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ABSTRACT 

The differential expression of the a2(I) procollagen gene in normal and transformed 

human fibroblasts has been correlated with differential in vitro DNA-protein 

interactions on the basal promoter region between -100 and -67. A 23 bp region of the 

a.2(1) procollagen promoter encompassing the G/CBE (CCTCCATTGG) and the 

C:tv'IE (GGAGGCCCTTTT) has previously been shown to engage in specific DNA­

protein interactions that determined the transcriptional activity of the promoter. The 

CME forms two distinct DNA-protein complexes that might be crucial in the 

regulation of the a2(I) procollagen gene in a cell specific manner. The hypothesis 

was, therefore, that depending on the protein that participates in complex formation 

with the CME, the gene would be activated or repressed. The objective of this study 

was to investigate the role of this 23 bp region in the regulation of expression. of the 

a2(I) procollagen gene in transformed fibroblasts. In addition, the study sought to 

establish the role of the proto-oncogene c-fos- in the regulation of expression of the 

a2(I) procollagen gene. 

In contrast to previous observations, this study demonstrated that only one DNA­

protein complex is formed on the CME and the second complex is a specific 

proteolytic cleavage of the product of the larger complex. Preparation of nuclear 

extracts in the absence of protease inhibitors, specifically leupeptin, resulted in the 

formation of a smaller complex, previously shown to bind the CME. The importance 

of this proteolytic fragment that still retains DNA binding activity is yet to be 

determined. In addition, the CME binding proteins were fairly ubiquitously expressed 

in both a.2(1) collagen producing and non-producing cells. 

CT-1 fibroblasts (transformed by y-irradiation) synthesise over 80% of total a2(I) 

collagen produced by its untransformed counterpart (WI-38 fibroblasts), whereas the 

gene ,is down regulated in the human embryonic lung fibroblasts transformed with 

SV40 (SVWI-38 fibroblasts). These cell lines are therefore ideal for studying 



IX 

regulation of a.2(I) procollagen gene. To analyse the importance of the G/CBE and 

CME regions of the a.2(1) procollagen gene promoter, point mutations were 

introduced by site-directed mutagenesis. Mutated promoter DNA was cloned into a 

p8CAT reporter vector and the activity of the promoter determined in transient 

transfection experiments. 

Mutations introduced in the G/CBE region of the a.2(1) procollagen promoter resulted 

in a 3-12 fold decrease in the activity of the promoter. The decrease was observed 

with both proximal (-343 bp) and basal (-107 bp) promoter constructs~ a significant 

reduction in promoter activity was observed in both CT-1 and SVWI-38 fibroblasts. 

These results imply that the G/CBE region of the promoter is required for the 

activation of transcription of the a.2(1) procollagen gene and therefore the factor that 

interacts with the G/CBE functions as a transcriptional activator. Previously, this 

factor was shown to complex with antibodies raised against the mouse CCAAT 

binding factor (CBF), suggesting that the protein belongs to the CBF family of 

transcription factors. Furthermore, these results demonstrate that the adjacent, 

upstream inverted GGAGG sequence is crucial for activation of the gene through the 

CCAAT binding element. The inhibition of promoter activity in constructs with a 

mutated G/CBE element was correlated with lack of protein binding to the mutated 

sequence as confirmed by electrophoretic mobility shift assays. 

Transfection of a.2(1) procollagen promoter constructs containing mutations in the 

CME region, however, resulted in a significant increase in promoter activity in both 

CT-1 and SVWI-38 fibroblasts. A much higher increase, 3-fold, was observed for the 

SVWI-38 cell line compared to a 1.5-fold increase observed for CT-1 fibroblasts. 

These results suggested that the factor that interacts with the CME functions as a 

repressor of the a.2(1) procollagen gene. Interestingly, the promoter activity in SVWI-

38 fibroblasts transfected with mutated CME constructs was similar to that observed 

in CT-1 fibroblasts transfected with the wild type promoter construct. An interesting 

observation was that repression of the a.2(1) procollagen gene via the CME required 

upstream elements since transfection of the basal mutated promoter did not result in 
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increased promoter activity. From these results, it can be concluded that the CME 

binding protein is involved in cell-specific repression of the a2(I) procollagen gene 

and that the mechanism of repression appears to be dependent on the presence of 

upstream elements. 

Mutations in the G/CBE and CME pointed out the significance of these elements in 

the expression of the a2(I) procollagen gene and since a number of studies have 

characterised the mouse CCAAT binding protein, this study focused on purification 

and identification of the CME binding protein(s). Purification was performed by 

conventional biochemical techniques using heparin-agarose and sequence-specific 

DNA affinity chromatography, as well as separation on SDS-polyacrylamide gels. 

Two cycles of DNA affinity chromatography yielded two polypeptides with apparent 

molecular weights of 50 and 67 kDa. Automated N-terminal sequencing of the 

polypeptides indicated that they were blocked and therefore no sequence could be 

obtained. In addition, these polypeptides failed to raise an immune response in mice 

and rabbits. Subsequently, polypeptides were digested with trypsin in situ in 

polyacrylamide gels and the eluted peptides were analysed by MAWITOF-mass 

spectrometry. The mass:charge ratios (mlz ratios) obtained were used to search the 

database using a mass tolerance of 1.5 Da and only one hit was obtained. The match 

obtained was that of a mouse zinc finger protein of which not much is known, except 

that it might be a transcription factor. This result supports previous observations of 

Collins et al (J Cell Biochem 1998, 70: 455-467) that complex formation requires the 

presence of zinc. The primary structure of the CME binding protein remains to be 

determined. 

Transformation of fibroblasts is normally accompanied by changes in the expression 

of extracellular proteins, including type I procoUagen. Although CT-I fibroblasts, 

show very little change in a2(I) procollagen gene expression, the c-f os gene is 

drastically down-regulated. This study sought to establish if there is any relationship 

between the unusually high levels of the a2(I) procollagen gene in this transformed 

cell line and failure of the cells to stimulate c-fos expression in response to serum. 
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CT-1 :fibroblasts that overexpressed wild type Fos were established and changes in 

the expression of the a,2(1) procollagen gene were measured. Overexpression of Fos 

down-regulated the a,2(1) procollagen gene, which was not due to increased turnover 

of the a1(I) procollagen mRNA. Analysis of promoter activity showed that the 

promoter and first intron, which has been reported to contain negative regulatory 

elements, did not harbour any Fas-responsive elements. The -343 bp and the -2300 bp 

promoter constructs were transactivated in cells overexpressing Fos. Thus, although 

overexpression of Fos resulted in a significant decrease in the levels of the a2(1) 

procollagen WA, it does not involve the region between -2300 bp and +1800 bp of 

the a2(1) procollagen gene. Furthermore, there was no change in the stability of the 

message, indicating that constitutive expression of Fos did not activate a factor that 

could play a role in altered turnover of the a2(I) procollagen mRNA. It is therefore 

possible that constitutively high levels of Fos may trigger the expression of a number 

of other genes, which have a negative impact on the expression of the a2(I) 

procollagen gene. 
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INTRODUCTION 

The collagens belong to a family of structural glycoproteins that are crucial in 

maintaining the structure of most organs; they are the most abundant components of 

the extracellular matrix (ECM). They are important in a number of physiological 

processes such as transmission of light, cell adhesion and movement, homeostasis, 

tissue remodelling and wound healing (1 ). They are classified as either fibrillar ( e.g. 

type I collagen) or non-fibrillar ( e.g. type IV collagen). Type I collagen is the most 

abundant protein of the body; it is synthesised in bone, cornea, skin, ligaments and 

tendons predominantly by osteoblasts or fibroblasts, although odontoblasts, 

mesenchymal and smooth muscle cells have also been shown to synthesise the 

protein (2-4). Type I collagen is a triple helical molecule composed of a.l(I) and 

a2(I) chains in a 2: 1 ratio; this 2: 1 stoichiometry is also observed for. the steady state 

mRNA levels in human, mouse and chicken fibroblasts (1-4). The expression of the 

two type I procollagen genes has been shown to be coordinately regulated and it is 

thought to be achieved through · the presence of common cis-acting regulatory 

elements in the promoter and/or the first intron of these genes (5-7). 

The 2:1 ratio of the al(I) and a2(1) chains in cells allow formation of functional 

triple helical structures, and this ratio can be altered under certain pathological 

conditions. Alteration in the expression of type I procollagen genes occurs during 

embryonic development, wound healing and certain pathological conditions such as 

scleroderma, cancer and :fibrotic diseases of the liver, kidney and lung ( 4,8-9). The 

collagen synthesised in normal livers is predominantly type I, however, in cirrhotic 

livers, equal amounts of type I and III collagen are synthesised (10). Type I collagen 

from cirrhotic livers has been shown to be composed of two a2(I) and one a 1 (I) 

chains and this has been associated with a collapse in the architecture characteristic of 

cirrhotic livers. Fibroblasts derived from scleroderma patients, on the other hand, 
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have been shown to exhibit a 2-7 fold higher level of al(I) procoHagen mRNA, 

which accounts for the 2-7 fold increased synthesis of collagen (I l ). 
I 
! 

Transformation of cells by either DNA or RN4 viruses, oncogenes, chemical 

carcinogens or ultraviolet radiation has been shown to affect the expression of the 

gene in a wide variety of cell lines (section I. 1). In addition, type I procollagen gene 

expression is also modulated by hormones, cytokines and vitamins (section 1.2.2). 

Most of these changes occur at the level of transcription of the gene, implying that the 

modulators either activate or inactivate transcription factors which regulate the 

expression of these genes. A number of regulatory cis-acting elements, and their 

cognate trans-acting factors, have been identified both upstream and downstream of 

the transcription start site (section 1.2.1 ). A full understanding of the mechanisms 

involved in altered expression of the type I procollagen genes relies on the 

purification and characterisation of the transcription factors that interact with the 

regulatory elements on the gene. Since degradation ofECM components such as type 

I collagen is important in tumour invasion and metastasis, these studies will lead to a 

better understanding of these processes. 

1. The type I procollagen genes 

Type I collagen molecule contains two al (I) and one a2(I) chains that forms a 

semiflexible rod that assembles into microfibrils (3). The molecules overlap to 

produce the characteristic 67-nm periodicity of collagen fibrils. These properties arise 

from the triple helical conformation formed from the uninterrupted sequence of 

(glycine-X-Y)33g triplets where X is often proline and Y is often hydroxyproline. The 

helix is formed by glycine residues whilst hydroxyproline residues stabilise the helix. 

The protein is synthesised as a procollagen molecule, secreted and the amino and 

carboxy propeptides are removed by specific proteinases to yield type I collagen, 

which self-assembles into fibrils. The 18 kb COLlAl gene encodes the aJ(I) chain 

located on chromosome 17q21.3-q22, whilst the a2(1) chain is encoded by the 38 kb 

COL1A2 gene located on chromosome 7q21.3-q22. Each gene contains 52 exons, of 
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which exons 7 to 48 encode the main triple helical domain of 1014 amino acids and 

338 glycine-X-Y repeats (3). 

1.1 Cellular transformation and type I procollagen gene expression 

The expression of type I and other procollagen genes has been reported to be altered 

by transformation with chemical carcinogens, ultraviolet radiation, RNA/DNA 

viruses and oncogenes. Chick embryo fibroblasts (CEF) transformed by the Rous 

sarcoma virus (RSV), an RNA tumour virus that codes for the v-src oncogene, 

showed a IO-fold reduction in type I procollagen mRNA levels. To investigate the 

mechanism of the observed decrease, the study employed temperature-sensitive 

mutants in the transforming src gene and changes in the synthesis of type I 

procollagen mRN A was determined at 3 5 °C and 41 °C. From these studies it was 

concluded that the decrease in the levels of type I procollagen mRN A was a result of 

a reduction in the half-life of the transcript from 18 hours to about 10 hours, although 

the decrease could also reflect the direct effect of src on procollagen RN A stability 

(12). In a study by Parker et al (13) transformation of human embryonic lung 

fibroblasts by the simian virus 40 (SV40) resulted in a shut down in the expression of 

the a2(I) procollagen gene, an effect which was mediated at the transcriptional level. 

Whilst transformation of fibroblasts is often associated with changes in the synthesis 

of type I collagen, transformation of 11-day old chick embryo vertebral cartilage or 

vertebral chondrocytes with RSV resulted in a dramatic decrease in the synthesis of 

type II collagen and an increase in type I collagen and fibronectin-like molecules 

(12,14,15). Similarly, immortalisation of rabbit articular chondrocytes by SV40 

(SVRAC) resulted in the loss of the ability to synthesise type II collagen but these 

cells synthesised predominantly type I collagen, the SVRAC displayed an apparently 

irreversibly dedifferentiated phenotype (16). It would therefore appear that 

transformation is modulated by host cell-specific factors. In contrast, a study by 

Sandmeyer et al (17) demonstrated very little changes in the synthesis of collagen in 

rat embryo fibroblasts transformed with SV40, although transformation of the same 

cells with the Polyoma virus (DNA virus) and RSV resulted in a 30-48 % and 12-25 
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% decrease in the synthesis of collagen, respectively. These observations suggested 

that the extent of transformation determines the degree to which the synthesis of 

collagen is affected. It therefore appears that transformation by RNA or DNA viruses 

will, in one way or another, lead to changes in the expression of type I procollagen 

genes in a cell specific manner; whilst a decrease often accompanies transformation 

of fibroblasts, an increase has been observed consistently in the case of chondrocytes. 

In a study ·by Schmidt et al (18), transformation and overexpression of v-mos, the 

transforming gene of the Moloney murine sarcoma virus that codes for a protein 

serine/threonine kinase, resulted in a decrease in the transcriptional activity of the 

a2(I) procollagen gene. Interestingly, mos does not require to be altered by mutations 

to become a transforming gene, elevated expression of the mouse or chicken mos 

proto-oncogene is sufficient to cause transformation of NIH3T3 fibroblasts (19). 

Whilst overexpression of wild type mos results in transformation, immortalisation by 

the p53 tumour suppressor gene requires overexpression of the mutant p53 protein 

and immortalised cells have reduced. levels of al(I) procollagen mRNA, but, the 

effects appear to be indirect (20). A more direct effect was obtained in cells 

transformed by activated ras whereby the reduction in the al(I) procollagen mRNA 

was accompanied by altered cell shape and cell proliferation (20). A study by Slack et 

al (21) demonstrated that transformation of Rat-I fibroblasts with oncogenic ras 

reduces the expression of both al(I) and a2(1) procollagen genes, the decrease in the 

al(I) procollagen gene was correlated with both an unstable procollagen message and 

increased activity at the intronic AP- I regulatory element (21 ). Similarly, 

transformation of Rat- I fibroblasts by the v-fos oncogene resulted in a decrease the 

levels of both al(I) and a,2(1) procollagen mRNA; this effect could be reversed with 

the use of revertant cell lines that expressed a functional c-Fos oncoprotein (22). 

NIH3T3 fibroblasts transformed by v-fos (FBR virus), however, showed a selective 

increase in the levels and synthesis of the al(III) procollagen mRNA and protein 

(23). Transformation of normal diploid fibroblasts is often accompanied by changes 

in the morphology of the cells, however, in the case of human corneal fibroblasts 

expressing the E6 and E7 proteins of the human papilloma virus type 16, changes in 
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cell morphology were observed in some of the E6/E7 expressing cell lines and all 

cells produced type I, III and V collagens at levels similar to the parental corneal 

diploid fibroblasts (24). Thus it is possible to expand the lifespan of cells without 

altering either the growth rate or the expression of collagen in cells expressing viral 

proteins. Although this is true for E6 and E7 human Papilloma viral proteins, it would 

appear that most viral proteins, especially oncogenes, result in changes in the 

expression of procollagen genes. 

The synthesis of ECM proteins in human osteosarcoma cells and their viral and 

chemical transformed phenotypes were significantly reduced as a result of decreased 

levels of cxJ(I) procollagen mRNA (25). In addition to a decrease in cellular mRNA, 

the synthesis of the collagen receptor, ap 1 integrin, could be induced with cytokines 

in the chemically transformed cells. Some of the studies that have reported altered 

expression of type I procollagen genes after chemical transformation include 

transformation of mouse 3T3 cells with a phorbol ester where a 3-5 fold decrease in 

the levels of ECM proteins including type I procollagen mRNA was observed, 

interestingly, the decrease occurred in the absence of protein synthesis and was 

accompanied by the induction of c-myc and c-fos (26). In W8 cells, rat liver 

epithelial-like cells transformed chemically with 2-N-( acetoxyacetyl)aminofluorene, 

there was no a.2(1) procollagen transcription, this effect was shown to result from 

DNA methylation of the promoter of this gene (27,28). Instead, these cells produced 

an al(I) collagen trimer, thus implying that chemical transformation interfered with 

the co-ordinated control of the type I procollagen genes. Transformation of Syrian 

hamster embryo fibroblasts with 4-nitroquinoline-1-oxide resulted in a 30 % 

reduction in total collagen synthesis and the synthesis of the al(I) collagen chain was 

completely suppressed (29). Treatment of rats with 3-methylcholanthrene lead to 

fibrosarcoma that was characterised by excessive production of type V, type I trimer 

and type III collagens, however, levels of the total collagen were decreased (30). 

Chemical transformation of fibroblasts results in an overall decrease in the expression 

of ECM proteins but the mechanisms range from induction of early immediate genes 

such as c-fos and c-myc independent ,of new protein synthesis, altered expression of 
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the collagen receptors and inhibition of transcription by methylation of regulatory 

elements in the gene. 

Exposure to high doses of ultraviolet radiation is known to alter the expression of a 

number of genes resulting in cancers such as skin cancer and some haemopoietic 

cancers. Chen and Davis (31) demonstrated that UV irradiation of hepatic stellate 

cells results in increased endogenous al(I) procollagen mRNA levels due to 

stimulated transcriptional activity of the al (I) procollagen gene as determined from 

transient transfection experiments. Human embryonic lung fibroblasts transformed by 

y-radiation, CT-I fibroblasts, were able to grow in soft agar and produce tumours in 

nude mice but collagen synthesis in these cells was reduced by only 20 % compared 

to the parental cell line (32,33). In a separate study by Hatamochi et al (34), 

transformation of normal diploid human foetal fibroblasts with Co-60 y-rays resulted 

in a 30 % decrease in the steady state collagen protein and a 6-fold decrease in the 

rate of collagen synthesis. This was associated with a 20 % decrease in type I 

collagen and a 9 % decrease in type III collagen. Radiation might be one of the potent 

transforming agents, however, its effect on type I collagen synthesis appears to be 

less dramatic. 

In addition to transformed cells exhibiting altered type I procollagen gene expression, 

changes in the expression of procollagen genes may also result from genetic disorders 

associated with mutations in the type I procollagen genes. Diseases that result from 

mutations in the procollagen genes include osteogenesis imperfecta [al(I) and a2(1) 

mutations], some forms of osteoporosis [ a2(1) mutations], Ehlers-Danlos syndrome 

type VIIA, VIIB [a2(I) mutations], chondrodysplasias [al(II) mutations], 

osteoathritis [al(II) mutations] and Alport syndrome, autosomally inherited forms [ 

a3(IV) and a4(IV)] or X-linked form [a5(IV)] (3-4). It is possible to introduce point 

mutations in the affected exons to simulate some of these disease states and the effect 

of these mutations studied in transgenic animals. With this approach, a link between 

certain diseases with specific mutations has been established, however, it remains 
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essential to establish transcriptional mechanisms that regulate the expression of these 

genes to allow therapeutic interventions at the transcriptional level (3-4). 

1.2 Regulation of type I procollagen gene expression 

Characterisation of the regulatory elements within the a.1(1) and a.2(1) procollagen 

genes will enhance the understanding of the molecular mechanisms controlling type I 

procollagen gene expression in normal and pathological conditions. A number of 

studies have identified different cis-acting elements in the promoter and first intron of 

the type I procollagen genes. Most of the data gathered to date involved identification 

and characterisation of regulatory elements in the mouse gene; there is about 86 % 

sequence similarity in the proximal promoters (-400) of the mouse and human a.2(1) 

procollagen genes. 

1.2.1 Os-acting elements involved in the regulation of a.2(1) procollagen gene 

expression. 

Multiple transcriptional activators have been shown to regulate the expression of 

eukaryotic genes, many of these activators bind to specific sequences in the 

regulatory elements of genes to promote initiation of transcription by RNA 

polymerase II through interactions with other components of the transcriptional 

apparatus. The activity of a specific promoter is determined both by its architecture, 

consisting of the type of control elements in the promoter and the context in which 

they appear, and whether the proteins that recognise these elements are modified or 

not. 

The 3500 bp of DNA located immediately upstream of the transcription start site of 

the a.2(1) procollagen gene contains all the sequences necessary for the cell and tissue 

specific transcription of the gene (3 5). Three areas of Sp 1 binding were shown to be 

located between -568 and -453 of the 5' flanking region of the murine a.2(1) 

procollagen promoter (36). Recently, two additional Spl binding sites located at -371 

to -351 and -690 to -613 have been identified in the murine a.2(1) procollagen 
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promoter (36). Mutation of both regions resulted in an increase in promoter activity in 

transfected rat hepatic stellate cells, indicating that these regions contain negative 

regulatory elements. The -371 to -351 element was also shown to bind AP-2 resulting 

in a decrease in Sp 1 binding, further studies demonstrated that low AP-2 expression 

inhibited the stimulatory effect of a transfected Spl expression vector on the a2(I) 

procollagen promoter in Drosophila cells whilst high expression of AP-2 enhanced 

the stimulatory effect of Spl (36). The region between -690 to -613 was shown to 

bind YYl and it has a positive effect on Spl binding. Thus it would appear that the 

two negative regulatory elements in the murine a2(I) procollagen promoter involve 

interaction of Spl with AP-2 and YYl transcription factors to inhibit activation of the 

gene (36). Downstream of this negative regulatory region is located a positive cis­

acting element between -420 and -399 in the mouse a2(I) procoHagen promoter 

which has been shown to bind COLFl, the DNA binding activity of this factor is 4x 

higher in NIH3T3 fibroblasts compared to cells transformed by either v-mos or v-ras, 

and in lymphocytes and epithelial cells (36). The decreased DNA binding activity of 

this factor in extracts from lymphoid and epithelial cells was correlated with the 

inability of these cells to synthesise type I collagen, implying that the factor could 

have a positive effect on the expression of type I procollagen in NIH3T3 fibroblasts. 

Furthermore, it would appear that COLF 1 is down-regulated or inhibited in cells 

transformed by v-mos or v-ras since nuclear extracts from these cells showed a 

significant reduction in DNA binding activity; there were no differences in the DNA 

binding activity of the CCAAT binding factor (CBF) from these cells indicating the 

specificity of the effect (37). 

Cis-acting DNA elements that direct high activity and tissue specific transcription of 

the human COL1A2 promoter are located between nucleotides -376 and -108 as 

illustrated in figure 1. 1. A 131 bp region between -378 and -255 of the proximal 

human a2(I) procollagen promoter has been shown to contain a transforming growth 

factor p responsive element (TbRE) and three Spl/Sp3 recognition sites are located 

between -313 and -286 (38-40). Subsequent studies have shown that these Spl/Sp3 

sites are required for the early response of the human a2(I) procollagen gene to 



TGFPl (41). In a conflicting report, Chung et al (42) demonstrated that the TbRE is 

located between -265 and -241 of the human a2(I) procollagen promoter, this 25 bp 

fragment contains one Spl binding site (between -304 and -273) and an AP-1 like 

consensus sequence (between -258 and -244), only the AP-1 element, however, was 

shown to mediate TGFP effects. The element between -265 and -241 of the human 

a2(I) procollagen promoter was also shown to mediate TNFa effects; TNFa is 

antagonist to the effects of TGFP on the expression of the human a2(I) procollagen 

gene ( 42). Studies using transient transfection of human dermal fibroblasts with a 

number of COL1A2 5' deletions were carried out to characterise the TNFa response 

element (TaRE) and it was evident that a 2 bp substitution mutation in the NF-KB 1 

like binding site between -251 and -241, eliminated the inhibitory effect of TNFa 

(43). This element was shown to be recognised by antibodies against NF-KB 

(p50/p65) and not antibodies against AP-1, nuclear factor of activated T cells (NF­

AT) or Jun family members (43). These studies suggest that in fibroblasts TNFa 

activates and initiates the nuclear translocation ofNF-KB which can interact with the 

a2(I) procollagen promoter at the NF-KB like sequence located between -265 and -

_241, downstream of the AP-1 binding site, with a consequent decrease in the 

transcription of the a2(I) procollagen gene (43). Also interesting is the observation 

that this region harbours a CAGA sequence (between -250 and -247) although the 

factor that binds here has yet to be identified (1 ). The mouse a2(I) procollagen 

promoter contains a nuclear factor 1 (NF-1) recognition sequence between -315 and -

295, which is absent in the human promoter (44,45). Interestingly the region between 

-350 and -300, overlapping the NF-1 site, of the mouse a2(I) procollagen promoter is 

required for TGFP induced stimulation of the gene (46). 

A pyrimidine-rich sequence located between -178 and -15 5 has been shown to bind a 

factor with a negative effect on the activity of the human a2(I) procollagen promoter 

activity; mutations introduced in the TCCCCC motif between -164 and -15 9 

increased promoter activity by 4 fold in human foreskin fibroblasts (47). The authors 

suggested that this factor may be related to either c-Krox, a transcription factor which 
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recognises Ge-rich sequences or BFCOL transcription factors, these factors have 

been shown to interact with the corresponding cis-regulatory element in the mouse 

a2(1) procollagen promoter (7,48). Studies by Ihn and Trojanowska (40) have 

demonstrated that this region binds Sp3 with the same potency as Sp 1. Thus it 

appears that both Sp l/Sp3 can act as either transcriptional activators or repressors of 

the human a2(1) procollagen gene. Interestingly, a c-Krox binding consensus 

sequence has been mapped to a Ge-rich region in the mouse a2(I) procollagen 

promoter between -165 and -155, this factor has been shown to have a negative effect 

on the transcriptional activity of the mouse a2(1) procollagen promoter (7). In 

contrast, Hasegawa et al (48) have demonstrated that a protein factor, BFCOL, is 

required for the transcriptional activation of the mouse a2(I) procollagen gene and it 

binds to the promoter between -180 and -152, the recognition sequence is 

characterised by a 5'-CCTCCCCCCTC-3' motif between -176 and -152 and 

mutations within this sequence abolished binding of BFCOL and inhibited 

transcriptional activity. Adjacent to the BFCOL binding site in the mouse a2(I) 

procollagen promoter is a repressor binding region between nucleotides -154 and -

145 termed an inhibitory factor 1 (IF-1) binding region (5). IF-1 has been shown to 

repress the activity of the mouse promoter in transient transfections experiments in 

NIH3T3 cells; a 3 bp substitution mutation in this region of the promoter resulted in a 

4 fold increase in promoter activity. It would therefore appear that the region between 

-180 and -140 of the human and mouse a2(I) procollagen promoter is characterised 

by both positive and negative regulatory elements, however, deletion of the region 

between -180 and -136 decreased promoter activity implying that the overall activity 

of this element is that of an enhancer and it therefore binds a number of transcription 

activators ( 48). 

A report by Higashi et al ( 49) identified a proximal element located between -161 and 

-125 within the human a2(I) procollagen promoter that mediates the transcriptional 

repression by interferon-y (IFNy), termed the IFNy response element (IgRE); this 

element is distinct from either the TbRE or TaRE located between -265 and -241. 
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Competition experiments with oligonucleotides spanning discrete segments of this 

promoter region mapped the binding element within a distinctive pyrimidine-rich 

sequence and point mutations revealed that this element plays a crucial role in both 

the IFNy response and basal activity of the proximal promoter ( 49). Although the 

factor that binds this element has not yet been identified, UV-cross linking 

experiments indicated that the DNA-protein complexes at the IgRE have molecular 

weights of 55 and 30 kDa, which corresponds to proteins of approximately 30 and 6 

kDa, respectively (49). 

Additional Sp 1/Sp3 binding sites with a positive effect on transcription were mapped 

further downstream between -128 to -123 region of the human a2(I) procollagen 

promoter (39,40). This region is characterised by a novel positive cis-acting element 

containing a TCCTCC motif and using base substitution mutagenesis and DNA 

binding in the presence of antibodies against Spl and Sp3, it was evident that this 

element was required for the transcriptional activation of the a2(I) procollagen 

promoter by Spl/Sp3 (39,40). The region immediately 100 bp upstream of the 

transcription start site is often associated with basal transcription, however, it 

contains transcription factor binding sites. The region between -84 and -80 of both the 

human and mouse a2(I) procollagen promoter contains an inverted CCAAT 

sequence, which has been shown to bind a protein belonging the CCAAT binding 

factor (CBF)/NF-Y family of proteins (1,6,7,13,47,50-57). The mouse CBF has been 

extensively characterised; the protein is a heterotrimer of CBF-A, CBF-B and CBF-C 

subunits and it requires all subunits for DNA binding and therefore its transcriptional 

activity depends on the correct assembly of these subunits (53,58). It has been shown 

that the histone-fold motifs of CBF-A and CBF-C interact with each other and then 

with CBF-B to form the CBF heterotrimer, which in tum binds to a specific DNA 

sequence (58). Studies using base substitution mutations and transient transfection 

experiments demonstrated that the CCAAT motif binds a protein that is involved in 

transcriptional activation of a number of genes (reviewed in 53). Adjacent to the 

CCAAT sequence is a novel collagen modulating element (CME) present only in the 

human a2(I) procollagen promoter between -80 and -72 (13,51,56,57,59). The 
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protein that recognises the CME has been suggested to have a negative effect on the 

transcription of the a2(I) prooollagen gene. In a recent report, Sengupta and Smith 

(60) demonstrated that the region between -41 and +54 of the mouse a2(I) 

procollagen gene is inactivated by methylation in transient transfection assays. A 

DNA-protein complex was identified in protein extracts prepared from nuclei of 

chemically transformed rat epithelial-like cells (W8) in the presence of 500 mM 

NaCl, this complex was shown to have a high affinity for methylated sequences and it 

did not involve the TATA sequence between -30 and -25. Mutations at the 

methylation sites (+7, +23) in the first exon increased DNA-protein complex 

formation and inhibited a2(I) procollagen transcription as confirmed by transient 

transfection and in vitro transcription assays. Taken together these studies indicate 

that although type I collagen is one of the abundant proteins in the ECM, its 

expression is regulated by a number of transcription factors which interact directly 

with the promoter of the gene; both negative and positive elements are present in the 

promoter and through co-ordinated functions, the expression of type I procollagen 

genes is kept in balance in type I collagen producing cells; and perhaps some of these 

promoter elements might be important in cell specific expression of the a2(I) 

procollagen gene. 

Although most reports focused on transcription factor binding sites upstream of the 

transcription start site, a number of other regulatory sequences have been identified in 

the first intron of the a2(I) procollagen gene. The mouse a2(I) prooollagen gene has 

been shown to contain two distinct cis-acting elements between +948 and + 1040 that 

are essential for the transcriptional activity (61,62). The region between +871 and 

+880 contains a GT box which binds an Spl like protein and the +983 to +1007 

region contains a CIBF-I binding site, which is related to a protein(s) that binds to the 

rat c-mos enhancer sequence, 5'-TGT TTT AA-3' (62). The first intron of the human 

a.2(1) procollagen gene, on the other hand, has an overall negative effect on the 

transcriptional activity of the a.2(1) prooollagen promoter in transient transfection 

experiments (63). Some of the sequences with potential transcription factor binding 

activity include 1) a NF-1 like consensus sequence between +192 and +205, 5' to the 
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Figure 1.1: Nucleotide sequence of the proximal promoter region of the human a2(I) 
procollagen gene. Regulatory elements are indicated below (see text for references). 
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intron/exon junction, 2) two putative AP-1 binding sites at + 1112 and + 1085, 3) 

CCCTG pentanucleotide repeats in the first exon (a single repeat) and the first intron 

(five repeats), and 4) an alternating GT stretch located between + 1421 and + 1460, 

this sequence has the potential to form Z-DNA. Interestingly, the intronic AP-1 site 

has been shown to partly mediate the transcriptional repression of the mouse a2(I) 

procollagen gene in Rat-I fibroblasts transformed by mutant H-ras (64). Figure 1.2 

summarises some of the transcription factor binding sites identified in the human 

a2(I) procollagen gene between -400 and +1800. 

Although a number of transcription factor binding sites have been identified in both 

the mouse and human· a2(I) procollagen genes, a better understanding of regulation 

of the gene will depend on purification and molecular cloning of the factors that bind 

to these elements. 

1.2.2 Modulators of type I procollagen gene expression 

The expression of type I procollagen genes occurs as a normal physiological event, 

but expression can be enhanced or repressed by modulators such as cytokines 

(TGF~l, TNFa and IFNy), vitamins and glucocorticoids. Most of these modulators 

are secreted under certain pathological conditions; the release of cytokines, which 

induce the expression of a number of genes that modulate the expression of 

connective tissue proteins by connective tissue cells, is a major factor in the 

pathophysiology of fibrosis. Some of these modulators have been shown to alter the 

levels of type I procollagen mRNA and to a certain extent, some of their response 

elements have been mapped in the a 1 (I) and a2(I) procollagen genes. Although the 

focus of this study is on the regulation of the expression of the a2(I) procollagen 

gene, this section will also describe findings reported for the al(I) procollagen gene. 
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Figure 1.2: Cis-acting elements and their cognate transcription factors that bind to the human a2(I) procollagen gene. Data taken 
from references indicated in brackets. 
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1.2.2.1 The effect cytokines on the expression of type I procollagen genes 

The formation of the ECM is regulated by a number of cytokines, most of which are 

secreted by mononuclear inflammatory cells. These cytokines have also been 

implicated in the onset and progression of certain pathological conditions such as 

scleroderma, keloids and pulmonary fibrosis. TGF~ is a member of the epidermal 

growth factor (EGF) family of proteins that modulate a variety of cellular activities 

and morphogenetic processes, including ECM remodelling (65,66). It activates signal 

transduction pathways leading to cell proliferation through the interaction with the 

cell surface EGF receptor (EGFR). TGFS stimulates the expression of ECM proteins 

such as procollagen types I, III, V1 and X, fibronectin, matrix glycoproteins such as 

osteopontin, osteonectin and thrombospondin, and proteoglycans such as decorin 

(65). This is achieved by increasing the steady state mRNA levels in a number of cell 

types, including avian, rodent and human fibroblasts from skin, lung, bone marrow, 

hepatic fat-storing cells, rodent osteoblasts, smooth muscle cells and hepatocytes (6). 

The increase in type I collagen production and deposition in the ECM is either 

associated with a stable transcript or an increase in the rate of transcript synthesis 

depending on the cell line under study. Ironically, TGF~ has been implicated in the 

pathogenesis of scleroderma, keloids and fibrosis due to excessive production of 

collagen (66,67). A TGF~ response element has been identified in both the mouse 

and human a.2(1) procollagen promoters, the mouse TbRE appears to require an NF-1 

consensus sequence whilst the human TbRE contains a number of Sp1 consensus 

sequences, although as mentioned above, the human TbRE could also involve the 

AP-I transcription factor (38, 41,42). 

The effects of tumour necrosis factor a (TNFa) are variable, but in the majority of 

studies, treatment of cells with TNFa results in decreased type I collagen production 

(6) The effect of TNFa is also dependent on the state of differentiation of cells, for 

example, a decrease in the a2(I) procollagen gene is observed in murine 3T3-L I 

-fibroblasts that are in the preadipocyte stage, while differentiation of these cells into 

adipocytes is accompanied by a significant increase in a2(1) procollagen gene 
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transcript (68). The effect of TNFa on expression of the human a:2(1) procollagen 

was thought to be mediated through the same c1s-acting element (AP-l) between -265 

and -241 in the proximal promoter identified as the TbRE, however, in a recent report 

the TNFa response element (TaRE) was shown to involve an NF-KB binding site 

within the -265 and -241 region of the human a2(1) procollagen promoter (38,42, 43). 

In pulmonary fibrosis there is an increase in the levels of TNFa that is derived mainly 

from macrophages and it has been shown to increase collagen deposition, an effect 

that could be inhibited with antibodies against TNFa (69). 

Interferon-y (IFNy) is the pnmary negative regulator of type r procollagen gene 

expression through both transcriptional and post-transcriptional mechanisms (6) Its 

effects have been reported from in vitro studies using human fibroblast , chondrocytes, 

osteoblasts and rheumatoid synovial cells in culture, and in vivo by direct 

administration of IFNy to mice (6). All these studies have demonstrated a decrease in 

the production of type I collagen and the steady state mRN A levels were down by 25-

50 %. The deposition of collagen in wounds is inhibited by treatment with lFNy and 

the fibroblasts appear smaller and less active (6). Recently, a study by Higashi et al 

(49) identified an IgRE in the proximal promoter of the human a2(l) procollagen 

gene, this element was shown to be distinct from the TbRE or Ta.RE. 

In addition, interleukins, ll.-J and IL-10, have been reported to modulate the 

synthesis of collagen and matrix metalloproteases in cultured fibroblasts (6). The 

effects of IL-1 are tissue specific; an increase in the steady state mRN A levels of 

procollagen gene is observed in cultured human skin, synovial and lung fibroblasts 

and in chondrocytes. In contrast, a decrease in collagen synthesis occurs in a murine 

osteoblastic cell line. Although the mechanism is still not clear, it appears to .involve 

the AP-1 transcription factor (6). 

1.2.2.2 Modulation of type I procollagen gene expression by hormones 

Glucocorticoids have inhibitory effects on the formation of bone, they inhibit cell 

replication and the capability of cells to synthesise type 1 collagen (6). In addition, 
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they downregulate procollagen gene expression in osteoblasts. Dexamethasone has 

been shown to accelerate the rate of aJ (I) procollagen mRN A turnover resulting in an 

overall reduction in the levels of cd(I) mRNA in MG-63 osteosarcoma cells (70). In 

contrast, estradiol had no effect on type I collagen synthesis in MG-63 cells but 

decreased synthesis jn the less differentiated SaOs-2 osteoblast-like osteosarcoma 

cells (70). One of the primary effects of estradiol on osteoblasts is thought to be in the 

regulation of the circuitry of cytokine actions controlling bone remodelling (70). 

Although oestrogen enhanced type I procollagen mRNA levels in rat osteosarcoma 

cells it has been shown to cause a decrease in mRN A levels of type 1 procollagen, 

osteocalcin and osteopontin in bone cells derived from ovariectomised rats (71,72). Io 

a study by Silbiger et al (73) estradiol was shown to suppress type I collagen 

synthesis in murine mesangial cells, however, neither the a. l (I) nor the a.2(I) 

procollagen genes contain an oestrogen response element. Estradiol, however, 

modulates the transcription of several genes that lack an oestrogen response element 

but contain a regulatory AP-1 binding motif. It has been shown to increase the steady 

state levels of c-jos mRNA and this was associated with increased binding of nuclear 

extracts to an AP-1 consensus binding site oligonucleotide (73). To confirm the 

involvement of AP-1, cells were treated with either PMA (activator of AP-1) or 

curcumin (inhibitor of AP-1) and it was shown that PMA decreased type I collagen 

synthesis whilst curcumin resulted in an increase and the conclusion was that the 

suppression of type I collagen synthesis by estradiol was mediated via enhanced AP-1 

activity (73) 

1.2.2.3 The role of vit.amins in the synthesis of type 1 collagen 

Vitamin C is required in the synthesis of type I collagen, however, it has variable 

effects on the expression of the type I procollagen gene (6). Increased type I collagen 

synthesis occurs in cultured fibroblasts and primary avian tendon cells exposed to 

ascorbic acid. Retinoic acid, on the other hand, has a general inhib itory effect on type 

I collagen levels; its effects have been documented in human skin fibroblasts and in 

MG-63 osteosarcoma cells (6,70). The decrease in either a.1(1) or a.2(1) procollagen 

gene expression that occurs after treatment with retinoic acid is not associated with a 
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decrease in message stability, but due to a reduced rate of transcription. Vitamin D 

(1 ,25-dihydroxyvitamin D 3) is important in bone deposition but its eff-ects have been 

shown to be variable, depending o n the clonal origin, methods of culture and the 

extent of differentiation of the cell line (6). Treatment of primary human osteoblast 

cultures or rodent osteoblast-like cells with Vitamin D results in increased type I 

collagen, whilst a decrease was observed in ROS 17/2.8 rat osteosarcoma cells (74). 

Interestingly, Vitamin D has been shown to reverse the inhibition of type I col lagen 

synthesis in MC3T3-El osteoblastic cells overexpressing c-jos (75). Calcitriol, a 

Vitamin D metabolite, stimulated the synthesis and secretion of type I collagen in 

MG-63 osteoblast-like osteosarcoma cells, by increasing the cx.l(I) procollagen 

mRNA levels; this effect appears to involve the induction of a regulatory factor since 

treatment with calcitrio l induced a rapid but transient increase in the expression of 

proto-oncogenes c-jos and c-jun (70). 

1.2.3 The role methylation in the expression of type I procollagen gene 

The methylation of cytosines in the dinucleotide CpG is essential for mouse 

development and it has been implicated in differential regulation of gene expression, 

suggesting a possible I ink between methylation and suppression of transcription of a 

number of tissue specific genes, however, the precise mechanism is not fu lly 

understood (76-79). The vertebrate glob in genes were among the first examples in 

which an inverse correlation was shown between CpG methylation and 

transcriptional regulation (80), Methylation of the minimal promoter, 23 5 bp, of an 

embryonic p-globin gene silenced transcription in primary chicken erythroid cells 

(80). There was a 20-30 fold inhibition of transcription and this effect was not 

overridden by the presence of potent erythroid specific enhancers. A ful ly methylated 

but not unmethylated 235 bp fragment of the p-globin gene promoter fragment could 

compete efficiently for the DNA methyl cytosine binding protein complex (MeCPC) 

binding (80). The methylation of cytosine residues at the CpG sites has been shown 

to provide a bind ing site for MeCP2, an abundant mammalian protein capable of 

transcript ional repression by binding to DNA in a non-sequence specific manner (81). 

In a study by Umezawa et al (82) the o ptimal activity of the keratin 18 (K 18) gene 
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was shown to be dependent upon an ETS binding site within an enhancer region 

located in the first intron, methylation of the ETS site was correlated with the 

repression of the K 18 gene in normal human tissues and in K 18 transgenic mouse 

tissues (82). The common feature of these studies is the significance of methylation in 

the regulation of gene expression. 

A number of reports have examined the role of DNA methylation in the expression of 

collagen genes. Analysis of the methylation pattern of the a2(I) procollagen gene 

showed no differences in the differentiated ( expressing type II collagen) and 

dedifferentiated (expressing type I) chick embryo chondrocytes (83) . Thus, it appears 

that the DNA methylation pattern during cell differentiation is not sufficient to 

explain activation and inactivation of the procollagen genes. Transient transfection of 

in vitro methylated promoter and enhancer reporter constructs of the a l (I) 

procollagen gene has been shown to lead to transcriptional inactivation of the gene 

(84). A similar observation was made in human rhabdomyosarcoma cells that do not 

produce a.l(I) collagen whereby inhibition of DNA methylation by treatment with 5-

azacytidine resulted in transcriptional activation of the gene, providing additional 

evidence that DNA methylation is an important mechanism of transcriptional 

inactivation of the interstitial procollagen genes (84). In another study, DNA 

methylation was reported to play a role in transcriptional regulation of collagen IV 

genes during differentiation of F9 teratocaroinoma cells (85). F9 cells express low 

levels of mRNA for type IV col lagen and treatment of these cells with 5-azacytidine 

activated transcription of an integrated al(IV) procollagen gene promoter-enhancer­

CAT construct and it was further shown that 5-azacytidine acted in synergy with 

retinoic acid and cAMP. Analysis of DNA isolated from F9 cells revealed that there 

was a specific demethylation of the DNA within the 5'-flanking region of the 

collagen JV genes following treatment with retinoic acid and cAiv1P (85), 

DNA methylation of the murine al (I) collagen promoter and part of the first exon 

linked to a luciferase gene construct resulted in repression of transcription in 

fibroblasts and to a lesser extent in embryonal carcinoma cells (86). Interestingly, Sp] 
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and NF-1, factors that both bind to the ex 1(1) collagen promoter, were shown to 

transactivate the unmethylated and methylated luciferase reporter gene in Drosophila 

SL2 cells, confirming that the factors can bind to methylated DNA indicating that 

DNA methylation represses the al(I) collagen promoter via a mechanism that is 

independent of Sp 1 or NF-1 binding. Kopp et al (87) observed that expression of type 

VI collagen is completely inhibited in virally transformed fibroblasts and cells 

derived from spontaneous mesenchymal tumours; the decreased type VI collagen 

mRNA levels were accompanied by a significant increase in the mRNA levels of the 

DNA methyl transferase. Furthermore, in vib'o methylation of the a2(VI) collagen 

promoter abolished promoter activity in transient transfection assays, and sequence 

analysis of the genome showed that the promoter was extensively rnethyJated in 

transformed fibroblasts and virtually no methylation was observed in normal cells 

(87). Thus implying that DNA methylation is involved in the silencing of the a2(V[) 

collagen gene and it is possible similar mechanisms are responsible for the repression 

of other transformation sensitive proteins (87). 

The a2(J) procollagen gene 1s repressed in W8 cell line as a result of DNA 

methylation (28,29,88). These cells contain a transcriptionally inactive a2(I) gene 

with extensive hypermethylation in the promoter and first exon (88). Methylation of 

specific sites in the cx2(J) procollagen gene were responsible for inactivation of 

transcription in the W8 cells (88). In a recent study, methylation in the first exon was 

shown to suppress a2(I) procollagen gene transcription (60). Specific tnethylation of 

the CpG sites at +7 and +23 in the fi rst exon is accompanied by increased protein­

DNA complex formation and inhibition of the transcriptional activity as confirmed by 

transient transfection and in vitro transcription (60) Based on these observations, it 

would appear that methylation plays a role 111 the regulation of expression of a 

number of genes including type 1 procollagen genes. Further studies, however, are 

required to correlate methylation of specific cis-elements with the activity of 

transcription factors that have been shown to regulate the expression of type I 

procollagen genes. 
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1.3 Signal transduction from the cell mrface to the nucleus 

The regulation of gene expression is often associated with events that take place 

inside the nucleus, but the extracellular environment plays a crucial role in the 

expression of almost all eukaryotic genes. A number of physiological and non­

physiological agents that modulate expression of type I procollagen genes are present 

in the extracellular milieu of cells to allow cells to perform their required functions. 

The important question is how do signals arising from the extracellular environment 

ultimately transcend into discrete changes in gene expression in normal and 

transformed cells. Previous studies have demonstrated that transformation of normal 

human embryonic lung fibroblasts (Wl-38 fibroblasts) by y-irradiation (CT-J 

fibroblasts) does not alter the ability of the transformed phenotype to express a2(I) 

procollagen, however, these cells have lost the ability to trigger the expression of a 

very central gene in the signal transduction cascade, namely c-jos (32,33,89). 

Induction of these transformed cells with either serum or phorbol esters failed to 

induce· c-fos at both the RNA and protein levels (89). This effect could not be 

correlated with a specific alteration in the structure of the promoter of the c-fos gene 

and no obvious deletions or insertions were observed in the gene (89). A study by 

Mizuki et al (90), however, demonstrated that the c-Ki-ras 2 gene is amplified in CT-

1 cells and is accompanied by an elevated level of kis specific RNA. In add ition, the 

report showed that these cells expressed 10 times more c-myc mRNA compared to 

normal cells which is associated with their immortal phenotype (90). No signals were 

obtained for the c-yes gene, codes for a non-receptor protein tyrosine kinase, and fo r 

the c-rnos gene, which codes for a serine/threonine protein kinase (90). Thus it is 

apparent y-irradiation has diverse effects on the expression of a number of oncogenes, 

that is, some are shut down, like c-fos, whilst others, such as c-myc, are 

overexpressed. Interestingly, transformation of WI-38 fibroblasts by SV40 (SVWI-38 

fibroblasts) resulted in a shutdown of the a2(J) procollagen gene and cells retained 

their ability to trigger c-fos in response to appropriate stimuli (13) . These 

observations suggest that changes in the expression of a specific gene is determined 

to a certain degree by intricate events originating from the extracellular environment 
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and since type I collagen is an ECM protein, it has the potential to modulate its own 

expressron in both normal and transformed cells. A schematic representation of some 

of the signal transduction pathways that have been reported to modulate the levels of 

type 1 procollagen genes is illustrated in figure 1.3. 

The accumulation and organisation of ECM components play a critical rote in 

development, maintenance and pathogenesis of most organ systems (1). These 

processes are regulated by the precisely orchestrated expression of ECM components, 

their receptors and matrix proteases. Growth factors such as TGFP, basic fibroblast 

growth factor (bFGF), insulin-like growth factor (IGF) and angiotensin U have been 

shown to modulate elastin and collagen production in porcine vascu lar smooth 

muscle cells and skin fibroblasts as well as stimulate collagen gel contraction in an in 

vitro model for wound healing (91 ,92). The stimulatory effect of angiotensin II could 

be blocked by src-related tyrosine kinase inhibitors, such as genistein and herbimycin 

(92). Thus, it would appear that tyrosine phosphorylation is crucial for the response 

of cells to angiotensin Il and the JAK.2/STAT pathway has been implicated in this 

process (92). The accumulation of collagen in burn hypertrophic scars, on the other 

hand, appears to be TGFP dependent (93 ). The stimulation of collagen production 

was inhibited by nitric oxide (NO) which acts via the adenylate cyclase pathway 

involving cGMP (93). In hepatic stellate cells stimulation of G proteins, adenylate 

cyclase or addition of 8-bromo-cAMP, with subsequent activation of protein kinase A 

(PKA), resulted in a decrease in the cd(I) procollagen mRNA levels (94). Blocking 

G; protein (the G protein that inhibits adenylate cyclase activity with a resultant 

decrease in the levels of cAMP), phospholipase A2 (signalling involves 

prostaglandins) or phospholipase C (involves the phosphoinositide pathway) as well 

as blocking the accumulation of intracellular calcium and calmodulin levels, 

increased the expression of the a 1 (I) procollagen transcript in hepatic stellate cells 

(94) . 

Fibroblasts isolated from systemic sclerosis (SSc) lesions have been shown to 

synthesise increased amounts of type I and Ill collagens and the increase was shown 
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to be a result of increased transcript ional activity (95), These fibroblasts have a 

prol iferative response to TGFP, platelet derived growth factor (PDGF) and bFGF, 

however, SSc fibroblasts are less responsive to bFGF compared to normal fibroblasts. 

Basal fibroblast growth factor inhibited basal and TGFP induced cx.2(1) procollagen 

gene expression in scleroderma and normal -fibroblasts and at this stage the 

mechanism remains unclear (95). 

SignaJs that arise from 1NF'cx. and Il.,-1 are transmitted via the activation of protein 

kinase C (PKC) or PKA and a subsequent increase in the levels of c•fos and c-jun; in 

addition, the pathway leads to the activation of NF-KB, a member of the rel family of 

proteins (96,97). Activation is achieved via the proteolytic cleavage of the 1-KB 

subunit from the p65/p50 protein complex (98). The active NF-KB (p65/p50) is 

translocated to the nucleus where it participates in a number of DNA protein 

interactions in genes regulated at NF-KB sites (99). Although NF-KB is activated by a 

number of effectors that activate PKC, such as TNFcx., IL-1 and PMA, which also 

induce the expression of c-jos, there are no NF-KB sites in the c-fos promoter, NF­

KB/p65 has been reported to cross-couple with Fos or Jun and in that way activate KB 

and AP-1 enhancer-dependent promoters (100). In a recent report, Ogretmen and Safa 

(l O l) demonstrated that hegative regulation of the multi drug resistance (MOR) gene 

promoter activity is inhibited in MCF-7 human breast cancer cell line via cross­

coupling between NF-KB/p65 and Fos and this complex was shown to interact with a 

CAAT sequence in the MDR promoter. Both TNFcx. and Il.,-1 have been reported to 

have a negative effect on the expression of type I procollagen genes in a number of 

studies (6) NF-KB was shown to mediate TNFa inhibitory effect on cx.2(1) 

pro collagen gene transcription in human dermal fibroblasts ( 43 ). Although the 

mechanism requires further elucidation, it is possible that TNFcx. activates the IKB 

kinase cascade that leads to translocation of NF-KB from the cytoplasm to the nucleus 

to modulate gene expression. 
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Studies using the tumour promoter phorbol-l 2-myristate-13-acetate (PMA; also 

called 12-o-tetradecanoylphorbol- 13-acetate, TPA). a potent activator of protein 

kinase C, have generated contradicting data (102). Treatment of JB-6 mouse 

epidermal cells and Nill3T3 mouse fibroblasts with PMA has been shown to inhibit 

the expression of the type I procollagen gene (103, 104) while Stuiver et aL (105) 

repoited that PMA increased the steady state mRNA levels of the a.2(1) procollagen 

gene by 6 fold in mouse 3T3-Ll cell s. This effect was also observed at the protein 

level . Interestingly, PMA treatment of mouse NlH3T3 cells resulted in an increase in 

c-myc and c-fos mRN A levels ( l 04 ). 

Ultraviolet radiation (UV) from the sun is known to damage the human skin resulting 

in an old and wrinkled appearance through a process called photoaging (106). 

Photoaging results partly from alterations in the composition, organisation and 

structure of the collagenous ECM in the dermis ( 106). UV irradiation triggers the 

activation of a number of cytokine and growth factor receptors on keratinocytes and 

dermal cells and the downstream events in the signal transduction pathway involve 

activation of the MAP kinase pathway, specifically the JNK/SAPK cascade and an 

ultimate increase in the expression of c-jun ( 106). Jun in turn forms heterodimers 

with Fos to form the AP- I transcription factor complex. The AP-I complex binds to 

AP-1 consensus sequences present in promoters and intrans of target genes of a 

number of matrix metalloproteinases (Mrv1P) such as interstitial collagenase (MMP-

1). 92 kDa gelatinase B (.MMP-9) and stromelysin genes (MMP-3, MMP-10 and 

MMP-11 ), with a concomitant increase in their expression and degradation of 

collagen and other ECM proteins in the dermis (106- 108). Although the degraded 

matrix may be repajred, the process generates an " imperfect'' solar scar, which upon 

subsequent exposure to UY 1 ight will result in accumulation of solar scarring that is a 

manifestation of photoaging. This process has been shown to be inhibited by all­

trans-retinoic acid via the inhibition of c-jun induction (I 06). 

In hepatic stellate cells, the primary cell responsible for the dramatic increase in the 

synthesis of type I collagen in cirrhotic liver, inhibition of Ras and Raf activity results 
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in an increase in the expression of the type 1 procollagen gene, whilst, inhibition of 

the MAP kinase activity was accompanied by a decrease in the type I procollagen 

m.RNA ( 109, 1 JO). These results suggest a possible branch point between the 

Ras➔Raf and MAPK pathways. Overexpression of oncogenic ras in Rat-I 

fibroblasts has been shown to down-regulate type I procollagen, the mechanism of 

action appeared to involve both enhanced turnover of the message and decreased 

transcriptional activation mediated via an intronic AP- I site in the a I (I) procollagen 

gene (21). Ledwith et al (111) demonstrated that antisense-:fos RNA caused a partial 

reversion of the transformed phenotype induced by the c-Ha-ras oncogene. These 

results support the idea that c.jos is a downstream mediator of ras in the growth 

regulatory signal transduction pathway. Transformation of fibroblasts with Ras is 

characterised by reduced adhesion to the substratum due to reduced expression or 

increased degradation of ECM proteins including type I collagen (112,113). 

Transfection of ms transformed fibroblasts with the a2(1) procollagen expression 

vector construct increased their adherence to the substratum and suppressed 

tumourigenicity of these cells in nude mice (114). These observations suggest that 

ECM protejns could subvert oncoprotein signalling pathways associated with the 

malignant phenotype. In other reports, the treatment of cultured fibroblasts with 

okadaic acid (OA). the phospboserine/threonine specific phosphatase 1 and 2A 

(PP1/2A) inhibitor, was shown to suppress type I procollagen gene expression (115). 

Protein phosphatases form an important part of the signal transduction pathway in 

that activation or inactivation of a specific pathway might require removal of 

phosphate moieties, some of the proteins involved in the signal. cascade are activated 

by dephosphorylation (116). The selective inhibit ion of PP1/2A offers an interesting 

approach for treating disorders related to overexpression of type I procollagen, 

ft is evident that several signal transduction pathways are involved in the regu lation 

of expression of the type I procollagen genes in normal and pathological conditions, 

perhaps there is a lot of cross-talk in these cascades. Interestingly most signals appear 

to result in an increase in the expression of c-jos and c-jun early immediate genes 

(117,1 18). 
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the moduJation of type I procollagen gene expression by growth factors/cytokines. The 
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embryogenesis, carcinogenesis, wound healing and photoaging. The response elements for 
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1.4 The proto-oncogene c-fos 

The c-jos proto-oncogene is a cellular homologue of the transforming gene, v-jos, of 

the murine Finkel, Biskis and Jinkins (fBJ) and Finkel, Biskis and Rei lly (FBR) 

retroviruses that cause osteogenic sarcomas (119, J 20). Both c-jos and v-jos genes are 

capable of transforming fibroblasts in culture, although certain changes in the c-jos 

gene are required for a successful transformation (121-125). Changes in the 

regulatory upstream elements such as insertion of a long terminal repeat to drive 

expression of the gene or removal of the RNA destabi lising sequence in the 3' 

untranslated region (UTR) suffices to activate the transforming potential of c-fos 

(122), Transcripts of2_2 kb which translate into a protein of 380 amino acids with an 

apparent molecular weight of 42 kDa have been identified in human cells (126,127). 

The protein, however, migrates as a broad band between 54 and 62 kDa in sodium 

dodecyl sulphate-polyacrylamide gels due to the high praline content and extensive 

phosphorylation of the protein. The c-jos mRNA and protein are undetectable in 

quiescent cells and are elevated in response to stimulation by hormones, serum, 

mitogens and phorbol esters (117,127). The mRNA has a half-life of 15-30 minutes 

whilst the protein has a half-life of about 2 hours; the half life of the protein depends 

on the extent of post-translational modification of the protein (121, 124,128) 129). The 

rapid turnover of the message is associated with a I 00 nucleotide long AU-rich region 

located at the end of the 3' UTR (124,130, 131). In addition to Fas, there are three 

other proteins which belong to the Fas family of proteins, namely FosB (46 kDa), 

Fra-1 (35 kDa) and Fra-2 (30 kDa) (1 17). lmmunoprecipitation of the v-fos and c-jos 

proteins from fibroblasts generates a protein complex, which contains the Fas protein 

in tight but non-covalent association with a basic cel lular phosphoprotein of between 

39 and 40 kDa ( 132-134). These Fas associated proteins were later identified as 

proteins belonging to the Jun family (135,136). 

1.4.1 Regulation of c-fos expression 

The expression of the c-jos gene takes place during a number of biological events 

such as cell proliferation, differentiation and transformation as well as during 
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apoptosis (1 l 7,122,124,127,137, 143). The c-fos proximal promoter is contained 

within a 3 SO bp region upstream of the transcription start s ite, a number of els-acting 

regulatory elemehts have been mapped to this region of the promoter ( 117). The c-fos 

promoter is a T AT A box-containing promoter with several upstream elements, 

including a calcium-cAMP response element (CRE), a serum response element 

(SRE), a binding site for AP-1 or TPA-response element (TRE) directly adjacent to 

the SRE, and a c-sis-PDGF inducible factor element (SIE) (144- 147). The CREB 

transcription factor has been associated with calcium and cAMP induction of c-jos 

promoter through the CRE, and SIE element binds ST AT proteins and can regulate 

the responses to PDGF and tyrosine kinases (148,149). The SRE binds SRF and can 

form complexes with a number of other transcription factors, most notably ternary 

complex factors (T CFs) including Elk-I and SAP- I, which are responsive to MAP 

kinase and related pathways (98, 1 I 7, 1 I 8). Fos can., on the other hand, negatively 

autoregulate its expression and this trans-repression occurs at either the TRE or other 

elements (150,151). In a recent review) Bateman indicated that the negative 

auto regulation of Fos requires the SRE, although the mechanism is not entirely clear, 

Bateman suggests Fos and Jun proteins may both be involved in repression which 

does not seem to involve DNA binding by AP-1 (152). Studies by Lucibello et al 

(153) have demonstrated that overexpression of c-fos results in transrepression of the 

c-fos promoter via the TRE. Trans-repression was shown to be enhanced by co­

expression of c-jun and it did not require AP-1 or ATF (CRE) sites in the mouse c:fos 

promoter (153). These studies also demonstrated that the SRE is a major target of 

repression. Structurally, the Fos protein required the bZIP motif, important in 

dimerisation, for trans-repression and transformation (1 17,127, 1 S3). In addition to 

regulation via promoter cis-elements, the localisation of the Fos protein plays a role 

in the function as a transcription factor (154). The protein is synthesised in the 

cytoplasm and it is subsequently translocated to the nucleus. This translocation 

process, however, is not spontaneous but depends on the continuous stimulation of 

cells by serum factors while serum starvation results in the retention of the al ready 

synthesised c,fos protein in the cytoplasm until it is degraded ( 1 54) Whilst this is 

true for the c-fos proto-oncogene product, the v-fos protein has been shown to evade 
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the translocation control and by maintaining a high nuclear presence, it can fi.mction 

potently in the process of tumourigenesis (154). 

1.4.2 Regulatory domains of Fos 

The ability of Fas to engage in the transcriptional regulation of other genes lies in the 

observation that the protein participates in heterodimer complex formation with 

members of the Jun family of proteins and subsequently engage in sequence specific 

DNA binding to AP-1 consensus sequences in the regulatory regions of target genes 

(117, 155-157), The protein contains three main domains, namely, a) an N-terminal 

domain involved in transactivation, transrepression and a basic region which harbours 

the DNA binding residues, b) the central domain contains a leucine zipper structure 

that is crucial for heterodimerisation with the Jun family of proteins to constitute the 

AP- I transcription factor, and c) adjacent to the leucine zipper on the C-terminus is 

another domain involved in transactivation and transrepression (116,117, 158). The N­

terminus is regulated by phosphorylation involving the cdc2 kinase and protein 

kinase C, whilst the C-terminus has been shown to contain residues phosphorylated 

by cdc2 kinase, protein kinase A and double-stranded DNA protein kinase 

( 116, I 58, 159) The C-terminus has been reported to be crucial for the transformation 

ability of Fas; mutation of residues 362-364 gives rise to a Fas protein which is 

activated for cellular transformation, supporting the idea that loss of this region in the 

virally-transduced v-jos oncogene contributes to its oncogenicity ( 123-125). Fas is 

therefore a very good example of a nuclear protein with different activities, which is 

regulated independently by phosphorylation. 

In order for Fas to function as a transcription factor, it has to engage in dimerisation 

with the Jun fami ly of proteins involving the leucine zipper domain (117,158,160). 

The dimerisation region, however, extends beyond the leucine zipper to include a 

histidine residue located 7 amino acids from the last leucine on the C-terminus 

(160,161). Involvement of additional regions of the protein in heterodimerisation 

ensures formation of different homodimeric and heterodimeric leucine zipper 

complexes which have subtle differences in their DNA binding properties; the overall 
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transcriptional activity of the dimer results from a combination of the effects of the 

positive and negative domains, thus giving each protein dimer a unique 

transcriptional profile (158, 160-162). Co-transfection of c-jun and c-fos expression 

vectors into F9 embryonal carcinoma cells results in more potent transactivation of 

AP-1 dependent indicator genes than what is achieved using a c-Jun expression 

vector alone: this increase has been ascribed to the formation of c-Jun:c-Fos 

heterodimers which are more efficient DNA binding protein complexes than c-Jun 

homodimers (155,163) , c-Fos, on the other hand. can not form homodimers, and 

since heterodimerisation is a prerequisite for DNA-binding, c-Fos does not on its own 

bind DNA hence it does not stimulate transcription in the absence of c-Jun (J 63). 

These associations have also been observed among other members of these families, 

which include JunB, JunD, FosB, Fra-1 and Fra-2 ()60, 164-168). All Jun proteins so 

far can form both homo- and heterodimers, for example JunB:c-Jun, and therefore 

they can bind to the AP-I sites in the absence ofFos proteins (160) . The Fos proteins, 

however, can associate with any of the Jun proteins to generate stable heterodimers 

that have a higher DNA-binding activity than the Jun homodimers (169). Although 

all these complexes seem to have very similar recognition properties and interact with 

the consensus AP-I and AP-1-like sequences, they exhibit markedly different DNA 

binding activities (169). The differences in the protein structure might, however, 

contribute to differences in gene regulation; their presumed functional differences 

may be based on physiological activities other than DNA binding and may reside in 

other domains of the protein ( 160, 169). Measurement of dimer dissociation indicated 

that the increased DNA-binding activity of the Jun:Fos heterodimer is due to an 

increased thermostabi lity in comparison to the Jun:Jun homodimer; the heterodimer 

was found to dissociate between 37 °C and 42 °C whilst the homodimer dissociated 

between 25 °C and 37 °C, and Fos homodimers failed to form even at 4 °C ( 117). 

1.4.3 Biological effects of Fos 

Fos has a high affinity for double stranded DNA, although it only associates with 

DNA in the presence ofJun (170,171). In an attempt to determine whether the protein 

is involved in transactivation of other genes, v-fos constructs were cotransfected with 
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a type HI procollagen promoter linked to a reporter gene, and it was found that v-fos 

is capable of transactivating the type III procollagen promoter, however, no direct 

evidence of transactivation was obtained to suggest that a specific ds-regulatory 

element is involved (172). Interestingly, constitutive expression of c-jos has been 

shown to inhibit the synthesis of type I collagen in osteoblasts, however, the study did 

not investigate the mechanism, but the inhibition was attributed to a transcriptional 

event (173) . A number of studies have demonstrated that overexpression of c-jos in 

transgenic or chimeric mice affects cartilage, bone and haemopoietic cell 

development (142, 174- 176) . Transgenic mice over-expressing c-fos under the control 

of the human metallothionine promoter developed specific lesions in the long bones 

at 2-3 weeks after birth and only 15 % of the mice developed osteosarcomas after a 9-

10 month latency period (142). Thus it would appear that the expression of c-jos is 

impo11ant in the formation of bone. 

Cells expressing the oncogenic Ras protein exhibit a variety of changes in gene 

expression, including activation of the AP-I transcription factor (21, 177-179). 

Activation of the AP-1 transcription factor has been correlated with the synthesis of 

high levels of matrix degrading enzymes (106-108). The expression of Fos has been 

shown to be a prerequisite fo r the transcriptional activation of the collagenase gene by 

other oncogenes and phorbol esters (180). Oncogenic ras transformation accounts for 

the significant reduction in type T procollagen expression in a process tJ1at also 

involves increased activity of the AP-1 transcription factor (64). To further support 

these observations, transfection of antisense c-jos RNA was able to reverse 

fransformation of cells by ras, thus implying that Fos is the downstream mediator of 

Ras effects in the nucleus (111). 

Chung et al (42) demonstrated that treatment of human foreskin fibroblasts with 

TGF~ upregulated the expression of the a2(1) procollagen gene whil.st TNFa had a 

negative effect on the transcription of the gene. These effects could be mapped to the 

region of the a.2(1) procollagen promoter that contained an AP-1 like consensus 

sequence. To further support their findings, the authors showed that overexpression 
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of c-jun in cells co-transfected with the a.2(1) procollagen promoter repoJter construct 

containing a putative AP- I site blocked the TGFP response. These results further 

implicated AP-1 in the regulation of the a2(I) procollagen gene expression in 

fibroblasts in the presence of TGFS and TNFa . .Recently, Kouba et al (43) 

demonstrated that TNFa. inhibits o.2(1) procollagen expression in human dermal 

fibroblasts through NF-KB binding sites present in the proximal promoter of the gene. 

TNFa. is known to be a potent inducer of c-jun expression whilst TGFS induces 

JunB, the two Jun proteins have opposite effects on gene expression (181). Jt is 

therefore possible that an increased expression of c-jzm or enhanced formation of Fos 

dimers that involve c-Jun rather than Fos-JunB dimers, with a consequent 

uansrepression of the a.2(I) procollagen gene via AP- I sites could account for the 

TNFa effect 

The abundance and wide distribution of type I collagen is a clear indication of the 

significance of this protein in the maintenance of structure in higher vertebrates. A 

number of studies have provided substantial information on the regulation of 

expression of type I procollagen genes by delineating regulatory elements and in 

certain instances factors that complex with these elements either in vitro or in vivo. A 

number of models have been used to address this question, such as cell lines derived 

from scleroderma patients and fibrotjc tissue, transformed cells whjch display altered 

expression of type I procollagen genes and transgenic animals; although the 

approaches and model systems might be distinct, the primary objective of these 

studies has been elucidation of mechanisms that lead to changes in the expression of 

these genes and ultimately designing dnigs that can be used to alleviate symptoms 

associated with collagen diseases. The data presented in this study will thus further 

advance the current knowledge and understanding of regulation of the human type I 

procol lagen gene expression. 

33 



CHAPTER2 

CHARACTERISATION OF PROXIMAL PROMOTER ELEft1ENTS 

IN THE HUMAN a2([) PROCOLLAGEN GENE. 

2.1 INTRODUCTION 

Changes in the synthesis of type I collagen occur as a normal physiological event 

during embryonic development and in certain pathological conditions, such as during 

wound healing and fibrosis of the li ver and lung (8). A number of other events where 

modulation of synthesis of type J collagen occurs include: (a) cell transformation by 

viral oncogene products, chemical carcinogens or ultraviolet light, (b) cytok.ines, (c) 

hormones and ( d) vitamins (6,182), Most of these changes in the expression of this 

gene have been shown to occt1r at the transcriptional level. (See Chapter l for 

details). 

Expression of eukaryot ic genes is regulated by multiple transcription factors that act 

either as activators or repressors/silencers. Many of these factors bind to specific 

DNA sequences in the regulatory elements of genes and promote initiation of 

transcription by RN A polymerase II through interactions with other components of 

the transcription machinery. To understand procolla.gen gene transcription under 

different physiological and pathological conditions, a number of studies have focused 

on the identification and characterisation of ds-acting regu latory elements in 

mammalian procollagen genes. The 3500 bp region located immediately upstream of 

the transcription start site of the human cx.2(1) procollagen gene contains most of the 

sequences necessary fo r tissue specific transcription (35). Cis-acting DNA elements 

that direct high and t issue specific transcription of the human COL 1 A2 gene, 

however, are located between nucleotides -376 and -108, a region referred to as the 

proximal promoter. Some of the cis-acti ng elements mapped to the human proximal 

promoter region include an 11 bp element located between -67 and -78 that binds a 
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novel factor and is a focus of this study ( 13,51), an inverted CCAA T box Jocated 

between -80 and -84 (47,51), a novel positive cis-element containing a TCCTCC 

motif between -119 and -133 (47), a pyrimidine-rich repressor binding element 

between -159 and-164 (47), and a CAGA sequence between -247 and -250 which 

binds an as yet unidentified factor ( I). Additional elements have been mapped on the 

mouse a.2(I) procollagen promoter including the inhibitory factor-1 (IF- I) binding 

site between -145 and -154 and an NF-1 binding element between -295 and -315 

( 46, 182). The novel element between -67 and -78 is, however, absent in the mouse 

promoter. Studies by Inagaki et al (38) and Greenwel el al (41) mapped a TGFr3-

responsive element (TbRE) between -378 and -255, this region contains Spl binding 

sites at -313 and -286. In a conflicting report, however, Chung et al ( 42) narrowed the 

TbRE between -265 and -241 , this region contains an AP-1-like binding site and the 

authors excluded binding of either Sp l, NF-1 or NF-KB transcription factors to the 

TbRE. In a recent report, a TNFa. and lFN-y responsive elements were mapped to the 

proximal promoter of the human a2(I) procollagen gene (43,49) 

ln the present study, normal and transformed WI-38 human embryonic lung 

fibroblasts were used as models to study the transcriptional regulation of the human 

a.2(1) prooollagen gene. Transformation of fibroblasts is generally accompanied by 

changes in the expression of the genes encoding type I procollagen. Some of the 

documented changes in the expression of type I procollagen that occur as a result of 

transformation include shutdown in the expression of only the a.2(1) procollagen gene 

after transformation of WI-38 fibroblasts by SV40, SVWI-38 fibroblasts (183), 

transformation of Rat-1 fibroblasts by mutant ras down-regulates the expression of 

both a.(1) and a.2(1) procollagen genes (21), and transformation of Rat-I fibroblasts 

by v-jos results in the decreased expression of both type I procollagen genes (22). 

Surprisingly, transformation of WI-38 fibroblasts by y-inadiation (CT-1) has been 

shown to have very little effect on the expression of the type I procollagen genes; 

these cells have been shown to express more than 80 % of total type I collagen 

(32,33). Thus, the two transformed WI-38 fibroblast lines, viz.: CT-1 and SVWI-38, 

are essential tools for the characterisation of transformation related changes in the 
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expression of type I procollagen and these differences were exploited in this study. 

Differences in the expression of the a.2(1) procollagen gene between CT-1 and 

SVWl-38 fibroblasts have bc:en shown to occur at the transcriptional level 

(13,33,57,59). Subsequent studies concentrated on the identification of cis-elements 

that are important in the regulation of the a.2(1) procollagen gene in the two cell lines. 

Transient transfection studies using a.2(1) procollagen promoter-chloroamphenicol 

acetyl transferase constructs (COLIA2-CAT) delineated differences in the promoter 

activity to the proximal promoter region (13). Although the basal promoter fragment 

(- 107 to + 1) generally shows very low promoter activity, there were also differences 

in the activity of this promoter fragment in the two cell lines, implying that the 

regu latory elements for the differential expression of the gene could reside in the 

proximal promoter. Further analysis of the -107 promoter identified two cis-acting 

elements, viz. : an inverted GGAGG/CCAAT binding element (G/CBE) and a 

procollagen modulating element (CME), between -80 and -67 (13,51). Both these 

elements were shown to form distinct DNA-protein complexes in vitro in the 

presence of nuclear proteins, produced a DNase 1 footprint and DNA methylation 

interference analysis confirmed the guanines involved in binding. The possible 

function of proteins that complex with these elements was extrapolated from studies 

based on DNA binding assays in vitro. 

The main objective of this study was to demonstrate that G/CBE and CME binding 

proteins play a regulatory role in the expression of the a.2(1) procollagen gene and to 

establish whether a similar mode of regulation applies to fibroblasts that differ in 

their abi lity to express the a.2(1) procollagen gene. The study also investigated the 

effect of proteases on DNA-protein complexes formed on the -107 to -60 a.2(1) 

procollagen promoter. To realise the main objective of this chapter, point mutations 

were introduced into the a.2(1) procollagen promoter and the effect of these mutations 

on the transcriptional activity of the a.2(I) procollagen promoter was analysed by 

transient transfection assays. The use of mutants has become an essential tool in the 

study of gene structure and function since mutations in cis-acting elements interfere 

with transcriptional activity. 
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2.2 RESULTS 

2.2.1 Characterisation of DNA-protein complexes formed on the proximal a.2(1) 

procollagen promoter 

Previous studies reported differences in transactivatihg factor binding to the a.2(1) 

procollagen gene in CT-1 and SVWI-38.nuclear extracts (13,51,57). Three specific 

DNA-protein complexes were shown to form on the -107 to -60 a.2(1) procollagen 

promoter as illustrated in figure 2.1. Complex I proteins were shown to bind to the 

inverted CCAAT box and the factor that binds to th.is region was concluded to belong 

to the CBF family of proteins (51, 59). Complex Ill, on the other hand, formed in the 

presence of nuclear proteins from a.2(1) procollagen expressing cell line, CT-I , 

whereas complex II proteins w(:re present in the non-expressing cell line, SVWI-38 

(59). These studies concluded that the complex II protein is associated with 

inactivation of the a.2(1) procollagen gene whilst complex III protein is associated 

with activation of the gene (59), 

This study shows that complex II proteins are ubiquitous and that complex III protein 

is a specific cleavage product of complex II proteins. To demonstrate this, nuclear 

proteins were extracted in the presence and absence of protease inhibitors, incubated 

with the -107 to -60 promoter fragment and separated by electrophoresis on a non­

denaturing 5 % polyacrylamide gel (see section 6.6.2). Complex III proteins appeared 

in all extracts lacking protease inhibitors, with the degradation products being much 

more pronounced in CT-I fibroblasts (Figure 2 .2). Nuclear proteins were then 

extracted in the presence of various combinations of protease inhibitors, and from 

data presented in figures 2.3 and 2.4, it is evident that the omission of leupeptin in the 

extraction buffers resulted in the appearance of complex Ill proteins in nuclear 

extracts from both CT-1 and SVWI-38 fibroblasts; whilst the omission of either 

pepstatin A or phenylmethylsulfonyl fluoride (PMSF) did not have the same effect. 

The ratio of complex 11 to complex III was higher for SVWI-38 extracts as compared 

to extracts from CT-I fibroblasts implying that complex 11 proteins are more stable in 

SVWI-38 fibroblasts, alternatively. the protein couJd be protected from degradation 
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Figure 2.1: Electrophoretic mobility shift assay of nuclear proteins. Nuclear proteins were 
extracted from SVWI-38 and CT-1 fibroblasts using the modified Dignam method described by 
Parker et al (13), incubated with a 32P-labelled fragment of the a.2(1) procollagen promoter 
between -107 and -60 and DNA-protein complexes separated by electrophoresis on a non­
denaturing 5% polyacrylamide gel. The gel was dried and exposed to X-ray film at -70 °C for 
16 hours. I, Il, and ID represent the three main DNA-protein complexes formed in the presence 
of the 47 bp a.2(I) procoIIagen promoter fragment Complex I is present in all cell lines whilst 
complex II is predominantly present in nuclear extracts from SVWI-38 fibroblasts and complex 
ill is present in extracts from CT-1 fibroblasts. The arrow indicates a complex composed of a 
mixture of proteins that bind to either the G/CBE or CME, however, this complex is competed 
mainly by G/CBE oligonucleotides. 
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Figure 2.2: Electrophoretic mobility shift assay of nuclear extracts from SVWJ-38 and CT-1 
fibroblasts. Nuclear proteins were prepared from CT-1 (CT, lanes 6-9) and SVWI-38 (SV, lanes 
2-5) fibroblasts using a modified Dignam method (245) as described in section 6.6.1 in the 
presence(+ inhib) or absence (- inhib) of protease inhibitor cocktail containing 0.5 mM PMSF, 
l µg/ml leupeptin and 1 µg/m l pepstatin A. 2-4 µg of nuclear proteins were incubated with a 
32P-labelled -107 to -60 a.2(I) procollagen promoter fragment and DNA-protein complexes were 
separated by electrophoresis on a non-denaturing 5% polyacrylamide gel. I, II and ID indicate 
the complexes formed with the a.2(1) procollagen promoter fragment with complex III proteins 
being present in extracts prepared in the absence of protease inhibitors. Degradation of both 
complex I and II is more extensive in CT-1 extracts. 
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in SVWI-38 fibroblasts through an unknown mechanism. These observations were 

made from both experiments using either a probe that recognises complex I, II and lIJ 

or a probe specific for complex II and its degradation products (Figures 2.2 and 2.3, 

respectively). Leupeptin is an inhibitor of serine proteases like trypsin, plasmin and 

porcine kallikrein, and cysteine proteases such as papain, cathepsins B, H and L. 

Pepstatin A, on the other hand, is an inhibitor of aspartic proteases such as cathepsin 

D, renin and pepsin. These results, however, do not provide conclusive evidence as to 

the specific protease responsible for the degradation of complex II proteins to 

complex III proteins. To confirm proteolysis, nuclear proteins were allowed to bind to 

the promoter fragment, the complexes formed were treated with different proteases 

and DNA-protein complexes were analysed by EMSA. It is evident from figure 2.5 

that complex I and II proteins contain protease-resistant DNA-binding domains or at 

least the DNA-binding domain is protected from protease digestion in the presence of 

DNA Interestingly, treatment of nuclear extracts with proteases in the absence or 

presence of DNA produced no significant differences in DNA-protein interactions 

(Figure 2. 6) but it is possible that the type and concentration of the protease as well as 

the incubation period will determine the extent of proteolysis. These findings are 

consistent with studies by Hooft van Huijsduijen et al (184) where protease treatment 

of the DNA-NF-Y complex was shown not to degrade the DNA-binding domain of 

the protein. In a separate report, Dreier et al (185) demonstrated that partial 

proteolysis of the transcription factor Stat3 generates fragments of characteristic sizes 

that have retained the ability to engage in sequence specific DNA binding. Although 

these results suggest that the DNA-binding domain of transcription factors is resJStant 

to certain proteases, it should be emphasised that in the cytosol, there are numerous 

types of proteases (mainly of lysosomal origin) that could have a much more 

extensive damaging effect on the integrity of transcription factors in crude nuclear 

extracts. Thus, the conclusion from this section is that complex Ill is a degradation 

product of complex U and complex II proteins represent DNA-protein interactions 

formed on the CME box of the a2(1) procollagen promoter. It would be very 

interesting to determine the role of conversion of complex II to complex III with 

regards to transcriptional regulation of the a2(1) procollagen gene. 
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Figure 2.3: DNA binding activity of CT-1 and SVWI-38 nuclear extracts prepared in the 
presence of various combinations of protease inhibitors. Nuclear proteins were extracted in 
the absence or presence of PMSF, Leupeptin, Pepstatin A, PMSF/Leupeptin or PMSF/ 
Pepstatin A following a modified method ofDignam et al (245) as described in section 6.6.1. 
Proteins were incubated with a 32P-labelled -107 to -60 fragment of the a2(I) procollagen 
promoter DNA-protein complexes were resolved by electrophoresis on a non-denaturing 5% 
polyacrylamide gel and the gel was scanned with a Packard Instant Imager. The number of 
counts obtained for each band were used to calculate the ratio of complex II to complex ill. 
CT-13, CT-1 extracts prepared as in Parker et al (13) in which leupeptin and pepstatin A were 
not included in the extraction buffers; CT-lb, CT-l nuclear extracts prepared in the presence 
of PMSF, Leupeptin and Pepstatin A. I, Il, and III ~DNA-protein complexes. It is very clear 
that complex ITI is present in both CT-1 and SVWl-38 nuclear extracts prepared in the absence 
of leupeptin and so are other degradation products that still retained DNA binding activity. 
The ratio of complex lI to complex III in the extracts prepared in the absence of leupepti n was 
found to be 2 ± 0.2 fold higher for SVWl-38 compared to CT-I. 
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Figure 2.4: DNA binding activity of CT-1 and SVWI-38 nuclear extracts prepared in the 
presence of protease inhibitors. Nuclear proteins were prepared as described in figure 2.3. 
Proteins were incubated with a 32P-labelled fragment of the a2(I) procollagen promoter that 
encompasses only the CME region located between -67 and -78. DNA-protein complex.es 
were resolved by electrophoresis on a non-denaturing 5 % polyacrylamide gel, the dried gel 
was scanned with a Packard Instant Imager and the ratio of complex II to complex 111 
calculated. The ratio of complex II to complex III in the absence of leupeptin was 1.5 ± 0.3 
fold higher for SVWI-38 in comparison to CT-1 nuclear extracts. CT-la, CT-1 extracts 
prepared as in Parker et al (13); CT-l h, CT-1 nuclear proteins were extracted in the presence 
of a protease inhibitor cocktail (leupeptin, pepstatin A and PMSF). The extent of degradation 
of complex II proteins to complex Ill proteins is greater in CT-1 compared to SVWI-38. 
Although some degradation products are present in lanes containing leupeptin, no complex III 
is present in these extracts. 
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Figure 2.5: The effect of protease treatment on DNA-protein interactions. Nuclear 
proteins prepared according to the modified Dignam method (section 6.6. I) were incubated 
with the 32P-labelled -107 to -60 a2(I) procollagen promoter on ice for 20 minutes, the reaction 
mixture was treated with 0.1, 0.5 or 1.0 mg of the indicated proteases, incubated for a further 5 
min on ice and DNA-protein complexes were resolved by electrophoresis on a non-denaturing 
S % polyacrylamide gel. Complex Ill proteins, present in nuclear extracts prepared in the 
absence of protease inhibitors were retarded to the same extent as some of the degradation 
products obtained with proteinase Kand cathepsin D. The molecular weight of the complex 
depends on the cleavage site for each specific protease. 
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Figure 2.6: DNA-protein interactions of nuclear proteins treated with proteases. Nuclear 
proteins were prepared as described in section 6.6.1., treated with 0.5 mg/ml of the indicated 
proteases in the absence (-) or presence ( +) of a 32P-I a belled -78 to -67 a2(I) procollagen 
promoter fragment on ice and DNA-protein complexes were resolved by electrophoresis on a 
non-denaturing 5 % polyacrylamide gel; the gel was subsequently exposed to X-ray film for 
16 hours at -70 °C. The probe used in this assay is specific for complex II proteins and 
degradation products of complex 11. Treating proteins with proteases in the absence or 
presence of DNA generated specific products that migrate faster than complex Ill but they 
still retained DNA binding activity. It is possible that the degree of degradation depends on 
the concentration of and the incubation period with a specific protease. CT-l3, CT-I proteins 
prepared as described in Parker et al ( 13); CT-I b, CT-I proteins prepared as described in 
section 6.6.1. 



2.2.2. Site-directed mutagenesis of the a.2(1) procollagen promoter 

Several protocols have been described in the literature ranging from the use of a 

single primer with single-stranded DNA as a template to the use of multiple primer 

sets to introduce specific mutations in a gene by PCR. The most successful and easier 

method seems to be the PCR-based one. The main advantage of this method is the 

fact that the desired mutation is obtained with close to 90-100 % efficiency. The 

disadvantage of this method lies in the fact that Taq DNA polymerase tends to 

introduce errors, but these can be reduced by using a Taq DNA polymerase with a 

higher fidelity. The method of Higuchi et al (186) was used to introduce mutations in 

the a.2(1) procollagen promoter (Figure 2. 7). In this protocol, two primary PCR 

reactiot1s produced two overlapping DNA fragments, both bearing the same mutation 

in the overlap region. The overlap in sequence allows the fragments to anneal and 

only one of the hybrids can be extended by DNA polymerase to produce a duplex 

fragment. The other hybrid has recessed 5'-ends, and is thus not extended by the 

polymerase and is effectively lost from the reaction mixture. Templates used in the 

PCR reaction were pNJs400 19A and -375 COLCA T. The pN.Ts400 19A plasmid 

contains a 400 bp Sphl fragment consisting of 50 bp of exon l and 350 bp of the 

promoter region of the a.2(1) procollagen gene subcloned into the Sphl site of pUCl 9. 

The -375 COLCAT plasmid contains the 50 bp region of exon I and a 375 bp 

sequence of the a.2(1) procollagen gene upstream of the transcription start site cloned 

into p8CA T. The first PCR reactions were carried out with complimentary primers 

designated A and A' together with the respective primers that anneal to the different 

vectors, namely, M13 Forward primer (B) and p8CAT Forward primer (C) for 

pNJs400 19A and -375 COLCAT, respectively. Table 2.1 summarises the PCR 

conditions used to generate the PCR products while the primer sets are listed in Table 

2 .2. The two pr-oducts (Figure 2.7 A) were resolved by agarose gel electrophoresis, 

bands of interest excised, and DNA from the two PCR reactions, i.e. 303 and 218 bp 

fragments, were co-eluted . This mixture was then used in a second PCR reaction in 

the presence of the flanking prirn.ers B and C only. The final PCR products were 

digested with Hind llJ and Pst 1 for cloning into p8CAT (see Appendix for a map of 

p8CAT) to generate the rn.utant -343 COLCA.T promoter constructs (Figure 2.7C, 
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2.7D, Figure 2.8). To generate the -107 COLCAT constructs, the -343 COLCAT 

vectors were digested with Sma 1 which cuts the insert at -107 as well as p8CAT on 

the 5' end of the insert to release a 236 bp fragment (Figure 2.7D, Figure 2.8). To 

confirm the sizes of the cloned fragments, plasmid DNA was digested with EcoRI, 

Hind III and Pst I, or Hind III and Sma I (Figure 2.8). All mutants were confirmed by 

dideoxy sequencing using a Col+ 1 primer (see Table 2.2) which anneals to the 

promoter region between -1 and -25 such that the sequence upstream of the promoter 

could be determined. F igures 2.9A-F are the sequenced regions of mutations 

introduced in the cx-2(1) procollagen promoter. The presence of deletions in Mut US 

and Mut CMEJ (.1CME3) might have resulted from "slipping" of the polymerase 

during amplification. Since these sequences could also be considered as mutations in 

the respective cis-elements, they were nevertheless used in subsequent transfection 

experiments. 

Table 2.1: PCR conditions for amplification of the ex,2ffi procollagen promoter 

using the primers shown in Table 2.2 

Cycle no. Tem1>, Time 

94 °C 2 minutes 

94°c 30 seconds 

ss0 c 30 seconds 

12°c 1 minute 

12°c LO minutes 

PCR reactions contained 2-50 ng plasmid DNA, 100 pmol primer and lU Takara™ Taq DNA 
polymerase in a total volume of 50 µI; the other components are described in section 6.4.7. 

2.2.3. The inverted CCAAT box and the adjacent, inverted GGAGG sequence 

are important for promoter activity 

Two sets of mutations were introduced in the previously described G/CBE element of 

the a.2(1) procollagen promoter, one in the CCAA T box and the other in the upstream 

GGAGG box. The mutated sequences were cloned into p8CAT and transfected into 
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Figure 2.7: Site-directed mutagenesis PCR of the cx2(1) procollagen promoter. Plasmids 
pNJ400s 19A and -375 COLCAT (see text for details) were amplified with primers A/Band 
A'/C (see Table 2. land 2.2), respectively, to introduce point mutations in the o:2(1) procollagen 
promoter. PCR products (A) were co-eluted from agarose gels (section 6.4.2), annealed and 
re-amplified with primer B and C to generate a 521 bp product (B). The DNA was digested 
with HindIII and PstI (C) and cloned into p8CAT (see Appendix for the map of p8CAT) to 
generate the -343 COLCAT plasmid. This plasmid was digested with Smal (D) and re-ligated 
to generate the -107 COLCAT plasmid. H; HindIII, P ; Pstl, S; SmaI. 
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Figure 2.8: Restriction enzyme analysis of the a.2(1) procollagen promoter-CAT 
constructs. Plasmid DNA was digested with the indicated restriction enzymes to release the 
promoter fragments cloned into p8CAT. Digestion with EcoRl releases the cloned promoter 
fragment plus 250 bp of p8CAT vector. (A) DNA fragments were resolved by 
electrophoresis on a 1.5 % agarose gel and stained with ethidium bromide. (B) Restriction 
map of the -343 COLCAT construct. 

C7; p8CAT sequences, ~ ; a.2(1) procollagen promoter sequences, 

- ; a.2(1) procollagen exon sequences, 

CAT; Chloroamphenicol acetyl transferase gene 
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Figure 2.9: Analysis of mutations in the G/CBE region of the a2(1) procollagen promoter. 
Mutations in the G/CBE element of the a2.(I) procollagen gene were introduced by site­
directed mutagenesis as described in figure 2.5. The promoter was subsequently cloned into 
p8CAT reporter plasmid and sequenced by the Sanger dideoxy sequencing protocol as 
described in section 6.4.6 using the Col+ 1 primer (see Table 2.2). The lower case letters 
indicate the mutations. (A) Wild type, (B) Mut US, and (C) Mut CCAAT. 
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Figure 2.9 (continued): Analyses of mutations in the collagen modulating element (CME) 
of the a2(I) procollagen promoter. Mutations in the CME region of the promoter of the 
a2(I) procollagen gene were introduced by PCR as described in figure 2.5 and mutations 
confirmed by Sanger dideoxy method (section 6.4.6). (D) Wild type, (E) Mut CMEl, (F) Mut 
.1CME. 
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the two transformed WI-38 cell lines, namely, the a2(I) collagen producing cell line, 

CT-1 and non-cx.2(1) collagen producing cell line, SVWI-38 fibroblasts. Cells were 

transfected with 10-20 µg of plasmid DNA by the calcium-phosphate precipitation 

method as described in section 6.2. To control for transfection efficiency, cells were 

co-transfected with 2-5 µg of a cmvpgal plasmid> which contains the ~-galactosidase 

gene under the control of the cytomegalovirus promoter. Cells were 

Table 2.2: Primer sets used in site-directed PCR mutagenesis. 

5' CCC AGC CCT CCC ATT GGT GGA GGC CCT 3' 

5' AGG GCC TCC ACC AAT GGG AGG GCT GGG 3' 

5' CCC AGC AAT AAC ATT GGT GGA GGC CCT 3' 

5' AGG GCC ICC ACC AAT GTT ATT GCT GGG 3' 

5' CCC AGC CCT CCC ~TT G~T GGA GGC CCT 3' 

5' AGG GCC TCC AGC AAG GGG AGG GCT GGG 3' 

5' CCC AGC CCT CCC A TT GGT TT A TTC CCT 3' 

5' AGG GAA TAA ACC AAT GGG AGG GCT GGG 3' 

5' CCC AGC CCT CCC ATT GGT GGA GAC GTT 3' 

5' AAC GIC TCC ACC AAT GGG AGG GCT GGG 3' 

5' GTT TTC CCA GTC ACG ACG TTG TA 3' 

5' GGA TAT ATC AAC GGT GGT ATA TCC 3' 

5' AAAATA ATAAAG CCC GGA TCT GCC CJ' 

The base substitutions are underlined in all mutated oligonucleotides. G/CBE and CME elements are 
underlined in U1e wild type sequence; A and A' are complementary oligonucleotides. 

harvested and CAT and ~-galactosidase activities were determined as described in 

sections 6.2.5 to 6.2.6. The aim was to establish tbe role of the CCAAT-binding 

factor in the two fibroblast cell lines that differ in their ability to express the cx.2(1) 

procollagen gene. Mutations in the inverted GGAGG element (Mut US) reduced 

promoter activity by 7-fold for the -343 construct and by 12-fold for the -107 
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consttuct in CT-1 fibroblasts (Figure 2.10 and 2. I 2). The mutation in the inverted 

CCAAT box (Mut CCAAn reduced promoter activity by approximately 9-fold for 

the -343 and 7-fold for the -107 constructs (Figure 2.10 and 2.12). In SVWI-38 

fibroblasts, on the other hand, the actjvity of the Mut US promoter construct was 

reduced by 3- and 8-fold for the -343 and -107 constructs, respectively, as shown in 

figure 2.11 and 2.13 while a 3-fold and 9-fold reduction in promoter activity was 

observed with the Mut CCAAT for both the -343 and -107 constructs. As expected, 

the collagen producing CT-1 fibroblasts generally had a much higher promoter 

activity than the SVWI-38 cell line following transfection with the wild type 

construct. Both the GGAGG and CCAAT box mutations had negative effects on 

promoter activity in both CT-1 and SVWI-38 fibroblasts. These results indicate that 

the integrity of the G/CBE element is important for the expression of the cx2(I) 

procollagen gene, irrespective of the level of expression of the gene in a particular 

ceJI line. 

2.2.4. DNA-protein interactions on mutated G/CBE oligonucleotides 

The analysis of promoter activity in transient transfection assays assumes that the 

different transcription factors recognise their respective cis-elements, thus eliciting its 

effect in the transcription of the reporter gene, in this case the CAT gene. To confirm 

that the presence of mutations interfered with binding of transcription factors, in vitro 

DNA binding assays were can-ied out in the presence of a wild type probe and the 

different mutant oligonucleotides were used as competitors. The wild type and mutant 

DNA fragments (169 hp) were released from -107 COLCAT constructs by digestion 

with Sma 1 and Hind III and purified from polyacrylamide gels by the crush-soak 

method (section 6.4.2.3). Figure 2.14 illustrates the effects of the two upstream 

mutations on DNA-protein interactions. There was competition in the presence of the 

wild type construct, whilst the presence of the mutant oligonucleotides did not result 

in competition of complex I, and complex II was competed out because the sequence 

recognised by complex II binding proteins was not mutated in this oligonucleotide 

Similar DNA-protein interactions and competition with mutant oligonucleotides were 

obtained for both CT-l and SVWJ-38 nuclear extracts (data not shown). 
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Figure 2.10: The effect of G/CBE mutations on the activity of the -343 COLCAT 
construct CT-1 fibroblasts. (A) Schematic representation of the -343 COLCAT 
constructs showing the region of the promoter where mutations were introduced; the 
G/CBE element is underlined; point mutations are shown in bold letters. (B) CT-1 

fibroblasts were transfected with 20µ.g of wild type or mutant -343 COLCAT constructs by 
the calciwn phosphate precipitation method (see section 6.2\ Sµg of a cmvf3gal plasmid 
was co-transfected to control for transfection efficiency. Cells were incubated in fresh 
medium for 48 hours, harvested and tJ1e post-nuclear supernatant (PNS) was obtained 
following 3 cycles of freeze-thawing in liquid N2 and centrifugation at 13 000 rpm at 4 ° C. 

The supernatant was used in CAT and J3galactosidase assays as described in section 6.2.2. 
Graphical representation of the activity of the -343 COLCAT construct containing the 
indicated mutat1ons. Promoter activity is expressed as the ratio of CAT act1vity to 
J3galactosidase activity. Results represent the mean ± SD of three separate experiments 
performed in triplicate; p values were calculated using the student t test. 
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Figure 2. t t : The effect of G/CBE mutations on the activity of the -343 COLCAT in 
SVWl-38 fibroblasts. (A) Schematic representation of the -343 COLCAT constructs used 
in transfection experiments. (B) SVWI-3 8 .fibroblasts were transfected with -343 COLCAT 
constructs that contain mutations in the G/CBE region of the promoter as described in 
section 6. 2. Cells were harvested and the CAT activity determined. The CAT activity is 
expressed relative to ~-galactosidase activity (see section 6.2.2). Results represent the mean 
± SD of three separate experiments done in triplicate, p values, calculated using the student 1 

test, were much, much smaller than 0.0001. 
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Figure 2.12: The effect ofG/CBE mutations on the activity of the-107 COLCAT 
constructs in CT-1 fibroblasts. (A) A schematic outline of the -107 cx-2(1) procollagen 
promoter-CAT construct~ the G/CBE region of the promoter is underlined; point mutations 
are indicated in bold letters. (B) Fibroblasts were transfected with 20µg of the -107 
COLCAT constructs containing mutations in the G/CBE region of the promoter as 
described previously. Transfected cells were harvested and the post-nuclear supernatant was 
assayed for CAT and ~-galactosidase activities as described in section 6_2. Results represent 
the mean ± SD of three separate experiments done in triplicate and p values were determined 
by the student t test. 



56 

Sma 

CAT 
-107 +l 

Wild type 5' CCT CCC ATT GGT GGA GGC CCT TTT 3' 
MutUS 5' -ATAACATTGGTGGAGGC CCTTTT3' 
Mut CCAAT S' CCT CCC CTT GCT GGA GGC CCT TTT 31 

8000 -

c ..... 
6000 □ Wild Type 

> ·.:: 
<J 

□ Mut US 
~ 

E- □MutCCAAT 
< 4000 u 
~ 

> ·.:: 
~ -~ 
~ 

2000 -

8-fold ,1, 9-fold ,1, 
(p = 0.0004) (p = 0.0008) 

-
I,: 

- .. _ ~1 I I 0 

Figure 2.13: The effect ofG/CBE mutations on the activity of the-107 COLCAT 
constructs in SVWI-38 fibroblasts. (A) A schematic representation of the -107 a.2(1) 
procollagen promoter-CAT constructs; the G/CBE region is underlined and point mutations 
are indicated in bold letters. (B) SVWJ-38 fibroblasts were transfected with -107 COLCAT 
constructs containing mutations in the G/CBE region of the promoter as described in figure 
2.10. Enzyme assays were performed with the post-nucJear supernatant as described in 
section 6.2. Results represent the mean± SD of three separate experiments earned out in 
triplicate and all p values were calculated using the student t test. 
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Figure 2.14: Competition of DNA-protein complexes by mutated CCAAT box and the 
upstream GGAGG sequences. CT-1 nuclear proteins were incubated with 32P-labelled 
-107 to -60 a2(I) procollagen promoter (114 bp) and DNA-protein complexes were resolved 
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by electrophoresis on a non-denaturing S % polyacrylamide gel. For competition EMSA, -107 
COLCAT constructs were digested with Smal and Hindlll to release a 169 bp fragment (see 
figure 2.8) which was eluted from a polyacrylarnide gel by the crush-soak method described in 
section 6.4.2.3. For competition EMSA reactions, nuclear proteins were incubated with poly 
dl.dC and the indicated concentrations of competitor DNA at room temperature for 10 minutes, 
a 32P-labelled probe (114 bp) was added and the incubation was continued on ice for 30 min. 
DNA-protein complexes were separated by electrophoresis on a non-denaturing 5% 
polyacrylamide gel. Although both the 114 bp and 169 bp WT fragments contain wild type 
sequences, the 114 bp DNA fragment was a better competitor since it contains promoter 
sequences only between - I 07 and -60 whereas the 169 bp DNA fragment contains sequences 
between -107 and +54. Complex II proteins were sometimes competed at 80 ng of competitor 
DNA. WT; wild type, US; mutated upstream GGAGG box, CCAAT; mutated CCAAT box. 
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2.2.5. The CME binding protein(s) functions as a repressor of transcription 

A second set of mutations was introduced into the CME of the a2(1) procollagen 

promoter. Two such mutations, Mut CMEl and Mut 6CME3 (See Table 2.2), were 

cloned into p8CA T and transfected into the a2(I) procollagen expressing CT-1 and 

the non-expressing SVWJ-38 fibroblasts. The promoter activity of the -343 Mut 

CMEl COLCAT construct increased by 1.6 fold over the wild type promoter 

construct in CT-1 fibroblasts while a L 7 fold increase was observed with the ~CMEJ 

COL CAT construct (Figure 2.15). Transfection of the same plasmids into SVWl-3 8 

fibroblasts also resulted in an increase in the activity of the promoter. The Mut CMEl 

COLCAT construct had a 1.9-fold increase in promoter activity whilst the .1.CME3 

COLCAT construct had a 3-fold increase in activity (Figure 2.16). Surprisingly, the -

l 07 COLCAT mutant constructs did not have any increased promoter activity, 

instead the activity decreased by l.8- and 1.2-fold for Mut CME1 COLCAT and Mut 

£\CME3 COLCAT constructs, respectively, in CT-1 fibroblasts (Figure 2.17). In 

SVW1-38 fibroblasts, the decrease was 1.7- and 1.2-fold for the Mut CMEl 

COLCA T and Mut 6CME3 COLCAT constructs, respectively (Figure 2. 18). No 

significant differences in promoter activity were observed between the -107 wild type 

and Mut 6CME3 constructs. The observation from this section was the clear 

difference in the response of the two fibroblast cell lines to the presence of mutations 

in the CME element; although a significant increase was observed in both cell lines, it 

was higher in SVWl-38 fib roblasts. These results suggest that the CME is involved in 

DNA-protein interactions in SVWl-38 fibroblast that could possibly account for some 

of the down-regulation of the a2(I) procollagen gene. Hence, mutation of this 

element lead to a significant increase in the activity of the promoter since the 

inhibitory effect of these interactions was removed. 

2.2.6. DNA-protein interactions on mutated CME oligonucleotides 

_In order to determine the effect of the mutations on in vitro DNA-protein interactions, 

electrophoretic mobility shift assay (EMSA) studies were performed as described in 

section 6.6.2. Binding reactions included the 169 bp Sma J./Hind III fragment, 
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Figure 2.15: Transcriptional activity of the mutant CME -343 COLCA T constructs 
in CT-1 fibroblasts. CT-1 fibroblasts were transfected with the -343 COLCAT 
constructs using the caJcium phosphate precipitation method. Cells were harvested and 

CAT and 13-galactosidase activities measured as described in section 6.2, CAT activity is 
expressed relative to 13-galactosidase activity. (A) A schematic representation of the -343 
COLCAT constructs showing the CME region (underlined); point mutations are 
indicated in boJd letters. (B) Relative CAT activity of CT-1 fibroblasts. Results represent 
the mean± SD of five separate experiments perfonned in triplicate; p values were 
determined by the student t test. 
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Figure 2.16: Transcriptional activity of the mutant -343 COLCA T construct in 
SVWI-38 fibroblasts. (A) A scheme showing the -343 a2(1) procollagen promoter-CAT 
construct; the CME is underlined and point mutations are indicated in bold letters. (B) The 
relative CAT activity of SVWJ-38 fibroblasts transfected with the -343 COLCAT 
constructs containing mutations in the CME region. CME; collagen modulating element. 
Results represent. the mean ± SD of five separate experiments done in triplicate and p 
values were calculated using the student / test. 



,e. ·-... ·~ 
(,J 

= 
~ 
< u 
q,, ... 
:.:: 
~ -q,, 

~ 

A 

B 

J 5000 -

12000 

9000 

6000 

3000 

0 

Wild type 

Mut CivfEl 
Mut LlCME3 

SmaJ 

-107 +] 

---------5' CCT CCC ATT GGT GGA GGC CCT TTT 3' 
5' CCT CCC ATT GGT TTA ITC CCT TTT 3' 
5' CCT CCC ATT GGT GGAGAC G-T TTT 3' 

□ Wild Type 

□MutCMEl 

□MutCME3 

t.2.--fold .J, 
(p ~ 0.57) 

1.8-fold .J, 
{p = 0.093) 

Figure 2.17: TranscriptionaJ activity of the mutant CME -107 COLCAT constructs 
in CT-1 fibroblasts. (A) A schematic representation of the -107 COLCAT constmcts; 
the CME region is underlined and point mutations are indicated in bold letters. (B) The 
relative CAT activity of CT-1 fibroblasts transfected with -107 COLCAT constructs with 
mutations in the CME region. Results represent the mean ± SD of five separate 
experiments done in triplicate; p values were detennined by the student I test. 
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Figure 2.18: Transcriptional activity of the mutant CME-107 COLCAT construct 
into SVWI-38 fibroblasts. (A) A schematic representation of the -107 COLCAT 
constructs~ the CME is underlined and mutations in the promoter are indicated with bold 
letters. (B) Relative CAT activity of SVWT-38 fibroblasts transfected with the -107 
COLCAT constructs. Results represent the mean ± SD of five separate experiments 
performed in triplicate; p values were calculated using the student t test. 
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described in section 2.2.4, but in this case, the mutations were in the CME region. 

The wild type sequence resulted in competition of both complexes I and II, while the 

mutated oligonucleotides had lost the ability to compete complex II binding (Figure 

2.19). The increase in promoter activity can therefore be correlated with failure of 

complex II proteins to interact with the mutated promoter constructs. 

2.2.7. Comparison of the transcriptional activity of the human and mouse 

proximal cx.2(1) procollagen promoter. 

Previous studies have demonstrated the presence of a three base pair mismatch 

between the CME regions of the mouse and human cx.2(1) procollagen promoters (59). 

This mismatch has been shown to abolish the formation of complex II when the 

mouse promoter is used as a probe in EMSA reactions in the presence of nuclear 

proteins from either mouse or human fibroblasts. However, complex II formation is 

observed with nuclear extracts from both human and mouse cell s when the human 

promoter is used as probe (59). From section 2.2.5, it is evident that mutations of the 

CME increased promoter activity, especially in SVW1•38 fibroblasts. It was therefore 

decided to compare the transcriptional activity of the human and mouse cx.2(1) 

procollagen promoters, bearing in mind that the three base pair mismatch in the CME 

region is not the only region of mismatch in the proximal promoter of these genes. 

CT-1 and SVWI-38 fibroblasts were transfected with 20 µg of the -343 COLCAT 

human or mouse constructs and CAT activity determined as described in section 

6.2.6. It is evident from figure 2.20 that the human promoter activity was 6-fold 

higher than the mouse promoter in CT-I fibroblasts and a 9-fold difference was 

observed in SVWI-38 fibroblasts. The significance of these findings will be discussed 

in section 2.3. 
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Figure 2.19: Competition of DNA-protein complex formation by mutated CME 
oligonucleotides. Nuclear proteins from CT-1 fibroblasts were incubated with a 32P-labelled 
-107 to -60 a 2(I) procollagen promoter fragment (114 bp) and DNA-protein complexes were 
resolved by electrophoresis on a non-denaturing 5 % polyacrylamide gel. The -107 COLCAT 
promoter constructs of mut CME l and ~CME3 were digested with Smal and HindIII to 
release a 169 bp fragment, DNA was eluted as described in section 6.4.2.3 and used as 
competitors in the EMSA reaction. WT; wild type, CME, collagen modulating element (see 
Table 2.2 and Figure 2.7 for the sequence of the mutations) 
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Figure 2.20: Comparison of the transcriptional acth1ity of the human and mouse -
343 a.2(I) procollagen promoters in CT-1 and SVWI-38 fibroblasts. (A) A schematic 
representation of the -343 a.2(I) procollagen promoter-CAT constructs. Cells were grown 
to 40 % confluency and transfected with 20 µg of the -343 human or mouse a.2(1) 
procoUagen promoter-CAT constructs using the calcium phosphate precipitation method 
as described in section 6.2. Cells were harvested and (B) the relative CAT activity of -343 
COLCAT constructs transfected into CT-1 and SVWI-38 :fibroblasts were determined as 
described in section 6.2. The above results represent the mean± SD of three separate 
experiments performed in triplicate; the student t test was used to calculate p values. 
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2.3 DISCUSSION 

Type I collagen is synthesised by a limited number of cell types in intact animals and 

embryos, inter alia osteoblasts, odontoblasts, fibroblasts, mesenchymal cel ls and 

smooth muscle cells (54)_ A number of reports have described different elements 

both upstream and downstream of the transcription initiation site of the a l (l) and 

a2(I) procollagen genes that modulate their expression. Procollagen genes which 

contain transcriptional regulatory regions in the first intron include: a] (I), a.2(1), 

al(ll) and al(IV) (62). The proximal promoter region harbours a number of 

transcription factor binding sites of which the CCAAT binding protein (CBF), also 

referred to as NF-Y and CP1 , is the best characterised, although most of the work was 

carried out with the mouse a.2(1) procollagen promoter (53). CBF recognises CCAAT 

motifs in most promoters of mammalian genes transcribed by RNA polymerase 11 

(53) , 

In this study, the regulation of the human a2(J) procollagen gene by the CCAAT­

binding protein, referred to as CBF, was investigated. Furthermore, this study sought 

to characterise the role of this protein in procollagen and non-procollagen expressing 

fibroblasts. Mutations were introduced in the promoter in the previously described 

G/CBE element (13,51) and the effects of these mutations analysed by transient 

transfection assays using a CAT reporter gene. From the results section it is clear that 

mutations in this element drastically decreased promoter activity regardless of the 

ability of the cells to express a.2(1) procollagen, This feature of CBF to regulate 

transcription of most genes can be explained by the observation by Coustry et al 

(187) that CBF complexes with dT AFl 10, a TATA box binding protein-associated 

factor. T AFs are components of the general transcription machinery and they play 

important roles in transcription activation (188). Th.is suggests that CBF is required 

for the formation of the pre~initiation complex by allowing formation of further 

protein-protein interactions while anchored via T AF 110 to the TAT A binding protein 

(TBP) with a consequent increase in transcriptional activity (187). The protein­

protein interaction between the activator and T AF might stabilise the binding of 
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TFIID to the TATA box, or it might induce a conformational change in the TFIID 

complex that promotes the assembly of the initiation factors into an active complex. 

To support the suggestion that CBF might be involved in protein-protein interactions 

with the basal transcription factors, transfections carried out with the basal promoter 

element between -107 and +54. The mutated G/CBE element had significantly 

reduced promoter activity in both CT-1 and SVWI-38 cell lines. These results suggest 

that transcriptional activation of the a.2(1) procollagen gene by CBF can take place in 

the absence of upstream elements. 

Previous analysis of the CBF binding sites have indicated that mutations of each 

nucleotide of the CCAA T sequence in the promoter of the mouse a2(I) procollagen 

gene decreases promoter activity and abolishes CBF binding (53). A similar 

observation was made by Ihn el al (47) whereby mutations in the CCAAT box not 

only abolished CBF binding but also resulted in a significant reduction in the activity 

of the proximaJ promoter of the human a.2(!) procollagen gene. In a related study, 

Chen et al ( 189) demonstrated that mutation of the two CCAAT boxes present in the 

human cdc2 promoter interfered with basal promoter activity and the promoter failed 

to be transactivated by the SV40 large T antigen. In addition 5'-deletion analysis and 

substitution mutagenesis of the fatty acid synthase promoter revealed that an essential 

element required for cA.N.lP antagonism of the insulin effect was an inverted CCAA T 

box located betweeh nucleotides -99 and -92 in the fatty acid synthase gene (190) . An 

extensive review on the role of the CCAAT binding protein in transcriptional 

regulation is presented in a report by Maity and de Crombrugghe (53). Interestingly 

not aJl promoter elements containing the CCAAT sequence bind CBF, suggesting that 

specific nucleotide sequences other than CCAAT are necessary for CBF binding (53). 

High affinity CBF binding sites have been shown to contain [T/C][NG]LA/G] as the 

51 flanking sequence and CA as the 3' flanking sequence of CCAAT (53). Our studies 

have shown that whilst the integrity of the 5' fl.an.king sequences are essential for CBF 

binding in the cx.2(1) procollagen gene, the 3' flanking sequences are not required. 

Mutations in the upstream inverted GGAGG box of the human a.2(1) procollagen 

promoter effectively reduced the activity of the promoter to the same extent as 
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mutations in the CBF binding sequence. In order to determine whether the effect of 

mutations in the G/CBE element in vivo can be correlated with in vitro DNA-protein 

complex formation, complex formation was assayed by EMSA. lt is evident that the 

decrease in the expression of the CAT gene in these mutated constructs can be 

ascribed to decreased DNA binding. Thus, it can be concluded that the CCAAT box 

and the adjacent 5' flanking inverted GGAGG sequences are important in the 

regulation of the expression of the a2(1) procollagen gene and this region of the 

promoter binds a factor with a positive effect on transcription of the gene. The 

significance of these results can be extended to the finding that the regulation of the 

expression of the a2(I) procollagen gene by the G/CBE binding proteins takes place 

regardless of the ability of a particular cell line to express the gene. 

Comparison of the mouse and human a2{1) procollagen promoters revealed that there 

is about 86 % sequence similarity between nucleotides -324 and -224 with homology 

decreasing in both the 5' and 3' directions. For example, NF I binds to the mouse 

sequence between -290 and -304, but the equivalent region in the human gene does 

not contain this element ( 46), The mouse a2(I) procollagen promoter region between 

nucleotides -180 and -136 has been shown to bind BFCOL (48). Although mutations 

in the binding site of this protein results in an increase in promoter activity,. the 

authors argued that BFCOL is not a repressor but that these mutations allow binding 

of more potent transcriptional activators with a net increase in promoter activity. In 

contrast, the human a2(1) procollagen promoter has been shown to possess a 

repressor binding site between -173 and -1 55 (47). Based on the sequence homology 

between the human and mouse a2(I) procollagen promoter in this region, it is very 

tempting to suggest that the protein(s) that binds to this region is similar to BFCOL. 

A small 3-base difference in the sequence between the a2(1) procollagen promoters 

of mouse and human occur in the region between -80 and -67 (13,51 ). This region has 

been shown previously to harbour a potential repressor binding site in the human 

a2(1) procollagen promoter (59). To further characterise this segment of the 

promoter, functional studies using sit~-directed mutagenesis together w ith transient 
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transfection assays with a CAT reporter gene were performed. Whilst the activity of 

the promoter was significantly increased in the two cell lines in the presence of the 

mutations in the CME element, the increase was higher in the SVWI-38 fibroblasts. 

Previous transfection results with a wild type promoter CAT construct have 

demonstrated that the activity of the promoter is markedly decreased in SVWI-38 

·-compared to that of CT-1 and Wl-38 fibroblasts (13). This observation suggested that 

there is an active repressor in SVWI-38 fibroblasts that could possibly account for 

this reduction in promoter activity. Interestingly, there were no differences in the 

DNA binding profiles for nuclear proteins extracted from the latter two cell lines as 

was previously reported (13,51,59). Mutations that increase promoter ac.,-tivity 

compared to the wild type promoter can be accounted for by the possibility that: (a) 

the protein that binds the mutant sequence is a bona fide transcriptional repressor, or 

(b) the DNA binding protein is a weak activator and the increase in promoter activity 

of the mutant promoter is due to binding of a stronger activator to the mutant 

promoter (54). Although mutations in the BFCOL binding site yielded the same 

phenomenon and the authors suggested that this site could overlap binding sites for 

potent activators such that in the presence of mutations, these activators bind more 

efficiently to the mutated region as compared to BFCOL (48). If the CME-binding 

protein was a less potent activator, inhibition of its binding by the presence of 

mutations in its binding site, accompanied by improved binding of CBF should 

increase promoter activity significantly in both cell lines, or more so in CT-1 

fibroblasts. The CCTCC motif in G/CBE and the GGAGG motif in the CME (Figure 

2.21) could possibly engage in the formation of a secondary structure, for instance 

dyad symmetry (51); mutations in the CME could alter this conformation and 

therefore the promoter will acquire a much more relaxed conformation which will 

then allow improved interactions at the G/CBE element w ith a consequent increase in 

promoter activity. The secondary structure can be disrupted by introducing a spacer 

sequence between the G/CBE and CME binding motifs that would allow analysis of 

independent contribution of these motifs in activation of transcription. In this study, 
0 

however, the increase in the activity of the promoter construct containing mutations 

in the C1\.1E was greater in SVWT-38 fibroblasts compared to CT-1 fibroblasts. The 
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activity of the promoter construct with CME mutations transfected into SVWI-38 

fibroblasts 'increased to levels similar to the activity of the wild type promoter 

construct transfected into CT-1 fibroblasts. Therefore, the possibility that mutations 

in the CME resulted in increased binding of potent activators to the mutated 

sequences does not appear to be the case in this study. The more favourable argument 

is that fhe CME binding protein acts as a repressor. It should be emphasised that the 

increase in promoter activity was only evident with the proximal promoter construct 

suggesting a possible involvement of upstream elements. Transfection of the -I 07 

promoter construct did not yield the same increase, instead the activity of the 

promoter was lower than for the wild type construct. Results obtained with the -107 

promoter constructs that contained CME mutations are contrary to results obtained 

when cells were transfected with the -107 promoter constructs that contained 

mutations in the G/CBE; it would appear that the G/BE binding protein is required in 

the activation of the a.2(1) procollagen gene via interaction with the general 

transcription factors whilst the CME binding protein requires upstream 

elements/factors to regulate gene expression. 

5' -CCT CCA TTG GTG GAG GCC CTT TT-3' 
3' -GGA GGT AAC CAC CTC CGG GAA AA-5' 

Figure 2.21: Schematic representation of the G/CBE-CME region in the 

promoter of the human a.2(1) procollagen gene. Regions represented in bold could 

engage in formation of a secondary structure. 

Ibn and Trojanowska ( 40) have demonstrated that although Sp l/Sp3 are 

transcriptional activators of the human a.2(1) procollagen gene, they also bind to a 

repressor site between -164 and -159 region, which is characterised by a TCCCCC 

motif It is therefore possible that mutations in the basal - l 07 promoter construct do 

not yield the desired effect as evidenced with the -343 construct since the basal 

promoter construct lacks regulatory sequences such as the upstream TCCCCC motif 

which might be recognised by proteins that act in synergy with the CME binding 



function as being important in determining the mechanism of repression rather than 

the repressor complex only, Recently identified silencers with a motif homologous to 

the CME were reported in the human platelet derived growth factor A-chain (+1605 

to +1630: CGGGGAGGGGGAGTGGGGGACGCC and - 1418 to -1388: 

GGGGAGGGGG), and the rat cytochrome P-450 CYPlAI (-873 to -851 : 

CCTCCACTCT) genes, however, the identity of the factor(s) that recognise these 

elements, however, are still unknown ( 188). 

It has been shown that the in vitro activity of the mouse a.2(D procollagen enhancer is 

not limited to fibroblasts, although it may function only in cell types that are capable 

of synthesising type I procollagen (62). Some of the cell lines in which the enhancer 

is active include NilI/3T3 and 3T3-L 1 mouse fibroblasts, HeLa human cervical 

carcinoma cells, and CV- I African Green Monkey kidney cells (62). In addition a 

number of non-fibroblastic cell types such as kidney epithelial cells1 smooth muscle 

cells and macrophages can synthesise type I collagen (191-193). In view of this, it is 

interesting to note that the CME binding proteins are ubiquitous, they have been 

shown to be present in a wide range of human cell lines, namely, U937 monocytic 

cells, HT I 080 fibrosarcoma cells, HepG2 hepatocellular carcinoma cells, L-77 

lymphoblasts, MDA-MB-231 and ZR-72-2 breast cancer epithelial cells, normal and 

transformed fibrobJasts (59). In addition, these proteins have been shown to be 

present in extracts from rodent cell lines such as p388D1 mouse macrophage cells, 

3T3 and 3T6 rodent fibroblasts (59). Although transfection studies showed that the 

CME binding proteins are involved in the regulation of the a.2(1) procollagen gene 

expression, they do not, however, explain the ubiquity of these proteins. 

In a study by Chen et al (52), it was demonstrated that comparison of the in vitro 

DNase 1 footprints for each of the procollagen promoters from cell lines which either 

expressed or did not express type I procollagen revealed a similar pattern of 

protection, suggesting that the different binding proteins were present in all cell types 

studied. In vivo footprints over the same promoter segments that produced in vitro 

footprints were, however, cell specific, occuning only in fibroblasts and not in other 
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cell types that did not express type I procollagen (52). These results suggested that 

although all cell types tested contained nuclear proteins that can bind to the proximal 

promoter of the type I procollagen genes in vitro, it is only in fibroblasts that these 

proteins actually bind to their cognate sites in vivo. Liver nuclear extracts from 

Phenobarbital treated and untreated rats produced the same DNA-protein interactions 

at the Phenobarbital response element identified in the rat cytochrome2B1/2 and 

mouse cytochrome2b 10 genes (194). There were no differences in the protected 

region in in vitro footprints, but analyses of the native chromatin in vivo obtained 

from treated and untreated rats, showed dramatic differences in the protection pattern. 

In the major histocompatibility class II genes, binding sites for ubiquitous proteins 

have also been shown to be occupied only in cells that express the genes (195). These 

reports suggest that although a specific factor is ubiquitous, it may interact only with 

its specific binding site in cells where it has function. 

To further characterise the role of CME binding proteins, CT-I and SVWI-38 

fibroblasts were transfected with human and mouse wild type proximal promoter 

constructs, The rationale being that, if mutations in the CME region increase 

promoter activity, then transfection of the mouse promoter should generate the same 

effect since the mouse promoter contain a three base pair mismatch in the CME 

region. Interestingly the mouse promoter was less active in human cells. These results 

further support the notion that the CME region alone is not sufficient for repression of 

the a.2(1) procollagen gene. Alternatively, these observations could simply reflect 

differences in regulatory elements present in the human and mouse promoters, where 

different DNA-protein complexes are formed resulting in variations in the activities 

of these promoters. 

To summarise, this chapter demonstrated that only a single factor, complex II, 

associates with the CME region of the a.2(1) procollagen promoter in in vitro DNA 

binding assays whereas the previously characterised complex Ill is a specific 

proteolytic fragment of complex II. Although complex II proteins are present in a.2(1) 

collagen producing and non-producing cells, namely CT~ 1 and SVWI-38 fibroblasts, 
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binding assays whereas the previously characterised complex III is a specific 

proteolytic fragment of complex II. Although complex II proteins are present in a2(I) 

collagen producing and non-producing cells, namely CT-1 and SVWI-3 8 fibroblasts, 

respectively, it appears that the regulation of express·ion of the a2(1) procollagen gene 

by the CME is different in the two cell lines. A sign1ficant increase in promoter 

activity was observed in both CT-1 and SVWI-38 fibroblasts following transfection 

with promoter constructs that contained mutations in the CME but the increase was 

greater for SVWI-38 fibroblasts; thus leading to the conclusion that the CME binding 

protein acts as repressor of transcription of the a2(1) procollagen gene, and perhaps 

this effect is cell-specific as suggested by Leaner (59). The existence of a 

transcription factor that represses a2(I) procollagen gene expression in fibroblasts 

suggests a high degree of complexity in the regulation of this gene, and obviously this 

regulation will impact on synthesis of overall type I collagen. Further studies will 

seek to understand why fibroblasts need an inhibitor of transcription of procollagen 

genes and perhaps a lso to establish the role of the repressor during development, 

hormonal regulation as well as transformation and metastasis. It would be interesting 

to investigate the role of the specific proteolytic product ( complex IIT) in the 

regulation of expression of the a2(l) procollagen gene. The presence of an intact 

DNA-binding proteolytic fragment could be an indication of the presence of a 

functionally autonomous DNA-binding domajn, Although the proteolytic fragment 

might have no bearing on regulation of the gene, it might be an essential tool for 

mapping amino acid residues engaged in direct contact with DNA. The G/CBE 

binding protein, on the other hand, is required for gene activation in both cell lines. 

Members of the CCAA T binding factor family of proteins have been shown in a 

number of studies to activate transcription of a variety of genes, thus it is not 

surprising that the G/CBE binding protein also activates transcription of the human 

a2(I) procollagen gene in transformed cells. In addition, these results agree with 

observations that the CCAAT element is involved in the activation of the mouse 

a2(I) procollagen gene. It can be concluded that the G/CBE binding protein activates 

the expression of the a2(I) procollagen gene whilst the CME binding protein is 

involved in interactions that result in repression of the gene. 
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CHAPTER3 

PURIFICATION AND CHARACTERISATION OF THE 

PROCOLLAGEN MODULATING ELEMENT (CME) BINDING 

PROTEJN(S) 

3.1 INTRODUCTION 

A number of studies have reported on the presence of cis-regulatory sequences in the 

promoter and first intron of the human a.2(1) procollagen gene (see previous 

chapters). Most of these studies focused on the identification and characterisation of 

the regulatory sequences by demonstrating their requirement in basal or induced 

promoter activity. An understanding of the molecular mechanisms by which they 

control gene expression requires the identification and characterisation of these 

transcription factors. Progress in this field, however, has been retarded mainly by the 

fact that transcription factors are present in extremely low quantities in cells and some 

of these factors might require induction and/or have high turnover rates. 

D ifferent approaches have been employed to purify transcription factors. Two 

approaches that have generally enjoyed success are (a) molecular cloning of 

transcription factors by screening cDNA expression libraries and subsequent 

expression of the protein in bacteria or yeast cells, and (b) conventional biochemical 

purification from tissues or cultured cell s. The main advantage of the first method is 

that in addition to the isolation of the cDNA encoding the transcription factor, the 

method requires only the use of the consensus binding sequence to "pull-out" the 

correct clone. T his approach, however, has been shown to generate many false 

positives. Some of the transcription factors isolated using this approach include oct-

1/2, CREB and BFCOL (48, 196-198). A number of researchers have reported the 

successful use of conventional biochemistry in the purification of transcription 

factors, such as OTF-1/2, TFIIA, CBF, Sp l and BBF (199-205). The purified 
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transcription factor was then used to raise antibodies or to generate a pa11ial amino 

acid sequence of the protein. Recently, transcription factors have been analysed by 

the use of matrix-assisted laser desorption/ionisation at the t ime of flight mass 

spectrophotometer (MALDITOF-ms), as will be described later in this chapter. 

This chapter will describe biochemical purification of complex. II proteins by ion­

exchange chromatography, sequence-specific DNA affinity chromatography, sodium 

dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and attempts to 

identify and characterise the complex Il proteins. 
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3.2 RESULTS 

3.2.1 Purification of the CME binding protein 

As mentioned in Chapter 2, complex II binding proteins are fairly ubiquitous, in that 

they are expressed in many different cell lines, including cells such as haemopoietic 

cells, epithelial cells and fibroblasts (Figure 3.1). The objective of the previous 

chapter was to demonstrate that complex II proteins play a functional role in the 

regulation of cx.2(J) procollagen gene expression. For the purpose of purification, the 

cell line of choice was the U937 monocytic cell line because they grow rapidly in 

suspension cultures, thus making it cheaper and faster to work with these cells than 

with fibroblasts . Cells were grown in RPMI-1640 supplemented w ith 10 % foetal calf 

serum and antibiotics in a humidified atmosphere in 150cm2 tissue culture flasks as 

described in section 6_ 1.2 . Confluent cells were harvested by centrifugation and 

nuclear proteins were prepared using a modified version of the D ignam protocol 

(Section 6 .6 .1). Nuclear proteins were assayed for DNA binding activity by EMSA 

(see section 6.6.2) prior to purification and the activity was again monitored at each 

purification step. 

3.2.1.l lon-exchange chromatography 

Complex I and II DNA-binding activities can be separated from each other by ion­

exchange chromatography on a heparin-agarose matrix (57). Elution of these proteins 

was effected with a stepwise KCI gradient, complex I and II proteins eluted at 0 .2M 

and 0.4M KCl, respectively_ Approximately 40 mg of the crude nuclear extract was 

loaded o nto a heparin-agarose ion-exchange column (15 cm x 0.5 cm), and eluted 

with increasing concentrations of KCI. Figure 3.2 illustrates a typical elution profile 

of transcription factors that bind to the -107 to -60 cx.2(1) procollagen promoter; each 

fraction was assayed for DNA binding activity by the electrophoretic mobility shift 

assay (EMSA described in section 6.6.2). The flowthrough fraction occasionally 

contained complex I and II proteins depending on the starting protein concentration 

of the nuclear extracts. It is evident that chromatography by ion-exchange is an 

important step in the purification of complex II proteins since its activity could be 
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Figure 3.1: Electrophoretic mobility shift assay of nuclear proteins extracted from 
different cell lines. Nuclear proteins were extracted from clifferent cell lines follow:i ng a 
modified method ofDignam et al (245) as described in section 6.6.l. Crude nuclear protein 
extract (4.ug) was incubated with 104 cpm of a 32P-dCTP labelled-107 to-60 a.2(I) 
procollagen promoter fragment;2µg of polydI.dC was included in the reaction to minimise 
non-specific binding. DNA-protein complexes were resolved by electrophoresis on a non­
denaturing 5% polyacrylamide gel, the gel was dried and exposed to X-ray film for 16 hours 
at -70 °C. I; complex I, II; complex II. 
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Figure 3.2: Heparin-agarose ion-exchange chromatography ofU937 nuclear proteins. 
Nuclear proteins were extracted from U937 monocytic ce!Js as described in section 6.6.1 
following a modified method of Dignam et al (245). 40 mg of the crude nuclear extract was 
loaded onto a 15 cm x 0.5 cm heparin agarose column. Proteins were eluted with CB buffer 
containing 0. lM, 0.2M, 0.4M or IM KC! (see section 6.7). Each fraction was assayed for 
DNA-binding activity and DNA-protein complexes were resolved by electrophoresis on a non­
denaturing 5% polyacrylamide gel. (A) Electrophoretic mobility shift assay (EMSA) of 
heparin agarose fractions; (B) A typical elution profile of nuclear proteins from the heparin 
agarose column monitored with a UV detector at A:is0nm· Each peak represents a specific 
fraction eluted at thenindicated [KCl] in the buffer. FT~ flowthrough fraction, I~ complex I 
and Il~ complex II proteins. 



separated from that of complex I. These fractions, however, are not homogeneous 

since many non-DNA binding proteins are still present. 

3.2.1.2 DNA affinity chromatography 

The next step in the purification process involved preparation of a sequence specific 

DNA affinity matrix (section 6 .6 .3 .2. 1 ). This was accomplished by following the 

procedure of Kerrigan and Kadonaga (206). Briefly, the method entails annealing the 

complementary oligonucleotides recognised by the protein of interest, 

phosphorylation and ligation of the oligonucleotides to generate concatamers (see 

Figure 33). Ideally, oligonucleotide multimers of 10-mers or larger should be 

coupled to the matrix to increase specific binding. Whilst smaller multimers of less 

than 10-mers can be used, they tend to give very poor yields of the protein factor of 

interest due to steric hindrance that arises when a short oligonucleotide is used against 

the Sepharose support. Multimers of complementary CME oligonucleotides were 

prepared and analysed by electrophoresis on a 1.5 % (w/v) agarose gel (Figure 3.4). 

This oligonucleotide mixture was coupled to cyanogen-bromide activated-Sepharose 

4B. A 5ml column (7 cm x 0.5 cm) was then packed with the matrix and equilibrated 

with a lx DNA binding assay buffer (see section 6.7). The OAM KCI fractions from 

heparin-agarose were pooled and pre-incubated for 30 minutes on ice with polydI.dC 

to reduce non-specific binding to the matrix, diluted to about 0.1M KCI and loaded 

onto the DNA affinity column. Proteins were eluted with the EMSA binding buffer in 

the presence of increasing concentrations of KC!. A typical elution profile from the 

affinity matrix is illustrated in figure 3.5. The highest complex II DNA-binding 

activity was obtained in fractions eluting between 0.SM and 0. 7M KC!, hence in 

subsequent purifications, elution of complex 11 proteins was effected in 0. 7M KCI 

(Figure 3.6). AJthough the affinity matrix bound sufficient amounts of complex JI 

proteins, it appeared that 1t reached saturation very rapi.dly, with at least 50 % of the 

remaining proteins present in the flowthrough fraction. In addition to DNA binding 

assays, purification was monitored by SDS-PAGE followed by silver staining of the 

gels (see section 6 .6 .5). A peculiar observation from these SDS gels (Figure 3 .7) was 

the fact that the presence of P-mercaptoethanol (P-MSH) or dithiothreitol (DTT) in 
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Figure 3.3: Affinity purification of DNA-binding proteins. The scheme was adapted from 
the method of Kerrigan and Kadonaga (206). Complementary CME oligonucleotides (A and 
A') were annealed, phosphorylated and ligated to generate multimers of no less than l 0-mers. 
The multimeric oligonucleotides were coupled to cyanogen bromide(CNBr) activated 
Sepharose 4B and reactive groups were blocked by successive washes with 0.2M glycine 
(section 6.6.3.2.1 ). The matrix was then packed into suitable columns and used to purify 
proteins pooled from the heparin agarose purification step. See a detailed description of the 
method in section 6.63.2. 
A ; 5' A ATT CGG AGG CCC TTT TGG AGG GGA GGC CCT TTT GGA GG 3', 
A'; 5' A ATT CCT CCA AAA GGG CCT CCC CTC CAA AAG GGC CTC CG 3'; 
The oligonucleotides were designed such that they had 5' AATT 3' sticky ends for ease in the 
ligation step. 
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Figure 3.4: Agarose gel electrophoresis of multimers of CME oligonucleotides. 
Complementary CME oligoaucleotides (A and A') were annealed, phosphorylated and ligated 
to generate multimers as outlined in figure 3.3; successful multimerisation was confinned by 
electrophoresis on a 1.5 % agarose gel and the gel was stained with ethidium bromide. The 
sequences for A and A' are as described on figure 3.3 . 

81 



A 
QJ 
-0 ~ ~ ~ ~ ~ ~ ~ ~ = E,,-1 ~ i.. .-I M ""' lfl \C t-: QO 0\ u ~ 0 0 0 0 0 0 0 0 -

I 

II 

Free 

B 2.4 r------------- ----------~ 1.2 

1.9 ,,. 
0.8 

i 0.6 

u r.,... 

0.4 

0.2 

-0.J 

Fraction no. ---i►• 

Figure 3.5: DNA affinity purification of Complex II proteins. The heparin agarose fraction 
containing complex II DNA-binding activity (Figure 3.2) was pre-incubated with 0.5 µg 
polydI.dC for 30 min on ice, diluted to 0.1 M KC! with a salt-free EMSA incubation buffer 
(section 6.7) and loaded on.to the DNA affinity column (7 cm x 0.5 cm). Proteins were eluted 
with a [KCIJ gradient from Oto lM with EMSA buffer. Fractions were analysed for DNA 
binding activity by EMSA as described in section 6.6.2. (A) Non-denatu1ing polyacrylamide 
gel electrophoresis of DNA affinity fractions analysed by EMSA. DNA aftinity fractions were 
incubated with a 32P-labelled -107 to -60 fragment of the a2(I) procollagen promoter. B) The 
relative band intensity of the autoradiograrn was plotted against fraction number, the 0.5M and 
0.6M KCl fractions contained the highest complex Il DNA-binding activity. The broken line 
represents the KC! concentration gradient. FT~ flowthrough. 
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Figure 3.6: DNA-binding activity of proteins eluted from the DNA affinity column. The 
0.4M heparin agarose fraction was incubated with polydI.dC for 30 min on ice and loaded onto 
the DNA affinity column (7cm x 0.5cm). The column was washed with 0. lM KCI in EMSA 
buffer and complex II proteins were eluted with buffer containing 0.7 M KCI. DNA affinity 
fractions were incubated with the - l 07 to -60 a2(I) procollagen promoter fragment and DNA­
protein complexes resolved by electrophoresis on a non-denaturing 5% polyacrylamide gel. 
The gel was exposed to X-ray film for 16 hrs at -70°C. The equivalent protein concentrations in 
each EMSA reaction are indicated at the bottom of each lane. 



the SDS-sample buffer resulted in non-specific bands between ~50 and ~67 kDa, 

effectively making it very difficult to ascertain whether purification had been 

achieved. The exclusion of either DTT or f3-MSH in the sample buffer, however, 

cleared the gel of any non-specific bands (see Figure 3.9). Although this was an 

affinity matrix, there were several contaminating bands in the complex II fraction but 

the complex was considerably homogeneous in comparison with the heparin-agarose 

fraction. A second affinity purification was performed in which case all complex II 

containing fractions from the first affinity purification were pooled and loaded onto a 

second affinity matrix column. Figure 3.8 illustrates the elution of complex II activity 

from the second affinity purification step; the accompanying silver stained SDS­

polyacrylamide gel under reducing and non-reducing conditions is depicted in figure 

3.9A and B. Two major polypeptides of ~50 kDa and ~67 kDa are present in the 

fraction containing complex II activity. Different volumes of the affinity fraction 

were loaded to ensure that the two major bands were indeed an indication of the 

extent of purification. Although a third affinity purification step was performed, too 

much of the sample was lost and this step was omitted from the purification 

procedure. 

A summary of the purification results is presented on Table 3.1. Although it is 

difficult to calculate the activity of the transcription factors, it is generally assumed 

that 4ng of probe is required to bind ~ 1 ng of complex II protein under standard 

EMSA conditions. Therefore, the concentration of the probe used in the DNA binding 

reaction is in excess of a specific transcription factor. To correlate radioactivity to 

units for the activity of each transcription factor, the amount of radioactivity in each 

band was determined by scanning the gel with a Packard Instant lmager. From Table 

3.1, it is evident that the second affinity purification step improved the purification by 

1186-fol.d but the yield was less than 10 %. The high specific activity support the 

SOS-PAGE results in that the last purification step showed very little contaminating 

protein bands, although they might be present in small quantities that are beyond the 

detection limit of the silver nitrate staining protocol. 
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Figure 3.8: EMSA analysis of the second DNA affinity purified complex II proteins. 
The 0.7M KC! first affinity fraction was pre-incubated with polydl.dC on ice for 30 min, 
diluted to O. IM KC! with the salt-free elution buffer and loaded onto second DNA affinity 
column (2 cm x O 5 cm). Complex II proteins were eluted with a 0.7M KC! buffer and 
analysed for DNA-binding activity by EMSA as described previously. The autoradiograph 
shows a loss of complex II activity in the second affinity purification step. 
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Figure 3.9: SDS-PAGE analysis of affinity fractions of complex II proteins. Proteins 
were precipitated with ice-cold acetone, the pellet washed with 70% (v/v) ethanol, dried and 
resuspended in Laemmli buffer (see section 6. 7) in the presence (A) or absence (B) of 
~-mercaptoethanol. Proteins were resolved by electrophoresis on SDS-12 % polyacrylamide 
gels and the protein bands visualised by silver staining as described in section 6.6.5. 
In (B) only the 0.7M KCl fractions were loaded on the gel ; 75 µI and 25 µI of the 2nd affinity 
fraction were loaded to ensure that the bands observed were not non-specific artifacts. 
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Table 3.1: Summary of purification results 

12.15 

1.50 

0,28 

94.52 

21.59 

10.06 

7,779 
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475 
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The different fractions were incubated in the presence of a P-!abelled probe (section 6.4.9. 1) and 
DNA-protein complexes resolved by electrophoresis on a non-denaturing 5 % polyacrylamide gel 
(section 6.6.2). The activity of the DNA binding protein was estimated from the radioactivity in each 
band on the EMSA gel using a Packard Instant Imager, they are expressed as relative wuts not 
absolute. 
I~ specific activity was calculated by dividing the activity by U1e protein concentration; 
2~ the yield was calculated as a percentage of the ratio oftl1e activity of U1e preceding step. 

3.2.2 Analysis and characterisation of CME binding proteins 

Transcription factors are present in the cell at very low quantities of about 0.01 % or 

less of total cellular proteins, hence purification of transcription factors will remain 

one of the challenges in the study of gene regulation. To characterise the purified 

proteins, a number of strategies were employed in this study, these included the 

generation of antibodies, partial N-terminal sequence analysis, and matrix-assisted 

laser desorption/ionisation at the time of night mass spectrophotometer 

(MALDlTOF-ms) analysis. 

3.2.2.1 Generation of antibodies against complex JI protein 

To raise antibodies, the single affinity purified fractions were used smce this 

procedure requires the use of relatively high concentrations of protein. l O µg of 

protein was mixed with complete Freund' s adjuvant and the mixture injected 

subcutaneously into either three weeks old Balb/C mice or 6 months old rabbits. 

Animals were boosted with protein plus ihcomplete Freund ' s adjuvant every two 

weeks. Animals were given the last boost one week prior to a test bleed where 200 µl 

of blood was collected from the tail vein of mice or 2 ml from the hind leg of each 

rabbit. The blood sample was allowed to clot at 3 7°C for 16 hours and the serum was 
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collected by centrifugation at 13 000 rpm at 4 °C for 10 minutes. 40 µg of crude 

nuclear proteins were resolved by electrophoresis on SDS-12 % polyacrylamide gels 

and immobilised onto nitro-cellulose membranes as described in section 6.6.7.2. The 

membrane was blocked with 5 % (w/v) fat-free milk in lx Tris-buffered saline 

supplemented with 0.1 % (v/v) Tween 20 (TBST) for 2 hours or 16 hours. This 

incubation was important in order to reduce non-specific binding as shown in figure 

3.10. The membrane was cut into strips and 1ncubated with sera (200x dilution) from 

immunised or non-immunised mice or rabbits for 2 hours at room temperature, 

washed and incubated with a secondary antimouse IgG- or antirabbit IgG-horseradish 

peroxidase (HRP) conjugate. Bands were visualised by staining the membrane in the 

presence of hydrogen peroxide and 4-chloro-1-naphthol as a substrate. Only sera 

from rabbits contained antibodies to some of the proteins (Figure 3 .10) with three 

major bands showing intense staining at ~38, 50 and 70 kDa. It was necessary to test 

if any of these antibodies were specific to complex TI proteins since animals were 

immunised with the first affinity fraction that was not totally homogeneous. Nuclear 

proteins were pre-incubated with sera in the presence of polydl.dC, the -107 a.2(1) 

procollagen probe was added to the reaction, and DNA-protein complexes were 

separated by electrophoresis on a non-denaturing 5 % polyacrylamide gel. From 

figure 3.11, it is evident that none of the sera contained antibodies against complex Il 

proteins; the presence of a specific antibody should either inhibit complex formation 

by blocking the DNA-binding domain or supershift an existing complex due to the 

increased size associated with the presence of the antibody-protein-DNA complex. 

3.2.2.2 Partial N-terminal sequencing of complex Il proteins 

The second affinity fractions that contained complex II activity (Figure 3.8) were 

pooled and ~40-60 µg protein separated by electrophoresis on a SDS-12 % 

polyacrylamide gel transferred to a polyvinylidine ditluoride (PVDF) membrane and 

stained with Coomassie blue (see section 6.6.7.1). Protein bands were excised and 

analysed on an automated protein sequencer. Attempts at sequencing generated only a 

12 amino acid sequence for the 50 kDa protein: -
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Figure 3.10: Western blot analysis of polyclonal antibodies raised in rabbits. 50µg of 
nuclear proteins were separated by electrophoresis on SDS-12 % polyacrylamide gels and 
immobilised onto nitro-cellulose membranes. The membranes were blocked with 5 % (w/v) 
fat-free milk in Tris-buffered saline containing 0.01 % (v/v) Tween 20 (TBST) for 2 hours (A) 
or 16 hours (B), cut into strips and probed with polyclonal sera (200x dilution) from different 
immunised (lanes 1-4) and non-immunised (lane 5) rabbits. Specific protein bands were 
visualised by incubating with a secondary anti-rabbit IgG-horseradish peroxidase (HR.P) 
conjugate for 45 minutes followed by staining with 4-chloro-1-naphthol dissolved in methanol 
and H20 2 as substrates (see section 6.6.7.2) C) A gel stained with Coomassie blue to show 
protein bands in the samples. 
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Figure 3.11: DNA-protein interaction on the -107 a2(1) procollagen promoter in 
the presence of rabbit polyclonal antibodies. Nuclear proteins were incubated with sera, at 
different dilutions, from immunised and non-immunised rabbits for 10 minutes at room 
temperature, a 32P-labelled -107 to -60 a2(I) procollagen promoter fragment was added 
followed by a further incubation for 20 min on ice. DNA-protein complexes were resolved on a 
non-denaturing 5 % polyacrylamide gel. The appearance of supershifted bands was observed in 
all concentrated PAb samples, including the non-immunised serum sample, thus implying 
overloading of protein. PAb-polyclonal sera, NI- non-immunised sera. 
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Q[EGM]-EVG-EE[G]-E[G]-G; where the [ ] refer to either/or, while (- ) 

indicate no signal. 

These results were irreproducible and on a second sequencing attempt no signal was 

obtained even after using more protein. The 67 kDa protein did not generate any 

sequence, in fact no signal was obtained, suggesting that _th.is polypeptide _was N­

terminally blocked. 

3.2.2.3 MALDITOF-ms analysis of complex II proteins 

Mass spectroscopy has become a powerful tool for the analysis of proteins, but more 

importantly, it has revolutionised the field of molecular biology and protein chemistry 

(207). MALDI is usually combined with a time-of-flight (TOF) mass spectrometry; 

ions are accelerated to a kinetic energy of approximately 25keV and subsequently 

allowed to fly through a fixed distance field-free region of ~ 1 metre before they are 

recorded by the electric signal generated upon impact at the detector. The TOF in the 

field-free region is related to the mass:charge (mlz) ratio of a given ion. The use of 

mass spectroscopy coupled to MALDTTOF permits identification and characterisation 

of proteins present at very low concentrations in cells, specifically transcription 

factors. Second affinity purified complex II proteins were separated by 

electrophoresis on a SDS-12 % polyacrylamide gel and the bands of interest ( ~50 and 

67 kDa polypeptides) were excised and treated for in situ trypsin digestion as 

described in section 6.6.8. Proteins were digested with trypsin for 16 hours at 37°C 

and peptides e luted by alternate washes with 100 % (v/v) acetonitrile and 10 % (v/v) 

formic acid. The supernatant was dried and resuspended in a 0.1 % (v/v) 

triflouroacetate:acetonitrile (2:1) solution (TFA:ACN) and analysed by MALDITOF­

ms using sinapinic acid as a matrix. Figures 3 .12 and 3 .13 illustrate a typical 

MALDITOF-ms spectra of peptide fragments present in the TF A: ACN-sinapinic 

acid mixture. The peptide masses were challenged against existing databank 

sequences using SwissProt.r35 on the htt}2;_@rospector.ucsf.eg_y site. With a peptide 

mass tolerance of 1.500 Da, a l 00 % match with part of a mouse zinc finger protein 

ZFP-27 (MKR4 protein) was obtained (Table 3.2). These preliminary results suggest 
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Figure 3.12: Mass spectrum for the 50 kDa polypeptide. Proteins purified by DNA 
affinity chromatography were separated by electrophoresis on a SDS-12% polyacrylamide 
gel, stained with Coomassie blue, the SO kDa polypeptide band was excised, and processed 
for in-gel trypsin digestion as described in section 6.6.8. Peptide fragments were analysed 
by MALDITOF-ms (see section 6.6.9 for details of conditions). Numbers on the spectra 
indicate the mass:charge (mlz) ratios for each peptide. 
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Figure 3.13: Mass spectrum for the 67 kDa polypeptide. 
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Proteins were separated by electrophoresis on a SDS-12% pol yacrylamide gel as described 
in figure 3. 11 A, the 67 kDa polypeptide band was excised, and processed for in-gel trypsin 
digestion. Peptides fragments were analysed by MALDITOF-ms. 
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that polypeptides that constitute the complex II protein contain a zinc finger motif(s), 

Although a 100 % match was obtained, it does not follow that the complex lI protein 

is ZFP-27, since the matched peptides covered only 23 % of the protein, furthermore, 

the molecular weight of ZPF-27 is only 47.341 kDa. Ifit is assumed that both the 67 

and 50 kDa polypeptides associate to form complex II proteins, therefore the apparent 

molecular weight of this protein would be approximately 117 kDa. These results, 

although preliminary, provide evidence for classification of complex 11 proteins in the 

same class as Spl, a zinc-finger transcription factor as well as a GC-rich binding 

protein. Further manipulations include the use of other proteases such as 

endoproteinase Lys-C to confirm the MALDITOF-ms profile obtained with trypsin 

and ultimately sequencing of some of the peptides remains crucial. The significance 

of the primary structure is crucial for designing primers to screen a cDNA library to 

search for the gene coding for this protein and of course at this stage it is possible to 

raise antibodies against some of the peptides to further characterise this protein_ 

Table 3.2: MS-Fit search results using SwissPr·ot.r35 

Data M H+ Delta Start End Peptide sequence 

submitted matched Da A.A A.A 

1.04 l 9 58 70 (K)AFTQKSTLRMHQK(l) 

3136.6821 1,2779 338 365 (K)AFNQKSILIVHQKIHT 

GEKPQVCAECGRA(A) 

3185.6299 -0.9199 282 309 (K)AFTQRSEPVTHORIB 

TGEKPYGCRPCGK(A) 

I 3240.6597 -0.0697 142 169 (K)AFTYRSELHHQRTHT 
'n 
:I 

GEKPYQCGDCGK(A) ~i 
" a 

The molecular weight of ZFP-27 is 47341.8 Da, and the Acc. # Pl 0077. The matched peptides cover 

23 % of the protein. 



3.3 DISCUSSION 

The work described in this chapter demonstrates the difficulties experienced with 

purification of transcription factors. Successful purification depends on a high 

concentration of the starting material, the type, i.e. basal or inducer-specific, and 

stabil ity of the transcription factor. Nuclear proteins were extracted from 0937 

monocytic cells, the first purification step involved ion-exchange chromatography 

using a heparin-agarose matrix. Complex II proteins eluted at high salt concentration~ 

suggesting that these proteins form much stronger electrostatic interactions with the 

heparin~agarose matrix; thus implying that these proteins might have several exposed 

positively charged side groups which could be important for DNA-binding activity. 

The important aspect of the ion-exchange step, however, was that it allowed 

separation of complex I and II activities. 

Purification of Spl by sequence specific DNA affinity chromatography was 

recommended for purification of other DNA binding proteins since this step enhanced 

the extent of purification by more than 60-100 fold in just one step (208). The next 

step in the purificat ion process involved preparation of a sequenc~specific DNA 

affinity matrix for further purification of complex II proteins. An interesting 

observation was that, although the matrix was specific for complex II proteins, other 

non-specific proteins were retained. This could arise from the non-ionic interactions 

between proteins and the Sepharose support through hydrophobic bonds. With 

repeated affinity purification, however, it was possible to improve the purity of the 

protein. In some of the published work on purification, authors used etther 

hydroxylapetite, DNA-agarose and mutated or 11on-specific oligonucleotides to 

concentrate DNA-binding proteins prior to purification of a specific transcription 

factor on a sequence-specific DNA affinity matrix (199-201). 

The use of conventional chromatogrnphy in the purification of transcription factors 

might appear tedious and old fashioned, however, it is st ill one of the common 

approaches in modern molecular biology. ln a recent report, Wang and Kudlow (209) 
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purified TEFJ , a transcription factor that controls the human TGFa, promoter, by the 

sequence specific DNA affinity chromatography from rat kidney nuclear extracts. 

Purified TEF 1 was shown to interact with the proximal regulatory element of TGFa, 

promoter and was able to activate transcription in BeLa cell nuclear extracts in an in 

vitro transcription experiment (209). Other recent reports where sequence specific 

DNA affinity chromatography was employed in the purification of transcript1on 

factors include a) copurification of two polypeptides from rat liver that were 

identified as histone Hl d and H1 c fo llowing microsequencing of peptides generated 

by endoproteinase Lys-C, b) purification of the human transcriptional cofactor 

complex CRSP (a complex with an approximate relative molecular mass of 700 kDa 

that contains nine subunits of molecular weights ranging from 33-200 kDa) that is 

required together with the T AF(Il)s for transcriptional activation by Sp 1, c) 

purification of a protein identified as CArG-box binding factor-A that binds to the 

SP6-K promoter and d) purification of the heteromeric transcriptional activator MvaT 

of the Pseudomonas mevalonii rnvaAB operon that encodes HMG-CoA reductase 

(EC 1.1.188) and HMG-CoA lyase (EC 4.1.3.4), enzymes that catalyse the initial 

reactions of rnevalonate catabolism in this organism (2 10-213). 

The extent of purification is commonly monitored by electrophoresis on SD S­

polyacrylamide gels fo llowed by silver staining since very low quanti ties of the 

protein are available fo r analysis. Silver staining has the disadvantage of int roducing 

background staining in the presence of reducing agents like (3-rnercaptoethanol ((3-

MSH) (214). From the results section, it was evident that by excluding (3-MSH, it was 

possible to visualise specific bands. Two polypeptides with electrophoretic mobilities 

on SDS-polyacrylamide gels of 50 and 67 kDa were obtained when complex TI 

proteins were purified by DNA-affinity chromatography, however, the fraction was 

not 100 % homogeneous. In a study by Collins et al (56) the molecular weight of 

complex IIJ proteins was estimated at 4 1 kDa from UV cross-linking experiments and 

South-Western blotting. Some of the lower molecular weight components could 

therefore be degradation products. Interestingly, during purification of TFIIA by 

affinity clu·omatography, precipitation with 5 or 20 % (w/v) trichloroacetic acid 
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generated a number of minor bands with lower molecular weights than 38 kDa 

observed on SOS gels and the authors proposed that these bands could represent a 

pool of degradation products of the 38 kDa protein regarded as TFI1A (215) , Thus it 

is possible that differences in the sizes of the low molecular weight protein could 

arise from proteolytic degradation during analysis by UV-cross linking, more so the 

41 k.Da polypeptide was associated with complex III proteins; in Chapter 2, complex 

III proteins were shown to be specific degradation products of complex II proteins. In 

addition, analysis of the second aflinity fractions by SDS-PAGE followed by silver 

staining shows the presence of a smear below the 50 kDa band, supporting the 

suggestion that some proteolysis does occur during precipitation of proteins. 

The aim of this section was to obtain the primary amino acid sequence of the protein 

in order to determine whether it is a known transcription factor or related to any 

known transcription factor. If this was not the case, then one avenue would be to 

synthesise primers for screening a cDNA library for the cDNA of interest. Initially 

we attempted to raise antibodies in mice and rabbits, although antibodies were present 

in sera from rabbits only, none of the antibodies reacted with complex II proteins as 

shown by EMSA studies. It is possible that antibodies of interest were not present 

because the antigenic determinant was not recognised as "foreign' '. More so, complex 

II proteins have been shown to be present in rodent cells (59) thus they might not be 

considered "foreign". Digestion with a protease prior to injection into mice/rabbits 

could have improved the immune response but this would have required the use of 

larger amounts of protein. In the literature, antibodies raised successfully against 

transcription factors usually involved the use of either synthetic peptides or 

recombinant proteins (216, 217). 

The next attempt at identification and analysis of complex Il proteins was to carry out 

N-terminal sequencing. From the results section it is apparent that the two 

polypeptides separated by electrophoresis on SDS-polyacrylamide gels were blocked 

at their N-termini . It is not uncommon for eukaryotic proteins to have blocked N­

termini since they are known to undergo extensjve post-translational modifications 
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II formation is zinc dependent (56). Transcription factors with Zn finger motifs 

include galactose-dependent activator (GAL4) protein, steroid receptors, Krijppe/ and 

Hunchback Drosophila proteins, c-Krox and Spl transcription factors (reviewed in 

220). It is interesting that proteins like the Sp l and c-Krox transcription factors 

recognise GC-rich regulatory sequences in promoters and intrans of a variety of 

genes (39), in the same way that complex II proteins recognise a relatively Ge-rich 

element in the a2(I) procollagen promoter. Although the MALDITOF-ms results 

implicate complex II proteins as a Zn finger protein, it should be emphasised that 

these results are still very preliminary. Work in progress is focused on obtaining the 

ml z ratios from peptides digested with other proteases like Lys-C and to pool some of 

the peptides of interest for sequencing by tandem mass spectroscopy. 

To conclude, this Chapter reported on the successful purification by conventional 

chromatography of the complex II protein into two major polypeptides of 67 and 50 

kDa in size on SDS polyacrylamide gels. Attempts at characterisation of the protein 

were hindered by very poor yields of the protein and failure to obtain antibodies. 

Although preliminary, it would appear that these polypeptides contain zinc finger 

motifs. suggesting that DNA binding activity of complex II is a zinc dependent 

process. In addition to conventional chromatography, ongoing research has 

incorporated the use of molecular biology tools to search for the cDNA encoding 

complex II proteins using the yeast one-hybrid system. The one-hybrid system allows 

screening of an appropriate cDNA library for the transcription factor of interest with 

an added advantage that the positive cDNA clone can be overexpressed in yeast 

without an additional subcloning step. This technique has been used successfully to 

clone BF COL ( 48). The one-hybrid system differs from the two-hybrid system in that 

the latter uses cloned transcription factor motifs, for example the DNA-binding motif: 

to study protein-protein interactions. AJso, further MALDITOF-ms analyses should 

yield informative data in terms of the possible primary structure of the complex II 

protein. 



CHAPTER4 

MODULATION OF a2(1) PROCOLLAGEN GENE EXPRESSION BY 

CONSTITUTIVELY ACTIVE C-FOS 

4.1 INTRODUCTION 

Transformation of cells is very often accompanied by changes in the expression of a 

number of cellular proteins. Some of these proteins include extracellular matrix 

proteins such as fibronectin, type I and type VI collagen, enzymes such as 

collagenase and urokinase, cytoskeletal proteins, such as vinculin, and regulatory 

proteins such as P-glycan, integrin-associated protein, and myosin kinase (221). 

Andreu et al (222) have demonstrated that genes encoding T.IMPJ and a.2(1) 

procollagen were repressed by EGF-induced transformation. The expression of both 

these genes is believed to inhibit oncogenic transformation. The expression of type I 

procollagen in transformed cells has been a subject of many studies; its expression is 

altered following transformation by viral oncogenes {such as v-mos~ v-src, ras, v-fos 

and E 1 A), chemical carcinogens, and ultraviolet light (see Chapter 1 for details). 

There is, however, no evidence to suggest that neoplastic or virally transformed cells 

synthesise a coJlagen type not found in normal tissues A peculiar observation was 

made in WJ-3 8 human embryonic lung fibroblasts transformed by y-irradiation (CT-1 

fibroblasts), in which case transformation hardly affected collagen synthesis, resulting 

in less than a 20 % decrease in the levels of type 1 collagen synthesis (32,33), Further 

characterisation of these fibroblasts revealed that they have decreased c-jos mRNA 

levels, even after induction with serum (89). These cells, however, have been shown 

to express elevated levels of c-Ki-ras 2 mRNA and overexpressed c-myc mRNA, 

characteristic of immortalised cells (90). This decrease in the level of c-jos ni.RNA 

does not appear to be a general feature of transformed phenotypes since in another 

WI-38 derived cell line transformed by SV40 (SVWl-38 fibroblasts), no repression of 

c-fos was observed. The SVWI-38 cell line, however, displayed the consistent feature 
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of transformed fibroblasts with regards to type I procollagen mRNA and protein 

levels. The proto-oncogene c-fos was first discovered as the cellular homologue of the 

oncogene carried by two murine retroviruses, Finkel, Biskis and Jinkins (FBJ) and 

Finkel, Biskis and Reilly (FBR). first isolated from murine osteosarcomas (119, 120). 

Deregulated expression of the c-jos DNA in transgenic mice has been shown to 

interfere with normal bone development, suggesting that it plays an important role in 

bone cell physiology (174). The c-jos proto-oncogene, an early-immediate gene and a 

member of a multi-gene family that includes .fra-1, fra-2, and .fosB, codes for a 

protein with a molecular weight of -~42 kDa. Since the protein is highly 

phosphorylated, it usually migrates as a broad band between 54 and 62 kDa on SDS­

polyacrylamide gels (127,117). Fas has been s hown to function as a transcription 

factor, with either trans-activator or trans-repressor activity. It is synthesised in the 

cytoplasm, transported to the nucleus and together with the Jun family of proteins 

regulates the expression of a wide range of genes by binding as heterodimers to the 

AP- I consensus sequences present in those genes (127). These proteins, however, can 

also modulate the expression of genes lacking AP- I motifs via multi-protein-protein 

interactions involving other proteins such as the glucocorticoid receptor (223 ). These 

interactions will consequently affect diverse aspects of cell growth, differentiation 

and development. 

The observed repression of c-jos levels in CT-l fibroblasts was shown not to reflect 

changes in DNA elements in th,e promoter (89). Multiple regulatory sites in the 

promoter were identified, consistent with published data (l 17). These sites include: 

(a) a serum response element (SRE), (b) a TPA-response element (TRE), and (c) a 

cAMP response element (CRE) and a c-sis-PDGF inducible factor element (SlE). 

Induction of cells with any of these effectors has been shown to modulate the levels 

of c-fos mRNA and protein. The activity of the wild type prornoter was similar for 

both parental WI-38 and transformed CT-1 fibroblasts, thus ruling out the possibility 

that y-i rradiation might have induced promoter DNA damage. Radiation, however, is 

known to alter the transcriptional activity of a number of genes; both broad-spectrum 

and near monochromatic (334 nm, 365 nm and 405 nm) UVA (320-380 nm) and 
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near-visible radiations have been shown to strongly activate accumulation of mRNA 

corresponding to the nuclear oncogene c-fos (117,224). Thus UVA is capable of 

modulating genes containing active AP-1 based enhancer elements in the promoter 

region (117,224). 

The fact that CT-1 fibroblasts retained the ability to express almost normal levels of 

the a2(1) procollagen gene, suggested that repression of c-fos may play a role in the 

expression of the cx2(1) procollagen gene. The approach adopted in this study was to 

introduce a constitutively active c-fos cDNA into CT-1 fibroblasts and examine 

changes in the expression of the a2(1) procollagen gene, Changes in a2(I) 

procollagen gene expression were analysed by examining mRNA levels, the stability 

of the a2(1) procollagen message, and to identify Fos response elements in the 

promoter and the first intron of the a2(I) procollagen gene. 
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4.2 RESULTS 

4.2.1 Stable transfection of c-fos into CT-1 fibroblasts 

To study the regulation of the a2(I) procol!agen gene expression by c-fos, a human 

embryonic lung fibroblast line transformed by y-irradiation (CT-I fibroblasts), was 

used_ CT-1 fibroblasts have been shown previously to have decreased cjos mRN A 

levels (89). Stimulation with serum and phorbol esters failed to increase c-jos to 

normal levels. This cell line is also ideal for studying the expression of a2(I) 

procollagen gene since. although transformed as judged by their ability to induce 

tumours in nude mice, these fibroblasts still express about 80 % of the a2(I) chain 

when compared to the parental cell I ine (32,33). Cells were transfectecl with a vector 

carrying the c-fos cDNA (Figure 4.1 A) under the control of the murine leukaemia 

virns Long Terminal Repeat (MuLV-LTR), lacking the 31 untranslated region to 

ensure that the transcript is stable, and therefore allowing the establishment of a 

constitutively active c-fos expressing cell line (173). The advantage of using this 

vector lies in the fact that it contains the neomycin resistance gene driven by the 

SV40 promoter for selection ih eukaryotic cells and the ampicillin resistance gene for 

selective growth in E.coli. In addition to transfection with a c-fos cDNA, an empty 

vector (Figure 4.1B) was also transfected in parallel in order to ensure that the effects 

observed in the presence of the exogenous cDNA were not due to other sequences in 

the vector, The procedure for transfection and subsequent screening of neomycin 

resistant cells is discussed in section 6_2_ l. Briefly, cells were transfected with 20 µg 

plasmid DNA using the calcium-phosphate precipitation method. Selection for stably 

transfected cell s was carried out by treating cells with 200 µg/ml G4J 8 until colonies 

started to appear (2-3 weeks), this took about 10 days_ Colonies were trypsinised, 

plated onto 15 mm dishes and allowed to grow in the presence of G418 until 

con fluency. 

4.2.2. Screening of cells for integrated c-fos cDNA plasmid 

In order to screen for cells that have integrated the transfected DNA, chromosomal 

DNA was extracted from I 00mm dishes at 80 % confluency as described in section 
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Figure 4.1: Constructs used in stable transfections. (A) 1.4fpH8: the 1.4 kb human c-fos 
cDNA inserted into the EcoRI site of the pH8 vector; the c-fos cDNA is under the control of the 
murine leukaemia virus long terminal repeat (MuLV-L TR), it also contains a neomycin (Neor) 
resistance gene under the control of the SV40 early promoter for selection in eukaryotic cells, 
whilst the ampicillin (Ampr) resistance gene is for selection in bacteria. (B) pH8 vector: a 
self-ligated pH8 vector, this vector is similar in every respect to the 1.4fpH8 vector except that 
it lacks the c-jos cDNA. Plasmids were a generous gift from Dr Kuroki ( 173). 
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6.4.5. PCR primers were designed such that they allowed distinction of PCR products 

derived from the endogenous c-fos gene and the exogenous gene (Figure 4.2A); the 

primer set amplifies exon III, intron 3 and part of exon IV. Eight different c-jos 

clones gave two PCR products (Figure 4.2C) of 270 bp and 385 bp for the cDNA and 

endogenous gene, respectively. In those cells transfected with the empty vector and in 

untransfected cells, only the 385 bp PCR product was obtained (Figure 4.2B). 

Subsequent experiments were carried out with two or three Fos clones, selected at 

random since the different clones did not show any obvious differences. 

4.2.3 Expression of c-fos mRNA and protein in stably transfected fibroblasts 

It was important to show that the integrated cDNA was expressed prior to fimctional 

analysis of its effect on procollagen gene expression. Both the presence of the 

transcript and protein was determined. Total RN A was extracted from CT-1 cells 

grown to 80 % confluency, deprived of serum for 48 hours, followed by induction 

with 10 % (v/v) serum for 30 min. The stably transfected Fos clones were not 

subjected to serum stimulation since the c-fos gene is under the control of the MuL V­

LTR and is therefore not induced by serum. RNA was fractionated on agarose 

formaldehyde gels (section 6.5.2), immobilised on a nylon membrane and probed 

with nP-dCTP labelled c-fos cDNA insert. Figure 4.3A depicts the levels of c-fos 

transcript in different cell lines, WI-38 human embryonic lung fibroblasts were used 

as a positive control for normal c-fos expression. Consistent with previous 

observations, both CT-1 and CT-PH fibroblasts have decreased c-jos mRNA levels. 

The expression of c-jos in t ransfected cells was higher tl1an in the WI-38 fibroblasts. 

SVWI-38 fibroblasts were included in this experiment since they are aJso derived 

from the Wl-38 parental cell line except they were transformed with SV40. In 

contrast to CT-1 fibroblasts, SVWI-38 fibroblasts expressed levels of c-jos transcript 

similar to the parental cell line (after correcting for differences in loading, Figure 

4.JB and 4.3C), implying that transformation of WI-38 fibroblasts does not result in 

the shut down of c-jos expression. Again this observation highlights differences in the 

two transformed WI-38 fibroblasts. The membrane was also probed with P-actin to 

correct for loading differences (Figure 4.3B). 
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Figure 4.2: PCR screening for stably transfected c-fos colonies. (A) A schematic 
representation of the c-fos gene; PCR primers A and A' were designed to amplify exon 
III, intron 3 and part of exon IV. A; 5' TTA TCT CCA GAA GAA G.AA GA 3', 
A'; 5' CAA GGG AAG CCA CAG ACA TCT 3'. 1-N; exons, 1-3; introns. Chromosomal 
DNA was extracted from 80% confluent fibroblasts stably transfected with Fos and 
pH8 plasmids as described in section 6.4.5. 50 ng DNA was amplified using 10 pmol of 
primers A and A' in a reaction mixture containing PCR buffer and 5 units of Takara Taq™ 
DNA polymerase. The optimum PCR conditions for amplification were 94 °C for 1 min, 
60 °C for l min and 72 °C for 1 min for 30 cycles. PCR products were analysed by 
electrophoresis on 1.5% agarose gels and bands visualised by ethidium bromide 
staining. (B)PCR products (endogenous 385 bp) from DNA extracted from CT-1 and CT-1 
fibroblasts stably transfected with the empty vector (PH). (C) PCR products ( endogenous 
385 bp and exogenous 270 bp) from DNA extracted from the different colonies stably 
transfected with the c-jos cDNA vector (FI -F9). 

107 



A 
Fl F2 F9 PH CT SVWI WI38 

28S 

c-fos 
18S 

B 
28S 

~ P-actin 
18S 

Figure 4.3: Differential expression of c-fos in fibroblasts. Fibroblasts were deprived of 
serum for 48 hours, except for the Fos transfected clones, stimulated with 10% serum for 30 
min, and total RNA extracted using the one step method of Chornczynski and Sacchi (243) as 
described in section 6.5.1 RNA was resolved by electrophoresis on a 1% (w/v) agarose 
formaldehyde gel, stained with ethidium bromide and immobilised on a nylon membrane. A) 
The membrane was hybridised to a 32P-labelled c-jos cDNA probe. B) The membrane was 
stripped in a 0. 1% (w/v) SDS solution heated to 99 °C and rehybridised to a 32P-labelled f3-
actin cDNA probe. C) Graphical representation of the relative c-jos mRNA levels in the 
indicated fibroblasts; the relative c-jos mRNA was calculated from the ratio of the band 
intensity of c-fos to f3-actin obtained by densitometric scanning of the autoradiographs. 
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To determine the protein levels in these clones, adherent cell s were extracted in a 

boiling Tris-SDS solution, incubated at 90 °C for l O min, centrifuged, the supernatant 

mixed with 2x Laemtnli loading buffer (section 6.7) and proteins resolved by 

electrophoresjs on a SDS-12 % polyacrylamide gel (section 6.6.4). The Fos protein 

was detected by immunostaining after transfer to a nitre-cellulose membrane and 

probed with an antibody against Fos. As can be seen from figure 4.4A, c-jos clones 

expressed more than 4-fold the Fos protein produced in the serum induced WT-38 cell 

line. Very little Fos was detected in CT-1 and CT-PH fibroblasts. A Coornassie blue­

stained gel was used to compare loading differences (Figure 4.48). 

Microscopic examination of the Fos clones showed no obvious changes in the 

morphology of the cells. Changes in the rate of cell growth was determined by cell 

counts using a Coulter Counter over a pertod of four days. No changes in the 

doubling time of cel ls was observed (Figure 4.5), implying that constituti ve 

expression of Fas in these cells does not affect cell growth or morphology. 

4.2.4. Modulation of cx.2(1) procollagen gene expression by constitutively active 

Fos 

Cell transformation is usually accompanied by changes in the expressio n of type I 

procollagen. In most cases transformation leads to reduced type I collagen levels and 

the two alpha chain genes are not necessarily affected to the same extent. In the case 

of CT- l fibroblasts, however, collagen synthesis was not affected drastically. The 

objective of this study was to determine whether the extremely low levels of Fos in 

these cell s was in a ny way related to the inability to downregulate the cx:2(1) 

procollagen gene. To this end, the changes in type l procollagen gene expression, 

specifically the a2(I) chain were studied in the c-fos transfected fibroblasts. 

Fibroblasts were serum starved for 48 hours and stimulated with 10 % (v/v) serum, 

total RNA was extracted, electrophoresed on l % (w/v) agarose fonnaldehyde gels, 

blotted onto nylon membrane and probed with both a c-jos and cx.2(1) procollagen 

probes. The induction with serum is necessary because c-jos and other early 

immediate genes are normal ly expressed t ransientJy following stimulation of cells 
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Figure 4.4: Fos protein levels in stably transfected CT-I fibroblasts. Fibroblasts, except for 
Fl and F9 fibroblasts, were deprived of serum for 48 hours followed by a 30 min induction 
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with 10% (v/v) serum, harvested with a boiling Tris-SDS solution, the suspension was 
centrifuged and the supernatant was retained; I 00 µg of protein was mixed with Laemmli buffer 
(section 6.7) and resolved by electrophoresis on a SDS-12% polyacrylamide gel. A) Proteins 
were transferred onto a nitrocellulose membrane, blocked with 5% (w/v) fat free milk in Tris­
buffered saline, 0.01 % (v/v) Tween 20 (TBST) and probed with a rabbit anti-Fos antibody 
(1 :250 dilution). The membrane was washed and incubated with an anti-rabbit IgG-horseradish 
peroxidase (HRP) conjugate (1 :2000 dil ution). Bands were visualised by staining with a 4-chloro-
1-naphthol/methanol solution in the presence of0.02% (v/v)H20 2 as described in section 6.6.7.2 
B) Coomassie blue stained gel of 100 µg protein resolved by electrophoresis on a SDS-12% 
polyacrylamide gel. 
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Figure 4.5: The growth profile of CT-1 fibroblasts overexpressing Fos. Fibroblasts were 

seeded at ~3.0 x 103 cells/ml in 35 mm dishes as described in section 6.1.1 ; each day, 
adherent cells were trypsined and 200µ1 counted using a Coulter counter. The cell number 
was calculated and expressed as cells/d-ish. 
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with growth factors. In order to have a much more comparable system, all fibroblast 

cultures were induced with serum to activate c-jos and any of the other early response 

genes that require activation by growth factors, e.g. Jun family of proteins which are 

required for heterodimerisation with Fos to bind to AP-1 consensus sequences. From 

the data on figure 4.6A and 4 .6B, it is evident that constitutive expression of c-fos 

results in the down-regulation of a2(I) procollagen mRNA levels. It is evident from 

figure 4.6C that comparable amounts of RNA were loaded as shown by the ethidium 

bromide stained membrane following transfer of the RNA from the gel to the nylon 

membrane. 

4.2.5. Stability of a2(I) procollagen mRNA in CT-1 fibroblasts 

The regulation of gene expression can occur at different levels; these include 

transcription factor binding, RNA polymerase activity, mRNA processing, and 

mRNA stability and transport to the cytoplasm, It was clear that high levels of Fos 

reduced the levels of a2(1) procollagen mRNA The next step was to establish what 

mechanism(s) is involved in this modulation of procollagen gene expression. 

Transformation of Rat-1 fibroblasts with mutant ms has been shown to down­

regulate and destabilise the al(J) procollagen mRNA (21). Since Fos acts 

downstream of Ras, it was pertinent to establish whether down-regulation of a2(J) 

procollagen gene was a result of enhanced degradation of the transcript in the 

presence of Fos. Cells were treated with Sµg/ml actinomycin D and total RNA 

extracted at 0, 2, 4, 6, 8, 16 and 24 hour time points. F igures 4.7A-D represent 

Northern blots of total RNA probed with both a2(I) procollagen and p-actin. It 

should be noted that since f3-actin is also sensitive to actinomycin D treatment, it was 

important to ensure equal loading of RNA samples as illustrated by the adjoining 

membranes stained with ethidium bromide. In all cell lines analysed, procollagen 

RNA levels increased up to 8 hours followed by a slow decrease at 16 hours. In 

addition to the decrease in the a.2(1) mRNA, the P-actin transcript was also affected. 

By 24 hours, there was a general reduction in total RNA (18S and 28S) and this was 

accompanied by a decreasing cell viabi lity. This is in line with published data on the 

half-life of a2(l) procollagcn mRNA, which has been estimated to be between 16 and 
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Figure 4.6: Modulation of a.2(1) procollagen mRNA levels by c-fos. Fibroblasts were serum 
staived for 48 hours and induced with 10% (v/v) serum and total RNA extracted using the one­
step method described in section 6.5.1. 10µg of RNA was fractionated by electrophoresis on a 
1% (w/v) agarose formaldehyde gel followed by blotting onto a nylon membrane. (A) cjos 
mRNA in fibroblasts induced with 10% (v/v) serum; the blot was hybridised to a 32P-labelled 
cjos cDNA probe for 16 hours at 42 °C and a high stringency wash was performed with 0.lx 
SSC (section 6.7) containing 0.1% (w/v) SDS for 15 min at 56 °C; (B) a.2(1) procollagen 
mRNA levels in fibroblasts; the membrane was hybridised to a 32P-labelled a.2(1) procollagen 
cDNA probe and washed with O. lx SSC containing 0.1% (w/v) SDS for 30 min at 65 °C ; C) 
The membrane was stained with ethidium bromide after transfer and prior to hybridisation to 
confirm equal loading. 
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Figure 4.7: The stability of the a.2(1) procollagen mRNA. Fibroblasts were treated with 5 
µg/ml actinomycin D for 0, 2, 4, 6, 8, 16, and 24 hours and total RNA was extracted at the 
indicated time points. RNA was separated on 1 % ( w/v) agarose formaldehyde gels, blotted onto 
nylon membranes and double probed with a.2(1) procollagen and P-actin cDNA probes. 
Northern blot results for A) CT-Fl, B) CT-F9, C) CT-PH and D) CT-I fibroblasts; the ethidium 
bromide stained membranes are shown on the right hand side. E) Relative a.2(1) procollagen 
expression; the band intensities were obtained by densitometric scanning of the autoradiographs 
and the relative expression of the a.2(1) procollagen gene was calculated from the ratios of 
a.2(1) procollagen mRNA to P-actin mRNA and plotted against incubation time in actinomycin 
D. 



l 8 hours. These resu Its suggest that constitutive expression of c-fos does not alter the 

half-life of the a2(I) procollagen mRNA. 

4.2.6 Transcriptional regulation of the a2(I) procollagen gene by Fos 

4.2.6.1 Analysis of a,2(1) procollagen proximal promoter for the presence of Fos 

response elements 

Results obtained in section 4.2.5 suggested that the effects of Fos are not mediated at 

the level of message stability, thus ruling out a post-transcriptional event in the form 

of increased mRNA turnover. Transcriptional ·control is mostly related to the ability 

of different transcription factors to assemble at the promoter to al low formation of a 

transcription preinitiation complex through a series of events that ultimately lead to 

transcription of a specific gene. 1t was imperative to establish which of the promoter 

elements modulate Fos mediated repression of the a2(1) procollagen gene. The cx2(I) 

procollagen proximal promoter constructs fused to the CAT reporter gene were used 

in transient transfections experiments. Cells were transfected with l 0-20 µg of 

plasmid DNA using the calcium-phosphate precipitation method as described m 

section 6.2. The initial focus was on the proximal promoter since: 1) it has been 

shown to be crit ical in determining tissue/cell specific expression of the gene, 2) this 

promoter fragment contains an AP-1 like binding element, and 3) a novel 

transcriptional repressor has been mapped in this region of the cx2(I) procollagen 

promoter (13,35,42,51,57,59). The promoter actjvity of the -343 COLCAT construct 

was not significantly changed in CT-F9 and CT-PH fibroblasts compared to CT-1 

fibroblasts. The relative CAT activity of the CT~Fl fibroblasts on the other hand, 

increased significantly by about l.5-fold relative to CT-1 fibroblasts (Figure 4.8). It 

appears that the proximal promoter was transactivated in the one Fos overexpressing 

cell line, This result could be explained by the presence of an AP-1-like sequence at -

255 of the proximal promoter, which has been shown to bind AP-1 proteins (42). To 

further exclude 1he possibility that Fos transactivated a novel repressor (described in 

chapter 2), DNA-protein assays were carried out using an oligonucleotide which is 

reco_gnjsed by t he repressor and a well characterised CCAAT recognition sequence. 
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Figure 4.8: ProximaJ promoter activity of the a.2([) procollagen gene. Cells were 
seeded in 100 mm dishes, grown to 40% con fluency and transfected with 20µg of the -343 
COLCA T promoter construct using the calcium- phosphate precipitation method 
described in the section 6.2 , Sµg of the cmvpgal plasmid was included in the transfection 
mixture to control for transfection effeciency. Cells were harvested after 48 hrs post­
transfection and the CAT activity determined. The activity of the promoter is expressed as 
the relative CAT activity calculated from the ratio of CAT to pgalactosidase activity. The 
activity of the proximal promoter was sigruficantly higher in CT-Fl fibroblasts relative to 
CT-1 fibroblasts, no significant differences in the activity of the proximal promoter were 
observed between CT-PH and CT-1 fibroblasts. These results represent the mean ± SD of 
four separate experiments performed in triplicate; p values were calculated using the 
student I test 



DNA-protein interactions at these promoter elements remained unchanged (Figure 

4 .9). DNA-protein interactions at the AP-1 like element were also assayed (Figure 

4. JO); it was difficult to obtain a very clear pattern of complex formation even after 

phenol:chloroform ex-traction of the labelled probe. However, competition with an 

AP-1 consensus sequence from the collagenase promoter as well as competition with 

the a2(I) procollagen AP-1 li ke sequence had no effect on DNA binding activity 

(data not shown). Competition was observed with an Spl oligonucleotide; there is 

one Spl binding site in the probe used in the electrophoretic mobility shift assay. 

These binding results further confirmed the absence of a Fas-response element in the 

proximal a2(I) procollagen promoter that could account for the observed down­

regulation of the a2(1) procollagen gene. 

4.2.6.2 Cloning and transcription.al activity of the -2300 bp a.2(1) procollagen 

promoter 

The proximal promoter (-343 COLCA T) was uninformative in terms of Fos response 

elements and it was therefore necessary to study further upstream and downstream 

elements of the gene. In order to carry out these assays it was necessary to clone the 

promoter elements into p8CAT. Figure 4.11 outlines the cloning strategy for the 2300 

bp promoter fragment of the a2(1) procollagen gene in p8CAT. Briefly, ~Sph 

pN.JE16 plasmid, an Sph digested fragment of a 4.0 kbp EcoRr 5' clone of the a2(1) 

procollagen gene cloned into the pUC vector was digested with EcoRV and HindIII 

to release a 2JOO bp fragment. The latter DNA insert was cloned into p8CAT cut with 

Smal and HindIII to generate the -2300 COLCAT plasmid. Cells were transfected 

with this plasmid and the CAT activity assayed. The activity of this promoter 

construct was generally low in all cell lines in comparison to the activity of the 

proximal promoter. As can be seen from figure 4. 12, there was a significant increase 

in the activity of the promoter, a 4- and 2-fold increase was observed for the CT-Fl 

and CT-F9 fibroblasts, respectively. From these results it would appear that the 2300 

bp procollagen promoter fragment does not contain Fos response elements with a 

negative effect on the transcriptional activity of the gene. 
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Figure 4.9: DNA-protein interactions at the G/CBE-CME element of the 
a.2(1) procollagen promoter. Nuclear proteins were extracted from confluent 
fibroblast cultures as described in section 6.6.1 and incubated in the presence of a 
32P-label led -107 to -60 promoter fragment that encompasses the G/CBE and CME 
regions of the a.2(1) procollagen promoter (described in chapter 2). DNA-protein 
complexes were resolved by electrophoresis on a non-denaturing 5% polyacrylamide gel 
and the dried gel exposed to X-ray film for 16 hours at -70 °C. I and II; DNA-protein 
complexes. 
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Figure 4.10: DNA binding activity of the -278 to -183 region of the a.2(1) procollagen 
promoter. Nuclear proteins were prepared as described in section 6.6.1. 4µg protein was 
incubated with a 32P-labelled -278 to -183 of the a.2(1) procollagen promoter fragment 
encompassing the AP-1 like consensus sequence and an Spl consensus sequence. DNA-protein 
complexes were separated by electrophoresis on a non-denaturing 5% polyacrylamide gel. The 
gel was exposed to X-ray film for 16 hours at -70 °C. Complex I was competed by an Sp 1 
oligonucleotide. 
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Figure 4.11: Outline of the cloning strategy for the -2.3 kb n2(1) procollageo 
promoter fragment into p8CAT. A 2.3 kb Hind/EcoRV fragment of the a,2(1) procollagen 
promoter was released from LiSph NJE16, (a genomic clone containing a 4.0 kb EcoRJ 
fragment which harbours the first exon and approximately 3.8 kb of 5' flanking sequences of 
the a.2(1) procollagen gene digested with Sphl to release 200 bp of the first exon sequences). 
The promoter fragment was subcloned into p8CAT reporter vector (see the Appendix for a 
map of p8CAT). The gel insert is a restriction enzyme digest of the 2.3 kb COLCAT promoter 
construct digested with Hind ill and EcoRI. 
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Figure 4.12: Transcriptional activity of the -2300 COLCAT construct. A) A 

schematic representation of the 2300 bp cx.2(1) procollagen promoter-CAT construct. B) 
20 µg of plasmid DNA was co-transfected with 5 µg of cmvJ3gal plasmid using the 
calcium phosphate precipitation method (section 6.2). Transfected cells were harvested 
and CAT activity determined. The CAT activity of the promoter is expressed relative to 
J3galactosidase activity. The activity of the -2300 COLCAT construct increased 
significantly by 4- and 2-fold for the CT-Fl and CT-F9 fibroblasts, respectively. These 
results represent the mean ± SD of four separate experiments done in triplicate; p values 
were calculated using tbe student t test. 
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4.2.6.3 Transcriptional activity of the promoter/intron-COLCAT construct 

Previous reports have demonstrated that the first intron of the human a.2(1) 

procollagen gene contains negative regulatory elements while an enhancer element 

was identified in the mouse first intron of the same gene (61 ,63). The first intron of 

the a.2(1) procollagen gene has been shown to contain a number of transcription 

factor binding sites, including two AP-1 consensus elements at nucleotides 1 J 12 and 

1085, but no specific function has been correlated with these sites (63). A sequence, 

which closely resembles the recognition site for the adenovirus replication protein, 

nuclear factor 1 is located between nucleotide + 192 and +205, 5' to the intron/exon 

junction. 1n addition, the first intron has been shown to reduce the activity of the 

a.2(1) promoter activity 4-fold in transient transfection assays (63). The rationale was 

to therefore clone the first intron into a reporter plasmid and carry out transient 

transfection assays to establish whether this region of the a2(I) procollagen gene 

contains any sites which are required for the observed down-regulation of this gene in 

fibroblasts overexpressing Fos. 

A pCOLa.2(1 .0 + 1.8 kb)bgh plasmid, described previously in the literature (63), 

which contains 1000 bp of sequences upstream of the transcripbon start site, 250 bp 

of exon I , 1550 bp of the first intron, and 2100 bp of bovine growth hormone (bgh) 

sequence, cloned into pUC18, was digested with Xbal and EcoRV to release the 2800 

bp insert of the a.2(1) procollagen gene (Figure 4.13). The insert was treated with 

Kienow DNA polymerase to introduce blunt ends at all Xbal sites and subsequently 

cloned into pBluescript digested with EcoRV to generate pa2(I)I COLBS plasmid. 

The pa2(I)I COLBS plasmid was digested with Eco.RJ to determine the orientation of 

the different clones. Figure 4.13A illustrates the different fragments released after 

EcoRI digestion: the presence of the 2960, 1800 and I 000 bp fragments indicate a 

clone in the positive orientation. The appropriate plasmid clone was digested with 

BamHI and Sall to release the 2800 bp of a.2(1) procollagen sequences and the insert 

subcloned into p8CAT digested with Barn.HI and Sa\I to generate the pa2(1)1 

COLCAT plasmid. To verify the size of the inserts, plasmid clones were digested 
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with EcoRI to release the following fragments: 390, 1016, 1800, and 4110 bp (Figure 

4. 13B). The correct plasmid construct was confirmed by digesting plasmid DNA with 

BarnHI and Sall to release the 2800 bp insert (Figure 4. 13C) and by sequencing with 

a p8CAT reverse primer and the COL+ 1 primer (see Table 2.2). Plasmid DNA was 

transfected into the different Fos cell lines and the CAT activity was determined as 

described in section 6.2. Figure 4.14 illustrates the transfection results for the pa2(I)I 

COLCAT construct; it is evident that both Fos overexpressing cell lines have a higher 

promoter activity compared to CT-1 and CT-PH fibroblasts, however, the increase 

was not significant, a 1.6-fold increase (p = 0.246) was observed for the CT-F9 

fibroblasts. These results indicate that AP-1 sites present in the first intron of the 

a2(1) procollagen gene do not play any role in the observed repression of the gene in 

cells overexpressing Fos. An interesting observation was the overall decrease in the 

transcriptional activity of the COLCAT construct containing the first intron in all eel I 

lines, compare figures 4.12 and 4.14; these results are consistent with observations of 

Sherwood et al (63). 

The use of transient transfection experiments is used to map transcription factor 

binding sites that play a role in the regulation of gene expression. In contrast, run-off 

transcription assays are commonly used to determine the rate at which a specific gene 

is transcribed and therefore do not provide an indication of the cis-acting elements 

that determine transcription of the gene under study. The disadvantage of using the 

transient transfection system is that different batches and purity of the cloned 

promoter constructs might introduce variability in the results, thus careful controls 

should be selected to correct for shortcomings of the assay. Regardless, the advantage 

of transient transfection assays is mainly the abi lity to effectively map transcription 

factor binding sites for potential activators and repressors. 
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Figure 4.13: Cloning of the al(l) procollagen promoter/intron. The pcx.2(1)1-bgh vector 
containing 1kb of the cx.2(1) procollagen promoter, 0.25kb of exon I, 1.8kb of intron l , and 
2.1 kb of the bovine growth hormone (bgh) gene, was digested with Xbaf and EcoR V to 
release a 2.8kb a2(1) procollagen fragment. The DNA was blunt-ended with Kienow DNA 
polymerase and ligated into pBluescript to generate pa2(I)I COLBS; the correct orientation 
of the cloned insert was confirmed by EcoRl restriction digest to release 2.96, 1.8 and l.O 
kb fragments (A) pcx.2(1)1 COLBS was digested with BamHI and Sall and the insert was 
subcloned into p8CAT to generate pa2(l)I COLCAT; the correct clone was confirmed by 
restriction enzyme digestion with EcoRI to release 4.11, 1.80, 1.02, and 0.39 kb fragments 
(B) or BamID and Sall to release an insert of 2.8 kb (C). 
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Figure 4.14: Transcriptional activity of the pa2(I)I COLCAT construct. (A) The 
pa.2(1)1 COLCAT plasmid was constructed as described in figure 4.12; the plasmid 
contains 1.0, 0.25, and 1.8 kb of promoter, exon and intron sequences, respectively. (B) 
20µg of plasmid DNA was co-transfected with the cmvj3gal plasmid into fibroblasts using 
the calcium phosphate precipitation method (see section 6.2). Cells were harvested and 
CAT activity determined. The CAT activity of the promoter is expressed relative 

j3galactosidase activity. The activity of the a.2(1)1 COLCAT construct was 1.6 fold high 
for CT-F9 fibroblasts as compared to the CT-PH fibroblasts. These results represent the 
mean ± SD of four separate experiments done in trjpJicate; p values were calculated using 
the student t test. 



4.3 DISCUSSION 

The extracellular matrix (ECM) is engaged in the transmission of a large variety of 

specific signals that directly influence growth, migration and differentiation of cells 

(225). In addition, the ECM can influence cellular behaviour through changes in the 

three-dimensional organisation of the cytoskeleton and activation of second 

messenger and protein kinase pathways (225). Some of the known oncogenes and 

tumour suppressor genes have been shown to interfere with intracellular pathways 

conveying signals arising from the ECM (225). Type I collagen is one of the most 

abundant proteins of the ECM, and its expression is altered after cellular 

transformation. Surprisingly, transformation of fibroblasts by y-irradiation, as is the 

case in CT-1 fibroblasts, had very little effect on the expression of both the a2(I) and 

al(I) procollagen genes (13,33). Radiation is known to induce transcription of a 

number of genes including the c-:fos gene, however, in CT-1 fibroblasts, expression of 

c-fos was markedly reduced (89,117,224). Previous studies in these cells 

demonstrated that treatment of CT-1 fibroblasts with serum or phorbol esters failed to 

induce c-fos mRNA levels (89). Subsequent analysis of the promoter showed no 

changes in the regulatory elements and the activity of a transfected promoter was 

similar in parental and transformed fibroblasts (89). 

The question asked in this study was whether failure to inhibit a2(I) procollagen gene 

expression in CT-1 cells can be correlated with repressed levels of c-fos. To address 

this issue, a constitutively active c-fos plasmid was introduced into the CT-1 

fibroblast line and examined for changes in the expression of the a2(I) procollagen 

gene. Consistent with a report by Mercier et al (226) whereby overexpression of c-fos 

in rat epithelial cells had no effect on the doubling time of cells, in this study, 

constitutive expression of c-fos did not alter the doubling time of CT-1 fibroblasts. 

However, in a separate report, constitutive expression of a c-jos transcript in which 

the 3' untranslated region responsible for its rapid turnover has been deleted, 

activated the transforming activity of c-fos with a consequent increase in the growth 

of the transformed phenotype (122,227). A study by Grigoriadis et al (142) also 
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demonstrated that the expression of c-fos from an H-2K class I maJor 

histocompatibility complex (MHC) promoter causes osteosarcomas in transgenic 

mice; high levels of Fos were shown to perturb the normal growth control of 

osteoblastic cells with bone-forming capacity leading to their transformation. Thus 

depending on the cell type, overexpression of c-fos wilJ have diverse effects on the 

growth rate of cells. 

Analysis of the a2(1) procollagen gene transcripts clearly demonstrated a significant 

reduction by ~50 % in the Fos expressing clones. This result is consistent with the 

findings of Kuroki et al (173) that constitutive expression of c-fos inhibits type I 

collagen synthesis in osteoblasts. Transformation of Rat-1 fibroblasts by the v-fos 

oncogene has been shown to decrease the levels of both aJ(I) and a2(1) procollagen 

mRNA; this effect could be reversed with the use of revertant cell lines that expressed 

a functional c-jos oncoprotein (22). Other related studies have demonstrated that 

overexpression of mutant ras downregulated both the al (I) and a2(1) procollagen 

mRNA levels (21 ), which was correlated with increased DNA binding activity at the 

intronic AP-I site (64). These results suggested a possible link between the effects of 

ras mutations and type I procollagen gene expression in fibroblasts, and further 

demonstrated that c-jos is a downstream mediator of ras in the signal transduction 

pathway. Interestingly, the c-Ki-ras gene has been shown to be amplified in CT-I 

fibroblasts thus accounting for elevated expression of the gene in these cells. Thus it 

is possible that extracellular signals transduced downstream of the ras pathway fail to 

induce c-jos expression and this effect translates into very little change in the 

expression of the a2(I) procollagen gene in CT-1 fibroblasts. The observed decrease 

in the levels of a2(1) procollagen mRNA in Fos expressing clones support the 

suggestion that failure of CT-I fibroblasts to show significant changes in the a2(1) 

procollagen mRN A and protein is related to failure of CT-1 fibroblasts to trigger the 

expression of c-jos. Treatment of mouse NIH 3T3 cells with the tumour promoter, 

12-O-tetradecanoylphorbol-13-acetate (TPA) also resulted in a decrease in the 

transcription of a2(1) procollagen gene (104). Sobel et al (103) reported that 

treatment of JB-6 epidermal cells with TP A results in inhibition of type 1 collagen 
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synthesis at a pretranslational level. TP A is known to activate protein kinase C, an 

upstream mediator of the signal leading to increased expression of c:fos (102, 117). 

These results are all in agreement with our observations on the effect of Fos on a.2(1) 

procollagen gene expression in that high levels of c-fos are accompanied by a 

decrease in expression of type I procollagen genes. 

The regulation of gene expression is a multi-step process, it can be effected at 

different stages: (a) alteration of gene structure by changing the conformation of 

chromatin and demethylation of DNA, (b) transcription factor binding to specific cis­

elements for participation in the formation of the pre-initiation complex, (c) RNA 

polymerase activity, (d) nuclear RNA processing, (e) mRNA stability, and (f) mRNA 

transport to and translation in the cytoplasm. Results obtained in this study 

demonstrated a decrease in the expression of the a2(I) procollagen gene in fibroblasts 

overexpressing Fos. To establish how this is accomplished, the study examined 

possible levels of regulation, namely, mRNA stability and promoter activity. 

Although type I procollagen genes generally have a fairly long half-life, ~ 18 hours, 

agents that affect the expression of this gene can do so by destabilising the transcript 

via activation of a RNA binding protein which is responsible for regulating the 

turnover of mRNA (228-230). The stability of a2(I) procollagen message was 

determined by incubating cells with actinomycin D and total RNA extracted at 

different time points. This approach is often utilised to study the stability of mRNAs 

with much shorter half-lives because of the general toxicity of actinomycin D. It is 

nevertheless still widely used since it generates the same data as other methods 

recommended for messages with longer half-lives, e.g. classic pulse-chase 

experiments. Furthermore, it gives an indication of any changes in message stability, 

of which the rate can be determined using more accurate protocols. Treatment of 

fibroblasts with actinomycin D caused an initial increase in the a.2(1) procollagen 

mRNA levels within the first 8 hours, after which levels started to show a decline, 

however, the trend was similar for all fibroblast lines analysed. After 16 and 24 hours 

there was a marked decrease in all mRNAs analysed including the 28S and 18S RNA, 
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this decline coincided with a decline in the viability of cells. It is therefore evident 

that constitutive expression of c-jos did not downregulate the a2(1) procollagen 

mRN A levels by increasing its rate of turnover. Slack et al (21) have demonstrated 

that overexpression of wild type ras had no effect on the levels of both a 1 (I) and 

a2(I) procollagen mRNA, whilst mutant ras decreased the expression of both genes 

as well as destabilised the al(I) procollagen message in Rat-1 fibroblasts. Although 

c-jos is a downstream mediator of ras, it appears that overexpression of both genes 

results in much more complex changes in the cell. 

Since the stability of the a2(I) procollagen mRNA was not affected by 

overexpression of Fas, it seemed possible that, perhaps, a change in transcriptional 

activity could account for the decreased expression of this gene. The a2(I) 

procollagen proximal promoter contains a number of transcription factor binding sites 

and this promoter fragment has been shown to be sufficient to direct cell-specific 

expression of this gene (35). In contrast to the observed levels of the a2(1) 

procollagen mRNA in the Fos clones, the activity of the promoter remained 

unchanged in CT-F9 and marginally increased in the CT-Fl clone. Thus implying 

that although this promoter segment contains a putative AP-1 site and two repressor 

binding sites, none of these regions play a role in the Fas response. The promoter was 

transactivated but the DNA binding activity of transcription factors that recognise the 

AP-1 site and the previously described CME, revealed no differences in DNA-protein 

interactions. It was therefore apparent that the proximal promoter lacked Fas response 

elements, suggesting that the response elements could be located elsewhere in the 

gene. No negative Fas response elements were identified in the 2300 bp promoter 

fragment, however, a significant increase in the transcriptional activity of this 

promoter fragment was observed. The implication of these results are that the 2300 

bp promoter possibly contains more AP-1 sites or cis-elements which have a positive 

effect on the transcription of the a2(1) procollagen gene in the presence of high levels 

of Fos. To date, no specific Fos response elements have been delineated in the 2300 

bp region of the human a2(I) procollagen gene promoter. 
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Sherwood et al (63) have reported that the activity of the human a2(1) procollagen 

promoter is reduced by inclusion of the first intron in transient transfection 

experiments. As mentioned earlier, the first intron of the human a2(I) procollagen 

gene contains a number of regulatory elements, inter alia, two AP-1 consensus 

sequences, a NF-1 like sequence and an alternating GT stretch (63). Alternating dT 

and dG residues are known to form a Z-DNA conformation; Z-DNA is found in 

association with a number of known enhancer and regulatory sequences, thus it has 

the potential to function in transcriptional regulation (231,232). In order to map the 

Fos response elements in the first intron of the human a2(I) procollagen gene, the 

intron plus a 1000 bp promoter fragment were cloned into a reporter plasmid and 

transfected into stably transfected Fos clones. 

The presence of the first intron did not result in a decrease in the transcriptional 

activity of the promoter in CT-1 and CT-PH fibroblasts in comparison to Fos 

overexpressing clones. These results indicate that constitutive expression of c-fos has 

a positive effect on the transcriptional activity of the a2(1) procollagen promoter in 

the region between -2300 and + 1800. The observed down-regulation of the a2(I) 

procollagen gene expression by constitutively active c-fos is possibly an indirect 

effect in that c-fos might initiate changes in the genetic programme and some of these 

changes will result in an overall decrease in the level of the a2(1) procollagen mRNA 

In tight skin (TSK) mice myocardial fibroblasts, however, there was an increase in 

the expression of al(I) procollagen gene and the increase was attributed to a 

reduction in the interaction of a negative regulatory sequence located between -675 

and -804 with the AP-1 transcription factor, implying that the transcription factor AP-

1 is involved in transcriptional repression (234). In a recent report, Bakin and Curran 

(233) demonstrated that the transformation of normal 208F rat fibroblasts by 

constitutive expression of c-fos was a result of increased expression and activity of 

the DNA methylcytosine transferase (dnmt-1) enzyme, where it was shown that the 

overexpression of dnmt-1 in the absence of c-fos resulted in transformation of cells. 

These observations indicate that although c-fos increased the expression and activity 
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of the DNA methylcytosine transferase, it did not directly contribute to cell 

transformation. 

These results lend further support to the suggestion that downregulation of the a2(I) 

procollagen gene in fibroblasts overexpressing Fos is not a direct effect on the 

procollagen gene, at least at the level of transcription of the gene and the stability of 

the mRNA. Furthermore, since most signals arising from the ceH membrane trigger 

the expression of immediate early genes such as c-fos and c-jun, a number of other 

genes could be affected by overexpression of Fos and because Fos is present in 

abundance, this might lead to formation of more diverse and stable heterodimers with 

the different Jun family of proteins. Chung et al ( 42) have reported that constitutive 

expression of c-jun down-regulates the transcriptional activity of the a.2(1) 

procollagen promoter in fibroblasts. The transcriptional activity of the human 

androgen receptor (hAR) has been shown to depend on c-Jun; c-Jun has a selective 

function of mediating AR dependent transactivation, however, dimerisation of c-Jun 

with c-Fos represses this effect (235). Interestingly, c-Fos also antagonises the junD 

gene positive autoregulatory loop thereby inhibiting the promoter activity of the junD 

gene (236). The expression of junD has been shown to be constitutive in quiescent 

cells and therefore inhibition of its expression by c-fos upregulates the expression of 

genes required in cell proliferation (236). These results, taken together, seem to point 

out the significance of the different Fos:Jun heterodimers in transcriptional regulation 

of a variety of genes. It is therefore possible that the constitutive expression of c-jos 

in CT-1 fibroblasts alters the composition of Fos:Jun heterodimers in favour of 

repression of the a.2(1) procollagen gene, among other things. In addition, Hai and 

Curran (237) have shown that members of the ATF/CREB family form selective 

cross-family heterodimers with members of the Fos/Jun family and these complexes 

can bind to either CRE or AP-1 consensus sequences in gene promoters, although 

they exhibit a preference for the CRE site. This cross-family dimerisation is 

complicated by the observation that Fos or Jun further cross-couple with NF-KB/p65 

to modulate gene expression at sites other than the AP-1 or NF-KB sites (100,101). 
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At this stage the conclusion that can be drawn from these results is that one of the 

many effects of overexpression ofFos is the down-regulation of the a2(I) procollagen 

gene, this effect was shown not to be a result of a high turnover of the a2(I) 

procollagen message or a decrease in the transcriptional activity of the gene ruling out 

increased transrepression via AP-1 binding sites. 

The primary objective of this study was to correlate expression levels of c-jos with 

the extent of a2(I) procollagen expression in CT-1 fibroblasts. From the results 

obtained it is apparent that failure of cells to respond to signals that trigger the 

expression of c-jos accounts for the high a2(I) collagen levels in these transformed 

cells. From the literature, CT-1 fibroblasts have been shown to express high levels of 

K-ras, therefore the inability to trigger Fos arises from deficiencies in the signal 

cascade downstream of Ras and by-passing the signal transduction pathway, it was 

possible to observe changes in the expression levels of a2(I) procollagen. Fos, 

however, is central in the signal transduction pathway and overexpression of a 

constitutively active Fos will shift the balance in the concentration and composition 

of Fos:Jun heterodimers resulting in the induction and /or inhibition of a number of 

genes that will modulate the levels of a2(I) procollagen. At this stage it has become 

very clear that Fos does not have a direct effect on the activity of transcription factors 

that bind to the promoter and intron, between -2300 and +1800, of the a2(1) 

procollagen gene. It would be interesting to examine events in the signal cascade 

downstream of Ras that lead to changes in the levels of Fos and ultimately down­

regulation of the a2(I) procollagen gene. 
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CHAPTERS 

CONCLUSION 

5.1 Background information 

Previous studies have reported on different trans-acting factors and their cognate cis­

acting elements that participate in the regulation of the 2(1) procollagen gene (see 

chapter 1). A number of transcription factors have been identified, purified and/or 

cloned, amongst these are Spl, BFCOL, CBF and IF-1/2. An interesting finding from 

these reports was that, although the human and mouse a.2(1) procollagen promoters 

share some sequence identity, certain factors such as NF-I and IF-1/2, have been 

shown to bind the mouse promoter only. Sequence identities do not extend to the first 

intron, which has also been shown to contain regulatory elements. 

The expressmn of the a.2(1) procollagen gene is significantly affected by 

transformation with SV40 but not by y-irradiation (13,33,57,59). These differences 

were a subject of further analysis in this study. Parker et al (13) have suggested that 

these differences in the expression of the a.2(1) procollagen gene arise from 

differences in trans-acting factors that bind between the -107 and -60 region of the 

a.2(1) procollagen promoter. 

5.2 Objectives of this study 

• To demonstrate that transcription factors that form complex I and II at the basal -

107 a.2(1) procollagen promoter have a functional role in the regulation of this 

gene; 

• To purify and identify the transcription factor(s) that forms complex II on the 

CME in the a.2(1) procollagen promoter.; 

• To study the regulation of the a.2(1) procollagen gene by c-fos m CT- I 

transformed fibroblasts. 
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5.3 Main findings 

Earlier studies have suggested the differential regulation of the a2(I) procollagen 

gene in different cell lines was attained by trans-acting factor switch at the basal 

promoter (13,59). Two or three major complexes were shown to form when nuclear 

proteins extracted from either collagen or non-collagen producing cells were 

incubated with the basal a2(I) procollagen promoter. In this study, however, it was 

demonstrated that only two major complexes form on this promoter fragment. The 

third complex is a specific cleavage product of complex II proteins. Protease 

treatment of nuclear proteins or DNA-protein complexes generates degradation 

products that still retain DNA binding activity or the DNA-protein complex is not 

destroyed. Complex III proteins, were observed in nuclear extracts prepared in the 

absence of a cocktail of protease inhibitors or in the absence of leupeptin in the 

extraction buffers. The functional significance of this protease resistant complex 

remains to be studied. The important conclusion was that both complex I and 

complex II proteins are ubiquitous. 

To study the functional role of complex I and complex II proteins, site-directed 

mutagenesis was employed in order to introduce point mutations, in the G/CBE and 

CME elements of the a2(I) procollagen promoter and to examine changes in 

promoter activity. G/CBE mutations resulted in a significant decrease in promoter 

activity; both mutations in the inverted CCAAT box and the 5' adjacent, inverted 

GGAGG box almost totally abolished promoter activity. These results were observed 

in both CT-I fibroblasts, a collagen producing cell line, and SVWI-38 fibroblasts, a 

non-collagen producing cell line. The decrease in promoter activity was observed in 

experiments carried out with both the proximal or basal promoter constructs. 

Furthermore, the study demonstrated that mutations in the G/CBE interfered with 

formation of DNA-protein interactions in vitro. It can be concluded that the CCAAT 

box and adjacent sequences that constitute the G/CBE element are required for the 

activation and regulation of expression of the a2(I) procollagen gene. It is possible 

that factors that bind at this element are crucial for the formation of the transcription 

pre-initiation complex through interactions with the general transcription machinery. 
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The G/CBE element has been shown previously to bind a protein that belongs to the 

CBF family of transcription factors, the focus of this study was therefore shifted 

towards the CME. Although the CME is absent in the mouse promoter, proteins that 

bind to this element are present in rodent cell lines, and as mentioned earlier, these 

proteins are ubiquitous. Mutations were introduced in the CME in order to study the 

effects of these mutations on the activity of the a.2(I) procollagen promoter. A 

significant increase in promoter activity was observed when the mutated promoter 

constructs were transfected into CT-1 and SVWI-38 fibroblasts, with a 3-fold 

increase in the activity of the promoter observed in SVWI-38 fibroblasts. These 

results suggested that the CME binds a transcription factor that could be involved in 

the repression of the a.2(1) procollagen gene. In vitro DNA binding assays did not 

suggest an increased binding of nuclear proteins in the presence of mutations in the 

CME, ruling out the possibility these mutations could increase the binding activity of 

a more potent activator and hence the increase in the activity of the promoter 

constructs. In addition, the increase was more significant in SVWI-38 fibroblasts as 

compared to CT-1 fibroblasts. An interesting finding was that the increased promoter 

activity of the mutated constructs was restricted to the proximal promoter and not the 

basal promoter, the latter constructs showed a decrease in the activity of the promoter. 

The explanation for this contradiction could simply be that the repressor requires 

interaction with upstream elements or additional factors that bind to upstream 

elements. It can be deduced that the CME binding protein is a repressor in agreement 

with previous suggestions. At this stage, the correlation that can be made between 

the above findings and the degradation of complex II to III is the possibility that 

CME binding proteins that are not in association with DNA might be susceptible to 

protease degradation the major product of which is still able to bind DNA. Fibroblasts 

will therefore either express or not express a.2(I) procollagen depending on the extent 

of degradation/processing of complex II to III. An interesting observation was the 

apparent low ratio of complex II:III in CT-1 extracts compared to SVWI-38 extracts; 

this raises the possibility of existence of differences in the stability and perhaps the 

structure of the CME binding protein in the two cell lines. Since complex II proteins 
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are also present in non-procollagen expressing cell lines, it is a clear indication of the 

complex nature of the regulation of procollagen gene expression. The regulation of 

gene expression is achieved at different levels such as activation of the gene structure, 

access and interaction of transcription factors with their recognition elements, and 

post-translational modifications of transcription factors, therefore CME binding 

proteins might require modifications in order for them to modulate expression of the 

a.2(I) procollagen gene. 

The functional significance of a specific cis-acting element is usually deduced from 

in vivo experiments using a reporter system and transfection. In order to establish 

whether a specific transcription factor that binds to this element is indeed an activator 

or repressor, it is important to purify and/or clone it and carry out in vitro 

transcription assays. In this study, the complex II protein was purified using 

conventional biochemical techniques. The protein was further purified by SDS­

polyacrylarnide gel electrophoresis. Two polypeptides of 67 and 50 k:Da were isolated 

after two steps of DNA affinity purification. The polypeptides were eluted and 

subjected to either automated amino acid sequencing or MALDITOF-ms analysis. 

Sequencing was not successful since the polypeptides appear to be N-terminally 

blocked. Since this procedure requires relatively large amounts of material, it was not 

pursued any further. Polypeptides digested with trypsin were therefore analysed using 

MALDITOF-ms and the mlz ratios were used to search the databank for any matches. 

The only close match obtained with four peptide fragments was of a mouse zinc 

finger protein ZFP-27 (MKR4 protein). Collins et al (56) have reported that the 

DNA-binding activity of complex II proteins was zinc dependent. It can be concluded 

that the complex II protein belongs to the zinc family of transcription factors. Work is 

in progress to obtain the complete sequence of the protein to further characterise its 

DNA binding and activation domains. 

The expression . of a number of cellular proteins is altered as a result of 

transformation. The most common feature of transformation of fibroblasts, the 

primary type I collagen-producing cell, is a reduction in the expression of type I 
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procollagen. Numerous reports have demonstrated the effect of viral oncogene 

products on the expression of type I procollagen genes. In this study, a human 

embryonic lung fibroblast cell line transformed by y-irradiation (CT-I fibroblasts), 

was used as a model to study the effect of transformation on the expression of the 

a2(I) procollagen gene. CT-I fibroblasts have been shown to express normal levels 

of a.2(1) procollagen gene, however, these cells have lost the ability to express c-fos, 

even after stimulation with positive effectors such as serum and phorbol esters (89). 

This study reports on the role of constitutive expression of c-f os in the modulation of 

a2(I) procollagen gene expression. CT- I fibroblasts transfected with a c-jos cDNA 

construct that allows constitutive expression of c-f os show downregulated a2(I) 

procollagen mRNA levels. No change in the stability of the message or changes in 

the rate of message turnover were observed; the turnover of the message remained 

similar to that of normal cells. 

In an attempt to characterise the Fos response in CT-I fibroblasts, different regions of 

the promoter and the first intron were analysed for the presence of Fos-response 

elements. From the results it is evident that the 2300 bp of sequences 5' of the 

transcription start site lack negative Fos response elements, instead the activity of this 

promoter construct was transactivated in the two Fos overexpressing cells lines. 

Subsequent analysis of the promoter activity of the a2(I) procollagen promoter 

construct containing sequences between -1000 and +2000 hp (including exon l and 

intron 1) did not reveal the presence of any Fos response elements that had a negative 

effect on promoter activity. Interestingly, the -2300 and -343 promoter constructs 

were transactivated in c-jos transfected clones and the promoter-intron construct was 

only transactivated in the CT-F9 done. From these results, it can be concluded that 

AP-I elements present in the proximal promoter and the first intron are important in 

transactivation of the cx.2(1) procollagen gene. Whilst the Fas response remains an 

enigma, the repressed cx.2(1) procollagen mRNA levels in fibroblasts overexpressing 

c-fos appears to be an indirect effect, at least in as far as transcription from the 2300 

bp promoter is concerned. In a recent report, the overexpression ofFos was shown to 

result in increased expression and activity of DNA methylcytosine transferase 
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accounting for the observed transformed phenotype in rat 208F fibroblasts. Since c­

fos is at the end of the signal transduction pathway, it is possible that overexpression 

of this gene is likely to influence the expression of a variety of other genes that 

function to negatively regulate the expression of a2(I) procollagen gene. It is well 

documented that Fos modulate genes through formation of heterodimers with the Jun 

family of proteins, and depending on the composition of the dimer, the effect will be 

either an increase or a decrease in the expression of a specific gene. Diamond et al 

(223) have shown that a single cis-element can cause opposite effects on 

transcription; the glucocorticoid response element was inactive in the absence of c­

jun, whereas a positive glucocorticoid response was observed in the presence of c­

jun, and a negative effect was obtained in the presence of c-jun and relatively high 

levels of c-fos. 

5.4 Significance of findings 

The normal expression of the a2(I) procollagen gene relies on the proper interactions 

between transcription factors and regulatory elements of the gene. Changes in the 

secondary structure of the gene as well as the structure and stability of transcription 

factors will therefore play a significant role in the levels and the rate of expression of 

the a2(I) procollagen gene. Events such as DNA methylation have been associated 

with alteration in the gene expression pattern in cells, however, some of the 

transcription factors such as Sp 1 can interact with either methylated and demethylated 

DNA. This study sought to evaluate the role of two specific cis-regulatory elements 

present in the basal promoter, 107 bp upstream of the transcription start site, of the 

a2(I) procollagen gene. 

The study established the importance of the GGAGG/CCAAT (G/CBE) box in 

transcriptional activation of the human a2(I) procollagen gene. These observations 

are consistent with previous studies carried out with the mouse gene; the role of this 

element extents beyond cells that produce type I collagen. Furthermore, the G/CBE 

appears to function in the absence of upstream elements implying that the cognate 

factor possibly form protein-protein interactions with the basal transcription 
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machinery, but transcriptional activation is reduced. The implications of these results 

are that the presence of mutations in the G/CBE region of the promoter will result in 

loss of transcriptional activity of the a.2(1) procollagen gene. On the other hand, the 

downstream CJVIE element appears to bind a factor that has a negative effect on 

transcriptional activity of the a2(1) procollagen gene. This inhibition appeared 

dominant in a non-a2(1) collagen producing cell line. In addition, the factor that 

recognises the CME has been found to be ubiquitous, it is present in a number of cell 

lines ranging from normal and transformed fibroblasts, haematopoietic cells, and 

epithelial cells. Inhibition of binding of this factor to the CME by mutagenesis 

increased transcription of the a2(1) procollagen gene only in the presence of upstream 

elements. The CME binding protein might function in transcriptional repression, but 

it is not a potent repressor. The presence of a transcriptional repressor of the a.2(1) 

procollagen gene in a variety of cell lines can be exploited in the design of drugs for 

the treatment of collagen and collagen-related diseases, obviously depending on 

whether the protein is under- or overexpressed. A drug designed to inhibit the CME 

binding protein would result in moderate activation of a.2(1) procollagen gene 

expression, an application that would be beneficial in the management of scleroderma 

characterised by overproduction of the al(I) procollagen chain; such an approach 

would artificially maintain the 2:1 stoichiometry for a functional type I collagen 

protein. More studies, however, need to be conducted to further characterise the 

CME binding protein. 
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CHAPTER6 

MATERIALS AND METHODS 

6.1 Cell culture 

The cell lines used in this study were: 

Human embryonic lung fibroblasts, WI38 (ATCC CCL-75) 

Wl-38 fibroblasts transformed by y-irradiation, CT-1 (32) 

WI-38 fibroblasts transformed with SV40, SVWI-38 (238) 

Human monocytic cell line, U937 (ATCC CRL 1593) 

6.1.1 Adherent cell culture 

Adherent cells (all the fibroblast cell lines) were cultured in 35, 100, or 150mm tissue 

culture dishes in DMEM supplemented with 10 % (v/v) foetal bovine serum (FBS), 

I 00 µg/ml streptomycin and 250 U/ml penicillin, in a humidified 95 % air/5 % CO2 

incubator (Queue) at 37 °C. Cells were grown to 90 % confluency and trypsinised 

in 0.05 % (w/v) trypsin in PBS containing 10 mM EDTA. Transformed cells were 

split I :5 whilst normal fibroblasts were split I :3 for subculturing. 

6.1.2 Suspension cell culture 

U937 cells were cultured in 75 or 150cm tissue culture flasks in RPMI-1640 medium 

supplemented with 10 % (v/v) FBS, 100 µg/ml streptomycin and 250 U/ml penicillin 

in a humidified 95 % air/ 5 % CO2 incubator, at 37 °C. Cells were split 1: 10 at a cell 

density of I 06 cells/ml for propagation of cultures. 

6.1.3 Culture of serum deprived cells 

Cells were trypsinised, split according to experimental conditions and cultured in 

DMEM supplemented with 0.1 % (v/v) FBS and antibiotics. After 48 hours, cells 

were incubated in fresh medium supplemented with 10 % (v/v) FBS for 30 minutes, 

harvested and used for either protein or RNA extraction. 
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U937 cells were cultured in 75 or 150cm tissue culture flasks in RPMI-1640 medium 

supplemented with 10 % (v/v) FBS, 100 µg/ml streptomycin and 250 U/ml penicillin 

in a humidified 95 % air / 5 % CO2 incubator, at 3 7 °C. Cells were split 1: 10 at a cell 

density of l 06 cells/ml for propagation of cultures. 

6.1.3 Culture of serum deprived cells 

Cells were trypsinised,. split according to, experimental conditions and cultured in 

.. D¥EM s~pplemented ~ith 0.1 % (v/v) FBS and ant~J:,iotics. After 48 hours, cells 
·-

were incubated in fresh medium supplemented with 10 % {v/v}FBS for 30 minutes, 

··haryest!'.d and used for~ither· protein or RNA extraction: · 

. 6.1.4 Treatment of cells with actinomycin D 

Cells af70-80 o/o '?O~fluencY- were tr.eated with Sµg/ml actinomycin J? for 0, 2, 4, 8, 

- ·16-and·24 hours and incubated in a humidified incubator at J7 °c.· At the "indicated 

tinre_polnt5y-cells were1iarvested for total RNA extraction .. · 

-·-- ·-6.2 Cell transfectfon 

In all transfection experiments, the calcium-phosphate precipitation protocol (239) 

was used. The following mixture was prepared for a 100 mm tissue culture dish:-

5 µI (2-5 µg) 

60 µ] 

345 µ1 

420 µI 

l~ plasmid DNA used depended on whether the transfection was stable (a cDNA expression vector 
was transfected) or transient (a promoter-reporter construct was transfected); 
2~ the plasmid cmvpgal was co-transfected in all transient transfection experiments as a control for 
transfection efficiency; 
3- this solution was added dropwise with gentle agitation to a mixture containing the other listed 
components. Preparation of all solutions is described in section 6. 7. 

The mixture was incubated at room temperature for 30 minutes and should turn 

opaque implying successful formation of the DNA/calcium phosphate precipitate. 



G418 . Resistant colonies were trypsinised and subcultured into 35mm tissue culture 

dishes for propagation. 

6.2.2 Transient transfection of fibroblasts 

Fibroblasts grown to 40 % confluency were transfected with 20 µg plasmid DNA 

using the calcium-phosphate precipitation method as described in section 6.2. Sixteen 

hours after transfection the medium was changed and the cells allowed to grow for 48 

before being harvested for the assays as described in sections 6.2.3, 6.2.4, 6.2.5 and 

6.2.6. 

6.2.3 Extraction of protein from transfected cells 

The medium was removed from transfected cells and the cells washed once with 

phosphate buffered saline (PBS). Cells were scraped with a cell scraper and pelleted 

by centrifugation at 13 000 rpm at 4 °Cina Biofuge UR microcentrifuge (Heraeus, 

Sepatech) for 1 minute. The pellet was resuspended in 150 µl of0.25 M Tris-HCI, pH 

8.0 and lysed by three cycles of freeze-thawing in liquid nitrogen with a rapid 

vortexing step after the thaw cycle. The cytoplasmic fraction was obtained after 

centrifugation in a microcentrifuge at 13 000 rpm at 4 °C for 5 minutes. The post­

nuclear supernatant was retained for enzyme assays. 

6.2.4 BioRad protein assay 

The protein concentration was determined usmg the standard BioRad assay, a 

modified Lowry colorimetric assay for protein determination (240). Briefly, extracts 

were mixed with the BioRad solution and incubated at room temperature for 10 

minutes. The absorbance was measured at As95nm (Spectrophotometer PM2DL, Zeizz) 

and the protein concentration was determined from a standard curve performed with 

bovine serum albumin. 

6.2.5 ~-galactosidase assay 

The reaction mixture for the f3-galactosidase assay was as follows:-

Cell extract 50-100 µg protein 
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O-nitrophenyl-~-D-galactosidase 50 µ1 
(ONPG), 4mg/ml 
Mg2

+ buffer, lO0x (section 6.7) 3 µl 

0.lM Sodium phosphate buffer (section 6.7) was added to a final volume of300 µL 

The reaction mixture was incubated at 37 °C until the appearance of a yellow colour. 

It was important to incubate the ~-galactosidase assay until a yellow colour formed 

and the time ranged from l 0 min to 2 hours, in which case the ~ 20nm was within the 

linear range of 0.2 to 0.8 AU. In certain instances, however, the incubation was 

carried out for 16 hours at 37 °C in the event where the transfection efficiency was 

low. The ~20nm was maintained within the linear range. The reaction was terminated 

by addition of 500 µ1 of IM Na2CO3 and the ~2onm was measured. The extracts from 

cells transfected with water instead of plasmid DNA were used as blanks. The ~­

galactosidase activity was expressed as ~2onm per µg protein. 

6.2.6 Chloroamphenicol acetyl transferase (CAT) assays 

CAT activity was measured in a reaction mixture containing the following :-

Cell extract 50-100 µg protein 
n-Butyryl CoA, 5mg/ml 5 µ1 
14C-Chloroamphenicol 2.5 µI 
(D-Threo[ dichloroacetyl-1-14C]Chloroamphenicol, 54 mCi/mmol, Amersham) 

0.25M Tris-HCI, pH 8.0 was added to a final volume of 125 µI. 

The tubes were incubated at 37 °C for 2 hours and the reaction terminated by addition 

of300 µI xylene, mixed by vortexing and centrifuged to separate the two phases. The 

butyrylated chloroamphenicol separated into the xylene phase (top phase), while the 

unbutyrylated chloroamphenicol remained in the aqueous phase (bottom phase). The 

xylene phase was collected and re-extracted with 100 µI of 0.25M Tris-HCI, pH 8.0. 

The top, xylene phase (~ 190 µI) was transferred to a scintillation vial and a 

scintillation cocktail was added. The incorporation of the 14C label was measured by 

counting in a Tri-Carb 4640 liquid scintillation counter (Packard). The CAT activity 
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was expressed as cpm per µg protein. The relative CAT activity was expressed as the 

ratio of the CAT activity to ~-galactosidase activity. 

6.3 Preparation of competent cells and transformation of E. coli cells 

6.3.1 Preparation of competent cells 

E. coli DH5a or XLBlue cells, were inoculated into 5 ml ofLuria-Bertani (LB) broth 

(section 6.7) and grown overnight at 37 °C with shaking at 250 rpm (New Brunswick 

Scientific Co. Inc.). The overnight culture was used to inoculate 20 ml LB in a sterile 

50 ml centrifuge tube giving a starting optical density6oonm (OD6oonm) of about 0.1 as 

determined on a Beckman DU 650 Spectrophotometer. Cells were allowed to reach 

the exponential growth phase (OD6oonm of 0.4-0.6) at 37 °C with shaking at 250 rpm, 

and pelleted at 2 000 rpm in a benchtop centrifuge (Beckman Model TJ-6 Centrifuge) 

at 4 °C for 20 minutes. The pellet was gently resuspended in a 1 Ox packed cell 

volume with ice-cold 50 mM CaCh solution, incubated for 1-2 hours and pelleted by 

centrifugation at 1 000 rpm for 20 minutes at 4 °C. The pellet was gently resuspended 

in a small volume (3-5x PCV) of 50 mM CaCh-containing 50 % (v/v) glycerol and 

100-200 µl aliquots were stored at -70 °C until required. 

6.3.2 Transformation of competent cells 

An aliquot of competent cells (50-100 µl) was mixed with lng of plasmid DNA or 10 

µ1 of ligation mixture and incubated on ice for 1 hour. The cells were heat-shocked at 

42 °C for 1 minute, 1 ml LB was added and the cells were incubated at 37 °C in a 

shaking incubator for 1 hour. 50-100 µl of the transformation mixture was plated on 

LB-agar plates containing 50 µg/ml ampicillin. Plates were incubated at 37 °C for 12-

16 hours. Transformation efficiency was confirmed by transformation with 1 ng of 

pUC19 plasmid; competent cells should give 107-108 colonies per µg plasmid DNA 
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6.4 DNA manipulation 

6.4.1 Cloning of DNA fragments into plasmid vectors 

DNA fragments were digested with appropriate restriction enzymes, the reaction 

mixture and incubation conditions were as described by the manufacturers of the 

enzymes. DNA fragments were separated by electrophoresis on 1-1.5 % (w/v) 

agarose gels and the gels stained with ethidium bromide. DNA bands of interest were 

excised from the gel and eluted using gene-elute columns (section 6.4.2.2) or Qiaex 

beads (section 6.4.2.1). 

6.4.1.1 Preparation of DNA for blunt-end ligation 

DNA fragments with 5' overhangs were incubated with lU of Kienow DNA 

polymerase in the presence of the polymerase buffer (supplied by the manufacturers 

of the enzyme), 0.5 mM dATP, dGTP, dTTP and dCTP in a final volume of 20 µ1 at 

30 °C for 30 minutes to 1 hour. DNA was extracted once with 

phenol:chloroform:isoamyl alcohol (25 :24: 1 ), once with chloroform:isoamyl alcohol 

(24:1) and precipitated by the addition of 0.1 volume of3 M sodium acetate, pH 4.0 

and 2.5 volumes of 96 % (v/v) ethanol and placed at -20 °C for 1-2 hours. The 

precipitate was pelleted by centrifugation at 13 000 rpm at 4 °C for 20 minutes, the 

pellet washed with 70 % (v/v) ethanol, dried and dissolved in TE. The vector for 

blunt-end ligation was digested with either Smal or EcoRV to generate blunt ends, 

treated with 1 unit calf intestinal phosphatase (CIP) at 37 °C for 1 hour and extracted 

with phenol:chloroform:isoamyl alcohol as described above. The DNA was 

precipitated by the addition of ethanol, washed with 70 % (v/v) ethanol, dried and 

dissolved in TE. 

6.4.1.2 Preparation of DNA for cohesive-end ligation 

DNA was digested with the required restriction enzymes and eluted as described in 

section 6.4.2.1 or 6.4.2.2. The vector was treated with CIP as described in section 

6.4.1.1. 
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Ligation reactions contained IU of T4 DNA ligase, 0.25 mM ATP, T4 DNA ligase 

buffer and the indicated ratios of vector DNA to insert DNA in a final volume of 10 

µ1. All ligations were incubated for 16-24 hours at room temperature. 

6.4.2 DNA elution methods 

6.4.2.1 Qiaex DNA extraction method 

DNA fragments were separated by electrophoresis on low-melting agarose gels in 

TAE buffer (section 6.7) and stained with ethidium bromide. DNA bands of interest 

were excised and the gel treated as described by the manufacturers of the Qiaex gel 

extraction kit (Qiagen). 

6.4.2.2 Gene-elute column DNA extraction method 

DNA was fractionated by electrophoresis on high melting agarose gels in TBE 

(section 6.7), exciseq and eluted using gene-elute columns. The procedure was as 

described by the manufacturers (Supelco, Inc). Briefly, DNA was placed on a column 

equilibrated with TE, the column placed in a 1.5 ml Eppendorf tube and centrifuged 

in a microcentrifuge at 13 000 rpm for 10-30 minutes depending on the size of the 

gel. The DNA was used directly in the subsequent steps or it was precipitated by the 

addition of 0.1 volumes of 3M sodium acetate and 2.5 volumes of 96 % (v/v) ethanol. 

6.4.2.3 Crush soak method 

DNA was separated by electrophoresis on a non-denaturing polyacrylamide gel, 

stained with ethidium bromide and the band of interest excised. The gel was cut into 

small pieces and incubated in 300 µI of extraction buffer (0.5 mM ammonium 

acetate, 10 mM magnesium acetate and lmM EDTA, pH 8.0) at 37 °Cina shaking 

incubator for 16 hours. The buffer was removed and the remaining gel pieces washed 

with 100 µ1 of the extraction buffer. Supematants were pooled and extracted once 

with an equal volume of phenol:chloroform:isoamyl alcohol (25:24:1), once with 

chloroform:isoamyl alcohol (24: 1) and precipitated with 0.1 volumes 3M sodium 

acetate and 2.5 volumes of 96 % (v/v) ethanol solution. The peJlet was collected by 
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centrifugation, washed with 70 % (v/v) ethanol, dried and dissolved in 20 µl TE . 

(section 6.7). 

6.4.3 Rapid plasmid DNA preparation 

Plasmid DNA was extracted using a modified alkaline lysis method of Birnboim and 

Dolly (241 ). Overnight colonies were inoculated into 3 ml of LB supplemented with 

50 µg/ml ampicillin and allowed to grow at 37 °C for 12-18 hours in a shaking 

incubator (250 rpm). 2 ml of the overnight culture was transferred into 1.5 ml 

Eppendorf tubes, centrifuged at 13 000 rpm at 4 °C for 2 minutes, the cell pellet 

resuspended in 100 µ1 of solution 1 (25 mM Tris-HCI, pH 8.0, 10 mM EDTA and 50 

mM glucose), lysed with 200 µl freshly prepared solution 2 (0.25M NaOH and 1.0 % 

(w/v) SDS) and mixed by gentle inversion of the tubes (4-6 times). To the 

suspension, which at this stage should be very viscous, was added 200 µ1 of solution 

3 (3M KAc, pH 4.8) the tube was inverted 4-6 times and centrifuged at 13 000 rpm at 

4 °C for 5 minutes to pellet the membranes and cellular debris. 400-500 µ1 of the 

supernatant was mixed with an equal volume of 100 % (v/v) isopropanol, centrifuged 

at 13 000 rpm at 4 °C for 10 minutes to collect the precipitate, the pellet was washed 

with 70 % (v/v) ethanol and dried under vacuum. The dried pellet was resuspended in 

40.;.50 µl of TE and subjected to digestion with restriction endonucleases as required. 

6.4.4 Purification of plasmid DNA 

Purification of plasmid DNA was performed using the Qiagen plasmid purification 

kits for mini or maxi preparations. Glycerol stocks were used to inoculate 5ml or 200 

ml of LB supplemented with 50 µg/ml ampicillin. Cells were grown at 37 °C in a 

shaking incubator at 250 rpm for 16 hours, harvested by centrifugation and used for 

plasmid DNA isolation as recommended by the manufacturers of the kits. 

6.4.5 Chromosomal DNA extraction 

Cells were cultured in 150 mm tissue culture dishes until they reached 80-90 % 

confluency, harvested by brief trypsinisation, collected by centrifugation and washed 
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once with phosphate buffered saline. The cell pellet was resuspended in l 00 µl 

digestion buffer (l00mM NaCl, 10 mM Tris-HCl, pH 8.0, 25 mM EDTA, pH 8.0, 0.5 

% (w/v) SDS) supplemented with freshly made 0.1 mg/ml proteinase K. The samples 

were incubated at 50 °C for 12-18 hours in Eppendorf tubes (tubes were sealed with 

parafilm) with shaking. 2 µl of 10 mg/ml RNase was added and incubation continued 

at 50 °C for l O minutes. The samples were extracted with an equal volume of 

phenol:chloroform:isoamyl alcohol (25.24.1) and centrifuged at top speed for 10 

minutes. The aqueous (top) phase was transferred to a clean tube and to it was added 

0.5 volumes of 7.5M ammonium acetate and 2 volumes of 96 % (v/v) ethanol; the 

DNA formed a stringy precipitate which was either collected by centrifugation at top 

speed for 2 minutes or it was spooled using a pasteur pipette. The DNA was washed 

once with 70 % (v/v) ethanol, air dried and dissolved in TE by heating at 65 °C if 

required. 

6.4.6 DNA sequencing 

DNA sequencing was performed using the Sanger dideoxy chain termination method 

(242). 1-2 µg purified plasmid DNA was mixed with 100 pmol of primer and 1.5 µl 

of IM NaOH in a final volume of 11.5 µl, mixed by vortexing and incubated at 65 °C 

for 5 minutes. The reaction was transferred to a 37 °C waterbath, neutralised by the 

addition of 1.5 µl of IM HCI and 2 µl of the annealing buffer followed by a further 

incubation at 37 °C for 10 minutes. The annealing reaction was cooled to room 

temperature for 5 minutes. Labelling and subsequent reactions were performed as 

recommended by the manufacturers (Pharmacia). 3 µl of the final sequencing reaction 

mixture containing stop buffer was loaded onto a urea 6 % polyacrylamide gel and 

fragments separated by electrophoresis in lx TBE buffer. The gel was always pre­

electrophoresed for 1 hour to a temperature of 45-50 °C prior to loading samples. The 

gel was dried and exposed to X-ray film for 16 hours at room temperature. 
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temperature for 5 minutes. Labelling and subsequent reactions were performed as 

recommended by the manufacturers (Pharmacia). 3 µl of the final sequencing reaction 

mixture containing stop buffer was loaded onto a urea 6 % polyacrylamide gel and 

fragments separated by electrophoresis in lx TBE buffer. The gel was always pre­

electrophoresed for 1 hour to a temperature of 45-50 °C prior to loading samples. The 

gel was dried and exposed to X-ray film for 16 hours at room temperature. 

6.4. 7 Polymerase Chain Reaction (PCR) amplification of DNA 

A standard PCR reaction contained 25-50 ng of template (purified chromosomal or 

plasmid DNA), 200 µM dNTP mixture (dATP, dGTP, dCTP and dTTP), lx Taq 

DNA polymerase reaction buffer containing MgCh, 100 pmol of primers and 0.5-1 

unit of Takara Taq DNA polymerase in a final volume of 50-100 µL The PCR 

reaction was over-layered with ~30 µI of mineral oil. Although PCR conditions 

varied with respect to the annealing temperature, a typical PCR programme (Hybaid 

Omni Gene PCR machine) would be :-

30 seconds 

30 seconds 

1 minute 

10 minutes 

5-10 µI of PCR products were analysed by electrophoresis on agarose gels followed 

by ethidium bromide staining. 

6.4.8 Analysis of DNA by electrophoresis on agarose gels 

1-1.5 % (w/v) agarose was dissolved in 0.5-lx TBE or TAE buffer, the agarose was 

dissolved by boiling in a microwave, after cooling to ~50 °C, ethidium bromide was 



contained 0.25-0.5 µg of DNA, 300 µM dNTP mixture of dATP, dGTP and dTTP, 20 

µCi of dCTP [a-32P] (specific activity 300 Ci/mmol, Amersham), Ix Klenow DNA 

polymerase reaction buffer and 1-2 units of Kienow DNA polymerase in a final 

volume of 25 µ1. The reaction was incubated for l hour at room temperature or at 30 

°C and the reaction was terminated by heating at 65 °C for ] 0 minutes. The reaction 

volume was made up to 150 µl with sterile distilled water and loaded onto a 

Sephadex G-50 column (packed in a standard pasteur pipette plugged with autoclaved 

glass-wool). 15 x 150 µl fractions were collected by elution with sterile distilled 

water and the radioactivity of each fraction determined by Cerenkov counting. 

Fractions from the first radioactive peak were pooled, 10 µl of the pooled fractions 

mixed with a liquid scintillation cocktail and the radioactivity measured by counting 

in a liquid scintillation counter. The specific activity of the labelled DNA was 

expressed as cpm/µg DNA 

6.4.9.2 Random prime labelling of DNA 

The random prime labelling protocol was followed as described by the manufacturers 

of the kit (Amersham). 25 ng of DNA was heated for 5-10 minutes at 95 °C, snap­

cooled on ice for 5 minutes and 5 µl of primer, l 0 µl of reaction buffer, 50 µCi of [ a-

32P]-dCTP and 2.5 units ofKlenow DNA polymerase were added to a final volume of 

50 µI. The reaction mixture was incubated for l hour in a 37 °C waterbath, the 

reaction was terminated by heating at 65 °C for 10 minutes and labelled DNA 

separated from unlabelled nucleotides on a Sephadex G-50 column. The specific 

activity of the labelled DNA calculated as described in section 6.4.9.1. 

6.5 RNA extraction and analysis 

6.5.1 RNA extraction 

The one-step method of Chomczynski and Sacchi (243) was used to extract RNA 

from adherent fibroblasts. Fibroblasts were cultured to 80-90 % confluency in 

100mm tissue culture dishes, washed once with PBS and the cells lysed by the 
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addition of 500 µl of guanidinium isothiocyanate (GITC) solution D (section 6.7). 

The suspension was transferred to an Eppendorf tube, to it was added 50 µl of 3M 

sodium acetate, pH 4.0 and mixed by vortexing. 500 µl of water saturated phenol was 

added and the mixture was vortexed until all lumps had disappeared before the 

addition of 100 µl of chloroform:isoamyl alcohol (49:1). The suspension was mixed 

by shaking for 10 seconds followed by incubation on ice for 15 minutes. The mixture 

was then centrifuged at 13 000 rpm at 4 °C for 20 minutes. The top aqueous layer was 

mixed with an equal volume of 100 % (v/v) isopropanol, incubated at -20 °C for 2 to 

16 hours and the RNA pelleted by centrifugation at 13 000 rpm for 20 minutes. The 

RNA pellet was washed in 70 % (v/v) ethanol, vacuum dried, resuspended in 50 µ1 

of sterile DEPC treated distilled water and incubated at 60 °C for 10 minutes to 

dissolve the RNA pellet. The concentration of RNA was measured 

spectrophotometrically at A.260-

6.5.2 Electrophoresis of RNA on agarose formaldehyde gels 

Horizontal 1 % (w/v) agarose formaldehyde gels were prepared by boiling 0.4g of 

agarose in 27 ml of sterile distilled water and 4 ml of a 1 Ox RNA running buffer 

(section 6.7); these proportions are adequate for the preparation of a minigel. The 

agarose was allowed to cool to ~60 °C and 8.5 ml of formaldehyde was added (NB: 

at this stage, it was important to work in the fume hood to avoid formaldehyde 

fumes). The agarose formaldehyde solution was poured into a gel casting tray and 

allowed to set at room temperature in the fume hood. 10-20 µg of RNA was mixed 

with 3.3 µ1 of sterile DEPC treated distilled water, 1.5 µI of lOx RNA running buffer, 

7.5 µl of formamide, 2.7 µl of formaldehyde and 1.5 µl of RNA loading buffer 

(section 6.7) in a final volume of ~26 µl. The RNA mixture was heated at 55 °C for 

10 minutes, loaded onto the agarose formaldehyde gel and fractionated by 

electrophoresis at 30 mA in 1 x RNA running buffer. The buffer was mixed at 30 

minutes time intervals. The gel was stained with ethidium bromide and rinsed with 

five changes of distilled water, or until the 28S and 18S bands could be visualised on 

the UV box in the absence of any background fluorescence. 
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6.5.3 Northern blotting of RNA onto nylon membrane 

After visualisation of the 28S and 18S RNA bands under lN light, the RNA was 

transferred by blotting onto nylon membranes (Amersham Hybond-N) in lOx SSC 

using the sandwich method of Sambrook et al (244). The membrane was viewed 

under lN light with the RN A side facing down, to confirm successful transfer of the 

RNA The membrane was then rinsed in 6x SSC (section 6.7), the excess liquid was 

removed by gentle blotting with Whatman 3M filter paper and the RNA fixed onto 

the membrane by lN cross-linking (Spectrolinker, XL-1000 UV crosslinker, 

Spectronics Corporation). The membrane was stored at 4 °C until required. 

6.5.4 Hybridisation to radiolabelled probes 

Cross-linked membranes were prehybridised in 5-lOml hybridisation buffer per 100 

mm2 membrane (section 6.7) in a hybridisation oven (Hybaid Dual hybridisation 

oven) at 42 °C for at least 4 hours. Random prime [a-32P]-dCTP labelled DNA was 

denatured at 94 °C for 5-10 minutes, snap-cooled in ice for 5 minutes and added to 

the prehybridisation solution at 1-2 X 106 cpm/ml for a probe with a specific activity 

of between 108 
- 109 cpm/µg DNA Hybridisation was continued at 42 °C for 18-24 

hours in a rotating hybridisation oven. The hybridisation solution was decanted and 

the membrane was washed twice in 2x SSC, 0.1 % (w/v) SOS at room temperature 

for 15 minutes each, followed by a high stringency wash in O. lx SSC, 0.1 % (w/v) 

SDS at 5fr-65 °C for 30 minutes (depending on the probe). It was sometimes 

necessary to repeat the high stringency wash until the background was significantly 

reduced (monitored by a Geiger counter). The membrane was sealed in a plastic bag · 

and exposed to X-ray film for at least 16 hours at -70 °C using intensifying screens. 

6.6 Protein analysis 

6.6.1 Preparation of nuclear proteins 

Preparation of nuclear proteins was performed according to the method of Dignam et 

al (245). Cells were cultured to 90 % confluency in either 150 mm tissue culture 

dishes or flasks (see section 6.1.1 and 6.1.2) and adherent cells were harvested by 
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scrapmg with a rubber policeman whilst suspension cultures were harvested by 

centrifugation with a Beckman JA 14 rotor at 18 000 xg at 4 °C for 10 minutes. The 

cell pellet was resuspended in 5 packed cell volumes of Dignam buffer A (section 

6. 7) and incubated on ice for l 0 minutes to allow cells to swell. Cells were pelleted 

by centrifugation at 18 000 xg at 4 °C for 10 minutes, the pellet was resuspended in 2 

packed cell volume of Dignam buffer A (section 6. 7) and homogenised with 10-20 

strokes using a Dounce homogeniser. Nuclei were collected by centrifugation at 21 

000 xg (13 000 rpm with a Beckman JA20 rotor) at 4 °C for 20 minutes. Nuclei were 

resuspended in Dignam buffer C (section 6.7), homogenised and incubated on ice for 

30 minutes with gentle stirring to facilitate extraction of nuclear proteins. The 

homogenate was centrifuged at 21 000 xg at 4 °C for 30 minutes and the supernatant 

dialysed against 50 volumes of Dignam buffer D (section 6.7). The dialysate was 

centrifuged at 21 000 xg (Beckman JA 20 rotor) at 4 °C for 30 minutes and the 

supernatant stored at -70 °C in aliquots of 50-100 µl. For purification purposes, the 

supernatant was stored in 1 ml aliquots. 

6.6.2 Analysis of DNA binding activity of nuclear proteins using the 

electrophoretic mobility shift assay (EMSA) 

Approximately 4 µg of crude nuclear extract was incubated with 1-2 µg of polydI.dC 

and 4 µl of incubation buffer (section 6.7) in a volume of 20-25 µl at room 

temperature for 10 minutes. Approximately 104 cpm of [ a-32P]-dCTP end-labelled 

probe was added (equivalent to ~4 ng of DNA) and the reaction incubated on ice for 

a further 20 minutes. Two microlitres of 0.2 % (w/v) bromophenol blue was added 

and DNA-protein complexes resolved by electrophoresis on a non-denaturing 5 % 

polyacrylamide gel. Briefly, a non-denaturing polyacrylamide gel was cast using 

standard procedures, the gel was pre-electrophoresed in 0.5x TBE buffer at 150 Vat 

4 °C for ~30 minutes prior to sample loading. The gel was electrophoresed at 150 V 

at 4 °C for approximately 2.5 hours, depending on the length of the probe, dried and 

exposed to X-ray film for a minimum of 16 hours at -70 °C using intensifying 

screens. 

153 



6.6.3 Purification of transcription factors 

For the purification of transcription factors, conventional chromatography techniques 

were utilised and at each purification step, the activity of the transcription factor was 

monitored by EMSA for DNA binding activity. Throughout the purification, the 114 

bp probe encompassing the a2(I) procollagen promoter between -107 and -60 was 

used as a probe in the EMSA reactions. AU purification steps were performed at 4 °C. 

6.6.3.1 Heparin-agarose purification 

Commercial heparin-agarose was suspended in CB buffer (section 6.7) and degassed 

at room temperature for about 1 hour. A 15 cm x 0.7 cm heparin-agarose column was 

packed and equilibrated with CB buffer. Crude nuclear proteins loaded onto the 

column and eluted stepwise with CB buffer containing 0.1, 0.2, 0.4 or 1.0 M KCI. 

The elution of proteins from the column was monitored at 11,280nm using a UV detector. 

The volume of each fraction varied according to the starting material. Fractions were 

assayed for DNA binding activity by EMSA (6.6.2). 

6.6.3.2 DNA affinity purification 

6.6.3.2.1 Preparation of the DNA affinity matrix 

The preparation of the DNA affinity matrix was performed according to the method 

of Kerrigan and Kadonaga (206): 20 µ1 of l0x T4 polynucleotide kinase buffer 

(supplied by the manufacturers of the enzyme) was added to a mixture containing 440 

µg of each oligonucleotide (total volume of 130 µI), and oligonucleotides were 

annealed by incubating for 2 minutes at 88 °C, 10 minutes at 65 °C, 10 minutes at 37 

°C, and 5 minutes at room temperature. The mixture was divided in half in separate 

1.5 ml Eppendorf tubes. To each 75 µI aliquot, 15 µl of 20 mM ATP (pH 7.0), 10 µ1 

of 10 U/µl T4 polynucleotide kinase (100 U total) were added and incubated for 2 

hours at 37 °C. The kinase was inactivated by adding 50 µl of 10 M ammonium 

acetate and 100 µl water, heated for 15 minutes at 65 °C and allowed to cool to room 

temperature. To purify phosphorylated oligonucleotides, th~ mixture was precipitated 

with 750 µl of 96-100 % (v/v) ethanol, mixed by inversion and the pellet was 
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collected by centrifugation for 15 minutes at room temperature. The pellet was 

resuspended in 225 µI TE buffer, extracted with 250 µI of 25 :24: 1 of 

phenol:chloroform:isoamyl alcohol. The aqueous phase (top layer) was transferred 

into a new tube, extracted with 250 µl of 24: l chloroform:isoamyl alcohol, and the 

aqueous phase transferred into a new tube. Oligonucleotides were precipitated with 

25 µl of 3M sodium acetate and 750 µl of 96-100 % (v/v) ethanol, and the pellet was 

collected by centrifugation at high speed for 15 minutes. The pellet was washed once 

with 800 µI of 70 % (v/v) ethanol, dried and resuspended in 65 µI of water. To this 

oligonucleotide mixture was added 10 µl of l0x T4 ligase buffer (supplied by the 

manufacturers of the enzyme), 20 µl of20 mM ATP (pH 7.0), and 5 µl of 6000 U/ml 

T4 DNA ligase (30 Weiss units) and the mixture was incubated at room temperature 

for 2: 16 hours. Ligation was monitored by agarose gel electrophoresis. Ligated 

oligonucleotides were purified by extraction with 100 µ1 of TE buffered phenol, the 

aqueous phase extracted with 100 µI of 24:1 chloroform:isoamyl alcohol, and 

precipitated with 33 µl of l0M ammonium acetate and 133 µl of 100 % (v/v) 

isopropanol. The mixture was incubated for 20 minutes at -20 °C, centrifuged and the 

pellet dissolved in 225 µl of TE buffer. To this mixture was added 25 µl of 3M 

sodium acetate and 750 µI of 96-100 % (v/v) ethanol, centrifuged and the pellet 

washed twice with 70 % (v/v) ethanol. The dried pellet was dissolved in 50 µl of 

water and stored at -20 °C. 

4g of commercial CNBr-activated Sepharose 4B was placed in a 50 ml polypropylene 

tube, hydrated with 10 ml of IM HCl and mixed gently by flicking and inverting the 

tube. After 1 minute, the slurry was transferred to a 60 ml coarse-sintered glass 

funnel, washed and the beads allowed to swell by gradually pouring 500 ml of l mM 

HCl through the funnel. The resin was washed with l 00 ml of water and with 100 ml 

of lOmM potassium phosphate, pH 8.0. The resin was immediately transferred to a 50 

ml polypropylene screw-cap tube and 4 ml of 10 mM potassium (pH 8.0) was added 

until the resin had a consistency of a thick slurry. To couple oligonucleotide 

multimers to CNBr-Sepharose, the two 50 µl aliquots of DNA were added 
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immediately to the thick slurry and incubated on a rotating wheel overnight at room 

temperature. Working in the hood, the resin was transferred to a 60 ml coarse-sintered 

glass funnel and washed with 2 x 100 ml washes of water and one 100 ml wash with 

lM ethanolamine hydrochloride, pH 8.0 (0.2M Glycine could be used in place of 

ethanolamine hydrochloride). The resin was transferred to a 15 ml polypropylene 

screw-cap tube and lM ethanolamine hydrochloride (pH 8.0) was added until the 

mixture was a smooth slurry, the tube incubated on a rotating wheel for 2-4 hours at 

room temperature. This is step is crucial for the inactivation of unreacted CNBr­

activated Sepharose. The resin was transferred to a 60 ml coarse-sintered glass funnel 

and washed with 100 ml of l0mM potassium phosphate, pH 8.0, 100 ml of lM 

potassium phosphate, pH 8.0, 100 ml of lM KCl, 100 ml of water, and a 100 ml of 

column storage buffer (section 6.7). The resin was stored at 4 °C and it is stable for 

one year. 

6.6.3.2.2 DNA affinity chromatography 

Heparin-agarose fractions containing the transcription factor of interest, in this case 

complex II proteins, were pooled for further purification using a sequence specific 

DNA affinity matrix (section 6.6.3.2.1). The affinity matrix was packed into a 7 cm x 

0.5 cm column in EMSA buffer (section 6.7) and equilibrated in EMSA buffer 

containing 0. lM KCI. Proteins were pre-incubated on ice for 30 minutes before 

loading in the presence of 0.1 µg/µl polydl.dC in order to reduce non-specific 

interactions with the matrix. Proteins were loaded onto the column at gravity flow 

and the column was washed with 20 ml ofEMSA buffer containing 0. lM KCL Since 

complex II proteins eluted in 0.4 M KCl, it was necessary to dilute heparin-agarose 

fractions to ~0.1 M KCl prior to DNA affinity chromatography. The column was 

washed with the EMSA buffer, proteins were eluted with increasing KCI 

concentrations and fractions were assayed for DNA binding activity by EMSA. The 

affinity resin was regenerated at room temperature with 5 ml of column regeneration 

buffer (section 6.7), the resin was stirred with a glass rod and the buffer allowed to 

flow out of the column. This step was repeated and 10 ml of column storage buffer 
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was added, allowed to flow through, and 10 ml of storage buffer added again, the 

bottom of the column closed, the top covered and the column was stored at 4 °C. 

6.6.4 Separation of proteins by electrophoresis on SDS-polyacrylamide gels 

To cast discontinuous polyacrylamide gels containing SDS, the Mighty Small II SE 

250 Dual Cooled Vertical Slab Gel Electrophoresis Unit (Hoefer Scientific 

Instruments) was used to form 8 cm wide x 7 cm long gels. Protein samples were 

mixed with Laemmli sample buffer (section 6.7) in the presence (reducing) or 

absence (non-reducing) of P-mercaptoethanol and separated by electrophoresis in 

SDS electrophoresis buffer (section 6.7) at 10 mA for about 2 hours. Gels were fixed 

and stained as described in section 6.6.5 and 6.6.6. 

6.6.5 Silver staining of proteins separated by electrophoresis on SDS­

polyacrylamide gels 

A modification of the silver staining method of Merrill et al (214) was used to stain 

the gels. The silver nitrate staining protocol was used to monitor the extend of 

purification of transcription factors since this protocol can detect as little as 5 ng of 

protein per band. After electrophoresis, the gel was rinsed with distilled water, 

transferred into a glass container and fixed at room temperature for 30 minutes to 16 

hours with gentle shaking in 2 % (w/v) CuCh dissolved in 50 % (v/v) methanol-12 % 

(w/v) trichloroacetic acid. The gel was washed with 10 % (v/v) ethanol-5 % (v/v) 

acetic acid for 10 minutes, incubated in 0.01 % (w/v) KMn6O4 for 2 minutes, washed 

in the ethanol-acetic acid solution for 5 minutes followed by a single wash in 10 % 

(v/v) ethanol and distilled water for 5 minutes each. The gel was incubated in 0.1 % 

(w/v) AgNO2 dissolved in distilled water for 5 minutes, rinsed with distilled water for 

about 20 seconds and then incubated in 10 % (w/v) K2CO3 dissolved in distilled 

water for 1 minute. The gel was rinsed with distilled water for 1 minute and the silver 

nitrate stain developed by incubation in 0.01 % (v/v) formaldehyde-2 % (w/v) K2CO3 

solution until bands started to appear (about 5 minutes). The gel was rinsed with 

running distilled water, destained in 3 % (v/v) acetic acid for about 1 hour (optional) 

and stored in 1 % (v/v) glycerol; the gel was normally dried after a brief rinse in the 
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glycerol solution. The incubation times were modified depending on the size and 

thickness of the gel. It was necessary to wear gloves at all times since this staining 

procedure is very sensitive and therefore even fingerprints on the gel would stain; all 

steps were performed at room temperature with gentle, continuous shaking and all 

solutions were prepared fresh prior to use. 

6.6.6 Rapid Coomassie blue staining 

SDS-polyacrylamide gels were fixed in a 25 % (v/v) isopropanol-10 % (v/v) acetic 

acid solution for 15 minutes and stained in a solution of 0.06 % (w/v) Commassie 

blue G-250 dissolved in 10 % (v/v) acetic acid for 1 hour. The gel was then destained 

by washing in 7 % (v/v) acetic acid-5 % (v/v) methanol until the background was 

clear; a sponge was placed in the destaining dish to accelerate the destaining process. 

The gel was rinsed in 1 % (v/v) glycerol solution and dried. Gels stained using this 

protocol were also subjected to silver nitrate staining in cases where bands were too 

weak. 

6.6. 7 Western blot analysis of proteins 

6.6. 7.1 Transfer of proteins onto polyvinyl difluoride (PVDF) membranes 

Proteins were separated by electrophoresis on SDS-polyacrylamide gels, the gel 

rinsed twice in distilled water for 2 minutes each then soaked in CAPS transfer buffer 

(section 6.7) for 15-20 minutes. The PVDF membrane was placed in 20 ml 100 % 

(vlv) methanol for 5 minutes, the methanol was decanted and the membrane 

immediately rinsed in water for 5 minutes (it is important to ensure that the 

membrane is completely submerged in water). The membrane was then _soaked in 

CAPS transfer buffer. A sandwich comprising of 2 x Whatman 3M filter paper, gel, 

PVDF membrane and 2 x Whatman 3M filter paper was assembled, the gel was 

placed on the negative terminal; proteins were transferred using the Mini Trans-Blot 

Electrophoretic Transfer Cell (BioRad) at 70V for 2 hours. After transfer, the 

membrane was stained in a 0.1 % (w/v) Coomassie blue G250 dissolved in a 50 % 

(v/v) methanol and 10 % (v/v) acetic acid solution (filtered on a No.2 Whatman filter 

paper), for 10 minutes, destained in 50 % (v/v) methanol, 10 % (v/v) acetic acid for 2 
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x 10 minutes each, rinsed in distilled water for 10 minutes, the bands of interest 

were excised and subjected to automated N-terminal sequencing. 

6.6.7.2 Immunoblotting of proteins onto nitro-ceilulose membranes 

Proteins were separated by electrophoresis on polyacrylamide gels. The gel was 

rinsed with distilled water, soaked in Tris-glycine transfer buffer (section 6.7) and a 

sandwich comprising of 2 x Whatman 3M filter paper, gel ( on the negative terminal 

side), nitrocellulose and 2 x Whatman 3M filter paper was assembled. Proteins were 

transferred onto the nitro-cellulose membrane at l 00V for 2 hours. After transfer the 

membrane was incubated in a blocking solution composed of 5 % (w/v) non-fat milk 

in Tris buffered saline (section 6.7)-0.01 % (v/v) Tween 20 (TBST) for 2-16 hours. 

The membrane was incubated with a primary antibody for 1 hour at room 

temperature, washed twice with the milk-TBST solution for 15 minutes per wash, a 

secondary antibody-horseradish peroxidase conjugate was added at a 1 :2000 dilution 

and the membrane incubated for 45 minutes at room temperature; all dilutions were 

made in the blocking solution. The membrane was washed twice with milk-TBST for 

15 minutes per wash and a last wash was performed in TBS for 5 minutes. To 

· develop protein-antibody complexes, the membrane was incubated in a staining 

solution ( 6 mg 4-chloro-1-naphthol dissolved in 2ml of ice-cold methanol, 6 µl of 3 0 

% (v/v) H20 2 in a final volume of 10ml TBS) until bands appeared, that is, until the 

reactive areas turned purple. The membrane was rinsed in running distilled water; the 

colour development was complete within 30 minutes. 

6.6.8 In situ trypsin digestion of proteins and extraction of peptides 

Proteins were separated by electrophoresis on SDS-polyacrylamide gels, stained with 

Coomassie blue and the bands of interest excised. The gel was cut into small pieces, 

transferred into an Eppendorf tube, sufficient 100 % (v/v) acetonitrile added to cover 

gel pieces and incubated at room temperature for 10 minutes. The supernatant was 

discarded, gel pieces rehydrated in 5 mM Tris-HCl, pH 7.0 at room temperature for 

10 minutes and gel pieces were washed twice in alternate washes with 100 % (v/v) 

acetonitrile and 5mM Tris-HCl, pH 7.0; the supernatant was discarded after each 
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wash step. The final two washes were performed with 100 % (v/v) acetonitrile and 

gel pieces were incubated at 60 °C for 30 minutes in 10 mM DTT dissolved in 5 mM 

Tris-HCI, pH 7.0. This was followed by two x 10 minute washes with 100 % (v/v) 

acetonitrile and gel pieces were incubated at room temperature for 15 minutes in 50 

mM iodoacetate dissolved in 5 mM Tris-HCI, pH 7.0. Gel pieces were washed twice 

with alternate changes of 100 % (v/v) acetonitrile and 5 mM Tris-HCI, pH 7.0 for 10 

minutes each wash and a final wash with 100 % (v/v) acetonitrile at room 

temperature and twice at 37 °C. The digestion was performed with 4 % (w/v) trypsin, 

0.2-0.4 µg of trypsin in 0.25 mM Tris-HCl, pH 7.0 was added per 5 µg protein, gel 

pieces were completely covered in digestion buffer and incubated at 37 °C for 6 to 16 

hours To extract peptides, the supernatant was collected, the gel pieces washed 

alternately with changes of 100 % (v/v) acetonitrile for 15 minutes and 10 % (v/v) 

formic acid for 10 minutes. These washes were repeated 4 times and at each step, the 

supernatant was collected. The supernatants were pooled and dried under vacuum. 

6.6.9 MALDITOF-ms analysis of peptides 

Peptides were prepared as described in section 6.6.8 and the dried sample was 

resuspended in a 0.1 % (v/v) triflouroacetate: 100 % (v/v) acetonitrile (2: 1) solution 

(TF A:ACN). The peptide solution was mixed with sin'apinic acid as a matrix, 

crystallisation was allowed to take place at room temperature (the presence of crystals 

was confirmed by light microscopy) and the crystals were subjected to MALDITOF­

ms analysis using a Biospectrometry™ Research Station. A calibration mixture 

comprising bovine insulin (mlz 5734.59), E coli thioredoxin (mlz 11 674.4) and 

horseradish apomyoglobin (mlz 16 952.5) was used. 

6. 7 Solutions 

TTE for transf ections 

1 mM Tris, pH 8.0 

0.025 mM EDTA, pH 8.0 

Filter sterilise (0.22 µ filters, Millipore) and store at room temperature. 
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Ca Ch solution for transf ections 

2MCaCh 

10 mMHepes 

Adjust pH to 5.8, filter sterilise (0.22 µ), store at room temperature. 

lOx Hepes-buffered saline (HBS) 

Hepes 

NaCl 

KCl 

Dextrose 

1.45 mMNa2HPO4 (anhydrous) 

lg 

1.6 g 

0.074 g 

0.20 g 

0.103 g 

Make up to 10 mL with distilled water and store at -20 °C. For transfection, the I Ox 

HBS was diluted to just over 2x HBS immediately prior to use, the pH adjusted to 

7.09 and the solution made up to volume. After filter sterilisation this solution could 

be stored at room temperature. Glucose can be used instead of dextrose. 

lO0x Mg2
+ buff er for J3-galactosidase assay 

0.lMMgC)z 

4.5M ~-mercaptoethanol (~-MSH) 

For 1 ml: 315 µl ~-MSH, 100 µl MgCh, and 595 µl distilled water 

Luria-Bertani (LB) broth 

NaCl 1 g 

Yeast extract 1 g 

Tryptone 2 g 

Make up to 200 ml with distilled water and sterilise by autoclaving. Store at room 

temperature. 

LB plates 

NaCl 2.5 g 

Yeast extract 2. 5 g 
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Tryptone 5 g 

Agar 10 g 

Weigh out the above reagents into a 500 mL reagent bottle, make up to 500 mL with 

distilled water and sterilise by autoclaving; the agar dissolves during autoclaving. 

Cool the LB-agar solution to about 50 °C and add ampicillin to a final concentration 

of 50 µg/mL. Pour into petri dishes, allow the agar to set, cover dried plates with 

cling wrap and store at 4 °C until use. 

lx TAE buffer 

40 mM Tris 

5 mM Sodium acetate 

1 mMEDTA 

Adjust pH to 7.8 with glacial acetic acid. Sterilise by autoclaving and store at room 

temperature. 

lx TBE buff er 

90 mM Tris, pH 8.0 

90 mM Boric acid 

2.5 mMEDTA 

Sterilise by autoclaving and store at room temperature. 

DNA loading buffer 

50 % (v/v) Glycerol 

lxTBE 
, 

0.5 % (w/v) Bromophenol blue 

0.5 % (w/v) Xylene cyanol 

Store in 1 mL aliquots at -20 °C. 

GITC Solution D 

4 M Guanidinium isothiocyanate (GITC) 

25 mM Sodium acetate 
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0.5 % (w/v) Sarkosyl 

Sterilise by autoclaving. Store in a dark bottle at room temperature. Add 36 µl of ~­

mercaptoethanol per 5 mL of GITC solution D prior to use. 

RNA running buffer, 10:x 

200 mM MOPS, pH 7.0 

50 mM sodium acetate 

l0mMEDTA 

RNA loading buffer 

1 mMEDTA 

0.25 % (w/v) Bromophenol blue 

0.25 % (w/v) Xylene cyanol 

50 % (v/v) Glycerol 

Store in 1 mL aliquots at -20 °C. 

20x SSC 

3 MNaCI 

0.3 M Sodium citrate, pH 7.0, sterilise by autoclaving and store at room temperature. 

Hybridisation buffer (~ 10 mL) 

Dextran sulphate 

Distilled water 

20x SSC 

1 g 

0.8mL 

2.5 mL 

Dissolve by heating in a microwave, then add the following:-

500 mM Sodium pyrophosphate, pH 6.5 1 mL 

l00x Denhardt's solution 0.5 mL 

Formamide 5 mL 

IO mg/mL sonicated herring sperm DNA 100 µL 

10 % (w/v) SDS 100 µL 
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50x Denhardt's solution 

Ficoll 400 0.5 g 

Polyvinylpyrolidone 0.5 g 

BSA 0.5 g 

Dissolve and make up to 50 mL in water. Store at -20 °C in 2 ml aliquots. 

Dignam Buff er A 

10 mM Hepes, pH 7.9 

1.5 mMMgCh 

l0mMKCl 

0.5 mMDTT 

I µg/mL Leupeptin 

1 µg/mL Pepstatin A 

A solution containing the first three ingredients was sterilised by autoclaving and 

stored at 4 °C. Protease inhibitors and DTT were only added just be~ore use. 

Dignam buff er C 

20 mMHepes, pH 7.9 

25 % (v/v) Glycerol 

0.45 mMNaCI 

1.5 mMMgCh 

0.2mMEDTA 

0.5 mMDTT 

0.5 mMPMSF 

1 µg/mL Leupeptin 

1 µg/mL Pepstatin A 

A solution containing the first five ingredients was sterilised by autoclaving and 

stored at 4 °C. Protease inhibitors and DTT were only added just before use. 

Dignam buff er D 

20 mM Hepes, pH 7.9 
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25 % (v/v) Glycerol 

0.1 mMKCl 

0.2 mMEDTA 

0.5 mMDTT 

0.5 mMPMSF 

I µg/mL Leupeptin 

I µg/mL Pepstatin A 

A solution containing the first four ingredients was sterilised by autoclaving and 

stored at 4 °C. Protease inhibitors and DTT were only added just before use. 

5x Incubation (EMSA) buffer 

100 mM Hepes, pH 7.9 

250 mMKCl 

l.0mMEDTA 

5 mMMgCh 

20 % (w/v) Ficoll 400 

The solution was stored in 1 mL aliquots at -20 °C; 2.5 µL of 100 mM DTT was 

added prior to use. 

CB buffer 

50 mM Tris-HCl, pH 7.9 

0.1 mMEDTA 

20 % (v/v) Glycerol 

0.5 mMDTT 

0.5 mMPMSF 

I µg/mL Leupeptin 

l µg/mL Pepstatin A 

The buffer containing the first three ingredients was sterilised by autoclaving and 

stored at room temperature. Protease inhibitors and DTT were only added just before 

use. 
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Column storage buffer 

10 mM Tris-HCI, pH 7.8 

1 mMEDTA, pH 8.0 

0.3 MNaCl 

0.04 % (w/v) sodium azide 

The buffered was stored at room temperature without sodium azide. A 4 % (w/v) of 

sodium azide stock solution was prepared and added just before use. 

Column regeneration buff er 

10 mM Tris-HCl, pH 7.8 

1 mMEDTA, pH8.0 

2.5 mMNaCl 

1 % (v/v) NP-40 

The solution turns cloudy and separates into two phases, 1.e. the NP-40 and the 

aqueous phases, upon storage. Mix by swirling and shaking just before use. 

lx Laemmli buff er 

125 mM Tris-HCI, pH 6.8 

1 % (w/v) SDS 

5 % (v/v) Glycerol 

1 % (v/v) 13-Mercaptoethanol 

0.03 % (w/v) Bromophenol blue 

The buffer was stored at -20 °C in 1 mL aliquots. 

lx SDS electrophoresis buffer 

25 mM Tris-HCl, pH 8.3 

192 mM Glycine 

0.1 % (w/v) SDS 

Store in a brown bottle at room temperature. 
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CAPS transfer 

10 mM CAPS, 10.5 

10 % (v/v) methanol 

Tris-glycine transfer buff er 

mMTris 

192 mM glycine 

20 % (v/v) methanol 

Tris-buffered saline 

10 mM Tris-HCI, pH 8.0 

150mMNaCI 
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Appendix: p8CAT expression vector circle map. The p8CAT vector is a promoterless 
vector and it contains a CAT reporter gene which codes for the chloroamphenicol acetyl 
transferase upstream of the polylinker region. The vector also contains an ampicilHn resistance 
gene (AmpR) which is useful for selective growth in bacteria. The promoter DNA ofinterest 
can be cloned into the polylinker region. The p8CAT forward primer described in Table 2.2 is 
indicated by an arrow. 




