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Lay Sum m ary

LAY SUMMARY

Collagen-I is the most abundant protein in the body, where it forms the 

connective tissue scaffold of most tissues and organs. Under normal 

conditions the production and turnover of collagen is tightly regulated 

ensuring that appropriate amount of connective tissue matrix is maintained. 

However, under pathological conditions this fine control is lost leading to 

accumulation of collagen, resulting in scarring and fibrosis. Scarring of the 

skin is apparent following burn injuries or in the development of hypertrophic 

scars following traumatic injuries. More extensive fibrosis can affect a 

localized anatomical area such as in Dupuytren’s contracture in the palm, 

involve a single organ (e.g. kidney, liver, heart or lung) or occur in a more 

generalised distribution as in atherosclerosis or systemic connective tissue 

diseases such as scleroderma. It is clear that the inappropriate deposition of 

collagen represents a significant clinical problem in diverse specialties.

Insight into ways of preventing localised and more diffuse fibrosis is 

dependent upon understanding how collagen production is regulated under 

normal and pathological conditions. Decreased oxygen (hypoxia), as a result 

of injury to the blood vessels supplying the tissue, has been implicated in the 

pathogenesis of fibrosis. Hypoxia is a potent regulator of expression of a 

wide variety of genes acting via defined regions of the genes called hypoxia- 

response elements (HRE) which provide binding-sites for at least one 

hypoxia-specific factor, hypoxia-inducible factor-1 (HIF-1), capable of 

regulating gene transcription.

Previous studies in this laboratory had shown that exposure of human cells to 

hypoxia in vitro induces a fibrogenic response with increased production and 

decreased degradation of collagen. The aim of the current studies was to 

investigate the molecular mechanisms by which decreased oxygen can 

increase collagen production.
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Lay Sum m ary

The results of these studies demonstrated that hypoxia results in activation of 

collagen gene transcription and this process was independent of the classical 

regulator, HIF-1. The region of the gene responsible for mediating the 

hypoxia-inducibility of the collagen gene was delineated and used to select 

regulatory proteins, extracted from the nucleus of the cells, which bind to this 

region of the gene. Using state-of-the-art technology for the identification of 

proteins (“proteomics”), several proteins involved in the hypoxic activation of 

this gene were identified. Pre-eminent among these was the transcription 

factor, Sp l. The role of this factor in hypoxic-induced up-regulation of the 

collagen gene was confirmed using DNA-protein binding assays. Its 

functional role was demonstrated in vitro using chemical inhibitors of this 

protein which blocked the increase in collagen gene expression induced by 

low oxygen. Similar amounts of Spl were found to be present in normoxic 

and hypoxic cells suggesting that hypoxia alters activity of the protein by as 

yet unidentified mechanisms rather than simply increasing the amount of 

protein available to bind to and activate the gene. Taken together the data 

demonstrate that Spl is an important mediator of hypoxia-induced collagen 

gene expression and raise the possibility that therapeutic targeting of this 

factor may be of benefit in the management of scarring and fibrosis. Indeed, 

"proof of principle" studies of this idea have recently been published and 

there is considerable impetus to develop novel strategies to intervene in Spl 

function in a pathological setting.
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Abstract

ABSTRACT

This thesis investigates the molecular mechanisms of hypoxic regulation of 

the collagen a1(l) (C0L1A1) gene. Collagen-1 is the most abundant 

extracellular protein in vertebrates. Transcription of this protein is normally 

under tight physiological control. However, under pathological conditions this 

fine control is lost leading to accumulation of collagen, scarring and fibrosis. 

Hypoxia, as a result of microvascular injury, has been implicated in the 

pathogenesis of fibrosis and studies in this laboratory had shown that 

hypoxia is a pro-fibrogenic stimulus increasing production and decreasing 

turnover of interstitial Collagen-1 in vitro.

Hypoxia is a potent regulator of gene expression and hypoxia response 

elements (HRE) have been identified in a wide variety of genes. These 

HREs mostly, but not exclusively, contain consensus binding sites for the 

hypoxia-inducible factor-1 (HIF-1). Transfection experiments and deletion 

analysis of the C0L1A1 promoter demonstrated that the HRE(s) for this gene 

lies between -220/+115. This evolutionary conserved region lacks any 

consensus HIF-1 binding sites suggesting HIF-1-independent transcriptional 

activation of C0L1A1 in response to low O2 . In addition TGF-pi the pre

eminent fibrogenic stimulus, did not stimulate reporter gene activity in this 

region of C0L1A1, indicating TGF-pi independent hypoxic activation.

Subsequent studies focussed on identification of c/s-acting DNA elements 

and transcription factors mediating the hypoxia-induced C0L1A1 gene 

transcription:

DNA elements: DNAse-1 footprinting of the mouse C0L1A1 -220/+115 with 

nuclear extracts from normoxic fibroblasts showed 2 protected regions. 

Hypoxic nuclear proteins demonstrated increased affinity to the promoter 

producing 11 protected areas representing higher transcriptional activity.

Transcription factors: Nuclear extracts from normoxic and hypoxic 

fibroblasts were resolved on two dimensional gels and proteins identified by 

proteomics. Results of this study produced a broad spectrum of nuclear 

proteins therefore a more targeted approach was devised, where specific
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DNA binding proteins were identified by Southwestern blotting and 

characterised with proteomics. On Southwesterns, 7 normoxic nuclear 

proteins hybridised to the -220/+115 C0L1A1 radiolabelled probe, while 

hypoxic nuclear extracts produced 12 strong bands, again illustrating higher 

transcriptional activity in hypoxia. Proteomic analysis of the bands identified 

several transcription factors with Spl displaying the highest increase in DNA 

binding in hypoxia.

DNA-Protein interaction: Sequence scanning of C0L1A1 -220/+115 

revealed 3 putative Sp1 binding sites (-123/-114, -98/-82, -63/-53). Binding 

of Spl to the 2 more upstream sites has been previously reported. EMSAs 

and antibody supershifts showed Spl binding to the two upstream sites (- 

123/-114 and -98Z-82) in normoxic and hypoxic nuclear extracts consistent 

with a role for this factor in basal and hypoxic transcriptional regulation of 

COL1A1. The binding of Spl to both sites increased in hypoxia with the 

most 5' site (-123/-114) showing the highest increase. The level of binding 

by normoxic and hypoxic nuclear proteins to the most proximal putative Spl 

binding site was weak.

To assess the functional role of Spl the effect of inhibiting Spl binding to the 

C0L1A1 promoter was examined. Mithramycin is a GC-specific DNA-binding 

drug, which selectively inhibits transcription of genes with GC-rich promoter. 

In transfection experiments mithramycin treatment completely inhibited the 

hypoxic induction of C0L1A1 -220/+115 to a level blow the basal activity of 

the promoter.

The increased binding of Spl to the promoter in hypoxia could be due to 

either upregulation of Spl with increased availability of Spl in the nucleus or 

to “activation” of Spl increasing the binding affinity of this factor for the 

promoter. By Western blotting there was no difference in nuclear Spl 

levels in hypoxia and normoxia suggesting that hypoxia increases Spl 

activation and DNA binding.

In conclusion, these studies demonstrate Spl is an important mediator of 

hypoxia-induced C0L1A1 gene transcription in fibroblasts acting via hypoxia 

response elements in the -220/+115 region of C0L1A1.
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Chapter 1

1. INTRODUCTION

1.1 Collagen-1

Collagen-I is the most abundant protein in the body where it forms the 

connective tissue scaffold of most tissues and organs [108,126,132,145]. As 

a major component of extracellular matrix (ECM), collagens play a dominant 

role during early development and organogenesis, as well as in maintaining 

the structural integrity of tissues and organs in the adult 

[24,74,126,132,145,165]. This superfamily includes at least 19 glycoproteins 

formally defined as collagens and an additional 10 proteins which have 

collagen-like domains [24,74,126,132]. Historically collagens were defined 

as proteins of the ECM that contained large domains of repeating -Gly-X-Y- 

sequences that folded into a unique triple helical structure. Collagen 

molecules are formed of 3 polypeptide chains associated in a triple helix and 

are defined as either fibrillar collagens, when the triple helix is uninterrupted 

for more then 1000 amino acids, or as non-fibrillar collagens, when the triple 

helix is interrupted by non-collagenous domains [24,74,126,132]. The triple 

helix is relatively rigid and provides physiologic tensile properties to tissues. 

In addition to their developmental and structural role, collagens fulfil a variety 

of other biological functions for example via interactions with specific 

integrins, collagens can modulate cell proliferation, differentiation and cell 

function [24,74,126,132,145,165].

Production of Collagen-I is lineage specific. It is synthesized mainly in 

bones, teeth, tendons and dermis by osteoblasts, odontoblasts and 

fibroblasts respectively [69,132,145]. Collagen-I is also synthesized in other 

tissues but only in comparatively small quantities and mostly by interstitial 

fibroblasts [69,145]. Other cells such as proximal tubular epithelial cells and 

mesangial cells in the kidney, Ito cells in the liver and vascular smooth 

muscle cells can also synthesize Collagen-I most markedly seen in the 

pathogenesis of fibrosis [69,145].
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Chapter 1

Collagen-I is a heterotrimer of two a1 chains and one a2 chain which are 

synthesized in a 2:1 ratio as preprocollagen chains [24,74,126,132,145,165], 

Signal peptides are rapidly cleaved in the rough endoplasmic reticulum and 

the chains assembled in a right-handed triple helix resulting in type I 

procollagen (Figure 1-1 A and B) [126,132], In the extracellular space, the 

non-helical amino and carboxy terminal ends of procollagen are trimmed to 

form collagen molecules. These molecules assemble into microfibrils and 

aggregate to form fibres (Figure 1-1 0) [126,132],

l J

Figure 1-1 Schematic diagram of a Collagen-I fibre. Diagram adapted from [128]. Arrows 

indicate magnified images of the boxed regions.

The two polypeptides that comprise the Collagen-I molecule are encoded 

by separate genes located on different chromosomes [25], The size of 

the genes for the a1 chain (COL1A1) and the a2 chain (C0L1A2) differ
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considerably. C0L1A1 is about 18kb in length while C0L1A2 is 38kb long 

[25]. Despite this enormous difference in their sizes, the relative location 

and size of their exons are similar, suggesting a common evolutionary 

origin of these genes [25]. In contrast to the exons, no discernable 

conservation is apparent in the evolution of the intronic sequences [24]. 

The expression of C0L1A1 and C0L1A2 is co-ordinately regulated under 

physiological conditions and in a variety of pathological settings 

[44,59,72,111,112,140]. The precise mechanisms involved in this co

ordinate regulation remain elusive, however several c/s-acting 

transcription factor binding sites common to both genes have been 

identified, and are likely to play a critical role [44,59,72,111,112,140].

1.2 Fibrosis

Under normal conditions the production and turnover of collagen is tightly 

regulated ensuring that appropriate amounts of connective tissue matrix is 

maintained [108,126,132,145]. The physiological response to injury, such as 

in normal wound healing, also presents a highly orchestrated sequence of 

events, which involves production of fibrous tissue, consisting largely of 

collagen fibrils [126]. However, under pathological conditions this fine control 

is lost leading to accumulation of collagen, scarring and fibrosis. Scarring of 

the skin following burn injuries or in the development of hypertrophic scars 

(keloid) following traumatic injuries are clear examples (Figure 1-2) 

[63,70,85,108,198].
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Figure 1-2 Dermal fibrotic response to 
trauma.

A: Formation of a keloid scar subsequent to 

piercing of the ear.

B: Histology of normal dermis stained with 

hematoxylin and eosin (H & E) (320X).

C; Histology of a keloid dermis examined 

stained with H & E (320X). Characterised by 

proliferation of fibroblasts, transformation of 

fibroblasts to stellate-shaped myofibroblasts, 

loss of microvasculature and excessive 

deposition of collagen. Collagen bundles are 

shown by the arrows.

'J.

A

B

A process remarkably similar to tissue repair and subsequent scarring is 

found in a variety of fibrotic conditions [108]. More extensive fibrosis can 

affect a localized anatomical area such as in Dupuytren’s contracture in the 

palm [108], involve internal organs (such as the kidney [40,145], liver 

[121,135], heart [172] or lung [95]) or occur in a more generalized distribution 

as seen in atherosclerosis or systemic connective tissue diseases such as 

scleroderma [63,69,74,121,126,132,178]. The excessive accumulation of 

fibrotic material can impair the normal function of the affected tissues 

frequently leading to organ failure. It is clear that the inappropriate deposition 

of collagen is a cause of suffering, disability and death to millions of patients 

worldwide representing a significant clinical problem in diverse clinical 

specialities. Despite this, apart from organ transplantation and dialysis for 

end-stage renal disease, there are currently very few proven treatment
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options available for fibrotic diseases. Insight into ways of preventing 

localised and more diffuse fibrosis in any setting is dependent on 

understanding the molecular mechanisms involved in regulation of collagen 

production under normal and pathological conditions.

In some cases of fibrosis, but not all, an unambiguous aetiological cause can 

be identified. For example, traumatic injury to the skin, treatment with 

bleomycin (an anti-neoplastic agent) and glomerular injury can lead to 

formation of keloid, pulmonary and renal fibrosis respectively [40,95,180]. An 

important point to note is that exposure to a known aetiological factor does 

not always lead to fibrosis. For example, in bleomycin-induced pulmonary 

fibrosis a wide variation of responses is seen both in human and animal 

models [95]. In reviewing national epidemiological surveys Dustan noted that 

fibrotic conditions such as atherosclerosis, keloids and renal disease were 

repeatedly more common in the Afro-Caribbean population in the United 

States [33]. The discrepancy in responses to fibrogenic stimuli, suggests a 

genetic predisposition to fibrosis in the affected group. The candidate genes 

responsible have not been identified but in theory they could code for any of 

the important cellular mediators of the fibrosis such as transforming growth 

factor pi (TGF-pi). To date most studies into the genetics of fibrosis have 

focussed on the polymorphisms of the human leucocyte antigen (HLA) 

genes, which incidentally have yielded conflicting results [95].

A common link between fibrotic conditions, affecting different organs is that 

an acute insult does not simply resolve but leads to a progressive scarring 

process culminating in impairment of normal function and organ failure. The 

current hypothesis concerning pathogenesis of fibrosis proposes that the 

initial injury results in a chemotactic influx of inflammatory cells into the 

interstitium [40,69,95]. The inflammatory cells together with the activated 

resident cells (such as Ito cells in the liver [121,135], fibroblasts in the skin 

[69], glomerular cells in the kidney [40]) are then thought to release 

polypeptide “mediators” that stimulate fibroblast proliferation and matrix 

protein synthesis. Indeed a wealth of studies have shown a role for several 

cytokines such as TGF-pi [68], platelet derived growth factor (PDGF) [69,95]
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and tissue inhibitors of metalloproteinase-1 (TIMP-1) in the pathophysiology 

of fibrosis [40,113,116]. However, such molecules cannot be regarded as 

the “cause” of the progressive scarring process in that some proximate 

influence must stimulate and/or maintain elevated levels for these cytokines 

to exert a chronic effect and produce a progressive disease.

Figure 1-3 Histopathological 

section of renal fibrosis. Renal 

tubulointerstitial fibrosis is 

characterised by tubular dilation 

and atrophy, proliferation of 

interstitial cells, activation of 

fibroblasts to myofibroblasts with 

increased expression of a-smooth 

muscle actin, obliteration of the 

microvasculature and the 

production of excess matrix protein 

(arrow).

Working on progressive renal disease. Fine and Norman proposed that 

interstitial hypoxia, as a result of loss of microvasculature (Figure 1-3) could 

be responsible for the initiation and maintenance of the fibrogenic cascade 

(Figure 1-4) [40]. Although this framework was based on renal fibrosis its 

principles can equally apply to other tissues. Indeed, vascular occlusion and 

interstitial hypoxia were also independently suggested by Kischer as driving 

influences in the pathogenesis of keloids [77] and by Tamamori et al. in 

pathogenesis of cardiac fibrosis [172].
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Acute injury

i
Scar formation

Matrix deposition

Hypoxic injury to 
interstitial cells

Organisation of 
scar with loss of 
microvessels

Critical degree of 
hypoxia to adjacent 
parenchymal cells

Figure 1-4 The perpetuating cycle of hypoxic injury in the pathogenesis of fibrosis.

1.3 Hypoxia and gene regulation

Oxygen is an important source of metabolic energy and the matching of 

oxygen supply to demand represents a fundamental physiological process for 

both unicellular and multicellular organisms [21,26,48,99,125,185]. In the 

last decade, in addition to the more apparent metabolic role of oxygen a 

variety of other cellular molecular mechanisms which are affected by oxygen 

concentration have been identified (Table 1-1).

To date several dozen hypoxia-inducible genes have been identified but 

these genes are unlikely to represent more than 10% of the total number that 

will eventually be identified by gene-expression profiling using DNA 

microarrays [159]. In view of the wide spread influence of hypoxia, recent 

studies have suggested that important aspects of cellular biology may be 

misinterpreted by performing in vitro studies under non-physiological 

(ambient) oxygen concentrations [36,159]. The oxygen concentration of 

tissues in vivo is variable, depending on the local blood supply and metabolic 

state of the tissues. In any case, a series of drops in O2 concentration occur 

during the oxygen delivery cascade from the air to mammalian tissue and 

tissue oxygen levels cannot possibly be as high as the atmospheric levels 

[29]. To be more exact cells are cultured in the laboratory at an ambient
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oxygen concentration of 21%, which corresponds to a p0 2  of approximately 

150 mmHg (torr) at sea level. Cells in the human body are exposed to much 

lower oxygen concentrations ranging from 16% (100 torr) in the pulmonary 

alveoli to less than 6% (40 torr) in most other organs of the body [160].

Hypoxia can regulate intracellular mechanisms at every regulatory level, 

including gene transcription, protein translation and post-translational 

modification [26,48,99,157,158,159,160,190,191]. However the most global 

regulatory effect of hypoxia identified to date is its influence on gene 

transcription. Transcriptional effects of hypoxia are mediated via specific 

transcription factors and as shown in Table 1-1 the majority of hypoxia- 

inducible genes currently reported are regulated by the hypoxia-inducible 

factor-1 (HIF-1).

As seen in Table 1-1, hypoxia is a potent regulator of expression of genes for 

a wide variety of factors including cytokines, hormones, vasoactive 

compounds, growth factors, metabolic enzymes and ECM proteins. 

Decreased oxygen can regulate gene expression by a number of 

mechanisms. Direct effects of hypoxia lead to altered gene transcription via 

binding of specific transcription factors defined hypoxia-response elements 

(HREs) in the DNA [48,99]. Indirect effects occur via induction of secondary 

factors (e.g. growth factors), which act as autocrine regulators of gene 

expression. Perhaps the most important example is the hypoxic induction of 

the potent fibrogenic cytokine, TGF-Pi, leading to increased matrix synthesis 

and accumulation [40,48,190].
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Metabolic process Gene Effect Transcription
factor Ref

Erythropoiesis Erythropoietin Î HIF-1 48, 190

Glycolysis Lactate dehydrogenase A 
Phosphoglycerate kinase 1 
Aldolase A, C 
Phosphofructokinase 1, C 
Pyruvate kinase M

Enolase A 
p-Enolase
Glyceraldehyde-3-phosphate
dehydrogenase

T
Î
Î
t
T
t
t
t

t

HIF-1
HIF-1
HIF-1
HIF-1
HIF-1
Spl

HIF-1
Spl

HIF-1

48, 190 
48, 190 
48, 190 
48, 190 
48, 190 
31
48, 190 
31

55

Gluconeogenesis Phosphoenolpyruvate
carboxykinase

HIF-1 48, 190

Glucose transporters Glucose transporter 1, 3 
Glucose transporter 2

t HIF-1
HIF-1

48, 190 
48, 190

Catecholamine
synthesis

Tyrosine hydroxylase t HIF-1 48, 190

Iron transport Transferrin t HIF-1 48, 190

Growth factors Vascular endothelial growth 
factor
Transforming growth factor-Pi 
Platelet-derived growth factor B 
Placental growth factor 
Cyclo-oxygenase 2 
Basic fibroblast growth factor 
Interleukin-8

t

t
t

Î
Î
t

HIF-1

HIF-1 
HIF-1 
HIF-1 

NF-kB, Spl 
AP-1 

AP-1, NF-KB

48, 190

48, 190 
48, 190 
48, 190 
153,193 
82 
161

Vasomotor regulation Inducible nitric oxide synthase 
Endothelial nitric oxide synthase 
Inducible nitric oxide synthase 
Endothelin-1

T
;
t
t

HIF-1
HIF-1

NF-IL-6
HIF-1

48, 190 
48, 190 
98
48, 190

Phosphate
metabolism

Adenylate kinase-3 Î HIF-1 48, 190

Haem metabolism Haem oxygenase 1 t HIF-1 48, 190

Tumor biology Carbonic anhydrases T HIF-1 192

Extracellular matrix TIMP-1
Prolyl-4-hydroxylase a(l)

T
t

HIF-1
HIF-1

113
170

Table 1-1 Genes reguiated by hypoxia
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The current understanding of the mechanisms of transcriptional regulation of 

genes by hypoxia stems primarily from studies of the erythropoietin (EPO) 

gene [21,36,48,63,99,125,157-159,185,190]. Erythropoietin is a hormone

produced by the kidneys and liver in response to low blood oxygen levels and 

stimulates bone marrow red blood cell production [48]. The mRNA levels of 

this hormone are induced more then 100-fold by severe anaemia or 

hypoxaemia providing a dramatic example of gene regulation by hypoxia 

[190]. Early in vitro studies by Goldberg et al. showed that the processes of 

detection of hypoxia and EPO gene expression occurred within the same 

cells and were dependent on the transcriptional activation of this gene [52]. 

They also defined an important c/s-acting regulatory element lying 3’ to the 

EPO gene [52]. Subsequently several groups independently verified the 

critical role of this enhancer element of EPO and showed that this sequence 

could function as a hypoxia enhancer when linked to a heterologus promoter 

[10,48,99,190].

Detailed studies of the EPO enhancer by Semenza and Wang showed 

several protein binding sites, one of which was critical for hypoxia-induced 

function and bound a complex termed HIF-1 [155]. Using oligonucleotide 

affinity chromatography these investigators purified the DNA-binding complex 

and showed that it was composed of two polypeptides which they designated 

HIF-1 a  and HIF-1 p [155]. Of the two subunits, the expression of HIF-1 a  is 

tightly regulated by oxygen concentration, whereas HIF-1 p (also known as 

the aryl hydrocarbon nuclear translocator [48,155]) is constitutively 

expressed [10,48,99,155,159,199]. HIF-1 activity therefore primarily 

depends on expression of the a-subunit. Recently, two new HIF-related 

factors have been identified, HIF-2 (also called EPAS-1) and HIF-3 both of 

which are involved in hypoxic gene regulation [35,125,160]. In common with 

HIF-1 a , HIF-2a and HIF-3a also dimmerise with HIF-1 p to form HIF-2 and 

HIF-3 respectively [57]. Whilst HIF-1 a  and HIF-1 p are expressed in most 

human and rodent tissues, the expression of HIF-2a and HIF-3a are cell 

selective [35,125,160].
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An unexpected finding from the transfection studies with the EPO enhancer 

was that the constructs responded to hypoxia when transfected into a wide 

variety of cells, derived from skin, lung and ovary, which did not make EPO 

[52]. This finding provided the first evidence of the existence of a widespread 

transcriptional response to hypoxia, which served other functions in non-EPO 

producing cells [99]. Subsequently HIF-1 has been shown to regulate an 

expanding list of genes in response to hypoxia (Table 1-1).

Wood et al. stably transfected Chinese hamster ovary cells (OHO) with 

plasmids bearing HIF-1 binding sites linked to genes encoding immuno- 

selectable cell surface markers and were able to select colonies that that did 

not respond to hypoxia [191]. In one selected colony (Ka13) cells were not 

able to produce HIF-1 a [191]. By comparing hypoxia-inducible gene 

expression, in wild type OHO and HIF-1 a-deficient Ka13 cells, authors were 

able to identify HIF-1-dependent and HIF-1-independent hypoxia-inducible 

genes [191].

The list of HIF-1-independent hypoxia inducible genes is steadily increasing 

and a variety of other transcription factors have been identified which are 

activated in response to hypoxia. Examples of such factors, involved in 

hypoxic regulation of genes include heptocyte nuclear factor-4 (HNF-4) [199], 

nuclear factor interleukin-6 (NF-IL-6) [98], nuclear factor-xB (NF-kB) [153] 

and members of the fos and Jun (AP-1) families [82]. A distinct role for Spl in 

hypoxic transcriptional regulation of some genes is emerging and this point 

will be discussed in more detail in Chapters 6 and 7. Further, in Chapter 5 

the effects of hypoxia on the nuclear proteome is presented, which shows for 

the first time the effects of hypoxia on a wide range of nuclear proteins.
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1.4 Hypoxia as a pro-fibrogenic stimulus

Previous in vitro studies in this laboratory demonstrated that hypoxia 

regulates matrix production in renal tubular epithelial cells and fibroblasts 

[40,113,116, 118]. It has been shown that hypoxia induces a fibrogenic 

profile, increasing C0L1A1 mRNA (Coll-I) levels and stimulating collagen 

production while simultaneously decreasing collagen degradation [116,113]. 

Although hypoxia can induce a variety of growth factors capable of 

stimulating Collagen-1 gene expression, incubation of naive cells with 

medium conditioned by hypoxic cells did not induce Coll-I [113]. Further, 

addition of anti-TGF-pi neutralising antibodies during hypoxia did not block 

hypoxic induction of Coll-I. These data argue against a hypoxia-induced, 

secreted mediator(s) acting via autocrine pathways to induce Coll-I [113]. It 

was also shown that the hypoxia-induced increase in C0L1A1 gene 

expression was inhibited by actinomycin D and cycloheximide and hence 

required de novo RNA transcription and new protein synthesis [113]. Overall 

the data suggested a direct effect of hypoxia on transcription of the C0L1A1 

gene.

Several independent studies have demonstrated changes in collagen gene 

expression in response to low O2 and with one exception [194] all reported 

an increase in collagen gene expression in hypoxia [32,37,75,113,119,121, 

166,172]. In addition to the increase in Coll-I mRNA levels in hypoxia a 

recent study has also showed hypoxic induction of prolyl-4-hydroxylase a(l) 

[170] which catalyses the hydroxylation of proline residues in procollagen, 

suggesting co-ordinate upregulation of genes involved in Collagen-1 

synthesis. Verification of the hypoxia-inducibility of the C0L1A1 promoter 

and the presence of specific c/s-acting hypoxia response elements has not 

been previously investigated and are presented in Chapters 3 and 4 

respectively.

The current study was focussed on the transcriptional regulation of C0L1A1 

by hypoxia. This complex gene contains 52 exons and introns of varying
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sizes and shows substantial structural and organisational homology with the 

genes encoding other major fibrillar collagens (types II and III) [126]. The 

process of transcription whereby an RNA product is produced from the DNA 

is an essential element in gene expression and renders it an attractive control 

point for regulating the expression of genes in particular cell types or in 

response to particular signals [80]. There is abundant evidence indicating 

that, while post-transcriptional regulation plays some role, the most important 

regulatory events in C0L1A1 expression occur at the level of gene 

expression [3,5,19,44,67,68,72,74,111,112,117,140,165,178].

In common with most eukaryotic genes, the regulation of transcription of 

C0L1A1 is highly complex and involves intricate interactions between 

specific nucleotide sequences present in the promoter of this gene with 

various transcription factors capable of binding to these sequences [80,81]. 

Over the past 2 decades several laboratories have identified important c/s- 

acting elements and transcription factors binding to the promoter of C0L1A1

[3,5,19,44,67,68,72,74,111,112,117,140,165,178]. The binding properties of 

the known transcription factors to the C0L1A1 promoter and their role in 

basal regulation of this gene is reviewed in detail in Chapter 4.

Most of the information available on transcriptional control of C0L1A1 comes 

from work on the mouse promoter, as this was the first construct to become 

available. Studies of the mouse C0L1A1 promoter (-220/+1) have been 

performed predominantly by two groups led by de Crombrugghe [23,59,72, 

73,89,133,146] and Brenner [19,110-112,135-139]. Information on the 

human C0L1A1 promoter (-220/+1) has been, in the main published by 

Jimenez et al. who have shown similar results to the mouse studies 

[5,22,61,67-69,86]. The similarity in results is not surprising as comparison 

between the human, rat and mouse C0L1A1 shows a highly conserved 

proximal promoter of this gene [25, 73,133] as illustrated in Figure 1-5. In the 

current study, the mouse C0L1A1 promoter was used to investigate the 

effect of hypoxia on transcription of this gene and in view of the high
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homology of the promoters similar mechanisms are likely to operate in the rat 

and human C0L1A1 promoters.

- 2 2 0  TGGGCTGGGGGGCTGGGGAGGCAGAGCTGCGAGAGGGGGGATGTGGGGTG H 
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

AGATCTGGGGGGCAAGGGCGGCAGAGTTGCGAGAGGGGGGGCGCTGGGTG M 
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I  I I  I I I I I I I I I 

AGATCTGGGGGACAAGGGTGGCAGAATTGCGAGGGGGAGGCCGCTGGCTG R

- 1 7 0  GACTCCCTTCCCTTCCTCCTCCCCCTCTCCATTCCAACTCCCAAATTGG G H 
I I I I I I I I I I I I I I I I I I  I I I I I I  I I  I I I I I I I I I I I 

GACTCCTTTCCCTTCCTTTCCCTCCTCCCCCCTCTTCGTTCCAAATTGG G M 
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

GACTCCTTTCCCTTCCTTTCCCTCCTCCCCCCTCTTCGTTCCAAATTGG G R

- 1 2 0  GGCCGGGCCAGGCAGCTCTGATTGGCTGGGGCACGGGCGGCCGGCTCCCC H 

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 
GGCCGGGCCAGGCAGTTCTGATTGGCTGGGGGCCGGGCTGCTGGCTCCCC M 

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 
GGCCGGGCCAGGCAGTTCTGATTGGCTGGGGGCCGGGCTGCTGGCTCCCC R

- 7 0  CTCTCCGAGGGGCAGGGTTCCTTCCCTGCTCTCCATCAGGACAGTATAAA H 
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I  I I I I I I I 

CTCTCCGAGAGGCAGGGTTCCTTCCCAGCTCTCCATCAAGAGTGTATAAA M 

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 
CTCTCCAAGAGGCAGGGTTCCTTCCCAGCCCTCCATCAGGAGTGTATAAA R

- 2 0  AGGGGCCCGGCAGTCGTCGGA + 1  H 

I I I I I I I I I I I I I I I I I I I I 
AGGGGCCCAGCAGTCGTCGGA + 1  M 

I I I I I I I I I I I I I I I I I I I I I 
AGGGGCCCAGCAGTCGTCGGA + 1  R

Figure 1-5 Sequence homologies between mouse C0L1A1 promoter and those of 

human and ra t  Numbers correspond to the position of the base relative to the 

transcription start site at +1. H= Human, M=Mouse and R=Rat. I bars show homologous 

base pairs. Human and rat sequence obtained from [133]. Mouse sequence obtained from 

the gene bank accession number X54876.

The studies mentioned above have predominantly investigated the basal 

transcriptional regulation of C0L1A1. Available information on the regulation 

of this gene under pathological states is limited to the effects of TGF-Pi [68, 

143,144] on transcription of C0L1A1 and several studies which have 

examined the transcription of this gene in the pathogenesis of systemic 

sclerosis [64,68,135].
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In the current study the molecular mechanisms of hypoxic transcriptional 

activation of C0L1A1 was investigated for the first time. Hypoxia-inducibility 

of the C0L1A1 gene was verified, c/s-hypoxia response elements delineated 

and some of the important transcription factors involved in the hypoxic 

response identified. In addition to its direct goal this study also provides an 

insight into the regulation of the C0L1A1 gene under pathological conditions 

and also examines the effect of hypoxia on the nuclear protein profile.

1.5 Aim

To identify mechanism(s) by which hypoxia upregulates C0L1A1 gene 

transcription.
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2. GENERAL METHODS

2.1 Cell Culture

The rat renal fibroblast cell line, NRK-49F was purchased from ECACC 

(Porton Down, Wilts, UK). NRK-49F cells were grown in Dulbecco’s Modified 

Eagle’s Medium:Nutrient Mixture Ham’s F12 medium (Sigma; Poole, Dorset, 

UK), containing 10% foetal calf serum (PCS), (Invitrogen; Paisley, Scotland, 

UK), 1% antibiotic-antimycotic (100X solution containing 10,000U/ml 

penicillin-G, lOmg/ml streptomycin and 25pl/ml amphotericin-B; Sigma). 

Cells were cultured at 37°C in a humidified atmosphere of 5% CO2 . Chinese 

Hamster Ovary (CHO) cells were purchased from ATCC, Rockville, 

Maryland, USA. HIF-1 a-deficient CHO cells (Ka13) [191] were a gift from Dr 

Peter Ratcliffe (Institute of Molecular Medicine, John Radcliffe Hospital, 

Oxford, UK). CHO and Ka13 cells were grown in Ham’s F I2 media 

(Invitrogen) supplemented with 10% FCS and 1% antibiotic-antimycotic 

(Sigma). All cells were cultured in 10cm culture dishes (Triple Red; Thame, 

Oxfordshire, UK) and passaged at confluence using trypsin-EDTA 

(Invitrogen). Stocks of all cells were frozen in 90% FCS, 10% dimethyl 

sulfoxide (DMSO; Sigma) and stored in liquid nitrogen (BOC; Surrey, UK).

For transfection experiments cells were trypsinised, centrifuged at 10OOxg for 

5 minutes at 4°C (Minifuge RF; Heraeus, Hanau, Germany), and the cell 

pellet resuspended in 10ml of media. Suspended cells were counted using a 

haemocytometer (Marathon Laboratory Supplies, London, UK) and equal 

number of cells plated per well. For all other experiments confluent NRK-49F 

cells were made quiescent by incubation in medium containing 0.5% FCS for 

48 hours.
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2.2 Hypoxic conditions

Cells were incubated in 1% O2 / 5% CO2 / 94%N2 (BOC) in a Billups 

Rothenberg Chamber^'^ (ICN-Flow; High Wycombe, Bucks, UK). The gas 

was circulated at 2 Bar pressure at 1.5 L/minute flow for 20 minutes at room 

temperature and the chamber was sealed. Under these conditions the 

medium PO2 fell within 20 minutes and was maintained for the duration of the 

experiments [116]. The hypoxia chamber was stored at 37°C. Control cells 

were incubated under normoxic conditions (21% O2) for an equivalent time 

period.

2.3 Nuclear Protein Extraction

The protocol used represents a modification of the original procedure of 

Dignam et al. [30,76]. Cells were lysed by a hypotonic solution, nuclei 

pelleted and high salt buffer used to release soluble proteins from the nuclei.

Reagents and solutions:

Hypotonic Buffer 

lOmM HEPES (Sigma), pH 7.9 

1.5mM MgCl2 (Sigma) 

lOmM KCI (Sigma)

0.5mM dithiothreitol (DTT; Sigma)

IX  Complete Protease Inhibitors (Roche, East Sussex, UK)

Low Salt Buffer

20mM HEPES (Sigma), pH 7.9

25% glycerol (BDH, Dorset, UK)

1.5mM MgCl2 (Sigma)

0.2mM EDTA (Sigma)

20mM KCI (Sigma)

0.5mM DTT (Sigma)
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High Sait Buffer

Same as the Low Salt Buffer except that the KCI concentration was 

increased to 1.4M.

Dialysis Buffer

20mM HEPES (Sigma), pH 7.9 

25% glycerol (BDH)

0.2mM EDTA (Sigma)

20mM KCI (Sigma)

O.SmM DTT (Sigma)

0.2mM phenylmethylsulfonyl fluoride (PMSF; Sigma) freshly prepared in 

ethanol

1X Complete Protease Inhibitors (Roche)

At least 10-15 10cm culture dishes of hypoxic (12 hours) and normoxic cells, 

grown to confluence, were required for nuclear protein extraction, producing 

a yield of about Img of nuclear protein. During the optimisation period of this 

procedure harvesting of fewer (less than 10) 10cm culture dishes of confluent 

cells was found to result in only a low nuclear protein yield.

Preparation of the nuclear extracts was carried out in a cold room (4°C). 

Cells were harvested on ice and all centrifugation steps performed at 4°C. 

Cells were rinsed twice with 5mls of ice-cold phosphate-buffered saline 

(PBS), and scraped into 2mls of PBS containing IX  Complete Protease 

Inhibitors (Roche). Cells were pelleted by centrifugation at 1850xg for 10 

minutes at 4°C (Minifuge RF; Heraeus). The supernatant was decanted and 

the packed cell volume (PCV) estimated. The pellet was resuspended in a 

volume of Hypotonic Buffer equivalent to 5 times the PCV, centrifuged at 

1850xg for 5 minutes (Minifuge RF; Heraeus) and the supernatant discarded. 

This step was carried out to remove any remnant salt from the PBS solution, 

enhancing the swelling of the cells. Packed cells were resuspended in 

Hypotonic Buffer, 3 times the original PCV, and allowed to swell for 10 

minutes on ice. Cells were transferred to a Dounce homogeniser and lysed
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with 10-15 strokes of a type B pestle. Cell lysis was confirmed by the 

addition of Trypan Blue (Sigma) to a 5pl aliquot of the cells and examination 

under the microscope. Cells were transferred to a 1.5ml microcentrifuge tube 

and nuclei collected by centrifugation at 3300xg for 15 minutes at 4°C (5402 

Micro centrifuge; Eppendorf, Cambridge, UK). The supernatant (cytoplasmic 

fraction) was collected and the packed nuclear volume (PNV) estimated. 

Nuclei were resuspended in a volume of Low Salt Buffer equivalent to half of 

the PNV. High Salt Buffer was added in a drop-wise fashion, while gently 

vortexing the sample. A final concentration of 700-800mM KCI was found to 

be optimal for maximal protein extraction without lysis of the nuclei. Nuclear 

extraction was continued for 30 minutes with constant gentle mixing on 

rollers (Roller Mixer SRT2; Bibby, Staffordshire, UK). Nuclei were pelleted by 

centrifugation at 25000xg for 30 minutes (Optima TK Ultra; Beckman 

Instruments Ltd., High Wycombe, Bucks, UK). The resulting supernatant 

was collected and dialysed using dialysis tubing with 12000kD molecular 

weight cut-off (Sigma). The resulting 200-300pl of nuclear extracts were 

dialysed against 300ml of dialysis buffer, with constant gentle stirring and 

buffer changed three times half hourly. The extracts were removed from the 

dialysis bags and centrifuged at 18500xg (Eppendorf 5402) for 20 minutes at 

4°C to remove insoluble proteins and nucleic acid. The supernatant was 

collected and protein concentration was determined using the modified 

Bradford assay (Bio-Rad, Harts, UK), read at 595nm using a DU-64 

Spectrophotometer with the Soft-Pac^*^ Protein assay Module (Beckman). 

Bovine Serum Albumin (BSA) solutions containing dialysis buffer were used 

to generate a standard curve for protein measurement. Nuclear Proteins 

were aliquoted, snap frozen in liquid nitrogen and stored at -80°C.

2.4 RNA Extraction

Total cellular RNA was extracted using TRIZOL® Reagent (Invitrogen) 

according to manufacturer’s instructions. Briefly, cells were lysed in 

TRIZOL® reagent (1 ml/10cm dish) applied directly to the dish. The dish was
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then incubated on a tilt board for 5 minutes at room temperature and lysates 

transferred to 1.5ml microcentrifuge tubes. Chloroform (200pl/ml of TRIZOL® 

Reagent) was added, samples shaken for 30 seconds and centrifuged at 

12000xg for 10 minutes at 4°C (Eppendorf 5402). The upper aqueous phase 

was collected and RNA precipitated by the addition of 500pl isopropyl 

alcohol. After 20 minutes incubation at room temperature, samples were 

centrifuged at 12000xg for 10 minutes at 4°C (Eppendorf 5402). The 

supernatant was discarded and the RNA pellet washed twice with 70% 

ethanol freshly prepared in autoclaved DEPC-treated water (0.02% 

diethylpyrocarbonate; Sigma). Samples were vortexed and centrifuged at 

7500xg for 5 minutes at 4°C. The RNA pellet was air-dried and resuspended 

in 10|il of DEPC-water. The absorbance at 280nm and 260nm was 

measured to determine the concentration, A2 6 0 1=40pg of RNA/ml. Samples 

were only used if the A26o:A28o ratio was between 1.7-2.0. For time-course 

experiments, lysates were stored in TRIZOL® Reagent at -80°C prior to RNA 

extraction to allow all samples to be extracted at the same time and minimise 

inter-extraction variability.

2.5 Northern Blot Analysis

Total cellular RNA (10-20pg) was combined with 7.5pl formamide (Sigma),

1.5 pi 37% formaldehyde (Sigma), 1pl ethidium bromide (lOmg/ml; Sigma), 

1.2pl loading dye (50% glycerol, 0.1 mg/ml bromophenol blue) and 0.6pl of 

20X loading buffer. Sample mixture and RNA standards (Invitrogen) were 

electrophoresed on a 1.2% agarose (Sigma) gel, containing 1.85% 

formaldehyde (Sigma) and IX  MOPS pH 7.0 (20mM MOPS (3-[N- 

morpholino] propanesulfonic acid), 5mM sodium acetate, ImM EDTA). 

Electrophoresis was carried out at 70-90V in a DNA Mini Sub-Cell 

electrophoresis apparatus (Bio-Rad) using IX  MOPS containing 3.7% 

formaldehyde as the running buffer. Electrophoresis was terminated when 

the bromophenol blue dye-front had migrated two-thirds of the way down the 

gel.
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The integrity of the RNA was checked under UV illumination and gels 

photographed. RNA was capillary blotted to nitrocellulose membrane (0.2pm 

pore; Schleicher & Schuell, Dassel, Germany), overnight at room 

temperature with 1M ammonium acetate as the transfer buffer. Transfer was 

confirmed by UV illumination and for orientation the position of the 288 and 

188 ribosomal RNA bands were marked. Membranes were baked under 

vacuum at 80°C for two hours and prehybridised overnight at 65°C in 4X 

88C (0.6 M NaCI, 60mM Na3Citrate-H20), 5X Denhardt’s Solution (4 mg/m I 

polyvinylpyrrolidone, 4mg/ml BSA, 4mg/ml Ficoll 400; Sigma), 0.5% SDS, 

5mM Tris, ImM EDTA in a Techne Hybridisation Oven (Techne Ltd.; 

Duxford, Cambs, UK). Collagen a1(l) cDNA was obtained from Dr M. L. Chu 

(Thomas Jefferson University, Philadelphia, PA, USA). The probe was 

labelled with a^^P-dCTP (>5000pCi/mmol, lOpCi/pl; Amersham Pharmacia, 

Buckinghamshire, UK) using a Random Primed DNA kit (Amersham 

Pharmacia) according to manufacturer’s instructions. Blots were hybridised 

for 17-24 hours at 65°C in prehybridisation solution containing 50pg/ml pA"̂ - 

RNA (Roche), 50pg denatured salmon sperm DNA (Sigma), and 10  ̂cpm of 

a^^P-dCTP-labelled C0L1A1 cDNA probe. Blots were washed 4 times, 20 

minutes each, in 4X SSC, 0.5% SDS at 50°C. The membrane was allowed 

to dry to dampness on 3M paper at room temperature and exposed to 

autoradiography film (Xomat; Kodak, Hemel Hempstead, Herts, UK) for 24 

hours at -80°C.

Photographs of ethidium bromide-stained gels and autoradiograms were 

scanned and quantified by densitometry (ImageMaster software; Amersham 

Pharmacia Biotech UK Ltd., Little Chalfont, Buckinghamshire UK). Values 

were corrected for variations in RNA loading by comparison to densitometry 

values of the ethidium bromide-stained rRNA.
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2.6 Plasmid Constructs

The genomic clone pG70, of mouse C0L1A1 promoter construct was a 

generous gift from Dr Jerome Rossert (INSERM, Hospital Tenon, Paris, 

France). This construct was modified by Dr Gisela Lindahl (Centre for 

Cardiopulmonary Research, RFUCMS, London) creating two new constructs 

[114]. pGLa1-2.3 (Figure 2-1B) was constructed by subcloning a fragment 

containing sequences between -2310 and +115 of the genomic clone pG70 

into the Hind III site of pGL3Basic (Promega; Figure 2-1A). The original 3’- 

end Xba I site was converted to a Hind III site by ligation to a linker, p- 

CAAGCTTG, and digested with Hind III prior to ligation into pGL3Basic 

linearised at the Hind III position of multiple cloning site. To create the 

pGLal-220 (Figure 2-1C) construct, containing sequences between -220 and 

+115, a Bgl II fragment was excised from pGLa1-2.3 and the plasmid 

re ligated. Sequencing of pGLal-220 revealed a discrepancy with the 

published sequence with an extra G between position -11/-12, however this 

is not within, or close to, any putative transcription factor binding sites. To 

avoid confusion with numbering of transcription factor binding sites described 

by other investigators, published base pair (bp) numbering has been used in 

this thesis. The transcriptional start site is from GeneBank accession number 

X54876. Sequence up to -1627 is available from GeneBank and the location 

of the 5’ end of pGLa1-2.3 is from unpublished sequence (J. Rossert, 

personal communication).
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Figure 2-1 Plasmid map of C0L1A1 promoter constructs. Figures adapteid from the 

original maps supplieid by Promega [127].
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2.7 Preparation of Plasmid DNA

Frozen stocks of JM109 bacteria, transformed with pGL3-Basic, pGLa1-2.3 

or pGLa1-220, were inoculated into SOOmIs of LB medium (Sigma) 

containing 50pg/ml of ampicillin. Bacteria were incubated at 37°C with 

vigorous shaking until the Aeoo was 0.8 (about 8 hours). Amplification of 

plasmid DNA was achieved by addition of chloramphenicol (172)Lig/ml; 

Sigma) and incubation overnight at 37°C with vigorous shaking.

Bacteria were collected by centrifugation at 6000xg for 15 minutes at 4°C. 

Plasmid DNA was extracted using the Endotoxin-free Qiagen Plasmid Maxi 

Kit (Qiagen; West Sussex, UK) according to manufacturer's instructions. The 

concentration of the DNA was measured by absorbance at A260 and verified 

with restriction digest analysis. The restriction digest of pGLal-220 reaction 

was carried out using 1.5pl plasmid (1pg/pl; Section 2.6), ^p\ Hind III (lOU/pl; 

Promega), 1̂ 1 Bgl II (10U/|al; Promega), 2|il 10X Buffer B (60mM Tris-HCI pH 

7.5, 500mM NaCI, 60mM MgC^, 10mM DTT; Promega), 0.2^1 BSA (100X; 

Promega) and 14.3|il H2O at 37°C for 4 hours. For pGLa1-2.3 restriction 

digest was carried out using 1.5pl plasmid (l^ig/^l), 2pl Hind III (10U/pl; 

Promega), 2p\ 10X Buffer B (60mM Tris-HCI pH 7.5, 500mM NaCI, BOmM 

MgCl2 , lOmM DTT; Promega), 0.2^il BSA (100X; Promega) and 14.3|il H2O 

at 37°C for 4 hours. The restriction fragments were electrophoresed on an 

agarose gel and detected under UV light at 315 and 2.3k bp for pGLal-220 

and pGLa1-2.3 respectively.

2.8 DNA Electrophoresis

Restriction digest DNA samples containing IX  DNA loading dye (Sigma) 

were run on agarose gels. Depending on the size of the DNA fragments 1-3 

% agarose was melted in 1x TBE (8.9mM Tris pH 8.3, 8.9mM boric acid,

0.2mM sodium EDTA). Samples were electrophoresed in IX  TBE containing 

1pg/|il ethidium bromide (Sigma) at 70-90V using the DNA Mini Sub-Cell 

electrophoresis apparatus (Bio-Rad).
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3. HYPOXIC REGULATION OF THE MOUSE C0L1A1 

PROMOTER

3.1 Introduction

Under physiological conditions, fibroblasts are capable of regulating collagen 

production according to the dynamic requirements of the extracellular matrix 

during development, differentiation and repair [67]. There are three general 

mechanisms by which production of these macromolecules can be 

controlled:

a) Transcriptional regulation of collagen gene expression

b) Control of mRNA stability and translation rates

c) Variation in the fraction of the newly synthesised collagen, which is 

degraded, before it is secreted out of the cell

It is well recognised that the first two mechanisms play important roles in 

determining the net amount of collagen produced by a given cell

[3.5.19.44.67.68.72.74.111.112.117.140.165.178]. However published 

studies provide abundant evidence indicating that the most important 

regulatory events occur at the level of gene transcription

[3.5.19.44.67.68.72.74.111.112.117.140.165.178].

As discussed in Chapter 1, transcription of many hypoxia-inducible genes 

such as TIMP-1 [113], is regulated by hypoxia-inducible factor-1 (HIF-1), 

which binds to the core sequence 5'-(A)CGTG-3' [190]. Sequence analysis 

of C0L1A1 promoter in mouse and human shows a cluster of 4 putative HIF- 

1 binding sites between -2001 and -1350 (Table 3-1). As shown (underlined 

in Table 3-1) two of the putative HIF-1 binding sites are conserved between 

the 2 species.
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Human C0L1A1 promoter-2310/+115

1 5 ' -TGGGCGTGGGAA-3' - 2 2 0 3 / - 2 2 0 0

2 5 ' -CCGACGTGGCTC-3' - 1 6 9 4 / - 1 6 9 1

3 5 ' -AGGGCGTGGAGA-3' - 1 6 2 2 / - 1 6 1 9

4 5 ' - AGGACGTGGAGT- 3  ' - 1 3 7 9 / - 1 3 7 6

Murine C0L1A1 promoter-2310/+115

1 5 ' -CGCGCGTGTGTG-3' - 2 0 0 1 / - 1 9 9 8

2 5 ' -GCTTCGTGGCAT-3' - 1 9 5 2 / - 1 9 4 9

3 5 ' -GCGACGTGGCTC-3' - 1 5 7 4 / - 1 5 7 1

4 5 ' - AGGGCGTGAAGG-3 ' - 1 4 9 3 / - 1 4 9 0

Table 3-1 Putative HIF-1 binding sites and their location in human and murine COL1A1 

promoter. Solid and broken lines show the identical sequences in both species. Table 

originally compiled by Dr. C. Orphanides [118] from the sequences obtained from Dr. J. 

Rossert.

The presence of the HIF-1 binding sites does not guarantee functional 

involvement. However presence of multiple binding sites for HIF-1 on the 

C0L1A1 promoter does increase the possibility of a role for HIF-1 in 

transcription of C0L1A1. Although any of the 4 HIF-1 binding sites could 

function alone, some HIF-1-dependent, hypoxia-inducible genes such as 

transferrin have been shown to require the interaction of two HIF-1 binding 

sites [99]. Involvement of more than 2 HIF-1 sites in the hypoxic 

transcriptional response has not been reported.

Various studies have demonstrated changes in collagen gene expression in 

different mesenchymal cell types in response to low O2 [32,37,40] but 

hypoxia-inducibility of the COL1A1 promoter and the presence of specific 

hypoxia response elements have not been investigated. Previous in vitro 

studies in this laboratory showed that hypoxia regulates matrix production in 

a number of renal cell types [40,113,116,118]. It has been shown that 

hypoxia induces a fibrogenic profile, increasing steady-state Coll-I mRNA 

levels and stimulating collagen production [116]. The hypoxia-induced 

increase in gene expression required de novo RNA transcription and new
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protein synthesis, as it was inhibited by Actinomycin D and cycloheximide 

respectively. In addition to the studies on the endogenous C0L1A1 gene, 

preliminary data showed that hypoxia resulted in activation of the mouse 

C0L1A1 promoter constructs and this transcriptional upregulation was 

independent of HIF-1 and was mediated by an HRE located between - 

220/+115 [118]. The main objective of this thesis was to identify the HRE 

and the transcription factors involved in hypoxic induction of the gene. In this 

chapter the primary aim was to confirm hypoxia-inducibility of the C0L1A1 

promoter prior to embarking on more detailed investigation.

Exposure to low oxygen tension induces the expression of a variety of growth 

factors and cytokines most notably TGF-Pi [40,48,190]. TGF-Pi is a multi

functional cytokine that plays an important role in embryonic development, in 

immune responses and is considered a key factor in regulating wound 

healing, tissue repair and development of fibrogenic disorders [97,121,178]. 

These observations raise two questions:

1. Could hypoxic induction of TGF-pi be responsible for transcriptional 

activation of the C0L1A1?

2. If not, do hypoxic and TGF-pi activation cascades share common 

regulatory elements in the C0L1A1 promoter?

A negative answer to the first question was provided by a previous study 

from this laboratory. In the first experiment addition of neutralizing anti-TGF- 

Pi antibody did not block the hypoxic induction of Coll-I mRNA [113]. In the 

second experiment incubation of naive fibroblasts with medium conditioned 

by hypoxic cells did not induce Coll-I mRNA [113]. Both sets of results 

therefore argue against hypoxia-induced secreted mediator(s) acting via 

autocrine pathways to induce Coll-I mRNA in response to low oxygen 

concentration. However, these studies only examined the effect of TGF-Pi 

on the endogenous C0L1A1 gene and the effects of this cytokine on the 

promoter was not investigated. Therefore existence of positive transcription 

factor(s) or regulatory element(s) on the COL1A1 promoter common to 

hypoxia and TGF-Pi could not be ruled out and the second question
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remained unanswered. Although preliminary studies had shown the mouse 

C0L1A1 HRE(s) to be between -220/+115 no TGF-pi activator element 

(TAE) for the mouse promoter has yet been defined. The current study was 

aimed at simply including or excluding the existence of TAE in the -220/+115 

region of the promoter where preliminary data suggested the HRE(s) was 

located.

As mentioned above the mouse C0L1A1 TAE has not yet been defined, 

however recent studies have begun to delineate the mechanism of 

transcriptional activation of collagen-1 genes by TGF-Pi. Stimulation of the 

rat C0L1A1 promoter activity by TGF-pi was shown to be mediated by a 

short segment, with a nuclear factor 1 (NF-1) like sequence, localised 

approximately 1600bp upstream of the transcription initiation site [143]. This 

TAE contains a NF-1 consensus sequence and an AP-2 binding site [144]. 

However, although the protein complex binding this region has not been 

identified, it was shown not to involve NF-1 or AP-2 binding [144]. In the 

human C0L1A1 promoter a similar TAE was described at -1718bp, however 

deletion of this element did not inhibit TGF-Pi activation [68]. In the same 

study a TAE was identified between -174 and -84, which includes homology 

to Spl and NF-1 binding sites, but the transcription factors binding to this 

element have not yet been identified. An AP-1 binding site located between 

+598/+604 in the first intron of the human C0L1A1 has also been shown to 

be involved in TGF-pi-mediated modulation of this gene [3].

In the murine C0L1A2 gene, a segment localised between -300/-350 bp 

upstream from the transcription initiation site was reported to be necessary 

and sufficient for its transcriptional activation by TGF-Pi [1,74,146]. In one 

study [146] using DNA transfection, it was shown that TGF-Pi stimulates the 

activity of the mouse C0L1A2 promoter 5-10-fold in mouse NIH 3T3 and rat 

osteosarcoma cells. This TAE contains a binding site for the transcription 

factor NF-1. A 3bp substitution mutation, abolishing NF-1 binding to this site, 

inhibited TGF-Pi activation [146]. Interestingly insertion of this NF-1 binding 

site 5' to the SV40 promoter made the promoter TGF-pi-inducible [146]. It
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was therefore shown that a NF-1 binding site between -35/-350 mediates 

the transcriptional activation of the mouse C0L1A2 promoter by TGF-pi 

[74,146]. At present it is not clear which responsive elements are involved in 

TGF-pi-mediated activation of the human C0L1A2. In one study a putative 

TGF-pi response element, unrelated to the NF-1 binding site, was localised 

between -378/-108bp [146]. Further, functional assays, using a series of 

deletions of the promoter constructs, localised the shortest promoter 

sequence that mediates most of the TGF-pi-mediated upregulation of the 

COL1A2 gene expression to a region between -313/-183. This TAE 

contains an Spl consensus sequence. Subsequently it has been shown that 

Spl binding is necessary but not sufficient to promote the TGF-pi up

regulation of the human C0L1A2 [65,171]. A more recent study localised the 

TAE further to between -265 and -241 and identified AP-1 as the critical 

binding protein [26].

Overall analysis of the TAEs in both COL1A1 and C0L1A2 across the 

species does not identify a common DNA sequence or location on the 

promoter. However, transcription factors NF-1, AP-1 and Spl all appear to 

be involved in TGF-Pi mediated activation of the collagen-1 genes. As will be 

discussed in Chapter 4, the mouse C0L1A1 promoter -220/+115 includes 

binding sites for all three factors (Figure 4-3), again highlighting the 

importance of ruling out any role for TGF-Pi in hypoxic transcriptional 

activation of the gene.
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3.2 Aims

Prior to a comprehensive search for cis and trans-acWng factors involved in 

the hypoxic regulation of mouse C0L1A1, the aims of the current chapter 

were:

1. To verify hypoxic induction of the mouse C0L1A1 promoter.

2. To determine the role of HIF-1 in increased promoter activity.

3. To examine the effects of TGF-Pi on the transcriptional activity of 

C0L1A1 promoter, highlighting any common regulatory elements 

with hypoxia.

3.3 Methods

For cell culture, plasmid maps and preparation of plasmid DNA refer to 

Chapter 2.

3.3.1 Transient transfection with C0L1A1 constructs

NRK-49F, OHO, and Ka13 (HIF-1 a-deficient OHO cells) cells were seeded at 

a density of SxlO'^/well in 6-well plates (Greiner; Stonehouse, 

Gloucestershire, UK) and incubated overnight to 85-95% confluency. Cells 

were transfected using Lipofectamine® Reagent (3:1 liposome formulation of 

the poly cationic lipid 2,3-dioleyloxy-N-[2 (sperminecarboxamido)ethyl]-N,N- 

dimethyl-1 -propanaminium triflu roacetate (DOSPA) and dioleoyl 

phosphatidylethanolamine (DOPE); Invitrogen) according to the 

manufacturer’s instructions.

Initially optimal transfection conditions were established by titration of the 

following parameters:

1. Amount of plasmid DNA. Higher levels of plasmid DNA (>2pg) 

resulted in increased toxicity and cell death. This problem was
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minimised by using endotoxin-free plasmid preparation (Section 2.7) 

and more concentrated plasmids.

2. Volume of Lipofectamine® Reagent used. The range recommended 

by the manufacturer was rather wide at 2-25jal. For NRK-49F cells, 

8|il/well was found to result in good transfection levels with minimal 

loss of cell viability.

3. Duration of the transfection period. Prolonged transfection period 

(longer than 12-16 hours), resulted in high levels of cell toxicity and 

death. Following transfection, immediate exposure of cells to hypoxia 

also resulted in high levels of cell death. Inclusion of a “recovery” 

period where the transfection mixture was removed and replaced with 

media and cells incubated for 1 hour in normoxia, prior to hypoxic 

exposure, significantly reduced this problem.

Efficiency of transfection of pGLa1-2.3 and pGLal-220 plasmid constructs 

was measured previously in this laboratory using Hirt’s Assay [118]. Internal 

controls for all experiments included treatment of cells with Lipofectamine ® 

Reagent alone and transfected cells with 10% FCS to show cell viability and 

proliferation.

For each transfection, solutions A and B were prepared as following:

Solution A: For each DNA construct, 2pg/well of plasmid DNA was diluted in 

100|il/well of serum-free, OPTI-MEM® medium (Invitrogen).

Solution B: 8|il/well of Lipofectamine® Reagent (2mg/ml) was diluted in 

10Opl/well of OPTI-MEM® medium.

Equal volumes of solutions A and B were combined, mixed gently and 

incubated at room temperature for 30 minutes to allow DNA-liposome 

complex formation. OPTI-MEM® medium 80G^I/well was added to the 

Lipofectamine®-DNA mixture to give a final transfection volume of 1 ml/well.
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Cells were rinsed twice with OPTI-MEM® medium and overlaid with the 

diluted of Lipofectamine®-DNA mixture. Cells were incubated for 6 hours at 

37°C, the transfection medium was removed and replaced with 2ml of 

medium containing 1% antibiotic-antimycotic, serum-free for CHO and Ka13 

or containing 0.5% FCS for NRK cells. Cells were allowed to “recover” from 

transfection by incubation for 1 hour at 37°C before exposure to hypoxia or 

TGF-pi (R&D Systems; Abingdon, Oxfordshire, UK) as discussed below.

After 48 hours of hypoxia or TGF-Pi treatment, cells were washed twice with 

ice-cold PBS. Passive Lysis Buffer (PLB) 400pl/well (Promega) was added 

and cells frozen at -80°C. Inclusion of the freezing step in the protocol was 

shown previously to enhance cell lysis (Dr G Lindahl, Department of 

Medicine, RFUCMS; personal communication).

3.3.2 Hypoxic treatment of transfected Cells

Transfected cells were exposed to hypoxia (1% O2) for 48 hours as 

described in Section 2.2. Parallel transfected controls were cultured under 

normoxic conditions (21% O2). In view of the 72 hour window of transient 

transcriptional activity by the constructs the 48 hour time point was chosen to 

maximise the level of luciferase protein synthesised by the transfected cells.

3.3.3 TGF~/̂ i treatment of transfected cells

Transfected NRK49F cells were exposed to 5ng/ml TGF-pi (R&D Systems) 

added to their media containing 0.5% FCS. Parallel transfected controls 

were cultured in culture media containing 0.5% FCS. The 48 hour time point 

was again chosen to maximise luciferase protein synthesis by the transiently 

transfected cells.

3.3.4 Luciferase assay
Frozen samples in PLB were thawed and incubated for 20 minutes at room 

temperature on an orbital shaker. Lysed cells were scraped, transferred to
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microcentrifuge tubes and centrifuged at 18500xg (Eppendorf 5402) at 4°C 

for 30 seconds to remove cellular debris and the supernatant collected. 

Samples were aliquoted in duplicate, into a polypropylene 96-well plate 

(Fisher Scientific; Loughborough, UK). Luciferase activity was measured 

with an automated microplate illuminometer (Trophix TR 717; PE 

Biosystems, Cheshire, UK) using the Luciferase Assay Kit (Promega) 

according to manufacturer’s instruction. In each reaction 50^1 Luciferase 

Substrate Reagent was added to 20pl cell lysate and luminescence 

measured for 25 seconds. The enzyme activity of each sample was 

measured in duplicate and a mean value used for calculations. Total cell 

protein per well was measured using the modified Bradford assay as 

described earlier (Section 2.3). Data are expressed as arbitrary luciferase 

units/pg protein. Data shown are representative of a minimum of 3 

experiments with n=3 wells for each of the 3 plasmids per experiment. 

Statistical significance was determined by Student’s paired t-test.

3.3.5 Northern blot analysis of TGF-J3rtreated cells

NRK-49F cells were grown to confluence, in 6-well plates (Greiner) and 

made quiescent for 48 hours (Section 2.1). TGF-pi 5ng/ml was added to the 

medium and cells incubated for 48 hours. RNA extraction and Northern blot 

analysis was carried out as described in Section 2.4.

3.4 Results

3.4.1 Hypoxia increases C0L1A1 promoter activity in NRK-49F 
fibroblasts via a HRE located between -220/+115

NRK-49F fibroblasts were transfected with the control vector, pGL3B and the 

two C0L1A1 constructs, pGLa1-2.3 and pGLal-220 (Section 2.6), and 

exposed to hypoxia for 48 hours. In addition to testing the hypoxia

53



C hapter 3

inducibility of the C0L1A1 promoter this transfection experiment also 

examined the role of the -2310/-220 region of the promoter where the 4 

putative HIF-1 binding sites are located.
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Figure 3-1 Luciferase activity o f NRK-49F cells transfected with COL1A1 promoter 

constructs and exposed to hypoxic and normoxic conditions for 48 hours. Semi- 

confluent cell cultures were transfected with pGL3B (control vector), pGLa1-2.3 and p G L a l-  

220 C0L1A1 for 6 hours, allowed to recover in 0.5% serum-containing medium for 1 hour 

prior to exposure to normoxia (21% O2) or hypoxia (1% O2 ) for 48 hours. Cells were 

harvested for measurement of luciferase activity and values corrected for total cellular 

protein. Data shown is a representative of 2 experiments with pGLa1-2.3 and 5 experiments 

with pG Lal-220 with n=3 wells for each of the 3 plasmids per experiment. □  = Normoxia 

■ =  Hypoxia *=P<0.05 by paired Student’s t-test for hypoxia vs. normoxia.

The basal activity of the control plasmid, pGL3B, was low but was induced

1.3 fold by hypoxia, however this induction was not statistically significant. 

The basal activity of the pGLa1-2.3 was higher than the shorter C0L1A1 

construct, pGLa-220, again this difference was not statistically significant. 

After 48 hours of hypoxia the promoter activity of pGLa1-2.3 was induced 

1.7-fold and pGLal-220 by 3-fold (P<0.05 hypoxia vs. normoxia). Therefore 

deletion of the 4 HIF-1 binding sites did not abolish hypoxic induction of the 

promoter indicating that hypoxia-induced promoter activity was mediated by 

the sequence between -220/+115 of C0L1A1.
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3.4.2 Hypoxia also Increases C0L1A1 promoter activity In CHO 
epithelial cell line by a HRE located between -220/+115

CHO cells were selected due to availability of the Ka13 cells deficient in HIF- 

1a. In addition to provision of a control for transfection of Ka13 cells, this 

experiment also examined the hypoxia-inducibility of the C0L1A1 promoter in 

epithelial cells. CHO cells were transfected with the control vector and the 

two C0L1A1 constructs and exposed to hypoxia for 48 hours.
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Figure 3-2 Luciferase activity o f CHO ceils transfected with COL1A1 promoter 

constructs and exposed to hypoxic and normoxic conditions for 48 hours. Semi

confluent cell cultures were transfected with pGL3B (control vector), pGLa1-2.3 and pGLa1- 

220 C0L1A1 constructs for 6 hours, allowed to recover in serum-free medium for 1 hour 

prior to exposure to normoxia (21% O2 ) or hypoxia (1% O2 ) for 48 hours. Cells were 

harvested for measurement of luciferase activity and values corrected for total cellular 

protein. Data shown is a representative of 2 experiments with n=3 wells for each of the 3 

plasmids per experiment. □  = Normoxia ■  = Hypoxia *=P<0.05 by paired Student’s t-test.

In common with NRK-49F transfected cells, the basal promoter activity of the 

control vector pGL3B was low but was induced 2-fold by hypoxia. This 

induction is however not statistically significant. The basal promoter activities 

of the two C0L1A1 constructs were very much higher than that of the control 

plasmid (40-fold) and were similar in both constructs. After 48 hours of
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hypoxia the reporter activity of pGLa1-2.3 was increased 2-fold and pGLa1- 

220 by 2.1-fold (P<0.05 hypoxia vs. normoxia).

3.4.3 Hypoxic Induction of C0L1A1 promoter activity Is 
Independent of HIF-1

To confirm that the hypoxic induction of C0L1A1 promoter was independent 

of HIF-1, promoter activity of C0L1A1 constructs were measured in HIF-1a 

deficient Ka13 cells [190]. Cells were transfected with the control vector and 

the two C0L1A1 constructs and exposed to hypoxia for 48 hours.

I
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Figure 3-3 Luciferase activity o f Ka13 (HIF-1 a  deficient) cells transfected with COL1A1 

promoter constructs and exposed to hypoxic and normoxic conditions for 48 hours:

Semi-confluent cells were transfected with pGLSB (control vector), pGLa1-2.3 and pGLa1- 

220 for 6 hours, allowed to recover in serum-free medium for 1 hour prior to exposure to 

normoxia (21% O2 ) or hypoxia (1% O2 ) for 48 hours. Cells were harvested for measurement 

of luciferase activity and values corrected for total cellular protein. Data shown is a 

representative of 2 experiments with n=3 wells for each of the 3 plasmids per experiment. □  

= Normoxia ■  = Hypoxia *=P<0.05 by paired Student’s t-test hypoxia vs. normoxia.

In Ka13 cells the basal promoter activity of the control vector, pGL3B, was 

low and was not altered by hypoxia. The basal promoter activities of the 

C0L1A1 constructs were similar and markedly higher then that of the control
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vector (13-fold). After 48 hours of hypoxia the reporter activity of both 

pGLa1-2.3 and pGLal-220 promoter activity were increased 1.9-fold by 

hypoxia (P<0.05 hypoxia vs. normoxia).

3.4.4 TGF-fii upregulates Coll-I mRNA expression

Prior to examination of the effects of TGF-Pi on C0L1A1 promoter the effect 

of this cytokine on the endogenous gene in NRK-49F was tested. Confluent 

NRK-49F cells were made quiescent, treated with 5ng/ml TGF-Pi for 48 

hours and total cellular RNA extracted.
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Figure 3-4 Effect of TGF-Pi on Coll-I mRNA levels in NRK-49F cells. Confluent cells 

were made quiescent, treated with 5ng/ml TGF-pi for 48-hours, and total cellular RNA 

extracted. A: Northern blot analysis of Coll-I expression. Ethidium bromide staining of the 

28S rRNA is shown to demonstrate equal loading. B; Densitometric values of Coll-I signals 

normalised to the 28S rRNA. Normoxic control mRNA levels was assigned a value of 1 and 

the fold-change calculated.

Northern blot analysis of the Coll-I mRNA showed 5.5-fold increase in Coll-I 

mRNA level in TGF-pi treated cells. This result was consistent with previous 

reports from this laboratory [87] and by others [97,121,178] on the fibrogenic 

properties of this cytokine.
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3.4.5 Mouse C0L1A1 promoter contains positive and negative 
reguiatory eiements for TGF-A
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Figure 3-5 Luciferase activity o f NRK-49F cells transfected with COL1A1 promoter 

constructs treated with TGF-pi. Semi confluent cell cultures were transfected with pGL3B 

(control vector), pGLa1-2.3 and pGLa1-220 C0L1A1 constructs for 6 hours, allowed to 

recover in 0.5% serum containing-medium for 1 hour prior to exposure to 5ng/ml TGF-(3i for 

48 hours. Cells were harvested for measurement of luciferase activity and values corrected 

for total cellular protein. Data shown is a representative of 2 experiments with n=3 wells for 

each of the 3 plasmids per experiment. □  =Control ■  =TGF-(3i treatment *=P<0.05 treated 

vs. control.

In order to examine the effect of TGF-pi on C0L1A1 promoter activity, NRK 

cells were transfected with the COL1A1 constructs and treated with 5ng/ml of 

TGF-Pi for 48 hours. The basal activity of the control vector pGL3B was low 

and was inhibited 2.2-fold by TGF-pi, this reduction was however not 

statistically significant. Treatment with TGF-pi resulted in 3.3-fold induction 

of reporter activity of pGLa1-2.3 (P<0.05) indicating a TGF-pi responsive 

element within the -2310/+115 region of the promoter. The basal reporter 

activity of the pGLa1-220 was reduced 2.7-fold by TGF-Pi treatment 

(P<0.05), suggesting a negative regulatory element for this cytokine between 

-220/+115 of the mouse C0L1A1 promoter, and further localised the TGF-Pi 

responsive element to the region -2320/-220.
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3.5 Discussion

In this chapter the effect of hypoxia on C0L1A1 promoter activity was 

investigated. The specificity of hypoxia as a stimulus is an important point 

and has been verified by several reports. In a study carried out in this 

laboratory, the specificity of the effect of hypoxia on Coll-I mRNA and protein 

rather than a general stress response was illustrated by the failure of a 

variety of cellular stresses to elicit a similar response [113]. In this study 

treatment of cells with oxidative stress (100-200pMol/l H2O2) resulted in 

reduction of Coll-I mRNA. Heat shock treatment (42-44 °C for 15 minutes) 

did not induce any changes in Coll-I mRNA. The independence of heat 

shock and hypoxia pathways has also been documented in studies on the 

EPO gene [21]. Treatment with hypoglycaemia and hyperlactemia, both of 

which are reported as fibrogenic stimuli, also had no effect on the Coll-I 

levels [113]. Further, in the current experiment a different response of the 

COL1A1 promoter to hypoxia and TGF-pi was shown. Hypoxia can 

therefore be regarded as a specific stimulus, acting via unique regulatory 

pathways.

-1574/ 1571

-2001/ 1998

-1493/ 1490

1952/ 1959

-2310

-220

+1
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pGLo.1-2.3

pGLal-220

Figure 3-6 Schematic diagram of potential HIF-1 binding sites in the murine CO L I A I  

promoter constructs. Circles indicated -RCGTG- HIF-1 core binding sites. -220/+115 

does not contain any -CGTG- sequences. Boxed numbers indicate the bp location of 

putative HIF-1 binding sites. Diagram represents a revised version of the figure compiled by 

Dr. C. Orphanides [118] from the sequences obtained from Dr. J. Rossert.
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As mentioned in the Introduction, the transcription factor HIF-1 has been 

shown to be an important mediator of transcriptional regulation of many 

genes by hypoxia and acts by binding to the sequence 5'-(A)CGTG-3’ [190]. 

Analysis of the mouse C0L1A1 promoter sequence revealed a cluster of 4 

putative HIF-1 binding sites between -2001 and -1490. As shown in Figure

3-6 all 4 sites are included in the pGLa1-2.3 and excluded from pGLal-220 

(Section 2.6).

Figure 3-1 shows that pGLa1-2.3 construct transiently transfected into NRK- 

49F cells is transcriptionally active in normoxia. This activity increased 1.7- 

fold in hypoxia and demonstrated hypoxia-inducibility of the C0L1A1 

promoter. Transfection of the shorter construct, pGLal-220, also indicated 

transcriptional activity in normoxia but more importantly showed a 2-fold 

induction in hypoxia. As this shorter construct does not contain any HIF-1 

consensus binding sites, this result argues against a role for HIF-1 in hypoxic 

induction of C0L1A1 gene expression.

In addition to the 4 HIF-1 binding sites, -2210/-220 fragment of the mouse 

C0L1A1 promoter includes a known binding site for the transcription factor 

AP-1 at -804/-675 [122,163]. As mentioned in Chapter 1, AP-1 has been 

shown to be involved in transcriptional regulation in hypoxia [82] (Table 1-1) 

however the results presented show no effect in deleting the AP-1 binding 

site at -804/-675, also arguing against a role for this transcription factor in 

the hypoxic activation of C0L1A1. Indeed transfection experiments with both 

constructs suggest that the region -2310/-220 of C0L1A1 does not contain 

any c/s-regulatory elements that are important in transcriptional activation of 

this gene by hypoxia.

Transfection of both C0L1A1 constructs in an epithelial cell line, CHO cells, 

showed similar results. Both pGLa1-2.3 and pGLal-220 constructs

displayed basal activity at normoxia and were induced 1.8 and 2.1-fold by 

hypoxia respectively. These results indicate hypoxia-inducibility of

ectodermal cells, and also further illustrated that the deletion of the region
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-2310/-220 from the promoter had no inhibitory effect on the hypoxic 

induction, localising the HRE to -220/+115 region of the C0L1A1.

HIF-1 independence of transcriptional activation of pGLal-220 by hypoxia 

was further confirmed by transfecting Ka13 cells which are deficient in HIF- 

1a [191] in parallel with wild-type CHO cells. C0L1A1 constructs transfected 

into Ka13 cells were transcriptionally active in normoxia and in hypoxia the 

promoter activity of both C0L1A1 constructs increased by 1.9-fold. Although 

the results again narrowed the HRE of the promoter to -220/+115, most 

importantly any role for HIF-1 in hypoxic induction of C0L1A1 was ruled out.

Wood et al. [191] have shown that HIF-1 function in Ka13 cells can be 

restored by transfection with a human HIF-1 a gene, indicating that these 

cells are not defective in any other parameter of the oxygen sensing and 

hypoxic transcriptional process. In our laboratory. Northern blot analysis of 

total cell RNA extract from normoxic and hypoxic Ka13 cells confirmed the 

inability of these cells to display the HIF-1-mediated hypoxic induction of 

glyceraldehyde phosphate dehydrogenase (GAPDH) (Figure 3-7). Ka13 

cells therefore provide a powerful tool for investigating the role of HIF-1 a in 

cellular mechanisms.

A closer look at the luciferase activity of the control plasmid reveals that in 

both NRK and CHO cells the basal activity of this promoter was also induced 

by hypoxia. Analysis of the PGL3B sequence [128] revealed 9 consensus 

binding sites for HIF-1. Interestingly no induction of this vector was seen in 

Ka13 transfected cells.

As mentioned in the Introduction, exposure to low oxygen tension induces 

the expression TGF-pi [40,113]. Hypoxic induction of Coll-I mRNA was 

shown by previous studies in this laboratory to be TGF-Pi-independent, in 

that addition of neutralising anti-TGF-Pi antibody did not block the hypoxia 

induced increase in Coll-I mRNA levels [113]. Further, incubation of naive 

cells with culture medium conditioned by hypoxic cells did not induce Coll-I
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mRNA, arguing against a hypoxia-induced, secreted mediator(s) acting via 

autocrine pathways to induce Coll-I mRNA expression [113].

CHO Ka 13

GAPDH

J
Figure 3-7 Comparison of GAPDH mRNA levels in HIF-1 a-deficient Ka13 and wild type 

CHO cells in response to hypoxia. Confluent cells were made quiescent, and exposure to 

normoxia (21% O2) or hypoxia (1% O2) for 48 hours. Total cellular RNA was extracted and 

Northern blot analysis of GAPDH expression was carried out. Ethidium bromide-staining of 

the 28S rRNA is shown to demonstrate equal loading.

Prior to examining the effect of TGF-pi on the promoter activity of the 

COL1A1 constructs, the effect of this cytokine on the endogenous C0L1A1 

gene was investigated. The potent fibrogenic properties of TGF-pi on NRK- 

49F cells in inducing C0L1A1 gene expression is illustrated in Figure 3-4, 

where TGF-pi treatment resulted in a 5.5-fold increase in Coll-1 mRNA 

levels. A TGF-Pi activating element (TAB) for mouse C0L1A1 has not yet 

been fully defined. Transfection experiments, with C0L1A1 constructs 

showed (Figure 3-5) that a positive TGF-Pi-regulatory element is located in 

the -2310/-220 part of the promoter and deletion of this fragment resulted in 

reduction of the promoter activity below basal level. In contrast to hypoxia, 

TGF-pi had an inhibitory affect on the -220/+115 C0L1A1 promoter activity, 

suggesting that a negative TGF-Pi regulatory element(s) is present in this 

region. The results therefore exclude any possible role for TGF-Pi in hypoxic 

activation of the C0L1A1 and argue against any common regulatory 

elements shared between hypoxia and TGF-Pi in the promoter.
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3.6 Summary

Previous studies have indicated that hypoxia is a pro-fibrogenic stimulus 

[32,37,149,113,116,118]. In epithelial cells and fibroblasts transiently 

transfected with pGLa1-2.3, hypoxia stimulated reporter activity. 

Transcription of many hypoxia-inducible genes is regulated by HIF-1 [191] 

and analysis of the mouse C0L1A1 promoter sequence revealed a cluster of 

4 putative HIF-1 binding sites between -2001 and -1490. Transfection of the 

same cells with pGLal-220, which excludes the HIF-1 binding sites, also 

showed hypoxia-inducibility, suggesting that increased Coll-I expression in 

response to low O2 is not HIF-1 mediated. Furthermore, hypoxia stimulated 

C0L1A1 promoter activity in Ka13 cells lacking functional HIF-1 a. The 

results therefore indicate that hypoxia-inducibility of C0L1A1 is mediated by 

a HRE(s) in -220/+115 region of promoter. The same fragment was 

inducible in both epithelial cells and fibroblasts implicating a common 

regulatory mechanism in the two cell types.

Although hypoxia induces the expression of TGF-pi, the results of previous 

neutralising antibody studies and conditioned media transfer experiments 

[113] argue against a role for this cytokine in hypoxic regulation of Coll-I 

mRNA levels. In this study the effects of TGF-Pi on C0L1A1 promoter 

activity was compared with hypoxic response. Treatment of NRK-49F cells 

with TGF-Pi confirmed the potent fibrogenic activity of this cytokine on the 

endogenous gene; resulting in a 5.5-fold induction of Coll-1 mRNA levels. In 

NRK-49F cells transiently transfected with pGLa1-2.3, TGF-pi stimulated 

reporter gene activity. In contrast to the hypoxic response, deletion of -  

2310/-220 fragment of the promoter construct resulted in the reduction of 

promoter activity below the basal level, indicating a positive TGF-Pi 

regulatory element(s) between -2310/-220 and a negative regulatory 

between -220/+115 in the mouse C0L1A1 promoter. The presented data 

argue against a common regulatory c/s-element for TGF-pi and hypoxia in 

the C0L1A1 promoter, adding further support for direct effects of hypoxia on 

C0L1A1 gene expression.
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3.7 Conclusions

■ Hypoxia stimulates mouse C0L1A1 promoter activity via a HRE(s) 

between -220/+115.

■ Hypoxic activation of the mouse C0L1A1 promoter is independent of 

HIF-1.

■ In contrast to hypoxia, TGF-Pi has a negative regulatory effect on 

the -220/+115 fragment of the C0L1A1 promoter.

■ Transcriptional activation of C0L1A1 by hypoxic and TGF-pi do not 

appear to share common regulatory DNA elements, supporting a 

direct role for hypoxic induction of C0L1A1.
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4. IDENTIFICATION OF NUCLEAR PROTEIN BINDING 

REGIONS IN THE C0L1A1 -220/+115: COMPARISON
OF BINDING OF HYPOXIC AND NORMOXIC NUCLEAR 

PROTEINS

4.1 Introduction

The results obtained in Chapter 3 show that the HRE(s) of the C0L1A1 

promoter is located between -220/+115 and upregulation of promoter activity 

is independent of HIF-1, the most extensively investigated hypoxia-inducible 

transcription factor [190,191]. The region between -220/+115 in the C0L1A1 

gene contains a number of defined transcription factor binding sites [47,175] 

and in this chapter binding of normoxic and hypoxic nuclear proteins to this 

promoter is compared. In both prokaryotes and eukaryotes the binding of 

proteins to specific DNA sequences is a critical process in the regulation of 

transcription [80]. An essential tool in investigating DNA-protein interactions 

is DNase-1 footprinting [80]. This technique was used to examine and 

compare the interaction of nuclear extracts of normoxic and hypoxic cells 

with the proximal promoter (-220/+115) of the mouse C0L1A1 gene. Prior to 

discussion on previous investigations on the C0L1A1 promoter the principles 

of footprinting are outlined.

Overview of footprint analysis

In 1978, Galas and Schmitz [42] described a “simple conjoining of the 

Maxam-Gilbert DNA sequencing method and the technique of DNase 

protected isolation" for detecting specific DNA-protein binding sites. 

Although originally described as “simple” the experience of investigators 

using this technique is quite the opposite. An excellent review of this 

technique is provided by David Latchman [80,81].

In the footprinting assay, DNA is radiolabelled, only at the end of one strand 

of the double-stranded molecule and mixed with nuclear proteins. Following
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DNA-protein binding, the DNA is treated with a small amount of DNase-1 

enzyme, which digests the accessible parts of the DNA molecule. The 

digestion conditions are precise and are chosen so that ideally each 

molecule of DNA is cut only once or at most a few times by the enzyme. 

Following digestion DNA is precipitated and separated by electrophoresis on 

a polyacrylamide gel capable of resolving DNA fragments differing in size by 

only one base. This produces a ladder of bands cut 1 or 2 or 3 or 4 

nucleotides etc from the labelled end. As a control, DNA alone, in the 

absence of protein is also treated with DNase-1 resulting in formation of 

bands throughout the length of the promoter. Where a particular segment of 

DNA has bound a protein, it is protected from digestion and hence the bands 

corresponding to these regions are absent. When compared with control 

naked DNA reactions, protein-binding regions are visualised as a blank area 

on the gel, referred to as the footprint of the protein (Figure 4-1).

DNA fragment labelled at one end 
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Protein

Protein binds 
between bases 
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Random 
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except where 
protein has 
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l)Nase-l digestion

Gel electrophoresis 
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representing protein 
bound between 10 
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labelled end

Figure 4-1 Schematic diagram of the DNase-1 footprinting assay. Numbers represent 
the number of bases from the labelled end. Figure adapted from D. Latchman [80].
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Bands adjacent to the protected DNA sequence may appear to be more 

intense in the presence of the protein. These regions of DNase-1 

hypersensitivity are likely to represent a change in the structure of the DNA 

when it is bound by proteins, thus rendering it more susceptible to cleavage 

by DNase-1 [80,81].

A review of transcriptional elements in the murine C0L1A1 promoter
Although the effects of hypoxia on transcriptional regulation of the C0L1A1 

have not been previously explored, during the last two decades the basal 

regulation of this promoter, particularly of the mouse C0L1A1 gene, has 

been extensively investigated. Studies published are predominantly by two 

US-based groups led by de Crombrugghe in Houston, Texas and Breindl and 

subsequently Brenner in San Diego, California. A review of their findings is 

discussed in chronological order of publication and summarised in Figure 

4-2.

In 1984 Breindl at a/, investigated the chromatin structure of the mouse 

G0L1A1 gene and discovered a DNase-1 hypersensitivity site between -  

200/-100 in the promoter that was only present in cells synthesising Coll-I 

mRNA [18]. The presence of this transcription-associated site was 

suggestive of strong promoter activity [18]. In 1988, Brenner at al. showed 

that 220bp 5’ flanking sequence of the mouse C0L1A1 acts as a strong 

promoter when tested in an in vitro transcription system with NIH-3T3 nuclear 

extracts [19]. This study involved construction of chimeric genes containing 

part of the first exon and the promoter region of the mouse C0L1A1 fused to 

the bacterial chloramphenicol acetyltransferase (CAT) reporter gene, which 

were then used in transient transfections. The highest transcriptional activity 

was consistently observed with the construct containing -220 to +115 of the 

C0L1A1. The activity of this construct was shown to be comparable to that 

of strong viral promoters (Simian virus 40 and Moloney and murine 

leukaemia virus promoters) [19]. However comparison of the DNA sequence 

of the C0L1A1 with viral promoters and other known enhancers showed no 

major homology [140] and the mechanism mediating this strong promoter 

activity remained unexplained.
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Inspection of the mouse C0L1A1 promoter sequence (Figure 4-2) reveals 

several elements which may be involved in transcriptional regulation 

[47,175]. These include a polypyrimidine stretch between -128/-168, two 

inverted CCAAT boxes (5’-attgg-3’) at -96/-100 and -122/-126 and two 

perfect 12bp repeats (5’-tgggggccgggc-3’) at -83/-94 and -113/-124, which 

resemble an Sp1 binding motif.

-220. agatctgggg ggcaagggcg gcagagttgc gggagggggg gcgctgggtg

-170 gactcctttc ccttcctttc cctcctcccc cctcttcgtt ccaaattggg

-120 ggccgggcca ggcagttctg attggctggg ggccgggctg ctggctcccc

-70 . ctctccgaga ggcagggttc c^cccagctc tccatcaaga tggtataaaa

-20 . ggggcccagg ccatcgtcgg lagcagacggg agtttctcct cgggacggag

+ 31 . caggaggcac gcggagtgag gccacgcatg agccgaagct aaccccccac

+ 81 . cccagccgca aagagtctac atgtctaggg tctag +115

Figure 4-2 Murine COL1A1 sequence -220/+115. Arrow Indicates the transcription start 

site. Sequence obtained from GenBank, accession number: X54876, NID: G50486. Original 

submission by Breindl M. J., San Diego State University, 1990 [108].

Studies to determine the functional role of these potential regulatory motifs 

have used a combination of footprinting, electrophoretic mobility shift assays 

(EMSA) and transfections to delineate the c/s-acting elements and identify 

the trans-acimg factors binding to them. In 1988 de Crombrugghe et al. 

purified a novel heterodimeric CCAAT-binding factor, CBF (also called NF-Y 

and CPI) from rat liver [89]. Addition of purified CBF protein to NIH-3T3 

nuclear extracts resulted in transcriptional stimulation of several promoters 

including the mouse C0L1A1 and C0L1A2 promoters [89]. Footprinting 

analysis of the C0L1A1 promoter using purified CBF showed a footprint only 

in the proximal CCAAT box [89], and a T-to-A mutation in this motif 

abolished binding [89]. Subsequent studies, using crude nuclear extracts of 

NIH-3T3 fibroblasts in DNase-1 protection assays found four discrete 

regions, between -220 and -80, protected from DNase-1 digestion by the 

proteins present in the nuclear extracts [19,72]. In the original study [72] the 

two more distal footprints (-190/-170 and -160/-130) were shown by
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competition assays, to bind the same unidentified factor, designated 

Inhibitory Factor-1 (IF-1) [72]. Introduction of mutations abolished the 

binding of this factor to the footprinted elements and resulted in increased 

promoter activity indicating a negative regulatory role for these segments 

[72]. Therefore, the two proximal footprint elerpents (-132/-107 and -112/- 

87) were assumed to account for the high basal transcriptional activity of the 

C0L1A1 promoter [72,138]. The sequence of the two proximal protected 

regions is very similar, and includes important regulatory sequences, each 

containing a reverse CCAAT motif and a 12bp G+C-rich direct repeat. 

Purely on the basis of competition assays the authors concluded that the 

protein complex binding the proximal footprint included CBF [72]. The 

footprint obtained with purified CBF was smaller than that obtained by 

nuclear extracts suggesting interaction of additional DNA binding proteins

[72,89]. As expected from a previously published DNase-1 footprint [89], an 

oligonucleotide corresponding to the -1 32/-107 protected area which 

included the distal of the two CCAAT boxes, did not bind purified CBF [72].

Another protein, designated Inhibitory Factor-2 (IF-2) was also identified as 

binding the region -1 30/-80 of the C0L1A1 promoter [72]. The binding of 

this factor to the promoter was shown to be rather complex. Méthylation 

interference experiments showed that the distal 12bp repeats were the 

major sites of contact between the DNA and protein and efficient binding of 

this factor also required the presence of the proximal 12bp repeat [72]. 

Also, although CBF and IF-2 bound to two different sequences, binding of 

CBF inhibited binding of IF-2 to the distal 12bp element. Introduction of a 

3bp substitution in the IF-2 binding site resulted in 2.3-fold increase in 

reporter activity, hence the name given to this factor [72].

As stated above, each of the two protected areas on the DNase-1 footprint 

contains a reverse CCAAT motif and a 12bp G+C-rich direct repeat. 

Interestingly, these two important regulatory sequences are totally conserved 

in mouse, rat and human and highly conserved in chicken [111]. Brenner et 

al. carried out an extensive study of the two proximal footprinted areas [112]. 

They had shown previously that ligation of the proximal footprint sequence to
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a heterologus promoter enhanced transcription of the reporter gene [19]. 

Introduction a 2bp G-to-T mutation into the distal and proximal CCAAT boxes 

of a -1627/+115 C0L1A1 promoter construct resulted in 2- and 3-fold 

reduction in reporter activity respectively, highlighting the functional 

significance of the two CCAAT boxes [112]. Analysis by DNase-1 protection 

assays, mobility shift assays, competition with specific oligonucleotides, 

binding with recombinant proteins and antibody supershifts showed that the 

transcription factors Nuclear Factor-1 (NF-1) and Spl bind to these two 

footprinted regions [112].

As mentioned above previous studies by de Crombrugghe et al. had 

concluded that purified CBF could bind to the first footprint and frans-activate 

the C0L1A1 promoter [89]. However most CCAAT-binding proteins can 

interact with any given CCAAT site and the affinity of binding is dependent on 

the sequences flanking the CCAAT motif [24]. Brenner et ai. compared the 

binding of the two CCAAT box-binding proteins, CBF and NF-1, in NIH-3T3 

nuclear extracts and showed NF-1 to be the major CCAAT box-binding 

protein, binding to the C0L1A1 promoter [112].

Méthylation interference assays demonstrated that in binding to the promoter 

both Spl and NF-1 make close contact with several identical nucleotides in 

both binding sites [111] therefore the binding of NF-1 and Spl appeared 

mutually exclusive. Further, in binding assays no complex was identified 

which contained both Spl and NF-1 [111,112]. Over-expression of NF-1 in 

co-transfection experiments with the -220/+115 C0L1A1 promoter construct 

increased reporter activity, while Spl over-expression reduced this activity 

below the basal level [112]. In contrast, the Herpes simplex virus thymidine 

kinase promoter, which contains functionally independent NF-1 and Spl 

binding sites, was maximally frans-activated by the co-transfection of both 

factors [112]. Another co-transfection study using Drosophila Schneider L2 

cells, which lack both NF-1 and Spl transcription factors, demonstrated that 

each factor alone frans-activates the gene, while co-transfection of both 

factors show that the strong frans-activation by Spl is inhibited by the weaker 

frans-activator NF-1 [111]. Taken together the results indicate that the
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activity of the C0L1A1 promoter may depend on the relative activities of NF- 

1 and S p l

Artlett et al. repeated the mouse C0L1A1 studies on the human promoter [5] 

and demonstrated that a segment of the human C0L1A1 promoter 

encompassing 174bp upstream of the start of transcription, is responsible for 

the highest transcriptional activity in collagen-producing cells in vitro. 

Detailed analysis of this short promoter region also identified two almost 

identical NF-1/Sp1 binding sites arranged in tandem. The distal element was 

located between -129/-107 and the proximal element between -104/-77. 

The sequences of the two NF-1/Sp1 switch elements are totally conserved 

and are similar in location in the mouse, rat and human C0L1A1 genes [111].

By transient transfection studies Artlett at al. showed that 85% of the basal 

COL1A1 promoter activity resides within the distal NF-1/Sp1 element; 

however, site-directed mutagenesis of the CCAAT motif in the proximal 

element resulted in a 98% decrease of the C0L1A1 promoter activity [5]. 

Thus it was concluded that each of the NF-1/Sp1 tandem binding sites has a 

different function. The distal element drives the transcriptional activity of the 

C0L1A1 promoter but is not sufficient for basal expression, whereas the NF- 

1 binding site in the proximal element is essential for in vitro C0L1A1 gene 

transcription [5].

Recent studies have examined negative regulatory elements originally shown 

as the two most distal footprints between -190/-170 and -160/-130 [19,72]. 

Using a multimerized oligonucleotide containing the distal footprint sequence, 

Karsenty at al. [43] screened a cDNA library of NIH-3T3 cells and isolated a 

novel transcription factor designated c-Krox. This factor was shown to be 

expressed preferentially in dermis and absent in bone [43]. In footprinting 

studies, purified c-Krox produced 3 areas of protection in the -220/+54 

fragment of the C0L1A1 promoter. As expected the first 2 protected regions 

covered the known binding sites (as the sequence was used as bait to 

screen the cDNA library) between -1 88/-164 and -153/-100. The third 

footprint showed that c-Krox binds, although to a lesser extent to a site
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located between -6S/-94, which contains the proximal CCAAT box [44]. The 

functional role of c-Krox in transcription of mouse C0L1A1 was not 

investigated in this study. In a separate study, human c-Krox was isolated, 

and over-expression of this factor led to a marked reduction of the co

transfected human or rat C0L1A1 constructs [186]. Further, stably- 

transfected NIH3T3 cells permanently expressing human c-Krox, 

demonstrated a 3-fold reduction in Coll-I mRNA levels [186]. Although the 

current understanding on the role of c-Krox on C0L1A1 activity is far from 

complete, the contemporary data supports a negative regulatory role for this 

factor.

In a similar study, this time using the -1 80/-136 of the mouse C0L1A2 

sequence as bait, a cDNA for a novel transcription factor called BFCOL-1 

was isolated from the NIH-3T3 fibroblast cDNA library [59]. In addition to 

binding the -180/-152 segment of the C0L1A2, recombinant BFCOL was 

also shown to bind to two discrete sites in C0L1A1. Stronger binding was 

seen at the proximal binding site between -1 68/-129 and the weaker binding 

at -194/-168. The authors suggested (although no data was shown) that the 

locations of these binding sites are the same as those previously identified as 

binding IF-1, as the same substitution mutations inhibited the binding of both 

factors [59,72].

In the studies presented above by Karsenty and de Crombrugghe et al.

[59,72,89] all DNA-protein interaction were examined using purified 

transcription factors. This approach is subject to a major criticism in that the 

presence of the factor in the crude nuclear protein-DNA-complex were not 

verified using supershift assays. In remains to be determined whether these 

factors behave in the same way in vivo.

A study in our laboratory recently identified a novel transcriptional repressor 

element in the mouse C0L1A1 promoter [114]. Analysis of the promoter -  

220/+115 revealed 3 putative Y-boxes. The most proximal Y-box designated 

the collagen Y-box element (CYE) contains a Y-box and an adjacent 3’ 

inverted repeat with striking similarity to the Y-box protein-1 (YB-1) binding
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element in the matrix metaiioproteinase-2 (MMP-2) promoter. Based on this 

homology, the function of the CYE region (-837-59) in transcriptional 

regulation of the C0L1A1 promoter was investigated. YB-1 has been 

implicated in the regulation of a variety of genes [189] and may, depending 

on the cellular context, act as either a transcriptional activator or repressor, 

even of the same gene [103]. In this study, binding of YB-1 to the CYE was 

shown with footprint analysis. Southwestern blotting, EMSAs and antibody 

supershifts [114]. In NRK-49F cells co-transfection of YB-1 expression 

vector and C0L1A1 promoter-reporter constructs, YB-1 suppressed the 

activity (2-3 fold) of both pGLal-220 and pGLa1-2.3. Over-expression of 

YB-1 also resulted in down-regulation of the endogenous collagen-1 gene 

expression and protein production in a concentration and time-dependent 

manner. Previous studies have suggested that YB-1 can promote strand 

separation in a sequence-specific fashion thereby preventing binding of other 

transcription factors to the double stranded sequence [101]. Mung bean 

nuclease sensitivity analysis confirmed that YB-1 induces DNA strand 

separation in the inverted repeat region of the CYE suggesting that the 

proposed transcriptional repression by YB-1 may also be applicable to the 

C0L1A1 gene.

Yin Yang 1 (YY1) also termed NF-E1 [162] is the latest protein reported to be 

involved in transcription of C0L1A1 [142]. Riquet et al. showed that this 

protein binds the mouse C0L1A1 promoter at -407-37 (YY1A) and, on the 

reverse strand, at -327-29 (YY1B), immediately adjacent to the TATA box 

(Figure 4-3). In transfection studies, mutation of YY1A completely diminished 

the activity of a -2227+113 C0L1A1 construct and partially suppressed the 

activity of a -847+113 COL1A1 construct, whereas mutation of YY1B 

abolished the activity of both promoter constructs. Over-expression of YY1 

resulted in a 10-fold increase in reporter activity of the co-transfected 

C0L1A1 constructs. The authors also presented some preliminary data to 

show that transcriptional activation of C0L1A1 by YY1 requires a functional 

TATA box and suggested that YY1 may be involved in stabilisation of the 

TBP7TFIID binding to this site [142].
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The important reguiatory elements and the transcription factors binding 

discussed above are summarised in following diagram.

-220
h-

IF-1
-190/-16Ü

-200

NF-1
-126/-122

IF-1 
-160/-130

-150

Purified CBF 
-100/-96

IF2
-130/-80

YB-1
-83/-59

Spl
-93Z-84

TATA
-27Z-24

YYl
-40/-37

-50

+1

r +50 +]

Purified
BFCOL

-190/-160

Purified
BFCOL

-160/-130

Purified
c-Krox

-175/-169

NF-1
-100/-96

Spl
-123/-114

Purified
c-Krox
-51/-46

Purified
c-Krox
-76Z-72

YYl
-32/-29

Figure 4-3 Schematic diagram of murine C0L1A1 promoter -220/+115. Solid lines 

represent known binding sites and the broken line a TATA sequence. Numbers correspond 

to the position of the bp relative to start as shown by the arrow (+1). Literature references for 

the binding proteins and sites are shown in [ ]:

BFCOL Purified factor only [59]

IF-1 Uncharacterised inhibitory factor [72]

c-Krox Purified factor only [43,44]

NF-1 [5.111]

Spl [5,111]

IF-2 Uncharacterised inhibitory factor [72]

CBF Purified factor only [72,89]

YB-1 [114]

YYl [142]

4.2 Aim

To identify and compare murine C0L1A1 c/s-regulatory elements in 

normoxia and hypoxia.
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4.3 Methods 

DNase-1 Footprinting

The method of Dnase-I footprinting used consisted of 4 steps. In the first 

step the C0L1A1 promoter -220/+115 was radiolabelled. Secondly, 

normoxic and hypoxic nuclear proteins were allowed to complex with the 

DNA. Once this reaction was complete, DNase-1 was added to the mixture 

and the reaction allowed to proceed for a specific short period of time. 

Finally, the reaction was terminated and the DNA isolated and analysed by 

denaturing polyacrylamide gel electrophoresis.

All the centrifugation steps for non-radioactive samples were carried out in a 

bench-top Eppendorf 5402 centrifuge at 4°C. Radioactive samples were 

centrifuged in bench-top Eppendorf 5405 centrifuge at room temperature.

4.3.1 Preparation of radiolabelled C0L1A1 DNA probe

A [y-^^P]-ATP 5’ single end-labelled probe corresponding to -220/+115 of 

mouse C0L1A1 was generated by PCR amplification using pGLa1-220 

(Figure 2-1) as a template.

The forward primer (4 pmol) 5 -CCGGGCTCGAGATCTGG-3' (Custom 

Primers, Invitrogen), corresponding to the vector sequence plus the distal 8 

bases of C0L1A1 promoter of pGLal-220, was 5’ end-labelled with 10U T4- 

Polynucleotide Kinase (PNK; New England Biolaboratories (NEB), Beverly, 

MA, USA) using 3̂ 1 [y-^^P]-ATP (>5000pCi/mmol, lOpCi/pl; Amersham) in a 

lOpI reaction volume containing IX  T4-PNK Buffer (70 mM Tris-HCI pH 7.6, 

lOmM MgCb, 5mM DTT; NEB). The reaction was incubated at 37°C for 30 

minutes then terminated by heat-inactivation for 20 minutes at 65°C.

The PCR reaction was assembled on ice. To the kinase reaction, lOng 

pGLal-220, 4 pmol reverse GLprimer2 (Promega), 2pl lOmM dNTPs 

(Promega), 1U Red Hot DNA Polymerase (Abgene; Surrey, UK), 2pl 25mM
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MgCb and 4.5 p\ 10X reaction buffer IV (Abgene) were added (in a final 

volume of 50jil). The PCR reaction was started with 3 minutes incubation at 

95°C, followed by 35 cycles of 1 minute at 95°C, 1 minute at 60°C, 2 minutes 

at 72 °C and completed by a final 15 minutes incubation at 72°C.

The DNA probe was electrophoresed on 2% agarose gel (Section 2.8) 

visualised under UV light and the 350bp band excised from the gel. The 

DNA probe was extracted from the gel using the QIAquick kit (Qiagen), 

according to manufacturer’s instructions and eluted in 50pl of autoclaved 

H2O.

Radiolabelled probe was used within 1 week of the labelling reaction. 

Storage of the radiolabelled DNA for longer periods resulted in radio

chemical nicking of the DNA producing unacceptably high background levels.

4.3.2 Preparation of a radiolabelled DNA ladder
A lObp DNA ladder (Invitrogen) was diluted 10-fold with Tris-EDTA (TE) 

buffer (lOmM Tris pH 7.4, ImM EDTA pH 8.0) to a final concentration of

O.ipg/pl. The diluted ladder (2pl) was end-labelled with 1pl [y-^^P]-ATP 

(>5000pCi/mmol, lOpCi/pl; Amersham) by Ip l T4-PNK (lOU/pl) in a reaction 

containing IX  T4-PNK Buffer. The reaction was incubated at 37°C for 10 

minutes and the terminated by heating to 55°C for 5 minutes. 

Unincorporated radioactivity was removed using a TE-equilibrated Sephadex 

G50 (Sigma) spin column.

4.3.3 Equilibration of nuclear proteins with the DNA probe

Binding reactions were performed in a final volume of 50pl containing 10% 

glycerol, 50mM KCI, ImM MgCb, 0.5mM EDTA, 0.5mM DTT, IX  Complete 

Protease Inhibitors (Roche) and Ipg polydl-dC (Sigma).

A range of concentrations of nuclear proteins (Section 2.4) O-IOOpg/reaction 

was used in titration experiments and 30-40pg nuclear protein/reaction were 

found optimal. For consistency, the volume of the nuclear proteins was

76



Chapter 4

always corrected to 30fil with Dialysis Buffer (Section 2.4). The protein 

samples were placed in 0.5ml centrifuge tubes and kept on ice prior to 

addition of the binding mixture. One sample containing no protein (30^1 

Dialysis Buffer) was included to create a DNase-1 ladder.

The remaining volume of the binding reaction (i.e. the assay buffer) was fixed 

at 20pl containing 1pl of the ^^P-labelled DNA probe (-0.1 ng), Ipg polydl-dC, 

5pl 5X binding buffer (5mM MgCl2,4mM EDTA, 5mM DTT, 50mM HEPES pH 

7.9) and 2.5X Complete Protease Inhibitors (Roche), corrected to 20pl with 

autoclaved H2O. For n number of binding reactions (n + 2) x 20pl of binding 

assay was prepared in a 1.5ml centrifuge tube and mixed by gentle 

vortexing. The assay buffer was aliquoted (20pl) to each protein sample and 

the 50pl binding reaction mixed by pipetting. One aliquot of the binding 

buffer (n+1) was used as a control to which no DNase was added, but was 

otherwise maintained at same conditions as the samples. Binding reactions 

were transferred from ice to a heat block at 30°C for 30 minutes. Binding 

reactions were also carried out on ice and at room temperature but 30°C was 

found to result in optimal DNA-nuclear protein binding. The number of 

available lanes in the sequencing gel governed the upper limit of the number 

of samples run per gel, 10-15 binding reactions were routinely assayed at 

one time.

4.3.4 DNase-l footprint titration
The aim of the titration experiments was to establish ideal parameters which 

empirically resulted in half of the DNA chains being nicked once by the 

enzyme which in practice was evident by halving the intensity of the intact 

labelled probe band (at the 350 bp level position) on the sequencing gel. The 

variables tested were:

1. Concentration of DNase-1 enzyme: 0.01 to lU/pl RQ1 Dnase-I

(Promega) diluted in ice-cold TE buffer.

2. Time exposure of the enzyme to DNA-protein binding reaction: 1 and 

3 minutes.
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3. The incubation temperature of the DNase-1 reaction: 4°C (on ice) and 

at room temperature.

4. Addition of 5mM MgCb, 5mM CaCb, in the DNase-1 reaction.

Ideal conditions were found to be 0.5U DNase-1 for the DNA ladder and 1U 

for the DNA-protein binding reaction, for 3 minutes incubated at room 

temperature in the presence of 5mM MgCb, 5mM CaCb.

4.3.5 Exposure of DNA-protein complexes to DNase-1

For the samples containing protein, 2pl DNase-1 (0.25U/pl) and for the 

DNase ladder 2̂ 1 DNase-1 (0.5U/pl) and in all cases 1pl 250mM MgCb, 

250mM CaCbwere placed in 0.5ml centrifuge tubes on ice.

DNase-1 digest reactions were performed one sample at a time. The 

centrifuge tube containing the DNase-1 mixture was removed from ice and 

the 50pl contents of the binding reaction was transferred it. The mixture was 

mixed by pipetting the contents 5 times. The reaction was allowed to 

proceed for exactly 3 minutes, at room temperature and was terminated by 

the addition of 100pl Stop Mix Solution (200mM NaCI, 30mM EDTA pH 8.0, 

1% SDS) and vigorous vortexing. Terminated reactions were kept at room 

temperature.

4.3.6 Purification of the nicked DNA molecules

The DNase-1 nicked DNA probes were purified with 1 volume (153pl) Phenol- 

Chloroform (Sigma), vortexed and centrifuged at 15800xg for 3 minutes. The 

supernatant was transferred to a new centrifuge tube and 1pg glycogen 

(Roche) added as carrier. The solution was mixed briefly followed by 3 

volumes (460pl) of ice-cold 96% ethanol (BDH), and incubated on ice for 20 

minutes. Samples were then centrifuged at 15800xg for 10 minutes at room 

temperature, the supernatant removed and the pellets washed twice with 1ml 

70% ethanol (room temperature), vortexed briefly and centrifuged at 15800xg 

for 5 minutes at room temperature. The supernatant was removed and the
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samples re-centrifuged briefly, residual ethanol removed and the pellet air- 

dried at room temperature.

DNA pellets were resuspended in 5pl loading buffer (95% formamide, 20mM 

K-EDTA pH 8.0, 0.05% bromophenol blue 0.05% xylene cyanol; Amersham). 

The DNA pellet was however not very soluble in this buffer. As the DNA 

pellet consisted of DNA molecules of varying sizes and therefore differing 

solubility, accurate and complete resuspension of the pellets was mandatory 

and time-consuming. This process was monitored on the Geiger counter by 

the transfer of radioactive counts from the microcentrifuge tube into the 

loading buffer.

4.3.7 DNA sequencing gels and electrophoresis

Denaturating 6% acrylamide/7M urea polyacrylamide (Sequagel; National 

Diagnostics, Hull, UK) gels were cast in Sequi-Gen DNA Sequencing Cell 

(Bio-Rad) with 21x50 cm glass plates separated by wedge spacers and wells 

created using sample combs with 6mm wide lanes. Sequencing gels were 

pre-electrophoresed at 65W (3000 xi power source; Biorad) in IX  TBE buffer 

until the gel reached 50-55°C. The power supply was disconnected, the 

comb removed and the wells flushed with IX  TBE buffer. Samples and the 

radiolabelled DNA ladder were loaded and electrophoresed at 60-65W 

maintaining a gel temperature of 50-55°C. Electrophoresis was terminated 

when the first dye-front reached the bottom of the gel.

Gels were transferred to a similar sized piece of Whatman 3MM paper 

(Whatman; Kent, UK) and dried at 80°C under vacuum for 1 hour (Model 583 

Gel Dryer; Bio-Rad). Dried gels were autoradiographed overnight at -80°C 

with Kodak X-Omat AR film and intensifying screens. In some instances 

longer exposure times e.g. 16, 24 or 48 hours were required to obtain an 

adequate intensity of the bands. Films were developed using Xomat 

automatic developer (Kodak).
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4.3.8 Image analysis and demarcation of the protected areas

Autorads were scanned by the Medical Illustration Department at the Royal 

Free Hospital, using large format scanners. The digitised images were 

viewed, montaged and labelled using the Adobe Photoshop 5.5. Under 

magnification (3-16-fold) protected areas were arbitrarily demarcated, using 

the intensity within the background of the footprints and presence of 

hypersensitive sites as landmarks.

The intensity of the background of each footprint is a property of the ratio of 

DNA molecules bound to proteins in that segment with firm DNA-protein 

binding resulting in least background and weak binding resulting in DNA 

banding with reduced intensity than control. Further, high affinity binding also 

results in the appearance of DNase-1 hypersensitivity sites on both sides of 

the binding site. Therefore, for each footprint the affinity of the protein-DNA 

binding was judged by the clarity of the background together with the 

presence and intensity of the DNase-1 hypersensitivity bands.

4.4 Results

4.4.1 Hypoxic NRK-49F nuclear extracts show higher binding 
activity to the -220/+115 segment of C0L1A1 mouse promoter

During the optimisation experiments the level of hypoxic nuclear extracts 

resulting in maximal protein-DNA binding was found to be 35)ig/reaction. 

Higher protein levels resulted in inactivation of DNase-1 activity as indicated 

by the absence of DNA bands. Figure 4-4B shows a comparison of DNA 

binding of equivalent amounts of normoxic and hypoxic nuclear extracts 

(35pg).

With normoxic nuclear extracts two large areas of protection were observed 

as shown in Figure 4-4 and enlarged in Figure 4-5. Areas of the promoter 

protected by normoxic nuclear extracts were at the following sites:
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1. -105/-90: The protected area is heterogeneous, with the clearest 

background, indicating firm binding, between -105/-95, which 

includes the proximal inverted CCAAT box at -100/-96 (Figure 4-2). 

This segment has two known binding sites for CCAAT box binding 

transcription factors NF-1 [111] and CBF [89] (purified protein only).

2. -130/-105: This large footprint includes known binding sites for two 

transcription factors Spl at-123/-114 [111] and NF-1 at -1 26/-122 

[111]. Within the background of this protected area there are two 

bands at -126 and -122 demarcating the NF-1 binding site.
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Figure 4-4 DNase-1 footprinting 

of mouse COL1A1 promoter (- 

220/+115) with normoxic and 

hypoxic NRK nuclear extracts.

[y-^ ]̂P-5’-end labelled probe ( -  

220/4-115 mouse C0L1A1) was 

incubated with and without NRK 

nuclear extracts.

Numbers on the lObp DNA  

ladder correspond to the position 

of bp relative to start of 

transcription (4-1).

DL: DNase-1 ladder, obtained by 

DNase-1 digestion of probe 

without nuclear extract.

N: Probe with 35pg normoxic 

nuclear extract.

H: Probe with 35pg hypoxic

nuclear extract.

Brackets mark protected areas. 

The figure shows a 

representative gel of 3 

independent nuclear protein 

preparations.

A: Normoxic protected areas.

B: Comparison of normoxic 

and hypoxic protected areas.

B
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In contrast to normoxic nuclear extracts, hypoxic nuclear extracts produced a 

complex pattern of binding with 11 closely apposed footprints spanning the 

whole length promoter suggesting increased transcriptional activity in 

hypoxia. The 2 normoxic protected areas were also present in hypoxia but 

showed much higher binding affinity (as discussed in Section 4.3.8).

Hypoxic footprints are shown in Figure 4-4B and enlarged in Figure 4-5. The 

following areas of the promoter were protected by hypoxic nuclear extracts:

1. +1/+20: This footprint is located just down-stream of the start of 

transcription and could correspond to detectable occupancy by a 

component of the general transcription machinery.

2. -30/+1: The DNA sequence of this protected area contains a TATA 

sequence between -27Z-24 and two high affinity consensus 

sequences for TATA binding factor (TBF), at -29/-15 and -30/-20 

(Figure 4-6).

3. -45/-30: This footprint has not been reported previously. The DNA 

sequence of this fragment includes a high probability binding-site for 

GATA-1 transcription factor based on database prediction (Figure 

4-6).

4. -70/-45: This footprint has also not been reported previously and 

excludes core-binding sequences for transcription factors included in 

the databases [175,47].

5. -90/-75. This protected area does not include the core binding- 

sequence of any known transcription factor but includes the 3’ half of 

the proximal Spl binding site (Figure 4-6) [175,47].

6. -107/-90; This segment was present in both hypoxia and normoxia. 

The hypoxic footprint is shorter on both sides by about 2bp compared 

with the normoxic footprint (Figure 4-5). The proximal CCAAT box is 

included in this area and is located between -100/-96. In common 

with the normoxic footprint the binding to the CCAAT box is tight
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however the hypoxic footprint is shorter by about 1-2bp on either side 

of this motif, suggesting decreased protein binding to this fragment in 

hypoxia.

7. -135/-107; This was the largest protected area and was present in 

both hypoxia and normoxia. The clarity of the background and the 

intensity of the hypersensitive bands in hypoxia suggest increased 

protein binding in hypoxia.

8. -145/-138; This short footprint was only evident in hypoxia and 

shows tight protein binding. This segment of the promoter includes a 

consensus sequence for binding site, with high probability, for MZF1 

(Figure 4-6) [175,47]. MZF-1 is a transcription factor belonging to the 

Kruppel family of zinc finger proteins with the consensus sequences 

containing a core of 4-5 guanine residues [107]. Binding of this 

transcription factor to C0L1A1 promoter has not been previously 

reported.

9. -148/-159; This short footprint was only evident in hypoxia and 

shows tight binding however it does not contain any binding 

sequences for known transcription factors.

10.-180/-160: This protected area has a heterogeneous background 

suggesting binding to more than 1 protein. A hypersensitive band was 

present at -177 in both hypoxic, normoxic extracts and DNase-1 ladder 

representing an area accessible to DNase-1 such as a major groove in 

the DNA molecule [80].

11.-195/-185. This is the most distal footprint and is bordered by two 

hypersensitivity sites with a clear background all suggestive of high 

affinity protein binding.
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Figure 4-5 A: Enlarged view of Figure 4-4 between -135/-75 of mouse COL1A1 

promoter DNase-i footprinted with normoxic and hypoxic NRK-49F nuclear extracts.

Numbers on the 10bp DNA ladder correspond to the position of bp relative to start (+1) of 

transcription. DL: DNase-1 ladder obtained by DNase-1 digestion of probe without nuclear 

extract. Lane N: Probe with 35|Lig normoxic nuclear extract. Lane H: Probe with 35|ig 

hypoxic nuclear extract. Brackets mark protected areas.

B: DNA sequence of the footprinted regions -135/-75.
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-220 AGATCTGGGG GGCAAGGGCG GCAGAGTTGC GGGAGGGGGG GCGCTGGGTG entry

< ------------

 >

 >
 >

 >

< -------
 >

< ---------------

- - >

< - -

< ------------

+1
-20 GGGGCCCAGG CCATCGTCGG AGCAGACGGG AGTTTCTCCT +20  >

< ------------
< -------------

 >

1 entry score

: entry score
M00083 MZFl 96.5
M00008 Spl 86.3

: entry score
M00209 NF-Y 90.4
M00083 MZFl 88 .7
M00008 Spl 8 6 . 3
M00008 Spl 8 6 . 3
M00075 GATA-1 86.1
M00084 MZFl 85.5

L entry score
M00252 TATA 9 6 . 6
MOOlOl CdxA 9 2 . 9
M00008 Spl 91.8

>M00216 TATA 91.1
M00075 GATA-1 8 9 . 0
M00083 MZFl 88.7
M00075 GATA-1 8 7 . 3
MOOlOO CdxA 87.2
M00141 Lyf-1 85.7
M00084 MZFl 85.5

entry score
M00252 TATA 9 6 . 6
M00075 GATA-1 89.8
M00076 GATA-2 8 8 . 9
M00033 p300 86.1

Figure 4-6 Transcription binding site anaiysis using the TFSEARCH search facility 

[175]. Only transcription factors from vertebrates with a high score are shown. The score 

represents a probability count with 100 as maximum. Arrows indicate the DNA chain binding 

the protein. Numbers indicate the position of the bp with reference to start at +1. The codes 

refer to entries in the TFMATRIX database [175].

4.4.2 At higher protein levels normoxic extracts show a more 
similar binding to hypoxic nuclear extracts

Although 35|ig nuclear protein was the maximal amount that could be added 

in each reaction containing hypoxic nuclear extracts, increased amounts of 

normoxic extracts could be added without the loss of Dnase-I activity.

Increasing the normoxic nuclear protein levels in the DNA binding assays 

from 35pg to 48pg resulted in 3 additional protected areas (Figure 4-7). 

Overall the pattern of DNA binding resembles that seen with hypoxic nuclear 

extracts. The 5 protected areas are located at the following sites:
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1. -65/-40; This segments shows a low level of protein binding as 

evidenced by the high intensity of the background. A similar footprint 

was seen with hypoxic extracts between -70/-45 (Figure 4-4). 

Common to both hypoxic and normoxic footprints is a theoretical 

binding site for Sp1 at -63Z-54 (Figure 4-6).

2. -107/-65: This is the longest protected area covering the binding site 

for the proximal of the 2 known Sp1 and NF-1 binding sites (Figure

4-6) [111]. An enlarged view is presented in Figure 4-8.

3. -132/-107: This area covers the distal of the 2 known Spl and NF-1 

binding sites (Figure 4-6) [111] and is enlarged in Figure 4-8.

4. -148/-132: This protected area is also present with hypoxic nuclear 

extracts and as mentioned above includes a high probability binding 

site for the transcription factor M ZF l.

5. -195/-155: The same area of the promoter was protected by two 

hypoxic footprints. The footprint seen here contains two 

hypersensitive bands at -180 and -185 dividing the protected area 

into two as seen in hypoxia, however the intensity of the bands is 

significantly less than seen with hypoxic proteins. A search of the 

transcription factor-binding databases did not identify binding sites for 

any known transcription factors in this region.
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Figure 4-7 DNase-1 footprinting of mouse 

C0L1A1 promoter (-220/+115) with 48pg 

of normoxic NRK nuclear extracts.

[y-^^]P-5’-end labelled probe (-220/+115 

mouse C0L1A1) was incubated with and 

without NRK nuclear extracts.

Numbers on the 10bp DNA ladder 

correspond to the position of bp relative to 

start (+1 ) of transcription.

DL; DNase-1 ladder obtained by DNase-1 

digestion of probe without nuclear extract.

N; Probe with 48pg of NRK normoxic 

nuclear extract.

Brackets mark the different protected areas. 

The figure shows a representative gel of 3 

independent nuclear protein preparations.
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Figure 4-8 A: Enlarged view of Figure 4-8 between -135 /-70  of the mouse C0L1A1 

promoter DNase-i footprinted with normoxic NRK nuclear extracts. Numbers on the 

10bp DNA ladder correspond to the position of bp relative to start (+1) of transcription. DL; 

DNase-1 ladder obtained by DNase-1 digestion of probe without nuclear extract. Lane N: 

Probe with 48pg normoxic nuclear extract. Brackets mark protected areas.

6; DNA sequence of the footprinted region -1351-70.

4.5 Discussion

Discussion of the results is presented in 3 parts:

1. Analysis of normoxic footprints and comparison of results with 

published data.

2. Analysis of hypoxic footprints and comparison of results with published 

data.

3. Comparison of the hypoxic and normoxic footprints.
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Analysis of normoxic footprints and comparison of results with 
published data
During the optimisation experiments the level of nuclear proteins resulting in 

maximal protein-DNA binding was found to be 48pg/reaction for normoxic 

and 35pg/reaction for hypoxic nuclear extracts. As mentioned earlier, higher 

protein levels resulted in inactivation of DNase-1 activity revealed by the 

absence of DNA bands. For this reason in order to directly compare the 

binding of normoxic and hypoxic extracts 35pg nuclear proteins per reaction 

were used. With 35|ig normoxic NRK-49F nuclear extracts, 2 areas of 

protection between -130/-90 were seen (Figure 4-5). Increasing the level of 

the nuclear protein in the binding assay to 48pg (normoxic maximum) 

resulted in 3 additional binding sites (Figure 4-7).

The footprint pattern seen suggests that region -130/-90 of the promoter 

contains binding sites for factors with the highest affinity, binding the 

promoter at the lower protein concentration. Further evidence for high affinity 

binding is shown by the lack of the background signals in this protected area 

even at low protein levels. With increased protein levels (from 35pg to 48pg 

per reaction) this protected area widened proximally from -90 to -65 (Figure 

4-8), suggesting binding of additional factors. Judging by the background 

level of the protected areas the two additional distal footprints, between -  

195/-132, show the next level of binding affinity with the weakest binding site 

at the most proximal footprint at -65/-40.

The data shown in Figure 4-4 was used in a recent study in this laboratory to 

identify a novel binding site for YB-1 in the C0L1A1 promoter [114]. As 

mentioned in the Introduction the binding site for this transcription factor is 

the CYE element of the promoter. The Y-box of the CYE is located in the -  

107/-65 footprint and the inverted repeat in the -65/-40. The presence of a 

strong DNase-1 hypersensitive site between the two footprints implies the 

presence of important regulatory elements in this region.
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Previously published footprint results using 30-40pg of NIH-3T3 nuclear 

extracts [19,72] per DNA binding reaction, showed 4 protected areas, 

designated areas A, B, C and D. The footprint pattern seen with the higher 

protein levels (48pg/reaction) in the current study includes 4 sites which 

correlate with areas A to D. The most proximal footprint, which is evidently a 

weak binding site, is the additional protected area seen. A number of 

reasons may explain the appearance of this previously un reported site which 

include:

■ Technical differences

■ Cell-specific differences

■ Presence of cell cycle specific factors in the nuclear extracts

■ Concentration of nuclear extract levels in DNA binding reactions

During the optimisation stages of the current study NIH-3T3 nuclear extracts 

(a gift from Dr. B. Tolner, Department of Oncology, Royal Free Hospital, 

London) were used at 40pg/reaction, as a control. The footprint patterns 

observed (data not shown) were identical to the published results [19,72], 

arguing against technical differences resulting in the additional binding site.

As no previous study using NRK-49F nuclear extracts in footprint analysis 

has been reported, exact direct comparison with independent results is not 

possible and cell-specific differences cannot be completely ruled out. In a 

recent study aiming to show cell-specific DNA binding, footprint analysis of 

the mouse C0L1A1 and C0L1A2 was compared using nuclear extracts from 

collagen-1 expressing cells, primary mouse fibroblasts and Balb/c-3T3 

fibroblasts and non collagen-1 expressing cells S-194 B-cells, NmuLi liver 

epithelial cells and RAG renal adenocarcinoma cells [23]. The results of this 

comparison showed a similar pattern of footprints to that obtained with NIH 

3T3 nuclear extract [23], arguing against the presence of NRK-49F cell 

specific factors as the reason for the additional footprint

An alternative explanation for the difference in footprint results could be the 

state of the cells within the cell cycle. The majority of studies used nuclear
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extracts from proliferating cells whereas in the present study nuclear protein 

was extracted from quiescent cells. However a recent study, nuclear extracts 

of quiescent NIH-3T3 cells was used for footprinting analysis of the same 

segment of the C0L1A1 promoter [141]. Again at 30-40pg of nuclear protein 

per binding assay the same 4 protected areas were reported, arguing against 

the presence of cell-cycle or rather quiescence specific factors resulting in 

the additional footprint seen with NRK-49F extracts.

In footprinting analysis the interaction of the DNA molecule with proteins is 

examined and undoubtedly the protein content of the binding assay is of 

fundamental importance. Although titration of nuclear protein levels is a 

principle elementary step for this technique, previously published studies 

have not presented data for a range of nuclear protein levels. The footprint 

analysis studies discussed so far [19,72,74,111,112,146] all used nuclear 

extracts at a concentration of Ipg/pl, limiting the amount of nuclear proteins 

each DNA binding reaction (50pl total volume) to a maximum of 30-40pg. In 

the current study more concentrated nuclear extracts samples were used 

usually at 2 pg/pl (concentrated nuclear extracts are more difficult to prepare). 

It is anticipated that in other reported studies, admittedly all presented by two 

groups [72,111], if the protein levels had been increased in DNA binding 

assays, by using more concentrated extracts, the additional footprint region 

might have appeared.

Comparison of hypoxic footprint results with published data
With hypoxic nuclear extracts the overall pattern seen is of widespread 

binding of factors to the promoter. A total of 11 closely apposed footprints, 

with differing affinity, span the whole length of the promoter. The most 

resolute binding is seen to the -135/-107 segment of the promoter, which 

includes the distal of the two known Spl and NF-1 binding sites [111]. This 

footprint was also seen with normoxic extracts and will be discussed in the 

next section.
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The most proximal hypoxic footprints between +1/+20 located just down

stream of start of transcription could correspond to detectable occupancy by 

a component of the general transcription machinery and was not seen with 

normoxic nuclear extracts. The DNA sequence of the hypoxic footprint region 

-30/+1 contains a TATA box between -27/-24, and a high affinity consensus 

sequence for TATA binding factor (TBF), from -29/-15 (Figure 4-6) [175]. 

The binding of TBF to C0L1A1 has not been previously shown and no similar 

protected region was seen with normoxic nuclear extracts. However in a 

study using the in vivo DMS footprinting technique [80,81], DMS 

hypersensitive sites, representing transcription factor binding, were seen at 

guanine bases at -123, -122 and -121 around the distal reverse CCAAT 

motif, at - 8 6  in the proximal Spl binding site and interestingly also at -20  just 

3’ of the TATA box [23] but only in collagen-1 producing cells. It is reasonable 

to postulate that both in vivo and in vitro similar proteins bind to specific 

elements of the promoters.

No footprint of the mouse C0L1A1 promoter using nuclear proteins of 

hypoxic cells has previously been reported so the pattern observed cannot 

be compared. In fact to date only one study [141] has carried out a footprint 

analysis of the C0L1A1 promoter using nuclear extracts of “stimulated” cells. 

In this study nuclear extract of Balb/c-3T3 fibroblasts treated with specific 

prostaglandins (PGE1 and PGE2 but not PGE3), resulting in transcriptional 

activation of the C0L1A1 promoter, showed the 4 known protected areas 

plus an additional footprint between -84/-29 of the C0L1A1 promoter. This 

segment is located between the known proximal Sp1/NF-1 binding region 

and the TATA box, and also includes a theoretical Spl binding site at -6 5 /-  

55 [175] (Figure 4-6). Hypoxic nuclear proteins also bound to the similar part 

of the promoter but in two parts, -70/-45 and -45/-32, divided by a DNase-1 

hypersensitive site suggesting an important transcriptional regulatory function 

for this segment of the promoter.

Comparison of the hypoxic and normoxic results
Hypoxic nuclear extracts displayed binding to 11 regions of the -220/+115 of 

the C0L1A1 promoter with high affinity. The complex pattern of interaction
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between the promoter and transcription factor suggests that hypoxic 

transcription activation of the C0L1A1 is under fine control.

The -195/-130 region of the promoter was covered by 4 hypoxic footprints at 

-145/-138, -148/-159, -180/-160 and -195/-185. Equivalent amounts of 

normoxic nuclear extracts (35pg) did not bind to this segment of the 

promoter. However with increased amounts of normoxic proteins (48pg) two 

normoxic footprints were seen at -148/-132 and -195/-155. The latter site 

contains two hypersensitive bands at -180 and -185 dividing the protected 

area into two as seen hypoxic proteins, however the intensity of the bands is 

significantly reduced in normoxic compared with hypoxic proteins. Hypoxic 

footprints also have clearer background suggestive of higher affinity protein 

binding.

Two inhibitory transcription factors, the uncharacterised IF-1 [72] and BFCOL 

[59] have been shown to bind the promoter at two sites -190/-160 and -  

160/-130. The overall picture of DNA protein binding is that with significantly 

higher protein levels the binding of normoxic nuclear proteins to the promoter 

resembles that obtained with hypoxic extracts. It is possible that in normoxic 

nuclear extracts binding of these inhibitory factors to the promoter results in 

formation of longer footprints and displacement of other transcription factors 

which bind to the promoter, during transcriptional activation in hypoxia.

As discussed in the Introduction the -130/-75 region of the C0L1A1 

promoter has been shown to represent the positive regulatory element of the 

promoter. This region includes two inverted CCAAT boxes (5’-a ttgg-3 ’) at -  

96/-100 and -122/-126 and two perfect 12bp direct repeats 5 -  

tgggggccgggc-3’, at -83/-94 and - 1 13/-124 (for the sequence refer to Figure 

4-2).

The most prominent hypoxic footprint was between -107/-135, binding to 

both distal CCAAT box and 12bp repeat. Equal levels of normoxic nuclear 

extracts (35|Lig) resulted in similar binding however only from -107 to -130
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and with reduced affinity (Figure 4-5). Increasing the normoxic nuclear 

protein levels (48pg) in the DNA binding assay resulted in a footprint with 

identical characteristics to the hypoxic footprint (at 35pg protein level), with 

the protected area extended from -107 to -135 and increased binding 

affinity. The DNA sequence of this protected area between -107/-130 

contains a reverse CCAAT motif between -122/-126, and in addition, an 

overlapping perfect 12bp tandem repeat, a binding site for Spl from -113 to 

-124. Both NF-1 and Spl have been shown previously to bind these two 

sites [112]. In contrast to the proximal CCAAT motif, the distal sequence was 

shown previously not to bind purified CBF [72,89]. The function of this 

CCAAT motif was exposed by a 2 bp G-to-T mutation in to this site resulting 

in a 2-fold reduction in reporter activity of a COL1A1 construct (-1627/+115) 

[112].

The protected area between -105/-90 was seen with both normoxic and 

hypoxic extracts. This area includes the proximal reverse CCAAT box at -  

100/-95. Interestingly with the both extracts, within the footprint, the CCAAT 

motif showed high protection level indicative of high affinity protein binding. 

However, an important observation is that, in spite of the overwhelming 

binding of the hypoxic extracts, normoxic extracts bound to this CCAAT motif 

with higher affinity than hypoxic extracts (Figure 4-5). The sequence of this 

footprint includes the core binding sequence for NF-1. Both NF-1 [214] and 

purified CBF [211] have previously been shown to bind this sequence. 

Brenner et al. showed the functional role of this motif by a 2 bp G-to-T 

mutation in to this CCAAT motif resulting in a 3-fold reduction in reporter 

activity of a C0L1A1 construct (-1627/+115) [112].

The sequence between -83/-94 which includes part of the proximal footprint 

is also a 12bp tandem repeat previously shown to bind Spl [112]. With 35pg 

normoxic nuclear protein per reaction no binding to this motif was seen. 

Hypoxic extracts showed tight binding to the promoter between -90/-75 

however this region only contains the 3’ half of the proximal Spl binding site 

(Figure 4 -6 ) [47,175] and therefore is unlikely to involve significant Spl
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binding. Increasing normoxic nuclear protein levels however resulted in an 

extended footprint between -107/-70 covering this proximal Sp1 binding site, 

and suggesting binding of Sp1 to this site.

The results indicate that the binding of normoxic and hypoxic nuclear extracts 

to the two CCAAT boxes and 12bp repeats is not the same (Figure 4-5 and 

Figure 4-8). In normoxic nuclear extracts comparison of the background of 

the protected areas containing these two CCAAT motifs shows that the 

proximal CCAAT box has bound protein with higher affinity than the distal 

area. In contrast, hypoxic nuclear extracts show higher affinity binding to the 

distal CCAAT box. Both hypoxic and normoxic nuclear extracts bind to the 

distal Sp1 site. With equal protein levels (35pg) hypoxic extracts showed 

higher affinity binding to this site. Increasing the normoxic protein level 

(48|xg) resulted in a similar level of protection as the hypoxic extracts at the 

lower protein level (35pg). Hypoxic nuclear proteins and equal level 

normoxic protein (35pg) did not bind to the proximal Sp1 binding site. 

However increased normoxic nuclear protein levels (48pg) did bind to this 

site, with low affinity, extending the normoxic footprint proximally from -90 to 

-65. In summary, the data suggests that the under normoxic conditions 

binding is predominantly at the proximal CCAAT box while in hypoxia binding 

is primarily at the distal 1 2 bp repeat site.

The results overall suggest that the some of the footprints detected are due 

to same factors present in normoxic and hypoxic nuclear extracts, however 

the level of binding is different. Equal protein levels of normoxic and hypoxic 

nuclear extracts showed increased DNA binding by hypoxic factors. 

Increased amounts of normoxic nuclear protein produced a similar DNA 

binding pattern to that observed with hypoxic nuclear extracts.

If ubiquitous DNA binding proteins, present at basal cellular state in 

normoxia, bind to discrete elements of the C0L1A1 proximal promoter in 

hypoxia a mechanism must exist that enhances the binding of these 

ubiquitous proteins to the promoter in hypoxia. This mechanism could 

involve changes to trans- or c/s-acting factors. In vivo it is possible that

96



C hapter 4

proteins binding upstream hypoxia-specific enhancers could recruit proteins 

that favour the disruption of the nucleosomal structure in the proximal 

promoter allowing ubiquitous DNA binding proteins to gain access to 

proximal promoters. However the results presented examined the proximal 

promoter in vitro and no such enhancers could influence the binding process. 

Further, the results of the transfection experiments in Chapter 3 did not show 

higher promoter activity of the longer construct, pGLa1-2.3, in hypoxia.

DNA méthylation has also been investigated in the transcriptional regulation 

of mouse [135] and human [177] C0L1A1. In both studies transfected a 

C0L1A1 reporter construct (-220/+115) methylated in vitro and showed 

repressed reporter activity compared with an unmethylated control. Although 

one of the effects of DNA méthylation is to inhibit binding of both stimulatory 

and inhibitory transcription factors, footprinting and mobility shift assays 

showed no differences in protein binding to methylated and unmethylated 

C0L1A1 promoter sequences. The authors therefore concluded that DNA 

méthylation inhibits C0L1A1 transcription via an indirect mechanism [135]. 

In addition, several independent studies have shown that the DNA binding of 

two important C0L1A1 regulatory transcription factors, NF-1 and Spl, is 

insensitive to DNA méthylation [12,89]. Therefore it seems most likely that 

hypoxia leads to either an increase in the abundance of and/or activation of 

ubiquitous transcription factors, thereby leading to enhanced protein-DNA 

interactions. The characterisation of the transcription factors involved in 

hypoxic activation of C0L1A1 is investigated in the next chapter.

4.6 Summary

Basal regulatory regions of the mouse C0L1A1 promoter have been 

extensively investigated [5,18,19,43,44,59,72,89,111,112,114,135,138,140 

,177]. The proximal 220bp have been shown to act as a strong promoter 

[19]. To date 14 binding sites, for 8  known and 2 uncharacterised

transcription factors, have been reported in the region -220/+1 of C0L1A1 

(Figure 4-3). All studies listed above have identified by two important 

regulatory elements located at -130/-100 and -100/-80 each containing an

97



Chapter 4

inverted CCAAT box and 12 bp direct repeats. Transcription factors NF-1 

and Spl have been shown to bind to both CCAAT box and 12bp repeat 

sequence respectively [111]. Binding of NF-1 and Spl occurs in a mutually 

exclusive manner, suggesting an “NF-1/Spl” switch element operating at the 

4 binding sites controlling the transcriptional activity of the C0L1A1 

[5,111,112]. Purified CBF was shown also to bind to the proximal CCAAT 

box [89]. This motif was also shown to be required for basal activity of the 

promoter.

More recently 3 binding sites for inhibitory factors have been reported, c- 

Krox binds preferentially to the purine-rich region -190/-170 whereas BFCOL 

shows stronger affinity for the pyrimidine-rich sequences between -1 60 /- 

130. Parallel studies at this laboratory identified a novel binding site for YB-1 

to the Y-box element of the promoter between -B3/-59 [114].

YY1 is the latest protein reported to be involved in transcription activation of 

COL1A1 [142]. YY1 binds to the mouse C0L1A1 promoter at -40/-37 and at 

-32/-29 immediately adjacent to the TATA box. Transcriptional activation of 

C0L1A1 by YY1 requires a functional TATA box which suggests that YY1 

may be involved in stabilisation of the TBP/TFIID binding to this site [142].

The effects of hypoxia on transcriptional regulation of C0L1A1 have not been 

previously investigated. The current study compared binding of normoxic 

and hypoxic nuclear extracts to C0L1A1 promoter for the first time. Hypoxic 

nuclear extracts used in footprint analysis showed 11  protected areas 

spanning the whole length of the C0L1A1 promoter (-220/+115). On the 

whole hypoxic nuclear proteins bound to the promoter with high affinity, 

appearing rather “sticky”. Equal protein levels of normoxic nuclear extract 

only resulted in two footprints. Increasing the level of normoxic nuclear 

extracts resulted in a more similar binding pattern to that seen with hypoxic 

extracts (at lower protein level). The highest binding affinity of normoxic 

extracts was to the proximal CCAAT box at -100/-96 whilst hypoxic nuclear 

extracts bound most strongly to the distal 1 2 bp repeat sequence between -  

123/-114.
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Taken together the data suggest that similar factors in normoxia and hypoxia 

bind to the promoter, however the level of binding is different. If ubiquitous 

DNA binding proteins bind to discrete elements of the C0L1A1 proximal 

promoter in both normoxia and hypoxia a mechanism must exist that 

enhances the binding of these ubiquitous proteins to the promoter in hypoxia.

4.7 Conclusions

■ Hypoxic nuclear proteins bound to the -220/+115 region of C0L1A1 

with high affinity. Binding was seen to 11 specific sites, throughout 

the length of the promoter. Similar normoxic nuclear protein levels 

resulted in 2 footprints between -130/-90.

■ Hypoxic treatment of cells resulted in more pronounced DMA-binding 

by the nuclear extracts.

■ The highest binding affinity of normoxic extracts was to the proximal 

CCAAT box at -100/-96 whilst hypoxic nuclear extracts bound most 

strongly to the distal 12 bp repeat sequence between -1 23 /-1 14.

■ Increasing the amount of normoxic nuclear proteins in binding 

reactions produced a more similar binding pattern to that with hypoxic 

nuclear extracts.

■ Similar factors in normoxic and hypoxic nuclear extracts may bind to 

the promoter. If so, in hypoxia a mechanism must exist that 

enhances the binding of these ubiquitous proteins to the promoter.
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5. COMPARISON OF THE NUCLEAR PROTEIN MAP 

OF NORMOXIC AND HYPOXIC FIBROBLASTS

5.1 Introduction

It is now appreciated that all eukaryotic and prokaryotic nucleated cells sense 

O2 concentrations and respond to hypoxia [125,157,158]. In common with 

other physiological systems, cellular responses to hypoxia depend on its 

duration. Acute changes in O2 concentrations (lasting from seconds to 

minutes) result in modification of existing proteins, such as phosphorylation, 

or changes in their redox state [125,157,158]. However more prolonged 

“chronic” hypoxia (lasting from minutes to 1 hour) results in alteration of gene 

expression [125,157,158]. Chronic hypoxia of interstitial tissues is thought to 

play a major role in the pathogenesis of major causes of mortality such as 

end stage renal disease [40], cerebral and myocardial ischêmia, chronic 

cardiopulmonary disease, tumour growth, tissue injury and wound breakdown 

[26,125,157]. It is the “chronic effects” of hypoxia on the nuclear protein 

profile, which is the subject of this section of the study.

Hypoxia-dependent transcriptional regulation of genes involves interaction of 

different regulatory nuclear proteins and c/s-acting DMA elements. As 

discussed in Chapter 1, the most widely reported regulatory mechanism of 

hypoxic gene regulation is the interaction of HIF-1  with specific c/s-acting 

elements [21,125,157,158,185]. Also mentioned were the more recent 

studies which reported involvement of other transcription factors in hypoxic 

transcriptional regulation such as AP-1, CREB-1, and Spl (Table 1-1). Given 

the ubiquitous presence of consensus binding sites for these hypoxia- 

responsive transcription factors it is not surprising that hypoxia affects the 

transcription of numerous genes. The effect of hypoxia on expression of 

many cytoplasmic proteins has been reported (Table 1-1), however 

investigations into the effects of low p0 2  on nuclear proteins have been 

rather limited. With the exception of Spl and AP-1, other hypoxia-responsive
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transcription factors have been identified by their association with HIF-1 DMA 

binding [26]. The aim of the current Chapter was to utilise proteomics to 

identify other hypoxia-responsive transcription factors.

The development of novel and powerful technologies such as large-scale 

DMA sequencing, mRNA profiling and proteomics have revolutionised 

biomedical research. In the current study a proteomic approach was chosen 

in preference to the other techniques. Proteomic offers a major advantage in 

that, in contrast to the genomic analysis, which is relatively static and 

essentially identical in every cell, protein expression (the proteome) is in a 

state of dynamic flux, constantly changing and responds to stimuli such as 

hypoxia [84].

Proteomics is defined as the large-scale study of proteins [93]. The word 

proteomics has traditionally been associated with displaying a large number 

of proteins from a given cell line or organism on two-dimensional (2-D) 

polyacrylamide gels [187]. Original descriptions of 2-D gel electrophoresis 

date back to the late 1970s when studies started to build databases of 

proteins [2]. Initially 2-D gels were difficult to run reproducibly but technical 

improvements addressed this problem. Subsequent efforts focussed on the 

development of sensitive and rapid analytical methods for protein 

identification, analogous to PCR and automated DMA sequencers used in 

genomic studies [93]. In the 1990s, biological mass spectrometry (MS) 

emerged as a powerful analytical method for protein analysis [93].

Systematic proteomic analysis of expressed proteins involves three key steps 

using independent technologies:

1. Protein separation.

2. Protein identification.

3. MS data analysis using bio-informatics.
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1. Protein separation

To identify a protein from the proteome of the cell it must first be separated 

from the other proteins. In 1807 Ferdinand Frederic Reuss observed 

migration of colloid particles in an electric field, which might be regarded as 

the first electrophoretic separation [195]. Today the highest resolution 

technique reported for the separation of a complex mixture of proteins is two- 

dimensional polyacrylamide gel electrophoresis (2-D PAGE). The procedure 

involves resolution of proteins by 2  separation steps, firstly by charge 

(isoelectric focusing) and then by mass [2]. The number of individual 

polypeptide spots detected is variable and dependent on a number of 

parameters such as the sample loading, the type of sample and the staining 

procedure. Using this technique clear resolution of up to a thousand protein 

spots on a single gel have been reported [14]. This scale of resolution, 

together with the ability to run multiple gels and availability of a wide pH 

range for the first dimensional separation (see below) makes 2-D PAGE a 

powerful system to investigate the proteome.

As mentioned above the original problems of reproducibility have been 

considerably reduced by recent advances in 2-D PAGE technology, such as 

the use of commercially available immobilised pH gradients (IPGs). In a 

recent study Blomberg at a/. [14] compared the reproducibility of yeast 

protein patterns using IPGs for the first dimension in 3 different laboratories. 

The inter-laboratory comparison showed highly reproducible protein patterns, 

yielding a correlation coefficient of 0.98 between the gels analysed. More 

importantly the use of IPGs has also permitted accurate qualitative and 

quantitative comparisons of the differences in protein expression patterns of 

cells treated with a specific stimulus, such as heat shock [176], or as in the 

current study, hypoxia.

2. Protein identification

The most significant breakthrough in proteomics has been the MS 

identification of gel-separated proteins, which extends analyses far beyond 

the simple display of proteins [1]. For identification, protein spots are excised 

from the gel and subjected to reduction, alkylation, several washing steps
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and finally enzymatic digestion followed by peptide extraction. A small 

portion of the resulting peptide mixture can be directly used for MS peptide 

mapping.

The enzymatic digestion of proteins is a fundamental step in this technique. 

Gel-separated proteins are difficult to elute and analyse by MS. More 

importantly determination of the molecular weight of the protein alone does 

not provide sufficient information for database identification of the sample. 

Enzymatic digestion of the protein at specific sites (for example trypsin 

cleavage of the protein backbone at the amino acids arginine and lysine) 

results in a unique combination of peptide masses used by the databases for 

identification of the sample [92,93] (Figure 5.2).

Principles of mass spectrometry

MS is an extremely powerful analytical method used for the study of both 

small and large biological molecules [1,14,92,93]. An excellent detailed 

description of MS is provided by Matthias Mann et al. [92,93]. A mass 

spectrometer discriminates between chemical compounds by separating 

molecular ions according to the mass-to-charge (m/z) ratio, resulting in 

determination of their molecular mass. Introducing the trypsinised sample 

(analyte) into an ionisation source induces the production of charged 

molecular ions (Figure 5-1). The ions are subsequently propelled into a 

mass analyser by an electric field that resolves each ion according to its m/z 

ratio prior to its arrival at the detector. The detector, in turn, transfers the 

information to a computer for processing.

There are various types of ionisation sources and mass analysers available 

that are fundamentally different. These two principle components of the 

mass spectrometer result in instrument diversity, with each apparatus being 

particularly suited to different chemical compounds or analysis conditions 

[1,14, 92,93]. Ionisation sources particularly applicable for the study of bio

molecules are matrix-assisted laser desorption/ionisation (MALDI) and 

electrospray ionisation (ESI) for two main reasons: Firstly, both tools result in 

very little or no fragmentation of large bio-molecules during the ionisation and
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desorption process and are therefore referred to as “soft” ionisation [163]. 

Secondly, the high ionisation efficiency of these procedures permits analysis 

of relatively small amounts of material, which is particularly beneficial for 

biological research [92]. MALDI is the most widespread technique, also used 

in the current study and will be discussed in more detail.

Matrix-assisted laser desorption/ionisation (MALDI)

For ionisation by MALDI, the analyte must be embedded in a crystalline 

structure of small, organic, UV-absorbing molecules, which are now 

commercially available. The crystal structure, termed the matrix, enables the 

production of gaseous ions from charged biological molecules by using a 

laser as the ionisation source [34], it also limits sample damage by absorbing 

most of the energy from the incident laser beam. For ionisation to occur, the 

matrix crystals must absorb at the wavelength of the laser, the most 

commonly used wavelength is 337nm that of a nitrogen laser. The pulsed 

laser beam is directed at the matrix containing the sample and the crystals 

absorb the light energy from the laser and convert it to heat, causing 

vaporisation of the crystals and the sample. Electrostatic lenses then direct 

the gaseous charged ions towards the mass analyser. The precise nature of 

the ionisation process is still largely unidentified [92]. However, ionisation by 

MALDI results, almost solely, in the formation of a singly charged ion. 

Therefore, each peak in the mass spectrum corresponds to one ion species 

representing a specific peptide (Figure 5-2).

As mentioned earlier a major advantage of using MALDI in biological 

research is that this technique is highly sensitive and requires only 

femtomoles of sample to produce a good mass spectrum [34]. In addition to 

the peptide levels, the intensity of the MS signals also depends on 

incorporation of the peptides into crystals, their likelihood of capturing and/or 

retaining a proton during the desorption process, and a number of other 

factors including suppression effects in peptide mixtures [92].
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Figure 5-1 Schematic of the MALDI process and Instrument A: The sample is loaded 

onto the reading plate, covered by matrix and then subjected to bursts of laser beam 

resulting in vaporization and ionisation of peptides. B: About 100-500 ns after the laser 

pulse the machine starts a strong acceleration field, transferring fixed kinetic energy levels to 

the ions produced by the MALDI process. These ions travel down a flight tube and are 

turned around in a reflector to correct for initial energy differences. The mass-to-charge ratio 

is related to the time it takes an ion to reach the detector; with the lighter ions arriving first. 

The detector registers the arrival of the ions. Figure reproduced with permission, from the 

Annual Review of Biochemistry Volume 70 ©2001 by Annual Reviews, httpV/www.Annual 

Reviews.org.

The time-of-flight (TOP) analyser is the simplest analyser and is most commonly 

coupled with a MALDI source. This device measures the m /z  ratio of ions by the 

time taken for the ions to travel through a fixed flight path. The principle can be 

explained by the equation [163]:

KE = where v =,\{2KE Im
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When a set of ions (each ion representing a peptide chain) are accelerated 

towards the detector with the same accelerating energy, the time taken for the 

ions to reach the detector is determined by their kinetic energy (KE) and mass 

(m). The same constant voltage accelerates all the ions so the KE of all the ions 

is the same. Therefore, according to this equation the velocity (v) of an ion is 

determined by its mass {m). Ions with different masses arrive at the detector at 

different times and as the velocity is inversely proportional to the mass, smaller 

ions have greater velocity and arrive at the detector earlier than the higher mass 

ions (Figure 5-1 j.

Denature

HITGIQITKAAND L LND S FRL LD SKGEACIVAAGYAE WSREYP Q LTIVS GQ QRFNSLTPSL

Digest

H ITG IQ ITK  AANDLLNDSFR LLDSK GEACIVAAGYAEWSR EYPQ LTIVS GQQR FNSLTPSL

P1 P2 P3 p4 p5 p6
MS

p6

p3

p5
p2

pi

p4

Mass

Figure 5-2 Peptide mass fingerprinting. A protein is excised from a polyacrylamide gel 

and digested with a proteolytic enzyme. The backbone of the peptide chain is cleaved at 

specific sites. The masses of the resultant peptides are acquired by MS. The exact 

combination of mass values of the peptide chain is unique to each protein. Figure adapted 

from [130].

By using MS, a “mass fingerprint ” (Figure 5-2) is obtained of the peptide 

fragments of a protein enzymatically-degraded with a sequence-specific
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protease such as trypsin. This set of masses obtained by MALDI-TOF, is 

then compared to the theoretical expected tryptic peptide masses for each 

entry in the database.

3. MS data analysis
Protein identification by database searching or “peptide mass fingerprinting" 

Once a mass spectrum for a sample has been obtained the mass peaks 

representing the matrix or other contaminants such as keratin (usually from 

skin or hair of the investigator) have to be eliminated using specialized 

software programs. As mentioned earlier, trypsin cleaves the protein 

backbone at the amino acids arginine and lysine. Specialised search tools 

(10 sites are currently available on the internet) (Section 5.3.10) contain 

databases of the predicted masses of all known protein sequences subjected 

to theoretical trypsinisation reactions. These search engines compare the 

predicted peptide mass fingerprints with those obtained experimentally by 

MALDI-TOF analysis. Potential proteins are then ranked according to an 

algorithmic scoring system, unique to each database, but generally take into 

account the number of peptide matches, the mass accuracy and the 

percentage of the protein sequence covered to calculate a level of 

confidence for the match [9,38]. Other factors are also included, such as the 

fact that larger peptides are less frequent in the database and should 

therefore increase the score more when matched [9,38]. To minimize the 

risk of obtaining false results, MS data should be analysed in a number of 

independent databases (V. Soskic, Department of Medicine, RFUGMS; 

personal communication). For example, the MS data from the experiments 

presented in this chapter were searched in 3 independent databases and 

were only regarded as a positive finding if the same protein was identified by 

all 3 databases.

Using the approach outlined, success rates of 50-75% for positive 

identification of a selected peptide spot have been reported in the literature 

[9,51]. However the identification rate for all proteins is not the same, higher 

molecular weight proteins are identified at much higher rates compared with 

low molecular weight proteins. This is partly due to the fact that higher
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molecular weight proteins contain longer amino acid sequences with more 

trypsin cleavage sites, resulting in more potential peaks in their peptide mass 

fingerprints and thereby increasing the probability of the identification.

Another important point to note is that the results of MS and database search 

engines currently depend on the user to a significant extent [9,38]. The 

database searching process requires several pieces of software, which need 

manual intervention by an experienced operator to achieve optimum results. 

Determining the mass of peaks in a mass spectrum frequently requires close 

inspection of the values, elimination of signals from contaminants (keratin) 

and correction of errors made by the signal-processing process, such as loss 

of calibration. In particular, the current software programs are not user- 

friendly and assume a highly motivated, knowledgeable user who can quickly 

evaluate the results and make their own independent decisions [9,38]. 

Despite the current drawbacks, proteomics provides a powerful analytical 

tool.

5.2 Aims

The aims of current Chapter were:

1. To establish a working protocol for 2-D PAGE resolution of nuclear 

proteins.

2. To obtain and compare the protein profile of hypoxic and normoxic 

nuclei, with particular attention to identifying transcription factors 

whose levels were altered by hypoxia.

108



Chapter 5

5.3 Methods

5.3.1 Establishment of protocol

No published protocol for the 2-D separation of nuclear proteins was found in 

an extensive review of the literature. Initially nuclear protein samples were 

run using routine 2-D PAGE methods and thereafter the protocol was 

improved through a series of optimisation steps. Ideal gel loading was 

determined as 1 0 0 pg of nuclear proteins, which resulted in visualisation of 

proteins expressed at low levels without overloading the gel. Pre-treatment 

of samples for 2-D PAGE involves removal of contaminants, solublisation, 

dénaturation and reduction to completely break-up protein-protein 

interactions [92]. Preliminary electrophoresis results revealed a significant 

amount of nucleic acid in nuclear extracts, particularly in hypoxic samples, 

which caused smearing and masked the peptide spots. This problem was 

overcome by treating the samples with DNase-1. In pilot experiments, 

samples were separated in the first dimension on wide-range pH 3-11 IPGs. 

However the resolution of the wide range gels was found to be poor in the 

alkaline range and also proteins expressed at low levels were not visually 

detectable. To maximise the resolution and, in particular to address well- 

documented problems of lEF in the alkaline range [51,195] samples were run 

separately in 4-7 and 6-11 pH ranges.

5.3.2 Sample preparation

Nuclear extracts from normoxic and hypoxic (12 hours at 1% O2: Section 2.2) 

NRK-49F were prepared as described in Section 2.3. Nuclear proteins 

samples were run in triplicate using 6  independent preparations initially in the 

acidic pH ranges 4-7 and subsequently in the basic pH range 6-11.

Nuclear proteins (lOOpg) were treated with 5U DNase-1 (Promega) on ice for 

30 minutes. Normoxic and hypoxic nuclear proteins were diluted to 200pl 

with ice-cold H2O, precipitated with 800pl ice-cold acetone (BDH), incubated 

on ice for 20 minutes and centrifuged at 15800xg (Eppendorf 5402
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centrifuge) for 10 minutes at 4°C. The protein pellet was washed twice with 

1 ml 80% ice-cold acetone to remove any remnant salts, which would 

interfere with the lEF of the sample. The protein pellet was air-dried for 10 

minutes at room temperature and dissolved in 270pl lEF buffer (BM urea, 2M 

thiourea, 4%, CHAPS, 1% Triton X-100, 65mM DTT, lOmM Tris base pH

11.2, 0.8% ampholyte, IX  Complete Protease Inhibitors; Roche). Prior to 

loading, samples were sonicated (Sonicator; Phillip Harris Scientific, 

Lichfield, UK) in an ice bath for three 10 second cycles to maximise 

solublisation of the sample.

5.3.3 First dimension: isoelectric focusing

The first dimension of protein separation, lEF, was performed using ready

made individual, 0.3X13cm immobilised pH gradient (IPGs) strips 

(Amersham Pharmacia). Samples were applied by in-gel rehydration. 

Protein samples (270pl) were pipetted into the groove of individual IPG strip 

holding trays (Amersham Pharmacia). The IPG strips were then inserted (gel 

side down) into the grooves without trapping air bubbles and covered with 

400pl silicone oil (Sigma). The 6  strip holders (3 normoxic and 3 hypoxic 

samples in each pH range) were put onto the electrode contact area of the 

lEF unit (IPGPhor; Amersham Pharmacia). The safety lid was closed and 

rehydration and lEF were carried out automatically according to the 

programmed setting. Low voltage (30V) was applied during the rehydration 

step ( 1 2  hours) to improve entry of high molecular weight proteins into the 

strips. For optimum 2-D resolution, the initial voltage was limited to 150V for 

acidic gels and 50V for basic gels and then increased step-wise to 3500V. 

lEF was continued at 3500V for a total of 40kV-hours for acidic IPGs and 

60kV-hours for basic IPGs both at 20°C. Current and power settings were 

limited to 0.05mA and 0.2W per IPG gel strip, respectively.

After lEF, IPG gel strips which were not used immediately for second 

dimension electrophoresis were stored in plastic containers at -20°C for up to 

several days.
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5.3.4 Equilibration of iPG strips

Prior to the second dimension, the IPG strips were equilibrated twice in a 

Immobiline Dry Strip Reswelling Tray (Amersham Pharmacia) for 15 minutes 

in 400^1 of a solution containing 50 mM Tris-HCI buffer pH 8 .8 , 6 M urea, 30% 

(w/v) glycerol, 2% (w/v) SDS, and a trace of bromophenol blue. DTT (2% 

(w/v); Sigma) was added to the first, and iodoacetamide (4.5% (w/v); Sigma) 

to the second equilibration step. After equilibration, the IPG strips were 

rinsed with water and put on filter paper on one edge (avoiding contact 

between the sample and the filter paper) for 1 minute to remove excess liquid 

and then applied to vertical SDS gels.

5.3.5 Second dimension: SDS-PAGE 

Multiple SDS-PAGE on vertical systems

Prior to use the glass plates were thoroughly washed with a mild detergent, 

rinsed with deionised water and air-dried. SDS-PAG, 11% acrylamide (High 

Tensile Strength Duracryl; Genomic Solutions, Huntington, Cambridgeshire, 

UK) were cast in 13X13 cm glass plates with 1mm spacers. For loading the 

equilibrated IPG strip, the gel cassette was placed in an upright position and 

then the IPG strip was inserted between the glass plates with a spatula, 

brought in close contact with the upper edge of the SDS gel and filled over 

with 2-3 ml of hot (75°C) 0.5% agarose in Laemmli running buffer (25mM Tris 

pH 8 .8 , 192mM glycine, 0.1% (w/v) SDS) and 0.03% (w/v) bromophenol 

blue).

Once the agarose had set, the 6  gels (3 normoxic; 3 hypoxic) were run 

simultaneously overnight in IX  Laemmli buffer at 200V. The run was 

terminated when the bromophenol blue tracking dye reached the lower end 

of the gel. The cassettes were carefully opened and the agarose overlay 

removed from the polyacrylamide gel. The gel was carefully peeled off the 

glass plate, and placed in a tray containing fixing solution (50% methanol, 

12% acetic acid) overnight. Fixing is necessary to immobilise the separated
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proteins in the gel and to remove any non-protein components, which might 

interfere with subsequent staining [54].

5.3.6 Silver staining of gels

Fixed gels were washed 3 times for 20 minutes each with 50% methanol, 

once with 0.02% sodium thiosulphate for 1 minute and rinsed 3 times with 

deionised water each for 20 seconds. Gels were impregnated with 0.1% 

silver nitrate for 2 0  minutes, rinsed twice with deionised water for 2 0  

seconds. Gels were developed in 3% sodium carbonate, 0.0002% sodium 

thiosulphate, 0.0093% formaldehyde and rinsed twice with deionised water 

for 2 minutes. The staining reaction was terminated by incubation in 50% 

methanol, 12% acetic acid for 10 minutes followed by 50% methanol for 20 

minutes. Finally, gels were rinsed with 5% methanol and stored individually 

in sealed cellophane bags at 4°C.

5.3.7 Densitometric analysis
Acquisition of gel images was carried out using a scanner (UMAX PowerLuc 

III, Taiwan) empirically set to capture even the smallest protein spots with 

good resolution (visually judged on the computer screen). Two different 

specialist commercial 2-D densitometry software programs were used: 

Imagemaster II (Amersham Biotech) and Melanie III (Geneva Bio informatics 

SA, Geneva, Switzerland) in the course of the experiments as these 

programs were being sequentially evaluated by the Proteomics Laboratory, 

Department of Medicine, UCL. To increase the accuracy of the densitometric 

quantification, the background intensity variation was minimized 

automatically by removing the background estimated directly from the image.

In both software programs analysis of a 2-D gel involved selection and 

digitisation of each protein spot. Each protein spot was given an 

identification number and an estimated volume. This estimate was based on 

the optical density and shape statistics of the spots including its width, 

thickness, compactness, elongation, moments, perimeters, curvatures.
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principle axes etc. These parameters were used by the software programs in 

mathematical morphology and stereology calculations estimating the volume 

of each spot from the grey-level information [195].

The 3 normoxic and 3 hypoxic gels were first compared with each other (i.e. 

normoxic gel 1 with normoxic gels 2 and 3; hypoxic gel 1 with gel 2 and 3) 

and by including spots present in all 3 gels a synthetic, computer-simulated, 

average gel was formed for both groups. Protein spots that were only 

present in 1 or 2  of the gels were regarded as “artefacts” or their presence as 

statistically insignificant by the 2-D gel analysis software programs. In both 

normoxic and hypoxic average gels the numerical value of each spot was an 

arithmetic mean of the value of the matched spots in each of the 3 gels. 

Comparison of normoxic and hypoxic synthetic gels revealed 4 groups of 

spots:

1. Unchanged between normoxia and hypoxia.

2. Induced by hypoxia.

3. Suppressed by hypoxia.

4. Unique to hypoxic gels (no spots exclusive to normoxia were 

detected).

In order to make the identification process into a manageable size, as 

apposed to identifying every single spot, arbitrary cut-off values were used in 

the spot selection process. Protein spots induced by more than 2-fold or 

inhibited by more than 50% by hypoxia were selected for analysis. In 

addition, spots that were only present in hypoxic gels, i.e. “unmatched” 

hypoxic spots, were also selected for analysis. No minimum spot size was 

applied and all spots selected were included for analysis.

5.3.8 Trypsin digestion of protein spots: “Tom's in~gei digest”

Small squares (not the whole spot) were cut with a clean scalpel from the 

selected protein spots and placed in microcentrifuge tubes. Samples were 

soaked twice, 15 minutes each in 200^1 50mM NH4HCO3 (Sigma). The 

buffer was removed, 2 0 0 pl acetonitrile added to the sample and incubated
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for 10 minutes. The acetonitrile step was repeated twice more by which time 

the pieces of gel turned white and clumped together. The acetonitrile was 

removed and samples vacuum-dried in a Speedvac (Savant) for 30 minutes. 

Dried samples were rehydrated this time, in 50pl lOmM DTT/IOOmM 

NH4HCO3 for 30 minutes at 56°C. The buffer was removed and samples 

dehydrated again with 200pl acetonitrile 3 times and finally dried in a 

Speedvac (Savant) for 30 minutes.

The trypsin solution was prepared by adding 20pg sequencing grade trypsin 

(Promega) to 250|il 50mM NH4HCO3 (to give a final enzyme concentration of 

80ng/|il). The solution was vortexed briefly and placed on ice. To each 

sample 5p\ of the trypsin solution and 5pl NH4HCO3 were added and 

samples incubated at 30°C overnight.

The MALDI target plate was cleaned with water and mild detergent and air- 

dried. Prior to use any dust on the target was removed with an air-spray. On 

to each target position 0.5)liI of sample was spotted taking care to form clean 

circles. Deposited samples were covered with O.Sjil matrix (a-cyano-4- 

hydroxycinnamic acid; Sigma) (lOmg matrix in 1ml of 50% acetonitrile, 

0.1%TFA) and left to dry at room temperature.

5.3.9 MALDI
Mass spectrometry was carried out using a Bruker BIFLEX'^'^III (Coventry, 

UK) machine. The machine was set in positive reflector mode, with a mass 

range of 500-3500 and cut-off mass at 500Da. Lens and reflector voltages 

were set at lOkV and 1750-1800V respectively. For acquisition of spectra 

200-300 laser shots were fired at each sample. The machine was calibrated 

at the beginning and after analysis of every 7 samples using a commercial 

mixture of 7 peptides of known mass (Sigma). The spectra for each sample 

was analysed, and correct peak masses selected using the Bruker 

DataAnalysis version 1.6 software program. When required, spectra were 

internally calibrated using the known trypsin peaks.
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5.3.10 Database search

To identify each spot the selected mass spectra was submitted to 3 database 

search facilities via the Internet:

Mascot

http://www.matrixscience.com/cgi/search_form.pl?SEARCH=PMF 

MS-Fit

http://prospector.ucsf.edU/ucsfhtml3.2/msfit.htm

Peptldent

http://www.expasy.ch/tools/peptident.html

The mass spectra sensitivity was set at 200ppm, allowing for 1 possible 

trypsin mis-cleavage and including possible carbiodomethylation of the 

peptides and oxidation of methionine amino acids. These modification 

reactions could have occurred during the preparatory (i.e. equilibration 

reaction of the IPGs) and running stages (i.e. reaction with acrylamide) of the 

samples. The spectra were initially searched in the rat database since the 

cells used were of rat origin and those not identified were subsequently 

searched in the more complete mouse and human databases.
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5.4 Results

5.4.1 Analysis of nuclear proteins resolved in the acidic region, pH 
4-7

Loading 100|ig per protein sample produced good resolution in the acidic 

range (Figure 5-3). Using the Imagemaster II software program, 445 

normoxic and 491 hypoxic protein spots, in each case present in all 3 

samples, were identified. Using the arbitrary limiting factors outlined in the 

methods, the following numbers of spots were selected for analysis:

• 25 protein spots were induced by hypoxia more than 2-fold (the 

maximum increase detected was 3.9-fold).

• 22 protein spots were inhibited by hypoxia by more than 50% (the 

maximum inhibition detected was 80%).

• 46 “unmatched” protein spots were detected exclusively in hypoxic gels.

Interestingly all normoxic protein spots were matched to hypoxic spots, and 

exposure to low O2 did not result in complete loss of any nuclear proteins. Of 

the total of 93 spots selected for analysis 28 spots (30%) were successfully 

identified by MS and are presented in Table 5-1, 5-2 and 5-3. As an 

example a representative Mass Spectrum of an analysed spot is shown in 

Figure 5-5.

The success rate for positive identification of selected spots was not the 

same between the groups. Induced spots were identified at a rate of 14/25 

(56%), suppressed spots 3/22 (14%) and “unmatched” hypoxic 13/46 (28%). 

The most plausible explanation for this variation is the amount of protein 

present in the spot [51,92,163]. All selected proteins were isolated from a 

hypoxic gel; therefore induced spots were available in the highest amounts 

and suppressed proteins in lower amounts and this variation is directly 

reflected in the success rate of identification. With the benefit of hindsight the 

rate of identification of suppressed spots would have probably been improved 

had these spots been isolated from normoxic gels. This approach was used 

in the analysis of the alkaline gels.
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Figure 5-3 Acidic range 2-D gel separation of normoxic and hypoxic NRK-49F nuclear extracts. Nuclear extracts (lOOpg) were treated with DNase-1 

and subjected to 40kVhours of lEF between pH of 4-7. Following equilibration, samples were resolved on SDS-PAGE gels and visualised by silver staining. 

The data show representative gels of 3 independent nuclear protein preparations.
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Table 5-1 Proteins induced by hypoxia in acidic gels pH 4-7

Identified NCBI Mass (Da) pi No. of %
Protein Entry* Expected Measured Expected Measured Peptides Sequence

Very Low Density Lipoprotein Receptor 6981706 96542.6 95000 4.61 5 8/37 21%

Phosphatidylinositol 4-Kinase 8176537 78158.7 75000 6.54 5.5 8/13 10%

Outer Dense Fiber Protein 84 053971 73385.7 70000 6.95 5 9/14 19.7%

p300/CBP-associated Factor [Mus musculus] 9910480 92656 75000 9.25 7 7/11 63%

Orphan Nuclear Receptor 2570170 53272.3 55000 6.14 5.5 4/14 28%

Transcription Factor AP-2 [Human] 4507441 48062.5 45000 8.10 7 5/8 62%

MHO class la protein 2570800 42661.2 40000 5.90 4.8 8/26 26%

UBF Transcription Factor, short form 112465 84968.5 35000 5.42 4.7 8/14 57%

p300 Transcriptional Cofactor [Mus musculus] 6573115 111259 35000 5.8 4.5 10/24 63%

Mismatch Repair Protein 1724118 84540.7 40000 5.63 5.5 18/70 25%

Transcription Factor S-ll [Mus musculus] 201937 29930.0 20000 8.34 5.5 5/13 38%

Eukaryotic Translation Initiation Factor 3 

Subunit

6753740 54880.3 35000 5.93 6 7/20 35%

Zinc Finger Protein 94 (ZFP-94) 11136158 59155.8 35000 7.79 5.9 6/36 16%

Nuclear Myosin 1 p 11067002 120600 35000 9.45 5.8 10/19 52%

NCBI = National Centre for Biotechnology Information, NIH, USA.
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Table 5-2 Proteins suppressed by hypoxia in acidic gels pH 4-7

Identified NCBI Mass (Da) pi No. of %
Protein Entry Expected Measured Expected Measured Peptides Sequence

DNA Ligase 1 9050023 103159 10000 8.54 6 7/7 88%

Transcription Factor 17 (Renal Transcription 
Factor Kid-1)

1170658 67979 55000 9.53 7 26/35 31%

Heterogeneous Nuclear Ribonucleoprotein H 2253041 49199.7 35000 5.89 5.5 6/20 30%
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Table 5-3 Proteins only present In hypoxic acidic gels pH 4-7

Identified NCBI Mass (Da) pi No. of %
Protein Entry Expected Measured Expected Measured Peptides Sequence

a-actinin 4 (AF190909) 6636119 104786 10000 5.24 4.8 11/32 34%

Collagen a chain precursor (AA -27 to 1127) 50502 108639 90000 8.61 6 9/42 21%

Dynamin llaa (L25605) 6978771 98230.9 95000 7.02 6.5 9/50 18%

Synaptonemal Complex Protein 1 (SCP-1 
Protein)

8977876 116952 95000 Undefined 7 16/28

Nucleolar Transcription Factor 1 (Upstream 
Binding Factor 1; UBF-1)

136654 89723 9.5 5.63 6 8/22 14.1%

Meiosis-Specific Nuclear Structural Protein 1 6678908 60255 80000 Undefined 6 10/20 18%

Glucose-6-Phosphate Dehydrogenase 204197 55307 90000 9 10/18

Receptor for hyaluronic acid [Mus musculus] 1495186 87091 80000 6 7/14

Protein Kinase C Delta 6755082 78809 75000 5.5 9/21

Heat-Shock Protein 6169978 96493.0 80000 5.42 5.5 5/27 18%

Mismatch Repair Protein 1724118 84540.7 75000 5.63 5.8 14/68 20%

Probable RNA-directed DNA polymerase (clone 

MH2C) [Human]

112262 60832 75000 6.67 5.6 7/28 15%

MEK Kinase 4a [Mus musculus] 6685609 179950 70000 6.05 6 12/48 25%

Proteins only identified by the Mascot database (section 5.3.10) and information was not supplied.
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5.4.2 Analysis of nuclear proteins resolved In the alkaline region, 
pH 6-11

Isoelectric focusing of proteins in the basic pH range has historically been 

reported to be problematic [39,51,84]. Prior to optimisation experiments a 

comprehensive review of published protocols was undertaken. In contrast to 

the concern with revealing as many proteins as possible described by most 

articles, few reports mentioned specific gel systems for separation of basic 

proteins despite the fact that approximately one third to one half of the 

cellular proteins have isoelectric points above pH 7 [51]. Part of the 

explanation could be that the resolution of the commercial basic IPGs (pH 

ranges 6-9, 6-11 or 7-10) are still not as good as the acidic IPGs (compare 

Figure 5-3 with Figure 5-4).

Loading lOOpg protein per sample into pH 6-11 IPGs, gave satisfactory 

resolution over the pH range 6-9 (Figure 5-4). On average, approximately 

200 peptide spots were detectable in each individual gel. However, using the 

Melanie III software program (Imagemaster II program was no longer 

available in the proteomic laboratory) only 73 normoxic and 77 hypoxic 

protein spots were consistently present in all 3 normoxic and hypoxic gels 

and regarded as statistically significant by the program. Using the arbitrary 

limiting factors the following number of spots were selected for analysis:

• 27 protein spots were induced more than 3-fold by hypoxia (the 

maximum increase detected was 21-fold). Due to low protein 

abundance levels 7 induced spots were excluded from analysis.

• 10 protein spots were inhibited more than 40% by hypoxia (the

maximum inhibition detected was 90%). Half of the peptide spots

were not included for analysis due to low protein levels.

• 18 “unmatched” protein spots were detected exclusively in the hypoxic

gels. All unmatched spots were included for analysis.

121



Chapter 5

In common with the acidic gels, all normoxic protein spots were matched to 

hypoxic spots, and exposure to low O2 did not result in complete loss of any 

nuclear protein. Of the total of 43 spots selected for analysis 26 spots (60%) 

were successfully identified by MS. Identified proteins are presented in Table

5-4, 5-5 and 5-6.

Improved identification rate was largely due to the operative experience 

gained while analysing acidic proteins. Poorly expressed spots (detected 

visually as small, faint spots) were not included for analysis. In addition, in 

this analysis suppressed spots were cut from normoxic gels which had higher 

sample levels. This change of protocol resulted in improvement of the 

identification process of suppressed proteins from 14% to 60% compared 

with the acidic proteins.
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Table 5-4 Proteins induced by hypoxia in basic gels pH 6-11

Identified NCBI Mass (Da) PI No. of %
Protein Entry Expected Measured Expected Measured Peptides Sequence

Pyruvate Kinase, M2 Isoenzyme 1346398 57781.3 58000 7.15 8 14/53 26%

Beta-Adrenergic Receptor Kinase 2144050 79779.6 70000 7.30 7 4/22 18%

Elongation Factor-1 a 1220484 50150.3 50000 9.10 10 9/30 30%

Hepatocyte Nuclear Factor 4-a (Transcription 
Factor 14)

220772 51695.8 48000 6.64 9 6/17 35%

Programmed Cell Death Protein 2 (Zinc Finger 

Protein RP-8) (Fragment)

206717 Undefined 40000 Undefined 7 7/24 35%

Glyceraldehyde 3-Phosphate Dehydrogenase 
(GAPDH)

120707 35836.4 35000 8.43 8.5 5/13 38%

Metastasis-Associated Protein, MTA1 2498590 79413.1 35000 9.25 8 8/20 40%

Transcription Factor Oct-1 (Fragment) 347044 17778 32000 9.25 8 4/8 14%

Gene Product Predicted [Human] 7661882 26878 25000 8.7 7 4/5 21%

Phosphoglycerate Mutase Type B Subunit 8248819 28846.3 20000 7.07 6.0 7/10 70%

Triosephosphate Isomerase (TIM) 1351280 26921.2 20000 6.45 6.5 5/7 71%

Glutathione S-Transferase P (Gst 7-7) (Chain 7) 121749 23439.1 20000 6.89 8 4/13 30%

GTP-Binding Nuclear Protein Ran [Human] 131845 24354.2 20000 6.59 6.5 7/14 50%

Figure 5-4 Basic range 2-D gel separation o f normoxic and hypoxic NRK-49F nuclear extracts. Nuclear extracts (100pg) were treated with DNase-1 

and subjected to 40kVhours of lEF. Following equilibration samples were resolved on 11% SDS-PAGE gels and visualised by silver staining. The data show 

representative gels of 3 independent nuclear protein preparations.
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Table 5-5 Proteins suppressed by hypoxia In basic gels pH 6-11

Identified NCBI Mass (Da) pi No. of %

Protein Entry Expected Measured Expected Measured Peptides Sequence

Thyroid Hormone Receptor 92878 46824.6 30000 8.18 8.5 7/41 17%

Activated RNA Polymerase II Transcription 
Cofactor 4 [Human]

5729968 14386 15000 10.3 9.5 4/5 28%

Cyclic-AMP-dependent Transcription Factor, ATF- 
6 (Fragment) [Human]

88878 8052 15000 9.8 10 3/4 45%

Table 5-6 Proteins only present In hypoxic basic gels pH 6-11

Identified NCBI Mass (Da) pi No. of %

Protein Entry Expected Measured Expected Measured Peptides Sequence

Pyruvate Kinase, M2 Isoenzyme 1346398 57781.3 58000 7.15 7 6/8 75%

Lamin A 347030 71900.2 58000 8.92 6 12/31 38%

Synaptonemal Complex Lateral Element Protein 2 7514093 172594.7 55000 8.31 9 12/37 32%

Zis (AF013965) 2317752 37837.9 50000 9.22 10 4/12 33%

Orphan Nuclear Receptor HMR 596053 64282.6 50000 7.04 6 7/28 25%

Zinc Finger 5 protein [Human] 2117022 50956.8 50000 5.69 5.8 6/13 46%

Transcription Factor SL1 [Human] 161580 52676.0 30000 9.15 8 4/6 66%

CBF, CCAAT-Binding Factor [Human] (Fragment) 5031625 114071.84 30000 5.19 5.5 5/9 6%

Erythroid Transcription Factor (GATA-1, ERYF1, 

GF-1, NF-E1)

6979977 42871.6 20000 8.90 8 5/12 41%
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Figure 5-5 A representative MALDI-TOF Mass Spectrum. Only the peaks representing 

the sample are selected (mass shown above peak), other peaks can be due to trypsin, the 

matrix covering the sample or contaminants (such as human keratin from skin or hair).

5.5 Discussion

In order to be able to carry out the proteomic screen of nuclear proteins a 

protocol for 2-D PAGE separation of the samples had to be established. In 

this study novel technical approaches were made finally resulting in a valid 

and reproducible protocol for 2-D PAGE resolution of nuclear proteins. 

The main area of technical improvement was in sample preparation. 

Preliminary gels revealed high levels of nucleic acid in the samples. 

Sample preparation was particularly important for running basic gels (pH 6- 

11) as nucleic acid fragments were bound significantly more to basic 

proteins. Treatment of the samples with DNase-1 together with acetone 

precipitation and washing steps resulted in removal of nucleic acid, salts 

and other contaminants, which normally interfere with lEF. The resolution 

of basic gels was improved further by stepwise increase of the lEF from 40 

to 60kV-hours.
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A good question that can rise is: why not analyse total cell protein extract? 

Running sub-cellular protein fractions can significantly reduce the overall 

number of proteins spots per gel with 2 main benefits. Firstly, it allows 

visualisation of proteins spots expressed at low levels, which would 

otherwise be diluted below the level of detection if whole cell extracts were 

used. Secondly, by reducing the number of protein spots, analysis and 

processing of the spots of interest are facilitated. The results of the current 

study show, for the first time, resolution of nuclear proteins on 2-D gels.

A review of the proteomic literature reveals a common theme, where 

substantial research efforts have been aimed at mapping of all proteins in 

particular cell types. For the most part, this has involved “displaying” the 

cellular proteins on 2-D PAGE gels and identifying the proteins contained 

in selected spots by MS [1,14,51,54,92,93,195]. More recently this “total 

cellular protein” approach is also being used in comparative experiments, 

which compare normal and diseased cells to identify molecular markers of 

the diseased state [51]. In the present study proteomics was used to 

establish and compare normal and hypoxic nuclear proteome. It was 

anticipated that this approach would reveal a cohort of transcription factors 

upregulated by hypoxia which may be involved in hypoxic regulation of 

COL1A1 demonstrated in Chapter 3. At the same time this approach 

would also provide some insight into the nuclear proteome of quiescent 

fibroblasts.

As mentioned in the Introduction, the effects of hypoxia on only a number 

of transcription factors such as HIF-1 have been reported. However the 

broader effects of this stimulus on other nuclear proteins has not been 

previously explored. To investigate this effect a proteomic approach was 

selected since by using this technology several components of the nuclear 

proteome of the cell could be readily measured giving an insight to the 

overall cellular response. The effect of increased temperature on heat- 

shock proteins levels is perhaps the most similar example of this approach 

[176].
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In the current study induced proteins including those that were only 

expressed in hypoxia were selected for analysis, with an assumption that a 

dramatic increase in the abundance of a protein indicates the importance 

of that protein in the cellular response to hypoxia. Similarly proteins 

suppressed were also analysed aiming to highlight any specific active or 

passive responses to the hypoxic environment. However, it is important to 

bear in mind that there is not always a tight correlation between induction 

or repression and activity of a protein which may be determined by post- 

translational modifications rather than by the absolute amounts [176].

The results presented in this chapter, in common with most published data 

[reviewed in 51,176], highlight an important point that often remains 

unstated. Namely, although a substantial number of nuclear proteins were 

either induced or suppressed by hypoxia, the vast majority of peptide spots 

remained unchanged. In the acidic gels the levels of 93 peptide spots 

were altered out of a total of over 400 spots (23%) per gel. In the basic 

gels the effect of hypoxia on protein levels was slightly less pronounced 

with levels of 55 peptide spots out 300 (18%) altered. However an 

important group of proteins whose levels were not altered by hypoxia but 

were rather modified by this stimulus were not detectable using the 

approach. Post-translational modifications including phosphorylation, 

oxidation, glycosylation, acteylation, méthylation and ubiquitination are 

important mechanisms by which protein activities can be regulated 

[135,152]. Current advances in proteomic technology are largely aimed at 

identification of such modification proteins (Vukic Soskic, Department of 

Medicine, RFUGMS; personal communication).

Making sense of proteomic data

Nuclear proteins, whose levels were altered by hypoxia, presented in this 

chapter, covered a broad range of functions including transcription factors 

(e.g. CBF), structural proteins (e.g. Dynaminn lia), nuclear receptors (eg. 

thyroid hormone receptor), metabolic enzymes (eg. GAPDH) etc. Previous 

studies have described hypoxic inducibility of GAPDH [158], p300 [125] 

and API [125] however not in rat fibroblasts. Presence of these proteins in

128



Chapter 5

the results serves as a good internal control for the hypoxic environment. 

The effects of hypoxia on the remaining identified proteins represents 

novel findings.

In an attempt to find a common link or explanation for the observed results 

a preliminary Medline search of all identified proteins was carried out. 

However with hindsight a detailed literature search of every single protein 

identified does not really represent a viable approach. The need for 

analysis of vast quantities of data is a recent phenomenon seen in 

proteomics, genechip and mRNA arrays and development of bio-informatic 

tools for analysis of the data represent a rapidly growing scientific area 

[53]. In genomic investigations several bio-informatic databases are now 

available [48] aiding the identification of links or patterns of changes in 

gene expression in response to a particular stimuli. In proteomic research 

pattern-recognition tools to aid in the identification of patterns or “proteomic 

signatures” (see below) are being developed but there is still a heavy 

reliance upon manual techniques. The most powerful tool currently 

available is the 2-D Investigator system from Genomic Solutions, which 

converts 2-D gel images into numerical data that can be subjected to 

discriminate analysis or to clustering techniques such as self-organizing 

maps [49,53]. This program is still not widely available and even with its 

use analysis of the data currently presents a major challenge to 

proteomics. Whilst the investigative power of this technology cannot be 

dismissed it is fair to point out that proteomic reports as yet have rarely led 

to significant advances in the understanding of well-defined biological 

system [176]. In fact, in spite of major improvements in protein 

identification, the results of proteome analysis suggest hypotheses much 

more often than they answer fundamental questions [176].

However the inability to understand the exact biochemical role of identified 

proteins or to recognise distinct pathways from the data has not halted the 

progress of proteomic technology [176,181]. The word “phenotype” is 

usually used in genetics, where it refers to the observable properties of an 

organism that result from the interaction between its genetic state
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(genotype) and its environment. Using the same principles the concept of 

phenotype has been extended to proteomics [176]. Indeed there are now 

a large number of published data defining proteomic phenotypes of 

particular cell or tissue types on 2-D gels. Within the last two years, 

publications that have described mapping of total proteins include work 

ranging from Haemophilus infuenzae and Escherichia coli to human 

prostate and brain proteins [51].

In addition there are currently numerous proteomic databases under 

construction for well-defined experimental states [51,176]. Analysis of 

such databases has resulted in the introduction of the concept of 

“proteomic signatures”. A proteomic signature represents a collection of 

differences between control and experimental samples as elucidated by 2- 

D gels, in response to a particular stimulus [181]. Although a given 

phenotype might only be observed in a single experiment, proteomic 

signatures are by definition reproducibly elicited whenever a given stimulus 

is applied. In addition, proteomic signatures are also identified by protein 

responses that constitute reproducible markers of specific cellular 

functions. For example, in one reported database for Escherichia coli, 

[181] the authors have identified signatures that are associated with DNA- 

synthesis, inhibition, translational inhibition and protein-secretion inhibition.

The major benefit of proteomic signatures is that they do not need to be 

understood at the mechanistic level in order to be useful. For example, in 

the study mentioned above [181] the ratio between the acetylated forms of 

the ribosomal proteins L7 and LI 2 was reported as inversely proportional 

to growth rate in E. coli and Salmonella. The L7:L12 acétylation ratio is an 

excellent signature for growth-rate inhibition even though the underlying 

basis of this correlation remains undefined. In clinical practice it is 

anticipated that proteomic signatures will be exploited in the development 

of diagnostic assays for specific medical conditions.

The data presented in the current chapter present for the first time a 

protein profile of normoxic and hypoxia nuclei. Currently there is no
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database of nuclear proteins and development of such databases will 

require additional independent experimental data. Future studies by this 

laboratory and by others will hopefully result in production of a complete 

normoxic and hypoxic nuclear proteomic phenotype. Included in the 

hypoxic nuclear proteomic phenotype will be hypoxic signatures providing 

a valuable insight to the hypoxic responses of the cell.

Undetected proteins

Somewhat surprisingly many known hypoxia-inducible nuclear proteins 

such as the transcription factor HIF-1 [21] were not identified in the present 

study. Although abundant proteins are easily studied, only a small subset 

of the overall diversity of expressed proteins can be detected in proteome 

studies [1,2,51,147,176,195]. The limitation is largely due to the power of 

resolution of 2-D PAGE technology. Cell lines may express 10,000 genes 

out a complete complement of 100,000 genes, but with protein abundance 

range of over 10® fold, most 2-D gels at best cannot resolve more then 

1,000 proteins [92]. Therefore 2-D PAGE only resolves the most abundant 

proteins (if crude extracts are used), which may not necessarily represent 

biologically significant factors and biologically important proteins may go 

undetected.

Although specific assays (e.g. Western blotting analysis) can readily be 

applied to measure the amount of a specific protein, proteomics is currently 

the only method that can measure the amounts of a large number of 

proteins simultaneously [176]. However despite tremendous advances in 

the sensitivity and quantitative aspects of proteomics, most cellular 

proteins occur at concentrations that are below the level of detection of this 

technique [176]. The significance of undetected proteins is that they must 

be considered as a source of false negative errors [176] and their absence 

of from the list of identified proteins alone do not rule out any role for them. 

One solution to reduce complexity and differences in abundance is to use 

affinity-based protein purification strategies [93,136]. The principles of this 

approach are discussed further in Section 8.2.
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Nuclear proteins or cytoplasmic contaminants?

There are a number of proteins identified that are not traditionally regarded 

as “nuclear proteins”. These include GAPDH, protein kinase C and 

collagen a chain precursor. The nuclear extraction techniques used 

(Section 2.3) are well established and although the possibility of significant 

cytoplasmic contamination cannot be ruled out it seems unlikely. In this 

technique cell membranes are lysed and nuclei precipitated by 

centrifugation, which leaves the nuclei mass rather compact and dry and 

unlikely to contain significant amount of cytoplasmic proteins. However 

some cytoplasmic proteins probably do attach to the nuclear membrane 

and become separated. A proportion of mentioned results may also 

indicate that although such proteins have traditionally been regarded as 

“cytoplasmic” they may also be present in the nucleus.

The proteomic experience

An important lesson from the current study was that proteomic approaches 

are not universally informative and the hyperbole currently associated with 

most genomic and proteomic technologies has resulted in unrealistic 

optimism about the usefulness of this approach. As in any scientific study, 

the power of proteomics is best realized when there are: (1) a clear 

hypothesis; (2) an understanding of the limitations of the technology; and 

(3) an opportunity to cross-validate findings using alternative experimental 

approaches. The current experiment provided an excellent learning 

experience in understanding the boundaries of proteomic investigation. 

With this experience in mind a more focused approach, combining 

proteomics and Southwestern blotting, was devised (Chapter 6) for the 

identification of transcription factors responsible for hypoxic transcriptional 

activation of C0L1A1.
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5.6 Summary and Conclusion

Proteomics is the large-scale study of proteins involving three key steps: 

protein separation, protein identification by MS and data analysis using bio- 

informatic tools. To our knowledge the present study is the first report of 

proteomic analysis of nuclear proteins. The current study also led to the 

development of a working protocol for good resolution of nuclear proteins 

in 2-D gels. Further nuclear proteomic phenotypes of normoxic and 

hypoxic fibroblasts were also established. In common with other mapping 

studies, using current data analysis strategies proved difficult to link 

proteins identified with responses to hypoxia. It is anticipated publication 

of the normoxic and hypoxic nuclear protein results will help in establishing 

of proteomic signatures for normoxic and hypoxic nuclear proteins in 

quiescence cells. The experience gained with the experiments presented 

in this Chapter was used to devise a more focused approach combining 

proteomics and Southwestern blotting to identify transcription factors 

involved in the activation of the C0L1A1 gene in hypoxia.
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6. IDENTIFICATION OF NORMOXIC AND HYPOXIC 

NUCLEAR PROTEINS BINDING TO THE MOUSE 

C0L1A1 -220/+115 REGION

6.1 Introduction

The results of Chapter 3 showed that hypoxia activates transcription of 

C0L1A1 and this response is independent of HIF-1. In Chapter 4 DNase-1 

footprint analysis showed binding of hypoxic nuclear proteins to multiple 

sites on the C0L1A1 promoter-220/+115 mediating the hypoxic response. 

The results of proteomic analysis of nuclear proteins (Chapter 5) identified 

a variety of nuclear proteins the levels of which were altered by hypoxia. 

However it was not possible to directly link any of the proteins identified to 

transcriptional activation of C0L1A1 in response to low O2 . In the present 

chapter a novel and focused approach, using Southwestern blotting to 

select specific protein bands for proteomic analysis was employed. This 

method helped to identify and compare the binding of normoxic and 

hypoxic nuclear proteins specifically binding to the -220/+115 region of 

C0L1A1.

Southwestern blotting was first described in 1980 by Bowen et al. [17] and 

since then has been used to detect DNA-binding proteins [78,101,103,114].

In this method nuclear extracts, containing transcription factors, are first 

resolved according to their molecular weight by electrophoresis through a 

SDS-polyacrylamide gel. The proteins are then electroblotted on to a 

nitrocellulose membrane and hybridised with a radiolabelled oligonucleotide 

or DMA fragment bearing the potential binding site(s) for the transcription 

factor(s), for example, the promoter of the gene of interest. After washing 

off non-specifically bound DMA the blot is then exposed to an X-ray film and 

an autoradiogram obtained.
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The results of Southwestern analysis show the number of proteins binding 

the probe and provide information on the molecular weight of the binding 

protein(s). Some studies having shown binding of a protein to the probe 

subsequently use specific antibodies (if available) to identify the selected 

proteins [78]. Indeed, a recently published study in this laboratory used the 

Southwestern followed by Western blot analysis to show binding of the Y- 

box binding protein, YB-1 to a novel repressor element in the proximal 

C0L1A1 promoter [114].

As mentioned above, in the current study a novel approach was made to 

identify specific DNA proteins, selected by Southwestern hybridisation, by 

using proteomic analysis. To this end two identical sets of normoxic and 

hypoxic nuclear protein samples were run on the same gel, one set was 

used for silver staining and the other set for electro-blotting. The blots were 

used for Southwestern hybridisation with the radio-labelled C0L1A1 

promoter -220/+115 to select nuclear proteins that bound to the promoter. 

The selected proteins were then excised from the silver-stained gel and 

identified using proteomics (Chapter 5).

This method combines the advantages of both techniques. Selecting 

specific proteins bands for analysis as opposed to analysing the whole 

nuclear proteome not only saves tremendous time and resources but, most 

importantly it identifies proteins that are relevant to the biological question. 

This approach overcomes the major current problem for proteomics, 

namely, linking the identified proteins to each other or to a biological 

function (Section 5.5).

It is important to note that the results of Southwestern blotting need to be 

analysed with some caution. Crude nuclear extracts typically contain a 

number of non-specific DNA binding proteins, such as the replication 

protein A and Ku antigen [78], which can result in false positive results. 

This problem can be minimised by including high levels of non-specific 

competitor DNA in the hybridisation solution. Conversely false negative 

results and the absence of a signal may be due to some DNA-binding
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proteins not being efficiently renatured following electrophoresis and 

blotting steps, or that greater than one polypeptide species is required to 

reconstitute the binding activity. An additional problem in non-specific 

protein-protein binding, for example, the heat-shock protein, hsp70, sticks 

tenaciously to proteins that are improperly folded and may interfere with 

specific DNA-protein interaction [78]. Despite these shortcomings 

Southwestern blotting has over the last few years been used to identify and 

characterise several transcription factors, histones and non-histone 

proteins as well as RNA-binding proteins [78,101,103,114]. Southwestern 

hybridisation was therefore used in the current study to select nuclear 

proteins that bound to the -220/+115 region of the C0L1A1.

6.2 Aims

1. To compare the binding of nuclear proteins from normoxic and 

hypoxic nuclear extracts to the -220/+115 of C0L1A1.

2. To identify potential transcription factors mediating the hypoxic 

transcriptional activation of C0L1A1.

6.3 Methods

For nuclear protein extraction refer to Section 2.3 and for 2-D PAGE 

Section 5.3.2-5.3.5. All the centrifugation steps for non-radioactive 

samples were carried out in a bench-top Eppendorf 5402 centrifuge at 4°C. 

Radioactive samples were centrifuged in a bench-top Eppendorf 5405 

centrifuge at room temperature.
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6.3.1 Preparation of radiolabelled C0L1A1 DNA probe

A [y^^P]-ATP 5’ end-labelled probe corresponding to -220/+115 of mouse 

C0L1A1 was generated using a restriction digest fragment of the pGLa1- 

220 construct (Section 2.6).

The restriction digest reaction was carried out using 15pl pGLa1-220 

(1|ig/|Lil: Section 2.6), 4p\ Hind III (10U/pl; Promega), 4pl Bgl II (10U/pl; 

Promega), 10pl 10X Buffer B (60mM Tris-HCI pH 7.5, 500mM NaCI, 60mM 

MgCb, 1GmM DTT; Promega), 1̂ 1 BSA (100X; Promega) and 66pl H2O at 

37°C for 4 hours. The restriction fragments were electrophoresed on a 2% 

agarose gel (Section 2.8) visualised under UV light and the 335bp band 

(corresponding to C0L1A1 -220/+115) excised from the gel. The probe 

(C0L1A1 -220/+115) was extracted from the gel using the QIAquick kit 

(Qiagen) according to manufacturer’s instructions and eluted in 50^1 of 

autoclaved H2O.

Prior to the radiolabelling reaction, the DNA (48^1) was dephosphorylated 

with 1.5|il Shrimp Alkaline Phosphatase (SAP, 1 U/pl; Promega), 5.5pl SAP 

10X Reaction Buffer (0.5M Tris-HCI pH 9.0, lOOmM MgCb; Promega) at 

37°C for 2 hours. SAP was deactivated with 0.5pl 1000X Proteinase K 

(Promega) at 37°C for 1 hour and the reaction terminated by heat

inactivation at 60°C for 5 minutes. The dephosphorylated probe was

purified with 1 volume (56pl) Phenol-Chloroform (Sigma), vortexed and 

centrifuged at 15800xg for 3 minutes at 4°C. The supernatant was 

transferred to a new centrifuge tube, 1pg glycogen (Roche) was added, the 

solution was mixed briefly followed by 3 volumes (180pl) ice-cold 96%

ethanol (BDH) and incubated on ice for 20 minutes. Samples were

centrifuged at 15800xg for 10 minutes at room temperature, the 

supernatant removed and the pellets washed twice with 1ml 70% ethanol 

(room temperature), vortexed briefly and centrifuged at 15800xg for 5 

minutes at room temperature. The final supernatant was removed and the 

samples re-centrifuged briefly to remove the residual ethanol and pellet air-
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dried at room temperature. The DNA pellet was resuspended in 16pl 

autoclaved H2O.

DNA was labelled using the RTS T4 Kinase Labelling System (single-use 

reaction tubes; Invitrogen) according to manufacturer’s instructions. Briefly 

16pl DNA and 4pl [y-^^P]-ATP (>5000pCi/mmol, lOpCi/pl; Amersham) were 

added to a single-use reaction tube, vortexed for 30 seconds, incubated at 

37°C for 30 minutes and finally the enzyme was heat inactivated at 55°C for 

5 minutes. Unincorporated radioactivity was removed by centrifugation 

through a TE-equilibrated Sephadex G50 (Sigma) column. The specific 

activity of the probe was measured by adding 2pl probe to 5ml scintillation 

fluid (EcoScint; National Diagnostics) and the activity measured (Tricarb 

1600TR scintillation counter, Canberra Packard, Pangbourne, Berks, UK).

6.3.2 Protein electrophoresis
Prior to use the glass plates were thoroughly washed with a mild detergent, 

rinsed with deionised water and air-dried. SDS-PAG 10% acrylamide (High 

Tensile Strength Duracryl; Genomic Solutions) gels were cast in 13x13 cm 

glass plates with 1mm spacers using 10-well forming combs (Amersham).

The strength of the final signal obtained by Southwestern blotting is 

proportional to the quantity of protein run on the gel [78] therefore the best 

results are obtained by running the maximum amount of extract that does 

not overload the gel. Protein loading levels were titrated (20-70pg per lane) 

and 50pg per lane was found to be optimal.

Two identical sets of normoxic and hypoxic nuclear protein samples were 

electrophoresed on the same gel, one set used for silver staining and the 

other for electroblotting. Normoxic and hypoxic nuclear proteins (lOOpg at 

concentration 2.0 pg/pl) were diluted 1:1 with 50pl Laemmli loading buffer 

(4% SDS, 20% glycerol, 10% 2-mercaptoethanol, 0.004% bromophenol 

blue, 125mM Tris HOI pH 6.8; Sigma). To minimise inter-sample variation.
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samples were loaded with one half of the total volume loaded into the 

“blotting wells” and the other half for “silver staining” wells (Figure 6-1). 

Prestained SDS-PAGE low range (Bio-Rad) or Rainbow coloured 

(Amersham) protein molecular weight standards were used as reference.

Samples were run in IX Laemmli running buffer at 200V and 

electrophoresis was terminated when the bromophenol blue tracking dye 

reached the lower end of the gel. On completion of electrophoresis the 

cassette was carefully opened the gel cut into two parts (Figure 6-1).

Hs
ü  [

Figure 6-1 Schematic diagram to show loading of two sets of identical normoxic 

and hypoxic nuclear proteins on the same gel. Normoxic (N) and hypoxic (H) nuclear 

proteins, 100pg, each were diluted 1:1 with gel-loading buffer and one half (50pg) of each 

sample loaded into the “blotting wells" (B) and the other half into the “silver staining wells” 

(S). After electrophoresis, the gel was divided vertically (broken line) and the Ng and Hg 

containing half of the gel were used for blotting and the other half, containing Ng and Hg 

used for silver staining.

One half of the gel was carefully peeled off the glass plate and placed in a 

tray containing fixing solution (50% methanol, 12% acetic acid) overnight 

and silver stained (Section 5.3.6.). Silver stained-gels were stored in 

sealed polythene bags at 4°C.
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The remaining half of the gel was used for electroblotting to a nitrocellulose 

membrane (0.2pm pore size; Schleicher & Scheuell, Dassel, Germany) cut 

to the exact size of the gel. Electroblotting was carried out at 20mA 

overnight at 4°C using 48mM Tris, 39mM glycine, 0.375%, SDS, 20% 

methanol as the transfer buffer (Trans-Blot® SD semi dry Transfer Cell; Bio- 

Rad). Electroblotting was titrated from 4 hours to overnight for duration, 

current from 20-40mA and was tried both at room temperature and at 4°C. 

Electroblotting at 20mA overnight at 4°C was found to be optimal. At these 

settings transfer of high molecular weight proteins (>110kDa) was 

insignificant but the transfer was otherwise complete for the lower 

molecular weight proteins. Membranes were stained with Ponceau-S 

(Sigma) to confirm equal loading and transfer (Figure 6-3). Membranes 

were blocked with 25mM HERES pH 8.0, 10% glycerol, 50mM NaCI, ImM 

EDTA, 2.5% BSA (Sigma) overnight at 4°C.

To check the quality of the nuclear protein preparations and to reconfirm 

equal loading, normoxic and hypoxic nuclear proteins 50pg each were 

resolved by SDS-PAGE and stained with 0.1% Coomassie blue G250 

(Sigma) as shown in Figure 6-4.

6.3.3 Southwestern hybridisation

Blocked membranes were washed with TNE-50 (lOmM Tris HCI pH 7.5, 

50mM NaCI, ImM EDTA, ImM DTT) and hybridised for 4 hours at 30°C 

with 10® cpm radiolabelled C0L1A1 -220/+115 probe (Section 6.3.1) in 5ml 

TNE-50 containing 50pg polydl-dC (Roche) in capped glass tubes in a 

hybridisation oven (Techne; Cambridge, UK). Blots were washed 3 times,

1 minute each, with cold (4°C) TNE-50. Blots were exposed 12-48 hours at 

room temperature with Kodak X-Omat AR film (Kodak) to obtain adequate 

intensity of the bands. Autoradiograms were developed using a Xograph 

Compact X4 automatic film developer (Xograph Imaging Systems Ltd., 

Tetbury, Gloucestershire, UK). Densitometric analysis was carried out 

using Scion Image (Scion corporation; Maryland, USA) software program.
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6.3.4 Mass spectrometric analysis of DNA-binding protein 
bands

Silver stained gels were superimposed on the autoradiograms and the 

protein bands binding the probe noted. The autoradiograms showed the 

boundary of the blot in the background, which was useful in correct 

alignment of the top and bottom borders. Selected protein bands were 

excised from the gel and processed as described in Section 5.3.8. Mass 

spectrometry and database searches were carried out as described in 

Sections 5.3.9 and 5.3.10 respectively.

6.3.5 Southwestern analysis of 2-D separated nuclear proteins

Initially nuclear proteins were resolved by 2-D PAGE, blotted and 

hybridised with the ^^P-labelled C0L1A1 probe. Electrophoresis and

blotting steps of 2-D gels were carried out satisfactorily as judged by silver 

stained-gels and Ponceau-S (Sigma) stained blots. However no positive 

hybridisation signals were obtained.

6.4 Results

6.4.1 Normoxic and hypoxic nuclear proteins resolved in 1-D 
silver stained gels

Although equal amounts (50pg) of normal and hypoxic nuclear proteins, as 

measured using the Bradford Assay (Section 2.3) were electrophoresed, 

hypoxic extracts showed more intense staining with silver nitrate (Figure

6-2). Equal protein loading was verified by Ponceau-S staining of the 

blotted membranes (Figure 6-3) and also by using an alternative stain such 

as Coomassie Blue (Figure 6-4).
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The increased intensity in the silver-stained gels is most probably due to 

nucleic acid contaminants of the nuclear extracts, since silver also stains 

nucleic acid. Interestingly, increased staining due to nucleic acid was more 

significant with hypoxic extracts, which may indicate that hypoxia results in 

increased DNA binding the nuclear proteins. The presence of nucleic acid 

in the nuclear extracts has been discussed previously (Section 5.3.1). 

During optimisation experiments for the 2-D separation of nuclear proteins 

(Section 5.3.1), silver-stained gels appeared smeared especially in the 

basic pH region of the gel and with hypoxic nuclear extracts. Treatment of 

extracts with DNase-1 completely removed the smearing effect and 

implicated nucleic acid as the cause of the increased staining. In the 

current study, as the protein sample was to be hybridised with a DNA 

probe, treatment of the sample with DNase-1 was to be avoided.

MW N H

«

S

Figure 6-2 Silver stained gel of 

nuclear extracts. Normoxic (N) and 

hypoxic (H) nuclear extracts (50pg) 

were separated on a 10% acrylamide 

1mm thick SDS gels. MW = 

molecular weight in kDa.
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MW N H

116

80

Figure 6-3 Ponceau-S stain of

normoxic (N) & hypoxic (H) nuclear 

extracts (SOpg) transferred to a 

nitrocellulose membrane. MW =

molecular weight in kDa.

MW N H

Figure 6-4 Normoxic (N) and 

hypoxic (H) nuclear proteins (SO^g) 

electrophoresed and stained with 

Coomassie Blue. MW = molecular 

weight in kDa.

6.4.2 Southwestern hybridisation shows binding of 7 normoxic 

and 12 hypoxic nuclear proteins to C0L1A1 -220/+115

With normoxic and hypoxic nuclear proteins (50pg each), loaded onto the 

same gel and using 10® cpm of the radiolabelled probe, 7 normoxic and 12 

hypoxic protein bands hybridised to the C0L1A1 -220/+115. Hybridised 

bands were labelled 1-13 as shown in Figure 6-5 with band 1 having the 

highest and band 13 having the lowest molecular weights.

Bands 3, 4, 5, 6, 11 and 12 were present in both normoxic and hypoxic 

nuclear extracts. Band 2 was the only protein unique to normoxic extracts. 

Bands 1, 7, 8, 9, 10 and 13 were only present in hypoxic nuclear extracts. 

The overall pattern of binding shows much higher binding level to the
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C0L1A1 promoter (-220/+115) by the hypoxic nuclear proteins, with the only 

exception of band 3, which on densitometric analysis showed a 1.6 fold 

reduction in binding. The highest level of hybridisation is seen with the 

protein(s) in band 11 in the hypoxic sample, the densitometric value of which 

represents 20% of the total binding (calculated by dividing the densitometric 

value of band 11 by the total densitometric value of all the hybridised bands). 

Densitometric comparison of normoxic and hypoxic hybridisation (Figure 6-5) 

demonstrated that protein(s) in band 5 showed the highest increase in 

binding (7.3-fold) in response to hypoxia.

«

Band

Fold-change in binding 

in hypoxia compared to 

normoxia

1 NA

2 NA

3 1.6-fold reduction

4 1.7-fold increase

5 7.3-fold increase

6 5.3-fold increase

7 NA

8 NA

9 NA

10 NA

11 3.8-fold increase

12 2.1-fold increase

13 NA

Figure 6-5 Southwestern hybridisation of normoxic and hypoxic nuclear extracts to 

C0L1A1 -220/+115. Left: autoradiogram of Southwestern hybridisation of normoxic (N) 

and hypoxic (H) (50pg) nuclear proteins probed with ^^P-labelled C0L1A1 -220/+115. 

Numbers 1-13 represents the hybridised bands. Right: densitometric comparison of the 

hybridised bands in normoxic and hypoxic proteins. (NA: bands that are not common to 

both normoxic and hypoxic extracts are not possible to compare).
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6.4.3 Proteomic analysis of the hybridised proteins

The protein bands that hybridised with the C0L1A1 -2 2 0 /+ 1 15  probe were 

selected for proteomic analysis (Figure 6-6). Where the probe had only 

hybridised with hypoxic proteins (bands 1, 7, 8, 9, 10 and 13) the identical 

molecular weight normoxic proteins on the silver-stained gel were also 

excised from the gel and subjected to proteomic analysis. Similarly, for band 

2, which was only present in normoxic samples, the equivalent hypoxic 

protein band was included in the analysis. The ratio of total proteins selected 

for analysis to proteins successfully identified by proteomics was 6/13 (46%) 

for normoxic samples and 8/13 (62%) for hypoxic samples. Identified 

proteins are presented in Table 6-1 and Table 6-2, summarised and 

compared in Table 6-3.

MW N ^Band  

Ilf- I

80

O  5

»

s. «
30 tCZ>

10

12
13

Figure 6-6 Selection o f  p ro te in s  fo r  MS 

analysis. Southwestern hybridisation 

autoradiogram (Figure 6-5) was aligned with 

the silver stained gel (Figure 6-4) and 

hybridised proteins outlined for excision for 

proteomic analysis. MW= Molecular weight 

in kDa, N=normoxic extracts, H=hypoxic 

nuclear extracts. Band numbers refer to 

hybridisation result.

145



Table 6-1 Normoxic nuclear proteins binding to the -220/+115 region of C0L1A1

Band
Identified NCBI Mass (Da) pi No. of %

Protein Entry Expected Measured Expected Peptides Sequence

N 1 CREB-Binding Protein 4758056 2653340 >116,000 8.83 6/7 85%

N3 Zinc Finger Protein 51 2137871 83667 >116,00 9.07 7/10 70%

N4
Leucine Zipper Protein FIP-3 

NF-kB Essential Modulator
3511151 48336.3 79,000 5.70 5/7 71%

N 5 Transcription Factor Spl 135658 72051.5 60,000 8.29 6/12 50%

N6 Basic Transcription Element Binding Protein 3 (BTEB3) 10946696 31160 53,000 10.04 4/9 44%

N12 KRAB zinc finger protein, HZF26 12667393 54925 25000 9.16 11/25 44%

Band = represents normoxic nuclear proteins (N) outlined in Figure 6-6.

146



Table 6-2 Hypoxic nuclear proteins binding the -220/+115 region of C0L1A1

Band
Identified NCBi Mass (Da) pi No. of %

Protein Entry Expected Measured Expected Peptides Sequence

H 1 Zinc Finger Protein 91 (Zinc Finger Protein HtflO) (Hpf7) 4508041 137228 >116,000 9.44 12/23 52%

H 3 Zinc Finger Protein 51 2137871 83667 >116,000 9.07 7/10 70%

H4
Leucine Zipper Protein FIP-3 

NF-KB Essential Modulator
3511151 48336 79,000 5.70 6/11 54%

H5 Transcription Factor Spl 135658 72052 60,000 8.29 6/10 60%

H6
Basic Transcription Element Binding Protein 3 (BTEB3 

Protein)
10946696 311160 53,000 9.87 5/14 35%

H7
Nucleolar Transcription Factor 1 (Upstream Binding 

Factor 1, UBF-1)
112456 84195 50,000 9.65 12/23 13%

H 12
YY1 (Yin And Yang 1) (Delta Transcription Factor, NF- 

E1, UCR-Motif DNA-Binding Protein)
1174842 44717 29,000 5.83 4/10 40%

H 13 Spl Fragments 135658 NA 25,000 NA 3/5 40%

Band = represent hypoxic nuclear proteins (H) outlined in Figure 6-6.
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Table 6-3 Summary and comparison of nuclear proteins selected with Southwestern blotting 

as binding the C0L1A1 promoter and identified by Mass Spectrometry

Band Normoxia Hypoxia
Foid-Change in DNA- 

Protein 
Binding (H/N)

1 CREB-Binding Protein
Zinc Finger Protein 91 (Zinc Finger 

Protein HTF10) (Znf91)
NA

3 Zinc Finger Protein 51 Zinc Finger Protein 51 1.6 Inhibition

4
Leucine Zipper Protein FIP-3 

NF-kB Essential Modulator

Leucine Zipper Protein FIP-3 

NF-kB Essential Modulator
1.6 Induction

5 Transcription Factor Spl Transcription Factor Spl 7.3 Induction

6
Basic Transcription Element 

Binding Protein 3

Basic Transcription Element Binding 

Protein 3
5.4 Induction

7 Not identified
Nucleolar Transcription Factor 1 

(UBF-1)
NA

12
KRAB Zinc Finger Protein 

HZF26

YY1 (Yin And Yang 1) (Delta 

Transcription Factor) (NF-E1)
NA

13 Not identified Spl Fragments NA

NA = Normoxic and hypoxic nuclear proteins identified are not the same and fold-changes are not applicable
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6.5 Discussion

In contrast to the wide variety of proteins identified in the nuclear protein map 

in Chapter 5, all of the proteins identified in the present study were 

transcription factors. As mentioned in the Introduction, Southwestern 

hybridisation can also select non-specific DNA-binding proteins. In the 

current protocol the addition of 1000X excess non-specific DNA molecule, 

polydl-dC, in the hybridisation mixture, appears to have eliminated non

specific binding to the probe.

The initial idea of combined Southwestern-proteomic approach involved 

resolution of nuclear proteins in 2-D gels prior to transfer and hybridisation. 

Several attempts were made to hybridise the ^^P-labelled C0L1A1 probe 

with 2-D nuclear protein blots but no positive hybridisation signals were 

achieved. Successful protein transfer from the gel to the blot was confirmed 

by Ponceau-S staining of the blot thus the most likely explanation for the lack 

of hybridisation laid with the state of the proteins.

Preparation of proteins for lEF involves solublisation of the samples in a 

solution with high detergent content and the charge separation can lead to 

fragmentation of the protein molecules into peptides [39]. Fragmentation, 

interference with charge and the resultant alteration in 3-dimensional 

structure of proteins may not interfere with MS identification of the peptides 

however it can eliminate the binding abilities of the proteins. It must be noted 

that for the same reasons given above, several well-established Proteomic 

laboratories (Mann M; Presentation; ICRF, London 2001) routinely use 1-D 

separation of proteins for proteomic analysis. To date the only published 

report using 2-D gel electrophoresis for Southwestern hybridisation is by 

Moreland et al. [106] which characterised the DNA-binding properties of the 

cloned recombinant polyomavirus capsid protein. Even by using 1-D gel 

electrophoresis, denaturing and fragmentation of proteins may still occur and 

some of the lower molecular weight proteins were identified as fragments, for 

example, the hypoxic band 13 was identified as a 25kDa fragment of Spl
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(Table 6-2). A valid criticism of using 1-D gels for protein separation is that 

each protein band may included a number of proteins, which would have 

been separated by lEF in 2-D PAGE, and therefore the protein binding the 

probe could be any one of the proteins in that band. One possible solution 

for this problem is to validate the results using an independent approach, for 

example EMSAs and supershifts as shown in Chapter 7.

Changes in binding intensity of Southwestern hybridisation can occur either 

by alteration in the amount of protein or alternatively (or possibly even 

additionally) by activation of the protein mediated through modification 

processes such as phosphorylation or glycosylation. Indeed, several of the 

identified transcription factors such as the CREB-binding protein [60], BTEB- 

3 [96], FIP-3 [89] and DBF [212] all depend on phosphorylation for their 

activation and DNA binding. Further, the observed molecular weight of some 

of the proteins identified such as FIP-3 and BTEB-3 are approximately 20% 

higher then expected values which could be due glycosylation of the proteins 

[45]. As mentioned earlier (Chapter 5), nuclear protein samples contained 

some DNA contamination and the increase in the molecular weight could 

also be due to DNA molecules bound to the proteins.

As discussed in Chapter 4, a number of transcription factors such as NF1 

[111,112] have been identified as binding to the -220/+115 region of the 

C0L1A1 and thus were expected to bind the promoter, at least in normoxia, 

but were not detected using this approach. This could be due to the failure of 

the proteins to hybridise to the C0L1A1 probe or to the limitations in protein 

identification using proteomics (Chapter 5 and in the Introduction). As 

discussed in the Introduction the inability of a protein to hybridise with the 

C0L1A1 probe could be due to the fact that the protein was not renatured 

enough following electrophoresis and blotting. An alternative explanation is 

that with limited availability of probe molecules in the hybridisation mixture 

proteins with the highest affinity to the probe would bind most of the probe 

molecules and minimize its binding to other proteins which have lower 

binding affinities.
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The DMA-binding proteins identified in the present study are discussed below 

with reference to any known role for them in transcription of C0L1A1 or 

hypoxia-mediated gene regulation:

CREB-binding protein

The 265kDa CREB-binding protein (GBP) associates with cAMP response 

element binding factor (CREB) [60]. Original studies showed that the binding 

of CPB causes CREB to interact with the basal transcription factors TFIIB 

and TEND and thereby initiates induction of cAMP-dependent genes 60]. 

Although CBP does not alter CREB-CRE (cyclic AMP response element) 

binding and does not stimulate gene transcription on its own, it does increase 

CRE-reporter gene activity by 15-90 fold [60]. More recent studies have 

shown interaction of CBP with other transcriptional co-activators [60,184]. 

The simultaneous interaction of multiple transcription factors with CBP/p300 

has been proposed to contribute to the activities of numerous different 

transcription factors [184]. Conversely, competition for CBP/p300 binding 

has been suggested to mediate some examples of signal-induced 

transcriptional repression [184]. All reported studies imply that CBP has a 

wide range of actions, most importantly, bridging signal-targeted 

transcriptional activators to the basal transcription machinery [184].

No previous binding or interaction of this transcriptional co-factor with the 

C0L1A1 promoter has been previously reported. However, in addition to the 

interaction of this protein with basal transcription factors it also interacts with 

both AP-1 and TATA binding protein. As the mentioned transcription factors 

have been shown to bind to the C0L1A1 promoter -220/+115 (Chapter 4) by 

acting as a cofactor CBP could in theory also bind to the C0L1A1 promoter. 

No previous role for CBP in hypoxic transcriptional regulation has been 

described however its partner cofactor p300 has previously been shown to 

mediate the transcriptional effects of HIF-1 [60, 184]. Indeed the binding of 

CBP to p300 in hypoxia may explain the loss of binding of CBP to the probe 

in the hypoxic nuclear sample (Figure 6-5 and Table 6-3).
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NF-kB Essential Modulator Leucine Zipper Protein FIP-3 

FIP-3 (also referred to as NEMO/IKKy [173]) was discovered in a search for 

cell proteins that could interact with an adenovirus protein that had been 

shown to prevent TNFa-induced cytolysis [89]. In the same study [89] FIP-3 

was shown to inhibit both basal and induced transcriptional activity of Nuclear 

Factor kB (NF-kB) but the exact mechanism of this action is not clear. FIP-3 

was shown to form complexes with other modulatory proteins localizing in the 

cytoplasm in perinuclear bead-like structures. However FIP-3 alone was 

demonstrated in the nucleus as well as in the cytoplasm by Western blotting 

and its detection in nuclear proteins is consistent with other studies [89,173]. 

Structurally this protein contains multiple leucine zippers and a single zinc 

finger domain [89,173]. Although, in theory, FIP-3 can bind directly with 

DNA, this had not been shown previously. Alternatively, rather then direct 

binding FIP-3 may have been in a complex with other factors in the protein 

band, which hybridised with the DNA probe.

The increase in binding of FIP-3 in hypoxia may be consistent with the results 

presented in Chapter 3 where hypoxia was shown to induce transcription of 

C0L1A1. As mentioned above, FIP-3 acts by inhibiting the transcriptional 

activity of NF-kB [89,173]. NF-kB is a family of pleotropic; dimeric 

transcription factors and has a complex pattern of regulation. Under 

normoxic conditions, NF-kB is bound to one of several inhibitory proteins 

such as FIP-3 that prevent its nuclear translocation. Hyperoxia or elevations 

of reactive oxygen species cause the ubiquination and destruction of the 

inhibitory proteins such as FIP-3, freeing NF-kB and allowing it to bind to 

target gene promoters [28]. With regards to cellular responses to oxygen 

tension the functional role of NF-kB and HIF-1 represent two ends of a long 

spectrum with HIF-1 activation seen in hypoxia and NF-kB in hyperoxic 

states [21,28]. The observed results showed increased binding of FIP-3 to 

the probe in hypoxic proteins (1.6-fold; Table 6-3). Hypoxia must have 

resulted in either up-regulation and/or activation of this protein, which is 

consistent with its role in inactivation of NF-kB in hypoxia.
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Rippe et al. examined the effects of NF-kB on two collagen-producing cell 

types [139]. In this study, NF-kB expression vectors and C0L1A1 reporter 

plasmids were co-transfected into NIH3T3 fibroblasts and hepatic stellate 

cells and demonstrated a strong inhibitory effect of NF-kB on C0L1A1 

promoter transcription (maximum inhibition 90%). Other transient 

transfection studies with reporter plasmids containing 1 or 2 Spl binding sites 

also showed similar inhibitory effect by NF-kB, suggesting that the inhibitory 

effects of NF-kB are mediated via Spl binding sites on the C0L1A1. In co

transfection studies transfection of cells with 8p1 expression vectors partially 

blocked the inhibitory effects of NF-kB on C0L1A1 reporter activity [139]. 

Co-immunoprecipitation experiments demonstrated that Spl and NF-kB do 

interact in vivo [139]. The increased in FIP-3 hybridisation seen with hypoxic 

nuclear extracts again is in agreement with the above findings and suggests 

that in hypoxia NF-kB activity could be inhibited by upregulation or activation 

of FIP-3 resulting in inhibition of NF-kB, allowing increased binding of Spl to 

the C0L1A1.

Basic Transcription Element Binding Protein 3 (BTEB3)

BTEB3 is a new member of the basic transcription element binding protein 

family cloned by Martin et ai. [96]. To date this is the only published study on 

this transcription factor, which showed by RT-PCR that in contrast to the 

restricted expression of BTEB2 [79,96], BTEB3 is expressed in a wide variety 

of tissues. BTEB3 also activates transcription of the simian virus 40 

promoter (4-fold) and of the tissue-specific SM22a promoter (100-fold), 

suggesting that, like BTEB1 and Spl, BTEB3 is a basal transcription factor.

EMSAs showed that in common with BTEB and BTEB2, BTEB3 also bound 

the BTE oligo sequence GATCGAGAAGGAGGCGTGGCCAAC and binding 

was lost when the 2 underlined G bases were mutated to Ts. Although the 

BTEB family of transcription factors can bind to consensus Spl binding sites 

[79,96] sequence analysis of the C0L1A1 sequence -220/+115 (Figure 4-2) 

identified two additional GC- boxes, which had the core sequence AG G A at -  

199/-195 and +33Z+37. Therefore this transcription factor can bind to the -
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220/+115 region of C0L1A1 at several potential sites and the current finding 

warrants further investigation for example by supershift analysis. Another 

interesting point to note is that the binding of this factor to the probe 

increased 5.4-fold in hypoxia, which, after Sp1, represents the highest 

increase in binding. BTEB3 may therefore play a significant role in hypoxic 

transcriptional activation of C0L1A1.

Yin and Yang 1 Protein (YY1)

YY1 (also known as Delta Transcription Factor or NF-E1 [162]) is a 

multifunctional protein that can act as a transcriptional repressor, an 

activator, or an initiator element binding protein that directs and initiates 

transcription in vitro [162]. A very recent report by Riquet et al. [142] shows 

that the YY1 transcription factor binds to two sites in the mouse C0L1A1 

minimal promoter -222/+113, one located 11 bp upstream from the TATA 

box, and the other immediately adjacent to the TATA box on the antisense 

strand. Mutation analysis of these sites in transient transfections and over

expression of YY1 and antisense-YYI in co-transfection studies 

demonstrated that YY1 functions as a transcriptional activator of the C0L1A1 

promoter [142].

In the current study, the binding of YY1 to the C0L1A1 promoter was only 

detected in hypoxic nuclear extracts, which represents a state of increased 

C0L1A1 transcriptional activity suggesting a possible role for this protein in 

hypoxic transcriptional activation of C0L1A1. No previous role for YY1 in 

hypoxic gene regulation has been reported.

KRAB zinc finger protein HZF26

The amino acid sequence for this protein has been directly submitted to the 

NCBI database and this protein has not been extensively studied. What is 

known however about the Kruppel-associated box (KRAB) domain is a 75- 

amino acid transcriptional repressor module commonly found in eukaryotic 

zinc finger proteins [120]. No previous role for hypoxic gene regulation or 

transcriptional regulation of C0L1A1 by KRAB-domain-containing proteins 

has been reported.
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Zinc Finger Proteins 91 and 51

The level of hybridisation of the C0L1A1 probe to these 2 proteins was weak. 

The amino acid sequence of these 2 proteins has been submitted directly to 

the NCBI database and currently there are no functional studies available as 

yet thus it is not possible to comment on their possible role in the present 

context.

Nucleolar Transcription Factor 1

This protein is also referred to as upstream binding factor (UBF) [100,179], it 

is a transcription factor, binding the promoter of repeated genes that encode 

18S and 28S rRNAs. UBF contains several DMA-binding domains and binds 

multiple elements of the ribosomal DNA promoter [179]. One domain in 

particular has been shown to bind to the TATA box of the ribosomal 

promoters and could explain the binding of this protein to the C0L1A1 probe 

in the current study. Otherwise it could be regarded as non-specific binding. 

No previous role for this protein in hypoxic regulation of genes has been 

reported however in common with several other hypoxia responsive 

transcription factors the activation of UBF also involves phosphorylation of 

the protein [100,179]. Hypoxia-mediated phosphorylation of UBF may 

explain the fact hybridisation with the probe was only seen with hypoxic 

proteins (Figure 6-5).

Specificity protein 1 (Spl)

The highest increase in hypoxic DNA binding was seen with the transcription 

factor Spl (7.1-fold). In view of this dramatic increase, the role of this protein 

in hypoxic transcriptional activation of C0L1A1 was further explored and the 

data presented in the next Chapter.
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6.6 Summary and conclusion

The combined Southwestern-proteomic approach was used for the first time. 

This approach maximised the benefits of proteomics as a protein 

identification system by limiting the analysed proteins to those that were 

potentially involved in transcriptional regulation of C0L1A1. With the 

exception Sp1, and very recently YY1, the binding of the other identified 

nuclear proteins to the C0L1A1 -220/+115 has not been reported previously 

and the results represent novel findings. Some of the proteins identified, 

such as FIP-3 suggest that indirect mechanisms such as inhibitory effects of 

NF-kB may play a role in hypoxic transcriptional regulation of C0L1A1. 

BTEB3 was shown to bind the C0L1A1 -220/+115 probe, its binding sites 

predicted and identified as a potential factor involved in transcriptional 

activation of C0L1A1. A role for the other proteins not identified cannot be 

ruled out due to technical limitations of both Southwestern hybridisation and 

proteomics. The transcription factor Sp1 was identified in both normoxic and 

hypoxic nuclear proteins but hybridisation level was 7.1-fold higher in hypoxic 

proteins. Subsequent studies focussed on the role of Sp1 in hypoxic 

transcriptional activation of C0L1A1.
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7. INDUCTION OF C0L1A1 TRANSCRIPTION BY 

HYPOXIA IS MEDIATED BY Sp1

7.1 Introduction

The results obtained in Chapter 6 showed increased binding by a number of 

nuclear proteins to the C0L1A1 promoter in hypoxia (Table 6-3). In 

particular, the transcription factor Sp1 was present in both normoxic and 

hypoxic nuclear extracts bound to the C0L1A1 promoter and showed the 

most significant increase in binding (7.1-fold) in hypoxia.

Spl was amongst the first eukaryotic transcription factors to be identified and 

is the founding member of a family of proteins with highly homologous zinc- 

finger domains that bind GC-boxes [79,169]. It was cloned by Tjian et al. by 

virtue of its ability to bind the GC-rich motif of the SV40 promoter [20]. Spl is 

typically a transcriptional activator that is ubiquitously expressed and required 

for the expression of a variety of genes [80,181]. Indeed its involvement in 

regulation of many different genes is evident from more than 4600 citations in 

scientific articles [101]. Other suggested roles for Spl in nuclear processes 

include remodelling of chromatin structure and maintenance of methylation- 

free CpG islands [79,169]. Therefore, in addition to its role as a transcription 

factor, Spl is fundamental for the establishment of transcriptional 

competence.

In the promoter of genes regulated by Spl, DNA-binding sites of this 

transcription factor vary in number, in relation to the transcription start site, to 

each other and to other heterologous regulatory elements [15,79,169]. 

Essential tools for investigation of DNA-protein interaction include EMSA and 

antibody supershifts [80,81] and these techniques are outlined prior to further 

discussion of Spl.

Electrophoretic mobility shift assay (EMSA)

EMSA has a number of pseudonyms including gel-retardation assay, protein 

mobility electrophoresis, gel-electrophoresis DNA-binding assay, gel-shift
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and DNA mobility-shift assay [80,81]. This method relies on the principle that 

a fragment of DNA bound to protein molecule(s) will move more slowly in gel 

electrophoresis than the same DNA fragment without the bound protein. The 

technique was originally described by Garner and Revzin in 1981 [46] and 

has since been widely used in the study of sequence-specific DNA-binding 

proteins such as transcription factors.

As shown in Figure 7-1, EMSAs are performed by incubating cellular proteins 

with a end-labelled DNA fragment or oligonucleotide containing the 

putative protein-binding site to allow DNA-protein complexes to form. The 

reaction products are then electrophoresed on a non-denaturing 

polyacrylamide gel and the position of the radiolabelled DNA visualized by 

autoradiography. Unbound radiolabelled oligonucleotides migrate to the 

bottom of the gel whereas DNA-protein complexes migrate more slowly and 

will be visualized closer to the top of the gel [80,81].

Radiolabcllcd oligonucleotide Nuclear protein extract

Specific transcription factor 
bind to the oligonucleotide

Gel electrophoresis

Oligonucleotide-protcin 
complex migrates more slowly

Unbound oligonucleotide

Autoradiography

Retarded band indicates 
oligonucleotide-protcin complex

Unbound oligonucleotide

Figure 7-1 Schematic Diagram of 

EMSA. Specific binding of a nuclear 

protein “B” to the radiolabelled

oligonucleotide (*=^^P) causes it to 

migrate more slowly in electrophoresis 

and, in an autoradiogram of the gel, 

results in formation of a retarded band. 

Figure adapted from D. Latchman [80].
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For the binding reactions nuclear protein are usually used however EMSAs 

can also be performed with whole cell extract or purified protein [76]. The 

specificity of the DNA-binding protein for the putative binding site is 

established by competition experiments using unlabelled oligonucleotides, 

containing a binding site for the protein of interest or other unrelated DNA 

sequences. In supershift assays, antibodies to the candidate protein are 

also added to the binding reaction resulting in formation of a heavier 

complex (oligonucleotide-protein-antibody) visualized higher up the gel 

then the DNA-protein complex. Alternatively addition of the antibody may 

result in occupation of the DNA-binding site of the protein therefore 

“blocking” the DNA-protein binding [81, 80]. EMSA, antibody blocking and 

supershifts therefore provide an excellent tool for identification of a 

particular transcription factor binding to a specific DNA sequence.

Structural analysis of Sp1
The DNA binding domain of Spl consists of 3 C2H2 zinc finger domains 

which bind to the consensus sequence 5’-GGGCGG-3’ [13,79,181,193] 

(Figure 7-2). In addition to the zinc fingers, a series of four domains are 

also required for transcriptional activity of Spl [13,79]. Two of these 

domains, A and B, correspond to glutamine-rich regions that interact with 

the basic transcriptional machinery by binding to the TATA-binding protein 

(TBP) in the TFIID complex and this interaction is needed for 

transcriptional synergy to occur [4,13,79, 83,169]. In the case of TATA- 

less promoters such as the HIF1A promoter (Figure 7-4) [66,104], domains 

A and B are able to recruit the TBP and its associated TFIID, thereby 

positioning the initiation complex to the correct start site even in the 

absence of a TATA box. Domain C contains a highly charged region and 

functions only weakly as an independent frans-activation domain 

[4,13,79,83,169]. Domain D is required for synergistic activation in 

conjunction with the A and B domains and may be involved in the 

formation of homomeric complexes [4,13,79,83,169]. The zinc fingers and 

domain D together may also be involved in the interaction of Spl with other 

proteins as they are required for binding to proteins such as YY1 [83], 

GATA-1 [4], NF-kB [193]. Interestingly YY1 was recently [142] reported to
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have a role in basal regulation of C0L1A1 and in common with Sp1 it was 

also identified binding to the C0L1A1 promoter by Southwestern blotting in 

Chapter 6. The interaction of Sp1 and YY1 could therefore be involved in 

the hypoxic regulation of C0L1A1.

» I f

Zn finger domains
Figure 7-2 Schematic diagram of functional domains of Sp1. The four domains 

marked A, B, C and D contribute to the transcriptional properties of Sp1. The 3 zinc 

finger domains are the G-C box DNA-binding sites. Figure adapted from Lania et al. [79], 

Suske [169] and Berg [13].

Accession

numbers*

Chromosomal

localisation*
Distribution

Transcriptional

properties

Knockout

phenotype
Modification

Human; Human

J03133 Mouse:

Mouse: 15

AF062566 Rat:

AF022363 7q36

Rat:

D12768

Ubiquitous Activator Lethal at 

embryonic 

day 11

Glycosylation

Phosphorylation

Table 7-1 Summary of biological characteristics of Sp1. *=data derived from the NCBI 

database.

Sp1 and C0L1A1 transcription
As reviewed in Chapter 4, a comprehensive list of published reports have 

delineated the region -220/+1 in mouse, rat and human C0L1A1 as the 

minimal promoter necessary for basal transcription of this gene in 

fibroblasts [1,5,22,23,43,44,59,67,74,111,112,114,121,139,140,142,146, 

165,178]. The results of Chapter 3 also showed that the -220/+115 region
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was also involved in hypoxic transcriptional activation of C0L1A1. This 

region has many known and potential binding sites for a variety of DNA- 

binding proteins (summarised in Figure 4.3). Two important regulatory 

elements at -126/-114 and -100/-84 each contain an inverted CCAAT 

box closely linked to a GC-box (Figure 7-3). These two motifs are perfectly 

conserved between the mouse, rat and human C0L1A1 promoters (Figure 

1-5) [22,111] and have been shown to bind NF-1 and Spl in all species 

examined [1,5,22,44,67,72,74,111,112,121,140,165,171,178]. A third 

putative Spl-binding site located -65/-55 was identified by transcription 

factor binding database searches [175] however this DNA sequence is 

distinctly dissimilar to other Spl binding sites and Spl binding to this motif 

has not been reported.

-220. ..agatctgggg ggcaagggcg gcagagttgc gggagggggg gcgctgggtg

-170 .. gactcctttc ccttcctttc cctcctcccc cctcttcgtt ccaaattggg

-120 .. ggccgggcca ggcagttctg attggctggg ggccgggctg ctggctcccc

-70 . .. ctctccgaga ggcagggttc ctcccagctc

agcagacggg

tccatcaaga tggtataaaa

-20 . .. ggggcccagg ccatcgtcgg agtttctcct cgggacggag

+31 . .. caggaggcac gcggagtgag gccacgcatg agccgaagct aaccccccac

+81 . .. cccagccgca aagagtctac atgtctaggg tctag +115

Figure 7-3 Putative Sp1 binding sites in the murine C0L1A1 -220/+115. Underlined 

sequences represent potential Spl binding sites identified by database searches [175]. 

Spl binding to the two more 5’ binding sites has been shown previously [111]. Arrow 

indicates the transcription start site. Sequence obtained from GenBank, accession 

number: X54876, NID: G50486.

Introduction of mutations into the reverse CCAAT boxes in both human [5] 

and mouse [111] promoters have showed the positive regulatory influence 

of these motifs in basal expression of C0L1A1. An early study by Nehls et 

al. suggested a negative role for Spl in transcriptional regulation of 

C0L1A1 [112]. This study showed that that introduction of a 3 bp mutation 

into the distal Spl binding site (-123/-114) of the mouse C0L1A1 resulted 

in 10-fold increase in promoter activity [112] and over-expression of Spl 

resulted in reduced promoter activity of the co-transfected C0L1A1 to
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below basal levels [112]. However the suggested negative regulatory role 

for Spl was very quickly contradicted by all subsequent studies, including 

those by the original authors. A year later than their original article Nehls 

et al. reported a C0L1A1 and Spl co-transfection study in Schneider L2 

cells (Spl-deficient cells [219]), which showed that Spl expression, 

resulted in transcriptional activation of mouse C0L1A1 in a dose- 

dependent manner [111]. Similarly Li at a/, showed that ectopic expression 

of Spl caused dramatic transcriptional activation of the human C0L1A1 

promoter constructs transfected into Schneider L2 cells [86,169].

Increased binding of Spl to the C0L1A1 promoter has been reported in 

nuclear extracts harvested from fibrosed tissues, for example from 

fibroblasts of the affected skin in patients with systemic sclerosis [61]. 

Increased Spl DNA-binding activity has also been reported in activated Ito 

cells, the cells responsible for Collagen-1 production in liver fibrosis [135]. 

Increased Spl DNA-binding activity was also shown in an animal model of 

y-irradiation-induced lung fibrosis [56]. There is therefore increasing 

evidence to show increased binding and transcriptional activation of 

COL1A1 by Spl in pathological settings.

Role of Spl in hypoxic gene regulation
In Chapter 6, Southwestern blotting showed that Spl binding to C0L1A1- 

220/+115 was 7.1-fold higher in hypoxic nuclear proteins compared to 

normoxic nuclear extracts (Figure 6-5). This finding is in line with several 

recent reports, which implicate Spl in hypoxic transcriptional regulation of 

a number of genes. In a model of focal cerebral ischaemia, induced by 

clamping the right middle cerebral artery, Salminen at a/, showed 

increased DNA binding activities by CREB, Spl, and NF-kB in extracts of 

the ischaemic cortex to commercial consensus oligonucleotides [150]. The 

binding activity of these transcription factors was reduced by hydrogen 

peroxide but could be restored by DTT and 2-mercaptoethanol illustrating 

redox dependent DNA binding [150]. Schafer at a i also showed redox- 

dependent Spl binding to DNA [152]. In this study, EMSAs showed that
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the DNA-binding levels of Sp1 increased in nuclear extracts from 

proliferating compared to resting rat thymocytes [152]. Again, addition of 

hydrogen peroxide to nuclear extracts from proliferating cells decreased 

the Spl DNA-binding activity, whereas in nuclear extracts from resting 

cells DTT fully restored DNA-binding efficiency of Spl [152].

Discher et al. delineated the hypoxia response elements (HRE) of the 

glycolytic enzymes p-Enolase and Pyruvate Kinase-M promoters to an 

evolutionary conserved GC-rich element in the proximal promoter of both 

genes [31]. EMSA and supershifts showed Spl binding to this HRE [31].

In a similar study, Xu at ai. identified the HRE of the Cyclooxygenase-2 

gene (COX-2) as an evolutionary conserved GC-rich element, which binds 

Spl [193]. However in an independent study NF-kB was also implicated in 

hypoxic activation of COX-2 [153]. Interestingly Xu et al. also presented 

novel preliminary data showing interaction between NF-kB and Spl in 

hypoxic transcriptional activation of COX-2 [193].

As discussed in Chapter 1, transcription of many hypoxia-inducible genes 

is regulated by HIF-1 (Table 1-1). A notable revelation about the role of 

Spl in hypoxic gene regulation was provided by two recent studies, which 

identified Spl as the transcription factor responsible for increased 

transcription of the HIF-1 a gene (HIF1A) in response to low O2 [66,104]. 

The results of both studies [66, 104] indicate that the HIF1A core promoter 

sequence is rather short, spanning -200/+1, and the fragment spanning 

the -115/+1 contains the critical c/s-acting HRE. Although both studies 

[66,104] identified Spl as a candidate for transcriptional activation of 

HIF1A the evidence for this claim was based on limited data. In one study 

this finding was based on sequence analysis alone with out any functional 

data [66]. It was argued that, in common with other TATA-less promoters, 

initiation of HIFA transcription is mediated by multiple Spl binding sites 

(underlined in Figure 7-4) located upstream and down-stream of the 

transcription initiation site [66]. In the second study involvement of Spl 

was based on the results which showed that mithramycin (a drug which
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inhibits Sp1 binding, see below) treatment of cells transfected with HIF1A 

promoter constructs resulted in inhibition of the hypoxic activation of this 

gene [104].

-182 gtcgctcgcc attggatctc gaggaacccg cctccacctc aggtgaggcg ggcttgcggg

-121 agcgcgcgcc ggcctgggca ggcgagcggg cgcgctcccg ccccctctcc cctccccgcg

-61 cgcccgagcg cgcctccgcc cttgcccgcc ccctgacgct gcctcagctc ctcagtgcac

-1 agtgctgcct cgtctgaggg gacaggagga tcaccctctt cgtcgcttcg gccagtgtgt

+ 60 cgggctgggc cctgacaagc cacctgagga gaggctcgga gccgggcccg gaccccggcg

+ 120 attgccgccc gcttctctct agtctcacga ggggtttccc gcctcgcacc cccacctctg

+ 180 gacttgcctt tccttctctt ctccgcgtgt ggagggagcc agcgcttagg ccggagcgag

+240 cctgggggcc gcccgccgtg aagacatcgc ggggaccgat tcaccatg

Figure 7-4 Human HIF1A gene sequence -182/+287 showing putative Sp1 binding 

sites. The promoter sequence is also perfectly conserved in mouse [66,104]. Underlined 

sequences represent consensus Spl binding sites [47,175]. Arrow represents 

transcription start site. Sequence obtained from [66,104].

In addition to the contribution of Spl-binding sites to the hypoxia response 

reported in mammalian cells, anaerobic response elements have been 

described in the maize alcohol dehydrogenase, LDH, and aldolase gene 

promoters [201]. The anaerobic response element in the plant alcohol 

dehydrogenase promoter contains a GC-rich element that constitutively 

binds Spl and is essential for activation by hypoxia [201]. Therefore, 

hypoxia-mediated regulation of gene expression through the modulation of 

GC-binding factors may be an ancient pathway that has been conserved in 

plant and mammalian genes.

Examination of the role of Spl in vivo
As mentioned above, Sp1 has been implicated transcriptional regulation of 

a wide range of genes including housekeeping and cell-cycle regulated 

genes. Martin at a/, developed a Spl-knockout mouse and showed for the 

first time that Spl is essential for normal mouse embryogenesis [94]. The 

Spl-knockout embryos were severely retarded in development and all died 

around day 11 of gestation. The authors reported a marked heterogeneity
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in phenotype of the Sp1-/- embryos indicating that Sp1 has a general 

function in many cell types [94]. Interestingly Sp1-/- embryonic stem cells 

injected into blastocysts contributed efficiently to chimaeric embryos at 

early stages but after day 11, rapidly declined with no contribution in 

newborn mice [94]. The data presented suggest that functional Spl is 

essential for differentiated cells after day 10 of embryonic development. 

Despite the severe developmental defects of the Spl-null mice, the 

embryos expressed many putative Spl target genes at normal levels, 

including housekeeping and cell-cycle regulated genes previously shown 

by in vitro transfection experiments to be activated by Spl. It is highly 

probable that other Sp-family members, most probably Sp3, compensate 

at least in part for the loss of Spl activity.

Examination of the functional role of Spl by Mithramycin
Mithramycin (trade name Plicamycin) is a GC-specific DNA binding drug, 

which selectively inhibits transcription of genes with GC-rich promoter 

sequences inhibiting RNA synthesis [15,134,181]. Mithramycin was

originally regarded as an antibiotic and was also thought to bind to the 

minor groove of the DNA double helix and was therefore a possible anti

tumour compound [7]. Ray at a i examined the DNA-binding properties of 

this drug more closely and used the SV40 early promoter as prototype 

DNA sequence [134]. DNase-1 footprinting analysis of the SV40 promoter 

showed that mithramycin selectively bound to the SV40 promoter in a 

fashion nearly identical to binding of Spl. Mithramycin bound all 

sequences bound by Spl but also to an additional GC-rich sequence, the 

reason for which was given by the authors to be due to the smaller size of 

the drug compared to the recombinant Spl. Further, EMSAs

demonstrated the failure of recombinant Spl binding to the promoter when 

the DNA was pre-treated with mithramycin. Later studies by Blume et a i 

showed inhibition of Spl binding and selective inhibition of the Spl- 

dependent dihydrofolate reductase gene both in vivo and in vitro by 

mithramycin [15]. Poncelet at a i recently reported a study [124], which 

examined the effects of Spl inhibition by mithramycin on TGF-Pi induced
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transcription of C0L1A2, which is also activated by Sp1 [65, 

74,124,165,171,178,181].

In Chapter 3, hypoxia-inducibility of the mouse C0L1A1 -220/+115 was 

demonstrated. In Chapter 4, normoxic and hypoxic nuclear proteins 

binding domains of the C0L1A1 promoter -220/+115 were identified and 

compared. Important c/s-regulatory sequences involved in hypoxia 

included potential Spl binding GC-boxes. In Chapter 6, several nuclear 

proteins binding the C0L1A1 -220/+115 were identified. Spl showed the 

highest increase in binding to the promoter in response to hypoxia. The 

present Chapter examines the role of Spl in hypoxia-induced increase in 

C0L1A1 transcription in more details.

7.2 Aims

1. To verify and compare Spl binding to the putative binding sites in

the mouse C0L1A1 promoter -220/+115.

2. To compare the DNA binding levels of Spl in normoxic and hypoxic

nuclear extracts.

3. To verify the functional role of Spl in hypoxic transcriptional

activation of the mouse C0L1A1 by using inhibitors of Spl binding.

4. To compare levels of Spl in normoxic and hypoxic nuclear extracts.

7.3 Methods

Nuclear proteins were extracted as described in (Section 2.3). All 

centrifugation steps for non-radioactive samples were carried out in a 

bench-top Eppendorf 5402 centrifuge at 4°C. Radioactive samples were 

centrifuged in a bench-top Eppendorf 5405 centrifuge at room temperature. 

Autoradiograms were developed using a Xograph X4 developer. All 

experiments were carried out at least 3 times.
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7.3.1 EMSA

EMSA were carried out using the “Gel Shift Assay System” from Promega. 

Oligonucleotides

Oligonucleotides corresponding to C0L1A1 promoter sequences were 

made by Custom Primers, Invitrogen:

C0L1A1 -135/-107

Sense: 5’-CGTTCCAAATTGGGGGCCGGGCCAGGCA-3’

Antisense: 5-TGCCTGGCCCGGCCCCCAATTTGGAACG-3'

C0L1A1 -103/-75

Sense: 5’-TGATTGGCTGGGGGCCGGGCTGCTGGCT-3’

Antisense: 5’-AGCCAGCAGCCCGGCCCCCAGCCAATCA-3’

C0L1A1 -86/-48 (referred to as CYE in a parallel study [114])

Sense: 5’-

CGGGCTGCTGGCTCCCCCTCTCCGAGAGGCAGGGTTCCTC-3’

Antisense: 5’-

AGGAACCCTGCCTCTCGGAGAGGGGGAGCCAGCAGCCCG-3’

Oligonucleotides were resuspended in H2O and annealed in an equimolar 

ratio in KOI 50mM, 50mM Hepes pH 7.9. The annealing mixture was

boiled in a water bath for 5 minutes and allowed to cool to room

temperature.

Commercial consensus, double-stranded oligonucleotides for Spl were 

purchased from Promega:

Sense: 5-ATTCGATCGGGGCGGGGCGAGC-3'

Antisense: 5-GCTCGCCCCGCCCCGATCGAAT-3'

Radiolabelling of oligonucleotides for EMSA

The labelling reaction was carried out in a sterile microcentrifuge tube in a 

total volume of lOpI consisting of 2pl oligonucleotide (1.75pmol/pl), Ip l T4 

Polynucleotide Kinase 10X Buffer (700mM Tris-HCI pH 7.6, lOOmM MgCb,
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50mM DTT; Promega), Ip l [y-^^P]ATP (>5000|iCi/mmol, 10mCi/ml; 

Amersham), 5|jl H2O, 1pl T4 Polynucleotide Kinase (5-10U/pl; Promega). 

The reaction was mixed, incubated at 37°C for 10 minutes and terminated 

by addition of Ip l 0.5M EDTA (Sigma). Unincorporated radioactivity was 

removed by addition of 89pl TE buffer followed by 1 volume (lOOpI) 

Phenol-Chloroform (Sigma), vortexed and centrifuged at 15800xg for 3 

minutes. The supernatant was transferred to a new centrifuge tube, Ipg of 

glycogen (Roche) was added as carrier, followed by 3 volumes (460pl) of 

ice-cold 96% ethanol (BDH), the solution mixed briefly and incubated on 

ice for 20 minutes. Samples were then centrifuged at 15800xg for 10 

minutes, the supernatant removed and pellets washed twice with 1ml 70% 

ethanol (room temperature), vortexed briefly and centrifuged at 15800xg 

for 5 minutes. Finally, the supernatant was removed, the pellet air-dried at 

room temperature and resuspended in lOOpI TE buffer. The specific 

activity of the labelled oligonucleotides was measured by adding 2p\ probe 

to 5ml scintillation fluid (EcoScint; National Diagnostics) and the activity 

measured (Tricarb 1600TR scintillation counter; Canberra Packard).

Protein-oligonucleotide binding reaction

Normoxic and hypoxic nuclear extracts (7pg per sample) were incubated at 

4°C for 30 minutes in a total volume of 9pl containing IX  Gel-shift binding 

buffer (lOmM Tris-HCI pH 7.5, 1 mM MgC^, 0.5mM EDTA, 4% glycerol, 

50mM NaCI, 0.5mM DTT, O.Spg polydl-dC; Promega). The mixture was 

incubated at room temperature for 10 minutes, subsequently 1pl (4x10^ 

cpm) of the radiolabelled probe was added and incubation was continued 

for 30 minutes at room temperature.

For competition experiments, unlabelled oligonucleotides were added 

(100X excess) to the binding reaction 10 minutes prior to the addition of 

labelled oligonucleotide. For supershift and blocking assays, 1pl anti-SpI 

antibody (blocking antibody: Sp1(IC6)X, supershift antibody: Sp1(PEP2)X; 

Santa Cruz) was added to the binding mixture containing the nuclear 

extracts and pre-incubated on ice for 1.5 hours prior to the addition of

168



Chapter 1

labelled oligonucleotides. In optimisation experiments a range of 0.25-2|il 

of either blocking or supershift anti-Sp1 antibodies were used. In control 

samples, 1pl non-immune IgG (Santa Cruz) was added.

Electrophoresis and autoradiography

Prior to use the glass plates were thoroughly washed with a mild detergent, 

rinsed thoroughly with deionised water to remove any residual detergent 

and air-dried. Non-denaturing 4% polyacrylamide gels in 0.5X TBE 

containing 2% glycerol were cast in 16x20 cm glass plates with 1mm 

spacers using 10 or 15-well forming combs. To monitor the progress of 

electrophoresis, 1 well was loaded with lOpI gel-loading dye (250mM Tris- 

HCI pH 7.5, 0.2% bromophenol blue, 40% glycerol). Samples were 

electrophoresed at 200V, in 0.5X TBE using a PROTEAN II xi Vertical 

Electrophoresis Cell (Bio-Rad) at room temperature. Electrophoresis was 

terminated when the bromophenol dye front had migrated 2/3 down the 

length of the gel. The radioactive signal was visualized by exposing the 

gels overnight at room temperature to X-Omat-AR film (Kodak).

7.3.2 Western blots

Nuclear proteins 19pg/sample (a range of 10-40pg/sample was tested in 

optimisation experiments) were denaturated by heating for 3 minutes at 

95°C in sample buffer containing lOOmM Tris-CI pH 6.8, 4% SDS, 10% 2- 

mercaptoethanol, 20% glycerol and 0.02% bromophenol blue. Proteins 

were electrophoresed on a 10% SDS-PAG (MiniProtean II system; Bio- 

Rad) at 80V and electrophoresis terminated when the bromophenol blue 

dye front reached the lower edge of the gel. Proteins were electroblotted 

(Trans-Blot®SD semi-dry Transfer Cell; Bio-Rad) to nitrocellulose 

membrane (0.2pm pore size; Schleicher & Scheuell) at 15V for 45 minutes 

using 48mM Tris, 39mM glycine, 0.375% SDS, 20% methanol as the 

transfer buffer. To confirm equal protein loading and transfer membranes 

were stained with Ponceau-S (Sigma).
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Membranes were blocked with 5% dried milk (Marvel) in TBS-Tween 

(10mM Tris pH 7.6, 150mM NaCI and 0.05% Tween-20) for 1 hour at room 

temperature followed by incubation in anti-Sp1 antibody (rabbit polyclonal 

IgG; Sp1(PEP2)X or alternatively mouse monoclonal IgG; Sp1(IC6)X; 

Santa Cruz) diluted 1:1000 in TBS-Tween, overnight at 4°C with gentle 

agitation. Controls were incubated in TBS-Tween without primary 

antibody. Membranes were washed 3 times, 5 minutes each in TBS- 

Tween with gentle agitation, followed by 30 minutes incubation in horse 

radish peroxidase-coupled secondary antibody (Vectastain EliteABC kit; 

Vector Labs, Peterborough, UK) at room temperature with gentle agitation. 

Finally blots were washed 3 times, for 5 minutes each, in TBS-Tween, the 

positive signals visualised by chemiluminescence (ECL; Amersham).

7.3.3 Mithramycin-treatment of cells transiently transfected 
with pGLa1~220

Optimal conditions for transient transfection of NRK-49F fibroblasts with 

the C0L1A1 construct, pGLal-220, were established as described in 

Section 3.3.1. Cell toxicity of mithramycin required further optimisation of 

additional variables namely the dose (25-1 OOnM) and duration (40-65 

hours in total) of mithramycin treatment.

NRK-49F were seeded at 5x10'*/well in 6-well plates (Greiner) and 

incubated to confluence and transiently transfected with pGLal-220 for 12 

hours as described in Section 3.3.1. Transfection mixture was replaced 

with DMEM:Nutrient Mixture Ham’s F I2 medium (Sigma), containing 5% 

FCS (Invitrogen), 1% antibiotic-antimycotic (100X solution; Sigma) and 

50nM mithramycin (Sigma). Cell were incubated overnight and 

subsequently exposed to hypoxia (1% O2 ; Section 2.2) for 24 hours and 

controls incubated in normoxia 21% O2 . Longer incubation resulted in high 

levels of the cell death due to mithramycin toxicity.
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At the end of the 24 hour period, cells were washed twice with ice-cold 

PBS, Passive Lysis Buffer (Promega) 400pl/well added and cells frozen at 

-80°C. Luciferase and protein assays were carried out as described in 

Section 3.3.4.

7.4 Results

7.4.1 Hypoxic nuclear proteins form stronger complexes with
consensus Sp1 oligonucleotide compared with normoxic nuclear 
proteins

The binding of NRK normoxic and hypoxic (12 hours at 1% O2) nuclear 

proteins (7pg) to a consensus Spl oligonucleotide (Promega) was 

examined by EMSA. As shown in Figure 7-5, both normoxic (lane 2) and 

hypoxic (lane 3) extracts formed two major complexes with the Spl 

oligonucleotide with hypoxic extracts forming stronger complexes.

O lig o  +  +  +
N o r m o x ic  N P  " +

H y p o x ic  N P

1 2 3

Figure 7-5 Comparison of binding of 

normoxic and hypoxic nuclear proteins 

to a consensus Sp1 oligonucleotide.

DNA binding was analysed by EMSA. 

Consensus Spl oligonucleotides (oligo) 

was radiolabelled and incubated with 

normoxic and hypoxic nuclear proteins 

(NP; 7|ig/reaction). Arrows indicate 

reproducible complexes.
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7.4.2 Hypoxic nuclear extracts form stronger complexes with 
C0L1A1 -135/-107

The oligonucleotide C0L1A1 -135/-107 contains a consensus sequence 

for Sp1 binding and was selected for EMSA analysis as it represents 

hypoxic and normoxic protected region in DNase-1 footprint analysis of the 

C0L1A1 (Figure 4-5). As shown by the arrows in Figure 7-6 both normoxic 

(lane 2) and hypoxic (lane 4) nuclear proteins formed two complexes. In 

both cases the upper band was the dominant complex with increased 

binding seen in hypoxia. Both normoxic (lane 3) and hypoxic (lane 5) 

complexes were abolished by addition of 100-fold excess unlabelled 

oligonucleotide.

N o r m . H y p .

O l ig o

N E
C o m p e t i to r

+ + 
+

+ + + 
+ + +
+ - +

1 2 3 4 5

Figure 7-6 Comparison of binding of 

normoxic and hypoxic nuclear proteins 

to C0L1A1 -135/-107 sequence. DNA

binding was analysed by EMSA. C0L1A1 

-135/-107 oligonucleotide was

radiolabelled and incubated with normoxic 

(Norm.) and hypoxic (Hyp.) nuclear

extracts (NE 7pg/reaction). Arrows

indicate the specific protein-DNA 

complexes. Oligonucleotide sequence 

(Spl binding site underlined):

5’-CGTTCCAAATTGGGGGCCGGGCCAGGCA-3’ 

Competitor was 100X unlabelled 

oligonucleotide.
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7.4.3 Sp1 binds to -135/-107 element of C0L1A1 with Increased 
binding in hypoxia

The presence of Sp1 in the DNA-protein complexes (Figure 7-6) was 

confirmed by using anti-Sp1 antibodies. As shown in Figure 7-7, the blocking 

anti-Sp1-antibody partially impaired the formation of the upper band DNA- 

protein complex in hypoxic samples (compare lanes 5 and 6). The absence 

of blocking by non-immune IgG (lane 7) confirmed the specificity of this 

effect. No marked effect by the anti-Sp1 antibody was seen in normoxic 

extracts most probably due to the relatively weak complex formed with 

normoxic proteins making any effect by the antibody difficult to visualise 

(compare lanes 2 and 3).

HypoxiaNormoxia

Anti-Spl

Figure 7-7 Sp1 binding to 

C0L1A1 -135/-107. Sp1-DNA 

binding was analysed by EMSA. 

C0L1A1 oligonucleotide -135 /-  

107 (4x10'*cpm) was incubated 

with normoxic and hypoxic 

nuclear proteins (NP; 

7pg/reaction) and Spl binding 

inhibited by an anti-SpI blocking 

antibody. Addition of non- 

immune IgG did not block DNA- 

protein complex formation.

The presence of Sp1 in the DNA-protein complexes (Figure 7-6; lanes 2 and 

4) was further confirmed by supershift assays. As shown in Figure 7-8,
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inclusion of the supershift anti-Sp1 antibody in the hypoxic binding reaction 

resulted in supershift of the upper band, which was the major complex of the 

two (compare lanes 7 and 8). In normoxia although the antibody did not 

result in a visible supershift it did significantly reduce the intensity of the 

upper complex (compare lanes 2 and 3). Again the most probable 

explanation is the relatively weak signal (lane 2), which makes the 

visualisation of the DNA-protein-antibody complex difficult.

Normoxia Hypoxia

Oligo + + 4- 4- 4-
NP - 4- -k 4- 4-

Anti-Spl - - + - -
IgG - ■

Competitor - -

*

-f -f -f 4- -f
4- 4- -k 4 - 4 -

4-
-  - f  -

-  -  - l-

1 2 3 4 5 6 7 8 9 10

Figure 7-8 Antibody supershift analysis of Sp1 binding to C0L1A1 -135/-107 in 

normoxia and hypoxia. Sp1-DNA binding was analysed by EMSA-supershift. C0L1A1 

oligonucleotide -135/-107 (4x1 O'* cpm) was incubated with normoxic and hypoxic nuclear 

proteins (NP; 7pg/reaction) and Spl-DNA complex (*) supershifted with anti-SpI antibody. 

Competitor was 100X unlabelled oligonucleotide
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In both normoxic and hypoxic samples addition of non-immune IgG to the 

binding mixture did not alter binding, confirming specific effects of the anti- 

Sp1 antibody (for normoxia compare lanes 3 and 4; for hypoxia compare 

lanes 8 and 9). Both normoxic and hypoxic complexes were competed 

away with 100X excess unlabelled C0L1A1 -135/-107 oligonucleotide 

(for normoxia compare lanes 2 and 5; for hypoxia compare lanes 7 and 

10).

7.4.4 Normoxic and hypoxic nuclear proteins exhibit strongest 
binding to the most 5' Spl binding site

As discussed in the Introduction (Figure 7-3), the mouse C0L1A1 

proximal promoter contains two known [111] and one putative (identified 

by database search [175]) Spl binding sites. Comparison of the binding 

of normoxic and hypoxic nuclear proteins to the two known Spl binding 

sites is shown in Figure 7-9. The oligonucleotide COL1A1 -103 /-75  also 

formed 2 complexes with normoxic and hypoxic nuclear proteins (lanes 2 

and 3). However both normoxic and hypoxic nuclear proteins show 

stronger binding to the most 5’ Spl binding site contained in the C0L1A1 

-135/-107 oligonucleotide (lanes 5 and 6). Compared with normoxia, 

hypoxic nuclear proteins formed stronger complexes with both -103/-75 

and -135/-107 C0L1A1 oligonucleotides (for -103/-75 compare lanes 2 

and 3; fo r - 1 35/-107 compare lanes 5 and 6).

The binding of normoxic and hypoxic extracts to all three putative Spl 

binding sites of the C0L1A1 is compared in Figure 7-10. Again, binding was 

stronger to C0L1A1 -1 35/-107 than to the -103/-75 oligonucleotide 

(compare lanes 2 and 4 with lanes 7 and 9). With both oligonucleotides 

stronger complexes were formed with hypoxic extracts.
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Oligo + 
Normoxic NP - 

Hypoxic NP -

-103/-75

+
+

+
-135/-107

+ + +
+

4- +

#

Figure 7-9 Comparison of hypoxic and normoxic nuclear protein binding to two known 

Sp1 binding sites in the COL1A1 proximal promoter. DNA binding was analysed by 

EMSA. Oligonucleotides (4x1 O'* cpm) representing C0L1A1 sequences -135/-107 and -  

103/-107 were incubated with normoxic and hypoxic nuclear extracts 7pg/reaction. 

Oligonucleotide sequences (Spl binding site underlined):

C0L1A1 -103/-75

5’-TGATTGGCTGGGGGCCGGGCTGCTGGCT-3’

C0L1A1 -135/-107

5’-CGTTCCAAATTGGGGGCCGGGCCAGGCA-3’

Although no comparable distinct complexes were formed with the C 0L1A 1 -  

8 6 /-4 8  oligonucleotide, there is a detectable diffuse band (lanes 12 and 14) 

which is specific as it was competed away by 100X excess unlabeled 

oligonucleotides (lanes 13 and 15). Further, less unbound probe is seen at 

the bottom of the lanes 12 and 14 indicating that some DNA-protein binding 

has occurred. In common with the other oligonucleotides, binding is stronger
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in hypoxia. To aid visualisation of weaker signals exposure of the 

autoradiogram was prolonged which inadvertently resulted in saturation of 

strongest bands in lane 4 which represents binding of -1 3 5 /-1 0 7  

oligonucleotide to hypoxic nuclear extracts. All complexes formed were  

competed away with 100X excess unlabelled consensus Sp1 

oligonucleotides (Promega).

-135/ 107 -103/-75 -S6/-48
I--------------- II--------------- II--------------- 1

OliüO +  4 - 4 - 4 -  4 - 4 - 4 -  4- 4- 4- 4- 4- 4 - 4 -  4-
Normoxic - 4- 4- -

Hypoxic NP - -  - 4 - 4 -
Compelitor - -4- -k

- 4 - 4 - - - - 4 - 4 - “
- -  -  -f- 4- -  -  “ 4 - - f -
- - -f- -  4- -  - 4- -j-

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Figure 7-10 Comparison of normoxic and hypoxic nuclear extracts to two known and 

one putative Sp1 binding sites. DNA binding was analysed by EMSA. Oligonucleotides 

(4x10"  ̂cpm) representing C0L1A1 sequences -135/-107, -103/-75 and -86 /-48  and were 

incubated with normoxic and hypoxic nuclear proteins (NP; 7pg/reaction). Competitor was 

100X unlabelled consensus Spl oligonucleotide (Promega).

77



Chapter  7

7.4.5 Nuclear levels of Sp1 are not altered by hypoxia
Quiescent NRK-49F fibroblasts were exposed to 12 hours of hypoxia (1% O 2) 

and the nuclear levels of S p l protein measured by W estern blot analysis. 

The anti-SpI antibody probes identified a specific single protein band the 

level of which remained the same in normoxia and hypoxia (Figure 7-11). 

Identical results were obtained using two different (blocking and supershift) 

anti-SpI antibodies (rabbit polyclonal IgG and mouse monoclonal IgG).

95 kd

Figure 7-11 A representative Western blot analysis of Sp1 protein levels in normoxic 

and hypoxic (12 hour) nuclear extracts.

A: Normoxic and hypoxic nuclear extracts (19fig) were resolved by SDS-PAGE and probed 

with anti-Sp1 antibody (mouse monoclonal IgG).

B; Coomassie blue G250 (sigma) staining of parallel samples to confirm equal loading of 

nuclear proteins.

To test whether changes in S p l level were dependent on the duration of 

hypoxia, nuclear protein levels of S p l were measured over time. W estern  

blot analysis of nuclear proteins exposed to hypoxia from 2-24 hours showed 

no changes in S p l protein band in response to hypoxia (data not shown).

7.4.6 Mithramycin inhibits C0L1A1 promoter activity in normoxic 
and hypoxic fibroblasts

N R K -49F fibroblasts transiently transfected with the C 0L1A 1 -2 2 0 /+ 1 1 5  

construct, p G L a l-220 , were pre-incubated with 50nM mithramycin (Sigma) 

for 12 hours and then exposed to normoxic and hypoxic conditions for 24  

hours. Toxicity of mithramycin was a significant problem and the 

experimental protocol had to be modified to minimise cell death. Pre

incubation of transfected cells to mithramycin was reduced from 17 to 12
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hours, the concentration of mithramycin was reduced from lOOnM as 

reported by others [124] to 50nM and hypoxic treatment decreased from 48 

to 24 hours.

As shown in Figure 7-12, the basal activity of the control vector, pGL3B, was 

low both in normoxia and hypoxia. Mithramycin had a small but statistically 

insignificant repressive effect on the promoter activity of pGL3B in hypoxia. 

The promoter activity of pGLal-220 in normoxia was reduced by 22% with 

mithramycin treatment. As seen previously (Chapter 3) hypoxia resulted in 

2.8-fold induction in reporter activity of pGLal-220. Mithramycin completely 

abolished the hypoxic induction of pGLal-220. Promoter activity of pGLal- 

220 in mithramycin treated cells both in normoxia and hypoxia were reduced 

to a similar level.

O )
. 5 -  15000

pGL3B
Normoxia

ÙÉ

1

I
pGLa 1-220 
Normoxia

pGL3B
Hypoxia

pG La 1-220 
Hypoxia

Figure 7-12 Effects o f mithramycin on iuciferase activity in NRK-49F cells transfected 

with pGLa1-220 in normoxia and hypoxia. Confluent NRK-49F cultures were transfected 

with pGLSB (control vector) and pGLa1-220 for 6 hours, transfection mixtures were replaced 

with medium containing 5% FCS +/- 50nM mithramycin. Transfected cells were pre- 

incubated with mithramycin overnight and subsequently exposed to normoxia (21% O2 ) or 

hypoxia (1% O2) for 24 hours in presence of mithramycin. Luciferase activity was measured 

and the values corrected for total cellular protein. Data shown is a representative of 3 

experiments with n=3 wells for each plasmid per experiment. □  = Control ■  = Mithramycin; 

*=P<0.05 by paired Student’s t-test.
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7.5 Discussion

During the last decade, independent studies have implicated Sp1 in both 

hypoxic transcriptional activation of various genes and in the pathogenesis of 

fibrosis. For example, Sp1 has been implicated in hypoxic activation of 

Cyclooxygenase-2 [193], p-Enolase [31] and also interestingly in HIF-1a 

[104] genes. Independently other studies have implicated Spl in excessive 

expression, and resulting deposition, of type I collagen in fibrotic conditions 

[67,181,110]. The current study is the first to link the “hypoxic” and “fibrotic” 

roles of this transcription factor

As mentioned in Chapters 1 and 4, the expression of C0L1A1 gene is in the 

main transcriptionally regulated. Transcription of C0L1A1 in turn depends on 

the interaction of the c/s-regulatory elements of its promoter with specific 

transcription factors [3,5,19,44,67,68,72,74,111,112,117,140,165,178]. In 

particular, the proximal promoter includes two important regulatory elements 

at -1 27 /-1 14 and -100/-84 (Figure 7-13). Both sites are evolutionarily 

conserved in mouse, rat and human [22,111] and each contains an inverted 

CCAAT motif closely linked to a tandem repeat GC-box.

Figure 7-13 The mouse COL1A1 promoter -130/-80 sequence. Binding sites for Sp1 

and NF-1 are shown by continuous and broken iines respectiveiy

[1,5,22,44,67,72,74,111, 112,121,140,165,171,178].

As discussed in the Introduction, Nehls et al. were the first to show binding of 

Spl to both C0L1A1 promoter sites illustrated in Figure 7-13 [112]. 

Subsequently several independent studies have shown that increased DNA- 

binding of Spl to these elements results in increased C0L1A1 transcription 

[5,61,68,86,110,111]. Further, nuclear extracts from fibrotic tissues show 

increased Spl DNA-binding to the same sites on the C0L1A1 promoter 

[67,110,181]. For example, increased Spl binding to the C0L1A1 promoter
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has been observed in fibroblasts derived from affected skin in patients with 

systemic sclerosis [61]. Increased Spl DNA-binding activity has also been 

reported in activated Ito cells, the cells responsible for Collagen-1 production 

in liver fibrosis [135]. Similarly increased Spl DNA-binding activity was 

shown in an animal model of y-irradiation-induced lung fibrosis [56].

The results of this Chapter show DNA-binding by both normoxic and hypoxic 

nuclear extracts to the 2 known Spl binding sites in the proximal C0L1A1 

promoter (Figure 7-13). Although binding of Spl in normoxic nuclear extracts 

has been previously reported, an increase in binding of Spl to C0L1A1 

promoter (-135/-107 and -103/-75) in response to hypoxia represent novel 

findings.

In Figure 7-6 the binding of normoxic and hypoxic nuclear proteins to 

C0L1A1 -135/-107 was compared by EMSA. In comparison to the normoxic 

samples (lane 2) hypoxic nuclear proteins show a striking increase in binding 

to the probe (lane 4). In both normoxia and hypoxia the DNA-protein 

complexes formed were competed away with homologous unlabelled probe 

(lanes 3 and 5 respectively) confirming specific binding and also with 

unlabelled consensus Spl oligonucleotides (Promega; Figure 7-10 lanes 3 

and 5) suggesting involvement of Spl in the formation of the DNA-protein 

complex(s).

Anti-SpI antibodies confirmed presence of Spl in the upper complex in 

normoxic and hypoxic samples. Due to the stronger complexes formed in 

hypoxia the effects of both blocking (Figure 7-7; lane 6) and supershift 

(Figure 7-8; lane 8) antibodies were more evident in hypoxic complexes. 

Although the effects of blocking antibody (Figure 7-7; lane 3) on the normoxic 

complex were not demonstrable, the supershift anti-SpI antibody did result in 

loss of the upper complex (Figure 7-8; lane 3), indicating Spl involvement in 

the formation of the complex. The specificity of the effects of anti-SpI 

antibodies were verified by the failure of the non-immune IgG to inhibit 

formation or supershifting of the complexes.
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Binding of normoxic and hypoxic nuclear extracts to the two known (-126/- 

114 and -100/-84) and one putative Spl binding site (-65/-55) [175] was 

compared in Figure 7-10. The most 5’ binding site shows highest level of 

binding both in normoxia and hypoxia. The complexes formed with the 

C0L1A1 -107/-75 oligonucleotide (Figures 7-9 and 7-10) were weak but 

more binding was seen with the hypoxic extracts. Both normoxic and 

hypoxic complexes were competed away with 100X excess of Spl 

consensus oligonucleotides (Figure 7-10). Binding to the C0L1A1 -8G/-48 

oligonucleotide was very weak and insignificant. This finding is in agreement 

with results of a parallel study [114], which did not show any normoxic 

nuclear binding to the double-stranded sequence. However single-stranded 

oligonucleotides of this sequence were shown to bind the transcriptional 

repressor YB-1 [114, 168].

The binding of normoxic nuclear proteins to the proximal known Spl binding 

site -126 /-114 (Figure 7-6; lane 2) was weaker than similar published results 

[111,112]. The reduced signal could be due to the fact that in the current 

study nuclear proteins were extracted from confluent cells made quiescent 

for 48 hours in low serum medium, which in theory should result in reduced 

transcriptional activity by the cells. In contrast, the published results 

mentioned used nuclear proteins harvested from proliferating fibroblasts 

cultured in 10% FCS [111,112]. In view of the extensive transcriptional role 

of Spl in cellular processes including proliferation and stimulation by serum 

could explain increased binding to the Spl sites [6,79,169].

Overall the EMSA results show increased DNA-binding to the most distal Spl 

site (-126/-114) by both normoxic and hypoxic nuclear extracts. At both Spl 

sites (-126/-114 and -100/-84) hypoxic nuclear proteins bound to the 

promoter more than normoxic extracts. This finding is consistent with the 

results of the footprinting experiments presented in Chapter 4, where DNase- 

I protection assays of normoxic and hypoxic nuclear extracts (Figure 4-4; 

enlarged in Figure 7-14) showed a similar pattern of increased DNA-binding 

by hypoxic proteins as seen with the EMSAs.
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DL N H

Figure 7-14 Enlarged view of Figure 4-4 between -1351-75 of mouse C0L1A1 

promoter DNase-1 footprinted with normoxic (N) and hypoxic (H) NRK-49F nuclear 

extracts. DL; DNase-1 ladder, DNase-1 digestion of probe without nuclear extract. N: 

Probe with 35pg normoxic nuclear extract. H: Probe with 35pg hypoxic nuclear extract. 

Numbers on the 10bp DNA ladder correspond to the position of bp relative to start (+1) of 

transcription. Brackets mark protected areas. Arrows indicate the centre of Sp1 binding 

sites.

In DNase-1 footprinting assays the densitometric intensity of the background 

of each footprint provides a measure of the level of protein binding to that 

part of the promoter [76,80,81]. Strong DNA-protein complexes result in 

minimal background radio-density and banding pattern [76,80,81], In 

common with the EMSA results (Figure 7-9) comparison of the -103/-75 and

183



C hapter 7

the -135/-107 footprints (Figure 7-14) show stronger DNA-protein binding in 

the distal footprint.

Normoxic and hypoxic nuclear proteins both formed two complexes with 

consensus Spl oligonucleotides (Promega) as shown in Figure 7.5. In 

common the C0L1A1 oligonucleotides hypoxic nuclear proteins showed 

increased DNA-binding in comparison with normoxic samples. Hypoxia 

mediated increase in Spl-DNA binding was therefore shown not to be limited 

to the C0L1A1 promoter and is likely to be universal.

The mechanisms involved in increased Spl-DNA binding are still not totally 

clear and remain elusive. Mechanisms involved in increased DNA-binding by 

Spl could be broadly categorized as either intrinsic or extrinsic to Spl. 

Intrinsic mechanisms include upregulation and increased availability of Sp1 in 

the nucleus or rather result in “activation” of Spl increasing the binding 

affinity of this factor to the promoter. Some investigators report increased 

nuclear levels of Spl as the dominant mechanism for the increased binding

[79.80.169]. Others have suggested increased activation of the protein in the 

absence of any change in protein levels accounts for the increased binding

[4.135.150.152.169].

Extrinsic mechanisms involved in increased DNA binding of Spl are those, 

which do not directly involve this transcription factor. Examples include 

upregulation or activation of a co-factor involved in DNA binding by Spl such 

as IB P  [4,13,169]. Alternatively increased DNA binding could be due to 

dissociation of repressor transcription factor(s) bound to the Spl sites. For 

example, the repressor effects of NF-kB on transcription of C0L1A1 has 

been suggested to be due to the binding of this protein to Spl sites in the 

proximal promoter [139]. In Chapter 8 practical approaches for detection and 

identification of candidate co-factor or repressor proteins is discussed.

In the current study the effect of hypoxia on nuclear protein levels of Spl was 

investigated. Initially nuclear protein of cells exposed to 12 hours of hypoxia
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was investigated. By Western blotting using 2 supershift anti Sp1 antibodies, 

there was no difference in nuclear Sp1 levels in normoxia and hypoxia 

(Figure 7-11). To eliminate the possibility of Spl levels increasing at an 

earlier stage, a time course Western blot analysis was also carried out. Time 

course results also did not show any increase in Spl levels at any time from 

2 to 24 hours of hypoxia. It is important to note that the anti-SpI antibodies 

used in the current study were not able to detected phosphorylated S p l.

Phosphorylation of transcription factors by hypoxia has been previously 

shown [11,105,174]. Phosphorylation of Spl, in particular on serine 

residues, has also been reported to correlate with increased DNA binding 

and transcriptional activator properties [41,86,201]. The hypothesis that 

“hypoxia results in phosphorylation of Spl leading to its increased the DNA 

binding affinity, resulting in transcriptional activation of the C0L1A1 

promoter” seems rational and will be further elaborated in Chapter 8. Taken 

together the Western blotting results suggest that in common with recent 

reports on involvement of Spl in hypoxic transcriptional activation and also in 

pathogenesis of fibrosis [4,135,150,152,169] increased activation of Spl, is 

responsible for its increased DNA binding.

Thus far the results discussed show that hypoxia results in increased Spl 

binding to the GC-rich elements in the C0L1A1 promoter at -124 /-114 and -  

94Z-84 (Figure 7-13). The next step in the investigation was to examine the 

functional role of Spl in hypoxic transcriptional activation of C0L1A1. An 

important tool for investigating the role of Spl in transcriptional regulation of 

candidate genes is transfection in Spl deficient Drosophila Schneider L2 

cells [154]. As discussed in Chapter 4, Nehls et al. reported a C0L1A1 and 

Spl co-transfection study in Schneider L2 cells and showed that Spl 

expression resulted in transcriptional activation of mouseCOLIAI in a dose- 

dependent manner [111]. Similarly Li at a i later showed that over

expression of Spl also caused dramatic frans-activation of human C0L1A1 

promoter constructs transfected into Schneider L2 cells [86,169]. To explore 

the role of Spl in hypoxic transcriptional activation of C0L1A1 transfection 

studies using Schneider L2 cells was contemplated in the current study.
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However as Schneider L2 cells require specific tissue culture conditions for 

example incubation at 22-24°C [154], and their viability in a hypoxic 

environment was not previously established and the results obtained could 

not have been completely validated. Instead an alternative approach for 

inhibition of Spl activity using mithramycin was used.

In the Introduction of this Chapter inhibition of Spl DNA-binding by the GC- 

box-binding drug mithramycin was discussed. Nehls et al. have previously 

demonstrated that the DNA-binding drug, mithramycin, displays a high 

binding affinity to the GC-rich elements in the C0L1A1 promoter [110]. In 

this study, DNase I protection assays and EMSAs showed that mithramycin 

interferes with Spl but not with NF-1 binding to both Spl binding sites in the 

proximal C0L1A1 promoter (Figure 7-13) [110]. It was also shown that 

mithramycin efficiently reduces basal and TGF-p-stimulated C0L1A1 gene 

expression whilst transcriptional activity and mRNA levels of other genes, 

including the collagenase gene, remained unchanged on exposure to this 

drug [110].

In the current study the functional role of Spl hypoxic transcriptional 

activation of the mouse C0L1A1 proximal promoter was investigated by 

mithramycin treatment of fibroblasts transiently transfected with pGLal-220 

(Figure 2-1). As shown in Figure 7-12, mithramycin treatment reduced the 

normoxic basal reporter activity of pGLal-220 but most importantly it 

completely diminished the hypoxic induction of the reporter gene. With 

inhibition of Spl binding, the remaining promoter activity is probably driven 

by other transcription factors such as NF-1 [110]. Transfection results 

therefore indicate that hypoxic transcriptional activation of the C0L1A1 gene 

is dependent on the GC-rich regulatory elements of its proximal promoter. 

Further the results show that the important c/s-regulatory elements of 

C0L1A1 can be differentially blocked by mithramycin and suggest a potential 

therapeutic role for mithramycin in management of fibrosis. Mithramycin 

could be used to reduce the transcription of C0L1A1 thereby restoring the 

imbalance between deposition and degradation of ECM. To date no clinical
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trial on the use of mithramycin for treatment of fibrosis has been reported 

however, the potential therapeutic use of this drug has previously been 

suggested by some investigators [181].

The role of Spl in hypoxic transcription of genes and in the pathogenesis of 

fibrosis was discussed in the Introduction. The results presented in this 

Chapter are therefore keeping with recent reports implicating Spl both in 

hypoxic transcriptional activation of other genes and in the pathogenesis of 

fibrosis. However the current study is the first to link the “hypoxic” and 

“fibrotic” roles of this transcription factor. These results indicate that targeting 

Spl could block collagen gene expression and it could also inhibit the 

perpetual fibrogenic drive by hypoxia (Figure 1-4).

7.6 Summary and Conclusion

Spl was amongst the first eukaryotic transcription factors identified and is the 

founding member of a family of proteins that bind GC-boxes [79,169]. 

Sequence scanning of C0L1A1 -220/+115 revealed 3 putative Spl binding 

sites (-124/-114, -98/-B2, -63/-53). Binding of Spl to the 2 more upstream 

sites has been previously reported [111,112]. EMSAs and antibody 

supershifts showed Spl binding to the two upstream sites (-124/-114 and - 

98Z-82) in normoxic and hypoxic nuclear extracts consistent with a role for 

this factor in basal and hypoxic transcriptional regulation of C0L1A1. The 

binding of Spl to both sites increased in hypoxia with the most 5' site (-124/- 

114) showing the highest increase. The level of binding by normoxic and 

hypoxic nuclear proteins to the most proximal putative Spl binding site was 

insignificant. To assess the functional role of Spl the effect of inhibiting Spl 

binding to the C0L1A1 promoter was examined. Mithramycin is a GC- 

specific DNA-binding drug, which selectively inhibits transcription of genes 

with GC-rich promoter sequences [15,134,181], The functional role of Spl 

both in basal and hypoxic transcriptional activation of the C0L1A1 proximal 

promoter was shown by treating transfected cells with mithramycin. 

Mithramycin treatment reduced the normoxic basal reporter activity of
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pGLa1-220 but most importantly it completely suppressed the hypoxic 

induction of the construct.

The increased binding of Sp1 to the promoter could be due to either 

upregulation of Sp1 with increased availability of Sp1 in the nucleus or to 

“activation” of Sp1 increasing the binding affinity of this factor for the 

promoter. Alternatively it could be due to hypoxic changes to co-factors or 

repressor proteins involved in Sp1-DNA binding. Currently there is no 

consensus amongst published reports on the mechanisms involved in 

increasing Sp1 DNA binding and evidence to support both upregulation and 

activation pathways are presented [4,31,86,151,201]. In the present study 

the effect of hypoxia on nuclear levels of Spl was investigated. By Western 

blotting there was no difference in nuclear Spl levels in hypoxia and 

normoxia suggesting that hypoxia increases Spl activation and DNA binding.

Overall the results obtained in this thesis suggest that Spl is an important 

mediator of hypoxia-induced C0L1A1 gene transcription in fibroblasts acting 

via a HREs in the proximal promoter. The presented results are in keeping 

with the current consensus for a clear role for Spl both in hypoxic 

transcriptional activation and independently in pathogenesis of excessive 

Collagen-1 production. The current study is the first to link the “hypoxic” and 

“fibrotic” roles of Spl. These results suggest that targeting Spl could block 

collagen gene expression and it could also inhibit the perpetual fibrogenic 

drive by hypoxia (Figure 1-4). There is therefore considerable impetus to 

develop novel strategies to intervene in Spl function in a pathological setting.
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8. SUMMARY AND FUTURE STUDIES

8.1 Summary

Collagen type I is the most abundant protein in the body where it forms the 

connective tissue scaffold of most tissues and organs [126]. Under normal 

conditions the production and turnover of collagen is tightly regulated. 

However, under pathological conditions this fine control is lost leading to 

the accumulation of collagen, resulting in scarring and fibrosis 

[63,70,85,108,198]. Inappropriate deposition of collagen leads to loss of 

function of the affected tissues and represents a significant clinical problem 

in diverse specialities. Insight into ways of preventing of fibrosis and 

therapeutic management of the disease is dependent on understanding the 

molecular mechanisms involved in the regulation of collagen production 

under normal and pathological conditions.

Several independent studies have demonstrated an increase in collagen 

gene expression in response to low O2 and hypoxia, as a result of 

microvascular injury, has been implicated in the pathogenesis of fibrosis 

[32,37,75,113,119,121,166,170]. Previous in vitro studies from our 

laboratory showed that hypoxia induced a fibrogenic profile increasing Coll- 

I mRNA levels and stimulating collagen protein production [40,116,118]. 

The increase in Coll-I mRNA was also shown to be time-dependent and to 

require de novo gene transcription and protein synthesis [40,116,118].

Hypoxia is a potent transcriptional regulator of a wide variety of genes 

including those encoding fibrogenic cytokines such as TGF-Pi [190], which 

could indirectly be responsible for increased Coll-I levels. However, 

conditioned medium transfer experiments demonstrated that the hypoxia- 

induced increase in Coll-I mRNA is independent of autocrine factors, 

suggesting a direct effect of low O2 on Coll-I mRNA levels [113]. The aim 

of the current study was to verify the TGF-pi independent hypoxia- 

inducibility of the C0L1A1 promoter, and thereafter to identify c/s-acting
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hypoxia response elements and characterise the transcription factors 

binding these regions.

Transcription of the vast majority of hypoxia-inducible genes is regulated 

by HIF-1 (Table 1-1), a heterodimeric (ap) transcription factor which binds 

to the nucleotide sequence 5'-(A)CGTG-3' [190]. Sequence analysis of the 

C0L1A1 promoter revealed a cluster of 4 putative HIF-1 binding sites 

between -2001 and -1490. Transient transfection of cells with a C0L1A1 

construct (-2310/+115) showed a 2-3-fold increase in reporter activity in 

response to hypoxia, suggesting a possible role for HIF-1. However 

deletion of the putative HIF-1 binding sites had no effect on hypoxia- 

inducibility of the C0L1A1 promoter. Deletion studies demonstrated that 

the hypoxia response element(s) (HRE) lies between -220/+115, which 

excludes any HIF-1 consensus binding sites. HIF-1 independence was 

confirmed by transfecting HIF-1 a-deficient Ka13 cells, which showed that 

hypoxia stimulated activity of the pGLa1-a2.3 and pGLal-220 constructs 

in Ka13 to a similar extent as in wild-type CHO cells. TGF-pi treatment of 

transfected cells did not result in transcriptional activation of pGLal-220 

confirming TGF-pi-independence of the hypoxic response. The hypoxia- 

inducibility, HIF-1 and TGF-Pi independence of the hypoxic activation of 

the C0L1A1 promoter was therefore verified and the next step in the study 

was to identify the hypoxia c/s-regulatory elements in the minimal promoter 

(-220/+115).

Basal regulatory regions of the mouse C0L1A1 promoter have been 

previously extensively investigated and the proximal 220bp upstream of 

the start of transcription has been shown to act as a strong promoter 

[5,18,19,43,44,59,72,89,111,112,114,135,138,140,177]. To date 15 

binding sites, for 9 known and 2 uncharacterised transcription factors, on 

this region of the promoter (-220/+115) have been reported (Figure 4-3). 

Recent studies in this laboratory, have identified a novel binding site for, 

the transcriptional repressor, YB-1 to the Y-box element (CYE) of the 

C0L1A1 promoter between -83Z-59 [114].
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The current knowledge of pathological transcriptional regulation of 

C0L1A1 is scarce and is limited largely to the activity of this gene in 

response to TGF-pi [68,143,144] and in pathogenesis of systemic sclerosis 

[67]. Despite the implied link between hypoxia and fibrosis, the effects of 

hypoxia on transcriptional regulation of C0L1A1 have not been previously 

explored. The results presented in Chapter 4, provide the first comparison 

of the binding of normoxic and hypoxic nuclear proteins to the C0L1A1 

promoter. Hypoxic nuclear extracts used in DNase-1 footprint analysis 

showed 11 protected areas spanning the whole length of the C0L1A1 

promoter (-220/+115). In general, hypoxic nuclear proteins bound to the 

promoter with high affinity, appearing rather “sticky”. Equal protein levels 

of normoxic nuclear proteins produced only two footprints. The highest 

binding affinities of normoxic extracts was to the proximal CCAAT box at -  

100/-96 and for hypoxic nuclear extracts to the distal 12bp perfect repeat 

sequence between -123 /-114. Increasing the amount of normoxic nuclear 

protein (from 35pg to 48pg) in the DNA binding assay resulted in more 

areas of protection and overall a similar binding pattern to hypoxic extracts 

(with 35pg hypoxic nuclear protein in the binding assay) was emerging. 

The footprinting results suggest that the same c/s-acting elements of the 

C0L1A1 promoter bind normoxic and hypoxic factors, however the level of 

binding is significantly higher in hypoxia. Although footprinting alone 

cannot identify the particular binding proteins, by the virtue of binding to the 

same DNA sequence it is possible, but not unequivocal, that the same 

transcription factors bind to the promoter in normoxia and hypoxia. If 

ubiquitous DNA-binding proteins bind to discrete elements of the C0L1A1 

proximal promoter in hypoxia a mechanism must exist that enhances the 

binding of these proteins to the promoter in hypoxia.

To characterise the normoxic and hypoxic nuclear proteins binding to the 

C0L1A1 promoter a broad-based proteomic approach was initially 

undertaken (Chapter 5). Proteomics is the large-scale study of proteins 

involving three key steps: protein separation, protein identification by MS 

and data analysis using bio-informatic tools. To our knowledge the present
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study is the first report of proteomic analysis of nuclear proteins and this 

required a new protocol for resolution of nuclear proteins in 2-D gels to be 

devised and optimised. For example, the presence of nucleic acid in 

nuclear extracts was found to “mask” proteins in the alkaline region of 2-D 

gels so practical steps for the removal of nucleic acid were integrated into 

the developing protocol. This approach identified over 55 nuclear proteins 

whose levels were altered by hypoxia. Hypoxia-inducibility of some of the 

proteins identified such as HNF-4 [199] and GATA-1 [200] had been 

previously documented. However for the majority of the identified nuclear 

proteins, such as AP2, hypoxia-inducibility was a novel finding. Down- 

regulation of the identified nuclear proteins in response to hypoxia such as 

the transcriptional repressor Kid-1 [16,188] also represent original findings. 

Although nuclear proteomic phenotypes of normoxic and hypoxic 

fibroblasts were defined using the protein mapping strategy, it proved 

difficult to link proteins identified with our aim of identifying transcription 

factors involved in hypoxic transcriptional activation of C0L1A1.

The experience gained in proteomics in performing the broad screen of 

nuclear proteins was used to develop a more focussed approach to 

identification of DNA-binding proteins using a novel combined 

Southwestern blotting-proteomic approach (Chapter 6). This strategy 

maximised the benefits of proteomics as a protein identification system by 

limiting the analysed proteins only to those that were potentially involved in 

transcriptional regulation of C0L1A1. Southwestern blotting selected 6 

normoxic and 13 hypoxic nuclear protein bands with 5 bands common to 

both, which bound to the C0L1A1 -220/+115 radiolabelled probe. 

Proteomic analysis of the protein bands selected by Southwestern 

hybridisation identified 8 hypoxic and 6 normoxic nuclear proteins with 4 

proteins common to both. With the exception of Spl [5,111,112], and very 

recently YY1 [142], the binding of the other identified nuclear proteins to 

the C0L1A1 -220/+115 has not been reported previously and the results 

represent novel findings. Identification of FIP-3, a known inhibitor of NF-kB 

[89, 173], suggests that inhibition of NF-kB binding may play a role in
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hypoxic transcriptional regulation of C0L1A1. The GC-box binding 

transcription factor BTEB3 [96] was shown to bind the C0L1A1 -220/+115 

probe. In view of the GC-rich nature of C0L1A1 promoter -220/+115 

(Figure 4-2) the binding BTEB3 to the promoter is not surprising and the 

results suggest BTEB3 as a potential transcription factor involved in 

transcriptional activation of C0L1A1. A role for other proteins, which were 

not detected by using this method, cannot be ruled out due to technical 

limitations of both Southwestern hybridisation and proteomics (Chapter 6).

A number of proteins showed increased binding to the C0L1A1 promoter 

in hypoxia (Table 6-3). In particular, the transcription factor 8p1 was 

present in both normoxic and hypoxic nuclear extracts but binding was 7.1- 

fold higher in hypoxia representing the most significant increase in binding.

In view of marked increase in binding of S p l, subsequent studies focussed 

on characterisation of binding of this protein to the promoter, using EMSA 

and supershifts and exploration of the role of this transcription factor in 

hypoxic transcriptional activation of C0L1A1. Spl was amongst the initial 

eukaryotic transcription factors identified and is the founding member of a 

family of proteins with highly homologous zinc-finger domains that bind 

GC-boxes [79, 169]. Sequence scanning of C0L1A1 -220/+115 revealed 3 

putative Spl binding sites (-123/-114, -98/-82, -63/-53). Binding of Spl to 

the 2 more upstream sites has been previously reported [111,112]. 

EMSAs and antibody supershifts showed Spl binding to the two upstream 

sites (-123/-114 and -987-82) in normoxic and hypoxic nuclear extracts 

consistent with a role for this factor in basal and hypoxic transcriptional 

regulation of C0L1A1. The binding of Spl to both sites increased in 

hypoxia with the most 5' site (-1237-114) showing the highest increase. 

The level of binding by normoxic and hypoxic nuclear proteins to the most 

proximal putative Spl binding site was weak. To assess the functional role 

of Spl the effect of inhibiting Spl binding to the C0L1A1 promoter was 

examined.

Mithramycin is a GC-specific DNA-binding drug, which selectively inhibits 

transcription of genes with GC-rich promoter sequences and inhibits RNA
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synthesis [15,134,181]. Nehls et al. showed that mithramycin has a high 

affinity for the GC-rich elements in the C0L1A1 promoter as measured by 

DNase I footprints and EMSAs [110]. The authors also showed that 

mithramycin interferes with Spl but not with NF-1 binding sites on the 

COL1A1 minimal promoter [110]. In the current study the functional role of 

Spl both in basal and hypoxic transcriptional activation of the mouse 

C0L1A1 proximal promoter was shown by treating transiently transfected 

cells with mithramycin. Mithramycin treatment reduced the normoxic basal 

reporter activity of pGLal-220 by 1.3-fold. Hypoxia resulted in 2.8-fold 

induction of pGLal-220 and this hypoxic induction was completely 

inhibited by mithramycin to a level blow the basal activity of the promoter. 

Interestingly, the reporter activity of both normoxic and hypoxic transfected 

cells treated with mithramycin was reduced to the same level. The 

remaining promoter activity is probably driven by other transcription factors 

such as NF-1.

The increased binding of Spl to the promoter in hypoxia could be due to 

either upregulation of Spl with increased availability of Spl in the nucleus 

or to “activation” of Spl increasing the binding affinity of this factor for the 

promoter. Currently there is no consensus amongst published reports on 

the mechanisms involved in increasing Spl DNA binding and evidence to 

support both pathways is presented [4,31,86,151,201]. In the present 

study the effect of hypoxia on nuclear levels of Spl was investigated. By 

Western blotting there was no difference in nuclear Spl levels in 

hypoxia and normoxia suggesting that hypoxia increases Spl activation 

and DNA binding.

Overall the results obtained in this thesis suggest that Sp l is an 

important mediator of hypoxia-induced C0L1A1 gene transcription in 

fibroblasts acting via a HRE in the proximal promoter. This finding is in 

keeping with recent reports implicating Spl both in hypoxic 

transcriptional activation of other genes and in the pathogenesis of
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fibrosis. For example, Sp1 has been implicated in hypoxic activation of 

Cyclooxygenase-2 [193], (3-Enolase [31] and also interestingly in HIF-1 a 

[104] genes. Independently, other studies have implicated Spl in the 

excessive expression, and resulting deposition, of type I collagen in 

fibrotic conditions [67,110,181]. For example, increased Spl binding to 

the C0L1A1 promoter has been observed in fibroblasts derived from 

affected skin from patients with systemic sclerosis [61]. Similarly, 

increased Spl DNA-binding activity has been reported in activated Ito 

cells, the cells responsible for Collagen-1 production in liver fibrosis 

[135].

The presented results are therefore in keeping with the current 

consensus for a clear role for Spl both in hypoxic transcriptional 

activation and independently in pathogenesis of excessive Collagen-1 

production. The current study is the first to link the “hypoxic” and 

“fibrotic” roles of this transcription factor. These results indicate that 

targeting Spl could block collagen gene expression and it could also 

inhibit the perpetual fibrogenic cycle driven by hypoxia (Figure 1-4). 

There is therefore considerable impetus to develop novel strategies to 

intervene in Spl function in a pathological setting.
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8.2 Future Studies

Mechanisms of hypoxia-induced Spl DNA binding

The data from Western blot analysis of normoxic and hypoxic nuclear 

extracts showed that nuclear protein levels of Sp1 were not increased in 

hypoxia suggesting that the increased binding in hypoxia is due to 

activation of this factor rather then its upregulation of the protein.

Phosphorylation of transcription factors by hypoxia has been previously 

shown [11,105,174]. Phosphorylation of Spl, in particular on serine 

residues, has also been reported to correlate with an increase DNA binding 

and transcriptional activator properties [86,201]. The assumption or rather 

the hypothesis that “hypoxia results in phosphorylation of Spl leading to its 

increased the DNA binding affinity, resulting in transcriptional activation of 

the C0L1A1 promoter” seems rational.

Western blot analysis of immunoprecipitated Spl from normoxic and 

hypoxic nuclear extracts probed with anti-phosphotyrosine, anti- 

phosphoserine and anti-phosphothreonine antibodies represents one 

approach for detection of phosphorylated Spl. Hypoxic nuclear extracts 

could also be dephosphorylated for example with calf alkaline phosphatase 

and the DNA binding affinity compared on EMSA [150]. If phosphorylation 

of Spl is indeed the involved in the increase in transcription of C0L1A1 the 

next step would be to identify the signalling pathway responsible for 

phosphorylation of Spl. Identification of enzymes involved in this pathway 

may provide novel targets for the therapeutic management of fibrotic 

disease.

An alternative to phosphorylation in the hypoxia-mediated increase in DNA 

binding of Spl could be increased availability of co-factors in hypoxia. 

However no such protein, binding the promoter with Spl, was identified by 

the combined Southwestern blotting-proteomics approach. A different 

approach for verification of this negative finding is to purify the proteins 

binding to the Spl sites on the C0L1A1 promoter -123/-114, by using
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oligonucleotide affinity chromatography. For example, oligonucleotide 

column chromatography was used by Semenza et al. to isolate both the a 

and p components of HIF-1 using the 3’ enhancer of EPO as the bait [155]. 

With the oligonucleotide sequence matching the Spl binding site on the 

C0L1A1 promoter both Spl and associated proteins (if any) will bind to the 

affinity column, which can subsequently be eluted and resolved by 

electrophoresis and identified by mass spectrometry. Whilst the combined 

chromatography-mass spectrometry approach has only recently been 

described [136], it has been successfully used by several independent 

laboratories to identify novel binding proteins [90,182,195].

Specific blockade of Spl binding

In the current study mithramycin was used to inhibit the binding of Spl to 

the C0L1A1 promoter. Although this drug does block Spl binding, it also 

inhibits the binding of other GC-box binding transcription factors to the 

promoter [110]. Any changes detected cannot therefore be regarded 

exclusive to Spl. A more focussed approach would be to blockade Spl 

binding to the C0L1A1 promoter by introducing excess of Spl consensus 

oligonucleotides into the cell. Due to their high concentration the 

introduced oligonucleotides will bind the available Spl minimising its 

binding to the co-transfected C0L1A1 constructs or indeed the 

endogenous gene.

The role of other transcription factors identified by Southwestern 

blotting-proteomics in the hypoxic upregulation of C0L1A1 

transcription

In addition to Spl several other transcription factors were identified in 

normoxic and hypoxic nuclear extracts that hybridised with the C0L1A1 

promoter (Table 6-3). The current study focused on Spl as this protein 

showed the highest increase in binding (7-1 fold) in response to hypoxia. 

With the exception of YY1 [142] the role of the other transcription factors in 

basal or hypoxic transcriptional regulation of C0L1A1 has not been 

reported and the results of the current study represent novel findings. The
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role of all of the candidate transcription factors could be investigated 

individually in a similar manner to the approach taken in the current study 

in investigating Sp1. However, performing supershifts requires specific 

antibodies against each transcription factor and currently there only anti- 

YY1 and anti-BTEB3 antibodies available.

If the candidate transcription factors had to be prioritised for investigation, 

YY1 and BTEB3 would be selected first. The former is a known 

transcriptional activator of C0L1A1 [218] and if, as anticipated, the hypoxic 

activation of this gene represents an enhancement of the basal 

transcriptional activity a clear role for this transcription factor in hypoxia is 

envisaged. BTEB3 is a GC-box binding transcription factor, which can also 

bind to Sp1 binding sites but with lower binding affinity [71,96,197]. The 

current information available about BTEB3 is limited and little is known 

about the functional properties of this protein [71,96]. In view of the GC- 

rich nature of the C0L1A1 promoter -220/+115 and presence of at least 2 

functional Spl binding sites it would be reasonable assume a role for this 

protein in regulation of C0L1A1 transcription.

Signalling pathways mediating transcriptional activation of C0L1A1 

by hypoxia

One of the major questions in hypoxic-regulation of gene expression is 

how is the stimulus of low oxygen is translated into nuclear signals for 

changes in gene expression. Tyrosine kinase (TK), protein kinase C 

(PKC), and serine/threonine kinase-mediated signal transduction pathways 

have all been implicated in the regulation of gene expression by hypoxia 

with a prominent role for both protein phosphorylation and 

dephosphorylation [21,156]. However direct evidence linking specific 

pathways to transcriptional activation of a particular hypoxia induced gene 

is sparse and there is considerable cell type and gene dependency 

[8,130,190].

The results of the current study suggest that hypoxic transcriptional 

activation of C0L1A1, is in part, mediated by an increase in binding of
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basal transcription factors, it would be interesting to identify signalling 

pathways common to both C0L1A1 transcription and hypoxic signal 

transduction. Previous studies from this laboratory have implicated the 

involvement the TK pathway in hypoxic induction of Coll-I mRNA levels 

[113].

To identify signalling pathways common to both C0L1A1 transcriptional 

activation and hypoxic response, specific inhibitors of families of kinases 

and of protein phosphatases could be used to identify the relevant 

enzymes. Subsequently, specific inhibitors of individual components of the 

relevant pathways could used to delineate the pathways regulating 

oxygen-dependent C0L1A1 gene expression. This approach will also 

identify candidate intermediate regulators (e.g. MAP kinases) whose 

identity could be confirmed by Western blotting. As for Spl, changes in 

phosphorylation of intracellular proteins could be examined by Western 

blotting with anti-phosphotyrosine, anti-phosphoserine and anti- 

phosphothreonine antibodies to identify target proteins in the pathway to 

C0L1A1 gene expression.
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8.3 Conclusions

1. The hypoxia response elements of the mouse C0L1A1 are located 

between -220/+115.

2 Hypoxic transcriptional activation of C0L1A1 is independent of the 

hypoxia-specific transcription factor HIF-1.

3. Hypoxia increases binding of nuclear proteins to the -220/+115 

region of C0L1A1.

4. Sp1 binds to the C0L1A1 -220/+115 with both normoxic and 

hypoxic nuclear extracts and shows the highest level of increase in 

DMA binding in response to hypoxia.

5. The hypoxic transcriptional activation of the C0L1A1 by Sp1 is 

mediated in the main by the most 5’ (-123/-114) of the 3 putative 

binding sites with in the -220/+115 region of C0L1A1.

6. Mithramycin inhibits the hypoxia inducibility of the C0L1A1- 

220/+115.

7. Hypoxia does not result in increase in nuclear protein levels of Sp1 

suggesting that increased binding of Sp1 to the C0L1A1 promoter in 

hypoxia could be due to activation of this factor.

Sp1 is an important mediator of hypoxia-induced 

C0L1A1 gene transcription in fibrobiasts acting via 

hypoxia response eiements in the -220/+115 region 

of C0L1A1.
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Top left: formation of a keloid scar subsequent to piercing 
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Under normal conditions the production and turnover of collagen Is tightly regulated. 
However, under pathological cond itions this control is lost, leading to  the 
accumulation of collagen causing scarring and fibrosis. Decreased oxygen (hypoxia) 
as a result of Injury to the blood vessels supplying tissues has been Implicated In the 
pathogenesis of fibrosis. The aim of this project was to investigate the molecular 
mechanisms by which hypoxia can Increase collagen-1 production.

Our findings demonstrate that hypoxia results In the activation of collagen gene 
transcription. Regulatory proteins that bind to the region of the collagen gene 
responsible for mediating Its hypoxia-lnduolblllty were extracted from the nucleus of 
rat fibroblast cells. Using state-of-the-art technology (proteomlcs), several proteins 
involved In the hypoxic activation of this gene were identified. Pre-eminent among 
them was the transcription factor, S p 1 . The role of this factor In hypoxic-lnduoed 
up-regulatlon of the collagen gene was confirmed using DNA-proteIn binding assays. 
Its functional role was demonstrated in vitro using Inhibitors of DNA-proteIn binding 
which blocked the Increase In collagen gene expression induced by hypoxia. Similar 
amounts of S p l were found to be present in normoxic and hypoxic cells, suggesting 
that hypoxia alters activity of the protein by an as yet unidentified mechanism rather 
than simply Increasing the amount of protein available to bind and activate the gene.

Taken together, the data demonstrate that Sp1 Is an Important mediator of hypoxia- 
Induoed collagen gene expression, raising the possibility that therapeutic targetting of 
this factor may be of benefit In the management of scarring and fibrosis.
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