promoter expression.

EXPERIMENTAI PROCEDURES

Plasmid Constructs -The human GM-CSF promoter constructs
pGM41 and pGM43 have previously been described and were con-
structed by cloning the oligonucleotides GM41 (-65 to -31) and GM43
(- 114 to -31), respectively, into the pBLCAT2 reporter vector (13). The
construct pGM93 (-70 to -31) and the mutant constructs pGMm89,
pGMm87, pGMm8l, pGMm85, and pGMm95 were constructed by clon-
ing respective oligonucleotides (with Ifi¿dIII 5' and BatnHI 3' ends)
into pBLCAT2. Oligonucleotide sequences are shown in Fig. 1c. The
bacterial expression vector pGEXBT contains the large.EcoRI fragment
f¡om the B5 Àgtil DbpB CSD cDNA expression clone (14) inserted into
pGEX-4T-1 (Promega). This construct expresses a protein lacking the
last 10 amino acids of DbpB CSD protein. It has previously been
demonstrated that these last 10 amino acids do not affect recombinant
DbpB binding to single strand DNA (37, 38).

Oligonucleotides and Probe Preparation-All oligonucleotides were
synthesized on an Applied Biosystems model 3814 DNA synthesizer.
Full-length oligonucleotides for retardations or cloning into reporter
vectors (see Fig. 1, ó and c) were purifred from nondenaturing polyacryl-

2 L. S. Coles, P. Diamond and M. F. Shannon, unpublished data.
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arnide gels (39). Single strand DNA probes for gel retardation assays
were prepared by endlabeling coding (+) or noncoding (-) strand
oligonucleotides with Iy-32P]ATP and T4 polynucleotide kinase followed
by gel purifrcation.

Preparation of Recombinant Protein-The Ðscherichia coli strain
JM109 transformed with pGEXBT was induced with isopropyl-1-thio-
B-l-galactopyranoside to produce recornbinant GST-DbpB fusion pro-
tein, which was purifred on glutathione-Sepharose beads as described
by the manufacturer (Promega).

Preparation of Nuclear Protein, Affinity Purifica.tion, and Protein
Sequencing-Crude nuclear extracts were prepared from HUT78 T ceils
as previously reported by us for extraction of NF-GMb/CSD complexes
(13,21,22). Extracts contain NF-GMb/c and NF-GMa binding activity
(see Fig. 5a). Crude HUT 78 nuclear extracts were heparin-Sepharose
(HS) enriched for either NF-GMb/c or NF-GMa complexes as described
previously (22). HS fractions enriched for NF-GMb/c (HSGMb; see Figs.
3 and 5) contained no detectable NF-GMa, and conversely fractions
enriched for NF-GMa (HSGMa; see Fig. 5) were Ílee of NF-GMb/c (13,
21,22). For affinity purifrcation concentrated HSGMa protein in 0.5X
TM buffer (22) containing a final concentration of200 mu KCI and 10
pgiml poly(dl-dO) was applied to a l-ml DNA affinity column. DNA
affinity chromatography was carried out as described (40) except that
the ligated oligonucleotides were coupled to Affi-Gel 15 matrix (Bio-
Rad) in 0.1 n Hepes, pH 7.5. The oligonucleotide contains the IL-3
CK-1/CK-2 region, which is hornologous to the GM-CSF CK-1/CK-2
domain 1 region (24). Of the three myeloid growth factor genes, GM-
CSF, G-CSF, and IL-S, we previously found that the IL-3 region has the
best affinity for NF-GMa (24). Specifrcally bound protein was eluted
from the column with TM buffer containing 1 u KCI and rerun on a
second affrnity column. Protein eluates were monitored by both gel
retardation assays and SDS-polyacrylamide gel electrophoresis. The
16-kDa affinity purifred protein was transferred to polyr.inylidene flu-
oride membrane, eluted, and analyzed by microsequencing (R. Simpson,
Walter and Eliza HaIl Institute, Melbourne, Australia).

GeI Retardation Analysis and UV Cross-linhing-Gel retardation
assays r¡/ere performed using 0.25 ng ofsingle strand S2P-labeled oligo-
nucleotide probe in a 10-pl reaction mix of0.5X TM buffer (13, L4,22)
containing 200 mtr.t KCl, 0.4 pg of poly(dl-dC) and either 0.2 pg of
HS-enriched extract (HSGMa or HSGMb), 1.0 ¡rg of crude nuclear
extract, 25 ng of recombinant CSD fusion protein (GST-DbpB), or 1 ng
of affrnity purifred material. Retardation assays using recombinant
protein also contained 2 pg of bovine serum alburnin. Reactions were
incubated at room temperature for 20 min and analyzed on l2Ea r'otr-
denaturing polyacrylamide gels in 0.5X TBE (21). Competition with
unlabeled single strand oligonucleotides was performed by addition of
protein and unlabeled probe, followed by immediate addition of the
32P-labeled probe (14).

For UV cross-linking, crude nuclear extracts were bound to 32P-

labeled single strand DNA probes in a 25-¡rl retardation reaction and
fractionated on a polyacrylamide gel as described above. The gel was
exposed to IIV lig'ht (340 nm) for 15 min, and retarded cornplexes were
excised after exposure to x-ray film. Protein in excised bands was
analyzed on 127o SDS-polyacrylamide gels (13, 39).

Cell Culture and Transfectio¿s-Human embryo lung frbroblasts
(Comrnonwealth Serum Laboratories) were grown in Dulbecco's modi-
fied Eagle's medium ar.d 1O7o fetal calf serum. These cells were used for
passages 14-20 in aÌl experiments. Human embryo lung frbroblasts
were cotransfected with 15 ¡rg of reporter constructs using DEAE-
dextran as described (13, 14). 24 h following transfection, cells were
stimulated with TNF-a (100 units/ml) or left untreated for an additional
24 h. Cells were then harvested and CAT assays were performed (13,
14). The percentage of l1aC]chloramphenicol conversion to acetylated
forms via CAT activity in extracts was determined using Phosphorlm-
ager analysis (Molecular Dynamics).

RESULTS

I dentification of Ouerlapping TNF -re sp onsiu e Elements and
Repressor Elements in the GM-CSF Domain 2 Region-We
previously reported that a domain 2 reporter construct
(pGM41, -65 to -31; Ref. 14) was responsive to TNF-a in
frbroblasts and that this activity was repressed by overexpres-
sion of the CSD proteins, DbpB and DbpA, that were cloned as
GM-CSF domain 1 repressor site-binding proteins (14). To de-
fine the sequences responsible for activation and repression,
mutations were made in the pGM41 construct (Fig. 1c) and
transfected into human embryo lung frbroblasts, and cells were

CSD and mtSSB Birud Growth Factor Repressor Elements
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-TLA + TGATAÀGGGCCÀGGAGATTCCACÀGTTCjAGGTÀGTT -79
- ACTÀTTCCCGGTCCTCTAÀGGTGTCA.EGTCCÀTCAÀ**** ****

csD csD

treated with TNF-a or left untreated (Fig. 2). Mutations in-
cluded specifrc base changes previously shown to disrupt CBF,
AP1 and ETSA{FAT binding. Mutation of the CBF, AP-1, or
ETSA{FAT elements reduced both basal and TNF-o-induced
activity (Fig. 2). A repressor element was also identified. Mu-
tation of a 5'-CC-3' (pGMmS7) within a 5'-ACCA-3' sequence
located between the CBF and AP1 sites resulted in a 50Vo

increase in basal and TNF-a-induced eipression. An extended
construct (pGM93) containing an extrâ frve bases with a 5'-
CCTG-3' sequence identical to the domain 1 CSD-binding sites
was also anaTyzed (FiS. 2). The extended sequences caused a
decrease in TNF-a-inducible and basal expression. Mutation of
the 5'-CCTG-3' element in this extended construct (pGM95)
restored promoter expression, identifying this site as a second
repressor element. Hence domain 2 contains at least three sites
required for TNF-a response, and these are overlapped,/flanked
by two repressor elements.

Nuclear and Recombinant CSD Proteins Bind to Repressor
Elements across Domain 2 on the Opposi;ng Strand to CSD-
binding Sites ldentified on Domain 1-To determine whether
the repressor eÌements identifred were CSD-binding sites, do-
main 2 sing'le strand wild type and mutant oligonucleotides
(Fig. 1c and Refs. 13 and 14) were analyzed in gel retardation
assays for binding with HUT78 T cell extracts enriched for
NF-GMb and NF-GMc CSD-containing nuclear complexes (HS-
GMb) (Fig. 3ø). Binding was compared with the GM- oligonu-
cleotide (Fig. 3ø, lane 1), which contains the noncoding (-)
strand of the GM-CSF domain 7 CK-L/CK-2 region (-114 to

csD csD
*+** ** ETS/NFAT

- 7 0 +/TCCCTGGCATTTEGTGGTcACCATTÀATGATTTCCTCTGT - 3 1
CBF AP1

GM41
GMm91

GMÍr89
eMm87
GMm81
GMm85
eMrn101
GM93

GM¡rlg5

Gl,tnl03
G¡{m107
GMm97
cMnl05
Gìün109

AGC

cc

ÀGAC

AGAC

GG

AÀ
..AGAC

..ÀGAC.

..AGAC.

Frc. 1. Hurnan GM-CSF proxirnal prornoter oligonucleotide sequences. ¿, the GM-CSF proximal promoter is shown diagrammatically.
TherelativelocationsofconservedCK-landCK-2elementsandtranscriptionfactor-bindingsitesareindicated.Thedomainl( ll4to-71)and
domain 2 (-70 to 31) regions are marked. The NF-kB site and the domain 2 reg¡on are responsive to TNF-a in frbroblasts (13, 14). The NF-kB,
CBF, AP1, and ETSAIFAT sites are required for T cell receptor sigrraling, and the CD28-responsive complex site is required for T cell costimulatory
signaling(3,4).b,t}resequenceofcoding(+)andnoncoding(-)strandwildt¡pedomainlCK-I/CK-2rcgion( 114to-?9)oligonucleotiiles(GMi
and GM-, respectively) are shown (13, 14). Sequences required for nuclear (NF-GMb/c) and recombinant CSD factor binding to the noncoding ( )
strand are marked with asterisks. These sequences are repressor elements in frbroblasts (13, 14). Base changes in the mutant GM;2g
oligonucleotides are shown (13, 14). c, the sequence ofthe wild type coding (+) strand ofdomaiî2 (-7O to -31) is given with CSD (data presented
here), CBF, AP1, and ETS/I'{FAT sites (3, 4) marked. Nuclear and recombinant CSD binding is exclusive to the coding (+) strand. Coding (+) strand
oligonucleotide sequences are listed under the domain 2 sequence. Only those bases that vary from the wild type sequence are indicãted.

-79) (Fig. 1ò) and supports NF-GMb and NF-GMc complex
formation. NF-GMb complex formation represents protein
binding to both the 5'-CCTG-3' CSD repressor sites, whereas
NF-GMc represents binding to only one site on the GM- oligo-
nucleotide (Fig. Bo, lane j) (19, 14). The domain 2 GMSB coding
(*) strand oligonucleotide containing the two newly identified
repressor elements supports both NF-GMb and NF-GMc-like
complex formation while the GM41G65 to -31) and GMm95 (-70
to -31; 5' repressor site mutated) coding (*) strand oligonucleo-
tides, contaiping only on{i repressor element, form only the
NF-GMc-liké còmplex (Figi. 30, lanes 77,7, and. lS,respective-
1y). No complex formatioh was observed on noncoding (-)
strand domain 2 sequences (data not shown). Competition as-
says verifred that the complexes forming on domain 2 were
authentic NF-GMb/c complexes. As shown in Fig. 3o, the NF-
GMb/c complexes formed on domain 2 coding (+) strand oligo-
nucleotides (GM41+, GM93+, and GMm95+) were competed
to a much greater extent by the wild type GM-CSF domain 1

noncoding (-) strand oligonucleotide (GM-) (lanes 8, 72, and.
16) than by the GMm23- oligonucleotide (lanes 9, 13, and. 1T)
containing mutations in both the CK-1/CK-2 region NF-GMb/
CSD sites (Í3,74). Consistent with these resuÌts the NF-GMb/c
complexes on GM- were readily competed with the domain 2
oligonucleotides (lanes 4-6). These data mapped one NF-
GMb/c site to the 5' repressor site in domain 2 and the other to
the -65 to -31 region containing the 3' repressor site.

Subsequent analysis of mutants in the GM41+ sequence
(-65 to -31) mapped the second NF-GMb/c site to the 3'
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Ftc. 2. Identification of TNF-re-
sponsive elements and repressor ele-
¡nents in the GM-CSF domain 1. Wild
type (pGM41 and pGM93) and mutant
(pGMm89, pGMm8?, pGMm81, pGMm85,
and pGMm95) GM-CSF prornoter re-
porter constructs were transfected into
human embryo lung fibroblasts, followed
by treatment with (+) or without (-)
TNF-a and CAT activity determined.
CAT activity levels (average of at least
three experiments) relative to unstimu-
lated pBLCAT2, given as 1.0, are shown.
Promoter constructs are shown diagram-
matically. Repressor and activator ele-
ments are marked wit}' boxes and circles,
respectively. Sequences contained within

' promoter constructs are given in Fig. 1c.
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repressor site, identifred above, as mutation of the 5'-CC-3'
within the 5'-ACCA-3' repressor element (GMm87+) abolished
complex formation (Fig. Sb,lane 4). This type of binding site for
CSD factors has only been reported for a viral gene (41, 42) and
has not been reported in a genomal gene. No other mutations
affected NF-GMc complex formation, but there were shifts in
mobility on the different mutant sequences. Competition with
the witd type GM41+ oligonucleotide indicated that the com-
plexes forming on these mutant sequences were authentic NF-
GMc complexes (data not shown). This suggests therefore that
NF-GMc may have a different conformation on the different
mutant sequences and that the way NF-GMc complex forma-
tion occurs depends not only on the complexes binding site but
also on the nature of surrounding sequences. To further con-
frrm the requirement for both repressor elements in the forma-
tion of NF-GMb/c, mutations were made in one or the other or
both sites across the extended GM93+ sequence (-70 to -31)
(Fig. 3c). Mutation of any of the sites (GMm95+, GMm103*, or
GMm107+) resulted in loss of the NF-GMb complex but did not
result in loss of the NF-GMc complex on GMm95* (5'-CCTG-3'

site mutated), and caused some reduction in NF-GMc on
GMm103+ and GMm107+ (5'-ACCA-3' mutated) (lanes 2-4).
Mutation of both sites (GMm105f and GMm109+) resulted in
loss of aÌl complex formation (lanes 6 and 7). These data are
consistent with the way we observed NF-GMb/c complex for-
mation on the domain 1 region where NF-GMb complex forma-
tion requires both sites for binding, whereas NF-GMc com-
plexes can form on either CSD site (13, 14).

We have previously demonstrated the binding of recombi-
nant CSD protein to domain 1 NF-GMb/c sites (14). Domain 2
oligonucleotides were also tested for binding of recombinant
CSD (Fig. 3d). As for nuclear NF-GMb/c CSD-containing com-
plexes, recombinant GST-DbpB CSD protein binds exclusively
to the coding (+) strand of domain 2 (GM41+ and GM93+;
lanes 3 and 6) and requires the NF-GMb/c sites for binding. As
shown, mutation of the single 5'-ACCA-3' binding element in
the GM41+ oligonucleotide essentially abolished CSD binding
(GMm87+; Fig. 3d, lane 5). When the longer fragment contain-
ing two NF-GMb/c sites (GM93+) was used in binding, muta-
tion of the individual repressor elements (GMm95+ and
GMm103+) reduced binding, whereas mutation of both sites
(GMm105+) completely abolished binding (Fig. 3d, lanes
8-10). Consistent with our obsewations for nuclear NF-GMb/c
complexes, the binding of recombinant CSD protein to the

0

mutant sequences results in altered mobility. Binding data for
nuclear and recombinant CSD protein are summarized (Fig.

3d). Therefore, as observed for domain 1, we have shown that
domain 2 contains a pair of repressor elements that bind both
nuclear and recombinant NF-GMb/CSD factors, and we have
identifred a novel 5'-ACCA-3' NF-GMb/CSD-binding site.

Analysis of Nuclear NF-GM\ lc CSD-containing Nuclear
Complexes Reueals a Nouel 25-hDa Protein Binding to the 3'
Domain 1í'-ACCA-7' Repressor Elernent-The nature of the
proteins in CSD-containing nuclear complexes binding to do-
main 2 were examined by UV cross-linking (Fig. 4o). As previ-
ously reported (13), the NF-GMb complex forming on domain 1

(GM- oligonucleotide) contains both a 42- and a22-kDa protein
(lane 1), whereas the NF-GMc complex contains only a22-kDa
protein (lane 2). The NF-GMb and NF-GMc complexes formed
on domain 2 (GM93+) also contained 42- and22-kDa proteins,
but in addition these complexes contain a unique 25-kDa pro-
tein (lane 3 and 4) (Fie. 4¿). To determine which of the NF-
GMbiCSD sites binds this new protein, IJV cross-linking was
performed using mutants in domain 2. This revealed that the
22-kDa protein bound to the 5' NF-GMb/CSD site in domain 2
(GMm103+), whereas the 25-kDa protein bound to the 3' site
(GMm95+) (Fie. 4b, Iane 3 and 4, respectively). Hence the
distal three NF-GMb/CSD sites across the GM-CSF promoter
with a 5'-CCTG-8' consensus bind the 22-kDa protein, whereas
the newly identifred 5'-ACCA-3' site binds the novel 25-kDa
protein. In contrast, Lhe 42-kDa protein, as we have previously
shown on domain 1 (13), requires both domain 2 sites for
binding (Fig.4b, compare lanes 7,3, and4). Data are summa-
rized diagrammatically in Fig. 4ó. The nature of the 25-kDa
protein is not known, but we have confrrmed that this protein
is a CSD factor by competition of the GMm95* complex with a

CSD polyclonal antibody.2 Given the differences in CSD protein
composition of complexes binding to 5'-CCTG-3' and 5'-
ACCA-3' CSD sites, it is of interest that the GM- oligonucleo-
tide (binding 42- and 22-kDa proteins) can compete for the
GMm95+ complex (25 kDa). This is most probably due to the
ability of all nuclear CSD-binding oligonucleotides to bind all
CSD subtypes at the amounts of competitor required to observe
a competition effect. That this is possible is suggested by ex-
periments competing the GMm95+ complex (25 kDa) with an
oligonucleotide that only binds the 22-kDa protein
(GMm103+). We found that over a wide range of competitor
amounts GMm103+ could compete for GMm95* complex for-

25 30 35
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Ftc. 4. Domain 2 nuclear CSD complexes contain a novel 25-
kDa protein that contacts the 3' CSD repressor site. ø, NF-GMb
and NF-GMc compÌexes formed after binding of HUT78 T cell nuclear
extracts enriched for NF-GMb/c complexes (HSGMb) to domain 1
(GM ) and domain 2 (GM93+) oligonucleotides were irradiated with
IIV light and analyzed by SDS-polyacrylamide gel electrophoresis. b,
IJV cross-linkecl complexes formed on domain 2 wild type (GM9B+) and
NF-GMb/c-binding site mutant (GMm95+ and GMm103+) oligonucleo-
tides are shown. The sizes of individual proteins cross-linked to DNA
are indicated. Protein binding to domain 2 sequences is summarized.

mation but that this competition was less effrcient than com-
peting with the self GMm95 * sequence. The other explanation
for cross-competition between sequences binding the different
25- and 22-kDa CSD proteins is that the 25-kDa protein rep-
resents the binding of the 22-kDa protein to the 5'-ACCA-3'
sequence in altered conformation relative to the way it binds to
the 5'-CCTG-S' sequence. This is feasible given the mobility
shifts seen for nuclear NF-GMb/c and recombinant CSD com-
plexes observed on different domain 2 mutant sequences as
discussed above ( Fig. 3).

NF-GMa Represents a Higher Order Complex of CSD Pro-
teins Binding to Single Strand DNA-Studies performed above
used extracts that were heparin-Sepharose enriched f'or NF-
GMb/c binding activity. We have found that binding of crude
extract to the domain 1 noncoding ( ) strand oligonucleotide
(GM ) reveals, in addition to NF-GMb/c, the binding of a more
slowly migrating complex that we previously called NF-GMa
(Fig. 5a, lo,ne 7) (27,22), This complex also binds to the CK-1
regions of two other myeloid growth factor genes, G-CSF and
IL-3, and it was found to be TNF-a-inducible in fibroblasts (23,
24, 26). As for NF-GMb/c, NF-GMa binding activity could be
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Frc. 3. Nuclear and recombinant CSD proteins bind to repres-
sor elements on the coding (+) strand of domain 2, cL, HUT78 "1
cell nuclear extract enriched for NF-GMb/c complexes by heparin-
Sepharose chromatography (HSGMb) was bound to a szPlabeled wild
type domain 1 (GM-) single strand oligonucleotide probe or to domain
2 wild type (GM41+ and GM93+) and mutant (GMmg5+) probes.
Complexes were competed (comp) wit}r 5 ng of unlabeled wild type
(GM ) and mutant (GMm23-) domain 1 oligonucleotides or with do-
main 2 oligonucleotides (GM41+, GM93+, and GMm95+). 'l'racks with
no competitor are marked wil}' a minus sign. b,}lUT 78 T cell nuclear
extracts enriched for NF-GMb/c (HSGMb) were bound to wild type
(GM41+) and mutant (GMm series; Fig. 1c) domain 2 coding (1) strand
oligonucÌeotides. c, HUT 78 T cell nuclear extracts enriched for NF-
GMb/c (HSGMb) were bound to wild type (GM93+) and mutant (GMm
series; Fig. 1c) domain 2 coding ( t) strand oligonucleotides. NF-GMb
and NF-GMc complexes and free oligonucleotide (ss) are marked. d, the
bacterially expressed CSD fusion protein (GST-DbpB) was bound to
wild type coding (+) and noncoding (-) domain 1 (GM) and domain 2
(GM41 and GM93) oligonucleotides and also to coding (+) strand oligo-

nucleotides containing mutant domain 2 NF-GMb/CSD (GMrn95, 103,
105)-binding sites. Binding ofnuclear and recombinant CSD proteins to
domain 2 sequences is summarized.
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enriched from crude extracts and separated from NF-GMb/c
activity by heparin-Sepharose chromatography (21, 22). Given
the overlapping binding sites of NF-GMb/c and NF-GMa com-
plexes, it was possible that NF-GMa was a higher order com-
plex of CSD proteins or that it could act as a competitor for
NF-GMb/c binding. To determine the relationship of NF-GMa
and NF-GMb/c, NF-GMa was further investigated.

Competition experiments were carried out to determine the
requirements for NF-GMa binding to the domain 7 CK-L/CK-2
region GM- oligonucleotide. As shown in Fig. 5ø, the NF-GMa
complexes from crude nuclear extracts (lanes 1-5) or extracts
enriched for NF-GMa (HSGMa; lanes 6-70) were competed by
a control CSD-binding site oligonucleotide from the coding (+)
strand of the HPV18 enhancer (HPV+; lanes 4 and 9). This
oligonucleotide competes for NF-GMb/c complexes and has
been shown to be a good binding site for recombinant CSD
proteins (14, 43). The NF-GMa complex is not competed by a
sequence (DRa+; lanes 5 and l0) that we and others have
found is unable to bind nuclear or recombinant CSD factors (14,

3?, 38). As for NF-GMa, the NF-GMb/c complexes are not
competed by this sequence (Fig. 5ø, Iane 5) (14). Even though
NF-GMa and NF-GMb/c complexes show the same binding
characteristics to the control CSD-binding sequence (HPV+),
the NF-GMa complex does not appear to require the NF-GMb/
CSD-binding sites defined in the GM- sequence. This is dem-
onstrated by the ability of the GMm23- mutant (both 5'-
CCTG-3' sites mutated) to compete for NF-GMa complex
formation (Fie. 5ø, Ianes 3 and B) but not for NF-GMb/c com-
plexes as described previously (Fig. 5o, lane 3, and Refs. 13 and
14); hence NF-GMa readily binds this sequence.

IJV cross-linking revealed that the NF-GMa complex formed
from both crude nuclear extract (crude) and extract heparin-
Sepharose enriched for NF-GMa (HSGMa) on the domain 1

GM- oligonucleotide, contained 42- and22-kDa proteins, simi-

GM-

GMm23-

lar in size to that observed in the NF-GMb complex, as well as

a new 16-kDa protein (Fig. 5ö, lanes 7-3). The NF-GMa com-
plex formed on GMm23- was also analyzed by IfV cross-
linking (Fig. 5ó, lane 4). NF-GMa on the mutant sequence
contains t'ne 42- and 16-kDa proteins but not the 22-kDa pro-
tein. This implies that the 42-kDa protein forms part of the
NF-GMa complex without the need for binding to the CSD
repressor sites but that the 22-kDa protein is dependent on
these sites. These results imply that at least three CSD-con-
taining complexes, NF-GMa, NF-GMb, and NF-GMc, can form
on the GM-CSF domain 1 each with distinct sequence require-
ments for binding. A similarly migrating complex to NF-GMa
was obserwed on domain 2, but crosslinking revealed the pres-
ence of a single 36-kDa protein (data not shown). The NF-GMa
complex is therefore specifrc to the domain 1 CK-1/CK-2 region
and does not form on domain 2.

As well as changing nuclear CSD factor DNA binding char-
acteristics, it was possible that NF-GMa could compete with
NF-GMb/c repressor complexes for binding to domain 1. This
was examined in a retardation assay where addition ofincreas-
ing amounts of heparin-Sepharose enriched NF-GMa (HSGMa)

to enriched NF-GMb/c (HSGMb) resulted in inhibition of NF-
GMb/c complex formation (Fig. 5c). This effect was prevented
by inclusion of a competing GMm23- oligonucleotide that will
titrate out NF-GMa but not NF-GMb/c complexes (data not
shown). Hence the effect on the NF-GMb/c complexes was due

specifically to the addition of NF-GMa. It appears therefore
that NF-GMa may play a dual role in modulating CSD repres-
sor function by competing with repressive NF-GMb/c com-
plexes for binding to repressor elements and by altering the
DNA binding characteristics of the 42-kDa protein so that it no
longer contacts the domain 1 repressor elements.

Identification of the 16-hDa NF-GMa Component-To fur-
ther characterize the 16-kDa component of the NF-GMa com-

NF-GMb/c-
CSD s¡tes

++ ++

NF-GMc (22) -

1 2 3 4 5 67

Frc. 5. NF-GMa contains 42- and 22-l<Da nuclear CSD proteins and a novel 16-kDa protein. ¿, HUT78 T cell crude nuclear extract
(crud.e) anð, extract enriched for NF-GMa (HSGMa) were bound to 32P-labeled GM- oligonucleotide probe and competed (cornp) wilÌ;' unlabeled
single strand self (GM-) oligonucleotide, NF-GMb/CSD-binding site mutant (GMm23-), the CSD-binding site sequence from the HPV18 enhancer
(¡PV; nef. 43), and a control sequence from the major histocompatibility complex DRo gene (Dra; Ref. 79). HPV and DRa represent the coding (+)
strands oftheir respective promoter regions (14). Nuclear complexes are indicated. å, HUT78 T cell crude nuclear extracts (crude) ar'd HUT78
extract enriched for NF-GMa by heparin-sepharose chromatoçraphy (HSGMa) were bound to GM- and GMm23- domain 1 oligonucleotides, and
the resulting nuclear complexes weìe analyzed by IJV crosslinking. The sizes ofcross-linked proteins are indicated. Data are summarized below
the cross-linking gel. c, nuclear extract enriched for NF-GMb/c (HSGMï) and NF-GMa (HSGMa) were bound to labeled domain 1 (GM-)
oligonucleotide either alone (trachs 1-4) or together (trachs 5-7). Increasing amounts ofHSGMa were used (trachs 2-4 a¡d 5-7). Complexes are
indicated.

ss



t4488

A

CSD and mtSSB Bind Growth Factor Repressor Elements

D
mtsSB : ær-gIu-th*¡-thr-th*r-s*-Id-va1-1Ð-glu

16kDa : sêr-91u-thr-thr-Èhr-ser-Ieu-va1-1eu-91u

FIo. 6. Characterization of the 16-kDa cornponent of NF-GMa.
a, IJUT78 T cell nuclear extracts enriched for NF-GMa (HSGMa) and
affinity purified NF-GMa (affiGMa) were bound to labeled GM-CSF
domain 1 noncoding ( ) strand oligonucleotide (GM-) and assayed by
gel retardation. The apparent NF-GMa complex formed using affinity
purifred NF-GMa material was competed with itself (GM-), the CSD
site mutant (GMm23-), the control CSD-binding site (IIPV+; Refs. 14
and 43), and the nonspecific DRa coding (+) strand oligonucleotides
(Refs. 14 and 79 and Fig. 5). Aminus sig¿ indicates no competitor. b, the
NF-GMa cornplexes from crude and affrnity purifred (affr.GMa) HUT78
extracts were analyzed by IIV cross-linking. The size of cross-linked
proteins is indicated. c, SDS-polyacrylamide gel electrophoresis ofpro-
tein fractions from different steps of the NF-GMa purifrcation. Tracks
were loaded with crude, heparin-Sepharcse (HSGMa.), frrst round af-
finity (affil GMa), or second round affrnity (affi2 GMa) material. Pro-
tein was visualized by silver staining. Positions of molecular mass
markers are shorvn. The 16-kDa protein is indicated. d, a comparison of
the N-terminal amino acid sequences of the mature human mtSSB and
purifred 16-kDa protein are shown. Because the nature of the frrst
amino acid from the N terminus of the 16-kDa protein could not be
determined, the presented sequence commences at the second amino
acid ofboth the 16-kDa and mtSSB proteins.

plex, DNA affrnity chromatography was performed. To do this
HUT78 T cell nuclear extract enriched for NF-GMa complex
formation (HSGMa) v/as subjected to two rounds of affinity
purifrcation using the IL-3 CK-1/CK-2 region as a target for
NF-GMa complex formation. The IL-3 CK-l/CK-2 region shares
homology with the GM-CSF domain 7 CK-l/CK-2 region (see

Fig. 7, a and ö) and was shown to have a higher affrnity for
NF-GMa (24). T}'e specifrcally bound protein was eluted in 1.0
M KCl. NF-GMa activity was assayed by gel retardation using
the GM-CSF domain 1 noncoding (-) strand oligonucleotide.
As shown in Fig. 6a the affrnity purifred material forms a
complex (lane 2) that migrates at the same position as the
NF-GMa complex formed from binding of the heparin-Sepha-
rose purifred material (HSGMa) (Iane 1). Consistent with this
complex being authentic NF-GMa, the affinity purifred complex
was competed by the GM-, GMm23 - , and HPV+ sequences but
not by the DRa sequence (compare Fig. 6a, lanes 3-6, with Fig.
5ø). The complex also contained the appropriate 42-,22-, and
16-kDa proteins expected for NF-GMa as determined by IIV

cross-linking (Fig. 6ó). Analysis of second round affrnity puri-
fred NF-GMa on an SDS-polyacrylamide gel revealed the pres-
ence ofa 16kDa protein band after silver staining (Fíg.6c,lane
4). The 42- and, 22-kDa proteins r¡/ere, however, not visible.
This protein was isolated from the gel and prepared for micro-
sequencing. A sequence of 10 amino acids was obtained from
the N terminus of the protein (Fig. 6d). Data base searches
revealed that the sequence matched the N-terminal sequence
of mature human mitochondrial single strand binding protein
(mtSSB) (44). The mature human mtSSB binds to single strand
DNA and is similar in size (15.2 kDa) to the 16-kDa component
of the puriflred NF-GMa complex (44, 45). SSB proteins have
also been shov/n to be able to both homodimerize and het-
erodimerize (44,46-48). Gel filtration chromatography of hep-
arin-Sepharose-enriched NF-GMa (HSGMa) under native con-
ditions showed that the protein in the NF-GMa complex had an
apparent molecular mass of 62 kDa (data not shown). We have
previously determined that the NF-GMb complex represents a
mixture of two different types of complex, one containing a
single 42-kDa protein and the other containing a pair of 22-kDa
proteins (13, 14). A molecular mass of 62 kDa is therefore
consistent with the NF-GMa complex being composed of a
single 42-kDa protein with a sing'le 16-kDa protein (58 kDa) or
a pair of 22-kDa proteins with a single 16-kDa protein (60 kDa).
These results now implicate a second single-stranded binding
protein, the mtSSB or a related protein, together with the CSD
proteins, in the complexes that can bind to the domain 1 CK-
7/CK-2 region of the GM-CSF gene.

Recombinant and Nuclear CSD Proteins Bind to the G-CSF
and IL-S Myeloid Growth Factor Genes-Two other myeloid
growth factor genes, G-CSF and IL-3, share conserved regrrla-
tory elements with GM-CSF, such as the CK-1 region, and have
overlapping patterns ofregulation (2,23-25). These genes also
bind the NF-GMa complex (23,24). Given this we examined the
proximal promoter sequences of these genes for CSD-binding
sites (Fig. 7ø). Alignment of the domain 1 CK-l-containing
reg'ions did not show the repeated 5'-CCTG-S' elements, found
on the noncoding (-) strand of the GM-CSF sequence, although
there was a pair of CSDlike sites (Fig. 7, a and. ó). However,
closer to the transcription start site a 5'-CCTG-3'/5'-ACCA-3'
pair of potential CSD-binding sites identical to those on the
domain 2 coding (+) strand of the GM-CSF promoter were
observed in both G-CSF and IL-S promoters (Fig. 7, a andb).
Sing'le-stranded oligonucleotides spanning these sequences
were tested for their ability to form NF-GMb/c-like complexes
in gel retardation assays. As expected coding (+) strand oligo-
nucleotides spanning the conserved 5'-CCTG-3'/5'-ACCA-3'
domain 2like sequences from both G-CSF (D2) and IL-3 (D2)
formed complexes that comigrated with NF-GMb and NF-GMc
when incubated with HUT78 nuclear extracts enriched for
NF-GMb/c (HSGMb) (Fig. 7å, Ianes 7 and 73). The complexes
formed with similar intensity to those formed on the GM-
oligonucleotide (lane 1). Consistently these complexes were
competed to a much greater extent by the GM- wild type
oligonucleotide (lanes B and 14) than by the NF-GMb/CSD-
binding site mutant oligonucleotide, GMm23- (lanes g and 15),
suggesting that these complexes are authentic NF-GMb/c. The
G-CSF domain 1 noncoding (-) strand oligonucleotide (D1)
formed an apparent NF-GMclike complex and a weak NF-
GMblike complex, whereas the IL-3 domain 1 oligonucleotide
(D1) formed both complexes weakly (Fig. ?ó, lanes 4 and 10).
These complexes were also shown to be authentic by competi-
tion assays (lanes 5, 6, 11, and 12). The decreased complex
formation on the domain 1 sequences is consistent with the
reduced conservation of potential NF-GMb/CSD-binding sites
in the G-CSF and IL-3 genes. The presence of both NF-GMb
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and NF-GMc complexes forming on the G-CSF and IL-3 oligo-
nucleotides, however, suggests the presence of a pair of CSD
sites in each domain as predicted. Consistent with these re-
sults, recombinant CSD fusion protein (GST-DbpB) also binds
to the G-CSF and IL-S domain 1 and domain 2 oligonucleotides
with binding being strongest to the domain 2 regions (Fig. 7c).

Given the conserwation of a specific arrangement of CSD sites
across the promoters of three myeloid growth factor genes, it is
apparent that these genes may be subject to a common mech-
anism ofrepression and that the spatial arrangement of CSD
sites is important to bring about this repression.

DISCUSSION

Common GM-CSF Proximal Promoter Elements Respond to
Appropriate Signals in T Cells and Fibroblasús-In analysis of
the human GM-CSF promoter in fibroblasts, we previously
demonstrated the involvement of the domain 1 NF-kB site and
domain 2 sequences in response to TNF-a (13, 14). We now
show that the CBF, AP1, and ETS/¡{FAT sites (Fig. 1) are
absolutely required for TNF-a response of domain 2. The NF-
kB, CBF, AP1, and ETS/¡{FAT sites across domains I and,2
have been shown to be required for maximal activation in T
cells in response to T cell receptor signals (3,4, \0-I2,16-18).
Extensive studies have not been performed regarding func-
tional GM-CSF promoter elements in other cell types. Deletion
studies in endothelial cells suggest a role for all three binding
sites in domain 2 for IL-l response (19), whereas mutation
studies suggest that sequences across the APl and ETSÆ'{FAT-
binding sites may be required for constitutive expression in
some acute myeloid leukemia cell lines (20). A basic promoter
unit may therefore be required for GM-CSF promoter function
in a number of different cell types. The fact that mutation of
any one transcription factor-binding site abolishes promoter
activity suggests that all the sites act as a functional unit. A
simiÌar cooperative complex of factors has been described for
the interferon-B promoter and termed an enhanceosome (49).

The IL-2 promoter appears to operate in a similar manner (50).

CBF and AP1 could clearly be involved in expression in fibro-
blasts because APl is widely expressed and TNF-a-inducible,
and CBF is constitutively expressed (4, 16, 18). The relevance
of ETSA{FAT in frbroblasts is less clear because they have
primarily been investigated in lymphoid gene expression (4,

51). We have not been able to detect NFAT protein in frbro-
blastsz; hence, the most proximal site may bind an ETS family
member (51). The way in which the promoter responds in
different cell types and to different stimuli will depend on
variations in levels of constitutive factors between cell types
and the degree to which inducible factors respond to stimuli.

An Ordered Arrangement of Repressor Elements Bind'ing
CSD Proteins across the Proxirnal Promoters of the GM-CSF,
G-CS.F, and IL-? Genes-We previously observed the binding of
nuclear NF-GMb and NF-GMc complexes to two repeated 5'-
CCTG-3' sequences on the noncoding (-) strand of domain 1 of
the GM-CSF promoter (Figs. 1 andTa). We subsequently found

(IL-3D1) or to coding (+) strand domain 2 sequences from G-CSF
(G-CSFD2) and IL-3 (IL-3D2). Complexes were competed (con¿p) with
10 ng of unlabeled wild type GM- (GM) or mutant G]:ù[l¡'23- (m23)
GM-CSF domain 1 oligonucleotides. Tracks with no competitor are
marked wihin minus slgzs. NF-GMb and NF-GMc cornplexes are indi-
cated. The sequences of oligonucleotides containing regions of the hu-
man G-CSF and IL-3 gene promoters (56, 57) with homology to GM-CSF
dornain 1 (Dl) and domain 2 (D2) arc shown below. The predicted CSD
sites are shown. Domain 1 and domain 2 oligonucleotides used in
retardation assays are, respectively, the noncoding (-) and coding (+)
strand sequences. c, recombinant CSD fusion protein (GST-DUpB)was
bound to domain 1 and domain 2 oligonucleotides from GM-CSF, G-
CSF, and IL-3 The recombinant protein-DNA complex is indicated.
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Frc. 7. A conserved arrangernent of CSD sites across the GM-
CSF, G-CSF, and IL-3 genes. d., the proxirnal promoter regions of the
human GM-CSF, G-CSF and IL-3 genes âre shown diagrammatically.
Transcription factor-binding sites and CSD sites are indicaTedby circles
and bores, respectively. CSD sites are labeled 1-4, The sequences of
potential CSD sites are shown below the diagram and are aligned with
the GM-CSF sequences. Consensus (cons) sequences for domain 1 and 2
CSD sites are given. Py represents CÆ residues. In general CSD-
binding sites in nonviral genes have a preference for CÆ residues (37,

48, 4Ð. b, HUT78 T cell nuclear extracts enriched for NF-GMb/c com-
plexes (llSGMb) were bound to noncoding (-) strand domain 1 32P-

labeled sequences from GM-CSF (GM-), G-CSF (G-CSFDI), and IL-3



1,4490

a

GMb/CSD

b
NF-GMb

NF-GMc

that mutation of these sites resulted in an increase in TNF-a-
inducible expression directed by domain 1 and 2 TNF-a-respon-
sive regions (13). This identifred the 5'-CCTG-3' sites as re-
pressor elements. By screening a cDNA library with a single
strand domain 1 probe, we determined that the 5'-CCTG-3'
elements bound CSD proteins. Given we observed that recom-
binant and nuclear NF-GMb/c complexes bound common single
strand DNA sequences and that NF-GMb/c complexes were
competed by CSD consensus sequences and by CSD antibodies,
we determined that NF-GMb/c represented nuclear CSD com-
plexes (14). We now show that nuclear NF-GMb/c-like CSD
complexes and recombinant CSD protein (DbpB) bind across
the TNF-a-responsive elements in domain 2. As for domain 1,
two NF-GMb/CSD sites were identifred, but in contrast to do-
main 1 the 5' and 3' sites were, respectively, a 5'-CCTG-3' and
a noveÌ 5'-ACCA-3' sequence and rvere on the coding (*) strand
of domain 2 (Figs. 7 and 7a). Mutation of either one of these
sites, as for domain 1, resulted in an increase in TNF-a-induc-
ible expression, identifying these elements as repressors. The
spacing between the four CSD sites in domains 1 and 2 was
conserwed bringing about an ordered regularly spaced arrange-
ment of CSD repressor sites across the GM-CSF promoter.
Overexpression of DbpB and DbpA CSD proteins confrrmed
that CSD proteins were the mediators of repression via the
NF-GMbiCSD sites (14).

We previously proposed that the binding of NF-GMb/CSD
proteins to single strand domain 1 DNA resulted in a local
single strand structure blocking the binding oftranscriptional
activators that are dependent on double strand DNA for bind-
ing and activity (4,13, 14). This proposed single strand struc-
ture can now be extended to contain the entire TNF-ø-respon-
sive GM-CSF promoter, covering all activator binding sites and
hence providing an efficient means of completely silencing the
prornoter. This model is shown in Fig. 8ø. Even though indi-
vidual NF-GMb/CSD elements can act as repressor elements,
our previous and present transfection data reveal that all four
CSD sites are required for maximal GM-CSF promoter repres-
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sion. For example, the pGM93 construct containing two sites is
repressed to a greater extent than pGM41 containing one site,
whereas a construct containing all four sites is maximally
repressed (13, 14). This is consistent with the idea ofan exten-
sive single structure across the GM-CSF promoter requiring
binding to all four sites. Consistent with this model, sing.le
strand regions within double strand DNA, coinciding with
CSD-binding sites have been detected in uitro (37, 88, 52). In
uluo studies will confrrm such a model. The binding of CSD
proteins to opposite strands of the promoter may allow stabi-
lization of such a single strand structure by interaction of CSD
proteins (27, 28) bound to either strand.

CSD proteins have also recently been shown to repress a
number ofgenes including those for thyrotropin receptor (36),
nicotinic acetylchoìine receptor ô (53), major histocompatibility
complex class I and II genes (34, 54,55), and t]ne grp78 gene
(35). CSD proteins also bind to repressor sequences in the y
globin genes (38). Extensive characterization of CSD-binding
sites across promoter elements has only been performed for the
major histocompatibility complex DRa (52) and thyr.otropin
receptor (36) genes, but neither study reveals the ordered ar-
rangement of CSD sites reported here. In the thyrotropin re-
ceptor gene, three CSD sites have been detected, one on the
noncoding and two on the coding strand (36). These sites have
a common sequence but are separated by large distances. The
major histocompatibility complex DRa gene has two CSD-bind-
ing sites on opposing strands, but the exact location ofthe sites
has not been determined (52). The study of the GM-CSF
promoter therefore reveals a unique arrangement ofCSD sites
that can effrciently function to repress an entire proximal
promoter.

The location of the CSD sites in the GM-CSF promoter sug-
gests that CSD proteins may be involved in repression of the
GM-CSF promoter not only in frbroblasts but also in T cells and
potentially in endothelial and myeloid cells. Consistently, se-
quences containing the 5' repressor site in domain 2 have been
shown to have repressor activity in myeloid leukemic cell lines

22,25

æ

-
25

FIc. 8. A repressive single strand structure across the GM-CSF promoter and the composition of CSD nuclear cornplexes. a, the
proposed single strand structure ofthe GM-CSF promoter is shown diagrammatically. CSD sites are indicated. The binding ofCSD faìtors to single
strand DNA ofthe no trand ofdomain 2 may forrn an extensive single strand structure, preventing ihe
binding of positive tr DNA for binding and hence maintaining the promoter in a completely silenced
state in the absence o \ /ith CSD factors such as mtSSB may be involved in reversing the effeãts ofCSD
proteins allowing for regulated gene expression. å, the predicted composition of CSD-containing nuclear compleies as determinéd from retardation
analysis and IJV cross-linking analysis is indicated. NF-GMb complexes contain a single 42-kDa nuclear CSD protein bound to DNA or a pair of
truncated CSD proteins (22/25 kDa) bound to DNA, whereas NF-GMc represents the binding of truncated CSD proteins to one or other CSD site
within domain 1 and 2.



and in Jurkat,ML^144, and primary human T cells (4, 20). In
addition, sequences containing the 3' domain 2 repressor ele-
ment have repressor activity in an acute myeloid leukemia cell
line (20), and domain t has been reported to have repressor
activity in endotheliaÌ cells (19). The sequences identified in the
acute myeloid leukemia cell line bind a 45-kDa protein (20),

consistent with the size of a CSD protein, and we have also
identified CSD binding to the GM-CSF promoter in extracts
from a number of GM-CSF expressing cells (data not shown).
CSD proteins may be involved in maintaining tight regulation
of the GM-CSF promoter in all expressing cell types. The sig-
naÌing pathways and transcription factors activated in differ-
ent cell types will dictate the ability of different sig:nals to
overcome the repressive effects of CSD binding.

In addition to GM-CSF, we analyzed the promoter sequences
of two other myeloid growth factor genes, the human G-CSF
and IL-3 genes (56, 57). These genes have overlapping patterns
of expression with GM-CSF (2, 4, 25). We frnd here that the
unique arrangement of CSD sites in the GM-CSF gene is also

apparent across the G-CSF and IL-3 proximal promoters (56,

57). In each of the three genes the domain 1 NF-GMb/CSD sites
are on the noncoding (-) strand, whereas the domain 2 sites
are on the coding (+) strand. CSD sites in the G-CSF and IL-3
genes overlap or are adjacent to activator sites in these genes
(2, 58-64). Some of these sites are in common with GM-CSF
gene activator sites including SPl, CBF, NF-kB, CK-1, and
CD28-responsive complex sites (3, 4). The frnding of a con-
served arrangement of CSD sites suggests a common means of
repression of the growth factor genes. Consistent with this,
both domain 1 and domain 2 regions in the IL-3 gene have been
shown to have repressor activity in T cells (62), and domain 2

in the G-CSF gene has repressor activity in CHU-2 cells (65). In
addition we have confirmed by mutation analysis that the most
5' G-CSF domain 1 CSD site is required for nuclear CSD

binding and that overexpression of CSD protein represses the
TNF-a-inducible expression of the G-CSF promoter in fibro-
blasts.2 The sequence, spacing, and strand conservation ofCSD
sites in the three genes suggests an important role not only for
binding of CSD proteins to DNA but also for CSD interactions
with other regulatory proteins (35, 51), and ultimately, the
structure of the complex formed on the DNA resulting from
binding these factors. The idea of a common single strand
structure across all three genes is supported by the presence of
CT-rich regions flanking the CSD sites. Such sites are suscep-
tible to single strand DNA formation and could act as entry
sites for CSD proteins (37, 38) to enable them to bind and form
a repressive single strand structure common to the three my-
eloid growth factor genes.

Distinct CSD-containing Nuclear Cornplexes Can Bind to the
Domain 7 and Domain 2 Sites in the GM-CSF Promoter-Ftom
our previous analysis of the binding of nuclear NF-GMbic com-
plexes to mutant domain 1 oligonucleotides and from analysis
of the protein composition of complexes by lfV cross-linking, we
interpreted our data (13, 14) as follows: The NF-GMb complex
represents two separate complexes, one containing a single
42-kDa protein requiring both CSD sites for maximal binding
and the other containing two 22-kDa proteins, with one 22-kDa
protein bound to each of the CSD sites. The NF-GMc complex
represents the binding of the 22-kDa protein to one or other
CSD site. This is summarized in Fig. 8ó. The 42-kDa protein is
the correct size for a futl-length CSD protein as determined by
Western analysis of nuclear extracts from a number of cell lines
(43, 52). Consistently full-length recombinant CSD proteins
(DbpA and DbpB) also require both CSD sites for full binding to
domain 1 (14). The 22-kDa protein probably represents a trun-
cated CSD protein (discussed below). We now analyze the pro-
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tein composition of nuclear NF-GMb/c across domain 2 and
interpret our data as summarized in Fig. 8b. As for domain 1,

NF-GMb contains two complexes, one containing one single
42-kDa protein requiring both the 5'-CCTG-3' and 5'-ACCA-3'
sites for full complex formation (Figs. 3c and 4ö). Consistently
recombinant DbpB CSD protein requires both sites for full
binding (Fig. 3d). In contrast to domain 1, the second complex
in domain 2 NF-GMb represents binding of both a 22-kDa
protein to the 5'-CC'I'G-S' site and a novel 25-kDa protein
binding to the 5'-ACCA-3' site (Fig.  b). We have confrmed
that the 25-kDa protein, like the 42- and22-kDa proteins, is a
cold shock protein by use of a CSD antibody.2 Our data suggest
that the 25-kDa protein is a separate subtype or an altered
conformation of the 22-kDa protein contacting 5'-ACCA-3'. The
NF-GMc complex on domain 2 most likely represents the bind-
ing of either a single 22- or 25-kDa protein. Taken all together,
for the whole GM-CSF promoter (Fie. 8), a single 42-kDa CSD
protein can contact the pair of sites in domain 1 or domain 2, a

singte 22-kDa protein can contact each of the frrst three 5'-
CCTG-3' sites, and the 25-kDa protein contacts the 5'-ACCA-3'
site. Hence the four repressor sites across the GM-CSF pro-
moter that are required for full promoter repression bind a

series of different CSD subtypes.
We are at present screening for cDNAs encoding t}'e 22125-

kDa CSD subtypes. Proteins in lt'e 22125-kDa size range could
be produced from reported alternatively spliced DbpA CSD

cDNA sequences (42,52,66,67) or from potentially functional
DbpB pseudogenes (67-69). Interestingly a chicken CSD factor
binding to an 5'-ACCA-3' sequence in the Rous sarcoma virus
long terminal repeat promoter represents a truncated form of
DbpA, catled YB-z (41,42). Human homologues of YB-2 have
also been identified (66, 67); hence the 25-kDa protein that
binds to a 5'-ACCA-3' sequence may represent a YB-2-type
protein. The function of human YB-2 is unknown, but it is
known that it lacks sequences in the C-terminal region relative
to full-length CSD proteins. CSD proteins have three func-
tional domains, an N-terminal, a central highly conserved cold

shock, and a C-terminal domain (28, 37,32). The central CSD

domain is involved in single strand DNA binding and repres-
sion mechanisms (4, t4, 34-36, 52-55), and the C-terminal
region is involved in interaction with other transcription fac-

tors (28, 35,57,70-72). Such protein interaction appears to be
involved in both the mechanisms of repression and subsequent
derepression upon stimulation (35, 57, 7l). It can be seen

therefore that full-length and truncated proteins may have
different abilities to repress and also vary in the degree to
which their repressive action can be reversed.

We cannot yet determine the precise role that each CSD

subtype is playing at each repressor site until the subtypes are
cloned, but our data ilo demonstrate that the full-length 42-

kDa protein binds to sequences in common with those binding
either the truncated 22- or 25-kDa protein. As we have ob-

served that the relative levels of the 42-kDa versus 22/25-kDa
factors vary between cell types,2 it is probable that full-length
and truncated proteins compete for binding sites ln uiuo. The
relative amounts of the different CSD types may determine the
ability of a gene to be repressed and derepressed in different
cell types. It will also be ofinterest to determine the differences
between 22- and 25-kDa proteins that dictate their binding to
different sequences. At present the functional consequences of
binding to different sequences is not apparent, but from muta-
tion studies, however, t'ne 22-kDa site (5'-CCTG-3') in domain
2 does appear to be a stronger repressor element than the
25-kDa (5'-ACCA-3') site (Fig. 2). The presence of alternative
CSD subtypes or alternative conformational forms binding to
both different and common elements enables a set up that can

CSD and rntSSB Bind Growth Factor Repressor Elements
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be manipulated in uiuo to bring about appropriate gene regu-
lation in different cell types.

CSD proteins have been shown to interact with transcription
factors in solution (35,71,72) ot to complex with a transcrip-
tion factor on its double strand DNA-binding site (51). A com-
plex of CSD proteins with heterologous proteins on single
strand DNA has not, however, previously been reported. We
show here that CSD proteins can interact with the GM-CSF
promoter in association with a heterologous single strand
DNA-binding protein to form the NF-GMa complex. The NF-
GMa complex was originally identified as binding to the CK-1
regions of the GM-CSF, G-CSF, and IL-S genes (23, 24). We
now show that NF-GMa is a complex of 42- and22-kDa nuclear
CSD proteins with a novel 16-kDa protein that forms on the
noncoding (-) strand of the GM-CSF CK-l/CK-2 region in
domain 1. We have determined the N-terminal sequence of the
L6-kDa protein and found it to be identical to the N-terminal
sequence of mature human mtSSB (44). Consistent with the
properties of the 16-kDa protein, mtSSB has a moÌecular mass
of \5.2 kDa and binds to single strand mitochondrial DNA (44,
45). Human mtSSB belongs to a family of SSB proteins con-
served from E. coli to mammals (44-46,73,74).In E. coli and
in the mitochondria of higher organisms these proteins have
been implicated in the processes of DNA replication, recombi-
nation, and repair (74-46) and in transcriptional derepression
(75). In higher organisms mtSSB is primarily detected in mi-
tochondria. Trace amounts have, however, been detected in the
nucleus (77,78), and it has been demonstrated that overexpres-
sion of mtSSB can result in the activation of a nuclear gene, Aa
fibrinogen (78). Interestingly, a nuclear protein with N-termi-
nal sequence conserved with mature mtSSB was isolated as
binding to an IL-6 response element in the Aa frbrinogen gene
(78). This element, 5'-GAATTTCTGGGA-3', has a similar se-
quence to that observed across the CK-1 region CSD site 1 in
the growth factor genes we have investigated. The homology is
particularly striking with the GM-CSF and G-CSF genes (Figs.
1ö and 7, a and ó). mtSSB or related proteins may therefore
have a broader role in the regulation of genes involved in
growth and stress responses as is also the case for CSD pro-
teins. Our identifrcation of the 16-kDa component of NF-GMa
as an mtSSB-like protein strengthens the idea that mtSSB
type proteins can have a function in both mitochondria and the
nucleus.

We have also shown that the association of the 16-kDa
mtSSB related protein with the 42- and 22-kDa nuclear CSD
proteins changes the specifrcity ofthe CSD factors for binding
to domain 1. The 42-kDa protein no longer requires the NF-
GMbiCSD sites to bind to domain 1 DNA when it is part of the
NF-GMa complex. TL'e 22-kDa protein may still need to inter-
act with these elements because it is not present in the NF-
GMa complex formed on the GMm23 mutant sequence that
lacks functional CSD-binding sites. The NF-GMa complex can
probably also form in solution in the absence ofDNA because it
can be separated by heparin-Sepharose chromatography from
NF-GMb/c nuclear complexes containing only the 42- and 22-
kDa CSD proteins. These frndings are consistent with the re-
ported abilities of both CSD and SSB proteins to complex with
other proteins (44, 46-48). We have also shown that the NF-
GMa complexes cân compete with NF-GMb/c complexes for
binding to domain 1. Given the effects of the 16-kDa protein on
CSD factor binding to repressor elements, formation of the
NF-GMa complex may prevent the repressive function of the
CSD proteins. This is supported by our observation of an in-
crease in NF-GMa complex formation upon TNF stimulation of
fibroblasts (23,24). Such a function for NF-GMa is consistent
with the observed involvement of E. coli SSB in transcriptional
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derepression (75) and for mammalian mtSSB in the activation
of the Aa frbrinogen gene (78). Hence NF-GMa complex forma-
tion may be part of a mechanism to ensure rapid derepression
of very tightly regulated genes such as GM-CSF and the other
growth factor genes, G-CSF and IL-3, that also bind both the
repressive NF-GMb/c complexes and the potentially antagonis-
tic NF-GMa complex.

'We have now characterized the entire TNF-a-responsive
proximal promoter of the human GM-CSF gene. We have iden-
tifred the sequences required for both activation and repression
of this promoter and have characterized a family of nuclear
complexes containing single strand DNA-binding proteins that
bind across these sequences. In doing so we determined a role
for these single strand proteins in both the mechanisms of
repression of the GM-CSF gene and potentially other growth
factor genes and possibly in their subsequent activation.
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Cold shock domain (CSD) family members have been
shown to play roles in either transcriptional activation
or repression of many genes in various cell types. We
have previously shown that CSD proteins dbpAv and
dbpB (also known as YB-l) act to repress granulocyte-
macrophage colony-stimulating factor transcription in
human embryonic lung (HEL) fibroblasts via trinding to
single-stranded DNA regions across the promoter. Here
we show that the same CSD factors are involved in gran-
ulocyte-macrophage colony-stimulating factor tran-
scriptional activation in Jurkat T cells. Unlike the mech-
anisms of CSD repression in HEL fibroblasts, CSD-
mediated activation in Jurkat T cells is not mediated
through DNA binding but presumably through protein-
protein interactions via the C terminus of the CSD pro-
tein with transcription factors such as RelA/Ì.[F-rB p65.
We demonstrate that Jurkat T cells lack truncated CSD
factor subtypes present in HEL frbroblasts, which raises
the possibility that the cellular content of CSD proteins
may determine their final role as activators or repres-
sors of transcription.

CoId shock domain (CSD)1 proteins were originally identiflred
in bacteria and have been shown to be highly conse¡ved
throughout evolution from bacteria to humans (1-3). CSD pro-
teins have three fu¡ctional domains: an N terminus, the cen-
tral CSD, and a C-terminal domai¡. The N terminus region of
the protein has not been well characterized but has been shown
to contribute to single-stranded DNA bi¡ding (a, 5). The highly
conserved central cold shock domain (from which this family of
proteins derives its name) contains an RNP1 motif that is
essential for sequence-specifrc DNA and RNA binding (5-9)
(see Fig. 1C). The C terminus of the protein has alternating
basic and acidic domains and has been implicated in both
nonsequence specific RNA binding and protein-protein interac-
tions with transcriptional regulators like RelA, ZO-1, TATA
binding protein, NF-Y, YY-l, and AP-2 (10-15) (Fig. 1C). As a
whole, the family of CSD proteins has been reported to bi¡d to
double- and single-stranded DNA and RNA and is involved in
transcriptional repression and activation and in mRNA pack-
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aging, transport, Iocalization, maskilg, stability, and transla-
tion (1-3, 16-20).

An important role of CSD proteins is il transcriptional reg-
ulation of genes involved in growth and stress responses (13,

2L-28). The CSD proteins dbpB (also known as YII-I) and dbpA
have been shown to act as activators ofviral genes (15, 29-32)
and both as activators and repressors of many cellular genes
(L3, 14,25-28,33-37), including the gene for the hemopoietic
growth factor granuloc5rte-macrophage colony-stimulating fac-
tor (GM-CSF) (2t-23).

GM-CSF belongs to a family of growth factors that control
survival, proliferation, and differentiation of cells from the
hematopoietic lineage of g:ranulocytes and macrophages (20,

38-4L). GM-CSF is expressed by a wide variety of cells includ-
ing myeloid, mesenchymal, and lymphoid cells in response to
stress signals such as those derived from infection, inflamma-
tion, and blood loss (20, 28, 38, 39). GM-CSF expression is
triggered in T cells primarily via T cell receptor and coreceptor
activation and is tightly regulated at the level of transcription
(20, 38). The human GM-CSF proximal promoter can be con-
veniently divided into two domains (domain l, -Il4 to -71
and domain 2, -70 to -31), which are both important for
GM-CSF regulation (21-23) (Fig. 1A). The two domairs have
many binding sites for transcription factors i¡cluding: NF-rB/
Rel, CBF, AP-l, ETS^JFAT, and CD28-responsive complex
(CD28RC), which aII act to mediate GM-CSF expression (re-
viewed i¡ Refs. 20 and 38). In addition to the double-stranded
DNA binding transcription factors mentioned above, we have
shown previously that there are four CSD bilding sites along
the GM-CSF proximal promoter. There are two single-stranded
DNA CSD binding sites along the noncoding (-) strand of
domain 1 and two along the coding (+ ) strand of domain 2 (Fig.
1, A and B) (2L-23). We demonstrated that these CSD sites
acted as repressor sites in human embryonic lung (HEL) frbro-
blasts, that CSD proteins could bi¡rd to these sites, and that
overexpression lead to repression of TNFa-mediated activation
of GM-CSF (2I-23).

T cells are a major source of GM-CSF in uiuo, and we wished
to determine whether CSD proteins played a role in GM-CSF
transcription in these cells. We now report that CSD proteins
are present in Jurkat T cells and bind to the defined CSD
binding sites along the GM-CSF promoter. The Jurkat T cell
nuclear CSD complexes that form on the GM-CSF promoter are
distinct from those found i¡ HEL frbroblasts. Using transient
transfection assays, we previously showed that the CSD bind-
ing sites acted as repressor elements in HEL frbroblasts. How-
ever, when Jurkat T cells are stimulated with PMA,/Ca2* iono-
phore to mimic T cell receptor activation, the CSD factors
behave as coactivators. The coactivation seen does not fulction
through the CSD binding sites but through potential protein-

This paper is available on line at http://www.ibc.org 7943
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protein interactions mediated via the C-termi¡al domai-n of
CSD proteins.

EXPERIMENTAI PROCEDURES

Plasmid Constructs-Luciferase reporter plasmids were constructed
by inserting oligonucleotides encoding human GM-CSF promoter frag-
ments into the pXPl luciferase vector (Promega). The number aíìer the
pGM in each luciferase construct name indicates how many CSD bind-
ing sites are present. The plasmids pGMl-Luc, pGM2-Luc, and pGM4-
Luc were constructed by cloning oligonucleotides (with Ili¿dIII 5' and
BamHl 3' ends) spanning regions of the GM-CSF promoter (-65 to

cDf'

+28), (-70 to +28), and (-114 to +28) into the HinàllUBarn}llsites of
pXPl (Fig. 1A). The QuikChangerM site-directed mutagenesis kit
(Stratagene) was used to mutate the CSD binding site in pGMl-Luc
from 5'-ACCA-3' to 5'-AGGA-3' to create the pGMl-mut1-Luc reporter
plasmid (Fig. 1A). The backbone expression vector pRcCMV was ob-

tained from Invitrogen. Construction of the RelA expression plasmid
has been described previously (42). Construction of the expression plas-
mids pSGdbpAv and pSGdbpB has been described previously (22). The
dbpB deletion plasmid pSGdbpBAl was created by digesting pSGdbpB
with NarI, which removes the CSD and C-terminal domain of dbpB,
followed by religation (pSGdbpBÂl contains the first 47 amino acids of

,tl I

CAGÀ

C¡GÀ cG,

úlilIm2l -

(ii\1m23- "",".''cÀoÀ

C
pSCdbpB

l7_ì

pSGdbpBÅ2
47

pSGdbpBÀl N-Tern

FIc. 1. Tlle GM-CSF proximal promoter and CSD factor dbpB truncation constructs.A, the sequence of the human GM-CSF proximal
promoter is shown. Domain 1 (-114 to -71) and domain 2 (-70 to -31) regions are indicated. The binding sites for many double-stranded DNA
binding transcription factors that mediate GM-CSF expression, including NF-kB, CBF, APl, ETSAIFAT, and CD2SRC , ate underlined (20, 38).
Nuclear NF-GMb/c and ¡ecombinant CSD factor binding sites a¡e indicated on the noncoding (-) strand in domain 1 and the coding (+) strand in
domain 2 wil]¡' shaded óo¡¿s. GM-CSF promoter, lucife¡ase reporter const¡ucts used, pGMCK-1(2lTIlLuc, pGMl-Luc, pGMl(mut1)-Luc, pGM2-
Luc, and pGM4-Luc are shown diagrammatically undemeath. Numbers indicate distance from the transcriptional start site, and. boxes represent
CSD binding sites. Mutation ofthe CSD binding site in pGMl(mutllluc is represented by a bo¡ with an X in it, and the altered sequence is given
below it. B, the sequence of the coding (+) and noncoding (-) wild-type domain 1 (-114 to -79) oligonucleotides, GM and GM-, are shown (21,
22). Sequences needed for nuclear NF-GMb/c and recombinant CSD factor binding to the noncoding strand are indicated by a box. Base changes
in CSD binding sites of the noncoding (-) strand for each mutant oligonucleotide GMm19, Gltllm22, and GMm23 are shown (22).T\e sequence of
the wild-type-coding strand (+) domain 2 GM93+ oligonucleotide (-70 to -31) is given with CSD, CBF, APl, and ETS/IIIFAT sites shown (21, 22).
Base changes in the CSD binding sites of the coding (+) st¡and fo¡ each mutant oìigonucleotide GMm95+, GMm103+, and GMm105+ are shown
(23). C, the coding regions of dbpB contained in the expression plasmids pSGdbpB, pSGdbpBAl, and pSGdbpbBÀ2 are shown schematically. The
N-terminal, CSD, and C-te¡minal regions of the protein are represented, and the numbers represent the amino acid number. The construct
pSGdbpB encodes for full-length dbpB, pSGdbpBÂ2 (the ftrst 173 amino acids), and pSGdbpbBÂl (the first 47 amino acids).
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dbpB) (Fig. 1C). The dbpB deletion plasmid pSGdbpBÀ2 was created by
digesting pSGdbpB with.ÐcoRI and Sarz3AI, which removes most of the
C-terminal domain of dbpB, and ligating this fragment into an.tcoRV
BgIll-digested pSG5, pSGdbpBA2, containing the first 173 amino acids
ofdbpB (Fig. 1C),

Oligonucleotides and Probe Preparatíon-All oligonucleotides were
purchased from GeneWo¡ks (Adelaide, Australia), and full-length prod-
uct was purified Íìom nondenaturing polyacrylamide gels (43). Single-
stranded DNA probes for gel retardation assays were prepared by
end-labeling oligonucleotides with T4 polynucleotide kinase and
lr-"2PlATP followed by gel purification.

Preparation of Recombinant Proteins-Construction of the bacterial
expression construct for CSD protein dbpB (pGEXBT) has been previ-
ously described (23). The Escherichia coli strain MC1061 transfo¡med
with pGEXBT was induced with isopropyl-1-thio-p-n-galactopyranoside
to produce recombinant GST-dbpB fusion protein. Recombinant GST-
dbpB was purified on glutathione-Sepharose beads as described by the
manufacturer (Amersham Pharmacia Biotech). The bacterial expres-
sion construct for recombinant ReIA was a gift of Dr. Steven
Gerondakis, and protein was prepared according to the procedure de-
scribed by Dtnn et al. (42).

GeI Retard,ation Analysis, Competitions, and, Antibody Blocking Ex-
periments-Ntclear extracts were prepared from HUT78 T cells and
Jurkat T cells as previously reported (44 45). Gel retardations were
carried out using 0.25 ng of single-stranded 32P-labeled oligonucleotide
probes (Fig. 1,4) in a 10-pl reaction mix of 0.5x TM buffer (27,22,45)
containing 200 mtvt KCl, 0.4 ¡rg of poly(dl-dC), and either 1 pg of nuclear
extract or 25 ng of recombinant CSD fusion protein (GST-dbpB) or
recombinant RelA. Retardation assays using recombinant protein also
contained 2 pg ofbovine serum albumin. Reactions were incubated at
room temperature for 20 min and analyzed on 727o (for nuclear ex-
tracts) and 67o (for recombinant proteins) nondenaturing polyacryl-
amide gels run in 0.5X TBE (46). Competitions with unlabeled single
strand oligonucìeotides we¡e performed by mixing protein and unla-
beled probe followed by the immediate addition ofthe s2Plabeled probe
(22). Antibody blocking experiments were performed by adding protein
and antibody and incubating for 5 min at room temperature before
adding the 32P-labeled probe. The reaction was then incubated for an
additional 20 min at room temperature before being analyzed on poly-
acrylamide gels.

W Cross-Iinkíng-For IJV cross-linking, nuciear extracts were
bound to 32P-labeled single-stranded DNA probes (Fig. 1B), and the
complexes were separated on a L27o polyacrylamide gel as described
above. The gel was exposed to IJV light (340 nm) for 15 min to cross-link
bound protein to the DNA. The gel was exposed to x-ray frlm for 12 h at
4 "C, and the retarded complexes were excised. P¡otein in the excised
bands was analyzed on a I2Vo SDS-polyacrylamide gel (27, 43).

Antibodies-"Ihe anti-CSD peptide antibody was raised by immuniz-
ing rabbits with the peptide (IKKNNPRKYLRSVGD) (dbpB amino ac-
ids 89-103) conjugated to keyhole limpet hemocyanin (Imject conjuga-
tion kit, Pierce). Immunoglobulins were partially purified via
ammonium suìfate precipitation. The specificity of the anti-CSD pep-
tide antibody was verified by dot blot immunoblots against the CSD
peptide, peptides to diffe¡ent regions of the dbpB protein, and recom-
binant glutathione S-transferase (data not shown).

CeII Culture, Transfections, and Luciferase Assays-The Jurkat T
cell line was cultured in RPMI medium containing IOVo fetal calfserum
supplemented with l-glutamine, penicillin, and gentamycin antibiotics.
Electroporation with a Bio-Rad Gene Pulser was used for transfection of
Jurkat T cells at 270 V and a capacitance of 960 microfarad. 5 x 106

cells we¡e electroporated in 500 ¡rl of RPMI wil}:' 2OVo fetal calf serum
per transfection with 5 ¡rg ofreporter plasmid and 10 ¡rg ofexpression
plasmid. Celìs were stimulated 24 h post-transfection at a final concen-
tration of20 nglml PMA and 1 ¡rM calcium ionophore (423187) and, 8 h
post-stimulation, were assayed for luciferase activity as described by
Osborne et al, (47),

Western Blot and, Southwestern Anølysls-Nuclear extracts from
Jurkat and HUT78 T cells were isolated as described previously (44 45),
and 10 ¡rg of protein was separated by 127o SDS-polyacrylamide gel
electrophoresis before transfer to a nit¡ocellulose membrane via a Bio-
Rad protein transfer apparatus. The frlter was probed with CSD peptide
antibody (1:1000 dilution) and developed with an ECL detection kit
according to the ¡ecommendations of the manufacturer (Amersham
Pharmacia Biotech). For Southwestern analysis, nuclear extracts we¡e
prepared as described above, and the filter was probed with 32P-labeled

oligonucleotides as described by Silva et al. (48).
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RESULTS

Detection of CSD Complexes in Jurkat T Cells-We have
previously shown that both HEL frbroblasts and HUT78 T cells
contain nuclear CSD proteins and that they bind to the human
GM-CSF proximal promoter (27-23). We have also shown pre-
viously that the nuclear CSD complexes in HEL frbroblasts and
HUT78 T cells are the same (21-23). To determine whether
Jurkat T cells contained CSD proteins, Jurkat T cell nuclear
extract \4/as bound in a gel shift assay to silgle-stranded oligo-
nucleotides spanning domain 1 and domai¡ 2 of the human
proximal GM-CSF promoter (FiS. 1-B) and compared with
HUT78 T ceII CSD factor binding on the same oligonucleotides.
When HUT78 T cell nuclear extract was used il a gel shift
assay with the noncoding (-) strand of domain 1 (GM-), which
contains two CSD binding sites, we observed the previously
reported NF-GMb and NF-GMc nucìear complexes (Fíg. 2A,
lane 2). Specific competitions, cross-Iinking, and antibody anal-
ysis have previously demonstrated that these HUT78 T cell
complexes contain CSD proteias (2I-23). In HEL frbroblast
and HUT78 T cells, the nuclear NF-GMb complex migrates in
multiple apparent conformational forms NF-GMb (1) and NF-
GMb (2), and we have shown the different conformational
forms have identical sequence specificity and protein content
(2I-2Ð.2 When Jurkat T ceII nuclear extract was used in a gel
shift assay we saw complexes that comigrated with the HUT78
T ceII NF-GMb complexes but could not detect a NF-GMc-like
complex (FiS. 24, lane 1). Using HUT78 T cell nuclear extract
in a gel shift with the coding (+) strand of domain 2 (GM93+),
which also contains two CSD binding sites, u'e observed three
bands making up the NF-GMb complex and a single NF-GMc
band (Fig. 2A, lane 4) (2I-23).2 Jurkat T cell nuclear extract
gave t\\¡o bands that comigrated with the two slowest-migrat-
irrg HUT78 T cell NF-GMb bands, and again, no NF-GMc-like
complex was seen (Fíg. 2A. lane 3).

To verify that the Jurkat T cell NF-GMb complexes seen on
domains I and.2 were authentic CSD-containing NF-GMb com-
plexes, competition assays \¡¡ere performed. As shown in Fig.
28, l]¡'e unlabeled, wild-type, noncoding (-) oligonucleotide
GM- (contains two CSD sites), when used as a competitor,
inhibited formation of the Jurkat T cell NF-GMb complex on
both domain 1 (GM-) (Fí5. 2B,Iane 7) and domain 2 (GM93+)
probes (Fig. 3A, lane 7). Competing with GMm23, domain 1

noncoding strand oligonucleotide, which has both CSD sites
mutated, had no effect on NF-GMb complex formation (Fig. 28,
lanes 3 and 8). As a positive control, \¡r'e used an oligonucleotide
from the coding (+) strand of the human papillomavirus 18
enhancer (HPV+), which has been shown to bind recombinant
ând nuclear CSD proteins (22,49). HPV+ was able to compete
the Jurkat T cell NF-GMb complex binding almost as well as
the wild-type GM- oligonucleotide (Fig. 2B,lanes 4 and 9). The
NF-GMb complex was not competed by an oligonucleotide (non-
specifrc) that we and others have shown is unable to bind
nuclear or recombinant CSD proteins (FiC. 28, Ianes 5 and I0)
(5,22,50).

As further evidence that the Jurkat T cell NF-GMb complex
contained CSD factors, rl¡e made polyclonal antibodies to the
peptide (IKKNNPRKYLRSVGD, dbpB amino acids 89-103)
that represents a small region of the highly conserved CSD
domain which is required for single-stranded DNA binding (7).

This region ofthe CSD domain has identical sequence in both
CSD factors, dbpB and dbpAv. The antibody raised to the CSD
peptide was used in a gel shift with recombi¡ant CSD proteirr
dbpB (23). Increasing amounts of antibody in a gel shift assay

2 P. Diamond, M. F. Shannon, M. A. Vadas, and L. S. Coles, unpub-
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FIc. 2 CSD proteins are present in Jurkat T cells and bind to

the GM-CSF proximal promoter. A, Jurkat T cell and HUT78 T cell
nucLear extracts were bound to 32P-labeled wild type domain 1 noncod-
ing (-) strand GM- (lanes 1 a¡d 2), and domain 2 coding (+) strand
GM93+ (lanes 3 and 4) single-stranded oligonucleotides in a geÌ shift
assay. Different confornational forms of NF-GMb are represented by
(1), (2), and, (3). x represents nonspecific binding, and ss represents free
single stranded labeÌed oligonucleotide. B, Jurkat T cell nuclear extract
was bound in a gel shift assay to labeled GM-CSF domain 1 noncoding
(-) strand oligonucleotide GM- (lanes 7-5) and to domain 2 coding (+)
strand oligonucleotide GM93+ (lanes 6-10). The NF-GMb complex was
competed with (GM-) (Ianes 2 and 7), the CSD site mutant (GMm23-)
(lanes 3 and 8), the control CSD binding site (HPV+) (Ianes 4 and 9),
and a nonspecific oligonucleotide (N.5.) (Ianes 5 and 10). C, Jurkat T
cell nuclear extract and recombinant dbpB were bound to labeled do-
main 1 noncoding (-) strand GM- oligonucleotide in a gel shift assay.
Increasing amounts of anti-CSD peptide antibody were added to the
reaction (lanes 2-4). 2-Fold more antibody than in lane 2 was added in
lane 3, anà 5-fold more was added in lane 4. As controls, no antibody
was added to the reaction (denoted lsy a minus (-) sign, lane 7), and,
rabbit pre-immune (P I) was added in the reaction as a negative control
(lane 5). D, Jurkat T cell nuclear extract was bound to wild-type domain
1 noncoding (GM-) oligonucleotide (Iane l), domain 1 CSD mutants
(GMm19-, GMm21-, GMm23- (Ianes 2-4)), wild-type domain 2 non-
coding (GM93+) oligonucleotide (Iane 5), and domain 2 CSD mutants
(GMm95+, GMm103+, GMm105+ ((Ianes 6-8)).

with recombinant dbpB demonstrated that the CSD peptide
antibody could block recombinant CSD protein dbpB binding to
the GM- domairl oligonucleotide (Fí5. 2C, top panel (GST-
dbpB), compare lane 7 to lanes 2-4).In the bottompanel of Fíg.
2C we show that the CSD peptide antibody was also able to
block binding of the Jurkat NF-GMb complex, demonstrating

+

l¡.112).156
Ftc.3. Jurkat T cells lack l}re 22- and 25-kDa nuclear CSD

proteins. A, Jurkat and HUT78 T cell NF-GMb and NF-GMc gel shift
complexes were IJV-cross-linked and separated by SDS-polyacrylamide
gel electrophoresis. NF-GMb/c gel shift complexes from Jurkat T cell
and HUT78 T cell nuclear extracts bound to either domain 1 noncoding
GM- (Ianes 7 and 2, Jtrkat lanes 3-5, HUT78) or domain 2 coding
GM93+ (lanes 6 and 7, JurkaL; lanes 8-11, HUT78) wild-type 32P-

labeled oligonucleotides are shown. Proteins ofthe sizes 42,25, anð,22
kDa are indicated. See Fig 2 for explanation of û) and (2). B, Jvkat
and HI-1"T78 T celÌ nuclear extracts and recombinant GST-dbpB were
fractionated by LaemmÌi SDS-polyacrylamide gel electrophoresis,
transferred to a nitrocellulose membrane and probed with the CSD
peptide antibody in a Western blot to identify all CSD proteins present
(lanes 1-3). Potential CSD proteins of the size identifred in llV-cross-
linking assays in HUT78 T cells (42, 25, and22 kDa) and Jurkat T cells
(42 kDa) are indicated. C, Nitrocellulose membranes with the same
fractionated proteins, as in B, were probed with either the wild-t¡pe
GM-CSF, domain 1, GM-32P-labeled ologonucleotide (lanes 1-S), or lLle
double CSD binding site mutant of the GM-32P-ìabeled oligonucleotide,
GMm23- (Lanes 4-6). Potential CSD proteins identifred of the size 42
kDa (in both HUT78 and Jurkat T cells), 25, and 22 kDa (in HUT78 T
cells) are indicated.

that the Jurkat NF-GMb complex contained CSD factors (Fig.
2C, bottom pdnel (Jùrkat nuclear extract), compare lane 7 to
lanes 2-4). The addition of pre-immune antibody (P.1) to the
binding reaction mixture at the maximal concentration of CSD
peptide antibody used showed no effect on mobility or complex
formation in either the recombinant dbpB protein or the Jurkat
nuclear extract gel shift (FiS. 2C , compare lones I and 5 in both
panels). The CSD peptide antibody was also able to block bind-
ing ofthe recombinant dbpB and Jurkat T cell nuclear extract
to the coding (+) strand of domain 2 (GM93+) (data not
shown).

To determine whether the Jurkat T cell NF-GMb CSD-con-
taining complex bound to the GM-CSF promoter CSD binding
sites, nuclear extract was used in a gel shift analysis with
wild-type domain 1 (GM-) and domain 2 (GM93+) oligonucleo-
tides (each contain two CSD binding sites) and their respective
CSD binding site mutants. These CSD binding site mutations
(see Fig. 1-B) have been previously described and characterized
for HUT78 T cell and HEL frbroblast CSD binding (2I,23).2 GeI
shift analysis using the CSD mutant oligonucleotides on the
noncoding (-) strand of domain 1 were compared with the
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binding on the wild type oligonucleotide GM- (Fig. 2D,lane 1).

Mutating one CSD site i¡ GMm19 decreased binding sigrrift-
cantly (Fig. 2D,Iane 2), whereas mutating the other CSD site
in GMm21 actually i¡creased CSD binding but also resulted in
an altered mobility of the complex (Fig.2D,lane 3). Only when
both CSD sites were mutated, in the GMm23 oligonucleotide,
was all binding abolished (Fig.2D,lane 4). Similar results were
seen when we compared binding of Jurkat T cell nuclear ex-
tract on the wild-type coding (+) strand of domatn 2 (GM93+)
(Fíg.2D,lane 5) T,o the CSD mutant oligonucleotides. Mutating
one CSD binding site in GMm95 almost abolished binding (Fig.

2D,Iane 6) and mutating the other CSD site irr GMm103 also
sigrrifrcantly reduced binding (Fí5. 2D, lane 7). Agaia, it was
not until we mutated both CSD binding sites, in the oligonu-
cleotide GMm105, that we lost all binding (Fí9. 2D, Iøne 8),
indicating that both CSD binding sites were needed for fuIl
binding. These results agree with previous observations for
NF-GMb CSD complex formation in HUT78 T cells and HEL
frbroblasts (2I-23).

In summary, Jurkat T cells contain CSD-Iike proteins that
can form a NF-GMb complex on domains 1 and 2 of the GM-
CSF proximal promoter. This binding is dependant on the
presence of the previously defined CSD binding sites. However,
rmlike other cells previously examined, Jurkat T cell nuclear
extracts do not form a NF-GMc complex on the GM-CSF
promoter.

Jurkat T Cells Lack the 22- and 25-kDa Nuclear CSD Pro-
teins-To determine the complement of CSD proteins present
in the Jurkat T cell NF-GMb-containing complexes, lfV cross-
linking experiments were performed. As reported previously
(21,23), the HUT78 T ceII NF-GMb complexes, which form on
the noncoding (-) strand of domain 1 (GM- oligonucleotide),
contairr bot}r 42- and 22-kDa proteins (Fig. 3,4, lanes 3 and 4).
The NF-GMc complex, shown to be lacking from Jurkat T cells
(Fíe. 2A), contai¡ed only a 22-kDa protein (Fig. 3,4, lane 5). T};e
42-lÐa protein apparently represents full-Iength CSD,
whereas published reports where CSD proteias in the 22-kDa
protein size range have been identified indicate t}:at t}:'e 22-
kDa protein is a potential splice variant or proteol¡'tic cleavage
product of the fuIl-length protein (10, 23, 31, 51-53). On the
noncoding (-) strand of domain 1 (GM- oligonucleotide), the
Jurkat T cell NF-GMb complex contained only the 42-IÐa
protein (Fig. 3,4, lanes 7 arld, 2). On the coding (+) strand
oligonucleotide of domain 2 (GM93+) i-rr HUT78 T cells, the
NF-GMb complex contained ttre 42-, 22-, and. an extra 25-kDa
protein (FiS. 3,4, lanes 8-10), whereas the NF-GMc complex
contained only the 22- and 25-kDa proteins (Fig. 3,4, lane 71).

The 22-kDa protein has been shown to bind the most 5' CSD
binding site on domain 2 and the 25-kDa protein, the 3' CSD
binding site (21-23). The 25-kDa protein may represent an
additional CSD splice variant or a different conformational
binding of the 22-kDa protein (10, 23,31, 51-53). In Jurkat T
cells, we could only detect the 42-lÐa protein in the NF-GMb
complexes (FiS. 3,4, lanes 6 and 7), and the 22- and 25-kDa
proteins were lacking.

To determine whether ttre 22- anil 25-kDa proteins were
completely lacking from Jurkat T cells or simply unable to bind
DNA, Western and Southwestern experiments were performed.
Jurkat and HUT78 T cell nuclear extracts and recombinant
dbpB-GST fusion protein were fractionated on a Laemmli SDS-
polyacrylamide geI electrophoresis geI and transferred to nitro-
cellulose, resulting in three replicate frlter panels. One panel
was probed with the CSD peptide antibody in a Western blot.
The CSD peptide antibody recogrrized a single protein of -75
kDa for recombinant dbpB-GST, which is the predicted size for
the dbpB-GST fusion protein (Fig. 3.B, lane 3). In the Jurkat

7947

and HUT78 T cell nuclear extract lanes the CSD antibody
cross-reacted with many proteins (Fig. 3.B, lanes 7 and 2).
Proteins ofthe approximate size for the CSD factors identifred
in llV-cross-linking experiments (42, 25, and 22 kDa) were
detected. A strongly reacting band of -42l<Dawas seen in both
Jurkat and HUT78 T cell extracts, whereas the smaller CSD
factors 25 and. 22 kDa were seen only in the HUT78 T cell
extract (Fig. 3.B, Ianes 7 and.2).

To confirm that these were the CSD factors identifred by
IJV-cross-linking analysis above, Southwestern experiments
were performed. In the Southwestern experiments, one panel
was probed with the wild-type GM-CSF domain 1 GM- oligo-
nucleotide (contains two CSD binding sites; Fig. 3C, lanes 1-S),
and the other panel was probed with the double CSD binding
site mutant of the GM- oligonucleotide, GMm23- (FiS. 3C,
lanes 4-6). Recombinant dbpB-GST can be seen to bind to the
wild-type GM- probe (Fig. 3C, lane 3) but not to the CSD
mutant GMm23- probe (Fig. SC,lane 6). Proteins of the same
size, as detected by IfV cross-Iinking the HUT78 T ceII NF-
GMb/c complexes (42,25, and.22l<Da), were detected binding to
the GM- probe in this assay (FiS. 3C, Iane 2). Several other
bands were also observed that may represent CSD family mem-
bers. In Jurkat T cell extracts, a band of 42 kDa (and a smaller
protein of 39 kDa) was the strongest band observed when the
GM- oligonucleotide was used as a probe; of most siglifrcance,
l}i.e 22- anil 25-kDa bands were not observed (FiS. 3.B, lane 1).

In summary, IJV cross-linkhg the Jurkat T cell NF-GMb
complex identified only a 42-kDa protein, which is also detected
here by the CSD peptide antibody, and as expected, the 22- and
25-kDa proteins seen in the HUT78 T ceII nuclear extract were
not detected in Jurkat T cells (Fig. 38, lane l). As expected, the
42-, 25-, and 22-kDa proteins either did not bind or the birrding
was significantly less to the CSD mutant probe GM23- (Fig.
SC,lanes 4-6). Other proteins are seen binding to the GM-
probe and not to the CSD mutant GMm23-. CSD proteirs of
greater tl;'an 42 kDa in size have been detected in nuclear
extracts by other groups, and these proteins, seen bilding here
to the GM- probe, may represent other CSD family members
that do not form part of the NF-GMb/c complexes.

CSD Factors Actiuøte the GM-CSF Proximal Promoter in
Jurhat T Cells-We have previously reported that overexpres-
sion ofCSD proteins repress tumor necrosis factor a-mediated
activation of the human GM-CSF proximal promoter in HEL
fibroblasts (22). We wished to determine whether CSD proteins
also acted as repressors ofGM-CSF in Jurkat T cells. Surpris-
ingly, we saw that when the GM-CSF reporter plasmid (pGM4-
Luc), which contained all four CSD binding sites, was cotrans-
fected into Jurkat T cells with CSD overexpression constructs
for dbpAv (pSGdbpAv) and dbpB (pSGdbpB), that the CSD
proteins behaved as activators in the presence of PMA./Ca2+
ionophore (Fig. 4A). That they were only involved in activation
of the GM-CSF promoter construct when the cells were stimu-
Iated with PMA/Ca2+ ionophore indicated the CSD proteins
either needed to be activated to function or that they cooperate
with other proteins to function.

We wished to determine which region of the GM-CSF prox-
imal promoter was required for CSD-mediated activation and
the role, if any, that the four CSD sites across the promoter
played in this activation. To do this, CSD overexpression con-
structs were cotransfected with reporter constructs contailing
variable numbers of CSD sites (Fig. 4B). Initially the pGMCK-
l(2)-TKII'uc construct (-114 to -70) containing only the two
domain 1 CSD sites of the GM-CSF promoter was used i¡
experiments. Cot¡ansfections showed that both CSD factors
(pSGdbpAv and pSGdbpB) could coactivate this construct in
the presence of PMA,/Ca2+ ionophore (Fig. aB). Since the do-

GM-CSF Promoter Actiuation by CSD Føctors
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FIc. 4. CSD factors activate the GM-CSF proximal promoter in
Jurkat T cells. The human GM-CSF proximal promoter and luciferase
plasmids used are represented diagrammatically (sequences ate shown
in Fig. 1A). Bores represent CSD binding sites, the bor with an X in it
represents where the CSD binding site has been mutated, and ouols
represent the binding sites of the conesponding transcriptional factor
in the top diagram. In alÌ transfection experiments cells were treated
with or without PM//Ca2* ionophore for 8 h, and luciferase activities
are given relative to untreated pXPl background plasmid cotransfected
with pSG5, which is given a value of 1. All untreated values were below
a relative Ìuciferase activity of 10. A, the reporter plasmid pGM4-Luc
was cotransfected into Jurkat T cells with the empty pSGS expression
vector and with expression plasmids containing full-length dbpAv (pS-

GdbpAv) and full-length dbpB (pSGdbpB). B, each GM-CSF promoter
ìuciferase reporter plasmid, pGM4-Luc, pGMCK-1(2)-TMuc, pGM2-
Luc, pGMl-Luc, and pGMl(mut1)-Luc, was cotransfected into Jurkat T
cells with pSG5, pSGdbpAv, and pSGdbpB. Only PMA/Ca2*ionophore-
treated values are shown; all unt¡eated values were below a relative
luciferase activity of 10.

main 1 reg'ion r¡/as cloned upstream of the basal thymidine
ki¡ase (TK) promoter in pGMCK-1(2)-TK/I'uI, CSD factors
were tested for activator function on the TK promoter. We
observed that CSD factors could not activate the TK promoter
in the presence of PMA,/Ca2* ionophore (data not shown). We
next tested a construct containing only the domain 2 CSD sites
to determine whether they too v\'ere targets for CSD-mediated
activation. When pGM2-Luc (-71 to +28, containing only the
domain 2 CSD sites) was used in cotransfection experiments,
CSD-mediated activation was still observed, but both basal
(pSG5)- and CSD (pSGdbpAv, pSGdbpB)-coactivated expres-
sion was dramatically reduced relative to pGM4-Luc (Fig. 4B).
When however, the pGM2-Luc construct was truncated by frve
base pairs to create pGMl-Luc, higher levels of activity and
CSD factor-mediated activation were restored (Fig. 4B). The
five-base pair truncation removed the 5' CSD site in domain 2,

leaving only the single 3' domain 2 CSD site. These results
therefore indicated that the 5' CSD bindiag sites had repressor
activity.

To determine whether CSD-mediated coactivation of pGMl-
Luc was acting through the single CSD site il this construct,
coactivation levels were compared between pGMl-Luc (which
contains one CSD site) and pGMl(mut1)-Luc (where the one
CSD site has been mutated) (Fig. aB). Both pGMl-Luc and
pGMl(mutlLl,uc were cotransfected i¡rto Jurkat T cells with
constructs encoding for CSD factors dbpAv and dbpB. The
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Flc.5. The C-terrninal domain of dbpB is required for CSD
mediated activation of the GM-CSF proximal promoter. GM-CSF
promoter luciferase reporter plasmids pGMCK-1(2)-TIVLuc, pGMl-
Luc, and pGMl(mutlll.uc were cotransfected into Jurkat T cells with
pSG5, pSGdbpAv, pSGdbpB, and expression vectors encoding dbpB
deletions pSGdbpBÂ2 and pSGdbpBAl. Only PMA/Ca2* ionophore vaì.-
ues are shown, with all unstimulated val.ues below a rel.ative lucife¡ase
activity of 10.

PMA/Ca2+ ionophore stimulated levels of both basal- and CSD-
mediated coactivation in pGMl(mut1)-Luc were greater than
those seen on pGMl-Luc (up to 2-fold greater) (Fig. 4B). These
data taken altogether therefore demonstrate that both the
domain 2 CSD sites have repressor activity. Our results also
show that the coactivation effect of CSD proteins on the GM-
CSF promoter did not require contact with these CSD sites. We
were unable to repeat similar experiments on domail 1 CSD
sites due to the overlap of the NF-rB sites with the CSD sites.
Mutation of the domain 1 NF-rB sites results in loss of GM-
CSF promoter activity (54).

The C-terminal Domain of dbpB Is Required for CSD-medi-
ated Actiuation of the GM-CSF Proximal Promoter-Because
interactions between CSD factors and other transcriptional
regulators have been implicated in mechanisms of activation of
a number ofviral and cellular genes, a potential mechanism for
the coactivation effect seen here was via interaction of CSD
factors with other proteins. The C-terminal domain of dbpB has
been demonstrated to be required for protein-protei¡ i¡terac-
tions (10-15). To explore the possibility that the coactivation
effect was mediated via CSD protein-protein interactions, ex-
pression constructs were made encoding truncations of the
dbpB CSD protein. In the dbpB deletion construct pSGdbpBA2,
most of the C-terminal region of dbpB was deleted, and in
pSGdbpBÀ1, both the C-terminal and CSD domain were de-
Ieted (Fig. 1B). The dbpB and dbpB deletion constructs were
cotransfected into Jurkat T cells with either the pGMl-Luc or
pGMl(mut1)-Luc domain 2 constructs or the pGMCK-L(2)-TW
Luc domain 1 construct, and the cells were stimulated with
PMA/Ca2* ionophore. Removal of most of the C-terminal region
of the dbpB in pSGdbpBA2 resulted in a sigrificant decrease in
the level of PMA./Ca2+ ionophore coactivation on all constructs
(FiS. 5). Removal of both the C-terminal and CSD domain of
dbpB irl pSGdbpbAl resulted in a return to near basal levels of
expression on both domain 1 and 2 constructs (Fig. 5).

Taken altogether the results presented in Figs. 4 and 5

indicate, first, that at least the domain 2 CSD binding sites in
the GM-CSF proúmal promoter act as repressor elements,
second, that the PMA/Ca2+ ionophore coactivation by CSD
proteins is not associated with the CSD binding sites (at least
in domain 2), and. third, that the coactivation seen is mediated
primarily via the C-terminal protein interaction domai¡ of
dbpB.
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FIc. 6. CSD factors and RelA act to synergistically activate the
GM-CSF proximal pronoter. The GM-CSF promoter domain 1 lucif-
erase reporter plasmid pGMCK-1(2lTIVLuc was cotransfected into
Jurkat T cells with pRcCMV, pRcCMVRelA, pSG5, pSGdbpAv, or pS-
GdbpB. pGMCK-1(2)-TIVLuc and pRcCMVReIA were cotransfected to-
gether into Jurkat T cells with pSG5, pSGdbpAv, pSGdbpB, pSGd-
bpBÂ2, and pSGdbpBÁl. Values a¡e shown relative to pGMCK-1(2!
TIVLuc cotransfected with the pRcCMV backbone plasmid, which is
given a value of 1.

CSD Factors and RelA Act to Synergistically Actiuate the
GM-CSF Proximal Promoter-The C-terminal domain of CSD
proteins has been shown to be involved in i¡teractions with
other transcription factors and, to date, of the transcription
factors acting across the GM-CSF proximal promoter; only
ReIA./NF-xB p65 has been reported to interact with CSD pro-
teins (10-15, 55). To iavestigate the potential role of a CSD-
ReIA interaction in the CSD-mediated activation of the GM-
CSF promoter domain 1 sequences (which contai¡rs RelA,/
NF-rB p65 sites; Refs. 20 and 54), RelA and CSD expression
constructs were cotransfected with the GM-CSF domain 1 re-
porter construct pGMCK-1(2)-TK-Luo (Fig. 6). In Fig. 6, we
show as previously reported that RelAAtrF-rB p65 stimulated
the pGMCK-1(2)-TK-Luc construct in r¡nstimulated cells,
whereas the CSD factors could not (56). When the pGMCK-
\(2)-TWLttc reporter construct was cotransfected with expres-
sion constructs for both ReLA (pRcCMVReIA) and dbpAv (pSG-
dbpAv) or dbpB (pSGdbpB), synergistic activation was
observed (FiS. 6). Repeating the triple cotransfection with the
dbpB C-termi¡ral tru¡rcation (pSGdbpBA2) significanUy re-
duced the synergistic activation (Fig. 6), suggesting that the C
termi¡rus of the CSD protein dbpB protein may be involved in
i¡teractions with ReLA to bring about activation. Cotransfect-
ing with the dbpB construct pSGdbpBAl (missing both the
C-termi¡al and CSD domains) further reduced the activation to
basal pSGS levels (Fig. 6). These experiments show that ReIA/
NF-xB p65 and the CSD proteins can coopetate to activate
GM-CSF promoter function and that the C terminus of ilbpB is
essential for this cooperation.

DISCUSSION

Cold shock domain family members have been associated
with diverse functions including the abilþ to both activate and
repress transcription and translation. Here we investigated the
role of the CSD proteins dbpAv and dbpB in regulation of
GM-CSF promoter in Jurkat T cells. We have previously re-
ported that HUT78 T cell and HEL frbroblast nuclear CSD
proteins bi¡rd to defi¡ed single-stranded regions along d.omain
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1 and domain 2 of the GM-CSF promoter as NF-GMb and
NF-GMc complexes (21-23). We proposed that the binding of
NF-GMb/c CSD proteins along the GM-CSF promoter resulted
in or stabilized a single-stranded. DNA structure, thereby pre-
venting the binding of transcriptional activators that are de-
pendent on double-stranded DNA for binding and activity. This
proposed structure would be an efficient means ofsilencing the
GM-CSF promoter and many other promoters where NF-
GMb/c CSD proteias have been shown to act as repressors of
transcription (I3,23, 25-27, 33,57). The specifrc arrangement
of NF-GMb/c CSD binding sites observed on the GM-CSF pro-
moter, a pair of distal sites binding on the noncoding strand
and a pair ofproximal sites binding the coding strand, can also
be found in the promoters of the granulocyte-colony stimulat-
ing factor and interleukin-3 cytokine genes with overlapping
GM-CSF expression patterns (58, 59).

Analysis of Jurkat T cell extracts identiflred nuclear CSD
proteins bhding to the CSD biading sites across the GM-CSF
promoter as a NF-GMb-Iike complex. Competitions with sirrgle-
stranded DNA CSD site sequences and CSD antibody experi
ments in addition to IJV cross-Iinking indicated that the Jurkat
T cell NF-GMb complex was made up of only a 42-kDa CSD
protein. With the lack of the NF-GMc complex in Jurkat T cells,
we also observed a lack of t}'e 22- and 25-kDa CSD proteins
previously identifred in HEL fibroblasts and HUT78 T cells (21,

23). These 22- arrd 25-kDa CSD proteins probably represent
CSD splice variants or proteol¡rtic cleavage products, as re-
ported by others, that lack the C-terminal protein-protein in-
teraction domai¡ (22, 37-33,35, 53).

Transient transfection in Jurkat T cells showed that i¡ con-
trast to the repression observed in HEL fibroblasts, the CSD
proteins, dbpAv and dbpB, functioned as coactivators on a
140-base pair region of the human GM-CSF proximal pro-
moter. This activation was only observed when T cells were
activated with PMA,/Ca2* ionophore. We showed that both the
GM-CSF domain 1 region (containing NF-kB/ReIA sites) and
the domain 2 region (containing the CBF, AP1, and ETS/IJFAT
sites) are able to independently respond to CSD-mediated ac-
tivation. We also showed that this response to CSD-mediated
activation did not require the CSD binding sites, at least in the

-60 to +28 region of domain 2. The CSD binding sites, how-
ever, still retain repressor fi¡lction as defrned by deletion and
mutation.

CSD factors have been reported to activate a few cellular
genes including c-Myc, al(I) procollagen, and metalloprotein-
ase (MMP-2) and also regulate many viral promoters such as
human immunodefrciency virus, human T-cell lymphotrophic
virus, and Rous sarcoma virus long terminal repeats and hu-
man polyomavirus JC Ìate viral promoter (5, 3I,32,35, 36, 60),
but the precise mechanisms of CSD-mediated activation has
not been weII defrned. To determine the mechanism of CSD-
mediated activation in Jurkat T cells, we examined the possible
role of CSD protein interactions with other transcription fac-
tors. Our data indicate that CSD factors dbpB and dbpAv are
able to act with ReLA in transient transfections to synergisti-
cally activate the GM-CSF promoter in the absence of PMA"/
Ca2* ionophore stimulation. Our data suggest that this coac-
tivation of GM-CSF by CSD and ReIA proteins is via protein-
protein interactions. We demonstrated this by truncating
dbpB, removing the C termirus of the protein, which has been
shown to be essential for CSD protein-protein interactions (11,

13, 30, 61-63). When the dbpB deletion construct removing the
C terminus was used, PMA./Ca2* ionophore-mediated coactiva-
tion was signifrcantly reduced as was the ability of dbpB and
RelA to s).nergize, indicatiag that the coactivation was medi-
ated. primarily through the C-terminal region of the CSD pro-
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tein and, therefore, most likely via protein-protein interactions.
Raj et al. (15, 32) frnd that CSD and RelA can interact in
solution and that this interaction leads to increased ReIA bind-
ing to the human polyomavirus JC viral promoter. In these
experiments ReLA conversely decreased CSD binding to its
single-stranded DNA binding site. This CSD-ReIA interaction
was implicated in activation of the human polyomavirus JC
early promoter (32). Similarly, we have found that ReIA can
decrease CSD binding to its GM-CSF single-stranded DNA
binding site (data not shown).

Taken together our data suggest a model whereby, frrst, in
unstimulated Jurkat T cells, CSD proteias bind to single-
stranded DNA in a structure as described for the repression of
the GM-CSF gene by CSD proteins in HEL frbroblasts (21-23).

This model has been suggested for a number of other genes

repressed by CSD proteins (26, 27 ,50). Upon T cell stimulation
(mimicked by PMA,/Ca2+ ionophore) it has been weII docu-

mented that many transcriptional activators (like NF-xB p50,
and RelA) are up-regulated, whereas the level of CSD proteins
in the nucleus remains constant (reviewed in Refs. 38 and 20).2

We and others (15)2 have shown that RelA is able to dissociate
dbpB from its single-stranded target, and we propose that this
results in destabilization ofthe single-stranded DNA structure,
facilitating a return ofthe DNA to its double-stranded confor-
mation . This would allow the transcriptional activators (Iike
NF-rB, AP-l, CBF, ETSiIIFAT) to bind initiatiag transcrip-
tional activation.

We have presented data here that indicate a functional CSD-

ReIA interaction that is involved ir activation of the GM-CSF
promoter, domain l region. We have also shown CSD mediated
activation via the domain 2 region, which contains no RelA
sites, and hence, CSD proteins may also be able to interact with
other transcription factors binding to this region. There is a
growing list of proteins where CSD protein interactions have
been implicated to affect promoter fi:nction (NF-rcB, mitrochon-
drial SSB, ZO-1, heterogeneous nuclear ribonucleoprotein K,
TBP, NF-Y, YY-1, AP-2, SP-l, Tat, PuRa) (5, 10-13,I5,23,29,
30, 55, 64). Potential targets on the GM-CSF promoter domain
2 for CSD interactions could be SP1 and YYl, both of which
have been shown to regulate GM-CSF function in T cells (20,

65, 66).
The complement of CSD protein subtypes in the cell may also

affect CSD function. We have previously observed in HEL
frbroblasts (with 42-,22-, and.25-kDa CSD proteins) that CSD
proteins acted to repress activation, whereas in T cells (with
only the 42-l<Da proteia) CSD factors function to activate when
the cells were PMA./Ca2* ionophore-stimulated. The reason for
this difference between the cell types is as yet unclear but may
be related to the proposed lack of C-terminal-protei¡r interac-
tion sequences inlÌr,e 22- and 25-kDa CSD subtypes observed i¡r
HEL frbroblasts (22,3L-33,35, 53). Taking into account ou¡
previous results and the reported function associated with each

of the CSD protein domains, the 42-kDa CSD factor is impli-
cated i¡ repression (via the CSD domain) and activation (via
the C-terminal domain), whereas ttre 22-l<Da CSD factors may
be involved only in repression Qf-n). In fibroblasts, where
CSD factors act to repress GM-CSF promoter function, IfV-
cross-linking experiments i¡rdicated that the 22-IÐa CSD pro-
tein sub-population makes up a greater proportion than the
42-lÐa sub-population, suggestiag that the CSD intracellular
environment is predisposed toward truncated forms of the CSD
proteins and, hence, repression (2I-23). In Jurkat T cells,
where CSD factors act to mediate activation of the GM-CSF
promoter, only the fullJength 42-l<Da CSD protein is present.
The 42-kDa CSD protein, although still able to bi¡d DNA and
potentially repress in the unstimulated state, is also able to

GM-CSF Promoter Actiuation by CSD Factors

interact with proteins in a stimulated ceII via the C-terminal
protein-protein interaction domai¡r to brilg about activation.
Therefore the differences in effect when full-length CSD factors
were overexpressed in Jurkat T cells and HEL fibroblasts may
be due to the intrinsic difference in the ratio of CSD factor
subtypes and resulting intracellular environment already pres-
ent in the two cell types.

We have shown, therefore, that CSD proteins can act to
repress or activate the GM-CSF gene in different cell types.
Repression is associated with the CSD binding sites located
across the promoter, whereas activation may relate to CSD
cooperation with other transcription factors. We also raise the
possibility that the cellular content of CSD proteins predeter-
mines the functional outcorne in the transcription response.
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